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Chapter 1
INTRODUCTION

Background

Improved methods for the determination of trace metals continue
to be a major focus of modern analytical chemistry. One application
of these methods which is receiving widespread attention is the de-
termination of potentially hazardous metals in consumer products,
notably foods.1 Trace levels of a number of metals are known to be
essential to human physiological function.2 However, at higher
levels they can exhibit a deleferious effect. This type of behavior
}s seen with cobalt, which is closely associated with vitamin B12.

C .

Deficiency of vitamin 312 is a factor in pernicious anemia and var-

3

ious mental and behavioral disorders. A recent example of the
. severe toxic effects of coﬁalt at higher levels was demonstrated by
deaths resulting from the ingestion of beer to which cobalt had been
added to preserve the foam layer.4 Other metals, notably lead and
mercury, have no known bodily function and are toxic at quite low
levels.
A large arsenal of techniques for trace level analysis of

5

metals is available to the analyst and include photometry,” atomic
spectroscopy,6 and electrochemical analysis.7 Often difficulties
with the sample measurement process are minimal, while a major por-

tion of the analyst's efforts may be directed toward reduction of,

"or compensation for, interferences.

1
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An interference may be broadly defined as any substance that,
through manifestation of its chemical properties, causes a signif-
icant reduction in the accuracy and/or precision of an analysis.

A large number‘of techniques for minimizing interferences in trace
metal determinations have been suggested, but the most commonly
practiced are: masking, precipitation, liquid-liquid extraction,
oxidatioh-reduction, and chromatographic separation of the analyte
from the interferant. O©f these techniques, chromatography would
appear to be the most generally applicable and the least demanding
experimentally; Vet, chromatographic sample preparation has been
the least widely ~vplied techn?que of those listed above, perhaps
due to a lack of sufficiently selective materials as well as rapid
methodology.

Chromatography, by definition, consists of a mobile phase and
a stationary phase. Gaseous mobile phases have not been pértic-
ularly applicable to trace metal analyses as a result of the limited
volatility of most metallic compounds. The separation and deter-
mination of organometallic compounds8 and certain metal chelates9

are important exceptions to this general statement.
Liquid-solid adsorption chromatography was among the first
. types of chromatography to be studied in terms of its metal ion
separation capabilities. A book reviewing the application of
liquid-solid chromatography to the separation of metal ions and
' 10

metal complexes has been written by Michal. The resolution

achieved is generally not great and decreases with increasing
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sample size and complexity. This mode of chromatography has been
applied, for the most part, to the separation of different coor-
dination compounds of a specific metal.11 The chelating groups
tend to decrease interaction of the metal with the adsorbant.
Irreversible adsorption is a commonly encountered difficulty.
As a result of these problems, a general procedure for the formation
and separation of chelates for the analysis of complex mixtures has
not appeared.

Liquid-liquid, also known as partition or extraction, chroma-
tography has been successfully applied to the separation of a wide
variety of metal ions, notably the.rare earths.12 In this type of

chromatography a bulky coordinating compound is dissolved in an

organic solvent, slurried with a solid support, and the coated sup
port packed into a column for use with aqueous mobile phases.
Separation is effected by exploiting differences between the metal
ions' ability to form certain coordination compounds and the pref-
erential solubility of these compounds, or lack thereof, in the
Aorganic phase. The subject has been comprehensively reviewed by

13

Braun and Ghersini. The major disadvantage of this type of

chromatography is the gradual loss of the organic phase with time

14

and the resulting loss of resolution and reproducibility. This

limitation becomes even more severe when higher flow rates are used
to speed up the separation.15

Paper chromatography, a variant of liquid-liquid chromatog-

raphy, has also been applied to inorganic separations.10 Its major
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limitations are difficulties in the quantitation and the long
periods of time required for the separation of complex mixtures
of metal ions. ‘'hese limitations also apply to thin layer chro-
matography.

The ion exchange mode of liquid-solid chromatography ;s cur-
rently the most widely used chromatographic method for the separa-
tion of metal ions.16 This type of chromatography is inherently
limited by its lack of selectivity, i.e., metal ions of the same
charge and similar size are difficult to separate. This limitation
may be overcome for specific applications by the addition of one or
more auxiliary complexing agents to the mobile phase in order to
alter the charge or size of a particular species and thus effect
its elution from the column. In order to accomodate a variety of
sample types, a great deal of manipulation of elution conditions
has been found to be necessary.16 The addition of strong acids or
complexing agents is a drawback if a collected fraction is to be

quantitated by another method.17

In addition, the corrosive solu-
tions often employed necessitate the use of nonmetallic components
of the chromatograph which are not readily available for high pres-
sure work.

To increase selectivity, chelating resins have been developed.
The most widely used resins of this type incorporate the imino-
diacetic acid functional group and are coﬁmercially available from

several sources. ‘These resins offer somewhat greater selectivity

than conventional strong ion exchange resins, however auxiliary
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coordinating agents are still necessary for complex mixtures.
Optimization of elution conditions when using resins of this type
often involves extensive calculations.

Sporadic attempts have been made to incorporate more ;elective
chelating groups into resins. Notable among these studies are the
incorporation of pyridine-2,6-dicarboxylic acid,18 salicylic a.cid.19
diethyldithiocarbamate,20 4-(2'-pyridylazo)-resorcinol,21 and
B—hydroxyquinoline.22 For the most part, good stability and selec-
tivity were reported in the above studies.

Resins, in general, have characteristics which limit their use
in high performance liquid chromatography. iKven those resins which
possess a relatively high degrée of crosslinking exhibit a certain
amount of nonrigidity. Chromatographic resins tend to shrink or
swell with changes in ionig strength, temperature, and pH, as well
as undergoing deformation at high flow rates.15 The net effect is
the occurrence of column voids and/or resin degradation. Pellicular
ion exchange materials do not shrink or swell, but possess much
lower capacities than ordinary resins. It can thus be seen that a
rigid support for cﬁromatographic packings incorporating a selective
functionality is desirable. '

Bonded phases, developed to overcome bleeding of the organic
phase in liquid-liquid chromatography, are currently playing an
important role in modern chromatography. T'he organic phase is chem-
ically bonded to silica through siloxane linkages and is thus quite
stable. A general review dealing with the preparation and utility

"of honded phases has been written by Cox.23 Although the greatest
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application of bonded phases has been directed toward organic sepa-
rations, some work has been done with metal ions. The concept of
a bonded phase containing a selective chelating group for the metal
ions of interest appears to possess geveral advantages over cother
chromatographic types of separation methods and therefore is the

subject of this study.

Aporoach Taken

The desired characteristics for an immobilized chelating group
are: long-term stability, pH dependence of chelation, and suitable
reactivity toward the immobili;ation reaction. 'The first criterion
needs little further discussion, except to point out that some,
otherwise excellent, chelating agents, such as dithizone and di-
ethyldithiocarbamate, are disqualified by this requirement. The
need for pH dependence of chelate formation arises from the desire
for a simple method of elution. In this respect, it should be noted
that silica begins to undergo significant dissolution at pH values
greater than 8; consequently, an acidic region of pH dependence is
required. However, the mobile phase must not be too acidic if cor-
rosive attack on the metallic components of the chromatographic
apparatus is to be avoided. The third criterion arises from the
fact that it is impossible, in most cases, to directly bond the
chelating agent to silica because of the high reactivity of the
chloro- and alkoxysilanes used for the preparation of bonded phases.
This necessitates a series of reactions which must proceed cleanly

and in high yield for the production of a useful chromatographic
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material. Immobilization by means of diazotization of an aromatic
amine followed by coupling of the chelating group is a relatively
common approach to meeting this requirement and the one chosen for
this study.

With the above criteria in mind, the literature was thoréughly
searched and 8-hydroxyquinoline (I) was selected for the present
investigation. This compound has long been recognized as a nearly

5

universal precipitant for metal ions” and thus is likely to have a

broad range of applicability.

(1)

The pH dependence of chelate formation for this ligand is
nearly ideal, with pKa values of 5.0 and 9.65 for the aromatic
nitrogen and hydroxyl groups respectively.24 The phenolic hydroxyl
group is strongly electron-releasing, making 8-hydroxyquinoline
quite reactive toward diazo-coupling at the 5 position. vhile
these highly desirable characteristics have been recognized by
previous workers, they have not been fully exploited.

25

Vernon and Eccles have reviewed the literature on resins

'containing 8-hydroxyquinoline and have reported that these resins
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have some utility, but also that their characteristics varied
greatly depending upon the method of preparation. Some of the
limitations discussed included low capacity, slow equilibration,
and high degrees of swelling. An indication of the potential of
chemically bonded S-hydroxyquinoline was given by Slovak, et al.,26
who diazo-coupled 8-hydroxyquinoline to a glycomethacrylate polymer.
They found that mixtﬁres of zinc(II) and cadmium(Il), as well as
those of manganese(II), cobalt(II), iron(111), and copper(Il) could
be separated by elution with 0.2 M to A M HCI. Adequaie stability
up to 2 M acid concentrations was reported. The polymeric support,
however, was not suitable for high pressure operation and conse-
quently necessitated a slow flew rate of 0.3 ml/min. Freiser and

17

have diazo-coupled 8-hydroxyquinoline to silica, using the

27

procedure of Hill.~

Jezorek
This material was shown to be capable of sepa-
rating mixtures of zinc(1I), manganese(Il), cadmium(I1), lead(II),
cobalt(II), and nickel(II) using mild elution conditions and no
auxiliary complexing agents. 'The capacity and efficiency of their
packing were rather low, being about 50 microequivalents per gram
and 0.2 to 0.5 mm per plate respectively.

In the present investigation it was felt that diazo~coupling of
8~hydroxyguinoline to silica was the most promising method for
obtaining a high performance chromatographic column material capable
of separating the metal ions of interest from interferants. 'The
reaction scheme employed is outlined in Figure 1. Several improve~
ments on the previously reported methods of preparation seemed to

‘be appropriate. For example, it was felt that the capacity of the
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9
Figure 1

Reaction Sequence for the Freparation of
8-Hydroxyquinoline-Bonded Silica

Benzoylation

. - f
SH(CH,)- NH,, + cu-g@woz —>  Si(CHNHG 0,

Reduction

9 R
Si(CHIENHC NO, ——>  Si(CHENH-C NH,

Diazotization

. CH N ;
SI(CH2)3 H- NH2 —_— SI(CH2)3NH @Nz

Coupling

OH
. N
Si{CH.)—N g + -
i 23— H- N2 +

R
Si(CH,, JoNH-C N=N Q OH
@;
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column could be significantly inqreased through optimization of the
reactions leading to the immobilization of 8~hydroxygquinoline.
Consequently, model compounds were prepared utilizing the reactions
te permit evaluation of procedures in terms of the yield of desired
product and possible complications. e such complication, noted

17

by Freiser and Jezorek, is the formation of elemental sulfur
when using dithionite in the reduction step. Preliminary experi-
ments were conducted for the purpose of selecting a reducing agent
effective at lower temperatures to minimize possible hydrolysis of
the amide linkage. In addition, the optimum conditions for diazo-
coupling 8-hydroxyquinoline had not, as far as can be ascertained
from the literature, been empléyed. ‘The rate of the coupling re-
action, and thus the yield and purity of product, is highly depen-
dent upon the pH and the temperature.28

A second approach taken toward the optimization of column per-
formance was from a chromatographic viewpoini. It is well-known
that column efficiency increases with decreasing particle size of
the packing and that spherical particles having a narrow distri-
bution of sizes contribute significantly to column bed uniformity.15
For these reasons a five micron spherical packing material having
a narrow distribution of sizes was selected. Through implementation
of the above apovroaches it was hoped that the full potential for

metal ion separations with 8~hydroxyquinoline-~bonded silica might

be evaluated.
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Chapter II

KXPHRIMENTAL

Reagents

Inorganic chemicals were of analytical reagent grade (J.T.
Baker Co.). The organic solvents used were AGS reagent grade
(Mallinckrodt) with the exceptions of ethyl acetate and Y54 ethanol,
which were of the type commonly encountered in the chemical labora-
tory. Organic reagents were used as received unless otherwise

noted.

Freliminary Exveriments

A solution of 1i(III) was prepared by allowing a 0.02 M solution
of Ti(804)2 to stand in contact with zinc metal. The excess zinc
metal was removed by the addition of sulfuric acid immediately
prior to use., Fifty-milligram portions of A-nitrobenzamide and
2-nitroaniline (both obtained from Kastman Organic Chemicals) were
placed in separate test tubes, 20 ml of Ti(III) solution added to
each, and the tubes stoppered. The tubes were then shaken inter-
mitiently and allowed to stand overnight at room temperature. The
purple color of the Ti(III) ion was observed to fade slowly and was
discharged overnight in the case of A-nitrobenzamide, whereas the
2-nitroaniline solution did not undergo any change in color. The
Ti(III) reduction reactions were thus inefficient at room temper-

“ature. Siggia29 has found that temperatures of 70 to 100 °c are
1
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often necessary for the quantitative reduction of aromatic nitro
compounds to the corresponding amine with Ti(IlI).

A 1.0-g portion of A-nitrobenzamide was mixed with 75 ml of
a 0,5 M solution of SnCl, which was also ? M in BC1 in a 100-ml
round bottom flask. The mixture was heated at 50 OC with stirring
for two hours. After cooling, 5 ml of concentrated HCl was added
and the solution was extracted with 100 ml of ethyl acetate. The
reaction mixture was tben made strongly basic with 505 NaOH and re-
extracted with a fresh 100-ml portion of ethyl acetate. 'The evap-
oration of this organic layer gave 0.34 g of tan crystals having a
melting point of 179 °C, which corresponded to a 414 yield of impure

50 melting point 183 °C). Apparently,

A-aminobenzamide (1literature
higher temperatures are necessary in order for stannpus ion to te
an efficient reducing agent.

Several 1,0-g portions of A-nitrobenzamide were reacted, at
room temperature, with a 250% excess of Cr(II) solutions of varying
concentration and acidity. These solutions were prepared by treat-
ment of aqueous CrCl3 solutions with excess zinc metal. The so-
lutions were then stored under hydrogen and filtered just prior to
use. The color of the chromous ion solution was observed to change
rapidly from blue to green upon the addition of the solution to the
nitro compound. The acid-insoluble reactant was completely dis-

solved over a period of several hours. Attempts to extract the

product by various means were not fruitful.
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Chromous ion was selected for further study on the basis of
the rapid color change and the dissolution of the nitro compound.
29 . . . . .

Also, 5iggia ” has descibed the determination of aromatic nitro
compounds utilizing chromous ion as a quantitative reducing agent

at room temperature in many cases.

Synthesis of Model Compound

Chloroform was freed of ethanol by extraction with sulfuric
acid, followed by washing with water and distillation from Caﬂl?.
4 50— portion (0.77 mole) of A-nitrobenzoyl chloride (Eastman
Organic Chemicals) was dissolved in 500 ml of ethanol-free chloro-
form containing 10 ml of triethylamine (Aldrich Chemical Co.).

The resulting solution was added to 25 ml (0.15 mole) of n-octyl-
amine (97., Aldrich Chemical Co.) in a one-liter round bottom flask
and an additional 40 ml of triethylamine was added. The reaction
was allowed to proceed overnight with stirring at a temperature of
40 °C. The product, A-nitro~-N-(octyl )-benzamide, was recovered by
evaporation of the chloroform, followed by treatment with agueous
silver nitrate. The solid was extracted by refluxing with diethyl
ether and subsequently filtered. The filtrate was sucessively ex-
tracted with 5% NaOH, water, 1'% HCl, and water. The ether layer,
after evaporation, gave 36.7 g (2 90/ yield) of crude product.

'The product was recrystallized from dilute ethanol and found to
melt at 86.5 °c. ‘'the infrared spectrum (¥%r) of the purified pro-
duct exhibited the following bands: 3312 em™] (amide K-k), 1641

C e -1
cn” (C=0), and 134% cm (NO2). ‘The proton NiR spectrum of a
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CDCl5 solution of the product diéd not give detailed structural in-
formation, but the intensity ratios observed were consistent with
the expected structure. The major fragments of the 70 eV mass
spectrum, m/e (relative intensity), were 278 (5), 277 (21), 271
(193, 207 (12), 193 (21), 180 (48), 179 (26), 167 (17), 150 (100),
120 (2?), and 104 (34). 'The spectrum was obtained using a probe
temperature of 100 OC. Xlemental analysis (performed by Midwest
Microlabs) gzve 64.72{ C, 8.294% %, and 10.03% N. ‘The calculated
values for C,clipoN,0, are 64.72% Cy 7.975 H,y and 10.07.5 K.

4 13,1-g portion of the product of the benzoylation reaction
was placed in a 500-ml filtering flask., The flask was flushed with
002 fer ten minutes. The 002 bressure was then used to force about
500 ml of 1.6 M ©r(1I) solution (about 17 M in hCl) from a reservoir
containing zinc metal, through a sintered glass crucible, into the
flask. About 15 ml of concentrated hCl was added and the reaction
mixture was stirred for 410 hours at room temperature in the 002
atmosphere. The reaction mixture was then extracted with 500 ml of
diethyl ether. This resulted in the formation of a white solid at
the interface of the agueous and organic layers. 'The ether layer
was withdrawn and the aqueous layer, containing the solid, filtered.
An infrared spectrum (KBr) of the solid gave the following bands:
3360 em™ ! (amide N-H), 1920 e (amine hydrochloride N-k), and
1645 e (C=0). 'The solid was dissolved in 953% ethanol and re-
precipitated by the addition of dilute NaOH. 'his gave 9.7 g of

product, which corresponded to an 83% yield. A portion of this

‘material was recrystallized from benzene in a glove box containing
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a nitrogen atmosphere. The melting point of the purified product,
#-amino-N-(octyl )~benzamide, was 120 °C. ‘The infrared spectrum

(#luorolube mull) of the recrystallized material exhihited the
-1

T

(a:aide n-n) ’

ar 3

following bands: 3470 cm  {(amine N-H), 3340 cm
3725 em™! (amine l-h), and 1650 en”! (C=0). '™he proton NFR spectrum
of a hexadeutero-dimethyl sulfoxide solution of the product gave
intensity ratios consistent with the expected structure. The major
fragments of the 70 eV mass spectrum, obtained using a probe tem-
perature of 200 OC; m/e (relative intensity), were: 248 (4£3), 150
(31), 136 (48), 121 (17), 120 (100), and 96 (?6). =lemental anal-
ysis (performed by HMidwest Microlabs) gave 7C.95% ¢, 9.53:¢ 1k, and
10.714 M. The calculated values for C15H?4N20 are 72.514 C, 9.744
H, and 11.29 X.

A 3,9-1 portion of the product from the reduction reaction was
dissolved in a solution consisting of 20 ml of concentrated H?l,
75 ml of distilled water, and 200 ml of methanol. ‘'‘his solution
and another containing ?.07 g of NaNO? in 20 ml of distilled water
were chilled to 5°C in an ice bath. The two solutions were mixed
and alloved to stand in the ice bath for an additional 20 minutes
with intermittent shaking. Muring this time, a third solution con-
taining 4.385 g of &-hydroxyquinoline (Paker analytical reagent),

5.5 & of Ra(l, and 20 4 of Na, PO, 12 H,0 in 500 m1 of distilled

IS 2
water was also chilled. The 8=hydroxyquinoline solution, initially
at a pH of 13.5, was placed in a one-liter beaker in an ice bath.

The diazotized amine solution was poured slowly intn the B-hydroxy-

quinoline solution wherecupon large amounts of 2 decp red solid
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wvere formed. ‘''he temperature rose from 5 OC to 10 0C and it was
necessary to add ? M Nad{ dropwise near the end of the addition in
order to maintain a pH of 1), The vreaction mixture was stirred for

o) _
C and then allowed 0o warm to 3

30 minutes at 10
hour period. The mixture was acidified to a pbk of 1 with FC1l and

the product was recovered by filtration. 'The crude product was
purified ﬁy successive washings with water, 5% NaOl, water, 107 HC1,
water, and diethyl ether. 'he compound was observed to dissolve
partially upon treatment with ether and, for this reason, no de-
termination of yield was attempted. The infrared spectrum (¥3Hr)
exhibited the following bands: 3300 em”! (0-E) 1630 em™ (c=9),
and 1395 cm_1 (N=N). The majo; fragments of the 7¢ eV mass spectrum,
m/e (relative intensity), were: 404 (7}, 103 (22), 248 (23}, 160
(26), 150 (16}, 144 (27), 136 (25), 1?0 (100), and 44 (73). This
spectrum was obtained from the solid product using a probe temper-
ature of 350 OC. Attempts to obtain a satisfactory proton KRI'X
spectrum were not successful, as a consequence of the limited sol-
ubility of the product, 4-(5'-azo-8'-hydroxyquinolinyl)-K-(octyl)-

benzanide.

Preparation of 8-Eydroxyquinoline-8Bonded Silica

™he /j-nitrobenzoyl chloride was recrystallized from petroleum
ether (bp 60-110 °C) and found to melt in the vange 72 to 74 °0
. 30 . . 0,, .
(literature’ melting point 75 C). A 2.5-g (1.5 mmole) portion of
aminopropyl silica (Spherisorb S5-NH,, Phase Separations Ltd.) was

'suspended in 25 ml of ethanol-free chloroform and transferred to a
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3-necked 100-ml round bottom flask fitted with a mechanical stirrer,
a condenser, and a thermometer. A solution containing 0.77 g (4.1
mmole) of A-nitrobenzoyl chloride in 25 ml of ethanol-free chloro-
form was added. One milliliter of triethylamine was added and the
mixture was stirred and heated at 45 OC for three days. During

this time three 0,1-g portions of d-nitrohenzoyl chloride and S-drop
portions of triethylamine were added. The silica was recovered by
centrifugation and washed with five 50-ml portions of ethanol-free
chloroform, three 50-ml portions of 957 ethanol, and one 50-ml por-
tion of water.

A Jones reductor (2 cm x ?7 cm) was prepared by allowing 40~
mesh zinc metal to stand in a saturated HgCl? solution. A 3-necked
100-ml round bottom flask was equipped with mechanical stirring and
an inlet for CO2. The benzoylated silica was transferred to the
flask with a minimum amount of 1 I HCl, The flask was flushed with
002 for ten minutes prior to the addition of TO ml of 0.:iA5 I CrCl5
(1 ¥ in HC1l) into the reductor and then directly into tne flask.
he blue color of the Cr(II) solution was observed to change im-
mediately to green as it entered the stirred reaction mixture until
about 30 ml had been added. The reaction was allowed to continue
for three hours, after which the silica was recovered by centrif-
ugation and washed with two 50-ml portions each of 1 ¥ and 0.1 M
HC1.

A saturated solution of 8-hydroxyquinoline in a buffer con-

sisting of 1€7 ml of 1 M KHCO% and 80 ml of 1 I1 KOE was prepared.
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About 100 mg of aminopropyl silica starting material was added and
the solution was allowed to equilibrate for one hour before fil-
tration. The filtrate was cooled to 3 oC in a 3-necked 250-ml round
bottom flask fitted with mechanical stirring, thermcmeter, and a
PH electirode. 'The arylamino silica from the reduction step was
then mixed with 15 ml of 1 M HCl and chilled in an ice bath., After
cooling to 3 OC, 0.37 g of KNO2 was added and the mixture was shaken
and held in the ice bath for 15 minutes. At this vnint a solution
consisting of C.23% 7 of urea in 5 ml of distilled water was added.
The resul ting mixture was shaken and held in the ice bath until gas
evolution had subsided. 'fhe diazotized silica was added to the buf-
fered B8-hydroxyquinoline solution that was initially at a pH of 10.4
and a temperature of 4.0 . During the addition the pH decreased
to 10.0 and the temperature increased to 6,1 OC. The color of the
reaction mixture changed from yellow to red immediately upon the
addition of the diazotized silica. The reaction was allowed to pro-
ceed, with vigorous stirring, at 6 °c for 30 minutes. The mixture
was then allowed to warm to room temperature over a period of one
hour. The mixture was neutralized to a pH of 6.8 with concentrated
Cl and the product silica recovered by centrifugation. The
8-hydroxyquinoline-bonded silica was then washed with two 50—mi
portions of distilled water and three 50-ml portions of methanol.
Dry samples of the product silica were obtained by evaporation of
the methanol, while that used for the packing of the column was

stored under the methanol.
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Capacity ieasurement

The metal ion capacity of the 8-hydroxyquinoline-bonded silica
was determined by the cupric ion uptake method described by Freiser
and Jezorek,17 with several modifications. Centrifugation, rather
than decantation and filtration, was the primary means of' phase
separation. This was followed by filtration through a 0.45 micron
Type HA membrane (lMillipore Corporation). [he equilibration was
performed in a 0.1 M acetate buffer, at a pH of 1.05, for one hour.
The result of this measurement of capacity, 0.25 meq/g, was slightly
higher than that obtained using unbuffered solutions because a sig-

nificant amount of hydronium ion is released by the metal ion che-

lation reaction.

Column Facking

About 1.5 g of B8-hydroxyquinoline-bonded silica was slurried
with about 150 ml of methanol in a Model 705 (Micrometrics Instru-
ment Corporation) stirred-slurry column packer. he solvent inlet
of the packer was connected to the pump of a Model 5020 (Varian/
Instrument Division) liquid chromatograph and the packer was purged
of air. A 3 mm x 30 cm stainless steel column (‘;lenco Scientific)
was connected to the outlet of the packer. ‘The initial flow rate
of methanol was 10 ml/min. ‘the flow rate was decreased as the max-
imum pressure limit (350 atm) of the chromatograph was exceeded.
The pressure was maintained between 300 and 350 atm throughout the

packing procedure.
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Chromatograohy

A Model 5020 (Varian/Instrument Division) liquid chromatograph
was used with the column and appropriate 0.010 in i.d. stéinless
steel tubing and connectors. 'he water used for chromatography was
house distilled water that was deionized by passage through two
mixed-bed ion exchange columns and redistilled; this is hereafter
referred to as ddd H20. Solvents were prepared from analyticzal
reagent grade nitric acid and sodium nitrate using the ddd H?O.

All solvents were repeatedly passed through a Type HA 0.45 micron
membrane until no further discoloration of the membrane was observed,
followed by vacuum degassing for about 5 minutes.

Metal ion solutions for chromatography were prepaved by dis-
solution of the analytical reagent grade nitrate salts in ddd HZO’
followed by acidification to a pH of 1.0 with concentrated nitric
acid. ‘'The Ca(NJ3)2 solution was prepared by dissolution of calcium
carbonate in dilute nitric acid. The Mn(NOS)? solution was prepared
by dilution of a 51.6% solution (Baker, analytical reagent). Each
injected metal ion solution was 0.01 M in each metal ion. A 10-
microliter injection loop was used for most experiments, with the
exception of some involving cadmium and zinc, which were done using
a somewhat larmer loop to enhance detectability.

The column was cleaned with about 50 ml of pH 1.0 HNO, and then

3

equilibrated with about 50 ml of pH 2.% HNO, daily prior to metal

3

ion experiments. Care was also taken to flush the injection loop

.thoroughly between injections. A 10-microliter sample of 0.01 M
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Pb(N33)9 was chromatographed isocratically at a pi of 2.1 as a
routine check on column performance.
Detection of eluted metal ions was accomplished by collecting

small fractions, usually 0.4 ml, manually in test tubes to which

' ¥ solution of A-(?'-pyridylazo)-resorcinol

three drops of a 3 x 10
(PAR), obtained from the . Frederick Smith Chemical Co., buffered
at a pH of 10 with ammonia, had been added. AR has been reported

17

to be a nearly universal metal ion indicator. Cther indicators
were tried, including “riochrome Black T and a lig-sTTA-Calmagite
solution, but they were found to bhe senerally inferior to Fik. 'The
minimum detectable amount of metal ion by visual means was found to
be about 10 nmole. The retention volumes and apparent bandwidths
were estimated visually. lNost chromatography was conducted at a
nominal flow rate of 2.0 ml/min and a column temperature of 30 oC.
The volume of the system tubing was determined by the injection
of 10 microliters of 0.01 ¥ Cd(NOB)? solution with the column re~
moved from the system. Fractions of 0.05 ml were collected into
test tubes containing 3 drops of FAR indicator. The flow rate was
0.1 ml/min and the pH of the eluent was 2.0. This resulted in a
value of 0.1 ml. 'The retention volume of mg2+ was measured in a
similar fashion, using a 0.05) Calmagite solution in place of the
FAR solution, wizh tne column in place. ‘the difference between

this volume, 1.15 ml, and the volume of the system tubing was taken

to be the column void volume.
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Chapter I1I

RESULTS AND DISCUSSION

Svnthetic Procedures

The data gathered from the model compound synthesis indicate
that the reaction sequence is indeeé an efifective method for the
incorporation of 8-hydroxyquinoline functionality. "he benzoylation
step was shown to proceed cleanly and in high yield using essen-
tially the procedure of Hill.27 A major outcome of the preliminary
experiments and subsequent reduction reactions was the effective
use of chromous ion as the reducing agent at room temperature.
Reduction at ambient temperatures is advantageous tecause hydrolysis
of thé amide linkage is minimized. Chromous ion cannnt hbe recom-
mended for homogeneous synthetic work because of the inherent dif-
ficulty in recovering the product amine. It was fortunate that the
amine h&drochloride was precipitated in the model compound experi-
ment. This allowed verification of structure and estimation of the
yield, The amino compound appeared to be susceptible to decompo-
sition to a brownish substance when exposed to air, which may par-
tially account for the discrepancy in elemental analysis. 'The
product of the diazotization and coupling reactions was suspected
to be impure on the basis of liquid chromatographic data. The
presence of a 7'-azo- isomer is of particular concern because of
the mixed retention mechanism effect that it could have on metal

.ion chromatography. Attempts to determine this isomerism by proton

22
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nuclear magnetic resonance spectroscopy were not successful, as a
result of the limited solubility of the compound in the common
solvents. ‘'The presence of the 8-hydroxyquinoline functionality -
was confirmed by infrared spectroscopy. Furthermore, a potentio-
metric titration in 60 aqueous dioxane media indicated two acidic
protons.

The procedures developed in the synthesis of the model compound
were readily adaptable to the preparation of 8-hydroxyquinoline-
bonded silica. Care was taken to exclude oxygen from the arylamino
silica to minimize the decomposition observed with the model com-
pound. [he only difficulty encountered in the preparation was that
of obtaining an excess of 8—hyaroxyquinoline in a reasonable volume
of solution for coupling at the proper pE (9.6 to 10.6) and temper-
ature (0 to 5 oC) because of its limited solubility. An experi-
mental detail to be noted is the equilibration of the S-hydroxy-
quinoline solution with some silica prior to the addition of the
diazotized silica in order to minimize dissolution of the product
silica at the high pH employed for coupling.

The metal ion capacity of the product silica is about five

17

times greater than that reported by Freiser and Jezorek. This ,
is due primarily to the higher tonded phase coverage of the com-
mercial aminopropyl silica starting material, although higher con-
version to the H-hydroxyquinoline functionality was achieved. The
£?.5 conversion obtained in this study is to be compared with a
figure of about 304, which was estimated from a combination of

17 27

'Freiser and Jezorek's and Hill's ' data. '"he capacity value,
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2/
when combined with the manufacturer's value for the surface area
of the starting materiél, implies an 8-hydroxyquinoline surface
density of 68 groups per 104 square angstroms. ‘'This suggests that
the capacity of the B-hydroxyquinoline-bonded silica may be limited

by steric factors.

Column Characteristics

4 consequence of the higher capacity of the column packing
material is that longer periods of time are required for equili-
bration following a change in eluent pH. Longer time periods are
required at pH values nearer to the p%a of 2.2, An equalion has
been derived for calculating tﬁe number of column void volumes of
eluent necessary to equilibrate the column at the new pH following
a stepwise change in the phi of the eluent by using a batch equili-
bration treatment. With the column initially at a given pH, a
fraction, o of the total amount of 8-hydroxyquinoline groups i=x
present as unprotonated, i.e., electrostatically neutral, 8-hydroxy-
quinoline. fquation (1) may readily be derived from mass balance

and equilibrium relationships;

o, =l (1)

where DiQ represents the concentration of unprotonated 8-hydroxy-
quinoline, C, represents the total amount of H-hydroxyquinoline in
both protonated and unprotonated forms, and XK is the acid dissoci-

ation constant of the protonated form. 'The second dissociation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25

step is ignored. When the solution in contact with the column is
removed and a fresh portion of eluent that is at a lower pH is added,
the total concentration of ut supplied by the eluent, CH*’ is

distributed as follows:

G = [ 4 + 52" formea )

where [H+]f is the final concen*ration of nt after equilibration

and [_!-1 is the amount of protonated B-hydroxyquinoline that

q*‘]
2% Y formed

is formed as a result of the lower pH. By a mass balance relation-

ship,

[H2Q+] formed ~ [BQ']i - [].'")']f (3)

where i and f stand for initial and final, respectively. 3By com-

bining iquations (1), (2), and (3) one ottains

¥e
C [t 7
Cpe = (2715 + o0 - T (4)

Then, by rearrangement and quadratic solution, the final concen-

tration of B is given by iquation (5).

(5)

, - N . .
Cy+ - K - a(icQ +\ (K + *Cp - Lh+) - AL(o(iCQ -c. - (,}!+)

2
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‘quation (5) may be used in a repetitive manner, substituting a new
value of‘og'calculated from the final concentration of H+ each time,
to calculate the number of column void volumes of eluent required
to equilibrate the column at the pH of the eluent. The parameter
CQ was evaluated empirically by fitting experimental data involving
a stepwise change in eluent pH and subsequent metal ion elution.
A value of 0.15 gave good agreement with the experimental results.
This value does not necessarily have any precise physical signif-
icance because of the manner in which it was evaluated and the
nature of the heterogeneous system. :quation (5) was found to be
useful for gradient construction and prediction of metal ion reten-
tion volumes when employing a éradient generated by a stepwise
change in eluent pH., It is to be expected that if larger columnc
than that used in the present work were to be packed, the equili-
bration periods would be proportionally longer.

Although the column appeared to be well-packed, as evidenced
by the low column void volume, the efficiencies observed were quite
low by conventional high verformance chromatography standards, being
on the order of 150 plates per meter. The apparent low efficiencies
are thought to arise from kinetic factors in the metal ion-ligand
exchange reactions. 'This is substantiated by the differences in
the apparent column efficiencies for zinc and lead. ‘'hese metal
ions exhibit very similar retention behavior under identical elution
conditions, but the number of plates for lead is greater than that
for zinc, i.e., the lead band is consistently less wide. It is

'unlikelyvthat this phenomenon is an artifact of the visual detection,
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since the lead reaction with PAR is the more sensitive of the two.
The phenomenon may be caused by a faster rate of exchange for lead
than for zinc, but the kinetics have not been established. This
type of behavior might also occur if the column was significantly
overloaded, since the amount of zinc injected was somewhat greater
than the amount of lead. ‘The inherent lack of sensitivity of Qisual
detection prevented a systematic investigation into the degree of
column loading.

The chromatographic studies of metal ion retention produced the
elution order: Ca2f< Mn2ﬁ< Cd?f< Pb2+ = Zn2+<f 002+. This order
is in accord with the order of homogeneous 1:1 chelate formation
constants for H-hydroxy-S-(phel;lylazo)-quinoline.31 Zinc and lead
could not be adequately resolved under any elution conditions tried.
The isocratic retention volumes for these two metél ions were mea-

sured as a function of eluent pH. The retention volume, VR’ was

converted to a distribution ratio, D, by the relationship
D = R m (6)

where Vm is the volume of the mobile phase, or the column void
volume, and Vs is the volume of the stationary phase. The VR and
log D data, as well as the observed handwidths, are presented in

Table 1.
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Tahle 1

Chromatographic Data for Lead(1I) and Zinc(JI)

Metal Ion
Pb n
. K oA . T IX;
ok vR(m1/ JB(ml) log D \H(ml) uﬂ(ml) log D
1.8 3.8 2.0 0.39 3.6 2.1 0. 36
1.9 5.0 2.8 0.56 1.8 2.8 0.53
1.95 57 2.0 0.6% 5.6 3,6 0.62
2.0 6.4 2.4 0.69 6.3 3.0 0.68
2.05 7.5 3.0 0.77 1.3 3.4 0.76
2.1 B.6 3.2 0.84 - - - - - -
2.15 - - - - - - 10.8 6..1 0.96
2.2 12.9 5.0 1.0 13.0 7.2 1.0

The data for the variation of log T with pH indicate a good

correlation to straight lines and that the lines intersect at a

pH of about 2,0. The difference in the slopes of the lines is not
felt to be significant due to the potential for error in visual de-
tection. ‘The sloﬁes of 1.6 and 1.7 for lead and zinc respectively,
differ markedly from those reported by Freiser and Jezorek17 for
zinc(11), cadmium(II), and nickel(II). They stated ihat the slopes
should be egqual to one in accord with a single proton displacement,
but they also noted that cobalt(Tl) exhibited an inexplicably high
~slope. [he data from this present investigation suggests that,

-sincz: the 8<hydroxyquinoline groups are protonated at the aromatic
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nitrogen to . s¢ignificant degree, the slope ought to reflect the
fraction of 8-hydroxyquinoline groups that are not protonated and
thus available for chelation. 'the slope wonld be rredirnted to
change with pH in pH ranges near the pKa. It should be noted that
o/ is small in the pH range studied and that a sm=21ll amount of cur-
vature might well escape detection. 1t was not possible to obtain
distribution data over a wide range of pH values with any single
metal ion 2s a result of difficulties in detecting the diffuse bands
encountered at high values of the distribution ratio and also *n
accurately measuring the sharp bands encountered 2t low Qalues of

the distribution ratio.

Separations

" 'he range of distribution ratios is such that an isocratic

17

separation of the metal ions of interest is impractical. There-

fore, a large number of gradients were tried to obtain a separation

~

? 4 ? z
of Ca +, Nn’+, Ccd +, Pbdf, and Coz+. he retention volumes and

bandwidths corresponding to one of the more successful gradients
are given in Table 2. A reconstruction of the gradient employed
is depicted in Figure 2. ‘The separation of the metal ions, with
the exception ofilead and cadmium, is quite good. It is to be ex-
pected that the resnlution will be imnroved at lawer levels of

colum loading.
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Table ?

Chromatographic Tiata for Metal Ion Separation

Metal Ton VR(ml) wa(ml)
calt 1,27 0,k
m’* 9.8 1.6
ca®* 29.5 3.0
po * 3.5 2.1
002+ 43.0 4,0

a'I'his volume corresponds t» the void volume of the column and
system tubing.

The fact that calcium is unretained at an eluent pk of 3.8
suggests that gradient chromatography of the type shown in Figure ¢
could find application as a simple and rapid means of separating
various transition metal ions from calcium. “ample matrix effects
could be greatly reduced by using the method simply as a clean-up
procedure. Another promising application of the chromatographic
method described is that of preconcentration of the metal ions of
interest from very rdilute solutions, followed by selective elution.
The capacity of the column is the limiting factor in this case and
requires that the sample be free of large amounts of metal ions more
strongly retained than those of interest. The higher capacity ob-
tained by the synthetic procedure developed in this investigation

.can be seen to be of great value for this application.
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Figure 2

Gradient for Metal Ion Separation
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The selectivity of 8-hydroxyquinoline-bonded silica does not
appear to be great enough for the analytical separation of certain

pairs of metal ions, e.g., lead and zinc, however, others can be

inductively coupled plasma emission detector for liquid chromatog-

32

raphy” may enable direct quantitation of the chromatogram., 1In the
event the detector is applied, even metal ions that are not com-
pletely resolved may be quantitated, since the detector is metal-
specific. In any eventi, the collection of fractions, followed by
analysis by the current best method for the particular metal should
result in lower detection limits and better precision through the
elimination of interferences.

An important limitation to the range of applicability of
8-hydroxyquinoline-honded silica is to be noted. @ etal ions such
as Cu(Il) and Fe(III) are not eluted from the column when using
eluents éf pH 1.8 or greater. Fven when using nitric acid solutions
of pH 1.0 for column cleaning, these metal ions are removed only
gradually. This was manifested as a gradual increase in the effec-
tive column capacity (k') after cleaning procedures were implemented.
This cleaning process also introduces contamination through corro-
sive attack on the components of the chromatograph, as was evidenced
by the positive PAR tests obtained when using pH 1.0 nitric acid
solutions. ‘hese effects masked any loss of bondéd phase that may
have occurred. This limitation might bhe overcome and corrosion of

the chromatograph reduced by the use of a solution of a complexing
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" agent for the elutien »f strongly rotained metal ions. This,
however, could have a detrimental effect on the column performance
if partitioning of the complexing agent were to occur. 1t is ap-
parent, nevertheless, that a better cleaning procedure is needed,

In summary, we report a synthetic procedure which results in
an d=hydroxyquinoline-bonded silica chromatographic material of sig-
nificantly higher capaciiy than thoce previously reported in the
literature. 'The higher capacity allows method develnpment to pro-
ceed more rapidly by enabling the injection df sufficient amounts
of metal ion that visual detection may be employed. A column packed
with the material has been demonstrated to be suitable for high
pressure liquid chromatography.and to be capable of a number of
analytical separations of certain potentially toxic metal ions. It
is hoped that some of the analytical applications suzgested by this
investigation will be taken up by other workers in trace metals

analyses in the future.
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