Thermal Stability of Nonionic Polyoxyalkylene Surfactants
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SYNOPSIS

Nonionic surfactants are largely employed in the pharmaceutical, cosmetic, and textile
industry. The sensitivity of polyoxyethylene chains to autoxidation is studied because it is
responsible for unpleasant effects such as discoloration, degradation of products, and un-
pleasant odors. In the present work, thermal stability of polyoxyethylene and polyoxyeth-
ylene /propylene nonionic surfactants has been studied by employing together differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA). First of all, the thermal
stability of three monodispersed surfactants (laurilic alcohol plus 4, 6, or 8 EO units) has
been studied. Then, the behavior of these products has been compared with those of com-
mercial surfactants containing the same alkyl chain coupled with idrophylic chains of
different lengths, containing EO units alone or both EO and PO. The effect of the alkyl
chains has also been examined in the same way. In all cases, autoxidation starts at about
100°C with a net heat production proportional to the number of adducts and equal to about
(1.5-1.7) X 10° J/adduct. Heat evolution stopped at about the same temperature, inde-
pendently of the hydrophylic chain length. A residual of 10-30% by weight decomposes,
at higher temperatures, with a very small heat evolution. The interpretation of these and
other phenomena observed conclude the paper.

INTRODUCTION

Nonionic surfactants, composed of saturated alkyl
and polyoxyalkylene chains, are very sensitive to
autoxidation.? This reaction occurs with the de-
molition of the hydrophylic chain followed, as a
consequence, by the loss of tensile properties.?
Moreover, hydroperoxides and radicals formed in
the autoxidation reaction are responsible for deg-
radation and aging in several kinds of commercial
products in which the mentioned surfactants are in-
troduced as minor components, as, for example, in
pharmaceutical and cosmetic preparations and in
textiles. High temperatures strongly enhance au-
toxidation rates and, correspondingly, degradation
effects. This fact is particularly important in the
textile industry, because many fibers impregnated
with surfactants are submitted to heat treatments.
Therefore, for the industry, it is important to know
the thermal stability at different temperatures of
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nonionic surfactants in the presence of oxygen as
well as the existing possibilities of inhibiting autox-
idation. Different papers have been published about
the autoxidation and degradation of polyoxygly-
cols,®?! while fewer papers have been devoted to the
autoxidation of nonionic surfactants."?>* An ex-
haustive review on both such subjects has recently
been published by Donbrow.? In this review, the sta-
bilization of polyoxyalkylene derivatives has also
been considered.?

The most employed methods reported in the lit-
erature for studying the autoxidation of polyoxy-
alkylene derivatives are the measurement of oxygen
consumption, analysis of reaction products, es-
pecially hydroperoxides, and measurements of
properties depending on the molecular weight (vis-
cosity, cloud points, etc.).? The kinetic results ob-
tained with the different techniques are controver-
sial.

In the present work, thermal stability in the
presence of air of polyethylene and/or polypropyl-
enoxide surfactants has been studied by employing
two techniques, on the same sample: differential
scanning calorimeter (DSC) and thermogravimetry
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(TGA). Runs have been performed by heating the
samples at the same temperature scanning rate in
both cases. Therefore, the evolution of weight loss
and heat release, as a consequence of autoxidation,
can be observed. The above-mentioned techniques
have been employed, first of all, on three monodis-
persed samples of polyoxyethylene rn-dodecanol,
containing 4, 6, and 8 adducts, respectively. The
same techniques have also been employed on com-
mercial polyoxyethylene and polyoxyethylene/
polyoxypropylene surfactants of different average
molecular weight and on polyoxyglycols. The effect
of some antioxidants have also been tested.

On the basis of the results achieved, some con-
clusions of general interest have been drawn in the
interpretation of the behavior of nonionic surfactant
autoxidation.

REACTION MECHANISM AND PRODUCTS

The mechanism of polyoxyethylene chain autoxi-
dation is quite similar to that of hydrocarbon chains,
but the presence of oxygen in the molecules strongly
activates the process, which easily occurs also at
room temperature.’” Hydrogen abstraction at car-
bon in the a position in respect to oxygen is the first
reaction step. Then, molecular oxygen is quickly
captured by the alkyl radical, giving a peroxy radical
in the usual way. Hydroperoxides are formed by hy-
drogen abstraction via inter- or intramolecular
paths. The reaction continues as in the following
scheme 2%%;
1) Initiation In, -+ 2In.

In.+RH-+> R, +InH
2) Propagation R. +0, 5 RO,. (fast)

K
K, = 104=10°K, RO,.+RH -+ ROOH +R.

H
[ very tast hw"ﬂmg{n
—C—0—CH;~+0, ™% —CH—0—CH;— ---{"%%
00. 25_. intramolecutar
reaction
1 —CH—O—CH—
------ > —CH—O—CH-» | |
| OOH OOH
2 OOH
------ > -—(]:H—O— CH,
OCH

3) Branching ROOH -+ RO. +.0OH (monomolecular)
2 ROCH -+ RO,. + RO. + H,0 (bimolecular)

4) Termination
2 RO,. -» ROOOOR (Russel mechanism)
P RCHO + RCH,OH + H,0
ROOOOR
N
2R0O. + O,

5) Transfer
RO. + RH -» ROH +R.
HO. + RH-» H,O0 +R.

| N
R—([:—O, -+ R.+ /C =0

The last reaction of transfer, known as 8-scission,
is very important for the demolition of chains by
autoxidation? and is strongly influenced by high
temperature and solvent polarity.

Acidity plays a catalytic role both in the formation
and decomposition of hydroperoxides.? The reaction
is, therefore, autocatalytic because hydroperoxides
are themselves acidic and form acetic and formic
acids as reaction products. Many other reaction
products can be formed, and many have been rec-
ognized, as, for example, formaldehyde, glycols and
their aldehydes, hemiformals and formates, and wa-
ter and CO,.2 Generally, a random scission of the
chains has been assumed®? to occur more probably
than does a stepwise degradation.

EXPERIMENTAL

Stability runs have been performed by employing a
differential scanning calorimeter (Model 910) and
a thermogravimeter (Model 952) of DuPont Instru-
ments Co., both connected with the data analyzer
(Model 1090). Runs were performed in both cases
by putting a small sample of the surfactant (3-10
mg) in a suitable cup, closing the apparatus, and
flushing with a constant 60 cm?®/min flux of air.
Then, the temperature of the sample was increased
at the constant rate of 5°C/min and weight loss or
heat evolution were registered as a function of tem-
perature.

Stability runs were performed on monodisperse
polyoxyethylene n-dodecanol with 4, 6, and 8 ad-
ducts, respectively, supplied as pure compounds by
Nikko Chemicals Co. Other stability runs were per-
formed on commercial samples of nonionic surfac-
tants provided by Lamberti SpA.
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Figure 1 Oxidative thermal degradation of monodispersed polyoxyethylene (4 adducts)
n-dodecanol; DSC (curve 1), TGA (curve 2). Dotted lines correspond to vaporization in
nitrogen of n-dodecanol (curve 3) and of the mentioned surfactant (curve 4).

RESULTS AND DISCUSSION

First of all, the oxidative thermal degradation of
polyoxyethylene n-dodecanol with a defined number
of adducts has been studied. In Figures 1-3, DSC
and TGA curves are reported in the same plot; these
curves have been obtained for polyoxyethylene n-
dodecanol with 4, 6, and 8 adducts, respectively. The
two dotted lines in the same figures correspond to
the weight loss of n-dodecanol and of the examined

12

surfactant, respectively, for vaporization in a nitro-
gen stream. As can be seen, in any case, heat starts
developing at about 110°C and ceases at about
240°C, independently of the hydrophylic chain
length. Heat evolution occurs quite contemporarily
with the 85% loss of weight. No increase in the sam-
ples’ weight is observed, that is, formation and de-
composition of peroxides have the same rates and
the weight balance is null. The residual, about 15%
by weight, decomposes at a slower rate and at higher
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Figure 2 Oxidative thermal degradation of monodispersed polyoxyethylene (6 adducts)
n-dodecanol; DSC (curve 1), TGA (curve 2). Dotted lines correspond to vaporization in
nitrogen of n-dodecanol (curve 3) and of the mentioned surfactant (curve 4).
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Figure 3 Oxidative thermal degradation of monodispersed polyoxyethylene (8 adducts)
n-dodecanol; DSC (curve 1), TGA (curve 2). Dotted lines correspond to vaporization in
nitrogen of n-dodecanol (curve 3) and of the mentioned surfactant (curve 4).

temperature. This fact suggests the intervention of
an oxidative pyrolysis of higher molecular weight
molecules, formed as a consequence of radical ter-
mination, probably between alkyl radicals.

By comparing the thermogravimetric curves ob-
tained with those of the nitrogen stream, for n-do-
decanol and the corresponding surfactant, it can be
shown that in all three mentioned cases 85% of the
weight loss corresponds to the evaporation of a sur-
factant containing about two adducts, independently
of the hydrophylic chain length.

This fact, together with the above-mentioned ob-
servation that heat evolution occurs in the same
temperature range of 110-240°C, suggests that the
larger the hydrophylic chain is, the faster is the de-
molition reaction, in agreement with previous ob-
servations reported in the literature related to poly-
oxyethylene chains.”®

The findings described are confirmed by the be-
havior of a commercial surfactant of polyoxyethyl-
ene n-dodecanol with average molecular weight 900
(see Fig. 4). In this case, in fact, heat evolution oc-
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Figure 4 Oxidative thermal degradation of polyoxyethylene n-dodecanol with average
MW = 900; DSC (curve 1), TGA (curve 2). Dotted lines correspond to vaporization in
nitrogen of n-dodecanol (curve 3) and of the mentioned surfactant (curve 4).
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Figure 5 Oxidative thermal degradation of polyoxyethylene /propylene n-dodecanol with
average MW = 957; DSC (curve 1), TGA (curve 2). Dotted lines correspond to vaporization,
in nitrogen lives of the mentioned surfactant (curve 4).

curs also in the same temperature range, while the
first part of the weight loss curve is only moderately
shifted to higher temperatures. Residuals, decom-
posing more slowly, are now about 30%. The pres-
ence of propyleneoxide units in the hydrophylic
chains does not remarkably affect the stability and
behavior of a polyoxyethylene /polyoxypropylene n-
dodecanol of molecular weight 957 (5 EO + 9.5
PO), similar to that shown in Figure 4 and which
can be seen in Figure 5.

24

In Figures 6 and 7, we can see the behavior of
polyoxyethylene / polyoxypropylene of C,,~C;z fatty
alcohols with different average molecular weights of
900 and 1840, respectively. Again, it is confirmed
that the longer the hydrophylic chain is, the faster
is the demolition reaction. Moreover, it can also be
shown that the longer the hydrophylic chain is, the
higher is the heat developed.

Figures 8 and 9 show the DSC and TG curves
obtained with polyoxyethylene/propylene copoly-
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Figure 6 Oxidative thermal degradation of polyoxyethylene/propylene fatty alcohol C,o—
C,s with average MW = 900; DSC (curve 1), TGA (curve 2). Dotted line (curve 3) cor-
responds to the vaporization in nitrogen of the mentioned surfactant.



2058 SANTACESARIA ET AL.

20

Heat flow (mW)
X}

3187 J/g

b -

-

—140

- 120

100

Weight (%)

1 1

1

3 SO T Y

40 80 120 160 200 240 280 320 360 400 440 480
Temp. (°C)

Figure 7 Oxidative thermal degradation of polyoxyethylene/propylene fatty alcohol C;o—
C,s with average MW = 1840; DSC (curve 1), TGA (curve 2)}. The dotted line (curve 3)
corresponds to the vaporization in nitrogen of the mentioned surfactant.

mers of different molecular weight, i.e., 1050 and
2900, respectively. The kinetic behavior of these co-
polymers is the same observed for the surfactants,
except for the slow rate decomposition of the resid-
ual. As can be seen, in this case, the phenomenon
has nearly disappeared. This fact suggests that the
slow decomposition at high temperatures is mainly
due to the addition of the hydrophobic chains by
radical termination.

From all the runs considered, it is possible to ob-
serve that the heat balance is largely positive, though
the oxidative degradation occurs together with the
vaporization of the decomposition products. If we
put the net heat released from EO surfactants as a
function of the molecular weight or the number of
adducts, a linear trend is obtained, as it appears in
Figure 10. The same figure also reports the heat re-
leased per each adduct as a function of the number
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Figure 8 Oxidative thermal degradation of EOQ /PO copolymers, of average MW = 1050;
DSC (curve 1), TGA (curve 2). The dotted line (curve 3) corresponds to vaporization in

nitrogen.
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Figure 9 Oxidative thermal degradation of EO /PO copolymers of average MW = 2900;
DSC (curve 1), TGA (curve 2). The dotted line (curve 3) corresponds to vaporization in

nitrogen.

of adducts. As can be seen, a constant value of about
150,000 J /adduct is obtained. A similar diagram has
also been drawn for EO /PO surfactants, including
also EO/PO copolymers. Again, a linear trend is
obtained for the net heat released as a function of
the number of adducts and a constant value of about
178,000 J /adduct is also obtained.

In this case, each adduct has been considered as
having a mean value of molecular weight between
ethylene and propylene oxide. The plots reported in

Molecular weight

Figures 10 and 11 confirm that the hydrophobic part
of the surfactant is poorly involved in oxidative deg-
radation. Therefore, hydrophobic chains have great
probabilities of coupling by termination because of
the long reaction time.

A small amount of heat is then developed at high
temperatures, in correspondence to the residual de-
composition (see Figs. 4-6). The fact clearly indi-
cates that pyrolysis is prevailing instead of oxidation.

The formation of a poorly autoxidable residual
has also been confirmed through isothermal runs.
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Figure 10 Net heat released from EO surfactants as a
function of molecular weight (curve 1) and number of
adducts (curve 2), respectively. In the same plot, the heat
released per EO unit is also reported as function of EO
units (curve 3).

Number of adducts

Figure 11 Net heat released from EQ /PO surfactants
as a function of the number of adducts (curve 1). In the
same plot, the specific heat release is also reported in re-
lation to the adduct unit. In this case, the adduct consid-
ered is the mean molecular weight between ethylene and
propylene oxide.
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Figure 12 Oxidative thermal degradation of a poly-
oxyethylene /propylene of fatty alcohol C,5-C;3 with av-

erage MW = 900 observed at TGA under two different
isothermal conditions.

Figure 12 shows, as an example, two of these iso-
therms. From this figure, it can be observed that
reaction rates are very sensitive to temperature and
that a poorly autoxidable residual of about 20% is
also formed under these conditions. An antioxidant
could hinder autoxidation. However, it is known
from the literature!® that only phenothiazine is ef-
fective even at elevated temperatures (> 150°C).

Figure 13 reports the behavior of a commercial
surfactant polyoxyethylene/propylene of fatty al-
cohol (C;2-Ci5) of MW = 900 containing 0.2% of
phenothiazine. As can be seen, the reaction starts
at temperatures higher than normal but with an ex-
plosive reaction rate.

Reaction starts at 218.5°C and terminates at
240°C. Besides, it is very interesting to observe that
the reaction is almost complete, the residual being
almost less than 10%. This is caused by an autoxi-
dation characterized by a small number of radicals
and a very fast reaction with long radical chains.

CONCLUSIONS

The autoxidation of nonionic surfactants containing
oligomers of ethylene oxide and/or propylene oxide,
in the hydrophilic chains, occurs when temperature
is gradually increased by following two kinetic pat-
terns. The first of them is characterized by the hy-
drophilic chain demolition and the second by the
slow oxidative pyrolysis of molecules formed by ad-
dition of the residual hydrophobic chains, as a con-
sequence of radical termination reactions.

The oxidative demolition of the hydrophilic
chains is a strongly exothermic process developing
about 150,000-170,000 J for each mole of adduct.
The longer the hydrophylic chain is, the faster is
the reaction of demolition. This kinetic behavior is
similar to that observed for the autoxidation of eth-
ylene oxide polymers and EO /PO copolymers. This
observation has already been reported in the
literature 1% and the behavior has been attributed
to an increase in the resistance to autoxidation as
a consequence of the increasing hydroxyl concen-
tration in the reaction system.

Thus, we also think it is important how chain

50 —1140
40 ﬁ —120
5 30k ‘_ i
F 3o 100
2 <
s 20 80
: _ i 60 g
.‘;; 10 - — g
(N | I i
0 2200 Jig . {40
| in ar -
-10 —-20
-20 i [ [N Y S T (N VN (N D (N S | et T SR (R N W | |
40 80 120 160 200 240 280 320 360 400 440 480

Temp. (°C)

Figure 13 Effect of 0.2% of phenothiazine in the oxidative thermal degradation of a
polyoxyethylene /propylene of fatty alcohol C,,—C,5 with an average MW = 900. Curve 1

refers to the DSC, and curve 2, to TGA.



demolition occurs. In fact, we could hardly justify
this behavior if the rupture of the hydrophylic chains
occurs step-by-step from the end of the molecules,
while this can more easily be justified by considering
a rupture statistically occurring in the middle of the
chain, together with the autocatalytic formation and
decomposition of hydroperoxides.

As has been observed, autoxidation is very sen-
sitive to temperature and an apparent activation
energy of about 48 kcal /mol can be estimated from
the isothermal run of Figure 12. This very high value
of apparent activation energy can be explained as a
consequence of autocatalysis in the hydroperoxide
formation and decomposition, following the increase
in acidity of the medium. By increasing temperature,
the B-cleavage mechanism becomes competitive in
respect to the Russell one and chain demolition is
more and more favored.

In the presence of antioxidants, the reaction
starts at higher temperatures but with explosive re-
action rates and producing small amounts of resid-
ual. In this case, the formation of hydroperoxides is
hindered until the antioxidant is destroyed. But this
occurs only when the temperature is very high and,
correspondingly, the reaction is very fast. 8-Scission
predominates in this case, and the hydrophylic
chains are quickly destroyed. In this situation, the
probability of alkyl radical termination is small and
high molecular weight residuals are therefore formed
in small amounts.

The authors are grateful to Fratelli Lamberti SpA and
the CNR (Consiglio Nazionale delle Ricerche) Progetto
Finalizzato Chimica Fine II for the financial support.
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