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The chchan e constant for the eactlon betwee drogen
g 9

o

ion‘in solutlon and the- strongly aéldlc resin Dowex SOW X8 1in

a mlxture of the sodlum and hydrogen forms was‘measured at-

21°C by a modlfled stolchlometrlc method."This method con— ‘

- °

‘sists of measurlng thc concentratlons of any two spec1es in ¢

the extérnal solution, and-from these measurements’obtalnlng

A

‘the concentratlons of the remalnlng spec1es Ain. the ‘resin and

,solution phases- Values agreed w1th those prev1ously reported

.

by other mgthods.f A detalled analy515 of the ‘precision and

’ R TN
accuracy)tf the exchange constant obtained by this method
showed the optimum re51n loadlng facton to be 0 4 or greater.

The procedure 1s rapld and re51n shrlnkage, non-— add1t1v1t1es

a

of volume, and/the presence, of traces of water in thé re51n

o 9

©

are all lmpllCltly accounted for.

It was found that there is.an 1ncreased uptake of_H+
< '

’by Dowex SOW X8 at low hydrogen 1on\conCentratlons in the

presence of NaCl’ln the external ‘solution, - Wthh results in

» o . -

an approx1mately doubled retentlon volume injion'exchange

chromatography. ThlS behavior was studied by a dynamlc method,

°

'and found to be SpelelC for H ‘ Three models, one' hetero—'

0 B S

geneous and the other two homogeneous, were considéred in

an attempt to explaln thlS behaVLOr. .The heterogeneous model,

[N
whrch arbltrarlly dlstlngulshes between fwo sites’ for’ H

® o

b = f . -
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~off sorption sites found in this work

iy —.“.()3 exchange gited, and sitos <lvm~ to I)(ﬂ)ﬂqlf

whe first excluded, owindg to thi-:failure of this
e - s Rt : '

.., e .
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crpret adequately the Gindit: of a Soectial
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bDonnan sorption sites flor i

.

oth based on associatign:theery, and d 1ffer/ in
. ’ . . ‘ - . o N
I the sites of agssociayion. The first proposes

~
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between 1T and -SO, . ig the resin, while the

3

rtweon 0 and ——C()2 prefent as an impurity’in. the

mpdels  show the same forption isotherm, and

stinguishoed math smatichlly, Pat the one involv Ly

boetween T anu»—LO2 1 more reallstic ‘because

o - .. -

r of carboxylate groups {found t’o-b(:'prcscnt in

v carlicr workers. Carboxylate groups appear
i . Jre !

&
I~

3 . ‘ N
ponsible for thoe cxtra wtake of 11 although
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. .
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cannoct be texceludod.

At organic coids on strornc acid
Sorers o wan aloe studiod., Usine Rolsheabors's

" + -y - v - B 3 . -
sygbtor R - HA - I12O (A = benzoic acid,
R o ), N . °

il, or acetic acid), it was shown

tation - coniliber s in cubeormal solu-
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. Tho two homogen: i
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dicsociation constant K. being of the same ordor of magnitid s g
. : i '

i

}{i in solution.  The molcecular acid may b sorbed by both suar-

face adsorption.and true dissolution mechanivms; only tho
—

latter,is Z‘in true cquilibrium with HA  and A .

P : .
¢ . The 'gystem Na R -~ A — NaCl - ”20 (A = chloroacotic

a
13 a

acid, benzenesulfonic acid, phenylacetic acid) was also studied

- B . B

“experimentally. The samc conclusions as described above can

. .
N

be dr.oy®  temer .correction: for thy additional hold-up of H . .
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CHAPTER 1 ' \

-

' . [ AT . i’ : '
. . . Introduction ¢ \ : .
3 “re . ) .

o . o .

. ) . ) LA :
,That many products in nature, such\as cellu-
. - . . . \ L

lose, coal and clay, exhibit . ion-exchange behavior as o

. . ) : " { -
was discovered centuries ago. - Howevelr, bec¢ause of
‘ . . A 1

) ) . R . ~ N & “
a number of undesirable properties possessed by these

o a

natural ion exchangers; inéluding‘low capacity and

o

_ poor ph?sical form, they ‘have only limited use. In

. . " e 4 N
recent years, .synthetic "ion exchanygers have been
develqﬁéd and marketed that overconme the'haqdicaps

v

of the natural materials and that are tailor-made for

special purposes. o 7
‘Synthetic ion exchange%s can be divided roughly:

.8 o

into three kinds —vliquid, solid irorganic and solid -

. ' s . . ‘ ‘
~organic. : - -

Liquid Ion Exchangers ’ o - .

°

<
K]

- Liquid anion exchangers are. prepared by dissolv-
. k¢ 4 *

ing long chain aliphatic amines (containing on the order

< a

<

of 15 to 18 carbon .atoms) in a nonaqueous solvent that

;s‘completely immiscé¢ible with watef. The amine itself - @

may be pfimary, Secohdary or tertiary, or even quatef—
nary in spite of the Yarge solubility of the ionic form-

in water. Amberlite LA-1 (dodecenyl%[tﬁiaikylmetpyl?

a

amine, RB'R"C—NH—CHZCH:FCHCH2C(MQ)2C%2C(Me)3, where R,

s .

R'.a&é R" are side chains_conta;ning 18 to 15 carbons,



D ; _ . X
this eliminates dead volume’ corrections.

“

Rohm and Haas Co.) and aAmberlite LA-2 (lauryl(trialkyl-

me?hyl]aminu, RR:R"gkUCHé(CH2)10C“3’ Rohm and Hgas‘Co:)

b . } ) - )
-are. two.examples. Organig solvents typically used

o

. : C
include chlorofr%m and nitrobenzene.

°

t

: ' L v
¢tation exchhngers_are-aé&ds that are

a

‘Liguid

® - ®

dissolved in organie solvents, such g ltalkyl esters

1

ofgpho§ph6ric acid,(C H, ,0) POO_H+,and monoalkyl esters
~ g : 87 17-"2" . RN

of alkane phosphodfﬂ acids, (C,H YPQ(OCBHL.)O—H+, in

8 17

chloroform. ‘The number of carbon atoms in the side chain

° ey
e
a

rs 8 to 17 ot .
‘Liquid ion exchangers are compounds containing

1,2 .

exchange sites dissolved in an organic- solvent The

ideal iiquid ion exchaﬁger should be ihsoiuﬁle in waﬁer, R
yé; soluble_'im watér —Viﬁmfscible»organic solvents in

the Qonéentiaﬁion rande 2 toblZ%,'ané‘stable tqward acids
and oxidants;‘,it Shoﬁld'alﬁo havé high seledtivity;

small su;faée acéivity/ and-iargé exchange Eapaci?&.'

YComp@red withssolid exchahgers, advantages include greater

>

seléctivity3 and a higher exchange rate. Fufthermore,
liguid iob éxéhangers do not contain, interstitial water;

Inorganic Ion Exchangers

~Inorganic ion exchangers had been reviewed by

_Amphlett4 and'éan.be_classified into the following, types:

1), Hydrous oxides of Cr(III), 2Zr(IV)>, Sn(IV),
: . B ¢ e e :

Th(IV), Si(IV),. and Al(ITI). Owing to the amphoteric

<

v

[



N

. . . —_ . . t
character of blese motal oxldes, thoey act. as vioak

N

acid cation exchangers at high pit valucs, as on anion.
: o
exchanger at lowepll values, and- as both ln intermodiate
.

~ ©
©

pPH ranges, They can.withstand h lgh temperatures and

high levels of radiation, and in genrceral undergo rapid
. - R o .

exchange, but cian be used .only” over. a narrow pH range,
1ar _ Ly B ?

dnd have relatively low capacities.

- '

-

2). Gelatinous salts of multivaleht metdls. These

includ«-the antimonatg, arsenate, molybdate or tungstate

salts of Ti(IV), Sn(lV) or Sh(V). The exchangQ‘proper~
ties 6f these materials depend on the composition.
Advantages and disadyantéges'are~éimilar to the hydrous |

oxtrdes listed above.

3) . Zcolites. The zeolites have a crystalline
“ ' . -

structure’ consisting of AlOzlor,'SJ_'_O2 units containing
. ; R R S Lt L
metal lons such as Na . K ,"or Ca sitting 1nsid¢é inter-—

. . £ -
é!g tetrahndral or octahedral holes. Typically, holes

s

-]

of 11.4°%A diameter are interconnected through "windows"

of 4.2°A diameter. Though they exhibit cation exchange
. . kY N . N

properties, zeolites are used mainly as molecular sieves

[}

: 6 L
drated state . for.adsorption of water or

-

in the dehy

other small polar molecules from gases and liguids.
v v .

o

Organic Ion EXchangers - -

a ~

o

Organic ion exchangers are by far the most, common

type of those mentioned above, and have received the



greatest attoention, They  are compay o ot L o
Linked hydrocarbon polymer networi, on owhilolh o nust o
ofr lonized or ionizable groups™ such as =00, -Cu.,

b P

+ 4. X L
=Nil,, or -N(Me), is "incorpor

3

which boar negative charges,

. -

cation exchang

and arc called

anion exchangers. Organic: io

thesized by poiymerization of

via condensation or addition

.
s

a.catalyst; The cation excha
work is a.éulfonéted po;ystyr
degrees of crosslinking. It
pélymerization via a free rad
. influence df a catalyst such
' ¥

‘mild heat. The polymerizing

along with 'some divinylbenzéne

atoed, The irst two,

will exchange cationt,
ers; the other two aro

n cxchangers "are syn-—

small monemers, eithaor

steps in the prosence of
nge resin studiod in

cene resin with different.

is made by addition -
ical muechanism under the

as benzoyl peroxide and

mixtyre ‘contains stvrene,

crosslinking agent. between the

- .(DVB)

chains.

0

a

to soerve a

The degree of

crosslinking is controlled by the percentage-of DVB

because ihe-%hysical form of the resin is diregtly'

affected by those conditions.  The size of .the drop-

used.
_—CH—~——CH2——1
o ’ _ . r SOBH
R _—(ﬂ{~——-CH2~——

Polymerization conditions must be well controlled

CH— L .

H

SQ3

lets formed from the solutioh after polymerization is



doetermoned chnef Iy by the viscosity, degree o owiming

and nature of suspension stabilizer, ccolatin, polyvinyl-

alecohol, or sodiun oleate, for examnples to heep the

volymer susionded in o solupion, A wide range of physical

forms can be obtained by suitable cowmbjnation of these
.

ractors. A sulfonation rea ion 1s then canrnried out to

.

add. the sultfonate uroups &g, the bonzene rings with. the

IS

vroduct fully swelled in toltene Or nitrobenzenc.

- 1

Organic .don exchanger resins can furthe:r . be
classified according to physical state or functional

Groups. With regard to the physical state, there are

three types of ion exchangers, namely microreticular
. ’ . : ) ’ -4 :
(vne conventional gel-tvpe of resin), macroreticular,

7,8,9

and vellicular.. Macroreticular, resins are formed

. L

in a medium which 1s a good solvent for the monomer,
vet is a poor swelling adent for the product polymer.

Thev are rigid,'porousyand have a laree surface area.
Thus,'they are,suitable ﬁof use 1n nonaquephs solveqts,
whicﬁ do not causé suffiéieﬁt swelling in conventional
résinémto al;bw ions to.diffuse readily- into 'the resin

10,11

.

pores. Pellicular ion exchange resin beads consist

of solid impenetrable cores of 30 to 40 um diameter

. . -

with a thin porous layer of ion-exchanger material

ép;;oximately 1 um thick. chemically bonded to the surface.

They have high separating efficiency owing to reduced
. 3 o % & . ) A
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ettt ey hprddranee o the resiin phiee s, Thie vat )

OF branter renaistance ol a ope bl renlar o aenin o pe bt v

to a conventional shhorical rocin beead ig

[

where e s thee fractional thichkness of the 1 ayer. They

v

are . only used analyvtically as a colunn packing in

i

modaern high prosbure ion OX&ﬂfdrM}vi(ﬂlFOUkltCK]rdLﬁly

R . *
because of low chwavitv and-high  manufacturing costs.
. N = J g
A number of regins having special functional _
Ly ' ' A ) -' - - .
groups nave.also been synthesizod and dsed for spoecial
- { > -
: q_' T . - . . . - . 5.
PUrPOSeS., Roesing showing oxidation-reduction properties,
. v ! ‘ N -~ . 7
called redox ion exchangers, redoxites, or. electron

exchangers, possoess sites at which reversible redox

. . . A 13,14 , S
reactions cantbe carried out "7 .. The redox function

-~

may elthoer core from the 1ons assoclated with the resin,

2+ 3+ S 2 : Do
such as Cu”™ , Fe , Or 503 » which can act as oxidizinyg

or reducing agents while coorriinated to the resin,or

from redox groups directly incorporated in the resin

through 'synthesis. Examples include” a hydroguinone

glectron exchanger,

~ + 2+ 2 e
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: . R :
tho "ol accorarng to bt Siornut oo ouat . Tnitor-
.
v
turately, redox cavacitices and reaction rates are

aal iyt low., Also, the resin 1tself s oafte o oroal b
not stable. For these reasons roedosx resing are nce
us-ed to any large extent.,

.
Resins which have both positive and nogative
rouns, and are held together by oo forae,
- N Tivm f v el s Moy L e L N s - Ty oy e
are desitunatod as "snake cage rosins., They are wro-
Y

vared by polymerizaticn of acrvlic or methacrylic acid

into different guaternary ammonlum anlon exchange
rosing , and have the gentbral structure shown pelow:

. |
?H CHZN(CHB); ‘O;Lco——f
C

CH — CH,N(CH4)Z T0—CO0—CH

P <

~

. . - . . i .
These materials attract ions in sclution by electrostatic

forces and, when used in column fcorm, slow their rate
' L4 ’
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. ' : - G
.
! . Lo . o - . b
v‘x\- o o ’ ’
e “ » : .
mongvalent - 1ons or ions which do not- form strong

. ' .ls,19 . ‘ o T
comjplexes: ‘4 . ‘ oL . < v

§ In addition to the Varieus resins,described ‘ -
. { . N * : ; . . ’
~Fe, numerous other kinds have been synthesized for

P
: |

'SpeFial PUrDoses, and come ‘under the general name.of

. o
N - . - o ) ) - L.
: speblflc,res;névp One example 1s the 1ncorporation o'f S
. it R - c . . , . f .
, ) C-i N} . < B e . . B
Lo ' b : - ' . L R . N . - i ‘(P . 3
L . . . . \\‘ . : * : - . . )
s RS e o .‘: ‘ ) B e . ’ = 0 " - . C .

a wrecipitating agent for K., intc a-polystyrene matrix.
B .- o . SRS . v ST -

- . v

L .te ferrm a resin.containing the group.. - ; f o
S SR ) S N

(o 504
. : C‘.

I
g S .
- ’ . .
~ . . ) N ¢ Iy - ) r+ V
This. mmaterial shows excellent Qptake of K . - o

S . . . ' . 20,23
.n optically active lon’'exchange resin ! can

facilitate the separation of racemates similar

Ty

o

to the
use of .optically active natural prodicts such as lactose

I _ . .
and¢ starch as adsorbent materials. For example,

chioromethylated leystyrene‘reSﬁnS react with opticallyr ,
- ‘active tertiary dmines to vield an optically active:
strong base anion exchanger, on which the separatidn of



>
>

the d and 7 isomers of mandelic acid -is feasible,
— — . b . . : .

9§
¥

Applicationscf Ion Exchangers'

Ion exchange resins have. a wide range of appli-

cations in analvtical chemistry as well .as in .industry

on a .larger scale. The anplieations can roughly be

[

ClaSSlfled accordlng to whether the re51n e chabges
icns or catalyzes reaction without changlng itself.

4

Examples "of each type of application”are Iisted below.

Fxchange
A) Chromatography (dispiacement, elution, and frontal)

Cnromatogra“hy is bv far the most“imoortént

ﬂsvllcatlon of ion exchange resins in anal»tlcal

chemistry, espécially after the'development cf improved

10

pel

resTmaterials. | The theory of 1on exchange elution

‘using a plate concept, andiquified‘by Glueckauf in

er 23 : . . . \
1955 3’24.J Of "the various chromatographic parameters,

S : : : ; ¢
tHe IESOlution R and'the'retention volume VR (tlme Ep)

are of prlme 1mportance ln aetermlnlng the seoaratlhg
2

'”fflc1ency of a columh. .Resolution is expressed ‘as a .

Functlon cf ratlo of partltlon coeff1c1$nts .and their.

absolute ﬁagnltude23 25. ‘The retention vdlqme depends

.

on pH, ionic strength ’comgosition of eluant, ion

exchange constart and specificv§nteractions. In the

f

'cﬁromatography was. developed in 1941 by Martin and Synge222



. . Lo o

ideal. case of a-line&r.éxcbange isotherm and no intcr-—

7 . ! : l : .
action (solute-solute, solute-mobile phase, solute- . o
stationary phase€) other than exchange, values of.VR, ) -t

R, and the elution profile can ke predicted wuite - s

~g -

accurately by theorv. In fgélity'.most sSystems are

\

.far‘ffém‘ideal;\espéciglly for large méleculés_agﬁ iéné
wbich"inieraéﬁ appreeiébly_With the resin;' in these

instancesiykﬁénéﬂé can oniy be @étimated empirica;lf. ' ‘ﬁ
Pellicular ibnoéxchange resins are'éSﬁédiaily_adapted

to mbdérn'high pressure liguid chromatography systems,
“and’can separate virtually every kind of. compound
ranging from nonpolar molecules to fully ionized electro-

o . . . N .
lvtes. EBecause of rapid recent advarnces being reported

in this ‘area & complete description 'is impossikle.’ 0©nly

o

AT

P 'C" 4 - —1 . .
ST OOt o eraliipres Tare  gIverrs - _ .

>

In the,afea dffpolaerompoundgf theisépératioﬁ.
an nucleic~acid526.in thé eafly l950"s.wit£ Cohyen;

.tionél resins fe@uifed 16 hrs, wﬂila amino écids%7'. L
‘réquifed'22.hf5,. Tgrough'ﬁhe h;g of pellicular tgs;gs
l - ' 28 aﬁd

S

the. same separations.now tTan be achieved in 1 hr
o oL.29 - .30 o .
2 hrs . Complex -body fluids”™ " such as urine, blood
. serum, and cerebfosp;nal fluid can be analyzed by high.

pressure exchange chromatographic techniques which were
not feaéﬁplé in the past.
Separation of inorganic.¢bmp0unds‘has_also

 For example, the separation

become faster and simpler.
P B el

Y



R o . . A .
of the lanthanides is possible by usc¢ of sulfonated

polystyrene'résﬁng in 2. 1 acid}l:. The -tanthanide and
.actinide elcmc tsican also be separated £n weakly
”ac1c1c solution by sorptlon on % Strongly ac1d1c

'catron,exchanger,nf0110wed by sequential elution with

an’ anlonlc complc lng agent32 ) Al}all metals ma; Le .
Dseoaratcd wlth an’ th?Et mixture as eluent on’a,

33 -
catlon e\changer res .
' ' 34
Ancther area, ion eAclu31on chromatography ’
lnvolves the separatlon of: electrolvtes from non-

*electrolytes. Electrolytes hav1ng the same cotnter

ions as the r651n phase are excludeo from the resin

-

due to Donnan potent}al;(p. ) andithus«comé'out‘ o

first from the column.

Q

The technlcue Qf saltlng out chromatograohv o

“1s used for “the separatlon of nonelectrolytes uslng a

o

salt sclution as eluant.' Add;tlon~of avsalt such as‘Q

. : . . i . s .
4?280 to the eluting soclution may influence the '~
distribution'of‘noneleétrolyte between mobile phase
A

and resin phase as ‘a consequence of the, saltlng out

(NH

effect. The effective concentratlon ‘of” nonelectrolyte-uu

©

increases w1th 1ncrea51ng salt concentratlon ow1ng to

[

the tylng up of free -water by the salt ‘The amount of’
jnonelectrolyte sorbeo on fhe resin is enhanced corresbon;
dingly.~ Nonelectrolytes have'a larger retention volume

and so are more reaally separated in the presence of

electrolyte.
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B . .

" To f%rther facilitate the separation of miv-—

~ -

<. N i -~ . <
Lurcs a #umber of technigues,such .as use of "nonagucous
.o P i : ) :

and mixed solvents, two-step elution, gradient pro-

Sgramming,  and so on have been emplovyed. These are

.
powerful aiGs, in achievihg.sathfactorywseparatiQn

conditions.

B) NanhrOmatographic analytical applications,

..

- Ion exchange resins are used in g variety of

o

A

' N | . ° - . ° * - . .
other applications, These include the demineralizatijon

of water, determination of total salt content of a
o L ’ PR

ixtgre 3?“, separation of interferihg‘ions'briorito.«

a deté‘mination, changing. the ions present in an elec-
> I E

\

trolyte, coﬁcentratrng ions of a;Salt in solution,
dissolution of-?recipitétes thrdugh shift;ng_éf.equif
' 37

o I

llbria, and measurlng complex formatlon constants .

quuld ion eychangers are- used in iom selectlve elec-

-

C) Iﬁdustrial applicétionsr. e ' ) o

Iddvexchangérs are well—known‘for the desaldin--

°

atlon and softenlng ‘of water. -Either‘conducgivity_pr

drlnkable water can’ be prepared In waste'Watér treat—

ment;llon excbange is the most effectlve method known

for fhe quantltatlve (up te 99.99%). removal ot rad;o—_

: . . CL > : ' -3
active ions from ' waste -solutions of nucledr reactors

Even polromyelltxs\VLrus in contaminated water can

e
.

Ce



-

- with‘urahium, can be extracted in a 51mllar way by a .

: . : el : 40
be sinactivated by an ion exchange process ~. lon

a -~

¢xchange technology is also important in hvdrometallur-
s . : . ° . . N Y _,. -
gical practice -including winning, purification, and
. . . - b . - . :
concentratron of metal ions and in the recovery of

w

metals from hydrometallurglal effluents. For example,‘

-“uranium can be ‘recovered from low grade uranium ores

2-2n

as UO, (SO ) (n ="1,2,3) by ‘use of an=anlon—excbange
n

4

re51n (Porter- Arden procesi), a liquid ion exchanger

°
=3

of the weak Lase amine type (Amex process) , or a_com
. . . ' o o .
bination of the two}(Eluex process }). The yields

approach 98%42; Thorbum/ whlch OCCUrs 51multaneouslv

. 2
.llquld ion excharger4J, Gold and platlnum are~removed

-

erﬂ waste leach solutlons in orc proceSSLng in the forms
=2

14

of [AU(LJ)ZJ arrd—{F Cl6r by aninn'fvcharﬂe reewns'~

whlch are: later 1nodnerated to recover the metals.

Chromltm contalnlng effluents can be treated by anlon

M I

exchange._to remove chromlc ac1d4 Vlckel from the

_rlnse ‘cycle. of nlckel platlng baths is’ recovered in a

N 4 )
'srmllar way - Copper46, 21nc / and J.ron48 in waste

‘effluents are readlly removed by catlon exchange reSLns.

° '."

_Ion exchange resins are- widely used in. the treatment of

,cane sugar Jjuice, ‘the refining of cane sugar and tbe

producticn of sugar syrup. _In this appllcatlon! the
ion exchanger serves a dual purpose - hmetal ions such
' 24+ . 2+ L. 3+. . - ' .

as Mg , Ca .,”Feé—, and‘anlonlc'components,such.as



inorganic anions, fats, waxes, and organic dcias, arc
either demineralized by passage through a column of .,

. . . o o+ a4 ) L
catiorf exchanger 1n Na or NH4 form, or rcmoved by ‘a

combinatiorf of strong. base anion ovchanqer and weak

acia cation L\tbangcr The reﬁaining cblored compononts

in‘sugag syrup after’ treatment with activated charcoal

L3

can alsc be removed by the abobe process.  The wine

. - 49,50 ° +
1ndustry. : uses. catlon exchangers to remove K (to

.
.

1mprove stablllty on qtcrage) a portlon of the nltrogcn
B +

”comnounds(to reduce turbldlty duc to albumln) and"ha

<o
(to remove. a Soapy flavor) exceéé actd also Jan ke,

v . v ’

reduced by anion exchangers.

LR Ion eAchangers .are valuable in the mllh indus-

try, uherc the} cary 1ncnease the calclum content in

udL;y pLuductt, reduce the socium Ievel ©o prciong

.

shelf llfe and remove radicactive fallout prcducts,

partlcularly 9QSr. In lndustrlal chemical processes,

such as the preparation'of fq;maldehyde, glyco;, phenol;

acrylic acid,’ and citric acid, ion exchancgers are used

to eliminate impurities in products. Ion exchangers of

large surface area (macreporous or macroreticular res&sins)-

are effective as drying agents and as adsorbents5~l

-

‘comparable to silica 'and activatéd charcoal. TheSe

. 0
= s

materials also have a wide range of appllcatlon in drug

.

manufacturlng and med1c1ne, where they” are used to

purify and concentrate products, or to convert products

s . N

L - ' : - I >



w

into tho desired donic forre. Finally, ilon exchangers

LY . N . v
. , ) - "
have beon proposed to repove ercess stomach acid and

to reduce eléctrolyte leach in the blood and other

o

body fluids.

Catalysis A . . X
. ’ ' . L - M

Ton exchange resins in the appropriate. form

B R I ; .
serve as catalysts for-sceveral reactions™ . The

" [

mechanism chHiefly invelves -the counter ions associated

K .
.

with the excﬁange sites. Catioh exchangers in the
"o ‘ ‘ o : . . . 53,54
hydrogen form can catalyze dehydration, hydrolysis . ,

o o L ) 5 ' .
hydrationJ), esterification @, cracking of hydrocarkons,

/ . a
sugar inversion, and cther reactions reguiring active

shydérogen ion to form intermediates. Exchangers loaded

s with Hg2+,.CN“ or .OAc -exhibit the catalytic¢ properties

of these ions in solution. The regactions can be
°*carricd out in gas-solid or liquid-solid state. Since

‘conventional organic resins tend to collapse 1n an

x - A

anﬁydfous stete, the efficiency may be.greatly diminished

! : ] . .
under such- conditions. .JIn these cases, the use of an

° >

inorganic. exchanger such as a zeolite is.moye profit-
——— - ] : . .

able. The advanﬁages of ion exchangers .as catalysts. .
~5 follows:
‘he reactions are highly specific, and side
. '7
ictions are suppressed.
‘he - catalyst is readily separable from the pro-

@

ducts. . "
\. . K )

o 4



. i1y dons oY unusyal coxidation state, suciy as
) .
Mn{lIl), which can scerve as an. actlve shaecloes
in some reactions, may be stabilizod.
rv) fon exchancers can be usged for roactions winich
" roeguire a highs concentration of the .catalyst
ion. The interrnal countir icon ceoncantratlon
2 can be as hiach as 6 . Such high concentrations
g o 1 )
can causc trouble in conventicnal homogencous
. solutions. . . .
. Stabdility in a thermal, chemical, and radic-chenical -
sense gonerally sets the limits on the use of 1on .
, e~changers as catalysss. . : S
: S 57 : - : _
"he theoryv™ - of catalysis by ion exchangers has
: not vet be&n.fullyfdéveloped. The catalytic behavior
is believed to lie somewhére between homogenecus catalysis
and heterogencus catalysis. The transpert of reactants
N ) i . -
éﬁ andgproducts tc and from the exchange sites 1s defipitely
. ' , 58 . . . . ’ .
heterogenous 1n nature , while the 1intrinsic reaction
" Fetween- the counter ion and reactant 1s homogeneous.
. O o . o
The whole process can be broken down into ceveral simple
transport and reaction stéps and treated separately.
This is shown schematically as’ follows: I ’ .
- . ) .
' : , . (B) .
Fiim diffusicon — surface reaction
' (a) . , @
. — 5 diffusion intc —> outer vecolume,
-~ = . (c) inmner pores . reaction
; . (e)

—> intraparticlée
diffusion anad
internal reaction
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Aan exact solution can e obtained for a first order

- reacticn where the rate 1is ., directly prcportional to
the sclute concentraticn, bkut the rate of coverall
o - .
reaction, which 1s. a series or parallel combination
cof. transfer and. reaction steps, 1s determinred by
varamcters such as particle size, flow rate, surface -
- -4 ! .
area,: and so on. The effect cf these parameters can
be predicted guantitatively once the rate-determining:

step 1s kKnoun.

. -



_ CHAPTE R L

STOLTCHTOMETRIC l)i']’l‘I'TR.‘-Hf:’i\'l‘[()N O THE LON EXCHARNGE
CONBTANT "FOR SODIUM AND HYDROGEN ON DOWLEN 50W - 8

SUTLPONLC .:\C D RESIN

)

ackaround

The 1on exchange constant K is one of the
lnportant physical properties ‘that must be known

accurately for useful avplications of ion exchangers
to analvtical or industrial problems. Methods for the '
determination of K fall into two types: . batch and column.

59 . . . . . C
Im the batch method dw, the resin 1is immersed in a mixed

salt solution containing the same co-ion as the resin.

The

cuullibrium 1s attained. The concentrations ¢of both

counter ions present in solution are then measured, the

-

solution 1is drained from the resin, and the resin is

o ©

washed several times with distilled water. The counter
ions in the resan phase are now e€luted by another

electrolvte, the presence of which will not interfere

with measurement of the counter ilon concentration, aﬂg

o

.

the concentration of counter ions displaced from the
resin measured. From these data,'the apparent ion . .
exchange constant K for the reaction A+ B 22 A+ B.can be

.

Calculated_ as: . . .

temperature until . .



o (LAl
BAR A (1)

They bar denotes the species in the pesin phase.
The  colnmn method 1y faster than the batceh method,
Hecause all o the steps can e carried out continuousty.,

T . fre SR S I S S .
Hore ape two different procoduares by whioh an aon

cmchange constant can Lo mreasured inoa column, the

. . 0, 01 . : . c. L b2
dyvnamic approach dnd the chronatouaraphic approach 7.

In the dynamic wmethod, a solution containing two salts 15

vassed through a cplumn of resin until the resin 1s com-

vletely eqguilibrated with 'the solution. The columi! 15
. ~ ‘\ .

then rinsed with dl%tlllcd water, the counter 1ons dis-

vlaced from the resin-by a SOlUthn contalnlnu a sccond

clectrolyte, and the displaced'spccies neasured. The 1on

exchange constant then can be _obtained readily by the

.o3¥

aguation above.

The chromatogra ohic method is also popular for:

the measurement of K if high accuracy is not reqguilred.

The advantages are that attalnment of equilibrium 1s not

B 6
necessary and the data can be}recorded dutomatically 3.

. . Lo . - . .. 6 .
Thus it is rapid and convenlent. Rachinskil 4,glvés a

detalled dlSCuSSlOn of the varlous hlnds of' ion exchange

& )
|
1

chromatographic methods avallable for the dctermlnatlon

of_i using radioisotope technigues. In theiflrst method,

narmed by the author eluted -dynamic chromatography, the
. - .

{ . ' i <3
ijonic species is measured directly iﬂ the column. For

-\
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o5 Shie wedlachit Of  ton emobiannee ol
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5 the sorption caractity per unit welaht, and
- the solution concent rat ton,
S
.

The sccond method 1s clution chromataoarar by,
which 1s the conventional mode of opoeration. The 2adid
activity 1s moasured at the outlet of the column,

. a.s
I LTOT 0O .

Bz ermeer) o)
= SR ¥ A Wi : T s s s

—R

wvhore V 1s the retention volune.
8

The third method 1s frontal chromatoagraphy Wi
IS ’

is essentially i1dentical to the dynamic method except

, ' : . o , )
the armount of sorbed counter ion A, S, is measured
R 45

<
directly 1n the column by radiocactivity counting

- B o
. C. S.
. . . —B 23

»
7
\
il
—
.

|
O
O

e S N

Chromatography is-often used when the solution

consists of a complex mixture in which the batch .and

“colurtn methods .are no longer applicable. For example,

-
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state and K can be obtained for,a given eluting
W ' - - . ’ o - ’

solution.

. . ~Finally, the apparent ion exchange constant
/ . . . . PR . - .

¥ depsnds strongly on elperimental ‘conditions such

"as ionic strength and concentration ratio of counter

ioms in solutilon -(mole ffgction bf courter ion in resin
phasé)ﬁ' Thergfo;e il ctan be used to prediét'qu%libr@um
conCenﬁgationé oniy*wheh these conditions arec Spécifiéd.
1= thcr“alu?‘Of-g under Specifiéd cghdi£ioﬁs ofAionié

5:reﬁg%h Loor concentration raiio'[A]/fé]—iS desiréd,

haen onln thévdynaﬁic method_is'applic&bleﬁpecausé only
;ﬁ th}S'i§tth_is the fgsin in thne final staté'in:equi—

S aisolution of RnoWn ionic Sfrength and © e

H
b=
U
o
(=]

Nz
3
5
=
o

cormrosition. The ecuilibrium solution in a batch

moasurement will change compositigpn at constant ionic

. - ) . 3 S 5 .
cstréngth duettp redistr®rution of counter ions betiween

phase ‘and .the resin phase, makilng 1t
S

ifficult to obtain K at a specified solution composition

(2

unless the resin is washed successively with portions of.

solution until the solution composition does not change

"This is by no means convenient. The dynamic

by

{

[
S

oy
pl

a}

o
metﬁ@é-alsé has the peculiar -feature that the whole

isotherm can be calculated from the effluent history of
. .67 ' - : .

one Sln:lg;coLumn experiment - However, 1t .recguires

wtreme control of experimental conditionsg?s,well as -

rarpid local eguilibrium between the salution. and . resin



4 phases. This létter condition is not met adequately DY
,lnorcanlc ion exchadge:s or by moderately crosé linked

‘organic ion \change rbSlnS and. tnerefore this method.
is ﬂot ICCOMWLRG“d ccnerally. .But even thou‘h less.
conﬁenient and f1c1ent than “the colJmn method, the

ratch method étill is'lwuortant Dﬂcause it can be

applied to 10n. xcnanger materlals_ln any OhVSlCal
66
m

, such ®as membranes, tubes or rod '-whereas,the

column NLtﬂOO canoonlv be applle ‘to beacs pogsessing

. . -~ - .
nich fluid permeabillty. “In the apollcatwon of ion

. ' 68 ;
e\thaﬁ cers to industry, tubular column reactors are

‘py far the most commonly used, for e\amule in counter-
L 69 et it ed DO AL : 71
a current and fluidized processes . The batch reactor
. ) ) o . ) . : » B
-— and FSTRV(constant stirred tank reactor) are—also used 1in

. 68 . . o .
some cases as in uranlum recovery and 1n mlnlng pro-

: 72 . - L

cesses owing to Cheaper constructlon costs and better

- 73 - . ' ‘

;sothermallty T
‘To maximize efficiency, minimize resin costs,

allom monltorlng of’ the act1v1t§ of;thecexchanger,.and'

allon calculatlon of e change times for. a given .system,

the Chchange eGUlllbrle constant K must be known. It

is dCSLrable wnere fea51ble to measure K in situ, as

Athls involves the leaSt expense of time and effort.
The batch metnod is the omlv one that meets. the above
rccalremeqts,.thé drawbacklls that it lnvolves ‘a series

oF Steps such as phase separation,_washing, d*solaCLng

\



~
and determining four concentrations, -which are guite
. . - ° - ) ) Y ) e . o .
- tedious and time consuming. '
o ) o :

»
i

. 1 modified batch method, called the stoichio-
metric method, which is simple to handle yet accurate

i .

- enough for industrial purposes has been proposed by:

. \ PN 74 - P - - s
-Ghate, Gupta and Shankar .- Unfortunatdly these workers
. . . - . . . 0
made use of ‘this mcthod without taking into account the

change.in water content of the dry resin when. it was - °
- ’ X . . » —_ ) ' _‘ . . ’ - . R »
eduilibrated with salt solution. - This introduces errox,

[

..especiallv when the volume .0f the eguilibrating solytion

les of resin to

. P -

is small. Begause air dryimg: of samp
constant weight is-time consuming, a way of avoiding

rable. The method, cdescribgd b%low

this s+tep is desi
. . . ) . K . . < .
does not recuire drving of the resin, and vet allows

e . s [
o

- NN . ? e .
orn for the water remalning 1in #ne resin. @ It

(R

rece

CcCo

e

©

involves calculation offcourtter ion distribution 'irt.both
N - L=l %

hases bv material balance after measur ing the concen-

“ration of any two ions in sokution. This method 1is

fastér than the othérs because phase separation and °
s A : : i Lo L. e
‘successive -washing is not reguired, and is fighly .
sujtable to routine analysis, In this work, the
desalination -of- sea water By 10n exchange was studied, .
and the appareht ion exchange cgnstant KH/“a for the
’ oo - ce T - o .
. . ) T . = ! . : - Q
reaction - , . : e « 7
. .
G 2 . - 2]
? T"'—‘ . — I ’ ; E o v
. NaR + # 2 HR + Na . S i EE X
\ was measured: :
o - ‘s r 5
o - « 3 .
o [=)
. - 0 o r‘Q Mz
Y ™ ‘ o



by charge balance. - Na can be detérmined by [flame.

‘determined by acid-base and prec.pitation titration: o

than flame phoF¥ometry. The value of K can then be

‘on US No. 35 sieve; 1:

- Three spécies are present .in solution at
: S 4 e . S : ' . T
cguilibrfium; Na , H and Cl1 . Only the concé€ntrations
. v:v. : ) . . - ) © . . 'S M
of two ions are reculred;, as the third can be obtained-

- - Q : -

. . . . N B o .
vhotomeétry 'while H  and.Cl  are most convehiently

(=]

< s < . . <

L . J . ! C+ - ~ T I
he aralvsis of solutions for H - and Cl- were chosen
.pecause. the titration procedure was more convenient

o

calculated as shown in the next section. . .
B ) . ] o v . .
" . L s

S

Lxperimental ‘ o _ ‘ o

<

The resin selécted for study was Dowex 50W -8 - ®

catiorn exchange (Dow Chemical) resin, 20 to ldOnmesh.

The wrbdperties of this resin. as given by the manufac-

turer are: total exchang Fcapacity-(wet volume), 1.8
mea/ml; total exchange dapa i@& {dry basis), 5.2 meq/g;

moisture content, 54.7%; wet screen analysis, rctained

%}
o0

~;_paésin§ throﬁgh'US,No. 70
. L _' o g i . .
sieve, 3.8%. All other chemicals were of.analytical °

urade, which met ACS specifications and were used:.as : -

received without further purification. Theé sources were: . é

AgNO, (Johnson, Matthey and !allory. Ltd., Toronto),

¢ o

3

“saon (Fishe:;%;ientifid Company) , KzCr2Q7'(The British



- . ' oL B _

Qrug House Ltd., England), ucil (Bakéf Analyzed), -and
Nacl (Fisgher Gcient@fic.Company)} RN - a

Preparation of Standard Solutions

Standard solutlons were - oreoared by tne follow~

ino 0r0cedures.l Solutlons -0f 0.3, 0.1 M and 0.06 M

¢

-JdaOH were. made by dlSSOlVlng 24 g, 8 g and 4 8 g of uaOHp

)ellets in d*stllled water 1n 2~ litre volumetrlc ﬁlasks,

o

and then Standardlzed in dupllcate agalnst pota551um

o

hvorogen uhthalate USln ph nolzhthaleln as lndlcator

The"averade concentratlons were found to be 0. 3014

B °

0.1023 and-0.062l9°M. “? solutlon of Sllver "1trate ‘was

prepared by uelghlna accuratel about’ 34 g AgJO3f

1ssolv1nc in: dlstﬁlled uater and dllutlng to volume in
a 2-litre volumetric flaskh. The concentration was cal-=
. ‘ o . e, S . - . v

hva

culated to be 0.1001 SPlutions of 0.1 M and 0.2,

re
I

.TCl were ar vared by dllutlng la 9, ml and 31 8 ml of

‘COhcentrated dCl (12.6-:) 1n dlstilled water iy ?—litre‘

=

- volumetric flasks, and were standardlzed agalnst e.

NaOH henolpnthaleln as indicator.

Procedure
About 40 meq of resin were used Oer run. The

re51n was allowed to stand in GlStllled water for a da/

to ensure coleete smelllng, then washed in an 800- ml

beaker, flrst w1tb 300 ml 6 M HC1 and then w1th 300 ml

e .

clstllled water to remove 1mpur1t1es, espec1ally heavy

.

o



imetals; The exbhéeqe Caéacitv'ef the.portion of resiﬁ
was measured by dlrect titration of the H+ form withb
'O 3 M NaOH to the phenolphthaleln end’ pOLnt in the
800—ml,beak825 The resin was flrst cpnverted‘tp the nt
form by washing 3 times with 300 ml 6 1M HCI1, then the
cxcess acidiwas_femd;ed by'r;nsing with several pbftieﬁe

of d‘Stlll »d water untll the eau111brated wash lquLd

s

was neutral as tested by pH. paper 'Aﬁter.decanting the
eicess water, 200 ml_of lJ& NaCl solution and S;arepe of
~phenolphthaleiﬁ~ind;cetor were added, theAbatch'stir:ed
and tHe Sespension titratedAwith.O.B M NéOH'WitH viéorde$ 
stirring. OA Shefp end peiﬁt wae-obtained. . |
Aftére%easuring the tqtalucapacity:ef the batch
in this way;.the-resin wae'gonQe:ted to thg'Naf,form by
Qashing with three 200-ml portions et'l 3 NaCi,‘aﬁd then
with distilled water ehtil é test of,a portioﬁ of"the
Aeéuilibrated solution for le’by AgNO, wasﬂpegative.'

The reein'next-was traﬁsfe:red-quantitatively to a

500—m1>Qolumetric‘fias£. After excess watet had been
'»decaﬁted;.200 ml of‘O:iAg Hdl'were pipetted into tHe
‘.flask,)bhe e\act volume belng measured b¥ welah;ng tne

| flas} and contents before and after the aCld was added‘
.theﬁ-dividing the»weigh%Aby'the denSity ofvo.l g Hc;
splutien. -The céneentration‘oﬁ Olljg HCl.addedewas

) . . S ' -0 L - TTT——
measured by'titration of 3.25—ml solution with O;ljg
iaOH. The flaskade t{ght}f,stbpperedtand'thevsolutien.

‘ s - N a



o

stirred with a Micro V Magnetic stigrer (Cole-Parmer,

Chicago) for four ‘hours at 22°C, at which

assumed equilibrium-was obtained.

N

time it was

Two 25-ml portions of the liquid phase were,

pipéttedhintO‘each of two flasks. The first was

titrated with 0.06 M NaOH for H , the sccond with 0.1

- 1

starting from measurement

k=g
a

|

AgNO4 for Cl™ by the Mohr method?a. The procedure,

of total caéacity of the

resin in the 500-ml volumetric flask, was repecated 5,

times. The experimént then was repeéated using 0.2

HC1l in place of 0.1 M.

s

Definitions

J— Y

-

N

~ Treatment of Data

of Symbols Used L

Na

Cl

0

volume of acid added, ml.

a

volume- of water retained with the
¢ ‘j' - .

concentration of acid added, .

i

resin, ml.

concentration of hydrogen ion present in

external solution at equilibrium;,

concentration of sodium ion present in

" external solution ‘at’ equilibrium,

M.

N > - . . . N
concentratian of chloride 1on presént in

external solution“at equilibrium,
cdpacity Jf rés;n Sample‘uséd.per'

meq. : - ' R

M.

experiment,



av,

o

. ‘ ' . L . -
cc' = cAV_HV ) capadity per unit volume of  oxtor-
- =ta ‘o <k
- - L4 . N
. - nal solution, M. 7 ¢ .
HR total amount of hyvdrogen ioa_present'in
. - . 'h "

resin phase, ‘meq.

NaR total amount of¢sodium ion vresent in resin.-.

phase, .meq.

For the reaction

- L i
NaR + 1 & HR + Na-. -

=~

.tHe eguilibrium constant is given by

K = HR_Na e 4 (1)
.NarR H : L :
the charge balance is
- ~ i “' " .
Na + Il = C1 ‘ (2)
and the material balance is : : ’ - .
c = HR + NaR : (3)

a

At equilibrium, the concentrations are given by

-

\Y% . . .
— 1'< —a — h B ° .
H = hO_(W) ‘ Na ) . . (4)
—-—a =0
NakR =, c - Na(V _+V. ) , - " (5a)
- -0 —a . : ;
——— : * i ' . o ’ —_—
HR = Na(Vv_+ Vv ) . (5b)
) —-a‘~ . i .. _ .



and (3)° can be Sleed for Na and y@

.

whoere

@

1 ’ o

S‘l,nco Cl and H can be measurced, Luauations (4)

Na = 1 ~ H o ’ (bay
. - N . » o
‘H_-c1 v o L '
5 = Ty - N y o
"’9 .( CT .- ) \_/a . N - . g (b))
Substituting Equations ﬂ4)-an& (5) intd (1) givoes.
. o . ‘ Y \2
] N 7 +V . Na)
] Na a (—\‘O la) . (\]'1A R
E\— = ‘_‘_m‘\./‘ﬂ —— P —— e = e I
>, —a _ c— NS(V_ +V_ ) (B-Xa) (c'-Na)
IlO \ya+—\-’0> Na o sa‘ ©-a -
(7) i
N 4 ’
I . —-a
=" ‘ho (\7 TV . o .
-a —o .

Then K can be calculated by inserting values for Vo and

Na, obtained from Eguation (6), into Eguation (7).

°
o

An important point to be noted is that 1t 1s hot‘ A
necossary to assﬁme §Qiume ad@it@&ity‘éqd conétant_water
comtent in“thezresin, because thééé factors gaqe already
been taken account of 'in the term"yo.ﬂ Aétually, Xd is

" - . : . ' B B ©
the sum of three terms: the volume of exterqél water
adhqrinq to thQ‘Fesin XO'; the éhénge in interndl water

x . N . . ) 3
content of the resin AV;, and 'any deviation from volume
. . —W :

additivity &V_L  Thus

e

o

—O- -0

<

o s

— v . . >

A4

Vo= v+ AV o+ AV .
NV v

VO' is always positive, while &V and,AVV may be positive

. . ' 1



Oor negative. The maanitude of Vv 15 not necessaritly
o -0 -
Groeater than 2oeroj especially 1f little water 1s oo
o ‘

carried along with the resin (i.e. V_ ' is small),

ana the volume shrinks and the resin swells tre-

mendously upon the addition” of acid (i.e- IVv‘and

" — W
5 - ’
AN : Oy, . o

-

Precision and Reliability

It is of interest to consider the level of pre-
Q

cision and reliability expected for K from these stoichio-

-
motric calculations., Since two material balances, one

o

in the resin and one in the solution phase, are involved,

alona with a charge balance and several subtraction I

s

sTewrs, the precigion cannot be expected to be as dreat.
as for equilibrium values measured directly. Indeed,
‘this method 1s not applicable to those expérimental
fegions in which;tbe subtraction of fwb nearly equal

numbers 1s reguired. RBecause its usefulness depends on
how preciscly the value of K must be known, it is impor-

tant to be able to prodict at least semi-guantitatively

the vrecision of K obtained, so that it c¢an be comyared

. -'-’— O . -
with the-precision desired. “values of K obtained by this
mothod should not be used for subsequent calculations if
the desired precision is insufficient; under these con-

ditions, measurement by the batch method is the only

) ¢ s

o

choilce.



’,

Also, once the parameters affecting the precision

.

have been identificd and their magnitude estimated, one

. . . “

‘can avoid measurements in those regions which give the

lecast precision. Indeed, a valid estimate of precision

is an important criterion in all stoichiometric methods.

The yncertainty in K can be derived from &rror
o - - v

. : . 76,77,78 - . . .

provagation theory ! ! , the derivation of which 1s

given in Apvendilx I. This theory can be applied to any

Sskorchiometrict svstem. The system considered here is

assumed to be in complete ¢Xuilibrium and all errors are

<

assumed to arise only from the measurcements, which are

random 1n nature. As revealed from Egquation (7), the

uncertainty in K is determined by fiVe_indepéndent med- .

Surcnent errors HO’ v, H, Cl; and c¢; that is, K =

f(HO,Vé,H,Cl,E). If the measurement errors are not

large,  then the rahdom error (variance) in K due to

random errors 1in the variables 1is

where s, 1s the standard deviation of the quantity con-

- =l

cerned, X (Tl,H,.....).. From Appendix I, this equation.

can be written in re

lative error form as

2 I 2
TR, : < 4 Nal < 2
=) = 3D ot @35 @t s
K , ) o . ~(A8a)
_ 2 CAV. 2- AH_ D
. 2. Act',t ~a o, - B .
+ '(l+\t) 1 ( C') (V )y o+ (—H—) Iy, o = E‘

[



! : V
‘ - :

and in absolute corror form as

>

; .l
o2 (L. . G2 (2E) T (1w C
P Rg L eyt e T A T
vt a“e!t
- 2
5
> (4V ) (&H )
ko C')ﬁ(hl—hl)q —— + o2 ]
o - < - :
ol V .
- —a O

The Magnitude of Measurement Errors

N

Meoasurement errors can be classified as nonrandom

) . 7(),78 . o R § o —— . N
or random . Nonrandom error, also called determinate
7 . . ’ . / . ‘ " . . '
error Oor systematic error, 1s generally in one ' direction

-

and tends to be reproducible from measurement to measure-

mant. It 1s caused by bias 1in the procedure from the

‘orerator, apparatus, or method. These can be avoided by
B "
modirication of technigue, equipment, or vrocedure. _ The

othexy tvpe, random error, 1s inherent to the measurement,
and cannot be eliminated completely for a given system.

Assuming there 1is no determinate error, then thé measure-

ment errors will "follow a Gaussian distribution. By

-

making several measureﬁbnts_§_, i=1,..... , N, and taking
. 1 - N N

-~ . , _ :
the average X, the true value is best approximated. - The

standard deviation s, for this set corresponds to the.

X -
uncertainty of a single measurement .X )

{(A8L)
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It ald measurement orror s T I‘klntium gt therr warr bance

s Known, the total uncertainty can be obtained o1t hel

by (A8a) or (A8b).

Heasurement crrors can also bo o ostimated by

other means. For oxample, 'a pregisionh of 1 ppt can -be

estimated with confidence 1n many allguoting  and titra- .

§

tion procedures. Use of -such: valuws 1

Ji

cJonlvenleont o in
prqdicflnq the uncertainty JK/KLEOI a typlcal oxporimoen-
tal result. On the other hand,- the probable e¢rror of

. /- o . S : : .
an oreration for a aiven. individual s gulte easiily

obtained by insertinag into (A8a) or (A8b) the heasurc-

ment orrors of that individual as calculated frzfn his

7 work. In this wayv the vrecision of K can be

estimated readily through (ABa) or (A8k) from only one

_ ’ k"aQ/‘ ‘g
sct of measurements. =
The variation in the uncertainty oxpression
"H'K with parameters « and c' can be gotten only

1f the relationship between measurement errors and

sample size is known.  This relationship is usually

too complicated to be evaluated. Megasurement errors
: - . ]
may vary or not with sample size depending on the

.source of the cecrrors. For simplicity, only two of the
2] . -

most common cases will be considergd: constant relative

error (proportional error) and constant absolute error

(constant error). These cases outline the géneral

shape of the error curve. The former indicates a first
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. + ot [ by e R SN < ISR - s -t oy V] L=
< tant relative orror o 1s o lisoedy. Powr ot ronag oolti=,
vt ltrations as o well o as for the Mohr mothod for
Shlor ,

AL TOT

concomtrat:ion, anr the macnitude o, concentywatron -

. g
. -
at the ond voint, 1s linelny, A tvpical vAiue for thrs
. _ ) -4 - NS o
SorYYor 1s oapcut 1-10 MOl opt of 0.1 M solution). .
- o 4
The orror 1 volilune mcasurcment“f7 for the
experimental work dong i1n this theslis 1s linely to hoo

a constant relative eorrdor, and is estimated to bo 'l vut.

As for &, the error can be estimated as follows: The

>

o]

resin was titrated with vl 3 M NaOd, and "the error in

2nd point selection owing.J/to the strong acid-base reaction,

79, « . L
estimated to be 0.015 ml , must be 1ncluded with the '

error in buret recading and_ sample measurement. The



-1 ppt. In all experiments C mas hﬁlq}aE 40 . meg, with

H, 2 0.1 ¥ and vV, = 208 ml. Thus Ac/c = 0.04/40 = 10~

.can be lﬂScrted then into (A83) andf(ASéX: g :'éo.meq-

overall uncertainty in volume is estimated to &®o about
0.1 to 0.2 ml, giving an absolute error of around 0.0+ -

meg: The uncertainty of

iv oV - 1077, aﬁd ;no/né':rlo”3.ﬁ The following valuos

I
;- V-3V 2 200 ml (since V. >> V ), K= 1, fH./H_ =10
N “E}-,,"‘O . , : - —O - . . . (@) O

a . o
N N -3 . o 3 T
~' =10 7. and Vi/ya = 10 ~. . For (A8a), &H/H = .10 , o
. e . R S S L
at: S 1/CE =710 3, while for (A8b), 4AH = 10 "I, and

—_ . _ . _ L 2 o /._‘ . ‘3“ . ) N
LE 1075 (e e 1070 (10 P24 P 322070 (ki) 2 (8a)

6 o 21e? oy o
<1——Z‘ b0 A R L S0 (e (8p)
a’c o ettt L T : - -

Results and Discussion

L

The standardization of solutions and all measure-

“ment data are shown in TablesI a to &. Equationé;(Sa)

and (Bb) are pWOtted in Elgure l on the same scale.

o

Curve I in. quure l shOWS that the constant relatlve
.titration érrprL(Equatiqg (8a));lﬁcreases as a funccloa
of «a- -The'ﬁndeftaintv'iK/K in;thg measugegenﬁ'is levat‘f
$ﬁall‘;j*that is, when the ratio of aéid addéd to tHe" 
tdtal.capacity is small.>,81nce_1t has been}éssuﬁed that
~theireiati§eutitfétién errors.QH/H apd uCl/Cl ar;a
. , , B
5 O
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Tabloe 1o
. t . . N . -
Moasuromont of D0 25-ml portions oftwouilibratad o
. . N . ’

solution titrated with 0.06219 ! Nadil to vhenolpnhthalein

end point.

. Experiment A - HOZO.l}i Experiment B H,=0.2)

trial | vol. of . Hy T trial} vol. of ‘}f,'i
NaOH,ml |. T . .|, NaO0H, ml -
L | 15.78 -] o.03925 1 4 41.36. 0.1029"
: . - * . ) ¥ . o - ' ‘ -
z 15.83 | 0.03938 2 41.45 0.1031
3 15.77 | 0.03922 | . 3 41.33 0.1028
-4 | 15.85 |0.03944 |0 4 | 41.35 1 0.1029
5 '15.82 | o0.03936 .| 5 { "41.36_ | o0.1029 )
Table 1b” ‘ :
Heasu;ﬁment‘of‘Cl, .25—m€ portions of egullibrated
’ : ' : . - o i . v
solution titrated.with 0.1001 §~AG;OB (blarnk correction:
0.02. ml). .
Eiperiment A R . " Expariment B
trial (corrected. -Cl{ B trial }cérrected c1, .
: “lfor blank),| - o= for blank),. -
vol. = ) ) vol. .
AgNO,,ml . ) ' AqNOg,ml. :
1| 24.76 .. [0.09915] 1 .| 46.95 0.1880" )
2 24.80 |0.09929| -+ = "46.88 | 0.1877 |
3 24.81 G¢.09933 (. 3 46.93 5
, B . 0 e T
4 24.78 .0 |0.09920|  4.4-{ 46.80 7| 0.1874
. ~\f',“ \v ] - ) o . )
5 24.82 0.09938 5 4.80 © | 0.1874°
N N . 1 4 . . - . - ’
b - 37— :
v :"‘7 T S '
gf  o 3&\; - _ : ' e - 3
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Experim

e

A\ H

nt 620.1@
de’ 20°c=1.0019"

RBxperiment B

4

g
. oy -
.AO—~O.'z_ E

dersity at 20°C:l%OO37Z

wt. of
o "HC1 solu-

W

o 1

r

2

trial

wt. LOf
HCY solu~

FOG

< S

\r-ol L=

W

£
D

o @ &

e e
.mle

14

tion-added,| ml - Ction”add&d,
o 204.580" "4 200.20 | 1, | 209.901° |® 20

e

v

208.500 "

200.390

o

' 200.320

Zi;DO 1 2_
200.01

-199:.94

200.630

200 . 7970

1200.579

199
o

om0
200.03,

- 299+ 84 7

© B Q o
. * . - i P - : o : r -':D -
R 200.230 | %99.85 ‘5. 4, 200.93L 209Q.19
[ - .o . : EHE B . e PA . -
- , . -;A : o ’ . - - o .
. . S . L N A . - B L . )
?,Interpolatgdvyalges:from ttandbook-of Chemistry cand
Physics,47th Ed4., - hbers Publishing Cov, '
w  :Cleveland, "U.S.i 1967 ¢ E . . -
o :0" ° 'o
o Q L 0 @

Measuren

[

v 2 NaOH to'phehophthaléin‘end point.i

went of.

o

c by:tit?atien with .

-

Experiment A~

H=0.1%

T Experiment B

o. ¢«

o

v

le; of .
4*NaoH, ml

Q

® 10
e

trial

a

vol.

of;
NaoOH, ml .|

134.32

134,44

134,31~

134.64
134.51

40,48
40.52
10.18
40.58
40.54

wn i 9% N -

.134.64 .

©134.53 7

134.31

134.34
£ 134:54-

. tridl
;J
22
3,
.4
- . 5

< .
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)

Moasuremant

of_

phthalein end point.

K]

i by titration of 25-ml portions

2

o

cof eguilibBrated solutions with 0.1023 M Naotl to pl}éhdl-—'

o o " “ :
. .\
"o, N \
Brperiment A “H_=0.11M Experiment B H =0.2 It A
‘triall vol. of O H M | Erial vol. of | H M
0.1 M. i s 0.1 M
NaOH,ml NaOi,ml
- ' e
1 25.56 0.10461. 1 | 49.46 0.2024
2 25.54 0.1045| 2- 49.44 0..20253
0 - .
3 25.55 0.1046| 3 49.54 0.2027
4 | ,25:61 0.1048] -4 4941 0.2022
- : . [ . 2
5 25.54 0.1045) " 3 49.43 0.2023,
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Q
Q0 |-
M|,
~
|
A )
. ..Ul *l‘y Y . . ) .
by standard deviation
r o ’ ‘- calculated by ABa, b , _ o .
Ot i R o i ‘
: Figure 1. Plots of relative uncertainty AK/K against o . Curve I, mnstant ,
relative measurement errors as nmuocwwwoa.c%.ma:mnpo: B8a; I1II, constant
absolute errors by Equation mcw.Hu,Hmm;.zwa: measurement errors double  *
‘that of I,II. - : : .
o . 0. .



»

constant and do not doepend on sdmple size, the precision
of H.and Cl will be the samé‘whothgr_g;is large or

0 B A _ . : _ .
small. Nevertheless, values of NaR obtained from (c/NaV)

will have higher precision at low values of ‘B, where

c >> Nay. The limiting unéertdinty when (B/c') approaches

. Zero is: , 'U.
ok, 2 6 =6 3u10-6 ~g.a18-6
Jlim (7)) =10 © +4x10 "+ 3x10 © =8x10
: K B .
2”0 - < - " o '

. . . ) : - s ! » " . . ' R _."
(L = 3.8x10"° = 2.3 ppt . ' Co
o K . _ : s o S
T .= . 11im - . e . Lo

e s o S ) - B
As B increases, and the.resin 1s converted to the I

form, (4K/K) becomes‘ldrge because of thehdiffiéulty in
. : - = . s R . ‘ - . L o

obtaining accurate’ values of liaR.

2

- On the other hand, curvé JII for constant absolute
r T .

titration error (Eguation (8b)) shows a quite-different

shape. The minimum in the regiop of 1.1 teo 1.15 for «

corrasponds to half conversion at K = 1 and depends on

<o

c' as well as ~a. The tremendous uncertainty .observed -at

a

‘.

low valdes of &, where the addition of acid s small, is

caus=d by the large relatlive error in the measurement of

"H' and ‘Cl . (AH/H, 4C1l/Cl). This is because & constant
absblutc titration error (AR, ACL1) is'assumed.‘:lf 13

is the maximum uncertainty in K that can b2 tolerated,

measurements should not be

3

The incrdasi&@ uncertainty

42



measurumcht.OE-NEd, again bocause of thy large relativao.

. o+ -
error 1n the measurement of it and Cl undaor theseo
. N ) . . ly ’ ) N -
conditions. Compared with curve I at moderate values
of @, curve II has. a smaller value for AK/K becauso
' o L. e ' ' + -
the relative error in the measurement of ' and Cl at

high concentrations is small. . S,
3

‘
A

The uncertainmties in the values of AK/K obtained

expéerimentally as .the standard deviation for five measure-

[

. 7 . .
ments by the stoichiometric method and by calculation
from Equations (A8a)*and (A8b) using the experimental
Standard‘deviations_arc bompared in Table 2, and are

plottéd in Figure 1. - The excellent agrecement hetween
- N s ‘. T . .

N

. ) 0 .
the experimenéél points and the calculated points supports

<
>

the validity of (ABa) and (A8b). The small differcnce

observed may be caused by one or more of the following:

-

1) . ‘The presence of determimate error in one or more

measurement steps.

ii) " Even. when the measurement errors all are random
’ . . —_ )
. in nature, thé error in K is-not necessarily

©

K . ) 76
random due to nonlinear propagation-of errdr .

However the bias thus produced is usually small
and ‘can be neglected, so that'AExcan still be

<

aéproximated by a Gaussian distribution.

.iii) _If the value of A§ is.large} thcp77'
AK 3Ky
(z\X) 7!‘-(3};) -

D X
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1v) Numboer ot wmeavuremont s je g smatl that thoe

coaverage value Lo onot o ogqual to the torue value,

andd AX A fY' '

V) : The assumption that K L, used in deriving

o (A8a) and (A8b), is not valid.

As mentioned before, the absolute titration orror is
. ' ' ‘ +
likely to be constant at low concentrations of H and

Cl - (low @) The variation in uncertainty with o is
probably best represented by -curve LT at o 0.7, and

by curve I at o > 0.9, This is supported by the fact

that measuremént A at o = 0,5 lies on .curve 11 while

nedasurement B oat o wr= 1 is "closcer

to curve I -than’
curve 11 even though the deviation from both curves "is
large.  This. large deviation is duo to groater measure-—

ment errors than the estimated values used in (A8a) and

(A8SD) especially in the Sénsltivé term ACL/Cl whore the

measurement error (standard deviation of 5 measurenents) e -,
L. -3 . o . , ) e
1s 1.5%10 instead of the previously assumed value of

181077, - ' ' .

The uncertainty AX/N can be reduced if more
neasuremnents ard taken and the averagd is usaed instead

of a single value, since

. [ - -
where s is the standard deviatfon for a single measure-

ment . and S ¥s the standard deviation for the average

—n



Ot v oneasuronme it sy

Por examsle, the corror in Hovs coatinatoeds to b

1 ppt for a sinale measurcment, but reduces to 1oppllh 10

€

Nae . .
3opet for ten measurenents. Thus it 4s advantageous to

[

Geo larae volume= of cauilibrating solution (larae VM),

. - /
clther by lncreasing -V N or vV N and Jdo the titration t.ln%‘c
- ’ ¢ ‘

tines or more s thaet b calecutated by the average will

have +a hiaher precistion.

values of 1 obtained by the stoichliometric met nod

are - ompared with those by the dynamic method in Table

3., . the reasonable aarvement indicates that the

stolcniometric method 1s a valia method ‘of measuring K.

Lo ; : 80"
Assuming measurenent errors to be known, Schartz X

asod a Monte-€arlo simulation to gonerate numnbers which
could be processed by a computer program to obtain theo
value of the uncertainty numerically without® the neces-

sity of solving the ecrror eguation explicitly.

an approximation method of this tvpe is.the only resort

il

when the crroé\ cquations (A8a) and (A8b) become too .
complicated to be solved analytically. : ) 3



Conrarison of B values obtained by stotchiometrice et hod

and (i\_‘ﬁvan.l(‘ me-t hodd,

’ a L

N : K : K ; . K
Y .
stolchiometrie Ldynomic oot oh
met hhod ‘ me t hod
- ) : .
0.z C.5¢v v 0.077 5.67
0.1 0.5%0 0.bu
0.1 O.e8 0.¢9 0.08 0.09
N 7
: , intcrpolated valuco. |
) N




CHALPTEI T

CORPTLON OF TRACE AMOUNTS OF el IN THE

e

O NaC il ON DOWEN HS50W AT TON ENCHANGE RESEN

Bacharound

Solvent Untake and osmotic Preossure

Whon a conventional uel-typd tesin s oin contact

varor

with wator, cither in theetorm ot wator or o liould
I

(Wwa tor Or e ous soldtion), 1t will take up a vertaln

amount ot water and swold o oin volume until eguilibrium

has boen achieved. The drivina force for water (solvent)

untake 1s the solvation of mob1le and

fixed i1onic sites
i the resin, and the tendency of ions 1n the resin
phase to underao dilution. The pehavior of i lon exchanue

resin can be compared to a semipermecable membrane

Sseparating, pure: water

pass

i

E 'which;yitcr”wil&

v

.pdﬂution,
@ st . Y ~ . A

tdfounterbalanc

osmotic presgsurc
résin. Because the r
ingrease of the resin

ignificant strain

a S

tic pressure may reac

depending on the degr

creating an:

ce of crosslinking,

and an auucous salt solution in
: .

£rdm one side to dilute the salt

e

osmthC prossure on the solution

) the §ol§cnt flow. A similar

A
iSﬁdTXFloped in an ion exchange
i

- .

i . o
USﬁh is yelatively rigid, the volume

- M

due Lo water sorption results in

in the resin. This internal osmo-—.,

h 500 to 1000 atmospheres ‘

so that the

49
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- . el “
f{
‘ e b by e Pt v oy o 1 [ e R S SN IR U R T IR  O E thio B
- I
: ' . 5
o e b reatiment G e g Pattie e Db v s vorl von v . \
[ S PR RV contece st Gb cheeeg ) [ S S A T Ao o ﬁt”f'.n’
N . ) 5] -
) . . .
it ocan also b ann b ed by Bty et 1o by g .
? €. ot
Pto contact o wrth owator ey Pt ertrt Dbyt bty g 1
. ()t
vl ot e Nt L A N R A N TR : R
~ L
o b
: w , )
! . \ ol In o Eesan water vanor (90
~ - <4 ,
g
s
! - P ln oa orin waloer U
— TN - AW -
\ - PioIn g a 0 Resin solata Pt
- - W - =W
SEURRNE Ls e Smot e rressure,
Voothe vt fal omolal volune =o0f ator,
G the wator activity in the resin
. Lk o .
S 4 R LU activity an the solutd
; v o
. Poothe nartial poressure orf wWater, and : .
- PoTthe atnmosihieric prossurs whore fhe standard
L : Dres
state 1s defined.
Upon sorption of water, the . resin will show a
volume increase owinag to the volume of water sorbed and
. the strotching of coiled chains of pvolymer matrisx as a

result of decreasing interaction between chains with'

water sorptlon. . An increase in resin Volume’is'counter—
acted by the elastic forco of the mqtrix; which tends

toc contract the resin, as well as by the configurational
antropy which tends to incroaéc also on contraction of

el



N < . - . c . LT Tl .
the regin.. The eguivalent volume-of

V, water sorotion,and osmotic nress

: o Lo : e . T
rolased by Bouations (9a) sto 19¢), and the empirical
. S~ N A" - . : - .-
8Qa
wauation o
V. = a- + b ‘ )
here a 1s the elasticity ¢oi“the resin, and b 1s the '
volume of unsiralined .resin. The maacnitude of a in-

£ is indezcendent of crosslinking.

Since water molecules in the resin nhase are

fluence of a recion of high charge density,

properties of sorbeduwater~gre guite .
different from thoaaqf;extérdal'wafér. This has been :
SoCwWn bg NI mcaéﬁrcmentg , {nere three ;éa&ssz-cr%
ottalned for resins suspended 1; water; one 13 attri-- ‘
butced to éx;érnal water (water located at the resin
burfacé};:oie TO imte;nai water, and one to pHlk waier
(water not dffected. by the resin). The lastc pean 1is
not cbkserved in measurements made on settled resin. f

hydreogen bond breaxage has taxen place in the 1internal

water. Internal water tends to ‘cluster around the polar

i



o

trho resin cand form domains of different

. Hydrocen bonding 1s thus not 50 extensive as in exter-
- ’ ’ -

cspecially when the oxtont of water sorption,
. = + o . -

~—-is small, ¢.g., the resih is Mighly crosslinked.
\\ - . . El

of the. interral water pcar

water. This is drobaply

a Utvee.  dus to magnetic field inhomogeneities in the resin
and o rostricted internal water motion which causes
T T v ~ . ) .

—

a2 decreoase in both transverse and. longitudinal relaxa-—
ion times. The exchange lifetime of internal "and

external water 1s roximately 13 sec and.dcpends on
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i fferent crosslinkings dindicazes
) mat. two tybes-of water inthe resin,fhase can-b2
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chayefly watyr of hvdration, which hvdrates tile counter: .
10ns 1n the resim and, to a lesser extent, the fixed
lonic crours . In the next sitave additional water, 3
Sro e - S - .
when adéed enters the resin as ‘ree water. The rosult’ ’ o
¢I free water uptade 1s to-dilute the hieh concontration
of icnd 1n the resin-srhase, vuild un osmotic orossure, . ’
: - . -
and swell thé resin. 4« This uvtaxke ¢ frec water 1s
= [
afifected by crosstinxing, 1in that a 'low dearee of cross-
- "
1 nermits indreased water soriclon. The -al.sence A
oI -interaction petween free water and resin is.coniirmed :
oy the additivity of voliftles and the low heat of sorptiond
T 3 . . - < -
Bicause ¢xchange 13 ravid on the NMR time scale,. NMR . -
cannot distinguish Detween thése twe tvres of internal
- . 9'\ . ' :
waher. Nevertheless, Ismatullacv’ ~as able Yo 4dis-
_ _ 1 -
tingulsh among three different xinds of wazar in a
Tferential thermomstric analysis .

{free water), tlie second a%t 1053-115°C :zc adsorbed water,

-and. the third at 175-18%°C £o hyvérated water. The bord—- . :

= of adsorbad watey and hydrated water to tH¥e resin

reas free water abisc¢ribs ultrasoni

. L R .91 o . _ ,
2nergy readily 7. - Yamabe even reported a desulfcona-- -

.

_tion peax at 300°C which can be used for the determina-
- - . i - 3
! - B
{
I

!



ticn of. the capacity and ion éxchanae constant of a

. _ . . . o L+
sulfonic acid resin involving H.

o . .

. ~
The behavior of résins can be treated thermo-
o -

£ assuning ahy model; nevertheless,
is-helnful in.elucidating abstract

croblem

W

as, and aiso in simplifving th

a

it

£ the particular vroperties o

Because none of the various mocdals

used to describe ion exchange resins 1s satisfactory
“in all.respects, 1t 1s sometimes advantageous to comn

ine

)
e}

the non-contradictory asvects of several models.

0

may also havppen that orne model can accoun
for resin behavior under one set of conditions, while

another model must be used for. another. Ior swarple,

1! Quasi-homocenzous model - .
In this model the resin is recarded as
©f only one active ghase, a liguid phase containing
‘ . ‘ . . - Y- . 4 ) . (= '
internal water, caumfer lons.and fixed charge groubs,
L4



vho
which behaves line a concentrataed solution. A sccond
. . . - -~ ® ’ ’ ..
vhase, consisting of a solid matrix which normally 1s
. " s ., < ’ N . °
censidered ‘to be 1nert, does not take vart in any ;
reactions, and thercfore 1s not’ involved in the cal-
culations. ’
. . .92,93
i) Grecor's model ™' .
. [y
Gregor's model assumes that there is ho inter-
. . © . c . .
action in the. resain other than osmotic pressure, and all
. . . . ) N - - L i . . T o
ions In ‘the resin ar€ hydrated.: Then
RT 1n K = -~ (VU - V) {10a)
- - —=B/A —Ah —Bh :
where-Y\ and VBH«are the =artial molal volumes of the
I 1 - L - . . .
hvdrated icns A and B. The 1on =xchance constant 1s
directly raelated to the difference in the hvdrated
volume of the twq l1ons. -
i o ._,94,95 : :
t1) Gluecxauf's model ’ e,
The lack of xrnowledge of hvdraticn parameters .

has led to a modified Gregor model in which an. unny-

- ~ R “‘\'J . Y . -
dratad counter ion 1s used as the standard state. In.

(=

. ;
RT 1n KA, = “(T, - T (10b)
= =B A —A =B " :
. - /'
whers V. and UV are the partial melal volumes of the
_[& — - - N . . . . .
~ N C T‘_ y . . - - ] — . ) o 7‘*. - . -
dehyvcratad i1ons A ardd 3. Ry on @0NG Kpg oo are correglated
hed Fal D/ .

‘throuch activity coefficients in the resin phase.

»




{"
Mhoere are also models which drop tie osmotic -
vroessure term by choosing a standard state for the 1on
in the rosin thuat is the sanfe as that in solution.

>

. . & v-'w .
he cholce of geandard state is guite arbiurayy and
. : - Y] s * - Bie%
w1ll not be confidered horo.,
) ' Jg
L v !
21 uasi-hczerovaonoous model N ' .

. g 5 \ - . ’ -
In this nmodel the rasin 15 regarded as a single

sollid piase vossessing fixed uroups on its surface in

"a manner similar to the active 'sites present on the.
surface. off an adsorbent material. Counter 1ons are
a | . o .
localized at individual fixed urdups and held bV elec-
trostatic force. .

. . . T
1 Harris and Rice nodel

cnain, both treated in terms ©f polvelecirolyvte theory,

. B . a

are used to account for selectivity, osmotic rressure,

, A ‘ . o L o
ana i1nternal activity ceoofficients. | iiarvis and Rice
modificed this model by adding a third, free enférgy term

thdt devended on the ion pairing of counter ions with

fixed icnic groups. They assumed that some counter 1i0ns

re bound to the exchancge sites in-the formiof ion




i

constants ko M overall Saerav of reaction, then,

1s defined by
-

=G (0) Q. Y

- =cont “inteordction = 1 =3
NISTRE T C I 1= the number of sites Dound in ion ranrs with

C is the external concentration of ion 1.
. L . el e < .
Daullibriwn le deteormined.by minimizing G with rosopect
. This nodel is not satisfactory in oxplaining

-

; s changyes from ureateor than 1 to less than
. b 7 ) . S, -

ercentage of lomiing) and lacks a mechanistic

b wel b
’ s
’ noint of view, | : ' .
The d{on pair concept was also adonted by

Dtk tocdevelonr a similar model in.tofms
o pend encrygy ahd thermal enceray. Lémparisons of IR
Sroctra of rosins in the dgy and swollen (wetf‘statc

showfthét sultohéte Grouprs ara.CQmplcthy‘dissociatéd

state and that no siun of binding ¢an be

n 1

SO0, Ion rairing imptios a kindkof labile interaction
and s higHly non-reaglistic. , S

. . . - N € _

1 Fauley99 ang tlsenman modclloo’lOI’lo;,’with .
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N M /
’ /
drrroaches o et e, the hivdrated waotor may. be
tartially strippoed to allow closer cont act. The

Additional froe cncruy recatuired to o remove the Lydrated
water tu o nearly cegual to the hydrat Lon oneray,

I
S

oo

1
Lo

e S ST - Gl + Gy ) -
i3 \L 1 u-['\‘: 1 \ —I.) A { 2 1 ( =k A \
2 > .
O , o LG ) _ G -
. b voEYL s A R
[ A\ N B <

Cewhore r., r.oand roooare the eoffoctive radll aftor wator

“ A ) I8
strireing of the fixed group, lon A, and ron . The
clectivity devends on tho relative maagnitude of the
Brdration emerdx o and clectrostatic attraction. For

larve tixed groups (larae r., as sul fonate aroups),

coloctivity is deformined solel

[

- by the hydration enoerays,

Mo resin preforring ions of lower hvdration onergy.

noFhiis ovent a normal affinlty seqgquence, Cs - K »wa > Li,

rosults. Or the othor hand, when o, 1s amall, as 1n-a
- L 14 - ’

carboxylatd resin, olectrostatic dttraction is The Key

Tactor in determining affinity. The resin-may then profor

small pare rtons and a roversed seauence, L1 Na” R - Csy,

rosults. This crude smodol has been modilfied by Ling
to takhe Snoto account the effect of ion-induced dipoles,

dirole-induced dipoles, and London dispersion interaction.
’ ( N .



Conanaen i lectrie o constant ot the o vesrn phue hiave
also boeon constdored., Prrect ive radid \)'uxt"‘v.\.l\‘uluitu\i
Byt cgqut Librium dibtance botweoen two Lo us 1hyg o the
. Lo . . 05 ' ‘ L
) forn oauat rton., Rurnoetsova has great Ly ssimpbiried
theorvaritous exprdssitons and haw 1{1’\\\"1&‘.0«1 an vxplicit .
ornm,
. . . '
. ) . . .
Fil) rieee Llarrceons modeld \
Russian worllors have worbked oute a-couple ot
models whiteh ave uscotul in explaining some resin
. . . . 106,107, 0
chonomena. ATloose guast ocrvstal model S , wirtoh
fLaten that wcounter tons are highly localived near: the
) cxchanae sites and can only migrate to other u:~:‘c'n:1nqu
) sites-byoan activated Jump over fa pdriod 'Tl‘" 1s good
Tor exrlarning the tompoeraturye dependence of intoernal
Jrrrusion codtrictients., A two-dinmensional model ,
S SRR k" ot the analogy of a resin toa two-dimensional
tace, can prodict selectivity by means of the
, ) , ) . v . ) '. . X ) . . B
hukltovitsx i r—Bvans-Guaagenheim cguatlion for a two-
Jimensional Suriface. The surface tension of the resin
) - v
1 revolved. .
Pl < ’

o exchanige chromatography is widely used as a

cochnigue tor sgparating mixtures of olectrolytes.

. . .

song other factors, the apparent don exchange constant

1




bothe

cchianade Capant ity o ate of pri e o tanee

1o determint na the rotont Ton of Tndividual ions inoa

Column,

- R

. 2
Wl e
IS TR
VIO

RERES I

‘

t Vot ot

PO actd catiton exchange resin o with Jacl salutitongs

.!. ] .

In the clution of small quantitics of HCP tron

N}

soconcent rat roney, the retontiton volume Vi ot
: AN
SOl ocan be described by the tormula, .
, arount ot solute inostatironary nhase!
! _ A A AL LA I SR A
Jarount  ofb o soluteran mobile phase . \
Vooots the volume of mobild phase (vold volume) 1n
o lumn, This assumes the Jdistribution constant }LD
v, ¢ - C 0 Yo
ot Chanae with solute concentration, Mhus, tor the
e roacteron
o -t T .t
b PN St it oNa
. il
arent o cosur libriam constant tor the lon exchanage -
. Ho1s caual to

o . + . .
o the mitlicequivalents ot U in thoe resyn

5

denoting resin phase) and ¢ 18 the total Y

. o

th )



Chat credicted by Dauation” (11) . Thus a qieshanism

N

ol thisowork was . to investiaate the nature of the

mechaniom. This was dJdone through use of both a
chromatographilce moettn nd oo column ceguilibration

metiod (called here Q dynamic moethdd) to measure

: N N N - + r\'. -
fndepdndent v valueg of Ht. The results of the

nedasurements. are discussed in torms, of the gquasi-

s

hotorodgencous and quas i ~“homoegencous models desaribe

proviously.

Sthher than exchange must be takinag olace. The purpose
. , ' ‘

i

: : L AL
Coohianoe coaci bty ol the pestidoin the column, Ha bk,
itnomt bl pegquivalents,

{ . ‘
) 4 w ’ - 1

A imilar eguation has boeen derived by
Ca v . . L ) ' . ]
achinsii . Under condit wons whare thoe amount ot .

4 . . ’ " - P N
1 solute present 1s osmall comparced witii o the amount ol
2 *

Sluting Na clectrolyvte, the cotumn s o virtuallly cot= -

1 } b o ' . . -
Dletely in the Na Form. The cappdrent gaud Tibrouam
constunt L ocan. thus be detined as, 'r{<; ‘ L) and should
. - . THa o

. . . IO .. .
P inderendent of the concentvation’ol [H ] over «a
conviderable range.  cinothis casce the shane of the
clution poeak should be Gaussiang and the roetention
volume iu, predicted by Hauation (11) ., proyvided the flow .
ot 1w sutfloiently, slow Yelatiwve to the oxchangoe rate
that the dynamic cabpacity does ~not differ signiti- .
cantlirrrom the static capaclitby.
, i o

Paorimentally a severely skowdd e lut ton pear 18

cicerved with a retent ion volume. on.the order of twice ,



Doterminatrion of Single Flectrolyte sorptaon

The aonceral method usced has boeon previoasty

: Lo vy ! - . ] ‘
dosor thed . A0 cem o~ D05 cmoLd. alast ocolumn was -
vt TR Tesine was washed in the column with 30M

Nacl tor L onour, then with distilled water tor anothoen

- -

Halt hour. L hest o oan Hall osolation ot hnown concent ra-

tion was passced through the column tor about 4% min.

The solution in the vold volunie was removed by vacuum

suetion for 1Q min, then the column was washed with
distitled water; a stirrer of stainless steel wire wan

used to remove alr bubbles. Suctiorr tines of more than

10 mn Jdid not change the amount of chloride tound.

About 00 Ml of cluate was collected and the total
. . . . - , . ’ . e . 111
chtoride detormined by cconlometric generation of s lver

The Coulomoter cell consisted of a silver indigat&*lbc—

trode, 4 silver generating elecdtrode, a b Moca wl rotfo-
Tonce olectrode, a platinum wire -in 0.5 M HNOB as counter
clectrode, and a 0D.b N KNO salt bridgeoe. The electro-

Tvte way O M Nana and 0.05 M HClO_l. Ane ogual volume

Ot cthanol was added to the oluate to decrevase "the

solubility ot Agdl. The Ag ancde and counter d¢lectrode

wort connected to-a Leeds”and Northruy coulometric -,
analyveer amd the indicator electrode and calomel eclec—

trode tooa Metrohm Model B=436 automatic titrator for



wanhinas woere colloeot od

Woere cortectoed tor e

L

AR L

-
i
Teoecorvd o L,w;l’wf‘it PR v e, Tl o e Lo 1 bors v
My . - e i
ST | » }
T3 the Column cguirlitbhrations woere 0,08994, 0:1501, -

L v "’ Ly it
UL 2RO 24949, 0030767 and 0L 4298 0,

-t v-"r”",.. ; , .
. PO o vood volunme W Worsh iecasur e boat o ecach aol

o | Yo &

concontration by brainging the Nacl solution lovel to
it above the restin, and then washing with watern. The

amnd analveed tor Cl; the results
WOl as measured previously,

\’ was then calculat-d by dividintg the correctoed C1

- ' N ! . e : - o~
contoent by 1ts Concentirar o F'he sorvtion ot HCL was
! . A

doetermined 1noa o simulan

soconvertoed initiall

Determination of lon bxon

a -Dyvnamic Method

. This methiod has

Ladl o and HCL of varyving

tonitc strenagth held cons

The H of the oluate was

trode, then the, column w

followyd by 0077 M NacCl

neutral. The HC1 1n the

o, except that the resin

% ‘
toe b hvdrogen form with 3 01

dium ooorm.

arnco hgullibrium Constants by

%

v

- - 112
also been previously describied .

»

e column was first ecguilibrated with a.mixture of

< i

' : - e
molarities, bdt with the

tant at either 0.07 or 0.2.

>

monitored -with a glass clec-

as washod wi th 50 ml }1.)():
until the offluent tested

‘NalCl solution was titrated

with 0,15 M NaQll. The total exchange. capacity of the

resin 1n the column was determin..! by -an indirect



S . : R

thiosd . Thee e by o wan oot b e e b oo

! .
. N L
form with 5 fHoly atter washing with water; the Ho
oo
.
Wl xrv;‘)l‘u‘«ui‘ o Tl wertho0 T it actl,  and thie Hol
trt ot ed Wt o0l ° N .
.

Dot ot con o e Anounnt e o HOL on Dowes »OW an

Both g v oaromatoaraphice mwt,hod(“1 and a column
coullibhrat ton ‘ztvnt':xgmi w““‘v unvied. In the Pirst method,
varving veohimes ot 0L062 M HOL weroe ;‘lacmf ona.column
hat had previously been converted to the sodium form, .

and the HOL oluted with Naclt. The pH oo! thoe offluent

W meeasured using o oplh meter and recorder, witho othe.
; o .

5 [EERY

aglass electrode arranged as shown in Figure 2. Pho
ervn‘t i:\n volume was obtained trom t.}lu_,‘ pHovs o o volume of
cluent tracing. ‘ : k ,

, In the scecond mothod, mixture: oNacCl o oand HCI
in owatoer wore passed through  the column until the pi
of the cluatoe reached a steady value coqual to that of
\th-u m»i-xf‘.uru being added. "The level of solr ionrat the
co lumn ‘hoad was thon brduqht Just to the top of the
resin and the adid in the column \\'dS%lL?d out w’itﬁ 0.77
MoNacdl, ?\ppro;-:imatc?“l_y' bQ nl ot cluate \»‘(ift’ cpllbctod

and the hvdrogen ion titrated coulbmctrically in 0.04

'f('v ” - “

113 3‘?{;’ . .

MoNabirr SLNA large platinum gauze working electrode
L b E 3 - ]
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. Dand side ot (b3 a7 Tivies, O b4 andy O, 39s
- . ', - 2] .

represont the volume ot the o rytng romaiaindg on thoe

B, This volyse can casitly be correctoed tov by
shitt 0 the Lines i Pligurs 300 w0 that thoeyv pass
S

- . + s L] .

through the ovigin Loorroct deleting Hhoe two tormg
. P N 3]
) ’ 0,432 ard 003980 Ther (L3 and (14) can be written

as M

S 0.2 [H To¢Ll3a)

and . . ) P .
+ ] .
. e * R fv‘ir"v’ . .
: x D . + L A S
. = 0Ly Na ] ) T ; T (l4a)
s (ol |~ s . . .
. . : ey o . Ll . .

Fopwaat von (L3aY agroes with previous wWwork wilithin

oxprorimontal orror, which is on the order of +10%.
A ’ -. . oA . .
Theresors the svacuaun suction method of determining

[ .

cloctrode svreviicn s comsldered to be-valid.

M » . - - : ' . M . . N .
& ’ Voowas sfound to o vary oslightly with sodium’ 1on

. . © .

conconirat Lon onver the concoantration range studied.

W¥y

An aviraoe walue ot 3 ml $as used Tor all calculations
-
) it R
’ “1lon Baullibrium Constant N oand Totral bxchange
. Cavacity o fp ’
- e aprarcnt equilibrium coastant Ko can be
) . Cdettrminosd in a coltmn or batch-wise by replacing
the counter pons prasont under-ogqui librium cdnditions
. - - b



el b i oo, sk we Tt b e e perp b ad tons .

o ly one Tt rat ton re o red Phe total coxchange

CorThe o h o oo 1o Mnpown,  tihne amdunt oot fhe
cocond o ‘:v«"';:p: tondd by G o e . '1.‘111:: r.w“th()\.‘._

Gt wl'utn.x.rw' A Lo as -r E'1~.~_\i1i.1u-1unvu iP5 not
"(‘vu.;;zmlll._ Uiner oot ot lhass ClecFrode monitor tes doetors

RANATE oot Laibrium has been obtaaned asoorttae 1,
tnces ot b gt ton tabes gt Toastoate Hour il thie tine
) ‘ .
{
e ol tor i TGRS to thiree o tour
. .
ours wld loC e congentrat ton,

Lo vt ol oschiinae chpacity s found
S hnvdrovoen e . This method 1s more

N, Che disolac

roolrable than that of direct tit ;\Mion‘@_f e resin Ln

. . . . A : . [
Fhe hedrowaen crorm o with NaOl, which may give an garly

dndovoing due to cchanage, espectaliy nearyg the ond

: £ YA
, or to i1tudlcaton adsorption. LoAll measuromang s

wore made 1n osi1tu, so the resin dia not-have to b tadkoen

out  or FHe colunm artd thoe chromatograpliic pararators

Wore not ailrected. L Whan measuring K, z’odr;s\trlbuz.,x,on [OF

. + v N : : .
waoand i may- occur Jduring the washing stev }Lmd tho

L - . . - \ 110 )
comrosi.tion of-resin tnus caanade. cCorshkov has shown

k3

that roedistribution Srrors are most serious when countew
fore have differont charaes, when sorption capaclity 1S

T . . . 5 1 - - . T 'v T +‘ T
Nian, and when the 1oy rate 1s large. For- Na -~

cwehanae at low flow rates and low levels of .ifonice

Sstreongth; the redistributlon error 1s hegligible,



Throo peeasurements o total exehime e capae it t

ety vacbues ot To o890 Te 90 audd sl o0 o e v g e
O cToL 00 0 0. The Pon exchange conatants Bowos
. oo } & . :
meda sy tor vartousn rat tos ot Na boy By two ronae
. .

S pressing Ko oas

strengthn, 0,07 M and 00 Mo (Tabla ) and plotted

o : . b \ ‘ .
mole traction ob Ha Tyt he resen,  NL,

PR

At

V‘J‘ .
n Pigure b It iy seen that K du{t&gn;l:%.on bottr thoe

tonie strenagth of the oluting solution andd the poerceon-

tagd o Na Lt the resin. this change ot Kowith N,
. . , - Y
has  been tnvestigatod by several workers. Rocently .

Meatesand thain

o

L2t : . : R -
usod a rigorous thermodynamic

I ' . .

N."_‘ .
ke - .
to caleoutate

approach provosed by Gatnes and Thomas

i

“thermodynamic Ko ovaluaoess This approach tacitly assumes

the quassi-hapogencous mode b, wh teh ts-woeak -in deallng
with thoe variation ot K with percontage loading,

123 o : '
Kuonoet sova 77 used an electrostatic model and Degin=-

124 . .. .o
chonko a statistical model, both hetorogeneors, to

“

offer a plausible pilcture ot what tokes olace ib the

resin, and predictod qualitativoly the variation ot K

[

— ’ ) . . ..
with XNj' Q l&.hos:v nodels, that ot Logenchenko provides
-~ . . . .

the best explanation for 'the curve in Filgure 4 by OX—

_— : ) ) .
. 1K - X, o+ oX.ooS : '
log K v+ b\B CXpy o - o ) .

This approach assumes that extra stability 1s.gained by

——

formation of clusters of- counter ‘ions in thed resine
N . . . £
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Pt b oy vens oxtrapolate to near by the wonne

bt coeptoat N L, 5o K var tes o oonly oliabt by
. . oo N, ! .
. SNt
beototral ronae o stooenagth o andoer the oxpoerimental cons
At Do ted, The value ol }(,\, | found in this work,
. - Tha .
0.87, comparcs el with values ot 008 oblained pro-
M ‘ 105 . L
vions by by Mtve s and Bosvd and 0,87 by Bonngr and
17.0¢ : ¥ .
Rhett o Dowe s Hh 8t 0hve, .
Proposedd 0 chahiism tors Additional bpold-up ot i
. re the column egquilibration experiment s the
Srowit was brought to cauilibrium-with solutions con- .
N =3 . s N e
tatintineg 1O and 10 MOHCT artd 10 to 1.2 M Nacl.
’ . - - : : t )
Phiss the resin was virtually completely  itn the Na .
- A} -
torm. Cthouah ion oxchange ecqguilibria of this kKind
Tiave boeen studiod extensively by-other workevs, little
intormation has boeen reported in the region near
N Lo Whie'nn Kea s obtainced by extragolation,
ot =N 1 -
, N . R
! . . + 0
use ot this expression téd calculate H givds only the
. 1
. ‘ . . L X
o repdaced ins the oxchange sitescby Wa , and not the
total amount of solute HC1L held up by the resin. By

¢ . . -
coulometric titration of the eluted HCLl, accurate .moea-

surcment. of the t”ot(.xl HCLl begcame feasible in the ond

4 .
reqglons., The quantity of HClI measured ranged from &
»

200 11-c\1 in 80 ml of 0.77 M NFCI, solution, and could

'1 .. Noiblank correction .

titrated

«

accurate by

o

THCE T



"
o bt oy The ;Q\.nll:; ate vhown o Tab e 5y .
. ‘ N
Valuen o Ht can be o caleoulated by suabtayactang
;I ,. } ) |
St b b vobame  toerm \mll[ Potrom thie measurod o valae
o . N ! . t .
. Plots of loag Ht, [H ] against [HO ] at dditterent
chotrattons cof Hacloare shown in Pargure Sy The
L oLemeV Ot Lo Prom linecarity judicate -that the quaot tont
S L .
- T } b
Ht [:7a ] SlH ) is not constant, Fach expeve o
- ! b
cxtravolated to voro (], then the values of Ht oL
- 3 o v
are wlotted against [Na ] at various [H ] levels to
GiVves A veries ot parallel curves (Fiaure o). T
: . I '
voasured value ot IIt Lol 1ts greater than thoe value
} : '§ 14 v ~ /‘ ~ * y
oo, iy caloultated by VooF K ¢ /inas ], the
e om BN 1 B
. Na
ditterence decrvasing with oo}, This differénoee,
T } b S . ' .
Ht , 1= Hw" [t ], or H_) [_H. j, confirms the existoenoo
ot another mechanigm besitdes replaceoment ot Na 1n
stronglyracidic Oxchange sites that may hold. up solute
HOT i the column. This mechanism cannot boe Donnan
sorptionr of single electrolyte, as 1f HCL were presont

) ) S - + + . .
lone, bocause the additional hold-=up, H./[H |, 1s.much

(ol

o

areater than that calculated by BEguations (1 3a), (Ida).
o o b it can be soe '.'; i-xT/ ' T doos

From Fraure boat can be seen 9_1:1 He [H ] does not

- . +, L o C

change- with [Na ] wheno [Na ] is less than 0.5 M, but

. - . N ;
decrdases tremendously,at highet Ha concentrations,

. ) } : ' '
approcsching 0 as [Na ] oapproeaches 1 M,



Tabhle S Total Sorption ot HCL at Various Concentrations

. ot HC1 and NaCl:

+ 2
—_ NEEL, ml _Sﬁi
10 I S F VAR M, e (') (i)
e . s _ . . % )
11.09 O..1 00 165. 152. 156
0.2 90.0 85.0 87
0.3 71.8 64.8 64.8
0.4 59.8 - , 53.9 53.9
0.5 000 50.2 - 45.3 46.4
0.7748 39.5 35.6 35.6
1.2 32.9 29.6 29.7
5.543 - 0.1 - 88.8 163. 165 ,
) i 0.2y 47.4, 88.5 95.6
: 0.3 © 40,01 72.5 72,0
) 0.4 34.3 61.9 61.9
0.6 28.9 52.2 54.3
0.7748 23.7 42.8 42.9
1.200 20.2 36,1 36.4°
2.218 0. 1000 39.3 180. _ 180
Q.20 23.5 109. ¢ 113.0
D.ozoon 20.4 92.3 | .91.0
0.4 17.5 78.9 | 77.5
0.5 . 14.8 66.9 71.0
0.7748 " 12.8 . 58.0 58.0
L2 - 9.96 ~44.9. 44 .9
1.100 0.1 20.6 159, | 189
0.2,100 13,4 24, . . 125
0.3, 116 107.1 104
0.4, 10.0 "90.8 . 90.8 ,
0.5000 8.84" 79.7 81.7!
0.7748 7.10 64.0" 64.0
1.200 5.40 48.8 4§Jﬁ:
0 b 0.1lopy ' 218 ,
0.2000 - ' 152 /
0.3 0 132
0.4 . 112 . /
0.5H) 99 /
0.7748 76
1,200 , : ' 55

a . . : . A .. Ao
Corrected value taken from curves in Filgure 6

By extrapolation in I'igure 5.

e e e
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Figure 5. Plots of ' r=tio of total H 1in resin phase
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. -over[d ] against [H ] at varyin< concentrations of
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- The extra hold-up phenomenon can) be explained

and howogeneous models.

© v -

‘yihe characterlstlcs of these models are descrlbed 1n

‘both in terms of heterogeneous

The 190therms‘representlng these.two‘_.'\
P . ) . . ’ , . P } ‘
models'are tabulated for”comparison in the table below,

Appendlx IT.

and:sﬁow that'both ﬁodels serve equally well in inter—

pretlng the data Wlth dlfferent aspects N ' 1

~heter0geheous moﬁel‘ .hpmogeheous'modelx
' ° + o . V +kl ¢ o+
.isotherm, (¢ ] [H ] ) o LH - (=S Na Llﬁéf]
- ’ o2 . TR ak “cK
v s , S s . )
U (J_<_2+54[Na'+]_ it | "o .
+ o (AIIS) + (ATI8)
7 X,8 a R
s 1 . - 2
o kotk, [Na'). : "V 4k, :
; I _—2¢4 - I ~s5 “Na=<
1/8 5T (ATI7)| 2 = ( 1a”,
N S E }_(l\ S . }.SHQ.EL » .
t o x [t (ATI9) |
A , |

- .7 The Validity of Equaiions GAiI6) aﬁdlﬁAII8f

E
[HJJ.(Flgure 7),

can be tested by a plot oF [h ]/H vs.

is~ calculated by Equatlon(AIIl)

after'subtracting ‘the dead;volume.ym

where H /[H 1

A, /HT)

'H;/[H%J_invoiQes the difference ofntwo~nearly eqca}‘ o : ;

from

Since

humbers, its precise estimation is difficult. Accurate

value of H /[H ] can be;bbtainéd from h #i , but~
N .

.'obtalnlng accurate values for Ht,/[H+T 15 dlﬁflcult

i3 -
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The method used to mlnlleL the effect of random
Scatterlnﬂ of 1ndlyidual .poirits was to take values

.of ht,/[H ] from the smooth curve jolnlng those

points rathergthan the measured values. In thls,way

acceptable results were achieved (Table 6).  As.

illustrated in Figure 7, ‘plots of'[H+j7§I+ QS.A[H+]

_givelstraight lines Both the homogeneous ahd hetero—

\
1

geneous mechan;sms proposed prov;de a satlsfactory

‘Vexplahatlop for the large amount of g:t retalned-lna

the resin.. The 1ntercepts agree with the extrapolated

1 Ly t

values ln-Elgure‘5; The values for the slop€s are

shoynjih'Table Tu” The heterogeneous sorptlon constants

k /k~'aﬁd k4/k “can’ be determlned from a plot of the. .

o

'ratlos of the 1ﬁtercept. I to the slope S agalnst°[Na ]

Equatlon (AII?) (Flgure -8) . 'lhese are found to vary
. o A L -

slightly with [Na+]; w1th [Na ] < 0.55 g,'the values’

-4 | '

found were k,/k = 1. bs x 10" méq ml‘l and Xk, /k =

3.6 x1074, while»QithA(NaTT§ 0.6, the values were -
r§2[5i'= O'andgg4/£l"¥ 5.27 XlO_4. The homogeneous_ .

cthtant'K.; which is equal to (V +kN )/kHcK , can

f51mllarly be estlmated from Flgure 8 -uSLng Equatlon

"(AII9), and was fbund to range from 14 4X%0 é-to
. i :

5. 27><10 -4
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Table 6 ‘ ‘
Data for measurcment of total 1 in resin phase
U by column eq‘uil_ibrationf at various Na' and n' corrcen= , ’
4 : . . SN . e . . ¢ el
trations in external solutions. ’ s \"
o+ + HT ] T ut “ftkk 1uty] o }Q
SNa'] 1 -t e Ly — N
x107%m 7 (1) ty oo nto * "
" . - 2 . 5 -
- ro. ©1.109  189,2. . 150 0.0255 "
. - ¢ . 2,218 - 180.3 , -~ .0.0330 . 2
5.543 - 165.0 T 0.0667
11.09 156.5 V . 0.1540 ‘
0.2 ©1.109 125.5 76.5 ©o0.0208 v
S 20218 % 113.0 . T : 0.0274. .« . . ",
. 5.543 95.6 .. . 7 0.0525
11.09 . 87.5 ~ . <+ 0.0909 .
0.3 ©1.109 - 104.1 " 5200 . 0.0192
©2.218 . 91.0 ' . 0.0256
© 5.543 72.5 . ‘ . 0.0488 -
, 3,09 . 64.8 s ©0.0781 i
L§ X = . ’ ) .
0.4 - 1.109 .- 90.8 .39.8 0.0196
S 2.218 ' 77.5 T " - 0.0265
< S 5.543 " 61.9 . . 0Q.0452 . . -
' . q ©11.09 53.9 C 0.0708
6.5 1.109  81.7% 32.4  0.0203
L 2.218 . 71.0 e . :7.0.0260
" 5.543 . 54.3 : _ . 0.0458 - -
11.09  46.4 " 0.0717 ‘ .
.. N r ) : : . . ) ) V ‘ N '-’ i
0.7748 1.109 ~ 64.0 - '22.0 0.0238 -
o ‘ . 2.218 .58.0 ' - 0.0278 .
o - - 5.543 42.9 - 0.0479.
: 11.09 35.6 0.0733
1.2 © 1.109.° 48.8 . _ 15.3 0.0298
S 2.218 . 4409 s 0.0337,
5.543 . 36.4: : - v, .0.0472 )
©11.009, 29:7 . 4+ . 0.0693
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wpmsam 8. Plot- Oﬁ dsm ratio of the intercept do slope from Table 7
‘against Na* oomomsdwdeo: in mxdmwsmH solution




Comment s oon the Two Modola .

Ouasi-hoetoerogencous model

Comparing the valuce of a, the offective capacity,

. . t . . :
with that for ”'ll) measured previously in o a single

‘ : o B
clectrolyte Nadcl solution, 1t 15 sceen that NaD 1S
. . : ‘ + o ’
larger.  This neans that not all sorbed Na  is replaced
. + i : ; . R
by . 1f a is plotted against Na, on a log-log scale

D

-

(Figure 8a), a linear relation 1s observed,
. b .
The values of 52/E1 and &4/&1 indicate that the
-~ . ) > . 4 .
tendency for HCl to replace NaCl .is 107 times greater
than the reverse process. This large difference is

unexpected for a-simple replacement mechanism not involv-
~ N h LT .

ing specific interaction._ ih thét process, the sorption
_tendengy depends chiefly on the hydration radii, and so
the sorpﬁion cgnsﬁant 54}§1 should Hardly exceed 10 or
SO. From the value of §4/§l‘meaéu;ed,the presence Qf
Speciéic'ihteraction of H+'with the resin is suspected.
Iﬁrorder to confirm'such interaction, the reverse
experiment should be run at the other end of the con-

: ' . : : . S
centration range, with the resin in the H form and trace

NaCl in HC1l solution. ‘This is done. in the next chapter.

3

Homogeneous model
The ion -association concept is valuable .in
treating rthe homogenecus model. Association has

already been confirmed by NMR experiments and. thermo-
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horramy o, The aintorgar hydrat ton namber o hao boron

. » - ‘ .
Toarsiar o by HIMfe USHIg a bemperabar e var ot 1O 't(“('ll‘

HooonY — . .
IR TR . The valae of h tor Hd v 0 3 this

combares withoa yvalue of 3.4 cin anacous solut ton .

; : ’ . t St o
Pttt e dittoeronce 16 oo for a and bl Mhe smal ey

. - . v + -
oindicates g "pardaal bonding™ bLoetween H and —S()3
droups,  cven thHough ot g much weakoer than o covalont

. _k - . , ) ) ' . - »
bond. This support s: falrly well the 1dea that ALBOCTat o
“)

-, ‘ .Y 5 3 . . L
of H o with the resin is 107 10 times stronger than ia ,

as- observed experinentally (50 14_4»5_3a10ﬁ4). The system

HCl—Hzo—LiCl—qufonatnd Polystyrene 0.5 to 24 % DVR

. : 128 .
resin has been studied v and the ion exchange constant

K-

: , , .+ +
11 wasured for resins in both Li and H forms.
) / ) N

-

The ratio of br i/H gt4various percentqgos of bve
corrC"wondLng to 1Pternal molality m® (capacxtv </
internal water gq), to EL;/H at 0.5 %DVB (m = 0.7) in )

H™ form and/Li+vform were plotted 2gainst m. It was
found that the ratio for r031ns in the H form.did not -~
vagy with m, whereas that ;n the- Li \erm aid. This was |
explained by the authors as being'due‘to a greater
degree of localization of H+ in the resin comparee with
Li+; the decreese in internal water content in the res;n
w;ll net affect interaction between the locallzed ions

until with 1ncreased crossllnklng the ions begin .to

overlap.

’



a0

Anciocat von b s b bt e, oo rones o
Sultonat o e, fhough bt -l’('h sl ber oRtent, e .
) IR 34 R ‘
Crockpe .o gt Dnoarn proved by Mo LMD cpuadtr upio fer wy
. v * .
redloeiat ron oty cmeny t o A broad Ty width Leada. to

the conclusion that come sodim tons are loosc Ly haound

¢

el this ottt tecteed T ot Leotn,
w ! R

Tt should be cuphasicod that oince the activity

Of Counter lons o ip.tinee resin depeneds solely on V., the

State of resin swelling i extremely Tmportant in the

. .

’ - _’ . . -
homogoneous mode L, First, as 1s shown in Figure 8a, «

~1

13 not a constant but varies trom 1'1 to.25 ued 16.9
} L v e

: + . -
/ med sultonate group as {(Na ) varites from 0.1 teo 1.2 1.

This 15 a consequence of rosin shrinkageo. An i1ncreasce.

* .

In [Na ] causes the rosin to contract and thus m tos
X N .

Tincrease. A higher ionic strength in the resin phase

.

-, F .
will promote thoe npumber of sulfonate groups able to bye
. : 7 + Lt . T o )
bound bv lons H  and Ha . Also, Equation (AT19) pre-—
- ‘ Y .. . . . .
) drcts ¢ straight line passing through the origin in a .
. . .

plot of intercons I over slope S vs, [Ha 5 the de-
: ¢ [ t A ’

viation from a straignt line passing through zero in

Figurs 4 at low sodium ion concentrationsis caused by ,

the prescence of internal water in the resin. - The rate

of chango -in water content with [Na } is largest at low

ot :
external Ha concentration (0.1 M to O0.> M), so K
cnhanges gpprecirably with [Ma | 1n that concentration

.
.

rango. Resin shrinkage almost ceases once the external

v ‘ M

N . 5
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[t oas possible that the resan may contain in
atdition to sulfonic acid gronps g small number of :
5 :
weear oo aclid exchanage arouns, 1.0, ~ COOH carboxylic aci1d
= ~
IrCUEE as an 1mpoarity. These are belitved to be intro-
fuced durina the sulfenation step. in the manufecturing
rrecess, for thot concentrated sulfuric acid can oxidilze
- some of the carbon-carbon linkages between benzene rings
o
to carboxylic acid groups in amowunts anglng up-to 5%
o L . 129,13¢ - . . .
cf the total exchange caracity T These aroups avre
. .

normally present in“smra

11 guantity,

N
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notlceable when the r651n{1s in the H -form. Thev may,

however, olay a significant role once the acid concen—

~tration in the external Solution'becomes low, as is the

: C L + o
case where-the resin .is predominently in the Na | form.
Und&Y thesé conditions the resin may show an abnormal

+ o L ‘ ) -
uptake of H . Though the. presence- of carboxylic acid

groups.inh a sulfonic acid resin .cannot be confirmed

4

-directLy by instrumental.techniques, their level can be .

‘measured by- Dhotometrlc and potentlometrlc tltratlons

of 2- methvlpvrldlne (pK =.8) 1in the presence of Dowex

b

92

50W x 8 re51n‘1n the Li~ forms as proposed by Cantwell and

Pletrzvkl3l 132. The total level of 1mDurlty in the

«

resin stua;ed amounted to 5 ueq/g of resin,'and the pr>

of the ba51c 1mpurity“was,found'td be 8, which corres-
ponds to’ the carboﬁylatevgroup.
The hohogeheéue’modellprOposed above is still

valld except thaty the assoc1atlon lS ‘now con51dered to

3
-

be between,H and . carboxyllc groups rather than sulfon-
’ 2
ate groupsi Thé homogeneous treatment can then serve

;.'f

as a method of determlnlng the quantlty as,well as
the H /Na. exchange constant of the carboxyllc sites.

a calculated from.(AIIB) (AII9) gives the total milli-

'equlvalents of carboxylic groups in the column of reSLn,

wh 1 ‘7 ¢ 1 . ’ ]
“hlle'(Ls+&NaS)/EHsg, 1s the exchange constant of Na

R + -
for H'. Both .show dependence upon the NaCl concentra-

tion and the degree of swelling of. the resiqf The

~

L
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amount of —CojH found:in Cantwell;s york Qég'approxi—;

mately 5 XI6.945 2'=15 peg. per 16.9 meq of resin, which

is w1th1n the rangt of 11 to 25 uq per 16 9 meq. of
reSLn measured in “this work. Even though the- uptake

of gt by<Q%bO may be a ma]or factor 1n explalnlng the

a

-y

abnormal behav1or of H sorption at trace levels,
association of"’}‘{+ and —so; (which is conflrmed by VMR
:experlments) cannot- be e\cluded Thus both —COO and

‘to a less extent SO3 llkely contribute-to the extra-

. +
sorption of H .

Chromatography o “f;51
. Elutlon chromatogbepny can also be applied to

measure ion exchange constants, providing‘the constant

is 1ndeoendent of the amount of solute used. Bf insert-

ing known values of V and [Na ] into. Equatlon (11),

YR can be,calculated.

0.87 x16.9

Vo =V o+
[NaT]

“R ~-m
. In practice, chtonatograms obtained at several
NaCl concentratlons show skewed" elutlon peaks, whlch
lndlcates a nonllnear 1sotherm Thls-nonllnearlty is
even more obv10us in_ a plot of VR against sample size.
The shape of the- curves obtalned in such a plot is
v

similar to those shown in Figure 5;. YR rises slowly

with decreasing sample 'size, and can no longer be
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ot

related to the, partitionjcoefficient'in;a simple way'
Although K or H /[H ] cannot be found dlrectly from V

the value for Yk Stlll reflects the, dlstrlbutlon of=

Solute .between the resin and external solutlon phases.
.However, the. llmltlng valueée of (H /[H ]) .at infinite
~ “\

dilution of solute-oan'be calculated from the limiting.

'value for_\_/_'o obtained by extrapolation.

R.
- ) ' LT Y H+ * H+ N . )
o Tt t!
S YR = ¥ t + €§§ i
c T L [H] 0. A [H 1 0

Good agreement was found between values of (Ht./[H ])

obtalned in thlS way and the’ extrapolated value found

from Flgure 5. ) values’ Of‘CHt./T}”) 'obtalnedxfrom the

vlntercepts .of Flgure 6 are tabulated in Table 7.

~

Three sets of'valges for (ﬁ:,
. L

‘ i _ - .. . .
against [Na+] in Figure 9 to provide a comparison

[H ])0 have been plotted

_among them. .

94



/H)

ml

-
00
160 |
80 |- "
"A
. ' A chro'rnar"o“grncpltuic
40 / O extrapolated C .
Vs . ° s ifbercept of .
y . B (2 M VAT S DO [ TR
B S T B ES E N/
0 ' 2 ~ 4 6 .8 4 10
1/[Na*] ., M7 - |

o9 -

Figure 9. Comparisonof three methods for determ-
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durevaé'that

' were reversed

CHAPTER TV

FURTHER STUDIES OF THE HOMOGENEOUS MODEL
.. ) . . ' - ° \\\ . -~

R . \\

Sorption of Trace NaCl from Solutionsof HCl on Dowex -

, _ §OW x. 8

.

Experimental Procedure

This work was carried. out using the same proce- .

\f Chapter III, except that nt «ana wat

v e - . -+ '
the '‘concentration of Na was deter--

mined by;flame

_+
Na

Measurement £

&

. -

_concentrations of‘HC} studied;were 0.1,

,0.75) and 1.2 M. The éblptions were )
. . o R - \‘\_\. . )
prepared immediately before -use_in a 5-litre “plastic

.

‘bottle, and were trénéferred to oven-dried volumeﬁ}ig<\

[

v

flasks-as:réquire'_iﬂgthé preparation-of the_equili— f\\\ )

brating'solutions.':Qour'eQuilibratip§>séldtions‘wéfei
used ét.eaéﬁ HC1 concehtratiqn, each Contaiéiné‘a*_
different COncentration b£ sodium iQﬁ rangingAfrom_
10;34to iQ_4rgf They’ﬁé}é prépared_aécoréihg~to the

‘following scheme: - ) . .

™~

~.



. - Voo
_individual series of eguilibrating solutions. was

0.15 and 0. 2 M; a 200- ml frask for 0. 4 and 0.5 M;

5 e 1
250 ml o - 7250 mi , - 121 Volumetric
Voiumetric L 25 ml SJVolumetric:| 50 ml flnsk,"eNan -
flnek;,1.5 caml  -' flesk, = 5310_§§
LaCl = 0.1, i LaCl = 0.01H] ,
| ) o ooy B
. ,1=1 Volumetric Lo
flésk,  aCl = :
- e R |
100 'm1 _ — . . 200 ml
. L A , :
1-1 Eoiumetricvflask, - , 1-1 Volumetric flask,
HaCl = 1x107%m . | - naCl = 2x107% i
D C

-

_-The concentration of acid présent in each .

a

‘measured by titration with 0:15 M NaOH, using phenol-

phthalein as indicator, while'theyconcentration of

v

»:NaCl was - Calculated dlrectly from the welght taken

° LS
. '

in the flrst 250~ ml Volunetrlc flask The experl—

mental steps were as ‘described in Qhapter“III,

-

v except that l g‘HCl-wasnused to wash the so;bed Naél’

PN

“from the coiuﬁn A°5004ml volumetric flask-was'used

..to collect the. washlngsfor HC1 concentratlonsof 0. l

-

a lOO ml flask for 0»r75. M “and 4 50 ml flask for 1. 2

M. About 50 ml of. washlngs were collected "and then



o

Avdiluted to volume with 1 M HCI1.

.5

Flame PhotometturDetermination'6f Naf

a

\

C

©

A Heath unit consisting of a monothromator,

. . * ° y \ :
photomultiplier, .tube, . and recorder was used to measure.

Y -
a

the concentration.of sodium in’ the column- effluents.

v

N ‘
dial|setting

tank regulator;

settings were as follows: oxident:"pz}

of 13 oni’ flow meter,

3

20 psi on

a

fuel: Hzfldia; setting of 1 on flow“meterh 10 psi

“on tank regulator; slit widthws 28 um; wavelength

setting, 588.9 nm; and sensitivity dial..setting,

8

@+
° 3

0.5 x10 % to 5x 10

The detailed-operating procedure used was that
provided in the handout of Chemistry Course 615,

. s

 Analytical Spectroscopy, University-of Alberta. The
-intensity was xecorded on a Heath reCOrder and was
- measured untll a steady slgnal was obtalned about'4

:mlnuteswb A matrlx matchlng technlque ‘was employed for

calibration{'that 1s,five standard solutlons contaln* &

-4

r

o

NaCi'concentrepiOns of Q.ZGQ 10
' -4

ing 0.53,

©1.06, 2.65 and 5.30 x 10 M were prepared and all made

- A

I in HC1. Where the cdnéent;ation'of the samples

measured was so high that the signal was out of the
range of‘the‘Standard solutions, further dilution was
used as .reguired to bring the readings into ra?ge.

After cerrectihglthe backgroundvmeésyred"by closing
. ) ; : : ,

) ‘

98 -
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the détector Shdttcr (since the same reading Was“givop
by 1M HC1 aloné), the ihtensity of the signals of
-the standard solutions, multlpiled by the son51t1v1ty
factor, was plottod against [Na ] on full log graph

paper and the concentratioh of the sampIeS'read from

“the plot. ,Fhen‘NaZ’could be obtained by mﬁltiplyihg

the‘cohCehtration by the volume of the container.

ﬂMeasurement of Kiiq /H ' S ’ o

4 -

KNa/H was measured by the column method described
. . : . . U +
in Chépter I1I, but with thge 'resin in the H -enriched
. + S ) . .
form, Slnce in thls experlment V was .a mlinor component,

.

it had. to be determlned dlrectly to dvoid subtractlon

errors. ThlS was done by the above'procedure. The
hlanlc strengthssiudled were 0.1, 0.2,‘OI5_and }ﬁg,
"w1th concentratlon ratios for [HCl] to [NaCl]‘of I7.7,
¢ : ' [
7.4, 1.95 and'o.79-at each ionic Strength:- The ratio
under unlty ‘was measured by an acld base tltratlon, -as
‘ox%%lned in Chapter III becaUSe it was Na rich. . The
solutlons were prepared from a 4. 5 M HCl stock solutlon
standardiZzed by.-0. lo M NaOH after tenfold dllutlon.
Then 215, ,20 ,.150 and lOO—ml port;ons3of sthk HCl o ’J‘
'solutlon weré ,added to a seriesd I—Q,Qolumétric flasks
"and the ionic strength broughtto l M by addltlon of
exactly welghed portlons of NaCl The—solutions at

v

'1on;c strengths of 0.1, 0.2 and 0.5‘§'were made by

~successive dilution of the 1 M solution.

v
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Restlts” and Discussion

Thd data were handled in a similar way to that
described 1in Chapter III. »Values fpr ENa/H (iﬂ

were determined. at the various ionic strengths by

S

extrapolatfon (T'able 8, Figure 10), and found to be

1.31 for 0.1 M, 1.33 for 0.2, M, 1.31 for-0.5 M, and

i3]

1.29 for 1 M ionic strengths. The values of K

“Na/H
(Eﬂsﬁ 1) at any other HC1l concentration can then be
obtained-by interpolatiqn. Since the variation in
éNa/H (XH’ﬁ 1) with ionic strength is slight, the use

,of a.graph is not necessary, and interpolated numbers

are listed in column 5, Table 9.  From these data
Nag/[Naf] can be calculated as outlined in Chapter III ‘ .ff
by ’
. —_
Na+
e - K _ . c
(Na'] ; “Na/H (X =1) L ]

From the previous experiment Vo is éstimated to be
Q- :

-

: - — )
around 3.5 ml. The sum of Nae/[Na+] and Vo then,

. - o + L )
which represents the uptake of Na due to exchange

and dead vplume,is shown in column 6 of Table 9.

-Vélueé for Na:,/[Na+] obtained by the .column

. - : . +:
egquilibration method are plotted against [Na ] at

various HC1 concentrations in Figuré 11. . The series
of horizontal straight lines observed indibatesthe

. ‘ + : . ) )
independence of total Na - sorption (exchange and
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Table ¥
Varration of —I‘:I"‘Ju/ll wibth ltonic strength ‘(md

concentration ratio for Dowex H0W -~ 8 4t 21°C.

v

' (H+} Ionic X i K,
_l;Ja+] strength H —Ha/H
17.65 1 0.928 1.358

0.5 0.926 1.401
0.2 0.924 1.444
0.1 "0.930 . 1.324
7.375 1 . 1.438
0:5 0..834 " 1.460
0.2 0.82q - 1.551
0.1 0.831 : 1.495.
1.945 -1 0.573 1.445
' 0.5 0.569 1.470
0.2 0.555 1.560
0.1 0.558 1.536
0.78653. il '0.376 1.303
0.5 0.a360 1.393
0.2 0.%571 -~ 1.453
0.1

0.352 1.445

aMeasured by NaOH titration, as described in

2

Chapter ITIT.
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Figure 10.  Plots of ion exchange constant K for Na® -

+ - . ‘ A . .
: H exchange on Dowex 50W x 8 as function of the mole

fraction of resin in the #' form at ionic stpeng%hs of

0.1,0.2,0.5 and 1
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Table 9

. J . .
Total sorptiron ot Mo dboan tunctiaon of o [HO |

and [HaCl] on Dowoex H0W ~ 8 at 21°0¢ .

. ot y . o
(' [ Nayr AL V2T TR R oy
4 ‘ [Nél.] (ill-lt‘l[\()l‘l*‘ [N\x*J -m
M 10 r CHey mt ted valuae)
1.177 ' 10.27 oo . 219 1.29 200
5.134 1.1 21.5 :
2.054 4.7 21.9
1.027 2.27 22.1
0.755% 10.27 31,1 30.3 1.30 32.6
- 5.134. 17.3 33.7
2.054 7.09 34.5
1.027 3.63 35.3
©0.5073  10.27 46,57 45.5 1.31 46.5
. . 5.134 23.3 T 453
© 2,054 . 9.08 44.2
o 1.027 4.79 46 .6
. . - ‘
0.4097 10.27 . 53.8 52.4 1-.32 57.5
5.134 26.7  51.9 :
2.054 11.2 54.5
1.027 5.70 55.5
0.2160 10.27 108 105 1.33 110
: 5.134 57 111 : '
2.054 23 112 -~
1.027 -11.5 112
0.1480 10.27. 164 - 160 1.31 156 -
5.134 80.1 . - 156 .
2.054 33.3 162
1.027 15.8 154
0.09744  10.27 - 229 223 - . 1.30 229
: 5.134 . 116 226 : :
2.054 46,2 225

1.027 23.5, 229
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Figure 12. Plots of ratio of total Na in resin phase
o+ . s .- N
over La. cecncentration against reciprocal of 1 con-

. . o : , . . +
centration at zero concentrations of Na in the

r

external solution
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10 x 10

Sodium-iOn

not belng satlsfactory at the x*

Vas not available

¥

l;l VolumetriCA 1-1 Volumetric
S0 ml flask, w1th ChCl 500 flask, with .ol
: ml
_ x T4.56 grams oj : 74056 % 0.8
étOCk , KC1 £r=ms oi KC1
golution, : @
0. 011 LaCl| ) ’
' : -1 olumetrlc 1-1 Volunetric
£V na a o 7 ¥ [
100 ml flask, wi th C, KC1 200 1 .»sk, “_ltn.—r}‘(}l
x T4 r6 crems of ml x 74056 x C,8
* KC1 crams. of KC1
QKCl was ‘the concentration of KCl desired in molarity.
The solutions'under'stUdy contained O.l}”0.2; 0.3, or )
0.5 M KC1, each with [Nacl]=1x10"%, 2'x107%, s~x107% or
- M. 'Since a suitable on-line monitor unit for

(a Sodlum ion electrode

concentratiomspresent),

the column was brought to equlllbrium by passlng a

/o

~large volume of equlllbratlng solutlon, about 500 ml,

-

through the column at a flow rate of 120 ml/hr wlthout

monltorlng.

: . . . +
- The photometric determination of Na

1 g HC1 was used as.waihlng sclution.

described previously.

for, callbratlon contained 2. §b4=<10

-4

1. OOZ>< 10

; 2.004x10 é

was done as

The standard.- solutions used

5

-and S.le 107

I

5.01 x 107°

M

NaCl solution,
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’

I3

togcthcr with'l M HCl and 8 meq hCl/SO ml as ba ground

o

- . -

matris. Tnc data omtalned were handled as outlln 4

n

before in Chapters XIIX and Iv.

"Results and discussion

- KNa /h ripo;ted'at Xnga = 0 (by

extrapolation) by Rbichenb;rg and McCauleleB_isjo;B-

Thc value. for K

,Plops ofvlog Nl ,/[Va ] agalnq [Va B at constant KC1

, concentration are’shown in Figure '13. A Set oF

straight lines can be'drawn within expérimental error

: Q7 . . . '
(83) av 4ift orent concgntratmon of KCI™', indicating-
that norleon of NaLl 15 n;gllglble.. The values of Ce
- . o . .
N /[La 1, calculatod fr0u K (X,,-. = 0) .and COVLD Loo
as L Q L\“‘/I\ CNa - . N
o ‘\"m ' 'zx;-\; Lilown 1ir colaan S of Tdbdler 10, and plott‘ed‘
in Figure.l4 as a'function of [KCl]hl‘( s0lid lln 1) . The
- . o ) ) . . N .
. - . +- S 9-4

valucs of Na_,/[Ra ] at Hacl concentratians of.l <10 hal

108;'

. . L . A+ B
~of the resin is compgarable to that.of K ,even |

: -3 c CoL R o : -
and 1x10 ™ M are also included in the same graph for
) ] . 3 : i . . a } .
comparison. The lXIO oM pOLn ts fall cn the hypothoevigal
N . . o ) -

- .o N -4 . :
curve (solid linej, \hvlc the 1\10 !l points  scatter
arcund the line at low KCl concantrations., This lndl

céhusclbqrjy that there 'is no doteoctable association

of Na in dilute KCl solution. Because theae associoa-—

T -+ c N ' ; I , : - . :
tilon .of Na  with either carboxylic or sulfcnic $groups

w T .
thovqh\\bth area ncallglblb»:o;atlve to.H , slight

o L+ . . o IR
assoc1atlou of Na mlght occurbln the presence of KC1,

o
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v . . " “Tabie 10 |
- | e Ce -
Total sorption.of NaCl at warious concentrations
of KCl and NaCl on Dowex 50W x 8. Co
,[K+]‘ ‘ {Na+] : E Na:, . Na:, ‘ ) Na;
‘ - : _j’:— C ‘++X '
. : i © . . [Na ] - [Na ] T h
.M e 10 7M. ueq S oml.. - - ml
T 0.1, 10.02 141 - - 141 v 140 -
: 5.0 - 70.6 . 141- - ‘ :
©2.004 " 28.7 143 . .
- 1.002° - 14.7 . 147 - ‘
0.2+ - 10,02 s 70. _ 70 7L
- : . 5.01 35.6° 71 o
- 2.004 14.6 . 73 - .
o ° 1.002 . - 7.5 - 75 . o
© . . » ’ . ‘ M . : - } .
0.3 . 10.02 . 42 -, 42 <. 48
. ' 5.01 21 \ 42 .
2.004 - . 8.6 . 43
N 1.002 1 4.4 44
*0.5 - 10.02 30.7 30.5 . 1-.30.5 ’
: - 5.01. 5.3 30.5 : o
27004 6.0 30
1.002 - 3.1 317
<
,/\_ N
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whereas lt is not llhely in HC1l solutlon {Chapter 1V,

soctrgn l). The poss1b111ty of Na® association was

v
a

mcntloned ln the Results and Dlscus51on sections of . e

- - -t ;A

Chapter III In any event, the degree of association

L2

.. “a

is too- small to cause observable dev1atlon from llnearlty

In log Nat,/[Na ] vs [Va 1 plots (Figure 13) as: has been

shown ln Flgure c, Chapter IIT? o ) : S ’

© e
.

0

e . \ - . 1

'Sorption of~HCl'in NaCl on Dowex’ 50W x 2

-

-Ihls experlment was deSIgned‘to prov1de further
Informatlon on the sorptlon of H on cation exchange

resins.‘ As was shown in the previous ekperihents, the
addltlonal uptake of electrolyte is’ observed only for>

' +? .
. H , and SO assoclatlon theory can be’ used to explaln

-~

IS

the_spec1f1c1ty; The homogeneous model is then. more

o e S + . . .
_cappropriate in describing H sarption An,pyporwmene—_—g—ee——

.using Dowex 50W x 2, with only 29,crossllnk1ng, was’ .

2

.thought to be’ potentlally useful in glVlng more support

o
v

to the above statement ) It is known that sorptlon of

o,

:electrolyte by Donnan 1nva31on w1ll lncrease with

1nternal . water content 1f the heterogeneous model holds. R

o

th should then be p0551ble to predlct 1ncreased sorp- -

.tlon,of'H by performlng the experlment on reSIns with

’
<

la low degree of crossllnklng, since a larger amount of

9

‘Nat lS avallable to be replaced.’ On the other hand

sorptlon should remaln nearly unchanged if assoc1atlon

v - <

L . : Y
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is the case, because association depends chiefly on the .
L : ' , o
nature and number of exchange groups on the*resin, and’
only to a small extent on the extent of swelling.

Y

)

Experimental Procedure

The procedure was the same .as that descrlbed in

Chapter ITI. - The resin used was Dowex SOWX 2 (Dow
5.

>

Chemical Co.) w1th the. follow1ng spec1f1catlons.

particle size, 50-100 mesh; capacity, 5. 2 meq/dry gram,

o

0. 6 meq/ml bod; wet mesh, 25-50; moisture content, 74—82%
by welght / About 10 ml. of fully swollen resin, or about
6.5 meq in ut form, was required to fill the column,

;compared w1th 16 9 meq for Dowex 50W x 8 resin. The

(SN

. éxact capac1ty of the re51n in the column was determlned
by tltratlng the ' displaced by NaCl wlth 0.1034 M

. . . .
Vo c 7 b AN Y £ 1

X c N
~aOt, ard—was—foumrd CU pe oo meq- FE IO eS—o*xT IH/qa
. . — 1

were measured at 1on1c strengths of 0 1, 0.5 and 1 and
at concentratlon ratlosv[NaCl]/[HCl] of 1.208 -, 3.417, -
7.833 - and. 16.66. -at each ionic'strength. The.dead

volume vV, was estimated by titrating'the HZO washings

<

from the column with 0.1034 M NaOH, or coulometrically

~~ sutlined in Chapter ITI -immediately after the

“ion step. Values of H were obtained as

~fore at NaCl concentraﬁions of 0.1, 0.2

and at HC1 concenttrations of 9.714 XIO_4,

#7 x107%, 1.943x107% and 0.9714% 107% M. when



=

IIT was followed. Values of K

¢

_equilibratihg‘solutions containing 9.714 x 1074 ana

4

4.857 x 10~ M HC1l,one modification was added;. before

the column was washed with 0.8 Q‘Nacl,‘it was

.washed first with distilled water, and the hydrogen

ion in the -washings titrated coulometrically:. HZ, :

-

should be équal.to the suﬁ of the ut content ‘in the

water ahd NaCl washingé.' The"wéterfwashings were
. { ]

-measurad separately to check if there was any sorbed

H+.rémovédcfrqm thevcolumﬁ by water.

" Results and Discussion

The same procedure as that.outlined in Chapter

(fﬁ = 0) at integral

i —H/Na
levels ofl[NaCl]/wéré measured from Figure 15 (Table

Na.ls plotted aga}nst XNaaF d;ffe?egt

11), where_EH/

1134

Tomic strengths, and at [NaCI] concentrations ot 0.1,

.032 and 0.4 M were found to be 0.95;-0.97 and 0.99

(Table 12,Héolumn 5), Figure 16. The values of Hz, and
v_ ‘are reported on the basis of a column containing’

"16.9 meq.xather than 6.557 meq,. the_cglumn“capacity

in the.work with Dowex 50W x 8. Tﬁis wés-done sobthat
results-could be cbﬁpafed on the,samé’bisis with tHose
i; Chéptef III: The data show a larger degreé of

ééattering than in Chapter III.. ¥ is estimated to be

6o

approximately 10 ml.
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Table 11

Variation of K with ionic-strength and con-

~H/Na
centration ratio (Dowex 50W x 2 . 21°C) .
(Nat) Tonic X K
PR strength Na - —H/Na
(1) M
1.208 1 ' - -
0.5 0.558 " 0.957
0.1 © 0.562 0.939
3.417 1 0.78" 0.965
0.5 0.781 0.960
0.1 0.786 0.939
. 7.833 1 0.889 - 0.982
0.5 0.891 0.964
0.1 0.895 0.941 4
&‘1 o N i : : “
16.66 1* . 0.943 . 1.017
0.5* 0.944 - . 0.990
o.1* . 0.946 0.946
. .

3



Table 12

’ . o+ . .
Totol sorption.of H as a function of [HC1] and

(NaCl] on Dowex S0W 2.

s F nt
‘ — HY o o H Us
[Nac1] [rCL] Hy T Fama Gu?) otV
M 10 M Heqg ml ml ml
.- . |
0.1 9.714 168 173 0.95 171 2.
: 4.857 86 177 - ' : .6
1.943 36, 185 14
0.9714 19 . 196 , 25
0.2 9.714 92.6 95.3  0.97 - 92 3.3
4.857 ql.5 106 - 14
1.943 117 _ o 25.
i 0.9714 "117(124) 32
———
0.4 9.714 . 0.99 . 52 15
4,057 ’ 17
1.943 29.6
0.9714 41
. Table 13 : ' o
. Intercept and slop.c of 1ines in Figure .18. B
[(Racl) T s - _ a . 1/8
WM m17t meq_l . yeq M o> 1076
0.1 - 0.008 323 3 T 24
0.2 0.02 . 106° _ 9 ) 180
0.4 0.018 . 86 12 216
. | -
|
& ~.
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varbarons HaCl o concentrat rons s Shiown ot Fouoagure V2 o

I O AR Y B I R AR TR AT Pt omcrve o val ares 1 ey
:
. B 1 o
B alqo, s 1t was tar P Chagster 1L, "y
t
ottt oy ey H Pt ot 1on ll\" threr vy, fn Fropre 18 g1 o
— . , B

Frovwn .l\r‘lwtf- ot {H T cotamn 7, Tabiee 1Y) o inet

| . : . :
[ ). Strantabt Tine wolationshiips are obtaned in

corch case The tnverse o the slopes obf thoese Tities

drves o a,the gquantiity af taixed ronic groups cnpable of
Ton hiindineg., The values obtained, 3, 9, and 12 oq,
are congiderably lower than those fouand for Dowex 50W - 8
¢ . A .
atocorresponding Nao concentrations., 'his again shows .
. ] . . . .
the rtmportance of the degree of swelling in the resin.
As o was reenti1oned in Chapter [I11, a depends on” the external

snlt concentration, which 15 related directly to

- o . ) . .
water uptake and thus to the internal ionic strength.
Being able to take up more water than Dowex 50W ~» 8,

Dowex 50W » 2 has a lower internal ionic strength (C/VS)

C. - . . . i
at a given NaCl concenteation? This results in a

>
correspondingly smaller value for a.

. + L+ -
The sorption of H , (HZ,/[H 1), for Dowex 30Wx8

1s greater than for Dowex 50W x 2 at the same laCl con-

centration. This is also a consequence of larger water
”
uptake 1in the 2% crosslinked resin; when the ratio of

intercept to slope I/S of the lines in Figure 18

* (Table 13) is plotted against [Na+] (Figure 19), the
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cdncentratlons of ha 1n the external solutlon.
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' obtalned on Dowex 50w><8 (14. 4 x10 to,S.Z« lO ) -

-1nheEent mn measurlng low levels. However, the average

-Washing.

Sorption of HCl in NaClZon Amberlyst 15 Macroreticular

.. . Lo oL e
increase in I/S with [Na ] .is-apparent. A least squares:

line drawn through these'points”passes>through the

orlgln as descrlbed by*Equatlon (AII9W.1'The slope'

thus found is 6. 6 XlO ; whlch agrees well with. that

-4 -4

The measurements of the a01d content of the

~ et

water washlngs show large scatter due to the dlfflculty

value for éhe total moles divided by the concentratlon

‘\.v‘,. 4

\of HC1® 15 around 10 ml or close ‘to the column dead

volume. VThat sorbed H cannot be ﬁlushed out by dlS*'

tllled water'proves the valldlty of the homogeneous modelf.

Unllke adsorptlon in lnterﬁal water (heterogeneous modelL

the,assoclatlontof BY with ‘fixed 1on1c groups WllthC}d

[e)

.the H" “in the resin, unaffected by dlstllled;water

o

a .

- . '
. Resin

L. 'Macroretiéular resins are rigid, porous, hetero-

geneous reSLn materlals. They are descrlbed as- con51st1ng

9,134 oo

: of Lwo phaseso' , one a qua51 homogeneous gel—

phase as in conventlonal gel type re51ns, and the other

’

a phase composed of large pores or v01ds which are
-~occup1ed by - water in .a hydrated state.' In the termlno—

llogy of ads;;bents‘exhlbltlng catalytlc propertles,v

\
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9 -
- ©

'three'types'of pores can'he distinguished; open. pores,

'whlch are open to the flow of fluld semi‘open pores;

o o . - a

uand closed pores : An NMR study of. macroretlcular

- . )

"re51ns showed the chemlcal Shlft dlfference between
. . N _
peaks for 1nternal water and external water to be

smaller than for conventlonal reslnsl34’- of 51m11ar

structure. Thls 1s aztrlbuted to a smaller gel phase
'1n the macrorethular .resxn. The effect of the. gel-
,uphase on the sorptlon of trace H from solutlons of

‘NaCl is,_ a- factor that has not prev1ously been 1nves—
otlgatedr For thls reason an equlllbrlum study of thlS

system was undertaken.

| T - - Experimental Procedure.

+ -‘The resinfStudied Was’AmberIyst=15f(Rohm and’

kHaas Company, Phlladelphla). The Specifications‘by the B
manufacturer were: 51ze 20 30 mesh; bulk denSLty, .
Av59S g/l; percentage swelllng, 66%~ exchange capaclty,
49.meq/g -ary and 2.9 meq/ml bed-?surfacetarearQONSQ mz/gz
por051ty,O 30. 35 ml’ pore/ml bead- average pore
dlameter, 200%600°A ', The experlmental procedure was as'
V"descrlbed in Chapters III and IV sectlon 3. About.
20 meq of re51n was used, and the capac1ty determlned

hln the column by tltratlng the dlsplaced H with 0.l]91,

M NaOH (17 42 meq) Values of K

TH/Na.were measured:at_

o . @



Aionio‘strehgths of l[IO.S, and 0.1 M, and at concen- .

- tration ratios of INaCl]=t0‘[HCl] of 1:208', 3.417,

7{833“,'and 16 66° . The gihantity Ht’ was obtalnedo'

as deSCrlbed before at NaCl concentratlons of 0.1,

’0.2,'0 4 “and’ 0 9 M and at HcCl concentratlons of

=4 -4 -4 -4

9.714 x 107 °, 4.857 x 107, 1.943 x10"" ang 0.9714 x 104w,

o

Results and Discussion

The constants of H/Na(x =O) were measured

from Flgure 20, in WthhAEH/Na.lS plotted agalnst XNa

~at dlfferent fonic strengths (Table 14) . iValues for

‘at [NaCl] = 0.1, 0.2; 034, and 0. 9 M were -

”—H/Na(xﬁa : o
.,found to- be 1.95,‘1.97 2. 05, “and 2 52 by 1nterpolatlon.”‘

N

‘Xm have been converted .t a basis of l6. 9 meg from

'~l7.42-meq.' The averagevvm waS’estlmated'to be 6 mk.

Figure; 22 shows a plot of log Ht,/[H 1 agalnst [H+]:‘

'The- polnts thu5~ obtalned reflect a ba51c dlfference

-between the two types of resxns. No*sign of extra at

hold-up 1S~ohserved The hypothetlcal values for pure

exchange KTable 15 column 6) arevrepresented by. dotted

!

nllnes on the same graph , The close prox1m1ty of R

. thosé p01nts, to the plot expected for pure exchange

leads also to the conclu51on that gt ‘hold- up is absent.

'It should be mentloned that the values of. KH/Na for -

'thls macroretlcular re51n vary strongly w1th XNaahd

125

H(Table>15 ‘column 5), Flgure 21. 'The values of Ht' andf‘
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Fi'gure 20. Plots of ion exchange constant KIV‘f'of
EY-Nat exchaﬁge' Qn'»Amcbérlys_'t' 15 as function of the
f ‘molle,f‘ra.cﬁior;_of resin“ in the Na¥ form at ionia

_strengths of 1, 0.5 and 0.1
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‘Table 14 . i
Variation in,EH/Na with ionic strength and
concentration ratio for the macroreticular resin
Amberlyst 15 at 21°C. | %
[.Na+]'A - fonic X K.
tNa I Na . —H/Na
+ s
- [HT) ,stgength_
1.2085 1 . 0.647 " 0.657
0.5 0.670 0.614
0.1 0:675 0.582-
@ * .‘ L ‘
3.4170 Sl '0.794 . 0,885
. 0.5 0.814 . 0.780
‘ 0.1 : 0.818 0.731 -
7.8339 1 0.874. 1.123
' 0.5 . 0.877 . 1.091
0.1 .. 0893 0.938
16.6678 1 . . 0.920 1.447
: ‘ 0.5 © 0.931 '1.260 |
0.1 - 0.932 1.221



? ¢
‘ o ) Table 15
Total sorption of ut as a function of [}HC_l'] \
and’[NaCl] '.onl'Amberl);st, 1.5 at 21°cC. o :
4. ":; Hz, L ' Hefu
[NaC1] = [HCl] ~ H,/ — Ko (X =0) L+
. . P oty V/Na H. © ot oMW
Mo 100%M peqr  oml . B - oml
i o . - : : . .
0.1. ~9.714 133 - . 343 S 1095 . . 336
'4.857 165 339, Co
1.943 . 65.9 339
0.9714  38.6° 397
0.2 9,714 153 ., 158 ©1.97 172
: 4.857 89.9 185 .
1.943, 35.9 - 185
0.9714 15.1 = 155
© 0.4 9.714 102 . 3105 . 2,05 93
- 4.857 52.9 109 :
1.943  .19.8 102
0.9714 '8.94 92
0.9 9.714 54.4 56 "2.52 - 53 .
4.857 - 28.7 . 59 -
1.943.© ,10.1 . 52 >
10.9714  .4.66 48
, -

128
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[HCi] <10 4 m

Figure 22. Flots of ratio of total H* in the re51n phase
of Amberlyst 15 over H' concpntrﬁtlon ageinst H con-
centration 2t varying conceﬂtratlons of Na * in the
externsl solution. Dotted lines are the hypothetical
~values for pure exchange calculated by KH/Na(K _1)‘on'

rlgure 21.
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of the heterogeneous model, the amount of elegtrolyte

131

with ionid stréngth, especially near saturation in the

+ . . .
Na form. This behavior resembles that of conventional

resins of high crosslinking (25% DVB), where the

resin itself is rigid and sorption is small.  The

high sénsitiVity.to Y&ais due to a large osmotic

pressure T sé that even a slight® change in volume

causéd by varying the resin composition results in

an éppfeciéble PV term and‘avsignificant change in EH/Na'

Considering the pores in a macroreticular

‘resin as'belonqing to the resin phase, then sorption

of electrolyte due to Donnan invasion should be

larder than for a gel-type resin7 _ because the Donnan

potential is ineffective in the pores. The pore water
. : >

has the same properties as external water, and so is

better considered to be in the external phase. In terms

in the gel-phase determines the extent of the Hold-up

of rY other than exchange. Since the gel—?hase_&olymé

of a macroreticular resin is extremely small, the amount

of HY sorbed would be expected to be lower than that
of a gel-type resin.
Even though the homogeneous model is satisfac-

tory for gel-type resins, it is not suitable for macro-

" reticular ones, which contain only a minute amount of

gel-phase. If the quantity of gel water is not suffi-

cient to spread uniformly over the resin phase, it may



-t

-~

form a number of small, localized "water pockets" or

- f
domains whereby ions are higwlered from moving from

- 2

_one pocket to another. This may be roesponsible at

least imr part for the early curvature seen for macro-

reticular resins in Figure 20 relat.ive to the late
R TN P .
curvature seen for Dowex S0W x8 in Figure 10. The

observed association reflects greater selectivity for

nt at*?ﬁguigvels of 0.85 and higher in the Amberlyst

resin.
Singe the overall affinity for hydrogen ions

by the macroreticular resin is much less than for the

conventional resins, the presence of carboxyl gréups
. . 3

'in any appreciable amount is unlikely.".This may be’

the result of milder sulfonating conditions in the
production of the resin. ' - %%/

In general, if the quantity of éel water in a
macroreticular resin is low, B sorptioﬁ.is‘not pre-

dicted by either the homogenéous or heterogeneous model,

Sorption of HCl in the Presence of Large Quantities of

.

‘Nall on an Empty Column - ;.
. \

The experiments for measuring ' sorption
cannot be considered complete’uﬁtil the extent of sorp-

tion on an empty column has been measured. Silicate glass




, : 136,137
15 known to possess exchange propert jog ! and to N
' 1 X "_" N
be able to take elect rolyte in“dilute solution. Thie 1
. . -

exchange capacity and specificity of glass dependg ¥

strongly on the composition and surface t reatment _
¥} ? : DRI . 0
of the glass.® The concentration of the ionye” PR

sites in borosilicate glass (Pyrex) is reported to be"n"f

on the order of 3 x 1073 mole/cmB;'138 This is even

thigher than that found in sul fonated polystyrene’ resins,,'
e Vo
though most are inactizg, highly specific and o not .. -

A
L
.

take part in exchange. Nevertheless, some of the Sdfp

. + . . . N
, tion of H found in the previous experiments may come *°

from the glass surface, as well as from the resin
. ) b
1tself. Therefqre measurements on an empty column

weré made to clarify this point. .

&)

) & )
A Experimental Procelmpe R

The' same Pyréx column used in the previgus éxf
. q .

periments was §tudie%, with the %légs_wood piug retained

at the bottom. A reference mark was étched near the *

top of the column. The volum? of the coiumn was de- : b
termined by weighiny the water:held by the column W@gn
filled to the mark and dividing by the density of Qater
at 22°C (0.99777). Eguilibrating solutionsecoﬁtaining
NaCl concentratiéns of 0.1, 0.2, and 0.4 M, "and HC1l

v ) —
concentrations of 9.714,74.857, 1.943, and 0.9714x 10 %y,

werg passed through the column at ‘a flow rate of
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150 ml/ﬁr for 2 hrs, and then the lquld level, was'

>brought to the mark on the top of the column. The

solution remalnlng in the column was coliected ln ‘an
ke .

80-ml beaker, together w1th 50 mlqsf“o 8 M NaC1

washlngsfrom the column, and the acid present was

tltrated coulometrlcally to obtain the value of - H
The ratios H /[H were compared with' the volume of the
C o lidmn that had been measured previously to indicate whe-

th «.~.v sorption was taking place on the glass surface. -

Results and Discussion

The volume of'the.co}umn.was found to be l0.33‘
ml, Rcsults{of.the values ofv;:/[Hfl;At,different
HC1l and NacCl concentratlons are listed in-column 4,
Table 16' and compared w1th lQ 33 ml. ‘,The measure-
ment of ;— was not very accurate ow1ng to the small
sample size, but an average value of ;fk[ﬂ ] of around.
10,1 ml was obtained. /ThereforEche sorption of H+
on‘glasé wall can’ be considered:he;liéi%le,‘and the‘
hold;up of H+ is entlrely due to the resin 1tself

v
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16
't 'sorbtiorx_ on erﬁpty"/Pyrex column (10.33 ml voiume) ©
at 20°cC. | - -
. + + +
N . :
n a. ] A [H) H [H+]
Mo 10 %M . neq ml
. 0.1 9.714 8.95 9.2
' ©4.857. 4.98 10.3 .
1.943 1.75 9.0 !
0.9714 0.87 9.0
0.2 o 9.714 9.41 9.7
- 4.857 4.41 9.1 i
1.943  1.65 8.5 >
0.9714 . - -
i 0.4 . 9.714 9.65 ° 9.9
J ' 4,857 7.62 15.7 ~
.1.943 2.03 10.5
-0.9714 - - -
1" 10.1 Avefage:_
: »:‘;;;']: B T
, g b
* 3
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o

«Ton ehchangers in a fully>hydraﬁed state ‘are

L% =

: ° > o . e -
known to sorb a great varlety of noﬂpolar substances,“ ) ’
. a : o
3 4 141 % 2
such as’ phenolsz,9 1 O, ethylaceta&e l and alcoholsl4f B
o L 2 o ’ o
~1n both aquegus and nonaqueous oystems. The %n;eractlon . B
. L» . .o STe LT .
between‘neutral sorbed moleculea and thg resin-is o O . N Lo s
' BT Y% s 2o SR
»berlcved to £onme. from se%eral source_g ,_as dlscusse&>below. Cro
] * .o o CE
Slmple true :dibsolutdon of negtral solutes “in- the T e “*
5. > . - .0 ) 0 Y
‘1nterlor solvent of the re51n ﬂ;The amount af ° R Lt
- a N 0 ] . X . G o - .". . )
solute sorbédagan~be reldted ;extéfﬁgl conceﬂtra— . T e ®
o : R . g e T o .
tion by t¢he following equ#i ° o .
L . - . o - . . R ° © o
- . o . .o TT\..',N T 9 ~ ) . S e
nag=1Inay -~ g - . 0 Ws
B -7 ’ . : é °
where a is the activity of solute in the resih phase
. - v ’ . <o o gL .
2°3N is- the"activity of solute in the external "
k 'sélution . ° T o . ] -
. T lS the osmotlc pressurcl e ) ' ¢
!
¥ is “the partlal mplal volume of- the solute._ i
. 3
C : ’ 4 3 Coe 3
*. The activity of the Solute in the:resin -is always less '%
. ' . L : . T ) . F
than that in the solution owing to the fadt that the . . e i
. ; ) o " - Qi
" E)
< . .
136 .
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-“vsolute;-:Furthermore, 1ncreased crossllnk1ng willk also

o T R K ¥

n

osmotlc prLbSUrL m 1n the re51n thdS to- squteze the
Lsolute'out into the solutlon in order to relleve the
-strain. :Having‘a higher OSmotlc pressure‘(hard sprlng

analogylﬁé),Aa hlghly crossllnked re51n will sorb”less

decrecase SOlventuupgake_Ln the re51n,vwh1ch w1ll.}n.
e . R o E . “ S : -
A

“turh reduce the sorption of highly solvated SOlptes'
° such as, for 1nstance, alcohol in wéter as sOlvent}

Thedslze of the solute molecule also plays a 51gn1f1—'

o

cant® part in sorptlon,-a large solute is mobre susceptible

to the squee21ng effect of : Ometh pressure, and sorptlon

<

thus 1s reduced c01nespond1ngly. In the extreme case,

“in whlch both osmotic pressure and the 51ze of the solute
. o ,

'mol-” yes are small (low degree of crossllnklng),JsoLute

molecules in tne 1nternal phase w1ll not experlence any.
addltlonal force from the re51n, and w1ll behave .as 1f
thevaere ‘in the external solvent . Under these condl—
tlons ‘the dlstrlbutlon of solute in both phases w1fl
aeven out. Assuming the‘same actlylty coefflclents.ln o :4

both phases (YN YN), the concentration of'solute.in

the resin has to be équal to that in the solutlon. On

‘the other_hand, large molecules w1ll 1nteract exten—
. - : y.oe
«-sively with the . resin hydrocarbon skeleton due to “
increasing ‘polarizability; this type of interaction

[
N

will promote sorption in the resin. These are two R
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'1.38

¥
opposlng effects; the larger will‘determine the over-

all sorption, tendency.

h

:nLondon dispersion interactions between the hydrocarbon

<

" isotherm

‘part of the organic solute and the benzene nuclei of

the resin.-
London dlsoer51on.forces are short range forces

that are dlrectly proportlonal to the. polarlzabllaty of

two molecules undergoing 1nteractlon,and inversely ‘

proportlonal to the 51xth _power of the dlstance between.

them.t DlsptrSLOn 1nteractlons of solutes w1th benzeng

'nuclel are 51gn1f1cant only for those solute molecules

near the skeleton, others further in the interior of
. Q

the solutlon are oractlcally unaffected.& These dlS—
persron forces’ chlefly account for surface adsorption
phenomenon 6rrsowealled‘ohemisorption, where only_a4

monolayer of molecules ig. bullt up on the surface.

‘Thus the dlsper51on 1nteractlons between a solute and -
the hydrocarbon matrlx of a resin are heterogeneous 1n - \g

nature and are referred to as adsorptlon, whlle the
dissolution descrlbed ahpve is homogeneous and referredto
as slmple absorption. In contrast to true dissolution,

o

where the molallty ratlo of solute in the re51n to the

'solution(amN/mN, is less than 1, the ratlo may’ exceed

1 in-cases of strong dispersion interactlons.~ Sorptlon

of this type .can usually be represented by the Langmuir
146,147 ' : . :

TG
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= Iy kT o . el
where gfis_ﬁhevmaximum amount of solute”the-resin'can’
hold pef:unit weight of resin, in m mole/g

is the adsorption corstant

o

X is the ¢xtérnaloooncentration of solute'M

X is the amount of solute adsorbed per g of resin
. o v .
m mole/g. °

Equation (15) for true dissolutioh,can be put into the

form

i
o

an/ay < kg - o (173
:Neglecting activity effects, this can bebwritten as
(X1 - ' .
N = k ’ . - .- .. e (l7a)

| o
g
N . l
|
~

.where‘E7'5'1.L

Equation (16) has two limiting forms: -

lim .. X =_§' ’ and - lim X = Eé[k} , ) '\>
X} [X]-+0 : ~
and ‘can be rewritten as ‘ : ’ o o R
[fg] = kg at high concentratioﬁs . (18a)
and as \
X [Xgl - . e y , .
Ti;T-= 59 at low concentratlons“ (18b)

‘The magnitude”of_kgfmay be'greatef_or smaller than

1, depending~6n the strength of the London dispersion

i
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forces and the 1nternal aCthlty toef£1c1ents. Usually

=

it has a value larger than 1 for moderately large

molecules From Equatlons(l7a) arnd (18b), it can he

shown that dlsper51on 1nteractlons and dlssolutlon both
have the same form of sorptlon isotherms at’ low‘exter—
nal concentratlons, and dlffer only' ‘in the magnltude of

Q

‘the sorptien coeff1c1ents k7 and_gg.

A

An unresolved‘problem in Reichenberg's workl?43
s that -the order of the molallty ratios mN/mN of acetlc
ac1d proplonlc a01d and n-butyric acid is-: 1nverted
Q—butyrlc acid belng_sorbed the_least at hlgh external
] concentration. A plausible answer_to this"aifficulty

. \ - - . Q
is con51dered here in terms of osmotlc pressure.

It has been poxnted out prev1ously143 that

resin sorptlon at\moderate concentrat;cnsals a true

and uniform-absorptiOnnnotlconfihed to thg surface of
the reSLn partlcles Therefore.an increase in externad
geometrlcal surface area of the resin bead by flne
grinding should not 1increase the sorptlon of a non—'
electrolyte such aS*acet}c ac1d in a moderate concen-—
tration range (&‘2§).‘ The independence of sorption

“on particle surface area rules out the possibility of

adsorption; But on the basis. of the amount bf acetic

ac1d sorbed on res1n partlcles of 200 um diameter, a

multilayer 230 molecules deep is calculated on an adsorp—‘

. tion basis. This is highly unlikely. Only the several
: R X . : . |

.

@

-

{ 7
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“outmost layers which are close to the hydrocarbon back-
bone will interact with the skeleton by London disper;

 sion forces; the rest of the. 230 layers, constituting the

major ‘portion of the sorbed solute, are unaffected.

> o

- The uptake of solute as a whole can be reéapded eithéf
as absorption, or'as a simple dissélutionﬁstep, des-
cribed by Equation (15),‘ Osméﬁic-pressure‘will then
favor the Sofptidn of small molécules. The-predicted
eXtent»of“sorpﬁion in déséenaing'éfdér_then~is.acetic
acid, prbbionic.acid_épd g-butyric acia; this-is‘as
observed bbeeichénberg'ahd Wall at conCentrétions of-

2 M. - At felativeiy low external conééntrations the
solute sorbéd.forms at mostuséveral-layers‘which afe
éll‘capable of interacting wiﬁh the hydrpcarbon skeleﬁon;
hence adsorption. on the surface will be significant.
‘Thg;pormai order e*peéted.on the éasis of-London dis-
perSion foréeé is.then obtained, with the larger solute
sorbed more strongly,. The normal order is'éhe reverse
of theé trend shown above, acetic acid being adsorbed

fhe leaét owing to smallest interaction with the matrix.
Moreover, 'the transitionbof the molality ratié‘ﬁg/QN

from more than 1 to less than 1 at increasing concen-—

s

tration is further evidence of a switching of the driv-
ing force from London dispérsion intefactions to pure

dissolution.

141
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o
Adsorption of neutral molecules at low concen-
trations has beanéonfirmed experimentally'by Davies
: 148 : . . ' ’
and Thomasl4 . Adsorption usually will be the dominant

mechanism when the, solute molecules are too large to

53

_penetrate easily ‘the molecular pores  of the crosslinked

resin where dissolution 'in the interior of the resin
becomés unfeasible. It has also'been réportedl49 thét‘
macxoporous aﬁign'exchénge résins‘sdrb a'Qariéty of"-
polar compoundé ana dyes sﬁch’aélhumic acids, meth¥ylene ot
blué, .edgin and bromophenoI blue. The sorptions aré
destribed satisfactorily by the Lénghuir isotherm.

Also; at.high concéntragions hydrocﬁloric acid and eosin
are sorbed ‘to an increased extent; thig indiCatesdmulti—
layer'aiéorption,cwhich is consisteht,With_that-observed
by_Reichenberg. »An'aétcmpt wa$ made to correlate so;ute
structure with sorbability and tq'select:opﬁimal tem-—-

&

peraturc conditions for. sorption processes.

N

"salting-out"” effects by pélar groups on the resin.

- Resin materials may be reéarded as ‘having a
"salting out" éfféctﬂonﬁsolutes., The simpiest intef—
pretétion of tﬁis effééﬁ,ié that ions of the salt added
tie. to a number of solvent molecules in such a way
that the solvent molecules are preventea from:fﬁncglbn~

ing normally.  In other words, the solvation of ions

leaves less "free water" molecules to dissolve the solute.
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-

_ Even though the "true" internél_molalfty, defined as

number of moles of solute.sorbed per kguof.free
solvent, is not influenced by SAltihg out effects,
the observed apparent internal molality, defined on

the basis of total internal solvent, will greatly

diminish as the amount of éalt,'and the salting out

- effect, increases. If the true dissolution and osmotic

pres%ure can be assumed to be negligible, thelsaitihg

out effect;will still render the:molality ratio less

“than 1. Equation . (15) for true‘dissolutionrcén account

for the salting out effect by inclusion of . a term for

the internal activity coefficient; a large salting out

effect is reflected in a large_interhal activity -co-

/
t

efficient. Reichenber9143 was able to estimate the
hydration number of the fixeddsulfonate groups on the
resin to be 4,by use of the equation

E

G- G ]'—(wr’[—1
.~o

where E 1is the'quantity'of solute sorbed in meg

o -

g of water sorbed
m .,moiality o | - .
QO is the'hydratedﬂwater in grams
§WA_ partition coefficient between é‘phaseé;'

Ewis found to be.very close to 1, which confirms -true

‘dissolution and negligible osmotic pressure.

h

q

143
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~Even though modern NMR studies have proven that
solvation of the counter ions is greater than that of

the fixed charge grqupé (Chapter I), the "salting out"

©

concept impliéd by the Reichenberg idea is still a

valuable.cdncept., . .
- y

/

Polar interactions

i .
Attraction between the dipoles of nonelectrolyte

éolutes and the ibnic sites of a resin also contributes
to sdrptjon; The dependencewof sorptionfon the nature
of ‘the resin and of the_exchahgeable ion reflecgs this
typg of.inter5ction. '

Specific interactions with céunter ions in the resin:

the "saltiné.in" effect.

| SOiutes which can form compléxes with counter
ions are ‘sorbed strongly. The e#tehé of sorption
depends on the stability constants of‘the'complexes
formed. These sorptions afe all stoichiometric, and
the sorption fﬁotherm‘levels_off above that concenfra—
tion whefe the counter ions have been used up in forming
complexes. For example, catioﬁ exchangers with transi-
tion metals as counter ions sorb ammonia or émines

150’151, while anion exchangers in the bromide

o

or chloride form can take up bromine and iodine through
152,153

strongly

7 and I7.

constants of the complexes formed are so small that

formation of Br Sometimes the stability
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(:blﬂplé){ formation 1'5 only appreciable at high seolute
concentrations; complexgs,thué formed are labile, and
never stoichiometric. Under these conditions, the
sorption gf solute 1s normal at low concentration, but
goes up at higher concentrations.  Sorption of alcohols
«n- cation exchange resins in the hydrogen form is one
such examplé. The feactionl43 responsible for greater
o ‘ : ‘ _ . .
.sorption,of‘al§ohol»én a resin in the hydrogen fofm

.than in the sodium form is

+
H" + ROH

.
[ + C
\ = ROH, . .

Owing to the high| concentration of counter ions présent

in the resin (V6M), the extent of formation of the

-labile complex ROZE:is appreciable. The alqohoi is
sayiggkég "saltgvh;n" by the H' in the cation exchanger.
V“The propeﬁﬁies of ion exchange resins in sofb—
ing neutral molecules_havé been fully utilized in - .
chromatographyls4 for the separating of nonelectrolytes
such as alcohols, sugars, hydantoin, caffeiné and
phenécetin. vIﬂ all thése cases £he ability to sdrb_

may be attributed to interaction with hydrogen ions

on the. sulfonate groups.

Simultaneous Sorption and Exchange of Weakly Dissociated

Electrolytes: Organic Ions as Counter Ions

For any weakly dissociated electrolyte, there 7

Q

will be simultaneous SOrption of undissociated molecules

4
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7
and oxchange of ionized organic ions with counter ions

in the resin., For instance, weak acids in aqueous

solution can both be sorbed and exchanged on anion

cxchangers. The reactions can be expressed schemati-
1
cally as

R —_ 'Ani()n
HA A exchange
resin
(1) = =]~ = = = = = = = = = - ~/1-[(3) = = = - = - =
. . 4
HA N + - )
H + A Solution
—
. (2)

Step (1) represents sorption of the neutral molecule

HA, (2) dissociation, and (3) exchange of the A  anion.
-

The relative magnitudes of steps (1) and (3) depend on

the dissociation constant of the weak acid_ﬁi, the

~

éé7éétivityﬁgf the rééin for the ion A~ and the con-
-5
)

S

ﬂcéﬁtfﬁtiég.bf:HA;' For rélativqkijeak acids (gi 210

-’

~molecular soxptidn’’is %lwéys greater than ion exchange

Sorptipﬁ,"éécér&ipg;ypuTsitofich and Semenovalss.
Mbiééﬁiarfsoxptépnﬁo%:benZoic acid on the anion exchange
k ré%iﬁ_éN-éF"iniégé Cl™ form was found by them to be
wi.é{to é times iarger than theo sorBed by exchanging
benzééte with,Cl‘ in the resin. The éame holds for 2-

chlorobenzoic acid and 2,4-dichlorobenzoic acid.



d

Owing to the prescence of molecalar sorption, the

g
apparcnt capacity ot the aniton exchanger was found

: . 156 :
to be-abnormally higtl N
> be-abnormally gh' 'E
) ‘ L
The factors governing molecular sorption have
a3 "y

been discussed previously., In addition to these general
I ) )

factors, for the exchange sorption of organic ions
Yhe rtsin selectivity toward various organic ions 1s

involved. . The interaction of large organic ions with
. ' "‘4‘ 4
a resin has been discussed at leng*h at the microscopic

level bvaeitelsonlS7 in terms of water structure,
entropy change, and rotational motion of the organic
ion. Macroscopically, thi; is similar to the sorption
of nonelectrolytes, where twobcounteracting forces

determine the selectivity. Thermodynamics (Gregor's

model, Chapter {) favors the uptake of smaller ibns@@é
g o . s

to osmotic pres! “(Chapter I). Since tgg,volume of

‘most organic ions is much larger than that of simple
Soivated'inorganic ioﬁé, the resin will prefer;the
inorganic species. Selectivity 1is even iess fof
organic ions so large that‘they ére physically excluded
from enterihé through the small pores inté the intefior
of the resin. Moskvichev anq‘Samsonovl$6 also attri--
buted the low selectivity of‘qrganic ions to weak

3

Coulombic forces between the ions and the fixed charge

groups in terms of the Harris and Rice‘mOdél(Chapter'IID.

The decreasing selectivity with increasing-loading'df

L
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e : - -

)
=d

= '

the resin by organic 1ions was interpreted to be the

resul¥ of dehydration of the resin.

On the thgr hand, London dispersion forces

¢

are gregter for larger organic counter ions, especially

A s

those with dfganié groupstresembling‘the matrix com-

ponent such as styrene-type cdmpbunds on polystyrene

-

‘resins. Osmotic pressqre is often the decidihg factor.
‘London dispersion interactions must be cOnsidered only

- when the relative selectivity of a resin for several

o o

organic ions is compared.

c

Simultaneous Sorption and Exchange of Weakly Dissociated:

Electrolytes: Organic.Ions as Coions. and Hydrogen Ion - -

~as Counter. Ion

I£ is of interest to knéw how sofptidn of a weak
acid is. affected by the preseﬁce of other electro- .
lytes as well as by dissociation éf”the acid. A related
unresolved problem is whefhe;vmoleCular sorption of a
weak ac;d HA and electrolyte éorptfon of the organic ion
AT on a sulfonated cation exchange resin aré independent
of each other. |

The experiment described here félls_into two

parts. The first part is a study of the simplest sys-

<

tem, where the weak acid HA is .in equilibrium with
sulfonated polystyréne resin in the H+ form. From this

work the behavior in the resin of a weak acid HA and .

P
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'its coion A  can be obtained. The second part is an

‘1nvest1gatlon of the system HA-NaCl- HZO sulfonated

pohystyrene resin. This system was chosen because the

o

“Lxchange sorption. of protons*WLth Na+ is well known

#

'and can a511y be measured independently by uSLng a strong

acid' such as HC1I, under conditions where no molecular

.sorptlon takes place (Chapter III). In the case where

organic ions .are present as coﬁnter‘ions, for example

R3NH Cl —NaCl HZO sulfonated polystyrene re51n, the

‘exchange sorptlon of organlc 1ons cannot be determined

t

w1thout-lnterference‘from other'SpecLes that form

- simultaneously through reagtions such as hydrolysis.

R3

NHT +H,0 2 Hy0T+ RN
The data requiredffor the first ﬁartIWere,ob—
143

o

talned from Relchenberg s work . For é@elsecond'part

the svstems phenylaCetic'acid°(HPAA)—Nadl—Hzo—Dowex .

S0W x 8, benzene sulfonic acid (HBSA)—NaCl—HZO—DOWexb
S0W x 8, and chloroacétic acid (HCAA) -NaCl-H,0-Dowex
50W x 8 were studied.

e

Y

‘Thermodynamic Model
Most weak acids in agueous solution undergo
dissociation to a known. extent, 'but their behavior in a re-
sin phase is usually not known. In the homogeneous model,

where . the resin is'regardeg as a concentrated solution
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phase contéining.H+, H§~qnd g:u it is'reasonsblc té

L - ’ . . T °
postulate _thgt the equilibrium between_ HA and A~ uin .
the rosiq,_gi,<will ppséoss a(@&s;éciation'cbnsthnt o ;,
of. the same order of ‘ma(gnituc.ic 'aé that ih agqueous L

solution. The counter ion concentration being as

high as 6 # in the resin, dissociation in the ‘rosin

. °

.

. . ka . - R .
phase is subject to a strong salt eoffect under condi-

tions where the activity coefficiegts in the resin 'y,

differ somewhat firom the external solution; a slight

deviaticon of ?\:i “from K. is Qx}acctod. The whoele prooess
. —_ -3 RO

- s s . . . . . © . A
can be repriesented by several equilibria, scheomatically
. ) ) a
shown as follows:
. \‘,'\r"“
- . . B
. I
T . ) Ho Catron
=i (2) —— —_ axchange
— —— . + — . %
Hayw . i, + A rosin
o . < )
I3 ‘ ] P A
] Ky INE L
. —_— Lot - .
. HA i H + A Solution
: A ) A . ]
& .
o
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Schemé 1

’ Step‘(l) represents molecular sorption, (2)

. -
internal dissociation, (3) dissociation 1in agueous

,solution, and (4) and- (5) Donnang'invasion sorption.
‘ ' 158

A similar mechanism has been proposed by Savitskaya"

o

for different systems. The equilibriuﬁ between sul- &

fonatéd»polysﬁyfene'cation exchange fesinsVOE 5£, 10, .

D , .
and 15% DVB with acetic acid, propionic acid, n-butyric

‘acid, and benzoic ac}d was studied by Reichenberg. and

Walll43.' Only the results for 10% DVB resin, shown in
Table 17, were used to test the hypothesis pfogbsed e
above.

The ‘value 6f-§i is immediately obtainable if

values for H', A~ and HA are known. ~The data provide

—— [—

~only H' and HA, and therefore A  has to be determined

°

before K, can be calculated. Since HA is a rather weak

acid and the internal. proton concentration is high the-

coion concentration A~ -has to be very small if the assump-

tion that’gi = Ky is 'to be“valid. The large amount of

‘HA.sbrbed makes the accuraté_measurement of A" impossible.
Howéver,Abecausé_it isAknowh that.sofption’qf the coion |
of a strong eléctrolyﬁe_is govefnedAby Déﬁnap invasion'
theory (Chap@ef I11), so tﬁat the internal‘molality.of
cohuxis'propdrtional to‘the sgquare of the{éoncentratioh

of dissociated electrolyte in solution, A~ can be

estimated.,



This system can further be checked by thermo-

dynamics. U'f BEquilibrium (2), described by K., exists,

then the following rclatidnships'also should exi»st: -

=
TSRS Q
. (HA) L

- 2 . ’
[a = §4IA ] ﬂstgp (4) , Donnan invasion

' _— 2
.. K. {Hal- . K.[A ] .

i . F —4
(r ] .
- o
: —
and (' 1 = i%«
’ K‘ o B
e © 0 (HA) :jl' {%2-- (A 37 .
K. —s
—1

(A7) can be related to So by making the‘assumptionlthatb

laal = <y the total acid concentration in solution.
-2 , :
[A]7 = C K, ‘ ’ IR
Then
_— RyBiC ' : e
:ut\ T ::""‘"";L (':O . : . : (lg) .
. K.V : .

“i-s

Fer the case of true dissolution, [HA] is proportional

' L
to Cuo with a prqportionulity constant §7 (Egquation

(1L7a)) . Compafidg Equation - (17a) with (19), 57 (xl)is

found to be identical_witﬁyﬁdgig/giys- From Scheme 1,

the total number of unknoewns in' the system can be seen

-]

) © + +. . - : .
to be 6 (A, # , A, HA, H , and A ). The number of



(!
equilibrium cquations available is 5, and there are

also 2 eguations in charge balance and 1 'equation .in

°
o

material balance:

» ) ; &
i [
+ . 'q, - 1{: «"l :
1 = [A }'. _ charge balance in-solution
¥, T . A . .
(H ) = [A J+{G;? charge bale e in resin

il

" Thus there are altogether eight ®equations for six

unknowns. However, Equilibria (4) and (5) are iden-
o . . + - . . 2

tical, since H and A cannot be scparated,‘anq
"Equilibrium (1) is also dg¢pendent because K, or k,

dah be calculated fromcﬁquilib;ia (2), (3) and (4)

(Equation (19)). Thus only 3 independent equi;ibria

o

are available, but arc sufficient to complctely define

the systcm.

It is pos sible that - the éorption of a non-

.-

-‘electrolyte.is not true dissolution, but rather sar-

Y - .
face adsorption as described by the Langmuir isotherm

(Equations (16), (18a), (18b))and so is not compatible

Lwith Equation_(lé) as derived. Scheme l-wodld then

have oversimplified the real situatibn. It can be

.

+
further postulatod that in surface adsorptlon, H and

- A
. hooarc not in direct equilibrium with HA as mcasurcd

Thermodynamics makes use of an activity coefflclent YN

to reconcile these two factors as well as to correct

[HA] + (7] matcfial balance in solution.

8
w



2

s L .

for "non-idecal" interact:ig\ins from surface adsorption.
. PR . ' . L em s o
Scheme 1 is.still valid, for The~dctivity coefficient

T; is incorporat@d'into‘Equilibrium (2) such that.
Equation (19) becomes
K, K.
Telm) = L
Ve

It

C.
-0

17

Comparing this expression with the Langmuir isotherm

Equafion (16): - .
. l,
[HA] = _jiégn_'

it c¢an. be shown that

KK l1+kC o
oo TAT KCo, _ o
NS ) = ko *EnSe -

-~—1—8S

ﬂo

Tho magnitude of ?;'vaLL es linearly with the external

conccntrdLLon CO, and rangos from 0 to l as the sorptlon

‘varies- from surface adgorotlon only to trup dis solutlon

 only._ The physical significance of YN -1s that those

molecules sorbed by Léndon‘disporsion‘interactions are
not Qntfrely in the internal solution where the equili-
brium oééufs; even thdugh the-inteféction ié S0 mfld\
vthat the mplccgle'is practically in the iﬁternél solution
with a 'limitod degree 95 freedom; the molecules still

experience an attraction to the polymer-'skeleton to some

degree so that they are not completely "free". Thus
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iYN reprosents the freedom or the magnitude of attraction,

and is less than 1. . ,

Scheme 2
An "alternative . to the thermodynamic approach is

a model in which one more ‘Equilibrium (6) is incorporated
into the system outlined in Scheme 1. The new scheme,

“then, 1is:

— +

L 6 K — H resin
* —— — e ————:
na* A - B+ RN o
. 5 . | B
HA - i+ AT *, Solution
- K‘ N N -
—2X
<

In this system the HA sorbed can be divided
artificially into two types: those molecules‘Jbelonéing"
to the matrix SuffaCe ahd intcracting strOnély yitﬁ
th¢ backbone, HAY; and those in the internal solutién
which are free of interaction, HA.' The acid HAYin. the
external solution is not(in direct equilibrium'withlﬁﬂ*,
but must ¢nter the idternﬁl solution before'it can, be
sorbed 06 the Sutfaco of the resin’skeleﬁon;:therefore
A" is directly in.equilibrihm with A, which itself is

equilibrated with thg solute in external solution, HA,
; 2

w“

[

<



as’ expressed by BEquilibria (6) and (1). Using the same

analysis procedurce as in Scheme 1, there are scven

unknown specics . and nine equations (two charge balance,

one material balance and six equilibria), with Kl

(57 in Equation (l7a)) equal to 54519/5iys and

. »
R _;E_J[HA] )
1+ Kk [HA]

"Of the six equilibria only four,.6, 2% 3, and 5, are
mdtually ihdependenp.
The quantity of sorbed acid measured, th, is

thus’ the sum of two forms:

Since HAY is only a hfpothetlcal SpeCl s, there is no
wéy to measuie HA and HAY separately. Howe&er, they
can.be‘est%maked by makihg several bold but valid»
qséuﬁptions. ;Equilibriuﬁ (i) is ‘a true dissolution
step, where ﬁK'is;nbt subjected to any non-ideal
interactions. Beinqra‘neutral molecule, HA is alsa
not affccted by the hlqh chargo denSLty and high
dlelectrlc const ‘nt present 1n the internal solution; -
the dlstribution coefficient Ky (57) is determined by
the osmotic pfessuré>énd the size of the solute mole-
cules (Chapﬁer.iil, Equation (12)). A

nv. - . .
Ky = expl- —2) - R (20)

-1 RT

-

1506
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It is not casy to obtain good experimental values of
§N, the partial molal volume of the solute, which is

defined as (Oy/DnN)T P -, the volume increase upon

SR B T B
the addition of one mole of solute to the resin under
specific internal conditions (same water content and
solute-as that at the sorption condition). It is
related but not directly propoftional°to the molecular
weight of the solute, and also somewhat different from
the partial molal voldme.in water owing to .the preéence

of a red$in matrix that will squeeze the solution into

a smaller Volumé. AS calculated by the addition rule,

V., should also be smaller than'the molecular 'volume at

N .
v L C

the boiling’pd}nt, where the ‘molecules acquire gréétéf
translaﬁionaf freedom. Thé value of Y& is assumed to
be around .50v100 cm>/mol, while ¥ varies from O to 500

atm, and is about 120 atm for 8% DVB, apd 200 atm for

159,87

10% DVB So K lies somewhere between 0.8 and

1

0.5. If the resin is not highly crosslinked and the

volume of the solute is not exceedingly large, X, can

‘beo approximatea to be 1. A similar argument holds fer

o [ B
Donnan invasion sorption of the A organic anion, which

depends on the osmotic pressure term in a similar

i

fashion (Chapter TIT). The values of K. and 54'cén be

approximated by sorption of the strong electrdlyte HC1

on the resin. in H+ form (Chapter 1II, Eguation (13a)).



The extrene casce for Scheme 2 will be considered
now. If the solute is too large to penetrate into the
pores, sorption can také place only through surface

adsorption, and Equilibrium (2) will not exist. Scheme 1

then i%reduced to a simpler form:

HA* H + A H resin
TRt R N R
—r. ¥ - o
HA H - A Solution
3 .

Iﬂ this Scheme“the six uqknowns can be solved .through
use of three-equiiibrium expressiqﬁsi((l), (2). 6ne of
(45 or-(S)) qnd three chargé—material balaﬁce equations.
Y E A_’is also physically exciuded, the scheme is further

reducaed to’

HA™ Resin

K.
— 1 . + _ . L4
HA H + A Solution
—
3

2
[

4
9

where there are four unknowns; two equilibria, one charge

v

balance ([H+]:[A—]), and one materinl balance ([HA}+[A }=

).

Co

2

8 -
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Tntervretation ol Provious Work

The thermodynamic models proposcd above can boe
i

tested with the data\from Reichenberg and WqL‘L's‘l'd3 v
experiment, where tpc sorption of benzoic acid, n-
putyric acid, propionic acid and acetic acid th
were measured for sulfonated polystyrene résin in the
hydrogen form at 2.5%, 10% and 15% DVB. Only the

: . 7/
data for 10% DVB resin, shown 1in Télle 17, was used.

Figure 23 shows a plot of log HKt

against 1og‘go.
Acetic acid, benzoic acid and propionic acia all form
straight lines with slopes of 0.90, 1.0 and 0.74. n-
Butyric acid shows a concave curve that tends to flatten
5t high concentrations.

' YAS was mentioned. before, true digsolution can
be assiqned.only whgn the molality ratio is less than

unity, and the slope of a plot of log HA,_ against

t
log[HA] is egual to one. Apparently, acetic acid does
meet the requirement except that the slope (0.9) is a

little less than one; which indicates the presence of

slight interaction. Thus acetic acid-can be regarded
i

to be sorbed primarily by true dissolution. Propiomic
-~ acid and n-butyric acid, especially the latter, have

larger London dispersion interactionsand a larger

molality ratio. They are sorbed by surface adsorption.
Benzoic acid has a slope of one,. yet a molality ratio

of five. This largé molality ratio indicates an

v



L Table 17
‘;“w ’ . ’

Internat di sHoctation constant ll‘i o

in 1
9 e

. .. e R P , A . l
resin infthe #¥drogen. form at 25°C.°
. R v .

Ak

solite Molhlity Solute 1,0 (A~] A~
: sorbed  sorbed 164p1 paqg

Ay g o107

m moles

Benzoic 0.0100 0.045 0.84 8.04 4.5

acid 0.0200 0.089 0.84 11.4 9.0
Acetic  0.0100 0.00% 0.84 4.19 1.
acid 0..0200 0.015 0.84 :5.95 2.
0.0503 0.030 0.84 9.41 6.

0.101 0.059 0.84 13.3 12.4

0.202 0.116 0.1 1z.9 24.8

0.514 0.27 0.4 3¢. 1 63.0
1.056 0.53 .82 43.0 129
2.234 0.97 S.8¢ 62,7 274

Prop- - 0.456 0.31 .83 Y..7  A42.5
jonic 0.941) 0.54 T.82 5.5 88
acid 2.013 ° 0.93 C.80 51.9 188
n 0.541 0.43 0.%3 29.1 58
butvric 1.134 0.74 0.82 41.8 122
acid 2.517 0.87 0.79 70

62.3

a . o
“Data calculated on basis of one

resin.

organic

qio[ﬂafied (5.3 mdq) 103 bvR sul fonated polvstyraone

gram (5.3 ﬁeq) Sf

160

acids

®), @, K
~ ___"V‘E:A»“ —— et
1077

0.63 5.6 G.46
0.64 5.5

1 1.76
1.1

1.3

1.3

1.4

1.5

1,6

1.8

0.88 1.1 1.34
1.05 1.1

1.3 1.1 .
'0.86 1.3 1.54
1.06 1.3

2.08 1.4

dry
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-~ n butyric acid
. 0.01 Propicnic acid -
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Figure 23. The sorption of organic weak acids on
5.3 meq'Dowexggo x 8 in HY form at various organic

acid concentratiors in external solution

161
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‘—fhe oxprcssioﬁafbrvtrue diséoiution at loQ concen4,> Coa
tration. | oo

. A - The sorption of the.organic anion (coﬁjﬁga£ed_

" Base) of cach of the acids can be approximated by the
sgrption of C1° in HC1 soluﬁigﬂ:with the resin in the ut

form. Sorptioﬁ'of Ci— hagzbcen measufei in an earlier

part of this work (Chapter IIT, p.:7l,rEquation(13a))

and found to obey the empirical eguation
Lonc o

_ J . ) . .
. o
AT = 222(a71° g g
: ST : ' 2
A >
on the baéis of 16.9 meq,of-resin. - Referring .to one .
‘gram. of dry resin in the hydrogen form (5.3 meq/g),
~ the equation can‘pe rewritten-‘as i
- - ’ ' B ) o
AT = 69.6(a71° o (23) Iy
o - s ke AT _kw,fﬁz
where A . is expressed in ueq and [AT] ‘in §.  Then [A ] . ﬁ.
in the adueous solution can be fépnd from the following ‘
formula: S - -
_2 . » +
(a1 = Eigo . _
i . The* quantity of coion sorbed per gramvof dry -
+ . = : . o .. . P
H resin, A , can be calculated readily and is shown in J

. . . )
N . - + A ) R . - L
column 6 of Table 17; H I's eqgual to 5.3 meq, the

>

capacity of one gram of dry resin. The internal
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dissociation constant can then be readily calculated.

ﬁo the case of true

By
“

dissolution. The values of (Ki) are shown in column 7
. =i’y 2 e

of, Table 17.

It was>fouhd that (E;) for acetic acidis

, 1
“nearly constant, except for a slight increase from
& . . . .
“gﬂ‘hoﬁs to 1.8 x107° with increasing concentration.

R . i
This variation may be. caused by the presence of slight
. . . h . N v

s

London dispersion’ forces. The value of (Ei)l reaches

1.8 % 10—5, egqual to that in the external solution

(§i::l.76 YlO—S) at high concentrations where the

lnteraction becomes insignificant compared with true
dissolution. Propionic acid shows .a greater variation

in (if)l, and reaches l 3 XlO—S at high concentratlons

=1 )
(ﬁi = 1.34 xlO-S[. The value of (“§§§ for n—butyrlc

acid shows the largest vaglatlon. Belng the blggest

of the three acids, g—butyric acid interacts most strongly

5

with the matrix. .The final value of (Kj)_ is 2.08 =10 ~,

i)
which is larger than K, (1.54x 107°). (K]) | for benzoic

acid is 10 times less than K, (6.46 x10 °) due to the
interaction being strongest. &
'It”appears clear that propfOnic acid, n—butyric

[

a01d and bLHaOlC acid all undergo surface adsorptlon.
1?‘{' "' :’%‘~€g .

‘ J»." s ) T

P L . >

2N
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“According t§ Scheme 2 HA, but not ﬁX&, is in egquili-

. i, ¥ = : ' .
brium with H and A . Since the partial molal volumes
YN of thesec acids are not known, K, and thus HA can be

estimated only with an accuracy of an order of mag-
. e . N

nitude as follows (see Equation_(ZO)). The osmotic

159,87

pressure for 10% DVB'resin is 210 atm . The molar

volume of acetic acid, calculated from its density of
1.1 g/cc, is equal to 5S4 ml/mole. On the basis_ of

strong interaction of acetic acid with water,.and the

squeezing effect of the resin, it is reasonable to -/

/

assume that the volume is reduced by about a factor /

of 2. This gives a value of'VN,for acetic acid of around
t - - Lo o )
30 ml/mole.; Using a value for R of 0.08205 atm i/°x‘mole1;:

and a temperature of 300°K, 51 can be estimated for

acetic acid to be

-mVy/RT , % / ’

K, T e ~ 0.8 . X L

Estimating the size of benzoilc acié/ﬁg be about

déuble that of acetic.acid, or 60 ml/mole, jthen from

Equation (20)~51 for benzoic acid is 0.6. For propionig

acid and n-butyric acidA_I_\'l should lie between these two

‘values, and is estimated to'bé&p.75 for propionic and-
0.7 for n-butyric acid. Using these values,((gz)z,
“the iﬁternal dissociation constant with surface ad-

sorption, can be calculated for propionic ‘acid, n-butyric

acid and benzoic,acid by - ey
Y - . S

=i
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(KT) = _Qi__ 1 [A7] - V[F] (A7) -
e mEy o K (HAl a
; :
1
Thé>valuos of QE;)2-_ob§aincd are iistcd in column 8 bf
Table 17, ahd'can be compared with Ei in coldmn 9 of
Table 17. QE;)Z for benzoic acid is 5.6x>10—5
k§i = 6.4x'1075), fér propionic acid 1.1x107°
(1. 34 x'l()—5 = K, }y, and for QQbutyric‘acid 1.4 \thS
(K, = 1.54 x 10 ,5). |

By introduction of Eqguilibrium (6) into Scheme. 2,

(i(.)‘2 can be rewritten as: -

>
I

D

lO

o - Wity _
T2 [HA) V}\I\[A—]2 Vs

Ky
KKy

and constant values of (E—)2 can be obtained. In any
event, the magnitude of (E—) can bg used to confirm

the existence of Bguilibrium (1) in Scheme 2, as well

«“

as the 1nternal dissociation Equilfbriﬁm (2). The close

proximity of (5352 to K, .validates Scheme 2,'whereas

for .acetic acid (S;)l is close to K;, which indicates
13

Scheme 1 is valid for this acid. ‘ s o .

. . o : - .
Neither (K,), ﬁor“ (K;), « appear. to be

sericusly affected by the high charge density-in; the

resin phase.

o

(4§ .
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A last question to be considered is whether

£. can be measured directly without making the

approximations introduced above. Measurement of R—i

requires a knowledge of HA and A~ . -The portion of
sorboed HA present through true dissociation, HA, must

be froe of interaction with the matrix., HA is equal

to HKE if it does not interact with the matrix at all, .

which is rare. A~ also cannot be measured due to
masking by HA and HAY. . 1f a physical method were
available which ‘could distinguish among HA®, TA and

A~, then ﬂ\_—l could be measured directly.

2
EASet

r

‘imgltaqcous Sorption and Exchanga:iHA~NaCl—H2O4Dowex

Experiment
Reagents ' . ’ - .

PR

Y v .

All reagents used were of analytical grade as
described in Chapters 11 and III, eXcept'for.benzene
sulfonic acid,, chloroacetic acid, and phenylacctic acid

(Terochem Labaratories Ltd., Alberta) which were tech-

nical grade and were used as received.

Preparation of solutions

. . ‘ ‘ /
The same scheme. as in section 2 of Chapter IV_/was
. ’ R ) o >
used, except that HA and NaCl were employed in place of =5
' . . N

"NaCl and RCl. A - %?
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Procedure

Three acids, benzene‘suifonic acid (HBSA),
phepylacdtic acid (HPAA),,nnd chloracetic acid (HCAA),
wc}e studied 1in this>oxpcrimenb. The detailed procedufe
usﬁﬁ was as described in Chapter IIT. The equif{brating
soluﬁidnsvcontaincd [NaC1] equai to 0.1, 0.2, 0.3 and

0.5 M, and [HA] equal to 10—4, 2x 1074

10 .‘«'lO_4 M. The exact concentration of the spccifié

, 5x 1074, and

acid was found in ecach case by titrating the 0.1 M HA
S '

. stock solution with 0.1034 M NaOH, using phenolphthalein

as indicator, and was found to be 0.1026 M for HCAA,

0.09714 for U?AA,'and 0.104 for HBSA. The concentration’

of HBSA in the cqu@librating soldtions for the first

partlof the,cxpcrimént-was 1.004 x 10—4, 2.008 X10—4,

5.02 x10”%, and 10.04 » 1074 M; [HPAA] for the second part
of the experiment was 0.924 x10_4, 1.848 Xi0—4, i

4 M; and [HCAA] for the last

part of the experiment was 1.026 x 10-4, 2.054 x 10—4;

5.135x 1074, ana 1086 x 1074 u. - T

4.62x10"%, and 9.24x 10~

The equilibrating solutions were passed through
tﬁe column at a flow rate of 120 ml/hr. A glass elec-
't;ode was-uéedias‘monitor, and the'fiow was stopped
when the pH of the effluent had decreased to a constant
value equal to that of the equilibrating solution. 'The

column then was washed with 0.8 M NaCl for the HCAA and

-HBSA cases, and with O.SlQVNaOH soldtion for HPAA.

P

Q¥



280 nm, which corresponds to the benzene B band

el
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The washlngs were Loliogt >d in 50- ml volumptrlc‘flaaks,

‘diluted to the tmllxng mdrk and then analyzed for

acid contont (or.Aa"~ contcnt, in the case of HPAA) by
uv 5pectrnphotometry_ Thg same cqulllbratlng plopodux’

was harrlod out Lw1cc for ﬂaph LqullmbratLyg solution;

" the scecond tlme 50 ml ot 0.8 M NaCl solution was used

*

to wash the uffluent‘from*the column for all thrcece
. 'y
acids, and’ the acid content was determined by Loulomctxy.

“l

.f!_ ),) AN

Dctermlndtlop of HA*and A QX uv. Apcutrophotometrl

A double beam UV spectrophotometer;;Unrcam
$P 1700, with absorbance scale expansion (A = 1,2) was
used for the UV measurements. THE measurements were

taken in 4-cm quartz cells with a deuterium source lamp

I

“and an A sétting of 1. ‘The cells were not identical,

and so could not be exchahged during this work.

o

K ° a

HBSA -

This compound has a strong absorption at 240 to
' 162

The bagkground @&@seﬁﬁbﬁﬁ "4 presence of 0.8 M NaCl and
HC1 was gorrcgted for by* using 0.8 M NaCl and 2x lO.3 M
HC1l as reference solutions. The measurement was made
at a fixed wavelengthfbf~262 nm, whlch correspoﬁds to
the hlghcst peak 1&§$he fine structures of the band.

An adjustment of the wavelength was made uhtil the

tdrgest reading in A was obtained. The absorbance was
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then recorded from the digital scroeen display with the
wavelength unchanged for the rest of the measurcments.

A calibration plot was run on five standard

solutions ot known HBSA concentration: 4.016 x 10—4,

4 4 4

2.008x 107, 1.004x10"", 0.4016 x 10"4, and 0.2008 x 10

‘™. Fach contained a matching matrix, i.e. 0.8 M NaCl

and 2 x lO~3 M HC1l. fThe calibration plot was linear,

and showed no curvature at the concentrations used.
The concentration of HBSA in the 50-ml volumetric flask

could be obtained from the calibration graph once the

‘absorbance of the sample had been measured. ‘The value

for_HBgft. was then obtaimed by multiplying the con-

centration by- the volume collected. Because HESA‘lS
v ' . . _ % e

completely ionized at the concentrations employed,

error due to partial ioniagtion 15 not present.

t /!
] T - .

A

HPAA

The procedure used.hcre was the same as des-
cribéd in the previous section except that O.@\g_NéOH
was used as the referonce solution. Tﬁe absorpghon peak -
used was'also that of the benzeﬁe B band, as:repo:ted
in the literatur9163. The mcasurement was done by
écahﬁing from 200 to 280 nm at a speed of 100 nm per
min.  Each sample was mecasured twice and the absorbance

readind taken at the wavelength of highest absorbance,

258 nm. The standard solutions for the calibration plot



R band)

0

contained 7.165x 107%, 2 583 x1074 1791 10”4

0.8956 ~107%, 0.4478x 1074, 1nd 0.2239x 1o~ M LPAA
in 0.8 M NaOH solution. values of 'IWITTA?\—t, were obtained
by multiplying the concentrat ton of HPAA read from

. L\\
the calibration curve by the volume collected, 50 ml.

*

HCAA
vz'jn
The carbonyl chromophore of chlbrcacetic acid
absorbs at 204 nm with a molar absorptivity aof 4.1.
This absorption is caused by a.n»i* transition
162 e . N '
. Since 204 nm is near the edge of the

Spectrophotometer range, care must be taken if relijiable

'resglts are to be &gtten. The background solution of

0.8 M NaCl showed a.stfong.abSorption'qt 204 nm that

blocked use of tbis wayelength, However,'chloro-
qccticbécid solution also showed a broad band at 220 to
240 nm Qithout fine structure. To elimiﬁate most bf
the NacCl interference, a wavelength of 238;nm was used

for all_readings of absorbance, with a solution 0.8.§

in NaCl and 2 x l0—3 M 1n HCl as reference. An internal

addition method wig used. The absorbance of the sample

A was taken with H,0 as reference; then a precision
yringe. (Hamilton) of 0.1 ml capacity was used to add
0.08 ml of 1.026 x10 2 g_chloroacetic acid into the

samp le cell, the volume of the sample cell having pre-

viously been determined to be 12.85 ml by weighing



before and after tilling with H,0. The absorbance 1\1

was rvoordod agdain assuming that the volume had not

¢hanged by the addition of 0.08 ml acid.  Finally the
absorbance of the background solution, 10.8 M NaCl plus
2 x 10;3 M HCL, (B’) was measured. | |

Letting ¢ be the concentration of the sample

HCAA, iIn mOlos/Q, and

a; be the molar absorptivity,
then
A = ajc+ B"
o & 1<
| A - oa e s 1.026 x 1072 0. 08] +‘B: :
17 St T12.85 e o
and .
L f\l;‘Ao) 1.026x 10 %x0.08
< A -B" 17.85 =
. O
A, -A_ : ) : .
-5 .
= '(zTiTTa'o’) (6.388x 107 °) |

Results and Discussion

The experiments were run at tracevooncentfations
of ecids, which simulates the condition of a tr;ce
solute in ion exchange chromatography In the concen—
traticn -ange of lO -3 M or less, weak acids mey undergo
apprecia.ie dissociation, so that simultaneous sorption
and exchange have to be consideréd. The results of this

experlment can also be used to. prove the assoc1atlon

theory in Chapter III. 1nd1rectly ThlS is dlscussed rater.

¥



HBSA-NaC1-H

. '
2O—DOWUX H50W x8 Syslom

All data woere calculated on the basis of 1%.9 meq
of resin, The results of the measurements are given
in Tables 18 and 19. Singc'HBSA 1s a strong dCid.
(I—Si : ‘0..2), it can be considered (:omplete'?ly‘di:;:;ociat_ed
at the concentrations concorned. The amount of‘ HBSA
sorbed, H‘li':f?\-t, , uncorrected for dead \‘/olume Vyr was
measured trom, the ”calibration curve, then multiplied
bgﬁthc volume collected (column 6, Table 18) . The value
of Hﬁ§X£"’divideq by C_, the-total c@ncentration of \
HBSA in solution . (column 7, Tablé 18), was found to be
approximately 3.51m1, or equal to Y within experimental
error. It is concluded that a strong ac;d like HBSA 1is
not sorbed by sulfonic acid ion cxchahge'resins to any
significant extent, even though HBSAnhas a structure so
similar to the resin matrix -that a large interactioﬁ
is expected. The solution contains appreciable guan-
.tities of BSA “coions, but only £he molecular form of
" HBSA is responsible for the molecular sorption. Thus
Equilibria,(G) and (l)‘are‘Verified. Furthermore, the
observation that sorption of coion BSA  is also neg-
ligible shows that Donnan invasion is still the

dominant factor in coion sorption,

The total H+ sorbed, §¢

£ (Table 19, column 3),

uncorrected for dead volume of the column, was divided

. -

by Qo {column 5, Table 19) and compared with the
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Table 18

a Spoectrophotomet ric determination of benvene-—

sul fonic acid HBSA on Dowex 5S0W x 8 .a
[NacCl ] C Absorbance  [IIBSA) Vol. H'H':'f}’(t' ‘
M M of the from collec—
- = washing calibra- ted
-4 . tion N
«kLO ' curve ml Heq
Mx10~4
0.1 10.04 0.121 : 0.65 51.863 3.37
5.020 0.060 0.325 51.538 1.68
2.008 0.030 0.165 51.917 0.857
1.004 0.016 0.085 051,92 _ 0.441
0.2 10.04 0.120 "0.65 51.917 3.37
5.020 0.083 0.45 51.863 2.33
2.008 0.026 0.14 51.838 0.722
1.004 0.008 - 0.045 51.917 0.234
0.3 10.04. 0.126 0.675 51.917- = .50
5.020 0.063 0. 34 51.917 . 1.76
2.008 0.018 0.10 51.917 0.519
1.004 0.012 0.065 51.863 0.337
0.5  10.04 0.138 0.730 51.538  3.76
.5.020 0.067 0.345 51.8863 1.79
2,008 0.019 0.105 51.863 0.545
l.OQ4 0.008 0.045 51.917 0.232

YBased on 16.25 meq of resin.

HEBSA -
HPBAY
C
=0

‘ml

3.36
3.34
4,27

4.39

3.36

3.60°

3.49

.3.50

2.59
3.36

"3.75

3.56
2.72

2.33

e



(16.25

conlomet e doeterminat.ion of H

meeey)

Dowe X

o U o

'“I‘_T_ll) le

H50W x 8

.04

.020
.008
.004

.04

.020
.008
.004

.04
.20
.008
.004

.04

.020
.008
.004

'_
H

19

t\

neqg

L56.3
80.36
36.90
18.31

87.77
48.46
23.48
12.36

63.94
36.33
18.61
10.14

- 46.27

25.48
12.66
8.243

156
160
184
183

87.4
96.5
117

123

63.7

72.4

92.7
101

46,1
50.8
63.0
82.1

soOrbod

on

lIF in HBSI\?NACl, mixture,

-

=C
corrected

to

16.9

1627
166
191
190

meq

—

90.9

100
122
128

66,

75.

96.
105

48.
52.
65,
85,

L N

0O

/ '

L)
I 74
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———  HC1 ( Figure 5 )
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[H]x 10" M /
Figure 24.‘CompérisQn'of the ratio of total sorbed HBSA
on Dowex 50W x 8 over nt concentrationfin/equilibrium
with HBSA in external’ solution at various H' and NacCl a

concentrations and with that of HCl in Figure 5.
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]

results obtaihed(for the‘syetem NaCl-HCl-Dowex S0WX 8 -
P . - e . R )
in Ch%pf)r III\by a plot of log HZ,/C against C_
. \
(-Figu/i:e 24) The \lue of Ht,/C for HBSA falls

~closely on the lines dbtalned for NaCl/HC1 exchange
w

after correctron towthe same capac1ty of l6 9 meq.

This indicates that the.organlc coions have llttle

effect' on the exchange sorption of counter ions, and

that .the abnermal high ut sorptkon at low ¥ concen-

tration is still observed. -
HPAA-NaCl-H,0-Dowex 50W x8 System ‘

The effect of iﬁcomplete dissociation of an '
electrolyte on its ion exchange behavior has been
reportedl60. The systems studied were' 0.1 to. O Ol M

sodium chldrpacetate on Zeo—Karb225, a sulfonated poly-
styrene resin in the hydrogen form, and sodium acetate
on the same resin. The effects of neutral blecule
sorption were neglected, although this is usually not °
justified for weak electrolytes. The ‘system as a whole
is cohplicated, and involves mani\equilibrium steps

due to incomplete dissociation of the weak electrolytes.
Utilizing the same treatﬁent as in Scheme 2, a third '1 

scheme can be written:
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.
e \"' o
K
[ _ -1 F — —_ SR
HA* HA THT e A~ : o f\ff}“r
T ~5 . phase
by e at b
1 k., Nal [Nat T lcimy E
LN L4 T,
. HA ) i + R cl - Soluy
’ . 3 ; tion!:
n Yooy . i phas
] - N
N o " . \
. * \'/’
Scheme 3 SN

—_— —_— —_— -

. C — + - : .
There are 11 unkhowns, HA*, H, A, H, Na+,

- + - + - N .
cl , HA, H , A, Na , Cl for the solution of which
1 . . '
+ 7 equilibrium and 4 material- or charge-balance . —
& ' | . </§\\
'expre55lons are requ}red, . . ‘A —

©

R S \ L
[A";_=1[H+1 | S X

iy [NQ%] £ e
;I:FE;? =.;: + EI: + ¢ '

»

All the equilibria are mutually independent. .
The strength of ®he London dispersion. interactions
determines the existence of species HA® through

"Equilibrium (6). Equilibxia (17, (2), (3), (5) and
(6) -are essentially the’'same as described in Scheme 2,

N -
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‘but Equilibria® (4) and (7) are entirely different in

that (4) is an exchange'reaction witl’}"H+ replacing Na+
N ' ’ . '
.o ¥ +.

o

<

o«

¥

and (7) is a similar equ1llbr1um 1nvolv1ng the A~ and

Cl_“cOions. 45& can, be obtained lndependently from the

excnange of the‘sgrong acid HCl and WacCl. Equlllbrlum

!

N

(7)‘ie also ap exchange reaction in whigh A~ exchapges.

with the major coion Cl™ in the resin as ifftne resin
were an’ anion exchanger; Slmllar to the exchange of

L

cation, the equillbrium between A~ and Cl will be .

» : -
established at a level that depends on the partial

motal volume . différence between A  and-Cl . The deri-

/’ ' o - ’ RN

vation is given in Appendix IIT. )
g (7] 1c1’i
Ke = K, jny = \
=5 =A/C1l S = -
> /€L aT1 el

¢

As was revealed in the experiment ‘on HBSA

sorption (section 1, Chapter V), there is no significant

-sorption” of BSAﬁcoion. Thus EAA— should be -very ‘small

come from the molecular spec1es HPAA only. The amount

:of\ﬁpAA sorbed;on the resin, HPAAt. , -as obtalned from

-

compared with HPAA and the absorbance measured should,

v
¢

the absorbance‘data, is shown in'column'B of»Table 20.

The value ‘for HPAAt has been corrected for the contrl—

v

butlon from the column dead volume., The c0ncentratlon



Coulomotrlc and spectrophotom@Lrlc determlnatlon
.

\of HPAA sorbed on 16 25 meq ‘of Dowex 50w x8,

0.924

.

Table 20 '

-

HPAA/NaCl mlxture ‘at-;25° C. ’ ..i'
. B .L'-_a\“ 1 " . |
= [NaCl]  Cg [HPAA} [H |
SR o © S (=[PAAT ]3
M ro‘Ag ,1074g‘:«w10'4g
*,@ er - ﬂ S
0.1 . 9.24 27229 1.95 -
4.2, . 3.31  1.31 :
1.8%8 «-*1.10 . 0.75
0.924 0.44 - 0.4%8
4.2 9.24 7.29 1.95
_ 4.62 3.31 1.31
. 1.848 - 1.10° * "0.75.
0.924 0.44 , -0.48
> .
0.3 9.24 - 7.29 1.95
- 4.62 .3.31 - 1.31
. 1.848 1.10 0.75
. 0.924 0.44 0.48
N ) . q
0.5 9.24° 7.29 "1.95
4.62 3.31 1.31:
1.848 1.10 . 0.75
. . 0.44 0.48

N

Lt
_,..

(H

Lon o

Sl HPAA

£ tﬂ/NaCl Goul Spect.: -

~

ueq . Heg veq
33 47 28.6  .29.2
23.7 - 10.8 11.9
‘14.1 .7, 3.52 3.3
"9.3 TNL.5 X7
] , ‘;" . » :\\ .
20.8 ' .29.2 - 28.7
15.2 .7 1%.3 12.8
9.52 " 4,2 4.8
6.32 2,27 2.1
17.8 ~ ©:28.4 29.1
13,1, .10.4 12.7
'8.22 - 1.8 2.8
5.49 1.9 1.9
13.1 . 15.8 26.4-
'9.70  4.31 .9.5
6.06 0.794 3.0
4.06 0.294 ©
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of neutral speclcs HPAAaprqsent in the’ external solu—

N

\tlon in equlllbrlum w1th HPAA can be estlmated from K

‘assumlng negllglblg activity effects.«

a

: ~K. +y K? +-4K.C -

[ﬁ+ﬂﬁ=[PAA;]:=.—% a2 o (22)

*

[HPAA) = Cc_ - [PAAT] o L e
. =5 B o . . . ’ ;‘ ‘\‘\ ..u

.

f [HPAA] and [H+] (orVTPAA—]) are shown inf’

- The 'valuds

columns 3 and 4Ngf Table QO. The internal water contefit

bffg% DVB.Na sulfon ted polystyrene re51n has been
reported as 9 moles/per @qm1valent of re51n87; whlch

is equlvalent to 2.6 g of water per 16 25 meq of.re51n -
{The molallty ratlo, calculated by HPAA /V [HPAA], is on
the order of 15 (column 4, Table 21) whlch 1s larger
lthan the sorptlon of benzoic 301d on the re31n in the
-H+ form (5.5).- Plots of log HPAA agalnst log [HPAA]

at four NaCliconcentratlons, 0.1, 0.2, 0.3 and O ﬂ\M

all yield straight'linesJkFigure 25) w1;ﬁ slopes &f

"1, 0.90, 0:9, ana 1.17 (average of 1).' High mol#lltyx
ratlos and slopes of unlty together 1nd1cate str@%g . ,Xﬂ
‘London dlsper51on 1nteractlons at low concentratlons .
The extent of . molecular sorptlon, HPAA , is not
71nf1uegced by [NacCl} up to 0.3 M, The slighEly lower
v_value for HPAA observed at [NaCl] = 0.5 M may be due

.

to act1v1ty effects and to shrlnkage of the resin at’

v
-

’hlgh electrolyte concentratlons. ‘
T » ) ) . S0 7
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The dead volame, Vi the exchanged Ho 0, and

he amount of sorbed matoerial, HI’/\'l\At_, all contribute

- - - s
to the total acid content, He, ,measured in the Nacl

washings by counlomet ry. The magnitude of H at fixed

. . . : t+ .
NaCl concentrations is detormined only by [H ] in

solution, as 1s indicated by the study of HBSA sorpltion -

184

and by  the indup(;n;]t.*nce (3[’ HPAA, on [NaCl] obscrved in the

t

. + . . .
spectroscoplic data, H is affected by neither the organi

-

coion PAA  nor by the sorbed molecules in the resing

. . + . ”
therefore HJr ~at a given [H ] can be estimated from the

HCl/NaCl exchange data in Chapter 'I1I1, Figure 5.  Then

3

e + +
HPAR, = H_, - (Hg,)

HC1/NaCl-

+\
where (Ht.)

.

-is the amount of sorbed hydrogen ion,

HC1/NaCl
calculated 'from the NaCl/HCl exchange data. The values
N TN . B
of HPAAt calculated in this way are listed in column 7

of Table 20 and can be compared with the values of

ﬁ?ﬁﬁt obtained by spectrophotometry (column 8, Table 20).
The excellent agreement observed between those twé

values valigates the use of Hh sorption data from
HC1l/NaCl exchange for weak acid exchange. It also
reveals that HPAA sorption is quite;labile and rever-
sible, since #his species can be:éasily reméved from

the cblumn by 50 ml of 0.8 M NaCl solution. The valae

of (H+ ) was corrected for dead volume and was

t'’ HC1l/NaCl

used for the calculation of K.

c”



o=y
Calculat ion of K.l necessitates informat ion on

. R t
K [HPAA] and }(,3 [rAn ], as well as data on H . K

1 1

can boeoost imatod wsing the same approach as given in
Section 1. /\‘fwxluw for n of 84 DVHEB resin in the

o
sodium form s not available in the literature, but

. . S . +
1t can be congidered to be approximately that of H

e . . 159,87 . . i
resin, which is 110 atm . Assuming YN for HPAA.
to be alséd around 60 mlf/mml;e, then . \
51 = uxp[—llO‘x60/0.0B205 ¥ 300 x1000)
= 0.8 .

The value for K5 is estimated to be unity, and Cl  is

estimated from the Donnan invasion sorption equation

in Chapter III (Equation (l14a)) as

— -, 2
Cl = 418 {Cl ]

T

where CI is expressed in peq, and is calculated on the
baSis of 16.9 meq. Converted to a basis of 16.25 meq,

it can be written as

CT "= 402 [c171? .

The values of Cl  thus calculated are tabulated in

o

column .5 of Table 21. Once Cl is known, PAA can be

obtained from Equation (AS5c), with 55

taken as 1.

PAA"  [C17]

=1

185
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- «9
The values of PAA . at different concoentrations of
[NaCl] and ll’l\l\_] are shown 1in column 6, Table 21,
Using 0.8 for 51, valuces of [HPAA] were ost jmatoed
from Eqguilibrium (1, Sahoene 3, by

[HPAR] = K, (HPAA]

and listed-in column *7 of Table 21, ki was then

N '

calculated from

‘

C(TIIPART) D' - pAn”
1 [IPAA] . V2[TPAA]

kal

(23)
and tabulated 1in aoiumA 1l of Table 21.

The excecedingly large valucs:of_gi and strong
dependence of gi on the external salt concentration
indicate significant uncertainty iﬂ thg estimates made
or in the postulated equilibrium steps. As pointed out
in the_coé%lusion of Chapter III{/pydrogen ion'‘'behaves
abnofmélly in exchange, and has a reﬁentioh volume

nearly double that predicted by K (YH=O){; The extra

H/Na -~
hold-up of H' is believed to be due to.association in
terms of a homogéneous model. Using the same symbols as o

- —_—

. + .
in Chapter 11T, H; is the amount of H hold-up by

association, and belongs to the resin matrix, wheréas

H; calculated by K a(X_H=0) is actually in internal

H/N

solution and responsible for .the internal dissociation

H/Na(XH:O) wasjfound

equilibrium. From Chapter III, K

to be 0.87.



'F}xn-xl

&

itbe  oLs/ e s
k ¢
[Na ] (Na )

B and

t
14.1 [ '1' - 1N medqg .
v [Na ] :

ot .
Thoe values of ll“ obtained (column 10, Table 21) can bhe

used to ‘:alw'u1(1LC}>gi by

+ ——_ O
B (H,]{PAAT] H, - PAAT
e S— (24)
(HPAA] v, [HPAA]
‘Thc‘gi thus mecasurced has an average value of 5.5 x 10—5,

5

which agrees withlﬁi (5.2 x 107 7) within the unéertainty

introduced by the various assumptions. The following
section gives additlonai support for ghis value.

The better value of Eivobtaiﬁed from Eguation (24) by
taking into account the association of H+7furnishes

.

further support for the theory developed in Chapter ITITI.
S

HS is strongly associated with the resin phase, and does
not take part in any of the equilibria occurring in the

internal solution.

HCAA-NaCl-H,O0-Dowex 50W x 8 System ’ ’

Attempts at the UV spectrophotofietric measure-

ment of the concentration of HCAA were unsuccessful

18/



o
bor v vy Ve voar e H ! oo |t [HTN SN ot i AN P o fut
] 'l
(Ut cap ey ! ] to, 1o |5 A TV UES SFUREN S B ].,\‘ 1 e
, .
ey b e e ey it o) st e tor e ot U e b
| I L PR R SRV YR T A STIVES VR ST S IR IS N A Tty ot v
bbby | gy el by Ut i RIREEN g ol ey of g dd
LR S T S S S L S E N T LT A [V RS ST SRR S A VIR A S P P
* [}
.
[EEE R P S ST SN LIV C A S S TIPS A S NN N LR S S A ST
St aronriger neo b AR SNSRI A A £ 5 A Thieep ety o
[
R O s T O S T A T U P U S AR R ST UL U STRNE R I S RCIL R SR ST N § S
W3 {
(TN IR ET TS IS ST AN PR R AT & SN A IPN CILIRIS SRS SN EES FS NN Thiee copo
+ X ) . . . ;
troat rornn, ot BRI v b e AN v gt it vaornn werree corbogl o cee g
. NN C gt
by it o , et po LT Jhieo warbiees o M, Uty
AN
oo r t roan Yo o ba o e b (oo lumns S, Clabibe 220,
v
1 ot
Wt v rdbesdd byt oy roeeeaeb oy HE ) et gy e Pistodh i
) [ :
covlunes o of Tabiler 220 Then Toestit 7 LH 1) wao plotted again:st

[Fe 7 (Fopre Do ond the sare graph oo HOT /NGO exEhatige
(Y ure N Chiast oy ST 1) torn colllmsart Horn g The good

acroecorent observed indicate: that poloonlar sorption of

Do 508 - % 10 weery srua Ll
. . .
Cainer Ppgatoon (240 P can e caloulatod oas -
Collows:
. .

IR ]
HEEES S



189 -

\ . !
200 ’ | |
' - - [naci}z0um
O .
i? \ o  ‘Hc5Av .l :
- HCL (Figure 5)
20 1 ‘,\. L 1 : e 1
0] 2 4 6 8 10 12
. : S -4 - ‘
- [H] x 107 ™

Firure 26. Comparison of the ratio of total sorbed HCAA .

on Dowex 50W x 8 over

+

H  concentration in equilibrium

with HCAA in éxternal solution at various HY concentration

and+'with that of HCl in Figure 5

o
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AT, A1 o7 ’ (AITISC)
[C1l ]
C1™ = 402[c171%  (Equation (l4a)) on 16.25 megq
basis).

Substituting these values in Eguation .(24)

4. Na‘t - 402[AT][c1T %1073
K =Ep/na Fu=0) L < | 2
) [(Na" ] - [HA]K.,V ,
—~1-—s.
4 e _3
: K{ % =0) [H+][A ]‘Nae 402 x 10 ‘
—H/Na "“H - {BAY . K 2
J . ' ._l\_/s . RS
% (%.=0)k, & 402x10°° =
_ SH/Na '"H ~'=i K. V2

=1l-s
If chléroacetk:acid is considered sufficiently close'to
acetic acid in size that_gl\can be assumed - -to be 0.8

{Chapter V, section 1), then

o
%, :o.s7x16.9x4o§x10 .z
* 0.8 x2.7 : o
. : — . . (
A ='1.00 K, = 1.4x 10> . o

Thé géod agreement ¥ound bétwéen<§i (1.4 x i0;3) and K.
(1.4 x 10" %) for HCAA sﬁpports the theory developed in
this.chapter. Internal dissociation does take placé in
the internal solvent, and the homogedeoﬁs mqael is
'appropriate for describing the internaliequilibriumf

-steps. It also provides indirect proof for association

+ . .
of H - in the resin.
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CONCLUSIONS

The stoichiometric method described in Chdpter IT is

effective in measuring io%aexchahge constants . for all kinds
. t

of ion exchange materials in any physical form. It is.
rapid, simple and can readily be applied to routine anal-

ysis. The precision is obtatned as a function of the load-

ing  factor «, the'bptimum range of a being from 0.4 to 1.

'within'thiS‘rangq the error is less than 1%.

. p . + = A .
The sorption isotherm for H on Dewex 50w resins was

. .~ B . :
obtarned as a functhn‘off‘ ] and [Na ], In ion exchange

chromatography, where the solute contains trace amounts of

+

H', the retention volume of H_+ is doubled over that predic-

. ted by the ion exchange constant alone. ,Thé unexpectedly -

large uptake of H at trace levels is due -to the associa-
. + . . : L
tion of H with either the sulfonate groups or with small

amounts of carboxylate groups present as an impurity. ;The
> : -

latter possibility'is more likely.

The experiment described in Chapter V for weak acid

sorption confirms the presence of an internal dissociation

equilibrium for three different weak acid systems. K was’

found not to be affected to any éigpificént extent by the

high charge density in the resin. Owing to internal disso-
ciation, the sorptions of ", A, and HA are -not indepen-

»

dent. a : . | , L | :
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Once the sorption of a weak acid HA and of H is

knowa,~the retention time of that acid in e]utlon ion
exchangc chromatography can be predlcted The‘poisoning by
organic acids and thus the life time of ion'exchangers,in_

"desdlination can also be estimated by. the amount of weak

©

acid sorbed. .The sorption of'weak_acéds is also important

in treating waste water containing organic acid pollutants

and salts. Ion exchange resins are known to catalyze
reactions such as-hydnolysis‘of‘esters and inversion.of
sdgars. The catalytic poWervofpion"exchangers 'should
depend on the sorption of the'reactants and'products.p An

- -

’1mproved understandlng of " the sorptlon of weak bases- and
’ac1ds fac111tates better understandlng of catalytlc mech-—-

‘anisms . 1n the resin phase as well as ‘the catalytlc effec~

-

tlveness of the resin itself.

El ) . N

To. further support %he arguments 1n the text _the

1nd1v1dual spe01es, such” as HA ’ HA,_A ’ have to be meas-—
ured independently. At the'present stage, no instrumental
technique_is available‘for this¥purpose? '1t L& hoped that

btechnology will be developed in the future to permlt such

PN
measurements. )

'Regarding fﬁture.work further study of exchange

reactions 1nvolV1ng carboxylate resins 1s recommedded so

£

that the m han1 m of ut uptake. may be eluc1dated by com-
. f p

,parlhg the g&ghange constant w1th therassoclatlon constant,

o
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@
measured in this work. It would also  be of interest to
study the sorption of weak acids on weak acid or weak base

hge resins, where association occurs in the
| ‘ SSOC1

dlption and. ,

ion excha
external Folution as well as in the internal s

\
. N ! E - " 3
in the ethange'groups. ‘ , ) . .

|
|
|
|
J

j
[.
|
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effective capacity for sorption of H+, Heq. , o . -
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©

GLOSSARY | o .

@

the activity of molecular species in the resin

phasé. and solution,phase , fespeotive1y_

£

the max;mum amount of soluteuthat can be adsorbed

.on unit weight of resin (sites in Langmuir

\ -

e

isotherm) m mole/g.

. . o y ; v sy )
pa;amgter in error equation Ho[ya/(ya \_/O)],ai M

.

exchange capacity of the resin sample,meq.

‘exchahge capacity‘Of the,résin per unit external .

Soiution volume, M.

total aéia'cOncéﬁtration in solution, gj
céncentrétion of chloride ion in. the éxterhél
solutibn at equilibriUm; g;

concentration of hydrogen ion in the external

solution atvequilibrium, gf

concentration of the écid addéd'in stoichiomét;id
method, M. ' - ‘  | '

total sorption of ut (exchange and aséociation),'
uncorrected and corrected”for dead volume c6n~

tribution respectively, peq.

5 o+ o i . ) :
uptake of H due to exchange reaction, uncorrected

°

“and corrected for dead'volume‘contribution;respec—

‘tively, ueq. o

S . ) s R i . . R
additional uptake of H due to sorption mechanisms,
Heq. _

: + o : o '
amount of H sorbed due to Donnan-invasion, Hed.

S Coe + .
amount_of resin in H form, meq.

- ~
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HA™ ,HA

s

K

2A/B.

€y E), F

iy

1&Na’

k

Na -

Na

kn

"solution.
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i .

total amount of acid,sorbedtin the. rOSLn phaee

as measured by UV spectroecopy, Heq.

amount of acid sorbed due to &urface adeorption
and t%pe dissolution respectively, ueq.
xchange reaction

ion exchange tonstant for the

of A replacing B. ' ' b
homogeneous equilibrium constant;\equal to

: T
(ZS+ENac)/(k +cK) - .i

dlSSOClathn constant of weak acid in the external

a

solutlon and re51n phase.‘
calculated according to Schemes I and 2
respectively.

o

Donnan invasion coeff1c1ent in Step(4), i.e.

(m=1/1a712. .

1,52,54 hetegogeneous rate constants, as deflned by

(A f£5)

molarity ratio of the neutral selute in resin

Equatlons ( ATT2),

phase to. the solution phas% due to true dis-

2

homogeneousvrate constants for Na' and H'. -
adserptivity iﬁ Langmuirtisotherm.
concentration of sodiqﬁ ion in the external
solution'aterUilibrium, M.

. ) +
amount of Na

2o . .
sorbed due to Donnan invasion,

L peq. -
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)

fla
o'’ (8]

. 4
ubtabie of N ¢

rected and corrected for the dead volume con-
f

tribution respectively, p(g;,\

’ [P e,
amount of resin Ln N form, jeq.

standard deviation of the quantity concernced,
o ), o, i -, v ).
( : ’ ’ o' gt .-_)

standard deviation of & Ohtained by stoichio-

metric nethod.

~

voluni: of acld added, ml.

void volume (doad voluma) ,. ml.

volun:, of water retaincd in the vésing, ml.
retention volwas, md. I

[Bas

partial molal volume of the neutral specics,

v

ml/raoloe,

intornal !

gel' water in the resin phase.

loading factor, B/c'

ue Lo cxchange roaction, uncor-—

-

’

1 (,«' !
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~ App®ndix I
’ Evaluation of the, uncertainty, AK/K, in the
determination of K. e
A) - The uicertainty in K due to measurement errors’
Sin Hf; (AE/K)H; can be derived as follows:
Differentiation-of Equation (1) with respect to
H gives
: C i 3Na AAR, . e o e AH aNgR .
i - ST —_— .1 uchag 8
(BK) B H-NaR{HR QH{-&Na ST - HR-Na{lNaR i H . =T } .
9K = é o
OH. H o - L. m2 H 2 G
- o
o 4
, Ma _ -, )
3 .,‘ O 1 /u From (4b)‘
3HR OHR dNa _ : . :
=" = + — -
i = sna sn. ot (YatY,) (=1) From (4a,4b)
sNaR _  ,y = . SHR - From (5a)
¥ ol -a =0 VBH : . . . ,fﬂ
dJH  _ .
T - 1 o TN
dH _ .
. (gﬁ)A=Q 1 (- ﬁﬁ;—ma(ya+yo)} - K {NaR-+H(ya+yo)}
1 NaRH SN : " NaRH o —
. : Y
— _ ! i '
1 3K, -HR - NaV NaRr + HY
. = % H * HR&Na NaR H

<

where yfiyo+ya,ﬁhe total volyme of extérnal’soiutiog.

If the uhcentaiéty #s small, Qg/&H can be aéproximéted
. 77 ' © . . c‘ o . Y

L. - . [

by LK/LH
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Upori rearrangement,

K - T Nan
(%F) - ap(- LR -nNay _ NaR+Hy, 5
K'H * TR-Na fTar i
=-—AH{+\—,1-—+%+'11—{+~—Y————} .
- H NaR
(2) to (%) into -this  expression gives

Substituting’ Egs.

@

2 1 —, o _2Bg'+ (B+g')Na .
b= AP{ Na(E—Na)(g'—Na)} (Ala)

' Ah %= — ———
X )} AH{ Na ., B-Na c*Na

(Ala) shows the nelatlve uncertalnty (Ah/h) caﬁsed by
a
< AH, the error in the measurement cE H Expressed in
. (2] ‘ © : .. N
ré}ative error, AH/H;~the rela;ion' - '
+ (B+ :
2Bc! (B c )Na VH = (_A_\ﬂ){_ B .
) H Na K(CI_Na)-Z

(ESOH__(TT){Na(g—Ja)(g

o
o

the uncertaintyfin K due to
can be obtained

is obtained.

. R) In a 51m11ar way,

_t+the error in mpasurewert of cl, (AR/K)CI"
using the same technique.as in A above. ,

_ == oNa 3HR, _ i aNaRr

3K .. __H-NéR{HR ac1’*N ——T} - HR- Na{NaR seT B 3e1 }
- Cl (NaRH) '

: n . -

‘9HR 3HR aNa _ W
3C1 Vat¥g-= ¥

T 3Wa ’C1 | —a =d

. © 3Na _ 8.(Cl- H) _ i"
aCc1 . ec1r T




Since il and Cl are mutually indepeﬁdent,qany error in

measuring Cl~ will not be reflected ‘in measuring

H+n
oWaR _ _ oHR _ _ 4 _ .
oC1 et . Ya V) ¥ :
_ *»
—IJg (aacﬂli - (AR« Nav) + ==
g - Cl R Na o ‘ NaR
I ¥ VT
= - 4 = ===
Na  HR HaRr
- 2¢’ - Na &
Na (¢ '-Na)
AK o aq.. 2g'-Ha ‘
( E)Cl —.ACl. Tal(c'-Ha) (Ar2a)
- AR _ ACl _ B(2¢'-Na) - '
and (5) ~ T1  Nale™—Na) ‘ . v‘(‘.AZb)
C1l A : . e
C) he uncertalnty in K due to the error 1n mea-

208

‘surexent , fﬁbék%x can be obtalned by dlfferentlatlng'

"because

9H _ 3Na _ 3HR _ . .
o dC sc - oc :

<

ThlS expre551on is con51dered valld because C 1s only .

used in calculatlng NaR, .and therefore Ag is only re—’

a

flected in NaR, and ﬁot'in-ua,-H or ﬁﬁ.



B
© _& ~ = AQ = Ag" ' . ‘ J =
T (Ii)c c-NaV =~ ¢'-Na. i : - (a3a)
o o
AK AQ <
(-R—)c = v (m) . (A3L).
D) " The” duncertainty in K due to thejerror in

measurcment of HO, (AK/K)H , can be. obtained by -
Py < O L N

differentiating :Eq. (7).

i

209, /

vy el - 3Na 2. . ac' .2, ... 3B
(35_ ) _ (g ; L]a) (EONa)ZLJa vg—i{—a _,Na (_I%—Na)m—i\]a (g —Na)ﬁ—(;
. O S : (¢'-Na) (B-Na)
3Na ] /- ) . R
SHo T o since measurement of Na is not affected by HO.
© H V - oV
9 -2 V_(V 4V ) ~H V. —=2 = ,
’ ; v_+V -a —-o, —a o=a 9H -
9B  _ -a -~o . _ ’ : :
aH . "OH - 2
s - o . (YY)
Iia - © v ~
N BYO P . : - : - .
but = . — # O because the'magnitude of V_ depends o\ '
BHO . : . ; . - =0 . N
: HO'&(see Eg. (6b)).
IV v . ' , .
2 = 2 From Eqg. (6b) o<
y oH E : R c
AN o = .
° oH - v \ .
« O T .

Thé explanation~is uncertainty in'Ho will not pro-:

pagate to B where B = Cl.

- e
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o _ .
o - © /
' ac' Y, ’
But . —a—ﬁ;— 7‘{ O "fOI —a—g;- ?‘ (@] v . ) ; . v
: v Y
“ 0 £ oL —a -2
. -+ — = <
ag" _ Va A\ _ SHO BHO _ HHO
ok 3H 22 "y%
\ |
e & .
YZ K HO -
.
- NI (- §-)
. (2K, - o _. Kg'
s aho.Ho (¢'-Ha) 2 (BNa) (¢"-Na)H,
AH : .
° AE _ ) g' S ; : .
‘j{)ﬂo = HO (Qf—Na) o . (A%)
E) - The uncertainty in K due to the error in mea-
gurement of-ya, (Ag/g)v , can be obtained by differen-
_ ) ) - . T Ya . . ) ]
tiating Eq. (7) with respect to ya,
o N2 (B=nay IS _ g 2(crona) (OB
. Ca Y T oV
9K - e - !
(\( AV ) - - D 5
=a Vg (c'-Na) " (B-Na)
where - ggi = 0 because - Na = C1_¥ H- .
—a ' Hoya ‘ . ) ayo
o V_+V VHy A'YaHo'.Hoya AV
_ ~-a ~Q v s —a
Y 3V, > 2
WV, Vg : :
= o From.Eqg. (6b)
: Ja ‘
/
. =0 =
l.a N
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g g’
Naz(g——[»‘a) &

' R
(r)fi_) SR m___________ﬁjigél .
= .
' aE’-a ,, T (C'—Na) 2 {B—Na) 2
——d — —_—
) LAY '«*
ﬁ; —c' (1 + =) :
oc' "~ dya c'
v v RV
. a - \ -
. (BK ) I ' .
- oV = ({g"™-Na)V
-a
- LV
LK _ T=a c' .
(%) 7 e - . (A5),
T o-a ;
F) 'f Uncertainty due to-all measurement errors (AE/E),

Total errcr can be calculated bya campination of individual

errors which are from mutually independent sources -

>
s

2 2 ) 2 2 - 2
AK AK AK A K 2
N Nt NG Sl Ah &5 L e
. E'n Eer 2yg-FHo T og

~

Since measurement errcrs can be expresseé in two different

<

ways} either as absclute errcr A¥X or relative errcr AX/ X,

fq tﬁs.e;ror equation

iy Relative
R S |

First Na 1is

_}_\’_2,

Be' - (B+c')Na + (1 -

Since gnya

(A6) can also be Written in two forms.

error form:

measurement errors are in the form of AX/X.

calculated. from Eq. (7). o

Naz.
Te-la) (¢"~Na)

Yy Na® = O .

==

3

0.2

u

1 and Na << B+c', then (1- %YNaz

o



can be consideraed negligible and

bBot e (et ) o
STherefore, .

‘ ol . .
and .

ot
c'-Na = &

- Brev T

(AK/K)  can be obtained by substithtiﬁg Eqgs. (Alb), (A2b),i

(A3b), (A4), (AS5) and (aA7a,b) into Equation (A6)
' 2

B5)% sy pret | mreey?, acl)? (sret) (2674w
VK H c’ sy 2 Cl ' 2
- Kg — =)
“ g ) _C_,:' Ya ogl ) H Ql -
. . : L. ' '
Rearranging into a more convenient form, ! -
AK 2_ AH 4 ACl)2 2, 2
(E ) = (Tr)v(l+a) +(?ﬁf (l+a)4§ +a) -
: v 2 Ly, 2 AH_ 2
2 Yol Va O ’
+ (l+01): {(?—) + (—\Z—a") + ?{—O—) } ) (A8a)
where
) 5 < 1
° ,
' - B ._ amount of acid added, meq.
o = =,= - : -
¢' ~capacity of the .resin, meq
ii) Absolute error form _
- Using Egs.. (Ala), (A2a), (AJa), (a4), "(A5)

and (A7a,b), it can be shown "that

)



B
2 9 LD 2 ., 2
M oenet (et T T 20t
Cpd I ey (crmay E et e Ry ;
T2 | 2 2 o 2 2 o 2
. ' P 1 [, ... S N . e NS
tolagt), {‘g;'—Nu} : (A‘{o) {Ho(g'——Nu)} ' (A'\'/'(l) {’\_{ .(—(::_'-ﬂNLx)}
g ‘, <! 3 2 D g 2 2 4. :' 2 )
(a2 (Bre ) Ty (_ACL)2{_(/'Q‘ ”3):5*—”%)} b (Ac) .Q}—_*.&:JL
(L;(_") }}'(_1‘ - S;l
2 2 . i
(AV ) (AH ) 2
T — + S 3B
v 1 s
- a O
L 2{(1+(x)6}+ (hc1 2{(2+u)2(i+a)2}+ (AQ')2(1+ )2
= (MDA =g ) > 2 .2 o
ac S - a'¢ c ,
v an)? ) »
+,_{_2;1 + ——s—1 (1+a) . (A8D)
' ve o H
—a (@]
. 4 >
, Lol
C
R — o
>
Sy
v .
A\



APPENDIX L1

A) Heterogenceous model of ron exchange roesing

. . . ) [ '
In this model, it 1s assumed that Na countoer
tong are all held by electrostatic foroee, and thus
. . . +
localized In the resin, whercas the Na ion sorbeod by
Donnan invaslon can move freely in the internal
N .

water. The latter form is designated as "non exchango-—
; :

¢

able Né+" br "sorbed Na+", while "exchange Na+" refers.
to the Nat associated yith the fixed charge qfoups.

The amount of sodium ion sorbed may be considered under
the conditions described to be eqﬁivalent to the sorp-
tion capacity, which 1is much smaller than the exchange
capacity. The former chang®s with the concentration
of-the eluting electrolyte NaCi, and is.described by

Donnan exclusion theoryll6, while the latter is a

constant depending only on the type of resin. ut

can replace not only "exchange Na but also

"sorbed Na¥;ﬂ The replacement of sorbed Na© contributes
- ' ‘ + oL h
to the additional hold-up of H 1in chromatography.

’ + + . . '
The total H 'and Na present in the resin phase,

+ 4 - . )
Ht and Nat , can each be divided into two terms

o

—_— —_ —_— —_— +
+ + + + [H ] ~
' (ATI1)
+ + + + ! 1\‘ A
= + ~ o N i\
Nay Na + Na_ = Nag = g . \

where the subscripts s and e refer to sorption and

exchange. -



Thoermodynamics makes no distinction between
¢lectrolyte in the sorption sites and in the exchange
Giten; the internal phase is treated ansoa concentrated
E;l)l;llt.i,()ll containing fixed chiarged groupt, countur 1ons

.

and cotons. The arbitrary distinction bhetween these

two kinds of cloctrolytes 1s thermodynamically i1l-

defined, just as 1s the definition of “water of hydration.
//)Névurtholuss, from a hicroscopic point of view those itons

"holonging to" exchange sites experience a strong elec- LS

trostatic field, such that a covalent bond may even exist

in some caseslz6, whereas Na+ in sorption sites can move

freely. Iin this case the adoption of a ﬁ@o~site model

proves advantageous.

’Assuming the replacement mechanism in the
sorption site follows mixed first and second order

kinetics127, the rate of elecctrolyte transport can be

— exprossedas—follows: -
dH B ;_ +ogat i
[d—t‘] . = bl[il ]Llas (AIIZ)
. °1
aH TE v ¥ '
, [8?] = kol *+ Ky (Na JH_ _ (AII3)
s
2 &

3 dNa _ +oF . ¥ oot ‘
{Z}T’]c = k,[Na 1H_ + kgNag + R H (AI14)
dNa T o tutimat
(dt }S = ESNaS + bl[H ]Nas . (AIIS)

5 :

1
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Subsoript 1 oaeters to the spacren gorrg brom Soluat pon

to the resin, and 2 refers to the ppoecien gorng brom
resitn to the uulv!iun. Thes 1ol ¢ constant o L L , k:’
and li~5 vary but Tittle w th o concont Pations ot tndivadua
specioes, Hqu&!imn (AT12) containg only o socoted ordey

term, which reproesconts the situation that Joydroepen Tonn

o

in the cxternal solutaon can goointo the roesin only by

L o o : . ,
roplacing sorbed Noo. Pl direct ontrancee of HCL wondld

result in o building up ol clectrolyte concontration in v

Lkl(‘ jll‘\_(‘l‘”(l‘ solut 1O NURE JENN {()I}l‘ld(ll‘ll bhocaune ol tbie
’
)

high Donnan cxclusion potunt Pal. Docause thie conoen-

. . . 2 L4
tration of NaCl oluent 1 approxinately 10 to 10 :

times great- r than that of the HC1 solute, the nuambr

of ions that can be accommodiatoed by the intaornal sol-

‘

vent is escoontially completsly determined by cthe

concontration and charge of the more concentrated

o
el ~ . . .
specics, MNaCl. Thus the corption capacity 1s nearly
independant of 1IC1 concentration.

Equation (AI13) shows that the rate of hydrogen
ion releasc by the resin 1s desscyriboed by a first order
and a“sccond order torm. It can cither leave the resin

. . ) (3 ) B -
freely asiiCl (first term), or by replacement (second

. N .
term). Unlike roeplacoemont of lia in an exchange site,

sorption replaccnent is pot necessarily stoichiometric,
»
. + 4 . .
that 15, I can onter the exterior solution as JHCL
without the mecessity of replaccement by an cqual amount

- + . . . .
of Na . The samce interproetation applices to Equation

2l



@

(AiIS). Equapion°(AII4) is”analbgéus to (AII3) but

for two additional terms thqt aﬁ&ount for the fact
that‘as NéCl ané HC1l leave the reéin,-the "void space"
is immegliately ré;pccupied by‘NaCl ffom the external
sblutidn._ The'sorptioh level thus alwaysVremains~cohs—

tant for a given ionic strength.

At equilibfium, as éetermined.by thé’column

- effluent having a cénstant pH (same pH as the solution °

being added), the following relationships exist:

dNa) “_ (dNa

: dt | dt | o
1 Tt S S2
Both relationships lead to the result

" ¥ ¥ +.F
ky[H INag = K Ho + ky[Wa 6] .

Letting a be Ehe effective sorption capacity of the

resin at [Na+] = m,. then Na; + Hg = a. By simple
substitution’ - ?
-+
+ L+ k,tk,[Na ]
n) _ |y, =22 >4 - © (AII6)
s , ; _ :

If HZ and Na: are known at given concentrations of NaCl

and HCl in dynamic equilibrium on a column, then H; and

Na; can beacaICulatea by Equattfon (AIIl) and K can be

o

PR S
measured accurately. Then a plot of [l ]/Hg'zg.[ﬁ+]

should give a straight line with a slope cqual to gfl

"if the proposed .mechanism is corrcct. The ratios 52/51

1
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and 54/51, can be determined from a plot of thé inter-
cept-slope ratio I/Svagainst [Naf]

+
52+§4[Na ]

I _
B s T K (AIIT)
A -1
B) Homogeneous models of jion exchange resins @ )

In this model exchanged ions and Donnan sorbed
ions are assgmed to move freely in the internal solu-
tion,vand ‘are considered iaentical in évery resbgct.
i%ince,a high éharge density exists in the reéin, some
-i ountef ions will associate with the'fixéd ionié_groqps

and fesult in additional’uptake of #t. The same notation

R

as that introduced in the hete:ogénéous model 1is used

_here. The{physical neaning of';Z-and HZ is the same
in.both mogels; however gi‘is quite‘d;fferent here,

being the hydrogen ion associated witﬁ the sulfonate
_groups or_carbo§y1a£e groups. | |

The groups. capable of hydrOgeﬁ ion association

may eithef be the sulfonate groups itself or cmrboxylate
groups present in the ;esin as an impurity. Association
with either one or both of thése groups will cause
increased uptake’ of ut at low. hydrogen ion concéntration.
The same mathematical treatments‘caﬁ‘be applied to either
group, and the results- are the same in‘either case} To be

able to distinguish between these two homogenecous models

by mathematical means is unlikely. The following approach
is general, with a referring to either sulfonate groups

capable of hydrogen ion association or carboxylate groups.

{
s



. + T . :
. Since both Hy and Nae (in the internal water
. . . . : e . o
phase) compete for effective groups, it cah be describecd
: ‘ -

by a simple competitive adsorption isotherm14§’l47

. ’ o o+
— ak,. [H ] e vf
H+ = --f

1+ k [HY] + kg [N ]

A
where a 15 the number of effectlve groups that can be

assoc1ated at a spe01f1ed ionic. strengfh. Bhe value

of a depends on the internal ionic strength, that is,-
‘- on the internal water content, and is a constant at any

[S]

given ionic strength. The terms ky and kX are apparent

“association constants. - . o e

— e nat i -
[He] _ Lt ky [-e] * (Na,] (
1-_-1'5‘a il}'SHC "‘ “
S . < c o
Sinece | ’
. S 7 4]
+ | )
[Nae] —-Q/YS
, (e}
and . o i
_ e 5[H+][Na;]
[H) = ————n. . TR
o [Na -
then —
. (1 + x Na' T |
ity 0 (L EnaWacl) oty oty .
A 2R ) tanix &
S'g Ny : e ’
(v + i ) o o .
) - |=s “nas | [na ],+-[”+I ) ‘KAI;B)
v (o aky - £K 2 N
and - . ) ' R
{V_ + k. .c ’ K o
I . —-g° —Na—|. ®
s - { k..CK ] (Na ] o . (A179)
‘ LTSS -
o —:’0

"o
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. . B , S S
‘Here Vi is’ the partial molal volume of i and a; is

~has to be.addeﬂ.'

o APPENDIX III i

In a thermodynamic treatment of eiectnplyte
distributibn between  two phascs,‘wherevtransfer of

charge from one phase to the other is involved, the

electric potential ¢ which is expefienced by ﬁhe ions

has to be considered in addition to the cheqical ) ,

o

potential p. A collective term, called -the electro-

chemical potential n, 1is gsed in dealing with’such
4 le1 . -

o

systems

4 ) : ©

e L

Subscript i refers to the species'i; z; to the charge’

on i; and F to the Faréday_cdhsténtﬁ ‘If the Stqndard

" state is defined on pure i at preésure P® (usually

' , » .
o -

1 atm) at a certaih temperature, thén,the'chemicdb

<

potential of the resin phase is

|
|

°

<

= : — P - o
W u.af RT 1n Ei + ;g Pe) i

. . . w®
the internal activity. /Because the standard state 1is

d

defined at P° and the

is under high pressure

. (osmotic pressure 7), the chemical potential due to

pressure other than P° expressed _:
: : _ . _ .

° “

]

Then

by the (§—£°)y. term,'

220



external solution phases.. In the system studied,

N
T uT = 1%+ RT 1n AL+ vl | | ' iAIIIl)
S L e L R AL
and o ‘ S
- _— —_— - O R —_— -
.= R AN .= .+ ot . A
Ny My Vzwlg:b s u; +RT ln a,- “‘—'1+71§¢l
e The chemicél pbtential in the external solution
can be written as
‘ . -9

. . o _
N A = . + . .
. My My 'Rz_ln a;

[°% . &
where the same standard state is used in the external

solution. -. No preSqure;volume term is added becau§¢\
the external solution is5 always at 1 -atm, where the

standard state isvdefined.

. 5 ) ~ .o - T
o= op, Lo+ oz e o ]
N T oMy +0R2 In 23 '?1§¢ ) : (AII;Z)

5
g

If équilibridm has.been attained, the electrochemical

?otential ;n‘theskwq phases should be equal and the

- <

following equality can be wrikten;
u.g%R'[“ 'ln~.=~a.-+'z.Fqb‘= uc.)+RT in ’é.—.‘_-f-z.Fa-i-ﬂTV
1 = -i. 1= i = =1 1 -1 °

Rearranging,

6—@“% B = RT in %iw— VY} - (AIII3)
—Don z.F = —_ "z . F . / :
. 1= aj i—

-

EDon.is the Donnan potential between the resin and

JHA*NaCI;HZOfDQWeX 50W % 8, there are a-total of four

. o+ - N
species,. Na«, Cl1 , H . and A , which carry charge.

e . - . -

T o
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j 1 . . A .’. ) )
Coirespomdingly,ﬁfour equations can be written

o

a v .
_ RT =Na _ *Na . s
' SNa
a v, ' -
= RT -zH _ _-H - '
Epon = F 1" = - F (AIII4b)
LT a - : °
—H ,
an v, o :
E.  =RXRL,, A, "A . (AIII4c)
—Don F a .
RT . 2c1 Y1 - ‘
EDQn == In 3 + =5 e : (AIIIQd)
, L =C1l o= .
\

'The distribution ratio of any two species can be gottenn'

by solving the two corrésponding equations above,

Case 1 (AIII4a and b)

R, ZNa _ "Na _rr, 2w "Ym
o g F r I F
—Na ~H
a.  a_ “v.) .o
. —Na —H _ - Na —H =z .
S _—= == exp[—~R——] = Kyna - (AIII5a)
a. 2n ‘ , .
. —Na 7 e . s
.The ion exchange constant obtalned KH/Na is
a thermodynamlc constant The guantities VN and E;

are not ea311ypdef1ned; thelr thSlcal meaning is that

° ' . ! 5 . M-\ . . .
of the volume increase obtained updn: the addition of a

e

: + ' . ' . : L
mole of Na. or H to the resin phase. Since ca'tions - |
. - - ) - - B o '
- and anions cannot be separated, VNa ahd;xH are not

measurable, and have orly thermodynamic significance.

Nevefthelbss, values for these terms can be approximatedb



~Case 3 (AIII4cvend dl

223

-

throngh use of hydrated ionic volumes, as is done in

’ Gregor's mode1128(129.
Case 2 (AIII4a and d) b
‘ . ' ‘ . .o 174
RT , 2Na _ "wa _ RrT ; Zc1 , "Ycu
"E . E Eo 2 F
=Na .
. 1n 2Nafcr | TTOna * Vo)) "TWhacn
o 2NaZcl - RT . RL
- Byalcy _ t15)2expt "Nacl, | S .
ENaTCl' ;i 324 ’ p

In the casc of.single‘electrolytewsorption, where . there

is NaCl present but'no HA, or where the ratio of [NaCl]

to [HA] is large (as in the system'nndervstndy), then

mNa _3 . where‘gR, 1s the capacity of the reeln per

unit weight of internal solvent. Then | ’ T

| , 2 N 5% , ‘ :
—— [Cl ] \E - "Ynacy, - -
Tey T T Kg—) expl- —gz—1 - (AIIISD)

+

<

P

~This is known as Donnan eXclusion sorption.

Sorptlon of the major electrolyte present cl , is

unaffected by the\mlnor component HA so long as 1its

concentration 1s,low.4 . B : .

T 3p3cy; . TVaATVLy)
— % expl——gy—

_ L]
- : ] B 5 .
+ . Epfc1,

I=



' ' v

L

Thé distribution of €17 and A~ is determined by the
3par£1al molal vélume diéferénce, or foUghly by the
_differeﬁce’in hydrated ionic radii. .Proyiding the
sizes of two.ions are nearly e@ual, or tﬁé‘osmotic
preSSuré is 1ow, 5; will ‘have a value q{ l, which means
that the resin shows no preferende‘fof either species._
' Neglecting activity effectd, £he above equation ‘can be -
‘put into fhe more useful formi
(A7]1(C17)
(A7) [c17]

(AIIISC)
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