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THE ADSQRPTION OF PHOSFIIATE ON MICA SURFACES

The surface chemistry of the 001 fagce of cleaved mica sheets was
studied with a view to understanding some of the fundamental
processes underlying the phenomenon of fixation of phosphate by
soilse

Radiochemical techniques were developed to meke quantitative studies
of the adsorption, an important part of these being practical
procedures for cbtaining sufficient cleanliness and frecdeom from
airborne contamination. Lack of uniformity of adsorption, as
showmn by sutoradiography, was taken to indicate contamination, and
techniques were developed to avoid this, Other technigues emabled
the contimuous monitoring of the sample during adsorption or
desorption kinetic experiments,

It was shown that adsorption of phosphate on the untreated mica
sheets was low, but the adsorption was greatly emhanced if the mica
had been treated with agueous solutions of certain cations such as
g3llium, aluminium and iron.

From the measurement of the amount of phosphate adsorbed, as o
funstion of the conditions of aluminium treatment, it was concluded



that the phosphate could be adsorbed by at least three different
processes, all of which could be of importance in phosphate
fizntion by soils. As well as these proecesses, which ceccurred
on olean, flat, mics surfaces, there were others, invelving the
edges of wmica sheets, and unmknown, but probably organie, films
on both mics and air-water surfaces. These could all be of
comparable importance in soils.

The kinetic measurements of phosphate adsorption and desorption

on sluniniun-trected mieca indieated that many hours were reguired
for attaioment of eguilibrium, and were guantitatively comsistent
with the hypothesis that in some cases the adsorption and desorption
kinetics were oontrollied by diffusion of phosphate into particles of
saue material, possidly a hydrous oxide, adscrbed on the mica., The
existence of such particles was supported by the fact that up to one
phosphate molecule per two square Angstron units of nica surface was
adsorbed/ and this did not appesr to be a valus at which the surface
was saturated, )

Kinotie measurements of *7ga sorption processes were consistent with
diffusion of gallium through a thin water film, with a diffusion
coefficient severnl oriers of magnitude lower than that of single
ions in free solution. This may indieate that the gnllium was
adsorbing as particles, in agreencnt with the requirements of the
phosphate experiments,
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INTRODUCTION
B et o T TP —

Background to the Project

Agricultural production is limited by a number of factors, one of
which is the lack of available plant nutrients in the soil. This
mh-mnaemmmwmmmm&oun,mm
&annmmtmt,harm-mhnmﬂy
unavailable to the plant. This form is known as "fixed" mutrient.
nwm,mmmmmzmm,nurmum
thoﬁntimofphomtabywnuetmtwmm,
bmoitledatoﬁnuootoﬂyam]lmtim&ﬂn
superphosphate applied as fertiliser. It is found by soil chemists
that strongly fixing soil will remove added phosphate from seil
solution within a few hours, (so-called phosphate "retemtion"), but
tmtthemam-ﬂltmmnymhato'ﬁx'tbmmt‘u
that agricultural production falls. This time delay means that by
mltop—dnnixgnﬁnﬁctorywthmbom,mm
by wasting much phosphate,

mmronwwmmhnmmmmnm.
and it might be that knowledge of the processes involved would
suggest alterations to current agricultural practice which could

VICTORIA UNIVERSITY ©F
WELLINGTON LiBrarvy




nmtmmmbyplmudamaurnutiondtb-appuod

superphosphate, or the use of phosphate already present in the
soil.

Atlmtmotthaﬁudphoapbatahunﬁamuthmorptm
by the clay mineral fraction of the soil, (Black (4 8
{1939)). This fraction of soil can contain several kinds of
mmwmaamumwmmmumm.m
mnbcmhmdmehﬁmsmm,mtbm&thm
type minerals such as montmorillonite or kaolinite. A major dis-
adnntagoofstndyingtheumynmnhdirnthhthom
ofobtadningthuinamutom,undmotthnﬁotyor
mmmm,mmwmmmaporwurmw,
the interpretation of results obtained is difficult.

Mmmtwmmmmmwwuww
001 surface of muscovite mica crystals. This surface is similar
tomofﬂ:eunfmmmﬁnginm,m,formnph,
montmorillonite, kaoliniteand halloysite, so that the information
miumsnymxwwmumxmm.

Quite apart from this possible application to soil chemistry, the
results will be directly useful as a contribution to surfacé
Mw,mwﬁemmtpmblminwhmuﬂutdw
the nature of the surface. At least at the instant of preparing
mmbynmmm,mmmwmmum
and it will not be affected by any previous treatments as will all
surfaces other than those of freshly cleaved crystals.




SOME PROPERTIES OF MICA

mmuumum@anmumemmuhmmmmny
cleaved along the 001 erystal plane. This property arises from
the structure, in which two layers of silicate tetrahedra, with
thdrhmrm;twmuplmaofmatmuﬂmh
mmmmmm,mcumww
hydmniuatmeowdimmtoﬂnmamn&omm.
(Mtltnmamhasiucmw&ythntowmum
etthusmkm.) Hydroxyl groups are also bonded to these
aluminium atoms, & Wi 1930, 1 « Some of the
silicon atoms (up to 25%) are replaced by aluminium, and some of
the aluminium atoms are replaced by divalent atoms, particularly
magnesium. VWhen this replacement occurs there is an unbalance of
mumwm,mmumummwm
presence of potassium or other monovalent ions. These monovalent
mmummmanhmmr.mwmu
mﬁv&n&,u&atuummwmm
readily. n:amvalmtimmondbyelmmmdi]g
mhmbyomruﬁmhaduﬁmmmdthtbm,
mtmtmmrmamuanﬁm-mmhuﬁmmun

site per 47 square Angstrom units (Grim (1953)).

Hﬁcmﬂntuﬁwmbenﬂmdhymwhwmmy,
the question arises of whether these extra valencies can be satisfied
bythom,invhiohthoohamnusm7mptm:prt. This
has not been, to the author's knowledge, satisfactorily answered.

uwmem,uMumM
work is concerned, is that the cleavage is sometimes so perfect that
@humlmmtmdasmhmmm
can be obtained (Tolansky (1948)). Vhile it is not expected that
thnnﬂ.eam.dinthepmantuorkmsopcmot, it would be




expected that the total area of any edges caused by imperfect
cleavage would be very small indeed, in comparison with the

total 001 face area. Thus the mica surface is well characterised,
with only a few types of adsorption site. It has convenient
physieal properties, being obtainable in large, uniform pisces,
which are strongand gas-tight, even in sheets thin enough to allow
the passage of soft <-particles.

xtmhmaummmtmmormumm
a cation-exechange material, (although some anion-exchange capacity
would be expected from imperfect cleavage), so it would seem an odd
choice for phosphate adsorption experiments. It is concluded in
thtsthuuthstthlu-pluudbdnm.u, but significant,
mm-mmwtywmmam,mwwm
memmmmmmwmtmw
phosphate on mica which had been previocusly treated with sclutions
containing molar concentrations of certain cations. A cation

particularly efficient at enhancing the adsorption is aluminium.

mma,mwmmmmmmu

clear from the previous discussion of the cations on the mica surface.

One could suppose that the aluminium replaces the potassium in the
cation-exchange position, and that only one valency bond of the
aluminium is satisfied by the surface, leaving two to be satisfied
by exchangeable anions. The suthor is wary of this approach, for
he bas shown that there are other possible explanations for the
phenomenon, and certain aspects of the adsorption are difficult to
explain on this model,




This section is devoted to describing phenomena in various fields
more or less remote from the study of mica, in order to show that
the behaviour of phosphate on aluminjun-treated mica is qualitat-
ively similar to adsorption phenomena in many other systems. It
is the author's view that the explanation for adsorption on mica
ought not to rely on the peculiarities of the mica surface, but

should be guided by the more general properties of surfaces.

It has been suspected for a hundred years that the retention of
phosphate by soil is in some way related to the presence of iren
and aluminium. For examge Warington, (1868) proposed that iren
and aluminium oxides are responsible. (He also refencito the view
of Liebig that the retention is due to surface attraction by all the
components of the soil). Hany attempts have been made sinece then
to correlate the phosphate fixing ability of soils with thier
chemistry, some of the more recent ones being Coleman et al (1960),
Ssunders (1965), Saind end Molean (1965), and Bromfield (1965).
These authors, after somewhat more sophisticated comparisons of
many soils, cawe to the conclusion that phosphate retention is
stronglycorrelated with the presence of aluminium in the soil, two
of then (Saunders, and Bromfield), finding a correlation also with
iron, one of which (Bromfield‘s)appeared to be due to an iron-alumin-
ium correlation. Saini and Mclean, and Saunders, found correlations
between the amount of aluminium in the soil and the amount of organic
matter present,

mmtwmmhhanamnMnmeby

Hemwadd (1957). He stated that most workers agree that the simple
iron or aluminium phosphates, mhuAlPok,mmws.naom,



and that if any compound were formed it would be of the form
1(320)3(m)2n2mb. Such compounds have solubility products which

mwﬁ&onththmunmm:numhmm,
aﬂwmhmmmtamtmtambmvmhuof
iron or eluminium and phosphate does exist in soils. (See also

Wright & Peech (1960)).

mmedamﬂmblcmdﬂﬂmtbatﬂaabmty

of clays to fix phosphate is related to aluminium derived from the
clays by decomposition. That such & source of aluminium is
possible is shown by the fact that any attempt to replace all exchange-
able cations by hydrogen ions results in the formation of a mixed
Wmm,mwsmmmmm
lattice. nmummmwmﬁmm
longer fix phosphate.

m'smmmmuntamtmuavpnmn
mmnnmummmmncmuthm
clay minerals., He therefore concluded that the fixation of phos-
mbymuhummmwmmma

definite composition. MMwhutmmM
or sorbed on to the surfaces of clay minerals,

Bache (1963), has considered the possibility that solubility product
mﬁummm,mmdmwcmuty
products that this is not likely. 1In a later paper (Bache 1964), he
showed that at low phosphate concentrations, phosphate is adsorbed eon
hhﬁmdﬁnﬁmerimm,lhﬂonm“mum
precipitation occurs. Rtbenumalunnimarimmm
occcurs on the precipitate,

In the last few years increasing attention has been peid by soil
chemists to the rate at which the phosphate in the soil can reach




the growing plant. Several workers (Barber (1966), Nye (1966),
Lewis and Quirk (1962, 1965), Olsen (1965)), have considered
diffusion of phosphate through the soil solution, and have decided
that this is important to the plant, either by showing that other
transport processes are insufficient, or that the rate and amount
of uptake agrees with diffusion calculations. Such caloulations
are difficult because the soil solution concentration can be
maintained by desorption of phosphate from the soil particles.

Olsen and Vatanshe (1966) have performed experiments on the rate of
mam&mmm,mmm
and have found that some of the adsorbed phosphate (in a partioular
soil) is released at a rate comparsble with the diffusion process,
and some much more slowly. Cogke and larsen (1966), from somewhat
limited data, decidedthat the desorption of phosphate from soil
particles is diffusion controlled, and deriveda rate parameter that
correlated with pot experiments on phosphate availability,

Thus it appears that some of the phosphate retention in soils is
probably due to adsorption, associated with aluminium, and that the
kineties of desorption are slow, on the laboratory time-scale.
Both these gualitative features are found in the mica-aluminium-

phosphate system.



One could hypothesise that there is a complex irom or aluminium

phosphate adsorbed on the surface. Birisov et al (1966) have
rwmrwmammmzmkz*mm

solutions containing phosphate at pH 2 to 4 where M is Aw**

¢e>*, Pw’* and Y>*.  YVan Wager snd Gallis (1962) memtionea the
fmtmwpammuaosnmmu%%.m

have shown the existence of l(ﬂl’%),"

mmmm«uzojmmucum,mnhuwm None

xtuumudmeuynhmummmm,mm
do point to the possibility of as yet unknown polymers or cationie

Perhaps more directly relevant to the present problem is the extensive
literature on inorganic ion exchangers, especially in the field of
radioactive waste decontamination. Most of this work is concerned
with cation exchange, as, for example, is that of Hure et al (1958),
who used montmorillonite as a cation exchanger to decontaminate
reactor waters. These authors found that the hydrogen and zirconium
form of montmorillonite adsorbed phosphate efficiently. Amphlett
{196L) has discussed inorganic ion exchangers from the practical
point of view, and Kysus et al (1958) have discussed the ion-exchange
properties of hydrous oxides. Under appropriate conditions gels of
these oxides can be precipitated so that they retain an appreciable
anion-exchange capacity. Although zirconium oxide is usually used,
because of its very low solubility, similar effects can be cbserved
with aluminium oxide. A very common inorganic anion exchanger is



zirconiun phosphate, as a non-stoichiometric gel, and it would be
expected that the corresponding aluminium compound would have
similar properties, An important point which arises from the work
on these inorganic ion-exchangers is thot the reaction kinetics are
always diffusion limited (Amphlett (196.)). Huffwen et al (1960),
working on the dissolution of warious ferric phosphates, found a
low activation energy for dissclution, which ecould imply a diffusion
limitation in that case too. In view of this it would seem unwise
to postulate that slow reaction rates limit the overall kineties of
mmmwmmcdmmm,mm
annmmmaamwmmnu,
or direct evidence is obtained,

Kepak (1965) worked with precipitated aluminium and iren oxides,
from the viewpoint of radicactive waste decontamination. He invest-
wthomptmoc”s% uﬂ’zﬁ)kcnthm-hmhua
function of pH (at constant ionie strength), concentration of carrier,
and time.

marptmmmdmmmm,mmmm
dissolution of the sample at the lowest pi's (pH 2), although this
effect s mich more preminent at 1070y concentrations than 10~ M
concentrations. A simple ion-exchange model presented postulated
the equilibrium,

H-OH + A" == Med 4 O
with equilibrium constant,

*= weona
so that .

log ([H-A)/[X"]) = log(k) + log[letH) = log(oH"].
[=4) was found from the decrease in solution concentretion, and the




WMNW&'&M&&M‘,k‘.
Thus Mka)-i-*l?(m)'c-lﬂ:

where B and C ave constants, if only small amounts are adsorbed.
mwdmmphcflog(kd)wﬂmmcmddm
mmmaw‘ﬁammwkms,m
much smaller in all other cases. Allowing for multiply charged

anions or changes in (M0l did not give better agreement, so
there must be some less obvious explanation for the sorption.

The sorption isotherms (plots of amountaisorbed against equilibrium
mﬁm)rnbothmmbothtMMIumamulu-
log plots, whichwere almost linsar between 1072 and 107C W/, with

a slope of %, indicating a dependence on the square root of the
concentration.

The sorption showeda rapid inorease during the first two hours,
followed by a much slower increase,

These results are similar to the results described in this thesis,
for the adsorption of phosphate on aluminium-treated mica.

It appears that treatment of the surface of mica with aluminium
changes it in some way from a cation adsorber to an anion adsorber.
Mmmmrwmﬁmhmhmm

aﬂnWm&sm using many cations and aniomns on
various cation exchange resins. Helferrich favoured the explanation
that the regions of charge in the resin are localised, so that not
all the bonds the aluminium can make can be satisfied by the resin,

10
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and these extra ones involve ionic bonds to anions in the solvent

penetrating the resin. Spedding clainmel that ione~pair formetion
is responsible.

Amm\mmww-hmabhhm
anionic dyes on an anionic fibre, by performing a preliminary
adsorption of copper ions.

Another cbservation possibly of relevance is that Holland (1964,
metummumznnm’mmw
edhesion of adhesives. He believed that this treatment leaves

some metal oxide on the surface,

There are many widely-scattered papers on the adsorption of cations
and anions by metal oxide, or metallic surfaces,(which are usually
covered with their oxides,

An interesting point for the interpretation of this field is that
the "roughness factor" of a polished aluminium or glass surfacs is
in the range 1} to 2 (Shepard and Ryen (1956) and C (1956))
nhtmmmmummthmmmm
aIe0e

Auauwmarmmeommmmmmw

but alse on glass and plastic. She is particularly concerned with
the variation in adsorption as a function of pi, and has & rather
umisual approach to the theory of the problem. Some people, (or
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example, Kepek) assume that the pH effect is due to displacement
of the eguilibrium

BeOH = M'rOH
or B-OH == M0 +H',

Exeess hydrogen ions will neutralise the OH ioms in the first case,
so that the positively charged surface becomes an anion exchanger,
and, similarly, in the second case the surface becomes a cation
exchanger. Hereszynska prefers to assume that the surface adsorbs
H' or OH ions from the solution, and that these then act as anion
or eation exchange sites.

Herezynska (1965) described some experiments in which tritium uptake
by aluminium and copper discs was compared for different pH solutions,
using asutoradiography, with a scintillating liquid between sample and
film, Extreme non-uniformity of adsorption on each disc is prominent
in the published autoradiographs, and it ws stated that these were
selected to show the best results. The author suspects from this,
that in these experiments, and therefore probably in her other work,
she was using insufficiently clean techniques. It appears from her
results that a roughly constant amount of tritium is adsorbed at acid
pil's, this amount being considerably more than that adsorbed at
alkaline pii's. She ascribed this to adsorption of tritium ions, but
it seems equally possible that it could be hydrogen ion exchange with
the hydrogen in OH groups on the surface.

Whatever the mechanism involved, the results in a set of papers
published in and before 1961 are of interest, for they show that
adsorption from tracer concentrations of radiocactive materials cen
oscur on to @ wide variety of surfaces. Anions used were o'1"

(on gold and platimum), 250~ (om gold, platinum and perspex), and
%2p07" (on gold, platimm, stainless stecl, tin, copper, aluminium,
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perspex, and glass). In most cases there is one maximum in the

adsorption at about pH 2 - 4, and another at about 7 - 10. Similar
experiments were performed with 137¢s*, 65702+  ana 60o?*, with the
general conclusion that a maximum in adsorption occurs at pH 9 - 11,

It is unfortunate that in all these experiments the measure of the
agtivity adsorbed vas the percentage of the activity adsorbed relative
to the total amount in the drop of solution originally placed on the
surface. This is not a very useful measure of the adsorbing prop-
erties of the surface, and no quantitative comparison with the present
work is possible, although it is of interest to mote that the walues
obtained varied from 1 to 100%.

Heasurements on the kinetics of adsorption showed a rapid rise at
first, followed by slower changes, and sometimes a decrease in the
emount adsorbed.

Herezynska's earlier work was performed with no attempt at constant
ionic strength. In the work described in the 1961a paper she _
w&omw(dth&m))unnuthopﬂ,ﬂthm
surprising result that a maximum adsorption occurred at a certain

ionic stvength about 0.05. The exaet strength end amount adsorbed
depended on the pH. (numrmm%mmmun,u
652n on tin and glass). It seems that the interaction of the ions
wmummmammmxamwa
theory, but must take into account secondsry affects such as sorption

of anions on to ecations.

It seems to be characteristic of reactions of liguid-solid surface
mmtmmmammamotfaﬁdmw.
Zmré (1931) must have been ome of the earliest workers to study
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desorption kinetics with redio-isotope experiments. He used thorium
B and mesothorium II (lead -212 and sctinium =228 respectively, adsor-
bed on to erystalline precipitates of barium sulphate, and foumd that
his kinetic data could be deseribed by a constant plus two exponential
terms,

Bourne (1965) studied the removal of G- tristearin from stainless
steel with NaQH, and found that the desorption curve could be expressed
as a sum of two exponential terms, one being much slower than the other.
However, in this case the sbscissa was not time, but number of washes
of a certain dwration in the Nalll. The amount removed was nearly
independent of the duration of each wash. He could find no evidence
for more than one kind of radioactive compound, and was convinced he
had a pure system. He took the data of many other workers in the
field of cleaning technology, and found that they all can be described
in the same way, despite great differences between the systems.

Dlouhy and Maly (1958) have investigated in detail the adsorption and
desorption kinetics of radiocactive cations on stainless steel. They
referrdiotwe other workers in the field of radiocactive decontamination
who analysed the kinetics of adsorption into two exponential temms,
and analysedtheir own data into three terms, saying that they had
previously missed cne term through not studying adsorption at very
short times or desorption at vexry long times. (This is very similar

to a conclusion of Furkert (1965)).

They showed that repeated desarptions of 9 Zn from stainless steel, under
(unspecified) varying initisl conditions, gave good reproducidility of
time constants for the exponential terms, the scatter being less than
10% of the mean wvalues over four experiments. They found that the same
time constants (which corresponded to half-lives from 2 mimites to four
hours) vere cbtained from the analysis of either adsorption or desorption
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experiments. Similar analyses were made of adsorption experiments
«‘Smm”%mMnmLm”rmam

The values of some of the rate constants for desorption of Jzn
affected by stirring rate, the slowest one bescszing 305 faster and
more predominant with inereased stirring. Differences of the same
order of magnitude were found on adding 107N Fe?* solutions, and
the fastest desorption rate constant was doubled by changing the pH
from 9.0 to 5.0. The slowest sdsorption rate constant depended on
the concentration of the adsorbing solution, doubling as the concen-
tration ifiereased from 1 to'25 «C/ml.

They developoda quite general theory of adsorption, the detailed
mathematical results of which they admittedar probably too complicated
to be useful. This theory predicts that the time variation of
adsorption of one component of a mixture of M components competing
for the same sites, should be expressable in terms of a sum of M
exponentials, whose time constants depend in a complicated way on the
relative probabilities of interaction with the surface. It was found
to be imprectical to perform a quantitative comparison between experi-
ments and theory, and although some qualitative comparisons ware made,
the authors do not appear to have shown aay strong links between their
theory and experiments.

Amer ot al (1955) found that the kinetios of extraction of phosphate
from soil by anion-exchange resin (under "infinite load" conditioms)
could be described as a sum of three exponential terms, which they

regarded as quite empirical functions. QOlsen and Vetanabe (1966)

followsitheir approach and cbtairsisimilar results.

Shao (1965) found that the results of isotope exchange kinetie experi-
ments with 2P0, on soils could be amalysed into four or five expon-
entials, each of which he attributed to a different chemical species.
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mmm—mmmtﬁauum-ammtys
kinetic experiments may be resolved into exponential terms.
Host of the papers awvoid trying to attribute the exponentisls to
individual species, and the author is inmclined to agree with this
approach.



For the past few years a group of workers in the Chemistry Department
of Victoria University of Wellington has been studying various aspects
of the problem of phosphate fixation. Some of the work has been

~ devoted to the study of phosphate exchange kinetics on soils (e.g.

Shao (1963, 1965) and Vatkinson (1967)), and some to the study of

adsorption and desorption kinetics on mica. The remainder of this
introduction is devoted to a critical summary of the main experimental
techniques and results described in those theses dealing with the
sorption on mica, together with a brief indication of the theorstical
concepts used. This material formed the framework within which the
Mm:wtmawdwmofithwby
results presented later.

The gemeral procedure was to take a piece of mica and treat one side
with 2 solution econtaining sbout one molar concentration of a salt,
and after rinsing off the excess salt, to treat that side of the mica

with a solution containing a radioactive anion. The activity adsorbed

on the mica was measured by the gount rate of an end window geiger

17

counter placed near that side of the surface not used for the adsorption.

The amount on the surface was studied as a function of several para-
meters, the one of most concern being the time of desorption into
deionized water,

m:mkmmwm_ummmmma
32?%,%%%%&%@“%&

his samples. The aluminium elemping ring round the edge of the miea
was protected from the solutions used by coating it with paraffin wax,
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which was also coated on the sides of the counter and the edge of
the window, FPurkert also developed a brass holder, to which mica
split from a block could be stuck, the counter being protected from
the solution by the holder, and detecting the radicactivity which
passed through the back of the sample (see fig.11). The use of
mmmmwwmw”sov For
his work with cations other than aluminium he waxed a clean window
over the top of the original window, and used that. It was found
simultaneously by Morris (1964) ond Burms (1966) that the pareffin
wax was a good adsorber of phosphate after it had been treated with
iron or calecium fons. Furkert had tested wax for phosphate
adsorption and found none, but he had not treated the wax with a
cation first.

The sample holder was redesigned by Morris and Burns, in such a way
that radiation from phosphate on the wax was prevented by the holder
and desorbing solution from reaching the counter. This design,
(£ig.1.1) was the one used in the first experiments of the present

In Purkert's experiments aluminium-treated mica was prepared by
soaking the mica in a 1M solution of an aluminium salt (chloride,
nitrate or sulphate), using several immersions for at least half an
hour in separate samples of solution. No attempt was mede to clean
the end windows before use.

Horris appears to have taken care to start with a clean surface by
cleaving the mica before waxing it to the holder. He also intro-
duced the practice of treating the mica for a week with a 0.1

solution of HC1 containing strong-acid cation-exchange resin, before



a further treatment for one day with a molar solution of the
desired salt. The purpose of the acid soak was to replace the
cations on the surface with H' ioms, which he assumed will be
readily replaceable with other cations.

The excess iren solution was rinsed off with 0.1M HCl., and the
sample was soaked in severul changes of deionised water for a day.
Puritert soaked his samples similarly after the cation treatment,
the solution being adjusted to the pil of the sclution in which
desorption kinetics were to be followed. This process of "equil-
ibration” was introduced to ensure that all the aluminium on the
surface was in the form sppropriate to the pH to be used, it being
supposed that changes in these forms might be slow. No way of
testing whether this procedure was either necessary or sufficient
was suggested by either author,

Furkert found that it was difficult to get desorption kinetics
different from those found for aluminium-treated mica, unless strict
precautions were taken to eliminate aluminium contamination. These
precautions included the use of polythene containers for all solutions
and polythene adsorption and desorption vessels. However,

Rees (1962) has shown that for the purposes of amalytical
chemistry polythene gives no less aluminium contamination than glass.
Polythene has the disadvantage that seratches are very difficult to
clean, and Eichols et al. (1965) have shown that hard glass gives
less adsorption of many radicactive cations from dilute selution, than
does polypropylene. In the present thesis no evidence has been fourd
for significant aluminium contamination from Pyrex glass, in situations
where it would be expected to be important.

19
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No discussion of techniques used to clean the vessels has been
given in other theses, and from current practice at the start of
this work it would seem to consist of merely rinsing, or the use

of detergent and scouring powder.

The use of deionized water was introduced by Merris, in order to
reduce the concentration of aluminium ions in the solutions.

The resin used contained quaternary ammonium compounds, which are
well known to be unstable, so that they introduce polymeric amines
into the water. The use of this water was discontinued part way
through the present thesis after reading the paper by Shenkel &
Kitchener (1958), who specifically warn against the use of present-
day anion-exchange resins in low-area surface chemistry.

Adzorption at Constant Time

A1l the above suthors, and also Hendy (1965) and Perrott (1965),
found that the amount of phosphate adsorbed on similarly-prepared
nicas was subject to large fluctuations. Morris aseribed this to

variable "wettability" of the surface, the non-wetting regions
presumably adsorbing & different amount from the rest. Despite
these variations of a factor of two or more in the amount adsorbed,
some generel points emerge from the work. Furkert showed that the
mmmamumemmbn(ms)smm

was about ten times more than that on to NaCl-treated mica, equal
to that onu(czs)-mm mica, and a third of that mnﬁ)s-

treated mica. nu-mmmmm&wmmm.

treated mica approximately equalled that on NaCl-treated miea.
These conclusions were reached in experiments where adsorption on
wax could have been important. mmmmn}mm

mica took up about ten times as much phosphate as NaCl-treated mica



or HCl-treated mica. Rankin found that ms-mu mica took

up about twenty times as much sulphate as NaCl- or HCl-treated
mica, and that the desorption kineties for the NaCl and HCl cases
mt’uhrthnthnnn}m. He stated, however, that the
monovalent-ion-treated micas take up no sulphate.

Some information on the effect of pif of the phosphate adsorption

solution on the amount adsorbed was cbtained by Purkert, who found
that, of the four pH's studied, most went on at pH 5.5, about 15%
of this at pH 3.5, 1% at pH 1 and less than 1% at pH 0.

By a rather complicated dilution measurement, Furkert established
mtmmm\amhmumammmm

window was proportional to the phosphate concentration, from cerrier-
free concentrations up to at least 10-7M/l. At 106§/ & deviation
of one peint from proportionality occurrci,which Purkert attributed
to saturation of the adsorption sites.

Adsorption Kinetics
.hnkinmmtofm“th.mofnlphmmhmw
counting the activity of the surface while it was in contact with
tbmaptimaoluum. muwﬁmm%m
aa,ymuzon/e- of solution, so that only a small volume of
solution near the surface is "seen" by the counter, It turns out
that the amount of sulphate adsorbed om aluminium-treated mica
mnmmmmmnmmtmmwwmm
so that in an adsorption measurement the solution background requires
only a small correction to be made to the count rate, In the case

w%,mwuwu&mm,»mt
. Furkert, Morris and Hendy concluded that this technigue wes unsuit-

able for npok.
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Rankin did not do quantitative adsorption kinetic studies, but
showed clearly an effect due to aluminium ions in solution. He
addﬁmﬂﬂ,toa:ﬁiowuu sulphate solution in which a
counter had been previously placed, and observed a ten-fold
increase in the (background-corrected) count rate, over a time
interval of half an hour.

Quantitative experiments on phosphate adsorption kinetics of phos-
phate on iron-treated mica were attempted dy Morris, who developed
a technique for soaking the sample for successive short periods,
removing and rinsing the sample in order to count the uptake. He
showed that although the shapes of the curves were similar, the

amount adsorbed at equilibrium varied. IHe also found that drying
the surface during an experiment greatly increased the adsorption
rate. About 20 hours were reguired for the system to come to

equilibrium, and about 50% was adsorbed after one hour.

Similar results were obtained by Hendy, who studied the variations
in adsorption kinetics of phosphate on aluminium-treated mica using
similar techniques to Morris. He varied the anion associated with
the aluminiup, and also the ionic strength of the solution, and
found many differences in adsorption rates. Only one of the exper-
iments was duplicated (successfully), and it is the author's opinion
that in the light of current knowledge thé variations cbserved cannot
be attributed to the controlled variables until further work has con-
firmed the results.

Desorption Kinetics

All the workers whose theses are being reviewed here described their
desorption kineties results by resolving them into a sum of several
exponential terms. The method used to find these terms is as follows.



The logarithm of the count rate is plotted against time, and it is
usually found that at low count rates, that is, after a long time,
the graph becomes linear. The extrapolation to mero time, and the
slope of this linear region are considered to give the initial
amount and time constant of the slowest exponential temm, and the
contribution of this term to the count rate at shorter times is
caloulated and subtracted from all points not on the linear region.
This leaves a new set of mumbers, which are treated in the same way,
Up to 6 terma can be found in this way from the data obtained. It
has been found that extending the time range of an experiment
usually requires the introduction (or “"discovery") of another term.
A justification for cbtaining so many terms from one experiment has
been that each term has been found to deseribe the kineties over a
time of the order of several times the half-life of the temm.
Locking at the other axis of the graph, as it were, one could equally
well say that the exponential fits the data well only over the last
ten percent (or whatever it is) of the total change.

It was found by these workers that the half-lives of the terms
obtained by this process were reproducible, with a spread of results
equel to 10%to 30% of the mean. The half-lives were found to differ
by factors of ten, so that identification of the same process in
different experiments was easily possible. The relative amounts of
each term at ¢t = 0, found by extrapolation, were found to vary widely,
even when the conditions of prepsration were similar. Superimposed
on this random variation were systematic variations due to different
conditions of the experiment.

The desorption rate constants found by these workers seem to be
remerkably constant., Thus, neither Furkert nor liorris could find
any recognisable trends as the pi was changed from pH 3 to pH 9, the
phosphate being adsorbed on to aluminium~ or iron~treated micas
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respectively. As the time of adsorption of phosphate on to the
mica vas increased, the relative amounts of each term changed, but

the same rate constants coid be found, (Burns, Morris).

Burns found the seme rate constants for desorption of phosphate

from mica treated with X', Wa*, ug>', Ba>', sr>', W', Ca>’ end
17" sons. Micas treated with i’ or M, * ions were very similer
to these, except for the lack of the fastest term. However Mi-"

and Co>* were also used by Perrott, and his results conflict with

thoseof Burms, es follows -

Systen

Burns Mi2* 4800, 210, 22, 1.1, 0:11
Perrott M1 5100, 39, 3.3, Ok, 0s07

Burns Co2* 4600, 160, 23, 1., Outh
Perrott Co>* 1300, 107, 8.1, 1.13, 0.56, 0.05

The author has also repeated much of the work of Burns, and finds
no agreement between his results and those of Burns, and very little
between his omn results. It appears that Burns and Morris used
exactly the same procedure in each experiment, including the step of
a day's soak in water befare the phosphate adsorption, whereas the
author and Perrott were more inclined to vary the procedure in ways

which current thinking indicated should not alter the results. The

variability probably indicates that these minor variations were
important, and that the working hypotheses were either a gross over-
simplification or totally wrong.



Perrott investigated the effect on desorption kinetics of using
complex catiomns, in which most of the metal coordination positions
were occupied by strongly bonded chelates, so that the stereo-
chemistry of phosphate adsorption would be greatly restricted.

- It was thought that these cations might have a reduced mmber of
exponential terms, but this was not found, and the results were
similar to those found with other cations.

The amount of each exponential term has been found to vary with the
time of adsorption of the phosphate, relatively more of the shorter
half-life terms being found if the adsorption is short than if it
is long. No variations with pH of the amounts have been found.
Similar conclusions about amounts and half-lives were reached by
Rankin, for the desorption of sulphate from aluminjum-treated mica.

Because of the interest of the system to soil chemists, experiments
have been performed by most authors in order to see the effect on
the adsorbed anions of reagents used in soil extraction procedures.
These experiments were usually perfomrmed efter about 5 days of
desorption, so that the fast changes were all over.

Furkert found that citrates and carbonic acid had no effect on the
desorption rate of phosphate, from aluminium-treated mica, while
0.5 hydrochlorie or sulphuric acids caused rapid desorption of most,
but not all, of the phosphate. 0.1N sodium hydroxide removed all
the phosphate repidly, and 0.58 ammonium fluoride at pliS.5 removed
nearly all the phosphate within one hour.

Horris showed that 4 sodium chloride and 0.5H sodium bicarbonate
had no cbserveble effect on the desorption rate of phosphate from
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iron-treated mica. 0.1 sodium hydroxide caused very rapid
desorption of phosphate from both iron-treated wax and iron-treated
mica, and ammonium fluoride caused fast desorption of phosphate
from iron-treated mica, the rate increasing as the pi of the solut-
ion decreased.

Rankin showed that ammonium hydroxide at pH 11, sodium hylroxide at
pl 8, hydrochloric acid at pH 1, and an umspecified concentration
of phosphate ions quickly removed most of the sulphate from
aluninium-treated mica.

UEVINg O

53 L ect

These drying experiments were usually performed by desorbing a sample
for a short time, removing it from the solution and then storing it
in a dry atmosphere or vacuum for the desired time. The sample was
then replaced in a desorbing solution, and the slope of the resulting
desorption graph was compared with the slope of the graph cbtained
before drying the sample.

FOGUL L LU

Furkert found that no change occurred in the desorption of phosphate
from aluminium-treated mica after 3 weeks drying over silica gel.

Horris found that drying for 100 hours in vacuum over phosphorocus
pentoxide before desorbing phosphate from iron~treated mica resulted
in a considerable increase in the amount of short half-life temms,
and also led to decreases in the half-lives of two of the terms,

Perrott extended these measurements to phosphate on many other cation-
treated micas, and some soils, and showed that the effect was a
generally occurring one.
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Zheories

Several different theories have been advanced to explain the above
phenomena. Because of the relative ease of acquiring kinetic data,
most of the theories have been attempts to explain the kineties,
with no account being taken of other information, execept the greater
uptake on mica treated with aluminium and iron solutions. All have
assumed that the exponential terms found by resolving the kinetic
data may be assigned fo first- or pseudo-first-order reactions.
Furkert and Morris appeared to favour some model like that described
earlier in the introduction, in the section on anion adsorption by
mica, where anions are attached by those bonds of the cations which
are not satisfied by the surface. On %his model one would expect
no adsorption by monovalent cations. The different reactions could
possibly be assigned to the different forms of phosphate and iron
found at various pH's, but since no correlation between variations
in pH and the desorption kinetics was found, this hypothesis is
unlikely to be true. The reasctions could correspond to differences
in stereochemistry of the adsorption compound, but Perrott appeared
to eliminate this possibility.

Perrott, on the basis of his drying experiments, postulated that
water is somehow responsible for the retemtion of orthophosphate.

He reviewed the evidence in the literature for the presence of an
ordered water structure near the surface, which might form a matrix
in which phosphate could become imbedded. He decided that this is
a possibility, although he did not refer to a major review article
by Greham (1964), who concluded that ordering in the structure camnot
persist more than a few Angstrom units from the surface. Perrott
did not explain how this system could give rise to the observed very
slow processes.

Adsorption kinetics have received somewhat more detailed theoretieal
attention than desorption kinetics. lorris considered that the
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cbserved increase was controlled by the sum of an adsarption
reaction, which was first order in solution phosphate concentration,
and a desorption reaction, which was first order in the amount of
phosphate on the surface. IHe derived a relationship between the
amount on the surface and the time, but could have saved a lot of
data processing and gained much more accuracy by integrating his
equation 8, p. 113, with respect to time. His method involved a
graphical determination of the slope of the adsorption curve, the
variations with time of this gradient being then resolved into a
sun of exponentials, as predicted by his theory.

Hendy assumed that in a process similar to that postulated by Morris,
the availability of adsorption sites for phosphate was controlled by
the desorption from these sites of previously adsorbed anions. He
made a serious mathematical error, which led to erroneous conclusions
about the effect of certain parameters. His experimental results
were inconsistent with either his version or the corrected version,
but the author feels that the theory is worth testing again, under
the conditions helms found to be necessary, and so presents his
correction of the theory as an eppendix.

CONCLUSIONS

Phosphate adsorption is often found in situntions where exchangeable
aluminium or aluminium oxides are present. The mechanism is sometimes
not describable by conventional ion-exchange models, being influenced
in unexpected ways by the presence in sclution of other ions.

The kinetics of adsorption and desorption are slow, and can, in common
with many other surface reactions, be described as a sum of exponential
terms. No consistent explanation for either the adsorption or
kinetics is available.



 The work described in the following chapters is an attempt to
characterise and explain the phosphate adsorption on mica surfaces,
in the hope that some points of interest to soil chemistry and
other fields might become clear. It started with a continuation
of the line developed by Morris and Purkert, in which kinetic
studies were made with various cations used for pre-treatment of
the mica, and developed into experiments on the details of amounts
and kinetics of adserption on aluminium-treated miea, which led
eventually to an understanding of some of the processes involved.
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BASIC TECHNIQUES AND INSTRUMENTATION

OF THE KINETIC EXPERIMENTS

This chapter describes technigues used in several sections of the
thesis. Those aspects peculiar to each section are elaborated

further in the appropriate places.

AERARATUS

Detection of Activity

The apparatus used in the preliminary kinetic experiments was much
the same as that used by previous workers. The mica was stuck to
the brass holder designed by Morris and Burns (fig. 1.1), and a
type EW3H end window geiger counter was held inside the holder with
three wedges of cork.

An oetal socket was used to connect the coaxial signal lead to the
counter to reduce electrical noise problems below those obtained

with the crocodile clips used previously. This probably accounts
for the laek, in the present work, of problems reported by others
when certain types of stirrers were used, and when several experi-
ments were desorbed in to the same vessel.



Electronic Quench Units

An electronie quenching device was used (Crotty 1962), its main
advantage being a constant dead time. It has been claimed that
the use of the guenching unit increases the life and plateau
length of the tube, but it does seem possible that by considerably
increasing the capacitive load on the tube it may actually degrade
the long-term performance. Since many of the tubes had a life
relatively short compared with guoted lives of 107 - 1010 counts,
advice was sought from the makers of these tubes (20th Century
Electronics Limited, England). They had no adverse criticism of
this guemch eireuit, but enclosed a leaflet (No. GC10) in which it
was stressed that the capacitance across the EW3H must be less than
20 picofarads. The value of the coupling capacitor used was 2000
picofarads, so this may be the scurce of trouble. Other points
made in the leaflet were that halogen-gquenched tubes must not be
operated at more than 60v, above their starting voltage, and should
be shielded from light wnenever a voltage is applied. These pre-
cautions were not previously known to be necessary. Itwas also
said that when quenching an EW3H the dead time may be taken equal
umwwm(ummwhmmm/umﬁ
This confimmel the practice introduced by the author, which was to
set the quench time equal to the convenient value of 600 /Sec. (= 107
min. ), using a calibrated "Teetronix" oscilloscope, and to take this
quench time as the dead time of the tube. Vhen using a guench on
the EW3H the makers recommend using the lowest possible voltage
consistent with the stability of the power supply and sensitivity of

the quench to triggering.

Power to operate the quench unit, and the E.H.T. voltage, was obtained
from a Philips power supply module, type P¥4022, This unit also
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contains an amplifier, through which pulses were semnt to the pulse
counting electronies, which was either a Philips sealing module,
type Pi032, or a ratemeter module, type PWLOL2., The ratemeter
was usually comnected to a loneywell-Brown chart recorder, to emable
a continuous measurement of count rate versus time. The chart
speed could be varied between 2," per hour and 3" per hour by using
appropriate drive motors and gears, but because of the complexity of
changing speeds, it was usual to use two separate recorders, one
ruming at 1" per howr used for the entire experiment, and another
at 2" per hour fur the sometimes repidly changing start of ax
experiment.

The time taken for the chart recorder to travel from 0 to 100 percent
of full scale was about 1 second, so the major limit in the respense
time of the system was the necessity to have an integration time in
the ratemeter long enough to obtain statistically significant results.
This in the best cases was about 3 seconds, but was mere often 10
seconds. At this value, it is not possible to follow changes in
count rate reliably if they have a half-life of less than, say, 30
seconds. This rate is the meximum it seems worth trying to obtain
with the present technigues of applying and removing the phosphate
solution.

For some of the wark a six-channel point-plotting version of the
recorders was used, connected in such & way that two of the recorder
channels were used for each of three working chamnels. One possible
trouble when doing this could arise from the fact that the output of
the ratemeters used was at 80 volts above ground potential, It was
necessary to avoid comnecting an instrument to a channel adjacent to
& chamnel connected to a retemeter, if that instrument could be
damaged by being comnected, by the make-before-break selector switch
on the recorder, to the ratemeter. Vhen several ratemeters were



being used no trouble could arise from this cause. It would be
serious if the ratemeters were to be used in conjunction with
transistorised equipment of any kind.

The recorders used were basically of 5 mV full scale sensitivity,
whereas the ratemeter range was from 80 to 80.5 velts., It was
therefore necessary to reduce the semsitivity of the recorder, and
this was done by comnecting a potential divider of 47 ohms and
4700 ohms across the output from the ratemeter, and takiag the
recorder signal from across the 47 ohm resistor. The exact value
of the dividing resistors is not critical, as the ratemeter-recorder
combimation is ealibrated against the 50 cycle meins frequency, but
the resistors must be stable. (It is as well to remember that the
mains frequency is controlled to give an accurate average of 50 o/s,
and that at times of peak load the frequency may fall slightly.)

It was found useful to note the identification mumbers on the elec-
tronic units used for a particular experiment, for over the long
duration of an experiment failure was gquite common, and if a fault
was recognised in a module it was possible to trace back through
previous experiments to examine them for effects of the fault,

Because of the long duration of experiments the number of experiments
performed was limited to some extent by the amount of electronies

aveilable. A switeh was developed which enabled one power supply

module and one scaler module to be used to follow the progress of wp
to six experiments at once. This was done by counting on a Sodeco
printing impulse counter, the scaled pulses from the geiger counter
over a half-hour period. Every 10th, 100th or 1000th pulse could be
caused to operate the Sodeco counter, and at the end of the half-hour

3L
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period the total number of impulses into the Sodeco counter were
printed on a paper tape, the register was reset to sero, and the
E.H.T. supply was switched on to the next geiger counter.

The full description of this instrument is given as an appendix,
This deviee is useful after the first repid part of e run is over,
and only small changes are ocourring between each % howr period.
Then it becomes very convenient, for the digital representation is
& much more convenient description of the data than the analogue

ane.
DATA PROCESSING
Magual Methods

It is essential to the sucocess of the expomential amalysis of the

data, which was the basis of all previous interpretation, that a

large amount of information on the curve shape be available. This
requires a large amount of effort on the part of the experimenter,

in order to perform the various caleulations involved in proceeding
from the recorder chart to the final graph. The author has developed
computer techniques which reduce this work to a minimum, but since
computers are not convenient for short calculations, and become unavail-
able for one reeson or another, and often at eritical times, he has
developed some short cuts appropriate to manual caleulation.

Previous workers have developed a nomogram for calculation of dead
time corrections. In the present work the dead time of the counter
was fixed by the quench at 0.6 milliseconds, so that a table was
prepared which emabled direct reading off of the correction to within
1% (table 2,1). The value of A corresponding to the tabulated number
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nearest the apparent count rate is found, and added to the apparent
count rate to get the dead-time corrected count rate, to within 1%,
For large rates add or subtract 5 for each 100 ¢/min. difference

beiween the apparent rate and the nearest value in the table.

A short table to convert days to hours was found convenient, but is
not reproduced because of its simplicity.

The chart paper used in most of the work was graduated lemgthwise in
inches and thirds of an inch. It was often found convenient to
read off at fifths and tenths, and a useful guide for this was a
sheet of translucent paper ruled in fifths of an inch. This was
placed over the chart and moved along as required,

The records showed some statistical seatter, in some cases amounting
to an inch or so. It was found to be reliable to estimate the mean
of such & line %o within 2%, by using a trensparent straight-edge
placed so that one edge was judged to lie along the mean. The curve
was approximated by a series of straight lines drawn this way, and
then the wvalues of the lines were taken as the data,

The chart paper is calibrated across its width with 200 divisions.
It was found possible to read directly from these the number of counts
per mimute being recarded, without having to perform any multiplication,
by using four moveable scales as o guide. Four scales were necessary
because the ratemeters used gave powers of tea times 300 o/min., 1000
o/nin., 3 o/sec. or 10 ¢/sec. for full seale deflection, depending on
the model of ratemeter and the range in use. Two strips of chart
paper about one inch wide were cut from a roll of chart paper and
stuck to thin cards, One was used for metars calibrated in counts/
mimte and the other for those incounts/second. The 1000 e/min.
scale was marked 0, 50, 100, etc. from left to right, at each ten
divisions along one edge. Along the opposite edge every second
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division was marked 0, 3, 6, 9, etc. up to 300, the numbers being
altermately in each of two rows parallel to the edge, to improve
legibility. The strip used for meters calibrated in counts per
seoond was marked every temth division with 0, 9, 18, ete. up to
180 for the scales which were multiples of 3 ¢/sec., and interpol-
ation was done by adding or subtracting 0.9 counts/minute/division.
For the scales which were multiples of 10 ¢/sec. every second
division was marked 0, 6, 12, 18, ete. up to 600. With a little
practise it is almost as quick to read off directly in counts/minute
using the scales as it is to read in percert of full scale deflection
without the seale.

For decay corrections of ~-P the tables prepared by lorris were used.
Other isotopes used were all processed by computer.

Semputer Nethods

Because of the large muber of experiments performed by the author,
not to mention those done by others or proposed for future workers,
it appeared worth while to make theeffort reguired to develop a
computer programme to process the data.

The work ean be divided into two parts. One is the processing of
rew data (coordinates on a chart) into a table or graph of count
rate versus time. This inwolves allowing for rate-meter range,
chart speed, small errors when ranges are changed, attemuating filters
introduced to extend the range of radicactivity measureble, deed time
of counters, background sctivity, and decay., This data processing
is independent of the type of experiment or the particular theory it
is desired to test. The second type of processing involves taking
the above processed data and fitting it to some sart of theory.

This is the more complicated sort of programme, and one which is
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lilkely to be discarded or modified as theories come and go. For
this reason the programme, which was originally developed as one
shich both processed the data, and then allowed the analysis into
exponential terms to be performed, was modified into other versions
which merely processed the data. - Copies of the programes are
bound in as appendices.

The computer for which the programmes were written was an Elliott
503 owned by the Applied Mathematics Division of the Depariment of
Scientific and Industrisl Research. The Algol programming language
was used to write the programme. The programme is input on paper
tape, and the data is output on a lineprinter and a graphical plotter,
using the standard procedures. A full description of the preparation
of data for processing is included as an appendix.

The aim of the programmeswas to reduce the effort required by the
user to a minimum, so that the data is read off the chart in terms

of percentage of full scale at points which are either entered as
data, or, being regularly spaced, can be calculated by the computer.
It is simple to switch from one method of specifying the time coordinate
to the other, and to allow for changes in any of the correction factors
which are applied. The numbers are entered on a standaxd form as they
are teken off the chart, and are then punched on tape by the University's
flexowriter operatar. After checking (by the user) of the typewritten
copy for punching errors, the data and programme tapes ave left with the
computer staff, If a plain data processing programme is used a printed
copy of the results of processing, plus a graph, is retwred in a few
days, depending on the computer load.

If it is desired to use programme UCHHOL to analyse the curve into
exponentials a special arrangement must be made with the computer staff,
for the decision on what part of the curve is to be considered expon-
ential has been lef't to the user's discretion, and not mede a part of
the computing., To make this part automatic would require a considerable



degree of sophistication, which is probably not justifisble until
the theoretical reasons for the amalysis are much more firmly
established than at present. The user must arrange to be present
when his programme is running, and he supplies data mamsally, from
the information on the graphs produced during the rumning of the
programme. An average time of ten minutes calculation per
experiment is required for this method, whereas for a menual cal-
culation a long experiment would take from one half to one days

39



20,000
19,000
18,000
17,000
16,000
15,000
14,000
13,000
12,000
11,000
10,000

3100
2300
1700

1400
1100

EEREEEEBYYE

Find rate in table nearest to apparent rate.

subtract 5 for every 100 ¢/min difference between apparent rate and
nearest value in table.

4000 170 10
3500 130 10
3000 100
2500 60
2000 40
1500 25
1000 10

Add 4, then edd or

L0
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COMPARISON OF PHOSPHATE DESQRPTION KINETICS

EXPERIMENTS ON MICA TREATED WITH VARTOUS CATIONS

ZSBopycIIon

This work was started against the background of the work of Furkert,
Horris and Rankin. These workers had apparently established that
carrier-free phosphate, when adsorbed on to mica treated with various
salt solutions, could be desorbed into deionized water, the kinetics
of the desorption being characteristic of the cation in the salt
solution. This conclusion was fimmly established for aluminium and
ferriec salts, and more tentatively so for certain monovalent-cation
salt solutions, such as potassium. The aim of the present thesis
at that stage was therefore to study phosphate linkage to mica
surfaces by cations of the alkali metals and alkaline earths, in the
hope that systematic varistions would give a elue to the mechanisms
inwolved, It was also proposed to attempt to find the source of the
wvariations observed in the percentage of phosphate adsorbed, in
experiments performed under apparently identical conditionms.

It became apparent after a few experiments had been completed (& pro-
cess which took up to several months), that consistency of results
obtained in different experiments was not easily achieved in the



systems being studied, so that the objectives were temporerily
narroved, to attempting te obtain the same vesults twice in two
identical experiments. The salt chosen to soak the miea in was
potassium chloride, because it was readily available, and of rel-
evance to soil systems. The technigues and results will be
described in terms of the twenty-f'ive experiments performed with
potascium~-treated mica, and the results obtained with mica treated
with other cations will be presented in the light of the conmclus-
ions drawn from that work.

ZECHNIQUES
The technique inherited from previcus workers, mainly Morris, was
to split a piece of mica, wax a brass holder, (fig. 1.1), place

that side of the miea which was not freshly cleaved on to the
molten wax on the holder, and, after cooling, to put more wax over
the edges of the mica. The mica and holder were then soaked for
several days in dilute HCl containing hydrogen-form ion-exchange
resin, then in the salt solution, and finally in the phosphate
solution,.

In the course of the first few experiments alterations to this
technique were made., The mica was first stuck to the holder, then
trimmed to the same size as the holder, and then split. The thick-
ness of the piece of mica remaining on the holder was measured
approximately in the first few experiments (until it was established
that absorption of radiation in this mica was quite insignificant
compared to other variations between experiments) by the difference
between the weight per square centimeter of the piece of miea put on,
and the weight per square centimeter of that taken off.



After some trouble with sample holders leaking when made this way,
the mice was stuck to the brass with "Araldite" epoxy-resin adhes-
ive, type AV100 and HV100 (made by C,I.B.A, Limited). It was
found undesirable to use heat to cure the resin in this work,
because of the difference between the coefficients of thermal
expansion of brass and mica, which sometimes resulted in a strain
sufficient to break the mica. Under appropriately controlled
conditions, though, the compressional strain on the mica when
cooled can be used to produce a circular depression in the miea,
and this was later used by A. langdon to contain small quantities
of solution on ¢lean mica.

In order to increase the sctivity per unit volume of the solutions
used, without becoming inwolved with exvessive total amounts of
radicactive materials, the volume of phosphate solution used was
veduced to less than a millilitre by placing drops of it on the
upwvard facing sheet of miea. The solution was confined by the wax
border around the mica, or in some cases, by the surface tencion of
drops which did not wet the mica, and was removed by socaking most
of it up with filter paper, the rest being rinsed off with a wash
bottle. Concentrations used were typically in the range 1 to
104C/ml.

A method was devised which emabled an approximate estimate of the
ratio of the phosphate concentration in the solution to the total
amount adsorbed. During the adsorption a screen withahole approx-
imately 1/16" diameter in it was placed in the holder between the
geiger counter and mica surface, and the count rate measured. This
depended on the thickness of the phosphate solution, but since about
the somc volume was used each time, and since the solution was ususlly
mbyﬂnm,mhmappmhhmuuthihpﬂuﬁu,
this count rate should provide, within a factor of two or so, a guide



to the solution activity. An estimte of the adsarption power of
the mica is therefare the ratio of the initial count rate (I.C.R.)
to this solution count rate (S.C.R.) of the run. It was found
meﬂammtmmmo.a«mmm
would be obtained inside the holder from a uniform scurce without
the screen.

Itmmhmmmmmﬁwmm,
mnywtthahrtofammthommofuuﬂtym
bythomcwubohmwxw.dththmtm
Itmwmmmthhtcmmttbm
mmmmnsmtmmuntommm,
for the mgnetic field could significantly alter the count rate.
Mmmtmmthmbywmmmmﬂthamﬁnt
iron over the stirrer, and far encugh away that back-scatter would
bte unimportant., A five percent change was cbserved in one case
upon doing this.

It was expected at the start of the work that when the data was
mnmamtowmmmmwmwmm.
clear correlations between the half-lives of these exponentials and
the experimental conditions would be observed. It was found to be
pmibhhobtunnlmrcrtbuw-nmhmtm.m
mmmmm@pmmmmuumm
there appeared to be no common values.

m"m&mmnqmtomcifya‘mhthum,ﬂ
there are 6 exponential terms, and it is difficult to use the mubers
to compare two curves qualitatively, so that the numbers are not an
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MWW&Q:G&M,MMMM
are cccurring. The method adopted here to show the variation in
kineties is to graph the count rate, (normalised to 100% at sero
time) against the logarithnm of the time in hours, This distorts

the slope of curves, sinee % = a%-ﬂ-'%.

Mmthntirhonnubnﬂumﬂmmtbhgput,
anatmmsmmmum,munun
mmm:mmm«memmuﬁ
time than the other. However, it means that the data from the
whole of an experiment rumming from a few seconds to thousands of
hours ecan be presented on one graph,

Ammmknhpdtopl&hhmmmﬂm
mﬂnmmph,nthatw-mmnyww
superimposing the relevant graphs.

depended greatly on the initial count rate. If this were too low
Mamwww:ﬂm»hﬁm
fast processes at the start of the experiment were missed. The
mmmmoamwmmnwm
mm.mumﬂmmtmwuu-w
ment before long-lived processes could be found., It was found with
potassiun~treated micas thet the I.C.R./S.C.R. defined previously
varied from 30 down to 0.03, this factor of 1000 difference being




practically uncontrollable, so that very often only limited infor-
mation could be obtained.

WMWWW,M&:M!&&
inereasing during a desorption experiment. In one experiment the
Mnﬂmmumhmmmwmmw
to a constant maximum value. The difference between this meximum
aalthaountuhutmtimmfmitobomﬂam
dependent on the time, with a half life of 26 minutes. The holder
was later found to have leaked, and so presumsbly the increase was
due to phosphate diffusing from the side of the holder into the
field of view of the counter. It is mentioned to illustrate the
maWMmgmeWm&n&.
and as an example of 2 reason for which experiments have to be

The first successful experiments on potassium-treated mica were

mmmmmmmmmmmmum
exchange resin for a weck, and then sosked in a potassium salt

solution., This soaking in scid had been used by previous workers
hwmmhqum’,ﬁhhmmmy
to convert to any other form. Two samples were used, one soaked
in 1M KOH for four hours (semple 19), the other in 1M KC1 for four
hours (sample 20). They were rinsed and a few dvops of carrier-

m”r%mm-mwummmwm,

MMMMWh&WnW&tpH’.B. The

results of the two experiments are compared in graph 3,1 and table
3ele




It is clear that the two are extremely different from esch other,
80 that something other than the cation wes affecting the adsorption.
The one in which KC1 was used showed scarcely any decrease in count
rate for the first few hours, so that some spurious effect was
probably present.

Two samples were prepared by cleaving the mica in deioniszed water
(from a wash bottle), soaking it in KOH, (to remove aluminium as
aluminate), and then in KCl. The samples (mubers 22 and 23)
mmmmmm‘wmmmmw
phate, both leaked after a few hours, but the data obtained is alse
showmn in greph 3.1, and the desorption rates are clearly different
from each other and the previcus results.

To eliminate a possible source of aluminium contamination, and to
ensure that the pi of the phosphate solution was around 5.5, a
quantity of potassium form ion-exchange resin, more than sufficient
hmmwmmwmummuumh
solution, was added in all subsequent potassium mica experiments.

tior
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The next samples (mumbers 2, 25 and 27) were prepared by splitting
them in a jet of 0.1M KC1, and keeping the surface covered with XKC1
except when it was necessary to dry it in order to put wax around the
edges.
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After a 10 minute soak in the active potassium phosphate solution
& very small fraction of the activity was found to have been
adsorbed. Samples 28 and 32 were prepared similarly to samples
2, to 27, but the phosphate was adsorbed in the presence of 0.5U
KCl. It is clear from graph 3.2, which presents the results of
these experiments, that duplicate runs were far from idemtical,
but in this kind of experiment such conclusions are not aways
obvious from looking at the raw data.

Rather than wait the several wecks for these experiments to finish
it was decided to press on with another set of experiments to
investigate the effect of different ways of treating the mica with
potassium solutions.

These experiments were guided by o rather curious observation, that
the exponential analysis of four gquite different experiments gave
very similar mmbers. These experiments involved desorption of
m«mmmn&n%wm, with & niekel
amine complex by Perrott, with HCl and with KOH by the present author.
The actual values of the half-lives found were (in hours) -

KOH HCL Yo, N Complex
1760 2500 4300 6780
100 120 80 93

7.5 8.2 12 63
149 1.5 1.5 1.25
0.17 0.17 0.15 0.15
0.033 0.026 0.023 0.03

The experiments by Morris had been repeated several times, but the
other results had been found only once each. That such a diverse



range of treatments should produce such similar results was most
surprising, especially in view of the great dissimilarity between
these experiments and all the others. The only factor common to
these experiments as far as the author could see was the use of
mica, which had of course been used before, and the treatment of
the miea with HC1 containing cation exchange resin before the
cation treatment., This latter treatment had also been used before
uwmomwm-mntusmmmr-nm,mum
decided to perform several experiments with different treatments of
the mica invelving the use or lack of use of deionised water, dis-
tilled water, and cation exchange resins. There was a general
suspicion about the use of ion-exchange resins, particularly the
quaternary ammonium anijon exchangers, because of the discolouration
of water shaken with the fresh resin, and the obvious surface
active potemtialities of their decomposition products. They had
been originally used in this work to remove aluminium ions, but it
was quite possible they could be doing as much harm as good.

m%ummmmne.tlmmumw
for two days, and them with 1M KC1 for three days. Semple 34 was
soaked in deionized water plus hydrogen-form eation exchanger for
two days and KC1 for two days. Sample 35 was as sample 34 except
that no resin was in the deionised water. Samples 33 and 37 were
mmmmumﬁmmmunmmtom
them with the others. The results are shown in graph 3.3,

Lonclusions

It is clear from the duplieated runs thet uncontrolled variations are
as great as any differences between different treatments, so the only
conclusion to be drewn ves that some dominating factor wes being
ignored. The four similar runs recognised may have accidentally

L9




obtained the same conditions. Other eations were being studied
concurrently with potassium, and since it appeared from previous
work that for aluminium and iron, at least, the technigues were
satisfactory, these others were investigated to see if reproduc-
ibility was any better with them.

The first few experiments failed because of leaks or unexplained
rises or falls in surface activity. Sample 9 was desorbed for
45 hours, and then more phosphate was adsorbed on to the surface,.
This resulted in a very large uptake from the solution (ICR/SCR =
40, compared to'1 for the initial adsorption), which suggests that
the surface had been drastically altered by the first desorption,
but the desorptions were similar. A third adsorption gave
Icn/scnn,mmmmmm. The kinetic
data ds shown in greph 3.4. Sample 29 showed a large uptake
(ICR/SCR = 4), whereas samples 42 and 43 took up very little
(ICR/SCR about 0.,05). The comparative kineties of these experi-
ments are also shown in graph 3.4, and they appear to be no more
reproducible than potassium, except that semples 9 and 29 seem quite
similar, Sample 9 was prepared by scaking in aeid plus yesin, and
then in 14,50, , while samples 29, 42 and 43 were split in a jet of

14230‘“.“‘151-1230‘. These differences seem not to matter.

Readsorption of phosphate gives quite different kinetics each time,
so that the concept of e surface which remains the same through
severel cycles of adsorption and desorption is clearly imapplicable
for lithiun-treated surfaces under these conditions, although it
seemed to work for Furkert with aluminium-treated mica.




Similer results to the above were cbtained with mica treated with
sodium and caesium chloride solutions. Sample 13 had been treated
with deionized water containing hydrogen form resin before soaking
in 1 M. RaCl for several days, while the other samples were all
split in the appropriate salt solution and left to soak in that
solution for several days., The phosphate sclutions used had all
been treated with cation-exchange resin to make the cation in the
phosphate solution the same as that used to treat the mieca.

The sodium results, including two readsorptions on to the same
samples are given in graph 3,5, and the caesium ones in graph 3.6.
Great differences between supposedly similar experiments are clear.

The situation was no better for duplicate experiments using the
alkaline earth cations. The results for caleium are shown in

graph 3.7. It was estimated that 90% of the activity in the original

was edsorbed in the other cases. This strong adsorption contrasts

greatly with Burns's result that no detectable adsorption occurred on

& calcium-treated mica.

Results for megnesium-, strontium-, and barium-treated micas are shown
in graph 3.8. Some similarity between duplicates is apparent for the

case of strontium, but not the others.
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WMMWtsmdmﬁmmmumh
3¢9, and they can fairly be described as similar, A fast recorder
wes not used for sample 40, so that the fast process at the start
was missed, and this similarity is not at all obvious from the

exponential parameters, which are presented in table 3.3.

mmwmmmmwm,
using the programme UCHHOL on the 503 computer. A few experiments
mmmmmu&mm, and, as
expected from the fact that the decision-making was done in the same
way in both methods, the results were comparable.

The graphs already presented show that similarity of shape wes not
noticeable, but it is conceivable that this is due merely to varying
proportions of the warious species represented by a limited set of
half-lives. The low probability of this possibility is most easily
shown from table 3.2, which lists in numerical order all the half-
-1ives found in the experiments with potassium-treated mica, If
these half-lives were due to a few species, this should be immediately
apparent in the distribution in values about certain mmbers., The
author does not know of any statistical technique for searching for such
Mmms,mumwwthtmw
mmmmu»mwznﬁnmm
could be attached to them.

The results found for cations used by Burns (1966) are compared with
his results in table 3.3, The percentages would be expected to differ,
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bmomm;ﬁ.ofﬁommmh,mm
author used a time of 10 mimutes. The author's results differ
S0 much among themselves, that agreement with Burns would be

surprising, and is not apparent.

SORCLUSIONS

The experimental techniques described by previous workers in the
group must have been such that some or many important factors had
been ignored, and only by strietly following a "recipe”, which
mwmmmw,umw,
could reproducible results be obtained, Apparently minor or
thtm,uatmhtﬁlm,ldtm
mnmwm,mwmmn
adsorption properties.

mammamwmmmm.m
MMrmwmmumw,mam
to kinetic measurements is made in Chapter 7.
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Strontium

Aluminium

Burns (30 min)
L7} b4
4100 M
190 17
18 10
1.7 19
0.11 23
4200 29
150 15
27 12
0.9 22
0,19 22
%000 35
170 19
18 1"
1.3 13
0.21 22
4500 2,
350 19
2, 6
2.1 22
0.13 29

612

13
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2,8
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Hoare (10 min)
- 3&
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12 10
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4
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ZEIRODUCTION

wdﬁomwﬁmtininmmaﬁnﬁua
measurement technique suitable to the problem in hand. This
chapter colleots together deseriptions of the techniques which
preceded, and led to the development of, the methods used to cbtain
mmwmmm

mmmmmﬁmmmemm
mwummwﬁﬁuwwﬁ
hmmmmbyahmwmwtoml
hundred Angstrom units thick, The possibility of coherent water
ﬁmmhmarw*.-mmmmw;g
Mmmmmamm;mubmw,mw
who was not. Perrott (1965) extensively reviewed the evidence that
such & layer might affect phosphate adsorption. It seemed possible
that such a layer could exist, and that it might be thicker and more
stable if aluminium ions were incorporated in it. Phosphate ious
could also be incorperated in this layer, and diffuse out when the
mica was placed in water, so that the existence of such a layer was
of relevance to the present project.

mmmmmm»m-nmmmuuum
of contamination.
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Hica is a very good electrical insulator, and it is well known
that thin water films on such materials can greatly increase their
apparent eleetrical conductivity. It seems probable that if a
water film is present on the mica, and is made much thicker or more
coherent by treatment of the mica with aluminium salt solutions,
then this should be detectable by means of an alteration in the
impedance between two electrodes on the mieca surface.

The electrode system used involved the vacuum evaporation of two
gold films on to the surface, with a gap between them ebout £ mm
wide and up to 3 em long. This was performed by the author in

the apparatus used by the Physics Department for the construction
of silicon radiation detectors. Eleetrical contact was made to
the films Ly attaching copper wires with electrically conducting
silver cement.

The measurements were made using a 90v. battery as a source of
voltage, and a Pye galvanometer, driven by a galvanometer amplifier
designed and built in the Physics Department, to measure the current
which flowed. The maximum overall semsitivity of this arrangement
wos 5 x 10~11 emps/division. Preliminary measurements with a
Radiometer (Copemhagen) lMegohm-meter showed that the dry impedances
of the samples were about 10'% chns, which was just measureble with
the galvanometer system. It was found neeessary to check for
leakage currents very carefully, by setting up the measuring system
without the sample comnected and checking that no current flowed.
Perspex sheet was found to be satisfactory for mounting components on.



It was found that samples which had been wet (or even breathed
upon) tock several mimutes to come to equilibrium, so it was
mmmtommmmmmb
a recorder.

Somolusions

The results showed that the conductivity of the sample was not
wm,umomwam.wm—
ment with either distilled water, or aluminium chloride followed
by washing in distilled water. It appeared that the resistance
could not have decreased to, say less than 10'' chms. If the
resistivity of the water is assumed equal to that of pure water
in equilibrium with the atmospheric carbon dioxide, which is
about 10° chm-cm, and the width and length of the gap between the
electrodes were O.1 cm and 1.0 em, respectively, then these figures
imply a thickness of the water layer of no more than 100 Angstrom
units.

However, there is some work in the literature on similar studies

to the sbove, made on glass surfaces. (Ida énd Kaweda (1963), end
Zda, Hirets and Kawada (1064)). Glass will adsord a monomolecular

water layer at 50% relative humidity, and 100 layers at 97% humidity.
The D.C. conductivity of the water film at 937 humidity is very
voltage dependent, with a large change of slope at 6 wolts, If

the sample is vacuum dried, and then the vela‘ive humidity is allowed
to rise, then at some low but unknown water adsorption a high
maximmm in the conductivity is found. These facts indicate that the
electrical properties of thin water films ave far different from
bulk water, and although interesting in themselves (and quite widely
studied), mean that the conductivity is probably of little use at
this stage for defining the dimensions or chemical properties of the
surface layer.
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To enable more accurate measurements of the high resistances found,
a sample holder was designed to allow a Cary lModel 32 vibrating-
reed electrometer to be used for resistance measurements. In view
of the above comments, and the development of other, more direct
techniques, this work was discontimued befare construction of the
sample holder was completed.

If a beam of protons is fired at a target, them it is found that
when the incident protons have certain kinetic energies there is a
mach greater probability of certain muelear reactions occurring
than if the protons have greater or lesser energies. If the
target contains fluorine such a reaction occurs at 340.5 & 1 KeV.
The reaction is easily detected by means of the very high emergy
(about 20 MeV) gamma ray emitted by the sample. The reaction was
of particular interest from the viewpoint of surface chemistry
because of its very small energy rsnge. Protons in water can be
expected tc lose, on average, about 200 eV of energy per Angstrom
unit of paths Thus in 10 Angstrom units the proton would lose
2 KeV of energy.

Consider an experiment where a beam of protons of variable energy
is fired at a target, and the products of the (p, ) reaction ave
detected. If the target contains a layer 10A. thick of fluorine,
then no reaction will be detected while the energy is below 340.5
EeV, a high count will be cbtained when the emergy is right on
that emergy, and no reaction will be detected with higher energies.
If the target contains a much thicker layer containing flugrine,



then, as before, no counts will be obtained below the reaction
threshold, but above the threshold reactions will occur for a
much grester energy range, for protons having initially too much
energy will slow down in the first few Angstrom units, and then,
having the eritical energy, will be absorbed. The variation in
count rate with emergy above the threshold will give information
on the distribution of the fluorine in the layer,

Besults

This experiment was attempted, using the Physics Department Van der
Graff accelerator and associated equipment. (The idea of using
the resonance to deteet elements was suggested to the author by
Dr P, B. Johnson of that Department, and he kindly devéted a very
late evening's work to the experiment). It was proposed to
examine mica treated with mdium fluoride, mica treated with lithium
chloride, and a blank of untreated mica. (ILithium shows a similar
resonance within the energy renge available on the accelerator.)

The samples were mounted on a cooled copper backing plate, and
inserted in the target chamber, which was then evacuated. The first
one, treated with NaF, showed a very clear increase in detector count
rate at precisely the right energy, but this count rate remained
constant as the energy was increased upwards to the limit available.
The sample was replaced by the blank, which showed the same behaviour.

Sonclusions

It appeared that the mica used conteined an appreciable Pfraction of
fluorine, and this is consistent with published analyses of various
micas (e.g., Hauguin 1913)in which flucrine can comprise up to about
0.1% of the total weight.
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mmwuwmwwm,bymm
effect of a non~fluorine-containing layer over the mica on the
proton energy. However, the bombardment by protons destroys the
surface, and in about # hour in the present experiments the mica
(about 2 x 10~Jem thick) was completely punctured. This destruction
ammnmmmﬁwmmuhw
ms,n&-ua-MMammm
unless the mass and energy of the particles are low. This eliminates
Mnmwpmmwmm@mm
no apparatus was available.

During the final search of the litereture for this thesis the author

came aeross an abstract of an article by Mgsller & Starfelt (1966)

nmnmmmmmnrmwomw@
d’ﬂmﬂuomtu\nthnhdmﬂq,ntbﬂnm“h
principle, h.qhmdintbﬁ.mnnmbnb&aw
mmnuw.thmﬁmwmmm
been less important,

m-mmmanmorwmtmmmem
information to the contrary, there might be sufficient material
Wm&“hmﬂua%&nﬁﬁmﬁmdm
red rediation. Accordingly, measurements were made of both powdered
m*mmmem,muamwm

* The powder was prepared by rubbing a sheet of clean miea with a
mmmbm,wwhbmum

face. muamnyammuwmem.m
is otherwise quite difficult with mice.




infre-red spectrophotometer., The miea was found to have an intense
amm;tammmmmwmdwm,
Mmmhmqmmmmoonmmmm
umuwm«nmmmum, then rinsing and

airedrying it.

Merference

mwmdm.mﬁ-dmammdbyﬂu
mo@mmmwmmww
the mica, and that which was intermally reflected twice within the

- mica, This interference varies with wavelength, ) » Daxima of intensity
occcurring when 2+¢ = mn) where  is the refractive index of the
mica sheet of thickness t, and n is any integer. Maxima occur when

-} = -2/-9_{-;, aothstmuﬂeliwhm(-%)ﬁnm

mmlytpmd,vithamcmumcf}j? The int-

erferences can therefore be used to measure the mica thickness. The
fact that they occur at all indicates that the thickness must be
nhtiulyemtntmtbuu&thclwm

An experiment was carried out to see if any appreciable increase in
thickness occurred when the mica was soaked in aluminium chloride.
mmmmmtdbyammm%
value over eight maxima, giving an asccuracy of 1% in thickness, The
thiclkness was found to be 2.67 x 10"%em at one place, but investigat-
imﬁmithltm'emldmhynph%tﬂhwiﬁmonth.
mica. At some positions "beats"™ in the graph of intensity versus
ummuubh,mmumam—umapmm
mmmﬁmm«mmmw&wm
mhnuationd‘ﬁmuhtoaimwmm
or 10% Angstrom units. As would be expected it was much greater than
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any changes occurring when the sample was treated with aluminium
chloride. That it occurs shows that the assumption that the
mnawcmwmnm.mm
changes are clear-cut, so that probably areas of a few square
millimeters (compareble with the beam dimensions) are flat. No
evidence for intense anion or cation adsorption along the edges
of these small steps was ever found, which indicates that the area
of these steps and their adsorbing power per unit area is low
enough that they do not become more important than the faces in
the experiments of this thesis.

If an adsorbed layer is supposed to have the density of water, and
ummummu1m¥. it is easily seen that every

10 Angstrom units thickness will increase the weight by & microgram.
This is small but within the range of the Cahn electrobalance,

This balance is = device which counteracts torque developdd by the
gravitational force on the mess acting at the end of a beam by the
torque produced by an electrie current flowing in a smmll coil

mounted in a radial magnetic field at the cemtre of the beam. It
is very like a moving coil meter, with the needle horisontal and

the sample pan suspended at one end, and an extension of the beam
to enable counterweights to be attached. The current in the eoil
ammmmdwmmuwmua
reference mark, Various eircuits are provided for adjusting end
mmmmimamm,umm
the current flow. It will read weights to 1 in 10%, or 0.1 miero-
gran, whichever is larger, and will accept loads of up to 2.5 grems.
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The samples used had a weight of about 25 milligrams, which could
M,Whﬁamm,mwm&s/m
Since only small weight changes were of interest, the following
procedure was developed. A standard of aluminium foil was made
having a weight within 1 mg of the sample, and lighter than it.
This was put on the sample side of the balance beam, and counter-
weights, which included 2 1 mg calibrated weight, were added to
the other until balance was almost achieved, when the final adjust-
ments were mde with the electrical sero adjust control. The 1 mg
wmmmmmmmwhmw
nearly the seme as adding a milligrem to the sanple side. The
calibrate control was then adjusted for 100% reading. The 1 mg
weight was then replaced, and the sample put on instead of the
standard. Its weight could then be found, relative to the standard.
This procedure enabled the balance to be used at any time for the
neasurement , without fear of drift in sero or calibration.

lieasurenent of the samples was not completely straight-forward because

of an unexpected source of variation in spparent weight, which was |
apparent upon rotation sbout a vertical axis of the sample when J
hooked on to the beam. This must change slightly the effective point

of suspension on the beam. By carefully controlling this orientation, ‘
and the positionm, in the loop on the beam of the hook which held the
sample, it was possible to get reproducibility between weighings of
2248

Sample Preparation

It was soon clear that if the mica were to be dipped in solutions
mztmmsdm“utuwmmmme
mmﬂnmato&almuuhhy,mimmnnm
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be seeny This led to the development of techniques for keeping
the mica clean, such as the use of solvent-cleaned tweesers, of

chromic-acid cleaned glassware, and of gloves. These technigues
were successful in this context, and led on to the following two
sections, to the eventual success of the autoradiographic work,

which had for scme time been notably unsuccessful, and to a com-
plete reorganisation of the approach to the overall aims of this
and concurrent theses.

It might be wondered why such a point as strict deanliness took a
long while to be recognised, Loth by the author, and by his pre-
decessors and colleagues. There is no excuse or single explan-
ation. It was probably a combination of the original appreach to
the problem, which was centred on processes occurring in soils,
where “"cleanliness" can hardly be defined, and the lack of any
criterion for cleanliness. The early workers found reproducibility
of results, and this was a good ground for supposing that no serious
mistakes were being made in technigues. The only explanation
offered by the author for their reproducibility, which contrasts so
greatly with his own results using their techniques, is that in
making no attempt at all to obtain clean samples, they ensured that
they were all similarly contaminated. The asuthor varied the
techniques in minor ways, some of which were designed to improve the
cleanliness, and thus varied the nature or degree of contamination,

Results

It was found that by using the fimnl techniques developed for
weighing, the mica samples could be washed in distilled water, dried,
and weighed several times without altering the weight significantly.
They could also be trested with 1 K. 41C1; for an hour, rinsed and
dried without altering the weight. If the sample were soaked for a
week in 1 M. AlCly the weight was found to decrease by about 20 ./g,vhich
indicated that the solution was removing or dissolving flakes of mica.
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It can be said that a ome hour soak in aluminium chloride does not
m&pwm-imdmmz/{gwmcoihz
of mica. The possibility exists that sufficient aluminium remeins
on the surface to swell and affect a greater thickness of solution
than estimated from the dry weight.

Experiments with phosphate alsorption on to clean surfaces, which
mmmmummmwm
in some eases phosphate is adsorbed on to orgenie material, and in
other cases not. To study such organie systems it would be
necessary to be sble to prepare reproducibly a surface covered with
kmown organic material. The work desoribed by Blodmett (1935)
suggested a vay of producing well characterised surfaces of either o
hydrophobie or hydrophilic nature. She deseribed ways of producing
mitiple layers of stearie acid sosps on glass substrates, in such a
way that each layer is an almost perfect monolayer. It is possible
to choose whether the methyl end or the acid end of the molecules is
outwards, by adjusting the conditions of the experiment.

The technique involved producing a monolayer film of the steariec

acid on water of suitable pH and gontaining divalent eatioms, in a
region bounded by a floating waxed silk thread. A constant compression
of the film ves obtained by putting a drop of oleie aeid ocutside the
thread. wm.mmﬂasmwmmﬂm—-
lwmndhtbmu.mmtbdmuuwwmw,
depending on the conditioms.



mmm&mmmmnﬂmm
mewmtmgaﬂum.mwbymdm
acid, and its subsequent sinking. This may well have been caused
by impure reagents,

Benzene Filus

Amtmdxmnmamw,mmmar
great interest, was that it was found that e small drop of bensene
m&mnhrmllwmhmnawﬁhmm:.
rapid evaporation of which was seen by variations in the interference
colours. On the other hand, if the water surface was not clean the
mwrm.mwmmmm,m
interference would be visible, and evaporation would be mach slower.
This difference was used as a criterion for cleanliness of solution
surfaces, and technigues were developed which emabled "clean”
surfaces to be obtained reproducibly. An easy way to view these
surface effects was to have the solutions in a petrie dish (without
am),mmmutmmmammuudmm
projector used for lecture demonstrations. Light passed through
the water and surface, Mon@ﬁm:mmm.
fooussed image of the surface on %o a sereen.

Itmfmﬂthatmdmucmmmtomw.
MM@W%M&M&:.&M. Vapour
memmmmmm,mt
cumbersome with the improvised spperatus used. (An eluminium pot
with a metal gause stand inside, and a large evaporating dish of
cold water on top, was heated on a hotplate.) A very serious source
of contamination wes fond to be grease from fingers. If tweesers
bwdhtmgbm,mdtbtmpﬂmmthmnm,
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the spreading was stopped. Repeated dipping in water appeared
to clean the tweesers. Paraffin wax on the water was found not
to affect the spreading, and this was consistent with the use of
it in Blodgett's work,

It was found that an uncovered solution in the laboratory did not
remain clean by this test for more than an hour.

The above conclusions were not of as much significance in them-
selves, as they were in giving the author a feeling for the
problems of surface chemistry. The field is one in which future

workers might find some valuable experimental background.

ance of thin films of comtaminants in adsorption phenomena. The

conclusions drewn explain the results of Chapter 3, and guided the

development of techniques used in later chapters.

Oleic acid had been found, in the work described in the previous
section, to spread over a swrface and prevent the spreading of
bensene. An experiment was performed to see whether this layer of
oleic acid would adsorb anions. An EW3H end-window Geiger counter

mhﬂ.di'cbmaaolutm&m-mo”sovi'hlp. The
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soft4-ray from >°S hes o small range in water, so thet only that
sulphate neaxr the surface is detected. A count rate of about
1000 counts per minute was obtained. A very small drop of oleic
acid (earried on a fine, clean nichrome wire) was added to the
surface, and this produced a decrease in the count rete to about
750 o/min. Upenamuaqufu.m}ﬂ-em:uum
slowly, to & maximm of 2100 ¢/min. after eight minutes, and then
fell to a stable value of 1300 o/min after a total of 14 minutes.

wmwmnmsumm. The count rate was

thus nearly doubled by adding ucls.

An secidental demonstration of a similar phenomenon with
occurred when some attempts were being mede to use the circulating
apparatus, designed for the clean descrption experiments deseribed
in Chapter 7, for some adsorption experiments. In this apparetus
an end-window counter (Philips 18505) is mounted iaside a thin-
mmm,muwmmmcmm
solution. With the tube held just sbove the active solution the
count rate was found to be 1000 ¢/min. On immersing it in the
solution the rate dropped to 200 o/min. Removing the tube away
from the solution showed about 50 ¢/uin. were adsovbed to the
glass, and when the tube was held above the solution again the rate
rose to 400 o/min. VWhen the tube was re-immersed the rate was
still 200 ¢/min. The change from 400 to 200 ¢o/min. is explicable
in terms of the amount of solution visible to the coumter, but
mach of the initial 1000 ¢/min. must have been adsorbed on the
solution surface. The counter was used to explore the veriation
in count rate with position outside the apparetus, and it was found
that there was a very great increase in count rate near the liquid-
air boundary of the main chamber of the apparatus. This place




remained active when the solution was removed, and it was eclear
that some surface-active material had also been adsorbed because

this same region was hydrophobic, in eontrast to the hydrophilic
nature of the rest of the apparatus.

An experiment was prepared to show the effect on phosphate adsorption
of leaving solutions exposed to the aire 150 ml. of distilled water
was placed in a clean 150 ml. beaker, and a Philips 18505 end-window
Geiger tube was held about % em. above the surface. A magnetic
stirrer with a glass-coated follower was used to mix the solution.

%mmﬁmmmmm»awm
of 2270 o/min. After sbout 5 mimutes the stirrer was twrmed off in
case the surface was being mixed, The count rate remeined the same
far the next 20 minutes, but then started to rise, quickly st first,
and then more slowly, until about 2} hours after the start, at which
time the count rate was 2700 ¢/min. This rate was maintained for
the next 18 hours, at which time the stirrer was turmed on. This
caused a further rise in count rate to 3500 ¢/min. after another 2
hours. After three hours at this level the stirver was turned off,
with no change occurring in the count mate. Without shifting the
counter the surface was penetrated by a clean glass rod about 1 mm.
diameter, which was used to lightly agitate the surface. The count
rate fell to 3200 ¢/min. 6 mimates after this. The counter was then
removed, in order to test that no splashing on to it had ocourred, and
it was found that the insignificant amount of sbout 50 ¢/min. was
present. The counter was then replaced, and a few drops of 1,
nclﬁmdﬂad. No immediate change occurred, but after about I
mﬁouhﬂdeuthmm,
mammmmmj,mwmmm
15,000 ¢/min. During this rise the surface was agitated several
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times, but this resulted merely in a small decrecse in the count
rate, without altering the rate of increase. The addition of

distilled water to the solution, so that the walls of the beaker
were shislded by water from the countery merely caused a slight
rise in count rete, showing that the walls were not inwolved in
the observed effect.

A similar experiment was carried out with the beaker and counter
in a large plastio-covered box (the "clean box" of the quantitative
adsorption work), with a similar result to the first part of the
above experiment.

Longlusion

It is eclear that accidentally occurring surface films may greatly
MWManﬁhpﬂmﬁmmum
against them.




Hendy (1965) pointed out the usefulness of sutoradiography as a
technique for comparing the adsorption of radicisctopes on to
variously~treated mica surfaces. It is possible that not all
mica surfaces are the same, but Hendy's technigue, at least in
principle, enabled different parts of the same cleavage plane to
be treated with different cations, so that direct compariseon
between the cations should be possible. Adsorption of anions
is thought by some to occur mainly on edges, and if this effect
is at all important, the adsorption sites should be visible as
lines across the autoradiograph.

Hendy's experiments showed not only that there were differences
between those areas of the mica treated with different cations,
but also that there were gross irvegularities within these areas,
which made interpretation difficult. Hendy's technique invelved
the use of petroleum jelly to divide the mica up into regions
which could be treated independently, and this was the technique
used in the preliminary experimemts,
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The first experiment was an investigation of the wvariation in the
emount of P-32 phosphate adsorbed as a function of the time for
which the mica was soaked in 1M, Alz(so‘)s.

A sheet of mica about 3" in diameter was cleaved in a stream of
deionized water, dried, and a cireular rim of petroleun jelly
applied. Drops of aluminium sulphate (1M.) solution were applied
et various times such that when they were all rinsed off together,
one part of the mica had scaked for 22 hours, another for 3% hours,
and two others for 3% and 5 mimtes, These aluminium solutions
all failed to spread on the mica, so that the edges of the drops
were well defined. After rinsing the mice a carrier-firee P-32
phosphate solution was plaged inside the eircle of petroleum jelly
for 10 minutes, and then rinsed off. The subsequent autoradio-
greph is shown (fig. 5.2 ) and although the circular dark spot
corresponded to the area socked in aluminium sulphate for the
longest period, a similar amount was then taken up by an area of
mica ocutside the ring of petroleunm jelly, which had not been socaked
at all in aluminium sulphate. |

The technique clearly needed improvement, so a mumber of experiments
were carried out to try and obtain the same adsorption of phosphate
on all parts of a sheet of mica treated uniformly.

A piece of miea about 3 inches in diameter, which hed been soaking
for several days in 1M, nz(so,‘)smum.umuﬁxw



ntw!ﬂm,ldlmofmmmu\udibdp.
It wos soaked in dejonized water for 10 seconds, drained, and then
carrier-free phosphate solution was placed within the cirele of
Jelly for 10 mimutes, after which the mica was rinsed again. The
spectacularly unsuccessful result is shown (fig. 5.b).

MWMMMMMMMW

a) It was thought that the phosphate solution might besome
depleted in activity by adsorption on some parts of the mica
mm&m.

b) It was observed that water collected in drops on the surface.
MMMWW@WM&M
areas which dried first might be affected in the way deseribed
by Norris (1964) and Hendy (1965). Also if these drops
contained dissolved aluminium this might precipitate at the
drop edge.

¢) The mica surface might have different adsorption properties st
different places,

irregularities and points of application of solution, execept when
mawmmumummm
on the mica and then diluted with water,:

Drying Effects
The position of drops were observed while the mica dried, but no
mm&mmmwmm'




An experiment was performed in which part of the mica was allowed
to dry and part prevented from drying. This was done by putting
ammwmmmammmm
it in an aluminium solution for several days. The sheet was with-
mmwmmmmmwe-w,mm
imner circle was filled with water while allowing the rest to dry
in eir for 30 minutes. A further circle of petroleun jelly was
put around the edge of the mica sheet, and the whole covered with
a carrier-free phosphate solution for 10 minutes. The resulting
autoradiograph is shown (fig. 5.c ) and proves that drying was not
the problem.

Structure of Mics Surface

If the unevenmess were related to the structure of the mica, it
would be expected that two faces which were adjoining before cleavage
would be mirror images of each other, or, at least, show changes
along boundaries which were originally together.

An autoradiograph from an attempt to show this, using the previous
techniques, is reproduced in fig. 5.2 , and several other similar
attempts were made. It is clear that the patterns of adsorption
are not related to the mica structure. It was noted during the

experiment that these two surfaces were hydrophilic, and that the

autorediographs were relatively uniform,

Other kinds of experiments were devised to show the effect of miea
structure. One of these involving tubbing the mica with cotton
wool, a process which produced fine seretches visible by optical
interference effects. A sheet of miea which had scaked in 1 M.
m;mummwummjmmmma
recognisable line and retwrned to the aluminium solution for 2 hours.
It was then rinsed, dried, and rubbed again along a parallel line

85




86

with dry cotton wool. After putting jelly around the edge, the
surface was soeked in carrier-free phosphate for 10 minutes,
rinsed and autoradiographed. The result (fig. 5.2¢) showed that
the wet wipe caused no changes in the amount of phosphate adsorbed,
whereas the dry ome, which presumably removed the aluminium,
csused phosphate to be not adsorbed. The mica was replaced in
AlCl; for 9 hours, and then more phosphate was added. The auto-
radiograph (fig. 5.24) shows that the uptake by the mica after
this second aluminium treatment was not much affected by the dry
rub.

Cleanliness

From the preceding work it appeared that the desired uniformity
was not to be forthocoming from existing techniques. Experiments
in autoradiography were therefore discontinued, until in the course
of the experiments described in Chapter 4, it was found that even
films of water could only be cbtained on the mieca by emsuring that
all equipment used was scrupulously clean. A piece of mica soaked
in AlCl; under these conditions (for an infre-red absorption
experiment) was scaked in carrier-free phosphate sclution, and the
resulting autoradiograph is shown in fig. 5.3a.

There were two notable features in this result : the uniformity of
the adsorption, and the lack of any extraaisorption at the edges

of the mica. In previous work the edges had been carefully pro-
tected from active solutions, but in these experiments they were in
direct contact with the solution. Both these features were consist-
ently found in the mony experiments which followed.
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Sonelusions

The non-uniformity must have been due to the presence, on the mica
or on the surface of the phosphate solution, of films of materials,
some of which adserbed phosphate, and others of which prevented
the adsorption of phosphate. Similar effects were probably present
in the kinetic experiments of Chapter 3, and the experiments of the
author's predecessors in this group.

The problem of phosphate adsorption on mica was therefore treated
as one about which nothing was reliably known, and attempts were
made to build up a new set of facts about adsorption under clean
conditions, '

The preceding work suggested that consistent results could only be
obtained if attention were paid to keeping solutions and samples
clean, and this was amply borme out by further work. It seems
from subsequent experience that providing sufficient care is taken
about cleanliness, consistent results can be obtained from a
variety of experiments on the adsorption of anions and cations on
mica surfaces.

Holland (1964) has compared the efficiency of various methods of
cleaning glassware, and comes to the conclusion that a short treat-
ment with hot chromic acid is second only to heavy ion bombardment
as a way of oleaning glass. Acid treatment is a convenient way of
cleaning apparatus of the kind used here so it was adopted as the
usual technique.
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It is frequently suggested, mainly because of biological work,
that this cleaning technique results in chromium contamination
of solutions. Butler & Johnstone (195) have shomn, using 5'cr,
that adsorption of chromium on Pyrex glass does occur (probably
as Cr>*) but after an initial wash of one minute in mmning water,
no further removal occurs, and even rubbing with a paper tissue
fails to remove any more. The smount adsorbed in their experi-
ments from a radicactive cleaning solution in 24 hours was 0,01
g/en”, equivalent to sbout 3% of a monolayer coverage of the
glass., Because of the slow mate of desorption this level of
contamination would not be expected to be important in the present
worke

In the present work the chromic acid was heated in a two litre
beaker in an aluminium pot, with a layer of sand between the pot
and beaker to distribute the heat evenly. The pot was to contain
the acid in the event of hreakage of the beaker, and was heated on
a "simmerstet"-controlled hot plate. The chromic acid was made by
adding techuical sodium dichromate to technical concentrated
sulphuric acid until seturation.

At the temperature of about 110°C, used for the chromic acid bath,
it was foumd that the acid repidly (within three days) changed from
a yellow-bromn colour to green, This indicated decomposition of

the acid with formation of chromic salts, but the hot mixture still
remained a more potent cleauing agent than the cold fresh scid, or

hot nasob.

Hetal tools wers initially cleaned by vapour degreasing with tri-
chlorethylene, but itwms later faund to be simpler and more satis-

factory to use chromic acid. lMetals, including stainless steel,
were found to be repidly attacked by the hot acid but not the cold,
so these were cleaned in the cold acid for several hours., Some
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stainless steels, after being attacked by the hot aeid, and then
by hot concentrated nitric ascid, acguired a very corrosive-
resistant matte-white finish,

Previous workers in this group had refrained from using glassware
in situations where it was felt that small quantities of aluminium
might affect the results, and instead used plastic (polyethylene
or polyvinylchloride) vessels, Bees (1962) has shown in work on
low level aluminium analyses thal plastic vessels cannot be freed
from eluminium contamination, and it seems likely that chromic
acid would damage their surfaces, so such vessels were not used.

‘The qualitative experiments were generally performed in beskers
having a capacity between 10 ml.and 100 ml. These beakers were
hptbetmmmmhdtmﬂp&ntmmm
Jars or dessicators.

Stock redioactive solutions were kept in 5 ml Pyrex glass conical
flasks, with plastic stoppers, (fig. 6.1).

Zools

Tools were classified as "clean" and "ordinary”. The ordinary
m(amammamws-mmm)
were used to handle the mica before it had been split.

The clean tools were two pair of 6" fine tipped stainless steel
tweezers (two were available in case one was dirtied at a delicate
stage of an experiment), a pair of stainless steel secissors with
blades about 3" long, a pair of 6" locking forceps, two 3" sewing
needles, and a single-edge razor blade.
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Also used were stainless steel clips, which were mounted on a stand
(fig. 5.6a), 4n order to provide a place to hang mica after it had
been split and before use.

In some experiments fine (s.w.g. 30) nichrome wire was used to make
hooks, from which the mica was hung via a small hole made by a
needle. The tools were kept in chromic-acid-cleaned beakers.

Exeparation of Mica

The mica (Muscovite) was cleaved dry in all these experiments, by
lifting the sheets apart with a needle, which was inserted in the
edge of the mica after exposing the cleavage planes by a low angle
cut along one edge with a rasor blade. During this operation and
all subsequent ones, the mica and tools were handled only with light
cotton wool seoaked in alecohol. This precaution was taken because
of the sericus effects of the grease deposited on tools by fingers,
as cbserved in the experiments with benzene films on water. It
was thought that this grease might ultimately find its way down
the tools to the parts touching the mica, by contact with other
ob jects,

The outaside sheet of a cleaved piece of mica was discarded, and then
another sheet with two fresh faces was cleaved off. This sheet was
held with tweesers while the edges, which were probsbly dirty or
seratched by the needle, were cut off with clean seissors. The

mica was then considered ready for use, and was either used immediately
or stored while hanging from a clip, under an inverted 2 litre beaker.
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Sleanliness Criterion

It was found to be essential to keep covered any part of the
equipment or solutions used, for after more than a few mimutes
exposure to the laboratory atmosphere, effects attributed to
dirt could be detected. A useful guide to whether a surface
was clean was to note whether it was weited by the sclutiomns in
contact with it. It was always found that a surface (glass,
metal or mica) which did not wet was dirty. Unfortunately the
converse is not true, and a surface which does wet well can show,
by a subsequent autoradiograph, fio have the uneven or unexpected
adsorption characteristic of dirty surfaces.

An extreme example was a sheet of mica which had been left over-
night under an inverted besker after cleaving., It showed perfect
wetting, but after soaking the lower half in a

solution under conditions which should have produced adsorption
it was found that this lower part had adsorbed none, while the
upper part, which had merely been in contact with the washings,
had adsorbed much phosphate evenly. There was no possibility of
confusion of the ends because tweeser marks were clearly visible
in the mica at the active end.

Such anomalies do not appear to occur when the mica is used within
an hour after splitting, and all vessels and tools are cleaned just
before use.

After the phosphate had been adsorbed the mica was rinsed for 10-30
seconds with water and allowed to dry, either maturally, or, in the
later experiments, under an infre-red lamp. The mica was supported,
while drying by the sides of a rectangular card with two edges folded

up 3.
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When dry the mica was placed on one half of a sheet of light-
weight quarto typing paper, the other half folded over it, and
both halves were stapled together. The mica was placed on a
sheet of Kodak Royal Blue X-ray film in a dark-room and the two
placed between the pages of a book, which was closed and pressed
flat with a lead weight. The film was left in the dark-room to
expose for a time which varied fram 10 minutes to several weecks,
depending on the activity, but which was generally about 16 hours
(i.e., overnight).

Ammam-mxmorﬂam-wm
which deeay by electron capture is included as an appendix.

The film was fully developed (about 3 - 5 minutes) in Kodak D-19
developer, rinsed, fixed for twice the time taken for the film to
clear, and washed for from ¥ hour to 24 hours.

The dried film was protected by stapling it within a folded sheet
of quarto typing paper.

Autoradiogrephy is a simple way of obtaining qualitative information
on the distribution of radicactivity on a surface, and is capable of
very high resclution of differences in asctivity at different places.
It is not an easy way of obtaining quantitative information on the
relative amounts of activity on different parts of the surface, and
even if photometers are employed the range of measurement on any one
filn is only over one order of magnitude, whereas pulse counters
will work with the same accurscy over meny orders of magnitude.
However, in the absence of any information at the start of the work,
the qualitative results were most useful.



INTENSITY STANDAR

It was considered desirable to be eble to compare the activity per
unit area on different pieces of mica, and different autorediogrephs,
and a way of doing this would be to include with every autorediograph
& sample which had several areas of different activity per unit area,
The blackening produced by any sample could then be compared with the
blackening produced by the standard, and hence with the blackening
produced by any other sample.

&m”rmmmmm;mmt-mmm-ham
some other isotope would have to be used. Suitable isotopes, which
are pure beta emitters of long half-life, are 45Ca, 63w, 185y ema
358, 'The caledum is not desireble for health reasoms, the nickel
has rather too low an energy, and the tungsten is not much different
in its rediation properties from sulphur, Alwpl.yofﬁso‘-l
available and was used in attempts to make a standard.

A series of 0™, mzs%mmmmuﬂxw”so#

activities varying by a factor of ten between each sclution and the
next. A drop of sach solution was put on a strip of filter paper
which was then dried, glued to a piece of cardboard, and sprayed
with a clear plastic varnish. An sutoradiograph of the strip is
shown in fig. 5.5c. lMuch of the activity in each drop appeared in
& ring around the outride of the drop, so that this method was
unsatisfactory. A similar attempt with sulphate on mieca showed the
same effect even more strikingly (fig. 5.3b). This work was not
followed up, and the counting techniques desecribed later would have
superseded it, even had the standards been successful,



The amount of phosphate adsorbed in the experiments performed here
could be affected by a large number of the conditions of the
experiment. The basic experiment comsists of splitting a sheet of
mica, putting it in a solution of a salt, rinsing it, plaeing it in
e phosphate solution, and rinsing it again., Variable factors, some
of which have been investigated, and others of which were held
comstant, include -

Splitting the mica in air or water
Nature of the cation and anion of the salt solution
Concentration of the salt solution
Time spent in the salt solution

pH of the salt soclution

Time of both rinses

pil of rinsing solutions

Nature of cations in phosphate solution
pH of phosphate solution
Concentration of phosphate solution
Time spent in phosphate solution.

A complete study of all the factors affecting phosphate adsorption
would clearly be very extensive, so in this work the following
parameters were held constant -

The mica was always split in air,

The salts used were all chlorides

Exeept in one experiment, the salts were all at one molar
concentration

The pH of salt solutions was that of the salt dissolved in
water

The phosphates were all potassium salts (but contamination
by other cations was cbserved).



The first experiment planned was to test the effect of treating the
mica with cations. It was expected that aluminium-treated mica
would adsorb more phosphate than untreated mieca, so an experiment

. was designed to compare other salts with aluminium ones. As a
prelininary test the experiment was performed with aluminium on
each piece of mica to check that the results were reproducible. A
piece of mica was cut with three slots in it as visible in the auto-
radiogreph shom in fig. 5.3d. The four “legs" of the mica were
dipped into separate 10 ml. beakers of aluminium chloride for 17
hours, then the entire strip was rinsed successively in pH 3 HC1,
and two changes of distilled water. The whole strip was then soaked
in carrier-free 2P phosphate solution for 10 mimutes, after which it
was rinsed with distilled water,

The uptake of phosphate can be seen to be the seme on each "leg”, but
whet is more surprising is the uptake on that part not treated with
aluminium, This could have been due to aluminium adserbed on the
mica while rinsing it. Alteratively, the mice might not need the
aluminiun treatment in order to adsord phosphate.

In order to test whether the aluminium treatment was a necessary step,

pleces of freshly-cleaved mica were placed in P-32 phosphate sclutions.

One solution had previcusly been used for experiments with aluminium-
treated mica, and another was freshlypepared, and of approximately
the same activity. A third piece of mica was placed in the first
solution again after leaving hydrogen form AGS50W cation exchange resin
in the solution for two hours. The sutoradiogrephs, (fig. 5.ha) show
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that the mica in fresh phosphate did not take up phosphate in the
way expected of aluminium mica, whereas that in phosphate previously
used with aluminium mica did, even though the mica had not been
treated with aluminium solutions.

It appears that the phosphate solution which had been used with
mmwmmmmmwummmm
which caused freshly~-cleaved mica to adsord much more phosphate than
it would from an uncontaminated solution.

An experiment which showed the aluminium contamination affect most
clearly is shown in fig. 5.4 b and ¢, In this experiment mica
sheet 1 was placed in fresh phosphate solution for 10 mimnutes, then
sheet 2, which had been treated for 18 hours with 1M. AlCl3, and
rinsed, was placed in the sclution for 10 mimutes, and finally a
fresh sheet J of mica was placed in the phosphate for 10 minutes.
The solution has clearly been altered by adding the aluminium
treated mica.

This aluminiun contamination effect was investigated in more datail
at a later stage in the experimental work, after developing the
quantitative techniques described in the next chapter. Since the
results are essentially qualitative, and directly relevant to the
present discussion, they are presented here, even though the lessons
learned are not applied until later.

These experiments all involved the use of "mini-beakers”, which are

rectangular glass containers of inside dimension about .3 em by 1 om
by 5 cm, constructed by the glassblower to the author's specification
(fig. 6.1). These ensbled & smaller volume of solution to be used

with a given piece of mica, and thus used less P-32 phosphate, or



enabled much higher concentrations to be safely used, than when
100 ml beakers were used. These experiments were performed with

10™> molay phosphate solutions, in order to be consistent with the
adsorption experiments with carrier.

The experiments were designed to show the effect of different
degrees of washing the mica after scaking it for one minute in a
1H.A1n}lolutien. In the first experiment fouwr samples were
used, so that four similar phosphate solutions were prepared.
Pieces of freshly cleaved mica were first placed in each solution
for 10 minmutes to check that no adsorption occurred on the face of
untreated mica, The samples were all scaked in 1M. Al.m.}t'd'om

minute, then rinsed for  mimute with pH 5.5 deionised water, from

a wash bottle. The first one was rinsed for one minute in each of
three 100 ml beakers of deionized water, the second was rinsed
similarly in two beakers of water, the third in one, and the fowrth
not at all, and after the rinsing the samples were put in the
separate phosphate solutions for 10 minutes. A further set of
blanks was put in the phosphate solutions after the samples. The
autorediogreph (fig. 5.3e) shows that this washing technigue led to
aluminium contamination of the phosphate. It can be seen also that
the amount of phosphate adsorbed away from the edges of the two most
thoroughly washed samples had been reduced considerably. There was,
in fac}, more phosphate on this part of the blanks than on the sample.
An explanation for this might be that aluminium was coming off the
edges of the sample, but since the phosphate solution was not agitated,
the aluminium could not, in 10 minutes, move far from the edge. ¥hen
the sample was removed and the blank inserted, the soclution becames
mixed, so adsorption on the blank was uniform.
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To check that the aluminium was coming from the edges of the sheot
ofdas,uph.ootdnmmkodtwmﬂmhin%,nl
washed with a wash bottle for ¢ mimute and in 100 ml deionized
water for 1 minute. The edges were then cut off and the mica was
washed in two more 100 ml beakers of deionised water, befare soaking
in phosphate for 10 mimutes. The experiment was performed in
duplicate with blanks before and after. The autoradiograph (fig.
&a)mmtmmmmxmwmm
second blenks had been greatly reduced by this treatment. The
intense adsorption apparent on the edges of the second blanks was
mhmunmm&mertmm,muhm
not washed between cutting the edges off the samples, and cutting
the blanks off the stock sheet of mica.

Itqpomdfmthahmmkthtammntmw
method for washing the mica should be devised. Photographs of the
final version of a continuous flow washing device designed in con-
M&ﬂ%&@.mmmnn&&&aﬂ&m An
WMM%M@WMMW
aluminiun-treated mica for 20 minutes, 10 minutes and 4 minutes at o
flow rate which replaced the water in the washing device every 2
minutes, is shom in £ig. 5.5b. The uptake on both the samples and
mmwau&wcmmm,nm
mwmmmmmmmmmttwﬁ-
greater than 10 minutes.

Conclusions
mmmmmmummmuobmmm
mwpﬁmmomtnyyuﬂyWantmhmefcmm




&bMﬁMWﬂuuﬁmMWn&o
surface. MmmMMmWWMmM
mmmmwmwmmammmm
volume of solution used. Some of the quantitative experiments in
wmmmmmmmwam
mmmmmnmm.mmm
mmmm,uﬁtmman
still walid, nluguthhnﬂ.hﬁmumiudnl.

A:ﬁnmwgammmubymmmtu
m,mmmmrmmtmm-uum
satisfactory in his kinetic experiments. It was therefore decided
wmmmmmewlummmw
mdmemﬁtm,ﬁ&thMcn“m
ﬂthmruﬁm,hoﬂubmmrwormmh
mmmwmmuumuwmm

mmmammmmmwm
mnmym,mmmwhm
to be present on the surfaces in soils.

nmmmmwtmummm
puumhrlypodctmmorptm, and that these cations
Wmm,ummwmum. Other cations
mwhwwmmmmmmnn
tried.
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Having shown that aluminium-treated mica would contaminate the
phosphate sclutions it became clear that when comparing different
cations it would be necessary to use separate P-32 phosphate
solutions., Because the work at this stage was all with carrier-
free radicactive solutions, it could not be guaranteed that the
solutions were identical, but this objection was overcome by
making up a bulk solution from which the individual ones were
obtained. Ilater work showed that small amounts of carrier in
experinents with aluminium-treated mica did:mot make a significant
difference to the adsorption of the madiocactive fraction.

c : G‘.n}t Ez"* iﬂ*

An experiment was performed to compare the adsorption of mica treated
uznna}. mnz,mmnummmmmwu.

Separate phosphate solutions and rinsing solutions were used for each
mica strip, and a freshly-cleaved piece of mica was placed in each
phosphate solution for 10 minutes just before putting the cation-
treated miea in. All phosphate soaking times were 10 minutes. The
autoradiograph reproduced in fig. 5.8¢ shows that the phosphate uptake
by caleiume-, potassiume and hydrogen~trested mices is indistinguish-
eble from untreated mica, and wery much less than that adsorbed by
aluminium-treated mica.

An additional experiment was performed, where a piece of aluminium-
treated mica was soaked in a caleium solution, and a piece of
potassiun-treated mica and a piece of calcium-treated mica were
soaked in an sluminium solution. These three pieces were then
soaked in similar phosphate solutions, 2long with a2 piece of mica
which had only been soaked in aluminium solution., These four all
showed appreximately the same degree of blackening on the film, so
that the treatment with calcium or potassium had no discernable
effect on the mica surface.



It therefore seems that the adsorption of phosphate on to the mica-
type surfaces of seoil minerals saturated with potassium, calcium or
hydrogen ions is likely to be unimportant as a mechanism of phosphate
fixation.

Somarison of 417", 7o', o’ co®

Other cations studied included cobalt (II), chromium (III) and iren
(11I), which are compared with aluminium in £ig. 5.82. Iren~treated
mica adsorbed an smount slightly greater than aluminium, and chromium-
treated mica an amount slightly less than eluminium, while cobalt-
treated mica adsorbed very little, even on its edges.

m2+ ' 2¢

Copper (II)- Nickel (IX)- and manganese (II)- treated micas all were
indistinguishable from blanks,

[P

Gallium~treated mica tock up at lesst as much phosphate as aluminium-
treated mica. It was also found that soaking the mieca in an OV,

solution resulted in only slightly less uptake of phosphate
than sosking it in & 0.2M. GaCl, solution. Also, there appeared to
be no contamination of the phosphate solution by gallium, after the
«01M treated mica had been scaked in it, although there was after the
«21 treated one (fig. 5.8b).

To summarise the effect of cations, then, we may say that mica which
has not been treated with any sclution other than the carrier-free
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phosphate takes up phosphate only on the edges. Treatment with
potassium, caleium, hydrogen, cobalt, copper, nickel and manganese
solutions does not increase the amount adsorbed on the face, as
far as this method of measurement is concerned. Treatment with
aluminium, gallium, iron, or chromium solutions produces extensive
uptake of phosphate on the face.

extensive hydrolysis in water, and it is conceivable that the process
of washing them results in the formetion of hydroxides, which then
act as anion exchangers. To test this hypothesis two samples scaked
mmmnmjmuummmummnﬂaum
water at pH 5.5 and the other with .M. HC1, followed by deionized
water, These were found to absard the same amount of phosphate in
10 minutes from a carrier-free phosphate solution, so that hydrolysis
in the wash sclution seems umnlikely to be a2 major effect.

SUBFACES OTIER THAN MICA

Brief studies were made on the relative adsorption of phosphate by
glass microscope slides, polythene sheet, aluminium foil, and aluminium-
treated mica.

The aluminium metal used in this experiment was B.D.H. laboratory
resgent grade aluminium foil about .002" thick. It was cleaned by
dissolving the ocuter surfuce with 1M. KOH for twenty mimutes, and then
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thoroughly washing in deionized water, One sample of it was
mamuﬁxmjtwnm,wmmmmuthwz
for an hour. These two are coumpared with untreated aluminium
motal, and aluminium-treated mica in fig. 5.9 a and b, The same
phosphate solution was used for all the samples, and although it
appears from the autoradiograph to have become progressively
dirtier, there seems to be no significant difference between any
of the samples. This could be interpreted to mean either that
the adsorbing material on aluminiun-treated mica is similar to
that on aluminium metal, or,bearing in mind the experiments which
showed aluminium contamination of the solution to be important,
that the nature of the adsorbing surface is unimportant. If the
surfaces are the same, they could be either aluminium hydroxide or
some unknown external contaminant,

Containers of solution had frequently been found to adsordb phosphate
from carrier-free solutions. With Pyrex glass beakers it had been
noticed that solutions in which only potassium= or calcium-treated
micas had been placed did not loose much activity to the walls of
the beaker, whereas ones in which aluminium-treated mica had been
plaged lost much on the walls, (This was measured by monitoring
the beskers after rinsing them). This effeoct was investigated by
autoradiography. Two microscope slides and two pieces of polythene
were treated 2, hours with cold chromic acid, rinsed, socaked four
days in deionized water, and then another day in fresh deionized

water. One piece of polythene and ome glass slide were then scaked
for severel hours in sluminium chloride. Each piece of material,
and one sheet of aluminium-treated mica, was then sosked in a

carrier-free phosphate solution for 10 mimutes. The resulting
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autoradiograph is shomn in fig. 5.9¢c and d. It appears that
adsorption is the same for polythene as aluminium-treated mica and

glass, and that clean glass not treated with aluminium does not
take up phosphate. (The last conclusion is not entirely supported
by the adsorption on the edges of the sheet showm, and some other
experiments, )

Lonclusion

It appears that the possibility of adsorption on a material in this
kind of experiment cannot be relisbly predicted from its bulk
composition, and that there seems to be a curiocusly constant amount

per unit area adsorbed. The remaining experiments will deal only
with mica surfaces.

Host previous workers in this group had used carrier-free phosphate
solutions exclusively., Furkert (1965) had performed one set of

experiments to see the effect of carrier on P-32 phosphate uptake,
and decided that up to at least 1075 concemtration the phosphate
uptake is proportional to the concentration in the solution. Under
these conditions adding carrier to the sclution does not affect the
uptake of P-32 phosphate by the surface. A comparison between
solutions containing the same (unknown) econcentration of P-32 phosphate,
and 1072, 10°%, 106 and no moles/litre of added imsctive phosphate,
is shown in £ig. 5.10 4 and e, for times in the phosphate of 10 minutes
and 2 hours.  (Bach time is a separate sutoradiogreph, so comparison
of the effect of time is mot possible.) The higher concentration ones
are somewhat uneven, due to the imperfect cleanliness of techmiques in
use at this stage, but it appears that up to 10~° molar concentratien,
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the adsorption is proportional to concentration, while at greater
consentrations than 107 molar, adsorption inereases less rapidly,
confirming Furkert's results, which were not obtained on clean

surfaces, This effect is investigated quantitatively in the next

Experiments were carried out at pll 5.5, pH 4 and pH 2, using aluminiun-
treated mica, and HC1 to adjust the pH. The first experiment, fig.
5.5¢, was performed in solutions containing only HC1 and carrier-free
phosphate, a 10 minute scak-time beingused, and showed adsorption
decreasing with pli. Because of the changing anion concentration in
this experiment the corresponding experiment wasperformed using
solutions which were also 01M. in sodium chloride (while still
carrier~-free in phosphate). This showed (fig. 5.10a) that adsorption
at pll 4 was the same as at pH 5.5, while that at pil 2 was considerably
less. This experiment was later repeated quantitatively.

The kinetics of uptake from carrier-free phosphate solution were
investigated in conjunction with the effect of the time of socaking
the mica in aluminium chloride. A sheet of clean mica about 2"
square was prepared. It was hung from the device shown in fig. 5.11,
vhich allcwed it to be lowered in I* steps into & 250 ml becker of
solution., It was first lowered from ome side into an aluminium
chloride solution insuch a way that suecessive strips were scaked
for 23 hours, 2% hours, 11} mimutes, 1} mimutes and mot at all., The
mica was then removed, and rinsed in pi 3 HCl and two changes of
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distilled water. It was them suspended from a side adjacent to
the previous one and lowered in a similar way into a carrier-free
P-32 phosphate solution for 2\ hours, 2% hours, 10 mimtes and 1
mimute. It was then rinsed and autoradiogrephed.

The result is shown in fig. 5.10b. The variation visible is due
to the time spent in the phosphate sclution, the time in aluminium
having no effect, except that there vas slightly more phosphate on
the strip scaked in aluminium chloride for the longest time, for a
phosphate adsorption time of 10 minutes or 21 hours. This auto-
radiograph also shows up the difficulty of comparing areas of
greatly differing intensity, although the detail within each area
separetely can be brought up by a suitable exposure. (The dlack
spots visible were not present on other exposures of this sample
and must have been due to chemical or radicactive contamination of
the film or sample.)

This experiment suffered from aluminium contamination, which explains
the lack of effect of the time in aluminium, It shows that under
these conditions some phosphate is rapidly sorbed, but much of it
takes a long time.

The kinetics of uptake under other conditions were investigated
similarly, by lowering a strip of mica for successively decreasing
times into a phosphate solution. The results of scaking a piece of
mica for 120, n,7m2mm1r‘mmﬂuﬂ:k§2

phosphate added is shown in fig. 5.10c. Although ~ot very clean, it
shows that much of the activity goes on in the first two minutes, but
that some still takes a long time to go on.

Another experiment investigated the kineties in the presence of 0,01
molar sodium chloride. The eluminium-trested mica was soaked in the
carrier-free phosphate/sodium chloride solutien for 158, 30, 7 and 2
minutes, and again some phosphate took several hours to be adsorbed.
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1% should be clear from the preceding work that the major advantage
of autoradiography is that it enables the distribution of the radio-
sctivity on a surface to be seen. This distribution is often
cp-otdtobomdfom,butnmdtbmmchmyw:n
wmwmﬂy,aomtukmmmwu.
useful precautionary check in any low-area surface chemistry
experinent. mmwopaphmtrmunnlnﬁm.thmsh,
end it is quite possible that a distribution which is uniform on an
memtumwhmmmmmm
which has a much higher resclution. Accordingly, a few experiments
were designed to go to the limit of resolution of this technique.

Zechnique

Tiford G5 stripping film was used. This has a gelatin base on which
is deposited the emulsion, 5/11:2:1&. The base is attached to a
Mphtofmnnhicbitmbcpoldhymmwm
with a sharp rasor blade. A piece of film is cut to the required
shape (while still on the glass), removed and inverted (using two
pairs of tweesers), and placed emulsion side downwards on the surface
of o beaker of distilled.water. The mica is put into the beaker,
and brought up underneath the film, lifting the film from the water
in such & way that the film drapes itself around the mica. The
combination is then 1aid on another sheet of mica (larger than the
first) to dry and expose. After explosure the film is developed,
fixed and washed while still on the mieca, These solutions may be
mtmimtdbymuﬂwmmﬂudmuMbeM

appropriately after use.

While the film is still damp after washing, a small rectangle of
mmumm,mmammwm,m

protected with a cover slip.
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Samples

The rediocactive samples chosen were of two types. The first was
a mica sample which had adsorbed phosphate from & solution containing

3:10‘7m1u/11metuc13umsx1o‘5 noles/litre Ki,PO, with

added, It might be expected that this solution would contain
colloidal aluminium phosphate particles which would stick to the mieca,
and be small enocugh that the X-ray filn would not resolve them. The
other was a piece of miea which mm-mm‘7m3umum

l!.th‘lo'Gmln/litn msuMuatpnz—j. There could be some

strips of mica were about 13" by i".

Results

Photomiorographs from these specimens are shown in fig. 5«12, From
these there is no clear evidence that the phosphate is distributed
non-uniformly, for the spots visible are the same size as the fog
grains visible when a piece of unexposed film is developed. The
sige of these grains is about one micron.

Itnpossibhﬁutthmumtmﬂﬂnyfwthmtobo
clustered, but this could only be shown by a statistical analysis,

of a degree of sophistication beyond the author's knowledge. It will,
m,bommumihrthnwlmubmmdm-
uniformity consistent with the resulis.

mmormmummtmrmumhothmm
ynﬁrﬁnnthnmldmthi«kmu,utmtﬂnmnyd'w
fxbmapnintlmmwﬂlboappmﬂmtmunifmmmwd
diameter equal to the emulsion thickness, and decrease rapidly outside
this area. Because of the comparsble values of grain size end
emulsion thickness, this means that any scurce less than a mieren in




109

diameter would expose a cluster of asbout 10-100 grains. Sueh
clusters can be found in the examples shown, but some would be
expected in any rendom array of grains.

From the average value of the space between exposed grains can be

estimated the minimum mmber of particles containing redicactivity.
The spacing is probably less than 10 microns, so that at least 10°
particles per square centimeter must be presemt. (If the spacing
is due to statistical fluctuations, then there could be a2 very much
larger number, up to the infinite limit of e uniform layer.)

The implications of these results are discussed in later chapters,
in eonjunction with other experimental results.

CONCLUSIONS

Mica treated with certain cations adsorbs phosphate from dilute
solutions.,

The adsorption occurs evenly, (even on a microscopic scale), and
reproducibly, provided care is taken to prevent contamination of the
solutions and mica by the unknown substances present on them under
ordinary laboratory conditions. The adsorption of phosphate by the
edges of the mica sheets is not much greater than that of the 001
faces of the sheets, under some conditions of treatment, although in
the sbsence of cation treatment the edges adsorb much phosphate and
the fages little. This point is treated in more detail in the next

chapter,

The cations which have been found to particularly emhance the adsorption
on the 001 faces are those of aluminium, iron, galliug, and to a slightly
lesser extent, chromium. Thése which have been tried and found not to
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alter the adsorption properties are calcium, potassium, hydrogen,
cobalt, copper, nickel and manganese. It may be comoluded that
mmhwmhuﬁm¢MMm

extensively hydrolysed in aqueous solution.

Small amounts of these cations accidentally introduced into the
Mnmuummmmmmﬁma
phosphate by the mica, but there appears to be some adsorption

vhich is independent of these cations in the phosphate solution.

Many different kinds of surfsces adsorb phosphate to about the same
extent, from carrier-free solutions. This would suggest either
wtmmummubyﬁ-meumem.
sites on the surfaces, or that these sites are similar, and therefore
mmtymmmmunmumwm
material. ‘

mmuawwnfwtomtma
concentrations less than 10 M., but at higher concentrations the
mmmmmmw&«.

The adsorption (at comstant ionic strength) decreases as the pil
decreases below pi 4. This is the opposite behaviour from that
wmmmmormmm

The kinetics of phosphate adsorption are slow, taking many hours to
come to equilibrium. This is consistent with much other work on

tu_nmtmnmm. No evidence was found for the
wammwwmmtmamumm
in eluminium, because the phosphate solution used was contaminated
with aluminium.

The conclusion regarding the lack of adsorption of phosphate by
caleiun~-treated mica is of interest to soil chemistry, It is clear
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that the presence of aluminium on the soil mineral surfaces would
enhance phosphate fixation. It is well known that some clay
minerals, for example montmorillonite, are unstable in the hydrogen
form, and decompose to release aluminium from the lattice. If the
montmorillonite were in the Ca form, this decomposition would be
hindered, so thet aluminium would not be released into the soil.
The above experiment shows that the caleium on mica-type surfaces
does not itself cause phosphate fixation.

mu.muo@mmrcmmmwam
fixation on the alkaline limestone soils than on acid soils. It was
shown that treatment of the mica (or sluminium metal) with caleium as
well as aluminium did not reduce the adsorption, but in agricuiture
this result might not be found, so that liming a soil might lead to
less fixation, and perhaps even to release of previcusly-fixed
phosphate.

Ithgunl]ybelhvdtlattbmtohﬂmamﬂhmu
pﬂw,butitupuubhtmtm”dnphyam
Pield work should be ecarried out with, for example, KOH and CaCl,,
to separate out pH and caleium effects.
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The term "specific activity" of a phosphate solution is used in
this thesis to refer to the disintegration rate per gram of
phosphorous. The actual radicactive measurements are given in
terms of count mate on a particular counting instrument, but
provided all measurements are mde on the same counter, under
similar conditions, then the ratios of measured count rates can
be used in place of the ratios of absolute activities.

Provided that the redicactive and inactive phosphate are in the
same chemical form, and that the specific activity of the solution
is constant during an adsarption, the specific activity of the
solution and the adsorbed material will be equal.

A muber which is proportional to the speeific activity is found by
dlviding the count rate of any aliguot of the sclution by the amcunt
of phosphate in that aliquot. Because of the equal specific
activities, this number will also equal the count rate of the surface
divided by the amount of phosphate on the surface.

We may thevefore find the total amount of phosphate on the surface
from its count rate, the phosphate concentration of the solution,
and the count rate of an aliquot of the solution.

Counting Planchettes

wmmtmmmbymwnmmu
aluminium .002" to .O0L" thick, using for a punch a 3" diameter steel
corkc borer held in e stationary drill press, with a sheet of 1" thick




CHAPTER 6

QUANTTTATIVE MEASUREMENTS ON THE ADSORPTION

OF PHOSPHATE BY MICA

In the previous chapter qualitative experiments were described in
which P-32 phosphate was adsorbed on to mica surfaces. In this
chapter the same system is studied guantitatively.

Since the time necessary for the adsorption process to go to
completion was long on the laboratory time scale, it was necessary,
when studying the effect of variations in concentration pareameters,
to make a compromise between performing all the desired experiments
in a limited time, and making measurements of true equilibrium
values. The work deseribed in the present chapter leans heavily
towards the first altemative. In Chapter 8 the kinetics of
attainment of equilibrium are described, under a limited set of
concentration conditions.

Because of the very small area of the mica surfaces used, very little
mterial is adsorbed, so the only way to obtain sufficient sensitivity
is to use radicactive tracer technigues. Standard rediochemical
methods were modified to emable the total amount of phosphate adsorbed
fronm a mixture of active and inactive phosphate to be estimated from
the activity of the mica.

12
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rubber beneath the aluminium. This gave a smoothly drawn shallow
dish, in the centre of which & depression was made, using the
rounded end of & 1" diameter test tube to press the aluminium into
a 3/16" diameter hole in a brass disc, (fig. 6.1).

deasurement ol Soiution ACGLIVLIEY

Amladtbsdntimuphedinhhpmﬁmhth‘pln—
chette, and since the aluminium surface was hydrophobie if not
clesned, the solution formed & small drop. The volume of the drop
was known, either by using a micro-pipette of some kind, or by
weighing. From the volume, and the known concentration of phosphate,
the snourt of phosphate in the drop was known, The drop was evap-
oreted under an infre-red lamp, leaving the phosphate sample as a
thin f£ilm on the planchette. (Spitting of the solution while it was
being dried was tested for with very active drops, but not found).
The activity corresponding to the lmown amount of phosphate was
measured by placing the planchette beneath an end window (EW3H) Geiger
counter in a lead castle, |

The method used to obtain a known area of the mica sample was to use
a slightly modified ticket clip to produce a circular punch about
0.2" in diameter. The ares of this was found to be 0.20 en®, by
weighing several punches of a sheet of paper of measured weight per
square centimeter. The pieces of mica produced in this way were
about the same size as the evaporated drops of solution, so that the
efficiency of counting such a piece of mice on a planchette in the
same counting arrangement was cqual to that of counting the solution
aliguot.
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There is one complicating factor, if the redicactivity is on both
MQAMdm,ﬂWththt&mMMImt&m
of the radiation from the botton side of the mics. For oP this
effect was not very seriocus, since it was found that the count rate
decreased by about . for every 1 mg/om’ thickness of mica., The
MImmm:mmmhdapmwdn15q/u2
thick, was about 3%, This error, if significant, could be determined
in any particular case by weighing the sample, but at the level of
accuragy reached in the present work, this was not necessary.

Several alternative methods of finding the volume of the sample of
solution were tried. The one finally adopted was to weigh the
sample, but because the sample must be weighed immediately it is
taken, this is sometimes inconveniemt. Veighing would be inconven-
jent when work is being done in = glove box, so two kinds of micro-
pwmmummmmm

One was a eapillary tube with a constriction, and the other was &
short capillary tube inserted inside a larger tube. It was found

to be @ifficult to rinse the first kind, and both suffered from the
disadvantage that they had to be touched on to a hydrophilic surface
to empty them and remove the drop from the end. If the planchettes
were cleaned in chromic acid they became hydrophilie, but the solution
mmmmmmmgmmmumm
geometry.

A smell disc of Pilter paper could be used to take up the solutionm,
but this meant that the pipette became dirty, and had to be cleaned
before being re-used. This was an important disadvantage, so for all
tbmtuktbadntimnm&mdﬁmuﬁmm-r“




from drewn "Pyrex" tubing, which was not allowed to touch the
planchette, or the solution on the planchette. The planchettes
were weighed on a "Mettler" balance, each weighing being i «2 ug,
and typical drop weights being in the range 10 to 50 mg.

It was found useful to have a parameter relating the amount adsorbed
to the amount in solution. This paremeter has been called the
"adsorption ratio”, and is defined as the ratio of the mmber of
counts/min/en’ of mica to the mmber of counts/min/en’ of solution.
In 2 "mini-beaker" (see Chapter 5 and fig. 6.1), the shape of the
solution approximates a rectangular prism of side area equal to that
of the sample. In this case the adsorption matio, which has the
dimensions of centimeters, is the thickness of solution containing
an amount of phosphate equal to that adsorbed. If the adsorption
is proportional to concentration them this ratio should be constant
for various concentrations. It has ususlly been represented by the
symbol "q" in this thesis.

A planchette with a drop of water on it was weighed four times over
a period of five mimutes, ani found to weigh 0.6230, 0.6233, 0.6229
and 0.6229 grams, ‘This showed that evaporation was unimportant.
The weight of the planchette was 0,6005 & 0.0002 grams, so the drop
weighed 22.4 + .4 mg, which is a 2% accuracy. ‘
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Counting
Amwmmdmsmmmnntm,
being removed from the counter each time. The count rates found,
with standard devistion of the counting on sach count being about
1.5%, were 2100, 2122, 2060, 2120 and 2130 counts/minute, which are
well within 2o of mean value,

Seolution sctivity

The acourascy of this was found to be significantly less than that
of the combined weighing and counting errors, and was greater for
solutions containing carrier than carrier-free solutions. For a
carrier-free solution values of 5.85, 6.39, 6.22, 5.04, 5.05 and
5.69 x 10* counts/minute/ml. were found, which gives a meen value
of (5.7 3 «7) x 10%, en ervor of & 126 For a 1072 molar KiLPO,

solution values of he79, 5.60, k76, heB0, 4o77 and 5.08 x 10* counts/
minute/ml were found. These mumbers have a somewhat skew distribution,
mm&awwgﬁmhqud,butitmﬂntmtt
mmmm&owrhsmm,mm.mm
has a spuricusly high value. This might be due to the presence of
P-32 phosphate adsorbed on to particles of dirt in some samples.
Surface films have been found in this work (Chapter 4) to adsord
phosphate strongly, and these could well be picked up by the dropper
and transferred to the solution sample, giving a spuriously high count
rate., Strict cleanliness of sclutions and droppers is clearly
essential if relisble results are to be obtained.

For these experiments the strips of mica were cut off a large sheet
split at the start of the experiment. nnymumamﬂncz’




rwunmmmmdmmmamm(mmms)
for { hour. The strips were then soaked in a carrier-free phosphate
solution for 10 minutes, rinsed with distilled water and dried. The
samples were sutoradiographed to check their uniformity, and then
counted. The solution activities were measured before and after
soaking the samples in the phosphate, freshly cleaved samples were
placed in each solution after the aluminium mica, and another solution
sample was taken after these blanks. Autoradiographs of four of the
five samples, and of the five blanks are shown in fig. 6.2. It can
be seen that although two of the blanks were contaminated with
aluminium end three were not, there wes little difference in the . a
amounts adsorbed by the samples. Adsorption vas also spproximately |

mhuammmugmmﬁtyhamnms.i,
and it is clear that the aluminium-contaminated blanks adsorbed much
less phosphate than the corresponding samples. It would therefore
mmmmtmmmummumtmammm
adsorption on the aluminium-treated samples.

Sample number 3 was made the dsy before the other four, and this
accounts for its sbsence in the autorediograph. (Samples 1, 2 and
4 were used in unrelated experiments.) Its adsorption is decay
corrected so that it is compareble to the others. The figures for
the activity on the mies have been comverted to counts/mimute/on?,
mtmuuatmumotm/ﬂ-mwmm

The min aim of the experiment was to study the range of the adsorption
ratio in a set of similar experiments, and the variation found is
about i 20/ from the mean. Compared with ordinary chemical measure-
ments this is poor, yet as an advance from the qualitative techniques
previously used it is quite good, especially when the mimute quantities




involved in this carrier-free measurement are considered. The
mammammumuum
than this.

The adsorption ratioc on the untrested "blank™ micas is seen to vary
by a factor of 500, while that on the aluminijum-treated samples
varies only by a factor of 1.4, and is not correlated with that on
the blanks, This confirms that sluminium contamination is
Wmt&omln,ushﬂhtmutbhﬁsd’tb
relative amounts adsorbed by the samples and blamks. It is worth
noting that from the results of this experiment it can be said that
from carrier-free phosphate solution aluminium-trested mica adsorbs
gseveral hundred to a thousand times as much phosphate as does
untreated mica.

This work shows that the techniques cutlined will give, with carrier-
free phosphate, results with a reproducibility of about 207, the
mmmmummmmawm.um
of material involved.

In the preceding experiment, the blank experiments were performed the
day after those on the samples, except for sample 3, where two days
elapsed, and it is of interest to note the change in solution concen-
tration over this time. Out of the four left for one day, the two
which were aluminium contaminated had lost mearly half their activity,
while the others had lost much iess. The total amount lost to the
mice was much less than the change observed, so that the aluminium must
heve béen causing losses in other ways, probably to the glass surface.
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At about the time these gquantitative techniques were being developed
it was decided that it was unsatisfactory to attempt to work on
benches open to all the air-borme contamination of the laboratory.
This dust is a problem in analytical chemistry at the milli-microgram

level for metals (Thiers (1955)) and it would be expected to be much
more serious if the organic materials in the dust were important,

A possible way of avoiding this problem would be to use a glove box
with a filtered air supply, but working with gloves can be inconven-
ient, a balance would be needed inside the box, and only one person
can conveniently use a glove box. The method adopted in the present
wark is a compromise between cleanliness, convenience and cost.

A fouresided wooden box was made, and lined with clear polyvinyle
chloride sheet. The plastic also covered the top and fromt (fig.
6.3). The front lifted up for use, allowing scme contamimation to
enter, but the level still remained much lower than that prevailing
outside the box, as shown by the layer of dust which soon accumulated
on the top.

Inside this box were kept all the tools in common use, those which
were to remain clean being covered by inverted test tubes or beakers.
Water was led in through one hole to the contimious flow washer, and
out through ancther.

The standard of cleanliness, as judged by uniformity of sutoradio-
grephs, was markedly improved by this arrengement.
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It has been found convenient when using carrier solutions to express
the amount of phosphate adsorbed on the surface in temms of the
nugber of molecules per square Angstrom unit. This is then easily
compared with the order of magnitude expected on the basis of the
various theories. A monolayer coverage of hydrated ions would
require about one ion per 30 sq. A., although the formation of
hydrated oxides could greatly decrease the amount per unit area.
The mumber of negative charge sites formed by iscmorphous replace-
pent within the mica is about one per 50 sg. A.

If the mmm.wmccmwmmnm,
and o count rate on the planchette of S counts/mimute/ml, then 1
count/mimite means that C/1000S moles are preseant, so that

x mmuz = Tg—mﬁ M.z

= sqcxid‘m/-q.s.

where ¢ = x/8 is the adsorption ratio previously defined. Similar
considerations (with possible complications from the number of ions
per molecule) apply with other adsorbing species.

Amersham, had a specific activity of from 20 o 50 curdes pér milli-
grem of P, and a concentretion of about 1 mo/ml. This implies that
the concentration of phosphate in the original solution was about 107
H. The solutions in which the samples were soaked had activities




about 10‘?/¢n,mmmm-mmm. s0
thet if these were made by dilution of a fresh stock solution the
nominal carrier concentration would have been 10~'! M,  Even after
six helf-lives had elapsed (3 months) the concentration of phosphate
fron the stock solution was below 1077 M.

It was known that some phosphate was adsorbed by untreated mica, but
mmugtdmomm:nmmm,am
possible that this might be due to the presence of certain cations
in the water used.

J. Vatkinson (personal commmnication) has found that the upper limit
to the amount of aluminium in the distilled water used was less than
10™? moles/litre, so this seems to be an unlikely source of signific~
ant amounts of aluminium.

The adsorption might have been affected by the desorption of chromium
ions from the walls of the chromic-acid-cleaned beaker into the

solution., To test this possibility an experiment was carried out on
mmtmmmrmsxw’%mzmh*’zmvmmam

that a comparison could be made between each member of a set of mini-
bealers trented overnight with 1ii. KOH, concentrated HCl and concen~
mmmj,m-amunmumm Two beakers
were treated in each reagent, after first being cleaned with chromie
acid and rinsed thoroughly. The walues obtained for the mumber of

phosphate molecules adsorbed per 1000 square Angstrom were -

Chromic acid only 0.65, 0.82
Chromic acid and KOH 00399 0.17
Chromic acid and HCL 113, 0.55

Chromic acid and HNO, 0.64, 0.52.
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The slight reduction observed with KOH is probably net significant,
since adsorbed cations are more readily removed with aecid than
alkali (see work with $7Ga - Chapter 10). The adsorption is
probably not related to chromium contaminetion.

mMMnthmMMfmew.sl.mﬂmm

2 x 10"%n, and is compareble with the values of 3 x 10™2 to 3 x 10 %em
found in carrier-free experiments. This indicates tat the adsorption
mmmuwmmau,uphsxtr&

i %

It was known from the autoradiograph experiments that when the mica
mmmnmnn,tn-tmofmwmumum
amount of phosphate adsorbed. Since it was not known whether this
applied at lower aluminium concentrations, the experiments were

mwtmumdtiminnuy

Zhe Procedure Used

The concentrations of A1CL, used were 1, 1072, 10°%, and 107 molar,
ell adjusted to pH 2 with HCl. After sosking the mica for the
desired time in the aluminium solution, it was rinsed briefly with
mmm.mmmm«.mnw‘*x.m

mmmmngmy{c/ﬂur”m‘. It was then rinsed again
and dried. Separate phosphate solutions were used for each concen-

tration of aluminium, but the same one was used for each extension of
the time of soaking.



Besults

The results are tabulated below as the number of molecules per 1000
square Angstrom units -

107 0,41 0.1 0,08  0.21 0.1 0.2
1078 0.05 0.k 0,22  0.46 01 0,05

It is olear from this tsble that the amount adsorbed ws independent
of the time. The amount of phosphste sdsorbed by untrested miea
| fron the baily aluminium-contaminated phosphate solution used for
| the 1M. aluminiun-treated samplesws the same as that sdsorbed by
| troated miea. Also, the amount sdsorbed by mica treated with 107

ww“mmmwaskumutmwmwm
i2 the previously described experiments, and no more than that

Mbymmmmmmu—mﬂwom

ation described later, so that these results are inconclusive. The

mm-mmtbm’zmwmmmwm

t0 have been aluminium contaminated, but the phosphate adsorption was
still independent of time, after a 10 mimate adsorption. The
aluminiom must therefore have been rapidly adsorbed.
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It was expected from Furkert's work that as the phosphate carrier
concentration was inereased, the total amaunt of phosphate adsorbed
would increase, linearly at first, and then flattening off to some
maximum value., It was hoped to find this value and use it as
evidence for or against the theories which had been proposed to

explain the adsorption phenomenon.

Little was known about the kinetics of phosphate adsorption at low
phosphate concentration, and nothing at all at higher concentretions,
Experiments were therefore designed to find the variation with con-
centration of the amount adscrbed at a set of different times,

lechniques

Each sample was washed for 30 mimutes after a 5 minute soak in
aluminium chloride. A separate phosphate solution was used for each
measurement, and its activity was determined before and after the
measurement. Stoock phosphate solutions of the concentrations used
were made and stored in clean volumetric flasks, and extracted with
clean pipettes. (If a solution is poured from a flask it is contame
inated with dirt from the 1ip of the flask.) The 107OH. solution
was analysed for the author by J. H. Watkinson and found not to change
significantly in concentration over several months.

To reduce the changes in concentration dwring the experiments with
um-mmu-auum,.mwﬁonl.mmuwél.m

10'511.Mnum. The mica strips were held in these solutions

with the stand shown in fig. 6.1. "Mini-beaskers" of volume 1 ml.
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were used at higher ghosphate concentrations, to provide mare
conventrated P-32 phosphate where changes in the phosphate concen-
tration were small.

Hesults
The results are shown in table 6.2 and fig. 6.4. The points above

10‘6mwmlmmara1ommnphmm

lie near a straight line of slope 0.50, even at the highest concen-
trations used. This can be described by saying the points lie on

a Fremdlich isotherm; in contrast to a Langmir isotherm, which
would require one straight line of slope 1.0 at low concentrations,
and another line parallel to the concentration axis, at high concen-
trations. The wvalue obtained for the slope indicates that the

amount adsorbed is proportional to the square root of the concentration.
Although this is in the range expected for Freundlich isotherms,
(Glasstone, (1955)) there is no obvious reason for this value.

The coarresponding experiments with a time of soaking in phosphate of
100 and 1000 minutes were also performed, and the results are shom
in the same table and graph as the previous results, It can be seen
that while the values for 100 minutes are very similar to those for
10 minutes, those for 1000 minutes are scmewhat greater at low
concentrations and become approximately equal at high concentrations.
In general, the longer solutions are kept the harder it is to keep
them ¢lean, and it has been found @ifficult to get consistent results
when long soaking times have been employed. For this reason not too
mach emphasis should be placed on the 1000 mimute curve.

The value of ¢ for carrier-free phosphate in this experiment was
greater than that obtained previcusly for carrier-free phosphate,



139

which was (within expected errors) the same as that obtained in this
experiment for 10~6M., but the difference is probably not significant.

Sonclusions

Bolwio'ﬁﬂ.yhuphato concentretion the amount of phosphate adsorbed
umumumtm.mmmmunm
mmummmmammwmmm. It
appmthatsminthnurptmncutﬂnoccmatmw-‘l.

mmsutawmammmmmwm
effect of varying the concentration of the phosphate seolution, but
left some doubt as to the effect of varying the time spent in the
solution. Experimenis were therefore performed with the time
veriation as the main object, the difference from the previous experi-
nntmmmtmwwmsmm:mw, _
using similar pisces of mica, and more values of the time of scaking
were used to enable accidental variations tobe detected.

Besults

The experiments were performed at two concentrations, 10N and 107N,
but at the lower concentration 100 ml beakers of solution were used,
covered by inverted beakers, and it was found that solutions in these
beskers could not be relied on to remain clean for more than an hour.
The results presented are only those for the 107U, solution, the
Kineties of uptake at 10~Cl, being studied by the direct technique
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deseribed in Chapter 8, The results, tabulated below, show that
the amount adsorbed increased with time until a maximum ves reached
at about 100 mimates.

Time (uin,) Noleoules/sg.A.

1 <0l

3 .028
10 « 050
30 «060

100 <103
300 <103

1000 <045

The result for 1000 mimites is much lower than expected, and since
the phosphate solution concentration used in the caleculations was
that after the adsorption, so that a decrease in concentration with
time would give too high a value for the adsorption, it seems
probable that this value must be affected by some error of the kind
previously found,

Conclusion

It seems from this that the previous 100 min. adsorption isotherm
is probably similar to that which would be found in an experiment
carrvied to equilibrium.

It bas already been shown that mica treated with a phosphate solution
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containing 2 smll amount of aluminium adsorbs much phosphate,
whereas mica treated with dilute aluminium solutions adsaorbs very
little. In order to find out how this occurs, some experiments
were carried out in vwhich various amounts of aluminium chloride

thnSxtO’smmﬂmﬂtm“m&R
phosphate.

Zechnique

The solutions were prepared by adding to 3 ml of 10™"M, phosphate
solution % ml of an aluminium chloride sclution of twice the desired

final concentration of aluminium (assiming no precipitation of
aluminium). These volumes were dispemsed using fine-pointed droppers
conrected by 4" of rubber tube to & 1 ml syringe graduated in .01 ml,
care being taken not to draw any solution into the syringe. (This
would have contaminated both the solution and the syringe.) This
method of measurement was checked by weighing 0,50 ml of solution
and was found to de accurate to 2%,

The pH of the mixed solutions was found to bé 5.5 = 5.3.

Results

Several experiments were performed, and it was found that the results
within each experiment were consistent, but the amount adsorbed was
not always the same in different experiments. The data is set out
in table 6.3., for four experiments, the aluminium concentration
inecreasing down the page., It may be seen that up to aluminium
concentrations of about one micro-mole per litre, no effect due to
the added aluminium can be seen, but above this there is a sharp
increase to about twenty times the amount adsorbed on the blanks, the

actual values depending on the experimen*, but remaining constant
with further increase in concentration.
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Several explanations, including dirty mica and adsorption of P-32
phosphate on suspended dust particles, were advanced to explain the
above inconsistencies, but no way to test these hypotheses was
found, However a further experiment showed that the time elapsed
between mixing the solutions end putting in the mica sample was
directly related to the uptake of phosphate.

Intbiaozpmnxmnﬁ.mm-hbyméﬂetb:w'él-
msminw"‘n.mzm‘o’zm‘. A piece of mica was added to
each one at some known time after first mixing the solutions, and wes
loft there for 10 minutes. From the plot of the amount adsorbed
against time elapsed between mixing the solutions and inserting the
mica (fig. 6.5), the possible source of varistion can be seen., The
results are reasonably consistent with the time intervals between
mixing and using the solutions in the original experiments.

There are several points which arise in commection with the relation-
ship between the amount of phosphate adsorbed ani the amount of
aluminium added to the solution. In the last part of experiment U2
19 molecules/1000 sq.A. were adsorbed from a solution containing

2,6 x 10”2 moles of eluminium in 1 ml. The sutoradiograph showed
that the phosphate was evenly distributed over a total aves of 3.8
en? of mica, which gives an amount of phosphate on the mica of 1.2 x
10" moles. Because of hydrolysis each aluminium atem will be
umumummmmmxzm;m.munm

that, assuming the phosphate uptake is accompanied by aluminium
uptake, & considerable fraction of the aluminium wes adsorbed on to
the mica, and one would expect more to be adsorbed on to the glass
beaker.



143

After the results listed under U4 were cbtained the solutions were
left overnight and a new mica strip put in four of them. It was
found from the solution activity after this second strip had dbeen
soaked that about half the phosphate had been lost from the solution
in each case where aluminium had been added, while less than 10% was
lost from the solution used for the blank. The amount of phosphate

mmmmz.sxm'amm'. The amount of aluminium

adandeOJteo‘wa'gnlun”. This seems to be not

enocugh to react with all the phosphate lost, and yet it seems to have
been associated with the loss. The amount of phosphate adsorbed by
the mica was found to be about half that adsorbed the first time.

The only explanation for these results, other than supposing that

each aluminium jon removes from solution eight or more phosphate ions,
seems to be that there vere several phosphate containing species present,
some of which hsd- a higher speecific activity than others, and were
preferentially removed in the presence of aluminium. Such a situation
could arise if "radiocolloids"™ were present in the stock carrier-free
radioactive solution, and if phosphate on these colloids exchanged
only slowly with external carrier, Unsuccessful attempts to find
such species are described in an appendix.

It is of interest to show whether the phosphate would go on egually
well if it were first treated with the aluminium sclution and then
with the phosphate. From the results previously reported on the
effect of time and concentration of the aluminium solution this would
not be expected, but to test this directly two pieces of mica were
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placed respectively in 2,6 x 10°CK, and 8.5 x 107 VK. e, far 10

mintes, briefly rinsed, and then placed in 5 x 107U, KH,PO, +
3pg, for 10 minutes. ‘They adsorbed .57 md .69 molecules/1000

sq. A, respectively, which is indistinguisheble from the blank, so
that at this level the aluminium in the phosphate solution is much
more effective at causing phosphate sorption than is aluminium of
the same concentration applied separately to the mica.

Sonelusions

The above evidenoce all points towards adsorption of a precipitated
aluminium phosphate on to the miea, High resolution autoradiographs
were taken (see previcus chapter) to try and see the particles, with-
out success, but this merely implies that the particles were less
than a few microns apart. If all the phosphate in every square
mioron were collected in onme particle, them this particle would be
about the largest sisze allowed on this information. Since there
were about 10 molecules adsorbed per 1000 sg.A. in this expewiment,

and 1 nq.muioaoq. A.,ﬂunmﬂdhlnbnaatﬁumtw‘

molecules in a particle. This could have been a sphere about 100
molecules in diemeter. The diameter of the hydrated aluminium
phosphate molecule which would have been formed would be sbout 10A.,

so that the particles would have been sbout 0.1 . in diameter. This
seems reasonsble for colloidsl material. i

Qualitative experiments with carrier-free phosphate were used in the
mmumm&mm&w&m-um
same at pH 4 as at pH 5.5, and at lower pi's decreased.
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A similar experiment was carried out using the guantitative
techniques described here. The solutions from which the phosphate
was adsorbed were 10°"M. in MaCl, 10™%u, in KHPO, , and contained

HC1 to adjust the pH to the desired value. The mica was soaked in
ac, for 21 hours, and then rinsed with a wash bottle, which

probably means that the solutions were aluminium-contaminsted.
(This experiment was performed before most of those which defined
the nature of sluminium contamination.) The samples were socaked
for 1 hour in the phosphate sclution. |

Besults

The following results were obtained -
2.2 0,05 - 1.3
3.2 0,12 - 0.92
b4e3 2.0 0.30
5«5 23 1.36

The results are plotted in greph 6.6, which shows that the logarithm
of the amount adsorbed is proportional to pil, with a slope of 0.9.

If the point corresponding to pH 2.2 is neglected, and because of
its low count rate this is probably justifiable, the slope of the line
through the three points left is very close to 1.0.

Sonclusions

It seems that, under aluminium-contaminated conditions with constant
ionic strength end varying pH, the amount of phosphate adsorbed is
inversely proportional to the hydrogem in concentration in the phosphate
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solution. As noted before, this is the variation with pi expected
for cation adsorption, and not anion adsorptiom.

In the course of this work there may be found several results, in
wmmw:,m“mnquttohwmbh. A
pbmphshomﬁmotnb&t10"’mm1y,amm
should be able to make small corrections far concentration by assuming

a square root dependence.

Aluminium contaminated phosphate solutions at pH 5.5 ocour in the
Wumlmmomwwm.mpn.m
delikerate aluminium contamination. The amounts of phosphate
adsorbed, in molecules per 1000 sg.A. were 10, 20 and 30. (This last

f!smhocrnou&te‘lo"“l.) wmmuso”m
%mmumummmmw,uu

the adsorption is cerractel to 10™* molar one cbtains an adsorption
of about 30 molecules per 1000 sq.A.

The phosphate isotherm experiment showed an adsorption of sbout 70
molecules per 1000 sq.A. at 1070,

There is thus a considereble spread in these values, but considering
the wide range of conditions and the variations in techmnique due to
improvements with experience, it is considered that the factor of two
mﬁxﬁnm%nﬁlanmmﬂmumampm.
variation in these pioneering experiments.




This work was performed to emable a comparison to be made between
the amount of gallium sdsorbed, as determined by S7Ga measurements,
and the amount of phosphate adsorbed by gallium-treated mica.

There were two main points of interest. One was the maximmn amount
of phosphate adsorbed by mica treated with a gallium solution which
was known to give a certain amount of sorbed gallium. The other
was the amount of phosphate adsorbed by mica treated with gallium
solutions of various strengths. The variations in amount of phos-
phate adsorbed could be compared with the amount of gallium adsorbed.

Strips of freshly-cleaved mica were soaked in pH 3 gallium solution

of comoentration 1070, 107, 10, 10" or 0.2 moles/litre for ten

m,muuamwtm,mmmm
phosphate solutions for ten mimutes. They were then rinsed, dried
and autoradiographed. Further strips of untreated mica were soaked
in each of the phosphate solutions as a check on gallium contamination
of the solutions.

The adsorption ratios found were as follows -

Galliup Concentretion  Semple (x10"5cm) Hlagk (x10~%em)
10‘6 1.5 0.‘!‘
107 1.0 03
107 2 -
1072 5 .05

0.2 85 5
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The 0.2, solution led to contamination of the phosphate solution,
but the more dilute ones did not. All the gallium-treated samples
adsorbed at least ten times more phosphate than the uncontaminated
blanks, but there seems to be a suiden jump in the amount adsorbed,

at 10K, concentration of gallium, sbove which the adsorption is
approximately constant.

In Chapter 9 it is shown that the amount of gallium adsorbed increases
nmuammm.upumur&mmmm
incresses very dowly with concentration. The sudden incresse in the
amount of phosphate adsorbed might be related to this saturation of
the surface with gallium, although the correlation between the
experiments is not exact.

The mice samples in these experiments were all treated with 0.01 M.

msutpﬂ3fwiom,unthnptinzphayhhm
of carrier-free 10, or 10"l concentration, for 10 mimtes.

The amounts adsorbed were as follows -
Adsogrption  EQ, lolecules
pex 1000 sq.A.

Batlo
Carrier-free 5 x 1072 -
w0 3 x 10> 18
1072 7x 107 42

Tt appesrs that ebove 10", not mich more phosphate is adsorbed with
inoreasing concentretion. The amount adsaorbed is comparable with the
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amount adsorbed at the end of the linear part of the isotherm of
phosphate adsorption on 1M.-aluminium-treated mica, and could

In Chapter 9 it is shown that in 10 minutes 4 & 4 molecules of
mumpeﬂooo.q.»mwmao.mn.am}m

It therefore appears that the amount of phosphate sorbed under these
conditions is aspproximately equivalent to the amount of gallium
sorbed.

NCLUSIONS

Zechniques

Techniques have been developed which ensble guantitative measurements
of the amount of a chemical species adsorbed on the orystal cleavage
planes of mica, The reproducibility is sufficiently good for
preliminary investigations, and will probably improve as the techuiques
are practised, Inherent in the radio-chemical methods used is a high
sensitivity and a wide concentration range.

The adsorption of phosphate by thoroughly-washed aluminium-treated
mica has been found to be proportional to the phosphate concentration,

ﬂwmﬁmmmummmhm&ﬂ H2P°L'

At higher concentretions, up to 10°2i,, the sdsorption is proportional
to the square root of the comcentration.
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The amount of phosphate adsorbed at the change from linear to
MMWoanﬁmthphmt.
jon per 100 square Angstrom units. At this concentration the
jons are about 10 Angstrom units epart, and if the adsorbed
muawunmmmu,mmuww
saturation of a monolayer cover.

m,wmmwammwm
require the establishment of & thick layer, especially at the
Wmmm,mumummhmm
every two square Angstrom units, This phosphate must be zssoc~
jnted with aluminium, and since the solutions used appeared not
to be aluminium contaminated, the aluminium must have been present
atwmmmammm.mummmam
experiments. The phosphate would have to pemetrate into this
aluminium layer at high comcentrations, and there seems to be no
reason why it should not do so at low concentratioms. Thus the
cmapuwah],ynotdmtout‘mﬁmotdtnwamtm.

Tt 45 shown that the adsorption on to mica treated with .01 m’
does not rise as far as that of mica treated with 1M. Alm.j,anl

mmmmmmmwmwumm
This could be due to the different cations, but an alternative
mlmtﬂm.mmmhormmbhtotutfunymd
lack of time, would be that formation of the thisk layer of cations
mmumummmumummu
mica has been treated with very concentrated cation solutions.

This hypothesis is supported by the equivalence between the quantities
of phosphate and gallium adsorbed.

A limited amount of data suggests that the adsorption on to untreated
unmhmumdtooomuon,uptow“L Under these
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conditions the amount adsorbed is only about one phosphate ion per

1mmmmu.nmtammwm
have been reached.

mwﬁmwﬂm%aﬁxioﬁmﬂmﬁmmu

in a great increase in the phosphate adsorption on untreated mica
1 the concentration of aluminium is greater than about 107Sk,
There is a decrease in the amount of phosphate adsorbed, with the
increase of time between the mixing of the aluminium and phosphate
solutions, and the addition of the mica. These two results suggest
that a precipitate of aluminium phosphate can fomm at these concen-
trations, and adsorb to the mica surface. The amount of phosphate
adsorbed under these conditions is independent of the amount of
aluminium added above the critical concentration, even though the
eluminium does not exceed the amount of phosphate present. The
amount adsorbed isegual to about one phosphate ien per 50 or 100
sguare Angstrom units, which is similar to the amount adsorbed at
the slope change in the adsorption isotherm.

2l Variation of Adsorption

xtmfmmtmmammumamawﬂmk
solution at an spproximately constant ionic stremgth maintained by

OsiM. HaCl., decreased with decreasing pH from pH 5.5 to pHl 2. The
amount sdsorbed was inversely proportiomal to the hydrogen ion con-
centration between pH 3 and pH 5.5.

The fact that the hydrogen ion concentration is important suggests
that an equilibrium which involves hydrogen ions is important at some
stage in the adsorption. This equilibrium would presumbly involve




the dissociation of hydrogen from some site, posaibly an O-H
group, and the consequent production of a negative site. The
number of these sites would be reduced by the common-ion effect
umwmmnmtmmdmm
be reduced. The experimental evidence suggests that this leads
to a reduction in the amount of phosphate adsorbed, so that the
adsorption of phosphate is dependent on the adsorption of cations
on the surface.

nnuwmzmnmnmmww
wh,m&mmthsmtmatutimmﬂn
m,witmmwmnmmnm
related to a reduction in the amount of phosphate adsarbed. However,
it is known that by inereasing the phosphate concentration, more
Wunm,nmmuuumunmm
Wbmm,nmtmthhlvpth-usm
aluminjum must be present. The hypothesis is therefore untensble.

mmumtuwmmuspaqtumunmmm
it is considered that the solutions used were probably contaminated
mhmmmummmmwuu-mzo.
mm:lyhtuhunwtbumtewafm
aluminium hydvoxide, or have formed aluminium phosphate colloid or
ions.

These experiments were difficult to perform because of dirt contam-
ination problems, tut with 10, mzm‘mmmuw

complete after 10 minutes, and et equilibrium after 100 minutes.
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©0.22
9x 10"2
2.8 x 1072
1.2 x 1072
3 x 107

14 x 10




TABLE 6.3

Amwcommmouursxm’sx.%

SOLUTIORS

Concentrations in millimicromoles/lityu, (Ceme.)
Adsorption in molecules/1000 sq.A. (Ads.)

o 74 2 B
Cane Ads Cang Ads Cone Ads Cone Ads
0 0.66 0 0.65 0 1.0
0 0.51 0 0.82 '
27 .66 50 1
81 .62 140 0.78
270 Rat 360 1.1
270 1.9 400 0.9%
810 346 850 2.5
1200 12
1650 16
2120 17 2000 9.6
20 27 2600 19 3000 9.2
3500 9.5
4000 9.5
5000 11.2
6000 10.6

8000 9.6
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THEQRY AND DESIGN OF ADSORPTION AND DESORPTION EXPERIMENTS

In Chapter 1 it was shown that previous workers in this group, and
several workers on other aspects of surface chemistry, have found
that the results of sorption kinetics experiments can be expressed
as a sum of several terms which vary exponentially with time. The
half-lives of the terms vary in length from a few minutes to several
months.

Any first-order reaction gives rise to an exponential variation with
time of the concentration of that component whose concentration
determines the rate. An cbvious step to take, therefore, is to
advance the hypothesis that each of the observed exponentisl terms
corresponds to a particular first-order reaction. If this were to
be 2 good deseription of the experimental system, one would expect
that one could obtain the same half-lives, and therefore the same
reactions, in several similar kinds of experiment. Furkert (1965),
Hoxris (1964) and Burns (1966) found that this did happen, and that
by varying the length of the adsorption time before a desorption
experiment, the shape of the desorption graph was greatly altered,
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but the same half-lives could be found. The variations were
present only as changes in the initial amount of each term.

Mmdmﬁhﬁommumﬂnpnﬁh
mwmmstanm, and these were mostly
consistent with the evidence awvailable.

Mmmmmwmmew
hhhﬁ&.ﬁutﬂlo#mmthnhnmmm
then the usual kind of chemical reaction. For example, ion-pairs,
to which the surface complexes were likened by Spedding (1964),

have a life of the order of 10710 seconds. Many chemical reactions
mslm,otm,htﬂxhhm&aﬁotmmmmvat
collision of the reacting species, If the present examples are

Tirst-order reactions with the mate determined by the concentration

wmm,mmuummmmm.nm
this factar camnot be involved. '

In onder to recomeile the difference between the rates in these
experiments and those of ordinary chemistry, it has been postulated
that the surface in some unknown way modifies the environment so

that the rates become very slow. This still leaves the problem of
mmm,mmﬂmmumm.

can have half-lives of desorption several orders of megnitude different
from each other,

An area of chemistry elosely related to surface chemistry is that
vhich deals with ion-exchange. A great deal of work has beem
mmmmdwmm,mmm
and inorganic materials. Helferrich (1962) comcludes that in mearly
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mmmmmmmmmwwmum,m
in the film of unstirred solution arcund the particles of ion~
exchanger, or within the particles themselves. He says that some
mmmmmr«nmumm,m
Mmememwannmmcf
conditions. It therefore seems that some confusion between
Wmmmuhhpmd.bh.

The major difficulty of applying a diffusion theory to the present
mtuhthtthoudmmtawtehmwu“m
medium present. There is always an unstirred film of water near
eny surface, being not less than 103 thick, and often about 10™2
em. depending on the stirring rate (Helferrich (1962)). This will
mmmm.mnummmmmtumu
a simple exponential veriation with time, and that, using the known
deonemeinuhr,mmmldh

Wtohmnpidﬁanammtm (Complete reaction
should occur within a few mimutes. )

nmmmhmummmmm
phosphate could diffuse and be absorbed. From the detailed theory
m»mmmmwmmn

could be determined, mmﬁthoﬁarmm.

A characteristic of the two versions of the diffusion theory which
mhlﬁh&tmtnm“hw
varied in order to adjust the theory to fit the data. This is in
contrast with the smix parameters needed to deseribe the three
exponential terms required to fit the same data on the altermative
theories.
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Hemepolature

A 4iffioulty erises from the use of the use of the words "adsorption"
and “sbsorption”. The present interpretation is that the
"adsorption” is due to "sbsorption" within o thin layer on the sur-

face, mmwmummmmw
hhin;mﬂnd,und'abmﬁm‘tbntbhh&hd‘m

oxides or phosphates. The cations which are particularly good at
enhancing phosphate fixation on mica surfaces (i.e., Al, Ga, Fe),
ﬂuwm%gxwwtmmm. Although
mwmtuamwmwm it was thought to
u-mpmmmtmmuawm-am
mmwm,mhvmunmnmwm,m
thMywmthwmm
anions.

Ammmmmmmummum.

with constant diffusion coefficient, from the solution into a thin
planar layer of absorbing materizl over the surface, After a time
w&mhmmuwtmmwmhomnm,
ﬁmsollrhlmmtunmn&ndtom,»thnthnpmmh
diffused out again, !hohmmwubomrmlyw
uawmmwmmmumﬁumm,
mnaammtmwmmmmmmnm
mmmmwnmmwtramarm

solution in that volume. The kineties of diffusion in the solution
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in such a system is shomn by Crank (1957), p. 122, to behave as if
the absorption did not occur, and the diffusion coefficient, k', in
free solution is replaced by k = k' /(p + 1), where the total amount
in the selution plus absorbing medium is found by multiplying the
amount in solution by p.

mm-morhmmmmwhrmn
Larslaw & Jaegar (1947), where the comcentration profile in the
mugmmvawwmmmmmm
initial concentration profile. The initial profile used was that
mm«nfmmmmmam initially at zereo
concentration, for a time, /, with constant solution concentretion, V.
The concentration profile at time, t, afler changing the concentration
utthouhﬁmtom,mthafanﬂ,mﬁthnmmﬁmm
performed over the film thickness in order to find the total amount
in the layer at time, t.

mmwmamtmmmm-mmm
hdmbre,aﬁhonthnﬁmlhhﬂhmdmhmm

mmwm&amwuﬁamd’ﬂum.&h
given by

$a1-gtny ‘)2”,.(2. + 1%

x = A
o (&#1?

where A = 81’7/77'2
1 is the layer thickness
B = koAL2

mmmrmﬁumumm
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It is of interest to note that this expression is a sum of
exponentials, and that the proportion of the longer half-life
terms increases as 4 increases., However, the variation between
thohﬂf-limdlmintcmhmtnmtuw
from the results of the graphical amalysis. This could be a
mmwmmumﬂwmummw,
mmmuwmmnmmam-uu
one with some sort of average half-life.

g o(21) %t
Itilemttokﬁnaﬁmctiml’(nt)-—z o
" (2n+1)
2
Then, x = Zd (2(8t) - P(B(t +5))).
2 20
For t = 0, Xy = ’%‘A(‘!-’(M))' [Z(;—ﬁ) .%3_7
so that :/x‘- 1:,:9 i .

mmwmrmmmmmat,m
it is shown in the appendix that

g o(201)s = ,},;/T%: [{ * g (-1)%(n /7)2/(1»3)],

mm—mamutmmsmunpammm
small B, and by integrating both sides it is shown that

-’gfum - -7:- - 3/t for Bt < Ock.

By substituting in the above expression for x/x, it is easily shown
that

%y =t - [t/ for B2and Bt < Ock.




To simplify comparison of the theory with experiment the function
841 = /% was tabulated for 0.01 <t <100, using the Elliott
503 computer. The origimal tabulation was for t accurate to three
a!onrmntﬁams.hxtmmmtmhmﬁmmu
mmm.mumumummfm,m
mwhmmmrormmutmm,mn
given in the appendix.

For Bt > 0.3, the original expression for F(Bt) is highly convergent,
so that only the first term need be taken. That is, r(u)..ﬁ..-'*
This gives .

-2 =B
x/xO = m; e MW'

Mu.rmumumtmam,mum\xmvx,

varies as the tabulated funetion {3/ + 1 =~ /%5, while at longer

times x/x, is proporticnal to e °r,

mmmammmwummm
Mmmwmmwmmmnz

x/xp = ‘-A-%——E-LL_M .
78 - @

nymmcmwwthnmbymw

Miﬁmwaﬂyhahmthatdthﬂnﬂmtbﬂnt
mm&mwm«mt«mm1mm~<m1m

B£>2.,3. The larger the value of £ then the larger t may be.

mumm,mmwum;mtmmhm
for both series,

168
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xtnammmtmtmmmmmﬁm
as the square root of the time. The above results show that in this
mituhhwmmmmmmdamum
from near-equilibrium conditions.

mmmmmwuﬁtmwhtmtymuﬂm
t-onmmmmmmx. This leads to

Rl YRR I for B <02
and  x = A(2/8 -e"B%) for Bt >0,3.

These two expressions are explicit fumctions of Bt. If we write

X, = A7%/8, then xfc. is a funotion only of Bt. In the similar
case of adsorption into spherical particles Reichemberg (1953) hes

mmtnuuomtommamerﬂu-dmw'
ing to values of x/x, . The data from an experiment is then tested
for agreement with the theory by finding, from the table, the expected
velue of Bt for various values of x/x. , where x_ is the eguilibrium
amount adsorbed. These values are plotted against the actual time

at each point, and if the date fits the theory a streight line, of

slope B, should result.
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mﬁmmdmmwummsmuafﬂw,

using the Elliott 503 computer, and this table was used in the
attempts to fit the adsorption data to the theory., An abbreve
iated version is included as an appendix,

mammluapmtowmmmwmmm
geomeiry. It is possible that the true situstion involves
mmwmuumummwmm
to the surface. Ifithumdthsttbdaomw
msmru&mmmmmwmm.mm
pmwwmmmammwm
(Lc.,thopartuhndommﬂamtdh,mdmmﬁm
changes ocour in the solution near them), and that the spheres are
dltbouusim.ithMintheappaﬂx, in a similar way to
the previous case, that

:ho - 1: aft* »
where &(pt) = 'inﬂi -""zu (@ = k7).
]7 v
. 1= 7/ Dt + —2= Dt for Dt <1,
.”4375 72 {Reichenberg (1953)).
For small Do and Dt this gives

[ o - "t e S
8/20(1—,&/65—}- (1-}*/&-//%-;;:%_0




Thus a plot of t/t/f’*1 - i@ versus x should give a straight
M,Muhmmdﬂuphmm,hntbnhndx

should be negative instead of sero when (447 +1 - /4 = 0.
Prom this intercept and the slope, D' can be caleulated.

For large Dt, the series for G(Dt) is repidly convergent, although
not as fast as F(Dt), so that for DtO 1 and DI 1,

g-mﬁ --ru,?l
o = o TrpE-d °
mmmamu&tnnmummm

Jesorpoion A

For the case of D70 2,3 and Dt smell, it is found that

o wa
Tl /e 2

For Dt < 0,01 this approximtes a variation with /%, but not very
well. A table of valuesdf 2/77x - x for various x has been com-
puted, and my be used to show the fit at short times, after D has
bmmmnmtbmtaathrpm.

SR NS SO0 D L1 O

For D2)1 and Dt> 1, it is easily shown that

§ o g ~Dt
X% = (~/6 -9 .

mummummm..

»
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80 if Dt is small

X = c/’%-m

> .t
and if Dt is large x = C(F--o™0),

If x,, represents the equilibrium emount absorbed, then

< Bt
x/x, = 1--;55152-?— = 8.

Reichenberg (1953) has tabulated S as o funotiom of Bt, so that
for any value of x/x, , & value of Bt can be found. A plot of

tm&ﬂﬂdnnamtnm&Mtbm&
slope, B.




The diffusion theory predicts that the entire kinetic behaviour
of both adsorption and desorption experiments should be describable
in terms of the two paremeters A and B (or C and D). The methods
of finding the values of these parameters vary with the values of
t and /, but the same mumbers should be derived from all cases.
mnammmmmmwm,m
new complexes are postulated once the results are found to differ
from those expected from the initial assumptions.

Cleanliness

Itnamwtmmmvmuuwmu
sctmtmﬂnnmmohﬁﬁadmminumm,n
that conditions must be as clean as possible.

A major assumption made in the diffusion theory is that of constant
diffusion coefficient. This can be emsured by performing the
wwwmummmm
suffers from the disadvantage that with present techniques the
solution surfaces cannot be kept clean long enough for the initial
equilibration to be performed. The other serious disadvantage is
that the activity adsorbed would be greatly reduced, unless the
phosphate concentrations were below about 10°7M. This would not
-Mumnwmmmuumthm
experinents.




mmtmaamwmwcnqnm.
and were perfarmed as such, rather than as isotope exchange exper-
iments. -mbwuomtimmdmwm,
it was hoped that no important variations in diffusion constant
with concentration would be present.

Smwmumhﬁawmﬁmmmu
removed from the adsorbing solution and rinsed. Immediatelyafter
mmmmh.ummmmunmmmm.
the cancentration at the ocuter face is sero, so that diffusion within
the film will oceur in much the same way as when the surface is in the
solution; but since no flow away from the face is possible until it
hmtbadutim,&omﬁmmlhmupmdm'ﬂl
slow dom. Drying of the layer would also be expected to alter its
properties. These considerations suggest that as little time as
mmmuwmmmm-mmwm
to desorption solutions, and that the desorption time should be
measured from the instant of first rinsing the surface.

With these points in mind a new set of apparatus was designed for
adsarption and desorption measurements.

mmmmmmmm,mmm
mmtmm-mmwmmm&mm,
authoim&mlgudbmbhanhﬁnlydmmtoh




desorbed. This inwolved preparing a sheet of radicactive mica
Mz'm,byumapimdclm,mmm
Mﬂut_aﬂnnjulnﬁm,mthm,athrahdtﬂm,
into a radiocactive phosphate solution. This mica was radicactive
on both sides, so it was then laid on the suetion plate shown in
fig. 7.1, with wet filter paper between it and the plastic surface,
Anhrdrhmammm&amhhhnmw
the plate, so that it was & simple matter to cleave the sheet into
two. The top sheet had one clean radiosctive face and one non-
active one. This non-active face was placed against a sheet of
elunmoaotsmmun;dadtoawmmm
holder, which had been cleaned by vepour degressing. The two
pieces of mica were held together by clean stainless steel chroma-
tography clips, and then placed in 2 litres of clean distilled
water in a chromic-acid-cleaned glass beaker. The desorption
kinetics were followed in the usual way. The desorbing solution
mmwmmw.umumumto
pass the sample through a probably dirt-contaminated air-liquid
surface, and at the end of the experiment it was shown thatam
insignificant amount of radioactive phosphate remained in the
solution. (Mditmmmbymulh.)

mmwhmutmammmn
generelly took about 10 minutes to cleave the mica and get it into
the desorbing solution. The analysis of some results accarding to
the diffusion model suggested that this delay was affecting the
results obtained at the start of the experiment, so that an alter-
utiu.tbdﬁi&roqu&n&mnﬂitﬁqdﬁo“mm

It appeared that the only satisfactory way to work with elean mica
mummmmnmmm,mwnye




attaching snything to protect one side would involve the use of
some form of adhesive. This would undoubtedly contain surface-
active materials, whioh would probably contaminate the solutions.
Having put phosphate on both sides it is necessary to desorb it
from both sides, so the apparatus shown in fig. 7.3 was designed.
In this apparatus the desorbing solution is caused, by a glass
centrifugal pump, to ecirculate past the sample, which is held
mt-wmammmwamammm
a central glass rod opposing the hooks. The sample is positioned
uthatituinﬁomdtmmwnwm&.
m.m,mnnmwnmt,mnnumw
faces occurs. mmnvomuofﬁ-amumnooa,
and if the concentration of activity in the solution rises
Wh.m-mmmhmmwcammn
going by flowing fresh solution into the bottom of the spherical
chanber, and collecting the oferflow from the top. The activity
ahm&nmboaﬂdﬁﬁhami%m
tube sbove the sample, next to the thin window, or with a seintil-
hﬁumcmmm,uwmmm
the bulk of the desorbing solution. (Both counters are shown

together in the photogreph.) The farmer is appropriate for strong

beta emitters, luehu’z?, and the latter for isotopes (e.g. 57&),

Mutf-mmm@hnhaMth
penetrate the solution and glass,

mmumwaumnsnmmlw,mm

it a little larger than the sise required whem it is to be inserted
in the glass hooks. It is soaked in the adsorption solution for
the required time, removed and rinsed. Narrow strips are then cut
of £ both edges and the bottom, it is slipped between the locks
(fig. 7.2), and the end used for holding the mieca is ocut off. The
holder is then inserted in the apparatus.

176




This apparatus has several disadvantages, but these are in practice
minor. They are, that any activity adsorbed on the glass is counted
more efficiently than that on the miea, that the activity in solution
is counted, and that with 2P an attemition of about 75% oeccurs in
the water, and 85% in the glass, so that overall about 4% of the
uuutymtnmnm,mmmmm
next to the end window,

The first two effects use smell (if the glassware is clean, in the
case of the adsorbed phosphate), and the third can usually be compen-
uﬂkhﬁngaﬂﬁﬂt%ﬂtymtbuph. In response
ummnrammmmwa
mqmmnmm-b:m'oudmlmmm
attenustion of 2P rediation, but these were not availsble wmtil
mmmudmmmmummm

The centre rod which holds the mica against the hooks would have been
replaced by two such rods on the circumference of the circle on which
the hooks are, in further sample holders.

A large part of the work of Hemdy (1965) consisted of adsorption
studies. He used the technique suggested by Morris (1964), in which
&mmwhmaﬁmﬁwmmrawﬁm,
removed, rinsed, counted in air, and replaced in the solution for a
further period. The experience of this thesis suggests thet it would
NMWMt,Rmtmnm.,hmmmt
mwmmmmmmwm.
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The most satisfectory method, from the point of view of cleanliness,
is to count the sample while it is still in the adsorbing solution.
This leads to the presence of a strong background from the solutionm,
which means low accuracy at the start of the adsorption, due to the
small difference between total count and background count. There
is also a possible systematic error near the end, due to changes in
solution concentration. However, since even gqualitative information
on adsorption was likely to prove valuable, techniques were developed
for this kind of experiment.

Some attempts were made to use the circulating apparatus, which had
been designed for desorption experiments, for adsorption studies, but
m»mmm.mmmm.amwwmuw
comparable with that on the surface. This made it clear that the
counter must not be able to "see" any phosphate adsorbed on glass
surfaces near the mica., This rules out the possibility of reducing
the amount o solution contributing to the background count by restrict-
ing the volume of solution with a glass wall. The mica should
preferebly be the only barrier between the counter and an "infinite
thickness" of solution.

Mica Window Apparatus for 2p

The mica could be glued to a semple holder which keeps the solution
away from the counter, but this leads to the possibility of contamin-
ation,

The method which was decided to be most suitsble avoided the use of
glues, by using the surface tension forces of water on clean glass

and mica. The first model, designed for use with -°P solutions, is
shown in fig. 7.4.
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The clean mica sample, after treatment with cation solution and
washing, is placed on the ground-flat top of the chromic-scid~
Wmm,mmmwmmmtom
topwith the desired solution. This leaves an air bubble between
umwmmmummwmmm
mbbnhuhonomnib—m,muftmthom-pmmnb.
After a little prectise this can be dome very quickly. On relees-
ing the bulb, the pressure in the water next to the mica becomes:
less than atmospherie. lNo air can enter because of surface
tension, so that no water can escape. A Geiger tube is placed
mmmmmwmm.m.nm
Mm,ﬂthsduﬁmmwnmmmm,
or when the active solution is added through the side am,

mmmtfwdmnmitmwuuom,mpmﬁh.
the use of polythene-coated msgnetic stirrers. When a clean glass
one was used the very high coefficient of friction between cleen
mmm:ummormm,mmmm
in the solution of suspended glass fragmemts, Vhen this oceurred
Wuwmm»miutymmmmnqm
Mttummmmmmwm The magnetic
m»mmmwamm@adu

The sbove apparatus, which hed e volume of about 100 ml., was too
large for the experiments with °7ga, so after experience with a mod~
ification due to A. G. Langdon, (mhmmhtbtqwh
fig. 7.5, except for an additional side-arm), a further modification
was made which avoided the one remaining problem. (The stirring was
done with a polythene coated magnetic follower made from a section

of steel needle and some drewn-out polythenme tubing). This problem




180

mmtwmmmmmmmm
mmm,mmwmm,mmm
entered from the side-arm. By putting an extre rim around the
edge, as in the lower model in fig. 7.5, this evapcration was almost
completely prevented, so that the experiments could run for several

mwmnmmumwm
wnmuu&ammm.-mmmmm
ma;-mmmuﬂumnmm,mu
close to the sample as possible. This was used so that phosphate
mmamw,ummm«mw
sample, would not be “"seen" by the counter. Its effectiveness was
mwwmmunmmmumamnm.
as a function of distance frem the centre, and in all cases the
count rete from a point source of 2P at the extremity of the semple
was less than 3% of its count rate at the centre,

WMmmmmd&Qpﬁgmﬂam

atmwhmammmw.mntmrc
“Mmhmmm,uﬂutw@wd

Wiﬁm#th&aﬁmmsﬂawam,muthm
Mmmm,amamumacﬁmwm It
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was found that the conwventional laboratory stirrers were unsuitable
mmmmmwnww-mm
power input and load. In the present applications most of the load
umm«a«,mm::&-m“wmw
up, with the result that if the motor starts to run faster, the load
decreases, making it rum even frster, It was generally found that
the motors would either run too fast, or stop. The practice was

therefore adopted of using A.C. induction motors, whose maximum

wumm»mmm,mmmm
to be convenient for the present use, (about 1000 = 1500 r.p.m. ).

The most suitable motars awailable were those menufactured for
driving electric fans., It is convenient if they are the "shaded
pole"” type, which require no extermal condenser. The motors tried
all suffered from overheating when run normally, since they were
wpafwmn;rmwam,mummwn
mmmmmm,mmmmm
antly affected, by operating them at about 100 v. A.C.

Amwmummmnmm, fumes,
etc, than most is that used in the 6" G.E.C. "Expelair" fan, and
several of these were used,

AMM.WWMNM&&&%M
notors, mtammnmtmmmm.mm
being available separately, at a reasomable cost.

mmmuumwmm,nmmm
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need to contain a high concentration of activity. To aveid using
.lnaotmmoruuﬁty.ﬂmmnmm
which were of approximately rectangular shape, about 8 mm thick by
2.5 em wide by 5 mmn tall. They are shown mounted in polystyrene
in fig. 7.6.
















PHOSPHATE SORPTION KINETICS ON ALUMINIUM-TREATED MICA

The main aim of the experiments deseribed in this chapter was to
- establish whether the kineties of adsorption and desorption could
be described on the basis of a diffusion model. It was hoped to
show that all the data from an experiment performed under clean
conditions could be fitted to a two-parameter equation derived
from & simple diffusion model.

The predicted variation is sufficiently complicated that it is
unlikely that any other equation would lead to & good fit with as
few & muwber of parameters, so that the achievement of a good fit
can be taken as an indication that the equation is of the correct
form. This leaves the possibility that the same eguation could
be derived on different assumptioms.

Various diffusion models could be invented, and it would be expected
that the form of the variation would be similar in all cases. The
two cases considered in the previous chapter, where the phosphate
diffuses in an adsorbing medium in the shape of a thin layer or

spherical particles, are two examples of a single type of diffusion
model. Although very similar in their qualitative predictions,

these two are sufficiently different in their quantitative aspects
that it is worthwhile trying to distinguish them. Other kinds of
diffusion model, such as diffusion through an unstirred film to an
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impenetrable surface, would give even more different variations
with time. (See Chapter 10).

The author feels that if one or other of the theories can be
fitted to the data, then this is good evidence for the validity
of the wnderlying assumptions.

The mein assumptions in both models, apart from Fick's second law,
are the constancy of the diffusion coefficient, and the geometrical
coniitions. If a good fit is obtained, then the diffusion
coefficient must be at least approximetely constant. A good fit
would also give some inforwation on the shape of the medium in
which diffusion occurs, and this would be a major advance in the

description of the process.

The geometrical conditions chosen foar the theories are the two
extremes possible under the circumstances. The actual situation
could be some intermediate case, such as squat cylinders, but the
theory which fits best should give a genersl indication of the

All the experiments were performed on mica which had been handled

under the clean conditions used in Chapter 6. The mica was soaked
in 8 1M, aluminium chloride solution for five minutes, rinsed with
Wum,mmmmmmmmm

minutes.




The aluminium chloride used was at the pH of the dissolved salt
(sbout 2.5). All other solutions were at pH 5.5, controlled by
atmospheric carbon dioxide.

The solutions used for phosphate adsorption in both adsorption and
Mﬁmmmw-mW"l.msz,plumm

nr'mmo"zm‘unwumﬂntmwum

centration wmas not affected by it. This concentration was chosen
because it is small encugh that the adsoxption should be on the
linear part of the adsorption iscthemrm, so that not much reduction
in the P-32 phosphate adsorption would occur, compared with the
adsorption from carrier-free material. It is large enough that
it may be reliably cbtained by dilution from a higher concentration.

There was an impliecit assumption in the diffusion theory, that the
adsorption should be proportional to concentration. This is true

ato“l. concentration and below. The desorptions were all into
distilled water.

In one desorption experiment the sample was soaked for five minutes
in the active phosphate solution, before rinsing it and inserting
it in the holder of the apperatus. In all other desorption
experiments a time of ten minutes was used. A short time was used
partly for consistency with earlier work, and partly in the hope
that the short time approximation of the theories would be clearly

189
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epplicable. At longer adsorption times it could happen that
neither approximation would be good, unless the adsorption were so
prolonged that contamination and solution concentration changes
could become important.,

Apparatus
The devices described in Chapter 7, and shown in figs 7.5 and 7.4
were used for edsorption and desorptionm.

The measured count rates are the sunm of the count rate from the
adsorbed radicactive material, the count rate from the materdial in
the solution near the surface, and the background. These last two
my be regarded as constant and equal to a comnt rate, b. The
actual count rates will be designated by primed symbols, x*, while
those due to the adsorbed ectivity will be desigmated by umprimed
symbols, x.

Both the planar and spherical theories predict that at very short
times the count rate should be proportional to /¢, so that b can
be found by extrapolating the graph of x' versus /& to sero time,

Both t heordes also predict that at long times the value of log
(x, = x) = log (x% - x*) should be proportionsl to time. By
nﬂnﬂu:&aﬂﬂﬁﬁuﬂﬂamﬂ,ﬁlmhx}aw
as a deviation in the peoints from a straight line, ot smll values
of x¥, - x', Anlm&gg can be found (by trial) which fits




mmmw,ummwmummm
a few percent this cannot be regarded as forcing the data to fit
the theory.

Having found the value of b and x! , it is possible to estimate
¥ -
mmmumm,{; = H,mm

oA
occurred by time, ¢, This can be used to estimate a value for Bt

(or Dt), using the tables of Reichemberg (1953) for the spherical
case, or the corresponding table produced by the author for the
planar case., If the shape of the experimental curve is the same
as that of the theoretical one, then the plot of thé values of Bt
(or Dt) versus ¢t should be a straight line through the origin.

Besults

Graphs of the results from the five experiments completed are shown
in figs. 8,1 to 8.5. The results of runs 202 and 205 give good

streight lines up to Bt = 2, which corvesponds to 92% completion of
the adsorption. The graphs of runs 204 and 206, while curved, are
not in great disegreement with the diffusion hypothesis. The graph
of mun 203 is streight, but has an intercept of about 13 hours en

the ¢ exis, This run started with a linear change in coumt rate

with time.

In oxder to plot the above graphs it was neecessary to plot the graphs
of ft versus x and log (x! =~ x') versus t. From these values of the
paremeters A, B, C and D have been estimated, for runs 202, 204, 205
and 206, in order to obtain another check on the measure of agreement
between theory arl experiment. The results and estimates are pre-

sented in tables 8.1 and 8.2.
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Interpretation

Except for runs 202 and 205 (in which the spherical theory is
better), there seems to be no great advantage of one theory over
the other. The Bt - t plots are reasomably consistent with
diffusion theory, but a better judgement on the measure of agree-
ment can perhaps be made from the results in table 8,2. ‘These
show that although neither the /% or log approximations deseribe
the whole of the resulis, the parameters from one approximation
are similar to those of the other., Also, the fraction of the
change deseribed by an exponential term (determined from the
intercept of the log plot at t = 0), is about that predicted from
the theory. (This statement is justified by the correspondence
between the values of A or C derived from x!, - b and the log plot
intereept. )

It my therefore be said that over 90% of the adsorption process
can be described by a process of diffusion of ions into an absorbing
medium, whose shape is unknown, but possibly a layer of equal siged
spheres, '

A plot of count rate versus/t/ + 1 - /4/7 should give a straight
mmmm,mumm,utahmm
this line must pass through the arigin, whereas on spherical theory
this line should have a negative intercept on the count rate axis.
The desorption experiments performed under ¢lean conditions with the
Circulating apparatus did, in fact, lead to negative intercepts.




It is most unlikely that imperfect experimental conditions could
lead to this result, for all one could expect would be a positive
intercept, due to the presence of some activity not changing with
time. Discussion of the results therefore proceeds in terms of

spherical theory only.

Results

mmwwnhnm{w ~ (&/7 and log (count
rate) versus time are shown, for each of the experiments completed,
in graphs 8.6 to 8.9. Run 303 is omitted because the first part
of the experiment was lost due to instrumental troubles, but other-
wise there has been no selection of data.

The slopes and intexcepts of the graphs are shown in Table 8.3.

It appears from the graphs that not all the slowest desorption can
be accounted for by the simple logarithmic term chosen. This is
not surprising, in view of the high probability of contamimation
with dirt, adsorption on the edges, and non-unifarmity in perticle
sise distribution. In run 302 this has been allowed for by sub-
traction of 210 ¢/min from the data, but in others the logarithmic
term appears to account for most of the change not described by

thnéw- /%/7 expression, and this correction has not been
made.

Pmudactthotmmmﬂutimmmctnmx,m
independently calculated, and the results are shown and compared in
table 8.4.

Jnterprotation
The agreement between the two extreme ends of the change is good
when the difficulties of the experiment are considered, and must
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indicate that the original series expression is a good deseription
of the results. The author believes that this expression is
mfificiently unique that the agreement between the theory and experd-
ment is good evidence for proposing that the kinetics are diffusion-
controlled, and that the medium in which the diffusion is oecurring
is well approximated by a set of spheres of uniform size.

The data from both adsorption and desorption kinetics measurements
can be represented by a two-parameter equation derived from a
diffusion model. For the reasons previously stated, this is regarded
as sufficient evidence for diffusion control of the rates.

Of the two geometrical conditions tried, only that corvesponding to
a set of equal-sized spheres fits the data well in both kinds of
experiment .

It may therefore be said that in these experiments the phosphate is
being absorbed by particles adhering to the mica surface.

This conclusion is radical from two points of view, The first is
that it suggests that the mioa itself acts merely as a supporting
uﬁu,admmmymmnm.mtbwdnnm,
except, perhaps, that it might actively attrect the particles., The
second is that the sorption of the particles is not confined to
their outside surface.
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It seems that the only material one could reasonably peostulate
far the absorbing material is a hydrous aluminium oxide, and there

are three pieces of supporting evidence available.

Shurme (1966) has investigated the kinetics of sodium, potassium
and chloride sorption on hydrated alumina, and concludes that
diffusion into the particles accounts for the slow kineties found.

A. Lengdon (personal commmication), working in the author's group,
has found that 35S-sulphate is not strongly sorbed on to & mica

mnmu&no“’mm,mapﬂs,om

335 sulphate. nc1o*mm3muwwm

with anmonium hydvoxide, and then made up o about pH 3 = 4, and a
little of this solution is added to the previous one, so that the

pl is not significently increased, then the amount of 39S on the
surfage repidly increases. This shows that it is not aluminium Sons
which are responsible for sulphate sorption at 10°%M, aluminium
concentration, but the particles of hydroxide. In the one molar
solution there could well be sufficient hydroxide particles to have
similar effects even at low pi's, for even if they were not in equil-
ibriun with the solution, it is well known that they would take a
long time to dissolve.

It has been shown by Follett (1965), using eleetron microseopy, that
kaolinite treated with colloidal ferric hydroxide suspensions becomes
coated on its silicate face with the colloidal particles. In his
mmpmsmso-mowmumm,m
unifornly distributed over the surface, so that such particles are
possible. A diffusion process into a medium only tens of atoms in
diameter is probably not statistically reasomable, but the diffevence
between the direct evidence and the present case is a question of
degree, rather than kind.
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The values of the parameters C and D obtained for the spherical
diffusion model are presented in table 8.5.

The values of C should be proportional to the solution activity,
and the values are shown of the ratio of € to S, the mumber of
counts per minute per millilitre on a planchette in a particular
lead castle, This count rate is not directly comparable with that
in the adsorption and desorption measurement, but the ratio of C to
S in each set should be constant., It is not, which indicates that
the ancunts adsorbed are not as reproducible in these experiments as
in those of Chapter 6. Some of the variation could be due to
variations in counting geometry end Geiger counter efficiency.

The values of D (in hours™ ) vary from .05 to 1.3, but five of the
eight results lie in the range 0.2 to 0.7.

Sinoe D = k 7°/a°, where k is the diffusion coefficient and & is the
particle radius, these variations can be explained by relatively
smll differences in particle size in the various experiments. This
can be stiributed to variations with time of standing after mixing or
stirring the aluminiun solutions.

QCLUSIONS IX0om Ny B ¥ RAUG

Ve bave D = k 7°/a°, Por simplicity the velus of 0.36 hours™' or
10™* secs™ is chosen as a representative value, so that k/a> =

10°2 gec™".

The high-resolution autoradiographs of Chapter 5 suggest that a is
less than 1 micren, = 10 'em, so that k<10" > em>/sec. Values of
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k in other systems range from 10”2 farr jons in solution to 10720
for ions in crystals, so that this certainly falls within the very
wide limits possible.

smc-m’,v/;f, it is necessary to compare Crand V. This was
done approximately for the adsorption experiments, and led to-a

value of a’Np of about 0.1 em. Assuming that the mica is meazly
completely covered with these particles, then we can say that each

particle occupies (a)zahz uz, nthtl-i/@hz)amssl-w
MB-WC-

For a = 10™%, p = 4000. Since the comsentration in the solution

mdmw"l.thm'hcmmﬁmmtbpﬁulnm&ia

model would be greater than 4 x 10™M. This is not unreasonsble,

but it is not surprising that at greater concemtrations the adsorption
should fail to be proportional to concemtration. NHote that on this
model the phosphate molecules are spread at a low concentration through
a considerable thickmess (1 micron), of material, in contrast to the
monolayer suggested by the isotherm experiments,

The most valuable conclusion is that it appears that the cbserved
variations in adsorption with time can be explained by diffusion into
small particles with a diffusion coefficient very much less than that
cbtained in the usual kind of diffusion experiments. The boundary
mmﬂamwumummyw.
and adsorption cannot be assumed to be confined to the surface of the

particles.
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Sraph
ey
slope 280 2000 150 405
log(x! - x') x! 2060 5350 1315 1330
intercept 2,9 3.58 2.36 2,32
slope «020 0.30 0.095 0.27
counts/min/ml 1.8 x 1d* 3.3 x 10" 2.7:10'* 2.2:16"

(Note - units of B ave hours™')
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AeorcC xt-b 4130
AorC log-intercept 870

ABercd /% 316
AT or CH log - 12&1;

Bord log =lope 0. 046

AexrC x,-b 280
AorC log intercept 230

ABer ¢/D /% 170
13
AB or ¢/ log -

BorDd log slope «219

158

183
or 187

0. 046

or 109

o219

3150
or 2930

0.690

1130
or 3150

0.690

310
210

or 165

. 625
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Log, g slope 0,133 0.5 0.55 0.27
intercept 2,8, 2,70 2,06 2,3
& 0,083, 0.167 0,167 0,167

Note - times are in hours.
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Ran 301 J30h  .307 7100 8150 26,000 30,000

Run 302 1.6 1.0 20,0 2660 2,600 4,200
Run 304 «83 1.27 320 440 50 620

The columns labelled £(t) are derived from the graph of x versus

JEJEFT = (%5, end those lsbelled log(x) from the greph of log(x)
versus t.
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Msorption [ ofs D_(hours™")
Rhan 202 860 <047 « 046
Run 204 3000 «091 «690
Run 205 220 «0081 22

Run 2“ %0 «012 .6}
Desorption

m 301 8,” .wj .31

Run 302 3,400 012 13

Run 304 580 «0028 1

Ran 305 1,900 011 62
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PRELIMINARY SURVEY OF THE ADSORPTION OF
RADIQACTIVE CATIONS ON TQ MICA SURFACES

It was clear from the work of Norris and Furkert that adsorption of
phosphate was greatly dependent on the previous treatment of the
mica with a salt solution, this being particularly noticeable with
aluminium and iron salts. The effect of other cations was not so
clear-cut, but at the start of the work (before Burns' thesis was
available) it was expected that the monovalent and divalent ions
would also influence the phosphate adsorption. Since the role of the
cation was not clear, it was considered that valuable information
could come from studies on the adsorption by miea of various cations.
It was hoped that it would be possible to relate the phenomena
observed with phosphate to the behaviour of the eations.

ASQTOPES USED

Speedfic Activity
Itn:w&owwkﬂthm@mthmmﬂw
isotopes in order to ensure maximum sensitivity. If adsorption proved

uhmmmt,mmummmuwm
be used later.
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Honovalent Cations

Of the alkali metals the only ones with useful isotopes are potassium,
rubidium and caesium. Imactive rubidium is expensive and was not
used in this work. 17'Cs decays by cloctron cepture, with a 9.6 day
half life, and is availsble at a reaseomable price from the Radio-
chemical Centre, Amersham, England. The X-rays emitted frcm this
isotope were expected to be counted reasomably efficiently with an
end-window Geiger couter (but see appendix on muclear radiations),
80 it was well suited to the present technigues. About 1} milli-

ma"’ummwamm

A co-worker in the group, J. H. Watkinson, cbtained some high specific

sctivity* X from the Australian Atomic Energy Commission at a lster
stage in the work, so the opportunity was taken to perform o few
adsorption experiments with this isotope on mica. K-42 emits a

3«5 MoV which is easy to detect, but its shart (12.5 hour) half-life,
anl its specific activity ( 1 curie/ gram K at the start of the experi-
ments, compared with up to 5 x 10% curies/grem P for "ecarrier-free”

325) 14mited the range of experiments which could be performed.

Lobalt

There was a Moessbauer spectrometer available in the department, and
some work on the assymetry of the environment of ions adsorbed on
alumina has been reported by Flinn et al (1964) using this technigue,
It was hoped that if sufficient °/Co could be adsorbed direct infor-
mation on the mture of surface complexes could be obtained. The

interml conversion electrons from ~/Co could easily be detected (see
appendix), the half-1ife of 270 days is not too long, and the material
was svailable carrier-free from the Rsdiochemical Centre, although at
a rather high price if more than 2 millicurie or so was required.




Ixivelent Cations

The cations of greatest interest are aluminium and iron, for these
appear to be the most relevant to phosphate adsorption in seils.
Aluninium has no isotope with a half-life between thoscof 6.6 min

2901 ana 16%ear %01, so is not suitable. A. G. Langdon was

working with high specific activity “Fe, and apart frem comparing
the adsorption of the other isotopes with it on two cccasions, work
with this isotope was left to him.

Gallium is known to behave in soil in a mammer very similar to
aluminium (N. Wells, persomal commmication), and was shown earlier
in this work to greatly emhance the adsorption of phosphate on mica

surfaces. It has an isotope, O/Ga, which decays by electron capture
with & 78 hour half-life, and is available carrier-free from the
Radiochemical Centre at a reasomble price, (It is sbout ten times
more expensive from Nuclear Science & Engineering, U.S.A,). The
halflife is inconveniently short, but long enough to enable an
extensive set of resulis to be obtained, if the work is carefully

plamned.,

Chromium also has been found to enhance phosphate adsorption,so ~'Cr
(B.C., 28 days) carrier-free solution was ordered. It was unsvail-
able because the suppliers (The Radiochemical Cemtre, Amershem) were
unable to cbtain vanadium target material = sufficiently free from
chromium,
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B EXPERTMENTS

Apmount Adsorbed

This isotope was obtained at an early stage of the work, when many
of the pitfalls had not been seen. Consequently, it is difficult
to say anything very conclusive asbout the adsaorption of this iso-
tope on to mica. The surfaces used were elmost eertainly contam-
inated by dirt similar to that cbserved in the section on the
preliminary autoradiograph experiments, The amount adsorbed was
found to vary more or less randomly with various treatments of the
mica, which included scaking it in aeid, water, AlCl., CsCl or no

solutions before putting s few drops of stock > CsCl (0,5aC/kl
pH 5.5) on to the surface. The highest emount adsarbed was 1000
counts/minute on a desorption sample, and the lowest less than 10

counts/mimite. The count rete from the solution while the (s
was edsorbing was sbout 30,000 counts/mimute., If it were the Xe K
X-ray being counted, then the attemsation in the mica and solution
would be small, and since the solution would be in a layer about
0.1 em. thick the adsorption ratio would be about 1% of 0.1 cm or

10~ cm. If it were the L X-ray, as seems more likely, the
radiation detected would be attenuated much more repidly than this,
and the adsorption ratio would be lower, by perhaps a factor of 10.

Thus the adsorption retio was probably about 10" "em.

The  relative adsorption of 13e anlssrobya mica surface was
found by an sutoradiograph experiment. 55hmt‘undtobo

adsorbed (uniformly) but no '°'Cs could be found. The relative
activities per millilitre were not known for the two isotopes, but
later work on the iren suggested that its activity was probebly
less than that of the cassium, so that adsorption of caesium on to
this surface was much less than the adsorption of iren.

215
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Kinetiocs of Desorption

Some kinetic experiments were perfarmed, but their results are not
presented, since they are similar to the early phosphate kinetie
experiments, in their variability and umcertainty of interpretation,

e **% solutien

These experiments were performed when the need for cleanliness had
been realised, and some progress had been made towards that emd, but
the quantitative and "mini~beaker" techmiques had not been developed.
The activity of the solution was probadly sbout 100./C/ml, when

* being used, at a speeific ectivity of sbout 1 curdie/grem K. The
concentration of K in tho working solution was therefore sbout 10™%

Mamzxm"’m—/lmm. This was much higher then
had been used previously in any experiments, but it was considered
to be worthwhile to try the experiment while the material was availe
able,.

Zhe Amount Adsorbed

&n sutoradiogreph experiment at pi 3, 5.5 and 10 was first performed.
Three sheets of mica sbout 2 inches square were cleaved and their
edges trimmed with elean seissors. O(me drop of the potassium
solution adjusted to pH 3 with HCl was placed on one sheet with a
chromic~acid~cleaned dropper, a drop of the untreated stock solution
was placed on another, and a drop of a solution left for an hour in
contact with O form jon-exchange resin was placed on a third. The
sheets of mica were placed as mearly horisontal as possible, but




217

since the surface was very hydrophilie, the solutions ran towamrds
the edges. After half an hour the surfaces were rinsed, and
sutorediogrephs taken. The result (fig. 9.1a) shows that the
potassium was adsorbed, but in a far from miform manne.

Another autoradiograph experiment was designed to show the effect

of adsorption time on the amount of 2K adsorbed. A strip of
freshly cleaved mica about 11" by 6" was prepared and held horiszont-
dlly. Drops of the meutral KC1 solution were placed on the surface
for 30 minutes, 8 minutes, 3 minutes, 1 minute and 20 seconds, and
then washed off simultanecusly. The sutoradiograph (fig. 9.1b)
suggests that the adsorptiom is not related to the time of contact
between mica and sclution, and is probably entirely on edges or
dirtym.

These resulis do not in themselves tell mach sbout the amount of
potassiunm adsorbed by the mica surface, especially because of the
high concentration of inactive potassium, but the author feels that
these results conflict so greatly with those found with $7ga under
similar conditions that the mica must have had a much lower capacity
for potassium than gallium. This conclusion, although important,
would need to be substantiated by further guantitative work before
being used., It raises interesting gquestions comcerning the actual
ion-exchange capacity of = mica surface, in comparison with its
theoretical capacity, and the techniques developed here are most
suitable for investigating this problem.

brass sample holders used in the preliminary phosphate experiments,
after cleaning them in a vepour degreasing bath before use. Sheets



of mica 2" square were glued to the holders with "Araldite" adhesive,
and cleaved just before using them. The edges of the sheets were

left unprotected, but were far enough away from the used portion that
they should have had no effect. The 2K solution was placed on the
inverted sample for the regquired time, rinsed off, and the sample

placed in the desorbing solution. The solution on the surface was
counted through an attemuating filter during the adsorption in some
cases, so that an estimate of the percentage adsorbed was possible.
This was usually about 0.2% but did vary greatly on occasion. If

it is assumed that the thickness of the solution was % mm, then it

can be said that the adsorption ratio was about 10 em, provided

adsorption was uniform (which was seldom the case).

The desorption kinetics in eight out of the ten experiments performed
were very fast, about 80% coming off in the first five minutes, and
95% in the first hour. However, two samples which were supposedly
prepared in the same way as the others desorbed much slower than
them (one scarcely at all when decay had been allowed for). After
the initial very rapid change of count rate had slowed dowm, the
desorption of one run was greatly speeded up by reducing the pH to
about 2, On the other hand, one of the slow ones was not affected
by pH 1.3 HCL.

Most of the samples were autoradiogrephed after desorbing them, and
it was foundi in all these that the activity was present as small

spots,

Lonclusion
It is concluded that the potassium was probably being adsorbed by

something other than the 001 cleavage plane exchange sites, and that
desorption from the surface was generelly much more rapid than that

found for phosphate or 57ga (see Chapter 10).
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These experiments were performed af'ter most of the techniques
deseribed in this thesis had been thought of, if not fully deweloped.
They were made difficult because of the very small amount found to be
adsarbed. No desorption experiments were attempted, because of the
low activity, and the uncertainty of inte-pretation of such experi-
ments,

The active solution was 2/Co carrierfree, 1,0 mC in 1 ml 1.1N HCL.
0.1 ml. of this solution was diluted to 1 ml. for the experiments.
Some of the experiments were performed by placing a drop of this
active solution near the end of & mica strip of dimensions sbout 11"
by 3", held horizontally by a stainless steel clip om a stand like
the one in fig. 5.6a. The drop was then confined by the edges of
the strip. Other experiments were performed with diluted solutions
in the mini-beakers,

The samples were counted using the EW3H Geiger counters.

B Ad justment

The working stock solution was at pH 1 initially, and at this pH it
was expected that cation adsorption would be much less than at higher

pi's,

It was not thought advisable to remove hydrogen ions by neutralisation
with alkeli, because the cations introduced might strongly compete
with the cobalt ions, which were present at very low concentrations.
The pll was therefore increased by other methods.




220

The first method used was to add OH form anion exchange resin
(analytical grade) to the cobalt solution. This increased the
pH to about 5 - 6. The second was to evaporate the solution to
dryness with an infra-red lamp, and redissolve the >/CoCl, in
distilled water.

APTL8T-1 I8¢ JOLUTLON

A yollow non-orystalline deposit was found on the Pyrex mini-beaker
when the solution had dried. This experiment was repeated with
some fresh solutions in very carefully cleaned glassware with the
same result. The deposit dissolved in water. On evaporating
again end heating gently on a flame the deposit turned black, and
only partly dissolved in pH 1 HCl, That which remained would not
dissolve in 10 minutes in 35% HCL at 100°C. A sample of the
redissolved material was dried again and gave another yellow-green
deposit which went brown on gentle heating, and dissolved in IHCl.

The amount of radioasctive material present in these operations was
not more than a microcurie. This corresponds to about 10~1C grams,
which should be quite inwisible. The observed properties were
consistent with the evaporated deposit being cobalt chloride, but
this would require a far lower specific activity than the specification.
It is of interest to note that the Radiochemical Cemtre say in “The
Radiochemical Handbook" that their carrier-free 57Co solution will
pass the "Analar® test for distilled water. This standard will allow
up %0 5 pepem. of impurities, but the solution used was not even up to
this standard.
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Am«mummmmhﬁcommmu
been treated with ion-exchange resin. Some of the solution was
Mmmﬁmﬁdﬂauﬂmmmtmmﬂtbnu}u

e %

Strong adsorption on the edges was found in all cases, except where
the surface had been treated with 1. na,mumutnam

bottle, in which case no adsorption ocourred anywhere. This shows
that aluminium solutions can cause "blocking" of the adsorptiom
sites on the edges, whereas potassium solutions camnot, and this
effect must be another manifestation of the strongly adsorbing
behaviour of aluminium ions.

mmm&u&mﬂmﬁmmmw
mica, and neither did mice which hed a drop of 107K, KIPO, on tbe
surface befare adding the 2Co.

The adsorption ratio was found to be only sbout 10 em. in most
cases, which was too low to allow the measurement of an adsorption
isotherm. The amounts sdsorbed were far too smell for Moessbeuer
work, which it was estimeted would require a minimum rate of about
10,000 counts/mimute, allowing for the faect that only 107 of disint-
egrations give the 14 KeV )“ray used. (It was also likely that the

ﬂmmmmgnammm,mnmahmtoun
a strong crystal structure in order to do this.)

mwmmmumuwmwsommmm
to increase the pl, with similar results to the above,"
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Sanclusions

mmwﬂcomomammwnmmum

useful experiments to be performed. The adsorption on the edges
seens to be much greater than that on the 001 face, so that these

may possess a greater cation exchange capacity than the faces.

7o sxmmnmms

Counting Tochniques

the 7ga atom decays by electron capture, with a 78 hour half-life.
(The decay rate was detemmined and shown to agree with this figure.)
The solution cbtained from the Radiochemical Cemire, was 10 ml. of
carrier-free solution in 0.1 M. HCl, of sctivity about 500 «C per ml.
on the day experiments began. Because of the short half-life much
thoughtwent into the planning of the experiments, in order to ensure
that those experiments requiring the highest activity could be
performed first.

The first experiment involved testing the efficiency of counting the
radiation. It was found that the end window Geiger counter was

almost as efficient as the scintillation counter, and because of the
lor background of the Ceiger counter it was more suitable for these

experiments.

In the light of previcus experience with eleetron-capiture isotopes
an experiment was performed to measure the attemuation by the mieca
sample of the radiation fron the lower face of the sample. A piece
of radicactive mica from one of the early experiments was cleaved
into a sheet 6 mg/em” thick, and from the ratio of the count rate
when the active side was up and when it was down, the half-thickness
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for adsorption of the radiation (assumed exponentially attemuated)
was 2,6 mg/om®. This indicates that most of the counts being
recorded were dus to the soft rediation and not the K XsRays.
(See appendix on detection of rediation). Because of this, the
contribution of the lower surface to the total count rate varied
with the mica thickness. Rather than weigh the miea in each
experiment to determine its thickness, and allow the application
of a correction factor, it was decided to use thick pieces of mica
so that the contribution of the lower surface would be small (less
than 20%).

If a set of samples were to be compared, then strips of equal
thickness cut from the same sheet of mica were used, and it was
assumed that only one side of the mica was counted., The erver of
a few percent which this simplification introduces into the absolute
masurements is quite insignificent at the present level of
reproducibility.

The first adsorpti on experiments used the stock solution diluted
with pil 3 HCl. The count rate per millilitre was measured twice
within 10 minutes to check that nc repid adsorption was occurring
on the glass, and the two determinations agreed to 3%. Three samples
of freshly-cleaved mica were sosked in this solution for 1 minute, 10
minutes and 100 minutes respectively, and then rinsed with distilled
water. The solution activity was measured again after these samples
had been in the solution, Autoradiographs showed that activity was
adsorbed evenly, and no extra adsorption on the edges was observable
in these experiments, so the total activity was calculated from the

sotivity/on>,
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The amounts of activity adsorbed are listed in the following
teble -

Zdme  Comte/min/on”  ZTotal jctivity  Solution Aetivity

1 min. 130 0.10 x 10* 3.5 x 10*
10 min. 270 0,22 x 10*
100 min. 950 0.76 x 16” 0.8 x 10"

Tt is clear that 7ca 1s being lost to the glass from the earrier
free solution, in the four hours between taking the two solution

activities, Despite this reduction in sclution cencentration the
smourt of $7ga adsorbed incressed with the inereasing tims in the

It had been previocusly postulated that the cations adsorbed beceuse
of precipitation occurring when the surface was washed with the pH
55 wash solution. The results showing that the adsorption depends
on time in the solution were evidence against this, but the following
experiment was performed to eliminate this possibility.

Two samples were scaked in the same °/Ga carrier-free solution for 1
minute. Then one was washed with pll 5.5 distilled water from a wash
bottle, and the other with pH 3 HCl. in the same way, and for the same
time (20 seconds). This was repeated with a 10 mimute soak in the
gallivm solution. The results were -
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s plVssh  Adsorption Batio (om)

1 min 5.5 1 x 1072

1 min 3.0 2 x 1072
10 min 5.5 2.8 x 1072
10 min 3.0 10.8 x 10°2

The adsorption is clearly not due to precipitation in the wash
solutions. It was noticed that esutoradiographs of all these
carmr er-free experiments showed no excess adsorption on the mica
edges over that adsorbed by the face.

Rinsing Conditions

It was important to have an approximate idea of how raepidly the
activity was washed off the surface, in order to choose suitable

conditions for rinsing off excess solution. If this loss is not
too rapid, the washing conditions do not have to be strictly
standardised,

An e xperiment with varying washing times in pH 3 HCl was performed,
using the continuous-flow washer described previously. After a
wm-mmm67asmmnnmmru
few seconds with distilled water, and then placed in the washer for
varying times, rinsed briefly with distilled water again, and dried.
The flow rate of solution in the washer was approximately constant
at about one complete change per minute. The same 97Ga solution
was used throughout, and the activity was found to have decreased by
a factor of three from start to finish. Results are shown below -



% min.

1 min.

2min. 1.5 "

4 mine 0.53 "

8mn. 0.95 °
6min. 035 " 1.3 x 10%/min.

If it is assumed that all the samples started off with 2,5 x 10°¢/

min/en’, and each sample was of area 2 cm’, then the total activity

removed by the mica would be 12 x 2.5 x 10° = 3 x 10%e/min., which
approximately equals the cbserved decrease in solution setivity.
This is a great over-simplification because of the reduction in
adsorption as the solution becomes more dilute, but it does show
that there is not a very large amount of activity removed from the
solution by the mica and then washed off in the first half minute.
On the basis of this experiment subsequent samples were all washed
for sbout 7 minute with a wash bottle.

A 0.2M. GaCl, solution was prepared by dissolving gallimn metal in

hot concentrated HCl containing a 1little HNO,, in a silieca erucible.

The gallium solution was evaporated almost to dryness, to remove HC1,
but avoid hydrolysis., It was then made up to 10 ml, with pH 3 HC1,
filtered, and stored in a glass flask. The concentration was shown
by grevimetriec amalysis (as oxinate) to be 0,18 M. Solutions from

10’2 to 10-61. were prepared by successive dilution.

226
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mhltobepmahid:m&mmm,ant

very much dilution of the stock solution would be permissible.

Since the stock was at pil 1 this meant that a fairly acid pH would
result. These experiments were carried out to find out what was
the lowest pH which could reasonably be used, Because of this

practical orientation of the experiment no attempt was made to

vork at constant ionic stremgth. The experiments were performed
in the presence of 107°N, gallium ehloride, in onder to be compar-
able with the isotherm experiments which follow.

The solutions used were made as follows. Ou{ ml. of 10~23. GaCl,
at pil 4 was added to each of five clesn mini-beakers. To the first

vas added 0,9 ml 1 M. HCL and 0,02 ul 57¢a solution (pif 1). This
solution was assumed to have & pil of 0. To the second was added

o.suonn.mmo.oana%m This was assumed to have a
pil of 1. To the third was added 0.1 ml. of 0.1 M, HCl and 8 ml.

aistilled water, and .0h ul. of 9%a solution. 0.1 ml. of this
third solution was added to the fourth beaker and diluted with 0,8
ml. distilled water, and 0.1 nl. of this fourth solution was added
to the fifth beaker and diluted similarly. The pH of the last
three sclutions was measured after the experiment was complete. The
activity per ml. of all the solutions was found after each of the two
experiments performed with this set of solutions. All the above
volume measurements except those of the rudioactive solutions were
made using a 1 ml. syringe calibrated in 0.01 ml, attached to 2 1.5
ml capacity pyrex glass dropper. The stock redicactive solution
was dispensed with a dropper whose drop size had been measured.
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Two sets of samples were used, one of which was sosked for ten
minutes, and the other for 1000 minutes. The amount adsorbed at
each pH is shown in the table, along with the ratio of the
activities of the sclution (after correction for decay) before and
after the 1000 minute experiment.

loleeules per 10° sq.A.

2 0 Minute 1000 Minute Solution Ratio
0 6.2 5e2 0.92

1 22 b - 1.0

2.1 s 17 1.8

2.9 58 128 3.5

The autoradiogreph of the pH 3.9 1000 minute sample showed an unique,
mottled appearance, so it was felt it should be disregarded. It
seems that at pi's lower than 2 the adsorption starts to fall off
sericusly, with sbout a four-fold decrease in adsorption for a ten
fold increase in hydrogen ion concentration. This result meant
that unless the pH of the stock radiocactive solution was increased
in some way, the concentrations of 7Ga had to be limited to no more
than about a tenth of that of the stoeck. This provided a seriocus
linitation in some of the isotherm experiments. No attempt was
made o increase the pH of the stock solution, because of the high
probability of going too far and precipitating gallium hydroxide if
a base were used, of hydrciysis if the solution were evaporated to
dryness, and of introducing impurities if anion exchange reain were
used. It is of interest to note that the solution concentration
chenged markedly with time at pH 3 and 4. This illustrates the
reason for keeping the stock in e highly seid solution.
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The above experiments provided sufficient background to proceed
with further work, in which the amount of gallium adsorbed was
found, as a function of the gallium concentration. Ideally, the
experiments would have been carried out in such a way that the
equilibrium amount of gallium was adsorbed at each concentration.
lHowever, it was known that at the lower conpentrations of carrier
the concentretion in solution would decrease considerably over a

long period of adsorption.

It vas suspected that the adsorption process might not be repddly
reversible, so that it was not necessarily valid to assume that

the final solution concentration was the concentration ineguili-
brium with the amount adsorbed. The experiments were therefore
carried out with a short (10 minute) adsorption time, as well as
a long one (800 mimutes), |

The experiments were performed in mini-beckers, using asbout 1 ml.
of solution eack time, The solutions were all at pi 2.2, the
reason for this comparatively low pH being that about 0,05 ml. of

67ga solution had to be added to obtain sufficient sotivity on the
sample immersed in the most concentrated solution used. The
solutions of galliuwm chloride had all been made to pil 3 originally,

but the addition of the pH 1 °7Ga stook solution brought the pi
down,

Solutions having gallium conoentrations frem 1072 te 107K, were

prepared by adding the active gallium to samples of the stock
solutions. mnmrmimmmmmw"sm

immediately before using the sclutions. These were perfommed by



diluting drops of a portion of the 15'6l. solution which had been

"spiked" with a lsttle 67&;. The concentration of 67§a in the
solutions was measured, and this allowed calculation of the total

galliun consentration. Further O'Ga was then added to bring the
concentration up to the desired level. The tabulated data below
includes the final concentration of the gallium solutions,
calculated from the activity of the solutions before and after the
experiments. Both experiments at each concentration used the same
gallium solution,

The results are presented in the teble below, and also as a graph
of the logarithm of concentration, versus the logarithmof the

mumber of atoms of gallium adsorbed per square Angstrom unit (fig.
9.2).

5.7 x 107 32 410
6.3 x 107 12¢
78 x 16’5 L
5ol x 10‘6 Bl
3.3 x 1077 1.
1.1 x 1077 0.098 2.9 x 1073 02l
3.0 x 1070 0,034 6.5 x 1077 0.15
Carrier-free 1.1 x 10%%0e Carrier-free bk x 105500

* The preeision of the amount adsorbed is s 10% except for the 102y,
experiments.

** x is concentration in moles/litre,
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The graph shows that t here are two distinet regions in the adsorption
isotherm. At concemtrations of 1070, and below the sdsorption is
proportional to concentration, since on the log-log plot the points
lie on a line of slope = 1, Above 10°0K. the variation with concen-
tretion is much slower,and is probably not significently different
from zero for the 10 minute curve. It is much slower than the
square root dependence found for phosphate on aluminiume-treated mica.
Thus it appears that adsorption is proportional to concentration up
to a certain limit, after which adsorption is constant. This is
characteristic of systems where adsorption is ocourring on & limited
nuber of sites,

The number of atoms per 1000 square Angstrom units at saturation
appears to be between 5 and 20. That is, there is one gallium atom
per 50 to 200 sguare Angstrom units. From the erystal structure of
mica, it is calculated that there should be one cation exchange site
every 50 square Angstrom units, This is certainly of the right
order of magnitude, so thatit seems possible that the gallium
adsorption is ocourring at the ion-exchange sites. On the other
hand, a monolayer of hydrous oxide might have a comparable mumber of
galliunm atoms per square Angstrom unit,

It has previously been noted, with carrier-free solutions and up to
100 min. immersion time, that no more gallium was adsorbed on the
edges than the face. It was found in the set of experiments with a

10 minute immersion that this was true up to 10'6!1. At higher carrier

concentrations (and constant 6763 concentration) the amount of radio-
active gallium on the edges decreased less rapidly than the amount on
the faces, as the concentretion of carrier increased. (This was
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clear from the appeararnce of the autoradiogrephs at higher
concentrations.) It appears that saturation of the edges does
ocour, but at a higher concentration than that at which it occurs
on the faces.

It was also found that when the mica was soaked for 800 mimutes in
mmmnummmummumynmm
face adsorption,

napmntutm&tmmtmmmbyﬂnm
are different from those operating on the faces. The fact that
the edge adsorption eventurlly decreases with increasing carrier
concentration indicates that a definite adsorption process is
ocourring, and it is not due merely to inclusion of solutien in
holes. A study of the edge adsorption could be made in & way
similar to the present study of face adsorption, by  ecutting edges
maﬁwmm.mtitmwmtmuupm
would be complicated by the difficulty of cutting an edge ecleanly
and reproducibly, and by the time for diffusion into cracks along
the edge.

One curious point not explained by the present work was how the
solution concentration changed so much during the 800 mimute
adsorption. The changes observed at the higher concentrations
were far greater than the amounts adsorbed on to the mica. It
might be possible that the 570 was not in isotopic equilibrium
uthtmmetinplnm,ammarmamhuaomm.mh
adsorbs more strongly than the inactive form. This would be con~
sistent with the cbserved variation of adsorption with concentration,
uuuwﬂmmmmfmmwummm
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the same sites on the mica, but not on the glass beaker, 670:

could then be adsarbing on the glass st 10°2M, This assumption
seems very doubtful, but no better one is known to the suthor.

SONCLUSIONS

Comparison of Cations
The only cationie isotope adsorbing in usefully large amounts was

o0  Mawrption of oo vas serbetnly mush 1ese than that of
gallium, and of such & low amount that detailed experiments were
impossible with the present techniques. It is not known for
certain whether the more advanced of the teehniques dsveloped would

have been successful for 127cs or *g, mmmpeimet"zx-m
probably be low,

These differences eould be explained in terms of an ion-exchange |
process, at the sites derived from isomorphous substitution in ite ‘
mica, if it were assumed that the equilibrium constants of exchange

are such that more gallium is sorbed, at a given low concentration,

than any of the other ions, The mmber of moles adsorbed at

saturation will be the same for all ioms, though. Since so little

of the other ions was adsorbed, it was impossible to determine the

maximum uptake, and the hypothesis of ion-exchange can be neither

proved nor disproved.

The evidence in the next chapter on kinetics of gallium sorption
suggests that the gallium may be in the form of colloid-sized paricles,
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which are adsorbed by the surface. This would be more likely for
easily hydrolysed ions like gallium and iron, than cobalt, caesium
anl potassium, and this could explain the great differences in
sorption properties.

The maximun amount of gallium adsorbed corresponds to about cne
galliun atom per 100 square Angstrom units. This is consistent
with either sorption on to the exchange sites, or the fomation of
a monolayer of hydmous gallium hydroxide,

It is not consistent with adsorption of the gallium as colloidal
particles, because a monclayer of such particles would contain much
more gellium than & monolayer of ions, and it is difficult to see
wwwamstmauu;namhyw;

Xdge dsorption
Fron the results of the cobalt and gallium experiments it appears

wzmmwmn«mmnamuwmnmy
for eations.

In the case of oobalt the capacity per unit area is very much grester
than the capacity of the face per unit area at low concentrations.
For gallium, the edge capacity is equal to or less than that of the
face at low concentrations, but adsorption on the edges saturates at
ammmmmmummmtatmmmnaumm,u
that above about 10", the edge adsorption per unit aves is greater
than thet of the face,

This conclusion conflicts with much of the interpretation of measure-
Mmmmtmwmmmmmammm.
It seems possible that the faces of clay minerals are not clean
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crystal cleavage planes as expected here, but are damaged or coated
ﬂ.thimn&tha.inmhuwutodnmotoawﬁan‘m
capacity similer to the theoretically expected one. Alternatively,
the 001 face in the present experiment may have been coated with
mmummmmocstmmumv.
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A major reason for studying the kinetics of a surface reaction is

to enable the proper plamning of equilibrium experiments, so that
adsorption can be cayried to equilibrium, and the effect of losses
in rinsing sclutions can be estimated, This was not the main aim
of the present experiments, for the “"equilibrium" experiments were
performed first, while the activity of the solutions was sufficiently
high. The rosults will, however, enable such plamning in future
experiments, and aid in the interpretation of the previous cnes.

The quantitative description of the changes with time could be
expected to throw some light on the proeesses controlling the
adsorption, and thus supplement the information obtained fyrom the
equilibrium studies. In has previously been found in this work
thet, by studying another aspect of the problem, one may gain infor-
mation about factors which influence the results found from other
experiments, but which camnot be separately recognised in them.
This means that any new kind of experiment is well worth performing.

There are many variations possible in the experiments, and because
of the short half-life and low pil of the gallium solution, only some

238
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of the most important factors were investigated. The author

regaxds these experiments as exploratory, and considers that much
work remains to be done,

Several small versions of the contimious adsorption apparatus
described in Chapter 7 were used in these experiments, In most
cases the count rate rose to several times the count rate from the
solution alone, so that reasonable accuracy was obtained,

In oxder to get reasonable statistical significance for the rate-
meter reading it was found necessary to use about 0.1 ml of pi 1

676a solution, diluted to the 5 to 10 ul volume of the adscrption
vessels. This fixed the maximum pi st about pH 3, and the minimum
would have been about 2,5.

Apart from fluctuations in pH due to variations in the dilution of

the stook %7, the only contrellel variable in the adsarpiion exper-
iments was the concentration of carrier gallium added to the solution
before putting the mica in contact with it. The amount of carrier

ranged from none to 10’6u1u/11tn.
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To compare the adsorption kinetics of various experiments the results
shauld be expressed in tems of the count rate, corrected for the

background, the count rate from the solution near the window, and the
compentration of radicactive gallium in the solution. It was found

that solutions with equal concentrations of °'Ga gave rise to adser-
ption of greatly differing amounts of 67Ga, so it was considered more
useful to divide the count rates by the equilibrium count rate, instead
of correcting for the solution concentrution. (Autoradiogrephs showed
that the adsorption was evenly distributed over the nica, so the
variations were probably not due to unclean conditions, )

Decay Correction
The data have all been corrected for deeay of the gallium, by multi-

plying the cowst rate by a factor derived from the decay of the °'Ga
in the time since the start of the experiment. This gave a constant
equilibriun count rate, whereas the uncorrected count rate showed a
maximm, so that this procedure gave the right kind of result. It
may be argued that not all the gallium has been on the surface for
the full time of the experiment, and should therefore not be corrected
for, but the use of the correction allows for the lower probability of

adsorption of a 97ca stom, becsuse of the decay in the solution
activity.

N

FUNC Lot

MWM&th&M%OWWt,

where x!, is the neasuwred equilibrium count rate, b is the initial
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count rete and x' is the measured count rate at time t. This
funotion was chosen because the results loocked as though they could
be represented by an exponential approach to an equilibrium value,
and this would be consistent with either an ion-exchange or diffusion
model. The function is chosen to give a straight line graph if this
is so, and to normalise all graphs to the same ordimate secale.

The results of the eight experiments completed are shomm in figs: 101
and 10.2, each greph being drawn as desoribed in the previous paragraph.
There appear to be two kinds of graphs - those that are straight and
those that are not., Two of the graphs showm in fig. 10.1 have values
at the start of tue run which do not fall on the later straight region,
but this fast change is only a few percent.

Table 10.1 presents information about the different emperiments,
separated accarding to the group to which the experiment belongs.

The author can see no correlation between the results and the techniques
used. In the same table is presemted information about the straight
grephs vhich is used later in an attempt to explain the differences in
the slopes.

It appears that there are as many points of difference between experi-
ments performed at the same concentration as there are between experi-
ments at different compentrations, so that concentration does not
maxkedly affect the adsorptionmte, below 107Gk,
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iy 2G0T of pil on the Kinetics and Amgunt Adsorbed

After yrun 501 had come to an equilibrium, ebout .02 ml of 1M, HC1
was added, which would have brought the pil down to sbout 2. This
resulted in a rapid decrease in count rate, to & new eguilibrium

value.

Several hours later a few drops of 1M KOH were added, which shifted
the pil to about 4. The oount rate rose once more, but much more
slowly than the previous fall,

The results of these experiments axe plotted in fig. 10.3, as
log(/x! - x'|) versus time, and it is seen that esch change was

After four of the carriex-free experiments had come to egquilibrium,
or nearly to equilibrium, sufficient 0,2M. gallium chloride was

added to bring the gallium concentratien up to about 5 x 107U, at
viiich level the surface should have been satureted with gallium,
according to the previous erxperiments, In each ¢ase there followed
an almost immediate decrease of between 5% and 20% of the amount
adsorbed, after which the decay-corrected count rate remained constant.

Addition of a similar quantity of pil 3 HCl made no change in the Tate,
80 that it was not a pH or dilution effect,

This result poses some interesting questions, discussion of which will
be given in the theoretical sections of this chapter.
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After the count rate had come to a new constant value after adding
mj,m-umummm Decreasing the pi to about
2 made no difference to the count rate, in great contrast with the
carvier-free situation. In two experiments 0.1 ml of 10M. HC1

was added, to decrease the pH to about 1. This produced a decrease
in the cont rate, with about a third of the total change being over
in the first half hour, with a rate which decreased with time, The
remainder of the change, in both cases, was with a constent rate of

change (fig. 10.4).

This constant rate of change is difficult to explain, It is unlikely
to be due to an acocidental combination of changes, becsuse the two
casesa in which it ocowrred were not identiecal., It could be due to
diffusion across a film, with a constant concentration on both sides,
but this would require the consentration of active gallium near the
surface to be independent of the amount on the surface. This could
be so if the material on the surface had a constant solubility
product, which is a quite different assumption from that used later
to explain the kinetiecs at low concentyations,

This effect, and the lack of exchange between gallium in solution
and surface adsorbed active gallium, may indicate that the nature of
the adsorbed material has been drastically altered by the addition

of the gallium,



The eirculating apparatus deseribed in Chapter 7 was used for all
these experiments, with a seintillation counter being used to
detect the J-rays from the sample. The counter detected the
activity in that part of the solution whioch was in the sample
chamber, as well as that on the sample., It was found that because
of this effect the scintillation counter detected about 1% of the
activity removed from the sample, if the solution was not changed,
and this could lead to significant errors when less than 107 of
the originel amount remained on the sample, The solutions were
changed whenever 50% or less of the asctivity present at the previous
change remained on the surface.

The mica samples were freshly-split, and immersed in solution con-

mms']h, and, sometimes, carrier to 10-63.,fm' 10 minutes.
These solutions were contained in specially made beakers with flat
sides (fig. 7.6) so that a small amount of solution (about 7 ml.)
could be used to treat the samples,

After this treatment the sauple was briefly rinsed with distilled
water, three edges were cut off, and it was inserted in the sample
holder. The last edge was cut off and the holder inserted into

the apparatus,



the Effect of Various Reagents on the Desorption

- e T

Ammpmdumuthaio"l. gallium solution, and
desorbed into pH 5.5 distilled water. A small change occurred
rapidly at first, but after the first few minutes changes were very
slow, being mostly, but not entirely, due to decay. Reagents were
added to the desorbing solution, and flushed out with distilled
water after observing their effect,

Adding potassium chloride to 0.1 M. concentration did not affect
the desorption rate, and neither did 0.01 N, cmn..‘,, 0,01 M. ammonium
oxalate st pi 4, potassiun hydroxide at pil 12, or 0,01 M. AIC1, at
pH 35,

Adding HCl1 had no effect until ihe pH was near pH 3, below which a
rapid inorease in the rate of desorption wasfound. (It should be
noted that this was the pil of the adsorption solution.)

The lack of effect of most of these reagent= suggests that the
desorption rate was not being controlled by the probability of ion-
exchange with components of the solution. The effect of pH below
pil 3 probably indicates that some new mechanism-was coming into
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Desorption experiments were performed in which the pH of the desarbing

solution was held constant, at pi 5.5, 3 or 2, The adsorption

nmnmstﬁjmoimrm«w'sh In all cases

wmmmamm,mmmmnﬂatpﬂz.
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The results are presented in fig, 10,5, in which the percentage of
the initial count rate is plotted as the logarithm of the time,

1
Bearing in mind that g = t'm,mﬂhﬂm
is seen to increase very much as the pH is lowered,

Rhumtmtmmnﬂwwmmmmmm

rate of desorptiom. One would expect phosphate to be adsorbing on
toﬁummtbuowﬂmu,uﬂitnmawsibhthat

mm&mmmmuam This does not

Itholwfmﬂnhtamﬁss. 10,1 and 10,2 that different
processes are occurring in different adsorption experiments performed
under supposedly similar conditions. It must therefore be concluded
thmuuamtm“mmmwmm.
mu/tpm-m-phemmmmmmﬁg. 10,2 for
m-w-mammwmm,mmym
suffieiently non-linear that it can be said that diffusion into a set
of similar spheres is not oecurring. From the similarity previously
mmmr«»muwmwmmmm,
itmmm&thtﬂwhtmmhdnmm.

mmzmwmmummmmumrm,mum
mmmmmmmofmm. The
umofmnﬂamﬂmmrthmmtnnﬂuwamushtm
the whole process,




It seems reasonable to regard the results in fig. 10.1 to be the
ones which the theory should deseribe. The theory should, if
posaible, take into account thedffect of the solution pH on beth
the desorption rate, and the equilibrium amount adsorbed. Other
points to be explained are the lack of effect on the desorption
kinetics of cations other than hydrogen, and the lack of effect

of extra gallium on the amount adsorbed at equilibrium in adsorption
experiments.,

Let us assume that the amount of gallium on the surface is the result
of an equilibrium, in which the probability of forming a surface
complex, S~Ga, in a short time, dt, is proportiomsl to the concen-
tration of Ga in the solution, and the probability of the reverse
reaction in the same time is proportional to the amount of S-Ga,

The first assumption agrees with the observation that the rate of

Wc&d’“ﬂnhwwhmdaﬁmm,

atmmmhumwﬁ,uammunmmwt
exponential variations are obtained. Ve may write:

ﬂ%—'i&)- = L(Ca) - N[(S-Ga)

where L and M are the proportionality constants for the forward and
back reactions. Solving this equation gives

fs-ta) = % (LG8) - me™™)

where i is a constant to be fitted to the boundary conditions., This
leads to the conclusion that the equilibrium amount adsorbed equals

L [Ba] /e
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Writing R for the count rate due to (S-Ga), amd R, for Rat ¢ =,
we got

log (R, = R) = log (WM) = 0.433 ut ifROR
or log (R=R,) = log (=-NAL) -~ O0.4343 Mt if R, <R

This agrees with the results in fig. 10,1, and predicts that the
desorption results should show an exponential variation with time.

Also, Ry is proportional to L/Ga]/M, so that MR, is o constant, if

L and [Ga] are constant, The half-life of the process is inversely
proportional to M, so that with decreasing pHf M must inevease, The
theoxy prediots that if M increases, the egquilibrium amount adsorbed
m,iunmhamﬂntthcpuimtmhw.m
that L has not been altered by the change in piH.

This theory is consistent with the lack of effect of adding cations
to the desorption solution, for in that case only the first order

desorption process is occurring.

The only major difficulty is found when considering the effect of
adding more than sufficient gallium to saturate the surface, Ve
mumww-wnmammummm«w
mnmumummwmmmwto
saturate the swrface, Viriting the amounts per unit area of active
and inactive species on the surface as ¢* and ¢ respectively, we can
say that

c+e* = 8 (= is a constant).

At equilibrium the specific sotivity of the gallium on the surface
must equal that of the gallium in solution. Viriting V and V* for




the concentrations of inactive and active gallium in the solution,
we have

e/e* = VAVE,

Therefore, o* = 8/(1 ""Vx"')'} '-'#.

Regarding this as a relation between ¢* and V, at constant V*, and
mtmc;tmmmwe'stanmmwmtmw

s &t which the swface is just saturated, we have

v
¢* = o"

ut'*ﬁ’

Thus the amount of astivity on the surface after adding carrier

should be lesa than that before, by a factor equal to the ratio of
the concentration required to saturate the surface to the new con-
centration (o} , equals the canstant amount adsorbed at v<v,“.)

In the present experiments this mtio was about 0.01, so that nearly
all the activity should have been removed.

Vaat

The rate of the change should be equal to the rate of decrease in a
desorption experiment, and so should be easily detectable,

The lack of effeet of carrier can only be explained on this model by
supposing that once the surface concentration reaches a certain level,
exshange between the surface and solution is no longer possible.
This might ooocur if many gallium atoms became joined together in a
polymerie hydroxide or hydrous oxide.

It is assumed in this theory that the rate-limiting process is the
diffusion which occurs through a non-ebsorbing medium, of thickness 1,
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between the stirred solution and the mica surface. There are R

counts/minute/an” adsorbed, and the sdsorbed mterial is concen-
trated in a planar layer near the surface,

It is assumed that R is proportional to the concentration Cg in

the solution immediately adjacent to the surface., This could be
due to an equilibrium similar to that postulated in the previous
sub=-section, but could also be a result of eleotrostatic forces

in a double layer. Thus it is assumed that

R = qCy
thusqhamtmmichnymuthmwtmmmc.,
for example, pH.

It will also be assumed that the concentration gradient within the
diffusion layer does not change with distongce from the mica, This
is equivalent to supposing that there are large resexvoirs for the
diffusing material at both boundaries.

The bulk solution concentration is V counts/mimute/ml, and the con-
centration at distance x from the mica is C.

From Fick's first law we have
8.,
s0 that %--&(v-c.) = B(V=-c,)

where B o= %
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This equation is very similar to the equation obtained in the
previous sub-section, and its solution may be written as

¢, = v--%«“Bt

and thus R = Q(V-%l.m)

where N is a constant fixed by the boundary conditions.

For adsorption, R=0at ¢ =0, so N = B, and
R = qV (1 - o~P%),

For desorption, R =R, at ¢t = 0 and V = 0, s0

R-P‘..“.

When the pl is changed, without altering V, one can suppose that
the hydrogen ions diffuse into the surface layer much faster than
the gallium diffuses out. Mohanguqﬁuq, 'hqa,dthn

alters the value of Cg. Irn,am--mmn-mmm
befare the pH change,

Bp = ¢ V.
The pH ehange results in an instontanecus change in Cg, without
altering R.
Thus, at t = 0, q,Vaq,‘,(v-§)

80 ﬂnt% = V(qa - q1)/42.

muhmux.qam-kq-;-ﬁ P 9
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which can be re-written as

where B = kAqi.

Since Ry = @V, BR, = kV/1, and is constant. Thus the produet

of the slope of the logarithm plot and the equilibrium amount adsorbed
is oonstant,

This same conclusion has already been derived from the reaction rate
theory. 1In faect, the forms of the equations from both theories are
80 similar that experimental evidence cannot be used to distinguish
them. Erven the assumption that q decreases with decreasing pH may
hmmusmmmofmwmmww

of an equilibrium at the surface,

Mmumwmwmmuu
prepared to make. One can choose to sccept either a very small
diffusion coefficient or a very slow rete,

In this experiment , described in the section on the results of
adsorption experiments, the pil was varied when egquilibrium had been
reached. The kinetics of the changes are presented in fig. 10,3,
and the changes were all exponential functions of time as predicted
on either theory,

For all these changes the concentration of the solution was approx-
antant,nmummmhtmtkmludﬁh
constant. It is less clear whether L in the reaction-rate theory




should be independent of pH. The values of BR, from the three
parts of this experiment were as follows -

R 3 o
Pirst adsorption 2460 030 8.0
Second adsorption 1320 0u 7 970
Desorption 360 3.4 1230

The desorption values are the least ascurate, because of the small
difference between the equilibrium count rate and that of the
solution, and it would be reascnable to expeet a possible error in
this case of 20% in the walue of R,. The three values of BR, ere
probably not significantly different from each other.

Both theordies sre therefore in agreement with the results of this
experiment. However, it seems likely that the effect of low pi
would be to decrease the negative charge of the surface, and there-
fore slow down the adsorption., This is equivelent to saying timt
Lshwmm,andﬂmmﬂalmmatm
pile This was not found, so the diffusion theory is preferved.

The theories predioct that the produce BR, should be proportiomal to
either IV or kV/1, where L is the adsorption rate comstant in the
reaction-rate theory. In either case the product is expected to be
proportional to V, and substantially independent of other factors,
such as the wvalue of q. ﬁuwmm&mm.%,mﬂd
be assumed proportional to V, the solution concentration of redio-
active mterial, However, a correction needs to be made for the
attenuation of the radiation in the mica,
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stnce with 7ca 1t is minly the initially mono-energetic imternal
conversion electrons which are being detected, it is a reasomble
approximation to assume that there is a distance, r mg/en?, which
equals an effective range of all the electrons. If the amount of
mterial between an atom and the Geiger counter is less than r then
its internal conversion electron will be deteeted, but if it is

greater than r the electron will be stopped before reaching the

counter. This is an over-simplification, but the measurements of

stﬂmtimdwcemmwm,wmﬂa
appendix on muclear radiation detection, suggest that it is suffiec-

iently good for a qualitative description.

m‘,uwmmatthcmm,np“hmmﬁm
hmpmmtoﬂr-a)mnah&.dumhn/uz.

The constant of proportionality is the same as that relating the
astivity adsorbed and Ry, so that

E-w(r-l)nm
Ry

Thus we have %-x{r-—:). (K is a constant.)

mm1&1mma%mammemw

adsorption experiments are shown, There is clearly no carrelation
between these two gquantities, so that some uncontrolled wvariation in
the adsorption conditions must have been present in these experiments,
alsc.
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The desorption data is presented as grephs of log (% count rate)
versus time in figs 10.6 and 10,7, It is clear that the grephs

are far from linear, so that the theury is inapplicable. Attempts
to derive straight lines by subtraction of comstant or varying
terms failed,

Autoradiographs were made of the samples after desorption, and there
was no evenness, the presence of which would have suggested contam-

The reproducibility of the adsorption experiments was not as good as
could be expeoted from the work in Chapter 9. lMost of the results
fit a simple theory, though, and some of the implications are
discussed here.

The half-lives of the adsorption processes range fyom 2 to 10 hours,
The author feels this is too slow to be reasomabdly attributable to

an ion-exchange reaciion limited by an exchange-rate step, IHis
reason is that such rates are not normally found in ion~exchange
reactions unless diffusion is important, but it is, of course, possible
that reactions on mica swfaces could by unigue. An fon-exchange
reaction should also be affected by the presence of other ioms, but
this was found not to happen.

quammmomuumwmnmmwtg w2
BR,/V. This ratio will be equal %o about .02 times the value of



nwnopo/(om,),m.:‘mum»mmmm
20 ng/om® of solution, insteod of 1 om’ of selution, This gives

£ 2o ewhr & 3x 10 m/sec.

nmwnmtlmummmw”,n

un%k<5310°8n/m,mhmmmmm
coefficients for single dons. Jiysels (1959) shows that the

diffusion coefficlent of o particle of radius a is 2,15 x 107/,
mmmx.sxio‘amgg.1o'5u-woewmu.

Muammmmmmumumm

at 10'61l., but it would be surprising if the same sized gallium

particles were present in a carrier-free solution. Mellish et al
{1964) have shown that the particle sise in dilute yttrium solutions
at pH 11 decreases repidly with concemtretion, being about 3000

ingstrom units at 10™7K., 2000 Angstrom units at 10"., and less
than 50 Angstrom units in carrier-fyee solution. However, all
ﬁauremltnmebtmdtnnluﬁmuhu‘nrywtmm
mamwrmmmmmm.m
in the present experiments these precautions had not been taken.
The results of Mellish et al. suggest that in experiments such as the
Mmammwmnyomutdmﬁcd
wmmmmm«wmznmm,mwmw
jons are adsorbed. This might explain why the particle size appears
humumtnmmmm,mpthmm
smller amounts of gallium adsorbed.
mmaawmmmmauo“n.mmmmh
the high-resolution autoradiogruph experiment. If the redius of a
particle is 1000 Angstrom units, then it will contain about 2 x 107




galliun atoms, assuming that there are about six water molecules
per gallium atom. The asutorediogrephs required that there be

mmmsprualupumm,nﬂxilmm

mstlmzzw"mmpwmmmt,m
is about the value found from the isothern experiment, at 1070,

Additionnl evidence that colleidal pavticles with positive charges
will be adesbed if they are present is provided in a paper by
Follett (1965), This suthor studied the adsorption of colloidal
"ferrie hydroxide" by kaolinite particles at pH 2 - 4.4, using
electron microsecopy. He found that the particles, of diameter
30 = 100 Angstrom units, were adsorbed uniformly over the silicate
surface of the kaolinite particles, and that they were not able to
be displaced by pH 1 HCl. In this case the particles were found
to adsord vary quickly, es would be expected from their small
redius, but it is conceivable that the gallium might be larger, and
therefore slower,

Desgrption Results

No satisfaotory explanation of the gallium desorption kinetics has
been developed. It is possible that the apparatus used gave a
greater flow rate over some parts of the sample than others, and
thus a variation in the thickness of the layer through which the
diffusion ocowrred. This would be expected to lead to non-uniformity

of the sctivity remaining on partially desorbed samples, but auto-
radiographs were made, and this was not found,

Another explanation might be that although the particle sise range
for edsorbing particles was narrow, after adsorption some change in
the size distribution might have occurred, thus giving a wide range
of diffusion coefficients.
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Btfoct of pH

mm«rmmmwmmu-ww
on pH, below pH 3. This could be due to several reasons. Ome is
competition for a limited number of cation exchange sites. Another
is that hydrogen ions could adsord on the surface and electrostate
ically repel the positively charged gallium ions or particles.

Amﬂarpmiuntyutmtthluhsmwmth@nh-u
mmMBymmﬁmothm. This will be
repressed by a common-ion effect at low pil,

rum«ummmumumw
(mﬁ)ams,mthatmmm“mmmuu
solution, Much more work remains to be done before this is fully

This phenomenon does not appeer to cocur., The replacement of gallium
womruummamﬂmwmmmm.u
thatﬁadnmﬁmhmtad@outimm.bﬁ'unﬂnm
and the solution.

ommumuymmsmmmwumqmn—
rium amount adsorbed in an adsorption experiment, at concentrations
mmmmnmwmmm,mmgahmmtw
carrier does not lead to desorption of most of the adsorbed gallium.
memmmmtmtwmtbmﬁmuutmtedﬁthm
the atoms become linked into a polymerie sheet, attached to the mica
at meny places. There is then a very low probability that an
isolated group of atoms will lose contact with the sheet and the mica

simaltoneously.
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That this kind of effect is not an isolated case is shown by an
experiment of A, G. langdon (personal commmication). He found

that the rete of desorption of ““Fe adsarbed on to & surface in
the presence of sufficient carrier to saturate the surface, was
very much slower than the desorption rate from surfaces with
less carrier.
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EXTERSIONS OF THE TECHNIQUES WIICH ENABLE THE
MEASUREMERT OF ADSORPTION ON SURFACES

JNIRODUCIION

A major difficulty in the study of the surface chemistry of soil
minerals iz that several different kinds of adsorption site are
possible on each mineral, so that it is difficult to decide which
of several alternative sorption mechanisms are operating in &
particular experiment. In the present thesis this difficulty has
been largely avoided by using as a sample a large single crystal
am,mmkwmmmwmmﬁmmm
001 cleavage plane is measured. This technique could clearly be
immediately extended to the study of any other erystals which may
be cleaved to produce areas greater than a few square millimeters
of single cleavage planes. Such crystals are unfortunately few
in muber.

Mdtmunallpm,mmm,utomﬂnm

of a system in which two kinds of surfaces occur, and correct, if
necessary, for the imown adsorption of one of them.

The system used for the experiments was the fracture sone produced

at the edge of the sheet of mica when cutting it with scissors, The
adsorption on this edge varied considerably, even along one edge, and
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mnmmmmumtmmmummorhm
caused by the scissors used to cut the mica. It is, however,
possible and useful to make approximate measurements.

The edge adsorption was low on mica which had been treated with
aluminium, so the measurements were made on the untreated mica.

Amxmmu-d-zﬂn&mpmmtmmm,
mmtm?mwnmmmmguam
in & hot sulphuric acid/nitric aecid cleaning bath. The strips were

placed respectively into carrier-fres, 107, 10, or 10™2 melar
phosphate solutions at pH 5.5, each solution containing 10* counts
per mimite per ml. of P-32 phosphate. After 10 mimutes the strips
wore renoved, rinsed with distilled water from & wash bottle, dried
and autoradiogrephed.

The adsorbed radicactivity was nearly all on the edges, as expected.
Strips 1 mn. wide were cut off around the edges, cut into short
m,mm«uwmmmtwmm
solution activity determination.

AESUgs

The adsorption was determined for eash of the three edges of the
strips, the values found being shown below -
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sSelution. ~  Solution

Loncentration Activity Counts/min/om

{icles/Aitre)  (Counts/win/m.) LollS, _ Bottom R.H,S.

Carrier-free 1 x 10* 100 400 400
107 0s9 x 10* 30 200 60
107 0.9 x 10* 10 - 10
1072 0.7 x 10* - - =

mmammmwmﬁtymmm
carrier concentration shows that the sctivity was not due to the
moterial left behind when the solution trapped in the eracks in the
edges dried.

The activity of 100 o/min/om corresponds to the amount of activity

in .01 e’ of solution per em of odge. Therefore, this figure
wtomwmmmmormmmum
a wlume of solution equal to the entire volume of the mica. This
Mmhdoaﬂyhohmhuwm&ﬂm&mw,
and this confirms the previocus conclusion.

The thickness of the edgews of the omder of 10™2 em, lieroscopio
exzmination of mica edges showed that the shattered smone extends
mmmmamumapmwowbmmu-m,
mhtmvmummmuvwww
mica, the 100 o/min/om can be assumed to be spread over an area of
0,01 ou”, The astivity per unit ares ws thevefore 10% o/min/en?, so
ﬁuttbl&erptimmﬁnofﬁmuﬁnaﬂdd&:mﬁuﬁiﬂ.

The adsorption ratio of the untreated 001 face was previocusly found
to be of the order of 10™%em, so that the edges adsorb about 10,000
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times as much phosphate per unit ares as the face, from carrier-
free solution. This adsorption could be duwe to the adsorptimm
malamﬂOiMmeymmmatbw
planes which might have occurred during outting, but this would
require the presence of 10,000 such planes, Since the thickness
of the mica was of the oxder of .01 om, this would require that
20% of the theoretically possible cleavage planes were exposed,
mummmmmnucm&umm
is difficult to cleave,

Thus some sorption must be occurwring on the broken edges exposed by
cutting the mieca.

The autoradiographs of the aluminium-treated mica showed no extra
adsorption on the edges when the phosphate solutions were aluminiume
contaminated, and seldom showed edge adsorption when the mica was
washed for 50 minutes. This implies that the adsorption ratio on
the aluminiun~treated mica edges was no greater then that on the
fage. Thus the adsorption matio on the aluminium-treated edges

was less than 0,1 om, whereas the adsorption retio on to the untreated
edges was greater than 1 em.

Treatment of the edges with aluminium solutions therefore reduces the
amount of phosphate adsorbed by the edges. This could be explained
in two ways. The aluminium may be adsorbed by the edges to such an
extent that it (and its associated water molecules) fills the spaces
between the shattered layers. The phosphate then sees a relatively
flat surfaoce of aluminium hydroxide, rether than the very great asea
of shattered mica, On the other hand, the phosphate may be adsorbed
on to particles of aluminium hydroxide in solution, end these my be
mm,wammm.uhmwtum




272

CONCLUSIONS

The sbove experiments show that the broken edges of freshly cleaved
mica ecrystals absorb up to 10,000 times more phosphate per unit
area than the 001 cleavage plane, This enhanced adsorption of
the broken edges is almost completely suppressed when aluminium
ions are adsorbed on the mica orystals,

This result confims the widely held belief that broken edges of
mica-type minerels may have anion-adsarption sites,

It would be possible to extend the meassurements to examine the
kinetiecs of phosphate uptake by edges, and to study the effect of
treating the edges with reagents which might enhance or reduce the
adsorption.




CONCLUSIONS

ZECIRUIGUES

The earlier experiments showed that the kind of cleanliness common
in ordinary chemical experiments is quite inadequate for experiments
of the kind performed here., Techniques were therefore developed
which gave a standard of cleanliness which was shown to lead to
reproducible and self-consistent results,

Badiochemical methods were developed which enabled the total amount
of anions or cations adsorbed on mica surfaces to be measured.
Techniques were developed which enabled the continucus measurement
of the amount of radioisctope on a mica surface, during either
adsorption or desorption experiments.

It was found that freshly-cleaved mica adsorbed much phosphate on
its edges, and a little on its 001 cleavage plane. The existence
of anion adsorption sites on the edges is consistent with the usual
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m-m«mapumbymnm.bmaamma
anions by the 001 face is surprising. It is not known what

mnmu,mmwwmuummm
than that adsorbed by other processes examined in this thesis.

It vas found that treating the mica with concentrated aluminium,
mwummwmmwm
of' phosphate, while many other salts did not affect the amount
adsorbed. Similar effects of cations were noted if very low

(10‘6l.) concentrations of them were present in the phosphate
solutions, but it seems that these two kinds of adsorption
process are different,

lleasurements of the adsorption of phosphate from an aluminiume
contaminated solution, as a function of pH, suggest that in this
case the phosphate forms a positively charged eoqqu ion or
colloid, which is then deposited on the surface.

lleasurements of a phosphate adsorption isotherm on mica treated
with 1M, mns solution suggest that the phosphate is being
adsorbed by a deposit of some eluminium compound (probably s
hydrated oxide or hydroxide), which is meny atoms thick, On the
other hand, measurements of an isotherm on mica treated with 0,01M,

Gctn’ mmummmtthatmamthmlwm;hthm

Madirﬁnmmnﬂnttmdifrminmentmﬁm,
rather than the cation.
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The kinetics of phosphate adsorption and desorption are consistent
with a deseription of the process in terms of diffusion into
swummmmwmmnuthmcmm
This conclusion is one whioh is probably of genersl validity in
meny experiments on surface chemistry, although only one other
author, (apart from the workers with ion-exchangers) appears to
mnpwmtmmmMMmamh
diffusion into the adsorbing materdal.

Of the radiocactive cations used only gallium was found to be _
MMmtoﬂuomm‘otmam,alw
potuaimaxﬂoobaltmtunntohlmumbyﬂn
broken edges of the mica, Gallium was also found to be adsorbed
by the edges, so that it appears that much of the cation-adsorbing
pmxm-tmmm@tmatmm.

Themmlfﬂllmeémtmvmoomiﬂmviththo
M&mWMMMMﬂummaM&
0.1 microns. These particles could have been formed from &
gallium hydroxide or hydrous oxide at the 1070, concentration of
mmj,wtmmnmmmatmmm _

concentrations,




It has been shown that much more than a monolayer of phosphate can
be adsorbed by aluminium-treated mica, and that the kinetics of
phosphate adsorption and desorption on aluminiumetreated mica are
consistent with diffusion of phosphate ions into spherical particles
of absorbing meterial situated on the miea surface.

It is therefore postulated that treatment of the mica with a 1.
aluminium chloride solution at pi 3 leads to the deposition on the
mica of a large number of approximately spherical particles of a
hydrated aluminium oxide or hydroxide, these particles having a
dicmeter between 100 and 10,000 Angstrom units, These particles
are postulated to absarb phosphate, either by ion exchange or by
some other sorption process, which ocours not only on the outside
of the particles, but also internally, The sorption process there-
- fare proceeds at a rate controlled by diffusion into the particles.

mmhmﬁmtmmmmemmtbmoftbc
aluminium "hydroxide" particles, but indirect evidence is available
mmwnmmmtmmmu,mmm
work of Follett (1965) on the adsorption of ferric hydroxide by
kaolinite.

It might be wondered why the particles should be adsorbed to the
mica surface. Follett's work showed that the iren hydroxide
particles did adsorb on to the mica-like surface of kaolinite, and
the analogy with the present case is fairly direet. Particles of
the "hydroxide" in solution would be expected to be positively
chamd,maimthonicahnamtiwmumvd\nto
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isomorphous substitution within its lattice, one would expect
there to be strong attraction between the particles and the mica,
despite the neutrelisation of the charges by ions in solution.
The charges of the particle and mica are completely neutralised if
they are isolated and an average is taken over a long time, but
when the particles and mica are near each other, random thermal
fluctuations in the muwber of ions near the surfaces will mean
that there will be, on the average, an attractive force between
them. Vhen a particle:is very close to the mica, there is no
room between them for ions, and the particle becomes electrostate
ically held to the surface,

The remsining question is how do the particles form in the aluminium
chloride solution? It has been shown (Davies & Rideal (9961)) that
the pH near a positively-charged surface would be higher than that
in the bulk solution. It could therefore be postulated that the
mica surface is saturated with A1”* ions, which over-compensate
for the original negative charge. This would result in o high pH
near the surface, so that the aluminium ions on the surface would
hydrolyse. It is difficult to see how this could lead to formation
of a thick layer of "hydroxide" or to formation of particles, since
any further sorption of cations would be strongly hindered by the
positive charge, The surface is thevrefore unlikely to be respon-
sible for the formation of the particles,

It is well known that aluminium "hydroxide" particles, once formed,
are only very slowly redissolved, even at a pH much lower than that
required to cause precipitation, It is therefore pessible that at
some stage (either when making the solution or when putting it into
a wet beaker), these particles were formed in the solution, and
remained there until the mica was inserted into it. Vhen it is
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recalled how very small the smounts involved are, it seems also
possible that the concentration needed might be present even in
an equilibrium solution, and that this amount might be too small
to be detected by any other method.

It was shown in the introduction that there is much evidence
associating the fixation of phosphate by soil with the presence in
the soil of aluminium or iron. The present thesis suggests that
this correlation might be due to the ability of aluminium and iron
hydroxides to sordb phosphate.

The phosphate fixation process in soils is slow, and it is possible
that the slowness is related to a diffusion process similar to the
one described here. This statement is supported by measurements

- of another worker in this group (J. H. Vatkinson) who has shown
that the kinetics of phosphate exchange on soils in laboratory
experinments can be deseribed by a diffusion model.

SUGGESTIONS FOR FURTHER WORK

Zechniques

It appears that in some of the present experiments unexplained large
changes in solution concentrations have occurred. An attempt to
show that changes in specific activity occurred was unsuceessful,
but chromatography revealed the presence of at least two phosphate~
containing species (Appendix IV). These results, and the difficulty



MMammhpmmummmuatm
times of treatment, suggest that there could be some benefit from
investigations of possible sources of contamination.

Amounts jdsorbed

It is still not clear what is the nature of the "bond" between the
mmumtmmmaymmm Purther
mmh,mmtoﬂnmsmtmrmmuuhnd
by ion-exchange or some other sorption process,

There is still scope for measurements on the phosphate sorption as
& function of cation comcentration, at high enion concentrutions.
More experiments relating anion and eation adsorption would alsc be

There is some evidence that the phosphate adsorbed on to ,O1MH,
Mmmnmmmmmuamumet.
mw,mmmmmmwm~
mtapmdmmmmmchmmhuyomutha
thick layer of aluminium oxide cr hydroxide. It therefore seems
possible that the kinetios of phosphate adsorption on the mica
treated with dilute gallium (and perhaps aluminium) solutions might
beeonaidmblytamtianﬂukimticsotthamq:panmt-.
umummmditmabemsmmmmm

theory presented heve.

mmmawmwww-mmwa
it seems that there is some important factar yet to be defined in
that kind of experiment.
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It appeers that adsorbed gallium does not exchange with high
concentrations of gallium in solution. This effect might indicate

& change in form of the adsorbed layer at different concentrations,
and could give useful information if investigated further,
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GEIGER TUBE SELECTOR SWITCH

mmmmmmammd,mmﬁntm
experiments performed in this thesis, to make measurements of radio-
MnMnhmmewmwhmm.
wmwmmmmuamummm
ala);,uthatamtmamnymm‘mﬁn
a day would be adequate. It was found that menually counting the
aamplumanthsrmﬂmmuu&thnitw:pm
mmmutyutum,mhmdmw
to other work which occurred. It was also useful to hav: » frequent
mmmwwmmmammm
count rate.

Crotty (1962) has described a device designed with the same problem
mm.mmmmmmmwmuhm
Mammmmmmwhhum
amrwamm.mmummmmat
mmamtun,mmmummmw
were fed in, and so on. This device worked well, but was inefficient,
ht&tsm&mmaﬁmmt.tmthcuﬁnm
than £100, were required for each experiment, and were for most of the
time idle.

mmmmmmmmmmm,ump
mmummmmmummammu
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in the experiments., This requires that all the tubes have similar
characteristics, butﬂthtubuauhuthummw
EW3H, end Philips 18505, this is not d@ifficult to ensure.

M'-mmm;mmvpmummw,
mxt-:rmmmnum»mmumuu
uwmmmummmm-1Mnthbytb
mm,nummumm. Relays
vere obtainable to handle this veltage, at the very low power levels
u-a,maummmmumpmuﬁmmmuy
using a few condensers and extra relay contacts.

mmwumuammwmmmma
quench unit which plugs on to the back of the switch. The power
mnmmwomwhgwwmm,
thlmuthomrofwhid:mmtomm.ttb
rear left of the switeh, After turning on, the wnit is ready to use.
Ammmnmvibdmtbﬁmtmltowm
manually.

Block Diagren
mmmmmmmammmu,m
are deseribed now.

are one composite unit made by Philips,

The Hetherlands.

Sealer W» Netherlands, type PW,.032,

Quench Unit is one of a large nusber built in the department to &
design described by Crotty (1962)
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Erinter/Counter is menufactured by Sodeco of Geneva, Switserland.
Wm.!-

mmmmwmmmmmm

Starter This is a relay which ensures that the unit starts in the
event of a power failure, and that it starts on chammel 1,(Relay L7).

Timer mustmmw:mm,
changing the resistance of & light dependant resistor (L.D.R.), so
umama-uuammmmmmm
unit.

Printer Drive This is a relay pair which causes printing of the
accumilated count, reset of the printer, and change of the channel
seleetors (Relays L8 and L10).

ganpel Selector Contains 6 relays, one for each channel., It
mmx.mr.bamm,wmnmwm
mmmmm«w&mmm

Sealing Factor One of six threc-position switches is connected via
mmmwawm,mm.wmwm
factor can be set at 10, 100 or 1,000,

Lygle Mark causes an extre gerc print at the end of each eyele.(L12).
Pulse Shape is a relay used to couple the secaler and printer. (L9)

mmm«wmmmx.a.z.uiummum
one chassis, and all fit in o standerd 19" yeck. (see photo, £igl1).




Switches are provided to emable E.H.T. sockets to be comnected in
parallel if less than 6 counters are to be used simultaneously.

Atmwwmmmwammnﬂu
timing unit (usually 30 minutes), a pulse is fed (via relay I11)
into the printer drive (relay L10). This first causes the printer
to record the counts accumlated since the prewvious print operation,
then resets the counter to sero, and causes the channel selector to
change to the next channel. Vhen this occurs the appropriate
indicator light comes on, the quench wmit is connected to the
appropriate E.H.T. socket, and the appropriate sealing factor
selector switch is comnected to the secaler. Vhen the change from
channel 6 to channel 1 oecurs, an additional print operation is made
(without changing chammels again, of course), in oxder that the line
of zeros printed can be used to identify the start of the eycle.

Themetwmmmmm to 16, and
the E,H.T. sockets, indicator lights and scaling factor selector
switches have been omitted for clarity, and are quite straight-
forward.

Suppose the power supply is turmed on after being off for more than a
few seconds. Current from the 50v. supply flows through contact 1
of 112 (abbreviated to 112/1) to L7, which switches on as C7 charges,
and then off once C7 is fully charged. (Note: relay comtacts drawn
A are closed only when no current is flowing in the codl, and those
drawn v are closed only when current is flowing). VWhile L7/ is
closed, L1 is emergised, and 11 is held on by current through the

holding contact L1/1, even after L7 tumms off,
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L1 remains on until the light peth from the lamp to the light
dependant resistor is interrupted by the arm mounted on the motor
shaft, or the push button switeh 51 is depressed. When this
mmwmmupamm,mem-
wise enough to cause bottoming, becomes very small, so that the
transistor cuts off. Relay L1, which wes previously om, tums
off, (the diode short eireuiting the back-E.ML.F.), ellowing C11,
which charged while L11 was on, to discharge through 110, causing
110 to switch on, then off. Contact 3 on 110 closes and opens,
providing a pulse to cause the printer to operate. Contact 4 on
L10 opens, and this discomnects the holding contacts on the channel
relays from the power supply. This causes the "on" relay out of
11 to 16 to turn off, but only after a delay, caused by, in this
case, the discherge of C6 through 15/3 and I4. However, the time
constants are set so that L10 stays on long emough that I1 turms
off. Then this cccurs, C1 discharges through 11/3 and 12, ecausing
I2 to turn on. Times are adjusted so that before C1 is discharged,
giving 12 a chance to turn off again, 110 has turned off, closing
the relay holding eircuit contacts, 110/, and emsuring that 12
stays on.

Vhile L10 was on cendenser C10 rapidly charged through a 1k-ohm
resistor, so that when it turns off C10 turns I8 on and off. This
causes the printer to reset to serv.

Nothing further happens, except for the ascumilation of counts
through relay L9 until the light beam is interrupted again, when the
analogous set of events causing chamge to chamnel 3 oecurs.

VWhen the change from chamnel 6 to channel 1 occcurs, the operation is
a little more complicated. Cperetion of the relays Li1, 110 and 18
ocours as before, and in addition 112 operates. Consider condenser
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C12. Vhen I is off, I6 is on and L7 is off, then C12 is connected
on one side through 112, 27k-ohm and I1 to ground, while the other
is at 50v. It is therefore charged to 50v. When I4{ tums on, the
previcusly grounded side of the condenser C12 is comneoted through
1412 anil, because of the polarity change, the diode, to 50v. The
condenser therefore discharges and tumms 112 en. At this stage IL14
is normelly off because the shutter has not passed the lamp completely.
Vhen L12 closes L11 is twrned on again,via 112/2, and initiates another
print operation. This would normally cause a further change of
chamnels, but this is forestalled because when L12/4 opened as 142
tumed on, condenser C7 discharged through L7, which causes 11 to stay
on while the usual relay hold cireuit bresks in the course of the
printing operation.

N 3 e LAY L L

|

g 1hdes L 2 O L LN
It is necessary that L10 remain on for a time grester than the time
required to twrn one of I1 - 16 off, but less than twice this time
(assuming that this time is the same for all of L1 - 16). The
switching times for 11 - 16 may be varied in several ways, for example
by adjusting the contact pressure, the capacitances or the locking
serews on the armature. This last adjustment is used to set all the
switching times approximetely equal, and the time is best measured by
removing the printer from its ease, holding 110 on manually, and
looking with an oscilloscope at the voltage on the relay hold line.
When L10 is held on in this way, the relays cycle continuously,
enabling a rapid check on all the times.

The time for which L10 remains on is measured by loolking at the voltage
of €10 with the oscilloscope, and is adjusted by changing Ci1.

Electrical Noise
Hany problems were experienced at first with the ococurrence of spurious

pulses, due to triggering of the quench unit by pulses from the printer.
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The combination of smoothing eircuits, short-circuiting diodes, and
neon tubes shown in the circuit was used to cure this problem.

Scaling Errors

A random error is introduced into the count registered by the counter
owing to the faet that the scaler does not start at zero at the start
of each ¢ycle, and does not finish on zero at the end. The first of
these could give a maximum error of +1 in the scaled count, and the
second a maximum error of -i. This means that the average ervor will
be zero, and the maximm error is 1.

Dead Time of Printer

This was estimated, by using uniformly spaced pulses of varying rates,
to be about 0.5 seconds. The input pulses to the printer have a

random scatter in their time distribution, but the process of sealing
reduces greatly the variation in time between pulses ocourring at the
printer, compared to the variations in the time between the original

pulses. Evans (1955) discusses the time distribution of pulses from
ann-rmm,uulahmﬂntthopmbab&nty. PT' that the interval

between pulses, after scaling by a factor s, will be less than or equal
to T is

§-1
Py = 1-."‘*21"—:):
where a is the average rate before scaling.

Thus if T is the dead time of the printer

1*'/3 = 1P,
mnmnmwmmrwmuMammu.,unu

the true number. Pearson and Fartley (1958) have tabulated

C~rt

Zo"’i}p = 1-F, (ifm=alande=3s),
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aﬁﬁmm:tbfollwmtabhﬁdmprhnbm
prepared for s = 10 and 5 = 100,

Py aT (s = 10) aT (s = 100)
001 3.0 72
«005 3.7 76
.01 Lot 79
.02 ' 46 81
«05 5.5 8,

It appears from this that losses are very small, provided the rate
remains below a certain value, and then rapidly increase at rates
above this value. This is a consequence of the regularity of
scaled pulses. For the present scaler, the dead-time is unimportant
at rates less than 360 counts per minute with 10-fold scaling, and
8,600 counts per mimute with 100-fold scaling. These rates corres-
pond to 1000 counts and 2600 counts respectively, on the printer in
a 30 mimute period. It should therefore be possible to obtain
three-figure accuracy for the count rates, in all cases, except those
of less than 30 counts/minute unscaled count rate.
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Fig, I.2
SELECTOR SWITCH BLOCK DIAGRAM
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APFENDIX 11

EXCHANGE-RATE THEORY OF ADSORPTION KINETICS

This is an extension of & theory originally presented by Hendy (1965),
in vhich some mathematical errors led to wrong conclusions. Hendy

was concerned with the adsorption of phosphate on to what he thought
were sodium ions on the mica surface, and the notation he uses is
influenced by this belief., The notation used here is simplified, so
that S represents the adsorption site on the surface, whatever it
might be. It is assumed that S is most of the time combined with an
anion, but that an equilibrium does exist between the ionic species
and the combination, and that the rates of reaction can be ealculated
from a simple model. It is supposed that radioactive phosphate,
represented as P, is being adsorbed from carrier-free solution
containing chloride ioms, represented as Cl. The reactions occurring
are represented as

P and Cl are aqueous species, and S-Cl, 5-P, and S are surface-bound
species. Since S is ionic, and we are not considering OH™ as a
significant species, the concentration of S in forms other than S-C1
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and S-P must be very low. Thus we can write
@-G].J + [S-P] = B, a constant. (1)

The constants, k, in the above eguations are defined on the assumption
that we can write

= RO LN G )
aa  UEA | sy -k, 01 (3)

Since P is radicactive, we can assume the count rete measured is

proportional to [5-Fj. Ve therefore want an expression for [5-P)as
a function of time.

Substituting from (1) into (3) we find
SUEE L w [5)/) -k, (B 4 X, (5-P) @)

(2) and (&) give

Xy (P) (g%ﬂ“zf”ﬁ = ;"}5'3' (x,B - k, (5-P) -3%'2)
L'?}'( = = f5-P) (k, %—)ﬂrl,

.
So ﬂfﬁ’i = D - E[S-P), where (5)
K + "z“1fﬂ3
D= ntz 3 and E = kgfﬂ,]
k, 1 ky {17
+ é-——éz i+ -T--kz@]
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This differs from Hendy's expression, in that E in his expression

has dimension of /C1)~', instead of those of k, which it clearly
ought to have, on generel dimensional considerations. The above
expression for E depends on the ratio of [C17/P), and this is an
important experimental variable, in that the rate-comstant in the
integrated forn of (5) depends on the concentration of phosphate,
under some conditions.

Integration of (5) is performed readily, by the substitution of
¥ =D = E{S-P], and on substituting back again it is found that

[s-F) = D/E+ ([s-F), - D/B)e™""

For an adsorption experiment, [S-P) = o.tt-en[a-P]“-O.
D/E is the value of [S-7) at infinite time, so that

& - - )

or [sP), - [P = [s-P] e"TF

Thus the adsorption on to this site, S, in the case where phosphate
is added at sero time to the solution containing chloride ions at

equilibrium, has an exponential approach to the eguilibrium count
rate.

Suppose there are n such sites, 81, 82-----8‘, for each of which
equation (6) holds, separately. Then the total count rate is
pmporumlto;[sn!’).

[84°F) + [8,P] + wemem = [8,~F) (1-0"%1%) & (85-P], (1-6"%%) ¢ wne

so that (5P} = 2[8.-F] = ([8,-P], 6”1 4 58 ¢2b, ),
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Thus the total count rate at infinite time, mimus the total coumt
rate at time ¢,is 2 sum of exponential terms, and so would be
resolvable in the same way (and subject to the same conditions and
comments) as the desorption experiments of Furkert and Morris.

For this theory to hold, the half-lives must be related to the
solution composition.

We can write E = X¢ * KR
1+ R

p - 2
Xy 7
If R <«<1 t.bnl!-k1 kal.htitMMIﬁdthttmlh

mxuwwn,mmnnunmﬂ-xk,
an‘lkzmmm.

where

k
IfR))i,ﬁ-nB-kz-t{'. Thus in one or other of these two cases

E should be independent of R, since it is not possible to have an

ambiguous situation in both. It is possible to have independence of
nhbwhmu,ﬂk1adk2mommhhdn.butinm

case there is some dependence at R == 1. Because it is possible to
vary (C1) and (P) independently over a range of about 105, it showld
be possible to obtain the desired values of R. By a suitable choice
ww:itm.ﬂhpouﬂhﬁomx‘.kzﬂﬂ_.

If this predicted variation could be found, then it would be convinc-
ing evidence for the complex dissociation theory, as opposed to the
diffusion~controlled-kinetics theory, since the latter would prediect
only minor effects on the rate due to chloride, although the total
emount might be affected. The difficulty of performing such
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experiments, especially if more than one such complex is formed, is
formidable, and no attempt was made here to test the conclusions.

An experiment useful in testing the diffusion theory is to vary the
adsorption time in a set of desorption experiments. Morris found

that the shorter the adsorption time, the more rapidly the phosphate
desorbed, and that the results could all be amalysed into the same

half-life species, the changes observed being merely in the amounts
present at the start. This is consistent with the present theory,
because for large R, that is low phosphate concentration, the rate

of adsorption is largely controlled by the desorption rate constant.
This means that the fastest desorbing species also adsorb fastest,

so there will be relatively more of them, at short adsorption times,
than the slower omes, which will, however, eventually catch up the

faster ones.

mmtammutm_m-mmmcm
difficulty that it is necessary to assume seversl simultanecus
processes. Once one starts doing this one repidly gets to the
point where one is merely fitting the datat an empirical formula,
which gives no information as to the wvalidity of the postulates made.
It would be of value, if at some stage it is possible to reduce the
kinetics to a single exponential variation with time.
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The model used is that of an infinite plane sheet, thickness 1 in
vhich the diffusion coefficient is k. One boundary is impermesble,
the other is held at a concentration pV for a total time &, and then
reduced at time ¢ = 0 tv zero concentration. The concentration at
distance x from the impermeable face is v.

Awmummmuumbym
Jaegaxr (1959) (p. 104). If the initial variation of v with x is
v =f(x), and v =J(t) at x = 1, then

vad 5 @) o) x/a)).

l (2001)7k(-/(22) Nk R R Cy PTRA *J
+ [Fx') von((2me1) 7x'/(22) Jax’ ,

For wun,gzﬁ(t) = 0, so

v 85 HE AE)  og((amn) ) -
o/ #(xt) cos((2avt)7x'/22)Jax'

mdemteﬂnwmtmn

/vax- [m‘%)—‘dx

Mth.!-w terms are included in Ay,
S tmay o 2]
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The initial distribution is a result of diffusion with v = 0 at
x{land t =0, and v=pVat x =1, all ¢. From Carsiaw &

Jaegar's equation 5, p. 101,

x) = o + § 2 o (@) 70 025 s (amut)ra/(n)) BEH

= pV +§B. cos((2me1 ) 7x/(21))
where By, is independent of x.

An tncludes / ’i;(x-) sos((2n41)7 x'/(22) Jax
74
=/, (o¥+ 5 Bn cos((2me1) 72/(22)) cos((2041) r3/(22) ax

- (-1)° A .én. vos A2 oo L) 2 g
M/mnmnﬂx-% +.%k u‘nzaﬁnz

(see Chemical Rubber Co. handbook, 46th ed., p. A135), and this leads to

0/;3-‘%2-‘0“ /X 32 = 0, for 2?#n%. Porma=n
,ma/;zlhﬁ.mu = 8
mhus /2(x) sos((2001) 7%/(21)) éx

= () By e Ay

I T%}Fr . 03 %«-16‘%;9* o “K(241)2 72 E/a®)

- (R R (1 - o k(2 e
This means that

Lt e 5P reys + G A
f () R (1 - o (BT
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It is shom in chapter 7 that the count rete can b9 expressed in

8 (1)’
terms of a function F(B) = $W , which converges only

slowly when B is small,

Zitohmarsh (1937) has shown that if F (x) is the Fourier cosine
transform of a funetion £(x), that is,

To(x) = /32 /2(8) conlxtias,
then (7] $8(0) + ,Ewr,(n 7) = (2[32(0) + [ff(asﬂ (1)
If we define £(x) = o"("") so that £(2n) = o D\2! )2 we find
Foln/) = /,-75 o/:"(*“’ ? cos(n 7¢)dt.

Substituting y = t+1, this becomes

P(a7) = /oB /:""2 cos(n ~(y-1))dy
= /-,; [ /i"’zm(n ry)eos(n 7)dy + ,/O’wzdn(n”‘r)dn(n 7 Yy

O

= [/==1)" o con(a 7y)ay



= (1% [/ cos(n 7y)dy = /' cos(n7y)ay |

- (")n‘/'r%[/?i @YD) [° cos(n7y)dy «
(Integral found in C.R.C. handbook 46th ed. p. A173.)

Substituting in line (1), we find
ilE - [ ag) o S Y Eeme e I 08) LS/
. . 5;”;."2'“‘ 2,
write (1)) < soaaryliy = .
[ costaryity = [k W a(unta )
2 e c'wzm(wy)]: - ;1-,; / o,h(-ﬁv)o‘n’z(-ﬂw)b
B /5 ania ) oy
053 5&'%): ,,/J/'"’zdn(nf?r)v
-2 [ (S Slspar ),
It can be shown that 5(-1)“!3921 .- -
w5 =B /7 (ryny

- & [ (-2y8e 27 ey
28 = .&2\]‘,'0/;. dy.

oK
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cos(n 7y)dy

(2)
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Zo@B Ly E i S )

In the region where both sides converge reasonsbly quickly the
equation (3) was checked by the substitution of B = 1 and 0.1.

The sum wanted is related to the integral of the left hand side.

/;g - )2‘ z o~(2n41 )%s . 15_2 ) ﬁ%;_;&’f(__i Jog=(n 77)2/(’03_%‘

(2n41)

&:-‘é 2 -2::;2'-%6; +A/(-4)'-7— 0 )y )

Consider —}§ o(n e/ 8) g,

(<]

1r &) 15 nonotontcally incressing in ine interval (a,b) then

£(b)(b-a) > / 7(x)ax ¢(a)(ba).
£f(B) = 'ﬁ—i..w

so ¥ o 52 M 1)50 far Bon,

So for B<5 £(B) )0 all n.

So /‘720 77/“’3)&@(-7-. ’7/("’))- /5 & 7 /0B

For B< 0.4, /i.‘”?flu%zxw"/ﬁ"mnnumm
with n. Thus the sum of the integrels on the right hand side of (4)
is negligible compared to B.

o(2m)s 2

V - .
So for B <0.4 W . o +/Bq7
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The sphere is of redius a, diffusion coefficient k, and has
initially sero concentration at all r<a. Its ocuter surface is
 held at a concentration Cp for a time 5, after which this concen-
tration is sero. Time ¢t is measured from this change in concen~
tration.

From Crank (1957) p. 86, uhntbmunmu
time & a8

Lo = 142 S LU @znia’ oA

By substituting u = Cr in the diffusion equation, it is possible

to use the solution given on p. 45 of Crenk for the case of planar
diffusion with constant concentrations on beoin bounderies. Using
the above expression for C as the initial distribution, with sero
concentration at time t at the boundary, we get

4 2, .2
¢ = %Zﬁn{nﬂ‘r/&)o‘hzrv‘ -
g
NETES S AT g WNAAS

[emtntnrxfax: = 2 [eilcontarxa)) = (1)

Ve sin(nrx/a)sin(n x/a)ix = O for u o o

fan*mrsarax = [ix-/ cos’mrsalex = da

0¢ « 2 f (S o’ 7 o repa ]
1= [ 4rofer = &véxxnﬁqm(nrfr/.)u

mgmm»mmmammmc,
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2 2 ,2
® e ey2n 2 2 2.,,2 ~kn” 7t/a
= . %Z .15,7‘ [.-hrﬁ/a .1).
n

3
) _a_n;r_ggf ;15(1_‘-1;2#&'/.2) R Y

2 2
-hﬂ).-nnt

= C ;‘2(1—0

Nk

where C' = &300/7 and D = krz/az.

If H is taken to be the total amount in all the N spheres on the
surface, and the concentretion in the sphere at equilibrium with a2
solution of concentration V is pV, then C' in the above expression

is replaced by
€ = &,"//7'.

From the formal similarity between this expression and that for the
planay case, and the fact that

# - Zgﬁ:

the expression for x in terms of G(B ) follows directly.
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A SEARCH FOR RADIO-COLLOIDS

An experiment was desoribed in Chapter 6, in which the amount of
phosphate removed firom a solution upon adding aluminium ions
appeared to be much greater than the amount of aluminium added,
and not greatly dependent on the amount of aluminium added above
a certain limit, This suggested that the assumption that the
added carrier and the carrier-free material were chemically
identical should be tested as far as possible,

It is well known (Wilson, (1966)) that dilute redicactive solutions
often contain suspended radicactive material, called in general
"radio-colloids", and often due to adsorption of the redicactive
meterial on to small dust particles. If such matericls were
present in the solutions being used, and if they toock a long time
to come to isotopic equilibrium with the solution, then the inter-
pretation of results could be seriously in error. If the particles

M»MMMMbymmmumME'm,M

the effective specific activity would be lower than the measured
one, but if they were more strongly adsorbed, the effective specific
activity would be higher.
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mmammummmm”mkmwm

Austrelian Atomic Energy Commission at Lucas Heights, Sydney, were
obtained from one of their representatives, who said that much the
sane procedure was used at Amersham. New silica apparatus is
used each time, after being cleaned physically and with solvents,
Redistilled sulphur is irradiated, and then the exvess sulphur is
distilled off, leaving a polyphosphate. At this stage carrier
phosphate is added until the proportion of active material is sbout
10%, in order to reduce losses, and the mixture is refluxed with
HC1 to hydrolyse the polyphosphate. After diluting to pH 2, and
passing through a cation-exchange column in hydrogen f'orm, the
product is teated by electrophoresis to check that the activity is
present as phosphate,

mmmmmvummmutnmrmﬂu

removed by autoclawving, but with time, breakdown products due %o
rediolysis of the glass bottle may accumilate. The silica particles
and breakdown products may be capable of adsorbing significant
quantities of phosphate (Mellish et ol (1964)).

A possible source of particles is introduced when removing solutien
from the rubber stoppered botile with a hypodermic syringe. The
conventional needles are nickel or chromium plated steel, with a
brass hub, so that there is & possibility of iron particles being
dislodged by the acid phosphate solution, The needles were always
rinsed before use with distilled water in a chromic-acid-cleaned
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beaker, but this seemed a wesk point in the technigue. Some

noedles made from a platinum alloy, with a poly-fluorinated-
hydrocarbon hub, were ordered from The Hamilton Company, Whittier,
Califormia, but these did not arrive in time to be used, A
technique which was used once was to remove the rubber stopper from
the bottle, and transfer the contents to a press-cap glass bottle
with a glass dropper, but it was felt that the rediation hasamd &danger

of spillage made the use of a platinum needle and a syringe prefer-
able,

The concern with the possibility of radio-colloid effects was
initiated by some experiments vhich suggested that the radiocactive
material was more strongly sorbed than the carrier, so an experiment
wes corried out where a mixture of active and inactive phosphate was
filtered through an asbestos filter, and the concentration of the
active and inactive phosphate measured independently before and
after the filtration.

To 20 ml of 40", inective phosphate in a 25 ml stoppered flask
mm.mwa’%&,amaouwusuo‘%ﬂu’.

After shaking to mix the solutions thoroughly, 1,00 mi.samples were
taken at known times after mixing the sotive and inactive phosphate,
these samples being placed in a small Hirsch fumnmel containing a few
grems of Gooch asbestos on top of a cirele of filter paper, The
solution was sucked through into & clean test tube placed in a

Buchner flask, and the filter rinsed with a little distilled water,
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which was also collected. The filtrate was transferred to a
25 ml volumetric flask, 4 ml of the reagent described by Murphy
and Riley (1962) was added, and the volume made up to 25 ml
with distilled water,

The optical density of the blue colour developed by the samples
was measured on an SP 500 spectrophotometer, at a wavelength of
agow,mwnmmeemmumzwmm
prepered as above except for the filtration. No phosphate was
found to be washed out of the asbestos in a blank experiment, and
the usual corrections for reagent blani and cell mis-match were
made. The solutions were only weakly radioactive, and by using
stoppered L om cells, and a pro-pipette to fill and empty the
cells, it was found to be possible to avoid contaminating the
spectroneter,

After measuring the optiecal density of the samples 10 ml aliquots
of the same, coloured, solutions were counted in a MGH liquid
Geiger counter,.

The specific activity of eight such samples taken over a period of

8 hours after mixing the solutions were equal to within 1%, except
for one sample, and the mean of these was within 2% of the mean of
the two unfiltered samples. There was generally a 5 to 10%

decrease in the total activity of the filtered samples, compared
with the unfiltered ones. This experiment showed that the adsorption
in this case produced no change in the specific activity of the
solution despite a significant adsorption on the asbestos, so that
the suspected differences between active and inactive phosphate
species were not prominent in this case.

A possible explanation for the negative result is that the original
anomalous adsorption was found when using a phosphate solution which
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had been evaporated to dryness the day before, in order to increase
the pli. The above measurements were carried out with the same
phosphate solution, but 11 days after the evaporation, during which
time the "sticky" phosphate mey have adsorbed on to the g:lun,

decomposed to ionic phosphate.

Lhromatography

At attempt to distinguish various types of phosphate was made, using
rising front chromatography. mmmmnw“*%

anddﬁod,azﬂio"‘l.mzmkmnudummlmt. Several spots
wm*mm'pas.s’zmkm;ummmtmmm,

and after letting the solvent nearly reach the top of the paper it
was dried and autoradiographed. The autoradiograph (fig. IV.1)
was then used to locate the active parts, which were cut out and
counted.,

It was found that about 4% of the asctivity in the drop was firmly
stuck to the origin, while the rest ran with the solvent front,
Because of the large amount of carrier present and the absence of
"tailing" this could not be an exchange effect, and seems to indicate
that some large or strongly adsorbing particles were present.

Similar results were cbtained when the phosphate was put on a wet,
descending front chromatogram,

This technique should be developed in future so that by the choice of
appropriate solvents, (and perhaps thin-layer chromatography), the
components may be separated at positions between the origin and
solvent front. The composition of the solutions might then be
assumed with more confidence,
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DETECTION BY COUNTERS OF THE RADIATION FROM

RADIOACTIVE ATOMS

ZIRQDUCTION

This appendix describes the detection of the radiation emitted
by some of the isotopes used in this thesis, with emphasis on
caleulating the efficiency of detection with the end-window
Geiger counters used in much of the work., There is first a
brief summary of muclear phenomena, and a move detailed deseript-
ion of the electronic changes which follow an electron-nuclear
interaction. The principles outlined are then applied to the
desoription of the radiation from the four electron-capture
isotopes used.

In this process electrons with a continuous emergy distribution
are emitted from the mucleus. Only a few of them have the

meximum energy. The most probeble energy can be either mero, or
somewhere between szero and the maximum energy, depending on the
transition nature. Owing to a coincidental relationship between
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the emergy spectrum and the energy loss mechanisms the attenuation
of 4 decay electrons is appraximately exponential.

Electron Capbure

An orbital electron is captured, from one of the inner shells,
usually the K or L. Some of the energy charge involved is carried
off as a neutrino, which is undetectable, The produect atom is
left in an excited electronic state, owing to the absence of an

orbital electron, and in the process of losing this energy X-rays
and Auger eleotrons are emitted.

Z.Badiation

The nuclear state resulting immediately from the beta emission or
electron capture can be either the ground state or an excited state.
If an excited state is formed the excess emergy is usuclly lost by
the immediste emission of electromegnetic radiation, usually having
an energy somewhat greater than X-rays. In some cases a significant
time delay is observed - the excited state is then called a metastable
state. Often transitions occur to several execited states in series,
each tronsition leading to separate ) rays, If there are no meta-
stable states formed these will be "coincident” 7 wyeys. These
coincident 7Tays will generally be emitted in different dirsotions,
nmmmmmwunummmuw
as independent emissions,

In some trensitions there is a high probability that instesd of a
7 ray being emitted the energy is carried off by the emission of an
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orbital electron, with an energy equal to the ) ray energy minus
the electron binding energy. This leaves the atom in an excited
electronic state similar to that when electron capture occurs.
However, the relative probabilities of intemal conversion fronm
corresponding probabilities for electron capture, and this must be
borne in mind when estimating the electronic effects resulting
when both electron capture and internal conversion are ocourring
similtaneously,

The electrons emitted in intermal conversion processes are mono-
energetic, and although they have a fairly definite maximum range,
which equals that of the maximum range of a continuous beta
spectrun of maximum energy equal to the monoemergetic electrons,
the absorption of the monoenergetic electrons is strongly dependent

on the experimental arrengement (Evans, 1955), and it is not
possible to talk of an absorption coefficient or half-thickness.

Electron ocapture and intemmal conversion result in wvacancies in the
arbital electron shells, and in particular the K and L shells, If
a K shell vacancy occurs it is filled by a transition of an electron
from an outer (usually the L) shell, the energy change being earried
off elther as electromagnetic radiation (an X-ray), or by the
emission of an electron from the atom. This electron, called an
Auger eleetron, leaves behind a further vacaney in an L or higher
shell, and this in turn fills up by either X-ray or Auger electron
enission.
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Thus electron capture and internal conversion are followed by a
cascade of X-rays and Auger electrons, and it is sometimes necessary
to be aware of the proportions of the different processes. In
particular, when attempting to estimate the relative efficiency of
using an end-window Geiger counter and using a scintillation counter
to count y-emitting electron caprure isctopes, it is necessary to
know what fraction of the total decays give rise to emission of K
or L X-rays,

The information needed to calculote the X-rays produced is not always
availeble, if or available is scattered through several publications,
and in forms which can only be converted to the reguired numbers

after some considerable calculation. Probably the most useful

single compilation at the time of writing is "The Radiochemical

Manual® published by the Radiochemical Centre, Amersham, (Wilson, 1966).
This book gives, as well as the more common useful data, the “ray and
intermal conversion intensities as fractions of the total number of
transformations of the isotope, for most of the useful radio-isotopes.

Other pieces of information needed if' electronic trensitions are to
be calculated are the ratio of capture in the K shell to that in the
other shells, and the corresponding ratio for intermal conversion.
This information is more difficult to come by, but a scurce of infor-
mﬁmmuhhmn,mﬂmt old.hthomihuon

In most cases the ratio of L capture to K capture can be found

approxinately from the theoretical curve published by Rose and Jackson,
{1949). From this curve a mumber can be found, which when multiplied
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by the square of the ratio of the energies of the neutrinos emitted
in L and K capture, gives the ratio of L to K capture, If the
neutrino energy is much greater than the electron binding energy of
a few KeV, then this energy ratio very nearly equals 1, so the
curve oan be used directly. For atomic mubers from 20 to 50 the
matio of L to K capture when the nsutrinc energy is high ranges
from 0,08 to 0,12, However, it is necessary to check that the
energy effect is unimportant, for in some cases, such as /9K,

19py, 22pg or 2%p6 very 1ittle, if any, capture oscurs fron the
K shell. If the intermal bremsstrehlung end-point energy is
given, this may be taken as equal to the neutrino-energy, and this
should be compared with the K-shell binding emergy. As long as
it is greater than a few hundred KeV, the variation from the given
curve should be unimportant.

The internal conversion process is comparatively complicated, and
the probabilities are generally used to find out the properties of
nuclear ensrgy states. This means that if sufficient data is
available to calculate the required information, this information
is usually available as a direct experimental measurement., The
probability of intermal conversion is greater for inner shell
eloctrons than outer ones,

The capture and conversion data may be used to find the muwmber of
initial K end L shell wacancies produced. It is then necessary to
consider the relative probabilities of X-ray and Auger electron
emission. This probabilitiy is described by the "fluorescence
yield",&o« The ratio of the number of K X-rays emitted to the total
muxmmumhdwk,mnammmm
shells,
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Slagk and Vay (1959) give graphs of the vardation in o . and (o

with atomic muber, and there is a very great difference in the

values for low and high atomic number, mz-ts,wx<o.1,
whﬂoabmzuﬁo,wx>.8§. mm«%mmm
below % = 40, at which value ¢y = 0,06, and rises linearly so that
atz-‘rowb-o.zs. It is clear that very few L X-rays will be

produced in the lighter elements.

From the K~-fluorescence yield and the probability of Auger electron
emission from various shells, Slack and Vay have calculated the
number of L vacancies formed as the result of initial E-vacanecies,

and presented the results as a graph, which ranges from 1.5 et
Z=2 to1.0at Z = 44 and 0.8 at Z = 73.

Once the number of initial vacancies produced in the various shells
is known, one can calculate the total electronic effeects.

RADIATION FROM °'Co

Exipery Radiation

The rediations from °/Co, which decays by 100% E.C., are given in
the Radiochemical Manual as -

Iransition Energy % Z-rays % 1.C, electrons
1 KeV 8.2 81.6
122 ReV 88.8 1.0

136 KeV 8.8 1.2
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The percentages are the mumber of /-rays or electrons expressed as
a fraction of the nuuber of muclei which undergo decay. The total
is greater than 100% because of emission of radiations in cascade.

Owing to its simple decay scheme this information is easily found
also from the data given by Strominger et al, which gives the
relative /~ray intensities and the ratio of internal conversion
electrons to )~rays. In most cases this is diffiocult.

ioussa and Juilllisrd (1956) have measured the ratio of L to X
capture, and obtained the value 0.2 + 0,16, Using this number we
find that 80% of the captures produce X vacancies and 207 produce
L vacancies. The 122 and 136 KeV intermal conversion electrons
will contribute negligibly to the L shell vacancies (K/L is about
7). 'The 14 KeV intemal conversion K/L ratio is 8.9 (Strominger
et al.) so that internal conversion overall produces 9% of L
vacancies and 78% K vacancies,

The total of K-shell vacancies is 160%, which leads (at the mate of

1+4 L vacancies per K vacancy, found in Slagk and Way (1959))to 220%
L vacancies, giving a total number of L vacancies of about 2504,

The K fluorescence yield is 0,33 {Slack and Vay), so that 52% of the
decays give K Xerays. Assuming an L fluorescence yield of 0,03,
(a great extrapolation is used for this) 7% of decays would give L

The internal conversion electrons from the 14 KeV level have a range
in aluminiun of only sbout 0.2 mg/em?, so would be quite undetectable
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in the present counters. Thus the radiations and proportions
which could affect the Geiger counter are -

X~Rays K (8 Kev) 52%
L (0.7 KeV) ]
I.C. Electrons
about 120 KeV 2%
7 rays 1 KeV 8
122 ReV 89%
136 KeV 9%

Preliminary experiments suggested that a very soft component was
responsible for most of the count rate cbserved with the EW3N end-
window Geiger counter. The problem of whether the L I-rays or
electrons were responsible was resolved by plotting the variation
in count rete with ebsorber thickness for two asbsorber materials of
different atomic number, The photo-eleotric cross-section for
photon interaction, on which the X-ray attenmuation largely depends,
is very strongly dependent on the atomic mmber of the absorber,
(approximately as 7*), so the trensmission curves were obtained
using, in one: case, aluminium, and in the other, polytheme film
(vhich for the purposes of this experiment is almost entirely carbon).
The attemuation of electrons is independent of atomic number,

The results of the experiment are showm in fig. V.1, and it is clear
that the rediation is a combination of photons and electrons. The
electrons and photons are initially attemiated at the same rate in
aluminium, so the effect of the electrons is only noticeable as a
alight flattening off of the curve near zero thickness. However,
in polytheme, the electrons are asttemuated at the same rate as in
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aluminium, but the photons are attemuated about twenty times slower.
This leads to the sharp discontinuity onse the eleectrons have been
absorbed.

It tums out that about 60% of the initial count rate is due to
electrons, and 4OF to photons. In principle it is possible to
separate by graphical analysis, the contributions due to photons
with various energies, but the graphs cbtained did not separate
convineingly into separate terms, possibly because the geometry of
the detection system was not such as to ensure measurement of only
that rediation which had not interscted with the absorber.

The conclusion that the intemal conversion electrons are important
is elear. It may be established that their energy is about 120
KeV by noting that the deviation from the linear part corresponding
to photon sbsarption in polythene ccours at sbout 15 mg/em®, which,
after allowing another 2 mg/en® for the end window and 2 mg/en’ for
the air, agrees very well with the expected maximum range of the
electrens (18 mg/en?).

The approximete slope of the photon attenuation graphs shows that
the photons are about 10 KeV in energy, and so they are the K X-rays
and 1 KeV Y-rays.

The ratio of counts from the electrons and photons is about 1% to 1.
However the relative proportions of high energy electrons to 10-20
KeV photons is about 1 to 30, Thus the efficiency of counting
these photons is only about 27 that of counting the electrons.

Since the electrons are likely to be counted with something approache
ing 1007 efficiency, the low energy photons must be counted with only
about 2% efficiency.
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The above measurements suggest that the EW3H Geiger counter is a
somevhat inefficient way of detecting 9/Co. When the woxk on 5/Co
was started, = comparison was made between the EW3H and a scin-
tillation counter, and a result was cbtained which suggested that
they were of comparable efficienmcies. At the time, it was
believed that X-rays were being detected by the EW3IH, so this
result was not surprising. Subsequent comparisons have showm that
the EW3H has about 5% of the efficiency of the Philips seintillation
counter used. The original measurement must have been in error,
possibly because of overloading of the electronics. This will not
affect any of the comclusions of the experiments performed, because
these were all based on ratios of counts with the same counter,

apzazion ¥aou *7ge

The maelear information in the following table of readistions from

67ca was obtained from the Radiochemicsl Mamual, and the information
mm:mam”mmﬂcom.

Irvensistion Fnergy £ Z-may = Z£.ZL.C.
(xeV)

92
182

206
300
390
K Xeray
L ZXeray

29

5

W T R
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From the information on the relative efficiencies of detecting
internal conversion electrons = and X-rays, it is clear that most
of the counts obtained with an EWJH Geiger counter will be due to
the electrons.

A comparison was made between the count rate obtained with the
EW3i, and that obtained with two scintillation counters (a Muclear
Enterprises one with a 1" crystal, and a Philips one with a 2" well

orystal), under comparable geometiicel conditions. The mates of
the seintillation counters were very similar, and that of the EW3H

Because of its lower background, and comparsble efficiency, the EW3H
was the preferred counter.

31

BRADIATION FRON __Cs

13108 aecays by pure electron capture, with mo > -rays, so that the

only radistions which can be detected are the xenon K and L X-rays,
at 30 KeV and 4 KeV. Stxominger et al (1958) quote a value of L
to K capture of 0.1, so that the initial vacancies are roughly 10%
in the L shell and 90% in the K shell. From Slagk and Way (1959)
it is found that for Z = 55 there are about 0.9 L shell vacancies
per K shell vacanoy, so that overall about the same number of L
shell and K shell vacancies are formed.

The K fluorescence yield is about 0.9, so that about 807 of captures
give rise to 30 KeV X~-rays. The L fluorescence yield is about 0.16,
so that about 14% of captures give rise to 4 KeV X-rays.
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The efficiency of a counter for detecting radiation depends on
the probability of interaction of the radiation with the counter.
For X-rays of the present energy, this probability is inversely
proportional to the cube of the energy, because intersotion is
almost solely by the photoelectriec effect. Thus the efficiencies
of a counter for the 30 KeV and 4 KeV X-rays my be very different.

The efficiency is (1 = ¢ *), where the cross-section for inter-
action with the material in the counter is -; and x is the amount
of material in the semsitive wolume of the counter. For the EW3H

counters, (1 - ¢~ ) is small at about 10 KeV, so that ¥ is small,

and 80 (1 = " *) = /x. The relative efficiency for 4 KeV and

30 KeV X-rays is therefore approximately equal to the ratio of
their cross sections, which is in twrm equal to 30°/4° = 400, Even
allowing for the faet that the approximation to the exponential may
not be very good for the 4 KeV X-vay, it is clear that most of the
radistion detected with the EW3H will be L Xerays.

pe decays by pure electron capture, with mo /~ray. The only
radiation of significance to Geiger counters is the manganese K
X-ray at 5.9 KeV. (The L X-rays would be few in number because of
the smll fluorescence yield, and they would also have too low an
energy to have a useful range in air,). It would be expected from

mﬂcomMﬁmtmmmammm
produced would be very low with the EW3H, so that a great saving
in the amount of isotope needed could be made by using e counter
designed especially for X-rays. Such a counter would have a low-2

window, and a high-Z gas at high pressure.
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DETECTION OF ELECTRON-CAPTURE ISQTOPES BY

AUTORADIOGRAPHY

DETECTION BY X-RAY FILM

Ihe Film Used

The film used in most of the autoradiography was Kodak Royal Blue
Medical X-ray film, which has two layers of sensitive emulsion
12« thick, on a plastic base 200 .  thick. The emulsion is pro-
tected by & 2., thick layer of gelatin, No information was
available on the emulsion composition, but a reascnable figure
would probably be about 2 grams/ml of AgBr, with gelatin and other
ingredients bringing the density up to about 2,5 grems/ml. As
far as the X-rays are concerned, only the high atomic nusber
constituents are important, so we ocan assume the emulsion is 2.4
mg/en® of atomic number sbout 40. The base and protective over-
coat can be regarded as minly earbon (% = 6) with density 1 gn/em’.

Dotection of 10 KeV X-Rays
mwuamtmwmmtm”cowﬂax

m&,w‘”uhm,hnitdmm‘wuﬁmdm
type of behaviour expected. Since the cross-section varies as

(hr)” the exact behaviocus must be individually calculated.
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In the AgBr 10 KeV X-rays would have a j-thickness of about

10 mg/en’, and in the base and gelstin sbout 200 mg/em. This
means thatsbout 20% of the incident photons would be stopped in
the first emilsion layer, about 75% of them would reach the
second layer, and about 15% would be absorbed in the second layer.
Thus approximately equal intensities should be found on both faces.
The attemation of 5 KeV X-rays would be 8 times greater, so that
these would be almest all stopped in the first emilsion layer.

These could be L X-rays frem >/Co or °’Ga. The protective coating
uahm.zns/elz. Since the pethickness of 1 KeV X-rays is
m.au/aammmmuammwww

7% when no abserption edges interfere, the attemustion in this
layer should be very small, The emulsion being 2.4 mg/em?, of
high 7 material, then all the X-reys will be absorbed in the first
emulsion layer.

Tmmnmameaneotmhabout.an/uz,w

dﬂuamuﬂer,mtmtmwmmmmwco

or 676& will penetrate the protective coating.

The electrons from the 1k KeV level of >'Fe (from °/Co) will be
nostly of similar energy to the Auger electrons, and thus not detected.
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The other electrons have emergy sbout 100 KeV, which have a range

of about 15 mg/em>. Thus little attenuation is produced by the
protective gelatin coating, while the first emulsion layer is
about a fifth of the maximum renge of the particles, and the base
is greater than the maximm range. Thus exposure from 100 KeV
internal conversion electrons would be ounly in the first emulsion
layer.

It would be expected that most of the K X-rays would be stopped in
the firet side of the film, as would all the L X-rays and high
energy internal conversion electrons. One side of the film would
theref'ore be exposed much more than the other. This was found to
happen.,

For this work Ilford G5 emlsion was used, as a stripping film with
5 microns of emilsion on a 10 micron base, Vith this technique
the emalsion is in dirent contact with the sample, so that all
radiations, including Auger electrons, enter the emulsion.

Baxkas (1963) is a source of much information about muclear emulsions,
but mainly from the point of view of the chservation of the tracks of
miclear particles. From this reference it was leammed that the
density of AgBr in nuclear emulsions is gemerally greater than in
other emilsions, being about 3 gn./ul. The size of undeveloped
mmmemumo.;ﬂ,mnthtbphtnmw
silver whish occurs with developers such as D19, the developed
grains are about twice this sise,




Low energy electrons, such as those from tritium, (y_x-tsw,

mean energy 5.5 KeV) give no tracks because their renge is so low.
Awmmm;rmccfo.%,uﬂaicoxilmjgﬂin
niclear emilsion. The low energy electrons give isolated grains,
indistinguishable in nature from the background fog.

Itkdmthtmﬂapdﬂsmafm&aﬁccmua
region of about one micron redius in which all the ailver halide
grains are exposed by K-LL Auger electrons. The L X-rays will
also be mostly stopped in this region, but the K X-rays would
travel muwh further, with a half-thickness of sbout 30, Vith
an emlsion layer a few wicrons thick the exposure would be
entirely due to L X-rays and Auger electrons, so that resclution
to within a few microns should be possible,
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AMENDMENTS TO PROGRAM DESCRIPTIONS
R. Hoare, September, 1967.

Program UCHHO4: This program has been modified so that, when choosing
the range of the log (count rate) scale, the upper range is set by the
greatest count rate in the range hours [i] to hours [j], and the lower

range is set by the smallest rate in that range, unless that rate is

1.0001.

Program UCHH12A:

Plots percentage count rate versus log (hours).

Program UCHH12B:
Plots percentage count rate versus sqrt (hours). No account is taken of
werd generator keys, but either form of data tape will be accepted.

After drawing the first graph, the data tape is examined to see if the

ehniget-r "R" is in the reader, If so, the values of "countmax" and

e e

nuxt-unn%ulucn of its coordinates countmax and sqrt (hoursmax)., Countmax
will be a percentage countrate, The data tape will end with

cinel divisorR countmax hoursmex(@ e.z. 2677 1234 3 2 @

Progam UCHH12C:

Plots percentage count versus 1/sqrt(hours).

Comments for H12B apply.
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USE OF THE ELLIOTT 503 COMPUTER FOR DATA PROCESSING,
WITH PROGRAMMES UCIHIHORL., UCHH{Y AND UCHH12

The progreammes have been written for the Elliott 503 computer
owmed by the Applied Mathematics Division of the Department of
Seientific and Industrial Research, and use the Algol progremming
language. The programme and data are both read in from paper
tape, and the data is output on & lineprinter and & graphical
plotter,

The first sections of all the programmes are very similar, being
designed to read in the experimental data, and calculate the count
rate and time for each point, after allowing for the ratemeter
range, chart speed, small errors when renges are chenged, attemuating
filters introduced to extend the renge of radicactivity measursble,
dead time of counters, background and decay. After printing this
information on the lineprinter, it is further processed and output
on the graphical plotter, in a way which depends on the particular
PrOgrarine.

One aim of the programmes is to reduce to the minimum the amount of
mental work dome by the person taking veadings from the charts.

The data is fed in as numbers corresponding to the percentage of full
scale chart reading, and the number of time divisions from an
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arbitrary, adjustable zero point. In order that these can be
converted to count rates and times, variocus other numbers ave fed
in as required,

The unit of time used is the hour.

The unit of count rate used is the muwber of counts/minute.

DATA _DNFUT

The names of parameters specified in the data tape are -

munlio

timefoctor

The experiment identification number - up to three
figures but no letters allowed in this code.

The number of data points -~ choose a muber greater
than the mumber counted, in case a small error has been
made,

The decay rate (i.e., 0.693,&&) of the isotope, in
mes™? - (for P2, = 2,02 x 1070)

The number of hours per time division. If you ave
taking points every 1", at a chart speed of 1"/hr, then
timefactor = 0,333, and "time" (see below) = 1, 2, 3 ete.
Exactly equivalent is to put timefactor = 1 and time =
0333, 0,667, 1.0, ete. Less writing is entailed by
the first method, if more than a few points are inwolved.

The nuber of counts/min (nominal) for full scale reading.
If, as when using the printer, the actual muiber of ocounts
ns:w%WMmmm then ratefactor

time for interval




scalefactor Allows for differences in the reading of the mtemeter

observed sometimes when the range is changed, by
assuming that the new seale is proportional to the old
one, It is the ratio of the apparent count rate on
the old range to that on the new range. If on the
mm,dmmmsi.mmux‘,
mmmmm,wm.sz,mmnx?

then scalefactor is

1008, X 1
L X T

depending on which scale change is made.

filterfactor Is the ratio of the mumber of counts/mimute before the

deadtine

timeshift

change to that after the change. It is necessary to
allow for deadtime and background in the caleulation of
this factar.

mist be expressed in mimites. (0.6 m S. = 10”2 min, )

is in counts/mimute.

This is used when there is a constant time = timestep
between data points.

is the elapsed time in hours from the start of the mm
to any point where a change is made in the value of time-
factor, This is also used to enable counting of time
divisions to start at any convenient place, in oxder to
avoid fractions of divisions, and to avoid writing "time™
to 3 figures when it gets up in to the hundreds - merely
inoreasing timeshift by the appropriate number enables
small (0-100) values of "time" to be used.

329
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tine is the muwber of time divisions measured from the last
change in timeshift. "time" has dimensions of distance
along chart. For very long runs it may be convenient to
measure time in days (e.g. 1000 hrs = 30.42 days), in
vhich case timefactor = 2.

record 4s the % of full scale chart reading, usually. If it is
the actual mumber of counts, then put ratefactor = 100/
(the time for which the count was taken).

The time (hours({i) ) and count rate (count{i)) for each point,
characterised by the indéx, i, are calculated as follows -

hours/ij:= timeshift + time* timefactor
count[i):= record*ratefactor®scalefactor/100
count (i)t= (count(1)/(1~deadtime*count[i] ) -~ background )*
filterfactor*exp(lambda*hours(i; )
(the symbol := means "set the value of the variable on the left equal
to the present wvalue of the expression on the right").

Different values of i correspond to the different pairs of time
record, -

The mubers must be written on the data tape in the right order, for
the computer camnot identify the numbers in any other way.
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The first nusber is runio
second number is J
third mumber is lambda

In normal operation we have

fourth number is deadtime
fifth number is background

These parameters remain fixed for the whole run.

Next follows a set of parumeters as follows -

timefactor, ratefactor, scalefactor, filterfactor and timeshift,
in that order,

This set is repeated each time it is desired to change the value of
one of these parameters during a run.

Then come the values of time and record, in that order (e.g., 0.333,
97, 0.667, 8, 1, 75, ete,)

Af'ter reading the first two groups of mubers the computer reads the
tape in groups of two nubers until it finds that the character
immediately after the last "record” mumber is one of five "buffer”
characters - any other characters except numbers are ignored. On
finding one of these buffers, it performs the following operations -

buffer Speration

. veads new set of parameters, e.g. when change ratefector -
all the numbers in the set must be written in, even if the
values axre the same as before.

t end of data - must follow the last value of "record".
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buffer gperation
A On reading this, the computer sets "timestep" equal o the
next mumber on the tape, and then reads each mumber 2s a
value of “record”. Each time it reads a mumber it advances
"time" by the value of “timestep®.

X indicates a missing value of record - it causes "time" to be
inereased without caleoulating "eount"™ when running in the
time-stepping mode.

B mﬂumﬁnh_m&‘tﬁn’aﬂ%’dﬁw
again.

Ay B or X camnot occur after the first value of "timeshift" but may
ogour after subsequent values, (i.e., there must be a "time", "record"
pair at the start of a run.

The data to be fed into the computer is written cut by the user on to
543 Algol Programme forms, copies of which are available from the
University Flexowriter operator. The completed forms are punched up
by the Flexowriter operator, to give a typewritten copy and a punched
tape. After checking the copy for errors, the tape, along with the
programme tape and a 503 work sheet, which contains instructions to the
computer operator, are handed in to the computer.

Layout of numbers on the programme sheet is unimportant to the computer,
which reads the tape sequemtially., Checking of the typed copy is much
easier with a neat and systematic layout.

mmmtwmamwmwtm

shift (or another X in the case of X). After reading o mmber, if the
next character is not a buffer, the computer ignores all non-numerical
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characters, and moves the tape along to the next numerical character.
This means that identifying labéls can be used on the data tape.

The programmes in this set vary in the form in which the processed
data is output. All of them give an initial output on the line-
printer of the value of "count" and "howrs" caleulated for each point,
together with the indéx "i" which indicates the position in the data
sequence. The range of the dats is 0< hours/i)< 10,000 and 1 < count
[:l)<100,000. If count/i) <0 them it is set egual to 1.0001. This
mist be watched if filters ere used to alter count mtes during a run.
If', as may ocour when using & scintillation counter, count/i) is
greater than 10°counts/mimite it is possible to work in counts/second,
provided appropriate units are used for “deadtime”, "ratefactor" and
"background".

The output is followed by graphical output, the form of which depends
on wvhich programme is being used.

Other general notes about the progrmmme concern the selection of
different paths in the data processing section. This is done by
choosing certain settings of the "word generator keys", which are an
array of switches on the computer control console, labelled WG1, WG2
ete, up to WG39. The desired position of the first few of these keys
mst be stated in the work sheet submitted with the programme and data
to the computer operator. If WG1 is down, then "deadtime" and
"baclkground” are read in as data along with, and between, "filter-
factor” and "timeshift", instead of at the start, after "lambda".
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This can be useful if one or cother of these is known to have
changed during & run.

A simplified flow chart is shown in fig. VII.1 and VII.2, and
should be of some help in understanding the use of the buffers,
and other aspects of the prosessing calculations,

SE _VoRE_JEED

One of these must be submitted when putting the tapes in for a

mun, for it tells the computer operator how to set the machine up.
Filling out of the form should be obvious. The version HO, is

aveilable in RLB code (which the machine reads directly without

trenslation) while the others ave in Algol. The eguipment used
is rveader (), lineprinter, and plotter. Vhen the Algol versions
are used it is necessary to ask for the procedure "plot" to be

inserted.

The positions of word gemeration keys one to four should all be
specified as the required values (up or down).

This version produces a graph of the logarithm of the time, versus
the count rate expressed as a percentage of some mumber which is
input as an sdditional piece of data. Vhen this prograime is being
used the data tape must contain this nunber after the arrow buffer
which designates the end of the ordinary data. This number can
eagily be added to a tape produced without it, providing the "halt"
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charagter usually on the end of the tape is erased. It will not
affect the running of this data tape on other programmes. For an
adsorption experiment this mmber (called "divisor”) would be the
decay-corrected equilibrium count rate, while for a desorption
experiment it would be the extrapolated initial count rate. The
graph output has the percentage count rate from O to 100% on a 5"
long ordimte scale, and the logarithm of the time 4in hours on a
9" long abseissa, from =3 to +4, All points are plotted except
those falling outside the range of the awes, or whose “count"
volues are less than 1% different from the previous walue of count
to be plotted,

After output of the graph the values of percentages and log (hours[i])
are output on the lineprinter, in the same format as the initial data,
and the programme waits for another set of data.

Progremme UCHHOL is designed to plot the log of “count™ agninst "hours",
and then to read in two mubers from the control typewriter of the
conputer, which specify what section of the graph is to be regarded as
a stmight line, for purposes of caloulating an exponential term. It
calculates this straight line, using 2 least squares fit to the
specified points, outputs the value of halflife and intercept on the
control typewriter, and subtracts the values of this line fiyom the
renaining points. It also draws the caleulated line on the graph.

It then grints the new set of values of "count" on the lineprinter,
draws the greph and proceeds exactly as befare.

The greph scales are calculated automatically so that the data will
Just fit the page. There is provision here for a choice of
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presemtation. If WG, is up then a continuous line is drawm between
the data points ~ this is inelegant, but fast. If WG, is dowm,
then a small cross is drawn at each point.

After drawing the graph the message "Type line ends"™ appears on the
control typewriter. If the user is in the computer room, he can
lock at the graph and see that certain points are on a good straight
line. One axis of the graph (the y - axis) has a few divisions,
corresponding to the log of 10, 102 ete, and is the "count™ axis.
The other is marked every § inch or so, and lsbelled with mmbers
13 2, 3, b0 0, 2, 4, 6 or 0, 4, 8, 12 ete, together with a mumber
in secaled form written above the axis, m-mqoa(.wo)m.

is the mmber by which the numbers below the axis must be multiplied
in order to find the time in hours. To specify the section of gruph
to which a straight line is to be fitted, the time co-ordinates of
the ends of the seection are found, in terms of the numbers on the
axis, i.e., you do not multiply by the factor sbove the line,
Interpolation between the labelled time markings is allowed. These
co-ordinates do not have to refer to asotual points ~ the programme
sclects points within the limits you choose.

These time co-ordimates are typed by the operator on the control -
typewriter, the smaller one first, and a space ar other non~mnumericel
character Between them and after the last. The programme then
contimues, does the fit to the points, subtracts the caleulated
curve, and replots the points which d4d not lie in the section chosen.
"Halflife" and "intercept" are output on the control typewriter,
followed by "type line ends". The process can then be repeated.

If the first o the numbers input is sero and the other is not, then
after caloulating the line in the normal way, the complete set of

halflives and intercepts, and the percentage of each intervept
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relative to the sum of the intercepts, are output on the lineprinter,
The programme then returns to the start, ready to sccept another set
of data. If both numbers are zerc then the intercepts ets. are
imwdiately output and the programme returns to the start again - this
is used to reject a rm.

There are some points to make concerning the details of the programne.
The greph plotter is a comparatively slow way of putting out data.

To help speed up the process without affecting the acouracy, not all
of the data is actually put on the graph. If a point would have %o
be drawn on the graph with a separation of less than 1% of the full
scale distance from the last point plotted, it is left off the graph,
although still included in any calculations. Any point which would
not fit on the paper is also omitted, and a message "polnt i out of
range" where i is the appropriate index, is output on the lineprinter.
In the process of working out the best £it line all points less than
1 or greater than 4 times their neighbouring points are rejected -
this guards against ridiculously lerge or small values upsetting the

nean.

If W62 is down, a message "backfix =" is typed out, and the programme
walts for a value of "background" to be typed im. This was intended
to be used if it was suspected, after observing the graph, that a
better line would result from a different wvalue of "background". In
this case, after changing W62, and typing "repeat" the data tape
would be read in again. After reading the first few mmbers the
message "baokfix =" would appear, the operator would type the desired
new value, and the processing would cantinue,

If W3 is down, a message "lambda=" appears. A new value for "lambda"
can be entered as with "backfix". This facility was intended to show
whether long halfiives are in fact infinite if & slightly different
decay constant is assumed.




This programme is based on UCHHOL, and provides the same output,
except that on drawing the first graph of log(count(i)) versus
hours(ij, it retums to the start, ready for another set of data.
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Fig, VII.1 DATA PROCESSING |
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up . W& " down |
[ N -
read runNo, j, lambda, dt, bk| | zead runNo, j, lambda |
N | 5 2t < . |
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advance(1)

~
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DATA OQUTPUT Fig. VIT.2

@4—{? output i, houfs[i], count[1] |

UCHHQ4 and UCHH11 Y -. UCHHA12
Y . B
draw graph of log(count[i))
“first
versus hours[i) {me through:
v Y v
UCHH11 UCHHOL yes ol

rread divisor lgo to start|

q; :
lgo to start| [print type line ends|

[ count[iJ :=100*count[i] /divisor|

read line eryi;si

no |hours[1]:= log (hours[il )J

\-y . - . [Do 1least squares f‘I’E’l '
between line ends

3%

draw this line|

y

7 are

plot count[i)vs. hours[i]
¥ A
go to @

yes

subtract this line |
|from present count[i] |

e

o was
Y _~"smallest line - ~ /
yes . - ~end less than hours[i]?

v Yho

?printfh;iﬁ"{v_es‘l | | go to @)

t

‘and percentages

Y
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APPENDIX VIII

0 1 2 3 ke 5 6 7 & 9

Al 400 388 376 .366  W356 W3WB 339 W332 W32
318 L3912 L306 L300 .295 .290 4285 L280 .26 W272
o268  L26h 261  J257 W20h G251 W27 W2k A2 239
«236  J23h 231 W229 L226 .22, .222 .220 «218 .215
L2913 .212  .210  L,208 .206  L204 L2053 L2001 199 .198
196 195 L1933 L192 191 L189 188  L187 L1856 18
83 182 180 79 AT JATT AT ATE AT AT
AT2 AT AT0 169 L1688 L1167 L1466 165 L6k «163
W62 161 161 160 159  .158  J157  L157  L156 L1556
0 1 2 3 L 5 6 7 8 9

A3 JLT5 ik L1361 L1313 L1270 L1231 L1195 L1163 L1132
L0 L1078 L1058, L1031 L1010 L0990 L0971 .095% L0937 0921
0905 .0891 .0877 <0864 L0851 .0839 <0828 L0817 0806 cm
L0786 0776 .0767 .0758 L0750 O 0733 0725 0718 .O711
0704 L0697 .0690 .068, .0677 .0671 .0665 .0659 .065h 0648
L0643 L0638 .0632 ,0627 .0623 .0618 .0613 .0609 .O0604 0600
.0595 ,0591 J0587 .0583 .0579 .0575 0572 .0568 .0564 .0561
«0557 0554 .0550 0547 .O544s L0541 L0538 L0535 0531 ,0529
'0526 00523 om 00517 .Oﬁﬂs 00512 -m 0-“ Om CW




W oo nwm TN -

B ah b B b b b B b
O~ OwWw W e O

GROERRES

B8 BIR

EEFEREE

&7

L9

SGFORZIBIRGPURY

FFUNIZTISEIR

BEIRVPELUVIEIBEIRGPLPER2BI AN

353

1,217
14260

' 1 .m

1351
1.399
1451
1.%
1.562
1,623

1.687
1.756

1.830
1.910
1,997
2.093
2,198
2,316
2,449
2,603
2,786
3.009
3.297
3.702
4e395



REFERENCES

m‘. Po, De R.mm.cc AQM&F. R. Duke. 1955.
Plant and Soil §, p. 391-408.

Amphlett, C. B, 196k. "Inorganic Ion Exchangers", Elsewvier, London.

m, B. W, 1963. Je Soil Sei. &’ Pe ‘15’23
1964. J. Soil Soi. 15, p. 110-6.

w, S. A, 1%6. I.A.E.A. Tech. M series No. 65’ Pe }Hs
Vienna. ’

Barkas, V. H. 1963, "Nuclear Research Emulsions" Vol. 1. Academic
Press, lew York.

Birisov, M. S. et al. 1966 Nue. Sei. Abs. 20 : 38878.
Black, C. A. 1%3. Soil Sei. Soc. Am. Proc. 7, ps 132
Blaker, R. H., 1953. Faraday Soc. Discussions, 16, p. 210-22
Blodgett, K. B. 1935. J. Am, Chem. Soes 57, p. 1007

Bourne, M. C. 1965. Proe. 2nd Scandanavian Symp. on Surface Chem.
Pe 95—117.

Bromfield, S. M., 1965 Aust. J. Sodil Res. J, p. Ji=il
Burns, N. G. 1966 M.Se. Thesis, Victoria University of Wellington.
Butler, E. B., & W, H. Johnstone, 1954. Secience 120, p. S4J-4.

Carslaw, H. S., & J. C. Jaegar, 19,7. "Conduction of Heat in Solids"
1“ m.’ cwm m' m.
1959, ibid, 2nd Bd.

Ch“, Se c.. 1%. Je. Sth. Afric. Chem, m. _u' Pe 98.‘“.
Coleman, N, J., J« T. Thorup & W. A. Jackson. Soil Sei. 20, p. 1-7.

35




355

Cooke, I. J., & S. Larsen, 1966. I,A.E.A. Tech. Reports, Series
Ho. 65, p. 2=7, Vienna,

Cosgrove, L. A. “9%. Je Phys. Chem. &. Pe 385-8.

Crank, J. 1957. "The Mathematies of Diffusion", Clarendon Press,
Oxford.

Crotty, F. 1962 M.Sc. Thesis, Victoria University of Wellington.

Davies, J. J., & Rideal, E. K., 1961, "Interfacial Phenomena"
Academic Press, New York. :

M, zo. & J. w, ’m Proec. 2nd Int. Conf'. on Peaceful Uses
of Atomic Energy, 28, p. 88-96.

Fichols, G. G., A. E. Nagel & R, B. Hughes. 1965. Anal. Chem. 37,
po%"&o

Evans, R. D., 1955. "The Atomic Nuocleus", MeGrew-Hill, New York.
Flinn, P. A., S. C. Ruby, ¥, L. Kehl. 1964. Seience, 143, p. 1434~6.
Follett, E. A. C., 1965. J. Soil Sei. 16, pe 3341,

Furikcert, R. J., 1965. Ph.D. Thesis, Vietoria University of Wellington.

Glasstone, S. 1955 "Textbook of Physical Chemistry”, 2nd Ed.
Macmillan, London.

Graham, J. 1964 Rev. Pure Appl. Chem. 14 p. 81-90.

Grim, R. E. 1953. "Clay Mineralogy". MeGraw-ilill, New York.
Helferrioh,F41962. "Ion Exchange", MoGraw-Hill, New York.

Hemwall, J. B. 1957. Adv. Agron. 9, pe 95-112.

Hendy, C, H. 1965. M.Sc. Thesis, Victoria University of Wellington

Hercsynska, E. 4959. Z. Phys. Chem, 213 p. 241-261.
1961a Hucleonika, 6, p. 735-48.
1961b Z. Phys. Chem. 217, p. 139-158.
1965 Polish Acad. Sci. Inst. Nuc. Sei. (Warsaw)

M 6790



356

m. E. 1%. Je Imm- Nuc, Chem. ﬁ, Pe ﬁ”wn
Heresynska, E., & I. G. Campbell. 1960. Z. Phys. Chem. 215 p. 28-62.,
Herczynska, E., & K. Prosgynska. 1965 Nucleonika, 10, p. 95.

Holland, L., 1964. "The Properties of Glass Surfaces”, Chapmen &
Hall, London.

. Huffmep. E. O,, V. E, Cate, M. E. Deming. 1960. Soil Sei. 90,
P 8=15,

fure, J., R. Platzer, R. Bittel, J. Fourre, & R. VWey. 1958,
Proc. 2nd Int. Conf. on Peaceful Uses of Atomic Energy, 28,
pe 347,

Ida, M., M. Hireta & S, Kawada. 196h. Seci. Rep. Kanazawa Univ. 9,
Pe Mo

Ide, M., & S. Kawada., 1963. Seci. Rep. Kanaszawa Univ. 8, p. 279=201.
1". Le 1931. 2. Phys. Chem. w Pe 262-86.

Jagkson, V. W., & J. Vest, 1930, Z. Kristallog. 76, p. 211

Jamescn, R.E., & J. E. Salmon, 1954a, J. Chem. Soc. p. 28=3i.
19”, Je Chems Soc. De L013-7.

Kepek, F. 1965, Collection of Cmech., Chem. Comm. 30, p. 144172,

Kraus, K. As, H. O, Phillips, T. A. Carison & J. S. Johnson. 1958.
Procs 2nd Int. Conf. on Peageful Uses of Atomie Energy, 28,
Pe 3—160

Iewis, D. G. & J. P. Quirk. 1962, ~7th Intermational Soil Conf.,
New Zealand.
1%5- I.A.B.A, Tech. m Series No. 58. Pe 7"7, Viemna.

m, P F. 1%“. W. m _u’ Ps %9-327.
m' Ce He 1913, Compt. Rend. ﬁ’ Pe 1&60



357

Mellish, C. E,, J. A. Payne, & G. Varral. 196,., Radiochimica Acta
& Pe 2“0!'100

Hoeller, E., & N. Starfelt, 1966. Aktiebolaget Atomenergi Report
Ho. 237, (m. Scd, Abs. 21 3 ‘237).

Horris, Pe J. 1964. N.Sc. Thesis, Victoria University of Wellington.
Moussa, A., & A, Juilliard, 1956. Compt. Rend. 243, p. 1515.
Murphy, J., & Jo P. Riley, 1962, Anel. Chim. Acta, 27, p. 31-36

Mysels, K. J., 1959. “"Introduction to Colloid Chemistry" Interscience,
New York.

Nye, P. H,, 1966. I.A.E.A. Tech. Reports, Series No. 65, p. 66-70,
Vienna,

Olsen, 5. R. 1965. I.A.E.A. Tech. Reports, Series No. 48, p. 130-9,
Vienna.

Olsen, S. R., & F. S. Vatanabe. 1966. Soil Sei. Soc. Am. Proc., 30,
pe 598-602. '

Pearson, E. S. & H. 0, Hartleyr 41958, "Biometrika Tables for Statist-
icians", University Press, Cambridge.

Perrott, K. W. 1965. M.Se. Thesis, Victoria University of Wellington.
Rankin, Ps 1964. M.Sc. Thesis, Victoria University of Wellington,
Rees, V. T., 1962, The Analyst, 87, p. 202-6.

Reichenberg, D. 1953, J« Am, Chem. So€e, 75, pe 589=597.

Rose, M, E., & J. L. Jackson, 19%49. Phys. Rev. 76, p. 1540.

Seini, G. R, & A, A, Melean, 1965. Can, J. Soil Sei., 45, p. 15-8.
Seunders, W. M. H, 1965. W.Z. J. Agric. Res. 8, 30-57.

shao, Y. 1963. M.Se. Thesis, Victoria University of Wellington.

Shao, Y. 1965. Ph.D, Thesis, Victoria University of Wellington.



358

shepaxd, J. W, & J, P, Ryan, 1956, J. Phys. Chem, 60, p. 127.

Sehenkel, J., & J. Kitchener, 1958, Natuve, 182, p. 131.

S1ack, Le, & K. ¥ay. 1959. "Radiation from Radicsetive Atems in
Frequent Use”, U,S.A.E.C., Washington, D.C.

Spedding, D. J. 1964. Ph.D. Thesis, Vietoris University of Wellington.

Stout, P. P. 1939, Soil Sei. Soc. Am, Proc., 4, p. 177.

Strominger, D., 3., Hellander, & G. r.m 1958. Rev. Mod.
Phys., 30, pe 709-904.

Thiers, R. B, 1955. “Trace Amalysis", ed. Y. H. Yoe & H. J. Koeh,

Titohmarsh, E, C. 1937. "Introduction to the Theory of Fourier
Integrals”, Clarendon Press, Oxford.

Tolansky, S. 19%8. "Nultiple Beam Interfercmetry of Surfaces and
Pilms®, Oxford Univ. Press.

van Wager, J. R. & Co F. Callis. 1962, "Inorganic Polymers", Academie,
New York.

Warington, R. 1868, J. Chem. Soc. 26, 1-19.

Watkinson, J, H. 1967. Ph.D, M,MM@&W

¥ilson, B, J. 1966 (ed) "The Radiochemical Manual®, The Radiochemical
Centre, Amersham, Englend,

Wright, B, C. & M. Peech. 1960, Sodl Sei., 90, ps 32-h43.




359

ACKNOWVLEDGMENTS

I wish to thank the many pecple whose willing co-opération made
this thesis possible. Among these were -

The technical staff of the Physics, Chemistry, Zoology and Geology
Departments of the University, especially ir R. Barbour, who made
the glassware, and Mr R. Page, who maintained the electronies;

Mr M. King and Mrs I. Adams who produced the photographs;
The staff of the University workshopj

Dr R. B. Payne and ix E, Jones, who gave instruction and advice in
computer programaing;

Dr G, VWake, who assisted in the evaluation of a Fourier cosine
transform;

Drs N. G. Chapman, D. A, Christoffel and P. B. Johnson of the Physics
Department, who freely gawe advice and lent their equipment;

Fellow-students, whose oriticism and advice were greatly walued;

Professor A. T. Wilsen, who wes a most stimmlating and sympathetic
supervisor;

The Golden Kiwi Lottery Grants Committee, who provided finaneial
support;

and my wife, whose encouragement and assistance in produecing this
thesis made the task much easier,




	10001.pdf
	10002.pdf
	10003.pdf
	10004.pdf
	10005.pdf
	10006.pdf
	10007.pdf
	10008.pdf
	10009.pdf
	10010.pdf
	10011.pdf
	10012.pdf
	10013.pdf
	10014.pdf
	10015.pdf
	10016.pdf
	10017.pdf
	10018.pdf
	10019.pdf
	10020.pdf
	10021.pdf
	10022.pdf
	10023.pdf
	10024.pdf
	10025.pdf
	10026.pdf
	10027.pdf
	10028.pdf
	10029.pdf
	10030.pdf
	10031.pdf
	10032.pdf
	10033.pdf
	10034.pdf
	10035.pdf
	10036.pdf
	10037.pdf
	10038.pdf
	10039.pdf
	10040.pdf
	10041.pdf
	10042.pdf
	10043.pdf
	10044.pdf
	10045.pdf
	10046.pdf
	10047.pdf
	10048.pdf
	10049.pdf
	10050.pdf
	10051.pdf
	10052.pdf
	10053.pdf
	10054.pdf
	10055.pdf
	10056.pdf
	10057.pdf
	10058.pdf
	10059.pdf
	10060.pdf
	10061.pdf
	10062.pdf
	10063.pdf
	10064.pdf
	10065.pdf
	10066.pdf
	10067.pdf
	10068.pdf
	10069.pdf
	10070.pdf
	10071.pdf
	10072.pdf
	10073.pdf
	10074.pdf
	10075.pdf
	10076.pdf
	10077.pdf
	10078.pdf
	10079.pdf
	10080.pdf
	10081.pdf
	10082.pdf
	10083.pdf
	10084.pdf
	10085.pdf
	10086.pdf
	10087.pdf
	10088.pdf
	10089.pdf
	10090.pdf
	10091.pdf
	10092.pdf
	10093.pdf
	10094.pdf
	10095.pdf
	10096.pdf
	10097.pdf
	10098.pdf
	10099.pdf
	10100.pdf
	10101.pdf
	10102.pdf
	10103.pdf
	10104.pdf
	10105.pdf
	10106.pdf
	10107.pdf
	10108.pdf
	10109.pdf
	10110.pdf
	10111.pdf
	10112.pdf
	10113.pdf
	10114.pdf
	10115.pdf
	10116.pdf
	10117.pdf
	10118.pdf
	10119.pdf
	10120.pdf
	10121.pdf
	10122.pdf
	10123.pdf
	10124.pdf
	10125.pdf
	10126.pdf
	10127.pdf
	10130.pdf
	10131.pdf
	10132.pdf
	10133.pdf
	10134.pdf
	10135.pdf
	10136.pdf
	10137.pdf
	10138.pdf
	10139.pdf
	10140.pdf
	10141.pdf
	10142.pdf
	10143.pdf
	10144.pdf
	10145.pdf
	10146.pdf
	10147.pdf
	10148.pdf
	10149.pdf
	10150.pdf
	10151.pdf
	10152.pdf
	10153.pdf
	10154.pdf
	10155.pdf
	10156.pdf
	10157.pdf
	10158.pdf
	10159.pdf
	10160.pdf
	10161.pdf
	10162.pdf
	10163.pdf
	10164.pdf
	10165.pdf
	10166.pdf
	10167.pdf
	10168.pdf
	10169.pdf
	10170.pdf
	10171.pdf
	10172.pdf
	10173.pdf
	10174.pdf
	10175.pdf
	10176.pdf
	10177.pdf
	10178.pdf
	10179.pdf
	10180.pdf
	10181.pdf
	10182.pdf
	10183.pdf
	10184.pdf
	10185.pdf
	10186.pdf
	10187.pdf
	10188.pdf
	10189.pdf
	10190.pdf
	10191.pdf
	10192.pdf
	10193.pdf
	10194.pdf
	10195.pdf
	10196.pdf
	10197.pdf
	10198.pdf
	10199.pdf
	10200.pdf
	10201.pdf
	10202.pdf
	10203.pdf
	10204.pdf
	10205.pdf
	10206.pdf
	10207.pdf
	10208.pdf
	10209.pdf
	10210.pdf
	10211.pdf
	10212.pdf
	10213.pdf
	10214.pdf
	10215.pdf
	10216.pdf
	10217.pdf
	10218.pdf
	10219.pdf
	10220.pdf
	10221.pdf
	10222.pdf
	10223.pdf
	10224.pdf
	10225.pdf
	10226.pdf
	10227.pdf
	10228.pdf
	10229.pdf
	10230.pdf
	10231.pdf
	10232.pdf
	10233.pdf
	10234.pdf
	10235.pdf
	10236.pdf
	10237.pdf
	10238.pdf
	10239.pdf
	10240.pdf
	10241.pdf
	10242.pdf
	10243.pdf
	10244.pdf
	10245.pdf
	10246.pdf
	10247.pdf
	10248.pdf
	10249.pdf
	10250.pdf
	10251.pdf
	10252.pdf
	10253.pdf
	10254.pdf
	10255.pdf
	10256.pdf
	10257.pdf
	10258.pdf
	10259.pdf
	10260.pdf
	10261.pdf
	10262.pdf
	10263.pdf
	10264.pdf
	10265.pdf
	10266.pdf
	10267.pdf
	10268.pdf
	10269.pdf
	10270.pdf
	10271.pdf
	10272.pdf
	10273.pdf
	10274.pdf
	10275.pdf
	10276.pdf
	10277.pdf
	10278.pdf
	10279.pdf
	10280.pdf
	10281.pdf
	10282.pdf
	10283.pdf
	10284.pdf
	10285.pdf
	10286.pdf
	10287.pdf
	10288.pdf
	10289.pdf
	10290.pdf
	10291.pdf
	10292.pdf
	10293.pdf
	10294.pdf
	10295.pdf
	10296.pdf
	10297.pdf
	10298.pdf
	10299.pdf
	10300.pdf
	10301.pdf
	10302.pdf
	10303.pdf
	10304.pdf
	10305.pdf
	10306.pdf
	10307.pdf
	10308.pdf
	10309.pdf
	10310.pdf
	10311.pdf
	10312.pdf
	10313.pdf
	10314.pdf
	10315.pdf
	10316.pdf
	10317.pdf
	10318.pdf
	10319.pdf
	10320.pdf
	10321.pdf
	10322.pdf
	10323.pdf
	10324.pdf
	10325.pdf
	10326.pdf
	10327.pdf
	10328.pdf
	10329.pdf
	10330.pdf
	10331.pdf
	10332.pdf
	10333.pdf
	10334.pdf
	10335.pdf
	10336.pdf
	10337.pdf
	10338.pdf
	10340.pdf
	10341.pdf
	10342.pdf
	10343.pdf
	10344.pdf
	10345.pdf
	10346.pdf
	10347.pdf
	10348.pdf
	10349.pdf
	10350.pdf
	10351.pdf
	10352.pdf
	10353.pdf
	10354.pdf
	10355.pdf
	10356.pdf
	10357.pdf
	10358.pdf
	10359.pdf
	10360.pdf
	10361.pdf
	10362.pdf
	10363.pdf
	10364.pdf
	10365.pdf
	10366.pdf
	10367.pdf
	10368.pdf
	10369.pdf
	10370.pdf
	10371.pdf
	10372.pdf
	10373.pdf

