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ABSTRACT

The MIBK partitioning procedure is an empirically
developed method for extracting humic substances from natural
samples such as soils, sediments, or peats. This procedure
generates "suspensions"™ of humic acid and humin in water-
immiscible liquids, which had not previously been
accomplished with these materials. The objective of this
research was to determine the mechanisms involved in forming
these "suspensions", and to determine the effects of
experimental conditions on the MIBK procedure.

The "suspensions" generated by the MIBK partitioning
procedure have been determined to be o/w emulsions by visual
and microscopic examination, and by tests conducted on the
suspensions to determine the type of emulsion present.
Emulsions were formed with humic acid as the emulsifier at
any pH, with all water—-immiscible liquids tested. 1In
addition to emulsion formation, dissolved humic acid was
found to aggregate at low pH, with the aggregates found in
the emulsions, held between the droplets of the dispersed
liquid. These systems are designated emulsion-aggregate
systems to differentiate them from the emulsions containing
no aggregated material which are formed at high pH.

The type of emulsion or emulsion-aggregate system

generated was observed in these investigations to depend on

iii
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the ratio of the volumes of the two liquids present. That
liquid present in the larger volume tended to form the
continuous phase. Oil-in-water emulsions and emulsion-
aggregate systems were observed to be generally more stable
than water-in-oil emulsions and emulsion-aggregate systems,
but both types are quite stable with respect to coalescence
of the droplets at high loadings of humic acid.

The emulsions and emulsion-aggregate systems generated
in the MIBK partitioning procedure are stabilized by humic
acid, the fulvic acid fraction, and insoluble particulate
material adsorbed at the surfaces of the droplets. 1In
addition, humic acid aggregates act to stabilize emulsion-
aggregate systems.

The humic acid in the emulsion-aggregate systems was
observed to behave as does humic acid precipitated from
aqueous solution at low pH in the absence of a water-
immiscible liquid. This humic acid may be removed from the
emulsion-aggregate systems by washing with deionized water,
which removes the humic acid by peptization.

The pH-absorbance profile approach was developed to
determine the pH at which humic acid was aggregated and
removed from aqueous solution. The profiles obtained by
plotting the normalized absorbance of the aqueous phase

versus pH allowed determining the pH range over which
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aggregation occurred, both in the presence and absence of a
water-immiscible liquid.

In the second part of this research, the effects of five
factors on the pH at which humic acid is completely removed
from aqueous solution were compared using a fractional
factorial experiment. The effects were compared using pH-
absorbance profiles. The five factors were ionic strength,
humic acid loading, nature of the water-immiscible liquid,
nature of the cation used to adjust ionic strength, and ratio
of the volumes of the water-immiscible and aqueous liquids.
All factors except volume ratio were found to significantly
affect aggregation of the humic acid. Changes in volume
ratio did not significantly affect the pH at which humic acid
was completely aggregated. One of the levels of the volume
ratio was zero, meaning no water-immiscible liquid was
present. Because the volume ratio did not significantly
affect the pH at which the humic acid was completely removed
from aqueous solution, this indicates that the humic acid can
be expected to aggregate completely under the same conditions
both with and without a water-immiscible liquid present.

Emulsion and aggregate formation result in incomplete
separation of the fractions of humic substances, and in
incomplete separation of humic and nonhumic materials when

the MIBK partitioning procedure is used to extract humic
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substances from natural samples. Both humic acid and
nonhumic particulate matter may be held in the emulsion or
emulsion-aggregate system throughout the procedure.

The MIBK partitioning procedure does provide a tool for
the study of humic substances. Possible uses for the
procedure include deashing humic acid, separating fulvic acid
from the fulvic acid fraction, separating adsorbed humic acid
from dissolved or aggregated humic acid, and removing lipids
from humic substances.

Further work should be performed on mixtures of well-
defined materials which mimic the behavior of humic
substances in emulsions, on the use of emulsions as a support
in chromatographic separations, and on characterizing

adsorbed and interstitially-aggregated humic acid.
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Chapter 1

INTRODUCTION

The MIBK partitioning procedure (1-6) 1s a technique for
extracting humic substances from natural samples, and for
disaggregating the humin fraction of humic substances. This
procedure was empirically developed, and the mechanisms
involved were not clearly understood. The research described
in this thesis was concerned with determining the mechanisms
involved in the MIBK partitioning procedure, and with

determining the effects of experimental conditions on the

procedure so that it could be optimized for use in the study of

humic substances. The thesis is divided into three chapters:

Chapter One contains introductory material on humic substances,

a description of the MIBK partitioning procedure as it was

originally developed, and a short discussion of the nature and

properties of emulsions. Chapter Two contains the experimental

procedures and results from the research dealing with the

mechanisms involved in the MIBK partitioning procedure, and

Chapter Three contains the procedures and results from the work

on the effects of experimental conditions on the procedure.
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1.1 Humic Substances

Humic substances have been defined as:

“a general class of naturally occurring, biogenic,

heterogeneous organic substances that can generally

be characterized as being yellow to black in color,

of high molecular weight, and refractory” (7).

Humic substances are formed from the organic residues of
plant and animal life, and are complex mixtures of complex
molecules which cannot be defined on the basis of a unique
molecular structure. Though the overall similarities of
humic substances from different source materials and
different environments are more pronounced than their
differences (8), it has been suggested that there may be no
two humic substance molecules with exactly the same structure
(9). Attempts to fractionate humic substances have at best
managed to reduce the heterogeneity of the mixture to some
degree (10).

Humic substances are divided into three fractions based
on their solubility in water as a function of pH (7). Humic
acid is the fraction of humic substances which is soluble in
water at high pH, but insoluble at low pH. Fulvic acid is
the fraction of humic substances which is soluble in water at

any pH. Humin is the fraction of humic substances which is

insoluble in water at any pH.
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While humic substances do not have well-defined
structures, they do play a large role in the environment.
Humic substances make up a significant fraction of the carbon
involved in the global carbon cycle (7,11), and are
considered to be precursors of fossil fuels (12-15). Humic
substances have been suggested as active agents in the
weathering of rocks (16-18). Humic substances influence the
properties of soils such as crumb structure, cation exchange
capacity, and water holding capacity (8,12,19,20). Humic
substances have functional groups such as carboxylic acids
and phenols which can influence the acidity and buffer
capacity of natural systems (8,21,22). Humic substances also
contain functional groups which can be easily oxidized or
reduced, and thus contribute to the redox properties of
natural systems (23,24). Because humic substances are
ubiquitous in nature, and do contribute to the processes
occurring in the environment, it is important to understand
their properties and behavior. However, before humic
substances can be studied in the laboratory, they must be
extracted from a sample, such as a sediment, soil, or water,
which also contains nonhumic organic matter and inorganic
materials. This thesis is concerned with humic substances

from “solid” substrates such as soils, sediments, and peats,
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and will not address the problems associated with extraction
of humic substances from natural waters.

The traditional method for the extraction of humic
substances makes use of the operational definitions of the
fractions. A sample such as a peat, soil, or sediment is
mixed with aqueous alkali, commonly 0.5 M NaOH solution,
which dissolves the humic and fulvic acids. This produces a
dark brown solution with large amounts of insoluble
materials, which settle out on standing. The undissolved
residue contains humin, as well as nonhumic materials such as
plant fragments and mineral grains. These undissolved
materials are removed by decantation or centrifugation.

The alkaline supernatant containing the humic and fulvic
acids is acidified to aggregate and precipitate humic acid.
The humic acid removed from solution by acidification is not
crystalline. X-ray diffraction studies have shown humic acid
aggregates to be amorphous (25), or to exhibit at most short
range order such as that produced by aromatic rings or chains
of aliphatic carbon (26). The aggregate initially contains a
considerable amount of water, and occupies a large portion of
the solution volume. On standing, the aggregate slowly
collapses under the influence of gravity, but still contains
a large amount of water when settling has stopped. This

mixture is then centrifuged to separate the humic acid from
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the fulvic acid remaining in solution. After removal of the
fulvic acid fraction, the humic acid is washed with deionized
water to remove entrained salts. As washing proceeds, the
ionic strength of the solution decreases until the humic acid
begins to peptize. 1In peptization, a colloid which has been
agglomerated by addition of an electrolyte solution is
redispersed when the electrolyte is diluted (27). 1In the
case of humic acid, increased ionization of acidic groups as
the pH rises during dilution will also generate electrostatic
repulsions and promote peptization. Washing the precipitated
humic acid with deionized water produces several aliquots of
wash solution which are clear and colorless, followed by
washes which are yellow or brown and turbid.

Following the aggregation and removal of the humic acid,
the acidic aqueous phase contains the fulvic acid fraction,
which includes fulvic acid, nonhumic organic materials such
as saccharides and low molecular weight organic acids, and
soluble inorganic constituents. Isolation of the fulvic acid
from this mixture can be accomplished by adsorption on a
nonionic resin at low pH (28).

The separation of the humin from the nonhumic, base-
insoluble materials is accomplished by removal of the
nonhumic materials. Lipids can be removed by Soxhlet

extraction using the benzene-methanol azeotrope, acid
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hydrolysis will remove polysaccharides and proteins, and
mineral matter is removed by treatment with HCLl/HF (29).
Humin is recovered as an insoluble residue following
extensive chemical treatment of the original sample. The
insolubility, and consequent difficulties in isolation, of
humin have made this fraction the least studied of the three
(29) .

The traditional base extraction method has advantages in
that it is a relatively simple procedure using common reagents
which produces humic and fulvic acid in high yield. The
disadvantage of this method is that the extracted material may
be altered by the procedure. Alkaline solutions of humic
substances have been observed to absorb oxygen from the air
(30,31), and alkaline conditions may cause hydrolysis of the
samples (32). Alteration of the humic substances by atmospheric
oxygen may be avoided by performing the extraction in an inert
atmosphere, but alkaline hydrolysis remains a problem with this
method.

Humic substances are soluble in several nonaqueous
liquids, including basic liquids such as pyridine or ethylene
diamine, and a few polar aprotic liquids such as N-methyl-2-
pyrollidone, sulfolane, dimethyl sulfoxide, and N,N-
dimethylformamide (33-35). All of these liquids are less

effective as solvents for humic substances than is aqueous
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alkali (33), and recovery of the extracted materials from the
organic solvent is difficult (36). These solvents are also
miscible with water. Humic substances are not soluble in
water-immiscible liquids to any significant degree
(33,34,37), though collection at the interface between water
and a water-immiscible liquid has been proposed as a method
for iscolation of humic acid from natural waters (38). 1In
addition, other materials in the sample may be extracted into
water-immiscible liquids. It has been reported that alkanes
and fatty acids are associated with humic acids in nature
(39,40). These materials are usually removed from humic acid

by Soxhlet extraction.

1.2 The MIBK Partitioning Procedure

The methyl isobutyl ketone (MIBK, 4-methyl-2-pentanone)
partitioning procedure is an empirically developed method for
extracting humic substances from natural samples (1-6). To
extract humic substances using the MIBK partitioning
procedure, one gram of sample (i.e. soil, sediment, or peat)
is stirred with 100 mL of 0.5 M NaOH solution. This
generates a dark brown solution with large amounts of
insoluble materials which settle out on standing. The entire

mixture, including the insoluble residue, is then placed in a
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separatory funnel with 75 mL of MIBK, the pH 1s adjusted to
approximately 1 with concentrated HCl, and the funnel is
shaken vigorously by hand. On standing, “humin and humic
acid enter the MIBK phase as a suspension leaving most of the
fulvic acid in the aqueous phase” (1,2). After agitation,
the separatory funnel contains two distinct layers. The
upper layer contains the “suspension”, is dark brown in
color, and constitutes somewhat more than half of the total
volume. It was originally concluded that “the acid-
precipitated organic matter expands enormously on contact”
with MIBK (41). The lower layer is a clear, slightly yellow
aqueous layer comprising somewhat less than half of the total
volume. The fulvic acid fraction is collected by discharging
the acidic aqueous layer. This aqueous layer is replaced by
100 mL of 0.5 M NaOH solution, and the mixture is again
shaken vigorously.

“The humic acid is extracted from the MIBK phase

into the aqueous alkaline phase. This leaves

behind a material suspended in the MIBK phase which

conforms to the definition of humin...” (1).
The contents of the separatory funnel again separate into two
layers, with approximately equal volumes. The upper layer is
white or light brown, and opaque. The “humin” (in the upper

layer) may be collected by evaporating this layer. The humic

acid is dissolved in the aqueous layer, giving it a dark
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brown color. Insoluble materials are observed to settle to
the bottom of the separatory funnel.

The humin may be disaggregated by replacing the alkaline
aqueous phase containing the humic acid with deionized water,
and shaking the mixture vigorously. At this point, the MIBK
phase contains lipids, the aqueous phase contains humic acid-
like material, and an insoluble, nonhumic residue settles to
the bottom of the separatory funnel (1-4). The appearance of
the upper layer will not change significantly on replacing
the sodium hydroxide solution with deionized water, the only
noticeable difference being that the color may become
lighter. The aqueous phase will be lighter in color, but
still definitely brown.

Though the method was developed first using diethyl
ether, then MIBK, as the nonaqueous phase, a number of other
water-immiscible liquids have been used (41). These liquids
(Table 1) were found to fit into three distinct categories:
those which formed suspensions of humic acid and humin in the
liquid, those which formed solutions of humic acid in the
liquid, and those which did neither.

Those liquids which were reported to form “suspensions”
of humic acid can be substituted for MIBK with no noticeable
changes in the appearance of the mixture during the

procedure.
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TABLE 1

Water-Immiscible Liquids Originally

Used in the

Methyl isobutyl
ketone

Diethyl ether

Ethyl isobutyl
ketone

2-Butanone
Methyl acetate
Ethyl acetate
t-Butyl acetate
n-Butyl acetate
Vinyl acetate

n-Hexanol

2,4-Pentanedione

Cyclohexanone

Tri-n-butyl
phosphate

n-Butanol

“MIBK Procedure”

(41)

Hexane

Toluene
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Those liquids reported to form solutions of humic acid
during the procedure have been observed to form no suspension
or solution when the pure liquids were shaken with samples of
dried humic acid (41). It has also been observed that the
humic acid is not extracted from these solutions by aqueous
alkali (41).

The third category of water-immiscible liquids contains
those which were reported to form neither suspensions or
solutions when used in this procedure. These are nonpolar
and very slightly polar solvents such as hexane or toluene
(41) .

In addition to the nature of the water-immiscible liquid
and the pH, the ionic strength of the aqueous phase has also
been observed to affect the extraction procedure, in that
“increased ionic strength of the aqueous phase facilitates
phase separation and transfer of the organic matter...” into
the MIBK (41).

The outstanding features of the MIBK partitioning
procedure as originally reported include:

1. A way to “suspend” humic acid and humin in

water-immiscible liquids. Humic substances
cannot be dissolved directly in such solvents.

2. An “active” method for the extraction of humin

from natural samples. The traditional humic
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substances extraction procedure leaves the
humin as part of an insoluble residue.

3. A chemically mild way to “disaggregate” the
humin. Separation of humin into organic and
inorganic fractions has traditionally been
accomplished by methods such as HF/HC1
digestion.

4. A method which allows the dissolution of humic

substances in a few water-immiscible liquids.
Again, humic substances are not directly
soluble in those liquids.

The MIBK partitioning procedure has thus been reported
to quickly, easily, and mildly accomplish separations which
either had previously been accomplished only with difficulty
and the use of chemically harsh conditions, or had not been
previously accomplished at all. The development of this
procedure has provided several potential tools for use in the

study of humic substances.

1.3 Emulsions

Initial observations by this investigator of the
suspensions formed during the MIBK procedure indicated that

emulsion formation might be one of the important mechanisms
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involved. It has been reported that humic substances can act
as emulsifiers, but quite often these emulsions are looked
upon simply as nuisances to be avoided (42-44). Benzene-in-
water emulsions have been prepared using fulvic acid as the
emulsifier (45). This work also described adsorption of the
fulvic acid at the benzene-water interface using both the
Freundlich and Langmuir isotherms. The experimental data
showed deviations from both models, especially at low
concentrations of fulvic acid. Unfortunately, reporting of
experimental conditions such as pH and loading of fulvic acid
was omitted in this paper. Other studies of emulsions
stabilized by humic substances have focused on the effect of
cationic surfactants (46) and electrolytes (47) on the
electrophoretic mobilities of toluene droplets dispersed in
0.01% solutions of potassium humate. These experiments were
carried out at an ionic strength 0.01 M, adjusted with KOH.
This would produce a high pH system. Both cationic
surfactants and electrolytes were observed to decrease the
magnitude of the zeta potential of the droplets and to
promote droplet flocculation. Though these papers have
described work performed using emulsions stabilized by humic
substances, little has been done to characterize these
emulsions and the conditions under which they form. The

initial phase of these investigations was therefore concerned
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with determining whether the suspension formed during the
MIBK partitioning procedure was indeed actually an emulsion.
Accordingly, this section includes a brief discussion of the
nature and properties of emulsions.

An emulsion is a dispersion of droplets of one liquid in
another, immiscible, liquid (Figure 1). Because one of the
two liquids in an emulsion is almost invariably aqueous, that
liquid is referred to as the "water" phase. The non-agqueous
liquid is then commonly, if not always accurately, known as
the "oil"™ phase.

In addition to the immiscible liquids, an emulsifying
agent 1is necessary to produce a “stable” emulsion. All
macroemulsions (those with droplets larger than approximately
50 nm diameter (48)) are thermodynamically unstable with
respect to coalescence of the dispersed droplets (27,48-50).
Because the interfacial free energy of two immiscible liquids
must be greater than zero, coalescence of dispersed droplets
with the accompanying reduction of interfacial area will be
an energetically favored process. Any reduction in
interfacial free energy reduces the tendency of dispersed
droplets to coalesce, but while this tendency can be reduced
it cannot be eliminated.

Surfactants such as long chain organic acids do provide

a lowering of the interfacial free energy, but their main
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FIGURE 1

Diagram of a Generalized Emulsion

An emulsion consists of droplets of
one liquid dispersed in another,
continuous, liquid. The emulsifier
is adsorbed at the surfaces of the
dispersed droplets. In a creamed
emulsion, the droplets approach each
other more closely, giving a system
with approximately 74% dispersed
phase by volume.
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contribution to emulsion stability is the electrostatic
repulsion developed between droplets when these charged
molecules are adsorbed at the oil-water interface (27,49).
Adsorption is defined as “the surface retention of solid,
liguid or gas molecules, atoms, or ions by a solid or ligquid”
(51). In the case of emulsions, molecules of the emulsifier
are adsorbed on the surfaces of the droplets of the dispersed
phase. There is a higher concentration of emulsifier in the
thin, spherical surface region of a droplet than there is in
either of the bulk phases. These adsorbed emulsifier
molecules may be oriented at the interface if one end is more
polar than the other, and may interact with each other.
Emulsions are stabilized by these emulsifiers because
electrostatic repulsions do not allow the droplets to
approach one another closely enough for coalescence to occur.
Another mechanism which can stabilize emulsions is
formation of a physical barrier between droplets. If
droplets of an immiscible liquid are dispersed in a very
viscous fluid or a gel, they may be held in place by the
continuous medium so they never come into contact with one
another and cannot coalesce (27,49). Another type of
physical barrier is present in emulsions stabilized by
particles. If the contact angle between a solid particle and

two immiscible liquids is finite, a stable position for the
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particle is at the interface between the liquids (27,52,53).
These adsorbed particles can form a physical barrier which
does not allow the droplets to come into contact with one
another. Emulsions have been stabilized by particles of
calcium carbonate (27), charcoal (52), copper powder (54),
silica (55), and other powdered materials.

These mechanisms for stabilization of emulsions are not
exclusive. Emulsifiers which act primarily by electrostatic
repulsion also form a thin f£ilm of adsorbed emulsifier
molecules around the droplet which may provide a physical
barrier. A film is defined as a layer of substance spread on
a surface, whose thickness is small enough that gravitational
effects are negligible (27). Particles which provide a
barrier to coalescence that is largely physical may also
possess charges which result in electrostatic repulsions
(27) .

The presence of two immiscible liquids allows two
possible types of emulsions. In the oil-in-water (o/w) type,
droplets of the non-aqueous liquid are dispersed in the
aqueous liquid. If the dispersed droplets are aqueous, a
water-in-oil (w/o) emulsion results. The type of an emulsion
is influenced by the ratio of the volumes of the two liquids,
the nature of the two liquids, and the nature of the

emulsifier. The droplets are termed the "dispersed" or
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"inside" phase, and the medium in which they are dispersed is
the "continuous" or "outside"™ phase. The properties of an
emulsion depend on the emulsion type, and determining the
type of an emulsion is an important step in its
characterization.

There is, unfortunately, no simple way to predict the
type of emulsion formed using a system of a given
composition. Because the emulsifier adsorbed on the surface
of a spherical droplet must form a curved film, an early
model, the oriented wedge theory, suggested that the type of
emulsion stabilized by a given emulsifier would be determined
by the relative sizes of the polar and nonpolar ends of the
emulsifier molecule. According to this theory, the larger
end of the molecule would be found in the continuous phase,
and the smaller end in the dispersed phase. A surfactant
molecule with a bulky polar group and a relatively small
nonpolar tail would be expected to stabilize o/w emulsions
(27,56). While this model does correctly predict the type of
emulsion stabilized by alkali metal soaps and the more oil-
soluble metal soaps (such as zinc soaps), it has been
described as “clearly too primitive to be of much use” (27).

Another model suggested that the interfacial film formed
by the emulsifier be regarded as a duplex film. Such a film

would be thick enough to have an emulsifier-water interface



T - 4011 19

and an emulsifier-oil interface, each with its own
interfacial tension. The interface having the higher
interfacial tension would tend to be the one with the smaller
interfacial area, and the liquid forming this interface would
be the dispersed phase (27). This model may also be stated
in the equivalent terms that the liquid in which the
emulsifier is most soluble will be the external phase (56).
With this model also, “exceptions abound” (56).

A more successful model is the empirical scale measuring
the hydrophile-lipophile balance (HLB) of an emulsifier.
This scale rates emulsifiers based on their dispersibility in
water, with those emulsifiers which have no dispersibility in
water having low HLB numbers (in the range 0-4) and those
forming clear solutions in water having high HLB numbers (in
the range 14-18) (27). Those emulsifiers having HLB numbers
in the range of 3-6 give w/o0 emulsions, and those with HLB
numbers in the 8-18 give o/w emulsions (56). This system is
especially useful when dealing with mixtures of emulsifiers,
because the HLB numbers are assumed to be additive on a
weight-prorated basis (27). The HLB system has allowed the
organization of a large amount of information, and does allow
relatively efficient approaches to optimizing emulsifier
mixtures, but the system breaks down if pushed too far (27),

and the theoretical basis for HLB numbers is “not very



T - 4011 20

satisfying” (56). One of the difficulties is that, while HLB
numbers can be estimated from the structure of the emulsifier
molecule, or from the solubility of the emulsifier in water,
the “effective” HLB number does depend on the nature of the
oil phase (27).

The basic procedure for generating an emulsion includes
vigorously mixing an aqueous phase, a nonaqueous phase, and
an emulsifier. Droplets of both the agqueous and nonagqueous
phase will be formed, and these droplets will begin to adsorb
emulsifier. The droplets will also come into contact with
each other. The type of emulsion that forms will be
determined by the relative rates of coalescence of the two
liquids. If the droplets of the nonaqueous liquid coalesce
more rapidly, this liquid will form the continuous phase, and
vice versa (56). Droplets of the liquid present in the
smaller volume will collide less frequently, leading to
slower coalescence. Emulsifiers forming more effective
barriers to coalescence on droplets of one liquid will tend
to slow coalescence of that liquid and promote its
dispersion. Higher concentrations of emulsifier will result
in more rapid formation of barriers to coalescence. The
interaction of all of these effects determines the type of
emulsion formed under a given set of conditions, and it is

this interplay of factors which leads to the “reproducible,
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seemingly capricious behavior” of emulsions (56). In one
case, the investigators found it appropriate to report that
the direction of stirring had no effect on the type of
emulsion formed (57).

Because two immiscible liquids are not likely to have
the same densities, gravity separation of emulsions into a
more concentrated and a less concentrated layer is common.
For an o/w emulsion with the nonaqueous liquid less dense
than water, the concentrated emulsion layer will be found
above the dilute layer, which will often contain almost no
droplets of dispersed phase. The concentrated layer will
contain closely packed droplets of the dispersed phase, with
the spaces between the droplets filled with the continuous
phase. In the case of an emulsion having monodisperse,
spherical droplets, the dispersed phase will occupy
approximately 74% of the emulsion. This fraction is
calculated based on the closest packing of rigid spheres;
because droplets in a real emulsion need not be monodisperse
or spherical, deviations from this ratio are often observed
in practice. Emulsions have been prepared with the dispersed
phase making up over 98% of the emulsion volume (53,58,59).
The nonaqueous liquid and emulsifier must be carefully
selected to generate these high internal-phase ratio

emulsions, but they may be prepared by standard techniques.
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These emulsions have been prepared, for instance, using a
“household mixer” (58).

This separation of an emulsion into a more concentrated
and a less concentrated layer under the influence of gravity
is called creaming. In this process, the droplets move
through the continuous phase according to the densities of
the two phases. 1In the later stages of creaming, it may be
more useful to consider the continuous liquid to be draining
from between the droplets. Creaming can occur in either the
upward or downward direction. For an o/w emulsion in which
the nonaqueous phase is less dense than water, creaming will
occur in the upward direction. For a w/o emulsion containing
the same components, creaming will be downward. In either
case, the concentrated portion of the emulsion should
approach 74% dispersed phase by volume. Small deviations
from this value are likely, but larger deviations may
indicate that simple creaming is not the only mechanism
operating.

To create an emulsion of a given type, it is easiest to
start with an excess of continuous phase, and add the
dispersed phase slowly with agitation. For most systems and
methods of preparation, starting with 74% oil and 26% water
would produce a w/o emulsion even though the volume

proportions are those of a creamed o/w emulsion. This is
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simply because it is difficult to disperse a larger volume in
a smaller volume. It is often possible to remove the excess
continuous phase from a creamed emulsion, and invert, or
change the type, of the emulsion by vigorous agitation,
because the volume of the continuous phase is now smaller
than the volume of the dispersed phase. Because other
factors such as the nature of the two liquids and the nature
and concentration of the emulsifier also influence emulsion
type, inversion is not always so easily achieved.

An emulsion is said to break when the droplets coalesce,
giving two distinct, homogeneous layers, one being the
aqueous phase, and the other the nonagqueous phase. An
emulsion can be broken by either physical or chemical means.
Centrifugation can be used to break emulsions, though in some
cases this simply produces a very concentrated emulsion (59).
A change in temperature, especially one resulting in a phase
change in the emulsion, can be used to break emulsions (27).
A change in the chemistry of the system which destroys the
emulsifier or renders it less effective can be used to break
an emulsion (60). Fatty acids may be rendered less effective
as emulsifiers by lowering the pH of the aqueous phase, thus
neutralizing the carboxylic acid functional groups and
causing extraction of the unionized molecules into the

nonaqueous liquid. Emulsions may also be broken by removing
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the aqueous phase with a drying agent such as anhydrous
sodium sulfate. Both o/w and w/o emulsions may be broken by
this procedure, which is recommended by the U.S.
Environmental Protection Agency for breaking emulsions formed

during solvent extractions (61).

1.4 Objectives

The MIBK partitioning procedure was developed
empirically, and the mechanisms involved in extracting humic
substances by this procedure were not clearly understood.
This research was initiated to determine the nature of the
“suspensions” formed in the MIBK procedure, to determine the
mechanisms involved in forming these suspensions, and to
evaluate the effects of experimental conditions to allow
optimizing the MIBK procedure for use in studying humic
substances.

The objectives of these investigations were divided into
two parts: determining the nature of the suspensions and the
mechanisms of their formation, and investigating the effects
of experimental conditions on the procedure. This thesis is
similarly divided into parts. Chapter 2 describes the
investigations of the nature of the suspensions and the

mechanisms involved in their formation, and Chapter 3
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describes the investigations of the effects of experimental

conditions on the MIBK partitioning procedure.
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Chapter 2

MECHANISMS OF THE MIBK PARTITIONING PROCEDURE

This chapter deals with the initial investigations of
the MIBK partitioning procedure by the author. Though the
"suspensions" generated by the MIBK procedure were apparently
emulsions, the nature of these emulsions and their behavior
were largely unknown. The experimentation described in this
chapter was conducted to characterize the emulsions generated
in the MIBK partitioning procedure, and to determine which

factors influenced the formation of these emulsions.

2.1 Experimental

This section describes the experimental procedures used
in the investigations of the nature and behavior of the
emulsions generated by the MIBK partitioning procedure. The

results of these experiments are described in section 2.2.
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2.1.1 Materials

The humic acids used in these investigations were either
a commercial humic acid, or one extracted from a peat. The
commercial humic acid was purchased from Pfaltz and Bauer,
Inc., and was used without further treatment. Commercial
humic acids are considered to be unsatisfactory as models for
natural humic substances in the environment due to a lack of
information on their source materials and methods of
isolation and purification, as well as differences, when
compared with carefully prepared samples, in the distribution
of carbon among structural environments as measured by 13¢
NMR (62-64). Commercial humic acids are, however, readily
available, and have solubility characteristics similar to
those of humic acids which have been carefully isolated from
natural materials.

In some of the experimental procedures, whole peat was
used as the starting material. The peat was collected on
Guanella Pass, T5S, R74W, S20, Clear Creek County, Colorado.
The peat was air dried, then crushed using a porcelain mortar
and pestle. The crushed peat was sieved to remove large
plant fragments and pebbles. The material passing a 24-mesh

screen was collected for use as a whole peat sample.
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Humic acid extracted from the Guanella Pass peat by
sodium hydroxide solution was also used in this research,
notably in the determination of the effects of experimental
conditions on the MIBK partitioning procedure. Five grams of
whole peat prepared as described above were stirred with 100
mL of 0.5 M NaOH solution for approximately 1 hour to
dissolve the humic acid. The mixture was centrifuged at 1400
g in a Dynac 0101 centrifuge, and the supernatant, containing
the humic acid and fulvic acid fractions, was decanted off.
This solution was then acidified with concentrated HC1l to
precipitate the humic acid, and this mixture was centrifuged.
The solution containing the fulvic acid fraction was decanted
off, and the humic acid precipitate was redissolved in 0.5 M
NaOH. The resulting humic acid solution was again
centrifuged, the small amount of solids present were
separated from the solution by decantation, and the humic
acid again precipitated by acidification with concentrated
HCl. The humic acid was separated from the acidic aqueous
solution by centrifugation, and washed with deionized water
to a negative chloride test with silver nitrate. This
extraction procedure removed any materials insoluble in
acidic or basic aqueous solution, including unhumified plant
fragments, mineral grains, and humin. The fulvic acid

fraction and any other materials soluble in acidic aqueous
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solution were also removed by this procedure. The humic acid
used in determining the effects of experimental conditions on
the MIBK partitioning procedure therefore contained
essentially no humin, insoluble nonhumic materials, or fulvic
acid fraction.

This isolation procedure was repeated until sufficient
humic acid had been isolated to complete the experiments
included in the experimental design. The amount of humic
acid extracted from the peat was not quantified for all
batches, but a typical batch produced 0.62 grams of air-dried
humic acid from a 5 gram sample of peat. A total of
approximately 5 grams of humic acid was collected prior to
investigation of the effects of experimental conditions on
the MIBK procedure. This dried humic acid was mixed
thoroughly to eliminate any variations due to differences
between batches of humic acid.

Water-immiscible liquids used to generate emulsions were
initially reagent grade. To reduce the amounts of these
water-immiscible liquids disposed of as waste, most of the
used liquids were recycled by either simple distillation or
by distillation of the azeotrope formed with water. For a
detailed description of the azeotropic distillation
procedure, see Appendix B. All other chemicals used were

reagent grade.
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2.1.2 A Note on Nomenclature

Visual observation by the author of the “suspensions”
generated in the MIBK partitioning procedure showed the
properties of the “suspensions” to be consistent with those
of emulsions, in that droplets of a dispersed phase were
visible to the naked eye, and gravity separation of an
agitated system occurred. Consequently, these suspensions
are referred to as emulsions throughout the remainder of this
thesis. Further investigation revealed that, at low pH,
humic acid aggregates were held between the emulsion
droplets. The systems in which aggregated humic acid is
present in the emulsion are designated emulsion-aggregate
systems to distinguish them from the emulsions without

aggregated humic acid which are generated at high pH.

2.1.3 Generating Emulsions and Emulsion-Aggregate Systems

Emulsions and emulsion-aggregate systems were generated
using the MIBK partitioning procedure, modified as necessary
for the particular experiment. The procedure, again,
involves stirring the original sample with 0.5 M NaOH

solution, combining 100 mL of this mixture with 75 mL of
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MIBK, adding concentrated HCl, and shaking vigorously. This
produces an emulsion-aggregate system. Emulsions were
generated by agitation of the system at high pH, or by
removing the aggregated humic acid from an emulsion-aggregate
system. The emulsions and emulsion-aggregate systems were
generated in 250 mL separatory funnels shaken by hand.
Volumes, concentrations, and starting materials varied with
the individual experiments, and individual procedures should

be consulted for details in the text that follows.

2.1.4 Emulsion Type Determinations

Procedures commonly used to determine the type of
emulsions were applied to the “suspensions” generated in the
MIBK partitioning procedure both to gain information on the
properties of the system, and to demonstrate that these
properties were consistent with those of emulsions. Many
methods have been described for determining emulsion type
(49,57,65,66). The four methods for determining emulsion
type that were applied to the suspensions generated in the
MIBK partitioning procedure were measurement of conductivity,
observation of dye solubility, dilution, and comparison of

refractive indices of continuous and dispersed phases.
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2.1.4.1 Conductivity Measurements

Emulsion type can often be determined by measuring the
conductivity of the emulsion (49,57,65,66). The conductivity
of the continuous phase will control the conductivity of the
emulsion because this liquid provides a continuous path for
electric current. The droplets of the dispersed phase are
electrically isclated from one another and do not contribute
significantly to the conductivity. The aqueous phase
generally has a higher conductivity than the nonaqueous
phase, and an emulsion with a high conductivity is usually an
oil-in-water emulsion. Nonaqueous liquids usually have low
conductivities, and an emulsion with a low conductivity is
likely to be of the water-in-o0il type.

Electrolytic conductivities of the emulsions and their
component liquids were measured using a Yellow Springs
Instrument Company, Inc. model 33 salinity - conductivity -
temperature meter. Conductivities were measured on the
emulsion as generated, on the excess aqueous phase which
separated on creaming, and on MIBK recovered from a broken

emulsion.
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2.1.4.2 Dye Solubility Tests

A dye soluble in only one of the two liquids can also be
used to determine emulsion type (65). If the dye is
introduced into the system before the emulsion is generated,
the type of the emulsion can be determined by optical
microscopy. An o/w emulsion generated using a nonaqueous
liquid containing the oil-soluble red dye Sudan III will be
observed under the microscope to consist of red droplets
dispersed in a colorless continuous phase.

Dye solubility tests for determining emulsion type were
conducted by dissolving Sudan III in MIBK, then using this
MIBK to generate emulsions. Sufficient dye was added to
impart a dark red color to the MIBK. These emulsions were
then observed under a Nikon Model SC microscope to determine
whether the dispersed or continuous phase was colored. No
emulsion type tests were conducted using water-soluble dyes.
Preliminary testing to find a suitable water-soluble dye
showed that, for all the dyes tested, changes in pH resulted
in either a color change, partitioning of the dye into MIBK,

or both.
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2.1.4.3 Dilution Tests

The dilution test is conducted by adding a small amount
of each of the liquids to a separate portion of the emulsion
(49,53,57,65,66). An emulsion will be readily diluted by
addition of the continuous liquid, while added dispersed
liquid will not mix with the emulsion on gentle agitation.

An emulsion that is easily diluted by the addition of water
is of the o/w type. If the nonaqueous liquid is added to an
o/w emulsion, it will form a distinct layer.

The dilution tests were conducted by transferring
approximately 2 mL of emulsion to each of two 10x75 mm test
tubes. A few drops of water were then added to one test
tube, and a few drops of the nonaqueous liquid to the other.
Both test tubes were stoppered, and gently mixed by
inverting. The tube to which the continuous phase had been
added presented a uniform appearance, while the tube to which
the dispersed phase had been added showed two distinct layers

after gentle mixing.

2.1.4.4 Comparison of Refractive Indices

Optical microscopy can also be used to compare the
refractive indices of the dispersed and continuous liquids

(67) . This method is commonly used to determine the
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refractive index of mineral grains immersed in oils of known
refractive index (68). In determining the type of an
emulsion, it i1s not necessary to precisely determine the
refractive index of the dispersed droplets. It is only
necessary to determine which of the two liquids has the
higher refractive index. The emulsion droplets act as
spherical lenses which cause rays of transmitted light to
converge if the refractive index of the droplets is higher,
or to diverge if the refractive index of the continuous
liquid is higher. The convergence or divergence of the light
beam is easily observed by lowering slightly the stage of the
microscope. If the beam converges, the image of the droplet
will contract. By observing whether the image expands or
contracts on lowering the microscope stage, one can quickly
and easily determine whether the refractive index of the
droplet is lower or higher than that of the continuous phase.
If the refractive indices of the two liquids are known, or if
it is known which of the two ligquids has the higher

refractive index, the emulsion type can be determined.



T - 4011 36

2.1.5 Effects of Humic Acid Loading, pH, and Water-
Immiscible Liquid on Emulsions and Emulsion-
Aggregate Systems

These experiments were initially conducted in a
qualitative manner, in which amounts of humic acid and actual
pPH values were not measured. Unless otherwise noted, the
procedure for generating emulsions described above was used.

The amount of water or water-immiscible liquid contained
in an o/w emulsion or emulsion-aggregate system was
determined by allowing the system to cream, then removing the
excess aqueous phase and measuring its volume. The total
volume of water, MIBK, and concentrated HCl that was
initially added to the separatory funnel was known, thus the
amount of water in the emulsion or emulsion-aggregate system
could be calculated by subtracting the volume of the excess
water from the total (initial) aqueous volume added. All of
the added water-immiscible liquid was assumed to remain in
the emulsion or emulsion-aggregate system, and the volume of
the humic acid was not considered.

The effects of other water-immiscible liquids were
evaluated by substituting these liquids for MIBK in the MIBK

partitioning procedure.
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2.1.6 Breaking Emulsions and Emulsion-Aggregate Systems

The effect of high temperature on emulsions was
determined by heating emulsions to the boiling point of the
MIBK-water azeotrope. Emulsions and emulsion-aggregate
systems were also frozen at approximately -20° C in a
refrigerator. The effect of electrolyte solutions was
observed by draining the excess aqueous phase from a creamed
emulsion or emulsion-aggregate system, and replacing it with
saturated NaCl solution. Emulsions and emulsion-aggregate
systems were also broken by centrifugation at 1400 g.

Because the liquid present in the larger volume will
tend to form the continuous phase on vigorous agitation,
emulsions and emulsion-aggregate systems can sometimes be
inverted by removing excess continuous phase after creaming,
then shaking the system. A creamed emulsion will contain
about three times as much dispersed phase as continuous
phase, and will tend to invert, though this may not be easily
accomplished with more stable emulsions or emulsion-aggregate

systems.
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2.1.7 Washing Emulsion-Aggregate Systems

Oil-in-water emulsion-aggregate systems were washed by
removing the excess aqueous phase after creaming, and
replacing it with the appropriate wash solution. The first
set of washing experiments was designed to remove humic acid
from the emulsion-aggregate system by peptization. These
washing experiments were conducted by generating acidic
emulsion-aggregate systems using samples of Guanella Pass
peat, then washing these systems with deionized water.
Various amounts of peat ranging from approximately 1 to 3
grams were stirred with 0.5 M NaOH solution, and the mixtures
were centrifuged to remove insoluble materials. The
supernatants were mixed with 75 mL of MIBK, acidified with
HC1l, and shaken to generate the emulsion-aggregate systems.
The emulsion-aggregate systems were allowed to cream, then
the excess aqueous phase was removed and replaced with
deionized water. The mixture was again shaken and allowed to
cream, and the aqueous phase was removed and replaced with
another aliquot of deionized water. This process was
repeated until the washings were essentially colorless. The
number of washes ranged from 7 to 11. The pH and
conductivity of the washings were monitored in some of these

experiments. The insoluble residues were collected, dried,
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and weighed, as were the materials washed from the emulsion-
aggregate system by deionized water, and the materials not
washed from the emulsion-aggregate system.

The minimum acid concentration required to prevent
peptization of the aggregated humic acid was determined by
washing experiments using dilute HCl as the wash solution.
In these experiments, the emulsion-aggregate systems were
generated by dissolving 0.1 g samples of Pfaltz and Bauer
humic acid in 100 mL of 0.1 M NaOH, mixing these solutions
with 75 mL of MIBK, acidifying the mixture with 1.5 mL of
concentrated HCl, and agitating the mixture vigorously. The
emulsion-aggregate systems were allowed to cream and the
aqueous layer was removed for measurement of pH,
conductivity, and percent transmittance at 520 nm. One
hundred mL of wash solution was then added to each emulsion-
aggregate system, and the mixture was again shaken and
allowed to cream. The process was repeated until measurement
of pH, conductivity, and %T had been made on the initial
solutions and four washes.

The effect of washing on the ratio of volumes of the two
liguids in an emulsion-aggregate system was investigated by
creating such a system, washing it with deionized water, and
calculating the ratio of MIBK to water in the emulsion-

aggregate system after each wash. One gram of Pfaltz and
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Bauer humic acid was dissolved in 100 mL of 0.5 M NaOH
solution, 75 mL of MIBK was added, and the mixture was
acidified with 15 mL of concentrated HCl and shaken
vigorously. The emulsions were generated in a separatory
funnel, which was easily agitated and minimized the escape of
MIBK vapor. Total volumes were calculated rather than
measured to avoid breaking the emulsions of emulsion-
aggregate systems by shearing them through a stopcock. The
total volume of the system was taken to be 190 mL. The
volume of the humic acid in the system was not taken into
account. The emulsion-aggregate system was allowed to cream
overnight. After creaming, the aqueous layer was drained off
and its volume measured. The volume percent MIBK in the
emulsion-aggregate system was calculated by dividing the
volume of MIBK added (75 mL) by the emulsion-aggregate system
volume (total volume (190 mL) minus the volume of the agqueous
layer removed after creaming). The volume of MIBK left in
the system was corrected for losses due to the solubility of
MIBK in water (1.91% (w/w) (69)). The aqueous layer which
was removed was replaced with an equal volume of deionized
water, the mixture was again shaken, and the system was
allowed to cream overnight before the next measurement. The
emulsion-aggregate system was washed seven times, with the

volume percentage of MIBK calculated after each washing.



T - 4011 41

2.1.8 Effect of Volume Ratio on the Type of an Emulsion
or Emulsion-Aggregate System
The effect of the ratio of the volumes of the two
liquids initially present in the separatory funnel on the
type of emulsion or emulsion-aggregate system generated was
examined by changing the ratio MIBK:water from 3:4 to 4:3.

Other ratios were investigated in a less guantitative manner.

2.1.9 Extraction of Lipids from Natural Samples Using
Emulsions and Emulsion-Aggregate Systems
Extraction of materials conforming to the geochemical
definition of lipids (70) from humic acid or peat samples
into water-immiscible liquids was observed by breaking acidic
emulsion-aggregate systems and separating the aqueous and
nonaqueous phases. The nonaqueous phase was then shaken with
an alkaline aqueous solution to back-extract acidic
components. Neutral components remained in solution in the

water-immiscible liquid.
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2.1.10 Effect of Insoluble Residues on Formation of
Emulsions

The investigations using commercial humic acid indicated
that the mechanisms operating in the MIBK procedure were
emulsion formation at any pH, with the additional effect of
aggregation of humic acid between the droplets at low pH
(Figure 2). No reference to any emulsion system containing
pH-dependent interstitial aggregates has been found by the
author. Emulsions and emulsion-aggregate systems were also
generated using Guanella Pass peat, including the insoluble
residues, to evaluate the effects of these residues on the
extraction of humic substances from natural samples.

These extractions were conducted by stirring a sample of
the peat with sodium hydroxide solution, and transferring the
entire mixture, including the insoluble residue, to a
separatory funnel. MIBK was then added, and the mixture was
acidified and shaken vigorously. Upon creaming, a dark
emulsion-aggregate system was observed above a light yellow
aqueous layer. A small amount of insoluble residue had
settled to the bottom of the separatory funnel, but the
amount appeared to be much less than the total amount of
insoluble materials observed to settle out of the peat-sodium
hydroxide solution mixture. The acidic aqueous layer was

removed and replaced with aqueous alkali. This dissolved the
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FIGURE 2

Emulsion Containing Aggregated
Humic Acid

This figure represents an emulsion-
aggregate system containing droplets
of a water-immiscible liquid, each
with adsorbed humic acid acting as
an emulsifier, dispersed in a
continuous phase consisting of water
and aggregated humic acid (indicated
by wavy pattern).
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aggregated humic acid, and resulted in a light-colored
emulsion layer, a dark aqueous layer, and a layer of
insoluble materials at the bottom of the container. The
insoluble materials which settled to the bottom were examined
under the microscope. The emulsion layer was separated from
the other layers, and the emulsion broken by inversion (see
section 2.2.4). At this point, a substantial amount of
insoluble material settled to the bottom of the container.
This material was also examined under the microscope.

In another experiment, a sample of Guanella Pass peat
was washed repeatedly with 0.5 M NaOH solution to remove all
materials soluble in base to determine whether the insoluble
materials could stabilize an emulsion. The insoluble residue
was then mixed with 125 mL of 0.5 M NaOH and 75 mL of MIBK,
and the mixture agitated. Upon shaking, an o/w emulsion

formed.

2.1.11 Loss-on-Ignition Experiments

The behavior of humic acid in the MIBK partitioning
procedure appeared to be very similar to its behavior in
aqueous solution. Humic acid was in both cases found
dissolved in the aqueous phase at high pH, and in some way

removed from the aqueous phase at low pH. 1In both cases, the
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transition occurred at approximately pH 2. To test the
hypothesis that the behavior of humic acid is the same
whether or not a water-immiscible liquid is present, it was
necessary to develop a method to determine the distribution
0of humic acid in an emulsion or emulsion-aggregate system.
The method initially considered was a batch method in
which a solution of humic acid at a fixed pH was shaken with
a water-immiscible liquid, and the emulsion or emulsion-
aggregate system thus formed was allowed to cream. Three
aliquots of the aqueous layer and the emulsion or emulsion-
aggregate system were air dried, then heated to 110° C.
Aliquots of the initial humic acid solution were also dried.
Drying was continued at 110° C until the samples and their
containers were at constant weight. The samples were then
ignited to constant weight at 800° C. The loss-on-ignition
(LOI) was taken as total organic matter. The samples of the
initial solution were used to provide a means of calculating

a mass balance for the system.

2.1.12 pH-Absorbance Profiles

The large difference in the appearance of the aqueous
layer before and after acidification suggested that an

optical method could be used to determine the point at which
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the humic acid aggregated. Preliminary experiments were
conducted in which an alkaline solution containing humic acid
and the fulvic acid fraction was generated by stirring 1 gram
of Guanella Pass peat with 150 mL of deionized water and
adjusting the pH to about 11 with 1 M NaOH solution. The
mixture was centrifuged to remove insoluble materials, then
100 mL of the solution was mixed with MIBK, and a small
amount of HCl was added. The mixture was shaken vigorously
and allowed to cream, then a portion of the aqueous layer was
removed and its pH and absorbance were measured. The aqueous
phase was returned to the separatory funnel, where more HCl
was added and the process was repeated until the pH was at or
below 2. Because the concentration of humic acid in aqueous
solution relative to the initial concentration was the
quantity of interest, the absorbance values were normalized
to a value of 1.0 for the initial solution.

A sample of Guanella pass peat was also used in this
procedure with no MIBK present. For this sample, the
aliquots taken for pH and absorbance measurements were
centrifuged to remove any insoluble or aggregated material.
In these and subsequent experiments, samples of the aqueous
phase were examined against a bright light before the
absorbance was measured. If any visible turbidity was

present, the samples were centrifuged. Turbidity was due to
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aggregated humic acid and/or small emulsion droplets that
creamed very slowly.

In addition to pH-absorbance profiles generated in the
presence and absence of MIBK, profiles were run using 1-
butanol and chloroform as the water-immiscible liquids.

The humic acid isolated from Guanella Pass peat was also
used to generate pH-absorbance profiles with no water-
immiscible liquid present, with MIBK present, and with

chloroform present.

2.2 Results and Discussion

This section gives the results of the experimental
procedures outlined in section 2.1. The section number where
an individual experiment is described is given to facilitate

reference to the experimental procedure.

2.2.1 Emulsion Type Determinations

Examination by optical microscopy of the “suspensions”
generated by the MIBK partitioning procedure revealed the
presence of droplets in a continuous phase. This observation
indicated the presence of an emulsion in the suspension

layer.
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The conductivity (see section 2.1.4.1) of the emulsion
and the aqueous phase are both much larger than the
conductivity of the MIBK (Table 2). This indicates that the
continuous phase in these emulsions is aqueous. The
conductivities of the aqueous phase and emulsion were both
larger, and the conductivity of the MIBK was smaller than
could be measured accurately with the instrument available.
The difference of more than four orders of magnitude in the
conductivity does allow use of this method, even though
quantitative values were not obtained.

The type of emulsion generated by the MIBK procedure was
determined using an oil-soluble dye (Sudan III) (see section
2.1.4.2). Examination of the resulting emulsions using
optical microscopy showed red droplets dispersed in a
colorless continuous phase (Figure 3). This further
demonstrates that the droplets are the nonaqueous phase. The
“rings” around the droplets in Figure 3 are due to optical
effects, not the presence of adsorbed humic acid. The
microscope used to take this photograph had a phase contrast
set attached, and apparently the photograph was taken with
the stage set slightly above the proper focus point. The
large droplets are approximately 50 um in diameter. The
polydispersity, or heterogeneity of droplet sizes, of these

systems is also apparent in Figure 3.
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TABLE 2

Electrolytic Conductivities of
Emulsion-Aggregate System
and Component Phases*

(s m~1)
MIBK < 5.0 x 1074
Agqueous phase > 5.0
Emulsion-Aggregate > 5.0

System

MIBK and aqueous phase were obtained from a
broken emulsion-aggregate system
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The dilution test (see section 2.1.4.3) indicates that
the continuous phase in the emulsion is aqueous. Emulsions
generated in the MIBK procedure dilute readily with water,
and do not mix with additional MIBK.

Comparison of the refractive indices of the droplets and
the continuous phase show the droplets to have the higher
refractive index (see section 2.1.4.4). The refractive
indices of pure water and MIBK are 1.333 and 1.3692,
respectively (71). This test indicates that the droplets are
MIBK in these emulsions.

The conductivity and dilution tests indicate that the
continuous phase in these emulsions is aqueous. The dye test
indicates that the dispersed phase is MIBK. The refractive
index comparisons indicate that the MIBK is dispersed in the
aqueous phase. These results indicate that the MIBK

partitioning procedure as originally described generates o/w

emulsions.

2.2.2 Effect of Humic Acid Loading and Aqueous Phase pH
on Formation of Emulsions and Emulsion-Aggregate
Systems

The amount of humic acid in the mixture was observed to
have an effect on emulsion formation (see section 2.1.5). 1In

the absence of humic substances, no emulsions were formed.
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In systems containing small amounts of humic acid,
acidification and agitation resulted in collection of the
humic acid at the interface between MIBK and water. Slightly
larger loadings gave an emulsion-aggregate layer with the
aqueous layer below it, and unemulsified MIBK above. Higher
loadings of humic acid resulted in emulsification of all of
the MIBK in the mixture and aggregation of the humic acid in
the emulsion layer. The emulsion-aggregate systems containing
all of the MIBK also contain approximately 25% (v/v) water.
This increase in the volume of the upper layer in the
separatory funnel, combined with the apparent “filling” of
the upper layer by the “suspended” material, is undoubtedly
the basis for the observation that the “organic matter
expands enormously” (41) in these systems.

Although the MIBK partitioning procedure was described
as forming the “suspension” after acidification, it was
observed that emulsions could be generated before
acidification by simply mixing an alkaline aqueous solution
containing a high loading of humic acid with MIBK, and
vigorously agitating the mixture. 1In these cases, the
emulsion appears very similar to the “humin” present after
the humic acid is extracted from the suspension by addition
of aqueous alkali. This emulsion is an MIBK-in-water

emulsion. Further investigation of the “humin” and “lipids”
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suspended in MIBK after extraction of the humic acid and
disaggregation of the “humin” showed these to be o/w
emulsions also. Because the aqueous phase is alkaline in
each of these cases, this indicates that humic acid can act
as an emulsifier at any pH.

The appearance of the basic emulsion is quite different
from that of the acidic emulsion-aggregate systems at high
loadings of humic acid. The acidic emulsion-aggregate
systems have the droplets of MIBK farther apart, with a
poorly resolved brown material between the droplets. This
brown material appears to be humic acid, aggregated at low pH
and held between the droplets of MIBK. The aggregated humic
acid between the droplets forms a physical barrier to
coalescence of the droplets, and also increases the relative
amount of water in the emulsion-aggregate system.

A series of experiments was run to determine the effect
of humic acid loading on the fraction of the emulsion-
aggregate system made up of MIBK. In these experiments,
samples of humic acid ranging in mass from 0.1 to 3.0 grams
were dissolved in 100 mL of 1 M NaOH solution. Each solution
was mixed with 75 mL of MIBK and acidified with 15 mL of
concentrated HCl. The mixture was shaken vigorously and
allowed to cream overnight. The volume of the excess aqueous

phase was measured by draining it into a graduated cylinder.
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This volume was subtracted from the total volume of 190 mL
(again, the volume of the humic acid was disregarded) to give
the volume of the emulsion-aggregate system, and the volume
fraction of MIBK was calculated by dividing the volume of
MIBK added (75 mL) by the emulsion-aggregate system volume.
The results of these experiments (Figure 4) show that the
fraction of the dispersed phase in the emulsion-aggregate
system is close to the theoretical value of 0.74 (for an
emulsion) at low loadings of humic acid, but that the
fraction of the emulsion-aggregate system made up of water as
much as doubles at higher loadings. This water is associated
with the humic acid which aggregates at low pH and collects
between the droplets. The aggregated humic acid may be
removed by dissolution in aqueous alkali, leaving behind the
humic acid adsorbed at the surfaces of the droplets. The
volume of the emulsion layer is smaller under alkaline
conditions, and the volume of the emulsion-aggregate system
is larger under acidic conditions, because of the aggregation
of the humic acid between the droplets of MIBK. These
emulsion-aggregate systems are quite stable because of the
physical barrier to coalescence provided by the humic acid
aggregates. Several samples have been stored in this
laboratory by the author for over three years, with no

changes visible under microscopic examination. Emulsions
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containing no humic acid aggregates are also relatively
stable, with one sample stored by the author for over nine

months with no visible changes.

2.2.3 Emulsions formed with Water-Immiscible Liquids
Other Than MIBK

The original description of the MIBK partitioning
procedure gave three classes of water-immiscible liquids:
those that form "suspensions", those that form solutions, and
those that form neither (Table 1) (41). Several of these
liquids were used in these investigations in an attempt to
confirm the original observations and to attempt to determine
what the basis for the differing behaviors might be (see
section 2.1.5). Water-immiscible liquids used in the current
investigations are listed in Table 3.

While the original investigations (41) of the MIBK
partitioning procedure found that nonpolar liquids did not
form “suspensions”, emulsions and emulsion-aggregate systems
were generated regularly with nonpolar and slightly polar
liquids in the current investigations. All nonpolar and
slightly polar liquids used in the procedure formed emulsion-
aggregate systems of comparable stability to those formed

with MIBK. The discrepancies in the observations are not
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TABLE 3

WATER-IMMISCIBLE LIQUIDS USED
IN CURRENT INVESTIGATIONS OF
EMULSION-AGGREGATE SYSTEMS

1-Butanol Carbon tetrachloride
Chloroform Hexane
MIBK Toluene

Tri-n butylphosphate
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fully understood, but carbon tetrachloride, hexane, and
toluene do have relatively high interfacial tensions with
water (43.7, 49.7, and 36.1 dynes cm~l, respectively (72)).
The interfacial tension between MIBK and water is 10.1 dynes
cm™l (73). It is possible that the failure to form emulsion-
aggregate systems with these liquids in the earlier studies
was due to insufficient agitation of the samples. It is also
possible that differences in the experimental conditions
exist between the two sets of investigations which would
account for the discrepancy. However, when the experimental
procedures given in the original references (1-4,41l) are
followed, an emulsion-aggregate system has formed with every
water-immiscible liquid used in the current investigations.

The two liquids originally observed to form solutions
(1-butanol and tri-n-butyl phosphate) gave emulsion-aggregate
systems when used in the MIBK procedure. These liquids do
form unusually dark-colored emulsion-aggregate systems. The
darker color may have led to the interpretation of the
emulsion-aggregate system as a solution.

The original observation (41) that humic acid was not
extracted from tri-n-butyl phosphate and l-butanol by aqueous
alkali also could not be duplicated. The humic acid has been

extracted from every emulsion-aggregate system generated when
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the acidic aqueous layer was replaced by sodium hydroxide

solution.

2.2.4 Breaking Emulsions and Emulsion-Aggregate Systems

The emulsions and emulsion-aggregate systems generated
in the MIBK partitioning procedure can be broken in several
ways (see section 2.1.6). If heated to near the boiling
point of the MIBK-water azeotrope, the emulsion or emulsion-
aggregate system will break. Similarly, a frozen emulsion or
emulsion-aggregate system will break on thawing.
Centrifugation is effective in breaking these emulsions and
emulsion-aggregate systems, though a small amount of
concentrated emulsion or emulsion-aggregate system usually
collects at the interface between MIBK and water. Addition
of large amounts of electrolytes will also cause the emulsion
or emulsion-aggregate system to collapse. This has been
accomplished by washing emulsions and emulsion-aggregate
systems with saturated sodium chloride solutions. At low
loadings of humic acid, it is possible to break these
emulsions and emulsion-aggregate systems by inversion as
explained below. The presence of large amounts of humic
substances under acidic conditions does stabilize the

emulsion-aggregate systems so that inversion is difficult to
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accomplish. At low loadings of humic acid, under either
acidic or basic conditions, the emulsions and emulsion-
aggregate systems invert relatively easily. The w/o
emulsions and emulsion-aggregate systems thus produced are
often less stable than o/w emulsions or emulsion-aggregate
systems, and generally collapse quickly. Inversion and
centrifugation have been the most useful of these methods for
breaking emulsions and emulsion-aggregate systems stabilized

by humic substances.

2.2.5 Washing Emulsion-Aggregate Systems

When humic acid is extracted by the traditional
procedure, the aggregates which settle out on acidification
are washed with deionized water to remove excess acid and
dissolved salts. As washing proceeds, the ionic strength of
the solution in contact with the aggregates decreases, and a
point will be reached at which the humic acid begins to
peptize. If the humic acid is held in the acidic emulsion-
aggregate system by an aggregation mechanism similar to that
operating in the absence of a water-immiscible liquid, it
should be possible to wash the emulsion-aggregate system with
deionized water until peptization occurs. Acidic emulsion-

aggregate systems were generated and washed to determine if,
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and under what conditions, peptization occurred in these

systems (see section 2.1.7).

2.2.5.1 Removal of Humic Acid from Emulsion-Aggregate
Systems by Washing

In all cases, washing the emulsion-aggregate systems
with deionized water produced a few washes which were
essentially colorless, then several which were yellow or
brown, then more washes which were colorless. The nature of
these experiments was such that the pH and conductivity at
which peptization started and ended cannot be known precisely
(see section 2.1.7), but peptization occurs in the pH range
from approximately 2.5 to 4.1, and a conductivity range from
1.8 x 107! to 1.7 x 1073 Siemens per meter.

The results of the washing experiments show that the
amount of material which can be removed from the acidic
emulsion-aggregate system by washing with deionized water
depends largely on the amount of sample used, while the
amount which cannot be so removed is much less dependent on
sample size (Table 4) (see section 2.1.7). This suggests
that a fairly reproducible amount of humic acid is required
to stabilize the acidic emulsion-aggregate system by
adsorption on the droplets, and that the remainder is held

less tightly as an interstitial aggregate. This aggregate
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TABLE 4
Amounts of Humic Acid Removed from Emulsion-Aggregate
Systems by Washing with Deionized Water

Initial  Percent of Percent of Amount of  Amount of

Weigl F Tnitial Tnitial M = M =
Sample Used Sample Sample Not Removed Removed by
Weight Insoluble by Washing Washing
Recovered in Aqueous  (grams)* (grams) **
Alkali
0.9998 97.4 84.7 0.0884 0.0381
2.0164 81.5 69.7 0.0799**x* 0.1591
2.0265 92.2 79.1 0.1345 0.1312
3.0144 96.3 80.9 0.0865 0.3773
* Includes humic acid remaining in the emulsion-aggregate

system after washing.

* x Includes humic acid removed from the emulsion-aggregate
system by washing and collected by evaporation of the wash
solutions.

**%*  Includes 0.0576 grams subsequently extracted with 0.1 M
NaOH.
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can be removed by washing with deionized water. Subsequent
washing with aqueous alkali will remove most of the adsorbed
humic acid not removed by deionized water, but some is not
extracted and continues to stabilize the emulsion. It should
be noted that these emulsions and emulsion-aggregate systems
were stabilized by the humic acid and fulvic acid fraction
from the peat, the humin and other insoluble residues having
been removed by centrifugation of the peat-NaOH solution

mixture before the emulsion-aggregate system was generated.

2.2.5.2 Effect of Acid Concentration in Washes on Removal
of Humic Acid from Emulsion-Aggregate Systems
The results of the experiments in which emulsion-
aggregate systems were washed with dilute HCl (see section
2.1.7) are shown in Table 5. The emulsion-aggregate systems
washed with 0.05 M HCl did not peptize, while those washed
with 0.01 M HCl did peptize. This is shown by the %T values,
measured on the aqueous wash solutions after washing, which
do not change drastically for the 0.05 M HCl wash solutions,
but which drop considerably for more dilute washes. The more
dilute HC1l solutions transmitted the least light in the
second wash, after which the %T values begin to increase.
For these experiments, it is likely that light scattering is

important, as the wash solutions with reduced transmittance
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Wash
Solution

Initial
Solution
pH
Conductivity
$T

First Wash
Solution
pH
Conductivity
%T

Second Wash
Solution
pH

Conductivity
$T

Third Wash
Solution
pH
Conductivity
$T

Fourth Wash
Solution
PH
Conductivity
$T
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TABLE 5

Effect of Acid Concentration on
Peptization of Humic Acid in an
Emulsion-Aggregate System

.00 M HC] 0,01 M HCI 0.005 M HCl 0.001 M HCl

N

7

7

1.9
1.6
9

7

o

(P
(]
SARVRVeY

e

© o o

oo

N o o

1.7 1.8 1.8
3.6 2.9 3.3
74 80 78
2.1 2.3 2.3
1.1 0.80 0.77
53 54 58
2.4 2.7 2.8
0.46 0.28 0.18
33 39 41
2.3 2.5 2.7
0.34 0.18 0.062
53 50 44
2.5 2.6 3.0
0.32 0.16 0.036
68 64 59

Conductivities are in units of Siemens per meter
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were visibly turbid. The solutions for which the %T values
were reduced contained humic acid removed from the emulsion-
aggregate system by peptization. The peptized humic acid is
colloidal, rather than dissolved, and produces the observed

turbidity in the wash solution.

2.2.5.3 Effect of Washing on the Volume Ratio MIBK:Water
in an Emulsion-Aggregate System

The effect of washing on the ratio of the volume of MIBK
to the volume of water in an emulsion-aggregate system (see
section 2.1.7) is shown in Figure 5. If the humic acid is
aggregated between the MIBK droplets, and this aggregated
humic acid holds a significant amount of water in the
emulsion-aggregate system, then washing the emulsion-
aggregate system should remove this humic acid by peptization
and this should increase the relative amount of MIBK in the
emulsion-aggregate system. There is a significant increase
in the relative amount of MIBK in the emulsion-aggregate
system at the start of peptization. A significant amount of
turbidity was observed for the remaining washes, and the
volume ratio (MIBK:water) increases during this part of the
experiment. The volume ratios observed after the start of
peptization are greater than the theoretical value of 74%.

This may be due to unquantified losses of MIBK with the
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peptized material, to polydispersity of the droplets, to some
coalesence of the droplets which would then deviate more from
sphericity, or to some combination of these effects. Because
the volume of MIBK is calculated rather than measured, the
high MIBK:water ratios after six and seven washes may be
exaggerated. The sudden increase in volume ratio at the
start of visible peptization does indicate that humic acid
aggregates are increasing the relative amount of water in the

emulsion-aggregate systems.

2.2.6 Effect of Volume Ratio on the Type of Emulsion-
Aggregate System Formed

The ratio of the volumes of water and nonaqueous liquid
has an effect on the type of the emulsion-aggregate system
produced (49,57,65,66) (see section 2.1.8). The ratio of
MIBK:H20 in the original description (1-4) of the MIBK
partitioning procedure was 3:4, and the emulsion-aggregate
systems produced were of the o/w type. If this ratio is
changed so that more MIBK than water is present, a w/o
emulsion-aggregate system would be expected simply because it
is easier to disperse the liquid with the smaller volume in
the liquid with the larger volume. Emulsion-aggregate

systems prepared using an MIBK:water ratio of 4:3 were
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determined to be w/0 emulsion-aggregate systems. These
emulsion-aggregate systems appeared to be less stable than
o/w emulsion-aggregate systems, and generally collapsed in a
few minutes, leaving the humic acid at the interface between
the two liquids. At higher loadings of humic acid, these
emulsion-aggregate systems are more stable, and a water-in-
MIBK emulsion-aggregate system has been stored for over two
years after generation by the author in this laboratory with
no visible changes.

In general, these emulsion-aggregate systems behave as
expected, with the liquid present in the highest volume
forming the continuous phase. At equal or nearly equal
volumes, other factors may control the type of emulsion-

aggregate system formed.

2.2.7 Extraction of Lipids from Humic Substances using
Emulsion-Aggregate Systems
Though humic substances are not soluble in water-
immiscible liquids to any significant extent (33,34,37), it
was observed that some materials were dissolved in the
nonaqueous liquid during the MIBK partitioning procedure.
When an emulsion-aggregate system with an acidic aqueous

phase was broken, the nonaqueous liquid was observed to be
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colored (see section 2.1.9). MIBK from a broken emulsion-
aggregate system had a distinct yellow cclor, while l-butanol
was reddish brown. When the nonaqueous liquids were shaken
with sodium hydroxide solution, a portion of the color was
transferred to the aqueous layer. While these materials were
not characterized or quantified, this behavior suggests that,
under acidic conditions, some acidic and neutral species
(possibly alkanes and fatty acids, which are both known to be
present in humic acid (39,40)) are dissolved in the
nonaqueous liquid. When the solution is placed in contact
with an alkaline aqueous solution, the acidic fraction is
extracted into the aqueous phase. The MIBK partitioning
procedure may provide an alternative method to Soxhlet
extraction for removal of alkanes and fatty acids from humic
substances.

The MIBK procedure allows the use of any water-
immiscible liquid as well as control of pH. The emulsion-
aggregate systems generated during the extraction must be
broken, but this can be readily accomplished by

centrifugation.
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2.2.8 Effect of Insoluble Residues on Stabilization
of Emulsions

The experiments investigating the location of the
insoluble residues in emulsions and emulsion-aggregate
systems stabilized by humic acid (see section 2.1.10) showed
that a large portion of these insoluble materials are held in
the emulsion or emulsion-aggregate system at any pH. When
using peat as a starting material, very little insoluble
residue settled to the bottom of the separatory funnel from
the acidic emulsion. The insoluble materials could at this
point be held in humic acid aggregates between droplets, or
held at the surfaces of the droplets. Again, if a particle
is wet by both liquids in an emulsion, a stable position for
that particle is at the interface between these liquids.
Replacing the acidic aqueous phase with NaOH solution
resulted in more insoluble material settling to the bottom of
the separatory funnel. The insoluble material which settled
out at this point was most likely held in the humic acid
aggregate between the droplets of MIBK, and released when the
aggregates were dissolved by the sodium hydroxide solution.
Because the aggregates were dissolved at this point, any
insoluble residue remaining in the emulsion must be held at

the surfaces of the droplets. Examination under the
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microscope showed the residues released by the sodium
hydroxide solution to be mineral grains, diatoms, and
unhumified plant fragments (Figures 6,7).

Breaking the alkaline emulsion produced by treating the
acidic emulsion-aggregate system with NaOH solution resulted
in a relatively large amount of insoluble material settling
out. This indicates that, because the humic acid aggregates
were dissolved by the alkaline aqueous solution, there was a
substantial amount of insoluble material held at the surfaces
of the droplets. These particulates were released when the
emulsion was broken because of the large decrease in
interfacial area. Though the particles would still be in a
stable position at the MIBK-water interface, there was simply
not enough interface for them to occupy.

The other experiment, in which the emulsion was formed
using insoluble residues from which the alkali soluble
materials had been removed, demonstrates that these residues
are capable of acting as emulsifiers in the absence of humic
and fulvic acids.

These experiments showed that a portion of the insoluble
materials in a peat are held in the emulsions or emulsion-
aggregate systems throughout the MIBK partitioning procedure,

and that these materials can act to stabilize emulsions.
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2.2.9 Loss-on-Ignition Experiments

The loss-on-ignition experiments designed to determine
the distribution of humic acid in an emulsion or emulsion-
aggregate system as a function of pH (see section 2.1.11)
were not entirely successful. Results of these experiments
indicated that most of the humic substances dissolved in the
aqueous layer remain there until the pH is reduced to below
approximately 3 (Figure 8). The humic substances that leave
the aqueous phase at low pH form an emulsion-aggregate
system. There were, however, a number of experimental
difficulties involved in this procedure. Because each
experiment generates only one data point, a large number of
very time-consuming experiments were necessary to investigate
the response of a given system to changes in pH. Because
each data point was generated in a different experiment,
slight changes in experimental conditions produced small
differences in response which, while not large compared to
the response observed on flocculation of humic acid, were
large enough to complicate interpretation of apparent trends.
Another difficulty became apparent during mass balance
calculations. Determinations of LOI on the aqueous solutions

produced results which had good precision. The LOI of the
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FIGURE 8

Percentage of Total Sample
Lost from Aqueous Phase
on Ignition

Percentage of material present in
initial alkaline aqueous solution which
was lost on ignition from the residue
collected by drying the aqueous phase
following generation of an emulsion or
emulsion-aggregate system.
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emulsions and emulsion-aggregate systems was, in most cases,
too high to be explained by the amount of organic matter
present, with poor reproducibility between replicate samples.
Mass balances calculated on these systems generally showed
loss on ignition of considerably more material than was
initially present in solution (315% recovery for one sample),
and the amount of organic matter transferred to the emulsion-
aggregate system could not be quantified directly. For these
reasons, the loss on ignition approach was abandoned in favor
of an optical method by which a relative concentration of
humic acid in aqueous solution as a function of pH could be
determined much more quickly. The reasons for the poor
reproducibility and mass balance for these systems is not
known. It is possible that some MIBK was not removed during
the drying step, or that sodium carbonate was formed in the
high pH samples. The data from the loss on ignition
experiments do indicate that the amount of humic substances
in aqueous solution does not change dramatically as a
function of pH in the presence of a water immiscible liquid

above approximately pH 3.
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2.2.10 PH-Absorbance Profiles

The pH-absorbance profiles generated using various
samples and water-immiscible liquids (see section 2.1.12)
were all generally similar. Profiles were produced using
Guanella Pass peat as the sample with MIBK (Figure 9), 1-
butanol (Figure 10), and chloroform (Figure 11) as the water-
immiscible-liquids. A profile was also generated using
Guanella Pass peat as the sample, with no water-immiscible
liquid present (Figure 12). Humic acid was extracted from
Guanella Pass peat (see section 2.1.1) and used as the sample
for profiles generated with MIBK (Figure 13) and chloroform
(Figure 14) as the water-immiscible liquids. In addition, a
profile was produced using humic acid, with no water-
immiscible liquid present (Figure 15).

Though the profiles are similar, they are not identical.
Some profiles show features not present in others. As the pH
is lowered from the initial value of 12.0, there is an
initial sharp drop in absorbance in some profiles (Figures
11,12,14,15), followed by a slower decline. This initial
drop is attributed to changes in the absorptivity of the
humic acid with pH, rather than to removal of humic acid from
solution. Changes in the absorptivity of humic substances

with pH have been reported (74-76). Scattering may also
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pH-Absorbance Profile for
the MIBK/Peat System

This profile was generated using Guanella
Pass peat as the sample and MIBK as the
water-immiscible liquid. The absorbance of
the aqueous phase was measured after the
emulsion or emulsion-aggregate system had
creamed.
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FIGURE 10

pH-Absorbance Profile for
the Butanol/Peat System

This profile was generated using Guanella
Pass peat as the sample, and l-butanol as the
water-immiscible liquid. The absorbance of
the aqueocus phase was measured after the
emulsion or emulsion-aggregate system had
creamed.
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FIGURE 11

pH-Absorbance Profile for the
Chloroform/Peat System

This profile was generated using Guanella
Pass peat as the sample, and chloroform as
the water-immiscible liquid. The absorbance
of the aqueous phase was measured after the
emulsion or emulsion-aggregate system had
creamed.

80



T - 4011

Normalized Absorbance
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FIGURE 12

pH-Absorbance Profile for
the Water/Peat System

This profile was generated using Guanella
Pass peat as the sample. No water-immiscible
liquid was used. The absorbance of the
aqueous phase was measured after centrifugation.
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FIGURE 13

pH-Absorbance Profile for the
MIBK/Humic Acid System

This profile was generated using humic
acid extracted from Guanella Pass peat as
the sample, and MIBK as the water-immiscible
liquid. The absorbance of the aqueous phase
was measured after the emulsion or emulsion-
aggregate system had creamed.
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pH-Absorbance Profile for the
Chloroform/Humic Acid System

This profile was generated using humic
acid extracted from Guanella Pass peat as
the sample, and chloroform as the water-
immiscible liquid. The absorbance of the
aqueous phase was measured after the
emulsion or emulsion-aggregate system had
creamed.
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FIGURE 15

pH-Absorbance Profile for the
Water/Humic Acid System

This profile was generated using humic
acid extracted from Guanella Pass peat as
the sample. No water-immiscible liquid
was present. The absorbance of the aqueous
phase was measured after centrifugation.
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attenuate the light beam passing through the sample, but
these samples had no visible turbidity when observed against
a bright light, and the effect of scattering is not believed
to be significant, except near the pH range where aggregation
of humic acid occurs (see below). Those samples containing
no water-immiscible liquid (Figures 12,15) were centrifuged
before the absorbance of the aqueous solution was measured.
Centrifugation was not necessary for the samples where a
water-immiscible liquid was present. Aggregation of the
humic acid is signaled by the abrupt drop in absorbance at
low pH. This drop corresponds to visible removal of humic
acid from aqueous solution.

The humic acid was observed to form aggregates in the
systems containing no water-immiscible liquids, and emulsion-
aggregate systems were formed when water-immiscible liquids
were present.

While the drop in absorbance corresponds to the visible
removal of humic acid from aqueous solution, it should be
noted that humic acid is a complex mixture, and the
absorbance of the solution is not necessarily directly
proportional to the concentration of humic substances in that
solution.

The pH-absorbance profiles are different for the various

systems used. Those systems in which Guanella Pass peat was
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the sample (Figures 9-12) consistently indicated aggregation
of the humic acid at a higher pH than those systems in which
humic acid was the sample. The systems generated with the
whole peat contained the fulvic acid fraction, while the
systems generated with the humic acid did not. Aluminum ion
has been observed by the author in the fulvic acid fraction
isolated from Guanella Pass peat (see section 2.2.11), and
other alkali-soluble, acid-insoluble materials (such as
amorphous silica) may also be present. In the determination
of the effects of experimental conditions on the MIBK
partitioning procedure, the presence of aluminum(III) was
found to significantly affect the pH at which humic acid
aggregates (see section 3.3), and the differences in the pH
of aggregation between the samples generated with the whole
peat and those generated with humic acid are attributed to
the presence of dissolved aluminum.

There are also differences between the pH-absorbance
profiles generated with the polar, water-immiscible liquids
MIBK (Figures 9,13) and l-butanol (Figure 10), and those
produced with the slightly polar, water-immiscible liquid
chloroform (Figures 11,14) and with no water-immiscible
liquid present (Figures 12,15). The profiles generated with
the polar liquids have a smooth curve in the pH range where

aggregation of the humic acid takes place, whereas those
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profiles generated with a slightly polar water-immiscible
liquid, or no water-immiscible liquid show an abrupt change
in slope when aggregation begins. This difference is
attributed to aggregation of some of the humic acid at a
higher pH in the presence of a polar, water-immiscible
liquid. Both MIBK and l-butanol are capable of forming
hydrogen bonds, while chloroform is not. If hydrogen bonding
is occurring between humic acid and MIBK or l-butanol, the
humic acid molecules would be more hydrophobic as a result,
and would begin to aggregate at a higher pH. Removing these
aggregates as an emulsion-aggregate system, or by
centrifugation, would lower the normalized absorbance and
tend to smooth out the portion of the pH-absorbance profile
where aggregation takes place.

Two of the pH-absorbance profiles, the one containing
humic acid and no water-immiscible liquid (Figure 15) and the
one generated with peat and chloroform (Figure 11), show a
small peak in normalized absorbance at a pH just above the
sharp drop in absorbance which signals aggregation. This
peak is attributed to light scattering rather than light
absorption. This scattering is due to very small humic acid
aggregates which were not removed from the aqueous phase by
centrifugation or creaming, or which formed after

centrifugation or creaming was complete. These small peaks
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were observed in these and later pH-absorbance profiles (see
Figures 16, 23, and 30), usually when no water-immiscible
liquid was present (Figure 11 is the exception). However,
they do not appear consistently, even when no water-

immiscible liquid is present (Figure 12).

2.2.11 Effect of Aluminum in the Fulvic Acid Fraction

on Formation of Fulvic Acid Aggregates at

Neutral pH

During isolation of humic acid from peat by NaOH

extraction, the acidic solution remaining after precipitation
of the humic acid contains the fulvic acid fraction. When
this acidic solution was neutralized, a precipitate was
observed to form. When the solution was made basic, the
precipitate redissolved. Because fulvic acid 1is, by
definition, soluble in water at any pH, some other component
of the solution had to be responsible for forming the
precipitate. Because of the amphoteric nature of the
precipitate, the presence of aluminum was suspected. A
qualitative test for the presence of aluminum was performed
by adjusting the pH of the aqueous solution to approximately
9.5, then adding a solution of 8-hydroxyquinoline in
chloroform, and shaking (77). After phase separation, the

chloroform layer was green in color, and fluoresced green
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when exposed to ultraviolet light. This behavior is
consistent with the presence of aluminum in the solution
containing the fulvic acid fraction (77). This aluminum is
most likely derived from clay minerals in the original peat

sample. The amount of aluminum extracted was not quantified.
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Chapter 3

EFFECTS OF EXPERIMENTAL CONDITIONS ON
THE MIBK PARTITIONING PROCEDURE

This chapter deals with the investigation of the effects
of experimental conditions on the MIBK partitioning
procedure. These investigations were concerned with
evaluating the relative effects of the factors identified in
Chapter 2 as influencing emulsion or emulsion-aggregate
system formation. In addition, the investigations described
in this chapter allow a comparison of the MIBK partitioning
procedure with more traditional alkali extraction procedures

for humic substances.

3.1 Experimental Design

In the original development of the MIBK partitioning
procedure, it was observed that generation of the
“suspension” was dependent on several experimental variables.
These included the nature of the water immiscible liquid, the
pPH, and the ionic strength (41). The preliminary
investigations reported above indicated that the amount of
humic acid present also affected the results, in that the
volume and stability of the emulsion or emulsion-aggregate

system depends on the amount of aggregated humic acid
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present. The ratio of the volumes of the two liquids in the
original mixture had also been observed by the author to
influence the type of emulsion or emulsion-aggregate system
formed, so this factor was included to determine whether the
pPH of aggregation was also affected. 1In addition, it was
desired to determine whether the nature of the cation present
had an effect on the procedure.

Some of the factors listed above are known to affect the
aggregation of humic acid in aqueous solution. The effect of
PH on solubility is the basis for the operational definition
of humic acid. The effect of ionic strength on aggregation
of humic acid has also been studied (25,78-81). These
studies show that the amount of humic acid removed from
solution is directly related to the ionic strength.

The nature of the cation used to adjust the ionic
strength has also been observed to affect aggregation of
humic acid. Species with higher ionic charges have been
observed to be more effective at causing aggregation of humic
acid (78,79).

Higher loadings of humic acid have been observed to
require larger concentration of cations such as Fe3t and a13*
for complete aggregation (82,83).

If the removal of humic acid from aqueous solution in

the presence of a water-immiscible liquid is largely
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accomplished by the same mechanisms that govern aggregation
of humic acid in systems containing no water-immiscible
liquid, the effects of these factors on the MIBK partitioning
procedure should be similar to the effects on systems
containing no emulsions.

Because investigation of the effects of a large number
of experimental variables can require a very large number of
experimental measurements, a fractional factorial
experimental design was developed to maximize the amount of
information which could be obtained while reducing the number
of experimental measurements required. The experiment was
designed to allow analysis of the experimental results to
determine whether the factors chosen significantly affect the
pH at which humic acid is completely aggregated.

A factorial experimental design is one in which the
independent experimental variables of interest (factors) are
set at fixed wvalues (levels), and each possible combination
of factors and levels is used in an experiment (84-86). The
relative importance of the factors in influencing the results
is evaluated by an analysis of variance (see section 3.3.2
for methods of calculation). In addition, a factorial
experimental design allows for evaluation of the effects of
interactions between the factors. The effect of factor A and

B in combination may be either greater or less than the sum
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of the effects of A and B separately. A factorial
experimental design allows evaluation of greater- or less-
than-additive effects.

For a system in which two factors (A and B) are to be
investigated at two levels (low and high), four experiments
are required. One experiment uses the low levels of both
factors, one uses the low level of factor A and the high
level of factor B, one uses the high level of factor A and
the low level of factor B, and one uses the high levels of
both factors. The results of the two experiments with a low
level of A are then averaged, as are the two experiments with
a high level of A. The difference between these mean values
gives the average effect of changing the level of factor A.
The effect of factor B is determined in a similar manner.
Interactions are evaluated by comparing the sum of the effect
of A and the effect of B with the effect of A and B together.
For additive effects (no interactions), the difference
between the two responses at the low level of A should equal
the difference between the two responses at the high level of
A. 1If these differences are not equal, an interaction is
present.

If the low levels of A and B are designated by (1), and
the high levels are designated by a and b, the four sets of

experimental conditions are designated (1), a, b, and ab,
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where (1) is omitted if it occurs with another letter (84-
86) . Using the same combinations of letters to designate the
yield, or result, obtained from a set of experimental

conditions, the effect of A is

_ab +a-b - (1)
W, = >

where there is one experimental observation per treatment
combination. The effect of B is similarly given by

_ab + b -a - (1)
W, = >

The numerator in these expressions is defined as a contrast,
an expression which shows how the results of the various
experimental measurements are combined to determine the
effect of a factor of interaction. The four contrasts for
the 22 factorial experiment are shown in Table 6.

The formulas and algorithms available for experimental design
and statistical analysis make it unnecessary to explicitly
define the contrasts in most cases, and the 48 contrasts,
each with 48 terms, that would be required for the
experiments on the effect of experimental conditions on the
MIBK partitioning procedure will not be presented. The
contrasts are useful in illustrating the principles of
experimental design, and those contrasts given in Table 6

will be used for this purpose.
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TABLE 6

Contrasts for a 22 Factorial Experiment

Identity Contrast
Total Contrast (1) + a + b + ab

A Contrast -(1) + a - b + ab

B Contrast -(1l) - a + b + ab

AB Contrast (1) - a - b + ab
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The factors and levels used in investigating the effects
of experimental conditions on the MIBK procedure are given in
Table 7. The ilonic strength is calculated as

b= I M7
where M; is the molarity of an ion in solution and Z; is the
charge on that ion. See Appendix A for sample calculations.
Ionic strength was calculated for the solution after
dissolution of the humic acid at pH 12 and acidification to
PH 2 with HCl. This point was selected for calculation of
ionic strength because the acidic functional groups attached
to the humic acid molecules should be largely protonated at
this pH, and should not significantly contribute to the ionic
strength. Studies of electrophoretic mobilities have
indicated that the isocelectric point for humic substances is
below pH 2, with the electrophoretic mobility increasing with
PH (87). Alkaline aqueous solutions extract humic acid by a
charge-repulsion mechanism (88), and both the electrophoretic
mobility and the precipitation of humic acid at low pH
indicate that humic acid should contribute little to the
ionic strength at pH 2. The levels for the ionic strength
were selected by first calculating the ionic strength of a
solution of humic acid which had been dissolved at pH 12,

then precipitated at pH 2. For a solution containing one
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TABLE 7

FACTORS AND LEVELS IN
EXPERIMENTAL DESIGN

LEVELS
FACTORS Q 1

IONIC STRENGTH 0.03 M 0.3 M

HUMIC ACID LOADING 0.1 g/L 1.0 g/L

WATER IMMISCIBLE MIBK HEXANE
LIQUID
CATION Nat A13+
VOLUME RATIO 0 0.7

(Water-Immiscible
Liquid : Water)
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gram per liter of humic acid with a total acidity of 5 mol
kg™, this calculation gives an ionic strength of 2.5 x 1072
mol L™1 (see Appendix A). The lower level (level 0) for ionic
strength was selected to be slightly higher (3.0 x 1072 mol
L'l), and the high level (level 1) was selected to be an order
of magnitude higher (3.0 x 107! mol L™1). These levels of
ionic strength were produced by adding the appropriate amount
of NaCl or AlCl3 to the humic acid solutions.

The humic acid concentration of 0.1 g L™l (level 0) was
selected because changes in the concentration of this
solution could be easily determined by absorbance
measurements at 400 nm. The higher level of 1.0 g L™l (level
1) was selected to give a concentration an order of magnitude
higher. The absorbance at 400 nm of a 1.0 g L™l solution of
humic acid at pH 12 was too high to measure accurately, but
as the humic acid was removed by aggregation, the decrease in
absorbance could be easily measured and the point at which
aggregation was complete was readily determined.

The two water-immiscible liquids were also selected to
give a relatively large difference in behavior. MIBK was
used in the development of the extraction procedure, and was
therefore selected as the polar liquid (level 0). The other
water-immiscible liquid, n-hexane (level 1), was chosen

because it 1is nonpolar, and was one of the liquids which had
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been reported as ineffective in extracting humic substances
(41) . Because every water-immiscible liquid used in the MIBK
procedure during the preliminary investigations in this
research was observed to form emulsions and emulsion-
aggregate systems, a liquid which had previously been
reported as ineffective in the procedure was used to
determine if differences could be observed in the behavior of
the two liquids.

Two cations were selected on the basis of charge for use
in adjusting the ionic strength. Sodium was selected as a
univalent cation (level 0) because of its presence in
reagents used in the procedure and its availability, and
aluminum was selected as a trivalent cation (level 1) because
it had been observed to be present in the fulvic acid
fraction. Sodium was added as sodium chloride, and aluminum
was added as a solution of aluminum chloride hexahydrate.
The aluminum chloride solution was standardized against a
solution generated by dissolving aluminum metal in HCl. The
aluminum concentrations were compared by measuring the
absorbance at 400 nm of the Al-8-hydroxyquinoline complex
after extraction into chloroform (77). The aluminum chloride
was confirmed as the hexahydrate by this procedure.

The ratio of the volumes of water-immiscible and aqueous

liquids (water-immiscible liquid:water) was held at one of
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three levels. These were 0, 0.7, and 1.4, giving three
equally spaced levels with no water-immiscible liquid, less
water-immiscible liquid than aqueous liquid, and more water-
immiscible liquid than aqueous liquid (levels 0, 1, and 2,
respectively). The volume of the agqueous solution was 100 mL
in all cases. The experiments run with a volume ratio equal
to zero were, in effect, control experiments which allowed
comparison of aggregation and settling of humic acid in the
absence of a water-immiscible liquid with aggregation of
humic acid in an emulsion-aggregate system.

Another advantage of a factorial experimental design is
that one need not evaluate all possible combinations of
factors and levels. Though some information will be lost on
interactions of factors, a fractional factorial experimental
design will still give information on main effects while
reducing the number of experiments which must be performed.
Those effects which cannot be separated in a fractional
factorial experiment are said to be confounded.

The 22 factorial experiment discussed above will serve
to illustrate the methods used to divide a factorial
experiment into blocks and to determine the confounding
scheme. Though dividing a 22 factorial experiment into two
blocks is usually not desirable, the methods are the same as

those used with larger experiments.
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To divide a factorial experiment into blocks, all
information on one effect must be sacrificed. This effect is
confounded with blocks. For the 22 factorial experiment, the

highest order interaction is AB. This will be used as the

defining contrast, to be confounded with blocks. This

contrast (AB) may be represented as

LINRY
B
where Y, is either 0 or 1 (84-86). An expression may then be
generated

This expression may be evaluated for each treatment
combination by setting?; equal to 0 or 1, depending on
whether the ith factor is at its low or high level. The L-
values are then reduced (modulo 2) to give a value of zero or
one for each treatment combination. Those treatment
combinations with L = 0 are placed in one block, and those
with L = 1 are placed in another block. Table 8 illustrates
the process for a 22 factorial experiment. For the 22
factorial experiment, this procedure produces one block
containing the treatment combinations (1) and ab, and another
block containing the combinations a and b.

The experimental design used in the investigation of the
effects of experimental parameters on formation of emulsions

and emulsion-aggregate systems in the MIBK partitioning
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TABLE 8

Dividing a 22 Factorial Experiment
into Two Blocks

Treatment Y Y L L (MOD 2)
Combination 1 2

(1) 0 0 0 0

a 1 0 1 1

b 0 1 1 1

ab 1 1 2 0
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procedure is a half-replicate of a 24%3 factorial design (84-
86). This means that four factors were varied between two
levels and one factor was varied between three levels, with
one half of the possible experimental combinations used.

For four factors at two levels and one at three levels,
a complete factorial experiment in which all possible
combinations of factors and levels were used would require 48
experimental measurements. In the same way that two factors,
each at two levels, requires 22 experiments, three factors,
each at two levels, requires 23 experiments. For the
experiments in this research, four factors, each at two
levels, plus one factor at three levels were used. This
requires 2%x3, or 48, experiments if all possible
combinations of factors and levels are to be used. The 48
possible sets of experimental conditions consist of 16
combinations of ionic strength[ humic acid loading, water-
immiscible liquid, and cation, each at three levels of volume
ratio. These 48 combinations were divided into two blocks of
24 combinations, and one block was selected at random. To
break the experiments into two blocks, the coded levels (0 or
1) for the first four factors were added for each of the 16
possible combinations of experimental conditions, and the sum
(designated L) was reduced (modulo 2) to give either 0 or 1

for each combination (84-86). The possible combinations of
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the four factors having two levels and the L(modulo 2) values
are shown in Table 9. Those combinations for which L (modulo
2) was equal to zero were placed in one block, and those
combinations for which L(modulo 2) was equal to one were
placed in a second block. The block of experiments with
L(modulo 2) equal to one was selected randomly as the block
to be run. Each of the eight experiments in this block was
run at all three levels of volume ratio. The 24 experimental
combinations that were run are shown in Table 10. This
method of dividing the possible experimental combinations
into two blocks assures that the statistical analysis of
either block will produce the same information. In addition,
four of the combinations in the chosen block were selected at
random to be performed in duplicate. This duplication
allowed an independent estimate of experimental error in the
analysis of the data. The four combinations selected at
random for duplication were numbers 5, 11, 20, and 23. The
results of the duplicated experiments are labeled a and b.
Addition of the duplicates gave a total of 28 experimental
measurements. The order in which the experiments were
performed was also randomized.

The experiment as designed allows analysis of the data
to determine whether the five factors significantly affect

the pH at which humic acid is completely aggregated, compared
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TABLE 9

Experimental Combinations and Blocking for
Four Factors at Two Levels*

IONIC HUMIC WATER CATION L(MOD 2)
STRENGTH ACID IMMISCIBLE
LOADING LIQUID
0 0 0 0 0
1 0 0 0 1
0 1 0 0 1
1 1 0 0 0
0 0 1 0 1
1 0 1 0 0
0 1 1 0 0
1 1 1 0 1
0 0 0 1 1
1 0 0 1 0
0 1 0 1 0
1 1 0 1 1
0 0 1 1 0
1 0 1 1 1
0 1 1 1 1
1 1 1 1 0

* See Table 7 for levels and codes
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TABLE 10

EXPERIMENTAL COMBINATIONS USED
(CODED LEVELS*)

EXPERIMENT  IONIC HUMIC WATER CATION  VOLUME
NUMBER ~ STRENGTH  ACID IMMISCIBLE RATIO**

LOADIN LIQUID

(V] [NY 1 VY [ VY [y JHY Jry fENY [y Y Uy S Y f0Y
wlnlklolo|olw]alulslwlnvieloCl@ IR oo e W] N |-

[Ee] Gl (el W] [ (e} [0 Lol [l (W3 [l feel [Nl [ ] [ 3] [ (o] [ N3 [0 Fol |38 1) (@)

Ll Ll Lol Ll Lol Ll Lol Lol Lol Ll Lol [ 2ol (@) (@] [@) (0] (o) (o] (o] (o] (o] [e] (o] (o)
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Rlrirlololol~~-lololo]l- -~ |ololol— i |olo]o
—lelRlrirlrlolololololo = - -l r|ololololo|o

N
1.

* See Table 7 for levels and codes

** Water-immiscible liquid:water
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with the estimated experimental error. Some information on
the interactions of factors can also be obtained. Good tests
are available on the interactions of the volume ratio and the
other factors, but the confounding scheme adopted to reduce
the number of required experimental measurements also reduces
the amount of information available on the interactions of
the two-level factors.

The confounding may be illustrated using a 22 factorial
experiment. If the block in Table 8 with L(mod 2) equal to
zero 1s selected, the only treatment combinations that are
run are (1) and ab. The a and b combinations are omitted,
and cannot be used in evaluating the experiment. The
contrasts then become

Total contrast = AB contrast = (1) + ab
A contrast = B contrast = -(1) + ab
In this scheme, AB is confounded with blocks, and A is
confounded with B.

If the other block is chosen (L(mod 2) = 1), then the
treatment combinations used are a and b. In this case, the
AB contrast is the negative of the total contrast, and the A
contrast is the negative of the B contrast,

Total contrast = -(AB contrast) = a + b

A contrast = -(B contrast) = a - b
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Because the contrasts are squared in the analysis of the
experiment, the negative signs are not important. Two
effects which have contrasts of the same magnitude are
aliases, regardless of the sign of the contrasts (84-86).

A simple algorithm for determining the confounding
without writing and examining all of the contrasts involves
multiplying each effect by the defining contrast, then
reducing the exponents (modulo 2). In the 22 factorial
experiment with AB as the defining contrast, the alias of A
may be determined by multiplying A and AB to get AZBl, and
reducing the exponents (mod 2) to get AOBl, or B (84-86).

The confounding for the half-replication of the 24x3
factorial experiment was determined by using ABCD as the
defining contrast. This contrast was chosen because the four
factors (A, B, C, and D) which have two levels were used in
dividing the experiment into blocks (84-86). The individual
effects and interactions are then multiplied by this defining
contrast, and the exponents are reduced modulo 2. For
example, multiplying the AB interaction by ABCD gives A2B2CD,
which reduces to A%B°CID!, or CD. The AB interaction is
therefore confounded with the CD interaction, and the effects
of the two interactions cannot be separated. 1In this

experiment, AB and CD are aliases.
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The fractional factorial experiment designed to
determine the effects of experimental conditions on the MIBK
partitioning procedure contains one-half of the 48 possible
combinations of factors and levels possible. Because of
this, the effects and interactions are confounded, and good
statistical tests are not available on the interactions of
factors. The confounding in the experiments is given in

Table 11.

3.2 Experimental Procedures

The effects of experimental conditions on emulsion
formation and aggregation of humic acid were investigated by
measuring the normalized absorbance of the aqueous solution
as a function of pH. For each experiment, humic acid was
dissolved in a solution adjusted to pH 12 with 1 M sodium
hydroxide solution to produce the loading specified in the
experimental conditions. The ionic strength was then
adjusted according to the experimental design. The
spectrophotometer (Turner model 350) was calibrated to read
the initial pH 12 solution as 1.0 absorbance units at 400 nm,
thus automatically normalizing the readings. A 100 mL
aliquot of the pH 12 humic acid solution was mixed with the

appropriate water-immiscible liquid in a 250 mL separatory
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TABLE 11

CONFOUNDED EXPERIMENTAL EFFECTS

Effect Alias

A BCD
B ACD
AB CD
C ABD
AC BD
BC AD
D ABC
E ABCDE
ABE CDE
CE ABDE
ACE BDE
BCE ACE
DE ABCE
ABCD BLOCKS

Effect of ionic strength

Effect of humic acid loading
Effect of water-immiscible liquid
Effect of cation

Effect of volume ratio

HOOQWR
o nwou
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funnel and shaken by hand. The emulsion was allowed to cream
(or the phases to separate), and the absorbance and pH of the
aqueous solution was measured. If the aqueous layer was
visibly turbid, an aliquot was centrifuged to obtain a clear
solution prior to measuring the absorbance. The solution was
returned to the separatory funnel and a small amount of 1 M
HCl solution was added to the mixture, which was again
shaken, and the process repeated. This method allowed
determination of the pH at which the humic acid is removed
from water under various experimental conditions. The
procedure described above required between five and eight

hour to complete for each set of experimental conditions.

3.3 Results and Discussion

The pH-absorbance profiles generated in the fractional
factorial experiment are shown in Figures 16-43. The pH at
which the absorbance became constant, of nearly so, following
the sharp decrease indicating aggregation of the humic acid
was used as the result of the experiment, or response of the
System. This point, indicating the completion of aggregation
of the humic acid, was selected due to difficulties in

determining the pH at which aggregation began. Some pH-
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FIGURE 16

pH-Absorbance Profile for Experiment 1

This profile was generated using the high
level of ionic strength and the low level
of humic acid loading. The ionic strength
was adjusted using sodium chloride. No
water-immiscible liquid was used in this
experiment.
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FIGURE 17

pH-Absorbance Profile for Experiment 2

This profile was generated using the high
level of ionic strength and the low level
of humic acid loading. The ionic strength
was adjusted using sodium chloride. The
water-immiscible liquid was MIBK, with an
MIBK:water ratio of 0.7:1.
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FIGURE 18

pH-Absorbance Profile for Experiment 3

This profile was generated using the high
level of ionic strength and the low level of
humic acid loading. The ionic strength was
adjusted using sodium chloride. The water-
immiscible liquid was MIBK, with an
MIBK:water ratio of 1.4:1.
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of the Aqueous Phase
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FIGURE 19

pH-Absorbance Profile for Experiment 4

This profile was generated using the low
level of ionic strength and the high level
of humic acid loading. The ionic strength
was adjusted with sodium chloride. No
water-immiscible liquid was used in this
experiment,

14
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FIGURE 20

pH-Absorbance Profile for Experiment 5a

This profile was generated using the low
level of ionic strength and the high level
of humic acid loading. The ionic strength
was adjusted using sodium chloride. The
water-immiscible liquid used was MIBK, with
an MIBK:water ratio of 0.7:1.
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FIGURE 21

pH-Absorbance Profile for Experiment 5b

This profile was generated using the low
level of ionic strength and the high level
of humic acid loading. The ionic strength
was adjusted with sodium chloride. The
water-immiscible liquid was MIBK, with an
MIBK:water ratio of 0.7:1.



T - 4011 118

1.2
1.0 0 et wane 3 mennnnes 00000 K e K o ey e ;e B €, B, 0
D 9
O n
% ®
ﬁéﬁ 0.8
a2
<8
8 g 0.6
ﬂm
48 0.4
N |
Uy S
§ o
0.2 B
0.0 ] ] 1 [ [} 1 1
0 2 4 6 8 10 12 14
pH
FIGURE 22

pH-Absorbance Profile for Experiment 6

This profile was generated using the low
level of ionic strength and the high level
of humic acid loading. The ionic strength
was adjusted using sodium chloride. The
water-immiscible liquid was MIBK, with an
MIBK:water ratio of 1.4:1.
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pH-Absorbance Profile for Experiment 7

This profile was generated using the low
levels of both ionic strength and humic
acid loading. The ionic strength was
adjusted using sodium chloride. No water-
immiscible liquid was used in this
experiment.
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pH-Absorbance Profile for Experiment 8

This profile was generated using the low
levels of both ionic strength and humic
acid loading. The ionic strength was
adjusted with sodium chloride. The
water-immiscible liquid was hexane, with
a hexane:water ratio of 0.7:1.
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pH-Absorbance Profile for Experiment 9

This profile was generated using the low
levels of both ionic strength and humic
acid loading. The ionic strength was
adjusted using sodium chloride. The
water-immiscible liquid was hexane, with
a hexane:water ratio of 1.4:1.
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pH-Absorbance Profile for Experiment 10

This profile was generated using the
high levels of both ionic strength and
humic acid loading. The ionic strength
was adjusted using sodium chloride. No
water-immiscible liquid was used in this
experiment.
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pH-Absorbance Profile for Experiment 1lla

This profile was generated using high
levels of both ionic strength and humic acid
loading. The ionic strength was adjusted
using sodium chloride. The water-immiscible
liquid was hexane, with a hexane:water ratio
of 0.7:1.
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pH-Absorbance Profile for Experiment 11b

This profile was generated using the high
levels for both ionic strength and humic
acid loading. The ionic strength was
adjusted with sodium chloride. The
water-immiscible liquid was hexane, with
a hexane:water ratio of 0.7:1.
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pH-Absorbance Profile for Experiment 12

This profile was generated using the high
levels of both ionic strength and humic
acid loading. The ionic strength was
adjusted with sodium chloride. The water-
immiscible liquid was hexane, with a
hexane:water ratio of 1.4:1.



T - 4011 126

1.2

Normalized Absorbance

of the Aqueous Phase
O
[e)
——

PH

FIGURE 30

pPH-Absorbance Profile for Experiment 13

This profile was generated using low levels
of ionic strength and humic acid loading.
The ionic strength was adjusted with aluminum
chloride. No water-immiscible liquid was
present in this experiment.
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12

pH-Absorbance Profile for Experiment 14

This profile was generated using
levels of both ionic strength and
acid loading. The ionic strength
adjusted using aluminum chloride.
water-immiscible liquid was MIBK,
MIBK:water ratio of 0.7:1.
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FIGURE 32

pH-Absorbance Profile for Experiment 15

This profile was generated using low levels
of ionic strength and humic acid loading.
The ionic strength was adjusted with aluminum
chloride. MIBK was the water-immiscible
liquid, with an MIBK:water ratio of 1.4:1.
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pH-Absorbance Profile for Experiment 16

This profile was generated using the high
levels of both ionic strength and humic
acid loading. The ionic strength was
adjusted using aluminum chloride. No
water-immiscible liquid was used in this
experiment.
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FIGURE 34

pH-Absorbance Profile for Experiment 17

This profile was generated using high
levels of ionic strength and humic acid
loading. The ionic strength was adjusted
using aluminum chloride. The water-
immiscible liquid was MIBK, with an
MIBK: water ratio of 0.7:1.
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FIGURE 35

pH-Absorbance Profile for Experiment 18

This profile was generated using the high
levels of both ionic strength and humic
acid loading. The ionic strength was
adjusted with aluminum chloride. The
water-immiscible liquid was MIBK, with an
MIBK:water ratio of 1.4:1.
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pH-Absorbance Profile for Experiment 19

This profile was generated using the
high level of ionic strength and the low
level of humic acid loading. The ionic
strength was adjusted using aluminum
chloride. No water-immiscible liquid was
used in this experiment.
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FIGURE 37

pH-Absorbance Profile for Experiment 20a

This profile was generated using the high
level of ionic strength and the low level of
humic acid loading. The ionic strength was
adjusted using aluminum chloride. The
water-immiscible liquid was hexane, with a
hexane:water ratio of 0.7:1.
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FIGURE 38

pH-Absorbance Profile for Experiment 20b

This profile was generated using the high
level of ionic strength and the low level
of humic acid loading. The ionic strength
was adjusted with aluminum chloride. The
water-immiscible liquid was hexane, with a
hexane:water ratio of 0.7:1.
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pH-Absorbance Profile for
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pH-Absorbance Profile for Experiment 22

This profile was generated using the low
level of ionic strength and the high level
of humic acid loading. The ionic strength
was adjusted with aluminum chloride. No
water-immiscible liquid was used in this
experiment.
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pH-Absorbance Profile for Experiment 23a

This profile was generated
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of humic acid loading. The
was adjusted using aluminum
water-immiscible liquid was
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pH-Absorbance Profile for Experiment 23b

This profile was generated using the low
level of ionic strength and the high level
of humic acid loading. The ionic strength
was adjusted using aluminum chloride. The
water-immiscible liquid was hexane, with a
hexane:water ratio of 0.7:1.
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pH-Absorbance Profile for Experiment 24

This profile was generated using the low
level of ionic strength and the high level
of humic acid loading. The ionic strength
was adjusted using aluminum chloride. The
water-immiscible liquid was hexane, with a
hexane:water ratio of 1.4:1.
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absorbance profiles did not show a clear break in slope at
the beginning of aggregation (e.g. Figures 17 and 18),
profiles from systems with high levels of humic acid loading
had absorbances which were too high to detect the onset of
aggregation (indicated by an extensive pH range with the
normalized absorbance essentially constant at 1.0, e.qg.
Figures 19-22), and some profiles showed aggregation at
relatively high pH values where the absorptivity of the humic
acid was changing significantly (e.g. Figures 36-38). It
should be noted that the experiments were conducted from high
PH to low pH. The pH values where humic acid aggregation was
complete were read directly from the pH-absorbance profiles,
and are listed in Table 12. The choice of these points was
rather subjective, as the pH-absorbance profiles did not
always have clear breaks in slope. Also observed was the pH
at which an emulsion formed. These values are listed in
Table 13.

Average responses were calculated for all levels and all
factors. These averages are shown in Table 14. While these
average responses are not significant in themselves, they do
give some indications of the magnitude and direction of the
effects due to the various levels and factors. It should be
noted that the purpose of taking averages of the pH values is

to determine if statistically significant differences exist
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TABLE 12
PH VALUES AT THE END OF
HUMIC ACID AGGREGATION

EXPERIMENT
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TABLE 13

pH VALUES AT EMULSION FORMATION

AND TYPE OF EMULSION

FORMED

EXPERIMENT  EMULSION

NUMBER

mxoa:mc»é?gN»UJN

lla
11b
12
12
14
15
15
17
18
18
20a
20b
21
23a
23b
24

IYPE

O/W
W/0
O/W
O/W
O/W
W/0
O/W
O/W
W/0
O/W
O/W
O/W
W/0
O/W
o/w
W/0
O/W
O/W
W/0
O/W
O/W
O/W
O/W
O/W
O/W
O/W

pH

12.0
11.6
1.5
11.8
11.7
11.7
2.5
12.0
6.3
2.0
12.0
11.6
11.5
9.6
12.0
11.6
7.2
10.4
11.0
9.5
11.0
12.0
10.4
11.7
11.6
4.5
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TABLE 14

AVERAGE RESPONSES BY FACTOR AND LEVEL

LEVEL Q 1 2
IONIC STRENGTH 3.2 5.7 -
HUMIC ACID LOADING 5.4 3.5 -
WATER-IMMISCIBLE 5.0 4.0 -
LIQUID
CATION 1.9 7.0 -
VOLUME RATIO 4.4 4.5 4.6

OVERALL 4.5 - -
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between the experiments. If these averages were to be used
in calculating numerical values for the effects, it would be
best to use the hydronium ion concentration rather than the
logarithmically transformed value.

The average pH at which humic acid was completely
removed from aqueous solution for those samples in which the
ionic strength was adjusted to the low level (0.03 M) with
either NaCl or AlCl3 was 3.2. The average pH at which humic
acid was completely removed from agqueous solution for those
samples in which the ionic strength was adjusted to the high
level (0.3 M) with either NaCl or AlCl3 was 5.7 (see Table
14). This indicates that the effect of increasing the ionic
strength is to increase the pH at which humic acid is
completely removed from aqueous solution. This effect may be
seen by comparing Figure 16 with Figure 23, Figure 19 with
Figure 26, Figure 30 with Figure 36, and Figure 33 with
Figure 40. All of these figures represent experiments where
no water-immiscible liquid was present (volume ratio water-
immiscible liquid:water equals zero). Direct comparison of
figures generated from experiments where water-immiscible
liquids were present is difficult, because when the ionic
strength was changed, another factor was also changed. This
is because one-half of the possible sets of experimental

combinations were not used.
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The increase in the pH at which the humic acid is
completely aggregated with ionic strength is consistent with
reports that humic acid flocculates when the ionic strength
is increased (78,79,89,90). Other investigators have studied
the effect of increasing salinity on humic substances in
estuaries (91-94) and in laboratory experiments in which
fresh waters containing humic substances are mixed with
seawater (25,95). All of these studies indicate that
increased ionic strength promotes humic acid aggregation,
though the studies of estuaries and those using seawater dc
indicate that the difference in the identity of the ions
present in seawater, as compared with fresh water, affects
aggregation of humic substances as does the difference in
concentration.

Increasing the amount of humic acid in the system
reduced the pH at which the humic acid is completely removed
from the aqueous solution. In those experiments where the
humic acid loading was 0.1 g L1, the average pH for complete
aggregation was 5.4. Humic acid was completely removed from
solution at an average pH of 3.5 for those samples with a
loading of 1 g L™l (see Table 14). The effect may be observed
by comparing Figures 16 and 26, Figures 19 and 23, Figures 30

and 40, and Figures 33 and 36. Again, these figures
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represent systems where no water-immiscible liquid was
present.

Similar results have been observed in the flocculation
of humic acid with aluminum (83) and iron (82) ions. The
ratio of organic carbon to metal ion was varied, and it was
found that, at the higher carbon:metal ion ratios, a lower pH
was required to precipitate the humic acid (82,83).

The nature of the water-immiscible liquid had a lesser
effect on the pH at which humic acid was completely removed
from aqueous solution. The average pH for complete
aggregation in the presence of MIBK was 5.0, while the
average pH for complete aggregation in the presence of hexane
was 4.0 (Table 14). Direct comparison of pH-absorbance
profiles is more difficult in this case, because when the
nature of the water-immiscible liquid was changed, another
factor was also changed.

The nature of the cation had the largest effect on the
average pH of complete aggregation. The average pH of
complete aggregation for those systems where the ionic
strength was adjusted with Na* was 1.9, while the average pH
of complete aggregation for the systems where the ionic
strength was adjusted with Al3* was 7.0 (see Table 14). This
effect may be observed by comparing Figures 16 and 36,

Figures 19 and 40, Figures 23 and 30, and Figures 26 and 33.
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Again, the systems represented by these profiles contained no
water-immiscible liquid.

The effect of the cation on aggregation of humic acid is
consistent with models used to explain the flocculation of
colloids in general. An early “rule of thumb”, the Schulze-
Hardy rule, 1s an empirical rule which states that ions of
opposite charge are most effective in causing flocculation of
a charged colloid, and that ions of higher charge are more
effective in causing flocculation than are ions of lower
charge (27,51,96).

A more theoretical treatment, the Derjaguin, Landau,
Verwey, and Overbeek (DLVO) theory, is in agreement with the
Schulze-Hardy rule, and predicts that the concentration of an
ion required to cause flocculation of a colloid is inversely
related to the sixth power of the charge on the ion (27,56).

The effect of the ratio of the volumes of the two
liquids (water-immiscible liquid:water) had little effect on
the pH at which the aggregation of humic acid was complete.
The average pH for complete aggregation when no water-
immiscible liquid was present was 4.4 (see Table 14). When
the volume ratio was 0.7, the average pH for complete
aggregation of the humic acid was 4.5. At a volume ratio of
1.4, the average pH for complete aggregation of the humic

acid was 4.6. This effect may be observed by comparing
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Figures 16-18, Figures 19-22, Figures 23-25, Figures 26-29,
Figures 30-32, Figures 33-35, Figures 36-39, and Figures 40-
43.

Though the effects of the factors used in the fractional
factorial experiment can be observed and quantified somewhat
by examining the averages in Table 14, this is less than
satisfactory in that there are likely interactions of factors
that affect the individual results, and also in that
variations in the results due to random experimental error
are not taken into account. 1In other words, though these
effects have been observed in the experiments, some measure
of experimental error must be found, and the variations in
the results compared with the experimental error to determine
whether the variations are due to changes in factors and
levels, or to random errors. The effects of the experimental

conditions may be compared using an analysis of wvariance.

3.3.1 Analysis of Variance

The statistical model for an experiment divides the
result, or response, into several parts (84-86). For a set
of replicate measurements with no changes in experimental
conditions, the individual responses may be modeled as

Yi = KU+ &
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where y; is the value of the ith observation, B 1is the mean
of the responses and €; is the experimental error associated
with the ith reading. For experiments involving a single
factor at more than one level, the response is modeled as

Yij = K + O + ;4
where Yij is the jth observation from the ith treatment, g 1is
the mean over all observations, €4 is the experimental error

associated with the measurement, and a; is the effect of the

ith treatment. In this formulation,

The experimental errors are assumed to be normally and
randomly distributed, and the sum of the experimental errors
should also be zero. The mean over all observations will
then be equal to H. The null hypothesis states that the
means from the k treatments are equal, or that the effects of
the treatments are zero.
a1=a2=a3=...=ak=0.

The null hypothesis therefore states that the treatments, or
experimental conditions, have no effect on the results of the
experiment.

This hypothesis is tested by a comparison of two

independent estimates of the common population variance, o2

(84-86) . For a single treatment, these estimates are
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obtained by dividing the total variability of the data into
two parts. The total variability of the data is given by the
sum over all samples of the squares of the deviations from
the overall mean,

k n o
12;1 3241 (Y;; = ¥-)
This total variability is divided into a wvariability due to
the treatments, and a variability due to experimental error.
k n o ko, k .n .
12=1 Zfl v;7v.-) = nl; ¥ 707+ 2D )

3 i=1 j=1

In a more convenient notation (84-86),

k n
:E }5 (y.é§“)2 SST = Total sum of square

n}i (?ifﬁ.Jz SSA = Treatment sum of square

k n
- .2
}E :E (y,ryi) = SSE = Error sum of squares

thus

SST = SSA + SSE.
The treatment sum of squares measures the variation of the
mean of the responses for each treatment from the overall

mean, and the error sum of squares measures the variation of
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the individual responses for each treatment from the mean for
that treatment.
One estimate of the common population variance is given

by

1

2  SSA
S1 T k-

2 .
If each a; is equal to zero, S; is an unbiased estimate of

2
02 If the effects of the treatments are not zero, then S1

estimates 02 plus a term which measures systematic variation.

The other estimate of 62 is given by

32 _ SSE
~ k(n-1)

This estimate is unbiased regardless of whether there are

systematic variations due to the treatment. The f-ratio

is used to compare the two estimates of 6. Since Si
overestimates ¢2 when there are systematic variations in the
data, comparison of the f-ratio with values tabulated for a
desired confidence level and the appropriate numbers of
degrees of freedom allows the acceptance or rejection of the
null hypothesis. If the f-ratio calculated for a given set

of data is larger than some critical value, then the
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variation of the data from the mean is larger than can be
explained by random error, and the effect of the treatment is

said to be statistically significant (84-86).

3.3.2 Calculation of Values

The data from the experiment designed to determine the
effects of experimental conditions on the MIBK partitioning
procedure were statistically analyzed to determine which of
the factors gave effects which were significant when compared
to the experimental error. The statistical significance of
the effects was determined by an analysis of variance. In an
analysis of variance, the sum of the squares of the
deviations of each data point from the overall mean is
divided into a sum of squares term for each effect, and a
term for error.

The overall sum of squares (SST) is calculated as

_ Cy)?

n

SST = Y(y?) -

where z(yz) is the sum of the squares of the responses from
all experiments, (ZY)Z is the square of the sum of the
responses from all experiments, and ng is the total number of
experiments. The sum of squares terms for all main effects,

interactions, and error will add to the value of SST. The
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four duplicate experiments were not included in the analysis
of variance, so nt was equal to 24.
For the data listed in Table 12 (not including duplicate

experiments),

(107.6) 2

2 2 2 2
YT+ (3.0)7 ...+ (2.1) + (2.2) 52

SST = 264.8

)2 + (2.9

SST = (1.7

The sum of squares for the effect of a factor (A) at two

levels 1s given by
2 2
(X¥a0) . (X¥,,) (Sy) °

Do N D¢

SSA =

where ZYAO is the sum of the responses obtained from
experiments where factor A was held at the low level, and npp
is the number of such experiments. The terms EYAl and nai
are similarly defined for the high level of factor A. For

the effect of ionic strength,

(38.9)°2 . (68.7)°  (107.6)"

12 12 24 = 37.0

SSA =

The sum of squares terms for humic acid loading, nature
of the water-immiscible liquid, and nature of the cation were
obtained by similar calculations. The calculation of the sum
of squares term for the volume ratio (factor E) required that
the data be divided into three levels,

(Zyzo)z N (Zym)z N (zyzz)z (ZY)2

Dgo Ngy Dgo N

SSE =
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The first order interactions were evaluated in a similar
manner. For interactions, the data were divided into groups
for each possible combination of levels of the interacting
factors, and the main effects of the factors were subtracted.

For two factors at two levels

2 2 2 2 ”
SSAB = (XYa0p0) . (XYa0p;) N (XYa150) N (X¥p1p) 3y)
Da0Bo Dpom1 Da1mo Na1m1 ne
- SSA - SSB

The sum of squares for the interaction of the effects of

ionic strength and humic acid loading was

2 2 2 2 z
_ (27.4) (38.0) (11.5) (30.7) (107.6)
SSAB = ; + ; + ; + 3 2

- 37.0 - 22.4
= 3.1

Other first order interactions were calculated in a
similar way.

The sum of squares values for second and higher order
interactions were not calculated. The effects of these
interactions were combined and used as an approximation of
the experimental error. The actual calculation of the error
term was done by subtracting the sums of squares for the main
effects and first order interactions from the total sum of

squares.
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The error term in the analysis of variance provides the
basis against which the other effects are compared. The
error term for this experiment can be calculated in two ways.
The second order (three factor) interactions can be assumed
to be statistically insignificant, and their calculated sums
of squares can be totaled and used as an approximation of
experimental error. 1In practice, this is done by calculating
the total sum of squares for the experiment and subtracting
the sum of squares for the main effects and first order
interactions.

The second method for estimating the error sum of
squares uses the four duplicated experiments. The error sum
of squares in this case is calculated by squaring the
differences between duplicate observations and dividing by
two, then summing the results for the four pairs (84).

Calculation of the sum of squares values divides the
total variability of the data into amounts that can be
attributed to each of the main effects and interactions.
These values are than converted into variances by dividing
each sum of squares value by the appropriate number of
degrees of freedom. The variances are then compared with the
variance that would be expected from normally distributed,
random variations in the data. This is done by dividing the

mean square due to a treatment by the mean square attributed
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to error, and comparing the value obtained (designated f)
with tabulated values for the appropriate confidence interval
and number of degrees of freedom for both the effects and the
error term. If the f-ratio 1s larger than the critical value
of £, the effect or interaction is statistically significant
with that confidence interval. For an error term with six
degrees of freedom, the critical wvalues of f are 13.75 for
one degree of freedom in the effect, and 10.92 for two
degrees of freedom, at the 99% confidence level.

An analysis of variance was performed on the data in
Table 12. The results are listed in Table 15. These results
show that the ionic strength, the amount of humic acid, the
nature of the water-immiscible liquid, and the cation used to
adjust the ionic strength all have significant effects on the
PH at which the humic acid is removed from aqueous solution.
These effects are significant when compared with the
variation due to experimental error. The experimental error
sum of squares given in Table 15 was obtained by calculating
the total sum of squares for the 24 experiments with no
duplicates, and subtracting the sum of squares for each of
the main effects and first order interactions. This error
sum of squares therefore includes the sum of squares for all
second and higher order interactions. Because interactions

higher than first order are expected to be small, and would
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TABLE 15

ANALYSIS OF VARIANCE ON PH
OF AGGREGATION DATA

SQURCE SUM DEGREES MEAN COMPUTED
OoF OF OF SQUARE E
VARIATION SQUARES FREEDOM
A 37.0 1 37.0 497 .0%*
B 22.4 1 22.4 301.3*
C 6.0 1 6.0 80.6%*
D 155.0 1 155.0 2082.06*
E 0.3 2 0.1 3.4
AB or CD 3.1 1 3.1 41 .4%*
AC or BD 10.4 1 10.4 139.7%*
BC or AD 29.0 1 29.0 390.1*
AE 0.1 2 0.01 0.1
BE 0.7 2 0.3 4.4
CE 0.2 2 0.1 1.4
DE 0.2 2 0.1 1.5
error 0.4 6 0.1

* - Significant at the 99% confidence level.
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be difficult to explain if large, these terms are commonly
lumped as an estimate of error in factorial experiments run
without duplicate measurements (84-86). Where duplicate
measurements on a small number of treatment combinations are
made, the sum of squares with one degree of freedom for each
pair of observations is calculated by squaring the difference
between observations and dividing by two. The values for
each pair of observations are then added to obtain the error
sum of squares (84). This procedure is used to estimate the
experimental error when only a fraction of the total
experimental measurements are duplicated. When this
procedure is used on the four duplicated treatment
combinations, the error sum of squares with four degrees of
freedom is calculated to be 0.1, giving a mean square of
0.03. This value is approximately one-third of the value
obtained by difference. Because effects of interactions are
not included in this estimate, it is expected that it should
be smaller than the value obtained by difference. Both
estimates of error give the same results in that the same
effects and interactions are determined to be significant at
the 99% confidence level.

Interactions of the factors also have significant
effects, but because of the confounding introduced in

reducing the number of experiments from 48 to 24, it is not
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possible to distinguish between certain of these
interactions. For example, the interaction between ionic
strength and humic acid loading is confounded with the
interaction between the nature of the water-immiscible liquid
and the cation used to adjust the ionic strength. The
analysis of variance indicates that one of these interactions
significantly affects the pH at which humic acid aggregates.
It is also possible that each of these interactions is
contributing to the sum of squares. From these experiments,
these possibilities cannot be distinguished. The ratio of
the volumes of the water-immiscible and aqueous liquids does
not have a significant effect on the removal of humic acid
from the aqueous liquid, nor are interactions of the volume
ratio and the other factors significant. This indicates that
the humic acid is removed from aqueous solution by
aggregation under the same conditions in the MIBK
partitioning procedure that it does with no water-immiscible
liquid present.

Emulsions were formed at some point in all experiments
where a water-immiscible liquid was present. In those cases
where the aqueous liquid was present in the larger volume
(the volume ratio water-immiscible liquid:water was 0.7), o/w
emulsions formed at high pH, and were observed at all lower

pH values. For these samples, all emulsions formed at or
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above pH 10.4, and all but one formed at or above pH 11. For
those sample with more water-immiscible liquid than water,
w/0 emulsions generally formed first. At high pH, these
emulsions collapsed within a few minutes. At some lower pH,
they inverted to stable o/w emulsions or emulsion-aggregate
systems. There were two exceptions to this behavior. 0il-
in-water emulsions formed at high pH in those experiments
(experiments 18 and 21) in which the water-immiscible liquid
was hexane and the ionic strength was adjusted with aluminum

chloride.

3.3.3 Comparison of pH-Absorbance Profiles

The pH of complete aggregation of the humic acid
provided sufficient information for evaluation of the effects
of experimental conditions on the MIBK partitioning
procedure, but the pH-absorbance profiles themselves deserve
further study. The interesting or unusual features of
individual profiles are described below.

Figures 16-18 are pH-absorbance profiles of systems with
a high ionic strength adjusted with Na*, a low loading of
humic acid, and MIBK:H2O ratios of 0.0, 0.7, and 1.4,
respectively. The presence of MIBK does significantly affect

the shape of the profile. The profile obtained with no MIBK
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present (Figure 16) shows an initial drop in absorbance with
decreasing pH, then a constant absorbance, and a sharp
decrease when the humic acid aggregated. The shape of the
profile is very similar to those seen in profiles generated
during the earlier experiments on the mechanisms involved in
the MIBK procedure (see section 2.2.10). The drop in
absorbance as the pH is lowered from 12 to approximately 5 is
attributed to changes in absorptivity of the humic acid, as
no turbidity was present in the sample in this pH range.
Turbidity was observed in the sample at all pH values less
than three, and these samples were centrifuged to remove the
turbidity. The sudden drop in absorbance below pH 3 1is
attributed to aggregation of the humic acid, and its
subsequent removal by centrifugation. The small peak at pH 3
is attributed to scattering of the light passing through the
sample by aggregates which were either too small to be
removed by centrifugation, or which formed after
centrifugation was complete. The pH-absorbance profile
begins to “flatten out” below pH 2, and pH 1.7 was selected
as the point at which aggregation was complete. The two
profiles run in the presence of MIBK (Figures 17 and 18) show
a steady decrease in absorbance across the pH range of 12 to
2. The presence of a polar, water-immiscible liquid thus

favors removal of humic acid from aqueous solution at neutral
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or acid pH. The volume ratio (water-immiscible liquid:water)
makes little difference, as long as some water-immiscible
liquid is present. Under basic conditions, the effect is
more difficult to discern due to the changes in absorptivity
of humic acid under these conditions. This effect is
believed to be due to adsorption of humic acid molecules at
the surfaces of droplets of MIBK. Humic acid has been
removed from natural waters by adsorption on macroporous
acrylic-ester resins (such as Amberlite XAD-8) at low pH
(97) .

The pH-absorbance profiles in Figures 19-22 were
obtained from systems containing a high loading of humic acid
and a low ionic strength adjusted with Na*. The MIBK:water
ratios are again 0.0, 0.7, 0.7, and 1.4, respectively, with
Figures 20 and 21 obtained from duplicate experiments. The
two duplicate profiles, Figures 20 and 21, are very similar
in shape, with aggregation complete at pH 1.5 and 1.7,
respectively. The profile generated with an MIBK:water ratio
of 1.4 (Figure 22) is similar in shape to those with an
MIBK:water ratio of 0.7 (Figures 20,21). The pH where
aggregation of the humic acid is complete is slightly higher
at pH 2.0. This shows the small effect that volume ratio has
on the aggregation of humic acid. These profiles also show

that humic acid is removed from solution in the presence of
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MIBK, which would remain in solution when no MIBK is present.
Less information can be obtained from the profiles where a
high loading of humic acid was present because essentially
all of the incident light is absorbed (or scattered) until a
significant amount of humic acid has been removed from
aqueous solution. In these systems, the normalized
absorbance is essentially constant at 1.0 over a wide pH
range.

Figures 23-25 show pH-absorbance profiles for a system
with a low loading of humic acid and a low ionic strength
adjusted with Na*. The water-immiscible liquid for these
experiments was hexane, at hexane:water ratios of 0.0, 0.7,
and 1.4 for Figures 23, 24, and 25, respectively. The
profile run with no water-immiscible liquid present (Figure
23) is similar in shape and in the pH of complete humic acid
aggregation to Figure 16, with the humic acid removed from
aqueous solution at pH 1.7. The presence of hexane results
in complete removal of the humic acid at higher pH values
than if no hexane were present (pH 2.3 and 1.9 for
hexane:water ratios of 0.7 and 1.4, respectively). The
difference between the pH of complete aggregation for the two
samples with hexane present is attributed to the formation of
less stable water-in-hexane emulsions at a hexane:water ratio

of 1.4. This would result in less humic acid removed at the
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higher volume ratio due to less interfacial area at which the
dissolved humic acid may be adsorbed. Again, the presence of
a water-immiscible liquid gives lower absorbances for acidic
solutions. The effect is less striking than that seen in
Figures 17 and 18, but both the water-immiscible liquid and
the ionic strength are different, making comparisons
difficult. However, it does appear that humic acid is
adsorbed at the surfaces of the hexane droplets.

The next set of profiles, Figures 26-29, was run at high
ionic strength adjusted with Na‘t, high humic acid loading,
and hexane:water ratios of 0.0, 0.7, 0.7, and 1.4. Figures
27 and 28 are duplicate experiments. Again, much of the
information in these profiles is lost due to the high
absorbance of the humic acid solutions when the pH is above
that needed to aggregate a significant fraction of the humic
acid (above approximately pH 3), and little difference is
seen between these profiles.

The remaining pH-absorbance profiles were obtained from
systems in which Al3* was used to adjust the ionic strength.
Figures 30-32 had low ionic strength adjusted with Al3*, a low
loading of humic acid, and MIBK:water ratios of 0.0, 0.7, and
1.4, respectively. The presence of MIBK again promotes
removal of humic acid from solution in the pH range above

that where aggregation takes place. The high pH of
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aggregation makes this effect more difficult to observe, but
the two profiles generated with MIBK present (Figures 31, 32)
both show smooth curves in the area of aggregation, while the
profile generated with no MIBK present shows a small peak for
the reading at the pH just before aggregation occurred. This
peak, again, 1s attributed to light scattering by small
aggregates which were not removed by centrifugation, or which
formed after centrifugation. No such peaks appear in the
profiles generated with MIBK present, suggesting that these
aggregates are removed from the aqueous phase in the presence
of MIBK, whereas they remained in the aqueous phase in the
absence of MIBK. It is likely that both aggregation of the
humic acid by Al3* and coprecipitation of humic acid with

Al (OH) 3 are acting to remove humic acid from solution (98).
It should be noted that the absorbance remains low throughout
the acidic range of pH for these systems.

The next set of profiles (Figures 33-35) was obtained
from systems with high ionic strength adjusted with Al3%, high
loading of humic acid, and MIBK:water ratios of 0.0, 0.7, and
1.4, respectively. Due to the high loading, the normalized
absorbance is essentially constant and information is lost in
the high pH range. An interesting feature of this set of
profiles is the increase in absorbance at the low end of the

PH range. This increase is attributed to formation of
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positively charged complexes of humic acid with Al3* ions,
resulting in higher concentrations of humic acid in solution
(as the complex) at low pH.

Figures 36-39 were obtained from systems with low
loadings of humic acid, high ionic strengths adjusted with
Al3t, and hexane:water ratios of 0.0, 0.7, 0.7, and 1.4.
Figures 37 and 38 are from duplicate experiments. These
profiles show increases in absorbance as the pH is lowered to
the point where Al (OH)3 begins to redissolve. All four of
these samples were noticeably turbid in the pH range 5.0-3.5.
Below approximately pH 3.5, the absorbance is attributed to
dissolved humic acid and humic acid-aluminum complexes. The
absorbance attributed to these complexes is lower in the
presence of hexane, which is ascribed to adsorption of these
complexes on hexane droplets.

The last four pH-absorbance profiles (Figures 40-43)
were obtained from systems containing high loadings of humic
acid, low ionic strengths adjusted with Al3*, and hexane:water
ratios of 0.0, 0.7, 0.7, and 1.4, respectively. Figures 41
and 42 are from duplicate experiments. In these experiments,
the high loading of humic acid overcomes the effect of the
Al13*, and these profiles are very similar to other profiles

generated at high humic acid loadings.
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Inspection of the pH-absorbance profiles generated
during investigation of the effects of experimental
conditions on the MIBK partitioning procedure reveals two
effects not apparent from statistical analysis of the pH
values of aggregation. First, the profiles indicate that
some humic acid is removed from aqueous solution at pH values
above those required for aggregation when a water-immiscible
liquid is present. This removal is attributed to adsorption
of humic acid molecules on droplets of the water-immiscible
liquid. The other effect, noted in those systems where the
ionic strength was adjusted with Al13+, is the increase in
absorbance at low pH. In Figures 30 and 40, where the amount
of Al13* added was low, the pH-absorbance profiles drop to low
values of absorbance at low pH. These systems are apparently
controlled by the humic acid. Figure 36 shows the behavior
of a system with a high level of Al3* and low humic acid
loading. The humic acid concentration in this system, and
thus the absorbance, is apparently controlled by the
aluminum ion. The solution was dark brown at high pH,
essentially colorless when the aluminum had precipitated, and
brown again when the aluminum dissolved at pH values less
than 4. Because the absorbances are relatively high at low
PH (0.41 at pH 1.5), it appears that some of the humic acid

is being held in solution as aluminum complexes. Similar
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behavior is seen in Figure 33, but in this case both aluminum
and humic acid are at high levels, and the absorbance
increases are only seen at pH below about 2.

Water treatment processes are concerned with removing
color and turbidity (among other things) from drinking water
(98), and aluminum sulfate is commonly used in water
treatment to cause flocculation of colloidal materials,
including humic substances (98-103). Though the
concentrations of humic acid and aluminum (III) are
considerably higher in the experiments described above than
in water treatment systems, the behavior of the humic acid is
similar in both cases. Turbidity (98), color (102),
dissolved organic carbon (DOC) (102), humic acid (103), and
fulvic acid (99) are all removed most efficiently by aluminum
in the pH range of approximately 4-10, with less effective

removal outside this range.

3.3.4 Interpretation of the MIBK Partitioning Procedure
in Terms of an Emulsion Model
Because the "suspension" originally observed in the MIBK
partitioning procedure is actually an o/w emulsion-aggregate
system stabilized by both humic and nonhumic materials,

interpretation of the original observations made on this
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system in terms of an emulsion model is appropriate. The
discussion that follows lists the steps in the procedure, the
appearance of the system, and the interpretation of the
observation based on the emulsion model.

The initial step in the MIBK procedure involves stirring
one gram of sample with 100 mL of 0.5 M NaOH solution. This
step is identical with the first step in the traditional
extraction procedure for humic substances. Those materials
soluble in aqueous alkali, including humic acid and the
fulvic acid fraction will be dissolved, resulting in a dark
brown solution with insoluble materials (unhumified plant
fragments, mineral grains) that settle out on standing.

The entire mixture 1is transferred to a separatory
funnel, 75 mL of MIBK is added, the mixture is acidified with
concentrated HCl1l, and the funnel is shaken vigorously. This
generates an o/w emulsion-aggregate system with droplets of
MIBK dispersed in the acidic aqueous continuous medium, with
some humic acid and insoluble material adsorbed at the
droplet surfaces and aggregated humic acid held between the
droplets. The emulsifying agents for these systems consist
of mixtures of humic acid, fulvic acid, humin, and nonhumic
insoluble particulate matter. Though the role of nonhumic
materials dissolved in either the aqueous or nonaqueous

liguid was not determined, it is also possible that these
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materials act as emulsifiers. Most of the insoluble material
is held in the emulsion-aggregate system, either at the
surface of the droplets or in the aggregated humic acid
between the droplets. The fulvic acid fraction and other
acid-soluble materials will be dissolved in the aqueous
phase. However, because the emulsion-aggregate system
consists of approximately 24% aqueous phase (more at high
loadings of humic acid due to the material aggregated between
the droplets), and the aqueous phase has a volume of
approximately 100 mL, about 25% of the materials soluble in
aqueous acid will be found in the emulsion-aggregate system
(Figure 44). The "suspension" therefore contains humic acid,
most of the insoluble material, and a significant fraction of
the water soluble materials, including dissolved inorganic
salts. The aqueous layer contains most of the materials
soluble in water at low pH. The emulsion-aggregate system
occupies approximately 100 mL, and the aqueous layer occupies
about 75 mL.

Removal of the fulvic acid fraction by draining the
acidic aqueous layer from the separatory funnel, as described
in the original procedure, will not be completely effective
because of the materials dissolved in the interstitial
solution. To remove these dissolved materials more

completely, the emulsion-aggregate system may be washed. A
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MIBK ,g: Acidic Aqueous Solution

Alkaline Aqueous Solution é% Aggregated Humic Acid

FIGURE 44

Relative Volumes of Layers During
the MIBK Partitioning Procedure

This figure represents the relative volumes of the layers
in the container during MIBK partitioning procedure. Part A
represents the initial conditions, 75 mL of MIBK and 100 mL
of alkaline humic acid solution. After acidification and
agitation (Part B),an emulsion-aggregate system containing
75 mL of MIBK droplets and 25 mL of water containing humic
acid aggregates is found above 75 mL of acidic aqueous
solution. The aqueous layer is drained (Part C), leaving
only the upper layer from Part B (100 mL). In Part D, 100
mL of aqueous alkali is added, giving an emulsion layer
containing 75 mL of MIBK and 25 mL of alkaline humic acid
solution. The lower layer also consists of the alkaline
aqueocus humic acid solution.
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wash solution consisting of 0.05 M HCl has been observed to
prevent peptization of the aggregated humic acid (see section
2.2.5.2).

Replacing the acidic aqueous phase with 100 mL of 0.5 M
NaOH solution will dissolve the aggregated humic acid, and
will remove some of the material adsorbed at the droplet
surfaces (see Table 4). At this point, the emulsion volume
will be approximately equal to the agqueous phase volume. The
emulsion contains approximately 76 mL of MIBK and 24 mL of
water, and the aqueous layer will be approximately equal in
volume to the 100 mL of alkaline solution added. The aqueous
layer will be dark brown, and the emulsion layer much lighter
in color. Insoluble material will be observed to settle to
the bottom of the separatory funnel.

At this point, separation of the aqueous layer from the
"suspension" was originally considered to give a separation
of humin and humic acid (2). The aqueous layer does contain
most of the humic acid, but the emulsion layer will still
contain unhumified plant remains, mineral grains, and diatoms
held at the surfaces of the droplets. Any MIBK-soluble
materials such as plant waxes or geochemical lipids should be
dissolved in the MIBK. It should also be noted that the
humin suspension that is observed at this point in the MIBK

partitioning procedure is also observed when samples of humic
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acid are used which have had all insoluble materials,
including humin, removed during the extraction process.

This distribution of materials in the alkaline emulsion
provides an explanation for the "disaggregation of humin"
observed in the original development of the MIBK partitioning
procedure. Washing the emulsion with deionized water will
remove humic acid dissolved in the interstitial solution.

The MIBK will extract lipids from the sample. The insoluble,
nonhumic materials are held in the emulsion because they are
wet by both solvents. Though these materials may have come
from the humin fraction of the original sample, a humin
fraction need not be present to collect them. Though the
MIBK partitioning procedure may be used to isolate a material
that conforms to the definition of humin in that it is not
soluble in water at any pH, this fraction may be an artifact
of the procedure.

There is, in other words, no apparent mechanism in the
MIBK partitioning procedure that differentiates between the
humic acid normally present in the sample and the humic acid
from the humin fraction, or between lipids (such as plant
waxes) associated with unhumified organic debris and lipids
associated with the humin fraction, or between insoluble
nonhumic particulate matter and the particulate matter

associated with the humin fraction. If humic acid, lipids,
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and materials insoluble in water at any pH are present in the
original sample, some fraction of each will be retained in
the emulsions and emulsion-aggregate systems throughcut the
procedure. These materials will appear in the "humin"
fraction. Conversely, there is no apparent mechanism by
which humin is held in the emulsions and emulsion-aggregate
systems in preference to any other insoluble particulate
matter. Because most of the inscluble particulate matter
settles to the bottom of the separatory funnel at some point
in the procedure, it is expected that most of the humin does
also.

It has been reported (1,4) that humin isolated by the
traditional alkaline extraction procedure can be
disaggregated using the MIBK partitioning procedure into a
humic acid fraction, a lipid fraction, and an insoluble
residue. The MIBK partitioning procedure therefore provides
a useful tool for the study of humin. The inability of the
procedure to distinguish between humin and nonhumic insoluble
particulates, or between the components of humin and similar
materials not associated with humin, suggests that the MIBK
partitioning procedure, when used to isolate humin, may
exclude a significant amount of the humin initially present
in the sample, and may include a significant amount of

nonhumic material.
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The MIBK partitioning procedure has been used to de-ash
humic acid (41). The observation that the insoluble residues
from a sample are held in the emulsion provides an
explanation of how the procedure removes the non-organic
particulate material. Though most of the insoluble residue
can be removed by centrifuging the mixture of the sample with
the initial NaOH solution, other particles may be removed
from a humic acid solution by adsorption at the surfaces of

the emulsion droplets.

3.3.5 Suggestions for Future Work

The MIBK partitioning procedure was originally developed
as a method for extracting humic substances from natural
materials. The difficulties mentioned above (such as
incomplete separation of humic and nonhumic materials and
incomplete separation of fractions of humic substances) may
make this procedure less attractive as an extraction method,
but other possible uses deserve investigation.

The observation that the fulvic acid fraction can
stabilize emulsions suggests that a modification of the MIBK
procedure may be useful in separating the fulvic acid from
the other water-soluble components of this mixture. One

technique used to isolate fulvic acid involves its adsorption



T - 4011 176

on nonionic resins at low pH (28). If the fulvic acid is
being adsorbed on the surfaces of the droplets in an emulsion
and the other components of the fulvic acid fraction are not,
this may provide an alternative isolation method for fulvic
acid. The isolation of the fulvic acid from the fulvic acid
fraction would first require isolation of the fulvic acid
fraction from the rest of the sample. This may be
accomplished by treating the sample with aqueous alkali to
dissolve the humic acid and the fulvic acid fraction,
removing the insoluble materials by centrifugation,
acidifying the supernatant to aggregate the humic acid, and
removing the humic acid by centrifugation. The remaining
solution would then be mixed with a water-immiscible liquid,
and the mixture agitated vigorously. If the fulvic acid is
preferentially adsorbed on the droplets, the nonhumic
materials could then be removed by washing, and the fulvic
acid recovered by either raising the pH or breaking the
emulsion.

The ability of humic acid to complex metals has been
studied extensively (see, for instance, (24)). Emulsions and
emulsion-aggregate systems stabilized by humic acid provide
new media for the study of such metal complexation, and may
have applications in removal of metals from agqueous

solutions. The complexes formed between humic acid and
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metals would be less hydrophilic, and may concentrate at the
oll-water interface, or extract into the nonaqueous liquid.
This would allow collection and study of the humic substances
involved in metal complexation.

The pH-absorbance profile approach may provide a quick,
simple method for characterizing humic acids from different
sources or isolated by different methods. Investigations of
the pH-absorbance profiles of different humic acids would
allow evaluation of these profiles as a characterization
tool. This approach could be used either with or without a
water-immiscible liquid present, though the procedure is
faster and simpler if the water-immiscible liquid is omitted.
Humic acids having more carboxyl acidity would be expected to
aggregate at lower pH values than those with fewer, or
weaker, acidic groups. The shape of the pH-absorbance
profile at higher pH may also give some insight into the
quantity and nature of the chromophores in the humic acid.
For instance, a large change in absorptivity with no
aggregation would indicate a relatively large number of pH-
sensitive chromophores in the humic acid.

The observation that some materials are extracted from
the samples into the water-immiscible liquids during the MIBK
partitioning procedure may provide a means of removing

alkanes and fatty acids from humic substances. The use of
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emulsions or emulsion-aggregate systems may be superior to
Soxhlet extraction because the extraction can be done on a
dissolved sample using a range of pH values and a number of
different solvents. This would be a variation on the
traditional solvent extraction techniques which have been
used on humic substances (39,40), with emulsion formation

included.

3.3.6 Miscellaneous Observations

This section describes the results of experiments which
were not entirely successful, or were not investigated
thoroughly. These procedures may have applications in the
study or use of humic substances and the MIBK partitioning
procedure, and deserve futher consideration.

Mixtures of well-defined compounds were studied in
attempts to mimic the emulsifying properties of humic acid.
The most successful mixture consisted of sodium oleate and
polyacrylic acid. This system does form emulsions at both
high and low pH, with aggregated polyacrylic acid present
between droplets at low pH. This system was not investigated
thoroughly, and is different from emulsions containing humic
acid in that oleic acid is extracted into the MIBK at low pH.

Further study of emulsions stabilized by mixtures of organic
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acids, such as oleic acid, with polyacrylic acid may provide
insights into the behavior of humic acid in emulsions.
Experiments were conducted using emulsions stabilized by
humic acid as a stationary phase for chromatographic
separations. If humic acid is adsorbed at the surface of the
emulsion droplets, charged groups such as carboxyl groups may
be available to act as ion exchange sites. Using emulsion
droplets as the support for the "active ingredient" allows
optimizing the system by adjusting the droplet size and
nature of the water-immiscible liquid. Operational
difficulties such as low permeability of emulsions containing
relatively large amounts of humic acid, and collapse of the
emulsion on contact with solutions of high ionic strength
were observed. The use of emulsions as stationary phases in
chromatographic separations deserves further consideration.
It is not known whether significant differences exist
between the humic acid adsorbed at the surfaces of the
droplets of the water-immiscible liquid, and that aggregated
between the droplets. Attempts were made to separate and
characterize these two fractions. Infrared spectra were
obtained on the humic acid washed from an emulsion-aggregate
system with deionized water, and on the fraction remaining in
the emulsion. There were no significant differences between

these spectra, but IR spectroscopy is not the most sensitive
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method for investigating these materials. More work needs to
be done to separate and characterize these fractions of humic
acid to determine if differences exist, and if so, what these

differences are.
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SUMMARY AND CONCLUSIONS

The "suspensions" generated by the MIBK partitioning
procedure have been determined to be o/w emulsions by visual
and microscopic examination, and by tests conducted on the
suspensions to determine the type of emulsion present.
Emulsions may be formed with humic acid as the emulsifier at
any pH, with all water-immiscible liquids tested. Dissolved
humic acid will aggregate at low pH, and these aggregates are
found in the emulsions, held between the droplets of the
dispersed liquid. These systems are designated emulsion-
aggregate systems to differentiate them from the emulsions
containing no aggregated material.

The type of emulsion or emulsion-aggregate system
generated was observed in these investigations to depend on
the ratio of the volumes of the two liquids present. That
liquid present in the larger volume tended to form the
continuous phase. Other factors such as the nature of the
water-immiscible liquid, the composition of the aqueous
phase, and the concentration of the emulsifier may also
affect the type of emulsion generated, but these effects were
not investigated in detail. Oil-in-water emulsions and
emulsion-aggregate systems were observed to be generally more

stable than water-in-o0il emulsions and emulsion-aggregate
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systems, but both types are quite stable with respect to
coalescence of the droplets at high loadings of humic acid.

The emulsions and emulsion-aggregate systems generated
in the MIBK partitioning procedure are stabilized by humic
acid, the fulvic acid fraction, and insoluble particulate
material adsorbed at the surfaces of the droplets. 1In
addition, humic acid aggregates act to stabilize emulsion-
aggregate systems.

Emulsions and emulsion-aggregate systems stabilized by
humic acid may be broken by traditional means such as
centrifugation or temperature changes. At low loadings of
humic acid, an o/w emulsion-aggregate system may be inverted
to a less stable w/o emulsion-aggregate system, which will
generally collapse in a few minutes.

The amount of humic acid present was observed to affect
the volume of an emulsion-aggregate system, indicating that
the aggregates are held interstitially, and hold the droplets
farther apart than in systems without aggregated humic acid.
This gives an emulsion-aggregate system with a larger volume
proportion of water.

Emulsion-aggregate systems were washed to determine
whether the interstitial humic acid aggregates could be
removed by peptization. Deionized water was found to remove

the aggregates, while 0.05 M HCl1l did not remove the
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aggregates. Removal of the aggregates by peptization
resulted in an increase in the proportion of water-immiscible
liquid in the emulsion-aggregate system.

Some materials present in the samples were found to be
soluble in MIBK under acidic conditions, and others were
found to be soluble in MIBK under both acidic and basic
conditions. The soluble materials were not quantified or
identified. Acidic compounds, such as fatty acids, are
extracted into the MIBK under acidic conditions, and neutral
compounds, such as alkanes, are extracted into the MIBK under
both acidic and basic conditions.

Insoluble particulate matter was found to collect at the
surfaces of the dispersed droplets, and to stabilize
emulsions. These particles are held at the MIBK-water
interface throughout the MIBK partitioning procedure.

Experiments using loss-on-ignition to determine the
amount of humic acid in aqueous solution and in the emulsion
or emulsion-aggregate system were not successful, but did
indicate that the humic acid will be mostly located in the
aqueous phase above pH 3, and in an emulsion-aggregate system
below pH 3.

The pH-absorbance profile approach was developed to
determine the pH at which humic acid was aggregated and

removed from agqueous solution. The profiles obtained by
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plotting the normalized absorbance of the aqueous phase
(normalized so that the absorbance for a pH 12 solution was
equal to 1.0) versus pH allowed determining the pH range over
which aggregation occurred, both in the presence and absence
cf a water-immiscible liquid. Some differences in the pH of
aggregation were noted for different samples (humic acid or
peat), and for different water-immiscible liquids (e.g.
chloroform or MIBK). These differences led to use of pH-
absorbance profiles to determine which factors significantly
affect the MIBK partitioning procedure.

The experiments summarized above demonstrated that the
MIBK partitioning procedure formed o/w emulsions at high pH
and o/w emulsion-aggregate systems at low pH. The humic acid
which aggregated between the droplets of dispersed liquid
appeared to behave much as aggregated humic acid when no
water-immiscible liquid was present. 1Insoluble particulate
matter was found to stabilize emulsions and to be held in
emulsion-aggregate systems.

In the second part of this research, the effects of five
factors on the pH at which humic acid is completely removed
from aqueous solution were compared using a fractional
factorial experiment. The five factors were ionic strength,
humic acid loading, nature of the water-immiscible liquid,

nature of the cation used to adjust ionic strength, and ratio
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of the volumes of the water-immiscible and aqueous liquids.
The experiment was designed to determine which of these
factors significantly affect the pH of complete removal of
humic acid from the aqueous phase. All factors were held at
two levels except the volume ratio, which was held at three
levels. All factors except volume ratio were found to
significantly affect aggregation of the humic acid. Changes
in volume ratio did not significantly affect the pH at which
humic acid was completely aggregated. One of the levels of
the volume ratio was zero, at which level no water-immiscible
liquid was present. Because the volume ratio did not
significantly affect the pH at which the humic acid was
completely removed from aqueous solution, this indicates that
the humic acid can be expected to aggregate completely under
the same conditions both with and without a water-immiscible
liquid present. In other words, emulsion-aggregate systems
form under the same conditions in the presence of a water-
immiscible liquid as do humic acid aggregates in the absence
of a water-immiscible liquid.

Emulsion and aggregate formation result in incomplete
separation of the fractions of humic substances, and in
incomplete separation of humic and nonhumic materials when
the MIBK partitioning procedure is used to extract humic

substances from natural samples. Both humic acid and
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nonhumic particulate matter may be held in the emulsion or
emulsion-aggregate system throughout the procedure.

While the MIBK partitioning procedure does not
efficiently separate the fractions of humic substances, it
provides a useful tool for the study of humic substances
isolated by more traditional methods. Emulsions have
potential uses in deashing humic acid, in separating fulvic
acid from the fulvic acid fraction, in collection of metal
ion complexes of humic acid, and in removal of lipids from
humic substances. 1In addition, pH-absorbance profiles
provide a new method for the study of humic acid.

Another potential use of emulsions in the study of humic
substances is in separating the humic acid adsorbed at the
surface of the droplets of the water-immiscible liquid from
the interstitially aggregated humic acid.

A mixture of polyacrylic acid and sodium oleate was
found to mimic the eumlsifying behavior of humic acid, though
there are significant differences between the systems.

Some experiments were performed using emulsion droplets
as the stationary phase in chromatographic separations.
While these experiments were not entirely successful, such

systems deserve further investigation.
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APPENDIX A

Ionic Strength Calculations

The amount of sodium chloride or aluminum chloride
required to adjust the ionic strength of the humic acid
solutions was calculated based on the final solutions at pH
2. This point was selected because humic acid should be near
its isoelectric point, and would contribute little to the
ionic strength. To calculate the ionic strength at this
point, all ionic substances added during the procedure which
generated the solution must be considered. For a sclution
containing 1 g L™! of humic acid with a total acidity of 5 mol
kg1, generating the initial pH 12 solution requires addition
of sufficient NaOH to neutralize all the acidic hydrogen, and
to increase the concentration of hydroxide ion to 0.01 M.
Activities were approximated by molarities in all
calculations.

The concentration of sodium hydroxide necessary to
produce a pH 12 solution containing 1 g L™! of humic acid is

given by

(Na*]= 1 g humic acid) ( 5 mol H ) 1 kg )

Liter kg humic acid 1000 g

+ 1.0x10 °M



T - 4011 209

= 1.5x1072 M
The hydroxide consumed in neutralization of the humic
acid amounted to 5.0x10-3 M, therefore
[OH™] = 1.0x1072 M
When the pH is adjusted to 2 with HCl1l, sufficient acid
is required to neutralize the hydroxide, reprotonate the
humic acid, and produce 1.0x1072 M H*.
[C17] = 1.0x1072 + 5x1073 + 1.0x1072
= 2.5x1072
The pH 2 solution thus contains 1.5x10"2 M Nat, 1.0x1072
M H*, and 2.5x1072 M C1-.
The ionic strength of the solution is given by the

equation

=%— 2 Mizzi

or,

-1 2 2 2
po=o (0 z )« (2 + (Mgz))

= 5 ((1.5x107%) (1) "+ (1.0x1072) (1) (2.5x107%) (-1)°)

= 2.5x1072 mol L1
A similar calculation gives an ionic strength of
2.05x%1072 mol L-! for a solution containing 0.1 g L-! of humic

acid.
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For the solutions where the ionic strength was adjusted
with NaCl, the required concentration of the salt was

calculated as

Bo=p o+ (Na*1 (D)7 )2

+ [C17] (-1
=M, 4+ [Na*]

where | is the desired ionic strength and Mj is the ionic

strength obtained for the pH 2 humic acid system.

For the systems where the ionic strength was adjusted
with Al13*, the calculation is more complicated. Not only must
the humic acid be neutralized, but reaction of the Al3* ion
with hydroxide must be considered. The effect of humic acid-
aluminum complexes was not considered. For a system
containing 1 g L7! of humic acid, the concentration of Nat
resulting from neutralizing the humic acid and increasing the
PH to 12 is, again, 1.5x10°2 M. The concentration of Cl1-
resulting from protonating the humic acid and lowering the pH
to 2 is still 2.5x10°2 M. However, the Al3t also reacts with
hydroxide to form the Al (OH)4~ complex at pH 12, and
additional NaOH and HCl are required. For a given
concentration of Al3*, the additional required concentrations
of Nat and Cl1- are

[Na*]additional = 4[A13%]

[Cl ladditional = 4[Al3%]
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Also, dissolving AlClsz produces Cl- at a concentration three
times that of the Al3*. 1In the final pH 2 system,
[H*] = 1.0x1072 M
[Nat] = 1.5x1072 M + 4[Al3%]
[C17] = 2.5x1072 M + 7[Al3*]
The ionic strength is then

2

p=2a®1 3+ o+ matt@?® + ey’

- %(5x10_2 + 20[21° )

or, in the notation used above for solutions whose ionic
strength was adjusted using NacCl,

L= Mdi + 10[A13+]
Similar calculations for the desired values of final ionic
strength and humic acid loading give the results in Table A-1
for the eight possible combinations of ionic strength, humic

acid loading, and cation.
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TABLE A-1

Amount of Salt Required for
Ionic Strength Adjustment

Desired Ionic Humic Acid Required Reguired
Strength Loading [Nat] [A13+]
(M) (g L°Y) (M) (M)
0.03 0.1 9.5x10-3 9.5x10-4
0.03 1.0 5.0x10-3 5.0x1074
0.3 0.1 2.8x10"1 2.8x1072
0.3 1.0 2.8x10"1 2.8x1072



T - 4011 213

APPENDIX B

Solvent Recycling

Large amounts of MIBK were used in these investigations,
with most being recycled to reduce both the amount of waste
disposed of and the costs of replacing the solvent. MIBK 1is
listed as a toxic chemical (hazardous waste category Ul6l) by
the EPA (104). The MIBK used in these investigations was
originally reclaimed by simple distillation of the water-
immiscible phase from the emulsions, but this procedure was
less than satisfactory in that significant amounts of MIBK
remained in the distillation residue, and were disposed of as
waste. The reclamation procedure was therefore modified so
that essentially all of the used MIBK was recycled with no
waste. The modified reclamation procedure recovered the MIBK
by distillation of the MIBK-water azeotrope.

MIBK is a water-immiscible liquid which has a normal
boiling point of 116.9° C (71). All immiscible liquids have
finite mutual solubilities, and a saturated aqueous solution
of MIBK contains approximately 2% (w/w) MIBK (69).
Conversely, a saturated solution of water in MIBK contains
approximately 1.6% water (69). MIBK and water form an

azeotropic mixture, which boils at 87.9° C. The azeotrope
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consists of 76% MIBK by weight, and separates into two layers
on condensation. MIBK used in this research has been in
contact with solutions or suspensions of soils or peats at
both high and low pH. Materials conforming to the definition
of geochemical lipids are dissolved in the used MIBK in the
course of these procedures (4). In some cases, the MIBK has

also contained oil-soluble dyes.

Procedure

Azeotropic distillation of used MIBK required only minor
modifications to a simple distillation apparatus. A
pressure-equalizing dropping funnel was placed so that water
could be added to the distillation flask, and the collection
flask was replaced by a separatory funnel (see Figure B-1).

A small amount of water from the emulsion experiments was
placed in the distillation flask with the used MIBK and a few
boiling chips. The aqueous layer from the MIBK procedure
usually has a high pH, and teflon boiling chips were used
because ceramic boiling chips were observed to decompose when
they were used in these distillations during development of
this method.

The first fraction collected during the distillation

was the azeotrope, which separated into two layers in the
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FIGURE B-1

Diagram of Apparatus used for
Azeotropic Distillations
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separatory funnel. The lower layer, consisting of water
saturated with MIBK, was drained off and returned to the
distillation flask via the dropping funnel. Additional water
was added during the distillation to maintain the level of
liquid in the distillation flask. The upper layer,
consisting of MIBK saturated with water, was collected for
reuse. Initially, the distillation flask contained a layer
of MIBK above an aqueous layer. As the distillation
proceeded, the MIBK layer decreased in volume and eventually
disappeared. The temperature of the vapor in equilibrium
with the liquid then began to increase from the boiling point
of the azeotrope to that of water. When the temperature
began to increase, recycling of water collected in the
separatory funnel was discontinued. When the temperature
stabilized at the boiling point of water, the distillation
was stopped and the small amount of water (saturated with
MIBK) which had collected in the separatory funnel during the
final stage was set aside for reprocessing with the next
batch of waste.

This procedure gave MIBK saturated with water, a small
amount of water saturated with MIBK, and an agueous

distillation residue containing essentially no MIBK.
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Discussion

In a simple distillation, the MIBK-water azeotrope will
be collected first, followed by pure MIBK. As the
distillation proceeds, the concentration of contaminants
increases in the MIBK, which results in elevation of the
boiling point of the mixture. Eventually, a point is reached
where continued distillation is not possible without
superheating the remaining liquid. The volume of the
apparatus may also have an effect on the efficiency of the
distillation (105). Sufficient vapor must be generated to
fill the apparatus, and to maintain its temperature. If a
small amount of liquid is contained in a large apparatus, it
may not be possible to generate sufficient vapor to collect a
distillate. The residue remaining in the distillation flask
is mostly MIBK.

The azeotropic distillation procedure described here has
two advantages over simple distillation for reclaiming water-
immiscible liquids. The aqueous layer of the azeotrope is
returned to the distillation flask so there is not a
significant volume of MIBK-saturated water to be disposed of,
and the MIBK is removed from the distillation residue.
Because the aqueous layer of the azeotrope is returned to the

distillation flask, and the volume in the distillation flask



T - 4011 218

is maintained by addition of water, there is always
sufficient water present for distillation of the azeotrope.
Removal of MIBK as the azeotrope is therefore limited only by
the amount of MIBK present. The small volume of water which
is not recycled into the distillation flask can be stored in
the container used for the collection of waste MIBK for
future processing. In many of these experiments, the
distillation residue contains no harmful components and can
be neutralized and flushed down the drain.

A potential disadvantage of azeotropic distillation is
that the recovered MIBK is saturated with water. Because the
recovered MIBK is used for applications where it is placed in
contact with water, water-saturated MIBK is completely
satisfactory. If a water-free product is required, a second
distillation may be conducted, or a drying agent (such as
molecular sieves, anhydrous sodium sulfate, or anhydrous
magnesium sulfate) may be added, to remove the water. If
liquids other than MIBK are to be dried, other drying agents
may be appropriate (105).

This azeotropic distillation procedure has been used
with excellent results in reclaiming MIBK from these
experiments. The procedure can be used in reclaiming any
water-immiscible liquid which forms an azeotrope with water

that separates into two layers on condensation, and this
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procedure has been successfully used to recover
dichloromethane from waste generated in an undergraduate
physical chemistry laboratory experiment in this department.
Several common solvents which can be reclaimed by this method
are listed in Table B-1. For some of these liquids, the
amount of water which separates from the azeotrope is very
small and recycling of this water is not necessary. If the
aqueous layer is a large fraction of the azeotrope volume
(24% for MIBK), recycling of this layer into the distillation
flask significantly reduces the amount of solvent-saturated
water produced.

Distillation of an azeotrope with water and concurrent
recycling of the aqueous layer allows essentially complete
recovery of many water-immiscible liquids, with the
associated reduction in the costs of disposing of and
replacing used solvents. This technique is especially
applicable to waste generated in liquid-liquid extractions or
emulsion studies where large volumes of waste solvent are
generated, and a water-free product is not required. One of
the problems with the MIBK partitioning procedure is that
waste MIBK is generated, along with large amounts of water
saturated with MIBK. Use of azeotropic distillation to
recover waste solvents will reduce the amount of waste which

must be disposed of, and may allow the MIBK partitioning
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TABLE B-1
Some Water-immiscible Liquids which
form Azeotropic Mixtures
with Water

Benzene 1-Butanol*
Chloroform* Cyclohexane
Cyclohexanone Cyclopentanone
Dichloromethanex* Ethyl acetate
Ethyl benzene Heptane
Hexane* Hexanol
Isopropyl ether Methyl isobutyl ketone*
Nonane 2,4-Pentanedione
Tetrachloroethylene Toluene*
m-Xylene

* These liquids have been recovered in this laboratory by
distillation of the azeotrope.



T - 4011 221

procedure to be used more generally by reducing the magnitude

of this potential problem.



