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ARTICLE INFO ABSTRACT

The water sensitivity and salt sensitivity of lignite reservoirs are important factors affecting the productivity of
the coalbed methane (CBM) well. This paper took the lignite of Erlian Basin as the research object. The content
and occurrence of mineral was analyzed by LTA + XRD combined with scanning electron microscopy (SEM),
and distribution of each functional group of lignite was analyzed by infra-red spectrum. Based on the above
analysis, standard salt water with different pH and salinity was used as the experimental injection fluid, and
water sensitivity (salt sensitivity) experiments were performed under the condition of constant effective stress.
The experimental results show that the sample contains a large number of water-sensitive minerals (kaolinite
and illite/smectite mixed layer mineral), and the ratio of carbonyl, hydroxybenzene and carboxyl groups is
10:7:1. Hydrogen bonds are mainly OH---N hydrogen bonds. The lignite reservoirs with different pH have dif-
ferent degrees of water-sensitive damage, and the damage rates from high to low are partial alkalinity conditions
(54.18%), partial acidity conditions (42.6%), and strong alkalinity conditions (23.67%). The dimensionless
permeability changes with the decrease of salinity, which can be divided into three stages (no water sensitivity
stage, particle migration water sensitivity stage, particle expansion water sensitivity stage) with 1250 mg/L and
10000 mg/L as the boundary. The displacement pressure and pH are the main controlling factors at different
stages, and pH controls the wettability of pulverized coal and the hydration expansibility of clay minerals. The
dimensionless permeability of lignite reservoir increases with the increase of salinity under the acidic condition.
Under alkaline conditions, it is characterized by no-weak salt sensitivity. The greater the alkalinity, the stronger
the salt sensitivity, which is mainly controlled by the change of the thickness of the water film under the
influence of pH.
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1. Introduction research on velocity sensitivity and stress sensitivity and have basically
reached a consensus. It is believed that the dispersion and movement of
coal particles and the generally strong stress sensitivity of coal re-

servoirs are the main factors that lead to a serious reduction of the

In the process of CBM development, coal reservoirs will contact
drilling fluid, fracturing fluid and other external fluids. If these external

fluids do not match the fluids or mineral properties of the reservoir,
physical and chemical reactions can occur, possibly leading to a de-
crease of reservoir seepage capacity and affecting the productivity of
the CBM well to varying degrees (Moghanloo et al., 2015). Coal re-
servoirs are sensitive to a number of variables, including velocity,
stress, water, salt, acid, alkali and others (Ma et al., 2016). Some
scholars (Geng et al., 2017a,b; Tao et al., 2017) have performed
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permeability of coalbed methane reservoirs during the drainage pro-
cess. However, there are few reports on the other sensitivities of coal
reservoirs, which is one of the major reasons that the commercial de-
velopment of coalbed methane in China is restricted. For low rank coal
in China with low permeability (generally 2 to 4 orders of magnitude
lower than common CBM reservoirs), hydraulic fracturing operations
are required in the early stage to increase the production rate of coalbed
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Fig. 1. Sampling locations and coal stratigraphy.

methane (Huang et al., 2017). However, the injection of fracturing fluid
can damage the coal reservoir, for example, the clay components in coal
react with the filtrate of the fracturing fluid and expand, resulting in a
decrease of permeability. This decrease in permeability is extremely
difficult to reverse (Tan et al., 1997). Most coalbed methane wells in
China are made by drilling with clear water and fracturing with a
freshwater-based fracturing fluid, which results in a significant lack of
attention to reservoir damage. Reservoir sensitivities, such as water
sensitivity, are more detrimental to low permeability coal reservoirs
(Zou et al., 2014).

Currently, the study of water sensitivity shows the expansion of clay
minerals under low salinity conditions (particle expansion water sen-
sitivity) and the blocking of pores by particle migration under the ac-
tion of fluids (particle migration water sensitivity), which are the pri-
mary causes of water sensitivity (Khilar and Fogler, 1984). The factors
that affect the water sensitive effect can be divided into internal factors
(reservoir pore structure characteristics, mineral composition and
content, occurrence forms) and external factors, which lead to changes
of the reservoir pore structure or the original state of the fluid (pH,
displacement pressure difference) (Wang et al., 2001; Wei, 2014). In
previous studies, attention was mainly paid to the influence of internal
factors on water sensitivity effects (Geng et al., 2017a,b). Few scholars
have conducted studies on the response of external factors to the water
sensitive effect, especially experimental studies under the coupling
condition of double factors. Bai (2014) proposed that during the process
of CBM well drainage, there is little change in the anions, cations and
pH values of coal seam water. Therefore, the most prominent impact on
drainage is the sensitivities of the flow velocity and stress. However,
external fluids with different pH values affect not only the minerals that
are responding to them but also the agglomeration and migration of
pulverized coal particles, which affect the strength of the water sensi-
tivity effect (Shi et al., 2018).

Due to the hydration of non-expanding minerals such as kaolinite, it
is very easy to form loose granular debris from the shear force of high
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speed fluid, which are transported with the fluid to block pores and lead
to the migration of water sensitivity. Therefore, the height of the dis-
placement pressure is one of the key factors that affect the strength of
the water sensitive effect. Some scholars (Wang et al., 2001; Geng et al.,
2017a,b) attempted to explore the influence of differing liquid flow
rates and pH values on the water sensitivity of rocks, but the research
objects were mostly high rank coal and sandstone reservoirs. A sensi-
tivity study of low rank coal, such as a lignite reservoir, has not yet been
performed. Previous studies have focused on the influence of inorganic
components (clay minerals) on reservoir sensitivity, while ignoring the
influence of the organic composition (pulverized coal) (Wang et al.,
2001; Geng et al., 2017a,b). Due to the extremely low permeability of
coal reservoirs, some scholars have tried to use nitrogen instead of
water as a fluid medium to measure the permeability of coal rock,
which is not only inconsistent with the actual reservoir conditions but
also ignores the impact of the water-rock interaction (Zuo et al., 2014).

Due to the above reasons, samples of lignite from the Erlian basin
were collected for this study. Standard brine with various pH values and
salinities is used as the experimental injecting liquid, and water sensi-
tivity and salt sensitivity experiments are carried out under constant
effective stress conditions. The influence of different displacement
pressure and pH conditions on sensitivity is analyzed from two facets:
the compositions of organic and inorganic minerals, with the aim of
determining the mechanisms of water sensitivity and salt sensitivity of
lignite reservoirs under comprehensive influence factors and providing
a theoretical basis for strengthening the protection of low rank coal
reservoirs.

2. Experimental
2.1. Geological background

The Erlian Basin is a Mesozoic rift basin on the Inner
Mongolia-Daxinganling Hercynian fold basemen. It is located in
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central-northern Inner Mongolia, China and is surrounded by the
Daxinganling to the east, the Wulatehouqi to the west, the Yin
Mountains to the south, and the China-Mongolia border to the north.
The Erlian Basin is one of the largest onshore sedimentary basins in
China and comprises five depressions and an uplift. The Baiyinhua
coalfield is located in the northeast of the Erlian Basin, and it covers an
area of 600 km?2. The opencast coal mine is in the middle of the coal-
field, and its main structural feature is an incomplete wide and gentle
syncline (Wang et al., 2018). In addition, the coalfield is characterized
by seven secondary folds, although no faults are found within it (Fig. 1).
The main coal-bearing strata are the Shengli Formation and Xilin For-
mation of the Early Cretaceous Bayanhuaqun group. At present, only
the upper coal-bearing section of the Bayanhuaqun group has been
exploited; those are (from top to bottom) the No.1 coal group, No.2 coal
group, and No.3 coal group, which are divided into eight coal seams
(Fig. 1). Of those, the No.3 coal group is the most stable recoverable
coal seam in the entire area and has a thickness ranging from 0.85 to
39.84 m with an average of 18.31 m.

2.2. Sample collection and processing

The sampling point in this study is located in the middle of the
Baiyinhua coalfield, and No.3-2 coal under exploitation was selected as
the research object, the thickness of which is between 0.15m and
17.75m (average 1.13m). A cylindrical coal sample of 25mm (dia-
meter) X 50 mm (length) was drilled for a speed sensitive evaluation
test at a core direction parallel to the bedding direction; the coal
samples drilled were all original structural coal. According to the na-
tional standard, the sample at the end of the coal pillar should be used
to conduct an industrial analysis, elemental analysis, total sulfur and
sulfur analysis, maceral quantification, and R, test. Low-temperature
ash (LTA) was obtained by ashing the coal samples using an EMITECH
K1050X plasma asher at < 200 °C until the mass difference was less
than 1%. Ash samples were milled and passed through a 200-mesh
sieve. X-ray diffraction analysis of LTA was performed using a Bruker
D8-Discover X-ray diffractometer at 40 kV and 40 mA, with a scanning
angle of 3°-45°. The relative clay content was determined using the
suspension method. Clay minerals with a diameter of less than 2 pm
were extracted, and a directional film was produced that included
natural air dried pieces, ethylene glycol pieces, and pieces heated at
550 °C. The diffraction peak intensity contrast method and adiabatic
equations were subsequently used to calculate the clay mineral content
(Jozanikohan et al., 2016). The instrument used in the FTIR test is
Nicolet 6700 Fourier transform infrared spectrometer (the resolution is
4cm™?, the number of scanning times is 32 times, and the spectrum
range is 4000-400 cm '), which is processed by KBr compression
method. The minerals of lignite was observed with FEI Quanta 450FEG
high resolution field emission scanning electron microscopy (SEM)
under the low vacuum non conducting mode. According to basic test
results, samples with a similar material composition were selected to
conduct sensitivity experiments.

2.3. Experimental methods

According to 48 salinity and 18 pH data points collected from four
major low-rank coal basins (Tuha Basin, Junggar Basin, Hailar Basin,
and Erlian Basin) (Huang et al., 2005; Wang, 2010; Deng, 2015), the pH
values were mainly distributed between 7 and 9, with an average of 8.
Therefore, the three levels of pH were set as 6, 8, and 10 (Fig. 2,
Table 1). The salinity data were divided into three categories: below
1000 mg/L, 1000 mg/L to 4000 mg/L, and greater than 4000 mg/L
(each range represents approximately 1/3 of the sample population)
(Table 1). The mean value of salinity less than 1000 mg/L was
453.8 mg/L, representing the minimum value. The mean value of sali-
nity less than 4000 mg/L was 1243.8 mg/L, representing the overall
average and accounting for 68.75% of all of the salinity data. The mean

1204

Journal of Petroleum Science and Engineering 172 (2019) 1202-1214

value of salinity greater than 4000 mg/L was 14,391.7 mg/L, re-
presenting the maximum value. The maximum value of water sensitive
mineralization and the minimum salinity of salt sensitivity were set to
14400 mg/L (Table 1). The degree of salinity in the water sensitive
experiments was set in the order of 14400 mg/L, 10000 mg/L,
5000 mg/L, 1250 mg/L, 450 mg/L and distilled water. The salinity
sensitivity in salt sensitive experiments was set in the order of
60000 mg/L, 40000 mg/L, 20000 mg/L and 14400 mg/L. The injection
fluid was of standard salinity (NaCl:CaCl,:MgCl,-6H,0 = 7:0.6:0.4)
with various mineralization degrees and pH values. The injection fluid
was configured as follows. First, a water solution with different sali-
nities was configured, the pH of which was measured using a PHS-3C
acidity meter. HCl (0.5mol/L) and NaOH (0.5 mol/L) were used to
regulate the pH of the solution. After each configuration, hydrochloric
acid or sodium hydroxide was added. The solution was stirred evenly
with a glass rod and then measured with a PHS-3C acidity meter. This
process was repeated until the pH (6, 8, 10) set described in the text was
reached. After each pH measurement, the glass electrodes was cleaned
to ensure the accuracy of the pH determination. The configured liquid
was filtered by suction and then placed in an intermediate container
(200 ml) for displacement using an ISCO pump (Fig. 3). The displace-
ment process was carried out by controlling the displacement pressure,
and the displacement volume depended on physical parameters, such as
coal reservoir porosity.

Before carrying out the coal reservoir water sensitivity (salt sensi-
tivity) experiment, velocity sensitivity evaluation experiment was
conducted to estimate a reasonable flow rate condition. The water
sensitivity and salt sensitivity experiments were carried out under
constant effective stress conditions. The present buried depth of the
brown coal seams in these basins is less than 1200 m (Wang, 2010;
Deng, 2015), and considering the influence of the gas weathering zone,
the effective stress was set to 8 MPa. The experimental conditions are
shown in Table 2.

Zeta test methods: Pulverized coal (clay minerals) was added to
experimental fluid with a configured salinity of 200 mL (solid/liquid
mass percentage, 1%). The ultrasonic wave oscillated at 30s to fully
disperse the solid phase. The pH value of the solution was adjusted uni-
directionally with 0.5 mol/L HCI and 0.5 mol/L NaOH after the liquid
was loaded into the measuring container. That is, pH value of the so-
lution was adjusted from the initial pH value to approximately 2(6),
and then, the same unmeasured was is used to adjust the pH value to
12. The measurements of the zeta potential were repeated three times
at each set pH point, and the average was taken as the final result (Yu
et al.,, 2011; Li et al., 2014). The experimental instrument was a Zeta
Probe potentiometer produced by Colloidal Dynamics, USA.

2.4. Water sensitivity (salt sensitivity) evaluation method

Fluid pressure (Py) is calculated as follows (Li et al., 2013):

P, + P,
P' = in out
! 2 )
The effective stress is calculated as follows (Wu et al., 2017):
R=0c-F (2

Note: P, — effective stress, o — confining pressure, MPa; P; — pore fluid
pressure, MPa; P;, — inlet pressure, MPa; P, — outlet pressure, MPa.

The experiment used the steady-state method for testing. Thus, fluid
permeability can be obtained by Darcy's law.

0= ka??

uL 3)

Note: K — fluid permeability, um? (D); Q - flow, cm®/s; u — fluid visc-

osity, MPas; L — core length, cm; A — cross-sectional area of coal sample,

cm?; AP — differential pressure on both ends of the coal sample, 10° Pa.
The water sensitive damage rate (D,,) is expressed as:
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Fig. 2. Salinity and pH statistical results of the formation water in low-rank coal basins of China.
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Note: K,, — permeability under distilled water conditions, K; — perme-
ability under formation water conditions.
The salt sensitive damage rate (D,,) is expressed as:

— |Ki - Ksl

D
A K

)
Note: K; — permeability under the highest salinity conditions, K; —
permeability under formation water conditions.

According to the Chinese oil industry standard SY/T 5358-2010, the
water (salt) sensitive damage rate is less than 5%, 5%-40%, 40%-70%,
70%-90% corresponding to no water (salt) sensitivity, weak water
(salt) sensitivity, medium-strong water (salt) sensitivity, strong water
(salt) sensitivity, respectively.

3. Results and discussion
3.1. Material composition of coal

The results reveal that the coal samples are low-ash coal with a high
moisture content (Table 3). The content of huminite is the highest
(75.4%) and is dominated by ulminite. There is also lower content of
inertinite (5.2%) and liptinite (18.98%). The minerals are mainly clay
and quartz (Table 3). The XRD results of LTA showed that the minerals
in coal are dominated by clay followed by quartz. The clay minerals are
dominated by kaolinite and illite/smectite mixed layer (Table 4, Fig. 4).

Kaolinite is associated with organic matter and occurs as curved
worm-like and laminated structures (Fig. 5a and b), while illite is filled
in the pores in a plate form (Fig. 5¢ and d). The I/S mixed layer mineral
is attached to the surface of the coal matrix in a net shape (Fig. 5e), and
quartz is mostly distributed in huminite in a dispersive manner (Fig. 5f).
Various types of clay minerals have various effects on water sensitivity.
Among them, illite occurs as lamellar or in strips filling in fractures
After expanding, illite can block the percolation channel, reducing re-
servoir permeability. I/S is a mixed layer mineral that attaches to the
surface of the coal matrix in a net shape, which can be loosely disin-
tegrated and even broken after hydration, causing particle migration,
which decreases permeability. Kaolinite can cause the loss and migra-
tion of clay mineral particles under the action of fluid shear, resulting in
permeability damage (Geng et al., 2017a,b).

Table 1

3.2. Analysis of the structural characteristics of lignite

The ability to analyse the chemical structure of coal by FTIR and the
peak separation technique has been recognized by most scholars (Chen
et al., 2012; Zhang et al., 2016). In the actual infrared spectrum, as the
absorption bands of many functional groups in coal contribute to the
infrared spectrum, it is very easy to produce overlapping peaks at a
certain location, making it difficult to determine the absorption peaks
and their boundaries. In this paper, the obtained infrared spectrum
curve is fitted by Gaussian partial peaks(Chen et al., 2012; Zhang et al.,
2016; He et al., 2017; Zhu et al., 2018). According to the theory of
infrared spectroscopy and organic chemistry, four types of absorption
peaks (hydroxyl, aliphatic hydrocarbon, oxygen-containing functional
groups, aromatic structure) are quantified, which correspond to wave
numbers as shown in Fig. 8a.

The hydroxyl in coal is an important functional group that affects
the reactivity of coal. The absorption peak is mainly between
3650 cm ™! and 3000 cm ™. According to the hydrogen bond classifi-
cation of hydroxyl groups in coal proposed by Painter et al. (1987), the
number of wave numbers from large to small is free OH hydrogen
bonds, OH-n hydrogen bonds formed by the 5t electron on the aromatic
nucleus, hydrogen bonds formed by the hydroxyl group of self asso-
ciating hydroxyls, OH-ether hydrogen bonds formed by the action of
ether, hydrogen bonds of the ring structure, and OH-N hydrogen bonds.
Because of the low degree of coalification of lignite and greater number
of oxygen functional groups in coal, the effect of various hydrogen
bonds is stronger. The results show that six types of hydroxyl groups
and their hydrogen bonds exist at the same time (Fig. 8b). The content
of the OH-N hydrogen bond is far greater than that of the other hy-
drogen bond types, followed by the hydrogen bonds of the ring struc-
tures (Table 6).

Lignite from different depressions in the Erlian Basin (Baiyinhua
depression, Huolinhe depression, Shengli depression) were selected for
FTIR and ultimate analysis (Table 5). H-14 as collected from the No.14
coal seam in the Huolinhe south open-pit mine, S-5a and S-5b were
collected from the No.5 and No.5;,.- coal seam of the Xi-2 minefield of
the Shengli coalfield, and B-3b was collected from the No.3-2 coal seam
of the Baiyinhua No. 3 open pit mine. The collected samples were
crushed to a diameter of less than 0.25 mm, weighed (approximately
100g), placed in an incubator containing a supersaturated K,SO4 so-
lution, and wetted until a constant weight was achieved. The balanced

Salinity and pH statistical results of the formation water in low-rank coal basins of China.

Salinity range (mol/L) Number Mean value (mol/L) Ratio (%) pH range Number Mean value Ratio (%)
0-0.017 18 0.008 37.5 6-7 2 6.67 11
0.017-0.068 15 0.021 31.25 7-9 15 7.96 83.3
0.068-0.62 15 0.246 31.25 9-10 9.6 5.7
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Fig. 3. Reservoir sensitivity analyzer.

Table 2
Constant effective stress experimental conditions at different pH.

Number Injection pressure/ Confining pressure/ Effective stress/ pH
MPa MPa MPa
1 5.6 10.8 8 6
2 8.8 12.4 8 8
3 6.2 11.1 8 10
Table 3
Basic information of the BYH-3-2 coal sample.
Ultimate analysis Ogar (%) Caaf (%)  Hgar (%)  Ngar (%) Sea (%)
25.27 70.99 1.1 1.55 0.95
XRD Kaolinite (%) Illite(%) 1/S(%) Quartz(%) Calcite(%)
36.57 4.14 24.29 30 5
Proximate analysis Maq (%) Aga (%) Vaq (%)  FCuq (%) R, (%)
and Romax test  32.44 8.68 28.55 30.33 0.35

Note: I/S - illite/smectite mixed layer mineral, ad - air dried basis, daf - dry ash
free basis, d - dry basis.

Table 4
Results of the coal quality analysis performed on the BYH-3-2 coal sample.

Maceral with mineral matter/%

Huminite  Textinite 9.36 Liptinite Sporinite 7.28
Ulminite 30.68 Cutinite 5.2
Attrinite 7.28 Resinite 2.34
Desinite 1.04 Suberinite 2.86
Gelinite 12.48 Alginite 0
Corpohuminite  14.56 Liptodetrinite 1.3

Inertinite  Fusinite 3.12 Chlorophyllinite 0
Semifusinite 0.26 Biturninite 0
Macrinite 0.78 Mineral matter ~ Clay mineral 0.31
Micrinite 0 Sulfide 0
Sclerolinite 0 Carbonate 0.11
Inertodetrinite 1.04 Oxide 0.00

water content was then measured. The balanced water content from
high to low was B-3b, S-5a, S-5b, and H-14. Fig. 6 shows the peak fitting
results of the hydroxyl groups of four experimental coal samples. From
the results of the partial peak fitting and ultimate analysis, the content
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of the OH-N hydrogen bond is mainly positively correlated with the
nitrogen content (Figs. 6 and 7). Previous studies have shown that for
coal in the same era, the trend of the nitrogen content change in coal is
reduced with increasing coalification (Chen, 1988). Since the coals
selected in this paper are all lignite, the coal level has a weak control of
the nitrogen content. The reduction degree of peat swamp has an im-
portant effect on the nitrogen content in coal (Chen, 1988). The weaker
the reduction degree of the coal, the lower the nitrogen content of the
coal is due to the oxidation of nitrogen and the decomposition of NOy
gas. The content of the OH-N hydrogen bond is mainly positively cor-
related with the water content (Fig. 7). The greater the water content,
the stronger the water sensitivity. Because of the low content of the
carboxyl group, the main factor affecting the wettability of the coal
surface is the hydroxyl group (Pietrzak and Wachowska, 2006), and the
hydroxyl nitrogen hydrogen bond is the main controlling factor, be-
cause other types of hydroxyl hydrogen bonds have no obvious corre-
lation to water.

The content of aliphatic hydrocarbons in coal is mainly reflected in
the range of wave numbers from 3000 cm ™' to 2700 cm ~ . There are
symmetric and asymmetric telescopic vibrations of saturated hydro-
carbon CH, (2855cm~!, 2925cm™ 1Y), symmetric and asymmetric
telescopic vibration of CH; (2871 cm ™!, 2955 cm ™ 1), and a telescopic
vibration of CH (2890 cm ™ 1) (Machnikowska et al., 2002). The results
show that the asymmetry extension vibration peak of CHy is greater
than a symmetrical extension vibration peak. The methylene content is
higher, followed by the concentration of methyl groups, indicating that
fatty hydrocarbons are mainly in the form of long chains (Fig. 8c,
Table 7).

The oxygen functional groups in coal include the hydroxyl group,
carboxyl group, carbonyl group and ether oxygen. The peak of the latter
three are mainly between 1800 cm ™! and 1000 cm ™. There is a weak
acromion near 1700 cm ™!, indicating that there are carboxylic acid
groups in lignite, but the content is relatively low. The absorption peak
near 1600 cm ™' is strong, which indicates that the contents of phenol
and ether are higher in coal samples. The ratio of the relative vibration
area of the above two is 20.32: 3.09, indicating that the ratio of car-
bonyl group and the carboxyl ratio is approximately 7 (Robertson,
2004). The C-O vibration of hydroxyl benzene and ether were indicated
at 1109.93cm ™', 1136.08 cm™ ' and 1197.74 cm ™. The ratio of the
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Fig. 4. Whole-rock and clay minerals XRD spectra of BYH-3-2 LTA.

vibrational area among hydroxyl benzene, ether C-O and unsaturated
carboxylic acids is 10. Therefore, the ratio of the carbonyl, hydroxyl
benzene and carboxyl is 10:7:1 (Fig. 8d, Table 8).

The low wave number region between 700 cm ™' and 900 cm ™! is
the vibrational peak of the aromatic structure in the infrared spectrum
of coal. The results show that there are four substitutions in the benzene
ring, which is dominated by four substitutions of the benzene ring (2H)
and five substitutions of the benzene ring (1H) (Fig. 8e, Table 9).

3.3. Water sensitive damage and its mechanism

The results of the water sensitivity experiments show that the lignite
reservoirs under various pH values display different degrees of water
sensitivity damage. The damage rate, from high to low, is partial al-
kalinity (54.18%), partial acidity (42.6%) and strong alkalinity condi-
tion (23.67%). According to section 2.4, the former two are strong
water sensitive and the latter is weak water sensitive (Fig. 9a). The
change of the non-dimensional permeability rate with the decrease of

SE M, : 5000 X HV: 25.0 KV WD: 15.4 mnv

10Q pm
e o s

salinity shows three stages with two key points, M; and M,, as
boundaries. In the first stage, the non-dimensional permeability showed
a downward trend under acidic conditions, and almost no change under
alkaline conditions. The higher the alkalinity, the more unchanged the
permeability., indicating that pH is the main controlling factor at this
stage. Previous studies have suggested that adding acid will reduce the
hydrophilicity of the lignite surface, and because the wetting heat of
minerals is much lower than the heat of organic matter in coal, the acid
solution will dissolve some small molecules (Pietrzak and Wachowska,
2006; Liu et al., 2017). Therefore, the dissolution of some small mo-
lecules containing oxygen-containing functional groups by the acid
solution is an important cause of the decrease in hydrophilicity. Com-
bined with the infrared spectroscopy results, it is observed that, due to
the low degree of coalification of lignite, there are a large number of
oxygen-containing groups on the surface, such as hydroxyl, carboxyl,
carbonyl and ether oxygen. Among these factors, the carboxyl content is
the most important factor that affects the surface wettability of coal,
followed by hydroxyl. It is observed from the chemical structure that

(a) Kaolinite with curved worm-like (b) Kaolinite with laminated (c) Illite filled in the pores
(d) Illite in plate form (e) I/S mixed layer mineral attached to the surface of the coal matrix(f)

Quartz in a dispersive form

Fig. 5. Characteristics of mineral occurrence under scanning electron microscope and optical microscope.
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Fig. 6. Peak fitting diagram of hydroxyl absorption band.

carbonyl and ether groups have little influence on wettability and have
no correlation with the contact angle (Cuntian, 1992). Compared to
high-rank coals, the carboxyl and hydroxyl contents of lignite are sig-
nificantly higher, which is more sensitive to the above-mentioned
phenomena. In conclusion, compared to the alkaline condition, the
concentration of pulverized coal in the acidic condition leads to a sig-
nificant decrease in permeability in the first stage.

As the salinity is further reduced, the dimensionless permeability
begins to decline under alkaline conditions, indicating that the water
sensitive damage begins and enters the second stage (Fig. 9a). Research
shows that water sensitivity effect is mainly affected by the influence of
clay minerals. Kaolinite and illite can lead to particle migration water
sensitivity, and an illite/smectite mixed layer and montmorillonite can
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lead to expansion of particle water sensitivity (Zhu et al., 2004; Liao
et al., 2012). The XRD results of LTA showed that the clay minerals are
dominated by kaolinite and illite/smectite mixed layer, so water sen-
sitive damage should include these parts. In the second stage, the da-
mage rate of dimensionless permeability from high to low is partial
alkalinity, strong alkalinity and partial alkalinity, which has a good
positive correlation with the displacement pressure (Fig. 9b). It is in-
dicated that kaolinite and illite are more likely to disperse into loose
granular debris under the shear force of the fluid, which is transported
with the fluid to clog the pores. This stage is mainly determined by the
strength of the particle migration water sensitivity. From the perspec-
tive of mechanics, Van Der Waals force between kaolinite and the coal
matrix is larger than the double layer repulsion force under the water
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Fig. 7. The relationship between the content of OH-N hydrogen bond and Ny, balanced water content.

1208



Journal of Petroleum Science and Engineering 172 (2019) 1202-1214

0.06 4

Experimental curve
—— Fitting curve

0.05

0.04 4

0.03 4

Absorbance

0.02 4

0.01 +

\

\

-
3400

0.00 | P =T
2900 3000 3100 3200 3300

Wave band/cm’

0.10 4

Fitting curve
—— Experimental curve

0.08 4

0.06

0.04 4

0.02 -

~ ™~

T S T T T T T T T 1
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Wave band/cm’

T
800

Wave band/cm’

Fig. 8. Infrared spectrogram of raw coal.

B. Wang et al.
0.10 ; S S
a il \/D :‘ P\‘Aromalu SII‘LIL‘H!I'\.
! 2)Oxygen-containing
! 1 functional groups
0.08 | i@Aliphatic hydrocarbon
:’ {@Hydroxyl
3 0.06 ; |
8 | i
4 i '
5 i i
2 0.04 i i
< i i
0.02 4 L i
0.00 At A e
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wave band/cm’™
0.0407 Fitting curve c
0.035 4 Experimental curve
0.030 4
o 0.0254 5%
g g
£ 0.020 S
o s}
2 2
< 00154 <
0.010 4
0.005 4
S
0-000'l'l'l'l/'l'l'l'l'l\'\l'
2780 2800 2820 2840 2860 2880 2900 2920 2940 2960 2980
Wave band/cm’!
0.035 i
| Fitting curve
——— Experimental curve
0.030
0.025
s ]
= 0.020
=] 4
-
2 0.015-
<< |
0.010
0.005
0.000 T T
700 750
Table 5

FTIR and ultimate analysis results.

Coal Ultimate analysis/% Romax/%  Balanced OH-N
sample water hydrogen
Ogarf Cgaf Hgar  Naar content/% bond content/
%
B-3b 2527 70.99 1.1 1.55 0.35 21.4 63.37
S-5a 27.01 69.5 093 1.4 041 19.6 56.31
S-5b 2556 71.88 0.48 1.3 0.32 14.2 55.03
H-14 23 74.63 0.86 1.28 0.32 9.5 54.67

formation condition. Therefore, kaolinite can adhere to the surface of a
coal matrix. After being replaced by low salinity salt water, the
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repulsion between kaolinite and the coal matrix increases due to the
expansion of the double layer, so that kaolinite is released from the
surface of the coal matrix (Han et al., 2008). Wang et al. (2001) pro-
posed that the pH value of the solution has an effect on the charge of
clay minerals. It is shown that the number of variable negative charges
of clay minerals increases with the increase of pH under alkaline con-
ditions. Under acidic conditions, positive charges can be generated on
the end surface of clay minerals, and the number of positive charges
increases with the decrease in pH. Under the alkaline condition, the
increase of the negative charge on the clay surface leads to an increase
of the repulsion force of the double layer, and the clay minerals such as
kaolinite are more easily released from the surface of the coal matrix.
By contrast, the weakening of the repulsion of the double electron layer
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Table 6
Absorption peak parameters of hydroxyl absorption band by peak fitting.
Number Peak position/cm ™! half-peak width/cm ™! Area Relative area/% Ascription
1 2993.01 18.08 0.34 2.32 OH-N hydrogen bonds
2 3009.39 35.68 1.08 7.36 OH-N hydrogen bonds
3 3038.16 55.37 1.84 12.53 OH-N hydrogen bonds
4 3090.14 85.84 4.23 28.78 OH-N hydrogen bonds
5 3151.17 68.84 1.82 12.38 hydrogen bonds of ring structure
6 3198.69 75.12 1.73 11.78 hydrogen bonds of ring structure
7 3253.92 85.49 1.01 6.89 OH-ether hydrogen bonds
8 3465.33 81.53 0.63 4.29 Self associating hydroxyl
9 3522.16 70.27 0.76 5.21 OH-nt hydrogen bonds
10 3558.66 56.78 0.34 2.31 OH-nt hydrogen bonds
11 3607.96 73.98 0.83 5.67 free OH hydrogen bond
12 3697.26 18.81 0.07 0.47 Water in silicate minerals

makes the clay particles difficult to separate under acidic conditions.
Therefore, kaolinite is easy to separate under partial alkaline conditions
and the displacement pressure is large, making the water sensitivity of
particle migration the strongest. Under the partial acidic condition, the
stability between the coal matrix and particle is good and the dis-
placement pressure is minimal, leading to no change of the perme-
ability of the coal reservoir at this stage Although kaolinite is the easiest
to release under the strong alkalinity condition, the displacement
pressure is small; therefore, the particle migration of water sensitive is
moderate.

As the salinity is further reduced, the damage rate of dimensionless
permeability under varying pH values increases compared to the second
stage, indicating that the volume of expansive clay minerals (such as
illite/smectite mixed layer mineral) will expand dozens of times after
contacting water. The porosity is blocked, the permeability is sig-
nificantly reduced, and the water sensitivity of particle expansion is
more serious than that of particle migration (Fig. 9c). The surfaces of
the clay mineral particles carry residual negative charges as a result of
isomorphous substitution and the broken bonds that occur at the edges
of particles. Layers of water molecules are held around the clay mineral
particle by hydrogen bonding and by the dipole character of the water
molecules. In addition to the adsorption of water molecules, cations are
also attracted to the clay mineral particle. The net effect is that cations
form a dispersed layer adjacent to the clay particle but the cation
concentration decreases with increasing distance from the clay surface,
as illustrated in Fig. 13 (Zhang et al., 2015). Due to the charge on the
surface of clay minerals it is easy to form electric double layers in
aqueous solution, including stern and diffusion layers, and the outer
layer is the free layer (Fig. 12). There are four water adsorption centres
(complex triangle cell of the base surface, oxygen atom and hydroxide
ions of the base surface, interlayer exchangeable cations, unbalanced
ion cast on the side of the fracture) on the surface of clay minerals with
varying adsorption energy. The water in the stern layer is adsorbed
water, and the water in the diffusion layer is seepage water. The ad-
sorbed water has high viscosity and shear force, which is quite different
from those of free water. The clay minerals of the experimental samples
are dominated by kaolinite and illite/smectite mixed layer mineral. The
former represents swelling clay minerals and the latter represents non-
swelling clay minerals. Both have similar structures composed of a 2D
array of an aluminium/oxygen/hydroxyl octahedral sandwiched be-
tween 2D arrays of silica/oxygen tetrahedrals (tetrahedral-octahedral-

tetrahedral). For the illite/smectite mixed layer mineral, trivalent Al is
substituted by tetravalent Si and divalent cations are substituted on the
interlayer surface. The distance between the two structured layers, d; oo
spacing, is a function of the characteristics of the exchangeable cations,
composition of the solution, and clay mineralogy. In the presence of
water, interlayer exchangeable cations have the tendency to hydrate
and to increase the d;go spacing, which results in a volume expansion
that is referred to as clay swelling. For kaolinite, lattice substitutions
mostly occur in the tetrahedral layer. The compensating interlayer ca-
tions unlike the cations on the external surface, are not generally ex-
changeable. Thus, interlayer swelling by water is not observed in kao-
linite compared with illite/smectite mixed layer minerals (Sanaei et al.,
2017).

M, is the demarcation point of the second stage and third stage,
indicating that when the salinity is higher than 1250 mg/L, due to the
ions from the unbalanced electricity on the side of the fracture, high
specific adsorption cations in the fluid lead to a reversal of the elec-
tricity on the clay minerals. The Zeta potential of clay minerals is po-
sitive under the conditions of a high salinity and pH in the scope of the
experiment (pH is between 6 and 10); the double layer is compressed
and the hydration expansion is not obvious. Alternatively, when the
electrolyte concentration sharply decreases, the hydration expansion is
significant (Yu et al., 2011). The effect of pH on the hydration and
expansion of clay minerals is influenced by the charge of clay particles.
The amount of adsorbed ions on clay particles depends on the number
of charges. Permanent negative charges of clay minerals are distributed
on the crystal plane of layered aluminosilicates and are balanced by
exchangeable cations, such as K*, Na*, Ca®*, Mg® *, and H *. This
balance is maintained by positive and negative electrostatic attraction.
The number of variable negative charges in clay minerals varies with
the pH value of the medium. The hydroxyl groups in the clay mineral
crystals dissociate H* in an alkaline medium, causing the clay particles
to be negatively charged. Moreover, in an alkaline medium, the dis-
sociation of AI** exposed on the surface of the clay particles causes the
surface to be negatively charged (Tchistiakov, 2000; Wang et al., 2001).
The amount of variable negative charge increases as the pH increases.
When the medium is acidic, a positive charge can be generated on the
end face of the clay particle and the amount of positive charge increases
as the pH value decreases. The change in the charge of clay minerals
due to the change in the pH of the medium ultimately affects the hy-
dration and expansion of clay minerals because the charge on the

Table 7

Absorption peak parameters of aliphatic carbocycle by peak fitting.
Number Peak position/cm ™! half-peak width/cm~? Area Relative area/% Ascription
1 2847.84 45.67 0.67 24.13 Symmetrical telescopic vibration of CH,
2 2948.95 22.06 0.61 22.06 Asymmetric telescopic vibration of CHj
3 2960.69 13.37 0.25 9.03 Asymmetric telescopic vibration of CHs
4 2920.16 43.83 1.24 44.78 Asymmetric telescopic vibration of CH,

1210



B. Wang et al.

Journal of Petroleum Science and Engineering 172 (2019) 1202-1214

Table 8
Absorption peak parameters of oxygen-containing functional groups by peak fitting.
Number Peak position/cm ™! half-peak width/cm ™! Area Relative area/% Ascription
1 1069.78 22.20 1.44 3.47 Alkyl ether
2 1109.93 28.60 0.97 2.35 C-O vibration of ether
3 1136.08 74.42 3.75 9.03 C-O vibration of hydroxyl benzene and ether
4 1197.74 119.19 7.53 18.11 C-O vibration of hydroxyl benzene and ether
5 1303.31 172.09 11.38 27.39 C-O vibration of aryl ether
6 1607.56 129.17 8.44 20.32 C=C framework vibration of aromatic hydrocarbons
7 1709.00 66.69 1.29 3.09 C=0 expansion vibration of unsaturated carboxylic acid
8 1466.55 155.68 6.75 16.24 Deformable vibration of -CHzand -CH,

surface of clay minerals makes it easy to form an electric double layer in
aqueous solution, including a stern and diffusion layer; the outer layer
is the free layer (Fig. 12). The Zeta potential is commonly used to reflect
the thickness of the electric double layer and water film (Gregory and
O'Melia, 1989; Olphen et al., 1978). As a positive charge can be gen-
erated on the end face of the clay particle under acidic conditions, the
Zeta potential of clay minerals is positively charged. The electric double
layer is compressed, and the water film thickness is reduced (Fig. 13).
On the contrary, under alkaline conditions, the Zeta potential sig-
nificantly decreases and the water film thickness is increased (Fig. 13).
It is observed that a low pH value of the fluid inhibits the swelling of the
clay, while a high pH value enhances the swelling of the clay.

In this experiment, the change rate of dimensionless permeability
decreases with the increase of pH, indicating that the permeability
damage rate is affected by the water sensitivity of the particle expan-
sion and other factors. Since the inorganic minerals in coal occupy a
small part, the composition of pulverized coal is not only composed of
minerals, and further consideration must be given to the combination of
organic microscopic components. The movement of particles is affected
by wettability according to the theory of particle migration. The DLVO
theory shows that the factors that affect the wettability of the coal
surface are mainly the Zeta potentials at the solid/water interface. The
smaller the Zeta potential, the more negative charges on the solid
surface and the more stable the water film, which has stronger hydro-
philicity of the salt water (Oyeneyin et al., 1995; Yang et al., 2015). In
an alkaline environment, more active hydrogen ions will be dissociated
on the surface of the coal, and the negative charge on the coal surface
will increase. The electromotive force is defined as the zeta potential
produced by the formation of electric double layers on the coal surface
and the surrounding medium (Li et al., 2014). The negative value of the
electromotive force increases with the increase of pH, and the hydro-
philicity of the coal increases (Fig. 10) (Li et al., 2014). In a weak acid
environment, the number of hydrogen ions around the coal sample
increases, and the negative charge amount of coal surface is reduced.
The absolute value of electromotive force decreases, and the hydro-
philicity of coal rock is weakened (Li et al., 2014). Therefore, pulver-
ized coal particles encounter difficulty when migrating from acidic
conditions to strong alkali condition in the fluid environment., and the
displacement pressure under acidic conditions is the minimum.
Therefore, pulverized coal particles are easy to agglomerate under the
comprehensive influence, leading to the fastest decline of the non-di-
mensional permeability. In the third stage, the damage rate of

permeability mainly depends on the joint action of the wettability of
pulverized coal particles and expansion of clay hydration, The wett-
ability of pulverized coal particles has the higher influence of the two.

3.4. Salt sensitive damage and its mechanism

The results of the salt sensitivity experiment show that the di-
mensionless permeability increases with the increase of the salinity
under the partial acidity condition. Under alkaline conditions, the re-
servoir does not exhibit weak salt sensitivity, and the greater the al-
kalinity, the stronger the salt sensitivity (Fig. 11). The charge on the
surface of clay minerals make it easy to form electric double layers in
aqueous solution, including the stern and diffusion layers, and the outer
layer is the free layer (Fig. 12). The water in the stern layer is adsorbed
water, and the water in the diffusion layer is seepage water. The ad-
sorbed water has a high viscosity and shear force, which is quite dif-
ferent from those of free water. When the clay particles move relative to
the solution, they form a shear plane. The potential on the shear plane
is called the Zeta potential, which can reflect the thickness of the
electric double layer and water film. Under the experimental conditions
(pH is between 6 and 10), the Zeta ({) potential increases with the in-
crease of salinity(Fig. 12) (Yu et al., 2011). With the increase of the
salinity of the fluid, some of the cations in the diffusion layer enter the
stern layer to help balance the negative charge on the mineral surface.
When the salinity is high enough, the negative charge on the base
surface of the clay minerals is basically balanced, and the Zeta potential
is very low. Due to the existence of variable charges on the side, the
high specific adsorbed cation in the fluid causes electrical inversion,
and the surface of the clay minerals is positively charged. Therefore, the
Zeta potential of clay minerals is positively charged, the electric double
layer is compressed, and the water film thickness is reduced(Gregory
and O'Melia, 1989; Olphen et al., 1978). Under the condition of partial
acidity (pH = 6), H* can also participate in the electric balance of clay
mineral base surface as an exchangeable cation. As the value of the Zeta
(¢) potential reaches the maximum (Fig. 13) so that the electric double
layer is compressed, the thickness of water film and the resistance of
fluid flow decreases, increasing the permeability of liquid. Under al-
kaline conditions, the zeta potential is negatively correlated with pH
due to the presence of hydroxyl ions (Fig. 13). The increased thickness
of the water film leads to a decrease of permeability. Especially under
strong alkali conditions, the Zeta potential decreases significantly, and
the increase of the water film thickness leads to a significant decrease in

Table 9

Absorption peak parameters of aromatic structure by peak fitting.
Number Peak posi'(ion/cm_1 half-peak width/cm ™! Area Relative area/% Ascription
1 753.65 46.36 0.46 15.07 Two substitution of benzene ring (4H)
2 791.89 44.34 0.79 27.77 Three substitution of benzene ring (3H)
3 829.06 37.14 0.92 30.21 Four substitution of benzene ring (2H)
4 852.61 23.27 0.48 15.89 Five substitution of benzene ring (1H)
5 864.72 14.12 0.27 8.95 Five substitution of benzene ring (1H)
6 872.28 8.63 0.13 4.13 Five substitution of benzene ring (1H)
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permeability (Yu et al., 2011).

3.5. Recommendations

The damage caused by the external fluid to the coal reservoir occurs
in the process of the whole coal seam gas drainage, of which the ag-
glomeration of pulverized coal and the hydration and expansion of clay
minerals are important factors for blocking the passage of fluid
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(Lehman et al., 1998; Zou et al., 2014). The former is mainly influenced
by temperature, particle size distribution and coal metamorphism, and
the latter is influenced by the mineral content, occurrence of clay mi-
nerals and pore characteristics of the reservoir, but both are controlled
by external factors (pH and the velocity of flow). Based on the DLVO
theory, the water sensitivity (salt sensitivity) mechanism of the lignite
reservoir under the interaction of pH and the velocity of flow is dis-
cussed in this paper (Shi et al., 2018).

From the above experiments, it can be concluded that water
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sensitive damage aggravates the microscopic and macroscopic hetero-
geneity of the pore structure and then affects the permeability of the
reservoir. No matter what type of pH injection solution is used, KCl and
other stabilizers should be added to prevent the swelling and hydration
of clay minerals. Additionally, the rate of liquid injection should be
reduced to suppress the water sensitivity of particle migration. Under
the same displacement pressure difference, an increase of alkalinity is
beneficial to reduce the production of water sensitive damage, but it
should not be too high. Because of the strong alkali - sensitive mineral
quartz in coal, alkali - sensitive damage of the coal reservoir will be
caused by high alkalinity. At the same time, a high-alkaline injection
solution will dissolve the proppant such as quartz sand to reduce the
support effect, which will result in a significantly lower permeability.
Therefore, in the fracturing stage of coalbed methane wells, the prop-
erties of the fracturing fluid can be reasonably changed to improve the
wettability of pulverized coal, thereby increasing the gas production
rate.

The salt sensitivity characteristics at different pH values indicate
that injecting a highly acidic solution with a more acidic solution will
help reduce the fluid flow resistance. The primary reason for this re-
duction is that although pulverized coal tends to agglomerate under
partial acidity conditions, it is more conducive to the fixation of coal
sources under high salinity conditions. Therefore, it is more favorable
for the seepage of the coal reservoir under the appropriate injection rate
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of the external liquid.
4. Conclusion

The minerals in coal are dominated by clay minerals, followed by
quartz, and other mineral content is less. The clay minerals are domi-
nated by kaolinite and illite/smectite mixed layer. Different occurrence
types of clay minerals have different effects on water sensitivity. The
aromatic structure of lignite is mainly substituted by four substitution
of benzene ring (2H) and five substitution of benzene ring (1H).
Aliphatic hydrocarbons are mainly in the form of long chain. The ratio
of the carbonyl, hydroxyl benzene and carboxyl is 10:7:1. The hydrogen
bond is dominated by OH-N hydrogen bond.

The lignite reservoirs with different pH have different degrees of
water-sensitive damage. Partial alkalinity conditions and partial acidity
conditions are strong water sensitive, and strong alkalinity conditions is
weak water sensitive. The dimensionless permeability changes with the
decrease of salinity, which can be divided into three stages with
1250 mg/L and 10000 mg/L as the boundary. In no water sensitivity
stage, the change of dimensionless permeability depends on the wett-
ability changes of pulverized coal under the influence of pH. In particle
migration water sensitivity stage, the permeability damage rate is
mainly controlled by the change of displacement pressure and double
layer repulsion force. In the particle expansion water sensitivity stage,
the Permeability damage rate mainly depends on the effect of the
wettability of pulverized coal particles and the hydration and expansion
of clay minerals, of which the former is higher than the latter.

The dimensionless permeability of lignite reservoir increases with
the increase of salinity under the partial acidity condition. Under al-
kaline conditions, it is characterized by no-weak salt sensitivity. The
greater the alkalinity, the stronger the salt sensitivity, which is mainly
controlled by the change of the thickness of the water film under the
influence of pH.
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