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Biodegradable Oligo (poly-L-lysine) as a High-Performance 
Hydration Inhibitor for Shale  

Yang Xuan,a Guancheng Jiang,a Yingying Li,b Lili Yang,a and Xianmin Zhanga 

Oligo (poly-L-lysine) (OPLL), utilized as a high-performance inhibitor for the hydration of shale, was synthesized with L-lysine 

as a monomer by the thermal copolymerization method. OPLL was characterized through Fourier-transform ion cyclotron 

resonance mass spectroscopy (FT-ICR-MS), nuclear magnetic resonance hydrogen spectroscopy (1H NMR), Fourier-transform 

infrared spectroscopy (FT-IR) and Thermogravimetry (TG). The inhibition performance of OPLL was evaluated through the 

combination of montmorillonite (MMT) linear swelling, MMT dispersion and shale dispersion tests, and these results were 

compared with those for other commonly-used inhibitors in the field. The results demonstrated that OPLL possessed an 

outstanding inhibition effect on the hydrated dispersion of both MMT-rich and illite-rich shale that was superior to many 

commonly-used shale inhibitors such as KCl, 2, 3-epoxypropyltrimethylammonium chloride (EPTAC) and 

polyoxypropylenediamine (Jeffamine D230). Along with excellent inhibition capacity, OPLL also possessed good thermal 

stability and a broad pH adaptability, and therefore,it can perform well under high temperatures up to 180°C and in the pH 

range of 7 to 10. Based upon a combined use of X-ray diffraction (XRD) and zeta potential techniques, the inhibition 

mechanism was determined. The excellent performance of OPLL on shale can be attributed to the synergistic effects of the 

inhibition of the MMT crystalline swelling and the weakening of the diffuse double layer repulsion between clay particles. 

Additionally, biodegradability test proved that OPLL is an environmental friendly shale inhibitor that can be readily 

biodegraded.

1. Introduction 

Wellbore instability, which is one of the most significant 

technical problems in oil and gas exploration and the largest 

source of lost time and revenue, has been frustrating drilling 

engineers for many decades.1-4 Shales comprise 75% of all of the 

formations drilled by petroleum industry, and more than 90% of 

wellbore instability problems are caused by problematic shales.5-

7 When clay-rich shales formations are drilled in presence of 

water, the resulting shale hydrated swelling and dispersion can 

cause wellbore instability problems such as borehole 

enlargement, tight boreholes, stuck pipes, lost circulation, poor 

borehole cleaning and well control problems.7, 8 

To address the drilling problems associated with shale 

instability, various kinds of drilling fluids have been developed 

and utilized in the field. Oil-based drilling fluids (OBFs) 

generally give greater shale stability than water-based drilling 

fluid (WBFs) system due to the prevention of water invasion into 

shales through a semi-permeable membrane provided by 

emulsifiers.9 However, the disadvantages of OBFs such as high 

cost, environmental limitations, disposal problems, health and 

safety issues and detrimental effects on the drilling and 

completion of reservoir cannot be ignored.10 Consequently, 

designing and developing high performance WBFs as good 

alternatives to OBFs has been a major goal of the petroleum 

drilling industry.  

Because the hydration of the water-sensitive clay mineral 

montmorillonite (MMT) is commonly considered to be the 

primary cause of the shale failure, for more than the past five 

decades various chemicals that can inhibit clay hydration have 

been used in WBFs as “shale hydration inhibitors” to maintain 

wellbore stability.  

Before the 1990’s, the most widely used shale inhibitor was 

KCl, and most of the time it was used as the main ingredient in 

combination with other polymer-type species, such as partially 

hydrolysed polyacrylamide (PHPA)11, 12 and polyethylene glycol 

(PEG)12, 13. The inhibition mechanism of KCl occurs via the 

exchange of sodium cations in the MMT interlayer with the 

weakly hydrating potassium cations14, 15 However, the high 

concentrations of KCl that are required can seriously harm 

ecosystems.16 To overcome the environmental disadvantages of 

KCl, alternative cation sources have been sought. Because the 

ammonium cation possesses a very similar hydrated volume and 

a similar hydration energy to the potassium cation,17 amine-

based chemicals were introduced as potent inhibitors and applied 

in the field during the last few decades; the most effective classes 

of these chemicals are quaternary ammonium salts18-20 and 

polyether amines21-25. Despite the partial success they achieved, 

quaternary ammonium salts and polyether amine still have some 

drawbacks, such as the toxicity of some of the high-molecular-

weight quaternary amine salts26 and the relatively lower 

inhibition of the polyether amines. Due to these shortcomings, 
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further efforts must be made to develop environmental friendly 

and high performance amine-based shale inhibitors. 

Poly-L-lysine (PLL), which is a polymer comprised of lysine 

amino acids, has been widely utilized for biomaterial 

applications,27-31 owing to its attractive properties including 

hydrophilicity, excellent biocompatibility and biodegradability. 

As a primary amine-based cationic polyelectrolyte, PLL is 

known to have high affinity for negatively charged substrates in 

a wide pH range through electrostatic attraction.32 Therefore, it 

is reason to expect that PLL can act as novel biodegradable 

hydration inhibitor for shale. In most cases, the molecular weight 

of PLL that was prepared and researched in the field of 

biomaterial is higher than tens of thousands of grams per mole. 

However, high molecular weight has significant adverse effect 

on the shale inhibition performance, which is disclosed by 

studies on other cationic shale inhibitors.21, 33 

In this paper, we synthesized oligo (PLL) (OPLL) with 

molecular weight less than 1000 g/mol as a high performance, 

environmental friendly and low cost shale inhibitor via a simple 

method. The inhibition performance of OPLL on the hydrated 

swelling and dispersion of MMT and shale was evaluated 

through a variety of methods, and these results were compared 

with those of several commonly-used inhibitors in the oil-field. 

Moreover, the inhibition mechanism was analysed via combined 

characterizations of the OPLL-MMT composites. 

2. Experimental 

2.1 Materials 

Na-MMT with a cation exchange capacity of 72.3 mmol/100 g 

was provided by Xinjiang Xiazijie Bentonite Inc., China. Shale 

cuttings were obtained from the Sichuan oilfield in China. The 

raw samples of shales were characterized by X-ray diffraction, 

and their mineral compositions are listed in Table. 1. L-lysine 

hydrochloride, potassium chloride and 2, 3-

epoxypropyltrimethylammonium chloride (EPTAC) were 

purchased from Sigma-Aldrich Inc. Polyoxypropylenediamine 

(Jeffamine D230, Mw 230 g/mol) was obtained from the 

Huntsman Corporation. The other experimental chemicals were 

acquired from domestic reagent companies. All of the materials 

were used without further purification. 

2.2 Methods 

2.2.1 Synthesis of OPLL. The synthesis of OPLL is based 

upon the thermal copolymerization method reported by M. 

Scholl34 and S.W. Fox35 with some necessary modifications. To 

begin the reaction, 20 g L-lysine hydrochloride and 5.8 g 

phosphoric acid (≥85%) were added to a 50 mL three-necked 

flask equipped with a PTFE stir bar and subsequently heated to 

195 °C. In the reaction process, the flask should always be kept 

open so that the water vapor formed during the polycondensation 

reaction can escape from the reactor. After an 8 h reaction time, 

the product in a molten state was poured out of the flask 

immediately before being cooling. The brownish product was 

taken up in dimethyl sulfoxide and the undissolved residual L-

lysine monomer was filtered off. Then, the product solution was 

added drop-wise into a 10-fold volume of acetone under constant 

stirring, and the precipitated OPLL was collected by filtration 

under vacuum. Finally, the precipitate was dried in a vacuum 

oven overnight to yield the solid, yellow-brown OPLL. The 

product OPLL was characterized by FT-ICR MS, 1H NMR, FT-

IR, and TG. 

2.2.2 Characterization techniques  

Fourier-transform ion cyclotron resonance mass 

spectroscopy (FT-ICR MS). The molecular weight of OPLL 

was determined with an Apex Ultra 94 FT-ICR mass 

spectrometer (Bruker Daltonics, USA) with a standard ESI 

source. 

Gel permeation chromatography (GPC) 

The weight-average molecular weight (Mw) and number-

average molecular weight (Mn), and polydispersity of the OPLL 

were analysed by GPC using a VISCOTEK TDA Model 300 

instrument. The analysis was carried out at 35 °C using a 0.2 M 

acetic acid/0.1 M sodium acetate buffer as eluent at a flow rate 

of 0.5 mL/min. Sample elution was monitored with a refractive 

index detector. 

Fourier-transform infrared spectroscopy (FT-IR). The FT-

IR analyses were recorded by a Magna-IR 560 spectrometer 

(Nicolet, USA) with the wavenumber range of 4000-400 cm-1 

and a resolution of 4 cm-1.  

Proton nuclear magnetic resonance (1H NMR). 1H NMR 

spectrum was recorded at room temperature on a Bruker Avance 

400 spectrometer (Bruker, Switzerland). D2O was used as the 

solvent and the spectrum was calibrated using the residual 

protons of the solvent. 

Transmission electron microscopy (TEM). The TEM 

analyses were performed by a JEM-2100 transmission electron 

microscope (JEOL, Japan). The samples were prepared by 

dipping the prepared aqueous dispersion onto the amorphous 

carbon-coated copper TEM grids and dried under an infrared 

lamp. 

Thermogravimetry (TG). TG analyses were obtained 

through the utilization of a NETZSCH STA 409 PC/PG (Bayern, 

Germany) at a heating rate of 10°C/min from 25-800°C in a high-

purity Ar atmosphere. 

X-ray diffraction (XRD). The XRD patterns of the OPLL-

MMT composite samples were obtained using a Panalytical 

X'pert PRO diffractometer (PANalytical, Netherlands) with Cu 

Kα radiation (λ = 1.5406 nm) operated at 40 kV and 40 mA. 

Diffraction patterns were collected with 2θ angle scanning 

between 3 ° and 15 °. 

Zeta potential measurements. The zeta potentials of the 

MMT suspensions were determined using a Zetasizer Nano ZS 

instrument (Malvern, U.K) at 25 °C. The equipment measures 

the electrophoretic mobility of the particles and converts that 

mobility to the zeta potential using the Smoluchowski equation. 

Different inhibitors were mixed with the MMT suspensions to 

obtain 0.1 wt% MMT suspensions with different inhibitor 

concentrations. The suspensions were shaken for 16 h at room 

temperature and then allowed to settle for 2 h. After settling, the 

zeta potentials of the supernatants were measured. 
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Table. 1. Mineral compositions of the experimental shales 

Samples Quartz Total clay 

% by weight of the total clay 

Montmorillonite Illite Kaolin 
Mixed layer 

Illite/Montmorillonite 

%Montmorillonite in 

mixed layer 

Shale 1# 47 26 -- 31 3 62 55 

Shale 2# 34 24 -- 41 2 46 20 

 

2.2.3 MMT linear swelling tests. The degree of swelling of 

the compacted MMT immersed in different inhibitor solutions 

were determined in the laboratory utilizing a CPZ-2 dual channel 

linear swellmeter (Qingdao, China). A sample of 5 g MMT was 

grounded, passed through a mesh with a pore size of 48 μm and 

then compressed into a sized pellet through a hydraulic press 

with a pressure of 10 MPa for 5 min. The pellet was then placed 

between a metal plate and a linear transducer. After immersing 

the pellet in the inhibitor solution in which the pH was adjusted 

to 9 via the addition of NaOH, the change in the length of the 

pellet was measured under a measurement rate of 30 s through 

the transducer. Both the total change in length over the whole 

experimental time frame and the rate of change within a certain 

period could be determined.  

2.2.4 MMT dispersion tests. The MMT dispersion test aims 

at evaluating the inhibition effect of the shale inhibitor on the 

hydrated dispersion of MMT. Different amounts of MMT were 

added to 300 g of deionized (DI) water or the inhibitor solution 

at a concentration of 1 wt%. After high-speed stirring at room 

temperature for 30 min, the yield point of the MMT/inhibitor 

suspension was determined. 

For the MMT dispersion tests at a constant MMT loading and 

variable pH values, the concentration of MMT was fixed at 16 

wt%, and the pH value of the suspension ranged from 7-11. 

The measurements were obtained using a ZNN-D6L 

rotational viscometer (Qingdao, China). The yield point and 

plastic viscosity of the MMT/inhibitor suspension was calculated 

from viscometer readings of 600 and 300 rpm (Φ600 and Φ300) 

using the following formulas:  

Yield point (YP) = Φ300-Φ600/2 (Pa). 

Plastic viscosity (PV) = Φ600-Φ300 (mPa.s) 

2.2.5 Shale dispersion tests. In this test the loss of dispersed 

shale after a period of hydration was determined gravimetrically. 

20 g shale cuttings with 6-10 mesh sizes was hot rolled in 300 

mL DI water or inhibitor solutions (pH adjusted to 9) at 120 °C 

for 16 h. After cooling down, the remaining cuttings were 

screened using a 40 mesh sieve and washed with 10 wt% NaCl 

solution. Then the cuttings retained on the sieve was dried at 

105 °C and then weighed to obtain the recovery percentage. 

2.2.6 Preparation of the OPLL-MMT composite. OPLL 

aqueous solutions were prepared at different concentrations, and 

the pH values of solutions were adjusted to 9 with 1 M NaOH 

(using pH meter). Then, 9 g of MMT was dispersed in 291 g of 

the OPLL solution to make a 3 wt% OPLL/MMT suspension. 

The suspensions were stirred vigorously at 10000 rpm for 20 min 

and then hot rolled at 80 °C for 16 h to reach the adsorption and 

hydration equilibrium. After being cooled to room temperature, 

the suspensions were centrifuged at 8000 rpm for 10 min, and 

the solid samples were washed with DI water to eliminate the 

residual OPLL solution. The washing and centrifugation 

processes were repeated several times until the pH value of 

supernatant was approximately 7. Finally, the solid composites 

were dried overnight at 105 °C and ground to fine powders for 

the use in the XRD, FT-IR and TG analyses. 

2.2.7 Biodegradability tests. The biodegradability of OPLL 

was measured as ratio of the chemical oxygen demand (COD) 

and the biochemical oxygen demand (BOD). The COD 

determination was made using the potassium dichromate 

oxidation method, and the BOD determination was determined 

using an iodometric method.36 

3. Results and discussion 

3.1 Characterizations 

3.1.1 Molecular weight determination. The weight-average 

(Mw) and number-average (Mn) molecular weight of the OPLL 

obtained by GPC were 692 g/mol and 445 g/mol respectively, 

and the polydiversity index (Mw/Mn) was calculated to be 2.024 

(spectrum not shown). To determine the exact molecular weight 

of the synthesized OPLL, FT-ICR MS was used in combination 

with GPC. Fig. 1 shows the FT-ICR mass spectrum of OPLL, 

from which it can be observed that its molecular weight is 

generally in the range of 200-1000 g/mol. In the spectrum, three  

 

 

 

Fig. 1. FT-ICR mass spectrum of OPLL. 
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pseudo molecular ion peaks with high intensities are located at 

m/z values of 385.9, 531.7 and 659.9, corresponding to the 

molecular weights of 402.6 g/mol, 530.7 g/mol and 658.9 g/mol, 

respectively. This suggests that most of the as-synthesized OPLL 

molecules were trimers, tetramers and pentamers. 

3.1.2 FT-IR spectra of OPLL and the OPLL-MMT 

composite. Fig. 2 presents the FT-IR spectra of L-lysine, OPLL, 

MMT, and the OPLL-MMT composite. In the L-lysine spectrum, 

the broad peak at 2943 cm-1 and shoulder peak at 1457 cm-1 can 

be assigned to the stretching and deformation vibrations of the 

CH2 group.37 The peaks at 1628 cm-1 and 1499 cm-1 represent the 

stretching vibration of the COO- group and NH3
+, respectively.37 

For the OPLL spectrum, two new peaks emerged at 1665 cm-1 

(amide I band) and 1516 cm-1 (amide II band),38 indicating the 

polycondensation of L-lysine via the amidation of the carboxyl 

groups. 

The FT-IR patterns of the MMT exhibited the extremely 

typical characteristic of smectite group. Some of the major 

absorption peaks were the following: stretching bands of the 

structural O-H (3625 cm-1), the broad stretching band of the 

physisorbed water (3425 cm-1), the deformation band of water 

(1639 cm-1), bands of Si-O stretching and Si-O-Si bending (1040 

cm-1 and 1080 cm-1), deformation bands of Al-Al-OH vibrations 

(917 cm-1), coupled out-of-plane vibration band of Al-O and Si-

O (625 cm-1) and deformation bands of Al-O-Si and Si-O-Si, 

located at 521 cm-1 and 465 cm-1, respectively.39 In the case of 

the OPLL-MMT composite, although the peaks that are 

attributed to the amide group in OPLL cannot be distinguished, 

the peak that appeared at 1457 cm-1 (CH2 stretching bands) 

undoubtedly suggests the adsorption of OPLL on the MMT 

surface. Additionally, the spectrum also possess broad and weak 

peaks at 3425 cm-1 and 1639 cm-1, indicating a significant 

decrease in the interlayer water. 

3.1.3 1H NMR spectrum of OPLL. OPLL is a 

polycondensation product of the amino acid L-lysine, which 

contains two amino groups (α-amino and ε-amino). As reported  

 

 

 

Fig. 2. FT-IR spectra of (a) OPLL, (b) L-lysine, (c) MMT and (d) 

OPLL-MMT composite. 

 

Fig. 3. 1H NMR spectrum of OPLL. 

 

 

in the literature,34 due to the higher reactivity of the ε-amino 

group of the monomer, the mole fraction of the ε-linked linear 

units was far greater than that of the α-linked units in the 

hyperbranched poly(L-lysine) structure that was thermally 

polymerized using a metal-based amidation catalyst, such as 

Zr(On Bu)4 and Ti(On Bu)4. 

The microstructure of the OPLL was characterized by the 1H 

NMR spectrum, which is shown in Fig. 3. The peak at 4.08 ppm 

in the spectrum was assigned to the α-CH proton of the α-linked 

lysyl units, and the near peak at 3.98 ppm originated from the α-

CH proton of the terminal lysyl units40. The three broad peaks 

located in the range of 1.2 ppm-1.8 ppm were attributed to the β, 

γ and δ-CH2 groups. The highest peak at 2.82 ppm was assigned 

to the ε-CH2 group next to a free amino group.34, 40 Additionally, 

no signals that can be attributed to the α-CH proton or the ε-CH2 

proton of the ε-linked lysyl units were apparently visible, 

indicating that the OPLL synthesized in this paper was mainly 

composed of α-linked units. This finding could be due to that, in 

the presence of phosphoric acid as catalyst, the L-lysine 

monomers have a strong tendency to polymerize via the 

amidation of the α-NH2 group rather than the ε-NH2 group. 

3.2 Inhibition performance on the MMT and shale 

3.2.1 MMT linear swelling tests. The linear swelling curves 

of the compacted MMT that was immersed in DI water, OPLL 

and other inhibitor solutions of the same concentration are 

presented in Fig. 4. For all of the samples, the swelling curves 

displayed a similar shape with a strong increase within the initial 

period of time followed by a relatively slower growth, exhibiting 

typical swelling behaviour of MMT in aqueous solution. Within 

the experimental time frame, the linear swelling height of the 

MMT in DI water was the highest amongst all of the samples. 

Compared with that in DI water, the extent of swelling of the 

MMT in the OPLL, KCl, EPTAC and Jeffamine D230 solutions 

was reduced by 38%, 29%, 28% and 8%, respectively. These 

differences suggest larger inhibition of the OPLL on the MMT 

swelling compared to that of the other inhibitors. 

The linear swelling behaviour of compacted MMT in aqueous 

media is strongly dependent on the crystalline swelling that  
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Fig. 4. Linear swelling curves of the MMT in DI water, OPLL 

and other inhibitor solutions. 

 

 

occurs between the individual MMT layers caused by the 

hydration of interlayer cations and layer surfaces.41 Therefore, 

the stronger inhibition of OPLL on swelling of compacted MMT 

could be mainly due to the higher inhibition on crystalline 

swelling of the MMT. 

3.2.2 MMT dispersion tests. Investigating the rheology of 

MMT/inhibitors suspensions is an effective way to evaluate the 

inhibition performance on the MMT hydrated dispersion. The 

yield point of the suspension reflects the intensity of the internal 

network structure formed by the dispersed MMT particles in 

laminar flow. A higher yield point indicates a higher particle 

number and a stronger network structure and, conversely, a 

weaker inhibition on the dispersion of MMT particles. The yield 

points of the MMT/OPLL suspensions as a function of the MMT 

dosage are shown in Fig. 5. Obviously, the inhibition on MMT 

dispersion is influenced by OPLL concentration. The extent of 

the dispersion was higher in the lower concentration solutions  

 

 

 

Fig. 5. Yield points of the MMT/OPLL suspensions as a function 

of MMT concentration. 

than in higher ones due to the lower amounts of OPLL that were 

adsorbed onto the MMT particles. With increasing MMT 

concentrations, the yield points increased for all of the samples, 

and the gaps between the yield points also gradually enlarged. At 

the low MMT concentrations, only small amounts of the OPLL 

molecules are required to reach the saturated adsorption on MMT, 

thus leading to a similar inhibition performance of the OPLL 

with different concentrations. However, at relatively higher 

MMT concentrations, the low inhibition of samples with low 

OPLL concentrations are much more distinct due to the lower 

amounts of OPLL molecules that were available to adsorb onto 

the MMT. 

The difference in dispersion states of the MMT in pure water 

and OPLL solution can be directly observed by TEM, as shown 

in Fig. 6. Apparently, the plate-like MMT particles dispersed in 

OPLL solution is much thicker and longer than in DI water, 

indicating that the dispersion of the MMT particles is inhibited 

by OPLL. The size of MMT particles in aqueous suspension is 

mainly governed by the diffuse double layer repulsion.42 If the 

repulsion between the diffuse double layers of two approaching 

MMT particles is weak enough to be overcome by kinetic energy, 

the diffuse portions of the double layers will begin to fuse, which 

results that the two particles join together forming one larger 

particle. The reduction of particle number undoubtedly has an 

adverse effect on the formation of network structure, as indicated  

 

 

 

Fig. 6. TEM images of the MMT dispersed in (a) DI water and 

(b) 1 wt% OPLL solution. 
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by the decrease in the yield point of suspension. Consequently, 

the inhibition on hydrated dispersion of MMT particles by OPLL 

could be attributed to the weakening of the double-layer 

repulsion through electrostatic neutralization between the 

negative MMT surface and the positive charged OPLL. The 

detailed analysis will be discussed in the later section. 

Electrostatic attraction between the positively charged amine 

groups and the negative MMT surface and ion exchange with 

interlayer cations are the main driving forces for the adsorption 

of the OPLL molecules onto the MMT particles. Only when the 

pH value of solution is close to or lower than the pKa value of 

OPLL can the protonation of amine groups occur. Therefore it 

can be expected that the inhibition performance of the OPLL 

would be strongly influenced by the pH value of solution. Fig. 7 

shows the yield points and the plastic viscosities of the 

MMT/OPLL suspensions as a function of pH with the same 

MMT concentration. In the pH range between 7 and 10, the yield 

points and the plastic viscosities did not exhibit an obvious 

change. However, when the pH value increased to 11, these two 

values simultaneously possessed a significant increase, 

indicating the poor inhibition on the dispersion of the MMT 

particles. Therefore, it can be deduced that the pKa value of 

OPLL is in the range between 10 and 11. The fact that the 

reported pKa of ε-NH2 and α-NH2 in poly(L-lysine) is 7.643 and 

10.544, respectively, further proves that the OPLL synthesized in 

this paper was predominantly of the α-type. This test suggests 

that the OPLL can exhibit a good performance in the WBFs, 

where the pH range is generally fixed between 9.5 to 10.5.45 

The inhibition capacity at high temperature is also of great 

significance for the shale inhibitor because the drilling depth in 

the recent decades is much deeper than ever, and therefore, the 

inhibitor needs to be able to overcome the negative effects 

brought about by high temperatures. Fig. 8 presents the yield 

points of the MMT/OPLL suspensions as a function of 

temperature with the same MMT concentration. In the 

temperature range between 90 °C to 180 °C, no significant 

change in the yield point and plastic viscosity was detected for  

 

 

 

Fig. 7. Yield points and plastic viscosities of the bentonite/OPLL 

suspensions as a function of pH. 

 

Fig. 8. Yield points and plastic viscosities of the MMT/OPLL 

suspensions as a function of temperature 

 

 

the MMT/OPLL suspension. However, when the temperature 

was further increased to 210 °C, both of the two values increased 

sharply, indicating the serious weakening of the inhibition 

performance of OPLL under such a high temperature. 

Fig. 9 presents the TG curves of the OPLL, pristine MMT and 

the OPLL-MMT composite. For OPLL, within the experimental 

temperature range, there are two major stages in the process of 

thermal decomposition. The slight weight loss from 30 °C to 

~120 °C was attributed to the evaporation of the physically 

adsorbed water. The second stage began at approximately 250 °C, 

and a rapid loss of weight up to 50 wt% was observed; this effect 

was attributed to the thermal decomposition of the unstable 

functionalities, such as the primary amine and amide. Because 

the thermal decomposition of OPLL will not occur when the 

temperature is lower than 250 °C, the poorer inhibition 

performance on MMT dispersion at 210 °C could be due to the 

significantly weakened electrostatic adsorption of OPLL on the 

MMT surface at the high temperature. 

 

 

 

Fig. 9. TG curves of the OPLL, pure MMT and OPLL-MMT 

composite. 
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In the case of pristine MMT, the mass loss step observed up to 

~140 °C was ascribed to the release of the free (interstitial water 

and surface adsorbed water) and interlayer water. The second 

step, starting from ~550 °C, due to the removal of the structural 

water (bonded hydroxyl moieties that underwent 

dihydroxylation).46 The TG curve of the OPLL-MMT composite 

demonstrated that the amount of free and interlayer water in 

MMT decreases after the adsorption of the OPLL molecules, 

indicating the effective inhibition of the OPLL on the hydration 

of MMT. 

Fig. 10 compares the inhibition performance of the OPLL with 

other commonly-used inhibitors, including KCl, Jeffamine D230 

and EPTAC. Apparently, at the same concentration, the yield 

point of the MMT/OPLL suspension was much lower than that 

of any other inhibitor, indicating the higher inhibition of OPLL 

on the MMT hydrated dispersion. 

3.2.3 Shale dispersion tests. Two shale samples of different 

clay compositions were used in the evaluation of the inhibition 

performance of the OPLL. The recovery percentage of the shale 

cuttings with relatively high MMT contents (shale 1#) after they 

were hot-rolled in DI water, OPLL and other inhibitor solutions 

are presented in Fig. 11. The curves for all of the samples 

possessed similar trends, with the recovery percentage increasing 

significantly at low concentrations and reaching a quasi-plateau 

at higher concentrations; this pattern indicated that the 

adsorption of the inhibitor molecules on the clay minerals in the 

shale was near the saturation point. At the same concentration, 

the recovery percentage of the shale cuttings in the OPLL 

solution was always the highest amongst all of the tested 

inhibitors and approached 78 wt% for the concentration of 3 wt%. 

The performances of the other inhibitors were much poorer than 

that of OPLL in the shale dispersion tests. Additionally, it should 

be noted that in this test, Jeffamine D230 possessed a better 

inhibition on the shale dispersion than EPTAC, whereas in the 

MMT dispersion tests, the result was just the opposite. This 

difference could be due to the “cloud point” effect47 that 

improved the inhibition of Jeffamine on the shale dispersion.  

 

 

 

Fig. 10. Yield points of the MMT/inhibitors suspensions as a 

function of MMT concentration. 

 

Fig. 11. Recovery percentages of the shale with a relatively high 

MMT content after being hot-rolled in different inhibitor 

solutions at 120 °C for 16 h. 

 

 

 

Fig. 12. Recovery percentages of the shale with relatively high 

illite contents after being hot-rolled in KCl and OPLL solutions 

at 120 °C for 16 h. 

 

 

Above the cloud point temperature (~50 °C), the Jeffamine 

solution started to phase separate. The droplets or aggregates 

resulting from the separation of the Jeffamine-rich phase can seal 

the shale surface, thereby reducing the water ingress into the 

shale.48 

Although the traditional inhibitor KCl has a strong inhibitory 

effect on the swelling of MMT, it had hardly any effect on the 

non-swelling minerals, such as illite, according to a report by 

Van Oort.3 Fig 12 shows the recovery percentages of the shale 

with relatively high illite contents (shale 2#) after they were hot-

rolled in DI water, KCl or OPLL solutions. The recovery 

percentage in DI water was 13 wt%, and the value was merely 

increased to 23 wt% by the KCl solution with up to 7 wt% 

concentration, which indicated the negligible inhibition of KCl 

on the illite-based shale. In sharp contrast, the shale recovery 
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percentage was increased significantly to 59 wt% by the 1 wt% 

OPLL solution. This difference suggests that OPLL can 

effectively inhibit the hydrated dispersion of both the MMT-rich 

and illite-rich shale. 

3.3 Inhibition mechanism analysis 

So far, there is no uniform view about the role of clay mineralogy 

in relation to the shale instability. The most often cited 

explanation emphasizes a volume expansion following the 

osmotic swelling of the interlayer space of MMT as the primary 

failure mechanism.3 However, in a recent paper,49 Wilson and 

Wilson argued that this mechanism could not account for the 

instability of illite-rich or kaolin-rich shales and that it was not at 

all certain that it was necessarily applicable to all MMT-rich 

shales. They maintained that the swelling and dispersion of 

shales envisaged a combined mechanism of the crystalline 

swelling of MMT and the overlap of the diffuse double layers of 

negatively charged clays (MMT, illite or kaolin). When the 

impermeable shale with high clay contents came into direct 

contact with the drilling fluid at the exposed wellbore face, shale 

swelling may occur through the crystalline expansion of MMT. 

As for the more permeable shales with high proportions of non-

clay minerals, the drilling fluid invaded into the intra-aggregate 

pores more rapidly than to the interlayer space of the MMT. In 

this scenario, the failure of shale was related to the overlap of the 

diffuse double layers associated with the charged external 

surfaces of the clay minerals exposed in opposing walls of micro- 

and meso-pores of the shale, thereby leading to a build-up of pore 

pressure. In this upcoming section, the inhibition mechanism of 

OPLL on the shale destabilization was analysed based upon 

Wilson’s theory. 

3.3.1 Effect of OPLL on crystalline swelling. XRD was used 

to investigate the changes in the interlayer spacing (d001) of 

OPLL-MMT composite compared with pristine MMT, from 

which the inhibitory effect on the crystalline swelling of MMT 

could be evaluated. 

Fig. 13(a) presents the XRD patterns of the dry OPLL-MMT 

composites with different OPLL concentrations. The peaks were 

assigned to the (001) basal diffraction of the MMT. It was 

observed that the pristine MMT exhibited broad diffraction peak 

at 2θ=8.8°, which corresponded to an average interlayer spacing 

of 9.74 Å, revealing a dominant dehydrated interlayer stage.50 

The addition of small amounts of OPLL immediately modified 

the XRD patterns. For a low concentration of 0.2 wt% OPLL, the 

peak shifted toward the lower angle side corresponding to 

interlayer spacing of 13.1 Å. As the concentration of OPLL 

increased to above 0.6 wt%, the interlayer spacing further 

expanded to 13.6 Å, which is the sum of the thickness of 

dehydrated MMT and a single layer of OPLL molecules. This 

effect indicated the successful intercalation of the OPLL into the 

interlayer of MMT driven by cationic exchange.51 

In addition, with an increase in OPLL dosage, the diffraction 

patterns exhibited a significant increase in the crystallinity as 

judged from the half width of the d001 signals. Higher 

crystallinity indicates a greater inhibition on the hydrated 

dispersion of the MMT quasicrystals with higher OPLL 

concentrations.4 For the concentrations of OPLL above 1.5 wt%,  

 

Fig. 13. XRD patterns of (a) dry OPLL/MMT composites and (b) 

wet OPLL/MMT composites with different concentration of 

OPLL. 

 

 

the patterns distinctly demonstrated two peaks, thus revealing a 

coexistence of layers with and without intercalation with the 

OPLL molecules. This pattern suggests that some of the layers 

were intercalated before the others, which may be linked to the 

layer charge heterogeneities that are nearly always present in 

natural swelling clays.52 

The evolution of the XRD patterns of the wet OPLL-MMT 

composites with the concentration of OPLL is presented in Fig 

13(b). For pristine MMT, the XRD pattern displayed an 

interlayer spacing of 19.5 Å, corresponding to a dominant three-

layer hydrate stage of MMT.53 With the increase in the OPLL 

concentration to 1.5 wt%, the interlayer spacing gradually 

decreased to 13.9 Å, and the further increase of concentration to 

2 wt% did not obviously change the spacing. It must be noted 

that this value was approximately the same as that of the dry 

OPLL-MMT composite (13.6 Å), which may indicate that the 

intercalated OPLL molecules almost totally prevented any 

crystalline swelling resulted from the uptake of water. 

Our previous studies have shown that the degree of crystalline 

swelling was closely correlated with the macroscopic swelling 

degree of the densely compacted MMT immersed in inhibitor 

solution,54 which is also clearly revealed in Fig. 14. This figure 

compares the macroscopic linear swelling height and the  
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Fig. 14. Swelling degree of the MMT in different inhibitor 

solutions (diagonal stripe bars) and the interlayer spacing of the 

wet inhibitor-MMT composites (vertical stripe bars). 

 

 

microscopic change in the interlayer spacing of the MMT 

exposed to different inhibitor solutions. It can be observed that 

the MMT sample, which had a lower degree of macroscopic 

swelling in the OPLL solution, shows a smaller interlayer 

spacing than what was observed with other inhibitor solutions. 

This finding indicated that OPLL effectively inhibited the 

hydrated swelling of MMT-rich shale via intercalating into the 

interlayer space and preventing the crystalline swelling of MMT. 

Additionally, it is worth mentioning that the MMT sample that 

was compressed under an applied stress of 15 MPa for the linear 

swelling test was dense enough to approximately represent 

impermeable shale with a high MMT content.49 Therefore, it can 

be concluded that inhibiting crystalline swelling of MMT is an 

effective way for OPLL to prevent the impermeable shale from 

destabilizing. 

3.3.2 Effect of OPLL on double-layer repulsion. Zeta 

potential measurements were performed for investigating the 

effects of OPLL on the repulsive double-layer interactions 

between MMT particles. Fig. 15 presents the zeta potential of the 

MMT particles dispersed in different inhibitor suspensions as a 

function of the inhibitor concentration. The zeta potential of the 

pristine MMT is ~30 mV, indicating a favorable dispersion in 

water. It appears that for all of the samples, the zeta potential was 

less negative with an increase in the inhibitor concentration until 

a quasi-plateau was reached. At low concentrations, there were 

tiny differences in the zeta potential for the different inhibitors, 

whereas with the increase in concentration, the distinction 

become quite significant, indicating the different adsorption 

affinities for MMT for these inhibitors. At the quasi-plateau, the 

zeta potential of MMT dispersed in the OPLL solution 

approached ~-4 mV, which was much closer to 0 mV compared 

with the potentials observed with KCl, Jeffamine and EPTAC.  

For all three of the cationic inhibitors, including OPLL, the 

zeta potential did not reverse to a positive value, indicating the 

adsorption amount was lower than the CEC of MMT. The 

adsorption of the low molecular weight cationic polymer below 

the CEC is mainly due to the electrostatic interactions, and the 

adsorption above the CEC is due to additional hydrophobic  

 

Fig. 15. Zeta potential of the MMT colloidal particles dispersed 

in different inhibitor solutions 

 

 

interactions between the adsorbing molecular chains.55 Because 

OPLL does not possess long hydrophobic alkyl chains, the 

adsorption on the MMT cannot result in the inverse of zeta 

potential, which may re-stabilize the diffuse double layers. The 

zeta potential values of the MMT in different inhibitor solutions 

was extremely consistent with the inhibition effects on MMT 

hydrated dispersion. Crystalline swelling is a process that occurs 

within the individual layers; whereas in contrast, double-layer 

swelling is a process that occurs between the colloidal particles,42 

which is the main reason behind the stable dispersion of the 

MMT in aqueous media. The comparison of Fig. 9 and Fig. 14 

showed that the inhibitor that can neutralize the negative charge 

on the MMT surface to the greatest extent had the best inhibition 

on MMT dispersion, and this can be attributed to the decrease of 

the surface charge potential and the resulting extreme weakness 

of the double-layer repulsion. As previously mentioned, for more 

permeable shale, the double-layer repulsion associated with the 

charged external surfaces of the clay particles exposed in the 

opposing walls of shale pores is considered to be the dominant 

factor causing dispersion.49 Therefore, the ability to effectively 

weaken the double-layer repulsion between clay particles 

undoubtedly ensures the high inhibition performance of OPLL 

on permeable shale, no matter the main clay mineral in the shale 

is MMT or non-swelling type, such as illite and kaolin. 

According to the opinion of Wilson and Wilson,49 generally, 

the hydrated dispersion of shale may be influenced by both the 

crystalline swelling and the double-layer repulsion of clay. Thus 

it is reasonable to speculate that the high inhibition performance 

of OPLL on shale is owning to its outstanding ability to inhibit 

crystalline swelling of MMT and weaken double-layer repulsive 

interaction between clay particles. The probable mechanism of 

shale inhibition by OPLL is shown in Fig. 16. 

3.4 Cost and environmental aspects 

In addition to the high performance on shale inhibition, other 

advantages of the OPLL are its very good environmental 

compatibility and low production cost. L-lysine is useful as  
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Fig. 16. Schematic diagram of the shale inhibition by OPLL. 

 

 

medicament, chemical agent, food material (food industry) and 

feed additive (animal food), and its demand has been steadily 

increasing in recent years; several hundred thousand tons of L- 

lysine (approximately 800,000 tons/year) are annually produced 

worldwide almost always by microbial fermentation.56 In china, 

the average price of feed grade L-lysine (98%) is only about 

$1,400/ton; therefore, OPLL is expected to be economically 

viable for use in drilling industry. 

Biodegradability and non-toxicity are of great importance to 

drilling fluid additive because of the tightening of environmental 

regulations. BOD/CODCr constitutes a good measure of the 

biodegradability of chemicals. Fig. 17 shows the changes in the 

BOD/CODCr ratio of OPLL over time. According to the general 

principle for determining biodegradability,57 organic matter with 

a ratio of BOD/CODCr > 0.6 on the 28th day can be deemed to 

be easily biodegradable. From Fig. 17, it can be observed that the 

BOD/CODCr value of OPLL within 5 days has already reached a 

value of 0.65, indicating that OPLL can be thoroughly 

biodegradable after a short period of time and therefore 

beneficial in protecting the environment. Additionally, as 

reported in the literature,58 polylysine and its derivatives with  

 

 

 

Fig. 17. BOD/CODCr curve of OPLL over time 

 

similar structures are non-toxic. Therefore, due to the high 

biodegradability and non-toxicity, OPLL can be applied as a 

promising environmental friendly shale inhibitor in WBFs that 

could be used in both onshore and offshore drilling. 

4. Conclusions 

The synthesis, characterization and evaluation of oligo (poly-L-

lysine) (OPLL) was performed to determine its feasibility as a 

biodegradable high-performance inhibitor for the hydration of 

shale. FT-ICR mass spectrum proved that the OPLL molecules 

were mainly trimers, tetramers and pentamers. The results of 1H 

NMR analysis suggests that the OPLL molecules were mainly 

composed of α-linked lysyl units formed through the 

polycondensation of α-amino groups and carboxylic acids.  

The MMT linear swelling and dispersion tests exhibited high 

inhibition of OPLL on hydration of MMT, superior than many 

commonly-used inhibitors in the field. Additionally, FT-IR and 

TG characterizations on the OPLL-MMT composite 

demonstrated that the amount of free and interlayer water in the 

MMT significantly decreased after the adsorption of OPLL, 

further indicating the effective inhibition of the OPLL with 

respect to MMT hydration. The results of shale dispersion tests 

suggested that the OPLL could efficiently inhibit the hydrated 

dispersion of not only the MMT-rich but also the illite-rich shale. 

This finding represents a significant advantage over the 

traditional inhibitor KCl, which possesses an extremely limited 

inhibitory effect on illite-rich shale. In addition to strong 

inhibition performance, the OPLL also possesses good thermal 

stability, broad pH adaptability and favorable biodegradability, 

which ensures that OPLL can be utilized as a promising 

environmental friendly shale inhibitor in water-based drilling 

fluid. 

The inhibition mechanism of OPLL was determined based on 

the combined use of XRD and zeta potential techniques. The 

results of the XRD analysis demonstrated that OPLL can 

intercalate into the interlayer of MMT, and therefore prevent 

crystalline swelling to a great extent. Zeta potential analysis 

demonstrated that OPLL can effectively neutralize the negative 

charge on the MMT surface and thereby significantly weaken the 

double-layer repulsion between MMT particles. Therefore, it can 

be concluded that the excellent inhibitive performance of OPLL 

on shale can be attributed to the synergistic effects of the 

inhibition of the MMT crystalline swelling and the weakening of 

the double-layer repulsion between clay particles. 
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