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Enhanced stability and high temperature-tolerance
of CO, foam based on a long-chain viscoelastic
surfactant for CO, foam flooding
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CO, switchable foams have gained increasing attention recently for their smart properties. However, their
performance at high temperature and high pressure has been less documented. In this study, a long-chain
viscoelastic surfactant, N1-(3-aminopropyl)-N3-octadecylpropane-1,3-diamine bicarbonate (ODPTA) has
been studied as a CO, foam agent for its application in CO, flooding in complex and harsh reservoir
conditions, and the foam performance under static and dynamic conditions was tested up to 160 °C and
10.5 MPa using a visualized foam-meter and in sand-pack flooding experiments. The viscosity of the
ODPTA and conventional surfactant solutions saturated with dissolved CO, was measured using a long
coiled-tube viscometer at HTHP, and its effect on the high temperature-tolerance of CO, foams has
been analyzed. The experimental results show that CO, foam generated using ODPTA is much more
stable than the conventional surfactants (such as SDS and alkylphenol ethoxylates) and has high
temperature-tolerance up to 160 °C, and has also exhibited excellent mobility control in CO, flooding
experiments. The viscosity of the ODPTA-CO, bulk phase can be maintained as high as 12 mPa s under
160 °C and 10.5 MPa, which is much higher than that of the conventional surfactant solutions (similar to
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1. Introduction

CO, has been widely applied as one of the most effective
injectants for improved oil recovery (IOR) due to its availability
and full miscibility with crude oil above the minimum miscible
pressure (MMP)."* However, during the process of CO, injec-
tion or flooding in oil reservoirs, high mobility and low density
of CO, gas can lead to severe gas channeling and breakthrough,
especially in heterogeneous reservoirs, which can decrease the
utilization efficiency of CO,.** Therefore, injection of CO, foam
has been proposed and can be used to block large channels and
reduce gas mobility.® In the injection and flooding process of
CO, foam, CO, and surfactant solution are injected into the
reservoir simultaneously or at a slug mode, and foams can be
produced in porous media with high porosity and permeability,
which will pose high flow resistance due to the Jamin effect, and
reduce the mobility of gas and water and promote fluid diver-
sion to low-permeability zones.” In addition, surfactants can
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reduce interfacial tension between water and oil, which can
significantly improve the displacement efficiency.'*** There-
fore, CO, foam injection is effective not only for gas mobility
control but also for increasing displacement efficiency."*"*

However, foam is a kind of instable thermodynamic system,
and especially CO, foam is difficult to generate and less stable
than N, foams due to relatively high solubility of CO, in water,
which poses a great challenges to select CO, foaming agents.*
Reservoirs with temperature up to 160 °C and formation water
salinity over 100 000 ppm are confronted in many oilfields over
the world, so there is a practical industrial need to develop
stable CO, foams for their application at high temperature and
high pressure (HTHP) conditions.’ The most commonly
method for improving foam stability is addition of the so-called
foam stabilizers to foam agent solutions.'”*®* Foam stabilizers
are generally divided into two categories according to their
function principles. One is to reduce the ability of CO, to
permeate through foam films, via increasing the amount of
adsorbed surfactant at the foam film by addition of some
synergic agents, or via reducing the contact area of CO,-liquid
phase by adding nanoparticles to the dispersion solutions.**>*
The other is to reduce the drainage velocity of foam film by
endowing viscoelastic properties of the aqueous solution, such
as adding polymers or mixture of anionic surfactants to form
worm-like micelles.**>¢

This journal is © The Royal Society of Chemistry 2019
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Recently, one developed a series of CO, switchable wormlike
micellar system fabricated by a long-chain amine-based
compound in the presence of CO,.”” These system may show
potential to stabilize CO, foams for its viscosity of the solution
was extremely enhanced through the molecules self-assembling
to form three-dimensional network structures in their aqueous
solution.?”"? In aqueous solution, H' can be generated after CO,
is dissolved in water." The head-group of the amine compounds
can combine with H', forming a new “chemical structure”,
which can cause the properties of the compounds dramatically
changed, such as the better solubility in water, higher surface
active and good foam performance.?” By utilizing the chemical
properties of amine compounds, one can facilitate CO, foams
system for mobility control in reservoir, and which can endow
the system characteristics with selectively block or smartly
control to gas breakthrough.*

In this study, a viscoelastic surfactant named N1-(3-
aminopropyl)-N3-octadecylpropane-1,3-diamine  bicarbonate
(ODPTA), will be investigated for its performance as CO, foam
agent and foam stabilizer at high temperature and high pres-
sure conditions, in order to enhanced the CO, foam perfor-
mance system with high-temperature and salinity tolerance.
The interactions of the compound with CO,, and its perfor-
mance and mechanisms on stabilizing CO, foams are analyzed
via foam-meter testing and foam flooding experiments. The
viscosity of the ODPTA solution saturated with CO, is measured
using a long-coiled tube viscometer, and its effect on the
stability and high temperature-tolerance of CO, foams will be
studied.

2. Chemical principles
2.1. Interactions of CO, in aqueous solution

When CO, dissolves in water, CO, (aq) is involved in a sequence
of chemical reactions:*"**

Sco,
CO;(g) == COx(aq) 1)
Ka

COz(aq) + Hz = H* + HCO37 (2)

Ka>
HCO;™ = H* + CO;*" 3)

K

Hzo - HJr +OH™ (4)

Assuming the solution is electrically neutral, one can write
the charge balance on H*, OH™, HCO;, and CO;>~ as®

[H'] = [OH ] + [HCO5 ] + 2[COs*"] (5)

where, [H'], [OH ], [HCO; Jand [CO5> Jare the concentrations
(mol L™") of HY, OH , HCO;  and CO,;*>", respectively. The
equilibrium constants, K, are the functions of temperature, and
Sco, is the solubility of carbon dioxide in water (mol kg ™).

In the acidic solution, [HCO; | >> [CO5> ] and K,; [CO,(aq)]
> Kw, are related in eqn (1)-(4), and can be written as***

This journal is © The Royal Society of Chemistry 2019
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[H'] = VK, + Ka[COx(aq)] (7)

The temperature dependence of the equilibrium constants
can be described by the following correlations,****

log Ky — 6.0875 — 247999 4 617067 8)
log Ky = 1227373 5511492 — 0.30004T + 785.768 log T
9036500
o

9

In the aqueous solution, [CO,(aq)] > [HCO; | and [CO,(aq)]
> [CO;>7], based on the assumption of infinite dilution of
mixture solution, one can write:*?

[COx(aq)] = Sco, (10)

where T is temperature in K.

The solubility of CO, in formation water at a given temper-
ature and pressure condition is assumed to be related with
salinity, and can be calculated by the method from Duan,***” as
shown in Table 1.

The pH value of CO, aqueous solution at various tempera-
ture and pressure is calculated by eqn (7)-(10), and the result is
shown in Fig. 1. As it can be seen, the pH value of water satu-
rated with CO, can be reduced to 3.0-4.0 at relatively high
pressure and temperature. So the dissolution and ionization of
CO, in formation water can induce an acidic solution environ-
ment during CO, injection, which can make the CO, injection
have more chemically active features than other gas injections,
such as corrosion, geochemical reactions, and chemical
interactions.

2.2. Protonation reaction and self-assembled wormlike

micelles

Protonation of a molecule or ion can change its chemical prop-
erties, not just the charge and mass, its hydrophilicity and optical
features can be also changed.*®* The amine compounds can be
protonated in the aqueous solution saturated with CO, since the

Table 1 Solubility (mol kg™) of CO, in formation water

Pressure/bar

Temperature/K 20 40 60 80 100 120

333 0.2892 0.5259 0.7132 0.8564 0.9604 1.0428
353 0.2255 0.4193 0.58 0.7111 0.8156 0.8966
373 0.1865 0.3562 0.5017 0.6253 0.7294 0.8162
393 0.1601 0.3173 0.4553 0.5762 0.6817 0.7733
413 0.1386 0.2913 0.4281 0.5505 0.66 0.7578
433 0.1162 0.2706 0.4111 0.539 0.6555 0.7617
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Fig. 1 pH value vs. pressure isotherm of CO, solution at different
temperatures.

nitrogen atom in the amine groups is with sp® hybridization and
has one lone pair of electrons." The compound or surfactant, as
shown in Fig. 2, octadecyl dipropylene triamine (ODPTA) has
a polyamine head-group and a C18-tailed hydrocarbon chain. At
room temperature and in pure water, the aqueous solution of
1.0 wt% ODPTA (the overlapping concentration C* ~ 0.13 wt% in
deionized water at 30 °C) is milky like with low-viscosity due to
poor solubility of the long hydrophobic tails.>” In aqueous solu-
tion saturated with CO,, the terminal amine groups can form
ammonium hydrogen carbonate, thus ODPTA behaves like an
ionic surfactant and has enhanced water-solubility.**** As
described by Zhang,> the pK,y value of the primary, middle
secondary and other secondary amine groups is 10.08, 7.41 and
4.64, respectively. Therefore, in the solutions with CO, and pH

R=C,gH3~
R R,
NH NH,
NH,  co, NH;
5 p=
HN
A~ A~
co,
—_—

Fig. 2
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value less than 4, the predominant ODPTA molecules can be
charged, and converted to be a cationic species like C;gH3z,~
NH,"-(CH,);-NH,'~(CH,);-NH;", and an anionic species
C15H;,-NH—(CH,);-NH,~(CH,);-NH,-CO, ~, which co-exist with
other ions of CO,*~, HCO, ™ and H' in water dissolved with CO,.
The electrostatic binding between protonated surfactant C;gHz,—
NH,"~(CH,);-NH,'~(CH,);-NH;" and anionic surfactant C,gHz,~
NH-(CH,);-NH,—(CH,);-NH,-CO,~ can promote to form ion
pairs and play a role as the pseudo-Gemini surfactant, which
facilitates the formation of wormlike micelles through effective
screening of electrostatic repulsions between ionic head-
groups.* In addition, with the solubility of ODPTA increasing in
the aqueous solution saturated with CO,, more long-chain
ODPAT molecules entrance into liquid phase. In order to mini-
mize the free energy, these long-chain surfactant molecules can
self-assembling at a very low concentration (~0.0051 wt%),
forming small micellar aggregates, which can gradually grow into
long wormlike micelles (WLMs) with more ODPTA molecules
being charged. Above C*(~0.13 wt%), the WLMs overlap and
entangle into a dynamic transient network, enhancing the
viscoelasticity of the solutions. And the worm like micelles was
verified and observed in the work of Zhang using a Cryo-TEM
technique. The micrographs of ODPTA at 30 °C before
bubbling CO, and after bubbling CO, is shown in Fig. 3.*

2.3. Temperature effect on viscoelasticity and foam films

In aqueous solutions, as the length of WLMs increasing, WLMs
entangle into a three-dimensional transient network, which can
impart the viscoelastic properties of the solution.*> Wormlike
micelles are much like polymers with an important exception

R\
NH

Heated

Schematic diagrams of ODPTA based protonation and self-assembling into wormlike micelles (WLMs).

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Cry-TEM micrographs of ODPTA. (A) Before bubbling CO;; (B)
and (C) after bubbling CO,. The scale bar is 100 nm for (A) and (B),
50 nm for (C).#7

that the micelles are in thermal equilibrium with their mono-
mers.** Hence, it can break and recombine as a “living poly-
mers”.***¢ The longer micelles eventually entangle, the larger of
the viscosity of their solution increases.*’

The average micellar length, I, is thus a thermodynamic
quantity, and it responds to changes in temperature. Based on
the mean-field theory of Cates and Candau, L is associated with
the chain scission energy, E, as following relationship:***°

qu&l/zexp( Ey )

2k, T (11)
where ¢ is the volume fraction, k;, is Boltzmann constant, and T
is the absolute temperature. Es. is the excess free energy
required to create two new chain ends.

However, when the wormlike micellar solution is heated up,
the micellar contour length L decays exponentially with
temperature.*” The reason for this is that, at a higher temper-
ature, surfactant unimers can hop more rapidly between the
cylindrical body and hemispherical end-cap of the worm-like
molecules. At higher temperatures, long micelles can be sepa-
rated into short ones, and the worms are much shorter so that
they cannot entangle with the rest (since the volume fraction of
entangled worms reduces).” Apparently, the viscosity decreases
in the surfactant solution with WLMs at higher temperatures. At
low temperatures, the surfactant molecules are bounded into
long micelles and cannot move freely. As the temperature
increases, some molecules can be released from worm-like
micelles, distributed at the phase interface between gas and
fluid, forming the foam films. Thereby, in the ODPTA-CO,
system, when CO, foam is generated, wormlike micelles can
exist in the foam films as shown in Fig. 4.

This journal is © The Royal Society of Chemistry 2019
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CO, phase Foam films

| CO, phase

@ s cationic head group; is anionic head group;

~~~ is carbon chain of ODPTA molecule;

e

is the micelle formed by ODPTA molecules;

Fig. 4 Schematic diagram of the foaming mechanism and the foam
films of the ODPTA solution in COs.

3. Experimental

3.1. Materials

In this work, the long-chain amine compound, octadecyl dipro-
pylene triamine (ODPTA) (over 90% mass purity) formulated in
the laboratory, was investigated along with other conventional
surfactants, namely, branched alkylphenol ethoxylates with
different numbers of polyoxyethylene (EO = 15 and EO = 21,
named as NP-15 and NP-21, respectively, nonionic surfactant),
NP-15-H and NP-21-H (sulfonated by NP-15 and NP-21, respec-
tively, anionic surfactant), which were provided by Haian Petro-
chemical Company (Jiangsu, China), and sodium dodecyl sulfate
(SDS, as anionic surfactant, purchased from Sinopharm Chem-
ical Reagent Co., Ltd (Beijing, China)). The properties of the
surfactants are described in Table 2. CO, (99.9% mass purity)
used in the experiments was supplied by Tianyuan Gas Co., Ltd.
(Qingdao, China). Deionized water, NaCl and CaCl, (pure
chemical) were used to formulate formation water. The compo-
sitions of the formation water in all experiments are listed in
Table 3. All the reagents were used without further treatment. The
surface tension of ODPTA solution was measured at 80 °C and at
the different pressure of CO,. The results is shown in Table 4, and
it shows that the surface tension of the solution can be dramat-
ically decreased by adding ODPTA in CO,, which indicates the
ODPTA is a kind of surfactant in water saturated with CO,.

3.2. Methods

3.2.1. Viscosity measurements. In this work, the viscosity
of the surfactant solutions was measured using a capillary tube
method based on the Hagen-Poiseuille equation.*® The experi-
mental set-up is shown in Fig. 5, which mainly consists of
a pump, a coiled tube, and a back pressure regulator. The
capillary tube, a coiled long slim tube of 1.3 mm inner diameter

RSC Adv., 2019, 9, 8672-8683 | 8675
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Table 2 The properties of the surfactants®
Surfactants Molecular formula Average molar mass HLB value
H,N
ODPTA " \/\N - 383 22
n NN
184137
NP-21-H C9H19Q(OCHZCH2)ZISO3Na 1230 19
NP-21 C9H19@(OCH2CH2)2]OH 1144 16.5
NP-15-H C9H19O(OCH2CH2)15803Na 966 17
NP-15 C9H19O(OCH2CH2)ISOH 880 15.4
SDS C1,H,5-0-SO3Na 288 40

“ HLB: hydrophilic-lipophilic balance value.

Table 3 Composition of the formation water

Ions Na* Ca* cl-

Content (mg L) 6772.2 1000 12 227.8

Table 4 The surface tension of 1.0 wt% ODPTA solution (1 wt% =
0.0261 mol L™ at 80 °C and at different pressure of CO,

Pressure (MPa) 0 0.5 1 1.5 2

Surface tension (mN m™")  28.34 26.35 25.12 24.61 24.23

and 70 m long, was put in an incubator. During the experiment,
surfactant solutions were injected into the slim tube using high-
pressure injection pumps at pre-set rates. In order to maintain
a laminar flow state in the tube, a low injection or flow rate was
applied. In fact, the Reynolds number (R.) was always less than

100 in the experiments. The pressure difference of the capillary
tube was measured by a differential pressure gauge for the
calculation of the fluid viscosity using the Hagen-Poiseuille
equation. Fluid viscosity is calculated as follows:**

vdp
Re = — 12
m (12)
_ APmd* (13)
K= T280L

where, v is the average fluid flow speed in the tube inm s, p is
the fluid density in kg m ™3, u is the fluid dynamic viscosity in
Pa s, d is the inner diameter of the capillary tube in m, L is the
length of capillary tube in m, AP is the pressure difference
across the capillary tube in Pa, and Q is the flow rate in m* s~

3.2.2. Foam performance experiment. Foam volume
(measured by the height of the foaming media in the foam

meter after high-speed stirring) and foam half-life time

Pressure transmitter

)

NS

Coiled tube

P}

Back pressure regulator

Incubator

Aqueous solution of surfactant

{ Pump |

Fig. 5 Experimental set-up for viscosity measurement of surfactant and CO, mixtures at high pressures.
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(measured by the time for the foam column reducing to half of
its original height) are the two parameters to characterize the
foamability and foam stability, respectively.>»** In order to test
the CO, foam performance of aqueous surfactant solutions at
high temperature and high pressure (HTHP) conditions,
a HTHP visualization foam meter was used as shown in Fig. 6.
The setup mainly consists of a visual PVT cell that loads
aqueous solution and gas through an injection system with
a high pressure pump, observation windows made by sapphire
for monitoring and measuring the foam volume and half-life
time, an electromagnetic stirring device and a temperature
and pressure control system. During the experiment, after vac-
uuming, 150 ml of foam-agent solution was firstly loaded into
the visual cell, and then CO, was injected at high-pressure.
Before set to the required temperature and pressure, the gas
and foam agent solution mixture was stirred at low speed
(around 200 rpm) to facilitate the dissolution of CO, in water
solution. For foaming, the mixture was stirred at high speed
(1050 rpm) for 2 minutes. And then the foam volume and foam
half-life time were measured.

3.2.3. Foam flooding and mobility control capability
testing. The capability of the foam generated by ODPTA for
mobility control was evaluated via sand-pack flooding testing,
using an experimental device as shown in Fig. 7. It consists of
a sand-pack tube, injection pump, temperature control unit,
and back pressure control and pressure measurement unit.
Constant discharge pumps were used for fluid injection (CO,,
foam agent and the formation water) into the sand-pack model
at high pressure through three floating piston accumulators. A
back pressure regulator and an oven were used to maintain the

View Article Online

RSC Advances

required pressure and pre-set temperature. The length of the
sand-pack model is 600 mm with the inner diameter of 25 mm.
The sand-pack model was filled by quartz sands with a particle
size in the range of 60-80 meshes. For reducing gas break-
through from the inner wall of sand-pack and making sands
tightly contact with the inner wall, the inner wall was tough-
ened. The experimental procedures were as follows:

(1) The sand-pack model was filled with quartz sands.

(2) The sand-pack was vacuumized, and its porosity was
measured using a method of self-suction deionized water.

(3) For permeability measurement, deionized water was injected
at a consistent flow rate of 1 ml min~" at 40 °C and at the atmo-
spheric pressure for measuring the pressure drop across the model,
and the permeability was calculated based on the Darcy's law.

(4) The formation water was injected into the sand-pack
model at 1 ml min~" at a pre-set temperature and 10.5 MPa,
and the pressure differences, AP;, was measured by a differen-
tial pressure transducer.

(5) The foam agent solution was first injected into the sand-
pack by a constant discharge pump at a flow rate of 1 ml min~"
up to 0.4 PV (pore volume), and then CO, solution was injected
at 1 ml min~?, also up to 0.4 PV. The process was alternating at 4
circles until 3.2 PV fluid was flooded. This experimental process
is similar to a routine WAG (water alternating gas with 1: 1 of
water and gas volume ratio). The pressure difference, AP,,
across the sand-pack during CO, injection or agent solution
injection was measured.

In the flooding experiments, the resistance factor (Z = AP,/
AP;) can be calculated to characterize the foam performance
and its mobility control capability. Normally for CO, foam

Valve Booster Pump
T T
1 I I
Observation Windows Gas source
- Pump
Temperature
Heater Probe |_- ——CO: Container
|
Piezometer
Trapping Line
T T
I | Agent Container
Electromagnetic
stirring device
Electromotor

Fig. 6 Schematic diagram of the HTHP visualization foam-meter used in the foaming experiments (20 MPa, 150 °C).

This journal is © The Royal Society of Chemistry 2019
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Computer Backpressure

Pressure Transduce
Regulator
Sand-pack tube .
Oven Valve |

CO:

JUISY

Constant discharge pumps

Fig. 7 Experimental set-up for CO, and CO, foam flooding to assess the blocking and mobility control capability using sand-packs.

flooding, a resistance factor greater than 20 can be considered
as significant, since the mobility of CO, foam can be decreased
to over 20 times less than that of water flooding. Obviously, the
greater of the resistance factor, the better performance of the
foam agent.

4. Experimental results and
discussions

4.1. Foam state and rheological properties

The viscoelasticity effect of the ODPTA solution can be firstly
observed by comparing to the state of the aqueous solutions of
SDS and ODPTA as shown in Fig. 8. After bubbling CO, into the
solutions for 10 min at 25 °C and 0.1 MPa, the solutions of SDS
and ODPTA exhibited different distribution state of CO, foam or
bubbles. The gas bubbles can be stably “suspended” in the
ODPTA solution, while they quickly escaped from the solution
and just formed foams on the top of the SDS solution. There is
no doubt that high viscous force and elasticity of the ODPTA
solution can prevent gas bubbles escaping from the solution.

The rheological properties of the aqueous solutions of the
surfactants were measured and shown in Table 5. In the previous
section, it has described that, after bubbling CO, into the ODPTA
solution, ODPTA molecules can be protonated and form worm-like
micelles, so that the viscosity of the solution can be increased
dramatically. As shown in Table 4, the viscosity of 1.0 wt% ODPTA
(1 wt% = 0.0261 mol L") solution can be enhanced by two orders
of magnitude (from 1.12 mPa s to 323 mPa s) after bubbling CO, at
ambient conditions, while the viscosity of the SDS solution is
maintained at 1.03 mPa s after bubbling CO,, similar to pure
water. In addition, after bubbling CO,, the ODPTA aqueous solu-
tion shows good viscoelasticity (G’ > G"), while the SDS solution
appears little elastic features.

In particular, the SDS foams appeared on the surface of the
solution can only stabilize for few minutes, while the ODPTA
bubbles can exist in the solution for over two days at 25 °C and
0.1 MPa. Apparently, it can be attributed to the viscosity (and

8678 | RSC Adv., 2019, 9, 8672-8683

viscoelasticity) of the bulk phase. The higher viscosity of the
continuous phase is, the lower the velocity of film drainage and
the slower gas diffusion will occur in the liquid phase. A low gas
diffusion velocity of bubbles is expected to sufficiently maintain
bubble size and thus enhance the foam stability.

4.2. Viscosity of surfactant solutions at HTHP

The viscosity of ODPTA-CO, and other conventional surfactants
(SDS, NP-15, NP-15-H, NP-21 and NP-21-H) solution saturated
with CO, was measured at high temperatures and at 10.5 MPa via
the capillary tube viscometer described in Section 3.2.1. The
viscosity of NP-15, NP-21 and NP-21-H are listed in Table 6, and
the other results are shown in Fig. 9. The results showed that the
viscosity of the ODPTA-CO, solution is much higher (209 times at

Fig. 8 State of the CO, foam/bubbles formed in SDS and ODPTA
aqueous solutions: gas bubbles can be “suspended” in the ODPTA
solution due to its high viscoelasticity.

This journal is © The Royal Society of Chemistry 2019
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Table 5 Rheological parameters of 1.0 wt% SDS and ODPTA aqueous solutions with and without CO, dissolution at 25 °C and 0.1 MPa

n/mPa s, G'[Pa, G"/Pa
Surfactants viscosity (6 rpm) storage modulus (1 Hz) loss modulus (1 Hz)
SDS 1.03 0.00056 0.0068
SDS-CO,* 1.03 0.00056 0.0068
ODPTA 1.12 0.00086 0.0082
ODPTA-CO,“ 323 1.34 0.96

% SDS-CO, and ODPTA-CO, refer to aqueous SDS and ODPTA solutions saturated with CO, at 0.1 MPa.

60 °C, 47 times at 160 °C) than that of the conventional surfactant
solutions (e.g. SDS), indicating a viscous micellar structure can be
formed through self-assembling behaviors of the ODPTA mole-
cules at HPHT in the presence of CO, as described in Fig. 2. As it
can be seen, the viscosity of the ODPTA solution is dropped from
190 mPa s at 60 °C to 12 mPa s at 160 °C, and the viscosity of the
SDS solution is changed from 0.91 mPa s to 0.25 mPa s. In
contrast to the SDS solution, the worm-like micelles in the
ODPTA solution saturated with CO2 can significantly increase its
viscosity. Moreover, long worm-like ODPTA micelles can break
into short micelles at high temperature, leading to viscosity
reduction with increasing temperature.

4.3. Foam performance

The foam performance of the ODPTA and other conventional
surfactants (all with 1.0 wt% concentration) at high

Table 6 The viscosity of the NP-21 and NP-21-H solutions (saturated
with CO; at 10.5 MPa and at different temperatures)

Viscosity/mPa s

Surfactants 60 °C 80 °C 100 °C 130 °C 160 °C
NP-15 0.962 0.834 0.752 0.508 0.364
NP-21 0.992 0.851 0.762 0.511 0.382
NP-21-H 0.951 0.823 0.724 0.498 0.359
10° 3
—e— ODPTA
—a&— NP-15-H
—&— SDS
10”4

Viscosity/mPacss
o
<

10° 5 N‘:
10_1 T L} T T T T
60 80 100 120 140 160
Temperature/°C

Fig. 9 Viscosity of the ODPTA and the NP-15-H and SDS solutions
saturated with CO, and measured at different temperatures and at
10.5 MPa (all with 1.0 wt% surfactant concentration).

This journal is © The Royal Society of Chemistry 2019

temperature was measured and shown in Fig. 10. The foam
volume (Vpay) (in Fig. 104A) is characterised for foaming-ability,
and the half-life time (T, 5) (in Fig. 10B) is for foam stability. The
foam comprehensive index (FCI, in Fig. 10C) is a generalized
foam performance indicator, calculated as 0.75 X Vyax X Tos.
The larger the FCI value is, the better foam performance of the
surfactant is. The de-foaming velocity (in Fig. 10D) is calculated
by dividing the foam volume by its half-life time.

As it can be seen from Fig. 10A, the volume of the ODPTA
foam increases with temperature increasing, while the foam
volume of the conventional surfactants (SDS, NP-15-H and NP-
21-H and NP-21) decreases at higher temperatures. In Section
2.3, it was proposed that, as temperature rises, the long chain
worm-like micelles can break into short micelles, and some
surfactant molecules can escape and get free from the micelle
structure to form more foams. With the number of the free
surfactant molecules in the solution increasing, when the
external force gets from stirring to solution system, more
molecules can be distributed on the gas-liquid interface that
more foam film is generated and more foam is produced, so the
ODPTA foam increases with the temperature increasing.

Due to its specific molecule structure and relatively high
viscosity of the ODPTA solution, in comparison with other
conventional surfactants, its foam stability (half-life time) is
greatly enhanced at high temperature as the experimental
results shown in Fig. 10B. A drainage velocity for the liquid in
foam films can also be used to characterize the foam stability,
which can be described by the equation below :****

h3

= ——AP
g 3nR?

(14)
where R and % are the radium and thickness of the thin film,
respectively, 7 is the viscosity of the bulk phase, and AP is the
pressure difference between the film center and borders. It is
obvious that higher viscosity of the bulk phase (1) can make
a lower value of the drainage velocity. In other words, higher
bulk phase viscosity can lead to longer half-life time of the
foam. In practice, a de-foaming velocity (defined as Viax/To.5)
can be also proposed to characterize the foam stability as shown
in Fig. 10D. The lower of the de-foaming velocity, the higher of
the foam stability.

It is worth pointing out that the ODPTA foam shows different
morphology in comparison with that of the other surfactants at
high temperature. The foam morphology of ODPTA and SDS is
displayed in Fig. 11. It is observed that the SDS foam is
a uniform state (Fig. 11A), while the ODPTA foam is divided into
two parts, as shown in Fig. 11B, including normal foam and

RSC Adv., 2019, 9, 8672-8683 | 8679
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Fig. 10 Performance of CO, foams stabilized with different surfactants (with 1.0 wt% concentration) tested at 10.5 MPa and at different
temperatures. (A) Foam volume (Viax). (B) half-life time (T 5), (C) foam comprehensive index, (FCl = 0.75 x Vinax X Tos), and (D) de-foaming

velocity (=Vmax/To.5)-

“gel-like foam”. The high bulk phase viscosity of ODPTA solu-
tion make the gel-like foam generating after CO,-solution mix-
ing by stirring at high speed, which also contribute to high foam
stability.

4.4. CO, foam flooding experiments

The CO, foam performance of 1.0 wt% ODPTA at dynamic flow
conditions in sand-pack flooding is shown in Fig. 12. The
experiments were conducted at around 10 MPa and at different
temperatures. And the permeability of the three sand packs
were 143.5 mD, 169.2 mD and 185.2 mD at 80 °C, 100 °C and
160 °C, respectively. The varying and fluctuated resistance
factor was in line with the 4 WAG circles injected during the
flooding experiment. As the foam agent solution and CO, were
alternating injected into the sand pack, the CO, foam was
generated in core and the flow resistance was produced. Before
0.8 PV, little CO, foam was generated, which lead to low flow
resistance factor. And the larger amount of CO, foam was
generated after 1.2 PV (CO, was injected at the second time) at
160 °C, the resistance factors increase rapidly. The results also
show that the resistance factor increases significantly when the
temperature rise up to 160 °C. That is high temperature can be
conducive to the enhancement of the mobility control capability

8680 | RSC Adv., 2019, 9, 8672-8683

of the foam at experimental temperature range. Fig. 13 shows
the flowing foam observed at the exit of the sand-pack, which
indicates high flow resistance at 160 °C generated by the Jamin
effect of the CO, foams, not by the speculative plugging through
aggregation or precipitation of surfactant molecules. Similar
foam flooding experiments were conducted using the

Normal
foam
Normal
f
oam Gellike
foam

Fig. 11 Snapshots of the CO, foams generated at 85 °C and 10.5 MPa:
for 1.0 wt% SDS solution (A), observed as rough foam bubbles and
unstable; for 1.0 wt% ODPTA solution (B), appeared as fine bubbles and
gel-like foamy fluid and highly stable.

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Performance of the ODPTA stabilized CO, foam at dynamic
flow conditions during sand-pack flooding: the higher of temperature,
the better foaming and mobility control capability.

conventional surfactants (e.g. SDS), the maximum resistance
factor achieved at the same experimental condition was only up
to 50, much less than that obtained during the ODPTA foam
flooding. And the maximum resistance factor decreased with
the temperature increasing.

The relationship between resistance factor and viscosity of
the bulk solution can be explained by the equation of foam’
apparent viscosity and Darcy's low.

Fig. 13 Snapshot of the CO, foam (generated by ODPTA) flowing out
at the exit of the sand-pack during the CO,-ODPTA solution flooding
experiments: high flow resistance at 160 °C generated during flooding
process by the Jamin effect of the CO, foams, not by the speculative
plugging through aggregation or precipitation of surfactant molecules.

This journal is © The Royal Society of Chemistry 2019
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The foam's apparent viscosity can be expressed by the
following equation:*®

0.5
= D4 32(¢ - 0.73), (L>
Y YR

Mfoam (15)
where 1, is the yield stress of the foam body, depending on the
elastic strength of the foam system generated, vy is the shear
rate, ¢ is the volume fraction of gas phase, R is the foam size, y
is the interfacial tension, and pu. is the viscosity of the bulk
phase of the surfactant solution.

Based on the Darcy's law, the pressure difference across the
sand-pack during the foam flooding experiments can be
calculated as

Q,ufoamL
kA

where Q is the foam flow rate, L is the length of the sand-pack, £
is the permeability of the sand-pack, and A is the cross-sectional
area of the tube.

At a given experimental condition, the foam's resistance
factor (or the pressure difference across the sand-pack) is
proportional to the foam's apparent viscosity and the viscosity
of the bulk phase of the surfactant solution. So high bulk phase
viscosity can partially contribute to foam's high resistance
factor during foam flooding, but most importantly, as discussed
in Section 4.3, higher bulk phase viscosity of the ODPTA solu-
tion can be attributed to generate more stable and stronger
foams with higher yield stress at higher temperatures.

AP = (16)

5. Conclusions

A long-chain amine based surfactant, octadecyl dipropylene
triamine (ODPTA), has been investigated as CO, foam agent at
high pressure and high temperature conditions. The following
conclusions can be drawn from this work:

(1) In water solution saturated with CO,, ODPTA compound
can be protonated to become a CO,-sensitive ionic surfactant
with good foamability. Consequently, the ODPTA molecules can
self-assemble to form wormlike micellars, which make the
ODPTA solution with a relatively high viscosity (i.e. over 100
mPa s at concentration of 0.5% wt) and good viscoelasticity,
much better than that of SDS solution (similar to water). These
characteristics of the ODPTA make it a special surfactant-like
compound as CO, foam agent.

(2) Experimental results of foam performance have shown that
CO, foam formed using ODPTA is much more stable than the
conventional surfactants (such as SDS and alkylphenol ethoxylates)
and has high temperature-tolerance up to 160 °C. It can be partially
attributed to the high bulk phase viscosity of the ODPTA solution
that can lead to lower drainage velocity of foam film and higher
foam stability. The viscosity of the ODPTA-CO, (1.0 wt%) bulk phase
can be maintained at 12 mPa s at 160 °C, much higher than the
water-like the SDS solutions, and its CO, foam performance (foam
comprehensive index) is 3 times over that of the SDS at 130 °C.

(3) The experimental results of foam flooding indicate that
CO, foam stabilized by ODPTA can have much better mobility

RSC Adv., 2019, 9, 8672-8683 | 8681
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control capability at high temperature and high pressure
conditions. The data show that the resistance factor of the foam
flooding can be increased from 50 to over 250 with temperature
increasing form 80 °C to 160 °C.
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