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Forced-flow chromatographic determination of
calcium and magnesium with continuous

spectrophotometric detection
‘Michael David Arguello

Under the supervisiomn of James S. Fritz
From the Department of Chemistry
Jowa State University

Forced-flow 1on-e#change chromatography is applied to
the separation and determination of calcium and magnesium.
The eluted metal ions are detected by means of continuous
spectrophotometry using color-forming reagents Several
- modifications to the forced-flow chromatograph are described.
These include a flow-through pH monitor to continuously
.monitor the pH of the final effluent and also an active
low-pass filter to eliminate nolse in the spectrophotometricA
'detector;

All separations are performed using partially sulfonated:
XAD-2 as the ion exchanger. Elution of calcium and magnesium
isvaceomplished‘uSing ammonium chloride and ethylene- |
diammoniUm chloride solutions. " Calcium and magnesinm are

detected by means of Arsenazo I and PAR-ZnEDTA color-forming

.USERDA - Report IS 7~7%° This. work was performed under
Contract W-7405-eng-82 with the Energy Research and
Development Administratilon.



reegents. Other metal ions are detected by'means of PAR and
Chromazurol S color-forming reagents.

Calcium and magnesium distributions coefficienfs on
partially sulfonated XAD-2 as functions of ammonium chloride
and ethylenediammonium-chloride concentration are given
together witﬁ distrioution coefficients of other: metal lons.
Methods for the selective elution of interfering metal ions
prior Lo the elution of calcium and magnesium are described. .
Beryllium and aluminum are selectively eluted with
sulfosalicylic acid. Those elements forming anionic chloride
‘complexes are selectively eluted with HCl—acetone. Nickel is
seiectively eluted with HCl-acetone-dimethylglyoxime.

| Real and synthetic samples are analyzed using the
procedures developed. Synthetic samples containing calcium
- and magnesium, both alone and in combination with alkalil
metals, strontium, barium, beryllium, aluminum, transition
" metals, and rare earths, are analyzed. Hard water samples
are analyzed for calclum and magnesium and the results
compared to those.obtained'by EDTA titration, atomic
absorption spectroscopy, and plasma emission spectroscopy.
'Several clinical serum samples are analyzed for calcium and
magnesium and the results compared to those obtalined by

atomic‘absorption spectroscopy.



- I. INTRODUCTION
A. Purpose

Thevfact that forced-flew chromatographic methods
employing'contihuoﬁs detection can be used'for the.rapidiand o
accuraﬁe determination of trace amounts of ﬁetal ions is new
well estaBlished The advantages associated with suchl
mcthods 1nclude |
1) The abillty to. handle samples in the tens of
microliters range contalnlng microgram amounts
- of sample ions. |

2) Eitremely rapid analysis times compared to
gravity-flow chromatographic ﬁcthods empioying
collection of4fractions followed'by separate
analysis of each fraction.

3) Minimal sample handling and manipulation.:l

4y Relatively_simpleAand ihexpensive equipment

requirements compared te most other instru-
mental methods of analysis.

5) 'TheApossibility of doing routine analysis of

: particuiar kinds of samples by using a
dedicatea instrument designed expressly for
that purpose | |

Because of the importance of rapidly and accurately
determining calcium and magnesium in such diverse materials

as hard water and blood serum, it was felt desirable to try



to develop fOrced-floﬁ chromatographic methéds for calcium
and magnesium tﬁat would offer,some of the ad?antages outlined
~above. As in the development,of any chromatographic method;
it was then necessary to investigate such things as the
‘prOper choice of resin, the proper choice of eluent, and the
proper chbice of operating conditions. And since it wés
desired to employ continuous spectfophotometric detection, it
was also necessary to investigate the proper choice of color=
-forming reagent and buffer. |

As a result of these investigations,'analytical methods
for calcium and magnesium were developed'which offer all of
the advantages assoclated with any férced—flpw chfomatof
graphic method employing continuous detection., This was
done by taking advantage of the rapid separations which are
obtainablelusing low capacity cation exéhangers based on
partially sulfonated XAD-2. Elution was witﬁ amﬁonium
chloride or ethylenediammoﬁium chloride and Arsenazo I or
PAR-ZnEDTA colof-fofming reagents were used for the continu-
ous spectrophotometric detection of calcium and mégnesium.
In order tq demonstrate their usefulness, the mefhods
develdpedlwere used for the analysis of s&hthéticvsamples

and also for (he analysis of hard water and blood serum.



B. Literature Survey

(Sepafetion of Calcium and Magnesium)

The separation of calcium end magnesium'prier to their
individual determination has been a probieonf continuing
enalytical interest because.of the many different kinds of
materials in wﬁich significant emounts_of these two elements
‘occur together. Examples of some materials containing
signif'icant amOuntsAof both calcium and magnesium include
hard waters, limestones, cements,'plant tissue,‘bone ash,
milk and milk -ash, blood sérum, and soll. As a result, many
different approaches to the separation of calcium and
magnesium have»been described in the literature. A number
of diffefent procedures using cation exchangers, anion
exChangers, and chelating resins have been reviewed by
Samuelson (1). |
| The majority'of procedures described for the separation
of calcium and megnesium have emplpyedlcation exchangers and
a representative sclectiori of fheSe is given in Table I.
As‘can.be seen from,the'table, various kinds of eiuents
have been used to elute calcium and megnesium from cation
‘exchangers. In some. cases, simple miheral'acidsAhaﬁe beeh
'used,as eluents whereae in,other‘cases complexing agents n;
mixtures of minerelAaeids and organic soivents,have been
“used in Qrdéf to aehieve'increased seperation factors. _Ih

most cases, however, the separations described are rather



Table I. . Cation exchange separations of Ca and Mg

Elution

acetate .

acetate

Cation ExchangerA Ca eluted Mg eluted Application Reference
: with: with: order
Dowex 50 (retained 1.05 M HC1 Mg,Ca . Analysis of Campbell and
on column) : limestones and Kenner (2)
: dolomites
Bio-Rad 1.25 M HNO; 1.25M HC1  Mg,Ca Ion exchange Strelow
. AG 50W-X8 determination of et al. (3)

. major and minor : .
elements in /
silicate rocks

Microcrystalline 70:30 "70:30 "Mg,Ca . Separation of Fritz and
cellulose methanol-HC1l methanol-HC1 alkaline earths Peters (4)
Bio-Rad 3 M HC1 "3 M HC1-60% Mg,Ca: Separation of Strelow and
AG 50W-X8 ethanol alkaline earths Van Zyl (5)
zZeo-Karb 225 1 M NHMCl 0.5 M NHuCI Mg,Ca Ion exchange Abdullah and
A ' ’ determination Riley (6)
of Ca and Mg in '
‘ silicate rocks A
Amberlite C3 120 1 M ammonium 0.35 M NHuCl Mg,Ca  Ion exchange Greenhalgh
' ‘acetyl- ' determination of et al. (7)

- acetonats - major cetions in _

' sea water
Dowex 50W-X3 1 M ammonium 1 M ammonium Mg,Ca Analysis of dolo- De and Sen

mite and limestoneA(8)



. Table I. . (Continued)

Cation Exchanger Ca eluted

Ng eluted .

Application

acid pH 5

Elution Referehce
with: with: : order

© Amberlite IRC 50, EGTA 2-3 M HC1 Ca,Mg Analysis of . Marhol and

" Dowex 50W-X8 pH 6.5-7 : artificial sea Cheng (9)

- water '
Dowex 50 1.5 M ~.5 M Mg, Ca Separation of Milton and
' ammonium ammonium - alkaline earths Grummitt
lactate lactate o (10)

" Dowex 50W-X3 1M 0.8 M Mg,Ca  Separation of Pollard .
a-hydroxy-  a-hydroxy- . alkaline earths et al. (11)
isobutyric isobutyric :

acid rH 4.15




slow and oftentimes the presence of complexing agents or
5‘ofganic solvents complicates the determination of the
.individual ions. | -

Work of a more general nature related to the cation
excnange separation of calcium and magnesium is that of
Strelow and Weinert (12) who compiled an extensive tabulation
of distribution coefficients of the alkaline earths on AG
50W-X8 with various complexing agents and mineral acids.
Strelow (13) has also reviewed the cation exchenge behavior
of the alkaline earths and discussed -the merits of various

‘eluents.

C. Literature Survey

~ (Forced-flow Chromatography)

Salmon (14) in 1971 first suggested that ion-exchange
chronatography needed‘to be coupled to a continuous detection
process in order to achieve a flexibility of operation
comparable to that of gas chromatography. He proposed the
use of ion—selective electrodes as continuous detectors fof
iOn—exchange.chrométography.

Since then many p:ocedures have been deScribed-in the
literature employing forbed—flow ion~-exchange chromatography
of metal ions_with continuous detection. A representative

selection of such procedures is ‘given in Téble IT.



Table II.

 Forced-flow -chromatographic separations of metal ions employlng
cortinuous detection :

Ion Exchanger

pump

Mn{II)

Eluent  Pumping lons Separated |Detection System|Reference
System '
A-26 anion 2 M HC1 Gas pressure|Fe(III) from UV absorption . |Seymour
exchanger other ions. of iron chloridejet al.

: ’ complex {15)
A-26 anion 0.4 M Gas pressure|Cr(VI) from UV absorption: Fritz and
2Xchanger NaCl0 ' other ions - of Cr(VI) Slckafoose

pH 3.75 - (16)
A-26 anion HC1-HC10 Gas pressure|As(III), Bi(III)|UV absorption Seymour
exchanger mixtures Sb(III); Ni, of chloride and Fritz
: : : PA(II), Pt(IV); |complexes (17)
Pb(II), Cu(II),
Fe(III); Hg(II),
Sn(IV) :

Dowex 1-X8 8 M HC1 Gas pressure|Pb(II) from UV absorption Seymour
anion exchanger ' B other ions |of lead chloridejand Fritz
o complex (18)

L-15 cation 10.5 M‘HBr Gas pressure|{Hg(II), Bi(III),|UV absorption Willis and
exchanger Cd(II), Sb(III) |of bromide Fritz (19)

’ complexes
£-200 or A-15 HCl-organic{Chromatronix|{Cd(II), Zn(II), |PAR or PAN . Kawazu and
cation ‘|solvents = |metering Fe(III), Pb(II),|color-forming Fritz (20)
exéhanger ' Cu(II), Co(II), |reagents ‘ B



pump

Table II. (Cbntinued)
Ion Exchanger Eluent Pumping Ions Separated‘ Detection System Reference
' - : System : ,
Low capacity Varied Chromatronix|{Zn, Pb(II), PAR, Arsenazo I Fritz and
cation o metering Cu(II), Mn(II), |or Arsenazo III |Story (21)
exchangers ' pump Ni; Ca, Mg; Zr, |color-forming :
. o Th; La, Th reagents
Dowex'50w-X8 . | 2-Hydroxy- |Chromatronix|13 rare earths PAR color- Story and
cation |isobutyric |metering o forming reagent |[Fritz (22)
: _ acid pH pump o
exchanger gradient
- Surface sul- HCl,.AgNO3 Milton Roy alkali metals, Conductimetric Small et

fonated cation [Cu(NO;), metering . amines, and ' al. (23)
‘"exchangers, Aniline<HC1|pump quaternary ‘
surface agglo- AgNO3-HNO3, ammonium jons;

merated anion NaOH™ 4 Ca, Mg;

exchangers Na(phenate) inorganic and

: 4 . organic anions
Zipax SCX 0.01 M HNO3 Waters Model|Ca, Sr, Ba; Flame emission |Freed (24)
“cation 0.2 M 6000 Solvent |rare earths :
exchanger citric acid|Delivery
: System
Amberlite 1 M-NHuCl Fuji midget |Zn from other Zircon color- Matsui (25)
. CG-120 cation , pump, - |ions | forming reagent | (25)
exchanger Mitsumi A
o peristatic



Table -II. (Cortinued)

"Eluent-

Pumping

Ion Exchangsr: Ions Separated Detection System|Reference
: System '
Zirconium . |1 M NH,C1 |Hydrostatic. |Alkali metals |Flame ioniza-  |Araki- et
phosphate - pressure ' ticn (Inter- al. (26)
cation ' ' mittent rather | .
"exchanger. then continuous)
.-TRA-200 - 0.05 M |Gas pressure|Se(VI) from Ancdic stripping|Andrews
~cation HC10, o - |other ions voltammetry - and
exchanger ' Johnson

(27)
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Forced-flow chromatographic separations of inorganic
ions employing suppofts othéf fhan Simple-cationfqr anion
exchangers have also béen described in théiliterature.

Fritz and Goodkiﬁ (28) used adsorﬁtion chrdmatography bn
XAD-11, a macfoporous polyacrylate resin with amide functional
groups, to separate tin (IV) from 23 other metal ions. They
eluted tin (IV) from the resin with 0.1 M HC1 using gas
pressurization and detected it by_means of the UV absorbance
of 1its chloride.complex. | | |

Moyers and Fritz'(29) separated silver (I),‘merCUry (11),
bismuth (III), and gold (IV) on a chelating resin cohtaining'
hexylthioglycdlate funcéional groups. Using gas preséur-
ization, they eluted the first three metals with‘hydrochlofic
acid and detected them by the uv absorptioﬁ of their chloride
complexés. Gold (III) was then éluted with thiourea and -
detected‘by the UV absorption.of its thiourea complex.

Using 1iquid—liquid chromatography on'Zipax controlled
surface'porosity supports coated with tricaprylmethyl ammonium
chioride, Horwitz and Bloomquist (30) were able to separate
a numbef of different. metal ions. Various mixtures of
.'differeﬁt'metal idns were separated inciudiﬁg a mixture that
contained lead (II), bismuth (I1I1), rhenium (iII), cadmium
(II), mercufy (II); and polonium (IV). Stepwise e1utioﬁ with
ﬁineral acids and thioéyénate solutions was done using gas
pressurizétion and the eluted ions were detected radio-

chemlually..A'
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IT. EXPERIMENTAL
A, Apparatus

The forced-flow chromatograph has been described
‘previously (31). The chromatographic system'used in this
ﬂwork is shown schematically iniFigure 1 andAthe'same
system in somewhat greater detail is shown in ﬁigure 2f
Modificatiohs'to the basic chromatograph.that were made
inbthe course of this ﬁork includedlthe,followiné:

-1) Milton Roy miﬂipumps (Instrument Model and Mode1'396)
and a Chromatrix CMP—2 ?Cheminert" metering pump as
well as gas pressurizatidn werelused'fer solvent
delivery. The use of metering pumps permitted
both reproducible apdpaccurate control of flow
rates regardless of changes in system back pressdre
and provided the capability of chapging from one
flow rate to another rapidly and with a minimum of
manipulation.

2) The single tank used for containing color-forming
reageqt was replaced with a system of preSsuriZed'
bottles similar to'that.deseribed previously (32).
This permitted rapid changes froﬁ one color-
forming reagent to another withodt the necessity
of having to emptylahd refill theAsingle tank.

, Additipnally, the system of bottles used to con-

tain color-forming reagent could be pressurized
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separately from the elueht'tanKS’thereby_allowing

the flow rate of color-forming reagent to be

' regulaﬁed'independently of the flow rate of eluent.

A4system'to continuously monitor the pH of the
final effluent was‘incorporated'within the
chromatograph; This system is éhown schematicaily
in Figure 3. | |
Ar éctive low-pass.filter was incorporated within
the chromatograph between the photometric readout
unit énd the amplifier. The circuit diagfam of
the filter is shown in Figure 4, Use of the
filter eliminated high frequency noise due to
lamp instability, photomultiplier shot noisé,
and pump puléations and permitﬁed a considerably
incréased amplification. of the chromatographic
signai. Chfomatograms'illustrating filter
performance are shown in Figures 5 and 6.

The heavy iron tanks used to contain the
pressurized polyethylene eluent thtles were
replaced with lightweight, corrosion resistant
plastic tanks constfucted from heavy-walled

6 inch i.Ad,.PleXiglass pipe epoxied iﬁto:a
grooved polycarbonate base plate. Similarly,
the metal collars used to‘retain,the bottles
within the-tanks were replaced With ones con-

structed of polycarbonate and the.steel bolts
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Eluent: 1 M NH401 2 ml/min

- Detection: Arsenazo I color-forming reagent;
0. 9 ml/min '

Sample: 51.4 ul
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" Figure 6. Chromatogram illustrating rerformance cof active

- low-pass filter
.Column: Nonej; cirect injecfion into flowing stream
Eluent: 0.1 M ECl; 2 ml/min ‘

Detection: . Beckman Model B equipped with flow cell (20)
: : PER color-forming reagent 0. 5 ml/min

Sample: 51.4 ul
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were replaced with nylon pinél The plastic

tanks gave trouble-free operation and could

be used continuously at pressures as high as
50 péi;

IT. Columns were:constructed from lengths of 4 mm i.d. Pyrex
tubing onto which Altex 200-28 glass connectors had been
fused. The use of Viton O rings between the poly-
propylene bushings and caps of the glaés connéctérs
resﬁlted‘in columns that were both leak-tight aﬁd
chemically inert. Additionally, the columns were easy
and inexpensive to construct. Bfoken orvdiscarded
columns were easily salvaged by cutting off the glass
connectors which could then be reused for the con-
struction of new columns.

Columns were packed by inserting the smallest
possible plug of glass wool intbAone end of‘the column
so as to retain the resin and then filling fhe column
from the other end with a slurry of the resin in
acetone usihg an Altex 200-19 male luer adépter and a
syringe. .

III. All plumbing components (tubing, tube-~end fittings,
couplings, plugs{ tees, valves, sample ioops, etc.)
used were either purchased from Laboratory Data Control
or Altex or were constructed in the Ames Laboratory

shops.
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B. Reagénts

0.01 M'stock solutions of metal iops were prepared from

‘the best availablé grade of metal Salts. In most cases

#

reagent grade'chloride salts were used but in a few"

_cases 1t was necessary to use metal oxides or other

salts. Sufficient hydrochloric acid was added to eaéh
stock solution to prevent hydrolysis.

Magnesium standard solution was préparéd by dissolving

©1.000 g of magnesium metal in a minimum amount df hydro-

chloric acid and diluting to 1.000 #2 with distilied;
deionized water. |

Caicium standafd,solution was prepared by dissolving

_2.500 g of primary standard calcium carbonate in a

minimum amourit of hydrochloric acid and diluting to
1.000 2 with distilled, deionized water.

Ethylénediammonium chloride (en+2HCl) was prepared by

"dissolving 100 g of ethylenediamine (J. T. Baker) in

1 z'of'distilled water. The solution was cooled iﬁ an
icé'bath and 330'm1 of concentrated hydrochloric acid |
(Dupont reagent grade) was added sloﬁly witﬁ stirring.
The en+2HC1 was crystallized by the addition of 2
propanol, filtered with suctién, washed ﬁith acetone,

and air dried.
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5. All other chemicals (acids, bases, indicators, solvents,
etc.) used in the preparation of various solutioné were

the best grade available and were used as rec.eivé'd.
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. ITI. EXPERIMENTAL PARAMETERS
" A. Choice of Resin

Thé generallusefulhess of low'capacity’catioﬁ exchangefé
based on partially sulfonatedAXAD—2 was first demonstréted by
Fritz and Story (21) who used such resins for the forced-flow
chromatographlc separation of many different metal ions.

Among the many separations demonstrated were rapid, quali—
tative‘separations of calcium and magnesiﬁm. | A

Low capacity cation exchangers based on partially
sulfonated XAD-2 offer a number of advantages'fOr use in
forced-flow chrbmatbgraphy over both conventional gel-type
cation exchangers and cation exchangers of the superficially
porous of péllicular type. As against conyentionai gel-type
cation exchangérs, thése advantages include both better
meéhanicél sfability énd increased efficiency.of separation.
Compared to superficialiy porous‘or pellicular resins, fhe
advantages»include greater économy anq ease of preparation
as well as the ability to accommddatevlarger samples due to
the larger capagitiés;

. Other workers have pointed out(additional advantages.
Hansern and Gilbert (33).in a -theoretical study of support
design for high-speed lon-exchange chromatogréphy considéred
‘thézeffects of,bgrticle S?ze, intra-partidle diffusion,fand'

film diffusion on resolution. They concluded that optimum
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resolution should occur with peiliéular supports having
capacities greater than those then currently available
(<0.100 meq/g). Hansen and Gilbert (34) also did an
experimental study of resin design iﬂ which they prepared
auseriés of cation exchangers ofvvarying capacity (0.123 -
‘0;642 meq/g) by . partially sulfohating styrene-divinyl
benzene copolymer. The& used the 200-300 mesh fraction for
the separation of uracil, cytosine, and adenine. and found
that resolution .increased with increasing capacity due to

greater retention of the late eluting peaks.
' B. Preparation of Partially Sulforiated XAD-2

Paftialiy sulfonated XAD-2 was prepared by a procedure
.similar to that described by Fritz and Story (21). XAD-2
resin, 20550 ﬁesh,,qbtained from Rohm and Haas was Soxﬁlet
extracted(withimethanol and air dried. The cleaned resin
‘was ground iﬁ a Wiley mill and sieved dry. A 5 to 10-g
portion of the 250-325 mesh fraction was suspended in
concentrated sulfuric acid (Dupont Reagent grade) and stirred
for 30 minutes at 102-103°C. Close control of femperature
was maintained by_meahs of a weli regulated, eleétrically
heated o0il bath. At the end of the reaction peripd, the
'reaction mizture was poured over ice and the bartially
sulfonated resin filtered off. The resin was washed -
repeatedly with distilled water and finally with acetone.

It was then air dried overhight.
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The hydregen capacity of eech'betch'of resin was measured
by‘equilibrating a weighed amoﬁnt of resin with a known excess
of standard base. After shaking for several hours on a wrist
action ehaker, the resin was filtered off and the remaining
base titrated with standard acid. Capacities of resins
prepared iﬁ the manner described above ranged from 1.8 to

2.0 meq hydrogen per gram‘ef air-dried resin.
C. Choice of Color-forming Reagents

1. General requirements

In order for any given'color-forming reageht to be useful
for the continuouswspeetrophotometricfanalysis of forced—flow
chromatographic effluents, it is necessary that the reagent
exhibit certain.characteristics. Ameng the most important of
fhese are the following: |
| "1) The prodgct of the color-forming reaction should ,

have a'large effective molar absorptivity in order
thet,it may be used for the accurate analysis of
trace amounts of metal ions.

2) Color development should be fast enough:that the
use of a delay loop can be avoided since'such |
1ons always result 1n a decrease in resolution
due to band spreeding‘(35).

3) The color-forming reagent should be insensitive
to the presence of background electrolyte from

1

the eluenl and buffer used.
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4) The ﬁrodﬁcts of‘thé;color—forming reaction

should be soluble because reactions that result
' iﬁ the formation of lakes and precipitates can
cause coating of céllvwindows. v |

5) The réagent should be stable in solution and
easy and economical to prepare.

6) The selectivity of the reagent shoﬁld be suited
to the'reQuirements of the particular analysis
being performed. In cases in which two or more
ions'are completely resolved and it is desired
to analyze eaéh Of‘themAin turn, it is
neéessary to‘ﬁse a nonspecific reagent; In
cases in which two or more ions are incompletely
resolvéd and_it is desired to analyze .only one
of them, a reagent of greater_speéificity must

be used.

2. Arsenazo I reagent

Wlth these criferia in mind, a number'of reagents that
- have ‘been uséd or suggested for the éoldrimetfic determi-
natioﬁ.of calciuﬁ and/of magnesium were first briefly
examined by means‘of thé following experimenﬁ.”

Stock solutions of the VariouS'reagents ihcluding
Arsenazo I, Arsenazo III, Sulfonazo III; Meﬁhy1~Thymol Blue,

Mufexide;'Titan Yellow; Sodium Rhodizonate, Eriochrome Black
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T, Chlorophosphonazo III, and TAR.(4-(2-Thiazolyl-azo)-
resorcinol) were brepared inldistiiled water. Measured
éliquots of each'stock-solutioh were mixed with an equal
~ volume of buffer (pH ﬂ.2, 4.9, 6.1, 7.0, 8.0, 9.0, 10.0,
11.0, or 12.0) and-the final solutions méde approximately
0.001 M in célcium or magnesilum. The extent of reaction, if
any, compared -to thaf of blanks cdntaining only color-forming
reagént and bﬁffer, was judged on the basis of color contrast,
color intensity, and time of development. Based on these
cdnsidefations, it was cohcluded that of the reagents
surveyed, Arsenazo I éppeéred best suited for use in the
continuous spectrophotometric detection of calcium ana/or
magﬁesium in.column eff1uents. | |

These'resuits are in accord with'the“previous use of
. ﬁhé reagent for thaﬁ purpose (21) and with its use as an
indicator in water hardness titrations (36). It has also
been used for the determination of magnesium in alloyé (37)
vandvfor the determiﬁation of calcium and magnesium in blood
serum (38). Other uses of the reagent have been reviewed by
Savvin (39).'

Iﬁ the preparation'of Arsenazo T reagent, 121.1 g of
-THAM (Tris(hydroxymethyl)aminomethane) wés dissolved in
approximately 750.m1‘of,diétilled water. Sufficient concen-
tfated hydrdchloric;acidAwas added to adjust the pH‘of the

‘solution to 9.0 and the volume was made up to 1 liter using
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distilled water. 10.100 g of Arsénazo I was then added with
stirrihg.‘ The resuiting solution cbuld be .used ihmediately
énd ﬁas stabléiat rbom temperafure for é month of longer.
THAM was chdéen as a buffer since it is pure, .non-
Ahydroscopic, and only weakly complexing (40). -Additionélly,
it is.nonvdlatile and this is an advantageé since the use of
ammoﬁia—based buffers may result in clogging of the helium
supply lines wilth deposits of ammonium chloride and in

corrosion of brass fittings.

.3. . PAR reagént

PAR (4-(2-Pyridylazo)-resorcinol) is one of.fhe most
versatile color—formiﬁg reagents available. It has been used
or proposed for the colorimefric deterﬁination of many
different metal iéns including vanadium (V) (41), manganese
(II) (42), iron (III) (43), cobalt (Ii) (44), nickel (II)
(M5); copper (II) (46), zinc (II)_(M2), lead (II) (47),
gallium (III) (48), indium (III) (MS), thallium (III) (48),
osmium (TV) (49), palladium (II) (50), tantalum (V) (51),
niobium (V) (52), scandium (III) (53), the rare earths (54),
urahiumA(VI) (55), neptﬁnium (V) (56), and thorigm‘(iv) (57).

The first use of PAR as a color—formiﬁg reagent for the .
continuous spectrophotometric analysis of forced—fldw
chromatographic.column effluents was reported by Sickafoose
(46) who used 1t -for the determination of copper (II) and

zinc (II). PAR has since been employed in a similar fashion
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by Fritz and Story (21) for the continuous determination of
lead (II), nickel (II), the rare earths, and zinc (II).
'Additionally,‘Kawazu and Fritz (20) and Kawazu, Shibata, and
fKakiyama (58) have used 1it-for the determination of |
cadmiumr(ll); cobalt (II); copper (IIS, iron (III),.lead
(II),‘manganese’(Ilj; and zinc (iI). PAR is probahly the
best single.reagent available for the nonspecific detection
of metal ions 1in forced flow chromatographic column effluents
due to 1ts extreme sensitiv1ty, immedlacy of reaction,
‘_indifference‘to background(electrolyte, and stability in
solution. | | |

In the preparation of PAR reagent 0.100 g of PAR-
(Eastman #7714) was dissolved with stirring in l L of
THAM-HCl buffer (pH 9). The buffer solution was: pre-
‘pared 1nvan'identica1 manner to that of the THAM-HC1 buffer
'used in the preparation-of Arsenazo I reagent. The . solution
of PAR reagentlwas 4;65_i 10-4 ﬂ in PAR. It could be used
immediately and Was'stable indefinitely.

‘4. PAR-ZnEDTA reagent -

In order that small samples containing quitellow levels
: of.ca101Um and/or’magnesiﬁm'might be analyzed, it‘wasAdeemed
neceSSary:tofempIOy a color—forming reagent with greater
sensitivity than that offered by Arsenazo I. Additionally,
'a,reagent was.sought that offered_goodrsensitivity for the

.AdeteCtion of strontidm and'bariﬁm. IVarious.possibilities
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were considered and it was conclﬁdéd'that:the use of a dié-‘
placement reactionfofféféd thé gréétést chance of success.
Many such reactioné; in which oné ion-disblaces anéthér from
a complex thereby frééing thé sécondAion'to partiéipate in a
feaction, have beén‘discﬁssedAby Perrin (59). :

For the detection of the alkaline earths, it was decided’
to use a diSplacémént réaction baséd'on'complexatibn by EDTA
because EDTA forms strong compléiés with the alkaline earths
at highér pH valuésl It is also rélatively‘inexpensive and
readily availablé.,_Zinc was'choséh as the ion to be dis-
piaced because it fofmé'EDTA complexes intermediate in
stabiiity bétweeﬁ those of the alkaline:earths and most othér'
metal ions (60). Additionally, detection of zine with PAR is
extrémeiy sensitiye‘(HE); ”

Other4¢xémplés of displademént reactions that have been
utilized for the‘spéctrophotométric detefmination of one or
more of phé alkaline earths include the use of Mg-EDTA and
Célmagite to detéfminé Qalciuﬁ (61); fhé use of Zn-EGTA and:
Zincon to detérminé calcium in thé presénce of magnesium
(62); and the use of-SR—EGTA‘and’EriochromevBlack T to
determine magnésiﬁm in thé présencé of calcium (63).

Use of a color-forming réagént baséd on the reaétion of
a metal ion with Zn-EDTA and PAR to forﬁ the EDTA complex of
the metal ion and Zn-PAR résulféd in a éensitive énd accurate

determination of the alkaline earths. Additionally, all of



31

the metal ions th&i can bé détécted using PAR‘alone-coﬁld be
_detected as wéll 6r better using the mixed reaéent.' The PAR-
ZnEDTA reagent was kinétically‘fast enough to be used'without
a(delay‘lodp and waé not affectéd by the presence of back-
ground eiectrolyte. Tt was_stéble in solution and easily
prepared. The extenf of thé color-forming reactlion is
affected by pH and in pfacticé»it was found neceséary to
ensure that the pH of the final mixture of effluent and’
color-forming réagént was i 9 for sénsitive,~accurate
detection of the alkaline earths. The PAR-ZﬁEDTA reagent
was developéd in thé‘léttér part of thié work. it was used
both for thé analysis of sérﬁm-Samplés and for the determi-
nation of column distribution coefficients of the alkaline
eérthé, |

A stock solution of Zn(EDTA) waé prepared by reacting
stoichiométric amoﬁnts of zinc and EDTA stock solutions. The
correct ratio»wasAdétérminéd by'pfior titration of the zinc
stock solution With_thé'EDTA stock solution using‘xyienol
~ orange as indiéator at bH 5; Sévéral-NaOH peilets weré édded
to each liter of‘fréshiy ﬁréparéd solﬁtion to raise the'pH
sufficiently to_prévént-the précipitation of the free acid
Vfo:rm of EDTA. The Zn(EDTA) concentration of the final.
solution was 7.65 x 1073 M. ’

-50 ml_bf‘this‘SOIution wés added,to.gach liter of PAR
reagent and the final solution was’madé'O.EOO M in sodium

hydroxide. Thé résulting solution. of PAR-Zn(EDTA) reagent
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was 4.43 x 1074 M in PAR and 3.64 X 10_4'M_in Zn(EDTA) and

the pH was approximatély 12.

5. Chromazural S reagen

Chromazurol SM(3"-Sulfo;2";6"-dichloro-3,3{—dimethyl—u—
hydroxyfuchsone-S;S'-dicarbokylic acid)'has been uéed for the
determination of‘alﬁminﬁm in iron ores, sinters, and open
heérth slags (GM)Aaﬁd in stéél;‘ziﬁc; énd;galvinized coating‘
A(65). Other applications of the réagént have been listed by
Bishop (66). |

. The reagent was ﬁséd for~thé continuouS'spectrproto-
metric analysis of'alﬁminum lons bécause of the excellent
color contrastvbétwéén thé fréé (yéllow-orange) and bouhd
(violet) forms.of the réagént; ‘Ekténded,use of thé reagent
resulted in coatinngf thé,linés'and'flow cell surfaces -with
‘the violet broducts‘of the color-forming reaction and it was
necessary to périodicaily flﬁsh thé lines with hydrochloric
abid in order to rémové this.cgatiﬁg; The use of stabilizers
and diopersing agéhts including'Triton'X—lOO, Tween 80, and
methanol was»triéd but not ekténsively investigated in an

effort to’minimizé formation of this coating.

6. Eflective molar absorptivities of color-forming reagents

Expefimental'ébnditions émployéd iﬁ determining the
effective mOIar absorptiﬁities'of the different.color-forming

reagents are given in Table IIT. 1In all cases, pH 9 THAM-HC1
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"buffer was used to adjust the pH and all absorbance measure-

ments were made using a Cary 16 double-beam Spectrophotpmeter
and 1- or 10-cm cells. Similarly, all measurements were run

versus reagent blanks contalning concentrations of color-

forming reagent, buffer, and background electrolyte identical

to those of the solution~béing measured.

Table III. Experimental conditions‘employed in determining
' effective molar absorptivities of different
color-forming reagents

‘A . Coricentration ConcentrationA, : Concentration
: of color-forming of metal ion o of background
..... reagent. ... ... ... . . . ... .. ... ...... . electrolyte.

4590 nm 4.2 x 107> M PAR  2.00 x 107> M —-
' 4.6 x 1072 M ZnEDTA‘Mg, Ca, Sr,; Ba

590 nm 7.0 x 107° 2.50°x 107> M -

M
Arsenazo I Mg, Ca
590 nm 1.24 x 107 M 2.00-4.00 x 107> M 0.8 M NH,C1
| Arsenazo I Mg, Ca 4
590 nm  1.24 x 100 M  2.00-4.00 x 107° M 0.03 M
' : ‘en+2HC1

Arsenazo I ’Mg,~Ca




Table IV. . Effective molar.absorptivities,,Mf;cm—l

Metal R _ Color-Forming Reagents

Ions S , - ‘ : - :

R Arsenazo,I‘la-. . Arsenazo I . a Arsenazo. T - PAR-Zn(EDTA) -~
(0.8 M NH,C1) (0.03 M en. 2HC1) ‘ S |

Mg - 1,900 - - . - 4,600 " 8.300. 17,000

Ca g70 1,700 6,800 22,000

Ssr - e — . 2,500 19,000

Ba — : R . 1,400 18,000

aValues in parentheses refer to background electrolyte.

HE
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7. Wavelength of ‘detection

Optimum wavelength'settings for use wilth the different
color ~-forming reagents were determined by 1nject1ng identical
aliquots of metal ions under fixed conditions and measuring
the resulting peak heights as-a funotion of wavelength.
Results of some of these studies are shown in Figures 7 and
8. |

AAs can be seen from Figures 7-8, the range of wave-
lengthe giving'maximum sensitivity is somewhat smaller when
using Arsenazo I as a color—forming reagent than when‘using
PAR-ZnEDTA. This presumahly is‘related to the greater shift
in absorbance between the free and bound forms of PAR
(yellow to red) compared to Arsenazo I (red- -orange to
violet)., Baeed on these studies, a wavelength setting of
590 nm was chosen for use in conjunction with Arsenazo I

and a setting of 495 nm for use with PAR-ZnEDTA.
D. Choice of Eluents

In forced-flow chromatography with continuous spectro-
photometric detection it is often advantageous to employ'sait
solutions as eluents rather than acidic solutione since it is
then much easier to_buffer the final pH of the mixture of
effluent and.color-forming reagent'to any desired Value}
This makes for more convenient, more precise Spectrophoto—.
metric detection, particularly in cases where close pH

control of the color- forming reaction is required for maximumA
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Figure 7.

Peak height of calcium and magnesium as a
function of wavelength of detection using
Arsenazo I color-forming reagent

Column: 1.9 meq/g low capacity catex;

7 ecm x 0.4 .cm
Eluent: 1 M NH,Cl; 1.15 ml/min

Detéction:"Arsenazo I color-forming reagent;
0.5 ml/min -

sample: 51.4 ul; 179 ug Ca and 53.8 ug Mg
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Figure 8.

Relative peak height of calcium as a function
of wavelength of detection using PAR- ZnEDTA

~color-forming reagent

Column: .0 meq/g low capa01ty catex,
7 em x 0.4 cm

Eluent: 0.03% M en<2HCI1;. 2 ml/min

' Detection: PAR-ZnEDTA color-forming reagent;

0. zb mi/min
Sample: 42.2 ul 2.1 pg Ca
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' éensitivity; Additionally,,itlis pbssiblé to conﬁrol the
flow4ratés‘of eluent and coloréforming reagent‘ihdependentiy;
of each‘ofher dyer a reiatively broad range whi1e~still
maintaining a'desiréd final pH. Accordingly, it was decided
to employ salt solutiéns as eluents wherever poséible in this

work.

1.  Ammonium chloride
An‘expériment ﬁas'performed in which solutions of

various salts were evaluated‘for possibie use of‘eluénts.in
the separation of calcium and magnesium on_low-capacity
cation exchangers. Thié,wa$ done by using the same concen-
tration of various salts to.élute_identical aliquots of a
mixture of caldium'and magnesium undef{fixed conditions.
Results of this study are shown 1n Table.V-thether With -
results obtained with a solution of hydrochloric acid.- |
Based on these resulﬁs, it was cqncluded that of the
different1salté studied, ammonium chloride:appeared to be

the best choice from the staﬁdpointsiof detection, D

Ca
'DCa’ Mg*

were chosen for use as eluents in the initial»phase of this

Mg?

and o Accordingly, solutions of ammonium chlofide

work.

2. Ethylenediammonium chloride
Fritz and Karraker (67) were thelfirst to use ethylene-

diammonium chlbride‘solutions as eluents in ion-exchange
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Table V.,‘Comparison>of various eluents for the separation
~of Ca and Mg .. . ...... ... .. S o

Eluent = - D . D. o

Ovg ... D ca . ... Omg ... . Comments
0.6 M HC1 7.6 . 36 4.7 —
0.6 M LiC1 30 - >75 . ——=  Poor detection of Mg,
: ' ' - Ca not eluted
0.6 M Nacl 13 .- 64 4.9  Considerable tailing
' of both Ca and Mg .
0.6 M NaNb3 13 49 3.8 Considerable tailing
' : ' " : . of both Ca and Mg
0.6 MNH,CL 8.0 32 4.0 ) —-
0.6 M NHNO, 8.6 27 3.1 =

3
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chfomatography. TheyAused 0.1 M_ethylenediammonium chloride
te separate zinc from lanthanum on DoweanO X 8land then
titrated the elutedeainc with EDTA'using a visdal indicator.
They also pointed out some of the advantages of ethvleﬁe—'
diammenium chleride as an eluent. These included belng able
to use a mucﬁ‘lower concentration of ethylenediammonium
chloride to elute zinc than is possible with simple mineral
acids and also the noninterference of the ethylenediammonium
ion with subSeqﬁent analytical operations.

Fritz and Karraker (68) also used ethylenediammonium
perchlorate to separate divalent ions from trivalent ions.
They eldted most divalent ions with'O.l M ethylenediammonium'
perchlorate and then stripped‘the'tfivalent ions with 0.5'M
ethylenediammoaium.perehlorate. The separated ions were
subsequently analyzed by EDTA titrations.

| Ethylenediammonium chloride solutions offer several
advantages for use as eluents in_forced4flow cation exchange
chromatography of doubly charged metal ions..

The first'of these advantages derives frem the similar
affinity for the cationeexchange fesin-of the +2 ethYlene—
| diammeniam ion compared to .the affinities of the +2 metal
ions. Because of these similar affinities, it isApossible to
Arapidly e;ute +2 metal ions from the resin with small volumes
of eluent‘containihg low concentrations of ethyienediammonium

chldride. Mueh more concentrated solutions‘are required
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using eluents containing +1 iqné sﬁch aé hydfogen or ammonium
since +1 ions haveimﬁch smaller affiﬁiﬁies for tﬁe resin than
do +2 metal ions. Thus, it is possible to use 0.035 M
‘ethylenediammoniuchhloride in place of.l ﬁ_ammdnium chloride
for the rapid.elutién of calcium and magnesium ffom low
capacity cation exchahgers. | .

A second advantage relates to the noninterferende of the
ethylenediammonium ién with detection of the eluted metal
ions by meané of théir reaction with color—forming‘reagents,
Here the ability to use quite dilute solutions as eluents is
alsb ihportant because background caused byAmetal ion
impurities in the eluent is minimizedf.'Additionally,_such
dilute sqlutions afe easily buffered to any desired final pH.
required fof,suécessful color formation. Finally, the
~ethylenediammonium chloride éaﬁ be easily and economically

prepared in.pure'form.
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IV. RESULTS AND DISCUSSION
A. Distribution Coefficients

Both batch and column distribution coefficients were
measured using established procedures (69). For the determi-
hation of column distribution coefficients, the amount of
metal ion injeétea was chosen so that no more thaﬁ 3% and in
most cases less than 1% of the.total avallable column

capacity was used. The column dead volume, V_, was determined .

m
by'injecting concéntrated hydrdchloric acid and measuring the
volume 1in wﬁich it eluted. The unretained hydrochloric acid;
was detecfed by the pfondunced change in absorbance which
resulted from its paésage through the detector. " Different
metal ions were detected by means of appropriate color-forming
reagenté. The alkaline earthsvweré detected using Arsenazo I
and{PAﬁ;Zn EDTA, aluﬁinum was detected using Chromazural S,
and the remaining metal ions Wefe detected usihglPAR and
PAR-Zn EDTA. 'quumn distribution coefficients were computed
in the usual way by means of the expression:

D = Vr'; Vi

. - W

where D 1s th distpibution.cocffipient, Vr is the peak
'reLenLiQn volume, V. ic the dead volume, and whis the weight

-@f dry resin.
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For the determination of batch distribution coefficients,
the amount of metal ion,partifioned was chosen to be no more
than 10% of the total available resin capacity. Equili-
bration was carried out b& shaking a weighed amount of resin
with a méasured volume of solution containing a known
concentration Qf metai ion.ﬁ After equilibration, thé resin'
was filtered off and the concentration of metal ion remaining
in sdluﬁion was determined by atomig absorption speétroscopy;
‘Batch distribution coefficients_wefe then célcqlated by means
of ﬁhe expression:

_.amount of ion/g of resin
amount of ion/ml of solution

Column distribution~coefficients for calclum, magnesium,
and a representative selection of other metal ions on 1.9
meq/g'low capacity cafion exchangerAas a function of ammonium
chloridé concentration are shown in Figures 9-10 and Figures
12-16. Calcium/magnesium separation factors on the same
resin as a functién of ammonium chioridé concentration
are shown 1in Figufe 11. Distribution coefficientsAand
separation factors on'AG 50W-X8 were taken froﬁ Strelow and
Weinert (12) and are shown for theApurpose‘of comparison.
Coiumn,distribﬁtion coefficients for célcium, magnesium, and
 'seVera1-other divalent metal ions on 2.0 heq/g low capacity
lcation exchénger as a function of ethyleﬁediammoniuﬁ'chloride

concentration are shown in Figure 17.
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B. Operating Conditions -

The importance of variousAfactors in establishing
obtimal operating conditlons for liquid chromatography has
been discussediby several wbrkers.

KifklandA(7O) reviewed'preferred experimental conditions
for:trace analysis by liquid chromatography,and.emphésized
the importaﬁce of sampling teéhnique, detection method, and
sample pretreatment. Mértin gg'gi. (71) discussed the
current trend in liquid'chromatography toward the use of
shorter columns packed with fihe particlesAand operated at
low inlet pressurés. They diScussed optimization 1in terms
of flow rate, particle diameter, and analysis time. Martin
et al. (72) also discussed the importance of optimal equip-

4 mént design and showed how peak broadeﬁing is affected by
such factors as the volume of sample injected, the_amount of
cdnnecting tubing, the detector‘celllvolﬁme, and the detector
-response time. |

In this work, effort was directed towards optimizing _
both thé time of analysis and the sensitivity of detection.
AhalysiS'time was optimized by using short columns and fast
~eluent flow rates; With a 7-cm column and elutidn at a flow
rafe of 2 ml/min, it was possible to cut the time of analysis
for both calcium_and magnesium to 10 minutes per sample. -

i.e.; using a

This was done using single-stage elution,

single eluent of fixed;concentratidn chosen to elute both
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calcium and magnesium sequentially. Stepwise elution with
diluteAeluent to first remove the magnesium followed by more
concentrated eluent to rapidiy strip the calcium fesulted in
a further reduction of analysis time to less than 5 minutes
per eample. A comparison of the two different methods of
elution is shown in Figure 18. .All quantitative analyses
were performed using single-stage elution of calcium and
magnesium since this method involted the least amount of
instrumental manipulation and also prdvided the best |
reproducibility.

| Stepwise. elution is most useful in cases in which all.
ions are tightly sorbed to the upber end of a column because
different stepwise changes,can then te performed sequentially
withoutvdisturbing the femaining ions. In such situetions,
the time of each stepwise cﬁange.is not particularly
important becaﬁse it does notAaffect the elution behavior of
'the remaining ions. " In the present caee, however, both the
calcium‘and magnesium ions move dowﬁ the columnAfrom the
moment of injection. As a result, the time of any stepwise
change to a more cencentrated eluent in erder to rapidly
strip the calcium becomes important sinee the position of
calcium on the eolumn and hence its elution behavior (i.g.,
peak height) dependfon the pfecise time when the change ie
performed. Too rabid a stepwise change results in a taller,

more narrow peak whereas too slow a stepwise change results
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Figure 18.

Comparison of stepwise and single stage elution
of calcium and magnesium

Column: 2.0 meq/g low capacity catex;
: 7 emx 0.4 em

Eluents: 0.03 M en+2HCl; 2 ml/min
0.1 M en+2HC1l; 2 ml/min

Detection: Arsenazo T color= fnrmlng reagent

0,5 ml/min; 590 nm

Sample: 38.1 ul; h.63 ug Mg and 30. 5 ug Ca
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in a shorter, broadef peak. It is difficult to reproduce
stepwise changes manuall& to better than a few seconds eithér _
way and the reprodﬁcibiiity of peak heights decreases‘as a
result.

This limitation of stepwise elution can, however, be
ovércome simply.by‘employing a ﬁore automated apprbach. One
] of the chief advantagés of any automated approach is that it -
oftentimes permifsvthe reproauéible use of cdnditions that |
are difficult or impossible to reproduce mahually;, Thus,
by designing a chromatograph dedicated solely td,the
repetitive analysis of calcium and magnesium, the capability
of automaticélly changing from one eluenf to the next at a
precise time after injection could be provided through the
use. of suitable timers and valves. JSince the time of each
stepWise change would be highly reproducible, the‘elutioﬁ
"behavior and hence the peak héighf of calcium would also be
reproducible.

In forcedAflow'chfomatography with continuoué spectro- -
photomectric detection, the sensitivity and linearify of
detectibn depend on mahy different factérs‘(u6)ﬂ These
factors include the flow rate of the elﬁent, the flow rate
of the colQr—forming reagént, and the concentration of theA'
color—formingAreagent, Because of the complex interactiohs
between the various factors, the‘mést,practiqal approachAis
first to develop suitablé conditions for the desired |

separation using any convenient conditions for detection.
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Once suitable eluent fldw‘rates and concentratidns have been
established, the flow rate andvconcentratioh‘of color-forming
reagent can be 6ptimiZed to give maximum sensitivity and |
linearity. .

This approach was used in this work. It was found that-
Arsenazo I_Color-formiﬁg reagent at a flow rate of 0.5-0.9
ml/min and a concentratién of 0.1 mg/ml gave good detection
in conjunction with ammonium chloride eluents at a flow rate
:of 2 ml/min. PAR-ZnEDTA at a flow rate of 0.25 ml/min and a
coﬁcentration of 5 x lO_Ll M gave excglient detection in’con¥
junction with ethylenediammonium chloride eluents at a‘flow
rate of 2 ml/min. Tﬁe sort of sensitivity that could be
obtained using PAR-ZnEDTA is shown in Figuré 19.

Some oberating hinﬁs are: |

1) It is sometimes advantageous to keep the Heath
spectrophotometfic detector setup operating continuously
sihce this eliminatés otherwise lengthy warmup times and
also makes for more stable operation.

2) Columns should occasionally be unpacked and the
reéin slurfied'in acetohe. The columns can then be repacked‘
with the same resin after decénting the.fines.’ This pfo—
Ceéure sérves to prevent the buildup of fiﬁes which may
otherwise lead to excessiVe column back préssures and also
helps to cddnteréct'the tendency of.the‘resin td pack down

somewhat with continued use.
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- Figure 13.

Partial separation of small amounts of
strontiar and tarium

Column: 2.0 meq/g low oapa01ty catex,

7 cm x 0.4 cm

- Eluent: 0.035 M en+2HC1; 1 ml/min

Detection: PAF-ZnEDTA color-forming reagent;
0.3 ml/min »

Sample: M2.4_pl
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3) Baseline shifts, such as sometimes occur when
Achangingvfrom one‘eiuent to another, can often be corrected
for by means of the Heath offset module. Thislis done by
firet changing from one eluent to another and thenA
determining the correct amount of positive or negative offset
voitage necessary -to bring the basellne back to zero. Once
the correct offset voltage for each eluent ehange has been
'determined; 1t can simply be switehed‘in each time the eluent

change 1s made.

C. Analyses

Alkali metal ions and ammonium.iqns are not. detected
‘using eithef Arsenazo I or PAR-ZnEDTA color-forming re-.
"agents. Virtﬁaiyfesolution.of calcium and magnesium from
these ions 1s therefore possible and mixtures of,calcium _
and magnesium with~these ions were analyzed directly.
7-cm x O.l4-cm eolumns ef 1.8-1.9emeq/g iow capecity
.cation exchanger were used for separation and the.samples
lwere eluted with‘OLSfl}O M ammonium chloride at.a'flow rate
of 2 ml/min.ﬂ Arsenazo I coldr—fonming reagent at‘a:flow fateA
_fof‘O.S ml/min was:used for.detection} Sample loop'eize‘was
51.4 nl. Time between injections was 10-12.5 minutes.
.Calibration mas.accompiished by'meens of calibration curves.

The calibration curves were constructed‘by‘injecting
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sténdards containing known amounts of calcium.(0-50 ug) and
magnesium (0-30 ug) and plotting thé reSuiting’beak héights’
against the‘amounts of calcium and magnééium ihjected.v
Three or more -standards were used to construct each call-
bration'curve. - | ‘
Those éamplés containing a ten—féld molar excess of
calcium over magnesium or mégnesium over calcium were first
analyéed for the minor component using more.dilute ammonium
chloride solutions as eluents in order to obtain adequate
resolution of the minér_component from the major componént.
0.4 M ammonium chloride at a flow rate.ofA2 ml/min was
used to resolve calciﬁm from a ten-fold molar excess of
magnesium. ﬁnderAthese conditions, calcium was completely
eluted in 25 minutes. 0.3 M ammonium chloride at a flow
-rate of 2 ml/min was ﬁsed to resolve magheéiUm from a
ten-fold molar excess of calcium. Uﬁder these conditions,
magneéium_WaSAcompletély eluted in 5 minutes. The uneiuted'«
calcium could then be rapidly stripped frém the;resih using
more concentrated ammonium,chloride'soiutions. in order'td
analyze forAthe major component, it was only necessary fo’
‘accurately dilute the saﬁpies by a factor of ﬁen. The
majgr component was then analyzed using a procedure similar

to that first described.



6l

2. Samples containing calcium and magnesium in combination

with strontium and barium

Strontium and barium give'duite weak detectibn using
Arsenazo I color-forming reagerit and ammonium chloride
eluents. It»was therefore possible to obtain "virtual"
resolution of calcium and magnesium from small amounts of
strontium and equimolar amounts_of barium simply by eluting
calcium and magnesium directly. A 7-cm x O0.4-cm columnAof
1.9 meq/g low capacity cation exchanger was used for |
separation and the samples were eluted with 0.8-1 M.
ammbnium thqridelat a flow rate of 2 ml/min. Arsenazo 1
_ éolor-forming reagent ét a flow rate of 0.5 ml/min was used
for detection. Sample loop size Was 51.4 pl. Total analysis
time was 10 minufes per sample. Calibration was by means of
dalibration curves. The calibration curves were constructed
by injeqting-étandardsAcontaining known amounts of calcium
(0-50 ug) and magﬁesium_(O—jQ‘Ug) and piotting the resulting
peak heights against the amounts of calcium anq magnésium
injected. Three or ﬁore'standards were used to construct

each calibration curve.

3. Choice of éluents for the selective elution of

.interfering ions

Based on an examination of their distribution
cdefficients,,it-was apparent that certain mefal ions wouid

‘seriouslyvinteffereAwith the_determinatiOn of calcium and
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magnesium due both tO«the similarify of their distribution
coefficients to those of calcium and magnesium and the fact
that they are strongiy-detected by both Arsenazo I and PAR-
ZnEDTA. Nickel is one of the most serious interferences of
this kind. |

Accordingly, if was necessary ﬁo devise methods for the
selective separatioh'of interfering ions prior to the elution
and determihation of calcium and magnesium. This was
relatively easy to do using forced—flbw.chromatoéraphy with
continuous spectrophotometric detection since vdrious methods
which have béen used or proposed for the seléctive'sepafation
'of~different ions can be rapidly evaluated and the best
approach tovtake quickly determined.

Based on their known chemical behavior, the different
inteffering ions Wefe divided into groupé and conditions'were
found for the selective separatién of.each group prior tq the
eluﬁion and determinafion of calcium and magnesium.

The different‘groups and the methods used for their
selectivé scparation were as follows: ' | '

IONS . ' | METHOD

Be, Al ' ’ ' _'Selectively eluted with
. sulfosalicylic acid

Mn(II), Fe(III), Cu(II), Zn, etc. Selectively eluted with
' S . _ HCl-acetone

Ni A , , 4 Selectively eluted with
: ' ' HCl-acetone-DMG
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Batch distribution coefficienté.of calcium and magnésium
‘were measured in the different solutions usea fbr fhe
séiectiveAelution of interfering ions. The results of this
study are shown in Table VI together with distribution
coefficients of‘sdme of the irterfering ions.

The batch distribution coefficients.were determined by
equilibrating 1.00 g of air-dry resin (1.8 meq/g, 250-325
mesh) with 50 ml of solutidn containing 0.2 meq of caldium
or'magnesium; After shaking for several hours on a wrist
action éhaker,.the resin was filtered off and the amount of
ion remalning in sdiution was determined. Each solution was
analyzed by standard afomiclabsorption methods after
appropriéte~prétreatment. The sulfosalicylig.acid sélutions
were diluted ten—ﬁold and fun di?eqtly versus standards
containing the same concentration‘of_sulfosa;icylic acid.
The HCl-acetone gnd HCl—acetone—DMG solutidns were evapo-
rated to dryness under heat iamps and the,fesidue ashed By
baking with a small,amount of,concentréted nitric acid. The
remaining ash wés taken up in_distilled water and analyzed
directly fqr calciumyor magnesium. Distribution coefficients

were then calculated by means of the formula:

1t

D amount of ion/ml of solullon
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Table VI. Distribution coefficients of metal ions 1n eluents
_used:for.the.separation.ofiinterfering lons

Eluent

Sulfosalleylic acid

pH 3.2-3.6

0.4 N HC1-95% acetone D .

0.4 N HC1-95% acetone

-0.25 M DMG

135

ACa

1550

D small

D small
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.............

Using 0.19 M sulfosalicyiic acid‘solutibné at pH 6 to 7,
Fritz and Palmer (73) were able to elute quantitatively
aluminum (III), iron (III),.ti£anium (IV), uranium (VI),
vanadium (IV), and zirconium (IV) from 4- to 8-cm columns of
Dowex 50W-X8. Other biValent metal idns and rare earths
including cobalt (II), cadmium (II), lanthanum (III),
lead (II); magnesium (II), nicékel (II), ytterbium (III),
yttrium (III), and zinc .(II), were quantitatively retained
under these conditions. A similar approach was used in this
work for the selective elution of aluminum and beryllium
prior to the elution of calcium and magnesium.

Various concentrations of sulfosalicylic acid in the
pH rahge of 0.7 to 7.5 weré tested for use as eluents and it
was determined that 0.1 M sulfosalicylié_acid neutralized to
a pH of 3.2 to 3.6 with ammonia was suitable for separating
beryllium (II) and aluminum (III) from equimolar amounts of
calcium (II) and magnesium (1I).

Saﬁples,confaining calcium and magnesium in combination
'with beryllium and aluminum were anaiyzed using a 7 cm x
0.4 ecm column of‘l.9 meq/g 1ow_capacitybcation exchanger.
Beryllium and aluminum were selectivély eluted with'O.l M
sulfosalicylic acid'(pH‘3;6) at a flow ratelof'3.5'ml/mih;
2.5 minutes after injection; the.elﬁent was switched to

O,8 M ammonium. chloride at a flow rate of 2 ml/min in order
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to eluﬁe the calcium and magnesium. Total analysis time,

including 2.5 minutes equilibration with suifdsalicylic acid

pricr to injection, was 15 minutes per sample.

5. Samples containing calcium and magnesium in combination

with those elements that form anionic chloride complexes

Owing.to the pronounced enhancement of cbmplex formatioﬁ
and the resulting decrease in distribution coefficients,
hydrochlofig acid-acetone mixtures have found considerable
use in cation exchaﬁge chromatography for.the selective
elution of thoSe'métalé that form énionic or neutral éhioride
complexes.

Several systematic‘surveys of metal ion distribution
coefficieﬁts on various cation'eXChangers as a function of
hydrochloric acid-acetone concentration have been pﬁbliéhed.
These include studies by Fritz and.Rettig (74), by Peterson
et al. (75), by Peters and Del Fiore (76), and by Strelow
et al. (77). Quantitative gravity-flow separations on cation
exchangers with hydrochioric'acid-écetdne mixtqres'as eluents
have_beenAdescribed by Fritz and Abbink (78). Rapid forced-
flow separations on ﬁacroreticular cation exchangefs with
hydrochloric acid-acetone mixtures as eluents and continuous
specfrophotometric‘detection have been-described by Kawazu
and Fritz (20) and by Kawazu et al. (58). Cation exchange

separations in hydrochloric acid-acetone have been reviewed
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by Strelow and suitable conditions for the separatioﬁ of
. various ions discussed (79). |
Column distribution cbefficients of sevefal representa-

tive‘elements were measured as a function of hydrochloric
acid-acetone concentration in order to establish suitable
conditions for the selective elution of those elements
forming anionic or neutral chloride complexes. Particular
attention was given to manganese (II) since it is usually the
mosf difficult element to selectively elute from cation |
exchangers with HCl—acetqne mixtures (13? pp. 170-175).
Distribution coefficients4of‘manganese (II) as a function
of. hydrochloric acid—acetdneAconcentration are shown in |
Figure 20 together with distribution coefficients of zinc.
‘Zinq is one of the easiest elements to seiectively‘elutev
from cation exchangers with hydrochloric acild-acetone
mixtures (13, pp. 170-175) and its distribution coefficients
are shown‘for thc purpose of comparison. Based on these
résults, 0.4 M HC1-95% acetone was chosen to be used as an
eluent for the selective.prior separation of those_metalé
thét form chloride complexes. | |

| Samples contalning caicium and magnesium in combination
with elements forming anionic chloride_complexes such as
cadmium, cobalt, copper (II), iron (III), manganese (II),
uranium (VI), and zinc were analyzed using a 7-cm x O.4-cm

column of 1.8 meq/g low capacity cation exchanger. Elements
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Figure 20. Distribution coefficients of manganese (II)
: and zinc on 1.9 meq/g low capacity catex as
a function of HCl-acetone concentration
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forming anionic-chloride complexes were selectively eluted
with 0.4 M HC1-95% acefbne at flow rates of 1.6 - 2 ml/min.
SuffiCient time,(7.5A— 15 minutes) was ailowed for complete
elution of the interfering ions.: After the recordefvtraceA’
had returned tQ baseiiﬁe; the célcium and magnesium wéfe |
eluted with‘0;8 - 1 M ammonium chloride at a fIOW'rate.of

2 ml/min. Other elements known to form anionic chloride
complexes sﬁéh as mercury (II), gold (III), palladium (Ii),
iridium (IV), rhenium (III), vanadium (V), molybdenum (VI),
bismuth (III), germanium (IV), selenium (IV), tellurium (VI),
arseniq.(IiI), and antimony (III) could presﬁmably be

separated by'similar méans}

6. Samples containing calcium and magnesium in combination

with nickel

Using'hydrochlbric acid-organic solvenﬁ—dimethylglyoxime
mixtures, Wahigren et al. (79) were able to separéte
selectiVely nickel from more than 30 elements on Dowek
50W-X8. Because of the specificity and effectiveness of the
.method described, it‘ﬁas decided to use a.éimilar approach
in this work;

Column distribution coefficients of nickel were measured
at several diffefent.concentratibns of hydrochloric acid-
acetonie-DMG and it was observed that the distribution
coefficient of nidkel decreased from a value greater than

75 in 0.1 M hydrochioric acid-0.25 M DMG-95% acetone to a



73

value of . 4.3 in 0.4 M hydrochloric acid-0.25 M DMG-95%
acetone. Accdrdihgly; a miiture of 0.4 M hydrochlofic acid- -
6.25AM DMG-95% acetone was used for the selective elution of
nickel prior to the elution of calcium and mégnesium. As
might be expected,‘this mixture was also effeétive.in eluting
any of the ions that could be eluted by 0.4 M hydrochloric
acid-95% acetohe alone. When measuring poiumn distribution
coefficients, it was necessary to use a methanolic solution
of PARbéaturafed with THAM as a color—formiﬁg reagent rather
than the usual aqueous solution so as to prevent probléms
with precipitatioﬁ of DMG.

Samples containing calcium énd magneéium in‘combination.
with nickel were analyzed gsing a 7 cm x 0.4 em column of
1.8'meq/g low cabacity cation:exchanger, Nickei was
selectively eluted ﬁith 0.4 M HC1—95%,acetone—O.25 M
dimethylglyoxime at a flow}fate bf_2‘m1/min. Five minutes
after injection, the eluent was switched to acetone at a
flow rate of'l ml/min in order to flush the column free of
all traces of dimethylglyoxime. Aftéf a further five
minutes; the eluent was sWitched to i M ammonium chloride-
at a flow rate. of 2 ml/min in order to elute the calcium
and magnesium. | |
| Prior elution of iﬁterfering ions-with HCl—acetonelor
HCl-acetone—dimethylglyoxime alwayg resu;ted in partial

elution of magnesium.~ Although calcium appeared to move
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somewhat on the column, it was sufficiently retainéd that it
could be recovered quantitafively by elution with ammo nium
chloride. The reason for fhis behavior is not ﬁnderstood
"but it appeared to be related to the change from the hydrogen
'form of the resin to the ammoniuﬁ.form. Slighf shrinkage
of the resin was observed each time this éhange was made.

Various approaches were tried in'an effort to obtain a
quantitative recovery of magnesium. They included such
things as putting a{samplé down in distilled WaterAprior to
eluting with HCl-acetone and also the use of more dilute |
HCl—abetone solutidns as eluents. No approach tried,
howeVér; was completely succes;ful. For example, the use
of more dilute HCl-acetone'solutions such as 0.2 M HC1-95%
acetone did noﬁ result in comp1e£e4rétention of magnesium.
Although the batch distribution coefficient of magneéium in
0.2 M HC1-95% acetone was determined to be néarly 900, use
of 0.2 M,HCl—95% acetone as an eluent resultcd in elution

of 50 to 75% of the magnesium.

7. Samples containing calcium and magnesium in combination

with strongly retained éelements

Samples containing calcium and méghesium in combination
with stfongly retained elemeﬁts such as the rare earths and
cerium (III) Were‘analyzed using a 7 cm x 0.4 em column of
1.8 meq/g low capacity cétion exchanger. Calcium'and

magnesium were élutéd with 1 M ammonium chloride at a flow
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rate of 2 ml/min. After lO.minutes, the eluent was sWitched
to U M'ammoniumvchloride at a flow rate of 1.5-2 ml/min in
order to strip fhé more strongly retained ions. This
approach should also be valid for the‘anaiysis of samples
containing éalcium and magnesium together with sugh ions as .
the other rare earths, yttrium (III), scandium (III),
lanthanum (III), or fhofium (1IV).

Using the selecti&e separation methods described,
élution curves for calcium and magnesium in the presénce-of

other ions are shown in Figures 21-23.

D. Other Separations

The methods developed for thé selective femoval of
interferihg ions_prior to the elution of calcium and
magnésium can also be used for the separation of éome of
these ions aione. This is shown in Figuré'2u where manganese
(II) is separated from nickel using 0.4 M HC1-95% ace£0ne
to selectively elute manganese (II) and theﬁ switching to

0.4 M HCL-Y95% acetone-0.25 M DMG to elute nickel.
E. Results of Analyses

1. Synthetic mixtures

The results bf gquantitative analyses of known mixtures
of calcium and magnesium, both alone and in combination with

other elements, are shown in Tables VII and VIII. All



76

THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



Figure 21.

Separation of calcium and magnesium from |
beryllium and aluminum

Column: 1.9 meg/g low cap&gity-catex;
7 ecm x 0.4 cm .

'Eluents: 0.1 M sulfosalicylic acid;

“pH 3763 3.5 ml/min;
0.8 M NH,Cl; 2 ml/min
Detection: Arsenazo I color-forming
reagent; 0.5 ml/min

Sample: SJ.HHﬁl; hi.2 ﬁg Ca, 25.0 ug Mg;
9.3 ug Be, 28 ug Al
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Figure 22.

Separation of calcium and magne81um from
cadmium, cobalt copper (I1), and ‘zinc

Column: 1.9 meq/g low capa01ty catex,
7 ecm x 0.4 em

Fluents: 0.0 M HC1-95% acetone; 1.6 wl/min;

. 1 M NH,C1; 2 ml/min :

Sample: 51l.H4 ul; 41 ug Ca, 25. 0 ug Mg,
120 ug Cd, 61 iig Co, 65 ug Cu(II),
67 ug Zn
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Figure 23.

Separation of ca101um and magnesium from
cerium (III)

Column: 1.9 meq/g low capacity catex;
7 cm x .4 em
NHjC1l; 2 ml/min;
NHyCl; 2 ml/min
Detection: Arsenazo I color- -forming reagent;
0. 5 ml/min

Sample: 51.4 ul' 4y .2 ug Ca; 25 0 ug Mg,
144 g Ce(III)

Eluents: 1 M
kW
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Figure 24.

.Separation'of manganésé (II) and nickel

Colutin: 1 9 meq/g low capacity catex,
7T ecm x 0.4 cm

Eluents: 0.4 M HC1-95% acetone; 1.5 ml/min;
0.4 M HC1-95% acetone—u-. 25 M DMG;
1.5 ml/min

Detection: Methanolic solution of PAR
- - saturated with THAM; 4 ml/min;
490 nm- ,

Sample: 51.14 pl
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Table VII. . Analyslis of known’mixtufes containing varying
' - molar. ratios. of Ca and Mg .. _

meq Ca/meq Mg, ' Mg ' A N " Ca
. Taken Found - Taken Found
(mg). . (mg) . ... . (mg) . ... . (mg)
10/1 0.0225 0.0238 0.37 0.36
/1 0.0250 0.0253 0.041 0.042

1710 0.225 1 0.225 0,037 0.037




Table. VIII. Analysis of known mixtures containing equimolar amounts of Ca and Mg

and varying amounts. of other ions

Qtﬁer ion med'other‘ion .
- .meq Ca, Mg Taken Found Taken Found
S {mg) (mg). . (mg) (mg)
11 50/1 0.0250 0.0240 0.041 0.041
L1 5/1 0.0250 0.0248 0.041 0.041
Na 50/1 '0.0250 0.0272 0.041 0.039.
Na 5/1 0.0250 0.0244 0.041 0.042
K- 50/1 070256 0.0226 0.041 0.0k0
K 5/1 0.0250 0.02U7 0.041 0.040
n,* 50/1 0.0250 0.0246 0.041 0.038
i, * 5/1 0.0250 0.0248 0.041. 0.043
Sr 171 0.0250 0.0246 0.041 0.049
‘Sr 0.1/1 0.0250 0.0246 0.041 0.042
Ba 171 0.0250 0.0238 0.041 0.041 .
Be,Al 1/1,1/1 0.0250 0.0238 0.041 0.041
Cd,Co,Cu(II),zn 1/1,1/1,1/1,1/1 10.0250 NQ 0.041 0.040
U02,Fe(;ll),Mn(II) 1/1,1/1,1/1 0.0250 NG 0.041 0.044
Ni 1/1 10.0250 NQ. 0.041 0.042

S8



‘Table VIII.

(Continued). . ... .. . .

Other ion meq other ion Mg Ca
‘ . : meq Ca, Mg Taken - Found Taken Found
. o (mg‘)l AAAAA (mg): .. ... .. (mg). . (mg) -
Er,Yb,Nd 0.075/1,0.075/1 0.0250 0.0256  0.041 0.041
- 0.075/1 - |
Ce (III) . 1.5/1 0.0250 0.0250 0.041 0.042
H,P0,~ 25/1 0.0250 0.024C 0.041 0.039
H2Pou‘ 2.5/1 10.0250 0.0255 0.041 0.041
NQ - not quantitated - recoveries low and variable.

98
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results shown are tﬁe average of two or more determinations
and the o?eréll average relative error based oh all samples
analyzed was.3.0 pph in the determinétion of magnesium and
3.3 pph in the determination of calcium. |

The precision of the method compared favorably wilth
that of other instrumental methods used for the analysis of
small amounts of calcium and magnesium; An estimate of
precision was obtained using a T-cm x O0.4-cm column of
1.8 meq/g low capacity cation exchangef. Elutién was
accomplished using 0.8 M ammonium chloride at a flow rate
of 2 ml/min and Arsenazé I color-forming feagent at a flow
rate of 0.5 ml/min was used for detgctioﬁ.‘ A calibration
curve was ronstructed in the usual manner by,injecting
sténdardé dontaining known amounts of calcium and magnesium
and plotting the resulting peak heights agaihst the amounts
of calcium and magnesium injected..

A single solution that contained Mi.z pg calcium and
25.0 pg magnesium per 51.4-ml injectidn was_fhen analyzed.
Based on five deferminations, relative standard deviations
of 2.0 pph for caléium and 1.44 pph for méghesium were
obtained. These may be compared to relative standard
deviations.of 1.7-3.3 pph for calcium and 2.4-4.8 pph for
magnesium obtained using atomic absorption spectroscopy

(80).
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2. ‘AhainiS'Of‘hard water samples

Sampleé of Iowa State_quversity and Ames city tap water
were collected using approved procédures (81). The sampies
were analyzed for calcium.and magnesium using.a'7—cm column
-containing 0.4 g of 1.8 meq/g resin with 1 M ammoniﬁm
chloride és the eluent at a flbw_rate of 2 ml/min. Arsenazo
I color-forming reagent at a flow rate of 24 ml/hr_was used
for detectién. Sampie loop size varied with a 0.969-ml loop
used for analysis ofithe Iowa State Univérsity tap water
and a 2.34-ml1 loop usea for analysis of the Ames clty tap
Waterf“Calibration«curves were cbnstructed by.injecting
standards cbntaining known amouﬁts of calcium and magnesium
and plottingxthe,resulting peak heights as a function of
concentraﬁion.

o The samples were also anélyzed for calcium and
magnesium by.means of titration with_EDTA; atomic absorption
spectroscopy, and plasma emisslon spectroscopy. ReSults
obtained py4the different analytical’methods are shown in
 Table IX and it can beAseén that thé different methods{give
comparable résults.

The zinc,‘irbn, andlcoppéf‘confent of'thése'samples’was
' measured‘by plasma emission spectroscopy.and-found tQ be
insignificant (low ppb.levels). The samples could therefore
be analyzed‘directly by:forced-flow chromatography or EDTA

titration without prior separation or masking of these



Table IX.

Analysis of hard water samples -

Towa Stéte University tap water

Ca

Mg .

Our AR _ Plasma EDTA Our AR Plasma EDTA
analysis . emission titration . analysis : emission  titration
(ppm) (ppm) spectroscopy (ppm) (ppm) (ppm) sgectroscopy (ppm)

N e e e . ppm) ......... ‘ T (ppm) -
33.5  34.0 34.0 38.8 99.5 106 ‘104 98.8
A City of Ames tap water -

—Our AA ~ Plasra EDTA “Our — AA Plasma EDTA
analysis -emission titration analysis emission titration
(ppm) . (ppm) spectroscopy (ppm) (ppm)  (ppm) spectroscopy (ppm)

N . . . . (ppm) . . ST o e e e . (ppm) |
'10.5 10.1 10.5 10.5 36.9 36.0 35.9

68



elements. If it had been necessary to-analyse sampleslcon—
taining ihterfering levels of coppef and/or iron the. |
procedure of Fritz and King (82) could have been used to
remove the copper and/or iron prior to.the-detefmination of
calcium and magnesium by forced-flow chromatpgraphy or EDTA -
titration.

Total hardness due to calcium and magnesium was deter-
mined using the EDTA titration procedure of Ffitz et al.
(36) and éalcium hardness waé determined by EDTA titration'
using the procedure of Patton and Reeder (83). Hardness due
to mégnesium was then calculated by difference. The samples
were analySed:for céicium and magnesium by atomic absorption ‘
spectroscopy using standard procedurés (84). The plasma
emissiohAspecﬁroscopy analyses were pérformed by Waltér
Sutherland on the ihductively coupled plasma—optiéal emisSion'
épectroscopy analytical system 1ocatéd in the Ames‘Laboratory.A
The analytiéal use of such systems has been discuésed‘by )

Fassel and Kniseley (85).

.........................

‘3.  Analysis of serum samples

Most'existing methods.for the detérmination of calcium
or magnesium in blood sérum reiy either on atomic absorption
spectroscopy or on a colorimetfic determination of one
element in the presence of the other. Typical of the atbmic
absorption methods that have been described for the determifl

nation of calcium and magnesium are those of Willis (86,87).



91

Suchvmethods, altnough quite specific for calcium or
‘magnesium, suffer certain important limitations. These4
limitations include relatively complex equipment requirements
and the necessity to determine each element separately.
Additionally,,such methods are not very amenable to_auto-
mation because.of'the amount of manipulation and sample
handling required.

Typical of the‘colorimetric methods that have been
described for the'analysis of calcium or magnesium in blood
serum are those of Gitelman and coworkers. For the'analysis
of calcium in blologlcal samples generally, Gltelman (88)
descrlbed an ailtomated spectrophotometric procedure using a
Technicon. AutoAnalyzer system He detected calcium with
cresolphthaleln and .masked magnes1um w1th 8- hydroxyqulnollne.
For the analysis of magnesium inubiological samples, Gitelman -
_t al. (63) described an AutoAnalyzer procedure using | |
Eriochrome Black T to detect magnesium and strontium-EGTA to
mask calcium. They applied their procedure to the determi-
natlon of magne31um in plasma, serum, urine, tissue, and
diet samples after appropriate sample pretreatment Lamkin
and Williams (38) descrlbed a manual spectrophotometric
procedure for the determlnation of calcium and magnesium in °
blood serum using 51multaneous spectrophotometry They

determlned the total concentration of calcium and~magnesium

using ‘Arsenazo I and then masked the calcium with,EGTA. The



92

concentration of calcium'was found by difference éfter
determining the ﬁagnesium concentration. The.chief limita-
' tions of such colorimetric methods as‘fhe above are lack of
sensitivity and lack of specificity. Additionally, such
methqu necessitaﬁe a separate determination of each element.
As a result, they involve considerable sample handling and
.increased probability of error. |

Important considerations in the detérmination of calcium
in blood serum have been outlined by Willis (86) and these
considerations are equally applicable-to the determination of
magnesium in blood serum. Aﬁpng'others, these considerations
include minimal sample pretreatment, fapid'determination,
accufacy, minimal sampleAsize,'and relatively inexpensive
equipment fequirements. Othér considerations such as
sensitivity and adaptability‘to automation might well be

added. to these.

4. Preparation and analysis of synthetic serum

The synthetic serum wes prepared by spiking a sqiution
containing botéssium dihydrogen phosphate, potassium chioride,
sodiuﬁ chlofide,'and albumin with a known amqunt of calcium
and magnesium. The'alﬁumin had been decalcified by passage
through hydrogen form A-15 cation exchanger uéing'a-procedure

similar to that described by Natelson (89).
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The.synthétic serum contained:
"7 g albumin/100 ml
3.5 mg P/100 ml
20 mg K/100 ml
325 mg -Na/100 ml
10 mg % Ca
2.5 mg % Mg
These levels of brotein,'cations, and anions were chosen to
be in the range of normal human sera‘(go).

The synthetic serum was analyzed using a 7-cm x 0.4-em
column of 2.0 meq/g lon capacity cation exchanger. 0.035 M
ethylenediamﬁonium chloride.at a flow rate of 2 ml/min was
used as the eluent and detection was with PAR-ZnEDTA at a
flon rate of 6.3 ml/min. Sémple loop size was U42.2 pl.
Total analysis time was 12;5 minutes per sample.  Calibration’
was accomplished byimeans of.calibration'curvés. The cali-
bration curﬁes were construéted by injecting standards
containing known amounts of calcium_(0—6 ug) and magnesium
(0-2 pug) and plotting the resulting peak heiéhts against'the

amounts of calcium and magnesium injected.

Table X. Analysis of Synthetic serum sémples

Taken ' ‘ Found Dilution Factor
2.50 mg. % Mg .. 2.50 mg % Mg 1 to 2.
10.0 mg % Ca 9.60 mg % Ca : 1 to 2
2.50 mg % Mg | 5+ 0.0 mg % Mg undiluted

2.4
10.0 mg % Ca 10.6 + 0.4 mg % Ca . undiluted
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5. Analyéis of clinical serum

Severa1 c1inical serum samples and also a cdntrol serﬁm

_(Dade Diagnostics Labtrol) were obtdined from Walter Hyde of
Veterinary Medicine. The samples were réfrigerated pribr.to
-anélysis and were analyzed within several days of being
réceived. ‘All analyses were performed using a 7 ecm x 0.4 cm
column of 2.0 meq/g 1ow-capacitj cation exchanger. 0.035 M
ethylenediammoniﬁm chloride at a flow rate of 2 ml/min was
used as thé eluent and detection was with PAR-ZnEDTA at a
flow rate,of 0.25 - 0.3 ml/min.\ Sample loop size varied
from 38}l.to‘214 ul. Most analyses were performed using a
38.1= or 42.2-pl loop. Total analysis time was 12.5 minutes
per sample. Calibration. was by means of calibration curves.
The‘calibration curﬁes were constructed by injecting
standards.containiné known amounts of calcium (0—6 ug) and
magnesium‘(0—2 ug) and plotting the resulting peak heights
against the .amounts of caicium and ﬁagnesium.injected. |
Results of analyses are shbwn in Figure 25 together with
rcsulfs obtained bj Waller Hyde using atomic absorption

spectroscopy.
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Table XI. Comparison of_atomic absorption and forced-flow

: o chromatographic analyses of serum samples

Sample Results

AA LC Dilution Factor

. 3 mg % Mg 3.0 0.1mg % Mg 0:.725 to 1.725
5.5 ng % Ca 5.35 + 0.15 mg % Ca - 0.725 to 1.725

B 2.68 mg % Mg 2.67 mg % Mg 0.790 to 1.790
4,95 mg %4 Ca 4.81 mg % Ca 0.790 to 1.790

C- 2.9 mg % Mg 3.05 = 0.05 mg % Mg 0.900 to’1.900
9.8 mg % Ca 9.5 £+ 0.0 mg % Ca

Control 3mg 4 Mg 2.65 + 0.05 mg % Mg undiluted

10mg % Ca 9.4 + 0.0 mg % Ca undiluted

Bovine 3.8 mg % Mg 3.6 mgl% Mg undiluted

9.35mg % Ca 8.0 mg % Ca undiluted
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- Figure 25.

Calibration curvés uséd.for the analysis

- of diluted serum samples

Column:

2.0 meq/g low capaocity oatex;
7 emx 0.4 em g
Eluent: 0.035 M en+2HC1l; 2 ml/min

Detection: PAR-ZnEDTA color-forming
reagent; 0.3 ml/min

Sample: U2.2 ﬁl
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V. CONCLUSIONS

;Forqed-flow catibh'eXChange chromatbgraphy empioying
continuous spectrophotometric detection is seen to bé appli-
" cable to the rapid, QuantitafiveVdeferminatioﬁ of calcium énd
magnesium in a varieﬁy of matrices. The separation'and
measurement of calcium and magnesium can be combined in one
essentially continuous operation and anal&éis fimes of ten
ﬁinuteslor less per sample are possible.

Using simple salt solutions as-eluents, low capacity
cation exchangers derived from partially éuifonatéd XAD-2
éxhibit calcium/magnesium separation factbrs comparable to
| thoée obtained on conventional éation exchangers using
eluents containing complexing agenta. ‘The'use of‘salt solu-'
tions as eluenté fesglts in easy, accurate defection of
'calcium,aﬁd magnesium. |

Arsenazo I.color—forming~reagent offers good_sensitivity
for the continuous spectrophotometric detection of calcium
and magnesiuﬁ in chromatographic effluents. -PAR—ZnEDTA
color—forming reagent offers ekcellént sensitivity fér.the
continuous spedtrophotometfic detection of many different
metal ioﬁs, including calcium and magnesium, in dhromato—
graphic efflﬁents. Incorporation of an éctive low pass
filter within the spectrophotometric detection system permits
greater amplificatign of the spéctrophotometer output and

results in a considerable increase in deteCtor~éensitiVity.
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Certain ions that would otherwise interfere in the
determination.of caicium anc'magnesium may. be readily
separatéd by means cf selective‘eluticn procedures.

The combination of highly efficient cation exchangers,
mild eluents, séhsitive colcr—forming reagents, and‘selective
separafion of interferences results in forced-flow chromato—
graphic methods that rival and in some ways surpass other
methods that have been used or proposed for the.analysis of
microgram amounts of calcium amd magneéium.’.A distinguishing
characteristic of forced-flom chromatographic methods
employing continuous detection is the abiiity to accommodafe
very small samples containing-Very.émall amounts of métall
.ions. Using the mefhods described, a single sample-only a
few tens of,micrclitérs in volume and containing no more
than a few micrograms of calcium and magnesimm'can be easily

and accurately analyzed.
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'VI. FUTURE WORK
A, . Apparetus‘~

Consideration should be given‘to modifying the forced-
flow chromatograpn to extend and improve its capabilities.
One possible modification wonld be to rebuild the system'
within one of the fume hoods sO as to facilitate Working with
solutions that generate noxious or corrosive vapors. Mofe—
over, by locating the wvarious electronic components outside
“the hood, it would be'possible to protect,them from corrosion A
to a much greater extent than is now feasible. Lastly;‘use
of a hood would minimiie any fire hezard when using organic
solvent mixtures as eluents.

A second possible modification would_be tne_replacement
of the Heath spectrophotometric detector setup with one of -
the newer comnmercial instruments. Although the Heath setup
has gi&en good service over severallyeafs of more or'less
continuous operation, it is now_beginning to show its age
and should procably'be repiaced.

A third possible modification would be to redesign the”
forced-fiow‘cnromatograph to achieve both greater'control
‘and greater convenience of operation.- A number-of new
devices (electronic.metering pumpe, Teflow—lined solenoid.
valves, electronic integrators, etc.) have become

. commercially available within the last few years and some
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of these undéubtedly‘could be employed to great advantage in
the construcfién df a'new chromafograph.

| Ideally, it should be possible to design and build a
chromatograph with highly precise regulation of tﬁe flow
fates of all solutions independently of one another. Such a
chromatograph would need sepafate pumping systems for each
solution and a séries of electronic metering pumps might be

used for that purpose}

B. Use of Eluents Containing Multiply

Charged Cations

Using forced-flow chromatography, several workers have
shown that eluents containing perchlorate anions can be used
to rapidly elute many_otherwise‘Strongly retained anions
from anion exchangers. Thus, Fritz and Sickafoose (16) used
0.4 M sodium perchlorate to rapidly strip chromium KVI) from
,AmberlySt A—é6 anion exchange resin. Similarly, Seymour and -
Fritz (17) used mixtures of hydrochloric and perchloric
acids to selectively elute strongly fetéined anionic chloride
complexes of certain metal ions from the same resin.

Analogously, it might be possible to rapidly elute
strongly fetained cations from cation exchangeré by using
eluents‘cohtaining cationic species with lafge affinities
for the resin. Solutidns of protonated polyamine compounds

might be the eluents of choice since they would not interfere
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‘with detection by means of color-forming reagents.
Additionally, many such compounds are commonly used.as
buffers and are commercially available in pure form. An

example of such a compound is heXamethylenetetramine,
C. Development of Specific Methods

It should be poséible to devise néarly specific forced- -
flow chromatographic methods for particular metal ions by
utilizing some of the selective elution énd detection
procedures that have been describéd in the‘literature.

Eor example, it shouldvbe possible to devise a forced-
flow chromatographiq method for V (V)'using the general
procedure of Fritz and Abbink (91) who separated V (V) from
25 other metal ions on Dowex SOW;XB by selectively eluting
the V (V) with 0.01 M sulfuric or perchlofié acid'containing'
1% hydrogen perqxide. Similarly, sbme of the sélective
elution‘pfocedurcs used in this work for the separation of
interfering-métalvions prior to the elutionvof calcium and
magnesium might be used Iinstead for the fofced—flow ¢hromato-
graphic determination of those metal ions. Thué, it should
~be possible to devise a selective forced—floﬁ,chromatographié
method'for‘nickcl uéihg hydrochloric acid-acetone-dimethylf
‘glyoxime as an eluent. |

Similarly, one mighf devise nearly'Specific fbrced-flow

chromatographic methods of particular metal ions by utilizing
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selective detectlon of thellons of 1nterest Here one would
- use forced flow chromatography to separate the ion of
1nterest from the bulk of any interfering ions and then use
selective detection to determine it in the presence’oonne

" or more overlapping ions.

There are tWo possible appfoaches to selective detection
with systems employing'continuous spectrophotometric detec-
tion. The fifst approach is the use oflcolorimetric reagents
that are themselves‘rather eelective as color-forming
reagents. Thue one might devise a selective forced-flow
chromatographio'method for aluminum based on detection with
Chromazural S. hThe second approach is to use masking agents
to mask out interfering ions. Many poseibilities exist
using this approach. For_example, in the course of thie work
it was observed that ethylenediamine effectively ﬁasked
copper (II) against detection with PAR color—forming reagent.
donsequently, onc couid base a method for an ion such as
zinc in the presence of copper (II) on selective detection
with PAR color-forming reagent containing ethylenediamine as
a masking agent. Many other possibilities exist since many
selective spectrophotometric methods employing masking of
interferences have been dcacribed in the literatuho. Many

methods of this sort have been reviewed by Perrinv(59).
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