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Synthesis and Characterization of
Hydrophobically Modified Cationic

Acrylamide Copolymer

Khai Ern Lee, Beng Teik Poh, Norhashimah Morad,
and Tjoon Tow Teng

School of Industrial Technology, Universiti Sains Malaysia, Penang, Malaysia

Abstract: Hydrophobically modified cationic acrylamide copolymers were
synthesized by free radical solution copolymerization using potassium persulfate
as the initiator. Epichlorohydrin, acrylamide, and tridodecylamine were used to
synthesize the hydrophobically modified cationic monomer, i.e., 3-acrylamido-
2-hydroxypropyltridodecylammonium chloride (AHPTDAC), which was then
copolymerized with acrylamide. The intrinsic viscosity, molecular weight, and
charge density of the copolymers depend on the ratio of AHPTDAC and acryla-
mide used. Fourier transform-infrared (FT-IR) and transmission electron
microscopy (TEM) were used to elucidate the structure of the copolymer. The
solid copolymer is insoluble in water but only swells in the aqueous medium.

Keywords: Cationic acrylamide copolymers; Charge density; Molecular weight;
Tridodecylamine

INTRODUCTION

Hydrophobically modified polymers have recently become the subject of
extensive research.[1–2] These hydrophobically modified systems have

Submitted 12 November 2007; accepted 10 January 2008.
The authors acknowledge the short-term research grant provided by Universiti

Sains Malaysia that has resulted in this article.
Address correspondence to B. T. Poh, School of Industrial Technology, Uni-

versiti Sains Malaysia, 11800 Minden, Penang, Malaysia. E-mail: btpoh@usm.my

International Journal of Polymer Anal. Charact., 13: 95–107, 2008

Copyright Q Taylor & Francis Group, LLC

ISSN: 1023-666X print

DOI: 10.1080/10236660801905684

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
8
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



received increasing attention due to their unique characteristics and
applications such as in enhanced oil recovery, drilling fluids, hydraulic
fracturing, superabsorbency, flocculation and drag reduction.[3–6] In
aqueous solution, the hydrophobic groups have a strong tendency to
associate together yielding intra- and intermolecular networks.[7–8] Due
to the intermolecular cross-linking of hydrophobic units, hydrophobi-
cally modified polymers were found to be capable of minimizing their
exposure to water by blocking water and increasing the viscosity of the
solution at high hydrophobic units concentrations; hence, hydrophobi-
cally modified polymers can be used as thickeners.[9–10]

Hydrophobically modified polymers are generally constituted by a
hydrophilic main chain (uncharged or charged) and associating of hydro-
phobic group at the polymer backbone.[11–12] Hydrophobic modification
of synthetic polyelectrolytes can be performed through chemical grafting
or copolymerization.[13] Acrylamide-based polyelectrolytes also received
a great extent of utility in the industry due to their useful monomer for
obtaining water-soluble high molecular weight polymers.[14] They have
been used to copolymerize with various hydrophobic comono-
mers.[2,4,15,16] Acrylamide has been hydrophobically modified with
3-acrylamido-2-hydroxypropyltrialkylammonium chloride,[17] in which
alkyl groups used were ethyl, butyl, and octyl groups. It was found that
flocculation performance increases with increasing of the chain length of
the hydrophobically modified copolymer. The increase in the hydropho-
bicity of the copolymer is accompanied by a decrease in sludge weight
during the flocculation process due to the elimination of water trapped
in the sludge.

In the present work, hydrophobically modified cationic acrylamide
copolymers were synthesized via copolymerization of acrylamide and 3-
acrylamido-2-hydroxypropyltridodecylammonium chloride in which a
longer chain dodecyl group was used. Free-radical solution copolymeri-
zation was carried out to synthesize the hydrophobically modified copo-
lymers. The method of synthesis was based on previously published
procedures.[17–19] Characterization of the copolymers was conducted by
FT-IR and TEM.

EXPERIMENTAL SECTION

Materials

Epichlorohydrin and tridodecylamine (>95% purity) were obtained
from Merck, and potassium persulfate (analytical grade) and acrylamide
(analytical grade) were supplied by R&M Chemicals. Analytical grade
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silver nitrate and potassium chromate were used in charge density
determination. Deionized water was used throughout the experiment.

Synthesis of Comonomer

The synthesis procedure of hydrophobically modified cationic acrylamide
was described by previous researchers.[17–19] First, 10% of acrylamide sol-
ution was prepared in deionized water. Acrylamide solution then reacted
with epichlorohydrin in a three-necked flask equipped with a condenser,
mechanical stirrer, rubber septum cap, and thermometer. The reaction
was carried out at 75�C for 6 h to obtain the Mannich base, which was
cooled to ambient temperature. The Mannich base was then added
gradually to tridodecylamine in a reaction flask at 50�C for 40 min to pro-
duce the quaternized ammonium cationic monomer 3-acrylamido-2-
hydroxypropyltridodecylammonium chloride. The monomer solution
was then cooled to ambient temperature and kept without any further
precipitation. The synthesis equations are shown in Figure 1.

Synthesis of Copolymers

Fourier transform-infrared (FT-IR) spectroscopy was used to analyze the
composition of quaternized ammonium cationic monomer 3-acrylamido-
2-hydroxypropyltridodecylammonium chloride (AHPTDAC). Acryla-
mide and AHPTDAC were then copolymerized using free-radical
solution polymerization. Various molar ratios between acrylamide and
AHPTDAC were used to prepare different characteristics of cationic
copolymers. The mixture of acrylamide and AHPTDAC was well stirred
in aqueous medium. The reactor was purged with nitrogen gas to deox-
ygenate the reaction medium, them 0.5 mL of 5% K2S2O8 solution was

Figure 1. Synthesis of quaternized ammonium cationic monomer 3-acrylamido-
2-hydroxypropyltridodecylammonium chloride (AHPTDAC).
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injected into the system to initiate the polymerization. The copolymeriza-
tion process was carried out for 6 h at 60�C under acidic condition. The
mechanism of copolymerization is shown in Figure 2. The copolymers
obtained were cooled to ambient temperature. FT-IR analysis was then
carried out to determine the composition of the copolymer produced.

Characterization

FT-IR Spectra Analysis

Monomer and copolymer chemical compositions were determined by a
Perkin Elmer FT-IR spectrophotometer. Its window of was thinly coated
with polymer solution after completion of the spectrum of blank. The
sample was then dried to prevent interference from the presence of water
in the sample. The FT-IR equipment was operated with a resolution of
4 cm�1 and scanning range from 4000 to 400 cm�1.

Intrinsic Viscosity and Molecular Weight Determination

Intrinsic viscosity measurement was carried out using an Ubbelohde vis-
cometer with 1.0 M NaCl aqueous solution as solvent at 25�C. Intrinsic

Figure 2. Synthesis of cationic acrylamide copolymer.
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viscosity [g] of the copolymers was obtained using the dilution extrapol-
ation method. The intrinsic viscosity measurement is an approximation
method ascribed to the effect of intramolecular hydrophobic interaction
on the determination of viscosity-average molecular weight for poly-
mer.[6] The average molecular weight of the acrylamide copolymer was
determined by using the Mark-Houwink equation:

½g� ¼ kðMvÞa

where k ¼ 19.1� 10�3 mL=g and a ¼ 0.71.

Viscosity Measurement

Viscosity of the copolymer solutions was measured by using the 1.0 M
NaCl solution as the solvent. Copolymer solution was prepared by dis-
solving a known weight of polymer in this solvent. The copolymer solu-
tions were agitated to ensure complete dissolution. For each
concentration, the flow time of the solution was measured using
Ubbelohde viscometer. The viscosity of the solution was determined by:

g ¼ Aqt

where g ¼ viscosity, A ¼ calibration constant of the viscometer,
q ¼ density of solution, and t ¼ flow time.

Charge Density Determination

Charge density was measured by titrating 1 g=L polymer solution with
0.05 M silver nitrate using potassium chromate as the indicator. The
charge density is calculated by considering the percentage of cationic
monomer in the copolymer using the equations:

Charge densityð%Þ ¼ nc

ðnc þ nAMÞ
� 100%

Charge densityð%Þ ¼ CV

½ðm�MCVÞ=MAM þ CV� � 100%

where nc ¼ mole of cationic comonomer, nAM ¼ mole of acrylamide,
C ¼ concentration of silver nitrate, V ¼ volume of silver nitrate used,
m ¼ weight of the polymer, M ¼ molecular weight of cationic monomer,
and MAM ¼ molecular weight of acrylamide.

Transmission Electron Microscopy

Copolymer in 1.0 g=L aqueous solution was analyzed by Philips CM12
transmission electron microscopy to investigate its polymer molecular
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formation. One drop of the copolymer aqueous solution was carefully
placed on the copper grid and dried with filter paper. The copolymer
solution-coated copper grid was then put under TEM for image viewing.

RESULTS AND DISCUSSION

Synthesis

Cationic polyelectrolytes were produced generally using quaternary
ammonium salt groups by homopolymerization and copolymerization
of monomers containing quaternary N atoms, i.e., the quaternization
of polymers containing tertiary amine group with suitable alkylation
agents.[20] It was claimed that the properties of hydrophobically modified
copolymers can be tuned by varying the number of hydrophobic groups
and their chain length.[21] This was further explained by Ren et al.,[17]

who carried out hydrophobic modification by extending the alkyl chain
length of quaternary ammonium group. The longer the chain, the higher
its hydrophobicity. The long alkyl chain, the like dodecyl group, was
found to be relatively difficult to incorporate into the Mannich base. This
was due to the high hydrophobicity of the dodecyl chain compared with
the lower homologous series groups. According to Biggs et al.,[1] the
copolymerization of acrylamide and hydrophobic monomer by aqueous
solution polymerization has not been reported so far. Considering the
limitations of solution polymerization processes, relatively low monomer
concentrations were used in order to prevent high viscosity of the poly-
mer product.[5,15,22] For this reason, the total monomer concentration
in this study was fixed at a relatively low concentration, 0.01 mol, to pre-
vent the formation of highly viscous copolymer gel product.

In this study, a series of hydrophobically modified cationic acryla-
mide copolymers with different feed molar ratios of acrylamide and
AHPTDAC have been synthesized by solution copolymerization. Potass-
ium persulfate was used as an initiator. The different feed molar ratios
are given in Table I. At low content (low molar ratio) of AHPTDAC
in the feed, the copolymer solution was optically transparent, which is
in agreement with the observation by Grassl et al.[11] The copolymer
becomes turbid as the concentration of AHPTDAC comonomer is
increased. Attempts to produce copolymers in solid form have been done
by precipitating the copolymer solution with methanol and drying it
under vacuum. Nevertheless, copolymers did not dissolve in aqueous sol-
ution but formed a solid, which makes it difficult for them to be applied
in wastewater treatment. The copolymer only swells in water and could
not untangle itself, an observation similar to that of a previous report.[24]

As explained by Ren et al.,[17] increasing chain length, i.e., octyl chains in
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the polymer molecule, will increase entanglement between the polymer
molecules. In this study, this entanglement phenomenon is further
enhanced by the presence of dodecyl chains, which causes the insolubility
of polymer in water after precipitation. To overcome this problem, copo-
lymer products obtained were not further precipitated with methanol.[23]

Solution copolymerization produces a copolymer that is free from entan-
glement and avoids insolubility in aqueous medium.

Characterization

FT-IR

The compositions of the resulting comonomer and copolymers were
determined by FT-IR. The FT-IR spectrum in Figure 3 shows the peaks
of AHPTDAC (OH-, 3386.18 cm�1; �CH3, 2922.14 cm�1 and
2852.39 cm�1; �CONHR, 1652.75 cm�1 and 1284.05 cm�1; R�OH,
1435.38 cm�1; C�(CH3)2, 1361.30 cm�1; >CH�O�H, 1040.87 cm�1;
�CH=CH2, 971.93 cm�1). Hence, it is confirmed that the FT-IR spec-
trum corresponds to the structure of AHPTDAC. Hydrophobically
modified cationic acrylamide copolymers are shown in Figure 4 (�NH2

and �OH, 3353–3391 cm�1; �NH2, 3201–3210 cm�1; �CH2�,
2953 cm�1; �CONH2, 1665–1673 cm�1; �NH2, 1603–1621 cm�1; �OH,
1428–1436 cm�1; C�N stretch, 1352–1361 cm�1; �CONHR, 1280–
1285 cm�1; �C�NH2, 1108–1112 cm�1; >CH�O�H, 1042–1044 cm�1;
�CH=CH2, 967–985 cm�1; C�Cl, 812 cm�1; �CH=CH�, 619–
700 cm�1). Thus, FT-IR spectra obtained confirm the structure of the
hydrophobically modified cationic acrylamide copolymers. According
to Ghimichi et al.,[20] it is often impossible to determine the degree of
hydrophobic incorporation, especially for comonomers consisting of

Table I. Copolymerization of AHPTDAC with acrylamide

AHPTDAC feed
concentration
(mol%)

AM feed
concentration

(mol%)

Charge
density

(%)

Intrinsic
viscosity

[F] (mL=g)

Molecular
weight
(g=mol)

AHPTDAC
composition in
copolymer (%)

0 100 — 192 4.3� 105 0
20 80 84.99 9.9 6.6� 103 15
33 67 46.96 6.7 3.8� 103 27
45 55 44.19 67.0 9.8� 104 33
60 40 34.90 52.6 6.9� 104 44
75 25 22.12 28.8 2.9� 104 58
100 0 22.36 22.0 2.0� 104 100
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alkyl chains; consequently, it was assumed that the hydrophobic amine
content was the same as in the initial feed composition, as usually
supposed for the low contents of hydrophobic component included in

Figure 4. FT-IR spectra for hydrophobically modified cationic acrylamide
copolymers.

Figure 3. FT-IR spectrum for AHPTDAC monomer.
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the hydrophilic-hydrophobic copolymers. However, the chemical compo-
sitions of the copolymers can be estimated from the FT-IR spectra by
investigating the monomer conversion as shown in Table I.

Intrinsic Viscosity and Molecular Weight Measurements

Table I shows the intrinsic viscosities of the copolymers. It is found that
the intrinsic viscosity increases (6.7–67 mL=g) with the increase of AHPT-
DAC hydrophobic monomer concentration from 20 to 45 mole %.
Hydrophobic monomer association is divided into two stages. First, the
copolymer dissolves in water, resulting in intra- and intermolecular asso-
ciations. Beyond the first critical associating concentration (CAC1), the
molecular network forms and causes a rapid increase in viscosity.[25–27]

The associating of hydrophobic group at the second critical associating
concentration (CAC2) leads to a decrease in viscosity until a constant
value is reached due to its intramolecular association.[25] This observation
is in agreement with the intrinsic viscosity reported in our study (Table I),
i.e., association of hydrophobic group concentration occurs between 60
and 100 mole%. In addition, further increase of cationic AHPTDAC
hydrophobic monomer ratio would lead to the repulsion among hydro-
phobic comonomer, which inhibits molecular chain bonding and hence
decreases the molecular weight.[17]

At low polymer concentration (C < 0.01 M), the viscosity of the
copolymers is generally lower than that of polyacrylamide (PAM).[11]

Viscosity Measurement

Figure 5 shows that the viscosity increases gradually and linearly with the
copolymer concentration. In dilute copolymer solution, copolymer mole-
cules behave as individual chains. It was explained by Poh and Ong[28]

that the polymer coils are expanded by the excluded volume effect at
low concentration. The coils contract with increasing concentration as
the excluded volume repulsion between segments in the same chain
becomes screened by segments of neighboring chains. In dilute solution,
the molecular chains do not interact with each other. The viscosity
increases with copolymer concentration until the copolymer chains are
able to approach each other and their overlapping occurs.

Charge Density Determination

Charge density of the cationic copolymers is given in Table I. The charge
densities decrease when the intrinsic viscosity increases from monomer
feed concentration of 20 to 45 mole %. The trend is consistent with the
published work[24] at lower feed concentration of hydrophobic monomer.
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The charge density also decreases with the increase of AHPTDAC hydro-
phobic cationic monomer, especially after 20 mole % concentration. This
observation is attributed to the increase of the hydrophobicity of the mol-
ecule when the feed ratio of cationic hydrophobic monomer increases. As
a consequence, polymer solubility decreases as reflected by a drop of
charge density.[17]

TEM

The TEM image of the copolymer is shown in Figure 6. The monotonous
molecule of the highest molecular weight hydrophobically modified
cationic acrylamide copolymer (ratio 45:55) appears to be long, thin,
and branched in its molecular structures. The telechelic copolymer with
hydrophobic group in the polymer molecule is stretched and forms an
enlarged structure. The molecular chain length of the monotonous copo-
lymer is estimated to be approximately 900 nm at magnification of
220,000� . The repulsive force in the high hydrophobicity chain groups
prevents chain bonding. Hence, the association of the hydrophobic group
was found to be stretched and thin.[17]

CONCLUSIONS

Solution copolymerization of hydrophobic AHPTDAC monomer and
acrylamide with relatively low feed concentration (0.01 mol) was found

Figure 5. Viscosity of the hydrophobically modified cationic acrylamide copoly-
mers in 1.0 M NaCl solution.
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to be the best condition for the copolymerization of this hydrophilic and
hydrophobic monomer couple. Solid copolymer is insoluble in water but
swells in aqueous medium. The copolymers were produced in solution
without any precipitation after copolymerization. The intrinsic viscosity
of copolymer aqueous solution depends on the molecular weight and
charge density of the copolymer. Viscosity of the copolymers increases
linearly with concentration in the dilute region. The addition of cationic
hydrophobic group in the acrylamide copolymers yields lower molecular
weight than with polyacrylamide homopolymer. TEM indicated the mon-
otonous structure of the copolymer of ratio 45:55.
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