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Abstract: A novel amphoteric polyacrylamide (PDAA) was
prepared by inverse emulsion polymerization. The influence
of its cationic degree and molecular weight on retention
property was discussed. Then, the chemical structure and
micromorphology of the obtained PDAA were characterized
by Fourier infrared spectrum (FTIR), NMR hydrogen spectrum
(1H NMR), gel permeation chromatography (GPC), and
scanning electron microscope (SEM). Finally, the synergistic
retention effects of polydimethyldiallylammonium chloride
(PDADMAC), cationic starch (CS), cationic guar gum (CHPG),
cationic chitosan (CTS), and polyamine (PA) on the novel
PDAA were investigated. The results showed that the
optimum cationic degree and molecular weight of PDAA
were 25% and 4 million, respectively. The chemical structure
of PDAA was confirmed by FTIR, 1H NMR, and GPC. SEM
showed that the particle size of PDAA was between 150 and
600nm, and the particles were very stable because no
broken particles were found. In addition, most of the five
cationic polymers have good synergistic retention effect on
PDAA, and the order of synergistic effect was PDAA/
PDADMAC > PDAA/CTS > PDAA/CS > PDAA/CHPG >
PDAA/PA.
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1 Introduction

Amphoteric polyacrylamide has both positive and
negative charge groups, which has good water solubility.

The anion group can protect the cation group and repel
the “impurity anion” in the pulp system, so that the
cation group will not be reacted or neutralized too early.
Moreover, amphoteric polyacrylamide has the advantage
of being suitable for a wide range of pH values (1,2). The
surface of the paper pulp fiber is usually negatively
charged and easy to adsorb the heterocations in the
system, thus reducing the adsorption with the cation
retention aid. In contrast, amphoteric polypropylene
amide can preferentially adsorb heterocations in the
system, so its retention effect is better than that of
cationic polymer (3–5).

The polymer prepared by inverse emulsion polymeriza-
tion has the advantages of fast dissolution and narrow
molecular weight distribution (6) and avoids the defects
of easy crosslinking and wide molecular weight distribu-
tion of products prepared by aqueous polymerization.
Many excellent polymers have been prepared by inverse
emulsion polymerization. For example, poly[N-(2-hydro-
xypropyl)methacrylamide] nanogels were synthesized via
RAFT inverse miniemulsion polymerization (7). Cationic
flocculant poly(AM-DMC)) (CPAM) and poly((methacrylic
acid)-co-acrylamide) hydrogel nanoparticles crosslinked
with methylenebisacrylamide have been prepared suc-
cessfully via an inverse emulsion polymerization (8,9).
This method can also be used to prepare paper retention
aids (10), wastewater treatment agent (11–13), super
absorbent material for paper (14), oil displacement agent
(15), and other products (16,17).

The synergistic effect of retention aids in paper-
making refers to that when several retention aids are
used together in a certain way, their effect is stronger
than the effects of using these additives alone (18).
Retention aids and other polymer retention aids usually
play a synergistic role when they are used together in
the Wet end chemistry of papermaking. The synergistic
mechanism mainly depends on the formation of more
effective complex or in the form of mutual assistance.
One of the retention aids can make up for the adverse
effect of the other on the system, so as to show the
synergistic effect. In this paper, a new amphoteric
polyacrylamide (PDAA) was prepared by inverse emulsion
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polymerization and its synergistic retention with other
cationic polymers was investigated.

2 Experimental

2.1 Materials

White oil, anhydrous ethanol, acetone, dehydrated sorbitan
monooleate (Span80), dehydrated sorbitan monostearate
(Tween20), acrylamide, acrylic acid, disodium ethylenedia-
mine tetraacetate (EDTA), nonylphenol ethoxylate, ammo-
nium persulfate, sodium bisulfite, and sodium hydroxide are
all analytically pure and purchased from Beijing Chemical
Reagent Company (Beijing, China). The waste paper deinking
pulp with a beating degree of 38 °SR is self-made. Talcum
powder is of industrial purity and purchased from Beijing
Nanshan Xingwang Talcum Powder Factory (Beijing, China).
Dimethyldiallylammonium chloride (DADMAC, 65% aqueous
solution) used for the polymerization of PDAA and poly-
dimethyldiallylammonium chloride (PDADMAC, 40%
aqueous solution) used for compound cooperative retention
with PDAA are purchased from Shandong Luyue Chemical
Co., Ltd (Feicheng, China). Cationic starch (CS) is supplied
by Mudanjiang spark Auxiliary Factory (Mudanjiang,
China). Cationic guar gum (CHPG) is provided by Beijing
Tianshi Chemical Co., Ltd (Beijing, China). Cationic chitosan
(CTS) is purchased from Dongying Tianhua Biological
Auxiliary Co., Ltd (Dongying, China). Polyamine (PA) is
provided by Shanghai Hengli Water Treatment Materials
Co., Ltd (Shanghai, China).

2.2 Methods

2.2.1 Preparation of sodium acrylate

About 100 g acrylic acid and 120 g water were added into a
four-necked flask, which is then cooled to below 15℃ in an
ice water bath and stirred. Sodium hydroxide solution with

a concentration of 50% was slowly dropped into the four-
port flasks until the pH reached 6.8–7.0. Finally, 40%
sodium acrylate solution was obtained.

2.2.2 Preparation of novel amphoteric polyacrylamide
by inverse emulsion

About 280 g white oil, 16 g Span80, and 4 g Tween20
were mixed and stirred for 10 min to obtain the oil
phase. The water phase was prepared by mixing 43.7 g
40% sodium acrylate and 350 g water with acrylamide
and DADMAC. The total weight of acrylamide and
DADMAC was 332.5 g. To obtain PDAA emulsion with a
cationic degree of 10%, 15%, 20%, 25%, and 30%, the
weight of DADMAC was selected as 35, 52.5, 70, 87.5, and
105 g, respectively. A certain volume of 1 wt% ammo-
nium persulfate and 3.5 mL of 1 wt% EDTA were added
to the system successively and stirred for 5 min.

The water phase was slowly poured into the oil
phase by a peristaltic pump. The mass ratio of the water
phase to the oil phase is 7:3. The mixture was emulsified
with a homogenizer at the speed of 6,000 rpm for
10 min. The emulsion was poured into a flask and
charged with nitrogen for 1 h at a constant stirring speed
of 300 rpm. The reaction was started by dropping 3.6 mL
sodium bisulfite solution with a certain concentration
within 1 h. After holding the temperature of 65℃ for
30min, the PDAA emulsion product was obtained by
adding 15 g nonylphenol polyoxyethylene to the system.

The molecular weight of PDAA was controlled by
changing the volume of ammonium persulfate solution
and the concentration of sodium bisulfite solution. The
relevant values have been listed in Table 1.

2.2.3 Preparation of pulp

The waste cartons were torn up and soaked in normal
temperature water for 48 h. The soaked pulp is beaten to
38 SR° by Wally beater at 2% concentration. The paper

Table 1: Volume of ammonium persulfate solution, concentration of sodium bisulfite solution and the molecular weight of obtained PDAA

Number Volume of ammonium
persulfate solution (mL)

Concentration of sodium
bisulfite solution (wt%)

Molecular weight of obtained
PDAA (million)

1 3.5 3.0 2
2 2.8 2.6 3
3 2.45 2.4 3.5
4 2.1 2.2 4
5 1.75 2.0 4.5
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pulp is then concentrated with 80 mesh nylon cloth and
sealed with a plastic bag for future use.

2.2.4 Preparation of handsheets

To make handsheet with a base weight of 60 g/m2, 1.6 g
pulp, 0.28 g talcum powder, and 300 g water are mixed
evenly. Polymer retention aid with the amount of 0, 0.01,
0.02, 0.03, 0.04, 0.05, and 0.06 wt% based on the weight
of the pulp was separately added to the dispersed pulp
and continuously stirred for 5min. The polymer retention
aid with a concentration of 500mg/L was PDAA or a
mixture of PDAA and another retention aid (PDADMAC,
CTS, CS, CHPG, or PA) in the proportion of 1:0, 1:3, 1:1,
3:1, and 0:1, respectively. At last, the handsheet was
formed on a sheet former and dried in a vacuum at 95℃.

2.2.5 Viscosity average molecular weight

The molecular weight of the obtained PDAA was
determined by the viscosity method. The PDAA emulsion
was precipitated with a mixture of ethanol and acetone
with a volume ratio of 1:1. The precipitates were washed
repeatedly with the mixture and then filtered and dried.
According to GB/T 31246-2014 (19), the intrinsic viscosity
(η) of cationic polymers was calculated using equations
(1) and (2):

= [ ]M η802 1.25 (1)

[ ] =η kMα (2)

where η is intrinsic viscosity (mL/g), k = 4.75 × 10−3 is an
empirical constant, and α = 0.80 is an empirical
constant.

2.2.6 Retention rate of paper

The retention performance of polymers was evaluated by
the retention rate of paper. The handsheets are dried to
constant weight at 105℃, and the retention rate of paper
is calculated by the following formula (equation (3)):

= ( / ) ×m mRetention rate of paper 100%1 2 (3)

where m1 is the dry weight of the handsheets and m2 is
the total weight of pulp and talcum powder used to
prepare the handsheets.

2.2.7 Yield and monomer residue of PDAA

PDAA emulsion was precipitated, washed, and filtered
with 1:1 acetone and ethanol solution and dried to
constant weight in a vacuum drying chamber at
50℃. The yield of PDAA is calculated according to
equation (4).

= [ /( × )] ×w m m c% 100%2 1 (4)

where m1 is the mass of the emulsion system before
polymerization, c is the total concentration of the three
monomers in the emulsion system, and m2 is the mass of
PDAA after drying.

The residual acrylamide monomer in PDAA emul-
sion was extracted by ethanol and determined by high-
performance liquid chromatography (HPLC).

2.3 Characterizations

2.3.1 Fourier transformed infrared spectroscopy (FT-IR)
measurements

The chemical structure of PDAA was studied using
Fourier transform infrared spectroscopy (FTIR) in Perkin
Elmer RZX spectrometer using KBr technology, i.e., by
making pellets of PDAA powder with KBr. FTIR spectra
were recorded in a spectral range of 4,000–400 cm−1

with a resolution of 2 cm−1.

2.3.2 NMR hydrogen spectrum (1H-NMR)

The 1H-NMR spectrum of the dried PDAA sample was
determined by a Bruker Avance NEO 600 (Bruker
Company, Germany) in solvent of D2O at 500MHz.

2.3.3 Gel permeation chromatography (GPC)

The molecular weight distribution of PDAA was deter-
mined by PL-GPC50 (agilent technologies, USA).
Fourteen monodisperse polyethylene oxide (PEO) sam-
ples with molecular weights between 0.4 and 0.5 million
are used as calibration standards.

2.3.4 Scanning electron microscopy (SEM)

The microstructure of PDAA was observed by scanning
electron microscopy (SEM) (Hitachi S4800, Japan) at an
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accelerating voltage of 5.0 kV. Before imaging, the PDAA
emulsion was dried under atmospheric conditions and
then placed on a substrate with fixed conductive carbon
tape and coated with platinum.

3 Results and discussion

3.1 Chemical structure and
micromorphology of PDAA

The chemical structure of the obtained PDAA was
analyzed by FTIR. It can be seen from Figure 1 that the
broad peaks of 3354.17, 3194.65, and 1663.44 cm−1 are the
characteristic absorption peaks of –C–NH2, –N–H and
–C]O in –CONH2, while 2933.37 cm−1 is the expansion
vibration absorption peak of –CH2, all of which indicates
the presence of acrylamide monomers; 1318.06 and
1558.9 cm−1 (obscured by the peak of 1663.44 cm−1) are
the characteristic absorption peaks of –COO–, indicating
the presence of acrylic monomers; 1451.60 cm−1 is the
absence of –CH3 in –N+(CH3)3 symmetrical bending
vibration absorption peak, while 1414.54 cm−1 is N–CH3

stretching vibration peak, thus illustrating the existence
of DADMAC monomer (21). In conclusion, it can be
determined that PDAA has been successfully prepared by
reverse emulsion polymerization.

The 1H NMR spectra of PDAA is shown in Figure 2. The
signals at 3.81, 2.97, 2.15, and 1.70 ppm are attributed to the
protons of the DADMAC unit (i.e,. c, d, b, and a marked in
Figure 4) (22). Protons of the AM unit are evidenced by
the asymmetric adsorption peaks at 1.57 and 2.15 ppm

(i.e., e and f marked in Figure 4) (8). Bands at 1.70 and
2.15 ppm correspond to the protons of sodium acrylate
unit (i.e., g and h marked in Figure 4). The signal at 1.11
and 3.65 ppm are due to the protons of ethanol (residual
in polymer precipitation). The signal at 3.05 ppm maybe
corresponds to the proton of emulsifiers. The results of
FT-IR and 1H NMR demonstrated that PDAA copolymer
was synthesized successfully.

The molecular weight distribution of PDAA determined by
GPC is shown in Figure 3. It has been reported that the
molecular weight distribution of the polymers prepared
by inverse emulsion is about Mw/Mn = 1.35–1.55 while
that of aqueous solution polymerization is Mw/Mn =
4.5–4.7 (8,23). It can be seen from Figure 5 that the
molecular weight distribution of the PDAA product is very

Figure 1: FT-IR spectrum of PDAA

Figure 2: 1H NMR spectra of PDAA.

Figure 3: Molecular weight distribution of PDAA determined by GPC.
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narrow, Mw/Mn = 1.12. This is lower than the usual
emulsion prepared by inverse emulsion and is much
lower than that prepared by aqueous solution polymer-
ization. It is proved that the polymerization product
prepared by inverse emulsion polymerization has the
advantage of narrow molecular weight distribution.

The micromorphology of PDAA was observed by SEM.
Figure 4 shows the scanning electron microscopy (SEM)
images of latex particles with a magnification of 10,000
times (a) and 25,000 times (b). It can be seen that the latex
particles were regular spheres with a diameter of 150 to
600nm, and no defective latex particles were found. This
result indicates that the PDAA produced by the inverse
emulsion system in this paper had good stability (24).

3.2 Effect of cationic degree of PDAA on the
retention performance

The retention mechanism of the novel amphoteric
polyacrylamide is that the anionic group first neutralizes

the cationic waste in the paper material to reduce the
electrostatic attraction resistance between the cationic
group and the pulp fibers. The cationic group of
retention aid adsorbs fibers and fine fibers in the paper
pulp to form micro flocs, so that the fine pulp fibers are
retained and the retention rate of paper material is
improved (20). The proportion of cationic functional
groups determines the electrostatic attraction of PDAA
and fine pulp fibers. Thus, the retention properties of
PDAA with 10%, 15%, 20%, 25%, and 30% cationic
monomers for deinked pulp were studied.

As shown in Figure 5, the PDAA prepared with
different content of cationic monomers all have good
retention properties. The retention rate of paper
increases with the increment of cationic monomer
content in PDAA. When the cationic monomer content
is more than 20%, the retention rate of paper increases
slowly. The retention property of PDAA with 25% and
30% cationic monomers is similar. Therefore, to reduce
the cost, the best content of cationic monomers in PDAA
is selected as 25%.

3.3 Effect of molecular weight of PDAA on
retention performance

It is reported that the molecular weight of the polymer is
the main influencing factor of retention aid. In this
paper, PDAA polymer emulsion particles with a mole-
cular weight of 2–5 million, narrow molecular weight
distribution and uniform particle size were easily
obtained by inverse emulsion polymerization. The
retention property of PDAA with molecular weight of 2,
3, 3.5, 4, and 4.5 million was studied when the addition
amount was 0.01%, 0.02%, 0.03%, 0.04%, 0.05%, and
0.06%, respectively. The results are shown in Figure 6.

It can be seen from Figure 2 that the retention
capacity of PDAA increases with the increment of its

Figure 4: SEM images of PDAA at different magnification.

Figure 5: Effect of cationic degree on retention properties. The
molecular weight of PDAA is 3 million.
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molecular weight. The retention performance of pro-
ducts with a molecular weight of 2 and 3 million is poor,
mainly due to the low molecular weight of the polymer,
poor flocculation performance, and the formation of
small flocs, which are not easy to retain. Therefore, with
the increase of the dosage, the retention rate of paper
material increases less. When the molecular weight is
more than 4 million, the long molecular chain can form
a larger flocculent, which makes a lot of small pulp
fibers and filler flocculent remain in the paper, so that
the retention rate of paper material can be improved
rapidly. It can also be seen from Figure 2 that PDAA with
a molecular weight of 4 and 4.5 million had similar
paper retention when the addition amount increased to
0.04%. Because the polymer with small molecular
weight is easier to prepare, 4 million is selected as the
best molecular weight of PDAA. In addition, the PDAA
has high yield and low residual monomer, which are
99.5% and 0.0252 wt%, respectively.

3.4 Synergistic retention of PDAA/
PDADMAC

PDADMAC is widely used in the papermaking industry.
It can be used as retention aid alone or as a retention aid
system with anionic polymer or bentonite. PDAA/
PDADMAC can be used together in a certain proportion,
which can play a complementary role (25,26). PDADMAC
can adsorb the anionic garbage inside the pulp, which
enhances the adsorption of PDAA on the fine fibers and
fibers, while the anionic group in PDAA can adsorb the
cationic garbage in the pulp, thus removing the

obstacles for the better interaction between PDADMAC
and the fine fibers. A certain proportion of PDAA/
PDADMAC can play a better role in synergistic retention.
This paper discusses the retention performance of
PDAA/PDADMAC with a mass ratio of 3:1, 1:1, and 1:3,
respectively. The results are shown in Figure 7.

It can be seen from Figure 7 that with the increase of
the dosage of additives, the retention rate of paper
material has a greater increase. When PDAA and
PDADMAC were used in combination, the retention rate
of paper was significantly higher than that of PDADMAC
alone. The synergistic effect is more obvious with the
increase of the proportion of PDAA. When the ratio of
PDAA and PDADMAC is 1:1, the synergistic retention
effect of PDAA and PDADMAC is similar to that of PDAA.
When the proportion of PDAA and PDADMAC increased
to 3:1, the synergistic retention effect of PDAA and
PDADMAC was slightly better than that of PDAA. This
shows that PDAA/PDADMAC has an ideal synergistic
retention effect.

3.5 Synergistic retention of PDAA/CS

Cationic starch (CS) is an important derivative of starch
ether. Because of its positive charge, it can be closely
combined with the small pulp fibers and fillers with a
negative charge. It is widely used in the wet end of
papermaking. It can be used as reinforcement, retention
aid, and filter aid to significantly improve the quality of
paper, reduce consumption, and save cost (27). The
addition of CS can increase the positive charge density

Figure 6: Effect of molecular weight on retention properties. The
cationic degree of PDAA is 25 wt% based on the total weight of
monomer.

Figure 7: Synergistic retention of PDAA/PDADMAC. The molecular
weight of PDAA is 4 million and the molecular weight of PDADMAC
is 0.46 million.
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of PDAA, to increase the adsorption of PDAA on fines
and fillers (28). The synergistic retention mechanism of
PDAA/CS is similar to that of PDAA/PDADMAC. The
synergistic retention effect of PDAA/CS was studied by
comparing the retention effects of adding PDAA, PDAA:
CS 3:1, PDAA: CS 1:1, PDAA: CS 1:3, and CS, respectively.
The results are shown in Figure 8.

It can be seen from Figure 8 that the retention system of
PDAA/CS composite has a better retention effect than CS.
With the increase in the proportion of PDAA, the
retention performance of the system increases gradually.
When the ratio of PDAA:CS is 3:1, the retention
performance is the best. It has been proved that the zeta
potential of pulp is affected by the zeta potential of
additives. The zeta negative potential of the pulp can be
effectively reduced by adding a proper amount of cationic
polymer, which results in flocculation. The reason for the
synergistic effect of PDAA/CS is that on the one hand, the
addition of CS reduces the zeta negative potential of
paper and produces better flocculation, on the other
hand, the addition of PDAA forms a large number of
micro flocculation, which can play the best flocculation in
a certain ratio, to play a better synergistic retention role.

3.6 Synergistic retention of PDAA/CHPG

Cationic guar gum (CHPG) is a kind of environmental
friendly paper-making additive, which is made by
modifying natural guar gum. It has a certain positive
charge and is easy to adsorb with negatively charged pulp
fibers and fillers. It can not only improve the retention

rate and water filtering performance of paper but also
maintain or improve the evenness of paper (29). CHPG
can form a retention system with anionic, amphoteric
polymer, or bentonite. In this paper, the retention
performance of PDAA/CHPG in a certain proportion is
discussed. The results are shown in Figure 9.

It can be seen from Figure 9 that the retention rate of paper
increases with the increment of retention aid dosage in each
group. With the increase in the amount of PDAA in PDAA/
CHPG, the retention ability of the additives first increased
and then decreased. When the ratio of PDAA to CHPG is 1:1,
the retention effect of the system is the best, even better
than PDAA. When the ratio of PDAA to CHPG is 1:3, the
retention effect of the system is the worst, even worse than
CHPG. The addition of a certain amount of CHPG can not
only reduce the micro stickies in the deinked pulp of waste
paper but also enhance the ability of PDAA to form micro
flocs. Similarly, the addition of PDAA can eliminate the
adverse effect of anionic waste in the pulp, and PDAA/
CHPG can play an ideal role in synergistic retention.
However, the CHPG in the ratio of PDAA/CHPG cannot be
too large, the CHPG content will neutralize the negative
charge of part of PDAA, reduce the adsorption capacity of
PDAA with fine pulp fibers and fillers, while the retention
ability will decrease.

3.7 Synergistic retention of PDAA/CTS

Cationic chitosan (CTS) is a kind of cationic polymer
with retention property (30). The synergistic retention
effect of PDAA and CTS was studied by using them in
different proportions. The results are shown in Figure 10.

Figure 8: Synergistic retention of PDAA/CS. The molecular weight of
PDAA is 4 million.

Figure 9: Synergistic retention of PDAA/CHPG. The molecular
weight of PDAA is 4 million.
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It can be seen from Figure 10 that the retention rate of paper
increases with the increase of retention system dosage. The
order of retention performance is PDAA:CTS = 3:1, PDAA,
PDAA:CTS = 1:1, PDAA:CTS = 1:3, CTS. It can be seen that
with the increase in the proportion of PDAA in PDAA/CTS,
the retention ability of the system is enhanced. The main
reason may be that the retention performance of PDAA is
better than that of CTS. In addition, PDAA and CTS also
have a synergistic retention effect, because the retention
performance of PDAA with CTS ratio of 3:1 is slightly better
than that of PDAA alone.

3.8 Synergistic retention of PDAA/PA

Polyamine (PA) is a kind of water-soluble cationic polymer,
which has the advantages of high positive charge density,
good water solubility, easy control of molecular weight,
high efficiency, nontoxicity, and low cost (31). Because of its
strong positive charge and high molecular weight, PA

cationic polymers can be used as retention aids in
papermaking. The synergistic retention of PDAA/PA is
discussed, and the results were shown in Figure 11.

It can be seen from Figure 11 that the retention rate of
paper increases gradually with the increase of the dosage of
additives. With the increase of PDAA in the ratio of PDAA/
PA, the retention performance of the retention system is
gradually enhanced. The main reason may be that PA is a
strong cationic polymer with relatively low molecular
weight. The adsorption of fine pulp fibers is mainly through
the charge adsorption mechanism to produce flocculation.
The adsorption performance of fine pulp fibers and fillers is
much worse than that of PDAA. Thus, the synergistic
retention effect of PDAA/PA is not obvious.

4 Conclusion

(1) The retention properties of novel amphoteric poly-
acrylamide, PDAA, with different cationic monomers
and different molecular weight products were dis-
cussed. The results showed that the best cationic
degree and molecular weights were 25% and 4
million, respectively.

(2) The FT-IR and 1H NMR analysis confirmed that the
product is a copolymer of cationic DADMAC
monomer, sodium acrylate, and acrylamide. The
GPC analysis indicated that the molecular weight
distribution of the PDAA product is very narrow. The
latex particles in the reverse emulsion are regular
spheres with a diameter of 150 to 600 nm.

(3) The synergistic retention effect of PDAA with five
different cationic polymers was studied. The results
show that the cationic polymer has a good syner-
gistic retention effect with PDAA. The order of
synergistic retention was PDAA/PDADMAC >
PDAA/CTS > PDAA/CS > PDAA/CHPG > PDAA/PA.
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