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Introduction

The textile crease resisting process highly improves the utility
of rayon and cotton dress fabrics, and accordingly, it is one of the
important methods of the textile finishing industry. However, many
of its vital parts are based on the empirical knowledge of the people
running the finishing plants. An increasing amount of papers re-
garding these subjects have been published during the past few
years, and many of them will help the textile finisher to understand
and control the process much better than before.

Among the different chemicals used for the process, the urea-
formaldehyde resins still remain the most important group, mainly
due to their cheapness and since they can be synthetized from simple
and easily available chemicals: urea and formaldehyde. These pre-
condensates are probably the only finishing agents of this kind
which are produced within the finishing plants to any considerable
extent.

The application of crease resisting resins to cellulose fabrics does
not yield solely favourable results: crease resistance, decreased
swelling, increased wet strength etc.; at the same time a number of
undesirable effects appear, and the main result of their occurance is a
deterioration of the wear properties as compared with the untreated
samples. This means that the practical limit of the improvements
is determined by the magnitude of the undesirable effects. Thus,
one of the important problems of the textile finishing is to get a more
favourable relation between the improvements and the wear pro-
perties.

The present thesis deals with the application of urea-formaldehyde
resins to cellulose fabrics.

The parts of the process which have been considered are: The
synthesis of the urea-formaldehyde precondensate, with special
reference to the kinetics and equilibria of the reactions involved,
and under conditions which are suitable for the production of the
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precondensates within the textile finishing plant. The search for a
more favourable relation between the desirable and undesirable
effects of the application of these urea-formaldehyde resins to
cellulose fabrics represents the second section of the main problem:;
on spun rayon fabric the effect of presteaming and the use of glycine
as a curing catalyst and on cotton fabrics the influence of a weft
tension applied during the premercerization, are studied.



The Experimental Methods

1. The pH measurements?’)

A differential measuring method for correcting the alkaline error
in pH measurements by means of glass electrodes when the activity
of the sodium (or other) ion is unknown, has been described by the
present author!. The principle is that the measurements are made
with two glass electrodes of different, but known, alkaline error
functions. From the difference in measured pH for the two electrodes,
pH, — pH,, the alkaline error, A4 pH, for each can be found from a
predetermined diagram, representing

pH, — pH, = f (4 pH,) = g (4 pH,)

The theoretical background of this metod is connected with the
glass electrode alkaline behaviour. A number of theoretical treat-
ments have been applied to this problem* ™, but their alkaline
error equations are not in agreement with experimental data.

In the present treatment, the following physical model is used,
including the assumptions that the Si Oy — network of the glass is
regarded as containing three dimensional interstices, offering room for
metal ions, such as Na® and Ca?". When the electrode surface
is brought in contact with water, the network on the surface and to
some depth into the glass will pass into a swollen state, the aforesaid
metal ions will be dissolved to a great extent, and replaced by H™*
or H,O" ions. In this way, the surface layer is substantially free
from other cations, and consists of silicic acid. The silicic acid is
then able to take part in ion exchange reactions, so that all states
from complete H* saturation to a more or less mixed composition
of H" and other cations are possible. Under these conditions, it
may be anticipated that the adsorption energies, i.e. the forces
between the adsorbed ions and the adsorption sites, will be dependent
on the state of adsorption, so that the energy will not be the same if

1) This part is a summary of paper I.
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an adsorbed ion has identical or dissimilar ions as neighbours on the
surrounding adsorption sites. This seems to be reasonable, as the
degree of »energy saturation» of each adsorption site may influence
the surrounding sites with regard to their available adsorption forces.
As we are dealing with a network, 7. e. a kind of a large molecule,
the state of the internal resonance energies can to some extent be
compared with that of a polybasic acid. However, in the case of glass,
the effect is more complex, as the glass is a solid acid, where the elec-
trical forces outside the molecule have a large influence on the activity
of the adsorbed ions.

Bolzmanns’ energy distribution law is used for the mathematical
treatments on this model. It is also assumed that the number of
cation adsorption sites of the surface layer is constant, and that the
interaction between the adsorbed ions can be expressed as the sum
of contributions of pairs of nearest neighbours?. The latter assump-
tion can be compared with experimental results, and they are found
to fulfil its requirements.

The general glass electrode alkaline error equation, which is derived
by means of this treatment, and exemplified by Na™ and valid for
two univalent ions, can be written:

it
; IOg/]. — exp (— P F A E/R T) / == ])Hxllca511r0d+log ANat +C

The constants p and ¢ refer to the interactions between the adsorbed
ions and € to the sodium ion adsorption energy. The equation is
found to be in a good agreement with experimental data.

2. The polarography of formaldehyde!)

Despite the fact that the polarographic determination of form-
aldehyde is a well-established analytical process, only simplified
mathematical treatments have been given for the formaldehyde
polarographic current.

It has been assumed that only the dehydrated formaldehyde is
able to take part in the electrode reaction'®*, and briefly, we have
the following picture of this reaction: When the equilibrium between
formaldehyde and methylene glycol is disturbed by the reduction of
the former at the electrode surface, the aldehyde deficiency is com-

!) This part is a summary of paper II and partly of paper IV.
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pensated by dehydration of the glycol, and the rate of dehydration
determines the limiting current. If the rate of dehydration is small
in comparison with the diffusion of formaldehyde, the latter rate
determines the limiting current. If the rate of dehydration is high,
the current is still determined by a rate of diffusion, but in this case
the diffusion is that of methylene glycol. However, if the rates of
dehydration and diffusion are of the same order, both are of im-
portance.

The equilibrium between dehydrated formaldehyde and methylene
glycol is highly in favour of the latter substance, as is found from
spectrophotometrical measurements.

The system of general electrode reaction equations is obtained as
follows:

(é CH(‘HO) 3*Cycno | 22 9Cycno
diffusion

ot da? 3t o

where x is the distance from the electrode surface.

Since
Al
e =k, C k, C
St = K2 Uno.cH,. on — M1 Yucho
ob catalysis
we obtain
2 Al
dCyeno - 0 CHCHQ gf&cﬂcﬂn k. C kO
o Sa? 3 ax 2 UHo.cH,. OH 1 VHCHO

and correspondingly:

) 2( 1 /
0Cho . CH, - OH D 3y . CH,- OH 2_'{ 0Cyg. CH,- OH

Y 2, 3¢ dx
k’2 CHO « CH, - OH + kl CHCH()

Tospls syt . - S ] ek
Initial conditions: ¢ = 0, @ > 0: Cyo.cn,. on = C*no. cn, . on»
A}

Chcno = C*HCH()'
Boundary conditions: ¢t << 0, x = 0: Cyco = 0, (0 Cyo. cn,. on/02) = 0.
(No flux of HO - CH, - OH at the electrode surface.)

where k, is the dehydration and £, is the hydration rate constant of
the electrode reaction

HCHO + 2 H,0 + 2 ¢ = CH,0H + 20H-
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Further, D ~ Dycno ~ Dyo . cn,. on -

This equation system can be solved by means of a method!s pre-
viously applied to similar problems.

When only the rate of methylene glycol dehydration determines
the limiting current, this current is related to the electrode properties
as follows:

i, = constant m??3 ¢*3

where ¢, = limiting current, m = flow of mercury and ¢, drop time.

When the current is determined solely by the rate of diffusion of
the dehydrated aldehyde or of the methylene glycol, the correspon-
ding equation can be written:

ty = constant m?3 ¢/

When mixed conditions exist, i. e. both dehydration and diffusion
are of importance, more complicated relationships appear. They
can be obtained when the previously mentioned treatment is extended,
and by means of comparisons between the limiting currents at two
different heights of the mercury reservoir, the equilibrium constant
between two substances with an electrode behaviour as exemplified by
methylene glycol and dehydrated formaldehyde can be calculated.
In the present case, although with a moderate accuracy, were figures
obtained which were of the same order as found from spectro-
photometrical measurements.

Further, the rate of methylene glycol dehydration can be calcu-
lated from the limiting currents. The equation which can be used
in the pH range 7—11 and 20 °C without any appreciable error, is:

ky = 0.7 - 1072 (0)/C¥remoy, m*® 4

where k, = dehydration rate constant, sec ;¢ = limiting current,
1 A: Cyenoy, = analytical formaldehyde concentration; m = mer-
cury flow, mg/sec; {;, = drop time, seconds.

When polarography is used for the determinations of unreacted
formaldehyde in urea-formaldehyde reaction mixtures, several pro-
blems have to be considered.

Since at increasing formaldehyde concentrations increasing polaro-
graphic maxima appear, a maximum suppressor ought to be used.
Among the well-known substances which are effective in this respect,
only gelatin seems to be suitable. The half-wave potential of
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formaldehyde is comparatively high, and this means that inter-
ferences with the cation of the supporting electrolyte decrease the
accuracy of the determinations. This disadvantage can be reduced
when Li" salts are used. Since the polarographic current of formal-
dehyde increases with increasing pH, a high pH value of the sup-
porting electrolyte would be favourable. However, at increasing pH
values, the rates of the urea-formaldehyde reactions increase,
and corresponding to this, a more pronounced time dependency
of the limiting current appears. During the reduction of formalde-
hyde to methanol, hydroxyl ions are produced at the electrode
surface increasing the limiting current in a more or less uncontrolable
way and also disturbing the urea-formaldehyde reactions. Thus,
a good buffer capacity of the supporting electrolyte is required.

When all these problems are considered, a solution containing
0.10 M Li,CO; + 0.12 g/l gelatin at pH 9.50 was found to be a suitable
composition for practical purposes.

3. The determination of urea and methylol ureas of the reaction
mixtures')

A comparatively selective colour reaction between urea and p-
dimethylaminobenzaldehyde and its application for spectrophoto-
metrical determinations of urea has been described previously'?, 18,

The same reagent also produces a colour reaction with mono- and
dimethylol urea.

When the samples of the ureas are added to methanol solutions of
the reagent, disturbances from hydrolysis and also from continuing
reactions in the presence of formaldehyde are avoided.

When the initial concentrations of urea and formaldehyde are
known, the concentrations of the components of a reaction mixture
can be determined from a spectrophotometrical measurement, when
combined with a determination of the unreacted formaldehyde.

') This part is a summary of paper III.
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The Synthesis of the Urea — Formaldehyde
Precondensates

4. The kinetics of the mono- and dimethylol urea formation and
hydrolysis reactions?)

The kinetics of the basic urea-formaldehyde reactions have been
studied by a number of previous authors’ 3. However, some of the
experimental methods used do not allow any accurate determinations
of the unreacted formaldehyde, used for the rate constant calculations.

In the present study, such conditions are selected, which are of
interest in connection with the preparation of urea-formaldehyde
precondensates for the textile crease resisting process. Also in this
case the reactions were followed by means of determinations of the
concentration of free formaldehyde of the reaction mixtures. The
polarographic metod was used. Buffer substances were included in
the reaction mixtures in order to maintain a constant pH value
during the reaction and also in order to investigate their influence
on the reaction rates.

The urea-formaldehyde reactions at equal concentrations of the
reactants do not obey a simple second order reaction rate relationship.
When the experiments are carried out with an excess of urea, side
reactions do not disturb, and the rate constants can be determined.

The reaction between monomethylol urea and formaldehyde is
described by a second order relationship, considering the hydrolysis
of the reaction product.

The hydrolysis of monomethylol urea cannot be described by any
simple reaction rate equation. However, the rate constants can be
determined by means of a graphical extrapolation method.

The hydrolysis of dimethylol urea is in accord with a reaction rate
equation which also considers the reaction between liberated mono-
methylol urea and formaldehyde, and reaction rate constants are
calculated from this relationship.

') This part is a summary of papers V—VII, and partly of paper IV.
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In summary, the following general observations are made:

The concentration of the reactants does not affect the rate con-
stants to any considerable extent.

A linear relationship is present between the reaction rate constants
and the buffer concentrations at a constant cationic strength.

No simple relationship exists between the catalytic contribution
of hydroxyl ions and their activities.

A very low catalytic effect is present in the case of borate buffers.

5. Studies of the reaction rates and equilibria at formaldehyde-
urea molecular ratios in the range 1.4—2.0')

The formaldehyde-urea molecular ratios of the precondensates
used for the textile crease resisting process are within the range
1.4—2.0. Under the reactions carried out in order to produce such
precondensates, formation and hydrolysis of mono- and dimethylol
urea occur simultaneously.

The system of general reaction rate equations can be written:

dM
—dt—zl\--U-F—Ic'-M—l.-l-M-F+k2-])
dD

WZIL&']LI'F—]@'I)

U= T, M — B, B =T i D
t=0:U=UyF=F; M=D=0

Cloncentrations: U = urea; U, = urea, initial; # = formaldehyde;
F, = formaldehyde, initial; # = monomethylol urea; /) = dimethylol
urea. Reaction rate constants: monomethylol urea: k = formation,
k" = hydrolysis; dimethylol urea: k, = formation, k, = hydrolysis.
Reaction time: ¢.

Since a simple solution to the system of differential equations
given above cannot easily be found, numerical solutions were obtained

1) This part is a summary of paper VIIL
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by means of an electronic differential analyzer, the EIDA of Chalmers
University of Technology, Gothenburg. The rate constants of the
different separate reactions, determined as previously described,
were introduced into the system of equations.

When the mathematical solutions on the amount of unreacted
formaldehyde of the reaction mixtures are compared with the experi-
mentally determined data, a very good agreement is found.

A mathematical solution including all the components of the
reaction mixture was compared with experimental figures, and a
good agreement was found in this case as well.

Further, a purely empirical expression

log log Fy/F = A loglog t + B,

where A and B are constants, was found to describe the reaction
behaviour with a good accuracy. This empirical equation seems to
be of value when precondensates are produced industrially.

Considering the equilibrium conditions:

dM dD
i Tt e

the following equilibrium relationships are obtained:

Uy=U(l+ K, F + K, F?
F,=F + UK, F + 2K, F?)
U=U,—M—D
P Fy—M— 9D

where K, = k/k'; Ky = k ky/k' &y

When we introduce the previous rate constants, the equilibrium
concentrations of the components can be calculated. Calculated and
experimental data are in an acceptable agreement.

In accordance with these findings, it may be concluded that the
reaction rate constants determined under specialized conditions are
also applicable to the more general cases.

As regards the equilibrium, we may finally conclude that the
composition of the reaction mixture is slightly dependent on the
buffer which has been used in order to promote the rates of the
reactions.
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6. The influence of methanol on the rates and equilibria of the
urea-formaldehyde reactions!) '

Commercial formaldehyde solutions usually contain methanol,
added in order to prevent formaldehyde polymer precipitation.
Thus. the influence of the presence of methanol on the reaction
rates is of interest for the technical preparation of urea-formalde-
hyde precondensates.

It has previously®® been observed that the presence of methanol
seems to decrease the urea-formaldehyde reaction rates.

The hemiacetal formation between methanol and formaldehyde is
in this study investigated cryoscopically, and the reaction rate and
equilibrium constant K were determined. The reaction can be
described by a second order relationship, considering the hydrolysis
of the reaction product. The reaction rate constants considerably
exceed the corresponding figures of the urea-formaldehyde reactions,
and this means that the hemiacetal equilibrium is maintained through-
out the urea-formaldehyde reaction.

When we accept the assumption® that the formation of such a
hemiacetal explains the rate decrease, and assume that only the
fraction of the formaldehyde which is not combined with methanol
takes part in the urea reactions, some calculations can be made.

The rate constants at zero reaction time of the urea or mono-
methylol urea and formaldehyde reactions would be related as follows:

Oy

b= ke Gy

where k, = rate constant at zero methanol concentration, k¢, =

rate constant at (';; methanol concentration, ('; = initial analytical
formaldehyde concentration and y = initial hemiacetal concentra-
tion. ¥y can be calculated from the previously mentioned hemiacetal
formation rate equation, applied to equilibrium conditions. When
experimental k¢ figures, obtained at different methanol concentra-
tions, are converted to k, by means the expression given above. the
figures are found to be substantially constant. Thus, the experi-
mental results are in agreement with the theoretical treatment.

The initial rates of mono- and dimethylol urea hydrolysis are not,
as can be expected, influenced by the presence of methanol.

1) This part is a summary of paper IX.
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A reaction rate equation of the urea-formaldehyde reaction when
an excess of urea is used, derived under the assumption that the
hemiacetal formaldehyde does not react, was applied to experimen-
tal data. A good linearity was found, and also an agreement with
the corresponding initial rate constant described above.

Finally, the presence of a hemiacetal may also influence the
equilibrium conditions of the urea-formaldehyde reactions. The
analytically determined »equilibrium» formaldehyde, 'y, is related
to the »free» formaldehyde, Cy,. 7. e. the amount in actual equili-
brium with the ureas, as follows:

CFao =T C}?‘m e Yy

This, since the hemiacetal formaldehyde is normally included by
the analytical methods. When this expression is combined with the
equilibrium equation of the hemiacetal formation, we get the following
equation:

‘ O

c‘va = C;‘m +—_l——

I+ xe:.

The influence of methanol on the equilibrium can be calculated
by means of this expression, as regards the formaldehyde concentra-
tion. (The equilibrium concentrations of the other components can,
as shown in another part of this thesis, be calculated when the
equilibrium concentration of the formaldehyde is known.) When
testing on experimental figures, agreement is found between mea-
sured and calculated data.

Thus, we find that both the rates and equilibria of the urea-
formaldehyde reactions are influenced by the presence of methanol
in the reaction solutions.

7. The activation energy and the heat of reaction of the urea —
formaldehyde reactions?)

The activation energies of the urea-formaldehyde reactions have
been investigated previously'® 2* 227 The results obtained are some-
what scattered, especially when less accurate methods were used for
the formaldehyde analysis. i

1) This part is a summary of paper X.
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In the present study, it is found that the activation energies of
mono- and dimethylol urea formation is 15.4 kcal/mole for both of
them, and the hydrolysis figures are 20.4 keal/mole, and the same for
both substances in this case as well. These data refer to phosphate
and borate buffers. The figures obtained when a carbonate buffer
is used are 1—2 kecal/mole above the data of the other two buffers,
and this discrepancy may be due to a temperature influence on the
pK values of the carbonate.

The heats of reaction when mono- and dimethylol urea is formed
were determined by means of a calorimetrical method, and the same
figure, 4.9 kecal/mole, was found for both of the reactions.

When we compare the difference between the activation energies
of hydrolysis and formation, 5.0 keal/mole, with the heat of reaction,
we find no noticable difference, as can be expected for reactions in
solution.

8. Notes on the reaction mechanism?!)

Some of the previous theories connected with the urea-formalde-
hyde reaction mechanism are:

An anion of urea is the reactive compound in the reactions with
formaldehyde!® 2 22 24,

Only dehydrated formaldehyde reacts with the urea or mono-
methylol ureal® 20 223,33

The main influence of the temperature on the urea-formaldehyde
reactions is due to changes in the equilbrium between hydrated and
dehydrated formaldehyde.* .,

In concentrated solutions, a slow depolymerisation of formaldehyde
polymers influences the urea-formaldehyde reaction rates.

When considering the previous knowledge concerning the state of
urea and formaldehyde in solutions, and adding to this some new
informations, the following assumptions seems to be of a reasonable
probability:

Only formaldehyde in the dehydrated state takes part in the
reactions, and the main influence of the temperature on the reaction
rates is due to changes in the methylene glycol-formaldehyde
equilibrium.

Molecular collisions involving formaldehyde polymers may produce

!) This part is a summary of paper XI.

134



18

an activated state of formaldehyde, which then immediately reacts
with the actual molecule, 7. e. urea or monometylol urea.

Formaldehyde ions do not play any important role in the reactions
in neutral and moderately alkaline solutions.

The reactive urea compound is not an anion present prior to the
reaction stage.

It is not probable that the mechanism of the buffer catalysis of
the methylene glycol dehydration and that of the urea-formaldehyde
reactions are identical, but the catalysis mechanism of these latter
reactions may be the same for all of them. (However, the buffer
catalysis of the dehydration of methylene glycol has the effect that
the equilibrium of the formaldehyde system is maintained during the
urea-formaldehyde reactions, keeping the ratio between hydrated
and dehydrated formaldehyde constant.)

It is possible that zwitter ions of the urea and formaldehyde re-
present the activated states of reaction. An example of a reaction
mechanism scheme is:

H
Ng=0 H
H |
1L Q---. H+
A H. He ', 0H
—H,0 +
(HCHO), - H0 = >0—0~ == \0—0~ = \>
H” Rl - H” “OH
polymers
0 OHT
I i
H,N—C—NH, = HN—C—NH
:Tl/ —HCHO 1,1/ +HCHO
other tautomers? OHt H

I
HN-—C-—§ “C—0~
ey

HH H

1
0

I
H,N—C—NH - CH,0H
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The proton exchange may be catalysed by proton donors and proton
acceptors, 7. e. buffer substances, and may represent the rate de-
termining steps of the reactions.

A similar reaction scheme can also be applied to the monomethylol
urea-formaldehyde system.

It will here be stressed that this scheme ought to be regarded as
an example of a possible and not of a highly probable reaction mecha-
nism description. Our present knowledge does not allow any conclu-
sive statements.

9. On the preparation of urea — formaldehyde precondensates
in the textile finishing plant

The formaldehyde-urea molecular ratios of the precondensates used
for the textile crease resisting process are within the range 1.4—2.0.
Ratios below 1.4 do not produce resins of a sufficient fastness to
washing, and ratios above 2.0 mean an excess of formaldehyde,
which substantially remains unreacted.

From the practical point of view it is favourable to prepare stock
solutions of urea, eventually containing a buffer substance in accord-
ance with previous parts of this thesis. However, when such stock
solutions are prepared, it is important to avoid high dissolution
temperatures and to add the buffer after cooling, especially when
high pH values are used. The reason is that urea hydrolysis, occuring
at high pH and temperatures, may produce ammonia compounds,
e.g. ammonium carbonates. These substances may then yield
ammonia-formaldehyde products, which after neutralization can act
as curing catalysts and also give rise to a »fishy odor after the heat
treatment of the padded and dried fabric, probably due to a forma-
tion of methyl amines. The technical grades of urea are usually of
a high purity.

The formaldehyde solutions, however, always contain formic acid
and methanol. They are the products of a Cannizzaro reaction, but
the latter compound is also added to the formaldehyde solutions in
order to prevent formaldehyde polymer precipitation. As known
from part 6 of this thesis, the presence of methanol influences both
the reaction rates and the equilibrium composition of the urea-formal-
dehyde reaction mixture. However, when the formaldehyde con-
centration is known, the methanol concentration can be obtained
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with a sufficient degree of accuracy from refractivity or density
determinations.

When a buffer substance is to be used for the catalysis of the
precondensation, it is also necessary to regard its influence on the
curing catalysis. If the buffer has a pK value in the range 1—7, it
will change the pH decrease in the resin during the heat treatment.
However, small amounts of a buffer may improve the stability of
the pad solution after the addition of the curing catalyst: pH de-
creases due to reactions between the catalyst and formaldehyde are
retarded.

The selection of reactant concentrations, amount of buffer and also
of the reaction temperature is mainly a practical problem: high
reaction rates mean, as a rule, a better flexibility of the finishing
plant. At high concentrations of the reactants more favourable
equilibrium formaldehyde concentrations are obtained. High reaction
temperatures increase the amount of unreacted formaldehyde at
equilibrium, since the activation energies of the formation and of the
hydrolysis are 15 respective 20 kcal/mole. However, the final con-
centration of formaldehyde is also dependent on the time-temperature
relation of the subsequent cooling period.

One of the important problems in connection with the preparation
of the precondensates is to find a simple method for the control of
the reaction stage. Some physical methods, e. ¢g. determinations of
the density or refractivity of the reaction mixtures can be used, but
the accuracy obtained does not fulfil the practical requirements,
especially in the range close to equilibrium.

A determination of the unreacted formaldehyde can be made by
means of titrimetric methods, but their accuracy in the range men-
tioned is moderate, disturbing reactions ought to be controlled e. g.
by cooling with ice?S.

A good accuracy can be obtained when polarography is applied.

The colorimetric methods which are known to be used for spectro-
photometrical determinations of formaldehyde cannot be applied to
this problem, since the pH values and reaction times to be used
give rise to considerable errors due to continuing reactions and
hydrolysis in the urea-formaldehyde system. However, a new spectro-
photometrical method will be described in the following.

The method is based on a colour reaction between Deorlene Dark
Blue R and formaldehyde.

A number of preliminary experiments gave the following results:
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a. Water solutions of Deorlene Dark Blue R are not very stable, as
could be found from their extinction and precipitation behaviour.

b. The rates of reaction between the dyestuff and formaldehyde
increase with decreasing pH.

c. At pH < 5 is the yellow colour of the dyestuff solution contamined
with a blue component, disturbing the measurements.

d. The rate of the reaction between the dyestuff and formaldehyde is
comparatively low at pH -~ 7, and a constant extinction cannot
be obtained within 30 minutes at 20° C, and after such a long period
continuing reactions and hydrolysis of the urea-formaldehyde
compounds will give rise to considerable errors.

When these results are considered, the following procedure was
found to be suitable:

Reagent solution: 0.2 g/l Deorlene Dark Blue R') in C,H,OH, 99.6 %.
Buffer solution: 6.81 g/l KH,PO,+4-25 ml/l 1 M KOH; pH 6.86.

0.3 parts of a reaction mixture sample (with a formaldehyde con-
centration < 2 M) are added to 10 parts of the buffer solution,
immediately followed by 2 ml of the reagent solution. All solutions
and also this mixture are kept at 20 + 0.5° C. The extinction versus
water at 5650 A is determined 5 minutes - 10 seconds after the
addition of the reagent.

Extinction curves related to 0 and 2 M formaldehyde concentration
of the (0.3 parts) sample are given in Fig. 1. In the case of the 2 M
solution, the curve was not determined before substantially constant
readings were obtained, 7.e. this curve mainly corresponds to an
»equilibriumy» between the dyestuff and the formaldehyde. Tempera-
ture: 20 4 0.5° C. Cell length: 20 mm. Spectrophotometer: Hilger
& Watt’s »Uvispecy.

The relationship between the concentration of formaldehyde of
the sample (0.3 parts) and the extinction at 5650 A is shown by
Fig. 2. Time delay: 5 minutes 4 10 seconds. Other conditions as
specified above. Four determinations were made at each formalde-
hyde concentration, and the average coefficient of variation was 2.0 9.

The influence of the time delay is exemplified by the curves ob-
tained 10 and 15 minutes after the addition of the formaldehyde
sample and the reagent to the buffer solution. These curves are also.
included in Fig. 2.

1) Commercial grade; the concentration is defined by the extinction maximum of
Fig. 1.
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Fig. 1. Extinction curves. Formaldehyde concentration of the samples added to the

buffer and reagent: 0 (— — —) and 2 ( ) M.

The change in the concentration of unreacted formaldehyde during
three different reactions between urea and formaldehyde was studied
by means of the polarographic method described in part 2 of this
thesis, and the corresponding extinction in accordance with the
present method was also determined. The extinction figures obtained
are plotted in Fig. 2; the formaldehyde concentration refers to the
polarographically determined data.

The accuracy obtained may be regarded as being sufficient for
practical purposes. Thus, this method can be used as a tool for the
control of the precondensate preparation process.

For rough determinations of the state of reaction, this method
may be modified to a simple test tube colour test.

The heat of reaction is the same for both the mono- and dimethylol



0,50 1,00 1.5 2,00 C,

Fig. 2. Relationships between the extinction at 5650 A and the concentration of

formaldehyde of the sample (0.3 parts) added to the buffer and reagent. 20 -t 0.5° C.

5(—), 10 (— — — —) and 15 (— . — . —) minutes delay between mixing and

spectrophotometry. Formaldehyde solutions: @ (all figures of the four determinations

at each concentration are within the black area of the corresponding dot). Urea-

formaldehyde reaction mixtures: 1 M CO(NH,), + 2 M HCHO; pH 7.0: O, 1 M

CO(NH,), + 2 M HCHO + 0.05 M Na,CO,; pH 10.0: X and 1 M CO(NH,), + 1.5 M
HCHO -+ 0.05 M Na,COy; pH 10.0: A.

urea formation, and 5 kcal/mole are liberated. This means that some
reaction control data can be obtained from temperature measure-
ments on the reaction mixture, as exemplified by the following
procedure:

60 parts of a solution containing 440 g/l urea 10 g/l sodium carbonate and 55 parts
of a solution containing 380 g/l formaldehyde - 80 g/l methanol are mixed in a reaction
vessel. The vessel is fitted with a stirring device and coils for heating with steam
and cooling with water. The mixture is heated to 55° C, and the steam flow is shut
off at this temperature. The temperature then rapidly increases to 70° C, mainly
due to the heat of reaction. If any disturbances occur, other final temperatures are
obtained. The reaction mixture remains at this temperature for 25 minutes, and is
then cooled to 20° C within 10 minutes. After dilution and addition of a curing cata-
lyst is the precondensate solution ready for the padding operation.

HCRO
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The actual temperature increase is, of cource, dependent on the
heat transfer through the walls of the reaction vessel. and the
temperature-time behaviour has to be compared with predetermined
curves. Although this control method is not very accurate, it has proved
to be of some practical value at reaction temperatures above 40° .

Finally, as an example of a more advanced technique for the pre-
paration of urea — formaldehyde precondensates, a short description
of the plant in accordance with Fig. 3 will be given.

Instruments. I, IX—XI: impedance bridge recorders, pneumatic controllers.
Proportional and integrating responce.

11, VII: Electronic recorders.

II1, VIII: Electronic controllers. Proportional and integrating responce.

V: Electronic three — point recorder; thermocouples.

IV : Electronic controller; resistance thermometer. Proportional responce.

VI: Pneumatic level controller. Proportional responce.

Stock solutions of urea (eventually containing buffer substances)
and of formaldehyde are stored in the tanks A4 and B at 10—25° C.
By means of pumps and simple float-controlled switches are these
solutions kept at fairly constant levels in the vessels (' and D.

The flow of the urea solution from (' is controlled by the liquid
level in J, via the controller VI and the corresponding valve. The
»ireer flow is measured with a flow meter, and the »captives formal-
dehyde solution flow is controlled by means of the instrument / and
the valve and flow meter of the pipe from D. The formaldehyde-urea
molecular ratios are kept constant by means of an adjustable automatic
flow ratio controller of I.

The solutions are mixed in F, holding a few liters of the mixture.
The vigorous stirring and mixing action of the pump system used
was found to promote a rapid responce of the glass electrode pH
measurements in F. The glass electrode, the instruments /7 and 771
and their valve control the flow of a sodium hydroxide solution from
the vessel £ so that a preselected, constant pH value of the reaction
mixture is maintained.

The mixture is then heated in the heat exchanger ¢, and this
vessel holds also only a few liters of the reaction solution. Circulating
hot water is used for the heating, and the water temperature is
determined by the temperature of the mixture after the heat ex-
changer; the instrument IV and the correspending valve control the
amount of steam blown into the water in the vessel /. An oscillatory
or slow responce in this part of the system is avoided when a properly
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selected quantity of circulating water is used. The volume increase
due to steam condensation is drained by means of a simple overflow
device. (Steam heating of the heat exchanger was found to introduce
considerable stability problems, as the volume-flow ratio is un-
favourable.) It is important that a small volume heat exchanger is
used; the temperature determination ought to be made before any
noticeable temperature increase due to the heat of reaction appears.
An interference of this kind would mean that the required reaction
temperature is not obtained in the reaction vessel.

The reaction vessel I has to fulfil the following requirements:

The time of reaction shall be adjustable within the range 10—60
minutes.

The time of reaction shall be independent of variations in the
rate of flow.

This problem has been solved as shown by Fig. 4.

The vessel has a number of compartments, a, having separate
outlet holes b in the plug ¢, and is revolved by means of a variable
speed motor, fitted with a worm gear and connected to the shaft d.
The heated reaction mixture is fed by the pipe ¢, and remains in the
compartment until it is drained when the outlet hole and the hole f
of the static »plug cock» body 4 coincide, 7. e. during approximately
a full revolution. The mixture flows through the pipe ¢ into a cooler.

The reaction time is adjusted by means of the speed of the motor,
and the reaction time is not dependent on the flow: differences in
flow only mean differences in the liquor level in the compartments.
and thus, the time of reaction remains substantially constant.

The cooler .J (Fig. 3) has a coil for cooling with water, and the
required stirring is obtained by means of a pump. circulating the
mixture through the vessels J and K. An overflow pipe keeps the
level in K constant. The reaction mixture flows from A through a
pipe, and the rate of flow is controlled by a valve, which can be
regarded as the »main valve» of the plant. The valve settings are
made manually or are controlled by e.g. the level in the padder
trough. A flow meter measures the rate of flow, and this flow meter
is connected to the instrument /X. The output signals determine
the flows from the vessels M and N by means of the instruments X
and X7 and their flow meters and valves; constant ratios are main-
tained as previously described. M contains water, and a simple
float on-off control keeps the level fairly constant. N holds the
curing catalyst solution.
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Fig. 4. Reaction vessel.

All these solutions are mixed in L, which is in principle designed
as I, and the pH adjustments (usually to pH < 6.5) are controlled
by the glass electrode, the instruments VII and VIII and the valve,
determining the flow of an acid solution from O. The precondensate
solution flows from L to a tank or to the padder trough.

Thermocouples are connected to the instrument V. The mixture
temperatures before and after the reaction vessel are recorded for
a rough control of the process, based on the heat of reaction. The
final temperature of the precondensate solution is also measured,
since it is essential for the solution stability.



Contributions to the Search for Better Wear
Properties — Crease Recovery Relations

10. On the influence of presteaming on the effect of crease resisting
treatments of a viscose rayon fabric?)

As being a part of a search for a better relation between the favour-
able and undesirable effect of crease resisting treatments of rayon
fabrics, the influence of a steaming before the resin treatment is
investigated in this study.

It has been reported previously* that the swelling power of water
on rayon fibers is reduced when the fibers have been treated with
saturated steam at 100°C. It is also known ***% that steaming
reduces the iodine absorption and the colour yields.

In this investigation three samples were steamed; the maximum
pressure and time of treatment were 3 kg/em? and 120 minutes.
An untreated sample was also included.

The effect of the steam treatment on the samples before the resin
treatment was studied and the following properties were affected
significantly:

Water retention, equilibrium moisture content at 100 per cent
R. H., (4, + A,)/A4 ratios of the X-ray interferences, dye absorption,
iodine adsorption and crease recovery.

Others, however, were not affected significantly:

Dry strength, wet strength, load-elongation curves, number
threads per unit length, fabric dry weight per unit area, cuprammo-
nium fluidities and equilibrium moisture content at 65 per cent R. H.

The crease resisting treatments of the samples were made by means
of a urea-formaldehyde precondensate, and two different amounts
of catalyst were used. Investigations of the crease resisting samples
gave the following results:

1) This part is a summary of paper XII.
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No significant influence of the steaming and the catalyst concentra-
tion on the dry strength, elongation at break and the crease recovery
was observed. Significant influence of the catalyst concentration, but
not of the steaming conditions, was found on the ratios between the
wet strength of the resin treated samples and the samples which
have only been subject to steaming.

The water retention of the resin treated samples was significantly
influenced by the catalyst concentration, but an influence from
the steaming conditions appears only at the low amount of the
catalyst.

The wear proporties of the fabrics, as they appear from the duty
factors®”, are significantly influenced by the catalyst concentrations,
and at the high concentration also an influence from the steaming
conditions is observed, increased steaming means improved wear pro-
perties.

When the different data obtained are analyzed, it seems to be
reasonable to assume the following, as regards the internal structure
of the fibers and the observed effects:

The steam treatments may affect regions of high degrees of order-
liness slightly, and regions of medium degrees to a greater extent.

The wet strength before the crease resisting treatment is not
significantly dependent on the distribution of lateral order or water
absorption accessibility.

It seems to be probable that the resin only partially interacts with
such regions of the fiber, where the water absorption forces are small.
In the case of the high catalyst concentration, a more pronounced
interaction occurs.

The duty factors and the wet strength ratios may be connected
with such interactions.

It is interesting to note that the crease recovery and the duty
factors are not found to be simply correlated: the resin composition
and the state of the internal fiber structure are both of great impor-
tance.

Since it is known from experience that the high of the two catalyst
concentrations ought to be used in connection with the fabric used
in this study when a good dimensional stability of the fabric and a
sufficiently high fastness of the resin to repeated washings are to be
obtained, it is obvious that steam treatments before the crease
resisting process can be of value as a mean of improving the duty
factors, 7. e. the wear properties of crease resisting fabrics.



30

11. On glycine as a catalyst of the textile crease resisting process

It is previously known that glycine can be used as a catalyst for
the curing of methylol urea resins®.

The purpose of the present investigation is to study the catalytic
properties of this substance in connection with the textile crease
resisting treatments by means of methylol ureas.

Experimental

The fabric used for the experiments was a 88 x 68, 30/30, 1.5 denier,
40 mm staple length viscose rayon. The desized and scoured fabric
was taken from an industrial run and dried under slack conditions.
The crease resisting treatments were carried out by means of a urea-
formaldehyde precondensate as follows:

A solution containing 65 g/1 urea- 55 g/1 paraformaldehyde was heated to 60° C
and kept at this temperature until the paraformaldehyde was dissolved. The pH was
then adjusted to 7.0, and the mixture was allowed to react during 24 hours without
further heating, 7. e. its temperature decreased slowly and was close to 20” C at the
end of the reaction period.

The catalysts; glycine, ammonium chloride and butylamine hydrochloride, were
then added in amounts shown by Table 1.

The impregnation and drying (to < 1 per cent H,0) was made on an overfeed stenter
at 70° C drying temperature. The fabric was then given a heat treatment by means
of an industrial curing machine of the roller type, fitted with a low-tension device?®’.
The different curing conditions appear in Table 1.

After the curing, the different samples were washed at 60° C in a reversing wash
wheel of the cylindrical type 5 minutes in 5 g/1 soap+ 3 g/l sodium carbonate, liquor
ratio 30: 1, and then rinsed twice at 40° C for five minutes. Finally, the samples were
dried at 40° C under slack conditions. They were then stored at 65 per cent R. H. and
20° C during four weeks before some investigations of the samples.

The properties studied were:

I. The resin content was determined by means of stripping at boil
with a tartaric acid buffer at pH 3.2 until a constant weight
was obtained. The resin content was calculated on the dry
weight of the stripped fabric. Number of determinations
on each sample: 3.

II. The water retention was determined as described by Cameron
and Morton??. The time of centrifuging was increased to 20
minutes. Number of determinations: 3.

IIT. The crease recovery was determined at 65 per cent R. H. and
20° C. Willow’s method, as described by e.g. Marsh?, was
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used. The recovery figures were determined 10 minutes after
the load removal. (No difference in rate of recovery, as this
appears from a comparison between figures determined 1 and
10 minutes after unloading the fabric strips, could be detected.)
Number of determinations: 5.

The duty factors in accordance with Breens and Morton®” were
also determined. The »bally and »plate» figures to be combined
within each series were taken at random. Number of deter-
minations: 5.

The results of I—IV are collected in Table 1.

The dry and wet tensile strength figures of the series cured at
130° C for 6.5 minutes can be found in Table 3. Number of
determinations: 4. SIS!) 650009.

In order to get some further informations concerning the catalytic
behaviour of glycine, the following experiments were made:

VI

A solution of 0.10 M glycine and 0.70 M formaldehyde at pH
12.0 (adjusted by means of KOH) was allowed to react at
20° C during 48 hours. The solution was then titrated with
2.5 M HCI and the titration curve A of Fig. 5 was determined
by means of a glass electrode. A back titration was then made
by means of KOH (curve B). Further, a titration curve C
of 0.6 M formaldehyde was determined. The relationship

TABLE 2. Some of the cffects of the crease resisting treatments at the curing condition

130° C and 6.5 minutes.

Catalyst glycine | NH,Cl |[C,;H,NH,C]| glycine

Catalyst concentration, g/l ..... 5 10 20 40 10 20 10
Crease recovery, warp direction,

50080t d W o A B, A 29 31 29 28 29 31 31

Crease recovery, weft direction,mm| 29 30 28 26 29 31 30

< S<==> =

Duty factor, warp direction ....|[ 8.1 8.0 8.8 3.2 4.8 5.7 8.0

== =

Duty factor, weft direction .. ... 9.7 8.9 9.0 3.1 4.3 5.4 8.9

e e —————— ¢

<—> No significant differences within the group.
<==> Significant differences within the group.

1) Swedish Standards Association.
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TABLE 3. Tensile strength of crease resisted samples, curing: 130° C and 6.5 minutes

Tensile strength, kg/ 5 em.
Catalyst
Catalyst concentra- Dry Wet
tion, g/l
Warp Weft Warp Weft

NHClisie s 10 47.8 1o | 1427 1.e| 4324 1a| $279 Lo

C,H,NH,CI . 20 48.5 2.6 42,5 1.7 32.5 1.4 28.6 1.3

glycine ..... 5 48.9 2.3 40.7 1.8 31,8 1.2 28.7 1.2

10 47.7 1.6 42.8 2.0 30.2 1.0 29.6 1.2

20 46.6 2.0 40.9 1.1 27.2 1.3 523.6 0.8

40 y442 21| 4lo Ls| 220 0.9 | $21.3 0.8

<—= No significant differences within the group.
<==> NSignificant differences within the group.

between pH and the difference between the abscissae figures
of the curves A and C is also given in Fig. 5 (curve D).

In these experiments a large excess of formaldehyde was used, as the
titration curves were disturbed by unreacted glycine at low formaldehyde-
glycine ratios.

VII. The decrease in pH due to reactions between the catalysts
and free formaldehyde of e.g. the methylol urea solutions
highly influences the stability of these solutions. The pH-
time relationships of solutions containing 0.3 M catalyst and
0.5 M formaldehyde were determined. The initial pH of the
catalyst and the formaldehyde solutions was adjusted to 7.0
before mixing. The measurements were made with a glass
electrode and the reaction temperature was 20° C. The results
can be found in Fig. 6, expressing pH as a function of the
logarithm of time (seconds).

The pH values of reaction mixtures, as described above, but
also including other glycine and formaldehyde concentrations,
extrapolated to infinite reaction time, are given in Table 4.

Methylol urea solutions, prepared as previously described,
were made 0.3 M with respect to the three different catalysts
and then kept at 20° C. The time elapsing until the solutions
became apparently opaque were: NH,Cl — 2 hours, C,H ,NH,Cl
— 7 hours and H,NCH,COOH — 7 hours. Within these time
limits, no viscosity changes appeared.



34

ml 2,5M A Cl or K OH

Fig. 5. Titration curves of the glycine-formaldehyde system.

2h
— NHLCI
7T R T HzN CH2 COOR
— CLHgHH’Cl
16

1 2 3 4 5
log t

Fig. 6. pH-time relationships of the reactions in solutions containing 0.3 M catalyst
+0.5 M formaldehyde at 20° C.
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TABLE 4. pH values, extrapolated to infinite reaction time at 20° C of glycine —
formaldehyde mixtures.

Initial glycine ‘ Initial formaldehyde
concentration, concentration, Infinite pH value
moles/liter moles/liter

0.05 ‘ 0.5 4.90
0.10 0.5 4.59
0.30 0.5 4.42
0.05 1.0 4.46
0.10 1.0 4.25
0.30 1.0 4.10
0.05 3.0 4.20
0.10 3.0 4.02
0.30 3.0 3.80

VIIL. 3 g of fabric samples, stored for 4 weeks at 65 per cent R. H.
and 20° C, representing cases of 10 g/1 catalyst, 6.5 minutes
curing time at 130° C and washed as described above, were
soaked for 30 minutes in 0.1 M HCl at 20° C and then in distilled
water 2 X 2 hours. Liquor ratio: 100: 1. The samples were
then dried at 20°C. Each dry sample was immersed in 40 ml
0.05 M HCI and a titration curve was determined by means of
a glass electrode at 20° C. After each addition of a 0.25 M
KOH solution, the stirring was continued until a constant pH
reading was obtained. Finally, a corresponding curve of 0.05 M
HCI was determined. The curves are found in Fig. 7, and the
coordinates were adjusted so that the curves coincide at pH 7.0.

Discussion

As seen from Table 1, a series of different amounts of the glycine
catalyst was studied, and for comparisons two other substances,
ammonium chloride and butylamine hydrochloride at the rates 10
respective 20 g/l, were included. The amounts of these latter catalysts
were selected from a number of preliminary experiments and represent
the best results of each catalyst, when practical requirements were
considered.

When we examine the results, we find from section I that, except
for the case of 40 g/l glycine, the resin contents are not fundamentally
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Fig. 7. Titration curves of fabric samples cured by means of different catalysts.

influenced by the catalyst and curing conditions. (Low resin content
figures were also found when the two other catalysts were applied
at high rates.) It may be reasonable to assume that the effect is
connected with an acid hydrolysis of the resin, which runs parallel
to the curing. The water retention, section II, seems to be dependent
on the catalyst concentration and the curing conditions. Generally,
the glycine data are above the figures of NH,Cl and C,H NH,CI.
and the minimum retention in connection with glycine appears at
10 g/1.

The crease recovery and duty factor figures were subject to an
analysis of variance, and the significance at 5 per cent has been
determined. The two general groups of these calculations have been:
within the series of a constant catalyst concentration and within
the series of a constant curing condition: 130° C and 6.5 minutes.
The results appear from the arrows in the Tables 1 and 2. As regards
the glycine, we find that in the concentration range 5—20 g/l the
crease recovery and the duty factor are not significantly dependent
on the curing conditions at thedifferent catalyst concentrations or
on the catalyst concentration at the constant curing condition. At
40 g/l glycine, significant differences appear within the group, except
for the weft crease recovery. The 40 g/l figures differ significantly
from the 5—20 g/l group at 130° C and 6.5 minutes’ curing, except
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for the warp crease recovery. Within the two groups NH,Cl and
(',H,NH,Cl the crease recoveries are not significantly dependent
on the curing conditions, but the duty factors show a dependency.

The figures corresponding to the most favourable concentrations
of the three catalysts were also compared, as seen from Table 2.
We find that the crease recoveries do not differ significantly. The
duty factors of 10 g/l NH,Cl and 20 g/l C,H,NH,Cl are not signific-
antly different.

However, the duty factors of 10 g/l glycine differ favourably and
significantly from the corresponding figures of the two other catalysts.

The tensile strength figures of section V, (Table 3) show no signi-
ficant difference between the dry state data. The wet tensile strength
figures of 20 and 40 g/l glycine are significantly different from the
results of 5—10 g/l glycine, 10 g/l NH,Cl and 20 g/l C,HNHCI.
The figures of 20 and 40 g/l glycine are below the figures of the other
series. This is probably not only dependent on the water-cellulose
interaction, e. g. shown by the high water retention figures, as found
when a comparison with the 5 g/l series of glycine is made.

The reaction between formaldehyde and glycine has been discussed
by e. g. Baur'® # and Tomiyama™.

Baur assumes that the reaction product is a weak acid of the follow-
ing structure: H,C = N CH,COOH.

Tomiyama expects that one molecule of formaldehyde reacts with
one molecule of glycine in the alkaline range, yielding the compound

~00C CHzltIH2 CH,O . It may be noticed that this also can be written
~00C CH,NH CH,0OH, ¢.e. a methylol glycine. The amount of
reaction product was calculated from the pH drop occuring when
formaldehyde was added to a buffer system composed of the amino
acid and its salt. The calculations include the assumption that the
NH; group gives off an H" ion when it reacts with formaldehyde. The
equilibrium constants calculated were fairly constant only when
the reaction was assumed to be bimolecular.

As shown by the experiments described in sections VI, the reaction
between glycine and formaldehyde seems to yield a zwitter ion
compound, when carried out in alkaline solutions and with an excess
of formaldehyde. The pK values, as they appear from Fig. 5, curve
D, are 2.5 and 6.5. The corresponding glycine values are 2.3 and 9.9.

From the back titration experiment, we find that it is rather
probable that some kind of a »side reaction» occurs at low pH values,
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and this reaction changes the dissociation properties of the amino
group. That this reaction is not simply a hydrolysis is seen from the
fact that no inflexion of the back titration curve, which would corre-
spond to glycine, appears. From the back titration curve it is also
seen that the acidic properties of the compound are very little
affected by the side reaction.

If not side reaction disturbances occur, the final pH values of a
reaction between glycine and formaldehyde would be > 4.5, as seen
from the pK values. However, in Table 4 we find figures considerably
below this, a behaviour which also indicates the occurance of a side
reaction.

Thus, we may conclude that the reactions between glycine and
formaldehyde are a little more complicated than assumed by the
previously mentioned authors. Further, the requirements on which
Tomiyama’s calculations were based, seem not be completely fulfilled.

It is, of course, very difficult to make any statements concerning
the glycine-formaldehyde reaction product. However, one assumption
which seems to be reasonable is that a methylol glycine compound,

e. . HOOC CH,NH CH,0H 2 "00C CHQ\TTHF_,CHon is formed in
alkaline and neutral solutions. Under acid conditions a compound
in accordance with Baur may also be formed. This would be a be-
haviour similar to the urea-formaldehyde reactions.

The precondensate solution stability is highly dependent on the
rate and magnitude of the pH decrease when the catalyst is added to
the solution. As seen from section VII, the properties of glycine are
in this respect to be regarded as favourable.

From section VIII, we may conclude that the glycine incorporates
into the resin during the heat treatment, and from the titration curve
of Fig. 7 it can be estimated that substantially the whole amount of
the glycine is resinified. It may also be noticed that the pK of the
polymolecular carboxyl groups, which may be assumed to exist, is
not very different from the figures previously given. In accordance
with such an existence of acidic groups, a considerable absorption of
basic dyes occurs, as compared with the samples of the two other
catalysts. This was found when dyeing experiments were carried out.

The difference in shape of the curves in Fig. 7, the water retention
figures and the wet strength may indicate that the curing reactions
are not entirely the same when the glycine and the two other catalysts
are applied.
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In summary, we may conclude that the curing properties of glycine
are highly favourable, especially when the wear properties of the
treated fabrics, as they appear from the duty factors, are considered.

The reactions involved when glycine acts as a catalyst may be a
formation of a glycine-formaldehyde reaction product, which then
incorporates into the resin.

12. On the influence of mercerization tension on the properties of
a crease resisted cotton fabric

Crease resisting cotton fabrics are usually given a mercerization
prior to the resin treatment. This is made since it is known to reduce
the undesirable decreases in the fabric strength, which always appear
in connection with crease resisting treatments of cotton.

It is known from industrial experience that the tensile strength
decrease of the weft direction is, as a rule, considerably greater than
that of the warp direction. This is in itself an interesting problem,
and since it is common that the grey goods weft strength is less than
the warp strength, due to the fabric construction, it also represents
a practical problem of a great importance: Not only the level of the
warp and the weft tensile strength but also the ratio between them
determines the utility of a fabric.

The influence of the caustic concentration on the effect of a pre-
mercerization has been studied recently?s.

However, the effect of different weft tensions applied during the
caustic treatment has not been investigated.

Eaperimental

The fabric used was a 57 X 60, 26/30 cotton print cloth. The fabric
was taken from an industrial run in the bleached state (kierboil-
hypochlorite bleach). The samples to be mercerized were mounted
on a pin-frame so that, without any warp elongation, weft elonga-
tions of 0, 5, 10 and 15 per cent were obtained. The fabric-carrying
frame was then immersed in 270 g/l NaOH!), and three samples of
each tension were mercerized 1, 5 and 15 minutes, respectively. The
specimens were then rinsed in hot water, neutralized with acetic acid,
rinsed once more, and finally dried at 40° C. The fabric was still kept
under tension on the frame during all these operations. One part
of each sample was used for studies of the effect of the merceriza-

1) 20° C.
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tion, and the other part was primarily subject to a crease resisting
treatment. This was made by means of a urea-formaldehyde precon-
densate as follows:

68 parts of a 440 g/1 urea solution were mixed with 76 parts of a solution containing
380 g/1 formaldehyde-80 g/1 methanol. The pH was adjusted to 7.0 with NaOH,
and the mixture was allowed to react at 70° C during 60 minutes. It was then cooled
to 20° C within 10 minutes and then diluted with 236 parts of water. Finally, the
catalyst, glycine, was added at a rate of 12.5 g/1.

The fabric samples were then impregnated with this solution on an over-feed
stenter, and dried at 100° C to < 1 9%, H,0. The curing was carried out by means of
an industrial curing machine of the roller type, fitted with a low tension device. The
curing temperature was 140° C and the time of curing 6 minutes.

The specimens were washed in a rope washing machine of the winch type with
five sections. The fabric remained in each section 4 minutes. The treatments were
as follows: 2x washing in 1.3 g/l soap+3 g/l sodium carbonate, 60° C; 2x rinsing,
60° C and finally 1x rinsing at 20° C. They were then hydroextracted and dried on
an overfeed stenter at 100° C.

After 4 weeks storage at 65 per cent R. H. and 20° C, the untreated
and treated samples were subject to some investigations, described in
the following:

I. The tensile strength was determined in accordance with SIS?)
650009, 7. e. on 5 cm strips at 65 per cent R. H. and 20° C.
Five measurements were made on each sample, and the results
can be found in Tables 5 and 7. At the same time the load-
elongation curves were recorded. Between the curves repre-
senting each sample group, only minor differences appeared,
and the average curves are found in Figures 8 —11.2)

II. The tear strength was determined as described by SIS!) 650026
at 65 per cent R. H. and 20° C. The number of determinations
on each sample was 3, and the average figure of such a deter-
mination was found from the regression line of the breaking
loads, as they appear from the load-elongation diagrams
recorded during the tear tests. The results are found in Tables
5 and 7.

IIT. The change in fabric dimension due to the different treatments,
as shown by the number of threads per em is given in Table 9.
IV. The crease recovery at 65 per cent R. H. and 20° C was deter-
mined by means of Willow’s method®. Five measurements?)

1) Swedish Standards Association.
%) All the curves of each »sgroup» are within the black areas.
%) 10 minutes delay between load removal and recovery measurements.
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TABLE 6. The effect of the mercerization tension on some of the properties of a crease
resisting cotton fabric at a mercerization time of 1 minute.

Weft elongation, 9, 0 \ 5 ‘ 10 l 15
X' tensile strength, kg/5 em ...... 39.2 40.0 40.5 38.2
Tensile strength ratio ............ 1.76 1.44 1.20 1.18
L == s

Tensile strength, warp direction, 3
KglB e et s i srdgers erevae 25.0 23.6 22.1 20.7

Tensile strength, weft direction,

K[ G vz aanion i s aisiavelatensisle 14.2 16.4 18.4 17.5
<= == >
Tear strength, warp direction, kg . 0.35 0.49 0.56 0.59
Tear strength, weft direction, kg .. 0.77 0.80 0.77 0.79
Crease recovery, warp direction, mm 35 36 35 35
Crease re@overy, weft direction, mm 34 34 35 34
Duty factor, warp direction ...... 1.8 1.5 2.4 1.5
Duty factor, weft direction ...... 1.9 1.6 2.0 1.5

<—> No significant differences within the group.
<==> Significant differences within the group.

on each sample were made, and the results appear in Tables 5
and 7.

V. The duty factor of the resin treated fabric samples were deter-
mined, using the method of Breens and Morton®”. The number
of measurements on each sample was 5, and the »bally and
»platey figures to be combined were taken at random. The
testing condition was 65 per cent R. H. and 20° C. The results
are shown in Table 5.

VI. The resin content of the warp and weft threads of the different
samples was determined by means of stripping at boil until a
constant weight was obtained. A tartaric acid buffer of pH
3.2 was used. The average resin content was 10 per cent,
calculated on the dry weight of the stripped fabric, and no



*dnoad oy uryyIm seousIayIp JuUBOIUAIY <=
*dnoad oy) urgym soouetajIp JuUBOIUFIS ON <—>

I €z 1 ¥e €0'0 £6°0 ar'Q ee’l 6T ¢Lle I'g 708 600 TT°] 6°'T 6°LS 40§
1 £C 1 £€¢ L1°0 1670 [ SV | 8’1 €98 F'TO6°6T 9070 FLI @' ©9¢ g
1 e I e 00°0  96°0 L SO I | 1 @'8¢ | ' L08 60°0 60°1 8'T 6°8¢ 1 eI
1 e I £c €0°0 T1F°[ 60°0 LI°0 @'¢ 1'Lle @'g e'lE FLI'°0 9r°[ 1'¢ ¥'8¢ er
)£ €T 1 €¢ 80°0 8@’ L1°0 60°[ 9°'T 0°8¢ 6T 9°C¢ €1°0 91°[ LT 9709 g
1 e & Gt 00°0 @&°l 2’0 ol'l ¢'¢ 0°LE 8T ¢'I€ 80°0 11 1'c ¢'8¢ 1 0T
1 €¢ 1 we? [0 werd|aro 1 F0  ¢°CE 61 1'gg 60°0 08T a1 9°8¢ 9
£ €C 1 e 80°0 98°1 60°0 <I°L 'L @'¢e 6°0 8°CE 80°0 0&°[ 0°T 0°'8¢ g
1 €C 1l € 60°0  18°T Sr'0 61°[ ¢'¢ 1'8C 0°¢g €°€¢ S0 61T LA £ T 4
I €3¢ ! ¢ 60°0 63°[ ﬂ 03" o | 80 L°CC 0y 9’ 6°€¢ €0°0 @8°1 LT 9°6¢ A §
T ¥ 1 #c 00°0 82°I _ €0°0 60°[ 80 0°92 6'T 9°%¢ L00 €8°T 9°T 9°09 ¢
1 Ve 1 Ve FLO mo._c aro  re'l 6°0 892 (N B £ L0°0 82°L T TUI9 1 0
8 s 8 S S s s s
.ﬁ_E AY
: - ‘ b ‘uony
oM duawy\ WM daepy 19\ dae gy P wo g /89 JuowyRe) e80p oM
y3duaays 3duaags jo ouny,
3y u ¢ /8y SISURL S LLC
A10A0001 0sBA)) ydueays e, yidueays episuay, UOIIPUOd UOIFBZLIGdIS Y

44

0uGDf 102300

pazidoaout » fo soyuadosd

Y} [0 2WOs U0 SUOWPUOI UONDZILILWE Yy [0 affa Yy L HTAVIL




45

TABLE 8. The effect of the mercerization tension on some of the properties of a cotton
fabric at a mercerization time of 1 minute.

Weft elongation, 9 l 0 ’ 5 ‘ 10 ‘ 15
Y tensile strength, kg/5 em ....... 61.1 61.4 58.5 58.9
Tensile strength ratio ............. 1.28 1.19 15 1.09

Tensile strength, warp direction,
REIB B0 05w isevaanis o e seaodaesloqayite 34.3 33.3 31.5 30.7

Tensile strength, weft direction,

REfB IO s sravive e i w0 s ARHSR A 26.8 28.1 27.0 28.2
Tear strength, warp direction, kg .. 1.21 1.19 1.12 1.25
Tear strength, weft direction, kg .. 1.68 1.81 1.32 0.96

<~ e ———— <l ——c5
Crease recovery, warp direction, mm 24 23 22 24
Crease recovery, weft direction, mm 24 23 22 22

<—= No significant differences within the group.
<==> Significant differences within the group.

TABLE 9. The influence of the mercerization conditions on the dimensions of crease
resisted and untreated samples of a cotton fabric.

Mercerization conditions Number of threads per em
- Time of Untreated Treated
Weft elonga-
= 2 treatment,
kioty'1% min. Warp Weft Warp Weft
0 1 27 23 26 23
5 27 23 26 221,
15 27 23 261, 23
5 1 261, 231, 261, 231,
5 261, 231, 26 23
15 2615 23 26 23
10 1 241, 24 24 23
5 25 24 241, 23
15 25 24 241, 221/,
15 1 241, 24 241/, . 2314,
5 24 23 24 231,
15 24 24 24 23
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Intensity

Intensity

Distance Distance

Fig. 12. Photometer curves of X-ray Fig. 13. Photometer curve of the X-ray
diagrams, parallel with and perpendicular  diagram of a weft fiber powder. 10 9,

to the fiber direction of the weft. 5 9, weft  weft elongation, 1 minute of merceri-

elongation, 5 minutes of mercerization. zation.

significant differences (at 5 per cent) between the samples,
could be detected.

VII. X-ray diffraction patterns of parallelized fiber bundles of the
mercerized specimens’ warp and weft were determined by
means of the method described by e.g. Hermans®¢, but no correc-
tions for the air scattering were applied. Photometer curves
of the intensities parallel with and perpendicular to the fiber
direction were recorded and corrections were applied for the
hard radiation contribution. An example of the curves is
given in Fig. 12. The ratio a; between the two 4, and a,
between the two A, interferences of the curves — as shown
in Fig. 12 — were calculated and the results appear in
Table 10.

VIII. X-ray diagrams of fiber »powder» of the warp respective the
weft of the mercerized samples were determined by substan-
tially the same technique as described above, and an example
of the curves is given in Fig. 13. The ratios between the peak
intensities of the 4, and A4, interferences — as shown by the
figure — are found in Table 10.
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TABLE 10. The influence of the mercerization conditions on some X-ray data of a cotton

fabric.
Mercerization condition Warp Weft
. Warp | Weft (Aq/As)warp
Weft elonga-| 0 of ke [, | e
: 5 treatment,| a a a a 4/523 | Sl %8 a/3lwelt
tion, % 2 & 3 4
min
0 1 L5 3.0 ) i 2.7 1.23 1.10 1.12
5 1.6 8i2 1. 2.5 1.26 | 1.06 1.19
15 1.6 2.9 L7 2.5 1.22 1.14 1.07
5 1 1.7 3.4 1.5 2.8 117 1.18 1.02
5 1.7 3.2 1.5 2.6 1.18 1.14 1.04
15 1.6 3.2 1.6 2.9 1.22 1.11 1.10
10 1 1.6 3.5 1.6 2.8 1.24 | 1.2% 0.98
3] .6 3.5 1.6 2.9 1.20 1.20 1.00
15 1.7 3.3 1.5 2 1.24 1.28 0.97
15 1 1.6 3.4 1.6 3.1 1 (St 4 1.22 0.96
5 1.7 3.2 1.5 2.9 1.19 | 1.15 1.08
15 1.6 3.4 1.6 2.7 1.13 | 1.18 1.00

Discussion

The effects of the treatments on some of the mechanical properties
of the fabric are, as previously mentioned, to be found in Tables 5
and 7. The experimental results have been subject to analysis of
variance, and in the tables, »significanty refers to significance at 5
per cent. In Tables 5 and 7, the groups investigated represent constant
weft elongations during the mercerization, and comparisons between
different elongations at 1 minute mercerization time are found in
Tables 6 and 8. 1 minute mercerization time was chosen, since this
figure is »normaly for modern mercerization machinery.

Tensile strength: The warp tensile strength of the resin treated
samples seems to decrease with increasing weft elongation. However,
this effect is partially dependent on changes in fabric dimensions,
which can be found when the data of Table 9 are considered. Within
each group of a constant weft elongation, the time of mercerization
is not of any significant importance.

The weft tensile strength of the resin treated samples increases
considerably when tension is applied to the weft during the merceriza-
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tion. In this particular case, 10 per cent weft elongation seems to
represent the most favourable condition. Within the groups 5, 10 and
15 per cent elongation, no significant differences due to differences
in mercerization time are observed. However, within the group re-
presenting 0 per cent elongation, the differences are significant. When
the mercerization time is increased up to 15 minutes, a more favour-
able figure appears, being of the same order as obtained when mer-
cerization tension is applied.

It may be of some interest to compare these results with the corre-
sponding properties of the fabric samples being mercerized, but not
given the crease resisting treatment. When neglecting the statistical
considerations, a tendency to decreasing warp tensile strength with
increasing weft elongation seems to be present. However, when
corrections are applied for the changes in the fabric dimensions (Table
9), such a tendency cannot be found. No influence of the time of
mercerization on the warp tensile strength is found. The weft figures
are not dependent on the mercerization conditions. Thus, the effects
on the resin treated fabric are not simply functions of corresponding
changes in tensile strength figures of the untreated material due to
the mercerization.

The sums of the warp and weft tensile strength figures (combined
at random for the statistical calculations) for the samples given a
crease resisting treatment are found in Table 5. We find that these
sums are substantially constant: only the figures of 15 per cent weft
elongation and 5 and 15 minutes mercerization time are slightly below
the other. This difference is to a great extent dependent on the differ-
ences in number of threads per unit length between the samples.

In the case of samples not given a resin treatment, the corresponding
sums are substantially constant, since the warp and weft tensile
strength figures are not influenced by the mercerization conditions
to any considerable extent.

The ratios between randomly taken warp and weft tensile strength
figures of each kind of resin treated samples is the basis of the ratio
figures included in Table 5. A pronounced influence from the merceri-
zation tension appears, e. ¢. as seen from the 1 minute mercerization
figures of Table 6. Within the groups of 5, 10 and 15 per cent weft
elongation, no influence from the time of mercerization appears, but
such an influence is found within the 0 per cent group: at 15 minutes
of mercerization a decrease appears, as compared with the figures of
shorter treatment times.
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No significantly different data are found between the different
mercerization conditions in the case of samples not given a crease
resisting treatment, for the same reason as previously mentioned.

The effect of the mercerization on the tensile strength of the resin
treated fabric can be characterized by the sum of the warp and weft
. tensile strength figures and the ratio between them.

This particular experiment shows that the tensile strength sum of
the resin treated fabric is not significantly dependent on the merceriza-
tion conditions, but the tensile strength ratio is considerably influenced.
This is also known to be valid for everyone of a great number of cotton
fabrics, which are within the experience of the present author.

Tear strength: The warp tear strength of the resin treated fabrics
does not seem to be dependent on the time of mercerization within
the groups of constant weft elongations, except for the 0 per cent
group: its 1 and 5 minutes figures are considerably below that of 15
minutes. This latter figure, however, is of the same order as the data
obtained when mercerization tension is applied. The figures corres-
sponding to 1 minute mercerization time are not significantly different
when the mercerization is carried out with the weft under tension.

The weft tear strength is not significantly influenced by the mer-
cerization conditions.

The warp tear strength figures of samples not given a crease resisting
treatment do not differ significantly. The weft tear strength figures,
however, are more dependent on the mercerization conditions. When
we compare the tear strength data of treated and untreated samples,
we find that it does not seem to be probable that any simple correla-
tions exist between their properties in this respect.

Crease recovery: Both the crease resisted samples and the samples
not given a crease resisting treatment do not show any influence from
the mercerization conditions on the crease recoveries.

Duty factors: The interpretation of duty factor determinations on
cotton fabrics is a difficult task. The original work on duty factors
was mainly connected with rayon fabrics®”. With reference to practical
experience, it may be assumed that some of the wear properties of
crease resisted cotton fabrics are correlated with their duty factors,
but tensile and tear strength are probably of a very great importance
for the wear behaviour. However, at our present state of knowledge,
we may assume that a high duty factor of a crease resisted cotton

fabric means better wear properties than a low one, but no statements
4
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can be made concerning the practical importance of a given difference
in duty factors between two samples.

As regards the present case, the warp direction duty factors are
somewhat dependent on the mercerization conditions, and the behavi-
our is similar to that of the weft tensile strength.

The weft duty factors are not significantly dependent on the mer-
cerization time and tensions.

It may be of some interest to discuss possible mechanisms behind
the effects described above. One way to approach the problem is to
assume two entirely different possibilities; A: a purely mechanical
effect due to changes in the cooperation between the fibers within the
yarn and also between the threads when a load is applied, or B:
changes in the internal fiber structure, affecting the mechanical effects
of a crease resisting treatment.

The following discussion may be applied to assumption A: When a
load is applied to the fabric, not all fibers of a yarn cross section are
subject to forces of the same magnitude. However, within the yarn
there may be a tendency to compensate this by fiber motions, e. g.
by partial stretching of the coiled fibers or simply by some kind of a
slip. Maximum strength will probably appear when the difference in
load between single fibers of the yarn cross section is as small as
possible, . e. that it does not happen that some fibers break before
other fibers carry a considerable load.

A crease resisting treatment may mean that the coiled state of the
fibers is made more permanent: the energy difference between the
coiled and the straight state is greater than that of untreated fibers.
This may also mean that the »compensation» assumed does not occur
as easy as for untreated fibers.

A similar discussion may be applied to the yarn as well; in that
case the coils of the fibers are compared with the »waves» of the yarn.

When a fabric is mercerized, especially under tension, it would be
reasonable that the fibers, and also the yarn, when being in a highly
swollen state, change the mechanical positions in such ways that they
attain better positions for cooperations of the kind described above.
These positions would then remain when the caustic is removed and
the fabric is dried. The new state would then be favourable to start
from when the crease resisting treatment is carried out.

The role of such a mechanism in the present case seems not to be
of any definite importance. The tensile strength figures of the mer-
cerized fabric, Table 7, do not show any influence from an effect
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of this kind. (An interpretation of e. g. the weft tear strength data
is very difficult to carry out, since very little is known about what
happens within the yarn when a fabric is torn.) A comparison between
the load-elongation curves of Figs. 8 and 10 respective 9 and 11
shows that no simple correlations exist between the load-elongation
behaviour of the resin treated and the untreated samples. Examples:
A separate 0 per cent — 15 minutes curve of Fig. 8 does not appear
in Fig. 10, and the coincident 10 and 15 per cent groups of Fig. 10
appear separated in Fig. 8.

The X-ray analysis carried out in the present investigation may
form a base for discussions concerning assumption B. The experiments
of section VII were made in order to study the influence of the mer-
cerization conditions on the molecular orientation within the fibers.
The method applied does not allow any orientation determinations
of a high accuracy. It is, e.g. very difficult to obtain a bundle of
really parallel fibers, However, if any considerable orientation differ-
ences are present, they would appear from the figures of Table 10.
As seen from this table, such differences do not appear.

The scope of the analysis of the X-ray diffraction patterns of section
VIII was to examine the influence of the mercerization conditions on
the formation of cellulose II as compared with the remaining cellulose
I. This can be made by means of a determination of the ratio between
the integrated intensities of the 4, and A, interferences, but such a
determination is very difficult to carry out. The 4, and A4; intensity
distribution curves cover eachother and their zero levels are hidden
by other interferences and by contributions from the continous
scattering of fiber regions of a low degree of orderliness. The method
of analysis used in section VIII and shown by Fig. 13 is purely empiri-
cal, but may, with reference to the previous discussion, be as suitable
as several other methods for approaching the problem: it seems to
be reasonable to assume that some correlation may exist between
these 4,/A4, peak intensity ratios and the ratios between the amounts
of cellulose I and cellulose II. The correlation would be of such a kind
that decreasing 4 ,/4, ratios mean an increasing fraction of cellulose II.

The general impression of the figures in Table 10 is that the 4,/4,
ratios of the warp are comparatively little atfected by the merceriza-
tion conditions, only the figures in connection with 15 per cent weft
elongation deviate slightly from the figures of the other groups. The
influence on the weft figures is of a greater magnitude, and the maxi-
mum figures appear at 10 per cent weft elongation.
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Fig. 14. Relationship between the Fig. 15. Relationship between the warp ten-
weft tensile strength and the A;/A; sile strength and the A;/A; peak intensity
peak intensity ratios of the weft. ratios of the warp.

The correlation between the 4 ,/A4, ratios of the mercerized samples
and the corresponding tensile strength of the same samples after the
resin treatment is shown by Figs. 14 and 15. Finally, the correlation
between the ratios between the warp and weft A4,/4, figures of the
mercerized samples and their warp and weft tensile strength ratios
after the crease resisting treatments appears in Fig. 16. When these
diagrams are examined, and the previous discussion is considered, it
may be assumed that an increasing fraction of cellulose II of the
mercerized samples means decreasing tensile strength figures of the
sample after the crease resisting treatment.

The explanation given still remains a hypothesis, since the experi-
mental background does not allow any conclusive statements. How-
ever, it is a hypothesis with a fair degree of probability.

It is known that the tensile strength of a cotton fabric increases
when the fabric has been subject to a mercerization before the resin
treatment. Thus, the unmercerized state, with its high fraction of
cellulose I, is not as suitable as the mercerized for crease resisting
treatments. If the previously given hypothesis is accepted, this means
that there ought to be an optimum cellulose I — cellulose II ratio.

It is also known?® that the caustic concentration used in this study
is within the range producing maximum tensile strength improve-
ments in connection with crease resisting treatments. It may be
reasonable that a concentration a little below this range would decrease
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Fig. 16. Relationship between the ratios between the warp and weft A /A, peak
intensity and the corresponding tensile strength ratios.

the fraction of cellulose II, and accordingly give rise to greater im-
provements, . e. a contrariety to the observed effect. The distribution
of cellulose I and II within the fiber may be influenced by the caustic
concentration, at higher concentrations also less accessible parts are
subject to swelling. However, the restraining action of the merceriza-
tion tension is not necessarily of the same kind as the behaviour at
a low caustic concentration, in any case when moderate tensions are
applied. Since the reaction cellulose I = swollen cellulose may be
partially reversible, the distribution of cellulose I and IT within the
fiber may not be same if the cellulose I originates from regions which
have not been subject to swelling or from regions which have been
swollen. It seems to be reasonable to assume that such differences
in distribution also may influence the strength properties of the
fabric in its final, resin treated state.

However, in the present case the dependence of a change in internal
fiber structure on the mercerization conditions is probably one of
the more important factors which control the final strength.

Finally, we may discuss the results of the present study from the
practical point of view.

When the warp and weft tensile strength figures of the resin treated
and untreated samples are compared, it is seen that the tensile strength
loss is considerably greater for the weft than for the warp when no
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mercerization tension is applied. This is, from industrial experience,
known to be a common behaviour. Further, the warp tensile strength
of the grey goods very often exceeds that of the weft. Thus, the
decrease in weft tensile strength of cotton fabrics in connection with
crease resisting treatments is one of the important textile finishing
problems. However, as seen, this problem can to a great extent be
kept under control when a properly selected weft tension is applied
during the mercerization before the resin treatment. This is in accor-
dance with the experience from several years of industrial application
of the findings described in this paper.

Comments

In the search for better wear properties-crease recovery rela-
tions, two different lines may be of the greatest importance: modified
resins and modified fibers. Part 77 of this thesis is an example of
the former, 10 and 12 of the latter.

A great number of modified precondensates are on the market —
methylol melamines, dimethylol cyclic ethylene urea, methyl and
ethyl ethers of the methylol compounds ete. — but fundamental
differences between them do not exist, as regards the properties
discussed here. Also a number of different catalysts are available,
but no fundamental improvements have been observed: the results
obtained by means of glycine are the best ever observed by the
present author. Thus, it may be reasonable to assume that many of
the possibilities within the »modified resin line» have been investig-
ated, and that the improvements which can be obtained are limited.

The other line — modified fibers — has not yet been subject to any
extensive research. However, the changes in internal fiber properties
obtained in accordance with the parts 70 and 12 have a significant
and favourable influence on the wear properties-crease recovery
relation. Intuitively, it seems to be probable that considerable
improvements in this respect can be obtained when more is known
about the internal fiber structure and its influence on the effect of
crease resisting treatments.
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Appendix

The Figs. 14—17 and Table 1 of paper I, p. 607 respective 611, are replaced by the following:

Table 1.

_ 20 Y“HBO‘ Electrode °c Pk, kﬂjo‘ Kia®
and ion,

= / A Na* 25 0.4 1,08 1.06

5 Na' 25 1.5 1.00 0.82

I c ra* 10 1.6 1.00 0.80

1.0 | c Na' 25 1.1 1.0 1.09

c Ne* 50 10,0  1.00 1.45

i c 1 100 322 125 0.76

¢ 1* 25 121 1.25 0.92

] c u’ 5% 10,6 1,25 1.5

i D Na* 25 13.9 0.72 2,22

E. Na' 25 150 275 0.98

Fig. 14
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On the Alkaline Error of the Glass Electrode *

NILS LANDQVIST

- Rydbololns ABSRudboluin, Sthedsn

A theoretical treatment is given to the glass electrode alkaline be-
haviour, considering the influence of the state of adsorption on the
adsorption energies. By expanding in series and approximating, the
equation deduced has been transformed into earlier known, empirical
expressions. Experimental results confirm the theoretical treatment.
Finally a differential measuring method has been described, to be
applied for correcting the alkaline error in glass electrode measure-
ments when the activity of the sodium ion (or other) is unknown,
comprising the use of two glass electrodes of different, but known,
alkaline error functions.

Since Hughes ! discovered the alkaline error of glass electrodes in 1922,
several theories have been applied to the quantitative treatment of the
difference between hydrogen and glass electrode behaviour. Important con-
tributions in this field have been made by Dole et al.>-7, and also by Nicolsky 8,
Gross and Halpern ® and Tendeloo and Voorspuij 1911, For a more general
review of the different theories, reference may be made to Kratz 2.

The theories of Dole and of Nicolsky give the same final equation, which
can be written:

loglexp (FAE/RT)—1] = pH -+ log Cxat+ -+ constant (1)

(AEis the alkaline error, pH and Cxa.+ refer to the solution surrounding the
glass electrode.) If log [exp (FAE/RT)—1]is plotted as a function of pH from
experimental data, the linear agreement is good, except that the slopes of the
lines are not unity, as demanded by eq. (1). Thus, for an electrode made of
Corning 015 glass, a slope of 0.57 for 1 M Na™ at 25° C was found by Dole 3.
(It was also stated in the same paper that no quantitative explanation of the
deviation of the slope from unity had been advanced at that time.)

The validity of the Gross and Halpern treatment has been discussed and
criticised by Dole 7, who concludes that their final equation is not as good
as eq. (1) for explaining glass electrode behaviour in alkaline solutions.

* This paper is based on a lecture given by the author at the 8:th Congress of Scandinavian
Chemists in Oslo, June 14—17, 1953.

Acta Chem. Scand. 9 (1955) Neo. 4
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The treatment by Tendeloo and Voorspuij gives the equation:
log [exp (FAE/RT)—1] = pH + log [(1 + K, - Cxa+)/K';] (2)

(AE is the alkaline error, pH and Cya.+ refer to the surrounding solution,
K," and K, are electrode constants.) The equation is very similar to eq. (1),
and for ordinary glass electrodes it fails as does eq. (1) in predicting a slope
of unity. However, these authors used an electrode made of Al,O,-containing
glass with a very high alkaline error. At pH 11 and Cxat+ = 0.1 the error was
about 50 times greater than that of an electrode made of Corning 015 glass.
In this case eq. (2) is in good agreement with experimental results, but the lack
of agreement occurs at low A £, which can be expected from the behaviour
of said Corning 015 glass. This is also stated by the authors.

The basic ideas of the four different treatments refered to above, have been:

Dole: Ton exchange reactions take place between the glass electrode surface
and the surrounding solution, and the equilibrium is treated mathematically
by a statistical method used earlier by Gurney 4,15 in studies on other electrode
reactions.

Nicolsky: The ion distribution on the glass surface and in the surrounding
solution is treated by the law of mass action.

Gross and Halpern: It is assumed that the electrode glass may be treated
as a difficulty soluble salt, which forms with water a saturated solution, so
that the water dissolves in the glass until the glass becomes saturated with
water. It is also assumed that the mass action law holds for such strong
electrolytes as sodium hydroxide and sodium acetate both in water and glass
phases, that water, glass, acids, bases efc. distribute themselves between
the glass and the aqueous phase in accordance with the well-known distribution
law, and that the activity coefficients of all ions are the same.” (Dole 7).

Tendeloo and Voorspuij: Dissociation equilibria between the swollen glass
surface and the surrounding solution are controlled by real constants of disso-
ciation for the silicic acid in that surface.

In the following discussion a refined treatment of the glass electrode alkaline
error will be given, and the influence of the state of adsorption on the adsorption
energies will also be considered. This has not been made in the treatments
mentioned above.

The physical model used for the mathematical treatment is in accordance
with the ideas of Tendeloo and Voorspuij 1, the SiO,-network of the electrode
glass being regarded as containing three dimentional interstices, offering room
for metal ions such as Na™ and Ca?". When the electrode surface is brought
in contact with water the network on the surface and to some depth into the
glass will pass into a swollen state, the aforesaid metal ions will be dissolved
to a great extent and replaced by H* or H,O" ions. In this way the surface
layer is substantially free from other cations, and consists of silicic acid. The
silicic acid is then able to take part in ion exchange reactions, so that all states
from complete H saturation to a more or less mixed composition of H* and
other cations are possible. Under these conditions it may be anticipated that
the adsorption energies, i.¢. the forces between adsorbed ions and the adsorption
sites, will be dependent on the state of adsorption, so that the energy will not
be the same if an adsorbed ion has identical or dissimilar ions as neighbours

Acta Chem. Scand. 9 (1955) No. 4
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Fig. 1. Apparatus for hydrogen and glass electrode measurements.

on the surrounding adsorption sites. This seems to be reasonable, as the degree
of “energy saturation’ of each adsorption site may influence the surrounding
sites, with regared to their available adsorption forces. As we are dealing with
a network, 7.e. a kind of a large molecule, the state of the internal resonance
energies can to some extent be compared with that of a polybasic acid. How-
ever, in the case of glass the effect is more complex, as the glass is a solid acid,
where the electrical forces outside the molecule have a large influence on the
activity of the adsorbed ions.

EXPERIMENTAL

In the experiments a glass apparatus, Fig. 1, was used, with spaces for four glass
electrodes C, a reference electrode A, a hydrogen electrode B and a temperature com-
pensator D, used when measurements were made with instruments having an automatic
temperature compensation device. During the measurements the whole system was
enclosed in a Faraday cage, and the temperature of the surrounding room, 25° C, con-
trolled by means of a radiant heating device to within 0.1° C, with a temperature change
less than 0.1° C per hour. When hydrogen electrodes are used in alkaline solutions, it is of
greatest importance that the hydrogen should be of a very high purity. An amount of
oxygen exceeding 300 ug per litre can give mixed hydrogen-hydrogen ion and oxygen-
hydroxyl ion potentials, disturbing the response of the electrode. The cylinder hydrogen
used in this work was purified in the following manner, which gave excellent results. The
gas was passed through a tube of stainless steel, with a diameter of 20 millimeters, con-

Acta Chem. Scand. 9 (1955) No. 4
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taining one layer of cut copper wires, and another of platinum deposited on porcelain.
The height of each layer was 300 millimeters. The tube was heated by a 1 000 watt heat-
ing coil, controlled by an energy regulating device to maintain the temperature of the
catalyst at 650 + 25° C. The gas was in contact with the catalyst for about 5 minutes.
It was then passed through a copper pipe for air cooling and bubbled through concentrated
sulphuric acid and then through a solution of sodium hydroxide (400 g per litre). Before
entering the hydrogen electrode, the gas was passed through a large quantity of thermo-
stated distilled water, in order to avoid temperature changes at the electrode and to attain
approximate equilibrium with the vapor pressure of the solution to be investigated. This
eliminated changes in concentration, caused by evaporation from the electrode solution.
The efficiency of the purification was examined from time to time. The purified h{'drogen
was bubbled through a small volume of 0.1 M KCl, and after one hour of bubbling the
oxygen was determined polarographically. The amount of oxygen was always found to
be less than a few ug per litre, which was below the limit for side reactions. Anodic
polarographic investigations in 0.1 M Na,HPO, gave no detectable wave of H,S, arising
from the sulphuric acid and not completely removed by the sodium hydroxide solution.
From this it can be concluded that the amount of hydrogen sulphide was less than a
few ug per litre of solution.

The hydrogen electrode B was designed as a triple electrode with three separate plati-
num wires for measuring the response of the electrode. In every pH measurement the
three electrodes were measured individually several times, and the agreement of the three
Eotentials had to be within the accuracy of the instruments used for the determination,

efore the measurements were accepted. Experience has shown that oxygen impurities,
bad platinum plating and other electrode errors do not give identical potentials. The
platinum plating was prepared by electrolysis, using & Pt anode, area 200 mm?, at a
distance from the cathodes of 20 —30 mm, in 209% PtCl, at 4 volts for 15 sec. and at a
temperature of 20° C. The cathodes, 7. e. the three platinum wires of the hydrogen elec-
trode, were each 0.5 mm in diameter and 7 mm in length. The platinum deposit was
renewed when necessary, but at least every day. The old deposit was carefully removed
and the electrode cleaned by means of sodium chromate in sulphuric acid and rinsed in
distilled water before replating. The reference electrode was a 0.1 M calomel electrode,
this concentration being used as it has a low temperature coefficient and seems, with the
electrode design used here to be practically free from variations in diffusion potentials.
The electrode was similar to the type introduced by Perley *°.

The apparatus was operated in the following manner: With the cocks 2 and 6 (with-
out grease) and 5 open, the test solution, buffer I or IT, was introduced into the apparatus
to cover the electrodes. (The reference electrode has a little hole, not shown, to allow the
air to escape.) After closing the cocks 2 and 6 and opening 1 and 4, the hydrogen bubbling
was started. As the hydrogen electrode space has a small volume, the oxygen in the
solution was removed and hydrogen saturation quickly obtained. The minimum time of
bubbling was of the order 10— 15 minutes. The glass electrode potentials were measured
at 5 minute intervals over a period of 30 minutes, thus giving 6 different determinations
on each solution. The solution around the glass electrodes was stirred continously by
means of the bubbling hydrogen, introduced by means of the pipe E. After 30 minutes
the hydrogen electrode potential was determined, and during this measurement, cock 5
was closed, and all the three electrodes tested for coincidence. In order to investigate if
any liquid junction potentials arise at the cocks 2 and 6, these cocks were opened and the
potential difference determined. To change the pH of the solution, the cocks 1 and 5
were opened and the hydrogen electrode tube and that containing the reference electrode
drained by means of cocks 2, 3 and 6. A desired amount of ”contrabuffer” IT or I was
added to the solution around the glass electrodes, which was then stirred violently by
means of the hydrogen, and by using the cocks 2, 3 and 6 the hydrogen and reference
electrodes were rinsed several times, and finally as much solution removed as was neces-
sary to maintain constant liquid level. The next measurements could then be made.
Before and after each series of measurements the apparatus was filled with a control
buffer and hydrogen and reference electrodes and asymmetry potential changes checked.
As a rule identical values were found, but if this was not the case, the whole series of
measurements were rejected and repeated after careful checking of the electrode system.
The average accuracy was + 0.25 mV.

Acta Chem. Scand. 9 (1955) No. 4
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The buffer solutions used were: 1. 0.010 M Na,PO, + 0.010 M Na,CO; + 0.050 M
NaOH + NaCl to Cya+ = 0.10, 0.50,1.00, 2.00 and 4.00. II. The same as I, but with 10
ml per litre 10 M HCI added. Control buffer: 0.025 M KH,PO, + 0.025 M Na,HPOy,;

pH 6.86.

The instruments used for the potential determinations were a Radiometer PHM 3g
and two different Leeds & Northrup instruments as secondary controls.
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Measurements were made on two commercial glass electrodes, one of type A, and one
of another type B, using the method described above. The investigated ranges were:
pH 9—11.5 and CNa+ 0.10—4.00 at a temperature of 25° C. The electrodes A and B have
different, but unknown glass composition. For calculations in accordance with the theory
presented later in this paper, data obtained by Dole et al.>-"» 1* have also been used.
The object of this has been to include still another composition of glass, and also to include
the effect of different temperatures, 10, 25 and 50° C, and of different ions, Na+ and Lit.
(As the other ions investigated by Dole/give a very low alkaline error, the accuracy is not
sufficient for these calculations. Hence only the Na+ and Li+ results have been examined.)
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In the present paper, the electrode used by Dole has been denoted by C. Figures for Na+
at 25° C from the manufacturers’ bulletins concerning two different electrodes D and E,
having a very low alkaline error, were also used as a basis for mathematical calculations.
In this case the data are of doubtful value, as nothing is known of the measuring technique
and accuracy, the test solution composition and the activity changes at high pH values.
The assumption has been made that NaCl was present in the solution and that the amount
of buffer was low. The values have been included since they do give some additional
indication of the low alkaline error electrode behaviour.

For the electrodes mentioned above, two functions have been plotted for all of them
from experimental data, to be used in the theoretical treatment, namely:

F(AE"— AE')|2 RT = {(F AE|RT) (3)
FAE|RT = gM.pH + In ana+) (4)

In these functions A E is the alkaline error at an activity of hydrogen ions corresponding
to pH and a sodium activity of aNa+. AFE’’ is the alkaline error at a pH 0.25 units above
the pH value at AE, and AE’is that at a pH 0.25 below. M is the logarithm conversion
figure. In the case of eq. (4) the sodium ion activity has to be estimated. This is, of cause,
a difficult task. In the measurements made by the author, the buffer concentration was
kept low and most of the sodium ions are due to NaCl. This gives a simpler solution from
the point of view of activity calculations. In all cases the mean activity coefficient of the
electrolyte has been applied to Na+t, and has been taken from different papers 17-1°,
However, even if the accuracy of the activity figures is moderate, they are to be pre-
ferred to the concentration figures used in other treatments. In Figs. 2—13 plots of the
functions (3) and (4) are shown, and the mean curve from them will be used later for
further calculations.

THEORETICAL

Applied to a system where ions are distributed between different phases,
the Boltzmann energy distribution law can be written:

iC; = exp (_isj/RT) (5)
where ;C; = concentration of an ion i in a phase j; ;¢ = total energy for an
ion i in a phase j. If considering the physical model, and eq. (5) is applied to

one of the two glass electrode surfaces, 7.e. to the system solution — surface
layer, then:

i{Cs = exp (_ies/RT) (5a)
iCg = exp (—&/RT) (5b)
iCg = iCs - exp[—(6g — &)/ BT] (6)

where: ;C; = concentration in the solution of an ion i, ;C; = concentration
of an ion i in the surface layer of the glass, defined in accordance with the
physical model, &, = total energy in the solution for an ion i, ;¢ = total energy
in the surface layer for an ion i.

Let: ;U, = equilibrium energy in the solution for an ion i, ;U; = equilibrium
energy in the surface layer for an ion i.

Then: &s = ;U; + constant
&g = iUy + 2FE + constant

where F is the difference in electrical potential between solution and surface
layer, and z is the valency of i.
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From this:
Ce = 05 - exp [— (U + 2FE—,U,)/RT] (6b)

As the logarithm of the activity coefficient gives the difference between
actual and ideal energies in the solution, then if the ideal energy is written
iUcs'

iCg = 185+ exp [— Uy + 2FE—,U,,)/RT] (7)

where ;a, is the activity of the ion in the solution.

If we define: Uys—;U; = @,
then
2 a,-exp [(@—=zFE)/RT] = 2 Cy (8)

This can be regarded as the fundamental equation of the glass electrode.
In the following treatment we shall for simplicity select the ions Hz;O*
and Na®. In this case eq. (8) can be written:
RT 17l

E i In [am,0+ - exp (Qu,0+/RT) + ana+ - €XP (QNa+/RT)]_—F' InZ'Cg (9)

Let X; = C,/2C;, and define @; » @, Cg = {Cog when X;— 1.
If ana+ - €xp (@wat/RT) < amo+ - €xp (Quo+/RT) eq. (9) can be written:

RT MRT

E' = Qomo+/F ——5 In2Ce ——5 pH (10)
Lot Quuot/F— o inZ o = e,
toen B =e¢, — —MﬁTpH (10a)

This is, except ¢,, the equation for the hydrogen electrode. The differences
in ¢, for the two active surfaces of the glass electrode:

e'—e¢, = @ (11)

is an expression of the asymmetry potential, i.e. the deviation in £, in comparison
with the hydrogen electrode. If the electrode surfaces change their properties
in different ways, this will cause a variation in ¢. However, for short periods
(of the order 100 hours) ¢ is a constant.

If it is not possible to neglect the Na'-term, and if we define:

AE = E—FE' (12)
then, since

2 Ce/2 (Cog = Xp,0+ + Xya+

(Xmo0+ + Xya+) - exp [(Qomo+ — @u,0+)/RT]- exp (FAF[RT) =

Lot b [(Quas — Guis)[RT] 4+ ) (13)

aAH,0+
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Applying the distribution law once more:

XxNa
XN e exp [(@vat+ —@uo0+)/RT]
H,0+ aAH,0+
a X a X s
and MGXP [(@xat —Quy0+)/RT] + 1 =— %_F ok
ag,0+ H,0+

Combining this with eq. (13) gives:
F - AE[RT = (@u0+ — @omo+)/RT —In Xg,o+ (14)

So far nothing has been assumed concerning the number of points for cationic
adsorption in the surface layer. Here the assumption will be made that the
number of points s constant. The reason for this is that only a destruction of
the surface layer will change that number, and the possibility of such a destruc-
tion seems to be remote. This can be concluded from the fact that the asym-
metry potential remains constant, even if the electrode is alternately brought
in contact with acid and alkaline solutions, and also from the reproducible
alkaline behaviour.

From this assumption we get:
2 G = 2 C,; = constant (15)
and Xg0+ + Xynat+ =1 (18)

It may be pointed out that eq. (16) contains concentrations, i.e. numbers of ions.
However, the activity of the adsorbed ions may change with the state of adsorp-
tion, and this will be revealed by variations in U, and @,.

By applying eq. (16), eq. (13) is reduced to:

exp [(Qom,0+~@m,0+)/RT]-exp (FAE/RT)- %I:;—i exp[(@xa+-@u,0+)/RT]+1 (17)

From the treatment given above it is possible to calculate X0+, Xxa+, (Quo+
— Qom0+ )/RT and (Quu,0+ — @xa+)/RT from experimental data on the alkaline
error under different conditions. This can be done from two separate values
of both A F and aya,+/an,0+ by means of eq. (14) and eq. (17). The first step
is to determine exp [(Qem,0+ — @u,o0+)/RT], keeping an,+ constant.

In practice it is not possible to attain these conditions, as the sodium
ion activity changes with the ionic strength when pH is altered. However,
errors from this source can be kept low if a suitable solution is used, containing
a small amount of buffer with most of the sodium ions present as NaCl. We
write:

exp [(Qomo+ — @mo+)/BT] =y
exp [(@va+ — Qumo+)/RT] =6

From eq. (17) - exp (FAE/RT) =a§‘i 41
H,0+
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and for AE” and AE'

y-exp (FAE'/RT) =6 —>t 4 1
a {0+

y-exp (FAE'/RT)=8—2t 41

a H,0+
y-exp (FAE'/RT) —1 a'mo+
w exp (FAE”/RT) —1 a-'H'0+

1.e.

(AE'< A E" and correspondingly a@'u,0+ > a"m,0+)
With a pH difference of 0.50, which is adequate for over all accuracy in the
measurements, we have: a"mo+/8'mo+= 1/¥/10 and

1 3.16 FAE'|RT)— FAE"|RT
- = exP [(Qu,0+ — Womo0+)/RT] = Sl ol t) —sapba (b
Y 2.16
Putting as a first approximation AE = (AE' + AE")/2, which is equiva-
lent to assuming that the alkaline error function is a straight line in the small
interval between AE’ and AE”, and combining eq. (14) and eq. (18):
SR 1.46
™0+ = oxp (F(AE"—AE')[2RT]
From the earlier equation:

(18)

—0.462 - exp [F(AE" — AE')2RT] (19)

Xna+ __ BNat+ exp [(@va+ — @Qu,0+)/RT]

Xm0+ 8mo+
and eq. (14) we get:
In Xyet + (Qomot+ — @ua+)/BT = In axe+ + M-pH —FAE/RT (20)

As Xg,0+ + Xnat+ = 1 we can derive Xya+ and (Qom,0+—@xa+)/RT from eq. (19)
and eq. (20). As can be seen from above, it is convenient to plot the functions
(3) and (4) from the experimental data, as this considerably reduces the calcula-
tion required.

In order to deduce an alkaline error equation, it is necessary to find the
dependence of (Q,—@Q.;)/RT on X;. We will here start with the assumption
earlier used for localized adsorption layers, e.g. by Fowler 20, that the energy
of interaction can be expressed as the sum of contributions of pairs of nearest
neighbours. If every adsorption point has % neighbours, and an ideal distribu-
tion is assumed, every site has a possibility X; of being occupied by an ion i;
the number of pairs will be % - X,. As it is assumed that the change in inter-
action energy, for the whole system given as X, - d,Uy, is proportional to the
change in number of pairs, we get:

X, 4U = k- 3 dX; (21)

: . 2
Or, if we write 170; = k3,
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% = ky - iU, (22)
and In X; = ky- d;U; + constant (23)
As we defined ;Ug - ;U, when X; - 1, the value of the constant is — ,U,,.
and In X; = ks(;Ug—Uq) (23a)
Regarding the significance of @, and @, and writing k- RT = k,:

In X: = kA(Qoi""Qi)/RT (24)

From the different experimental figures, plotted in accordance with
eq. (3) and eq. (4), and by means of eq. (16), (18), (19) and (20) the functions

I f( Qu,0+ ;TQOH.M )

— In Xyt = f( Q°H'°*}B; Ona+ )

have been calculated for the different electrodes at different conditions.
As can be seen from the diagrams, Figs. 14—17, the requirements of eq. (24)
are fullfilled, .. the experimental results are in agreement with the theoretical
equation:

From the distribution law we have:

4y

X; = ZiCog exp [(Qi_ EF)/RT]
and from this and eq. (24):
(I + ky)ky . exp (Qui/RT)
% =30, oxp (FEJRT) (26)
_ [amo+ exp (Qomo+/BT)\kamo+ /(1 + kamo+)
god Xaio+ = (z'icog ' “exp (FEJRT) ) eba)

_ [ awat+  ©xp (Qowa+/BT) \kana+ [(1 + Kana+)
Xrat = (&cog' oxp (FE/RT) ) {3BL)

Let (1 + kamo+ )/kano+ =9 and (1 + kawa+ )/kanva+ = 7; and we get from
eq. (25a) and eq. (25b):

s
X0+ 28, s ag,0+ (26)

T
XNa+ aNa+

In this treatment eq. [26) is therefore the adsorption isotherm of the glass
electrode. As X' X; = 1, the general equation for a system containing two
different univalent ions can be written:

5 exp (Qu/RT) . 8y ky/(1 + ky) 1
Z.0 exp (FE/RT) o

(27)
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(This treatment probably cannot be applied in its simple form to multi-ion
systems, as the adsorption sites not occupied by the ion i can be occupied by
more than one kind of ion. This makes the treatment of the interaction energies
more complicated. However, in practice the case of two univalent ions is of

most interest.)
Applied to H;O™ and Na™ eq. (27) will be, if p = 1/# and ¢ =1/7:

(OXP(QoH.0+/RT)_ am,0+ A)’_}_ <°XP(QoNa+/RT) et )’= 1 (28)
50 oxp(FE|RT) 2 Ou  oxp(FE/RT)

This equation can be transformed:
—p-PH + p- Qeu,0+/M: RT —p-F-E/M- RT —p-logZCoy =

aNa+ g _ [exp (@owa+ /RT)\?

log[ (exp(FE/RT) )] where K = (———Zicog ) :
Since —pH = FE'/MRT — Quu,0+/MRT + log Z\Cp; and as A B = E — E'
therefore

aNa+ q
e + log [ ( oxp (FE|RT) ) ] (29)
= - s bgefi) o MR

or ApH=—_ . log [1 K( e >] (30)

It is interesting to see that by expanding eq. (30) in
log (1—a)~ —2........
we obtain

K ANa+ ¢
S pHe ( oxp (FERT) )
and from this:
log A pH = ¢ (PHmeasurea + 10g axa+) -+ constant (31)
and, with the approximation a wa.+ = constant - Ca+:
log ApH = a - pHmeasurea + b - log Cya+ + constant (32)

This is the same as Jordan’s empirical equation 21, 22,
Eq. (29) can also be written:
1 ) o exp[(QoNr}-—QoH.O‘F)/RT]. anat |’ (33)
exp (pFA E/RT) exp(f'A E/RT) am,0+

As, in accordance with eq. (24)

by e B B
* T (@u—Q)/ET
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is k, = o if not the interaction is considered. In such a case p =¢ =1,
and from eq. (33):

log [exp(FA E/RT)—1] = pH + log axa+ - exp[(Quva+ —Qemo+)/RT]  (34)

This is the same as eq. (1) derived by Dole, neglecting interaction. (Eq. (1)
contains Cna+ as Dole starts from what has been defined as;Uj in this paper,
instead of the constant value ;U,.) As mentioned earlier, the lack of agreement
is that the experimental alkaline error figures do not give the slope of unity,
as the equation requires.

As, in accordance with the following

exp [(Qova+ — Qom,o+)/BT] - = B

aH,0+
F-AERT ==
eq. (33) can be written:
1 p
S LR P % eld—P)r —
pr 1 o T e —e B

and after expanding in series and approximating, we get:
et — eld—2)% ~ p-

However, this is also the first member of the expression for p(e*—1), and we get:
p(e* —1)~p*
And from this

% - log[exp (FA E/RT) — 1] = pH + log axa+ - exp [(Qova+ — Qom0+ )/BT] +

i 5 log P (35)
q
This equation is the same as eq. (1), except that it does not demand a slope of
unity, and so can be brought into agreement with the experimental results.
Eq. (29) can also be written:

%- log[1 —exp(— pFAE/RT)] = pH + log anxa+ + log K (29a)

From the results obtained for the electrodes A and B, a check on the
validity of eq. (29a), (31) and (35) can be obtained from Figs. 18—20. (The
values of p are calculated from Fig. 14.) As can be expected from the approxi-
mations introduced, the agreement is good for low and moderate alkaline
errors, but deviations appear at higher values. Deviations of the same kind
can also be found in Dole’s investigations, e.g. Dole 12, p. 271, Fig. 16.8. In
the case of eq. (29a), where no mathematical approximations are introduced,
it can be found that the equation is valid also at high alkaline errors, so that
it 1describes the experimental behaviour of the glass electrodes in alkaline
solutions.
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DISCUSSION

In the treatment given above, it has been shown that when the interaction
in the surface layer is taken into account, an alkaline error equation can be
derived, which is in good agreement with experimental results. The equation
can also be approximated to the empirical equation suggested by Jordan, and
to an equation of the Dole type, but with a slope in accordance with experimen-
tal data. It has also been shown that the interaction can be expressed as the
sum of contributions of nearest neighbours. An adsorption isotherm for the
glass electrode has been deduced, and the asymmetry potential given thermo-

dynamic significance.

A more exact treatment of the significance of “contributions of nearest
neighbours” would of cause be of great interest, but at present there is in-
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sufficient theoretical and experimental background. The adsorption isotherm
derived is probably of interest for ion exchange resins, where studies on different
resins could give an indication of the interaction on a more general basis.

In the case of the glass electrode it would be of interest to determine the
absolute amount of adsorbed ions, for example by means of radioactive
isotopes. However, this approch is also difficult since it cannot be assumed
that e.g. tritium is adsorbed to the same extent as protium, and furthermore
the determination of tritium is very complicated. Other difficulties arise from
the probable isotope equilibrium with water and the fact that the removal
of excess solution from the glass will probably disturb the adsorption equilib-
rium.

However, some interesting figures can be obtained from the potential
measurements. If in Figs. 15—17 an extrapolation is made to —In Xy,+ = 0,
i.e. Xya+ = 1, it is possible to determine:

(Qom,0+ — Qoxa+)/RT

This quantity is essentially the energy involved in the dissociation, so that a
kind of dissociation constant, K,, can be found from the formula:

(QoH.0+ "“QoNa+ )/RT =—In Ko
o= PK, = (Qon,0+ — @ona+)/M - BT (36)

It may be expected that pK, will be of the same order as the pH at which
the alkaline error appears. pK, can be considered as a characteristic of the
glass electrode. Other characteristics are the interaction constants kam,o+ and
kaxa+ in eq. (24) and these and p K, will completely define the alkaline behaviour
of the electrode. In Table 1 the values in question can be found for the elec-
trodes studied. It would be of a great interest to determine these characteris-
tics as functions of the electrode glass composition, and so facilitate the search
for suitable glass electrode glasses.

A DIFFERENTIAL MEASURING METHOD

In the Swedish Patent 129833 a method is described for correcting the
alkaline error in pH measurements when the activity of the sodium ion (or
other) is unknown. The principle is that the measurements are made with
two glass electrodes of different, but known, alkaline error functions. From the

Table 1. Characteristic constants of some glass electrodes.

Electrode Temperature pK, kan,0+ kaNa+
and ion. Cc°

A Nat 25 10.4 1.08 0.36
B Na+ 25 11.3 1.00 0.24
C Na+t+ 10 11.6 1.00 0.32
C Nat+ 25 11.3 1.00 0.44
C Na+t+ 50 10.1 1.00 2.00
C Lit+ 10 12.6 1.25 0.27
C Li+ 25 12.2 1.25 0.32
C Lit+ 50 10.5 1.25 0.42
D Na+ 25 14.3 0.41 1.00
E Na+ 25 15.5 0.32 0.48
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difference in measured pH for the two electrodes, pH,—pH,, the alkaline error
for each can be found from a predetermined diagram. If curves similar to Fig. 2
are plotted from experimental data for the electrodes, each value of M - pH
+ In ax.+ corresponds to the alkaline errors A pH, and A pH,, and as pH,—pH,
= A pH, — A pH, the required functions

pH, —pH, = f(A pH,) = g(A pH,)

can be determined. Such functions for the electrodes A and B are shown in
Fig. 21.

The method seems to be valuable as highly stable low alkaline error
electrodes seems to be rare, and for high temperature measurements, where
even low alkaline error electrodes show a considerable deviation from ideal
behaviour, and also when such electrodes are used for pH determinations
in a range of high alkalinity. The method is also of interest when measuring
at low temperatures, where the electrical resistance of some of said electrodes
is rather high.

The author wishes to thank the board of Rydboholms A. B. for permission to publish
this paper and Mr. A. Lindberg for his valuable assistance in the experimental work, and
is also indebted to Professor N. Gralén, Dr. J. O’M. Bockris, Dr. T. Vickerstaff, Mr. E.
Blomgren and Mr. A. Olofson for their kind interest.

REFERENCES

. Hughes, W. S. J. Am. Chem. Soc. 44 (1922) 2860.

Dole, M. J. Am. Chem. Soc. 53 (1931) 4260.

Dole, M. J. Am. Chem. Soc. 54 (1932) 3095.

Dole, M., Roberts, R. M. and Holley jr., C. E. J. Am. Chem. Soc. 63 (1941) 725.

Dole, M. and Wiener, B. S. Trans. Electrochem. Soc. 72 (1937) 107.

. Gabbard, J. L. and Dole, M. Trans. Electrochem. Soc. 72 (1937) 129.

Dole, M. J. Chem. Physics 2 (1934) 862.

. Nicolsky, B. P. Acta Physicochim. U. R. S.S. 7 (1936) 597.

. Gross, P. and Halpern, O. J. Chem. Physics 2 (1934) 136.

10. Tendeloo, H. J. C. and Voorspuij, Z. A. J. Rec. trav. chim. 62 (1943) 784.

11. Tendeloo, H. J. C. and Voorspuij, Z. A. J. Rec. trav. chim. 62 (1943) 793.

12. Kratz, L. Die Glaselektrode und ihre Anwendungen, Steinkopff, Frankfurt/Main 1950,

. 244,

13. %ole, M. The Glass Electrode, John Wiley & Sons, Inc., New York 1941, p. 270.

14. Gurney, R. W. Proc. Roy. Soc. A134 (1931) 137.

15. Gurney, R. W. Proc. Roy. Soc. A136 (1932) 378.

16. Perley, G. A. T'rans. Electrochem. Soc. 92 (1948) 497.

17. Landolt-Bornstein, Physikalisch-Chemische Tabellen, 5th Ed., Berlin 1923 —1936.

18. Conway, B. E. Electrochemical Data, Elsevier Publishing Company, London 1951.

19. Harned, H. S. and Nims, L. F. J. Am. Chem. Soc. 54 (1932) 423.

20. Fowler, R. and Guggenheim, E. A. Statistical Thermodynamics, 2nd Ed., The Uni-
versity Press, Cambridge 1949, p. 429.

21. Jordan, D. O. Trans. Faraday Soc. 34 (1938) 1305.

22. Jordan, D. O. and Powney, J. J. Soc. Chem. Ind. 56 (1937) 133T.

B

Received January 22, 1955.

Acta Chem. Scand. 9 (1955) No. 4



ACTA CHEMICA SCANDINAVICA

Available through Ejnar Munksgaard A/S, Nerregade 6, Copenhagen, Denmark, or any

bookseller all over the world. Appears 10 times a year. Contributions only in English,

French, or German. Price from volume 8 (1954) $ 12: 00 yearly + postage. Volumes
1—7 (1947—1953), $ 8: 50 each.

Printed in Finland by Frenckellin Kirjapaino Osakeyhtio, Helsinki.




RIS AARDOVENE

dAiffarence in mmzmd p¥ far ik twn eloctendis, p‘H u?H,,ﬂse_ Ak
T ; aaoh can bo fonned Trorrs predoseemined dagrm. i.@:nas Ayt
- =nrp plotied from cxmmwi dntr for the elecivodss, each vxius
= -H.u Wites Borresponda to the alkuitne erraes A pﬁ,ami % p!i,.muhs
Kg = p&,; “the required fombtions

Fﬁa—mpﬁw)( P g piy)
MW Mf-mm fm%@%&uwoeﬂamilﬁ

’BL
Thiv metkiod sédutE 't be walusble 48 highly mh!;e T a‘i&%
IeRSHreTGeTiE.

.‘ ‘ A‘*?‘ddhmﬂ»v a9 ba'vare, and for Eirh seaviprrniure:
L [, oY Yoiv alkcding wrror eleftredes shom & ocpusideeatis devietion ng
- ol L bebsvionr, snd aleo whin sk dlecirodes ape jmed for pH determinationg | |

L g & renge of high sikalinity. The nsthod i'ali of jntemet Fhas mwag,
o

84 Jow tamrpersbims, wherd Ui adertr ieat resistuase of some oissid E?M'

1-1
&

. dn mathes kigh

'I"m fsithad m‘sbmm{h-'gk ihe hasii oF Rvdlr.‘b; (g .&,.&r perniniun o : ¥
apd Wr. A Bindbecg fim Yis valnabls sasistunon in tbo P w;ﬁj &
%{nimr ‘$ Gealoiy L. 4. OA. me ‘*-;;kww; Y, uwﬂg

Wm&s& ls.mmwfm--m

ew;*f 191,
' s«, !me'r, im

i -'.cm )vaq;u:,,m .
- M’? B R Pgwm 8 b’ 7 {16 58T

e B Clrous, T, sud Haipeen, O. J, Chem. Plzh-.» 3 JRM) i3 u, -

o HL Tendeine, 3. 4. O Aad Vormep«si X, Rev. Sno, »hin' §2 [1543) Y44,

11, Bepdmioo; f» 30O, and \M‘pm. AL Rec. raw, dhie. 62 vlﬁu; i o
33. 'K!m. h.f o (Baseladrde wnd e Anwrrdusg | = Rr-l‘.lk' Y, Pronic nr:JM im?

sl m. i ME T'he i Blaodvosi=, 3ihw Wiley & Rome, *fie.. Bew York Hisky s 60
Lg.(im B W, Fre oy, Spo. AL34 [108), Fi7 - ' o
Gﬂl‘n@_ﬁb W Jew Noc. Are 'mnh #in

1

Bmﬁwd Jw_‘xm"y 2" g, - .




ACTA CHEMICA SCANDINAVICA 9 (1955 867—892

On the Polarography of Formaldehyde *
NILS LANDQVIST .

Rydboholms A.B., Rydboholm, Sweden

In the paper a mathematical treatment is given for the polaro-
graphic behaviour of formaldehyde in neutral and alkaline solutions.
This treatment is co-ordinated with earlier, simplified solutions, which
are valid at high rates of methylene glycol dehydration. The deriva-
tions are extended to give a method for determination of the equi-
librium and dehydration rate constants when the limiting current is
controlled both by ecatalysis and by diffusion. The effect of the
hydroxyl ions produced at the electrode surface has been considered
for the case of unbuffered or slightly buffered solutions. The theoret-
ical conclusions are verified experimentally. The spectrophotometric
equilibrium constant of methylene glycol —formaldehyde is checked
experimentally and found to be in agreement with earlier published
results.

Despite the fact that the polarographic determination of formaldehyde is a
well-established analytical process, only simplified mathematical treatments
are given for the formaldehyde polarographic current. The purpose of the
following paper is to give a more rigorous treatment, in order to make it pos-
sible to find equilibrium and dehydration rate constants for the system formal-
dehyde—methylene glycol from experimental data. The rate of dehydration
is of a considerable interest in discussions on the mechanism of several formal-
dehyde reactions, e. g. in the methylol urea synthesis.

WATER SOLUTIONS OF FORMALDEHYDE

According to e. g. Auerbach and Barschall 1, in concentrated water solutions formal-
dehyde is present as trioxymethylene glycol, HO - (CH,0),- OH. When diluted, this com-
pound depolymerises to methylene glycol, HO - CH, - OH. The rate of the depolymerisation,

HO- (CH,0);-OH + 2 H,0 = 3 HO-CH,-OH (A)

has been studied by Wadano et al.2, and it has been shown that it is dependent on pH,
having a minimum at pH ~ 3.5.
In the electrolytic dissociation of methylene glycol the following reactions probably

oceur:
HO-CH,-OH = H,C+.-0H + OH" (B)
HO-CH,-OH = H,Ct+ -0~ + H+ 4 OH~ (9]
HO:-CH,-OH =HO-.CH,-0" + H+ (D)

* This investigation forms a part of a thesis presented in the partial fullfillment for the degree
of “tekn. lic.”. Chalmers University of Technology, Gothenburg, September 1954.
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Wadano ? states that reaction (B) is of interest at pH <C 2.6, (C) at 2.6 < pH < 4.6 and
(D) at pH > 4.6. The dissociation constant of reaction (D) has been determined by e. g.
Euler and Loévgren ® and Lévy ¢. A large temperature effect has been observed, at 0° C
pK = 14.0, at 20°C pK = 13.4 and at 50° C pK = 12.5.
A spectrophotometric study of the equilibrium between methylene glycol and formal-
dehyde
HO - CH, - OH = HCHO + H,0 (E)

has been made by Schou ®in & 13 M solution and by Bieber ¢ in a 0.86 M solution. Schou
estimates the equilibrium constant to be < 1/1250, and by means of extrapolation from
measurements in & temperature range close to 60° C Bieber gets a probable constant value
at 20° C of the order 10-¢.

THE POLAROGRAPHIC BEHAVIOUR OF FORMALDEHYDE

The polarographic reduction of formaldehyde at low temperatures (25° C)
gives a limiting current which is less than that deduced from the concentration
polarisation, 1. e. from the Ilkovic 7 equation:

G4 =607TnC VD m2® 1s (1)

where iy = diffusion current in uA, n = number of Faradays of electricity
required per mole of electrode reaction, C = concentration of the solution of
the electroreducible substance in millimoles/l, D = diffusion constant of the
same substance in ecm?/sec, m — weight of mercury flowing from the capillary
in mg/sec and ¢, = drop time in seconds.

From comparisons between Mn2+ and formaldehyde at a high temperature
(80° C), where the formaldehyde reduction also follows eq. (1), Jahoda 8 found
the following electrode reaction:

HCHO + 2 H,0 4 2 e = CH;0H + 2 OH" (F)

t. e. n = 2. In the same paper Jahoda reports that the temperature coefficient
of the limiting current at low temperatures is too large to be explained solely
as a function of the change of the diffusion constant of formaldehyde. It was
also assumed that the behaviour mentioned could be explained if the rate of
the electrode reaction was controlled by the depolymerisation of formaldehyde
polymers, e. g. in accordance with reaction (A). However, Jahoda’s assump-
tion is not in agreement with the findings of Auerbach and Barschall! and
Wadano et al.2 Later Winkel and Proske ? introduced the idea that only the
dehydrated formaldehyde was able to take part in the electrochemical reaction
at the electrode surface, and that the equilibrium corresponding to reaction
(E) controlls the limiting current. This approch has subsequently been applied
by Vesely and Brdicka 1 and Bieber and Triimpler 1. Their work has de-
monstrated that no real concentration polarisation occurs at the electrode sur-
face; the limiting current is determined by the rate of dehydration of methylene
glycol when the formaldehyde concentration at the electrode surface decreases
in consequence of the electrode reaction. According to Bieber and Triimpler 1,
the limiting current is highly dependent on pH and temperature. In buffered
solutions the relationship between limiting current and formaldehyde con-
centration was found to be linear; in unbuffered solutions this was not the
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case. Vesely and Brdicka 1° found that reaction (E) is subject to acid — base
catalysis as defined by Bronsted, 7. e. the current is not only dependent on
pH but also on the activities of the acids and bases present.

Briefly, we have the following picture of the electrode reaction: When the
equilibrium between formaldehyde and methylene glycol is disturbed by the
reduction at the electrode surface, the aldehyde deficiency is compensated by
dehydration of the glycol. If the rate of dehydration is small in comparison
with the diffusion of formaldehyde, the latter rate determines the limiting
current. If the rate of dehydration is high, the current is still determined by a
rate of diffusion, but in this case the diffusion is that of methylene glycol.
However, if the rates of dehydration and diffusion are of the same order, both
are of importance.

In a simplified mathematical treatment on the polarography of formal-
dehyde, Vesely and Brdicka 1° applied a method introduced by Wiesner 12
for similar electrode processes. This treatment is based on the statistioal
“half mean path’’ which can be traversed by a molecule between dehydration
and hydration. In accordance with this, the limiting current can be expressed

as follows: o R
fo— 008V bk o, @)
1 + 0.573 V t,k,k,

where 1, — limiting current, “catalytic current”’, ¢, = drop time, k, = the
rate constant of the dehydration of the methylene glycol under the conditions
occurring and ky, = the equilibrium constant of reaction (E). 74* is the theoretical
diffusion current, calculated from eq. (1), assuming that concentration polarisa-
tion of the analytical amount of formaldehyde is the current-determining step.
When considering the decrease in methylene glycol concentration at high
pH due to a dissociation reaction in accordance with (D), the following equa-
tion was given:
— g + —
= — A B ®)
auot + K, +b Vago+ + b K,/V a0+

where b = 0.573 V/ t,kyky, K, = dissociation constant of reaction (D).

Vesely and Brdicka used eq. (3) to calculate K, from experimental data,
and found a good agreement with earlier mentioned values.

However, the mathematical treatment reviewed above involves several
approximations: a) The non-linearity of the concentration gradient and b)
the change of this gradient due to the growth of the mercury drop are neglec-
ted. c¢) The assumption on "half the mean path’ is not significant from the
theoretical point of view.

In an investigation concerning the catalytic currents in the polarographv
of some organic acids, e. g. pyruvic acid, Koutecky and Brditka 1® have glven
a mathematical treatment not involving the approximations a) and c).
we apply this method of treatment to the polarography of formaldehyde we get:

L 081V tykyky i ()
1+ 0.81 1 tikghy
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This is valid if the electrode is regarded as a steady sphere with the same area
as the mean area of the dropping electrode. The very small correction for
the curved surface of the electrode is, as usual, neglected in this case as well.
When the theories are tested on experimental data, eq. (2) and (4) are identical,
as the difference in the constants 0.57 and 0.81 only changes the numerical
value of the parameter k, - k.

During 1953 rigorous mathematical solutions, valid for several kinds of
catalytic currents were given by Koutecky 14-17. A mathematical technique
was used that originated from Mejman 8. However, in the case of formalde-
hyde only a simplified solution was given (Koutecky 17), valid under the same
conditions as needed for eq. (2) and (4), ¢. e. when the gradient layer is very
close to the electrode surface. The equation derived is

— 0.87 Vigksky =,
W = =k 34
1 + 0.87 ¥/ tykyky

In the following a rigorous treatment will be given, avoiding the approxi-
mations a), b) and ¢). The mathematical technique is based on the Mejman-
Koutecky method.

(5)

THEORETICAL

When considering the influence of the growth of an electrode drop on the
concentration gradient in the solution surrounding the drop, we get, in accord-
ance with Ilkovic?, the following equation:

0Cycuo | M ?*Cycuo 22 dCyxeno

( A ORI - A TN T (6a)
where z is the distance from the electrode surface.
Since 20

(_t;%lg))cawvsis = kz Cuo “CHs*OH — kl Ccho (Gb)
we obtain i
aC 02C 2z 0C

I;(;HO =D a’;‘;@ + 31 ‘—(-;%) + k3 Cro - cat.- on — #1 Cucmo (7a)

and correspondingly:
aCno-cxx.~on_ 9 Cho - ch. - on 22 9Cyo - cp-on
G TS e el ST IR R (70)

—kz CHO *CH: - OH Sl kl CHCHO

where £, is the dehydration and %, the hydration rate constant of reaction (E)
and D ~ Dycyo~ Dyo - cn, - o (bhis will be discussed later).

Initia,l COIlditiOIlS: = O, T = 0: CHO CHy* OH — C*HO - CH; - OH» CHCHO — C*HCHO'
Boundary conditions: ¢> 0,2 = 0: Cgcgo = 0, (0 Cxo-ca,-on/38) = 0. (No
flux of HO - CH,, - OH at the electrode surface.)
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Introducing:
yp= CHo-cH,-on + C , 9 = CHOCH, oH — 0-CHCHO, ky =0, ky/ky = 1/kn = 0 (8)

and adding eq. (7a) and (7b), then multiplying eq. (7a) by o and subtracting from eq.
(7b) will give the respective equations:

a_:p_Danp_sza_:g

it ~ oz ' 3t o= (had

0% o« pli® 4 2008 ;

¥ it TR T W st i
Substituting: l=9-(1 +0),s =le172 DtandX =1 (10)
we have from eq. (9a) and (9b):

*y oy 12 y

I e T (ils)

* e J @ 12, dp 12

T kit 7l A i (335

Initial conditions: 8 » @, ¢ = 0, ¥ = y* = C*Ho - CH, - 0H + C*HCHO, 1. e. the analytical
formaldehyde concentration of the solution.

Boundary conditions: 8 =0, ¢ =y, (0@/d8) = — o (dy/ds);
Eq. (11b) can be transformed into an equation of the (11a) type by means of the substi-
tution ¢ = @ .exp (— X). It is assumed that the (11a) type has a solution in the form of a
power series:

py =2y (8) 4, and ¢ = e~ XX D; () Xi (12)
i i
where y; (and @) is determined by the equation:
d*y; d y;
R R (13)
If we assume that
@ 0
Ka=2(l;1'81, La=20?.3i+l (14)
j=0 j=0

are linear, independent solutions of eq. (13), and aoa = c;‘ = 1.

af glaf =2 (@) + 1) G +2), oyl =2 (@a—j—1)/(+2)(+3), and
from this: lim Kq = 1, lim Lg = 0, lim K’q = 0 and lim L'q = 1.
s=>0 s=>0 s=>0 s=>0
For this the following recurrence equation is obtained:
Papa+i = 2 (a +1); pa = lim Ka(s) [ La (8) (15)
8-> 00
(pa can also be expressed as a I'-function, e. g. for a = 6/7 we have

peip = 2 I' (6 i/14 + 1) | I' (6 i/14 + 1/2)).

From this, and with regard to the initial conditions, we get the solutions of egs. (11a) and
(11b):

[+ 6]
y = 'ani (Kai — pai - Lai) - % + y*po Lo (16a)
1=
w .
¢ =e— £ 2 b (Kai — pai- Lai) - % (16b)

i=0
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(The initial conditions are fullfilled since lim (Kai — pai- Lai) = 0 and lim p,- Ly = 1,
8= 00 8§—>00
as found when solving eq. (13) for L,.)

Remembering that Lai (0) = 0 and Kai (0) = 1, we get from the boundary conditions:

) o)
@s=0=e0—2% X b;-Xi, ys=0 = X q;-Xi (17)
i=0 i=0
t.e. ¢ =y when 8 = 0 gives:
© e o) [e'e] i a
Zh-ti=eXZa-%i=F X -1 (18)
i=0 i=0 i=0 j=0 —d)
The boundary condition (d¢ [d8) = — o (dy/|ds) when s = 0, and
L : SN A I
e Z o (K'ai — pai L'ai) % + ¢* po Lo
1=
(18)
dg - . Ao
Tl e—X X b; (K'ai — pai L’ai) %i
8 S
since K’qi (0) = 0 and L’qi (0) = 1:
a o !
(20)
0@ 2| {5 % M
(5)em0 = — e¥Zbipur
Then we have:
© W i )
L Fhput i 2B i
7 i=0 i=0 ! j=0j=0 (G-I}
and for the i:th term:
1 po 151 a5 paj
— by pai = p** — 2= @ Pai (21)
a ¢ il j=0(1—])!
Similarly we have:
i—1 .
bi = X % = a; (22)

j=oki—i)!
From egs. (21) and (22) we have:
i

-1
I g paj Pai | paj — 1 23
a; pai = TSI jio(i“j)! (l + o (23)

Or, wheno ») 1:

i—1
* Po . @ Paj Pai [ paj — 1
; Ve SBG) fy  POLEEEGE S 24
a; Pai 7 jzo(i ! ( + e (24)
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The equation

de d% 2 dc
i~ Piat i

and the initial and boundary conditions # > 0, ¢ = 0: C = C*, z = 0, t>0. =0

correspond to the conditions of concentration polarisation. As has been shown by Kou-
tecky et al.’® we obtain from this:

: [
ia=—CpnFqD(5)

(¢ = the average area of the mercury drop.) Since in accordance with Ilkovié ?

d CHCHO ;
—ax-“)x=0 we have: (25)

%k [id = Q = (0 CHCHO | 0 8)s=0/ Po - C*

ik=—nFqD(

In accordance with earlier parts of the paper:

v = CHo - cH, - oH + CHcHO, (0 CHO - CH,-0H [ J 8) s=0 = 0
and we have: 2 = (dy/0d8)s=0/ po- C*acHO (26)
Since y* = C*Ho - cH, - or + C*ucuo and C*Ho -cH, - oH = 0 - C*HCHO

(chemical equilibrium) we obtain:

© a; Pai
=1 Vye ey (27)
i—0 Po C*HCHO

Or, on introducing the symbol

& = a; pai | po C*HCHO (28)
0

g=1406— X gn (29)
i=0

From this, by means of eq. (23):
i—1

b & : &ymﬂ:l)
85 jfo (i—j)!( Bt e 169)
Or, when o >) 1:
i—=1
i e A Pai/ paj — 1
sl s G e b

(Since 2 = 1 when X = 0 we find & = o.)
However, if we start from the g-function, we obtain:
Q= — (0¢/08)s=0/0 p,C*ucro (32)
and if we write ¥ = b; pai/ po C*acHO Wwe obtain for ¢ SO
& =1

i j=0 —=J)

(1 — Pai | paj) 33)

Acta Chem. Scand. 9 (1955) No. 6
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where ¢; is defined in accordance with eq. (31),

1 (o o]
i.e. Q=—_—eX X ¥ (34)

g i=0

For small values of p and large values of ¢ a solution can be obtained as follows: If
these conditions are valid, CHO - cH, - on can be regarded as being constant, 7. e.
C*Ho - cH, - 0H, and we get:

i C 2 P 1 * ’ 3
9 Cucro _ 0* Cacro i 22 d CacHO oo C*HO - CH, - OH Cncno) (35)
it 0 x? 3t dx a

Initial and boundary conditions: ¢ = 0, z>>0: Cacro = C*acHo; ¢t >0, z = 0: Cacro = 0.

Introducing C*Ho - cH, - 0B /0 — CHcHO = 7,00 =1, ({ =¢(1 +0)~¢0, o)) l)
and s=x/V ¥D¢,1=lt:

0t i3 12 dT 12

ol il T lhates tnimia B Sl 36
i o e s G o
Initial and boundary conditions: ¥ = 0, s »®: 7 =0; x>0, s =0, 7 = T* =
= C*go:cH, - OH/O.

In accordance with earlier parts of the paper:

©
T =e-%X X a; (Kai — paiLai) %i (37)

e

Here a; has to be chosen so that the following boundary condition is satisfied:

)
Ts—0 = 06X T i = 1*
i=0

Since Kgi(0) = 1, Lai (0) = 0:
(e 0} Zi
aixi=exr*=‘t*2 Tl
and i=0 "
il (38)
el

K’gi (0) =0 and L’qi (0) = 1 gives:

it = x
b = — 7* g—X% = S
(0 8)820 Saie ifo Pai i!
! 39
and Q=e—xozo‘@~7,0— e
i=0 Po 1!

Recapitulating, the results of the three different treatments given above
are:
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e o]
1.2=140—2% ey

i=0
AR I Dai | P 1
] —— em— -—o———j ———ai aj _— ® 1
a) g i j{'o i <l + L ), general solution.

i—1

b) g = WL <1 - ———pai/paj—_—l); a>dil.

S @) g

1 e o]
II. Q =—e~% X y o
() i=0
i=1
o &
n=y —jfo Hj)’ (1 — Pai [ Paj); o> 1

e 0} p i
I Q =e¢* X ;‘”% ; o comparatively small, ¢>> 1.
i=0 0o 1

For numerical calculations we need pa; and pai [ pe;. If we compare eqgs.
(11a) and (13) we find @ = 6/7. By means of the earlier mentioned I'-function
and eq. (15) such calculations can be made. For ¢, o >>1, we obtain the follow-
ing results: ¢, = g, & = —0.500, &, = 0.0585, &g = —0.0112, ¢, = 0.00320,
&5 = —0.00101, & = 0.000226 and &, = — 0.0000491. Since &, = o and
ei+o ({ o we find that » ~ ¢ pg/p, i!: we here have the same factor as
in solution ITI.

Pai [ Py 1! has, for other purposes, been calculated by Koutecky 6. In that

paper Koutecky has treated electrode reactions of the type A :—l_- B, ¢. e. the
reduced compound B is reoxidized to A by an oxidizing agent, which is
present in such an excess in the solution that its concentration can be regarded
as constant even at the electrode surface. The solution obtained is the same as
ITI, and it can easily be found that this problem and the reduction of formal-
dehyde under the conditions of III can be regarded as identical processes, even
though Koutecky’s mathematical treatment was somewhat different. When
assuming o > 1 (6~ 104, as will be discussed later), calculations on 2 as a
function of X from I—III give the same results for the Z-values in the range
of practical interest; however, the slow convergence of the series makes them
less suitable at high X-values. Calculations under this condition will be dis-
cussed later.

Since the function 7, /14 relates to the change in current during the life of the
mercury drop, and in polarography the average current is measured, we have
to find 3

Q=i/ia

where i, and i, are the average currents. The average current is defined by the
equation ,
i,
1 = t— f 1 dt
il
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where ¢, is the drop time. (Ilkovi¢?). It is also found from Ilkovi¢ that iq =
constant. ¢/¢, and then we have:

ho.

| f -:i 1118 4t
=S ) d
gt (40)
(7 i
[ vea
0
- 7 Y xl
and 0=2—_2"°[ ovea (41)
?,
* =1-1) f 4

TheQ value related to ITI and the 2 function too, can be found in Koutecky ¢,
where they were calculated for the electrode reaction mentioned previously.
In the same paper it was also shown that when X, > 10 the following empir-

ical equation approximates a solution of the Q function:

O=08194"% 1.9 *° (42)
Then, when %, >> 1, we get the asymptotic solution:

0 =081V7%, (43)

For moderate and large %,, three different equations have earlier been
derived — (2), (4) and (5) — suitable for calculations. Eq. (5) is an approxima-
tion of the expression:

— p— w J! .
iy [laHO * CH, " OH = .Eowi"f’ =06/ (1—3 1/T7),

n=o /Vl—,fl t, 6o = 1 and 6, /6, = —P-s (+1/7-

or, for moderate values of 1 ¢;:
4 [tamo * cm, * OB = Elﬂi 7 b=V my/2(143i/7),
yo=1and p ., /yi=—nsip (o> 1,0 > L Koutecky 7)

12 1
From this we obtain f, = 0.62 and since n ! = V7 ty ko by, - s
Tffk/‘_':;Mm'cn.'on = 0.81 th kg Few (44)

for moderate values of k, k,. The same result can be obtained from eq. (4)

under the same conditions. Since X; = kyt, [k, and Ky %a 1o * cH, * 0B = %a HCHO
when o)) 1, eq. (43) can be written as eq. (44).

Acta Chem. Scand. 9 (1955) No. 6
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When dealing with formaldehyde we have, as will be shown later in this
paper, o »>1. That is, the functions deduced above, which are valid for small
and moderate values of %,, coincide asymptotically at 0.81 V¢, k,ky With
the solutions for large values. From this we find that the two functions cover
a large range of dehydration rates. For small and moderate values of ¢ k; kn

eq. (44) is found to be a better approximation than the function 0.87 th ky key,
which is obtained from eq. (5), and when considering the whole range of valid-
ity, eq. (4) is probably better than eq. (5), as regards the accuracy. However,
it has to be remembered that these equations involve the approximation
Ducuo~ Do - cu, - on; this is not the case with the functions for small values of
Xy. (The diffusion of HO:CH,-OH is negligible, as may be seen from com-
parisons between eqs. (6a), (6b) and (35) and the solutions corresponding to
these equations.) Since the gradient layer at the electrode surface is thin
(which can be found from the experimental results given later), the error
introduced when neglecting the curvature of the electrode surface seems to be
infinitesimal.

As was shown by e. g. Vesely and Brdicka 10, a pure catalytic current is
independent of the height of the mercury column between the level of the
mercury in the reservoir and the tip of the capillary. A diffusion current, how-
ever, is proportional to the square root ot this height. This is the case since:

2/3 ,1/6

£ 2/3

e

iq = constant - m and 1, = constant - m

which easily can be derived from eq. (1) and (44).

An analysis of the dependence of the current upon the drop time can be
used in order to investigate the electrode reaction; and in the case of formal-
dehyde we have:

A. 124 ncno i dependent of the drop time.

B. taucno <<% <{<{igmo-cn,-on ¢ independent of the drop time.

¢ i~ Eno-cn,-og T dependent of the drop time.
In the case A the limiting current is a function of p, o and ¢, as predicted by
eqs. (39) and (41). Since

lim %y /g memo = 1 (45)
=0

it is possible to determine o from the effect of ¢, on the limiting current. For
this purpose we can from experimental data plot the function:

1 /m® 8 = 1£(t,) (46)

On extrapolating to t, = 0, ¢. e. X; = 0, we get, by means of eq. (1), C; ucro,
and when the analytical concentration of formaldehyde is known, o can be
calculated. A better accuracy than that of the extrapolation can be obtained
by the following method:

Acta Chem. Scand. 9 (1955) No. 6
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4.0

3.0

2.0

1.0 b Fig. 1. i/ia as a function of f (t, )] f(t/2).
1.00 1.20 1.40
fot )|t [2)

We have:

£(8) /£ty 2) = G [ ke, | (i [ Sae = 2 (%) [ 2 (%, /2) = g (%)

g (%)) as being a function of %, can be calculated from eqgs. (39) and (41). Then
2 (X)) = (% [ ta menmo)s, is obtained from the equations mentioned above, i. e. a
funf‘tion Uy [ %a mewo = h (f (¢;)/f(¢,/2)) can be deduced. This function is given
in Fig. 1. )

And from this %4 gcgo, ¢- €. both g and ¢ can be found. In case B the limiting
current follows eq. (43), in the case C eq. (4) or at very high pH values eq.
(3)*. I.e. 0 = 1/kyand p = k, can be calculated for the whole range A—C.
From this discussion we find that both the equilibrium constant and the de-
hydration rate constants for the system methylene glycol-formaldehyde can
be studied by means of polarography.

In accordance with reaction (F) hydroxyl ions are produced at the elec-
trode surface during the polarographic reduction of formaldehyde. Since
reaction (E) is acid-base catalysed, we can assume that in an unbuffered or
slightly buffered solution no linear limiting current-formaldehyde concentration
curve can be found. That this is the case in unbuffered solutions was shown
by Bieber and Triimpler . Since the hydroxyl ions change the composition
and the catalytic properties of the solution surrounding the electrode drop,
the change of cource depends on the degree of buffering, 7. e. the more buffered
the solution, the more linear the current-concentration curve. The mathemat-
ical analysis of a case involving a moderate degree of buffering seems to be very
difficult; for unbuffered solutions a simple, approximate treatment can be
given: From eqs. (1) and (43) we have:

i/ Cro - cn, - on M 4" = constant - V't, kyk, (47)

* as found from the previous treatment b = 0.81 ’Vl, Fy hn is to be preforred.
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The dehydration rate constant represents the sum of the products of the activ-
ity of the catalyst and the catalysing power constant:

by = Z & a (48)
i

(Vesely and Brdicka 1). For unbuffered solutions we obtain a simplified solu-
tion to the problem if we only consider the OH™~ concentration. And in such

a case:

(’L / C}xo *CH, ' OH 771,2!s t:le)z = constant - tl Co OH™ (49)

If the reaction layer is supposed to be very thin, C,,5-, the average con-
centration of hydroxyl ions in this layer, can be found from eq. (1). and

1 = constant - (1/ m® l;”s) (Z / Cro - cn, * ou)?
or, when the capillary characteristics are constant:
i = constant - (¢ / Cuo * c, * on)? (50)

This simplified solution is applicable in the range of validity of eq. (43) to
solutions which are unbuffered or have a very low degree of buffering. (In
the latter case, however, a slight contribution from the buffer substance cata-
lysis can be expected.) As has been shown by Bieber and Triimpler !* the half
wave potential of formaldehyde increases with increasing pH. In the case
mentioned above more or less skew polarograms can be expected, since the
increase in current means an increase in pH.

EXPERIMENTAL

The investigations have been carried out in the following apparatus: In a large beaker,
containing 0.1 M KCl, a "polarographic cell” is immersed. The solution to be investiga-
ted is brought into this cell in such a quantity that the level is above that of the KCI
solution. This is done in order to prevent any back flow into the cell through the glass
filter disc which separates the cell solution from that of the beaker. The capillary enters
the cell by means of a cork stopper, and nitrogen can be bubbled through the solution in
the cell, in order to remove dissolved oxygen. The gases can escape through a water trap;
the use of this device prevents air from entering the cell. The flow of mercury at the
electrode is determined by means of a funnel-fitted capillary, which enters the cell through
the stopper. The funnel can be turned into the line of the dropping mercury, and after
the required time has elapsed, the funnel is swung clear of the drops. The mercury in the
funnel is then sucked up into a flask connected to the capillary outside the cell. The flask
is then removed and the mercury washed with distilled water, after which it is dried ar}d
weighed. The mercury of the electrode is delivered from a reservoir, connected to the capil-
lary by means of a thick —walled rubber tubing, which has been boiled in NaOH and ri-
gorously rinsed and dried. The reference electrode is a saturated calomel electrode, immer-
sed in the KCl solution. The electrode device is thermostated by means of an infrared lamp
outside the beaker, and a contact thermometer and a relay give an on-off regulation of
the lamp. The beaker solution is kept in motion by a stirrer. One of the advantages
of this thermostating device is that the flow of heat is cut off practically at the same time
as the current. By adjusting the distance between the lamp and the beaker the on-off
periods can be given a suitable length. The temperature can easily be controlled within
0.03° C. Since the purity of the mercury used is of greatest importance, the mercury was
distilled in a vacuum apparatus.

All chemicals in the investigation were of A. R. quality, except the formaldehyde,
which was a Merck product of high purity, only containing traces of methanol and formic
acid. (<10* M in a solution containing ~380 g/l formaldehyde).

Acta Chem, Scand. 9 (1955) No, 6



880

NILS LANDQVIST

Table 1. Results of the polarographic measurements on formaldehyde.

Supporting electrolyte |

C(HCHO),
mmole/l

u
cm

| %
un A

m

7

7

mg/

sec |(m

2/3 1/6
areally

218218
m’t’C

0.00256 M KH,PO, +
0.0025 M Na,HPO,
pH 6.86, 20°C

pH 6.86

|
|
|
|
\
i
|

12.7

0.333

0.330

0.327

|
0.324) 4.93  1.89

2.07 | 4.55

3.00 | 3.05 |

4.01 | 2.34

0.00846

0.0103

0.0116

0.0128

0.00587

0.00594

0.00582

0.00577

25.4

11.0
11.1
11.0

11.0
10.9

10.9
10.9

10.9

10.8
10.8
10.7

10.8

0.666

0.660

0.654

0.648

2.07 | 4.47

3.04  3.09

4.04 230 |

5.02 1.86
Acta Chem.

0.00852

0.0102

0.0117

0.0129

|
|
1
|
?
|

0.00592

0.00585

0.00581

0.00575
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\
| Supporting electrolyte

C(HCHO)a
mmole/l

cm

-,

nA

sec

mg/
sec

i

i

R

C

3
mz/a‘ i C

0.0050 M KH,PO, +
0.0050 M Na,HPO,
pH 6.86, 20° C

pH 6.86

|

[
|

12.7

12.0
11.9

12.0

12.0 |

0.360

0.354

0.351

0.354

2.10

2.94

4.25

5.88

4.55

3.06

2.36

1.74

0.0099

0.0112

0.0136

0.0158

0.00683

0.00656

0.00658

0.00652

25.4
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0.712

2.48

0.7055 4,21

|

| 0.695, 5.82

3.44

3.07

2.10 |

1.45

0.0106

0.0111

0.0135

0.0156

0.00671

0.00662

0.00658

0.00646
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|

Supporting electrolyte

| CacHO)a

mmole/l

cm

7
uw A

m 7

mg]
sec m2l3 ¢ 1/8 c

2/8 2/3
m/t C

l
0.010 M Na,CO,

pH 9.54, 20°C

pPH 9.54

6.35

12.2
12.2
12.2

12.2

12.0
12.0
12.0

12.0

11.9
11.9
11.9

0.448

0.480

0.437

2.75 | 2.82 0.0326

3.41 | 2.04 | 0.0382

4.80 | 1.45 0.0444

0.0197

0.0208

0.0202

12.7

12.3
12.2
12.3

12.3

12.1
12.1
12.0

12.1

11.9
11.9
11.9

11.9

0.985

0.968

0.953

2.08 | 3.36 | 0.0305

3.11 | 2.27 0.0366

4.88 | 1.43 0.0455

0.0210

0.0208

0.0206

0.010 M Na,CO, }
pH 10.44, 20°C ‘
|

0.394

0.394

0.390

3.39 | 2.28 0.0920

3.82 | 2.04  0.0966

5.12 | 1.52 0.108

0.0495

0.0494

0.0490
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Supporting electrolyte

CmcHO)a
mmole/]

.

unA

sec

mg/
sec

7

ECIRT p

mzlst 2 C

pH 10.48

4.07

0.789

0.785

0.780

2.78

3.76

5.11

2.82

2.08

1.52

0.0824

0.0945

0.109

0.0494

0.0489

0.0486

0.010 M Na,CO,
pH 10.83, 20°C

pH 10.81

0.635

13.3
13.3
13.3

13.3

13.4
13.4
13.4

13.4

13.3
13.4
13.3

13.3

0.160

0.161

0.160

2.01

4.10 |

5.26

| 3.85

1.95

1.48

0.0915

0.129

0.147

0.0645

0.0640

0.0642

1.27
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10.7
10.6
10.7

107
10.7

10.8
10.8

10.8

10.7

10.7
10.7 |

107

0.321

0.324

0.321

2.06

4.12

5.30

3.87

1.94

1.48

0.0915 |

0.131

0.147

0.0648

0.0645

0.0642



884 NILS LANDQVIST

: A L
§ ing electrol CaCHO)Y | % AR 11T ‘,_,1'_?_._’7*,
upporting electrolyte | ymolefl | em | kA | see | 28/ | o ;m213 R
' !
0.10 . M NaOH | 10.1
0.127 i 10.1
PH ~ 12.7, 20°C | 10.0 |
| 10.1 | 0.202] 2.81 | 2.72 | 0.690 0.410 |
) 9.6 | ‘ ;
‘ 9.7 |
, 9.6 | ‘ ‘
; ‘ \
| 9.6 | 0.185 4.22 | 1.69 = 0.810 | 0.395 |
| | |
' 8.8 | \ ‘
! 8.8 | ! ‘
f 8.7 | 1 ‘
' | 8.8 0.177 5.85 ‘ 1.32 | 0.880 0.380
o I 5y |
|
pH ~ 12.7 | 0353 | 13.5 |
- . 13.4
\ 13.6
13.5 | 0.540| 2.78 | 2.60 | 0.689 0.412
12.6
, 12.7
12.6
12.6 | 0.509| 4.20 | 1.65 | 0.810 0.394
12.0
12.0
12.0
12.0 | 0.481| 5.88 | 1.26 | 0.870 0.358 |

The technique and chemicals described above were subsequently used in order to
investigate the relationship between limiting current, flow of mercury and drop time at
20 + 0.03° C for the solution compositions shown in Table 1. The formaldehyde con-
centration was determined on the stock solution by the method of Blank and Finken-
heimer, and a result of 380 + 2 g/l was obtained. The buffer substances of the supporting
electrolytes were dissolved in a measuring flask, the required amount of formaldehyde
added, and the solution diluted to a volume close to the final. By means of HCl or NaOH
pH was adjusted. For the pH determinations the glass electrode differential technique
described in the Swedish Patent 129833 was applied, and an accuracy of + 0.01 pH
obtained. The solutions prepared were kept at 20° C for 24 hours, in order to prevent any
influence from reaction (A). Then the pH was rechecked (no changes found), the solu-
tions made up to the final volume with water and poured into the cell. Since the second
wave of dissolved oxygen interferes with the formaldehyde wave at low concentrations of
the aldehyde, a removal of dissolved oxygen is necessary, especially when a high degree
of accuracy is needed. This was achieved by bubbling nitrogen slowly through the solu-
tion in the cell; this also provides valuable stirring during the period of temperature stabili-
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i

Fig. 2. Polarogram of formaldehyde, CmcHO)a
= 1.27 x 107%, 20° C, supporting electrolyte :

0.010 M Na,00,, pH 10.81.

sation. Here, of course, we encounter the question of whether the formaldehyde concen-
tration is disturbed during the process, 7. e. whether any formaldehyde is removed by the
nitrogen. However, it was found that during the time of bubbling used in this case, 30
minutes, no change could be found in any of the solutions investigated. It might be
assumed that a rapid flow of nitrogen and very long bubbling times have to be avoided,
especially at high pH values, since the rate of dehydration is then high. The capillary
tubes were carefully cleaned, in order to make the drop cycle completely reproducible. A
suitable method for cleaning is to suck concentrated nitric acid through the capillary tube
for 10 minutes, then distilled water for 10 minutes, and finally methanol. The suction
has to be maintained until the capillary is completely dry.

When evaluating the polarograms the method shown in Fig. 2 has been applied. With
the small currents occurring in this case it is necessary to make a correction for the conden-
ser current. The usual method for such a correction has been applied, 4. e. the line A—A
along the average current curve is drawn. The limiting current is then determined by the
vertical distance u between the line A — A and the point of inflexion between formaldehyde
and supporting electrolyte on the current-voltage curve. (This method has often been
used, e. g. by Brdicka *.) The point of inflexion is found by drawing the mean current
curve and the line B—B, and bisecting the part of the line that lies on the curve. The
drop times and the flows of mercury were determined at the potential corresponding to
the point of inflexion. The polarograms were recorded by means of a LKB type 3 266
polarograph and a Leeds & Northrup Speedomax G recorder. The rate of voltage in-
crease vc‘rf.s 0.1 V/min. As a secondary control a Radiometer type PO3g polarograph
was used.

RESULTS

The results of the measurements are given in Table 1. The u values of three
measurements for each composition of the solution are to be found in the table,
the average of these values was used in the further treatments. The treat-
ments involve the calculation of the numerical value of the function

?/ Cacro), * m2/3 tils (51)

i. e. the function (46), but including the analytical amount of formaldehyde
(6 >>1). For each composition of the supporting electrolyte measurements
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were made on two different aldehyde concentrations; this was done in order to
find whether the earlier mentioned influence of the hydroxyl ions produced at
the electrode surface is of importance. If this is the case, differences in the func-
tions (51) should be found. Such differences did not occur, as can be seen from
Table 1. The influence of the concentration of the buffer in the supporting
electrolyte, 7. e. the acid — base catalysis, is exemplified by the experiments
at pH 6.86. In the diagrams 3—5 the expression (51) has been plotted against
drop time, and from these curves functions in accordance with eq. (46) and the
following discussion have been calculated. The results are given in Table 2,

Table 2. f(t)]f(t|2) from experimental data.

Supporting electrolyte pH l CacHO)s X 10® | f(5)/f(2.5) |

0.0080 3 NahrPO, 6.86 2.4 141

0.0025 3 Nadpo, 6.86 25.4 41

1

0.010 M Na,CO, 954 e 1.42 |
. 0.010 M Na,CO, e o e S
| 0.010 M Na,CO, ; s poe 1.43 )
] 0.10 M NaOH ; ~12.7 e 1.30

and are in agreement with the postulates in Fig. 1: at pH 9.5, 10.4 and 10.8
the limit 1.4 is obtained. This is not the case at pH 12.7, as might be expected
fromeq. (3). The results at pH 6.86 are not obviously different from the values
at pH 9.5—10.8, 7. e. the equilibrium constant cannot be determined with a
high degree of accuracy. In order to find whether the difference is statistically
significant, the following expression has been included in the tables; since this
is very suitable for tests on eq. (44):
% [ Clacro)s * m’®

Regression analysis applied to the group pH 9.5, 10.4 and 10.8 and the group
" pH 6.86 reveals a significant difference. (1. Sandelius, private communication.)

From a diffusion constant of 16 x 1078 cm?/sec and the fact that ¢ /13> 3.5
(Fig. 1) it can be postulated that , <3 x 107%, and the value 10~* seems to
be very probable when regarding the significant difference mentioned above.

From measurements on the temperature dependence of the formaldehyde
limiting current, Bieber and Triimpler ! found an "activation energy’’ for this
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Fig. 3. Relation between function (51 ) and
drop time, 20° C, pH 6.86; CHCHO)a =
12.7 x 1072 (@), 25.4 x 10~* (O), sup-
porting electrolyte: 0.0025 M KH,PO, +
0.0025 M Na,HPO,; CEcHO)a = 12.7 X
10 (+ ), 25.4 x 103 ( x ), supporting
electrolyte: 0.0050 M KH,PO, + 0.0050

Fig. 4. Relation between function (51 ) and
drop time, 20° C, 0.010 M Na,CO,; C(HCHO)a
— 6.35 x 10~ (@), 12.7 x 10 (x ), pH
9.54; CucHO)y = 2.03 x 10 (+ ), pH
10.44; Cmcro)a = 4.07 x 10° (O ), pH
10.46; Cucuo), — 0.635 x 10 (A ), pH
10.83; CcHO)a =1.27 x 107 (4 ), pH 10.81.

M Na;HPO,.

current of the order 14 kcal. From spectrophotometrical data Bieber ¢ deduced
an activation energy of the dehydration of methylene glycol of 14.6 keal.
Since k,/k, = 1/k, eq. (44) can be written:

i a wo.cx,.on = 0.81 ky V't,k, (52)

From this we find that the hydration rate constant is only slightly dependent
on the temperature. This means that measurements at other temperatures
would not be more favourable when determining the equilibrium constant,
since the change in this constant is chiefly dependent on the change in the de-
hydration rate. Measurements at 0° C and 50° C have confirmed this. Measure-
ments at low pH values are also of no help, as can be found when examining
the results from Bieber and Triimpler ?!; mixtures of methanol and water

were also investigated in the present study, but no results of interest were
obtained.
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I
m2/3x t/6xC

10

05
Fig. 5. Relation between function (51 ) and
drop time, 20°C, 0.10 M NaOH, pH ~ 12.7;
00 el Bl - S CEcHO)y = 0.127 x 107 (+ ), 0.353 X

2 4 6 sec 10 (x ).

In order to study the hydroxyl ion effect mentioned earlier, measurements
were made on the following solutions at pH 9.20 and 20 -+ 0.03°C:

Chorax X 103: 0.5, 1.0, 2.5, 5.0 and 15.0: C@cro)a X 102: 0.5, 1.0, 2.5, 3.5 and
5.0, and at Cporax = 0: Clmcmo), X 10%: 1.0, 1.25, 1.50 and 1.75 (29 different
solutions). Cno.ca..on = C(HCHO)a since G>\

The experimental results are given in Fig. 6, and in unbuffered or slightly
buffered solutions the linear relationship requlred by eq. (50) is found. The

Fig. 6. Hydroxyl ion effect in unbuffered
and slightly buffered solutions. Cborax X
! 103_0(><),05(+) 1.0 (@), 2.5 (M),
(7 A T O S Al 0 (0) and 15.0 (a).

! 3 51pA
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Fig. 7. Ultraviolet absorption curve of Fig. 8. An wltraviolet absorption curve of
475 M HCHO 1w 0.05 M KH,PO, + formic acid.
KOH, pH 6.70, 50° C.

polarograms were also skew, in accordance with the earlier discussion. In the
slightly buffered solutions the contribution of the buffer substance to the

catalysis is shown by (¢ / Crcro)s)? 7% 0 when 1 = 0.

SPECTROPHOTOMETRICAL
INVESTIGATIONS

Measurements in the ultraviolet range were made on formaldehyde in order
to check Bieber’s é result, and to find whether trioxymethylene glycol is of any
importance at a temperature of 50° C. If such is the case, the extrapolation
made by Bieber would be open to criticism.

The instrument used was a Hilger & Watt “Uvispec” spectrophotometer. The lid
of the transmission cell housing was removed and replaced by another, with three holes.
Through one of these connections hot air (~ 60° C) from a simple hair-drying device was
blown into the housing, through another the air was allowed to escape through a long,
curved rubber tubing, preventing any light leakage into the cell housing. Through the
third hole a contact thermometer on-off regulates the air flow. The temperature of the
cell solutions was measured by a thermo-couple, and the contact thermometer was adjus-
ted so that the cell temperature was maintained at 50 - 0.5° C. The cells, protected by
air—tight rubber caps, were kept in the housing during 20 minutes, which time was
found to be enough to give a constant temperature in the cell solutions.

By means of this device the wavelength interval 2 000—3 200 A was in-
vestigated; cell length 2 cm, temperature 50° C, Cucuoy: 1.27, 3.18, 3.81,
5.08 and 6.35. The solvent was 0.05 M KH,PO, + KOH, pH 6.70. Fig. 7 is
an example of the absorption curves obtained. The curves have absorption
bands at 2 300 and 2 800 A. As postulated by e. g. Bieber ¢ the latter is the

Acta Chem. Scand. 9 (1955) No. 6



890 NILS LANDQVIST

i
Max
S0 gL
B
015
010 +
Q05
Fig. 9. Relation between maximwm extinc-
! ' tion and formaldehyde concentration, 0.05 M
0 ? o KH,PO, + KOH, pH 6.70, 50° C.
10 30 30 Ciuero), :

formaldehyde band. The absorbtion in the 2 300 A range is probably due to
traces of formic acid present in the formaldehyde solution, the results of an
investigation on a formic acid solution at the same pH and temperature makes
this assumption very probable, as can be found from Fig. 8. Fig. 9 shows the
relation between the maximum extinction in the 2 860 band and the formal-
dehyde concentration. If we use the extinction coefficient estimated by Bieber ¢
(13.5), and calculate the equilibrium constant at 50°C, we get the value
0.96 x 1073. This is in good agreement with the result obtained if Bieber’s
results are extrapolated to the same temperature: 1.15 X 1073. As a linear
relationship is found for maximum extinction and formaldehyde concentration,
the trioxymethylene glycol from reaction (A) seems to be of no importance.
In accordance with Auerbach and Barschall!, the trioxymethylene glycol
fraction increases with increasing concentration, ¢.e. the methylene glycol
fraction decreases. Of course, this may be compensated by a change in the
extinction coefficient, since at high concentrations there is a solvent mixture
of water, methylene glycol and trioxymethylene glycol. However, the prob-
ability of such compensation seems to be very low. At 20°C the case men-
tioned above can not be neglected, i. e. the influence of trioxymethylene glycol.
From measurements at 20°C, Cicnoy, = 6.35, and from the equilibrium
constant 1074 we find Cyo.cu,.on / 2 Cgeno = 0.6. This result is in agree-
ment with the figure expected from Walker 22. However, the result cannot be
assigned too much value, in view of the influence of the solution composition
on the extinction coefficient and the low accuracy at the low absorption in
question. Finally, solutions with Cgcro), = 6.35 have been studied at 50° C
and pH 4.6, 6.7, 9.2 and 10.8. No pH dependence could be detected.
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Table 3. Dehydration rate constants of methylene glycol.

Electrolyte ky 20°C

0.0050 M KH,PO, -
0.0050 M Na,HPO, ~ 1.9 x 10~ ~
pH 6.86

0.0025 M KH,PO, +

i

| 0.0025 M Na,HPO, , ~ L7 x 10 '
i pH 6.86 ‘ f
| 0.010 M Na,CO, | }
| pH 9.54 ~ 0.3

| pH 10.44 ~ 1.8

| pH 10.88 ~ 2.8

From the above we see that nothing is in disagreement with Bieber’s
results. It has been shown that the extrapolation to 20° C is possible, since at
50° C no trioxymethylene glycol of practical importance seems to be present,
even at high concentrations; Bieber’s measurements have been made at a tem-
perature above 50° C and a concentration below that used here. This means
that the extrapolated values refer to dilute solutions. And we find that we
have several reasons to accept Bieber’s result:

Jey ~ 104

A comparison with the polarographic result, &k, <3 x 1074, and the result
of the spectrophotometrical measurement at 20° C, makes the value given
above very probable.

THE RATE OF DEHYDRATION OP METHYLENE GLYCOL

Since ¢ /73> 3.5 even at pH 6.9, eq. (44) can be applied to the pH range
7—11 without appreciable error, and the order of the rates of dehydration of
methylene glycol can be calculated.

From eq. (44) and &, ~ 10°* we get:

. ko 20cc = 0.7 X 1073 . 02 / Cz(HCHo)a . m‘ls

b (53)
The reaction rate constants calculated from eq. (53) and based on the measure-
ments presented in Table 1, can be found in Table 3.

The author wishes to thank the board of Rydboholms A.B. for permission to publish
this paper, Mr. G. Elfman and Mr. G. Johansson for their valuable assistance in the
experimental work, Mr. B. Olofsson for checking the mathematical analysis and Profes-
sor N. Gralén, Dr. E. Elgeskog and Dr. I. Sandelius for their kind interest.
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On the Reaction between Urea and Formaldehyde in Neutral
and Alkaline Solutions

VII. A Spectrophotometrical Method for Quantitative Determination
of Urea and Methylol Ureas of the Reaction Mixture

NILS LANDQVIST

Rydboholms A.B., Rydboholm, Sweden

A spectrophotometrical method for quantitative determination of
urea, mono- and dimethylol urea in reaction mixtures of urea and
formaldehyde is described. The method is based on a colour reaction
between the ureas and p-dimethylaminobenzaldehyde in the presence
of hydrochloric acid. The influence of side reactions is sufficiently
reduced when the reaction mixture sample is added to an excess of a
methanolic solution of the reagent.

A comparatively selective colour reaction between urea and p-dimethyl-
aminobenzaldehyde in acid solutions was described by Weltman and
Barrenscheen 1, and was later on applied for spectrophotometrical determina-
tion of urea by Watt and Chrisp 2.

This kind of reaction has been found to be suitable for a quantitative deter-
mination of urea, mono- and dimethylol urea of urea-formaldehyde reaction
mixtures, when combined with a determination of unreacted formaldehyde.

However, it is necessary to reduce the rates of reaction of the components
of the reaction mixture in the presence of a strong acid, in order to obtain con-
sistent results. This condition is realized when the reaction mixture sample is
added to a large excess of a methanolic solution of the reagent.

In the following some experiments are described, on which the analytical
method is based.

Reagent solution: 10 g/l p-dimethylaminobenzaldehyde, dissolved in methanol after
addition of 10 ml/l concentrated hydrochloric acid. For one of the experiments & series
of different concentrations was used. All chemicals of A. R. quality.

Other chemicals: Urea of A. R. quality; mono- and dimethylol urea prepared in
accordance with Walter and Gewing 3. Cryoscopic molecular weights: 90 & 1 and
12?i + 1, respectively. Formaldehyde, containing only traces of methanol and formic
acid.

Spectrophotometer: Hilger & Watt’s *Uvispec”. Cell length 20 mm.

Acta Chem. Scand. 11 (1957) No. 5
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Fig. 1. Extinction curves of 0.0070 M

urea ( ), 0.0070 M monomethylol urea

(— — —) and 0.0120 M dimethylol urea

(—+—-). 2 ml sample + 10 ml reagent
solution.

Fig. 2. Relationship between maximum
extinction and time delay between prepa-
ration and spectrophotometry. 0.0070 M
solutions of urea (x), mono- (®) and
dimethylol urea (O). 2 mlsample + 10 ml

reagent solution.

All experiments were carried out at 20 °C. The samples of the mono- and
dimethylol urea solutions were added to the reagent solutions immediately
after the dissolution of the ureas in distilled water. This was made in order
to avoid disturbances from hydrolysis reactions.

A. To 2 ml of 0.0070 M urea, 0.0070 M mono- and 0.0120 M dimethylol
urea, 10 ml of the reagent solution were added. When a constant extinction
was attained (after ~20 min), the extinction curves were determined. The
results are given i Fig. 1. From a preliminary study it was found that the
wavelength at the extinction maximum is constant within the concentration
range studied. Amax = 4270 A.

B. The dependence of the maximum extinction on the time elapsed bet-
ween reagent addition and spectrophotometry is described by Fig. 2. The
curves are related to 0.0070 M solutions, 2 ml sample and 10 ml reagent solu-
tion. At lower concentrations the asymptotic values were attained with less
delay of time. As found from these measurements, 20—30 min interval bet-
ween preparation and measurement is sufficient; the value attained is then
constant during 1—2 h.

C. The relation between p-dimethylaminobenzaldehyde concentration of
the reagent solution and maximum extinction is elucidated by Fig. 3, related
to 0.0020 M urea, 2 ml sample - 10 ml reagent solution. The same behaviour
was also observed for the methylol ureas. Below a reagent concentration of
20 g/l the curves are linear. From these results it might be concluded that the

Acta Chem. Scand. 11 (1957) No. 5
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Fig. 3. Relationship between maximum Fig. 4. Relationship between maximum

extinction and reagent concentration. extinction and sample concentration of

0.0020 M wurea. 2 ml sample + 10 ml wurea (), mono- (@) and dimethylol urea
reagent solution. (O).

concentration of the coloured compound is determined by an equilibrium
between the reagent and the ureas.

D. In Fig. 4 the relation between the concentration of urea, mono- and
dimethylol urea of the reaction samples and the maximum extinction is shown.
2 ml sample added to 10 ml reagent solution; 80 min time delay between pre-
paration and measurement.

A good linearity is present over the concentration range studied, 0 < C' <
7 X 1073, The curves are described by the expressions:

Cy =116 X 10°2 X Epax (1)
Cu= 3.55 X 1072 X Fpax (2)
Cp = 23 X 1072 X Eupax (3)

where Cy = sample concentration of urea, Cy = sample concentration of
monomethylol urea, Cp = sample concentration of dimethylol urea, Euyax =
maximum extinction.

E. To several of the solutions mentioned above formaldehyde was added
in amounts corresponding to 0.1 M just before the addition of the reagent
solution. No immediate or time dependent influence on the extinction was
observed. The same behaviour was also found for mixtures of urea and
methylol ureas.

F. In order to investigate whether the expressions (1)—(3) are valid also
for solutions containing mixtures of urea and. the methylol ureas, such mixtures
were studied. The compositions and the results are given in Table 1. As can
be seen, there is a good correlation between actual and calculated data. Thus,
we can, for the concentration range investigated, accept the expression:

Acta Chem. Scand. 11 (1957) No, 5
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Table 1. Experimental and calculated maximum extinction data of urea, mono- and
dimethylol urea solution mixtures.

Emax
Cu x 102 Cn x 108 Cp x 103
measured calculated
1.0 5.0 3.0 0.239 0.238
— 5.0 5.0 0.165 0.163
5.0 1.0 — 0.463 0.458
7.0 3.0 2.0 0.690 0.695
2.0 5.0 6.0 0.342 0.338
0.5 4.0 7.0 0.184 0.186
3.0 3.0 3.0 0.350 0.355
0.5 2.0 6.0 0.124 0.125
1.5 4.5 3.0 0.271 0.268
0.75 6.0 2.0 0.238 0.242
B = 86 Cy + 28 Cx + 4.3 Cp % (4)

This expression is easily derived from (1)—(3).

For a reaction mixture of urea and formaldehyde, Ot and C%are the initial
urea and formaldehyde concentrations, and we have, provided mono- and
dimethylol urea are the reaction products:

Oy =Cy+ Cu+ Cp
Cp =Cp+ Cu+ 2 Op

By means of this and eqn. (4) we obtain:
Co= 00292 o — 151 (501 0.9) C% —0:91 O (5)

Thus, from a determination of the concentration of unreacted formalde-
hyde, Cr, and the spectrophotometrical measurement, the actual composition
of a reaction mixture might be determined with, from the technical point of
view, good accuracy.

The author wishes to thank the board of Rydboholms A. B. for permission to publish

this paper, and is also highly indebted to Mr. G. Johansson for his valuable assistance in
the experimental work.
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On the Reaction between Urea and Formaldehyde in Neutral

~

and Alkaline Solutions

I. Experimental Studies of the Rates of the Equimolecular Reaction

NILS LANDQVIST

Rydboholms A.B., Rydboholm, Sweden

Some methods for formaldehyde determinations in urea-
formaldehyde reaction solutions are examined. A number of
effects which have to be considered when applying polarography
to this subject are analysed and a suitable supporting electrolyte
composition given.

The results of reaction rate studies at 20° C of the equi-
molecular reaction between urea and formaldehyde at compara-
tively high concentrations of the reactants are given. From
these studies it is found that at a urea-formaldehyde ratio of
1:1 no theoretically significant reaction order is present. The
previously reported rapid initial reaction was not observed. In
buffered solutions, as in unbuffered, the reaction order was
approximately 1.6. In buffered solutions a reaction of second
order is present if an excess of urea is used. From such reaction
studies rate constants can be calculated. The reaction was
found. to be subject to acid-base catalysis, and different cata-
lysts show different catalysing power. A linear relationship
was found between the rate constants and the amounts of
catalyst present. The hydroxyl ion catalysis is not found to be
a simple function of the hydroxyl ion activity.

The rates of the reaction

H,N—CO—NH, + HCHO = H,N—CO—NH—CH,0H

(A)

were previously studied by Smythe, Crowe and Lynch, Bettelheim and Ced-

vall and De’Jong.

By means of a hydroxylamine titration method Smythe ! investigated the rate of the
equimolecular urea-formaldehyde reaction in concentrated, unbuffered solutions at a pH
of about 7 and at different temperatures. The reaction product was found to be mono-
methylol urea, and no dimethylol urea was present in sufficient quantity to be detected.
The reaction was of the bimolecular type, except for a rapid initial stage. An activation
energy of 14.6 kcal/mole was obtained. Later on, Smythe ? took a special interest in the

Acta Chem. Scand. 9 (1955) No. 7
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initial rapid reaction. It was found that influence of urea hydrolysis products could not
explain this reaction, and repeated experiments, also here made by means of the hydr-
oxylamine method, were in agreement with his earlier observations. In the temperature
range 20 —40° C the initial reaction during the first 300 seconds included 36 —46 9 of the
complete condensation reaction. The mechanism of the rapid reaction was also discussed
by Smythe 3, and in the same work the effect of small amounts of some compounds present
in the reaction solution was also studied. (Na,HPO,, H;C —COONa, H,N —CH,—COONa,
Na,B,0,, CH,OH and hydroquinone.) Smythe found that the highest rate was obtained
in 1:300 Na,HPO,. In this investigation, as in the previous, a change in pH during the
initial reaction was observed. Finally, Smythe ¢ studied the urea-formaldehyde reaction
in dilute solutions by means of polarography. In this case no rapid initial reaction could be
found. Similar studies of dilute solutions, also made by means of polarography, are due
to Crowe and Lynch %%, and the experiments included buffered, alkaline solutions. (0.1
M NaHCO;, pH 8.7; 0.06 M H,BO; + 0.056 M LiCl + 0.045 M LiOH, pH 10.1; 0.1 M
Na,CO3;, pH 11.2; 0.06 M LiOH, pH 12.7.) The reaction was found to be of second order,
and the rate was increasing with pH and temperature. An activation energy of 15.9
kcal/mole was calculated.

Bettelheim and Cedvall 7 investigated the urea-formaldehyde reaction in unbuffered,
concentrated solutions at 40° C in the neutral and alkaline range. The change in formal-
dehyde concentration of the reaction mixture was determined by means of a sodium sul-
fite titration method (Lemme-Doby). Also in this case a bimolecular reaction was found,
but the initial reaction was more moderate, only including about 15 9% of the complete
reaction.

Finally, De’Jong ® checked the initial rapid reaction in solutions prepared from
repeatedly crystallised urea, and in this investigation no reaction of such a kind could be
found. However, in the experiments an excess of urea was used. The previously observed
initial reaction was assumed to be due to ammonia impurities, and these impurities would
react with the formaldehyde rapidly. De’Jong did not mention what formaldehyde analy-
sing method he used.

The purpose of the following paper is to examine the methods for formal-
dehyde determination in urea-formaldehyde reaction mixtures and to describe
experimental studies at 20° C with special regard to the reaction order and the
influence of pH and buffer substances.

DETERMINATION OF FORMALDEHYDE IN UREA-—-FORMALDEHYDE
REACTION SOLUTIONS

The use of polarography for determination of formaldehyde in urea-form-
aldehyde reaction solutions was primarily introduced by Crowe and Lynch 5,8.
From formaldehyde limiting current measurements in solutions containing the
same amount of buffer substances and of the same pH as the reaction mixtures,
the formaldehyde was determined directly in these mixtures. Smythe ¢ used a
somewhat different method: Samples from the reaction solutions were analy-
sed on formaldehyde polarographically at 25° C; the supporting electrolyte was
0.095 M Na,HPO, + 0.022 M KH,PO,, pH 7.15. Calibration curves gave a
linear relationship between limiting current and formaldehyde concentration,
except for small deviations at low formaldehyde concentrations. These devia-
tions are probably due to difficulties when evaluating the polarograms; this
seems to be probable since Nat and K+ are the cations of the supporting
electrolyte and the waves of these ions interfere with the formaldehyde wave.
The evalution difficulties are also increased because the formaldehyde current-
voltage curve shows a maximum at high concentrations (Smythe 4, p. 575,
Fig. 2). Smythe mentions that methylol urea acts as a maximum suppressor,

Acta Chem. Scand. 9 (1955) No. 7
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Fig. 1. Formaldehyde polarograms of a uwrea  Fig. 2. The maximum suppression effect of
— formaldehyde reaction solution, Cxa+ =  gelatin at different formaldehyde concentra-
0.2; obtained by means of Smythe’s method  tions: 0.150 (O ), 0.100 (@), 0.060 (+ ),
(A ) and the method described in this paper  0.025 ( x ) and 0.010 (W) at 25° C. Suppor-

(B). : ting electrolyte: 0.10 M Li,CO,, pH 9.50.

but this effect is of course not present at the beginning of the urea-formalde-
hyde reaction. Within the limits of the experimental conditions used by
Smythe, the method seems to be applicable. However, the determination be-
comes more complicated if the reaction mixtures contain a considerable amount
of Na* due to buffer substances present. When the sodium and formaldehyde
waves interfere, the accuracy is often low. An example is given in Fig. 1,
polarogram A, representing a 15 9, urea-formaldehyde reaction mixture, the
molar ratio of urea to formaldehyde is 1:1.5 and 6 9, formaldehyde is still
unreacted. The Nat concentration is 0.2 M, and the polarogram was recorded
at 25° C with a supporting electrolyte according to Smythe and by means of
a LKB type 3 266 polarograph. The dilution ratio was 1:20. Air oxygen was
present and no maximum suppressor used. The drop time of the mercury
electrode was 3.5 sec. From the diagram it is found that we have reasons to
look for a supporting electrolyte which is more generally applicable.

Since the cation of the supporting electrolyte ought to have as negative
half wave potential as possible, in order to reduce the interference, (CHj),N*
would be suitable. However, this ion might cause some uncontrolled reactions
in solutions containing methylol urea and formaldehyde, and therefore it
might be better to use Li*. The half wave potential of Lit+ is more negative
than that of Na™*, the difference being 0.16 V, and this would decrease the dif-
ficulties mentioned above, especially if a suitable pH of the supporting
electrolyte is chosen. As shown by Bieber and Triimpler ®, the half wave

Acta Chem. Scand. 9 (1955) No. 7
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potential of formaldehyde is dependent on pH; increasing pH gives a more
negative half wave potential. This effect, which is undesirable from the
point of view of interference, is compensated by the increasing rate of methyl-
ene glycol dehydration, 4. e. the ratio between limiting current and formalde-
hyde concentration increases with increasing pH; Bieber and Triimpler °.
A number of preliminary experiments carried out by the present author, gave
the result that the higher the pH, the easier the evaluation of the polarograms

Methylol urea is hydrolysed in alkaline solutions, which was shown by
COrowe and Lynch 5, and this effect has to be regarded. The results of another
set of preliminary experiments made by the present author were that the rate
of hydrolysis is dependent on:

1. pH; the rate of hydrolysis increasing with increasing pH.

2. Temperature; the rate of hydrolysis increasing with increasing temperature.

3. Dilution of the reaction mixture with supporting electrolyte; the rate of
hydrolysis increasing with increasing dilution.

(Some of these results were previously known from Crowe and Lynch %)

Of course, the reaction between urea and formaldehyde can also continue
in the polarographlc solution, and further preliminary experiments gave the
results that the rate of this reaction is dependent on 1 and 2 in the same
way as the hydrolysis. The opposite effect is present in the case 3, decreasing
reaction rates were found when the dilution was increased.

The influence of the buffer concentration of the supporting electrolyte on
the reactions mentioned above was not studied, because the concentration is
limited by the solubility of the Li+* salts, and because a concentration close to
this limit has to be used. This is necessary since otherwise the hydroxyl ions
produced at the electrode surface during the reduction of formaldehyde

HCHO -+ 2 H,0 — CH,0H | 2 OH- (B)

will change the acid-base catalysis of the electrode reaction, 7. e. will reduce the
linear interval of the current concentration curve, as can be concluded from
Landqvist 0. (For further informations concerning the theory of formaldehyde
polarography, reference is given to that paper.)

When considering the interference, the hydrolysis and the continuing re-
action mentioned above, 0.1 M Li,CO;, pH 9.5 might be a suitable supporting
electrolyte. The solubility of Li,CO; does not permit a higher concentration
than 0.1 M, and no other suitable buffer substance for the pH range in question
could be found. The pK’’ of the carbonate at the ionic strength here present
is of the order 9.8, and this means that a slight influence of of hydroxyl ions at
moderate and high limiting currents may be expected.

As regards the temperature of the polarographic solutions, an increased
temperature is likely to cause an increased limiting current-formaldehyde con-
centration ratio, ¢. e. gives a favourable effect. However, at the same time the
increased rate of the reactions previously mentioned is unfavourable. Because
the temperature coefficient of the limiting current is high (Crowe and Lynch €,
Fig. 1), it is necessary to maintain a good temperature constancy. From the
point of view of thermostating a temperature a little above the room tem-
perature is useful, ¢. e. 25°C is in most cases to be preferred.

Acta Chem. Scand. 9 (1955) No. 7
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As mentioned before, the polarographic current-voltage curve of form-
aldehyde shows a maximum. In very dilute solutions this effect is not present,
but increasing concentration will cause more pronounced maxima. Some pre-
liminary experiments made by the present author gave the information that
maxima are pH-dependent, at pH 6.9 and 25° C no maxima were present when
Clacuoya, . €. the analytical formaldehyde concentration, was below 0.05 M.
However, at pH 9.50 and the same concentration and temperature, this effect
cannot be neglected. The increased tendency to maxima could be regarded as
a function of the magnitude of the limiting current, but in still more alkaline
solutions the effect decreases. In 0.05 M LiOH, for instance, no maxima can
be found at the concentration and temperature mentioned above.

Since from other points of view a supporting electrolyte pH of 9.5 is desir-
able, we need to reduce the tendency to form maxima, 7. e. to find a maximum
suppressor. The only one of the generally known suppressors which gives a
sufficient effect even at low concentrations of the substance, seems to be gela-
tin. Unfortunately gelatin is not a chemically defined product, and it is prob-
ably wise to be careful when changing from one gelatin to another. When ex-
pecting a large ’consumption’ of the substance, e. g. for a research project or
for industrial control purposes, a comparatively large amount can be kept in
stock, so that the same product is available for the whole investigation. The
gelatin is preferably dried and grinded dry. After grinding the gelatin is
thoroughly mixed. Before using a batch it might be tested to find the appro-
priate concentration at the highest amounts of formaldehyde expected.

In the following an investigation is described the purpose of which was to
study the relationship between maximum suppression and formaldehyde and
gelatin concentrations. The experiments were made in an open cell, ¢. e.
dissolved oxygen was present, and at 25°C. The drop time of the mercury
electrode was 3.4 sec. and the mercury flow 1.57 mg/sec. The supporting
electrolyte was 0.10 M Li,CO,, pH 9.50. The investigation included 5 formal-
dehyde concentrations, covering the range 0.00—0.15 M. All chemicals were
of A. R. quality, except for formaldehyde, which was a Merck product of high
purity, only containing traces of methyl alcohol and formic acid.* The refer-
ence electrode was of the saturated calomel type.

In Fig. 2 the function Imax/Cmcroj, Where Imax = maximum current and
Cmcro)a = analytical formaldehyde concentration, is plotted as a function of
the gelatin concentration in g/l. From this study we find the following:

1. Maxima are dependent on the formaldehyde concentration; increasing con-
centrations give rise to increased maxima.

2. A limiting gelatin concentration is present, ¢. e. at a concentration above
this limit no maxima occur.

3. The limiting concentration is dependent on the amount of formaldehyde
present, but to a comparatively low degree.

The findings 2 and 3 are in accordance with the idea that one kind of polaro-
graphic maximum suppression mechanism includes the adsorption of the
maximum suppressor at the electrode surface (Heyrovsky 11).

* < 2-10* M at 380 g/l formaldehyde,
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When gelatin is used in solutions containing formaldehyde, the possibility
of reactions between these two components cannot be neglected. In order to
find if a reaction occur when applying the conditions mentioned above,
I'nax/Cmcuoya Was measured in the supporting electrolyte in question and at a
gelatin concentration of 0.20 g/l and a formaldehyde concentration of 0.15 M.
The temperature was 25° C as before. During the 60 minutes studied no time
dependence could be observed, ¢.e. no gelatin-formaldehyde reaction was
found. It is probably necessary to apply the same test to every new batch of
gelatin, since it cannot a priori be postulated that the results here obtained
are valid for any type of gelatin.

From Fig. 2 it is seen that the limiting concentration of gelatin is of such
an order that 0.12 g/l is sufficient in the here actual concentration range.

Smythe ¢ reports that methylol urea acts as a maximum suppressor, how-
ever, preliminary experiments made by the present author gave the result
that the limiting concentration of this suppressor was comparatively high:
2—3 g/l. Such a high concentration will decrease the accuracy at low formal-
dehyde concentration determinations too much, since the equilibrium formal-
dehyde concentration of methylol urea in such a case can exceed the amount
to be determined. Thus, the use of monomethylol urea as a maximum suppres-
sor cannot be recommended.

In Fig. 1, polarogram B is obtained by means of a supporting electrolyte
comprising 0.10 M Li,CO;, pH 9.50, 0.12 g/l gelatin; the temperature was
25° 0. The reaction mixture investigated was the same as that of curve A of
the same figure. The result will clearly explain that the method is suitable also
in more difficult cases.

Fig. 3 shows a calibration curve, . e. the limiting current — formaldehyde
concentration relationship; supporting electrolyte as above, drop time 3.4 sec.
and flow of mercury 1.62 mg/sec. At high aldehyde concentrations the hydr-
oxyl ion effect is present and the linearity lost. However, the linearity is good
up to 0.06 M formaldehyde, but attention must be drawn to the fact that this
concentration is not of a general significance, as it relates to the conditions of
the capillary here used. This since the “’diffusion layer’’ of hydroxyl ion neutra-
lisation by the supporting electrolyte buffer substances and the corresponding
layer of methylene glycol dehydration and formaldehyde reduction are entirely
different. Thus, for each capillary the corresponding calibration curve has to
be obtained experimentally. Theoretical calculations in this field seem to be
very complicated.

For some of the formaldehyde concentrations in Fig. 3, four polarograms
were recorded, 3, 6, 12'and 18 minutes from the moment when a 1.0 M form-
aldehyde stock solution and the supporting electrolyte were mixed. No in-
fluence of time could be found, i. e. the rate of depolymerisation of any formal-
dehyde polymers present was in this case sufficiently high to prevent any
disturbances.

In order to investigate the role of continuing reaction and hydrolysis
in the polarographic solution when the here studied supporting electrolyte is
used, the following reactions were investigated by means of polarography:
4.0 M urea + 4.0 M formaldehyde, and 4.0 M urea + 8.0 M formaldehyde.
The solutions were 0.1 M with respect to Na,CO; and had a pH of 9.80. The
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Fig. 3. A limiting current — formaldehyde — Fig. 4. Continuing reaction and hydrolysis
concentration curve at 25°C. Supporting effects in 0.10 M Li,CO, + 0.12 g|l gelatin,
electrolyte: 0.10 M Li,004 + 0.12 g[l gelatin, pH 9.50. The temperature was 25° C and
pH 9.50. the dilution 1:100. Reaction solution: 4.0 M

CO(NH,), + 4.0 M HCHO in 0.10 M

Na,CO;, pH 9.80 and at 20° C. The curves

are related to the following degree of reaction:

% (A): 26 % (O0), 33 % (M), 52 %
)’ 78 A) q("")s 08)6 % (.) and

%

reaction temperature was 20° C. The polarography was carried out at 25° C
and the dilution ratio was 1:100. These conditions seem to be unfavourable”
as regards the effects to be studied. The results obtained can be found in Figs.
4 and 5, where the ratio between the actual limiting current and the current
extrapolated to zero time is plotted against the time from mixing the sample
and the supporting electrolyte. For both reactions we find that in the begin-
ning of the urea-formaldehyde reaction this reaction continues in the polaro-
graphic solution. However, during the later parts of the reaction, hydrolysis
is the most important effect. The curves of the functions are approximately
straight lines, and for accurate determinations the zero time extrapolation
mentioned above can easily be applied. If the accuracy need is moderate — of
the order 3 9, — it is sufficient to record the polarograms within 5 minutes from
mixing. It was further observed that within the limits of the linear part of the
current-concentration curve, no influence of the dilution ratio (1;5—1:160) on
the polarographic result was found. However, it must always be regarded that
the dilution does not change the buffer concentration of the polarographic solu-
tion so much that the calibration curve becomes invalid. The effects here
mentioned were also found when a supporting electrolyte in accordance with
Smythe was used.

From this it is seen that the use of polarography in studies of the urea-
formaldehyde reaction rates requires the consideration of a number of effects.

Acta Chem. Scand. 9 (1955) No. 7
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pH 9.50. The temperature was 25°C and
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Na,COs, pH 9.80 and at 20° C. The curves
are related to the following degree of reaction :

NILS LANDQVIST

% 'Free' formaldehyde
O
3
©
100 -
*
P °
Y °
L L] o =
Lyl T
‘ .
L]
gt
1 1 1 1 L Jlix
1.0 20 log t 30

Fig. 6. Reaction between 3.92 M CO(NH,),

+ 3.92 M HCHO at 20°C in an unbuffered

solution with the initial pH 8.0. Per cent

Vfree” formaldehyde of the reaction solution

was determined by means of : polarography

(@), the sulfite method (O ) and the hydroxyl-
amine method (X ).

10 % (O), 39 % (M), 70 % (x ), 82 %
(+) and 86 % (O).

However, when such a consideration is given, the polarographic method offers
several advantages, e. g. reliability, speed and accuracy.

In order to examine the titraiion methods previously applied (Smythe,
Bettelheim and Cedvall) two experiments were carried out, involving the reac-
tion between 3.92 M CO(NH,), + 3.92 M HCHO and 1.96 M CO(NH,), -+ 3.92
M HCHO at 20° C in unbuffered solutions with an initial pH of 8.0. These reac-
tions were studied by means of: a) the polarographic method described in this
paper, b) the hydroxylamine titration method, and c) the sulfite titration
method.

The hydroxylamine titration method was applied as follows:

2 ml of the reaction mixture were measured by a pipet into a 100 ml Erlenmeyer
flask, 10 ml distilled water added, 10 drops of bromophenol blue indicator, followed by
20 ml 10 9% by weight hydroxylamine hydrochloride solution. (This represents 79 %,
hydroxylamine hydrochloride excess at the highest formaldehyde concentration.) Exactly
30 seconds from the midpoint of the time taken for the pipet to deliver 20 ml solution, the
titration of the liberated hydrochloric acid with 0.5 M NaOH begun and was completed
within 1—2 minutes. The endpoint was matched against a standard. (Smythe *.)

The sulfite method was handled in accordance with the following des-
cription:
2 ml of the reaction mixture were measured by a pipet into a 100 ml Erlenmeyer flask,

10 ml distilled water and 5 drops of thymolphthalein indicator added, followed by 25 ml
15 9% by weight (anhydrous) sodium sulfite solution. (This amount of sodium sulfite

Acta Chem. Scand. 9 (1955) No. 7



UREA AND FORMALDEHYDE I 1135

X " "
_——C(C-X) ; (41410
GG
% 'Free” formaldehyde
- ® %
100 By ik
H
]
x x ~ )
3 "o x
50 X 0.5 |
8
x
1 1 1 1 1. L 1 ‘
1.0 20 log t 30 5 : 19

x107 sec

Fig. 7. Reaction between 1.96 M CO(NH,),
+ 3.92 M HCHO at 20° C in an unbuffered
solution with the initial pH 8.0. Per cent
Vfree” formaldehyde of the reaction solution
was determined by means of: polarography
(@), the sulfite method (O) and the hydroxyl-

Fig. 8. The reaction between 4.0 M CO(NH,),

4+ 4.0 M HCHO at 20° C in: an un-

buffered solution, wnitial pH 6.70 (X );

0.10 M KH,PO,, pH 6.70 (®); 0.10 M

borax, pH 9.20 (%) and 0.10 M Na,COs,
pH 9.80 (O).

amine method (X ).

represents 879, excess at the highest formaldehyde concentration.) The sulfite solution
was neutralised against an indicator standard (pale blue), which also was used for the
titration with 0.5 M HCl. The titration begun exactly 1 minute from the midpoint of the
sulfite delivery.

The results of these comparative investigations are given in Figs. 6 and 7,
where the amount of “free’” formaldehyde of the reaction solution is plotted
against the logarithm of the reaction time in minutes, as determined by means
of the different analytical methods. From the results it is found that the
agreement between the polarographic and the sulfite method is good. The
hydroxylamine method, however, gives different results. The values obtained
were generally too low; in the beginning of the reaction a figure about 35 9%,
below the theoretical value was obtained. The influence of the time used for
completing the titration, 4. e. the time from the start of a titration 30 seconds
after mixing and to a completed titration, is eludicated by the following experi-
ment. A reaction sample containing 4.20 9, “free’ formaldehyde (polaro-
graphy and sulfite method) was analysed by means of the hydroxylamine
method as described above, 10 ml sample used, and the titration was com-
pleted at different time delays. The results were:

Titration time

% »ree» formaldehyde

min. obtained
0.5 3.49
1.0 4.12
1.5 4.50
2.0 4.74
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Fig. 10. The reaction between 4.0 M

CO(NH,), + 0.4 M HCHO at 20° C, pH

6.70 and Cxn,po,: 0.1 (O), 0.05 (@) and
0.025 (x ).

From this it might be concluded that the time interval ’1—2 minutes’ is not
defined sufficiently sharply when a high accuracy is needed.

The influence of the amount of reaction mixture sample used for the titra-
tions can be found from the following data, obtained by analysing a reaction

! C (Cy~x)
L oy
05
03 |
o
0.1
L 1 1 L 1 1
2000 4000 sec 6000
Fig. 11. The reaction between 4.0 M

CO(NH,), + 0.4 M HCHO at 20° C, pH
9.20 and Coorax: 0.1 (O), 0.05 (@) and
0.025 (% ).

)
Cy=Cr Gy AC=x)

1 1 | 1

4000 sec 6000

2000

Iig. 12. The reaction between 4.0 M

CO(NH,), + 0.4 M HCHO at 20°C, pH

10.00 and Cwa,co,: 0.2 (O), 0.1 (®), 0.05
(x ) and 0.025 (+ ).
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Fig. 13. The reaction between 4.0 M  Fig. 14. The reaction between 4.0 M

CO(NH,),+0.4 M HCHO at 20°C, pH 11.5
and Cxagco,: 0.2 (0), 0.1 (@) and 0.05
(%)

CO(NH,), - 0.4 M HCHO at 20° C and:

0.1 M Na,P,0,, pH 8.50 (0) ; 0.1 M Na,PO,,

pH 11.50 (@) and 0.1 M NayPO,, pH 12.40
(%)

solution containing 4.30 %, “’free” formaldehyde by means of the hydroxyl-
amine method, titration time 1.5 minutes: 2 ml sample: 1.65 %, 5 ml sample:
2.97 9%, and 10 ml sample: 4.27 %, “’free” formaldehyde.

A similar experiment made by means of the sulfite method gave the results:
2 ml sample: 4.27 9%, and 5 ml sample: 4.33 9, “’free” formaldehyde. Within
the practical limits of titration times no influence similar to that described
for the hydroxylamine method could be found in this case.

1 CF (CU'X)
CyCe " Gy (%)
20 F #

10

Il 1 L 1 1

10000 20000

sec

Fig. 15. The reaction in 0.05 M Li,COs,

pH 9.50 at 20° C. Cmcmo = 0.10 and

CeowH,),4.0 (0), 2.0 (®), 1.0 (X))
and 0.5 (+ ).
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It seems to be probable that a highly standardized hydroxylamine method
will give a better accuracy than that here obtained. However, in the beginning
of the urea-formaldehyde reaction the method might give results which are
below the real values also in such a case. From this we find that the hydr-
oxylamine method cannot be recommended.

The sulfite method seems to be more satisfactory; however, both of the
titration methods include some disadvantages: After adding the reaction
sample the pH of the titration solution will change anomalously, and in some
cases this will cause a continuing reaction or hydrolysis before the titration
is completed. Of course, this effect can be partly reduced if a buffer substance
is added to the solution, e. g. a formic acid buffer in the case of the hydroxyl-
amine method and a carbonate buffer in the case of the sulfite method. (These
buffers must be preneutralised and the titration stopped at the same pH as
used for the preneutralisation.) A more serious disadvantage is that the
methods fail when applied to reaction solutions containing buffer substances
which have their buffering intervals in a pH range where the titration must be
completed. A simple oxidation method, applicable to the sulfite titration
method, cannot easily be found, otherwise such a method would solve the prob-
lems in question. Another possibility would be the use of ion exchange resins
for removing the buffer substances; such a method, however, seems to be
comparatively slow.

Thus, when considering a general applicability, the polarographic method
might be preferred.

EXPERIMENTAL STUDIES OF THE EQUIMOLECULAR UREA-FORMAL-
DEHYDE REACTION IN NEUTRAL AND ALKALINE SOLUTIONS

The experiments were carried out in a closed flask or an open beaker at 20° C. At
this temperature no difference could be found between the results obtained by means of
a closed or an open vessel. The reaction mixture was kept at a constant ternperature as
follows: The vessel was immersed into a water thermostat, kept at 25 - 0.1° C, and in
the vessel & cooling coil was fitted. Through the coil water at 10° C was circulated by a
pump. The water circulation was on-off regulated by a contact thermometer in the
reaction solution, and this solution was kept in motion by a stirrer. This device gave a
temperature constancy within -+0.1° C.

The solutions, containing the amount of buffer substances to be used, were made up to
twice the reaction concentration of urea and formaldehyde. All the chemicals were of
A. R. quality, except for the formaldehyde, which was a Merck product of high purity,
only containing traces of methyl alcohol and formic acid.* The pH of the solutions was
then adjusted by hydrochloric acid or the hydroxide of the buffer cation; for the pH
measurements the glass electrode technique was used, and at high pH values the dif-
ferential method in accordance with Landqvist 12 was applied. The accuracy was 4-0.02
pH. The “buffer substances” mentioned above also included a chloride of the cation,
added in such an amount that the cationic strength in all cases was the same as at the
highest buffer concentration. This was made in order to keep the concentration-activity
ratio for the buffer anions at different amounts of buffer as constant as possible. The
reaction solutions were comparatively concentrated as regards the reactants, since such
solutions are of greatest practical interest. In each experiment samples were taken
from the reaction mixture at different time delays from the mixing of the reactant solu-
tions, the pH constancy checked (no differences found) and the “’free” formaldehyde
content determined polarographically by means of the method previously deseribed.

* < 2,100 M at 350 g/l formaldehyde.
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One set of experiments was made with solutions containing urea and for-
maldehyde in the molecular ratio 1:1. In this case we have the following reac-
tion rate equation, if we assume that monomethylol urea is the reaction product
and neglect the hydrolysis reaction:

— =k (C—=x)? =10, r=—10

and
x

- =k - 1
T (0—2) M
where x = monomethylol urea concentration, C = initial urea and formal-
dehyde concentration, k = reaction rate constant and ¢/ = time of reaction.

Another set of experiments were carried out on solutions containing an
excess of urea, and in this case we have:

dx

b e & LN (s s
a ==tk ((/U 70) (CF .’I:)

where Oy = initial urea concentration and Cp = initial formaldehyde con-
centration.
From this we obtain:

1 Cr (Ou——x)

ok 5
or, when Oy ({ Cy:
i19 In ~CF— — % (2a)
CU OF—-W o

The experimental conditions and results can be found in Figs. 8-—16, and
they are summarized in Table 1.

In all experiments a small volume contraction occurred, of the order 1 9%,
and correction has been applied for this effect.

In the unbuffered solution at pH 6.70 a small change in pH occurred during
the reaction. However, the same curve was obtained when the pH was kept
constant by adding NaOH.

From the second order reaction relationship found in solutions containing
an excess of urea, reaction rate constants can be calculated. If we plot these
constants for each buffer substance at a constant pH as functions of the buffer
concentrations, we get a relationship as shown by Fig. 17. The linearity of the
curves is good, 1. e. the concentration-activity ratio is fairly constant, as can
be expected from the constant cationic strength of the solutions. The different
catalytic properties of the different buffer substances clearly appear from the
diagram. If the curves of Fig. 17 are extrapolated to zero buffer concentration,
the sum of the “’zero reaction rate’” and the hydroxyl ion catalytic contribution,
k4, can be calculated. The relation between the logarithm of %, and pH is
shown in Fig. 18.
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Table 1. Experimental data of the equimolecular urea-formaldehyde reaction in neutral and

alkaline solutions at 20° C.

. Buffer Reaction
Fig. Ccowmy), | CHCHO | pcionce| Cbutter pH oo k103

8 4.00 4.00 — - 6.70 * — —

8 4.00 4.00 KH,PO, 0.100 6.70 — —

8 4.00 4.00 borax 0.100 9.20 — —

8 4.00 4.00 Na,COq 0.100 9.80 — -

9 4.00 4.00 Li,CO4 0.050 9.50 — —

9 2.00 2.00 Li,CO, 0.050 9.50 — —

9 1.00 1.00 Li,CO,4 0.050 9.50 - —

9 0.50 0.50 Li,COq 0.050 9.50 — -
10 4.00 0.40 KH,PO, 0.100 6.70 2 0.16
10 4.00 0.40 KH,PO, 0.050 6.70 2 0.10
10 4.00 0.40 KH,PO, 0.025 6.70 2 0.065
11 4.00 0.40 borax 0.100 9.20 2 0.080
11 4.00 0.40 borax 0.050 9.20 2 0.060
11 4.00 0.40 borax 0.025 9.20 2 0.052
12 4.00 0.40 Na,CO, 0.200 10.00 2 0.34
12 4.00 0.40 Na,CO, 0.100 10.00 2 0.20
12 4.00 0.40 Na,CO, 0.050 10.00 2 0.12
12 4.00 0.40 Na,CO,4 0.025 10.00 2 0.10
13 4.00 0.40 Na,CO, 0.200 11.50 2 1.9
13 4.00 0.40 Na,CO,3 0.100 11.50 2 1.6
13 4.00 0.40 Na,COq 0.050 11.50 2 1.4
14 4.00 0.40 Na,P,0, 0.100 8.50 2 0.13
14 4.00 0.40 NazPO, 0.100 11.50 2 1.6
14 4.00 0.40 NazPO, 0.100 12.40 2 7.5
15 4.00 0.10 Li,CO, 0.050 9.50 2 0.091
15 2.00 0.10 Li,CO, 0.050 9.50 2 0.091
15 1.00 0.10 Li,COgq 0.050 9.50 2 0.091
15 0.50 0.10 Li,CO4 0.050 9.50 2 0.091
16 4.00 0.50 Li,COq 0.050 9.50 2 0.091
16 4.00 0.25 Li,CO, 0.050 9.50 2 0.091
16 4.00 0.10 Li,COq 0.050 9.50 2 0.091
16 4.00 0.05 Li,COy4 0.050 9.50 2 0.091

* initial pH; final pH was 6.50.

From these experiments the following conclusions might be drawn:

115

The polarographic and the sulfite method for formaldehyde determina-

tions in urea-formaldehyde reaction solutions give similar results (Figs. 6

and 7).
The hydroxylamine method gives, especially in the beginning of the

9

P

urea-formaldehyde reaction, too low formaldehyde concentration values (Figs.

6 and 7).

3. The accuracy of the hydroxylamine method seems to be moderate (Figs.

6 and 7).
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Fig. 18. Relationship between the logarithm
ofithe reaction rate constant at zero buffer
concentration and pH for the reaction 4.0
M CO(NH,), + 0.4 M HCHO at 20°C.

Na,C0,;, pH 10.0 (@), borax, pH 9.2
(+ ) and KH,PO,, pH 6.7 (x ).

4. When applying the polarographic method, continuing reaction and
hydrolysis effects in the polarographic solution must be considered (Figs. 4
and 5).

5. In an unbuffered solution, 4.0 M CO(NH,), + 4.0 M HCHO, initial
pH 6.70 and at 20° C, no rapid initial reaction can be found. No theoretically
significant reaction order is present; the order is approximately 1.6. (A number
of repeated experiments of this kind, at different concentrations of the reac-
tants and different initial pH, and also such carried out with the pH of the
reaction solution kept constant, gave the same result.) (Fig. 8).

6. In buffered solutions and a urea-formaldehyde ratio of 1:1 at 20°C
no theoretically significant reaction order is present and no initial reaction
observed. The reaction order is approximately 1.6 (Fig. 8).

7. At the urea-formaldehyde ratio 1:1, in buffered solutions at 20° C, no
obvious concentration dependence of the reaction rate can be seen (Fig. 9).

8. In buffered solutions containing 4.0 M CO(NH,), + 0.4 M HCHO a
second order reaction occurs (Figs. 10—14).

9. The rate of the second order reaction in solutions containing an excess
of urea is not obviously dependent on this excess or the concentration of the
reactants. (At a low urea-formaldehyde ratio, 5:1, small deviations from line-
arity are present, showing a tendency to a non-linear relationship.) (Figs. 15
and 16).

10. The urea-formaldehyde reaction at 20° C in solutions containing an
excess of urea is subject to an acid-base catalysis. Different acid and base ions
show different catalysing power. An extremely small effect is present in the
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case of borate ions (Fig. 17). The same effects were observed at a urea-formal-
dehyde ratio of 1:1.

11. The hydroxylion catalytic effect is not a simple function of the activity
of this ion (Fig. 18).

The author wishes to thank the board of Rydboholms A.B. for permission to publish
this paper, and is also indebted to Mr G. Johansson for his valuable assistance in the
experimental work and to Professor N. Gralén and Dr. J. Lindberg for their kind interest.
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On the Reaction between Urea and Formaldehyde in

Neutral and Alkaline Solutions

II. Experimental Studies of the Rates of the Equimolecular Reaction
between Monomethylol Urea and Formaldehyde

NILS LANDQVIST

Rydboholms A.B., Rydboholm, Sweden

The paper includes the results of experimental studies at 20° C of
the reaction between monomethylol urea and formaldehyde in com-
paratively concentrated solutions. The relationship between the
amount of dimethylol urea produced by the reaction and the reaction
time cannot be described by a simple second order reaction rate equa-
tion. However, an equation deduced with regard to the influence of
dimethylol urea hydrolysis is in agreement with experimental results.

The reaction is found to be subject to an acid-base catalysis, but
the hydroxyl ion contribution to this catalysis is not a simple function
of the hydroxyl ion activity. The influence of the concentration of the
reactants on the reaction rate constants was found to be small.

A study of the rates of the reaction between monomethylol urea and formal-
dehyde,

H,N - CO - NH - CH,OH + HCHO = HOCH, - NH - CO - NH - CH,0H

is due to Kvéton and Krélova . In their investigations they used the hydr-
oxylamine method for determining the amount of free’”’ formaldehyde of the
reaction solutions. Since they found that this method, as it was described by
Smythe 2, gives too low formaldehyde concentration data, the method was
somewhat modified and highly standardized. The authors report an accuracy
of 4+ 59, when the hydroxylamine method is used as they recommend. (How-
ever, the results obtained by Landqvist 2 in a critical analysis of some of the
methods suitable for formaldehyde determinations in urea-formaldehyde
reaction solutions, and the appearence of an initial rapid reaction in the experi-
ments, as carried out by Kveton and Kralové, gives the impression that
+ 5 9, might be a too optimistic figure when the modified method is more
generally applied.)

According to Kveton and Kralové, the accuracy is moderate if the later
part of a reaction between urea and formaldehyde at a molar ratio of 1:2 is
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used for an investigation of the reaction between monomethylol urea and for-
maldehyde. Thus, these authors also studied the reaction rates when starting
from these latter compounds in 1 M solutions. In order to examine the in-
fluence of pH on the reaction rates, experiments were made at different pH
in citric and boric acid buffers. (Corrections applied for the influence of the
buffer substances on the results of the hydroxylamine titrations?) A minimum
reaction rate was found at pH 6.5. All reaction rates were calculated by means
of an equation corresponding to a second order reaction, and no regard was
given to the influence of hydrolysis effects. Except for a rapid initial stage,
the reactions were found to be of second order. However, only the middle part
of the reaction was used for calculations, and when examining the rate con-
stant data at long reaction times, deviations are found to be present. (Table
2 in the paper by Kveton and Kralové.) Finally, an activation energy of 12.2
keal was determined.

In the following the results of some experiments on the equimolecular reac-
tion between monomethylol urea and formaldehyde are given. The purpose
of these experiments has been to investigate the influence of pH and buffer
substances on the reaction rates and the effect of the concentration of the
reactants. A reaction rate equation will be deduced, with regard to the di-
methylol urea hydrolysis.

The experimental technique was the same as previously described by
Landqvist 8. Monomethylol urea was prepared in accordance with Walter
and Gewing 4 The cryoscopic molecular weight of this monomethylol urea
was 90 &+ 2. The monomethylol urea was dissolved in cold water and the
cryoscopic measurements made immediately in order to prevent hydrolysis
effects. All experiments were carried out at 20 -+ 0.1° C and all chemi-
cals were of A. R. quality, except for the formaldehyde, which was a Merck
product of high purity, only containing traces* of formic acid and methyl
aleohol.

The dry methylol urea was added to a solution containing formaldehyde
and the buffer substances at the pH wanted. (The pH was then re-checked
during the reaction, and no changes found, except for an experiment on an
unbuffered solution, initial pH 6.70.) The addition of solid monomethylol
urea was made in order to prevent any undesirable hydrolysis effects. The
substance was brought into the solution and dissolved within 30—60 seconds;
the reaction time was calculated from the midpoint of the time needed for com-
plete dissolution. The maximum concentration used was 1 M, since the solu-
bility of dimethylol urea is moderate.

When neglecting the hydrolysis of methylol ureas, we obtain the following
reaction rate equation:

de 5 i o
5 = (0—) t=0,2=0 (1)
1. €. x
o (2)

¥ <2 x10* M at 380 g/l formaldehyde.
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where x = concentration of dimethylol urea, C' = initial concentration of the
reactants, ¢ = time of reaction and %, = reaction rate constant.
However, when regarding the hydrolysis of dimethylol urea, but still

neglecting that of monomethylol urea, we find:|
g:_”=k1.(0_x)2—k2-x t=0, =0 (3)

where k, = the rate constant of the dimethylol urea hydrolysis.
We write
ko/ky = o, i. e. the equilibrium constant.

Since at equilibrium d z/d ¢ = 0, we have:

0=-—"=1lim (o)t (4)

Under these conditions we obtain the following solution to eqn. (3)

1 =2 2R-C+ot Va0 ot o)
V4.C- o+ 0o® 1—2-x/(2-0+a—]/4.0.g_|_02) (5)

kyt=@=

In each experiment the equilibrium constant was determined by extrapolation
of the amount of "’free”” formaldehyde of the reaction solution to infinity reac-
tion time. t ‘

g
0.6 ]
2.0 t
0.4
1.0 t
02

50000 100000 20000 40000
sec sec

Fig. 1. Reaction between 1.0 M H,N - CO - Fig. 2. Reaction between 1.0 M H,N . CO -

NH . CH,OH + 1.0 M HCHO at 20° Cin NH .-CH,0H + 1.0 M HCHO at 20° C and

an unbuffered solution, wnitial pH 6.70. pH 6.70 at Ckm,p0,:0.1 (O), 0.05 (@)
and 0.025 (+ ).
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2.0

1.0

10000 20000

Fig. 3. Reaction between 1.0 M H,N - CO -

NH - CH;0H + 1.0 M HCHO at 20° C and

pH 9.20 at Cporaxz : 0.1 (O ), 0.05 (@) and
0.025 (+ ).
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20 |

1.0

50000 100000

Fig. 4. Reaction between 1.0 M H,N - CO -

NH - CH,OH + 1.0 M HCHO at 20° C and

pH 10.00 at CNa,co, : 0.1 (O), 0.05 (@)
and 0.025 (+ ).

In Figs. 1—7 the function (5) is plotted from experimental data, and in the
case of Fig. 6 a comparison is also made to eqn. (2). In this investigation the
reactions were continued much longer than was made by Kveton and Kralové,
since the later part of the reaction is of great practical interest. The composi-

2.0

10 t

1000 2000

Fig. 5. Reaction between 1.0 M HyN - CO -

NH . CH,O0H + 1.0 M HCHO at 20° C and

pH 11.40 at Cna,co, : 0.1 (O), 0.05 (@)
and 0.025 (+ ).

() (o)
L Xl )
¢ LClexy
3
2
0 U S
500 1600

secC

Fig. 6. Reaction between 1.0 M H,N -
CO - NH -CH,0H + 1.0 M HCHO at 20°
C and pH 12.40 and CnNa.po, : 0.1.
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2.0

1.0

10000 20000

Fig. 7. Reaction at 20° C, pH 10.00 and

CNa,co, 0.1 between H,N - CO - NH - CH,O0H

and HCHO at the concentrations: 1.0 (O ),
0.5 (@) and 0.265 (+ ).

-log K,
2.0

3.0

4.0

6.0

1463

Kx10% | Ky x103 (+)
1:55¢
1.0 5
0.5}
0.0‘50 0.7‘00

buffer

Fig. 8. Relationship between the reaction
rate constant of 1.0 M HaN - CO - NH -
CH,0H + 1.0 M HCHO at 20° C and the
buffer substance concentrations: KHaPO,,
pH 6.70 ( x ); borax, pH 9.20 (O ); NagCOs,,
pH 10.00 (®); Na,C0s, pH 11.50 (+ ).

6 8

10 12

pH

Fig. 9. Relationship between the logarithm of the reaction rate constant extrapolated to zero
buffer concentration and pH for the reaction between 1.0 M HyN - CO - NH - CH,OH + 1.0
M HCHO at 20°C. (+ ) refers to 0.1 M NagPO, pH 12.40.
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Table 1. Ezperimental data of the equimolecular reaction between monomethylol wrea and
formaldehyde in neutral and alkaline solutions at 20° C. In all cases ¢ = 0.11.

. Concentration Buffer

Fig. of the reactants substance Cbuffer pPH ky x 10
1 1.00 — — 6.70 * 0.064
2 1.00 KH,PO, 0.100 6.70 0.79
2 1.00 KH,PO, 0.050 6.70 0.38
2 1.00 KH,PO, 0.025 6.70 0.24
3 1.00 borax 0.100 9.20 0.35
3 1.00 borax 0.050 9.20 0.26
3 1.00 borax 0.025 9.20 0.20
4 1.00 NayCO, 0.100 10.00 1.52
4 1.00 Nay,CO, 0.050 10.00 1.16
4 1.00 Na,CO,4 0.025 10.00 0.99
5 1.00 Na,CO, 0.100 '11.50 10.2
5 1.00 Na,CO, 0.050 11.50 8.7
5 1.00 Na,CO, 0.025 11.50 8.0
6 1.00 NaysPO, 0.100 12.40 48
f 1.00 NayCO, 0.100 10.00
7 0.50 Na,CO, 0.100 10.00 } 1.5
7 0.25 Na,CO, 0.100 10.00

* [Initial pH; final pH was 7.20.

tions of the reaction solutions and the experimental results are given in Table
1. (The cationic strength of the solutions was kept constant by adding an
amount of the chloride of the buffer cation, corresponding to the difference
between actual cationic strength and that of the most concentrated solution.)

When plotting the rate constants obtained at different buffer concentrations
as functions of these concentrations, a relationship in accordance with Fig. 8
is found. If the curves are extrapolated to zero buffer concentration we
get the sum of the "’zero reaction rate” and the hydroxyl ion catalytic contri-
bution: %). The relation between the logarithm of £ and pH is shown by

ig. 9. :

From these experiments the following conclusions might be drawn, as re-

gards the temperature and concentration range studied:

1. No linear relationship can be found when applying the simple second order
reaction rate equation (Fig. 6).

2. When applying a reaction rate equation, including the regard of dimethylol
urea hydrolysis, but still neglecting that of monomethylol urea, a good
linearity is obtained (Figs. 1—7).

3. No rapid initial reaction can be found (Figs. 1—7).

4. The concentration of the reactants do not affect the reaction rate con-
stants to any considerable extent (Fig. 7).
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5. A linear relationship is present between the reaction rate constants and the
concentration of the buffer substances at a constant cationic strength. I.e.
the reaction is subject to an acid-base catalysis (Fig. 8).

6. A very low catalytic effect is present in the case of borate buffers (Fig. 3).

7. No simple relationship exists between the catalytic contribution of the
hydroxyl ions and their activity (Fig. 9).

The author wishes to thank the board of Rydboholms A. B. for permission to publish

this paper, and is also indebted to Mr. G. Johanson for his valuable assistance in the
experimental work.
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On the Reaction between Urea and Formaldehyde in Neutral
and Alkaline Solutions.

III. Experimental Studies of the Rates of Hydrolysis of
Monomethylol Urea

NILS LANDQVIST

Rydboholms A.B., Rydboholm, Sweden

The rates of monomethylol urea hydrolysis at 20° C are investiga-
ted. The reaction cannot be described by & simple first order reaction
rate equation, and the rate constants were determined by means of an
extrapolation method applied to the first order equation relationship.

The hydrolysis is found to be subject to an acid-base catalysis,
but the hydroxyl ion contribution is no simple function of the hydroxyl
ion activity. The influence of the concentration of the reactants on the
reaction rate constants is found to be small.

The rate of the hydrolysis of monomethylol urea:
H,N—CO—-NH-CH,0H = H,N—CO—NH, + HCHO

was studied by Crowe and Lynch *. The amount of liberated formaldehyde was
determined by means of polarography directly in the reaction solutions.
The experiment only included the hydrolysis of 0.00344 M monomethylol urea
in 0.05 M LiOH; the reaction was studied by adding a monomethylol urea stock
solution to an equal amount of 0.10 M LiOH. The time elapsed between the
preparation of the stock solution and the addition to LiOH is not mentioned;
thus it is not known if the hydrolysis occurring in the stock solution was
controlled. No linear relationship was found when applying a first order
reaction rate equation, but from the slope of the curve at zero reaction time,
the constant was calculated.

From comparisons made between the hydrolysis rate constant obtained
by this experiment and the corresponding constant of the equimolecular
reaction between urea and formaldehyde an equilibrium constant of 20.5 was
calculated by these authors. The equilibrium constant found from the latter
of the reactions, extrapolated to infinite reaction time, was of the order 26.
All data refer to 0.056 M LiOH.
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The purpose of the following study is to investigate the rate of hydrolysis
of monomethylol urea in comparatively concentrated solutions at 20° C with
regard to the influence of pH, buffer and monomethylol urea concentration.

The experimental technique was the same as previously described. (Land-
qvist 2). The monomethylol urea was prepared in accordance with Walter and
Gewing 8. The cryoscopic molecular weight was found to be 90 4 2. All
hydrolysis experiments were carried out at 20 4- 0.1° C, and all chemicals used
were of A. R. quality. Dry monomethylol urea was added to a solution con-
taining the buffer substances at the pH wanted and, if occurring, the very
small change in pH was quickly adjusted. (The pH was re-checked during
the reaction, and no changes observed, except for a reaction in an unbuffered
solution with an initial pH of 6.70.) Solid monomethylol urea was added in
order to prevent any influence of hydrolysis before mixing, ¢.e. in order
to obtain a real zero reaction time. This time was calculated from the mid-
point of the time needed for dissolving the monomethylol urea, which was of
the order 30—60 seconds, since the maximum concentration of monomethylol
urea was < 1.0 M. ;

When neglecting the reaction between the hydrolysis products and a reac-
tion between monomethylol urea and liberated formaldehyde producing dime-
thylol urea, we find the following reaction rate equation:

dz , . <y

e k' (Cy—) b= O vai=—0 (1)
and Cose B

In Gto =kt _ 2)

where # = the concentration of urea or formaldehyde, €, = initial concentra-
tion of monomethylol urea, ¢ = time of reaction and k&’ = the rate constant of
monomethylol urea hydrolysis.

If z (<0, we obtain:

X 1

A complete reaction rate equation requires the consideration of all the
factors mentioned above. Since the rates of dimethylol urea hydrolysis are
unknown, the general case cannot easily be treated. However, the rate con-
stants can, as previously mentioned, be determined from the slope of the func-
tion (2) at zero reaction time. This method does not permit a high degree of
accuracy. If the slopes of the function (2), when plotted from experimental
data, were determined graphically and then plotted as functions of reaction
time logarithmically, it was found that

l — ft 4
Vd In [Cy/(Co—=)]/dt i g

is a suitable function for linear extrapolations to zero reaction time in the
present case. By applying this method, a better accuracy could be obtained.
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Table 1. Experimental data of the hydrolysis of monomethylol urea in newtral and alkaline
solutions at 20° C.

CH,N.CO.NH.CH,0H sukﬁ‘;fr.fge 1 Chuffer pH ks X108 !:‘ f:gtn; rde::;lon
|
1.00 — — 6.70 2 0.057 —
1.00 KH,PO, 0.100 6.70 0.60 0.037
1.00 KH,PO, 0.050 6.70 0.35 0.035
1.00 KH,PO, 0.025 6.70 0.22 0.034
1.00 borax 0.100 9.20 0.30 0.037
1.00 borax 0.050 9.20 0.23 0.038
1.00 borax 0.025 9.20 0.19 0.037
1.00 Na,CO, 0.100 10.00 0.76 0.040
1.00 Na,CO,4 0.050 10.00 0.46 0.041
1.00 Na,CO, 0.025 10.00 0.35 0.035
0.50 Na,CO,4 0.100 10.00 0.77 —
0.25 Na,CO, 0.100 10.00 0.77 —
1.00 Na,CO, 0.100 11.50 6.6 0.036
1.00 Na,CO, 0.050 11.50 5.8 0.036
1.00 NayCO;, 0.025 11.60 5.2 0.037
Av. 0.037

1 In all cases such amounts of a chloride of the buffer cation were added that a cationic
strength corresponding to that of the most concentrated solution was obtained.
* Initial pH; the final pH was 7.05.

The compositions of the reaction solutions and the experimental results
are given in Table 1. In this table the equilibrium constants, as calculated
from the figures here obtained and the corresponding constants of the equi-
molecular reaction between urea and formaldehyde (Landqvist 2), can also be
found. (These data are the inverse of the figures given by Crowe and Lynoch 1.)
No influence of pH and the catalytic properties of the reaction solution on the
equilibrium constants can be observed.

No experimental equilibrium constants have been determined, since they
cannot be assumed to be similar to the constants calculated from the reaction
rates. All the reactions previously mentioned might be included in the experi-
mental equilibrium. When regarding the hydrolysis of monomethylol urea and
the reaction between the liberated urea and formaldehyde, we have:

O k' (Co—F)—Fk F? (5)
ds
where F' = the concentration of liberated formaldehyde, k¥ = the urea-formal-
dehyde reaction rate constant when the reaction product is monomethylol
urea. Thus, at equilibrium we obtain:

k' [k}= F&/(Cy—F o) (6)

where Fo = the amount of free formaldehyde at equilibrium.
During the hydrolysis the amount of free formaldehyde reaches a maximum
and then decreases asymptotically; the change is very small and is probably
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Fig. 1. The egn. (2) relationship of the hydro-
lysts of 1.0 M monomethylol urea in 0.100 M
Na,00,, pH 10.00, 20°C.
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Fig. 2. The extrapolation method applied to
the curve of Fig. 1.

due to dimethylol urea and urea-formaldehyde reactions. However, the
amount of free formaldehyde at maximum was only about 1/4 of the amount
calculated from eqn. (6) and no linear relationship was found when applying
the solution to eqn. (5) to experimental data. Such results are to be expected

from the previous discussion.

1o | «'x105  [u’xi0é 0]

i

0.05 0.10 Cpyupre,
buffer

Fig. 3. Relationship between the reaction rate
constants of the hydrolysis of 1.0 M mono-
methylol urea and the concentrations of the
buffer substances at 20° C. KH,PO,, pH 6.70
( % ); borax, pH 9.20 (+ ); Na,CO;, pH
10.00 (@) and Na,0O0s, pH 11.50 (O ).
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Fig. 1 is an example of the eqn. (2) relationships obtained, and Fig. 2 shows

the corresponding extrapolation curve according to eqn. (4).

If the reaction rate constants of the monomethylol urea hydrolysis were

plotted as functions of the concentrations of the buffer substances at a constant
cationic strength, a relationship as shown by Fig. 3 was obtained. By extra-
polation of these curves to zero buffer concentration, a “’zero reaction rate”,
ko, can be determined. The relation between log %y and pH is shown by Fig. 4.

From these experiments the following conclusions might be drawn, as

regards the ranges studied:

1

2.

No linear relationship can be found when applying a simple first order
reaction rate equation (Fig. 1).

The equilibrium of the reaction is not in agreement with the equilibrium
constants calculated from the reaction rates, and. this is probably due to the
influence of other reaction