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Abstract: Conventional fluid loss additives have difficultly controlling the water loss of cement–
metakaolin slurry with semi-saturated brine cement slurry and limiting it to less than 50 mL (30 min)−1.
This paper describes the development of an anti-salt fluid loss additive for metakaolin–cement
systems. This study adopted the aqueous solution polymerization method; selected four kinds of
monomers, namely 2-Acrylamido-2-methylpropane sulfonic acid (AMPS), N,N-Dimethylacrylamide
(DMAA), acrylamide (AM), and methyl acrylate (MA); and performed a single-factor experiment on
the proportion of monomer, reaction temperature, initiator dosage, and developed fluid loss additive,
which has a high salt tolerance and temperature tolerance. This fluid loss additive can resist salt until
saturation, and it can control fluid loss in 24 mL·(30 min)−1 when its dosage is 2%. The fluid loss
additive can achieve the effect of fluid loss reduction by increasing the filtrate viscosity, forming a
flexible elastic adsorption layer via adsorption, and blocking mud cake pores.

Keywords: fluid loss additive; molecular structure design; characterization analysis; salt resistance

1. Introduction

In deep and geothermal wells, cement has durability problems that may lead to seal
failure. Volcanic ash materials such as metakaolin have excellent properties, such as low
porosity and high temperature resistance, and react with cement to form highly crystalline
C-S-H [1]. Therefore, materials such as metakaolin are potential substitutes for ordinary
Portland cement [2,3]. Alkaline excitation of metakaolin using only calcium hydroxide
resulted in the low compressive strength of geopolymer specimens [4]. To enhance the
compressive strength of the metakaolin specimens, salts such as sodium silicate need to be
added to the slurry. And the salts lead to an increase in water loss from the cement paste
slurry. When using sodium silicate and sodium hydroxide for alkaline excitation, with an
alkaline activator dosage of 40%, the water loss of the slurry obtained from the formulation
is 93 mL/30 min [5]. Therefore, there is a need to regulate the salt resistance of cement
slurry containing metakaolin.

The main difficulties are analyzed as follows: Designing anti-salt slurry is difficult; the
performance of cement slurry becomes worse after being eroded by salt [6,7]. And the anti-
salt ability of common admixtures makes it difficult to meet the requirements, especially the
fluid loss additive. Excessive fluid loss of cement slurry will lead to low cement cementation
strength [8], which cannot meet the requirements of periodic strong injection.

At present, acrylamide and acrylic acid are mainly used as monomers to synthesize
anti-salt fluid loss additives. Tang Xin et al. prepared a new fluid loss additive, WSP, by
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using AMPS, AA, DMAA, and SA, which could control the water loss of cement paste to
58 mL at a dosage of 3% in a freshwater cement paste, and 90 mL at a dosage of 5% in a 37%
brine cement paste [9]. Guo Jintang et al. synthesized a novel fluid loss additive HTF-200C
using AMPS and DMAA as raw materials. In freshwater cement slurry, the water loss of
the slurry can be controlled within 100 mL when the dosage of HTF-200C is 2.5%. In 18%
brine cement paste, when the dosage of HTF-200C is 4%, the water loss of cement paste can
be controlled within 100 mL [10]. The conventional fluid loss additive does not meet the
standard requirements of API fluid loss of cement slurry less than or equal to 50 mL [11].

At present, anti-salt fluid loss additive cannot meet the cementing requirements. If the
fluid loss of slurry is too large, the slurry filtrate will flow along the interface between the
cement slurry and salt paste layer, forming a potential channel of oil and gas channelization.
From the perspective of inhibiting salt paste dissolution and improving cementing quality,
it is urgent to develop a kind of salt-resistant and temperature-resistant fluid loss additive.
At the same time, there is a lack of fluid loss additives that are suitable for volcanic ash
materials such as metakaolin.

Fluid loss additives reduce water loss by adsorbing on the cement surface to form a
dense structure [11,12]. In adsorbed monomers, itaconic acid is not considered because it
has strong retarding properties. Maleic anhydride not only has relatively strong adsorption;
its cyclic structure can also enhance the rigidity of the polymer molecular chain and improve
the temperature resistance of the polymer molecular chain, so maleic anhydride (MA) is
selected as the adsorption monomer [13].

In order to improve the salt resistance of fluid loss additive, at the same time, introduce
anionic groups (sulfonic group and carboxyl) and rigid monomers (DMAA) [14].

By optimizing the ratio of various monomers and synthetic conditions, anti-salt fluid
loss additive ADAM-J was developed, and ADAM-J had been used to characterize the
analysis, performance evaluation of the resistance to salt, and fluid loss mechanism analysis.
When the mass ratio of cement to metakaolin is 7:3, the dosage of water is 44% of the total
mass of cement and metakaolin, and the dosage of the fluid loss additive ADAM-J is 2%, so
it is possible to control the loss of water of fresh water cement paste within 12 mL·(30 min)−1,
the loss of water of semi-saturated brine cement paste 24 mL·(30 min)−1, and the loss of
water of saturated brine cement paste 24 mL·(30 min)−1. According to the analysis, the
mechanism of fluid loss additive ADAM-J is as follows: negatively charged copolymer
molecular chain wrapped in the surface of the cement particles, under pressure, the long
chain structure of the fluid loss additive is decomposed to form, filling some of the pores
of the filter cake and connecting channels, so that it is more difficult for free water to pass
through the mud cake, so as to achieve the purpose of fluid loss.

2. Experiment
2.1. Experimental Material

Cement (G-grade, high-quality oil well resistance cement produced by Jiahua Special
Cement Co., Ltd., Leshan, China, industrial grade); deionized water (laboratory self-made);
sodium bisulfite (White Lion Chemical Reagent Co. Ltd., Pingxiang, China, AR); potassium
persulfate (Shanghai Sinopharm Group, Shanghai, China, AR); AM (Jiangxi Changjiu
Agro-Chemical Co., Nanchang, China, industrial grade); AMPS (Jiangxi Changjiu Agro-
Chemical Co., industrial grade); MA (Shanghai Sinopharm Group, AR); DMAA (Shanghai
Sinopharm Group, GR); metakaolin (Jiangyin Guangyuan Superfine Powder Co., Jiangyin,
China, industrial grade); and sodium silicate hydrate (Shanghai Sinopharm Group, AR).
Chemical composition and physical properties of cement are shown in Table 1. Chemical
composition and physical properties of MK are shown in Table 2.
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Table 1. Chemical composition and physical properties of cement.

Oxides Wt%

CaO 65.60
SiO2 18.50
Fe2O3 5.30
Al2O3 4.70
SO3 1.80
MgO 2.30
Na2O 0.10
K2O 0.10
Loss on ignition 0.53
Density (g/cm3) 3.18
Specific surface area (m2/kg) 343.00

Table 2. Chemical composition and physical properties of metakaolin.

Oxides Wt%

CaO 0.40
SiO2 47.90
Fe2O3 0.78
Al2O3 48.40
TiO2 1.30
MgO 0.10
Na2O 0.18
K2O 0.18
Loss on ignition 0.59
Density (g/cm3) 3.43
Specific surface area (m2/kg) 319.00

2.2. Experimental Method
2.2.1. The Preparation of Cement Slurry and the Test of Compressive Strength of
Set Cement

The experimental methods, such as the preparation of cement slurry and the test of
the compressive strength of cement, were tested according to the GB/T19139-2012 [15]
standard of oil well cement. The preparation process of cement–metakaolin mixed slurry
was as follows: Firstly, sodium silicate, fluid loss additive ADAM-J, and other admixtures
were added to water and stirred well. Subsequently, cement and metakaolin were added
and mixed in a constant speed mixer at a low speed of 3000–4000 r/min for 15 s and then
10,000–12,000 r/min for 35 s. The amount of water added was 44% of the total mass of the
metakaolin and cement.

2.2.2. Polymer Synthesis Method

In order to facilitate the preparation of cement slurry, water-soluble admixtures are
mostly used. Therefore, the synthesis of fluid loss additive in this paper adopts the method
of solution polymerization. The product can be directly used as fluid loss additive, or the
product can be dried and crushed (powder is easy to transport) for use. The concentration
of the monomer was controlled by 20%. Potassium persulfate and sodium bisulfite were
selected as the initiator system in this paper (potassium persulfate: sodium bisulfite = 1:1),
and the initiator dosage range was 0.12–0.20%. The synthesis temperature ranges from
45 ◦C to 65 ◦C, and the pH of the polymer system ranges from 3 to 11.

2.2.3. Characterization and Analysis Method of Fluid Loss Additive ADAM-J

(1) Infrared analysis method of fluid loss additive ADAM-J

The structure of white powder was characterized by using a Thermo Scientific
Nicolet iS10 Fourier-transform infrared (FTIR) spectrometer. The structure of the fluid
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loss additive ADAM-J was analyzed via infrared spectroscopy, and the structure of the
synthetic product was verified. Because the fluid loss additive ADAM-J synthesized in
this study is organic, the infrared characteristic absorption peaks of organic compounds
are in the range of 4000–400 cm−1 wave numbers [16]. So, the spectra were recorded in
the range of 4000–400 cm−1.

(2) Nuclear magnetic resonance hydrogen spectrum analysis of fluid loss additive ADAM-J

The presence of various groups in the polymer fluid loss additive was analyzed via
H NMR, and the structure of the synthesized product was verified. The purified polymer
powder was characterized by using a German BRUKER ADVANCE 400M superconducting
nuclear magnetic resonance spectrometer (BRUKER, Billerica, MA, USA). D2O was used as
the dissolved medium in this experiment.

(3) Thermogravimetric analysis of fluid loss additive ADAM-J

Thermogravimetric analysis (TG) was performed on the polymer, using the German
Netzsch thermogravimetric analyzer (Netzsch, Selb, Germany) to determine the tempera-
ture resistance of the synthetic fluid loss additive ADAM-J. The experimental conditions
were as follows: heating rate was 10 ◦C·min−1, carrier gas was N2, carrier gas velocity was
10 mL·min−1, and the test range was 70–600 ◦C.

(4) Determination of molecular weight of fluid loss additive ADAM-J

In order to determine the molecular weight of the fluid loss additive, gel permeation
chromatography was used to characterize the relative molecular weight.

2.2.4. Evaluation Method for Salt Resistance of Fluid Loss Additive ADAM-J

In order to ensure the stability of the fluid loss additive of cementing slurry, a salt
sensitivity evaluation of the synthetic fluid loss additive is needed [17–19]. For this design
of different brine concentrations for a cement slurry preparation and fluid loss test, the
cement slurry formula is 70 g Jiahua Class G oil well cement + 30 g metakaolin + 9 g
sodium silicate + 44 g water + 2 g fluid loss additive ADAM-J + 0.5 g defoamer. The
brine concentration of water for the slurry preparation is 0%, 6%, 12%, 18%, and 27%,
respectively.

2.2.5. Analysis Method of Action Mechanism of Fluid Loss Additive ADAM-J

(1) SEM analysis method

In order to observe the difference between the cement filter cake formed by the base
slurry and the filter cake formed by the addition of ADAM-J, the filter cakes obtained
from the two formulations were dried and analyzed by using an FEI Nova Nano 450 field
emission scanning electron microscope (FEI, Hillsboro, OR, USA). The mode of SEM is SE.

(2) Method for Zeta potential analysis of filter cake

In order to determine whether the fluid loss additive was adsorbed on the surface of
cement particles [20–22], the Zeta potential of the filter cake without fluid loss additive
and with fluid loss additive was tested by using a Malvern Zetasizer 2000 Zeta instrument
(Malvern Panalytical, Malvern, UK).

The filter cake, which was formed via the fluid loss experiment of base slurry, and the
cement slurry of base slurry + fluid loss additive ADAM-J were ground into powder. After
dispersing the powder with water, a Malvern Zetasizer 2000 Zeta instrument was used for
a potential analysis.

(3) Method for viscosity analysis of aqueous solution

In this paper, an NDJ-9S digital viscometer was used to test the viscosity of the fluid
loss additives JSJ-3 and ADAM-J.

The test formula was freshwater solution (176 g water + 8 g fluid loss additive) and
subsaturation saline solution (176 g water + 8 g fluid loss additive + 38.6 g industrial
sodium chloride).
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(4) Infrared analysis

A Thermo Scientific Nicolet iS10 Fourier-transform infrared (FTIR) spectrometer
(Thermo Scientific, Waltham, MA, USA) was used to characterize the structure of the
white powder. The structure of the fluid loss additive ADAM-J was analyzed according to
the IR spectrum. The spectra were recorded in the range of 4000–400 cm−1.

(5) Nuclear magnetic resonance hydrogen spectrum analysis

The purpose of this section is to verify the structure of the synthetic product by
analyzing the presence of various groups of polymer fluid loss additives via a nuclear
magnetic resonance hydrogen spectrum analysis. The purified polymer powder was
characterized by the German BRUKER ADVANCE 400M NMR spectrometer (BRUKER,
Billerica, MA, USA) with superconducting magnet. In this experiment, D2O was used as
the dissolved medium.

(6) Thermogravimetric analysis

In order to determine the temperature resistance of fluid loss additive ADAM-J, the
polymer was analyzed by using the German NETZSCH TG209F3 thermogravimetric ana-
lyzer (NETZSCH, Selb, Germany) for thermogravimetric analysis (TG). The experimental
conditions are as follows: heating rate is 10 ◦C min−1, carrier gas is N2, carrier gas velocity
is 10 mL·min−1, and test temperature range is 70–600 ◦C.

3. Results and Discussion
3.1. Molecular Structure Design
3.1.1. Molecular Structure Principle of Anti-Salt Fluid Loss Additive

The main mechanism of polymeric fluid loss additive: the polymer molecules absorb
on the surface of the cement particles by the adsorption end of the molecular chain, and
free ends of polymer molecular chains can form cemented reticular colloidal aggregates of
colloidal aggregation through mutual crosslinking, bound free fluid [23], under a certain
pressure difference, between the cement particles form thin impervious bed, stop free water
in the slurry penetrating into formation.

In order to make the fluid loss additive have good salt resistance, the following
two methods can be considered when polymerizing and selecting monomers. Method 1,
introduce a large number of anionic groups [24,25]. The cations in the salt water change the
morphology of polymer molecular chains and weaken the adsorption of anionic groups
on the surface of cement particles [26,27], and the effect of fluid loss control becomes
worse. Therefore, the introduction of a large number of anionic groups (sulfonic group and
carboxyl group) can mitigate the adverse effects of cations. Method 2, introduce a rigid
monomer [28]. In terms of the structure of the polymer molecular chain, the introduction
of a sulfonic group, benzene ring, or ring structure of pyrrolidone can increase the rigidity
of the polymer [29] and inhibit the curl and contraction of the polymer molecular chain,
thus enhancing the stability of copolymer.

3.1.2. Selection of Synthetic Monomers

In this paper, it is necessary to synthesize a kind of salt-resistant and temperature-
resistant fluid loss additive, which needs to be optimized from hydrophilic monomers,
salt-resistant monomers, and adsorbent monomers.

(1) Among adsorbent monomers, acrylamide and N,N-dimethyl acrylamide have good
adsorption because the hydrogen atom on N of N,N-dimethyl acrylamide is replaced
by two methyl groups; the steric hindering of methyl group leads to the amide group
having good stability under acidic or alkaline conditions.

(2) Among salt-resistance monomers, 2-propylene acyl amino-2-methyl propane sulfonic
acid, sodium styrene sulfonic acid, and N-vinyl pyrrolidone have large side effects,
but since 2-acryloy-2-methylpropyl sulfonic acid is low in cost, it was preferred as the
salt-resistant monomer.
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(3) Among hydrophilic monomers, itaconic acid is not considered because of its strong
retarding property [30]. Not only does maleic anhydride have strong hydrophilic-
ity [31], but also its ring structure can enhance the rigidity of the polymer molecular
chain and improve the temperature resistance of the polymer molecular chain [32,33],
so maleic anhydride was selected as the adsorbent monomer.

In this paper, considering the cost and synthesis process, four monomers—AMPS,
DMAA, MA, and AM—were selected for tetrad copolymerization.

According to the design of the molecular structure, we planned to use a quaternary
copolymer to synthesize the anti-salt additive. The expected molecular structure diagram
is shown in Figure 1.
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3.2. Single Factor Experiment
3.2.1. Optimization of Monomer Ratio

Four monomers in different molar ratio conditions were used, and according to the
improved synthesis steps for the preparation of fluid loss additive, the slurry system
formula used in the fluid loss experiment was 70 g Jiahua Class G oil well cement + 30 g
metakaolin + 9 g sodium silicate + 44 g water (18% concentration of brine) + 3 g fluid loss
additive ADAM-J + 0.5 g defoamer. The experimental conditions were as follows: 90 ◦C,
6.9 MPa, and 0.2% initiator.

The synthetic products with different monomer ratios were tested, and the test results
are shown in Table 3.

It can be seen from Table 3 that, keeping other conditions unchanged, the polymers
synthesized by 15 groups with different monomer ratios have great differences in fluid loss
ability in 18% brine cement slurry. Maleic anhydride can significantly enhance the fluid
loss reduction performance of ADAM-J.

When the monomer ratio of AMPS:DMAA:AM:MA is 6:1:4:0.5, 6:3:2:0.3, and 6:2:3:0.5, the
polymer formed has the best effect of fluid loss control, with fluid loss of 30 mL·(30 min)−1,
34 mL·(30 min)−1, and 32 mL·(30 min)−1, respectively. Considering that AM is an industrial-
grade material in the experiment (low price) and DMAA (high purity and high price) has
a high cost, the combination ratio with the lowest mole ratio of DMAA was selected as the
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optimal monomer ratio, which lays a foundation for realizing the industrialization with high
performance and low cost in the future. The monomer ratio of 6:1:4:0.5 was selected as the
monomer ratio in subsequent tests.

Table 3. Fluid loss effect tests of different monomer ratios.

The Ratio of Monomer
AMPS:DMAA:AM:MA/mol

Fluid Loss at 18% Brine
Concentration/(mL·(30 min)−1)

4:3:3:0.5 201
5:3:3:0.5 210
6:3:3:0.5 219
7:3:3:0.5 223
6:3:3:0.1 545
6:3:3:0.3 417
6:3:3:1 41

6:3:2:0.1 318
6:3:2:0.3 60
6:3:2:0.5 34

6:0.5:4.5:0.5 40
6:1:4:0.5 30
6:2:3:0.5 32

6:2.5:2.5:0.5 56
6:3:2.5:1 130

3.2.2. Effect of Reaction Temperature on Fluid Loss

In the process of polymerization, the reaction temperature directly affects the speed
of polymerization and the degree of reaction, which also affects the degree of polymer-
ization of reaction products [17]. The effect of the reaction temperature on the fluid loss
performance of the polymerization product was evaluated.

Keeping other conditions unchanged and changing the reaction temperature of the
polymer, the experimental temperature was set as 45 ◦C, 50 ◦C, 55 ◦C, 60 ◦C, and 65 ◦C. The
polymerization products were dried and crushed, and the fluid loss test was carried out.
The cement slurry formula was 70 g Jiahua Class G oil well cement +30 g metakaolin+ 9 g
sodium silicate + 44 g water (18% brine) + 3 g fluid loss additive ADAM-J + 0.5 g defoamer.
The experimental conditions were 90 ◦C and 6.9 MPa, and the test results are shown in
Figure 2.
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Figure 2. Effect of polymer reaction temperature on fluid loss.

As can be seen from Figure 2, a water loss test was carried out under the condition of
18% brine concentration. With the increase in the reaction temperature, the fluid loss of the
polymer gradually increased. When the synthesis temperature is 50 ◦C, the fluid loss is the
lowest. When the temperature rises above 55 ◦C, the fluid loss increases gradually. It is
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concluded that the rate of free radical formation induced by the initiator is slow when the
reaction temperature is low, resulting in a decrease in the number of molecular chains in
the whole system, while the total number of monomers remains unchanged. The number
of monomers polymerized on each molecular chain increases, the length of each molecular
chain increases, and the fluid loss effect increases. It also shows that the polymer formed at
the lower temperature has a better fluid loss effect, and the polymer at the high temperature
has a poor fluid loss effect. Therefore, the optimal temperature to determine the polymer
reaction is 50 ◦C.

3.2.3. Effect of Initiator Dosage on Fluid Loss

In the process of polymerization, the dosage of the initiator directly affects the molec-
ular weight of the polymerization product [34]. When the dosage of the initiator is too
low, it is difficult to initiate the polymerization of the monomer. When the dosage of the
initiator is too high, the molecular weight of the polymerization product is low, and it is
difficult to have a good fluid loss control effect. To this end, it is necessary to determine the
appropriate initiator dosage.

With a monomer AMPS:DMAA:AM:MA ratio of 6:1:4:0.5, a reaction temperature of
50 ◦C, the initiator dosage changed (0.12%, 0.14%, 0.16%, 0.18%, 0.20%), and other reaction
conditions remaining unchanged, the fluid loss of the polymerization products was tested
after drying and grinding, and the cement slurry formula was 70 g Jiahua Class G oil well
cement +30 g metakaolin + 9 g sodium silicate + 44 g water (18% brine) + 3 g fluid loss
additive ADAM-J + 0.5 g defoamer. The experimental conditions were 90 ◦C and 6.9 MPa,
and the test results are shown in Figure 3.
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As can be seen from Figure 3, with the dosage of the initiator (potassium persulfate
and sodium bisulfite), the fluid loss of the cement slurry shows a trend of a slight decrease
at first and then a rise. The fluid loss can be controlled within 10–12 mL·(30 min)−1 under
the condition of 3% dosage of fluid loss additive when the initiator dosage is 0.12–0.16%.
The change in fluid loss showed a slight decreasing trend. However, with the increase
in the initiator dosage, the fluid loss gradually increased. The reason for this is that, as
the initiator dosage increases, the number of free radicals produced in the polymerization
systems increases [35]. Competitive bonding of free radicals to amide groups is formed,
reducing the number of polymerizable monomers in the molecular chain of the synthesized
product [36]. So, the polymer molecular weight is decreased, thus reducing the slurry
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filtrate’s viscosity. This eventually leads to an increase in the fluid loss of the cement slurry.
Considering the cost of the initiator addition and fluid loss of the cement slurry, the optimal
initiator addition was determined to be 0.16%.

3.2.4. Effect of pH of Polymerization System on Fluid Loss Effect

In the process of polymerization, the pH of the solution will affect the fluid loss effect of
the polymerization product. Therefore, the influence of the pH value of the polymerization
system on the fluid loss effect of the polymerization product is studied in this section.

The monomer ratio was controlled as AMPS:DMAA:AM:MA = 6:1:4:0.5, the reaction
temperature was 50 ◦C, the initiator dosage was 0.16%, the monomer mass fraction was
20%, and the reaction time was 5 h. Under the same conditions, the pH value of the
polymerization system was changed, and sodium hydroxide was used to adjust the pH
value to 3, 5, 7, 9, and 11, respectively. Polymerization took place under different pH
conditions. The polymerization product was dried and crushed, and then the fluid loss
test of cement slurry was carried out. The test results are shown in Figure 4. The analysis
shows that the fluid loss of the fluid loss additive is the lowest when the pH is 7, and the
fluid loss effect of the polymerization product becomes worse when the pH is too high or
too low, so the optimal pH of the polymer fluid loss additive is 7.
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To sum up, the optimal synthesis conditions of the fluid loss additive were determined
by changing the monomer ratio, reaction temperature, initiator dosage, monomer mass
fraction, and other factors: AMPS: DMAA: AM: MA molar ratio was 6:1:4:0.5, monomer
mass fraction was 20%, pH value was 7, reaction temperature was 50 ◦C, initiator dosage
was 0.16% (potassium persulfate:sodium bisulfite is 1:1), reaction time was 5 h, the synthe-
sized fluid loss additive used was ADAM-J, and the fluid loss additive used in subsequent
experiments was the quaternized copolymer ADAM-J synthesized in this paper unless
otherwise specified.

3.3. Characterization Analysis of ADAM-J

In this paper, the fluid loss additive ADAM-J was characterized via an infrared spec-
trum analysis, hydrogen nuclear magnetic resonance spectroscopy, and a thermogravi-
metric analysis. The molecular structure and monomer polymerization of the fluid loss
additive were studied by conducting an infrared spectrum analysis and hydrogen nuclear
magnetic resonance spectroscopy. The purpose of a thermogravimetric analysis is to study
the temperature resistance of synthetic products.



Processes 2024, 12, 360 10 of 17

In the polymer characterization experiment, in order to eliminate the interference
of incomplete reacted monomers in the polymerization products on the test results, the
polymerization products should be purified first, and the specific operation steps are as
follows. A small amount of the reacted polymer solution was put into a dialysis membrane
with a retained molecular weight of 25,000 and then stirred and dialyzed in distilled water
for 3 days to remove the small amounts of unreacted monomers in the product. The purified
polymer was put into a glass surface dish for freeze-drying, and white polymer powder
was obtained after water removal.

3.3.1. Infrared Analysis of Fluid Loss Additive ADAM-J

The structure of the synthetic product was verified, as shown in Figure 5.
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As can be seen from Figure 5, there is a stretching vibration absorption peak of NH2-
for the primary amide at 3439 cm−1, and there is a stretching vibration absorption peak of
CH2

− at 2935 cm−1. At 1672 cm−1, there is a stretching vibration absorption peak of C=O
in the amide group. The stretching vibration absorption peak of COO- exists at 1558 cm−1.
The stretching vibration absorption peak of SO2

− exists at 1045 cm−1. However, there is no
characteristic absorption peak of C=C in the range of 1635–1620 cm−1, indicating that there
is no small molecule containing C=C in ADAM-J. It can be seen that all monomers were
polymerized, and the product obtained is the target product.

3.3.2. Nuclear Magnetic Resonance Hydrogen Spectrum Analysis of Fluid Loss
Additive ADAM-J

The measured hydrogen NMR spectra are shown in Figure 6.
Figure 6 shows that δ = 4.80 ppm is the absorption peak of solvent-heavy water.

δ = 7.70 ppm is the characteristic proton peak of the -NH- group in AMPS. δ = 1.52 ppm
is the characteristic proton absorption peak of the -CH3 group in AMPS. Between 3.00
and 3.95 ppm are characteristic proton absorption peaks of the -CH group on the main
chain of copolymerization. δ = 6.17 ppm is the N-H multiple proton absorption peak of
primary amide in AM, and δ = 2.73 ppm is characteristic proton absorption peak of the
-CH3 in DMAA. The characteristic proton absorption peak of the -CH group in MA is at
δ = 2.96 ppm.

Combined with the functional group information in the infrared spectrum analysis of
the copolymer, the synthetic fluid loss additive ADAM-J is a quaternary copolymer.
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3.3.3. Thermogravimetric Analysis of Fluid Loss Additive ADAM-J

The experimental results are shown in Figure 7.
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As can be seen from Figure 7, the polymer weight loss curve shows three weight loss
zones between 70 and 600 ◦C. In the temperature range of 70–248.6 ◦C, the mass loss of the
fluid loss additive is 2.91%. The mass loss at this stage comes mainly from the evaporation
of physically adsorbed water. In the temperature range of 248.6–363.9 ◦C, the mass loss
was 9.56%. The mass loss at this stage is due to the removal of structural water. In the
temperature range of 363.9–426.7 ◦C, the mass loss was 40%. The mass loss comes from
the thermal decomposition of unstable oxygen-containing functional groups (C=O, COOH,
etc.) in the fluid loss additive [37,38]. The decomposition temperature of the quaternary
copolymer was more than 360 ◦C, indicating that the fluid loss additive ADAM-J had good
temperature resistance. The analysis shows that the introduction of rigid sulfonic acid and
amide groups into the polymer chain improves the rigidity of the molecular chain, thus
improving the temperature resistance of the polymer [39].
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3.3.4. Determination of Molecular Weight of Fluid Loss Additive ADAM-J

In order to determine the molecular weight of ADAM-J, gel permeation chromatogra-
phy was used in this paper to characterize the relative molecular weight, and the results
are shown in Table 4.

Table 4. Molecular weight and dispersion coefficient of fluid loss additive ADAM-J.

Number Average Molecular
Weight,

Mn

Weight Average Molecular
Weight,

Mw

Dispersion Coefficient

201,831 1,182,950 5.86

As can be seen from Table 4, the weight average molecular weight of the fluid loss
additive ADAM-J is 1,182,950, the number average molecular weight is 201,831, and the
dispersion coefficient is 5.86. ADAM-J has a wide molecular weight distribution, which is
conducive to the adsorption of different sizes of fluid loss additive molecules on the surface
of cement particles. The better the adsorption, the better the fluid loss effect of the fluid
loss additive ADAM-J.

3.4. Evaluation of Fluid Loss Additive

Although the evaluation of the fluid loss additive in the development process of the
previous section was carried out under 18% salt concentration, it is not known whether the
synthetic fluid loss additive was sensitive to the salt concentration. In order to ensure the
stability of the fluid loss performance of the cement slurry in the salt rock cap layer, a salt
sensitivity evaluation of the synthetic fluid loss additive is needed [40,41]. For this design
of different salt concentrations of cement slurry preparation and fluid loss test, the cement
slurry formula was 70 g Jiahua Class G oil well cement +30 g metakaolin+ 9 g sodium
silicate + 44 g water + 2 g fluid loss additive ADAM-J + 0.5 g defoamer. The prepared
cement paste is shown in Figure 8. The salt concentration of water for slurry preparation is
0%, 6%, 12%, 18%, and 27%, respectively. The test results of the fluid loss and compressive
strength of set cement are shown in Table 5. The experimental conditions are 90 ◦C and
6.9 MPa.
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Figure 8. Cement–metakaolin paste.

As can be seen from Table 5, with the increase in the brine concentration, the com-
pressive strength of the cement stone decreases from 31.36 MPa to about 22.60 MPa, which
still meets the standard of the 24 h compressive strength of cement stone being more than
14 MPa. The fluid loss of freshwater cement slurry can be controlled at 12 mL·(30 min)−1,
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and 24 mL·(30 min)−1 in semi-saturated brine. The dosage of the fluid loss additive can be
reduced if the fluid loss requirement is not strict.

Table 5. Evaluation of salt resistance of cement slurry system.

Brine Concentration/% Fluid Loss/mL Compressive Strength
(24 h)/MPa

0 12 31.36
6 18 29.02
12 22 26.79
18 24 24.28
27 24 22.60

3.5. Analysis of Action Mechanism of Fluid Loss Additive ADAM-J

In this section, the mechanism of the fluid loss additive ADAM-J was analyzed by
means of the SEM analysis, Zeta potential analysis, viscosity change, and molecular weight
determination of polymer aqueous solution in fresh water and saturated salt water.

3.5.1. SEM Analysis

In order to observe the difference between the cement filter cake formed by the base
slurry and the filter cake formed by the addition of ADAM-J, which was determined via a
fluid loss experiment, the filter cakes obtained by the two formulas were dried, respectively,
and analyzed by using an FEI Nova Nano 450 field emission scanning electron microscope
(SEM). The analysis results are shown in Figures 9 and 10.
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It can be seen from Figures 9 and 10 that the surface compactness of the cement
filter cake is obviously changed after the addition of the fluid loss additive ADAM-J into
cement. In the pure cement, the cement slurry filter cake has obvious connected pores,
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which provide channels for the fluid loss of the cement slurry. Under the effect of the
experimental pressure difference, the free water in the cement slurry passes through the
connected channels quickly, and the gas penetration phenomenon occurs quickly. However,
the filter cake formed by adding the fluid loss additive has a dense structure (as shown in
Figure 10), and there are basically no obvious connected holes. According to the analysis,
as the negatively charged copolymer molecular chain was wrapped over the surface of
cement particles, the long chain structure of the fluid loss additive was deformed under the
action of pressure, filling part of the holes and connected channels of filter cake, making
it more difficult for free water to pass through mud cake, so as to achieve the purpose of
fluid loss [42–45].

3.5.2. Zeta Potential Analysis of Filter Cake

In order to determine whether the fluid loss additive is adsorbed on the surface of
cement particles, the Zeta potential of the filter cakes without fluid loss additive and with
fluid loss additive was tested by using a Malvern Zetasizer 2000 Zeta instrument.

The filter cake formed by the cement slurry of base slurry and base slurry with fluid
loss additive ADAM-J was ground into powder through a fluid loss experiment. After using
water dispersion, the potential analysis was carried out by using the Malvern Zetasizer
2000 Zeta instrument. The experimental results are shown in Table 6.

Table 6. Zeta potential of filter cake of base slurry and base slurry + ADAM-J.

Groups Base Slurry Base Slurry + Fluid Loss Additive

Zeta potential/mV 1.65 −13.83

It can be seen from Table 6 that the Zeta potential value of pure cement slurry is
positive, and the Zeta potential of the system is electronegative when a fluid loss additive
is added to cement slurry. The analysis shows that the fluid loss additive ADAM-J itself
has negative functional groups (sulfonic acid group and carboxylic acid group), and pure
cement slurry is positively charged, so the sulfonic acid group and carboxylic acid group
will be adsorbed on the surface of cement particles [46,47], and these negatively charged
copolymer molecules make cement particles with a strong negative charge. On the other
hand, due to the presence of non-ionic groups (such as amides) on the polymer molecular
chain, the free water in cement slurry is bound by strong adsorption, so as to achieve a
good fluid loss control effect.

3.5.3. Viscosity Analysis of Aqueous Solution

In this paper, an NDJ-9S digital viscometer was used to test the viscosity of the fluid
loss additives JSJ-3 and ADAM-J.

The test formula was freshwater solution (176 g water + 8 g fluid loss additive) and
subsaturation saline solution (176 g water + 8 g fluid loss additive + 38.6 g industrial
sodium chloride), and the test results are shown in Table 4.

As can be seen from Table 7, the fluid loss additives JSJ-3 and ADAM-J can improve
the liquid viscosity of cement slurry in freshwater slurry, but in subsaturation saline, the
viscosity of aqueous solution with the fluid loss additive JSJ-3 decreases from 35.23 mPa·s
to 12.89 mPa·s. The viscosity of the aqueous solution decreased by 63.41%, while the
viscosity of the aqueous solution with ADAM-J decreased by 27.20%, from 51.10 mPa·s
to 37.20 mPa·s. Moreover, it still maintains good viscosity characteristics, indicating that
the fluid loss additive ADAM-J can maintain high viscosity in subsaturation saline and
increase the flow resistance of filtrate, thus showing a good fluid loss effect in brine.
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Table 7. Viscosity variation in aqueous solutions in fresh water and subsaturation saline with different
fluid loss additives.

Type of Fluid Loss Additive Fluid Loss Additive JSJ-3
(Powder)

Fluid Loss Additive ADAM-J
(Powder)

Viscosity of aqueous solution
in fresh water/mPa·s 35.23 51.10

Viscosity of aqueous solution
in subsaturation saline/mPa·s 12.89 37.20

4. Conclusions

Through research and analysis, the following conclusions are obtained:

(1) The optimal synthesis conditions of the fluid loss additive were determined by chang-
ing the monomer ratio, reaction temperature, initiator dosage, monomer mass fraction,
and other factors: AMPS:DMAA:AM:MA molar ratio was 6:1:4:0.5; monomer mass
fraction was 20%; pH value was 7; reaction temperature was 50 ◦C; initiator dosage
was 0.16% (potassium persulfate: sodium bisulfite is 1:1); reaction time was 5 h; and
the synthesized fluid loss additive used was ADAM-J, which has excellent fluid loss
performance and salt resistance.

(2) With the increase in the brine concentration, the compressive strength of cement
stone decreases from 31.36 MPa to about 22.60 MPa, which still meets the standard
24 h compressive strength of cement stone of more than 14 MPa. The fluid loss of
freshwater cement slurry can be controlled at 12 mL·(30 min)−1, and 24 mL·(30 min)−1

in semi-saturated brine.
(3) Through the scanning electron microscopy, Zeta potential analysis, viscosity change

in aqueous solution, and polymer molecular weight analysis of the action mechanism
of ADAM-J, we can see that the main role includes the following three aspects:
(a) After adding the fluid loss additive ADAM-J, the set cement structure became
more compact compared with the pure set cement due to the negatively charged
copolymer molecular chains wrapped over the cement particles’ surface, deformation
under the action of pressure, and better process of filling the cement hydration hole
and connecting channel, making the cement filter cake’s structure more compact
compared with the pure cement filter cake, thus achieving the effect of fluid loss.
(b) The sulfonic acid group and carboxylic acid group of the fluid loss additive
ADAM-J will adsorb on the surface of cement particles. These negatively charged
copolymer molecules give the surface of cement particles strong negative electricity.
The hydrophilic groups on the polymer molecular chain bind free water, so as to
achieve a good fluid loss effect. (c) ADAM has a high molecular weight, which can
still ensure the viscosity of cement slurry filtrate of 37.20 mPa·s in subsaturation brine,
greatly increasing the flow resistance of filtrate to achieve the effect of fluid loss.
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