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Section 1.

Theories on the nature of Silicosis.

Silicosis, one of the major industrial hazards of the present
day, has been extensively studied, and at various timéé theories on the
nature and causé of the disease have been advanced. At present, the
explanation of the pathogenic action of silica, which is most in favour,
is known as‘the 'gsolubility’ theory.(1> Although the 'solubility!' of a
given sample of silica in vitro is correlated closely with its surface
area, its correlation with its pathogenicity, although cloée, is not

(1

perfect, as has been shown by King. To offsetvcertain anomalies,
King comments: "either the noxious dust releases something which is
harmful to the living cell or it has special surface properties which
cause abnormal reactions to take place in certain cell constituents
which become adsorbed on its faces."

Considering suéh surface reactions Xing debates the possibility
of a transformation of the 'lesser proteins' into reticulin or collagen
at a particle surface, but considers this unlikely since there is involved
an alteration of the physical properties of a protein, its molecular size,
and also its amino acid content.

Heffernan (2) has strongly edvocated such surface activity on
the part of aerosols harmful to tissues, as an explanation of the
pathogenic nature of siliceous dusts. He reviews the evidence of X-ray

diffraction and other methods for the existence of free unsatisfied

valency forces at the surface of freshly cloven particles, which can



take up any reactive material which is available. However, it was

necessary for Heffernan to postulate, in support of the theory, that
only freshly fractured dust was active; but in view of other experimental

(3, &)

evidence, this assumption would appear to be unjustifieble since

it is most probable that the fresh surfaces reach equilibrium with the
surrounding atmosphere in a matter of seconds or minutes, and even if
they reach the alveoli in an active condition, their activity would
presumably be destroyed as soon as they are wetted by the alveolar fluids.

The inhibition of the biological activity of silica by coating
its surface with Aluminium (5) has been explained by Heffernan (6) and
others on the ‘'freshly ffactured' surface theory. However, although this
phenomenon suggests that the activity of a silica particle is concentrated
at its surface, it is not essential that these surfaces should have been
freshly formed. When a silica dust, whether 'freshily-fractured' or 'old',
comes in contact with aqueous solutions, the silica particles acguire a
negative charge, and consequently surface reactions, such as adsorption,
may still occur on an 'old' dust.

This present thesis is an endeavour to examine in detail a
specific surface reaction, namely, the adsorption of amino acids and
related substances on a silica dust, and to determine the fundamental
forces involved. The individual amino acids are of a less complex nature
than when combined in proteins and consequently in this thesis fundamental
conclusions concerning this surface reaction can be derived from the
experimental daté. In conclusion, it is significant that the biological

activity of silica has been shown to be inhibited by the adsorption of
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of aluminium or iron oxide, and in view of the present limited knowledge
of the possible adsorption reactions on the surface of the silica it is

not inconceiveble that the aluminium or iron oxide may be preferentially

adsorbed on the silica and thus inhibit the adsorption of other cell

constituents.



Section 2.

Theories on the adsorption of amino acids and proteins.

In 1916, Adaums (7) suggested that in solution an amino acid
exists in the form which is now known as the zwitterion (or dipolar ion)
and in 1923 Bjerrum (6) formulated this idea more completely. From that
time, further arguments for the existence of zwitterions have been ad-
vanced and among them may be mentioned heats of neutralisation of amino
acids and proteins (9), studies of Raman and infra-red spectra of the
amino acids in solution (ﬁo), and their high dielgectric constants (10).
The nature and behaviour of amino acids, peptides, and proteins in aqueous
solution has been discussed in detail by Cohn and fdsall (10).

In aqueous suspension, quartz and silica particles have been
found to be negatively charged (11)0 Proteins have been widely studied
on account of the changes in their physico-chemical properties on adsorp-
tion at solid-liquid interfaces. Freundlich and Abramson (12) have studied
the change in zeta-potential of egg-albumin adsorbed on quartz and meny

(13, 1%, 15, 16)

other workers have studied the mobility of proteins by

techniques involving their adsorption on fine quartz particles. Lindau
and Rhodius (17) investigating the adsorption of egg-albumin and gelatin
on powdered quartz, found that multimolecular layers of egg-albumin were
adsorbed. They also found that a unimolecular layer of egg-albumin was
irreversibly adsorbed, although additional layers could be washed off

with water; the adsorption of egg-albumin was observed to follow

Langmuir's adsorption isotherm. From their adsorption data, ILindau and
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Rhodius were able to calculate the size of the egg-albumin molecule at
its isoelectric point and have reported their wvalues to be in good agree-
ment with those of Svedberg. They also observed that when the quartz
surfacé is approximately 50% coverea with egg~albumin, the adsorbate
rapidly changes from the hydrophilic to the hydrophobic condition; and

a theory is developed to explain why this change in wetting should take
place at 50% surface covering.

When studying the adsorption of proteins on montmorillonite
clays, BEnsminger and Giesekiag (18) observed by X-ray diffraction methods
that the large protein molecules (gelatin and albumin) were adsorbed
within the variable portion of the crystal lattice of the clay. The extent
of adsorption of gelatin increased with decrease in pH of the solution but
was considerably decreased when the gelatin was treated with nitrous acid
to destroy the'amino groups., From these observations it was concluded
that the adsorption of proteins as cations was principally responsible
for their combination with montmorillonite. Similar conclusions were

\
(19) when studying the adsorotion of

deduced by Demolon and Brigando
proteins by soil. Investigating the physico-chemical properties of
colloids, Meyers(11) observed that a mixture of organic colloids and
guartz showed a reduction in cation exchange capacity from the sum of
the capacities of the two components. He also observed that maximum
adsorption of the organic colloids on guartz was attained in acidic
suspensions, and consequently postulated a polar mechanism of adsorption.

The adsorption of water vapour on amino acid crystals has been

20 .
shown by Moore and Frey (20) to take place at localised sites, the polar



-I\TH_-5 " and -c00~ groups, rather than by the formation of a mobile
monolayer. The chromatogfaphic geparation of amino acids has been ex-
tensively studied; but the adsorbents used are in general charcoal,
Norite, and similar substances, which are in no way similar to fine
silica or quartz powders. Cheldelin and Williams(z“) using charcoal as
an adsorbent found that Langmuir isotherm equation of little use but
deduced conclusions on thevadsorption behaviour of each amino acid from
the value of the factor 1/n in the corresponding Freundlich equation.

From the preceeding discussion we may conclude that the adsorp-
tion of proteins and organic colloids on gquartz and montmorillonite clays
were found by various workers to take place according fo a polar

mechanism.



EXPERIMENTAL METHODS.
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1. Adsorbent.

The adsorbent used in these adsorption experiments in Parts 1
and 2 is a silica powder of very large surface area. This silica powder
was kindly furnished by Messrs. Colin Stewart Ltd. This adsorbent was
used because a large initial supply could be obtained and consequently
the adsorption data of the different amino acids are comparative with
respect to the same surface area of adsorbent. This silica powder is
of extremely fine particle size, and has a very large surface area which
is imperative since the extents of adsorption of these amino acids are
very smell, the lowest observed adsorption being 1 x 10-'5 moles on 2 gms,
of this silica powder. PFurther, a similar silica powder from the same
source, has been used in pathological experiments by King(zz) and others,
who showed it to produce massive fibrosis in the lungs of rats when
administered by the intra-tracheal route. Consequently, the present
adsorbent is a typical industrially produced powder, which may be patho-
logically ective. The surface area of the silica powder was found to be
20,700 sg.cms. per gm. as determined by the Lea and Nurse(23> air
permeability method. Using this value of the specific surface, the
average particle size of the powder was calculated to be ca., 1.1 pe
Note. The air permeability method of measurement of surface area is not
comparsble in accuracy to methods based on adsorption on the surface of
the powder.

The silica has as impurities iron and aluminium. The total
impurity, estimated as oxides, was determined by evaporation of weighed

samples of the powder with hydrofluoric acid and roasting the residues.



The percentage impurity calculated on this basis is 7.65%.
The silica powder was dried in an air oven at 110°C and stored
until use in a vacuum desiccator over dry silica gel at room temperature.
For comparison purposes, adsorption isotherms of two typical
amino acids were also obtained on very pure quartz and are reported in-
Part 3. It may be noted that the two dusts investigated showed no

significant difference in adsorptive power.

2, Amino Acids.

The awino acids and related substances were purchased from
commercial sources. The amino acid, its source, and calculated and ob-
served % nitrogen values are shown in Table A of the Appendix, section 1.

N-acetylglycine amd K-am:mobutyric acid were prepared as

deseribed in the Appendix, sections 2 and 3 respectively.

3. Adsorption Procedure.

3.1. Amino Acids,.

3e101l. Rates of adsorption.

The adsorption procedure followed during experiments to determine
 rates of adsorption of the amino acids is described below.

Standard 0,01 M unbuffered solutions of the amino acids in
distilled water were prepared at their isoelectric pH values. Unless
otherwise mentioned these experiments were carried out at the isoelectric
PH values of the amino acids. All pH measurements in this work were made
with a Marconi pH meter. |

To 2 gm. samples of the dry silice powder, which had been
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accurately weighed, in glass Quickfit tubes of 50 ml. capacity were
added 25 ml. of the standard 0.01 M solution of the amino acid. The
tubes were then sealed and their contents thoroughly mixed. The
suspensions were allowed to rotate slowly in a water thermostat at a
constant temperature for known time intervals, and then centrifuged for-
10 minutes at 3,500 r.p.m. The clear supernatant liquids were decented
off and analysed to determine the adsorption. From a series of such
tests, for different time intervals, graphs were constructed showing the
rate of adsorption for each amino acid. Since these solutions were un-
buffered, a pH change witﬁin the range : 0.5 pH unit was observed in the
tests after adsorption; the pH values recorded in graphs, tables and
discussed in the text are the final pH after adsorption. Except where a
renge of temperatures was required to determine energies of activation,
these rates of adsorption experiments were carried out at 37 ! 0.1°C.,
the normal temperature of the human body.

To express the adsorption data, an arbitrary standard surface

area has been selected - namely, that of 2 gms. of the silica powder

(41,400 sge.cms. ) and is referred to as standard surface area 1.
Consequently, the observed adsorption values are reported in moles x
10—5 / standard surface area 1. The experimental data for the rate of
adsorption of the amino acids is expressed graphically, plotting
adsorption (moles x 10'?/ standard surface area 1) vs Time (hrs.).

3.1¢2. ZEffect of pH on adsorption.

In experiments to determine the effect of pH on adsorption,

the procedure is again as described above, the mass/liquid ratio having



the seme value. The solutions of the amino acids used in these experi-
ments were 0,01 M unbuffered agueous solutions, their pH values having
been adjusted to the desired figures by drops of N NaOH or -HCL and the
pH values of the solutions determined. The temperature at which these

adsorption experiments were carried out was 25°,

The experimental data for the effect of pH on adsorption are
expressed graphically by plotting adsorption (moles x 10'5/ standard

surface area l.) vs pH.

3e1e3. Adsorption isotherms.

In the determination of adsorption isotherms of the amino
acids, the procedure followed is essentially as described above. The
mass/liquid ratio was kept constant and had the value already described.
The temperature of the thermostat was altered to give three isotherms
for each amino acid. The concentrations of the aqueous amino acid
solutions used in the preparation of these isotherms ranged from 0.005
M to 0,05 M. Each isotherm for all the amino acids was determined at
the isoelectric pH of the amino acid except for glycine (final pH 5.4),
K-alanine (final pH 7.0), lysine (final pH 7.3), and proline (final pH
7.3). A pH change within the renge y 0.5 pH unit was observed in the
tests after adsorption; the pH values recorded in graphs, tables and
discussed in the text are the fiﬁal pH after adsorption.

The adsorption isotherms are expressed graphically, plotting
adsorption (moles x 10-5/étandard surface area l.) vs equilibrium con-

centration of the solution (moles x 10"?/1itre.)

10.
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3.2, Dipeptides.
3.2.1s Rates of Adsorption.

The extent of adsorption of these dipeptides was found to be
very low and consequently the concentration of the dipeptide solutions
had to be increased beyond that employed for the amino acids. For the
same reason, the quantity of adsorbent used for each test had to be in-
creased to 4 gums. of the silica powder (82,800 sg.cms.) and is referred

to as standard surface area 2. The adsorption of these dipeptides was

carried out from 0.02 I aqueous unbuffered solutions at their isoelectric
pH values.

Other than these changes, the adsorption procedure is exactly
as descyibed for the amino acids. Except where a range of temperatures
was required, to determine energies of activation these rates of adsorp-
tion experiments were carried out at 37 $0.1%. a pH change within the
range ¥ 0.5 pH unif was observed in the tests after adsorption.

The expefimental data for the rate of adsorption of these
dipeptides is expressed graphically, plotting adsorption (moles x 10_5/

standerd surface area 2.) vs Time (hrs.).

3.2,2. Effect of pH on adsorption.

The procedure is again as previously described. The solutions
of‘the dipeptides used in these experiments were 0,02 M unbuffered agueous
solutions, their pH values being adjusted to the desired figures by drops
of N NaOH or HCl gnd the pH values of the solutions determined. The
quantity of adsorbent used was again L4 gms. of the silica powder, and the

temperature at which these adsdrption experiments were carried out was 25°C,
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The experimental data for the effect of pH on adsorption are

expressed graphically, plotting adsorption (moles x 10-5/Standard surface

area 2.) vs pH.

3.243. Adsorption isotherms.

In the determination of isotherms of these dipeptides the
procedure followed is essentially as described for the amino acide except
that 4 gm. samples of the adsorbent were used. The concentrations of the
aqueous dipeptide solutions used in the preparation of these isotherms
ranged from 0.005 M to 0.06 M. Fach isotherm for all the dipeptides was
determined at the isoelectric pH of the dipeptide. The temperature of
the thermostat was altered to give three isotherms for each dipeptide.

The adsorption isctherms are expressed graphically, plotting
adsorption (moles x 10"5/étandard surface area 2.) vs equilibrium con-

centration of the solution (moles x 10-2/litre).

4o Analysis.

To determine the adsorption of these amino acids and peptides,
nitrogen analyses were carried out on the standard solutions before and
after adsorption, by the semi-micro Kjeldall method deseribed by

Hitchecock and Belden(zh).

Samples of the amino acid or peptide solutions containing
approximately 5 mgms. of nitrogen are accurately measured into the Pyrex
combustion tubes. To this solution is added 2 ml. of concentrated
sulphuric acid and the reagents, potassium sulphate (of micro-analytical
purity}, selenium dioxidé, and mercuric oxide, in the gquantities stated

by Hitchcocks An equivalent amount of seleniui dioxide is used in place



12.
of the selenium oxychloride used by Hitchecock. After the water has been
gently boiled off, the concentrated sulphuric acid solution is heated
strongly for approximately 20 minutes. After cooling, the solution is
transferred to the steam-distillation apéaratus, where the ammonia formed
is liberated by the addition of 5 ml. of an NaOH solution and is steam
distilled into 5 ml. of 0.1 N HCl. (The NaOH solution contains 500 gms.
NaOH pellets (Analar) and 80 gms. of anhydrous sodium thiosulphate
dissolved in. 500 ml., of distilled water.) The excess 0.1 N HCl is back-
titrated with 0.1 N NaQH, using methyl red as an indicator, from a micro-
burette of 5 ml. capacity. Blank analyses were carried out frequently -
using only the reagents in distilled water.

The observed accuracy of analysis is ¥ 0,07%



PART 1.

AMINC ACIDS.
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Section 1.

Discussion of Results.

1¢1e Mechanism of adsorption.

A glass U~tube was filled with a suspension of the silica
powder in distilled water, and into each limb of the tube was placed
é copper electrode dipping into the suspension. A 250 wolt D.C. current
was pessed through the suspension and it was observed that the silica
particles were repelled from one electrode and flowed toward the other.
The silica suspension was then replaced by a similar suspension of a
positively charged dye, Nacht Blau, in distilled water, and the current
again passed through the gystem. In this instance, it was observed that
the dye particles flowed toward the electrode which had repelled the
silica particles; and it can conseguently be concluded that the latter
are negatively charged in agueous suspensioi.

The Nacht Blau dyé (Colour Index 731) is a Grubler microscopic
stain, and from its formula is seen to be a basic dyestuff.

Since the amino acids exist in aqueous solution as zwitterions,
an obvious mechanism of adsorption is the mutual attraction of the
positively charged ammonium group (mNH3+) to the negatively charged
silica surface.

It has been found that glycine is adsorbed by the silica, and
to investigate the mechanism of this adsorption, the free amwonium group
of glycine was protected by acetylation and adsorption experiments

carried out with N-acetylglycine., No adsorption was observed. Further,
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as will be discussed later, it was observed that no adsorption took place
from an alkaline solution of glycine at a pH value where the positively
charged ammonium group had been completely converted into the uncharged
amino group.,

However, in order to examine more fully this suggested mechanism
of poiar attraction, analogous adsorption experiments were carried out
with 0.1 M unbuffered aqueous solutions of the following simple nitrogen
compounds :~
(a) urea (b) thiourea (c) guanidine (d) semicarbazide.

The agqueous guanidine solution was prepared by dissolving the
calculated quentity of guanidine carbonate in distilled water so that the
concentration of the free guanidinium ion was O.1 M. The pH of this
solution was approximately 11.

Similarly, the semicarbazide solution used in thése adsorption
experiments was preﬁared by dissolving the calculated amount of semi-
carbazide hydrochloride in distilled water, so that the concentration of
the free semicarbazide ion (NH2 .CO.NH. NH3+) was O.1 M. The pH of this
solution was 2,2,

The adsorption and analytical procedures followed during ad-
sorption experiments with these four nitrogen compounds are as described
for the emino acids in the experimental section. The mess/liquid ratio
is as for the amino acids and the temperature at which adsorption was
studied was 37°C.

It has been found that urea and thiourea are not adsorbed by
the silica, whereas the guanidinium and semicarbazide ions are readily

adsorbed. Their rates of adsorption are recorded in graph 1.
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By a consideration of the structures of urea and the
guanidinium ion in solution, the reason for their different adsorption
affinities is disclosed.

Guanidine is a very strong base, and readily acquires a proton

at any pH below 14, being converted into the guanidinium ion

I

C+
RN
NHp NHp
This ion is completely symmetrical, as has been shown by gquantum
mechanical reasoning (25), and experimentally proved by X-ray diffraction(zs)
data. It may be visualised as arising by resonence between the equivalent

canonical structures:-

2 P2 i
C T C ——p C
. 7 SN 7N\

H2N NHo HolN NHZ HoN NHo

Owing to the complete equivalence of the three forms, the resonance energy
is high and the ion very stable. On the other hend, the urea molecule may

be considered as existing as a resonance hybrid of three non~equivalent

canonical structures:~ +
~ NHp - pNH2 5  NHp
0=C PN 0-c¢c > - Cf\ +
N N N
NHp -NHp NHp

It is very probable, therefore, that in solution the guanidinium ion is
attracted and adsorbed on the silica by virtue of its strong positive

charge. The urea molecule, although possessing a resonance structure in
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which there is a separation of charges, is not adsorbed. Since the three
forms of urea are not equivalent, the polarity arising from the resonance
contribution of polar canonical forms will be lower than that of the
guanidinium ion, and conseguently there is little possibility of adsorption
by the positively charged amino group. Further, in these polar forms, the
negative carbonyl group is in very close proximity to the positive amino
group, and would be repelled by the silica possessing a like negative
charge.

In semicarbazide hydrochloride solution, the semicerbazide will
exist as an ion HQN;CO.NH.Ngj balanced by the chloride ions. It is again
clear that the semicarbazide ion is adsorbed by virtue of its strong
positive charge. The ion is asymmetrical, and the stability of resonance
structures containing a negatively charged carbonyl group is low.

To test the application of the above suggested adsorption-
mechanism to a molecule with a structure reseubling a simple amino acid,
adsorption experiments were carried out with glycocyamine. The rate of
Aadsorption of this compound is recorded in graph 2, and is observed to
bear a strong resemblance to that of glycine and of , -alanine, as will
be discussed later, in section 1.5.

From previous conclusions, the adsorption of glycocyamine takes
place by virtue of the guanidinium group in the molecule. Since there is
a structural resemblance between glycocyamine and glycine it may be con-
cluded that adsorption of glycine, and other amino acids, takes place by
virtue of their positively charged ammonium group (-Nﬁé Yo

An important corollary arising from these adsorption experiments

is that the pH value of the medium containing the positively charged ion,
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which is adsorbed, does not greatly influence the adsorption, since the
guanidinium and semicarbazide ions are adsorbed from media of pH 11 and
2.2 respectively. However, this situation must be clearly distinguished
from one in which the pH of the medium controls the concentration of the

positive ion to be adsorbed, as is the case in an amino acid solution.

1.2. Influence of other functional substituents in the

carbon chain, on the adsorption of the amino acid.

1.2.1, The influence of the ofalkyl group.

Adsorption data for a number of A-amino acids of different
structure are recorded in table 1. These amino acids may be conveniently
regarded as substituted glycine molecules, of general formula R.CH(NH?).
CO,H, vwhere R is an alkyl radical. Using the data shown in table 1,
conclusions mey be drawn on the influence of the alkyl radical on the
adsorption of the amino acid.

Comparison of the experimental data for glycine with those for
e«-alanine indicates the effect of the methyl group which has been intro-
duced into the mplecule. The effect is most clearly marked by the pro-
nounced decrease in time required to attain equilibrium adsofption from
0.01 M aqueous solutions upoh the same surface area of adsorbent. In
general the effect of the alkyl group upon adsorption may be considered
as being a function of:-

(2) its influence in the solution, and
(b) dits influence in the adsorbed state.
(a) In solution, the electric moments of glycine and o{-alanine

are presumebly identical(29), but the volume of the molecule is larger by
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Table 1.

. Temp. = 37°C.

19.

General Formula = R.CH(NHp).CO, H

Amino

Acid Graph R= &g (k) 379
Glycine 3 -H 7.0’ 2.47x1072
o -Alanine L ‘ -Methyl 8.14.7 : 1.79
X —Amino-n- | ‘
Butyric Acid 5 -Ethyl 3ed 1.2

. Norvaline 5 ~n-Propyl 2.6 5.75x10™1
Valine 5 ~Isopropyl 2.35 5.65x10~1
Norle@cine - -n-Butyl 1.45 ‘—
Leucine - -Isobutyl 1.45 -

= equilibrium adsorption in moles x 10™2/stendard
surface area 1 from 0.01 M solution et its isoelectric pH.

(k)57°C = Langmuir rate constent at 37°C.

+ The rate of adsorption of o -alanine and the value of
(k) 3700, were measured at pH 7.3.

NOTE: The data shown in tables are the basis of all discussion.
Data deduced from graphs may be inaccurate due to method

of graphing.
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(27)

one CH, group, or by 16.3 c.cs. per mole and in eX-alanine the

centre of the dipole is presumebly further from the centre of the mole-

(28, 29, 30) 31, 32)

Interaction between glycine molecules ( , and

(33, 29)

between -alanine molecules , in agueous solution has been

cule

studied by measurements of both vapour pressure and freezing point, the
results being expressed as activity coefficients. Cohn(29) discusses
these results as follows: "Whereas the activity coefficients of glycine,
like those of electrolytes, are less than unity for dilute solutions,
those of -alanine are greater, and, moreover, are opposite in sign.

If the effect for glycine is ascribed to the dipole moment of its mole-
cules, then that for <X =alanine must be ascribed to repulsive forces in
aqueous solution between the dipole of one molecule and the non-polar
side chain of a second."

Therefore, the ease with which e{-alanine is adsorbed is largely
due to the weak interaction between the molecules in solution and converse-
ly the stronger attraction between glycine molecules renders them more
difficult to adsorb.

(b) After the initial adsorption, the negatively charged
carboxylate groups (~COO(“>) of the adsorbed glyéine molecules protrude
into the solution and attract other glycine molecules. However, with
o¢-alanine there also protrudes from the adsorbed molecule the non-polar
methyl group which does not attract other of-alanine molecules in the
sqlution. The force of attraction exerted by a protruding carboxylate
group for other molecules in solution cannot be great, since it has been

found from isotherm data that these amino acids do not form multilayers.
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Thus, the ease‘wiﬁh which any amino acid molecule is adsorbed
will be largely controlled by these factors which we have just discussed,
and we may now examine more fully the experimental data for the individual
amiﬁo acids shown'in table 1.

The rates of adsorption of these amino acids are most dearly
defined by considering their individaal valueé of k, the'Langmir rate
constant at 37°C. (Note. Although the Langmuir rste constant (k) is
the sum of the velocity constants of the adsorption process (kl) and thg
desorption process (k2) for each amino acid, the values of kl and k2 have
been found to be virtually identicsl with one another for each of a number
of amino acids and consequently the Langmuir rate constant (k) of each
amino acid maybe used to compare their rates of adsorption;)

The rate of adsorption of each amino acid containing an alkyl
group is much greater than that of glycine. As the length of the carbon
chain increases, the rate of adsorption‘is found to decrease slightly
al though always considerably greater than that for glycine. A comparison
of wvaline and norvaline shéws a slight decrease in both rate and extent
of adsorption; the decrease is small and may be of no great significance.
The extent of adsorption of both leucine and norleucine is so small thrat
their complete rate curves could not be obtained, and consequently the
effect of branching in the carbon chain could not be confirmed.

Since :x-alanine is so rapidly adsorbed, its rate of adsocrption
was determined at pH 7.3, instead of its isoelectric pH, in an endeavour to
obtain more accurate results. The &g value for oﬂ-alanine'at its
isoelectric pH, at 3700, wes determined, by separate experiments, to be

8.47 x 1072 moles. This value for f&-alanihe is higher than & for



glycine at its isoelectric pH, namely 7.0 x lO_jmoles. In contrast to
X-alanine, glycine does not attain its maximum adsorption from 0.0l M.

~.solution at its isoelectric pH, but does so only at lower pH values.

(This will be discussed in greater detail in section 2.1, p.43.)
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22,

1e2.2. Marther substitution within the alkyl group.

Consideration of the influence of secondary functional groups.
on adsorption of the amino acid maey be extended to include molecules
where the alkyl group has itself been further substituted.

Dependent upon their nature, such secondary groups will deter-
mine the interaction between the molecules in solution and also exert én
effect in the adsorbed state. In conjunction with these factors, the
secondary groups alter the effective electropositive character of the
molecule and consequently influence its adsorption.

Adsorption data for a number of amino acids containing different
secondary groups are shown in table 2a, and using these data conclusions
may be drawn on the influence of these groups on the adsorption of the
amino acid. These amino acids may be conveniently regarded as substituted

K~alanine moélecules conforming to the general formula R.CHQ.CH(NHQ)oCOQEL

Cysteine.

The experimental data for cysteine indicate that adsorption,
although slower than for o -alanine, is much more rapid than for glycine,
and also takes place to a greater extent. The thiol group having a
dissociation constant, (pK ~-SH) of 10,7(34} does not exist in a polar form
at the isocelectric pH of the amino acid, and consequently there is little
difference in polarity between the molecules of &-alanine and of cysteine.
The effect of the thiol group may, therefore, be summarised as resembling

that of the methyl group, since adsorption is rapid, the increase in extent

being due to the slight change in polardity.



Table 22,

Temp. = 37°0C.

23,

General Formula = R.CHch(NHé).COQH.

Amino
Acid

ot -alanine
cysteine

serine
asparagine
 A-phenylalanine

tryptophane

histidine

Graph R =

L -H

6 ~SH

- ~0H

6 ~CONHp

8 ' , -C6H5

7 -indole
radical

8 ~-imidazole
radical.

&g

8.47

12.75
2,86
5¢3
5.8

5.0

6.04

(k) 37°C.
179
2,13x10™"
{1x10™2
1.45%1071
3,275%10™2

9,75x10~1

5.05x10"2

# These figures do not represent equilibrium adsorption of serine,
but are intermediate values, since the rate of adsorption of

serine is so

slow.
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However, when the highly pelar hydroxyl group is introduced
into the molecule, as in serine, the rate of adsorpticn is now even less
than for glycine. The hydroxyl group has increased the polarity of the
molecule(BB) which now resembles glycine rather then ¢ -alanine. In
solution, the polar serine molecules interact with one another(js) and
consequently resist adsorption. The serine molecule contains two
'electrsnegative centres, the carboxylate and hydroxyl groups, both of
whicﬁ will tend to be repelled by the negatively charged silica., This

increase in electronegativity of the molecule is, therefore, an additional

factor which tends to prevent or retard adsorption.

0

Asparagine.

In contrast to serine, the amino group of asparagine is observed
to have increased the rate of adsorption which now resenbles that of
cysteine., The amino group is more polar than either the methyl or the
thiol group, and the consequent interaction between the molecules of
asparagine in solution will result in the observed decrease in extent of

adsorption.

/A ~Phenylalanine.

On comparison with o¢ -alanine, the introduction of the phenyl
group is here observed to have decreased both the rate and extent of
adsorption. The rate of adsorption of 4 -phenylalanine is not comparable
with that for any other amino acid containing an aliphatic alkyl group,
but is closely related to that of the polar glycine molecule. The phenyl

group differs from the saturated alkyl groups in that it is considered to
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be a hybrid of eguivalent resonance forms and involves a fluctuation of
electron density. PFurther, in the adsorbed state, the large benzene ring
will conceal possible sites of adsorption on the surface of the silica

and thus induce a low extent of adsorption.

Iryptophane.

The rate of adsorption for tryptophane is rapid and is comparable
with that for € -aminobutyric acid and other amino acids, containing simple
aliphatic alkyl groups. The contrast in adsorption behaviour between
/2 -phenylalanine and tryptophane must be due to the new ring system con~
taining a second nitrogen. However, the effect of pH on the adsorption
of tryptophane, which is discussed in a later section, shows that the
molecule is still adsorbed through the of —~ammonium group and not through
the indole ~NH~ group. The electropositive character of the molecule is
increased by this second nitrogen-containing ring; and the stronger force
of attraction between the molecule and the negatively charged silica results
in the observed increase in rate, and extent of adsorption of tryptophane
when compared with AR-phenylalanine., Similer rapid adsorptions are observed
with lysine and citrulline where the additional substituenfs have also in-
creased the electropositive character of the molecule. In cowparison with
X -alanine, the low extent of adsorption is most probably due to the bulk
of the large indole group.

Histidine.
The rate of adsorption for histidine, which is low, is comparable

with that for glycine, and is characteristic of a highly polar molecule.
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The ammoniun group (—NH3+) is more electropositive than the imidazole
group, as shown by comparison of their respective pK values, the negative
logarithm of their acidity constants; pX for the ammonium group of
histidine being 9.17 and for the imidazole group, 6.00(3A}. Consequently,
the adsorption of histidine takes place through the amwonium group and
not the imidazole group. This is substantiated by experimental evidence
which will be discussed when considering the effect of pH on adsorption.
The extent of adsorption of histidine is lower than that of ¢ -alanine,
as would be expected of a highly polar molecule, but is greater than that
of either A -phenylalanine or tryptophane. This observation supports the
hypothesis that the bulky phenyl and indole groups decrease the extent of
adsorption of the amino acid.

In table 2b are shown the experimental data for a number of

additional amino acids in which alkyl groups of longer carbon chain length

are further substituted.

Glutamic Acid.

Adsorption experiments were carried out with glutamic acid at

pH5 and no adsorption was observed. Irom a study of the dissociation

constants of the two carboxyl groups (teble 3), it may be deduced that

at pH5 one carboxyl group (-COOH) per’molecule will be extensively
dissociated into its negative carboxylate group (-COO“), and the other
partially dissociated. Consequently the molecule now tends to be electro-
negative in character, and will be repelled by the negative charge on the
silica. ‘A similar though less intense effect was shown by the hydroxyl

group of serine, and thus these two amino acids clearly emphasise the



27.

importance of the effect of the secondary group on the general polarity
of the molecule, irrespective of the additional influence of the group

in solution or in the adsorbed state.

Glutamine.

However, when the x—carboxyl group of glutamic acid is replaced
_ by the amide group, -CONH,, the electronegative character of the molecule
is no longer intense, and adsorption takes place fairly rapidly and to an
apprecieble extent. The adsorption behaviour of glutamine is similar to
that of asparagine and the increased separation of the amide and ammonium
groups, as in glutamine, has increased slightly both the rate and extent

of adsorption.

Lysine.

The experimental data for Lysine show an interesting comparison
with those for norleucine. The extent of adsorption of lysine at the

isoelectric pH is very low, and is similar to that of norleucine (table 1).

The Langmuir rate constant, (k) 37°C. for lysine, measured at pH 7.3, is
slightly lower than that for norvaeline, and has a wvalue which would have
been expected for norleucine.

Turther, ffom the pK'values of the two ammonium groups of lysine
(table L) it is observed that the £ -ammonium group is the more electro-
positive, and also that at the isocelectric pH the K-ammonium group is
completely dissociated into its uncharged state. Consequently, since
adsorption still takes place at the isoelectric pH, it must do so through

the & -amnonium group and not through the «~group. This hypothesis is



Table 2b.

Tems = 37°C.

23,

>

General Formula R. (CHZ)nCH(IVHZ)-COZH,

Amino '

Acid Graph n R = an (k) 37°c.
Gluteamic Acid - 2 ~-COOH No Adsp™- -
Glutamine 9 2 ~GO, NH, yan 1.8x1071
Lysine 10 L ~NH, 1.0 3.77x1071
Citrulline 11 3 ~IH. CO. NH 5.6 7.66x1071

2

# The rate of adsorption of lysine and the value of (k) 37°C.
were measured at pH 7.3 since the adsorption of lysine is
so small at the isoelectric pH.
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also substantiated by data obtained from a study of the effect of pH on
the absorption of lysine wuich will be discussed in a later section. 4n
important corollary arising from the adsorption behaviour of lysine is
therefore, that an amino acid containing two positively charged groups
will be adsorbed through the more electropositive centre. This
hypothesis has also been confirmed by the adsorption behaviour of

arginine, which will be discussed in greater detail in a later section.

Citrulline.

The rate of adsorption for citrulline is high and its extent
is slightly greater than for norleucine, although much lower then that
for either «{-alanine or cysteine. These results show the influence of
the basic terminal ureido group, which increases slightly the electro-
positive character of the wolecule. Because of its bulk, citrulline is
adsorbed only to a smll extent.

BExperiments have shown that hydantoic acid (carbamyl-glycine)
is not adsorbed at any pH, and it may therefore be deduced that citrulline
cannot be adsorbed through the terminal ureido group. The reasons for the
failure of hydantoic acid to adsorb are similar to those already discussed

for urea itself.

1.3. The effect of separation of the ammonium and carboxylate

groups in simple unsubstituted amino acids.

In Table 5 are shown the experimental data for a number of simple
unsubstituted amino acids, conforming to the genersl formula HZN'(CHZ)n'CO2H'

in which the ammonium and carbexylate groups are separated by a straight




Table 3.(34)

Dissociation constants of glutamic acid

at 259,
PK
X - (COOH) 2,19
¥ - (COCH) , ke 25
Table 4. (3%)

Dissociation constants of lysine at 25°C.

PK pl

- (NH, * 8.95
5 ) 9. 7k

€- (W) 10.53

30.
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Table 5.

Tew‘ = 37000

General Formula = HN. (cnz)n.co H.

2
Amino Acid . Graph n 2n (k) 37°.
Glycine 3 1 7.0 2.4,7x10™2
A-Alanine 12 2 9.5 6. T4x10™2
¥-Aminobutyric Acid 13 3 5.8 3.1x10~"
d-Aminovaleric Acid 1 i 2.62  8.89x10""

g-Aminocaproic Acid - , 5 0.71 1.2 approx.
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carbon chain of inecreasing length. rrom these data, conclusions ugy be
drawn on the effect of increased separation of' the two polar groups on
the adsorption behaviour of the molecule.

Table 5 shows that both the rate and extent of adsorption of
3 -alanine are greater than for glycine; and it may consequently be
deduced that the carboxylate group, which in glycine is in close proximity
to the ammonium group, exerts an influence tending to retard the adsorp-
tion of the amino acid. This adverse influence is as to be expected of
a highly electronegative group which will tend to be repelled by the
negatively charged silica. Additional supporting evidence may be»derived
. from the fact that the amino acid taurine is not adsorbed by the silica.
Taurine is closely related to /3-alanine, but contains the sulphonate
group (- 805 7) in place of the carboxylate group. This sulphonate
group is of greater volume than the carboxylate group, and is also much
more strongly electronegative, as shown by comparison of their respective
dissociation constants(34>. Consequently, the increase in intensity and
area of influence of the electronegative group, as in taurine, will result
in a stronger force of repulsion between the silica and the amino acid
molecule, and no adsorption takes place. Thus, it may be deduced that in
/3—a1anine the carboxylate group exerts a similar, although less intense,
adverse influence on adsorption of the molecule. This reasoning may be
carried further, to deduce that when the_carboxylate group is in closer
proximity to the ammonium group, as in glycine, its influence in retard-
ing adsorption will be even greater than that shown in @ -alanine.

The data in table 5 for the rewaining amino acids show that, on
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increasing the length of the carbon chain, there is a progressive increase
in rate but a decrease in extent of adsorption of the amino acid. A
comparison of the dissociation constants of the amwonium groups of the

(3l

respective amino acids shows little change in their electropositive
strength; and it wust be concluded, therefore, that these changes in
adsorption behaviour of the amino acids are the direct result of the
increased carbon chain lengths. It has already been shown in a previous
section, that the adsorption characteristics of norvaline and noleucine,
which contain long carbon chains, are sm2ll but rapid adsorption. It
appears that in.ﬁ%-alanine the molecule is too small to have any signific-
ant steric effect in the adsorbed state, and that it is the decreasing

influence of the carboxylate group which determines the adsorption

behaviour of the molecule.

1e4e Substitution of the ammonium group.

In table 6 are reported the experimental data for the adsorption
of a number of related substances in which there is substitution in the
free ammonium group. Using these data conclusions may be drawn on the
influence of the additional substituent on the adsorption of the molecule.
The acetylation of the free ammonium group of glycine is found
to prevent completely the adsorption of the molecule. However, sarcosine,
a related structure, is adsorbed by the silica, although to a small extent.
Consequently, the complete inhibition of adsorption shown by N-acetylglycine
must be due to the close proximity of the acetyl group to the imino group.
The acetyl group, which is electronegative in characfer, will be repelled

by the negatively charged silica and thus inhibit adsorption. A similar



Table 6.

See

Temp- = 37000

Amino Acid
Glycine
N~Acetylglycine
Sarcosine
Betaine
Proline-

Hydroxyproline

Graph

15
16
17
18

7.0
No Adspn'
2.3
1.8
7.2
3¢3

(k) 37%.

2.4,7x10~2

3.54x10™2
3.16x10"1
7.84x1072
1.1x10-1

+ These figures shown for betaine were obtained from an
0.01 M aqueous solution of the hydrochloride at pH 2.14.
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influence was shown by the carbonyl group in both urea and hydantoic
acid. However, the adsorption behaviour of N-acetylglycine is very
gignificant, since it contains the important peptide linkage, free from
the effects of other substituents, and it may, therefore, be deduced
that the adsorption of any other amino acid, peptide or protein molecule
does not take place through the imino group of the peptide linkage.
Further, since N~-acetylglycine is more acidic by 1.2 pH units than the
fatty acid of comparable length, n-valeric acid<36}, the peptide linkage
is thus observed to increase the electronegativity of the molecule by
influencing the dissociation of the carboxyl group.

On substitution of the ammonium group of glycine by an increas-~
ing number of methyl groups, there is a progressive increase in rate but
decrease in extent of adsorption of the molecule, as shown by sarcosine
and betaine. The adsorption of betaine was carried out from an 0.01 i
aqueous solution of the hydrochloride at pH 2.14%. In solution the betaine

system may be represented as:-

+
(CHz)5. = N.CH,.c00  + HOL

In the zwitterion the nitrogen atom bears a strong positive charge, but

)(34)

at pH 2.14 the adjacent carboxyl group (pK 1.84 will be partially
dissociated to its negatively charged carboxylate ion which will tend to
retard the adsorption of the molecule.

Anomelous results have been obtained for the adsorption behaviour

of proline and hydroxyproline. The experimental data for proline show no

relationship with those for its straight chain analogues, o< - and o~
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aminovaleric acids, the extent of adsorption of proline being greater

and its rate less. However, as is to be expected, the rate of adsorption
of proline is intermediate between those of the related structure,
sarcosine and betaine, although its extent is considerably higher.
Neither of these three amino acids contain an ammonium group, but
sarcosine and proline both contain an imino group and betaine a complete-
ly substituted‘ammonium group.

The rate of adsorption for hydroxyproline is also very closely
related to that for betaine., Comparison of the experimental data for
proline and hydroxyproline shows that the hydroxyl group of the latter
has slightly increased the rate of adsorption of the molecule and de-
creased the extent. This slight increase in rate is in direct contrast
to the effect shown by the hydroxyl group in the straight chain amino
acid, serine. However, Smith (33) has shown that the introduction of
the hydroxyl group into the proline ring does not produce 2 similar strong
interaction between the molecules in solution, as does the hydroxyl group
of seriné. Consequently, there should be no pronounced change in rate of
adsorption between proline and hydroxyproline; the slight change observed
is negligible when compared with that observed in the pair, X -alanine
-- serine. Since there are two electronegative groups in the hydroxy-
proline molecule, both of which will be repelled by the negatively charged
silica, the lower extent of adsorption, aé compared with that for proline,
is to be expected.

1.5. Miscellaneous simple nitrogenous compounds.

In table 7 are reported the experimental data for a number of



Table

7.
Temp. = 37°C.

Substance Graph &g (x) 37°c.

@lycine 7.0 2.4 7x10™2

Glycocyemine 2 4e 9 8.74x10~2
Hydantoic Acid No Adsp™* -

Semicarbazide Ion 9.6 2,56x10~1

12.3 7.63x10~1

Guanidinium Ion
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simple nitrogenous compounds which are closely related in structure to
glycine, and using our previous conclusions it mey be possible to
elucidate these data. Although these additional compounds are not true
amino acids they contain polar groups similar to those of the amino acids.

The pH of an 0.01 i solution of glycocyamine (guanidinoacetic
acid) in distilled water was 8.4 approx., which represents its isoelectric
pHe A similar solution of glycine had a pH of 5.97, the isoelectric pH of
glycine; and these data, therefore, show that the guenidinium group of
glycocyamine is more electropositive than the ammonium group of glycine.
Thus, the glycocyamine molecule will be more strongly attracted by the
~silica than the glycine molecule, and the greater rate of adsorption of
glycocyamine is to be expected. However, because of the stronger electro-
positive nature of the guanidinium group, the force of interaction between
individual molecules in the glycocyamine solution will be greater than that
inh the glycine solution. This effect tends to oppose the increased force
of attraction for the silica and results in the lower extent of adsorption
for glycocyamine.

It has already been reported that hydantoic acid is not adsorbed,
for reasons similar to those given for urea itself. However, in citrulline
(table 2b), the weakly basic character of the urea group appears fo exert
a slight influence on the adsorption behaviour of the molecule.

The adsorption data for the semicarbazide ion (table 7),
HéN.CO.NH.NH3+, were obtained from an aqueous solution of the hy@rochloride
of pH 2.2, in which the ion concentration was 0.1 M. Similarly, the data

for the guanidinium ion were obtained from an agueous solution of the



carbonate of pH 1l approx., where the ion concentration was 0.1 Mo - A
comparison of the data for the respective ions shows that the guanidinium
ion is moré rapidly adsorbed and to a greater extent thean the semicarbazide
ion. These results show that tﬁe guanidinium ion is the more strongly
electropositive and further the semicarbazide ion contains the electro-
negative carbonyl group which tends to be repelled by the silica. It
should be noted, however, that these structures are true ions, as distinct
from zwitterions, and consequently there is no interaction between

individual ions in solution which would retard adsorption.

Summary of Section 1.

In the preceding section the adsorption characteristics of a
number of amino acids and related substances have been discussed in detail.
In addition to the ammonium and carboxylate groupé, the influence of other
secondary substituents contained in the molecule, on the adsorption
behaviour of the amino acid have also been studied. It is now convenient
to summarise the precedingdata in the form of general conclusions.

(A) General Conclusions.

(1) In aqueous suspension, the silica adsorbent is negatively
charged. Adsorption of the amino acids from agueous solution occurs
primarily by mutual attraction of the positively charged ammonium group
of these molecules and the negatively charged silica. The semicarbazide
and guanidinium ions are also adsorbed by virtue of their positive charge.

(2) The rate and extent of adsorption of the amino acid are

determined by the following considerations:-

(2) the interaction of the molecules with one another in agueous solution;
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(b} the nature and position of secondary substituent groups within the
molecule; |

(¢) the influénce of these secondary substituents on the interaction
between the amino acid molecules in éolution;

() bulk of the secondary substituent in the adsorbed molecules, which,

for large substituents,will hinder further adsorption.

(B) Influence of secondary substituent groups.

(1) Alkyl groups. (In R.CH(NHQ).COQH, where R = alkyl group. )

In general, rates of adsorption are high for amino acids con-
forming to the formula, R.CH(NHZ).COQH, where R is an alkyl grouﬁ. As R
increases in bulk, there is a slight decrease in the rate ard a pronounced
decrease in extent of adsorption.

(2) Purther substitution in the alkyl group. (R.(CHp) .CH(NHp). CO_)

The polarity of R is very important. If strongly electronegative,
as is the hydroxyl group of serine, the rate of adsorption of the amino
acid is extremely low, and the extent very small. In the case of glutamic
acid, where R is the strongly electronegative carboxyl group, adsorption
ié completely inhibited. When less strongly polar, R influences both the
electropositive strength of the molecule and the extent of interaction
between individual molecules in solution. For highly polar, electro-
positive amino acids (n = 1), this interaction in solution is considereble
and results in rates and extents of adsorption which are both lower than
for K-alanine. However, when R is strongly electropositive, as in histidine,

this adverse effect in solution may be modified by the increased force of
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attraction of the silica for the more strongly electropositive amino
acid molecule. As the value of n increases, the extent of adsorption
decreases owing to the bulk of the molecule in the adsorbed state.

(3) Separation of the ammonium and carboxylate groups.

HoN, (CHQ)H.CO2H.

The rate and extent of adsorption of ,-alanine (n = 2.) are
both greater than for glycine, indicating that the carboxylate group
exerts an influence on the adjacent ammonium group in glycine which tends
to retard or prevent adsorption. On increasing separation (n 7 2), the
rate of adsorption of the molecule becomes increasingly rapid but the
extent decreases sharply.

(4) Substitution in the ammonium group.

N-~acetylglycine is not adsorbed, because of the electronegative
acetyl group adjacent to the imino group. The result shows that amino
acids and peptides are not adsorbed through the peptide linkage. Increas-
ing substitution of the ammonium group of glycine by the methyl group gives
rise to an increase in rate and decrease in extent of adsorption, from

~sarcosine to betaine.

(1) The benzene ring of /A -phenylalanine (table 2a) decreases
in a pronounced mamner the rate and extent of adsorption of the molecule
when compared with X -alanine.

(2) The rate of adsorption of tryptophane, containing the indole

group, is considerably greater than that of /A -phenylalanine.



L2,

(3) Lysine is adsorbed through the §-ammonium group, which
is more electropositive than the X -ammonium group.

(&) Proline and hydroxyproline, which are both adsorbed through
an imino group, show best comparison to sarcosine and betaine.

(5) Neither urea nor hydantoic acid is adsorbed, which suggests
that neither glutamine nor asparagine can be adsorbed through their amide
groups.

(6) Taurine is not adsorbed, which emphasises the adverse

effect of the large electronegative group.
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Section 2.

Effect of pH on adsorption.

2.1. The effect of pH in the series R.CH(NH,).COoH

(where R = alkyl group).
All experiments to determine the effect of pH on adsorption
were carried out from 0,01 M‘aqueous solutions of the amino acids at 25°C.
These solutions were unbuffered since it is known that inorganic salts

37)

alter the solubilities of the amino acids in water( and also influence
the interaction between the molecules in solution.

The fundamental factor involved when the pH of the amino acid
solution is altered is the change in extent of dissociation of the amino
and carboxyl groups; consequently the effect of pH on the adsorption of
the amino acid may be discussed from this point of view.

The effect of pH on the extent of adsorption of glycine and the

« ~alkyl substituted amino acids is shown in graph 19, and the essential
experimental data have been summarised and are reported in table 8.

Of these amino acids, only glycine is not adsorbed to the
maximum extent at its isoelectric pH. However, as the pH of the soluticn
decreases from the isoelectric pH of the amino acid, the extent of
dissociation of the carboxyl group (-CCOH) into the negatively charged
carboxylate group (—COC") also decreases. Simultanecusly, with decrease
in pH of the solution, it is observed from graph 19 that the extent of
adsorption of glycine increases to a maximun (table 8) which is attained

over the pH range 4«3 = He5e Consequently, it way be coneluded that the



Table 8.

Temp. = 25°¢,
Amino Acid . 8oy, Pﬁma,x.
Glycine 12.2 he3 - 5.5
«-Alanine 1.3 4eO - 6.3
© ok-Aminobutyric Acid 5.2 Le15- 7.5.
Norvaline 3.7 . L2 - 8.2
Norleucine 2.1 4.2 - 8.3

®
n

ox maximum adsorption in moles x 107?/standard surface area 1.

H

PHpax,

PH range within which maximum adsorption is attained.
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negatively charged carboxylate group, exerts an influence tending to
retard or prevent the adsorption of the amino acid. This conclusion

is to be expected, since there will be a force of repulsion between the
carboxylate group and the negatively charged silica.

In strongly acidic solutions, of pH 2 - 3 approx., low adsorp-
tions are obtained for all amino acids, irrespective of structure.
Verwey(58) has shown that the zeta-potential of silica particles in

WOovES

aqueous media of increasing (H+)[systematically in the positive direction.

The following data is given by Verwey :-

Zeta-potential of silica in 10™n HCL (in millivolts) = =56.
Zeta-potential of silica in 10™3n HO1l ( " ") = =37.
Zete-potential of silica in 10~2n HOL ( " ") = -20.
Zeta-potential of silica in Ouin HC1 ( " " ) = weakly positive

(Not to be measured).

Considering the above data, it becomes clear that the low
adsorptions of the amino acids in strongly acidic solutions are due to
the chenge in zeta~-potential of the silica pafticles.

As the pH of the solution increases beyond the isoelectric pH
of the amino acid, the extent of dissociation of the positively charged
ammonium group, into its uncharged amino form, also increases. Simultene-
oudly, the extent of adsorption of glycine, and of all amino acids studied,
decreases rapidly and finally ceases at a pH where the ammonium group is
virtually completely in its uncharged amino form. These observations show

that adsorption of these amino acids takes place through the ammonium group
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by virtue of its positive charge.

From table 8 it is observed that the pH range for meximum
adsorption of &-alanine is greater than that for glycine. Further,
Kk-alanine and the other o4-alkyl amino acids attain meximum adsorption
at their isoelectric points. These results indicate that the non-polar
methyl group exerts an influence which modifies the adverse effects of
the carboxylate group. The remaining «(-alkyl amino acids in table 8
show.that, as the alkyl group increases in size, there is a most pronocunced
decrease in extent of meximum adsorption, although there is an increase in
the pH range within which it takes place. This increase in pH range for
meximum adsorption indicates that the influence of the alkyl group in-
creases with its length, and from table 8 is observed to attain its
maximum effect with norvaline and remains constant with norleucine. The
observed decrease in extent of adsorption of the amino acid, accompanying
the increase in length of the alkyl group, has already been observed in

section 1 when discussing the rates of adsorption of these same amino acids.

2.2. The effect of pH in the series Hol.(CH2),.COoH.

The effect of pH on the extent of adsorption of the amino acids
in this series is shown in graph 20. The essential experimental data have

been summarised and are shown in table 9.

The general behaviour of these amino acids resembles that shown
by the ®-alkyl amino ecids of the preceding series. At alkaline pH values,
the extent of adsorption of the present series again decreases rapidly with

increasing dissociation of the ammonium group and finally ceases when the
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Table 90

Temp. = 25°C.

Amino Aeid & ax. ' P%nax.
Glycine 12.2 Lo3 = 5.5
/3-Alanine 12,15 kel = 707
¥ -Aminobutyric Acid 11.6 he5 - 8.5
- Aminovaleric Acid 501 . B3 - 9.1

€ ~Aminocaproic Acid 149 Leb - 9l
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48,
emmonium group is completely in its uncharged amino form. In strongly
acidic solutions low adsorptions are again obtained.

From teble 9 it is observed that the pH range of maximum
adsorption for glycine is less than that for /5 -alanine s dn which there
is a greater separation of the two polar groups. Further, in this series
of amino acids only glycine is not adsorbed to the meximum extent at its
isoelectric pH. These results emphasise the adversg influence of the
negative carboxylate group, when adjacent to the ammonium group as in
glycine or other «(~amino acids.

The remaining amino acids of table 9 show that, on increasing
separation of the iwo polar groups, there is an increase in the pH range
for max:Lmum adsorption and a pronounced decrease in extent. A comparison
of the dissociation constants of the ammonium groups of the respective
amino acids(z’l*) shows little change in their electropositive strength, and
consequently these changes in the adsorption behaviour of the amino acids
are the direct result of the increaéed chain length separating the two
polar groups. Since the pH range of meximum adsorption is the same for
0 ~aminovaleric acid as for & -aminocaproic acid, it may be deduced that
the adverse effect of the carboxylate group on the adsorption of these
mblecules is negligible. A progressive decrease in extent of maximum
adsorption with increasing length of the molecule again takes place.

Tt is now clear that a-alanine is unigque in this series (table 9),
since the increase in pH range of maximum adsorption produced by the in-

creased separation of the two polar groups is not accompanied by a decrease

in extent owing to the bulk of the adsorbed molecules.



2.3. The effect of pH on the adsorption of lysine.

When the amino acid molecule contains two electropositive groups
a study of the effect of pH on the adsorption of the molecule is of con-
siderable assistance in determining the group through which adsorption
takes place. Several examples involving this method of approach will be
given in the remainder of this sec’cién.

Before examining the experimental adsorption data for lysine it
is convenient to study firstof all the nature of the molecule in solution.

This has been done by Coh.n(3 9)

» whose results and conclusions are briefly
sumarised in the following discussion.
Lysine, as a dibasic amino acid, may exist in solution in the

three isoelectric forms:-

= m
(‘Cﬂz)a (‘Cﬂzh (fﬁz)a
C'H.NH;' (a) CH.NHZ. (B). (iH.NHz (c)

Coo™ co0~ COOH
Any one of these structures may lose a hydrogen ion to form the anion (D)
HoN. (CHp) )+ CH(NHp ). CO0™,
The three dissociation constants involved are then,
@) @)/ = x5, 5 (EYD)/(B) = K @D/ =X

hence, Ky (A)

Kg (B) =Kg (C} eevevvereceranensseeosequation (1).
In estimating pI{A and PKy it is prohebly best to ignore the

. +
effect of the distant ~lHy group on the dissociation of the charged -—NH3
group; the effect is probably very smell and will be about the same for
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both the forms A and B. To obtain values for PKA and pKg we may employ
Greenstein's equation(z*o’ M),

pK (NHz") = 10,72 = (0.9 /@) eevevvnnnsanenn.. equation (2)
where d = number of carbon atoms separating the ammonium group from the

carboxylate (-COO™) group.

Hence from this equation (2) we calculate,

PKy, = 9.8 end ©pKg = 10.54.
While pKC may be taken as equal to PXp, @8 has been deduced for the

monoamino~monocarboxylic acids(39) PKy = 4e3.  From equation (1) the

ratio of A:B:C in solution is then 32 x 104 s 18 x ’IO5 : 1.

Here, then, the very highly polar form (B) is predominant.

With this conclusion in rﬁind the effect of pH on the adsorption
of lysine, shown in graph 21, may now be studied. The essential experiment-
al data are reported in table 10.

As the pH of the solution decreases from the isoelectric pH of
lysine, the negative carboxylate group (-CO0™) will exist to an increasing
extent as the uncharged carboxyl group (~COOH), and simultaneously there
ﬁill be an increase in the number of molecules containing a positive charge
on both the £ - and (-ammonium group. Consequently, the electro-positive
character of the mblecule as a whole becomes increasingly strong; and this
results in the observed increase in extent of adsorption with decrease in
PH of the solution.

In alkaline solutions, of pH greater than the isoelectric pH of

lysine, the « ~ammonium group is completely dissociated into its uncharged

amino form and dissociation of the § ~ammonium group also takes place.



z 5
NG
(AP [N WELEE|

%52 dWIL




Table 10,

Temp. = 25°C.
&nex., PHpax,
Iysine 9.1 L - 6.2
Table 112,
Arginine. | Temp. = 2500.
pH 3.1 Lhe3 5.0 5. 6.9 9.2  11.1
Adsp®, 402 Lo71 L.O  2.41 O 4,02  7.12.

The adsorption is measured in moles x 1072 /standard surface area 1.

Tabvble 11b.

Glycocyamine. Pemp. = 25°C.
pH 242 4,0 6ols 8els 10.5
Adsp?, 8.92 10.1  10.1 1001 8.92

Adsorption in moles x 1077/standard surface area 1.

51.



Simultaneously, uncharged carboxyl groups dissociate into the negative
carboxylate groups. Under these conditions the extent of adscrption of
lysine decreases rapidly and finally ceases at a pH where the ¢ —ammonium
group is virtually completely in its uncharged amino form.

However, although the x-ammonium group is uncharged at the
isoelectric pH of lysine, adsorption still takes place; and we may
consequently deduce that the g-ammonium group is the centre of adsorption,
not the -group. This conclusion also follows from the initial discussion
which has shown that the polar form (B}, H3+N. (CHg),,, CH(WHp).COO™, is

predominant in solution.

2,4. The effect of pH on the adsorption of arginine and glycocyamine,

Before examining the experimental adsorption data it is again
convenient to study first of all the nature of arginine in solution. Ais
a dibasic amino acid, arginine may also exist in solution in three iso-~

electric forms to those shown for lysine.

NHp NH, NHo
t:3=NH _ c.:7=NH2+ %::NH

NH 1'\&1 T&I

(<::H2)3 (&) )3 (@) COPIINO
?H.Nﬂf ?HNHz “’H'I"Hz

coo™ Cco0™ COCH

4s for lysine, a similar calculation of the three dissociation constants
may be made for arginine; and the same conclusion is obtained., Indeed,

the extremely polar form, in which a positive charge resides on the
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guanidine radical and a negative charge on the carboxylate group, pre-
dominates even more than in the corresponding form in lysine. T‘nis is
to be expected since resonance can take place in the guanidine radical
itself and the resonance energy will assist in stabilising form B.

The effect of pH on the adsorption of arginine from an 0,01M
aqueous unbuffered solution at 25°C is shown in graph 22. The experiment-
al data are also reported in table 11a (page 51).

The arginine was obtained as the mono-hydrochloride, and the pH
of an 0.01 M agueous solution of this material was 6,9. In this solution,
there is a positive charge on the ammonium group of each molecule. However,
no adsorption was observed at this pH. As the pH of the arginine solution
becomes less than 6.9, the ex;cent of adsorption increases in a mamner
previously encountered with glycine and the other amino acids. Further,
as the pH of the arginine solution increases beyond 6.9, adsorption ?150
increases and rises to a value greater than the maximum adsorption in
acidic solutions. Concurrently with these experiuments, the effect of pH
on the adsorption of glycocyamine was studied. The experimentsl data for
glycocyamine are shown in table 11b (page 51), and in graph 22,
Glycocyamine is similar to arginine but possesses no «-amino group, and
was found to be adsorbed to an extent which remained fairly constant over
a very wide pH range, 2.2 - 10.5. The adsorption of glycocyamine has al~
ready been discussed and is known to take place by virtue of the positive-
ly charged guendinium radical.

These facts suggest, therefore, that at pH 6.9, corresponding

tc arginine mono-hydrochloride, the effective basicity of the ~ammonium
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Ske
group is equivalent to that of the terminal guanidinium radical. Thus
the a;ginine molecule resembles a carbon chain with a positive pole of
equivalent strength at each end, and it is possible that the interaction
between these molecules in solution is such as to prevent adsorption
taking place,

However, as the pH of the arginine solution becomes less than
6.9, the dissociation of the uncharged carboxyl group also decreases and
consequently the electronegative influence adjacent to the « ~-ammonium
group is decreased, resulting in an increase in the effective electro-
positive character of the «-ammonium group. The molecule has now one
pole of greater positive strength than the other, adsorption taking place
at the former, i.e., at the of~ammonium group. Similarly, as the pH in-
creases beyond 6.9, a two-fold effect takes place., The dissociation of
the carboxyl group increases, thereby increasing the electronegative
influence adjacent to the (-ammonium group, and simultaneously the
ammonium group itself dissociates into its uncharged amino form. Adsorp-
tion now takes place at the guanidinium group, which is now the more
electropositive pole.

-Since glycocyamine is adsorbed to a fairly constant extent over
a wide pH range it may be deduced that the adjacent negative carboxylate
group does not exert any appreciable influence on adsorption throu‘gh the
guanidinium group.
2.5. The effect of pH on the adsorption of histidine and tryptophane.

The effects of pH on the adsorption of histidine and tryptophane

ere shown in graph 23. The essential experimental data have been suumarised
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Table 12.
Ternpn = 25000
Amino Acid 3 pIﬁ
Histidine 8.2 bt = 7.6
Tryptophane 7.4 b2 = 7.7
Table -13.
Temp. = 25°C.
Amino Acid 8pax, . PHmax.
PI‘Oline . 9.0 ll-.} - 7.5
Hydroxyproline ' 5.5 Le3 - 5.8
Table 14
Teup. = 2500-
Betaine.
PH 2.1 5.1 8.0 - 10.2 11.9
Adsorption 1.8 LeTh 672 7.6 7.9
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and are reported in table 12.

saximum adsorption of histidine is attained over the pH range
he1 = 7.6, which includes the isoeleciric pH of the molecule. At the
isoelectric pH of histidine the imidazole group is no longer positively
charged; and 1t may be concluded that adsorption of histidine, at any
pH, always takes place through the « -ammonium group. Rurther, as the
pH of the solution increases beyond the isoelectric pH of histidine, the
extent of adsorption decreases rapidly and finally ceases when the
ek -ammonium group has virtually completely dissociated into its uncharged
emino form. This result also emphasises the preceding conclusion.

Meximum adsorption of tryptophane takes place over a similar pH
range, 4e2 = 7.7, which again includes the iscelectric pH of the molecule.
Consideration of their respective structures suggests that the indole
group is less strongly electropositive than the imidazole group, and it is,
therefore, unlikely that there is a positive charge on the indole -NH-
group at the isoelectric pH of tryptophene. This conclusion is emphasized
since maximum adsorption is still obtained at almosﬁ 2 pH units beyond the
isoelectric pH of tryptophane, 5. 89(&*), but rapidly decreases beyond pH
7.7 and finally ceases when the smmonium group is in its uncharged amino
form. The low extent of maximum adsorption is due to bulk of the large

indole group in the adsorbed state.

2.6. The effect of pH on the adsorption of proline, hydroxyproline,

and betaine.

The effect of pH on the adsorption of prolj.ne and hydroxyproline

are shown in graph 24. The essential experimental data are reported in
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table 13 (page 55).

Maximum adsorption of proline takes place over the pH range
k3 - 7.3, which includes the isoelectric pH of the molecule, 6.3 (34}.
Since glycine did not attain maximum adsorption at its isoelectrie pH,
it may be deduced that the heterocyclic ring of proline exerts an in-
fluence, similar to that of a straight carbon chain, which modifies the
adverse effects of the negative carboxylate group adjacent to the imino
group. As the pH of the proline solution increases beyond 7.3, the ex-
tent of adsorption decreases rapidly and finally ceases when the imino
group is virtually uncharged. This result shows that the adsorption
mechanism for proline is similar to that for glycine and the other
& -amine acids, adsorption of proline taking place through the imino
group by virtue of its positive charge.

Maximum adsorption of hydroxyproline takes place over the pH
range Le3 -~ 5.8, which also includes the isoelectric pH of the molecule.
Again the heterocyclic ring appears to modify the adverse effects of the

negative carboxylate group, as is shown by comparison with glycine.

57.

However, both the extent of maximum adsorption of hydroxyproline, and the

pH range within which it takes place are considerably smaller than for
proline. These results are to be expected since there are two electro-
negative groups in the hydroxyproline molecule, which will result in a
stronger force of repulsion between the molecudte and the negatively

charged silice. In addition, the greater polarity of the molecule in-
creases slightly the interaction between the molecules in solution, as

(33),

was shown bj Smith
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4s the pH of the solution increases beyond the isoelectric pH
of hydroxyproline, the extent of adsorption decresses rapidly and finally
ceases when the imino group is virtually uncherged.

The effect of pH on the adsorption of betaine is shown in graph
2, and also in table 14. The experimental conditions are the same azs for
the preceding amino acids, the extent of adsorption also being measured
in moles x 102 per standard surface srea 1.

The betaine system in solution may be represented as follows:-

(in acidic solutions) I\"I.Mej. CHp. COO 1;
S -
(in alkaline solutions} HO les. CHp C00
The existence of the dipolar ionic forms has been verified from dielectric
constant measurements by Devoto(hz) and by Bdsall and ':‘?ymn(h5 )

From table 14 (page 55), it is observed that the effect of pH on
the adsorption beheviour of betaine does not show a close relationskip to
that of any other amino acid. However, there is a distinct similarity to
the pH data for glycocyamine, which is adsorbed to a fairly constant extent
over a wide pH range, 2.2 - 10.5. The extent of adsorption of vetaine is
low in acidic soluticns, but rises gradually to 2 maximum adsorption in the
PH range 10.2 ~ 11.9. Further, there is alsc an spprecisble interaction
between the molecules themselves in solution, as has been shown by ﬁmiﬁi{}%s
end it is probeble that the extent of this interaction will also be influ-
enced by the pH of the solution. These effects will combine fo vary tae

extent of adsorption with pE of the solution, Since adsorption imcreases

with increase in p¥H, it mey be deduced that the influence of the negative
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carboxylate group on the positively charged nitrogen is of minor import-
ance in determining the adsorption behaviour of the molecule, and again

this is in agreement with the preceding conclusions.

Summary of Section 2.

In this section, the effect of pH on the adsorption of a number
of: amino acids has been studied and it is now convenient to summarise the
main conclusions deduced. IFurther, when the amino acid molecule contains
two electropositive groups a study of the effect of pH on the adsorption
of the molecule provides a means of identifying the group through which
adsorption takes plaee.

(1) General Conclusions.

Adsorption of these amino acids and related substances takes
place by virtue of the positive charge on the ammonium or similar group,
and ceases when the group has dissociated into its uncharged form.

(2) The effect of pH in the series R.CH(NHp).COoH

(where R = alkyl group).

In this series only glycine is not adsorbed to the maximum
extent at its isoelectric pH and it may, therefore, be deduced that,
(a) the negative carboxylate group, especially when adjacent to the
positive ammonium group, exerts en influence tending to retard or prevent
adsorption, and
(b} that the alkyl group modifies this adverse effect of the carboxylate
group,

As the alkyl group increases in length the pH range for maximum

adsorption increases, but there is a pronounced decrease in extent because
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of the bulk of the large alkyl groups in the adsorbed state.

(3) The effect of pH in the series Hyl. (CHp)y.COoH.

The extent of maximum adsorption of A -alanine and the pH range
within which it takes place are both greater than for glycine. These
facts emphasise the adverse effect of the carboxylate group. Increasing
separation of the two polar groups results in an increase in the pH range
for maximum adsorption, but there is a pronounced decrease in extent, due,
as in the previous series, to the bulk of the large molecules in the

adsorbed state.

Notes.

(1) Adsorption of lysine takes place through the § -ammonium

(2) Adsorption of arginine takes place through the x-ammonium
group at pH values less than 6.9, and through the guanidinium group at
values greater than 6.9.

(3) Adsorptién of histidine, at any pH, always takes place
through the «{-ammonium group and not through the imidazole group.

(4} sSimilarly, adsorption of tryptophane always takes place
through the o -ammonium group and not through the indole nitrogen.

(5) The heterocyclic ring of proline and hydroxyproline
modifies the adverse effect of the carboxylate group.

(6) Urea and hydantoic acid are not adsorbed at any pH and
consequently citrulline, asparagine, and glutamine cannot be adsorbed

through their terminal ureido or carbamyl grocups respectively.
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Section 3.

Kinetics of adsorption.

In Section 1 the rates of adsorption of the amino acids have
been discussed in a general manner and conclusions derived from the ex-
perimental data on the influence of various substituents on the rate of
adsorption of the molecule in which they are contained. Further, in
this discussion we have utilised the langmuir rate constant, k, at 37°C

-and the validity of its use will now be shown. Other fundamental pro-
cesses involved in many adsorption reactions will also be discussed and
the possibility of their application to the present study of the adsorp-
tion of these amino acids will be examined.

According to Hill(w'"}, when a semi-infinite solid is brought
into contact with 2 large guantity of a well-mixed ligquid containing a

diffusible substance in concentration C the total amount which diffuses

0?
across unit area of the boundary in time t is:-

A =2C¢C, \/ z;{t/ﬁ J where k = diffusion coefficient.
A similar equation was derived by %?ashburn(l"s ), for the rate of capill-
ary condensation and he tested this equation from data obtained by Cude
and Hulett(%) for the penetration of water into charcoal,

The application of the above equations to the experimental data
obtained for the zdsorption of these amino acids on silica, was tested by
a plot of adsorption vs. time, and in no instance were the equations

satisfied. Consequently, it would appear that the adsorption of these

amino acids on silica is not fundamentally a process of diffusion of the



molecules in solution to the surface of the adsorbent, or of capillary

condensation.
The theory of the rate of adsorption on a free surface was

(47)

first derived by Langmuir , and his theoretical equation may be

expressed in the form:~

In. aE/(aE -a) = kt where &, = adsorption at equilibrium,

adsorption at time t.

2t
The application of the bngmuir theory of adsorption to the experimental
data for the adsorption of each amino acid on silica at 37°C, was tested
by a plot of 1n. aE/(aE ~ 8t) vs. .

Typical plots are shown in graph 25, for glycine, (-alanine,
valine and , ~alanine. It has been found that the experimental data for
each amino acid, irrespective of its molecular structure, are in good
agreement with the Langmuir eguation, and values of k, the rate constant,
8t 37°C have been determined and discussed in Section 1. It is interest-
ing to note that the adsorption data for the semicarbazide and guanidinium
ions also agree with the Langmuir equation. The rates of adsorption of
several amino acids have also been studied at different temperatures and
the experimental data at each temperature also agree with the Langmuir
equation,

Consequently, the empirical assumptions inherent in the lLamgmuir
theory may possibly be applied to the adsorption of these amino acids by
silica, Thus, it is probable that the amino acid molecules are adsorbed
to definite points of attachment on the surface of the silica and that

each point of attachment cen accommodate only one adsorbed molecule.
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63.
Turther, the langmuir theory of adsorption precludes a 1nechanism involving
diffusion or capillary condensation.

These results, therefore, suggest that the ammonium group, the
active centre of the amino acid molecule, is attached to the oxygen atom
of the silica, and the primary force of adsorption is the mutual attract-
ion of the positively charged ammonium group and the negatively charged
oxygen atom of the silica. However, to examine in greater detail the
nature of the adsorption mechanism, some thermodynamic aata must be ob-
tained. In the following section the energy of activation and heat of
adsorption will be studied and from these date a more complete under-

standing of the adsorption bond may be derived.



Section 4.

Thermodynamic data.

L.1.  BEnergy of Activation.

The rates of adsorption of several amino acids have been studied
at three different temperatures and in each case it is observed that as
the temperature rises there is an increase in the rate of adsorption,
although the extent decreases. These facts indicate a distinct temperature
coefficient, adsorption taking place with a characteristic velo;:ity.
Taylor(l*S) has called adsorption occurring under these conditions ‘activated
sdsorption'. Consequently, a definite energy of activation is necessary
for the formation of the adsorbed system and this energy may be cealculated
in the following manner.

According to the Iangmuir theory of the rate of adsorption on a
free surface, the experimentally measured rate is the difference between
the rate at which the molecules are bound on the surface‘ and the rate at
which they leave the sui‘face. The experimental rate determined at constant
solution concentration is given by
(1) - ag/at = Xk (1-6) - ko0 .
where 8 is the fraction of the surface covered with adsorbed molecules,
and k1 and 1{2 are constants. Integrating with the boundary condition
that @ = O when t = 0, we obtain
(2) - b = (y/ipriep) {1 -

when t z=o0 , @= €, vhere 0 .. is the fraction of the surface covered

i

H

e'(k1+k2)tz
/

when equilibrium is reached. This gives the relation



A 1 N
(3/ 9 2 = 89 /(k1 +k2j

from which it follows that

) - B = B (1~ o™ where X = Xk,
Since @ = a/am, equation (4) can be written in the form
(5) a=ay (1-e™%

where a and ayp are the amounts adsorbed after time t a.hd. at equilibrium
respectively and &, is ;che amount adsorbed when the surface is completely
covered. Equation (5) may be re-written

(6) - In. ap/(ap - 2) = Kt.

By epplying equation (6) to the experimental data for each amino acid,
values of k at the three temperatures may be obtained. -

Since Qg = ag/a , and values of ay may be obtained from the
isotherms of each amino acid, then values of 2] ® may be calculated at
each temperature.

From equation (3),

k eEk. and

1 =

ko (1- Bp)k.

Consequently values of k, and k2, the velocity constants of the adsorption

1
and desorption process respectively, may be calculated for the three
temperatures. |

Using the Arrhenius equation which relates the variation of the
velocity constent with temperature, the energy of activation of the adsorp-

tion process (E1) and of the desorption process (Ez) may be calceulated and

are shown in table 15.
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Since the Arrhenius equation may be expressed in the Fform
Inkq = InBy - L/RT (adsorption)

or
In ky

il

In Bo = Eo/RT (Desorption)
then values of B, and By, the frequency factors of the adsorption and

desorption process respectively, may be calculated and are also shown

in table 15.

Conclusions from Section 4.1.

g'l) Group 1.

Glycine, «~alanine, and proline show a close relationship

between their respective values of Eq, By, Eo, and Bo.
(2) Group 2.

A relationship is also observed between the respective values
for ,A -alanine, X-aminobutyric acid, d-aminovaleric acid and lysine.

It is significant that the amino acids in group 1 are all
# -amino acids whereas those in group 2 are adsorbed through an amaonium
group which is not adjacent to the carboxylate group. However, the data
in table 15 may be more conveniently discussed in a later section (section
kL) after more conclusive evidence on the nature of the adsorption bond
has been obtained from heat of adsorption data.

Note,

Values of E4 and E, for g-aminocaproic acid could not be
determined experimentally since the extents of adsorption from an 0.01 i
aqueous solution over the temperature range, 25°C - 50°C, were so small
as to prevent the determination of complete and accurate rate curves.

Values of Eq and E, for betaine could not be determined since no appreciable
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Table 15.

Amino Acid Graph Eq B4 B Bo
Glycine 26 87 2.82x102 15.3  2.45x107

ob-Alanine 27T o y.2ox0k 15.5  1.49x10°
Proline 2% 8.5  1.40x%10 17.8  2,78x10%

Group 2.

/A -Alanine 29 5.6 6.3ux107 27.1  L.18x10"7

f -Aminobutyric Acid 3O  15.25  1.65x10° - -

0 -Aminovaleric Acid 3| 16,0 7. 92x1 O8 29.0 Lol 31 08
Iysine 33 6 8.27x10° 30,5 1.41x10"7

kg. cals./mole.

]

moles/litre/sec.

B4 and Bp



difference in extent of adsorption from the 0.01 ¥ agueous solution
could be detected 2t the three temperstures, 2500, 379G and 50°¢.
Accurate values of Ep for X-ﬂﬂdnobutyric acid could not be calculated.
In this case, BE is greater than (1-—9E) and since the efror in deter-
mination of @ is magnified in the calculation of (1- €y}, the result-

ing value of ko is only approximate.

4e2., Isotherms.

&(3.

Isotherms for three temperatures have been obtained for glycine,

A-alanine, proline, A -alanine, Jiaminobutyric acid, d ~eminovaleric
acid, € -aminocaproic acid and lysine, and are shown in graphs 26-33
respectively.

The isotherums of each amino acid show thet a constant maximum

adsorption is attained representing cowplete covering of the total avail-

able surface and alse that the value of this maximum adsorption is identi-

cal at each femperature. These facts suggest that there is a finite
nunber of adsorption sites for the standard surface area of adsorbent.
These isotherms possess a linear portion, in which the adsorption is
proportional to the equilibrium concentration. Sheppard(49), when
studying the adsorption of dyes on AgBr, (the adsorption of the dye is
attributed primerily to the electrostatic attraction of the dye cation
for the halide Br~ ion in the AgBr lattice), also obtained isotherms in
which the adsorption rises linearly with equilibrium concentration and
finally attaihs a constant maximum value equivalent to a monowolecular

adsorbed layer. Sheppard reports the adsorotion of the dye cations to

be irreversible and remarks, "It appears orobable that the agreement of
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CALCULATION OF ARKA OCCUPIED PER MOLECULE FROM ISOTHERM DATA.

The surface area of the silica used in the preparation of
these isotherms, as determined by the Lea and Nurse method, is 41,400
sqecms. Assuming that the maximum adsorption of each amino acid, shown
in graphs 26;33 represents complete covering of the silica surface, then
the area occupied by each amino acid molecule on the surface of the
silica may be calculated. The area per molecule so calculated for the
amino acids in graphs 26-33 are within the range 3-5 sq.A.C (for proline,
8 sq.A?)

These values are obviously too\small to represent a monolayer,
and indeed would suggest approximately 4-5 monolayers on the surface of
the silica. However, a study of each isotherm, for each amino acid,
shows & continuous rise in adsorption to a constant saturation value.
This smooth rise in adsorption is in contradiction to the possibility
of 4-5 layers on the silica surface. Consequently, the value for the
surface area of the silica determined by the Lea and Nurse method must
be grossly in error. The air-permeability method is by néture much less
sensitive and accurate than a method based on adsorption on the surface

of the powder.




N 4.2 : 1 . 24, et e e e e . .
apparent adsorption isobherms with a simple Lan&iiir eguation is
- () B ”
coincilental and not of real significance,

e e =
Lindau and Rhodius(‘

.

, when studying the adsorption of gelétiﬁ
and egg-albumin on guartz, also obtained isotherms which show 2 fairly
linear rise in adsorption with equilibrium concentration, and repors the
monomolecular layer of protein to be irreversibly adsorbed.

‘The possibility that the amino acids may be apparently
irreversibly adsorbed on the silica, or at least difficult to desorb,
is partially supported by the very high values calculated for Fp, the
energy required to desorb the amino acid molecule.

It should be noted here that the rate curves for the adsorption
of these amino acids appear to obey the Langmuir adsorptioh equation, but

this behaviour may be coincidental and of no real significance.

Lke3. Heat of adsorption.

Prom the experimental data of these isotherms, values of the
heat of adsorption (A H°} werevcalculated in the following manner, derived
and applied by Vickerstaff(So) to determine heats of dyeing.

The absolute temperature, the standatd affinity, and the standard
heat of adsorption, are related by the equation
(9) a( Auwo/n)/a(1/ry = &EH°
The stendard heat of adsorption so calculated may be defined as the heat
adsorbed per mole of amino acid, when a small guantity of the amino acid
is tr&nsférred from a large volume of the solution in its standard state.
The change of A H° with temperature is comparatively small, especially

over the narrow temperature range involved din the adsorption experiments,



so that as a first approximation is wey be regarded as constent.

On integration, eguation (9) may be expressed in the fom
(10) Au/r = ARP/T + C ¢ = a constant,
which can be re-written as
(11) AHC = ( Au9 /Ty = BuG /15)/(1/Ty - 1/T0)
vhere 4u% and A4 u% are values of OBu® at the two temperatures T4
end To respectively. In calculating affinities there is difficulty in
finding a satisfactory expression for the activity or effective concen-
tration of the amino acid on the adsorbent in terums of the measurable
concentration (a),. If the activity be represented as an unknown function
of the concentration of the amino acid on the adsorbent, independent of
temperature to a first approximation, and written fn.(a),, then, neglect-
ing the activity coefficients in solution,
(12) - Av® = RT In. fn.(a),/(e)g
vhere (¢), = concentration of amino acid in solution in equilibrium
with (a}), adsorbed.

F;om the affinity at two temperatures T, and Tp
(13) AR = 7R.T1.T2./(T2-T1)gln.(fn-(a)a-(c)s‘l-/fh»

ORNOW

If the conditions are so adjusted.that the concentration of amino acid on
the adsorbent is the same at both temperatures, fm. (a), = fn. (a);1, so that
(14) AR = -R.TT,/(To-T4) Elno(°3s1/(c)8%
Consequently, it is possible to caleulate the heat of adsorption from a
knowledge of the concentrations of amino acid in solution which are in

equilibrium with the same amount of emino acid on the adsorbent at two



T1e
different temperatures.

In table 16 are shown the experimental data, for each amino
acid, from which mean values of A i (observed) over the temperature
range studied (25°C ~ 50°C) were obtained by using equation (14 ).

An independent calculation of the values of AH° may be made
from the relationship,

Eq - ‘E2 = AR

and the values so obtained are shown in table 16 as AH° (cale.).

Conclusions from Section 4.3.

(1) The values of AH® (cale.) are in good agreement with

those of AR (obs.).

(2) For each amino acid in group 1, the values of AH is
6,00 kg, cals./mole approximately. |

(3) For each amino acid in group 2, the value of AH® is 116
kg, cals./mole approximately.

(4) All values of AH are negative in sign indicating that

the adsprption process is exothermic.
It is now desirable to examine in detail the values of E ard

Ep (tablé 15) and those of A B° . and to derive from them some conclusions

on the nature of the adsorption bonds between the amino acids and silica.

Lok, Nature of the adsorption bonds.

The significance of hydrogen bridging in amino acid and protein
structures is now well known. Albrecht and Gorey(5 1) have established the

structure of the glycine crystal by X-ray methodsg, and have concluded that
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Table 16.

Amino Acid (e)g 1/7%10° AR -4 H°
(°x) (obs. ) (cale.)
Group 1.
G1y0ine 0. 57 3036
0.86 3.23 5¢93 6.60
1,22 3.10
“"’Alanine 1 . 30 3. 36
190 3.23 5.87 6.10
2.80 . 3.10
Proline 0,68 3436
1.00 3.23 6. 00 9.2
1449 3.10
Group 2.
/3 -Alanine 0.40 3436
0.83 3.23 11.57 11.50
1,82 3.10
X -Aminobutyric 0,46 3.36
acid. 0.99 3.253. 11.61 - 'Y
2,13 3.10
J -Aminovaleric 0.93 3436
acid. 1.98 3.23 11.55 13,00
L.22 3.10 .
§ -Aminocaproic 1.40 3436
acid. 2.98 3.23 1154 - A
6019 3.10
Iysine 0.77 3436 o
1.68 3.23 11.60 13.90
3' 53 30 10
(¢). = concentration of amino acid in solution in moles x 10™2/1itre

which is in equilibrium with the seme amount of amino acid
adsorbed at the three temperatures.

A H° (obs.) kg. cals./mole

A §calc.) E;~EBp = kg.cals./mole.

* See note in conclusions of Section L.1.

non
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in the qrystal the molecule has the zwitterion structure with two of the
three hydrogen atoms attached to the nitrogen, forming strong hydrogen
bonds to oxygen atoms in the same layer and the third sharing its bond-
forming capacity nearly equally between two nearest oxygen atoms in the
adjacent layer. In view of these facts, it is possible that similar
hydrogen bonds may be formed between the ammonium group of the adsorbed
amino acid and the oxygen atoms of the. silica adsorbent., Similar
hydrogen bonds have been found in the cr;stal structures of «-alanine
and diketopiperazine » and the importance of hydrogen bridging in
proteins has been discussed by Astbury (54). The energy of formation
of the hydrogen bond is reported by Pauling (55)'tok>e of the order of
5 kg. cals./mole.

From a study of the numerical values of )ﬁHO obtained for the
amino acids, the following discussion may be advanced on the possible
nature of adsorption bonds formed. Thé\agreement between the zﬂHO
values for these amino acids and the values of Pauling for hydrogen
bonds may be coincidental. It is noted, however, that for betaine éLHO
is approximately 1-2 kg. Cals./mole. (see p.76.) It is significant
that betaine has no hydrogen atoms attached to the quaternary nitrogen
and can thus form no hydrogen bonds with the oxygen atoms of the silica.
The mechanism of adsorption deduced in the following discussion is not
considered as superseding the earlier theory of electrostatic attraction
between the silica and the ammonium group of the amino and molecule, but
is thought of as a secondary bonding mechanism operating in conjunction
with the electrostatic attraction. Adsorption takes place primarily by

electrostatic attraction and when the hydrogen atoms of the ammonium



group come within the sphere’of’influence of the oxygen atoms of the

silica, then hydrogen bonds may be formed thus constitutihg sécondary

"adsorption bonds.

~

The rélaﬁionship between Ei, Ezg and AH® may be expréssed

diagrammaticelly as follows:-

- Transition state

LI

- free molecule

aidaleosisals To v

e P H ) Loy
. N e taws asfT S
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The values of A H° reflect the difference between the number of bonds
formed in the adsorbed state (indicated by Ep) and the number broken in
solution (indicated by Zq).

For Group 1, the values of A H°, 6 kg. cals./mole, (which is
comparable to the bond strength of one hydrogen bond) indicate that the
number of bonds formed in the adsorbed state is greater by one than the
number which may be broken in solution. It is, therefore, possible that
each amino acid molecule of group 1 forms one hydrogen bond in the
adsorbed state.

Comparison of the Eq values of groups 1 and 2 show than an
additional quantity of energy, 6 kg. cals./mole approx., is required to
activate the molecules of group 2 and consequently these latter molecules
may form one hydrogen bond in solution. The AH® values of group 2
indicate that in the adsorbed state the aumber of bonds formed is greater
by two (each of strength 6 kg. cals./mole approx. ) than the number broken
in solution. Since in the formation of the transition state in solution
one hydrogen bond is broken, it is, therefore, possible that group 2
molecules form three hydrogen bonds in the adsorbed state.

If, in group 1, one hydrogen bond is formed in the adsorbed
state, then there remain (E2 - 6) = 10 kg. cals./mole approx. to be
evolved in the formation of other adsorption bonds. Similarly, in group
2, if three hyirogen bonds are formed in the adsorbed state, then
(Ep-18) = 10-11 kg. cals./mole approx. remain which also reflect the

formation of other adsorption bonds. A similarity is thus observed between

groups 1 and 2.
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This energy, 10 - 11 kg. calsf/mole, is probably ewvolved in
the formation of the polar bond between the positively charged ammonium
group‘of the amino acid molecule and the negatively charged silica, which
is the fundamental mechanism of the adsorption process as has been shown
in previous sections. Additional data supporting this hypothesis may be
derived from the values of B, and Bp (table 15), the frequency factors,
of both groups 1 and 2.

The interpretation of the freguency factor in reaction kinetics
in solution has been discussed in detail by Be11(56>, who reports that
values of B of 1017 - 1017 are only observed in reactions between two
oppositely charged polar molecules. The very high values of Bs of 1017 .
1019 for group 2 wmolecules must mean partial charge neutralisation in the
reverse process from the adsorbed to the transition state. Conversely,
in the forward adsorption process the general trend of B4 values of both
groups 1 and 2 is one of continuous separation of charges in the amino
acid molecule from the free to the adsorbed state. These facts suggest,
therefore, that in solution at its isoelectric pH, the dipolar amino acid
molecule, which has a net charge of zero, absorbs energy, the effect being
to increase the sepération of its opposite charges. Iinally, beyond the
transition state adsorption takes place, and the charge separation is
greatest in the adsorbed state. Thus the values of B4 and Bp of both
groups 1 and 2 support the polar mechanism of adsorption between the
amino acid and silica.

In group 1 the values of E,, the energy of activation, are 8-9

kg. cals./mole. If, in group 2, 6 kg. cals./mole are required to break
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one hydrogen bond in solution, then a further 9 kg. cals./mole 3D DOroXs

are also reguired to activate the molecule. This quantity of energy,

common to both groups 1 and 2, arises owing to the following factors.

(1) Energy is adsorbed by the amino acid molecules the effect being
to ineease the separation of their opposite charges.

(2) The adsorption site on the surface of the silica will be solveted
and energy is, therefore, required to desolvate the site before
adsorption will take place,

(3) Similarly, the positive ammonium group of the amino acid molecule
in the transition state must be desolvated before adsorption takes
place.

Since each amino acid in group 1 forms only one hydrogen bond
in the adsorbed state, and those in group 2 formthree such bonds, it is
evident that the carboxylate group, when adjacent to the ammonium group,
as in group 1, exerts a steric "blocking"effect in the adsorbed state.
This steric effect is reflecfed in the very low values of By of group 1.
Since the geometrical requirements for adsorption are highly speéific
for molecules of group 1, their values of Ej and Fp must be correspondingly
smaller than those for molecules of group 2, in order that their rates of
adsorption and desorption shall be comparable.

As has been reported (page 66;, no appreciable change in extent
of adsorption of betaine could be detected at the temperatures 259c, 37°C
and 50°C. Consequently the heat of adsorption for betaine must be véry
low, end is probably 1-2 kg. cals./mole. Betaine possesses no hydrogen

atoms directly attached to the positively charged nitrogen and thus cannot
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form hydrogen bonds with the silica, The adsorptiocn bond between betaine
and silica is probably purely electrostatic and thus the bond between
silica and glycine ( A H° = 6 kg. cals./mole.) is stronger then a ourely
electrostatic bond and is therefore possibly a hydrogen bond as has been
suggested.

Thus the mechanism of adsorption of the amino acids on silica
is primarily one of electrostatic attraction and when the ammonium group
approaches the oxygen atom of the silica, then hydrogen bonds may be
formed which constitute secondary bonding forces.

Tiselius(57’ 58}, has investigated the adsorption of water and
ammonia on the zeolite crystals, heulandite and analcite, and considers
that such adsorption, which takes place between molecules with strong
permanent dipoles and ionic crystals, constitutes the borderline between
physical and chemical adsorption. The heat of adsorption of water on
heulandite was 14.1 kg. cals./mole, and that of ammonia on analcite was
16.6 kg, cals./mole. Thus, these adsorption studies by Tiselius are
similar in certain respects to the present study of the adsorption of
amino acids on silica.

Conclusions from Section L.l

From the preceding discussion we may derive the followihg general
conclusions concerning the mechanism of adsorption of these amino acids on
silica.

(1} The primary mechanism of adsorption is the mutual attrecticn
of the positively charged ammonium or imino group of the amino acid molecule

and the negatively charged oxygen atom of the silica.
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hydrogen bonds with the electronegative cxypen atoms of the silica.

(3) l-amino acids, in countrast to M-, Y-, and higher acids,
form only one hydrcgen bond in the adsorbed state due to a steric
"blocking" effect of the carboxylate group.

(&) The values of &, Ey and & H° for lysine confirm the con-
clusion derived in section 2 that lysine is adsorbed through the

& —ammonium group. Conseguently, we may observe that if the amino acid
molecule contains two reactive ammonium groups, the deteruination of the
energy of activation and heat of adsorption of the molecule may identify
the group through which adsorption tekes place.

(5) The values of By and Bp, the frequency factors of the
adsorption and desorption process respectively, vare of fundeméntal import-

ance :Ln elucidating the mechanism of adsorption and distinguish between a

polar and a non-polar mechanism.



Part

PEPTIDES.

2,



The influence of the composition of the peptide on its adsorvtion.

Note. The extent of adsorption of the dipeptides examined
is extremely small and it was found necessary to carry out these adsorp-

tion experiments from 0.02 M agueous solutions of the dipeptides on a

surface area of adsorbent of 82,300 sq. cms., referred to as standard
surface area 2. (see Experimental gection). This concentration of
solution is twice that used in the amino acid experiments; similarly,
the new surfeace area is also twice that used for the amino acids. These
experimental conditions were kept constant for all dipeptides; the extent
of adsorption is now reported as moles x 10'5/étandard surface area 2.
Since urea, hydantoic acid, and N-acetylglycine are not adsorbed,
it may be deduced that peptides are not adsorbed on the silica through the
peptide link.
The experimental data for the rates of adsorption of four
dipeptides, of closely related structures, are summarised in table 17.
The dipeptides are compared at 25°C, since the adsorptions of alanyl-
glycine and leucylglycine at 37°C are so rapid that accurate rate curves
could not be obtained. The adsorption characteristics of the siumple amino
acids glycine, p{-alenine, and leucine have been discussed in Part 1. The
rate of adsorption of glycylglycine is considerably lower than that of
alanylglycine, glycylleucine, or leucylglycine. The behaviour of the

simple of-amino acids and their related dipeptides are in this instance



Table 17.

Peptide Graph (ag) (%q)250¢
Glycylglycine 34 8.64 8.90x1 o~3
Alanylglycine 35 6 1.41x10~"
Glycylleucine 36 | 6o 3l 1.25%10~"
Leucylglycine 37 3.31 6.10x10™2
(aE} = equilibrium adsorption in moles x 1072 /standard surface

area 2 from 0.02 M aqueous solutions at its isoelectric pH.

(kq) 25°C = velocity constant of the adsorption process at 25°C.
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81.
very similar,

In Part 1, the influsnce of other functional substituents on
the adsorption of an amino acid has been discussed, and it is probable
that these groups will exert a similar influence on the adsorption of a
dipeptide. However, two dissimilar |x -amino acids, NiHp.CHR.COOH and
NBQ.CHR1.CCOH, may combine in two distinet ways to yield two isomeric
but dissimilar dipeptides, differing in the positions of R and R
relative to the terminal ammonium and carboxylate groups. The following
discussion on the experimental data for glycylleucine and leucylglycine
illustrates that in addition to the nature of the secondary functional
group, its location, with respect to the ammonium and carboxylate groups
in the dipeptide, is of considerable importance in determining the
adsorption behaviour of the molecule.

Under the same experimental conditions, the extent of adsorption
of glyeylleucine is approximately twice that of leucylglycine. The amount
of glycylleucine adsorbed (6.34 x ‘IO"5 ﬁcles} represents a limiting value
of adsorption and corresponds to approximately & unimolecular layer. This
may be seen more clearly in the isotherms of this dipeptide (graph 41} and
will be discussed in greater detail in a later section, (section La2)s
The value for leucylglycine 3.31 x 10'5 moles does not represent a
unimolecular layer, as may be seen from the isotherms of this dipeptide
(graph 42). It is also observed that the velocity constant (k4)25°C for
the adsorption of glycylleucine is considerably greater than that for
leucylglycine.

Since these two isomeric dipeptides contain the same constituent
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groups, their wolecular volumes will be approximately equal, and it is
also probable that in their respective solutions, the wolecules of each
dipeptide interact with one another in a similar wanner. It is clear,
therefore, that the leucyl group when adjacent to the ammonium group, has
a considerably greater influesnce on the rate and extent of adsorption of
the molecule than when in the terminal position adjacent to the carboxylate
group. The influence of the leucyl group in both positions is also
reflected in the values of Bq, the frequency factors for the adsorption of
each dipeptide; and these will be discussed in greater detail in a later
section (4;4-). Interpreting the present data, it is probable that the
leucyl group of leucylglycine is in contact with the silica surface, and
possessing a limited freedom of movement will thus shield potential
adsorption sites from other approaching molecules.

Comparison of the experimental data for glycylglycine,
alanylglycine, and leucylglycine shows & marked decrease both in rate
and extent of adsorption with increase in size of the carbon side chain
adjacent to the ammonium group and to the silica surface. Since these
values of adsorption do not represent complete covering of the available
silica surface, as may be seen from the isotherms of the respective
dipeptidés (graphs 39, 40, L2), the decrease in extent of adsorption
cannot be entirely due to the increase in molecular volume of the di-
peptide. Further, under the same experimental conditions, both the rate
and exfent of adsorption for glycylléucine are almost identical with those
for alanylglycine, thereby indicating that the influence of the methyl

group adjacent to the ammonium group is virtually equivalent to that of



the larger isobutyl group in the terwinal position adjscent to the
carboxylate group. These facts again emphasise the greater influence

of the alkyl group when adjacent to the ammonium group and to the silica
surface.

Conclusions from Section 1.

(1) As for the simple amino acids, the introduction of an
alkyl group into the dipeptide molecule increases its rate of adsorption.
As the alkyl group increases in size both the rate and extent of adsorption
of the dipeptide decrease. This phenomenon was also observed in the simple
amino acids.‘: |

(2} It is probable that other secondary substituent groups
will exert on the adsorption of the dipeptides influences similar to
those observed for the simple amino acids.

(3) However, the position of'the secoﬁdary subétituent in the
dipeptide molecule with respect to the ammonium and carboxylate groups
is very important. It is observed that the isobutyl group. decreases both
the rate and extent of adsorption of the dipeptide in a more pronounced
manner when adjacent to the ammonium group then when in the terminal
position adjacent to.the carbdxylate group.

(4) When adjacent to the esmmonium group, the iscbutyl side

chain may cover potential adsorption sites on the silica surface.
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The effect of pH on the adsorption of the dipeptide.

As in Part 1, these experiments to determine the effect of pH
on adsorption were carried out from aqueous unbuffered solutions of the
dipeptides at 25°C, The dipeptides readily cosgulated from solutions of
pH greater than 7; conseguently, adsorption values could not be determined
in this pH range.

In table 18 are reported the maximum adsorption and the pH range
over which it is attained for each dipeptide (see also graph 38)., In
general the adsorption behaviour of each dipeptide over the pH range
studied in similar to that shown by the simple amino acids. In strongly
acidic solutions, where the solvent is now dilute mineral acid, low
adsorptions are again observed. Similarly, on approaching neutral or
alkaline pH values, where there is dissociation of the positively charged
ammonium group into the uncharged amino group, the extent of adsorption
again decreases repidly. This fact also confirms that adsorption of these
dipeptides takes place through their positively charged aumonium groups.
0f the four dipeptides, only glycylglycine and glycylleucine attain
maximum adsorption at their isoelectric pH values, and it is noticeable
that neither possesses a carbon side chain adjacent to the ammonium group,
as do both alanylglycine and leucylglycine. Comparison of glyeylglycine,
alanylglycine, and leucylglycine shows that the pH range for maximum

adsorption has decreased with increase in size of the carbon side chain

adjacent to the ammonium group. These facts again emphasise the conclusions
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Table 18.

Tenp- = 25000
Peptide 8o, PH;ﬁax. Isoelectric(y" )pH
Glycylglycine 8.86 3l ~ 6.0 5.60
Alenylglycine 9.0 303 = bo¥ 54 64
Leucylglycine 6.40 L 302 = L4a2 5. 70
Glycylleucine 6.40 342 = 645 5.73
8nax. = maximum adsorption in moles x 10'5/standard surface area 2,

PHpax,

pH range over which &g, is attained.
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deduced in the previocus sectlon conceruing the sreater influence of the
secondary carbon chain when adjacent to the amionium group.

The decrease in extent of maximum adsorption from 9.00 x “IO""5
moles (for glycylglycine and alanylglycine) to 6.40 x 10™2 moles (for
leucylglycine and glycylleucine) is due to the increase in molecular
volume. The maximum adscrption shown here for glycylleucine and
leucylglycine corresponds to a unimolecular layer as may be seen from
the isotherms of these two dipeptidés (graphs 41 and 42).

The pH range for maximum adsorption of glycylleucine is
slightly greater then for glycylglycine, and it may consequently be
deduced that the leucyl carbon chain adjacent to the carboxylate group
has modified the adverse influen;:e of this electronegative group. This

effect strongly resembles that shown by the alkyl group in the simplé

amino acids.
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Section 3.

Kinetics of adsorption.

The equations of Hill(h4} and Vashburn(45) were again tested
with the rate data for the adsorption of the four dipeptides by a plot
of adsorption vs time, and in each case a negative result was obtained.
Consequently, the dipeptides are not adsorbed by a process involving
either the diffusion of the molecules in sqlution to the silica surface
or of cepillary condensation. The Iangmuir theory of adsorption was
tested by applying the Langmuir rate equation to the experimental rate

data for these dipeptides, plotting

log10,aekae - ag) Vs 6,

where ag adsorption at equilibrium

adsorption at time t.

i

and a4

In each case the experimental data are in good agreement with the equation.
From the values of the Iangmuir rate comstant (k) at 25°C, calculated from
the above equation, values of the velocity constant (k1}25°C for the
adsorption of each dipeptide were celculated (see Part 1, section 3), and
have been discussed in section 1.

It is thus clear that the kinetics of adsorption for the dipeon-
tides are essentially similar to those for the simple amino acids;

Consequently, the empirical assumptions of the Iangmuif theory may also

be applied to the adsorption of the dipeptides by silica. Thus, the

dipeptide molecules are adsorbed to definite points of attachment on the

silica surface and each such point can accoumodate only one adsorbed
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adscrptive centre of the dipeptide

attached to the oxygen atom of the

nolecule, the amnonium group, is

silica, and the primary force of

adsorption is the mutual attraction between the positively charged

amnonium group and the negatively charged oxygen atom of the silica.



Thermedynamic data.

be1. ZFEnergy of Activation.

A study of the rates of}adsorption cf the four dipeptides at
different temperatures, shown in graphs 34-37, indicates a distinct
temperature coefficient; adsorption taking place with a characteristic
velocity. For each dipeptide, and at each temperature, the velocity
constant of the adsorption process (kq) and of the d@sorption process
(k2) may be calculated in the manner described for the amino acids in
Part 1, section L.1. Applying the Arrhenius equation to these velocity
constants, the energies of activation for the adsorption (E1} and the
desorption (E,) of each dipeptide may be calculated and are shown in
table 19. For each dipeptide, the frequency factors B4 and Bz,kfor the
édsorption and desorption process respectively, have also been calculated
as described for the amino acids and are shown in table 19. Accurate
values of Ep and Bp for glycylleucine could not be calculated since the
values of (1 - BE) at 25°C and 30°C are very swall and are, therefore,
inaccurate.

Conclusions from Section 4.1,

(1) According to their values of Eq» By, E,, and Bp, the four
dipeptides may be divided into two groups as shown in table 19.

(2) The values of Eq, By, E2, and Bp for leucylglycine are
comparable to those for the group 1 ®&X-amino acids (Part 1, section L.1,

table 15).

(3) osimilarly, the values for glycylglycine, alanylglycine, amd



Table 19.
Peptide Eq B4 Eo Bo
Group 1. ‘
Leucylglycine 9.57 5,68x10% 17,00 1.41x10°
Group 2.
Glycylglycine 16.3 6.66x107 30,00  1.94x10"7
Alenylglycine 17.0 7.03x1 08 2945 L., 34x1 O1 7
Lencytetycine 15,0 3.1x108 - _

G} Do

E, end E,

B1 and B2

i

kg. cals./mole.

moles/litre/sec.



glycylleucine are comporsble to those for group 2 amino zeids (@ -clanin
lysine, etc. ;.
These data in teble 19 will be discussed in greater detail in

section 4.4 in conjunction with heat of adsorption data.

ks2. Isotherms.

Isotherms at three temperatures have been determined for
glycylglycine, alanylglycine, and glycylleucine, and are shown in graphs
39 - L1 respectively.

For each dipeptide, a sharply defined maximum adsorption is
observed which is constant at each temperature and represents complete
covering of the available silica surface. The shape of each isotherm
suggests that these three dipeptides do not form multilayers on the
gilica surface. In each isotherm, adsorpition increases linearly with
equilibrium concentration, a behaviour identical to that shewn by the
amino acids. Consequently, the discussion applied to the isotherms of
the amino acids may also be applied to thé isotherms of these dipeptides.

In 2ddition to..the above, isotherms at four temperatures for
leucylglycine are shown in graph 42. The isotherms at 25°C and 37°C
possess a sigmoid shape characteristic of multilayer formation(59).

However, before the first break-point, adsorption still varies linearly

with equilibrium concentration of solution and this fact is observed more
clearly in the isotherms at 50°C and 65°C. The extent of adsorption at

the first break-point, both at 25°C and 37°C, is 6.2x1077 moles epmroximate-
ly. PFurther adsorption then takes place and a constant meximum is finally

attained at 12,00 x ‘lO'"5 moles at both temperatures. From the simple
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wmerical ratio of these two adsorytion values it meyv be deduced that

(]

6.2 x 1072 moles represent a unimolecular layer and 12.0 x 1077 mcles

a bimolecular layer. From graph 41 it is observed that a unimolecular
layer of glycylleucine is also attained at 6.4 x 10"5 moles, which
emphasises the preceding hypothesis for leucylglycine. The adsorption
behaviour of leucylglycine could not be studied over a wider range than
that sho%n in graph 42, since more concentréted solutions of the dipeptide
could not be obtained.

An isotherm, similar in form to that observed for leucylglycine,
has been obtained by Sheppard(49) for the adsorption of a dye cation on
silver bromide. This isotherm also shows two clearly defined plateaus,
corresponding to monomolecular and bimolecular layers respectively.
Sheppard has found that the bimolecular layer is reversibly adsorbed al-
though the monomolecular layer is irreversibly adsorbed.

For leucylglycine the extent of adsorption at 37°C is greater
than af 25°C. This phenomenon is unprecedented and irregular since the
adsorption at the higher temperatures, 50°C and 65°C, is considerably
lower than that at 25°C. Although these isotherms have been duplicated,
further work will be carried out on the adsorption of leucylglycine within
the temperature range 25°C - 50°C before an interpretation of this
phenomenon is attempted.

It is difficult to understand why leucylglycine should form
multimoleculer layers and not glycylglycine, although from the observed
greater solubility of the latter it is possible that the greater inter-

action between these molecules in solution retards such multilayer
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Fe
formation. In the case of glycylleucine, the bulk of the large isobutyl
side-chain adjacent to the carboxylate group will hinder mmltilayer
formation through the carboxylate groupv.

Le3. Heat of adsorption.

As for the amino acids (Part 1, section 4.3.) it is possible
to determine the heat of adsorption ( A H°) for each dipeptide from a
knowledge of the concentrations of dipeptide in solution (C)s which are
in equilibrium with the same amount of dipeptide adsorbed at two different
temperatures by applying the equation

AR = -R.T.TH./(To-Ty) E n. (0)81/(C)S,§

In table 20 are shown the experimental data for each dipeptide
from which mean values of A H° (obs.), over the tempe raturé range studied,
were obtained by using the above equation.
From the relationship,

Ej -8B = AW

and using the data in table 19, values of A H° were calculated and are
shown in table 20 as H° (calc. ).

Conclusions from Section 4.3.

(1) The values of A H° (calc.) are in good agreement with
those of A H° (obs.).

(2) The value of AH® for leucylglyoine is closely related to
those for» the group 1 K -amino acids. (Part 1, section 4.3, table 15}.

(3) The values of A K for glyeylglycine, elenylglycine and
glycylleucine are closely related to those for the group 2 a‘m:"mo acids

( A -alanine, lysine, etc.).



Table 20,

Peptide ©)g /0 x 100 -4 - AH°
(°) (obs. ) (calc.)
Group 1.
1.50 3.36
Leucylglycine 3.20 3.23 5.78 ey
Ll-o 76 2. 96 '
Group 2.
0.83 3436
Glycylglycine 1.80 3023 11.55 1347
3.77 310
1.1 3.36
Alanylglycine 2.46 3.23 11.68 © 12.5
5.26 3.10
1.08 3.36
Glycylleucine 2,30 3.23 11.50 -
L.85 3.10
(C)g = concentration of dipeptide in solution in moles x 10~2/1itre

which is in equilibrium with the seme amount of dipeptide

adsorbed at the three temperatures.

) H°(ob§.) kg. cals./mole.

A H° (calc.)

= B - B

= kg. cals./mole.

\O
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(4; The value of AH for each dipeptide is negative in sign

indicating that the adsorption process is exotherwuic.

L.k  Nature of the adsorption bond.

It has been shown that the centre of adsorption in each
dipeptide molecule is the positively charged ammonium group and not the
peptide 1link. From the conclusions of sections 4.1 and 4.3, it is evident
that we may interpret the thermodynamic data for the dipeptides (tables 19
and 20) in the manner described for the amino acids. (Part 1, section
boko )

Consequently, the group 2 dipeptides (glycylglycine, alanyl-
glycine, and glycylleucine) form in the adsorbed state three hydrogen
bonds in addition to the fundamental polar bond between the positively
charged ammonium group and the negatively charged silica. In solution,
the group 2 dipeptides form one hydrogen bond. Similarly, leucylglycine
(group 1) forms one hydrogen bond, in addition to the polar bond, in the
adsorbéd state,

The existence of the true polar bond'between the ammonium group
and the silica is again reflected in the high B, values for the group 2
dipeptides; the values of 1017 for the frequency factors' indicate partial
charge neutralisation in the reverse process from the adsorbed to the
trensition state. Conversely in the fﬁrward adsorption process the general
trend of B4 values for both groups 1 and 2 dipeptides is one of continuous
separation of charges in the dipeptide molecule from the free to the

adsorbed state.

The value of 9.57 kg. cals./mole, equivalent to the energy of
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activation (Eq> for leucylglycine and which is part of E, for the group

2 dipeptides, arises owing to the following factors.

(1) Energy is absorbed by the dipeptide molecule, the effect being to
increase the separation of its charges.

(2) The adsorption site on the silica surface will be solvated and
energy is, therefore, required to desolvate the site before
adsorption will take place.

(3) Similarly, the ammonium group of the dipeptide molecule must be
desolvated before adsorption takes place.

Since leucylglycine forms only one hydrogen bond in the adsorbed
state and the dipeptides of group 2 form three such bonds, it is.evident
that the isobutyl side-chain, when adjacent to the ammonium group, as in
leucylglycine, exerts a steric "blocking" effect in the adsorbed state.
The results of this steric effect have already been reported and discussed
in section 1.

This steric effect is reflected in the very low B4 value for
leucylglycine. Since the geometrical requirements for the adsorption of
leucylglycine are large, its values of B4 and E, must be correspondingly
smaller than those for group 2 dipeptides in order that their rates of
adsorption and desorption shall be comparable,

Conclusions from Section L.lk.

(1) The fundamental mechanism of adsorption is the mutual
attraction between the positively charged ammonium group of the dipeptide

molecule and the negatively charged silica.

(2} The hydrogen atoms of the ammonium group may also form
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hydrogen vonds with the electronegative oxygen atoms of the silice.

(3, If the dipeptide molecule centains a side~chain of large
size adjacent to the ammonium group, the bulk of this side~chain produces
a steric "blocking" effect and permits the formetion of only one hydrogen

bond in the adsorbed state.



Part 3.

Amino Acids: Adsorption on pure guartz.




The silica adsorbent used in the experiments described in

Parts 1 and 2 was chosen because of its very large surface area, which
is imperative in these adsorption experiments, and the fact that a large
initial supply could be obtained. Further, a similar powder from the
same source has been shown to be pathologially active(zz). However, the
silice adsorbent contained a total impurity of 7.65%, composed of iron
and aluminium, and it was, therefore, considered desirable that adsorp-
tion isotherms of two typical amine acids should also be obtained for

pure quartz to see if these impurities influence the bond formation

between the aminc acids and the silica.

Section 1.

Experimental Methods.

1.1,  Adsorbent.

The new adsorbent was prepared in the following menner.

Rock crystal, the purest obtainable form of gquartz, was first
crushed in a jaw-crusher into small lumps, and then ground in a roller-
mill., The fine quartz below & 90 mesh B.S. sieve was separated off and
then extracted with concentrated hydrochloric acid. After several acid
treatments the presence of iron in the acid extracts could no longer be
detected. The pure quartz was then ground in a mechanical agate morter,
in 5 gm. portions for 13 hours. Approximately 50 gms. of fine quartz of
high purity was prepared in this manner and after drying in an air.oven
at 110°C, the material was stored until use in a vacuum desiccator.

The purity of this fine gquartz was determined by evaporation

of weighed samples with hydrofluoric acid and roasting the residues. On
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this basis the quartz was found fo contain 99,95 Si0.
area of the adsorbent, as measured by the Lea and hurse air permeabllity
method, wes 3,600 sq.cms. per gram. 7when in suspension in distilled water,
the fine quartz particles were observed to be negatively charged and under
the influence of a direct electric current (250 v. D.C.) they flowed

towards the positively charged electrode.

1e2.  Amino acids.

The amino acids chosen for these adsorption experiments on the
pure quartz are K-alanine and [3-a1anine, so that two distinct values
of AH° may ve obtéined which can be compared with those observed for
the same amino acids on the impure silica. The purity of these amino
acids has already been reported in the general Experimental section

preceding Part 1.

1.3.  Adsorption Procedure.

The procedure followed in the determination of the isotherms
of these two amino acids on this pure quartz is exactly as described for
the previous adsorbent in the general Experimental section; the adsorp-
tions being determined from aqueous solutions of the amino acids at their
isoelectric pH values.

Here, however, 4 gm. samples of the pure quartz were reguired
for each adsorption test, and this quantity of adsorbent is equivalent
to a surface area of 14,400 sg. cms., as measured by the Lea and Nurse
method, which for reasons given in Geheral Txperimental Section is probably

inaccurate. Consequently, in this Part 3 the extent of adsorption is
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is measured and reported, as in Parts 1 and 2, in moles x 10"2/1itre.

1.4. Analysis.

To determine the extent of adsorption of these amino acids,

nitrogen analyses were carried out on the standard solutions before and

after adsorption according to the semi-micro Kjeldahl method described

in the general Experimental section.



“ection 2.

Discussion of results.

2,1.  Isotherms.

The isotherms for K ~alanine and f/34alanine at three
temperatures are shown in graphs 43 and i) respectively, and are observed
to be similar in form to the isotherms of these same amino acids using
the impure silica as adsorbent. (graphs 27 and 29. ). |

| For both amino acids a sharp maximum adsorption is attained
which is ¢onstant at each temperature and represents a uni-molecular
layer.

Sinée the quartz, like the silica, is also negatively charged,
‘we may again conclude that the ammonium group, the active centre of the
amino acid molecule, is attached to the oxygen atom on the surface of the
guartz and the primary force of adsorption is the mutual attraction of
the positively charged ammonium group and the negatively charged quartaz.
Consequently, it is observed thet the primary mechanism of adsorption of
the amino acids on the pure guartz is exactly the same as that on the
impure silica. |

2,24 Heat of adsorption.

As in Parts 1 and 2, the heat of adsorption for each amino acid
on the pure quar%z may be calculated from a knowledge of the concentrations
of amino acid in solution in equilibrium with the same amount adsorbed at
two different temperatures.

Applying the experimental data for the isotherus at different

temperatures to equation 14 (Part 1, section 4.3, p.70) meen values of
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were obtained and are reported in table 21.

Conclusiouns frow 3ection 2.2.

(1) The value of AH® for the adsorption of «-alanine on the
pure quartz is 5.75 kg. cals./mole which is compareble with that of 5.73 kg.
cals./mole on the silica. (Part 1, section L4.3).

(2) The value of AH® for (3 -alanine on the pure quartz is
11.5 kg. cals./mole which is also comparable with that of 11.45 kg, cals./
mole on the silica,

(3} Both values of AH® on pure quartz are negative in sign,
indicating that the adsorption process is exothermic as is the case for
the silica.

2.3. Adsorption bond formation.

From these preceding conclusions it is evident that the relation-
ship between the nuumber of bonds broken in solution and those formed in the
adsorbed state during the adsorption of each amino écid is virtually
identical for both adsorbents, the pure guartz and the silica. Since the
number of bonds broken in each amino acid solution is the same for
experiments with both adsorbents, it mﬁy be concluded that similar bonds
are formed by the amino acids on both adsorbents.

Thus we wmay conclude thet the impurities contained in the silica
adsorbent used in Parts 1 and 2 do not influence the mechanism of adsorption

or the strength and nature of the adsorption bonds formed between the amino

acid molecules and the silica,



Table 21.

Amino Acid (c) 1x10% - Aw
s e
(°x)

0.5 3436

of ~Alanine 0.73 3.23 575
1.06 3.31
0.5 3436

/2 -Alanine 1,05 3.23 1.5

2,26 3.10

(C)S = equilibrium concentration of amino acid in solution in

AT

‘moles x 10"5/standard surface area 3, ineguilibrium with

the same amount of amino acid adsorbed at the three

temperatures 25°C, 37°C and 50°C.

kg, cals./mole.

AN
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Miscelleneous Adéorption Experiments,




Section 1.

Adsorption experiments with optically active D~ and L-quartz.

o (60, 61)

Kbal\ , has postulated a chemical theory of cancer based

on his work on the hydrolysis of cancer tumours in which he detected the
presence of amino acids of the D-series whereas in normal tissue the amino
acids are all of the L-series, In a different field of research the
adsorption of assymetric complex salts of cobalt on the optically active
forms of quartz has been studied by Kuroya(62) who has found that there
is a close relationship between adsorption and spatial configuration of
the cobalt complex. After dipping a fine powder of D- or L-quartz into

a racemic complex salt s6lution Xuroya found that an optical rotation

had been developed in the solution indicating that one optical isomer

of the complex salt had been preferentially adsorbed.

With these results in mind the following adsorption experiments
were carried out to investigate the possibility that selective adsorption
of one optical isomer of an amino acid could take place on each of the
optically active forms of guartz. This investigation was approached in
two distinet ways.

(a) Experiments were carried out in an endeavour to develop optical
| rotation in a racemic amino acid solution by treating it with each
of the optically active forms of quartz.
(b) The extents of adsorption of both D(-}-valine and L(+)- valine on
each of the two forms of quartz were determined to observe if either

isomer of the amino acid was adsorbed to a greater extent op either



form of quarte.

1o1e Adsorption experiments with optically active guartz and Di- - =alanine.

Adsorbent.

Samples of optically active quartz, both the D- and L~ forms,
‘were ground in separate porecelain ball-mills with pebble balls, and the
powder from each ball-mill which passed through a 300 mesh B,S. sieve
was collected.,

The purity of each quartz powder was determined by evaporation
of weighed samples with hydrofluoric acid and roasting the residues. On
this basis, the D-quartz powder was found to contain 99.79% SiOo and the

I-quartz powder 99.71% SiOo.

Standard DI~ -alanine solution.

A molar solution of DI~X-alenine in distilled water wés prepared
and the pH was adjusted with dilute hydrochloric acid to pH 4, since at
this pH meximum adsorption of DI~ ~-alanine occurs. (See Part 1, section
2.1.). This solution was used in these adsorptién experiments.

(The purity of the DI~ -alanine is reported in table A of the
Appendix, section 1.)

Adsorption Procedure.

(a) A suspension of 15 gms. of the D-quartz powder and 100 ml.
of the standard DIL-O ~alanine solution was made ué and placed in the
thermostat at 37°C.

(b) A similar suspension of 15 gms. of the D-quartz powder and

100 ml., of the standard DL~ ol -alanine solution was prepared and placed

in the same thermostat,



Both suspensions were continually agiteted by a wmechanical
stirrer.

After 70 hours in the thermostat, 25 ml. samples of both
suspensions were filtered through Ford Sterimat filters and the filtrates
tested for optical activity in a polarimeter using a sodium vapour lamp
as a light source. The polarimetric readings were observed through a two
decimeter tube.

Conclusion.

No difference was observed in the polarimetric readings of the
standard blro(-alanine solutions before and after contact with the D- and
I~quartz powders. Consequently, we may conclude that no preferential
adsorption of either optical isomer of wX~alanine appears to take place
on either D- or L-quartz powders.

It is unfortunate that the specific rotation of each optical
isomer of o(-alanine, and indeed of the  -amino acids in general, is
very small; and if, as seems likely, any preferential adsorption is
also small, the resulting optical activity may be below the experimentally
observable limit. This conclusion is also supported by the fact that al-
_ though the complex salts used by Kﬁuroy‘a(éz> in his adsorption experiments
on optically active quartz have a high specific rotation, the observed
optical rotation developed in racemic solutions of the salts by preferent-
ial adsorption of one optical isomer was so small as to be Just out with
the experimental error.

Since the specific rotations of D- and L-cystine are fairly high,

adsorption experiments on the D- and L-quartz powders were carried out
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using a solution of Dl-cystine.

1.2, Adsorption experiments with optically active quartz and Di-cystine.

Adsorvent.
The D~ and L-quartz powders used in the following experiments
have already been described in section 1.1.

Standard Dl~cystine golution.

An apyroximately M/5 solution of Dl~cystine in N.HC1 was preparedv
and used in these adsorption experiments. The acid solvent was required
because of the low solubility of the DL~cystine in water. (The purity of
the amino acid is reported in table A of the Appendix, section 1.)

Adsorption procedure,

(a) A suspension of 5 gms. of the D-quartz powder and 15 ml. of
the standard DI-cystine solution was prepared and placed in the thermostet
at 25°C.

(b) A similar suspension using 5 gms. of the L-quartz powder
wag placed in the same thermostat.

Both suspensions were continually agitated; the temperature
259G was selected to obtain high adsorption values.

After 10 days in the thermostat, the two suspensions were filtered
through Ford Sterimat filters and the filtrates tested for optical activity
in the polarimeter. The polarimetric readings were observed through a two
decimeter tube.

Conelusione.
No difference was observed in the polarimetric readings of the

standard DI~cystine solutions before and after contact with the D- and L-

quertz powders. Consequently we may again conclude that no preferential



adsorption of either optical isomer of cystine takes place on either D-
or L- quartz powders.

To the filtrates from the above suspensions (a) and (b) were
added a further 10 gms. of D- and I~quartz powder respectively and the
fresh suspensions were returned to the thermostat at 25°C., After a
further period of 10 days, no optical activity was developed in either
Dl~cystine solution.

1,3, Adsorption experiments with optically active quartz and

D(-j- and L(+)~valine.

Adsorbent.
The D- and I-quartz powders used in the following experiments
have already been discussed in section 1.1. |

Stendard valine solutions.

an 0.02 M solution of both D(-j-valine and L(+)-valine in
distilled water was prepared and used in these adsorption experiments.
Both solutions had a pH value of 6.00 units.

The purity of these amino acids is reported.in table A of the
~Appendix, section 1.

Adsorption Procedure.

(2) To each of two 10 gm. samples of the D-quartz powder were
added 25 ml. of the standard D(=)-valine and L(+)-valine solutions
respectively, and the suspensions were then allowed to revolve slowly in
the thermostat at 25°C.

(b} Two similar suspensions, each containing 10 gms. of the

L-~quartz powder, were also made up and placed in the thermostat.
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These experiments were carried cut at 25°C since at this
temperature the extent of adsorption is greater than at 37°C. Aafter
48 hours in the thermostat, each suspension was centrifuged and the

supernatant liquids analysed to determine the extent of adsorption.

Analysis.

The valine solutions before and after adsorption were analysed
'to determine their nitrogen content according to the semi-micro Kjeldahl
procedure described in the general Experimental section preceding Part 1.

‘From the nitrogen determinations the extent of adsorption in each suspension

was calculated.

Results.
() eadsorption of D(-)-valine on D-quartz = 3.59

X 10"5 moles,

adsorption of L(+)-valine on D-quartz = 3.59

x 1072 moles.

(b) adsorption of D(-)-valine on I-quartz

L.26 x 1072 moles.

adsorption of L(+)-valine on I~-quartz
4e26 x 1072 woles. |
The different extent of adsorption in (a) and (b) is due to the different
surface areas of the D- and L- gquartz powders.

Conclusion.

Trom these results it is evident that both optical isomers of

valine are adsorbed to the same extent on both the D- and the L-quartz

powders.



Conclusions from Zection 1.

The experiments described in this section indicate that neither
D- nor L-quartz preferentially adsorb either optical isomer of the amino
acids, K -alanine, cystine, and valine. Since both specific rotation and
extent of adsorption are low for each of the above amino acids, then any

small preferential adsorption may be impossible to detect.



Section 2.

e .

Adsorption of c¢ystine on silica.

During the experiments to determine the rates of adsorption
of the series of aminoc acids discussed in Part 1, the rate of adsorption
of cystine on the same silica adsorbent was also studied. The experiment-
al procedure for cystine was exactly as described for the other amino
acids in the General Experimental Section 3.1.71; the silica adsorbent
was that used for the other amino acids in Parts 1 and 2, the surface
area of the silica being that referred to as standard surface area 1.

The cystine solution used was an 0,01 M solution in N HC1l, since cystine
is virtually insoluble in distilled water.

However, irregular results are obtained for cystine; the extent
of equilibrium adsorption from the 0.01 M solution (equivalent to 12.2 x
1072 moles of cystine/standard surface area 1.) is considerably higher
than was expected in view of the values shown for the other amino acids
(Paxrt 1, section 1.2, tables 1 and 2a.), and the extents of adsorption
of cystine at increasing time intervals are erratic and cannot be
reprodﬁced.

After considering possible explanations for fhese irregularities,
it was finally concluded that the cystine solution had deteriorated and
possibly hydrolysis of cystine had teken place, since the cystine solution
was prepared soue weeks previous to use in these adsorption experiments.
To test this conclusion, adsorption experiments were carried out under the

same conditions with a 'fresh' 0.01 I solution of cystine in N HCl and the
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extent of eguilibrivm adsorotion attained is 1,12 = 1077

[

acles of creiine/
standard surface area 1. 'This result oroves that soue chenge hes taken
place in the 'old' cystine solution and that the compound which is strongly
adsorbed is not cystine.

The stability of cystine in hydrochloriec acid has been studied

(63

by Shinochara and Kilpatrick who concluded that this solution is un-
stable and hydrolyses to produce a reducing substance which is wmainly
cysteine. These workers explain the hydrolysis of cystine by the following
equations.
(1) R-S-S-R + Ho0 = intermediate compounds = R-SH + R-S-CH
(1ike R-5-OHo-S-R. )

(2) 2R-S-CH = R-SH + R-3C~CH
(3) R-S-CH + R-SC-CH = R-SH + R -~ SCo~CH

It is probable, therefore, that in the adsorption experiments
with the 'old' solution, the cystine had hydrolysed according to the above
equations. In order to determine more exactly which of the 2bove compounds
was so strongly adsorbed, ultra-violet adsorption curves of the following

solutions were determined using a Unicam ultra-violet spectrophotometer.

| (2} the 'old' cystine solution, ' (graph 45)
(b} the 'fresh' cystine solution, {graph 45)
(¢) the 'old' cystine solution after adsorption (graph 45
() a 'fresh' cysteine solution, : (graph 46)
(e) a 'fresh! cysteine/cystine mixture , (graphi46)

Solutions (a) - (&) were prepared from the respective

0.01 ¥ standard solutions in ¥ M1 by diluting to 0.001 i with I HCI.



gyual voluwes of C.01 w gystine in I HC1 and 0,01 i cysteine in N HCI.

Graph 45 shows that the 'old' cystine solution contains soune
unknown coupound, which produces an inflection in the region 236-256 m.pg
This compound is strongly adsorbed on the silica, since fhe ultra-violet
adsorption curve of the 'old' cystine solution after adsorption (graph 45
exhibits only a slight inflection and is virtually identicai to the curve
for the *'fresh' cystine solution. The adsorption curves for the 'fresh!'
cystine solution, the 'fresh' cysteine solution and the 'fresh' cystine/
cysteine mixture (graph 46) are all smooth curves with no inflections and
‘ consequently the unknovwn compound which is strongly adsorbed on the silica
is not cysteine, although adsorption of cysteine on the silica undoubtedly
does take place, as has been shown in Part 1, section 1.2 2.

Examining equations (1) - (3) for possible compounds which might
be the unknown, the following compounds R-S~CH, R-SC~-OH, and R-SCo-OH must
be eliminsted since these are all highly electronegative and according to
the conclusions derived in Part 1, such compounds are not strongly‘adsorbed
on the silica.

We must conclude, therefore, that the unknown compound, which is
strongly adsorbed on the silica, is not shown in equations (1) - (3} and
that its nature is probably much less polar or electronegative than those

shown in equations (1) - (3) and further that it is probably a small

molecule since cystine itself is adsorbed to a very small extent.
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Jectvion 3.

Adsorption experiments with cholesterol on silica,

The presence of the silicic acid esters of cholesterol and
analogous substances in silicotiec lungs has been reported by Holzapfel(éh):
who has also discussed the importance of such 'organo-silicates' in
silicosis(65). Holzapfel has postulated that when silicic acid is dissolved
from the surface of a guartz particle, free valencies are left on the guartz
surface which may be neutralised by organic radicals. This worker also

6 ‘ .
refers to Beger( % 67), who has reported that albuminous coverings are

formed round asbestos needles in silicotic lungs. waever, these findings
of Beger have been disputed by Kbppenhofer(Gs}-

Withthese views in mind, the following experiments were carried
out to investigate the possibility of adsorption of cholesterol from

agueous media on silica.

Bxperimental.

Adsorbent.

In these cholesterol experiments, the silica adsorbent was that
used for the amino acidsg in Part 1; the surface area of the silica being
that referred to as standard surface area 1.

Adsorbate.

The cholesterol was obtained from Messrs. British Drug Houses Ltd.
(2) Since cholesterol has a very low solubility in water, an
almost saturated solution of cholesterol in alcohel containing 104 of water

was prepared and used in these adsorption experiments.
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(b} . fine suspension of cholesterol in distilled water was

Yo B e - i (69)
also prepared in the menner described by Bergstrom and Wintersteiner: 7.
This suspension was able to withstand, without loss of cholesterol, the
centrifuging necessary to separate the silica from the cholesterol
suspension. Adsorption experiments were also carried out using this
cholesterol suspension.

Adsorption procedure,

The adsorption procedure followed in these cholesterol experiments
was exactly as described for the amino acids of Part 1. The silica/
cholesterol solution (or suspension) ratio was as for the amino acids and
the temperature at which adsorption wes studied was also 37°C.

Analysis.

The concentrations of cholesterol in both the cholesterol
solution and suspension before and after contact with the silica were
determined colorimetrically using the Leibermamn-Burchardt reaction(7o’ 71)-
The basis of this reaction is that a green colour is produced when acetic
enhydride and concentrated sulphuric acid are added to an anhydrous
solution of cholesterol in chloroform. The intensity of the colour was
determined in a Spekker photoelectric absorptiometer. Since traces of
water in the chloroform solution of cholesterol influence the rate of
development and destruction of the colour, the samples of the cholesterol
solution and suspension to be analysed were first carefully evaporated to

dryness and then re-dissolved in anhydrous chloroform before adding the

acetic anhydride and concentrated sulphuric acid.
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Conclusion.

It has been found that cholesterol was not adsorbed on the
silica from either the aqueous/EtOHv solution or the agueous suspension
after 80 hours at 37°C. This result is to be expected since the
' cholesteroi molecule does not contain a strong positively charged centre

through which adsorption could take place.



GENERAL SUMMARY,.
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Summary of conclusions from Zart 1 ~ Amino Acids.

Part 1, Section 1.

In this section the adsorption characteristics of a number of
amino acids and related substances have been discussed in detail. In
addition to the ammonium and carboxylate groups, the influence of other
secondary substituents contained in the molecule on the adsorption
behgyiour of the amino acid have also been studied. The following general
conclugions have been derived.

(1) In agueous suspension, the silica adsorbent is negatively charged.
Adsorption of the amino acids from agueous solution occurs primarily
by mutual attraction of the positively charged ammonium group of
these molecules and the negatively charged silica.

(2) The rate and extent of adsorption of the amino acid are determined
by the following considerations:-

a) the interaction of the molecules with one another
in agueous solution;
b) the nature and position of secondary substituent groups
within the molecule;
¢) the influence of these secondary substituents on the interaction
between the amino acid molecules in solution;
d) the bulk of the secondary substituent in adsorbed molecules,
which, for large substituents, will hindér further adsorption.
e) the distance between the ammonium and carboxylate groups;

£) the extent of substitution in the ammonium group.
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Part 1, Section 2.

In this section the effect of pH on the adsorption of a number
of amino acids has been studied apd the following general conclusions
were derived.

(a) The negative carboxylate group; especially when adjacent to the
positive ammonium group, exerts an influence tending to retard
or prevent adsorption.

(b) vThe alkyl group modifies this adverse effect of the carboxylate
group. As the alkyl group increases in bulk the pH range for
meximum adsorption increases, but there is a pronounced decrease

in extent.,

Part 1, Section 3.

The kinetics of adsorption have been studied in this section
and- it has been found that the adsorption of these amino acids on silica
is not fundamentally & process of diffusion of the molecules in solution
to the surface of the adsorbent, or of capillary condensation. The
experimental data for each amino acid, irrespective of its molecular
structure, have been found to show agreement with the Langmuir theory

of the rate of adsorption on a free surface.

Part 1, Section L.

‘ Iﬁ this section the energy of activation, heat of adsorption,
and the frequency factor for the adsorption of each of several amino acids
have been calculated from experimental deta. Irom the values of the energy

of activa®ion etc., the nature of the adsorption bonds between the amino
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acid molecule and the silica has been derived and may be summarised as

follows,

(1) The primary mechanism of adsorption is the mutusl attraction of the
positively charged ammonium or imino group of the amino acid molecule
and the negatively charged oxygen atom of the silica.

(2) 1In the adsorbed state, the ammonium group may also form hydrogen
bonds with the electronegative oxygen atoms of the silica.

(3) " The X-amino ecids, in contrast to the A=, -, and higher acids,
form only one hydrogen bond in the adsorbed state due to a steric

"blocking® effect of the carboxylate group.

Summary of Conclusions from Part 2 - Peptides.

Part 2, Section 1.

In this section the adsorption characteristics of four dipeptides
of related structure have been studied. The dipeptides are adsorbed on the
silica through their positively charged ammonium group, and not through the
peptide link, ~CO.NH-. The rate and extent of adsorption of each dipeptide
are determined by the same considerations as were described for the amino
acids. However, in addition to the nature of a secondary substituent, its
position in the dipeptide molecule with respect to the ammonium and
carboxylate groups is of fundamental importence in determining the rate and

extent of adsorption.

Part 2, Section 2.

The effect of pH on the adsorption of the dipeptides has been
studied and conclusions have been derived which are similar to those

described for the amino acidse.



120,

rart 2, Section 3.

The kinetics of adsorption of the dipeptides have been studied

and the conclusions derived are as described for the amino acids.

Part 2, Section L.

The energy of activation, heat of adsorption, and the frequency
factor for the adsorption of each dipeptide were calculated from experi-
mental data.l The nature of the adsorption bonds between the dipeptide
molecule and the silica has been derived and may be summarised as follows.
(1) The primary mechanism of adsorption is the mutual attraction between
the pogitively charged ammonium group of the dipeptide molecule and
the negatively charged silica.

(2) The hydrogen atoms of the ammonium group may alsc form hydrogen bonds
with the electronegative oxygen atous of the silica.

(3} If the dipeptide molecule contains a side-chain of large size
adjacent to the ammonium group, the bulk of this side-chain produces
a steric "blocking" effect and permits the formation of only one

hydrogen bond in the adsorbed state.

Summary of Conclusions from Part 3.

In Part 3, isotherms of two amino acids on very pure quartz were
_ discussed and were found to be fundamentally identical to the isotherms of
the same amino acids obteined on the impure silica adsorbent used in Parts
1 and 2, Consequently, it has been concluded that the impurities in the

silica adsorbent used in Parts 1 and 2, did not influence the mechanism of

adsorption or the strength and nature of the adsorption bonds formed between
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the amino acid molecules and the silica.

Summe.ry of Conclusions from Part 4.

In Part 4 miscellaneous adsorption experiments were described.
The possibility that preferential adsorption of one optical isomer of the
amino acid could take place on one of the optically active forms of quartz
was exgmined and it was concluded that such preferential adsorption either
did not take place or was so small that it could not be detected experi~
mentally.

It was found that cholesterol was not adsorbed on silica from
either aqueous/alcohol solutions or from agqueous suspensions.

The adsorption on silica of the hydrolysis products of cystine

in hydrochloric acid were also discussed.



APPENDTIX.
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Source of purity of the amino acids and related substances.

The amino acids and related substances were purchased from
the following commercial firms:-
Messrs. British‘ Drug Houses Ltd; Genatosan Ltd.; ILight & Co.;
Eastmann Kodak Ltd.; Hoffman - Ia Roche; Roche Products ILtd.:
- The amino acid, its source, and calculated and observed %
nitrogeﬁ are shéwn in Teble A. The observed % nitrogen values were
determined by the semi-micro Kjeldahl procedure described in the general

Experimental Methods paragraph L.

Table A.
Amino Acid Source % N %N
(obs.} (cale.)
A~Alanine B.D.H. 15.67 15.73
' -Alanine o 15.66 15.73
ol ~Aminobutyric Acid " 13.58 " 13.59
Arginine (Monohydrochloride) " - | 32.15 32.18
Asparagine n 21.18 21.20
Betaine Hydrochloride " 9.05 9.12
' Citrulline 'f 2. 00 24,00
Cysteine v 11.52 11.57
Cystine " 11.60 11,66
Glutamic Acid " 9.52 9.52
" 18.58 18. 66

Glycine



Table A (cont'd).

Amino Acid Source % N %N

(obs.) (celc.)

Glycocyamine B.D.H. 35.85 35.88
Glyecylglycine _ " | 21,18 21.20
Guanidine Carbonate " 46,6l 46,66
Histidine " . 27.09 27.10
Hy8antoic Acid " | 23.70 23.70
Leucine | ! 10.65 10.69
Norleuéine _ " - 10.62 10.69
Norvaline , ’ " | 11.90 11.96
A ePhenyi Alenine " 8;44 8.48
‘Semicarbazide Hydrochloride 0 37.64 , 37.67
Serine " © 13,26 13.33
Taurine | n | 11.17 11.20
Thiourea ‘ " 36.82 36.85
Tryptophane | | " i ‘ 6; 79 6.86
Urea : " 46,64 L46.66
L(+)-Valine | " 11.89 11.96
D(-)-Valine n C 41,89 11.96
£ -Aminocaproic Acid Fastman Xodek 10.63 10. 69
O -Aminovaleric Acid " - 9.10 9.12
Glycylleucine Hoffmenn-Ia Roche  14.88 14.89
Leucylglycine " 14, 88 14..89

Alanylglycine Roche Products Ltd. 19.15 19.18



Table 4 (Cont'd)
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Auino Acid * Source % N % N
o (obs.) (cale.)
Iﬁrdﬁoxyproline Light & Co. 10. 65 10.69
Iysine Mono~Hydrochloride n 19.16 1 9.18
Proline " 12,10 12,17
_Veline " 11,90 11,96
Glutamine _ Genatosan Ltd. 19.15. 19.18
Sarcosine n 15. 69 1‘5. 73
X -Aminobutyric hoid ~ Appendix 13.55 13,59
N—Acetylglycine | " 11,91 11,96
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Preparation of N-Acetylglycine,

" The method used to prepare N-acetylglycine is that described
in 'QOrganic Syntheses' vol. 19, polk.
The method may be briefly described as follows.

a in a 100 ml. flask were placed a solution of 10 gas. of pure
glycine in 30 ml. of distilled water. - To this solution 25 gms. of 95%
acetic anhydride were added in one portion and the mixture vigorously
stirred for fifteen to twenty minutes, The sélution which had become
hot was then left overnight in a refrigerétor, to allow the H-acetylglycine
to crystallise out. The product was then collected on a Euchner funnel,
washed with ice-cold water, and dried at 100 - 110°C.

Yield = 8 gms. = 66% approx. of the theoretical amount.

207-208°C.

It}

Melting point (reported)

n

Melting point (observed) 207°¢,

For % nitrogen see Appendix section 1, table A.
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Preparation of X -aminobutyric Acid.

The method used to prepare Xiaminobutyric acid is that
described in 'Crganic Syntheses', wol. 17, pele

The potassium phthalimide was purchased from Messrs. British
Drug Houses, Litd., and the X;bromobutyronitrile from Messrs. Eastman
Kodak Ltd.

The method may be briefly described as follows.

CgH, co/ NK + Br.(CHp)3.CN-% CgH, a0 P I\T(CH2)3.CN + XBr.

et L 7 M (CHy)5.0H Ho. CHp. CHyp GHp. COoH.
co (stobj :

In a 500 ml. round-bottomed flask fitted with an air‘condenger
were placed 34 gms. of finely powdered potassium phthalimide and 25 gms.
of )Cbromobutyronitrile. The flask was heated in an oll bath maintained
at 150 - 180°C. for 1.5 hours and then allowed to cool. The excess
potassium phthalimide and the potassium bromide formed were removed by
extraction with several portions of boiling distilled water until the
wash water gave no test for the bromide ion., The flask was then cooled
and the product caused to solidify and the rewmaining water decanted as
completely as possible. The solid was treated with 65 ml. of concentrated
sulphuric acid, and the mixture warmed gently in aﬁ oil bath under a reflux
condenser until all the lehthalimidobutyronitfile was brought into

solution. Through the reflux condenser 100 ml. of distilled water was
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carefully added and
The mixture was cooled, allowed to stand overnight and the pnthalic acid
filtered off. The filtrate was transferred to a large evaporating dish,
700 ml. of distilled water was added, and then an excess of barium
carbonate in small portions. The mixture was evaporated nearly to dryness
on the steam bath and the residue stirred thoroughly with 700 ml. of
distilled water and again evaporated. These treatuents removed coupletely
all the ammonia evolved. Bﬁnélly, 700 wl. of distilled water was gtirred
with the solid and the mixture filtered on a large buchner funnel. The
precipitate was washed with three portions of 200 ml. of hot distilled
water and the filtrate and washings concentrated to a volume of 100 ml.
on the steam bath. after adding 2 gms. of activated charcoal, the solution
was filtered through a No. L2 Whatman paper, and the charcoal washed with
several small portions of hot distilled water. The filtrate was concentrated
on the steam bath to the point of crystallisation and 300 ml. of absolute
alcohol added to precipitate the amino acid. The mixture was stirred well
so that the yellow impurities were retained in the solvent and, after
cooling, the colourless, crystalline product was collected and washed with
alcohol..

The alcoholic filtrate was treated with barium hydroxide to
convert the pyrrolidone contained in the filtrate to the barium salt of
the amino acid. The excess barium hydroxide was precipitated with carbon
dioxide end the barium carbonate removed by filtration. A slight excess
of sulphuric acid was added to liberate the amino acid from its barium

salt and an excess of barium carbonate added to remove the sulphate ions.



The wixture was digested on the steam bath until effervescence ceased,
filtered, and the precipitate washed with hot water. The‘filtrate and
washings were decolourized with activated charcoal and concentrated on
the steam bath to the point of crystallisation. The amino acid was
precipitated with absolute alcohol, filtered and washed with absolute
alcohol. The amino acid was recrystallised by dissolving in distilled
water and reprecipitated with absolute alcchol.

Yield = 6 gms. = 40% approx. on the basis of J{&uomobutyronitrile
used.

Melting point (observed and reported) = 193°C (decomp.)

For % N see Appendix section 1, table A.
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