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The contradiction between the sag stability of weighted materials and the rheological properties of drilling
fluids is one of the main technical difficulties in high-density drilling fluids. Thus, understanding the
suspension mechanism of weighting materials is the key to improving the sag stability of weighting
materials. In this study, micro-manganese (MnsO,4) was compared with the commonly used weighting
agent barite to study the suspension mechanism of MnzO,4. The weighting effect of MnsO,4 and barite
was evaluated by static and dynamic sag tests, rheological property measurements and filtration property
tests. The evaluation experiment results showed that the sag stability of MnsO4 was better than that of
barite, and MnzO,4 could significantly increase the suspension capacity of drilling fluids and improve their
rheology property. The scanning electron microscopy (SEM) and other test results indicate that the small
and uniform spherical structure of micro-manganese not only causes it to have less friction, but also
intense Brownian motion in drilling fluid, which weakens the sag caused by gravity. The large specific
surface area of MnsOy4 results in the strong adsorption of water molecules and polymers in drilling fluids,

resulting in the formation of a hydrated film on the surface of the MnsO,4 particles and physical

f\iz:gt: 11%?;1 Sgs:sge?zrozlglg crosslinking with polymer chains. This prevents sagging caused by the adsorption of small particles to
form large particles. The key findings of this work are expected to provide a basis for improving the sag
DOI: 10.1039/c9ra07283g stability of weighting materials in drilling fluids and better the application of micro-manganese in drilling

rsc.li/rsc-advances fluids.
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1. Introduction

Pressure control of the formation is critical in drilling opera-
tions. The pressure is typically controlled using high density
minerals such as barite and hematite to increase the density of
drilling fluids. However, the control of rheology and sag stability
is one of the main technical difficulties in high-density drilling
fluids. Sag refers to the sinking of the weighting material caused
by factors such as gravity, resulting in significant changes in the
density of the drilling fluid and deterioration of the perfor-
mance of the drilling fluid."” Both static sag that occurs when
the drilling fluid is stopping circulating and dynamic sag, which
happens in the circulation, can result in wellbore instability,
stuck pipe and other problems.*” There are many factors
affecting sag such as the design parameters of the well, and the
performance of drilling fluids and weighting materials. Among
them, the performance of drilling fluids is closely related to the
selection of weighting materials.®”
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Barite is the most commonly used weighting material to
adjust the density of drilling fluid. However, the problems of
filter cake thickening, increasing equivalent circulation density
(ECD), excessive torque and friction caused by barite sagging
often occur.®*™° In addition, the problems such as the poor rock
carrying capability and the increase in friction caused by the
sagging of barite are distinctive in all horizontal wells. Thus, if
sagging is not effectively solved, it can cause great difficulties to
the drilling process and increase the drilling cost. Accordingly,
optimizing other weighting materials to replace barite is one of
the effective ways to solve the problem of barite sagging.
According to Stokes' formula (1) and the static shear force
formula (2) for drilling fluid suspension weighting materials:

v = d"(ps — ppgl(18n) 6y
Pz = (U6)rd (o, — pog )

where v is the sag rate of the weighting material particles (cm
s~ 1), d is the diameter of the weighting agent particles (cm), 7 is
the viscosity of the system (mPa s), p; and p; are the density of
weighting material particles and drilling fluid (g cm™3),
respectively, 7 is the static shear force of the drilling fluid (Pa),
and g is the acceleration of gravity (m s ). The smaller the
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particle size of the weighting material, the smaller the sag
velocity and static shear force required, and then, the better the
suspension and sag stability of drilling fluids.® Naderi's study of
the sag trends of barite, hematite, ilmenite and micro-
manganese further confirms this view." Weighting materials
with different particle size, distribution and morphology have
a great influence on the rheological stability and other proper-
ties of drilling fluids."”” The micro-powder weighting materials
that are frequently studied and used include micronized
barite,”*'* micron-scale hematite/ilmenite*™*®* and micro-
manganese.'?® Micro-manganese (Mnz0,) has been extensively
studied in recent years due to its unique shape and superior
suspension stability.

Micro-manganese (Mn;0,) as a weighting material refers to
ultrafine particles (Mnz;0,4) having an average particle diameter
of less than 1 pm synthesized by blowing air through a molten
metal during a process following the production of manganese
metal.” A unique advantage of micro-manganese particles is
their extremely low size and high density (4.8 g cm ™). Also,
their sag rate is much lower than that of barite, and thus they
have excellent sag stability.”* In fact, there have been some
studies on the feasibility of using Mn;0, instead of barite as
a weighting material. For example, some studies have shown
that Mn;O,-weighted drilling fluids are less likely to cause
corrosion to the drill bit and damage to the formations than
barite-weighted drilling fluids.”*** Furthermore, the acid solu-
bility of Mn;0, makes the filter cake formed by Mn;0, easier to
be removed than that formed by barite during the reservoir
development process.”® However, there are still some problems
in the use of micro-manganese, such as particle agglomeration,
large fluid loss, and high cost.**** Researchers have conducted
extensive research on the dispersibility of micro-manga-
nese®®**3? and the removal of its filter cake.**?® However,
existing research has focused on the use of micro-manganese in
drilling fluids, and there is no detailed discussion on the
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Fig. 1 Sag schematic diagram of barite and MnzO,.
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suspension stability mechanism of MnzO,. As is known, the
biggest problem in high density drilling fluids is the sag of
barite. The key to solving this problem is to replace the
weighting material or increase the suspension capacity of
barite. Thus, understanding the suspension mechanism of
Mn;0, can not only result in the better use of Mn;0, in drilling
fluid, but also provide a basis for improving the suspension
capacity of barite.

This work aims to study the suspension capacity of barite
and micro-manganese (Mn;O,) in different density drilling
fluids (1.8-2.8 ¢ em %), and to explore the suspension mecha-
nism of Mn;0,. According to the tests of sag performance and
rheological properties, the Mn;O4-weighted drilling fluids
showed significantly better suspension capacity and rheological
properties than that of the barite-weighted drilling fluids at
different densities. The suspension mechanism of Mn;0O, was
proposed by studying the microstructure and surface properties
of Mn;0, and barite. As shown in Fig. 1, particles are subjected
to gravity, buoyancy and drag force in solution. When gravity
plays a major role, the particles will sag to the bottom of the
container. Barite was more susceptible to sag due to its large
particle size and sharp shape. On the contrary, Mn;O, had
a uniform spherical shape and a particle diameter of less than 1
um, which resulted in intense Brownian motion of the particles.
The strong adsorbability by the large specific surface area
allowed the micro-manganese particles to interact with each
molecule in the solution, and thus exhibited superior suspen-
sion property than that of barite.

2. Experimental

2.1 Materials

Brown-red micro-manganese (Mn;0,) with density of 4.8 g cm >

was provided by Great Technology Co., Ltd. Barite, which is
mainly composed of BaSO,, with a density of 4.2 ¢ cm > met the

o) Micro-manganese
(Mn304) particles

Polymer chains
Fu: Buoyancy of particles

Fp: Drag force of particles
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API standards. The standard bentonite was obtained from
England (IMERYS) and other drilling fluid treatment agents
such as DS-301, ammonium salt, potassium humate (KHm),
sodium carbonate (Na,COj3), sodium hydroxide (NaOH), potas-
sium polyacrylamide (K-PAM), polymer fluid loss additive
(RHPT-2), inhibitor (DS-302), sulfonated brown coal (SMC),
brown coal resin (SPNH), emulsified paraffin (RHJ-1) and
lubricant (JM-1) used in this study were all supplied by
a domestic oil addictive company.

2.2 Fluid preparation

The base slurry was prepared by mixing 15 g of bentonite and
2.5 g of anhydrous sodium carbonate with 1000 cm® of distilled
water. The suspension was stirred quickly for 20 min, and then
stirred at a low speed and aged for 24 h at room temperature.
Then, 0.2 wt% of DS-301 as a coating agent, 0.5 wt% of
ammonium salt as an inhibitor and 3 wt% of potassium humate
as a fluid loss agent were slowly poured into a certain amount of
the base slurry while stirring to prepare water-based drilling
fluids (WDFs). Finally, the WDF was weighted to a fixed density
(1.8gem™?,2.0gecm 3, 2.2gem ™3, 2.4gem 3, 2.6 gem ?, and
2.8 g cm™?) using barite and micro-manganese (Mn;O,) as
weighting materials, and formulated into barite/WDFs and
Mn;0,/WDFs, respectively.

2.3 Sag stability property evaluation

2.3.1 Static sag test. The WDF with a certain density was
allowed to stand at room temperature for 10 min, and an equal
amount (10 mL) of the top layer and bottom fluid was taken to
calculate the difference in density. The static sag coefficient (SF)
can be calculated according to the formula: SF = pp/(pp + py),
where py, is the density of the bottom layer fluid (g cm ™) and p,
is the density of the top layer fluid (g cm ™).

2.3.2 Dynamic sag test. The dynamic sag tendency of the
drilling fluids was determined via the Viscometer Sag Shoe Test
(VSST), which measures the sag tendency under dynamic
conditions. The barite/WDFs and Mn;0,/WDFs after aging at
150 °C were continuously sheared at 100 rpm (six-speed rotating
viscometer) for 30 min. Using a syringe with a cannula, 10 mL
was extracted before and after shearing the sample and the
weight of the fluid recorded. The dynamic sag coefficient (VSST)
can be calculated according to the formula: VSST (g cm ™) = 0.1
x (W, — W;), where W; is the weight of 10 mL drilling fluid
before 30 min of shearing at 100 rpm (g) and W, is the weight of
10 mL drilling fluid after 30 min of shearing at 100 rpm (g).

2.3.3 Static sag velocity test. Equal amounts of barite/WDFs
and Mn;0,/WDFs were placed in test tubes and allowed to
stand for 24 h. The height (H, mm) of the supernatant in the test
tube was recorded for different times (¢, h), and the H-t curve
was plotted. The slope of the curve reflects the sag velocity of the
weighting material in the drilling fluid.

2.4 Rheology and filtration tests

After preparing the barite/WDFs and Mn;0,/WDFs,
a MOD.1103 six-speed rotating viscometer (Qingdao Chuang-
meng Instrument Technology Services Ltd., China) was used for
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the rheology measurements. The liquid was poured into the
sample cup up to the marked line and the readings from
600 rpm to 3 rpm recorded, which were used to calculate the
rheological parameters, such as the apparent viscosity (AV),
plastic viscosity (PV) and yield point (YP). The 3 rpm reading
after 10 s and 10 min was recorded as the gel strength of the
drilling fluid. The rheological parameters were calculated from
the value of (J600 (reading of viscosity at 600 rpm) and 300
(reading of viscosity at 300 rpm) using the following formulas:

Apparent viscosity (AV) = 0.5 600 (mPa s) (3)
Plastic viscosity (PV) = @600 — (3300 (mPa s) (4)
Yield point (YP) = 0.5(22300 — &600) (Pa) (5)

The API filtration volume of the drilling fluid was deter-
mined with an MOD.SD6A medium-pressure filtration appa-
ratus (Qingdao Haitongda Dedicated Instrument Factory,
China). At room temperature, 300 mL drilling fluid was poured
into filtration tanks and the filtration volume was measured
within 30 min after passing through a filter paper with a diam-
eter of 9 cm at a pressure of 0.69 MPa. Then the drilling fluid
was poured into an aging tank and hot rolled at a specific
temperature (80 °C, 120 °C, and 150 °C) in a GW300-type vari-
able frequency rolling furnace (Qingdao Tongchun Machinery
Factory, China). The rolling time was fixed at 16 h. Rheology and
filtration tests were performed before and after the thermal
aging experiments.

2.5 Characterization of filter cakes deposited from barite/
WDFs and Mn;0,/WDFs

The filter cakes of barite and Mn;O, were characterized using
scanning electron microscopy (SEM, JSM7401, JEOL, Japan).
After each filtration test was completed, the filter cakes were
flushed to remove the false filter cake with deionized water and
the thickness of the fresh filter cake was also measured. Then,
the filter cakes were dried, and the cross section of the filter
cake was metal sprayed as an observation surface. The perme-
ability (K) of a fresh filter cake was calculated according to
Darcy's law:

K = QuLI(AAp?) (6)

where Q is the filtration volume in 30 min of drilling fluid
(ml), u is the viscosity of fluid at 25 °C (mPa s), L is the
thickness of the filter cake (cm), Ap is the total pressure drop
(0.69 MPa), and 4 is the cross-sectional area to fluid flow (45.8
cm?).

2.6 Characterization of API barite and micro-manganese
(Mn;0,)

2.6.1 Particle size analysis. The particle size distribution
(PSD) of barite and Mn3;0, was determined using a particle size
analyzer (Mastersizer 2000, Malvern, UK) with the particle size
ranging from 0.01 to 1000 um.

RSC Adv., 2019, 9, 35509-35523 | 35511
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2.6.2 Scanning electron microscopy (SEM). The
morphology of barite and Mn3;0, was observed using a scanning
electron microscope (SEM, JSM7401, JEOL, Japan). A small
amount of barite and Mn;0, particles was adhered to conduc-
tive tape and then metal sprayed for 2 min.

2.6.3 X-ray photoelectron spectroscopy (XPS). X-ray photo-
electron spectroscopy (XPS, PHI Quantera II, Ulvac-Phi Inc.
Japan) was used to analyze the elemental composition of barite
and Mn;0,. The powdered barite and Mn;O0, were tableted
using aluminum foil, double-sided tape and a hydraulic press
and then tested.

2.6.4 Surface tension test. The surface tension (7) of
barite and Mn;0, in different liquids was analyzed using an
automatic tension meter (JK99C, POWEREACH, China) with
a platinum ring. Distilled water was prepared, and 0.5 wt%
hydroxyethyl starch solution and 0.1 wt% polyacrylamide
(PAM) solution and 0.5 wt% barite and Mn;0, were added to
the distilled water, to obtain the starch solution and PAM
solution, respectively, and stirred uniformly. For the conve-
nience of testing, 0.5 wt% of polymer RHPT-1 as a viscosifier
was added to the WDFs to improve the viscosity of the drilling
fluid, which can avoid rapid sag of barite. Then, 10 wt% of
barite and 10 wt% Mn;O, were add to the new WDFs,
respectively. The surface tension (T, N m™ ') of the above four
fluid samples was tested.

2.6.5 Zeta potential measurements. Suspensions of 0.5 wt%
of barite and Mn;O, were prepared separately using distilled
water, and the pH value was adjusted from 7 to 9 using NaOH.
Zeta potential measurements were performed using a Zeta
potentiometer (ZS90, Malvern Instrument, United Kingdom).

2.6.6 Friction coefficient test. The coefficient of friction of
the barite/WDFs and Mn;0,/WDFs was tested using an EP
Lubricity Tester (Fann 21200, Houston, Texas U.S.A). The
drilling fluid prepared for the surface tension test was poured
into the sample cup, the friction block was installed, and the
torque was adjusted to 0 under a rotating speed of 60 rpm.
The pallet of the sample cup raised to completely immerse
the friction block in the fluid to be tested. Then it was rapidly
pressurized to 16.95 N m and the torque reading (T) was
recorded while the instrument turned for 5 minutes. The
instrument was first calibrated with clean water to obtain the
correction factor (f). The sample fluids (density ranging from
1.1 g em > to 1.6 g cm ) were then tested and the friction
coefficient (F) of the sample fluid was calculated according to
the formula:

F=T x f1100 7)

3. Results and discussions
3.1 Property of sag stability

3.1.1 Static sag. Static sag refers to the sag of weighting
materials when the circulation of drilling fluid is stopped.
According to the calculation of static sag, no sag occurs when
the SF is equal to 0.50. Acceptable SF should between 0.50 to
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0.53.*° However, when SF exceeds 0.53, the phenomenon of
static sag becomes apparent. Thus, drilling fluids with an SF
exceeding 0.53 are not recommended according to the API
standard.’” The static sag factor of the barite/WDFs and Mn;0,/
WDFs at densities ranging from 1.8 g em ™ to 2.8 g em ™ is
shown in Fig. 2. With an increase in the density of the WDFs,
the SF decreased for both the barite/WDFs and Mn;0,/WDFs.
This was because the solid phase content in the WDFs increased
dramatically and the binding effect between particles was
enhanced. Compared with the Mn;O,/WDFs, the SF of the
barite/WDFs with a density ranging from 1.8 g cm ® to
2.6 g cm > clearly exceeded the safety range of 0.53. Although
the SF of the barite/WDFs with a density of 2.8 ¢ cm ™ was only
0.507, after standing for 24 h, the fluid had completely lost
fluidity and consolidated into a block (Fig. 3). On the contrary,
the SF of the Mn;0,/WDFs was maintained within 0.53, and
even after the density increased to 2.8 g cm ™, it still maintained
fluidity after standing for 24 h (Fig. 3). Thus, these results
confirm that Mn;O, has better static sag stability than barite.
3.1.2 Static sag velocity. The sagging of the weighting
particles in the drilling fluids resulted in solid-liquid separa-
tion, exhibiting a clear boundary between the supernatant and
solid phase particles, as shown in Fig. 3. During the same
standing time, the higher the height of the supernatant, the
faster the sag velocity of the weighting material, and the slope of
the curve reflected the sag velocity of the weighting material.
Fig. 4a shows the H-t curve (supernatant height vs. standing
time) of the barite/WDFs at different densities, and Fig. 4b
shows the H-t curves of the Mn;0,/WDFs. It can be seen in
Fig. 4a that the sag velocity of barite slowed down as the
standing time increased. At the same time, the low-density
barite/WDFs sagged faster than the high-density barite/WDFs,
and the final supernatant was also higher, which indicated
greater sagging. This is because as the density increased, the
content of barite in the barite/WDFs increased significantly,
resulting in a decrease in free water content in the barite/WDFs.
Eventually, when the density reached 2.8 g cm™>, there was
almost no free water, causing the barite/WDFs to completely

0.607

I Barite
[ Mn,0,

Saf Reglon‘

2.2
Density (glcm3)

24

Fig. 2 Static sag factor of the barite/WDFs and MnzO4/WDFs at
different densities.

This journal is © The Royal Society of Chemistry 2019
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fluidity, and
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Mn3;O4/WDFs
remained
flowable.

Fig. 3 Different densities of the barite/WDFs and MnzO,4/WDFs after 24 h of standing.

lose fluidity. However, the Mn;O,/WDFs with a density of
2.8 ¢ ecm* still had fluidity, which indirectly indicates that the
Mn;0, particles were superior to the barite in suspension
performance in drilling fluid. This is also consistent with the
findings in the literature' and with the static sag test, which
indicated that the static sag stability of barite was worse than
that of Mn;O,.

3.1.3 Dynamic sag. The VSST value was used to characterize
the magnitude of the dynamic sag. A VSST value of 0.12 g cm >
or less implies a drilling fluid with the minimal sagging
tendency, while a VSST value above 0.19 g cm* indicates the
beginning of a possible sag problem.®* The dynamic sag test
required continuous shearing of the drilling fluid for 30 min
using a six-speed rotating viscometer. However, after 30 min of
shearing, the barite had formed a precipitate having a thickness
of about 10 mm at the bottom of the sample cup, and thus it was
no longer possible to use a syringe to suck the fluid from the
collection well of the sag shoe for testing. After aging at 150 °C,
the barite/WDFs completely lost fluidity and solidified into
a block (Fig. 5), but it could recover fluidity after high-speed
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stirring. This was also a strong evidence that barite had
rapidly sagged during drilling fluid shearing. The Mn;0,/WDFs
exhibited the opposite trend. As the density of drilling fluid
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Fig. 5 Dynamic sag test for the barite/WDFs and MnzO4/WDFs at
different densities.
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Fig. 4 Variation in supernatant height of different densities of drilling fluid with standing time. (a) Barite/WDFs and (b) MnzO4/WDFs.
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increased, the VSST value of Mn;O0,/WDFs increased. Even
when the density increased to 2.8 ¢ cm™>, the VSST value was
only 0.053 g cm >, which is much lower than the safety value of
0.12 g cm . Therefore, combined with the static sag test results
and the H-t curve, the sag stability of Mn;0, in the drilling fluid
was significantly better than that of barite.

3.2 Rheological properties

3.2.1 Apparent viscosity. The apparent viscosity of the
barite/WDFs and Mn;0,/WDFs is shown in Fig. 6. The apparent
viscosity of the barite/WDFs increased rapidly with an increased
in density. The same growth trend was observed for the barite/
WDFs at different aging temperatures. When the density
exceeded 2.4 ¢ cm , the apparent viscosity of the barite/WDFs
at room temperature was too large to test, which exceeded the
range of the six-speed rotating viscometer. It was demonstrated
that barite increased the apparent viscosity of the drilling fluid,
which seriously affects the drilling process because a too large
apparent viscosity of the drilling fluid will lead to difficulties in
pumping, lowering of the drilling rate, large cyclic pressure
consumption, high total pump pressure, vulnerability to gas
intrusion, and formation of excessive mud cake. Compared with
the fine round Mn;0, particles, the barite particles are large and
irregular, and thus they collide and rub more frequently in the
drilling fluid, resulting in the AV of the barite/WDFs being
much larger than that of the Mn;O,/WDFs. The dramatically
increased apparent viscosity of the barite/WDFs also explain the
slower sag velocity and lower SF with a high density (Fig. 2-4).
On the contrary, even when the density of the Mn;0,/WDFs
increased to 3.0 g cm ™, the apparent viscosity was still within
60 mPa s, which was significantly lower than the apparent
viscosity of the barite/WDFs.

3.2.2 Plastic viscosity. Plastic viscosity (PV) represents the
viscosity of mud when extrapolated to infinite shear rate.
Generally, a drilling fluid with a high PV is difficult to pump,
and thus not suitable for drilling operations.*® In the API
specification, the recommended value for plastic viscosity is 8-
35 mPa s.*° It was obvious that the barite/WDFs had a high
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plastic viscosity and a very fast growth rate at a high density of
more than 2.2 ¢ ecm > (Fig. 7a). When the density of the barite/
WDFs was 2.4 g cm °, the plastic viscosity before and after
aging at 80 °C, 120 °C, and 150 °C increased to 108, 79, 98, and
74 mPa s, respectively. However, with an increase in density, the
plastic viscosity of the Mn;0,/WDFs slowly increased, and it
could be all kept within a reasonable range of values below 40
mPa s (Fig. 7b). One of the main factors affecting plastic
viscosity is the solid phase content in the drilling fluid.>** The
Mn;0, particles have a high density, and thus the amount of
micro-manganese required when the drilling fluid needs to
weighted is lower than that of barite; therefore, the solid phase
content in the Mn;0,/WDFs is lower than that of the barite/
WDFs. Therefore, the plastic viscosity of the Mn;O0,/WDFs
increased slowly. These phenomena suggest that plastic
viscosity can be controlled effectively by Mn;0,.

3.2.3 Gel strength. Gel strength is the strength of the dril-
ling fluid to form a grid structure at standing, which reflects the
ability of the drilling fluid to suspend cuttings or weighting
materials while there is no circulation.>*® The gel strength is
related to the time factor and is usually measured by 10 s gel
strength and 10 min gel strength. It can be seen from Fig. 8a
that at low densities, the gel strength of the barite/WDFs was
less than 0.5 Pa, which was not conducive to suspend barite.*
However, the gel strength of the Mn;0,/WDFs was higher than
that of the barite/WDFs, especially at high density (>2.2 g cm™®).
After aging at 120 °C (Fig. 8b), the gel strength of the barite/
WDFs showed little changes except the fluid with a density of
2.8 g cm . There was an obvious increase in gel strength of the
barite/WDFs at this density, but it was still less than that of the
Mn;0,/WDFs. This result shows that Mn;0, increased the gel
strength values. In addition, the enhancement in the gel
strength at a high temperature (Fig. 8b) helped in reducing the
settling of solid particles under static conditions.

Thus, the above rheological property test indicates that the
use of Mn;0, in drilling fluid can effectively control the viscosity
of the drilling fluid and increase the gel strength. However,
barite cannot be used to make drilling fluid with a density

b 150
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2 904
0
[*]
o
hL 60
» i J
= 7
g
S 30
o
<
z,"?_gg ——

18 2.0 22 24 26 28 3.0
Density (g/cm?®)

Fig. 6 Apparent viscosity of different density drilling fluids at different aging temperatures. (a) Barite/WDFs and (b) MnzO4/

WDFs.
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greater than 2.4 g cm >. After the density of the barite/WDF
exceeded 2.2 g cm ™, its rheological properties began to dete-
riorate rapidly and severely, after the density reached
2.4 g em®, and the basic performance requirements of the

drilling fluid could not be satisfied.

3.3 Filtration properties

The fluid loss and well building property refer to the free water
in the drilling fluid entering the formation, and the solid phase
particles in the drilling fluid adhering to the well to form a filter
cake during the filtration process.” A too large filtrate volume
will result in swelling and collapsing of the rock, which is water
sensitive, and a thick filter cake will lead to accidents such as
tight holes and stuck pipes. The API recommended value is 3 to
15 mL.* The filtration volume of the barite/WDFs and Mn;0,/
WDFs is shown in Fig. 9. With an increased in density, the
filtration volume of the barite/ WDFs and Mn;0,/WDFs
increased slowly. There were slight changes in the filtration
volume of the barite/WDFs at different aging temperatures
(Fig. 9a). The biggest filtration volume in all the barite/WDFs
was 15 mL, which is acceptable with the API standard.
However, the filtration volume of the Mn;0,/WDFs was about

Q
o

B Gel () of Barite
B Gel ;) of Mn;0,
4 B Gel(yomin, of Barite
B Gel(1omin ©f MNn;0,

Gel Strength (Pa)

18 20 22
Density (g/cm3)

24 26 28

two times that of the barite/WDFs (Fig. 9b). The filtration
volume increased obviously after the aging experiments. After
aging at 150 °C, the filtration volume of the Mn;0,/WDFs with
densities ranging from 1.8 to 2.8 g cm ® increased from 9.7,
13.5, 15.5, 17, 17.1, and 19 mL before aging to 18.6, 20, 22, 20,
20.2, and 30 mL, respectively. Obviously, as the amount of
Mn;0, increased, the filtration volume of the Mn;0,/WDFs
gradually increased. According to Darcy's law, the filtration
volume of unit time is directly related to the permeability and
the thickness of the filter cake and the viscosity of the fluid.
Thus, one of the keys to minimize the fluid loss in drilling fluids
is to improve the quality of the filter cake. In engineering, it is
generally required to obtain a thin and tight filter cake, that is,
a filter cake with low permeability and small thickness. Subse-
quently, the characteristics of the filter cakes were considered.

The fresh filter cakes of the barite/WDFs and Mn;0,/WDFs
with a density of 2.2 ¢ cm ™ are shown in Fig. 10. It can be seen
that the filter cake of the barite/WDFs was thicker and that of
the Mn;O,/WDFs was thinner. According to statistics, the
average thickness of the filter cake of the different density
barite/WDFs was about 8 mm, while that of Mn;0,/WDFs was
only 1.5 mm. However, only observing the surface of the filter

o
o
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Bl Gely;) of Mn;0,
4+ [ Gel(yomin of Barite
BN Gel(jomin Of M 0,

Gel Strength (Pa)

18 20 22 24

Density (glcm3)
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Fig. 8 Gel strength of different density barite/WDFs and MnzO4/WDFs. (a) Before aging and (b) after aging at 120 °C.
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Fig. 9 Filtration volume of the drilling fluid with different densities at different aging temperatures. (a) Barite/WDFs and (b) MnzO,4/WDFs.

cake cannot be used for the direct comparison of the differences
in compactness of the filter cakes. Under the pressure of the API
filtrate test, the particles in the tested fluid sagged on the filter
paper and then formed a filter cake. The inter-filling of the
small particles with the large particles reduces the water
passage of the filter cake. It is well known that the less cracks in
the filter cake, the smaller the permeability of the filter cake.
The difference in the formation of filter cake between the barite
and Mn;0, particles can be clearly seen in Fig. 11. Since the
barite sagged quickly in the drilling fluid, a large amount of
barite was continuously deposited on the filter cake, resulting in
the ultimate formation of a thick cake. The sharp and uneven
shape of the particles caused the accumulation of particles not
to be compact and there were many cracks between the particles
(Fig. 11a). However, the Mn;0, particles had a slow sag rate and
good suspension performance in the drilling fluid. Therefore,
after a small portion of the particles formed a filter cake, the
remaining particles were still suspended in the drilling fluid,
and thus the final filter cake was thin. Simultaneously, the
spherical and uniform-sized Mn;0, particles were more densely
packed with each other, and there were few cracks between the
particles (Fig. 11b). The above filter cake formation analysis was
further confirmed by SEM. Fig. 12 shows the microstructures of
the dried filter cakes in Fig. 10. As shown in Fig. 12a, the barite

was loosely packed, and obvious pores and cracks of about 10
um can be seen, which are favorable for the penetration of the
filtrate. However, the filter cake formed by Mn;0, was signifi-
cantly denser. The filter cake magnified 5000 times in Fig. 12b2
was made up of many layers of fine Mn;0, particles, and no
pores and cracks larger than that in the filter cake of the barite/
WDFs were found. This indicates that Mn;0O, can form a much
denser filter cake than barite. To further verify this conclusion,
the permeability (K) of the filter cakes of the barite/WDFs and
Mn;0,/WDFs with different densities was calculated according
to Darcy's law, the results are shown in Fig. 13. It was proven
that the filter cake formed by barite had a permeability greater
than that of Mn;O,4. Moreover, as the density increased, the
filter cake permeability of the barite/WDFs increased rapidly.
Under a high density of 2.6 g cm?, the permeability of the
barite/WDFs filter cake was almost six times larger than that of
Mn;0,. The same phenomena were observed in the filter cake of
the drilling fluid after aging (Fig. 13b). Both the SEM micro-
graphs and the calculated permeability confirmed that the
quality of the filter cake formed by Mn;0O, was better than that
of barite.

However, this conclusion is contrary to the results of the
fluid loss test. Why was the filtration volume of the barite/WDFs
significantly lower than that of the Mn;0,/WDFs? According to

Fig. 10 Fresh filter cakes of drilling fluid with a density of 2.2 g cm™>. (a) Barite/WDFs and (b) MnzO,/WDFs.
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previous studies, the filtration performance of drilling fluids is cake permeability help to decelerate the filtration rate and
primarily affected by the viscosity of the drilling fluid and the reduce the filtrate volume.*® In the barite/WDFs, the viscosity
characteristics of the filter cake.**> High viscosity and low filter increased rapidly with an increase in drilling fluid density,

Fig. 12 SEM micrographs of the dried filter cakes in Fig. 10. (al) Filter cake of barite/WDFs magnified by 250 times, (a2) filter cake of the barite/
WDFs magnified by 100 times, (bl) filter cake of the MnzO4/WDFs magnified by 250 times and (b2) filter cake of Mn3O4/WDFs magnified by 5000
times.
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which is the main reason for its improved filtration perfor-
mance. The increase in viscosity significantly reduced the
filtration rate, while the increase in permeability accelerated the
filtration rate, which both cancelled each other out. In the
barite/WDFs, the effect of viscosity was greater than the effect of
permeability, and simultaneously, the sag of barite formed an
extremely thick filter cake, thus the filtrate volume of barite/
WDFs was low. However, in the Mn;O,/WDFs, the improve-
ment of the filtration performance of the permeability was not
enough to offset the influence of other factors, so the filtrate
volume was higher than the barite/WDFs. However, the thick
filter cake of the barite/WDFs may lead to drilling accidents
such as stuck pipes and pumping difficulties, which are not
desirable in engineering practice.

To investigate the availability of Mn;0, in the actual drilling
process, the sulfonation drilling fluid system (Table 1)
commonly used in drilling sites was used to evaluate the
rheology and fluid loss of the drilling fluid after it was weighted
by Mn;0,4. The performance of the Mn;0,-weighted drilling
fluid before and after aging at 150 °C is shown in Tables 2 and 3.
It can be seen from Tables 2 and 3 that the Mn;O04-weighted
drilling fluid effectively improved the apparent viscosity, yield
point and gel strength of the drilling fluid, both before and after
aging, which indicates that the suspension and -carrying
capacity of the drilling fluid were enhanced. For the fluid loss
performance, the fluid loss of the drilling fluid after it was
weighted by Mn;0, increased from 4.6 to 8 mL before aging and
from 4.8 to 8.2 mL after aging at 150 °C. Although it increased

Table 1 Formulation of the weighted and non-weighted sulfonated drilling fluids

Non-weighted Weighted (SG

Product Function (SG=1gem™) =24gcm?)
Water Base liquid 384 mL 384 mL
Bentonite Viscosifier & filtration control 16g 16¢g
Na,CO; Dispersed bentonite 1g 1g
NaOH Adjust mud pH 0.8¢g 0.8¢g
K-PAM Flocculant 1.6¢g 1.6¢g
RHPT-2 Polymer fluid loss additive 04g 04¢g
DS-302 Viscosity reducer 2g 2g
RHJ-1 Plugging agent 10¢g 10¢g
SMC Fluid loss additive 12 g 12 g
SPNH Fluid loss additive 12 g 12 g
KHm Fluid loss additive 6g 6g
M-1 Lubricant 6g 6g
Mn;0, Adjust mud density — 1120 g
Table 2 Rheological properties and fluid loss of sulfonated drilling fluids (non-weighted and weighted) before aging

AV (mPa s) PV (mPa s) YP (Pa) Gel(yo ) (Pa) Gel(1o min) (Pa) FLapr (ML)
Non-weighted 14.5 10 4.5 1 3 4.6
Weighted 49.5 36 13.5 11 16 8
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Table 3 Rheological properties and fluid loss of sulfonated drilling fluids (non-weighted and weighted) after aging at 150 °C

AV (mPa s) PV (mPa s) YP (Pa) Gelgyo 5) Gel(10 min) FLap:
Non-weighted 10.5 6 4.5 1 5 4.8
Weighted 38.5 32 6.5 5 7 8.2

slightly, it was still in the field available range. Therefore,
Mn;0;, is fully suitable for use in on-site drilling fluid systems.

3.4 Suspension mechanism analysis

3.4.1 Physical characteristic analysis of barite and Mn;0,.
The elemental composition of barite and Mn;O, was analyzed
by XPS, and the results are shown in Table 4. It can be seen that
the barite was composed of sulfur (S) and oxygen (O) elements
and had no impurities. In addition to manganese (Mn) and
oxygen, micro-manganese also contained a small amount of
lead (Pb).

The particle size distribution of barite and Mn;0, is pre-
sented in Fig. 14. The average particle size of the powder is
usually represented by d (0.5), which is actually the median
diameter. It can be seen in Fig. 14 that the particle size of Mn;0O,
was significantly lower than that of barite. The d (0.5) of Mn;0,
and barite was 0.112 um, 18.309 um, respectively. Furthermore,
the particle size distribution of Mn;0, was also narrower than
that of barite. The micromorphology of barite and Mn;0, was
also very different (Fig. 15). Barite had irregular massive parti-
cles with sharp edges, but Mn;O, contained regular spherical
particles with no corners. Consequently, Mn;O, consisted of
spherical particles having an average particle diameter of only
0.1 um, and barite consisted of massive particles having a sharp
angular shape, and its average particle diameter was about 160
times that of Mn;0,. Therefore, Brownian motion of the Mn;0,
particles was dominant in solution, which can improve the
dispersion stability of drilling fluids.*

3.4.2 Surface properties analysis of barite and Mn;0,. The
surface tension of barite and Mn;0, in different solutions was
shown in Fig. 16. The results show that the surface tension of
Mn;0, was always greater than that of barite, whether in starch
solution, polyacrylamide (PAM) solution or drilling fluid. This
indicates the larger interaction of Mn;0, with the other mole-
cules in solution.

The specific surface area of barite and Mn;0, was also ob-
tained simultaneously by particle size analysis. Mn;O0, had

Table 4 The elemental composition of barite and micro-manganese

Elemental composition ~ Content (wt%)

Barite (©) 78.1
S 14.14
Ba 7.76

Micro-manganese o 66.48

(Mn;0,) Mn 32.95
Pb 0.57

This journal is © The Royal Society of Chemistry 2019

a large specific surface area of 61.9 m” g~ *, which was almost 40
times that of barite of only 1.64 m> g~ * (Fig. 17a). A large specific
surface area represents a high surface free energy. This caused
Mn;0, to have a strong adsorption effect. In drilling fluid,
Mn;0, not only adsorbs dispersant molecules quickly, thus
forming a solvation film on the surface of the Mn;0, particles,
but also forms physical crosslinks with drilling fluid additives
such as polymer chains. Thus, the Mn;0, particles had strong
interaction with other molecules, which was proven by the
surface tension test. Thereby, the dispersibility and suspension
stability of the Mn;0, particles in the drilling fluid improved. In
contrast, barite had a small specific surface area, but a large
particle size, so the adsorption between barite particles and
other molecules in the drilling fluid was small. The larger self-
weight accelerated its sag, which caused the poor suspension
stability of the entire drilling fluid system. The zeta potential
evaluation further demonstrated that MnzO, has better
suspension stability in water than barite. The zeta potential
results in water with different pH are shown in Fig. 17b. The
higher the absolute value of the zeta potential, the more stable
the solution system. Alkaline water-based drilling fluids help to
increase the degree of hydration of clay. Thus, it is important to
increase the suspension stability of the material under alkaline
conditions. As presented in Fig. 17b, the zeta potential of the
barite solution was 0.732 mV when the pH value was 7, while
that of Mn;0, was —19.9 mV. When the pH value increased
from 7 to 8 and 9, the zeta potential of the barite solution was
reversed from 0.732 mV to —8.82 mV and —18.5 mV, respec-
tively. Simultaneously, the zeta potential value of the Mn;0,
solution also increased from —19.9 mV to —23.2 mV and
—26.2 mV, respectively. It was obvious that the absolute zeta

12+ —— Barite

——Mn304
10 -

Diff %

001 01 1 10
Size (um)

100 1000
Fig. 14 Particle size distribution of barite and MnzO,.
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Fig. 15 Micromorphology of the particles. (a) Barite and (b) MnzO4.

potential value of the Mn;O, solution was always higher than lower than that of barite, which demonstrated the better

that of barite, which indicates that the Mn;O, particles were lubrication performance of Mn;O,4. The excellent lubricity is

more electronegative in solution and had higher surface also attributed to the small and rounded morphology of the

activity, and thus showed higher suspension stability. Mn;0, particles. The spherical shape contributed to the sliding
The lubrication performance of drilling fluids has a great between the particles, which reduced the friction between the

influence on the drilling process. High lubricity is beneficial to  particles compared to the sharp bulk of barite.

reduce the friction between the drill string and the well wall,

reduce the torque of the rotating drill string, and ensure the

smooth operation of the drilling operation. It can be seen in 0.28
Fig. 18 that the friction coefficient of the Mn;O,/WDFs was 0264 — Barite
—o—Mn;0,
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Fig. 18 Friction coefficient of barite/WDFs and MnzO4/WDFs with
Fig. 16 Surface tension of barite and MnzQO, in different solutions. different densities.
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Fig. 17 (a) Specific surface area of barite and MnzO4 and (b) zeta potential of barite and MnzO, in distilled water with different pH.
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Fig. 19 Schematic of the Mn3zO4 suspension mechanism.

3.4.3 Suspension mechanism of Mn;O,. The suspension
mechanism of Mn;0, is shown in Fig. 19. The unique spherical
structure of micro-manganese and its particle size much
smaller than that of barite caused it to exhibit excellent
suspension stability. Firstly, Mn;0, particles with a particle size
below 1 pm resulted in strong Brownian motion in solution,
which allowed the particles to make random collisions contin-
ually in the solution and weakened the effect of gravity on the
particles. Secondly, the Mn;O, particles had a much larger
specific surface area than that of barite, resulting in highly
adsorbability for water molecules and polymers in the drilling
fluid. The hydrated film formed on the Mn;0, particles and the
physical crosslinks formed between Mn;0, and polymer chains
prevented adsorption between the particles, which reduced the
sag caused by the aggregation of the small particles into large
particles.

4. Conclusion

In this study, the effect of micro-manganese (Mn;0,) and barite
in drilling fluid was compared, and the sag stability of the
weighting materials and the effect on the rheological properties
of the drilling fluid were considered. Understanding the
suspension mechanism is a prerequisite for improving the sag
stability of weighting materials in drilling fluids. The suspen-
sion mechanism of Mn;O, in the drilling fluid was also
discussed.

The main conclusions of this study are as follows:

(1) The results of the static sag and dynamic sag experiments
showed that Mn;O, has much better suspension stability in
drilling fluid than barite. The static sag and dynamic sag coef-
ficients of Mn;0,/WDFs can be kept within safe limits in the
range of drilling fluid densities of 1.8 to 2.8 g cm >, while that of
the barite/WDFs were much higher that the safe range.

This journal is © The Royal Society of Chemistry 2019
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(2) Mn30, could also improve the rheology of the drilling
fluids. The Mn;O,/WDFs could maintain reasonable viscosity
and a much higher gel strength even at a density of 2.8 g cm ™.

(3) In the barite/WDF, the viscosity increased rapidly with an
increase in drilling fluid density, which is the main reason for the
improvement in its filtration performance. However, a thick filter
cake was formed due to the severe sag of barite. In the Mn;O,/
WDFs, the positive impact of reduced permeability on filtration rate
was not sufficient to offset the adverse effects of other factors, and
thus the filtrate volume was higher than that of the barite/WDFs.

(4) A uniform spherical structure of less than 1 um reduced
the friction of the Mn;0, particles in the drilling fluid, which
not only slowed down the increase in the AV of the Mn;0,/
WDFs with an increase in density, but also reduced the friction
coefficient of the Mn;0,/WDF.

(5) The specific surface area of the Mn;0, particles was much
higher than that of barite, resulting in the strong adsorption of
the Mn;0, particles on water molecules and polymers in the
drilling fluid. The formation of a hydration film and physical
crosslinking with polymer chains prevented sagging caused by
the adsorption of small particles to form large particles.

The study of the suspension mechanism illustrates the reason why
Mn;0, improved the suspension capacity of the drilling fluids, and
provides a basis for better the application of Mn;0, in drilling fluids
and further improving the sag stability of barite in drilling fluids.
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