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INTRODUCTION

-A study of the simplest water culture uged as a plant
nutrient shows a large number of ionic equilibris, An idea of
the mumbers of ionic and molecular specles that might arise in
a nutrient solution can be obtained from a consideration of

the following ions in solution:
X', ce**, ¥g**, E', Pe*'*, 03, POZ, S03, OH"

This 1s the simplest combination of ions that would support
plant growth, The simple lonic exd molecular specles that
would arise is demonstrated in Chart 1, This does not take in-

to account such complexes as illustrated in the following

' formulae:
,,0 /,O‘EGg
N\ Kg\\
O0—P=0 0. 0
97 .53
0—P=0 kg
ugZo” No-N0,

in whick salts with mixed cations and mixed anions might exist
in solution in the molecular state,

A chenge in the concentration of any one salt in the

mtrient solution would cause a change in the concentration of

o e

the lons of that sait in the soiwvtion, This, irn turn, would

cause a rearrangement of all the equilibria, and consequently
& change in the concentration of each of the molecular and
Jonic species shown, How great this shift would be is dif-
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ficult to predict, It would depend on the salt varied, the
emount of the wariation and the total salt concentration,
Assuming that such equilibrium changes occur, is the
change in growth or virility of the plant that results, due
ppimarily to the change in concentraticn of the lons varied
or is it more nearly dependent on the total squilibrium
changes? In the light of the recognized “"antagonistic® roles,
which certain ions seem to play, it would appear probable that
the transfer of certain metallic elements - as caleium - from
the molecular species to the ionic species, or ﬁhe reverse,
might be responsible for at least a portion of the changes in
the growth rate, It seemed highly desirable, therefore, that
sn attempt be made te study nutrient solutions from the stand-
point of tracing the shifts in equilibria in these solutions.
Concentration cell methods seemed the most loglcal ones
to employ in such & study. ¥Huch valuable data has been ob-
tained by the use of the hydrogen electrode, Unfortunately,
such work as has been done with other electrodes (the sodium,
potassium, and celcium) has been primarily for the accumlation
of thermodynamic data. Conseguently, guantities of solution,
rapldity of measurement and simplicity of sapparatus, has been
saerificed for the sake of accuracy, Horeover, sSuch measure-
ments as have’been nade were done either in pure salt solu-
tions or with apparatus not adaptable to biclogical work.
Before any study could be made the adsptation of the

amalgam types of slectrodes to diological measurements was
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- necessary, This reguired s simplification of tke design of

the electrode, the materisl reduction of the guantities of
soclution and of amslgem necessary for making the measursments
and the retention of the accuracy of the more cumbersome
methods, It was thought that the alkall amalgam electrodes
would be as reactive and as difficult to manipulate as any of
th%g type -~ especialliy so in acid solutions, For this reason
the sodium and potassium electrodes were chosen as the ones

for adaptation to the usage desired.,
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A SIMPLE FLOWING JUNCTION FOR USE WITH A
HODIFIED AILKALI AMATLGAM ELECTRODE

Theoretical Part

In the use of the alkali amalgam electrodes it has been
recognized that the following reactions would tend to 2ffect
the measured potential

2K (amslgam} + HgO —— 2KO6H + H,
2K (emalgam) + 1/2 O, + H,0 — 2KOH

In the literature {(MacInnes and Parker, 1915 pg.1452)} it has
been presumed that the first reaction is eliminsted by rapid-
1y flowing both the solution and the amalgem, It would seem
that the ssme technique would eliminate the second reactilon
(with oxygen) sinece it would appear that water would react
mach more easlily with the amalgam than molecular oxygen, How-
ever, recent workers /MaciInnes and Parker (1915, pg.1453),
KaeInnes and Beattie (1920, pg.1120), Knobel (1923, pg.71),
Harned (1925, pg.676)/ have consistently excluded oxygen from
the solutions, MacInnes and Parker (1915, pg.l452) state that
"ee.sWhen, however, the results of several series,,.were plotted,
irregularities appeared which could only be expleined by as-
suming that the small amounts of dissolved oxygen remaining in
the solution reacted instantaneously with the amalgam”,
Allmand and Polack (1919, pg.l1023) report similar dif-
ficulties in dilute solutions which they eliminated by alter-
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ing the construction of their cells so as $o reduce the high
resistance offered by long columns of these dilute solutions,
In view of the fact that no precauticns toward exclusion of
8ir were taken in this work and yet values of the activity of
the sodium ion consistent with other measurements were calculat-
ed by Lewls and Randall {1921, pg.li24), it seemed probable
that consistent readings could be obtained in solutions ex-
posed to the atmosphere as'they must te in biological work,
This conclusion seems justified by the experimental re-
sults reported in this paper, since no irreguiarities at high
dilutions were encountered, as reported by Maclnnes and Parker
(1915, pg.1452), Since the primary object of this investiga-
tion is the adaptation of these electrodes to msésurements in
biological medla, no attempt has been made to determine whether
these potentials are identical with potentials obtained by ex-

clusion of oxygen.

Design of Apparatus

The electrode used was similar in design to that cof
Richards end Conant (1922, pg.604) which in turn was a modifi-
cation of that of ILewis and Krsuse {1910}, Both types have
been used in this lsbeoratory and preference was given tc the
former since the amalgam kept & mirror-like surface indefinite-
ly under an sitmosphere of perfectly dried hydrogen, whereas it

seemed Impossible to retain a 1ike surface over long pericds
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of time in an estmosphere of air, dried by passing it over
phosphorus pentoxide, The electrode differed in that the
amalgem delivery tube E, Pig,1 (front and side view) was bent
to the form of a rough S, This change reduced the pressure of
the amalgam at the stopcock and permitted better control of the
emalgam flow, The contact chember of the electrode differed
redieally from those preoviously reported, The solution made
contact with the amelgam in a small tube; P, Fig.,l, through
which the solutioﬁ flowed at a fairly high linear veloclty,
The contact point of the amalgam electrode entered this tube
through a small opening, S, iIn the under side of thé cnamber,
Leakage of the solutlion at this junction was prevented by
paraffining the opening in the tube S and lixewlse the sides
of the amalgam electrode tip, The coating of paraffin seemed
to reduce the amount of wetting and likewise the rate of de-
composition of the amalgam, The angle at which the electrode
chamber, P, was set, discharged the used smalgam through the
opening, J, along with tkhe rapidly flowing solution, When not
in use, the amalgam electrode tip was well flushed with
amalgam and was then coated with paraffin to prevent the action
of air and moisture on the amelgam in the capillary, This
operation was best performed by iﬁmersing the tip in a besker
of molten paraffin, flushing it well with the amalgam and then
removing the tip from the paraffin,

The liquid junction is shown ot J, Fig,l. The solution
from the electrode EP, and likewise, from the calomel half cell
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C, make contact at the openings J. The constant flow of the
two solutions is obtained partly by means of the constant
level devices L, and partly by means of the capillaries sesled
at the bottoms of the constant level devices, These capil-
laries are 1,0 »m in diameter and 12 cm long, top cocks or
cleaned pleces of rubber tubing with pinch clamps (not shown
in the sketch) were sealed on or attached to the devices L

at the lower ends of the capillaries, sc that the flow of the
solutions could be stopped when it was desired, The helght of
the columns of liquids in I was 30 cm above the junction J.
The two openings at J were 2,5 mm in dlameter, The adjcining
surfaces at J were ground flat to facilitate a smooth and even
contact, The best results were obtained when the surfaces of

the delivery tubes at J were vertical,

Preparation of Materisls Used

The mercury used throughout this investigation was puri-
fied by passing it through a mercurous nitrate - nitric acid
column, and tuen twice distilling under reduced pressure in a
current of air, The potassium chloride was Msllinckrodt's C,P,
product, twice recrystallized from conductivity water, The
sodium chloride was Mallinckrodt®s C.P, product, precipitated
twice from conductlivity water solutions by HCl gas., The sodium
chloride was washed free from HCl gas with 98% alcohol after
the second precipitation, The HC1l gas was génerated from con-

centrated C.P, guality sulfuric and hydrochloric acids, The
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gas stream was passed through a long tube filled with glass
wool to remove entrained sulfuric acid, then through a sulfuric
acid bottle to remove water, and finslly through two towers
filled with glass wool, Calomel was prepared by treating dilute
mercurous nitrate solution with a dilute solution of hydro-
chloric acié, The product so obtzined was washed with conduc-
tivity water until no precipitate was obtained wher the wash
water was treated with silﬁer nitrate solution, The potassium
and sodium amalgams were prepared by the methods described by

MacInnes and Parker (1915, pg.1445).

Experimental Part

At first a junction of the type devised by Lamb and Larson
(1920, pg.229) was émployed. Hoyever, the column of liquid be-
tween the calomel and the ameligam half cells was so long that
the internal resistances in this column made the readings
meaningless for low concentrations, This fact will be demon-
strated laster ir the paper in connection with Table II, This
is in accord with the findings of Allmend and Polack (191¢) and
of Byers (1998).

To eliminate the internal resistance and at the same time
simplify the operation of the electrodes; the design of the ap-
paratps was gradually altered until the set-up describved above

was obtained, The constancy and reproducibility of the ap-

paratus has been confirmed in three ways:
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1. Cells of the type Hg, HgpCly XCL{xM)/KCI1(1M)Hg,C1,, Hg.
2.- Cells of the type Hg, HgaClp, KC1(IM)/KC1l(xM), K({amal-

gam) .
3. Cells of the type Hg, HgoCl,, NaCl(xM), Ha{amalgam).

1. gells of the type Hg, Hg.Cl, KCI1(xM)/XC1(1M) HgCl,, Hg.
This step was taken In order to dipel a doubt which was enter-
talned relative to the constancy and the reproducibility of the
ealomel half cells when the solutions were flowed through them
at a rapid rate. The electrodec vessels, of these calomel half
cells, were of the tyce C, Fig.l. The measured values of these
cells are recorded in Table I, together with the calculated
electromotive forces for the same c¢ell combinations. Concentra=-
tions in Table I and likewise in the other tables in this paper
are expressed in terms of gram molecular weighis of sodium or

potassium chloride per 1000 gm. of water (at 25°C) unless other-

- wise specified. The measurements were made in all cases in an

eir thermostat at 25° % 0.05°C.
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Pable I.

. Measurements with Cells of the Type
Hg, HgpClp KC1{xM)/KC1(1K) Hg.Cl, Hg-

T : 1T : ~ 111 : v

:Values of the:Measured values:Measured values,
Hg,HgC1,KC1(1}):combinations :Pwo half cells :Half cells wmsed
:calculated fram:of type C, Fig,:without constant
texisting data:I, used, Ex- :levels, Reservoirs
:Expressed in :pressed in wilis.:R atitached direct-
Hg,HgCl,KC1{xM):volts, :1y to helf cells.,
Expressed in wilts,

sgainst

[ L 1]

0.5 B : 0,01570 : 0.,01543 i 0.01520
0;2 M : 0,03650 : 0,03639 : 0.03825
0.1 ¥ : ©.05250 : 0.05228 : 0.05270
0.05 ¥ : 0,.0686%7 ; 0,06794 ; 0,06886
0.02 X ; 0.09048 : 0,08944 ; 0.091090
0,01 B : 0,10704 : <,10580 : G.10458
0,001 X § 0,16385 : 0.16323 : 0,15360
3 : :
To obtaln the calculated values 1n the second coclumn of

Table I, the following equatiorn was used

Egey1 = E(Hg,BgCl,KCL1W) - B(Hg,HgCl,KClxi) % B

where EL is the potential between the solutions KC1 1M and
KCl1 xM, This vaelue E_ was calculsted by the modified Nermst
B8

equatlon

SLRLEES
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! where N, and Hy are respectively the transference numbers of

the eation and anion and @, and &, are the sctivity coef-
ficlents of KCl at concentrations ¢, amd Cp. The value of N,

. was taken as 0.493 /Noyes and Falk (1911, pg.1455); MacInmnes

and Smith (1923, pg.2254)/.
According to the theory of transference numbers ¥, plus

. Ng should equel wnlty. This 1s substantlated by the work of
¥acInnes and Brighton (1925, pg.998). The transference mumber
of the chlorine ion should then be 0.507 if that of the potas-

sium lon is 0.493. This value is in agreement with that of

' Smith and MacInnes {1925, pg.1014) whoe obtained the value
 0.508 * 0.001. The values K, = 0.493 and N, 0.507 were used
| in the caleunlation of Ej, throughout the entlre range of con=-

eantrations employed.
The values of the half cells were calculated according to
the following eguation

g - o RT*. l
E(Hg, HgCl, KClxM) = E°(Hg, HgCl, KCl) - ;min e

where E° 1s the standard electrode potential of mercury-

calomel, €1~ represents the concentration of C1” at a concen~

tration of XCl XM and @ is the activity coefflclent of KCl at

_ that concentration. -0.2700 V was the value for E°. /Tewis

. and Randall {1923, pg.406)7/. The values for ¢ for KC1l were

. 1ikewise obtained from the Lewis and Randall text (1923, pg.

£ 360).

' The values in column III were reproducible over a period
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of several days during which they were measured, The widest
deviatiors measured were 20,05 mv, The values in column IV were
obtained on another series of half cells without the use of
the constant levels L, Filg.,l. The reservoirs R, Fig.l, were
attached directly toc the calomel half cells by short lengths
of‘cleaﬁed rubber tubing, and the flow of the solutiorns was
regulated by screw clamps, Under even these ¢rude conditions
the values were constant to 20,5 mv, over severasl days time.
In making these measurements & Leeds and Northrup Type K
potentiometer was used., The solutions were prepared with con-
ductivity water to insure freedor from ali but gaseous impuri-
tles, No attempt was made to prevent the sbsorption of air
and other gases by the solutions, Gases must be present in
biclogical media, snd 3t was decided, therefore, to check the
junction under conditions approaching as nearly as was possible,
those of practical usage.

The measured values in columm IITI of Teble I are in goecd
agreement with the calculated values (columm II), The poten-
tilals of the cell

Hg, Hg,Cl, EC1(0.1M)/KC1(1M) Hg.Clz, Hg

are 0,05625 V and 00,0527 V, These are In accord with the value
0,0529 V as given by Lewis, Brighton and Sebastian (1917, ps,
2255), It is evident, therefore, that the rapid fiow of the
solution through the half cells does not alter the accursacy,

or reproducibility of the calomel cell as a reference electrode,




2, Cells of the type Hg, Hg 0l KC1(1M)/KC1(xM) K(amalgam),

The meassurements made with these cells are recorded in Table II,
This material 1s presented to illustrate the magnitude of the

deviations caused by the resistance encountered in long columns

of dilute solution, That such internal resistance should alter
the measured E,¥,F, is contrary to the theory of the potentio-
imetric set-up, It has been encountered in concentration csll

studies by Allmand and Polack {1919) and by Byers (1908), That
such resistances should affeet the potentiometric measurement

. seems apparent 1if the situation is reduced to an absurdity, If

two half celis such as are illustrated in Fig,l are separated
so that a lasyer of air exists between them, the resistance of

- that air layer is infinite, Consequently it is impossible to

obtain a reading, If the theory were valid the introduction

k
E
g of this infinite resistance between the half cells should not
t
i affect the reading end the difficulties attendlng liguid

;

’j ctidns would be a matter of no further concern,
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Table II,

Measurements with Cells of the Type
Hg, HEoCl,, KC1({1M)/KC1{xH), K(amalgam)

: i3 : Il : IiT : Iv

. Hg,HgCl,KG1 1¥ :Junction of the:Junction of the:Junction of the
agalinst the :Lamb type used.:type shown in :type shown in

. K amalgam elec-:E,¥,F, in volts:Fig,l used, TWo:Fig,l used.

. trode and XKC1 :constant levels;With constant
solutioms of ; :E,¥M.F, in volts:levels. E,¥,F,

= concentration. . : :in volts.
0.5 ¥ : ——- : 2.1820 : 2.16832
0.2 X . 2.2038 :  2.2086 : 2.18014
0.1 ¥ i o.ci82 . 2.219 :  2.20514
0.05 X : s.omE . 2.2362 i 2.zeeie
0.02 ¥ : p.oese T e.osme . o.24414
0.01 ¥ . 2.2200 : 2.2720 . 2.26028
0,001 M : 20820 :  o.2054 . 2.28830
0.0005 ¥ i  1.8420 :  2,2952 . 2.29756

The data In columns III gnd IV are analyzed graphlcally in
E Graph I. The electromotive force in a concentration cell of

. the type under discussion should be a logarithmic function of

; the concentration of the ion under investigetion, Therefore,

i 42 the meesured B M P, ig pleotted sgeingt the logerithm of the

? corresponding concentrations of XKC1 a straight line should re-
:‘sult. The data in colummn III {Table II) are so treated, 1In
éaddition e velue for 0,005 MXCl (2,2834V), not recorded in

i Table II, is included., It is seen that to concentraticns as
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| low as 0,01 ¥ KC1 the agreement is perfect, At 0,005 ¥ KC1 a
slight deviation occurs, The points corresponding to 0,001
¥ XC1 and 00,0005 ¥ XC1 are not concordent with the theory, The
agreement to as low a coneentration as C,005 ¥ KC1 is surprising-
1y good, ©No measurement at 0,005 ¥ KCl was made in obtaining
the value in column IV, Howevsr, the results are in agreemen
to a concentrstion of 0,01 ¥ XCl, Allmand and Polack (1919)
treated the data they obtained in similar fashion, 3Below
0,02 ¥ NaCl their measured values 414 not fall on the curve,
The value used by them fo? 0.01 ¥ Na(Cl wes obtained by extra-
polating the curve to that concentraticn,

The data in columns II and III were obtsined with 2 Ieeds
. and Northrup Student potentiometer, For those in coluwrn IV,
i the Type K potentiometer was used, No constant level devices
- were used in meking the mesasurements given in columns IT and
. III, 'These readings (II and III) were constant to 21,0 mv,
i Further these readings were mede, nct with the amalgam flowing,
%but rmerely with single drop surfaces exposed., To obtain the
%data in columm IV where the more sensltive potentiometer was
Eused, it was necessary to flow the amalgam from the electrode
; in order to get results more constant than 0,1 mv, With this
Emethod the greatest deviation in the measurements was *0,05 mv,
fThe amalgam used in the electrode with which the readings in
 columms II and II were made analyzed 0.186% potassium, That
%used in the electrode with which the readings in colum IV

_were made analyzed 0,164% potassium.
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3. Cells of the type Hg, Hg,8l,, NaCl(xM), Ha(emalgsm),
These cells are ildentical with thcse used by Allmend and
Polsck (1 919). Sodium chloride solutiorns were used in the
calomel half cells as well as in the amalgam electrode contact
chambers, Sodium smalgem was used in place of potassium amal-
gam, Apparatus of the type described in Flg,l was used, to de-
termine whether the readings of Allmand and Polack {(1919) could
be duplicated., The compositlion of the sodium amalgsm employed
was different from that of either of the amalgams used by these
workers, However, for purposes of comparison the wvalues
measured will be subjected to the same trestment as was used by
these authors, Table III is a reproduction of socme of the data
of Allmand and Polack {1919), They wers obtained using tharee
concentrations of sodium amalgsm, The concentraticns used

were were respectively
(a) 0,2234% Fa (b} 0.1657% Ba {c) 0.1389 % XNa

Columm V (Table III) glves the values of the cells calculated
to a concentration of sodium amelgem 0,1389 % Na, by & method
which will be described later,
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Pable III.

Date of Allmand and Polack (1919)
Cell Type Hg, Hg Cl,, FaCl{x¥), FNa(=malgem)

I 11 : 111 : Iv : v
Amalgam (a):Amalgam (b):Amalgam (c):Calculation to

Formality:E. M F, in :E M F, in :E, M F, in :0,1389% amal-

. e e

" BaGl :volts, :volts, :volts, sgam. EM,F, in
H : : :volts, )

1;00 : —-— ; 2,1499 : 2,1430 : 2,1430

0.50 ; —-—— : 2,1838 ; -— : 2,1769

0.10 : 2.,2710 : 2,2596 ; -— ; 2,2527

0.02 : 2,3450 : 2,3336 i -—- : 2,3267

0,01 : === : == i 2,358 : 2,358

The data presented in Table IV were obtained with the ap-

 paratus shown in Fig.l. Sodium chloride solutior of the ssme
- econcentration was used in both helf celis, Thig necessitated

ga separate calomel half cell for each measurement mede, The

somposition of the amelgam used was 0,194% Ha,
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Pable IV.

Cells-type, Hg, Hgplly, NaCl{xM), NaHg(amalgem)
Apparatus Fig.l. -

I
Normallity NaCl

1T
Amglgeam 0,194%
B . P, in volts.

1.00 3 2,1548
0,50 ; 2,18¢3
0.10 ; 2,2672
0.02 ; 2,342
0.01 : 2,3740

(1]

The measurements in TPables ITI snd IV were made at 25°C,

1 Those ir Table IV were measured with a Leeds and Forthrup Type

i
i K potentiometer,

In obieining the values czlculzted to 0,1389% ¥z smalgan,

- Allmend and Polack (1919) subtracted the reading for the 1,0 K
fiKacl solution obtained with amalgam {c¢) from that measured
wim amalgeam (b)‘. They then asstumed that the difference was
i'rconsta.nt throughout the entire range of concentrations of sod-

1

‘ium chloride used and applied it %0 all the values obtained

‘with emelgam (b), That this procesdure is reasonably vaelid
éWill te pointed out later in connection with the measurements
fpresented in TPable VI, The seme method of treaiment is applied
to the data irn Tavle IV in order to compare them with those of
Allmand and Polack (1919), The comparison of the two sets of
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data is made in Pable V¥,

Pable V.

Comparison data Allmand and Poclack with data Table IV

T Iz : IIT 3V : v : V1

:Alimand and:Dats Tasble:l1,0 N value:Data Table:Values Col-

Normal« Polack readtIV 0,194% :Columm III :IV correctiumn V less
ity :ings correckamalgam, :less 1,0 X :ed to tA, and P,
of :ed 0,1389% :E,M,F, in :velue Col- :0,1389% :readings

NaCl :emalgem, E,:volts, cumn II, Diff;alemgem,E, :0,1389% amsle

MJF, In wilits :in volts, :M.F.in volts:Diff, in volts
1.00 : 2.1430 : 2.1549 : 0.0119 : 2.1430 : 0.0000
0.50 : 2.1769 : 2.1893 - . 2.1774 : 0.0003
0.10 : 2.2527 : 2.2672 + . 2.2555 : 0.0026
0.02 :  2.3267 : 2.3426 © 2.3307 : 0.0040
0.01 : 2.3587 : 2.3740 . 2.3621 : 0.0034

L4
ze ad

(2]

An analysis {(Graph II) of the data is columns II and V
shows no greater deviatior from the theoretical in the data
obtained with the apparatus of Fig,1 than does that of Allmand
and Polasck {(1919). The three high concentrations in each set
of measurements are in perfect agreement with the thecretical
requirement, The two lowest concerntrations in each case fall
just below the curve drawn through tune first turee points.
Since the data presented show no wider deviation than do those
of Allmand and Polack (2919) it is sonsidered that these

measurements complete the nrocf cf the accuracy, constancy snd
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reproducibility of the electrode set-up described, The fact
that the readings in Table V column V are consistently higher
than those of Allmand and Polack {(1919) would seem tc indicate
that the internal resistance of the solutions was more-nearly
completely eliminated than was the case in thelr measuremenats,
The valldity of the method of converting the potentials
measured with amalgams of one concentration to a different
amaigem concentration is 1llustrated by Tabie VI, These
measurements were mede in KCl solutions with potassium amalgam
electrodes at 25°C, The concentrations of the amalgams are
given in the table, The variations encountered are in most
cases below 0,05 M, and are probably due to experimegtal errof,

which is to be expected in extremely dllute solutions.

Table VI,

A Comparison of the Potentials Measured
with Amalgems of Different Concentrations

I : II ¢ III : Iv v : VI s VII
.KpanalgpnnKrama&ganzK-amalzan A~-B :C~-A :C-8B
Mols XC1: A C :Diff, in:Diff, in:Diff, ir
per 1000 :(0.186%): (0. 164%) (0.215%):volts, :volts., :volts,
gm HoO, :E M F.in:E,M F in:E ¥ F in:

svelts, :volts, :volts, : :
0.50 : 2,1820 : 2.16383 ; 2,1874 : ,0137 ; C,0054 : 0.01¢1
0.20 : 2,2036 ; 2,18¢21 : 2,2080 : 0.,0145 : 0,0044 : 0.0188
0.10 : 2,2186 ; 2,2051 : 2.2245 : 0,0145 ; 0.,0049 i 0.0194
0.05 i 2.,2362 : 2,2221 : 2.2414 : 0,0141 : 0.0042 ; 0.0183
C,02 § 2, 2574 ; 2,2441 i 2,2810 ; 0.0133 : 0.0036 : 0.0189
0.01 ; 2.2720-: 2.,2603 : 2.2784 ; 0,0117 : 0.,0064 ; 0.0181
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¥EASUREMERTS 1IN ACID SOILUTIONS

The work of various aunthors, Zibwis and Krause (1910);
Lewis and Keyes (1913, 1912); Chow (1920)/ has shown that the
alkall amalgam electrodes operate satisfactorily in alkeline
as in neutral solutions,

If the dectrodes were useful in biological work it would
be necessary that they function egually well in acid sclutionms,
; with pH values ranging from 7.0 to 4,0, The ease of resctivity
of the alkali metals and thelr asmelgams is well known, The
fact that in static solutions the reactions of the amalgams
with water is a factor which must be overcome has been mention~
ed, Therefore, doubt was entertained regarding the utility of
the electrodes in acid solution, 1In order to determine the
effect of the highest concentration of acids likely to be en-
countered in plant nutrients, the following experiment was
devised, Soluticns of KCl ranging ir concentration from C,2 M
to 0.0005 M were prepared using HC1l solution as the solvent,

g An aqueous solution was prepared which skould have had a pH of
4,00; potentiometric measurement gave the value pH 4,007,
Weighed quantities of purified ard dried potassium chloride

% were added to welghed emounts of the HCl solutlon in such

. ~ne 3 b
. mannser that the concentraticns sxpressed for sclutions in

1 Teble VII are in terms of gram molecular welghts of KC1 per
1000 gm. of the ECl sclution (pH 4,007). The KCl solution

} measurements, used as comparative data, were made inxmeous
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KCl solutions prepared from purified and dried XKCl and con-

ductivity water, The two groups of measurements are recorded

in Table VII,
Table VII.

Comparison of Potentlals in Neutral
and Acid (pH 4.007) Solutions

T : T : TIT : v
Hols XC1 : Solvent weater.: Solvent HC1 Difference
per 1000 gn,:E¥,F, in volts:Soln,pH(4.007): 11 - III
solvent, : :E M. F, In volts:Expressed in volts
G.2000 :  2,2036 . 2.2036  : 0.0000
0.1000 :  2,2196 i 2.2192  : 40,0004
0.0250 :  2.2516 . 2,2516  : 0.000C
0.0150 :  2.2644 ;. 2.2636 +0,0008
0.0050 :  2.2834 : 92,2848 :  -0.0014
0.0005 :  2.2952 . 2,007 :  -0.0055

Pable ¥II and Graph IIXI show good correlastion between the
two sets of measurements, It seems, therefore, that the alkalil
amalgam electrodes will not be affected by such concentrations
of hydrogen ion =8 would be encountered ir plsnt nutrients,
This raises the question of the importance of the reaction of
the amalgam electrodes with water, If measurements of the type
shown in dolumm II1, above, can be made in solutions of pH 4,0
with salt concentrations as low as 0,0005 M, it is doubtful

that reaction between the amalgam and water would affect the
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potentisl in neubral solutions.

The measuorements are well in accord with the theory on
the 1inesr curve {Graph III) to concentrations of shout 0.01 ¥.
No constant level deviees were .used in making these meesure=-
ments; a fact vhich may explaln the deviatlions at 0,005 H. A4
. 0.186% K analgsm was used in obbaining ali the potentizis in
- Teble VII.

The extremely low concentretions of RKC1 were purposely
. used in the above comparison, since it was thought that devia-
tions between thc two sets of readings would be most pronowmeed

. abt the lowest concentrations.
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MEASUREMENTS IN SALT SOLUTIORS WITH MIXED CATIONS

At the time of the initiation of this study practically

' no work had been attempted using smalgem electrodes in solu-
| tions containing mixed eations, Byers (1908) found difficulty
 in using the calcium and sodium electrodes in dilute solutions

- of single electrolytes due to the low current tramnsfer in

these solutions, To overcome this he added "indifferent™

salts to the solutions he was studying to increase the current

 flow, In 8ll cases where salts were added, abnormel readings
. were obtained, Neuhausen (1922), prepsratory to a determina-
 tionm of sodium ion concentrations in blood serums with the

sodium amalgam electrode, checked this electrode in pure and

mixed salt solutions, He recognized abnormeiities in the

readings in solutions of mixed cations, However, in a later

 paper Neuhausen and Marshall {1922, pg.366) state thet "both

when sodium salts are present alone and when admixed with salts

i of other cations, it was shown by Neuhousen (1922) that in the

range of concentration present in the blood the sodium amalgam
electrode is reliable and that furthermore potassium and ealcium

ions in concentrations, such as are present in the blood, do

During the time that this work was in progress Ringer
(1923) published data indicating that the potential mesasured

' in solutions of sodium salts (with the sodium electrode) is

istrongly influenced by the presence of potassium salts, Like-

;wise, the potential of the potasslum electrode in sclutions of
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potassium salts was affected by the addition of sodium salts,
Additional measurements indicate that calcium and magnesium
salts have 1ittle if any effect orn the sodium or potassium
electrodes, Michaelis and Kawai (1925) published dats con-
firming Ringer's results regarding the negligible effect of
the calcium salts, However, they were unable to obtain any
difference in the potential measured in 0,2 N FaCl (with the
sodium electrode)} on the addition of potassium chloride in
concentrations from 0.2 N to 0,002 N,

It was proposed at the beginning of this study to investi-
gate the behavior of the sodium and the potessium electrodes
in various solutions of mixed cations, However, the nature of
the preliminary results obtained with the potassium elecirode
In mixtures cf EaCl and KCl led %o s prolonged study of the
sodium and potassium electrodes in solutions contalning only
sodlum and potassium chlorides and further work was abandoned,

Table VIII gives a summary of the preliminary measure-
ments made with the potassium electrode in soclutions contain-
ing both sodium and potassium chlorides, These measurements

are compared in two ways in Table VIII with potentials

; measured in pure potassium chloride solution,
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Teble VIII,

Measurements with K-electrode {(0,186% K-amalgam) in
Mixed Salt Solutions Compared with those in Pure KCl Solutions,
Potentials measured 25°C,

I : piy : III : IV : v
Concentra~ :Mixed salt:Pure KCl of :Total salt :E, %, F, ir pure
. tion of :solutions :cone, col,I-a:concentra- :KCl solution

salts in  :(1M)KCl; :(1M)KC1l,Hg C]g.tion. Gol, :of cone, col,
; Hols per :HgoCls Hg :Hg reference :I-a + Col, :IV, Values
1000 gm HoO:reference :E M, F,.in wlis:I-b in Mols:read from

: b :EJM,F, in :CFromTable II:per 1000 gm.:Graph IV in

KC.‘L HaCl :volts. scolumn III), :Ho0. :volts,
 0.200:0.200: 2,1846 : 2,2036  : 0.400 .  2,1874
 0.160:0.200: £.1528 . 2.2186  : 0,500 +  2.1043
 0.025:0,200: £.1992 : 2.2516  : 0.225 :  2.2008
0. 01530.2002 2,2012 : 2,268¢ : 0,215 :  £,2019
0, 005 0.200: 2.2028 : 2.283¢  : 0.205 :  £.2029
0.200:0.100: 2.1888 : 2,2056 i 0.300 :  2.1943

0.200:0.015: 2.1956 : 2,2036 : 0.215 :  2.2019
é 0.200:0.005: 12,1976 : 2.2036 i 0.205 :  2,2034

: The readings in Table VIII appeared to be in the correct
order of magnitude, A comperison of the readings in which the
sodium chloride concentration was constant, with those in which
the potassium chioride concentration was kept constant showed
singular sgreement for those values at which the total sglt
concentrations were the same, Therefore, & comparison with

| the valuesin column III, Table II was made, In all cases the
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measurenents in the mixed salt solutions indicated a grester
potassium ion concentration than should have been present,

Thls lcad to a comparison of the measurements in the mixed
chioride solutions with the values in pure potassium chloride
solutions at concentrations equivalent to the total salt con-
centraticn, In order that this could be done the voltages in
column III, Table II were plotted (Graph IV) agsinst the con-
eentration of potassium chloride of the various solutions
measured, Potentials for the total salt concentrations in
column IV, Table VIII were read from the plot and were recorded

in colum V, Table VIII, A close agreement was found to exist

. between the values measured in the mixed salt solutions {column

II) and these interpolated from Graph IV {(column V) at concen-
trations of pure XCl egual to the total salt concentration of
the mixed solutions, Thls was especially true in those cases
in which the sodium chloride concentration was a constant, The

comparison would seem to indicate that the effect of the sod-

g ium chloride was additive and that the potassium electrode was

% rnot specific for the potassium ion but reversible to both the

; godium and the potassium ions.

A similar treatment of that portion of the data of Ringer

§ {1923) measured with the potassium electrode in potassium

! ¢hloride - sodium.chloride mixtures is given in Teble IX, No

E similer comparison is mede of his data with the sodium elec-

% trode iIn scdiun chloride - potassium chloride mixtures since

. but one value is given, The interpolated voltages were read
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| from Graph ¥ which 1s a plot of Ringerts {1923) data in pure

potassium ehloride solution, measured with the potassimm
 electrode. In all the data‘ cited he used 2 potasgsium amalgam
0.361% K. The measurements were made at 18°C. Tablie IX shows
thet his data 1s in exact mccordance with that presented shove.

Fabie IX.

, A Comparison of the Data of Ringer {1923)

in ¥ixed XCl -« NaCl Solubion with Values for
Purs KC1 at the Totrl Sait Concentration.

i : 1T : il : iy : v

 Concentra-:E.M.F. in :E.M.F.in volts:Total salt:E.M\F.in volts

tion of sait:volts in :in pure EC1 sconcenira~sin pure KC1
ezpressed.’m.mixed solnsssolns. of conecstion -~Co0l.:solns. of con-

nomahz: . Hgocle ,:C00l.I-2 3S2at*d.:I=a + {ol.:centration In
5 Kcz {sat.) :Calomel refer-:I-b in nor:Col.IV from

k

iﬁl : ireference. senge. imality. :Graph Ve

0.10:0.025: 1.8730 :  1.6775  + 0.125 :  1.6740
- o. 10:0.050: 1.8692 :  1.6775  + 0.150 :  1.6702
 0.10:0.075:  1.6659 . 1.6773  : 0.175 :  1.6670

| 0.05: F0.010: 1.6609 :  1.6938  : 0.080 :  1.6895
:  0.05:0.025: 1.6865 +  1.6938  : 0.075 :  1.6850
' : : 1.6700 ; 1.6938  :  0.150 ; 1.6702

. 0.05:0:100

(1]

-
3

The values obtalned by Neuhausen {(1922) with the sodium

electrode in pure salt solutions are plotted on Graph Vi. His

' data measured with the sodium electrode in mixed solutions of

sodiuwm and potassium chlorides are treated in Tavle X.by the

method employed in Tables VIII and IX. The interpolated values
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' were read from Graph VI. These measurements were made at 25°C.

with a sodium electrode (emalgam 0.1659% Nz).

Table X.

The Data of Neuhzusen (1922) in Mixed
KC1l ~ ¥aCl Solutions Compared with Valmes
in Pure NaCl at the Total Salt Concentration.

¥ ¢ X ¢  iix ™ = v

Concentrs~:EX.P, in tEMJF. In :Potal salt:EM.F. In

tion salts:volis of mix-:volts of pure:concentrs-:volts of pure
expressed :ed solutlons :NaCl soln. :tion ¢ol. :HaCl of totsal

in against Hz, :eone. col.i=a:T-2 + col.:salt concn.-
: : elg XC1 :sgainst Hg, :¥-b in nor~ivolitages from
melv KC1 :{sat.) *Hg.Cly KOl (satkmallty.  :Graph VE.
0.10:0.100:  2.1577 :  2.1680 : 0.200 :  2.1482
 0.10:0.075:  2.1589 : 2,165 : 0.175 :  2.1515
0.10:0.050:  2.1595 :  2.1650 : 0,150 :  £.1555
0.10:0.025:  2.1615 :  2.1650 : 0.125 :  2.1596
 0.10:0.010:  2.1638 :  2.1650 : 0.110 :  2.1626

-
-

A fair sgreement with the data of Tables VIII and IX is
shown. It wlll be noted that when sodium chloride 1s added to
the potassium chloride sclutions, the Z.KM.F. measured with the
potassium eleetrode 1s lower than that measured in a pure potas-

: sium chloride solution, the concentration of which is the same

g8 that of the total mixed salts. When potassium chloride is
added to sodium chloride solutions, the E.M.F. measured with
the gsodium electrode is higher than that measured in a pure

. sodium ehloride solution of the same concentration as that of
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ithe total mixed salts. This is in agreement with the data pre-
sented in Tebles XX and XIi. This would indicate that the ad-
dition of sodivm chloride to potassivm chloride causes a great-
er apparent degree of dissoclation of the latter than 1s csaused
in sodium chloride solutlon by the addition of potassium
chloride to it. This cammol be expiained on the basls of

| aectivities since they are practically the seme to concentra-
 tions as high as 0.2 K.

It was thought quite probabie that, if the addlition of

Tsium eleetrode, arnd the addition of potassium ion so affected
 the potential of the sodium electrode, that it should be pos-
. 33ble to obtalin s constant; definite, reproducible potential
with the sodlum eleecirode in solutions contalning potassium
but no sodium ions, and with the potassium electrode in solu-

i tions confaining sodium but not potassivm ions. To this end

 the following series of solutions were prepared: 1. pure
%sodium chloride ranging in coneentration from.1.0 ¥M to 0,001 M;
52. pure potassium chloride with the same concentrations es in
E(l); 3. solutlons equi-molar with respect to sodium and potas-
ésium chlorides, the total selt concentrations of which were
fi&entical with those of the pure scdium chloride and potessimm
gchloride solutions at each concentration iInterval used in the
%pure salt solutions. These were prepared in sufficiently large
ivolumes that all the measurements recorded in Tables XI and
%XII eould be made on the same group of solutions. All three

 sodium ion had so great an effect on the potential of the potas-
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soiutions st each of the concentrations prepared were measured
at 25°C in an air thermostat, first against & potassium electrode
(smslgem concentratior 0.215% E) and then against a sodium
electrode {amalgasm concentration 0.2067 ¥a). The measurements
were made with the apparatus described in this psper. The
veltages were read with a Ieeds snd Northrup Type X potentlo-
meter. A eertified Weston standard cell was used as a calibra-
 tion reference. The 1M KCI - celomel half cell was used as a

. reference electrode throughout. The cells used may be formmu-

{ ted as follows:
Hg, Hg,Cl, KC1{1N)/MeCl(xM) MeHg (amalgem)
and |
Hg, Hgell, KCI{IK)/KQII_;H) + BaGl%m), ¥eHg {smalgam)

- where Ne represents either sediuwm or potassium, represents
the concentration of the pure sodium or pobassium chloride

| solution at eny concentration interval.

y The potentials measured are reeorded in Tables XI and
?XII. Thegse data seem to indicate thet the alkall emalgem
Eeléctfodes are not specific for any single alksll ion species
%when other ions are present. Within narrow limits the same
iE.H.F. 1s obtained with the potassium elecirode in pure potas-
?sium ehloride solutions, equi-molal mixtures of potassium and
Esodium chlorides and in pure sodium chloride solution, when the

ztotal salt concentrations are the same in these several solu-

gtions.
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Table XI,

Measurements with K-electrode in XCi, NaCl,
and Mixed XC1l-Nall Solutlons

I : 11 2 111 : iV : A
Concentra-: Concentrstion : Pure KCl : XCi-NaCl : Pure NaCl
tion of : of mixed sslt : Megsured : mixture. : Heasured
pure salt.: solutions. : EJM,F. in: XNeasured : E,i.F, in

s KGC1i s NaCl : volts. :E M. F. Involts: volts,
1,08 : .5 : J5M s 2,1818 : 2.1603 : 2.1532
0.5M : .25M : .25 : 2,1875 : 2,1875 : 2,1782
0.2 : ,10M : J10M . 2,2080 : 2.,2073 : 2.2055
0.1 : OS5 : .O5M : ©2.2246 . 2.,9245 : ©2.2044
0.05M : .025¥ : .025M : 2,2414 : 2.2413 : 2,62427
0,024 : ,0l10M : 010 : 2.2610 : 12,2609 : 2,2626
0.014 : .005H : .O005M . 2.2784 : 2.2780 : 2,2803
0.001M : ,0005M : .000SK : 2.3121 : 2.3125 : 2.3146

e 40
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Table XII,

Measurements with ¥a-electrode in NaCl, KC1
and Mixed NaCl-XCl Scluticns

"

I : 11 : 111 : v : v
Concentra~: Concentration : Pure XKC1l : XCl-Kall : Pure FaCl
tion of ¢+ ©of mixed sglt : Heasured : mnixture, : Heasured
pure salt.: solutions, : EJE,F,in ¢ Meosured : EM,F, in
- : KRC1 :+ ®aCl : wvoles, :E . ¥, nwls: volts.
1,08 - J5M : 5 : 2,1785 : 2.1673 : 2.1531
0.5 : .25 : .25M : 2.1910 : 2,1806 : 2,1750
0.2 : JIOM : JI10M : 2.2049 : 2,199 : 2.1956
0.1  : .O5M : .O5% : 2.2150 : 2.2149 : 2,2147
0.058 - .O25M : .025M : 2,2209 : 2,9203 : 2,2996
0.028 . OI¥ : JOIM : 12,2430 : 2,2492 : 2,9558
0.01M : .005¥ : .OOSM : 2.2618 : 2.2641 : 2.2665
0.001¥ : .O005K : .0005M : 2.2920 : 2.2989 : 2,2967
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DXL SCUSSICN OF RESULTS

The potentials measured with the potassium eleetrode in
pure KC1 solutions (Table II) show that internsl resistances
were encountered in extremely dilute solutions. These resist-
ances were of sufficlent magnitude to materially affect the

measured values of cells of the type

ﬁg, HgpCl, KCL(IM)/RCL(xM), K(amalgam)

They present suffici:ent Justification for the simplification of
the apparetus used in such measurements. Tnat such resistances
were ezicbzmtered is in accord with the findings of Allmand end
 Polack:{19192) who slmplified the design of the apparatus they

used in order to overcome 1t. Byers {1908) likewise recognized
that intermal resistances affected his measured potentisls., 1In
order %o attempt to eliminate this low electrical transfer in

his cells, he added “indifferent electrolytes™ to the solutions

he used.

i
Measured values of 0.0523V and 0.0527V were obtesined for
{

the ecell

Hg, Hg,Cls KC1{0.1¥)/KC1(1H) Hg,Cls, Hg

iwhich are in excellent agreement with the potentisl (0.0529V) for
%this cell measured by Lewis, Brighton and Sebastian (1917, pg.

§2255). This measurement, together with the close correlation be-
‘tween the measured and calculated values of Tsble I, is sufficlent




proof that the constancy, accuracy end reproduelbility of the
calomel half eell iz not altered by flowing soiution through

it =t g f2irly rapld rate. The Ml KC1 ealomel may therefore

be used as a reference elecirode in an apparatus ef the type

descri—be& in Pig.l.

The agreement vbetween the measured val;zes of Allmand and
Polack {1919) and those o‘btaiﬁed with the apparatus deseribed
establish the validity of measurements obtsined with a liquid
junetion of the type developed.

The further agreement between the potentials measured in
' neutral potassium chloride solutions smd those prepared using
hydrochloric acid solution (pH 4.007) as a solvent completed
the proof thst insofar as design of apparatus was concerned
the amalgem electrodes had beon successfully adepted to
| messurements in biclogical sclutions. Neasurements could be
mede on as little as 25 ce. of solution. Furthermore, as many
! as twelve distinct.m@easurements have been made with 3.0 ec. of
. emagan.

: %ide deviations were encountered when the sodlum and the
potassium electrodes were used in solutions containing both
sodium and potassium ions. That thls was not the fanlt of the
apparatus used was clear sginece when the preliminsry data ir
mixed salt solutlons (Table VIII), those of Ringer (1923)(Table
IX), and those of Neuhausen (1922) were treated in the same men-
nei', deviations of like type were encountered in all of Them.

Hichaelis and Kawai {1925) do not agree that the sodium
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Byers {1908) but refute those of ¥Michaells and Kawal (1925).

. mixed selt solutions bubt like measurements were obbtained with
: the sodimm electrode in pure potassium chlorlde solutions and
 with the potassium electrode in pure sodium chlorlde solubions.

: They are piotted for easy comparison in Graphs VII and VIII.
It can be seen that regardless of the electrode used the same

| form of curve is obtained in sodiumm chloride solutions; the same |

. approximate more necarly the potassium chloride measurements thmm

. the sodium chloride omes.

specific for a single ion or that the electrode potential and
not the activity of the lon meesured is a function of the total

'L salt concentration.

- 13 true with regard to potassimm chiloride. In practically

- 48 -

slectrode 1is affeeted by potassimm chlorlde. This seems
peculliar since the apparatus used by them was in effect quite
similar in design to that of these other workers.

Subsequent measurements with the sodium and the potassium
electrodes in pure potassium chloride, pure sodium chloride and
in equi-molal mixtures of sodium and potassium chlorides con-
£irm the results of Neuhausen {1922), of Ringer (1923), and of

Fot only were definite and reproducible potentials measured in

These measurements are presented in Tables XI and XiI.

every lnstance the potentlals in the mixed salt solutions (if
the same electrode is used) lie between those of the potassimm
chloride solutlions and the sodium chloride solutions. They

It would eppear that either the amelgam electrodes are not
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The probability that the deviation which existed might be
caused by the surging of some calomel into the amalgam electrode
reaction chamber, czusing the smalgam electrode to act as a
calomel half ecell was rejected for two reasons — first, that
| such potentisls should have been In the order of magnitude of
those In Table I, second, sinee no constant or reproducible
 potential could be obtained when pure mercury was used in the
 amalgem electrode vessel 1n place of the amalgam.
| Byers (1908) attributed the deviations to the replacement
of some of the metal in the smalgam by the metal corresponding
' to the cation in the added sslt. This should cause the
| electrode to be reversible to both lons (the metal in the pre-
pared emaigem and the metal corresponding to the eation of the
edded selt}.

Neuhausen {1922) states that “In the case of 0.1 ¥ scdium
chloride solution mixed with other salts three considerations

must be kept in mind. The common ion effeet (Cl ) will tend
’;to deerease the Ha' concentration; on the other hand the
{;pre-sence of the second salt may actlvate the sodium ions which
gwould be equivalent to incressing the Bat concentration.......
'f;'These two results may balance......The third and most important
;feffect 1s the replacement of some of the sodium in the amalgam
by the cation, the electrode having & lower potential against
the solution. The amount of replacement will depend prinecipal-
1y on the chemlcal properties of the eation and its concentra-

‘tion as well as on the character of the amalgam formed by the
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replacing ion",

From the measurements of Table VI, and the compilation

. of Qata by Hichalek and Phipps (1928) it is seen that the

lower the concentration of the alkalil metal in the amalgam the

. lower the measured E.M,.F, of a cell — all other things con-

. stant, This would be in accord with Neuhausen's (1922) state-
- ment that replacement of some of the sodium in the amalgam re-
+ sults in the electrode having a lower potential against the
 solution, However, MacInnes and Parker (1915, pg.1453) con-

| clude from the following measured potentials

' Concn, smalgam 3.,02% app. 0.002% app. 0.0002% s,
. E X.F. in volts 0,10803%0,00001 0,1060020,00005 0.21060%0,0005

in cells of the type

Ag/AgCl(s )-KC:LCI/Kng-Kﬁgx/KGlc . AgCl( s )/Ag

that the E,M,F, measured was independent of the amalgam con-
centration, These amalgams were extremely dilute so there is
the probkability trkat there is a mirnimum amalgam concentratiocn
below which no chenge in E,¥,F, occurs with a change in the
eamalgam corcentration, If this is true, arnd these potentials
with dilute amoligams indicate that it is, the explanation of
the ebnormel behavior of the alkali amalgam elecirodes in the
presence of foreign alkali cations is quite easily and logical-
1y explained by the assumption that replacement does occur in

the amalgams even ir those cases in which both the solution
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and the smalgam are flowing, A concentration of the replacing
alkall metal sufficient to give a constant potentisl with the

added lon 1s bullt up and the amaigam electrode becomes re-

} versible for both ions, It will be noted that the lowest con-

centration of amalgam cited from HacInnes and Parker (1915) is

but 0,0002% which lends weight to the above assumption, It is

E further borne out by a comparison of a portion of the measure-
. ments from Tables XI and XII which have been regrouped in

- Pable XIII,

Pable XIII,

e

, 1 : 11 : I11 : iv : v
. Concentra- :Pure NaCl :Pure KaCl :Pure KC1 :Puare KC1
- tion salt in:Ra-electrode:K-elsactrode:Ne-~elactrode:K-electrode
- gm, mol, wt,:Measured :Measured :Measured :Measured
per 1000 gm.:E.H.,F, in :E M. F, In :E, K. F, in :E,XEF, in
HoO, :volts, :volis, svolts, tvolts,
1,000 : 2.1531 . 2.1532 : 2,1785 :  2,1815
0.500 . 2,1750 : £.1782 : 2.1910 : 2.1a75
0.200 : 2,1956 : 2.2055 : 2,2049 : 2,2080
0.100 : 2.,2147 : 92,2244 : 2.2159 : 2.2246
0.050 : 2.2806 : 2.2427 : 2,2208 : 2.2414
0.020 : 2.2556 : 2.2626 : 2.2490 : 2.2610
0.010 : 2.9665 : 2,2803 : 2.2618 : 2,27¢4
0.001  : 2,2087 : £,3146 : 92,2920 : 2,3121

:In fact the agreement, between the two sets of measurements in
;pure ¥aCl, and likewise between the two sets in rure KC1, is

‘much closer then wonld be expected,
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SUMMARY AKD COECLUSIONS

1. A new type of flowing Jjunction has been developed for use
with the alkall amalgsm electrodes. The celomel half cell of
any desired concentration could be used as a reference electrode
in the spperatus deseribed. The half ecell Hg/Hg,0l,, KC1{1H)
was used as a reference in sll the measuremenis made exeept
those recorded in Table IV.

2. This type of junction was shown to operate accurately
when aingle salt solutions (elther in neutral or in scid solu-
tion) were employed.
| 3. Studies were made with the sodimm amglgem and the potas-

. sium a:né.lgmn electrodes in solutions of {a} pure KCl, {b) pure
- HaCl, and {e) equi-molecular mixtures of NaCl and XCI st btotal
salt concentrations equal to the pure sslt concentrations in
series (a) and {(b).

4. It was found that the potessium eleetrode gave definite

E and reproduclible measurements in a1l three series of solutions.
; Moreover, the potentials measured were in the same order of
Emagnitude for any one total salt concentration. Results of
the same type were obtained with the sodium electrode in the

 three series of solutlons.

ck

! 5. A comparison of the dats presented with that of

Neuvhausen (1922) snd likewise with that of Ringer (1923) was
émade. All three groups of data show that the sodium iorn affects
the potassium eleetrode and that the potassium lon affects the

s odiuvm electrode. The effect is such in all cases as to make
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| the electrode potential appear to be a function of the total
salt concentration,

€, The explenetion sdvanced by Byers (1908) and by
Reuhausen (1922) that the effect was due to replacement of
sodium in the amalgam by some potassium; on the reverss, is
confirmed by the data presented, It is further pointed out
that irn view of the measured potentials of MacInnes and Parker
{1915) only very small amounts of the alkall metels are neces-
. sary in the amaslgems in order to make them electrodes re-
j versible to the particular ilonic species they represent, With
this in view it seems probable that electrodes reversible to
f more than one ionic species might exist, This seems to be
confirmed by the data in Pables XI, XII, and XIII,

7, The measurements presented would indicate that the
5 alkasli smaigam elecirodes in thelr present forms would be of
. 1ittle or no value for plant mutrient work insofar as the
study of ionic equilibria (2s are described in the introduc-
é tion to this paper)} are concerned, This does not obviate the
g possibility of following plant growth with these electroges,
g In this case, however, the growth would have to be correlated
g with the measured potentials and nct with the concentrations

f of ions calculated from these potentials,
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