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A MAGNETOCHEMICAL INVESTIGATION OF THE
ADSORPTION OF PARAMAGN:TIC SALTS

By
Robert Earle Vander Yennam

The purpose of this work has been to study the magnetio susceptibili-
ties of some parumagnetioc iron-group salts adsorbed from aqueous solution
on sharceal and silica gele Assuming the megnetic suseeptibilities of the
adserbant and adsorbed salt te de additive funotions, from knowledge of
the amount of salt adsorbded the magnetie moment of the latter ocan be cal-
oulated. Thie observed value ¢an be compared with the value for the salt
in selution in order to determine whether or not the electremie structure
of the salt has ehanged upon adsorption.

A review of the literxture shows that 1little has been published on
this type of work. An early papsr reported that the adsorbed atoms lose
their paramagnetism on charecal but not om eilica gel, but the work merited
re-examiration.

The Gouy method for determining magnetic susceptibilities was used.
This requires measuring by a balance the apparent change in weight of the
sample vhen plased in the mgnetic fielde The electromagnet sonstrusted
for this parpose is desoribed, and ealidratien date for it are given.

Measurenents were made over a range of field strengths from 8,000
to 13,500 oersteds. Between each mesasurement the cireuit was broken and
atterpts mde to eliminate residual field. Adserption experiments were
carried out by adding standard salt solution to known weights of dried
charcoal and silica gel, and the amount of adsorption determined by the
deorease in salt comtent of the solution.
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The gram susoeptibility of pure charccal is found to be =0.462 x 1078
©.g.8s units, and of silica gel =0.317 x 10~5, ‘mgnetic suseeptibility
values determined for the adsorbed paramagnetie ions are compared with the
values odtained for the ions in solution and in the solid states These
results are recalculated and compared also in terms of “"effective Bohr
magneton numbers®. The ions in the adsorhed state are found to have the
same paramgnetism as they have under other conditions, except for an
anomaly 4n the case of Foz(so‘)so

In order to interpret this work in terms of a mechanism of adserption,
a brief review is given of the work reported in the literature on adserp-
tion of electrolytes from aqueous solution on charceal. Factors having
the greatest effects on the mature of adserption are; impurities in the
adsorbent, surface txides, charge of aqueous suspensions, and activation
of the adsorbent, including both the activating atmosphere and the tempera-
ture of activation. slectrolyte adsorption may be explained as &ue te
“chemical"™ interaction with the surface, and to electrostatio attraction
between the nrtu) and dissolved ion,

The evidemce presented poiuts to the conelusion that, since the
paramagnetism of the ion is epperently not disturbed upon adserption, the
ions are likely bound by electrostatic forces to oxygen atoms on the ad-
sorbent surface.
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INTRODUCTION



I. IFTRODUCTION

In spite of the great importance of adsorption and eatalysis doth
in industry and from a theoretical point of view, very little is
actually knowmn about the mature of the forees which bind the adserbate
te the adsorbent., The method of magnastic maocptibilitln has in &
fow cases been applied to this prodblem, and the results are particularly
striking when the substance adsorbed has a large pareamagnetisms The
parpose of this investigation has beex to study the magnetie susceptie
bilities of some paramgnetic ironegroup salts adsorbed from aquesus
solution on eharccal and siliea gel. It was thought that using the
Wiedemam additivity law to determine the suseeptibility of the adsorbate,
something eould be learned adeut the type of forces binding the adserbed
salt to the adsorbent.
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I, HISTORICAL BACKGROUND

Although it is generally recognised that magnetic susoeptibility
values oan be a powerful means of determining the types of binding
between atoms, this method has been socarcely at all applied to the
binding which exists in adsorption. Most sxtensively studied from
the magnetic point of view seems to be adsorbed oxygen, which has been
thoroughly studied by Jusa end his associates (1)¢ Their results show
shat the susceptibilities are not additive, assuming the oxygen te de
molesularly adsorbed, Thus they san determine the relative amounts of
oxygen adsorbed molecularly and of ocozbined exygen, since the latter
is diamagnetic. Also studied magnetiocally are the adsorption of
bromine (2), and of oxides of nitrogem (3).

Courty has investigated the additivity of water vapor en charceal
and poreelain (¢), and has reached some interesting eonelusions. He
found that, except for pulverised activated charecal and "oclean"
porcelain, the susceptibility of the adsorbed water was dependent upen
the amount of water adsorbeds This was due presumably to inocomplete
displacement of the paramagnetically adsorbed air. He alse found that
when charecal was inoreasingly pulverised and activated it became ine
creasingly more paramagnetio, He explained this by saying that the
charcoal with the greatest surface area held the most adsorbed air, and
the air being paramgnetie gave an observed paramagnetism to the charcoal.

Some werk has beem done on the adsorption by paramagnetiec palladium
catalysts, particularly with regard to catalyst poisoning (5)¢ The



paramagnetism of the palladium catalyst is found to be redueed upon
adsorption.

Boutaric and Berthier investigated the additivity properties of
FQ(OH), and FeCly (6)e Whem Fo(OII), and FeCly were adsorbed on ben-
tonite the susoeptibility of the ferrio ions appeared to increases But
vhen substances wers adsorbed on sols of Fo(OH), and of FeCly, the sus-
soptibility was lowar than that prﬁic@d on the basis of additivity,

Selwpod has also done considerable work on the relationship bdetwemn
adsorption and magnetism (7), with partiocular emphasis on the effect the
magnetism of the adsorbent has on adsorption.

But perhaps the -riiott work of thie kind, and that related most
directly to the present investigation, was done by Se S. Bhatnagar,

X. Ko Mathur, and P, L. Kepur (B)s They examined the adsorption from
solution of irom, niockel, cobalt, and manganese salts dy charcocal and by
silica gol, They found that with silica gel the susceptibilities are
not far from additive, but with charocal the metal atoms lese their parae
magnetism and become diamagnetio., The present investigation was carried
out as & cheok on and an extension of this work,
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I1I, EXPIRI'ENTAL

The magnetie susceptibilities were detormined by the Gouy method
whieh invelves measuring the apovarent gain or loss in weight of the
sample when it is placed in an inhomogeneous wagnetic field. The
amount of change in weight is memsured by a balance from wiioh the
sample is suitably suspended. A diagram of the Gouy magnetic balance
used is given in Figure 1,

The electromagnet used was constructed for this purpose in the
machine shop of the Chemistry Depertment. The pole pleces, made of
mild steel, are moveable along their vomuon axis, so the gap between
the pole pisces can be altered as circumstances requires The over=all
features of magnet construotion, together with relevant dimensions, are
shown in Figure 2. Around each pole piece fits a brass spool upon
vhioch is wound No. 8 Ds Co Co copper magnet wires The wire is wound
in docuble layers, alternating with one-eighth inch strips of insulation.
Thers are 30 layers of wire per coil with 48 turns in each eoil, giving
a Setal of 1440 turns per colls The total length of wire is about 7200
fest, and the resistance for both coils in series is abeut five ohms.
The ocoils can be eeeled by pumping eil through the windings. To
facilitate o0il oiroculation alumimm "spiders" are located at the sides
of the coils, and these spiders are grooved in such a way that oil can
move freely from one layer of wire to another,

In order to determine the field strength produced by various values

of applied current between one and twenty amperes, measurements were

-4-
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made of the amount of pull of the field on distilled water and on a
standard Mcl2 solution (29.20% NiCl, by weight, density 1.83366)s The
field stroength H is obtained from the following relation:

;-(xl‘ - K,) B%A # gAW
where Kl @ volume susceptibility of the liquid
Kz » volume susceptibility of air

A g area of the tube, mrallel to the pole faces, from
septun to reference marks found to be 0.8224 ond,

g g gravitationsl eonstant

Ow g apparent change in weight of the sample when placed
in the field,

The resulte obtained are presented in Table I, and the values for
!-'m',l3 are showa graphically in Figure 4,

The susceptibility tube was constructsd of thinwwalled glass, and
was & double or compensated tube, with the halves separated by a septum.
(See Figure S.) This oconstriction makes it possible to ignore the suse
coptibility of the tubey it was verified experimentally that the tube
alone exerted no change in vertical force when the field was applied.
The upper end of the tube consisted o a female ground-glass joint.

The corresponding male joint, which elosed off ths tube, was provided
with a loop which could be attached to the suspending chain. For each
measuremont the tube was filled to a specific reference mark near the

neck; the distance from this mark to the pole faces was great emourh so

® X will be used in place of the customary Greek letter ka
To denote velume susoeptibllity, and X in place of chi %o
dencte mass susceptibility.

Do
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TABLs I

FIELD STRENGTH ViPSUS APPLIED CURRENT

nIC!szoiution Wateor
Current Aw K Adw H
(ampares) (grams) (oersteds) (grams) (oersteds)

b} + 0.,00410 870 «() 00030 976
2 01600 1,788 00050 1,689
3 +03160 8,442 +00180 2,390
4 «05644 3,208 +003810 S,137
[ +0B50 4,008 «00490 3,940
8 1214 4,786 +00700 4,710
k4 «1661 8,600 «00960 5,618
8 «2111 8,310 «01248 6,890
9 «269 7,125 «016900 7,100
10 «3456 8,076 «02030 8,030
11 »400 8,696 «02330 8,600
12 «468 9,400 208760 9,890
13 +835 10,080 +03130 9,960
14 «809 10,700 «03566 10,630
18 «671 11,240 «039380 11,150
16 o734 11,770 «04310 11,690
17 793 12,220 «04680 12,170
18 o843 12,640 «04975 12,860
19 «897 158,000 +08270 12,900
80 «945 13,360 «06670 15,280




that the square of the field strength at the mark was negligible compared
to the square of the field et the base. The volume of sample in the tube
measured 7.65 occe

The tube itself was suspended by a brass chain attached to the left
pan of the balance. In order to prevent air currents from disturbting
the system, the pole pleces, susceptidility tude and chain were enclosed
in a eompartment made from plywsod and plexiglass and fitted with a suite
able doors Inside the compartmemt and near the sample was hung a
thermomster which permitted temperature mesasurements to 4 0.8 degrees.

The seni-miero balance used was capable of being read to the
hundredth of & milligram, although, for the present work where the sus-
oeptibilities were rather large, it was found necessary to Sake readings
only to the tenth of & nlllgm'.

The source of power was & D.C. generator, operating nermally at 110
veltse The current delivered by the generater eculd be varied by means
of a series of resistanses, and it was controlled to 4 O.1 ampsre. With
the large currents used, variations of this magnitude produeed neglig-
ible field change.

Susoeptibility determinations on each sudbstance were made at 10,

13, 14, 16, 18, and 20 amperes, eerresponding to a range in field
strength frem 8,000 %0 13,500 oersteds. In most cases two measurements
were made at each field strength, and the second measurement was made
with the tube rotated through 50 or 180 degrees so that any inhomogeneity
in the sample or im packing would shew up. This proved, however, to be

an unnecessary presaution. Taking measurements over a range of field
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strengths like this was doubly advantagecuss 1) from the series of
values thus obtained, a good average oould be takem for the susceptie
bility of the substances; and 2) this provides a eonvenient means of
detesting ferromgnetic impurities.

Between each measurement the circuit was droken, snd an attempt
was made to eliminate eny residual megnotism in the pole plecess This
was done in the following manners the current wes reduced to six ame
peres, and while the direction of the current wrs being repsatedly re-
versed by means of a reveraing switch, the current itself was being
progressively cut down to less than one ampore by a carboneplate
reslstor oconnectad in eeries with the circuits In this way hysteresis
was minimiged and the residual field betwean ths pole pisces was mde
negligible,

The charcoal used was Eimer and Amend C.P. Sugar Charcoale Pre=
linimry work showed the presence of small amounts of ferromagnetie
impurity, and also of an imurity which could be oxidised with cerate
solution. To remove these, the charcoal was finely ground and treated
with eoncentrated sulfuric acide Although the charcoal was subse=
quently washed repeatedly with distilleld water, the last trace of aocid
eould not b» removed. This was not important in the susceptibility
measurements, howsever, since sulfuric acid has the same diamagnetism
as charcoal, The density of the charcoal, as packed in the susceptie
bility tube, was 0,822 4 0,004 grems per co.

The silica gel was obtained from Davieson Chemical Company, It
contained just a snall smcunt of ferromagnetic impurity. Density of

the silics gol was 0,800 & 0.005 grams per cc.
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The adsorption experiments were sarried out as follows. Ten millie
liters of the standard salt selution was pipetted on to & weighed amount
(about seven grams) of charcoal which had besn previeusly heated at 110
degrees for two hours to drive off smperficial water, The mixture was
thoraughly agitated initially and at frequent intervals to insure inti-
mate mixinge After hall an hour or longer the mixture was filtered with
a sintered glass filter, and the chaicoal washed three or four times to
remove the excess salt, The diarcoal wms then dried for two hours at
110 dopgrees, and aftor it had cooled in a desiccator its susceptibility
was detormineds The filtrate and washings wore analyzed for salt not
adsorbede The differeace betwoen the salt eontemt of the filtrate and
the amount of salt contained in ten miliiliters of stock solution was
taken to be the amount adsorbed,

Anion analyses wore alsc run on some of the semples, but neithor
anion, sulfate nor chloride, showed any tendency to be adsorbeds Fure
ther, pH meagsuroments showed tlmt the solutions became definitely more
aclidic after adsorption had talren places At different times attempts
wore made to recover the adsorbed salt by prolonged washing with water,
but in no case was more than a snall fraction of the adsorbed salt
rooov:orod.

The various salt solutions were analyzed by the following methods:

1o Fég(S0 )y s treated with concentrated LCl and reduced in a

sllver reductores The ferrous salt o-tained was titrated with
ceric ammonium suliate, using oephenanthroline ferrous complex

(ferroin) to indicate the endpoint.
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2. FeS0, was titrated directly with oerate.

S. Nickel was dstermined gravimetrically as the dimethylglyoxime.

4. The eobalt salts were determined by potentiometric titration
with forricyanide in an amsonium citrate-sammonium hydroxide
solution (9).

5. "snzanese was detsrmined potentiouwwtriecally with K*no4, using

a neutral pyrophosphate solution (10).
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IV, RuSTLT

The vertical force acting on the sample suspended in an inhomo-
gonecus magnetio field e given by,
F 3}(1(1-1(')3'5.
provided one end of the sample is in a negligible field.

Ky and 't are the volume suseeptibilities of the sample and
the smurrounding tube, respectively.

H i{s the maximum field strength to which the sample is sudbjected.
A 1s the cross-gestional area of the sample.
If the foroe is measured by a balance, we have
gAw ¢ &(Klol' )H’A
£ = gravitational constanmt

Aw g apparent change im weight of the sample
wvhen placed in the field.

Rather than £4nd the absolute value of the field strength H and
the crose=seetioml area A, it is more sonvenient to calibrate the
instrument with a substance of knowm susceptibility, When this is
done, the following relation is obtained;

S5 3 am

or
K, ¢ AW
2 2

The subscripts 1, 8, and A refer, respectively, to the calibrating sube

stance, the mbstanse whose susceptidbility is being measured, and air.
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The velume susoeptibility of air (K,) is ¢ 0.030 x 1075, but since,
when the susoeptidbility of charecal samples was being determined, not
all the air was displased, the value used fer K‘ was ¢ 0,018 x 10-6,
This value was used since, in a A splecement neasuremert with mter, it
was found that abou$s one-half the eharoeal voluwme was air. For silica
gel the K, eorrection was taken to be+0.020 x 10~¢,

One of the most suitable salibrating agents is a selution of NiClg,
The gram sasoeptibility of NiCly 1s established to be+34.2 x 106 (11),
and this value is independert of eoncenmtration in the neighberhood eof
80% NiCl, by weighte The solution used was found to contain 29.20%
MCI. by weights As a check on the calidration, the measurements were
repeated using conductivity water. From the calibration data of the
mcl, ulutioﬁ. the susoeptidbility value of mater was saloulated for
the various field strengths measureds The results are given in Tabdle II.
It is seen that the average value ecaloulated for the susceptibility of
wter, «0,718 x 10°%, agrees satisfactorily with the acoepted value,
<0,720 x 106,

TABLE II

CALIBRATION DATA AND GRAY SUSCEPTIBILITY OF WATER

Anmperes  Field Stremgth 4w (NiOl))  Aw (Hy0) Xgg0 X 10%8

10 8,076 4 0,330 gua  =0.0196 gm. ~0.724
12 9,400 458 +0271 o722
1 10,700 596 0848 o712
16 11,770 . TR0 00424 L7
18 12,640 +830 0488 N5
20 18,350 927 0544 <716

al2e






Gran susceptibility values obtained for pure charceal are given
in Table II1. The fact that the values obtained are independens of
f1eld strength shews that the charecal is free from ferromagnetie ime
parities. From these msasuremsnts the gram suseeptibility of pure
eharocal is found te be =0.46% x 1078,

TABLE III
GRAM SUSCEPTIBILITY OF PURE CHARCOAL (x 10%°)

——

Sample

Density A B c D

Amperes 0,838 0,788 0.830 0.828
10 «0.455 =0,468 «0.453 «0,460
12 «461 +«468 «472 468
14 +«460 +«463 «468 +462
16 +«464 «462 47 468
18 +«463 o461 +463 +460
20 +«468 o464 «468 «460

Average «0,.461 «0.483 0,468 =0.468

These samples differ somewhat in their heat treatment prior to
suseeptidility determination;

Ae Heated in air two hours at 110 degrees.

Be Heated in vasuum two hours at 260 degrees; measurements were
made with the sample in a nitrogen atmosphere.

Ce Heated in air two hours at 110 degrees.

De Heated in alr two hours at 150 degrees.

Gram susoepbibility values obtained for silica gel are given in
Table IVe All the samples were heated at 140 degrees. Samples A

through D were heated in air for two hours, while E and F were heated
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three and one<hal? hours in a co' atmospheree The latter samples are
slightly more diammgnetic than the others, possibly dus to adsorbed CO'.
whose gram susceptibility is «0,438 x 1078, The results indicate the
presence of a trace of ferromgnetie impuritye The average obtained
from these memsuremnts for the gram susceptibility of siliea gel is
0,317 x 1076,
TABLE IV
GRAM SUSCEPTIBILITY OF SILICA GEL (x 10%6)

“Sample

Density A B c D B F

Amperes 0.803 0.808 0,798 0.790 0.808 0.818
10 «0.297 -0,808 «0+309 «0,302 0,810 =0,311
12 302 «309 «308 «308 321 314
14 «304 312 312 +308 «328 324
16 «308 313 «319 «310 »3853 «330
18 «311 «319 322 315 «333 384
80 «318 +318 3523 319 0334 «335

Average «0.308 0313 0,818 «0.310 0,326 =0.328

Using these susceptibility values for charcoal and silica gel, we
oan preceed to ealculate the susceptibility of the absorbed salt, Using
the additivity relationships

X

X adserbent Pcdoorbont

mixture 3 Xealt? sa1t ¢
vhere X g gren susoeptibility
P g weight fraction
we cbtain fer the ocbserved mscepiibility of the adsorbed salts
s Tmixture - Zadsorbent’adsorbent
Pealt

X salt
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The necessary data follow in Tables V and VIs In Table V are given
grem susceptibility values found for mixtures of adsorbent and salt, at
the various field strengths corresponding to the range in applied current
from ten to twenty anperes. The average of thess six values is that used
in caloulating the sasceptibility of the adsorbed sals,.

Table VI contains the susoceptibility values found for the adeorbed
salt as ealeulated from the equation given aboves The susceptibilities
are expressed in terms of the active paramagnetie constituent of the
salt, and represent the gram atomie susceptibilities, Sinee the none
mstallic part of the molecule makes no appreciable eontribution to the
suseeptibility, these values are essentially the same as the gram mole-
cular susceptibilities, exceps for Fey(50,)gs where this eorresponds to
ons=half the molecular suseeptibility, Table VI also eontains the suse
oeptibility values which were fourd to exist in the pure selid. The
value of KiCl, is taken from Selwood (11), and the others from the work
of Herroun (12)s A colum is included giving the mumber of milligrems
of paramagnetio eonstituent (e.g. ¥i, or Fe (III)) adsorbed per gram of
adsorbent, Also shown is the heat treatment given the mixtures before
suseeptibility measurements were made, For samples heated in vasuum
these measurements were made in a nitrogen atmospheres the others were
exposed to air, The FeSO, adsorbed on silica gel was heated in a strean
of COy to prevent cxidation of the salt.

A sorwenient comparison of theoretioal with ebserved susceptibili-

ties is made dy the use of “effective Bohr magneton mumbers” instead of

«lbe
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susceptibilities. Assuming the wvalidity of Curie's law at room temp-
erature for these salts, the effective Bohr magneton mumbers are defined

by
Mot o _’_"_x_!ﬂ;_ s 2885 /X7
"g
/“ eff o ef fective Eohr magneton number
Y a Boltsmann's constant
Iy » molar susceptibility
T =& absolute temperature
N g Avogadro's mumber
ﬁ e Behr mgnetog. equal to 0,917 x 10780 org
eersted™

The theorotical value can be salculated, assuming paramagnetism
is due to spin only, from the equation

M ot = va(né2)
where n g mmber of unpaired electrons

The effective Bohr megneton numbers observed for these adsorbed
salts are given in Table VII together with the theorstioal values and
the experirental values of other observers (15), It is seen that the
values obtained in the present investipation agree ressonadbly well
‘with the theoretical, and in nearly every case fall in the range of
values observed under other oconditions, Exoeptions to this are Foso‘
adsorbed en chareoal and !3‘0:(80“)s adsorbed both on charoocal and on
silica gel. The value for ferrcus iron is too high, really of the

order of ferric iron, It is quite possible that the ferrous ion had
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in faoct been axidised to the ferric, since mo precaution was taken to
protect the salt from air during drying of the sample and subsequent
measuremsnts, In eontrast to this is the value of FeSO4 on siliea gel,
vhere the agreement bdetween the observed value for the ferrous ion
with the theoretical is striking: In the latter case the ferrous ien
was protected from air by heating under COp, and thus oxidation was
preovented. '

In the @o of the ferric salt no explamtion is immediately forthe
ooming, It may be inmteresting here to refer again to the work of
Boutarie and Bethier (8), whe also found with ferric salts deviation
from magnetic additivity, Then s:bstances were adsorbed on ferric sols
the suseeptidility was lewered, but vhen the FC(OH)' and FeCly were
adsorbed on bemtenite the susceptibility was inoreased, Furthermore,
Bhatnagar, Mathur, and Xapur found (8) that, although the other salts
they adsorbed en siliea gel cbeyed the additivity rule, FeCly was an

exception, appearing te become more parammgnetioc upon adserption.

«20-



DISCTTSSION



Ve DISCTSSION

It is evident that the data presented show in adsorption both on
charcoal and on silica gel that the paramernetie ions do net lose their
paramagnetism, but in the adsorbed state they have arpreximtely the
same magretic moment they have in their saltse. This is contrary to the
findings of Bhatnagar, Mathur, and Fepur, whose observations showed that
all these paramagnetic ions become diameprnetio when adsordbed on shareceal.
Their charcosls, however, admittedly contained large amounts of parae
magznetic impurities, which makes their work somewhat dublous.

It is not pessible now to present with any certainty a mechanism
for the adeorption, since little is kmown about the exmot rature eof the
charococal surface. It is ef prime importance hers to knew what kimd of
surface oxides are likely te be present on charcoal, dus that gquestion
is as yet unsettled. PResides, there is a great deal of disagreement
oven on fundamental aepects ef the adsorption of electrolytes from
aquecus selutionse A drief review is presented here of the pertinemt
work done om the subject.

Although the adserption ef electrolytes by charcoal has been the
subject of & very large amournt of work, progress in developing an une
oquivocal theory or mechanism for the adserption has been hindered by
an amging lack of agreement in the dats presented. The ecoxtradictory
data seen due principally to two factorss 1) ocharcoal used in many

«xperiments, especially in the earlier work, corntained great amounts of
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impurities; and 2) granted @ pure charcoal, its sdsorbing properties
depemd very basiocally upon the method of activations A few words about
the extreme importance of each of these factors may be im order,

Before the 1920's charecals commonly contained five peroemt or
more ash, in gpite of the fact that they were ususlly acid-sreated.

Thie ash eonsisted largely of imorganie impurities which eftem reacted
chemioally with the substanees adserbed, thus making the data meaning-
less. And the acid itself could not be completely washed out, even with
repeated extractions with water (14), YNaturally the adsorded acid nemutra=
1ized alkall in solution, and base adsorption was often erronecusly
reported,

The effect of temperature of activation en the adsorptive properties
of charcoal has been studied extensively by As King (15)e Properties
which depend upon the temporature of activation in an oxygen atmosphere
are; ecid adsorption, base adsorption, catalytic efficiency, extent
of hydrelytie adsorption, and the charpge and pH of aqueous suspensions.
In addition to this, these properties change radically from one activate
ing gas te another.

In general, it appears ovident that adsorption of electrolytes from
aqueous solutions can be explained in two different ways. In the first
place, a sort of "chemical™ interaction ean occur between the adsorbed
electrelyte and some somponent of the afsorbemt surface, whether that
be some surface oxide, chemisorbed weter vapor, or the like. In the
second place, adsorption may be &un to the attrantion of electroatatic
sharges on the qurt’uoo of the adsorbents A full explamation of adsorption
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will probably have to take into aceount both of these, and possibly
other, phenomena.

The existence of surface oxides on activated charcoal has been
postulated to show that adsorptien of electrolytes from selution is due
to chenieal intorsetien with an activated surfece, ‘’lany investicators
have interpreted their data as deing evidence that such oxides are
presents Wller proposed a mechanism of adsorption based on dissocia-
tion and displacement of T and OH” lons adsorbed by the charceal (16).
4

Schilow has proposed three specifis sarface oxides, each with different

properties, whioh are formed at different axygen pressures (17). They

ares

A B c
L] L ] “o
"N =¢c/ = .0 -c?
0 >0 0
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0 0
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/ \, AN
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0

.C/ :c/o 'c . 0 -C:O
! o o
gC( .c ® 0 -CéO

A is stable at all temperatures and in oxygen up to a pressure
of 8 mu., and with water gives the slightly basic group («C=Ol)e B is
formed from A at 2 mm, oxygen preseurs and is stable up to very high
pressures. With watsr it gives strongly basie hydroxides. C is formed
from B by heating in oxygean at 300 to 700 degrees, and is strongly

acidio in water. [King found that charoocal exposed to oxygen, air, or
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nitrio oxide produced some oxalic acid on the carbon surface (15).
Le concluded that for thoroughly dry charcoal the surface oxide is
probadbly /g\c/g\ P \} which is the same as Schilow's oxide B.
King also sttributes the variation in adsorptive propertiss of the chare
coals with temperature of activation to different surface oxides which
are formede At the activation temperature of 350 to 400 degrees an
acidic oxide is formed, and at BOO to 900 degrees a basie oxide (19).
A maaber of investigators have found surfece ocxides which ocen be dis-
tinguished magnetiocally (20)e That oxides do exist on the surlace of
charcoal seems evident from the fact that when exygen is adsorbed on
charcoal it is not recoverable as Og but as COg or CO, and that the
heat of adsorption of small amounts is moh greater than that of larger
amountse Ockrent, however, has disagrsed with this, insisting that the
ides of surface oxides is fallacious, that the chercoals are composed
exclusively of water and carbons His own experiments and examinatioms
of the data of others show that charcoal analyses often give 0/ eomposi-
tion in the rasio 8/1, indicating that all the O is present as Ee0 (21),
The ether basie Sheery of electrolyte adserption from solution is
the elootrochemical theory, developed especially dy A. Frumkin and his
co~workers (28)s Aooording to them, the adsorption of electrolytes is
deternined by the potential at the charcoalesolution interface, which
in turn depends upon the presence of el ctrochemiocally active chemi-
sorbed gases on the surfase. In effect, the cherecoal acts as an oxygen
or a hydrogen slectrode, depending upon which ges it is charged with,

If the charoeal is activated with oxygen at low temperatures, the

24



charooal becomes positively charged in selution and attrasts anions. If,
on the ether hand, 1% is treated with hydrogen, it is negative in aquecus
solutions, discharging H* ions into selution and adsorbing eations. Add-
ing a small amount of platimm to the charceal usmally enhances these
activitiess Their data indicate that, im the adserption of deth eations
and anions, there exists a linear relation detween the petential and ad-
sorption, in somplete agreement with this electrechemieal theory.

Diffioculty inm evaluating data also arises from the fact that exygem~
activated charcoal sesme capable of assuming either a positive er negative
charge {n aqueous suspensien., For example, King found oxygen-activated
charcoal always to de negative in wmater (23). Verstraste found thas chare
coal assumes a positive charge when astivated at 060 degrees and negative
vhen activated at 450 degrees (24), Frunkin's lowtempersture exygen-
activated charcoals had a pesitive charge (22). ‘lukherjee and Roychoudhury
said that activated charceals generally have & negative charge, but beceme
positive upon sustained washing with condunetivity water (25). All this
emphasises again the importance of aoctivation and impurities in the ad-
sorption of electrelytes.

The two theoriss of adsorption mentioned above are certainly not
mitually exclusive, but probably represent extreme or limiting conditions.
That 1s, in some cases adserption eonsists solely in a reaction between
the dissolved electrolyte and the adserbent, de it surface oxides, ine
organio impurities, or the like. And on the other hand, sometimes adsorp-
tion eccurs merely as the result of a surface charge on the adserbent.

Yost commonly adserption results from a combination of these two effectss
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the fons are attracted and held fast by the oppesitely=charged surface,
and they also interact with the surface by virtue of what might be ealled
& chemiocal affinity,

In the presemt investiration it was found that neither of the anions
used, chloride and sulfate, wmas adsorbed, tut that after adsorption had
taken place the electrolyte solution becane markedly more acidice. This
sorresponds to ocationie adserption with displacement of hydrogen ions
and at least partial neutralisation of the surface charges. Thus the
ocation is probably adsorbed by a sort of ion exchange process, in which
it is electrostatically bound to the surface.

The results reperted in this paper seem te support the idea that
the adsorbed ions are bound to surface exygen atoms rather than to the
ocarbon of the charocals Binding between the metallic atoms used here
and carbon atoms would almost certainly be of the covalent type. And
when these paramagnetic atoms are bound to carbon atoms, in nearly every
case the resulting substance is diamagnetic, or at least the paramagnetism
is rediocally altered. On the other hand, the tendemncy for these atoms
when linked to exygen atoms is to form eomplexes which are essentially
foniec, and the paramagnetism is thus umaffecteds On this basis 1t s
entirely to be expected that the paramagnetism of these salts should de
the same on chareoal and on siliea gel, since on silica gel the adsorbed
salts are almost certainly bound te oxygen atoms.

Further evidence for a metal«toeoxygen linkage is the following.
ost imvestigators find it impossible to remove the last traces of ade
sorbed oxygen from eharooal, dbut they find that practically ne adsorption
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oocurs on charooals whioch have their oxygen content reduced to a very
minimim by outgmssing several hours abeve 1000 degrees (36).' Frumkin,
hewover, seems to have gotten charcosl free from all gases and elaims
that such charcoal adsorbes neither acids nor alkalies (27)¢ Therefore
" it appears that charcoal itself, that 1s, the pare carbon surface, is
not able to adsorb electrolytes at all, but adsorption takes place
through the medium of chemisorbed oxygen.
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Vie STM™MARY

A magnetochamioal study has boen made on the adsorption by chare
coal and silica gol of some parammgnstic ironegroup salts from aquecus
solutions A known amount of salt wus adsorbed, and the susosptibility
determined by the Couy methods The magnotio moment of the adsorbed salt
was caloulated, and, except for an anomaly in the case of F08(804)‘. it
was found that the magnetie moment was not altered by adsorption, as
previous workers have reporteds This seems to point to an electrostatic
type of force binding the adzerbed salt, and the paramagnetic ion is
probably linked to surface exygen atoms both in the case of silioca gel
and of charceale

A description is given of the electromagnet oconstructed for these
magnetochemical measurements, and calibration data are included, The
gram susceptibility of pure oharcoal is found o be =0.462 x 10~%, and
of silioa gel =0.317 x 1075, 4 review is given of work done on the ad-
sorption by charccal of electrolytes from aqueous solution.
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