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. - Abstract
“-\‘. L s

Adsorpgon xsotherms of p-mtrobenzenesulfonate (NBS ) fmm an aqueous soluuon

- of Na+NBS’ and of tetra-butylannnomum (TBA+) from an aqueous solutxon of TBA+C]'

onto a chermcally bonded octadecylsx]y] (ODS) packing were measured asa funcnon o?'

iomc strength adjusted wnh NaCl, using a column equ111brauon techmque The adsorpuon .

1sotherms of N B& onto the ODS§ pa,ckm g follow the Langmuxr equauon and those of

TBA+ follow the ):reundhch equanon The. effect of 1omc suength on the 1sotherms is

’ quanutanvely explamed in terms of the Stem Gouy Chapman elecmcal double- layer

‘ theory

It was shown by rﬁeasunng the surface tens1on of i ns solunons asa funcnon of | ,
concentrauon by the lehelmy plate method, that TBA——Cl docs not form rmcelles in
soluuon under the expenmental condmons 'I'he con}pieteness of elution of TBA+ from the 3
ODS packmg. in the final step of the column equilibration method, was demonstrated using
its brormnated denvatxve ('I'BABr"'Cl ) by detemunmg the res1dual" amount on the eluted ,

ODS packmg _wx_th mstrumental neutron aqnvanon analysxs (INAA).

Then the retention of NBS (sample 1on) on the ODS packmg under typlcal "ion-

c»,- ‘ "
Bau cohdmons whére it is present at "trace"" concentranon was studxed by measurmg ns

dxsmbuuoﬁocﬁﬁews a function of'the concet‘n'[auon of TBA+ (pamng -ion) and of

ionic strength. The colurnn equlhbranon system used for the measurement employed two

detection systems an on-hne uv detector for NBS" and an off-lme solvent extmctxon/ﬂdw

mjecuon ana]ysxs (SE/FIA) apparatus for 'I'BA+ This fcatune enabled slmultaneous

~measuremem of the sorpuon lso!herms of both NBS® and TBA"' The expenmental data’ o

are used 10 demonstrate quanutanvcly the vahd:ty of the elecmcal double-lafer sorpnon

| model for ion pair chromafography Accordm gto the model"recenuon ofa sample 1on _

under 1on pmr" condmons is due to two. processes ion exchange in the diffuse part of the L

~
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c.lectnca] doublc-laycr at thc ODS/soluuon mtcrfacc and surface adsorpnon Itis found that

for NBS' wnh TBA"' as pamng~1on »ion cxchangc makes a sxgmﬁcant]y grcatcr

conmbuuon to retcntxon xcept at hlgha’omc strength.
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| various ionic compounds mcludmg carboxyhc acids and ammophenols [2,3], blogemc

| nicotinic aC1d from human serum samples [6].

Chapter 1
“Introduction’

In the carly 1970's a number of workers exploited i 10n-pa1r formauon asa means of
liquid partition chromatography [l 6] In liquid- -liquid partition chromatography, asin
lquIld -liquid extraction, both the mobxle and stationary phases are composed of bulk
immiscible liquids. Under the expenmental conditions employed the solute ion Was present
in the bulk organic phase pnmanly in the form of an 1on-pa1r -formed with the reagent |

pamng -ion". This kind of i 1on-pa1r partition chromatography was used for separaung :

“

amines. and theu metabohtes [4] thyroid hormones and sulfa drugs [5], and for isolating.

A

Because llquld -liquid paruuon chromatography systems are expenmentally difficult

to work wuh they have been largely replaced in recent years with the so-called bonded

~

 phases, in which an organic molecule is covalenlly bound to a silica- -gel surface. As for.

hqmd -liquid partition systems these bonded phases are referred to as "normal phase" or

-"reverse-phase” depending on whether the%und molecule is moré or less polar than the .

- mobile hase, spectwely One of the frequently used reverse-phase bonded packmgs is-

~the octadecy1s1lyl (ODS or C18) bonded phase in wl’uch octadecane is bound to the surface )

; Based oh‘thxs early view of bonded-phases as unmoblhzed liquids", it was natural to refer

-the’ separauon of ions in the presence of an opposnely charged ion in the moblle phase as

."ion pair chromatography" [7) . Ion paJr chromatography on bonded phases has been

widely used for separaung various xomc orgaml: compounds mcludmg pharmaceutical
molecules and blomolecules, such as amino aC1ds pepudes proteins, etc in the ‘past decade -

(8,9, 10] It is usually carried out in. the reverse-phase mode. Its operauon procedure [l l]

‘is the same as,-that of convenuonal reverse-phase lxqmd chromatography on bonded phases

\»/1\ . '-‘

achieving solute retention and separauon in both normal -phase and reverse-phase liquid- .‘. -'

LR '



except that thc mobxlc phase contmns a pamng-xon whtch is opposxtely-chargcd to the

: sample ions to be separated The mﬂuence of the pamng ion on the separation of the

’ sample 1ons is qmte remarkable. Thts is ﬂ]ustrated by the chromatograms in Fig.1-1 [12).
The scparanon of some catmmc protonated catecholarmnes on an ODS column is shown in
the absence and presence of the anionic patpng ion, n-octane sulfonate in an aqueous

. mobtle phase When the mobile phase docs not contain any pamng ions, the sample ions )
havc short retentlons on the nonpolar stanonary phase and their. separanon is very poor (see
~ chromatogram A). When the pamng ion is added to the mobxle phase the retentions of the |
vsample ions increase dramancally and they are separated very mcely on the column (see
chromatogram B). This example illustrates what is true in general that ionizable or very
polar compounds are very difficult to separate with reverse- phase columns because of their
short retentlon and severe peak tailing [8,11] . By adding a pamng ionto the mobile
phase, the retentlon is greatly enhanced and a relauvely good separanon can usually be o

‘ achleved

o : v .
" This. lond of chromatography has, at various times, been called ion- patr

: 'chromatography [13,14], palred ion chromatography, surfactant chromatography [14],

' soap chrbmatography [15 16] solvent -generated ion-exchange chromatography [171

hetaeric chromatography [12] and i 1on interaction chromatography (18,19]. This _ . - |
technique has become a popular alternatwe o 1on-exchange chromatography for separatmg |
mixtures of ionic molecules especially large blomolecules Compared with 1on-exchange

chromatography, ion pa1r chromatography usually offers ahi gher separauon efﬁc1ency and |

a greater degree of flexlblhty as far as thc cluent (mobtlc phase) composmon is concemed
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In splte of the lack of agreement on the physmo-chermca] process responsxble for
the retermon of ions in'ion pa1r chromatography, the present knowledge obtamed from the
work of the past decade, has been able to provide some degree of chromatographxc |
predictability for this ‘techmque [21,22]: ( 1) the retenuon of a sa.mple 1on generally -
increases thh increasing | concentration of a pamng ion in the mobile phase, and sometlmes |
reaches a maxlmum and decreases with furtheri mcrease of Lhe\concemranon (2) the |
retention of the sample i 1on decreases with: ma{as{ng ionic strength of the moblle phase (3)
.-the retention of the sample 10n decreases dral( atically when, a pamng ion bears the same .

typc of charge as the/mmple on; (4) the re&:nnon of a non ionic sample decreases wnh

increasing conccntranon of a«c’harged pam_ng-lomn a totally‘ aqueous moblle phase.

v

The g‘ba] of the present thesxs is to test expenmemally the physrco—chcm]cal model
' proposed by Cantwell in thch retention in jon-pair chromatograp\l}y is. quanumnvcly
explamed on the basis of the properues of the electrical double- layer at the ODS/moblle _

phasg 1nterface Thrs thesis is divided in the followmg way: .

In Chapter 2 are presented the pnnc1ples of operanons of all the techmques mvolved O
.4 in this study, such as the column cquxhbrauon techmque solvent extractxon/ﬂow mjecnon '
analysxs MWilhelmy baJance instrumental neutron actwanon analysis, etc.. A detalled

descnpoon of the expenmental procedures for.each of the. Icchmques is aJ;o given.. In

addition, the synthc51s and pr0pert1es of the ODS packmg used in this study are presemed

In Chapter 3, the adsorpt:on rsotherrns of an orgamc eauon tetra—butylammomum W
4,

(T BA"’) and of-an orgamc anion, p- mtrobenzcnesulphonate (NBSQ onto the ODS

packm g at ﬁve d1fferent 1omc smengths will be given. Then the effect of i 1oruc strength on
- thc adsorpnon 1sotherms will be quanntatlvely descnbed usmg the Stem-Gouy-Chapm‘an ‘

'clectncal double Iayer theor )L



7 In Chaptcr4 the mtcnnon of NBS (samplc 1on) under typlcal "ion-pair” conditions -
onto an ODS column is presented as a function of the conccntmuon of TBA* (pairin g-ion)
'and of ionic strength. Thc adsorpnon isotherms of 'I'BA+ measured at the same condmons
are also ngcn ‘The cxpcnmcnta] data are thcn ﬁttcd into the clccmcal doublc-layer sorpnonA -
model A good agrccmcnt between the two is uscd to indicate the success of thc model. In }.

'Chaptcr 5, some. possxble futire work w1ll be discussed. -

6



Chapter 2 - .
Experlmental Methods, Prmcrples -And The ODS Packmg Matenal

. .

-

In this chapter are presented the cxpenmenta] details for all aspccts of the research
including the column equilibration technique for measunng sorptlon isotherms, the solvent
Av extraction/flow injection analysis techmque for determuung tetra- butylammomum (’IZBA"')
ion, the Wilhelmy ba]ance techmque for measunng surface tensron of.the aqueous solutions

of TBA+C] and the 1nstrumental neutron actJvauon analysrs(lNAA) techmque for ‘ ‘

V deterrmmng brormne _ » , o e . ‘

Lmtrobenzenesu]fomc acid (NBS acid) was prepared from t-be pracucal grade

- material (Eastman Kodak Co., Rochester New York) by recrystalhzmg it from the solvent
) benzene/cthyl acetate (25175 v/v) “The crystals thus obtained were then vacuum- dncd for - |
: -v,~24hr (melnng pomt 92~93°C) A stock solution of 1.250 x10° 3M was prepared by

‘ drssolvmg 0. 1270 grams of the crystals in-water in a 500m! vo]umetnc ﬂask f

Tetrabutv]ammomum chlonde (TBA+C1 ) (Lm no. D9C,; 96% Eastman Kodak

Co., Rochester New York. ) was used. wuhout further pﬁnﬁcauon Itis very \
: .hygroscoprc A stock solution of 'I'BA"'CI (O 06M) was prepared by dissolvin g itin

water, and was standardtzcd by tltratron W1th a stapdard silver nitrate solunon

o %gtammgghen (p- hydroxyacetamhde) was obtaxned from Mathcson Coleman and
Bell (Norwood, Ohio) and used asteceived. . N o

&

Sodium Hygroxrgg . lM) solutron was prepaned by dlssolvmg reagent grade

- sodium hydroxrde in'water, and was standardrzed using pnmary standard potassxum acid

Phthalate : ' | ' o _ *
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qumm gh!Q ride (¢! OM) solution was prepared by dxssolvmg reagent grade sodium

_ chlonde In water. TIts conccntrauon ‘was accurate to wuhm 0.1%.

~ ~
P

e k‘ N

mg(o lM) solunon was prcpared by dlssolvmg - 5g'of reagcnt grade
ig]acxal acetic ac1d n lOOOml of water, and then was standardlzed using the standard sodium
hydroxrde S‘Blutmn ' ' '

s ’
.4
¥

§1lvgr mﬂtg (O IM) solutJon was prepared by drssolvmg pnmary standard silver

’ mtIate m*’Water
-

-

P]CT]C acxd (BDH Chcmlcals) soluuon (0.05M) was ptepared by’ dlssolvmg prcnc

N
acid in water, and was standardrzed wnh the s6dium hydroxide so]uuon

’ .
-~ .. . L4

Watcr used to prepare all the aqueous soluuons was obtamed by distilling the

r\
laboratory distlled water over alkaline permagnate and collectmg the middle fraction of the

dtstlllatc (the ﬁrst 20% of the distillate was dlscarded)
- . . C
Methanol (Anachemia) was reagent grade, and was distilled béfore use.

. thangl (BDH Chemlca]s) was reagent grade and was drsnllcd before use.
. »

g:hlgrgfg ( Terochem Labs Ltd. ) was reagent grade, and was used as recelved . |

. /\ .
All other chemjcaJ'S were rcagent grade..

.}

~ Whatman Partisil-10 ODS-3 (batch no. 100763, Wha@nc Chfton N.J.)) was
used as the packmg matcna] in this work. Thxs matcnal is conmdcred tobe a highly “"end-

b

cappcd rcvcrsed-phase packing.
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| Chcrmcajly bonded octadccylsﬂyl (ODS) mrstopamclcs (5 or lOum) are by far the
. most frequently used revcrscd -phase packm! matenals in liquid chromatography [ 23]
‘mainly becausc of their apphcabrlrty to diverse separation problcms and their high
cfﬁcxcncy The rcacnons commonly used for synthcsrzmg both monomeric and polyrhcnc -
ODS [24,25 26) are shown in Fig. 2-1. Wrth*a monofunctional silane (e.g. monochloro
| or monoalkoxysﬂane) each molccu]e can react with only one silanol group on the srllca
| surfacc (sce ain Flg 2. la) The pr‘oduct thus obtamed 1s called. monemeric to indicate that
the surface of the silica geli rs covert:d th only aﬂr;onomolccular layer of thc alkyl chams
Monomcnc phases can also be prepared by thc reaction of silica gcl with di- or tnfuncuona]
s1Tanes if water is excludcd from the reaction (Fig 2 1t th walter present, a |
| tnfuncuonal reagcnt can produce a cross linked alkylpo]ysﬂoxane laycr at the surface
'(Flg_.3.lc.) and such a sta,uonary p_hasc is c,ahcd polymcnc . \/
Itis general]y agrecd that Lhc numbcr of accessible srlanol groups on-the silica
. surface is about 8 umol/m (or 4. 8 sr]anols/nm?') [24,25,27] . Due to stcnc’honstramts it
is behcved that less than ha]f[ 24,28 291 of these silanols can be sxlamzcd wrth thc
octadccylsxlyl which has a mlauvcly long alkyl cham In order to minimize the unreacted -
silanols on the surface, the product is usually sx]amzcd\agam thh a much smaller silane.
Tnmethylchlorosﬂanc 1s commonly used for this purpose. This procedurc as shown in

Step (ii) of Fig. 2- laand Stcp (iii) of Fig. 2- lb 'is usually referrcd to as cnd cappmg

’ Most of the casxly accessxble silanols could be sxlamzcd thh this proccdure

/Evcn after the "endcappin g"', there may still be some accessible residual silanol

_ groups on the surface [25,26] , and their amount depends on the cndcapping',proccdure.
t o ' ' R E : s .
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\ Ttis believed that these residual sﬂanol groups are thc cause of vanous problcms in’
chromatography. such as thc mstabthty of thc packmgs in aqucous mobtlc phases and thc
severe pcak tailing of polar or ionic compounds [30-33]. The cffcct is usually more
s: gnificant for basxc organic ions, like amino compounds cspecxally whcn thc mobile phase

| * has a high orgamc solvent concentmnon [321 35 36]

Thc amount of the alkyl chams bonded 10 the s1hca 15 an unportant paramctcr
frequently uscd to specify a chermcally bondcd packlng matcnal It can bc expressed i in
dlffcrent ways The two most commonly ways-are: (1) Carbon loading: This is thc wcxght
~'percentage of cat'bon in the packtn g material, and can be easily obtained from elemental
analysis. (2)Surface coverage® This is usually defined as the percentage of the avajlable T
~silanols on the silica gcl that have reacted with the silanes. Surface coverage is 1ncncascd |
by both the bondmg reaction and the "end- capplng" sxlammuon Its valuc could be ‘
' dlffcrcnt dcpcndmg on the assumptions mvo]vcd and mcasurcmcnt tcchmqucs [25]. Itis
generally considered to be desirable to have the surface covcragc clo;c 1o umty fora wcll

“end-capped" bonded stationary phase

‘The ODS packing material used in thig study was made by bonding a trichloro-
octadccy]sﬂanc reagent to the Partisil-10 silica under drying condmons followcd by 4
_cndcapplng with tnmcthylchlorosnlanc (probably with schcmc b in Fig. 2 1). The Panjsil-
10 silica gel, from which the* Paﬁhs:i 10 ODS-3 packing was made, 1s irregularly- shapcd
porous rmcropamclcs‘:wth an average dlamctcr of 10um and surfacc area of approxunatcly

00m2/g Its pore size is about 8nm. The final product isa lOum chcrmcally bondcd C18
phase with carbon load of approxxmatcly{IO% Its surface covcragc was estimated by the
‘_ manufiéture to be at least 95% bascd on the retention of mtrobcnzenc thh n-hexane as the _

clucnt [’%7] Thc specific surface area of the batch of Partisil-10 ODS-3 uscd in this study
has been mcasun:d usmg the BET method to be 309 m2/g (by S Angle in thc Albcrta
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'Rcscarch Councﬂ) thther thls packmg is truly monomenc or somcwhat polymcnc is

. controvcrs:al [27, 37]

-I | L

]
¢

In this expcnmcnt the sorpnon of NBS onto the ODS packlng material from

) aqucous solution wasstudied by mcasunng its sorption 1sot}1erms at five dlffcrcnt lom_c ‘
strcngths mngmg from 0.01 10 0.1. The solution concemranon of NBS- ranged from .
5x10-5M t0 1.5x10-3M. The pH of the soluuons was adjusted to 5 0 and the tcmperature i;y_ |

4

was controlled at 25°C +0.5°C..

2.3.1. Pringiples of the Column'Eaui]ibran'on Technique

Thcrc are many techmques that have been used for 1 measuring sofption 1sotherms |
.. for solid/solution adsorpuon These have: bccn extensively dlscussed by Sorel and

by Hux et al [40,41] and

vHulshoff [9], by Kip]mg (38], b_y Parffit and Rochcs
by May et al [42] . This discussion wil] be lirniiga_to the column

Fig. 2- 2a sho*'s a column packed with a known welght of the sorben (i.e.
ODS), Ws, through which a solution of the sample componcnt (e.g. Nat NBS ), whose
conccntranon is Cm 1s bcmg fed. SuppoSmg before the start of the feeding, the column h
is cqu111bratcd wnh the solvent not contammg the sample component Then at time 0.0 the
- sample solution starts to feed into the column. If the sdmple component is not retained

(sorbcd) on the sorbent at all, then it will migrziic at the same speed as that of the solvent

and will emerge frém the outlet of the column after one column volume Vm, of its soluuon

:‘ has been fed through. If, on the other hand, the sample componcnt is retained on the

sorbent, the front of its zone wil] migrate at a slower rate than that of the solvcnt and will

cmcrgc from the outlet after a Iargcr volume, VR, of its soluuon has been fed through the

- -
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Figure 2-2 Column equi]ibrau'on tcclghiquc for measuring adsorption jsotherms of a sample
~ component (e.g. NBS” ) onto ODS packing from solution. (a) Showmg a"
- ""'.'column packcd with ODS through which a samplc soluuon contmmng NBS~
is bcmg fed; (b) showmg a hypothetical breakthrough curve of NBS on the

column.



. column VR is normally nefen'ed 10 as the breakthrough \Qlume of the sample component
and is related to its drsmbutron coefficient, Kd on the sorbent by the equauon |

VA= Vm+ Weke @
For.a given column both Ws and Vm are fixed so that the larger Kd is, the larger will be
Y R ‘ | '

" The curve (Fig.2. 2b) showing the concentration of sample component in the &
effluent versus the effluent volume, is referned to as the ' breakthrough curve" of the solute .
on the column. Wuhm experimental error, at larger and larger effluent volumes the ::uwe ’
approximately approaches a limiting plateau When the plateau of the. breakthrough curve _
1s reached, the concentrauon of the sample component leavrng the co]umn Ce,is equa] to

its concentration entenng the column, Cm. The sorbent in the column is at equrlrbnum ’
- wrth the solutlon whose conccmrauon is Cm and complete breakthrough has been
achleyed : - *
N
A befjer way to measure the approach to equilibrium between the sorbent ancl the ¢
so]uuons when the concentrauon of the sample- component in the effluent solutron 1s small

and likely to be lost in the baseline noisk, is to measure the loadrng curve [41, 42 ,43] of the

sample component. Thrs can be done by the followmg procedure' (i) pumping a specified

X

volume of the sample solution throu gh the column; (ii) eluting the sorbed sample
component with a suitable eluent, collecting the efﬂuent and determmrng the amount of the
sample component, "T' after each loadm g operatron (iii) repeating step (i) and (ii) using a
larger volume of the sample soluuon 1n step (i). The loadmg curve is a plot of the amount
of the sampl\e component sorbed in the column ¢afther peak herght or peak area ) vs. the |
volume of the sample soluuon pumped through the column The amount of the sample |

componem sorbed in the column usually Increases to a hrrutm g plateau at which point

-



[} . S

‘ equlhbnum (or complete breakthrough) has been achieved. A typical loadmg curve is

~
-shown later in Fig. 4.2.

The concentration of t(ne compound on the sorbent Cs (mol/kg) can be calculated

-
gy

by the equatron : . IR ;
o nT - C V _ : ‘ ' \
Cg= : | ‘
. Ws . | @2

L3

. where n is the total number of moles of the sample componcnt (e.g. NBS") contained in

' the column Various quanut,auvc techmques have been used to determine the amount elutcd
[44 45 46 47,48]. The: %oxd{t’olum@ Vm, can be determined by filling the column with
water, eluting the column wrth another solvent and collecung the eluent at the end of the
" column, and ﬁnally quant:ltatwely deter'r;tuung the water content in the collected eluent by a

* suitable techmque [45 49 50]

In the column equ1hbrauon techmque one is mterested in the values of Cs on the’

' complete breakthrough plateau (i.e..when the paclcmg 1s at equrhbnum wrth the saimple

' 'SO]U[IOH) Once Cs at co]umn equilibration is known the distribution coefﬁcrent Kd, of
the compound can then be calculated w1th equauon 3-16 (see Chapter 3). A sorption
1sotherm for the sample component can be constructed by repeating the operauon at several

~ different values of Cm in the sample solutlon o

?
-~

’ In summary measuring. sorpuon isotherms with the column equrhbratxon technique ‘
usually mvolves four expenmental steps: (1) deteqmmng the void volume of the column, ”
: _' Vm (i1) equthbratrn g the column by passmg enou gh sample solution through it; (iii) elunng

Cor washlng-off the sample componcnt from the column wrth an e]uent and (1v) detemnmngi

the amount of the sample component in the collected eluate wrth a proper quanutatJve E

method. ' o ' ' ~ !




A‘.

* The column Cirisa2. Ocm long )_c 0.40cm §

g,-""' " N 2

available (part no. 84550, Waters Ass. Inc Mtlford MA) Itis dry packed with 0. 1657g
3
of the ODS packin g The columm, was thermostated in a water bath of 25 O + O 5°C. A

8%

Cary 118 spectrophotometer (Vanan Instruments, Palo Alto CA) was used for the
¢
absorbance n measurements " . e

© 2.3.3. Sample and Eluent Soliitions

Five senes of sample solutlons were prepared Each series had a constant 1onic
. strength and contained a range of NBS~ concentrattons from 0.5 x 10 to15x 10’4M
The five series w;re at ionic strengths 0.01, 0. 022 0.034, 0.05 and 0.10. They were
‘pnepared by pipetting the stock soTutlon of p- mtrobenzenesulfomc amd into a Series of
: SOOmI volumetric flasks, with j Just enough volumes (les@han 7. 5m]) of the 0.IM NaOH
solution to neutrahze the acid into-its basxc form. Then ~ 0. 5ml of the 0. 1M acetic acid
solutton was added to ad_]USI'thCII' pH to.5.0, sufficient volume of the 1.0M NaCl solution
: was added to adjust their ionic strengths to the specific values and they were diluted to

Lo

volume thh water.
The eluent was prcpared by mixjn g equz_ﬂ volurnes of methano] and water.

All solutions were filtered through 0. 45um pore-sized Nylon 66 ﬁlters (catalog no. -
38-1 14 .Rainin Instr. Co. Inc Emeryville, CA) before use. A '

L .
‘ ) ..‘;‘,,‘-; . v
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- Figure 2-3 The column equilibration apparatus used 10 measureg@dsorption isotherms of

ke

18 -

p- mtrobenzcncsulfonatc(NBS ) wher}: P1and P2 are two HPLC pumps V is -

a six-port samplc mjecuon va]vc and Cl is a column packcd w1th ~ 170mg of

ODS matenal The sample so]utlon usually contams NBS~ (concentrauon

>rangcs from 0: 5 xlO'4 to 15x10'4 M) with ionic strength ranging from 0.010

" 100. 100 and pH 5.0. Thc eluent js a/l :1 (v/v) mixture of mcthanol and water.

contammg 0. OIOM NaCl

@-f% 8-
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‘2,3,4‘ Proc ’g.‘dgrg

¢ With she valve Vin 'Hc "loa@posmon (the dashcd hnes), the sample solution was

pumped for 5.0 minutes ata flow rate of 2ml/min through column Cj to waste (outlet B).

This is cnough to achieve complete breakthrou gh for NBS Then the valvc was swnchcd '

to the inject” posmon (the solid lines). Thc eluent was pumped for 10. O minutes at a flow

rate of 1ml/min to backflush the column C@luung the NBS" from the column The

effluent was collected 1o thc mark ina lOml volumetric flask at the outlet A. Thc total

number of moles of NBS", DT NBS' eluted from thc column (mcludmg that contained in

| the vord spaces) i 1s dctcrmmcd by comparing the absorbance of the collected eluate with a

cahbratron curve of absorbancc at 266nm 'VS. concentration. The absorbance mcasuremcnt .

was performcd ona spectrophotomctcr ’ S y
- ) ‘ h] '
The concentration of NBS on the ODS packmg, Cs NBs- (molkg), ¢an be

"
calculated from equation 2-2 after the void volumc Vm, is measured. The adsorpuon

~ isotherm of NBS® ata pamcular 1onic strength is constructcd after CS NBS' is measured at -

- several different solutlon conccnuauons of NBS Crn NBS™

~ ) .

Loadrng éurvc for NBS” were studxcd by pumpmg the sample soluuon through the

rcolumn for various time 3, 4 and 5min) dunng the equxlrbranon step. The study was done

to ensure that 5.0 min was always sufficient to achieve cthbnum Funhcrmorc .in order

to dcmonstrate that- thc eluuon of NBS" from column C1 was complcte in I%mm the

_eluuon curvc of NBS" was measured by pumping the eluent through the celumn for

' varjous time (5, 7 and 10min).
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Void Volume Méx ment -

2351 Procedure . o e D

The v01d volumc Vm, of the system shown in Fxg 2- 3 was mcasurcd in thc _

T followmg way ~ With Y in the "load" position (dashcd lines), water was pumpcd lhrough

- the column 1 for5 Omm_at a flow rate-of 2ml/min. 'I‘hen V1 was switched to the "inject”
position and: cthanol was pumpcd through the column for lOmm at a flow rate of lm]/mm |
The effluent was collcctcd in a 10ml volumetric ﬂask The volumc of water in the collccted
ethanol soluuon was detcrrmned with gas chromatography [45] on the basis of a
cahbrauon curve of pcak area vs. volume of water. The cahbrauon curve was ob&ned by

, mJecnng 2ul of a series of standard solutions of water in ethanol.
2.3.5.2 The Gas Chromatography %sgzm ‘

The gas chromatography instrument (Model 3700, Varian, Palo Alto, CA) has a-
homemade stainless steel column 29m long x L. 6 mm 1.d., which was packed wnh
Porapak Q-S 50/80 mesh (Waters Assoc. Inc., Mrlford MA). " A thermal conduct1v1ty

detector w’é usca/

Important instrumental parameters for the measurement are as follows: 'injector
A tcmperaturc 200°C; column temperature: 135°C TCD temperature: l90°C Helium flow

rate: 40ml/rmn Filament current; 225mA.

_ | : . : :

This experiment was intended to study the situation where a "trace"” amount of
NBS-is prescht with a large excess of TBA% in thcbsamplc solutions at various ionic
strengths. These conditions are typical for the so-called "i ‘pn-pau%hromatography

Under "trace condmons" thc adsorpuon isotherms of TBA™ onto the ODS material will not

'd By

@
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_ solvent.

be affected by the presence of NBS".in the soluuon whxle the sorption  of NBS~ wxll be ' A
changed sxgmﬁcantly by the presence of TBA " Inthe’ study, the/soluuon concentratxon of

TBA (rangmg from 0 002 to 0.05M) and NaCl (1omc strength rangmg from 0.05 to 0.5)
were vaned and that of NBS- (l 488xlO 6M) was fixed. Using the column equilibration

_ techmque the adsorption tsotherms of 'I'BA+ and the influence of concentration (both in

the solunon and on the surface of the ODS) of TBA™ on the sorpuon of NBS- at ﬁve

different ioni¢ strengths were obtained at the same ume

\,\ L
A

/l}e—s—yhstc_m used for the measurements is shown in Fxg 2-4. Its main feature 1{

o ¥

that it has two detection systems: one is an on- hne uv detector and the other is an off- hhe

‘solvent extraction /flow i injection analysrs system This feature enables it to be used to -

<@
51multaneously measure the sorpnon 1sotherms of boLh NBS and TBA* respecnvely

Tl‘lﬁoop L is for the purpose of cahbranng the UV detecto/ NBo'. The
ana]yucal co%nn Chisto resolve the NBS- peak from those of 1mpunt1es and that of the

\—<<

2.4.1. Principle of the Technigue

The principle of the techmque is schernfitically illustrated in a sm/lmystem
shown in Fig.2-5. The situation is basically the same as that shown in Fig.2-2 except that
the sample solution fed into the column contains both components: NBS™ an'd TBA+
instead of only NBS™. The sample solutxon is passed through the columnp packed thh a
known weight of an ODSQackmg until both of thersample components reach sorptlon
equilibrium with the column That is, the concentranons of both NBS and TBA* leaving
the column are equal to those entering the column and both of them have achleved complete
breakthrou gh. The breakthrough vdlumes of N BS“and TBAY are related to their

':_,kmbutxon coefﬁcxents by equation 2-1. The breakthrough curves are shown inan_

' 1deahzed formin Flg 2- 5b Because TBA* has;a much smaller Kd than that of NBS"
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Outlet A

Figure 2-4 The liquid chrorﬁétégraph){ systcm used for simutaneously measuring sorption
isotherms of both NBS™ and TBA™. 'th‘n: P1 and P2 are two HPLC pi:mps _
V1 and V2 are two six-port sample i mjccuon valveg, Clis the column packcd
with ~ 15mg ODS matcnal C2is an analytical column (PRP-I) L isa 2m]
loop attached to V2, Dis a UV detector, 1 is an integrator, and R is a rccordcr ‘
Note, C is the point at which V2is d15conncclcd from V1 when void volumc is .

' 10 be determined.
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- Figure 2:5 Column equailibration tccfmiquc.for/ %y
.. isotherms of TBA™ and NBS". (a) shBwirig a colugan packed with ODS
. %acking through which a sample solution containing NBS™ and TBA ™ is being

" fed; (b) showing the brca'kﬂudu%@urvcs of TBA* and NBS” on the column.



under the condmons of the experiment, it achlevcs complete breakthrough ﬁrst It should o

be noted that, in the absence of TBA™Y, NBS™ has a very small breakthrough volume But ‘

under the ion pair" conditions, in the presence of TBAY, NBS is muchmore retained.

“After equilibration, NBS™ and 'I'BA+ are eluted from the column by passmg a

‘sunable eluent through and the effluent is collected The total number of moles of NBS' '

eluted from the column nT NBS™ and that of TBA nT TBA+ are then determined. The

void volume Vm, of the column is measured in the same way as described in.section

2.3.5. Thqn the concemratlons ‘of the sample components on the sorbent, C s;NBS" and

toa

TB’%’F -are calculated wrth equatlon 2- 2
p ‘

2.4:2. ADDaratus and Column

Pl and P2 are two HPLC pumps (model 501&590 Waters Assoc Inc Mxlford
) MA); V1 is a six-port 1nJect10n valve (part no.. 7010 Rheodyne Inc CA); V2 isa U6K :
‘ . sample injector (Waters Assoc Inc Mrlford MA) with a 2ml mJectlon loop, Diis a UV
spectrophotometnc detector (model 481, Lambda Max Waters Assoc. Inc.) usually set at .
. 266nm to have a ma)umum response to NBS Iis an integrator (HP339OA Hewlett-

Packard) connected to the detector to give peak area.

" The column Ciisa commerc1al cartndge (part no. 28690, Chrompack

‘ Netherlands) w1th a chamber of 2 Omm x 4. 6mm id, and usually contains 15. 8mg of the

.“M-ODS packJn g. It was dry- packed and thermostated ina water bath of 25.0 £ 0. 5°C The

.analytlcal column Cyisa commercxal column of PRP-](part no. 19425, Harmlton '

‘company, Reno, NV)

- 243 Sample and Eluent Solutions

vae series of sample solutions were prepared all contammg a ﬁxed _

24

concenuauon of NBS (l 488x10'6M), each ata dxfferent concentranon of 'I'BA+ in the l!‘ I'



.range of 0.0017 ~0.02M and each at five different ionic strengths (0.05, 0, 07, .10, 0.30

and 0.5 ). All solutions wcre)adjustcd to pH 5.0 with ~ 0.5ml of the 0.1M NaOH so]ution %

- and ~0.5ml of the O. lM acetic acid solution. Solution preparation mvolvcd the followmg

steps (i) pipetting 12ml ofa6. 200x10'5M NBS™ acid soluuon (u) plpctt;ng dlffcrent
volumes of the 0. 06M TBA+C1 stock SO]U[IOH (111) pipetting d1ffcn:nt volumcs of as5.0M
NaCl stock soluuon (1v) adJustmg PH of these solutions with acetic ac1d and sodtum |

hydroxtdc solutions; and ) addmg water to make the final volumes 500m]

" For the experiment of locattng ‘trace conditions"” for NBS~, two sets of samplc

solunons were prcpared Onc set had 0.01942M TBA+ various concentravuons ef NBS®

(0. 5’ 2 5x10 6M) 1onic strength of 0.50 and pH S. 0. _ The othcr set of sample solutions

had a 0. 01942M TBA™* , various concent:rauons of NBS (0. 5 2.5x10° 6M), ionic strength
ofOOSOandeSO - o

LA ' K . \ .
The e]ucnt isal:l (v/\') mixtu're of methanol and _water‘contajm'n £ 0.010M NacCl.

4

‘ 7@ - AIJ solutions ; were ﬁltercd through O 45;.1m pore- sxzcd Nylon 66 filters (catalog no.

38- 1]4 Ramm Instr Co Inc)befom use.

2.4.4’ Procedure ' o .

Thc main ob_)ccuve was to measur;: dtstnbuuon cocfﬁc1cnts Ks, of NBS and

: 1sothcnns of TBA usmg the systcm shown in Fig.2-4 in combination w1th the SE/FIA

systcm With the i 1n_1cct10n valve V1 i 1n the ' ioad posmon (dashcd lines), a sample

solution contalmng a known concentratlon ofTBA*, 'm TBA"' and 1.488 x10°M of

A

- NBS ata pamcular 1omc st:rcngth adjusted with NaCl was pumpcd for 65m1n at a flow rate
vof 2m]/mm through column C] to waste (outlct B) usxng Pump P1. Dunng this nmc |

' pump P2 dchvcmd the clucnt through valvc Vl through an chcnon valve V2 and then
‘ through the analyueal columsd Cy to the UV detector ) ‘ ‘



After the 65min equilibration: -vuv_c V1 was switched to the "inject” position (solid

~lines). The eluent was pumped at a flow rate of Iml/min to backflush column C 1, eluting |

'l'BA+ and NBS® from the column Cy, through V1 and V2, onto the analytical column C2
where it was separated from the solvent and any impurity peaks before reachtng the . ‘

| dctector D. The effluent was collected to the mark in a 25ml volumetric flask at the outlet -

of the detector. The amounts of NBS~ eluted from C 1 (including that in the void spaces)

was found by momtormg the effluent with the UV de ctor at266nm. The areas of peaks
eluted from column Cy wcfc/ ‘obtained with the integrator. “The total number of moles of

NBS, nr. NBS' eluted was obtamed from a calibration plot of peak area of NBS~ vs.

. number of moles of NBS". The cal%n’on was obtained by injecting different volumeés

| '(50 ~ 200til) ot’ a NBS~ standard s‘olution using.the U6K injector. Actually, two NBS~
standard soluuons were prepared in order to cover a wide range of concentrations. O,ne
had 2. 480x10'4M of NBS", 0. 01933M of TBA and ionic strength of 0.50. The other
had 9. 97Ox10'4M of NBS 0. 01933M of TBA* and ionic strength of 0.5C They were

/
‘preparcd in the same way as other sample soluttons

\ The total number of moles.of TBA “T TBA+ was detenmn‘ed through

measunng its amount tn the collected eluate with the SE/FIA systgga whach will be

dtscussed in detall n sectlon 2.6.. e

Lodding curves for TBA+ and NBS were StUdJCd by pumpmg different volumes of

. a sample soluuon through column C1 during the cquthbratton step The complete

breakthrough volume was about 20ml for TBA+ and 100ml for NBS Therefore 125ml

(i.e. 65m1n) of sample solunons was always pumped through column C1 to ensure :

cqutltbratton To make sure that the eluuon of TBAY was completed w1th 25ml of the o

eluent the "clutlon curve" of TBA* has been studxed Thls was donc by collcctmg the :

A

- effluent .onunuously at the outlet of the detcctor D in a series of 2ml portlons and

' deterrmnmg the ambunt of TBA* meach of the pomons

v

N R ~



| R — | 27¢
4 ‘v'iyl Measurement “ , T

The total void volume in the system Vm, (mc]udm g void of column Cy1, the

s,

connectmg tubmgs and valve Vl) has been detemnned in a similar way to that descnbed in
Section 2.3.5 after dlsconnecung valve V2 from valve V1 at point C. In this case,
‘however, an internal s{andard whs addcd to improve measurement precision. The cthanol
--cfﬂuent was collcctéd at the outfet (point C) of V1in a 10m] volumemc ﬂask to which

0. lOml of methanol contamed in about Iml ethanol had been-added as an mtema] standard
The callbrauon curve was obtained by injecting ~ 3ulof a series of standard solutions of |

»

~water in ethanol, whxch all contam 0. lOml methanol as an mtemal standard

24.6 Stablhrv ofthe ODS Packmsz

Becanse high concentration of surfactants, such as TBA™* » have been observed 10
decrease the lifetime of ODS packed columns {51}, the stability of the packing material
contained in the column C1 was checked penodxcal]y by measunng the amount of
' acetammophen adsorbed onto the column from its aqueous so]uuon at the conccntrauon of
2.084 x10™M. Thc proccdure is the sa.:g-\c as that described for NBS™ in section 2.4.4

t

cxccpt thax the wavelcngth of the detcc D was set at 24411 t0 have a maximum response

/

: 'for acetaminophen. ;
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LS 1 Pnncmlce of SE/FIA

Ion pair solvent cxtracuon has bpcn an extremcly Imporiant technique for analysis
~ of ionic surfactants [52 53 54] It usually involves forming an ion palr between the

surfactant and a colored 1on pamng r;:agent in an aqueous solution, and extracung itinto a -

ELe

__water-unmlsmble solvent followcd by photomemc measurement. One such example is the
detcmunanon of quaternary ammgmum Qns rcported by Schill et al [55] In their “
experiment, plcratc ion was used to form ion pairs with the quaternary ammonium i ions

Wh]Ch are extracted into dichloromethane’ Detcmunatlon of the concentration of ion palrs

in thc orgamc so]vcm is done by measuring absorbance at 375nm

L1qu1d hquxd solvent extraction was automated into a ﬂow injection analysxs '
conﬁguranon by Karlbcrg and Thclandcr [56] and by Bcrgamm etal [57] in 1978. Thls
tcchmque now usually referred as Solvent Extracuon/Flow Injection Analysis (SE/FIA)
has been widely used ever since. In a smple ion palr SE/FIA system [58,59], a sample is
mtroduccd Into a ﬂowmg aqucous phase using an chcuon valve. The aqueous phasc
usually comams an excess of colored ion-pairing reagem Then the aqucous phasc is
mcrgcd witha ﬂowm g orgamc phasc at a "tee” or other shaped juncnon to produce
altematmg small segments. of otganic and aqueous phases Wthh ﬂow through an extraction
c011 The flow of the two streams must be constant and steady, whxch can be achxcved by

usmg a peristaltic, constant pressure, long stroke pxstOn or recxprocaung pump. 'I'hc
’sample occupying many aqucous scgmcnts will extract into the adjoining orgamc '

segments as it moves alon g the cxtracnon coil. The two-phasc flow wil].thc_n enter a phase




| 29
scparator which allows a portion of the organic phase to enter a ﬂow -through dctcctor

. Ay
Some property of the sample (i.e. UV absorbance) 1s monitored by the detector
2

The phasc separator is the key to the so]vent extraction/FIA technique. Porous _
membrane phasc scparators based on the sclccnve pcrmcabrhty to the phase which wets
'-.thc membrane matcnal have been shown to have some advantages over other types of
separator [58, 59] they are compatible with high flow vc]ocmcs and their small internal

volume reduces bandbroadenin g

Although ion pair SE/FIA has been successful]y used as a direct on-line liquid
chromatography detector for analyzing ionic surfactants [60, 6]] it is used off-line in the

presented work.

R

252 ADDaratus and Proccd_ure

A schematic diagram of_mc'SE/FIA ;ystcm-is shown in Fig.2:6. All the solv'enhtsv .
and reagent solution are comaincd 1n 2-Iitcr reagent bottles, which are inside four sealed
) aluminum containers (madc by departmcnt machine shop). Constant pressure from a
mtrogcn tank was applied to the four containers to produce solvent flow, Wthh can be
| stopped by usmg valve V1 (part no. CAV2031 Laboratory Data Control (LDC) R1v1ca
Beach, FL). "y

When the sysrcm is working, the water flows first through sample injection Valve
V3 cquxpped with a 50 uL ]oop (Cheminert R- 6031 ‘SWP, LDC) before i Joining thie
aqueous reagent (pxcratc solunon) stream at a Tec ﬁmn g T1 (part no. CJ- 3031, laboratory :
Data Control Riviea Beach, FL). The, combined aqucous stream then Joms the chloroform
strcam at Tee- ﬁmng T2, and thc resulting strcam passes through an extraction coﬂ in .
' which extraction of the ion pairs occurs bc{yvg;n the aqucous &)ﬂ the chloroform phascs :

Then part of the chloroform is scparated from the aqueous/chloroform stream using two

t



30

L.

e

T 1apaoda

Weyd dins e st y pue ‘Jojeidaiul ue si | ((WUggE)Io1aNIP A E SI a ;QE&»& aseyd auriquidw Ay

" SUIA '9ATBA :o.auu_?m YL SIEA 'SIA[eA ma..k-uv:u AUB ZA pUR [ A ‘aunssad Jueisuod m.:._uzvo& 10§

e

st sed uadaniy - Lve 146 UoneuIuL2p 10J WASAs sisA[eue :ouwo{?_ MO[J/UOTIORLXR IUIA[OS Y] §-7 u.:.&_.m

0

<

- 1A o
‘ : m iy
: na] HO3W
swuebig  aysem. - N>1.
. | g,
H— fioHy ,
A <N
st Juabeay .
| A
Eer—m—{  on
SR

a|dwes

15



3 1

layers of porous Tcﬂon membrane with a ponc size of 10 -20um (thcx, pa‘% no. E249- 122
Chemplast Inc., Wayne NJ) inside the phase separator M. Finally the chloroform passes
through a spectrophotometric dctcctor D (Sp 8200 Spectra-Physics, Santa Clara CA). \-

Methanol was used to wash :out the system at the end of the day

Imponant parameters for the assay were as follows: volume of i ln_]CCllOn loop: 50ul;
total chloroform flow_rate: 1 -4ml/min; total aqueous flow rate: 1. lm]/rmn chloroform flow

- rate through the membrane: 0.5ml/min; extraction coil length 1 Sm wavelength of the UV
' 4
detector: 365nm nitrogen pressure 30p51g

T

'2.5.3 Reagentand Standard Solutions

st

The reagent solution contamed O 01IM sodium ptcrate Its pH was ad_]usted 10 5.0
by adding about O;Sm] of acetic acxd/acetate buffer and its ionic strength was adjusted to

23*8 10 with sdeum chlonde

-]

A series of standard TBA" solutons were prepared by pipetting different volumes <
of its stock soluuon nto 50m! volumetric ﬂasks and adding a m1xture of | '
methanol/water( 1 lv/V) to the cahbratton marks The concentratton of these 'I‘BA+ '

standards ranges from 1x1074M to 1x1073M. -

2.6, Surface Tensvon Measurement with thhelmv Balance

N\

Surface tension of aqueous solut]ons was studied as a function of the concentration
of TBA+C1 ata constant ionic strength of O 50 in order to detemune if TBA+C1 forms

rrucel]es in the soluuons

.



32

© 261 Principle of the Method = - )

It is well known that some io.niu surfactﬁhts and amphipathic surfactants start to
'form clusters when their conccntration is above a ccrtvajn value in an a@ucous solution.
These clusters are callcd-nucc]]cs and the threshold concentrauon at which micellization
_begms is knoxvn as. thc critical micelle conccntranon (CMC) of the surfactant When
increasing the concentration of the surfactam several properties of the soluuon show a
discontinuity at the CMC, The plot of surface tension of thc solunon vs{logarithm of
“concentration of the surfactant, for example, displays 4 "break" at the C of the
surfactant, as shown in Fig.2-7 for a hypothetical case of a nucelle-fc;;rrung surfactant.

The CMC value usually decreases with incréasing‘ionic strength | 62,63] .

The Wilhelmy p]ate methdd is one of the m'ost cor}lmonly used fneihods to measure
surface tension of soluuons Fig.2-8 rcpresems a thm vertical platc suspended at a \hquld
surface from the arm of a tared balance. Thc mamfestauon of the surface tension and
“contact ang]e in this situation is the cntrammcm ofa memscus around the perimeter of the
* suspended plate which is made IO_]USI contact the hqu:d surface. Ass\mung the apparatus is
balanced before the liquid surface is: ralsed to the contact position, the imbalance that occurs

~ on contact is due to the weight of the entrained meniscus. "Since the meniscus is hcld up by -
“‘the tension on the 11qu1d surface, the wcxght measured by the apparatus can be ana]yzcd to

yield a value for the surface tenstony. -

The observed we: ght w, of the meniscus myst equal the upward forcc prov1ded bx
the surface. ThlS upward forcc equals the vertical component of the surface tension. So at

equilibrium

w=Pycos8 ' _ _ (2:3)
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Figure 2-8 Schematic illustration of W@Ihc'lmy Plate method for measuring surface tension

of 'solution.
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where 0 is the contact angle, P is the pcnmctcr of the plate. Fora plate of rcctangular
Cross section havxng length 1 and thickness t; then P = 2(1+t) Equanon 2-3 can b@
n:an-ahgcd as: '

- - . -
Pcose : , o | @
The valucs of B is assumcd 1o be constant mdependent of solution composmon so that t.he
" measured’ value of w is du'ectly proportional to ¥. Thc propomonallty constant (P cone)

-

s obtamcd by mcasunng v of pure water, whxch is knowr to be 71.97 dyn/cm at 25°C

[64]. A lot of surface tensxon Vs. concentranon of TBA+C1 can be obtained by
P

mcasur_mgsy at several djffcrcnt concentrations of TBAYCI™. -

2.6.2 Apparaws and Proc‘édgre. -

The balance uscd n e stLdy is a Cahn R- 100 Electrobalance (Cahn Insn'ument
‘ Inc CA) The plate is madé from platinum with dlmcnsmn of 2.593cm long x 0. OlO9cm

thxck Its hexght is irrelevant.

A -séries of aqueous solutions of 'I‘BA+C1' covering the concentration range of .
0.0001- 0.02M at an ionic sm:ngth of 0.5 adjusted with NaCl, - Were prepared in 50m1
"
volumcmc flasks. They were pourcd Into a series of Petri dlshes, (diameter IOcm) for the

measurements.
»

Thc plannum plate was adjusted to just touch the surface of thc Solution, the weight
dlfference of the plate after and beforc the touching was recorded by a recorder. ‘The plate .
was heated in a Bun,scn bumcr flame for a minute or so and coolcd to room tcmpcraturc |
before each. mcasurcmcnt in ordcr to remove any greasc The balance was calibrated with

pure water _ , ' ',
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 following way [ 70] : . o

+ Ithas bccn suggested that when large orgamc ions, such as TBAY, are present in

the mobile phase for a silica-based bondcd column, “"even when no more hetaeron can bc

detected in the cluate this is not always a guaram;ee that all of the hetaeron has been

‘removed irom the column packing™[9] . Severa] authors have pormcd out the dxfﬁculncs

36

of quanntanvely washing-off the strongly adsorbcd pairing-ions [65 -69] . Dreux andco;,

workers [69] reponed that surfactants (pairing-ions) can be urcvcrsrbly adsorbed onto
their C18 colurhns. Knox et al [65] reported that lauryl,sulphatc could not be washed off

comp]ctely from the packmg material with pure methanol or isopropanol. Van Dcr Houwen

~and co-workers [46] showed that pairing-ions sorbed by an ion-exchange process to the

resrdual silanols on the ODS surface could not bc removed by clucnt containing no suitable

clectrolytes Tomlmson et al [68] used solutrons containing strong]y adsorbed anions tq, - _

remo%qlky]bcnzy]dlmcthylammomum compounds from the column

4.%9’% order to make sure that the elution of TBA™ from column Cah(Flg 2-5)is

: 'comp?e& w1thm 25ml of thc eluent in the experiment described in 2. 44, ﬂif amount of

"residual” TBAY on the ODS packing after the elution was determined with the technique
of instrumental neumon activation analysis (INAA). To take advantagc of the exmemcly

high sensitivity of INAA for brormne//an analogue of TBA* was synthesized in the
~

(CH3CHoCHoCHo) 3 N+ BrCHZCHzO-lZO-{aBr (in excess) =

o ' ' [BFCHQO'izG'lz(}lZ N (CH20"2(}{20’43)3] Br :



Thxs 1on (TBABr"') was used as a subsmute for TBA in the expenmem Slnce it is even
more strongly sorbed t(han 'I'BA+ onto the ODS paclong material it is reasonable to assume

that if 'I'BABr is completely eluted thtquBA'F will also be completely cluted.

2 7. ]&Pnncm]e of INAA

Neuu'on acilvauon ana]ysrs is one of the radrochemxca] methods of ana1y51s for
elements [71]. In this techmque a nonradroacuve sample is bomb ded wnh neurrons
Wthh 1nduce radroacnvrty for some elements of the sample then the radiation ermtted

from the sample is measured The most important advantage of t techmque 1s its hi»gh

sensitivity to certain elements e

- #,
,;y
: When a nucleus of an atom is bombarded with a neutron the i mcormng neutron can

"be absorbed by the target nucleus, formmg a new nuclide with the same atomic number as

the parent nuclide, but one unit higher in mass number For example

79 . A 80 . - S
Brss +, no ‘= Br35 . ‘ o : (2-5)

An amoum of energy equa] to the bmdmg energy of the neutron 1n that nucleus plus

" the kmeuc energy of thé i mcormng neutron is then available to raise the product nucleus to

"an exened state. There are two major ways'in whrch the nucleus in: excned state. can release
thls éxcess energy (1) it may radrate y—rays or (2) it may ermt one gr more nuclear parucles

([3 -1ay,. protons ctc) If sufﬁcrent energy is avallable then bor,h of them can take plaee
Oneexarnplels Co N : RIS |

. .80 . g0 - @ * S
: Bf35 - Kr36 + B 1 +’Y ; . ' (2-6)



The half life of the reactton is 17.6 minutes. One i important feature of such reacnons is that

the y-ray spectrun is umque for every dlfferent reaction, ‘and can be used asa ﬁngerpnnt in-

an analysis.

In a typical neutron a'c'tivau'on ana/l.ysis expcriment the ﬂhi density (usually 1611 . »

01 3 n/cm sec) of neutrons (usually thermal neutrons) from a nuclear reactor is-held |
constant. The samples and standards are exposed to the neutron flux for a known length of
time. They are then allowed to "cooly' for a definite length of time so that short hved :
interfering i 1sotopes decay away They are countcd for a fixed len gth of time and at the
appropnate energy with a y-ray spectrometer. The total counts are directly proportional to
the amount of the element present in"the sample The analysxs of an element 1s
'accomphshcd through comparing the total counts of ther sample with a calrbranon plot of
tota] counts vs. amount of the element which is obtained from the standards at the same
energy and for the same length of time. - " :
gf.,

2.7.2 Synthesis of TBABr"’&'

- L A quantity of 2 grams of rri-n-butylamlne was m'ixed with 8 grams o:” "1‘,4-
dibromobtrtane and 2ml methahol. This mixture was refluxed for 48 hours (the color
changes from yellowish to dark brown) The methanol was evapol'ated using a rotatory
| cvaporator It left a dark brown vrscous oil. To this oil was added Sml of n- hexane The
mrxture was warmed to ~) 60°C and ethyl ether was added dropwxse wrth swtrhng until the
oil dlssolvpd “This solution was held at -59C for about 2 days after wluch time light |
‘ yellow1sh crystals had formed ‘The crystals were again drssolved in thc rmxcd sment for
a2nd recrystallxzauon The resulung white crystalline matenal was vacuum-dned for

o

: 24hours Yield of the rcactron was ~ 40% Its elemental analysrs is g fsin Table 2- .
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_ Table 2-1 Result of the clcmcnta] analysmfor TBABr"Br

}g? . Element . ‘ Actual Thcorctmal
e T ‘ ‘ Content , Content
‘ % . ) DB . :
N 312 .. 349
C 499 479 v
" H° " 8.57 ‘ 8.73 .
- Br . _7(_ : 385 39.9 , .
' A'ﬂnc Fast Atom Bombardmetn mass spcctrum of the malcnal clearly shows Lhe peak of
_,'I'BABr at 321me. SR

273 Column Equilibration and Elution,

. In th)@ cxpenmem the on- lmc dctector systcm (shown in Fig.2-5) was

cﬁsconncctcd from the valve V1 at the pomt C. Al the apparatus is the same as that

* described i In'section 2.4.2. The cquﬂlbranon and elution procedures were the same as that

descnbcd in sectx_pn 24.4.

The Ksamp;c solunon has 2. 88xIQ”3M TBABr Br, and an ionic strength of 0.05
adJusted wnh NaCl A blank soluuon wgs prepared to have 2 88x10’3M TBA*Br and an

. 1omc strength of 0. 05 Thc purpose of the blank so]unon 15 10 ensure that the inorganic Br~

L ,a.j'amon is cluted comp]ctely from phe co]urnn sO that any Br detected by INAA is due to that

"in. TBABr The c]ucnt is the:samc as that used in sccncm 2 4.3,

s
,“ ;74-.~

Thc ODS packufg in the column (~ 15mg) was then transferred i into a polyethylcnc

. v1a1 and dried at the, fbpm tcmpcraturc foraday. The vial was then sca]ed and ready for

4‘“

o ’.“-/INAA Obwbusiy, a frcsh ~ 15mg packmzoéﬁt::jbs was used er cach c‘xpcnmcnt. The-

) ’wcx ght of QB was mcasurcd accurate]y fi column.

\ N : -
[ . . o
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1.4 Preparation of Standards - T ‘_:-,g S 7
. ) . : - .Q

Standékds for the analysxs were pnepared from an aqueous solutlon of NH 4Br ’I‘ o a

a senes of polyethylene wals contammg 10-13mg of the ODS dxffencnt volumes of the ,. )

EA )

_\ standard solutxon were plpetted To make the ODS wettable to the aqueous soluuon 2or 3
drops of methanol were added to*{he wals after addmg the aqueous solutlon The ODS
’ matcnal in the v1als was thcn allowed to dry for a day in the air. Fmally all the \nals werok v

' scaled o . . . ' % ‘ o ‘ ' = B . '&9"

4

2.7.5. lrradjatio'n and Counting :

R r-‘v.'
A L

‘The Inadlanon and counting operauons were camed out at the SLOWPOKE Ir
reactor facmty of Umversnfof Alberta. All Samples and sumdards were lrradJated for - 3

5. OO minutes at a flux of 1012 n/cm2 sec. and thcn allowed to cool for 2 00 mmutes .

The 619 kev Y-ray pea.k for 80Br (t1/2 = 17 7m1nutes) was then counted for 5 OO rmnutes |
‘ . : s S Co
&8 Other Apparatus - E R A o v S )
pH measurements were made thh a Fxsher Accumt Moedel 525 Digital pH meter.
| Cherruca]s were weighed wnh a Fxsher Gram ATIC balance A Haake c1rculat1ng
thermostat Model R20 was uscd to pr0v1de a constam 1emperaturc of 25.0%0. 5°C for
both the sample soluuons and the column packed wnh the ODS packmg matenal The

)

Fisher Rccordall Series 5000 smpchart recordcr was used to record the 51gnals . e

N



Chapter 3

Adsorptlon Of The Orgamc Tons NBS" And TBA+ Onto ODS Packmg

Itis possxble to separate ionic organic compounds by conventional reverse- phase
chromatography with chermca]ly bonded ODS stauonary phase [12,72,73] but it is rarely
done. The separation is mostly carried out today with ion- -pair reverse-phase
chromalography In elther case, the adsorption of organic ions, either the sample 10n or the
, pamn g-ion, from the mobile phase onto the stationary phase is 1nvolved It is of both
theoreueal mterest and practical 1 1mportance to study and understand the adsorpuon of an

- $rganic ion onto the stationary phase from solution, R

¥ _

Adsorpuon of orgamc solutes (either neutral or ionized) ontq vanous solid surfaces
from soluuon (mamly aqueous) in. genera] ‘has been a subject of w1de study for qune a
long ume because. of -its major technologlcal and commercial importance. Both its

| theorenca] and expenmental aspec‘ts are well estabhshed (38,39 ,74]. For nonpolar -

| adsorbems such as the graphmzed carbons or a copolymer such as the Harmlton PRP-1, it

is generally beheved that the main "attractive” forces between the so?ute molecule and the

' .surface are dlspersxon forces [39 74].. Because these "attractive" forces are relatively
: weak solvent-solute interactions, solvent- solvent Interactions and solvent structure \
: v(entropy) effects can account for a s1gn1ﬁcant amount of the energy asssocxatcd vAth

adsorpnon of solutes from aqueous solution onto nonpolar adsorbents

~ The adsorption of organic solutes onto chemically bonded phases, such as the
: octadecylsilyl (ODS), from various. solvent systems is a more recent and rather limited

subject of study [25,27,2'1],,\It_is well known that organic ions can be sorbed onto the

41 | |
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chcmicalﬁbondcd ODS packmg ‘But there are quite different views about the origin of the
sorpuo% " ‘Somc workcrs [75, 76 7] consxdcrcd itasa pamuomng process between the
bonded hydrocarbonwus “liquid layer" and the bulk sol..:ion. Others [78 79 80]
;uggestcd that it is a sohd/hqmd adsorption process. Seott and Kucera [81,82] argued that,

when the mobxle phase is an aqueous/organic solvent mixture such as water/methanol, it is

‘a pz_artitioning process between the bulk solution and a layer of organic solvent over the
surface of the nonpolar sorbent. Horvath and Melander [72,'12,83] proposed that,

‘ whatever process occurring at the interface, the sorption is essentially due to the

hydrophoblc and/or solvophobic effect” from the bulk solution. This is often rcfcmed to

* as the §olvoghob1c thco:x

o

~The solvophobic theory has Bccn the most popular theory used to dcscn’be the
sorption of solutés onto the chemically bohdcdrphases from polaf solutions, and has been |
reviewed in de‘tail [25]. It tma'\ts the adsorbent (e.g. ODS packing) as a "passive aécept_or"
rather than an "active attractor" for the solutes. The surface of the ODS packing is
con51dcrcd to bccovercd with alkyl chains, sothe only attractive forces between an organic
ion and the suﬁf&!m dispersion forces. These forces are conmdcxed to be very weak
comparcd with the. "hydrophobic effect" from aqucous solution. The 'hydrophoblc cffect

originates from a net "repulsion” between water and the bonded nonpolar

: hydrocarbonacous chains as well as the nonpolar moiety of the organic ion. Thc tcndency

- of water to reduce the nonpolar surface area of thc orgamc ions in contact with it is mam]y

responsxblc for the sorption. ¢

w -

The sorption process has bcen quantltanvcly descnbcd with thc "solvophobic

_ geory by consxdcnng different free energies associated with thé solute- sorbent, solvent-

vsolutc and solvent- sorbcnt mtcmcnons After comblmng all the free cncrgy contnbunons

the following equation has becn dcnvcd
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InKs = —-[AA(Ny+ a)+uAsf§,§ gﬁ ) W - EZ.]. il

(3-1)
‘g v

where Ks is the disr.ribuu'on coefﬁcicnt of the orgenic solute; . W and a are solvent- '

de 5ndent parameters (mea'surable)‘ R = gas constant; T = temperature' AA = change in

exposed surface area of ligand (the bonded chain) and the orgamc ion before and after the

sorption; N = Avogadro's number, ¥ = surface tension of the soluuon As = surface area of .

the solvent molecule; k€ = conecuon fag.tor adjusting surface tension from macroscopic.to

molecu]ar level; € = dlelecmc constant of .the solvent; AZ term of electrosumc interaction

in the solution; ln (RT/POV) free volume change term. The main parameters in the

equanon are surface tension (y) and change In contact area term (AA).

. I"
. ’ N
- S . O

The "solvophobic theory" is, by and large, quite successful in explaining the
sorption behavior of nonionic solutes onto the chermcally bonded phases especially from
neat-aqueous soluUOns [25,72,12,84,85). For example, the linear relationship between In
Ks and the chain ]gngt of organic solutes (homologous series plots) can be easﬂy
explained.with equation 3-1. However it cannot account for the adsorption behavior of
certain compounds, such as the extremely long retentions and the excessive peak tailing of
amine compounds specially. in organic-rich mobile phases [30,31 ,32] and the Iincrease of
the amount of quaternary ammonium ions adsorbed onto ODS phases with i Increasing pH

" of the soluuons [44, 4?”86] The fal]ure was believed to be caused by i its ne lect of the

accessible residual silanol groups on the chermcally bonded surface Thercfore Horvath

- ._ and co-workers [34,35] addéd another term to the equauon to account for all the p0551ble

‘- mteracuons (1on-exchange or H- bondmg) between the accessible residual silanols and the
solute molecules Thc significance of these "silanophilic" interaction has been suggested to

- depcnd on (x) the surface covcrage of the ODS packing [87]; (u) PH of the solutions [46]
(iii) nature of the solvent [34,35 36] and (iv) nature of the solutes [30,31,32].
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The effect of the conccntrauon of inert salts on the sorption of ions onto reverse-
phase pac\qung matenals is of parucular interest here. Horvath and co-workers [12]
reported that the amount of organic m adsorbed onto an ODS phase from soluuon N
decreases first and then increases thh mcreasmg ionic strength’of lutiens, and the
adsorptlon reaches a minimum when ionic stren gth equl]s approximately O 3. They e
explamed that the first decrease was due to the decrease i ip electrostaue mteracuon (AZ in
equation 3-1) in solution whrle the increase was due to the i mcrease in surface tens1on )
when ionic strength increases in the solutions. However, the decrease they observed was |
very likely caused by the silanophilic interaction between the orgemc ions and the
accessxble residual silanols on the ODS surf@.nd the solvophoblc sﬂanophmc theory 1s

generally less suitable for explaxmng the Sorption of ions onto ODS packing than for

nonionics. / , . ’
1 , . 27

The extent of adsorption of organic ions onto a nonpolar sorbent usually increases
with increasing cc')ncentration of inert electrolytes or ionic strength in the solutions.

Piewrzyk and Chu [88 89] suggested that "ion-pairing” might account for this i increase. It

A was also suggested that "salung -out' rmght be responsible for the phenomena [90].

RudzmskJ et al [84 85] and others [91,92] explained that the increase is due to the decrease
in "Donnan expulsron in the pores of the ODS packing when i 1omc strength increases. It
was suggested that organic ions can be excluded from the pores of the ODS packing at low
1omc strength presumably because of the existence of electrical chagges on the surface. The
chargcs may arise from either ionization of the residual silanol groups on the ODS surface
or adsorption of the "first few molecules” of the organic ion. Bidlingmeyer et al [93]
suggested that the i Increase is caused by the decreasmg charge neéulsron between the
adsorbed organic-ions on the surface when jonic strength Increases. Cantwell and Puon
[94] have quantitatively explamed this i Increase in terms of the Stem-Gouy-Chapman

electrical double-layer theory. The organic ion can be adsorbed onto the hydrophobic
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fsux'.'fac.q:"fa.nd creates #Léi '

--'potcnna] crcﬂbd bx the ‘adsorbcd ion is.a conskaq whcnvthc ol

argc ori # surfacc .This n%ﬂ‘acc chargc is balanced by an. '

‘ Laytion It It as. assumcdth %’ ¥ surface
Y ‘ R y % ".-:\" A

F g S Y
ﬁxcd Sowhcn ionic strength is ‘incrcaScd by addingv mort ing

- h)
of

2- cctrolytc (e.g. NaCl) to

' thc soluuon while mamtammg the solution acnvny of the orgamc ions constant, the

numbcr of the countcnons in the dxffuf)aycr will i 1ncrease Consequcntly, more of the

\orgamc ion must be adsorbed onto the surfacc 1n order to keep the clectroneutrahty in the

doub]e layer region. = v @

Evcr smce thc conccpt of elcctncal double- -layer theory was introduced 1nto the -
field, it has been W1dcly cited in the lncrature for explaining retention of ions in reverse-
phase chromalography (20,46, 5’0 18, 65 94- 113] The electrical nature of the ODS/eluem
mtcrfacc has been examined by Knox and co-workcrs [65] through mcasunng the zeta
potcnua] on the DDS pamclcs onto which octylsulphate ions have been adsorbed Weber et
a] [98] reportcd a method for e esumatmg values of the surface potential on an ODS
stationary phase, onto which organic ions (e. g tctrabutylammomum) have-been adsorb&
by comparing retention capacrty factors of ccnam solutes on the column. Deelder and co-
worker [50] found that the adsorpnon of alkylsulphonates onto ODS packmg from soluuon_

could be quantitatively described by thc electrical double- laycr thcory Bascd on the

, elcctncal double-layer theory, Stah]bcrg [111] recently derived some theorcuca] equatJons

for descnbmg the sorption xsotherm of organic ions onto nonpolar packmg matcnals from
solution. Pierzyk et al [100,102, 105] supported the concept of the clcctncal doublc -layer
by showmg a lmcar relationship between the inversé of the capacny factor of organic 1ons

-

onto reverse- phasc stationary phases and the recxprocal of the square root of jonic strength-

of the mobrle phase, which was predicted by the electrical doublc layer modcl

In the present study, adsorpnon of an organic ion (either a cation or an amon) onto .

an ODS packmg material from aqueous solution was studied by mcasunng its sorption



xsotherms asa funcnon of ionic stren gth usmg the column equilibration techmquc The
: mﬂucnce of ionic strength on the serpnon 1sothem1s was then explained quantitatively in

terms of the Stern-Gouy- Chapman electrical double-layer theory.
m N . : »

g0

3.2 _Theory

3.2.1 The Electrical Double-Laver at the Imerface .

¢ : c T @

As dlscussed before,g)rgamc 10ns can be sorbed onto the surface of chemlcally

| bonded ODS phase Whrle 1t is not at all cnucal to the approach taken in Llus thesis whether
, the process is "partitioning” or "adsorpuon . the close association of a solute molecule

" with the ODS/solution.imerface will bc called "adsorption" in order to distinguish thiskind .
of sorption process from "ion exchange" which is dxscussed in Chapter 4. Since the
surface of a well "end- capped ODS is basically nonpolar it is assumed that there is no
Soulombic (elecmca]) interaction between the surface and the adsorbed organic_ions. In
othcr words there are not significant amounts of acce551ble re51dual silanol groups on the :
ODS surface The description of the elecmcal double-layer presented in this section is
largely xaken from neferences 94 by Cantwell and Puon, and from references 95 and 96 by

Cantwell.
' /

'Fig.3-1 shows the imerfacial region between the surface of an ODS packing and a
solution which contains an orgamc 1on PH, present as the CI” salt, and an mdxfferem
electrolyte (e g. NaCl) Smce the pores size (~80A) in the ODS pamcle are much larger
than that of small orgamc ions, such as tetrabuty]ammomum itis assumed that the surface
inside the pores is flat, The adsorbed P* ions are assumed to all be in the same plane, |
‘regardless of whether that plane lies at the outer boundary of or within, the chermcally
bonded alkyl layer. Tlfe adsorbed organic 101‘1‘ usually referred to as the potential
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_ Figﬁrc 3-1 The electrical doublc-layér at t};c ODS/solution interface due to the adsorptibn
-~ of orgamceon P* onto the surface of chcrmcal]y bonded ODS packing
from solution. 5
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d_c_tgm_mm in elccﬂochcnusuy. 1s responsible for thc electrical potential d1ffcrcnce
_ Yo, bctwccn the surfacc and the Qulk solutxon Since overall c]cctnca] neutrality must be
mamtamcd thc net charge on the surfacc created by the adsorbed ions must be balanced by
an cxact]y equal net charge of opposncﬁs:gn on the solution sndc ThlS 1s usually referred to
as the electrical doublc -layer. The distribution of the ncutrahzmg ions (e.g. Cl usually
callcd countcnons) in the solutjbn sxdc can bc described by thc Stern-Gouy-Chapman

(§GC) theory [l 14,115].

The rclanonshxp bcrwecn the activity of the potential determining ion in the bulk

solunon ap+, and the surface potenual Yo, is given by the Ncmsx cquanon [149, 164]

-
Y

._‘o=k+ZRTF 'nap" ». ‘ '
. ‘ . . s : (3_2)

8.
whcre R is the 1dca1 gas constant (8.314 C-V- ‘mol’; Ikl ) F 1s the Faraday constant

(96 487 C cq']) T 1$ the absolutc temperature; Z+ is the charge numbcr on the P+ and k is

a consxant %ﬁﬁ’&prcscm treatment it is not neccssary that equation 3-2 be vahd but on]y

thaz rcgardlcss of their functional r%ranpnshlp, Weis constant at constant ap+
'U:- . ) e )

The charges of the ﬁdsorbcd 1ons are considered to be smeared oﬁt on the surface,
with a planc passmg through them 1dcnuﬁcd as the charge-surface. The Surfacc charge
density, op, 1s gwcn in unit of coulombs per cm2 Itis assumed that thc countcnon (e g
CI") is not "spcc1ﬁcally adsorbcd" to the chargc surface and can only approach the charge-
surfacc to wnhm about a hydrated ionic radius. This plane of clo.scst approach of thc

countcnons is called the Outer Helmholiz Planc (OHP).

The electrical double- laycr at the mtcrfacc can be divided into two parts, the
compact part and the diffuse pan. - Thc compact part extends from the charge-surface to the

OHP. Its thlckncss d,in a given systcm of adsorbent and an inert electrolytc is
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’ csscnnally a constant. Tﬁ compact layer i is cons'acn:d to be an elecmcal capacxtor with

- constant thrckness and constantsm_c_cgmm Cy: : .

: - Cy= o : | . -
e v | 'l_Po' Yop Ty B (3-3)

The charge-surface acts as one plate (potennal ¥o) of the capacitor and the OHP (potential
‘POHP) as the other. The decay of the electrical potential across the compact la)fér is hncar

. The diffuse part of the double layer includes the OHP andrextends from it to the bulk
: soluuon The diffuse layer can also be tréated as a ‘capagitor, with the OHP as one plate .

..{Ta,nd a hypotheucal plane located in the diffuss layer at a dxstance of 1/x from the OHP as the

SNe

' ¥
! the di-\Stance at which the electncal potential has the value of

(where e=

e
2.787), and it ¢an be consxdered as the tluckness of the diffuse layer’ In, this layer the

.potenual decays nearly exponentially. The valuc of 1/x vanes with ionic strength in the

& b oluuon It decreases with increasing jonic strength of the hulk solution. That is is,
.‘3‘% 4 R
# 7 Incteasing mmc strength of the bulk soluuon causes compressron of the diffuse layer

e b 5,
. v \’-g‘

The concemranon O'f a species i in the mterfacral reglon 1s expressed as its surface

BX éxccss I3, Wthh is the number of molcs of i per square centimeter of surface and/or its

: J adjommg layer in the solut;on wluch are in excess of the moles of the same species

contamcd In an equxvalent volume" of bulk solunon An equ1valent volume of bulk .,

'solunon is deﬁned as comauung ‘the’ §ar

total moles of charge of all Species as there are in

%, m
- lcem2 of the interface bemg consxdered Obvrously conccmrauon of the counterion (e, g

_.‘Cl ) is higher in thc dlfquC layer than in the bqu and that of the co-lon (e.g. Nat) is lowcr
" .in the diffuse layer than in the bulk : '

Based on the'S.GC thcoryit is possrble to derive the following equation
- s ' »

b
Kd
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where Z=1 and c is the ionic strength in the bulk solution..

The i increase of adsorption of an orgamc ion onto a nonpolar sorbent i increases with
increasing ionic slrength of the bulk solution as can be easily explzrined by the theory Ata

- fixed activity of the ggamc ion in the solution, "¥o and C1 are constant. The corrccnon

ZF¥op - Z Fwy ) _ -
term, (————) smh (—=———=—). is relatively constant under the condition. It
2 RT 2RT .

&

* is obvious, from equation 3-4, that O, increases with increasing c.

Equation 3-4 predicts a simple straight line plot of

i i
S, . 1/2 ZFv¥ P ZFW (3-5)
ce 2B Tginn IOy,
- 2 'RT 2 RT

@

under such conditions where Wo is constant (achlcvcd by fixing the activity of P*i in bulk

solution). ‘Also, if this plot is repeated at several different ‘}’o then the ratio of the

intercept to the slope should be the same for each plot and should have the value of

2. 28x10'4/C 1- From the SlOpf:S and intercepts of these plots, it is possibls to evaluate both‘

Yo and the capacnance of the compact layer Cy with the followmg relations.

1

¥ ,(volt) = T :
2.28x10 x slope | G-6)



A [

. > = . 1.
Ci (Fiem') =. ﬁ?’; oot
‘ ¥, xintercept (3-~7)
pe - |
PO - Inthe present study the surface excess F P+ Of adsorbed organic ions at various.

" bulk concentrauon of P are measured asa fq’nctxon of i ionic stmength (c) using the column

equthbrauon techmque Applymg equation 3-4 to such expenmental data 1Isnot .

*strai ghtforward since the, surfac arge densxry Co does not have a sunple relauon with the

i expenmental measured surface excess r P+ The charge densny Op arises from only those

pt Wthh are ﬂdS_QEbc_d_m_[b_mﬁag_g, whlle the expenmentally measured FP+ incdudes all

A of the P "in the double layer region, both those adsorbed on the surface and in a negauve

) m

, | surface excess ofP due to that adsorbed on the surf@ge The charge densxty oo 1s then

L3 ’ AD o _ o .
dxrectly pl'oporuonal tor MR o ' AT
°°"=~24Fr9f' o e 69

R ! o : R . S
- The dlstmcuon between rp and I P+ s from the fact that the posmve charge on

the surface is balanced by some combmatlon of both a posmve surface excess of

.

o ccmntenons (Cls) in the defuse layer r ,and a neganve surface excess (i.e. deﬁgency)

4

e ;’»,-.‘AD'fl' SR DL

L . . - oL .
. o{‘posxtx'vely charged co-ions, Na and P+ }h the dif_fuse layer F+ . So FP+ is really the

-::f-‘.,é_‘;isum:of_?;: r P,'F plus a negauve valued ]"P+ T o calculate 00 from I'p+, the followmg

'rteratwe proccss 1s needed

'P'n-' .

¢ ”“l

(3-9)

51

s&nse those which havc been expelled from the dxffuse layer Lét TP‘* stand for only the '

2o



2
_. () then calculate charge density by,the equation:

-

“o

(1u) for symmctnca] zz typc c]cctrolytcs, (c g. P+C1 oé Na

LY. -8
w W

N\

+Cl ) thc value of \YOHP can
now bc cva]uatcd from thc oquatmn VY

v

- ZF¥gp | ”2
sinh(———=) = 8. 53x 10 .
: 2 RT “(3:11)
, whérc Z is the absolute vaJue of the ché{rgc numbcr. ‘ Q.} : : ' _ " ‘

(iv) the ratio of surfacc cxccss of thc posmvc ions (Na and P* )to that of the neganvc

N ions. (Cl ) in the dlffuse Iayer (at 25°C) isicalculated from the equation

‘ . I‘+, _ exp(-1947‘}’O_P) -

oL 19.47% o pp) - 1 - (3-12).
o exp(19 ¥ op)

[EER

7
A

(v) a better estimate Qf Lhe charge densxty 1S obtamcd from the cquanon

=Z FFP{ a R ] 7 //'\\
a R(1 (l) . ' ¢ - (,3_13) '\4-
where”
+
o [P
. C

- (3-14)
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@ | Rsar+

rPL . C o 3-15)

The new esumatc of 6o from equation 3-13 1s used iteratively in steps (iii) to (v) untiFa

~ constant value of o is obtamed Then Yopp can be calculatcd from equation 3 11. A

simple computer program has been dey /élopcd to do thcse calculations (see Appendix I and

/
- 10D, / :
- ‘O .
Although the above. cquanor.s are illustrated for cations, they are also valid for anions

wuh appropriate. sxgn changes _ ,

wt

322 The Adsomtion Is‘otherms"~

Expenmcntal data for adsorpuon of solutes onto solid adsorbent from solution is
-

usually presented in the form of an adsorption isotherm (39, 74] Iti 1saplotof the -

~ concentration of tﬂ’e compound on the solid, Cs (moI/kg) Vvs. thc conccntranon in the

solunon Cm (mol/L), under equilibrium condmons ata constam temperarure A typical
adSorpuon isotherm is shown in F:g 3-2. Atany pomt on the 1sotherm the distribution

coefﬁcxcm of the solute is dcﬁncd as

\ / Ke sz(mol/kg) o | ) :
S | , S'.= Cm.(h'lol/L)v : : ) : (3-16)‘ .
“ S

t o v

-

Adsorption 1sothcnns can havc a vancty of shapcs depending largely on the .

adsorption mechanisms and cxpcnmcnta] condmons A gcncral tn:atmcnt and classd‘ 1cation’



Cs (mol/kg)

0 ‘
P ,5' N '. ‘
ol P,
. oo A ’ ) q . . : Ce s «.,f‘,
' Figure 32 A hypothcuca} adsorpnor?x’samcnn (me turvcd lmc) The disibution '
» cocfﬁcu:nt (ks) atany pogm Xi 1s thctano of Cs/Cm o,



‘of adsorption isotherms has been given by Giles et al [148] and others [38,39,74]. ’The

main classification isaased on the inida] 'shape of mc\isomenns | Of the four main elasses
of isotherms, the L-type and the H- -type isotherms have commonly been obscrvcd for the
'adsorpuon of 1omzed compounds onto the ODS packing. -

Ani 1mgg _'exjmple of L—type isotherm is the Langmuir isotherm. In the

_ z; mally increases nearly hnear]y with Cm then i mcreases ata
f
85

decreasmg rate ahd eventually approaches a limiting plateau Itis descnbcd by Wi

_ Langmmr 1§gt¥1

Langmuir equauon g

! oy

1
Cs KCs,maxCm - Cs max R et

where K is a constant, and Cs miax is the maximum adsorption capac1ty of the adsorbent.
«Plots ofi;l* vs. ~7~°" . ‘yi@lvkaxght lines. A number of workers [44,45 81 116 117)

e\ s ,
_ have found that the adsorpuon xs()thexms of organic ions onto ODS packing ‘materials
- follow this equauon Thc phys1cal basxs of the equatxon 1s the assurnptlon that the solute
molecules are adsorbed onto a hmlted number of active sites on the surface of the |
adsorbent, wnh the same ‘adsorption energy, and eventually form a monolayer. However
-often for solxd./hqmd adsorptxon the above meanings cannot be assigned to the tems of the -

Langmmr equation and it must be con51dered a more~or-]ess empmca] fit of the data [39]

H(hxgh afﬁmty) -type isotherms result from extremely strong adsorpnon of solutes '
. Onto some of the active sites of the adsorbent . The Freundlich equation is frequently used
to describe thls typc of isotherm.

[N
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b )

vwhere a and b(<1) are constant. The Frcun%cquan n originates from'a consxderatxon
| of the heterogeneity of the surface when apphcd to the ddsorption of vapors on solid
’ _sorbents [38,74]. This type of adsorpnon/ 1soth_;:rm has also frequently been observed for
adsorption onto rt';verse-phasé packing nﬁteﬁél of relative large (e.g. long chain) ofganic

jons from organic-lean solutions [107,118,49,93,67].

N _ ‘

o ) In this section, the adsbrption isoiherms of NBS™ and TBA™ from aquéousv

' ~ solutions onto the ODS packmg at five different ionic slrengths measured with the column
equilibration technique, will be presented. Then the cffect of i 1omc strength on the )
adsorption isothefms will be quanmanvely dcscnbt:d using the SGC theory. Since TBA* |
is moré strong]& adsorbed onto the ODS pécking than NBS is, the column used for the
measurements of TBA* contams only about 15mg of the ODS packmg while that used for
NBS contams 170mg. Both the equilibration and elution steps on tHe columns have been

studied by mcasurmg loading and elution curves, n:spcctlvcly Completencss of clunon of

TBA™ adsorbed on the ODS was investigated by detcnmmng thc rcsxdual" amount of -

’I‘BA -on the ODS packmg after elution, using the INAA tec 1que. The silanophilic

-

interaction between TBA™ and tl%ﬁc residual silanol groups on “t ODS material has also
been srudrcd by measuring its adsorptlon 1sothcxms at dlffcrcnt valucs of pH In ordcr to
determine if TBA* forms micelles in the ranges of concentration and ionic strength
employed, surface tensions of its so]uuons have been measured with thc lehclmy plate T

» mcthod



'3.3.1.1.Adsorption Ii!otherms of"NBS";‘ ' ‘ S den. .,ﬁj"_*""\‘_f_*‘ "'s; 7 S ‘»':

:ﬁ. AN

~'R'ﬁ At Q‘* "5.3‘.

Adsorption 1sotherms were measured as descnbed in secnonQ 3 Each pom‘? on the

isotherm was calculated via equauon 2-2 whrch requxres a knowlcdge of the V.bld %olume @ :

2 & oa
Vm In the measurement of Vm, water is f'ust pumped through the column unul = ,: ]

equilibrium between the two i rcached Venﬁcanon of equrhbnum mvolves pumpmg

1ncreasmg volumes of water (1 e. 4ml 6ml and 8ml) through the colunﬁ; C] before elutmg o

w

with ethanol The following values of Vm were found: (218 6 + 3 0) ].11 for 4ml (213 4 + "

dence leve ) showmg 'lhat

equ1hbnum was achleved when less r.han 4m1 water was pumped through the column Tok

be on the safe side 10.0ml was used in all the subsequent expenmems

. The void volume for the system shown in Fig. 2 3 was measured to bc (211 9 +-
4 2) HI (at 95% confidence level) The GC cahbrauon curve used for the )water X

detemunauons 15 glven in Fig. 3. 3

Equxhbranon of the ODS column thh the sample solunon of NBS has been

vehﬁed by pumping mcreasmg volumes (e 6ml 8ml and IOrnl) of the sample solu Jon .
~ which contained 1 009x10°4 M ofNBS with i lonic strength of 0.100; through the column
before swm;hmg to the elution step, and subsequently detemnnlng the number of moles of - -
NBSJln the column It was found that the total number of moles of NBS~ ("T 'NBS- o '
was: (1.6420,02) x10°8 for 6ml, (1.66£0.02) x10°8 for 8ml and (1,654 o oi) x108 for
10ml, showmg that cqulhbnum was reached in less than’ 6ml 10ml was used for all Lhe

subsequent expenments _
§

) ’ Vs
The colnpletcness of elution of NBS from the column was venﬂed by first loadmg

the column usmg lOml of the NBS solution and then elunng th cither 4ml 6ml or 8ml

4



" PeeK Areq (arbitrary unit)

| —— — - T - T
T 165 175" 185 195 . 205 215

- Volume,of_Waier«(uL),

‘0

Fx gurc 3 3 Thc GC cahbranon curvc of #:«ncr f& the dctcrmmanon of voxd volumc in the

systcm shown ﬁ) an 2-3. (sce section 2. 3 5 for cxpcnmema] dctalls)
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) o o ’.7° T g o o ! v’/',‘,‘,u;" _ 59“,_,._
of, guc cluent The amount of NBS in the coflccted eluent was quannﬁed by mcasunng the
absorbancc of the solunon at 266 nm. It was found less than 6ml was crrough In the
subscqucnt cxpcnmcms lOmhvEs“a]ways uscd A cahbranon curvc of absorbance VS,
conccmranon (mol/L) of NBS~ has bccn donc It has a slopc (1 006:':0 003)x104 and an

intercept of (0.003 # 0 003)x104 A_ RESEA

Rt A

The adsorpuon 1sotherms of NBS at five dxffercm ionic strengths are presented in

Fig.3-4, and thc data : a:e glvcn in Tablc 3-1.. Surfacc cxccss FNBS {(moles/cm? ), instead
\
of surface concentmuon is used in thcse pldts for. convcmence of thp calculatlon The

surface cxcess, T\ NBS™ €an be calculated from the Surfacc conccmranon Cs, by the

cquauon ' '
- ’l/‘ ’ : ’ . . ) ,;-.j
v/ i
) Cg (mol/kg)
Ines” (mol/em™) = S — »
'ASp (;m /5927"’[
A /Lwhere Asp = 3.09x10° cﬁ)f?/kg.' L .
It was found that the exbe;fimcr};a] d'a';a fit the Langmuir equation
‘}\ . . . : k -
- = T + ' ' (3-20)

Tnes™  KCmnss' Thes' max  Thes' max

o
where K is a constant, I NBS' max 1S thc constam com:spondmg to the maximum surface

excess (monolaycr coverage) of NBS~ on the surface and C NB g- s the solution

’

conccntranon (molc/L) of NBS' \ e



30 : : : _ .

" Type™ (mol/em?) x 10'°

| | - 0.100
25 - ’w N S ' 0.050
. f 0.034

20 - . -

. | . 0022

0010

10 -+ '

5 4

0 — Y ; T ~Y

0 , 5 : 10 15 20

Cn (rho1/L) x 109

Figure 3-4 Adsorpnon isotherms of p- mtrobcnzcncsulfonatc (NBS® ) on chemically

bonded ODS packmg from aqueous solutions at various ionic strcngth and at
125°C.



Tablc 3-1 Expcnmcntal data of adsorpnon 1sothenns of NBS~ onto packing from
aqueous solut@@ atfive different jonic strengths at 25°C

c Cm

NT,NBS CsNBS™ s NBs-
M)x10% molx107 molkg)x10*  (molem2)x1013

0010 & 05142 0.594%0.022 2.93%0.14 0.948%0.045
0.010 2.057 2.2740.11 11.120.60 3.5940.19
0.010 4.800 4.5810.09 21.5%0.71 16.9620.23
0010 6857 5.9140.03 . 26.9+0.74 8.7140.:24
0.010 9.600 7.68+0.07 34.11.0 11.0%0.32
0010 - 1234 8.70+0.05 36.7+1.2 11.910.39
0.010 15.09 9.23%0.15 364217 11.840 55
0.022 '1.046 1.41£0.027 7.2040.19- 2.3340.06
0.022 3.136 3.9120.02 19.6+0.32 6.3430.10
10,022 5.227 5.7940.08 28.240.67 ©9.13+0.21
0.022 73841 8.00£0.07 38.3+0.9] 12.4%0.29
0.022 .  10.42 0.78+0.23 45.741.2 14.8+0.39
0.034 0.5592 0.810+0.06 4.2440.36 ' 1.3720.12
0.034 1.678 2.467+0.037 12.720.27 14.1140.09
0.034 4.474 5.78+0.047 29.1%0.50 9.42%0.16
0.034 6.710 8.03+0.07 39.9+0.75 12.9+0.24
0.034 9.506 10.510.09 51.5%1.0 16.7+0.32
0.034 12.30 12.5+0.06 59.5%1.2 19.310.38

- 0.034 14.83 14.130.10 65.8+1.4 21.3%0.45
0.050 0.7225 1.1620.13 6.100,79 1.9740.26
0.050 1.445 2.30+0.10 12.020.64 3.8840.2]
0.050 2.890 4.28+0.058 22:140.44 7.15%0.14
0.050 5.780 7.80%0.10° 39.740.81 12.9+0.26 .
0.050 10.12 12.020.13 59.7+1.2 19.30.39
0050 - 14.45 15.8%0.05 76.6+1.4 24.840.45
0.100 0.5043 0.82040.075 4.3020:45 1.3940.15
0.100 1.009" 1.65+0.02 8.65+0.17 2.80+0.06
0.100 2.52] 3.9440.13 20.6+0.84, 6.6710.27+ "
0.100 5.043 - 7.5620.11 38.6+0.83 12.540.27
0.100 7.565 10.58+0.22 542415 17.510.48,
0.100 10.09 - 13.40.3 68.0+0.96 . , 22.0+03]
0.100 14.45 17.610.39 87.542.7 28.310.87

* Uncertainties are standard deviations from triplicate measurements.

5
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Fi gure 3-5 Langmuir plots for the adsm;)tion isotherms of NBS onto chemically bonded

ODS packing from aqueous solution at various ionic strengths at 25°C,
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The Langmmr plots are shown in Fxg 3- 5 The y-axis mtercepts for all the curves °
are roughly the same, which mdacates that thc value of T NBS"m 1s approxxmatcly the
- same for the five dlffenent 10nic strengths ThlS intercept value of (2 261 0.10) xlO] 1
lcm /mole conesponds t0 a area of approxxmately 37 nm? for each NBS™ molecule when
the ODS surfacc 1s covered with a monolayer of NBS". "This area is much larger that of the
Cross section of NBS® molecu]e which is appr\oxlmately 0. 9 nm? [74]. In contrast
Cantwell and Puon [94] found that the area per molecule pccg_pled In a monolayer of the
organic cation dlphenylguamdlmum which shows Langmuir behav:or 1s equal,to its cross , |
'sectional area on a styrene dlvmylbenzene copolymer adsorbent, Amberhte XAD-2. Itis
not possible to say whether the difference between the areas OCCUPICd by NBS on an ODg>
packing and by diphenylguanidinium on XAD 2 reﬂects a general dlfference between the |
two packings or whether it reflects a dlfference between the two adsorbed specxes because

‘ relanvely few studies of monolayer coverage have been performed on these packings.

-1

3.3.1.2. SGC Behavior of NBS"

Itis ob.vious from Fig.5>-4 that the extent of adsorptlon of NBS™ onto the ODS
packing increases with Increasing ionic strength (or the concentration of the electrolyte
NaCl). The effect can be quanmanvely explamed usmg equation 3-4 as follows Firs, the ‘ :
‘}so]uuon activity coefficients of NBS" were used to convert the molar concentranon (the X-" v
axis in Fig.3- 4) into activities. The solution activity coefﬁcxems of NBS at the five . |
different ionic stnengths are obtamed from the extended Debye Huckel equatmn [120] by
taking its ionic size parameter to be 3.5x10" 8m (for explanauon see Appendlx 1), and

are given in Tables 3-2 to 3-6,

Next at a fixed va]ue of activity of NBS~ aNB s~ the corresponding surface
excess, I'yp S s for each of the five ionic strengths (c) was obtained by reading from the

adsorpnon isotherms in Fig. 3 4. The values of I NBS- 2t the five different ¢ for aNB S
. 1¢]

e
&



© Table 3-2 Valucs of>acu'vi ¥ |

' densny on the ONg

A

" jonic. strengths whcn aNps” =2 x1074 M-

sﬁ

Kurface cxceés of NBS™ and surface charge

Y] due to the adsorpnon of NBS” at five different

YNBS® Tps "%

(mol/cm?')x 10 13 (couUsz)x 108
0.a10 0.900 3.82 .69
0.022 0.868 4.76 4,59
0.034 0.840 5.48 5.29
0.050 0.810 6.13 592
0.100 0.759 6.57 6.34

s r
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o iomc strcrfgths when’ aNBS = 4 x100%M .
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0010 9770900 . - 682 e . 6.58

000227 . 0868 . T g3y | S 809
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Table 3-4 Va]ucs of acavity cocfﬁcxen surface excess of NBS and surface charge :
: dcnsny on the ODS pachng d.xe 0 the adsorption QfNBS at five d1ffcrcm e
; 1omc strcngths when “NR“ —6x10"4 ‘ f" o LY
c. Was' - - Tnas ‘ 7% ..
_ ' (molf/cm )xlO13 | (coul/cm )xlO8
010"~ ' 0900 8.93" . 8.62 °
.022- : - 0.868 113 . 10.9
034 - 0.840 . L 1Bs 0y g3 T
050 " 0.810- - 148 1430
100 10759 . . .15 * 169
L d . ‘, r '
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Table 3-5 Values of activity coefficient, suffacc excess of NBS™ and surface charge

density on the ODS packing due to the adsorpnon of NBS™ at ﬁvc different
ionic strengths when aNBS' =8 xlO im

c . INBS® I'nps- %
' ' ' (mol/cm )xlO]3 (couI/cm )x]O8
0.010 10.900 .- 105 ' 102
0022, 0.868 . 137 . 132 :
00347 . 0840 © - 164 - 15.7
0050 - . 0810 186 L17e
0100 ..© - 0759 21.8 . 2100
.’ ; - - : ' oL “" ," ) - -
R
v : . |
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Table 3-6 Values of actvity coefficient, surface excess of NBS” and surface charge -

density on the O paclong due to the adsorpnon of NBS at ﬁvc dlffercnt
] mc strengths whe:n aNBS' = MIO"‘M ‘

s T NBS™ ~ % |
| (mol/em?)x1013 (coul/em?)x108
0.010 0.900 © 115 - 11.1
0.022 . 0868 . 156 . . 1 150
0034 0840 - . - " 187 . . . 18.0 /
10050 ,.: 0810 219~ o g1y ¢
0.100- 0759 - a5 245
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c by the 1terat1ve calculations d1scussed 1n section 3.2. 1 (see Appehdlx D). The results are

- turns out to be always cqual to 1.00. Under these condmons equation _3-_4 predicts that the

D the1r standard devxauons‘galculated from the slopes and mtercepts of the curves shown in -
Fg3.6, are lxsted,,ln Table 3:7. It ¢an be seen that C1 is not strickly constant, but rather g

_ 69
) 4
-2x10'4 are listed in the 3rd columns of Table 3-2. The processcs are repeated for each of
four addmonal values of aNps- and the nesults are gnven in Table 3-3 through 3-6, a

J ’ : .
' Thc value of c charge density oo was then calculated for each pair of I NB - and

given in the 4th columns of Table 3- 2 to 3-6.

Smce the surface excesses of NBS" on the ODS packmg are relanvely small (less

than on NBS molecule per 6Onm2) the surface charge densities are small . _ _
Consequ ntly, the surface potental Yo and the potentials ae the OHP are small (only a feu/

rmllxvolts) So the comecuon term kA

. ) Lo ‘1
ZF-\PO_P-"]' ZFH”G_p ' .

*————) " sinh N
T

o

| -t T

‘plot of o vs. c 1/ 2 1s. lmear whcn aNBS- is ﬁxed ata specxﬁc value. "The phats of 6, vsw

12 4 ﬁve dlffenent values of aNpB S' arg presented in Fxg 3 6. The hnes axe least square

 fits of the expenmental points. The linearity of the curves is obv10us which i is con51stent S

thh the predxcnon of the SGC theory, and suggests that Vo and Cy are constant at a fixed
value of aNB S mdependent of c. Values.of (mtercept/slope) ‘l’o and C] along thh

\ '.'mci'tasé\s somewhat with i 1ncreasmg aNB S' Thts cartbe seen by mter@mpan,n g thc

i m‘dwxdual valu\:s of Q* in the lxght of theu' standard devxatlons usmg staustmal tcst such as .

" the t-test or an analysxs‘ of variance [145]. The i Increase in Cy valué presumably reﬂects a - .

' «decrease in the tluckness of the compact part of the double-laye_r or an increase in its

T . i . ' . [}
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_;lé_ablc'3-7 SGC behavior of NBS' at-the ODS/solution interface. :

* %

. .
aNps- - intercept* -Yo Ci*
, slope _ . ) :
(mol/L)x 104 (mV) (UF/cm?)
2.00 5.68+ 0.74 2.54%0.15° ©  40.1%5.1
© 400 500£091° - 4343005 . 443+37
6.00 3.85 + 0.43 5.20+ 0.04 592457
8.00 . 3212036 ° 588£003*  712+70
100 215£044 5934005 106320
 mean 64 110 **.
' ' 4 23 -
g » - ‘
* the valucs of the mdlv;dua] entries are the1r standard dcvxanons based o on the I

linear rcgrcssnon of the ‘plots in Flg 3 6. . .

W

the + value for thc mean of Cl isa poolcd standard dcwanon [145]

' \ ca]culatcd from the individual standard deviations of the entries.

* Xk

thc + va]uc for the mean of Cl is obtamcd 1n thc convcnuona] manner, ie:

1/2 )
Z(x' x) /(n 1)] from the md1v1dual cm:ncs §~Ki1 ‘ -.«"



B '_:‘can be takenas d coristant of 64 uF/cm
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) g 'drelectnc constanu Nevertheless, the change in Cy is not large and for some purpose Cl

)

'I'he tluckness of the compact layer could be evaluated from the avcrage value of C] ;o

. assuming'th die tnc constant € to be that of pure water, with the equauon
' . S' . “

(2- 21)

o 'A value of 8 6 x]O 8cm "or 8. 6A is obtained. In companson the radJus of a hydrated

sodtum ion (Na )i 1s 4.8 A [120). Thts discrepancy might be due to the fact that € of water

.‘ in the compact part of the double layer is. smaller.than that of bulk water (163).

13,32, Adsorption of Tetrabutylammonijum (FBA™)

3.3.2.1, Micelle Formation 6f TBA™ in the §ample Solutions. g

Vanous techmques have been used i In an attempt to detemune if TBA"' forms

rmcelles and if so, the value of its.critical mtcelle concentratton (CMC) M\ost studte,s have .

been done with TBA+Br w1th no added i mert electrolytes Two mvesflgators concluded

that TBA Br forms micelles. Usmg a dye spectral change method one found : CMC of v

. 0 04M [122] and using solubthty of benzene in the aqueous so‘luuon. the other found a o 1

r>

CMC of 1.0M [122,123]. Other 1nve§t1gatogs, usmg surface tensmn measurements found ‘

- no evidence of micelle formatton for TBA+Br [124, 125] In a study of- TBA+C1 in the

’ abscnce of added inert electrolytes no evidence for rmcelle foxmanon was found up to

0.05M usmg surface tension mcasurements [ 125] The absence of rmcelle formauon for )

'I'BA+ salts has been predrcted on the basis of the sphcncal shape [ 1 19]
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[ O The tendency to form rmcelles is mﬂuenced not only by the nature of the coun\enon

:‘(e g Cr or Br ) but also bythe ionic strength of the solution [63]. Since micelle fonnatton
| B 'by TBA"'CI ‘will have a profound cffect both on'the adsorp%xon of TBA* jon and on the

e sorptton of NBS in the Ppresence ofa large ex gpess of TBAY, itis 1mportant to know if |

t}. .

rmcelles are formed under the expenmental gomglitions used in the present study, i.e. TBA+

from 0. OO2M t0'0. OSM in aqueous solutron O{WC strength from 0.05 t0 0.50.

l

The plot of:sgrface tengtort vs. log g; m of TBA TBA at 1omc strength ofO 50is given in

% Fig g.3-7. The smooth decrease of. surface tensxon with i mcrea

the solution and the -absence of a "bneak n thc plot (compa
, there is no rmcelle formauon occurrin g in this’ concentrauon
s, the value of CMC for a surfactant usualf

In aqueous soluti : Pre: ases with decreasmg

1omc strength i the solution [63]. So rmcelhmt]on of TBAY js not expected to occure

O

i,
- -,
'e_,d Ky ‘.,

| _The adsorb_tion iéothém measurements for TBA-?F were carried out'in the presence
ofa trace" ’concentrauon (1 488x10'6M) of NBS in its. soluuon As dtscussed Iater thlS

‘vcauses 10 detectable dtfference in the adsorptton of TBA"' compared to that observed in-

i}
' AW

'solutton ofTBA w1th no NBS present o e S -

L

. The deterrmnauon of voxd volume in the mstrument ueed for studymg 'I'BA+ (see
o Ptg 2 4) mvolvegritsconnecung va]ve V2 from va]ve V1 at the pomt C and equ1hbratmg | ‘
| ":.colurnn Ci w1th water The. cquthbrauon was vertﬁed by pumpmg mcreaSmg volumes of .
Water through the co]umn The followmg void volumes were found (64. 3610 75) ulfor o
e 3 'lOml (63 56 + O 40) pl for 20m] and (65 55 £ 0.96) ul for 40rnl (all at 95% conﬁdence

| '-level) showrng that equrhbnum was achreved in less ‘than lOml To be on the safe-sxde

.:leOrnl (1 e lOmm pumpmg tlme) was used The GC cahbranon curve for the detenmnatlon _
P . . - a . b
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‘l‘.25ml.

75

of water is shown in Fig.3- 8. The void volume was found to be (65. 21+l 18) ul at95%

confidence level. - ’ N

Equilibration of column C1 with the sample solution was venﬁed by measuring the

loadmg cirve of TBA Two such curves, measured at drfferent 10nic strengths are shown

in Fig.3-9 and 3-10, in which the amount (normalized) of TBA™ in column Ciis plotted

against the volume of the sample solution passed through the column. Fig.3-9 shows the

equilibratior process when the aqueous sample solution contains 5.7 x 1074 M TBA* with

.l‘omc strength of 0.05, while Figure 3-10 shows that when the aqueous sample solunon

contains 2.2. x1074 M TBA* with ionic strength of 0. 50 Iti is evrdenr that:in both cases

the column was equilibrated with the aqueous sample solution when less than 40ml was

Passed through it. The equilibration volume used for a}! subsequent measurements is

-

In the elution step, it is'important that all the TBAY adsorbed onto the ODS packing

~ in column Cyis completely eluted with the eluem (50%methanol/water (v/v) with 0.01M

'NaCl). In this study the completeness of the elution has been carefully verified by: (i)

measuring the elution curve of TBA* at the end of column Cl and (i1) determining, with ’

INAA the amount of the resrdual" TBA left on the ODS column after the eluuon The

,elunon» curve of TBA was measured by contmu()}(sl'y/ colle@g the eluate in 2m] portions
Cat ‘the pomt C (see F1g2 4), and subsequemly deterrmmng the arﬂount of TBA"' in each
- -,fracnon Eluuon of TBAY was complete in the first 2ml of eluent passed thnough the

-column. ln the aotual measurements, 25ml of eluent was always passed through the

—~

column in the elutlon step. : - T o

The maxrmum amount of the "resrdual" TBA* left on the ODS paclung was

'?".esumated usmg its derivative TBABr ‘with an instrumental neutron activation analysis

tochmque The us¢ of TBABr""Cl in place of TBA*CI" for the study is Jusuﬁed by the
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Figure 3-8 The GC calibration curve of water for the determination of void volume#n the

) ’"' “,;}; g':g:‘ 3

s N

Peak area(arbitrary unit)y -

VOTOme of water (u1) |

system shown in Fig.2-5. (see section 2.4.5 for experimental details).

s

’

1.5 PR

_ W
1.3 o

?Ji'-v‘
114
0.9 4
) 07 T T T T T .
40_ 50 60 70 . 80 90 100

4

76




77

) v
i \

¥ 1.2
- iy
(@) 1 ‘
: . N .
3 ’.

o5y, '.M‘L;jv" .6 ey

.0 8 4)

. S ~N ' .

f{ 2
o £
= 5
- [
o L~

-
£
: H
g 0.2 -

< P

0.0 # v Y M Y M T v Y Y T v .
0. 20 . 40 60 - 80 100. " 120

Volume of semple solution (m1)

NI

. ] . : ' v
Figure 3-9 Loading curve of TBA* on column C1 (contains ~15mg ODS packing).”

The agueous sample solution contains 5.7x 1074 M TBA*CI- with ionic

strength of 0.05.
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Figure 3-10. Loading curve of TBAY on-column Ck(~15mg ODS matcrié]). The
aqueous sample soldn’on contains 2.2x 10 M TBA* with ionic srength of
o 0.50. |
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observanon that the dxstnbuuon coefﬁc1cnt for TBKBr"'Cl of (343:l:13) L/kg is larger than
N

' that for TBA*CI™ of (267£21) leg at’ an 1omc‘strength of 0.50 and quatemary ammonium -
chlondc sample concentration of 2. 5 1x10¥ M. The residual concemrauon of TBABr+ :
‘ was found to be (1 93 + 8. 3)x10‘8 mol/g ODS (95% conﬁdence limits) after cluting wuh h

«25ml of the eluent The callbratlon curve of the neutron activation analysrs for bromtne at

L
P ¢J

~y 619keV is presented in Flg 3-11 In the present study, the rrummum concentration ,of
TBAY on the ODS paéking in any experiment is appromrnately 8x10'5 mol/g ODS (see the
adsorption 1sotherms of TBA% in Figi3-14). Comparing the two numbers it is obvious

that more than 99. 9% of the adsorbed TBA™ would be eluted in the elutlon step.

In the. actua] expenment of measuring the adsorption isotherms of TBA™ the eluent

from column C1 must also pass through valve V1, injection valve' V2 analyncal column

€y and the UV detector D (see Fig.2-5) before belng collected for deterrrunatlo\n\'l'hus In,

srudymg the completeness of elution of 'j";BA by measuring its.elution curve, the eluate '

was collected in fraction at the outlet of the UV detector D in Fig.2-4. The eluuon curve'is..

glven in Fxg 3-12, which shows ‘that.all the TBA was completely eluted w1th ‘less than

20ml of” the eluent Therefore 25ml of the eluate was collected inall the subsequent

measurements ' - e

~ The amount of TBA% in the collected eluate was quantified using the SE/FIA

system. With a SOp.l sample injection loop, the volume of the collected eluate necessary to
rinse and ﬁll‘thc sample loop for a quanntattve deterrmnauon is less than 1mL. The

’ nummum mjected concenn'atqon of 'I‘BA+ for its detectlon with’ the system is ~1 0x10 6M '
based ona TBA% s gnal that is 2 times the peak peak basehne n01se ThlS k1nd pf
sensmvxty makes it possrble to use a very small amount (~ 15mg) of the ODS matcnal in

o column Cy for the isotherm 1 meamrements The breakthrough volume for 'I‘BA+ on

column C was greatly reduced, compared to that reported for stron gly adsorbed’ orga,nic |

»
i
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' "1onsmthe hteratupc [16] asaresult of the small amount of ODS packmg usedlnthé

. o -~

o ; - R
column, : L L B -

.5 _— R . ST . . X ;/

Thc SE/FIA systcm was cahbrated wnh a chies of standard 'I‘BA+ soluuons The

' cahbranon curves are plotted in Fig 313, Iti 1s obv1ous that enher peak helght or peak area

can be used to quanufy TBA+ with'the s<ystem In the' present study pealg helght was used

: subsequent expenments O OOSM was always used.

-for convemence The effect of plcrate concentration in the reagent soluuon on the

R4

' calxbratr@n curve has been 1nvest1gated Ju was found that lhe cahbranon ;:uwe 1s essennally - ‘

1dent1cal when the plcrate concentrauon chan ged: from 0.005M 10 0.010M. In the | B

o
e

Adsorpnon isotherms of TBA from its aqueous so]uuons onto the éDS packin g

. at five dxfferent:omc strengths are shown in Fig.3-14, Surface excess rTB At (mol/cm )

3 i Is used instead of surface concentrauon Cs in-the plot for the convemence of ca]cu]anon

The adsorpuon data for TBA are presented in Table 4-2 in Chapter 4, along wuh the data
for sorption of NBS under "lrace condmons Ay&gcussed later, the 1sotherms of TBA"'

db not follow the Langmmr equanon and may not appproach a limiting value. At a solution

! concentranon of 0.02M TBAY » which is near the highest value used i in the studles the -

surface agea occ{{pled per molecule of TBA is found to range from 2.6 nm2 t0 3.5 nm?

over the-ran ge of ionic strength studied. Assurmng that TBA"E is a sphe cal molec’ule, the
pro;ected surface area per molecul;: is about 0.5mm>. o o J

- o

The adsorpuon isothérms of 'I'BA+ onto ODS packm g have been- measured by other

workers Del Rey etal [ 107] reported that the adsorption 1sothcrrns of TBA* onto ODS
Ppacking from a solution of water: acctomtn]e(9 1) follow the Freundlich equation. In

.contrast, Schlll and co-workers [44 45] found that the isotherms of TBA™ onto ODS from -

' soluuons of water:acetonitrile (75:25) follow the Langmulr equauon Huang and Taylor

'[47] measured its isotherms without con/uollmg ionic suength of the soluuon Vlgh and

- . k : : .
A . J-

‘82

/-
M

.o



o : T \ -
' R :
ro. . - .- - 83
’ - § ’q
(S .y (‘
{ S »‘
. ’ o 2.
60
1
2 g R . B
et s 5. S01 <m,peak height ) -
“% L oh . Y B ) / s ‘
r 5 o peek area .
. - . v (P s . . ' .
* -~ .404q * F : . . .
N n B v .t Lo .
VUL e B
S
-2 30N
4 .
2 . -
= 20 o r 3
©
Pt . : “ i
-~ > 10- C
» A B '
0 ) T T l;". Y —r— T Y
O - 2 4 6 , 8 10 12\ 14 ,
e B . St 4 | 4
Concentration of TBA*(mol/L) x 10
1 ' ,
v 1)
. Figure 3-13 The solventextraction/flow injection analysis (SE/FIA) calibration curve of
TBA™. -
\ £ =

~ i



NG

Fxgurt 3- 14 Adsorpuon 1sothcrms of tctrabuxylammomum (TBA*) onto chcmxcally

~

bonded ODS pdckmg from u]ucous soluuons at ﬁvc different i 1omc strcngths
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co-workers[lZlIsmdled the 1sqtherms over quxte a wxde range of concentranons Both

. 'reported that the xsmhenns"follow nelmer Freundhch nor Langmulr equauons l’:‘wdently,

i o ) : : ,
lsotherm shape depend.s on experimental condmons B Q_, -

© It was found that the adsorption 1sotherm data fit the Freundhch equanon
,f’ . )

Lo A ba S ‘ - 'l—"{ ": .
Fipat = ‘L‘”“‘*.,.m,TBAf s e e

B

wherc a-and b (b<1) are constants. The: Fl’eundhch plots for these isotherms are presented

1n F1g 3-15, as plots of negatlve loganthm of the surface excess Frpa+ (mol/cmz) vs.

neganve logamhm of. the soluuon concentrauon (mole/L)

R

. - \ . . : - s
S s

The effect of the presencc of "trace” concentrauon of NBS” ion in the{ sample
soluuon on the adsorptlon 1sotherms of TBA has been mvesugated by measunn g the total
number of moles of 'I'BA"" on the ODS column C as a function of the concentranon of
NBS m the sample solution having 0. 01957M TBA* and mmc stnength of 0. 50 The
followmg values were found (4.47v +0. 02)x10'6 mol TBA+ i the absence of NBS' e
(4.482 * 0.040)x10” -6 mol in the presence of 1. 488x10'6 M NBS” a-.nd,(4 437+O 040) ‘
x1076 mol for the presence of 2. 480»:10'6 MNBS". Obvnously, the presence of the “trace”

amount of NBS‘ion has no effcct on the sorpuon 1sotherm of 'I'BA+

Thc stability of Lhe ODS packmg in the column was checked penodlcally by

equ1hbraung the column with a 2. 084x10 4 M aqueous solunon of acetarmnophen elunng

4

,the column wnh the ‘eluent and measuring the peak area given by acetonunophen ‘The peak

'areas obtaified-at ferem times are listed in Table 3-8. = . <

e

N

Since the standard dev1auon of the peak area around the mean va]ue of 4 97 is less
than 5% and random, there is no indication that the ODS packing changed during the whole

period of the, measurement. -
\\\
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Table 3-8 Pcak area glven by acetarmnophen eluetcd from the ODS column at dlfferem

nmcs in 1986

. Time eqa'tes') July 29 Sep. 13 Octl Oct._8 Octl6 ~ Nov. 7

1

'PcakArea* 49]+005 526+OO3 491+OO4 491+002 487+002 506+002
(arbm'aryumt) _

Avcrage_ e _ 497 +0.03 ‘

* Uncertainties are standard déviations fromP#¥iplicate measurements.

o
W

4



, \-_3.3‘.2_.3 Effect of pH on the Adsorption
. ' 2=

Gelijkens and De Lecnheer [86] obtamed a hnear correlauon between the amount of
TBA"' adsorbed onto a.C18 stauonary phase and pH of the mobile phase (5% methanol in.. | -
' aqueous eluent pH range 3 to: 8). van der Houwen and co- workers [46] reported that the '\ |

amount of TBA+ adsorbcd onto lhelr Cl 8 column 1ncreases thh mcreasmg pH of the -

P ase -(mcthanoi/waterl 1 pH range 548 to 8 8) They sugges{)ed“that thc S
'adsorpnon is panly due to an 1on-exchange process between 'I'BA+ and the rc51dua1 sxlanol
.i :" .groups on the ODS surface At a hlgher pH value the ion- exchange process is favored
»by the mcreasmg numbers of d1ssocxated snlanol groups on the surface consequendy more
N TBA+ is sorbcd Schxll etal[ 44 ,45] also reported that the amount of TBA adsorbcd
| onto ODS increases with i mcreasmg pH of the so]uuon It was explamed (31, 44 45, o
- 87, 122] by assurmng that the ODS surface has two kinds of sorpuon sites with dxfferent e
| bmdmg abilities and capacmes and the capacity of one. of the sorption-sites mcreases wnh

'mcreasmg pH. ' - o

For silica gel it is generally agreed that the total 1omzab1e sxlanol groups on the
surface is in the range 5. 5 S. 8 nm'2 [ 162] It is well known that the number of 10mzed ‘
v s1lanol groups (SlO ) Increases. wnh mcreasmg pH of the solunon The number of ionized
sxlano]s (5i0") per square nanometer, ata given PH in the solution, can be calculated from

the empmcal equauon
A I o
log [Si‘O . (nm '_)v] =5.2log (pH) - 4.78 (3 23)

) Assummg that the equauon is snll ‘valid for the "residual” sﬂanol groups on the chexmcally
bondcd ODS packrng and the ODS packmg has a surface coveragc of 95% thh the alkyl
 groups, it is possxble to calculate the number of ionized sxlanols (SlO') on the. ODS surface
(Asp 3 09 x 10° cmzlkg) The 1omzod sxlanol groups (Si0” )1s about 1.5x10°6 mol/g
e
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' ODS for pH 50 )yhlcfh was ‘;]ways used in the expenments JThC m1n1mum concemrauop
' of TBA+ on the ODS packmg in any expepment of the pmsem work is approxm&ately
8x10' mol/g ODS (see the adsorpuon 1sothenns of TBA 1n Fig\3- 14) Therefore thel
sorpnon of TBA* onto the ODS packm g by an 1on exchan ge proce wnh the "re51dual" '

silanol groups is not expected to be sxgmﬁcam compann g to the adsorpn n onto the surface

by other processes (e. g dxspersmn forces and/or hydrophobxc mteractxon .

In this study, the numbcr of moles of TBA* adsorbed onto the O S packmg was

_ ~measured agamst pH (range 4.2 to- 6 4) of the soluuon at a fixed. conce

~ .
.

TBA™*(=2.880 x]O'3M) and a fixed ionic strength of 0.10. The res

- 3- 16 A consmnt value for Lhe dlstnbunon coefﬁmem of TBA*Y h 5 been observed over the

- _‘ Mgh]y end- capped Partisil- lO ODS 3 by ion exchange with the s1 nolate groups xs _

neghgxble compared to the adsorption onto the surface by dlsper51on and/or hydrophoblc . ? L

"mteracuon _This result is consxstent with the highly end -capped character of the ODS e

W

packmg, as discussed above

332.4 SGC‘BehaviorofTBA"' - | . ~

©

The descnpnon of the adsorpuon behavior of 'I'BA .ontQ the ODS packmg at.
vanous ionic strength in terms of the\SGC theory is surular to that for NBS » as dlscussed
. in section 3. 3 1.2. The solution acnvxty coefficient of TBA+ was used to convert itsm ™~
solunon concentrauon (x-axis) in F1g 3- 14 mtb‘ actlvxty Its aqueous acnvny coefﬁcxents at '
hxgh 1omc strength(>0 D have been measuned b‘nyndenbaum [122] and those at low |

-~

§‘"gﬂmc strength can be calculated from the extendcd Debye-Huckel equations [120] by
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\ 'assuming its'fonic ‘par'ameter‘ to be 3.0x10" 8 «m (for cxp]anauon see Appendtx IV) The

va]ucs of acuvrty coefﬁcrcnts at vanous iohic smengths are ngen m Table 3-9.
s

Ata ﬁxed actxvny of TBA \QTB A+) the surface cxcess (T TB A+) com:spondmg

l

to each of the five i ionic sgrengths was obtamed by readin g from the adsorptlon 1sotherms in

Fig.3-14. This process-was repeated for several dlfferent values of aTR’ l%+ Then each of
the surface excesses (T TB A+) was converted mto Charge density o, by the i 1terat1ve

process described in the theory part (see secnon 3.2.1 and Appendix II). The values of

rTBA\+ and O, at various c, each'Bt di. erent aTBA"" are listed the 2nd and 3rd columns in

Tables 3 10to0 3 14, The plots of l/cr vs.

N - e e
/2] ZFWop -1 *ZFw | o
c . . ——2—#) smh(-_—ﬁi_ﬁ)_ arepresentectin F’fg.3'—17. T}tgvalues of
ZFvor 1 zrw ] '
thevcenecdt)n'_tenn ("ﬁ) S'nh(_‘??) . Under different conditions are

listed in-the 4th ‘column of Tables 3-10 to 3-14. Fhe lines are linear least-square fits of the

experimental pomts The values of (i 1nterccpt/slope) ‘PO and Cq can be ca]culated from the_l

" recxprocals of the slopes and i mtcrcepts of the curves and are gwen in Table 3-15. At Lhe ¢

e 99% confidence. level using the t- test, the values of Cy are constants, mdependent of

t aTB A+ and c. Thisis in agreement with the prediction of the SGC theory. .
|

IS

.~

The thickness of the compact layer could be evaluated from the average value of
~8

C1, assuming the dJelectnc constant € to bc that of pure water with cq&tron 3-21. A

value of 10.3 xlO 8cm or ]0 3K is obtamcd In companson the radlus a hydrated

) chlonde ion (the countenon) is 3 7 A [120] ThlS dJscrepancy might be due to the fact that
€ of water in the comnpact part of the double- -layer is smaller than that of bulk watcr (163).

~
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: Tai;le 3-9 B‘UIk‘activity coefficients of TBA™* at five different jonic strengths

c 0.050 - 0.070. 0.100 0.300 0.500

+ , - ' . N _ o
YTBA T 0805 0780 - 0755 ' 0690 0.637

o
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Table 3-10 Values of activity coefficient and surface excess of '1:8A+ and surface

charge density on the ODS packmg due to the adsorpuon of TBA atfive
different jonic strengths when atgat =2x10 im » '

¢ Frpar S . ys
‘(moL/cmz)xlOI?' (coLxl/cmz)xlO6
0.050 325 ., 317 0.845
0.070 35.0 3,41 : ©0.864
0.100 - .36.3 3.53 0.890
- 0.300 43.9 .. 425 . 0.938
0.500 48.9 473 . 0.953
. 4 . "_ 1 "
where U* = (ﬂ}ﬁ a sihh(&
2RT . 2RT
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Table 3-11 Values of activilg coefficient and surfate excess of TBA®, and surface

chargc density on the ODS packing due to the adsorption of TBA* at five
different ionic strengths when arpat =4 x10™4 M

* .
c.. - Trpa* S SR D
(mol/cm‘z)xlolz ‘(coul/cmz)xlO(’ I a
0.050 . 343 4 T340 0.830
0.070 393 - . 3.87 - 0.839 -
0.100 - 409 4.01 ' Q867 -
0.300 - 48.9 s 4.75 . 0.926 -.
0.500 - 544 - 5.28 5 0.943
4 ' - 1
where U* ‘= (M) ! sinh(z_%f ra
- | 2RT  2RT
l ' &~



Table 3]2 ,Vé]uéé of activity ccvx:fﬁcicnl‘and surfac_c"q);(‘céss 6f TBA®, and s‘urfac'c
" charge density on the OD(,_S. packing due to the adsorpﬁon of TBA® at five
di_ffcrcnt ionic strengths when argat =6 x1074'M

R T T Loy
' (mc')l/cmz)xlol2 ' (coul/cmz)x_i 06
.0.050 . 38.0 380 - 0.805
0.070 © 424 1420 . 0.820°
. 0.100 440 : 434 - 0852
0300 52 5.08 ° 0917
0.500 ~'58.0 563, 0.936
where U* = (.ZF_“P% . sjnﬁ(g__’:_io_"’ :

f 2RT )3 ' 2RT
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Table 3-13 Values of activity coefficient and surface excess of TBA®, and surface
charge density on the ODS packing due to the adsorption of TBA™ at five
different ionic strengths when a’I']éA*‘ = 10109 M
o : T ™

/

c rTB‘A"’ , "~ 00 . U*
' (mol/cmz)x ] O] 2 (coul/émz)x 1‘06

0.050 43.0 . 439 0.769
0.070 v 46.2 4.66 . 0.796
0.100 48.3 4.82 0.829
0.300 56.2 5.5%1 0.906
0.500 625 6.09 . 0.927
-1
where U* = (Z_.F_‘yﬂ)- 1sinh(ﬂ
2RT ¢ . 2RT

e



T
Tab‘lc 3-14 Valucs of activity cocfﬁcicn‘i and surfacc‘c'xccss of 'I'BA+ and surface

cha.rge dcnsxry on the ODS packmg due to the adsorptlon of'I'BA+ at five
- different ionic strcngths when aTBA +=14x10"% M ‘

o o r'I'BA+ S U*
' (mol/cmz)x 10] 2 (coul/cmz)x 1 06
0.050 -45.0 - 4.68 70.753
0.070 - 48.5 ' 497 - 0.781
0.100 | 51.1 © 5017 . 0.814
0.300 58.6 5.78 © 0.899
0.500 65.2 6.38 ) 0.921
| - B
where U* = (Z_i_‘y_af.) 1sinh(ZF_\Pﬁ)

2RT C2RT.| e
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_Table 3-15 SGC behavior of T}%A+ at the ODS/solution.interface *.

aVTLBA““ - intercept - Yo - Cl1
< R slop'e' _ ' '
o™ ¢ . mV) (HF/cm?)

-0.002 . 3.85% 0.60. 106 £13 58.9% 8.6
0.004 3.35+ 0.66 107£17. 68.0+12.6
0.006 3.85% 0.60 - 12516 59.9+ 9.5
0.010 - 4.55%+ 0.83 - 15420 ‘49 .8+ 7.2
0.014 4.76x 0.68  * 169 21 46.7£ 7.0

\ - _ - mean 56.7£9.3 **

* Unceruainties are standard deviations.
** Uncertainty is a "pooled"standard deviation.

!
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Thc adsorpuon 1sothcrms of an orgamc ion (both a cauon and an mﬁon) onto the

i

7

:ODS/SOIUUOD mtcrfacc have been measured. The effect of ionic stn:ngt.h on the 1sotherrns »
~can be mterprctcd in terms of the electrical double layer at the interface and can bc

. quantitatively described wnh the Stemn- Gouy-Chapman theory Undcr thc cxpcnmenja]

' condmons thc adsorpnon of 'I'BA+ onto thc ODS packmg mmam]y duc to processes such
as dxspcrsron forccs and hydrophobrc mtcracuon rather than ion cxchangc bctwccn TBA"'

and the rcsxdua] sxlanol groups on the surface.



n

l~..  Chapter 4 v ,
Sorption Of NBS" Under "Ion-Pair" Conditions:

Athough ion pair chromatography has enjoyed w1dcsprcad use, thc physmo»
chemical model whxch cxﬁlams the rtu:nnon of samplc ions (S~ ) n thc presence of a
|

“'pairing-ion" (P™) is stil controvcrsxal_. There is a vast amount of literature on this subjcct.

but only those models commonly referred1o will be revieWed here.
Ion-pair mod,éié\,

In the very carly stagcs of the#échnique, Schill er al {2,3], Ka:gcr et a] (4,5} and
other workcrs [6,7] believed that its pnnc1plc of opcrabon is the sarne as that of ion-pair-

.

h}.qmd/hqmd cxtracuon Thc proccss can bc cxprcsscd by an cthbnum ‘

St ST : :
Saq + Paq \—_}.(S P)org o (4-1) -~
in which the subscript ag indjcatcs the ions in'the (aqueous) mobile phase. and org indicates
the’ion- palr in or on thc (orgamc) stationary phasc It was suggcstcd that the ion- pan' isnot

formed in the aqueous mobxle phasc but rathcr is formed in or on the surfacc

I

Schill and co-workcrs [44 45, 126] cxtcndcd the modcl to mcludc the sorpnon of all
other poss:blc ion- pm not only bctwecn S and P"’ but also between them and all othcr |
ions (e.g. Na CI, buffcr etc) present in the mobx]c phasc All these 3 :on-pws are -

'assumcd to compctc fora hmncd number of sorpuon sites on the surface. ﬁ)ls further

101



102
assumcd that there are two kinds of sorption sites pn:sem on the surface of ODS stanonary ‘

2 phasc and each has its own bmdmg abxlny and capacity.

Horvath etal {12] and Tomhnson et a.l (14, 68, 153] also proposed modcls based on
ion- pair formanon Howcvcr in their modcls the ion- paxr between the sample ion (S7) and ‘
.‘ the pamng ion (P"’) is formed i in thc mobxlc phase, and thxs ncutral complcx is then sorbed
onto the stanonary phasc The proccss can be represented by the equilibria

Sm + P = (SP)m== (S P)g - )
' :whcrt the subscript m ihdjcatcs'thc mobilc phase and s indicates thc s;ation:iry phase.

Smcc Lhcxr modcl could not satisfactorily explam all aspects of !hcxr experimental data,
Mclandcr and Horvath [159 1601 then cxtcndcd it to a more: comphcatcd "dynarmc complex
@cxchangc modcl In this model, thcy still msxstcd that an ion-pair is formed between S°
and P+ in the mobxlc phase. The ion-pair is then sorbcd onto the stationary phase surfacc |
which is covcrcd with P*, and interacts ncvcrsxh}y with the adsorbed P* 10 form a new
tcmary comp]cx consxstmg of one S” ion and two P+ ions. Quanmanvc equations were

derived for the capac1ry factor of S by consxdcrmg a.l] the cquxhbna mvolvcd

In thc1r prcscm fonn thc two major "ion-pair” modcl (160, 161] both mvolvc many '
: sxmuhapcous equxhbna ‘When fi mng cxpcnmcma] data to their model the rcsulnng
cquauon n have between 4 and 5 constants thch are tnated as "adjustable paramctcrs

This wcakcns thc claims of vahdxty for such modcls
. . J . ) v ‘ ' “
- "Dynémic“ _Ion-Exchange Models

Knox et al {15, 16, 65 1 18] were thc t'ust to suggest that possxbly ion pmr
. chromalqgraphy "opcrates rathcr like 1on-cxchangc Thxs conccpt was thcn funhcr |
'amphﬁed by szsmgcr [127] Kraak ct al [17 128,129], Deelder et al [49.50 130] and .

'«g‘!‘“ - Lt .-"A M
~,"@ ‘11’
a
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‘ -'-other workcrs 1121, 131 134] Spcakmg ofa systcm in whxch the ‘pairing-ion is a sulfonatc
and the samplc isa cauon Peter Knssmger [127] stated that "a sulfonate ion- pair magcm .
may be thought of as a modifier used to converta C18 column into a strong cmon
exchangcr column with properties not unlike those of chcrmcally bonded alkyl sulfonates”.
ThlS model is now often referred to as the “"dynamic” lon-cxchange modcl For the present -

| case in wthh thc pamng ion is a cation P*, the model can be cxprcssed by the equxhbna

,
ot

. _+ ' + -
Xy + Pm‘——?(P X )s @3

(P XD+ Sp== (P8, + X, ) |

. 1 :
where X could be CI” or other i morgamc anions. . According to thxs modcl the retention of

the samplc ion is merely the rcsult of an ion-exchange proccss _'

Kraak et al [128,129] derived an cxpmgsxon for k' of S™ based on thc' "dynarmc
1on cxchangc modcl Thc expression predicts that k' has a linear rclanonshxp with

s P+/Cm ‘where G .P+ is the concentration of P* on the stationary phasc and Cm is Lhe

conccnn-anon of X. This linear mlanonshxp was also cxpcnmcma]ly obscrvcd by Vlgh et .
al [121,131- 134] Dccldcr et al [49 50 130} found that the plot of k' vs. Cs,P"'/Cm is not -

- linear. Thcy suggcsu:d that the nonﬁncanty mxght be due to the changc of the ion exchangc

: cquxlxbnum constant for equation'4-4 with i mcrcasmg C. P+ The "dynamxc ion-exchange

model contcﬂy predicts lhc increase in- samplc retention with i mcrtmng coﬁccntrauon of
_ pamngr:on .and with decreasing ionic strcngth and it oflcn correctly pncdxcts the retention - ‘
order of s‘amplc ions in gencral that is, their’ rctenuon ordcr is prcd1ctcd t be thc same as
~ that obscrved wnh a convcnnonal bpndcd xon-cxchangcr pachﬂf’l‘hc observed foldover
. %f a plot of k' for S wnh mcreasmg P*i in thc mobnlc phasc was successfully exp]amed by
' Decldcr etal (50} us:ng the "dynamic" lon-cxchangc model 'I'hcsc successes of the modcl :

in cxplammg sorption behavior are rcqunsxbl¢ for the continued gmwth in populm_ity of

/ : . .
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the model in the recent years However thcre are lumtanons to the model. For example

Bxdhngmcycr ctal [18] pomted out that the observed n:tentlon order of certain compounds
is not correctly predicted. - '

Hﬁgg and Taylor [47, 48] extended the basic "dynarmc ion- exchange model to
include the contnbut:on to the retenuon from the partmon of thc sample ion onto the surface
of the statxonary phase They suggcsted that the retentlon of §° ongmatcs from two

separate mcchamsms One 1s the lon-exchan ge process the other involves desolvauon of

S and its’ "partmon on the C18 phase. The contribution from the dcsolvatron proccss may

.be apprec1able if §” is hydrophoblc In this model Hung and Tay]or do not take i into

account the mﬂuencc of the electrical potentxa] on the Cl 8 surface Wthh is coated with P+

ions, in the pamtlomng of LhCS ion.
Ion-Interaction jModels , ’ ' - | _ E

Brdlmgmcyer et al ['18 135, ,136] proposed an ion- 1nteractxon model Accordmg to K

tms model, P* in the mobile phase can be adsorbed onto the surface of the: statronary

| . phase These adsorbed P* jons form a charged pnmary ion layer on the reversed- phase

surfacc The opposrtely—charged ions (e. g Cr) form a secondary laycr Just beyond the

" pnmary layer. Both layers are in dynamic equrhbnum w1th the mobile Bhase The samnle

jon S” can be retained on the surface by competmng with CI” for a position in the secondary o |

layer. If S” has an "adsorbophxhc funcuona] grou}a,kwll tend to be pulled (or pushed)
from the secondary layer to the primary layer where its alkyl chaln will be found "on" the
surface of the stauonary phase This has the net effect of cancelling one of the charges of

P*in the primary laycr So another P* from the mobile phase must be adsorbed onto the '

* first layer in order to restore electrostaue equilibrium on the surface The net result is that a,
palr of ions (e.§ and P*) has been adsorbed onto the stauonary phasc This model is

more genera] than the previous two, but there are no quanutatlvc cquations grven
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dFunhcrmoxé thc proposcd modcl is formally analogous to the "jon- -pair’ modcl in which

thc ion pa1r is foxmcd on the surface.

g ~ Since the i ion- interaction modcl could not quanntanvcly cxplam some obscrvcd

cffccts like the foldovcr of the plot of k' for S™ with increasing conccntranon of P+
Deming et al [22,137) proposcd a quanutauvc thcrmoaynarmc model based on the

' assumpuon that simple Lan gmuxr adsorpnon of P* ar the stanonary phase- moblle phase
interface is one of the major factors govcmmg the retention of S In this model, P* can

~affect.the retention of §° m two ways: by changmg the interfacial tension and by ionic

_ 1mcracnon with S on. the adsorbcd phase.

20y o

Electrical Double-layer Sorption Model

v

Almost at the same time of the appcarance of thei ion- mtcracuon modcl inthe -

¢, -

literature, Cantwell and Puon [94] introduced the concept of electrical double layer into the
QPJ

. subJect It was suggested that largc organic-ion (P*) can be adsorbcd onto the surfacc of a

- revcrscd -phase sorbent to create a net surface charge which is balanccd by the prcscnce of

an excess of its countenons (e.g. Cl ') in the defusc layer The electrical double- laycr at the

sorbem/llquld 1ntcrfacc can be quanmatlvely dcscnbed by the Stern- Gouy-ChapmAn (SGC)
theory. In two subsequcm papers, Cantwcll et al’ [41 138] further developed the e]ecmcal

double- -layer sorption model. In order to- havc a better control of the surface charge,a - - |

known amount of either quaternary ammomum or sulphonate groups was cOvalcnt]y bound
to the sorbent instead of crcaung the surface chargc by’ dynarmcally" adsorbmg thcsc ions.
It was found that two processcs are rcspon51ble for the retznuon of S"ona posmvcly

chargcd surface: one is ion exchange of S™ for co-ions (e. g Ch)in thc chffusc laycr and the

oth{qr is surfacc adsorpnon onto the chargcd surface. The lattcns dcpendcnt on thc

~

}c(m; potential of the surface whxch cax be ca]culatcd fmm SGC thcory Fora glvcn
sample ion, the relative conmbunons of the processes to the total.nctcntion is d’cpg:hdent on

Ry
.

\ ) ‘ . B . s ) Y .
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~"thc 1on exc;hange capacnty of the stauonary phase and on the 1omc strcngth of the mobxle e

phase ‘The ab0ve studxcs were performed with the reverse-phase sorbent Amberhte XAD

.2, whxch isa macroporous styrene-dxvmylbenzene copolymer. In the first paper onthe . ’_

Subjem Cantwell and Puon suggested that the electrical doﬁle layer model could explam

} the sorpnon of sample 1ons under-ion pair chromatography condmons on a C18 bonded

. ,phase and more reccntly Canrwell proposed.a detalled electrical double -layer sorption

model for ion parr" retehuon or CI8 sorbent [95, 96] Accordmg to the model pamng-

1on P can be adsorbed onto Lhe surface of stationary phase and creates a posmve surface

-

charge Because electroneutralrry riust be maintained in the regich of the sorbem/soluuon
mterface there must exist in the soluuon near the mterface a surface excess of negative

' N

charge (e. g. CI ) that i is stoxch;omemcally equwalent to the surface charge densny of P+

Thxs reg1on of negatwe charge 15 called the diffuse pan of the electrical double layer ST

: can be sorbed 1n two ways lon exchange wnh Cl'in the dlffuse layer and adsorptlon onto

“ the charged surface In the model the surface adsorpuon 1S dependent on the elecmcal

, -

potenual of the surface while the ion exchange is not. Quanmauve equauons have been

“developed for the capacny factor ' )of S” on a reversed- phase column

~ The concept of »electrical- double layer has been applied.to the "dynarmc" ion-

, exchangc model By assummg that the counter 1on (CIN) can penetrate 1nto the Stem layer _ \ .

( 'the zone between the chargeiplane and the phase boundary") Deelder et al [50] suggested
that S” can be sorbed into not only the diffuse layer but: also into the Stern layer by ion

exchange wnh X and the counterions (S” and X°) in the Stemn layer could "spec1ﬁcally" '

: 1nteract with the pnmary surface charge (adsorbed P ). Pletrzyk et al [20 100, 101 139-

142] developed an expression, which has three adJustable parameters, for k' of §" by

| cons1denn g the effect of concemrauon ofX‘ in the moblle phase on the two equilibria,

equauon 4»3 and 4-4, and assummg that S expenences an ion- -exchange with Cl in the



‘ :'._ - ‘d1ffuse layer. Brdhngmeyer et al [135 93] used the electncal double layer concept for

107
' clangym g their prxmary and secondary layer concept in the ion-interaction model
.

; S

N - . v ’ °

It fmas bgén shown in ~Cha;.>ter 3 that when a so]ution contains an organic ion; either

P*or S~, which can be adsorbed‘onto the ODS surface by dispersion forces and/or .
hydrophobrc interaction, an electrical double- layer 1s created at the ODS/solunon mterface
* with an excess of its morgamc countenons (e g Cl or Na ) in the defusc layer. As seen
in Chapter 3, this can be{descnbed quantitatively-with the SGC theory. -Of parucular :
mterest in this chapter is the sorpuon bc(havror of §” at the interface when the solution } r
.covntz‘u'ns both.P"" arrd S, ‘wi'th P* presentip lgrg-g excess and S serit nder "
' ggngmgns By "trace condmons it is usually meant that (i) thc concentranon of S on the
.Vsorbent is much smaller than that of the total surface concentrauon of "sorpuc)n srtes". (11)
the bulk solunon concentrauon of S’ is ‘much smaller than those of all other components

- and (111) the 1sothe"m of §~ 1s 11near [143] Under these condmons the adsorpnon of pt
- .onto the surface w1ll not be disturbed to any 51gmﬁcant extent by the presence of §°. That
is, P¥ is adsorbed on the surface j just as in the absence of S, and creates an electncal
| double layer at the interface. In contrast, the sorpuon of S” at the mterface will be quite
d1fferent now from what was m the absencc of p* because of the presence of the large -
excess of P*. It can still be adsorbe'd\on,xhe surface of ODS, but the process will now be
stron gly influenced by”the surface potenual created by the adsorbed P*in addmon to
dispersion forces and/or hydrophobic interaction. Since it is a coumenon of P*, thejon §°
can also be "sorbed" into the diffuse layer by ion-exchange- for other counterions (e g Cl') '

in that layer. These two processes are illustrated in Fig.4- ] and will be drscussed in detail
in the follo .vmg secuon Most of tltle theoretical part in this section is taken, with

modifications, from references 95 and 96 by Cantwell.
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Diffuse.Lege_r' ‘ Bulk Solution . i
‘Flgure 4- 1 The electrical double- -layer sorption model for ion pa1r chromatography S
presents the sample ion which is present at "trace condmons and p*
:represents the pairing-ion which is m large excess. OHP represents the Outer

Helmholtz Plane, whtch 1s considered as the plane of closest approach for the
. . hydrated CI' to the charged surface. !
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Ttis assumcd that Cl‘ is the on]y countcnon of P+ bcsxdcs the samplc 1on S~ in the

B
solution, and both CI” and S™ are. univalent ions. THe ion- cxchangc process bctwccn S
and CI in the diffuse layer can be represented by the cqu111br1um

. . . N - _
(ODSP )ap Clpp + S = (0DSP )AD S, + Cl (4-5)
in which P with subscript AD is the adsorbed P* on the surface Cl" and S” with
subscript DL are the hydrateddi‘ons in the odiffusejlayer and spec:csy without any subscripts

are in the bulk solution. The ion-exchange equilibrium constant can be written as
' o ‘

(VYST,bL rS-,Dl;) (Yo Cm,ci) . N
KIEX = o PR 46
Yer oLTer o) (Y¢ Cog) N
where I”

s~ DL and I‘C, DL 2re the surface excesses of §- and CI in the dlffuse layer
Y¥s™ pL and Yor- DL are ionic acnvny cocfﬁcwnts of S and CI” in n the diffuse laycr

C. S- and Cm,Cl are bulk solution concentrations of S~ and Crr

solution ionic activity coefficients of S” and CI”. Since both S*and CI” are univalent ions
Jghatis - Z- =Z+ =

=1, the following equatio\ns are approximately valid [139]

e =78

- L@
YerpL - Ys DL . (4-8)
Under the spcc1ﬁcd condmons the surface excess of CI” in the d1ffusc laycr lS
csscnua]]y 1dcnt1ca] to that of P*on tho(surfacc

e

K's

I 109 *
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Terpu=Ter - Lo (4-9)

Smcc (‘l is thc only countcnon of P* besides $” in the solunon and S is a trace

componcnt the i ionic stncngth c, of thc solution will be cqual to the conccntmnon (mo]/L)

\x
By combmmg equation 4-7, 4 8,4-9,4-10 and rearranging equation 4.6, the ion-
* exchange dlstnbuuon cocfﬁc:ent of S can be written as: o (
4. s S
rP . / . K

KS iex =Kigx Asp 3
(4-11)

where Asp is the specific surface area (cmz/kg) of the packmg matcnal an FP+ has the
unit of mol/cm2. The "dynarmc 1on-exchan gc capacny can be cxprcssed as:

Queight(mea/s) = A, Tp* ¥ e

It should be pointed out that I" P+ in both cquahons 4-11 and 4- 12 are dependent not
only on the bulk conccntrauon of P*, C mpt "but also on the ionic strength c, as shown in

. Chaptcr 3 Ata ﬁxs_d_xalnmﬁg I P+ usual]y 1ncreascs with i mcn:asmg C mp+ for

k ‘ cxample in Langmuxr or Frcundhch fashion, or jin some other fashion. The value of

K. will i mcn:asc with C .P+ in the same fashiom (e.g. Langmuir, Freundlich, etc). On
thc oté%r hand ata ﬁxg_d_zalug_gf_gm pH I p+ increases with increasing c (see Fig. 3-14),

iy

' -
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| but this increase is usually much slower than that of ¢ itself. Therefore, KS 1cx will

o

decrease with i Increasing ¢ but not as a function of 1/c. Instcag. the decrease wxll be ata

L} 1 r
slower rate. 'I'hc conscqucncc for K S.iex of the 'dynarmc' nature of thls,non-exchan ger 1s

 made cv1dcnt by companng with thc situation in a conventional 1on-cxchangbr where
Ks iex is mvcrsely propomona] toc[143]. ‘

[ 4

4.2.2 Surface Adsorption of S"

The adsorption of S~ onto the sxirface on which a lot of P+ has already been -
“adsorbed, is illustrated in Fi g-4-1. Two kinds of 1nteracnons, responsible for'l the
adsorption, can be 1dcnt1ﬁcd the coulombic interaction between the ncgatlvc]y-chargcd S
- and the posmvc]&‘rhargcd surface, and the non-coulombic interaction (e.g. dispersion
and/or hydrophobic effect). When an S ion is adsorbed from the bulk solution onto the
surfacé?? simultan_cous transfer of either its co-ion :(e g CI") from the diffuse layer tb the
bulk solution or of 1ts counterion (Na ) from the bulk solunon to.the dlfquC layer must .

occur in order to maintain elect:roncutrahty in the double- laycr rcglon The nelauvc cxtcnt to

s Wthh each of these two charge- balancmg processes occurs depends on the magnitude of

‘ ',"POHP [115,144]. At low (positive) Youp, chargc balancmg is accomphshcd by the
transfer of both Na* and Cl whﬂe atlarge (positive) ‘POHP oniy Cr transfer is 1nvolved
bccause its countcr-lon Nat is excludcd from the diffuse layer by thc positive potentxal
The energetics of the transfer of Cl” and Na* conmbutc to the overall chemical potcnual@
change involved in the adsorption of S~. When tlgg ions involved are small i morgamc ions
hke Na*and CI', it can bc assumed that this contribution i 1s ncghg:blc compamd to that
from S”. Thus the surfacc adsorpnon of §™ under "trace cdndmon can be rcprcscntcd by

the process “

-.(;_\_, (S)AD , . | (4-13)
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alon g with one, or somc combmanon of both of thc followmg processes:

Lo(er )DL?‘—C' ' N | 14
NS . @1s)

with the procc.sscs in equation(4-14) and 24-15) assumed to b'e%nergericaj]y equivalent,

Any S” closer ’to,thc surface ihan a certain distance (ai'bitrari]y chosen as the
thickness of the compact layer, d) is considered to be adsorbed onto the surface and

centcrcd at thc charged-surface, and, therefore, 10 expcncnce the surface potental Wo. The .

equilibrium constant for the adsorption in equation 4-13 can be written as:

P 3 YS-,Abl.‘é-,ADS Z.F¥oep o .
Kaps = 10'x == ] ) IR
: Is - . oo

)

in Wthh r S".ADS is the surface excess due to the surfacc adsorbed S°, YS AD is the

o]

© activity coefﬁcxem of §” adsorbed on thc surface, Z- is the chargc numberon S, H s .ADS
\ o -4'

is the standard chemlca] potential for the transfer of S from the bulk solution to'%thc surface

when‘Po 0. @
e

* By rearranging cquauon 4-11, the surface adsorption mstnbuuon coefficient for S T

can be written as:

o]
: . Z_FY¥Y, +p -
-3 Y (0] S
Ks,ads =10" " Agpd 1S exp(. — ADS ) 4
2 Ysap :

2



~ And fhc equation can be further simplified to:

L

-23 2 F"’o*"“s ADS. .

o . :

where || -\ =1 - RT invyg '
T Mg Aps=H gt angt ¥s AD 4-19) ‘

in Wthh Asp has the units of cmszg, disincm, ‘Po 1s in volt F —96487couVmol “S’

ADS is in joul/mol, R = 8 31’4 Joul/mol k and T= 298k. The thermodynamxc reference

state fobcquanon 4-15, at whxch Ys AD = 1 is defined as a hypotheucal surface which i

free of any ions (e.g. P* or 'S-); that 1s, "infinite dilution” on the surface.

‘ The surface activity cbefﬁcicm, Ys- AD- 18 quite different from the ionic activity

113

S

coefficients. Itis not related to ionic effect or electrical potential at all. Itis a "correction”

term to take into account the fact that the value of “S _AD may changc due to the change i

' character of the surface. Changes in Srur&cc character can be from dxffercm dcgrccs of

e

n

coverage by P*. The best analogy in solunon cﬂcnnstry is the 'transfer acnvny coefficient”

which is usually used when dealmg w1th solutes dJSSO]VCd in different solvents while

taking infinite dilution i in aqueous as the n:fcrence state []45].
N : <

Yo is related to apt (= Yp+ Cm p+). perhaps by the Nernst equation, while the

olunon actmty coefﬁcxcnt Y5 can be approx1mate]y related to ¢ (when c is low) by the

Debye Huckel 11rmt1ng law [145] (see Appendlx 1), Wh]Ch at 25°C is

oo

- 172 | o
Y- = 100509 c’ ; » ‘(4-’20)

o .

ThuS ata ﬁxed ¢, at which Yp* and yg- are con:stants increasing C m,P* will increase Wo -

| in cquatxon 4-18 and thcrcfore increase KS ads- In contrast, if Ch P+ is fixed then

. 1ncreasmg ¢ will decrease Y5 ap+ and Yo, and thercforc dcemasc KS ads"
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where KS iex lS gwcn by equanon 4 ll and KS ds i3 glvcn by 4- 18 The retennon

capacity factor of S”on the column Is, relatcd to KS bg %y'c cquauon

.

| ( {
K' =-1VEK i“?'
S Vv S
~Vm (4-22)

volume of the column.

As discussed above, thc 1omc strength and Lhc concentrauon of the pamng ion in

the mobile phase are the two most important parametcrs affectlng the retention.of S” on a

column under "ion- pair” conditions. When C p+ is held constant, both KS iex and
Kg .ads dccrease with i mcrcasmg c and when c is held constant both KS jex and |

KS ads mcrcase with increasing C m,p+

As an aside, it may be noted that, if thc sample ion (S") bears the same sign of
charge as that of the pairing-ion (P* ) it 1s obv1ous that S* will cxpegence a repulsion from
-thc posmvcly chargcd surfacc in the dlffusc laycr and have a negative surfacc cxccss in that
- layer. Conscqucmly, st w111 have a ncganvc 1on-cxchangc" distribution coefficient (x e. it
:cxpencnccs co-ion exclusion from the dlffuse Iaycr) The positive surfacc potcnual w1ll
also decrease the surface adsorpnon of S*. Thus the retention of a sample ion is

dramatically reduced when it has the same sign of chargc as the pamng xon.
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s0 tion of P* as a funcuon of c and C.. p+. Gin thc present study an ex nmcntal
S0P m,P Xpe

v stratcgy, which has been dtscusscd in section 2- 4, capablc of sunultancously measurin g

, . _ _ 118
Expcnmcntally tcstmg the modcl presented abové\bwousl)*l requires measurin gnot .

only thc retention of S” at various conditions (e.g. vanous c and Cm ,P+) but also thc

. / ‘

the two has been developed. =~ ' A

In the present work, NBS™ is chosen as the sémple ion and TBAY as the pairing-

@

10&. Using the column cquxllbranon "fechmque the rt:tenuon of NBS™ under "tracc '

condmon onto an ODS column was studled by measunng its dJsmbutxon coefﬁcxent (KS)‘

asa funcuon of the concentrauon of TBA (ranging from 0. 0017 M'to 0.020 M) and ionic

; strength (ranging from 0.050 to 0.500). The adsorption 1sothenns,of TBA+ on the column

were simulta‘ncously méasured. The adsorp'tion isoth;:rms of TBAY and their intcrpt‘ctati‘on 4
in terms of the SGC theory have been given in section 3.3.2. In this chapter, thc electnca]

double-layer ion-exchange and sorption mode] will be quantitatively tcsted bé fiting the

- experimental measured data to equation 4-21. o >

»
1

'43.1 Optimizing Conditions for the Co_lumn Equilibration Technique

With the column cqulllbrauon tcchmque the measurements of KS for NBS™ on the |

. OD§ column (Clin F1g 2-5) 1nvolvcs mcasunng thc void volume (Vm) of the system,

‘ dctenmmng the total number of molcs of NBS~ 1n thc column (np NBS ) and calculating

the valuc of Kg using equauon 2- 2 and 3-16. Thc value of Vi was found to be

[i

(65. 214'1 18) pl at the the 95% confidence lcvcl’ as discussed in section 3.3 3.2.2. The

dctcrmmauon of DT NBS” involves two steps: (l) cq_uthbraung the ODS column with a

samp]c solution which usually contained 1.488x10°0M NBS™ and a certain conccntration of
TBAY ata particular i ionic strength; (u) clunng the NBS~ from the ODS column through an

analyueal column and UV dctcctor to give the' peak area for jts quantJtauvc determination.

o
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In the eqmltbranun step, the estabhshment of equilibrium between NBS~ g the

sample solutton and on the: ODS column was verified by measuring the- loading curves of -
..NBS A typtca] loadmg curve for NBS™ from a sample solution containing 0.0120M
TBA* and ionic strength of 0. 05 is pn:scnted in Fig. 4 2. The complete -breakthrouy gh

'.volume for NBS™ is around IOOml Loadmg Curves measured at several other
concentrations of TBA ' and ionic stnengths all @owed that equxltbnum for NBS™ was
reached in 100 ml. Based on the results, in all the future sttfhes a volume of 125ml of
sample solution was pumped through the ODS column dunng the equrhbratton (loading)

step in order to ensure that complete- bneakthrough (equrhbrauon) was reached

It is worthwhile to point out that the complete%eakthro‘“ugh volume of NBS™ here
l's more than 10 times larger than that when no TBA* is present, although the amount of
ODS packing used for this study (~15mg) is only about one tenth of that (~l70mg) used
for studytng NBS with no TBA present. This is because Kgi tncreases dramatically

" under the "ion-pair” conditions.

. ’

In the cluuon step the NBS eluted from the ODS column is measured asit passes
. through the UV- absorbance detector. A tygical signal from the UV detector 1S given in

.

\th 4-3, in which peak A is due to the absorbance of NBS™ and peak Bis a refracttve

mdex peak due to water from column Cj. The retention of NBS™ in this chromatogram (~
8.0 min) is due tche analyucal column C2 The area of peak A was used to obtain the
total number of moles of NBS eluted from the ODS column by companng 1t W1th a
calibration curve of peak area vs.. number of moles of NBS". The caltbratton ‘Curve,

'obtatned by-i mjectmg standard NBS solutions, is shown in F}g 4-4.-

The effect of TBA concentrauon In the NBS~ standard soluttons on the cahbr%
curve has been investigated by mjectlng 200ul of a senes of standard solutions which

o contam 9. 920xlO'5M NBS" and various concentratton of TBA with jonic strength of 0.5.

L ]
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Figurc‘4-2 Loading curve of NBS™ on the ODS column. The sample solution contains

0.012M TBA™ and 1.488x10°0 M NBS” with an ionic stneng‘th of O..OSO..
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Typical signals from the UV detector D (see Fig. 2-2) for thc determination of
the total number of moles of NBS in the ODS column (np ypg-). Peak A is

due 10 NBS and pca} Bisa n:fmcnvc index pcak duc 10 the water fron?lhc

% .
column C1. The retention of NBS™ in the chromatogram arises mainly from the
analytical column C2. Flow rate of the eluent is 1.00 ml/min.



119

C

10 — - : [
= .
= g -
S R
on
C
- ©
C S
B €7 5
L~ J
©
S , y
(. .
b 4 . kS §
v ot
© .
o)) - '-,V
o 3 .

2 .

0 ‘ ' T . ——— v T v

.0 s -, 10 : 1S oL 20 -

4

V\\L’lmb'er of moles x10°
3 ’ '

a

Figure 4-4 The column equilibration liquid.chromatograbhic §ystcm cali’bi‘an'on curve of
NBS™ at 266nm. Two standard NBS solutxons were used: one has
0.01933 M TBA™ and 2 480x10' M NBS", “and thc other has 0 01933M
TBA* and 9.920x107 MNBS". Injection volumes ranges from 50 to
. ‘200 pl. Flow rate is 1.0 ml/rrun



. ODS was found by locatlng the hnear range of its isothe
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Shown in Fxg 4-5 are the supenmposed elution curves for NBS" and 'I'BA+ obtamed ina
typical expenment The NBS~ sblute zone is overlappped by the TBA™ zone as it migrates
down column C2. In Table 4-1is shown the influence of concentranon of 'I'BA on the
T retentron time and:peak‘area of NBS". Firstly, the retention of NBS" on the analytical |
column C2 was enhanced by the presence of TBA% in the standard solunon which is
: obv1ously due to the " lon patr" effect. Secondly, the peak area was about 10% larger when ‘
no TBA' is present in the standard solution, and it becomes constant for TBA™
. concentratlon above at least 0.007 M. The reason for the small decrease in the peak area of

_ NBS in the presence of a large excess of TBA™ w1th methano}/water/Na(’l eluent is not

: . : \
known: . -

. ; " ) .

In the subsequent expen'ments 1 which TBADE.d NBS™ were co- -adsorbed on -
‘column C1, the retenuon %me of NBS™ upon elution through colurnn C2 was always about

8.0 min. Thus a suttable NBS calibration curve was prepared from standard solutions o

contam O 020 M TBA , which grves an NBS~ retentxon time of 8.0 min (see Table 4 l)

_3 2 Establtshlng Trace Condmons for NBS~ Q n QDS

The concentrauon range,.wnhm whrch NBS 1s.sorbed under "uace conditions"” onto’
nZ& The sorptlon lSO[hCITnS of -

NBS” from sample solutions which contain 0.02M of TBA at 1omc strengths of both 0. 05
and 0.5, have been measured Thrs concentrauon of TBA' was chosen for study because
ata grven tomc slrength Kg for NBS was expected to have its maximum value at this
concentratIOn The two ionic strengths represent the highest and lowest used in all |
cxpenments The sorption isotherms are presented in Fig.4-6. They are both linear within
the concentration range of 0.0t0 2.5 x 10" 6M Based upon t}us anNBS concentration of
1.488x10"%M was chosen for use in all subsequent expen%ie.nts Thc concentration was™ |

_ hrgh enough to producc an accurately measurable peak ar’g The lmcanty of the isotherms

' *
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Figu;e-:.4-5 Elution curves of NBS™ and TBA* at the end of -analytical colurhh Cofora '
' typical experiment. After the ODS column (C]) was cthbratcd with 125 ml
, of a sample solution (e.g, 0. 012M TBA* and 1.488 x10°6 M NBS" with an ]
ionic smwgdq-ef—a 05@7 the eluent was pumped at a ﬂow rate of 1.00 ml/min
- through the ODS column, the analyncal column C2 and thc UV detector. Thc :
- NBS” peak was given by the Uv- abseljba:;ce detector at 266 nm and 'I'BA+
peak was obtamcd by cqlleéﬁng the eluate in a series of 2ml portions and

o determining the amount of TBA* in each of the portions using SE/FIA.
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 Table 4-1 Effect of the concentration of TBA*in a standard NBS" solution (9.920x1073Mm)
with ionic strength of 0.50 on the eluted peak area of NBS", "

[TBA)
(moll) 00 00087 0.0201  0.0400  0.0500
| | A | N
NBS- rétention © ._ |
time(min) . 406 732 | 8.03 - 811 : 8.3-9

- NBS-peak areax10”? Vo

(arbitrary uni) *  10.320.30 942403 ' 0.140.4 . 8.940.2  9.6+0.2

* Uncertanties are standard deviations from triplicate measurements.”

R4

et
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Figure 4-6 Sorpbon 1sothcrms of NBS” onto ODS paclcmg from soluuqn lx?ﬁhc prtscncc-
of 0. 02OM TBA+ at 25°C c 1s the i ionic smngth of tht samplc solution.
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in Fig.4-6 shows that the concentration of NBS theets the “trace conditions" rﬁquhtmcnt
whcn a large amount of 'I'BA+ is adsorbcd onto the ODS surface.. Exarmnauon of Fig.3- 4
rcvca]s that it is certainly also in the linear region of the sorpuon lsothcrm for NBS in the
abscncc of TBA*. Therefore, it was cgyrt:ludcd that 1 488x10'6M NBS in the samp]e “

soluuon would meet the "trace conditions" for all experimental conditions employed in this

‘study;y

433 ‘SorDtio.n of NBS;_Under,. "IQn-Bair"-thaitions

The expcnmenta} data for the sorption of both NBS™ and TBA as a function of the

'concentranon of TBA™Y at ﬁvc dlffercm ionic strengths are glvcn in Table 4-2. The values

of KS for NBS™ are also gwen in thc Table, and they are p]otted as a function of the

concentration of TBA* at various jonic strengths in Fig.4-7. The adsorpuon 1sotherms of
TBA havc alrcady bcén ploncd in Fig.3-14. As can be seen from Flg 4-7, KS increases -

with increasing concentranon of TBA at a fixed ionic sm:ngth The increase is more
pronounced at low ionic strcngth (e.g. O 05) than at high ionic strength (e. g. 0.5). KS
tends 1o “flatten-out” at high values of C TBA+ when ionic strength is relatively high

(ie. 0.5). At a fixed concentration of TBA* » Kg decreases quickly with i Increasing ionic

° ‘ [}

stren gth The decrease is more pronounced whcn 1onic strength is low.

° In.this section the clectncal double- layer sorpnon model will be' used 1o dcscnbe

)?
these experimental results. For thc NBS/TBA* system .€quations 4-21, 4-11 and 4-18
have the forms '

Kg = Ks.iex + KS,alas , S
o (4-23a)
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Fxgurc 4»7 Distribution cocfﬁcu:nt of NBS~ (ks) on the ODS’packing vs. the concentrauon

of TBA* at five different ionic smcngths Thc concentration of NBS~ in the

solutlons was fixed at 1.488x10" 6M
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TBA
Ks, lex =, KIEX Asp | ' f

-3 Z.F¥, + K NBS ADS
Ks.ads =10 ~AgpdYngs™ exp(- T RT )

© (@-230)

¢ -

!A‘, -

“in which K x 18 the equlhbnum constant for the ion exchange of NBS™ for Cl in the

" dxffusc laycr d is the thickness of the compact part of the elccmcal double-layer, which
has beeri evaluated in section 3.3.2.5 to be 10.3 x10° 8cm YNBS' 1s ‘the bulk solution

activity coefﬁcxem of NBS™; and HNBS™, ADS (joul/moal) is the chcrrucal potennal for

transfer one molc of NBS" from the bulk solution to the surfacc of the ODS.

The model evaluanon 1s based on the fol]owmg principle: At a fixed act1v1ty of

_,TBA (e. 8-aTgAt = 4x1073 M), equations 4-23 a’c contain the following:

- (1) four vanab]cs KS (L/kg) r'I'BA+ (mollcm ) 'YNBS' and c;

(4-23b)

127

o
.

(u) thrce known constants: Asp = 3.09x10" -9 cmz/kg, =10.3x10"8 cmand -

Yo whose values at several different aTpg At have been given in Table 3'—"" E

13;

(iii) two unknown constants: KIEX and uNBS' ADS GouVmol).

&

\'.

a

Of the four: vanablcs only c is an mdcpcndent vanab]c The values of KS and T. TB A+ at

various ¢ can be obtained from Fig.4-7 and Fig.3-15 respccuvely, whxlc those of YNB S

_5 can be obtancd from the literature (see below). Of all the vanablcs and constants in’

equation 4-23 a-c; only KiEx and uypg- apg are unknown. Thus it is possible to
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perfonn a non-linear least -squares fit of cquanon 4-23 a-c to the cxpcnmcntal data and to

evaluate thc two adjustable parameters KIEX and “NBS ADS- How well the equation

fits the data is an indication of how well the model agrees with the cxpcnmcnt .

The values of YNB S' at high i ionic strength(>0.1) were assumed to be the sarﬁié as

those of p- tolucncsulfonate and can be obtamed from the lnerarure [146]. Whl]e those at
low ionic sm:ngth were obtained. from thc extended chye Huckel equation [120] By

assuming its ionic size parameter to be 3, 5x10- 8 cm(sec Appendlx II). The va]ucs of

YNBS- are given in Tables 4-3 to 4-9.

The values of r'I'BA+\ nd Kg at variouS € can be obtained in thedollowing way: -

The solution activity coefficients of TBA* (given in Table 3-8) were used to convert the
molar concentration (the x-axis in both Fig.3-15 and 4- 7) into activities, Thcn at a fixed

value of activ ity of TBAY (aTBA+) the values of rTBA+ at each of thc five different c

were obtained from the plots in Fig. 3-15 as described in section 3.3.2.5. L1kew15c at the
same fixed value of aTga+ the va]uws for NBS™ at each of the five different c were

obtained from the plots in Flg 4-7. These opcranons to obtam the values of I TBAY and
Kg at t}‘:% five dz.fferent c wcrc rcpeatcd for sevcral dlffcrent values of atgat. The values

-of r’I‘BA+ and KS thus obtamcd at various ¢ and different aTBA+ are listed in the 2nd

a

- and 4th columns i in Tablc 4-3 10 4-9:

A Y

. Equanons 4-23 a- C.were: ﬁrtcd to the values of rT'BA+ KS and YNBS- 2 - '
various ¢ for cach of the seven aTgat With a nonlmcar least- sqaefcs curve- -fitting program

KINET [147) (sec Appendix V). The values of K[EX and uNB S™ ADS With which

equation 4-23a.c can best be ﬁt to thcsc experimental data, along with their standard

deviations are listed in Table 4-10, Also listed in Table 4-10 are the computcd values of Z-
FY¥o and the "clcctrochcrmcal potenual" (Z-F¥o + “NBS ADS) for-the numerator of Lhe :
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Table 4-3 Experimental and calculated values of th distribution coefficient of NBS", and
experimental ;'alues of surface excess of TBA™* at five different ionic strengths
when ap o+ =2.0x10"3 M and Wo = 0.106 volr. -
‘ ’ . *e * *
¢ Tmea*  ms K Ks Ksads  Kgjex
(mo]/cmz) ‘ (exp.) (calc)) (calc.) “(calc.)
x1012 |
0.050 325 - 0810 440 432 12.3 420
0:070 350 . 0785 324 335 11.9 323
Y - B
0.100 - 36.3- 0.759 206 246 . 115 235
0.300 439 0.660 100 105 10.0 94.5
0.500  48.9 0.608  80:6 72.4 9.2 . 93.2
o calculated values from equation 4-23a-c. . .
\# - .
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Table 4-4 Experimental and calculated values of the distributign coefficient of NBS", and

- experimental values of surface excess of TBA™ at ﬁve differe

when arp 4+ = 40x10% M and Wo = 0,107 volr )
| A |
¢ Trga*  nps- K ‘ng Ks,ads *‘jKS,ie‘:'{
(mol/cmz) (exp.) ‘ (calc.)' (calc) (calc.)
x1012 .
0.050 = 34.4 0.810 492 490 _, 1138 478
0.070.  39.3 0.785 420 403 115 392
0.100 409 0759 263 296  “FT - 285
0300 " 48.9 @.660 128 123 9.60 114
0500 . 544 0608 950 850 890 750
* calculated values from equation 4-23a-c.
Ty
: o

r}L{omc strengths

L
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Table 4-5 Experimental and ca]cﬁlatcd values of the distribution coefficient of NBS’, and
- b

. . . . L
experimental values of surface excess of TBAY at five different ionj strengths

when aTpat = 6.Ox10’3.M and Wo = 0.125 volt.

¢ Trea* ms | Kg Ks™  Ksags " Kgjex "
(mollem?) S Exp)  (ale)  (cale)  (alc)
x1012 i v
R /
0.050 380 0810  542° 547 348 512
L0070 424 . 0785 460 ¢ 442 33.7 408
0.100 ‘,44.)0 0759 a1 329 . 326 296
o o.;oo@;:i_,;?_;fj1§‘f752.1 0.660 145 s 284 117
, “0.500 58.0 0608 111 104 261 78.0

* calculated values from equation 4-23a-c.
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“Table 4- 6 Expenmemal and calculated values of the distribution coefficient of NBS”, an

cxpenmental values of surface excess of TBA? at five different ionic strengths
when aTBA+ = 8 0x103 M and. ‘Po = 0.140 volt.

*

* ; ‘ *
c T'TBA*  Ynps-  Kg Ks Ksads K ey
(mol/cmz) (exp.)  (calc.) (calc.) (;a]c.) ¢
x1012 |
0.050 408 0810  sgs 592 474 544 -
0070~ 44.6 0.785 487 471 45.9 425 ‘ W
0 00 46.3 0.759 345 = 1353 44.4 309 f
0300 - 54.4 0660 155 160 38.6 121
0.500  60.5 0.608 121 116 355 80.6
* calculated values from equation 4-23ac. ]

N
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Table 4-7 Expen’meg?tal and calculated values of the distribution coefficient of NBS”, and

e experimental values of surface excess of'I'BAJr

at five different ionic strengths
when app, 4+ = 10.0x103 Mand o =0.154 volt.

L c 'tea*  YNBS-

*

Ks ”“)Ks Ks,ads ~ Ksjex *
NG (mol/cmz) (exp.) (calc.) (calc) (calc.)
x1012
0.050 © a0 0810 625 631 497  sg ]
v 0,070 462 © 0785 509 494 482 446
0.10p% 483%,00 0759 366 373 466 326 :
‘0~300 ’g; W"‘ :;ﬁ 0.660 161 167 40.5 27
0.500 “% % 0608 127 122 373 gd4  +a
| A @

* calculated values from cquatioh 4-23a-c.

/
/
s
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Table 4-8 Expenmema] and calculated values ofthe distribution coefficient of NBS", and ,

' 4 cxpcnmental vaJues of surface excess of TBA™ at five different ionic strengths

0.500

» when aTBA+—12Ox103Mand ¥o = 0.163 volt. )
¢ - Trpa* s Kg Ks™  Kgag" Ks jex "
(mol/cmz) (exp.) (calc.) (calc)) (calc.) -
x1012 -
0.050 443 0.810 663 663 45.7 618
0.070 475 0.785 528 528 44.2 474
0.100 49.8 0.759 379 391 433 348
0300 57.5 0.660 168 172 37.7 134
64.0 0.608 132 124 34.7 89.3

* caleulated values from equation 4-23a-c.

L3



Tablc 4-9 Expenmental and’calculated va]ues of theAdistribution coefﬁmcm of NBS~,and

experimental vdiues of surface excess of TBA™ at flvc dxfferem 10n1c strengths
when aTBA+ 14.0x103 M and Yo = O 169 volt.

¢ Trgat Wnps  Kg Kg™ | Ksads ~ Ksjex ©
(mol/em?) (exp)  (calc)  (cale)  (cale)
1012 . S
'o,g,so 45.0 0.810 700 - 692 37.0 655
0070 485 0785 541 540 358 504
0.100  51.1 0759 388" 406 346 372
0300 8.6 0.660 171 172 30.1 142
0.500  65.1 FQ.sog 134 123 27.8 84.8 >
4 A ,

. i . )
* calculated values from equation 4-23a-c.

o,

135
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Table 4-10 Results of the non-linear least-sqaures fitting of the cxpcdl%-}nal data

\\ | _ g t equation 4-23a-c, "
J T " ' 231‘3# KIEX* “NBS",AD'S Y Z.F¥o ~ (Z.FY¥o+ “‘NBS';A“DS)
C o) Gmoy ®/mol)  (kIfmol)
, .

0002 ,2'09&51/0 ,,‘?". .’ (1'.64¢2.9 102t06 ., 5622, 9_6
00047 226418 0.86£5.8 10.320.8  -9.44%5 85
d.dos’f 'J":;"|2418i1‘14 ~0.13+13 -12.0ﬂ58 ~12.1£1.53

0008  216%§ - 0.60£0.70 (135509 120808
0.010 '21'9:'7'7 - -1.820.6 149210 31%12
0012 2266 2.9%0.6 -15.711.,_1 -12.8+1.3 .

0.014 236+8 4011 16,451 1 -12.4%1.6

‘mean 22110 **

T

* Uncenamues for KIEX dhd | ENBS- ADS &r¢ standard deviations.
S \, 143
x Unccnmmy in the mean value of KIEX 1s'a poolcd value of the individual standard

S
, 0

dcvxanons

it =
RN
o,
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cxponenual tcrm in equauon 4-23c. ‘The electrochemical potenual is, in fact a fme«:nergy

for z.he adsorpuon : : - - S - G

Usmg the values qf KIEX and Uygg- ADS it is now possxble 10, calculate the
&
values of KS, KS fex and Kg ads for a fixed value of aTBA+ at each of the ﬁvc 1omc

strengths usmg equauol? 4-23a-c, respecuve]y These calculated va]ues are given if the last
23 three columns in Tab]e\4 3t04-9 for the seven different aTBA™* They are ploned in

’ Fig.4-8 10 4- 11 asa funcuon of i 10mc sm:ngth for four of the va]ues of . aTBA+ (O 004
0.008, 0. 010 and 0. 014M) In the ﬁgures the points are the expenmentally measured
values of Kg; the sohd line shows the Lhe@x‘epcal values calculated from equation 4-23 a-c
using the \alues of I\IEX and “NBS ADS from Table 4 10 The dashed line labelled ‘

"IEX, showmg the conmbuuon of the ion- exchange proccss (KS lex) was calculated from ..
equations ¢23b usmg the value of K[EX from Talie4-10 and the dotled hne labelled
. ADS, showmg the conmbutxon of surface adsorpuon (KS ads) was calculated from
" equation 4-23¢ usmg the value of “NBS ADS from Table 4-10. .o Bl
s ; R v

- H
-

Fig.4-8 10 4-11 clearly indicate that ion-exchange is':the main mechanjsm t;orxthe
sorpuon of NBS~ at the interface. The surface adsorptxon process 1$-not 1mportant in rnos%t
of the cases, and only becomes sxgmﬁcant whcn lonic strenglh 1s high. “This is not
surprising- consxdenng the finding of Hux and Cantwell [41]. regardmg the sorption of an .
organic cation (m- mtrobenzyltnmethylammomum) onto the surface of sulfonated ion-
exchan gers of low capacity. They. found that as the ion- exchange capacny was mcxeased
from 0.01 to 0.05 meq/g the contribution of xon-exchange became relauvely more unponam
i than that of surface adsorption. Since the ODS packmg in the present study has a .
"dynarmc ion-exchange capacity rangin g from 0.09 10 0 20 meq/g, Wthh is even larger )

than the capacmes studied by Hux and Cantwel‘l onc rmght expect that 1on-cxchange would

ibe the dnmmant sorption process. It can be seea from Fxg 4:8t04-11 and Tables 4-3 to

PR

9:“ I -
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. while KS ads decreases &nly shghtly, the relattve contn’bu N

: - 142
- 4-9 that at econstant aTB A+ Kg; jex decreases markely w1th c. 'l’he,reason for thts as

dlsctﬂsed in section 4.2, is the decrease of ('g A +/c) in equation 4-23b with i increasing c.

‘In contrast, the value of KS ads at constant aTg A"’ decre\ses only sltgl(i)y with increasing

c. 'I‘hls is because at constant A‘ Yo i is conStant and VNBS 'ﬁe nly parameter in

\Ro"

equauon 4- 2313 c whxch changes wi ases mpxdly with Ceo

)
-p

1ncreases at hlgher c. ThlS is’ also conﬂ's&nt wnh the ﬁndmg of Hux anel: O‘: twell [4]]
7 e
)
) Some comments on the observed values of the two adjustable parameters" KIEX

' and “NBS ADS’ in Tables 4 10 are in order. Ovei))e small range of ion- exchange

capacxty (. O9l -0.200meq/g) the value of KIEX 1s essentially constant, independent of
aTBA"' and c (thxs can be shown by t- -testing for Lhe largest andtmallest values at the 99%

cOnﬁdence level usin g three degrees of freedom)

® A ]

The values of the chemical potental term “NBS ,ADS listed in Table 4-10 have
relanvely large standard deviations. This is due to the fact that HNBS™ ADS IS the only

adJustable parameter of KS ads (see equation 4-23c) and it is much smaller than Z_ l'-‘Po to

which it is added. This can be seen in the last three columns in Table 4-10. Therefone any
small "noise" in KS iex “will be reflected by large relative standard deviations of

HNBST ADS The large standard deviation of “NBS ADS has very little effect on the -
overall goodness of fit of equations 4- 23a -C.10, the expenmental data because 1t is usually
much smaller than Z_FW¥o and.does not have much "weight" in the ﬁmng process The
‘uncertainties in the values of "HnBs™ Aps in Table 4-10 are too large to allow any
mterpretanon of a rend toward i mcreasmg or decreasmg with a change in arg A It mxght

be noted, however that In situations where the ion exchange capacuy (ch,gm or I~ TB A+)

varies greatly with experimental conditions, which is not the case here, it would not be .

' surpnsmg to find that uADS changes The effect could arise in the following way: as the

ODS surface 1s covered to a larger degree by TBA* ion, the hydrophobtc character of the

»

~

-,
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surface would chan ge and the surface activity coefﬁcxem YS AD» changes This would m
cause “S ADS 10 change The mcamng of. “NBS ADS €an be further clanﬁcd by i unagmmg
a neutral compound S (whose structure is the same as S ) being adsq'bed onto the surface

- in the presence of a large excess of TBAY in the solution. For a neutral solute there is no

ion- cxchange so that pg ADS 1s the only termin the 1 numerator of the exponent of equanon

- 4- 23c “The change i in H 1s another way of saymg that S is adsorbed on the surface to
S.ADS ¥

a different extent. If has been reponed that the adsorpnon of neutra] organic compounds ‘
onto the ODS Es%urface decreases wnh increasing concemrauon of another charged oréamc
1on in the solution and thus, on the ODS surface []8 22 ,65]. In the context of thexr
models, Hung and Taylor [47,48] suggested that the decrease is due to the decrease n
available surface area as more of the pairing- 1ons are adsorbed onto the surface, and Knox
and co-workcr [65] suggested that the decrease is cansed by "a slight lessening of the

“interaction with the stauonary phase. a.gghxs becomes progresswe]y more polar through

adsorption of the hetaeron

QL.LQnsmm

A good agreement between the experimentally measured values for KS of NBS

and those calcu]ated from equation 4-23 a-c at various ionic strengths and different

activities of TBAY is ‘obvious from both Tables 4-3 to 4-8 and the Fig.4-8 10 4-11. This

- ability to quantitan'vely describe the experimental facts is considered to be direct

| expen'mental support for the electrical double-layer sorption model. Under the present
cxperirnema] conditions for which the "dynamic" ion- -exchange capacny is relatwely large,

| 1on-exchange is the more important sorpuon process; surface adsorpuon becomes

_ significant only when the ionic strength is very high.



the sample ion can be retained on an ODS column

\ S | - Chapter 5§

Future Studies

The electrical double-]aycr sorption model for ion” Ppair chromatography has been

succcssfully used 18 describe the retcnuon behavior of a sample i 10n (NBS ) in thc presence

of large excess of a pairing-ion (TBA™) and an inert electrolyte (NaCI) It was shown that

O separate proccsscs ion- cxchange

for other co-ions (CI') in the diffuse laycr and surface'adsorpnon onto the "chargcd

surface". In tkis chapter, additional studlcs dcsxgned to understand how the concem;ranon

of organic modifiers (e. 8. methanol, acetonitrile etc) i 1n the mobile phase and the size or
hydrophobicity of the sample ion influence the rclauve contribution of the two retention

processes 10 the ovcrall are dlscusscd

5.1 Mobile P 'TQ ic Modifiers

This study would involve i investigatipg the retention of NBS’ onto an ODS

" column as a function of the concentration of an organic modifier (e g mcthanol) in the.

mobile phase. In a typical system of ion pair chromatography on bondcd C18 phases, the
mobile phase is usually an aqueous buffer solution with a certain percentage of an orgamc ‘
modifier (e.g. 40% methanol). It is well known that the addmon of an orgamc modifier to "
* mobile phase causes decreases both ; In the overall sorpnon of samp]e jons [12,15,49, |
129 130,153, 154] and in the sorption of pairing-ions -on the ODS surface [47, 48,49, 129]
In this experiment, the influence of organic modifier conccnn'anon on the sorption of the
pa.ring-ion and on the two separate rctenuon processes of the sample ion, namcly 10n-

~schange and the surface adsorpuon w1ll be studied.

144



\/ o | Thc cxpcnmcntal stratcgy and procedures for mcasunng tbc dJstnbuuon cocfﬁ(ilcms
of NBS', undcf "tracc condmons in the presence of large excess of TBA"' and thc : "'ﬂ" )
L sorption 1sothcrms of TBA¥ onto the ODS packing would chsscnnally thc same as thosc -
| dcscnbcd in section 2.4 except that the samﬁh: sb]unon would be prepared from an
.:.3 | water/methanol mlxcd solution contalmng a ﬁxed perccntagc (e.g. 40% ) of methanol.
Two families of curves, similar to thase in Fig.3-14 (sorption 1sotherms of TBA" and
Fig.4-7, would be mmultancously obtained from the experiment for this mobile phase. The
expcnment would be rcpeatcd usmg mobxlc phasgs containing different pcrccntages (e.g.
60% 80% and 90% v/v) of methanol The conmbunons of ion-exchange,and surface ’
adsorption to the overall retention of NBS™ would be evaluated usin g the electrical double-

layer sorption model for each of Lhé mobile phase compositors. The effect of methanol in

the miobile phase on the two retention processes could then be quantified.

g e

In this experiment, the measurerent of the void volume, Vm, might be A potential
problem. A number of workers reported Lhat the void volume of an ODS column dccreases'
with increasing conccmranon of organic modifiers in thc mobﬁc phascs [45,81,107,155].
It is gcnem;ly agrcdd that the decrease is caused by the sorption of thc orgamc modifiers

, on&) OF 1nto ‘the ODS surfacc _Sorption isotherms of mcthanol and acetomtnle onto DS
packm gs from theu aqggoiagsoluuons have been measurcd by Scott et al [81] and by .
Karger et al [ 155] Onc ‘way to determine Vm m thS cxpenmem was described by Karger
et-al [155] "I’hc ODS column is first cquxlxbratcd with water and then is eluted with cthanol
into, X volumcmc flask. The volum’e of water, Vmax, in thc collected eluate is dctcnmncd

ﬂsee section 2.3.5). ch(, tﬁe column is cqulhbratcd with a soluuon containing mcthanol
at a percentange, Cm, (c.g. 60% v/v) of interest, and is then eluted with ethanol into a

volumetric flask. The total volume, Vt, (including all the methanol in the voids and

“extracted" into the surface) in the collected eluate is determined by a GC method (see
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section 2.3.5). The void volume of thc column, Vm, for the soluuon contammg methanol

at the specified concentration can be calculatcd by the following i iterative processes:
(i) assuming ~ Vm ){max S (5-1)

: (u) then the volume of methanol "cxtmctcd into the surface can be ca]culatcd from the

.equanon o , -
. B".
VX=Vt-C+Vm (5-2)
- ’ - . ’ . .;;’
(iii) a better estimate of Vm is obtained by equation
Vm = Vmax Vi o « o (5-3) g

4
The value of Vm thus obtamed 1s then used in equation 5-2 to get a new value of Vx. fI’hts |

proccdum 13 repeated unul Vm has an essentially constant value.  °

S *. -

5.2 Retention Mechahism of Large Organic Sample Jons

vggts from both the present thesis and the literature, that jon- cxchange in the .
dlffus%er 1?’tkcly to be thc dommant retention process for inorganic and small organic
samplq‘;cih; in 1on pmr chromatography when pairing-ions are relatively large organic ions
(c g. TBA )f Ifthc sarnple ion 1S‘a fhrgc organic samplc 10n or a btomolecu]e the situation
mtght b¢ dffferent Since the separation of large organic ions and btomolcculcs by 1on pair

chromatography has bccomc mcreasmgly 1mportant in the recent years [8,156,157,158], it

1s of both pracucal and thcoreueal mtcrcst to study the retention "mechanism" of these ions.

’

It is well known that the adsmpuon of § o;gﬁhxc lons onto a chemically bonded
rcvcrsc~phase increases w1th mcrcasmg numbcr of hydrocarbon groups in the molcculcs

. due to thc increase of d1spers:on forces and/or hydrophobtc mtcractlon [25]. Soitis ’
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expected that ‘thc mm proccss will i mcrcase with i mcrcasmg number of
hyd:ocarbon groups in the sample ions. It is also known that Lhc 1on-exchange of organic
ions onto conventional ion- exchangers increases with i 1ncrcasmg number of hydrocarbon

' groups in the orgamc/;ons [143] Thcreforc sorption due to ion-exchange process is also

expected to increase w1th_1ncrcasm g size of the sample ions. The relative contributions of

the two retention processes for large organic sample ions will be the concern of the study.

While the experimental strategy and appararus sctup are basically the same as those
described in the thesis, thJS study would involve measuring thc retention of sample ions on
an ODS column as a function of the number of carbon atoms in the sample 10ns in a
homologous series, such as CnH2n+1 -Ce¢H4-S03", and with TBAY as the pairing-ion.
Thé mobile phase could be neat-aqueous or water/methanol ‘mixed solution but its
composition must be fixed. th one of the homologous series as a samplc ion, its ’
retention behavior, under qu&c conditions" in the pnesen'ce of large excess of the pairing-
ion TBAY, and the surface conccntration of T-BA+ on the ODS packing are measured as a
function of the concentration ofTBA and 1omc strength in the solution. When several
membcrs (n=2, 4, 6 8 and 12) of the homologous series have been studlcd the électrical
double- laycr sorption model is applied to the experimental data for each of them to evaluate
the two retention processes. Then a trend (either increase or decrease) of the relative
contributions of surface adsorption or ion-exchange with- increasing size of the sample ions

would be observed. Al
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10 REM * This program based on the SGC theory is for ani
20 REM * it is to calculate the charge density & potential at OHP

)

30 REM * from the experimentally measured data (i.e. so N concentration
32 REM *surface concentration and ionic stren gth)

35 REM * input data

40 PRINT "[NBS-Jm =2 m’ol>L"
50 INPUT pm
60 LPRINT "[NBS-Jm = " pm; " mol/L"

e

70 PRINT "concentration on adsorbent =? mol/kg"
80 INPUT s
90 LPRINT "concentration on ODS ="; s;"mol/kg"

100 PRINT "ion strength = 7"
120 INPUT ¢
130 LPRINT "jonic strenth = "ic

140 REM * calculating

150 a=pm/c -

1867

/
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160 b=s/3.09E+09
180 x=-964871+b
190 LPRINT "surface excess(exp.measured)"; b ;"rﬁol/cmZ"

200 REM * iterative process - o
| @ v
210 FOR i=1TO 10 !
220 y=85300!*x*cA-.5
230 LET d=-1@§((-y)+((-y)"2+ DA.S)

235 REM * sinh'l_x =In[x + (x2 + 1)1/2] only when x>0  [ref.150)]
& 240 REM * sinh™1(-x) = - sinp~1x

247 p= 0.051355%d
R 250 2= EXP((19.47%p)).1 W(EXP(19.47%p

Yo LET r=(1/2)*a |
270 x=-964871 .;b*(a-r)/(a4r*_(1—a))-

)-1)

280 IF i>7 THEN 290 ELSE 300
290 LPRINT "x"ji;"==":x
300 NEXT i

" 310REM * iterative process finished
320REM * calculatirig parameters

330 sa=x/96487! |
340 LET G=2*d/(EXP(d)-EXP(-d))
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350 REM * ‘printing‘ out results

360 LPRINT "surface excess(AD)";sa;"mol/cm2"

370 LPRINT "the surface charge density ==";x;"coul/cm2"
380 LPRINT "potential at OHP ==";p;"volt"

390 LPRINT "u factor=":G

400 END

500 REM * meaning of symbols

510 REM *pm = solution concentration of NBS- (mof/L)

- 520 REM *5 = concentrauon of NBS- on ODS (mol/kg)

530 REM *c = jonic srrcngth

540 REM *b = measured surfacc excess of NBS- (mol/cm?2)

SSO'REM *s‘peciﬁ-c surface area = 3 .09x109cm2/kg.

560 REM * sa = surface excess of NBS- (only thosc@ on thessurface)
570 REM *x=charge density

580 REM *z—(cxcess of NBS-)/(excess of CL-) in the diffuse layer

590 REM "‘p—potenual at OHP

600 REM * u factor=the correction parametor for SGC plotting

. 59 |



Appendix 11 .
Microsoft Basnc Program For Calculating The Surface Charge
Density On ODS Packing From The Expenmentally

Measured Surface Excess of TBA+

10 REM * This program based on the SGC theory 1s for cation (TBA+)
20 REM *itisto calculate the charge density & potential at OHP
30 REM * from the cxpenmcnta]ly measured data (i.e. solution concentration,

32 REM *surface concentration and i ionic strength) —~
'35 REM * input data

40 PRINT "[TBA+]m =? mal/L"
50 INPUT pm
60 LPRINT "[TBA+]m = " pm; " mol/L"

70 PRINT "concentration on adsorbent =? moi/kg"
80 INPUT s
90 LPRINT "concentration on ODS ="; s;"mol/kg"

100 PRINT "ion smrength = 7"
120 INPUT ¢
130 LPRINT “ionic strenth = "ic

140 REM + calculating

150 a=pm/c

160



200 REM * jterative process

© 235 REM * sinh™!x = In[x + (75

| 247°p=.051355%d

340 LET G=2*d/(EXP(d)-EXP(-d))

L | 161

" 160 b=s/3.09E+09

180 x=96487!*b |
190 LPRM»"suﬁacé excess(exp.measured)"; b ;"mol/c'm2"

7
¢

210 FOR i=1 TO 10
220 y=85300!*x*cA- 5
230 LET d=LOG(y+(y*2+1)A.5)

B3R [ref 1507

250 z=+((Exp(;(’19.47?15))-1)/(EXP(19.47*p)-1))
260 LET r=z*a |
270 x=96487! *b*(a-r)/(a-r*(1-a))

280 IF i>7 THEN 290 ELSE 300 | %
. 48
290 LPRINT "x":i;"=="x |

300 NEXT i <
310 REM * iterative process finished
320 REM * calculating parameters

330 sa=x/96487! >



350REM * 'pn'ntihg out r;:sults

360 LPRINT "surface cxccss(AD)";sz};"mol/cnﬁ"
370 LPRINT “the surface charge density ==";x: coul/cm2"
- 380 LPRINT potcnnal at OHP == "p;' volr"
390 LPRINT "u factor=" G
' 400 END -
N SOO‘REM * mcaér’iing of symbo‘lsk R S
‘ 510 REM -*pm = solution concentration of TBA+ (m"ol/L)
) §2O REM *5 = cong;cntrauons‘of TBA+.0on ODS (mol/kg) v
. . 530 REM *c =jonic strength o \
540 REM "‘b ‘measured surfacc excess of TBA+ (mol/cm2)
550 RE’M *specific surfz:ge area =3 09x109cm_/kg .
| 560 REM * sa= surface éxcess of TBA+ (only those adsorbed on the surface)
. 570 REM *x—chargc dcnsny '
580 REM *z-(cxcess of TBA+)/(%SS of Na+) in the dlff.use ]ayer
590 REM *p—potenua] at OHP o

\QOO REM *y factor—loruc sthcngth parametor for SCSC plomng

/‘? o .
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Appendix III »

[ N : L
S

¥ -Activity Coefficient Of NBS" In Aqueous

- . Solution At Various Ionic Strengths

It is assumed that the acnvny coefficient of p-nitrobenzenesulfonic (NBS") has the

same values as that of p- toluenesulfonic ion. Thc values of acuvny cocfﬁcxcnt for p-

- tolucnesulfomc with i ionic strength abovc 0.10 have been measureﬁy Bonner et al [146]

usmg the isopiestic method- [151 152] In their measurcmems LiCl was uscd as the

:'rcfen:nce electrolyte. Some of the measured va}ucs are llstcd in Table A-3a. The values of

activity coefficient at ionic smengths below 0.10 can be obtamcd from thc tables given by -~

':;: valuc of 1omc size parameter for NBS is chosen 10 have such a value that thc plot of

' -Klelland[IZO] by choosing an approprlate value of ionic size parameter for NBS". The'

' YNBS vs ¢ has a smooth conncctlon (nod 'brcak) at c—O 10 with the data of Bonarer. The

. 1omc size paramctcr obtamcd for NBS in this way is 3. 5x,10 cm The values of acnvxty

N

a coefﬁc1em for NBS- with ionic sm:ngth below 0, 10 thus obtamcd are glvcn in Table A-3b.

The plot of gNBS- vs.c is shown i in Fig.A-3.
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Table A-3a Activity coefficient of NBS™ at ionic strengths above 0.10 [146)]
.I

x 010 020 - 030 040 050 060
INBs- 0758 0703 ..0.660 - 0.630 ., 0.608 0589 '

L]

164
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>

Table A-3b Activity coefficient of NBS" at ionic strengths below 0.10 from

reference 120 using ionic size parameter of 3.5x10°8 cm.

.

_%05 0.01 %25 005 - 0.10

A 4

(0926 0900 0855  0.810  0.760
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Appendix IV

248
Activity Coefficient Of TBA* .In Aq)leous.

e

Solution At Various Ionic Strer;gths

 The activity coefficients, YTB A+, of TBA* (Cl'z_ls the cour;tcdpn) in‘ aqueous'

- Kielland [120] by c“hoosxng an appropnme value foif e Ar rilc size parametcr for ’I‘BA+

: The ionic”* 51zc parameter is chosen to have such a value that thc plot of YI'B AT VS 1omc

“
]

- ® 4 strcnth (c) has a smooth connection at c=0.10 wuh the data of Lindenbaum and Boyd

The va]ue for the i lonic size parametcr &gchoscn is 3.0x10°8 cm: Va]ucs of YTBA+ with
| 3
ionic stren(gth below 0 10 are glven in TabBle A-4b. Thc plot of YTBA"' Vs. C 1s prescnted in.
* Fig.A-4. [" ' ‘ S | ‘_ ‘ ﬁ-.
. o o \\{ ~ -

. R A - R - -

i io. « ,i%. . : - ¢

AT

167 S
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Table A-d4a Activity coefficient of TBA® at lonic strengths above 0.10 [122] -

¢ 010 020 030 040 050 00
YrBa* 0752 0701 0670 0650  0.637° 0500

168




... Table A-4b" Activity ecoefficient of TBAY at ionic strengths below 0.10 from

. fefercncc 120 using an ionic size parameter of 3.0x10°8 cm,

e 000 0005 001 0025 005 010
CYBA* 1O 0925 0899 0850 0805 0755

169
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Appendiv V
The Subrountine Progl:'-ml (EQN) To Define
The Equation To Be Used With The Least-Square
Curvefit(in?g K!NET . ;
RP-1ON PAIR cnaouATGn.ubb%E éééi;ION -

EQU.LIU o
BY HANUJIU LU - NDV.28. 1986 - -

R -

" THIS PROGRAM CONTAINS THE EQUATION REQUIRED BY KINET 1O GURVE FIT

CHROMATOGRAPHIC RETENTION DATA FOR NEGATIVE ORGANIC IDNS ON

RP PACKING (ODS) WHEN A POSITIVE PAIR-]ON IS PRESENT [TBa+)

A DATA FILE 1S ALSO REQUIRED CONTAINING ALL CONSTANTS,. ESTIMATES OF
PARAMETERS (U(1) AND U(2)) AND RETENTION DATA (XX{1).XX(2) AND XX(3])
WITH ESTIMATES OF VARIANCES . THIS DATA FILE CAN BE CREATED WITH .
AID OF THE INTERACTIVE PROGRAM PIDEK2.. L

ay

.-.r-.....o.o-. LIST OF VARIABLES .-o--o...-og_od«.o-.;i.p.-..--
XX(1) = X = SURFACE EXCESS OF TBa+(MOL/CM2) / JONIC STRENGTH = RATIO
XX{2) = Y = ACTIVITY COEFFICIENT OF SAMPLE JON (NBS-)
XX{3) = Z = Distribution Coetficient of NBS™ (L/kg)' '
Ut = ESTIMATE OF ION EXCHANGE EQUILIBRIUM CDNSTANTe

- U(2) = ESTIMATE OF CHEMICAL PDTENTIAL FDR ADSDRPTION

' SUBROUTINE EQN -~ ..

CCONST(1) = POTENJ]AL AT CHARGED SURFACE (VOLT)

z

. . . <
......'..."......‘...........O‘...“.‘.'.‘..‘..........-..........‘

o

IMPLICIT REAL®B(A-H,0-2) T )
COMMON 22227KOUNT, 1999, 1TAPE 1998, JTAPE 1997, 1wT 1996, LAP,
1994°, XINCR ,NOPT,1993,NOVAR, 1992 ,NOUNK , 1891, X, U, I TMAX., 1990,
wIX,TEST,1,1889,AV,RESID, 1AR, 1868, EPS.1TYP. 1887, XX, RKTYP,
DX11,FOP,FO,FU,P,2L,T0,EIGVAL XST,T,D7,L,1886,.M.1885.JJJ.
1884,Y,DY,VECT-,NCST, 18B0,CONST -+ = - :
DIMENSION X(4,100),U(20).WTX(4,100),XX(4},FOP(100).FO(100),
FU(100),P(20,21),VECT(20,21),ZL(100),70(20),EIGVAL{20), XST{100),
Y(10},0Y(10).CONST(16)
GOT0(2,3,4,5,1),1TYp
CONTINUE S e
ITAPE =5 | el v
JIAPEE - e
INSERT NOUNK AND NOVAR ASS]GNMENTS HERE. o : . -
NOVLR&:’ & dos R RO < - . - . S
NOUNK =2 R : . e
RETURN = - : ,
CONTINUE . C '
INSERT CALCULATION OF. (YCALC) AND RESID HERE °

EXPON: DEXP(3B.94CONST(1) - 4.036E-4eu(2)] ' .
'DIEX = 1000.03.09E6°U(T)exX(1)

-

DADS s 3.09£6=10.3E-8XX(2)eEXPON T e

'DIOT = DIEX + DADS
RESID = DIOT - XK(3}

RETURN } - _
FND AR =

R V4

L2 1Y
o -

&



