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INTRODUCTION

The extraordinary specificity of the glass electrode anc
the remarkable convenience ana speed with which it is used to
measure hydrogen icn concentration prompts the hepe that
similar electrodes can be found to measure the concentration,
Or more strictly the activity, of other ions., Actuaily the
slass electrode is not an electrode at a1l out simply a glass

membrane across which an electrical potential develops when

soluticns touching the oprosite faces of the membrane differ
in fydrogen ion concentration. The electrodes used are Two

reference electrodes, usually two identical saturated calomel

lectrodes, one dipping into each solution; the potential

o
M
ct
o
o
L84
ct
®)
M

reference electrcdes Is that developed across
the membrane, the assumpiion being made that the Junction
potentials arising where the reference elctrodes touch the
solutions are negligible or cancel each other.

Tne electrical resistance of the glass electrode Is

very nigh and the difficulty of measuring sm

)
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e
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ct
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ot
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(60 millivecits for each 10-fold difference in the moliar
cencentrations of the hydrogen ion) delayed the introductiion
c? the glass electrode as z working tool for twenty years.
The advent of modern electronics made the measurement rela-
tively easy for the past twenty years, hycdrogen ion

and
ccncentration has been measured exclusively in academi

industrial, and clinical practice with the glass electrode.



e

on cen

i
- —

s
nydrogen

ne

]

o

.

3
(1))

by
\)}

-
17343

0y
IR
€

-

Dreolen

Tne

O]
-

4

«3
(S 5

the selec

(9}
U}

)]

=

ons Detieen

g <
o -

s

gxcoange ¢C

(O]

qQ

[}

W
<

i

Dhenc

e

Ternorar

- l - y
mical work,

re ene

‘l

i

-~

e

A -~

encrerna

-~

eanie

imper:

is

C
£

r.empreane a

clie

oo
erezs

&)




0Ss such 2 membrane The equeatiocns were simplified Dy
assuning that the electrolytes present were completely
ionized, that T ions behaved as idezal lutes, and that

One of the simplest systems is the one having a common

transfer of n moles of a° and n moles of a~ from (2) to (1),

ave been transferred. Therelfore, the electrical work tTerms

- C e . a% . 22
cancel and the work is nRT ln "2 + nRT In = = 0, where R
ai a']
is the ideal gas ccastant and T the abso e temperature.
- -
Trcom thnis, &1 = & or
c.2 al

o
-1+
)
=
I
Y
\VE
)
\V]
L]
s
s

To maintain electrical neutrality, at eguilibriun

+ = o =, = -

as; = 2, end ay al + b . (3)
Accecerding to equations (&) and (B), as long as the non-
C¢iffusible ion, ™, is present, a{ cannot equal a, and a5



cannot equal a3 ané there will, therefore, D& an unecuail
édistribution of ions across the merbrane.
Assuming equal and constant volumes of solvent cn dota
sides of the menmbrane gives:
Initial state Zcuilibrium state
ey at a’t sy ¢y ol
¢y b~ a” s c; + % a*t a¥ cy, = X
(1) (2) x &~ a” ey =X
(1) (2)
wnere ¢, andé c, are the initial concentrations of ¥
ané 2¥a”. LAccording to equation (A), at ecuilibrium
(e1 + x) x = (cp =~ x)? waich can be rearranged to
Cg - X _c3 * Cp (c)
x co
Because there is zn unequel distributica ¢ ions acrcss
the membrane, there is a potential difference beiween The

two solutions separated by tThe memdbrene.

positive potential of (1) and €5

extremely small gquantity, nF where F

of current to flow from (2) to

(

ol

al free

1

n elecitrli

®

dec

2]

ease

[t

work obtained from.the

£

to (1) and gn nmoles o

are the transport numbers of the

erence 1s called a membrane potential.

1

energy, nF(el - e2),

<
transfer of pn moles of a

This potential
Let 2, D& the
that of (2). Allow an
is the Faraday constant,
)o This will give the

from (2)
2~ from (1) to (2), where p and ¢
ions and p + g = 1.



Tnis work

onRT 1n 22 + ¢nRT 1n 2%
a3 a=
2
AT Eguilibrium,
nF(e, - e,) = pnRT In &2 + gnRT
ai
a3 - a7 ; ;
From (&), 22 = 21 anc letting (e
el -_
al e
1 2
E = R 1n 21 = RT in 32 ,
ey = °F -
iccording to (C), &2 =1+ C1 .,
23 2
Therefore, E = RBRT 1n (1 + 1) .
= =

¢y is small compared

[an A

-

taf

s &pproaches zero,

to ¢y, tne

=
»
+

t
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notent

is <o be expected,
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were completely absent, the a“a~ would be distributed such

be eappiied ©

valent ions. Consider the system:
Initial state Ecull
-
. +Z +Z - "fZ
¢ a a Co cq * 3 a
¢y D a Co b'4 a~
(1) (2) b~

ium st
~+z
&
a=
e
\

n

0 systems contain

- —-

become the same in both

a7"b~
multli
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where a¥% is a diffusible multivalent ion. Apain, let the

decrease in electrical free energy be nF(el - ez). The
o s oo , . o ~ 0

work obtained from the transfer of py moles of z from

(2) to (1) and gn moles of &~ from (1) to (2) is

+Z a<
p’-;:RTlnae +qn R? 1n 1
“Z -
1 &2
At ecuilibrium
.F(el - e2) =pz RT In 72 + ¢n RT In Z1 .
23? &g
L 2
In a cderivation analogous to the cerivation of eguation
o - . . . a::’:z a"’) Z
(&), it can be shcown that ¢2 = L and because
~A%Z -\2
e~ a
1 ( 2)
p+¢=12a2nd (¢, - e ) =2E
1 2 ’
a+z a=
E=2R]T In %1 = R 1In “2
za -2z = -
< a
2 a1
or in general
+Z -2
E=RT 1n %" = 57 1n 32 .
= -z == -z
Z¥F a2z ZX 23
The originzl theory of membrane ecuilibrium was based

on two assumptions: the existence of equilibrium and the

existence of constraints which restrict the Tree diffusion
e 9,
va

e eguations deriv
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;ell to charged colloid units and to ions. The necessary

b

constraint to free diffusion results in urnequal cistribution

acrcss the membrane, thus giving rise to a membrane potentizai.
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phases of different bulk composition is determined dy

the dull

¥

-

difference in the chemical ccmposition 1

the distribution of electric charges at the surfaces.

(}ii)l - (Hi)z = (ili-, -

Q
where (p.) is the potential of the ionic species, n. the
1 - b

potential due to the chemical composition of the phas
FPe the potential due to the distribution of ele
. . ~ . . ; . -th
charge &t its surface, with z; the charge on the 1

specles. Because By the potential due to the chemic

composition of the phase, cannot be determined indepe

it is generally considered as part of e. This gives
expression
. - {n, 3 (e, =
(ny)q - (pydy, = 257 (&) - e,)
or in terms of activities where (my) = (1;)°% + RT In

This was the state of development of the Donnan

until it could no longer adequately be used to exactly

[o 2

2]

escribe experimental findings. At that time

m
3
Dl
O
e
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T. Teorellll, 13, 14, 15 presented ar interpretation of
membrane equilibrium which has since become the basis for
the interpretation of membrane potentials.

According to the Teorell theory, the overall memoprane
potential consists of three potential jumps: two Donnan
potentials, e, and e, at each solution-membrane interface
and an internal potential, d; - di, resulting from a
diffusion process. The o#erall potential, E, is the sum

E = (e2 - el) + (d2 -dl) .

The Donnan potentials are given by e = RT 1n r, where r
F

is the Donnan distribution ratio; r = &7 = é; with ¢ the
a~ c
membrane interface concentration, a the ion concentration

in the external solution and (+) and (=) indicating cation

and anion respectively. For a single I-I valent salt, the

14

extended Planck formula gives

d, ~ d; = u=v RT 1n 2y(ryu + v/ry)
u+v ¥ a2(r2u + v/r2)

where u- = cation moblility within the membrane and v = anion
mooility within the membrane. This gives the overall
membrane potential as

E = BT 1n T2 + u—v RT 1n 21{riu + v/ry)
F r{ utv F ay(rou + v/ry)

As the number of exchange sites approaches infinity,
the internal potential of the membrane, (d2 - dl), decreases

and becomes insignificant with respect to (e2 - el). As a



-= ~
and in generel ¢y becomes equal to Cye Therefore,
E= %3 In %2
F o5

oped to explain the equilibrium arising when a memo
impermeable To at least one species in a solution &

meatle to the others, is used as z partition detwee

solutions. A

3!

theory using the concepts of chemical potential

1

chemiczal potential. his treaiment provided &

~ - - - S N

ncre rigorous treatment was appiied to the

ané electro-
stronger
equation

same form &s

a2 means Tor studying membranes naving very high resistance.

S

Such membranes are, in generazl, not permeable and, therefore

the menmbrane potential is not a result of a diffusi

prcoccess., There 1s, however, & penetration of t

the surface of the membrane to a depth of 50 to

established at both membrane-solution interfaces,

ecueation cdescribing the membrane potential accor
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theory is essentially of the same form as the eguations of
Donnan and Guggenheim which describe the membrane poctentizl
cdeveloped across permeable membranes.

Thus, the membrane pctential 1is pressntly ccnsicered to

be caused by the difference between the voundary poctentials

at the membrane-solution interfaces, these boundery poten-—
tizls arising from the establishment of a Donnan exchenge

equilivriumn at each membrane-solution inte

2!

face. The

potential zcross the memdbrane 1s then described by tre

eguation
E=RP 1n &1 ()
E-F- ?:..2
If the activity of the reference solution, say a,, is

maintained cecnstant, equation (E) beccmes

E = RT 1n &y = AT In &, = KT 1In a; * X
zZE zr = ZF
where X is a constant. At 25°C. and letting X = =°,

9
v

Therefore, the pctential response will be linear to log

with 2 slope of 0.060 .
z

¥ost of the experimental work done in the vast has besn
on the response of systems having only one kind of cation or
anion present or at most on cation- or anion-selective

systems. However, the recent inlterest in the development

3
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of an icn-specific probe has led to work on the development
of ion-selective membranes. Thet 1s, on membranes wnich

respond to a given ion and are not affected by the presence
of other iocns.

According to the exchange theory, & Donnan ecullibrium
is established between ions in sites in the membrane and
ions in the solution. To obtain selectivity, the sites

n the membrane must be made to only accommcdate an ion
having a given charge-tc-size ratio., Thus, a membrane-
solution eguilibrium can only be established for z given xind
of ion and the membrane gives & selective potentlal response
to that kind of ion.

This treatment is an oversimplification of the prodblen
because what constitutes z selective exchange site nas, Tc

this time, not been determined, Ion-selective membranes have

Yy

thus

ar been developed tarough a process of constructing
severzl series of membranes, altering only one veriable in
each series, and determining the response characteristics

for each membrane. The best value for each variasble is

)

then used in an attempt to construct a membrane having the

3

[o))

esired response. The initizl selection of the range cf

conditions and materizls to be used i1s based upcn the choice

<

of the membrane matrix, the ion to which a selective response

is desired ancd the concditions yielding selectivitiy

(B

n

previously prepared membranes.
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Ion~-selective membranes have been prepared by bullding
into the membrane matrix an insoluble ccmpound containing
the ion to which response is desiredg. On this pasis it

was thought that z membrane containing nickel dimethylglyoxime

€3

-

should selectively respond

N

to the nickel ion. In an attempt

to prepare a nickel-selective membrane, several membrane
materials were tried with no successl. The fingl preparaticn

was an attempt to copolymerize nickel bis(4,4'-dihydroxy-
benzildioxime) with phenol and formaldehyde into a resin,
just as bakelite is prepared Trom phenol and formaldenyde.
The resistance of the resulting memorane was as high as that
af'bakelite itself and there was no potential respcnse to

differences in the concentration of nickel across the mem=-

In an attempt to lower the resistance of the phenol-

Tformaldehyde memorane, nickel nitrate was added To 'the resin

H

vefore the final polymerization. It was found that the

resistance of the pnenol-formazldehyde membrane conteaining
nickel nitrate was indeed lower but that the membrane &id not
respond to nickel., However, it did respond to differences

in nitrate concentration. Obviously this membrane was worthy

of further investigation.



DEVELOPMENTAL WORK

General Approach
Obviously, if an ion-selective membrane is tTo be pre-
pared, the basic resin to be used must be iTself inerc
chemically and ulectr“cally. Bakellte, the condenseaticn
product of phenol with formaldehyde, certainly meets these
conditions. It was found that thin films of bvaxelite

50 to 180 p thick, could be eas

Pc
‘-...
RY)
H
1]
{e}
[+
3
0
(o]

films had a2 high resistance, even when soaked in water for
several weeks, and that there was no potentlial response
wnen the ©ilm was used as the partition in & concentratio
cell. Bakelite is relatively easy to work with and chemical
ications of the resin are easily mede.
The polymerization of bakelite takes place in tares
stages forming successively bakelite A, bakelite B, and
o}

baltelite C. Bakelite A, the low temperature (50 to 70

and acetone. Dakelite B is cbtalned upon heating vekelite

A above 70°C. and is a soft elastic material which is

p

insoluble, The bvakelite B stage is difficult to isolate
because the transformation from bakelite A& to bakelite C
through the B stage is very rapid, comparable to an explosicn

in gas-phese reactionsll., Bakelite C is nard, brittle and

soluble and is formed using polymerization temperatures
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ranging from 100 to 200°C.

The membranes were generally prepared in the following
manner. To a weighed amount of bakelite A in ethancl was
added an ethanol-soluble nickel szlit, usually nickel nitrate
hexanydrate. The mixture was stirred well and poured int
a petri dish. It was then placecd 1iIn an oven at €5°C. for
at least 10 hours. The temperature of the cven was then
increased at a rate of 10 degrees per hour until tae
temperature reached 130°C. The temperature was tihen main-

tained at 130°C. for at least 12 nours. The resulting

for 20 nours. This scaking facilitated the removal o
membrane Irom the dish. After this soaking, the membrane
was mounted in an apparatus consisting of two L-shaped tubes

neld together with two number 12 pinch clamps, Figure 1.

& reference solution of 0.10 ¥ potassium nitrate was
placed in the left arm of the cell and the test solutions

were in turn placed in the rignt arm. Beckman 39170 fiber-
Junction saturated calomel reference electrodes were
inserted intc the test and relference solutions ané the
potential difference between the two electrodes was measured
using a Cary Model 31 vibrating reed electrometer. Vaen the
¢ells were not in use, the saturated calomel reference

electrodes were removed, water was placed in the right arm



electrodes

lermel

Saturated ca

Reference
soclution

Membrane

i

Apparatus for testing membdbranes
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of the cell, the reference solution left in the leit arnm,
and each arm was stoppered to prevent evaporation.

In the first membranes preparec, & bakelite 4, prepared

by

from an ammoniacal condensaticn of phenol with formaldehyd
and nickel nitrate hexahydrate were dissolved in ethancl,
the solution poured into a petri dish, and the polymerization

carried out as described previocusly. Tnese first membranes

&

[l
ch

d not respond to changes in concentration of nickel or
other cations; they did respond to changes in tThe concen-
Tration of nitrate, Figure 2%, The response to nitrate veas

linear over the range 101 to 10-3 ¥, the potentizls for

.r"

and 102 M nitrate being equal

Difficulty was experienced in reproducing the membranses
and this led to an investigation of the coancditions which al-
fect the preparation of the membrazne. Membranes were prepared

from phenols other than phenol. 7The ratio of phenol To for-

iehyde, the polymerization temperature, and the time ol

polymerization for the preparation of bakelite & were Invesii-

A

gated. The type and amount of base used to effect polymeriza-—

Q)

tion, the temperature, the variation of the amount of nickel

nitrate added to the resin, andé the addition of compounds oth-

er than nickel nitrate to the resin were also investigated,

#The conventions used in describing the experimental
set-up are: 1) reference solution / membrane / test
solution. 2) the sign of the potential is arbitrarily
defined as the polarity of the electrode dipping intc the
reference solution. :
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-L0OC NITRATE ION CONCENTRATION
The effect of varying the nature of the cation
on the response of a phenol-formaldehyde-nickel
nitrate membdrane to changes in concentration of
nitrate of the solutions on opposite sides of

the membrane

O 0.10 M potassium nit
trations of npot i

O 0.10 M potassium nitrate // varying concen--
trations of copper(II) nitrate

A 0,10 M potassium nitrate // varying concen-



Membranes Prepared from Paenols Cther Than
Phenol and from Mixtures of Phencls
The linkage between the arometic entities of the Dhencli-

(')

formazldehyde resin are generalily consicdered to be metayler

cl

IV

m

groups attached vo the aromatic ring the positions ortho
and para to the hydrox y group, the polymer chains seing

tied together tarough occasicnal cross linking, that is with
two methylene groups aftached to some of the aromatlic rings,

Cbviously substituents in the aromatic ring will affect the

nature of the cross linkage and the presence in the polymer

substituent group.

Resorcinol proved too reactive and insoluble mate:ial
Tormed within a few minutes on mixing with formeldehyde and
nezting to 659C.; the same intractable materizl formed alsoc

witn mixtures of resorcinocl and phenol, even with as 1ittle

membranes containing resorcinol cculd not be prepared znd
tested.

Hydroguinone could not be polymerized without the addi-

tion of phenol. A bekelite A prepared from 90 per cent

paenol plus 10 per cent hydroquinone was prepared and men-
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-
L3

3

branes prepared from it., These membranes Aid not cdiffer 1

nitrate of membranes prepared from a phrenol-hydroquinone
mixture and from phencl aione. The membranes prepared with

10 per cent hydroguinone were nct as mechanically strong &s

C

3

ymer, The initial response of these membranes develcped

H

epidly and was identical to the r

o
w
o]
(0]
(a1
)]
o
O
L]
b2
o
12
O
3
K
(]
n

prezared from phenol alore. Kowever, the potentials ovserved
0]

vere not stable. Afier & period of 24 hours with 0.10 X

D

potassium nitrate and water on coprosite sicdes ¢f the menm=-
orzne, the cut-off potentizl became prozressively smaller,

to less than 100 mv. as is shown in Figure L,

Because the initial response of zll membranes »repared
with the m-cresol resin was gocd and the membranes repro-
ducible, and veczuse menbranes prepared Irom phenol zlone
were not uniformly reproducible andé responsive, a series ¢’
memtranes was made from mixtures of various amounts of
n-cresol and phenol. To 10 g. cf the mixture of m~cresol

and phenol, was added 10 g. of 37 per cent formaldenydce

()]

sclution, and 1 ml., of 27 per cent ammonia. This mixtur

was placed in an cven at 65°C. and stirred every 30 minutes.
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A cover was left in place until after two phaces were Iormecd.

The upper, aqueous phase was then allowed to evaporate with
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until the agueous phase no longer remained, removed Ifrcm tas

cven, and after cooling to room temperature, used Ior

this bakelite A in 20 ml. of ethanol, adding 0.40 z. of

resulting solutions were poured into 10 cm. petri disnes,

placed in an oven at €5°C., for at least 10 nhours, andé the

temperature then slowly increased to 130°C. and maintzined
at 130°C. for 12 nours. The memtranes were then siowly

cooled to room temperature, soaked in water at 65°C. for
20 hours, and mounted as shown in Figure 1.

Tne response to nitrate of memdbranes prepared Iron

various nixtures of m-cresol and phenol are snhown in

Figures 4 through S. The response of the membranes prepared
from phenol bakelite A& was reproducible and stadle with
respect to time, Figure S. The data of Figures 4 through 5
snow that the response to nitrate was not reproducidvle with
respect to time and furitner work with m-cresol was not

attempted.
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Membranes prepared from 3,5-dimethylpnenol proved
extremely brittle and did not respond well to change in
nitrate concentration.

Thnus, it was found that membranes could not be prepzared
from resorcinol, that membranes prepared from 10 per cent
hydroquinone and 90 per cent phenol were not as mechanically
strong as membranes prepared from phenol alone, that the
response of membranes prepared from m-cresol and from
mixtures of m—-cresol and phenol were not stable with time,
and that the response of membranes prepared from 3,5-

-

dimethylphenol was poor and the membranes extremely brittle.
Conditions Affecting the Polymerization
of Bekelite A

Inasmuch as the best obtainable membrane, in terms of
mechanical strength and stability of response, was prepared
from phenoi alone, and beczuse considerable variations were
found from membrane to membrane, a thorough study was made
of the variables involved in the preparation of bakelite A:

7

5y

e ratio of phenol to formaldehyde, the catalyst, the
polymerization temperature, and the time of polymerization.
It was found that at temperatures of 70°C. or greater
the formation of an insoluble polymerization product was
enhanced and that if temperatures of 60°C. or less were
used, the time required was too great. A temperaturelof

65°cC. was, therefore, used for all polymerizations.
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Responsive membranes could not be obtained from
bakelite A preparations prepared using acid caéalysts.
Likewise, the strong bases, sodium hydroxide and potassium
hydroxide, could not be used owing to the deposition of
sodium.or potassium salts of the phenol in the membrane;
membranes containing such salts were no longer inert but
responded to differences in concentration of numerous ions.
Ammonia was finally adopted as catalyst. Membranes prepared-
using ammonia proved non-responsive and provided a sultable
basis for the preparation of selective membranes.

Phenol-~formaldehyde ratio and polymerization time were
studied simultaneously by varying the polymerization time
for each phenol-formaldehyde ratio studied. Ratios of 33,
50 and 66 per cent by weight of phenol to 37 per cent
formaldehyde were studied using polymerization times of 5 to
12 hours in a covered container at 65°C. and an additional
3 to 8 hours uncovered at 65°C. The mixture was heated
uncovered until it became clear at 65°C. or for some
preparations, until it remained clear when cooled to room
temperature. It was found that an initial ratio of 50 per
cent by weight of phenol to the 37 per cent formaldehyde
solution and an addition of more formaldehyde solution, in
an amount of 20 per cent of the initial amount taken, after
the mixture had become clear upon heating uncovered, gave the
best results. After adding the formaldehyde solution to the

clear mixture, the mixture was again covered and placed in
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aﬁ oven at bSou. for 30 minutes, with stirring every 10
minutes. The cover was then removed and the mixture heated

t 65°C., with stirring every 30 minutes, until clear or uatil
clear at room temperature. This heating required from 1 to 3
hours. The resulting bakelite A could be dissolved in

ethanol, mixed with ethanol-soluble nitrafes and ethylene
glycol, poured into z petri dish and made into a membrane &s
previously described.

Although this thorough study of the preliminary polymer-
ization process resulted in learning how to make a good
bakelite A, there were still slight variations in tre
response of membranes subseguently prepared. By adding a
little formalidenyde solution to the ethanol solution con-
taining the bakelite A, nitrate salt, and ethylene glycol,
thus providing an excess of formaldehyde during the final.
polymerization to bakelite C, reproduclble membranes were
obtained in successive preparations

The Effect of the Amount of Ammonia
Used to Effect Polymerization
The response of membranes prepared using acids or

strong bases as polymerization catalysts was extremely poor.

'3

The response of membranes prepared using ammcnia as the
catalyst was good. Vhen acids and strong bases were usad

as catelysts, the resultln linkage between the phenol groups
of the resin was entirely the methylene group. Using ammonisza

as the catalyst, some of the linking groups involve nitrogen,
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presumably as the dimethyleneamine group. Obviously the

amount of ammonia incorporated is a metter of importance.
In the following work, the amount of ammoniz used to

effect the polymerization to bakelite A was varied and the

response of membranes prepared from the resulting baxelite A

‘G

reparations was determined.

[ev]
2]
[

ng no ammonia

To prepare the resin with no ammonia present, 5.0 g.

-3

of vhenol and 5.0 g. of 37 per cent formaldehyde solution
were mixed in a one-ounce screw-cap jar, the jar was covered
with a watch glass and placed in an oven at 65°C. for 58
hours, additional formaldenyde was added and tnhe mixture
heated zt 65°C. for 30 minutes. Nickel nitrate membranes
prepared from this bakelite A were cloudy and crumbled so
easily that they coulid not be mounted and tested. This
bakelite A when polymerized without nickel nitrate formed a

clear, brittle non-responsive membrane.

Using varying amounts of ammon la

To mixtures of 5.0 g. of phenol and 5.0 g. of 37 per
cent formaldehyde solution in one-ounce screw-cap jars were
adcéed in a series of preparations 0.5, 1.0, 2.0 and 4.0 mi.
of 27 per cent ammonia solution. Each jar was covered
a watch glass and placed in an oven at 65°C. for 26, 8, 3,
and 1 3/4 hours for the preparations containing 0.5, 1.0,

2.0 and 4.0 ml., of 27 per cent ammonia solution respectively.
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They were then uncovered and heated until the resin became

clear at 65°C., additionzl formaldenyde solution was added

65°C. The covers were removed and nheating was continued
until the resin again became clear at 65°C. Nickel nitrate
membranes were prepared from these vakellte A preparatiocns.
A precipitate formed when nickel nitrate nexahydrate was

adcéed to a solution of the resin preparation contalning

I=

.0 ml, of 27 per cent ammonia soilution in ethanol, After
evaporating the solvent from the mixture, a clear filim
remained which was polymerized at 130°C. However, tne mem-—
brane cracked excessively as it was cooled To room temper-—
ature and, as a result, could not be mounted and tested.
The response for the three remaining membranes is shown in
Figure 10.

Thus, it was fiound that there is z minimum amount of

ammonia that is necessary to obtain a responsive membrane

Hy

£

d that the response coes not improve with the addition o

)

mmonia in excess of the minimumnm,
The Effect of Varying the Amine
Used to Effect Polymerization
Inasmuch as nitrogen enters the polymer, it became ol
interest to learn if improvement in the membranes could be
made by replacing the ammonia used to effect the polymeri-

zation by other amines. The bases, 2-aminoethanol,

(o)

isopropylamine, ethylamine and ethylenediamine, were trie
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and the resulting bakelite A preparations treated with nickel
nitrate and the further polymerization effected. The
response curves found for these membranes are shown in
Figure 1ll. The response of membranes prepared using
2-aminoethanol was good. However, the response was noc
stéble and was affected by the presence of sulfate in 10"3
and greater concentrations, The response of membran
prepared using isopropylamine, ethylamine and ethylenediamine
as the condensing agent was not good.

¥Methylamine, dimethylamine and trimethylamine were also

tried as polymerization agents. The response of the re-~

sulting membranes is shown in Figure 12. The response tC
nitrate of membranes prepared using methylamine as ccndensing

agent was good, whereas the response to nitrate of membranes
prepared using dimethylamine and trimethyleamine as condensing

ager.t was poor. DBecause a dimethyleneamine linkage cannot te
formed from a seconcdary or tertiary amine and can be formed
from a2 primary amine, it is concluded from the results of

this study that the potential response is a function of the

ormation of dimethyleneamine linkages within the membrane.

H)

The Effect of Temperature on the
Polymerization to Bzkelite C

The character of the memobrane finally formed depencs
not only on the nature of the bakelite A used and the metal
salt incorporated but also on the temperature at which the

s

final polymerization is effected.
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Membranes prepared from the same bakelite A preparation
and having the same nickel nitrate content, aiter being
xept at 65°C. for at least 10 hours, were slowly heated to
110, 130, 140, and 150°C. and kept at these temperatures for

15 hours. The membranes were then slowly cooled tTo room

t 65°C. for 20 hours, mounted,

L
)
wl

tem

=

erature, soaked in wate
and tested for response to nitrzte. The results of tnis
series of tests are shown in Figure 13.

It was found that the response to nitrate of membranes
prevared using polymerization temperaiures ranging from 11

B

to 130°C. was good; temperatures of 140 and 150°C. resulted

-4

n membranes which dié not respond well, The membranes

obtained using a temperature of 130°C. were mechanically

0

stronger than those polymerized ac 110°C. In all subseguent
work a temperature of 130°C. was used for the finzl polymer-
ization.

Estaplishing the Optimum Amount of Nickel Nitrate
to be Incorporated in thne Membrane

emount of bakelite A and the various amounts of nickel nitrale
hexazhydrate were dissolved in ethanol, The polymerization
was eiffected as described previously, the membranes were
mounted in the apparatus shown in Figure 1, and the pctentizl

"

response determined. The results of these tTests are shown
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in Figure 1l4. The response to nitrate of membranes prepared

starting with initial amounts of 16 to 22 per cent nick

(0

nitrate hexanydrate was good: below 16 per cent and above
& 3 e

N

2 per cent the response was unsatisfzctory.
Thus, the range of nickel content over whicnh satisfzactor;

s rather broad.

Q.
I

membranes can Le prepare

-

-
0
o
O
w
®
Q
a
§
12
L]
ct
o
2]
.

the amount of nickel nitrate hexahydrate added was aliways in
the range 17 to 20 per cent.

ct of Incorpcreting Salits Other Than

kel Nitrate on the Response of 2
Phenol-Formaldehycde Membrane to Nitrate

of gifferent cations within the membrane on
The potentizl response of a phenol-formaldenryde membrane wes
studied by preparing :emuvanes containing various ethanol-
soluble nitrates. The amounts of the nitrate added were
chosen so as to be egquivalent to the amount of nickel
hexeahydrate found to be optimum. The response of thess men-
branes to nitrate is shown in Figures 15 and 16.

The membranes prepared from iron(III) nitrate and
copper(II) nitrate became opague and vlack in color during
the polymerization. Oxidation-reduction is probebly involved
ners forming mixtures of iron(III) and iron(Ii) and
copper(II) and copper(I), such mixed-valence compounds dveing
c?ten black in color. The resulting membranes were extremely

brittle and the response ©o nitrate was poor.

The response of the aluminum, calcium, cobalt, hydrogen,
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and lithium nitrate membranes was a2lso found tc be poor.

[&1)

With the exception of ccbalt, the charge-to-size ratios o

-

these cations are consicderably different from tnat of the

3

(o]
(&)
v
(B
ct

1 ion. Tne response of the membrane contalining c

v
M

nic

13

nitrate, after soaking for several days with 0,10 i

e

otassium nitrate solution and water on opposite sides of

'c

the membrane, became approximately eguivalent To the respens

several days the membrane no longer responded well to
nitrate. None of the cother membranes of this group exhibite
even a temporary response or satisfactcry nature.

The response of membranes prepared with magnesium

P &

anc of the megnesium ion are zbout the same as that of the

nickel icn. Thus, the response appears to depend on the

0

herge-to-size ratio of the cation added.
The response of the membranes prepared Irom magnesiun
nitrate and zinc nitrate was not reproducible after several

Czys ¢f immersion of the membrane in the 0.10 M potassium

nitrate reference solution and weter. The response of the
nickel nitrate memdbrane was stable and reproducible even
alfter several montns of soaking. 3BSecause of these Ifindings,
nickel nitrate was used in all subsequent preparations.
lembranes were prepared incorporating nickel chloride

and nickel perchlorate into phenol-formaldehyde membranes.
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The response curves of these membranes

3

17. The response of the nickel chloride membrane

the nickel perchlo:

the attainment of & good response.

cyenate were also prepared. The

<t
[

o nitrate was poor, as shown in

cf the membranes to anions other

>

OCptimum Conditions for ti
of a Phenol-Formaldehyde

Responsive to N

it was found that the best resin prepzration

ozcteined from an ammoniacal conde

-

egueal weights of

3

nsation of

vhencl and 37 per cent:
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in a covered container at 65°C. for 8 hours, with stirring
every 30 minutes. The container was then uncovered and
maintained at 65°C. for approximately 5 hours, with stirring
every 30 minutes, until the mixture became clear. Additionai
formaldehyde solution in an amount of 20 per cent of the
initial amount was then added to the mixture and the con-
tainer again covered and maintained at 65°C., with stirring
every 10 minutes, for 30 minutes. The cover was then removed
and the mixture was maintained at 65°C., with stirring every
30 minutes, until a clear yellow-orange resin was formed.
This resin was dissolved in ethanol with an ethanol-solubdble
salt and 1.0 ml. of 37 per cent formaldehyde solution
per 1.8 g. resin. The solvent was then evaporated off at
65°C. and the temperature maintazined at 65°C. for at least 10
hours and then increased at a rate of 10 degrees per hour
until a temperature of 130°C. was attained. The temperature
was maintained at 130°C. for at least 12 hours and then
slowly cooled to room temperature. The membrane was soaked
in water at 65°C. for 20 hours and mounted for testing. The
addition of nickel nitrate hexahydrate to the resin resulted
in membranes having the highest degree of stability as com-
pared to membranes containing other ethénol-soluble salts.
The resulting nickel nitrate membrane was mechanically
strong, exhibited stable potential response to nitrate and,
with the exception of the hydrogen ion, did not respond to

any changes in cation content or activity.
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Summary of Developnmental Work

A membrane has been preparecd from a modified phencl-

jo

formaldehyde resin which responcds to changes in the concen-

o

T nitrate. The modification consists of incorpo-

¢t
$
[d}
5
6]
ni
o]
1]

rating nickel nitrzte into the resin. A thorough study of
the preparation conditions and materizls was undertaken to
determine the necessary conditicns for the attainment of a
reprocucible preparation procedure.

Resins were prepared using various phenols and membranes
were prepared from each resin. The best response was obtained
with membranes prepared from pnhenol alone.

The op»timum conditions fortthe polymerization of
bakelite & were: a phenol-formaldehyde ratio of one to one
with more formaldehyde added after the aqueous phase tThat

forms during the polymerization is evaporated, & polymeri-

I"l,

zation temperature of 6500., & total polymerization time ¢
about 15 hours, and the use of ammonlia to effect polymeriza-
ticn. There is a minimum amount of ammonia necessary to

ffect polymerization to a bakelite A that can be used to

prepare responsive membranes and the membrane response 1is

not improved with the use of ammonia in excess of the minimum.

(Y]

L gcodé response 1s obtained from resins prepared using ammoni

or a primary amine but not a secondary or a tertiesry anin
zs condensing agent.

The response of membranes, polymerizec to bakelite C

a2t temperatures ranging from 110° to 130°C., is good and
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membranes polymerized at 130°Cc. are mechanically stronger
than membranes polymerized at 110°c,

Membranes containing various ethanol-soluble salts were
prepared and optimum response was obtained by incorporating
nickel nitrate into the membrane,.

Thus, the optimum conditions for the preparation of a
phenol-formaldehyde polymer membrane that responds to nitrate

have been determined. T~
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PROPERTIES OF PEENOL~FORMALDEHYDE~
NICKEL NITRATE POLYMER MEMBRANE
4s described in the previous part of this thesis, a
membrane which is responsive to nitrate was prepared by

polymerizing phenol and formzldenhyde with ammonia and incor-

3
(6]

orating nickel nitrate during the final polymerization step.

'C

The properties of this phenol-formaldenyde-ammonia-nickel
nitrate membrane were then investigated in detail witn
particular reference to composition, exchange properties,
resistance, crystallinity, response to catlons, response to
anions other than nitrate, and application to chemical
anzlysis,

The Effect of pH on the

Response of the Membrane

The effect of pH on the potentiazl developed across the

o

phenol-formaldehycde-nickel nitrate membrane was studied by
titrating citric acid with 0.1 M sodium hydroxide and measur-
ing both the pH and the potentizl of the membrane at each
step in the titration. The titration curve obtained with

the pH meter (glass electrode) is shown in Figure 19;
variation in the potential of the membrane is shown in

Figure 20. The pH was measured using z Beckman number 40495
hign alkalinity glass electrode and a Corning model 10 pH
meter.

The membrane obviously responds to the hydrogen ion as

well as to nitrate., In fact, the curves shown in Figures 19
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ané 20 superimpose in the end-point region and do not differ
greatly in the buffer regions before and after the end-point.
A plot of potential of the membrane as a function of pH is
shown in Figure 21. Solid potassium nydroxide was added to
the solution to obtain pH values greater than 12.5. The
sudden increzse in potential at pH values greater than 12 is

provably caused by the formation of phenol salts within the

membranel.

T

»!

The effect of pE on the potential response to nitrate
was studied by preparing soclutions of varying potassium
nitrate concentrations from buffer solutions of pH values of
2.1, 3.0, 4.0, and 5.1. The buffer solutions were prepzred

%

from citric acid and disodium hydrogen phosphate. The
potential response to changes in nitrate concentration with
respect to changes in pH is shown in Figure 22. The response
of The membrane to nitrate is greater zt lower pH values.
Because of this, the majority of the remaining response

studies were made using solutions buffered at pH 2.1 with

citric acid,

Potential Response to Anions
To study the membrane potential response to changes in
anion content and concentration, 1 M solutions of socdium
thiocyanate, sodium nitrate, sodium bromide, potassium
chloride, sodium perchlorate, sodium dihydrogen phosphate

and potassium ferricyanide and a 0.1 M solution of potassiun
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sulfate were prepared and serielly diluted to 10-> M, Tne
response of the membrane to each member of each series was
then determined, Figure 23.

Tne membrane responded To tne monovalent aniocons but not

o bilvalent and trivalent anions. The zactivity ccefficients

listed in Table 1 indicate that the difference in potential

Table 1, Activity coefficients of strong e lectroly»es6

Electrolyte 1.0 M 0.1 M 0.01 M 6.001 ™
XCL 0.606 0.769 0.601 0.565
NaClO& 0.58 .77 0.90 0.97
NaNO3 0.55 0.77 0.90 0.966

response to the various monovalent anions cannot be explained
oy the difference in activities. For example, the activities
of sodium perchlorate and sodium nitrate are essentially thne
same for concentrations 1.0 M and less., However, the membrane
response to 1, 10‘1, 10'2 and 1073 M sodium nitrate @iffers
from the response to 1, 107 -1
perchlorate by 62, 65, 60, and 51 mv. respectively. The slope

of the linear portions of the perchlorate and nitrate response

(1

)
1o
W3

curves is 60 and 52 mv., respectively, per ten-fold chang

concentration, If the response to the various anions was
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dependent only on the activity of the anion, the response to
a solution 1.0 M in scdium perchnlorate would be identical to
the respcnse to a solution 1.0 M in sodium nitrete znd the

slopes of the perchlorate and rnitrate response curves would

Tt cue

O

glso be egual., Thus, the difference in response is n

o]

ct
m

difference in activity. This difference in response is

robably caused by a difference in the size of the anions,
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able 2, Anion radii

Anion Radius (3)

c1i- 1.81
€10y 2.5%
NC3 1.,5%

%Estimated from covalent radii.

The potential response to changes in nitrate concentra-
tion in the presence of varying amounts of other anions was

o
|~l
1)
(o}

studied. The curves Tor the potential response to

5
o,
-

erricyanide are shown in Figures 24 through 30, respec-
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tively. The solutions were prepared by serizl dilution of
1 ¥ sodium nitrate solutions with solutions of the desired
anion content buffered at vH¥ 2.1. It can be seen that tne
presence of other univalent anions interferes with the
response tq nitrate and that the presence of divalent or

-

trivalent aniocns has no effect on the response to nitrate

-

except in concentrations of 10=2 or grezter

Stebility of the Potential Response
Beczuse the phenol-rormaldenryde-nickel nitrate membrane

responds to chloride and the commercial saturated calomel
reference electrcdes used were so constructed that a slow
érain of saturated potassium chloride solution from the elec~
trocde occurred, reference electrodes containing sulfate were

used. The electrodes were prepared by pouring enough mercury

into a glass tube to cover the end of a platinum wire fused
throcugh the bottom of the tube, sprezding a paste consisting
of mercury, mercury(I) sulfate, and a saturated solution of

potassium sulfate,; on tcp of the mercury in the Tube, and

=

then filling the remeinder of the tube with & solution of
saturated potassium sulfate. A lead from the electrometer
was connected to the platinum wire gt the bottom of tThe tube
andé a saturated potassium sulifate-—-agar bridge wes used to

-

rovide electrical contact between the saturated potassium

J
<

sulfate solution of the reference electrode and the solution

in contact with the membrane. The two reference electrodes



ess than 1 nv, in potentieal.
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To determine the stablility of the potential respconse o
the membrane, a test solution was pl

membrane cell and a2 0.1 M potassium nitrate reference
solution was placed in the other arm, a reference electrcde
was then dipped into each solution and the resulting memdbrane

otential was deternined as a function of tirne.

'

.
votassium nitrate//107° ¥ potassium nitrate remained constant

even after a period of 24 hours. It was also found that

response of tne system.

-1

2l response Wwith the szme

[R3

Tne stebility of the potent
reference soluticn used over a long Time period was also
cetermined. A 0.1 M potassium nitrate reference solution wes
used, The response tc a series of standard potassium nitrate
solutions was determined, the sample arm of the memprane cell
wWes then Tilled with deionized distilled water, and the
reference scolution was left in the reference arm. Zoth arms
of the cell were stoppered and the cell was allcwed to stand
for L months. The response to the same series of standard
potassium nitrate solutions was then determined without
changing or mixing the reference solutio The potentials

measured were identical with those measured earlier.
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then sent to Huffman Lsboratories, Inc. for elemental znaly-

sis. The results of the analyses are tabulated in Tables 3

Table 3. Zlemental znalysis of the phenol-formalcdenyde-
ammonig resin
Element Per cent Atom ratio Atcm ratio x 7.46
c - 75.58 6.30 L7,0

VL
Ui
.

93 5.88 . 43.8
0

o 16.62 1.04 7.76

}

o
Yy

':-."By az

)

erence.

The analyses indicate that about one amine group is

resent for every seven phenol groups within the membrane,

m

‘o

that one nickel atom is present for every two and four-tentins



Table 4, Elemental analysis of the phencl-formalcdehyde-
ammoniaz-nickel nitrate resin
Ele- Per Atom Ltom (&tom »ztio ((Atom =»ztio
ment cent ratio ratio x 20.6) x 20.6)
x 20,6 -Ni(NO3)3 -ﬂi(HO3)3)
‘:" 2."':‘2
c 66.90 5.57 115 115 47.5
= 5.14 5.11 105 105 L3, 4
N 3.69 0.263 5.42 2.42 1.00
o% 21.43 1.34 27.0 18.6 7.69
Ni 2.84 0.048L 1.00 6.00
#¥3y difference.
anine groups and that three nitrate groups are present for

T

In conjunction with the study of the effect of the

initial nickel nitrate content cn the potentia al response of

phencl-ITormaldehyde-nickel nitrazte membranes described
previously, the amount of nickel nitrate sozked frocm the

membranes during the soecking step was determined and fronm
the iInitial amount of nickel nitrate teken, the émount of
nickel andé nitrete remaining in the membranre was estimated.
Membranes ranging in concentrgtion from 10 to 25 per cent

by weight nickel nitrate hexahycdrate were prepared in the

ner and the solutions in which the membranes were

[
[0]
[l
v
-t
5

cenditioned, or soaked, were recovered, diluted to 100 mli.



analyzed for nickel.

(o))

in a volumetric flask, an

H)

The nickel content of these scaking solutions wes

s,

determined by adding an excess of ethylenediaminetetraacetic
A

EDTA with & standaré copper(lIl) soluticn to a calcein enc-

R : S

point, The result of this study is shcwn in Table 5 and in

Teble 5, The amount of nickel remaining in phenocl-
formaldenyde-nickel nitrzate membranes
Per cent Mmoles ¥Mmoles ¥mcles nickel
Ni(NO3);' Hy0 nickel nickel remaining per
tiken added sozked out 1.8 z. resin
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per cent nickel nitrate hexzhydrate. The amount retained

)

decreased sharply as the initial amount of nickel nitrate

N

S - 3 3 o - <+
nexanydrate increased from 16 to 25 per cent.
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0

The amount of nitrate soaked cut ¢f the mernbranes was

(

Setermined using a phencl-formaldchyde-nickel nitrate mem-

0f ten to 1072 M. The scaking solutions were pufflered &t
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N
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acld, the membrane potential of each cf
the solutions was cdetermined, and the nitrate concentraticn
calculated using the cealibration curve, The result of tals

study is shown in Table 6 and Figure 33. The amcunt of

Tablie 0O, he amount of nitrzte renmaining in phenol-
;orm idenyde-nickel nitrate membranes
Per cent Mmoles ¥Mmoles Mmoles Ratio of
W*(VO3)2 6}20 nitrate nitrete nitrate nitrate ©
teken adeed sogked out renaining per nickel
1.8 Z. resin  remaining
i0 1.57 0.0692 1.50 i.8&
1z 2,11 0,158 1.96 2.51
16 2.7
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nitrate remaining in the membranes prepared with initisl

o

amounts of 10, 19, 22, and 25 per cent nickel nitrat
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hexzhydrate was in good agreement with the amount of nickel
remaining in the membranes in that there are about twoe nitrate
racdicals for every atom of nickel remeining. The zmount of
nitrate remaining in the membranes prepared with Initial
amounts of 13 and 16 per cent nickel nitrate hexzhydrate was
Poundé to be greater than two nitrate radicals per atom ¢f
nickel,

SZxchenge Properties

In the current theory used fto explain tTne potentlel
developed across an ion-responsive membrane, it is assumed
that ion exchange between mermdbrane and soluticn occurs at
ezch memorane-solution interfzce. 4in zttempt was made ©To
show Cirectly that such exchange takes place telween tThs
phenol-Tormalidehyde-nickel nitrate resin and nitrate-bearing
solutions,

4 weighed amount, 35 g., of the resin was ground to &3
mesh or smallier in a Wylie miil, The ground resin was then
washed witn deionized distilled water, sozgked in water for
1 week, thoroughly washed with water and then poured into 2
zlass tube. The resulting resin ted was z column & mm. in
Cizmeter and 30 cm. long. The resin column was washed with
500 mi. of water and 50.00 ml. of 10=2 M nickel nitrate was
then passed through the column. The eluate was collected in
a 200-ml. volumetric fliask, the column was washed with
vwater and the wash soluticn was also collected in the



from the batch exchange process was

There was no change in either the

content of the solution passed throug

the soluticn equilibrated with the res

It zppears that the phenol-formaidehyde-

Lbosorption bands were present in t

free resin, as expected, for zromatic rings,

n Ti
sSOo4
a Tn

nic

and phenolic groups. In addition, weak absorption dban

. =1 5
present at 2330 and 2080 cm.”* and a strong band at

1

15845 em.”~ indicating the presence

of

~

(-4

saturated

amine,



nickel-bearing resin and there was increased abscrpticn in
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They are altered in some manner oy tn

nickel nitrazte. The infrared spectrum of the nickel-

membrane and the pnencl-formeldehyde-nickel nitreale memdrane

were determined. KEach membrane was mounted zs shown in
igure 1 and 2 0,10 ¥ sodium sulfate soluticn wes poured
into each arm of the celli., & saturated calomel refersnce

electrode was dipred into each solution and the membrane

2ll membranes tested, an amount To00 small TO Iinver:
the resistance measurement. The saturated calomel re
electrodes were then replaced with platinum electrodes and
the resistance of the memorane was determined using a

Keithley Model 601 electrometer.
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amcunts of nickel nitrete. The membraznes

-
v

- b) = < - - .
ws cf non-birefringen

view

nct ve detected as en orcered pettern in the 14 pe
membrane, IU appezars that the non-birefringent cr
dots are caused by imperlections in the membrane st

1 A
il

ec taro

r cant
osses and

ancé that the structural defects cause a decrease in the
response of the membranes.

The response of the 1L to 23 per cent membranes was
zood andé the membranes were all uniformly birefringent waen
viewed through a polarizing microscope, Figure 38. It
gooears that the structural defects are at a minimum in This
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Photographs of a phenol-formaldehyde membrane
as viewed through a polarizing microscope with
the stage rotated 90° between photographs
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Birefringent

Extinet

Pnotographs of a phenol-formaldehyde membrane
containing 10 per cent nickel nitrate as
viewed through a polarizing microscope



Birefringent

Extinet

Figure 36. Photograpns of a phenol-formaldehyde membrane
containing 18 per cent nickel nitrate as
viewed through a polarizing microscope
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FPigure 37. Photographs of a phenocl-formaldehyde membrane
containing 25 per cent nickel nitrate as
viewed through a polarizing microscope



Two applications of the phenol-formaldenyde-nickel
nitrate membrazne were made: to the direct pctentiometric

n

o

to the end~-point detvection

titrimetric methods using silver sulfate azs a standard
soluticn,
Potentiometric Determinations
In direct potentiometric determinsztions, the membrane

potential response to changes in activity of the ion to te

determined is calibrated by determining the potential
response to several solutions of known activities. A
calibration curve is then prepared by plotting potentisal

respense versus activity. The potential response To the ion

being determined is then measured and

curve, the activity obteined. The first zpplication of txal

vas to the practical problem which arose in the course of

(R

his very work, the problem of determining the nitrate wn
was removed from the resin during the operaticn of conditi
ing che resin by soaking it 1n water; this is'reported on
zezge 73. The amounts of nitrate and nickel removed were

eguivalent andé thus evidence was obtained that the procedur

was functioning well as an analytical method.

)



Titrimetric Determingtions

R
o

Use was made of the phenol-formaldenyde-nickel nitreate
membrane to locate the end-point in the Titraticns Gf

bromide, chloride, and thiocyanate with silver suifete. A

Tigure 38. The change in potential at the end-point is
agoout 120 nv., a very satisfactecry value wnhich provides

grezt precision. During the titration, & filim o

nitron nitrate proved toco soluble and & sharp change in
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Figure 38. The potentiometric titration o*“ chloricde with
siiver using the phenol-Tormzldenryde- r;ckel
nitrate memobrane as an indicator electrode
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is incorporated for each three atoms of amino nitrcozen andc
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or if the remaining nickel is distributed throughout the
membrane uniformly. In any case, the membrane responds to
hydrogen ions but to no other cations and to univalent anions
but barely to bivalent anions. There must, therefore, be |
present in the boundary layer,ﬁémino groups to accept the
hydrogen ion and positively charged groups so arranged
épatially and so charged as to permit exchange of univalent
anions with the solution but not of bivalent anions.

That the nickel-free phenol-formaldehyde-ammonium
hydroxide resin is amorphous and the nickel-bearing resin
crystalline as Jjudged by X~ray powder pnotograpns and by
examination in the polarizing microscope must be of signifi-
cance although no physical relation between crystallinity and
potential response is immediately obvious. However, it can
hardly be accidental that only over the range of 14 to 22 per
cent of nickel nitrate hexahydrate in the polymerizing
mixture is a uniformly crystalline resin obtained and only
over this range a responsive membrane prepared.

The preparation of the phenol-formaldehyde~-ammonium
hydroxide-nickel nitrate resin is, of course, highly
empirical. No apology for this need be offered for each
step in the procedure finally evolved was the result of
observation and tests. Thus, the two-step polymerization,
the correct base to use as polymerization catalyst, the
best salt to incorporate into the resin, the amounts of

phenol, formaldehyde and nickel nitrate, the time, temper-



and the metnod of conditioning
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(scaking) it, were all carefully worked out. Naturally, in
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logarithm of the concentration. The response Tells off
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aoruptly at concentrations belcw 1077, The potential devel-
. 5 =2

effective concentration, rather than concentration is measured
3y a membrane elecircde. The curve shown in Figure 3G was

cotained by using the zactivity ccefficients listed in Table 1

for variocus concentrations of sodium nitrate To calcuisates tre

~ < 3 - R - e - b 3 g b ~d e ~— Ay
activity of the nitrate and by plotting the negative logaricvanm
< rea 3 R T = N =73 -~ 127 wa=s e A A =
¢ the nitrate activity versus the potentlal meassursd. Toe

ea
1072 and is slightly concaved upward above 10~+ and the slicpe

)

of the linear portion of the curve is 60 mv. per tan-7oid

the nitrate.
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The data used to obhtain the curve shown in Figurs 3§ and
2 comparison of the respgonse as a ITunction ¢f conce aticn
of nitrate with the respcnse as a functica of zaccivity of
nitrate ars given in Tabls 7,

Tagble 7. A comparison of tae phenol-formaldenyde-nickel
nitrate membrane resgonse To concentraticn of
nitrate with the resnponse To activity of nitrace

Pctentizl Concentration Change In Acvivity Change in

response, of nitrace, potentizl ter orf notential

mv. i 10~T01d change nitrate cer 10-Foid
iﬂ chanme in

ccnceniration, ECTCLIVITY,

V. berAVa

~431.1 z 5.5 x 107+

-0.1 10-1 1.0 7.7 % 1072 53.0

- - - - A3

55.5 10~2 55.6 9.0 x 10-3 60.0

~= = -3 ~ - -] Z A

.I_.LD lo 39&9 907 x 1G * : O'v;‘o

- = el ~ . A PR IR -,

175 i0= 60.0 1.0 x 18—* cC.0

234 10-5 59.0 1.0 x 1073%  53.C

Thictivity coefficient assumed to e unity.

Trnus, the membrane respcends te activity andé because The
membrane responds to the activiiy of z given ion and nct tTo
the tctal concentration of the ion, the membrane can e used
in the study of complex Tformnation and to determine The
activity of an ion when it is necessary to know the amcunt
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of 1 fon in an active Tecrm rather than the total content of

3
b

the ion. This may be the best method ol obtaining activity
valugs.
The memhrane response is rgpid

s,

hecreti

i)
V3
‘)‘
ct
[¢]

. e = SR s oA
al for nitrate in concentrations ranging from

Ul
=

-t
B
<t
(o

1

o

M. Consecuently, the membranes can be callidbrated

Y

2 & : -~ 3 & > I - 3 -~ 3 = S -, -~ (22379
he direct pectentiometric cecvermination cir nitrace, Ihe

ct

I or

]

membrane zlso responds to cther univalent anions wrich
Therefore, cannot be present during nitrate determinacions.

The membrane can, however, be calibrated with and used for
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