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In the early 1940's, A.J.P. Martin and colleagues replaced the
silica gel of earlier chromatographic workers with a filter paper
supporting medium (9, p. 3). Since then, the field of paper chrom-
atography has enjoyed a steadily-increasing popularity in such
research areas as organic chemistry, biochemistry, plant physiology
and medical research.

Filter peper was first used as & supporting medium for electro-
phoretic work by Konig ian 1937 (9, p. 489), even prior to the advent
of paper chromatography, The "rediscovery” of paper electrophoresis,
however, was delayed until the early 1950's. By then, paper chrome
atography had become a fairly well-established techmigue. Soon after
the development of one-dimensional or strip electrophoresis pro-
cedures by several laboratories (9, p. 489-490), an essentially new
field of "electrochromatography” or "continuous electrophoresis” was
born from a union of the psper chromatographic and psper electro-
phoretic technigues. Several of the pioneers in this area (17, 22,
34, 36) continually supported its development. They believed that
the technique should allow the separation and identification of com-
ponents from mixtures which had been impossible to study adequately
through the use of paper chromatography or paper electrophoresis alone,

BElectrochromatographic teclmiques have been applied to the study
of various mixtures of organic and inorganic compounds. These same
technigues have apparently never previously been spplied to the study



of inorganic particles as large as the layer-silicate minerals,
although the charge-to-mass ratios of such mineral species as kaoline
ite and montmorillonite eppear sufficiently different to theoret-
ically allow their separation by electrochromatography. The process,
if epplicable to the study of layer-silicates, should provide an
excellent means for the purification of layer-silicate mixtures.

It should also allow classification of mineral mixtures into those
containing discrete mineral species and those containing a more or
less continuous electrochromatographic spectrum of minerals, The
technigque should prove useful in the study and characterization of
various artificial and natural complexes of layer-silicates with
organic material. The present study was concerned with a preliminary
evaluation of as wide a range of experimental conditions as possible
in the time available. It was hoped to determine the feasibility of
the electrochromatographic approach to layer-silicate studies and to
outline the most profitable avenues for future development and Fefinee
ment in this area.

The specific objectives of the study were:

1. To develop a suitable means for detecting minute gquantities
of layer-silicate minerals on the supporting medium (filter paper or
similer modified material ).

2, To find a suitable combination of electrochromatographic
conditions which would permit movement of the minerals on & supporting
medium.

3. To find a suitable combination of pH, buffer system, ionic
strength, voltage and supporting medium which would allov differential
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migration of different minerals and thereby permit separation of a

layer-silicate mixture into its individual mineral components.
k., To apply these conditions to a few simple mineral mixtures,
and to examine the type of patterns obtained from such studies.



Previous Work on the Electrophoretic Behavior of layer-Silicates

The electrophoretic behavior of layer-silicate minerals has been
studied by several workers. Baver (4) and Anderson (3) investigated
the electrophoretic mobility of layer-silicates as influenced by the
amount and type of exchangeable cations. Tal (37) attempted to pur-
ify layer-silicates by electrophoresis in conjunction with electro-
decantation. Reifenberg (30) examined the electrophoretic behavior
of kaolin suspensions, and then projected this work to the study of
soil colloids (31). Similar work was being done simultaneously by
Kovda (24). Urbain (38) used electrophoresis to separate what he
called the constituents of clays, although his work leaves one in
doubt as to what actually had been separated upon completion of his
study. Electrophoresis of layer-silicates wvas studied by Beavers
and Larson (6), as well as by Bergna (7). The latter used the
migration of minerals in a micro-electrophoresis cell as a clue to
charge density and mineral structure. Separations of layer-silicate
minerals by electrophoresis were also attempted by Beavers and
Marshall (5), who selectively coagulated one mineral while measuring
the mobility of snother. Such separations are briefly discussed by
Weiser (39, p. 241). Fridrikhsberg and Tsai (15) described macro-
scale separations of layer-silicates from other minerals which,
although not at the time economically feasible, were capable of
preparing up to two tons of clay per day.

The above work has been confined to solution electrophoresis,
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either in some type of Tiselius cell or in a modified cell employing
much the same principle. Employment of such technigues for the sep-
aration of individual minersls from complex layer-silicate mixtures
has always sppeared theoretically promising, but the limitations of
technique and the rether slight mobility differences between mineral
species has never allowed sufficiently-complete minersl separations
for preparative laboratory work. More than a little difficulty bhas
also ocowrred in meintaining any separation sufficiently long for
accurate sampling and complete separation of the components. The
electrochromatographic approach, if feasible, was felt to offer much
Mh_hmdw-umm;

General Electrochromatographic Principles

The principal objective of electrochromatography is to subject
the charged sample particle to simultaneous chromatogrsphic and
electrophoretic forces, with the forces preferably acting at right
angles to one another. The resultant effect is an angular movement
of each particle across the supporting medium. The chances are small
that two species in a given mixture will have exactly the same
electrochromatographic behavior. Thus, introduction of the sample
onto the supporting curtain and subsequent movement in response to
electrochromatographic forces should yield a separate migration path
for each of the different components of the mixture (Figure 1).

It is claimed that the superimposed electrophoretic and chromato-
graphic effects are often much greater than would be predicted from
the effect of each alone on & given particle (22, p. 1). In sddition,



6
with the electrochromatographic procedure the slower components are
not forced to move across a path previously saturated with the faster
components, as is the case in horizontal or strip electrophoresis.
Problems of component contamination, of differentially detecting the
various sample components, and of unpredictable interactions between
components should therefore be minimized through the use of such a

technigue.
Electrochromatography Apparatus

A few early workers attempted to use paper chromatography in
one direction, followed by paper electrophoreeis in another (8).
This procedure did not prove entirely satisfactory and obviously
did not actually yield electrochromatographic movement of the pare
ticles in the mixture, In the early 1950's, several workers
developed electrochromatographic apparatus, each worker attempting
to eliminate the apparent defects of existing apparatus. Continuous
electrophoresis apparatus were designed and utilized by Dicastro (12),
Durrum (14), Grassman (17), Karler (22), Sato (34), Strain (35) and
Svensson (36), as well as by others. A few of these units will be
briefly discussed in the following paragraphs.

One of the inherent difficulties of the apparatus developed by
Durrum (14%) was the non-uniformity of the imposed electrical field
(Figure 1). In this apparatus a filter paper sheet was suspended
from an electrolyte trough, with a tab dipping into an electrode
vessel on each side of the hanging sheet. The non-uniformity of the
field was obvious from the curved paths of the sample components
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(Figure 1); theoretically the paths should have been straight lines.
Another inherent difficulty was the rather poor temperature control
possible, due to the free-hanging nature of the sheet and to the
temperature differences which developed at high voltage gradients.

The apparatus of Dicastro and San Marco (12) also employed a
free-hanging paper curtain, but the curtain contained a number of
paired tabs along the sides which dipped into the electrode vessels
(Figure 2). This curtain design did give essentially linear flow of
particles down the paper. The increased contact between paper and
electrodes, however, presented considerably more possibility for
contamination of the fractionation area with electrode products.
The products, chiefly H and OH" ions in most agueous systems (22,
p. 55), frequently produced undesirable pR gradients across much of
the paper curtain.

The apparatus used in this series of experiments (Figure 3) wvas
that developed by Karler (22). Though it, too, had a slightly noa-
wniform electrical field on the fractionation area (Pigure 5), it
wvas commercially available, easily operated and supposedly bhad a
good temperature control system when used with a cooled fraction-
ation surface. Electrode reaction products were fairly effectively
(22, p. 55) eliminated from the fractionation surface by the over-
sige electrode vessels and by the use of electrode baffles (Figure 4).
This was not the hanging curtain type of apparatus as designed by
Durrum and by Dicastro, but was instead a "horizontal curtain" type
of apparatus (22, preface) in which there was still a chromatographic
component in the vertical direction. The curtain was supported on a



Pigure 3. The Karler-Misco Electrochromatography Apparatus
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pyramidal-plastic fractionation surface (Figure &) instead of hanging
vertically from the solvent vessels.

Use of Electrochromstography in layer-Silicate Mineral Stulies

Barlier work in chromatography, electrophoresis and electro-
chromatography was confined primerily to smaller particles such as
amino acids (8, 14, 17), dye components (14), peptides (23) and small
inorganic ions (1; 9, p. 410-442; 26; 34). In recent years technigues
have been extended to proteins and similar large particles (14; 22,
p. 79-83). Karler speculated on the use of electrochromatography for
the processing of large particles, viruses and eventually evea whole
cells (22, p. 87-89), but Block, Durrum and Zweigg (9, p. 529) and
other authors such as Grassman (16) felt that the procedure would
have either none or at best only limited spplicability for the larger
particles. Their skepticism was attributed to such factors as drying
of the paper at the high voltage gradients required and to the strong
adsorption of larger particles on the paper.

The observation of Svensson that the pores of the paper are
large emough to allow the passage of entire cells (36) only added
fuel to the fire of hope that electrochromatography could be developed
into a suitable technique for use by the soil chemist, clay mineral-
ogist and colloid chemist in their studies of layer-silicate minerals.
Thus, in spite of the admonition of Wunderly that :

"Migration in peper depends on . . . the properties of
the ion, the magnitude and sign of its net charge, its
colloidally dispersed . . . or molecularly dispersed
+ « « Dature, its spherical or threadlike form . . .
the electrolyte concentration, ionie strength, hydrogen



ion concentration, temperature, viscosity . . . current
density, field intensity . . . and ruf.u-rpn- texture"”
ltl, P m)

the research to find a suitable set of conditions for the electro-
chromatographic examination of layer-silicates was begum.
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MATERIALS

Characterization of Minerals

The layer-silicates used in this study, with the exception of
the vermiculite and bentonite samples, were obtained from Ward's
Hatural Science Establishment, Ine., Rochester, New York. Character-
ization data were taken from the American Petroleum Institute (A.P.I.)
report on reference clay minerals (2). The characterization data on
the minerals are as follows:

Montmorillonite 11. This mineral (from Santa Rita, New
Mexico) has the chemical formula

(Nay, oaCag, 787841 (A1) \aFen 05M8y 50)010(0H),.

The sample contains 3% non-clay impurities, primarily basic plagio-
clasé. The mineral has an exchange capacity of 96 me/100 g'.

Montmorillonite 24. This montmorillonite (from Otay, Califor-
nia) has the chemical formula

(Nag 0%, 13 /(2o 0 8L5 oo (AL, | 08, 51785 1370)0(08);

Of the 4% impurities, 1% is guartz, with 0.5 to 1% orthoclase and 1
to 2§ sericite. There are also traces of limonite and ferro-

magnesium minerals. The exchange capacity of the sample is 11l
me/100 g.

’Iuhnm capacity determinations made by Wallace J. Wipper,
Department of Soils, Oregon State University. Procedure involved
saturation of the exchange complex with sodium, followed by deter-
mination with a flame photometer of the sodium displaced by a
neutral ammonium acetate solution. (Exchange cespacity determinations
were made on less than 4O mesh material.)
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Kaglinite 5. The source of this mineral is the laMar Pit, near
Bath, South Carolina. The chemical formula of the kaolinite is

AleOSOI:I.Oa'EI.O.

It contains 4.8% impurities, primarily sericite, quarts and leucox-
ene, with traces of muscovite, orthoclase, limonite, ferromagnesium
minerals and carbonaceous material. The exchange capscity is 4
me/100 g.

Utah Bentonite. This mineral is from Box Elder county in
mma It is & montmorillonitic mineral, with a chemical
formula thus somewhat similar to those given for the montmorillonitiec
minerals above, Impurities were not determined, but bentonites
normally contain & high percentage of iron, with varying amounts of
feldspar, biotite, quartz, pyroxenes, zircon and other voleanie
minerals (2). The cation-exchange capacity of the mineral is 99
me/100 g. '

Vermiculite. This mineral was used as a packing material for
glassware received at this laboratory. The source is unknown. Its
mmmﬂW.mnﬁml&.TXPﬂw!—mMnh,
indicating perhaps a greater proportion of vermiculite in relation
to impurities than in many other vermiculite sources, The types
and amounts of impurities are unknown. The sample has a cation-

exchange capacity of 93 me/100 g.

20btained by Dr. M. B. Harvard from Dr. H. B. Peterson, Head,
Department of Agronomy, Utah State University, Logan.
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Preparation of Mineral Suspensions

Suspensions of the layer-silicates were obtained using Jackson's
(21, p. 73) botling Nay,CO, procedure. Mo sttempt vas made to remove
organic matter or free iron oxides from the samples. According to
Baver (4) and Beavers and Lerson (6), the size of particles of &
given layer-silicate does not noticeably affect migration veloeity
in an electrical field, so elaborate size fractionations were not
felt necessary for the study. After fractionation by centrifugation
to yleld the <0.2M and 2-0.2) size fractions, a stock supply of each
Mvumnmmno.min,ooa. Mineral suspensions were
prepared from the stock supply as needed throughout the course of the
experiment. (At the end of the experiment the minerals hed been in
contact with 0.01% Na,CO3 for approximately six months). Layer-
silicate concentrations in the samples varied from 1.0 to 0.001%.
By comparison, Beavers and Marshall (5) used a 0.04$ mineral con-
centration in their electrophoresis studies, while Beavers and
Larson (6) used 1.4 to 2.1% suspensions. However, these latter high
concentrations were necessary for detection of the minerals by the
moving boundary procedure which they used.

Though much work with layer-silicate minerals in electrophoresis
cells has included peptization with water glass (14; 39, p. 241) and
amonia (15), such treatments were not considered necessary in this
series of preliminary experiments. The suspensions prepared in the
above manner were deemed sufficiently stable to yield little floe-

culation during the course of a given electrochromatographic run.



Description of Apparatus

As was mentioned previcusly (page 8), the apparatus used for
this series of experiments was the Karler-Misco electrochromato-
graphy unit distributed by Microchemical Specialties Company,
Berkeley, California. It is pictured in Figures 3-5. The unit
was equipped with a 0-1000 volts d.c. power source, with a maximm
current capacity of 50 ma. The pyramidal fractionation plate
allowved drainage of excess buffer from puddled zones on the paper,
80 that a more uniform electrochromstographic field would result.
It also alloved temperature control through the use of a water or
ethylene glycol-water mixture which was circulated from a water
bath through the plate at a rate of approximately 600 ml per
minute. Feed rate and flow pattern of the buffer were adjusted
by varying individually or in combination: the height of liquid in
the buffer compartments; the angle of the fractionation plate (from
0 to 25°); the type of paper; or the viscosity of the buffer system.

Samples were introduced onte the paper for analysis from a
motor-driven syringe (available from Microchemical Specialties
Company ) which delivered a full syringe of sample per day to the
paper. Feed rates were varied by changing the size of the sample
syringe, the concentration of the sample suspension, or both.
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SELECTION OF SUITABLE EXPERIMENTAL CONDITIONS

Development of Staining Technique

In order to determine the position of minute amounts of
layer-silicates on the filter peper curtain, a suitable detection
technique had to be developed., It was felt that ultraviolet
scanning, used successfully by some workers for the detection of
organie compounds on peper (9, p. 66-67; 22, p. 58-60), would not
prove effective with layer-silicates, due to the normal lack of
fluorescent groups in such mixtwres and thus to the low absorption
of the sample as compared to the “background" absorption of most
papers. According to Block, Durrum and Zweigg (9, p. 67), infra-red
spectrophotometry is not satisfactory for use directly on filter
paper, since milligram quantities of most substances are necessary
for successful sample detection. After consideration of these and
other detection methods, it was felt that the use of a selective
stain for loeating the mineral might offer the most promise as a
detection technique.

Much work on the staining of layer-silicates has been reported
in the literature, although most of it has been in connection with
petrographic studies. Mielenz and King (28) used safranin "Y",
malachite green and benzidine in such research. The use of benszidine
for the petrographic differentiation of minerals was extensively
studied by Hendricks and Alexander (19), while both malachite green
and safranin wvere studied by Dodd (13). Color reactions between
layer-silicates and amines were examined by Hauser and lLeggett (18).
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Based on the information in the above reports, malachite green,
safranin and benzidine vere selected as the most promising of the
possible stains., Benzidine was prepared in an agueous medium.
Safranin and malachite green were prepared in nitrobensene. (The
nitrobenzene was used because of ite low surface tension and
because of stain solubility properties. It was considered much
less likely to enter into oxidation-reduction reactions with the
steins than were other possible carriers such as aniline (13). )

To determine the most desirable detection reagent, the stains
vere sdded dropwise to spproximately 0.25 g of mineral (<40 mesh)
in a spot plate until a paste was obtained. The colors of the
pastes were then examined while wet and also upon drying. Definite
color differences between layer-silicates were observed under
these conditions. Unfortunately, such differences were not evident
when the stains were applied to minerals previously spotted on filter
peper strips. Thus, hope of mineral differentiation on paper by the
staining technigues had to be sbandoned for the present, although
the stains showed sufficient color under such conditions to outline
the loeation of the minerals on the paper.

Piffering concentrations of minerals were added to filter paper
strips, dried, and then dipped through stains of varying concentra-
tions. Half of the papers were also dipped in 0.01% NayCO, prior to
mhwmmntoth!co3mmm
properties of the stains. The stains were tested for interference by
glycerated systems to determine if the presence of residual glycerol
(used in some electrochromatographic technigues) would seriously
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hamper efforts to detect layer-silicates on the paper.

Bengidine was initislly selected as the most suitable detection
agent, In contact with minerals, it produced a blue-tinged spot on
the white background of the peper. Unfortunately, the blue color,
which has been attributed to oxidation of the stain by the ferric
iron in minerals (19), was not evident on samples subjected to a
potential gradient of 20 v/em for several hours. This may have
been due to reduction of the irom under these conditions, with a
resultant loss in detection properties of the stain.

After rejection of the benzidine stain, attention was turned
to the safranin and malachite green systems. Both stains were
found to detect as little as II.(‘.""6 g of the layer-silicate minerals
studied., Malachite green was more effective than safranin on all
but the kaolinite and vermiculite samples at low stain concentrations.
Since it gave the lower background at higher stain concentrations
and a generally better detection at both lower stain and mineral
concentrations, malachite green (0.002%) was eventually selected as
the most satisfactory stain for use in subsequent experiments. (A
0.004% concentration was usually better on the thicker curtains.)
Dodd (13) reported that malachite green and safranin were not
satisfactory stains for dilute suspensions of montmorillonite, but
this did not appear to be the case for dilute suspensions of monte
morillonite which had been applied to filter paper. The main
condition under which staining was not found to be a satisfactory
method for detection was wvhen the last interfering traces of glycerol

vere not removed from the paper prior to the application of the
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malachite green. In these cases the pattern either failed to stain
or stained weakly and faded rapidly with time., When this limitation
was kept in mind, however, the staining technigue presented a rapid
end sensitive means of locating layer-silicates on paper curtains.

Once the stained patterns had dried, the mineral spot was
obvious as a dark blue or light blue area on the very light blue
or white background of the paper. Malachite green, an acid-base
stain, has been used as the basis for a petrographic separation of
layer-silicates, through its color reactions with minerals of varying
acidic nature. Its effectiveness in loeating mineral spots on the
filter paper medium was probably more the result of a concentration
of dye in the region of the minerals, however, than of a differential
pH reaction. This conclusion was supported by the following obser-
vations: The entire paper was a greenish-blue color when wet, and the
same color was retained by the mineral spot or band while the back-
ground faded out as the psper dried; When the curtein was hung up
to dry after staining, while "tails" sppeared below the mineral
bands as the excess stain moved down through the paper, indicating
that the stain had been retained by the mineral while the nitro-
benzene was continuing to move down through the drying curtain.

Development of Suitable Conditions for Layer-Silicate Mineral Studies

Flov rates and capacities of selected filter papers

Karler (22, p. 27) claims that fluid flow rate is the most
eritical electrochromatographic variable. Ilack of sufficient



information on flow rates of the various filter pepers under the
conditions present in the Karler-Misco spparatus prompted a study of
relative fluid-flow capacities for an array of filter pspers.

Strips of paper, 40 cm long and 1,25 em wide were placed in the
Karler-Misco apparatus and allowed to wet by capillarity from a
0,014 Nay00, solution at 8 °C. Initial wetting rates, cspacities
and other pertinent data for the papers examined are listed in
Table 2 of the Appendix,

According to Karler (22, p. 28), initial wetting rate is at
best only & poor indicator of fluid flow capacity for porous
supporting media such as filter paper, sinee this wetting rate is
e function of both the liguid gradient and the capillary forces of
the paper fibers. Total capacity, as defined by the average number
of mls of fluid coming off & drip point per unit time, is a more
desirable means of expressing the electrochromatographic potential
of a given paper under a given set of experimental conditions.

The papers may be roughly classified into five groups according
to capacity (Table 2): hydrophobie, O ml/hr; extremely low, <0.01
ml/hrs low, 0.01-0,0k ml/hr; intermediate, 0.07-0.19 ml/hr; fast and
extra-fast, 0.51-1.20 ml/hr. Representative papers from the last
four groups selected for more detailed study were Whatman 1, What-
msn 3MM, Schleicher and Schuell 598 and Schleicher and Schuell KTOA.
The 8 & 8 470A paper was felt to be especially promising, since the
rate of fluid flow and hence its capacity could be varied by a factor
of nearly 20-fold (22, p. 27). Selection of a psper vas dictated by
the above-mentioned cepacities of the various pepers, as well as by
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any special properties attributed to the papers by the manufacturer.
Often several days were involved in assessing the effect of
varying conditions on the electrochromstographic pattern. Limited
time available for the study restricted the number of different
supporting media that could be examined. For a given degree of
resolution the fractionation time under a given set of experimental
conditions increases as the capacity of the paper used decreases.
Papers of lov capacity vere thus not considered feasible for eventual
use in preparative electrochromatography. Such papers were still
used throughout much of the study to assess the effect of varying
experimental conditions on mineral patterns. Since a great deal
of pioneering work was necessary for evaluation of mineral behavior
on the standard papers, the various "specialty” papers, such as ion-
exchange papers, acetylated papers, glass "papers” and cellulose

acetate foils were reserved for future research.

The use of a fluid level of 3 cm in the solvent vessels,
coupled with drip points shortened from 13 cm to 5 cm was found
to provide optimm flow rates at 8 °C with 8 & 8 LTOA peper and
;o.mih,co34o$mommnm. S8ince the shortened
drip points were only rarely submerged, a relatively constant
liquid gradient wvas thus also provided during the rapid filling
of the fraction tubes. With the low capacity papers, drip points
of 13 em length and 5 1/2 em of buffer in the solvent vessels
provided maximm flow rates when used with a 0.01% NayCO3, non-

glycerated system.



23
Assessment of fluid flow pattern

To determine the uniformity of the electrochromatographic
field at various points on the curtain, amino acid solutions were
spotted across the paper. The paper was then rapidly wetted and
the desired potential applied. Movement of DL-Aspartic acid (0.071k4
M in 10% isopropanol, 1000 v, 2 ma for 20 min) was as would be pre-
dicted from the fluid flow lines shown in Figure 5. Similar exper-
iments with Utah bentonite (0.01% l-aoo3, 1000 v, 2 ma for 4 hr)
rather than aspartic acid at first ylelded anomalous results, with
the minerals apparently moving toward first one and then another
section of the fractionation area. Greater care in effecting complete
contact of the paper curtain and the fractionation plate to insure
uniform temperature across the curtain resulted in apparently normal
flow patterns of the mineral on the paper.

It will be noted from the arrows in Figure 5 that the middle 1/2
or 2/3 of the curtain has linear chromatographic flow (22, p. 25).
Near the edges of the curtain the buffer appears to flow out onto
the electrode tabs and then back onto the main fractionation surface
once again. Since the pasper is negatively charged at most pH values
(9, p. 501), there is also a net flow of electrolyte toward the

cathode due to electroosmosis (9, p. 501; 22, p. 26). This electro-
osmotic flow is particularly pronounced at low ionic strengths and
high pH values, as were used in this series of experiments (9, p. 501).

The electroosmotic flow may have pronounced effects on particle move-
ment, and is even used to counterbalance electrophoretic flow in
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the method spoken of as "electrorheophoresis” (36; L1, p. 188). It
tends to offset flow of the cathode reaction products onto the paper,
but also tends to exaggerate flow of anodic products onto the paper.

Choice of buffer system

According to Beavers and larson (6) and Deyhuff and Hoagland (11),
varying the pH between 5 and 10 has little effect on the electro-
phoretic mobilities of clay particles, BSince one of the primary
objectives of using different buffer systems in electrophoretic and
electrochromatographic studies is to vary the pH of the system, the
initial feeling was that the actual chemical buffer systems used
should not be too critical. In the present study, the buffer was
considered as primarily an electrolyte and a dispersion medium.
Variation of such physical properties as viscoeity and conductivity
was thus first evaluated to determine the effect of these variables
on the electrochromstographic behavior of layer silicates., Exam-
ination of various organic buffer systems was not deemed advissable,
under existing conditions. Organic buffers are generally employed
vhere the sample is 80 much more soluble in either the water or the
organic phase that considerable variation in the chromatographic
behavior of the particles can be effected through variation of the
ratio of water to organic material in the mixture. Furthermore, the
golubility properties of the plexiglas apparatus prohibited conduction
of experiments involving a rather wide range of organie buffer
systems, The organic systems were held in reserve as a possibility
for use in the case of the hydrophobic papers, perbaps in conjunction
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with organophilic complexes of layer-silicates with organic materials.
Most of the electrochromatographic work was carried out in a
0.01% NagCO, medium, since the mineral suspensions had been pre-
m]:prmrdtnnhaw?’mm. This was not a buffer system
in the strictly-chemical sense of the word, but it was considered
a satisfactory electrolyte by virtue of the non-dependence of layer-
silicate migration on pH within a rather wide pH range (6, 11) and
because of the relative constancy of pH of the system maintained by
frequent changing of the electrolyte in the electrode and solvent

vessels. mla,o%qst-unumwum'hm'
throughout the remasinder of this manuscript, though such terminology
1s more dependent upon tradition established by other electrochromato-
graphic workers than upon the chemical nature of the system. The
effects of varying buffer concentration were also evaluated by
employing either 0.05%, 0.01% or 0.005% lia,CO04 "buffers”.

Water-glycerol systems of varying proportions were effective
in retarding somewhat the chromatographic flow rates of the high-
capacity papers. !orthlllk?ﬂm,to.mfﬁ’oosm
containing glycerol, used with a potential gradient of 20 v/em,
permitted the greatest horizontal displacement of the bentonite
components during electrochromatographic determinations. The
glycerol was also felt to be of possible value at low temperatures
in minimizing diffusion of mineral particles on the paper, thus
leading to narrower band widths than might be expected in water
systems at higher temperatures.

pH and specific conductance values for the various NayCOy and
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Appendix,

Chotce of voltege

With the highecapacity papers such as B & B 470A, it was found
expedient to operate at maximum capacity of the power source, which
was 1000 volts (20 v/em). Though such high potential gradients were
not actually necessary on the low and medium capacity papers such as
Whatman 41H, Whatman 3MM and 8 & 8 598, the combination of low buffer
feed rate and low potential gradient would have necessitated a week
or longer to obtain sufficient electrochromatographic displacement
or separation of mineral particles. Therefore, experiments with
the low capacity papers were also run at the maximum potential
gradient of the wnit, i. e. 20 v/em.

Shoice of temperature

The temperature-viscosity relationships of the buffer systems
studied and the supposed effect of temperature on limitation or
accentuation of the diffuse nature of the particle migration bands
led to the use of low temperatures for the electrochromatographic
studies of layer-silicates. Temperature control was effected through
the use of a cooled fractionation plate, as described in the REVIEW
OF LITERATURE section. High temperatures usually result from the use
of the higher potential gradients unless scme means of refrigeration
is supplied. This effect is even more pronounced in glycerated
systems where the cooling effects of evaporation are greatly decreased.
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A temperature of 8 °C was selected with the above considerations in

mind, as well as the limitations imposed by the available water bath.

Cholce of sample delivery rate

Semple delivery rates actually twrned out to be a critical
property of the electrochromatography system. Excessive delivery
rates resulted in mineral sccumilation around the feeding origin.
Slow delivery rates necessitated extremely long periods before
satisfactory movement of minerals could be achieved, as well as in
some cases a resultant mineral concentration on the paper so weak
as to be marginal for detection. Thus the maximm delivery rate which
still yielded essentially a "point source” of minerals at the origin
was continuously sought. As previously stated, sample delivery rates
were varied by using syringes of various sizes, by varying the con-
centration of the mineral samples, or both. The sample was applied
in approximately the same buffer system as used for the chromato-
graphic flow, though this was not always necessary (22, p. 47).

Procedure Used for a Typical Electrochromatographic Run

The exact electrochromatographic conditions will vary from one
run to the next, but certain considerations are necessary for each
determination. The general sequence of runs during the course of the
study wvas as follows:

1. The experimental conditions to be used and evaluated were
selected.

2. The necessary materials for the run were prepared, including:
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a. Preparation of suitable and sufficient buffer solution;
b. Preparation of a sample of the desired mineral(s), in
the buffer to be used for the rum, if possible;
¢. Preparation of the paper sheet by cutting the necessary
drip points and tabs.

3. The temperature of the water bath was adjusted to the
temperature desired for the rumn.

k., The electrode vessels were filled with buffer to within an
inch of the top. The solvent vessels were filled to a level pro-
viding the desired hydraulic head.

5. The sheet was positioned in the spparatus and allowed to
wet by espillarity (with 8 & 8 4T0A) or by addition of buffer to the
fractionation area from a syringe (for the slower papers).

6. The desired voltage was spplied to the paper approximately
1/2 hour after the paper had become entirely wetted. (This 1/2 hour
equilibration period was lengthened to overnight by Karler whenever
exact analytical patterns were desired (22, p. 16).

T. Bample feeding was commenced after attaimment of current-
voltage equilibrium, as indicated by stabilization of the curreant flow.

8. The syringe was refilled during the run vhenever necessary,
and the buffer changed in the electrode and solvent vessels every 2
hours for runs greater than a day in length.

9. The voltage was turned off and the sample case removed at
the end of the run.

10. The electrode tabs, solvent tabs and drip points were
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gsevered from the fractionation area. This area was then transferred
to a copper screen and dried in a forced-air oven at 80 °C. (Due to
adsorption of the layer-silicates on the paper curtains, there appeared
1ittle danger of the pattern "running" during the drying process, as
had been observed with patterns of highly-mobile constituents such
as the amino acids.)

11. The curtain was dried overnight (this step was necessary
to remove the last interfering traces of glycerol from the curtain
and thus prevent interference with the staining procedure). It was
then dipped through a trough containing either 0,002% or 0.004%
malachite green dissolved in nitrobenzene. (Unless wetting at this
stage was done rapidly and smoothly, splotchy staining resulted,
with some areas of the curtain heavily stained and other areas
stained only weakly or not at all.)

12, The curtain was bhung in the hood overnight to dry after
it had been stained., By the following morning the dark green back-
ground of the wet curtain had faded to the light blue or even white

background of the dry curtain, with the blue color of the mineral

pattern showing up clearly.



ELECTROCHROMATOGRAPEIC BEHAVIOR OF LAYER-SILICATE MINERALS

Adsorption of layer-Silicates on Filter Paper

Peper electrophoresis or peper electrochromatography of layer=
silicates is characterized by a strong adsorption of the minerals on
the paper, similar to that observed by Karler in his electrochromato-
graphic studies of some protein mixtures (22). When an amino acid
solution is fed onto the electrochromatography curtain for a period
of time and then feeding halted vhile electrochromatograsphy con-
tinues, the amino acids move down their individual paths and are
eventually "electrochromatographically eluted” from the paper.
Under a similar set of conditions, a layer-silicate system leaves
& streak on the paper, the movement of particles in the streak
ceasing soon after sample feeding has been discontinued. This
adsorption should make horizontal electrophoresis of minerals an
extremely difficult phenomenon to study. The slower-moving
components would be forced to travel over a path previously sat-
urated with the faster-moving components, and would be rather
intimately mixed with the faster components when detection of the
minerals on the paper wvas attempted.

If the limitations imposed by this adsorption of components
are realiged prior to determinations, electrochromatography can be
profitably used in the study of such a system. In electrochromato~
graphy, as contrasted to conventional paper electrophoresis, each
component is moving over its own individual path, and thus is less
subject to interference from the other components of the system.
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Movement under conditions of strong adsorption requires a path pre-
viously saturated with the strongly-adsorbed component over which
subseguent particles can then move. The very mechanism of such a
process would seem to necessitate rather long periods for satura-
tion of the paper before the various fractions of the mixture could
be taken from the drip points of the curtain. That there are wvays
to overcome the problem of adsorption of components on the paper
will be indicated in the section on preparative electrochromato-
graphy and in the GENERAL DISCUSSION.

Effect of Varying Buffer Flow Rate

Figure 6 provides & clear indication of the effect of varying
buffer flow rates on the electrochromatographic movement of layer-
silicate minerals.> Although varisbles other than buffer flow rates
must be considered, the present comparison (see Figure 6 and Table
4 of the Appendix) was concerned more with the direction of mineral
movement than with the shape of the mineral pattern. The essential
difference between patterns 1 and 2 was in the flow capacities of the
papers represented, while patterns 1 and 3 represent the same peper
but buffer systems of widely differing viscosities.

It will be noted that buffer flow on pattern 1 was so rapid that
practically all movement of the Utah bentonite was down the paper in
response to chromatographic buffer flow. A diffuse blue area had
Ji11 electrochromatographic patterns presented in this paper are full
gize, with the relative density of dots indicative of relative min-

eral concentrations as revealed by the intemnsity of the blue color
of the malachite green-clay complex.



Pattern 2

Pat

tern 3

Pattern |
Electrochromatographic Variables

Pattern Paper Buffer Current Feed Time
No. (ma) Method (hr)
I S8 S 470A| 0.01% N02003 _ 10 ml syringe 24
2 Whatman 3MM | 0.01% NOZCO,’ 2 | ml syringe 27
3 S & S 470A[0.01% Nc|2(203 plus 3 5 ml syringe| 24

20 % Glycerine
All Paotterns Run With 0.1% Utah Bentonite, at 8°C and 1000 v.

Figure 6 - Effect of Varying Buffer Flow Rates on Electro-
chromatographic Behavior of Layer-silicate Minerals.
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begun to develop on the anode side of the pattern, however, as some
mineral gradually moved toward the anode in response to electro-
phoretic forces. The narrow band vith pattern 1 was probably due
to & rapid chromatographic removal of layer-silicates from the
origin as soon as they were spplied to the paper, thus preventing
accunulation at the origin as present in patterns 2 and 3. In
pattern 2, the electrophoretic effect was by far the dominant one,
with very little chromatographic movement down the paper. The
bentonite particles in pattern 3 demonstrated the more desirable
type of electrochromatographic movement in that electrophoretic and
chromatographic forces on the particles were nearly equal, with a
resultant electrochromatographic displacement of approximetely 45°
from the vertical. The accumulaiion of layer-silicates around the
origin in patterns 2 and 3 (discussed in the following section)
illustrates the inter-relation existing between buffer flow rate and
sample delivery rate, for each of these patterns represents a layer-
silicate delivery rate less than that represented by pattern 1. Slow
electrochromatographic removal of sample from the origin resulted in
mineral accumulation in the case of these last two patterns.

Effect of Varying Semple Delivery Rate

The four patterns in Figure 7 demonstrate the effect of
varying sample delivery rate on electrochromatographic movement of
layer-silicate minerals. The size and shape of these patterns should
be noted.,

Pattern 4 represents a sample delivery rate of 4.2 ug/hr, with



Pattern 4

origin

origin

Pattern 7

Pattern 5
Electrochromatographic Variables

Pattern Paper Feed Mineral Time
No. Method Sample (hrs)
4 whatman 3MM| | ml syringe 0.01% Utah Bentonite 24
5 S&8S 598 |Iml syringe 0.1% Utah Bentonite 24
6 S8S 598 |Sml syringe 0.1% Utah Bentonite 23
Y S&S 598 | I ml syringe | % Montmorillonite 24| 20

All Patterns Run in 0.01% NaCOg3, at 8°C, 1000v and 2 ma.

Figure 7. Effect of Varying Sample Feed Rate on Electrochromatographic

Movement of Layer-Silicate Minerals.
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a total of 0.10 mg of mineral added to the paper. The pattern
approximates the desirable narrow band of uniform or slightly
increasing width vhich wvas observed for less-strongly adsorbed
materials such as amino acids. However, even at this low delivery
rate there wvas a definite tendency for bentonite to accumulate
around the feeding origin. Total migration of the layer-silicates
vas also quite small, At this delivery rate, periods of days or
even weeks might be reguired to achieve a given degree of separa-
tion of a mineral mixture under conditions of more rapid chromato-
graphic flow. The requirement for a paper path saturated with
adsorbed layer-silicates before subsequent particles could move
further across the paper was no doubt one factor contributing
to slow migration in this case.

The mineral delivery rate in pattern 5 was 62 ug/hr for a
total addition to the paper of 1.5 mg of bentonite. The accumula-
tion around the origin was larger than in pattern 4, and the zone
of mineral movement was sppreciably wider. The zone was widest
near the origin, indicating that the mass of bentonite at the
origin was continually increasing with time, with the bentonite
moving from an ever-widening zone of accumulation. The mineral
moved much further across the curtain than in pattern 4, though
the diffuse pattern wvas less desirable.

Pattern 6 represents a total of 9.2 mg of bentonite delivered
at a rate of 400 ug/hr. The zone of accumulation at the origin was
extremely large, with the band of mineral movement much broader and
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more diffuse than in the two previous patterns. The band definitely
tapers to & point, supporting the hypothesis that the zone of accumu-
lation at the sample delivery origin gradually increased during the
course of the run, However, the mineral moved a total of 15 cm from
the origin, or well over half-way across the reference grid of the
fractionation area, during the determination.

Pattern 7 represents a condition of such rapid sample delivery
that almost the entire mineral fraction remained in the mass around
the origin. A total of 9.4 mg of montmorillonite was added in this
instance at a rate of 460 ug/hr. By the end of the run, the mineral
was Jjust starting to move from the mass into its fractionation
pattern. Though the total mineral concentration and rate of delivery
vere only slightly greater than that of pattern 6, the change to
pure montmorillonite in place of the more impure and partially
cemented montmorillonite of the Utah bentonite sample has appar-
ently resulted in a feed rate of the magnitude necessary for "suto-
catalytic accumulation” of montmorillonite at the origin. This
accumulation is probably similar to thet mentioned by Karler (22,
p. 88) in connection with the separation of large particles by means
of electrochromatography. This excessive accumulation at too-
rapid sample delivery rates may also be the reason that Block,
Durrum and Zweigg (9, p. 54ks) warned against attempting to separate
mixtures which vere too concentrated by means of electrochromato-
graphy. In any case, the pattern in question demonstrates a pos-
sible result of excessive sample delivery rates in mineral studies.



Effect of Varying Buffer Concentration

The three patterns shown in Figure 8 demonstrate the effect of
varying buffer concentration on the electrochromatographic movement
of layer-silicate minerals. The movement in pattern 8 resulted
from a buffer of 0.05% l-,ees and an equilibrium current of 7.5 ma.
The spot was globular, with no apparent tendency for electro-
chromatographic movement of the mineral exhibited. Pattern 9 (also
discussed as pattern 4 on page 33) shows the movement attainable
using a buffer concentration of 0.01%, with an eguilibrium current
of 1.5 ma. The electrochromatographic migration path was sharper,
and the mass of bentonite at the origin was smaller than in the
previous case., Pattern 10 demonstrates the type of movement obtained
in a buffer concentration of only 0.005%. The total migration dis-
tance was greater than with either pattern 8 or 9. The wider band
than in pattern 9 is attributed to increased chromatographiec flow in
this case (Table 5, Appendix).

The sharper and longer electrochromatographic migration path in
buﬂﬁ of lover ionic strength is probably the result of an increased
amount of current being carried by the mineral particles themselves
in such buffers. In the buffers of higher ionic strength more of the
current would be carried by the buffer ions and less by the minerals.
This would result in less electrophoretic displacement of particles
(22, p. 39). This view is also supported by Overbeek and Lijklema
(29, p. 13) who stated that electrophoresis will be slower, the higher
the ionie strength of the buffer used.
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Pattern 8 Pattern 9

Pattern 10

Electrochromatographic Variables

Pattern Buffer Current
No. (ma)
8 0.05% Na,CO4 7
S 0.01% N02003 2
10 0.005 % Na—2003 0.5

All Patterns 0,01% Utah Bentonite Fed from a
Iml syringe onto Whatman 3IMM Paper for 24
HMours at B8° C

Figure 8. Effect of Varying Buffer Concentration on Electro-
Chromatographic Movement of LayerSilicate Minerals.



Electrochromatographic Movement of Mineral Mixtures

Though conditions to produce layer-silicate mineral migration
in clear-cut flow lines still needed to be better defined, it was
felt desirable in the limited time available to see if some separa-
tion of minerals could be effected. Patterns showing the electro-
chromatographic movement of layer-silicate mineral mixtures are
shown in Figure 9.

The first sample mixture on vhich separation was attempted was
& mixture of Kaolinite 5, Montmorillonite 24 and vermiculite, Sepa-
ration wvas attempted on 8 & 8 598 paper. The mixture was introduced
at a rate of 4.3 ug of each mineral per hour, with a total application
of 0.291 mg of each mineral. As can be seen from pattern 11,
Figure 9, some separation into two components was underway at the
end of the run, although a third mineral band was not readily
discernible. The band extending down the paper and to the right
was by far the darker of the two, indicating that perhaps it con-
tained the larger concentration of layer-silicate minerals,

Incorporation of 20% glycerol in the sample delivery system
frequently led to problems such as siphoning of the sample from the
syringe and ejection of sample solution from the rear of the syringe
barrel. An attempt was made to introduce a sample mixture suspended
nuhems-nw-nmuammmm system. Results are
presented in pattern 12, Figure 9. The mineral mixture was the same
as that used in pattern 1), with 8 & 8 47OA psper used in this case.
Sample delivery rate was 23 ug of each mineral per hour. The pattern
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Kaolinite 5
Montmorillonite 2 4 origin
Vermiculite |
Pattern ||
-origin
Kaolinite 5
Montmorillonite 24
Vermiculite |
Pattern 12
Kaolinite 5 o)
Kaolinite 5 : Utah _Ben!onifa . v
Utah Bentonite origin Vermiculite |
Vermiculitel bt
Pattern |3
origin
Kaolinite 5
Vermiculite |
Utah Bentonite
Pattern 14 Pattern 15
Electrochromatographic  Variables
Pattern Paper Buffer Current Feed Time
No. (ma) Methaod (hn
[2 ga?_ss ‘_?g 0.0[% No,C03z % ]5rn syringe 30
ml_syringe
Y e
| . - ml _syringe E
13— 3R 9000 8:00" &7 05— amsudge 38

All Patterns Run at 1000 V and 8°-C,

Figure 9. Electrochromatographic Movement of Layer-
silicate Mineral Mixtures.
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wvas rather inconclusive, with movement of one component definite and
of any other components speculative. That the water in the sample
markedly affected the viscosity of the system and thus the chromatoe
graphic fluid flov pattern is evident from the data of Table 5 of
the Appendix, wvhere the marked increase in the total mmber of ml
collected from the drip points beneath the sample delivery origin
can be observed. Experiments employing non-glycerated samples for
introduction to glycerated buffers were repeated with single-mineral
systems, with the decision finally made to sbandon this spprosch and
to use sample solutions of essentially the same viscosity and density
as that of the buffer when working with glycerated systems, As long
as the syringe was maintained in a horizontal position, little
trouble with siphoning was encountered. Maintenance of the tip of
the syringe needle at approximately 1/2 mm off the curtain, with
the syringe checked occasionally to correct any tendency of the
plunger to bind in the barrel, eliminated to a large extent the
problem of sample ejection from the rear of the syringe barrel.

Pattern 13 represents a mixture of Kaclinite 5, Utah bentonite
and vermiculite run in & glycerated system on 8 & S5 L70A paper. The
sample was delivered at the rate of 25 ug of each mineral per hour.
Separation into two definite mineral components was observed, with
the right-hand band once more by far the darker of the two. It
was observed during the run that mineral floccules were developing
in the syringe barrel, indicating a lack of stability of at least
one mineral in the mixture under these experimental conditions.
The effect of this flocculation on mineral movement will be



mentioned again in connection with the discussion of pattern 15.

Pattern 14 shows the effect of reducing the buffer concentration
to half that used in the fractionation illustrated in pattern 13. All
other experimental conditions remained the same. Any separation of
the band into more than one component is once again largely specu-
lative rather than definite. It was concluded that in the presence
otaosmmlmo.uiluneosuﬂummmm-mm
of layer-silicate minerals than was 0.005% NagCO5.

Pattern 15 represents the same conditions used in pattern 13,
nu.o.mﬁhgms-aoimmmms&awmm. The
mixture of Utah bentonite, vermiculite and Kaolinite 5, introduced
at a rate of 25 ug of each mineral per hour, produced the most
promising pattern obtained. Two rather well-defined flow lines
appeared. One band, which one would expect to be kaolinite from
charge-to-mass ratio considerations, was carried with the flow path
of buffer down the paper. Another component moved at an angle of
45° from the vertical, which was the same direction that the Utah
bentonite had migrated in previous experiments under these condi-
tions. The much better migration of the apparently-kaclinitic
component in this pattern would tend to indicate that it was
actually this right hand (kaolinitic) component which had started
to floeculate during the run represented by pattern 13. There
appears to be no ready explanation for the lack of stability of
the component in one case and its stability in the other case
under apparently the same experimental conditions. It is realized
that the reasonably-good separation and welledefined flow lines of
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pattern 15 represent only a crude beginning. Nevertheless, there

should be little doubt that separation of colloidal silicate minerals
by electrochromatography is not only theoretically but is also

experimentally possible.

Preparative Electrochromstography

All of the preceeding work could be classified as analytical
electrochromatography, in that the main concern of the methods was
to observe the mineral patterns under varying experimental condi-
tions. Attention was next briefly turned to the possible use of
paper electrochromatography in preparative work, through the
collection and analysis of the fractions leaving the different
drip points of the curtain,

In spite of possible effects on sample movement, a curtain was
soaked for 4 hours in 0.4% <0.2u Montmorillonite 1l in an attempt
to presaturate the adsorption sites of the paper with layer-silicate
particles. It was hoped to thus speed up the movement of the sample
particles down the paper. After drying, the curtain was placed in
the electrochromatography chamber and excess montmorillonite removed
by "electrochromatographic elution" for 48 hours with a 0.01% -2003-
20% glycerol buffer system under an applied potential of 1000 volts.
Sample feeding of a Kaolinite 5, Utah bentonite and vermiculite mixe
ture at the rate of 25 ug of each mineral per hour was commenced. After
feeding for 24 hours, effluent from the various drip points was col-
lected for T2 hours.

The effluent was concentrated approximately ten times through



evacuation at 90 °C in a vacuum oven to remove excess vater and
glycerol. Visible floccules in the tubes were formed by this treat-
ment, the total amount of flocs varying from tube to tube. The
flocs, apparently consisting of a mixture of filter psper residues
and layer-silicate minerals, were removed from the tubes with an
eye dropper. They wvere placed on glass slides and dried in the
vacuum oven at 90 °C. (8lides were also prepared from the concen-
trated effluent containing no visible floes, but insufficient
layer-silicates vere present to yield definite X-ray diffraction
patterns.) X-ray analysis of the dried flocs was made on a Norelco
X-ray diffractometer, equipped with a Geiger counter and a Brown
recorder. The radiation was Cu K ,. A tube potential and current of
4O kilovolts and 20 milliamperes, respectively, were used. Diver-
gence and scatter slits of 1/4° and a 0.006 inch receiving slit
equipped with a Ni filter were used for all patterns. For the
recorder, the rate meter settings of 2 x 0.6 corresponding to 60
counts per second full scale with a time constant of 8 were used.
Several of the dried and analyzed slides were also treated with a
drop of 0.5 N KC1, allowed to air dry at room temperature, and once
more scanned with the X-ray unit. Criteria used for identifying
the minerals present in the flocs from a given tube were established
by X-ray analysis of the original sample and its components under
gimilar conditions of glycerol saturation and glycerol-potassium
saturation. These criteria are given below:
Montmorillonite (including bentonite) - 18 A peak on the
glycerated slide, collapsing to 14-15 A upon K treatment and drying.
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Vermiculite - 1lhk-15 A peak on the glycerated slide, tending to
collapse to 11-12 A upon K " treatment and drying.

Kaclinite - 7.2 A peak on the glycerated slide, and also on the
unheated K ¥ -treated slide.

(A1l "dried" slides thus apparently retained appreciable glycerol.)
The results of the X-ray analysis are presented in Table 1.

Insufficient residue for adequate analysis wvas found in tubes
3, 5, 15 and 17, even upon reheating at 90 °C for several hours.
Residue was found in tubes 6, 7, 9, 10, 11, 12 and 14, but no peaks
vere evident in the X-ray patterns, even after the slides had been
repositioned and rescanned several times. The residue in these cases
might be filter-paper fibers eluted from the paper during the course
of the run or amorphous decomposition products resulting from
electrochromatographic treatment of the sample minerals.

The results of the X-ray analysis verify that at least a portion
of the minerals in the sample mixture vere able to survive the expo-
sure to electrochrommtographic conditions without complete disruption
or degradation of their crystal lattices. This fact, coupled with
the general portion of the curtain from which the minerals vere
eluted, strongly indicates that the movement obvious in the analytical
electrochromatography phase of the research wvas that of the minerals
themselves, rather than of possible mineral decomposition products
resulting from the treatment.

The ksolinitic component was observed in tube 20, almost directly
below the point of sample origin, and in no other tube. Vermiculite,
although only weakly evident in tubes 18 and 19, was not detected in



Table 1. X-ray Diffraction Properties of Drip Point Effluents Following Preparative Electrochromato-
graphy of a layer-Silicate Mineral Mixture.

qur-lmute Minerals Ml

Drip Point Vermiculite Montmorillonite Kaolinite
1 »»
2 W
3
b %
5
6
8 "
9
10
11
12
13 *
1k
15
16 HE
17
18 * Wik
19 * *exe
20 R e
21 *
22 *
niieiy temk o = = e
of denotes the relative.intensity of the 1st order, OOL peak

characteristic of the mineral.
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any other tubes. It apparently moved with the kaolinitic mineral
during the early stages of the analytical electrochromatography
patterns represented by patterns 1l-15 and then separated from the
kaolinite in the lower portion of the curtain, being pulled toward

the anode into tubes 18 and 19, This movement with kaolinite would
not be predicted from charge-to-mass ratio considerations. Mont-
morillonitic minerals appear concentrated in two regions, tubes

leli and tubes 16-22, These results at first seemed rather dis-
couraging, but it may be possible to consider tubes l-4 as represent-
ing the actual Utah bentonite of the sample mixture, with the mont-
morillonite in tubes 16-22 attributable to another effect as described
‘4in the following paragraph, Thus the mineral mixture may have been

at least roughly separated by means of preparative electrochromatography
into its three components, with the bentonite coming off in the region
of tubes l-4, the vermiculite coming off into tubes 18-19, and the
kaolinite coming off into tube 20. Further refinement of the tech-
nigque will be necessary to verify such a separation and to improve

on the sgparation if the minerals are actually being only partially
separated.

The X-ray analysis of minerals in the fractionation tubes may
aid in more clearly elucidating the process of adsorption of layer-
silicates on the filter paper curtain during electrochromatography.
The montmorillonite in tubes 16-22 could conceivably result from a
poor separation of the sample mixture, with some Utah bentonite
actually moving almost vertically down the curtain to emerge from dgip
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points 16 to 22, It could also be excess Montmorillonite 1l not re-
moved from the curtain by the 48-hour period of electrochromatographic
elution of the paper. (This is not a likely explanation, however,
for it fails to explain the virtual absence of montmorillonitic
components in tubes 5-15, which would also be expected to contain
Montmorillonite 11 “contaminant™.) In light of the spparent sepa-
ration of mineral mixtures observed under nearly identical conditions
during the analytical electrochromstography phase of the research,
it appears that the montmorillonitic components in tubes 16-22 may
actually represent Montmorillonite 11 displaced from the adsorption
sites of the paper by kaolinite and vermiculite particles as they
moved down the paper. Such a process seems & plausible one, and
would explain this observed presence of montmorillonite particles
in a portion of the curtain vhere theoretical considerations and
previous experimental work would not predict them to be. The con-
tinuing nature of the process would explain the large number of tubes
on the right side of the curtain containing montmorillonitic minerals.
Such a process would also lead to a prediction that relatively more
vermiculite and kaolinite and less montwmorillonite would appear with
increasing time in tubes 16-22, as larger percentages of the kao-
linite and vermiculite paths became saturated with their respective
minerals. If the occurence of such a process can be verified or
disproved by future laboratory work, it may shed light on the
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mechanism of the adsorption process of minerals on filter paper, and
may eventually lead to the discovery of & medium on vhich such adsorp-
tion is considerably lessened or even absent. In any event, there
lies ahead considerable potential research in the area of preparative
electrochromatography of layer-silicate minerals.

Cousideration of Anomalous Results

Several types of "anomalous” electrochromatographic patterns
added confusion and frustration to the challenge presented to the
inexperienced electrochromatography worker., Some of these are
briefly discussed in the following paragraphs.

Flooding patterns may occur when the sample is delivered to
the paper so rapidly that the ability of the paper to assimilate
the sample solution is exceeded. This type of pattern is highly
irvegular, and is easily recognized by the "arms" of sample extending
down the paper in a nearly random manner in response to gravita-
tional flow of the sample over the surface of the paper. The electro-
chromatographic pattern will develop in time from the flooded pattem,
but it will naturally be wide and diffuse due to the large "origin"
from which the electrochromatographic separstion proceeds. Flooding
was particularly pronounced on Whatman 41H paper to which the sample
was introduced at & rate of 60 ug per hour. The experiment was
repeated with 0.001% Utah bentonite fed at a rate of 0.42 ug per
hour, but the resultant mineral concentration was so dilute as to be
undetectable against the background of the paper.
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In cases wvhere there is an sppreciable difference in viscosity
between the buffer and the sample, the sample may apparently flow a
short ways down the curtain on the surface of the paper before it is
finally assimilated by the buffer for subseguent movement through
the curtain in the normal electrochromatographic manner, Flow on
top of the curtain asppears to correspond to the chromatographic
flow of buffer in that region of the curtain. In these instances
rather diffuse electrochromatographic movement of the minerals
eventually takes place from this feirly wide zone established by
initial minersl movement down the paper.

There is also a danger of placing the sample delivery origin
in an area of the curtain where buffer flow differs drastically from
normal vertical flow. Such positioning may yleld anomalous patterns
as the mineral particles move more in response to the actual buffer
flow in that portion of the curtain than to the theoretical electro-
phoretic and chromatographic forces.

Finally, anomalous mineral movement in unpredictable directions
may result during low-temperature operation if there is not intimate
contact between the curtain and the coolant plate. Temperature
differences thus established may result in mineral movement with the
buffer toward areas of excessive evaporation from the curtain.



It was somevhat discouraging to find that the electrochromato-
graphic behavior of layer-silicate minerals was not characterized by
nerrow, clear-cut bands such as were obtained in separations of
smaller organic particles, It is felt, however, that the experi-
mental results have proven promising enough to werrent further
research in this area. The present work should aid future workers
to more rigidly define experimental conditions so that the electro-
chromatography of layer-silicates may become a useful experimental
technique.

The Karler-Misco spparatus has been satisfactory for the pre-
liminary examination of electrochromatographic conditions to be used
in layer-silicate studies. A major limitation of the apparatus has
been the total potential possible from the power source. If the
electrochromatography of layer-silicate minerals is to be made
sufficiently rapid for practical laboratory usage, the fractionation
time must be appreciably decreased. A considerably larger power
source probsbly could be used to advantage in enhancing the lateral
movement of the mineral particles, thereby allowing an increase in
chromatographic flow with a subseguent deerease in fractionation
time, This decreased fractionation time should also lessen the
diffuse nature of the electrochromatographic bands for the various
layer-silicates (9, p. 531). The maximum permisssble potential
gradient would be that just short of causing decomposition of the

mineral lattice. Kickhofen and Westphal (23) used gradients of wp
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wnot/ummuhmﬁou,umdtommmv/u
used in this study.

Once its limitations in the presence of glycerol are realized,
mmumsmnw.um-msmmnm
mineral bends on the paper curtain. If it becomes desirable to use
mmmtmuummmunmmmum
mc-lmaummlmummmm,whwlvorkamu
that of Ishibashi (20), in which several stailning reagents were used
to differentiate layer-silicates, might be used. Karler has implied
(ﬁ,p.&)thtioﬂumrhanodndmly'mimnﬂ'
reagent to be used for the detection of bands on the paper, so its
substitution for malachite green in cases where traces of glycerol
may be present during staining might well be considered.

The same need for a relatively rapid procedure mentioned earlier
nm«mmztumtmunthtsashmw-mu
mmmmuwmmmmncmuthm-
silicates. mmwﬁuormhmmnlwumthlot
variation in buffer flow rates. The use of water-glycerol systems
ormmtmmnmocunmmmm
buffer flow rate of such papers to provide suitable electrochromato-
graphic movement of particles. Methods for simple, rapid removal
ammmmmwmmmnmumuumm
yet, however.

Care must be exercised in work with layer-silicates to aveid
excessive sample delivery rates. Such rates may lead to localised
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flooding of the paper or to sutocatalytic accumulation of minerals
at the origin. For analytical work the lowest delivery rates which
still allow detection of the minerals on the paper are most desirable,
while for preparative work the maximm feed rate not giving flooding
or accumulation at the feeding origin should be sought.

Adsorption is definitely a problem in layer-silicate studies
by the means of paper chromatogrsphy or paper electrophoresis. The
problem is mainly one of time, rather than of experimental asccuracy,
for Grassman (17) has indicated that adsorption modifies only the
speed, and not the direction, of electrochromatographic movement.
One epproach to the problem would be attempting to locate a support-
ing medium on which there was little or no adsorption of the minerals
studied. Instead of eliminating this adsorption, however, it may be
more feasible or even necessary to continue the use of high-voltage
electrochromatography to circumvent the problem. Electrochromato-
graphic technique allows each mineral to travel over its own
migration path on previously adsorbed particles of its own mineral
species. Buitable individual paths down the curtain are thus
possible if diffusion and overfeeding can be either minimigzed or
eliminated. The technique is thus applicable in the presence of
adsorption of particles on the paper curtain, wvhereas strip electro-
phoresis has at best only limited applicability under such conditions.

In general, less-sharp resolution must be expected on the
thicker papers such as 8 & 8 470A, since convection currents are set
up in the inecreased buffer volume of the papers (9, p. 529). Other
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authors have also obtained rather diffuse bands in using the electro-
chromatographic technigue for the study of humic acids at high
potentisl gradients (10).

It 1s not claimed that the conditions presented in this man-
useript are the only ones allowing satisfactory study of layer-
silicate minerals by electrochromatography. They merely appeared
to be most satisfactory under the physical limitations which were
imposed on this series of experiments, such as size and shape of
apparatus, power source and available curtain material. It has been
proposed by Kunkel and Trautman (25, p. 238-240) that zone electro-
phoresis on granulasr starch might prove desirable for large particles.
They state that adsorption is often considerably lessened on such a
medium. Bloek, Durrum and Zweigg (9, p. 52) also note that ion-
exchange papers have been used for the separation of small inorganic
mmmehumg"mms",um-mhmmmu
used to advantage in layer-silicate mineral studies.

It might prove rather interesting to employ this type of pro-
cedure, once it has had the necessary modificatious, for the study
of particles such as the soil clay-organic matter complex. This was
attempted in a Tiselius-type epparatus by Reinosa (32). A basie
motive of the current research was to learn about the electrochromato-
graphic behavior of layer-silicate minerals so that this knowledge,
coupled with existing knowledge of the electrochromatographic behavior
of soil organic matter constituents, would eventually allow the
electrochromatographic study of soil clay-organic matiter complexes.
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With appropriste (and, at the present, rather mumerous) modifications,

it sppears that colloidal mineral-organic particles of differing
character may be separable by electrochromatography for subsequent
study.



Belected layer-silicate minerals were examined under varying
electrochromatographic conditions in a Karler-Misco electrochromato-
graphy unit in an attempt to determine if the technigue could be
used to advantage for the study of such minerals and for their
separation from mineral mixtures.

Malachite green (0.002% in nitrobenzene) was found to serve as
a satisfactory detection reagent for the location of minute amounts
of layer-silicates on paper curtains. Effectiveness of the stain
vas reduced in the presence of glycerol.

Initial wetting rates and capacities of various filter papers
vere evaluated. 8 & 8 UTOA was selected as the most satisfactory
paper for electrochromatographic studies of layer-silicates. A 0.01%
NayC0,-20% glycerol buffer medium vas used in conjunction with this
paper for most studies.

Sample delivery rates were found to be quite critiecal in work
with layer-silicate minerals. Too-slow delivery rates gave insuf-
ficient sample for adequate detection, while too-rapid rates caused
flooding or accumulation of minerals at the sample delivery origin.
Strong adsorption of the minerals on the paper was exhibited with
all minerals studied.

Patterns are presented for individual minerals and mixtures of
minerals under varying electrochromstographic conditions. Separation
of a mixture of montmorillonite, kaolinite and vermiculite into its
individusl mineral components has been at least partially achieved.
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Considerable refinement of experimental conditions remains before
entirely satisfactory patterns are obtained and before layer-silicate
separations are possible in a practical length of time. Nevertheless,
it is concluded that, with refinement, electrochromatography should
be a useful techmique for the separation and study of layer-silicate
minerals.
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Table 2. Capacities and Characteristics of Selected Filter Papers.

Initial
Special Vet Rate Capacity T
Paper’  Cnaracteristics’ Lﬁ) (w1 /) (1-.3
8 &8 1001 100§ Polyvinyl Chloride 03 03 0.009
S 48295 Partially Acetylated 03 03 0.0075
8 & B 2497 Fully Acetylated 0 gg 0.006
8 &8 2499 5% Dowex DC 1107 0° 0.0075
W1l Standard 3.0 <0.01 0.005
we Standard 4.0 <0.01 0.006
W 20 Standard 3.0 <0,01 0.005
R Ashless 4.0 <0.01 0.006
W ke Ashless 3.0 <0.01 o.g
W 52 Hardened 3.5 <0.01 0.
8 &8 26 Glass Fiber "Paper” 5.0 <0.01 0.0085
8 &8 287 Impregnated with 3.5 <0.01 0.01
infusorial earth
8§48 ggn Very Smooth, Hardened 2.5 <0.01 0.004
8&8 Ashless, Acid Washed 3.0 <0.01 0.0065
8 & 8 580RR Ashless, Acid Washed 3.0 <0.01 0.007
8 & 8 2040A Standard, Natural 5.5 <0.01 0.0065
8 & 8 2043A Standard, Netural 2.5 <0,01 0,0065
S & 8 20438 Otandard, Smooth 4.0 <0.01 0.0075
8 & 8 20454 Standard, Very Smooth 1.5 <0.01 0.0065
8 & 8 2045B Standard, Very Smooth 2.0 <0.01 0.0075
W 3 Standard 5.0 0.02 0.013
Vi Standard 6.0 0.02 0.007
W 41H Hardened 5.0 0.04 0.005
W 5k Hardened 4.5 0.02 0.006
8 & 8 500WR Ashless, Acid Washed 4.0 0.01 0.007
8 & 8 5890R Ashless, Acid Washed 4.5 0.02 0.0095
8 &8 2041 Standard .5 0.01 0.006
8 & 8 20438 Standard 4.0 0.01 0.0075
8 &8 507 Ashless, Hardened 2.0 0.07 0.00%
8 & 8 589GR Ashless, Acid Washed 6.5 0.12 0.0125
8 & 8 580BKR Ashless, Acid Washed 6.5 0.09 0.008
8 &/8 598 Standard 7.0 0.19  0.012
8 & S 20408 Standard, Smooth 8.5 0.09 0.0075
8 &8 236 Standard 5.0 0.09 0.012
W 3107 Ashless 11.0 0.51 0.017
8 %8 470 Standard 13.0 1.20 0.035
8 &8 4T0A Smooth 12.0 0.99 0.022
1y - Whatmen © & S - Schieichér and Schuell
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Systems.

Table 3. pH and Specific Conductance of Various Sodium Carbonate

pH

System

......




Figure 4.

Experimental Conditions for the Electrochromatographic Runs Illustrated in the Manuscript.

1 Size of Totel mis
Pattern Current Feed of sample Time
No. Paper Buffer (ma) Syringe Semple _  applied (hrs)
1 S&8L70A 0.01: Ba,C04 i 10 ml o.i: Utah bent, 2k
2  Whatman 3MM 0.01 = 1ml O0.1% Utah bent. 1.0 27
3 S&8h70a o.m% 3 5ml 0.1% Uteh bent. 6.2 24
&y
4  Whatman 3MM 0.01 2 1 ml 0.01% Utah bent. 1.0 2k
5 8&8 598 o.o:.:z% 2 1ml 0.1% Utah bent. 1.1 2k
6 8&s 598 0.01% 1.25 2 5ml 0.1% Utah bent. 6.6 23
7 8&8 598 o.oliu.! : 2 1ml 1.0% Mont, 24 1.0 20
8 Whatmen 3MM 0.05% Nag 7 1ml 0.01% Utah bent. 1.0 24
9  Whatman 3MM 0.01% 2 lml 0.01% Utah bent. 1.0 2
10  Whatman 3MM 0.005% 0.5 1ml 0.01% Utah bent, 1.0 2k
11 84&8s 598 0.01% 3 2 1ml 0.01% Kaol. 5 2.9 68
3 0.01% Mont. 24
¥ % °‘3‘i"; - ' "
12 S &8 470A 0,01 plus 2 5ml 0.01% Kaol., 5 10.2
20?% 0.01% Mont. 24
b % t=r ooy
13 8 &8 4704 0.01% HayCO, plus 1.5 5ml 0.01% Kaol. 5 10.9 48
20§ glyserol 0.01% Utah bent.
0. 3 verm.
ik S &8 koA 0-00520’ drgllm 0.5 5 ml g.g: mm. bz“ 13.5 53
0.01% verm.
15 8 &8 k70A 0.01% plus 2 5ml 0.01% Kaol. 5 9.5 48
mﬁhﬁ;uu 0.01% Utah bent.
0.01% verm.

“Al1 runs msde at 1000 volts potential (20 volts/em) and 8 °C.

%9
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Drip Points During the Electrochromstographic Runs
8 9 10 11 12 13 14 15 16 17 18 1)

Drip Point Number™

2 3 b 5 6 7

Milliliters of Buffer Collected from the

Illustrated in the Manuscript.
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