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ABSTRACT: Dodecyl methacrylate was synthesized as
the intermediate monomer for the preparation of poly(do-
decyl methacrylate)s, which were synthesized with emul-
sion polymerization techniques. The intrinsic viscosities
were measured, and the viscosity-average molecular
weights were calculated. Polymers of dodecyl methacrylate
with ultrahigh molecular weights (viscosity-average molec-
ular weight > 107) were synthesized through orthogonal
experiments. The drag-reduction properties of these poly-

mers were studied in kerosene. The drag-reducing behavior
of these polymers exhibited a strong dependence on the
molecular weight and Reynolds number, and these poly-
mers could be used as effective oil-soluble drag reducers
and had good shear stabilities. © 2003 Wiley Periodicals, Inc.
J Appl Polym Sci 88: 1622-1626, 2003
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INTRODUCTION

In the process of transferring a Newtonian fluid
through a conduit, considerable energy may be ex-
pended to overcome friction encountered in the move-
ment of the liquid. When a liquid is pumped under
pressure, friction pressure is apparent as a pressure
drop along the conduit, and such pressure drops are
particularly noticeable under the condition of turbu-
lent flow. To compensate for the loss of energy due to
friction pressure, additional energy must be con-
sumed. The use of drag reducers in a fluid lowers the
energy consumption and increases the flow rate under
the original pumping conditions. When they are
added in small quantities (usually a few parts per
million) to oil pipelines, they reduce the friction coef-
ficient of turbulent flow. It is economically profitable
for industrial organizations engaged in the movement
of great amounts of liquids at high flow rates for
considerable distances.

Most of the initial studies reported in the literature
were focused on drag reducers in an aqueous environ-
ment." The commercial application of oil-soluble
drag reducers began in 1979 with the transport of
crude oil in the trans-Alaska pipeline and attracted
more attention.* There are many kinds of oil-soluble
drag reducers, and they have different features. Poly-
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mers based on a-olefins have been used extensively as
drag reducers,”'? but they have poor shear stability in
the applications of such polymers.'® Although surfac-
tants can also be used as drag-reducing additives,'*'°
they are not in commercial applications so far. Several
homopolymers and copolymers based on alkylsty-
renes, alkylacrylates, and methacrylates are also
known to be effective drag reducers. The polymers of
dodecyl methacrylate with ultrahigh molecular
weights [viscosity-average molecular weight (M,)
> 107] can also be used as effective oil-soluble drag
reducers.'°The extent of drag reduction increases as
the molecular weight of the polymeric additive in-
creases.!”!® For enhanced shear stabilities, polymers
associated by electrostatic, hydrogen-bonding, or hy-
drophobic interactions were synthesized,'” ™' but
their poor solubility in oil restricted their use.

In this study, we synthesized the dodecyl methac-
rylate monomer and polymers with ultrahigh molec-
ular weights (M,, > 107) and examined their IR spec-
troscopy. The maximum M, value of the polymers
synthesized was 1.75 X 107 (the maximum M, value
reported in the literature was 1.40 X 107, and the drag
reduction was 68%'®).These ultrahigh molecular
weight polymers (M,, > 107) showed excellent drag-
reduction properties and good shear stabilities.

EXPERIMENTAL
Synthesis of the dodecyl methacrylate monomer

The monomer of dodecyl methacrylate was prepared
by direct esterification with excess methacrylate and
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dodecyl alcohol in the presence of both an esterifying

catalyst and a polymer inhibitor:**>3

Catalyst
CH,=C(CH,)COOH + CH,(CH,);,OH ——>

Inhibitor

CH2=C (CH3)COOC12H25 + Hzo

Methacrylate (25.8 g), dodecyl alcohol (46.5 g),
4-methyl benzene sulfate (0.875 g), and hydroquinone
(0.028 g) were taken in a 250-mL, three-necked flask.
One neck was fitted with a condenser mounted on a
water bath and linked with a vacuum device. Another
neck was equipped with a thermometer. The flask was
mounted in an atoleine bath. The reaction temperature
was maintained at 105-115°C and under a certain level
of vacuum for 4-5 h. The reaction gave a 99.2% con-
version of dodecyl alcohol and excess methacrylate
that could be 95.2% recovered. The residual products
were washed with 10 mL of a 10% NaOH solution,
washed with distilled water two or three times until
they were colorless, and then distilled under a certain
level of vacuum and at a certain temperature for the
removal of the water. The product was used in the
polymerization process.

Polymerization of dodecyl methacrylate

Triple-distilled water was weighed into a three-
necked flask fitted with a thermometer, a nitrogen
inlet, a nitrogen outlet, and a stirrer. The flask was
mounted in a water bath maintained at certain tem-
perature. The flask was flushed with nitrogen for 30
min and then was charged with an emulsifier (sodium
dodecyl benzene sulfate and Triton-100), a polymer-
ization initiator (potassium persulfate and sodium
meta-bisulfite), and freshly distilled monomer. The po-
lymerizations were carried out under a nitrogen atmo-
sphere for several hours. The polymers from their
emulsions were isolated through precipitation in cold
methanol. The isolated polymers were dried in vacuo
at 50°C.
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Figure 1
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IR spectrum of the dodecyl methacrylate mono-
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TABLE I
Comparative Absorption Frequencies in the IR Spectra
of the Monomer and Polymers

Wavelength positions

: -1
Nature of the vibrations (functional of maxima (cm )

groups in parentheses) Monomer  Polymers
C-H str. vib. (C(=CH,) 2995 —
C-H str. vib. (-CH,~) 2924 2924
2854 2854
C=0 str. vib. (ester) 1742 1742
C=C str. vib. (alkene) 1643 —
C-H def. vib. (-CH,~) 1456 1456
C-H def. vib. (C-CH,;) 1320 1320
C-H I.P. def. vib. (C=CH,) 1245 1245
1250 1250
C=0 str. vib. (ester) 1200 1200
C-H O.O.P. def. vib. (C=CH,) 950 —
C-H O.O.P. def. vib. (CH-CH,) 860 860
C-H str. vib. (=CH,) 720 —

str. = stretching; I.P. = in plane; O.O.P. = out of plane;
vib. = vibrations.

M, determination

Approximate M, values were calculated with the
well-known Mark-Houwink-Sakurada equation. The
measurements of the solution viscosity were made at
a constant temperature with Cannon-Ubbelohde semi-
micro dilution viscometers. The solvent efflux times
were kept longer than 80 s by means of the proper
selection of the viscometer size. It was assumed that
the effect of the shear rate would be minimal for efflux
times of this magnitude; consequently, no shear cor-
rections were applied to the data. Intrinsic viscosities
([m]) were determined with the standard procedure of
extrapolating viscosity numbers to infinite dilution.
Chinai and Guzzi** determined the relationship be-
tween [n] and M, for poly(dodecyl methacrylate) in
butyl acetate at 23°C: [n] = 0.864 X 107> M, ***. The
temperatures for the measurements were controlled
within +0.05°C.

Drag-reduction-property determination

Drag-reduction studies were carried out in a capillary
flow apparatus with kerosene as a carrier fluid. The
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Figure 2 IR spectrum of the dodecyl methacrylate poly-
mers.
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Figure 3 Variation of the TI percentage with the polymer molecular weight at various concentrations: (@) 0.01, (M) 0.02, and

(A) 0.03 wt %.

apparatus was a cylindrical, jacketed vessel fitted with
a pressure gauge, an addition funnel, an air inlet, and
an outlet with a 100-cm-long capillary tube and a
2.0-mm inside diameter. The fluid for testing could be
pressurized up to 0.4 MPa by means of a compressed
gas.

The drag reduction was evaluated in terms of the
throughput increase (TI) by the measurement of the
volumetric flow rate of kerosene and that of the poly-
mer solution in kerosene at a given pressure. The TI
percentage was calculated with the following equa-
tion:

Mn = 1.27 X 107 (®); Mn = 6.16 X 10° (M)

where Q; and Q, are the volumetric flow rates of
kerosene and the polymer solution in kerosene, re-
spectively.

Shear-stability determination

The polymer solutions were characterized for their
shear stability by the determination of the ratio of TI at

a particular pass number to the initial throughput
increase (TI,) at a wall-shear rate of around 9000 s .
The solutions were rested for about 15 min after each

pass.

IR spectroscopy of the monomer and polymers

A typical IR spectrum of the dodecyl methacrylate
monomer is shown in Figure 1. The correlations be-
tween the absorption maxima related to the functional
groups and frequencies are shown in Table I. The IR
spectra of the dodecyl methacrylate polymers were
taken in petroleum ether. A typical IR spectrum of the
dodecyl methacrylate polymers is shown in Figure 2.
The correlations between the absorption maxima re-
lated to the functional groups and frequencies are
shown in Table L.

RESULTS AND DISCUSSION

The extent of drag reduction increases as the molecu-
lar weight of the polymeric additive increases. For

Throughput Increase, %
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Figure 4 Variation of the TI percentage with the polymer concentration for polymers with different values of M, : (®) 1.27

X 107 and (W) 1.75 X 107
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Figure 5 Variation of the TI percentage with the Reynolds number.

good drag-reduction properties when poly(dodecyl
methacrylate)s are added to kerosene solutions, the
molecular weights of these polymers should be in-
creased. Many attempts and orthogonal experiments
have been made to optimize the reaction conditions to
obtain polymers with ultrahigh molecular weights.
The reaction time and the concentration of the emul-
sifier are key factors that influence the molecular
weights, and increasing the dose of the emulsifier may
not only increase the rate of the polymerization reac-
tion but also increase the M, values of the polymers. A
series of polymers with various molecular weights
were synthesized by various polymerization reaction
conditions, and their drag-reduction properties in ker-
osene were studied. The maximum M, value of the
polymers synthesized was 1.75 X 10”. The conditions
of this experiment were as follows: 100 mL of distilled
water, 1.0 g of sodium dodecyl benzene sulfate, 1.0 mL
of Triton-100, 2 mL of potassium persulfate (2.0%),
and 2 mL of sodium meta bisulfate (1.0%), 11.3 g of the
monomer, a reaction temperature of 55 = 2°C, and a
reaction time of 48 h (yield = 97-100%).

The TI values of the polymers were measured with
the same Reynolds number (5850) and measuring tem-
perature (20°C) at various concentrations (0.01, 0.02,
and 0.03 wt %), as shown in Figure 3. An increased
molecular weight enhanced the drag-reduction prop-
erties. Figure 4 shows data for these polymers (M,

= 1.27 X 10”7 or 1.75 X 107) at various concentrations
with the same Reynolds number (5850) and measuring
temperature (20°C): the highest concentration gave the
highest drag-reduction percentage. It is possible that
the ideal drag reduction could have been obtained for
these polymer samples at a concentration of more than
0.01 wt %. When the concentration exceeded 0.01 wt
%, the polymer solution showed little concentration
dependence. Figures 3 and 4 also show that the poly-
mers with higher molecular weights had higher TI
values even at lower concentrations. At higher con-
centrations, TI only went up a little with the increase
in the concentrations. Polymers with lower molecular
weights could not achieve higher TI values unless they
were added in higher concentrations.

The variation of the drag reduction with the Reyn-
olds number (M,, = 1.16 X 107) is shown in Figure 5.
With the Reynolds number increasing, there was an
increase in the extent of drag reduction.

The degradation of long-chain molecules occurs un-
der turbulent flow because of the high shear stresses
present in such fields. The shear stabilities of the poly-
mers (M, = 1.27 X 107 or 6.16 X 10°) are shown in
Figure 6. They were measured at a concentration of
0.03 wt % and at a shear rate of 9000 s~ '. The polymer
with the higher molecular weight had good shear
stability and retained about 85% of its initial value of
TI (cf. 80% for the polymer with the lower molecular
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Figure 6 Shear stability of the polymers at a shear rate of 9000 s™": (@) M, =127 X 107 and (M) M, = 6.16 X 10°.
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weight) after 10 passes at a wall-shear rate of approx-
imately 9000 s~ .

The authors thank the Analysis Test Department of the
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