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The colloidal pK, of lipophilic eXtractives

commonly found in Pinus radiata
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SUMMARY

This paper uses established experimental
methods fo determine the colloidal pK,
values for a variety of weak organic acids
found in the lipophilic extractives of Pinus
radiata at 20°C and 50°C. _
The 50°C colloidal pK, values, to the
knowledge of the authors, are published
for the first time in this paper. This data will
hopefully lead to a better understanding of
how these weak organic acids interact in
the 50°C temperature range of modern
pulp and papermaking.

The colloidal pK, values for behenic,
lignoceric and cerotic acids are also
believed to be published for the first time
in this paper.
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When a carboxylic acid (RCOOH) is
Placed in water it undergoes dissociation
.to form the hydronium ion (H,O%) and its
‘conjugate base (RCOQO-). This reaction
can be written as:

'RCOOH+H,0="=H,0"+RCOO"[1]

Generally chemists like to represent this
equation by an equilibrium constant (X)),
which is defined as:

[1,0*] [Rcoo7]
" [RcooH] H,0]

In most bench scale laboratory experiments
the concentration of water, [I,0], is
relatively constant. Thus the equilibrium
constant can be redefined as an acidity
constant (K,). This is writien as follows:

12}

_ [B,07][Rco07]
"~ [rcoOH]

3]
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The negative logarithm of each side of the
Equation 3 yields Equation 4.

"TIO gK=-log [Ha(y]—log (T[E%))E]]) -

The terms: and are given special names.
These are pK, and pH respectively and
are expressed as:

pK=-logK and pH=-log [Hg,O*] [5.0]

By substituting these definitions into
Equation 4 we derive the Henderson-
Hasselbach equation:

[rcoo-]
[RCOOH]) 7

When 50% of the acid is ionised (or dis-
sociated):

[Rcoo-]=[RCOOH] [8]

As aresult of the above case (Equation 8)
the second half of Equation 7 is eliminated,
as the negative logarithm of 1 equals 0.

~log (%86(11{]]] ~—log G) -0 [9]

Equation 7 thus becomes:
pK, = pH

pKa =pH - Iog(

[10]

In order to determine the pK, of a given
organic acid one must determine the pH at
which 50% of the acid is ionised, or dis-
sociated. This can be determined by titrat-
ing the organic acid with a base. The pH
at which half of the volume (V) of base
used to reach the equilibrium point (ép) is
the value of the pK, for that acid (Fig. 1).

This procedure does not work for acids
that are insoluble in water. Many of the
organic acids that papermakers are inter-
ested in have a limited solubility. For
acids that are Dot soluble in water, the
general procedure is to form the salt, by
adding a base. The salt is then back titrat-
ed with an acid (7).

The relationship between pK, and pH

is mmportant for papermakers in order to
understand the chemistry of the system

and the nature of the species that are
present. Effluent pH in relation to the pK,
of the acidic lipophilic extractives of
softwoods has an influence on their
biodegradation (2) and the subsequent
effluent toxicity (3,4). The pH of pulp and
papermaking process waters has an
influence on the deposition of these acidic
lipophilic extractives onto pulp and
papermaking surfaces in the form of pitch
(5,6). The interaction of these extractives
varies with pH (7). '

Kanicky and Shah (8) found that the
pK, values for fatty acids, as determined
by acid-base titration, is dependent on the
chain length of the fatty acid and also the
concentration. They attributed the effecis
to molecular association of the chemical
species, even below critical micelle
concentration (CMC). They were able to
demonstrate that extrapolation of the pK,
to very dilute concentrations of ~5x10-11
M yielded a pK, close to 5.0 for the fatty
acids they investigated (C6 to C12 fatty
acid chain length). In addition Kanicky
and Shah (&) showed that once the fatty
acid concentration was above its CMC the
pK, of the fatty acid became constant.
As a result the term ‘colloidal pE,’ is
introduced in this paper to describe the
pK, of solutions of fatty and resin acids
above their CMC.

This paper focuses on determining the
colloidal pK, of the various acidic
lipophilic exiractives in P. radiata.
P. radiata was selected due to its impor-
tance to the pulp and paper industries of
Australia and New Zealand (9). The weak
organic acids examined in this paper were
selected from the lipophilic extractive
analytical works conducted on P. radiata
by others (10-12). These compounds
consisted primarily of saturated and
unsaturated fatty acids with chain lengths
of 12 to 26 carbon atoms and the eight
resin acids. The pK, for some of these
compounds have been determined
previously by others. (1,13-20) at 20°C
though some discrepancy does exist
between some of the values in the literature.

Measurements of behenic acid
(C22:0), lignoceric ‘acid (C24:0) and
cerotic acid (C26:0) will be undertaken
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Excess KOH neutralised
nH
2\, Ve 1;2
mL of NaOH solution added Volume of Acid added
Fig- 1 Titration of a weak acid with a base. Fig. 2 pK, for an insoluble weak organic acid.

and reported for the first time. This paper
also aims to determine the colloidal pK,
of these substances at 50°C, which is a
representative temperature of modern
papermaking. '

EXPERIMENTAL

The fatty acids were obtained from

. Sigma-Aldrich and had a purity of 99% or
greater, with the exception of stearic acid
which was 95+% purity. In order to fur-
ther improve its purity the stearic acid
was recrystallised in ethanol twice. The
resin acids were obtained from Helix-
Biotech and had a pwity of 99% or
greater, with the exception of abietic acid
which had a purity of 90 to 95%.

The majority of the substances exam-
ined are insoluble in water. As a result, the
potassivm salts of the acids were first
prepared using 10% molar excess of
potassinm hydroxide (KOH), the minimum
amount of distilled water and heated at
90°C for 20 minutes. At all times the
amount of acid used was above the CMC
of the acid (22). The salt solution was
then filtered through a 0.2 gm filter,

The potassinm salts were then titrated
using a weak solution (0.005 to 0.0005N)
of hydrochloric acid (HCD) in order to
determine the colloidal pK, value. An
average of three colloidal pX, values and
their standard deviations are reported.
These methods were based on the work of
others (71,8).

RESULTS AND DISCUSSION

The pK, of some of the weak insoluble
organic acids investigated in this paper
have been reported in the literature
(1,8,13,19). These researchers have deter-
mined the pK, as the pH at which half the
volume of acid required to titrate the salt
formed from the addition of excess base.
Figure 2 shows the typical s-shaped curve
that is obtained. The first part of the curve
can be attributed to neutralisation of the
excess base present when forming the
soluble salt. In order to ensure only one
inflection point, some of the researchers
prepared solutions such that there was no
excess potassium hydroxide.

In order to- ensure that the pK, deter-
mined by this method of titrating the salt

with acid vields the same pK, when the
acid is titrated with base as shown in
Figure 1, measurements were made using

acetic acid. Treating the acetic acid as an

insoluble acid, which it is not, the salt was
first formed by adding 10% molar excess
of KOH. This salt was then titrated using
a weak solution of HCl. A graphic repre-
sentation of this titration is shown in
Figure 3.

The pK, determined by this method
wis found to be 4.77 +/- 0.09 {point A)
which is in close agreement with the well
known pK,, at 20°C, of 4.74 (23). This
confirms that the method is acceptable.

There were two difficulties in repro-
ducibility of these acid-base titrations of
the insoluble weak organic acids. The first
difficulty was ensuring that the potassium
salt of the acids had been formed. If too
little KOH were added, not all of the acid
would have been converted to the potassi-
um salt. If too much KOH is added the
time required for the titration is increased,
due to the volume of HCI added to
neutralise the éxcess KOH concentration
[OH-]. This increased titration time

pH

pH

Increasing [OH in the
¥ formation of the salt

¥ Volume of Acid added

Volume of Acid added

Fig. 3 pK, of acetic acid, treated as an insoluble acid.

September 2005

_Fig. 4 Titration curves with increasing molar ratio of KOH
to that of the analyte acid. -
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clongates the curves to the point where
determining the two inflection points is
quite difficult. This problem is shown in
Figure 4.

In order to correct the problem found
with high KOH concentrations one
would increase the titrating acid’s (HCI)
concentration [H;0%]. The second
problem in regards to reproducibility
occurs when the titrating acid concentration
is too strong. With a very high acid
concentration only one inflection point is
observed, as one decreases the titrating
acid concentration both inflection points
become distinguishable. This issue is
highlighted in Figure 5.

During the titrations we saw a change
in the physical nature of the solutions.
The photographs of what we saw are
presented in Figure 6. Kanicky and Shah
(13) reported similar observations.

In Figure 6 the solution became more
and more cloudy from image I towards If
whereas the solution gained in particulate
matter from images III through V.
Kanicky and Shah (/3) explained image
IV in terms of the formation of crystals
and precipitate. Back and Steenberg (7)
referred to image IV as the flocculation
point. Langmuir made very similar obser-
vations on many of the same fatty acids,
though he was looking at surface tension
instead of pH (24). Rayleigh (25) and
" Dupré (26) noted difficulty in understand-
" ing the phenomena associated with Figure
‘6. These solutions contain a mixture of
free molecules, associated molecules,
micelles and colloids. The colloidal
nature of the solutions is obvious from the
visual observations and based on the work
by Kanicky (2f), the pK, that is being
measured is a pK,, of the colloids and not
the true molecular pK, . Colloidal stability
is of particular importance to the pulp and
paper industry, as it relates to pitch depo-
sition (27,28). Further work is needed in
order to understand the colloidal forma-
tion and colloid stability of the solutions
“and the effect pH is having, particularly
why the colloidal pK, is so much higher
than the molecular pK,.

A summary of the colloidal pK, values
determined is presented in Table 1. The
reason that colloidal pK, was examined
tather than ‘molecular pK,’ is that the
authors believe that the colloidal pK, is
more relevant to-papermakers as the acid
concentrations usually found, in the paper-

making waters, are above ~5x1011 M (8). .

Supporting this decision to use colloidal
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Table 1

The colloidal pK, values of lipophilic extractives commonly found in Pinus radiata.

(STD denotes two sigma standard deviation).

pK, STD pK, STD
@20°C @20°C @50°C @50°C
Saturated fatty acids
Lauric {C12:0) 7.07 0.04 6.48 0.34
5.32
~7.50
Myristic (C14:0) 7.88 0.1 7.25 0.35
~(.32
8.1-8.00
7.9¢
Palmitic {C16:0} 8.34 044 8.63 0.32
5.064 :
8.6-8.80
9.7¢
Stearic (C18:0) 9.89 043 9.28 0.43
" 1o.150
9.0f
Arachidic (C20:0) 9.82 0.27 9.28 0.17
Behenic (G22:0) 9.89 _ 0.63 9.53 0.19
Lignoceric (C24:0) 10.21 0.1 9.81 0.15
Cerotic {C26:0) 10.21 0.09 9.83 0.12
Unsaturated fatty acids
Elaidic (18:1;(trans)9) 8.31 0.03 7.65 0.24
9.95¢
8.3¢
Oleic (18:1;(cis)9) 8.22 0.35 8.29 0.07
5.02d :
9.85e
Linolsic (18:2;(cis)9,12)  7.43 _ 0.26 7.79 0.13
9.04e -
8.0¢
Linolenic 6.83 . 003 6.26 0.06
(18:3;(cis)9,12,15) 8.28¢
Resin acids
Abietic 7.26 0.1 6.18 0.04
. 7.69 0.29
6.39h . 0.08h
7.15i
Dehydroabistic 6.77 0.15 6.18 0.07
5.84i
5.71h 0.050
7.25i
Isopimaric 7.08 0.09 6.23 0.01-
Neoabietic 707 0.01 ] 6.23 0.14

a=Ref.15, b=Ref.19, c=Ref.21, d=Ref.18, e=Ref. 13, {=Ref.20, g=Ref.1, h=Ref.16, i=Rel. 17, j-Rel.14

. pK, rather than molecular pK, is work by

Suckling et al. (29) that showed the pH at
which resin components were soluble in
water correspond with colloidal pK, values
reported in Table 1. Additionally work by
Sundberg et al. (30) showed the pH at
which colloidal resin droplets were dis-
solved into the water phase correspond to
the colloidal pK, values reported in Table 1.

Figure 7 shows that as fatty acid chain
length increases so does colloidal pX,, (8).
The shorter chain length (C1:0 to C9:0)
fatty acids have a pK,, values between 4 to
5. There is a critical chain length some-
where between 9 and 12 carbons where
the colloidal pK, starts to trend upwards
on a steeper slope with increasing chain
length. The increase in colloidal pK,

Vol 58 No 5




Peer

Reviewed

E 4
pH -

Decreasing [H04 in ihe titrating acid

Volume of Acid added

Fig. 5 Titration curves with decreasing molarity of the

titrating acid (HCI).

values starts to taper off to about 10 when
the fatty acids have 18 or more carbon
atoms in their straight chain. This is an
interesting result as it indicates that the
higher chain length fatty acids have a col-
loidal pK, that is basic (ie. above 7).
Further work is needed to explain this.

The effect of degree of saturation of
the fatty acid in relation to colloidal pk,
shows that, as degree of unsaturation

* increases, the colloidal pPK, decreases at
20°C. A similar result was observed by
Kanicky and Shah {13). The effect is less
clearly demonstrated at 50°C due to
experimental errors.

The colloidal pK, of resin acids was
found to be between 6 and 7. The trends
would appear to be driven by the electron-
withdrawing groups present in the various

" resin acid structures. Of the four resin
acid structures shown in Figure 8, dehy-
droabietic acid’s aromatic ring is the
strongest electron-withdrawing group.
Consequently dehydroabietic acid has the
lowest colloidal pK, value at 20°C. The
double bonds in neoabietic and isopimaric

Fig. 6 Photographs from the titration of lauric acid.

(Similar observations were made for each acid

studied).

acids are further away from the acidic
proton than the double bonds of abietic
acid. Due to this greater withdrawal dis-
tance the colloidal pX, values for necabi-
etic and isopimaric acids are lower than
the colloidal pK, value for abietic acid at
20°C. It is unclear why abietic acid does
not follow the electron-withdrawing
group interpretation at 50°C.

Taking standard deviation and experi-
mental error into account the colioidal
pK,, values are slightly lower at 50°C than
at 20°C. These temperature biased col-
loidal pK, values are expected given the
inverse relationship between pK, and
temperature in the thermodynamic defini-
tion of pK,,, shown in Equation 11.

P% T m10-RT =
Where: R is the gas constant

T is temperature in Kelvin
AG aq 18 the Gibbs energy of
the acid in an agueous solution.

This result of the colloidal pK, values
being lower at 50°C tham at 20°C is impor-
tant for papermakers in predicting the
type of species present at a particular pH
and hence the colloidal behaviour and
deposition tendency of the extractives.

CONCLUSIONS

Measurements of the colloidal pK,, values
for insoluble fatty acids and resin acids
found in P. radiata have been determined
at 20°C and 50°C using a method that con-
verts the insoluble acids to their corre-
sponding soluble salts by adding a slight.
excess of base and then titrating with
acid. The values at 20°C are higher than
those values expected for pK, of short
chain weak acids. Values are reported for
behenic acid and lignoceric acid and
cerotic acid for the first time.

The values that have been determined
in this paper are reported as a colloidal
pK, as the solutions investigated are in a
colloidal state being above their CMC.
The colloidal nature of the species present

HO

3+ T T T T T T T T

0 2 4 6 8 10 t2 14 16

18 20 22 24 26 28

Fatty acid chain length (G,:0)

T T T L |

Flg 7 - Fatty acid chain length versus colioidal pK,-

(Gircles (@) denote literature pK;, values (31), HO

diamonds (#) 20°C and squares (m) 50°C denote
experimental cofloidal pK, values.)

September 2005

Behydroabietic acid

Abietic acid

=

Neoabietic acid

mm"/

lsopimaric acid

Fig. 8 Resin acid structures,
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appears to be affecting the values deter-
mined. Further work is planned in order
to understand how the colloidal properties
affect the measured pk,.

The colloidal pK, values determined
for the fatty acids show that the values are
significantly higher than the typical mole-
cular pK, values for weak acids (pK, = 4-
5) and higher still 4s the chain length
increases and the degree of saturation
increases. Above C18 the colioidal pK,
values of higher chain length fatty acids
reach a constant value of about 10. The
resin acids have colloidal pK, values
between 6 and 7 and the trends can be
explained by the differences in electron-
withdrawing groups present.

The colloidal pK, values were found to
be lower at 50°C. This can be explained
through thermodynamics.
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