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Abstract

The capability of drilling fluid to endure high temperature and stabilize shale cuttings is important characteristics of drilling
fluids. In this work, a combination of 1,6-hexamethylenediamine and polyanionic cellulose (PAC) was tested to observe the
impact of 1,6-hexamethylenediamine on thermal stability of PAC and its influence on the shale cutting stability of drilling
fluid. First, rheological parameters and filtration control were examined at four different temperatures (325 °F, 350 °F, 375 °F,
and 400 °F). Then, the cutting disintegration test was performed at 250 °F to evaluate the effect of 1,6-hexamethylenediamine
on shale cutting stability. Experimental results showed that adding 1,6-hexamethylenediamine to drilling fluids effectively
increases the thermal stability of the rheological parameters of drilling fluids such as apparent viscosity, plastic viscosity,
yield point, and gel strength up to 350 °F. It was also concluded that when 1,6-hexamethylenediamine is added to drilling
fluid, the amount of fluid loss is in acceptable range up to 375 °F. Finally, the results indicated that 1,6-hexamethylenediamine

significantly increases the shale cutting recovery.
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Introduction

Drilling fluid is an important element in drilling operations.
Improper design of drilling fluids causes significant prob-
lems during drilling operations. Drilling fluid properties
such as pH, rheology, and filtration control should be prop-
erly evaluated to fulfill its substantial functions. The most
important functions of drilling fluids are cooling the bottom
hole assembly, balancing the formation pressure, transport-
ing and suspending cuttings, and minimizing formation
damage (Agin et al. 2018; Moraveji et al. 2017; Dhiman
2016; Kafashi et al. 2017a, b; Nasiri et al. 2017).
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Drilling fluids are classified into four main categories:
water-based mud (WBM), oil-based mud (OBM), gas-drill-
ing mud, and foam-drilling mud (Dhiman 2016). Due to
environmentally friendly properties and low cost of WBMs,
approximately 80% of drilling operations are carried out by
the first type (Dhiman 2016). Thus, improving the properties
of WBMs is of most priority (Shakib et al. 2016; Davoodi
et al. 2017).

Different properties of WBM can be improved using
polymers. Polymers are widely utilized to control filtration,
improve rheological parameters, enhance cutting transport
capacity, and improve shale recovery (Halali et al. 2016).
PAC, xanthan gum (XGD), carboxymethyl cellulose (CMC),
starch, and partially-hydrolyzed polyacrylamide (PHPA)
are the most commonplace polymers in drilling indus-
try (Thomas 1982; Plank and Gossen 1991; Oswald et al.
2006; Balestrini et al. 2009; Kelessidis et al. 2013; Toka and
Toka 2015; Villada et al. 2017). One of the disadvantages
of polymers is their low performance in high-temperature
and high-pressure (HPHT) conditions which bring about the
degradation of polymers (Halali et al. 2016). Thomas (1982)
showed that the thermal stabilities of starch and CMC are
in the range of 200-225 °F and 275-300 °F, respectively.
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Plank and Gossen (1991) showed that the thermal stability
of PAC is about 300 °F. Toka and Toka (2015) demonstrated
that the thermal stability of XGD and CMC is up to 300 °F
and 250 °F, respectively.

Nanoparticles and amines are routinely used to increase
the thermal stability of common used drilling polymers.
Nanoparticles are mostly used to improve drilling fluids rhe-
ology, decrease fluid loss, reduce torque and drag, lubricate
drilling bits, and finally increase thermal stability (Hoelscher
et al. 2012; Zakaria et al. 2012; Halali et al. 2016; Mozaffari
et al. 2017a, b). These nanoparticles include, but are not
limited to, multi-walled carbon nanotube (MWCNT), nano-
silica, nano-copper oxide, nano-clay, nano-CMC, cellulose
nanocrystals (CNCs), nano-bentonite, nano-calcium carbon-
ate, nano-zinc oxide, and nano-graphene (Fereydouni et al.
2012; Abdou et al. 2013; William et al. 2014; Li et al. 2015;
Abduo et al. 2016; Ismail et al. 2016; Jain et al. 2016; Aftab
et al. 2017; Kafashi et al. 2017a, b; Mohammed 2017a, b;
Noah et al. 2017; Mozaffari et al. 2018; Azimi Dijvejin et al.
2018). However, using nanoparticles as an additive in drill-
ing fluids has several disadvantages. First, nanoparticles are
expensive, which make them less practical in field applica-
tions (Sensoy et al. 2009; Abdo and Haneef 2010). The dis-
persion problem of nanoparticles in drilling fluids is another
disadvantage of these additives. The previous experimental
studies of nano-based drilling fluids mostly made a use of
the ultrasonic method to effectively disperse nanoparticles
(Wong and De Leon 2012; William et al. 2014; Ponmani
et al. 2016). However, this method is not applicable in field
applications.

Amines are widely used as an additive in drilling fluids to
improve the drilling fluid properties such as rheology, filtra-
tion control, and shale stability. Amines contain hydrogen
molecules in their branches, which form hydrogen bonds
with the hydrogen molecules of polymers. This bonding
results in higher thermal stability of the mixture (Mozaffari
et al. 2015; Halali et al. 2016; Nasiri et al. 2018). In addition,
amines form a layer on the surface of shale cuttings, which
encapsulate them. This prohibits the disintegration of shale
cuttings (Van Oort 2003; Du et al. 2018). A literature review
of the available studies on the effect of amines on the proper-
ties of drilling fluids is presented in Table 1. As can be seen,
in the previous studies, the thermal stability of drilling fluids
containing amines was not higher than 320 °F. However, in
some locations such as US Gulf Coast and the North Sea,
drilling wells with a bottom hole temperature of 350 °F are
common (Baller 1991; Adamson et al. 1993). The main goal
of this study is to increase the thermal stability of a drilling
fluids containing PAC up to 350 °F.

In this work, 1,6-hexamethylenediamine has been used
in a heavy weight drilling fluid (135 pcf) containing PAC to
increase thermal stability and shale stability of drilling fluid.
Rheological parameters and filtration control were evaluated

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

at four different temperatures (325 °F, 350 °F, 375 °F, and
400 °F). Results indicate that adding amine to drilling fluid
effectively improves rheological parameters and filtration
control at elevated temperatures. The shale cutting disinte-
gration test was also carried out. The outcomes showed that
adding amine significantly increases shale stability.

Experimental
Materials

In this study, a low-viscosity grade of PAC (also known as
PAC-LV) was used. This water-soluble polymer is mostly
used to improve rheology, shale stability, and filtration con-
trol properties of drilling fluids (Thomas 1982; Plank and
Gossen 1991; Oswald et al. 2006; Kelessidis et al. 2013;
Toka and Toka 2015; Davoodi et al. 2017). According to the
API-13B standard, a high-quality PAC-LV should have spe-
cial physical properties (API 2003). It should be noted that
in this work, the used PAC-LV has passed all API require-
ments. Figure 1a shows the chemical structure of PAC-LV.
Barium sulfate or barite is the other additive which is used
in this study (API 2003). This additive is routinely used as
weighting agent in drilling fluids and cement slurries. Again,
the API-13B-1 standard was used to determine the physical
properties of the used barite and ensure its high performance
(API 2003).

1,6-Hexamethylenediamine was purchased from Sigma-
Aldrich (Missouri, United States). The boiling point of
1,6-hexamethylenediamine is 401 °F at 760 mm Hg, while
its melting point is 108 °F. In addition, its molecular weight
is 116.208 g/mol. This material is soluble in water. When
1,6-hexamethylenediamine is added to water, a colorless
solution is obtained. 1,6-Hexamethylenediamine has two
hydrogen bond donor counts and two hydrogen bond accep-
tor counts. Figure 1b illustrates the chemical structure of
1,6-hexamethylenediamine.

Drilling fluid formulation and design

In this study, the formulation of heavy weight drilling
fluid provided by the National Iranian South Oil Company
(NISOC) was used. First, 10 g of PAC were slowly added to
350 cc of saturated salt water and stirred for 20 min. After-
wards, 697.6 g of Barite were added as weighting material
and mixed for 10 min. It should be noted that the density of
saturated salt water was 75 pcf. However, after adding Bar-
ite, the drilling fluid density raised up to 135 pcf. Finally, to
investigate the effect of 1,6-hexamethylenediamine on drill-
ing fluid properties, four different volume concentrations (1,
2 ,4, and 6%) of this additive were added to 135 pcf drilling
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Table 1 Literature review of the available studies on the effect of amines on properties of drilling fluids

References Amine type Polymer type Temperature Result
Nasiri et al. (2018) Monoethanolamine Starch 320 °F Improve rheology
Reduce fluid loss
Du et al. (2018) Combination of diethylamine, - 250 °F Improve shale recovery
1-bromotetradecane, and
1,2-dibromoethane
Gholizadeh-Doonechaly et al. Amine based inhibitor PHPA 200 °F Improve rheology
(2009); Patel (2009) Reduce fluid loss
Improve shale recovery
Patel (2009) Modified oligometric cationic - 250 °F Improve shale recovery
amines
Beg et al. (2018) Polytertiary amines (PTA) and  Copolymer 212 °F Improve rheology
Polyquaternary amines (PQA) Reduce fluid loss
Improve shale recovery
Van Oort et al. (1997) Polyglycols XC/PAC/KCI/PHPA 230 °F Improve rheology
Reduce fluid loss
Van Oort et al. (1997) Polyglycols PAC-LV 266 °F Improve rheology
CMC-LV Reduce fluid loss
Audibert and Argillier (1995) Acrylamidemethylpropane Copolymer 248 °F Improve rheology
sulfonate (AMPS) Reduce fluid loss
Onuoha et al. (2011) Diamino butane and diamino Chlorides and hydroxides 250 °F Improve shale recovery
hexane
Lvetal. (2014) Organic Amine - 248 °F Improve rheology
Reduce fluid loss, and improve
shale recovery
Xie et al. (2017) Polyethyleneamine and 1,6-hexa- — 194 °F Improve rheology
methylenediamine Reduce fluid loss, and improve
shale recovery
Zhong et al. (2012); Qu et al. Poly (oxypropylene)-amidoam-  — 250 °F Improve shale recovery
(2009) ine
Bruton and McLaurine (1993) Amino acids - 250 °F Improve shale recovery
Wang et al. (2011) Poly (oxypropylene) diamines PAC 250 °F Improve shale recovery
Zhong et al. (2011, 2012, 2013,  Polyetheramines, polyetherdi- - 250 °F Improve shale recovery
2015a, b, 2016) amines, poly (oxpropylene)-
amidoamine, and polyami-
doamine dendrimers
Peng et al. (2013) Polyetheramine - 250 °F Improve shale recovery
Fig. 1 Chemical structure of a A B
PAC and b 1,6-hexamethylen- CH.0CH.COONa H OH H
ediamine (Plank and Gossen ’
1991; Patel 2009) H
0 OH H H N
\N /\/\/\/ \H
H \H 0 |
O H
H OH CH:0CH.COONa

fluid. The composition of various drilling fluids is shown

in Table 2.

Shale characterization

Shale is mainly consisting of quartz, clay, silicate, and
carbonate minerals. High concentrations of clay minerals

increase the tendency of shale to absorb water and lead to

swelling and dispersion. To investigate the capability of
1,6-hexamethylenediamine on the shale cutting recovery,
shale sample of Pabdeh formation was used. The tendency
of shale sample to absorb water was examined by placing a

shale sample in fresh water. Figure 2 shows the disintegra-

tion of shale sample in the presence of water after 24 h. As
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Table 2 Composition of the used drilling fluids

Mud composition Sample number

1 2 3 4 5
Salt saturated water 350cc 350cc 350cc 350cc 350cc
PAC 10g 10g 10g 10g 10g
Barite 697.6g 697.6g 697.6g 697.6g 697.6¢g

1,6-Hexamethylenedi- 0 35¢cc Tcc l4cc  2lcc

amine

it can be seen, the Pabdeh shale sample is highly unstable
in fresh water.

X-ray diffraction (XRD) analysis was carried out using
(Philips X’Pert MPD, Netherlands) device to determine the
mineral compositions of shale sample. Figure 3 shows the
XRD pattern of shale sample. As it can be observed, illite is
the main constituent of shale sample due to the high num-
ber of small peaks. In addition, X-ray fluorescence (XRF)

Fig.2 Behavior of Pabdeh shale A
sample: a before contacting
with water and b after 24 h
contacting with water

Fig.3 XRD pattern of shale

analysis was carried out using (Philips PW2404, Nether-
lands) device to specify the chemical compositions of shale
sample (Table 3). It should be noted that for 20 <30°, the
only mineral is illite and the other minerals are above 30°.
In Fig. 3, pink color depicts illite, blue color shows calcite
peaks, black color illustrates quartz, and green color dem-
onstrates dolomite.

Apparatus setup and procedures
General drilling fluid tests

Thermal stability of drilling fluids was determined after
aging at four different temperatures (325 °F, 350 °F, 375 °F,
and 400 °F) for 16 h. It should be noted that in this study,
high-temperature aging cells containing drilling fluids were
placed into FANN roller oven (FANN, USA) to be exposed
to desired temperatures. Rheological properties of drilling
fluids after hot rolling were measured according to API
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Table 3 XRF of shale for

. i S.no. Element Percentage
chemical analysis

1 Na,O 0.35
2 SO; 0.08
3 TiO, 0.44
4 MgO 6.72
5 Cl 0.28
6 Fe,04 6.56
7 Al,O4 10.18
8 K,O0 2.78
9 L.O.I 10.04
10 Sio, 29.39
11 CaO 33.18
12 La&Lu <1

standard using a FANN 35 Viscometer (FANN, USA) at
140 °F (API12003). To measure the amount of fluid loss, the
API standard filter press apparatus (FANN, USA) was used.
A highly sensitive digital pH meter (ACCSEN, Spain) was
used to determine the pH values of drilling fluids.

Shale cutting disintegration test

Routinely, shale cuttings split during the drilling operations
of shale formations which cause severe changes in drilling
fluid properties. As a result, analyzing the shale cutting sta-
bility is an important process during designing of drilling
fluid for shale formations. In this study, 20 g of shale were
added to 350 ccs of drilling fluids and hot rolled for 16 h
at 250 °F according to API standards. Afterwards, the hot
rolling cells were cooled down to room temperature. The
cooled drilling fluid was then sieved through a fine sieve
(mesh 35, 500 nm). Next, to remove impurities, the mesh
35 sieve was thoroughly washed with a saturated potassium
chloride solution. The shale cuttings were then washed with
warm water and dried in an oven at 105 °C (221 °F). Finally,
the dried shale cuttings were weighed and the results were
used to determine the shale recovery performance of differ-
ent drilling fluids.

Results and discussion

As it was discussed in the previous sections, combination
of PAC and 1,6-hexamethylenediamine was used in heavy
weight drilling fluid to improve rheological parameters,
control filtration, and increase shale cutting stability. The
interaction between PAC and 1,6-hexamethylenediamine
leads to formation of polyamide. Figure 4 illustrates the
polyamide structure obtained from the reaction of PAC
and 1,6-hexamethylenediamine. Polyamides are produced
either by the reaction of a dyadic with a diamine or by

H

/

N

O=—=C ——CH20CH2 o

CH20CH2G—— NH——

[¢]

Fig.4 Scheme of polyamide structure produced from the reaction
between 1,6-hexamethylenediamine and PAC

ring-opening polymerization of lactams. They can be ali-
phatic, semi-aromatic, or fully aromatic thermoplastics.
The fully aromatic structure and the strong hydrogen
bonds between the aramid chains result in high melting
points (generally above their decomposition tempera-
ture > 750 K), ultra-high tensile strength at low weight,
and excellent flame and heat resistance as well as good
dimensional stability and solvent resistance at room
and elevated temperature. The aliphatic polyamides are
produced on a much larger scale than the fully aromatic
polyamides and are the most important class of engineer-
ing thermoplastics. They are amorphous or only moder-
ately crystalline when injection molded, but the degree
of crystallinity can be much increased for fiber and film
applications by orientation via mechanical stretching (Van
Krevelen and Te Nijenhuis 2009). As it is mentioned, poly-
amides have ultra-high tensile strength which in solution
causes the increase of viscosity.

The concentration of PAC would certainly affect the
rheological parameters and filtration. In the laboratory,
different concentrations of PAC were tested to select the
optimal value of PAC for the following tests. Figure 5
shows the different values of PAC from 6 to 12 Ib. As
it can be concluded, 10 1b and 12 1b have a better effect
on rheological parameters and filtration. Fluid losses are
decreased compare to 6 1b and 8 1b. In addition, plastic vis-
cosity, apparent viscosity, and yield point have improved.
However, the changes of pH are infinitesimal. Therefore,
between 10 and 12 1b, 10 Ib of PAC was selected. As it can
be seen, both concentrations have approximately similar
effect. Thus, the lower concentration was selected as the
base of the further experiments.
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Filtration control test

Filtration rate is one of the most important properties of
drilling fluids. High rates of filtration increase the mud thick-
ness, which lead to operational problems such as stuck pipe
(Nasiri et al. 2018). After hot rolling of drilling fluids for
16 h, API filtration test was conducted. According to Fig. 6,
the amount of fluid loss of the base mud is equal to 2.7 ccs at
325 °F. However, fluid loss of drilling fluid rises up to 28 ccs
at 350 °F. When 1 (v/v %) of 1,6-hexamethylenediamine is
used in heavy weight drilling fluid, fluid loss is in acceptable
range up to 350 °F. However, above 350 °F, fluid loss dra-
matically increases. When 2, 4, and 6 (v/v %) of the amine
were used, fluid loss is controlled up to 375 °F.

It should also be emphasized that above 375 °F, the
amount of fluid loss is increased and reached to 48 ml. As
a result, the combination of PAC and 1,6-hexamethylenedi-
amine could not effectively control fluid loss of heavy weight
drilling fluid above 375 °F. These outcomes clearly show

Fig. 6 Effect of the combination 120

8 10 12
Amount of PAC (Ib)

that the mixture of amine and PAC can be used in HPHT
wells, where PAC loses its ability in controlling fluid loss at
high temperatures.

pH control

Low values of pH cause severe problems such as corrosion
of equipment in drilling operations (Nasiri et al. 2018). From
Fig. 7, it can be concluded that adding amine to drilling
fluid, dramatically increases the pH value, while the base
mud has low pH value. Note that the pH values of drilling
fluids containing 1,6-hexamethylenediamine are between 9.4
and 11.2. However, pH values in base mud are between 5.9
and 7.

Increasing the pH value of drilling fluids containing
amine is mainly because of nitrogen atom. In 1,6-hexam-
ethylenediamine compound, the nitrogen atom in the amine
group contains p electron which easily accepts proton and

of 1,6-hexamethylenediamine
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Fig.7 Effect of the combination 12
of 1,6-hexamethylenediamine
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becomes positively charged. The equilibrium formula is as
follows (Zhong et al. 2011):
RNH, + H,0 2 RNH] +OH". (1)

In addition, it should be mentioned pH rises in the solu-
tion according to Henderson—Hasselbach equation (Zhong
et al. 2011):

pH = pK, + log {|[R—NH,/|R - NHI1}, 2)
where pK, = — log K,.
Rheology testing

Rheological parameters represent the capability of drilling
fluid to suspend cuttings, cycle the drilling fluid, and clean
wellbore. Apparent viscosity and plastic viscosity represent
the ability of drilling fluids to cycle in the wellbore. Yield

Temperature ( °F)

point is a significant factor in suspending drilling cuttings
and effective hole cleaning. Gel strength is another property
of drilling fluids which reflect the ability of suspending cut-
tings in static state (Dhiman 2016; Nasiri et al. 2017, 2018;
Shahbazi et al. 2018; Alemdar et al. 2005). Drilling fluids
with low rheological parameters are not able to perform
their duties. As it can be seen in Figs. 8, 9, 10, 11, and 12,
the rheological properties of heavy weight drilling fluids
depend on the rolling temperatures and volume concentra-
tion of 1,6-hexamethylenediamine. As it is clear, the amount
of apparent viscosity, plastic viscosity, yield point, and gel
strength of drilling fluids which are rolled at 375 and 400 °F
are much lower than the rheological properties of the drilling
fluids which are rolled at 325 and 350 °F. As a result, the
rheological properties are only stable up to 350 °F.

The concentration of amine also affects the rheological
properties. As it can be seen, the rheological properties of

Fig. 8 Effect of the combination 130
of 1,6-hexamethylenediamine E———r
and PAC on plastic viscosity | o
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Fig.9 Effect of the combination
of 1,6-hexamethylenediamine
and PAC on apparent viscosity

Fig. 10 Effect of the combina-
tion of 1,6-hexamethylenedi-
amine and PAC on yield point

Fig. 11 Effect of the combina-
tion of 1,6-hexamethylenedi-
amine and PAC on initial gel
strength
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amine. It should also be emphasized that the rheological % 761
properties of drilling fluids containing 2, 4, and 6 (v/v %)
. . 70
of 1,6-hexamethylenediamine are almost equal. As a result, _
2 (v/v %) can be chosen as the optimum concentration of *é; 60
1,6-hexamethylenediamine for improving the rheological g 50
properties of heavy weight drilling fluids. Therefore, the f:
higher concentrations of 1,6-hexamethylenediamine are not 5 ©
economically justifiable. 30
20 17.2
Shale cutting disintegration test J
10
As it is mentioned above, the effect of 1,6-hexamethylenedi- 0
Base Mud 1% 2% 4% 6%

amine was tested on the stability of shale cuttings. According
to API, 20 g of shale cuttings were added to 350 ccs of drilling
fluids. After that they were hot rolled for 16 h at 250 °F. Fig-
ure 11 shows the shale recovery of various amounts of 1,6-hex-
amethylenediamine against base mud. Shale recovery of base
mud was relatively low. However, adding one percentage of
1,6-hexamethylenediamine has extremely increased shale
recovery from 17.2 to 76.1%. From Fig. 13, it can be under-
stood that the drilling fluid with 6 (v/v %) of 1,6-hexamethyl-
enediamine has the highest shale recovery with the amount of
83.4%. However, the difference between shale recovery of 2
(v/v %) and 6 (v/v %) is relatively low. Consequently, the opti-
mal volume fraction of 1,6-hexamethylenediamine is 2 (v/v
%). It should be noted that 1,6-hexamethylenediamine has two
mechanisms to increase the stability of shale cuttings. First,
1,6-hexamethylenediamine is one of the oligomeric cationic
amines with two cationic charges. Due to cationic property and
size, these particles enter into clay platelets. Hence, water mol-
ecules are excluded from clay platelets, so that clay cannot be
hydrated (Khodja et al. 2010; Saboori et al. 2018; Zhong et al.
2011). In addition, surfaces and edges of shale have negatively
charged in the pH range of 9-11 (Alemdar et al. 2005). Hence,

Volume fraction of 1,6-hexamethylenediamine (%)

Fig. 13 Shale cutting recoveries of various amounts of 1,6-hexameth-
ylenediamine

electrostatic interaction causes absorbance of 1,6-hexamethyl-
enediamine on the surface of the shale. These two mechanisms
tremendously increase the stability of shale cuttings (Zhong
et al. 2011). It should be mentioned that there is a specified
procedure for shale recovery testing. Before starting the test,
all apparatus and equipment such as weighting apparatus, roll-
ing oven, etc. were completely calibrated. In addition, the test
was conducted by expert workers very carefully. Therefore,
the error of the experiment was kept at the minimum range.

Conclusion

In this work, the effect of 1,6-hexamethylenediamine on
thermal stability of the PAC and shale recovery of heavy
weight drilling fluid has been investigated. Laboratory tests
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depict that adding 1,6-hexamethylenediamine has improved
rheological properties, reduced fluid loss, and increased
shale recovery. The results are explained as follows:

e Adding 1,6-hexamethylenediamine to PAC in drill-
ing fluid has increased rheological properties such as
apparent viscosity, plastic viscosity, yield point, and gel
strength up to 350 °F.

¢ Adding 1,6-hexamethylenediamine to PAC in drilling
fluid has improved filtration control up to 375 °F.

e 1,6-Hexamethylenediamine in drilling fluid has increased
pH values of heavy weight drilling fluids. The measured
pH values are operationally desirable for drilling fluid.

e Shale recovery of drilling fluids containing 1,6-hexa-
methylenediamine is extremely increased in contrast to
base mud. Base mud’s shale recovery was 17.2%, while
the drilling fluid containing 2 (v/v %) of 1,6-hexameth-
ylenediamine has the optimal shale recovery with the
amount of 82.3%.

e By analyzing the results, it is concluded that 2 (v/v %)
of 1,6-hexamethylenediamine has the optimal effect on
the rheological properties shale stability and fluid loss of
heavy weight drilling fluid.
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