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The high-temperature stability and filtration property controlling of ultra-high-temperature water-based drilling fluids is a
worldwide problem. To resolve this problem, a high-temperature-resistant quaternary copolymer (HTRTP) was synthesized
based on molecular structure optimization design and monomer optimization. The physical and chemical properties were
characterized by infrared spectroscopy, thermal weight, and spectrophotometry, and their temperature and salt resistance was
evaluated in different drilling fluids, combined with adsorption, particle size analysis, and stability test. The results show that
the thermal stability of HTRTP is very strong, and the initial temperature of thermal decomposition is above 320°C. The salt
resistance of HTRTP is more than 162 g/L, and the calcium resistance is more than 5000 mg/L, which is equivalent to the
foreign temperature-resistant polymer DCL-a, and is superior to the domestic metal ion viscosity increasing fluid loss agent
PMHA-II for drilling fluids. It has excellent high-temperature resistance (245°C) and fluid loss reduction effect in fresh water
base mud, fresh water weighted base mud, saturated brine base mud, and composite salt water base mud, which is better than
foreign DCL-a (245°C) and domestic PMHA (220°C). The adsorption capacity of HTRTP on clay particles is large and firm,
and the adsorption capacity changes little under the change of chemical environment and temperature. Both before and after
HTRTP aging (245°C/16 h), the permeability of filter cake can be significantly reduced and its compressibility can be improved.
By optimizing the particle size gradation of the drilling fluid and enhancing the colloid stability of the system, HTRTP can
improve the filtration building capacity of the drilling fluid and reduce the filtration volume. The development of antithermal
polymer provides a key treatment agent for the study of anti-high-temperature-resistant saline-based drilling fluid.

1. Introduction

The fluid loss additive, also known as the fluid loss control
preparation and water loss additive, is an important drilling
fluid treatment agent to ensure the stability of drilling fluid
performance, reduce the loss of harmful fluids to the forma-
tion, stabilize the well wall, and ensure the well diameter rule
[1, 2]. At present, the following categories of fluid loss agents
are used at home and abroad: (1) modified lignite [3]; (2)
modified starch [4]; (3) modified cellulose [5]; (4) modified
resin [6]; and (5) olefin monomer polymers [7]. With the

development of the depth of petroleum exploration and
development, the drilling depth keeps deepening and the
bottom hole temperature is getting higher and higher, which
puts forward higher requirements for the control of drilling
fluid filtration and rheological properties [8, 9]. Commonly
used natural and natural modified fluid loss reducers could
not meet the needs of deep and ultradeep well drilling. Poly-
mer fluid loss additive not only reduces fluid loss but also
regulates rheological properties [10, 11]. It is an indispens-
able key treatment agent for high-temperature and ultra-
high-temperature water-based drilling fluids [12, 13]. Since
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the 1970s, the new synthetic polymer drilling fluid treatment
agent which is resistant to high temperature and electrolyte
pollution has been studied at home and abroad and has been
applied in deep and ultradeep well drilling [14, 15]. With
excellent performance of resistance to high temperature
and salt resistance, the treatment agent has the following
several kinds: Oseh et al. [16] on synthesizing a polypropyl-
ene-silica nanocomposite (PP-SiO, NC) using hot-emul-
sion sol-gel method as a viscosity modifier and filtration
control agent for WBMs. PP-SiO, NC is spherical, with a
particle size distribution between 80 and 390 nm, finely dis-
persed; a stronger resistance from 430°C to 485°C; and better
filtration control and rheological properties, and plastic vis-
cosity is reduced by 22.7%. Chang et al. [17] have developed
a new environmentally friendly fluid loss agent nano-LS
(nano-LS) with good thermal stability, salt tolerance, and
calcium resistance. The water-based drilling fluid prepared
with it maintains its stability at 200°C and can control the
water loss at 7.5mL. The high-temperature- and salt-
resistant polymer DCL-a, developed by Philips and Chevron,
can effectively reduce the high-temperature and high-
pressure filtration of drilling fluid. The temperature resis-
tance is more than 230°C, and it has strong salt and calcium
resistance. At present, the thermal resistance of polymer fil-
trate reduction agents at home and abroad still cannot meet
the requirements of ultra-high-temperature filtration control
in deep and ultradeep well drilling [18, 19]. Therefore, this
paper carried out the synthesis and characterization of
high-temperature- and salt-resistant quaternary polymer,
evaluation of filtration loss performance and stability in dril-
ling fluid, and analysis of its action mechanism [20, 21].

2. Experimental

2.1. Material. Anhydrous sodium carbonate, 2-methyl-2-
acrylamide  propanesulfonic  acid  (AMPS), N-
vinylpyrrolidone (NVP), N, N-diethylacrylamide (DEAM),
and dimethyldiallylammonium chloride (DMDAAC) are
all industrial products for the industrial pilot amplification
production [22, 23]. The initiator and sodium hydroxide
were analytical pure. Drilling fluid with metal ions increased
sticky fluid loss agent PMHA from the Xinjiang oil field
(high-temperature-resistant polymer DCL-a, foreign Cono-
coPhillips company).

IRAfhinity-1 Fourier Transform Infrared Spectrometer
(Shimadzu Corporation, Japan), HTG-1 thermogravimetric
analyzer (Beijing Hengjiu Scientific Instrument Factory),
Model 722 UV-Vis Spectrophotometer (Shanghai Precision
Instrument Co., Ltd.), ZNS2 medium pressure filter loss
instrument (Qingdao Haitongda Special Instrument Co.,
Ltd.), and ZNN-D6 model six-speed rotary viscometer
(Qingdao Haitongda Special Instrument Co., Ltd.) were the
materials used.

2.2. Synthesis of Quaternary Copolymer
2.2.1. Synthesis Principle

(1) Competitive Rate of Polymer. The reactivity rate is the
ratio of the rate constants of homopolymer (self) growth
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and copolymer (cross) growth. The reactivity ratios of the
designed high-temperature-resistant quaternary copolymers
can be estimated using the -e equation proposed by Alfrey
and Price. The calculated values of the reactivity ratios of
the four monomers (Table 1) show that the product of the
reactivity ratios between the monomers is less than 1, indi-
cating that the nonideal copolymerization occurs in this syn-
thesis [24].

(2) Structural Formula. According to the principle of poly-
merization reaction, the possible structural formula of
HTRTP is shown in Figure 1.

2.2.2. Synthesis. The reaction monomers
(AMPS : DEAM : DMDAAC :NVP=6:3:3:1) were
added in the four-point flask, and then, the reaction mono-
mers were added in turn. The pH value of the system was
adjusted to 7.0 with 30% NaOH solution, and the tempera-
ture was raised to 60°C. The initiator of 0.1% of the total
monomer was added, and the viscous liquid product was
obtained by stirring for 4h. The product was dried and
crushed at 105°C to obtain HTRTP in powder form.

2.3. Characterization

2.3.1. Composition and Molecular Weight. Acetone was used
as precipitant, and HTRTP was purified and dried by solu-
tion precipitation. The structure of HTRTP was analyzed
by Fourier transform infrared spectroscopy (FT-IR) with
KBr.

The “one-point method” was used to determine the
intrinsic viscosity of the polymer (fluid loss additive), and
the viscosity average molecular weight of the polymer was
estimated by the Mark-Houwink empirical formula [25].
The calculation is as follows:

_ +[y/2[((t/1g) = 1) = In (z/7y)]
M_\/ ke ’ (1)

where C is solute concentration, g/mL; M is the molecular
weight of the solute; and K and « are constants related to
the determination conditions and polymer structure, and
the value of K is 3.684 x 1072, and the value of a is 0.646.

2.3.2. Resistance to Temperature. In N, atmosphere, the
purified HTRTP was subjected to thermogravimetric analy-
sis on a thermogravimetric analyzer at a temperature of
29°C-800°C and a heating rate of 5°C/min [26].

With 0.2 mol/L NaCl solution as solvent, 0.2% HTRTP
and DCL-a solutions were prepared, and their intrinsic vis-
cosities after aging at different temperatures for 8 hours were
measured by an ohmmeter.

2.3.3. Ability to Antisalt. The salting-out resistance of high-
temperature-resistant quaternary copolymer was tested and
evaluated by UV-visible photometry [27]. In making poly-
mer aqueous solution (PMHA, DCL-a, and HTRTP), the
concentration is 0.5%. Add different amounts of distilled
water and 180g/L sodium chloride solution to a test tube
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TaBLE 1: Estimation results of monomer’s reactivity ratio.

Monomer Q value e value Competitive rate of poly Competitive rate product
NVP 0.15 1.2 71, = 0.05; 7,5 = 0.008; r,, = 0.002 F1atyy = 0.059
AMPS 0.38 0.46 ry = 1.180; 1,5 = 0.487; 1,, = 0.096 r1373 = 0.002
71474 = 0.005
DEAM 1.16 1.32 r3; =0.278; r3, =0.981; 13, =0.174 F3T3y = 0.478
To4T 4y = 0.601
DMDACC 5.46 1.17 Ty =2.274; 145 = 6.261; 1,5 = 5.61 0,976
‘[CH CHH CH, CH H CH, CH H cH, CH CH cH, ]_ put into a high-temperature aging tank and rolled at
CH CH 220°C and 245°C for 16h, respectively. The rheological
NCH CH, O\< 7 \Nél properties and filtration loss of the slurry were measured
cH éH VAN by the same method.
s, CH,CCH CH, CH
cH ’ ’ 2.4.2. Effect of Fluid Loss Reduction in Fresh Water Weighted
S' OzNa Base Slurry. The experimental base slurry is composed
’ 0f400 mL tap water + 1.2 ganhydrous sodium carbonate + 6
FIGURE 1 %secondary bentonite + 5%evaluation soil + 30%barite,
respectively, to the early hydration good base paste to add
%0 1% of the sample evaluation (PMHA, DCL-a, HTRTP), stir-
ring evenly, into the high-temperature aging tank, respec-
70 tively, under 220°C and 245°C hot rolled out after 16h,
measuring the rheological property and filtration.
g ® 2.4.3. Effect of Fluid Loss Reduction in Saturated Salt-Water-
% 50 Based Slurry. The experimental base slurry is composed
£ of-
S 401 400 mL tap water + 1.2 ganhydrous sodium carbonate + 6%
= 30 secondary bentonite + 10%evaluation soil + 30%sodium
chloride, respectively, to the early hydration good base paste
20 4 to add 1.5% of the sample evaluation (PMHA, DCL-a,
HTRTP), stirring evenly, into the high-temperature aging
10 tank, respectively, under 220°C and 245°C hot rolled out

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

FIGURE 2: Infrared spectrogram of HTRTP.

containing 1.0 mL sample solution, and shake well. Distilled
water was used as blank experiment, and the transmissivity
of each solution was measured with a 722 spectrophotome-
ter. After salting out, the solution becomes turbid, which
causes the change of transmission ratio of the solution.
Therefore, when the salt in the solution reaches or exceeds
the turbidity point, the transmission ratio of the solution is
significantly reduced, and the turbidity point salinity of the
copolymer is determined.

2.4. Evaluation of Filtration Loss Reduction Effect

2.4.1. Evaluation of Fluid Loss Reduction Effect in Fresh
Water Base Slurry. The experimental base slurry is com-
posed of 400 mL tap water +0.8 g anhydrous sodium car-
bonate +4% secondary bentonite +3% evaluation soil,
respectively, to the early hydration good base paste to
add 1% of the sample evaluation (PMHA, DCL-a, and
HTRTP), stirring evenly, measuring the rheological prop-
erty and filtration [28]. The experimental slurry was then

after 16 h, measuring the rheological property and filtration.
2.5. Research on Mechanism of Action

2.5.1. Adsorption Characteristics on Clay Particle Surface. A
known amount of polymer solution was added to 4 wt % cal-
cium montmorillonite (purified with 15wt % H,O,) suspen-
sion and then diluted with 50 mL distilled water. The initial
concentration of polymer was recorded as c,. The suspen-
sion was agitated vigorously and then left to stand for
20 min to allow the adsorption process of the quadripolymer
to complete at given temperature. The suspension was sub-
sequently centrifuged for 30 min at a speed of 1000 rpm
using a KUBOTA 3500 centrifuge. The concentration of
unadsorbed quadripolymer, ¢, located in the clear centri-
fuged supernatant was measured via absorbance at wave-
lengths of 390nm and 330nm for polymer solution using
an ultraviolet spectrophotometer (722, Shanghai Yuanxi
Instruments Co., Ltd., China). Applying material balance
of the polymer, the adsorption of polymer on clay particles
can be calculated via
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TaBLE 2: Testing results of intrinsic viscosity and molecular weights.

Sample Concentration (g/100 mL) 0.1 0.2 0.3 Average intrinsic viscosity (mL/g) Molecular weight
Average outflow time (s) 76.13 98.68 123.24
HTRTP Cer T 284.06 1040322
Intrinsic viscosity (mL/g) 279.06 288.29 284.87
Average outflow time/s 79.92 107.69 141.06
DCL-a Trer T 339.78 1372721
Intrinsic viscosity (mL/g) 332.72 341.59 345.04
where 7 is the mass of polymers absorbed onto specific 1107
weight calcium montmorillonite, mg/g; v is volume of solu- 100 ~
tion, L; ¢, and ¢, are polymer concentration before and after 90 - g
polymer absorbed onto calcium montmorillonite, mg/L; and S g0l £
G is the mass of calcium montmorillonite, g. pt ] 2
g 70+ -
2.5.2. Influence on Filter Cake Quality. The effect of its addi- 2 o] 5
tion in fresh water base slurry on the permeability of filter cake = ] E
was investigated. After measuring the API filtration loss, care- g 507 =
fully remove the substrate slurry on the surface of the filter = 40 4 &
cake [29], replace it with distilled water, measure the volume 30 E
of water for 30 min, measure the thickness of the filter cake ]
with a steel plate ruler, and calculate the permeability K of 20
the filter cake according to the following formula: 0 100 200 300 400 500 600 700 800

K =0.175vh x 107°,

3)

where K is the permeability of mud cake, ymz; v is the effluent
volume, mL; / is the thickness of mud cake, mm; and 0.175 is
the conversion factor (0.07 for high temperature and high
pressure).

The effect of several treatment agents on the compress-
ibility of base mud was investigated by using the “two-
stage water loss method” which is simple, feasible, and reli-
able. If other factors are set to be constant, the compressibil-
ity of filter cake can be expressed by a simple proportional
relationship of filtration rate at 500 psi and 100 psi:

VSOO

R=+—=, (4)
Vioo

in which R is the compressibility coefficient of the filter cake
and Vg, and V, are static filtration loss under pressure
difference of 500 psi and 100 psi, respectively.

2.5.3. Particle Size and Specific Area Measurements of
Calcium Clay. The suspensions were prepared by mixing
deionized water, 4% (w/v) calcium montmorillonite, and
0.3% (w/v) viscosity breaker (XY-28, sulfonated tannin and
quadripolymer separately), stirring for 20 minutes at a high
speed of 10,000 rpm and aging for 24 hours at room temper-
ature. Aging experiments of suspensions were carried out in
a XGRL-4A-type rolling oven through hot rolling at 220°C
(XY-28) or 245°C (sulfonated tannin and quadripolymer)
for 16 hours. Concentrated NaOH (10mol/L) and HCI
(6 mol/L) solutions were used to change pH so as not to
cause excessive dilution of samples. The size distribution
and specific area of clay particles in suspension were deter-
mined using a Bettersize2000 laser particle analyzer.

Temperature (°C)

—a— Weightlessness curve

—e— Differential curve of weight loss

FIGURe 3: Curves of TG and DTA of HTRTP in nitrogen gas
ambience.
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FIGURE 4: Viscosity-temperature curves of HTRTP and DCL-a.

2.54. Influence on Stability of Fresh Water Base Slurry
Colloid. Turbiscan, an infrared scanning dynamic stability
tester, can quantitatively evaluate the stability of dispersion
systems such as colloid, foam, and suspension. The effects
of 0.1%, 0.2%, and 0.3% HTRTP on the colloidal stability
of 3% bentonite slurry before and after aging (245°C/16h)
were investigated.
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TaBLE 3: Experimental results of antisalting out of PMHA.
Concentration of Cl” (g/L) 0 108 126 144 162
Solution transmission ratio of PMHA 98.8 98.6 98.3 97.9 95.1 94.3
Solution transmission ratio of DCL-a 99.0 98.9 98.7 98.5 98.3 98.0
Solution transmission ratio of HTRTP 98.3 98.2 98.1 98.0 97.7 974
TaBLE 4: Experimental results of antisalting out of PMHA.
Concentration of CaCl, (mg/L) 0 500 1500 2500 4000 5000
Solution transmission ratio of PMHA 98.8 984 98.0 96.2 95.4 94.5
Solution transmission ratio of DCL-a 99.0 99.0 98.8 98.6 984 98.1
Solution transmission ratio of HTRTP 98.3 98.2 98.1 98.0 97.8 97.5
TasLE 5: Comparison of fluid loss controlling of fluid loss agents in fresh water slurry.
Experimental slurry Test conditions AV (mPa-s) PV (mPa-s) YP (Pa) API (mL)
Room temperature 8.5 3 5.5 24.0
3-1 basic slurry Room temperature after 220°C/16 h 7 3 4 34.0
Room temperature after 245°C/16 h 8.5 8 0.5 41.0
Basic slurry + 1PMHA Room temperature 0 60 30 30 8.4
Room temperature after 220°C/16 h 4 1 3 12.4
R t t 53 21 32 10.6
Basic slurry + 1%DCL - a oot temperatitre .
Room temperature after 245°C/16 h 11 10 1 20.6
R 4 2 12 7.
Basic slurry + 1%HTRTP oom temperature N 0 8 8
Room temperature after 245°C/16 h 17 14 3 11.0
TaBLE 6: Comparison of fluid loss controlling of fluid loss agents in weighted fresh water slurry.
Experimental slurry Test conditions AV (mPa-s) PV (mPa-s) YP (Pa) API (mL)
. Room temperature after 220°C/16 h 35 16 19 16.0
3-2 basic slurry .
Room temperature after 245°C/16 h 38 26 12 21.0
1% PMHA Room temperature after 220°C/16 h 335 27 6.5 84
1% DCL-a Room temperature after 245°C/16 h 45 35 10 6.6
1% HTRTP Room temperature after 245°C/16 h 41 32 9 6.0
TaBLE 7: Comparison of fluid loss controlling of fluid loss agents in saturated brine slurry.
Experimental slurry Test conditions AV (mPa-s) PV (mPa-s) YP (Pa) API (mL)
. Room temperature after 220°C/16 h 18 8 10 124
Basic slurry i
Room temperature after 245°C/16 h 17.5 6 11.5 143
1.5% PMHA Room temperature after 220°C/16 h 16.5 9 7.5 49
1.5% DCL-a Room temperature after 245°C/16 h 40 19 21 24
1.5% HTRTP Room temperature after 245°C/16 h 45 24 21 18

3. Results and Discussion

3.1. Characterization

3.1.1. Composition and Molecular Weight. It can be seen
from Figure 2 that the stretching vibration absorption peak
at 3450cm™ is N-H; 3060cm™ is the absorption peak of
stretching vibration of C-H bond of -CH,- in the ring.
2960 cm” is the characteristic absorption peak of C-H bond
of -CH,. 2920cm™ is the absorption peak of stretching

vibration of C-H bond of -CH, in chain. At 1730 cm™, there
is a stretching vibration absorption peak with C=0. The
characteristic absorption peaks of -C(O)NH- are at
1660 cm™ and 1540 cm™. At 1520 cm™, there is the vibration
absorption peak of N-H bond deformation. The absorption
peak of bending vibration of C-H bond of -CH, is at
1460cm™. At 1300cm™’, =C=N- stretching vibration
absorption peaks. The characteristic absorption peaks of-
SO, are at 1190cm™" and 1040 cm™'. The results show that
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FiGurek 5: Effect of temperature on adsorption quantity of DCL-a and HTRTP.

the molecular chain of the product has the predicted group
of molecular structure design, which verifies the correctness
of the molecular structure design and the correctness of the
HTRTP synthesis reaction scheme.

It can be seen from the test results in Table 2 that the
molecular weight of HTRTP is about 1.04 million, which is
smaller than that of high-temperature-resistant polymer
DCL-a, and its influence on drilling fluid viscosity will be
smaller than that of DCL-a.

3.1.2. Temperature Resistance. It can be seen from the ther-
mal difference curve in Figure 3 that the thermal decompo-
sition process of HTRTP can be divided into many stages, of
which there are two main pyrolysis stages. The first stage
occurs between 320 and 360°C with a weight loss rate of
20%-25%, which is mainly the decomposition of carboxylic
acid group 9 and sulfonic acid group on the side chain.
The second stage, which occurs above 400°C, is mainly the
decomposition of the backbone chain of polymerization.
The total weight loss rate of these two stages is 52.41%. It
can be seen that the high-temperature-resistant quaternary
copolymer HTRTP has strong thermal stability.

As shown in Figure 4, with the increase of aging temper-
ature, the intrinsic viscosity of HTRTP decreased more
slowly than that of DCL-a, indicating that HTRTP had bet-
ter temperature resistance than DCL-a in aqueous solution.

3.1.3. Resistance to Salting Out. It can be seen from Table 3
that when the CI' concentration of PMHA increases from
126g/L to 144g/L, the transmittance of PMHA solution
changes suddenly, indicating that the solution begins to
become cloudy; that is, the antisalting out ability of PMHA
(calculated by CI') is between 126 g/L and 144 g/L. At the
Cl" concentration of 162g/L, the transmittance of DCL-a

50 4

Adsorption capacity (mg/g)
w w IS S
(=) (92} (==} w

[ 5]
v
L

9 10 11
pH value

N
e}

—=— HTRTP
—o— DCL-a

FiGurek 6: Effect of pH value on adsorption quantity of DCL-a and
HTRTP.

solution and HTRTP solution still has no obvious change,
indicating that the solutions have not become turbid; that
is, the salting-out resistance of DCL-a and HTRTP (calcu-
lated by CI') is greater than 162 g/L.

It can be seen from Table 4 that when the concentration
of CaCl, increases from 1500 mg/L to 2500 mg/L, the trans-
mittance of PMHA solution changes suddenly, indicating
that the solution begins to become cloudy; that is, the cal-
cium resistance of PMHA (calculated by CaCl,) is between
1500 mg/L and 2500 mg/L; with the increase of CaCl, con-
centration, the transmittance of DCL-a solution and HTRTP
solution has no significant change. When CaCl, concentra-
tion reached 5000 mg/L, the transmittance did not change
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obviously, which indicated that the solutions did not become
turbid; that is, the calcium resistance of DCL-a and HTRTP
(calculated by CaCl,) was greater than 5000 mg/L.

3.2. Evaluation of Fluid Loss Reduction Effect

3.2.1. Evaluation of Fluid Loss Reduction in Fresh Water Base
Slurry. As shown in Table 5, the API filtration loss of
HTRTP was the lowest before and after aging, and the vis-
cosity changed the least before and after aging. The filtration
loss of fresh water base slurry treated with 1% HTRTP
decreased from 41 mL to 11 mL after aging at 245°C/16h at
high temperature. 1% PMHA was processed in fresh water
slurry in 220°C/16h after high-temperature aging filtration
quantity from 34 mL of 12.4 mL, but after aging experiment,
paste viscosity decreased; treatment may have serious degra-
dation. When the fresh water base slurry treated with 1%
DCL-a was aged at 245°C/16h, the filtrate loss reduction
effect was not as good as that of HTRTP. The results indi-
cated that HTRTP not only had a good filtration loss reduc-
tion effect but also had a better temperature resistance in
fresh water base slurry.

3.2.2. Effect of Fluid Loss Reduction in Fresh Water Weighted
Base Slurry. As can be seen from Table 6, API filtration loss
of experimental slurry after aging is low, among which the
experimental slurry treated by 1% HTRTP has the lowest fil-
tration loss, which is 6.0 mL. It was shown that in fresh water
increased base slurry, HTRTP fluid loss effect is better than
PMHA and DCL-a.

3.2.3. Effect of Fluid Loss Reduction in Saturated Salt-Water-
Based Slurry. It can be seen from Table 7 that, compared
with the base slurry, the API filtration loss of the aging
experimental slurry treated with filtration reduction agent
was significantly reduced, among which the experimental
slurry treated with 1.5% HTRTP had the lowest filtration
loss, which was 18.0 mL. It is shown that the filtration reduc-
tion effect of HTRTP is better than that of PMHA and DCL-
a in saturated salt-water-based slurry.

3.3. Study on Mechanism of Action
3.3.1. Adsorption Properties on the Surface of Clay Particles

(1) Influence of Temperature. As can be seen from Figure 5,
at the same temperature, with the increase of HTRTP and
DCL-a concentration, their adsorption capacity on clay par-
ticles increased. With the increase of temperature, the
adsorption amount decreased. It can also be seen from the
figure that both HTRTP and DCL-a have different adsorp-
tion isotherms at different temperatures. The reason is that
adsorption is an exothermic reaction, and increasing tem-
perature is conducive to equilibrium in the direction of
desorption. In addition, when the temperature rises, the
thermal movement of clay particles intensifies, which is not
conducive to adsorption.

(2) Influence of pH. As can be seen from Figure 6, when pH
is 8, the adsorption capacity of the two polymers on the
surface of clay particles reaches the maximum. When pH

Adsorption capacity (mg/g)
T
S & 5 3

—_
(=]
L

(=]

(=}
v
—_
(=}
—_
w
[
(=}
[35]
w

NaCl concentration (%)
—s— HTRTP
—e— DCL-a

FiGure 7: Effect of NaCl content on adsorption quantity of DCL-a
and HTRTP.
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40
y=171.83x - 55.909

35 R*=0.9931
30 -
25

20

API water loss (mL)

15 +

10 + n

T T T T
0.35 0.40 0.45 0.50 0.55
Cake permeability (dmx107%)

FIGURE 8: Relation between filter cake permeability and API
filtration under different HTRTP contents.

is higher or lower than this value, the adsorption capacity
decreases. Within the test range, the higher the pH value,
the lower the adsorption capacity. The reason is that when
the pH is 8, the clay particles are fully dispersed and the
negative charge on the surface of the particles is moderate.
When pH becomes lower, it is not conducive to the full
dispersion of clay particles, which can be used for adsorp-
tion of small surface area; when the pH value is higher
than this value, more OH" is adsorbed on the surface of
clay particles, which further enhances the electronegativity
of the surface. The electrostatic action is not conducive to
the adsorption of polymer molecules. As can be seen from
the figure, not only is the adsorption capacity of HTRTP
greater than that of DCL-a, but with the increase of pH,
the adsorption capacity of HTRTP on the surface of clay
particles decreases more slowly than that of DCL-a. This
is because certain cationic groups are introduced into
HTRTP molecules, which can weaken the influence of
the increase of electronegativity on the surface of clay par-
ticles on adsorption.
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TaBLE 8: Test results of filter cake compressibility.
Formula Test conditions Vioo (mL) Voo (mL) R
Room temperature 22 43 1.95
Basic slurry: 4%bentonite + 3%evaluation of soil Room temperature after 220°C/16 h 34 72 2.12
Room temperature after 245°C/16 h 42 90 2.14
R t t 8.6 16 1.86
Basic slurry + 1% PMHA oom femperatitre .
Room temperature after 220°C/16 h 12 23.4 1.95
12 21 1.
Basic slurry + 1%DCL - a Room temperature ] 75
Room temperature after 245°C/16 h 20 36 1.80
R t t 8 12.8 1.60
Basic slurry + 1% HTRTP oo temperatiire .
Room temperature after 245°C/16 h 11.6 19 1.64
(3) Effect of Sodium Chloride Addition on Adsorption Capac- 217
ity. It can be seen from Figure 7 that with the increase of
sodium chloride dosage, the adsorption amount of HTRTP 20

and DCL-a on clay particles decreases. This is because, after
adding sodium chloride, a large amount of Na* accumulates
near clay particles, compressing their diffusion electric dou-
ble layer; the { potential decreases; the repulsive force
weakens; the agglomeration of clay particles increases; and
the surface area decreases. In addition, the addition of
sodium chloride affects the extension of polymer molecular
chain, which is not conducive to adsorption. Therefore, in
sodium chloride brine drilling fluids, the contribution of
polymer plugging and improving filtrate viscosity to fluid
loss reduction performance is increased.

3.3.2. Influence on the Quality of Filter Cake. It can be seen
from Figure 8 that there is a good linear relationship
between filter cake permeability and API filtration amount.
With the increase of HTRTP addition, API filtration amount
decreases before and after experimental slurry aging, and the
permeability of filter cake also decreases.

It can be seen from Table 8 that the compressibility coef-
ficient of the experimental slurry before aging is lower than
that after aging, indicating that high temperature will cause
the compressibility reduction of the drilling fluid filter cake.
The compression coefficient of experimental slurry with fil-
trate loss additive before and after aging is lower than that
of base slurry, which indicates that improving the compress-
ibility of filter cake is also one of the action mechanisms of
filtrate loss additive. The filter cake added with HTRTP
slurry has the lowest compressibility coefficient, which is
consistent with the best filtration loss reduction effect.

3.3.3. Effect on Particle Size Distribution of Fresh Water Base
Slurry. As can be seen from Figure 9, after aging, the propor-
tion of particles with smaller particle size in the experimental
slurry decreases, while the content of particles with larger
particle size increases; both particle size and distribution
become larger, which is one of the reasons for the increase
of filtration loss after aging. The mean particle size of differ-
ent suspensions was 1.7 ym, 21.5 ym, 7.5 ym, and 17.6 ym,
respectively (tagged in Figure 9). After adding HTRTP, both
before and after aging, the particle size distribution of exper-

154 D50 = 21.5 ym

10 4

Percentage content (%)

0 10 20 30 40 50
Particle size (ym)

—m— Base slurry before aging

—o— Base slurry after aging

—A— Basic slurry + 1% HTRTP, before aging
—w— Basic slurry + 1% HTRTP, after aging

FIGURE 9: Test results of particle size distribution.

imental slurry is wider and the grading is more reasonable,
so the filtration loss of experimental slurry is reduced.

3.3.4. Effect on Stability of Fresh Water Base Slurry Colloids.
As can be seen from Figure 10, the colloidal stability of the
experimental slurry was significantly better than that of the
base slurry after the addition of HTRTP, and the colloidal
stability of the experimental slurry increased with the
increase of the amount of HTRTP. After aging at
245°C/16h, high temperature promoted the hydration and
dispersion of bentonite. In the experiment, it was measured
that the thickness of the upper “clear liquid” of the aging
base slurry was 0.30 mm after standing for 24 h, 0.1 mm when
adding 0.1% HTRTP, 0.06 mm when adding 0.2% HTRTP,
and 0.04mm when adding 0.3% HTRTP. Combined with
the previous particle size test results, it can be seen that for
the base slurry with low bentonite content, the contribution
of adhesive protection of HTRTP to filtration loss reduction
is greater than that after aging. After aging, the mechanism
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FiGure 10: Effect of HTRTP on colloid stability of bentonite grouting (after aging).

of HTRTP reducing filter cake permeability by improving par-
ticle size grading in the system and enhancing the compress-
ibility of filter cake is more important.

The action mechanism of high-temperature-resistant
quaternary copolymer HTRTP is as follows:

(1) Temperature resistance mechanism: the molecular
structure difference is the main factor that deter-
mines the temperature resistance of the fluid loss
agent.  High-temperature-resistance ~ quaternary
copolymer HTRTP molecule main chain is C-C
bond and has the internal structure of high temper-
ature resistance; C-S and C-N bonds are used
between the main chain and the side chain, and the

2)

thermal stability of the main chain and the side chain
is strong

Mechanism of salt resistance and calcium resistance:
the hydrophilic group is the sulfonic acid group
(-CH2S0Oy"), which has strong hydration ability and
can thicken the hydration film on the surface of clay
particles with strong salt resistance. The sulfonic acid
group does not react with Ca** to form precipitation,
which has a strong anticalcium ability. In addition,
the side groups introduced into the HTRTP chain
(e.g., -CONHC(CH,),CH,SO;") are large and rigid,
and the chain is not easy to curl in electrolyte solu-
tions (salt solutions)
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(3) Adsorption mechanism: in addition to the phthala-
mine group (-CON(CH,CH,),), the cationic adsorp-
tion group (-CH,N*(CH;),CH,-) is also introduced
into the HTRTP molecular chain. -CON(CH,CH,),
is adsorbed by hydrogen bond, which has strong
adsorption stability and is not easy to be desorbed
under temperature change. -CH,N*(CH;),CH,- is
chemisorbed through static ion bonds, and the
adsorption is stronger

(4) Mechanism of filtration loss reduction: firstly,
HTRTP is adsorbed on the surface of clay particles
to form an adsorption layer, which prevents floccula-
tion of clay particles from becoming larger. At the
same time, it stabilizes the fine particles separated
by stirring so as not to become larger. So it can
improve clay particle grading in drilling fluid. It
has excellent protective adhesive effect, forming thin
and compact filter cake, reducing filtration loss. Sec-
ondly, HTRTP increases the degree of hydration by
adsorbing on clay particles, so that the hydration
film on the surface of clay particles is thickened to
enhance the compressibility of the filter cake and
reduce the permeability of the filter cake, thus reduc-
ing the filtration loss. Thirdly, the molecular size of
HTRTP is just within the range of colloidal particles,
and the molecular chain wedges into the pores of the
filter cake or curls into a ball to block the micropores
of the filter cake, making the filter cake thin and
compact, thus reducing the filtration loss. Finally,
HTRTP is a high molecular weight polymer that is
added to the drilling fluid to increase the viscosity
of the filtrate and thus reduce filtration loss

4. Conclusions

The high-temperature-resistant quaternary copolymer
HTRTP was synthesized by molecular structure optimiza-
tion and monomer optimization. The viscosity average
molecular weight of HTRTP was about 1 million, which
had less effect on the viscosity of drilling fluid than DCL-a.
HTRTP molecular structure has good thermal stability, tem-
perature resistance in drilling fluid up to 245°C, salt resis-
tance and calcium resistance, and good compatibility with
fresh water and salt water experimental base slurry. The per-
formance of fluid loss reduction, temperature resistance and
salt and calcium resistance in drilling fluid is better than that
of foreign temperature resistance polymer DCL-a and
domestic similar products. The adsorption capacity of
HTRTP on clay particles is higher than that of foreign anti-
temperature polymer DCL-a. In the case of chemical envi-
ronment and temperature change, the adsorption amount
changed little and was still higher than that of DCL-a, and
the adsorption was firm. Before and after aging
(245°C/16h), HTRTP can significantly reduce the perme-
ability and improve the compressibility of filter cake.
Improving the particle size grading in drilling fluid system
and enhancing the colloidal stability of the system are the
important mechanisms of high-temperature-resistant qua-

Geofluids

ternary copolymers. The quad-element polymer reducer
was suitable for fresh water-based drilling fluid and low-
mineralized saline drilling fluid.

Nomenclature

AMPS: 2-Acry-lamido-2-methyl-1-propane sulfonic
acid

APIL: American Petroleum Institute

AV: Apparent viscosity

DEAM: N, N-Diethyl acrylamide

DMDAAC: Dimethyl diallyl ammonium chloride

FT-IR: Fourier transform infrared spectroscopy
NVP: N-Vinyl pyrrolidone

PV: Plastic viscosity

TGA: Thermogravimetric analysis

YP: Dynamic shear forces.
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