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AN ABSTRACT OF THE THESIS OF Boonthong Poocharoen for the Master of

Science in Chemistry presented July 11, 1972,

Ti:le: Reaction of Aqueous Catechol Solutions with Minerals.

APPROVED BY MEMBERS OF THE THESIS COMMITTEE:

P. Lutz, Chairman

Mofris B. Silverman

The effectiveness of catechol, an ameatic vic-diol, in dissolv-
ing silicgte minerals was studied. A synthetic amorphous magnesium
trisilicate, MgZSi308-5H20, as well as the minerals olivine, sepio-
lite, diopside, augite, and enstatite were used to react with catechol
in slightly acidic, basic, and neutral solutiomns. It was foLnd, de~
pending on the solvent used, that 33-52, 8-17, 14-30, 5-11, 3-6, and
0.5F1 % of the minerals dissolved, respectively.

The reaction with MgZSi308'5H20 resulted in the formation of
crystals of magnesium tris(catecholato)siliconate nonahydrate
Mg[Si(Cat)B]-9H20. Dehydration of the crystals at room temperature
resulted in the loss of 6 moles of water to form a trihydrated com-
| plex, Mg[Si(Cat)BI-BHZO; further dehydration at 100°C gave a% anhy-
drous complex, Mg[Si(Cat)a]. By adding guanidine hydrochloride,

CNBHGCl’ to the reaction mixture after filtering, crystals of guani-



dinium tris(catecholato)siliconate»monohydrate, (CN3H6)2[Si(Cat)3]'HZO,
‘were obtained., Infrared and nmr spectra, and analytical and x-ray
powder diffraction data are presented. The poséible structures of
the magnesium salts of tris(catecholato)siliconate are also éiscussed.
The reaction of catechol with the minerals listed above gave
a water soluble silicon-catechol complex, Si(Cat)g, which was
isolated as (CN3H6)2[Si(Cat)3]-H20 by adding guanidine hydrochloride
to the reaction mixture after filtering. The dissoiution of these
minerals by catechel to form Si(Cat); leads to the conclusion that
‘aromatic vic-diols in nature may play a role in chgmical weathering,
in transport of silicon into rivers or seas, in soii development, in

interconversion of minerals, and in accumulation of silica in plants,
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I. INTRODUCTION

f

The natural breakdown or ''weathering" of minerals occurs by
both chemical and mechanical processes. Mechanical processes include
wind erosion, grinding, fragmentation by thermal expansion and con-
traction, and mechanical forces exerted by growing plants. Chemical
reactions have classically been believed to be due to simple dissolu-
tion by water, acidity due to dissolved carbon dioxide, and air
oxidation, .In recent years, however, it has been established that
organic matter plays a role in certain geochemical reactions involved
in soil formation and fertility (1, 3), weathering of rocks (4, 5),
accumulation of metals in sediments (4), and the transport of certain
metals as organic complexes in river water (6, 7, 8). Perhaps even
more important is the role played by plants and microorganisms in
dissolving or altering silicate minerals (9). Several examples are
known of plants that accumulate silicon or aluminum (10, 11)}. Some
recent investigations have shown that several plants exude organic
compounds from their roots (1, 12, 13, 14) and these might play a
role in dissolving soil minerals. Lichens bring about the dissolution
of silicate minerals through the action of weak organic acids that
constitute 1-5 7% of the dry weight of the organism (5, 15). Parfenova
and Yarilova (16) have given some quantitative data on the amount of
various metals '"mobilized" annually by graiﬁ plants. By '"mobilized"”
they mean that the metals are taken from the soil as deep as the roots

extend, transported to the top parts of the plant, and then returned



2
to the humus layer at the very top of the soil profile when the plant
dies,

In the laboratory studies it can be shown that organic acids,
especially those capable of forming chelates with iron(III) and
aluminium, are more effective in dissolving minerals than simple in-
organic acids, For example, the solubility of chlorite, nepheline,
and hornblende is greater in citric or tartaric acid solutions than
in succinic and aspartic acid solutions (17). Furthermore, aspartic
acid extracts more silicon and calcium frém chlorite and kaolinite
than does sulfuric acid at a slightly lower pH (18). In another study
the order of decreasing resistance of minerals to dissolution in
aqueous citric and tartaric acids at pH 5.5 was found to be: kaolinite)
muscovite » clinochlore » hornblende ) labradorite ) biotite ) nepheline.
However, no dissolution at all was effected by succinic acid or as-
partic acid at the same pH (19). In a study of iron(III) migration
in soils it was found that ¢-hydroxy carboxylic acids mobilize iron
but other non-chelating carboxylic acids do not (18).

It is well established that humic and fulvié acids extracted
from solls are capable of forming complexes with transition metals,
aluminium, uranium, germanium, etec., (2, 3, 4, 20). Copper in sea
water is partly present in a complexed form (21) and many other ex-
amples are known in which metals are intimately bound up with natural
organic matter, Beyond this, however, very little information is
available, For example, it is not certain that metal chelates are
formed in every case. Very little is known about the kinds of organic

- compounds that react with minerals, What kinds of functional groups

or complexing groups are required? Which minerals are attacked and
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which ones are not? Are the minerals completely dissolved or are fhey
altered to other solid phases? Does the organic compound attack the
mineral surface directly or is simple dissolution followed by complex
formation?

The present study was undertaken in ordér to determine whether
aqueous catechol solutions would react with silicate minerals and, if
8o, to learn something about the conditions required and the products

of the reaction.

There is evidence in the literature that catechol and other

OH

OH

Figure 1, Catechol

aromatic vic-diols might be especially active in attacking minerals

(2, 25). A silicon complex with catechol was first prepared in 1931
by refluxing an aqueous ammonium hydroxide and catechol solution with
freshly precipitated silica (Sioz-xHZO) (22)., The complex containing

three moles of catechol per mole of silicon was formulated as Figure 2.

(NH,), s;<°© *H,0
0 3

%
Figure 2. Silicon-catechol complex

*
Variable amounts of water have been reported but it is now
established that only one H20 is present,
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It has since been shown that the reaction will go just as easily at
room temperature (23), that almost any aromatic vic-diol will form a
complex (including tannic acid and gallic acid), and that even finely
divided quartz will react, although slowly (24). Hess et al, (25)
found that ammoniacal catechol solutions react with "Permutite" (a
synthetic amorphous alumino silicate) but not with montmorillonite
(A12514010(0H)2-xH20) or orthoclase (KAISi308). These latter workers
pointed out the possibility that aromatic vic-diols might play a role
in soil chemistry., In another study it was found that 4-tert-butyl-
catechol is chemisorbed on the surface of kaolinite and montmorillonite
(26), supposedly by chelation to aluminum ions, but the investigator
did not consider the possibility of chelation with silicon. There is
an initial rapid sorption of 4-tert-butylcatechol followed by addi-
tional slow sorption that continues even after 85 days at room temper-
ature. This was interpreted as a slow attack on the kaolinite and
montmorillonite by the butycatechol that opened up new sorption sites,

Germanium, which lies just below silicon in the periodic table,
and forms a similar catechol complex, (NHA)Z[Ge(Cat)3]-3/2 H20, is
known to accumulate in coal and it has been suggested that this is due
to’the formation of an aromatic vic-diol complex (4, 27, 28).

Naturally, if aromatic vic-diols are to play a role in geochemi-
cal reactions it must be shown that they are present in the environment.
Figure 3, 4, and 5 show three common constituents of tannins., Tannins
are extracted by water from the wood and bark of many different plants

and are generally present in ground water, streams, and lakes (29).

Catechins (Fig. 6), and other compounds containing aromatic vic-diol



H 0-CO-C,_ H.O | 0 H
\/ 137977 v ' OH
: AWy
-C-0-C0-C, H.O
B-C 138997 -0 0CO H
0?H9013C0-?~C-H )
g-?-o-co-cwngo? . J
H-?-c ' Y
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Figure 3. Penta-m-digalloyl glucose (29, vol, 3)

HO
ao@—coo'fw
HO H-c-oM
) HO
m@coo&a
HO H-é~0H
HO g.(':.o_
HO COOCl H,
HO
Figure 4, Corilagin Figure 5. Ellagic’Acid (29)

groups are leached by rain water from green leaves (especially beech

leaves) and forest litter (30).
OH
[Illii QOH
HO O J
. OH OH

Figure 6. Catechin (six isomers)



The roots of cucumber, turnip, cabbage, tomatoes, and red peppers
exude a variety of organic substances, among them several "phenolic
acids" and "neutral phenols™ that were not identified further (13).
Several studies have expounded the importance of 'polyphenols" in
developing ﬁodzolic and lateritic soil profiles (31, 32, 33) but it
has not been established that vic-diols are the active groups.
Structures proposed for himic and fulvic acids generally con-
tain either one or more aromatic vic-diol groups or else the semi-
quinone group (1, 4, 20)., Hemwall (26) fbund that the semi-quinone
and quinone of 4-tert-butylcatechol are just as effective in attacking
kaolinite and montmorillonite as the unoxidized phenol. Steelink and
Tollin (35) state that many, if not most, qf the free radicals present
in soil are the semi-quinones and quinonés of aromatic vic-diols.
Aromatic vic-diols might be formed from lignin by the action of fungi

on dead, decaying plants (34):

R OCH, R OH

Fungi s
OH OH

part of a lignin

It was, in fact, shown in this work that several minerals do re-
act at room temperature with aqueous catechol solutions, even under
neutral or slightly acidic conditions, The results may be of partic-
ular significance in geochemistry where, despite the widespread accept-
ance of the importance of chelation, the formation of silicon complexes

has only been considered in one previous case (25). Indeed, not many
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organic coordination‘complexes of silicon are known and most are un-
stable in the presence of water, so it is not surprising that this
possibility has been overlooked.

In this study of the effectiveness of aromatic vic-diols, five
siliéate minerals--olivine, sepiolite, diopside, augite, and enstatite--
and one synthetic amorphous magnesium trisilicate were chosen to reacé
with catechol. The solvents used were 0.05 F écetic acid, 0.05 F
potassium biphthalate, water, 1.0 F ammonium chloride, and 0.05 F
ammonia, The products of the reaction with amorphous magnesium
trisilicate‘were obtained as magnesium and guanidinium salté of
tris(catecholato)siliconate for which the analytical and x-ray powder
diffraction data, ir and nmr spectra were presented, For the reac-
tion with the naturally occurring silicate minerals, the reaction
products were investigated by precipitation as guanidinium tris(cate-
cholato)siliconate monohydrate invwhich percent recoveries, as well

as the percent mineral dissolved were also determined.



1I. REACTION OF AQUEOUS CATECHOL SOLUTIONS WITH
SYNTHETIC MAGNeSIUM TRISILICATE

INTRODUCTION

A magﬁesium silicon complex was first prepared in this iaboratory
by D.W. Barnum by reacting aqueous catechol solution with synthetic
magnesium trisilicate; Mgzsi308'5H20, but the structure, composition,
and reaction conditions were not investigated. In the course of the
present study it appeared that the same complex was the product of the
reaction of aqueous catechol solutions with the minerals, olivine and
sepiolite., It was, therefore, of interest to investigate this compound
in more detail.

Another reason for further study is the problem of the structure
of hydrated silicon-catechol complexes. Flynn and Boer (36) have shown
by a single crystal x-ray structure determination that the pyridinium
complex, (CSHGN)z[Si(Cat)B},* contains octahedrally coordinated silicon,
the catechol serving as a bidentate ligand (Figure 7). Barnum (23, 37)
has suggested that those complexes containing "water of crystallization"
may have one chelate bridge broken as shown in Figure 8,

In this paper the abbreviations HZCat, HCat , and Cat” will be
used for catechol and its ions:

OH 0 0~
HyCat = ; HCat = ; Cat =
OH OH 0



o H\O..--Ho

|
Si / e/ Si /
o $Z

Figure 7. {Si(Cat)3}= Figure 8. [Si(OH)(HCat)(Cat)2]=

Q
-
=]

U

It was hoped that an investigation of the magnesium salts, Mg[Si(Cat)3].

xH20, might provide additional insight into this problem.

In addition, the problem of recovering the’product of the reac-
tion of magﬁesium trigilicate with catechol as the guanidinium salt,
(CN3H6)2[Si(Cat)3]-H20, was investigated., Kelley (38) was not able
from his data to determine the amount of "water of crystallization"
in this compound. Additional data was obtained in the present study
and together with Kelley's data good evidence for one mole of “water"

per mole of silicon was obtained.
EXPERIMENTAL

Magnesium trisilicate, M3281308-5H20, wasApurchased from Alfa
Inorganic, Its x-ray powder diffraction pattern showed it to be amor-
phous,

Anal, Calcd for MgZSi308-5H20: Mg, 13.86; Si, 24.01. Found:
Mg, 12.38,'12.47; si, 23.31, 23.25.

Preparation of Magnesium Tris(catecholato)siliconate Nonahydrate,
yg[Si(Cat)3]-9H29

Because catechol solutions, especially when basic, are easily

oxidized by atmospheric oxygen, the following reactions were carried
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out under a nitrogen atmosphere. The techniques used have been reviewed
by S. Herzog et al, (39). Once the crystalline products were dried,
they could be exposed to air withqut noticeable decomposition. H&gro~
scopic compounds, however, were suitably protected from atmospheric
moisture.

A 2,11 g portion of Mg28i308'5H20 and 6.61 g of catechol (mole
ratio Si/HZCat = 3:10) were placed in a 250-ml flask. The flask was
evacuated, filled with nitrogen, and 40 ml of the desired solvent added.
Solvents used were 0.05 F acetic acid, 0.05 F potassium biphthalate,
ﬁater, 1.0 F ammonium chloride, and 0.05 F ammonia. The contents of
the flask were swirled until all of the‘catechol was dissolved and then
the mixture set aside at room temperature. The reaction time required
depends somewhat on the solvent, but generally after one month tabular
brownish crystals of Mg[Si(Cat)B]-QHZO that had formed were several
millimeters in diameter and could be separated from the unreacted magne-
sium trisilicate by picking them out with tweezers. These were washed
with water and dried in a slow stream of nitrogen, The yield (see
Table I) was on the order of 30-50 % based on MngiBOS'SHQO.

In another set of experiments, the reaction mixtures were refluxed
for about 15 minutes before setting them aside at room temperature and
generally somewhat better yields were obtained.

For preparative purposes the amounts of reactants were doubled
and 0.05 F ammonia was used for the solvent. The yield was about 7 g
of the nonahydrate.

When 15 F ammonia was used as the solvent there were at least two

different kinds of crystals; feather-like and needle-like crystals were
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TABLE I

RESULTS FROM REACTIONS BETWEEN
MAGNESIUM TRISILICATE AND CATECHOL -~

Aqueous Product,

i pH Mg[Si(Cat),] 9H,0
initial final wt, gb % vieldc

.05 F » ,

acetic acid 3.4 6.4 2.76 43
.05 F

potassium 5.5 6.5 2,13 33

biphthalate

water 7.2 6.4 2.3 36
1.0 F a

ammonium 6.5 5.8 3.07 47

chloride

.05 F ammonia 7.8 6.4 3.36 52

a, this final pH was measured from the identical reaction which
was refluxed 15 minutes for imitiating the reaction.

b. weight of those crystals that could be separated with tweezers.

¢, calculated, based upon MgZSi *5H, O and Eq. 1.

3034,
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formed,  These were separated mechanicaliy and upon drying under wvacuum
“both crumbled to white powders which were identified by infrared as
either (NHA)Z[Si(Cat)é}HZO or (NH,),[Si(Cat),]-H,0-H, Cat, or possibly
mixtures of both., These compounds have been described earlier by
Barnum (23, 37).
Anal, Calcd for Mg[Si(Cat)B}-QHZO: c, 40.12; H, 5.47., Found:
C, 39.74; H, 5.61. |

Preparation of Magnesium Trig(catecholato)siliconate Trihydrate,
Mg[Si(Cat).]-3H,0
-

The crystals of the nonahydrate prebared by the above procedure
were dried to constant weight in vacuum at room temperature (about
40 hours are required) or at 50-80°C (which requires about 20 hours),
whereupon the crystals lost six moles of water and crumbled to a
brownish pouder of the trihydrate, Mg[Si(Cat),].3H,0.

Anal. Calcd for Mg[Si(C

6
Si, 6.52; Mg, 5.64., Found: C, 49.15; H, 4,27; Si, 5.96, 6.48, 6.29,

H,0,)31-3H,0: C, 50.19; H, 4.21;

6.36; Mg, 5,68, 5.64, 5,59, 5,54, Silicon was determined by decompo-
sition and dehydration with concentrated HCl, filtering off the in-
soluble hydrated silica, and ignition to SiOz. Magnesium was deter-
minéd in the filtrate by extracting the catechol (which interferes)
into diethyl ether and'titrating with standard EDTA using Eriochrome
Black T indicator. Calcd weight loss on drying from Mg[Si(Cat)3]'9H20
to Mg[Si(Cat)3].3H20: 20,1%. Found: 20.1; 20.4, 21.6% (these weight

losseg are also shown in Table I1I).



DEHYDRATION OF Mg[Si(Cat),]+9H,0 AT REDUCED PRESSURE (<1 Torr)
T0 FORM Mg[Si(Cat),]-3H,0 AND Mg[Si(Cat),]

TABLE II1

13

drous) is 30,1%.

-6820 -3H20
Mg{Si(Cat)3]-9H20 —_— Mg{Si(Cat)3}-3H20 —_— Mg[Si(Cat)B]
T d
' c otal | Total
Sample | Temp., |Time, |Weight Moles || Temp., | Time, | Weight | Moles
No. °C Hrs. | loss, HO °C Hrs. loss, H20,
% 108t % | 1bst
1 l 22 |110® | 20.1 6.0 - - - -
{Room)
2 | 22 |92 | 20.4 6.1 - - - -
{Room)
3 22 96 20.4 6.1 100 166 30,2 9.0
(Room}
4> 80 |60 | 21.6 6.4 [l96-98 | 147 | 30.9 | 9.2
a, weight constant after drying 38 hours,
b, a small amount of sample was lost during the heating at 80°C,
c. theoretical weight loss is 20,1%,
d. total theoretical weight loss (from the nonahydrate to anhy-
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Preparation of Anhydrous Magnesium Tris(catecholato)siliconate,

Mg[S1(Cat),]

The anhydrous salt was obtained by drying either the crystal of

nonahydrate or trihydrate to constant weight in an Abderhalden pistol
drier at about 100°C, The time required to reach constant weight was
160-220 hours.

Calcd weight loss on going from the nonahydrate to the anhydrous
compound: 30.1%. Found: 30.2; 30.9% (also see Table II). |

Preparation of Guanidinium Tris{catecholato)siliconate Monohydrate,
(CN3§6)2[81(Cat)3]‘H29

Into a 250-ml flask were placed 13,2 g of catechol and 4.2 g of
amorphous magnesium triéilicate. The flask was evacuated, filled with
nitrogen, andihbn 80 ml of 0,05 F ammonia was added, After stirring
overnight with a magnetic stirrer, the unreacted magnesium trigilicate
was filtered off and 40 ml of 1.0 F guanidine hydrochloride was added
to the filtrate. A pale yellow precipitate of the guanidinium salt,
(CN3H6)2[Si(Cat)3]°H20, began toAform within a few minutes. After at
least three hours the precipitate was filtered off, washed with small
portions of water, and dried in vacuum to constant weight at room
temperature, The yield was about 2.5 g.

Anal, Calcd for (CNéHB)z[Si(C6H402)3]' H,0: Ssi, 5,73; C, 48.97;

2
H, 5.34; N, 17.13. Found: 8i, 5.80; C, 49.04; H, 5,27; N, 17.21,

RESULTS

Magnesium Salts of Tris(catecholato)siliconate

Nearly neutral aqueous solutions of catechol react at room temp-

erature with amorphous magnesium trisilicate forming crystals of the
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magnesium salt of a silicon-catechol coordination complex:

. -+~ =
M3251308-5H20 + 9H20at + 5H20 — > ZMg[Si(Cat)3]'9H20 + 2H + Si(Cat)3

Eq. 1
An excess of catechol was used (10 moles of catechol per 3 moles of
gilicon) and the nonahydrate (see Table I) was the only complex formed
using 0.05 F acetic, 0.05 F potassium biphthalate, water, 1.0 F
ammonium chloride, and 0.05 F ammonia as the solvents. The yield was
30-50 % based on the weight of magnesium trisilicate and the stoichio?
metry in Eq. 1. The initial pH of the reaction mixture varied from
5.4 to 7.8, depending on the solvent, but in every case (except one)
the final pH was 6.4-6.5 after a réaction time of one month. In the
one exception’(see Table I) the reaction mixture had been treated
slightly different. It appears thﬁt the combination of catechol and
magnesium trisilicate acts as a buffer. Silicate minerals apparently
play a similar role in controlling the pH of natural waters (40).

A reaction also occurs in 15 F ammonia, but the product is
either (Nnﬁ)z[Si(Cat)3]'H20 or (NH4)2-[Si(Cat)3]-H20-H20at instead
of thg magnesium salt,

Crystals of Mg[Si(Cat)3]-9H20 are often several millimeters in
diameter and when dry can be exposed to the open atmosphere for weeks
or even months without noticeable air oxidation or loss of water of
crystallization. The crystals are insoluble in benzene, carbon tetra-
chloride, and p-dioxane, but decompose (probably dehydration) in
N,N-dimethylformamide, pyridine, dimethylsulfoxide, and acetone (no
attempt was made to identify the decomposed products). Analytical

data support the formula Mg[Si(Cat)3]-9H20. The infrared spectrum is
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shown in Figure A-1 and A-2 and the x-réy powder diffraction data
are tabulated in Table A-1 of Appendix A.

If the nonahydrate is taken to constant weight by drying in
vacuum, either at room temperature or at 50-80°C, six moles of water
are lost per mole of silicon and the product is a fine hygroscopic
powder of Mg[Si(Cat)3]-3H20. The decomposition of this compound was
established by analytical data, the weight loss upon going from the
nonahydrate to the trihydrate, and the relative inﬁensitiea of the
phenyl proton and éhe water absorption in the nmr spectrum, Data on
the weight loss during deﬁydrtion are taﬁulated in Table II.

The trihydrated magnesium salt, Mg[Si(Cat)3]-3H20 is somewhat
hygroscopic and decomposes to a yellow-greenish grey product after ex-
posure to the air for about one month,

Infrared spectra of Mg[Si(Cat)3]-3H20 are shown in Figure A-3,
A-4, and A-5, and x-ray powder diffraction data are tabulated in Table
A-2 of Appendix A.

The nmr spectrum of Mg[Si(Cat)B]-3H20 in N,N-dimethylformamide
(2.7% solution) is shown in Figure A-6 of Appendix A. The peak at
T = 3.55 ppm (relative to TMS) arises from phenyl protonms, and the
peék af.T; 6.38 ppm is due to water., The spectrum of the pure solvent
showed no absorption that could be attributed to traces of water, al-
though it might be hidden under the large methyl proton peak of the
solvent itself. Addition of microliter quantities of water to a solu-
tion of Mg[Si(Cat)3]-3H20 in N,N-dimethylformamide caused the 6.38

peak to move downfield toward 7;=5.25 ppm, which is the position of

the proton peak of pure water. Integrations of thephenyl and water
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peaks yielded ratios of 12:6.02, 12:5.95; 12:6,00, and 12:6,02, in
good agreement with that expected for a trihydrate which would exhibit
a ratio of 12:6. |

Under more severe drying conditions, i.e., more than 166 hours
at about 100°C under vacuum, anhydrous Mg[Si(Cat)B] was obtained. The
weight loss, shown in Table II, is in good agreement with this formu-
létion. It is a greyish-wﬁite powder, more hydroscopic than the tri-
hydrate, and also more rapidly oxidized by atmospheric oxygen to a
yvellow~-greenish grey product within about two weeks. The x-ray powder
diffraction pattern, which is tabulated in Table A-3 of Appendix A,
shows unusually broad lines indicating that the compound has poor
crystallinity. The infrared spectrum is shown in Figure A-7, and
A-8, Appendix A, and summarized in Table III. It should be noted
that absorption bands due to O;H stretching and H-O-H bending modes
are clearly visible in the spectra of the nonahydrate and trihydrate

but are absent in this spectrum.

*
Guanidinium Salt of Tris(catecholato)siliconate

The pale yellow color of this guanidinium salt does not change
during drying in vacuum to constant weight, It is somewhat hygroscopic,
but less than the trihydrated magnesium salt, insoluble in ethyl ether,
acetone, pyridine, p-dioxane, but soluble in N,N*dimethylformamide,'
dimethylsulfoxide, and slightly soluble in formamide and water, In

ethylenediamine, it dissolves giving a pink solution. The solid de-

Kelley (38), who prepared this identical guanidinium salt
from the reaction of catechol with silicic acid and with wollastonite,
has also reported analytical data, ir, and nmr studies.
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TABLE III

SUMMARY OF INFRARED SPECTRA OF MAGNESIUM
SALTS OF TRIS(CATECHOLATO)SILICONATE

Assignment | Mg[Si(Cat),<9H,0 Mg[Si(Cat),]-3H,0, | Mg[si(Cat),],
-1 -1 -1
cm cm cm
0-H 3555 A

stretching (db) 3551 (s) none

(8i-0OH) 3531 4

a

H-0~-H - 3311 (sd)
stretching | -5000-3400 (br) 3106 (sd) none

H-0-H 1646 (s) 1623 (s) none
bending

C-H 1103‘ 1100 (s) ‘ 1100

in-plane - (db) (db)

bending 1096 1090

10217 1016 (s) 1019 (8)
(db)
1014
b .

Pw(ﬁHz), 671 (s)
Pr(OHz), 650-750 (br) 658 (s) none
Pt(OHZ) 632 (s)

Abbreviations: sd = shoulder; db = doublet; br = broad; s = sharp

a, Nakamoto (43, p 166) suggested that the asymmetric and sym-
metric OH stretchings of lattic water absorb at 3550-3200 cm-1l.

b, Pw, Pr, Pt are wagging, rocking, and twisting modes respec-
- tively of water coordinated to metal,
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composes readily in acid to give silica. It discolors and loses ~6 %
of its weight over a period of 155 hours in a va#uum at 100°C and ~4 7%
over a period of 218 hours at 80°C,

The infrared absorption spectrum of the guanidinium salt is
shown in Figure A-9 of Appendix A, The bands at 3391, 3129 and 1659
c:m.1 are believed to be due to symmetric N-H stretching, asymmetric
N-H stretching and N-H bending modes, respectively. The same bands
are also found in guanidine hydrochlbride at 3358, 3131, and 1640 cmal.
The band at 3570 cm-l possibly arises from OH stretching. The C-H in-
plane-bending bands as proposed by Kelley (38) are tabulated in Table
1v,

The nmr spectrum of the guanidinium salt in N,N-dimethylformamide
(~327% solution) is shoﬁn in Figure A-10, Appendix A. There are two
peaké at 7'= 3.06 ppm and at 7;= 3.65 ppm which are due to phenyl pro-
. tons and the rapid exchange of N-H and O-H protons, respectively.

The x-ray powder diffraction data are also presented in Table

A-4, Appendix A,
' DISCUSSION

Magnesium Salts of Tris(catecholato)siliconate

The fact that the reaction of catechol with magnesium trisilicate
occurs in slightly acid solution serves to emphasize the strength of
the silicon-catechol complex. According to Eq. 1 the overall reaction
produces H+. However, it is probably not an equilibrium and, there-
fore, not necessarily inhibited by acid. However, the silicon complex

is decomposed by acid to hydrated silica according to Eq. 2 and Eq, 3:
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si(Cat); + 4H,0 + 28— si(om), + 3,Cat  Eq. 2
Si(OH)4 + (x - 2) H20 ;:::i SiOz‘xHZO Eq. 3
The equilibrium constant* for Eq. 2 has been measured independently
from which it can be calculated that under the conditions which give
a product of crystalline Mg[Si(Cat)s]'9H20, i.e., approximately 1.0 M
catechol and pH = 6.4, any silicon in solution would be almosf com~

pletely in the form of the Si(Cat)z complex rather than Si(OH)4:

(6712 [(s1(cat)]]
{Si(on)a}{HQCat]3

3.5 x 10“11

[si(Cat)y]

[S1(om) ]

From Eq. 1 it is clear that if we start with a slightly basic

= 220

solution, the pH will decrease due to complex formation, as was, in
fact, observed. It was also observed that the pH of weakly acid solu-
tioﬁs increased to 6.4, which suggests the dissolution of magnesium
trisilicate according to the reaction:

Mg,Si,0q°5H,0 + 4 ——> 3si(oW), + amgt? H,O0  Eq. 4
The Si(OH)a will form a precipitate of hydrated silica, according to
Eq. 3 if any éppreciable amount of magnesium trisilicate dissolves by
this mechanism.

- Some of the Infrared absorption bands are tabulated in Table III,
One expects O-H stretching bands in the 3000-3600 cm-1 region. In fhe
spectrum of Mg[Si(Cat)3]o9H20 (see Fig, A-1, an@ A-2, Appendix A),

there is a very broad band from 3000-3400 cm-l that is characteristic of

_{Ee value of the equilibrium constant reported by Bartels,
3.5 x 10", differs from that reported by Bauman, 4.7 x 10-12,
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strongly associated water and also sharp bands at 3531 and 3555 t:m-1

in the region of free or weakly associated O-H groups. A single sharp

1 1

0-H band is also observed at 3551 c¢m ~ in Mg[Si(Cat)3]‘3H20, 3545 cm

. -1 . .
in (NH4)2[81(Cat)3]'H20, 3570 em ~ in (CN3H6)2[51(Cat)3]'H20, and at
3496 cm.'1 in (CSH6N)2[Si(Cat)3] after it has been exposed to atmospheric

moisture, It is believed that this band is due to an Si-OH group. This

band is absent, of course, in the spectrum of anhydrous Mg[Si(Cat)3],

as are the other O-H stretching bands and the H-0-H bending near 1600
-1 '

cm C,

Kelley (38) has pointed out that the C-H in4plane-bending bands
of catechol show a distinct shift when the catechol is coordinated.
These data are shown in Table IV. In free catechol the bands appear
at 1104 and 1049 cm-l and the difference is 55 cm-l. When the catechol
reacts with silicon the difference between the two frequencies increases
to about 80 cm-l due to the shift of the 1049 cm-l band to ~ 1020 cmﬁl.
The bands at 632, 658, and 671 cm - (see Fig. A-4, Appendix A)

could be due to either wagging, rocking, or twisting (or all three)

of lattice water or water coordinated to magnesium (43, pp 166-9, 327).

Guanidinium Salt of Tris(catecholato)siliconate

Analytical data for the guanidinium salt are presented in Table V.
Those aata qbtained in this work are from a sample that was dried under
vacuum at room temperature for three more days after it had reached
constant weight, These data fit the empirical formula (based on six

nitrogen atoms) C The average values of the

20.0 %25.7 %6.0 311.0 %.0°

analytical data (three sets from Kelley's (38) and one set from this

study) give an empirical formula of C20.5 H25.6 N6.0 811.0.07-0‘ Both



TABLE IV

COMPARISON OF SOME C-H IN—PLAﬁE BENDING
BANDS IN THE INFRARED SPECTRA OF
CATECHOL-SILICON COMPLEXES

COMPOUNDS : em™ ! em” !
Catechol ‘ 1104 1049
(Nn4)2[Si<Cgc)3]-n20 1102 1022
(CN_H, ), [Si(Cat),]*H. O 1098} 1018

3tg )5 31l 1072
(C.N H ). [Si(Cat).] 1106 1021

55 Yg’2 3 1101}'
Mg[S1(Cat),]+9H,0 1103} 1021
1096 101%
Mg[S1(Cat),]+3H,0 1100 1016

Mg[Si(Cat)3] 1100 1019
1096



TABLE V

ANALYTICAL DATA FOR GUANIDINIUM
TRIS (CATECHOLATO)SILICONATE

23

Theory Found Average
xa=§ x2= Sample 1b Sample 2b Sample 3b Sample 4

c 49,86 | 48.97| 50.39 48,53 49.69 49,04 49,41
H 5.23 5.34 5.24 5.01 5.27 5.27 5.20
N 17.45 | 17.13} 17.18 16.71 16.56 17.21 16.91
si 5.83 5.73 5.81 5.96 6.25 5.80 5.95
o? |21.60 | 22.83| 21.38 | 23.79 22.23 22.68 | 22.52

a, x is the number of hydrates,

b. data were obtained by Kelley (38).

c. data were obtained in this work.

d. the values for oxygen are calculated by difference from 1007%.
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empir%cal formulas agree with CZO H26 N651 0? for <CN3H6)2[81(Cat>3]'

H20 rather than with C N, Si, O for (CN3H6)2[81(Cat)

20 o5 Ng 517 O 3]

In the nmr spectrum the water and guanidinium protons appear as

'%HZO.

a single peak due to rapid exchange. The ratio between the phenyl
protons and exchangeable protons would be 12:14 for (CN3H6)2[Si(Cat)3]°

H,0 and 12:13 for (CN3H6)2[Si(Cat)$]-%H20. The nmr study of this guani-
dinium salt in dimethylsulfoxide by Kelley (38) resulted in the ratios
of 12:14.0, 12:14.4, and 12:12 and in N,N-dimethylfofmamide from this
work: 12:13,0, 12:13,6, and 12:13.8. The overall results of these

 nmr studies also agree with one mole of "water of crystallization”

and, therefore, the guanidinium salt is formulated as (CNéHs)Z[Si(Cat)

H20.

3l

Structure of the Silicon-Catechol Complex

Rosenheim et al. (22) prepared the ammonium salt, (NHa)z[Si(Cat)3]o
9H20 and also the guanidinium éalt? (CN3H6)2[Si(Cat)3]-7H20, and pro-
posed that the silicon is octahedrally coordinated as shown in Figure 7.
Flynn and Boer (36) confirmed this structure for the pyridinium salt,
(CSHBN)Z[Si(Cat)3}, by a single crystal x-ray structu:e determination.
Barnum (23, 37) has recently repeated previous work and found that the
ammonium salt is actually a monohydrate. On the basis of the tenacity
with which the water molecule is held, the failure to prepare a simple
anhydrous ammonium salt, and the product obtained from the reaction of
catechol with silicon tetrachloride under anhydrous conditions, he
suggested the structure shown in Figure 8 for this complex, as well

as similar ones that contain one mole of tightly bound 'water'". Earlier,

Rehlen et al. (44) reviewed the previous work on K[Sb(Cat)B]'3/2 H,0,
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K3[Fe(Cat)3]-H20, and H[As(Cat)3}-H20 amd concluded that one mole of
water is coordinated to the metal rather than béing present as lattice
water, Craddock and Jones (45) proposed a similar structure for the
arsenic(V)-catechol comples, H[As(Cat)3]-H20. Fairbrother et al., (46)
came to the same conclusion regarding the "water" in niobium-catechol
complexes,

Although coordination through a hydéogen bond, as shown in

Figure 8, is unusual, it has been established in a nickel(II)-catechol
complex, (Salen.NEtZ)(HCat)Ni(II)*, by an x-ray diffraction structure

determination (47).
One can imagine four possible structures for the silicon complex

in Mg[Si(Cat)3]'9H20 and Mg[Si(Cat)B]-BHZO (Figures 7, 8, 9, and 10).

. H\o ,.-ﬂo
(fi:;;>o 0
/s
7y
%0

Figure 9.  [Si(OH),[HCat),(Cat)] .

cig and trans isomers

Salen«NEt, refers to C.H_(OH)CN(CH,),-NEt,, the Schiff base,
derived from the condensation of Balicylade yge an% N,N-diethylethy-
lenediamine,
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H..-HO

- %
@ 9 0
%., / i

A “SHO

H

Figure 10.  [SL(OH),(HCat),],

fac and mer isomers

The structure shown In Figure 10 is unlikely because the infrared
spectrum of Mg[Si(Cat)BlfBHZO has a band due to H-0-H bending at
1623 cm-l. Also the absorption bands at 671, 658, and 632 cm“1 are
believed to be the in-plane and out-of-plane bending mode of water
coordinated to magnesium (see Fig. A-4; 43, p 327). One would expect
these bands to be absent 1f the structure shown in Figure 10 were the
) c;rrect structure, Furthermore, complex ions such as shown in Figures
9 and 10 are not known in any other cases so there is no precedent for
such structures. Hydrates containing more than one mole of water
were sought by Barnum (23, 37) among the ammonium salts. Although
higher hydrates exist they lose water easily in vacuum giving the
monohydrate, (Nﬂa)z[Si(Cat)3]~H20.

The strong tendency of silicon-catechol coﬁplexes with other
cations to hold only one '"water" suggests that the structure shown

in Figure 8 is the most probable, The fact that the magnesium salt

is isolated as a trihydrate might be due to the requirement that the
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magnesium ion in the crystal is "solvated" or coordinated in some
manner, Although the water would best satisfy this requirement,

the existence of anhydrous Mg[Si(Cat)3] shows that the Si(Cat)3 ion

itself may contribute to the coordination sphere around magnesium.
Kelley (38) has discussed the possible structure of the guani-

dinium salt, (CN3H6)[Si(Cat)3]°H20 and concluded that the structure

shown in Figure 8 is the most probable and the best formulation is

(CN3H6)2[Si(Cat)3]°H20.



III, REACTION BETWEEN SILICATE MINERALS
AND CATECHOL IN AQUEOUS SOLUTIONS

INTRODUCTION

In Part I the reasons for believing that aromatic vic-diols
might play an important role in various geochemical reactions were
discussed and in Part II the case in which aqueous catechol solutions
dissolved synthetic magnesium trisilicate was described, Further work
carried out on some magnesium and calcium silicate minerals using con-
ditions of temperatufe and pH close to those found in natural environ-

ments is presented in this part.
EXPERIMENTAL

Minerals

The description of minerals usea in this study is summarized in
Table VI, Mineral samples were purchased from one of the following
supply houses: Southwest Mineral Supply, Santa Fe, NM; Filler's,
Yucaipa, Calif; or David New-Minerals, Providence, Utah., Generally,
the cleanest looking pieces were selected, crushed in a percussion
mortar, ground to a fine powder, and then passed through a sieve in
order to collect the fraction smaller than 325 mesh ( <48 _u dia).
For enstatite a 200 mesh screen was used (£ 78 u dia). The olivine
was obtained from a fist sized "bomb'" that was weafhered on the out-
side but clean and not visibly altered on the inside, It crumbled

~fairly easily into granules, 1-3 millimeter in diameter, of light



TABLE VI

DESCRIPTION OF MINERALS

Hamilton, Montana

Mineral Formula Sub - class Group Source Reference
Olivine (Mg, Fe), 510, Nesosilicate Olivine Kilbourne Hole, Dona Ana ASTM
Co., New Mexico 7-79
Sepiolite Mg, 81,04+2H,0 Inosilicate Sepiolite- Riddle, Oregon ASTM
’ - polygorskite 14-1

Diopside CaMgSiZO6 Inosilicate Pyroxene Jefferson, Park County, ASTM

Colorado 11-654
. Ca(Mg,Fe,Al) (Al, Barislave, near Tepice
Augite Si)zoﬁ Inosilicate Pyroxene N.W. Bohemia, a
Czechoslovakia
. Bamle, Norway. ASTM
Enstatite M38103 Inosilicate Py:oxene DavidNew . Minerals 7916

a. I.Y. Borg and D.K. Smith, Calculated X-ray Powder Patterns for Silicate Minerals, The Geological

Society of America in cooperation with the Mineralogical Society of American (1969), pp 249-52.

34
o
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green olivine and dark green enstatite.‘ The olivine granules were
separated manually before grinding and sieving.

The identity of each mineral was checked by x-ray powder dif-
fraction and infrared absorption.

The x-ray powder diffraction of olivine indicates that it is
forsterite (MgZSiqh)'

The diffraction pattern of diopside has weak lines due to térmc~
lite (CazmgSSisﬁzz(cH)z) (see IAble'B~&; Appendix B) and the ir
spectrum (see Figure B-3, Appendix B) also has a band of f~13.2'p due
to tremolite as well as a band at ~7.1 u that may be»due to calcite,
The x-ray powder diffraction pattern however does not show any calcite.

The intensities of lines in diffraction pattern of augite are
in poor agreement with the ASTM p#ttern, but this is probably because
CuKx radiation was used in this work whereas the ASTM pattern was
measured using FeKxy radiation. The pattern is in good agreement how-
ever with that of fassaite (Al-augite) reported by Berg and Smith (48).

Both ir and x-ray patterns of sepiolite are in good agreement
with p-sepiolite, which is a poorly crystallized variety (50). The
sepiolite aiso contained some unknown dark brown impurity that was
separated mechanically and its x-ray diffraction pattern is‘given.in
Table B-3, of Appendix B,

Enstatite showed some magnetite (Fe304) in its x-ray diffraction
pattern, All other ir spectra and x-ray powder diffraction patterns

are in good agreements with published data,
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Reactions of Minerals with Aqueous Cateéﬁol Solutions

The amounts of mineral, catechol, and solvent shown in Table
VII were placed in a 125-ml glass stoppered flask with a side arm
and stopcock, The flask was evacuated, filled with nitrogen, and
the solvent added. Solvents used were 0,05 F acetic acid, 0.05 F
potassium biphthalate, water, 1.0 F émmonium chloride and 0.05 F
ammonia, The contents of the flask were swirled until all of the
catechol dissolved, Each mixture wés kept for about 1-2 weeks in a
controlled temperature water bath at 40°C with constant mechanical
shaking and then stored at room temperafure for an additional period
of time to see if any precipitate or crystals formed., No product
being formed, the unreacted mineral was fiitered off under nitrogen,
washed with water and dried to constant weight under‘vacuum. The
weights of recovered mineral were compared with the initial weights
- and the percentages of minerals dissolved are reported in Table VIII.
The pH of the filtrate (without the washings) was adjusted to 9 and
then the volﬁme of 1,0 F guanidine hydrochloride shown in Table VII
was added, Generally, thg dissolved silicon precipitated immediately
as (CN3H6)2[Si(Cat)3}°H20. In the case of enstatite the precipitate
only appeared after standing about one week., To be sure précipitation .
was complete the solution was left two days (enstatite for two weeks)
before filtering off the guanidinium salt under nitrogen. It was
washed three times, dried under vacuum to constant weight, and weighed.
The weights are tabulated in Table VIII, The identity of each pre-
cipitate was confirmed by both its ir spectrum and x~ray powder dif-

fraction pattern,



TABLE V1I

REACTIONS BETWERN MINERALS AND AQUEOUS CATECHOL SOLUTIONS

32

]
. Minersl Tsk Catechol Tak: Reaction Time ~ Fol. Ouani.
Minersls Solvent Vol. Solvent orel Token hkiitg —; ins hydro-
Taken, ml Weight, |m,mol of |Weight, m.ool A ‘e At Room ride
[ si g L 4W0C | renp. hided, ml
r xigski‘u L0 0,8443 6.00 6,61 %) 7 12 15
e W oam2 | 600 | 661 6 | 1 15
Olivine
(Forsterite) H0 40 0.8042 | 6,00 6,61 60 16 12 15
-3
(a0, ,},;:c{ %0 0.8442 | 6.00 | 6.61 | 60 16 12 15
et 0.05 F
Aomonis 0 0.8443 6,00 6.61 60 16 12 15
Aonia 0 |o.aM3 | 600 | 661 | 60 | 16 | 12 15
0.05 F r 1.7818 | 6,00 6.61 0 7 r 20
Seplolite Ho0 40 1.7818 6,00 6,61 60 vi 10 20
t 3
(MezSt30g-2820) | gt W |1oee | 600 | 661 | 60 7| w0 2
N 10 17818 | 6,00 | 6.61 60 7 40 20
re ,2{2551; “ 20 0.6504 3.0 3.30 30 14 i 20
Oigg F 20 0.6501 3.0 3,30 30 14 21 20
Diopside 20 20 0.6502 3.0 3.3¢ 30 14 21 20
(cavgs1,06)" Wl 20 0.6502 | 3.0 3.30 | 30 “ 21 20
0.05 ;. 20 0.6501 | 3,0 3.30 30 1% 7 20
15 1;. 20 0.6503 3.0 3.30 30 14 28 20
oot hetd 20 0.6504 | 3.0 330 | 30 14 7 10
0;{33 F 20 0,6501 3.0 3.30 30 1% 10
Augite Hy0 20 0.6502 | 3.0 3.30 30 1% 7 10
(Cangs150)* !“ﬁﬁé 20 0.6503 | 3.0 3.30 30 1% 7 10
0.05 : 20 0.6502 | 3.0 3.30 30 11 7 10
. 15 L 20 0.6504 | 3.0 3.30 30 1 7 10
“g.gs*l; 20 0.3033 3.0 3.30 30 (s) 18 mo 15
Gigg ¥ 20 02,3033 3.0 3.30 30 {e) 12 mo 15
Eostatite Hx0 2 0.304% 3.0 3.30 30 te) 12 mo 15
(Mgs109)* 1.0 F 20 0.3033 | 3.0 3.30 | 30 ) 12 mo 15
RHC1
gﬁ;; 20 0.3034 3.0 3.30 30 {e) 12 m0 15
\ 15 'I 20 0.3033 | 3.0 3.30 30 - 5 mo 15

s, These formlas were used through out in this study,

b, The reaction time is in "days", axcept thoss expressed in "mo", months.
s. The resctione were refluxed for sbout 15 min, befors storing st room tempersture .
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TAELE ¥IlI

RESULTS PFROM REACTIONS OF MINERALS WITH AQUEOUS CATECHOL SOLUTIONS

« Ouanidinium Salt °
Mot £ ¥inersl ovared
Mineral Solvent | |Reaction | Dissolved, Ree
Mixture 2 Weight, g |% Recovery
6.05 F G.2%52
Aeotic Aota | 3% 16 (0.49 m.m) s
0.05 F 04163
Olivine P, é.10 o (g.;’ :.-) 1h
(+] 6.85 9 b 7
(Porsterits) i (0,42 m.n)
1.0F 6‘50 11 0.2537 8
(Mg2810,) NHCL (0,51 m.m)
0.05 F .50 R 0.2390 s
Asonis * (0,49 =n.m)
1,0F 0.5556
Ammonis 11.30 M (1.1 n.a) 19
0.05 F " 0.4818
XHP 6.03 7 {0.98 m.m) 3
Sepiolite 0 6.30 14 (‘,’-gg’*i 2 10
. 1.0 F 1.5566
(!‘251305 24,0) NH,C1 6.50 3 (3,17 w.m) 18
5 F 0.6397
4 . (1,03 m.u) 6
0,05 F 0.0331.
Acetic hoid 5.05 ' (0,07 m.m) !
0,05 F 0.0760
. P 6.50 5 (0,16 n.m) 5
- Diopeide H0 6.35 t Oy | 03
T.0F X
(CaMgsiz0q) N C1 6.5 ’ (0:16 2.m) 3
0.05 F ’ " 0.6857
7.40 t {0.18 n,m) 3
5 F 0.2083
Asmonis 4 ° {0,42 n.m) 7
005 F 0.0161
hoetie Acid| | 413 d (0,03 m.m) 0.5
G.05 F | 0.0139
oF | T 3 (0.03 mm) | %3
Augite #20 . 555 6 Ouram | 2
1.0 F 0.0551
(CaMgs1,0,) MHCL 5.7 d (o1 ?5‘.‘) 2
0,05 ¥ 0.1299
Ammonis 7.20 3 (0.26 m.m) s
TR 0.2895
Anmonia 4 . (0,59 m.m) 10
0.05 F | N 2 0.0214 p
Agetic Acid (0,04 m.m)
0.05 F 90,0202
KHP 4e20 4 (0.04 m.m) !
Enstatite Ha0 5.50 4 g s
1.0 F
(Mgs10q) NigCL d 4 g £
005 F 0.0160
Ammonia 715 4 (oram | %
15F 4 h b n

In each caes, thepH of the

Cusnidinium salt ie (CN;H(,):&[%!(CA%);} 2H20,

Some small crystals were f
the asmonium sslt, (NHL)2[S1{Cat)3].H20
The values were not sollected

Some small crystals wers formed

H20.H2Cat,
I tinecus

Ca{HCat )2.XH20, or Ca[Si(Cas
In each case,about 5 ag of
The mineral dissolved was caleulated

tion was messured At the end of the reaction,

slong with the residue and were identified as

id along with the residus and were identified as the
combination of two ammonium selte, (WH.)2({31(Cat)3}.R20 and (NH,)2[S1(Cet)3).

t was formed along with the residus wvhich possibly was
IHa0, or the mixture of both.

:‘)‘i.‘m

infum salt was obtained,

bs 10 % and the dissclved product was

Tecovarsd as the ammoniun salt, (Wlj)2{S1(Cat)3H.0, which contained & sasll
+HpQeHaCat, .

amount of (Wy,)z[51(Cat)3]

33
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When 15 F ammonia was us@d for the solvent, crystals had formed
before the unreacted mineral was filtered off, In most cases a small
amount of the crystalline prod%ct, uncontaminated by unreacted mineral,
could be separated mechanicallé for identification ﬁy ir and x-ray
powder diffracfion method, Upén drying this product to constant weight
under vacuum, the crystals cru%bled to a white powder which was sub-
sequently identified as (NH&)2t81(Cat)3}-H20. Often some of the
catechol solvate, (NH4)2[81(Cat)3]-Hzo-Hzcat, was present as an im-
purity.

Preparation of Magnesium Tris(¢atecholato)siliconate Trihydrate from
Sepiolite and Olivine

Two attempts were made té obtain the magnesium salt, Mg[Si(Cat)3]e
3H20, from the reaction betwee% sepiolite and aqueous catechol. In
both cases 1.78 g of sepiolite%(lS memoles of Si)*, 6.61 g of catechol
(60 memoles), and 40 ml each o% water and .05 F ammonia were used, The
reaction was carried out in wafer by refluxing for about 2 hours and
then storing at rocom temperatuée for 3 months, The second reaction
was carried out at 40°C for one week with mechanical shaking. For
olivine, 0,97 g (6.5 m*moles of Si) and 5.51 g of catechol with 20 ml
of water were used. The reaction was kept at room tempetrature for 4
months, Crystals of Mg[Si(Cat)3}-9H20 did not form in any of these
mixtures as they did in the ca%e of magnesium trisilicate, Mg,51,0,°5H,0.
The unreacted minerals wére filtered off and the filtrates were

evaporated to dryness under vaqum. The residues were then extracted

seven times with small portion

of diethyl ether to remove excess

* | :
- Based upon the formula Mg,51,04-2H,0,
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catechol and dried in vacuum at room temperature to constant weight.
The yields were about 0.3 g of light brown product from sepiolite and
about 0.6 g of violet product from olivine.

Both the ir spectrum and the powde; diffraction pattern of these

products were identical with that of Mg[Si(Cat)a]-3H 0, except that

2
the powder diffraction pattern had an additional strong peak at

d = 12,2 R which occassionally, in previous preparations from magnesium
trisilicate was observed as a very small peak. It was not ascertained
whether impurity or the way the product was formed caused this addi-

tional peak. However, both ir and powder diffraction showed that most

of the product is Mg[Si(Cat)3]-3H20.
RESULTS

Nearly neutral solutions of catechol were shaken with various
minerals for 1-2 weeks at 40°C and then allowed to stand for an addi-
tional 2-3 weeks at room temperature. Partial dissolution of the
minerals occurred due to the formation of a silicon-catechol complex,
Si(Cat)z, which was precipitated as the insoluble guanidinium salt,
(CN3H6)2[Si(Cat)3]-H20. The extent of dissolution was measured not
only by the weight of silicon-catechol complex recovered, but also
by the loss in weight of mineral, These data are summarized in
Table VIII,

It will be seen in TableVIII that the recovery of silicon as
the guanidinium salt is generally less than the percentage of mineral
dissolved would indicate. This is expected because the solubility of

the guanidinium salt in water is too large for quantitative recovery,
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i.e. 0.5 g/100 ml (38). Thus, the primary quantity to be considered
should be the percentage of mineral dissolved.

Although quantitative data on the solubility of minerals is
almost non-existent, it is possible to make a rough comparison between
the solubility in pure water and the solubility in neutral catechol
solutions, Thus, augite was reported to be soluble to the extent of
0.057-Q.097 % (53) whereas as much as 6 % went into solution in the
presence of catechol. Bolton (54) reported that augite and olivine
were not dissolved by dilute mineral acids or by dilute carboxylic
acids. Sepiolite is gelatinized by hydrochloric acid (53, pp 427-49).
It is also reported that the water lost at the lower temperature can
be resorbed reversibly (55). However, neither the extent of gelatini-
zation nor solubility in water is mentioned, Diopside and augite were
reported to be insoluble in hydrochloric acid (56). Enstatite is
more resistent to weathering than olivine (57). It may, therefore,
be concluded that the catechol either increases the solubility of the
mineral or greatly enhances the rate of dissolution,

The data for diopside and enstatite in Table VIII require further
comment,

The extent of reaction with enstatite was wvery small, even
though the solutions stood in contact with the mineral for 12-18
months compared with 3-5 weeks for the other mimerals, Although
the particle size of the enstatite sample was greater ({75 u dia-
meter as compared with <48 p for other minerals im Table VII), the
difference is probably not enough to account for the slower reaction,

Therefore, of the minerals investigated, enstatite is the most stable
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against attack by catechol solution, Furthermore, the fact that so
little silicon-catechol complex was recovered from this reaction is
good evidence that much larger recoveries in the other cases were due
to the reaction with the mineral rather than with the glass reaction
vessel,

The results for diopside are uncertain. All of the minerals
were examined by ir and powder diffraction before and after reaction
with catechol. Those reactions with diopside using water, 1.0 F
ammonium chloride, or 0,05 F ammonia as the solvent gave a gelatinous
precipitate along with unreacted diopside. Both the ir and the powder
diffraction pattern of the gel agree with an unidentified "Compound A"
isolated by Kelley (38) from the reaction of aqueous catechol with
wollastonite, The substance has not been isolated in pure form, but
apparently contains catechol, silicon, and calcium, Kelley suggested
that it may be Ca[Si(Cat)3]-xH20, or Ca(HCat)z‘xﬂzo, or a mixture of
both. Also, the ir spectrum of the starting diopside has a broad
band at ~7.1 u which disappeared upon reaction with aqueous catechol,
These spectra are compared and shown in Figure B-3, Appendix B, It
is not unusual to find that calcite, diopside, and tremolite are
associated and it is possible that the bands at ~7.1 and '~13.2‘p
are due to the presence of calcite and tremolite, respectively, Hence,
’the observed loss in weight of diopside as well as the recovery of
the guanidinium silicon-catechol complex may be due to reaction with
the impurities,

The ir spectra of the residues from the reactions of olivine

in 0.05 F acetic acid and 0.05 F potassium biphthalate showed the
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presence of silica along with unreacted olivine. Probably in these
two cases, the pH of the solution was not sufficiently high to keep
the silicon complexed; i.e, the complex decomposed according to
Eq. 2 and 3 in Part II.

The ir spectra of the residues remaining from the reactions of
sepiolite showed additional weak bands at approximately 6.5 and 7.2 p
and the shoulders at about 8 and 13 p in the starting material were
broadened, This was probably due to absorption of catechol on the
surface, since sepiolite has a porous structure that can absorb other
substances.

All other residues from the reactions were checked by ir and
powder diffraction pattern and were found to be identical with their
starting minerals., The reaction of aqueous catechol with synthetic
amorphous magnesium trisilicate, MgZSi308'5H20, gave crystals of
Mg[Si(Cat)3]-9H20 after about one month at room temperature (see
Part II). This reaction was also attempted with olivine and sepio-
lite, Crystals of the magnesium salt were not formed spontaneously
as they were with magnesium trisilicate, However, by filtering off
the unreacted mineral, evaporating to dryness, extracting excess
catechol with diethyl ether, and taking to constant weight under
vacuum, magnesium tris(catecholato)siliconate trihydrate was obtained.
It gave about 6 % and 20 % recoveries from sepiolite and olivine,
respectively,

The reaction carried out in 15 F ammonia caused even more mineral
to dissolve than reaction in nearly neutral solutions. The reaction

is similar to that with various forms of hydrated silica and catechol
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in concentrated ammonia that was reported earlier by Barnum (23, 38).
" In each case, crystals of an ammonium salt werevformed (NH4)2[Si(Cat)3]-
xH20°yNH3 which had to be separated manually from unreacted mineral,
Upon drying to constant weight under vacuum at room temperature, the
crystals crumbled to a white powder which was identified by its powder
diffraction pattern’as (Nﬁa)z[Si(Cat)3]'H20, or in the cases of en- |
statite, sepiolite, and augite a mixture was obtained which also con-
tained some catechol solvate, (NHQ)Z[Si(Cat)B]-H20~ﬁ2Cat.
No evidence was found in this work that the glass reaction

vessels were attacked by aqueous catechol’solutions. In no case was

any etching observed, even after four years in a flask containing

2,5 F catechol in 15 F ammonia. In fact, the results with enstatite
constitute a sort of blank, There was only 5-21 mg of silicon com-
plex (depending on the solvent) obtained whereas all the other minerals
gave substantially greater recoveries,

Some of the minerals in Table VII contain iron(III), (i.e., en-

statite, olivine) or aluminium (i.e., augite) and these metals are
-also complexed by catechol (58, 59, 69, 61, 62). The complexes are
strong enough that in the presence of catechol, Fe(OH)3 and AI(OH)3

do hot precipitate from slightly basic solution (63). Those minerals
containing iron, either as a principal constituent or as an impurity,
became highly colored (violet or deep red depending on pH) as the
mineral decomposed, No aluminium complexes were isolated although

they must have been formed under the conditions used, The fate of

Ca++ and Mg++ is more uncertain as these ions can form insoluble

catecholate salts; Ca(HCat)2 and Mg(HCat)z. Indeed, in the case of
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diopside the reaction with catechol gave an insoluble product that
-may be the calcium catecholate, but no corresponding magnesium cate-
cholate such as Mg(HCat)2°xH20 was isolated frém reactions of mag-

nesium containing minerals with aqueous catechol solutions.
DISCUSSION

Interaction between silicon and naturally occurring "oéganic
matter'" has been known for a long time, For example, a particularly
thorough review article "One the Geological Action of the Humic Acids"
was published (64) in 1879. It was pointed out that 1) a high silicon
content in natural waters is generally associated with a high content
of organic matter, 2) silicon is tightly bound to certain "black acids"
of the soil, and 3) the assimilation of silico@ by plants depends
greatly on the amount of humps present in the soil, Since that time
many other workers have commented on the interaction between natural
organic matter and silicon but very little has been accomplished in
explaining the nature of the interactionms,

Two proposals are often seen in the literature, One is that
silicic acid monomers in solution are strongly attached to sugars,
cellulose, and other poly-hydroxy compounds through hydrogen bonds,

For example:

H-C-OH H~C~-
+ Si(0M), (a@) HO-G-

L3
H-C-0H HFT‘ -uH-O\sf/OH
T
C

nHQoO
s

H-C-0-H--Q” “oOH

H, OH H

glucose - silicic acid complex

glucose
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The other proposal is that the silica is present as colloidal particles
and the organic matter acts as a protective colloid that prevents
coagulation,

There is a third proposal, however, that has received almost
no attention, Hess et al, (24) have suggested that aromatic vic-diols
are capable of attacking silicate minerals and in the process form
water stable silicon complexes, This idea is relatively néw and re-
quires more complete investigation.

Although the present work was only done with catechol, one ex-
pects other ‘aromatic vic-diols to react in the same manner. Thus
Weiss et al. (23) prepared silicon complexes with cgtechol, methyl-
catechol, 3,4-dihydroxybenzaldehyde, 3,4-dihydroxybenzoic acid, 2,3-
dihydroxybenzoic acid, 2,3-dihydroxynaphthalene, pyrogallol, gallic
acid, alizarin, purpurin, quercetin, and tannic acid. Also, formation
constants for various complexes of the form Si(diol); have been
measured by Bartels (41) and by Baumann (42) and these are tabulated
in Table IX. It may be concluded that any aromatic vic-diol will
form a silicon complex unless prevented from doing so by steric re-
pulgsion. It is also evident from the formation constants that strong
electron withdrawing groups in the ring cause a decrease in stability
but those gigfqiols that exist in natural waters, ground water, etc.,
probably do not contain such groups.

That abundant sources of aromatic vic-diols exist in nature
was already discussed in the Introduction (Part I).

Hess et al. (24) obtained unconvincing evidence that aromatic

vic-diols can play a role in geochemical reactions, Their solutions



- 42
were strongly ammoniacal and therefore did not correspond to any con-
ditions found in nature. Furthermore, only permutite (a synthetic,
amorphous aluminosilicate) and perlite (an amorphous aluminosilicate)
gave a clear-cut reaction; they observed no reaction with montmoril-
lonite, and only formation of a brown coating on orthoclase. The
reactions run in this work as well as those ddne earlier by Kelley
and others are summarized in Table X, Of particular interest in
this table is the column headed "% Mineral Reacted”, It will be
seen that substantial reaction has occurred in most cases. Also,
examination of the reaction conditions reveals that some minerals,
especially quartz, sepiolite, wollastonite, olivine, and pyrophyl-
lite, are attacked and dissolved in nearly neutral solutions at ~25°C;
i.e., under conditions of temperature and pH very close to those which
occur in natural waters, soils, and weathering environments. The main
difference, however, is the concentration of catechol, which was on
the order of 0.01-1,5 F whereas one might expect something on the

order ot 107>

F or less in a neutral environment,
In order to evaluate the effect of concentration of free vic-
diol and pH, a stability diagram was calculated for the catechol

complex using Bartels' value (41) for the formation constant:

-10.45 ut2 {Si(Cat)gl

10 3
[H,Cat]"[Si(OH), ]

Conditions of [H+] and [HZCat] were calculated such that

[Si(Cat)?] = [Si(0m),]



vic~diol
Catechol
4-methylca

Dihydroxyp

Pyrogallol

Adrenaline
4-chloroca
4-nitrocat
Catechol-3

3-nitrocat

a,

b.

c.

TABLE IX

EQUILIBRIUM CONSTANTS OF SOME AROMATIC
VIC-DIOLS WITH SILICIC ACID?

pK
11.33, 10.45

techol ~ 10.87
henylalanine - 10,38

9.92

9.76
techol 8.54
echol | 5.13
;S-disulfonic acid 4.81

echol , 4,73

For the reaction at 25°C:
. + . =
Si(OH)4 + szlol — 2’ + Sl(Cat)3 + 4H20

Baumann (42).

Bartels (41).

Ref,

b,c
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TABLE X

SUMMARY OF REACTIONS OF KINERALS wrm'mum CATECHOL SOLUTIONS

Particle |Resction Cona,
Minersl Formils Ret, s;u . r’gp. R Catechol, pi Rn;::'im &m,
r
Quarts
840, (a) <7 ~25 "oong* 8.2 60 daye 35
Silics, hpdreted 540,20 (5) | Powder ~25 0.9t | 1P WM, |2t6hra | 100
Hgz5140g° 5Ho0 (¢) | Powder ~25 1.5 5.4-7.8 |~30 days
Yagnasiom Trisilicate (synthatie, amore -0
Phous) | (e) | poater ~25 1.5 159 Ny w30 days 100
Sepiolite Mg 8140420 | {0} 48 (0 L5 | ~bee (&) 14-30
{o} <7 O] 1, 6-8 1
Enstatite K10, ’ ~ e '
(e} <78 ~25 3.0 15F NHy | 5 monthe 10
. (o) <i8 n 1.5 b ¢4] 817
Olivine Kg,810,
(e} <us n 1.5 157 Witz (€9 19
Augtte Calie,Po, )AL, [(9) | ¢a8 ) s | ~68 ® 36
84)50¢
Diopeide Cadg33,0, {e) < b8 (n) 1.5 ~Eul (B) (n)
(1) <% ~25 0,24 ] 13 months | 2%
Wollastonite €510, (€3] < ~28 0,2 I3 13 monthe 38
(1) <7h ~ 100 0.2 ~7 90 bre 21
€Y < ~ 28 0.2 10 13 monthe 53
Andredite c-guz(aao,.}3 -
(1) <N ~ 100 0.52 66,8 | 142 hre 18
Aibite Rak13$40g 1) T ~2s C.2% 10 13 monthe | 2%
Muscovite mz(nsaﬁ )= | (1) <7 ~25 0.2 ° 13 mnthe | 49
o
Talc Mgy31,00(0H), | (1) | < ~ 25 0.24 ] 13 monthe [ 33
) (1) < ~25 0.2, 10 13 months 30
Prrophyllite 1,81, 010(0H)
(4) <% ~ 28 0.24 & 13 months 12
Lapidomelane ey s:;(u.ro} (| <o ~ 25 0,012 | 5.81-8.0 | 10 days 2
. 10 (m)m
Plagioclase (C‘"‘)‘u'sﬁ;‘é; (1| <100 ~25 0.012 | 5,13-8.0 | 10 days | 0,2
Nepheline Na(A1510,) (33| <o ~25 0,012 | 5.13.6.81| 10 days 0.5
Kaolinite Xa(A1810, ) £ | <100 ~ 28 0.012 | 5.814,.85 10 days €0.2

Welss ot 81, (2)

Bnm!%ﬁr

This work

7 dayw L0'C followed by 40 days at room tempersture

refluxed for sbout 15 min. followed by 12 18 months At room tempersture

7-16 days at 40 C followed by 12 days st room tempersture

14 days at 4O C followsd by 7 daye at room tempersture

1h days st 40°C followsd by 7-2! days at rocm tempsrsture. The result was ssbiguous. The apparent
resction may be due to the impurities in diopeside.

Eellsy (38), The % mineral dissclved was calculsted from m,molea of silicon used snd 2.oles of silison
dissolved which were recoversd as the guanidinium salt,

Eenonovs ot 81.(2). The % mineral dissolved was cslculated from the weight difference betwesn the
initial snd final weights of Al20y, or Fegdy, or both, of the nersl,
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and the result is plotted in Figure 11, The dash lines set off a
transition region in which the relative amount of Si(Cat)z ranges
from 1% to 99%. Most natural waters have pH values on the order of
5-8 and it will be seen in the figure that a concentration of aroma-

3 _ 10714 will be required in order

tic vic-diol on the order of 10~
to affect appreciable complex formation. Unfortunately, no data at
all are available on the concentrations of aromatic vic-diols to be
expécted in natural waters. Probably it would be quite variable de-

i
pending on rainfall, microbial activity, redox potential, etec., but
values as high as 10-3 - lO-IM'would not be expected and the silicon
must therefore be present as Si(OH)é. Still, such high concentration
might occur in certain local microvolumes such as the immediate vicin-
ity of plant root rhizomes, colonies of fungi, etc..

One may note from the stability constants in Table IX that cate-
chol forms one of the weaker complexes with silicon. Armoatic vic-
diols occurring in natural environments, are likely to contain methoxy
or other hydroxyl groups and these might form more stable complexes.

Another important aspect of Figure 11 is that formation of the
silicon complex is influenced more by changes in concentration of vic-
diols than by changes in pH. For example, it takes approximately a
100 fold change in hydrogen ion concentration to cross the transi-
tion region, but only a 20 fold change in the concentration of free
vic-diol. This could result in the attack and dissolution of minerals
in regions or times of relatively high concentration of complexing

agent and then transport, and precipitation as hydrated silica, quartz,

or other minerals when the concentration of complexing agent decreased.
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Stability Diagram for Silicon-Catechol Complex

The solid line represents conditions of pH and [HyCat]. for which (Si(Cat)§}=
[S1i(OH),]. The dashed lines set off the approximate transition region where
1-99% sélicon is represented as Si(Cat)g.
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APPENDIX A

INFRARED AND NMR SPECTRA, AND X-RAY POWDER DIFFRACTION
PATTERNS OF MAGNESIUM AND GUANIDINIUM SALTS OF
TRIS (CATECHOLATO) SILICONATE

The infrared spectra were measured with a Perkin-Elmer
137 B Infracord and with a Beckman IR-12, and the x-ray
powder diffraction patterns with a General Electric XRD 5

spectrogoniometer using copper Kx radiation with a nickel
filter.
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Figure A-7.
(Nujol Mull)
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Radiationﬁ

-]
d.A

11.2

8.5
8.1
7.6
6.30
5.90
5.52
5.06
4.83
4,66
4.53
4,40
4,25
4.02
3.840
3.666
3.559
3.512
3.424

TABLE A-1

X-RAY POWDER DIFFRACTION PATTERN OF

CuKox

I/

Mg[Si(Cat),]-9H,0

Io

90
65
80
25
20
12
36
34
100
48
60
11
25
20
27
4
16
16
37

1/

Io:

-]
d.A

3,140

3.023

2.966
2,932
2,882
2,733
2,704
2.660
2,596
2.460
2,395
2,252

. 2,231

2.118
2,106
2.014
1.894
1.857

Diffractometer

I/Io

8
25
14
10
10
12
12
15
27

5
10
10
17

11
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TABLE A-2

X-RAY POWDER DIFFRACTION PATTERN OF
Mg[Si(Cat)B].BHZO*

Radiation: Cuko _ I/Io: Diffractometer
11,1 100 9 3.48 b
10.3 46 3.348 7

7.46 14 | 3,184 7
6.41 57 A 3.087 6
6.23 43 2.910 12
5.93 37 2.855 6
5.68 13 : 2,738 6
5.55 43 2.704 6
5.41 29 2,598 5
5.14 8 : 2.477 4
4.85 25 : 2.371 3
4,77 13 o 2.328 2
4.61 8 2.301 2
4,56 8 2.283 2
4,44 10 2,250 1
4,31 9 2.215 2
4,21 21 ' 2.230 5
4.00 12 1.916 3
3,63 25 ‘ 1.812 3

The diffraction pattern changes on exposure to air for
more than % hour due to its hygroscopic nature. For example, the
11.1 X line will move to 11.4 , the 10.3 X line will be more in-
tense, and the 7,46 A line will disappear. Several other lines
also shift or their intensities change slightly.



TABLE A-3

64

X-RAY POWDER DIFFRACTION PATTERN OF
ANHYDROUS Mg[Si(Cat)3]*

Radiation: Cukx, Debye-Scherrer camera,

I/Io: vission

10.4 20 broad
9.3 100

8.3 100

7.5 1

7.0 2

6.64 1

5.10 90

4.72 10 broad
'4.04}

3.52 3

2.92 : 1 . broad
2.64 2

2,03 | 1

1.76 2

* All the lines are broad.



Radiation:

°
d,A

11.1

10.1
8.9
8.0
7.54
6.93
6.67
6.24
5.32
5.16
5.00
4.86
4.62
4.53

TABLE A-4

X-RAY POWDER DIFFRACTION PATTERN OF

GUANIDINIUM SALT, (CN3

>100
36
56
30
18
16
21
15
31
85
10
14
11

He)o

[Si(Cat)3].H20

I/Io:

°
d,A

4.10
4.05
3.87
3.69
3.54

3.48

3.37

3.32

3.222
3.106
2.947
2.886
2.838
2,642

Diffractometer

I/Io

100
90

12
16
31
16
28

15
12



APPENDIX B

INFRARED SPECTRA AND X-RAY POWDER DIFFRACTION PATTERNS OF
SILICATE MINERALS, AND X~RAY POWDER DIFFRACTION
PATTERN OF THE GELATINOUS PRODUCT FROM THE
REACTION OF DIOPSIDE WITH CATECHOL
IN 1,0 F AMMONIUM CHLORIDE

The infrared spectra were measured with a Perkin-Elmer 137 B
Infracord and the x-ray powder diffraction patterns with a

General Electric XRD 5 spectrogoniometer using copper Kx radia-
tion with a nickel filter,
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TABLE B-1

X-RAY POWDER DIFFRACTION PATTERN OF OLIVINE

Radiation: CukKq | ‘Radiation: CukKy
I/Ic»: Diffractometer I/Io: vDiffractometer
Starting Oliviné ASTM 7-79, Forsterite (Olivine)
6.66 10
6.43 11
6.29 9
5.97 8
5.87 8
5.32 6
5.13 48 . 5.10° 50
| 4.32 10
3.88 61 3.884 60
3.71 14 3.722 10
3.500 20
3.488 2% 3.481 10
3.010 10
2.988 22 ‘ 2.994 10
2,768 100 2.770 100
2,512 68 2.514 100

2.459 72 2,460 80
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TABLE B-1 (CONTINUED)

Starting Olivine ASTM 7-79, Forsterite (Olivine)

.k Y10 a.k 1o

2,349 17 2,350 20
2.318 10

2,270 30 2.271 40

2.248 35 2.251 30

2,158 21 2,162 10

2,083 7

2,031 7 2,03 - 5

1.939 7 4

1.875 14 1.879 10

1.856 7

1.810 10

1.802 7

1.790 8

1.779 8

1.748 48 1.751 40
1.741 10
1,733 10

1.670 9 1.672 10

1,637 20  1.639 10
1.633 10

1.618 13 1.620 20

1.589 6 1.591 5

1.570 B0
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TABLE B-1 (CONTINUED)

Starting Olivine ASTM 7-79, Forsterite (Olivine)
4.k Y10 dA Y10
1.514 7
1,506 7
1.496 27 ' 1.498 20
1.480 26 | 1,481 20
1.395 13 1,396 10

| 1.390 5
1.351 10 1,352 20
1.323 6
1.313 10 1,317 10

1.296 8
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TABLE B-2

X-RAY POWDER DIFFRACTION PATTERN OF SEPIOLITE

Radiation: CuKoy Radiation: CuKgy
I/Ic: Diffractometer I/Io: Diffractometer
Starting Sepiolite ASTM 14-1, Sepiolite
° ' o

d.A Yo 4.4 Yo

12,5 100 12.3 100

7.6 10
4,5 9 broad 4.9 - 1GB

4.5
4.28 10 broad 4.3 35
3,72 6 broad 3,746 35B ,
3.49 10
3.33 14 broad 3.34
‘ 2,98 353
3.18 9
2.579 11 2;67}
2.554 11 2.49 60,
2,427 3 2,43

2.36 20

2,252 5 2.24 35B
2.08 IOB

1.69 IOB

i.58 10

1.551 20

1.517 20



IMPURITIES IN SEPIOLITE

Debye-Scherrer Camera

1/

°
d,A

14.1
7.28
4,56
4.25
3.693
3.628
3.359
3.305
2,523
2.485
2.466
2,331
2,227
2.119
1,971

Io by vision

|

|

20

100

10

Nobn B

TABLE B-3

broad

broad

broad

broad

Radiation:

.
b X

1.812
1.666
1.608
1.538
1.498
1.478
1.447
1.379
1.369
1.285
1.253
1.195
1.178
1.088

74

Cukx

W

15

broad

broad

NN N

Those dark brown particles which were separated from starting

sepiolite manually,



TABLE B-4

X-RAY POWDER DIFFRACTION PATTERN OF DIQPSIDE

Debye-Scherrer Camera

1/

Io by vision

Radiation: Cukx

Starting Diopside

-]
d.a

8.4

3.24
3.13
2,998
2.959

2.899

2,807

2.714

Possible

I/Io

-k
10

*
12
*
10
100
12

12

tremolite

I/Io:

ASTM 11-654, Diopside

o
d.A

4.69
4.47
4.41
3.66
3.35
3.23

2,991
2,952
2,893
2.837

Photonmeter

I/Zl:':>

" wea——

11

25

100 .
25

30

75



TABLE B-4 (CONTINUED)

Starting Diopside

}‘o.
o

N
.

n
[«
[Xe)

2,530

2.311
2.220
2,203
2.161
2,135

2,114

2,043

2.017

1.972

1.840

1,755

I/Io

7
80

10

10

12

ASTM 11-654, Diopside

o
4.4

2.566
2,528
2,518
2,392
2,304
2.218

2,200

2,157

2.134
2.109
2.077
2,043
2.016

1.970

'1.862

1.838
1.832
1.815
1.777
1.735
1.720
1.685

1.674

1/

To

20
40
30

3
15
13
1

9

15



TABLE B-4 (CONTINUED)

Starting Diopside ASTM 11,654, Diopside
a.4 Mo EW Ve
1.659 5
1.628 40 1.625 25
1.618 5
1.588 3
1.565 3
1.552 1 1551 3
1.529 | 1
1.527 3 1.526 9
1.506 8 1.504 11
1.490 2 . 1.494 1
1.488 3
1.468 1
1.463 1
1.440 2 1.447 3
1.425 20 . 1.424 13
1.410 5 | 1.410 7
1.393 1 1.391 3
1.374 1
1.345 1
1.331 5 1.330 7
1.327 3
1.317 3

1.288 7



TABLE B-4 (CONTINUED)

Starting Diopside ASTM 11,654, biopside
1.285 5 1,282 7
1.266 M 2 : 1.265 5
1,250 3 1,249 3
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Radiation:

Debye-Scherrer Camera

1/

TABLE B-5

X-RAY POWDER DIFFRACTION PATTERN OF AUGITE

CuRy

Io by vigion,

Starting Augite

9
A

d.A

3.221

3.221
2,989
2.946
2.898

2.567

2.534

I/Io

15

15
100
20
20

10

60

Radiation:

Debye~-Scherrer Camera

J
Fassaite (Al-Augite)

Cukgy

4,A
6.471
4.710
4,453
3.689
3.359
3.236
©3.002
2.961
2.909
2.568
2.561

2.558

1/

Io

2

16
100
32
28
32
1

48

79

I, Y. Borg and D. K. Smifh, Calculated X-Ray Powder Patterns
for Silicate Minerals, The Geogolical Society of American in Coopera-

tion with Mineralogical Society of America (1969), 249-52,



Starting Augite

F:.
o

N
-

w
o
=]

2.297

2,216

- 2.200

2,148

2,131

2,107

2,038

2.020

2.007

1.968

1.852

1.804

I/Io

——————

60

12

12

10

TABLE B-5 (CONTINUED)

Fassaite (Al-Augite)

4,4

2.528
2.395
2,355
2,316

2,239

2,220

2,218

2.157

2.115

2,082
2,042

2.032

2,027

1.9809
1.9526
1.9044
1.8659
1.8447
1.8431
1.8247
1,8026

1.7833

Io

51

17

16

11

13

17

23

19

11



TABLE B-5 (CONTINUED)

Starting Augite Fasgaite (Al-Augite)

1.745 20 : 1.7502 24
1.7315 2

1.670 3 1.6824 3
| 1.679 11

1.6769 10
1.664 . 4 11,6413 3%
1.627 25 ‘ 1.6295 29
1.612 2 | 1.6178 11
1.5906 4

1.558 2 1.5699 8
1.544 2 1.5493 13
1.5391 12

1.531 1 , . 1.5354 15
© 1.5318 7

1.521 2 1.5173 2
1.506 20 1.5170 30
1.4988 2

1,480 1 . 1.4843 10
- 1.4801 1

1.4653 2

1.4622 1

1.4546 4



Starting Augite

1/

Io

a8

1.419
1.415
1.409

1.406

1.390

1.331

1.324

1.320

1,292

1.278

1.276

40

10

12

12

10

12

10

10

10

TABLE B-5 (CONTINUED)

d.A

1.4516
1.4281
1.4255
1.4124

1.4113

'1.4035

1.3834
1.3821
1.3538
1.3380
1.3359
1.3352

1.3332

- 1.3305

1.3262
1.3030
1.3024
1.3021
1.2842
1.2838
1.2806

1.2789

Fassaite (Al-Augite)

I/Io

————

4
41

4
24
10

13

12

10

11



TABLE B-5 (CONTINUED)

Starting Augite Fassaite (Al-Augite)
4.4 Yo 4,4 Yo
1.2656 3
1.2640 4
1.2630 1
1.246 | 10 1.2522 21
1,243 3 1.2348 5
-1,2315 1
1.2307 2
1.2292 2
1.2217 2
1,210 1 . 1,2139 7
1.1914 2
1.1793‘ 3
1.169 1
1,151 5 . 1,1591 11
1.1582 2
1,1572 3
1,148 4 h 1.1477 2
1.139 2
1.1195 5
1,0893 9
1,072 5 - ~ 1.0776 15
1.0771 3

1.0768 3



TABLE B-5 (CONTINUED)

Starting Augite
d.A Yo
1.069 20
1.066 5
1.062 5

Fassait (Al-Augite)

4.4

1.0737
1.0684
1.0679
1.0655

1.0590

1/

1o

21
5
4

15

13
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X-RAY POWDER DIFFRACTION PATTERN OF ENSTATITE

Radiation:

CuKx

Debye-Scherrexr Camera

1/

Io = Vision

Starting Enstatite

Q
d.A
9.3
8.2

4.01
3.323
3.179
3.122
3.039
2.953
2.878
2.832
2,709
2,542
~ 2.501

2,477

1/

To

2

2

15
30
10
10

15

40

13

TABLE B-6

broad

Radiation:

Cukx

Io = Vision

ASTM 7-216 Enstatite

(-]
d.A

6.33

4.41

3.303

3.167

2.941
2.872
2.825
2.706
2,534
2.494

2.471

I/,Io

21

14

35

100

87
23
26
43
51

31

- 85



TABLE B-6 (CONTINUED)

StartiggAEnstatite ASTM 7-216 Enstatite
2.393 2

| 2.358 7

2,280 5

2.252 2 2,252 7

2.232 7

2.119 20 2.114 24

2,098 18 2,096 21

2,060 8 2.058 13

2,025 5 2.019 10

1.989 10 1.984 13

1.965 20 1.958 24

1.888 2 1,887 6

1.842 2 1.854 3

1.800 7

1.789 5 1.786 10

1.773 7

1.737 7 1,732 8

1,704 7 1.702 9

1.698‘ 8

1.685 2 1,679 g

1.649 7

1,613 15 1.603 20

Magnetite



TABLE B-6 (CONTINUED)

Starting Enstatite ASTM 7-216 Enstatite

ER 1o ak 1o
1.592 5 1.588 10
1.530 5 1.525 7
1.522 5 1.520 14
1.489 50" 1.485 3%
1.475 15 1.470 22
1.425 5

1.400 2

1.396 10

1.382 2

1.366 2

1.361 2

1.342 5

1.310 8

1.300 5

1,297 5

1.271 5

1.232 2

1.212 3

1.188 2

Magnetite
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_ TABLE B-7

X~RAY POWDER DIFFRACTION PATTERN OF
IMPURITIES IN ENSTATITE

Radiation: Cukx
Debye-Scherrer Camera
d.A
9.2
3.167
3.110
2.946
2.865
2,528
2.089
2.023
1,786
1,612
1.480
1.390
1.166

1.091

50
10
10
50
100
15
100

50
100
10

10

I/Ie by vision

enstatite

magnetite
enstatite
magnetite
.magnetite
magnetite
enstatite
magnetite
magnetite

enstatite

magnetite
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.TABLE B-8

ﬂ X-RAY POWDER DIFFRACTION PATTERN OF THE GELATINOUS
| PRODUCT FROM REACTION OF DIOPSIDE WITH
|

CATECHOL IN 1.0 F NH,C1

4
|
1@ Debye-Scherrer Camera Diffractometer
iz ' I/Io = Vision
%i Gelatinous Product* »Kellev's Compound A**
é 11.3 3 11.70 8
L 10.6 100 10.64 100
: 9.5 100 9.55 25
8.9 5 8.83 13
8.4 4 © 8.58 7
| 8.07 12
6.6 : 4
6.39 4
6.16 3 6.21 6
o 2
5.60 3 5.71 2
5.43 2 ‘

After excluding all other diopside lines

J. M. Kelley, M, S, Thesis, Portland State University (1972).



TABLE B-8 (CONTINUED)

Gelatineous Product

5.20 10
5.06 8
4,82 10
4.47}

8
4,37
4.23 10
4,08 10
3.99 15
3.883 5

3.698 2

broad

Kelley's Compound A

d.A Mo
4.99 6
4,831 16
4.350 10
4,149 6

20
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