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Abstract: In the present study, we used Kalamkas, which is a typical Kazakhstani oilfield, which
produces wastewater with high Ca?* /Mg?* and Fe?* concentrations, as a case study. We investigated
a method for preparing Fe?* polymer solutions without oxygen isolation under the conditions of
salinity >110 x 10® mg/L, Ca®* /Mg?* concentration >7000 mg/L, and Fe?* concentration >30 mg/L.
FeZ*-resistant groups were grafted onto the molecular chains of a hydrophobically associating
polymer prepared using existing synthesis technology to overcome the decrease in apparent viscosity
of the polymer solution due to the oxidation of Fe>* during solution preparation. The experiments
showed that PAM-IR with iron-resistant groups can be completely dissolved in the wastewater within
180 min, and can tolerate an NaCl concentration of up to 0.23 x 10°® mg/L, a Ca?* concentration of
up to 10 x 10° mg/L, an Mg?* concentration of up to 9 x 10® mg/L, and a Fe?* concentration of
up to 90 mg/L, with favorable thickening performance and resistances to NaCl, Ca?*, Mg?*, and
Fe?*. PAM-IR has good injection performance and can establish a high resistance factor (Fg) and
residual resistance factor (Frr) to increase the sweep efficiency. Therefore, it is potentially useful for
enhancing oil recovery.

Keywords: formation water with high salinity; Fe?*-resistant polymer; apparent viscosity; resistance
factor; microscopic state

1. Introduction

It is common to extract chemical reagents from oilfield wastewater produced during
polymer flooding or in-depth profile control flooding. The strategy is environmentally
friendly and economical. However, this method requires a high-performance chemical
displacement agent, especially if the concentrations of Ca?* /Mg?* and Fe?* are high, which
will seriously affect the performance of the chemical displacement agent [1-7].

The effect of polymer flooding varies considerably depending on the reservoir [1,8,9],
and the water used for preparing the polymer solution. Wastewater contains inorganic salts,
divalent and high-valence ions, sulfides, solid impurities, crude oil, and bacteria. When
it is used directly to prepare a polymer solution, the viscosity of the generated flooding
system is significantly reduced [2,8,9]. Previous studies [3-5,10-14] have indicated that
cations affect the stability of a polymer solution in the order: Fe** > Fe®* > Mg?* (Ca®") >
Na™* (K*). When the polymer is diluted with wastewater containing Fe?* at a concentration
of 1700 mg/L, the viscosity of the polymer solution measured at 70 °C is less than 5 mPa-s,
and the viscosity retention rate is less than 10%, both of which seriously impede the
displacement effect. A water quality survey has shown that the Fe?* concentration of the
wastewater is greater than 0.5 mg/L. According to the laboratory results reported in the
literature [3-6,10-15], the FeZ* concentration of the injected water is the main factor that
affects the viscosity of the polymer solution during in-depth profile control [9]. Therefore,
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the polymer solution is often prepared directly using fresh water (e.g., at the Xinjiang
oilfield in China), or prepared using fresh water that is then diluted with wastewater (e.g.,
at the Dagqing oilfield in China) [11]. Many researchers have proposed adding chemicals
(e.g., alcohols, thiourea, formaldehyde, or sodium borohydride) to the polymer to eliminate
the influence of Fe?* through reactions, wherein the molecular chain of the polymer is
unaffected by the oxidation reactions of Fe?*. This method can reduce the solid content of
the polymer, but it significantly increases its cost. Other researchers have also mentioned the
use of physical oxygen isolation methods (e.g., nitrogen production and oxygen isolation,
and the improved design of fluid transfer systems) [16-18]. However, these methods
also have poor economic benefits, and impose high demands on the injection equipment.
Therefore, they are not conducive to long-term use. Moreover, the results from laboratory
tests and from actual field application differ. The methods described above may require
large amounts of clean water or involve the treatment of wastewater. The consumption
of clean water resources and the cost of wastewater treatment both increase the input
of oilfields and the risk of environmental pollution while reducing the overall economic
benefits of polymer flooding. Therefore, only if the comprehensive effect of reducing
wastewater treatment and increasing oil production can maximize the benefits to the
oilfield, will they promote the application of the technology.

The Kalamkas oilfield In the North Uschut Basin of Kazakhstan is a stratified unin-
tegrated reservoir with a gas cap and edge water. It is one of the high-aquifer sandstone
reservoirs that are typical of Kazakhstan, and has an average reservoir thickness of 14 m,
an average porosity of 0.27, and an average permeability of 441 millidarcy (mD). It has
been developed for 42 years. Currently, most wells have a water cut of more than 95%, and
the vertical production degree of the oilfield is only approximately 50%. Ineffective water
injection is a serious problem, and production efficiency is low, which adversely affects
recovery. The problem of ineffective water circulation during the development process
needs to urgently be solved. In light of the experience gained through the development of
medium-high-permeability sandstone oilfields throughout the world, the Kalamkas oilfield
is believed to be suitable for in-depth profile control. However, the oilfield is developed
by re-injecting the wastewater, which has a salinity of >110 x 10° mg/L, a Ca?*/Mg?*
concentration of >7000 mg/L, an oil content of >70 mg/L, and, most importantly, a Fe**
concentration of 30-70 mg/L. In addition, there is no water treatment system. These con-
ditions are technically and economically far from the requirements for polymer solution
preparation and injection; therefore, it is difficult to screen out economically feasible poly-
mers, which makes the preparation of a flooding agent challenging [19]. Therefore, it is
necessary to develop proper Fe?"-resistant polymers to enhance oil recovery, lower costs,
and improve economic performance at the Kalamkas oilfield.

The present paper describes the development of a new Fe?*-resistant polymer for the
preparation of a polymer solution using oilfield wastewater with a high Fe?* concentration
and high salinity. According to ShiraziM1 and other authors [20-26], a hydrophobically
associating polymer solution is stable under conditions of high salinity and high tempera-
ture and, therefore, is useful as a flooding agent. During wastewater treatment, complex
compounds are generally used to stabilize Fe?* [27]. Dong and Lin et al. adopted oxygen
isolation to mitigate the reduction in polymer viscosity due to Fe?* oxidation [28]. Since
2014, a nitrogen blanketing system has been used to isolate air at the Kalamkas oilfield to
eliminate the degradation of the polymer solution caused by Fe?* oxidization [17]. Cao
et al. and Xiong et al. have indicated that certain hydrophobically associating polymers can
form three-dimensional network morphologies that improve thickening performance. They
further divulged that such hydrophobically associating polymers are water-soluble and
are formed by introducing a small amount (generally < 2%) of an associating functional
monomer into a polyacrylamide molecular chain. Polymers synthesized from various func-
tional monomers have distinct molecular structures and functions. The hydrophobically
associating polymers described have potential for use in polymer flooding, as viscosity
modifiers for fracturing fluids, or for heat-resistant, salt-tolerant filtrate reducers for water-
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based drilling fluids [29-33]. In the present study, we attempted to graft Fe?*-resistant
groups onto the molecular chain of a hydrophobically associating polymer to form a kind
of 3D network that can trap Fe?" while maintaining the viscosity of the polymer solution.
This polymer ensures that the high viscosity and long-term stability of a solution prepared
using oilfield sewage are retained.

2. Materials and Methods
2.1. Materials and Instruments

The chemicals used to prepare the experimental samples comprised: NaCl, CaCly,,
MgCl,-6H,0,, and (NHy),Fe(SO4),-6H,O, which were all of analytical purity (i.e., >99%);
acrylamide (AM), acrylic acid (AA), NaOH, ammonium persulfate (NH4)25,03g), sodium
bisulfite (NaHSO3), octadecyl dimethyl allyl ammonium chloride (DMAAC-18), and N,N-
methylene bisacrylamide (MBA), which were all industrial products (with purities > 98%);
hydrolyzed polyacrylamide (HPAM), with a molecular weight of 23 x 10°, a solid content
of 90.0%, and a hydrolysis degree of 22.5%, which is commonly used for flooding in
China’s Daqing and Xinjiang oilfields, and was provided by Xinjiang Keli New Technology
Development Co., Ltd. Karamay, China, and a hydrophobically associating water-soluble
polymer (HAWP) comprising a Fe?*-resistant polyacrylamide with a molecular weight of
12 x 10°, a solid content of 90.0%, and a hydrolysis degree of 20%.

Simulated brine, with a salinity of 116,700 mg/L, was prepared by adding 90.17 g of
NaCl, 15.00 g of CaCly, and 24.68 g of MgCl,-6H,0 to 1 L of distilled water.

The wastewater sample from the Kalamkas oilfield was turbid, yellow, and oily, with
a salinity of 124,991.1 mg/L, a density of 1.084 g/cm3, a pH of 6.67, a K*+Na* concen-
tration of 40,427.1 mg/L, a Ca* concentration of 5611.2 mg/L, an Mg?* concentration
of 1702.4 mg/L, a Fe** concentration of 3.81 mg/L, a Fe?* concentration of 33.46 mg/L,
a Cl~ concentration of 77,103.75 mg/L, a HCO?®~ concentration of 164.64 mg/L, a CO,
concentration of 145.76 mg/L, and a total hardness of 420 mg/L. No S042~, CO32~, or
dissolved O, were found.

The core comprised of an epoxy resin cement (with approximate dimensions of
3.8 cm x 30 cm), with a Np-logging permeability of 390-410 mD, taken from the Kalamkas
oilfield, where the average reservoir permeability is 400 mD.

The instruments comprised: a FD240-Binder convection oven; a ME2002 electronic
balance (Mettler Toledo Instruments); an MCR302 advanced rheometer (Anton Paar); a
scanning electron microscope (SEM); a VERTEX 70 Fourier-transform infrared spectroscopy
(FTIR) spectrometer; a constant-temperature and constant-pressure displacement unit
(Changzhou Yiyong, China); and a Fe-HX-10 quick iron-measuring tube (Beijing Huaxing,
China). The other commonly available test devices comprised a heating mantle, Erlenmeyer
flasks, and a cylinder containing 99.6% pure nitrogen.

2.2. Experimental Methods and Contents

In this study, the experiments on the preparation of polymer solution, the influence
of metal ions on the viscosity of the polymer, the characteristic viscosity number, the
molecular weight, and others were performed with the methods given in the Recommended
Practices for Evaluation of Polymers Used in Enhanced Oil Recovery (SYT6576-2003),
which is equivalent to API RP 63:1990. The experiments on resistance factor (Fr) and
residual resistance factor (Frgr) were completed in accordance with the Technical Criterions
of Polymer for Oil Displacement (SY/T5862-2020). Other experiments were conducted
according to the literature [2,4,11-13,26,32]. The experiments are described as follows:

(1) Preparation of polymer solution

Simulated brine was used for preparing the polymer solution at normal tempera-
ture. We took a certain volume of simulated brine and stirred it with a stand blender at
(400 £ 20) r/min. Then, we weighed the polymer with a mass required for preparing the
solution with the designed polymer concentration and added it into the simulated brine
being stirred. We further stirred (usually for 2-3 h) and observed the solution until the
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particulate matters were completely dissolved, that is, until there was no “fisheye” in the
solution and the insoluble particulate matters disappeared.

(2)  Effect of Fe? on the viscosity of the polymer solution

We prepared a 1000 mg/L Fe?* solution from (NHy),Fe(SO4),-6H,0 and added the
simulated brine (116,700 mg/L) with Fe2* concentrations of 1, 2, 5, 10, 20, 30, or 50 mg/L
to form three 0.3% polymer solutions. We determined the solubility, and measured the
apparent viscosity of each of the three polymer solutions at 3 h, then placed them in an
incubator set to 40 °C. At 40 °C, and a shear rate of 10 s~!, we measured the apparent
viscosity changes at various time-points to determine the effect of Fe?" on the various
polymers and to assess the tolerance of these polymers with regard to Fe?*.

(3) Measurement of Fe?* concentration in the polymer solution

We measured the Fe?* concentration before and after solution preparation using
the quick iron-measuring tube to determine the changes in Fe?* concentration, and to
investigate the stability of Fe?* in the polymer and assess the tolerance of the new polymer
with regard to Fe?*.

(4) Determination of the basic physical property parameters of the polymers

(a) Characteristic viscosity and polymer molecular weight: The characteristic vis-
cosity number [77] of the polymer and weak gel was obtained by measurement
of the Uhler vissimeter, and the average molecular weight of the polymer and
weak gel was calculated using the formula

(7] = KM,",

where K and a are empirical constants, K = 6.31 X 1073, and a = 0.8 in the
present paper.

(b)  Degree of hydrolysis: The degree of hydrolysis of the partially hydrolyzed poly-
acrylamide was determined by the method described in GB/T 12005.6-1989.

(5) Polymer characterization

The polymer microstructure was characterized by FTIR (VERTEX 70), and the infrared
spectra of the synthesized samples was obtained. The microstructure of the polymer
solution was characterized by SEM; hydrophobic association polymer (1500 mg/L) and
Fe?*-resistant polymer solutions were prepared with distilled water, and the microstates of
the solutions were examined under a microscope.

(6) Performance evaluation of the PAM-IR solution We prepared a 0.5% PAM-IR solution
using simulated brine solutions with various concentrations of NaCl, Ca?t, Mg2+, and
Fe?*. We determined the state of the polymer in the solution at 3 h and measured its
apparent viscosity to assess the resistance of the polymer solution to salinity and Fe?*.
The apparent viscosity was measured using the MCR302 rheometer at 40 °C and a
shear rate of 10 s~!. The experiments are performed on:

(a) Salt sensitivity: various concentrations of NaCl were added to distilled water to
form the simulated brines, which were then used to prepare polymer solutions.

(b) Ca?* influence: various concentrations of Ca>* were added toa 100 x 10> mg/L
NaCl aqueous solution to form simulated brines, which were then used to
prepare polymer solutions.

(0) Mg?* influence: various concentrations of Mg?* were added toa 100 x 10°> mg/L
NaCl aqueous solution to form simulated brines, which were then used to
prepare polymer solutions.

(d) Fe?* influence: various concentrations of Fe”* were added to a 100 x 10°> mg/L
NaCl aqueous solution to form simulated brines, which were then used to
prepare polymer solutions.

(7)  Verification experiment with wastewater
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The water sample was prepared using the injected water collected from the Kalamkas
oilfield to determine the apparent viscosity and apparent viscosity-polymer concentration
relationship of the developed PAM-IR solution, with the aim of providing a basis for
subsequent field application. We quickly prepared a 0.5% polymer mother solution using
the injected water sample, stirred it for 3 h, then determined its solubility and measured
its apparent viscosity after diluting it to various concentrations. We also took a sample of
injected water and stirred it for 3 h for dynamic aeration, then exposed it to air for 24 h
for static aeration. Finally, we used this sample to prepare a 0.5% polymer solution. We
measured its viscosity with the DVIII rotational viscometer (18 rotors) at 40 °C and a shear
rate of 105!

(8) Resistance factor and residual resistance factor test

We used the constant-temperature and constant-pressure displacement unit. First, we
injected the polymer solution into the core at a rate of 1 mL/min under stable pressure after
injecting it with the simulated brine. When the stable injection pressure p, was reached, the
resistance factor (FR) of the polymer solution was calculated using the following equation:

Fr(P) = (Zi)q )

Then, we injected the simulated brine into the core and injected the polymer solution at
the same rate until a stable injection pressure P’y was reached. We calculated the residual
resistance factor (Fgr) of the polymer solution using the following equation:

Frr(P) = (};Z)v)q )

If the injection pressure continued to rise, it indicated that the polymer had blocked
the core.

3. Results and Discussion
3.1. PAM-IR Synthesis

The synthesis mechanism comprised attaching lipophilic and hydrophilic groups to
a skeleton consisting of flexible hydrocarbon chains (See Figure 1). This allowed them to
generate a supramolecular effect in the solution owing to the presence of a corresponding
quantity of cationic functional groups and non-ionic structural units. The strong interactions
between the chain links and between adjacent molecules eliminated the influence of the
metal ions, crude oil, and solid impurities in the wastewater on the viscosity of the solution.

atbtetd —» -{-CHZ—CH—]—[-CHz—CH-I—{—CHZ—CH—]—[-CHZ—CH-]— rﬁ
=0 =0 o

| | |
NH, ONa H;C— N CH3C1

c16H33 WM/( 7/

First, we synthesized FeZ*-resistant functional monomers. Then, we dissolved a certain
quantity of Fe*-resistant functional monomer in distilled water, added a certain amount
of AM and AA, adjusted the pH with aqueous NaOH, and added a certain amount of
hydrophobic (functional) monomer. Next, we stirred the solution evenly with a magnetic
stirrer, and injected nitrogen for 30 min to remove the oxygen. Finally, we added a certain
amount of (NH4)>5,0g/NaHSOs3 and placed the reactants in a constant-temperature water
bath for 6 h to produce PAM-IR.

Figure 1. Formula of PAM-IR.
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3.2. Results of Basic Physical Properties Determination

The synthesized samples were analyzed according to the experimental method de-
scribed in Section 2.2 (3), and the results are shown in Table 1.

Table 1. Determination of the basic physical properties of the PAM-RI polymer.

Polvmer Characteristic Viscosity Viscose Average Degree of Hydrolysis
y (dL/g) Molecular Weight (10°) (mol%)
PAM-RI 315 29.2 239

3.3. Characterization of the New Polymer
(1) FTIR analysis results

Figure 2 shows the infrared spectrum of the new polymer. The peak at 3500-3100 cm !
is attributable to free NH, and associated NHj; the peak at 2934 cm ! is attributable to the
antisymmetric stretching vibration of methylene; and the peak at 2333 cm ™! is attributable
to the symmetric stretching vibration of methylene. The peak at 1681 cm ™! is attributable
to the carbonyl group corresponding to amide (C=0O stretching vibration); the peak at
1560 cm ™! is attributable to the amide (N-H bending vibration); the peak at 1406 cm !
is attributable to methylene deformation; and the peak at 770-550 cm ™! is attributable
to the oscillation stretching vibration of N-H. All the profiles featured the characteristic
absorption peaks of partially hydrolyzed polyacrylamide, proving the new polymer had
been successfully prepared.

Transmittance [%]
40 60 80 100 120 140

20

1681.61 —
1560.76 ——
1193.26 ——
1115.86

1040.69 —
77025 ——
629.38 ——
550.88

g2 89 8 5888 ge 8
38 eg 3 2938 58§
85 33 & &8ss iF ¢
T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Figure 2. Infrared spectrum of the new polymer.

(2) SEM characterization results

As shown in Figure 3, we used SEM to investigate the 1500 mg/L HAWP and PAM-
IR solutions prepared with distilled water for signs of the aggregation state and micro-
morphology. HAWP exhibited a comb-shaped structure with functional groups, and
a relatively regular three-dimensional network morphology, which is consistent with
the findings described in the literature [7,32-34]. Similar to HAWP, PAM-IR presented
a relatively regular three-dimensional network morphology, because the Fe?*-resistant
groups were grafted onto the branch chains of the hydrophobically associating polymers
synthesized to avoid the viscosity reduction in the polymer solution while capturing
the iron ions, so that the polymer solution prepared with oilfield wastewater has a high
viscosity and a satisfactory long-term stability. Therefore, the morphology of PAM-IR,
as shown in the SEM image, can allow the solution to be FeZ*-resistant, and inherit the
salt-resistant performance of HAWP.
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(b) PAM-IR

Figure 3. Microstructures of the polymer solutions. (a) Microstructure of HAWP; (b) Microstructure

of PAM-IR.

3.4. Effect of Fe’* on the Apparent Viscosity of the Polymer Solution

Three 0.3% polymer solutions were prepared using simulated Fe>*-containing brine

solutions, and their solubilities at 3 h and apparent viscosities after dissolution were
determined. The results are shown in Table 2 and Figure 4.

Table 2. Measured apparent viscosities of three polymers dissolved in simulated Fe?*-containing
brine solutions.

Viscosity (mPa-s)

Fe?* (mg/L) 3h 1d 2d
HPAM HAWP PAM-IR HPAM HAWP PAM-IR HPAM HAWP PAM-IR
0 28.0 60.7 475 27.7 60.3 475 28.0 60.5 47.2
1 26.5 55.2 47.2 26.5 58.2 47.2 25.3 55 47
2 24.2 45.3 47.3 24.2 46.5 47.3 20.5 45.2 46.5
5 13.8 40.5 47.2 135 20.5 46.2 125 11.2 43.2
10 3.5 20.3 46.5 11.3 3.2 45.5 3.2 45 42.1
20 2.5 15.2 46.3 10.3 2.1 45.3 2.1 3.5 41.5
30 2.5 11.2 45.3 5.2 2.3 44.1 2.2 3.5 41
50 2.3 8.5 425 3.2 2.2 42 1.5 2.5 40.8
70
o~ =4=3h-HPAM
< —3h-HAWP
QE" - «te=3h-PAM-RI
et e 1d-HPAM
E’ 2 = 1d-HAWP
"
S ~#—1d-PAMRI
4 e 2d-HPAM
> 30
- 2d-HAWP
5 «42d-APM-RI
= 20
<
-9
oy
< 10
0 L 41 H L s J
10 20 30 40 50 60

Fe?*concentration (mg/L)

Figure 4. Fe?* concentration versus apparent viscosity of the polymer solutions.
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According to the results of the experiments involving dissolution at 3 h and the
viscosity measurements, when the Fe2* concentration of the simulated brine was 5 mg/L,
the apparent viscosity of HPAM decreased to below 50%, the apparent viscosity of HAWP
decreased to below 70%, and the apparent viscosity of PAM-IR remained almost unchanged,
compared with that when the Fe?* concentration of the simulated brine was 0. When the
FeZ* concentration of the simulated brine was 10 g/L, it was not possible to completely
dissolve the HPAM or HAWP. When the Fe?* concentration of the simulated brine was
50 mg/L, the apparent viscosity of HPAM was less than 10%, the apparent viscosity of
HAWP was less than 20%, and the viscosity retention of PAM-IR was higher than 90%. The
results are shown in Figure 5.

100

m5mg/L  m50mg/L

Apparent viscosity retention, %

3h-HPAM 3h-HAWP 3h-PAM-RI 1d-HPAM 1d-HAWP 1d-PAM-RI 2d-HPAM 2d-HAWP 2d-PAM-RI

Figure 5. Apparent viscosity retention of polymer solutions with Fe>* concentrations of 5 mg/L and
50 mg/L.

According to the results obtained after aging the polymer solutions at 40 °C after dis-
solution, the viscosity retention of PAM-IR remained above 90% over time, demonstrating
favorable resistance to iron ions. In contrast, the apparent viscosity of HPAM decreased to
less than 10%, which was close to the viscosity of the water sample. The apparent viscosity
of HAWP decreased to less than 10%, also suggesting degradation.

3.5. Fe** Concentration of the Polymer Solution

The Fe?* concentrations of the 0.3% polymer solutions were measured using the quick
iron-measuring tube, and the color and Fe?* concentration of the simulated water sample
changed. The results are shown in Figures 6 and 7.

3.6. Evaluation of the Fe**-Resistant Polymers

We determined the state of the polymer at 3 h and measured the apparent viscosity
of the 0.5% PAM-IR solution prepared using simulated brine solutions containing various
concentrations of NaCl, CaZ*, Mg2+, and Fe?*. As shown in Figures 8-12, PAM-IR can
tolerate an NaCl concentration of up to 230 X 103 mg/L, a Ca?* concentration of up to
10 x 10® mg/L, an Mg?* concentration of up to 9 x 10° mg/L, and a Fe?* concentration
of up to 90 mg/L, respectively, demonstrating favorable thickening performance and
resistance to NaCl, Ca2*, Mg2+, and Fe?*.
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50 -

4E o M 5mg/L 45 45 45
M 10mg/L

40 - wm30mg/L
W 50mg/L

w w
o v
1 L

Fe?*concentration (mg/L)
N
(%,

20 -
15
10 -
5 4
0000 0000
0 -
3h-Simulated 3h-HPAM  3h-HAWP  3h-PAM-RI 1d-Simulated 1d-HPAM  1d-HAWP 1d-PAM-RI 2d-Simulated 2d-HPAM  2d-HAWP  2d-PAM-RI
brine brine brine

Figure 6. Measured Fe?* concentrations of the polymer solutions.

0.3%HPAM

Not dissolved at 3h, and polymer
particles exist as colloidal particles

Figure 8. Changes in the three polymer solutions prepared with the simulated brine containing
50 mg/L Fe?* at 3 h.
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Figure 9. NaCl concentration versus apparent viscosity.

N

[

o
1

g

Flocs are formed

g

Apparent viscosity (mPa.s)
3 3]

0 4,000 8,000 12,000 16,000
Ca?* concentration (mg/L)

Figure 10. Ca?* concentration versus apparent viscosity.
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Figure 11. Mg?* concentration versus apparent viscosity.
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Figure 12. Fe>* concentration versus apparent viscosity.

3.7. Verification with the Field Water Sample

The 0.5% polymer solutions were prepared using water collected from the Kalamkas
oilfield and aerated water (the Fe?* concentration was determined to be 0 after filtration).
We determined the solubilities of the solutions and diluted them to polymer concentrations
of 0.1-0.5%. As illustrated in Figures 13 and 14, the color of each polymer solution had not
changed after 3 h, the polymer particles were completely dissolved, the apparent viscosity-
polymer concentration curve was linear, and the viscosity reduction rate in the polymer
solution prepared with raw water was 20% smaller than that of the polymer prepared with
aerated water. Aeration completely removes the effect of iron ions on the viscosity of the
polymer solution; however, high-salinity water loses calcium when it is aerated to remove
iron ions. Thus, the concentrations of metal ions (e.g., Ca and Mg) in the aerated water
were lower than those in the raw water, which produced different experimental results.

Oilfield injected water sample Polymer solution at 3h

Figure 13. Injected water sample and polymer solution at 3 h.

120 20
100
80
60

40

- Fe2+=33mg/L
—4—Fe2+=0 mg/L

Reduction rate (%)

20

Apparent viscosity (mPa.s)

~— Reduction rate
01 02 03 04 05 06
Concentration of polymer (%)

Figure 14. Apparent viscosity—polymer concentration curve.
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3.8. Resistance Factor and Residual Resistance Factor Tests

The resistance factor and residual resistance factor are critical parameters for evalu-
ating the concentration of a polymer solution in polymer flooding and are key indicators
of the capacity of a polymer solution to improve the mobility ratio and reduce reservoir
permeability [15,29,30]. In the present study, we determined the resistance factor (Fg) and
residual resistance factor (Fgg) using a cement core with a permeability of approximately
400 mD after injecting polymer solutions of various concentrations at a rate of 1 mL/min at
40 °C. The test results are shown in Table 3 and Figure 15. As shown, the polymer solution
was injected smoothly. During the injection process, the equilibrium pressure was reached,
and no blockage formed. As the concentration of the injected polymer increased, Fgr and
Frr increased. In actual applications, the polymer concentration can be selected depending
on the oil viscosity and permeability of the reservoir.

Table 3. Test results showing the Fr and Frg values of the polymer solutions.

Gas Logging Water Logging Injected Polymer
Core Permeability (mD) Permeability (mD)  Concentration (%) Fr Frr
1# 405.1 210.9 0.1 0.53 0.34
2# 410.5 226.5 0.2 3.39 1.57
3# 398.2 200.8 0.3 8.85 4.77
4# 402.8 210.5 04 19.29 11.64
5# 395.8 2153 0.5 24.00 19.64

Subsequent water flooding
Polymer flooding

--0.1%

0.2%
-=-0.3%
-+-0.4%
-<0.5%

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Figure 15. PV versus pressure differential.

4. Conclusions

(1) The new polymer, PAW-IR, exhibits a relatively regular three-dimensional network
morphology, and has a good solubility and a favorable thickening performance with
regard to oilfield wastewater. It can be completely dissolved in oilfield wastewater
within 180 min. It can tolerate an NaCl concentration of up to 23 x 10* mg/L, a Ca%*
concentration of up to 1 x 10* mg/L, an Mg?* concentration of up to 0.9 x 10* mg/L,
and a Fe?* concentration of up to 90 mg/L, demonstrating favorable thickening
performance and resistance to salt and Fe?*.

(2) PAM-IR is prepared by grafting the Fe?*-resistant groups onto the branch chains
of the traditional hydrophobically associating polymers synthesized to avoid the
viscosity reduction in the polymer solution while capturing the iron ions. Compared
with traditional physical methods (e.g., nitrogen production and oxygen isolation,
and better design of fluid transfer) and chemical methods (e.g., the precipitation
of Fe?* by the addition of alcohol, formaldehyde, and sodium borohydride), the
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preparation of PAM-IR does not require additional investment and complex process
design, which will improve the overall efficiency of polymer flooding in reservoirs
with high concentrations of Fe?* and Ca?* /Mg?* in the formation water.

(3) PAW-IR has a good injection performance and can establish high resistance factor and
residual resistance factor, indicating a satisfactory plugging performance. It is promis-
ing for enhancing oil recovery by flooding with high-salinity and high-Fe?* polymers.
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