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Abstract

This study aims at evaluating the performance of thiamine as a new eco-friendly shale inhibitor in water-based drilling fluids
(WBDFs). The evaluation experiments include sedimentation, bentonite inhibition, filtration, zeta potential, thermal gravimet-
ric analysis, scanning electron microscopy, X-ray diffraction, shale cuttings recovery, linear swelling and Fourier transform
infrared spectroscopy (FTIR). The performance of thiamine was compared to potassium chloride. In contrast to deionized
water, the aqueous solution of thiamine exhibited greater power to inhibit montmorillonite (Mt) dispersion, much more Mt
loading capacity (280 g/L) and fluid loss, lower Mt mass loss, larger aggregated Mt particles, lower interlayer space of the
Mt particles, less shale cuttings disintegration and lower linear swelling. Adsorption of thiamine on Mt led to a significant
shift in the value of zeta potential (from —17.1 to +8.54 mV). Thiamine demonstrated superior inhibitive performance than
potassium chloride. FTIR analysis confirmed that thiamine is adsorbed on Mt particles. The compatibility test revealed the
compatibility of thiamine with conventional WBDF additives. It was concluded that the main probable inhibition mecha-
nisms of thiamine are the cation exchange and Mt surface coating. In view of its prominent inhibition capacity and great

environmental acceptability, thiamine is a promising inhibitor for drilling in water-sensitive formations.
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1 Introduction

Drilling a well is the first stage and one of most costly stages
of oil and gas production (Diaz-Perez et al. 2007). According
to global statistics, the annual waste of money is estimated
to be about $ 1 billion due to instability of oil and gas wells
(Zeynali 2012). Design of a stable well is one of the impor-
tant factors in the success of drilling operations (Cheatham
Jr 1984; Fam and Dusseault 1998). Most researchers believe
that the mechanisms of instability of wells are divided into
two categories: mechanical effects and physicochemical
effects (Tan et al. 1996; Osuji et al. 2008; Zeynali 2012). The
mechanical effects are directly caused by drilling operations,
which include the effects of drilling on the wall of the well
(Zhu and Liu 2013). Mechanical effects can be controlled
by controlling the well path and by restoring the balance of
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stress (Manohar Lal and Amoco 1999). Unlike mechani-
cal effects, time-dependent physicochemical and chemical
effects are caused by reaction between rock, especially shale,
and drilling fluid (Zeynali 2012).

The clay minerals have two- and three-sheet structures.
A clay mineral which consists of one tetrahedral sheet and
one octahedral sheet is referred to as a 1:1 clay (the ratio of
tetrahedral to octahedral sheet in a given unit layer), and the
one which consists of a central octahedral sheet sandwiched
between two tetrahedral sheets is called a 2:1 clay (Tama-
mura et al. 2014). Among all clay minerals, more attention
is paid to sodium-saturated smectites (common weathering
product) due to high swelling potential and also their abun-
dance during drilling operations (Manohar Lal and Amoco
1999; Osuiji et al. 2008; Zeynali 2012). Smectite is a three-
sheet clay mineral in which an octahedral sheet is located
between two tetrahedral sheets (Tamamura et al. 2014). Iso-
morphous substitution is a process that occurs during the
formation of clay minerals through which the morphology of
the clay minerals does not change, but the substitution gives
the clay mineral a net negative charge that must be satisfied
by exchangeable cations (Sun et al. 2015).
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Montmorillonite (Mt), a member of the smectite groups
in clay, is one of the favorite and useful minerals in the oil
drilling industry. It has received more attention owing to
several features such as altering the fluid rheology, cation
exchange capacity (CEC) and swelling capacity (Agha et al.
2012). The phrase “sodium bentonite” in oil drilling industry
is the public name, referred to as a mixture of minerals that
are mainly composed of sodium-based Mt (Besq et al. 2003).

When water-sensitive shale is exposed to contact with
conventional water-based drilling fluids, hydration and
swelling of the shale occurs, resulting in many problems
during drilling operations, such as stuck pipe, inappropriate
cleaning of the well, bit balling, bit floundering, decrease in
the quality of the logging data and cementing, creation of the
fracture in the formation and blowout of the well (Bol et al.
1994; Manohar Lal and Amoco 1999; Lomba et al. 2000;
Osuji et al. 2008). While oil-based drilling fluids have excel-
lent performance against water-sensitive shaly formations,
the use of oil-based drilling fluids in shaly formations due
to the high price of these fluids and the destructive effects
on the environment, especially in offshore drilling, is limited
(Diaz-Perez et al. 2007). Therefore, design and production
of water-based drilling fluids with a performance similar to
the performance of oil-based drilling fluids for the applica-
tion in water-sensitive shaly formations is one of the most
important, interesting and today’s research topics in the oil
industry.

Many shale stabilizers have been introduced in the indus-
try till now, which causes shale stability due to different
mechanisms. A number of shale inhibitors are given in
Table 1. The major disadvantages of shale stabilizers are
high toxicity, high cost, corrosion and negative effects on
rheological properties of drilling fluids. For example, water-
based drilling fluids (WBDFs) containing high concentra-
tions of K* (> 1 wt%) fail the mysid-shrimp bioassay test.
Therefore, fluids containing K* are less acceptable in off-
shore drilling fluids (Anderson et al. 2010). High-molecular-
weight quaternary amines are toxic, especially in offshore
drilling fluids (Patel et al. 2007).

In the present study, for the first time a comprehensive
study was performed on thiamine, as shale inhibitor, to
evaluate its swelling inhibitive properties in the aqueous
phase for water-based drilling fluids (WBDFs). The inhibi-
tive effect of thiamine was also investigated using a wide
range of inhibition characterization methods, including
sodium bentonite inhibition, sodium bentonite sedimenta-
tion, filtration, zeta potential, thermal gravimetric analysis
(TGA), scanning electron microscopy (SEM), X-ray dif-
fraction (XRD), cutting dispersion, dynamic linear swell-
ing and compatibility tests. The Fourier transform infrared
spectroscopy (FTIR) analysis was performed to confirm the
adsorption of thiamine on Mt. In this study, we aimed to
technically investigate the inhibition properties of thiamine
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through numerous tests performed on this inhibitor. It should
be mentioned that the marketing of thiamine was not con-
sidered in this study. Except the compatibility test, the main
purpose of the implemented tests was to examine the inhi-
bition potential of thiamine. Therefore, the improvement in
the drilling mud properties was not considered in the present
study.

2 Methodology
2.1 Materials
2.1.1 Thiamine

Thiamine, also known as vitamin B1, is a water-soluble
colorless organosulfur compound with the chemical formula
of C;,H7N,OS and molar mass of 265.35 g/mol, which can
be found in food and produced as a dietary supplement and
drug (Edwards et al. 2017). Its structure, shown in Fig. la,
consists of an aminopyrimidine and a thiazole ring linked
by a methylene bridge.

Thiamine is stable under acidic conditions and unstable
in alkaline conditions. In the alkaline medium, the thiazole
ring opens and turns into the thiol form (Fig. 1b). Potassium
chloride is a common shale inhibitor, mostly applied in drill-
ing shaly formations in the south of Iran. Therefore, in this
study the inhibition potential of thiamine is only compared
to that of potassium chloride. Both thiamine and potassium
chloride were provided from the Kimia Pars Shayankar
company.

2.1.2 Sodium bentonite

The mineral composition of the sample of sodium bentonite
was identified using X-ray diffraction (XRD) analysis, which
is shown in Table 2. The cation exchange capacity of the
sample was 65.5 meq/100 g. In this study, sodium bentonite
was employed as a representative of the swelling mineral of
the shale in the wall of the well and not as a drilling mud
additive. Sodium bentonite was provided from the Kimia
Pars Shayankar company.

2.2 Experimental procedure

The experiments conducted to evaluate the inhibition poten-
tial of thiamine are presented in this section.

2.2.1 Sodium bentonite sedimentation tests
Sodium bentonite has a tendency to settle down in the inhibi-

tive medium (medium in which there is a shale inhibitor).
In the inhibitive medium, bentonite starts to settle down and
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Table 1 Shale inhibitors presented by researchers

Shale inhibitor

Description

Potassium chloride (O’Brien and Chenevert 1973)

Partially hydrolyzed polyacrylamide (PHPA) (Patel et al. 2007)

Asphaltenes (van Oort 2003)
Polymer latex (van Oort 2003)

Sugars and sugar additives (van Oort 2003)

Cloudy glycols (Chegny et al. 2008)

Nanoparticles (Sensoy et al. 2009; Sharma et al. 2012; Riley et al.
2012; Li et al. 2012; Ji et al. 2012; Akhtarmanesh et al. 2013; Mos-
lemizadeh and Shadizadeh 2015)

Henna extract (Moslemizadeh et al. 2015)

Cetyl trimethylammonium bromide (CTAB) (Moslemizadeh et al.

2016)

1-octyl-3-methylimidazolium tetrafluoroborate (Luo et al. 2017)

Polyamidoamine dendrime (PAMAM) dendrimers (Zhong et al. 2015)

Chitosan quaternary ammonium salt (An et al. 2015)

Amine-tartaric salt (Chen et al. 2017)

Bis(hexamethylene) triamine (Zhong et al. 2013)

Horsetail extract (Barati et al. 2016)

Triterpenoid saponin (Moslemizadeh et al. 2017)

Pomelo peel powder (Zhang et al. 2019)

Dopamine (Xuan et al. 2013)

A common shale inhibitor
Mechanism: cation exchange
It causes environmental pollution and corrosion problems

An anionic polymer
Mechanism: covering the clay surface

Mechanism: covering the clay surface

Having positive impact on rheological properties, filtration control of
drilling fluids

Mechanism: formation of plugging film on shale surface

Mechanism: increasing the viscosity of filtrates

Their cloud point (7,,) depends on salinity and glycol concentration

Mechanism: when T, 4 -1 < 7. < Tyok» at cloud point, glycol comes
out from the solution within the formation and ultimately prevents the
pressure-induced shale instability; also, it can prevent cutting disinte-

gration by coating

Mechanism: closing the pore spaces
To close the pore spaces, a high concentration of these particles is
needed, which makes the use of these particles noneconomic

A plant surfactant
Mechanism: changing wettability from water-wet to oil-wet

A cationic surfactant
Mechanism: cation exchange and changing the wettability from water-
wet to oil-wet

An ionic fluid
Mechanism: cation exchange and changing the wettability from water-
wet to oil-wet

Intercalation into clay layers
Mechanism: multi-adsorption between terminal amine groups and nega-
tive sites of clay which keeps clay layers tightly

An environmentally friendly shale inhibitor.
Water-soluble
Mechanism: electrostatic attraction and hydrogen bonding

Compatible with water-based drilling fluids
Mechanism: ion exchange, hydrogen bonding and modification of sur-
face wettability of clay toward water

Compatible with water-based drilling fluids
Mechanism: ion exchange, hydrogen bonding with siloxane surface of
clays and modification of surface wettability of clay toward water

An environmentally friendly shale inhibitor
Mechanism: formation of hydrogen bounding with surfaces of bentonite
particles

An environmentally friendly shale inhibitor
Mechanism: coating the clay surface and changing wettability from
water-wet to oil-wet

An environmentally friendly shale inhibitor

Mechanism: formation of hydrogen bonding with surface of bentonite
particles, formation of a compact membrane structure that can seal the
micro-cracks in the shale and enhance the cementation strength

A bio-inspired shale inhibitor

Mechanism: ion exchange, formation of hydrogen bonding with surface
of bentonite particles

exhibits low potential for hydration and swelling. Therefore,
after a period of time, there is a distinct boundary between
the clear zone and the depositions. Recording this boundary

in terms of a function of time gives the appropriate index
of bentonite potential for swelling in the inhibitive envi-
ronment (Moslemizadeh et al. 2015). Sodium bentonite
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Fig. 1 Thiamine structure: a in low pH, and b decomposed thiamine in alkaline pH (Edwards et al. 2017)

Table 2 Mineral composition of sodium bentonite

Mineral component Composi-
tion, wt%
Montmorillonite 66.0
Gypsum 1.0
Quartz 9.5
Calcite 2.0
Feldspar 11.0
Illite 10.5

sedimentation test was investigated in both prehydrated and
non-prehydrated conditions. In the prehydrated case, sodium
bentonite was allowed to be hydrated in deionized water for
24 h. The sedimentation test consists of several steps as fol-
lows: (1) The solution of thiamine and sodium bentonite was
prepared; in the prehydrated case, the thiamine powder was
added to the prehydrated bentonite mixture; however, in the
non-prehydrated case, the bentonite powder was added to the
solution containing thiamine and deionized water. Following
that, a certain amount of each of the prepared mixtures was
poured into the test tubes. (2) The amount of sodium ben-
tonite deposition was recorded by the A/H ratio in terms of
a function of time, where / is the height of the sediments in
cm and H is the total height of the mixture in cm. Deionized
water was used in this paper to accurately investigate the
thiamine inhibition properties without any effective factor.

In a real drilling operation, when water-sensitive shaly
formation is exposed to WBDF, it becomes hydrated. This
situation was simulated using non-prehydrated bentonite
sample to investigate the inhibition potential of thiamine.
The inhibition of sodium bentonite from being swollen in
prehydrated condition is more difficult than that in non-pre-
hydrated condition. Therefore, the sedimentation test was
also conducted using the prehydrated sodium bentonite to
indicate the high potential of thiamine to inhibit swelling
and hydration of clay minerals.

2.2.2 Selecting optimum concentration
Determining the optimum concentration of thiamine as a

shale inhibitor is economically important. Therefore, deposi-
tion test was used to determine the optimum concentration of
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thiamine. For this purpose, sodium bentonite sedimentation
test was investigated in non-prehydrated condition. This test
was performed at different concentrations of thiamine.

2.2.3 Sodium bentonite inhibition tests

The bentonite inhibition test is typically used as the chosen
method to achieve the potential of a substance to prevent the
swelling of bentonite and maintain a low rheological profile
(Patel 2009). This method is designed to simulate the very
active components of drilling solids in drilling fluid which
allows one to gather information about what happens during
drilling water-sensitive shaly formations. This test gives the
maximum amount of bentonite that can be inhibited by shale
inhibitors. The bentonite inhibition tests were carried out at
two thiamine concentrations of 5 and 10 g/L in deionized
water with adjusted pH of 9.5. To do so, a specified portion
of thiamine was dissolved in 400 mL of deionized water
to obtain the specified molar concentration. Then, 16 g of
sodium bentonite was added to each solution, and the result-
ing mixture was stirred at an average shear rate for about
40 min to disperse bentonite in solutions completely. Each of
the resulting suspensions was then poured into the aging ves-
sel, and finally the vessel was hot rolled at 100 °C for 16 h.
The temperature of 100 °C was set according to the tempera-
ture of the drilled shale formations. The samples were then
cooled, and their dial readings were recorded at 60 °C using
a viscosity meter (Fann Company, GA35 model). Rheologi-
cal properties including apparent viscosity, plastic viscosity
and yield point were measured. Apparent viscosity (AV),
plastic viscosity (PV) and yield point (YP) were calculated
from 300 and 600 rpm dial readings according to the API
standard (API 1997). The aim of this test is to show the
inhibition potential of thiamine by measuring the param-
eters AV, PV and YP. These parameters were not measured
to calculate the rheological properties of the drilling fluids.
Hence, there is no need for 10-s and 10-min gel strength in
this test.

2.2.4 Filtration tests
Sodium bentonite has two main duties in water-based drill-

ing fluids. It can be used as a viscosifier and as an agent for
controlling fluid filtrates (Moslemizadeh et al. 2016). When
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sodium bentonite is exposed to an aqueous inhibitor solu-
tion, the potential of bentonite for hydration and swelling
significantly reduces, which in turn leads to a high amount
of filtration. According to this theory, recording the filtration
of the API fluid can be an acceptable method to evaluate
the potential of materials to inhibit clay from swelling. The
procedure of this test is as follows: (1) 3.5 g of thiamine was
added to 350 mL of deionized water, followed by addition
of 7 g of sodium bentonite to this solution. The mixture was
stirred at an average shear rate for 30 min to disperse sodium
bentonite and then hot rolled for about 16 h at 100 °C (tem-
perature of the drilled shale formations). (2) After 16 h, the
amount of associated fluid filtrates was recorded by using
an API fluid measuring device. To evaluate the inhibition
potential of thiamine, this test was also performed by potas-
sium chloride, as shale inhibitor, and without shale inhibitor,
i.e., solution of sodium bentonite in deionized water (API
1997). These tests were conducted using the filter press Fann
model 300.

2.2.5 Zeta potential measurements

The main driving force for adsorption of water to the clay
mineral surface is the electrostatic force. Inhibitive materi-
als can cover clay mineral surfaces and reduce the negative
charge of clay mineral surface, which in turn prevent water
from adsorbing into the clay. As a result, decrease in the
negative charges on the surface of the clay mineral indicates
the inhibition effect of the added material. The larger nega-
tive number of zeta potential indicates the higher degree of
hydration and swelling of the clay mineral particles (Henry
1948). The procedure is as follows: Three types of samples
were prepared; in the first sample, 2 g of sodium bentonite
was dispersed in 100 mL deionized water, in the second
sample, 0.5 g of thiamine was dissolved in 100 mL of deion-
ized water followed by addition of 2 g sodium bentonite to
the solution, and in the third sample, 1 g of thiamine was
dissolved in 100 mL of deionized water followed by addition
of 2 g sodium bentonite to the solution. The prepared sam-
ples were then placed individually in the stirrer for 24 h to
disperse sodium bentonite completely. The conditions of the
stirrer were the same for all the samples. After preparation
of the samples, the zeta potential was measured for all the
prepared samples by Malvern Zen 3600 Zetasizer at 25.1 °C.

2.2.6 Thermal gravimetric analysis (TGA)

One of the methods for investigating the swelling inhibi-
tion property of a substance is a thermal analysis method
based on sample mass measurement during heating. This
method provides useful information when the substance is
decomposed during heating. The thermal weighing device
is a sensitive electronic machine that measures the mass of

the sample based on the variation of electrical current in a
coil. TGA was used to check the effects of thiamine on the
amount of water present in sodium bentonite. The TGA test
was conducted to show that in the suspension containing
thiamine, the adsorption of water on Mt is less than that in
the thiamine-free suspension. The procedures of preparation
of the samples were the same as those used in zeta potential
analyses. In this test, after 24 h, each of the prepared samples
was placed in a centrifuge at 5000 rpm for 2 h. The deposi-
tions were then placed in an oven at 105 °C for 24 h to be
dried completely. The dried depositions of each sample were
powdered and packaged individually, and the TGA analysis
was performed on the prepared powder samples. This test
was conducted using the simultaneous thermal analyzer Len-
seis/L50/1750, at the scan rate of 15 °C/min under nitrogen
flow.

2.2.7 Scanning electron microscopy (SEM) observations

SEM analysis is used to investigate the morphological fea-
ture of Mt particles when influenced by an inhibitor (Shadi-
zadeh et al. 2015). For this reason, two types of samples
of sodium bentonite in deionized water were prepared; one
in the presence of thiamine, as the clay inhibitor, and the
other without the presence of thiamine. The procedure of
preparation of the samples was the same as the TGA analy-
sis. In this case, similar to the TGA analysis, powdered and
packed samples were also prepared. SEM analysis was then
performed on each of the prepared powder samples using
the VEGA\TESCAN-LMU model. This analysis was made
at ambient temperature and atmospheric pressure.

2.2.8 Measurement of interlayer space with XRD

XRD is a precise and accurate technique for studying the
properties of crystals. For this reason, XRD analysis was
used in the present study to calculate the distance between
a plan in a unit layer and the corresponding plan in the next
unit layer in the structure of montmorillonite, denoted as
dy; of layers in sodium bentonite (Zhong et al. 2013). To
calculate this distance, the Bragg equation was used (Freiser
and Freiser 1992):

nA = 2dy, sin(6) (1)

where dy, is in (nm), 6 is the angle between the rays and
the screen, A represents the wavelength (nm) of the rays and
n is an integer number. The powdered depositions from the
samples containing sodium bentonite and deionized water
in the presence of thiamine and without thiamine were pre-
pared according to the sample preparation procedure for
TGA. The analysis was performed using the XRD machine
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of the PHILIPS company, model PW1730 with the X-ray
wavelength of 1=1.54056 A from a copper X-ray source.

2.2.9 Cuttings dispersion test

Cuttings dispersion test (resistant to shale crushing) is a
common method for optimizing drilling fluid recommended
by various laboratories and API institutes. This test simu-
lates the behavior of cuttings being circulated up the well-
bore (Friedheim et al. 2011). In order to perform this test,
20 g of shale cuttings between sieve mesh N.5 and N.10
dried at 105 °C were added to 350 mL of the prepared flu-
ids. Three fluid samples were prepared for this experiment.
The composition of the base fluid is equal to the composi-
tion of a real drilling fluid applied by National Iranian Oil
Company (NIOC) to drill a well in a real field. The other
two fluids were prepared by addition of potassium chloride
and thiamine to the base fluid. Then, the prepared samples
were hot rolled at 100 °C for 16 h (Fann, Model 704ET). The
temperature of 100 °C was set according to the temperature
of the drilled shale formations. The obtained fluids from hot
rolling were screened with sieve mesh N.10 until the remain-
ing cuttings were separated from the fluids. The separated
cuttings were dried at 105 °C, and then, the percentage of
the recovered cuttings was obtained for each fluid. The com-
positions of the prepared fluids are shown in Table 3. All the
chemicals applied in this test were provided from the Kimia
Pars Shayankar Company.

2.2.10 Dynamic linear swelling test

The dynamic linear swelling test is used to examine the
interaction between reactive clays and WBDF while being
circulated during drilling (Moslemizadeh et al. 2015). The
dynamic linear swelling test consists of several steps as fol-
lows: (a) preparation of shale wafer using hydraulic com-
pactor with 20 g of shale cuttings dried at 105 °C under the
pressure of 41 MPa for 30 min; (b) placing the prepared
shale wafer in linear swelling cup assembly (LSCA) located
between the stirring hot plate and linear variable differential
transducer; (c) pouring the prepared fluid to the LSCA; (d)
putting thermocouple in the LSCA; (e) adjusting the stirring

hot plate to the desired temperature and stirring the prepared
sample; and (f) recording linear swelling data as a function
of time. The compositions of the prepared fluids in this test
are the same as those in the cutting dispersion test. In order
to examine the performance of thiamine, this test was also
performed using potassium chloride to make a comparison
between the two inhibitors. The tests were conducted at
28 °C and atmospheric pressure condition. The composi-
tions of the prepared fluids are shown in Table 3.

2.2.11 Fourier transform infrared spectroscopy (FTIR)
analysis

Fourier transform infrared spectrometry is a measurement
technique in which spectra are obtained from compounds
based on measurements of radiation source coherence. This
analysis was performed to confirm the adsorption of thia-
mine, as the clay inhibitor, on sodium bentonite (Zhong
et al. 2013). The sample preparation method for this test
was the same as TGA. The FTIR test was performed using
an ATR-IR spectrometer (Bruker/model Tensor 27) with the
spectrum in the range of 400-4000 cm™! and the resolution
of 1-4 cm™".

2.2.12 Compatibility test

The compatibility of a shale inhibitor with other conven-
tional additives that may be present in WBDFs is a vital
characteristic of the inhibitor. In order to investigate the
compatibility of thiamine with conventional WBDF addi-
tives, the compatibility tests were performed using samples
No. 1 and No. 3 of Table 3 and samples No. 4 and No. 5 of
Table 4. Samples No. 3 and No. 5 were prepared by addi-
tion of 10 wt% of thiamine to the prepared WBDF sam-
ples, denoted as samples No. 1 and No. 4, respectively. The
formulations of the two WBDF samples used in this test
are shown in Table 4. Similar to the cutting dispersion test,
the compositions of the fluids used in this test are equal to
the compositions of the drilling fluids applied by NIOC to
drill a well in a real field. The polymeric water-based muds
were used as the drilling fluids in this field. The fluid sam-
ples were aged for 4 h at specified temperatures in rolling

Table 3 Composition of the prepared fluids for cutting dispersion and dynamic linear swelling tests

Fluid No. Composition

1 Deionized water (350 mL)+ 128 g NaCl+0.5 g Na,CO;+0.1 g NaOH+2 g PAC-Lv +8 g starch+ 115 g limestone

2 Deionized water (350 mL)+ 128 g NaCl+0.5 g Na,CO;+0.1 g NaOH +2 g PAC-Lv +8 g starch+ 115 g lime-
stone+10.5 g potassium chloride

3 Deionized water (350 mL)+ 128 g NaCl+0.5 g Na,CO5;+0.1 g NaOH +2 g PAC-Lv +8 g starch+ 115 g lime-

stone+ 3.5 g thiamine

PAC-Lv: low-viscosity polyanionic cellulose

@ Springer



Petroleum Science

Table 4 Composition of designed water-based drilling fluids

Fluid No. Composition
Deionized water (350 mL)+ 128 g NaCl+0.5 g Na,CO;3+0.1 g NaOH +2 g PAC-Lv +8 g starch+260 g limestone
5 Deionized water (350 mL)+ 128 g NaCl+0.5 g Na,CO;+0.1 g NaOH +2 g PAC-Lv +8 g starch+260 g lime-

stone+3.5 g thiamine

oven, and finally their rheological properties and filter loss
were measured before and after addition of thiamine. All the
chemicals used in this test were provided from the Kimia
Pars Shayankar Company.

2.2.13 Reflux test

The reflux test was used to evaluate the inhibition potential
of thiamine in alkaline and high temperature solutions. A
Soxhlet extractor was employed to perform the reflux test.
The reflux extraction test was carried out using the aqueous
solution of thiamine in deionized water with the concentra-
tion of 10 g/L and the adjusted pH of 9.5. To do so, the
specified portion of thiamine was dissolved in 250 mL of
deionized water with the pH of 9.5 to obtain the desired
concentration. The resulting mixture was then stirred at an
average shear rate of 200 rpm to completely dissolve thia-
mine in the solution. Following that, the resulting solution
was poured into a balloon. The balloon was heated until the
solution began to boil. The vapor liberated from this solu-
tion was cooled by a condenser and collected in the extractor
thimble. The condensate collected in the extractor thimble
was returned to the balloon and vaporized again. This pro-
cess was continued for 8 h. Finally, the solution collected in
the balloon was cooled to the room temperature.

3 Results and discussion

The results obtained from different analyses to investigate
the inhibition performance of the proposed material are pre-
sented in this section.

3.1 Sedimentation test results

The deposition behavior of sodium bentonite in the presence
of thiamine is shown in Figs. 2 and 3 for the non-prehydrated
and prehydrated sodium bentonite particles, respectively.
The experiments were also performed using deionized water
without the presence of thiamine as the inhibitor. When
sodium bentonite particles are added to deionized water, a
stable dispersed suspension of bentonite particles is created.
The created uniformly dispersed suspension in the gradu-
ated cylinder is cloudy (Figs. 2, 3). By addition of sodium
bentonite particles to the prepared solutions of thiamine in
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Fig.2 Sodium bentonite sedimentation at different concentrations of
thiamine in non-prehydrated sodium bentonite experiments during
the time period of a 96 hand b 4 h

deionized water with the thiamine concentrations of 1, 5
and 10 g/L, thiamine particles are adsorbed to the sodium
bentonite particles. By adsorption of thiamine to the non-
prehydrated sodium bentonite particles, they are prevented
from being dispersed in the solution and the particles imme-
diately start to precipitate (Fig. 2b). As the concentration of
thiamine in the solution increases, the tendency of sodium
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Fig.3 Sodium bentonite sedimentation at different concentrations
of thiamine in prehydrated sodium bentonite experiments during the
time period of 96 h

bentonite particles to settle down would also increase. This
phenomenon can be observed by disappearing the cloudy
region in the prepared aqueous solutions of non-prehydrated
sodium bentonite in the presence of thiamine. Therefore, dis-
appearance of the cloudy solution can be a good indication
of the sediments formed at the bottom of the graduated cyl-
inder. The rate at which sedimentation occurs can be meas-
ured from the variations in length of the cloudy region, A, to
the total length of the solution, H, in the graduated cylinder.
The ratios of h/H versus time are depicted in Figs. 2 and 3
for both non-prehydrated and prehydrated sodium bentonite
aqueous mixtures in the presence of thiamine. The base case,
denoted by deionized water, is a uniformly dispersed suspen-
sion of sodium bentonite particles in which the 4/H remains
constant at 1.0 over the time period investigated. By addi-
tion of sodium bentonite to the aqueous solutions contain-
ing thiamine, the #/H ratio decreases rapidly and reaches a
constant value after about 24 h (Fig. 2a). The stable value of
h/H depends on the thiamine concentration in the solution,
which is decreased by increasing the concentration of thia-
mine. The rapidly varying region in Fig. 2a is enlarged for
clarity (Fig. 2b). When thiamine with different concentra-
tions is added to the aqueous mixtures of sodium bentonite,
i.e., the prehydrated cases, the same phenomenon occurs.
However, in this case, the rate of decrease in A/H ratio is
slower than the non-prehydrated cases. At initial times of
the experiments, no significant change is observed in the
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Fig.4 Sodium bentonite sedimentation at different concentrations of
thiamine

h/H ratio. In addition, the stabilized value of A/H ratio is
about 1.4-2.9 times higher than the corresponding value of
the non-prehydrated cases. In cases where sodium benton-
ite particles are prehydrated, the deposition behavior of the
solution containing 1 g/L thiamine is comparable with that
containing 5 g/L thiamine (Fig. 3). According to the results,
the samples containing non-prehydrated sodium bentonite
are less stable than those containing prehydrated particles
of sodium bentonite. This is due to the larger sizes of the
non-prehydrated sodium bentonite particles created in the
presence of thiamine (Wang et al. 2011). Therefore, the inhi-
bition potential of thiamine is much higher in cases where
non-prehydrated sodium bentonite particles are present in
the sample.

3.2 Optimum concentration of thiamine

The deposition behavior of sodium bentonite in the presence
of different concentrations of thiamine is shown in Fig. 4.
The results showed that the sedimentation rate increases by
increasing the concentration of thiamine. However, in the
concentration range between 10 g/L and 15 g/L, the increase
in thiamine concentration has no significant effect on the
amount and rate of sedimentation and the results are so close
together. Hence, 10 g/L is selected as the optimum and eco-
nomical concentration of thiamine as the shale inhibitor.

3.3 Inhibition test results

Inhibition test is one of the most interesting methods to
reveal the inhibition properties of a particular additive by
analyzing the rheological properties versus the amount of
sodium bentonite content. The lower rheological profile of
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sodium bentonite in a particular fluid indicates that sodium
bentonite is less swollen and is stable (Hafshejani et al.
2016).

Plastic viscosity represents the viscosity resulting from
the high shear rate and is a function of the liquid phase vis-
cosity and the volume of solids in drilling muds. Plastic
viscosity increases with the addition of any solids to the mud
(Moslemizadeh et al. 2019). However, solids such as clay
that swell due to water adsorption can significantly increase
the plastic viscosity.

On the other hand, yield point is a good indication of
an additive potential to change the low shear rate viscosity.
Yield point demonstrates the tendency of the clay mineral
plates to cluster together and form a clay mineral structure.
It means that if more plates are connected together, the yield
point would be greater. In cases where Mt becomes swol-
len and layered, the number of plates in the fluid increases,
which in turn increases the plastic viscosity. Due to the fact
that the faces of the layered particles have negative charges
with positive charges on the edges, the particles become
more strongly connected together (face to edge connection).
Consequently, the yield point of the solution increases as
well (Annis and Smith 1996).

The effect of the concentration of thiamine, as an inhibi-
tive additive, on the rheological properties of sodium ben-
tonite suspension was studied using inhibition test. Differ-
ent concentrations of thiamine were used to evaluate its
inhibition properties. Inhibition potential of thiamine was
also compared with that of potassium chloride at the same
concentrations of sodium bentonite. The apparent viscos-
ity, plastic viscosity and yield point, measured at different
concentrations of sodium bentonite, are shown in Fig. 5a—c,
respectively.

The sample obtained from the dispersion of 16 g sodium
bentonite in deionized water without the inhibition additive
was viscose and sticky, which exhibited higher rheological
profile than the other samples in the presence of thiamine
and potassium chloride (Fig. 5).

In the dry sodium bentonite, the Mt particles are arranged
in stack form. When these particles are exposed to deionized
water, they quickly adsorb water into the layers (Annis and
Smith 1996; Moslemizadeh et al. 2016). This process causes
an increase in d,; value. In this expanded state, blending,
i.e., creating shear rate, causes more particles delamination.
Therefore, more increase in the viscosity at both high and
low shear rate values is observed (Fig. 5b, c).

In the presence of inhibitor, represented by the other
three systems in Fig. 5, the rheology profiles change at the
lower rate in comparison with the system containing only
sodium bentonite and deionized water. According to the
results, by variation in the concentration of sodium benton-
ite, the changes in the rheological properties of the sample
containing 5 g/L thiamine are higher than that containing
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Fig.5 Sodium bentonite inhibition tests results of a apparent vis-
cosity, b plastic viscosity, and ¢ yield point versus concentration of
sodium bentonite in different suspensions containing thiamine and
KCl inhibitors and without the presence of inhibitor

10 g/L thiamine. In this regard, the samples containing 5
and 10 g/L thiamine undergo severe changes in rheological
properties in the concentration range of sodium bentonite
above 160 and 280 g/L, respectively (Fig. 5). It can be con-
cluded that the inhibition potential of thiamine is influenced
by its concentration and increases with increasing the inhibi-
tor concentration.

For potassium chloride sample, the rate of changes in the
rheological properties versus sodium bentonite concentration
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increases significantly in the concentration range above
240 g/L. Although this variation in the rheological proper-
ties occurs at the higher values of sodium bentonite con-
centration in comparison with the sample containing 5 g/L
thiamine, in this case, the sample has much higher amount
of the potassium chloride inhibitor, i.e., six times higher.

The superior inhibition potential of thiamine is revealed
when comparing the variations of rheological properties of
the sample containing 10 g/L thiamine with those of the
sample containing 30 g/L potassium chloride, as illustrated
in Fig. 5. The concentration of thiamine in the former sam-
ple is one-third of the inhibitor concentration, i.e., potas-
sium chloride in the later sample. However, the rheological
properties, i.e., apparent viscosity, plastic viscosity and yield
point of the thiamine-containing sample, vary significantly
at the higher values of sodium bentonite concentration than
those of the sample containing potassium chloride inhibitor.
According to the inhibition test results, thiamine exhibits
superior performance than potassium chloride as an inhibitor
and can be considered as a highly efficient clay stabilizer.

In the solution containing thiamine, when sodium ben-
tonite is added to the solution, thiamine is adsorbed to the
sodium bentonite particles and prevents them from swell-
ing (Fig. 5). This phenomenon limits the amount of water
that sodium bentonite particles can adsorb and makes them
stable through the possible mechanism of cation exchange.
The cation exchange causes an electrostatic gravity. The
electrostatic gravity prevents the separation of the layers of
sodium bentonite and hence makes it stabilized. When Mt
particles become stable, the total volume and number of the
layers in thiamine sample are reduced. As a result, plastic
viscosity decreases. By decreasing the layers and neutral-
izing positive charges in the separated layers, these layers
cannot be connected to each other. Subsequently, yield point
also decreases in the presence of thiamine.

3.4 Filtration measurement results

The ability of sodium bentonite particles to be hydrated
in fresh water is one of the important factors in control-
ling the amounts of filtrates. To do so, sodium bentonite
particles were exposed to deionized water and aqueous
solutions of thiamine and potassium chloride. Then, these
samples were hot rolled at 100 °C for 16 h and filtrated.
According to the measured results of filtrates, the sodium
bentonite sample in deionized water with the filtrate
amount of 32 mL in 30 min has the lowest amount of fil-
trate among the prepared samples (Fig. 6). This is due to
the fact that sodium bentonite can easily be hydrated and
swollen in pure water. When thiamine or potassium chlo-
ride is present in the aqueous solution, the added bentonite
particles are prevented from swelling and being dispersed
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Fig.6 Filtrates versus times for different samples of sodium bentonite

Table 5 Mean zeta potential values of samples

Average zeta
potential, mV

Sample

Sodium bentonite 4+ deionized water -17.1

Sodium bentonite + aqueous solution of thiamin (0.5g +3.61
thiamine + 100 mL deionized water)

Sodium bentonite + aqueous solution of thiamin (1 g +8.54

thiamine + 100 mL deionized water)

in the suspension. Therefore, the amounts of filtrates in the
later cases increase significantly. In addition, the amounts
of filtrates in the presence of thiamine with the concentra-
tion of 10 g/L are higher than that of potassium chloride
with the concentration of 30 g/L, which again confirms
the higher inhibition potential of thiamine compared with
potassium chloride (Fig. 6).

3.5 Zeta potential results

Zeta potential, which indicates the charges on the plates of
clay mineral, was used to measure the stability of sodium
bentonite particles in the aqueous solution of thiamine.
Sodium bentonite suspension in deionized water has a high
negative zeta potential of —17.1 mV (Table 5). By addition
of sodium bentonite to the aqueous solutions of thiamine
with the concentrations of 5 and 10 g/L, the zeta potential
varies from negative value to the positive values of +3.61
and +8.54 mV, respectively (Table 5). The positive zeta
potential of the aqueous suspension of sodium benton-
ite in the presence of thiamine arises from the intercala-
tion of cations of thiamine into the interlayer space of
Mt (Moslemizadeh et al. 2016). Therefore, the repulsive
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forces between the plates decrease and the particles are
prevented from swelling and delaminating.

3.6 TGA results

During the process of swelling, i.e., crystalline and osmotic
swelling, the voluminous amount of water is adsorbed into
the Mt structure. It has been reported that mass loss of clay
minerals because of evaporation of physically adsorbed
water and dehydration of interchangeable hydrated cations,
such as sodium ion, can occur at temperatures lower than
200 °C (Moslemizadeh et al. 2016). The mass loss at tem-
peratures between 200 and 500 °C is due to the decompo-
sition of organic compounds (Barick and Tripathy 2010).
The mass loss of Mt in the temperature range from ambient
to 200 °C shows the amount of water adsorbed to the par-
ticles. The mass loss of the Mt powder obtained from its
suspension in pure deionized water is 3.07%, which is 3.9
times higher than that obtained from the aqueous solution
of thiamine, i.e., 0.79% mass loss (Fig. 7). Therefore, in
the presence of thiamine, the amount of water adsorbed to
the sodium bentonite particles is reduced significantly. In
the temperature range above 200 °C, the sodium bentonite
powder obtained from the aqueous solution of thiamine has
the larger mass loss compared to that obtained from deion-
ized water, which arises from the fact that in this temperature
range the adsorbed thiamine on the sodium bentonite parti-
cles is decomposed (Fig. 7).

3.7 SEM morphology

The morphology behavior of sodium bentonite particles
highly depends on the inhibition potential of its aqueous sus-
pension. According to the SEM observations, when sodium
bentonite particles are in contact with pure deionized water,
the size of the particles becomes smaller and a tighter texture
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Fig.7 Mass loss of the powdered depositions from different suspen-
sions of sodium bentonite using TGA

is formed compared with the morphology of the particles
created in the presence of the aqueous solution of thiamine
(Fig. 8). SEM images are shown with two different magni-
fications for each sample. As it was expected, the difference
observed in the morphology of sodium bentonite particles in
the two samples arises from the fact that in the pure deion-
ized water, there is a higher tendency of the particles to be
hydrated and swollen (Fig. 8al, a2). In contrary, in the pres-
ence of the aqueous solution of thiamine with the inhibitor
concentration of 10 g/L, due to the adsorption of thiamine to
sodium bentonite particles, swelling and delamination of the
particles decrease significantly, which lead to the creation of
the coarser particles (Fig. 8bl, b2).

3.8 Interlayer space of sodium bentonite sample

The amount of swelling of clay can be controlled by inhibi-
tive solutions, which make the layers of the clay mineral
remain closer together. Swelling is calculated directly by
measuring the d,; value. According to the results of the
XRD analysis (Fig. 9) and by using the Bragg relationship,
the interlayer space of sodium bentonite in deionized water
is calculated as 1.30 nm, while this value is obtained as
1.23 nm in the aqueous solution of thiamine, close to that
calculated for the dry sample of sodium bentonite without
any treatment (1.2 nm). Therefore, thiamine can reduce the
space between the layers very well and hence decrease the
amount of sodium bentonite swelling.

3.9 Cuttings recovery

The inhibition potential of thiamine and potassium chloride
was determined by cuttings dispersion test with highly reac-
tive shale cuttings (Fig. 10). The recovery rate in the drill-
ing fluid without any inhibitor (fluid No.1 of Table 3) was
62.37%, representing high hydration and swelling potential
of shale cuttings. After addition of 10.5 g potassium chloride
and 3.5 g thiamine to the drilling fluid, the recovery rate
increased to 77.62% and 88.14%, respectively. This indicates
that thiamine has a considerable ability to inhibit hydration
and swelling of shale cuttings. Moreover, as an inhibitor,
thiamine exhibits superior performance than potassium
chloride and can be considered as a highly efficient shale
stabilizer. Therefore, the results showed that thiamine can
act as an excellent shale inhibitor in WBDFs.

3.10 Linear swelling test results

The linear swelling test was performed using the prepared
fluids with the compositions as shown in Table 3. The
results are presented in Fig. 11. As the time proceeds,
the slope of the curves decreases until the linear swell-
ing reaches a constant equilibrium value, except for the
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Fig.8 SEM images of al, a2 non-treated sodium bentonite in pure deionized water with different magnifications and b1, b2 treated sodium ben-

tonite in 10 g/L aqueous solution of thiamine with different magnifications

inhibitor-free fluid (fluid No. 1) curve (Fig. 11). Accord-
ing to Fig. 11, the constant equilibrium value at which
the swelling rate approaches zero is not observed for the
inhibitor-free fluid. The swelling amount in the inhibitor-
free fluid is larger than that in the other two fluids. The
results also indicate that the swelling amount in the fluid
containing thiamine (fluid No. 3) is less than that in the
other two fluids. The constant equilibrium values of swell-
ing in the fluids containing thiamine and potassium chlo-
ride are obtained after 16 and 23.5 h, respectively. The

@ Springer

results of the dynamic linear swelling test again confirm
the excellent inhibition potential of thiamine in compari-
son with potassium chloride.

3.11 FTIR analysis

The FTIR analysis was used to obtain infrared spec-
tra of sodium bentonite, thiamine and thiamine-modi-
fied sodium bentonite. The major absorption peaks of
sodium bentonite include stretching of structural hydroxyl
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Fig. 12 FTIR spectra of a suspension of sodium bentonite in deion-
ized water, b aqueous solution of thiamine and ¢ aqueous suspension
of sodium bentonite in the presence of thiamine with the concentra-
tion of 10 g/L

groups (3626.83 cm™!), broad stretching band of water
(3443.73 cm™"), Si-O stretching band (1087.62 cm™' and
1036.46 cm™"), deformation band of water (1638.3 cm™),
coupled out-of-plan vibration band of Al-O and Si—-O
(624.71 cm™1), Si—O stretching band of silica (794.13 cm™}),
deformation band of Al-O-Si (520.49 cm™!) and deforma-
tion band of Si—-O-Si (467.88 cm™") (Fig. 12a) (Ritz et al.
2011).

The absorption peaks of thiamine occur at 3451.86 cm™!
attributed to OH bending, 1639.07 cm™~! attributed to NH,
bending vibration and 1383.57 cm™" attributed to N cation
(Fig. 12b). However, in the spectra of thiamine-modified
sodium bentonite, new peaks are detected, which indicates
the adsorption of thiamine on sodium bentonite and to some
extent the interaction between them (Fig. 12c). The new
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absorption peaks of the thiamine-modified sodium benton-
ite include C—H bonds stretching vibration (2923.97 cm™!
and 2854.6 cm™!), C=0 stretching vibration (1736.11 cm™}),
N-H deformation vibration (1566.7 cm_l), C—C stretch-
ing band (1448.94 cm™!) and C—H stretching vibration
(1373.37 cm™!). The shift in the absorption peak of thia-
mine in the thiamine-modified sodium bentonite reveals the
presence of substantial hydrogen bonds and cation exchange,
which results from the intercalation of thiamine to the inter-
layer space of sodium bentonite particles (Greenwell et al.
2005). The created hydrogen bonds and cation exchange
demonstrate that the molecules of thiamine were adsorbed
on clay particles.

3.12 Compatibility test results

The compatibility tests were performed to achieve compat-
ibility between thiamine and conventional WBDF additives.
The use of special materials in WBDFs is strongly depend-
ent on their compatibility with other additives. The compat-
ibility is revealed by measuring the rheological properties
and filtration value of the fluid samples before and after
addition of thiamine. Undoubtedly, high deviations between
the measured data of modified (with thiamine) and non-
modified (without thiamine) fluids indicate that thiamine is
incompatible with other conventional WBDFs additives. The
results of compatibility tests (ratio of each property of modi-
fied fluid to the non-modified one) are shown in Table 6. All
the presented data are close to unity, indicating that thiamine
does not have a significant effect on the rheological proper-
ties of the designed fluids. Another important result of this
test is that thiamine has a positive impact on fluid loss reduc-
tion because the calculated data for fluid loss ratio are less
than unity for all the samples. Reduction in fluid loss of the
drilling fluid is favorable and can be an index of improving
the drilling fluid properties. The results of this test show
that due to no significant deviation in the measured data,

Table 6 Compatibility tests results

thiamine is compatible with other conventional additives of
WBDF and can improve drilling fluid properties such as the
amount of fluid loss.

3.13 Evaluation of refluxed samples

In order to evaluate the inhibition properties of thiamine
in alkaline and high temperature solution, sodium benton-
ite sedimentation test was performed using the solution
obtained from the reflux test rather than the aqueous solution
of thiamine. The procedure of preparation of the solution
samples was the same as those used in sodium bentonite
sedimentation test. The results revealed the sedimentation
of sodium bentonite in this case (Fig. 13). This experimental
result indicates that thiamine can still prevent swelling of the
shale in high temperature and alkaline solution. The reason
for the inhibition characteristic of thiamine in this condition
is the OH and NH, molecules existing in the structure of
thiamine (Edwards et al. 2017).

FTIR analysis was also performed for better investiga-
tion of the thiamine behavior in neutral solution with ambi-
ent temperature and alkaline solution at high temperature.
The results indicated that the absorption peaks of thiamine
occur at 3451.86, 1639.07 and 1383.57 cm™! attributed to
OH bending, NH, bending vibration and N cation, respec-
tively (Fig. 14). The absorption peaks of solution occur at
3448.01 and 1637.67 cm™! attributed to OH bending and
NH, bending vibration, respectively (Fig. 15).

4 Inhibition mechanisms of thiamine

Thiamine is a colorless organosulfur compound with the
chemical formula of C,,H;N,OS. Its structure consists
of an aminopyrimidine and a thiazole ring linked by a
methylene bridge. The results of the experiments indicated
that thiamine has an inhibition property and prevents clay

Test fluid Mud Temperature,  Plastic Apparent Yield point ~ API filter loss V' Gel strength . Hy % v
weight, °C viscosity viscosity y,, 70, Pa (mL/30 min) - Ha T v
kg/m? 1> CP cP 10s 10 min

Fluid No. 1 1360 85 5.0 9.50 4.50 7.0 1.5 3.0 .00 097 094 096

Fluid No.3 1360 85 5.0 9.25 4.25 6.7 1.0 25

Fluid No. 1 1360 95 5.0 10.00 5.00 7.0 20 35 090 093 095 094

Fluid No. 3 1360 95 4.5 9.25 4.75 6.6 20 4.0

Fluid No. 4 1520 85 8.0 9.00 1.00 32 1.0 15 0.94 0.94 1.00 0.97

Fluid No. 5 1520 85 7.5 8.50 1.00 3.1 1.0 2.0

Fluid No. 4 1520 95 8.0 9.50 1.50 3.2 1.0 1.0 091 0.92 1.00 0.94

Fluid No. 5 1520 95 7.5 8.75 1.25 3.0 1.0 1.5

n*, u¥, 7o*, V* denote the values of fluid with thiamine (modified fluid); 5, u, 7,, V denote the values of fluid without thiamine (non-modified

fluid)
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Fig. 13 Sodium bentonite deposition after adding the solution
obtained from the Soxhlet process
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Fig. 15 FTIR spectra of solution obtained from the reflux test

from hydration. Thiamine is stable under acidic condi-
tions, but it is unstable in alkaline condition (Pattison et al.
2007). Also, the increase in temperature increases the rate
of the instability of thiamine. The inhibition mechanism
of thiamine depends on the pH of the solution, which is
investigated in this section.

4.1 Neutral and acidic conditions

As it was mentioned above, thiamine is stable under acidic
conditions. To better understand the underlying mecha-
nism, the behavior of Mt in deionized water and aqueous
solution of thiamine is indicated graphically by Parvizi
Ghaleh et al. (2020). Thiamine has an N cation in its
structure. When it is dissolved in water, NH>* cation is
created as well (Reedy 1929). When Mt is dispersed in
aqueous solution of thiamine, the thiamine cations rather
than water molecules are adsorbed to the interlayer space
of Mt through the various driving forces such as ion
exchange, electrostatic gravity and large amount of posi-
tive charges (Xuan et al. 2013). These positive charges are
replaced by charge balancing cations. The other inhibition
mechanism is the formation of hydrogen bonding between
OH group and the surface of Mt particles. Then, the clay
mineral planes become firmly attached to each other due
to the hydrogen bonding and their charge equilibrium. As
a result, thiamine prevents the clay from swelling and dis-
persion. The proposed mechanism can be considered as
a valid reason for the inhibition effect of thiamine. The
important point in here is that actually most of the drilling
fluids are alkaline. Hence, the above-mentioned mecha-
nism is not applicable for real drilling operations.

4.2 Alkaline conditions

In an alkaline solution, the thiamine structure is opened and
the thiazole ring converts to the thiol form (Fig. 1b). Also, an
increase in the temperature increases the rate of instability
of thiamine (Edwards et al. 2017). In this condition (alka-
line condition with high temperature), the thiamine structure
changes; however, NH, and OH exist in the obtained struc-
ture (Fig. 1b). Therefore, as mentioned previously, the clay
mineral is stabilized through the two mechanisms, cation
exchange and hydrogen bonding creation (Parvizi Ghaleh
et al. 2020). In other words, the inhibition behavior of thia-
mine is maintained, despite its structure is broken. In alka-
line medium, the stability of the clay mineral in the presence
of thiamine was also confirmed through several experiments,
including sodium bentonite inhibition tests, cuttings disper-
sion test, dynamic linear swelling test and reflux test. It
should be mentioned that in drilling shaly formations, the
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drilling fluids are applied in alkaline and high temperature
conditions. Therefore, the mechanisms described in this sec-
tion are applicable for real drilling operations.

5 Cost and environmental assessment
of thiamine

Cost and toxicity are two main factors to the applicability of
shale inhibitors. Thiamine is a popular vitamin, and its appli-
cation is primarily limited to food and medicine industries.
Also, the material safety data sheet of thiamine and several
studies show that this vitamin is biodegradable and nontoxic
for human and environment (Ghafuri et al. 2016; Institute
OEnologique de Champagne 2010; Kusampally et al. 2019).
In a large-scale request, the industry grade of thiamine is
economically feasible with an average price of $ 8—12 per
kilogram, which can be broadly found by many companies
worldwide. Therefore, it can be claimed that there are no
limitations on the availability of this product.

In addition to the acceptable technical performance, thi-
amine also has the prominent environmental friendliness
property. This property allows making use of thiamine as
a safe shale inhibitor in water-based drilling fluids. Some
additives have been reported for use in WBDFs that are
not environmentally compatible and cause many environ-
mental problems (Patel et al. 2007). In the present study,
thiamine was proposed as a new shale inhibitor which can
be found in food and produced as a dietary supplement
and drug. Some of the features of thiamine are as follows:
Thiamine as a vitamin B1 is found in many foods includ-
ing yeast, cereal grains, beans, nuts and meat. It has many
medical applications and is used for treatment of many
diseases, including preventing cancer and progression of
kidney disease in patients with type 2 diabetes (Fattal-
Valevski 2011). Thiamine is also used for digestive prob-
lems including poor appetite and ulcerative colitis. It is
essential for the health of human beings and animals and
is present in all organisms. Biological studies showed that
thiamine is a vital vitamin for the growth of lots of micro-
organisms (Edwards et al. 2017). Due to its applications
and useful properties, thiamine has no harmful effects on
the environment and hence, can be used in drilling muds.

6 Conclusions

In this study, for the first time, thiamine was assessed as
an eco-friendly shale inhibitor in WBDFs. This goal was
achieved by carrying out a number of experiments. Below
are the conclusions that can be drawn from this study:

@ Springer

1. The results from inhibition evaluation experiments
implied that thiamine is strongly capable of hindering
clay swelling. Thiamine was found to be more inhibitive
than potassium chloride.

2. Thiamine promotes sodium bentonite to flocculate in
water.

3. The compatibility of thiamine with conventional WBDF
additives was observed from the results of the compat-
ibility test.

4. FTIR analysis confirmed the adsorption of thiamine on
sodium bentonite.

5. It was concluded that the main probable inhibition mech-
anisms of thiamine are the cation exchange (thiamine
cations intercalate the interlayer space of Mt) and Mt
surface coating by the formation of hydrogen bonding
between OH group and the surface of Mt particles.

6. The results from different tests on the proposed inhibitor
allow one to conclude that thiamine has the prominent
potential to prevent swelling and hydration of clay, and
it can be used as a strong and environmentally friendly
clay inhibitor.
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