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N . amBSTRACT
R 'j, 0.'. |

g' The first part of th1s thesis presents the results of
T o
an 1nvest1gation of the ac1d-base titratloh behaViour of

.

'weak ac1ds 1n v1goroﬁsly stirred aqueous/1mmiscxble

'organic solVent mixtures. Weak‘; 1ds of . the HZA charge

;ophenols) whose'
X
first. and second 1on1zation constants are close show a

type (e.q. the con;ugate ac1ds of am

l sharp potentiometric pH "breakf at the first equivalence 3
‘p01nt. Theoretical titration equations for HZA ac1ds lni’
such two-phase system&ﬂare‘ﬁerived and expe?Tmentally ’
-verlfied. Mixtures of a BH+ type ac1d (e g.‘organic
.ammonium 1on) and an HA type ac1d (e.g. a phenol) with o,
51m11ar 1onization constantslcan be d1fferent1ated by such‘
two-phase titrations.r The two-phase titratiohs can be

' performyd with the same speed and precxsion (i.e. 1~2 ppt)
~ of conuentional aqueous potentiometric titrations.

~ The second part of this thesxs describes the

deVelopment of a liquid chromatographic method for the
'~determ1nation ot the sedative drug, methaqualone (MTQ), 1nA
-human blood‘plasma. ‘A small pre—column (2 cm x 0. 2 cm).
packed with Amberlite XAD 2 (XAD) and placed before thel -
‘analytical column allows direct inJection of relatively.

) large volumes (up to 4 mL) of untreated plasma. ‘A pH 9, 3
ﬁ: buffer washes out the plasma components add an ﬂf



N
: P

acetonltrlle/water solvent subsequently elutes the MTQ

from the .pre- column through the analytlcal column., Pre-

14

’

column parameters such as partlcle size and solvent = °

flowrate are studied. 'MTQ detection limit is 0.3-0.6
f ng/mL andranalysis time is 7.5 min., Other common druygs do
not Lnterfere.i 'r-‘ e “

In the third and f1nal part of thls thegis, an on-
_stream pre—column equxllbratlon techn1que has been used to
fmeasure the ionic strength dependence of the dlstrlbut1on
coefflcxents, K, for the sorption of aonic samples on
~surface sulfonated Amberllte XAD- -2 (SXAD).  The method
\allows measurement of K for the sample to be made in the
11near reglon of the. sorptlon 1sotherm (trace condltlons)
‘even’ for very strongly retalned samples (1 e. K> "103.
L/Kg) The retentlon oﬁ m-nxtrobenzyltr1methylammonxum
chlorxde (NE&ACI) on SXAD can be. quantitatlvely ascrxbed
to two. processes~_ cat1on exchange in the diffuse part’ of
the electrical double layer at the SXAD/solhtion
interface, and surface adsorptlon. thle K for ion
’ exchange varies inversely with ionic strength, surfacei
_adsorptlon depends on the electr1ca1 potent1a1 at ‘the.
surface of the resin. wo' wh1ch has a more complex

~ v
vdEpendence on 1onic strength. " The relat1ve contuabutlon

‘.of 1on exchange to the overall retent1on‘ﬁf NBTACI on bXAD,

‘1ncreases w1th ion exchange capac1ty over: the range 0. 01
N ' . N

\ ' ..." i . v -

1



4

to 0.06 med/g. "The relevance of these studies tq ”ion—“

paif”‘chromatography is discussed.
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PART 1

TWO-PHASE POTENTIOMETRIC TITRATIONS

@ .
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. , CHAPTER 1

INTRODUCTION

A knowledge of the disseciation constants of acidic
and ba31c substances in aqueous solution and ;helr purity
is 1mportant in a wide variety of problems in chemistry.

For example, the therapeutlc effect obtalned following
1ngest1on of a drug depends upon the dosage taken and the
rate and extent to thch the'drud is absorbed by the human
body. The former depends on.the assay‘value of the\drug

while the latter is a function of the dissociation

constants of the acidic and basic functional groups of the
compound.

v .

+ Potentiometric acid-base titration is- one of'the
techniques commonly used to dbtain this information;. The
theoretlcal and]pract1ca1 aspects of acid-base titrations
in agueous solutlon are well covered in the 11terature {1-

4}]. Accurate assay of a weak ac1d by th1s method requ1res
. k)

that the compound is a 51gn1f1cantly stronger ac1d than«

water (i.e. Ka > 10'8) and that the concentratloh of the

,a01d ;g large relative to the concentrat1 n of hydrogen

-

1ons from the autoprotoly51s of water (i.e. c.> /Kw),

Analdﬁous requ1rements apply for bases. Further, due to

‘

the "levellng effect"-of water [4] and to re51dual 11qu1d

3

"



junction potentials [3], accurate measurements of the

dissociation constants for acids or bases ean only.be made
when the condition 3 < pKa < 11 1is met; ”'. Tor
Selection of .a solvent other than watet-will often
overcone these limitations. Nonaqueous solvents
exhibitihgiSmell aptoprotolySis constants and which are
either less ecidic than water (titration of acids) or less
ba51c than water (tltratlon of bases) can be used for |
t1tr1metrld determinations [5, 6] Aprotlc solvents {5 6],
mixed aqueous-organic‘solvents [7-9) and aqueous solutions
bcontaining’a-high concentration of ah_inert eleetrolyte
[9] have also been investigated. v, L N

An alternate,approach to cireumventing these:
limitations to titrt etriciecid—base determinations in
water involQes titrating the,aqidie or hasic sample in a
vigorously stirred mixture of weter and an insoluble ‘
second phase. Systems heve been'aescribed ih which  the
second phase is an‘ion exchaﬁde fééin‘flO-lZ], a nonionic
resin [13,14], surfactant mlcelles [15- 20] or an organlc
solvent‘[21—42] The removal of one or more chemlcal |

spe01es from the agueous phase due to sorptlon by the

second phase perturbs the ac1d dissociation equ111br1a.

¥

B
If the phase dlstrlbutlon removes the conjugate base

- formed by dlssoc1at10n of an ac1d, then accordlng to Le

Chateller S pr1nc1p1e equ111br1um w111 be reestabllshed by



increasing the dissociation of the acid. The net effect
in a titration is that the compound behaves.as if it were
a stronger acid. Alternately, if the acid itself is more
extensively sorbed by the second phase than its conjugate
base,‘then it will titrate as though it were a weaker
‘acid.

Dyrssen [21) and subsequent workers (22 cites earlier
work, 23-25] have used twoephase potentiometric titration
to evaluate distribution coefficients of acids and bases
between aqueous solution and immiscible solvents.,
"Alternately, the perturbing effeét of an brganic solvent
on titration curves has been utilized in the measurement
of overlapping pK, values or of pK, values outside the
range 3 < pK,y < ll‘[23—29]. Several of these studies
assume that only &he uncharged conjugate acid or base
species is extracted by the organic solvent. More general
treatments have considered the effect of ion-pair
formation and other competing equilibria [22,23,30].

Komar [31]1 has derived exgifggions-for the potentiometric
titration curve, the buffer!;aéacity as a function of pH,
and the relative‘precision‘in locating the first
equivalence point in a two#phaée titration of a mixture of
HA type acids. Acids of this charge type (e.g. phenols
and carboxylic acids) exhibit an apparent decrease in

strength in such two-phase systémé compared to their



behaviour in water [32-35]). The technique has been
applied to the assay of mixtures of\weak acids of
differing molecular weights [32-35].

‘In contrast to the apparent’decrease in strength
which is observed for HA type acids, monoprotic dcids of
the BH' charge type (e.g. organic ammonium ions) show an
apparentdincrease in strength in agueous
solution/immiscible organic solvent systems [(36]. Two-
phase titrations of other charge type acids, such as the
diprotic acids HoA {28) and BH%+ [23] and salts of the
type BHY*A™ (37], have also been examined.
é%nsiderable change in the titration behaviour of an
acid or base in a heterogeneous solvent system can result
from enhancing the extraction of ion-pair species. For
example, organic ammonium 1ions, BH', have been
~quantitatively titrated with sodium hydroxide in a two-
phase system consisting of an agueous phase and . an organic
phase composed of pentachlorophenol (PCP) dissolved in
dichloromethane. .The anionic conjugate base of PCP forms
a highly extractable ion-pair with BHY, thereby liberating
protons which are titrated [38]. similarly, the apparent
weakening of a base, B, in two-phase systemé can be
lcounteracted by addition of an aprotic surféctant Y™ which

extracts the conjugate acid of the compound as the ion-

pair BHY [39]. Gur'ev and coworkers [40,41) have analyzed



mixtures of strong acids such as perchloric and
hydrochloric by titration with strong base using
trioctylamine in toluene as the organic phase.

One of the advantages of a two-phase system is 1its
ability to enhance the differentiating character éf a
titration. This advantage is most pronounced When‘the

A

acids or bases in the mixture to be titrated are of
opposite charge type“T}{c. An important»category of
diprotic écjd which combines, in one component, both
cationic and anionic species 1is the charge type H2A+,
which includes the éohjugate acids of aminophenols. These
lose one proton to form HA and aisecond to form A". This
éategory includes many of the major naturally occurriny
and synthetic narcotics and narcotic antagonists.

In the present study the theoretical ﬁitration
equation is derived for H2A+ charge type acids and its
validity is tested for Naloxone Hydrochloride, a narcotic
antagonist. The consequences of ion pair formation
between cationic and anionic conjugate species are
considered in detail for this charge type. Titration
behaviour is also evaluated for mixtures of BH* and HA
acids with similar ;onization constants. In both system;
studied the chloroform:water titratibn medium produces a
iarge "hreak" at the first equivalence point where none is

-

discernable for titrations with water alone as solvent.



The proposed titration method is simple, rapid and does
_ :
not require special equipment or modified electrodes.



CHAPTER 2
THEORY

In this section; a modellis presented for the
behaviour of'diprotic acid H2A+’when titrated with strong
base in a two-phase system consisting of an agueous
solution and an immiscible organic solvent. The treatment
given here follows froT a model previously proposed (but.
not tested) to describe the titration behaviour of H2A+
acids in the presence of a nonionic resin [13,14].

Details of the derivatidn may be found in Appendix I. The
‘titration behaviouf of monoprotic acids\of charge types HA
and BHY with strong base in aqueous solution/fmmiscible
solvent -mixtures is also described by analogy to the

titration behaviour of H2A+. : -

2.1 Diprotic Acid Hpa?

2.1.1 Titration Equations

The equilibria involved in the two-phasé titration of

- a diprotic acid'H2A+ with strong base MOH are given below:

~

."f{’.l‘,'ll\‘lfh G o~



HoAt + H,0 === HA + H30" (1)
Ka,HA

HA + H)0 AT + H30" | (2)

, Ki, H,y8X .

H2A+ + X7 ==———= (HyAX), (3)
Kua ‘

HA (HA) | (4)

K1,Ma \ )
AT + Mt (MA) (5)
I'HZA’A
Hpa' + AT m==———== (HA*A)p . = (6)
v Kw
2H;0 == H30" + OH™ (7))

Here it . is assumed that H2A+ is added as the salt
HoAX, where X~ is thgrconjugate'base of a strong acid

(e.g. C;;) which does not enter into the acid-base

4

equilibria. In addition, M* is assumed to be an ‘aprotic
 cation (e.g. Na‘). Spécies without a subscript are in the

“ aqueous phase and those with a subscripf "o" are in the
‘organic phase. o "

C -
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In addition to the neutral Spec1es HA, it is assumed
that the ion-pairs H2Ax MA, and H2A A can partition into
the organic phase. 1In the present treatment formation of
ion-pairs in the aqueouss phase and their dissoeiation‘in
tne organic phase [43], dimerization and the fermation of
higher aggregates of any species in the organic phase
[38 43-45), adduct formation between 1on-pa1rs and HA
[38,45], and the formation of half -salts [46] have all -
been neglected, since they are unlikely to occur to a
significant extent at the concentrations -used in a
titration, with a moderately polar solvent such as’
chloroform as the organic phase. Also neglected as being
unlikely when non-surface-aetive compounds are involved is
adserption onto the liquid-liquid interface [(47].

The equilibrium constant andidistribution ;eefficient
expressions corresponding to equilibria i—7 are listed in
Table 1. The dissociation constants have been written as
mixed eoncentration-activity constants by incorporating-
‘activity coefficients for the H2A+, HA and A” species into
the value of *the constants Ka, HéA and Ka,HA® The
titrations are performed 1n the presence of a 1arge excess
‘~of the electrolyte MX which ensures that the act1v1ty

coefficients for alllspec1es remain constant.. The

'distribution coeffic1ents KI H AX and KI MA are

conditional constants whose values depend on [x ] and



Table 1

Equilibrium Constant and Distribution Coefficgent

Expressions for H,A* in a Two-Phase System

e

Constant Used

K

Thermodynamic Constant

[HA}.aH
KaHoa = %
a2 [H2A ]
) (A ].aH
] _ mgaxy,
I,Hzéx (H A+]
2
- [HA]o
HA " a)
™A
K = g
. ) _[H2A.A]O
I,HZA.A

AT A
o B

waf aH*a0H

Kth v = K _Y.E_.A__)
: a,HzA a,HzA YH2A

I ' .

Kth\ - ’ (YA )

a,HA " a,HA YHA

K Y
Kth ) I,H2AX( (H2AX)O)
I,H AX - ‘
2 X Tvg Yy a
2
Y

Kth = K. ( (HA)O

HA HA

THA
| Y
I 11, S
I,MA +
~ (M ]YM Yo
Y ) _

I,H,ALA T HpALA

11
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(M*]. Thus addition of excess MX also serves to maintain
constant the distribution coefficients KI,HZAX and K1 mp-

The titration behaviour of H,A" in such a two-phase.
system can be qualitativeiy understood by considering Le

2N
L
5»

Chatelier's principle. Assume for simplicity that
extractfon of the neutral species HA is the only phase )
distribution of importance. Since HA is a product of the
first dissociation step (equilibrium 1), its removal from
the aqueous phase by extraction into the oryanic phase
enhances the dissociation of‘H2§+. Consequently, iﬁ the
two-phase system H2A+ béhaves as a stronger acid than it ‘
does in water. At the same time extraction of HA into the
organic phase suppresses the second dissociation step
(equilibrium 2) resulting.in an apparent weakening of the
HA acid. Similar reasoning can be applied to predict the
effect which the other phase distribution equilibria have
on the titration curve.

oThe equations fof the two-phase titration of H2A+ can
be written in the simplest form, by défining "apparent
dissociation constants" [48-50] which include the
perturbing effecﬁ'of phase distribution equilibria on the
disSociatioﬁcon5§ants KalﬂzA and KaiHA': The apparent

dissociation constants for H2A+ and HA can be written:

|

3 . caPP _
app . . a4 Cha
K —_— (8)
a'HZA Capp/ :
H A

2

12



()

: " a,.Cc2PP
kP - H A - ‘ (9)
a,HA capp
HA

where the*"apparent4concentrations" [48-50] of the

r

diprotonéted,-monoprotonated and unprotonated species are

given by:

c3PP = (u.a'] + Yo AX] (10)

HoA 2 V’[HZ o
-~ .

ébp Vo

CHA = [HA) + V_[HA]O (11)
app - Vo

c2PP = (A7) + 2(MAl (12)

The V and Vo, terms are the respectiveé.volumes of the
aqueous and organic phases. ‘Substituting equations 10-12
into eQuations 8 and 9, and using the dissociation

constant expression from Table 1:

v
., O ,
K@PP - g 14(g) - Kyp , (13)
2 27| 14(22) .k '
VUL H A
. v,
” 1+4(=—).K ,
app . v /°"1,MA ,
Ko va - Xa,ua v — | - (14)

1+(-\7—°—).KHA

13



]

Combining the expressions in Table 1 with the mass
balance and electroneutrality equations, and substitutiné
equations 11, 13, and 14 gives the equations for the
pOteﬁtiometrjc'titration of nHZA moles of a H2A+ acid with
a strong base MOH (Appendix I, equation I-24 through I-~

27).

KPP

a,HA _app %4 app
— ’ -~ —————— >
- MOH = MH,A * vl a CHa app  CHA )
, K3IPE
a, 2
K .V a,.v :
P SR (15)

a : _
where Cﬂip is found from the positive root of the

quadratic equation:

a a . :
a'(Cﬂgp)2 + b'Cﬂip - nHZA =0 {16)
and where
K v
. a,HA . 0 -2
a' = 2V Kpnpaeale ) (1 4 (771 Kyp) (17)
a,H,
app .
K a .
bt = y(-2eHA , H + 1) (18)
a,H '



In these equations y; are agueous phase ionic activity

coefficients, and ngy is the moles of titrant added. The

effect of dilution of the agqueous phase is neglected in

the above treatment, since the total volume of titrant

Jelivered from the microburet is only 1-2% of the initial

%

volume of the aqueous phase.

The significance of the "apparent dissociation

constants" defined above can be appreciated by comparing

equations 15-18 to the corresponding equations describing

the titration of H,A* in a single phase aqueous system.

app

If‘Vo is set to zéro,‘Ka,HzA( Ka,HA an

fstrong base can be written:

K

a,HA :
n = n + Vv {(HA] -
OH HoA ( 2
L] ‘ .v
. K,V i ay
24" You T

¥

\\

where[ﬁhe is calculated from:
\ ‘

a,H

a
d'CHip in equations

A

[HA} ]

18 can be replaceg'by Ka,HzA' Ka,HA and [HA] (equations
13 and 14), and-the guoadratic term in equation 16 can
F dropped. Cohsequently,-the equations«describing the

{tration of H2A+ in ‘a single phase aqueous system with

(19)



b" [HA] - ny_p = 0 (20)
2
with
K a
pr = (2B, o R 4 | (21).
H a,HzA

Provided extraction of the ion-pair HzA-A i

negligible (see below), in which case a' in equation 17 is

zero; the two-phase titration equations have exactly the
same/form as those for titration of H2A+ in a single phase
aqueous solution (compare equatiens 15, 16 and 18 with
equations 19-21). The first three terms on the right side
of equations 15 and 19 give the number of -moles of strong
base titrant consumed by the sample acid H2A+, as a

function of aH, for the respective tltratlons in two- phase

and $1ngle—phase media. These terms give rise to the

16

"proton binding curve" [51] which is a plot of pH versus A)

the average number of protons bound to the Naloxonate ion

A~. The fourth and fifth terms on the right side i%
equations 15 and 19 arise because water is an amphiprotic
solvent which exerts a "1eve11ng effect" [52] on the
strength of a01d1c -compounds (term 5) and thelr conjugate

i

bases (term 4).



i.l.Z P:edicteq Titration Behaviour

The behaviour predictéd by equations 13-18 is shown
in Figure 1 for a hypothetical acid with Ka,HzA = 1.0 x
107, Ko ua = 5.0 % 1078, Ky yoay = 10, Ky gy = 1.0, V. =

5.0 x 10”4 mole and Yy = Yog = 1. Curve 1,

0.060 L, ng
for titration in the absence of an organic phase shows no
"pH-break"” at’the first equivalence point because Ka,HzA
and Ka,HA differ by onlyya factor of 20. Since HA is both
a product of the first titration step and a reactant in
the second step, its removal from the aqueous phase by
extraction into the organic selvent shifts the portion of
the titration curve prior to the first equivalence point
to lower pH, making H2A+ appear to be a stronger acid.‘
Simultaneously, the second half of the titration curve is
" shifted to.higher pH, making HA appear to be a weaker
“acid. The larger the value of Ky,, thé more pronounced
are these shifts (compare curves .2 and 3) andfphe sharper
the break at the first equivalence poiﬁt.

The influence of the ion-pair extraction constaﬁts‘
KI;HzAg and Ky yp on titratien curve .shape can similarly
be exp;ained [13,14). Increasing values of KI;HZAX caQse
more extensive removal of H2A+ from the aqueous phase,
shifting the first half of the titfatién curve to higher
pH values, whiie:an'ithease in KI,MA shifts the second

“.half.of the curve to lower pH. Consequently, increases in

u o :‘p

17
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Figure

i 51 1 1 1 1 1 l d 1 ) 1
4 5 o 7 8 9 w0 w12 13

a

"OHX]O_

Theoretical titration curves for an HZA+ acid.

Effect of Ky, and KI,HZA'A‘ Curves calculated

‘ _ B 6.
from equations 13-18. Ka,HzA = 1.0 x 10 7;

= _8° = - = .
Kg,pa = 50 % 107% Ky oy = 1.05 Ky yp = 1.0
: SV
v = 0.060 L; MHoA = S.O-xulg 4 mole; Yy = Yon

1. Values of (V Kyas KI,H2A°A) for Curve 1

O;
(0.0 L, -, -); Curve 2 (0.020 L, 102, 0); Curve
3 (0.020 L, 103, 0); Curve 4 (0.020 L, 103,

109); Curve 5 (0.020 L, 103, 1012),
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KI,HZAX and Ky mp have the opposite effect of Kya and
diminish the magnitude of the first equivalence point
break. Therefore,\KI’HzAx and KI,MA should be minimizéd
when it is desired to accurately locate the first
endpoint. This éan be done, for example, by avoiding
unnecessarily high concentrations of inert saithX. In
most cases, when MY and X7 are small inorganic ions, Ky,

is expected to be much greater than both Ki,HZAX and

K

1,MA"
The effect ot the ion-pair distribution coefficient,
- . B . + X .
KI,H2A~A' on the titration curve for HpyA" 1S shown in

Figure 1, curves 4.and 5. The values of all constants are
given 1n t;e caption. Three important conclusions can be
drawn frgm these curves. First, uniess KI,HZA-A is very
large (i.e. KI,H2A~A > 107) it has a negligible effect on
the shape of the titration curve. Second, increasing ’
KI,HZA-A sharpens the first endpoint break and diminishes
the second break as does an increase in KHA' Finally, the
existence of this "self ion-pair" equilibrium does not
cause the location of the first "pH—bfeak" to deviate from
the true equivalencé point, as happens when half-salt
formation (i.e. HZA-HA) occurs [46]. No effect on the
titration curve is observed until KI,H2A°A becomes very

large because large concentrations of HzA+ and A" are not

simultaneously present in solution. If Ka,HzA and Ky pa



had values closer to one another than the values in Figure
1, then the influence of "self ion-pair” formation would

be observed for smaller values of KI,H2A°A'

2.2 Monoprotic Acids HA and BH'

-

PreviOQS workers have deséribed the titration
behaviour of weak acids of charge type HA and BH' in the
presence of a second phase. Titration equations analogous
to equations fb to 18 have been developed and are
applicable to this work {13,14). Hence, for the purposes
of this study, a qualitative description of the two-phase
titration behaviour of HA and BH' is sufficient.

The equilibria whicﬁ are involved when a weak
monoprotic acid HA (e.g. a phenol) is ‘titrated with strong
base MOH in a two-phase system are exactly thé same as

those describing the titration of the second proton of the

diprotic acid H,A':

K

a,HA f
HA + HZO —_— A" + H3O+ '
+ .
Kua mt \ (22)
(HA)o K1,MA ) |
(MA)

20
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w
- . (23)

The pH shift in the proton-binding curve of A7, due
to the presenée of an organic phase, is given by the
a
difference between the values of pK, ya and PKa?ﬁA'

Tgking logarithms on both sides of equation 14 and

rearranging gives:
L

\Y%
o
1 + (&) K
_ app _ Vv I1,MA
pKa,HA pKa,HA log v (24)

1+ (V‘g) Kia

In the case of a monoprotic weak acid BH* (e.g. an
organic ammonium ion), the equilibria are analogous to

those describing the titration of the first proton of the

diprotic acid HyA":

Ka,BH
BH*+HZO$B+HO+
) ‘
- K (25)
K
I,BHX
u



K

2H2() — H30+ + OH™ ‘ (26)
An expression analogous to equation 13 may be used to
derive the pH shift in the proton-binding curve, due to

the presence of an organic phase.

app = log \‘ (27)

PKa,Bn ~ PX;3, BH

\

. \\

Thus, titration of either HA or BHY monoprotic acids\\
separately in a two-phase system gives behaviour which
could be predicted by analogy with the titration behaviour
of diprotic acids H2A+. Assuming that the neutral ‘species
is much more highly extracted into the organic phase, a
monoprotic BH' acid should show enhanced ionization in a
two-phase system (egn 27) aAé a monoprotic HA acid
suppressed ionization (egn 26).

Titration of mixtﬁres of monoprotic acids BHY and HA

in a two-phase system introduces an additional

equilibrium:

—_—

. Ky, BHA ‘>
BHY + A —————> (BHA), ' ngzs)

22



This is analogous to the extraction of the ion-pair HjA-A
discussed in the titration of H2A+. An important
difference between the tﬁo cases ould be mentioned.
ExtractiAon of the ion-pair HjA°A Cn only become
significant for very large values of Ki,H A-A because the
ratip of the dissociation constants, K:?HZA?k;THA' must be
4 or greater [53] resulting in only a smalf‘fraction of
the compound being simultaneously present as the H2A+ and
A~ species., However, the Values of the dissociation
constants for BH* and HA are’independent of each other.
Thus a weak acid HA (e.g. benzoic acid) may be fully -
dissociated at a pH where a BH?* écid (e.g. an organic
ammonium ion) is fully protonated. Consequéntly,

extraction of the ion-pair BH<A may be more significant

than extraction of the-correspondihg HoA<A.
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CHAPTER 3

EXPERIMENTAL

,é:l: Aggaratus
Allvpotentiometric titrations were performed using *
the equipment shown in Figure 2. The 100 mL borosilicate
! glase titration vessel was fitted with a Teflon lid which
had holes drilled to accommodate a glass electrode, a
ceramic junetion saturated calomel electrode (Cat. no. 13-
639%3 and 13—639—51, Fisher Scientific Co.) and a glass
buret tip. Two additional holes in the 1lid alldwed a
stream of nitrogen to be passed through the container for
deaerating the solution. A 9 int x 9 in. magnetic stirrer
(no.b4815, Cole Permer Instruments Co., Chicago, I1l1linois)
was used with a l-in. Teflon coated magnetic stirring bar
to vigorously aggitate the ﬁwo-phase mixture during a
,titration. The t{tratieh vessel was placed in a glass
jecketed beaker filled with weter and‘thermostaéted.at 25
% 0.5°C using a circulating constant temperature bath.
N '

Measurements of pH were made using an Accumet Model 320 pH |

meter (Fisher Scientific Co.).

N
d



‘Figure 2.

A 2
£

Ny

Diagram of thé titration apparatus.
1. Magnétic stirrer, 2. Stirring bar,

3. Titration vessel, 4. Lid, 5. Buret tip,

-6. Glass electrode, 7. Reference eiectrode,

8. Three way valve, 9. Micrometer buref;
10. Titrant reservoir, 11. 1/16" 0.D. Teflon

tubing, 12. Water—jacketed beaker.
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Titrant was delivered from a 2 mL micrometer buret,

(Roger Gilmont Instruments, Great Neck, N.Y.). The buret
-is connected to a three-way valve (Model CAV 3031,
Laboratory Data Control, Riviera Beach, Florida) via
Teflon tubing. Another length of Teflon tubing directs
the titrant from the three-way valve to the titration
veséel. The third valve.port is connected via Teflon
tubing to a polyethylene bottle containing the titrant.
This arrahgement allows the rapid refilling of the burét
by switching Ehg valve and retracting‘the piston of the
buret. |
Determination .of the distribution coefficients K,
and KI,MA reqﬁired pH measurements to be made on small
~voiumes (<5 mL) of‘solution. For these measurements a
miniature combinaéion glass and saturated calomel
e;ectrode‘(no; 13-639-90, Fiéhér Scientifjc Co.) was used.
Spectrophotometric measurements were -made on a Cary
118 spectrophotometer (Varign Instfumests,‘Palo Alto,

California). ‘ ;

3.2 Chemicals

‘Naloxone Hydrdchlofide and Molindone Hydrochloride

weye supplied bybﬁndo'Laboratories, Garden City, New
York. They were assayed without drying, by the mercuric

3 Q - : ! 3 - .
acetate method of nonaqueous titration, using perchloric

Rt
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acid in glacial acetic acid as titrant and crystal violet
indicator [54) and also by potentiometric titration with
sodium hydroxide in n-Propanol/water (3:1 v/v) mixed

solvent [8].

Ox
cr

MOLINDONE - MCL

o0 28

NALOXONE - HCL

m-Nitrophenol (Eastman Kodak Co., Rochester, N.Y.)

. X : .
was recrystallized once from water and dried several hours
over magnesium perchlorate. ' The pale yellow crystalline

solid had a melting point of 96.7-97.0°C,

Other Chemicals including sodium chloride, sodium

hydroxide, sodium carbonate, sodium bicarbonate, ammoniﬁm
chloride, ammonium hydroxide, hydrochlorié acid,
perchloric acid, aceiic acid and‘acetic anhydride were all
analytical reagent grade. Potassium acid pgthalate was

primary standard grade..
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3.3 Reagents and Solvents
' /

‘Chloroform used in the measurements of distribution

‘coefficients was analyzed reagent grade (J.T. Baker

Chemical Co.) and was distilled before use to remove uv-
absorbing impurities (boiling point (760 torr) 60.1-
61.2°C$. Chlofbform used 1n the two;gpase titfations was
not distilled but it was washed with double distilled
water to remove ethangl preserva;ive (see below);

PR
AP

°

Double Distilled Water was prepared by distilling ‘the

laboratory distilled water from alkaline permagganate in

an all-gl still. The first 20% of the distillate was
e )

discarded and the middle fraction was used. This water
§8 )

was used to prepare all aqueous solutions.

0.4 Molar Sodium Hydroxide Titrant was prepared by

diluting 1:1 (w/w) aqueous sodium hydroxide solution with
an appropriate volume of freshly boiled and cooled double
distilled water. Thé sodium hydroxide solution was stored
in a polyethylene bottle and standardized by '
potentiometric titration of 0.1 thortions of primary
standard potassium acid phthalate using the 2 mL
micgometegtbufet. This titrant was used‘for the two-phase,

titrations and for titrations of samples dissolved in the

l-propanol/water mixed solvent.



o 0.1 Molar Perchloric Acid in glacial acetic acid was
. by combining, in a one liter“volumetric flask,
undred mL of gl;cial acetic acid,. 8.5 mL of 70%
_ic acid and220 mL acetic anhydride. The solution
iibﬁed to cool for one half hour, was diluted to

fhe with glacial acetic acid and waskallowed to stand
;tnight before use. This solution was standardized

Bainst primary standard pbtassium acid phthalate using

the 2 mL micrometer buret and crystal violet indicator.

i 4 Aqueous Buffers

In measuréments of the distribution ratio of

koxone-HC1 between chloroform and agueous solutions, the

s phase was prepared bymadding a 10 mL aliquot of an
9 Sﬁs solution of Naloxone+HCYl to a 50 mL aliguot of
either a buffer solution (NH4CI/NH3 or Na2C03/NaHCU3), a
strong acid (HCl) or a strong base (NaOH). wWith the
exception of the sodium carbénate—bicarbonate buffer (see
below), all buffef; strong acid and strong base solutions
had an iqnic strength of 0.130. Consequently, in most
cases ‘the aqueous phases used in the batch equilibratiohs
had an ionic strength within a few percent of 0.108.
Rather than calculatin or?measuring,the initial pH of the
buffer,.strong acid or strong base solution, pH

measurements were obtained, subsequent to the distribution

29
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ratio measurements (Section 3.6), using'a‘small portion

(<5 mL) of the equil}h{ated aqueous phase. In all

solutions at pH > 10, for which the extraction of the.ion-

paif\MA might be expected to be significant, the
#

ion was adjusted to 0.108_m_by/iii//»~\\\\\

concentration of Na®t

[ 3
addition of NaCl.

0.130 Molar Hydrochloric Acid used in the measurement
of the ion-pair distribution constant KI,HzAX' was
prepared from the concentrated reagent and standardized by
titration with standard 0.1 M sodium hydroxide using

/
phenolphthalein indicator.

!

Ammonium Chloride/Ammonia Buffers were prepared by

combining in a one liter volumetric flask 6.95 g NH4Cl and

either 1.9 mL, 3.8 mL or 9.4 mL of 6 M NH;3 and diluting to

volume with- distilled water. .
4

Carbonate Buffer was prepared by combining 0.240 g

anhydrous Na,COj3, 0.060 g NaHCO3 and 1.592 g NaCl in a 250
mL volumetric flask and diiﬁting to volume with-distilled
water. The resultant solution contained 0.130‘_r:1__Na+ ion
and had an ionic strength of 0.139.

Sodium Hydroxide Solutions were prepared by combining

L% -

either 1.00 mk, lﬁﬁﬁmmL, 1.31 mL, 3.00 mL, 5.00 mL or 50.0

mL of 0.130 M sodium hydroxide with 0.130 M sedium .



chloride to give solutions- with

and an ionic strength of 0.130.

‘Commercial Buffers (Fisher

* 0.02 and pH 10.00 * 0.02 were

meter. An additional buffer of

a final volume of 50.0 mL

Scientific Co:) of pH 7.00
used to standardize the pH

pH 4.00 * 0.02 was used as

a check on the two-point calibration.

3.5 Titration Proceduré

Chlofoform was shaken 1r¢ a

o

?
separatory funnel

immé%iately before use with an equal volume of distilled

'/ﬁater to remove the ethanol preServative and traces of

HCl. It was then filtered through dry Whatman No. 2

filter paper to remove entrained water, purged with

nitrogen to remove dissolved carbon dioxide and warmed to

25°C.

Aliquots of aqueous stock solutions ocontaining 0.2-

0.3 millimoles of the sample acids were pipetted into the

titration vessel. Sodium chloride solution was added to

adjust the salt gqncentration f@io.IOSAﬁ_and the aqueous

volume to 60.0 mL. The Teflon iid with glass and
. . . - ﬂ -

referencébelectrodeé‘ih place‘was‘fltted'over the

titration vessel and the solution de—oégéenated with a

stream of nitrogen for 10 min while stirrimg vigorously.

A 20,00 mL volume of chlbroform

was ‘added and the glass

\
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buret tip inserted through a hole in the Tetlon 11d.
Stable pH measurgements on the vigorously stirred two-phase
mixture were usually obtained within 10-15 seconds atter
addition of an increment of titrant. Eqgquivalence points

were evaluated trom tirst derivative plots.

3.6 Dbistribution Coefficlents

o ' v

The distribution coetficient of Naloxone
hydrochloride Kl,HZAfl‘ was de(erm%ned by magnetically
stirring 30.00 mL of 0.108 M HCI containing 2.7 = 107 °
mole of Naloxone hydrochloride with 150.0 mL of chlorotorm
in a 250 mL ground glass stoppered conical flask for 10
minutes at 25 ¢ 0.5°C. (Longer equilibration times
produced no change in the measured value of KI,HZACl‘)
The ﬁaloXOne content of the aqueous phase wvas determined
by measuring the absorbance at 281 nm. The Naloxone
content of the organic phase was determined by extracting
a 140.0 mL portion with 7{3)0 mL of 0.13 M HCl and
measuring the absorbance o} the aqueous layer'after
Centrifugati?n. .

The distribution coefficients of the neutral Naloxone
species, Kypr and of the anionic species, Ky ypr WeI€
determined by a graphical procedure:hesgribed later. tor

this purpose the distribution ratio ot Naloxone (see

equation 29 below) was measured between chloroform and



solutions having equilibrium pH values of: 8.10, 8.44 and
8.80 (NH4C1/NH3 buffers); 10.11 (NQ2C03/NaHCO3 buffer);
and 10.75, 10.92, 11.10, 11.64, 11.95 and 13.08 (NaOH
solutions). Appropriate volumes of chloroform and the
aqueous solution, 1.0 x 1073 M in Naloxone-HC1l and
containing eilther NH4(‘~1/NH3 buf fer, Naz(f()j/NaP{C()3 butfer
or NaOH to adjust the pH, were combined and vigorously
stirred for 10 min at 25 * 0.5°C in a glass stoppered
flask. The separated chlorotorm phase was filtered
through Whatman No. 2 paper, the filtered chloroform
extracted with 0.1 M HCI, and the Naloxone concentration
of the 0.1 M HCl extract determined by uyv
spectrophotometry.

An aliquot ot the agueous phase was adjusted to pH
8.6 with HCl and NH3/NH4Cl buffer and extracted with 4
portions of chloroform. The combined chloroform extracts
were diluted to volume, an aliguot of this solution back-
extracted with 0.1 ﬁ_HCl, and the Naloxone concentration
of the centrifuged agueous extract measured
spectrophotometrically.

Quantitative recovery (mass balance) of Naloxone was

verified for both phases by comparison with a diluted

aliquot of the original Naloxone-HC1 stock solution.

33



CHAPTER 4
RESULTS AND DISCUSSION

The validity of the titration eguations for an HZA+
acid was tested by titrating Naloxone Hydrochloride with
agqueous sodium hydr&xide in both the presence and absence
of chloroform, Néléxone Hydrochloride is a narcotic

antagonist drug which contains both tertiary ammonium and

phenolic functional groups. Since the thermodynamic pKg,
th th
values, pKa,HzA = 8.03 and pKy yp ~ 9.32 (see below),
difter by only 1.3 units, titration of Naloxone
Hydrochloride id agueous solution ylelds a titration curve
with a single "QH break”, at the second equivalence point
(Figure 3, curv; A). Repeating the titration in the
presence of chloroform (Figure 3, curve B), results in a
titration curve with a sharp pH break at the first
equivalence point. Comparison of curve B to curve A
indicates that in the presence of a second phase, the
proton binding region prior to the first equivalence point
is shifted towards lower pH and the proton bindin; region
between the first and second equivalence points is shifted

4
to higher pH. Thus the experimental data are 1in

qualitative agreement with the proposed model.
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0 1 2 3 4 5 7 8
4
x
"OH 10
Figure 3. Titration of Naloxone-HCl with NaOH. Points are

experimental and lines are calculated from

equations 13-18 using the following values for

-

constants: K 7.53 x 10_9; K = 5,87

a,HyA = a, HA

-10, - 433 . 0 - 0
x 10775 Kyp = 4335 Ky poaen = 00 Kpnoax 707

Ky ,ma = 0-14; V = 0.060 L of 0.108 M NaCl; ny a
= 2.72 x 1074 moles; vy = 0.83; ygy = 0.63;

Curve A: Vo = 0.0 L; Curve B: VO'= 0.020 L of

chloroform.
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\ In order to quantitatively evaluate the model it is
necessary to first obtain accurate values of the
dissociation constants and the distribution

coefficients. These values are substituted into equations
13-18 to obpain a theoretically predicted titration curve
which is then compared with the experimentally obtainedf
titration data. This is done in sections 4.1 to 4.3
below. In Section 4.4 some examples of the use of two-

phase titrations for the assay of mixtures of acids are

presented.

4.1 Dissociation Constants

The dissociation constants Ka,HzA and Ka,HA were
determined by using the nonlinear least-squares program
"KINET" [55] to fit equations 19-21 to the titration data
for Naloxone-HCl in the absence of chloroform (Figure 3,

\

curve A). Twenﬁy-two data values in the buffer regiOns\
@ (i.e. 7.0 < pH < 10.6) weré used in the evaluation of \
Ka,HzA and Ka,HA' Many of these data points are not shown
in curve A, to allow a clear comparison of experimental
data and the drawn curve. ' \
Values for the activity coefficients of HY and OH~
required in equation 19 were obtained as follows. The

value of Yy was calculated to be 0.83 using the extended

| Debye-Huckel ~equation [56] for an ionic strength of 0.108
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and using an ion-size parameter of 8 x 10°8 cm [57). The
value used for yy is not critical bgcause it is only
involved in the final term of eguation 19 which is
negligible at pH values greater than 4.

Since pKa,HZA > 9 the value used for ypy can be
expected to have a significant effect on the fitted values
éf Ka,HzA and Ky ya- Initially, the activity coefficient
of OH'N(YOH = 0.76) was calculated from the extended
Debye-Huckel equation using an ion-size parameter of 3.5 «x
1078 [57). However, if ygy = 0-76 is used in fitting
equaﬁions 19-21 to thé}experimental data for the titratiion
of Naloxone+HCl in the absence of chloroform (Figure 3,
curve A), the standard deviations of the fitted

dissociation constants is relatively large; Ka,HzA =

(7.42£0.24) = 1072 and K, ya = (6.1420.11) x 10719 and the

a,
fitted titration curve lies slightly above the data points
at pH > 10.6. Curve A of Figure 4 is a pdrtion of the
aqueous titration curve of Naloxone-HCl calculated f rom
the fitted dissociation constants, with ygy = 0.76.
Though the discrepancy between the experimental data
points and the calculated titration curve-is less than 0.1
pH unit, the théoretical curve falls above the »
experimental data points, suggeéting a (small) systematic
error.

In view of this and of the uncertainties involved in
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«Figure 4.
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6-0 T-0
NOH X 104 (moles)

Effect of Yoy ©on the fit of the titration
equations (19-21) to aqueous phase titration «
data for Naloxone+*HCl. Curve A: Yoy * 0.76;

. o -9
fitted constan;s Ka,HzA = (7.42 t 0,24) x 10
and Ky ya = (6,14 * 0.11) x 10710; cyurve B:

= 0, i = o b
ToH . 63, fitted constants Ka,HzA (7.53 |
0.05) x 1072 and K, yp = (5.87 * 0,02) x 10710



il

calculating activity coefficients at ionic strengths as

\ i

high as 0.1 [58], it wgs décidzd:té determine YOHtfrom
experimental data for titration of HZA+ in aqueous
solutién. Equations 19-21, with yoy as an adjustablel
parameter and all other parameters held constant, were
fitted by KINET to the high pH portion of the aqueous
titration curve of Naloxone-HCi beyogd the second
equivalence point (Figure 4, curve B). The value of vy
obtainéd in this manner (yoy = 0.63) was used as a
constant in all subsequent work.

The solid line in curve A of Figure 3 1s the
nonlinear least-squares fit of equations 19 to 21 to the
aqueous titration data in the buffer reyions (7.0 < pH <
10.6) using y, = 0.83 and Yoy = 0.63. It yields values
for the dissociation constants: Ka,HZA'= {7.53%20.05) x
107 and K, ya = (5.87:0.02) x 10710, The error limits,
which are estimates of the linear standard deviations
‘églculated by the nonlinear least-squares brogram, are
relatively small indicating that the scatter of the data
points about the fitted curve is small. However, thé pH
. values of the buffer solutions used to standardize the pH
meter are no£ known to better than *0.02 pH units,'thus,a
more realistic estimate of the uncertainties in pKa,HzA
and pK, ya is *0.04 pH units. |

-~

The mixed (concentration-activity) dissociation
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constants K and K3 HA found for Naloxdne+HCl must be
th .

converted to thermodynamic activity constants Ka,HZA and

a,H2A

K;,HA before Comﬁgrison with literature values can be
made. The actiQity coefficient of the neutral species HA
at the ionic strength of 0.1l ﬁ_waé assumed to equal unity
[59}. The activity coefficients for the HZA+ and A~
speclies were both assumed to equal 0.:&3, as calculated
from the extended Debye-Huckel equation with the ion-size
parameter assumed to be 8 x 1078 cm, the same as that for

diphenylacetate [57). Applying the activity coefficient

corrections given in Table 1, the thermodynamic constants
th th

o [ - ) =
at 25°C fare pKa,HzA = 8,03 t 0.04 and p$a,HA 9.32 ¢
. , sth
0.04. Literature values at 25°C are PRy Hoa = 7.92 * 0.06
‘ 2 |

th
and pKy ya = 9.38 * 0.06. They were obtained from a

linear least-squares fit }Figure’S) to literature values
measured at 20°C, 37°C [24] and 30°C [60}. The error
estimates on the literature values are 95% cbnii?ence
limits [61] evaluated at a single point (25°C) after
pooling the estimates of the variances of the points about
" the two fitted lines (62]. Comparisons of values are

! o
shown graphically in Figure 5. The values obtained for

th th )
a'HzA and Ka,HA in thls study compare reasonably well

K
with the literature values, especially in view of the
~uncertainties in activity coefficients calculated at an

ionic strength of 0.1.
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Figure 5. Comparison of PKa,HzA and pKa,HA for
Naloxone-HCL (W, this study) with literature
values obtained at 20°C and 37°C (@, ref. 24)
and 30°C (A, ref 60). " Literature values of
th th _
”pKa,HzA and pK, yp at 25°C and their 95%

confidence limits indicated by (@) and error

bars.




4.2 Distribution Coefficients i

The distribution coefficients KI,HZA' Kya and KI,MA

»

were obtained from batch equilibration studies. The

distribution ratio of Naloxone, D, defined as:

f[HZAX]O + [HA]O + {MA]O + 2(H25.AJO (29

D =
[(H A} + [HA]} + [A]

£

was measured as a function of pH (Figure 6, Table 2).
. . . I . .
Substituting for the species concentratlons 1n equatlon 29

from the equilibrium constants in Table 1 yields:

2 ’
Laf+K, . . X )
KI,HZAX ap*tua Ka,HzA'aH+KI,MA Ka,HZA Ka, hA
D:
, 2
+ + . K
Ay Ka,HzA'aH ga,HzA a,HA
2KI,H A.A‘Ka,HA'[HA]'aH A
+ ! 2 (30)
— .
al + K .a,. + K K
H a,H2A H a,HZA a,HA ,

3

where [HA] is obtained from equations 11 and 16-18. At
low pH (e.g. pH 1) all terms but the first in the
numerator and denominator of equaﬁion 30 are negligible
ana the distribution coefficient KI,HZAX is equal to the
distribution fétio D. The value of KI,HzAx was found to
be zero witﬁin éxperimental error.(Table 2).

Although the value of kI,HzAX could be obtained from

a single measurement of the distribution ratio at low pH,

4?2
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Distribution ratio of Naloxone between

chloroform~and aqueous solution as a Eunction

of pH.A Squares are experimental data and curve
is célculated from éqpation 30 using VvV, = 0.020
L. The values of all other constants are given

in the caption to Figure 3.
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TABLE 2

Distribution Ratio of Naloxone? as a Function of pH

RV 1

pH D
1.05 <1 x 1074
8.10 203 ¢ 1

, 8.44 269 * 2
8.80 263 * 2
10. 11 52.2 % 0.4 ,
10. 75 ©13.9 t 0.1
10. 92 12.0 * 0.2
11.10 9.20 * 0.08
11.64 2.77 *+ 0.02
11.95 1.56 * 0.01
13.08 0.130 *+ 0.001

a Error limits are standard deviations calculated from
uncertainties in absorbance measurements and tolerances
for glassware.



the values of KI,MA and Kypa could no§ be so}easily
determined because of the closeness of the dissociation
constants and their low values. The values of Ky yp and-
Kyp were determined from the distribution ratio vs pH data
as follows. Making the first approximation that KI,HzA-A
is small enough to be ignored (see below), the last term
in the numerator of equation 30 can be dropped. In
addition, the measured value of K; y_ ax is sufficiently
112
small that the first term in the numerator can also be

neglected at pH > 5. Incprporating thede approximations,

equation 30 can be rewritten as:

1

2 . L ] L ]
Dlag.* Xa, a3 * Ka,H,a Ka,ua) = (Kya Ka, HyA)2H

4+ K (31)

1,MA"Ka, 1A Ka, 1A
Thus Kyp and Kp mp can be obtained from the slope and
intercept of g plot of D(ai + Ka,HZA'aH + Ka,HzAfKa,HA) A
- »

AH example of such a plot nade in thé pH rahge 8.1 go
10.1 is shown'in“Figur:? 7. The li‘ng is a linear least
squares fit to the fourupoints\ In this pH range the
concentration-df the species‘HA is relatively high so that

the most accurate value of KHA can be.obtained. On the

E
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ay X 107
Plot of D(aé + Ka,HZA'aH + Ka,HZA‘Ka,HA) versus

ay used to evaluate Kyp. Datalpoints
calculated trom Table 2, using K, HoA = 7.53 x
107? and K, yp = 5-87 x-10710 Line is a

linear least-squares fit to data points.



other hand, the concentration of A” 1s low 1n thl% pH
range making it 1mpossible to obtain a reasonable estimate
The value of Kya andmlts 95% confidence limits
were tound to be 433t 23.

A similar plot employ}ng the four points at pH values
hetween 11.1 and 13.1 provides a mire accurate value ot
KI,MA (KI,MA = 0.14 * 0.32) (Figur!kﬁ). The large
uncertainty 1in KI,MA comes about because ot the small
value of Ka,HA énd the larye vagge ot Kypa- The constant
K1, MA is indistinguishable from zero.

Neglect of KI,HZAoA in equation 30 1s justifiled on
the following grounds: The distribution isotherm measured
for Naloxone between chloroform and an aqueous solution at
the ;soelectric pH of 8.68 over the range of Naloxone
concentrations encountered during a titratiem, 1s linear
[63). From this linearity it can be concluded. that

-
K < 107, a value too small to influence the shape

I,H2A'A

of the titration curve (see p. 19).

4.3 Quantitative Evaluation of Model

The titration curve theoreticélly predicted for
‘Naloxone hydréchloride in the presence of chloroform was
calculated using equations 13-18 using the measured values
for all constants. The theoretically calculated titration

curve (Figure 3, curve B) agrees well with the
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2
PlOt Of D(aH f Ka'HzA.aH + Ka'HZA'Ka'HA) versus

ay used to evaluate KI,MA-
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experimental data points, suggesting the validity of the

titration eguations.

4,4 ﬁnpliciiions to Quantitative Analysis

4.4.1 Naloxone deroehloride ,

The assay value ot Naloxone Hydrochloride obtdined
from the first equivalence.point in the two-phase
titration is compared in Table 3 with results obtained by
two other methods: the nonagqueous titration according to
U.S.P. XIX 154] and an acid/base titration in n-
propanoi/water mixed solvent [8]. Results, of all three

methods agree within experimental error, yielding an

average value of 90.7%. The remaining 9.3% is water.

. , N . S
4.4.2 Mixture of Molindone Hydrochloride and m-Nitrophenol

49

Two-phase titrations may be applied to assay mixtures
of compounds having similar ionization constants but
ditterent charge types. Titratlion curves are presented in
Figure 9 for a mixture of 3.00 x 10”4 mole of Molindone
Hydrochloride (a protonated tertiary amine: Bet) and 2.09
x 10~% mole of m-nitrophenol (neutral HA acid). The -
jonization constants for Molindone Hydrochloride (pK, =

7.3 [64]) and m-nitrophenol (pk, = 8.4 [65]) are close so

that the titration curve of the mixture in the absence of

chloroform (curve A) shows only one "pH-break",
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TABLE 3
Percent of Component by Three Titration Methods, .

Based on Weight Taken

»

Sample Nonagueous®© n-PrOH/H,0¢ Two-Phase®
Naloxone-«HC]1 90.5 * 0.2 90.6 t 0.3 90.9 * 0.1
Naloxone<+HCl (with

NH,4C1)? - - 91.2 ¢+ 0.1
Molindone<HC1 - 99.2 * 0.1 98.1 * 0.2 98.1 * 0.1
Molindone-HC1l (with

m—Nitrophenol)b - f -7 98.2 * 0.2
m-Nitrophenol (with

Molindone +HC1)P - - 100.6 * 0.3

2 Mole ratio Naloxone-HC1/NH,Cl was 2.25:1.
b Mole ratio Molindone+HCl/m-Nitrophenol was 3:2.

C Uncertainties are standard deviations. .
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Titration of a mixture of Molindone+H{C1l and m-

nitrophenol with NaOH. K, gy = 5 x.10_8; Ka, HA

=4 x 1072; V = 0.060 L of 0.108 M NaCl; ngy

3.00 x 1074 moles; ny, = 2.09 x 107% moles; v,

0.0 L (Curve A), 0.020 L of chloroform (Curve

B).
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correspondiny to the total moles of the two acids.
'However, in the presence of chloroform BH' appears to
titrate as a stronger acid (le/z = 5.2) while HA behaves
as a slightly weaker acid (le/z = 8.6). This 1is
consisten£ with the expectation that the neutral Molindone
species, B, will extract into chloroform with a large
distribution coefficient. From the magnitude of the shift
in the proton bindirfig region for Molindone-ﬁcl (pKy, Byt

app

PK, pu*+ = 2.00 * 0.04) the distribution coefficient for

the neutral species can be calculated (equation 27) to be

Ky = 297 ¢ 28. This assumes that extraction of the 1on-

N\
pair BHX is small enough to be ignored. Similarly the
\

shift in the proton-binding region for m-nitrophenol

app

(PKy na = PKy na ~ ~0.26 * 0.04) can be substituted into

equation 24 and, with the assumption that KI,MA for m-
nitrophenélgte is negligibly small, the distribution
coefficient Ky, is calculateq to be 2.5 * 0.5 at 25°C.
This agrees with the value of 2.57 reported at 20°C ftor
Kya of m-nitrophenol betweeh.chloroform and phosphate
buffer of ionic strength equal to 0.2 [66] and is lower
than the value of 4.0 reported at 20°C for a measurement
made at an unspecified ionic strength [67].

Table 3 presents the assay values obtained for
Molindone+HCl titrated alone and admixéd with m-

nitrophenol. In the nonaqueous titration with perchloric



acid in the_presencg’of mercuric acetate 1t 1is actually
the chloride 1ion iﬁ Molindone-HCl which 1s being

titrated. This method is subject to interference from any
other halide salts that might be present and therefore 1s
Jrelatively non—;elective. It gives an assay value about
one percent higher than found by the partially agueous and
the two-phase titrations. The two-phase assay values
obtained for Molindone<HCl alone and mixed with m-

nitrophenol agree well with one another and with the value

obtained for Molindone+HCl alone in propanol/water.

4.4.3 Naloxone Hydrochloride and Ammonium Chloride

It is possible to use the two—phase~titration medium
to provide differential titrations of other acid mixtures
than those in which thé,conjugate species have chargyes of
opposite sign. Ammonium ion NH4+ has a K%,BH* value of
5.8 x 10710 which falls between Ky y p (7.5 ~ 1077) and
Ko na (5-9 x 10710) of Naloxone Hydrochloride. The
titration of a mixture of amﬁonium chloride and Naloxone
Hydrochloride in water shows onlyegfe end point "pH-break"
corresponding Eé’the.sum of all three available acidic
protons iﬁ thd mixture (Figure 10, curve A). However the
distribution coefficient of NHj is very small (Ky = 0.04)
(68] so that the titration curve of NH4+ is hardly

perturbed b} the'presence of chloroform. A*‘mixture of

Naloxone+HCl and NH,Cl may therefore be accurately

a
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Figure 10.

~ nOH x 104

Titration of a mixture of Ammonium Chloride

and Naloxone-HCl with NaOH. K = 5.8 «x
a,NH4

-10, - -9 -
10720: K,y = 7053 x 10775 Ky yp = 587
10710, v = 0.060 L of 0.108 M NaCl; nyy
A PN
1.06 x 10~4 moles; n = 2.18 x 1074 moles;
H2A
Vo, = 0.0 L (Curve A), 0.020 L of chloroform

(Curve B).
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J
titrated to the first equivalence point of Naloxone-HC1l 1n

an aqueous-chloroform mixture (Figure 10, curve B). The
results of such an assay for Naloxone-HCl 1in a mixture
containing about a 2:1 mole ratio of Naloxone-HCl and
NH,4Cl are given in Table 3. These results demonstrate the
feasibility of using mixtures of immiscible solvents as a
differentiating titration medium for acids which have the

same éharge type but which exhibit very different

partition coefficients.



CHAPTER 5
CONCLUSIONS

The apparatus required to perform potentiometric
titrations in the presence of two liquid phases 1is nearly
as simple as that involved in a one phase titration and
the equilibration time required after the addition of each
increment of titrant 1s also comparable for the two
systems. There is no need to shut off the maynetic
stirrer while reading the pH. Consequently, 1t is
feasible to use automatic titrators for two-phase
titrations.

Compared with titrations pérformed in partially
agqueous solvents such as ethanol-water, methanol-water and
n-propanol-water [8f,.two—phase titrations have the
advantagea that, if the solubility of the immiscible
organic solvent in the aqueous phase is low, then the
latter is simply a dilute aqueous electrolyte solution and
pH measurements with the glass electrode have the same
sign;ficance as they do,in any. dilute aqueous
électfolyte. It is unnecessary to emplgoy “"transfer

activity coefficients” to correct pH meter readings and
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agueous pKa values as 1t 1s in mixed aqueous-organic
solvents [69,70]. )

Titrations of the charge type acids discussed in this
work‘have also been performed in the presence of a
nonionic adsorbent as a second phase in place ot an
organic solvent [(13,14}. Two problems were noted in the
previous work {13,14]: ;low attalnment of.equilibrium
between the adsorbent and solution (i.e. up to 5
min/increment ot titrant) and precipitation of the
uﬁéharged form of acidic or basic compounds. The use of a

water-immiscible solvent for the second phase resolves

both of these difficulties.
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PART 11

PRE-COLUMNS OF AMBERLITE XAD-2 FOR DIRECT INJECTION
LIQUID CHROMATOGRAPHIC DETERMINATION OF

* METHAQUALONE IN BLOOD PLASMA
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CHAPTEK 1

INTRODUCTION
Determination of drugs in complex biological samples
like blood plasma b as or liquid chromatography
1 Yy d

frequently involves sample cleanup steps, such as solvent

extraction and protein precipitation, prior to injection

ont6é the chromatograph. This is not only, because of the

=

*ertering chromatographic

=2

large number of potentially 1

peaks obtained from the plasma but also because the high

molecular weight components of plasma (some of them

-

Yo,

colloidal) ser10usl§§pontaminate or even pluy the
chromatographic column. In addition,'the determination of

trace levels of a drug usually requires concentration of

Y

the drug in order to raise the signal-to-noise ratio for
£
its chromatographic peak to a high enough value for

4

accurate quahtifiéatio§§

i

Among the standard‘techniques used for concentration
and cleanup when dealing with bioiogical samples are
solvent extraction and adsdrption onto coiumns of nonpolar
adsorbent [71—73}. For example, recent gas
chromatOQréph&c methods reported for the determination of
the sedative, hypnotic drug ﬁetﬁaqual%?e (MTQ) in blood

samples employ preliminary solvent extractions of the drug

a
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L J
using butyl chloride 174), chlorotorm {75-76) or ether

(771,

As an alternative to solvent extraction, the use of
short <‘<’>lumns ot nonpolar adsorbent has grown 1n
popularity in recent years. The rr;()st widely used such
adsorbent” is Amberlite XAD-2 (XAD), a macroporous
copolymer of styrene and divinylbenzene. (Addit1onal
intormation on this resrin may be found in the introduct ion
to Part lII‘ of this thesis.) Gelbke et al 78] and
Gudzinowicz and G\JlenOlecz [72) have reviewed the
applications of XAD to the isolation of drugs trom blood

- P
and urine samples. Typically the pH of the blood or urine
sample is adjusted with a suitable buftter to suppress the
ionization of the drugs of interest, and t?e treated
sample is loaded onto the XAD column. The relatively
nonpolar drugs which are immobiliz\éd near the top of the
rebin column are then separated from the more polar bloéd
dr urine components (e.g. proteins, amino acids,

- ,

saccharides, etc.) Dby washing the resin bed with the
aqueous buffer. Finally, the drugs are eluted from the
column with an organlic solvent of mixture of solvents,
prior to Chromaﬁographic analysis. Some ot the more
important pre-1976 solvent ext raction and column

.adsorption cleanup tec%niques used in the gas

chromatographic determination of MTOQ have been reviewed
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[72]. Solvent extraction and adsorption-column cleanup
steps have qlso been used prior to high pertormance li1quid
chromatographic (HPLC) determinations of MTO {79-801}.

Alternat ive to using adsorbent columns "oft-stream”
is their "on stteam® 1ncorporation into, the flow scheme of
a liquid chromatograph as a "pre-column” 1n advance of the
analytical column. In this way Cmnventlaglon and cleanup
of (jgm1>1ex samples become part ot the chromatographic
operation and are accomplished by switching valves.
Preliminary sample handling can therefore be minimized,
Frei [79] has recently reviewed the use of pre-columns 1n
this way.

Applications of on-line pre-columns for pre-HPLC
sample treatment include determinations of the cytostatic
drug methotrexate (82}, of antidepressants clovoxamine and
fluvoxamine {83), of a mepabolite of an antihypertensive
druy, endralazine (84] of a Caréﬁotonic agent and
antiplatelet drug [85] and of secoverine‘l86] in blood
plasma. Huber and coworkers [87] have used the technique
to,study the metabolism of aminopyrine. Mohammed, Veenilny
and Dayton [88] have used the technique to monltor as a
function of time the levels of riboflavin in hemodialysate

'
fluid from uremic patients. The technique has also been’
used recently to monitor methanol extracts of medicated

i

animal feed [89].



~

.Thv pre-column packing materials used 1n the above
examplés [82-89] were chemically bonded alkyl-silica
reverse-phase sorbents. Thus the pH ot the aqueous
solvents which ¢an be pumped through the pre-column 15
limited to pH < 8, since the siloxane functionality (51-0-
$1-C) which binds the alkyl groups to the silica support
1s readily hydrolyzed in alkaline solution 190] . ]
Consequently 1t 1s not possible to ugk the nonpolar silica
bonded phases to adsorb BH * type drugs in the form ot
their strongly retained COn)ugége base, B, if their pK, is
greater than 8. One way to overcome this 11mitafibn wapld
he to use an ion exchanger in the pre-column to enable
moderately stronyg bases (e.g. amines) to be sorbed as the
cationic species. This approach has been used by Adler,
Margoshes, Snyder and Spitzer {91] to preconcentrate
polyamines from urine samples. Koch and Kissinger [92]
and Lankelma and pPoppe (93] have also utilized on-line
pre—columns\of ion exchange packings for the respective&\
analyses of serotonin and méthotrexate in blood plasma
samples.

Macroporéus styrene-divinylbenzene copolymer resins
such as Amberlite XAD-2 (XAD) have the advantage relative
to the silica bonded phase sorbents of chemical stability

over the entire pH range from 0 - 14. Cantwell -[94] has

used an on-stream pre-column of XAD for the determination
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of p-hydroxybenzoate preservatives 1n pharmaceutical cohgh
syrups. Aldehyde flavoring agents which also strongly
sorb on the pre-column were selectively eluted as
bisulfite adducts. “Determination of the pharmaceutically
active components 1in these cough Syrups was eftected using
on-line pre-columns containing both XAD and an anion
exchanger [95]). Hitachi Gel 3010, a styrene-
divinylbenzene Qopolymer similar to XAD, has been used 1n
an oftfstream "micro pre-column” tor the determinatlon ot
sterolds an diluted blood serum [96]. Microparticulate
XAD resin has- also been used as a hig% etficiency column
packing tor liquid chromatography [97) and Amberlite
XAD-7, a macroporous poly (methylmethacrylate) resin has
been applied in on-line pre-columns for the HPLC analysis
of MSlt;component analgesic tablets [98-99].

With the exception of the work of Roth and coworkers
(85] which appeared in the literature shortly betore
publication of the present study [100], no investigyators

L <
had reported HPLC methods enabling the direct injection of

«

large volumes of untreated blood plasma into a liquid
chromatoéraph. In each of the HPLC methods using on-line
pre—coi&mns cited above [81-84,86], it was neceséary to
perform some preiiminary sample'treatment such as dilution
of the sample [83,96], precipitation [82] or enzymatic

degradation [86]) of proteins, or solvent extraction [84]

prior to injection into the chromatograph.
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In the present study therfactors affecting the use of
XAD pre-columns for on-stream sample treatment are
characterized for the HPLC determination of trace levels
of methaqualone in blood plasma. The pre-column makes
possible direct injection of relatively large volumes (0 -
4 mL) of undiluted bloéd plasma. Since MTO is almost
completely metabolized at therapeutic dosage levels, very
little .is excreted, making it desirableAto measure plasma
levels rather than urine levels {101]. Some important‘
analytical and biotogical properties of MTO have been

summarized [102].



CHAPTER 2

.
EXPERIMENTAL .

2.1 gﬁromatqgraph

A diagram of the liquid chromatograph is shown 1n
Figure 1l. Pump P, 1is a Chroéatronix Model (MP-2VK
(Laboratdry Data Control, Riviera Beach, Fla.). With the
Teflon rotary sampling valve V, (Laboratory Data Control,
mo7ei R6031 SVP) inpggpthe position shown by the solid lines,
the standard or sample liquid 1is drawn in;o the Teflon
sample loop Ly by pulling on é syringe a{£éched to the
outlet line. L, was 0.5 ml. except where specified ‘
otherwise. During this time, solyen{ul is §umped through
- column C; to a tee;connector‘}part.no. CJ3031, Laboratory -
Data Control) from which it{ééS%@% through two parallel
branches éonsiéting on the one*héﬁﬁ éf a coil of Tef}oﬁ_
tub}ng L, and on thesother hanq of sampling valve V3. The
split stream reunites at the .second tee-connector and
flows through filter F; samg}ing valve V, (stainless
steel, part No. 7010, Rheodyne, Inc. Cotati, CA), the pre-

B

column C, and then to waste. B o

Lo

a2
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}
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To Detector

Figure 11. Diagram of the liquid chromatbgraph used 1in
: .
the MTQ determination (see text for details).

-
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' Filter F 1s a\low dead—volﬁme, largye surface area

. inline filter composed of a filter holder machined f rom
“Kel-t and two 1.0 cm diameter disks of Zitex porous
Teflon, 2-5 um pore size, 0.007 inch thick (No. E 606-223,
Chemplast Inc., Wayne, N.J.). This filter remobes larger
particles which are occasionally present in plasma samples
and which would tend to piug the 2 um frits in the pre-
column causing a graduél increase in pressure at pump Pj.

witﬁ valve V, in the position show% by solid lines,
pump.Pz (model SP8000 liguid chromatograph, Spectra
Physics, Santa Clara, CA) pumps solvent 2 through valve
Vé, guard column C3 and analytical column C4 to the
detector.
Cy 1é‘é solvent purifier column which consists of a

5.0 cm x 0.46 cm i.d. stainless steel tube dry-packed with
125-149 um XAD. This column removes an imp&rity from
solvent 1 which otherwise is concentrated on C, angﬁgives
an interfering pea; when C, is subsequently eluted with
lSolvent 2. The pre-column C, 1s a 2 cm long x 0.20 cm
i.d. stainless steel column dry‘packed with 125—149 ﬂm;
63-74 um or 37-44 um XAD. This column was constructed .,
from a stalnless steel column (part No. 84550 Waters
‘Associates Inc., Milford, MA) by replacing the 2 cm x 0. 40
cm i.d. Colﬁmp'piecp with a locally made one ,of 0.20 cm

bore. Guard column Cl is a,2 cm x 0,40 cm 1i.d. sqainlesé

k
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steel column (part No. 84550, Waters Associates Inc.) dry-
packed with 30-38 um CO:PEL ODS (part No. 4102-010,
Whatyan Inc., Clifton, NJ). The analytical column C4 1s a
25 cm x 0.46 cm i.d. stainless steel column packed with 10
um LiChrosorb RP-8 (part NoO. Al1132-010, spectra Physics).

The detector was either a Model 8200 Absorbance
Detector (Spectra Physics) set at 254 nm or a Model 770
Spectroflow Monitor (Schoeffel Instrument COrp., Westwood,
NJ) set at 265 nm. An Autolab Minigrator (spectra

. &

Physics) and a Series 5000 Fisher Recordall potentiometric
recorder (Fisher Scientific Co.) were used to record the
chromatographic data. e

All experimenté were done at ambient temperature.
However, in order to minimize the effect of short-term
temperature fluctuations, column €, and the tube
connecting it\to the detector were wr;pped with glass |

wool. This gﬁgnificantly reduced the noise level at the

_detector output.

2.2 Resins. -

D

Gtinding of the Amberlite XAD-2 resin has been
previously described [94). "Cuts" of various particle
size were obtained by sieving with standard wire mesh

‘sieves; washed succegsively with 3 M hydrochloric acid,

water and methanol; and the fingﬁparticles removed by
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repeatedly suspending the resin in methanol and decanting
the superhatant. The cleaned resin was subsequently air

4

dried.

2.3 Chemicals and Solutions

Double Distilled Water used to prepare sample

solutions and mobile phases has been described in Part I

of this thesis. .

PR
oy

Afetonitrile (Caledon Laboratories Ltd. Georgetown,

Ontario) was distilled before use.
Q

Methaqualone Mydrochloride (MTOQ), U.5.P. (Charles E.

Frosst and Co., Pointe Claire, Quebec) was used as g

received. Its structure 1s:

CH
. ,)\cn, ]
o Y 'y

METHAQUALONE - HCI

-

o R . ,
S i ! i

Bovine Aibumin (MW = 69,000 g/mole) was obtained from

&

Sigma Chemical Cbmpaéy; St. Laquis, MO (No. A-6003). A 2.8

x 1073 M solution of bovine albumin was preparee by .
A C

dissolving 4.88 g of the dry ptotein'in‘25 mL water and
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filtering the resulting solution through a 10 - 20 um

) .
porous Teflon ti1lter membrane (No. E249-122 Chemplast

Inc., Wayne, NJ) contained 1n a swinny Syringe Filtration
unit (Cat Nol 4310, Gelman Instrument Company, Ann Arbor,
/
{

J

. i
Mobil Me phase Solvent 1 was 0.1 @”NH4CI/U.1 M NHj; 1n

Michigan).

water (pH = 9.3). Mobile phase solvent 2 was prépared by
diluting 680 mL ot 0.029, M citric acid/sodium cltrate

aqueous buffer (pH 5.4¢) to 1 litre with acetonitrile.

®

2.4 Standards and Samples .

An aqueous stock MT( solution was prepared to contain
53.52 ug/mL. Standard solutions covering the
concentration range 0.214 to 42.8 uy/ml were prepared by -
serial dilution. |

Blood samplgs were collec%;d from healthy}volunteers
1in 7 mL Vacutalner tubes containing a_small amount of
K3HEDTA (Becton, Dickinson & Co.). The red and white
Célls were removed by centrifugation for 20 min at 2600
rpm in a model HN-S centrifuge (International Equipmént
Co., Needham Hts., MA). ~T'he supernatant stray-yellow '
plasma was trénsferred to a stoppered 7 mL test.tube.
‘Spiked plasma samples containing 0.214, 0.652,'1.67 and
5.35 ug/mL of MTQ were prepafed by transfering 1.00 mL

[

”



aliquots ot appropriate aqueous standards‘to 10 mL
volumetric flasks and diluting to volume with bldg;
plasma. A spiked plasma contalning .10.7 wyg/mL MTO was
prepared as above using a 2.00 mL aliquot of the MTO stock

solution.

An aqueous solution containing 10.7 wg/mL MTO and 2. 3.

« 1073 M bovine albumin was prepared by transfering a 2.00
ml. aliquot of the MTO stock solution-to a 10 mL volumetric
flask and diluting the contents to volume with 2.8 x 1077

M bovine albumin solution.

2.5 ‘Chromatographic Procedure

g

After filling the sample loop L,, valve V) 1s rotated

to the inject position (dashed lines). This allows |-

)

Solvent 1 to flush the sample out of the loop to a tee-
connector where Solvent 1 flowing in parallel branch Lo

dilutes the sample and raises its pH before it reaches the

)
pre-column. The length of Teflon tubing used in Ly 1s

1

~

adjusted to obtain approx1mately equal flow rates in the
two parallel branches, thus ensuring both rapid flushing

ot the sample loop and controlled adjustment of sample

»*

pH. In the present case it was a 50 cm x 0.05 cm i.d.

Teflon tube.

-

Following injection| of sample, Solvent 1 4is pumped

through C, for a specified time. For an injectéd volume

\
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of 500 ul the time is 5.0 min which corresponds to 10.0 mL
of Solvent 1. During this time MTO is strongly adsorbed
(preconcentrated) near the Lopﬁét Cy, while the bulk of
the normal plasma components are washed through the XAD
bed to waste. Valve V2 is then switched to the 1nject
position (dashed lines) allowing solvent 2 to backf lush

C,. This stronyg solvent elutes MTO from the XAD pre-

-

coiumn, through the analytical column C4 to the
detector. Immediately upon syitching V, to the inject
Aposition, vV, is switched hackitb“its initial position
(solid lines). Valve V, 1s returned to ips?initial

% .

position after 30 sec during which time MTO "has Compl;;ily
L ‘ : ‘mﬂf
eluted from C,. ‘tollowing & 2 min delay to re—-equilibrate,

C, with Solvent 1, the néxt sample is injected with :Vq.

«

Thus the total analysis time is about 7.5 min between
s

y e, ' ;-
injections. The flow rate of Solvent 1 was 2.0 mL/min

’

except in a study of the effect of flow rate on recovery

of MTQ from blood plasma. The flow rate of Solvent 2 was
: : : o5

|
3.00 mL/min" in all expériments.

.

At the end of the day, both pumps. Py and P, and khe
entire column ang” valve system are flushed first with
water and then with distilled ﬁeghanol. This treatment
aqcomplishes,famong other thinés, elution of the,
impu;ities £hat have adsorbed on the purif%er‘column Cy so
that it is virtually never necessary to replaée or repack

+

this column.
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2.6 stggm_Chaiacterization

preakthrough studies of MTO on the 37-44 um pre-
| »
"column were performed, using the chromatograph as shown 1n

\I

Figure 11, by 1nject1ng SUU pL of 10.7 ug/mL MTQ standard
solution. Volumes ‘of either 10,_20, 30 or %b mL of
solvent l were then pumped through C, prior to elution
with Solvent 2. Areas of the peaks eluted by Solvent 2
were compared to determine 1if recovery decreased with the
volume of Solvent 1 used.

The effect of XAD particle size and flow ;ate of
Solvent 1 on the recovery of MTQ from spxked plasma
samples and bov1ne albumin solutlons was evaluated by
comparlng the relative peak areas obtarned for 500 uL
1nJectlens of a Splke\/plasma and au agqueous standard,
both containing, 10.7 ug/mL. Followpng each injection, 10
mL of~Solvent 1 was pumued thfough‘Cz before'tme drugy was
eluted thh Solvent 2. | ' : / ".

Dlrect monitoriny, of plasma components as they elute

f rom the XAD-2 pre -column was accompl1shed by | connectlng

the outlet line of. C2 directl; e detector. The pfe—

column C2'was‘packed with 37-4¢ XAD-2. The volume?off
the sample . loop L, was adjusted by us1ng aéproprlate
lengths of .0. 5 mm i.d. x 1/16"'0 dv or 1/5 mm i.d. x l/8"

o.d. Teflon tubing, to achleve 1n3ect1on volumes of 4 ul,

’
\

500 uL and 4.0 mL. ' - ‘ . j

“»



CHAPTER 3

RESULTS AND DISCUSSION
¥ :

Since it was dgsired to develop a technique for the
determination of trace levels of drugs in blood plasma
that would require no pretreatﬁent of the plasma before
injection into the chromaﬂograph, it was necessary that
Solvent 1 and the pre-column packing be chosen in such a
way that the drug is qqmpleéely retained while the
interfering components df blood plasma are unfqtained on
the pre-column. Amberlite XAD-2 is partiéularfy suitaﬂle
as a pre-column packing because of its inertness ag‘all pH
and its relatively strong adsorbent properties {95,97].
The choice of aqueous pH 9.3 NH4C1/NH3 buffer for Solvent
1 was based on the following considération;: Most plasma
proteihsfhavé their isoelectric pH below 7 {103] and thus
havé a %@rge'negative charge at pH 9.3 which contributes
to a high water solubility. Simiﬁarly, at pH 9.3 many
small molecules found in plasma are negativbiy cha:éed.
‘Consequently, the majority of plasma components should be

relatively unretained on XAD in this solvent. On the j>

other hand, the conjugate acid of MTO has a pK, of 2.5
‘ o
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[102). Thus at pH 9.3 MTQ will be present as the free
base which is strongly retained by XAD. This behavior is

consistent with the findings of Evenson and Lensmeyer [76]

e

who reported less "biological interference” in their gés

AN
L

chromatographic determination of MTO in serum Qhen-the
preliminary solvent extraction was perfdrméd at higher,
rather than at lower, pH. The pH value”of 9.3 was chosen
in the present study also because a variety of basic amine
drugs, includingkthe amphdéeric morphine derivatives, will
be present primarily’a; the free base at this pH so that
iﬁ can be expected to be ‘a generally useful solVeﬁt for
their determination in blood plasma. 0 i

ﬁThe choice of an 6c£yl-silica packing for the
analytiéal column was based on the high'effiéiency, ready
‘availability and popularity of §9°h bonded-phése |
packings. Since this is i/éilic;—bqsed packinQ it is
incompatable with pH > Bzand, consequently, could not be
‘used in the pre-column. In fact, it was necéssa:y to
incluﬁé a low pH buffer in Sol&ent 2 in order to lower the
'pH/o% the pldé of Solvent 1 as it is washed from.the pre-
 éolumn thréﬁéh the analytical column thn Vo iéA .
switched. The lifetime of C4 was well\gver six months

. » ‘

under heavy use. The pre-column was generally re-packed

with XAD every week or two.
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3.1 Chromatég;qphx}of Plasma

, K
Curves 1-3 in Figure 12 are the elution profiles

obtained by monitoring the absorbance of the pre-column

‘effluent following injection of 40 uL, 500 wL and 4.0 mL

of plasma. The eluent is Solvent 1. The rapid rise and

fall in absorbance observed upon each injection indicates

that the majority of UV absbrbing plasma components elute

Na _ .
~from XAD essentially unretained, .and it can be seen that
40 uL, 500 uL and 4.0 mL of plasma injected require

respectively about 2, 10 and 40 mL of Solvent 1 to remove

the .bulk of plasma components from C, prior to switching

to Solvébt 2. Since the pre-column void volume, as

.calculated from the volume of the empty pre-column, the

bulk density and the skeletal density of XAD [104], -is
aboq;0.043/mL, these volumes'represent about 50, 250 and
1000columh/volust of Solvent 1,

. The egfeétiyeness of Solvent 1 in removing plasma

components from the pre-column is shown in Figure 13A.

The chromatogram was obtained by injécting 500 uL of

untreated plasma, flushing 10 mL of Solvent 1 through the

pre-column and then eluting Qith\Solvent 2.  The largé,

"~ tailing, unretained peak results partly from the elution

of plasma components which were not removed from the pre-
column by Solvent 1, However, injection of 500 uL of

distilled water yields a similar (buthmallé;) unretained

L ¢
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‘peak show1ng that refractive index effects assoc1ated w1th
the plug of aqueous Solvent 1 flushed out gf the pre-

column by the acetonxtrxle-oontalnlng Solvent 2 are also ‘
iy °

~_respons1ble for a large part of the unreta1ned peak. The

tq\_peakihelutxng between 4 and 5 min are plasma
-components. oo ‘ ’ *\\\\;\; '

3.2 Mmatography of MTQ

‘ In order to verlfy that MTQ is quant1tat1vely
‘pretained on the XAD pre-column aftgg washxng w1th a voluguk
of Solvent 1 that 1s suff1c1ent to elute the plasma, a .
‘ b&eakthrough study was perfo:med on ‘the 37-44 um XAD
column as. descr1bed above. Curve 4 in Flgure 12 shows
that the peak area obtalned upon elution of - -a flxed |
" quantity of MTQ is xndependent ‘of the volume of Solvent 1
’passed through the column up to at least 46 mL. In
k'addit1on, all of the eluted MTQ peaks exhlblted the same
ledth at h&lf helpht. Thus,'lt may be concluded that in
v;:Solvent 1 MTQ 1s strongly retalned at the tOp of the XAD T

vﬁpre-column as a narrow band.,_p)»f; v‘;fpw. U

A typical chromatogram obtained for the inJectlon of af E

“,vpresented in Flgure 13B. The detector was a model 770 QL

'5-;region of the plasma chromatogram at about 6 min. The

@‘ .I
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‘faf_soo uL of human blood plasma spiked w1th 150 ng/mL MTQ ls_,f

'“opZSpectroflow Monitor set at 265 nm.; MTO elutes in a cleanV,”



detectlon limlt, defxned as the concentration wh1ch glv s
a peak with height twice the standard deviat1on of the

baseline~nobse,,ls 6 ng/mL (6 ppb).» Although the molar

ab30rptivity of MTO is lower at 254.nm [102], the lpwer

baseline noise exhibited by the Spectra Phys1cs d tector
(254 nm 1iterference fllter) results 1ﬁ an even lower

detectlon 11m1t,of 0.3-0.6 ng/mL.

3.3 Recovegy from Plasma

. .
The 1nfluence of blood plasma on the ‘uptake of MTQ by

'3

'the XAD pre column ‘was evaluated by . comparlng the relative

peak areas»obtained for a spiked blood plasma and an

‘ aqueous standard both“containing“IO.T ugymL MTO. Two
factors which were found to 1nf1uence the recovery of MTOQ

. from plasma¢ “the flow gate of Solvent 1 through the pre-

- column and the XAD partlcle size are illustrated in Flgure

3

l4,h A constant volume of 10 mL of Solvent 1 was pumped
through the pre column for/all flow rates and part1cle

sizes. The recovery of MTO from plasma exhlblts the

‘greatest flow rate dependence for ‘the relatlvely large'
Jf125—l49 um XAD. The flow rate dependence is less evident
gwlth the 63~ 74 um XAD, and neglxglble £or the smallest 37-

44 m particle size. . o e

A 51m11ar eXperiment was performed to determlne 1f -

"1the flow rate dependent recovery of MTO could be

A\
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attributed to the presence of proteiné in the blood
. : v .

{

plagma; The influence,ofbflow‘rate 8¢ Solvent\l through

the pre-column on thé recovery of MTQ from an'Séiébus

~ solution oontaining~2.3 mr of bovine albumin'is_snown in
Figure 15. The recoveries.of.MTQ from blood plasma and

from 2,3 mM bovine albumin ueing alpreEOlunn uitn-63*74 um

XAD(ehow essentially the same flow rate dependence S

(compare Flgures 14 and 15) K .

‘

~The data of~F1gures 14 and 15 suggest that the
' adsorptlon of MTQ on XAD is klnetlcally slower in the.

_presence of plasma protelns than in water\alone. As the

a,

LN
partlcle size is 1ncreased a longer re51dence time is

requ1red durlng the adsorptlon step to insure quant1tat1ve

uptake. Other investigators (78], u51ng grav1ty-flow e
3 : N ’
columns of XAD res1n have also reported that rqcovery of
5
drugs from b1olog1ca1 f1u1ds is enhanced by loadlng the N

*

sample on;o the.re51n bed at a low flow rate.

: In.oroer to erplain thls'behQVior‘tuo;ogher‘
observations:shouid'be notegz Christensen‘and Holfort
[105] found that about 80% of MTQ is bound to serum

. as
.proteln 1n the conCentratlon range 0 25 to 2 5 ug/hL.
Also, the average pore dlameter of XAD is 9 nm [104] wh1ch

"r1s small enough to exclude many plasma protelns 11031

The followxng two p0531b1e explanatxons of the slow uptake

of MTQ seen in Figures 14 and 15 are consxstent w1th the.l

Ll
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' data: (i) Slow'diffusion of dissociated MTQ or MTQ-
protein complex to the resin surface and (ii) Slow

dissociation of'the‘proteinbnto compléx. Wwhile a decrease
"2 . LRy o
in Solvent flow rate might.yield mofe extehsive adsorption
of MTQ for e1ther of the suggested mechanlsms, the ¢ '
‘

1ncreased recovery w1th smaller part1cle size a; a given’

!

flow rate seems ‘to favor a- d1ffus1on controlled process
" S 'v(

(106], though of course it does not rule out the

p0551b111ty that . process (11) could also be contr1but1ng
. LIS . )

to the overall rate control

It is seen from the data“ 1n Fxgure ‘12 that

R

_quantltatxve recoVery of MTO, oth that whlch is free and
o

that whxch fs 1n1t1ally prote1n—bound. 'is achieved by

passage through the pre-column under the correct

-

- cond1t1on ./ “This 1llustrates an advantage of column
adsorpt1 n (and solvent extractxon) cleanup techniques
over proteln pre01p1tat10n, in wh1ch strongly plasma ~-bound

drugsrare likely to prec1p1tate along with the plasma -

st =Y

I; m1ght seem that the use of even smaller partlcle

ﬂie XAD [97] 1n the pre—column would be desxrable, slnce

0 .

/it would allow even faster flow rates and a: smaller pre—J

s

column. However, as the partxclei ze is’ decreased the

A pre*column acts as an 1ncreaslngly eff1c1ent fxlter and

.

//; tends to become plugged with part1CUIates suspended in the



gplasma. The use of 37- 44 ‘um XAD repre§ents a. practlcal i
compromlse. In another study [85] in. wh1ch a relat1ve1y
large ‘'volume of undlluted plaSma was d1rect1y 1n3ected the:
pre- -column packlng was also relat1yely large (37 -50 um),
while in cases. where the plasma was diluted, deprote1n1zed
or . in some other way clggned up before 1n3ect10h, the use
of smaller partlcle papklngs was’ possxble (81-84, 86, 96]
The object of the present study, however, was to e11m1nate
any prerchromatographlc sample handling except’
centrifugatlon of the,Qholeiblood;.and the 37544 um . XAD
achleves‘this objective. |

oy

3.4 ,Column E-ffi_ciencx o | | o

Although it has- been fouhd that pre‘columns packed

w1th partlcles of the same size as those in the analytlcal :

column produce very llttle extra-column band broadenAng
[107], the use of partlcles 51gn1f1cant1y larger than 10 .
- um- 1s necessary in the present study in order to amold ‘
plugglng the pre-column.; It is therefore poss1ble that

the overall,column eff1c1ency w111 be degraded below that gvm'

1.of the analytlcal column/guard column. (The pglllcular

Vpacklng 1n the short guard column would not be expected to
\ .

degrade eff1c1ency of the analyt§cal column 51gn1£1cant1y

-

[108] S F
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The ioss in efficiency due to the pre-column can be’
m1n1mlzed by u51ng a. backflush’elutlon of the drug from
<

fvthe pre-CoTumn [82,85,89]. The results of a study of thlS
effect are preSented in'Table 4 in terms of observedﬁplate

umber N (tangent method) and asymmetry factor [108] for |
'the MTO peak eluting from the analyt1cal column. The
efficiency of the analytlcal/guard column comblnation
without pre-coTumn was‘-N‘.= 3161 %_70;with an-asymmetry “
factor of 1.07 + 0.02. Comparison.of‘N'for‘the;Six\ |
'.combinations5of particle'sdze,and’elution pattern’reveals
two trends: (i) elution'through the pre—column causes a
severe loss 1n eff1c1ency and (ii) in both elution modes
eff1c1ency -is poorer for 1arger partlcle 51ze. The ffrst
;effect is much more pronounced and- arlses from the fact
that in the "elute- through” mode the MTQ, 1n1t1a11y /
adsorbed at the top of the column in- a'relatlvely narrow
| and, must. pass through the full 2-cm of pre—column upon .
elutlon and experlence all of the band dlsper51on effects:

. of - the column, while 1n the "backflush" ‘mode it passes
through a much shorter length of pre column.' The effect
1of partlcle ‘size in e1ther of the elut1on modes is
con81stent w1th a greater band dlsper51on for 1arger
partlcle 51ze [108] : The effect 0n ta111ng is not -

pron&dnced except for the largest partlcle 51ze wh1ch f:,*

-Kylelds a rather severe 1ncrease in- ta111ng in. both elutlon

Poe
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~modes. Use of the smallest particle size XAD with’
backflush resplts in nearly the same efficiency and
tailing as thé‘analytiCal column/guard column system

alone,

3.5 Quantitative Analysis

The use of a pre-column on which the.sample compound
is preconcentrated before elution onto the analytical
column provides a precise means of sample introduction andJ
leads to high precision in quantitative determinations
[92]. Conseyuently, it was possible to -avoid the ‘g
additiénal step of adding an internal standard when
quantifying MTQ in plasma. Calibration plots of peak area
vs concentration of aqueous standard injécted were
pbtained in thé concentration ranges: 0.2 to 1.0 ug/mL,
1.0 to 10.0 ug/mL and 10,0 to 50.0 ug/mL., All three plots
were linear with correlation coefficients of 0.99999,
0.99998 and 0.99998, exhibiting identical slopes. (within
1%) and ordinate intercepts equal to zero within the
detection limits quoted above..

A series of five blood sample spiked with 0,2 to 11
ug/mL of MTQ were assayed by comparing peak areas wifh the
'équeous MTQ calibration plots. Recovery ofJMTQ is
quantitative (see Tabfe 5) over the concentration range

studied. Triplicate injections of sgiked plasma yield



TABLE 5 e
Recovery of MTQ Added to Blood Plasma ~’“h
Amount added" Amount Found - ¥ Recovery
ug/mL ug/mL

0.2141 0.2102 * 0.0026 98.2
0.6422 0.6281 * 0,0006 97.8
1.070 #1.,052 ¢ 0.0004‘ 98,3
' 5.352 . 5.173 + 0.0002 96.6
10.70 | 10.38 * 0.04 97.0

X = 97.8 ¢t 0,7

89
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assay values with a relaﬁive standard deviation of 1% or

less.

Plasma levels expected for doses of MTQ in ;he
therapeutic range are typically from 2-4 ug/mL one hour
; .
after oral ingestionAto about 0.2 ug/mL seven hours after
[76,101). Berry has studied the distribution of MTQ
between plasma and red blood ce1ls and finds the ratio to
be about 94 to 6 [101]. Consequently, centrifugation of
the red cells is an adequate sample preparation rather
than prior hemolysis followed by centrifugation of red
cell membranes. MTQ does not form glucuronide or sulfate

conjugates since it possesses. no hydroxyl group, making

hydrolysis of plasma samples also unnecessary.

3.6 Other Compounds

MTQ is metabolized by liyer microsomal
oxidoreductases to a series of monohydroxy derivatives
which can go on to form O—glUCUrénide and 0—su1fatéiv
conjugaﬁes as well as O-methyl derivatives [109,110].
Three of the principal metabolités;of MTQ (3'-hydroxy, 4'
hydroxy, and 7-hydroxy) were chromatographed under the
conditions of(thérdetetmination and all eluted well bgfore
MTQ.. This is expected ﬁo be true for all metabolites as

well as their conjugates since they are more polar than

MTO [111].



Other drugs, some of which "are subject to abuse, are
iikely to be found in plasma.samples being analyzed for
MTQ. A number of.these were chromatographed under tne.
'described conditions. The following druge\yielded no
chromatographic peak near that of MTQ amehetamine,
morphine, codelne, cocaine, phenobarbital, secobarb1ta1,
butabarb;tal, amobarbltal, barbltal, barbituric acid,
diazepam, oxazepam, chlordiazepoxide, anileridine,
quinina, nicotine and caffeine. The drug methamphetamine

yielded a very asymmetr1c (ta111ng) peak on the RP 8

—/J
column whose retention time: decreased thh sample loading,

being located after that of the‘MTQ,peak at 1ow
methamphetamine concentrations and beforéﬂit'at higher.
1f the.ion;z strength- of Solvent 2 is raised by the
addition of a salt such as sodium perchlorateithe

methamphetamine'peak’becomes~5harper and elutes always

: A
ahead of the MTQ peak.
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PART III

CHROMATOGRAPHIC RETENTION MECHANISM OF. ORGANIC IONS

ON. A LOW CAPACITY CATION EXCHANGER

o



CHAPTER 1 | (

\

®

iNTRODUC'fION

Amberlrte XAD-2 is a styrenefdivi\ylbenzenejCOpolvmer
commercialiy‘produced'as white, insolubde 20-50 mesh;
beads. Each bead consists of.an agglom%ration of a large P
~ number of microsphereéﬁs As a‘result.the;beads have a ‘.//
“macroporous* structure with a large surface area (330

2/g) {112} and a large average pore dlameter (9 nm) ‘A
[113}. ance the’ hlghly crossllnked copolymer matrix
itself is essentially nonporous (114], sorptlon of sample
spec1es occurs at the 1nterface between the surface of the
‘mlcrospheres and the solutlon. Small molecules have free
access to all of the surface w1th1n the bead via diffu51on‘
through.the pore liquid [113}.

'The-retention of organic nonelectrolytes on‘nongolar
re51ns such as XAD from aqueous/organlc solvent mlxtures
"has been shown to occur by adsorpt1on [114 -120]).
| 'Generally speak1ng,‘adsorptlon of a sample molecule
}f1ncreases w1th the surface area of the re31n (114 120],

v
the size and number of nonpolar substltuents in the

V:fmolecule [114 115] and w1th increa51ng percentage of watervﬁ

T

93 1../>
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in the solvent [120-123]. Addition of an inert
eledtrolyteh(e.g.‘Naél) td the,solvent, at concentrations
below about 0.1 M, typically has a slight effect .on the
sorption of neutral species [123,124). > Enhanced
adsorption of nonelectrolyte;lhas been observed at ionic
strehgths above about Q.1 M, the effect being ascrlbed to
{"saltlng-out" (123- 125] N |

| ‘Amberlite XAD-2 not only adsorbs neutJal molecules,
-it also adsorbs organ1c ‘ions. . Several 1nvestlgators
[114,119 120 123] have reported that weak ac1ds and bases
are usua&ly much less strongly retalned on XAD as the
"anionicor catlonlc spec1es«than as the neutral form. The
dsorptlon onto *XAD of ‘aliphatic and aromatic sulfonates
[ll5,120,126],;carboxylates (120,127,128], organic
emmonium ions‘[l2b,123], ehiho‘acids and peptides [129]

- .and metal'complexes [lﬁO] has been studledf ‘Generally,

.~ the extent of adSOrptionlof'the ionic speoles ontohthe XAD
resih Qas foohd to;inorease with increasing‘cohcentrationv
of 1nert electrolyte in the solution.

The sorpt1on mechanlsm for organlc catlons on XAD has 4
been StUdlEd by Cantwell and Puon [112} using sorptlon
isotherms and mlcroelectrophore51s. The results from both
'h\experlmental techniques were quantltgtlvely exp1a1ned in §
terms of the btern-Gouy—Chapman (SGC) model of the |

electrical double layer,< The model has also been shown to _i~

' ] o g e ‘ ' . . . o



N f
describe the retention of organic anions on XAD [112].
According to the model,.the distribution coefficient of an
ion depends upon the electricai potential at the resin

surface. Consequently, linear sorption isotherms and

95

'symmetrlcal chromatographic peaks are only obtained 1f the -

1 4

surface potent1a1 does not vary. with the amount of sample

ion adsorbed. This condition is achieved experimentally

either by using very low sample concentrations so that the

electricai surface potential is close to zero or by adding

a sufficiently large excess of a second adsorbed organic

A~

ion (potential determining ion) to ~the mobile phase that

the adsorbed sampie ion makes a negligible.contribution to
\ -
the surface charge. By choosing‘either an organic cation

or anion to control the surface potential, the
chromat;araphic retention of the sample ion may be either

, ¢
-enhanced or diminished.

In such a system, sorpt1on of b&ih the sample ion and-

the. potent1al‘determ1n1ng 1on depends on the ionic

strength 1nfthe mobile phase [131]. Consequently the'I

g!surface charge_density of the adsorbent varies:withhionic
"strength..fAs an alternativeotovgenerating'afvariabie
surface charge density by addlng a .potential determ1n1ng
"1on, a constant surface charge den51ty can be produced on
'the adsorbent by covalently b1nd1ng ionlc functional
groups to the resin surface, thus convertlng the XAD to a

NV

low capacity ion exchange resin,
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Afrashtehfar and Cantwell [132,133) attached

a5

quaternary ammonium groups to. about 5% of the_sgrface
phenyl rings of XAD fesin‘tc create a low capacily (45
veq/g) surface quaternized ion exchanger. Using the SGC
mcdel of the double layer, chromatographic retenticn deta
.forran organic counterion was shown to be gquantitatively
accounted for by two processes: ion exchange of the
sample ioa*fcr other counterions in the diffuse\paitfof
the double layer, and adsorptiOn on the resin sgfface.
Surface adsorption is sirongly‘influenced by the surface
potential (112] whi{e ion exchange ie independent?of
potential. |

Inethe preeent work the mechanism of retention of
organic cations on.a‘low capacity cation ghchanger_(SXAD),
synthesized by ;crface sulfcnation of XAD, has been
investigated by studylng sorptlon 1sotherms of sampie
ions. In orde; to fac111tate these measurements .a pre-
‘column equ111bratxon techn1que has been developedc
rphapter 2 presents ‘the. theoretxcal foundatlon, Ln tehps kﬂ
the SGC model ‘and double layer ion exchange, for ;.” {,J

VT *

;understandlng the 1on1c retentlon mechanlsm._ Chaptgr 4

ey

nges‘the exper1mental results, which serveu;o val;@qtg

the use of the ion exchange/surface adsorption model to -
‘explain the retention_cf caticns on a low capacity cation

-

‘exchanger.



CHAPTER 2

THEORY

u

Chromatographic reténtion of ionic species on iow
_capacigy macroporous ion exchange\résins such as SXAD can
be viewed as a'phénbpénonioccurringvin tQ£ electrical |
double iayer at the éopbent/solution interface. Two
mechanisms are proposed to account for the sorption of
ionic species: ion exchaqée in the "diffuse part (vide
infré) of the dohble'layer;énd adsorption ontd the sugface
of the resin. . The necessary concepts from eiectrical
double li?er theory are presented in Section 2.1.1 and
- subsequenély épplied in ééctions‘z.i.z a’ndl

2.1.3 to“
" develop the chromatoqraphic‘tetgﬁtion equations. =\

To test the proposéd sorption'mee@anism,_it was
necessar§ té develop an experimental technique capéble of
meaéuriAQ the‘distribdtiqh éoeffiéient»f§f strongly sorbed’
sample jqnsf .The<£heoret{:;I\basis of this techﬁiQue will

‘be discussed in the second part of this chapter (Section

3.2).

e 97 7
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2.1 Proposed Model ',

. | »v h/

2.1.1 Electrical Double Layer Theory

The most'widely used quantitative treatment of the

electrical double layer is Stern s modification [134] tof.
(8

the model proposed by Gouy [135] '‘and Chapman [136]. The,
Stern-Gouy-Chapman (SGC) model has been reViewed in

several places (137- 141] and a concise summary may be ¢

¢

found-in:Shaw s book - [142]. The essential features of the
SGC model will be presented in the following discussion of
the'SXAD/sglution interface. | .

“The SGC model provides the following description of
the interface between thevSXAD surface and an electrolyte‘
solution (Figure 16). The surface of_the resin is‘makenh
‘to be a ffat; impenetrabie wall, The'electrical charge of
gthe covalently bound sulfonate groups 1s assumed to be

uniformly distributed (smeared) over a mathematical plane

'denoted as the "charge surface . -

w

The SXAD particle and solution taken together are

[

electrically neutral, consequently the negative charge on

‘ the particle surface must be neutralized by an excess of

-

p051t1ve charge resulting from a redistribution of 1ons in

b ‘ A

" the adjacent solution phase. fThe surface'
electrostatically attracts 1ons of opp051te charge
(" counterions r €. g‘ Na ), cau51ng their concentratlon

near the surface to be greater thap that in bulk | »}ﬁv -

e

s
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Figure 16. Dlagram of ‘the interfacial reglon between a’

sulfonated Amberllte XAD—2 SLXAD) bead and an,-

aqueous electrolyte solutloﬁ
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solution.f At the séme time, the surface repels iOns of
like charge ("coions", e.g. C1”) so that their \//r
concentration is depleted hear the surface. Superimposed
on these'proceSSes are random thermal motions which tend
to cause counterions to diffuse back into bulk solution
and coions to diffuse towards the surface. This causes
the region of excess positive charge in the solution
adjacent to the surfaceito be thicker than it would be in
the absence of thermal agitetion. Hence it isbreferred'to
) . DA
as the:"dlffuse“ part of the double-layer. )
Assuming they are‘nonadsorbed/ ionlc species can
approach the charge surface only to within about a
vhydrated ionic radlus. This plane of closest approach of
hydrated ions is called the "Outer Helmholtz Plane" OHP
[137]. The OHP thus d1v1des the electrlcal double layer
into two parts. the compact" part wh1ch extends from the
" charge surface to the OHP ahd tﬁb "dlffuse" part Wthh
1ncludes‘the‘OHP and\extends from it into bulk solutloh.
‘ Couhterions mayvbecome.speCifically adsorbed ontonthe
'resih‘surface, losihg'part,of;their hydration shell' in the

process. The driving forces for adsorption onto the

L

& o

The "bulk SOlUthh" is a, region in- solution sufficiently
far away- from the charge surface that electroneutrallty
prevalls throughout 1t at the m1croscop1c level.
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surface may include some or all of the following:

B N ,“:
: éﬁpulombic attraction, van der Waals forces, hydrogen

.-.‘\_3'

vbonding and water structure effects [143,144). For the

?ﬁé%purposes of this study, the centers of the specifically

&)
<
%‘y.

¥ adsorbed ions are considered to be in the same plane as

T

i the charge surface.
e ‘

: Two contributions to the electrical charge density of
the surface, o5, must be considered: covalently bound

@

charge sites (i.e. -5037) and specifically adsorbed
jons. In the present work, the number of specifically
adsorbed ions is kept much lower than the number of fixed
charge sites on the resin. Consequently for the purpose

of this work the surface chd%ée density (coulombs/cmz) may

be calculated from the eguation:

2. .F.0
o = Rt (32)
A .10

sp’
where Zp is the valence (including sign) of the fixed
charge sites (Zi = -1 for -503—), F is the Faraday

constant, t is the ion exchange capacity of the resin

Owg
(meq/g) and Asp_is the specific surface area of the resin
(Agp = 3.3 x 106 cm?/g) for SXAD (112]).

The electrical potenﬁial v(x) at a distance x from

the charge surface is defined in such a way that ey(x) 1is

the reversible electrical work required to transport an



102

elementary charge e from bulk solution to the point x.
Consequently the electrical potential of bulk solution 1s
taken as zero,‘and ﬁhe electrical potential at the surface
¥, may be expressed as the sum of the potential across the
compact layér,lwo - Ypoypr and the potential across the
diffuse layer ¥gyp- BY treating the two parts of the
double layer separatély (see below), ¥, may be related
both toagthe surface charge density and to the distribution
of ions in the interfacial region.

The compact part of the double layer may be treated

as a parallel plate capacitor with one "plate" at the
charge surface and *he second plate at the OHP. The

potential in volts across this "capacitor” is given by:

o]

lo

(33)

o ~ Youp ~ C1

where the surface charge density o, is calculated from
equation 32 and the specific capacitance Cj (Farads/cmz)
is given by:
. eg®
C1 = Z7a | (34)
The permittivity of the compact layer €€° is equal to the
product pf'the unitless dielectric constant for the pure

bulk solvent € (78.52 for water at 25°C, ignoring

dielectric saturation effects (141)), and the permittivity
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of a vacuum e° (1.112 x 10-12 Faréd/cm). The thickness of
the compact layer, d, is taken to be equal to the hydrated
radiué of the principal counterion (e.g. Nat). This
thickness d, and consequently the capacitance C, are
assumed to be invariant with changes in electrolyte
concentration i112,145,146].

Ouantitative treatment of the diffuse part of the

double layer involves considering the manner in which
charge (counterions and coions) j:;\\lectrical potential
are distributed as a function of distance from the OHP.
These two factors'age interdepeﬁdent as the following
diécussion shows.

The concentration of an ion i in the diffuse layer ét
a distance x from the OHP is given by the Boltzmann

distribution equation [137]:

. ~Z2.Fy(x)
Ci(x) = Ci exp(——iﬁf——~)

where C; is the concentration of i in moles/liter in bulk
solution and Z, is the valence (including sign) of i. The

numerator of equation 35 i1s the reversible electrical work

(joule/mole) required to transpoft i from bulk solution to

point x. Equation 35 indicates that the highest
concentrations of counterions (2, = 1) and the lowest

concentrations of coions (24 = -1) are found in regions of

(35)

103
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;the diffuse layer where y(x) has its maximum negative
value. ‘ '

In order to de£ermine the actual distribution of '
counterions and coions as a function of distance from the
OHP, it is necessary to consider the electrical iécreening
effect” of electrolyte ions on the potential which is seen
by a given ion in solution. This screening ef fect may be

quantitatively expressed by the Poisson equation [137]):

GZW(X) = _(4_'"_)

2

!z, FCi(x) (36)
dx ‘ ee® 1

which indicates ‘that the rate of change of the potential
gradient dzw(x)/dx2 at a distance x from the OHP is

proportional to the excess positive charge at that

point, | 24+ F Cj(x). Consequentfy‘the potential varies
1 _ 0 :
linearly with distance in regions of the double layer

N

where the excess charge is zero (i.e. the compact

layer). On the other hand, in the diffuse layer the -

poténtial versus distance ﬁiot is curved, the curvature
increasing with the excess positive charge in a given.
region. = (
Combination of equations 35 and 36 gives rise to a |
sécond order differential equation which can be solved for
v(x). The resultingfeQUations (Equations 7.4-7.6,7}3 of

reference 143) have been used along with equations 32 and

o
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35 to calculate the data for Figure 17, in which the
coécentration of counterions (labelled C,) and coions
(labelled C_) aré plotted as a funétion of distance from
the OHP. Concentration profiles were calculated for two
different electrolyte concentrations (c = 0.1 and 0.5

® mol/1) éssuming Owgt = 0.056lmeq/g, g = -1 ana Asp = 3.3
xl106 cmz/g. The horizontal dashed lines in-Figure 17
represent the concentration of cotinterions and coions in

the bulk solution.. Consequéntly the total area between

'I(\

the dashed line of curve 1 and the curve labelled Cs
represents a positive "surface excess" of counterions in
the diffuse layer, T, 'p;. On the other hand, the area
between the dasﬁed line and tﬁe C_ curve represents a
negat@ve "surface excess" (or absencé) of éoions in‘the
diffuselayer‘F_'DL. Heré'thg‘"surfgce excess" r;,DL is
‘defined as the humbér of moles of i in the diffuse lafer
adjacent to one square centimeter of su;face; which are in
excess of the'number of moles of i which would be in the
same volume of solution if éhere were no interactions
between species i and the surface.
In the absence of specifgc adsorption, the electrical
charge due to the fixed charge sites of the surface (i.e.

4805‘) must be balanced by an equivaient exceSs of

counterions relative to coions in the diffuse layer:
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Concentration C; (x) (moles/L)

{3

g [ ) . 1.

00

A Figure 17,

I , 2 I T 4 5
Distance from OHP (nm)

)

Concentration of counterions (C,) and coions

(C_) as a function of distance from the Outer

Helmholtz Plane. Data for a ,SXAD reéin,with

" Qugt = 0.050 meq/g'and‘aqueoﬁs NaCl
glectfolyte;(d = 4.7 x\lO‘B'cm). .c = 0,100 M

(curve 1) and ¢ = 0,500 M (curve 2).
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0o = ZF(Ty p, - T-,pL! (37)

Here 2, the valence (without sign) of the counterions and
‘coions is equal to . l. The term (r+,DL - r-,DL) is

represented by the total area between the C; and C_ curves

/?igure 17.
Reeves 1147] has glven r, , DL and T'_ ,DL as explicit
functions of VouP" Substltutlng these expreSSLOns into

eQuatien 37 and solving for Youp ylelds:
. . g 4nc . L
. R 2RT . "'1 ‘0 T ZF . :
Youp = (zg) sinh [(m) (TR—T)] | (38)

where R is the un1versal gas constant (Joule K~ lmole~l), T
is the absolute temperature. sinh™ 1 is the inverse

hyperbollc sine function [148] and x is given by:

022

- 1000 ee® RT

with ¢ be1ng the electrothe concentration (1on1c

¢

strength) (mole/L) 1n bulk solutlon. When ZWOHP is much
smallen than about 0 025V at 25°C, the Debye Huckel |

"approxlmat1on [142] may be. applled to equatlon 38 glv1ng

_ .lwd‘ A . ‘
‘ L m 0 o O , R P Ny

)

8rZ"F"cC ‘)1/2 “ . o o (39)
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from which it is seen that, at low potentials, the diffuse
part of the double layer has the aame capacitance, C,, as
a parallgl plate condenser w1th distance 1/« between the -
plates. Phy51cally, 1/x is also the d1stance from the OHP
at which ¢(x) has the value ¥gyp/© (142].

when the ionic strength c is constant, the
“thickness" of the diffuse layer, 1/x i; also constant
~ (equation 39) and ¥oup increases linearly with og. Oh the
.-other hand, since’ 1/x is proportlonal to c”1/2, increasing

the ionic strength causes the thickness of the diffuse

part of the double layer to decrease (compare curves 1 and’

2, Figure 17);‘ In these studies where o/ is maintained at
a constant value by the ion exchange capacity of the resin
| ngt'(equation 32),,with specific adsorption of, sample ion
‘maklng a negllglble contr1but10n (i.e. at "trace
condltlons , see below), th1s compression of the dlffuse
"patt of thevdouble 1ayer results in a proportional
u_decrease in WOHP (equatlon 40).

The electr1ca1 6otent1al at the charge surface, *o'

can now be glven as the sum of the potentlals across the

compact layer (equatlons 33 and 34) and the dlffuse layer

—

(equat1onsk38 and 39),

o, 2RT _. . =1-[, 500 y1/2 -1/2
2 ".,‘f"',smh‘ .»[(m)/ ey .‘/_ ] »(,41;)
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This expression, valid fér all values of ¥gyps has been
plotted in Figure 18 for several values of o, (éalculaied
f rom Qugt using equation’32) with C; = 1.48 x 1074
Farad/cm2 (calculated from equétion 34, using d = 4.7 x
1078 cm as the hydrated radius of Nat [57]). The first
term on the right side of equation 41 can be restated as
Yo~¥oup and is a constant for a given bagch of’resin,
while the second term is equal to ¥gup and approacﬂes zero
with increasing electrolyté“ébncentration c. The rate of
deéréase in ¥4 with“increasing C, séen in Figure 18, is’
gradual at values of c above 0.1 g_witﬂ Vo approaching a

value of ¢,/C; at large c.

2.1.2 Sorption on a Low Capacity Cation Exchanger

1\ .

2.1.2.1 Ion Exchange of a Counterion

On surface sulfonated»cationfexcﬁange resins such as
SXAD, ion exchanée may be viewed aé;a ¢ompetition,between
sample cdunterions 0% and electrolyte counterions M*Y (e.g.
Na%*) for a position in the difque part of'the‘eiectrical

double layer. The exchéngé reaction may be represented‘by

//,,—\\\ihe equilibrium:



, i : ) S| I 1
0 102 04 . 06 0.8 10
¢ (moles/L) ‘

2

Figure 18. Dependence of electrical potential at the
charge surface, y,, on ionic strength c. NaCl
electfolyte (d = 4.7 x 1078 cm). Numbers on

chrves give ngt in‘meq/gQ

110



+

in which counterions in the diffuse part of the double
layer are indicated by a subscript DL and counterions in
the bulk solution have no subscript. .The equiligtum
constant or "selectivity coefficient” [14§] for the above

ion exchange reaction may be written [133]:

)
!
®
*
O

|

Kot /mt

«

:Here tQ+:DL and rM+,DL are ‘the respective surface excesses
(moles/cm?) of 0* and M* in the diffuse part of the double
layer,‘[o+]»and (M*] are the respective bulk solution
concentrations (moles/L) and ”6+,DL and “;+,DL are the
standaga cﬁémical‘poteﬁtials for the transfer of 0% and M*
from bulk solgtién into the diffuse layer. Since both |
ions involved‘are univalenty ionic'activiﬁy coefficients
are assumed to have cancelled out of equation 43 [150].

| The ion exchange contribution to chrohatographic
retention of a sample counperioan+ may be expressed as a
distribution,coefﬁiéient, which is the ratio of -the
conCentrétion of 0% in the diffuse layer, To+,pL tO that

'in‘the bqlk soiution, [Q*], For symmetrical
"éhromatograbhic peaks it is necessafy that the
dis}ribution_coefficient of 0% be in§ariant Qitﬁ Changés
in [0%) [15l]. ItciS'apparentifroh-eqdatibn 43 that‘this

'y 4
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‘will occur if the number of moles of Q% added to the
system is much smaller than: (a) the moles of ion

. /
exchange sites on the resin and (b) the number of moles of

M+, so that rM+,DL and (M%) do not chénge significantly
with sorption of small amounté of 0% (equation 43). Under
these "trace conditions" of ion exchange [152], the total
counterion surface excess, r&,DL' and the total coion
surface excess TI'_ p;, can be approximated by T+, DL and
rCl’,bL' respecfively; Introducing these approximations
“into the electroneutrality condition»(equation 37) and

lettlng a be the fractlon of the surface charge density o,

whlch is neutralized by“a positive surface excess of

counterions (S8

&

Substitut ffor Iy+,pp in equation 43 from equat}on 44;

noting thilinder trace conditions (M*] is equal to the

ionic.Str; :"h ci and multiplying To+, pL by the Specifié‘

>$urface al ﬁ3of the resin in cmz/kg, 103-Asp, to glve the

’concentr3f:on of sorbed oY in units’ of moles per kllogram
 of reSiniﬂ fvm@,r1se to the equatlon for the dlstr1but10n

coefficieht of o%:

 below), allows I+, pL to be expressed as:

(44)
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( 3. . 30 . L) .
10 Asp*To*,pL _ ) 107 +Agp a0y Kot /y+ (a5)
(0*] ’ Z+Fec

Ko*,1EXx ~

Equatién 45 shows‘that the ion exchange distribution
coefficient for Q+ varies'inVersely‘with ionic strength c,
is. constant if ¢ is kept consfant, and increases linearly
as the ion exchaqge'equilibrium cantant, Kot /Mt
increéses. Since Z = 1, and o4 is negative for a cation .
, exchangé;, the distribution coefficient, Ko+ ypx is always
positivé. Tﬁis is in agreement with the behaviour
predictéd and observed for ion exchangers under trace
conditions [149].

The quantity a in equation 45 was introduced because
only this.fnaCtion of the-surface'cﬁarge densfly g, 1s
neutralized by a poSitive‘excess of counterions in the
diffuse layer, T, pp. the remaining fraction (1-a), of oy
is neutralized by the absence of coions (negative surface
excess), r_'DL. If‘the ratio of these two surface
excesses is denoted by B, then accordihg to Grahamel[137]:

-7 , exp (-2FV,, 5/ 2RT) _,1

Bz —t— = = = - (46)
‘ r-,DL exP(ZFwOHB{ZRT).— 1

;andﬁ‘@ ¢can be calculated from:

os k- A € ¥ 2
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When szHP << 0.025 V at 25°C, the Debye-Huckel

approximation (i.e.‘exp(ZFwOHp/zRI) ~ 1+ ZFwOHP/ZRT)

~

(142} may‘be used to. simplify equation 46. Under these

conditions, the surface charye density o, is balanced by‘

equal contributions-from r+,DL and r_,DL, thus 8=1 apd
a=0.5. On the other hand when ZY0up becomes large (i.e.
several tenths of a volt) the exclusion of coions from the

diffuse layer is negligible compared to the surface excess

of counterions. In this case B becomes a very large

~number with increasing Voyp and the fraction a approaches

unity. Singe the Debye—HucgeI épproximgtibn results in a
consfdefably simpler treatment of the élgcfrical double |
layer, it is oftén extended to the range Ziygyp < 0.025 V,
where it is still accurate to within 10% [112,132]. This
condition (i.e. Zygyp ¢ 0.025 V) is fulfilled for all

experiments which have been performed, congequently for

this work the valﬁe of a in equation 45 can be aséumed~to

~
be egual to 0.5.

2.1.2.2 -Surface Adsorption of a Counterion
THe adsorption of a counterion 0% onto ‘the .charge

surface of SXAD méy be represénted-by the equilibrium:

4

-

o* 2 (0" )aps N €12
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Since the electrical double layer, taken as a unit, must
have a zero net electrical charge, this process must be
accompanied by either the expulsion of a counterion from
'the diffuse layer or by the transfer of a coion into the

diffuse layer from bulk solution:

+ + + .
(M )DL +« M ) (49)
cl1™ 3 (C17)p . (50)

{f when 01 is a moderately large organic igdiégd Mt is a well
“hydrated inorganic ion such 4&s Qa+,\5é3é;ions 49 and 50
can be assumed to be energetically equivalent [133].
Under these conditions the distribqtion coefficient for
adsorption of ot may be written in the form

L

(133,137,150,153]):

30 . /’ N
Q" ,ADS + N
(01,
A . csynt+d - T LLFY + pR+ .
S Q +* Yo ,ADS .
= 2P ¥ exp(- © ) (51)
YO+,ADS RT

whlere d is the thickness of the compact layer (cm), and

2.

103'Asp'r0+,ADS is concentration of Q+ adsor%ed onto the

charge surface of SXAD in moles per kilogram of resin.

| »
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The numerator in the exponential term is the free
energy (Joule/mole) required to transport ot from bulk
solution to the charge surface. Two cohtributions to this
sorption energy are apparent: the electrical work
required to transport 0' to the charge surface, 2,95, and
the standard chemical potential for adsérption ud*, ADS*

The value of the adsorption distribution coefficient
.for 0% is affected by Yo*,ADS and Ygts the respective
activity coefficients for O* on the surface of the resin
and in bulk solution. The reference state for Q0% in bulk
solution is taken to be infinite dilution in pure water.
This allows 1ot to be calculated from the Debye-Huckel or
some simdilar equation.

Initially, the logical choice for reference state for
adsorbéd o' ions would appear to be infinite dilution of .
adsorbed 0% on the surface of the neutral (unsulfonated)
XAD resin. With this choiée of reference state, and using

8 T
~the treatment of Lucassen—Reynders»[154l, Stranéhan and
Deming [155] have given the foilowing expression for the
activity coefficient of 0% ion adsorbed on a surface

. of ionic charge sites:

bearing a mole fraction xJ

wX .
exp (——dl) . (52)

Yk _
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where w is the energy of interaction between the adsorbed
0% ion and the surrounding charge sites (both those on the
surface and those in the adjacent solution phase). This
expression is not ;pplicable to the presently reported
studies, for two reasons. First, the interaction energy
term w, includes all éf the electrostatic contributions to -
the free energy of adsorption. However part of w, the
electrostatic energy required to transport a 0% ion from
bulk solution to the charge surface, is explicitly treaped
in SGC‘theory. Consequently use of equation 52 in the
present studies Qould result in the same electrostafic

term being couﬁted twice. Even if w was redefined to
include only those electrostatic effects not treated by

SGC theory, the second'problem of a lack of a satisfactory
way of estimating the redefined o terﬁ would :émain.
Therefore, in the present studies the reference state for
adsorbed 0% ion was taken tolbe infinite dilution on the
particular batch of SXAD reéin being used, réther ;Han on
the surface of unchargeGXXAD. Then, by definition, at low-
Fo*,aps values, vo+ aps = 1. This aéfinition of Yo+, ADS

is equivalent to incorporating the wxj term of equation 52
into the chemical potential for adsorptioﬁ uaf'ADS. Since
this additional term wxj will vg}y yith the ion exchanﬁé
capacity of the resin (i.e. Xjy), values of “5+,ADS

obtained on different capacity SXAD resinsd are not

strictly comparable.
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Evaluation of the adsorption contribution to the
retention of a sample ion is greatly facilitated if the

experiments can be performed under trace conditions. The

criteria for. trace conditions for adsorption are the same
as those given for ion exchange: moles of 0t << moles of
iQn exchange sites on resin and moles of ot << moles of
M*. Under these conditions vg+ apg = 1, the surface
charge density o, and the electrical potentials y, and
"Yopp are all independent -of the small amount -of o*

adsorbed.

2.1.2.3 sSurface Adsorption of a Coion

An expression analogous to equation 51 can be written

for the adsorption of a sample coion S :

Y

3. T
_ 107+Ag, Ts~, ADs
Ks=,aps ~ =
(s ]
A d Z_Fy o
sp'¥s™* -F¥o * ¥57,ADS
- P > exp(- ' ) (53)
Ys™,ADs RT |
In this case Z_ = -1, consequently the distribution

i

coefficient Kg—, ADS decreases as the surface potential y,

becomes increasingly negative.
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2.1.2.4 Exclusion of a Coion

Electroneutrality requireé that the surface charge
density o, be balanced b§ both a positive surface excess
of counterions, T, p;, and a neyative suffaqe excess of
coions T_ pp. When a sample co}on S” is present in
solution in éddition to the electrolyte coion Cl17, both $~
.and Cl1” will make a contribution to r_'DL.\ As in the case
of ion exchange of counterions, we can speak of S~ and Cl1~
competing for a position in the diffuse layer. The
"

situation may be represented by the following "ion

exchange" reaction:
ST + (C17)p ¥ (ST)py + C17 | (54)
The equilibrium constant for this reaction is given-by:

| . .
I‘ - .[Cl-l He=- —’u -
s=, DL s=,DL ~ ¥“c1-,DL
Kg- /01= = —=— = exp(- : —)  (55)
/¢ T sTyLT R
“Tc1”, oL T

Both fs’,DL and Tcy- pp, are negative, thus the equilibrium
quﬁtant.xs—/Cl- is positivef

The distribution coefficient for S~ due to this
procéss may be quived in a manner analogous to that used
in the\derivatioh of KO*}IEX' The figal gquationr'§§(Ch
applieé qndef trace conditions (i.e. TS—}DL << Tey-, DL and

Is”] << [C17]) is:

119
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10 'Asp'rs""DL _ 10 ‘Asp'(l"a)'uo Ks"/cl (56)

)

KS"?XC i (s}  Z.F.c
Here (1-u) is the fraction of the surface chaf e density
o0, which is neutralized by the exclusion of éoions frdm
the diffuse layef, For thi§ work, the low potential
approximation of (l-a) = 0.5 is used (see p. 114). Since

o, is negative for a cation exchahger, while Kg=/c1” 1s

o)
positivé and 2 = 1, the distribution coefficient is less
than or equal to zero. In other words, 103-Asp-rs—'DL/[S‘]

'is the distribution coefficient for the nqgative sorption

of S°. Since this process corresponds to the process of

"coion exclusion" or "Donnan exclusion" in gel type ion

exchangers [149], ‘the distribution coefficient has been

denoted by KS“,EXC'

-

2.1,3 Dependence of Sorption on Ionic Strength

)

2.1.3.1 Sorption of a CoUﬁtérian L
‘The distribution coefficient for sorption ‘of a sample
'cohnteridn, Q*, oﬁ'SXAD is equai to_the;sum éf the
distribution coefficients for the ion exchange and -

adsorption contributions:

Kot = Ko*,1Ex * Xo%,aDs | | o (57)
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Substitﬁting equat%pns 45 and Si inFo equation- 57,
incorporating ﬁﬁe Debye-Huckel approximation for a (which
is valid for ¥oup < 0.025 Vi see p. 114) and noting that
YO+LADS z 1 ag‘tracé conditions gives: | |

!

‘. 30 ; [ v
10°-A 0o Kot mt

- - - 8P
Ko* = .
2.2.F.c
Z,°Fey TR .
_ ot o *Q",ADS
+ Asp-yo+’dtexp( ) (58)

R.T

The ion exchange éontribUtion to the retention of 0%,
. given-b§'the first term on the right. side of'e@uation 58;
is proportional to c~! and therefore decreases with
increasing ionic strength. Sigce the surface potential v,
is é decreasiﬁg”functiOn of ionic strength (Figurele,
_equatipn 41), the adsorption contribution to Ko+ algg
 'diminishesLas c incféasés.‘ However, the functional"
dependence of the adsorption tefm-bn ibnic strength is_
differeht fromgﬁhe el dééanehce df the ion exchange

term.

2.1.3.2 1SOtQti6n of a Coion
Retenfién of'a”sample coion 8~ on SXAD is also
described in terms of two processes: ion'eiQIUSidh and
’ surfacé adsprptioh;. In this casé the ‘overall distribuﬁioh

coefficient for SOrptfgn of S~ is given by:
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Kg- = Kg—,gxc * Ks—,ADs (59)

Substituting equations 53 and 56 into equation 59,

using a = 0.5 and Yg- apg- = 1 as done previously for the

sorption of a counterion, gives:

3 L ] . 3 [ ] -
107 «Agp 05 Kg—/C1
2¢Z2+Fsc

“Ks_=

o .
Z_*F*¥o*¥s™, ADS

AN
+ Asp!ys-°d-exp(- ) (60)

ReT

This equation is very similar. in form to equation 58 for

" retention of a counterion on SXAD. However there are two

R\

important differences which arise because counterions are

 positively charged (Z, = 1) while coions are negatively

‘charged (2_ = -1). For a counterion, the ion exchange

contribution to Ks+ is always positive, and both the ion
exéhange and adsorption contributions to Ko* decrease with

increasing ionic strength. In contrast, the ion exclusion

»cdntribution to the retention of a coion S~ (first term on

right side of'equation"GO)'isvnegative, and increasing the
ionic strength leads to an.increased ‘sorption of S~ du€ to
both the ion exclusion and surface adsorption terms.

f ’ ,
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2.2 Sorption Isotherms

In fundamental studies of the retention of chemical
compounds on chromatographic sorbents, the experimental
data are often presented in the form of a sorption »
isotherm (Figure 19), in which the concentration of the
compound on the sorbent, Cg, is plotted Qersus its
conéehtration in the mobile phase solution, Cp. At any
point on the 1sotherm, the dlstrlbutlon coefflcxent K, is
equal to the slope of the stralght line whlch joins that
Apoint to the origin. Consequently, the sorption isotherm
indiéates the manner in which the distribution coefficient
Iéf a compound varies with its concentration in solution.

Sorption Léothe:ms may have widely differing shapes
‘depending upon the physiochemical mechanism responsible
for reténtioh (156]), however .in all cases the isotherms
abproach-liﬁearity when C.-and Ch become sufficiently

\
small (Figure -19). The réquirements for linear éorption
isogherms are; (i) the CSncentration of the sample on/in
~ the sorbeht, Cs,~is small compared to the concentration of
"sorption sites” and (ii) the concentration of sample in
‘the mobile phase, Ch. is small' relative to the
_concéntéations of all other éomponents in the mobile
phase.t These, it will(be’recbgnized, are a more general

statement of what was defined above as "trace
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Figure 19, Hypothetical sorption isotherm (solid
curve). Slope of dashed line is equal to the
distribution coefficient, K, at a given point

on the isotherm (see text).
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conditions". Hence, under trfce conditions the isotherm
is ‘linear gnd thus the distribution coefficient is a
constant, unaffected by chanyges iﬁ Ch-

S Techniques used for measuring sorption isothefms for
gas chromatography have been extensively discussed by
Huber and éerritse [157) and by Coggfr and Ybuﬁg [158],
and fheir £Lxtension to liquid chrom;togfaphic systems have
been discussed by Dondi et al [159] and by de Jong et al

....

[160]). .Although terminoloyy diffe
authors, these techniques ﬁay be broadly divided into two‘
categories: equilibrium techniques and non-equilibrium
techniqugg. ' . .
Among theg&én-equilibrium.methods are those employing
the maxima of eluted peaks (i.e. elution chromatography)
{159-162) and those using the breakthrough profile
[159]. Equ@librium mgthods include batch (static)
equilibration [159-162], a column-recycle technique which
‘is ; type of batch equil;bration [160,163], and column
equilibration [159]. Only the mést widely used of these
technidueé will be discussed here, namely: elution
chromatography, batch equilibratiop'and COIUmn
equilibration, &

D

In elution chromatography, the sample compound is

introduced to the inlet of the sorbent-paéked column as a

narrow. zone, which migrates alonyg the column at a rate



dependent'onjA hbution coefficient and the velocity

Provided the concentration of the

of the

injected‘ ?» o ifien is low enough to ensure that the
linear f{ fﬁe‘sorptiOn isotherm is involved, the
distributi ”E&cient is given by the equation [164]:

(61)

where the gatographic retention volume", VR, is the ’

volume (L) ofl Lbile phase required to transport the
m15p01nt of the sample zone the length of the sorbent bed,

wlL) of moblle phase contalned within the

Vi is the volum

packed column, j ”»s is the weight (kg) of sorbent “in the

column.

.

When, as in the present investigation, it is

‘necessary to measure distribution coefficients for

strohgly sorbed species at low concentretiens, the elution
method discussed above i; unsuitable. The two principai
prebleﬁs are.long réetention times and finite detection ~
limit. As the,dist;ibution coefficient increasés, the
migration velocity of the’sample\zone on'the’column
decreases, resultlng 1n a larger retentlon volume VR and

longer retentlon tlme.‘ More, strongly retained peaks are

3
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broader and shorter, and tend to become buried in the
baseline detector noise. Use of higher sample
concentrations'@@éproduce detectable peaks places the

sample on the nonlinear porfion of the isotherm.

127

The second commonly used technique for measuring *

- \ - .. -' - ' - 3
isotherms is batch equilibration. 1In this technique a.

known weight of sorbent is added to a solution of the
sample compand and ‘the mixture is agitated at constant
témperature until phase distribution equilibrium is
achievgd./ The number of moles of sample compound sorbed,
and thus the distribution coefficienp, may be calculated
from the concentration of the samplé compodnd in.solution
before and after addition of‘the sorbent. Alternatively,
the.concentration of sample compound on fheysorbent may be
" determined directly after filtering the solution,from‘the
sorbent and\elutihg the'sample compound with aﬁ
appropriéke solvent. - In confrast tb elufian
chromaﬁography, batch'methbds are not*kgmited to
ﬁeasuremenf_of'relatively small (i.e. &;{‘102 L/kg)
distributionfcoefficients in the linear”fegion og the

sorption isotherm.

A third technique for measuring sorption isotherms is

" the column équilibration methoé%nwhich will be discussed
now. Consider a chromatographic column cbntaining a known

weight of sorbent, ws,-through which a mobile«phaée
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solvent is being pumped. = At a specified.time, a second -
portion of the moblle phase solvent containing a known . .
concentration of the sample compound, Cy+ is directed
through the column by switching a valve. If the compound
is not retained on the sorbent, this‘step—change in sample
concentration. (referred to as the "front" of the sample

o
zone) mlgrates through the column at the same speed as the .

solvent, emerglng from the outlet after one column volume,

\Y of solutlon has been pumped through the column,

s
However, if the GOmpound is retained the sample molecules
spend part'of their t}me 1mmob1llzed‘on the sorbent and
the front ot the'sample!ZOne emerges from the column
outlet as a more or less diffuse, sigmoidal or gistorted
sigmoidal concentration step at eome retentiOn volume,vﬁ
(equation 61). A suitable detector monitoring the
concentration of sample in the column effluent would
display the "breakthrough curve" indicated )
dlagrammatlcally by the solid curve in Flgure 20. When
the plateau of the breakthrough curve has beﬁn reached
(es~g. p01nt X, Figure 20) the concentratlon of sample
Tenterlng the column (dashed llne) is equal to ::e
concentratlon of sample leav1ng the column. At thiﬂE
Y~point, a known wefght of sorpeht, Ws,_ls_at equilibrium

with a solution containing a known concentration, Cp, of

‘sample.
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O
3 .
>

Sample Concentration

Vi ' VR
Eluent Volume

Figure 20. Breakthrough profile for sample component
(solid curve¥y assuming the sorption isotherm
, : G : .
is linear. ﬁgghed line: concentration of
sample component, Cp, entering column. See

a

text for details.



Once the sorbent has been equilibrated with sample
solution, the distribution coefficient may be determined
as follows: The number of moles of sample retained on the
sorbent is measured. This 1s equal.to the total number of
moles of sample containéd in the column, N, minus the
number of moles of sample in solution contained in the
void spaces of the column, C-v,. Dividing this
difference by the weight of sorbent in the column, Wg,

gives the concentration of sample retained on the sorbent :

T m m (62)

The distribution coefficient can then be calculated as:

@)

K = —
“m

Determination of distribution coetficients using
equations 62 and 63 requires measurement of the total
number of moles of sample contained in the equilibrated
column, ng. Two ways of obtaining this information will
be noted here. When the concentration of the sample
componén£ in the mobile phase is high enough, and the
detection limit of the detector is low enough, then it 1is
possible to accurately monitor the breakthrough profile of

the eluting sample zone (Figure 20). In thisg case, the

oy
AN
; A
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value of n; can be determined from the total area between
the breakthrough profile and the horizontal dashed line.
This area may be calculated by multiplyiny the retention
volume of the sample, Vg, by its mobile phase
concentration, Cm [165). Alternately, as 1n these
studies, ny may be determined by eluting the sample
compound from the eQuilibrated column for subseguent
quantitation. When it is necessary to measure
distribution coefficients of stronyly sorbed sample
components at very low concentrations, this second
approach has the advantage, 1in that compounds with large
distribution coefficients are preconcéntrated on the
colymn prior to their elution and subsequent quantitative
determination.

In Part II of this thesis a small.pre—column was used
in place of the loop of a sample injection valve in order
to preconcentrate and purify trace amounts of sample
component prior to chromatographic analysis. 1In the
present work, a small pre-column packed with the sorbent
of interest (i.e. SXAD) is used in a related
chromatographic‘apparatus to measure sorption 1sotherms by
the column equilib;ation method discussed in the
preceediny paragraph. After the pre-column packingshas
been equilibrated with the sample solution, switching a

' \
valve allows the sorbed component to be eluted from the

I
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pre-column for on-line quantitation by high performance
liquid chromatography. The value of ng which is
determined in this manner can be used to calculate the

distribution coefficient for the sample component by using

equations 62 and 63.



e CHAPTER 3
EXPERIMENTAL

3.1 Procedure

Sorption isotherm and distribution coefficient data
‘for threé sample compounds (m-nitrobenzyltrimethylammonium
~chloride, acetaminophen and sodium p-nitrobenzenesulfonate),
were obtained by the precolumn equilibration method
described in Section 2.2. A schematic diagram of the
chromatograph is given in Figure 21. The pre—éolumn Cy
contains the sorbent (i.e. XAD or SXAD) to be
characterized. |

With the-éample injection valve V; in the “load"”
position (solid lines connectlng valve ports 1n Flgure
21), an aqueous solution contalnlng a known concentration,

!

C of the sample compound is pumped through column C, to

me
waste using ppmp P;. This process is continued until the
sorbent is totally equiiibrated with the aqueous sample\
solution (i.e. on the horizontél plateau.after the \
breakthrough curve in Figure 20). During this time, pump |
P, delivers eluent through valve V;, through a similar

injection valve V, fitted with a 20 uL sample loop L, and
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STANDARD

TO DETECTOR
Figure 21. Liquid chromatograph used to measure
distribution coefficients by the column

equilibration method.
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then throﬁgh the analytical column C, to a UV
spectrophotometric detector.

| Sometime after equilibration of the resin in Cy with
thg sample solution, valve V, is switched to the "inject"
pogytion (dashed lines, Figure 21). 'This allows.the
eluent to backflush Cy, eluting the sorbed compound off
the resin, through A2 aﬁd Vo, onto the‘analytical column
C, where it is separated from interfering peaks before
reaching the detector. The‘humber of moles of the‘sample
compound eluéed from Cy (including that in sample solution
contained in the tubing, in valve V; and in the column
void épaces)-is found by comparison of the area of the
peak eluting from C, with a calibration plot of peak area
vs moles of sample compound, The calibration plot is
obtained in a separate experiment by ihjecting a seriés of
standard solﬁtions of the sample compound using the loop L

of valve V,,

The distribution coefficient of the sample compound
betweén‘the sqrbent. and the ﬁbbile‘phase solution can be
calculated from equations 62 and 63, once Vp (the éum of
the void volume ‘and extra column volume of resin-packed
column Cy) has been measured (see below). The sorption
isotherm_ié obtained by measuring the distribution
‘coefficient at several different éoﬁcenttations, Cpe of

sample compound. -
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3.2 Apparatus

Two different. designs for pré*column Cy were used,
according to the weight of resin ;equired. In the first
design, the 2.0 cm long x 0.40 cm i.d. column piece from a
commercially available stainless steel guard column (part
No. 84550, Waters Associates Inc., Milford, MA) was
replaced with a locally machined part of either 0.20 or
0.30 cm bore. The resulting columns held either aboﬁt 30
or 50 mg of resin. A second pre-column Cjp. designed to
hold up to 5 mg of resin, was made by a simple
modificétiéh to a staiqLess steel inline filter assembly
(part No. 7302, Rheédyng}lnc., Cotati, CA). A schematic
diagram of this pre—colJmn ié given in Figure 22. The
resin was packed in a 0.35 cm long x 0.30 cm i.d. Teflon
tube and held in place by two 0.10 cm thick frits. These
ffits were made by cutting the centre out of the 0.35 cm
long x 0.30 cm i.d. porous stainless steel filter plug
supplied with the filter assembly. In both cases, the
pre-columns were dfy—packed with the sorbent of interest.

Several differént analytical columns were used for
column Ca debehding on the sample compound studied (see
section 3.7). | |

Valves Vy and V, were stainless steel sample

injection valves (part No. 7010, Rheodyne Inc., Cotati,

~
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Figure 22.

Pre-column for small weights of sorbent.
1. Cap

2. Filter end piece

3. Pre-column

4. !Body of inline filter assembly
5. Teflon tube
6. Sorbent

7. Frit
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CA). The standard rotor seals normally supplied with
these valves are_éomposed of Vespel, a polyimide polymer
which can be hydrofyzed a£ alkaline pH. -The carboxylate
groups resulting from such hydrolysis may cause cationic
sample compounds to sorb onto the surface of the rotor
seals resulting in systematic errors in the measured
distribution coeficient. SinceApart of this work (Section
3,9) required the injection of aqueous sodium hydroxide
solutions from one of these valves, the Vespel rotor séals.
were replaced with chemically inert ones (part No. 7010-
039-T) comgosed of Tefzel, a Teflon-graphite composite.

Pump Py was a Chromatronix Model CMP-2VK glass/Teflon
reciprocating piston pump (Laboratory pata Control,
Riviera Beach, FL). The high pressure chromatography pump
bf a Spectra Physics $P8000 liquid chromatograph (spectra
Physics, Santa Clara, CA) was used for Pj,.

For distribution coefficient measurements, the sampli
peaks eluting from column C, were detected with a UV
spectrophotometric detector (Model SF770, Schoeffel
Instrument Corp., Westwood, NJ). The areas of the eluted
peaks were measured with eithér an Autoiaszinigrator
(Spectra Physic§) or a Vista 491 (Varian Instruments, Palo
Alto, CA) electronic digital integrator. In both cases

" the chromatograms were recorded on a series 5000 Recordall

potentiometric recorder (Fisher Scientific Co.). Sample

g0
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valves V; and V, and the columns C; and C, were

thermostatted at 25.0 * 0.5°C for all studies.

3.3 Chemicals

m-Nitrobenzyltrimethylammonium chloride was used as
il
/

received from Aldrich Chemical Co., Milwaukee, Wisconsin.

£
}

Acetaminophen (p-hydroxyacetanilide) was supplied by

Matheson, Coleman and Bell (Norwood, Ohio) and was uged

without further purification. 1Its structure 1is:

X
(@)
o

, CHy

Sodium p-nitrobenzene sulfonate was prepared by

neutralizing an aqueous solution of p- nltrobenzenesulfonlc
acid (practical grade, Eastman Kodak Co., Rochester. New

“York) with sodium hydroxide, followed by recrystallization

from water.

Other chemicals used were all reagent grade.
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3.4 Reagents and Solvents

Deuterium Oxide (D207 99.8% D, Stohler Isotope

Chémicals, wWaltham, MA) used for void volume measurements

was supplied by D.L. Rabenstein.

Double Distilled Water used to prepare all agueous

_solutions has been described in Part 1 of this thesis.

Acetonitrile was supplied by Caledon Laboratories,

‘Georgetown, Ontario and was distilled before use.

Sodium Hydroxide (2.2 Molar) was prepared by diluting

12,4 mL of 1:1 (w/w) aqueous sodium hydroxide to 100 mL

. with freshly boiled and cooled double distilled water.

‘STh}s stock solution was standardized,'following a 25-fold

dilution, by titration of 0.6 g portions of primary .
standard potassium acid phthalate to a phenolphthalein end
point, us;ng a 50 mL buret. Standard sodium hydroxide- r  ﬂ“
solutions covering the concentratiqn range 0.002 to 0.2 M
were prepared from the stock solution by serial

’ : -~

dilution. These sé}:Qions were used to calibrate the

conductivity detector in the measurement of ion exchange

capacity.

Perchloric Acid (0.5 Molar) used in the ion exchange

capacity meagyrements to convert the ion exchange resin to

the il kepared by diluting 42 mL of 70%

percf :;ne liter with double distilled water.
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3.5 Sample Solutions

Acetaminophen solutions covering the concentration
range 1 x 1072 ﬁ_to 1 x 10°° M, which were used in the
éorption isotherm measurements were prepared by serial
dilution of an aqueous 1.003 x 1072 M stock solution; The
final solutions which were used both as calibration
standards (injected froﬁ‘sample‘IOOp L in Figure 21) and

as sample solutions (pumped through the pre-column Cy)

afso‘contained 1.00 x 10”3 M sodium chloride.

m-Nitrobenzyltrimethylammonium chloride (NBTAC1)

solutions used in the sorption isotherm measurements were
prepared by serial dilution of an aqgueous 1.002 x lQ'z_ﬂ
stock solution.. The calibration standards coveréd.the
concentration range 4 x 10’.6 to 1 x 1073 M. Sample
éolutions which were pumpéd through ﬁhe pre—coluhn Cy. On
the otherhand, had NBTAC1 copcenﬁrations in the range 2 x
10”8 M to 4 x 10'6'§_and contained in addition 0.1b0 M to

1.00 M of an inert electrolyte (LiCl, NaCl or KCl).

o

SodiumAp—Nitrobenzenesulfonéte (NBSNé) caligfation
.standardé were prepared by’serial dilution from a.1.022’x
1072 M stock solution to give soiutions with
chcénﬁrations in the range 2 x 10’S M to 2 «x 10~4 M. The

sample solutions contained 1,022 x 1073 ﬁ;NBSNa and 0.100

M to 1.00 M sodium chloride. o e .

'
¥
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3.6 Sorbent Preparation

- The grinding, sieving and purification of the parent,
nonionic resin Amberlite. XAD-2 (XAD) has been described in
Part II of this thesis. For the present studies, XAD
resin of 44-63 umlparticlé size was used, both as a
sorbent té characterize the pre-column eduilibration
technique and as the starting material for theApreparation
of SXAD. The unsulfonated, parent re;in will subsequently
be réferfed to as resin #1. |

The surface sulfonated Amberlite XAD-2 resins (SXAD)
used in this work had been previously-prepéred.by May,
'[166],.using the following.procedure. A slurry containing
5 g of 44-63 um XAD resin in 30 mL Of.methaﬂol w;s added
with stirring to 200 mL of an aqueous sulfuric acid -
soiution. The reaction time, temperatureband
concentration of sulfuric acid were varied to congrol the
degree of sulfonation of the resin. For the ﬁhfee SXAD.
resins used in the present 'study, these pafameters~had,the
following values: resin #2; 10 ‘min,- 90?? and 70thl .
Ho804; resin #3; 1.5 min; ;10°C and 90 Vol % H,S04; resin
$#4; 2.0»min,_;10°C and 95 ygi $ Héso4. The reaction
mixtuée was poured into 2.5 L of water to quench the
'reaétion,'ahd the resih recovered by suction filtration.

.

Afterlwashing with 5 L of water and 500 mL of methénoli
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the resin was dried at 60°C in a vacuum oven overnlight.
The resulting ion exchanger, SXAD, was weighed as the
oven-dried resin in the H'-torm prior to packing into the

pre-column ;.

3.7 Qgtulxﬂ Phasqs and Columns

The type of analytical column C, that was used and

(2N
-~y

the composition and flowrate of the eluent delivered by
pump P, (k‘igure 21) .depended on which sample compound
(Acetaminophen, NBTACLl, or NBSNa) was being studied.

In the measurement of the isotherm for the sorption
of acetaminophen on XAD from aqueous solution, C, was a 25
cmoox 0.26 cm i.d. stainless steel column commercially
packed with 10 um LiChrosord RP-8 (part No. Al1132-010,
Spectra Physics). The eluent was 10;0 vols
acetonitrile/90. vol % aqueous 0.011 M sodium
perchlorate, mixed in situ by the three-way proportioniny
valve of the $P8000 chromatograph and delivered at a
flowrate of 3.0 mL/min. For distribution coetficient
measurements made at low acetaminophen concentrations
(i.e. 1 x 10“5 M <y <1 x 1073 M) the UV
spectrophotometric detector was set to 250 nm, ‘the
wavelength corresponding to an absorbance maximum for
acetaminophen. At higher acetaminophen concentrations

(i.e. 1 x 1073 M < Cp <1 x 1072 M) it was necessary to
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change the detector wavelength to 280 nm so that the
absorbances ot the eluted peaks were low enough to give a .
linear calibration plot. i

For the second sample compound studied, NBTACLl, the
initial work, using S5XAD resig #3 and NaCl electrolyte,
was conducted using for C, a 50 cm x 0.21 cm {ﬂd' glass
column dry-packed with a silica based pélliculqﬁ stronyg

cation exchanger (Vydac CX, cat. no. 401 SC, The

Separations Group, Hesperia, CA). The eluent, 70., vol %
N

ke

acetonitrile 1n agqueous 0.10 g?acetic acid/0.10 M sodium
acetate, was used at a flowrate (pump P,) of 0.70 mL/min.
The UV spectrophotometric detector was set ag 258 nm.

In subsequent studies with NBTACl, using SXAD resin
#3 with KC1l and LiCl énd SXAD resin #2 with NaCl
electrolyte, column C, was changed to a 25 cm x 0.46 cm _
i.d. stainless steel column commercially packed with 10 um
Partisil SCX (cat. no. 4227-104, Whatman Chemical
Separation Inc., Cliftoh, NJ), a silica based strong
cation exchanger of much higher efficiency. Consequently
the sample peaks eluted from C, were narrower and had
higher maximum abéorbancés, ailoying distribﬁtion
coefficient measurements at low values of C  to be more
easily made. Three different eluents were used with this
column: 60.q5 vol® acetonitrile in aqueous 0.075 M acetic

acid/Onb75 ﬂ_sodium acetate; 60.0 vol® acetonitrile in
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aqueous 0.120 M acetic acid/0.120 ﬁ_lithigﬁ acetate; and
60.0 vol® acetonitrile in aqueous 0.0875 m_écetic
acid/0.0875 M potassium acetate. The flowrate in each
case was 3.0 mL/min.

Chromatographic retehtion data for the third
compound, NBSNa, on SXAD was obtained using for Cz a 50 c¢cm
x 0.21 cm i.d. glass column dry-packed with a pellicular
strong anion exchanger (Vydac AX, cat no. 301, The
Separations Group). The eluent, 35.53 vol % acetonitrile
in aqueous 0.050 M acetic acid/0.050 M sodium acetate was
used at a flowrate of 0.80 mL/min. The detector

wavelength was set to 271 nm.

3.8 Equipment Calibration

Calculation of distribution coefticients -from
equations 62 and 63 requires, in addition to Cy and Wg
which are easily measured, accurate values for np and,

\Y The total number of moles of sample eluted from the

m
pre-column, ng, 1s determined from a calibration plot
constructed by injecting calibration standards from sample
loop L. Consequently, it is necessary to accurately
measure thg internal volume of loop L. It is also
necessary £o determine V , the void volume of C,, which

includes both the column and extra column void volumes.

\



Measurement of the volume of the sample 1njectilon
loop L was performed by‘first disconnecting the tubilng
from V, to €, at the column inlet (seg Figure 21) and
switching valves Vv, and V, to the "load" position, (solid
fines). With water being pumped by P, through V; and V,,
loop L was filled with an agueous 3 x 1072 M acetaminophen

PS
standard solution. Valve V, was then rotated to the
"inject" position causing the contents of the sample loop
to be flushed by the water eluent into a 10 mL volumetric
f lask which was subsequently diluted to volume with
water. The absorbance of this solution at 243 nm was
compared to a Beer's law plot of absorbance versus
acetaminophen concentration, to yield the concentration
and, hence, the'moles of acetaminophen injected. The
voluhe of the sample 1009, calculated as mo?és ot
acetaminopheﬁ injected divided by the concentration of the
solution.uséd to fill the loop, along with its standard
deviation [167) is 23.88 * 0.02 uL. A Cary 118
spectrophotometer (Varian Instrumeﬁts, Palo Alto, CA) was
used for absorbance measurements.

The value of Vp for the XAD packed column C; was
obtained by a somewhat different procedure. In this case,
the LiChrosorb RP-8 analytical column used for C, was

reconnected to valve V2 and double distilled water, used

as the eluent, was pumped by P, at a flowrate of 1.0
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mL/min. sodium nitrate was gsed as the sample compound 1in
this case, because it is expected to be unretained (not
sorbed) on XAD. An aqueous sodium nitrate solution of
known concentration was pumped by P, through C; until the
effluent and influent were of identical composition.
Valve V, was switched to ;inject" and the area of the
nitrate peak was measured with tge detéctor set at 250
nm. Moles of nitrate eluted from Cq were obtained by
comparison of peak area with a calibration curve Yrepared
by injecting a series of aqueous sodium nitrate solutions
of known concentration usin%‘the previously calibrated e
injection loop L. The void volume V. was then calculated
as moles of nitrate eluted divided by concentration of
nitrate in the solution pumped by P;. In order to
detﬁrgipe whether sodium nitrate 1s, indeéd, unretained on
XAD (see below), the procedure was repeated by pumping
through Cy a series of sodium nitrate solutions covering
the concentration range 0.001 - 0.1 M. The same value of
void plus extra cqlumn volume of C, was obtained
regardless of sodium nitrate concentration. The vaiue and
its standard deviation are 73.3 * 1.5 uL.

When column C, was packed wi€h SXAD resin, deuterium
oxide (Dy0) was used as an unretained sample compound 1in
place of sodium nitrate for the determination of Vm.'

Since D,0 does not absorb in the ultraviolet reyion of the

147
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spectrum, the spectrophotometric detector was reﬁiéced by
a differential refractive index detector (Model §401,
Watefs Associates Inc., Milford, MA). The analytical
column C,,» the eluent (double distilled water) and the
eluent flowrate were as described previously for the
determination of V, of the XAD packed pre-column. A
calibration plot of area of the eluted D,0 peak versus
moles of D,0 was constructed by injecting, from the
previously calibrated sample loop L, a series of aqueous
standard solutions of D,0 having concentrations in the
‘range 2.0 to 4.0 vol §. After;equilibration of column o
with an agueous D,0 solution of known concentration and
elution with water, the value of Vi was deter@ined with
the help of the calibration plot in a mannér similar to
that described above for sodium nitrate with the XAD

column,

3.9 Ion Exétvange Capacity Measurements

\The ion exchange capacities of the SXAD resins packea
in column Cy; were determined by an on-line method using
the chromatograph shown in Figure 23. A sufficient volume
of 0.5 M aqueous perchloric acid was pumped (P,, Figure
235 through coluﬁn Cy to convert the SXAD resin to the H'-
form. During this time pump Py directed.water'through

valves Vi and V, tp an electricgal conductivity monitor
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Figure 23. 'Liquid chromatograph used to measure ion

exchange capacities.
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(Model 701, Laboratory Data Control) at a flowrate of 0.50

.ul/min, When valve V, was switched to the "elute" mode
(dotted lines, Figure 23), the perchloric acid in the void
spaces of the column and connecting tubing was flushed
through the detector to waste. Next, injection of an
excess of a standard sodium hydroxide solution using valve
V). caused gquantitative conversion of the resin to the Na'
form: The excess sodium hydroxide which eluted through
the ion exchange bed in C, was measured by the
conductivity detector.

The numﬁer‘of moles of e#cegs sodium hydro*ide was
determined from a calibrationvplot constructed by
injecting standard sodium hydroxide solutions of - .
concentration in the range 0.003 ﬂ_to.O;l ﬂ!fvia thé
calibrated sémple loop L of valve Vjy, Tﬁe ion exchange
capacity of the resin is equal to the difference between
the number of moles of sodium hydroxide injecte&uonto’the
resin column and the moles of excess sbdium hydroxide "
eluted, divided by the resin weight. ﬁ‘he measurnt was

repeated for several concentrations of sodium hydroxide

injected onto-Ci.
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CHAPTER 4
RESULTS AND DISCUSSION

The pre-column equilibration method descriggs in
Section 2.2 has been used to collect distribution
coefficient data to test the pr0poséd retention mechanism
for counterions and coions on SXAD. Sections 4.1 and 4.2
of this Chéé;er describe the results of measurements of
void volume and of ion exchange capacity for the SXAD
resin packed column C;. Section 4.3 gives the sorption
isotherms that were measured to obtain the distribution

s o
coefficients under trace conditions. In Section 4.4 the
experimental results are compared with the theoretical
model of the sorption ﬁechanism. Finally the relevance of
thege studies to "ion-pair" chromatography will be

discussed in Section 4.5.

4.1 Void Volume Measurements

4.1.1 XAD Resin
Preliminary experiments to characterize the pre-
column equilibration technique were pefformed using column

C) packed with 0.0277 g of the unsulfonated, parent resin
4
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i

XAD, The solute chosen for measurement of the void volume

\Y in this case, was sodium nitrate.

m?
It is evident from equations 62 and 63 that the
accuracy of the distribution coefficients measured by the
pre-column equilibration technique is dependent upon the

~accuracy of the measured void volume, 'V . Therefore it is
important to verify .that sodium nitrate is, in fact, an
unretained component. If NO3~ lon experiences a slight
retention or a slight exclusion due to low concentrations
of iohic impurity sites on the XAD surface which give it a
slight 1on exchange capacity [131], then the distribution
coefficienﬁ for NO3~ and, Consequentlf, the amount of it
sorbed and the apparent Vp would vary with concenﬁration.
Such smali amounts of impurity sites, if present, would be

expected to vary from batch to batch of XAD, with resin

treatment and with mobile phase pH.

'

I

The determination of V, requires, as an 1initial step,
that a sodium nitrate solution be pumped through pre-
‘colan Cy until the concentratidQ of nitrate 1in the‘pre—
column effluent equals that entering the pre-column.
Verifica£ion that breakthrough had occurred was obtained
by pumping increasing volumes (i.e. 2.5 mL, 5.9 mL and
10.y mL) of the sodium nitraig solution through the XAD
packed pre-column %t a flowréﬁe oﬁ 2 mL/min, before .

switching valve V; (Figure 21) to the injecpzadsiﬁion.

&



The area of the nitrate peak eluted from the analytical
column C, was identical for all three volumes, indicating
that less than 2 mL of sodium nitrate solution (or 1
minute) was needed to equilibrate the ére-column. To
account for the possibility that sodium nitrate may have a
non-zero distribution coefficient which could vary with
sample concentration (i.e. a nonlinear sorption isotherm),
this test was performed, with the same results, for the
lowest_concentration.(l x 1073 M) and the highest
concentration (0.1 M) sodium nitrate solutions used in the
measurement of Ve Since 2 mL of sodium nitrate solutioﬁ
was found to be sufficient to equilibrate the pre-column,
4 mL was used routinely to be oé the safe side.

values of Qm were measured usiné eleven sodium
nitrate standard solufions, with concentrations in the
range 1 x 10”3 M to 0.1 M, to equilibrafe the pre-column
(see Table 6). The fir§¥ guestion to be asked, whether or
not sodium nitrate is a valid unrétaineé solute, can be
answered by aetermining }f a significant correlation
exists between the measured values of V and the sodium
nitrate concentration. Linear regression analysis [168]
of the data given in Table 6 gives a correlation
coefficient, r, of 0.392. 1In order for the correlation

coefficient to he statistically -significant, the following

condition [168] must be met:
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TABLE 6

Measured Values of Vv  for XAD Column? as a
)

|
Function of Sodium Nitrate (Concentration

[NaNU3] Vi
(moles/L) . (ul)
1.00 x 1073 56. 40 !
2.00 x 1073 | 71.9 /
4.00 x 1073 73.1 |
6.00 x 1073, | 75.0
8.00 x 1073 72. 1
1.00 x 1072 70.7
2.00 x 1077 72.8
4.00 x 1072 75.1
. 6.00 x 1072 74.4
8.06 x 1072 74.4
1.00 = 10-1 73.9
mean = %3.3 + 1.5€

8weight of XAD resin is 27.7 mg.
byalue rejected by Dixon's Q0 test.

Cstandard deviation from mean of ten values.
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2
r (n=2) . (63)

where n is the number of data values aﬁd Fa,l,n—Z is the
critical value of the F distribution for 'l and n-2 degrees
of freedom at the confidence level a. Since the left hand
side of ;nequality 63 is equal to 1.63 and Fg 95 1,9 is
5.12 there is no significant correlation between V  and
sodium nitrate concentration, a}"the 95% confidence

level. Consequently sodium nitrate is a valid unretained
solute to use in determining V, for the XAD packed pre-
column. THe mean of the ten values of V, obtained with
sodium nitrate concentrations in the range 2 x 1073 M to
0.1 ﬁ is the best estimate for V.. The value at the

lowest concentration, 1 x 1073 M, was rejected on the

basis of Dixon's Q test {169].

4,1.2 Low Capacity Cation Exchanger (SXAD)

Nitrate ion will be at least partially excluded from
the intraparticle pores of SXAD resins with a significant

electrical surface charge density o, (equation 56).

P
> e &

b f,gonsequently it 1s necessary to use an alternate solute

<
RS

o

A
gy

s,

‘v»/" .

:#or measuring the value of V  for SXAD packed pre-
columns. Evidence from sevepal'investigators'[170—172]
,§ps indicated that, for the hydrophobic alkyl-bonded-

silica sorbents and for mobile phases containing a high
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percentage of water, deuterium oxide (D,0) provides an

accuraté estimate of the columq void Volume.} Since
sulfonation of a small fraction of the surface phenyl
groups of the styrene divinylbenzene copolymer does not
significantly alter the hydrophobic character of the XAD
surface (as évidenced by the nonwetting character of the
SXAD resins in-water), D,0 should also provide an accurate
estimate of Vv, for SXAD packed columns.

Values of V  measured for pre-columns flicked with two
different SXAD resins are indicated in Table 7. For the
SXAD resin of high ion exchange capacity'(resin 3, Table
7) the value given is tﬁe mean ofiieashrements obtainéd at
four D,0 concentrations in the range 2.4-4.0 vol % D,O.
The value given for the lower capacity resin (resin 2,
Table 7) is the mean of measuremgnts obtained using D0
concentrations df 0.5 vol % ahd ﬁ?o vol %. In neither

¢

case did the values obtained for Vi ghow a significant -

dependence on D0. ‘ ' :

€3 , | %

4.2 1lon Exchange Capacity Measurements or SXAD

Fritz and Story [173] have indicated that the methods
presently used to prepare partially sulfonated ion
exchange resins typically result in a heterogeneous

distribution of ion exchange sites among individual resin

beAds'.  However in the studies described "in this thesis,



TABLE 7

Characteristics ot Resin-Packed Pre-Columns®

Resin Weight - Void Volume lon Exchange

Number of Resin Capdacity
(mg ) (uL.) (neq/g)

1 27.720.1 73.3t1.5 —--

2 49.9320.02 135.0%0.5 9.7%0.2

3 . 3.4420.02 26.07%t0.05 54.5*1.2

4 - 4.2740.02 - © 568.7%t1.5°

3Uncertainties are standard deviations.
bUnsuifonated XAD resin,
“Value obtained at only one NaOH concentration. Resin

used in subsequent studies.

l’l‘Ot
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where the distributiion coefficients for strongly sorbed
counterions are to be measured, it 1s desirable to use
small quantities (l1.e. 1-50 my) of resin, 1n order to
minimize the time required to equillibrate column Cp- Thus
the possibility 1s i1ntroduced that, due\to sampling errors
{174}, the small quantity of resin in the pre-column may
have a significantly difterent 10on exchanyge capacity th;n
the entire batch of SXAD resin. Consequently 1t 1is
desirable to measure the 1on exchange capacity of the
portion of SXAD resin in the pre-column used for the
chromatographic retehtiOn measureﬁents.

The procedure used for ion exchange capacity
measurements (Section 3.9) involves four steps; conversion
of the SXAD resin to the H'-form; flushing the excess acid
from the resin bed; injecting a known excess of sodium
hydroxide into the resin column; and determination of the
residual sodium hydroxide in the column effluent. A
typical recorder traging of conductivity detector response
(i.e. specific conductance in units of reciprocal ohms pef
centimeter) during this sequence of events is shown in
Figure 24. Iﬁ‘tpis case, column Cy contained 49.93 my of
SXAD (resin 2, Table 7). During the firsg two and a halft
minutes, five milliliter; of 0.5 M perchloric acid 1is

pumped through the pre-column to convert the SXAD resin to

the H*-form, while doubly distilled water is pumped

158



159

10730 em™

L 1 1 1 1 J
0 2 4 6 8 10
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Figure 24. Specific conductance versus time protile 5\
( .

observed during measurement of 1ion exchange
capacity of SXAD resin. SXAD resin 2/(49.93¢
mg) in 2.0 cm x 0.30 cm i.d. column C,.
Excess QC104 (peak A), 3.962 x 1074 M NaOH
injected through C, (peak B) and 3.962 x 107

M NaOH standard (peak C).
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through the conductivity detector. When valve V, (ltigure
23) is switched to the "elute" position (dashed lines),
the water eluent flushes the excess perchloric acid out of
the pre-column and its associated tubing to the detector,
giving rise to peak A of Figure 24. The discontinulty in
the elution profile at about 3.5 minutes 1s due to a
change 1in detector sensitivity. After about 5.5 minutes,
when the excess perchloric acid has eluted from thefpre;
column, -an aqueous NaOH standard solution 1is inj)ected via
loop L of valve Vl.‘ As the injected plug of sodium
hydroxide solution passes through the SXAD resin 1n C,,
provided sufficient time is allowed ;see below), the
exchange of hydronium ions in the resin fér sodium ions 1n
solution is driven quantitatively to completion by the
subsequent neutralization ‘of hydronium ions by

hydroxide. The excess sodium hydroxide in the pre-column
ef fluent passes through the detéctor, resulting i1n peak B

of Figure 24. Calibration of the detector response is

achieved by switching valve V, back to the "load" position

and injecting aqueous sodium hydroxide standard solutions

(e.g. peak C in Figureh24).

| Several factors.thch affect the reliability of the
measured ion exchange‘capacitiés were studied. kirst; it
is important to verify that the 5 mL of 0.5 M perchlori'c

acid pumped through column C; is sufficient to
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quantitatively convert the SXAD resin fo the H'-form.
This was demonstrated by using 2.5 mL, 5.y mL aﬁd 10. mL
of 0.5 M perchloric acid at a flowrate of 2., mL/min to
regenerate column C;. For each of the SXAD resins
studied, the measured ion exchange capacity was
independent of the volume of acid used. Tﬁe second
factor, the volume of water required to flush the excess
acid from C), was assumed to be sufficient when the
condpctivity detector response returned to baseline (e.g.
at about 5.5 minutes in Figure 24).

The ion exchange capacities measured by this

technique will be accurate only if the injected plug of

sodium hydroxide solution has sufficient time, as it

‘migrates through the pre-c¢olumn, to reach equilibrium with

the ion exchange resin. Two factors which can be expected
to influence the attainment of‘ion exchange equiiibrium
are: (i) the flowrate of water, which determines the
residence time of NaOH in the ion exchange bed and (ii)
the, concentration of injected sodium hydroxide solution
which.influences-the rate of diffusion of sodium ions into
and‘hydrogen_ions out of the resin beads. - *
Tablé 8 illustrates the effects which these latter
two experimental parameteré have on the apparént ion

exchange capacityA(i.e. the capacity calculated assuming

ifon exchange equilibrium has been achieved). These data
AN f :
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TABLE 8

‘
©

Effect of Flowrate of Water Eluent 'and Sodium Hydroxide

Concentration on the Apparent Ion Exchange Capacitya 4

-

Flowrate Concentration Ion Exchange

NaOH Injected Capacity
(mL/min) (moles/L) ' (veg/g)
0. 20, 0.0180 63. 420,50
0.50, ' , 62.4%0.2
1.0g- , o '61.710.2
j . mean = 62,5%(0.3C
0.20g 0.0300 ' 68.6%1.7
] .
o.srfo 68.4%1.1"
1.0, : | “ 6’9/.Ot1.8
mean = 68,7:1,5€
. A ,P;;

dpata for 4.27 mg of SXAD (resin 4v) in pre-column.
H ’ A . H
Byncertainties are standard deviations for -three
replicates.

CpPooled standard deviation. =~ ' , "

-
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were obtained using pre-column C, packed witﬁ 4.27 my of
the highest capacity SXAD resin prepared: (resin 4, Table
7). Two points may be noted. First, as a larger excess
of sodium hydroxide islinjécted onto the H'-form SXAD
resin in column Cy, the apparent ion exchange capacity of
the resin increases, indicating a closer approach to ion
exchange equilibrium. Second, provided a sufficiently
large excess of sodium hydroxide has been injected, the
value obtained for the ion éxcﬁange capacity does not show
a sigﬁificant dependence on the flowrate of water through

Cl' at least for flowrates 1in ‘the range 0.2-1.0 mL/min.

In measurements of the iﬁp exchange capacity for SXAD

*y

.resins 2 and'3 (Table 7) sevefal concentrations of sodium
hydroxide were injected onto Cy using a water flowrate.of
0.5 mL/min. Ion exchange equilibrium between the injected
plug of NaOH.and the HY-form SXAD resin was assumed to
have been attained provided the measured ion exchange‘
capacity was invariant with increasing excess of injected
sodium hydroxide solution.

Calculation of the ion exchange éapacitieé for the
ﬁwo‘SXAD resihélused in the chromatographic retention
studies are given in Tables 9 énd 10. The second and
third columns on the left giye the concentration .and
“ number of moles.of sodium hydroxide injected onto the SXAD

~packed column C;. The standard deviations given for the
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moles NaOH injected were calculated from the.relative
uncertainties in‘the volume of loop L (0.9 ppt) and the
concentration of NaOH (1.3 ppt). The number of moles of
excess sodium hydroxide (fourth column, Tables 9 and 10)
was determined by comparison of the area of the NaOH peak
eluted from C; to a linear calibration plot constructed by
switching valve V, to the "load” position (solid lines,
Figﬁre 23) and injecting a series of four sodium hydroxide
standards via caLibggted samplé loop L. The standérd
deviations in moles NaOH eluted from C; were evaluated
from the linear least squares fit to the calibration data
[168)]. Since the measured ion exchange capacities (sixth
column, Tables 9 and 10) showed no significant dependence'

on the concentration of injected sodium hydroxide .

solution, the measurements can be assumed to have been .
P .

made under equilibrium conditions. The mean adﬁ pooled"

standard deviation [62] of the ion exchange capacities of

the two SXAD resins are given in Tables 9 and 10,

&

4

i N TN

4.3 sorption Isotherf easwﬁément ;

- - A ) v K ﬁ )x r .
R Y

o L T

4.3.1 Acetaminophen :on XAD Resin = - °

An initial test to charactérize the pre~column
. Ay
equilibration technique involved measuring gpe'sorption
l , [N
.- . v
isotherm of the neutral compound, acetamfnoghen, on the

nonionic, parent resin XAD.



167

The first step in measuring the sorption 1sotherm ot
acetaminophen involves equilibration of the XAD resin
contained in column C, with am aqueous acetaminophen
standard solution. For both the lowest concentration (1 x
1076 ﬂ)‘and the highest concentration (4 x 10~ 4 M) of
acetaminophen standards_pu&%ed‘through ¢ at a flowrate of
2 ml./min, a volume of 2.O mL was tound sufficient to reach
this equilibrium state. Thus, a volume of 4 mL was used

to equilibrafe €, 1n %?e sorption isotherm measurements.
The sorpiion isotherm for acetaminophen on XAD resin
in aqueous 1 x 1073 ﬂ_soéium chloride solutién is given 1in
Riguge 25.- S)x data poin§s were Collected'in the 1i%ear
region of the sorption isothérm (1.e. Cp < 1 x 10—5 M, see
Figure ZSA). The least squares regression line drawn
through these data points has é slope ot532.l * 0.6 L/kg
and an ordinate ‘intercept of (-1.7 * 3.5) x 10—6 moles/kg,
where uncertainties- are 95% confidence limits.‘gThe slépe
5 . o
of this plot is equal to the distribution coefficient for
acetapinophen at frace’conditions. Figure 258 gives the
portion of the sorption isotherm.fqr acefaminOphén at
higher concentrations, where deviations-from t:ace’
éonditions'for the gorption process become sigﬁifiganﬁ.

The dashed line -in Figure.ZSB 1s extrapolated from the |

data obtained in the linear region of the isotherm.

- ) B

e
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Figure 25. Isotherm for sorption of acetaminophen from

aqueous 1.0 x 1073 M sodium chloride onto XAD |

at 25.5°C. Curve A, low concentration region; -

Curve B, high concentration region.
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The pre—éolumn equilibration technique 1s evidently
capable of yielding high precision distribution
coefficient measuremen£s at low.sample concentrations with
a 2 minute equilibration time and a 3 minute retention
time for acetaminophen on the analytical column C,, the
time required to collect each point on the isotherm is
about 3 minutes when replicates of thé same ‘sample

solution are involved, since Vy.is switched back to the

*a

load position.after only a few seconds and Cy 1s
"equilibrating with one replicate while the brevious one 1is
migrating through C,. Wwhen it is desired to ch&hge to a

-

new sample solution with a different Conc;ntration, the
clearance time for the CMP-2VK pump (about .7 minutes) must

be added, to give a turn-around-time of about 10 minutes

between different points on the i1sotherm. @

4,3.,2 Counterion on SXAD Resin

Most of the chromatographic rete%tion data for the,
sample counterion, NBTA+,-were collected using column C
packed with 3.44 mg of thé 0.0545 meq/g SXAé‘resin._ Prior
to measuring the sorptioh isotherms, ekperiments to |
" determine tﬁe volume of NB?§+‘solution required to
equilibrate coldmn'Cl were performed-as described
previousiy'(see p- 152) using 25 mL, 50 mL, 100 mL and 250"
‘mL of 1 x 10"7 M NBTA*C1™ solutions containing 0.1 M and

\

1.0\ﬁ_sodium chloride. In the case of NBTA* solutions

1
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containing 0.1 and 1.0 M sodium chloride, the respective
volumes used to equilibrate the SXAD column were 100 mL
and 50 mL. The ¢orresponding equilibfation times for a

flowrate ot 2. mL/min are 50 and 25 minutes.

LR

Figure 26 presents isotherms for th® sorption of -

NBTAY on the 54.5 weq/g SXAD resin from aqueous 0.1 M and

1.0 M sodium chloride solutions. Deviations from sorption
n \ _

isotherm linearity can be expécted to occur when the .
concentration of sorbed NBTAY, Cqs becomes significant
rélative to the ion exchange capacity of the res;n (see p.
123). ' For the sorption 1sotherm 6f NBTA*Y at‘idnic
strength 0.1 M, thils appears io occur when the sorbed h 4
NBTA'Y concentration increases above about one percent of
the ion exchange capaclty of the resin (indicated by lhe
'arrows on the ordinate axis at abou? 5 x 1074 mbles/kg

The isotherm for NBTA'T tn 1.0 ﬂ_sod%um chlorlde shows

deviations from linearity -at somewhat lower sample
/

‘loadingé. - B

Sorption data for NBTA' on this'resin wer collected

at several ionic strengths (NaCl) in the rangge

M, using sample loadings KCS) less than aquJ

of the‘ioh exchange capacity (F1gure 27). three data

‘points on'the NBTA+ sorptlon 1sotH§rm at Cg < 5 x 10_%
. ' / {
moles/kg and ionic strength 0. 1 M, show/a good,fit toXthe'

least squares regre531on 11ne throagh the orlgln [168]

e i
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Figure 26. .Isotherms for thé sorption of NBTAY from

aqueous NaCl solution onto 54.5 veq/g SXAD

from linear region of isotherm.

resin (25.0°C). Dashed lines are extrapo)it.ed
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suggesting'that trace copdit}gns have been achievgda
Sorption data‘forANBTA+ at hibher iontc strengthé were
coligcted at twb sample loadings. In each case the
distribution coeff}cient for NBTAY at trace conditions was
evaluated from the slope of the least~squares reyression
line through the origin. |

In subsequent studies of ‘the sorption of NBTA™ oh
either the 54.5 peq/q SXAD resin or the 9.7 ueq/g SXAD
resin, sorption-isotherms/;ére ndt measured. Baseé upon
the sorption data shown in Figures 26 and 27, the sorption
isotherms were assumed to be linear below'é'Saﬁple ldééing
of 1% of tﬁé ion exchange cépacity.- Thus the distribugion

‘coefficient data were obtained from measUrémenté at a
single'samplg‘1¢ad;ng such that Cg < 0.01 Oyq¢- The
volume of NBIA*Cl‘ISOIUtion used to equilibrate the SXAD
acked column was, #00 mL for ali»the studies.méntioned

above. . * /

{

e

4.3.3 . Coion on SXAD Resin

The isotherm for the sorption of the coion NBS™ on

SXAD resins will also approach linearity at a sufficiently’

low mobile bhase sample concentratian (see p. 123). As in
Ahe case of thé sample counterion NBTAY, a sample loadihg
of one per;enf of the ion exchange capacity was taken to
be.sufficient to achieve trace coﬁqitions ki.e. linear
region of isotherm). ’Equilibration og_the'sé.s ueq/g SXAD

rgSih‘in column -Cy required 10 mL of ‘NBS® solution.

.
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4.4~\Dependence of Sorptien on Iepié Strengthv‘

.4.4.1: SorptiOn of a Coqptefioh oh‘SXAD Resin

Accordlng to the phy91ochem1ca1 model proposed in

’Sectaons 2.1 and 2 2, the sorptlon of counter1ons on a low

capacxty cation. exchanger such as ‘SXAD, should be
R

descrlbed by equatiqn'58 “In order to test this

predlctlon, the ionic strength dependence of the

\

A_dxstrlbutlon coeffxcxent for sorption of the counterion

NBTA+ was measured (Sect1on 4.3, 2) using SXAD resins of

"two different ion exchange capacities (9.7 uneq/g and 64 5

‘ ueq/g)-and three different inert electrolytes (LiCl, NaCl

and KCl). For each set of data (given in Figures 28-31

and Appendix II), the noniinear least squares curve

fittind@program "KINET" [55] was used to celculate from .

equathen 24 the values of the 1on exchange equ111br1um
constant, KQ*/M*' and'the chemlcal po;entxal for

adsorptxon, HQ+ Aps: Which best fit the experxmentally

observed dlstrxbut;on.coeffxcxent versus ionic strength~'

data.'iThe molar ectivitf cgefficiehtforvNBTA+,:mo+,
‘required iﬁ equation_SB'Qes assumed to be equal?to that
-for‘benzyltri ethylammoniuh.ion and was calculated from
-‘the experime;Ssd |

- for this ion [175].‘ The value of d, tﬁe'distance of

closest approach of nonadsorbed counterxons to the

ly determined molalfactivity coefficients

174
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hydrated ionic radlus of the,electrolyte counterion (d =
{

5.3 x 1078 cm (Li*), d = 4.7 k 1078 ¢n|(Na*) or a =-3.9 x
1078 em (k*)) [57]. I |
.Avplot of the distribution- coefficient for the

sorption of NBTA+ en the 54.5 ueq/g SXAD resin versus
‘ionic etrength (NaCl), ie given in ?igure_28. The upper-
curve is fhe least squares fit of equaiion 58 to the five
experimental data points measured at, ionic strengths from
0.15\M to 1.0 M. The point at ¢ = 0.1 M, on the steeply
rising part of the curve, was omittea in the curve fitting

because\its inclusion yielded poorer precigsion in the

evaluated bonstants;: Thqscaieulated values and standafd
deviations of Kot /Nat and uQ ,ADs were (f 58 4 0 04) x 104

and (-1.88 * 0.04) x 104 Joule/mole. The ion exchange

1

contribution to the retention of NBTAY,ggiven by the cgrﬁe
labelled "IEX", was calculated from equation 58 by—f

‘substltuting the measured value for KQ+/Na+ and setting
thegsecond term on the right s1de of equatlon 58 equal to
. zero. The curve lahelled 'ADS' whlch gives the adsorpt1on
contrlbution to Ko+, was calculated by lnsertlng -1.88 x

104 Joule/mole for u0+ ADS in the second term on the right

side of equatxon 58 and sett1ng the flrst term to zero.

179

The upper curve 1n Figure 28, which is equal to the ‘sum of ,

the curves for. sorption of NBTA+ due to adsorption and ion
exchange, shows a close agreement wlth experlmental data,

Iend1ng support to»the,proposed re;ent1pn‘mode1.
.“ N ~ ‘ : y . .

-
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kuQ+ ADS are summarxzed in Table 11..

!
b

"It is evident from,ﬁjgu;e 28 that idn_ekchange is the

principal mechanism responsible for the sorption of NBTAY
on the 54.5 peq/g SXAD resin from aqueous NaCl

?u
solutions., The adsﬁrptlon contrxbutlon to Ko+ becomes

1ncrea51ngly s1gn1fxcant as the ionic strength is "*,’

raised. Since the dlstrlbution coeffxcxent for. 1on
¥ .

exchange of ot, KQf,IEX' approaches zZero at high ionic

strength (equation 45);while-the adsorption contribution,

.

KO‘ ADS’ approaches a finite Iiniting value’(eguatioﬂQSl)y

the two curves will cross at a suff1c1ently high 1oﬁ%c

strength. For a given counterion 0%, the magnltude of

Ko+, 1gx and Ko+,aps @nd héhce, the location of the

L

hcrossing-point'of the curves, is determined by four

factgﬁs-’ﬁ(i) the ion exchangeicapacity of the SXAD resin'
(whxch determxnes L (equatlon 32) and Yo (equat1on 41)).
(11) the type of electrolyte counter1 (determlngs value
of d in equation 58 and affects the magn1tude of KO*/M*)'

(iii) the magnitudes of the ion exchange select1v1ty

>

coeff1c1ent KQ*/M* and (1v) “the chemxcal potential

UQ’ ,ADS' v ‘ e \\ ‘
“Experiments similar to those summarized in Figure 28

were performed us1ng k* and L1 in place of~Na+ and also

'u51ng a lower capac1ty ion exchanger. ‘These will be .

©

'dlscussed below. The values obta1ned for KQ*/M* and .

/
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R TABLE 11 . !
)Ion Exchange Bqu111br1um Constants and standard Chemlcal

Potentials of Adsorptlon ‘for O on 'SXAD Resxnsa

e

A‘ . . ! ... 2 .
) | ; - . o~
e [ -] c
Qugt ML ‘0 a"o /Mt ¥o*,ADS
(ueq/g) & f-‘,- \<\10'3 , (Joule/mole) x 1074
9.7 £ 0.2 Nat 9.6'% 0.4+ ~1.88 £ 0.04
) [ '.' ,(‘ . ., o ' . ‘
54,5 ¢+ 1.2 . Nat.  15.8 + 0.4 -1.79 % 0.01
'54.5 ¢+ 1.2 7 Li* 10:7 + 0.2 -1.68 + 0.01
. 54.5 % 1.2 K* 6.7 % 0.2 -1.B1 ¢+ 0.01

aUncertamties are standard deviations..

* oo
. .
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Figure 29 is a plot. of the Qgstrxbut1on coeff1c1ent' .
! .
for the sorption of NBTAY on the' same SXAD resin from n

aqueous KCl SOlUthH. Compar1son of the data points in

Flgures 28 and 29 indicates a 51gn1£1cant decrease in the

sorption of NBTA*yfrom KC1 solut1on relative to that
observed,jrom NaCl solutlon. The non11near least squares
&l

fit, of equatyon 58 to the data points. 1n Figure 29 (upper‘;
curve) resulted in the yelues of Kot /m* and uQ ,ADS shownfl
in Table 11. Note that the yalue of u6+'ADSvobtained for
adsorption of NBTA' from KCl solution is essentially
1dent1cal to that observed u51ng NaCl electrolyte.
Consequently, the decreased sorptlon of 0t may be
attributed to a decrease in “M+ DL (equatlon 43),
resu1t1ng‘presumab1y from the lowerbhydratlon ghergy of K¥

A

relatlve to Na

The values of K +/M+ and "o ADb/were substltuted

into equatlon 58 as descrlbed prev1ously to calculate the A

1on’exchange (curve labelled *IEX", Figure 29) and

ol

( adsorpt1on (curve 'ADS ) contr1but1ons to the' sorptlon of . i

L NBTA+ ' Although the values of uo+ ADS for NBTA Are

'NBTA* frem KCl solutlon is sllghtly 1ower than that : vf\y-

71dent1cal 1n KC1l and NaCl solution, at a- glven 1on1c

1

strength, the d15tr1but1on coeff1c1ent £8r adsorptlon of fafi,

‘ . ; i

vobserved u51ng NaCl solutrﬁn (compare the "ADS“ curve in

' Figures»zs and 29); Thlsbresults f rom the\smallerg_”

N
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hydrated ionic/radius of K*, (d = 3.9 x 1078 cm) relative

to that for Na' (d = 4.7 % 1078 em) (second term in

ASU

equatlon 58).

8

The measurement of the 1on1c strength dependence of .

4

the.sorpt1on of NBTAt on the 54.5 ueq/g SXAD resin was
repeated using aqueous LiCl?electrolyte (thUre §0). In
‘this case, the NBTA' -ion was found to be less strongly
~sorbed by the SXAD re51n from aqueous LiCl solution than
1t was from NaCl solutlon (Flgure 28). The chemlcal
fpotentlal for adsorption. of NBTA+ from LiCl solutlon is

| & .
observed to have nearly the same- value as that obtained~
8

u51ng NaCl electrolyte (Table 11) Consequently, the

fdecreased sorptlon of NBTAY in L1Cl solutlon compared to

NaCl solutlon can be attrlbuted to the decrease in KQ*/M*

»

The loWer select1v1ty coeff1c1ent observed for the
,

’exchange of NBTA+ for Li¥ relatlve to that observed for
the exchange gf NBTAY for Na+ (see Table 11), cbnstltutes
a reversal 1n the "normal“ 1on exchange select1v1ty

1

seQuence (1.e. the ion’ w1th the lower hydratlon energy

,(smallest hydrated radlus) preferred by the 1on exchanger)

-~

[149] Select1v1ty reversals in 1on exchange equ1l1br1a v

k .

‘are not at all uncommon [176 178] The ‘work of prev1ous .
Lc1nvest1gators on mlcroporous (gel type) ion:. exchangers has'

o |

Aed to several hypotheses to expl ain select1v1ty

.reversals. E1senman [176=1771 and Re1chenberg [178] have_

PR ¥

.183



' 184

2
/

A

pointred bQ different relative contributions of hydration
energies and electrostatic #ttractions for different types
of exchange sites. Diamond and others 117?—18F] have
noted the influence‘b{_goﬂnterions and fixed charge sites
on‘ the hydrogen bonded stful‘ture of water in the’
exchanger, Elucidation’of the reasons for the observed
"reversed" selectivity sequence in the present case would
reguire further work which is beyond the scope of the
present thesis. However: one/point to consider in this
connection is the fact that SXAD has a largely hydrophobic
surface which tends to prombte %he formation of hydrogen-
bonded water structure in its vicinity [144,182].
Consequently it is not unreasonable to suspect that the
select{vity sequence observed on SXAD for the exchange of
a large poorly-hydraﬁed organic ion for an alkali metal
ion might differ from that obsérved on highly sulfonated
gel type exchangers. |

The(salienémpoint concerning the studies summarized
in-FiguresOZB throuéh 30, and in Figure 31, is the fact
that ;here is'good agreemenE between the expegimeﬁ%al data
points and”the theoretiqai curve'predicted by equation
58. This stands as evidence in support of the ion

exchange/surface adsorption model for the sorption of

counterions on‘a low capagity cation exchanger.
1
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\\ .
Accbrding to the proposed dual retention mechanism

the ion e&change capacity ngt' should influence both the
ad50rptionAcontribution (through o4 and Vg, equations 32,
41 and second term in equation 58) and the ion exchange
contribution (o , equation 32 and first term in equation
58) to the sorption of a counterion 0'. This effect is
illustrated in Figure 31 which is a plot of Kg+ for the
sorption of NBTA* from aqueous NaCl solution onto the
lower capacity 9.7 veq/g SXAD resin (resin‘Z, Table 95.
Note thatlthe‘scale on the ordinate axis has been expanded
relative to that in Figures 28—307 The p;rame€ers KO+/M+
and “5+,ADS have been evaluated by fitting equation 58 to *™
the five data points obtained at ionic stfengths from 0.1
M to 0.6 M. The data point at ¢ = 1.0 M NaCl was omiﬁted
since its inclusion led to poorer precision in the fitted
constants. The fitted values for KQ+/M+ and “6+,ADS
(Table 11) were used to calculate the individual
contributions to KQ+ from ion exchange ("IEX" curve,
Figure 31) and adsorption ("AD%" curve). Although a
quantitative comparison of the values of “5+,ADS and
KO+/M+ obtained for the countérions NBTA' and Na® on the o
two SXAD resins of'différent capacities ‘is- not poss{ble
because of the use‘of different thermodynamic referehce
states for thevtwo resins (see.p. 116), comparison of

Figure 30 to Figure 28 indicates that while the ion
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exchange capacity of SXAD has decreased about‘GS?oId, the

adsorption contribution to Kg* has decreaSed>dgf} -
slightly. Consequently, the decreased sorption of NBTA'
observed for the lower capacity resin is almost completely

due to the ion exchanyge process.

4.4.2 sSorption of a Coion on SXAD Resin

Figure 32 presents the experimental data obtained for
sorption of the coion NBS™ on the 54.5 ueg/g SXAD resin,
from aqueoﬁs Naéjfsolutions of various ionic strength.

The sorption of Néé" on SXAD increases with increasing c,
‘in qualitative agreement with the predictions of the
proposed model. However, -equation 60 does not give a
quantitative explanation for the experiméntally observed
sorption data for NBS™ on SXAD.

Afrashethfar and Cantwell [132] in testing an
analogous model for thé sorption of organic ions on a low
capacity sur?éce quaternized XAD resin (OXAD) also b
observed that while sorption of a counterion (NBS™) on the
anion exchdﬁéer QXAD could be quantitatively described\by
tle model, the sorption behaviour ofva cqion (NBTAY)
showed significant deviations from theory.' Ion pair
formation between NBTAY and C1~ in the aqueéus solution
was Suggéstednas a possible source of this dfgcrepency.

However,vin,the present case, ion pair formation between

MBS~ and the wedl hydrated Na' ion is not likely to occur

N
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[183]. Further experimental work will .be required to

understand ‘the reason for this deviation from theory.

4.5 Relevance torIon—Pajn/Chromatograpr' i
. 1 . j

T

S

Ovgr the last seven or eight years, the column
packings (sorbents), which»have become most popular with
practitioners of high performance liquid chromaQOgraphy
(HPLC) are the chemicéll& Epnded alkyl—si%?ca reversed
phase sorbents [184,185]. Typically sucﬁ packings are

composed of 5- or 10 uh diameter, totaIT?lporous par;icles

of silica gel onto the surface of which have been

covalently‘bound alkylsilyl groups., Reaction of an alkyl
d1methy1ch10r051lane for example, with su;face silanol
groups on the .silica gel‘produces a 5110xane bond between
the silica surface and the alkyl chain (typlcally ‘octyl or
octadecyl). 1In a 51mpllsE1c view the chemically bonded
organic phase can be consxdered equ1va1ent to‘an adsorbed ‘
monolaQer_of the-nonﬁgaar octane or octadecane.

wﬁile chemically bonded reversed-phase sorbents. show
excellent retention of nonionic sample.species, they
typica}}y~rééaih ionic éample species much 1less -
strongly; However, the retentioh,éf ionic sample Speciéé
on such sorbents can be g:eatly increaséd if an “ion-

pairing®” reagent is added to the mobile phase {186-189].

An "ion-pairing” reagent is uUsually a salt composed of a



'lerge organic cation or anion with a small inorganic‘enion'
or cation. If the sghoie ion to be retained is a.cation_:
then'tne "ion-pairing" reagent to oe ueed contains a large
anionic pairing ion (e.g. sodium hexadecanesulfonate),
while an anionic saﬂple‘requires a.cat§onic *ion pairing:
reagent (e.g. cetyltrimethylammonium chloride).

Although "ion-pairingf'tecnniques on:the chemically
bonded reversedrpnase sorbents QaVe-proved very succgssful
and have become popular over the last five years (186~
189), a great deal of research during this time has failed
to prodocé a~model for;the‘physico-chemicai retention
mechanism which has met with anythlng near universal .
acceptance. Brlefly, there are three leadlng models, each

witp its school of adherents._‘The““ionfpafr model* ' R

L

assumes that an ion-pair formed in the mobile phase
betWeenbthe sampleeion and tne oppositely charged_pairing
ion partitione into the pseudo-liquid.nonpolar bonded
phase [190- 192] The phy31co-chem1ca1 aspects- of thls
process are described in terms of solvophob1c_
interactions"i |

A second'popelar model proooses‘that the pairing‘ion
from the reagent 1s sorbed by the chromatograph1c packxng
_to produce a "dynamlc ion exchanger [163 193 197). For
'_example, the reagent sodxum hexadecanesulfonate converts

the sorbent .into a dynamlc catlon exchanger becausé

1

189

Fat
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hexadecanésulfonate ions are sorbed and sodium ions Ean be
- exchanged for sample catlons in the mobile |phase.

The third model, the "ion 1nteract10n del'.
appeared~1n the literature [198 199] at the ame tjime as
did the paper by. Puon and Cantwell [112] pr0p951ng the SGC
model for ionic adsorptlon onto neutral adsorbents. In'
the ion 1nteract10n model the pairing 1on is sprbed to £he
chromatographic %acki_ng in_mdéh the same wéy tiha(:' it ii 1n
the dynamic.ioﬁ exchange‘model, to produce a’“prihary'ioh 3
layer". The other ion of the reagent (e.g. Né* pr'éif)
reméinélin é "sgcondéryolayé;f outside the‘pTimAty‘ion

, ;}éyer.‘“Sorétion of a sample\ion'from‘the mobi le bha;e \
occurs because of coulombié'att;action:intofthe‘Oppositely
'Chafged primary‘ion layef.ﬁAThen another pairing ion from
th§ mobi1e,ph?se‘iStébrbed to replace ‘the one |
“neutralized” by the sorption of the sémpie_ibn.

Whilebihepéeéent{y'reported reéearch on $low capacity:‘

.g‘catibn'exchahgers a&é the two previous-studies‘;;§}ohic-‘
.adsorptlon onto a neutral sorbent f112] and a low capac1ty
anlon exch-.dbr f132) have not dealt ‘with the chemlcally
.bonded reversed-phase sorbents,,nevertheless, the
fundamental principles elucxdated 1n thxs work have some
;elgvance toy';on-pa1r« chrométography on the chemlcally
bonded‘reVQrsgdfphaéé sorbgntsr’ Wlth-ghxs in mxpd, the ;:

following tentative observations can be made. ‘The



G

ev1dence in support of the view that the “ion-pairing
: A
reagent" is sorbed from the mobile, phase onto the

-~

chromatographic packing in the absence of a.sample ion is
)

.now.overWhelming [197{. Thus it is very likely that an

electrical double.layef|és preéent at the sorbent-solution
[

interface, Deelder [200] has shown the utility of SGC-

theory in describing the retention of sample ions on

191

chemiCaliy bonded reverSéd-phase-sorbentsﬂ in the presence

®

of "ion-pairihg reayents™. It is important to remember
phat when the surface charge density (o) arises from

sorption of "an ion from the mobile phase, then not only

'wg, but also %6 will depend oniionicisttength {112].

B i . ;
Assuming«that the dual retention mechanism (ion

exchange/surface adsorpt1on) has some relevance to “ion-

pair" chromatography gn the chemlcally bohded - reversed-

vphase‘sorbents, then this means that the ion exchange

capacity depends not only on the concentration of "ion-

pairing reagent” in the mohile phaee.but also on the

. overall ionic strength of. the moblle phase.

A second point. to come out of - the present work 45

“that models accounting fo; the adsorpt1on ofwlons onto a

',charged surface should ‘be eXpressedﬁin'terms~of electrical

'potentlal (wo) and not in teﬁhs of charge den51ty : It has

:been shown that the dlstrlbutlon coeff1c1ent for the

S

;adsorptlon of a sample 1on is a funct1on of Wo (equatlon

,.§ R : S :
: , i ‘ "
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i R
515 and also that a given surfaée charge density can give
rise to many different values for the surface potential
depending on the ionic_sttength of the\mbbile phase
(Figure 18).

A third important po{ht to ggnsider, based on the
present work, concerns thé"iéhﬁi etéction model”. This
model postulate$ the sorption of a sample ion due"to
electrostatic attraction to th? charged surface followed
by sorption of a pairing ion from the mobile phasé to
maintain the surface charge at a constant value. The
point is this: if it is éssuhed that thé pairing ion
accompanying the SQmple ion from the mobile phase to th%}
interfacial region winds up,also at the surface then this
‘is enetgetically eqdiyalent to the sorption of a neutral‘
"i6n-pair (sample ion/pairing'ion) and the correspon%ing
free.energy‘changé will not be. influenced by the
electrical chafge on the surface of the sorbent. Stated
qualitat&vely, tge étt:aétive force enhancing sorption of
the samp}e:ion wfll,be ba}anced,by a repulsive fdfce

N

diminishing the sorption of another pairing ion. If, on

B4

the other hand, the pairing ion accompanying the sample

‘ion remains in‘the diffuse layer then this criticism is

The abbvé‘COmments are made tenta;ively as a starting
pqigs for evaluating the data from chemically bonded

- e



reversed-phase sorbent/ion-pairing systems in terms of the

ion exchange/surface adsorption double’ layer model

proposed herein. It should be noted that ion exchange and

adsorption are essentially independent processes and that,
depending on the system of sorbent, ion-pairing reagent
and sample, either of the two processes may predominate.
Also, other proceeees such as ion-pair formation.lzdl],

Al

and micelle .formation in. the mobile phase [184] may play &

.more or less important role in ionic retention in such

systems. -
Several other investigators have begun;ﬁo invoke SGC |

@ . N )
theory to explain chromatographic retention behaviour of

ions in HPLC [202-206). This trend can be expected to
contlnue 51nce it represents a merglng of well- establlshed
o

surface—chem;cal principles with modern chromatography.

Finally}_the present reseafch has_demonstrated .the

3

~speed, 51mp11c1ty and accuracy of the "column

equ111braﬁlon“ approach to studxes of chromabographlc

systems.' Tt is hoped that this technlque wfll ilqb
s

j;greater use in studles of retentlon mechanasms waS

":° ]

‘advantages 1nclude the follow1ng. (1) the sygtem under

‘ ‘-
study is at equ111brlum, wh1ch 1s not true 1p studles

o

involving retention volume measurements on chromatographic

columns; (ii) as a result ambiguities in interpretation

“agising from skewed_chromatographic peaksudo not exist;

193



(iii) the technique is convenient for stronygly retained
. compounds and for low concentrations of sample as well as
for less strongly retained and more highly concentrated

ones; (iv) only small quantities of expensive packings are

required; and (v} it is relatively easy after equilibrium '

' : o
is established betwen the sorbent and sample solution to

wash off aﬁd éolle;t all of the’sorbed QOmponengs\“
including sample, ibh—pairing feagent, organic éolvent
modifier, etc., énd to perform a total analysis of all of
these componentsyfo; any gi&en mobile phase composition.
Such studies can be expected to be‘very'useful in

providing a definitive model for the retention of ions in

*ion-pair"™ chromatography.
. . ® . . .
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APPENDIX 1

- A derivation is given of the equations describing the
. titration curve for an H2A+ type acid with NaOH in the
éfesence of a.two-phase (aqueous solution/immfscible
solvent) system.  The treatment is ‘analogous to thaf\given
in [13,14)]. The equilibria that describe the system are
given as equations 1 through 7 in the text.

Thé equilibrium constant and distribution’coefficient

expressions corresponding to these equilibria may be

written:
K _ 1iAd-ay (1-1)
a,HzA [H2A+] :
A7 ).a .
H
K = —— (I-2)
a,HA (HA]
[H.,AX]
2 o) )
K =z —_— . (1-3)
I,HZAX [H2A+]
 [HA) ‘ T
= o . -
KHA - (I-4)

[HA] - -
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y r
Kima = ::fio _ (1-5)
KI,Hzg.A :z:;?][:-] (I-6)
Ky ay*apy (I-7)

The mass balance and electroneutrality expressions
are needed in addition to equations I-1 thru I-7 ¢o
completely describe the system. The electroneutrality

condition for the agueous phase can be written: .
(H30%] + (M%) + (H,AT] = [OHT] + [X7] + [AT] (1-8)

With the assumptioh that dissociation of ion pairs in the
organic phase is negligible (see p. 9) an
electroneutrality expfession~is not required for the
orgaﬁic phase. |

The ﬁas; balance expressioﬁs for H2A+, M* and X~ can

be written:
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Pl

- Mhgp T V([HAT] + [HA] + [A_])‘+'VO([H2AX]O

+ [HA), + [MA], + 2[HjA-A].) ' (I-9)

v, | ,

(M*] = [MX] + ngy/V - (g=) [(MA] ' (I-10)
VO

(X7] = [MX]) + nﬂzA/v - (=) H,AX] (I-11)

where.nHZA is the number of moles of t%e salt HoAX
initially present in the titfation vessel; ngy is the *
moles of strong Base titrant, MOH, added at a given point
in the titration; V and V, are the volumes (in liters) of
the aqueous and organic .phases respectively; and [MX] is
the concéntration of the inért electrolyte (e.gs NaCl) in ~
the aqueous phase. ‘ !

The electroneptrality condition (equation I-8) can be
solved by 5ubst3tuting'for (M*] and [x7) f rom equations
I—iO and I-11. '

\Y ' A

_ 7 - o _ + __o ) \
Non = nH2A + vV({a ] + v—[MA]O : [HZA | v [H2AX]Q

/\,

+ [of~) - [H30%)) - | (1-12)

i
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The titration equatfons-arevqbtained by?sub§tituting
for the species conceéntrations in equations.1;9~and>1612
using the equilibrium constant and digtribution
coefficient epressions I-1 thru I-7. | he

electroneutrality expression gives rise to the eguationg

Ka, HA ” ‘ a4
n = n + (V+V *K ) ! LHA] - (V+V _°*K )
OH HZA o I,MA H -0 I,HzAX Ka,HzA
o
e ,
KV  agv
- ; ‘ | (1-13)
Yo YH : _

where [HA] is found by solving the mass balance condition

~ for H2A+, which takes the form of a quadratic equation:

alHA]Z + D[HA] - nya = O | (1-14)
where
(Ka'HA )' -‘ ”
a = 2°V_sK At ‘ : (I-15)
o "I,H .
R I »
’ 2
and . | v o
- - Ka,HA o .. | - ‘ t
b = (V+VO.KHA) + 3 (V+VO.KI,MA)

H

N e



o, : , .

H _

~16

,+ R_———"V+VO’KI,H Ax) ) v (I-16)
a,HzA. 2 . .

Equations 1—13 thru I-16 may be written in a simpler
form by defining the appérent dissociation constants"”
KPP “and KPP for the f d prot £ HoA*

a, HZA and Ka ya for the first and second protons o Ho

in a two-phase system [48-50].

.cggp | |
app . o o -
CKah.a <app ~ (1-17)

2 caPP ,

2 .
-C:pp a |

appr | CHtA | .
Xa,na = ~_app ' (1-18)

"~ Cha '

app _app . _app

The terms CH2A' Cyp and Cp  are tne “apparént
concentrations“ of H2A+, HA and A”. They are defined as
the total number of moles of that species in both phases

- divided by the aquéous phase volume. They can be written:

Y -
app _ + REXT
CH2A,- [HyA ) + G- [H AX] .
= (H,A7](1 + ‘V‘)KI,uzAx) : (1-19)
, . - .8
app _ | Yot |
Cia = Al vgEinAl,
g Vo ' o
= lHAlgl +. ( HA) -(1-20)
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app _ - O
C = [A] + v_[MA]O

o Y
= [A7] (1 + ‘VS’KI,MA) (1-21)

Substituting equations I-19 thru I-21 into equations I-17

‘and I-18 gives

\Y%
o
(PP aH[HA] l+(-v—)-KHA
a,HzA [H2A+] i+(29)k
TV I,H.AX 1.
: 2
vé ‘
1+(7)Kya
= K . (1-22)
a'HzA Vo v .
-}*‘V"KI,Hzax'
¢ app _.aH[A ] 1+(V—)KI,MA
a,HA = T [HA] _vo
1+(v—)KHA
° : V0 ) .
; a, HA v .
| 145 Ky

-

Equat10ns 1-20 and I1-22 thru I-23 may be substltuted

o

into’ equatlons I-13 thru I-16 to g1ve the t1trat1on

equations in a second-form.
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Kapp aH ' .
= i a,HA _app _ app
NoH nHZA + Vl aH CHA Kapp CHA ]
a,H.A
2
K .V a..v
e - A (1-24)
B YoH Yy

from phe mass balance condition:

app a
- a'(CHA )2 + b'CHip - nHZA = 0 (1-2‘5’)
where
a,HA Vo 42 ’ ‘
L . . 14 — -
a! = 2:V, KI,HzA-A(x )(1+(V )KHA) (1I-26)
a,Hzg
J
app
K a
bt = v(-2eHA  H + 1) (1-27)
ay k3PP
‘ a,H2A

Since a' and b' ‘are both p§§itiVe while the third
. . » . | ' : .
term in ‘equation I-25 is negative, both positive and
negative roots exist. Only ‘the positive root has physical

a _ .
meaning becau’se,CHAp cannot be negative:

2 1/2
200 -b' + ((b") % + 4.a'.§H2A)
Cua ~ — 7.3 - o (1-28)
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/
When the extraction #f the ion-pair H,A*A is negligible
(i.e. (b')2 > 4-a'-nH2A) then equation I-28 is no longer
valid. However, in this case equation I-25 simplifies to

a linear form:

capPp . __2 ; | ‘ o (1-29)
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TABLE 12

”Isotherm Data for Aeetaminophen on XAD

peous 1 0 x 10’3 M NaCl (Figure 25)

Cpy Cq
(moles /L) (moles/Kg)
1.003 x 1076 3.22 x 107°
2.006 x 107 6.20 x 107>
4.012 = 1076 - 1.26 x 1074 (\
6.018 » 106  1.91 x 1074
8.024 x 107 2.54 x 1074
1,003 x 1072 3.22 x 1074
2.006 x 1072 6.22 x 1074 -
by 4.012 < 1075 1,21 X 1073
6.024 x 1072 - ’1}82 x 1073
8.024 x 107° | 2.42 x 1073
1.003 x 10-4 3,00 x 1073
2.006 x 1074 5.85 x 1073

4.012 x 1074 1.09 x 1072
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Sorption Isotherm Data. for NBTAY on 54.5 neq/g SXAD Resin

from Aqueous 0.1 M NaCl (Figure 26)

t

3

Cm
(moles/L)
0.9978 x 10”7
1.996 x 1077
3.991 x 1077
5;?87 x 1077
7.982 x 10”7
9.978 'x 107
| 1.988 x 10~

3.975 x 107°

CS
(moles/xg)
4.40 x 1074
7.34 x 10
1.23 x 1073
1.62 x.1073

2.01 x 10~3

2.35 x 1073

3.72 x 10~3

5,37 x 1073

e

—



Sorption Isotherm Data for NBTAY on 54.5 ueq/g SXAD Resin

“TABLE 14

P

from Aqueous 1.0 M NaCl (Figure 26)

225

-

C

m

(moles/L)r

9.938 x 10-8

1.988

3.975

s 5.963

7.950
, 9,938
1.988

~.3.975

X

107
10”7

10”7

Cs

(moles/Kg)

7.44 x 10”2

X

1074

10-4

1074

1074
1074

1074

10”3
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TABLE 15

—

Ve

Sorption Isotherm and Distribution Coefficient Data for
NBTAY on 54.S£ueq/g‘SXAD Resin from Aqueous NaCl

Solutions (Data from Figures 27 and 28)

[NaCl} Cm CS KO+
(moles/L) (moles/L) (moles/Kg) (L/Kg) v
0.1000 1.988 x 1078  8.24 x 107

3.975 x 1078  1.73 x 1074
¢ 9.978 x 10°8  4.40 x 1079
) 4a.40 x 103
0.1500 3.018 x 1078  1.04 x 1074
5.963 x 1078 2,03 x 1074

3.41 x 103
0.2500 4.024 x 1078 9,27 x 107
9.054 x 108 1.88 x 1074

2.11 x 103
0.4000 5.963+x 107° B.ééé; 107°

1.292 x 3077 1.8%x 1074 :

’ 1.44 x 103
o&ggoo © 7.950 x 10”8 8.18 x 107°

AN 1.789 x 10~7 1.81 x 1074

1.01 x 103
—- §
1.000 9.938 x 1078  7.44 x 107° -
~ 1.988 x 1077 1.38 x 1074



TABLE 16
Distribution Coefficient Data for the Sorption of NBTA "
on 54.5 upeq/g SXAD Resinfrom Agueous KC1 Solutions

(Figure 29)

———— ——

[KC1] Ko
(ﬁoles/L) (L/Kg)
0.100 2.50 x 107
0.160 1.67 x 103
0.240 1.12 = 1073
0.400 7.37 x 102
0.600 5.44 x 102

1.000 4.10 x 102
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TABLE 17
Distribution Coefficient Data for the Sorption of NBTA*
on 54.5 weq/g SXAD from Agueous LiCl Solutions

(Figure 30)

[Licl) Ko*
(moles/L) = -(L/Kg)
0.09985 3.29 x 103
0.1598 2.27 x 103
0.2396 1.57 x 103
0.3954 . 9.95 x 102
0.5991 7.08 x 102

0.9985 4.93 x 102
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TABLE 18
Distribution Coefficient Data for the Sorption of NBTA "

on 9.7 weq/g SXAD Resin from Aqueous Solutions

(Figure 31)

[NaCl] Ko*
(moles/L) (L/Kg) IQ
0.100, | 7.89 x 102
0.150 5.94 x 102
0.250, : 4.44 x 102
0.400, 3.53 x 102)
0. 600, | 3.07 « 102

1.00, 2.87 x 102
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TABLE 19
Distribution Coefficient Data for the Sorption of NBS™
- on 54.5 peqg/yg SXAD Resin from Aqueous'NaCl Solutions

(Figure 32)

[NaCl1] Ko+
(moles/L) (L/Kg)
0.100 3.64 x 102 '
0.200, 4.92 x 1072
0.400, 6.59 x 102
0.600, 7.84 x 102
0.8005 ™~ 9.45 x 102

1. 00, ~1.12 x 103



