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Abstract

In this paper, a novel zwitterionic copolymer AM/SSS/THDAB clay hydration dispersion inhibitor was synthesized by 
copolymerization of tris hydroxyethyl diallyl ammonium bromide (THDAB), sodium p-styrene sulfonate (SSS) and 
acrylamide (AM) initiated in an aqueous solution. The copolymer was characterized by FT-IR, GPC, TGA-DSC and 
SEM. Results demonstrated that molecular weight of AM/SSS/THDAB was 43674 g/mol and its temperature resistance 
ability was up to 225 °C. Evaluation experiments showed that AM/SSS/THDAB has an excellent clay hydration 
inhibitive performance. Methods including particle size analysis and SEM were utilized to study its dispersion inhibition 
mechanism by using sodium montmorillonite (Na-MMT). Results indicated that the micro-structure of Na-MMT has 
been successfully changed by AM/SSS/THDAB. In a word, the superior inhibition property makes the novel clay 
hydration dispersion inhibitor promised in water-based drilling fluids.
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1. Introduction

Drilling fluids are multicomponent systems used to aid 
the removal of cuttings from a borehole, and subject to a 
number of requirements to ensure a safe drilling operation[1]. 
The exploitation of unconventional reservoir such as shale 
gas has raised the attention of the world while the excessive 
depletion of conventional reservoir. However, the wellbore 
instability will be the major problem associated with the 
drilling operation of shale gas formations[2]. Generally, oil 
based muds (OBMs) is always the primary choice due to 
its superior clay hydration inhibition ability so as to avoid 
wellbore instability problem. Unfortunately, the environmental 
restrictions and high costs have largely limited the wide 
application of OBMs[3]. At the same time, water-based 
drilling fluids (WBDFs) is often employed in drilling of 
unconventional reservoir due to its simple formulation and 
low cost. Because the wellbore instability is due to hydration 
dispersion of clay minerals in shale. The development of 
clay hydration dispersion inhibitor and high performance 
WBDFs are the timely pursuit of drilling engineering[4-7].

Various large molecular weight copolymer inhibitors, 
such as HPAM, hyperbranched polyglycerols, FA-367, 
PDADMAC and polyamine have been investigated over 
the past decades[8-10]. The copolymer inhibitors will be 
wrapped and form a coating film in the surface of clay 
which can effectively prevent the wellbore instability of 

shale. However, high molecular weight copolymer shows 
a great influence on the rheological property of WBDFs[8]. 
Besides, the high molecular weight copolymer chain is easy 
to curl and lose itself function in the environment of high 
salt, high calcium and high temperature[9].

Works have proved that copolymer with low molecular 
weight showed excellent salt and temperature resistance 
ability in WBDFs, and low molecular weight polymers 
such as polyamine, hyperbranched polymer has greatly 
aroused the interest of oilfield researcher in drilling 
operations in the last ten years. Zwitterionic polymers own 
anionic and cationic group, and have great advantages for 
maintaining the stability of wellbore[11]. Zhao et al.[12] has 
synthesized a zwitterionic copolymer AM/DMC/AMPS as 
a low-molecular-weight encapsulator in deep-water drilling 
fluid which have showed strong clay hydration inhibition 
performance. However, there are still few reports about low 
molecular weight zwitterionic copolymer as clay hydration 
inhibitor so far.

In the present work, SSS and AM were copolymerized 
with a novel cationic monomer THDAB to synthesize a low 
molecular weight zwitterionic copolymer clay hydration 
dispersion inhibitor AM/SSS/THDAB for WBDFs. Where, 
AM acts as the backbone, THDAB acts as a functional 
monomer which ensure the adsorption of AM/SSS/THDAB 
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 onto the clay surface, SSS acts as a temperature resistant 
monomer to ensure the copolymer with outstanding salt and 
temperature resistance performance. The copolymer structure 
was characterized by FT-IR, GPC, TGA-DSC and SEM. 
The inhibition performance was evaluated by hot rolling 
recovery rate experiments and the inhibition mechanism of 
AM/SSS/THDAB was discussed via particle size analysis 
and SEM in the text.

2. Experimental

2.1 Materials

SSS, AM, trolamine, allyl bromide, (NH4)2S2O8, NaHSO3, 
ethanol, ethyl acetate and isopropanol were all of analytical 
pure and purchased from Kelon Co., Ltd, Chengdu, China. 
Poly-ECH-DMA with molecular weight 32352 g/mol was 
supplied by Maikeba Mud Co., Ltd, USA. PF-CMJ with 
molecular weight 2.3×105 g/mol and XY-27 with 4362 g/mol 
was received from Engineering Technology Research 
Institute Co., Ltd., CNPC, Beijing, China. PAM with 
molecular weight 1.8×105 g/mol and FA-367 with molecular 
weight 1.2×104 g/mol were supplied by Sichuan Guangya 
polymer technology Co., Ltd, Chengdu, China. Na-MMT 
with cation exchange capacity of 81.3 mmol/g was obtained 
from Xia Zijie Bentonite Technology Co., Ltd, Xinjiang, 
China. The shale samples were obtained from Longmaxi shale 
gas field, Chongqing, China, and the mineral compositions 
of shale samples were illustrated in Table 1.

2.2 Synthesis of polymeric monomer THDAB

THDAB was prepared based on a method previously 
reported[13,14], as shown in Figure  1. Briefly, trolamine 
(0.20 mol), allyl bromide (0.20 mol), and ethanol (150 mL) 
were placed in a round-bottom flask equipped with a reflux 
condenser and refluxed for 24 h with magnetic stirring at 

50 °C. After cooling to room temperature, the solution 
was concentrated under reducing pressure and then 
redissolved in ethyl acetate and ethanol (ethyl acetate: 
ethanol = 7:3). Product was isolated in high yield as a 
rod-like crystals or white powder after placed in room 
temperature for 24h. Yield: 94.3%. 1H NMR (400 MHz, D2O): 
5.62-5.75 (m, 1H, CH=C), 4.89∼5.07 (m, 2H, C=CH2), 
3.75∼3.76 (d, 6H, CH2-O), 3.60 (t, 2H, -CH-C=C), 
3.33 (t, 3H, -OH), 3.04∼3.06(t, 6H, N-CH2-C-OH); 
IR (KBr), /cm–1:3360, 2920, 1630, 1400, 1080, 900, 520.

2.3 Synthesis of AM/SSS/THDAB

AM/SSS/THDAB was synthesized by redox free radical 
copolymerization in aqueous solution, the synthesis route 
of AM/SSS/THDAB is shown in Figure 2. Appropriate 
7.2g SSS was dissolved in 10 mL deionized water, the pH 
was adjusted to the indicated value at 7.0 by using 30 wt % 
NaOH solutions. Then, 2g AM and 4g THDAB were added 
to flask with stirring at constant temperature under nitrogen 
atmosphere for 20 min. Hereafter, the initiator K2S2O8 and 
NaHSO3, which the initiator concentration was 1.5 wt% relative 
to the total monomer amount were added. The polymerization 
was carried out at 65 °C for 0.5h while stirring, and then 
isopropanol was added to the solution, polymerization was 
preceded at 65 °C for another 7 h. The target product was 
obtained by repeatedly washing with ethanol to remove 
monomers, isopropanol and initiator, AM/SSS/THDAB was 
further dried under vacuum oven at 65 °C for 24 h.

2.4 Characterizations of AM/SSS/THDAB

FT-IR spectra were recorded via a WQF-520 Fourier 
transform infrared spectrometer in the wave number 
range of 4000-500 cm−1. GPC was utilized to measure the 
molecular weight by using an Alliance e2695 instrument 
(Waters, USA). The injection volume and operation hours 
were 50 μL and 90 min, respectively. TGA-DSC test 
was acquired on a simultaneous TGA-DSC (METTLER 
TOLEDO, Swiss) instrument under nitrogen atmosphere 
flow (40 mL min−1) with the heating rate of 10 °C min−1. 
SEM analysis of AM/SSS/THDAB solution was obtained 
with a FEI Quanta 450 instrument, in the magnifying multiple 
ranges from 500× to 10000×.

2.5 Inhibition performance evaluation

Hot rolling recovery tests were used to study the inhibition 
ability of AM/SSS/THDAB, and the tests were conducted 
at 100 °C for 16h.

2.6 Inhibition mechanism study

2.6.1 Particle size distribution analysis

8 g AM/SSS/THDAB was added into 400 mL WBDFs 
and stirred for 2h. Then, particle size analysis was measured 
with a laser diffraction technique (HORIBA, Japan) at room 
temperature.

Table 1. The mineral compositions of shale sample.
Mineral

compositions
Kaolinite Chlorite Illite Sodium bentonite Illite / Sodium 

bentonite

Content/% 0.0 26.3 65.1 8.6 10.0

Figure 1. Synthesis route of THDAB.

Figure 2. Synthesis route of AM/SSS/THDAB.
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2.6.2 SEM analysis

SEM was investigated with a FEI Quanta 450 instrument, 
range of the magnifying multiple was from 500× to 10000×, 
and the samples were trimmed from the bottom of the API 
filter cake after the room temperature and room pressure 
drilling fluids tests.

3. Results and Discussion

3.1 Characterizations of AM/SSS/THDAB

3.1.1 FT-IR analysis

Figure 3 shows the FT-IR spectra of AM, SSS, THDAB 
and zwitterionic copolymer AM/SSS/THDAB.

For AM/SSS/THDAB, the absorption peak at 3353 cm-1 was 
due to the -OH stretching of THDAB, the strong absorption 
peak recorded at 1663 cm-1 was assigned to the stretching 
vibration of C=O, the peaks at approximate 1219 cm-1 was 
assigned to the -SO3H stretching vibration, which indicated 
that SSS was involved in the copolymerization. The peak at 
1400cm-1 and 1025 cm-1 was attributed to the characteristic 
absorption peak of C-N and C-O-C, respectively[15]. FT-IR 
characterization result demonstrates that AM/SSS/THDAB 
contains characteristic functional group absorption peaks of 
each monomer, indicating that AM, SSS and THDAB were 
successfully copolymerized to the target product.

3.1.2 Molecular weight measurement

The average molecular weight of AM/SSS/THDAB 
was determined by GPC and the result is shown in Figure 4.

Figure 4 shows the molecular weight measurement 
of AM/SSS/THDAB. AM/SSS/THDAB has a certain 
width of molecular weight distribution and the Mp of 
AM/SSS/THDAB is 43674 g/mol. With a wide molecular 
weight distribution, the low molecular weight of 
AM/SSS/THDAB (800-5000 g/mol) could enter the layer of 
tetrahedral crystal and compress the diffusion electric double 
layer of clay[16]. In addition, the large molecular weight part 
could be packed on the clay surface, thereby, to effectively 
inhibit the hydration dispersion of clay.

3.1.3 TGA-DSC measurement

Thermogravimetry (TGA) differential scanning 
calorimetry (DSC) was utilized to investigate the thermal 
stability of AM/SSS/THDAB, and the thermal gravimetric 
curve displayed the four stages for the weight loss.

As shown in Figure 5, the first stage with a loss of 
6.92 mass % in the temperature range of 40-153 °C was 
due to the combination of evaporation moisture and 
AM/SSS/THDAB. The second stage taken place in the 
temperature range of 153-225 °C with a loss of 4.73 mass 
% was mainly probably due to the decompositions of amide 
groups and quaternary ammonium groups in the copolymer. 
The third decomposition temperature occurred in 225-309 °C 
with a prodigious loss of 8.33 mass % was mainly ascribed 
to the decomposition of AM/SSS/THDAB, which due to the 
degradation of C-C in the side chain[15]. The final loss stage 
in the temperature range of 309-500 °C with a prodigious 
loss of 46.86 mass % indicated that the main structure of 
AM/SSS/THDAB was destroyed. The result of TGA-DSC 
demonstrated that AM/SSS/THDAB shows an excellent 
thermal stability ability.

3.1.4 SEM characterizations

The SEM characterizations of AM/SSS/THDAB solutions 
are shown in Figure 6.

From Figure 6, we have observed that the cross-linking 
structure of AM/SSS/THDAB was not obvious, and the 
polymer was mainly stretched on the main chain. Due to 

Figure 3. FT-IR spectra of AM, SSS, THDAB and AM/SSS/THDAB.

Figure 4. Molecular weight measurement of AM/SSS/THDAB.

Figure 5. TGA-DSC measurement of AM/SSS/THDAB.
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the sulfonamide structures of SSS and amide groups of 
AM in AM/SSS/THDAB, cross-linking interaction and 
intramolecular interaction were occurred, and the speculation 
has also been confirmed by SEM characterization. However, 
the rope-like molecular structure still can guarantee the 
covering of AM/SSS/THDAB on the clay surface.

3.2 Inhibition performance evaluation

The hot-rolling recovery tests were carried out to study 
the inhibition property of AM/SSS/THDAB and several clay 
hydration inhibitors which are commonly used in oilfield.

Table 2 shows the effect of AM/SSS/THDAB on its solution 
viscosity and clay rolling recovery rate. From the results, 
we can see that with the increasing of AM/SSS/ THDAB 
concentration, the viscosity of polymer aqueous solutions 
and shale hot rolling recovery rate have increased. When 
the polymer concentration was 2 wt%, the rolling recovery 
has reached 83.6%, and with the increasing of polymer 
concentration, the change of shale rolling recovery rate 
was not obvious yet.

The clay inhibition property of AM/SSS/THDAB and 
several clay hydration inhibitors commonly used in oilfield 
were compared in this work, as shown in Table 3.

As shown in Table 3, zwitterionic inhibitor XY-27 shows the 
limited inhibition performance leading to the rolling recovery 
rate of clay in its solutions was only 56.8%. The coating agent 
FA-367 demonstrated a nice clay hydration dispersion inhibitive 
performance and the clay rolling recovery rate has reach to 
82.6%. As a film-forming plugging agent, Poly-ECH-DMA 
and PF-CMJ can adsorb on the clay surface because there 
are a large amount of absorbable groups on them[17-19], and 
the excellent clay hydration inhibition ability with the rolling 

recovery rate of clay was 79.2% and 72.6%, respectively. 
From the above results we can conclude that for all cases, 
copolymer inhibitors evaluated in this work all showed 
superior clay hydration dispersion inhibition performance.

3.3 Inhibition mechanism analysis

3.3.1 Particle distribution tests

It is well known that the negative charge surface of clay 
is trendy to be neutralized by the positive charge of cations, 
and flocculation will be happened when positive polymer 
was added to the WBDFs[20-22]. The inhibition mechanism 
was evaluated by particle distribution tests, and the results 
are shown in Figure 7.

As shown in Figure 7, for the case in distilled water, 
Na-MMT illustrated tiny average particle size of 33.06 μm, 
and the average particle size of Na-MMT has been increased 
to 425.37μm in 2.0 wt% AM/SSS/THDAB solutions. For the 
reason that zwitterionic AM/SSS/THDAB can be coated on 
the surface of clay to inhibit the hydration dispersion of clay 
and in that way to make the particle size obviously increased. 
Particle distribution tests have shown that AM/SSS/THDAB 
can form an effective coating on the clay surface.

Table 2. Inhibition performance evaluation of AM/SSS/THDAB aqueous solution.

Concentration (wt %) AV/mPa·s PV/mPa·s YP/Pa Φ6/Φ3 Rolling recovery 
rate /%

0.5 5.0 5.0 0 1/1 34.6
1.0 7.5 5.0 2.5 1/1 53.7
1.5 8.0 5.0 3 1/1 79.3
2.0 9.5 7.0 2.5 1/1 83.6
2.5 10.0 8.0 2 2/1 83.9
3.0 12.5 10.0 2.5 2/1 84.1

Rolling condition: 100°C×16h

Figure 6. SEM images of AM/SSS/THDAB: 1000×, scale bar 200 μm (a) 10000×, scale bar 50 μm (b).

Table 3. Inhibition performance study of inhibitors.
Inhibitor Rolling recovery rate/%

2.0 wt% AM/SSS/THDAB 83.6
0.5 wt% XY-27 56.8
0.5 wt% FA-367 82.6

2.0 wt% Poly-ECH-DMA 79.2
0.5 wt% PAM 62.3

2.0 wt%PF-CMJ 72.6
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3.3.2 SEM observations

SEM is a convenient technology to observe the 
morphological changes of material surface. The surface 
morphologies of Na-MMT without AM/SSS/THDAB and 
with AM/SSS/THDAB were analyzed by using SEM and 
the images are showed in Figure 8.

During the preparation process of samples, there was a 
light pressure (0.69 MPa) on the surface of the muds cake. 
For the Na-MMT without AM/SSS/THDAB, there were 
large holes in the muds cake, which indicated the poor 
bonding force between Na-MMT particles[23,24]. In contrast, 
after treated with 2 wt% AM/SSS/THDAB, there were thin 
polymer films on the muds cake surface, which indicating 

that AM/SSS/THDAB can inhibit the clay dispersion by 
wrapping in the clay surface.

Through the inhibition mechanism analysis of 
AM/SSS/THDAB by the above two methods, and reference 
to swelling inhibition mechanism analysis reported by other 
work, we have proposed the clay hydration dispersion 
inhibition mechanism of AM/SSS/THDAB, which is shown 
in Figure 9. In the hot-rolling recovery tests, we found that 
AM/SSS/THDAB showed excellent hydration inhibition 
property, a possible explanation to the result might be that 
the larger molecular weight part of AM/SSS/THDAB can 
be wrapped on clay surface because there are hydroxyl 
and quaternary ammonium functional groups in the side 
chain of copolymer. What’s more, dispersion was not easy 

Figure 7. Particle distribution tests.

Figure 8. SEM observations of Na-MMT composites (×5000): (a) basic muds cake; (b) treated with 2 wt% AM/SSS/THDAB.

Figure 9. Inhibition mechanism analysis of AM/SSS/THDAB.
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to occur while clay particles fixed on the long chain of 
AM/SSS/THDAB.

4. Conclusions

In conclusion, a zwitterionic copolymer clay hydration 
dispersion inhibitor AM/SSS/THDAB for WBDFs was 
successfully prepared by THDAB, SSS and AM. The copolymer 
was characterized by FT-IR, GPC, TGA-DSC and SEM, 
results showed the molecular weight of AM/SSS/THDAB 
was 43674 g/mol and showed an excellent temperature 
resistance ability. Its inhibition performance and mechanism 
were systematically investigated by a range of methods, 
evaluation experiments indicated that AM/SSS/THDAB 
possessed superior inhibition properties compared with 
several inhibitors. Through the analysis of inhibition 
mechanism, three key points such as the multiple driven 
forces, wide molecular weight distribution and the long 
chain of copolymer could ensure the perfect inhibition 
performance of AM/SSS/THDAB. All these features 
indicate that AM/SSS/THDAB could be a potential clay 
hydration dispersion inhibitor for wellbore stability in 
drilling engineering.
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