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Graphical abstract

Biodegradable polyethylene glycol-based ionic liquids for effective inhibition of
shale hydration

Shaohua Gou, Ting Yin, Qiang Xia and Qipeng Guo

We report synthesis of biodegradable polyethylene glycol-based ionic liquids which exhibit
potential capability for inhibiting shale hydration.
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Biodegradable polyethylene glycol-based ionic liquids
for effective inhibition of shale hydration
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Shaohua Gou,”” " Ting Yin,” Qiang Xia,” and Qipeng Guo“ "

A series of ionic liquids based on polyethylene glycol (PEG) with different molecular weights
were prepared for inhibiting the shale hydration and swelling. Antiswelling ratio was measured
to investigate the effect of different PEG-based ionic liquids on bentonite volume expansion,
and it has shown that the ionic liquids based PEG200, i.e. PEG with molecular weights of 200,
exhibited superior inhibition. The structures of PEG200-based ionic liquids were characterized
by '"H NMR studies. The XRD results indicated that PEG200-based ionic liquids intercalated
into sodium montmorillonite (Na-MMT) reducing the water uptake by the clay. The formation
of complexes of Na-MMT and PEG200-based ionic liquids was also verified by FTIR
spectroscopy. Thermal degradation analysis suggested that PEG200-based ionic liquids
accessed the interlamellar spaces of Na-MMT and reduced the water content of the complexes
obtained. Moreover, no break and collapse were observed on the shale samples after immersed
in PEG200-based ionic liquid solutions. All the PEG200-based ionic liquids showed
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biodegradability and potential application in effective inhibition for clay hydration.

1. Introduction

With the exploitation of shale gas, the introduction of water can lead
to swell and hydration of smectite-rich clay minerals, which can
reduce the cementation force and produce swelling force in shale.
Therefore, maintaining shale stability is one of the most vital aspects
in exploition of shale gas.'" As is known, the adsorption of
commercially used polyethylene glycols (PEGs) and polypropylene
glycols (PPGs) with different molecular weights on clay minerals
plays a significant role in a successful drilling process.” These
polyglycols are relatively cheap and have low environmental toxicity
to use, and they do not affect important fluid properties significantly,
such as viscosity, theology and fluid-loss control.> The inhibition
mechanisms could be probably attributed to their displacing the
water molecules from the interlayer leading to an increase in
entropy, and the restriction of hydratable cations interacting with
interlayer water by binding them to the clay surface based on ion-
dipole interactions between the cations of smectite and the
polyglycols polar functional groups.* However, as polyglycols are
uncharged, the adsorption is limited * and they do not replace the
hydratable cations in the clay interlayer; the best inhibition emerges
when polyglycols are combined with KCl which can affect the
ecosystem and have adverse effect on the fluid properties,® thus
further reducing the levels of KCl is a significant challenge.

The modification to polyglycols for replacing or reducing KCI has
been reported in last years, such as the hydrophobically modification
to PEGs with acetic and dodecanoic acid for inhibition of clay
hydration,” the clay-swelling inhibitors polyetheramines containing
primary amino groups attached to the end of polyether on ethylene
oxide (EO), propylene oxide (PO), or mixed EO/PO segments,® '
and the evaluation of the polyoxypropylene diamine modified with

This journal is © The Royal Society of Chemistry 2013

adipic acid, ethane diacid and succinic acid as clay-swelling inhibitor
in water-based drilling fluid.""

Within the large family of polyglycols-functionalized product, the
PEG-based ionic liquids (ILs) have attracted considerable attentions
in the last decade and have demonstrated the attractive
physicochemical properties, thermostability and polarity (e.g.
hydrophilicity, hydrogen bonding capability) and applications in
several exciting areas.'> F. Nogueira et.al reported the dye-sensitized
solar cells of polymer gel electrolytes based on a PEO copolymer
and an imidazolium-based IL."* PEG-1000-based dicationic acidic
ionic liquid and toluene was reported by Luo et.al to prepare
benzopyrans in up to 93% yields."* He et.al prepared a series of
polyethylene glycol-functionalized basic ILs for efficient CO,
conversion into organic carbonates under mild conditions."
Furthermore the introduction of the PEG and carboxylic acids
structural motifs leads to a great increase of ILs biodegradability in
water.'® To the author’s knowledge, there is little information
available in literature about the PEG-based ILs as clay-swelling
inhibitors considering their biodegradation property and hydrogen
bonding capability.

In this work, we designed and synthesized a novel series of PEG-
based ILs. The esterification of different molecular weights PEG
with the cyclic anhydride (maleic anhydride and/or succinic
anhydride) were conducted, and then the esterification products were
synthesized ~ with  1-methylimidazole and/or triethylamine,
respectively. PEG-based ILs containing ether oxygen and
carboxylate oxygen could adsorb on the clay minerals by hydrogen
bonds, and the interaction between organic amine cation and the
negative surface charge of clay can contribute significantly to the
adsorption of PEG-based ILs on the clay surfaces. The experimental

RSC Adv., 2015, 00,1-3 | 1



Page 3 of 9

anti-swelling ratio and surface tension measurements have been
carried out to evaluate the inhibition ability of PEG-based ILs for the
clay-swelling. Moreover, X-ray diffraction, FTIR and TG analysis
have been employed to further investigate the inhibition of these ILs.
And, the shale soaked test was conducted to study the possible
physical alterations of shale in these PEG-based ILs.

2. Experimental section
2.1. Material
Polyethylene glycol with different molecular weights (PEG200,

PEG400, PEG800, PEG1000, PEG1500, PEG2000, and
PEG6000), maleic anhydride, succinic anhydride, 1-
methylimidazole, triethylamine, sodiumn-dodecyl sulfate

(SDS), acetone, tetrahydrofuran, diethyl ether, and acetonitrile
were all supplied by Chengdu Kelong Chemical Reagent
These were all
analytically pure used as received without
purification. Sodium montmorillonite (Na-MMT) and bentonite
used in this study were provided by Xinjiang Xiazijie Bentonite

Factory, Sichuan. starting compounds

additional

Company, Xinjiang. These clays were drying at 40 °C to
constant weight for use. The shale samples were mined from
the Chang Ning, Sichuan, and the major component of the clay
mineral is illite smectite mixed layer.

2.2. Synthesis of PEG-based ILs

The reactions of PEG200-6000 and maleic anhydride are based

7. 18 \which were carried out under

on the reported methods,
reflux at certain temperature followed by washing the
purification and the drying procedure. This structure of ILs
comprising polyethercarboxylates as anions was based on the
reports.'” 2° The reaction products are abbreviated as PM200-
6000. Similarly PS200-6000 were the products of PEG200-
6000 and succinic anhydride. Then a total of 1 mol synthesized
PM200-6000 were dissolved in dry acetone followed by the
addition of 2 mol 1-methylimidazole stirred at 50 °C for 3
days.?' The acetone was evaporated using rotavapor, and the
ILs PMI200-6000 were obtained. Similarly, PMT200-6000
were obtained by the reactions of PM200-6000 and
triethylamine. PSI200-6000 were the products of PS200-6000
and 1-methylimidazole, and PST200-6000 modified ILs were
obtained using PS200-6000 and triethylamine similarly as
described above. The different molecular weights of
polyethylene glycol were modified to PMI200-6000, PMT200-
6000, PSI200-6000 and PST200-6000 having carboxyl groups
and cations at both terminals. The synthesis route of PEG-based
products is presented in detail in Scheme 1.

This journal is © The Royal Society of Chemistry 2012
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23. 'H Nuclear (‘H NMR)
spectroscopy

"H NMR spectra of PEG200-based ionic liquid were obtained

by a Bruker AV III-400 NMR (Bruker,

Switzerland) in CDCl;.

2.4. Fourier transform infrared (FTIR) spectroscopy

FTIR were recorded with a WQ520 spectrophotometer (Beifen,

China) using the KBr pellet technique at room temperature. The

magnetic resonance

spectrometer

averaging 32 scans were taken for each sample in the optical
range 400—-4000 cm™ with a resolution of 2 cm™.

2.5. Antiswelling ratio test
10 mL deionized water different

concentration of PEG-based ILs was treated by 0.5 g bentonite.

containing with a

After stirring for 2 h, the dispersion was separated by a TG-16
supercentrifuge (YuHua Company, China) under 1500 r/min for
15 min. Then the antiswelling ratio of bentonite was calculate

according to the following equation.

V-V

AS= 717 x100% 1)

Where A4S is the anti-swelling ratio, %; ¥, are the volume of
swollen bentonite in distilled water, mL; V, are the volume of
swollen bentonite in kerosene, mL; V; are the volume of
swollen bentonite in the sample solution, mL.

2.6. Shale linear swelling test

4 g dried Na-MMT was pressed tightly together into a sample tube
under 1.5 MPa for 10 min and fixed in the chamber of the NP-3
swelling apparatus (Haian Oil Scientific Instrument Co., Ltd.,
China). The height of original Na-MMT was measured. After the
different solutions were added in, the swelling height was recorded
by displacement sensor. The shale linear swelling ratio was
calculated using following equation.

VH:;‘I—i x100% )

Here V' is the shale linear swelling ratio; %; Hy is the height of
original Na-MMT, mm; and AH is the maximum swelling
height of Na-MMT treated with different solutions, mm.

2.7. X-ray diffraction (XRD)

Samples were prepared by adding 0.5 g of Na-MMT to a 10 mL
PEG-based ionic liquid solution of the different concentration.
The Na-MMT/PEG-based ionic liquids suspensions were keep
for 2 h. The part of the wet Na-MMT/PEG-based ionic liquids
complexes was used for XRD measurements directly, and
others was dried at 40 °C and grinded to powders for the
measurements of XRD. The XRD analysis for angle of was
determined by XRD, X-ray powder diffractometer, X'pert PRO
MPD diffractometer CuK alpha 45 kV, 50 mA.

RSC Adv., 2012, 00,1-3 | 2
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Scheme 1 The synthesis routes of PEG-based ILs (PEG200, PEG400, PEG800, PEG1000, PEG1500, PEG2000, and PEG6000).

2.8. Biodegradation test

The biodegradability of the test ILs was evaluated using the
Closed Bottle test (OECD 301 D).!%?*2* The ILs were added to
the secondary effluentt and then the mixture was dispensed into
a series of biochemical oxygen demand (BOD) bottles and
maintained in completely full. SDS was utilized as reference
substance. The bottles containing just the inoculum were
prepared for parallel test. The dissolved oxygen of each
duplicate bottles was analysed immediately and the remaining
bottles were incubated in the dark at 20 °C. Biodegradation is
monitored by analysis of dissolved oxygen over 28 days. The
following equation are used to calculate the biodegradation.
The chemical oxygen demand was determined by the potassium

bichromate reflux method.
BOD (mg O,/mg test substance)

%degradation= x100 3)

COD (mg O,/mg test substance)
2.9. Surface tension

Surface tension of PEG-based ILs solution was measured using
TX500C SpinningDrop Interface tensiometer (CNG USA Co.)
with 5000 r/mim, at 30 °C.

2.10. Thermogravimetric (TG)

The Na-MMT/PEG-based ionic liquid suspensions were
prepared by adding 0.5 g of Na-MMT to a 10 mL PEG-based
ILs solution and shaken at room temperature for 12 h. And
then, the suspensions were centrifuged at 1500 r/min for 15 min
to settle the solids. The samples were dried at 40 °C and
grinded to powders. All samples were prepared to obtain the
weight loss measurements by TGA. TGA of the samples was
conducted with STA449 F3 synchronous thermal analyser
(Netzsch, Germany) at a ramp of 10 °C/min from room
temperature to 700 °C in an air atmosphere.

2.11. Shale soaked test

The shale were immersed in water, KCl or PEG-based ionic
liquids solutions at 80 °C for 24 h to simulate the wellbore

This journal is © The Royal Society of Chemistry 2013

conditions. The pictures of the samples were taken before and
after to observe possible physical alterations.

3. Results and discussion

3.1. Antiswelling ratio

The anti-swelling ratio which is one of the most important
factors for inhibition the volume expansion of clay was
measured by contacting deionized water and 1-10 wt %
solutions of PEG-based ILs for 2 h and the results are given in
Fig. 1 (a), (b) and (c). From these Figures, it is observed that
with the increase in the PEG-based ILs amount from 1 to 3 wt
%, the anti-swelling ratio of samples increases and thereafter
remains increasing slightly. And when increasing the molecular
weight of PEG from 200 to 6000, an obvious decrease in the
anti-swelling ratio was observed in PMI and PMT. The optimal
anti-swelling ratio of PMI1200, PMT200, PSI200 and PST200
were summarized in the Fig. 1 (d). The anti-swelling ratio of
PM200, PS200 and PEG200 is also presented in for
comparison. The results suggested that the attachment of
carboxylic acids to PEG200 display better clay inhibition in
comparison with PEG200. Moreover, in contrast to PEG200,
these PEG200-based ILs can inhibit the swelling of clay
significantly. Subsequently, the relevant performance of
PMI200, PMT200, PMT200 and PST200 are primarily
evaluated. 'H NMR spectra of PMI200, PMT200, PSI200 and
PST200 were shown in Fig. S1 in Electronic Supplementary
Information.

RSC Adv., 2015, 00, 1-3 | 3
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Fig. 1. The anti-swelling ratio of (a) PMI ILs, (b) PMT ILs, (c) PST
and PSI ILs, (d) PEG200, PM200, PS200 and PEG200-based ILs.

3.2. Na-MMT linear swelling ratio

This journal is © The Royal Society of Chemistry 2012
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Shale linear swelling test was used to study the effect of
PEG200-based ILs concentration on linear swelling ratio of Na-
MMT. The results are displayed in Fig. 2. It can be seen from
Fig. 2 that the linear swelling ratio of Na-MMT decreases with
the increase of ILs concentration from 1 to 3 wt%. When ILs
concentration is up to 3 wt%, the inhibition capacity remains
relatively stable. 3 wt% PEG200-based ILs can decrease linear
swelling ratio of Na-MMT from 86.5% in deionized water to
less than 20.0%. This is consistent with the result of
antiswelling ratio test obtained above.

Linear swelling ratio (%)

o T T T T T

3 4 5
Concentration of ILs (W%)
Fig. 2. The linear swelling ratio of Na-MMT in PEG200-based
ILs with different concentrations.

3.3. Effect of PEG200-based ILs concentration on d-
spacing of Na-MMT

The d-spacings of wet samples of Na-MMT treated with
different concentration of ILs are calculated according to
Bragg’s equation and shown in Fig. 3. The the d-spacings of
wet and dried Na-MMT treated with 3 wt% ILs are shown in
Table 1. The ILs PMI200, PMT200, PSI200 and PMT200
increased the d-spacings of Na-MMT from 12.1066 to about 18
A under the concentration of 1 and 2 wt%, which remained in
the region of crystalline swelling of the Na-MMT. The
intercalation of ILs at 3 wt% leads to a sudden decrease in d-
spacing, and increasing the concentration to 5 wt% exerts no
decrease and even small enhance on the d-spacing of Na-MMT.
Also, in the series of PEG200-based ILs, when the organic
cations changed from triethylamine to 1-methylimidazole, the
silicate d-spacing expanded, and when the PEG skeleton with a
double bond could lead to an increasing d-spacing. It is
possibly owing to the size effect and the gauche conformations
of ILs.”

The d-spacing of untreated Na-MMT is 12.1066 A, and the
swollen Na-MMT displays the d-spacing of 18.9430 A. The d-
spacing of dried Na-MMT-KCI sample shows a little smaller
than that of untreated Na-MMT, which may due to the smaller
hydrated volume of potassium ion.?® In addition, it can be seen
that the d-spacings of dried Na-MMT-ILs samples move toward
lower diffraction angles compared with untreated Na-MMT,
which is owing to the intercalation of the ILs into interlayer
spaces of Na-MMT.?

RSC Adv., 2012, 00,1-3 | 4



RSC Advances

—s— MMT/PMI200
—o— MMT/PMT200

MMT/PSI200
—v— MMT/PST200

d-spacing (A)
g

-
o
1

-
>
1

-
©w

T T T T T T T T T
1 5

o

2 4
Concentration of ILs (Wt%)

Fig. 3. Effect of PEG-based ILs concentration on d-spacings of
Na-MMT.

To further investigate the mode of the ILs arrangement on the
clay layer, the XRD results of wet and dried samples of Na-
MMT treated with PEG200, PM200, PS200, and combining
them with 3 wt% KCI are shown in Table 1. For dried samples
untreated with KCl, their d-spacings were around 16.5 A, which
shows the intercalation of PM200 and PS200 with COOH
groups 2’ and is characteristic of the formation of bilayer
complexes. In KCI solutions, the d-spacings exhibit values of
more than 13.2 A, taking into account the PEO zigzag chains
thickness of 3.8 A *® and the layer thickness of about 9.6 A,*
this increase of the d-spacing may be correspond roughly to one
layer of PEG200, PM200, and PS200 in the interlamellar
spaces of the clay. These results suggest that they are reluctant
to form a double layer in the presence of KCI, preferentially
displaying one denser layer into the interlamellar spaces of the
clay.” The same trend was observed for the clay treated with
ILs based on the cation, which may be attributed to the
residence of only one PEG product layer in the basal spacings
of the clay.

Table 1. The d-spacings of different wet and dried samples

Samples c/ d-spacing/A
wt% Wet Dried®
Na-MMT 0 12.1066 12.1066
Na-MMT/Water 0 18.9430 12.3387
Na-MMT/KCI 3 15.7103 11.8660
Na-MMT/PMI200 3 13.8574 13.7421
Na-MMT/PMT200 3 13.7040 13.2993
Na-MMT/PSI200 3 13.5912 13.3711
Na-MMT/PST200 3 13.4803 13.2283
Na-MMT/PEG200 3 19.7035 16.5878
Na-MMT/PM200 3 18.9088 16.4930
Na-MMT/PS200 3 18.8051 16.5232
Na-MMT/PEG200/3 wt% KCI 3 15.6534 14.0540
Na-MMT/PM200/3 wt% KCl 3 15.7031 13.3351
Na-MMT/PS200/3 wt% KCl 3 14.6789 13.1054

* Samples were dried at 40 °C.
The Na-MMT was treated with water to full hydration and then

respectively treated with 3 wt% ILs. The effect of the different
ILs on the inhibition properties of hydrated Na-MMT is shown

This journal is © The Royal Society of Chemistry 2012

in Fig. 4. The results clearly show that the PEG200-based ILs
reduce the water content of the clay/water complexes exhibiting
the decreasing d-spacing from ca. 19 (hydrated Na-MMT) to
ca. 13.5 A. This effective inhibition to hydrated Na-MMT
predicts that the ILs are able to intercalate into the layer spaces
of the clay and expel the interlayer water to prevent swelling
and disintegration of clay particles.

20

d-spacing (A)

Fig. 4. Effect of different ILs on the d-spacings of hydrated Na-
MMT.

The Na-MMT was treated with 3 wt% ILs and washed by water
several times, then the XRD test of the wet samples was
conducted. The results were shown in Table 2. Subsequently,
drying the wet samples and wetting them with water again, as
well the XRD test was carried out and also shown in Table 2.
The d-spacings of samples show almost no changes compared
with that of dried samples. The results clearly indicate PEG200-
based ILs intercalated Na-MMT are reluctant to form full
hydration to expand the d-spacing. These ILs are able to
penetrate into the interlayer spaces of the clay blocking and
preventing the water uptake by the clay and the PEG200-based
ILs within interlayer spaces are stable subject to water washing.
It is possibly owing to the hydrogen bond, electrostatic
interaction between PEG200-based ILs and clay.

Table 2 Effect of water washing on the d-spacings of wet and
dried samples

d-spacing/A

Page 6 of 9

Samples washing wet

washing dried samples

samples
Na-MMT/PMI200 14.0143 13.5703
Na-MMT/PMT200 13.7421 13.4308
Na-MMT/PSI1200 13.7040 13.4073
Na-MMT/PST200 13.6663 13.5372

3.4. Surface tension

The clay are unstable in water is due to their tendency to
hydrate, leading to swelling and eventually to dispersion.*
Moreover, montmorillonite presents a large contact area. *' This

RSC Adv., 2012, 00, 1-3 | 5
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involves the formation of hydrogen (H-O) bonds between water
and the silica or alumina groups on the shale surface.
Polyglycols inhibit the clay-swelling through interfering with
the hydrogen-bonding between water and shale surfaces, and
polyglycols can also form hydrogen bonds competing with the
water for the silica and alumina sites. It is also suggested that
the droplets or aggregates resulting from the separation of a
surfactant-rich phase can seal the shale surface, thereby
reducing water ingress into the shale and leading to a high
wellbore stability.* The interfacial tension of 3 wt% PEG200-
based ionic liquid were tested. When the concentration was 3
wt%, the surface tension of PMI200, PMT200, PSI200 and
PST200 were 37.1, 40.8, 30.5 and 27.9 mN/m, respectively.
Dow et al reportedthat about 45.4 mN/m interfacial tension was
obtained by 100 wt% PEG200.>> PEG200-based ILs contain
hydrophobic segment such as methyl and imidazole ring,
restricting swelling through the interactions between the
hydrophobic part of the glycol and the clay surface; disrupting
the hydrogen bonding network of water molecules in the
interlayer; and the binding of the hydrophilic part, such as ether
and carbonyl oxygen atom of PEG200-based ILs, to sodium
cations and to the clay surface.

3.4. Biodegradation of PEG200-based ILs

In this section we discuss the biodegradation of these PEG200-
based ILs. The concentration of PEG200-based ILs is 3 mg/L
which were conducted as the sole source of carbon and
nitrogen. Fig. 5 presented the higher biodegradation values (58-
65%) of PEG200-based ILs.
biodegradation level higher than 60% are referred to as “readily

Chemicals which reach a

biodegradable”. The anion type can affect the biodegradation

properties of the ILs. In this study, introduction of the
the

polyethercarboxylate anion improves biodegradation

properties of the imidazole-based ILs.

80

60

40 —=—SDS
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—~—PMT200
——PSI200

——PST200

204

% biodegradation

0 5 10 15 20 25 30
Time (days)

Fig. S. Biodegradation curves of PEG200-based ILs.

3.5. FTIR studies

In the recorded spectra of PEG200-based ILs (Fig. 6), the
recorded peaks at 1720 ,1722, 1732, and 1731 cm ! are due to
the ester C=0 stretching vibration. Peaks at 1583, 1582, 1576,
and 1570 cm ' was assigned for the stretching vibration of
carboxylate of PMI200, PMT200, PSI200, and PST200,
respectively.”® The vibration of methyl is observed at 2986,
2985, 2966, 2989 cm™ in PMI200, PMT200, PSI200, and
PST200, respectively. Two peaks at approximate 2938 and

This journal is © The Royal Society of Chemistry 2012
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2872 cm™' are due to an alkyl C—H stretching vibration of —
CH,— of PEG chains. A peak around 1467 cm™' is assigned for
the vibration of in plane scissoring of C—H in PEG segments,
and the C—O—C stretching vibrations of the PEG skeleton were
well observed at three bands at 1172, 1112, and 1033 cm™.**
The FTIR spectrum of Na-MMT is shown in Fig. 5 (e). The
peak of AI-Al-OH stretching vibration presents at 3631 cm .
The peak observed at 3410 cm ' is attributed to H-O-H
stretching. The peak at 1641 cm ' is the H-O-H bending
vibrations of water.*® It could be seen the peak at 1033 cm ™! is
attributed to Si—O stretching frequency. In the FTIR spectrum
of Na-MMT interacted with PEG200-based ILs, H-O-H
bending vibration at 1641 cm™' for Na-MMT was still appeared
up suggesting that a small amount of combined water still
present in the interlayer treated Na-MMT. The peak around
2986 cm™' for ILs was observed in the complexes of Na-MMT-
ILs. The peak of ester carbonyl in PEG200-based ILs (C=0O
stretching vibration) was able to observed for the spectra of Na-
MMT with PMI200 (at 1731 cm™'), PMT200 (at 1718 cm™"),
PSI200 (at 1732 cm™") and PST200 (at 1725 cm'). Peaks at
1560, 1562, 1550, and 1556 cm ' for the vibration of
carboxylate in PMI200, PMT200, PSI200 and PST200 ILs
appear, respectively. The displacements of vibration of in plane
scissoring of C—H (1467 cm™) in PEG segments occurred.
These peak positions can confirm the interaction of these ILs in
the interlayer of Na-MMT particles.

T T
3000 2000
Wavenumbers (cm™)

Fig. 6. FTIR spectra of (a) PMI200, (b) PMT200, (c) PSI200,
(d) PST200, (¢) Na-MMT, (f) Na-MMT-PMI200, (g) Na-
MMT-PMT200, (h) Na-MMT-PSI200 and (i) Na-MMT-
PST200.

3.6. Thermal stability

TG patterns of dry untreated Na-MMT and Na-MMT treated
with 3 wt % PEG200-based ILs in the temperature range of 40
to 700 °C are shown in Fig. 7. At TG curve of unmodified clay,
the mass loss before 200 °C was corresponded to the
decomposition of physically adsorbed water, hydrogen-bonded

RSC Adv., 2012, 00,1-3 | 6
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water and water molecules around metal Na® exchangeable
sites in Na-MMT,>® and there is no clear difference between
free and interlayer water molecules.’” The temperature range of
200-600 °C the mass loss can be attributed to some of the
dehydroxylation of clay minerals from tetrahedral sheets and
above 600 °C the mass loss occurs because of the
dehydroxylation of clay.®® Tt can be seen that PMI200,
PMT200, PS1200, and PST200 ILs reduce the mass loss of the
bound water content within the interlayer of untreated Na-
MMT from 0.85 wt% to 0.64, 0.33, 0.32 and 0.43 wt%,
respectively. The lower mass of bound water is a foregone
conclusion of the improved inhibitive properties, thus, the
interacted PM1200, PMT200, PST200 and PST200 Na-MMT
show excellent inhibition for clay-swelling. In addition, an
intersection point at about 300 °C at TG curves, it indicates that
PEG adsorbed on Na-MMT are able to decrease the mass in the
previous studies.*® Thus, it may possible to deduce this loss
weight attributed to the thermal degradation of the PEG200-
based ILs degradation.

100

Na-MMT A :
— — Na-MMT/PMI200 AN

- Na-MMT/PMT200 \
— - —Na-MMT/PSI200
— ---Na-MMT/PST200

Mass (Wt%)

924

T T T T T T T T T T
200 300 400 500 600 700

Temperature (°C)

T T T
0 100

Fig. 7. TG patterns of Na-MMT/PEG200-based ILs samples

3.7. Shale soaked analysis

The swelling of the clays could lead to the possible rock
physical alterations and cause wellbore collapse. Fig. 8 shows
the pictures of shale samples before and after 24 h at 80 °C of
exposure to deionized water, KCl, and PEG200-based ILs
solutions. In contrast to brine and ILs, we observed brittle
failure after the soaked in water altering the samples physically,
indicating the water serious adsorption by clay minerals. When
exposed to 3 wt% KCI solution, some induced microfractures
were observed on samples. Dehghanpour et al. reported that the
clay-rich samples completely break after exposure to 2 wt %
KCl solution after 3 days.***' The shale samples after soaked
in PMI200, PMT200, PSI200, and PST200 show no obvious
swell and break and reduces the degree of physical alteration of
samples, which indicates the ILs can play an important role in
swelling inhibition.

3.8. Inhibition mechanism

The possible shale inhibition mechanism of PEG200-based ILs
is due to the following factors. PEG200-based ILs are able to
penetrate into and displace water molecules from the interlayer
space of the clay. And, the monolayer arrangement of PEG200-
based ILs into silicate layers are reluctant to fully hydrate and
diminish the tendency to uptake of water preventing clay layers
apart. Furthermore, the PEG200-based ILs chains can adsorb on
the clay mineral surface which further prevent the water
molecules from migrating to the clay surface.

in water in KCI in PMI200
Before

Soaked

After
Soaked

Fig. 8. Pictures of shale samples before and after exposure to

4. Conclusions

A novel series of PEG-based ILs were prepared and their
bentonite inhibition was investigated, in which PEG200-based
ILs exhibit an excellent inhibition up to 83% anti-swelling ratio
without the presence of KCI. The lower the molecular weight of
PEG, the greater the clay-swelling inhibition of PEG-based ILs.
"H NMR and surface tension of PEG200-based ILs was studied.
The results of XRD indicated PEG200-based ILs are able to
penetrate into the interlamellar in the basal spacing of the clay
even hydrated clay, however, the entrance was limited to only

This journal is © The Royal Society of Chemistry 2012
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in PMT200 in PSI200 in PST200

water, KCI, PMI200, PMT200, PSI200, and PST200 solutions.

one layer in the presence of cations. And the interlayer spaces
PEG200-based ILs are unable subject to water washing,
blocking and preventing the water uptake by the clay.
Moreover, FTIR further confirm the intercalation of PEG200-
based ILs, and TGA demonstrated PEG200-based ILs can
minimize the water content in the interlayer of Na-MMT.
PEG200-based ILs which all reach a biodegradation level are
referred to as biodegradable. Moreover, no cracks and collapse
were observed on the shale samples after the shale soaked in
PEG200-based ILs solutions at 80 °C for 24 h. Therefore, all
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the results suggested that PEG200-based ILs exhibit potential
application for inhibiting the clay dispersion and disintegration.
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