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PREFACE

Thé results of experiments dealing with the sorption of organic
acids by pure clay minerals are presented in this thesis, Experiments
were binary, consisting of one sorbent and one sorbate; and wefe, per-
formed in a turbulent aquebus system. Variation in temperature and
concentration of sorbent and sorbate was investigated in regard to the
effect on sorption.

This research was based on ideas expressed by Professor Louis
Hemphill in the summer of 1962. At that time, Professor Hemphill
emphasized the need for study into the ro],ve of elay sorption as a method
of partitioning organics in an aqueous environment, ‘
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author's graduate studies.
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CHAPTER I
INTRODUCTION

1-1 Statement of the P}ro_blervn‘

Clay minerals are widely distributed in nature and are common
constituents in most natural water supplies, In féct a large portion of
the turbidity in natural water supplies is due to clay minerals. One
outstanding characteristic of clay minerals is their ability to sorbh ma-
terials in an aqueous solution, The nature and extent of clay sorption
is dependent upon the properties of the concentration andu@onsti’ﬁuent
fields through which the clay particles pass. In nature the properties
of these fields are continually changing due to the sorbing and desorbing
of organic and inorganic materials from the clay minerals, |

Evaluation of the role clay turbidity plays in stream sanitation rer
quires a study of limited variables in the laboratory and extenSiQri of
these studies to realistic natural conditions by additionél expanded ex-
periments. This study is concerned with the design and analysis of
realistic laboratory experiments which evalyate established thepretical
relationships and formulate new relationships pertaining to the role of

clay sorption in a natural water supply.

1-2 Scope of the Investigation
The purpose of this study is to evaluate the nature and extent of

clay mineral sorption in simple aqu‘eous systems. This study was



limited to experiments involving only sorbents, thét which sorbs, and
‘sorba‘ts, that which is sorbed, in binary mixtures. Clay minerals com-~
monly found in natural water supplies, montmorillonite, kaolinite, illite
and halloysite were selected as the sorbents to be used in the study.
Montmorillonite was chosen as the standard sorbent .T."QI‘ the experimental
work because of its abundance in nature and its sorption scavenging
ability.

Sorbates selected were short-chain alaphatic organie acids, for-
mic, acetic, proponic, butyric, iso-butyriec and valeric acid. These
alaphatic organic acids were selected for thé study because they are
common pollutants in natural water supplies, are waste products from
microorganisms and are subject to analysis by conventional agcidimetric
methods. In the latter portion of the study, phenol an aromatic acidie
material was used to evaluate the results of the study. Phenal ’Was
selected for the study because it is a common taste and odor contami-~
nant as well as a standard material used to determine ?t'he effeq’civeness
of activated carbon.

The effect on sorption by variation of environmental parameters
was studied to a limited extent. Environmental parameters studied
were temperature, concentration of the sorbate, an.d‘ the congentration
of the sorbent, Complexities arising from hydrological conditions,
multi-exchange sorption reactions and simultaneous variations of en-
vironmental barameters renders the experiments naive in the evalua-
tion of in situ clay mineral sorption. The experiments are indicative
of the clay mineral sorption affinity for short chain organic acids in a

simple aqueous system.



'1-3 Historical

Adsorption was first observed in 1773 by Scheele in connection

with the adsorption of gases by solids. (1)

Twelve years later Lowitz
observed the adsorption of gases from splutions by charcoal. @) The
earliest systematic experiments on the adsorption of gases were car-

ried out by T. de Saussure in 1814. (1)

It was not until 1875 that J. W.
Gibbs placed the subject of sorption on a theoretical basisv. (1) Gibbs
theorized that the goncentration of substances at an ‘in’c_e'rfac‘:@ will in
general differ from those in the external phases. . Until 1916 theories
of sorption were concerned with a condensed liéuid, film or a com-
pressed gas film on the surface of the sorbe.nt.‘ These films .we,r,e
believed fo be relative thick with densities slowly decxve‘asing és- the
dis)tance from the interface increased. In 1916, I. Langmuir pointed
out that the rapid decrease of intermolecular forces with distance in-
dicates that the sorbed layer is probably only one molecule thicg:k. (3)

. This view isinow widely accepted.for védsorption of gases on solids at
low pressures and high temperatures, In 1938, Brunauer, 'Erhmett and
teller extended the original concepts of Langmuir to explain multilayer |
adsorption of gases, developing the famous B. E. T, theory of adsorp-

(4)

tion. This theory is generally accepted and is the bagis of the B, E.
'T. method for determining the surface area of powdered materials.

In the field of sanitary engineering sorption reactions have been
used for a good many years. An early example in the use of sorption
reactions is the slow sand filter. The organic matter passing through
the slow sand filter is sorbed onto the "schmqtzkecke" Where.i’c' is
stabilized by microorganisms. Sorption of organics by ¢lays is ndt a
new inovation to the field of sanitary engineering. In connection with

the clarification of potable waters, it has sometimes been found



desirable to add a highly colloidal, easily dispersed clay to the water
(5) |

prior to addition of alum. The clay collects collpidal material that

would not otherwise settle and is in turn flocculated by the alu,m.‘ (6)
Slocum observed that the clays have a softening effect on water, (7) Weir
stated that clays may also reduce the tastes and orders in water, (8)
Wyoming Bentonitesy as well as Georgia and Florida Attapulgites have
been extensively studied for use as clarification aids,

In connection with low level radioactive treatment processes,
natural ion-exchange materials including clays have received éxtensive
study, Results of this study have been used to imprCVé the performance
of the low-level radioactive waste treatment plant at Harwell, Englaﬁd
and Oak Ridge, Tennessee. In both ingtallations clay materials ar@
used as a final treatment process to remove ra@ionuclides from solu-
tion. (9)

Investigators in agriculture aind the soil scienceé have for many
years realized the importance of clay organic chplexes. In 1929
Demlin and Barrier showed a definite fikation ”of humic acid and protein

by clay. (10)

Since the early 1930's the clay-organic complexes and
their reactions have been well established through continued deve,lOp,—'
ment of X~-ray diffraction and differential thermal analysis. Sorﬁtiqn
characteristics for many non-aqueous organic system,s have been
studied; A systemized evaluation of this work appeérs in Grim's Q_La;y_

Mineralogy. (11)

1f4 The Gibbs Equation

At an interface separating different compounds that are in the
same or different phases sorption may occur. Sorption results from
unsatisfied forces that exist at all interfaces. To a large extent, the

most complex of sorption reactions are those occuring at a solid-



liquid interface. Gibbs formulated a quantitative relationship that is
useful in solid-liquid interface and is a classic work in this field. Deri-
~ vation of the Gibbs equation is presented in this study bepause it is the
only theoretical expression for the sorption of liquids with respect to
solids. A summary of the assumptions and restrictions made in the
derivation are given at the end of the derivation,

The Gibbs free energy equation for a system composed of j com-
ponents in one state is expressed as;

i
G = H - TS+ ) un | (1-1)
i=1 ’

The ith chemical potential is the inherent gibbs free energy of one
mole of the ith component in the system. Surface energy is usually
considered to be zero and was therefore not congsidered in the above
equation. In order to include the surface energy resulting from the sur-
face area offered by a sorbant it is necessary to incorperate an expres-
sion for the surface energy into the Gibbs free energy équati.on. The
surface energy of a system in a particular state is yA, where ¥ is the
surface energy per unit area of sorbant and A is fhe ’cotalbsurface of
the sorbant. Gibbs free energy can now be expi‘essed as;

.+ YA : (1~2)

i
G =H - TS + _>_/uin1
o1

Upon differentiation of the above equation the follpwing equation is

obtained for a change in the Gibbs free energy;

dG = SdT + VdP + pydn, +

O
o=

n.du, + Ady + vdA
i=1 i=1 ‘

(1-3)



Considering a ciosed system where; the concentration of each of the
components remains constant, the sorbent surface remains constant and
the temperature and pressure do not change, it follows;
J
dG = Z Ir:a.icl/,ti + Ady (1-4)
i=1

At equilibrium the change in the Gihbs free energy is zero, On setting
dG equal to zero the following equation is obtained;
]
0 =Z n,du; + Ady (1-5)
i=1

Limiting the above equation to a two component system, and eliminat-
ing that portion of the system not in the reactive neighborhood of an

interface, the following equation can be deduced;
0 = ny du; + ny duy (1-6)

This equation is known as the Gibbs-Duhem equation. In this equation
nlo is the number of moles of solute and nzo' ig the number 6f moles
of solvent, both in the liquid phase, ny Ais the number of rpoles of
solute at the interface and hz is the number of moles‘of solvent at the
interface. Multiplying the Gibbs-Duhem equation by nl'/nlo , the

following equation is obtained;
0 ' .
0 = nyduy + nn, d/,tz/n1 | (1-7)

Substracting equation 1-7 from equation 1-5 in which j is 2 givé,s

rise to the following equation;
0 = n,d - n,n,°%du,/n,° + Ady (1-8)
2 “H2 1M2 “Halty * e

Rearranging the above equation;



- dvlduy =y - nyn,°m A (109)

In this equation the quantity ny n2°/n1‘° is the fractiaon of n2O

associated with n, at the solid interface. Then (n2 - nlnzo‘/nlo) is
the excess concentration of solute at the interface if the solute is eon-
sidered as the sorbed material. This excess of solute at the interface
is due to the solvent and solute surface energy being exerted a’ﬁ the
interface. For a system to approach equilibriu‘r»n‘thé‘ Gibbs free energy
must trend toward a minimum. Free energy is g'ivén up by the system
as it goes toward equilibrium and is used to retain up the solute at the
interface, |

Equation 1-9 quantitatively relates the excess cdnqentratiqn of
solute per unit area of sorption surface, The right hénd si_de o_f‘this
equation may be denoted by I, »and is the surface concentratiqn of
solute per unit area of interface.

This consideration permits the following form;

r, = - X (1-10)

2 du 9
The chemical potential of a solute in a real System: is expressed
as follows;

Mo = #20 + RT Ina2 | (1-11)

where a, is the activity of the solute in the system and uzo is the
chemical potential of the solute at standard temperature and pressure,
Differentiating the above equation an expression fo.r the change in the

chemical potential of the solute is obtained as follows:

d,u2 = RT dInaz, (dT = 0) | (1-12)



Substituting the above expression into equation 1-10 an equation in

terms of the solutes activity is obtained as follows:

S dy 1-13
2 7 7 RTIng, | (1-13)
or
dy 22 | .
1—\2 = .._TR _-'_daz (1 13a)

The above two equations are the formg in which the Gibbﬁl equation
is usually expressed. For very dilute solutions, the activity may be
replaced by the concentration of the solute, giving rise to thevallowing

equation;

C2 dy

P2="'RT'HC‘2

(1-14)

Knowing the changes in the spe¢ific surface energy and the solute

concentration, the above equation may be intergrated to" determline the
specific sorption Iy . | |

The following assumptions and restrictions are majde'ih the derivi-

ation of the Gibbs equation. | |

1. Constant Temperature., The sorption equaticphs‘a,re sometimes
referred to as isotherms.

2. The system is closed.

3. The interfacial area remains constant. In a ttg,rbulent.ﬂsystgm
the size of clay particles will be reduced through attrition,
therefore the total interfacial area will increase with increas-
ing time. |

4. The interface is considered fixed and the solute migrates
toward it. This is not the case in a turbulent system.

5. No electrostatic forces are present, This is_not the case with



electrolytic solutions. The Gibbs equation is insufficient to

account for the sorption of electrolytes. It has been shown

that the Gibbs equation is in agreement with the sorption of

nonionizing liquids on solid interfaces, (12)
A solid's surface may sorb materials by virtue of molecular atirac-

tion from unsatisfied bonds and by providing an interface at which a

solute that is capable of lowering the surface tension may acgumulate.

The Gibbs equation provides a theoretical basis for sorption of the latter

type but is insufficient for ionic systems.

1-5 The Freundlich Isotherm_

An expression that has been shown to agree w1th experl}men’cal
sorption data for electrolytic solutes is the Freundlich iso'chérm, (13) It
has generally been accepted as a mode] for the graphic presentation of
liquid-solid interface sorption resulis although it does not possess a
theoritical basis. Fair and Geyer present a method for evaluating
threshold values of taste and odor contaminants through the use of

(14) Within recent years several thédritical'deri-—

Freundlichs isotherm.
'vétions of Freundlichs igotherm have been presented for solid-gas inter-
face sorption. (15) Freundlichs isotherm for a solj,‘d*liqu,id interface is
still an emprical expression in which the cOnstants are determined
through experiment. A large portion of the results presented in this |
study are in the form of Freundlich isothérms.

The Freundlich isotherm is expressed as ,follows:' '

y/m = KC" o (1-15)
where; |

y is the amount of solute sorbed.
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m 1is an extensive constant , the sorbent surface area or
mass,and remains fixed during an experiment.

K is a constant that is a measure of the effectiveness of the

sorbent,

n is an exponential constant relating the degree of sorption

to the ratio of the concentration of sorbate to sorbent. In
very high ratios, n approaches one, and the degree of
sorption is linearly dependent upon sorbate concentration.
In very low ratios, n approaches zero, and the degree of
sorption is independent of sorbate concentration. This is
the saturation value of the sorbate to sorbent ratio and it
means that addition of excess sorbate will not produce
additional sorption.

C is the amount of solute left in solution,

The condition of saturation is not realized from a plot of a Freun-
dlichi isotherm and therefore, must be considered separately. A good
example of saturation at a gas-solid interface is the Brunauer's Type I
physical adsorption curve shown in figure 1-1. (16)

The amount of gas sorbed increases as pressure increases to a
limit, Ps' The saturation pressure, Ps’ is that pressure above which
an increase in pressure will not increase the amount of gas sorbed.
There are no standard curves for liquid-solid sorption depicting satura-
tion; however, the liquid-solid system can be considered analogous to

Brunauer's Type I gas-solid system by equating the concentration of the

liquid sorbate to the pressure of the gas.



Volume of Gas Sorbed

Pressure

Fig. 1-1

Unimolecular Adsorption of a
Gas Film
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CHAPTER II

METHODS AND MATERIALS

2-1 Clay Minerals

The sorbents selected for this study were pure clay minerals and
activated carbon. The clay mineral samples selected are representa-
tive of naturally occuring species of clay and represent two major clay
crystalline systems. Samples of pure montmorillonite, kaolinite,
illite and halloysite clay minerals were obtained from Wards Natural
Science Establishment. The purity of the clay mineral samples were
established by Dr. Ralph J. Holmes, Columbia Uniyersity, under the
aspicies of the American Petroleum Institute Clay Mineral Project No.
49. The locations from which the clay samples were taken are listed
in Table (2-1), along with the assigned American Petroleum Institute,

API, numbers.

TABLE 2-1

CLAY MINERAL SAMPLES

Clay Mineral Geographical Location
API No.
Montmorillonite Chrisholm Mine, Polkville, Miss.
No. 21 (Bentonite)
Kaolinite No. 2 Birtch Pit, Macon, Georgia
Halloysite No. 29 Wagon Wheel Gap, Colorado
Illite No. 36 Morris, Illinois

12
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In general, the clay minerals are similar in chemical composition.
This can be seen from Table (2-2) in which the composition of the clay
minerals used in this study are listed. The major difference between
the compositions o the clay minerals is the amount of magnesium,
potassium, aluminum, calcium and sodium oxides in the clays.

As with organic compounds, the structure of the clay minerals
are responsible for many of the physical properties and chemical affini-
ties of the clays. The demonstrated relationships between the struc-
ture of the clay minerals and physiochemical properties are a recent
development, Since the development of X-ray diffraction techniques,
the shape and structure of clay minerals have become increasingly well
defined. X-ray diffraction data is frequently used as a method of identi-
fication of clays with considerable similarity. Through the application
of this technique a shift in the structural spacing of clays due to thermal
energy, element substitution and sorption of organics can be measured.

!
Tlc|

In 1934 a variation in the axis spacing of montmorillonite following

sorption of an organic was detailed by Hofmann through use of X-ray
diffraction. (17)
The shape and size of clay particles has been determined from
electron micrographs. Electron micrographs of the clays do not show
the true size and shape of the clays due to the high energy to which the
sample is subjected and distortion produced by vacuum dehydration. In
spite of these short comings, the electron microscope method provides
an excellent method for comparing the size and shape of clay particles,
Comprehensive evaluation of the electron micrographs of the four clay

minerals, montmorillonite, kaolinite, illite, and halloysite, show the

relative size and shapes of the particles. The clay samples used in



TABLE 2-2

CHEMICAL ANALYSIS OF SOME CLAYS
% COMPOSITION

Clay Mont. #® ka1, @1 pan. BV niite ¢2)
SiOzw | 50, 20 4“5.20' - ‘4/3,‘9‘8 N .52.23 
A1,0, 16. 19 37. 02 38. 46 25. 85
Fe,0, 4.13 0,27 4,04
Fe0 | 0. 06 0.03
Mg0 4.12 0. 47 TR - 2.69
Ca0 2. 18 0.52 0. 32 0,60
K, 0 0. 16 0.49 048 6,56
Na,0 0. 17 0. 36 0. 14 0.33
Tio0, 0. 20 1.26 0.01 o 0.37
H,0- 15. 58 1.55 2,58
H, O+ 7.57 13.27 14.59 7.88

TOTAL 100. 50 100. 47 100. 59 - 100. 55
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this study, selected prototypes, have been examined and detailed by
electron microscopsy. (18)

Electron micrographs of montmorillonite show it to consist of
extremely small particles approaching as a lower limit 0, 002 microns
in diameter. Detailed structure and shape of the individual particles
are not apparent in the micrographs; the particles are usually com-
glomerated together and appear as an irregular fluffy mass.

Electron micrographs of the clay mineral kaolinite show it to
consist of six-sided flakes with a frequent prominent elongation in one
direction. The maximum arial dimensions are from 0, 3 to 4 microns
with a thickness of from 0. 05 to 2 microns.

Illite flakes are shown, from electron micrographs, to have an

(19) The diameter

irregular well defined outline of uniform thickness,
of the flakes is from 0, 1 to 0. 3 microns. Shape of the illite particles
resemble those of some montmorillonites except that the particles of
illite are larger, thicker and have well defined edges.

Electron micrographs of halloysite show the particles to be long
hollow tubes ranging in length from 0, 3 to 3 microns with an average
diameter of 0. 07 microns. Bates believes that the halloysite tubes are
made up of thin curled up sheets, the curling being due to strains
formed by a misfit between the silicon-oxygen layer and the aluminum-
hydroxyl layer. (19)

The structures of clay minerals are well defined lattice configura-
tions deduced from X-ray diffraction studies. Most clay minerals con-
sist of two basic structural units, a silica tetrahedron and a lattice com-

posed of two layers of closed packed oxygens or hydroxyls with atoms of

an alkali earth filling the octahedral, dioctahedral or trioctahedral lattice
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positions. A sketch of these basic structural units js shown in figure

(2-1).

O or OH Alkaline Silica Tetra Hedron
Earth Unit Unit

Fig. 2-1
‘Basic Structural Units of
Clay Minerals

The silica tetrahedral units form sheets by arranging themselves
into a hexagonal array, as shown by a plan view in figure (2-2). The
oxygen or hydroxyl alkaline earth units arrange themselves in a sheet
so that the top and bottom of the sheet are closed packed arrays of
oxygens or hydroxyls. Alkaline earth atoms are interspersed between
the top and bottom of the sheet in octahedral, diocthedral or trioctahed-
ral lattice positions.

Clay minerals are classified according to their structure.
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O silicon atoms

® oxygen atoms

Fig. 2-2

Plan View of a Silica
Tetrahedron Sheet

Montmorillonite is cléssified as a crystalline, three layer sheet struc~
ture composed of two layers of silica tetrahedrons and one central diocta-
hedral, two-thirds of the octahedral positions are filled, or trioctahedral,
all of the octahedral positions are filled, layer,. equidimensional-ex—
panding lattice structure. Illite clay mineral is similar in structure to
montmorillonite except that its lattice is non-expanding. Halloysite is
classified as a crystalline, two layer sheet structure composed of one
layer of silica tetrahedrons and one layer of alumina octahedrons,
elongate lattice structure. Kaolinite is similar in structure to halloysite
except that its lattice structure is equidimensional,

Montmorillonite and halloysite clay minerals have a unique char-
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acteristic, they sorb organic materials between their unit layers. One
investigator showed that montmorillonite and halloysite may form in
their structures an interfacial sorbed layer of organic material several

molecules thick. (23)

Other clay minerals such as illite and kaolinite,
which do not have an expanding lattice, are limited to external surface
sorption,

In Table 2-3, ion-exchange capacity, maximum molecular depth
for interfacial sorption, "c'" axis for clay minerals as they naturally
exist, and specific surface area values are listed for the four clay
minerals used in this study. Generally, as suggested by the data in
Table 2-3, the clay minerals ability to sorb organic materials between
their unit layers increases with an increase in the thickness of the unit
clay particle, "c'" axis spacing. This can be explained from a considera-
tion of the thickness of the sorbed water layer that exists between the
unit layers of most clay minerals., The ease with which an organic
material replaces the sorbed water layer is dependent upon the mobility
or viscosity of the water in this layer., As a particle of water approaches
the surface of a clay particle the viscosity of the water increases due to
the coulombic forces of attraction that increase with decreasing distance
from the clay particle. With an increased thickness in the sorbed water
layer, it can be seen that the central region of the layer becomes less
viscous due to its increased displacement from the clay particle and is,
therefore, more easily displaced by an organic material., The thickness
of the unit layers for montmorillonite and illite are equal as is the thick-
ness of the unit layers for kaolinite and halloysite. There exists, how-

(o]
ever, a discrepancy in the "c" axis spacing of 5.5 A between montmoril-

o
lonite and illite and 2. 87 A between halloysite and kaolinite. This



TABLE 2-3

STRUCTURAL PROPERTIES OF THE CLAY

MINERALS STUDIED

Clay Ion Exchange Max. Molecular et Axiso Specific Surface
Mineral Capacity (meg/100g) Depth for Int‘?r— Spacing {A) Aren (Mz,/g at 30° C.)
Layer Sorption ,
Montmorillonite 80 - 150 3 15.5 15.5
Kaolinite 3-15 0 7.38 15.5
Illite 10 - 40 0 10 approx. 97.1
Halloysite 40 - 50 1 , 10.25 43.2

61
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excess in thickness for montmorillonite and halloysite is the additional
thickness in their sorbed water layers over those of illite and kaolinite,
This accounts for the fact that montmorillonite and halloysite sorb be-
tween their unit layers whereas kaolinite and illite do not.

From the data presented in Table 2-3, it is obvious that neither
ion exchange capacity nor molecular depth of interfacial sorption are
dependent upon the specific surface of the clays. The type and strength
of the unsatisfied forces at the surface of a clay particle and its ability
to sorb between its unit layers is more indicative of a clay's perform-
ance,

Clay minerals are widespread in nature and are complex in their
functions and structure., Most clay minerals are structurally similar
but have different sorption characteristics. These characteristics are
dependent upon the strength and type of the unsatisfied forces both
interior and exterior to the clay particle, Sorbed water depth between
unit layers of a clay mineral govern whether a clay can sorb materials

between its unit layers.

2-2 Organic Materials

The organic materials used in this study were six aliphatic car-
boxylic acids, formic, acetic, propionic, butyric, isobutyric and
valeric, and one aromatic enol, phenol. Straight chained acids were
selected as the sorbates for the study because they are natural materials
produced by water borne organisms, have a well defined structure, are
similar in structure for comparison and are subject to analysis by
conventional acidimetric methods. The normal carboxylic acids are
related in that they have a single carboxylic group with a variable

length hydrocarbon residue. This relationship provides a basis for
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studying similar materials having different sizes. In addition to the
normal carboxylic acids, formic, acetic, propionic, butyric and valeric,
an iso form, isobutyric, was studied to determine the effect on sorption
from a change in molecular symmetry. One sorption experiment was
conducted using phenol, an aromatic acid, to compare the difference
in sorption characteristics between an aromatic acid and the alaphatic,
carboxylic acids.

The physical and chemical properties of the low membered car-
boxylic acids and phenol are listed in Table 2-4, The values listed in
Table 2-4 show that water solubility and vapor pressure (at 100°C) vary
inversely with the maximum dimension of the carboxylic acids. It can
also be seen that the boiling point of all the acids varies with their
molecular weight. Isobutyric acid approaches propionic acid in its prop-
erties. This is probably due to the fact that both of the acids have the
same maximum dimension. An interesting characteristic of the normal
carboxylic acids, as shown by the melting point data in Table 2-4, is
the variation in the melting points of the acids, Normal carboxylic acids
with an even number of carbon atoms always melt at a higher tempera-
ture than do the next higher acids. All of the carboxylic acids with less
than six carbon atom chain are soluble in water. The lower member
acids, formic, acetic and propionic exhibit a sharp acrid taste and
odor, whereas; butyric, isobutyric and valeric acid produce a severely
disagreeable taste and odor,

The organic acids possess a large dipole moment, This property
plus the possibility of hydrogen bonding between the acid molecules in
an aqueous media permits dimer formation. Upon the formation of a
dimer, the double acid molecule loses its dipole moment. With de-

creasing acid concentration, dimer formation is reduced. Acetic acid



TABLE 2-4

PROPERTIES OF CARBOXYLIC

ACIDS AND PHENOL

Acid # of Carbon Molecular Maximum Boiling Melting Water Vapor K. x 10-5
Atoms Weight Dimension  Point Point Solubility Pressure i
.9 (¢ C) (°C) (g/100ml) at 100°C at 20° C.
in A .
in (mm Hg)
Formic 1 46. 03 3.49 100, 7 8.40 Miscible 753 17.700
Acetic 2 60. 05 5.03 118, 2 16. 60 in all 417 1.753
Propionic 3 74, 08 6.57 141. 4 -22.00 Proportions 183 1. 340
Butyric 4 88. 10 8.11 164.1 - 7.90 5.62 70 1.506
Isobutyric 4 88. 10 6.57 154.5 -19, 00 20, 00 100 1.550
Valeric 5 102. 13 9. 65 184. 4 -34.50 3.70 28 1.560
Phenol 6 94, 11 aromatic 182, 0 41, 00 6.70 40 4,16 x 1072

A4
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exhibits the property of dimer formation to a larger degree than do the
other acids. Bradely states that polar molecules may be sorbed by clay
minerals, especially montmorillonite, between the unit layers of the
clays and are held through a C - H ---- 0 {(clay-mineral surface) bond.(24)
The possibility of sorption of the acid molecules by clay minerals due
to the acids being dipoles is explored in the exberimental results.
Many water borne organisms have the ability to produce organic
acids through anaerobic fermentation of sugars and related materials.

A number of bacteria, particularly those belonging to the family Entero-

bacteriaceae, carry out so-called formic fermentations in which formic

acid is produced either as an end product of sugar metabolism or an

intermediate metabolite. Fermentation by Escherichia coli produces

formic acid that is further decomposed by an enzyme system known as

formic hydrogenlyase to yield CO2 and hydrogen. Salmonella typhi do

not posses the hydrogenlyase system and produces formic acid as an

end product. Escherichia coli and Aerobacter aerogenes both produce

acetic acid as an end product in sugar fermentation. Propionic acid

bacteria of the genus Propionibacterium produce propionic and acetic

acid in sugar and lactic acid fermentations. Several groups of obligate
anacrobic bacteria are characterized by the ability to produce butyric
acid in the fermentation of sugars and related substances. Certain
species of the genus Clostridium produce, through sugar fermentation,

butyric as well as acetic acid as end products. (25)

2-3 Methods of Analysis

The development of a method for measuring the degree of sorption
of organic acids by pure clay minerals was accomplished by experiment.

The degree of sorption was determined by analyzing for the sorbate
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remaining in solution after sorption.

Preliminary to the analysis of the sorbate remaining insolution a
separation technique must be employed to remove the sorbent and its
sorbed sorbate from solution. The criteria for this technique were
1) separation of an aqueous solution from a solid sorbent must not
influence the distribution of sorbed sorbate with respect to solution
phase sorbate, 2) separation should be rapid, not involving an atypical
distribution of sorbent. Filtration was found to be an unsatisfactory
separation method because the filter was immediately clogged by the
clay particles. Further laboratory investigation showed that clay
slurries contacted with organic acids for extended periods of time failed
to show any sorption when an aliquot of the entire mixture was analyzed;
however, sorption was detected when the clear solution was sampled
after the clay had settled. This observation suggested separation by
centrifugation, Additional study showed that centrifugation was a con-
venient reproducible method for separation. The separation scheme
established by this study is detailed as follows:

Samples to be analyzed were first separated by centrifugation at
2000 rpm for 40 minutes in a centrifuged with a 15 inch diameter head.
Centrifugation at the above rate, according to Stokes law, would cause
a spherical particle 0. 0875 microns in diameter to travel 15 cm. in
water at 20°C. The length of a centrifuge tube was 15 cm. and the
lower limit in size of the clay particles, those of montmorillonite, is
0. 002 microns. Particles of clay smaller than an effective size of
0. 0875 microns were believed to constitute only a small portion of the
clays. This is based on the fact that when the samples were centrifuged
at the above values, the supernate was visually clear with no pinpoints

of light existing, a characteristic of colloidal clay particles.
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Experimental procedure for the determination of the degree of
sorption was as follows. Open system samples of clay and acid were
mixed by means of a conventional six place laboratory stirrer in one
liter pyrex glass beakers. Closed system samples were mixed in glass
stoppered one liter flasks by magnetic stirrers. The volume of all the
samples was 900 ml. Sample solutions were mixed at a constant rate
and sampled at frequent intervals. The sample aliquots were centri-
fuged. The supernatant was then drawn off and analyzed for acid concen-
tration. The acid concentration in the supernate represented the concen-
tration of acid remaining in the sample solution phase, The difference
between the initial acid concentration in the sample and the acid concen-
tration remaining in the samples solution phase after some time is the
amount of acid sorbed during an elapsed time. A basic expression

giving the fraction sorbed is then;

c o T C(t)R
esorb v © (2-1)
o)
in which Qsorb is the fraction sorbed, Co is the initial concentration or

sorbate in solution, C(t) is the concentration of sorbate in solution after
some time t and R is a control correction factor.

Analysis of the carboxylic acids was by acidimetric titration using
the following procedure. Ten milliliters of the centrifuged supernate
and 25 ml, of distilled water were placed in a 50 ml. pyrex glass beaker
and titrated with 0. 02 N. NaOH to an end point of pH 7. 0 with a pH meter,
The concentration of acid left in the solution phase of the sample in
meq/1 is represented by the ml. of NaOH used to titrate the supernate
times two, a conversion factor derived from VINI = VZNZ' Cen-

trifuged supernatant from the aliquots of phenol samples were analyzed
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for phenol concentration by a modified 4- aminoantipyrine colormetric
method. \28, 21) This method is accurate for determining phenol con-
centrations greater than lppm. The basis of the method is that phenol
and 4- aminoantipyrine complex in the presence of the oxidizing agent,
potassium ferricyanide, at a pH of 10 to yield a yellow color. The color
intensity of this solution follows Beers law. In laboratory practice the
percent transmission of light through the prepared sample was measured
in a spectrometer at 510 mu. The precent transmission value was refer-
enced to a previously prepared calibration curve to determine the phenol
concentration.

Prior to laboratory application, each of the clay minerals was
desiccated at ambient temperature until constant weight was obtained.
Samples of the clays were measured out by weighing on an analytical
balance. Clays were not heated to obtain constant weight because they
are subject to severe irreversible structural changes, especially halloy-
site, at relatively low temperatures. (28)

In all the experiments, controls were used to evaluate the changes
in sorbate concentration not attributable to sorption., Controls for the
open system carboxylic acid experiments were used to determine the
changes in acidity due to clay acidity and acid volitization and consisted
of 1) carboxylic acid in distilled water, and 2) clay mineral in distilled
water. Closed system carboxylic acid experiments were adjusted for
clay acidity only. Experilments involving phenol as the sorbate were
adjusted for changes in phenol concentration not attributable to sorption
through use of phenol distilled water control experiments.

Experimental results for the carboxylic acids were directly cor-

rected for clay acidity by substracting from an experimental acidity
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value the clay acidity value of corresponding c¢lay concentration and
elapsed time. Experimental open system results were further cor-
rected for loss of acid through volatilization.

In the adjustmént of experimental results for acid loss throﬁgh
volatilization, it was first assumed that sorbed acid cannot exert a
vapor pressure on the solution and, therefore, cannot be lost due to
volatilization. This is actually an adjustment on the control by the
experiment. An expres_si'on for the adjustment of experimental results

for acid loss through volatilization is

Co - CtN(1+0©_)
4

esorb,C N - Co o (2-2)

In which esorbt is the clorre‘cted fraction of'sorba}te sol‘bed at an elapsed
time t, Co is the initial experimental acid concentration, C(t) is the
experimental acid concentration in solution at an elapsed time t and
(90,c is the fraction of acid lost in the control at'an elapsed time t. The
use of the assumption that sorbed acid is not volatilized is seen in Eq,
2-1 as the »substraction of C(t) ect , instead of C,or Gct » from Co. The

expression (1 - GC,C) is R, the control correction factor in Eq. 2-1.



CHAPTER III

EXPERIMENTS

3-1 Isotherm Experiments

Isotherm experiments were conducted in accordance with the
Freundlich isotherm requirements. In this study the clay concentra-
tion was fixed while the acid concentration was varied, The experiments
were conducted at ambient temperature, 26°C., in closed and open
containers., All solutions and slurries were mixed at 60 rpm throughout
the experiment. Isotherms were developed for the sorption of the car-
boxylic acids, acetic, formic, and butyric and the enol, phenol by
montmorillonite and for the sorption of acetic acid by illite.

Controls were used to correct for clay acidity of the clay minerals
illite and montmorillonite. These controls were evaluated by measuring
the rate of change in acidity or alkalinity produced in a well mixed solu-
tion of clay and distilled water. All the experiments were conducted in
closed vessels, with the exception of the acetic acid and montmorillonite
experiment, and therefore eliminated the need for correction of experi-
mental results for acid loss from volatilization.

Freundlich isotherms were developed from the experimental re-
sults by plotting the ratio of the amount of sorbate sorbed per unit sor-
bate left in solution, for specific contact : times. The data for the
isotherms was used to determine a straight line on log-log paper by a
modified method of least squares. A sample calculation of this method

appears in Appendix B. The experimental results are presented at the
28
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end of this section in the form of Freundlich isotherms. Comparisons of
the isotherms and conclusions as to the relative sorption characteristics

of the sorbates and sorbents, studied, are listed in section 3-1F,

A, Montmorillonite and Acetic Acid

This experiment was conducted in an open turbulent system. The
concentration of the clay mineral montmorillonite was held to a constant
1110 mg/1 while the concentration of the acetic acid was varied from
88 meqg/1 to 700 meq/1. Pilot experiments, conducted with acetic acid
and distilled water, showed that the loss in acidity from these acid con-
trols was less than the variation in the experiment. The experimental
results were, therefore, not corrected for loss in acetic acid through
volatilization. Correction for clay acidity, from the montmorillonite
clay acidity control curve in figure 3-1, was also insignificant when com-
pared to the magnitudes of the acetic acid concentrations studied in this
experiment, Experimental results are tabulated in Table 3-1, Isotherm
data prepared from the experimental results in Table 3-1 is also tablated

in Table 3-1.

B. Montmorillonite and Formic Acid

This experiment was conducted at ambient temperature, 26°C, in
a closed turbulent system, with the concentration of montmorillonite
held to a constant 1220 mg/1 and the concentration of acetic acid varied
between the limits of 2,92 meq/1 to 121. 1 meq/1. The experimental
results were corrected for clay acidity through use of a clay acidity
control, for montmorillonite. This control consisted of 1220 mg/1 of
montmorillonite in distilled water, A clay acidity correction curve was

prepared by plotting the acidity in meq/1 of montmorillonite against
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corresponding elapsed time, from Table 3-2, and is presented in Figure
3-1. Experimental results, both corrected and uncorrected for clay
acidity, are tabulated, along with respective elapsed times, in Table
303. Isotherm data prepared from the corrected experimental results,

from Table 3-3, appears in Table 3-4,

TABLE 3-1

EXPERIMENTAL SORPTION DATA AND ISOTHERM DATA
FOR ACETIC ACID AND MONTMORILLONITE

Sample Clay Experimental Isotherm Data

# Conc. Sorption Data at 24 Hours

(mg/1) v ‘ R .

| Initial 24 Hours __y(sorbed) C(in soln.) y/m x 10°
1 1110 88 78 10 78 9.01
2 1110 168 148 20 148 18. 02
3 1110 318 278 40 278 36. 04
4 1110 474 414 60 414 54. 05
5 1110 1700 600 100 600 90. 09

TABLE 3-2

MONTMORILLONITE CLAY ACIDITY CONTROL DATA

Clay Conc. Acidity in meq/1
(mg/1) |
Elapsed Time Initial . 6 24 36 72

1220 0. 04 0. 46 0.54 0. 57 0.68




TABLE 3-3

CORRECTED AND UNCORRECTED EXPERIMENTAL SORPTION DATA
FOR FORMIC ACID AND MONTMORILLONITE

Sample Clay Experimental Data Experimental Data
# Conc. (mg/1) Uncorrected for Clay Corrected for Clay
Acidity : Acidity
Elapsed Time ' ‘ ,
in Hours Initial 6 24 36 72 Initial 6 24 36 72
1 1220 2,92 2. 64 2.36 2.37 2,52 2,52 2,18 1,82 1. 80 1. 84
-2 1220 5.90 5. 36 - 5.,24 5.22 5. 38 5.50 4,90 4,70  4.65 4,70
3 1220 10.90 10.70 10,60 10,50 10.40 | 10,50 10.24 10,06 9.93 9. 82
4 1220 19.40 18,40 17,70 17,50 17,60 { 19.00 17.94 17,16 16,93 16,92
5 1220 36,00 34.40 34.20 34, 00 34,30 | 35.60 33.94 33,66 33. 43 33.62
6 1220 121,10 119.80 119,00 117,70 118.00 {120.70 119.34 118,46 117,14 117,32

4y



TABLE 3-4

ISOTHERM DATA FOR FORMIC ACID AND

MONTMORILLONITE

(y) (C) (y/m)
Sample Clay Acid sorbed in Acid Remaining Acid Sorbed in meq/1
# Conc. (mg/1) meq/1l In Solution In Over Clay Conc. in
‘ meq/1 mg/l
Elapsed Time
In Hours 24 36 72 24 36 72 24 36 72
1 1220 0.70 0.72 0.68 | 1.82 1.80 1. 84 0.574 0.591 0. 557
2 1220 0.80 0. 85 0. 80 4,70 4,65 4.70 0.656 0.696 0. 656
3 1220 0. 44 0. 57 0.68 10. 06 9.93 9. 82 0.361 0,466 0. 557
4 1220 1.84 2,07 2.08 17.16 16.93 16,92 1.510 1,700 1.710
5 1220 1.94 2.17 1,98 33.66 33.43 33. 62 1.590 1.780 1. 620
6 1220 2.24 3.56 3.38 | 118.46 117,14 117, 32 1.840 2,920 2,770

ee
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C. Montmorillonite and Butyric Acid

This experiment was conducted at ambient temperature, 26°C., in
a closed system. The concentration of the butyric acid was varied from
2,76 meq/l to 109, 9 meq/1 with the concentration of montmorillonite
held to a constant 1220 mg/1. The experimental results were corrected
for clay acidity from the montmorillonite clay acidity control curve in
Figure 3-1. Experimental results, both corrected and uncorrected for
clay acidity, are tabulated in Table 3-5. Isotherm data prepared from

the corrected experimental results is tabulated in Table 3-6.

D. Montmorillonite and Phenol

This experiment was conducted at ambient temperature, 26° C.. .
in a closed turbulent system. Concentration of the phenol was varied
from 0. 5ppm to 4. Oppm with the concentration of montmorillonite held
to a constant 318 mg/l. The experimental results were obtained from
analyzing the samples from time to time using a modified 4-aminoant-
ipyrine colormetric method. Control experiments were used to minimize
any day to day variations in the colorimeter, The experimental results
were obtained in the form of percent transmission data, being converted
to ppm phenol data through use of the colormetric calibration curve in
Figure 3-2, The results were further converted to meq/l of phenol.

The experimental results are tabulated in Table 3-7.

E. 1Illite and Acetic Acid

This experiment was conducted at ambient temperature, 26°C., in
a closed turbulent system, with the concentration of illite held to a con-
stant 1110 mg/1 and the concentration of acetic acid varied between the

limits of 3. 13 meq/l to 20. 0 meq/l. The experimental results were



TABLE 3-5

CORRECTED AND UNCORRECTED EXPERIMENTAL SORPTION DATA
FOR BUTYRIC ACID AND MONTMORILLONITE

Sample

Clay Experimental Data Experimental Data
# Conc.: Uncorrected for Clay Corrected for Clay
(mg/1) Acidity Acidity
Elapsed Time = | ---=---r--------------o-ooooooooo- MEQ/Li========---m=m o m oo e oo
In Hours Initial 3 19 60 Initial 3 19 60
1. 1220 2,76 2,54 2.44 2.34 2. 36 2,09 1.92 1.69
2 1220 5. 36 5.16 5. 02 4,95 4, 96 4.71 4.50 4, 30
3 1220 10,00 9.85 9.74 9.69 9. 60 9.40 9,22 9. 04
4 1220 17.80 17.60 17. 60 17, 40 17, 40 17.15 17.08 16,75
5 1220 33.20 32. 40 32.20 31.80 32,80 31.95 31.68 31.15
6 1220 I 67.50 67.30 66.60 66,40 67.10 66.85 66. 08 65,85
7 1220 109.90 109. 30 109. 30 109. 10 109. 50 108. 85 108.78 108. 45

e



TABLE 3-6

ISOTHERM DATA FOR BUTYRIC ACID

AND MONTMORILLONITE

Sample Clay | (y) (C) (y/m) x 10°
# Conc. (mg/1) Acid Sorbed Acid Remaining Acid sorbed Over Clay
in meq/1. in Solution in Cone. (inimg/1) in
meq/l. - mg/meq.
Elapsed Time
In Hours { 19 60 19 60 19 60
1
1 1220 0. 44 0.67 1,92 1, 69 0. 360 0. 550
2 1220 0. 46 0. 66 4.50 4. 30 | 0.377 0.541
3 1220 0. 38 0.56 9,22 9. 04 0. 312 0. 459
4 1220 ' 0. 32 0.65 17.08 16.75 0.262 0.533
| _ ‘
5 1220 1. 12 1.65 31.68 31,15 0.919 1, 352
6 1220 | 1,02 1.25 66. 08 65. 85 { 0.836 1.025
1 12290 0.72 1. 05 108. 78 108. 45 1 0.590 0.861

9¢
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TABLE 3-7

EXPERIMENTAL SORPTION DATA AND ISOTHERM DATA FOR PHENOL

AND MONTMORILLINITE

Sample Clay Percent Phenol Phenol Conc, Isotherm Data
# (gg'}ﬁl) Transimission Conc, in mg/il in meq/l x 103 - €y Gr/m)
— all x 107
Elapsed Time in Phenol Sorbed, in Soln.
Hours Initial 135 Initial 135 Initial 135 at 135 hours
Contrel 318 59.2 60. 0 1.68 1,62 .- -- -= -- -=
1 318 74,3 95, 4 0.50 0,03 5.41 0. 32 5. 09 0. 32 0.016
2 318 66.2 92,8 1. 00 0. 05 10. 62 0. 54 10. 08 0. 54 0. 034
3 318 56.7 75.5 2.00 0. 42 21,24 4, 46 16.78 4,46 0.053
4 318 36.8 55.5 4, 00 2. 08 42,48 22, 10 20. 38 22,10 0. 064
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corrected for clay acidity due to illite through the use of illite clay
acidity controls. The controls were evaluated by measuring the change
in alkalinity or acidity produced by adding the clay to a well mixed
solution of distilled water. These controls were analyzed with respect
to time and clay concentration. The experimental results of the illite
clay controls are shown in Table 3-8. Values for illite clay acidity in
meq/l, from Table 3-8, were plotted against corresponding illite con-
centrations in mg/1 to produce the curves for clay acidity vrs. clay
concentration in Figure 3-3. A straight line of best fit was plotted
through the data corresponding to initial, 24 and 44 hours elapsed time
using a staticial method of least squares, see Appendix A. A curve of
best fit was drawn through the points corresponding to 69 hours elapsed
time. The curves in Figure 3-4 were derived from the curves in
Figure 3-3 by plotting clay acidity against elapsed time for particular
clay concentrations. The experimental sorption data was corrected for
clay acidity by substracting from the experimental acidity corresponding
to the same concentration and elapsed time, The experimental sorption
data, corrected and uncorrected for clay acidity, is tabulated, along
with the respective elapsed time, in Table 3-9., Isotherm data was
prepared from the corrected experimental results in Table 3-9 and is

tabulated in Table 3-10.

F. Comparison of Isotherms

The Freundlich isotherms in Figure 3-5, show that sorption of
organic acids by montmorillonite is variable as to acid type. The degree
of sorption of acetic acid at higher concentrations, greater than 7 meq/l
of acid remaining in solution, by montmorillonite was greater than by

illite. Acetic acid, in the higher concentrations, was sorbed to a
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TABLE 3-8

ILLITE CLAY CONTROL DATA

Elapsed Time Initial 24 Hrs 44 Hrs 69 Hrs
Sample  Clay Conc. Acidity in meq/1
# (mg/1.)
1 85 - 0.24 0.17 0.48
2 280 0. 17 0.23 0.15 1.29
3 1390 0. 54 0. 17 0,15 2,00
4 6950 1. 03 0. 39 0.47 2,30
5 - 11,100 2,19 1,35 ——- 2,35
6 20, 800 2,92 1,89 1,29 2,37
7 27,800 5.54 2.66 2.24 2,28
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TABLE 3-9

CORRECTED AND UNCORRECTED EXPERIMENTAL SORPTION DATA FOR

ILLITE AND ACETIC ACID

Sample Clay - Experimental Data
# Conc. Acidity in meq/1
(mg/1)
Uncorrected ' Corrected

* Elapsed Time
in Hours Initial 6 24 48 Initial 6 24 48
1 1110 3.13 2.90 2.67 2. 56 2,78 2.58 2.34 2.36
2 1110 4, 64 4,26 4,10 3. 87 4,29 3.94 3.87 3. 67
3 1110 10. 10 9.80 9.70 9.30 9.65 9.48 9. 47 9.10
4 1110 14. 40 14,20 13.80 13.50 14, 05 13.88 13.57 13. 30
5 1110 20. 00 19. 80 19.60 18. 90 19. 65 19, 48 19, 37 18,70

ey
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TABLE 3-10

ISOTHERM DATA FOR ACETIC ACID AND
ILLITE AT 48 HRS,

Sample Clay (y) (C) (y/m x 10 )
# Conec. {mg/1) Acid Sorbed Acid in soln, Acid sorbed/clay
in meq/1l in meq/l  Conc. (mg/1) in
mg/meq.
1 1110 0. 42 2,36 0,378
2 1110 0.62 3. 87 0.558
3 1110 0.45 9.10 0,405
4 1110 0.75 13. 30 0.675

5 1110 0.95 18.70 0.855
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greater extent by montmorillonite than were the other acids. In lower
concentrations, below 7 meq/l, illite sorbs acetic acid to a greater
extent than does montmorillonite. The extent of acetic acid sorption by
montmorillonite was less than that for the other acids studied below a
concentration of 1.7 meq/l of acid remaining in solution.

The coefficients for the isotherm equations, obtained from the
isotherms in Figure 3-5, are tabulated in Table 3-11. These co-
efficients are for the general form of the Freundlich isotherm, see
section 1-5. Considering the n values from Table 3-11, which are
indicative of the efficiency of a sorbent as stated in section 1-5, it can
be seen that the order of effectiveness of the sorbents studied with res-
pect to the acids is, mont-acetic, mont-formic, illite-acetic, mont-
butyric, mont-phenol, The relative displacement of the isotherms

occurs in this same order above an acid concentration of 13 meq/l,

3-2 Acetic Acid and Various Sorbents

The purpose of this set of experiments was to determine the varia-
tion in the percent sorption of acetic acid by illite, kaolinite, halloysite
and activated carbon with respect to variations in sorbent concentration.
Experiments were performed in a closed system at ambient temperature,
26° C., while holding the initial acetic acid concentration constant and
varying the sorbent concentration.

Experimental results are presented, in each subsection, as per-
cent sorption of acetic acid vs. sorbent concentration curves, at various
elapsed times. Discussion of these curves appears at the end of each
subsection. Experimental results were also presented, in subsection E.,
as percent sorption of acetic acid vs, C/A ratio, sorbent concentration

over initial acetic acid concentration, curves, (see Figure 3-10).



TABLE 3-11

FREUNDLICH ISOTHERM COEFFICIENTS

(Y/M = kC)
4
Elapsed kx 10
Time in Hrs.
Montmorillonite-Formic - 24 » 3.67
36 - 2.70
72 3.74
-Acetic 24 0.70
-Butyric 19 ' 2.50
60 4, 12
-Phenol 135 1,08

Illite = = = = = = - Acetic 48 2.70

. 356
. 551

.421
1.100

. 223

. 212
. 132

. 318
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Comparisons of the sorption capacities of illite, kaolinite, halloysite
and activated carbon for acetic acid were made from the above curves

and are discussed at 'the end of subsection E.

A. Acetic Acid and Illite

In this experiment the initial concentration of acetic acid was
held constant at 23. 12 meq/1, with the concentration of illite varied
from 2220 mg/1 to 55,500 mg/l. Experimental results were corrected
for illite clay acidity, illite and distilled water, from the curves in
Figure 3-4. Clay acidity correction data for the sample containing
illite in a concentration of 55, 500 mg/l, was obtained by a linear extra-
polation of the illite concentration vs. clay acidity curves in Figure 3-3,
The experimental sorption data, both corrected and uncorrected, for
acetic sorption by illite, at 24 and 48 hours elapsed time, is tabulated
in Table 3-12. From the corrected data in Table 3-12, values for the
present corption of acetic acid, at 24 and 48 hours elapsed time, were
developed, prepared and are tabulated, with respect to corresponding
illite concentrations, in Table 3-13. The present sorption data, from
Table 3-13, was plotted against corresponding illite concentrations to
yield, 24 and 48 hour, percent sorption vs. sorbent concentration curves,
shown in Figure 3-6.

The curv"es, in Figure 3-6, indicate that an illite concentration
greater than 20, 000 mg/1, begins to desorb acetic acid, after an elapsed
time of 24 hours. The reason for the desorption of acetic acid by illite
can be explained from an examination or the mechanisms by which the
illite clay controls, illite and distilled water, change in acidity with
respect to time, (see Figure 3-4). Illite, is composed of 7. 88 percent

"acid" water and no "basic" water. This fact indicates that the high
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TABLE 3-12

CORRECTED AND UNCORRECTED SORPTION
DATA FOR ACETIC ACID

AND ILLITE
(Clay Varied)

Sample Illite ¥

i Conc. Uncorrected Corrected
(mg/1) Data Data

Elapsed Time ACIDITY IN MEQ/ L., *%

in Hours Initial 24 hrs. 48 hrs. Initial 24 hrs. 48 hrs.
1 2220 23.12 23.42 22,29 28. 12 23. 12 22,09
2 5550 23,12 22, 84 22. 30 23. 12 22,24 21,80
3 11, 100 a8 12 22,76 22,18 23, 12 21,56 21.18
4 22,200 23,12 22.67 22.17 23,12 20. 57 20,57
5 55, 500 23. 12 23.92 23.14 23. 12 18, 92 19, 64

* Corrected for clay, illite and distilled water, acidity.

*% The initial acidity of the acetic acid was determined before
the addition of illite and, therefore, remain unchanged in the uncorrected

data.

initial acidity of the illite clay controls is due to the immediate disper-

sion, into solution, of "acid' water.

Once illite loses its 'acid" water,

it becomes basic with respect to the solution and acetic acid. During

this period, the rate of sorption of acetic acid by illite is at its maxi-

mum value due to the columbic forces of attraction between illite and

acetic acid. With passing time, there is a decrease in the acidity of

the illite clay controls, that is caused by an exchange reaction taking

place with respect to illite,

hydrogen ions in solution,

Illite slowly exchanges potassium for the

11)

With sufficient time, in a well mixed
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TABLE 3-13

PERCENT SORPTION OF ACETIC ACID BY ILLITE

Sample Illite  CJA (mg/meq) PERCENT SORPTION
# Conc.
(mg/1)
Elapsed Time in hours 24 | 48
1 2220 96 0. 00 4.75
2 5550 240 4. 00 6. 05
3 11, 100 } 480 7.25 8. 40
4 20, 200 960 11.70 11.70
5 55,500 2400 22.20 17.70

% The C/A Ratio is the concentration of the sorbent divided by
the concentration of acetic acid, initially in solution.

media, attrition betweé; illite particles increases their charge deficiency
and the illite clay cortrols once again become more acidic. This is
evident in the illite concentration vs. clay acidity curves in Figure 3-4,
between 40 and 50 hours. As the clay mineral, illite, becomes more
é.cidic, approaching the acidity of acetic acid, the relatively weak sofp- ’

(29)

tion forces of illite are overcome by the coulombic repulsion forces
and acetic acid is desorbed.

At clay concentrations below 20, 000 mg/1, illite continues to sorb
acetic acid, with the difference, in percentage sorption of acetic acid,
between the 24 and 48 hour curves of Figure 3-6, increasing with de-
creasing clay concentration. The above observation can be explained
from a consideration of the sorption driving force per unit area of

sorbent or, in other words, the sorption force concentration of the

acetic acid.
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As the clay concentration decreases, in a system containing a
fixed total amount of acid, the amount of acid, in solution, per unit area
of sorbent increases. Since the concentration of the sorbate is con-
sidered to be the sorption driving force, the sorption force per unit
area of sorbent, or sorption force concentration then increases with
decreasing clay concentration. It is therefore concluded, that as the
sorption force concentration increases the amount of sorbate sorbed
per unit area of sorbent also increases. This increased force concen-
tration for the lower concentrations of illite, overcomes the previously
mentioned coulombic repulsion forces and acetic acid continues to be
sorbed by illite, even after 48 hours, as indicated by the curves in
Figure 3-6,

In view of the above consideration, it was felt that multilayer sorp-
tion was occuring at the illite-acetic acid interface. A relative rela-
tion between illite concentration and depth of the sorbed acetic acid
layer can be obtained by dividing the illite concentration by the corre-
sponding, sorbed, acetic acid concentration. The relative values were
prepared, from data taken from Figure 3-6, and are tabulated, along
with corresponding illite concentrations and sorbed acetic acid concen-
trations, in Table 3-14, at 24 and 48 hours elapsed time.

From a consideration of Table 3-14, it can be seen that the thick-
ness ot the sorbed layer of acetic acid, generally decreases with
increasing clay concentration. This is to be expected, since the sorp-
tion driving force concentration decreases with increasing clay concen-
tration, thereby, causing the concentration of sorbate sorbed per unit

area or sorbent to decrease with increasing clay concentration.



53

TABLE 3-14

RELATIVE THICKNESS OF SORBED ACETIC
ACID LAYER ON ILLITE

I1lite Acid Sorbed in meq/1 Relative Layer
Conc. (mg/1) (Acetic Acid) o el 104
Elapsed Time 24 48 24 48

in Hours
2500 0,19 1,11 0.76 4,44

10, 000 11 1. 89 1,57 1.89

20, 000 2.59 2,59 1.30 1,30

50, 000 4,79 3.91 0.96 0.78

B. Acetic Acid and Kaolinite

This experiment was performed with the initial concentration of
acetic acid fixed at 4. 45 meq/l and the kaolinite concentration varied
from 75 mg/l to 2230 mg/1l. Pilot experiments, conducted to determine
the change in acidity of kaolinite in distilled water with time, showed
that the kaolinite produced no increased acidity or change in acidity with
time different from pure distilled water.

The experimental sorption data for kaolinite and acetic acid, at
24, 36, and 48 hours elapsed mixing time, are listed in Table 3-15. The
values listed in the above table were calculated using Equation 2-1.
Graphic presentation of the above data, Figure 3-7, was prepared by
plotting percent sorption against corresponding concentrations of kaoli-
nite to yield the curves, for 24, 36, and 48 hours elapsed time.

Generally, the percent sorption of acetic acid by kaolinite curves
indicate that above a clay concentration of 14, 500 mg/1 of kaolinite, after

48 hours elapsed time, sorption ceases. This relationship suggests a



TABLE 3-15

EXPERIMENTAL SORPTION AND PERCENT SORPTION
DATA FOR ACETIC ACID AND KAOLINITE

Sample Kaolinite Experimental : C/A Percent
# Conc. Data " {mg/meq) Sorption Data
{mg/1) (Acidity in meq/1)
Elapsed Time in Hrs, Initial 24 36 48 24 36 48

1 75 4,45 4.21 4, 36 3.66 17 5. 39 2.02 17,75
2 140 4,45 4,12 4,15 '3.54 31 7.42 6. 74 20,45
3 285 4.45 4,28 3.78 3.24 64 3.82 15. 06 22.20
4 565 4,45 - 4. 30 3.59 3.46 127 3. 37 19. 33 22.25
5 1125 4.45 4. 39 3.57 3.40 253 | 1. 35 19.78 23.60
6 2230 4,45 4, 17 3.80 3.42 501 6. 29 14.61 23.14

2



in 100's mg/1

Kaolinite Conc.

25 P T T R R R TR T
||||||||||||||||||||| T T T T ARAREN B
H

£24 hrs, .36 hrs, 8 hre, i
e
20 ¥
aus s 5
15 B i
. Initial Acetic | 4
Acid Concehtratio
i
10 H
i i
5 ; e
i NamssEEum
T i
0 HEEEEIEREEY
0 5 10 15 20 25

Percent Scorption

Fig., 3-7

Percentage Sorption vrs. Clay Concentration Curves at
24, 36, and 48 Hours for Kaolinite and Acetic Acid



o6

threshold sorbent concentration for the sorption force concentration,
sorbate concentration per unit area of sorbent. With an increasing sor-
bent concentration, the sorption force concentration decreases, in a
system in which the total concentration or sorbate remains constant, as
explained in the discussion of the results of experiment 3-2A. With
increasing concentration of kaolinite, a threshold value for the sorption
force concentration of acetic acid is reached, below this value the
sorption force concentration is not great enough to sustain additional
sorption.

In Section 1-4, it was stated, that when a sorbent was saturated
with sorbate, an additional amount of sorbate added to the system would
not initiate any further sorption. It can similary be considered, that a
sorbate becomes saturated with sorbent, when the addition of more
sorbent will initiate no further sorption. In view of the above considera-
tion, it can be said, that 4.45 meq/l of acetic acid beéomes saturated by
a kaolinite concentration of 14, 500 mg/1.

The shape of the 24‘and 36 hour percent sorption vs. kaolinite
concentration curves, shown in Figure 3-7, reflects the rate of acetic
acid sorption by kaolinite.' These curves s_how decreasing acid concen-
tration with increasing kaolinite concentration. An increasing clay con-
centration is associated with a decreasing sorption force concentration,
and it can, therefore, be considered, that the rate of sorptinn of acetic
acid by kaolinite is proportional to the sorption force concentration. As
indicated by the 48 hour curve, the higher kaolinite concentrations begin
to exceed the lower concentrations, in acetic acid sorption because the
lower concentrations of kaolinite, “due to their faster sorption rate, are

approaching an equilibrium with the acetic acid. The equilibrium value
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associated with the 48 hour curve can be approximated by a tangent to

this line.

C. Acetic Acid and Halloysite

In this experiment the clay concentration was varied from 555
mg/1to 11, 100 mg/1 of halloysite while the initial concentration of the
acetic acid was held to approximately 21 meq/l. Pilot experiments,
used to determine the acidity of halloysite in distilled water, showed that
halloysite like kaolinite does not produce measurable changes in acidity
with time.

The experimental sorption data for halloysite and acetic acid,
mixed for 24, and 48 hours are tabulated in Table 3~16. Values for
percent sorption of acetic acid by halloysite, at 24 and 48 hours elapsed
time, were prepared, from the experimental data shown in Table 3-16,
Data for the percent sorption of acetic acid by halloysite was plotted
against corresponding concentrations of halloysite to yield the curves,

for 24 and 48 hours elapsed time, shown in Figure 3-8.

TABLE 3-16

EXPERIMENTAL SORPTION AND PERCENT SORPTION
DATA FOR ACETIC ACID AND HALLOYSITE

Sample Halloysite Experimental C/A Percent

# Conc. Data (mg/meq) Sorption
(mg/1) (meq/1) Data

Elapsed Time in Hrs. Initial 24 48 24 48
1 555 21.9 19.6 19.1 25 10.5 12.8
2 1110 22.4 20.3 19.5 50 9.4 12.9
3 2220 20..4 19.6 17.2 109 3.9 15.6
4 5550 20.2 19.3 18.3 275 4,5 17.6
5 11, 100 20.4 19.9 16. 8 544 2.5 17.6
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Inspection of the clay concentration vs. percent sorption curves,
Figures 3-7 and 3-8, shows a similarity in the characteristics of acetic
acid sorption by kaolinite and halloysite. The general shape of the 24
hour, kaolinite and halloysite, curves are similiar. At 48 hours elapsed
time the higher concentrations of halloysite begin to exceed the lower
concentrations in acetic acid sorpti’.on, as was the case with kaolinite.
Acetic acid, in a concentration of approx. 21 meq/l, becomes saturated
with halloysite when the halloysite concentration exceeds 9000 mg/l, as
determined by the point of tangency to the 48 hour halloysite curve from
a vertical tangent.

The two clay minerals, halloysite and kaolinite, do not possess
the same sorption mechanisms in that halloysite may sorb materials
between its unit layers whereas kaolinite may not. They do, however,
possess the same sorption characteristics for acetic acid, suggesting
that sorption of acetic acid by halloysite is a surface phenoma because
this surface phenoma is the only way in which materials are sorbed by

kaolinite.

D. Acetic Acid and Activated Carbon

The concentration of the acetic acid, in this experiment was held
congtant at 19. 86 meq/1 while the activated carbon concentration was
varied from 55 mg/l to 11, 100 mg/l. Activated carbon shows no acidic
or basic hydrolysis in distilled water. .

The experimental sorption data for acetic acid and activated car-
bon, at 6 and 24 hours elapsed time, is tabulated in Table 3-17. Per-
centage sorption values for acetic acid, at 6 and 24 hours, were pre-
pared from the experimental data and are tabulated in Table 3-17. Per-

cent sorption data was plotted against corresponding concentrations of
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activated carbon to yield the curves, for 6 and 24 hours elapsed time, in

Figure 3-9,

TABLE 3-17

EXPERIMENTAL SORPTION AND PERCENT SORPTION
DATA FOR ACETIC ACID AND ACTIVATED CARBON

e ——
— — -

Sample Act. Carbon Experimental C/A Percent
# Conc. (mg/1) Data (mg/meq) Sorption
(Acidity in meq/1) Data
Elapsed Time in Hours Initial 6 24 6 24
1 55 19, 86 19.75 19, 31 3 0. 56 2,77
2 220 19, 86 19.563 18,10 11 1, 66 3.83
3 1110 19, 86 18.66 18, 34 56 6. 05 7.65
B 5550 19,86 16.06 15,30 | 280 | 19.15 22,96
5 11, 100 19, 86 11,72 11.50 | 559 | 41.00 42,09

The percent sorption of acetic acid vs. activated carbon concentra-
tion curves, in Figure 3-9, show that the sorption of aceticracid by
activated carbon is directly proportional to the carbon concentration.
Activated carbon sorbs most of the acetic acid - during the . first 6
hours, as indicated by the small variation between the 6 and 24 hour
curves in Figure 3-9. Sorption of acetic acid by activated carbon, as
indicated by the curves in Figure 3-9, does not involve a threshold value
of the sorption force concentration. There is no indication that acetic

acid becomes saturated by the carbon,
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E. Comparison of Acetic Acid Sorbtion by Various Sorbents

Comparison of the rate and amounts of acetic acid sorbed by
various sorbents provides a relative index of sorption efficiency and
direct consideration of sorption reactions. The results used for the
above comparison were taken from the percent sorption data, in Tables
3-13, 15, 16, 17, using the 48 hour data for the clay minerals and 24
hour data for activated carbon. These results were plotted against their
corresponding C/A radio, sorbent concentration over initial concentra-
tion of acetic acid, to yield the curves in figure 3-10.

A comparison between the sorption capacities of illite, kaolinite,
halloysite and activated carbon for acetic acid is shown in Figure 3-10.
Inspection of Fig. 3-10 shows the variation in acetic acid sorption by the
clay minerals kaolinite, halloysite, iliite. Kaolinites and halloysite-
acetic acid sorption capacities are, respectively, 3 to 4 and 2 to 3 times
greater than that of illite. With an increasing C/A ratio, the acetic acid
sorption capacities of illite and halloysite approach that of kaolinite.

This is due to the acetic acid becoming saturated in kaolinite at lower

C/A values than for either illite or halloysite, as shown by the flatening
out of the kaolinite curve at lower C/A values. The curves for the clay
minerals are similar in shape, with the rate of percentage sorption with
respect to C/A being initially high, thereafter decreasing with an increas-
ing C/A. In the case of kaolinite and halloysite, the curves reach a maxi-
mum percentage sorption value, thereafter, decreasing in percentage
sorption with an increasing C/A ratio. A consideration of the maximums
for the kaolinite and halloysite curves, indicates that, acetic acid becomes
saturated with kaolinite at a C/A value of approximately 325, with halloy-

site, 425, With illite there is no indication of acetic acid becoming
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saturated for C/A values from zero to 2400, as shown by the data in
Table 3-13.

Above a C/A ratio of 282, activated carbon exhibits a greater
sorption capacity for acetic acid than does illite, kaolinite or halloysite,
as indicated by the curves in Figure 3-10. Sorption of acetic acid by
activated carbon is directly proportional to the carbons concentration or
C/A ratio, Below a C/A ratio of 282, activated carbons sorption capa-
city is less than kaolinites, below 200, it is less than halloysites, it is,

however, never less than the acetic acid sorption capacity of illite.

3-3 Comparison Experiments

Comparison experiments were used to explore the effects on sorp-
tion by varying temperature, sorbates and sorbents. The sorbents
studied were the alaphatic carboxylic acids, formic, acetic, proponic,
butyric, iso-butyric and valeric, in an initial concentration of approxi-
mately 3,5 meq/l. Clay minerals, montmorillonite and kaolinite were
studied, in conjunction with the above acids, in a concentration of 1110
mg/l. All experiments used an open container mixing vessel and six
place stirrer. An evaluation of temperature effects on sorption was
obtained from the experimental results of similar experiments performed
at temperatures of 12, 22 and 33° C. Temperature of the solution was
controlled by a constant temperature water bath.

Control experiments were conducted to correct the experiments
for changes in acidity due to clay acidity and acid volitization. Experi-
ments, involving montmorillonite as the sorbent, were corrected for
clay, montmorillonite and distilled water, acidity from the data in Table
3-1. The clay acidity correction values, from Table 3-1, were multiplied

by 1110/1220 to adjust them for a montmorillonite concentration of



65

1110 mg/l, as the data in Table 3-1 was for montmorillonite in a concen-

tration of 1220 mg/l. The clay mineral kaolinite showed no initial acidity

and remained neutral with respect to time. Controls for the organic acids

studied exhibited a change in acidity with respect to time and the experi-
mental results from these controls, for temperatures of 12, 22, and 33°
C., are tabulated in Table 3-18, Values for the percentage depelition in
the acid controls, at various times, were prepared from the data in

Table 3-18 and are tabulated, with respect to elapsed time, in Table

3-19,
TABLE 3-18
CARBOXYLIC ACID CONTROL DATA
Acid Acidity in meq/1
Temperature 12°C. 3917, 22°C.
Elapsed Time Initial 24 48  Initial 24 Initial 24 48 144
In Hours
Formic 2,60 2.15 2,03 | 2.15 1,93 0% 1,91 1.89° 1,32
Acetic 2,72 2,46 2,35 | 1.95 1,75 2.96 2,86 2,75 2,30
Proponic 2,19 1,91 1,79 | 1.93 1,72 3.13 2.55 2.42 2.29
Butyric 2,29 2.21 2,11 }.1.92 L Bi 2.68 2,53 2,42 2,05
Iso-Butyric 2,45 2.19 2,06 | 1,80 1,82 2.64 2,38 2.23 1.83
Valeric 2.29 2,17 2,14 | 1,93 1.97 2.49 3,32 3.13 2,80
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TABLE 3-19

PERCENTAGE DEPLETION OF ACID
IN THE ACID CONTROLS

Acid Percent Depletion of Acid
Temperature 182 C, 22°C, 330 C.
Elapsed Time
In Hours 24 48 24 48 144 24

Formic 14,0 18.8 24.8 27,2 48.0 10.2
Acetic 9.6 13.6 3.4 Tel 22.3 10. 3
Propionic 12. 8 18. 3 18.5 22.7 26.8 10.9
Butyric 3.5 7.9 5.6 9.7 - 238 5.7
Iso-butyric 10,6 15.9 9.8 15,5 30.7 L O 1|
Valeric 5.2 6.6 4,9 10,3 19.8 - 2.1

The experimental results, for experiments using montmorillonite
as the sorbent, were directly corrected for clay acidity by subtracting
the clay acidity, montmorillonite adjusted to 1110 mg/1l, from the experi-
mental results of the corresponding elapsed time, Experimental results
uncorrected for clay acidity were tabulated in Table 3-20 along with the
corresponding elapsed time. Corrected experimental results are tabu-
lated in Table 3-21. The corrected experimental results, from Table
3-20, were further corrected for acid loss through volatilization. This
correction was made by using the acid control data in Table 3-19,
through use of the method for acid control correction stated in Section
2-3, methods of analysis. A sample calculation of the above correc-
tion for acid volitization appears in Appendix C, The results, in the

form of percent sorption of acid, are listed along with their corresponding



TABLE 3-20

UNCORRECTED SORPTION DATA FOR THE CARBOXYLIC ACIDS
AND THE CLAY MINERALS KAOLINITE
AND MONTMORILLONITE

SORBENT KAOLINITE MONTMORILLONITE
Temperature 22°C. 220 CL 12°C, 330,
Elapsed Time Initial 48 144 Initial 24 48 144 Initial 24 48 Initial 6 24
SORBATE corrected as is ACIDITY IN MEQ/L.

(no clay acidity)
FORMIC 3,37 1.85 1.25 3.50 2.64 ext(exp 3-1B) | 4.24 3.59 3.55 3.80 3.52 2,80
ACETIC 4,45 3.40 3. 15i 3.78 3.04 2.78 2.30 4.85 4.49 4.34 3.49 3.29 2,92
PROPIONIC 3.22 2.68 2.00 3.06 2,76 2.54 1,92 3.76 3.82 3.63 3.39 3.25 2,52
BUTYRIC 2.99 2,34 1,68 corrected data in 1:.':1ble2 4.35 4,10 4.10 3.56 3.14 2.58
ISO-BUTYRIC 3.31 2.34 1.68 2,92 2.?2?212. 36 1.91 4,31 3.90 3.87 3.58 2.88 2.80
VALERIC 3.57 3.12 2.52 3.29 3.00 2.66 2,37 4,27 3.78 3.61 3.88 3.19 2,92

* estimated.
1 -data at the corresponding clay concentration taken from Table 3-15,

2 -data taken from a curve prepared from the corrected data at the
corresponding clay concentration in Table 3-5.
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TABLE 3-21

SORPTION DATA CORRECTED FOR CLAY ACIDITY FOR THE CARBOXYLIC
ACIDS AND MONTMORILLONITE

VALERIC

Temperature 12°C. 22° C, 33°C.

Elapsed Time Initial 24 48 Initial 24 48 144 Initial 6 24

VSORBATE ACIDITY IN MEQ/L.

FORMIC 3.88 3.10 2.99 | 3. 14 2.15 2.15 2,00 3.44 3. 10 2,23

ACETIC 4.49 4,00 3.78 3. 42 2.55 2,22 1.45 3.13 2,87 2,35

PROPIONIC 3.40 3.11 3. 07 | 2,70 2,27 1.98 1,07 3. 03 2,83 1. 95

BUTYRIC | 3.99 3.61 3.54 | 2, 36 1. 88 1,72 1.45 | 3. 20 2,72 2,01

'ISO.—BUTYRIC 3.95  3.41 3.31 2.56 2.13 1.80 1,06 | 3.22 2.,-46‘ 2.23
7 3.91 3..29 3.05 2.93 2,51 2,10 1. 52 3.52 2,77 ‘2,.35
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temperature and elapsed time, in Table 3-22, This percent sorption

data for the carboxylic acids with respect to kaolinite and montmorillonite
was plotted against the number of carbon atoms in the corresponding acid
to yield, 1) the family of curves, percent sorption vs. number of carbon
atoms, for different elapsed times, of kaolinite and montmorillonite at
22°C., Figure 3-11, 2) the family of curves, percent sorption vs,
number of carbon atoms, of montmorillonite at the temperatures 12, 22
and 33°C, at 24 hours elapsed time, Figure 3-12.

Generally, the curves for the percent sorption vs, number of car-
bon atoms in the sorbates molecule, figure 3-11, show that the shape of
the kaolinite 48 hour curve is similar to the 144 hour curve; whereas,
for montmorillonite these respective curves are disimilar in shape.

This similarity and disimilarity between the curves of kaolinite and
montmorillonite suggest differences in the sorption mechanisms of the
two clay minerals. An examination of the curves, in Figure 3-11, shows
that the clay mineral montmorillonite desorbes formic and acetic acid
after an elapsed time of 48 hours. Montmorillonite, however, continued
to sorb, after 48 hours had elapsed. Since propionic and iso-butyric
acid have the same maximum molecular dimension, 6. 75 3, the rela-
tively large increase in their sorption by montmorillonite may be due

to a geometric tunnel effect. This tunnel effect can be considered to

be the inter-layer sorption of a molecule or ion of just the right size to
react with regularly spaced unsatisfied lattice bonds on the inter-layer
surface, see Section 2-4, This method of sorption is slow, as indicated
by the sorption lag of propionic and iso-butyric acid, shown in Figure
3-11. One explanation of this slow reaction rate is the acid molecules

must orient themselves in an exact direction prior to the sorption



TABLE 3-22

PERCENT SORPTION OF CARBOXYLIC ACIDS BY KAOLINITE
AND MONTMORILLONITE '

SORBENT KAOLINITE MONTMORILLONITE

Temperature 22° C, 12°C, T 22°C, 33°C.
Elapsed Time 48 144 24 | 48 24 48 144 24
SORBATE PERCENT SORPTION

FORMIC 30. 3 45‘..1 ] 9.0 ‘8. 5 , 14. 6 13.1 5.7 28.5
ACETIC | 18.2 13.5 - 2.4 4.5 7 | 22.8 30. 4 26.9 17. 3
PROPIONIC ~2.2 211 | -32 -8 | 0.4  10.0  49.6 28.7
BUTYRIC 14,0 31.4 6.3 . 4.3 15, 7 ©19.9 24,2 33.8
ISO-BUTYRIC 18.4 33.5 4.6 2.8 8.6 18.8 | 45,7 31,7
VALERIC 5.6 15,4 | 1L5 6.9 | 102 20,8  37.9 34,7
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reaction., An extension of this explanation indicated that orientation

must preceed sorption, hence it is the time limiting reaction. In addition,
the orientation process is probably a random selection mechanism,
Inspection of Figure 3-11 suggests that formic and acetic acid are

sorbed on the surface of the montmorillonite clay particles and are
therefore subject to desorption as the clay mineral montmorillonite be-
comes more acidic. (See section 3-2A).

Sorption of the carboxylic acids by the clay mineral kaolinite occurs
only at the acid-kaolinite interface. This explains the similarity in the
shape of kaolinites 48 and 144 hour curves, from Figure 3-11, in that
all the acids are sorbed on the surface of kaolinite at generally the
same rate, since the forces of sorption are the same. Montmorillonite,
however, may sorb the carboxylic acids on its surface as well as between
its unit layers, with the inter-layer sorption rate being slower than the
surface sorption rate. Considering that acetic acid exists as a double
molecule to a greater extent than do the other carboxylic acids, see
section 2-2, it can generally be said that kaolinites sorption capacity is
greater for the smaller and geometrically more compact acids. This
can be explained from a consideration of the fact that the smaller the
alaphatic carboxylic acid the greater is its dipole moment or the more
polar is the molecule. It was stated in section 2-1 that polar molecules
may be sorbed by the clay mineral due to the lack of symmetry of electron
distribution within the molecule. This would allow the molecule to be
sorbed from either end depending on the nature and charge of the sorbing
surface.

An examination of the, 12°C., 22°C., and 33°C., curves, percent
sorption vs., number of carbon atoms, from Figure 3-12, generally

shows that an increase in temperature is associated with an increase in
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the sorption rate of the carboxylic acids by the clay mineral montmorillo-
nite. This can be explained from a consideration of the increased energy,
due to a rise in temperature, within the aqueous clay-acid system.

The chemical potential or gibbs free energy per mole of material
for a material is increased by a increase in temperature, as shown by
an examination of equation 1-11.

The chemical potential of the solute, carboxylic acid in the system under
study, was considered to be the sorption driving force in the deriviation
of the gibbs equation, see section 1-4. An increase in the chemical
potential of the carboxylic acids should therefore increase the degree to
which they are sorbed. Again from an inspection of the curves in Figure
3-12, it is obvious that only the carboxylic acids, formic and butyric,
indicate sorption due to an increase in their chemical potentials. In
addition these are the only acids that exhibit a somewhat linear increase
in sorption with increasing temperature as would be the case if only the
chemical potential of the sorbate had an effect on sorption. The non-
linear sorption characteristics of the other carboxylic acids indicates
that there is another temperature dependent mechanism through which
sorption increases with increasing temperature.

The displacement of the sorbed water between the unit layers of
the clay mineral montmorillonite by organic molecules is a sorption
mechanism that is dependent upon temperature. An increase in tempera-
ture will decrease the viscosity of the sorbed water layer existing between
montmorillonites unit layers. With increasing temperature it is, there-
fore, concluded that the acid molecules can more easily replace the less

viscous central region of sorbed water molecules, existing between the
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unit layers of montmorillonite, as their viscdsity is decreased. Increased
temperature not only increases the rate of’sorp‘tion, but also increases
montmorillonites sorption capacity, as indicated by an inspection of the

48 hour elapsed time columns for 12°C. and 22°C, in Table 322,



CHAPTER IV
SUMMARY AND CONCLUSIONS

4-1 Summary

An experimental evaluation of the sorption 6£ one class of organics,
the organic acids, by pure clay minerals is presénted in this study. The
experiments were limited to a simple bivarent system, one sorbate and
one sorbent in a well-mixed aqueous system.

. Several of the shorter chain carboxylic acids alpng with the enol,
phenol_, were studied due to their being contaminates in raw water sup-
plies. Sorbents selected for the study were the pure clay minerals mont-
morillonite, illite, kaolinite and halloysite along with activated carbon,
used as & comparison.,

Results are presented graphically as Freundlich isotherms, per-
éent sorption vs. clay concentration curves and percent sorption vs.
number of carbon atoms in the sorbates mqleculé curves, Freundlich
isotherms were obtained by conducting experimenfs in which the sorbate
concentration was varied while the sorbent concentration remained fixed.
Percent sorption vs. clay concentration curves were deVeloped from
experimén’cs in which the sorbents concentration was varied while the
initial concentr-ation of sorbate remained fixed. Perqent sorption vs,
number of carbon atoms curves were obtained from experiments idehti¥
cal except for variations, one at a time, in temperature, sorbent and

sorbate. Control experiments were used to correct for clay acidity
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and loss of acid by volatilization.

4-2 Conclusions

Clay minerals have the ability to sorb organic acids in an aqueous
system. The organic acids are selectively sorbed, the degree of which
is governed by the magnitudes of the intensive and extensive properties
of the system. The intensive properties studied in this thesis were type
of sorbate and sorbent and temperature. Extensive properties studied
were the concentrations of the sorbate and sorbent,

Montmorillonite was generally the most efficient sorbent followed
by kaolinite, halloysite and illite in that order, The sorption of organic
acids by montmorillonite was greatest for propionic acid, with extended
contact time, being followed by iso-butyric, valeric, acetic, butyric,
formic acid and the enol, phenol. With kaolinite, formic acid was sorbed
to the largest degree followed by iso-butyric, butyric, propionic, valeric
and acetic acid. This sequence of relative sorption by kaolinite generally
remained valid for both 48 and 144 hours elapsed time. The sorption
sequence for montmorillonite was, however, not the same at 48 and 144
hours elapsed time, This difference was explained on the basis of a so-
called tunnel effect in which an acid has to hit the clay particle at just
the right attitude to be sorbed. Since an acid molecule has no mobility
of its own and therefore cannot align itself, the rate of sorption is then
dependent upon the frequency with which an acid molecule having the
proper alignment passes a sorption site. The acid molecule if in proper
alignment will be sorbed at that site. This tunnel effect is believed to
occur between the unit layers of a clay particle due to the fact that it is
evident only with montmorillonite, which may sorb between its unit layers,

and not with kaolinite, which may sorb only at its surface. This method
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of sorption is slower than simple surface sorption as the frequency of
molecules striking the surface of a clay particle is much greater than for
the molecules passing between the clays unit layers,

The degree of sorption of a sorbate by a sorbent is dependent upon
the concentration ratio between the sorbent and sorbate. It has been shown
by percent sorption vs. clay over acid ratio data that when the C/A ratio
increases, past a certain value, the percentage sorption remains con-
stant. In the region of maximum percent sorption the acid or sorbate
becomes saturated with sorbent and no further sorption will take place
with an increased sorbent concentration. This leveling off of the per-
cent sorption by increasing the clay concentration was explained on the
basis of the sorption force concentration, sorbate concentration per unit
area of surface offered by the sorbent, decreasing with increasing sor=
bent concentration, the total acid concentration in the system remaining
fixed,

Temperature has a positive effect on sorption. This was shown by
the experimental results and explained from a consideration of the
increased system energy and the reduced viscogity of the sorbed inter-
layer water, both associated with an increased temperature. It cannot
be explained on the basis of the system energy being refered to kinetic
energy for the molecules of the sorbate because this would tend to de-
crease sorption, based on a consideration of sorption at a gas-solid
interface, This increased system energy is, however, refered to an
increase in the chemical potential of the sorbate, which decreases as
the system tends toward equilibriumby driving the sorbate molecules
toward a region of lower energy, that of an interface, see section 1-4,
A decrease in the viscosity of the interlayer sorbed water would make

it easier for the water molecules to be displaced by an organic material
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of a higher sorption affinity.

Isotherms provide a method for presenting information which can
then be transformed into a standard form equation. Isotherm equations
were developed for the sorption of the carboxylic acids, formiec, acetic,
butyric and the enol, phenol, by montmorillonite and the sorption of
acetic acid by illite, The Freundlich isotherm coefficients for the above
sorbents and sorbates are listed in Table 3-11. The experimental data,
for the isotherms, offered a good fit in the higher sorbate concentrations,
above 50 meq/l. There was, however, a great deal of variation in the
lower sorbate concentrations. Since the Freundlich isotherm is usually
considered to be valid only for simple surface sorption, the variation
in fit also indicates complex sorption reactions occuring in the lower
sorbate concentrations. Plots of the isotherms when compared with each
other offer a comparison between the degree and efficiency of sorption
for the various sorbates and sorbents studied. From this comparison it
was seen, that the sorption effectiveness, as indicated by the amount of
sorption incurred by addition of an incremental amount of sorbate, for
montmorillonite and acetic > montmorillonite and formic > illite and

acetic > montmorillonite and butyric > montmorillonite and phenol.

4-3 Extension

The study of clay minerals role in the partitioning of organics in
a natural water supply is a broad area of study, one in which much work
remains to be done, This thesis is naive in its consideration of aqueous
clay sorption in a natural environment. It does, however, offer a method
through which further investigation may be conducted.

An immediate extension of this study would be the investigation of

in situ clay sorption. This might be accomplished through an evaluation
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of the.partitioning by the clay minerals of one particular class of organics -
which are polutants in a stream. This could be performed by measuring
the concentration of the organics sorbed on the clays and in solution up-
stream from the organics source, then measuring the concentrations of
the organics, at predetermined stations, sorbed and in solution. On
conclusion of such an investigation a study of the in situ stability and

biological avaliability of the sorbed materials should be initiated.
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APPENDIX A
SAMPLE CALCULATION

Determination of a Iine of Best Fit by the

Method of Least Squares

Data from Table 3-1

Initial clay acidity Staticial Data
x(meq. ) | y(mg/1) Zx = 12,39
5. 54 27,800 Zy = 68,320
2,92 20,800 i 9 9
' Zy = 1,379x 10
2.19 11, 100 '
2 _
0.54 1390 Txy = 247,013.7
0, 17 280 N =6
y = Co + Cyx
C, = — g~ = 5347,4 |
c, - NZXBZ" - sz%’ = 344.28
NZx (Zx)

y = 344 + 5350x
This equation was used to plot the initial clay acidity line in
Figure 3-3. The other straight lines were determined by the above

procedure.
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APPENDIX B
STATICIAL ANALYSIS OF ISOTHERM DATA

To determine the straight line of best fit; !for a Freundlich
isotherm, on log-log paper, a modified method of legst squares was
used. This modification consisted of superimpeging cartisian coordinates :
over the log-log coordinates. The isptherm datg is ’plotted on the log-
log paper with respect to the log-log axies. The jsotherm values are
then given coordinates from the carti’gian system and used to determine
the line of best fit by the least squares method, Seé Appendix A, This
line of best fit is then plotted with respect to the g¢artisian coordinates
on the log-log paper. The cartisian coordinats are then removed and the
line becomes a Freundlich isotherm, A sample ¢alcﬂlation of this

method follows.

SAMPLE CALCULATION II
Determination of a Line of Best Fit by the Moadified

Method of Least Squares

The data for this sample calculation was taken from the 48 hour
isotherm data in Table 3-4, for acetic acid and the clay mineral mont-

morillonite.
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]jata from Table 3-4

x(c)
2. 36
3.67
9. 10
13. 30

18.70

y{y/m x ’103)

0.378
0.558
0.405
0.675

0. 855

Statical Data

»
U

<
|

b
<
n

is; y

239. 8
157. 3

187.5
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Data plotted on log-log paper
then conwverted to cartisian

coordinates,

x'(C)
2.8
4,2
7.2
8.4

9.6

y'y/m x 10°)
4,3
5.5
4.6
6,2
7.0

Using the equations from sgmple
calculation I for C0 and Cl’ the

values for Co and C1 are obtained.

<y

n

i

3. 48

0. 318

Then the equation for the line to be plotted in cartisian coordinates

= 3.48 + 0.318x. Values satisfying this equation are plotted

with respect to the cartisian grid that is superimposed over the log-log

paper. The cartesian grid is removed and the line becomes a

Freundlich isotherm.



APPENDIX C

Equation 2-2 was used to correct the experiments in Section 3=3
for acid loss due to volatilization. The sample calculation is for the
sorption of Formic acid by montmorillonite at 22° C after 24 hours contact

time, data from Table 3-21,

SAMPLE CALCULATION IIT

From Table 3-21 From Table 3~19
C, = 38.14 meq/l % Depletion = 24,8
C24 = 2,15 meq/1 @24 Depletion = ,248

From Egn. 2-2;

_ 3.14 - 2,15(1,248) _
esorb24 = E v = (.146

Montmorillonite sorbed 14. 6% of the formic acid at 22° C, in 24 hours.
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