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Cationic polyacrylates exhibit both reverse demulsification and flotation performance, which can avoid

incompatibility between the reverse demulsifier and flotation agent during treatment of produced water

from offshore oilfields. In our previous work, the effect of the structure of the cationic unit on the

reverse demulsification and flotation performance of cationic polyacrylates was studied. However, the

structure—activity relationship of cationic polyacrylates has not been systematically studied. In this study,

the relationships between the structure (acrylate type, tertiary amine type, mass ratio of acrylate to

tertiary amine, and degree of cationicity), interfacial properties (surface tension, interfacial tension, zeta

potential, interfacial elastic modulus, interaction force between oil droplets, and film drainage time of an

oil-covered bubble), and reverse demulsification and flotation performance of cationic polyacrylates

were investigated. A reduction in the elastic modulus of the oil-water interface was the key factor for

good reverse demulsification performance, whereas a decrease in the film drainage time of an oil-

covered bubble was the key factor for good flotation performance. Ethyl acrylate (EA) was superior to

methyl acrylate (MA),

dimethylaminoethyl

and dimethylaminopropyl
methacrylate

(DPM)  was

ratio of ethyl

methacrylamide superior to

(DEM). Increases in the mass acrylate to

dimethylaminopropyl methacrylamide and the degree of cationicity were beneficial for reducing the
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elastic modulus of the oil-water interface and the film drainage time of an oil-covered bubble. This is

the first time that the structure—property—performance relationship of cationic polyacrylates has been
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1. Introduction

Currently, some offshore oilfields have entered the middle and
late stages of exploitation, and the water content of produced
fluids is increasing. In general, produced fluids from offshore
oilfields are treated using three-phase separation, thermal
processing, and electric dehydration to obtain anhydrous crude
oil, while a large amount of oily wastewater (also referred to as
produced water) is generated.** The produced water is treated
by inclined-plate separation, flotation, and walnut shell filtra-
tion and is then reinjected into the formation. In order to
remove oil more efficiently, a reverse demulsifier is added to the
three-phase separator to remove large oil droplets from water,*
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systematically studied. A cationic polyacrylate that exhibited both good reverse demulsification
performance and good flotation performance is recommended.

and a flotation agent is added to the flotation separator to
remove small oil droplets from water.®

Two types of reverse demulsifiers are used in offshore plat-
forms: (1) cationic polymers, such as hyperbranched poly(amido
amine)” and cationic polyacrylamide,*® which can destabilize oil
droplets in water by reducing their zeta potential; and (2)
nonionic block polyethers, such as block copolymers of ethylene
oxide (EO) and propylene oxide (PO) prepared by anionic poly-
merization of EO and PO using polyethyleneimine and N,N-
dimethylethanolamine as the acceptor,'®** which can destabilize
oil droplets in water by reducing the strength of the oil-water
interfacial film. In addition, there are also two main types of
flotation agents: (1) low-molecular-weight cationic surface-active
compounds, such as dodecyltrimethylammonium chloride and
cetyltrimethylammonium bromide, which can provide good oil
removal performance by increasing the adhesion efficiency of oil
droplets and bubbles;** and (2) high-molecular-weight cationic
surface-active compounds, such as polytriethanolamine modi-
fied with quaternary ammonium salts and copolymers of tertiary
amines and quaternary ammonium monomers, which can
provide good oil removal performance by increasing the collision

© 2024 The Author(s). Published by the Royal Society of Chemistry
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efficiency of oil droplets and bubbles.”** Ensuring high
compatibility between the reverse demulsifier and flotation
agent is one of the issues that need to be considered in the
treatment of produced water from offshore platforms. For
example, when a nonionic block polyether was used as the
reverse demulsifier, residual polyether was adsorbed onto the
oil-water interface and had a negative effect on the adhesion
efficiency of oil droplets and bubbles. Therefore, a larger amount
of the flotation agent was needed. If the reverse demulsifier and
flotation agent are in the same class, in particular, if the same
treatment agent can exhibit both reverse-phase demulsification
and flotation performance, it would be ideal if residual reverse
demulsifier could be used as a flotation agent. In our previous
work, we found that cationic polyacrylates are capable of both
reverse demulsification and flotation, and the effect of the
cationic unit on their performance was investigated."* However,
there is still a lack of systematic studies of the structure-prop-
erty-performance relationship of cationic polyacrylates. In this
study, the effects of acrylate type, tertiary amine type, mass ratio
of the acrylate to the tertiary amine, and degree of cationicity of
the tertiary amine on the interfacial properties and performance
of cationic polyacrylates were investigated. The results enabled
the identification of the key factor that determines the perfor-
mance of cationic polyacrylates and will also be helpful for the
development of agents for the treatment of produced water.

2. Experimental section
2.1 Materials

Methyl acrylate (MA), ethyl acrylate (EA), dimethylaminoethyl
methacrylate (DEM), dimethylaminopropylmethacrylamide
(DPM), benzyl chloride, azobisisobutyronitrile (AIBN), ethanol,
and n-tetradecane were analytically pure and were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
Crude oil was provided by an offshore oilfield (density of
0.9564 g cm ?). Cationic polyacrylates were synthesized
according to a literature method." Four variables were changed
during the synthesis process, namely, acrylate type, tertiary
amine type, mass ratio of the acrylate to the tertiary amine, and
degree of cationicity of the tertiary amine. The structures of the
cationic polyacrylates are shown in Fig. 1.

The number-average molecular weight (M,,), weight-average
molecular weight (M,,), and polydispersity index (PDI) of seven
representative polymers were determined using a PL-GPC 50 gel
permeation chromatograph (Agilent, USA). The gel permeation
column was a linear Ultrahydrogel column (7.8 x 300 mm), and
distilled water was used as the solvent. The samples were dis-
solved in water and analyzed at a flow rate of 0.8 mL min~". The
results are listed in Table 1. We found that when polymers had
the same degree of cationicity they had similar molecular
weights, which were in the range of 33 000-38 000 g mol .

2.2 Measurement of surface and interfacial tension

According to our previous study,® the surface tension and
interfacial tension of an aqueous solution of a cationic poly-
acrylate decreased to an equilibrium value with an increase in
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concentration to 1500 mg L~ " and 50 mg L', respectively. In
this study, the surface tension of solutions of cationic poly-
acrylates with a concentration of 1500 mg L™ " was measured at
room temperature (flotation was conducted at room tempera-
ture) using a DSA30 drop shape analysis system (KRUSS, Ger-
many). The interfacial tension of solutions of -cationic
polyacrylates with a concentration of 50 mg L' was measured
using a TX-500C interfacial tension meter (CNG, USA) at 65 °C
(reverse demulsification was conducted at 65 °C).

2.3 Measurement of zeta potential

At 65 °C, the zeta potentials of oil droplets in water before and
after reverse demulsification were measured using a ZetaPALS
zeta potential analyzer (Brookhaven Corp., USA).

2.4 Measurement of interfacial elastic modulus

The elastic modulus of an oil-water interface is an indicator of
the strength of the interfacial film."*"” A DSA30 drop shape
analysis system was used to measure the elastic modulus of the
interface between cationic polyacrylate solution and oil at 65 °C.
During the experiment, the density of the oil phase was
0.8536 ¢ cm ™ * (the oil phase comprised a mixture of aviation
kerosene and crude oil with a mass ratio of 3:1), and the
oscillation frequency was 0.7 Hz.

2.5 Optical tweezer experiment

The interaction force between two oil droplets is important for
the aggregation and coalescence of oil droplets, and optical
tweezers are an effective means of measuring the interaction
force between two oil droplets. According to a previous study,'®
Tweez 250si optical tweezer (Aresis, Slovenia) was used to
measure the interaction force between two tetradecane droplets
in water as follows: (1) for the preparation of an oil-in-water
emulsion, 95 g pure water and 5 g tetradecane were added to
a Waring blender, the stirring speed was adjusted to 7000 rpm,
and the mixture was sheared for 10 min; (2) for sample prepa-
ration, 1 mL of the oil-in-water emulsion was added to 100 mL
of cationic polyacrylate solution (the polymer concentration was
2000 mg L") to obtain the sample to be tested; and (3) for the
measurement of the interaction force, the sample was injected
into the sample cell, and two tetradecane droplets were slowly
brought into contact with each other using the linear optical
trap and were then slowly separated. This process was analyzed
using Tweeze force software to determine the interaction force
between the two tetradecane droplets.

2.6 Oil-covered bubble experiment

A collision between an oil droplet and a bubble can be created
by an oil-covered bubble experiment.”** The experimental
setup was built according to a literature method.** The oil
droplet and bubble were kept in the same vertical line, and the
sizes of the oil droplet and bubble were controlled by a micro-
injection pump and were 0.8 mm and 1 mm, respectively. The
attachment of the oil droplet to the bubble surface was observed
by two high-speed cameras. The resulting pictures are shown in
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Fig. 1 Structures of different cationic polyacrylates.
Table 1 Molecular weights and molecular weight distributions of representative polymers
Composition of Degree of cationicity
Polymer structural units of tertiary amine M, (g mol ™) M,, (g mol ") PDI
Cationic poly(EA-co-DPM) EA:DPM =2:1 1.0 33764 57 865 2.122
Cationic poly(EA-co-DPM) EA:DPM =2:1 0.6 31374 56495 1.598
Cationic poly(EA-co-DPM) EA:DPM =2:1 0.3 27264 54 335 1.633
Cationic poly(EA-co-DPM) EA:DPM =1:2 1.0 38387 62597 1.631
Cationic poly(EA-co-DPM) EA:DPM =1:1 1.0 36679 61047 1.664
Cationic poly(MA-co-DPM) MA:DPM =2:1 1.0 31973 56 095 1.598
Cationic poly(EA-co-DEM) EA:DEM =2:1 1.0 32448 56788 1.475
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Fig. 2 Process of adhesion of the oil droplet to the bubble surface.

Fig. 2, where the instant of contact between the oil droplet and
bubble is defined as t,, the moment when the film started to
break is defined as ¢;, and the film drainage time ¢ is defined as ¢
=t; — to. The film drainage time determines how easily the oil
droplet adheres to the bubble surface. The experiment was
conducted at 25 °C.

3. Results and discussion

3.1 Study of structure-property-reverse demulsification
performance relationship

When the reverse demulsifier was added to the oil-in-water
emulsion, firstly, it diffused from the water to become adsor-
bed onto the oil-water interface. Then, the properties of the oil-
water interface were changed, and the aggregation and coales-
cence of oil droplets were promoted. Finally, oil-water separa-
tion occurred.

3.1.1 Effect of molecular structure on interfacial tension.
When the tertiary amine was DPM and the degree of cationicity
of DPM was 1.0, the effects of the type of acrylate and the mass
ratio of the acrylate to the tertiary amine on the interfacial
tension are shown in Fig. 3(a). When the acrylate was EA and the
mass ratio of EA to the tertiary amine was 2 : 1, the effects of the

Interfacial tension(mN/m)

A EA
Clylate type
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type of tertiary amine and the degree of cationicity of the tertiary
amine on the interfacial tension are shown in Fig. 3(b). The
interfacial tension of the polymer prepared from MA and DEM
was lower, which indicated that MA and DEM made the polymer
exhibit higher interfacial activity. When the mass ratio of the
acrylate to the tertiary amine was 2 : 1, the interfacial tension of
the polymer was lower than that at the other two ratios, and the
interfacial activity was higher. The interfacial tension of the
polymer increased with the increase in the degree of cationicity
of the tertiary amine, which indicated that the higher was the
degree of cationicity of the tertiary amine, the lower was the
interfacial activity.

3.1.2 Effect of molecular structure on zeta potential. The
zeta potential of an oil droplet before treatment was —25.2 mV.
After treatment with 10 mg L™ " cationic polyacrylate, the zeta
potential of the oil droplet was measured, and the effect of the
molecular structure on the zeta potential is shown in Fig. 4. The
addition of the cationic polyacrylates significantly reduced the
absolute value of the zeta potential, which indicated that the
stability of the oil droplet was weakened. Moreover, the absolute
value of the zeta potential when EA was used was lower than
that when MA was used, and when DPM was used it was lower
than that when DEM was used. The absolute value of the zeta
potential was significantly lower than that at the other two
ratios when the mass ratio of EA to DPM was 1 : 2, whereas the
absolute value of the zeta potential decreased with the increase
in the degree of cationicity. These results also indicated that the
mass ratio of the acrylate to the tertiary amine was the key factor
that determined the zeta potential.

3.1.3 Effect of molecular structure on interfacial elastic
modulus. The natural components in crude oil can form
a strong interfacial film on the surface of oil droplets, which
prevents coalescence of the oil droplets and thus results in
a stable emulsion.”**® When the tertiary amine was DPM, the
mass ratio of the acrylate to DPM was 2:1, and the degree of
cationicity of DPM was 1.0, the effect of the type of acrylate on
the interfacial elastic modulus is shown in Fig. 5(a). When the
acrylate was EA, the mass ratio of EA to the tertiary amine was

o

Interfacial tension(mN/m)
N B

. DPM &
Tertiary amine type o?

Fig. 3 Effect of molecular structure on interfacial tension: (a) acrylate type and mass ratio of acrylate to tertiary amine; (b) tertiary amine type and

degree of cationicity of tertiary amine.
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Fig. 4 Effect of molecular structure on zeta potential: (a) acrylate type; (b) tertiary amine type; (c) mass ratio of acrylate to tertiary amine; (d)

degree of cationicity.

2:1, and the degree of cationicity of the tertiary amine was 1.0,
the effect of the type of tertiary amine on the interfacial elastic
modulus is shown in Fig. 5(b). When the acrylate was EA, the
tertiary amine was DPM, and the degree of cationicity of DPM
was 1.0, the effect of the mass ratio of EA to DPM on the
interfacial elastic modulus is shown in Fig. 5(c). When the
acrylate was EA, the tertiary amine was DPM, and the mass ratio
of EA to DPM was 2: 1, the effect of the degree of cationicity of
DPM on the interfacial elastic modulus is shown in Fig. 5(d).
The results showed that the copolymer of EA and DPM reduced
the interfacial elastic modulus to less than 18 mN m ™" when the
polymer concentration was 10 mg L™, but the copolymer of MA
and DEM only reduced it to about 20 mN m™". These results
indicated that the products prepared from EA and DPM formed
a lower-strength interfacial film after their adsorption onto the
oil-water interface, which made it easier for oil droplets to
coalesce and aggregate.** In addition, when the mass ratio of EA
to DPM was 2 : 1, the product was able to reduce the interfacial
elastic modulus more substantially than at the other two ratios,
which was also beneficial for the coalescence and aggregation of
oil droplets. When the degree of cationicity was 0.3, the elastic
modulus was only reduced to about 25 mN m™" at a polymer
concentration of 10 mg L', which indicated that this low

8128 | RSC Adv, 2024, 14, 8124-8134

degree of cationicity was not conducive to the coalescence and
aggregation of oil droplets. When the degree of cationicity was
increased, the ability of the product to reduce the elastic
modulus was significantly enhanced.

3.1.4 Effect of molecular structure on interaction force
between oil droplets. The interaction force between oil droplets
measured by optical tweezers can indicate the coalescence and
aggregation properties of oil droplets.>**” The effect of molec-
ular structure on the interaction force between oil droplets is
shown in Fig. 6, where the positive region of the y-axis corre-
sponds to a repulsive force and the negative region of the y-axis
corresponds to an attractive force. Usually, the interactions
between two oil droplets comprise classical Derjaguin-Landau-
Verwey-Overbeek (DLVO) interactions and non-DLVO interac-
tions.”®** DLVO interactions include van der Waals interactions
and electrostatic repulsion forces, whereas non-DLVO interac-
tions include hydrophobic forces, steric forces, depletion
forces, polymer bridging interactions, and hydration forces. Of
these forces, electrostatic forces, hydration forces, and steric
forces are repulsive forces, and van der Waals interactions,
depletion forces, and polymer bridging interactions are attrac-
tive forces. Both EA and MA were able to generate an attractive
force between oil droplets that may have been due to polymer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of molecular structure on elastic modulus: (a) acrylate type; (b) tertiary amine type; (c) mass ratio of acrylate to tertiary amine; (d)

degree of cationicity of DPM.

bridging interactions. This indicated that they prolonged the
collisional contact time of oil droplets and promoted coales-
cence and aggregation of oil droplets. MA caused the attractive
force between oil droplets to be only about 2 pN, whereas the
attractive force between oil droplets caused by EA reached 10
PN, which indicated that EA could make oil droplets collide and
aggregate more easily. DEM could not make oil droplets attract
each other, and aggregation of oil droplets was therefore more
difficult. When the mass ratio of EA to DPM was 1:1, the
interaction force between oil droplets was slightly stronger than
that at the other two ratios and reached more than 12 pN. The
attractive force increased with the increase in the degree of
cationicity, which may have been due to a decrease in electro-
static repulsion forces between oil droplets. When the degree of
cationicity was 0.3 the attractive force was less than 5 pN, but
when the degree of cationicity was 1.0 the attractive force
increased to 10 pN, which greatly enhanced the aggregation of
oil droplets.

3.1.5 Summary of structure-property-reverse demulsifica-
tion performance relationship. The results of evaluation of the
reverse demulsification performance of different products have
been presented in the literature,*” and the molecular structure-
property-reverse demulsification performance relationship is
summarized in Fig. 7. We found that among the four

© 2024 The Author(s). Published by the Royal Society of Chemistry

abovementioned properties the elastic modulus of the oil-water
interface was the key property that determined the reverse
demulsification performance. EA was preferred over MA, and
DPM was preferred over DEM. In addition, increases in the
mass ratio of EA to DPM and the degree of cationicity of DPM
were beneficial for reducing the elastic modulus. Therefore,
a higher mass ratio of EA to DPM and a higher degree of cati-
onicity of DPM would lead to better reverse demulsification
performance. We speculated on reasons that could explain
these results. EA was superior to MA, which may because EA is
more hydrophobic and therefore more easily adsorbed onto the
surface of oil droplets to change their interfacial properties.
DPM and DEM contain amide and ester groups, respectively.
Amide groups have stronger interactions with water, which may
make an oil-water interface such as that containing DPM looser
and thus more easily damaged. An increase in the mass ratio of
EA to DPM was beneficial for enhancing the adsorption of the
polymer on the oil-water interface via van der Waals forces
between EA and crude oil. Moreover, an increase in the degree
of cationicity of DPM was beneficial for enhancing the adsorp-
tion of the polymer on the oil-water interface via electrostatic
attraction between the polymer and oil droplets. A higher
interfacial adsorption capacity is more conducive to changes in
interfacial properties.

RSC Adv, 2024, 14, 8124-8134 | 8129
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3.2 Study of structure-property—flotation performance bubbles, which stabilized the bubbles and assisted the oil
relationship droplets to adhere to the bubble surfaces to improve the flota-

tion efficiency.
3.2.1 Effect of molecular structure on surface tension. The
effect of molecular structure on surface tension is shown in

When the flotation agent was added to the oil-in-water emul-
sion, it was adsorbed onto the surfaces of oil droplets and air
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Fig. 8 Effect of molecular structure on surface tension: (a) acrylate type and mass ratio of acrylate to tertiary amine; (b) tertiary amine type and
degree of cationicity (the polymer synthesis conditions were the same as those in Fig. 3).
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Fig. 8. All the polymers were surface-active and could be
adsorbed onto the bubble surface, which is the basic property
required for air flotation. When the mass ratio of the acrylate to
the tertiary amine was 1: 1, the product was more extensively
adsorbed at the gas-liquid interface and had a higher surface
activity than at the other mass ratios. In addition, the other
structures had the same effect on the surface tension as on the
interfacial tension.

3.2.2 Effect of molecular structure on film drainage time.
The difficulty with which an oil droplet adheres to a bubble
surface depends on the film drainage time,* and the effect of
molecular structure on the film drainage time is shown in Fig. 9.
EA had a slightly stronger ability than MA to reduce the film
drainage time, which was less than 1.5 s in the case of EA. DEM
had a significantly weaker ability than DPM to reduce the film
drainage time, which was about 4 s in the case of DEM. These
results indicated that the polymers prepared from DPM more
easily made the oil droplet adhere to the bubble surface. When
the mass ratios of EA to DPM were 1:2 and 1:1, the two poly-
mers had similar film drainage time. When the mass ratio of EA
to DPM was 2: 1, the ability of the polymer to reduce the film
drainage time increased significantly. The film drainage time
also decreased as the degree of cationicity increased. The film
drainage time was longer than 6.5 s when the degree of cati-
onicity was 0.3 but decreased to less than 1.5 s when the degree
of cationicity was increased to 1.0.

8132 | RSC Adv, 2024, 14, 8124-8134

3.2.3 Summary of structure-property-flotation perfor-
mance relationship. The results of evaluation of the flotation
performance of different products have been presented in the
literature,” and the molecular structure-property-flotation
performance relationship is summarized in Fig. 10. We found
that the film drainage time determined the flotation perfor-
mance. The ability of the copolymer of EA and DPM to reduce
the film drainage time was stronger than that of the copolymer
of MA and DEM. In addition, increases in the mass ratio of EA to
DPM and the degree of cationicity of DPM were also beneficial
for reducing the film drainage time and improving the flotation
performance. The reasons for these results may be the same as
those proposed in the case of reverse demulsification.

4. Conclusions

The structure-property-performance relationship of cationic
polyacrylates was systematically studied in this investigation.
The results showed that the surface and interfacial activities of
the cationic polyacrylates were the basis of their reverse
demulsification and flotation performance. The ability to
reduce the oil-water interfacial elastic modulus was the key
property for good reverse demulsification performance, and the
ability to reduce the film drainage time in the case of oil
droplet-bubble adhesion was the key property for good flotation
performance. Regarding the selection of the monomer, EA was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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superior to MA, and DPM was superior to DEM. This may
because the interfacial adsorption capacity of the polymer
containing EA was higher and the interfacial film formed by the
polymer containing DPM was looser. In addition, increases in
the mass ratio of EA to DPM and the degree of cationicity of
DPM were beneficial for reducing the oil-water interfacial
elastic modulus and film drainage time. This may because
increases in the mass ratio of EA to DPM and the degree of
cationicity of DPM were beneficial for the interfacial adsorption
capacity of the polymer and thus changing the interfacial
properties. According to the results, it was found that the
cationic polyacrylate with a mass ratio of EA to DPM of 2 : 1 and
complete cationization of DPM exhibited good reverse demul-
sification and flotation performance at the same time. The
results of this study provided some useful information for the
use of cationic polyacrylates in the treatment of produced water.
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