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ABSTRACT: This article reports the results of experi-
ments to synthesize a family of copolymers based on poly-
acrylamide (PAAM), poly(ethylene oxide) (PEO), and
poly(propylene oxide) (PPO) to obtain PAAM-g-PEO and
PAAM-g-PPO copolymers with varied grafted chain
lengths and contents. The influence of the chemical struc-
ture, composition, and molecular architecture on the drag-
reduction properties was evaluated. The PAAM-g-PEO
systems were prepared by solution polymerization using
hydrogen peroxide as initiator, whereas the PAAM-g-PPO
systems were obtained by micellar polymerization using
potassium persulfate as initiator and sodium dodecyl sul-
fate as surfactant agent. The synthesized polymers were

characterized by carbon-13 nuclear magnetic resonance (13
C-NMR) and size-exclusion chromatography. The drag-
reduction tests were carried out in a capillary viscosimeter
in bench scale, and the performance was expressed in
terms of drag-reduction percentage (%DR). The results
suggest that, a determined chemical structure for each co-
polymer family evaluated probably promotes the ideal
conformation of the chains under flow, favoring each poly-
mer’s drag-reduction action. VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 119: 2502–2510, 2011
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INTRODUCTION

The rapid growth of energy demand in many appli-
cations has increased interest in improving existing
energy saving methods and developing new ones.
Pumping fluids through pipes requires significant
amounts of energy, and savings can be attained by
techniques to reduce the fluid’s drag inside the
pipe.1 These techniques have wide applications,
such as in transport of crude oil in pipelines, espe-
cially when the distance is long or the volume is
high2–5; fire fighting, to increase the water jet radius;
management of runoff in storm drain systems2,3; dis-
trict heating and cooling systems (DHC) to replace
individual household systems, to reduce maintenance
costs and minimize peak electricity demands6,7;
spraying of pesticides in agricultural activities8; bio-
medicine, to improve blood flow in partially blocked
arteries2,3; and oil drilling operations. In this last case,
the drilling paths are becoming increasingly complex,
particularly in deepwater offshore operations, hori-
zontal drilling and drilling in unconsolidated forma-
tions, all of which require drilling fluids that, beyond

the normal lubrication functions, have low drag and
can support high shear rates and temperatures with-
out causing damage to the formation.9,10

In this context, the use of polymer additives to
reduce flow resistance to minimize load loss has
received considerable attention in recent years. The
phenomenon of drag-reduction during transport of
fluids is caused by the addition of a small quantity
of a polymer with high molar mass to the fluid. This
can significantly reduce the pressure loss during
flow and the need for energy to maintain this pres-
sure.6 Some studies have demonstrated that the effi-
ciency of the various polymers used is related to
their flexible linear structures with high molar mass,
enabling them to conform and align in the flow
direction, thus reducing the drag.3,6,11

Many studies have been conducted to shed light
on how polymer additives reduce drag. Among the
factors studied are how the chemical structure, molar
mass, and hydrodynamic volume of the polymer,
interactions with solvents, thermodynamic conditions
of the system, and level of turbulence influence the
flow characteristics.3,12–15 Various theories have been
proposed to describe the drag-reduction mechanism,
such as those that relate this phenomenon with the
polymer’s radius of gyration or salvation capacity.4,5

Studies to investigate drag-reduction have often
focused on molecules of poly(ethylene oxide) (PEO),
polyacrylamide (PAAM), and their derivatives. In
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recent years, interest been growing particularly in
PAAM derivatives, and significant scientific and
commercial advances have been made, especially in
applications involving properties of water-soluble
associations, such as colloidal stability, emulsifica-
tion, flocculation, formulation of paints, manufacture
of paper and cosmetics, production of hydrocarbons,
and formulation of drilling fluids.16,17 In this area,
research into the synthesis and characterization of
polymers, such as PAAM-base copolymers, has been
conducted to elucidate the way they reduce drag
and thus to contribute to the development of new
technologies to improve operational efficiency and
reduce costs of oil exploration and production.18–20

Studies reveal that the relationship between the
structure of a PAAM and its copolymers affects its
drag-reducing properties. The side chain of polymers
influences the friction reduction behavior, as has been
verified by the favoritism of the presence of the linear
pendant and long groups, causing the molecules to be
more flexible. However, more voluminous side chains
do not present very significant results.6

These last observations prompted this study,
which evaluates the influence of different structures
of graft copolymers of PAAM and PEO (hydrophilic
character) or poly(propylene oxide) (PPO) (hydro-
phobic character), as pendant chains, on the drag-
reducing properties of their aqueous solutions when
submitted to flow in a capillary tube system. Due to
the dissimilar characteristics of the pendant chains
chosen, it is desired to observe if there is some influ-
ence of the conformation of the pendant chain on
the drag-reduction qualities. Laboratory-synthesized
samples of PAAM grafted with polyoxides were
used, with varying chain lengths and incorporation
contents in the main chain. Then the drag-reduction
percentages were correlated with the structure,
architecture, and composition of the molecules.

EXPERIMENTAL

Synthesis

A family of PAAM copolymers grafted with poly(al-
kylene oxide) by varying both the molar mass of the
copolymer and the type, content, and molar mass of
the grafted chain were obtained. The PEO used were
three commercial brands: Ultrapeg 300 and Ultrapeg
600, with molar mass of � 300–600 g/mol, respec-
tively, and Atpeg 1000, with molar mass of � 1000
g/mol, supplied by Oxiteno (São Paulo, SP, Brasil).
Two commercial brands of PPO were also used:
Dowfroth 250 and Polyglicol Fluent-Mat 612, with
respective molar mass of � 300 g/mol and 1000 g/mol,
supplied by Dow (São Paulo, SP, Brasil). Finally, the
97% acrylamide, stabilized with cupric ions, was sup-
plied by Sigma Aldrich (São Paulo, SP).

Before synthesizing the copolymers, it was neces-
sary to carry out a series of preliminary steps to
obtain the poly(alkylene oxide) macromonomers,
namely PEO methacrylate and PPO methacrylate.
The step to obtain the macromonomers was carried
out in two substeps: (1) synthesis of methacryloyl
chloride, and (2) synthesis of poly(alkylene oxide)
methacrylate.

Synthesis of methacryloyl chloride

This consisted of reacting benzoyl chloride and
methacrylic acid in a molar proportion of 1.4 : 1
along with 10% (p/v) of hydroquinone. The final
product was distilled from the system at a tempera-
ture range of 80 to 110�C. The methacryloyl chloride
was then redistilled at 98�C.

Synthesis of poly(alkylene oxide) methacrylate

The functionalization of the poly(alkylene oxide) for
formation of the poly(alkylene oxide) methacrylate
consisted of reacting methacryloyl chloride and
polyoxide, previously dried in toluene, in the pres-
ence of pyridine (sequestration agent of chloridric
acid). Figure 1 shows the chemical structure of the
poly(alkylene oxides) used in this work, which have
mono and difunctional structures.
The macromonomer synthesis method varied

slightly in function of the functionality of the poly
(alkylene oxide). To modify the difunctional polyox-
ides (PEO 600, PEO 1000, and PPO 1000), it was
used molar proportions of 0.54 : 1 and 0.5 : 1 of pyri-
dine and methacryloyl chloride, respectively, for
PEO and PPO, whereas to modify the monofunc-
tional polyoxide (PPO 300), molar proportions of
1.04 : 1 and 1 : 1 of pyridine and methacryloyl chlo-
ride were used, respectively, for PEO and PPO. The
reactions were carried out in dry toluene, under stir-
ring in an ice bath until the formation of precipitated
pyridine chloride. The pyridine hydrochloride was
separated from the polyoxide macromonomer solu-
tion by filtration. The toluene present in the solution
was removed by rotating evaporation at a tempera-
ture of 65 6 5�C.21,22

Synthesis of the copolymers

The acrylamide and poly(alkylene oxide) copolymers
were obtained by free radical polymerization in
aqueous solution, with initiation by thermal dissoci-
ation. The reactions were carried out at 65�C, in dis-
tilled and deionized water deaerated for 15 min in
an ultrasound bath under a nitrogen atmosphere.
The systems composed of acrylamide and PEO
(PAAM-g-PEO) were obtained by polymerization
in solution, using 3% acrylamide and hydrogen
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peroxide as the initiator in mass proportions from
0.3 to 1.5% in relation to the acrylamide. The sys-
tems composed of acrylamide and PPO (PAAM-g-
PPO) were obtained by micellar polymerization,
using acrylamide and potassium persulfate as the
initiator, in the same concentrations mentioned, and
sodium dodecyl sulfate (SDS) as surfactant agent, in
a concentration of 3%.

The polyoxide feed content was varied up to 40%
by mass in relation to the total monomer concentra-
tions. In the case of copolymerization with the difunc-
tional polyoxide macromonomers, double the amount
of polyoxide was added in relation to the theoretical
quantity calculated to obtain the copolymer in the
desired mass proportion. As this was copolymeriza-
tion with a monofunctional polyoxide macromono-
mer, the quantity of macromonomer utilized was
equal to the theoretical quantity calculated to obtain
the copolymer in the desired mass proportion. The
copolymers were purified by successive dissolutions
in distilled and deionized water and precipitations
in methanol.

Characterization

Size-exclusion chromatography (SEC)

The commercial polyoxides and synthesized poly-
mers were characterized regarding average molar
mass by SEC, using a Waters model 600 C chromato-
graph with four Polysep-GFC-P columns in series,
covering a broad molar mass range. A quantity of
50 lL was injected of each polymer solution at 0.5%
(p/v) in the mobile phase, which consisted of a
saline solution of 0.1M sodium nitrate (NaNO3) and
0.02% (p/v) sodium azide (NaN3), utilized as a fun-
gicide agent. The samples injected were filtered in a

Durapore (Millipore) hydrophilic membrane with
0.45-lm mesh. The working flow was 0.6 mL/min at
an oven temperature and refraction index detector
temperature of 40�C. Six PAAM standard samples,
supplied by American Standard, were used for cali-
bration. The number average molar mass (hMni)
and weight average molar mass (hMwi), in g/mol,
were: (1) 4,250,000 and 9,000,000; (2) 465,300 and
1,140,000; (3) 141,000 and 367,000; (4) 44,400 and
71,000; (5) 13,700 and 21,900; (6) 7,600 and 11,530,
respectively.

Carbon 13 nuclear magnetic resonance (13 C-NMR)

The synthesized copolymers were characterized
regarding composition by carbon 13 nuclear mag-
netic resonance (13 C-NMR), at a frequency of
75 MHz, using a Varian Mercury Vx 300 device. The
analysis was performed with the polymer solutions
at a concentration of � 50 g/L in distilled and
deionized water/deuterated water. The standard sol-
vent TSP was used as calibration reference.

Drag-reduction performance

Load loss test

The load loss test was performed in a capillary vis-
cosimeter and consisted of forcing the polymer solu-
tion through a tube under pressure, according to the
method described in a previous work.23

The concentrations evaluated were 0.05, 0.10, and
0.15 g/L. The test was conducted in an ample flow
speed range, which was achieved by varying the
input pressure from 5 to 50 psi with intervals of 2.5
psi, and from 50 to 65 psi with intervals of 5 psi.
Therefore, the behavior of the polymer solution
regarding load loss per capillary length was deter-
mined in an ample Reynolds number range.
The measurements were taken in duplicate for

each solution. The distilled and deionized water was
analyzed before the measurements of each solution
to verify the cleanliness of the tube so that the
results could be used to calculate the relative drag-
reduction percentage.

Determination of the rheological parameters
of the polymer solutions

Aliquots of the polymer solutions (prepared for the
drag-reduction test) were set aside before being
passed through the capillary viscosimeter, and their
rheological behavior was classified by the shape of
the curve obtained in the continuous shear tests. The
rheological measurements were made in a Haake
RheoStress 600 rheometer with a double-gap con-
centric cylinder system (model DG 41 Ti) (inner cyl-
inder: internal diameter ¼ 35.5 mm and external

Figure 1 Chemical structure of (a) difunctional PEO, (b)
difunctional PPO, and (c) monofunctional PPO.
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diameter ¼ 36.0 mm; outer cylinder: internal diame-
ter ¼ 42.8 mm and external diameter ¼ 43.4 mm;
inner cylinder height ¼ 55.0 mm; gap ¼ 5.10 mm;
sample volume ¼ 6.3 cm3).

In this system, the recipient containing the sam-
ple remains still while the cylindrical sensor,
immersed in the system, is rotated. The experi-
ments were carried out at 25.0 6 0.1�C controlled
with a thermostatic bath (Haake C25P) coupled to
the rheometer.

The samples were analyzed in a shear rate inter-
val of 1000 to 5000 s�1, in both directions, and the
apparent dynamic viscosity values [Pa.s] and shear
rates [s�1] were calculated and recorded using the
RheoWin program. This enabled plotting the flow
rheogram for a defined shear rate interval ( _c),
which permitted inferring the fluid’s behavior and
thus defining the mathematical regression that
should be applied.

In this work, the regression of the apparent
dynamic viscosity (g) versus shear rate ( _c) curves
was done through the Ostwald de Waale or power
law models. The rheological parameters K [Pa.sn],
called the consistency index, which indicates the flu-
id’s degree of resistance under flow, and n [adimen-
sional], called the flow index, which physically indi-
cates the separation of the fluid from the Newtonian
model, were calculated according to eq. (1), utilizing
the RheoWin Data software.

g ¼ K � _cn�1 (1)

Determination of the drag-reduction
percentage (%DR)

The mathematical treatment of the data obtained by
the load loss test and the rheological parameters,
until obtaining the load loss curve per the capillary
length (DP/L) in function of the Reynolds number,
followed the procedure described by Figueiredo,
2006.23 The performance of the synthesized copoly-
mers as drag-reducing additives was evaluated
in terms of drag-reduction percentage, according to
eq. (2).

%DR ¼
DP
L

� �
water

� DP
L

� �
polymerdispersion

DP
L

� �
water

� 100 (2)

where DP
L

� �
water

¼ pressure loss per capillary length
in function of the Reynolds number, for water flow

in the capillary viscosimeter; DP
L

� �
polymerdispersion

¼
pressure loss per capillary length for flow of the
polymer dispersion in the capillary viscosimeter.

RESULTS AND DISCUSSION

Characterization of the composition
of the copolymers

The polyoxides used in this work were first charac-
terized to confirm their molar masses by 1 H-NMR,
following the calculation method described in a pre-
vious work.21 Based on the number of repeated units
in each sample, molar masses of 580, 1080, 320, and
1060 were determined, respectively, for PEO600,
PEO1000, PPO300, and PPO1000, confirming the
nominal molar mass values.
The composition of each copolymer was calculated

as described previously.22 Table I presents the mass
composition values of the comonomers at the feed
(theoretical) and the values calculated for the
copolymers in terms of mass composition. Copoly-
mers were obtained with compositions varying in
the range of � 1–30 wt % of graft chain.
In general the poly(alkylene oxide) content in the

copolymer was less than that in the feed, which sug-
gests that an excess quantity of polyoxide must have
been fed into the system in relation to the desired
composition for the copolymer.

Characterization of the molar mass
of the copolymers

Table II presents the results of the characterization
of the average numerical molar mass (hMni)
obtained by SEC. The polydispersion values are in
the range of 2–5, which are characteristic of the poly-
merization process employed.
The number average molar mass values obtained

ranged from 30� 103 to 200� 103 g/mol, respectively,
and for an initiator concentration range of � 1.5–0.3%.
A significant change in the average molar mass val-
ues was only obtained when the initiator was nearly
tripled. In other words, a small reduction of the ini-
tiator concentration, such as from 0.5 to 0.3% or from
1.5 to 1.3%, was not enough to considerably increase
the average molar mass of the molecules. Therefore,
to obtain greater average molar mass values than
those achieved in this study, some modifications in
the polymerization process would be necessary, such
as changing the initiation system. In particular, poly-
merizations by redox initiation with cerium ions are
indicated to obtain PAAM with higher molar mass.24

A comparison of the results obtained for two syn-
theses (#7 and #8), carried out under the same condi-
tions and that produced PAAM-g-PEO 1000 copoly-
mers shows that the average molar mass values
obtained were very different (hMni ¼ 39,000 and
113,000), suggesting that the control of the structure
obtained depend on better control of the synthesis
process. As the main goal of this work was to obtain
families of copolymers with varied compositions
and molar masses, to correlate the influence of these
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variables with their performance as drag-reducers in
aqueous solutions, it was not place emphasis on con-
trolling the reaction. The objective in terms of synthesis
was achieved, since it was obtained with varied molar
masses containing varied graft chain contents with dif-
ferent chemical structures (hydrophilic or hydrophobic)
and sizes. As the results obtained by SEC depend not
only on the length of the molecule but also on the con-
formation, the real molar mass of the copolymers
should be higher than the so obtained value, because
the calibration was made with PAAM that is a linear
molecule. However, in general, it is possible to com-
pare the results obtained by SEC if the tendency of
molecules expansion is the same. In this work, it is not
possible to make a straight comparison between
PAAM-g-PEO and PAAM-g-PPO molar masses,
because of their differences concerned to the interaction
with the solvent: PAAM-g-PEO copolymers present
higher interaction with water than PAAM-g-PPO ones.

Performance in reducing drag

As discussed previously,23 the results for drag-
reduction obtained in our system do not reproduce

the values obtained in large scale loop, using about
200 L of polymer solution. However, it has been use-
ful for testing different polymers that were synthe-
sized in bench scale. The results obtained in our sys-
tem are far below those normally reported in the
literature25,26 (� 80% for PHPA).
Figure 2 shows the DP/L versus Re curves for the

copolymer solution PAAM-g-PEO 1000 95 : 5 (2), for
illustration purposes. It can be seen that the higher
the concentration of PAAM-g-PEO 1000 95 : 5 (2),
the better the drag-reduction performance is. In gen-
eral, the other polymers showed the same perform-
ance with increasing concentration in the range stud-
ied. The influence of the polymer concentration
parameter on drag-reduction is frequently reported
in the literature.3 Besides this, another result here in
agreement with the literature3,8,27,28 is that, the drag-
reduction is more pronounced in regions with
higher Reynolds number, that is, regions of greater
turbulence, no matter what the polymer solution.
Table II also presents the drag-reduction percent-

age results for the aqueous copolymer solutions only
at a concentration of 0.10 g/L and with Reynolds
number of 7000. For purposes of correlation, the

TABLE I
Mass Composition of the Monomers at the Feed and of the

Respective Copolymers Obtained

Polymer (%)a
Pendant chain

(g/mol)

Composition at the
feed (wt %)
AAM : POb

Composition of the
copolymer (wt %)

PAAM : POb

PAAM-g-PEO (1.5%) 1,000 70 : 30 87 : 13
90 : 10 96 : 4

PAAM-g-PEO (1.3%) 90 : 10 90 : 10
PAAM-g-PEO (0.5%) (1) 95 : 5 95 : 5
PAAM-g-PEO (0.5%) (2) 95 : 5 95 : 5
PAAM-g-PEO (0.5%) (3) 90 : 10 89 : 11
PAAM-g-PEO (0.5%) (4) 90 : 10 96 : 4
PAAM-g-PEO (0.5%) (5) 90 : 10 95 : 5
PAAM-g-PEO (0.5%) 70 : 30 62 : 38
PAAM-g-PEO (0.3%) 80 : 20 88 : 12
PAAM-g-PEO (1.3%) 600 80 : 20 84 : 16

90 : 10 95 : 5
PAAM-g-PEO (0.3%) 95 : 5 >1% PO
PAAM-g-PPO (0.3%) 1,000 60 : 40 75 : 25

70 : 30 84 : 16
80 : 20 83 : 18
90 : 10 89 : 11
95 : 5 96 : 4
95 : 5 95 : 5

PAAM-g-PPO (0.4%) 300 60 : 40 72 : 28
70 : 30 76 : 24
90 : 10 92 : 8

PAAM-g-PPO (0.3%) 60 : 40 74 : 26
80 : 20 86 : 14
90 : 10 89 : 11
80 : 20 84 : 16
70 : 30 78 : 22

a Initiator composition in wt % in relation to the acrylamide.
b AAM = acrylamide, PAAM = polyacrylamide, PO = poly(alkylene oxide).
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mass compositions of the copolymers are once again
highlighted in this table.

A general evaluation of the results shows that the
drag-reduction performance varied as a function of
the molar mass, as expected, as well as of the chemi-
cal constitution and the composition of the copoly-
mers. Good performances were obtained regardless
of the hydrophilicity of the grafted chain in the
hydrophilic chain of the PAAM. This can be seen in
the values of � 50% both for sample #5 and for sam-
ple #23, which respectively contain graft chains of
PEO (hydrophilic) and PPO (hydrophobic).

To better explore the information obtained, the
groups were separately analyzed below. This analy-
sis shows that much of what has been published on
the subject was also observed in this study, evidenc-
ing the reliability of our results. However, some new
aspects are also present here.

With respect to the influence of the molar mass, as
expected a higher molar mass clearly enhanced the
copolymer’s performance. However, this correlation
is only valid when analyzing copolymers with the
same structure, as showed in Figure 3(a). Copoly-

mers #2, #5, #7, and #8 have a PAAM-g-PEO 1000
structure (compositions � 95 : 5), and their perform-
ances vary essentially with their molar mass. Like-
wise, copolymers #12 and #13 have a PAAM-g-PEO
600 structure (compositions � 95 : 5) and their per-
formances also vary essentially with their molar mass.
The same occurs with the copolymers containing
PPO300 as graft chain (compositions � 75 : 25) (#20
and #21), as shown in Figure 3(b). If these three copoly-
mer families are mutually compared in terms of the
influence of molar mass, no satisfactory correlation is
observed. For example, samples #2, #12, and #20 have
increasing molar mass in the order #12 < #20 < #2 and
their performances, expressed as drag-reduction per-
centage, follow a different rising order: #2 < #12 < #20.
Hence the statement that ‘‘the drag-reduction increases
with increasing molar mass of the polymer’’ is only
valid for comparisons within a single family of copoly-
mers with the same architecture and composition. In
reality, the molar mass is only one of the factors that
affect drag-reduction, acting together with other factors.
Despite the need for more %DR results from test-

ing copolymers with other molar mass values,

TABLE II
Mass Composition and Average Numerical Molar Mass of the Copolymers and Drag-Reduction

Percentage of Their Aqueous Solutions at 0.1 g/L

# Polymer (%)a MMb of PO (g/mol) PAAM : POc composition hMni (g/mol) % DR Re ¼ 7000

1 PAAM-g-PEO (1.5%) 1,000 87 : 13 62,000 33.1
2 96 : 4 96,000 35.5
3 PAAM-g-PEO (1.3%) 90 : 10 140,000 43.9
4 PAAM-g-PEO (0.5%) (1) 95 : 5 103,000 30.1
5 PAAM-g-PEO (0.5%) (2) 95 : 5 135,000 50.5
6 PAAM-g-PEO (0.5%) (3) 89 : 11 132,000 44.4
7 PAAM-g-PEO (0.5%) (4) 96 : 4 39,000 32,7
8 PAAM-g-PEO (0.5%) (5) 95 : 5 113,000 47.9
9 PAAM-g-PEO (0.5%) 62 : 38 83,000 16.7

10 PAAM-g-PEO (0.3%) 88 : 12 183,000 35.9
11 PAAM-g-PEO (1.3%) 600 84 : 16 35,000 16.2
12 95 : 5 49,000 40.0
13 PAAM-g-PEO (0.3%) >1% de PO 210,000 64.9
14 PAAM-g-PPO (0.3%) 1,000 75 : 25 d 12.3
15 84 : 16 169,000 44.4
16 83 : 17 187,000 44.7
17 89 : 11 189,000 48.5
18 96 : 4 197,000 22.7
19 95 : 5 202,000 39.4
20 PAAM-g-PPO (0.4%) 300 72 : 28 84,000 45.3
21 76 : 24 142,000 56.0
22 92 : 8 146,000 44.9
23 PAAM-g-PPO (0.3%) 74 : 26 136,000 50.9
24 86 : 14 118,000 33.9
25 89 : 11 278,000 52.7
26 84 : 16 182.000 34.6
27 78 : 22 115,000 68.1e

28 PAAM – – 182,000 44.8

a Initiator composition in wt % in relation to the acrylamide.
b MM = molar mass.
c AAM = acrylamide, PAAM = polyacrylamide, PO = poly(alkylene oxide).
d Not calculated.
e Result obtained without duplication.
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besides more specific tests, the results obtained for
the systems evaluated here fit the theory of Brostow
et al.4 well regarding the solvation number, when
analyzing a family of copolymers with the same
chemical nature: types of mers and type and length
of the graft chain.

As mentioned earlier, besides the molar mass, the
presence of side chains with different structures also
is investigated in this study. The molecules differ-
ence in terms of hydrophilicity was chosen, as it
provides different molecule conformations in solu-
tion.29 A separate evaluation of the drag-reduction
percentages within the PAAM-g-PEO family and
within the PAAM-g-PPO family, seeking to correlate
the drag-reduction with the content and length of
the side chains, shows different behaviors in func-
tion of the type of grafted chain used: hydrophilic
(PEO) or hydrophobic (PPO). The hydrophilicity of
the polymer is related to the hydrophilicity of the re-
spective monomers, when comparing similar molar
mass (3 � 102–103 g/mol). So, ethylene oxide, that
presents a higher solubility parameter (d ¼ 21.55
MPa1/2)30 than propylene oxide (d ¼ 18.71 MPa1/2),30

will produce a more hydrophilic polymer chain.
An evaluation of the PAAM-g-PEO molecules

shows that the increasing in PEO length (# 12 < # 7)
and PEO content (# 5 < # 10), within the range ana-
lyzed, appears to favor a relatively more ‘‘open’’
conformation, due to the high solubility of the PEO
chains in water. This likely contributes to reduce the
%DR. Copolymers #12 and #7 have similar graft
chain contents and molar masses, and the drag-
reduction percentage is higher for the sample with a
shorter pendant chains. With respect to the influence
of the variation of the graft chains’ content, it can be
seen in Figure 4, for the copolymers with graft
chains of PEO1000, that as decreasing graft chain
content is observed the reduction of %DR. Copoly-

mer # 5 (5% graft), although having a lower molar
mass than copolymer # 10 (12% graft), produces
much better drag-reduction. It seems that similar

Figure 2 Load loss curve per capillary length (DP/L) as
a function of the Reynolds number (Re) for the aqueous
solution, at 0.1 g/L, of PAAM-g-PEO1000 95 : 5 (# 5).

Figure 3 Drag-reduction percentage in function of molar
mass of the copolymers: (a) PAAM-g-PEO (� 95 : 5) with
PEO length of 1000 g/mol in black and 600 g/mol in gray:
(b) PAAM-g-PPO 300 (� 75 : 25). The samples related to #
are listed in Table II.

Figure 4 Drag-reduction percentage in function of graft
chain content of the copolymer PAAM-g-PEO1000.
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behavior occurs for the copolymers with graft chains
of PEO 600: copolymer # 12 (5% graft) has a higher
drag-reduction percentage (40.0%) than copolymer #
11 (16% graft) (16.2%), even though they have simi-
lar molar masses (� 40,000 g/mol).

It can thus be concluded that in the case of
copolymers with PEO (hydrophilic) grafts, within
the content and chain length ranges analyzed shorter
pendant chains in lower content likely allow a con-
formation that, when submitted to flow, making
them more favorable as drag-reducing agents.

The molecules with graft chains of PPO (# 21) per-
formed well, even though they had a tendency to
present a smaller hydrodynamic volume, in relation
to the homopolymer chains of PAAM (# 28) with
similar molar mass, due to the unfavorable solvation
conditions for the hydrophobic segments in the
aqueous medium. This disagrees with other findings
in the literature,13 where worse drag-reduction per-
centages have been observed for less favorable sol-
vent medium conditions. According to the literature,
different solvent conditions tend to influence the
performance of a single structure due to its solubility
in a particular solvent, and consequently its hydro-
dynamic volume. Here we evaluate the drag-reduc-
tion effect of different structures in a single solvent
(water). This result suggests that besides a mole-
cule’s hydrodynamic volume, its conformation
under flow is a relevant parameter that can influ-
ence its drag-reduction performance. This conforma-
tion can be associated with the theory of solvation
number, so finding the ideal conformation might be
possible by evaluating the solvation number, as sug-
gested by Brostow et al.4

With respect to the influence of the content and
length of the graft chains in the case of the PAAM-
g-PPO copolymers, we only observed differences
regarding the variation of content, not the chain
length, within the range studied. In this case, there
appears to be an optimum incorporation content
to attain the best drag-reduction, as showed in Fig-
ure 5(a,b), respectively, for PAAM-g-PPO1000 and
PAAM-g-PPO300. However, this optimal content
varies in function of the length of the graft chain: in
the PAAM-g-PPO 1000 series, the maximum content
reached was at � 11% of grafts, whereas for the
PAAM-g-PPO300 series, this maximum content was
observed at � 22% of grafts. This behavior may be
related to the hydrophilicity of the structure ana-
lyzed, suggesting that the copolymer’s solubility is
also a factor that influences its drag-reduction per-
formance. This observation once again leads to the
possibility that there is an ideal conformation, which
provides the best performance. However, additional
investigations are necessary, using broader ranges of
graft chain lengths and contents in the copolymer, to
find a closer relationship between these contributions.

CONCLUSIONS

Based on the systematic study carried out for syn-
thetic PAAM-g-polyoxide polymers, it is possible to
suggest that any type of molecule, either water-solu-
ble or organophilic, natural or synthetic, can be
modified with hydrophilic or hydrophobic side
chains to obtain a product that performs well in
reducing drag in a determined type of fluid. The
choice of the type of modification of hydrophilic
polymers should be associated with the facility of
the industrial process to obtain each type, consider-
ing the following observations: (1) modification
grafting side chains that are also hydrophilic should
be done with low content and short pendant chain;
(2) the more hydrophobic side chains should have a
composition with a smaller proportion the longer
the length of the pendant chain is, to produce the
best solvation conditions. The choice of the additive
to be synthesized for a specific purpose should also
consider its compatibility with the fluid, cost, toxic-
ity, and biodegradability. It is important to stress

Figure 5 Drag-reduction percentage in function of graft
chain content of the copolymer PAAM-g-PPO, presenting
graft chain molar mass of (a) 1000 and (b) 300.
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that the parameters investigated in this study are
limited to the ranges tested.
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