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In order to solve wellbore instability problem, a novel clay hydration inhibitor PDWC for water-based drilling fluids was 
synthesized by copolymerization of tris hydroxyethyl diallyl ammonium bromide (THDAB), sodium allyl sulfonate (AS) 
and methyl methacrylate (MMA) initiated by redox initiation in an aqueous solution. PDWC was characterized by Fourier 
transform infrared spectroscopy (FT-IR), Gel Permeation Chromatography (GPC) and Thermo-gravimetry-Differential 
Scanning Calorimetry (TGA-DSC), respectively. Evaluation of experiments indicated that PDWC showed superior clay 
hydration inhibition ability compared to some polymer and inorganic inhibitors. Characterization methods included 
particle size analysis, FT-IR, X-ray diffraction (XRD) and Scanning Electron Microscope (SEM) were utilized to study 
the inhibition mechanism of PDWC, it was observed that PDWC can be adsorbed on the surface of sodium montmorillonite 
(Na-MMT) by its hydroxyl functional group, which changed the micro-structure of Na-MMT and made the clay particles 
increased obviously. However, results of XRD demonstrated that it was difficult for PDWC to enter the inner layer crystal 
of Na-MMT. 
Keywords: low molecular weight, clay hydration inhibitor, shale gas, water-based drilling fluids. 

 
1. INTRODUCTION∗ 

A clay hydration inhibitor is a water-based of drilling 
fluids (WBDFs) additive that can effectively inhibit the 
hydration expansion of clay and maintain the stability of the 
wellbore [1 – 4]. Over the past decades, various inhibitors 
such as simple inorganic inhibitor, monomeric amine and its 
derivatives have been successfully employed to a certain 
degree in WBDFs, however, the temporary and low level 
inhibition have limited the application of them [5 – 7]. To 
overcome the performance-related shortcomings, 
copolymers such as hydrolyzed polyacrylamide (HPAM), 
hyperbranched polyglycerols, amphoteric polymer 
inhibitor (FA-367), PDADMAC and polyamine have been 
investigated [8]. Among the existing inhibitors, large 
molecular weight copolymer can be wrapped in the surface 
of clay and formed a coating film to effectively prevent 
drilling instability. However, high molecular weight 
copolymers show the great influence on the rheological 
properties of WBDFs as well as the high molecular weight 
copolymer chains are easily curled and failed in the high-
salt and high-calcium environment [9, 10]. 

Some works have proved that low molecular weight 
polymer 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 researchers in shale drill operations in 
the last years [11]. Zwitterionic polymer own both an 
anionic and a cationic group, and shows great advantages in 
WBDFs. Zhao [12] has synthesized a zwitterionic polymer 
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AM/DMC/AMPS as a low-molecular-weight encapsulator 
in deep-water drilling fluids and showed strong clay 
inhibition ability. However, there are still few reports about 
low molecular weight of zwitterionic polymers as shale 
inhibitor so far. In the present paper, AS and MMA were 
copolymerized with a novel cationic monomer THDAB to 
synthesize a low molecular weight of zwitterionic 
copolymer and clay hydration inhibitor PDWC for WBDFs. 
Where THDAB acts as a functional monomer which ensure 
the strong adsorption of PDWC onto clay surface by 
reacting with the silanol groups and negative charges on the 
clay, MMA acts as a hydrophobic monomer which can 
hydrophobize the clay surface and to isolate clay form 
water; AS acts as a hydration monomer to ensure of 
copolymer with outstanding salt and temperature resistance 
performance. The copolymer was characterized by FTIR 
spectroscopy in the mid-infrared region (MIR), Gel 
Permeation Chromotography (GPC) and Thermo-
gravitometry Differentiac Scanning Calorimetry (TGA-
DSC). Roll recovery and linear expansion experiments was 
used to its study inhibition performance. The inhibition 
mechanism of PDWC was discussed in detail via particle 
size analysis, also by FTIR, XRD and SEM in this paper. 

2. EXPERIMENTAL 

2.1. Materials 
AS, MMA, trolamine, allyl bromide, (NH4)2S2O8, 

NaHSO3, ethanol, ethyl acetate and isopropanol were all of 
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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 
amphoteric polymer inhibitor 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-montmorillonite 
with cation exchange capacity of 81 meq/100 g 
(0.81 mmol/g) was obtained from Xia Zijie Bentonite 
Technology Co., Ltd, Xinjiang, China. The shale sample 
was obtained from Longmaxi shale gas field, Chongqing, 
China, and the mineral compositions of shale sample is 
illustrated in Table 1. 

Table 1. Mineral compositions of shale samples 

Shale 
samples 

mineral compositions, % I/S K Ch I I/S 
0.00 26.30 65.05 8.65 10.00 

2.2. Synthesis of polymeric monomer THDAB 
THDAB was prepared based on a method previously 

reported [13, 14], as shown in Fig. 1. 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 temperature 
50 °C. After cooling to room temperature (21 °C) the 
solution was concentrated under reduced pressure and 
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 24 h. 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); FT-IR 
(KBr), /cm–1：3360, 2920, 1630, 1400, 1080, 1010, 900, 
520. 
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Fig. 1. Synthesis route of THDAB 

2.3. Synthesis of PDWC 
PDWC was synthesized by redox free radical 

copolymerization in aqueous solution, the synthesis of 
PDWC is shown in Fig. 2. Concerned amounts of AS (4 g) 
was dissolved in deionized water (10 ml), the pH was 
adjusted to the indicated value at 7.0 by using 30 wt.% 
NaOH solutions. Subsequently, 2 g MMA and 4 g THDAB 
were added to flask with stirring at constant temperature 
under nitrogen atmosphere for 10 min. Further, the initiator 
K2S2O8 (0.1 g) and NaHSO3 (0.1 g) was added. The 
polymerization was proceeded out at 70 °C for 1h while 
constant stirring, and then was added isopropanol to the 
solution, polymerization was preceded at 70 °C for another 
5 h. The resulting product was obtained by repeatedly 
washing with ethanol to remove monomers, isopropanol and 

initiator. Then, PDWC was further dried under vacuum 
oven at temperature 65 °C for 24 h with the yield 79.3 %. 
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Fig. 2. Synthesis of PDWC 

2.4. Characterization 
The infrared spectra were collected using the WQF-520 

fourier transform infrared spectrometer. The IR source, KBr 
beam splitter and DTGS detector was used for the mid-IR 
measurements (4000 – 400 cm-1). 1H NMR spectra was 
carried out by using a Bruker AV-400 nuclear magnetic 
resonance spectrometer with chemical shift values in ppm 
downfield from TMS using D2O as solvents. GPC was 
utilized to measure the molecular weight distributions by 
using an Alliance e2695 instrument (Waters, USA). The 
measurement conditions were as follows: trichlorobenzene 
was used as the mobile phase, the flow rate was 1 ml/min, 
column temperature was 150 °C, injection volume and 
operation hours were 50 μL and 90 min, respectively. TGA-
DSC measurements were 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. 

2.5. Inhibition performance evaluation 
2.5.1. Linear swelling measurements 

Linear swelling measurements were carried out in 
laboratory by using CPZ-2 swelling instrument (Dongying, 
China). The artificial core was made by using 10±0.01g, 40 
mesh Na-MMT powder, which was pressed tightly into a 
sample tube via hydraulic compactor under 10 MPa for 5 
min. The linear swelling rates over the whole experimental 
time at atmospheric pressure condition were obtained by 
using the following  

100%t
H

RV
H

= × , (1) 

where VH is the swelling ratio of artificial core; Rt is the 
change in length of artificial core, mm; H is the original 
length of artificial core. 

2.5.2. Hot-rolling recovery tests 

The shale cutting samples used in this section were obtained 
from Longmaxi shale gas field, and the tests were conducted at 
100 C for 16 h.  

2.6. Inhibition mechanism study 
3 g PDWC was added into 100 mL WBDFs and stirred 

for 2 h, subsequently centrifuged for 30 min and collected 
the precipitation. The precipitate was dried in a vacuum 
oven to constant weight at 100 °C for 24 h, and then 
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measured via a WQF-520 by Fourier transform infrared 
spectrometer. 

Inhibitor with certain concentrations was added into 
WBDFs and stirred for 2 h. Subsequently, particle size 
analysis was measured with a laser diffraction technique 
(HORIBA, Japan). 

Samples were prepared as described in ‘‘FT-IR 
analysis’’ section, both the dry and wet precipitations were 
performed. XRD data were collected X Pert PRO MPD 
diffract meter in the range 3 – 30° (2 θ) with a step size of 
0.02° 2 θ and a nominal scan rate of 3 s per step and at room 
temperature.  

SEM analysis performed investigated with a FEI 
Quanta 450 instrument, range of the magnifying multiple 
was from 500 to 5000, the samples were trimmed from the 
bottom of the API filter cake, and images were carried out 
at 120 – 500 Pa. 

3. RESULTS AND DISCUSSION 

3.1. Characterizations of PDWC 
3.1.1. FT-IR characterization 

Fig. 3 shows the FT-IR spectra of THDAB, MMA, AS 
and copolymer PDWC. 
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Fig. 3. FT-IR spectra of AS, MMA, THDAB and PDWC 

For PDWC, the peak at 3360 cm-1 was due to the -OH 
stretching band of THDAB, the recorded strong peak wit 
maximum at 1630 cm-1 was assigned to the stretching 
vibration C=O, the peaks at approximate 1070 cm-1 and 
1040 cm-1 was assigned to the -SO3H stretching vibration, 
indicated AS was involved in the copolymerization. 
Absorbtion bands at 1350 cm-1 and 1066  cm-1 were 
attributed to the characteristic absorption peak of C-N and 
C-O-C, respectively [15]. The FT-IR results demonstrated 
that PDWC contains characteristic functional groups 
absorption peaks of each monomer, indicating that AS, 
THDAB and MMA were successful copolymerized to the 
target product PDWC. 
3.1.2 Molecular weight measurement 

Because of reduce the impact of random errors on the 
measurement results, molecular weight was measured under 
the three parallel experiment conditions, and the results are 
shown in Fig. 4 and Table 2. 

From Fig. 4 and Table 2 we can conclude that PDWC 
has a certain width of molecular weight distribution and the 
average Mw of PDWC was 21540 g/mol. With a wide 

molecular weight distribution, the low molecular weight of 
PDWC (800 – 5000 g/mol) could inter the layer of 
tetrahedral crystal compress the diffusion electric double 
layer of shale [16], and the large molecular weight part 
could be packed on the surface of the clay to prevent 
hydration dispersion of clay. 
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Fig. 4. Molecular weight distribution of PDWC: (1) – the first 

measurement result; (2) – the second measurement result; 
(3) – the third measurement result  

Table 2. Molecular weight distribution datas of PDWC 

 Mn Mw Mp Mz Mz+1 Polydispersity 
1th 18851 21307 21588 23396 25894 1.130288 
2th 19978 21899 22196 23632 25576 1.096131 
3th 19585 21416 21683 23138 25149 1.093492 

3.1.3. TGA-DSC measurement 

TGA-DSC analysis was utilized to investigate the 
thermal stability of the pure dried PDWC, and the thermal 
gravimetric curve displayed four stages for the weight loss, 
which are shown in Fig. 5. 
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Fig. 5. TGA-DSC curves of PDWC 

As shown in Fig. 5, the first stage with a mass loss of 
10.55 mass % in the temperature range 40 – 246 °C was due 
to the evaporation moisture of the intramolecular and 
intermolecular, which has combined with oxygen, sulfur 
atom, amide groups of PDWC. The second degree took 
place in the temperature range 246 – 352 °C with a loss of 
mass 25.95 % was probably mainly due to the 
decompositions of amide and quaternary ammonium 
groups. The third decomposition one occurred in the 
352 – 446 °C temperature range with a prodigious loss of 
48.99 mass % mainly ascribed to the decomposition of 
PDWC, which due to the degradation of C-C in the main 
chain [15]. The final step in the temperature range 
446 – 600 °C showed the main structure of PDWC was 
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mostly destroyed. From the DSC curve has been identified 
obvious heat absorption at 288 °C, which could be attributed 
to the initial extensive decomposition of PDWC. The 
combined results of TGA and DSC demonstrated that 
PDWC possesses excellent thermal stability. Therefore, 
PDWC has a potential application in high temperature and 
pressure (HTHP) well. 
3.2. Inhibition property evaluation 

The hot-rolling recovery and linear swelling tests were 
carried out study the inhibition performance of PDWC, the 
results are shown in Table 3 and Table 4.  

Table 3. Inhibition performance of PDWC aqueous solutions 

wt.% AV, 
mPa·s 

PV, 
mPa·s 

YP, 
Pa Φ6/Φ3 Swelling 

hight, mm 
Rolling 

recovery,%※ 
0.5 4 3 1 1/1 13.6 58.6 
1.0 5.5 4 1.5 1/1 11.3 73.3 
1.5 6 4 2 1/1 8.1 80.6 
2.0 7.5 6 1.5 1/1 6.7 91.6 
2.5 11 8 3 2/1 6.1 93.3 
3.0 14.5 10 4.5 2/1 5.9 94.2 

※ Rolling condition: 100 °C×16 h. 

Table 3 shows the effect of amount of inhibitor on its 
solution viscosity and inhibition properties. As the amount 
of PDWC increased, the aqueous solution viscosity 
increased as well as the inhibition ability too increased. 
When the addition amount was 2.0 wt,%, also the linear 
expansion height of Na-MMT at normal temperature and 
normal pressure and the rolling recovery of drill cuttings 
were 6.7 mm and 91.6 %, respectively. Therefore, the 
optimum amount of PDWC in water was 2.0 wt.%. 

The inhibition properties of PDWC and other inhibitors 
were compared in this paper, as shown in Table 4.  

Table 4. Inhibition performance of several inhibitor  

Inhibitor Rolling recovery 
ratem, %※ 

Swelling hight, 
mm 

2.0 wt.% PDWC 91.6 6.70 
0.5 wt.% XY-27 56.8 9.72 
0.5 wt.% FA-367 82.6 4.98 
2.0 wt.% Poly-
ECH-DMA 79.2 9.91 

0.5 wt.% PAM 62.3 5.71 
2.0 wt.%PF-CMJ 72.6 7.12 
※ Rolling condition: 100 °C×16 h. 

As shown in Table 4, as a low molecule zwitterionic 
inhibitor, XY-27 showed limited inhibition and its rolling 
recovery was only 56.8 %. The coating agent FA-367 
demonstrated high clay hydration dispersion performance 
and its rolling recovery rate was up to 82.6 %. Poly-ECH-
DMA can adsorb on the clay surface with there are large 
amount of adsorbable group hydroxyl groups in it, and own 
a high clay hydration inhibition ability. As a film-forming 
plugging agent, PF-CMJ can be firmly adsorbed on the 
surface of clay to provide excellent clay hydration inhibition 
effect. From the results it is possible conclude that for all 
cases, the polymer inhibitors evaluated in this work all 
shows superior clay hydration dispersion inhibition 
performance. 

3.3. Inhibition mechanism analysis 
3.3.1. FT-IR analysis 

FT-IR spectroscopy is a very sensitive and suitable 
technique to probe the interaction type, configuration and 
local environment of the Na-MMT modified by 
intercalating agent. The adsorption of PDWC on Na-MMT 
has been confirmed by FT-IR spectra in this paper.  
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Fig. 6. FT-IR spectra of Na-MMT, PDWC and Na-MMT/PDWC  

As shown in Fig. 6, in the infrared spectrum of pure Na-
MMT, the peak at 3450 cm-1 is due to the bending vibration 
band of Al-O-H, and the absorption band at 1645 cm-1 
correspond to the bending vibrations of water molecules 
present in the montmorillonite. A strong complex band at 
1037 cm−1 is attributed to the stretching vibration of SiO 
groups of the tetrahedral sheets [17 – 19]. Some peaks 
belong to PDWC such as 3360 cm-1, 3159 cm-1, 1630 cm-1, 
1350 cm-1 and 1070 cm-1, are observed in the spectrum of 
Na-MMT/PDWC composite material, indicating the 
successful modification of Na-MMT with PDWC. 
Adsorption bands at 1645 cm-1 corresponding to the water 
was weaker when compared to the pure Na-MMT, showing 
the significant decrease of adsorbed water in Na-MMT, 
indicating an increase in the hydrophobicity of the modified 
sample. This is phenomenon is similar to that reported in the 
literature [17 – 22]. Decreased intensity was observed near 
vibration band of Si-O at 1000 cm-1 in Na-MMT, indicating 
that PDWC could react with Si-O of Na-MMT.  

3.2.2. Particle distribution tests 

It is well known that flocculation will be happen when 
positive polymer is added to the drilling fluids. The 
inhibition mechanism was further evaluated by particle 
distribution tests, and the results are shown in Fig. 7 and 
Table 5. 

As shown in Fig. 7 and Table 5, for the case in distilled 
water, Na-MMT illustrated tiny particle size at 33.06 μm. In 
this paper was observed particle size of Na-MMT has been 
increased to 366.00 μm, 435.76 μm and 398.75 μm in 
1.5 wt.%, 2.0 wt.% and 2.5 wt.% PDWC solutions, 
respectively. As the amount of PDWC increased, the 
particle size of Na-MMT was increasing. However, when 
the addition amount exceeds 2.0 wt.%, we observed that the 
particle size has decreased, the reason may be that the 
adsorption of polymer on the clay surface has reached 
saturation, and the agglomerated clay particles have been re-
separated, which resulting in particle size decreased. 
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Fig. 7. Effect of PDWC on the particle size dispersion of  

Na-MMT 

Table 5. Effect of PDWC on the particle size dispersion of  
Na-MMT 

Add 
amount, 

wt.% 
D10, μm D50, μm D90, μm 

Medium 
diameter, 

μm 

Average, 
μm 

0.0 5.97 11.14 87.7 11.14 33.06 
1.5 21.92 294.24 806.15 294.24 366.00 
2.0 25.68 352.72 965.95 352.72 435.76 
2.5 29.86 305.86 899.93 305.86 398.75 

3.3.3. XRD analysis 

It is well known that clay crystal layers, mainly value 
of basal spacing d(001), are affected by water molecules, 
cationic compounds, adsorbents, intercalating agents, etc 
[23]. The effects of PDWC on Na-MMT interlayer spacing 
are shown in Fig. 8. 
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Fig. 8. X-ray diffraction patterns of modified Na-MMT (m), dry 
samples and (n), wet samples. (a) – pure Na-MMT; 
(b) – 1.0 wt.% PDWC/Na-MMT; (c) – 1.5 wt.% 
PDWC/Na-MMT; (d) – 2.0 wt.% PDWC/Na-MMT 

Fig. 8 shows the dry and wet X-ray diffraction patterns 
for the basal spacing d(001) diffraction peaks of Na-MMT and 
Na-MMT/PDWC. As displayed in (Fig. 8 m), it can be seen 
that the interlayer spacing of dry Na-MMT is 1.28 nm, and 
that of Na-MMT treated with 1.0 wt.%, 1.0 wt.% and 
2.0 wt.% remained almost the same and that 1.29 nm. There 
was only a slight changed in the interlayer distance of the 
dry Na-MMT when treated by PDWC, indicating that it was 
difficult for PDWC to enter the interlayer spacing. For the 
wet case (Fig. 8 n), due to the hydration expansion of Na-
MMT, the spacing distance of wet clay has increased from 
1.28 to 1.94 nm compared with that of dry clay, indicating 
that in the interlayer was sodium ion [24]. After treatment 

by PDWC, it was found that the interlaminar spacing 
decreased slightly. The results showed that it is difficult for 
PDWC enter the inter layer. 

3.3.4. SEM observations 

SEM is a convenient technology to observe the 
morphological changes of Na-MMT composites. The 
obtained SEM images are demonstrated in Fig. 9. 

 
 

 

  
Fig. 9. SEM images of modified Na-MMT: a – basic muds cake; 

b, c, d – treated with 2 wt.% PDWC 

During the preparation process of samples, there was 
applied light pressure (0.69 MPa) on the surface of mud 
cake. Compared with the four images, without PDWC, there 
are large holes in the mud cake, indicating the poor bonding 
force between of Na-MMT particles. In contrast, after 
treated by 2 wt.% PDWC, there was a thin polymer film on 
the surface of the cake, which indicating PDWC can inhibit 
the clay dispersion by wrapping in the clay surface. In 
Fig. 9 d, SEM observation showed that there was a “silk-
like” vein on the cake, this structure might be a composite 
material after the interaction of PDWC on Na-MMT. 

Through the inhibition property evaluation of PDWC 
by a range of methods, and reference to swelling inhibition 
mechanism analysis reported by other work, we have 
proposed the inhibition mechanism of PDWC for inhibition 
clay hydration, as shown in Fig. 10. 

 
Fig. 10. Inhibition mechanism analysis of PDWC on clay 

hydration 

Owing to the fact that hydroxyl and quaternary 
ammonium functional groups and the low molecular weight 
of PDWC, the polymer can adsorb onto clay , which would 
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lead to the collapse of the diffuse double layer and further 
result the sedimentation occurs [25]. In addition, the 
hydrophobic ester group of the polymer molecule can 
increase hydrophobicity to the hydrophilic clay surface, 
which is conducive to clay repelling water molecules. In the 
hot-rolling recovery tests, we found that PDWC showed 
excellent hydration inhibition property. A possible 
explanation to the phenomenon might be that the larger 
molecular weight part of PDWC can be wrapped on clay 
surface to prevent hydration and dispersion caused by the 
hydration of clay. What’s more, dispersion was not easy to 
occur while clay particles could be fixed on the long chain 
of PDWC. 

4. CONCLUSIONS 
In conclusion, a clay hydration inhibitor PDWC for 

water-based drilling fluids was successfully prepared from 
THDAB, AS and MMA. The copolymer was characterized 
by FT-IR spectroscopy, GPC and TGA-DSC analysis. 
Results demonstrated that molecular weight of PDWC was 
21540 g/mol and its temperature resistance ability was up to 
288 °C. Regarding the inhibition performance, evaluation 
experiments showed the hot rolling recovery rate of 
longmaxi shale cutting sample in 2.0 wt.% PDWC solutions 
was up to 91.6 % after hot rolling for 16 h at 100 °C. Linear 
expansion height of shale in 2.0 wt.% PDWC solution was 
just 6.7 mm after 16 h, performance evaluation experiments 
indicated that PDWC possessed superior inhibition 
properties compared to some polymer and inorganic 
inhibitors. The strong adsorption of PDWC on clay could be 
guaranteed by the hydroxyl, amine and mono-quaternary 
amine functionality groups in PDWC. In summary, the 
superior performance makes this new clay hydration 
inhibitor a promising candidate in water-based drilling 
fluids. 
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