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ABSTRACT: Steelmaking industrial waste, that is, silicomanganese fume
(SMF), is one of the byproducts obtained during the steelmaking process
in an electric submerged arc furnace at 1500 °C. Millions of tons of such
wastes are generated yearly and used in different applications such as road
construction, cement mortar, recycling into sinter plant, and so forth. In
this study, the application of SMF in the drilling operations was
investigated by employing SMF as a bridging material (BM) in water-
based drilling fluid (WBF). The SMF samples were collected and dry-
sieved, and then, the retained particles on each mesh were examined for
elemental analysis. Thereafter, a battery of tests was performed using the
WBF-SMF system comprising different SMF grades and mixed grades to
investigate their bridging performance. The commercial BM (marble) was
used as a reference fluid (WBF-marble system) for comparative investigation. The bridging performance of WBF-SMF and WBF-
marble systems was tested and compared at 190 °F and 300 psi testing conditions using 10, 12, 20, and 50 μm ceramic discs. The
processing techniques have shown that raw SMF does not require prolonged processing steps like the other waste material requires.
All the SMF grades have shown homogenous chemical composition in oxides of manganese, silicon, sulfur, calcium, magnesium, and
iron. Moreover, the WBF-SMF system have shown substantial improvement in bridging and sealing performance with average 47,
42, 84, and 75% superior fluid loss performance against 10, 12, 20, and 50 μm ceramic discs, respectively, compared to the WBF-
marble system. While comparing the filter cake thickness, the WBF-SMF system has deposited a filter cake with more than 50%
reduction in thickness compared to the WBF-marble system for different ceramic-disc sizes. Consequently, this study has introduced
SMF as a novel BM with a unique particle size distribution that can be used in WBFs to plug formation pores effectively. In addition,
this waste material (SMF) has been investigated as an economical, effortless, readily available, and high-performance material
compared to other commonly used BMs.

1. INTRODUCTION
Silicomanganese (SiMn) is a ferroalloy being used in the
steelmaking industry to provide silicon (Si) and manganese
(Mn) for high strength steelmaking.1 During the entire
steelmaking process, several byproducts are generated such
as blast furnace slag, steelmaking slag, fly ash, blast furnace
clarifier sludges, blast furnace flue dust, mill scales, waste
refractories, coke breeze, and silicomanganese fumes (SMFs).2

The silicomanganese is one of them and known in the
literature as SMFs.3−8 The SMF is reported by several other
researchers as a byproduct of the steelmaking industry.6,9,10 In
Spain, waste generation of the steelmaking industry is 15 to
20% of the production.11 In European Union, 22 million tons
of slags were generated in 2010, and the majority of the waste
generated was utilized as a landfill.12 Other applications of
steelmaking waste include road construction,13 cement
mortar,6 and recycling into sinter plant.14 So far, none of the
prior studies have investigated the particle size distribution
(PSD) of SMF and its bridging and sealing ability in drilling
fluids.

Drilling fluids are a blend of natural and synthetic chemicals
added into a base carrier fluid to facilitate drilling downhole for
hydrocarbon extraction.15 Drilling fluids are essential compo-
nents of drilling operation that helps the driller to achieve
intended depth. The function of drilling fluids is to provide
hole cleaning, bit cooling, and lubrication, maintain hydrostatic
head pressure, suspend cuttings under quiescent conditions,
and deposit a filter cake (FC).16 Deposition of effective FC or
filtration properties of drilling fluids should be maintained in
the laboratory within the guidelines mentioned by the
American Petroleum Institute (API). If the filtration properties
are not maintained properly, a number of challenges are going
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to be encountered while drilling the well, such as high filtrate
or sometimes loss of drilling fluid into the subterranean
formation, and depositing a thick mud cake.17 Ultimately, these
factors commence circulation lost and/or stuck pipe
challenges. Certain types and sizes of solid materials are
added into the drilling fluid to bridge the pore throats of the
exposed subterranean formation.18 At the formation face, due
to the pressure overbalance of the drilling fluid, two
mechanisms occurred. The liquid phase of the drilling fluid
passes through these formation pores (known as filtrates), and
then, solids of the drilling fluid bridge the formation of the
pore throat and deposit a FC.19 This FC deposited on the
formation face acts as an impermeable layer to stop fluid
migration from wellbore to formation and vice versa.20

The deposition of FC and fluid loss (FL) mechanism was
explained in the classical FL theory formulated by Howard and
Fast in 1970.21 The theory demonstrates that the FL and FC
deposition occurs in several stages. In the first stage, formation
fluid is displaced by the liquid phase of the WBF system due to
hydrostatic head pressure. This is followed by plugging the
formation pores with large particulates that deposit internal
FC. Lastly, the formation of external FC occurs on the surface
of the wellbore walls. Navarrete et al. (1994) have further
iterated that internal FC controls the FL, as it bridges the pores
and pore throat of the formation with larger sized particles.22 If
the particles present in the active WBF system are much
smaller than formation pore size, then these particles are likely
to penetrate into the formation with the initial FL. However, if
multimodal or different particle sizes are present in the mud
system, then bigger particles chock the pore throat and finer
particles deposit afterward to completely plug the formation
pores.23

Darley, in 1965, has explained the bridging mechanism
occurring in three steps.23 In the first step, during the phase of
displacing formation fluid with filtrate volume, the super-fine
particle passes through the formation pores and creates initial
resistance. This phenomenon is also referred to as spurt loss,
which is further defined as “passing of super fine particle in
conjunction with base fluid through formation pores until its
pores become bridged”. Generally, it takes 1−2 s and very
small amount of filtrate volume penetrates the formation pores
during the spurt loss phenomenon. In the second step, the
larger sized particles bridge the pores. The medium- and small-

sized particles fill the gaps and reduce the filtrate volume, thus
working as the packing mechanism. In the third step, finer size
particles further seal the formation pores.

The material that has been used in the industry to plug the
pores are known as bridging materials (BMs) or lost
circulation materials and they are flaky, granular, fibrous,
blended, acid-soluble or degradable, hydratable or swellable,
and nanoparticles.24 The overall cost of drilling fluid additives
is increasing every year, and statistics showed that oil and gas
organizations spent multibillion US dollars to acquire
additives.25 Research and development attempts have been
made among academia, service, and operator companies to
minimize the drilling fluid cost. Recent trends in the literature
have revealed that researchers are putting efforts to investigate
economical materials such as the waste material from diverse
origins and explore their application as a drilling fluid
component, that is, BM or loss circulation material. The
example of such research studies includes waste date seed
powder,26 shredded waste car tyres,27 deceased date tree
waste,28 date tree trunk,28 banana peel,29 powered grass and
grass ash,30 Styrofoam waste,31 durian rind,32 sunflower seed
and orange powder,33 seashells,34 eggshell,35 potato peels and
mandarin peels and other household wastes,36,37 date tree ARC
ECOFiber,38 oil palm trunk waste,39 carton waste,40 and
Eucalyptus bark powder waste.41

Though the abovementioned materials are considered as
economical materials due to their origin as a waste of other
industries, these materials require several processing steps. The
common processing steps used to convert waste into BM
includes the collection of the waste material from the
production site, drying at several steps�to remove moisture,
washing�to extract clean waste, boiling�in case of seashell,
shredding and removing steel wires�in case of tyres, grinding
to breakdown larger pieces or particles, sieving�to acquire
proper particle size, and finally packing as an end product.
Other significant factors that are required to process waste
materials into the final product are temperature and time for
removal of moisture before the final step. For instance, in
Medved et al., 2022 articles, mandarin peel waste was
successfully converted into water-based drilling additives by
performing several processing steps.42,43 These steps include
collection of mandarin peel from waste, oven drying at 90 °C
for 48 h, additional drying for 24 h, grinding, and sieving

Figure 1. Processing steps of “ raw” SMF waste material into SMF grades.
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through different screens to acquire sized mandarin peel
powder.

The existing BMs present several downsides such as
prolonged processing steps of collection, drying, washing,
cleaning, sieving, and packing. For example, marble is a
naturally occurring material extracted from open pit mining
across the world.44 Being a naturally occurring material, marble
requires several processing steps such as mining, high energy
crusher, prolonged grinding, detailed sieving to acquire sized
marble, and packing. In addition to that, marble raw materials
also require transportation from the mining site to crushing
plant and appropriate technology to carry out all operations.
This study proposes a cost- and effort-effective waste material,
that is, SMF that requires minor processing steps compared to
other waste materials. The powdered or fumed source of the
raw SMF and the presence of natural PSD make this an
adequate and ready-to-use BM.

Therefore, this work aims at exploring the potential presence
of particle sizes in raw SMF to be used as a BM for water-based
drilling fluids. Different particle sizes were extracted from the
raw SMF material and added to the water-based drilling fluid.
The prepared drilling fluids were then studied for the FL test
to examine the SMF impact on bridging performance,
respectively. The bridging capability of the extracted SMF

particles was studied against different ceramic-disc sizes using
the water-based drilling fluid.

2. METHODOLOGY
2.1. Preparation of SMF. Samples of raw SMF have been

collected from a local steelmaking plant and then dry-sieved.
As shown in Figure 1, the sieve stack was composed of eight
sieves ranging from mesh size nos. 45 to 325 and a pan. The
SMF retained on mesh no. 45 was observed to have lumps and
thus discarded. The remaining materials were proceeded for
elemental composition analysis to examine variability in
composition. The elemental analysis was conducted using X-
ray fluorescence on the SMF samples retained on each mesh.
The results demonstrate that SMF particles retained on each
mesh is composed of oxides of manganese (31%), silicon
(22%), potassium (17%), sulfur (8%), magnesium (9%),
calcium (7%), iron (2%), and aluminum (2%). These oxides
observed were homogeneously distributed across all the
meshes (see Figure 2). Therefore, different grades of SMF
samples were prepared by combining different mesh sizes
together such as mesh nos. 50, 70, and 80 were combined and
named as SMF-200, mesh nos. 140 and 200 were combined
and named as SMF-100, and SMF-50 was prepared after
combining mesh no. 325 and a pan. Subsequently, these SMF
grades were further combined proportionally among each

Figure 2. Elemental analysis describing the composition of the SMF-retained samples on each sieve.

Figure 3. PSD of SMF grades and combinations.
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other to explore bridging effectiveness. Figure 1 shows all the
SMF grades and grade combination extracted from raw SMF.
Figure 3 shows the PSD-prepared grades. It was anticipated
that these natural PSD of SMF grades and grades combination
would likely to plug the formation pores and hence deemed to
be as effective BM for seepage losses.

As shown in Figure 3, SMF grades and their combinations
observed were broadly distributed in a multimodal distribution
pattern. In general, D10 was distributed around 1 μm, D50
ranged from 31 to 94 μm, and D90 ranged from 67 to 281 μm.
The scanning electron microscopy (SEM) photomicrographs
have also revealed the presence of a wide range of well-
spherical and well-rounded particle sizes (Figure 4).

2.2. Preparation and Testing of the SMF-Based Fluid
Formulations. Tables 1 and 2 shows composition and a

battery of formulation designs using the clay-free water-based
fluid (WBF) system to evaluate the bridging capacity of SMF
and compared with the control, that is, marble. The WBF
formulations composed of water as a base fluid, potassium
chloride (inhibitive agent), sodium hydroxide (buffer), lime
(hardness controller), starch (filtration controller), xanthan
gum (viscosifier), polyanionic cellulose (PAC) (filtration
controller), sulfonate (lubricity), and SMF and marble
(bridging agent). Few drops of defoamer were added to
remove the air bubbles in case of foaming. The formulations
were prepared using a mixer following the API standard
procedure.

The concentration of BM was kept 15% w/v (52.5 ppb) in
all WBF systems. Formulation no. 1 is a baseline formulation
loaded with marble as a BM. The formulation codes 2, 3, and 4
were prepared with the SMF grades, that is, SMF-50, SMF-
100, and SMF-200, respectively. In the formulation codes 5, 6,
and 7, SMF grades were combined so as to maintain the total
amount as 52.5 ppb. For example, 26.5 ppb of SMF-50 was
combined with 26.5 ppb of SMF-200 and used in WBF-SMF
system formulation code 5. Likewise, SMF-100 + SMF-200
and SMF-50 + SMF-100 were combined to prepare SMF grade
combination that was used in formulation codes 6 and 7,
respectively. The concept behind splitting the concentration
into two-half was to examine different PSD effects on FL and
FC deposition.

The high-pressure high-temperature (HPHT) filter press
equipment was used with ceramic discs to study the bridging
capability of the WBF system. The test simulated the
formation of FC on the ceramic discs under specified testing
conditions. To evaluate the performance of SMF as a BM, four
different sizes of ceramic discs, that is, 10, 12, 20, and 50 μm
were used under the testing conditions of 190 °F and 300 psi
overbalance pressure. The FC deposited on the ceramic discs
was examined and the thickness was measured in millimeters.
The filtrate volume was collected after 30 min and recorded as
mL/30 min. Finally, SEM was conducted on FC to investigate
the internal microstructure.

3. RESULTS AND DISCUSSION
3.1. FL Behavior of SMF. While using 10 and 12 μm

ceramic discs in the HPHT filter press test, the WBF-SMF
system with formulation codes 2, 3, and 4 has demonstrated an
average of 46% lower filtrates compared to the reference WBF-
marble system (formulation code 1), as shown in Figure 5a,b.
For the 20 μm disc, all WBF-SMF systems were observed with
superior FL performance compared to the WBF-marble system
(Figure 5c). For example, the WBF-SMF system with
formulation codes (2, 3, and 4) has shown 90, 71, and 86%
lower filtrates compared to the WBF-marble system with
formulation code 1, respectively. The 50 μm disc was observed
with total FL for the WBF-marble system. However, the WBF-
SMF system with formulation codes 2, 3, and 4 has shown 74,
59, and 70% lower filtrates against 50 μm disc compared to the
WBF-marble system, respectively (Figure 5d). Accordingly, it
can be inferred that all SMF grades (i.e., SMF-50, SMF-100,
and SMF-200) were effective in sealing 10, 12, 20, and 50 μm
ceramic discs as compared to marble.

In case of SMF-grade combination, significant improvement
in sealing of ceramic discs has also been observed compared to
the WBF-marble system (Figure 5). Less than 15 mL/30 min
duration of FL was observed while plugging 10 and 12 μm
ceramic disc for formulation codes 5, 6, and 7. For the 20 μm
ceramic disc, formulation codes 5 and 7 were observed lower
FL, that is, 14.5 and 14.0 mL/30 min. The formulation code 6
was observed slightly higher, that is, 18 mL/30 min. Likewise,
lower FL was observed against 50 μm ceramic disc. For 50 μm
ceramic discs, formulation code 7 has shown FL of 16 mL/30
min, while 5 and 6 have shown 24 and 33 mL/30 min,
respectively. Overall, SMF grades and grade combination have
shown remarkable bridging performance compared to marble.

In Figure 3, all the BMs, that is, SMF grades, grade
combination, and marble have shown a wide range of particle
size distribution. The prominent difference exists in smaller
sized particle, that is, D10. Approximately, in all SMF grades,

Figure 4. SEM photomicrographs of SMF.

Table 1. Components, Function, and Concentration of
Additives Used to Prepare Water-Based Fluids

components function concentration

water base fluid 0.91 bbl
potassium chloride inhibitive agent 9.65 ppb
sodium hydroxide buffer 0.3 ppb
lime hardness controller 0.5 ppb
starch filtration controller 4 ppb
xanthan gum viscosifier 1 ppb
polyanionic cellulose filtration controller 1.25−1.5 ppb
sulfonate lubricity 4 ppb
SMF and marble bridging agent 52.5 ppb
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10% of the particle size is around 1 μm (i.e., D10 = 1 μm),
whereas marble has shown D10 of 5 μm. The sealing capacity of
marble appears to be not quite effective compared to SMF
grades. In addition to that, PSD of marble is more unimodal
compared to the distribution of SMF shown in Figure 3. Thus,
plugging might have occurred to create an initial bridge with
the large sized marble particle in formulation code 1. However,
appropriate sealing is seemed to be quite negligible in marble
compared to SMF. The conceivable reason behind lower FL
for the WBF-SMF system against different sizes of the ceramic
disc is PSD. For example, SMF grade combination used in
formulation code 7 has shown a similar PSD pattern for D10
(i.e., D10 is nearly 1 μm) that has been shown in other SMF
grades and their grade combination. However, the difference

appears in D50 and D90. For example, as shown in the PSD
diagram (i.e., Figure 3), the D50 and D90 of SMF grade
combination used in formulation code 7 were identified to be
36 and 101 μm, respectively. Similarly, formulation code 5 has
also shown promising FL results against 50 μm ceramic disc.
Such promising performance of formulation codes 5 and 7 is
due to nearly comparable PSD and adequate amount of BM, as
shown in Figure 5. The amount factor was kept constant (i.e.,
52.5 ppb) in all WBF formulations. The fundamental
difference appears in PSD of BMs.

In the classical FL theory, bridging, packing, and sealing
mechanism occurs in a special pattern if appropriate size,
shape, and amount of the BM are present in the WBF system.
According to the theory, the WBF system can easily pass

Table 2. Water-Based Fluid for Comparative Studies

SMF

WBF system
formulation

code
marble
(ppb)

SMF-50
(ppb)

SMF-100
(ppb)

SMF-200
(ppb) common components

base WBF 1 52.5 0 0 0 0.91 bbl of water, 9.65 ppb of KCl, 0.3 ppb of NaOH, 0.5 ppb of lime,
4 ppb of starch, 1 ppb viscosifier, 1.25 ppb of polyanionic cellulose, 4 ppb
of sulfonate

WBF SMF-50 2 0 52.5 0 0
WBF SMF-100 3 0 0 52.5 0
WBF SMF-200 4 0 0 0 52.5
WBF

SMF-50 + SMF-200
5 0 26.25 0 26.25

WBF
SMF-100 + SMF-200

6 0 0 26.25 26.25

WBF
SMF-50 + SMF-100

7 0 26.25 26.25 0

Figure 5. HPHT FL characteristics of the SMF-based fluid against (a) 10 μm ceramic disc, (b) 12 μm ceramic disc, (c) 20 μm ceramic disc, and
(d) 50 μm ceramic disc under the testing conditions of 190 °F and 300 psi.
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through porous media and result in high FL and sometimes
deposit a thicker FC if smaller size and lower amount of BM
are used. Therefore, no bridging and packing mechanism
occurs with such smaller size particles and lesser amount of
BM. Alternatively, if larger sized particles are used with higher
or lower amount of BM, this will help in bridging of the pores
to some extent but spaces and voids among the particles will
remain open and the permeable filter will be deposited.

Jeennakorn et al. have also described that the sealing
mechanism of pores is mainly driven by particle size (coarse
medium and fine), shape (irregular, elongated, and their
blend), and amount (40, 50, and 105 ppb) of BM.45 The larger
size particles first enter the pores and reduce the pore throat
significantly, thus bridging the pore at first attempt. This
bridging is further followed by the deposition of medium sized
particles to further fill the pores and reduces the FL (i.e.,
packing). Finally, the finer particles of BMs work with the
filtration control agent to fill the smaller pores present between
larger and medium particles and completely seal the pores.

In the present research, SMF grades and grade combination
have demonstrated the natural broader PSD and using the
adequate amount of SMF (i.e., 52.5 ppb) that has been
resulted in significantly controlling FL. As shown in Figure 3,
the presence of broader PSD in all SMF grades and grade
combination, that is, D10 of 1 μm, D50 ranging from 31 to 94
μm, and D90 ranging from 67 to 281 μm, has resulted in
significantly lower FL compared to marble. Thus, it can be

envisaged that SMF grades and grade combination have
natural broader PSD that is highly likely to arrest seepage
losses during drilling subterranean formation by bridging,
packing, and sealing the pores in the hierarchical pattern.
3.2. FC Behavior of SMF. Figure 6 shows the FC thickness

of WBF-SMF grades and grade combination and its
comparison with the WBF-marble system. The WBF-SMF
system has deposited significantly thinner FC on 10 and 12 μm
ceramic discs compared to the WBF-marble system (Figure
6a,b). The FC deposited on 10 μm ceramic discs by the WBF-
SMF system with formulation codes 2 and 3 were observed
around 71% thinner, and formulation code 4 was observed
around 57% thinner than the FC deposited by the WBF-
marble system. In case of 20 μm, FCs deposited by the WBF-
SMF system with formulation codes 2, 3, and 4 were observed
43% thinner as compared to the base WBF (Figure 6c). For
the 50 μm ceramic disc, formulation codes 2, 3, and 4 have
deposited 68, 61, and 55% thinner FC as compared to the
WBF-marble system (Figure 6d).

The WBF system prepared from the combinations of SMF
grade (i.e., formulation codes 5, 6, and 7) has demonstrated
thinner FC as compared to the WBF-marble system (Figure
6). Formulation codes 5, 6, and 7 have deposited 57, 64, and
29% thinner FC on the 10 μm ceramic disc as compared to
base WBF FC, respectively. In the case of 12 μm disc,
formulation codes 5 and 6 have deposited 43% and

Figure 6. Evaluation of HPHT FC thickness for the WBF system against (a) 10, (b) 12, (c) 20, and (d) 50 μm ceramic discs under the testing
conditions of 190 °F and 300 psi.
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formulation code 7 has deposited 29% thinner FC as compared
to the filter deposited by base WBF.

The FC deposited on the 20 μm ceramic disc was observed
to be 82, 78, and 77% thinner in formulation codes 5, 6, and 7
as compared to the WBF-marble system, whereas as
formulation codes 5, 6, and 7 have deposited 83, 79, and
79% thinner FC compared to formulation code 1 on the 50 μm
ceramic disc.

FC thickness has produced surprising results when
comparing formulation codes 6 and 7 with formulation code
5 for 20 and 50 μm. For 20 μm ceramic disc, formulation
codes 6 and 7 have produced 2.4 and 2.5 mm of FC thickness,
respectively, whereas formulation code 5 has produced 1.98
mm of FC thickness (Figure 6c). Likewise, for the 50 μm
ceramic disc, formulation codes 6 and 7 have produced 3 mm
of FC thickness, whereas formulation code 5 has produced 2.4
mm of FC thickness (Figure 6d). The probable reason of 0.42
to 0.60 mm thicker FC in formulation codes 6 and 7 compared
to formulation code 5 is attributed to variation in PSD of SMF
used in the WBF-SMF system. For instance, D50 and D90 of
SMF particles used in formulation code 5 are 42 and 131 μm,
those used in formulation code 6 are 94 and 274 μm, and those
used in formulation code 7 are 36 and 101 μm, respectively.
This variation in PSD specially at D50 and D90 is considered to
be the primary reason of minor variation (i.e., 0.42 to 0.60
mm) in the FC thickness. The present research investigations
are aligned with the literature. For example, Bageri et al., in
2021, have investigated that bulk volume of larger sized
particles contribute to the FC thickness.46 Therefore, variation
in the D50 and D90 of formulation codes 5, 6, and 7 are the
conceivable reason for minor FC variation.

Further examinations were conducted to lower the FL of the
WBF-SMF system with formulation code 7, and the results
were compared with the WBF-marble system with formulation
code 1. To achieve this, a filtration controller, that is, PAC was
slightly increased from 1.25 to 1.5 ppb in formulation codes 1
and 7. The concentration of all other chemical additives and
BM were kept constant. The reason for selecting formulation
code 7 for higher concentrations of PAC was its lower filtrate
(i.e., 16 mL/30 min using 50 μm ceramic disc) compared to
the other WBF-SMF system. Therefore, to determine the
impact of partially higher PAC, two more formulations were
prepared, that is, formulation code 7 and formulation code 1.
Formulation code 1 was selected for comparative analysis.

As shown in Figure 7, 0.25 ppb increment of the filtration
control agent, that is, from 1.25 to 1.50 ppb, has significantly
reduced the FL and FC in both WBF systems. The WBF-SMF
and WBF-marble systems with 1.5 PAC have 12.25 and 49.50
mL/30 min of FL against 50 μm ceramic disc. This has shown
that the WBF-SMF system has produced 75% better sealing
capacity compared to the WBF-marble system. It can also be
deduced from this effort that SMF response to the filtration
control agent appears to be positive like other BMs, that is,
marble. The FC of WBF-SMF and WBF-marble systems with
1.5 PAC was 1.25 and 4 mm, respectively. Nearly 69% of
thinner FC was measured in the case of the WBF-SMF system
compared to the WBF-marble system. It shows that the
filtration controller network provided by PAC is quite effective
in reducing the FL. The enhanced network provided by 1.5
ppb of PAC helps SMF fine-sized particles (i.e., D10 = 1 μm) to
further seal 50 μm ceramic discs pores without losing excessive
fluid. Hence, lower FL deposit a thinner FC, as observed in
Figure 7.
3.3. Effects of SMF PSD on Sealing Capacity. As

discussed in the preceding section, Figure 3 shows the bimodal
(i.e., number of two peaks) distribution of SMF grades and
their combination. The first peak appears around 1 μm, and
the second peak appears to be quite broadly distributed. The
first peak has demonstrated relatively similar trends for all SMF
grades and their grade combinations. However, the second
peak of SMF grades was skewed toward a greater particle size.
The SMF grade combinations have shown reasonable
distribution, for example, SMF-50 + SMF 100 has shown
gentle (i.e., broader) distribution of the second peak as
compared to other grade combinations.

The PSD of the marble peak was observed to be unimodal
(i.e., single peak) with gentle distribution. The modality or
peakedness of the marble was also observed to be lower as
compared to the distribution of SMF grades and grade
combination. Modality (i.e., number of peaks) is one of the
important parameters used to identify broad-sized particles to
seal formation pores.47,48 Savari et al.48 have explained multi-
modality or multi-modal as broad PSD with peaks at a number
of size intervals.

For example, as can be seen in Figure 3, SMF grades and
grade combination identified peaks around 1 and 75 μm.
These PSD data indicate natural bimodal distribution of SMF
at intervals of two different sizes. This was potentially deemed

Figure 7. HPHT FL (a) and FC thickness (b) of formulation code 7 and formulation code 1 with 1.5 ppb of PAC tested against the 50 μm ceramic
disc.
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to be effective in sealing 10, 12, 20, and 50 μm ceramic discs as
compared to the unimodal distribution of the marble.

According to the FL theory, the bridging, packing, and
sealing mechanism starts with larger sized particles, followed
by medium and finer particles. Following these theories, such a
plugging mechanism has produced lesser FL and thinner FC.
Likewise, multi-modal PSD of SMF and SMF grade
combination has produced lesser FL and FC compared to
the marble.

Thus, it could be believed that the larger particle of SMF
enters the formation pores first and creates an initial bridge,
followed by finer particles, to completely seal the FC. Figure 8

shows the SEM photomicrograph of FC deposited from the
WBF-SMF system. The SEM images were taken from the
cross-sectional view of the FC. From the morphological view,
the FC appears to be non-porous, that is, impermeable. The
photomicrographs also confirm the presence of the wide range
of particles present in the FC.

Further examination was conducted to examine the FC at
higher resolution (i.e., 5 μm). Figure 9 shows that in addition

to larger, medium, and fine particles, there are a reasonable
amount of finer particles present in the FC. These finer
particles of SMF are deeply engraved into the FC, thus
providing the sealing mechanism. Therefore, lower FL and
thinner FC were observed in WBF-SMF systems, as shown in
Figures 4 and 7.

As depicted in Figure 9, finer particles are tangled in
between the filtration controller (i.e., polyanionic cellulosic
layers). Such cellulosic layers are providing foundation for BM
to completely seal the pores. Thus, SEM findings confirm the
effective sealing capacity of SMF. The SEM image of FC
generated from the WBF-SMF system at a higher resolution
also reveals the presence of SMF of particle size smaller than 1
μm. Such finer particles of SMF present in the FC can also be
identified from PSD result, as demonstrated in Figure 3. Thus,
SMF has exhibited significantly improved performance against
ceramics discs, and it can be effectively used in bridging and
sealing pores encountered during seepage losses.

4. CONCLUSIONS
A novel granular type BM from waste origin was investigated in
this study in the presence of water-based drilling fluid. Several
grades were extracted from the raw waste SMF. The main
findings of this study are as follows:

• Experiments have demonstrated that SMF poses a
unique PSD of D10 1 μm, D50 ranging between 31 and
94 μm, and D90 ranging between 67 and 281 μm. The
morphology is predominantly well-rounded and of well-
spherical nature.

• The filtration properties using HPHT filter press
experiment system at 190 °F and 300 psi have shown
that the addition of SMF to WBF has substantially
enhanced the filtration performance compared to the
WBF-marble system, which has been taken as a
reference. In fact, SMF was found to be the best
candidate to plug a wide range of pore sizes ranging
from 10 to 50 μm.

• On average, FL for SMF grades significantly decreased
by 47, 46, 82, and 68% for 10, 12, 20, and 50 μm
ceramic discs with respect to baseline, respectively. The
SMF grade combination has demonstrated 46, 37, 86,
and 81% for 10, 12, 20, and 50 μm ceramic discs with
respect to baseline, respectively.

• This research has investigated SMF as an economical,
effortless, readily available, and high-performance ma-
terial that demonstrates bridging, packing, and sealing
mechanism of the pores.

Though the SMF performance is promising, the present
study is limited to the WBF system at 190 °F and 300 psi. It is
recommended to determine SMF performance in different
mud systems (e.g., oil-based mud) and more challenging
environments such as high density and high temperature. In
addition, a detailed cost analysis is also recommended to
determine SMF processing cost.
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API, American Petroleum Institute
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SEM, scanning electron microscopy
EDX, energy dispersive X-ray
HPHT, high-pressure high-temperature
GS, gel strength
PV, plastic viscosity
YP, yield point
RPM, revolution per minutes
BHR, before hot rolling
AHR, after hot rolling
w/v, weight by volume
D10, particle size corresponds to 10% cumulative
D50, particle size corresponds to 50% cumulative
D90, particle size corresponds to 90% cumulative
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