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Abstract
Aimed at the problem of poor anti-temperature capability of polymer viscosifier, which cannot meet the needs of ultra-
high-temperature water-based drilling fluid, laponite has been studied as an ultra-high-temperature viscosifier. The 
property of thickening, temperature resistance and salt tolerance of laponite are evaluated. In addition, the viscosifying 
mechanism of laponite under high temperature has also been analyzed. Experimental results show that laponite has 
excellent viscosifying ability and thermal stability, and it is able to function at temperature of up to 260 °C. Moreover, 
the viscosifying effect at high temperature is superior to high-temperature viscosifiers used worldwide. In practice, the 
reduced rate of apparent viscosity value of bentonite dispersion formulated with 1 wt% laponite is 0% after aging at 
260 °C for 16 h, while that of bentonite dispersion with 1 wt% HE300 is 94.7%. Research results indicate that laponite is 
compatible well with other commonly used additives and has promising application as ultra-high-temperature viscosi-
fier in formulating ultra-high-temperature water-based drilling fluid.
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1 Introduction

Bottom hole temperature can exceed 240 °C during the 
implementation of the exploration and development in 
deep hydrocarbon and hot dry rock resources. This makes 
the drilling fluid exposed to high-temperature environ-
ment for long periods, creating new challenges for tem-
perature resistance of drilling fluids. Various components 
of drilling fluid will change under ultra-high temperature. 
Especially, viscosifier is an important ingredient of water-
based drilling fluids to viscosify the fluid and suspend drill-
ing cuttings. However, polymer viscosifiers do not main-
tain their properties in high-temperature water-based 
drilling fluids due to their thermal degradation. Previously, 
a variety of polymer viscosifiers with higher thermal stabil-
ity were synthesized to solve the drawback. Yan et al. [1, 
2] synthesized a novel amphiphilic comb-like terpolymer, 
which improved the rheological and filtration properties 
of water-based drilling fluids under a high temperature of 

150 °C. Xie et al. [3] synthesized a novel copolymer viscosi-
fier, which had thickening ability and thermal resistance 
after aging tests at 230  °C for 16 h. Boul et al. [4] developed 
a supramolecular viscosifier, which displayed rheological 
recovery after aging at high temperature and retained its 
viscosity at temperatures up to 162.7  °C. However, to our 
knowledge, currently there is no polymer viscosifier avail-
able that can tolerate the temperature up to 240  °C. There-
fore, it is necessary to look for other new materials to main-
tain the viscosifying ability under ultra-high temperature.

Laponite is a synthetic material with structure and com-
position similar to natural hectorite. It is a 2:1 swelling phyl-
losilicate mineral with an octahedral MgO sheet sandwiched 
in between two tetrahedral silica sheets. Laponite particle 
has a disk-shaped structure with the diameter of 25 nm 
and thickness of 1 nm [5–7] (see Fig. 1). Because of the 
nanoscale-sized layers and unique crystal structure, laponite 
easily hydrates and forms a gel structure in water and has 
been used as a rheological modifier or thixotropic agent in 
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coatings, medicine and household/personal care. At present, 
laponite has been mainly investigated in preparation [8, 9], 
laponite nanocomposite [10], laponite organic modifica-
tion [11], stabilizers of Pickering emulsions [12] and colloid 
rheology of laponite dispersions [7, 13–15]. In the drilling 
fluid area, applications of laponite in water-based drilling 
fluids were seldom reported. Rare examples include usage 
of laponite as a multi-functional additive [16], viscosifier [17], 
shale inhibitor [18] and mud-making material [19]. Qin et al. 
[17] synthesized laponite in laboratory using microwave 
irradiation method and tested the viscosifying property of 
laponite in water-based drilling fluid at elevated tempera-
tures. However, the maximum test temperature of laponite 
is 220 °C, and viscosifying mechanism of laponite needs to 
be studied more deeply. In a previous study [19], we have 
thoroughly evaluated the dispersive property of laponite 
under different conditions and have noted that laponite 
has excellent dispersibility at high temperature and is suit-
able for use as a mud-making material to prepare ultra-high-
temperature water-based drilling fluids. 

Herein, we evaluated the viscosifying capability of 
laponite used as ultra-high-temperature viscosifier in 
ultra-high-temperature water-based drilling fluids and 
comprehensively analyzed its viscosifying mechanism. The 
viscosifying performance of laponite was tested in terms 
of laponite concentration, temperature and thermal aging 
time. For comparison, two high-temperature resistant vis-
cosifiers were used as control group. Finally, the perfor-
mance of ultra-high-temperature water-based drilling fluid 
containing different viscosifiers was discussed.

2  Materials and methods

2.1  Materials

Laponite was provided by Nanjing Baiyike New Material 
Technology Co., Ltd, its chemical composition (wt%:  SiO2 

47.73, MgO 25.36,  Na2O 2.42 and  Li2O 1.36) was deter-
mined by inductively coupled plasma atomic emission 
spectroscopy (PerkinElmer Optima 8300 Series), and X-ray 
powder diffraction (XRD) analysis was done by SmartLab 
type X-ray diffractometer (Rigaku Corp., Japan), as shown 
in Fig. 2. Sodium bentonite was purchased from Xiazijie 
Bentonite Co., Ltd; its chemical composition (wt%:  SiO2 
64.06,  Al2O3 16.97,  Fe2O3 5.66, MgO 1.99, CaO 0.77,  K2O 
1.90,  Na2O 1.42 and  TiO2 0.91) was measured by X-ray 
fluorescence spectrometer (Thermo ARL ADVANTXP+). 
The polymer viscosifier (HE 300) and polymer viscosifying 
and filtrate reducing agent (DRISCAL D) were supplied by 
Chevron Phillips Chemical company.

2.2  Characterization of laponite

The thermal stability of samples was measured using ther-
mogravimetric analysis (TGA) on an STA 449 F3 type syn-
chronous thermal analyzer (NETZSCH Group, DE), which 
worked at the scanning rate of 10 °C/min within the tem-
perature of 25–600 °C.

2.3  Measurements of zeta potential and particle 
size

Zeta potentials of different dispersions were measured by 
the Zetasizer Nano ZS90 analyzer (Malvern Instruments 
Ltd, UK) at room temperature. Prior to the measurements, 
dispersions were diluted 10 times with distilled water. Each 
sample was then analyzed three times in duplicate, and 
the average value of zeta potential was used for analysis.

Particle size distributions of different dispersions were 
measured by a LA-950V2 Laser Particle Size Analyzer (HOR-
IBA, Japan) at room temperature.

Fig. 1  Schematic diagram of laponite structure

Fig. 2  X-ray powder diffraction pattern of laponite
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2.4  Measurements of rheological properties 
and filtrate volume

To evaluate the temperature resistance, drilling fluids or 
bentonite dispersions were transferred into sealed aging 
cell and rolled for 16 h at appointed temperature using 
XGRL-4A type hot rolling furnace (Qingdao Haitongda 
Special Instruments CO., LTD., China). Then, the fluids were 
cooled to room temperature, and fluids performance tests 
were conducted.

The rheological properties of drilling fluids were meas-
ured before and after hot rolling aging tests using a 
HTD13145 type rotating viscometer (Qingdao Haitongda 
Special Instruments CO., LTD., China). The apparent vis-
cosity (AV), plastic viscosity (PV) and yield point (YP) were 
calculated according to American Petroleum Institute (API) 
standard [20].

The API filtrate volume (FL) and the high-tempera-
ture and high-pressure filtrate volume (HTHP filtrate) 
of the drilling fluids were determined with a SD6A type 
medium-pressure filtration apparatus (Qingdao Haitongda 
Special Instruments CO., LTD., China) and a GGS71-B type 
high-temperature and high-pressure filtration apparatus 
(Qingdao Haitongda Special Instruments CO., LTD., China), 
respectively. The FL and HTHP filtrate were determined at 
25 °C, 0.69 MPa, and 220 °C, 3.45 MPa, respectively.

3  Results and discussion

3.1  Viscosifying property of laponite

Different factors influencing viscosifying property of 
laponite in water-based drilling fluids were studied, includ-
ing dosage of laponite, temperature, thermal aging time 
and salt.

3.1.1  Effect of dosage of laponite on viscosifying property 
of laponite

Laponite was added to 4 wt% bentonite dispersion at dif-
ferent concentrations (0.5, 1.0, 1.5, and 2.0 wt%). Note that 
0.5 wt% meant 0.5 g laponite was added to 100 g benton-
ite dispersion to form 0.5 g/100 g. Bentonite dispersion 
formulated with different concentrations of laponite was 
subjected to aging for 16 h at 220 °C. The effect of dosage 
of laponite on viscosifying property of laponite was stud-
ied, and the results are displayed in Table 1. With the con-
centration of laponite increasing, apparent viscosity, ratio 
of yield point to plastic viscosity (known as YP/PV ratio) 
and gel strength value of bentonite dispersion gradually 
increase; however, filtration loss (FL) shows a decreasing 
tendency.

3.1.2  Effect of temperature on viscosifying property 
of laponite

Theoretically, the temperature in well increases when 
the depth of borehole increases. Therefore, the effect of 
temperature on viscosifying performance of laponite was 
evaluated. 4 wt% bentonite dispersion formulated with 
1 wt% laponite was subjected to aging for 16 h at different 
temperatures varying from 80 to 260 °C. It can be seen that 
AV value of bentonite dispersions containing laponite first 
increases and then decreases and finally increases slowly 
with the temperature increasing (Fig. 3a). For instance, as 
the aging temperature increases from 220 to 260 °C, the 
AV values of bentonite dispersion are kept constant at 
16.5 mPa s. As observed in Fig. 3b, as the aging tempera-
ture increases, YP/PV ratio value of bentonite dispersions 
first increases slowly and then decreases gradually. These 
data demonstrate that laponite has excellent high-temper-
ature viscosifying property, and its temperature resistance 
is up to 260 °C.

3.1.3  Effect of thermal aging time on viscosifying property 
of laponite

4 wt% bentonite dispersion with the addition of 1 wt% 
laponite was aged for different hours at 220 °C. The effect 
of thermal aging time on viscosifying property of laponite 
was studied, and the results are displayed in Table 2. As the 
thermal aging time at 220 °C extends from 16 to 72 h, AV 
and YP/PV ratio value of bentonite dispersion rise during 
24 h, but drop gradually with increasing aging time, while 
gel strength and FL value of bentonite dispersion show a 
decreasing tendency. It is further shown that laponite has 
excellent high-temperature viscosifying property.

3.1.4  Effect of salt on viscosifying property of laponite

Different amounts of NaCl (5, 10, 15 and 20 g) were added 
to 4 wt% bentonite dispersion with 1 wt% laponite (100 g). 
The influence of salt on viscosifying property of laponite 
was measured before and after aging at 200 °C for 16 h, 

Table 1  Performance of bentonite dispersion with different dos-
ages of laponite

Laponite 
(wt%)

AV (mPa s) YP/PV ratio 
(Pa/mPa s)

Gel strength 
(Pa/Pa)

FL (mL)

0 8 0.32 0.5/4.5 23
0.5 10 0.32 0.5/4 24
1 16.5 0.36 1/9 24
1.5 23 0.42 2.5/14 20
2 41.5 1.03 8/28 19
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and the results are depicted in Fig. 4. As the NaCl concen-
tration increases, AV value of dispersion first decreases and 
then increases and finally decreases before aging or after 

aging at 200 °C, and YP value of dispersion first increases 
and then decreases. Furthermore, after adding NaCl, 
the YP value of dispersion is almost higher than disper-
sion without sodium chloride. Yield point represents the 
strength of the ability to form the “house of cards” struc-
ture. Individual laponite dispersion or sodium bentonite 
dispersion showed a poor salt resistance in a previous 
study [19], while bentonite dispersion with laponite pre-
sents good salt tolerance. The reason is possible that the 
stable “house of cards” structure is formed due to the influ-
ence of disk-shaped laponite nanoparticles on adsorbing 
onto montmorillonite particles surface in the presence of 
sodium chloride. Of course, specific reasons of interaction 
between laponite particles and montmorillonite particles 
need to be further studied under high NaCl concentration. 

Fig. 3  Effect of temperature on the performance of bentonite dispersion containing laponite: a AV; b YP/PV ratio

Table 2  Performance of bentonite dispersion containing laponite 
under different thermal aging times

Thermal 
aging time 
(h)

AV (mPa s) YP/PV ratio 
(Pa/mPa s)

Gel strength (Pa/
Pa)

FL (mL)

16 16.5 0.27 1/9 24
24 19 0.36 0.5/14 18
36 17 0.21 0.5/10.5 19
48 16.5 0.18 0.25/7 20
72 13 0.18 0.25/3 19

Fig. 4  Effect of salt on the performance of bentonite dispersion containing laponite: a AV; b YP
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3.1.5  Viscosifying mechanism of laponite

To clarify the reason behind the high-temperature viscosi-
fying property of laponite, the performance of bentonite 
dispersion formulated with 1 wt% laponite was investi-
gated in terms of apparent viscosity, yield point, average 
particle diameter and zeta potential (Fig. 5). As shown in 
Fig. 5, the AV, YP and average particle diameter value of 
bentonite dispersion containing laponite are all greater 
than bentonite dispersion at the same temperature, but 
lower than bentonite dispersion in zeta potential. As aging 
temperature increases, the AV value of bentonite disper-
sion first increases and then kept almost constant (Fig. 5a), 
while YP value has minor change (see Fig. 5b). The aver-
age particle diameter of both the bentonite dispersion and 
bentonite dispersion with laponite displays the declining 
tendency at the beginning and increasing slowly in late 
with the increase in temperature (Fig. 5c). As observed in 

Fig. 5d, as aging temperature increased, the zeta poten-
tial value of bentonite dispersion first decreases and then 
increases slowly, but the zeta potential value of bentonite 
dispersion with laponite shows the declining tendency at 
the beginning and increasing slowly in late.

Interlayer cations of laponite are mainly composed 
of sodium and lithium counterions [19]. By reason of 
small radius and high hydration energy of  Na+ and  Li+, 
water molecules can be easily adsorbed on the surfaces 
of laponite particles. The electrostatic attractions of 
particle lamellae can be overcome by repulsive forces, 
causing the swelling and exfoliating of laponite sheets 
(see Fig. 1). Therefore, when laponite is added to the 
bentonite dispersion, the primary particles of laponite 
are absorbed on the surface of montmorillonite particles 
by electrostatic attractions, and electrical double layer 
thickness of montmorillonite particle increases, which 
results in the increase in the average particle diameter 

Fig. 5  Effect of viscosifier laponite on the performance of bentonite dispersion at different temperatures: a AV; b YP; c average particle 
diameter; d zeta potential
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and in a decrease in zeta potential. Moreover, through 
adsorption of laponite on the surface of montmorillonite 
particles, the spatial network structure of montmorillon-
ite particles and the internal friction force of dispersion 
are further enhanced, which leads to an increase in AV 
and YP of bentonite dispersion containing laponite.

With the increase in temperature, the properties of 
bentonite dispersion containing laponite have changed 
as follows:

1. In the temperature range of 25–120 °C, thermal motion 
of water molecules and surface activity of clay parti-
cles increase when temperature rises, which promotes 
the further hydration and dispersion of clay particles, 
so the average particle diameter and zeta potential of 
dispersions decrease. In addition, the stronger spa-
tial network structure of montmorillonite particles is 
formed by adsorption of laponite on the surface of 
montmorillonite particles, and the internal friction 
force of dispersion also increases, which leads to an 
increase in AV and YP of bentonite dispersion contain-
ing laponite.

2. In the temperature range of 120–240 °C, as the tem-
perature further increases, thermal motion of water 
molecules increases; however, the surface activity of 
laponite and montmorillonite particles decreases. 
Consequently, hydration shells of clay particles thin 
and clay particles aggregates, which causes the 
increase in average particle diameter and zeta poten-
tial of bentonite dispersion containing laponite. Then, 
the aggregate of clay particles weakens the strength 
of the spatial network structure and brings about the 
decrease in AV and YP of bentonite dispersion contain-
ing laponite.

3.2  Performance comparison between laponite 
and high‑temperature viscosifier

A comparison of viscosification property between 
laponite, viscosifier HE300 and DRISCAL D which are 
representative of high-temperature polymer viscosifiers 
worldwide was made, and the results are depicted in Fig. 6.

It can be shown that the AV and YP/PV ratio value of 
bentonite dispersions with viscosifier HE300 fall as temper-
ature continues to rise (Fig. 6). In Fig. 6a, the AV of benton-
ite dispersion with viscosifier DRISCAL D first increases and 
then reduces when temperature increases, but its YP/PV 
ratio decreases gradually (Fig. 6b). On the other hand, the 
viscosification property of two kinds of polymer viscosi-
fiers has an advantage over laponite before temperature 
of 160 °C. However, when the temperature is above 180 °C, 
the YP/PV ratio value of bentonite dispersion with laponite 
is greater than HE300 and DRISCAL D. For instance, after 
aging for 16 h at 260 °C, the YP/PV ratio of bentonite dis-
persion with laponite, HE300 and DRISCAL D is 0.36, 0.14 
and 0.24, respectively. Moreover, the AV value of bentonite 
dispersion with laponite is also greater than HE300 and 
DRISCAL D when the temperature exceeds 240 °C. Specifi-
cally, after aging for 16 h at 260 °C, the AV value of benton-
ite dispersion containing laponite, HE300 and DRISCAL D 
is 16.5 mPa s, 8 mPa s and 7.5 mPa s, respectively. These 
results confirm that laponite is superior to polymer viscosi-
fiers in terms of cutting carrying capacity of drilling fluids 
at ultra-high temperature, and it can be used as an ultra-
high-temperature viscosifier in water-based drilling fluids.

In order to further analyze the temperature resistance 
of different viscosifiers, the thermogravimetric analysis 
was carried out, and the results are shown in Fig. 7. The 
thermal decomposition process of HE300 and DRISCAL D 
can be divided into three stages. Both HE300 and DRISCAL 

Fig. 6  Comparison of the performance between different high-temperature viscosifiers: a AV; b YP/PV ratio
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D begin to lose weight obviously for about 5% close to 
300 °C. The thermal degradation of polymer backbone 
of HE300 and DRISCAL D occurs at approximately 400 °C, 
and the weight loss is about 50%. However, the thermal 
decomposition process of laponite can be divided into two 
stages, and laponite loses weight slowly with increasing 
temperature. For example, the weight loss of laponite 
before 113 °C is caused by volatilization of interlaminar 
free water, and its weight loss is 9.7%. The results demon-
strate that laponite has excellent thermal stability.

3.3  Performance comparison of water‑based 
drilling fluids with viscosifier at ultra‑high 
temperature

A water-based drilling fluid formulated with different high-
temperature viscosifiers was prepared to investigate the 
compatibility of laponite with other drilling fluids additives 
and compare the performance of drilling fluids, and the 
results are listed in Table 3.

Table 3 reveals that AV value of formulation contain-
ing polymer viscosifier decreases after aging at 260 °C 
for 16 h, and FL value of formulation with different vis-
cosifiers increases. In detail, AV value of formulations 
containing HE300 and DRISCAL D dramatically declines 
with respective reduction rates of 87.0% and 88.2%, 
while AV value of formulation containing laponite raises 
with respective increasing rate of 25.2%. These data fur-
ther confirm the advantages of laponite over HE300 and 
DRISCAL D polymers in improving viscosifying proper-
ties of water-based drilling fluids under ultra-high tem-
perature. Furthermore, laponite reveals good compat-
ibility with other additives.

4  Conclusions

Laponite has excellent viscosifying ability and thermal 
stability, and the resistance to temperature is up to 
260  °C. For instance, the 4 wt% bentonite dispersion 
formulated with 1 wt% laponite has the same AV value 
of 16.5 mPa s before and after aging at 260 °C for 16 h. 
The apparent viscosity reduction rate value of 4 wt% 
bentonite dispersion containing 1 wt% laponite is only 
21.2% with the 220 °C thermal aging time extending 
from 16 to 72 h. Furthermore, the viscosification prop-
erty of laponite is much better than the representative of 
high-temperature viscosifiers under ultra-high tempera-
ture. Overall, these findings demonstrate that laponite 
can be used as an ultra-high-temperature viscosifier and 
is applied in formulating ultra-high-temperature water-
based drilling fluid.

Fig. 7  TGA patterns of different high-temperature viscosifiers

Table 3  Test results of ultra-
high-temperature water-based 
drilling fluids

a Formulation A: 3  wt% sodium bentonite + 4  wt% sulfonated lignite (SMC) + 4  wt% lignite resin 
(SPNH) + 4 wt% asphalt powder + 2 wt% calcium carbonate powder + 1 wt% sodium sulfite

Formulation Thermal aging 
(260 °C/16 h)

AV (mPa s) YP/PV ratio 
(Pa/mPa s)

FL (mL) HTHP 
filtrate 
(mL)

Formulation A + 1% HE300 Before 103.5 0.52 4.0 –
After 13.5 1.20 30 64

Formulation A + 1% DRISCAL D Before 76.5 0.67 4.4 –
After 9 0.48 38 72

Formulation A + 1% laponite Before 55.5 0.82 3.6 –
After 69.5 2.07 16.4 43

Formulation  Aa Before 16.5 0.17 3.6 –
After 7.5 0.24 21 70
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