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Abstract 

In this paper, three polyethylene glycol bridged gemini quaternary ammonium salts 
(PEG-Cn) with piperidine ring as cation center and PEG as bridging group were designed 
and synthesized. The structure of the compound was analyzed by FT-IR and NMR 
spectroscopy, then the anti-swelling and washing resistance properties of PEG-Cn were 
investigated, and the action mechanism of the compound was explored through changed 
amount of adsorption, FT-IR, MMT surface charge, inter-crystalline spacing and 
wettability. The anti-swelling ratio of PEG-C8 reached 91.5%, showing the best anti-
swelling performance. After five times of water washing, the anti swelling rate of PEG-C8 
was reduced by 1.5%, which had a good application prospect in oilfield. 
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1. Introduction 

In recent years, most of the newly-added proven reserves in China belong to low-permeability 
and ultra-low-permeability reservoirs. Such reservoirs must be fractured to increase 
production to obtain high economic benefits. Water effluent after fracturing is a long-term 
process, thus long-acting clay stabilizers are required. However, the clay stabilizers such as 
tetramethylammonium chloride, potassium chloride and choline chloride commonly used in 
oilfields are easily washed away by fluids, which can not satisfy the long-term demand of actual 
production [1,2]. Organic cationic polymer (COP) is used as a long-acting clay stabilizer in the oil 
and gas industry due to its multiple cationic centers that interact with clay minerals, while COP 
has the risk to plug low or ultra-low permeability reservoirs, which thus are subjected to certain 
restrictions [3]. 

Considering the shortcomings of existing products, this article aims to design a series of new 
clay stabilizers (PEG-Cn) through the synergy of hydrophobic groups, cationic groups and 
polyethers. Anti-swelling, washing resistance and wettability were employed to evaluate the 
performance of the designed product combined with the adsorption capacity of the product, 
FT-IR, MMT surface charge, crystal layer spacing and wettability, which provides guidance for 
the field application of the system. 

2. Materials and methods 

2.1. Materials 

1-methylpiperidine-4-carboxylic acid, dichlorosulfoxide, diethylene glycol bis (2-chloroethyl) 
ether, n-butylamine, n-octylamine, dodecylamine, toluene, NaOH and anhydrous Na2SO4 are 
purchased from Chengdu Kelong Chemical Reagent Factory. All chemicals are chemically pure 
or analytically pure, without further purification. 
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2.2. Synthesis of PEG-Cn 

PEG-Cn was synthesized as shown in Figure 1. 14.32 g (100 mmol) 1-methylpiperidine-4-
carboxylic acid and 19.78 g (200 moml) thionyl dichloride were added into a round bottom 
flask. The excess thionyl chloride is removed by rotary evaporation after the reaction at 60 ℃ 
for 5 h to obtain 1-methylpiperidine-4-carboxylic acid chloride. To weigh 5.56 g (76 mmol) of 
n-butylamine and 16.19 g (160 mmol) of triethylamine in a round bottom flask, which were 
placed on an ice-water bath, 150 mL of CH2Cl2 was added as a solvent, 50 mL CH2Cl2 containing 
12.93 g (80 mmol) of 1 -Methylpiperidine-4-formyl chloride was slowly dropped into the round 
bottom flask, after that, 24 h reaction at room temperature was conducted to obtain N'-butyl-
1-methylpiperidine-4-carboxamide; The crude product is successively subjected to alkaline 
washing, water washing, anhydrous NaSO4 drying, filtration and rotary evaporation to obtain 
an orange liquid N'-butyl-1-methylpiperidine-4-carboxamide. To weigh 11.96 g (60 mmol) N'-
butyl-1-methylpiperidine-4-carboxamide and 5.55 g (24 mmol) diethylene glycol bis(2-
chloroethyl) ether in a round bottom flask, 20 mL of toluene was added into dissolve uniformly, 
then the reaction was refluxed for 24 h under the protection of N2, then it is cooled to room 
temperature. A yellow oily liquid PEG-C8 is obtained with a yield of 86.52% after liquid 
separation, ether washing and rotary evaporation. PEG-C4 and PEG-C12 were prepared in a 
similar manner, the yields were 79.94% and 84.39%, respectively. PEG-C4: 1H NMR (400 MHz, 
D2O) δ 4.15 (t, J = 7.5 Hz, 4H), 3.81 (t, J = 4.0 Hz, 4H), 3.60 (s, 8H), 3.41 (t, J = 4.0 Hz, 4H), 3.36-
2.97 (m, 14H), 2.28-2.15 (m, 2H), 2.09 (m, 2), 1.94 (m, 2H), 1.85 (m, 2H), 1.94 (m, 2H),1.55 (m, 
4H), 1.33 (m, 4H), 0.98 (t, J = 8.0 Hz, 6H). PEG-C8: 1H NMR (400 MHz, D2O) δ δ 4.14 (t, J = 7.6 Hz, 
4H), 3.82 (t, J = 4.0 Hz, 4H), 3.61 (s, 8H), 3.41 (t, J = 4.0 Hz, 4H), 3.32-2.94 (m, 14H), 2.20 (m, 2H), 
2.09 (m, 2H), 1.93 (m, 2H), 1.85 (m, 2H), 1.74 (m, 4H), 1.56-1.41 (m, 4H), 1.36-1.18 (m, 16H), 
0.97-0.77 (m, 6H). PEG-C12: 1H NMR (400 MHz, D2O) δ 4.15 (t, J = 7.5 Hz, 4H), 3.80 (t, J = 4.0 Hz, 
4H), 3.62 (s, 8H), 3.41 (t, J = 4.0 Hz, 4H), 3.31-2.95 (m, 14H), 2.40 (m, 2H), 2.20 (m, 2H), 2.09 (m, 
2H), 1.93 (m, 2H), 1.85 (m, 2H), 1.74 (m, 4H), 1.54-1.42 (m, 4H), 1.36-1.19 (m, 36H), 0.95-0.83 
(m, 6H). The FT-IR characterization of PEG-Cn is shown in Figure 4。 

 
Figure 1: Schematic diagram for synthesis of PEG-Cn 

2.3. Anti-swelling and washing resistance performance test of PEG-Cn 

Referring to the petroleum industry standard "SY/T 5971-2016 Clay stabilizer performance 
evaluation method for oil and gas field fracturing acidification and water injection", different 
concentrations of PEG-C4, PEG-C8 and PEG-C12 aqueous solutions were prepared, centrifugal 
method was used to determine sodium montmorillonite. Then swelling volume of (Na-MMT) in 
the above solution was used to obtain the anti-swelling rate of the compound solution to Na-
MMT. Then, the anti-swelling MMT was rinsed with deionized water for 5 times, the volume of 
montmorillonite was recorded upon each flushing, the anti-swelling rate was calculated to 
characterize the water-washing resistance of the compound. 
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2.4. MMT wettability, FR-IR and layer spacing test 

The Na-MMT was treated with different concentrations of PEG-C4, PEG-C8 and PEG-C12 
aqueous solutions, and the treated MMT was freeze-dried and ground for next use. The FT-IR 
spectrum of MMT was measured using an infrared spectrometer with KBr tablet. An X-ray 
diffractometer was usedto record the X-ray diffraction spectrum of the sample and determine 
the (001) or (002) peak. The intercrystalline distance (Δd, nm) was calculated according to 
formula (1). The interface parameter integrated measurement system was used to record the 
changes of deionized water droplets on the MMT sheet, the contact angle at 3 s after the drop 
was selected was defined as the contact angle of the soil sheet. 

Δ𝑑 = 𝑑001 − 0.96 =
𝜆

2sin𝜃001
− 0.96 = 2 ×

𝜆

2sin𝜃002
− 0.96                           (1) 

Where d001 is the crystal plane spacing of MMT（nm）, λ is 0.15406 nm, θ001 is the diffraction 
angle of (001) peak of MMT (°), θ002 is the diffraction angle of (002) peak of MMT (°). 

3. Results and discussion 

3.1. Anti-swelling performance of PEG-Cn 

Na-MMT is one of the best swelling clay minerals. Thus in this paper, the anti-swelling effect of 
synthetic PEG-Cn (PEG-C4, PEG-C8 and PEG-C12) on Na-MMT was investigated  

 

 
Figure 2: Anti-swelling property of PEG-Cn. 

It can be noted from Figure 2 that for all PEG-Cn, the anti-swelling rate increases sharply as the 
solution concentration increases, and then gradually decreases and reaches a stable state. In 
the range of 0 ~ 10 mmol/L, the anti-swelling effect is significantly increased, and the anti-
swelling rate is basically constant when the concentration is higher than 40 mmol/L. At the 
same low concentration of PEG-Cn, the tail chain of long carbon chain compounds is more 
hydrophobic, which can better isolate water molecules from approaching/entering the MMT. 
Therefore, the PEG-Cn with longer tail chain shows better anti-swelling ability at low 
concentrations (less than 10 mmol/L). For example, the anti-swelling rate of PEG-C12 can reach 
44.6% under the condition of 4 mmol/L, while the anti-swelling rates of PEG-C4 and PEG-C8 
are only 21.3% and 30.6%. However, the long tail chain of PEG-Cn at high concentrations may 
stretch the MMT tablets. Therefore, the anti-swelling rate of PEG-C12 at high concentrations 
(greater than 40 mmol/L) is lower than that of PEG-C8. Among the three PEG-Cn, the anti-
swelling effect of PEG-C8 is the best. The anti-swelling rate of PEG-C8 reaches 91.5% when the 
concentration is 100 mmol/L. 
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3.2. Washability performance of PEG-Cn 

The concentration of PEG-Cn before and after the anti-swelling rate was stabilized was selected 
to investigate the washing resistance of the MMT treated with the solution of this concentration. 
The results are shown in Figure 3. 

 
Figure 3: Washability of 10 mmol/L and 60 mmol/L PEG-Cn. 

For the same PEG-Cn solution, high-concentration treated MMT shows better washing 
resistance. At a concentration of 10 mmol/L, after PEG-C4, PEG-C8, and PEG-C12 solutions were 
treated with MMT, the anti-swelling rate was reduced by 17.3%, 5.0%, and 3.2%, respectively, 
after five washings. When the initial concentration was 60 mmol/L, the cumulative decrease in 
anti-swelling rate of the three solution-treated MMT was 14.0%, 1.5%, and 2.1%, respectively. 
By comparison, it is found that MMT treated with PEG-C4 has the worst washing resistance. The 
possible reason is that the tail chain of PEG-C4 is relatively short and the hydrophobicity is 
weak. It does not form an effective protection for the clay particles during the scouring process, 
and water molecules are easy to enter. Between MMT layers. However, the anti-swelling rate of 
MMT treated with high concentration of PEG-C12 is slightly lower than that of PEG-C8. The 
possible reason is that the tail chain of PEG-C12 is too long and the size is large. After a large 
amount of adsorption, the crystal layer spacing is enlarged more. , Resulting in more voids 
between the MMT sheets, water molecules are more likely to enter the MMT particles, causing 
MMT expansion [4]。 

3.3. FT-IR changes upon MMT adsorbing PEG-Cn 

Figure 4 shows the comparison of the FT-IR spectrum changes of Na-MMT and MMT after 
treatment. In the range of 2800 ~ 3000 cm-1, new peaks appeared in MMT after treatment, 
which were attributed to the stretching vibration absorption peaks of methyl and methylene C-
H on PEG-Cn. The O-H stretching vibration peak in the Al, Mg(OH) group has a red shift, and the 
wave number has shifted from 3631 cm-1 to 3625 cm-1 Compared with the original Na-MMT, 
which may be induced by the hydroxyl group of MMT, affected by the hydrogen bond between 
PEG-Cn[5]. In addition, the C=O absorption peak in PEG-Cn is located at about 1643 cm-1, and 
when it is adsorbed on the MMT, the C=O stretching vibration absorption band also slightly 
shifts to high wave numbers, appearing at 1649 cm-1, which shows a slight blue shift. Based on 
the variations in the absorption peaks of OH and C=O, it is speculated that hydrogen bonding 
and electrostatic attraction enable PEG-Cn adsorb on MMT. 
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Figure 4: FT-IR spectra of MMT after PEG CN treatment. 

3.4. Adsorption capacity of MMT for PEG-Cn 

The adsorption isotherm of PEG-Cn was obtained by measuring the concentration of the 
solution after adsorption by UV visible spectrophotometer, as shown in Figure 5a. With 
increasing the initial concentration of PEG-Cn, the adsorption capacity increased rapidly, and 
then reached the adsorption equilibrium gradually. The increase of solute concentration 
increased the concentration gradient and the driving force of adsorption. There are a lot of 
blank adsorption sites on MMT, and more molecules diffuse and adsorb to the interlayer space 
and surface of MMT. The adsorption capacity of PEG-C12 is slightly higher than PEG-C8 and 
PEG-C4 at the same equilibrium concentration.  

 
Figure 5: Adsorption isotherm of PEG-Cn on MMT. 

Langmuir isotherm model is often used to characterize the monolayer adsorption of adsorbate 
on adsorbent[6], and its linear expression is shown in equation (2). The fitting results of PEG-Cn 
adsorption on MMT are shown in Figure 5b, and the corresponding fitting parameters are 
shown in Table 1. 

𝐶𝑒

𝑄𝑒
=

𝐶𝑒

𝑄𝑚𝑎𝑥
+

1

𝑄𝑚𝑎𝑥𝐾𝐿
                                                            (2) 

Where Ce is the concentration of PEG-Cn at equilibrium (mmol/L), Qe is the equilibrium 
adsorption capacity (mmol/g), Qmax is the saturated adsorption capacity (mmol/g), KL is the 
Langmuir constant (L/mmol). 

It can be seen from Figure 5b and Table 1 that the Langmuir isotherm model fitted the 
adsorption of PEG-Cn on MMT very well, and all the correlation coefficients (R2) were greater 
than 0.99. This indicated that PEG-Cn was adsorbed on MMT as a monolayer, and one molecule 
was adsorbed on one adsorption site. 
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Table 1: Langmuir adsorption isotherm model fitting parameters. 

Compounds Qmax (mmol/g) KL (L/mmol) R2 

PEG-C4 0.5880 0.2378 0.9984 

PEG-C8 0.6029 0.3085 0.9978 

PEG-C12 0.6228 0.3421 0.9980 

3.5. The change of surface charge of PEG-Cn adsorbed by MMT 

PEG-Cn can dissociate positively charged groups, and can generate electrostatic attraction with 
negatively charged clay, which closely adsorbs the clay flakes together and prevents the 
dispersion and migration of clay. The effect of PEG-Cn on the Zeta potential on the surface of 
MMT particles was tested, and the results are shown in Figure 6. The Na-MMT used in the 
experiment has a relatively high negative charge, and its Zeta potential value can reach -54.9 
mV, which shows that Na-MMT has good dispersibility in water[7]. After PEG-Cn anti-swelling 
treatment, the cationic groups of MMT and PEG-Cn are electrostatically neutralized. With the 
increase of the initial concentration of PEG-Cn, the Zeta potential of the MMT surface quickly 
moved to the positive direction, and the Zeta of the MMT treated with PEG-Cn with the longer 
the tail chain moved more in the positive direction. After five water washings, the zeta 
potentials of the MMT treated with the three PEG-Cn all moved in the negative direction, 
indicating that the positively charged PEG-Cn on the surface of the MMT was partially detached. 
During the washing process, the Zeta potential of MMT treated with PEG-C4 moves more 
negatively than PEG-C8 and PEG-C12, which is consistent with the washing resistance of MMT 
treated with 3 PEG-Cn 

 
Figure 6: Changes in zeta potential of MMT before and after 5 times of flushing. 

3.6. Intercalation behavior of PEG-Cn to MMT 

In order to further study the effect of PEG-Cn on MMT crystals, the XRD spectra of MMT treated 
with Na-MMT and 80 mmol/L PEG-Cn was compared, and the interlayer spacing of MMT was 
calculated after intercalation. The results are shown in Figure 7. The interlayer spacing Δd of 
the original Na-MMT is 0.25 nm, which corresponds to the diameter of Na+, indicating that there 
is a single layer of Na+ between the MMT layers[8]. The 2θ angle of the (001) diffraction peak of 
PEG-C4/MMT is 5.68 °, and the corresponding Δd is 0.59 nm, which is smaller than the size of 
the cationic head group. It is speculated that the piperidine ring is partially embedded in the 
six-membered ring formed by the O atom on the MMT crystal surface. In the cavity, a supine 
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monolayer intercalation based on the cationic piperidine ring is formed. The Δd of MMT treated 
with PEG-C8 increased to 0.94 nm, which was higher than the thickness of the piperidine cation 
head group and less than 2 times the thickness of the piperidine cation head group. Therefore, 
it is speculated that PEG-C6 may be a two-molecule adsorption head group and tail chain (Or 
bridging group) dislocation and overlap, forming a horizontal double-layer intercalation. The 
Δd of PEG-C12/MMT increases to 2.72 nm, which is much larger than 2 times the thickness of 
the piperidine cation head group and less than 2 times the sum of the thickness of the piperidine 
cation head group and the length of the tail chain. The cationic head group and the PEG bridging 
group are adsorbed on the MMT wafer, and the tail chain extends obliquely to the crystal layer 
space to form a paraffin-type oblique monolayer arrangement. 

 
Figure 7: XRD spectra of MMT treated with different PEG-Cn solutions (80 mmol/L). 

3.7. Changes in wettability of MMT after adsorbing PEG-Cn 

The MMT treated with PEG-Cn was pressed into tablets, and the static contact angle of 
deionized water on the surface of the MMT tablets was tested. The results are shown in Figure 
8. Figure 8a demonstrates that the MMT wetting angle after PEG-Cn treatment increases rapidly 
and then tends to balance as the concentration increases. Among them, the MMT wetting angle 
of 80 mmol/L PEG-C12 treatment (74.53 °) is significantly larger than the MMT wetting angle 
(38.08 ° and 59.15 °) of PEG-C4 and PEG-C8 treatment, which indicates that the long tail chain 
of PEG-Cn makes the hydrophilicity of MMT more reduced. Figure 8b shows the effect of water 
washing on the wetting angle of MMT. It can be noted that the wetting angle of MMT after 
washing is higher than that before washing. The possible reason is that some PEG-Cn molecules 
interact with each other through hydrophobic interaction after anti-swelling treatment. The 
intercalation molecular tails are gathered together. These molecules are arranged randomly on 
the outside of the MMT crystal. At this time, the hydrophilic groups on the molecules are 
exposed to the outside of the crystal, thus MMT has relatively good hydrophilicity; however, 
these molecules are exposed to the outside of the crystal upon washing with water. The weakly 
interacted molecules are all washed away, and the remaining stably adsorbed molecules are 
arranged in an orderly manner, and the tail chains are also ordered to the outside of the crystal, 
resulting in a decrease in the hydrophilicity of MMT.  
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Figure 8: (a) Static contact angle of MMT after washing 5 times; (b) Static contact angle of 

MMT before and after washing (5 times). 

4. Conclusion 

In this paper, three kinds of PEG-C4, PEG-C8 and PEG-C12 with methylpiperidine as the cation 
center were firstly designed and synthesized, and the structure of the compound was 
characterized by FT-IR spectrum and NMR spectrum, and then the synthesized PEG -Cn's anti-
swelling and washing-resistant properties was also investigated, the mechanism of action of 
the compound was explored. (1) The anti-swelling performance of Na-MMT shows that the tail 
chain of PEG-Cn exhibits a great influence on the anti-swelling and washing resistance 
performance. PEG-C8 with a tail chain carbon number of 8 has the best anti-swelling rate 
(91.5%). PEG-Cn with too short tail chain weakens the ability of water molecules to enter the 
interlayers, resulting in insufficient anti-swelling performance. Too long tail chain leads to an 
increased molecular size of PEG-Cn, which leads to an increase in the spacing of MMT crystal 
layers, which is not beneficial to swelling prevention. Through the synergy of electrostatic 
attraction and hydrogen bonding, the adsorption behavior of PEG-Cn in MMT conforms to the 
Langmuir model, which causes the hydrophilicity of MMT to be decreased after treatment, 
while it does not induce the wettability to reverse. 
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