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ABSTRACT

By considering the variation in concentration with pH of water-
soluble amines and their ions in agueous solution, it is shown that hydro-
phobic films on platinum are primarily due to the adsorption of free
amine in the more alkaline regions of the pif scale. In the less alkaline
regions hydrophobicity is due to the adsorption of amine ion. As might
be expected the adsorption of amine ion results in hydrophobic films ex-
hibiting lower contact angles than do the films resulting from adsorption
of free amine. A similar situation exists in the case of water-soluble
carboxylic acids, except that hydrophobic films in the more acid regions
are due to undissociated acid molecules, whereas in the more alkaline
regions hydrophobicity is due to the adsorption of carboxylate ions.

In the guantitative treatment of the data both hydrophobic and hydro-
philic species are taken into consideration. The maximum degree of
hydrophobicity occurs at the same pH as does the maximum mole frac-
tion of the hydrophobic species present. Other marked changes in the
degree of hydrophobicity also occur in the same pH regions where
corresponding variations in the mole fraction of hydrophobic species are
evident. The effect of varying the concentration and dissociation constant
on the pH at which maximum hydrophobicity occurs is computed. The
results are generalized to any weakacid or base or any nonionized com-
pound.

PROBLEM STATUS

This is an interim report; work on this problem is continuing.
AUTHORIZATION

NRL Problem Nos. C02-14R and C09-07R
NR 402-140 and NR 409-070
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COMPETITIVE ADSORPTION FROM SOLUTION
BETWEEN HYDROPHOBIC AND HYDROPHILIC MOLECULES AND IONS

INTRODUCTION

Recent reports from this Laboratory have been concerned with the aqueous adsorp-
tion of hydrophobic films of primary n-alkyl amines (1) and with a variety of carboxylic
acids (2) on platinum foil. Only a qualitative treatment has been given of the effect of the
nature of the polar group and concentration of solute on the remarkable curves of contact
angle vs. pH there reported. This report is concerned with the dissociation equilibria of
the hydrophobic molecules and ions present in such experiments and with the effect on
the competitive adsorption of the ions and polar molecules caused by varying pH, disso-
ciation constant, and concentration. The adsorption equilibria will be considered to be
those involving only the dissolved aqueous ions and amphipathic molecules, This is
because solutions of the compounds discussed here more dilute than 1072 to 10™% moles/
liter do not contain colloidal micelles, according to past published work on critical
micellar concentrations and their relation to molecular weight and salt concentration

(3,4,5).

ADSORPTION OF AMINES

The work of Shafrin and Zisman (1) on the adsorption of primary n-alkyl amines on
platinum from aqueous solution has shown how the hydrophobicity of the resulting films,
as measured by contact angles, is dependent on the pH of the solution. The results ob-
tained for n-octylamine, which was typical of the amines studied, are shown in Figure 1.
Variation in pH was obtained by the addition of potassium hydroxide or hydrochloric acid.
It will be observed that for the higher concentrations the contact angle ¢ has a peak value
at a pH of about 10. With increasing pH (10-12) the value of ¢ decreases sharply until
complete wetting occurs. With decreasing pf (10-8) the value of & decreases rather
sharply to an inflexion point designated as the & plateau. In the pi range of 8 through 5
the contact angle decreases only slightiy with decreasing pHl . However, after a pH of 5
is reached, ¢ decreased sharply with decreasing pf . With decreasing concentration it is
seen that the width of the plateau or shoulder of the curve becomes smaller. Also, with
decreasing concentration the peak value of # becomes smaller and in general appears to

occur at decreasing pH values,

Other investigators have also found that organic amines adsorb from aqueous solution
most effectively in the more alkaline region of the pfl scale on such materials as activated
charcoal (6) and sphalerite, chalcocite, and galena ores (7, 8, 9).

Consideration is needed of the concentrations of the ions and molecular species
present in the aqueous solutions from which adsorption occurred. These are ut, ow,
kt , ¢4,and B and BHT , where the last two symbols refer to the amine molecule and
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CONGENTRATION (G, ) IN MOLES/LITER
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Figure 1 - Adsorption of n-octylamine on platinum from
aqueous solution

the amine ion derived from it, A calculation of the equilibrium concentrations of these
ions and molecules can be based on the mass action law and the assumed dissociation
equilibrium using concentrations rather than activities, since the solutions are so dilute,
The reaction assumed is

B+ H,0 = B§* + O~ (i)

Letting the dissociation constant of the amine be K, , the molar concentrations be
Cop-» CBH+, and C, , and the concentration of the amine originally added to the water be

C, > then
(Cput) (Cou-)
Rl e Y (it)
G
where (iii)
Cont + G5 =6
and (iv)

(Cyt) (Cop-) = 1071
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In these experiments £, and C, were of the order of magnitude of 107* ; hence we will
assume K, = 107* and G = 10~* moles/liter to simplify the calculations. Since K, varies
from 107® to 10™* for nearly all aliphatic primary amines, this is a reasonable assump-
tion. Now since by using Equation (iv) the concentration of hydroxyl ion is known for any
particular pH , it is possible to calculate the corresponding concentrations of BE#Y  and

B utilizing Equation (ii) and (iii). The concentrations of K and Ci{ are easily cal-
culable from the respective amounts of potassium hydroxide or hydrochloric acid neces-
sary to produce a given pH in the presence of the particular concentration of amine
added (C,) . i

If the hydrophobic behavior is assumed to be solely dependent on the selution con-
centration of free amine (Cp) and independent of the other species present, and since to a
first approximation the amount adsorbed and hence the contact angle is directly propor-
tional to some function of the concentration, a plot of G ) oY for convenience log cB .
versus pH should be comparable with respect to the location of points of inflexion with
the experimental plot of 8 vs. pH . Such a plot is shown in Figure 2, where log C, is the
ordinate and the negative logarithm of the hydrogen ion concentration (pif) is the abscissa.
It is seen that the concentration of free amine is essentially constant over the plf range
of 10 to 12, and consequently the contact angle 5§ could be expected to be fairly constant.
However, as seen in Figure 1, ¢ decreases sharply in this pHf range. Since in this pH
region C,.+ ., C.4— , and Cy+ are negligible in comparison with Cp, C.+ , and Cgpy-
and since (; remains constant
while Cx* and C,,- are increasing,
ASSUMING {Ca g cauﬂ-‘co"o" MOLES/LITER it can be Eo.ncluded that either the

& = 10-% 'K" or OH ion or beoth are ac:?sorbed
O X6 in pref(_-zrem:e to the free amine (BY -
B Thus since adsorption of K¥ or OH™
@ X= Cgyt ions would lead to hydrophilic
Cg behavior, the contact angle would
® x- Cg + Cguet-Cyt +C°R+CK++CC1-L¥9 decrease in this region of the pH
Cput =X gt scale.

(o] @ x= CB * EBH++EH++EOH*5K+ *QI-
-0 $

The absence of a plateau région
in the plot of log~C, versus pf is
also significant, for the data in
Figure 1 lead one to conclude that
the adsorbable species maintains a
more or less constant concentration
over the plateau segment of the
curve. Since as shown in Figure 2
the concentration of free amine is
decreasing rapidly over this portion
of the curve, it is apparent that one
of the ion species in the system is
adsorbing to yield hydrophobic
films, Further evidence for such a
belief is furnished through a con-
sideration from Figures 1 and 2 of
_ the actual concentration of free
| amine at pfl 8 {ca. 1 x10°%) and a
0 2 3 6 8 10 2 14 comparison of this with the concen-

oH tration of free amine at which com-
plete wetting occurred (2. 34 x 107°),

i

=

LOG X

-8l

Figure 2 - The effect of pH on the concentration
of free amine (B) and amine ion (BH")
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Thus if the free amine (B) were the only species leading to hydrophobic behavior, com-
plete wetting should have occurred around pH 8. Actually, as seen in Figure 1, a con-
tact angle of approximately 46° was evidenced at pH 8, Therefore it is concluded that

the hydrophobic behavior in the pH range of 8 to 3 is due to the adsorption of some species
other than free amine.

Of the inorganic ions present (§*, K7, OH , and C{£ )none would yield hydrophobic
films when adsorbed on platinum. Thus the only ion present which could lead to hydro-
phobic film formation is the amine (BH") ion. Others have also reported the adsorption
of amine ions on films adsorbed at the oil-water interface (10), on negatively charged
monomolecular films (11), on colloidal silver iodide (12), on various minerals (7, 9),
and on steel in numerous pickling inhibitors (13).

A plot of log C,+ versus pfl is also shown in Figure 2. By comparison of this curve
with those of Figure 1, and using arguments analogous to those presented concerning the
free amine, it can be shown that the BH ion is not the only adsorbable species leading to
hydrophobic film formation, nor is the adsorption of BH' ions independent of the concen-
trations of the other species present. Thus it has been shown that the hydrophobic films
obtained from aqueous solutions of amines at varying pH are due to the adsorption of free
amine (B) and amine ion (BF') and that the adsorption of these species decreases as the
concentration of hydrophilic species increases.

The variation with pf of log X, , the logarithm of the mole fraction of the amine (B) ,
and of log ¥,.; , the logarithm of the mole fraction of the amine ion (BH*) , are also
shown in Figure 2. Considering X, , it is significant that the maximum occurs at a plf
of approximately 10, about the same pH at which the maximum contact angle occurs as
seen in Figure 1. With increasing pf , the mole fraction of B decreases rapidly. Con-
tact angles also decreased rapidly in this region. Thus, with respect to the position of
the maximum and the decrease from the maximum with an increase in pH , the plot of log
X, versus plagrees very well with the experimental resulis of Figure 1. With de-
creasing pH, i.e., below 10, log X; decreases rapidly without evidence of a plateau
region in the pHl range of 8 through 5. This is contrary to the experimental results of
Figure 1, but s1nce in this pH range it has already been shown that the other hydrophobic
species, the BH ion, must be the significant species leading to hydrophobic behavior, and
since the concentration of free amine (B) is negligible compared to that of amine ion (BE"),
we will now consider the plot of log Xg,+ vs. pif . This curve (Figure 2) agrees well with
Figure 1 in that it possesses a plateau over the pH range of 8 through 5, while in the pH
range of 5 to 2 it decreases rapidly with decreasing pH .

At this point it is worth mentioning that, since the relationships derived have been
purely qualitative, the inference is not justifiable that equal mole fractions of the hydro-
phobic ion (BE'), where C, is negligible, and of the hydrophobic amine molecule (B) ,
where C,,+ is negligible, would yield equal contact angles. To illustrate this factor, ob-
served contact angles were taken from the data of Figure 1 at pH values where Xout is
equal to X; in Figure 2. As seen in Figure 2, Xppt+ata pil of 3 is equal to X; ata pH of
11, These points are shown as a’and b’in Figure 2, Observed contact angles at pH 3 and
pH 11 are shown as points a and b in Figure 1. These values are 28° and 63° respec-
tively. Thus it is seen that, under the conditions of the experiment, the adsorption of free
amine (B) to the platinum surface results in a much greater degree of hydrophobicity than
the adsorption of amine ion (By*) . Since the ion (By") differs from the molecule (B) only
in that it possesses one more hydrogen atom and a positive charge, one is tempted to
conclude that a more closely packed film results upon adsorption of free amine than from
the adsorption of the amine ion. This appears reasonable since the repulsive forces
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FOR [Cg +Cgus=Cqo = 10°* MOLES/LITER between positively charged BHT ions
Ky =107 would be expected to lead to a more
loosely packed film structure.
Cg +Cgut

Since the free amine (B) and the
amine ion (BH") are both capable of
hydrophobic film formation, the total
mole fraction Xp,g,+ of hydrophobic

ot Xanr' G + Capit Crre Comt Ot Cof- Xa+out

0.0
species is the subject of interest,
and evidently
-0.4f- - =
Xptput = Xg + Xppt =
=% (BEgE e DE
-0.8 B BH
=-0.8 - (v)
* G F e Tt e F e HC ¢
=
§ LR The plot of log Xp4p,+ vs. pH is shown

in Figure 3 for an amine (K, = 107*
-1.6l— and Ch= 10°* moles/liter). It will
be noted that this quantity reaches a
maximum value at a pH of about 10,
~crailo) = the same pH at which X; reaches a
maximum in Figure 2 and approxi-
mately the same pH where # has a
peak value in Figure 1. Since it has
already been shown that adsorption
-2.8 1 I l 1 1 I of free amine results in films ex-
2 2 4 6 5 8 10 Iz 2 hibiting higher contact angles than
2 films arising from BH' ion, it is

Figure 3 - The effect of pff on the mole fraction significant that the maximum mole

of hydrophobic species for an amine . fraction of free amine (B) occurs at

about pH 10. Figure 3 is also

qualitatively comparable with Figure 1 for the two curves plotted for higher concentra-
tions of amine than (= 104, i.e., the location of maximum, the plateau region, and
the regions of numerically large slope. Clearly the mole fraction of hydrophobic species,
Xgipyt is one of the most significant quantities we can calculate for interpreting such
adsorption experiments.

EFFECT OF VARYING CONCENTRATION AND DISSOCIATION CONSTANT OF AMINE

It is interesting to determine the effect of variation in concentration (C,) on the
position of maximum, width of the plateau segment, etc. The calculations were carried
out utilizing Equations (ii), (iii), and (iv) for an amine (K, = 107%) at values of C, of 107%,
1072, 1073, 1075, and 1077 moles/liter. A plot of log Xg:5,+ vs. pHl for each concentration
is shown in Figure 4. With decreasing concentration, the maximum mole fraction of
hydrophobic species becomes smaller, and also the maximum occurs at decreasing pif
values. It is also evident that the breadth of the plateau segment of the curve becomes
smaller with decreasing concentration. Thus, the effect of concentration on the mole
fraction of hydrophobic species is in agreement with the effect of concentration on the

contact angle data shown in Figure 1.

The effect on the log Xy p.+ vs. pl curves of varying the dissociation constant
(K,) of the amine is shown in Figure 5 for a concentration (Cy) of 10"* moles/liter.
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CONCENTRATION (G, ) IN MOLES/LITER The dissociation constants of some
@ 10” typical amines are shown in Table 1.
w—? Co + Cont V\tit}} increasing vlalues of the di‘ss‘o-
@® 0° Xgiput= Ca *Cont* G+t ContCri £ Gol- ciation co’nstant (mcreafsmg basicity
® 107° of the amine), the maximum mole
di67 _ fraction of hydrophobic species de-
creases and occurs at increasing pil
o.oL values. It is also seen that the width

of the plateau segment of the curve
increases with increasing values of

-0.5 K, . Hence a very basic amine
(K, > 107?) will exhibit a nearly flat-
topped curve of & vs. pH over nearly
—1.0=

the entire range of pif. For a very
weak base, such as aniline (K, =

5 X 10719) , it is evident that the
mole fraction of hydrophobic species
existing over the plateau region of

LOG Xg+aut
1
)]
|

-2.0— the curve is essentially the same as
the maximum mole fraction of hydro-
phobic species. It will subsequently

b be shown that this type of behavior
could be predicted for a very slightly

30 dissociated or undissociated hydro-
phobic compound.

-3.5

0 14

ADSORPTION OF CARBOXYLIC ACIDS

Figure 4 - The effect of concentration on the

relation of Xgip,+ to pH for an amine (K, = 1075) Recent research by Baker,
Shafrin, and Zisman (2) on the ad-
sorption of water-soluble carboxylic

acids on platinum has yielded results analogous to those for the n-alkyl amines. The

results obtained for cyclohexyl carboxylic acid are shown in Figure 6. The location of

the points of inflexion on this curve can be derived by the same method of calculation

used for the amines. The dissociation equilibrium involved is,

EA =0+ 47 (vi)
where
(Cyt) (Cq-) =K,
Cha (vii)
and Cyt + C- =€, (viii)

In Figure 7 log C,, and log C,- are plotted against the pH for a carboxylic acid having
a dissociation constant K, = 10™% for a concentration of C, = 107° moles/liter. Using
exactly the same procedure as that previously described for an amine, it can be shown
that both free acid (H4) and acid ion (4") are capable of adsorbing to a platinum surface to
yield films exhibiting hydrophobic behavior.
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Figure 5 - The effect of varying the dissociation constant
(Ky;) onthe Xp.py+ vs. pi curves for an amine(C, = 1073
moles /liter) )

TABLE 1
Dissociation Constants of Some Typical Amines
BASES k,2s° ACIDS A
Diethylamine 1.3 x 1072 Dichloroacetic Bol i 10 e
Ethylamine 5.4 x 1074 Chloroacetic 1.52 x 1073
Trimethylamine 5.9 x 107° Lactic 1.36 x 1074
p-Phenetidine 2 x 107° Caprylic 1.41 % 1077
Aniline S5 %1010 Trimethylacetic 96 =5 107"
Guaiacol 1 x 10:2¢
m-Nitrophenol 1 e i
Phenol I & o7t

*From "Organic Chemistry'" by Fieser and Fieser
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60° In Figure 8 the ordinate is log
GONGENTRATION (Co) MOLES/LITER Xja+4-» Where
0 ol5x107?
%0 I_ O|.5: 10-3 Xpara- = Xy + Xy =
. 5y 107
40 ®[5x 10 Cop + Cpe o

-5
WETS 1.5 10 B Ve T T T
It is significant that the maximum of
Figure 8 occurs at pl 4, approxi-
mately at the same pH for the maxi-
mum of Figure 6. The plateau region
of the curve in Figure 8 is more
pronounced than that in Figure 6.
However our initial assumption that
the degree of hydrophobicity is pro-
portional to X, .,- leads to the

300._
20°

10—

HYDROPHOBIC CONTACT ANGLE (8)

pH implication that all ions and molecules
are competing on an equal basis.
Figure 6 - Adsorption of cyclohexyl carboxylic Since, as with the amines, this is not
acid on platinum from aqueous solution true, it is evident that our initial as-

sumption could only lead to an approx-
imate prediction of points of inflexion and pf regions where the slope is large in magni-
tude. Again it is found that the mole fraction of hydrophobic species is a valuable quantity
in interpreting the adsorption experiments. It is interesting that the resulis of other in-
vestigators on the adsorption of carboxylic acids from aqueous solution have reported a
maximum adsorption in the acid pH region for activated charcoal (14, 15).

EFFECT OF VARYING CONCENTRATION AND DISSOCIATION CONSTANT OF ACID

Figure 9 gives the effect of varying the initial concentration (C,)on the position of the
maximum, breadth of the plateau, etc., foranacidhaving adissociation constant K, = 1075
at concentrations of 107!, 1072, 1073, 107% and 1077 moles/liter. With decreasing
concentration, the maximum meole fraction of hydrophobic species becomes smaller and
occurs at increasing pH values. The plateau segment as in the case of the amines con-
tracts with decreasing concentration. These results on the effects of decreasing the
concentration agree well with the contact angle vs. pfl curves of Figure 6.

In Figure 10 is shown the effect of varying the dissociation constant (X, ) of
the carboxylic acid while maintaining a concentration (C,) of 1073 moles/liter. The dis-
sociation constants of some typical acids are shown in Table 1. With increasing K, the
maximum value of X, +,~ decreases, and the pH at which th_e maximum occurs de-
creases. The breadth of the plateau segment of the curve increases with increasing
values of K . Hence for the stronger acids {Kn > 1072) , the maximum practically
has disappeared. )

EXTENSION TO ORGANIC BASES, ACIDS, AND NONIONIZED COMPOUNDS
Although the arguments presented have been concerned with amines and carboxylic

acids, they apply equally well to any organic base or acid for which the law of mass ac-
tion holds over the concentration range of 107® to 1072 moles/liter. They also can be
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JCuatCx=Co=10% MOLES/LITER
lkg=10-5

ASSUMING

Figure 7 - The effect of p{ on the concen-
tration of a carboxylic acid (#4) and car-
boxylic acid ion (47)

extended to nonionized molecules in

either of two ways: (a) by considering

the limiting case where either Kk, =0 or
K, =0 , or (b) by calculating the mole
fraction of the hydrophobic species for a
system consisting of undissociated mole-
cules and the £ ions, CI™ ions, K* ions,
and Ok~ ions which are necessary to ad-
just the pH to each value of interest. Case
(2) has already been covered in Figure 5
by the limiting envelope of maxima of the
curves shown as K, progressively de-
creased from 107? to 1071, A similar
treatment with acids produces the same
envelope in Figure 10 as K, is varied
from 1072 to 10719,

It is interesting to work out case (b).
In Figure 11 is given the result obtained
by plotting against the pH the mole frac-

tion X, of the hydrophobic species present
for an undissociated hydrophobic compound (U) assuming values of C, of 107, 1072,
107%, and 107" moles/liter. The results show that cases (a) and (b) are in apreement.
Hence, it is concluded that, for the highest concentration of hydrophobic material, the
mole fraction of hydrophobic species X, is essentially constant over a wide range of the
pH scale and only commences to decrease significantly from this constant value in the
very acid and very alkaline regions. With decreasing concentration of hydrophobic com-
pound, X, remains constani over a shortening range of pi values. A dilute aqueous
solution of a nonionized hydrophobic compound, therefore, would be expected to manifest
the greatest hydrophobicity at pli 7. '

A simpler method for visualizing both the effect of dissociation constant and concen-
tration on the contact angle vs. pH curves is shown in Figure 12. There the logarithm of
the dissociation constant (pK) is plotted as ordinate, and the abscissa is the pH of the
peak of the curve of the mole fraction of the hydrophobic species vs, pf . Curves for
concentrations (C,) of either acid or base of 1072, 1073, 1074, 105, and 107® moles/
liter are plotted. This is a useful summary of the effect of both concentration and dis-
sociation constant on the contact angle vs. pH curves. It is evident from Figure 12 that
water-soluble organic acids and organic bases are always distinguished by the fact that
the peak of the # vs. A/ curve occurs below pH 7 for acids and above g 7 for bases.

DISCUSSION

Throughout these calculations it has been assumed that the physical condition and
chemical nature of the adsorbing solid surface was not affected by the changes in pH and
in concentrations of molecules or ions present. This was entirely reasonable as far as
platinum foil was concerned. As the results are entirely concerned with physical adsorp-
tion, they should apply equally well to other unreactive metals like gold, silver, nickel,
molybdenum, chromium and stainless steel, and even to many nonmetallic and unreactive
solids.

One of the striking features of all the graphs of contact angle vs. pf , or of mole
fraction of hydrophobic species (X) vs. pf, is the rapid drop of & (or log ¥) with rising
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0.0 pl around pf 11 to pH 12 due to the
increasing competitive adsorption
) of hydrophilic hydroxyl ions. It
is worthy of note that the same effect
occurs widely in the mining technology
041 of froth flotation, where it is com-
monly described as the '"flotation
. 06+ depressant action'! of alkalis (9). The
< equally siriking rapid decrgase in ¢
= 08 as the pH decreases below 3 is due
i | =0 =3 to the preferential adsorption on
% FOR HCHﬁ+Cﬂ CO 10 MOLESY LITER platinum of the hydrophilic hydrogen
~HGi Ka=10"% ion., Where more ionizable metals
" CHA*Q&” ; X than platinum (those above hydrogen
e = Ayp+p~ in the electrochemical series of ele-
-2 & Cha+ O * Gy +Cop+++Cer s ments) are studied, it is evident that
affairs cannot be so simply described
-14 I | | | because they become complicated by
0 ¢ 4 6 8 10 12 14 the evolution of hydrogen gas or by
pH other chemical changes.
Figure 8 - The effectof pH onthe molefractionof The conclusions reached here
hydrophobic species for a carboxylic acid should be of interest in connection

with research on (a) the inhibition of

corrosion by organic-type compounds,
(b) electrode phenonema in the field of electrochemistry, and (c) wear prevention in aque-
ous lubricants, for they make more understandable the role played by physical adsorption
and the effect of the competition between the hydrophobic and hydrophilic ions and mole-
cules. Where the surface chemical reaction occurs slowly, or afier a series of prelim-
inary steps, the entire process cannot be understood without proper recognition being
given to the initiating physical adsorption mechanism and the variables influencing it.

CONCLUSIONS

Several useful and important conclusions can be drawn. Not only are amines and
organic acids capable of hydrophobic film formation on platinum from aqueous solution,
but the ions arising from such amphipathic molecules are also capable of yielding hydro-
phobic films. Competitive adsorption between hydrophobic ions and/or molecules and
hydrophilic ions undoubtedly occurs in the systems studied. Since the maximum degree
of hydrophobicity occurs in the same pH region as does the maximum mole fraction of
hydrophobic species, a method is available for predicting the pH at which a peak con-
tact angle occurs.

The calculations made here have made it possible to generalize the results of past
work on the effect of pf on the adsorption of carboxylic acids and amines and to permit
predicting the results of similar experiments on any weak acid, any wezak base, and any
nonionized compound, However, the results may not necessarily apply where any of the
adsorbing compounds can react chemically with the surface of the solid.
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