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ABSTRACT
The presence of clays in oil sands, especially swelling clays such as smectite, has an adverse
effect on bitumen recovery and tailings management. Identification and quantification of clay
minerals are therefore important to the oil sands industry. Two estuarine (E3 and E7) and two
marine (M13 and M18) oil sands were used in this study. Separation of <2 µm clay solids was
accomplished using centrifugation technique based on Stokes’ law. Comparison of XRD patterns
produced from air-dried (AD) and ethylene-glycolated (EG) preparations confirmed the absence
of discrete smectite, while revealing the presence of interstratified illite-smectite (I-Sm), illite
and kaolinite as the primary clay minerals in these ores. Minor amounts of chlorite were found in
significant quantities only in the marine ores. The degree of expandability owing to the presence
of swelling (smectite) layers in the interstratified I-Sm component, measured using the intensity
ratio (Ir) method available in the literature, showed that sample E7 has almost no tendency to
swell while sample M13 has the highest degree of expandability. The plotting of Ir values vs.
FWHM(AD) (Full width at half maximum of the illite 10Å peaks obtained from AD preparations)
was used to estimate percentage of swelling layers. This indicated that the contents of swelling
layers were 4‒6% for M13 and M18, 2-4% for E3 and 0-2% for E7. By comparing two methods
of measuring FWHM(AD) and Ir values, we conclude that these parameters may be quantified in a
robust manner in XRD patterns from AD and EG preparations of <2um clays from oil sands ore.
As the groupings of samples identified here in plotting FWHM(AD) vs. Ir values correlate well
with batch-extraction unit bitumen recovery measured for the four ores, we suggest that this
approach may represent a convenient way to assess the processability of oil sands ore.

INTRODUCTION
Clay mineralogy in oil sands has been studied extensively over the past few decades. Typically,
clays amount to approximately 1–7 wt% of oil sand ores. Although clays are only present in
small quantities, they are known to have adverse effects on bitumen recovery and tailings
management. Identification and quantification of clay minerals are therefore important to the oil
sands industry. Clay minerals from different oil sands sources and process streams such as ores,
fine tailings and froth solids have been characterized (Ignasiak, et al., 1983; Kotlyar, et al., 1985;
Kotlyar et al., 1987; Kotlyar et al., 1990; Ripmester et al., 1993; Omotoso et al., 2002; Omotoso
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et al., 2006; Wallace et al., 2004; Kaminsky et al., 2009, Geramian et al., 2016). Kaolinite, illite
and chlorite were found to be the primary non-swelling clay minerals in oil sands. Smectite and
interstratified clays such as kaolinite-smectite and illite-smectite were also reported as common
swelling clays (Omotoso et al., 2006). In a previous study (Mercier et al., 2008a) by our group,
higher clay contents were found in marine ore compared to estuarine ore, leading to poor
bitumen recovery in batch extraction unit tests. Specific surface area of illite on un-extracted
ores, determined directly by powder X-ray Diffraction (XRD) analysis as per Mercier et al.
(2008a,b), was also found to be significantly greater for four problematic ores. Up until now,
various studies have been done on non-swelling clays in oil sands. However, little detail and
information have been reported on the characteristics and properties of swelling clay minerals
especially in oil sands ores. The presence of swelling clays such as interstratified illite-smectite
(I-Sm) can be identified by comparing XRD patterns of air-dried (AD) and ethylene glycolsolvated (EG) oriented clay preparations (Moore and Reynolds, 1997). If significant amount of ISm is present, changes between patterns are observed. These changes include shifting in peak
positions, emerging of new peaks, disappearance of certain peaks in the XRD patterns of EG
preparation, etc. However, if only small content of I-Sm is present (<10% I-Sm), these criteria
cannot be applied as the peak positions observed in the EG preparations very much resemble
those of discrete illite. In this case, one of the key indicators for its presence is alteration of the
shape of illite’s first basal reflection (referred to here as the illite 10Å peak following
nomenclature used in the literature), which becomes sharper and more symmetric as a result of
ethylene glycol solvation treatment (Moore and Reynolds, 1997; Battaglia et al., 2004; Stern et
al., 1995, Bozkaya et al., 2016).A number of profile decomposition methods performed on the
illite 10Å peak in XRD patterns of both AD and EG preparations explain the complexity of this
multi-phase peak revealing the presence of I-Sm component in the highly illitic clays (Stern et
al., 1991; Lanson and Besson, 1992; Wang et al., 1995). The degree of expandability owing to
the presence of swelling (smectite) layers in the I-Sm component can be determined using the
intensity ratio (Ir) of illite 10Å and illite 3.33Å diffraction peaks from the AD and EG
preparation (Srodon, 1984 and 1980). Furthermore, the plotting of Ir values vs. FWHM(AD) (Full
width at half maximum of the illite 10Å peaks obtained from AD preparations) can be used to
estimate percentage of swelling layers (Velde and Eberl, 1989). This method has been widely
accepted and used to study illitic components in sedimentary rocks but has never been applied to
oil sands solids. In this study, we focus on confirming the presence of I-Sm clays in oil sand ores
which were used in our previous study (Mercier et al., 2008a) as well as determining the degree
of expandability of this I-Sm component and estimating the percentage of swelling layers using
the Ir and the plotting of Ir vs. FWHM(AD) as described above. The aim is to establish a
relationship between degree of interstratification of I-Sm clays and processability of the oil
sands. This approach may represent a convenient way to assess the processability of oil sands
ore.
EXPERIMENTAL
Two estuarine ores (E3 and E7) and two marine ores (M13 and M18) were used in this study.
Solids from oil sands ores were isolated by a toluene/water interfacial separation technique
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(Mercier et al., 2019). With solids dispersed only in water, centrifugation with conditions based
on Stokes’ law was applied to yield <2um clay suspensions. Oriented clay slides were prepared
for XRD analysis based on the Filter transfer method (Moore and Reynolds, 1997). Clay
suspensions were Ca2+ saturated by adding ~50mg of CaCl2 into 50mL of clay. 10mL of the Ca2+
saturated suspension was filtered onto a 0.45um type HE Millipore filter paper. The wet filter
cakes were placed upside down on a glass slide and allowed to dry at room temperature for ~1
hr. The oriented clay slides were then subjected to the following treatments subsequently: (1) Air
drying (AD) at 54% relative humidity (RH) - oriented clay slides were placed in a small
desiccator containing super-saturated solution of magnesium nitrate in deionized water and were
allowed to equilibrate for at least 24 hours. (2) Ethylene glycol solvation (EG) - oriented clay
slides were placed in a small desiccator containing a Petri dish full of ethylene glycol, and the
desiccator was placed in an oven at 65°C for 24 hours. (3) Heat treatment at 375ºC for 2 hrs
(HT375) – oriented clay slides were placed in a muffle furnace and undergone heat treatment at
375ºC using heating rate of 10ºC/min under atmospheric condition. (4) Heat treatment at 550ºC
(HT550) for 2hrs – oriented clay slides were placed in a muffle furnace and undergone heat
treatment at 550ºC using heating rate of 10ºC/min under atmospheric condition. XRD
measurements were performed after each treatment using powder X-ray diffractometer (XRD) Bruker D8 Advance set up in Bragg Brentano geometry (theta-theta), configured with a Cobalt
(Co) X-ray tube and a Position Sensitive Detector (VÅNTEC-1). XRD data were collected with
a scan range of 4 to 30°2θ using a step size of 0.02 and a count time of 2 seconds per step. Peak
fitting and decomposition of the illite 10Å and 3.33Å reflections was performed using Bruker
TOPAS version 6 software through split-Pearson VII (SPVII) functions. Chebychev polynomial
of 3rd order was used to model the background of the illite10Å peak covering the range 6-12°2θ.
Rietveld refinement with standard crystallographic models (within the range 23-33°2θ with
kaolinite 3.60Å peak region of 27-29.75°2θ excluded), was used to fit the diffraction peaks from
quartz contaminant to overcome peak-overlapping issues between illite 3.33Å and quartz 3.36Å
diffraction peak, allowing intensity of individual illite 3.33Å to be accurately determined. Degree
of expandability was calculated using the intensity ratio (Ir) of the illite 10Å and illite 3.33Å
diffraction peaks from the AD and EG preparations as shown in the equation below (Srodon,
1984).
(1)

In Equation 1, I(10Å) is the net intensity of illite 10Å diffraction peak and I(3.33Å) is the net
intensity of illite 3.33Å diffraction peak. Percentage of swelling layers due to the presence of ISm was estimated using the plotting of Ir and FWHM(AD) (Eberl and Velde, 1989). The Ir and
FWHM(AD) were determined using two different methods.
For Method 1: Ir was calculated using peak height intensity ratio of illite 10Å and illite 3.33Å
peaks determined after background subtraction (Srodon, 1984). Two background positions were
assigned on both sides of the diffraction peak. Background intensity were calculated using the
following equation:
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(2))

where Bi1 is background intensity (counts) at the low 2θ angle side of the peak; Bi2 is the
background intensity (counts) at the high 2θ angle side of the peak; Bp1 is the background
position (º2θ) at the low 2θ angle side of the peak, Bp2 is background position (º2θ) at the high
2θ angle side of the peak; and Pp is the peak position (º2θ) at the observed maximum intensity of
the peak. The value of FWHM(AD) of the illite 10Å peak was determined using one background
on the high 2θ angle side of the peak as described by Eberl and Velde (1989).
For Method 2: Ir was calculated using integrated net area (counts º2θ ) of the decomposed illite
10Å and illite 3.33Å peaks. Two SPVII diffraction lines were used to fit the illite 10Å peak
whereas only a single SPVII line was used to fit the illite 3.33Å peak. The value of FWHM(AD)
of the illite 10Å peak was determined as the integrated-area weighted sum of the two FWHM
values (sum of h1 and h2 profile parameters) determined for each of the two individual SPVII
lines refined with TOPAS to model the illite 10Å peak.
RESULTS
XRD patterns of different treatments for the <2 µm clay solids of samples E7, E3, M18 and M13
are shown in Fig. 1(a), 1(b), 1(c) and (1d), respectively. For the <2um clay solids of sample E7
separated from estuarine ore, illite and kaolinite are the main clay minerals present in this
sample. No peaks were observed in the air-dried treatment at d-spacing above 15Å, indicating
that there is no distinct smectite in detectable quantities. There is also no change in XRD patterns
after ethylene glycol solvation nor after heat treatment at 375°C which further confirmed the
absence of smectitic clay minerals. After heat treatment at 550ºC, the kaolinite structure was
decomposed. If there is chlorite in this sample, a diffraction peak at 14.16Å would have appeared
at this position. However, this reflection is not noticeable in this XRD pattern indicating that
there is also no detectable chlorite in this sample. Similar observation was made for sample E3
separated from estuarine ore [Fig. 1(b)]. After all treatments, it was confirmed that illite and
kaolinite are the main clay minerals, with no distinct smectite and no chlorite in detectable
quantities. However, we noticed that in this sample the XRD pattern of the AD preparation
showed a very broad and asymmetric shape with low-angle-side shoulder of illite 10Å reflection.
This peak became sharper and more symmetric after EG treatment. This change is an indication
of the presence of I-Sm clay mineral. For the <2um clay solids of M18 separated from marine
ore, illite and kaolinite are still the main clay minerals. No distinct smectite is observed as there
is no peak at a d-spacing value above 15Å in the AD treatment [Fig. 1(c)]. Alteration of illite
10Å peak shape between the AD and the EG preparations is more obvious in this sample. After
heat treatment at 550ºC, the kaolinite structure was decomposed and this treatment also caused
the intensity of the chlorite reflection at 14.16Å to increase which confirmed the presence of
chlorite in this sample. It is noticed that higher order diffraction peaks related to untreated
chlorite disappeared at this treatment temperature. The loss in their intensity is due to dehydroxylation which is caused by the loss of the OH group as H2O (Zhan and Guggenheim,
1995). A similar observation was made for the <2um clay solids of M13 sample compared to the
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M18 sample [Fig.1(d)]. We also observed that the asymmetric illite 10Åpeak shape in the airdried sample became sharper in the EG treatments. Chlorite is also present in this sample (M18)
as we observed the increase in intensity of the chlorite reflection at 14.16Å after heat treatment at
550ºC.
Decomposition of illite 10Å diffraction peak in the AD pattern of sample E7 reveals the presence
of a small component of I-Sm phase [Fig.2(a)]. This reflection appears at low-angle side of the
peak. Upon EG treatment, a new I-Sm peak appears at higher-angle side of the peak. This peak
corresponds to the I-Sm(001/002) reflection which appears as a broad band from 10.2-10.5 º2θ
(8.66A-8.42Å). If the sample is rich in expandable I-Sm phases, the I-Sm(001/001) reflection can
also be observed as a very low-intensity broad band with its maximum around 8.8 º2θ (11.6Å)
(Battaglia, 2004; Lanson, 1991). In the case of sample E7, this reflection is very faint and hidden
in the background. The effect of smectite interstratification became more pronounced in sample
E3 [Fig.2(b)]. It is evident for E3 that sharpening of the illite 10Å diffraction peak upon ethylene
glycol solvation was due to the appearance of low intensity I-Sm diffraction peaks towards lower
(I-Sm(001/001)) and higher (I-Sm(001/002)) angle. The same effect is seen in sample M18 from
marine ore as well as sample M13 as shown in Fig.2(c) and (d), respectively. It is also noticeable
that not only the sharpening of the peak but the reduction in the intensity are observed after EG
treatment, especially in sample M13. These changes are varied from one sample to another
sample. It is noted that the I-Sm(001/001) reflection is hidden in the background and not visible in
all samples. The degree of expandability owing to the presence of swelling (smectite) layer in the
I-Sm component was measured using the intensity ratio Ir determined as shown in Equation
1.This ratio (Ir) is very sensitive to the presence of swelling layers in illite. If Ir>1.0, the illite has
swelled to some degree; if Ir =1.0, the illite has no detectable tendency to swell (Srodon, 1984).
Ir values determined from Method 1 and Method 2 are in good agreement as shown in Table 1.
The Ir value of sample E7 is very close to 1 indicating very little to no swelling while sample
M13 has the highest value of Ir showing the highest degree of expandability compared to the
other samples. Values of FWHM(AD) obtained from the two methods are very close for sample
E3 and E7, whereas more deviation is observed for sample M13 and M18 as the degree of
expandability increases. Percentage of swelling layers (%) was estimated using the plotting of
FWHM(AD) vs. Ir values established by Eberl and Velde (1989) as shown in Fig. 3. According to
this plot, the contents of swelling layers were 4-6% for M13 and M18, 2-4% for E3 and 0-2% for
E7. By comparing the two methods of measuring FWHM(AD) and Ir values used in this study, we
determined the same contents of swelling layers for the four samples using either Method 1 or
Method 2. We conclude that these parameters may be quantified in a robust manner in XRD
patterns from AD and EG preparations of <2 µm clays from oil sands ore.
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Fig. 1 XRD patterns of sample E7 (a), E3 (b), M18 (c) and M13 (d), K=Kaolinite, I=Illite, Chl=Chlorite, and Q=Quartz
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Fig. 2 Decomposition of the illite 10Å diffraction peak obtained from air-dried (AD) and
ethylene glycolated (EG) preparations of sample E7 (a), E3 (b), M18 (c) and M13 (d).
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It is shown in Table 1 that samples with content of swelling layer of 0-4% correlate to good
bitumen recovery (E3 and E7) while samples with content of swelling layer of more than 4%
correlate to poor bitumen recovery (M13 and M18). As the groupings of samples identified here
in plotting FWHM(AD) vs. Ir values correlate well with batch-extraction unit (BEU) bitumen
recovery measured for the four ores, we suggest that this approach may represent a convenient
way to assess the processability of oil sands ore. This type of analysis has not previously been
applied to oil sands ore and future work will be undertaken to evaluate the method further by its
application to a much larger number of samples.

Fig. 3 FWHM(AD) vs Ir

Table 1 Intensity ratio (Ir), FWHM(AD), content of swelling layer and BEU results

1

Sample

Ir1

Ir2

FWHM(AD)1

FWHM(AD)2

E3
E7
M13
M18

1.21
1.13
2.23
1.37

1.36
1.08
2.46
1.50

0.75
0.45
0.52
1.02

0.74
0.48
0.70
0.90

Content of
swelling layer
2-4%
0-2%
4-6%
4-6%

Total recovery
(%bitumen)
93.3
92.4
31.7
57.5

Values determined using method 1, 2 Values determined using method 2

CONCLUSIONS
Comparison of XRD patterns produced from air-dried (AD) and ethylene-glycolated (EG)
preparations confirmed the absence of discrete smectite, while revealing the presence of
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interstratified illite-smectite (I-Sm), illite and kaolinite as the primary clay minerals in these ores.
Minor amounts of chlorite were found in significant quantities only in the marine ores. Higher
degree of expandability of the interstratified I-Sm component was found in marine ores
compared to estuarine ores with estimated percentages of swelling layers of 4-6% for M13 and
M18, 2-4% for E3, and 0-2% for E7. Groupings of samples identified here in plotting FWHM vs.
Ir values correlate well with batch-extraction unit bitumen recovery measured for the four ores.
This approach may represent a convenient way to assess the processability of oil sands ore.
Future work will be undertaken to evaluate the method further by its application to a much larger
number of samples.
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