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ABSTRACT: Rheological and filtration characteristics of
drilling fluids are considered as two critical aspects to ensure
the success of a drilling operation. This research demonstrates
the effectiveness of cellulose nanoparticles (CNPs), including
microfibrillated cellulose (MFC) and cellulose nanocrystals
(CNCs) in enhancing the rheological and filtration perform-
ances of bentonite (BT) water-based drilling fluids (WDFs).
CNCs were isolated from MFC through sulfuric acid
hydrolysis. In comparison with MFC, the resultant CNCs
had much smaller dimensions, more negative surface charge,
higher stability in aqueous solutions, lower viscosity, and less
evident shear thinning behavior. These differences resulted in
the distinctive microstructures between MFC/BT- and CNC/BT-WDFs. A typical “core−shell” structure was created in CNC/
BT-WDFs due to the strong surface interactions among BT layers, CNCs, and immobilized water molecules. However, a similar
structure was not formed in MFC/BT-WDFs. As a result, CNC/BT-WDFs had superior rheological properties, higher
temperature stability, less fluid loss volume, and thinner filter cakes than BT and MFC/BT-WDFs. Moreover, the presence of
polyanionic cellulose (PAC) further improved the rheological and filtration performances of CNC/BT-WDFs, suggesting a
synergistic effect between PAC and CNCs.
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■ INTRODUCTION

Drilling fluids perform critical roles in oil and gas drilling
operations, such as carrying cuttings from the bottom of
wellbore to the surface, suspending cuttings from sedimenta-
tion, cooling drilling pipes and bits, reducing friction between
formation and drilling equipment, stabilizing wellbore, and
avoiding formation collapse.1−5 Besides these functions, ideal
drilling fluids should also be cheap, low reactive, noncorrosive,
health safe, and environmentally friendly, and have excellent
tolerance to the salt and temperature.6−9 Depending on the
composition, drilling fluids are mainly classified into three
types, i.e., water-based drilling fluids (WDFs), oil-based drilling
fluids (ODFs), and synthetic drilling fluids (SDFs). Although
ODFs and SDFs have better capacity to maintain the stability
of wellbore and to lubricate the drilling pipe and bit, the
development of WDFs is the future considering environmental
and economic effect.10,11 Furthermore, the advantages of WDFs
also include good cooling and cutting removal ability, and fast
formation breaking-down rate.
WDFs are usually composed of water, clay, rheology

modifier, and fluid loss controller. Among many types of
clays, bentonite (BT) is commonly used in WDFs due to its
outstanding swelling capacity and superior rheological proper-
ties.12 In WDFs, the presence of BT improves the viscosity via
edge-to-face attraction, and forms a compact filter cake, which
helps prevent the fluid invasion into the formation. In general, a

large amount of BT is required to obtain the desired rheological
and filtration properties. Meanwhile, the incorporation of too
much BT also creates much thicker filter cakes, which could
cause serious formation damage and pipe sticking problems,
and hence reduce the drilling productivity.13,14 To overcome
these drawbacks, polymer-based rheological modifier and fluid
loss reducer are normally applied. In recent years, various types
of natural or synthetic polymers, such as starch,15 guar gum,16

xanthan gum,17 carboxymethyl cellulose (CMC),18 polyanionic
cellulose (PAC),19 amphoteric cellulose,20 rice husk,9 poly-
acrylamide,8 and polyacrylates,21 have been used as a
rheological modifier and fluid loss reducer in WDFs.
Currently, nanotechnology is recognized as “the next

industrial revolution”, which has a far-reaching effect on almost
every industry and even all aspects of our daily life. The extra-
large surface area to volume ratio results in superior or even
unexpected performances for surface-dependent nanomaterials.
The utilization of various nanoparticles, such as graphene,5

carbon nanotube,22 silica,23 and metal oxides,12,14 as a
rheological modifier and fluid loss reducer in WDFs, has
been studied for several years. Superior rheological properties
were obtained by using very low concentration of nanoparticles
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(usually <1.0 wt %). More importantly, it has been reported
that nanoparticles had a higher possibility of plugging pore
throats in shale than microparticles,23 leading to a significant
reduction in the fluid invasion as well as thinner filter cakes,
which are advantageous for the maintenance of formation
stability and drilling productivity. Nevertheless, most of the
previously reported nanoparticles are inorganic materials, which
are insoluble, nonbiodegradable, and somewhat detrimental to
the health of drilling operators. Inorganic nanoparticles can
pass through tissues of living organisms and never be
metabolized. Therefore, in order to minimize the environ-
mental hazard and health risk as well as to reduce the cost, it is
very essential to develop clean, cheap, renewable, recyclable,
biodegradable, and environmentally friendly nanoparticles as
additives in WDFs.
As one of the most abundant and promising materials on the

earth, cellulose has received great interest. Cellulose nano-
particles (CNPs), primarily including microfibrillated cellulose
(MFC), and cellulose nanocrystals (CNCs), can be isolated
from many cellulosic resources, such as wood, plants, marine
animals, algae, and bacteria using different preparation
methods. MFC can be produced by enzyme hydrolysis,
mechanical disintegration, and 2,2,6,6-tetramethyl-1-piperidiny-
loxy (TEMPO) mediated oxidation methods.24−26 MFC has
dimensions of 10−20 nm in width and several micrometers in
length, yielding very large aspect ratios and highly entangled
networks. CNCs can be fabricated using a strong acid
hydrolysis method, which show a rod- or needle-like shape
10−20 nm in width and 50−500 nm in length.27−29 Because of
their nanoscale dimensions, CNPs have a large specific surface
area up to several hundred m2/g, leading to a considerable
amount of interaction and superior fluid properties at a
relatively low concentration. Moreover, due to the large aspect
ratio and the self-assembling ability to form multilayer
membranes, CNPs have been used as gas barrier agent to
improve the gas permeability of papers, films and compo-
sites.30−32 These intrinsically appealing features enable CNPs
to act as an effective additive in WDFs.
The specific objective of this research was to develop novel,

green, cheap, renewable, safe, and environmentally friendly
CNPs as rheological modifier and fluid loss reducer for BT-
WDF application, and understand the contributions of CNPs’
properties, including morphology, surface charge and dis-
persion state to the final performances of BT-WDFs. Two types
of CNPs, including MFC and CNCs with different concen-
trations ranging from 0.1 to 1.0 wt %, were applied as additives
to improve the rheological and filtration properties of BT-
WDFs. The influence of MFC and CNCs on the fluid
properties was directly contrasted. Considerable differences
between two materials were demonstrated and correlated with
their dispersion microstructures. In order to demonstrate the
effectiveness of CNCs, the performances of CNC/BT-WDFs
were compared with those of BT-WDFs with higher BT
concentrations. Additionally, the synergistic effect of PAC and
CNCs on the performance improvement in the BT-WDFs was
also studied.

■ EXPERIMENTAL SECTION
Materials. Wyoming sodium BT (AQUAGEL GOLD SEAL, dry-

powdered, 200 mesh) was supplied from Baroid Industrial Drilling
Products Inc. (Houston, TX). CNCs were hydrolyzed from MFC
(Celish KY 100-S grade, 25% solid content, Daicel Chemical
Industries, Ltd., Tokyo, Japan) using 64 wt % sulfuric acid for 4 h,

followed by high-pressure homogenization treatment according to our
previous report.33 Low viscosity PAC (PAC-L, Hallibuton Company,
Houston, TX) was used as filtration control agent. Hydrochloric acid
and sodium hydroxide (Fisher Scientific Company, Pittsburgh, PA)
were used as pH value adjuster. Sulfuric acid was supplied from Sigma-
Aldrich Corp. (St. Louis, MO).

Preparation of BT, MFC/BT, CNC/BT and PAC/CNC/BT Fluids.
Never-dried MFC and CNC samples were dispersed in aqueous
solution with vigorous mechanical stirring at a speed of 2000 rpm for 1
h. The resultant suspensions were diluted into 0.1, 0.25, 0.5, and 1.0 wt
% using deionized water. Then, 3 wt % of BT powders based on the
weight of the CNP suspensions were slowly added into the
suspensions, followed by vigorously mechanical stirring at a speed of
10000 rpm for 1 h. For the purpose of comparison, two series of
WDFs, i.e., BT (3, 6, 7.5, 9, 12, and 15 wt %) and PAC/CNC/BT
(0.5/0.5/3 and 0.1/0.5/3 wt %), were also prepared.

Characterization of CNPs. The morphology of CNPs was taken
using transmission electron microscopy (TEM, JEM 1400, JEOL) at
an accelerating voltage of 120 kV. The average dimension of CNPs
was calculated, based on 50 randomly selected CNPs from the TEM
micrographs using ImageJ 1.47 software (http://rsb.info.nih.gov.
libezp.lib.lsu.edu/ij/). For the sample preparation, CNP suspensions
were diluted to 0.1 wt % using deionized water, followed by ultrasonic
treatment for 1 h. Then, a droplet (5 μL) of 0.1 wt % CNP
suspensions was deposited onto a 300-mesh Lacey carbon film grid
(LC300-CU-100). A drop of 2 wt % uranyl acetate solution was placed
on the CNP coated grid to stain the CNPs for about 2 min. The zeta
potential values of CNP suspensions were measured using a ZetaTrac
analyzer (MicroTrac Inc., Largo, FL). Before each run, the
concentration of CNP suspensions was adjusted to 0.05 wt %. For
each sample, ten measurements were carried out, and the average value
was calculated. X-ray photoelectron spectroscopy (XPS) was recorded
for each freeze-dried CNP sample using a Specs PHOIBOS-100
spectrometer (SPECS, Berlin, Germany) with an Al Kα irradiation
(1486.61 eV) at 10 kV and 10 mA. Survey scans were conducted from
1200 to 0 eV with pass energy of 40 eV and scan step of 1.0 eV. Using
the SpecLab software, the mass concentration of C, O, and S elements
was obtained. The molecular formula of sulfuric acid-treated CNCs
can be expressed as C6H10O5-(SO3)n.

34 Therefore, the number (n) of
sulfate groups in 100 bulk anhydroglucose units was determined using
the following equation:

= × ×
− ×

n
S

S
100 162.14

32.065 80.065 (1)

where S (wt %) is the mass concentration of sulfur atom detected from
the XPS.

Microstructures of MFC/BT- and CNC/BT-WDFs. The micro-
structures of MFC/BT- and CNC/BT-WDFs were also taken using
TEM (JEM 1400, JEOL) at an accelerating voltage of 120 kV. The
sample preparation procedure was the same as this used for CNPs
described previously.

Rheological Properties of WDFs. Two types of viscometers were
used to measure the rheological properties of WDFs. A stress-
controlled rheometer (AR 2000, TA Instrument Inc., New Castle, DE)
equipped with DIN concentric cylinders geometries was applied to
measure the rheological properties of MFC/BT- and CNC/BT-WDFs.
The DIN concentric cylinders geometry consists of a stainless steel
cup and a rotator. The diameters of stainless steel cup and rotator are
30.38 and 28.02 mm, respectively. Before each measurement,
suspensions were vigorously stirred for 20 min and then approximate
20 mL samples were carefully placed into the stainless steel cup. The
steady-flow shear viscosity was measured in the shear range of 0.1 to
1200 s−1 at 25 °C. The influence of pH on the viscosity was studied
with pH values of 4.4, 6.7, 8.9, and 11 in the shear range of 0.1 to 1200
s−1 at 25 °C. The pH values of WDFs were carefully adjusted using 1
M HCl and 0.5 M NaOH solutions. The influence of temperature on
the viscosity was investigated in the temperature range of 25 to 80 °C
with a fixed shear rate of 10 s−1.

For non-Newtonian fluids, many mathematical models have been
applied to fit the relationship between shear stress and shear rate.
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Among these models, Bingham, power-law and Herschel−Bulkey
models are commonly used.35 The Bingham plastic model is given by
eq 2.

τ τ μ γ= + × ̇0 p (2)

where τ is the shear stress, τ0 is the yield stress or yield point, μp is the
plastic viscosity, and γ ̇ is the shear rate. With the Bingham plastic
model, the yield point and plastic viscosity can be easily obtained.
However, for a complex drilling fluid, the Bingham plastic model was
found to be inadequate, because the relationship between the shear
stress and shear rate is no longer linear. To overcome this drawback, a
power-law model is developed, as expressed by eq 3.

τ γ= × ̇K n (3)

where K is the flow consistency coefficient, and n is the flow behavior
index. With the power-law model, the flow consistency coefficient and
flow behavior index can be easily obtained. However, it was found that
due to the lack of yield point, the power-law model was not accurate to
fit the rheological curves, especially at the low shear rates. Therefore,
the Herschel−Bulkey model, which is a combination of Bingham
plastic and power-law models, was developed, as given by eq 4.

τ τ γ= + × ̇K n
0 (4)

To characterize the fluid properties based on industrial practice, a
rotating viscometer (NL Baroid, NL Industries, Inc., Houston, TX)
was used to measure the viscosity (i.e., apparent viscosity-AP, and
plastic viscosity-PV), yield point (YP), as well as timed gel strength

(i.e., initial gel strength-Gelin, and 10 min gel strength-Gel10min) of the
BT, CNC/BT and PAC/CNC/BT-WDFs. The viscosity measure-
ments were conducted at fixed rates of 600 and 300 rpm, and then AP,
PV, and YP were calculated according to the following equations:

θ=AP /2600 (5)

θ θ= −PV 600 300 (6)

θ= − PVYP 300 (7)

where θ600and θ300 are the dial readings at 600 and 300 rpm,
respectively. The Gelin and Gel10min were recorded as the maximum
dial reading at a fixed rate of 3 rpm after standing undisturbed for 10 s
and 10 min, respectively.

Filtration Properties of WDFs. Filtration tests were carried out in
a standard filter press equipment (Model No. 30201, Fann Instrument
Co., Houston, TX) with Fann filter papers (Part No. 206051, Fann
Instrument Co., Houston, TX) according to the API guidelines.36 This
type of filter paper has the particle size retention range from 2 to 5 μm.
In each run, 100 mL of the WDFs was placed in the filter press at
room temperature under a pressure of 100 psi (0.69 MPa) provided by
N2O gas chargers (Whip-it Brand, South San Francisco, CA). The
volumes of filtrate through the filter paper were determined at 1.0, 7.5,
15, 20, and 30 min after starting each measurement.5 When the
measurement finished, the filter paper was carefully removed from the
filter press and a photograph was taken immediately. The filter paper
was then set out at room temperature for 24 h to evaporate the water
from the filter cake. Finally, the thickness of each filter cake was

Table 1. Physicochemical Characteristics of CNPs

samples width (nm) length (nm) aspect ratio ζ-potential (mV) sulfur content (wt %) OSO3H/100 anhydroglucose units

MFC 12.5 ± 8.4 >1000 >80 −4.6 ± 1.2 0 0
CNCs 6.1 ± 3.5 228.4 ± 63.8 37.8 ± 15.2 −35.4 ± 2.0 0.53 2.72

Figure 1. Characterization of CNPs: (a and b) TEM micrographs of MFC and CNCs, respectively; (c and d) dispersion states of MFC and CNCs in
aqueous solution at the concentration of 1.0 wt % after 0, 1, and 24 h, respectively; (e) shear-thinning behaviors of MFC and CNC suspensions at
the concentrations of 0.5 and 1.0 wt %.
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measured using an electronic caliper (Pro-Max, Fowler High Precision,
Newton, MA) and recorded in millimeters (mm). The surface
morphology of each filter cake was performed using field emission
scanning electron microscopy (FE-SEM, a FEI QuantaTM 3D FEG
dual beam SEM/FIB system, Hillsboro, OR) at a 20 kV accelerating
voltage. Before observation, each sample was gold-coated using a
sputter coater.

■ RESULTS AND DISCUSSION

The physicochemical properties of CNPs are summarized in
Table 1, and their TEM micrographs are displayed in Figure 1.
Native MFC exhibited highly entangled network, consisting of
individual microfibrils and microfibril bundles (Figure 1a). The
individual microfibrils were 12.5 ± 8.4 nm in width and a few
micrometers in length, resulting in an extremely high aspect
ratio value (>80). CNCs showed a needle-like morphology
with an average width of 6.1 ± 3.5 nm and length of 228.4 ±
63.8 nm (Figure 1b). Its aspect ratio was estimated to be 37.8 ±
15.2. During the sulfuric acid hydrolysis process, negatively
charged sulfate groups (−O−SO3

−) were introduced on the
surface of CNCs, which were confirmed by the ζ-potential and
XPS analysis.37 MFC and CNC suspensions had ζ-potential
values of −4.6 ± 1.2 and −35.4 ± 2.0 mV, respectively. The
introduction of sulfate groups on the surface of CNCs led to a
considerable change in the zeta potential. Generally, a stable
colloid has a threshold value of ≥+30 or ≤−30 mV, whereas a
colloid with low ζ-potential ranging from 0 to ±5 mV tends to
flocculate quickly.38 Therefore, the microfibrils quickly
precipitated within 1 h in aqueous solution (Figure 1c), while
the CNC suspensions exhibited high stability for 24 h (Figure
1d). The mass content of S element on CNC surface from XPS
anaylysis was determined as 0.53 wt %, equivalent to 2.72
sulfate groups per 100 anhydroglucose units. Figure 1e shows
the steady-state viscosity versus shear rate for MFC and CNC
suspensions at concentrations of 0.5 and 1.0 wt %. Both MFC
and CNC suspensions exhibited low viscosity at high shear
rates, but high viscosity at low shear rates; which are commonly
known as “shear-thinning” fluids.39 The shear-thinning
phenomenon became more significant as the concentration of
CNPs increased from 0.5 to 1.0 wt %. In comparison to CNC
suspensions, MFC suspensions displayed more marked shear-
thinning behavior and much higher viscosity at the same
concentration. It can be therefore concluded that the
characteristics, including morphology, surface properties, and
rheological behaviors between MFC and CNCs significantly
varied, which might lead to distinctive performances in the
CNP-based materials.
Drilling fluids are commonly shear-thinning non-Newtonian

fluids, which have high viscosity at low shear rates to carry or
suspend the cuttings from the wellbores, but low viscosity at
high shear rates to be rapidly pumped into the bottom of
wellbores as well as to easily release the cuttings. Rheological
analysis (Figure 1e) indicated that both MFC and CNC
suspensions have good shear-thinning properties, which are
well-suitable for well drilling fluid application. Therefore, this
phenomenon inspired us to apply CNPs as novel rheological
modifiers in BT-WDFs. The concentration of CNPs in BT-
WDFs was varied in the range of 0.1 to 1.0 wt % to monitor
how effective the CNPs would modify the rheological
properties of BT-WDFs. The concentration of BT was fixed
as 3.0 wt %. As a result, the maximum solid content is only 4 wt
%, which is generally classified as the low-solid drilling fluids.40

The benefits of using low-solid drilling fluids include high rate

of penetration, low friction on the surface of pump equipment,
thin filter cake, and great shale stability. However, the low-solid
drilling fluids were quite sensitive to the ions, such as Ca2+, Na+,
Cl−, and CO3

2−, which naturally exist in the formation.
Figure 2a,b shows the plots of viscosity versus shear rate for

MFC/BT- and CNC/BT-WDFs at different CNP concen-

trations, respectively. Without the addition of CNPs, BT-WDFs
exhibited almost a Newtonian rheological behavior in a wide
range of shear rates from 0 to 200 s−1, i.e., the viscosity
remained constantly as the increase in the shear rate.
Surprisingly, in the high shear rates (>200 s−1), a shear
thickening behavior appeared. The shear thickening behavior
was also observed in starch/water mixture, polystyrene−
ethylacrylate colloidal latex, and silica/poly(ethylene oxide)
solution.41−43 Hoffman44 proposed that the shear thickening
behavior was attributed to the microstructure arrangement
from order to disorder induced by the applied shear force.
Khandavalli43 postulated that the shear thickening behavior in
silica/poly(ethylene oxide) solution was ascribed to the
formation of hydroclusters as a result of polymer−particle
interaction induced by the applied shear force, too. Anyway, in
the drilling fluid application, the shear thickening behavior
should be avoided in order to achieve good pumpability and
easily release the cuttings at high shear rates. Gratifyingly, when
the CNPs were incorporated, the shear-thickening behavior was
prohibited and gradually disappeared as the concentrations of
CNPs increased from 0.1 to 1.0 wt %. More importantly, the
addition of CNPs effectively increased the viscosity of BT-
WDFs and led to more pronounced shear-thinning behavior,
which was advantageous for the drilling fluid application. For
example, at a shear rate of 10 s−1, the addition of 1.0 wt % MFC

Figure 2. Plots of viscosity versus shear rate for (a) MFC/BT-, and
(b) CNC/BT-WDFs. Shear stress versus shear rate for (c) MFC/BT-,
and (d) CNC/BT-WDFs at different CNP concentrations: 0 wt %
(black squares), 0.1 wt % (red circles), 0.25 wt % (blue triangles), 0.5
wt % (cyan diamonds) and 1.0 wt % (magenta hexagons). (Dash lines
in panels c and d represent the fitted lines using Herschel−Bulkley
model).
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and CNCs into BT-WDFs dramatically increased the viscosity
values from 0.00248 to 0.3796 and 0.738 Pa·s, respectively. The
improved viscosity allowed the developed drilling fluids to carry
more cuttings, and therefore improved the cutting transport
performance of drilling fluids.
MFC/BT- and CNC/BT-WDFs displayed distinctive shear-

thinning behaviors, as observed in Figure 1a,b. The shear-
thinning behavior for CNC/BT-WDFs was progressive,
whereas the shear-thinning behavior for CNC/BT-WDFs was
nonprogressive, in which three characteristic regions were
observed, corresponding to the orientation of microfibrils along
the flow direction at low shear rates, the occurrence of
entangled network among microfibrils at moderate shear rates,
and the breakage of entangled network at high shear rates,
respectively. In comparison with MFC/BT-WDFs, CNC/BT-
WDFs exhibited higher viscosity at the same CNP concen-
trations. For example, at a shear rate of 1 s−1, MFC/BT-WDFs
with 0.1, 0.25, 0.5, and 1.0 wt % of MFC had viscosity values of
0.00782, 0.1305, 0.9554, and 1.448 Pa·s, respectively; whereas
CNC/BT-WDFs with 0.1, 0.25, 0.5, and 1.0 wt % of CNCs had
viscosity values of 0.0423, 0.5479, 2.079, and 4.849 Pa·s,
respectively. As observed previously, at the same concentration,
MFC suspensions had a substantially higher viscosity than that
of CNC suspensions (Figure 1e). Interestingly, when they were
mixed with BT suspensions, an opposite trend was observed.
Therefore, there must be particular surface interactions existing
between CNCs and BT layers, which dramatically improved the
resistance of flow upon the shear force.
Figure 2c,d shows the plots of shear stress versus shear rate

for MFC/BT- and CNC/BT-WDFs at different CNP
concentrations, respectively. Very similar to the viscosity
results, the shear stress also enhanced with the increase in
the concentration of CNPs, and CNC/BT-WDFs had
substantially higher shear stress than MFC/BT-WDFs at the
same concentration. The Bingham plastic, power-law and
Herschel−Bulkey models were applied to fit their shear stress−
shear rate curves, and the corresponding fit parameters are
summarized in Table 2. In comparison with the Bingham
plastic and power-law models, the Herschel−Bulkey model
provided a better fit for the shear stress−shear rate curves,
which was evidenced by the higher values of R2 (closer to 1).7 It
can be seen that MFC/BT-WDFs with 0.1, 0.25, 0.5, and 1.0 wt
% of MFC had yield point values of 0.02, 0.16, 0.69, and 0.88
Pa, respectively; whereas CNC/BT-WDFs with 0.1, 0.25, 0.5,
and 1.0 wt % of CNCs had yield point values of 0.14, 0.60, 1.77,
and 3.12 Pa, respectively. CNC/BT-WDFs had higher yield
point values than MFC/BT-WDFs. The yield point, the stress

required to start the flow of drilling fluid, is also used by drilling
engineers to predict the capacity of drilling fluid to transport
the cuttings to surface. Therefore, rheological modeling results
also demonstrated that the incorporation of CNP improved the
wellbore cleaning efficiency of BT-WDFs, and CNC/BT-WDFs
had superior cutting transport performance to MFC/BT-
WDFs.
Based on the above observations, it can be concluded that

CNC/BT-WDFs exhibited better rheological properties than
MFC/BT-WDFs, presumably due to the formation of particular
surface interactions between CNCs and BT layers. Now, the
questions were arisen as to what the driving force is inducing
such strong surface interactions between CNCs and BT layers
in aqueous solution, or if this driving force existed in both
MFC/BT and CNC/BT systems, why the surface interactions
between CNCs and BT layers were stronger than those
between MFC and BT. With these questions, the micro-
structures of MFC/BT- and CNC/BT-WDFs were examined
by TEM observations, as displayed in Figure 3. Interestingly,
distinctive dispersion states and phase interactions were
observed between MFC/BT- and CNC/BT-WDFs. In the
MFC/BT-WDFs, BT was exfoliated into single layers and

Table 2. Calculated Parameters for MFC/BT- and CNC/BT-WDFs at Different CNP Concentrations using Bingham Plastic
(BP), Power-Law (PL), and Herschel−Bulkley (HB) Models

models MFC concentration (wt %) CNCs concentration (wt %)

0 0.1 0.25 0.5 1.0 0.1 0.25 0.5 1.0

BP τo 2.74 × 10−5 5.14 × 10−4 5.73 × 10−4 0.85 3.88 0.03 0.87 2.83 6.54
μp 4.82 × 10−3 5.14 × 10−3 5.90 × 10−3 7.50 × 10−3 0.02 6.80 × 10−3 8.93 × 10−3 0.01 0.02
R2 0.9646 0.9617 0.9634 0.9715 0.8201 0.98 0.97 0.92 0.84

PL K 1.95 × 10−4 1.84 × 10−4 4.14 × 10−4 0.16 1.75 2.56 × 10−3 0.17 1.37 4.10
n 1.48 1.49 1.39 0.56 0.36 1.14 0.58 0.33 0.24
R2 0.9991 0.9988 0.9906 0.9387 0.9808 0.9874 0.9658 0.9582 0.9759

HB τo 0.02 0.02 0.16 0.69 0.88 0.14 0.60 1.77 3.12
K 1.80 × 10−4 1.83 × 10−4 1.85 × 10−4 0.03 1.22 1.45 × 10−3 0.05 0.31 1.57
n 1.49 1.50 1.51 0.81 0.40 1.23 0.75 0.53 0.36
R2 0.9992 0.9988 0.997 0.9788 0.9834 0.9905 0.9852 0.9938 0.9920

Figure 3. TEM micrographs of (a and b) MFC/BT-, and (c and d)
CNC/BT-WDFs. (The concentration of CNP in BT-WDFs was 0.5
wt %, and then the fluids were diluted 10 times using deionized water.)
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homogeneously dispersed as the matrix. Similar to the MFC
suspension (Figure 1a), two main dispersion states of
microfibrils were observed, i.e., most of microfibrils were still
highly entangled to form strong network (Figure 3a) and only a
few individual microfibrils well dispersed within the exfoliated
BT layers (Figure 3c). By contrast, in the CNC/BT-WDFs, BT
aggregations with particle size approximate 250−500 nm were
significantly wrapped by layers of CNCs, forming a particular
“core−shell” structure (Figure 3b,d). Based on these
observations, a core−shell model was proposed for CNC/
BT-WDFs, as shown in Figure 4.

It has been reported that BT was composed of a large
number of plate-like layers with a permanent negative charge
on the flat surface and pH-dependent charge on the edge.12,45

Due to the broken bonds of the octahedral Al layers and
tetrahedral Si layers on the edge, the amphoteric Al−OH and
Si−OH groups were present, which were conditionally charged
to be negative, neutral or positive. Generally, at a high pH
value, the edge (Al−O−) was negatively charged; at a moderate
pH value, the edge (Al−OH) was neutral; at a low pH value,
the edge (Al−OH2

+) was positively charged. However, in a
neutral condition, a positive charged edge could be also
possibly created due to the exposed octahedral Al layers.45,46

The ionic attraction between the negatively charged flat surface
and positively charged edge (edge-to-face attractions) formed a
“house of card” structure, which was responsible for the
viscosity of BT suspensions.47 CNCs exhibited strongly
hydrophilic and negatively charged surface properties due to
the presence of hydroxyl and sulfate groups (Table 1). It can be

expected that when CNCs and BT were mixed in aqueous
solution, CNCs could immediately attach to the edge of BT
layers via the formation of hydrogen bond between their
hydroxyl groups, and the possible ionic bond between the
positively charged edge site of BT layers and the negatively
charged sulfate groups of CNCs,48 as illustrated in Figure 4. As
more and more CNCs were attached to the edge of BT, BT
layers were significantly wrapped by CNCs, resulting in the
observed core−shell structure. On the other hand, because of
the high surface area and a large number of hydroxyl groups on
the surface, CNCs had a strong gel formation capacity. A large
number of water molecules were bounded at the vicinity of
CNCs via hydrogen bond.49,50 Therefore, a stiff network
among BT layers, CNCs, and immobilized water molecules was
created, which had a strong resistance to flow under shear force,
leading to a significant improvement in the rheological
properties. By contrast, because the present MFC was prepared
through the mechanical disintegration process, their surface was
quite intact with fewer hydroxyl groups and lack of negatively
charged sulfate group. It can be expected that the surface
interactions mainly resulting from hydrogen bond between
MFC and BT layers were weaker than those between CNCs
and BT layers. Moreover, the highly entangled structure
strongly prohibited the mobility of microfibrils. Therefore, in
MFC/BT-WDFs, it is very difficult to form the core−shell
structure due to the weak surface interaction and poor mobility.
If the core−shell structure indeed existed in CNC/BT-

WDFs, they could show a particular pH-responsive behavior.51

It is expected that at a low pH, more positively charged sites
were created on the edge of BT layers,12,45 leading to stronger
ionic interaction between CNCs and BT layers. By contrast,
because MFC had a very low negative charge (Table 1), it is
expected that the change in the pH had little influence on the
surface interaction between MFC and BT. The influence of pH
on the viscosity of MFC/BT- and CNC/BT-WDFs was
investigated, as shown in Figures 5a,b, respectively. At the
low shear rate, both MFC/BT- and CNC/BT-WDFs showed
high stability in the viscosity upon the change in the pH values
from 11.0 to 4.4. It is postulated that when the shear rate was
low, the contribution of surface interactions on the viscosity
was slight. As the shear rate increased, the viscosity significantly
decreased. At this time, the surface interactions between CNP
and BT acted as crucial role in the maintenance of viscosity. As
a result, at the high shear rate, CNC/BT-WDFs exhibited more
sensitivity to the pH change than MFC/BT-WDFs. As shown
in Figure 5a and 5b, when the pH was decreased to 4.4, at the

Figure 4. Proposed core−shell model for CNC/BT-WDFs.

Figure 5. Effect of pH on the viscosity of (a) MFC/BT- and (b) CNC/BT-WDFs at pH of 11.0 (black squares), 8.9 (red circles), 6.7 (blue
triangles), and 4.4 (magenta diamonds) with a fixed CNP concentration of 0.5 wt %.
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shear rate ranging from 100 to 1200 s−1, the change in the
viscosity of MFC/BT-WDFs was not profound; whereas an
evident increase in the viscosity was observed for CNC/BT-
WDFs due to the formation of denser core−shell structure
resulting from stronger ionic attraction between CNCs and BT
interfaces.
The strong surface interaction of CNC/BT-WDFs can be

further evidenced by the investigation on the dependence of
viscosity upon the change in the temperature. Generally, when
the temperature was elevated, the viscosity of WDFs declined
due to the increase in the mobility of water molecules.
However, if there were some strong surface interactions
occurring in the WDFs, they could be less sensitive to the
change in the temperature.8 Figure 6a,b shows the effect of
temperature on the viscosity of MFC/BT- and CNC/BT-
WDFs, respectively. It can be seen that without the addition of
CNPs, the viscosity of BT-WDFs was quite unstable with
change in the temperature. MFC/BT-WDFs also exhibited
poor thermal stability, especially at a low concentration, such as
0.1 wt %, in which the viscosity significantly declined starting
from 60 °C. However, for CNC/BT-WDFs at any concen-
tration of CNC, their viscosity were well maintained over a
broad range of temperature from 20 to 80 °C, owing to the
formation of stiff network among BT layers, CNCs, and
immobilized water molecules, in which water molecules could
be entrapped within the core−shell structure and immobilized
at the vicinity of CNCs, leading to more resistance to the
temperature change.8 As the wellbore being drilled deeper,
much heat was released due to the excessive friction between
the drilling bit and the formation, leading to significant increase
in the temperature of wellbore. In order to maintain the cutting
transport performance of drilling fluids, it is very essential to
develop the drilling fluids with the minimum temperature
effect. Therefore, in comparison to MFC, CNCs were also
advantageous for the high temperature drilling fluid application.
It is well-known that the penetration of fluids into the

formation could result in significant swelling and subsequently
cause serious wellbore collapse.5,52 Furthermore, the floccu-
lation (filter cake) deposited on the wall of wellbores leads to
high probability of differential pressure sticking, well damage,
and stuck pipe problems.11,52 Therefore, a suitable drilling fluid
should also have desirable filtration properties, e.g., low filtrate
volume as well as thin and dense filter cake. Figure 7a,b shows
the fluid loss volume as a function of time for MFC/BT- and
CNC/BT-WDFs at different CNP concentrations, respectively.
The original BT-WDFs had a high fluid loss volume of 34.6
mL. Obviously, the incorporation of MFC and CNCs into BT-

WDFs also led to distinctive fluid loss properties. MFC had
little impact on the fluid loss volume; whereas the fluid loss
volume gradually decreased as the concentration of CNCs
increased from 0.1 to 1.0 wt %. For example, CNC/BT-WDFs
with 0.1, 0.25, 0.5, and 1.0 wt % of CNCs had fluid loss volume
of 31.0, 26.9, 23.9, and 19.3 mL, showing a decrease of 10.4,
22.3, 30.9, and 44.2%, respectively, when compared to the
original BT-WDFs. Moreover, it was observed that the plot of
fluid loss volume versus time from 7.5 to 30 min was nearly
linear. Thus, the slope of each plot from 7.5 to 30 min was
calculated and defined as its final filtration rate, as depicted in
Figure 7c. It can be seen that the final filtration rate increased
from 0.73 to 0.80 mL/min with the incorporation of 0.1 wt %
of MFC, after which the final filtration rate appeared to level
off. In a sharp contrast, the final filtration rate continuously
decreased from 0.73 to 0.69, 0.62, 0.56, and 0.45 mL/min in
the presence of CNCs with concentration of 0.1, 0.25, 0.5, and
1.0 wt %, respectively. These results demonstrated MFC gave a

Figure 6. Effect of temperature on the viscosity of (a) MFC/BT-, and (b) CNC/BT-WDFs at different CNP concentrations: 0 wt % (black squares),
0.1 wt % (red circles), 0.25 wt % (blue triangles), 0.5 wt % (cyan diamonds) and 1.0 wt % (magenta hexagons) at a fixed shear rate of 10 s−1.

Figure 7. Plots of (a and b) fluid loss volume versus time for MFC/
BT- and CNC/BT-WDFs at different CNP concentrations: 0 wt %
(black squares), 0.1 wt % (red circles), 0.25 wt % (blue triangles), 0.5
wt % (cyan diamonds) and 1.0 wt % (magenta hexagons), respectively.
(c and d) Final filtration rate and thickness of dried filter cake versus
CNP concentration, respectively.
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slight detrimental effect in the fluid loss reduction, while CNCs
yielded a significant improvement in the fluid loss reduction.
The thickness of filter cakes after 24 h evaporation was also

measured, as plotted in Figure 7d. The original BT-WDF
deposited a filter cake with a thickness of 0.28 mm. MFC/BT-
WDFs experienced a slight increase in the thickness of filter
cakes from 0.1 to 0.25 wt %, after which they exhibited a steep
increase in the thickness from 0.5 to 1.0 wt %. CNC/BT-WDFs
showed a slight decrease in the thickness of filter cakes from 0.1
to 0.25 wt %, after which their thickness slightly increased from
0.5 to 1.0 wt %. At the same concentration, CNC/BT-WDFs
yielded much thinner filter cake than MFC/BT-WDFs,
especially at a high concentration. Figure 8 shows the

photographs of fresh filter cakes. The color of filter cake was
gradually changed from dark to white due to more and more
CNP deposited on the filter paper with the increase in the CNP
concentrations. MFC/BT-WDFs formed loose and open filter
cakes, as evidenced by the observation that the sediments
tended to flow out of the filter cakes to the margin of filter
papers. By contrast, CNC/BT-WDFs created relatively dense

and compact filter cakes, since there were no sediments
observed at the margin of filter papers.
Filtration measurements demonstrated that MFC resulted in

little impact on the fluid loss volume as well as thick, loose, and
open filter cakes; whereas CNCs yielded a profound reduction
in the fluid loss volume as well as thin, dense and compact filter
cakes. The reasons for such distinctive phenomena were
proposed in detail as follows. First, CNC/BT-WDFs had a
higher viscosity than MFC/BT-WDFs (Figure 2). The
improved viscosity slowed down the rate of filtration and
flocculation.53,54 Second, the created core−shell structure in
CNC/BT-WDFs (Figure 3) not only encapsulated and bound
enormous amounts of water molecules but also wrapped BT
against flocculation.8 Third, the addition of CNCs and MFC
might modify the microstructure of filter cakes, leading to the
change in the permeability.20 To see whether the presence of
CNCs and MFC had impact on the microstructure of filter
cakes, the dried filter cakes were analyzed using FE-SEM, as
shown in Figure 9. Clearly, no CNPs were observed on the
surface of filter cake flocculated from BT-WDFs (Figure 9a,b).
For the filter cakes flocculated from MFC/BT- and CNC/BT-
WDFs, distinctive morphologies were observed. MFC agglom-
erated into microsize bundles and randomly dispersed in the
BT matrix (Figure 9c,d), while CNCs formed thin polymer
films covering the surface of the BT matrix (Figure 9e,f). It is
postulated that this typically generated CNC polymer films
contributed to the closing of fluid penetration channels, leading
to the significant improvement in the filtration properties, too.
In summary, the addition of CNPs improved the rheological

and filtration properties of BT-WDFs, and CNC/BT-WDFs
exhibited superior performances compared to MFC/BT-WDFs.
Finally, in order to show how effective the CNC/BT-WDFs
were, the performances of CNC/BT-WDFs with 0.5 wt % of
CNCs and 3 wt % of BT were compared with those of BT-
WDFs with higher BT concentrations ranging from 3 to 15 wt
%, as presented in Table 3. With an increase in the

Figure 8. Digital images of fresh filter cakes: (a) BT; (b), (c), (d), and
(e) MFC/BT with MFC concentration of 0.1, 0.25, 0.5, and 1.0 wt %,
respectively; (f), (g), (h), and (i) CNC/BT with MFC concentration
of 0.1, 0.25, 0.5, and 1.0 wt %, respectively. (Images were taken
immediately after each API fluid loss testing.)

Figure 9. FE-SEM micrographs of dried filter cakes deposited on the filter papers from (a and b) BT, (c and d) MFC/BT-, and (e and f) CNC/BT-
WDFs. Scale bar: (a, d, and e) 50 μm; (b and f) 5 μm; (c) 100 μm. CNP concentration: 1.0 wt %.
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concentration of BT from 3 to 15 wt %, the AP, PV, YP, Gelin,
Gel10 min, and thickness of filter cake gradually increased, while
the fluid loss continuously decreased. High concentration of BT
led to thicker of filter cakes, which can cause serious differential
pressure sticking, well damage, and stuck pipe problems. This is
why high concentration of BT should be avoided. It can be seen
that CNC/BT-WDFs displayed the similar rheological proper-
ties as 7.5 wt % BT-WDFs, the similar fluid loss volume as 6 wt
% BT-WDFs, and the similar thickness of filter cake as 3 wt %
BT-WDFs. Thus, the required rheological and filtration
properties can be achieved with less amount of BT by addition
of a small amount of CNCs. PAC is a common fluid loss
reducer used in WDFs. PAC was added into CNC/BT-WDFs
to see whether they can further decrease the fluid loss volume
and the thickness of filter cakes. Gratifyingly, the incorporation
of 0.1 and 0.5 wt % of PAC into CNC/BT-WDFs remarkably
decreased the fluid loss volume and thickness of filter cake to
16.8 mL/0.20 mm and 13.0 mL/0.15 mm, respectively.
Furthermore, the PAC/CNC/BT-WDFs exhibited superior
rheological properties than CNC/BT-WDFs, showing a
synergistic effect of CNCs and PAC on the performance
improvement of BT-WDFs.

■ CONCLUSIONS
CNCs were extracted from MFC using the 64 wt % sulfur acid
hydrolysis. The resultant CNCs exhibited distinctive character-
istics with MFC such as smaller dimensions, more negative
charges on the surface, higher stability in aqueous solution, but
lower viscosity, and less evident shear thinning behaviors. Both
MFC and CNCs were utilized as clean, cheap, renewable,
recyclable, biodegradable, and environmentally friendly addi-
tives to improve the rheological and filtration properties of BT-
WDFs. The addition of MFC and CNCs increased the
rheological properties of BT-WDFs, including the viscosity,
shear stress, and yield point, demonstrating the development in
the cuttings transport capacity. A typical core−shell structure
was observed in CNC/BT-WDFs due to the strong surface
interaction among BT layers, CNCs, and immobilized water
molecules. A similar structure was not seen in MFC/BT-WDFs.
At a low pH, more positively charged sites were formed on the
edge of BT, leading to stronger ionic bond, denser core−shell
structure, and stiffer network in CNC/BT-WDFs. The created
core−shell structure enabled CNC/BT-WDFs to have more
resistance to the temperature change, indicating their potential
for high temperature WDFs application. Moreover, the
improved viscosity, the created core−shell structure as well as
the formation of CNC polymer films remarkably reduced the
fluid loss volume and the thickness of filter cake for CNC/BT-
WDFs. By contrast, MFC had little impact on the fluid loss

volume, and yielded thicker filter cakes, which can cause serious
problems such as differential pressure sticking, well damage,
and stuck pipe. To summarize, CNCs yielded better rheological
and filtration performances than MFC in BT-WDFs
application.
The performances of CNC/BT-WDFs were compared with

those of BT-WDFs with higher concentrations of BT. It was
observed that with the addition of a small amount of CNCs,
more BT can be saved in order to achieve the required
rheological and filtration properties. Furthermore, a synergistic
effect of PAC and CNCs on the performance improvement in
the BT-WDFs was observed. This research compares the
rheological and filtration properties of MFC/BT- and CNC/
BT-WDFs, and demonstrates the effectiveness of CNCs in
enhancing the performances of BT-WDFs, opening a pathway
of a new generation of additives in well-drilling fluid
applications.
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(24) Paäk̈kö, M.; Ankerfors, M.; Kosonen, H.; Nykan̈en, A.; Ahola,
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