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Synthesis, characterization, and functional
evaluation of branched dodecyl phenol
polyoxyethylene ethers: a novel class of surfactants
with excellent wetting propertiesy

Xing Wang, Junfeng Qian, ©2* Zhonghua Sun, Zhihui Zhang® and Mingyang He

A series of branched dodecyl phenol polyoxyethylene ethers (b-DPEQO,,) were successfully synthesized via
alkylation and ethylene oxide addition reactions. The alkylation reaction was conducted by using a branched
internal olefin as the raw material. Furthermore, the conversion rate of the branched dodecene was
measured to be 98.1% and the selectivity towards branched dodecyl phenol (b-DP) was 95.9%.
Moreover, b-DPEO,, (b-DPEO;, b-DPEQO;q, b-DPEO;,) were obtained via the reaction of ethylene oxide

with b-DP. Notably, b-DPEO;q can efficiently reduce the surface tension of water below 31.55 mN m
at the critical micelle concentration (cmc) and the cmc value in water was approximately 1.3 x 1072 g
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L~* at 25 °C. The preferable wetting ability of b-DPEQ;, was superior to that of commercialized dodecyl
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Introduction

Surface tension is caused by the imbalance of the forces on the
molecules at the interface of the two phases. Surfactant molecules
usually feature a hydrophilic group at one end and a lipophilic
group at the other, which can form an arrangement on the surface
of the solution to improve the unbalanced state of the surface
molecules, thereby reducing the surface tension of the solution.'*
Non-ionic surfactants represent an important subgroup of surfac-
tants, whose hydrophobic groups are generally composed of alkyl-
phenols, fatty alcohols, etc. On the other hand, their hydrophilic
groups consist of polyoxyethylene (EO) or polyoxypropylene (PO)
chains.*® The properties of non-ionic surfactants can be adjusted
by changing the lengths of hydrophobic or hydrophilic groups and
by modifying the structures of the hydrophobic moiety.>*

At present, commercialized alkylphenol polyoxyethylene
ethers are obtained from alpha olefins (primarily the linear
ones), while only a few branched alkylphenol polyoxyethylene
ethers have been reported. However, studies have revealed that
the hydrophobic base with a branched structure show better
wetting and penetrating properties than those of linear ones,
even when their types and molecular sizes are comparable."”**
Sha and coworkers successfully synthesized a novel branched
fluorinated anionic surfactant 4-(3,3,4,4,5,5,5-heptafluoro-2,2-
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phenol polyoxyethylene ether (c-DPEQO,), so it will be promoted and used in the textile and pesticide

bis-trifluoromethyl-pentyl)-benzene lithium phosphonate via
a four-step route by using perfluoro-2-methyl-2-pentene as
a starting material." This branched fluorinated anionic
surfactant exhibits excellent surface activity, which reduces the
surface tension of water to be 19.2 mN m™'. Zhang et al
successfully obtained novel anionic surfactants alcohol poly-
oxyethylene ether carboxylates with three branched chains.?”
One of these novel branched surfactants features allows for the
reduction of surface tension of water to around 27 mN m ™.
Compared with linear surfactants, branched surfactants exhibit
preferable wetting ability toward potential application, which
was mainly caused by the difference in diffusion rate.*°

Although high-branched alkyl tails may lead to poor biode-
gradability, branched surfactants with limited short side-chains
have been testified to have negligible effect on their biode-
gradability.* With respect to the linear isomer, a branched alkyl
amine oxide surfactant (C;,DAO-branched) showed the ability
to form concentrated solutions without generating lyotropic
liquid crystals® or to tune supramolecular aggregation upon pH
stimuli.”® Moreover, C;,DAO-branched can keep low viscosity
even in mixtures with other linear surfactants, thereby the
rational design of branched alkyl structures has become an
efficient strategy to increase the concentration of surfactants in
detergent formulations.**

In this research, we present a series of branched dodecyl
phenol polyoxyethylene ether (b-DPEO,,), which were obtained
through alkylation and ethylene oxide addition reaction in high
yields, as shown in Scheme 1. It is noteworthy that the raw
material non-terminal dodecene is a by-product of the butene

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthesis process of the b-DPEQO,,.

oligomerization unit and contains some branched olefins. Their
ability to reduce surface tension and wetting performance were
investigated and compared with the commercialized dodecyl
phenol polyoxyethylene ether (c-DPEO,,).

Experimental
Materials

Branched non-terminal dodecenes were obtained from Sinopec
Maoming Petrochemical Company. The composition analysis of
the dodecenes was provided by Sinopec Maoming Petrochem-
ical Company and analyzed by GC-MS and NMR instruments.
The composition is as follows: the content of low-carbon chain
components such as octylphenol and octane is less than 0.5%, the
content of dodecene is more than 98%, and the content of
dodecane and high-carbon olefins is less than 1%. The approxi-
mate content of terminal dodecenes was ca. 10%. The catalyst
(sulfonic acid resin, DA330) was purchased from Dandong Min-
gzhu Special Resin Co., Ltd. Ethylene oxide was industrial pure
grade. Phenol, methanol, KOH, and lactic acid were all analytical
pure grade. The c-DPEO,, used for comparison was purchased from
Jiangsu Hai'an Petrochemical Company.

Synthesis of branched dodecyl phenol (b-DP)

The specified molar ratio of phenol and branched non-terminal
dodecene was added in a 250 mL flask. Added the catalyst
DA330 to the flask and fixed the stirring device. When the
reaction device was prepared, the raw materials were heated to
melt through the oil bath, and then stirred. The reaction time
was started being counted when the temperature reached the
specified temperature. The resulting products were analyzed for
the composition by GC.

Conversion rate: X =1 —m

Selectivity : ¥ = %x 100%

where m was the remaining content of dodecene in the product,
n was the content of the b-DP.

Synthesis of branched dodecyl phenol polyoxyethylene ether
(b-DPEO,)

The b-DP and 0.06% wt KOH were added to a 0.3 L pressure
reactor. N, was used to replace the air in the reactor for three
times. For the first hour, water removal was proceeded from the
reactor under the condition of reduced pressure at 100 & 5 °C.
Then the temperature was increased to about 160 °C, and EO was
introduced from the bottom of the reactor. The reaction temper-
ature was set at 175 £ 5 °C and the pressure at 0.3-0.4 MPa until all

© 2021 The Author(s). Published by the Royal Society of Chemistry
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EO had been added. Finally, after cooling to ca. 70 °C, the
unreacted EO was removed, and the products were obtained by
adding lactic acid to neutralize. (Mkon : Mss59 lactic acid = 1 : 1.89).

Test conditions of GC

Test instrument. Shimadzu GC-2010AF.

Agilent J&W GC column: DB-1MS, 30 m x 0.25 mm X 0.25
pm.

Setting parameters. The initial temperature of the chro-
matographic column was 60 °C, maintained for 2 minutes and
then increased to 280 °C at a rate of 20 °C min %, and then
maintained for 15 minutes. The temperature of the inlet was
250 °C, and the temperature of the FID detector was 280 °C. N,:

30 mL min !, air: 400 mL min~*, H,: 40 mL min .

Test of surface tension

Test instrument. K100 automatic surface tension instrument
from KRUSS, Germany.

Test conditions

Platinum plate method. The concentration of the starting and
the final solution was 500 and 1 mg L, respectively, with the
starting volume of 60 mL. A total of 12 points had been tested
upon the addition of deionized water.

A series of parameters such as surface tension reduction
efficiency (pcyo), efficiency (I1.mc), saturated adsorption capacity
(I'max) and saturated adsorption area (4,,;,) can be obtained by
the following formulas:

Hcmc = Y0 — Yeme (1)
pcao = —lg c20 (2)
1 dy _ 1 dy
I'==%r (a In C)T "~ 2.303RT (a lg c)T )
1
Amin = X - 4
NArmax [ )

where vy, was the surface tension of pure water at 25 °C,
approximately 72.0 mN m™", ¢,, was the mass concentration of
surfactant (g L™') when v, was less than 20 mN m ™. R was the
gas constant with the value of 8.314 J (mol K)™ ', and N, was
Avogadro's constant.

Test of hydroxyl value

The hydroxyl value was tested by titration. In this method, acetic
anhydride and pyridine were selected as acylation reagents. The
hydroxyl value Ion) (mg KOH per g) was calculated according to
the following formula:

(VO — V1)6‘561

Tion) = o

where V, was the volume of KOH solution consumed in the
blank experiment, V; was the volume of KOH solution
consumed by the sample, ¢ was the concentration of KOH
solution, and m, was the mass of the sample.

RSC Adv, 2021, 11, 38054-38059 | 38055
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Test of wetting ability

The coarse canvas is used in the test, and the specification is C/
C 21/2 x 8/2. The canvas is cut into round cloth pieces with
a diameter of 30 mm, with a mass range of 0.44 to 0.45 g. The
0.5 g L " solution of surfactant in water is prepared, and the
temperature is kept at 25 °C after dissolution. The round cloth
pieces were put into the solution horizontally. The time from
entering the solution to the beginning of sinking was denoted
as the wetting time, and three parallel tests were carried out for
each surfactant.

Test of polyethylene glycol content

Test instrument. Agilent Technologies 1260 Infinity LC.

Agilent LC column:. ZORBAX SB-C18, 4.6 X 150 mm X 5 um.

The content of polyethylene glycol was analyzed by LC, and
the content of polyethylene glycol was obtained from the standard
curve. The function of the standard curve was Ig A = 1.5025 1g x +
2.1948, ikwhere A was the peak area and x was the concentration of
polyethylene glycol. The test method of the sample was as follows:
weighed m; g of the sample in a 10 mL volumetric flask, dissolved
it in a methanol aqueous solution. The mass concentration of the
aqueous methanol solution was 80%. The formula for the content
of polyethylene glycol was as follows:

x-10

ny

X = x 100%

Results and discussion
Synthesis of b-DP

Excess phenol was typically added in the alkylation reactions
with the presence of olefin and phenol as raw materials to
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Fig. 1 Effects on the synthesis of b-DP.
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reduce the content of multi-substituted products and increase
the yield of mono-substituted ones.” In this paper, the
conversion rate of the reaction was calculated based on the
remaining content of dodecene in the products, showing that
the main by-products in the reaction were multi-substituted
alkylphenol. The alkylation reaction also yielded other
organics including decyl phenol and cetyl phenol. However,
their contents were less than 0.5% wt and therefore they were
not discussed in this study. As shown in Fig. 1, lowering the
reaction temperature, increasing the molar ratio of phenol to
olefin, and reducing the reaction time exclusively resulted in the
reduction of the selectivity of multi-substituted products. As
a consequence, conversion rate of olefins decreased and the
difficulty of the separation and purification increased. To
maintain the high conversion rate of olefins and high selectivity
of mono-substituted products, the reaction condition was
optimized. The amount of catalyst added was 5%, the molar
ratio of phenol to olefin was 4 : 1, the reaction temperature was
90 °C, and the reaction time was 5 h. Under this condition, the
conversion rate of branched non-terminal dodecene and the
selectivity of b-DP was determined to be 98.1% and 95.9%,
respectively.

Synthesis of b-DPEO,,

Characterization of b-DPEO,, After separating and purifying,
b-DPs further reacted with ethylene oxide to yield three kinds of
b-DPEO,, (b-DPEO,, b-DPEO,,, and b-DPEO;,). The structures
were analyzed by FTIR and 'H NMR, and the results were shown
in Fig. 2 and S1,7 respectively.

The main characteristic absorption peaks of the DPEO,, can
be found in the FTIR spectra. The peak of 3450 cm™" corre-
sponds to the stretching vibration of the O-H group in the
phenolic hydroxyl group, and the peaks of 1640, 1600, 1510, and
1460 cm ™' can be assigned to the stretching vibration of the
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Fig. 2 FTIR spectra.

benzene ring. The anti-symmetric stretching vibration peak of
C-O-C group and the symmetric stretching vibration peak
locate at 1250 cm™" and 1100 cm™", respectively. Combined
with the analysis of the "H NMR, it can be seen that b-DPEO;,
and c-DPEOQ;, have similar chemical shifts regions of phenyl H,
methyl H and methylene H, which further confirm their struc-
tural relevance. However, the branched chain in b-DPEO,, leads
to more complicated chemical environments for the H on the
hydrocarbon chain, as exemplified by the larger integration in
the range of 0-2 ppm due to the presence of more methyl H in
the branched one.

Properties of b-DPEO,,. The hydroxyl value can be used to
define the average molecular weight of the product. Further-
more, the contents of polyethylene glycol may affect the surface
activity of the product. These two parameters are summarized
in Table 1.

It can be seen from Table 1 that all the hydroxyl values of the
synthesized samples are close to the theoretical values, while
the hydroxyl value of b-DPEO,, is higher than the calculated
value. This result combined with the polyethylene glycol
content suggests that the hydroxyl value of b-DPEO,, is higher
because the reaction time was longer and more polyethylene
glycol was formed. The hydroxyl value of ¢-DPEO,, is higher
than the theoretical value, which is mainly caused by the
naming convention in the industry. According to the hydroxyl
value calculation, its actual degree of polymerization should be
around 9. The molecular weights of the b-DPEO, were in
a reasonable range based on the theoretical hydroxyl values,
which allows for the measurement of surface tension and test of
performance.

Surface tension of b-DPEO. The surface tension (y) was taken
as the ordinate, and the logarithm of the concentration (Ig c)

Table 1 Hydroxyl values and polyethylene glycol contents
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Fig. 3 Plots of y-lg ¢ of the DPEO,, at 25 °C.

was taken as the abscissa to get Fig. 3. Because the solubility of
b-DPEO; is modest, the surface tension research cannot be
carried out under the same experimental condition as the other
samples. The data in Table 2 can be calculated by formulas (1)-(4).
Compared with the commercialized samples, the cmc value of the
products are significantly lower, which was mainly due to the
influence of the branched hydrophobic chains. The minimum
surface area A, of the molecules with branched chains is larger,
which reduces the saturated adsorption amount (I, at the
interface. Therefore, micelles can be easily formed in the solution
at low concentrations, and the correspondingly the cmc value is
lower. Although the adsorption capacity of b-DPEO,, at the inter-
face is not as large as that of the commercialized sample, the
hydrocarbon chain of the later one is prone to bend due to its
linear nature. This phenomenon results in the lower -CH; group
number in the outermost layer of the commercialized sample than
that of the branched ones. Since the surface energy of -CH; group
was higher than -CH, group, the y.,. of b-DPEO, can be
comparable to that of the commercialized sample.

Wetting ability of b-DPEO,,. As depicted in Fig. 4, the wetting
ability of b-DPEO, was tested under three different mass
concentrations, showing that the performance of b-DPEO,, are
better than c-DPEO;,. Specifically, b-DPEO,, shows good wetting
ability at the concentration of 0.1 g L™ " and the its performance
can be optimized at a concentration of 0.5 g L™". The pc,, of b-
DPEOQ,, is higher, implying that b-DPEO,, has a higher efficiency
of reducing surface tension. At the same time, the sizes of b-
DPEOQ,, in water are smaller than that of the linear surfactant c-
DPEO,,. Branched surfactant can penetrate to the surface of the
internal fibers more quickly to complete the directional

Hydroxyl value/mg Polyethylene glycol Theoretical hydroxyl
Sample KOH g ! content/% wt value/mg KOH g
b-DPEO, 96.07 1.81 98.37
b-DPEO;, 80.26 2.13 79.89
b-DPEO;, 73.17 2.76 70.93
¢-DPEO;, 85.79 2.60 79.89

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Surface tension of surfactants
Sample cme/g Lt Yeme/MN m ™t [ [eme/mN m* PC20 T'max X 10*°/mol cm ™2 Amin/nm >
b-DPEO;, 0.013 31.55 40.45 5.48 0.99 1.68
b-DPEO;, 0.020 31.85 40.15 5.72 0.85 1.95
¢c-DPEO;, 0.200 31.60 40.40 2.41 2.09 0.80
2010 writing-review & editing. Mingyang He: project administration,
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E
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Fig. 4 Wetting ability of b-DPEO,,.

arrangement, which give rise to a better wetting ability than the
linear one. In contrast, a recent work showed that the cmc of
a branched amine-oxide was higher than that of the linear
analogue.” It appears that the effect of branches depends on
the final architecture of the tail, which regulates the critical
packing parameter of the surfactants bearing short side chains.

Conclusions

The b-DP was obtained through the reaction of branched non-
terminal dodecenes and phenol. The optimal reaction condi-
tion was as follows: the amount of catalyst added is 5%, the
molar ratio of phenol to branched dodecene is 4 : 1, the reaction
temperature is 90 °C, and the reaction time is 5 h. Under this
condition, the conversion rate of branched non-terminal dodecene
is 98.1%, and the selectivity of b-DP is 95.9%. A series novel
surfactants b-DPEO, were synthesized by the ethylene oxide
addition reaction of b-DP. The characterizations of FTIR and 'H
NMR confirmed that the structures of b-DPEO,, and the commer-
cialized linear sample are similar. It was found that the b-DPEO;,
exhibits excellent surface activity to reduce the surface tension of
water below to 31.55 mN m™ " at the cmc and the cmc value in
water is about 1.3 x 1072 g L™ " at 25 °C. Compared with ¢-DPEO,,,
b-DPEO,, exhibited preferable wetting ability. This work can
provide a feasible solution for the application of internal olefins,
by-products of the olefin oligomerization unit.
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