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Chapter 19

Characterization of Humic Matter Associated
with Heavy Minerals from Oil Sand

Abdul Majid and John A. Ripmeester

Division of Chemistry, National Research Council of Canada, Ottawa,
Ontario K1A OR9, Canada

Humic matter associlated with heavy metal minerals
present in Athabasca oil sands, was isolated using
sodium hydroxide extraction and by dissolving the
mineral matter in acids. These fractions were analy-
sed by elemental analysis and infrared, proton and
13¢ wMR spectroscopy. Comparison of this data with
the corresponding data for humic acids from sub-
bituminous coal and peat and asphaltenes from bitumi-
nous feed stock, suggest the similarity of this humic
material with humic matter from sub-bituminous coal.
It appears to have very little potential for hydro-
carbons production because of its position in the Van
Krevelen diagram. Origin of this organic matter
could be different from that of the greater part of
the bitumen of the Athabasca oil sands.

Athabasca oil sand is a complex, variable mixture of bitumen,
sand, water and clays (1). The total reserves of cil sand deposits
are estimated to contain close to 2.15 x 10!l m3 of bitumen in
place (2-5). The Athabasca deposit is currently under commercial
exploitation, by Suncor and Syncrude using the hot water extraction
process developed in the 1920's by K.A. Clark (6). This process
results in very large volumes of tailings, consiéting mainly of
gsand and a dispersion of various clays containing residual organic
matter (1,7-9), The sand settles rapidly from the tailings and
is used to build containment dikes for aqueous sludges that show
little tendency to dewater, even when subjected to mechanical dewa-
tering procedures (10). It is the buildup of these partially set-
tled clay sludges which pregsents not only an environmental problem
but also a significant repository for non-recycleable water.

The reason for the intractability of the clay slimes has bheen
a subject of considerable study (1,7,9,11-13). Consgiderable quan-
tities of insoluble crganic material are known to be associated
with these clay slimes (8,14-15). Most of this organic material is
strongly associated with the mineral fines and is insoluble in
organic solvents under mild conditions (16).
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19. MAIJID AND RIPMEESTER Characterization of Humic Matter 291

Based on the results of published work it is generally
believed that the interaction of organics with the clay minerals is
important in determining the nature of the oil sand slimes
{8,14~-15), The interaction is thought to provide a hydrophobic
character to the clay particle surfaces allowing bridging through
residual bitumen to set up a weak gel structure.

Relatively little information is currently available concer-
ning the nature of the unextractable organic matter. TIn a recent
publication Ignasiak et al. have reported that this organic matter
consists of humic and non-humic components containing numerous
oxygen functions (17). In our previous work we have attempted to
igsolate and then concentrate this organic matter using oil phase
agglomeration and acid dissolution technigques followed by the
removal of soluble organic material by a Soxhlet extraction method
ugsing benzene/methanol (8,18-19). These organic materials were
then studied using elemental analyses and spectroscopic techniques.
The data was discussed in terms of the chemical structure and the
nature of bonding between the mineral phase and the organic phase
of oil sands.

In this investigation we have attempted to isoclate this
strongly bound organic matter from heavy metal mineral fractions by
successive extractions with agueous sodium hydroxide over a
prolonged period of time. Elemental analyses and spectroscopic
techniques were used for the characterization of organic material
from oil phase solids (OPS). Comparisons have been made among peat
and coal humic acids, asphaltenes from oil sand bitumen and the
organic matter adhering to the mineral fines in oil sands in an
attempt to understand the formation of oil sand deposits. It is
also hoped that study might provide insight into beneficiation and
enrichment of the organic matter in low grade oil sands that are
known to contain significant gquantities of unextractable organic
matter (16).

Experimental Methods

Sample Description. Agueous tailings in 5-gallon to barrel-size
lots were obtained from the Suncor plant sludge pond, and contained
5-12% solids by weight, although in some lots the solids content
ranged as high as 30%.

0il Phase Solids. ©il phase solids (OPS), the heavy metal minerals
fraction containing unextractable crganic matter were isoclated from

Suncor sludge using oil phase agglomeration techniques reported
elsewhere (12).

Humic Acid Extraction. Figure 1 is a flow-sheet for the extraction
of humic and fulvic acids from oil phase solids (OPS). A 20g
sample of oil phase solids (0OPS) was digested with 200 ml 2%
agqueous NaOH at 70°C under N, for a period of one month. The
digestion was repeated six times with successive fresh portions of
aqueous NaOH solution, decanting the spent NaOH each time. The
alkaline solution was subseguently separated from the sand by
centrifugation, and acidified to pH 2 with 5N HCi. After 24 hours,
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Figure 1 Flow sheet for the extraction of Humic and Fulvic Acids,

the precipitated humic acids were recovered from the solution by
filtration. The precipitate was washed several times with 1% HCL.
The total amount of humic acids extracted after six extractions
corregponded to 12.0% of the weight of the O0P3. Although more
humic acids could be extracted from OPS, complete recovery of humic
matter from COPS was an extremely time consuming procedure and hence
stopped after six extractions.
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Fulvic Acid Extraction. The solution obtained after removal of
humic acids was dialized against distilled water until free of CIL,
and then concentrated by evaporation of water at 50°C. The

reaidue was then extracted with methanol, followed by acetone. The
two extracts were combined, the solvents distilled, and the residue
was repeatedly redissolved in methanol until no residue was
observed. Finally, the selvent was removed from the c¢lear methanol
solution, yielding the fulvic acids. The humic and fulvic acids
were dried in a vacuum oven at 60°C to constant weight.

Bitumen. Analytical data reported for bitumen from bituminous feed
stock sand was taken from a round robin study (20). The sample
used in this study was a coker feed bitumen froﬁnéuncor, obtained
in February, 1981.

Asphaltenes. Asphaltenes were precipitated from benzene solution
of the above mentioned bitumen by the addition of a £ifty fold
excess of n-pentane over a period of 4-6 hours while stirring under
N,. the precipitated asphaltenes were filtered through a Whatman
filter paper #42, washed several times with n-pentane until the
filtrate became almost colorless and finally dried in a vacuum oven
at 60°C.

Humic Acid from 0il Sand. &nalytical data reported for humic acid
extracted from oil sands was taken from D.S. Montgomery {21).

Organic Matter from Low Grade Oil Sands. A low grade oil sand
sample (bitumen content =5%) obtained from Alberta Research Council
sample bank was used for isolating the toluene insoluble organic
matter associated with the mineral fraction of oil sands. The
sample was first extracted with toluene in a Soxhlet apparatus for
48 hours. Residue was dried at 100°C overnight and then treated
with 6 ¥ HCl to decompose carbonates, followed by digestion with
concentrated HCl to dryness. The residue was repeatedly washed
with warm water until free from chloride. It was then digested
with 35% HF to dryness and waghed repeatedly with warm water until
the washings became neutral. The organic matter concentrate so
obtained was then dried under vacuum at 50°C.

Elemental Analysis. C, H and N analyses were performed using a
Perkin-Elmer model 240 CHN analyser. Mineral carbon was measured
titrimetrically after acid digestion. Organic carbon was then
determined by subtracting carbonate carbon from total carbon.
Sulfur was analysed as total sulfur using X-ray fluorescence
spectroscopy. Oxygen was determined directly {(20). For mineral
samples containing adsorbed organic matter, the ultimate analysis
was done at the Energy, Mines and Resources laboratory using ASTM
procedure D271.

Ash Content. Ash content of oil phase golids and their solid
fractions was determined by heating at 380 * 10°C to constant
weight. After cooling to room temperature, the samples were soaked
in water for 4 hours and finally dried at 110°C to constant welight.
The difference between the initial and the final weights was taken
as "loss-on-ignition" (21).
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Instrumental Analysis. Infrared spectra were recorded using a
Perkin-Elmer model 683 IR spectrometer., Samples were run as KBr
pellets.

Proton NMR measurements were performed on a Bruker MSL 300 NMR
spectrometer (300 MHz). The spectra were recorded in solution in
NaOD and deuterated DMSO.

211 solid state C-13 NMR spectra were obtained at 22.6 MHz on
a Bruker CXP180/90 NMR spectrometer using the cross polarization
(CP) technigque with magic angle spinning (MAS). A contact time of
1 ms and a repetition time of 2s were selected. The maglc angle
spinning speeds were 3.0-3.4 KHz. Chemical shifts were determined
by position relative to tetramethylsilane (IMS). Each spectrum was
the Fourier transform of 3000-10000 free-induction decay curves.

¢~13 solution spectra of ~5% humic acid in NaOD were run at
75.47 MEz on Bruker MSL 300 WMR spectrowmeter, employing inverse
gated decoupling and 30,000-40,000 45° pulses at intervals of 3
seconds.

Results and Discussion

A typical analysis of the heavy metal mineral fraction
containing unextractable organic matter (oil phase solids, OPS,
loss on ignition at 380°C, 32.5%) is given in Table TI.

Table I
Analytical Data for a Typical 0il Phase Solid Sample

whte%
Carbon 19.3
Hydrogen 1.4
Nitrogen 0.3
Sulfur 3.5
SiO2 13.0
A1203 5.0
Ti 18.0
Zr 2.0
Fe 8.6
Cu 0.05
Ni 0.03
Mn 0.21
Zn 0.04

The fact that a major portion of this organic matter associated
with heavy metal minerals can he extracted with agueous NaCH,
gtrongly suggests the humic nature of this organic matter. One of
the most important characteristic of humic substances is their
ability to interact with metal ions, metal oxides and metal
hydroxides to form associations of widely differing chemical and
biological stabilities (22, 23). It is believed that ion exchange,
surface adsorption, chelation, cocagulation and peptization
processes are involved in such interactions (24-26}. Also, the
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humic substances are known to form both chelated and ionic
complexes with Al, Ba, Co, Cr, Cu, Fe, Mn, Ni, Ti and v(27-30). It
ig therefore, very likely that most of the metals occuring in OPS
are associated with the humic matter in the form of humic matter-
metal or metal oxide complexes.

The elemental compositions of bitumen, asphaltenes, organic
matter from a sample of toluene extracted low grade oil sand, humic
acid extracted from oil sands, OPS and humic and fulvic acids
extracted from OPS are given in Table II. Examination of the data
leads to the following conclusicons:

Table IL
Elemental Analyses (in Percentage of dry, ash free basis)

Sample wte % Atcomic
Ratios

C H N 5 C H:C 0:C

Humic Acid 67.37 4,40 1.00 3.0 24.23 0.78 0.237

extracted from OPS

Fulvic Acid 39,23 5,05 %.12 10.24 44.36 1.54 0.848
extracted from OFS

Organic Matter 61.24 5.22 2.82 4.15 26.57 1.02 0.33
associated with OPS

A Typical 0il Sand

Bitumen Sample 83.01 10.48 0.44 4.74 0.91 1.51 0.008
Asphaltenes

from 0il Sand

Bitumen 80.87 8.32 1.02 7.61 2.29 1.23 0.021

Humic Acid
from 0il Sands 67.41 4.34 1,42 2.66 24.17 0.77 .27

Organic Matter
from Low Grade
0il Sands 57.0 4.8 - 15.5 22,67 1.01 0.30

1. The elemental composition of the humic acid extracted from OPS
is remarkably similar to that of the one extracted from oil sands.
Both of these substances have considerably higher carbon content
and lower nitrogen and oxygen contents compared with the soil or
aquatic humic acids (28)., The composition of the hunic acids
extracted from OPS and oil sands resembles that of coal humic acid
more so +than agquatic or peat humic acids (gg).

2. Oxygen is the most abundant heteroatom in OPS, humic and fulvic
acids, and toluene extracted low grade oil sands organic matter.
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3. The carbon content of these fractions is considerably lower
compared to those of the corresponding asphaltene and bitumen of
the bituminous sand feedstock.

4. The sulfur content of the fulvic acid and toluene extracted oil
sands is considerably higher than those of other fractions
presumably due to the presence of inorganic sulfur (19).

5. The nitrogen content of OPS is about twice that of humic and
fulvic acids extracted from it.

Comparable elemental compositions of the humic acids extracted
from oil sands and OPS suggest that no appreciable alteration of
the humic matter occurs either during hot water extraction of
bitumen from oil sands or during storage in the tailings ponds.

Higher oxygen content of these fractions is typical of humic
materials as these materials are known to contain considerable
guantities of oxygen containing functional groups such as
carboxyls, phenolics, alcholic hydroxyls, carbonyls and methoxyls
(2B},

Lower nitrogen content of humic and fulvic acid fractions
compared with the feed stock could be due to the loss of some
nitrogen by hydrolysis of some nitrogen compounds during extraction
{31). Also one of the reviewers has suggested that NaOH may have
left N-containing material unextracted on the OPS.

The Van Krevelen diagram, which is a graph of atomic H/C
versus 0/C ratios provides a useful approach for the characteri-
zation of coals, kerogens and humic matter (32-~33). These
materials can be clasgsified into one of the three types based on
the Van Krevelen diagram.

Humic and unextractable organic matter from oil sands were
plotted on the Van Krevelen diagram as shown in Figure 2. All of
thegse fractions appear to be similar to type 3 kerogens. These
types of kerogens are known to be comprised of an important
proportion of polyaromatic nuclei and hetercatomic ketone and
carboxylic acid groups (33). Aliphatic groups are subordinate
constituents in varying proportions of this organic matter. They
consist of a few long chainsg originating from higher plant waxes,
some chains of medium length from vegetable fats, methyl groups and
other short chains. This type of organic matter is derived
essentially from terrestrial plants, and is incorporated in
sediment either directly or through its alteration products in the
form of soil humig acids. Humic coals have been classified under
this category (34). This type of organic matter is least
favourable for oil generation (33).

Infrared Spectra. The infrared spectra provide some indication of
the chemical nature of the material. It enables one to detect the
presence of chemical groups, preclude or limit the existence of

proposed structures, and demonstrate similarities and differences
in chemical structure of the organic materials studied. Infrared
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spectra of humic acid, fulvic acid, OPS and a sample of
asphaltenes are shown in Figure 3. The assignment of the various
bands is based on the published work foxr coal, asphaltenes and
humic materials (35-45). The main zones of interest are as
follows: -

1. A broad absorption band around 3200-3400 cm~!, related to
H-bonded OH groups (phenolic, alcoholic, carboxylic OH), small
contributions from N-H groups being also possible;

2. Weak to strong absorptions in the =2900 el reglon are
attributed to CH, and CHj aliphatie groups;

3, A broad band centered at 1720 cm“l, related Lo wvarious C=0
groups (ketones, acids, esters);

4. A medium intensity broad band centered at 1600 cm~l, attributed

I
partly to conjugated C=C bonds and partly to carbonyl of ketones
and/or gquinones;

5. Varying intensity bands at 1450 and 1380 cm~! are due to
bending frequencies of asymmetric C-CHg bond and/or methylene and
symmetric C-CH; bond respectively.

6. A group of bands located around 1100, 1030 and 900 cm~! are

assigned to C-0 stretch in aromatic oxygenated compounds, such as
aromatic ethers, sulfoxides and polysaccharides.

7. Strong bands in the infrared spectrum of fulvic agid at 800,
650 and 550 cm~! are considered aromatic out of the plane
frequencies and are important with regard to the nature of the
structure of aromatic clusters.

Fulvic acid shows a strong absorption at 3209 cm~ ! compared
with humic acid and OpPS. This indicates much higher OH groups
contents in fulvic acid compared with other fractions suggesting
greater hydrogen bonding.

Humic acid has a stronger absorption in the 2300 cm~! region
compared with weak absorption for fulvic acid. ‘This indicates the
presence of greater numbers of CH, and CHy groups in humic acid
compared with the fulvic acid. Two bands at 2420 and 2340 em”! in
the infrared spectrum of fulvic acids appear to be due to the
presence of an impurity. Phosphates are known to absorb in this
region (46). Fulvic acid has an extremely large and broad
absorptigﬁ'at 1450 cm~l compared with well resolved weak
absorptions at 1450 and 1380 em~! for humic acid, asphaltenes and
OPS. The much higher intensity of this band compared with the CH
stretching vibrations around 2900 cm—t preclude the assignment for
this band due to deformation vibrations of CH; and CH, groups.
Ignasiak et al. have recently reported a similar pattern in a polar
fraction extracted from oil sands (17). They assigned this
absorption to strongly polarizable carbonyl. groups such as
diketones and/or «, B-unsaturated ketonesg complexed to FeClg. The
presence of considerable quantities of iron in the ash from fulvic
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Figqure 3. Infrared spectra of OPS, humic and fulvic acids and
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acid supports the possibllity of such an assignment in the present
case.

The absorption due to -0 stretching and oH deformation of
COOH group and aryl ethers, is stronger and sharper for fulvic acid
compared with humic acid.

Bands for the aromatic out of plane frequencies around 800-500 l
cm~l are also much stronger for fulvie acid compared with humic ]
acid.

The essential features of the humic and fulvic acid spectra
are the same as of ops and asphaltenes. mhe major difference in
the spectrum of fulvic acid from those of other fractions is the
relative intensities of the various bands.

Proton NMR Spectra. Figure 4 shows the proton NMR spectra for
humic and fulvic acids. General features of +he two spectra are
gimilar. However, the humic acid spectrum shows a relatively
sharper and stronger signals compared with the fulvic acid
spectrum. Both spectra show a resonance around 0.7 ppm due to —-CHg
protons. Humic acid shows two signals due toO -CH, protons at 1.0
and 1.1 ppm. Corresponding signals in the fulvic acid spectrum are
located at 1.0 and 1.3 ppm. Weak signals around =2.0 ppm in the
fulvic acid spectrum could be due to the hydrogen on carbon atoms &
to ring.

Aromatic protons appear as a proad signal between 7-9 ppm in
the humic acid spectxum. Fulvic acid has a barely detectable broad
signal partly overlapped by the regidual protons from heavy water.

13¢ NMR Spectra. The CP/MAS—13C nmr spectra of the gtrongly bound
organic matter aggociated with heavy metal minerals and fines from
o0il sands and three humic acid samples extracted from OPS,
sub-bituminous coal, and a sample of peat are ghown in Figure 5.
Interpretation of the 13C nmr spectra has been based on the
published data on humic substances and coal related materials
(47-57). The spectra are poorly resolved and show only bands
rather than sharp peaks.

The presence of a broad range of aliphatic compounds in all

the spectra is indicated by the resonance in the 10-50 ppm range. :
The large peak at 30 ppm ig due to the presence of a number of J
repeating polymethylene units in humic macromolecules. The

presence of two small peaks at ~14 and 20 ppm in the gpectrum of l

OPS humic acid sample indicates the presence of long~chain-
terminating methyl groups. A emall signal at 38 ppm in the spec-
trum of humic acid from opPs could be due to the bridgehead or other
CH naphthenic carbons.

As the nitrogen content 1s low compared to the oxygen content
for these samples, carbohydrates, ether and methoxy groups are
expected to be the major contributors to the resonance in the
50-100 ppm region. Distinct bands in £his region are displayed by
the Peat humic acid and OPS humic acid. Tt is most likely that
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Proton NMR spectra of a) Humic acid from OPS, b)
Fulvic acid from OPS.
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this band is derived from carbohydrates considering the fact that
carbohydrates have been identified as major components of some
gsedimentary humic acids (Eg). However, the relative contribution
of polysaccharides in humic matter from oll sand and sub-bitumincus
coal is small compared with the Peat humic acid.

The aromatic region extends from 110~160 ppm. BAromatic ether
and phenolic carbons appear between 150-160 ppm, aromatic
bridgehead and substituted aromatic carbons between 130 and 150
ppm. The phenolic carbons in the humic matter from oil sands are
not resolvable as distinct peaks.

L distinct broad peak is observed at =180 ppm in the 13¢
spectra of humic acids f£rom OPS and Peat. This peak represents
carboxyl, amide and ester carbons, all of which have been
identified as important functionalities of humic acids (58).
additional resonances are observed downfield of the carboxyl
resonance in the region of approximately 200-220 ppm. These
resonances are characteristic of aldehyde and ketone carbons.
Although no distinct resolved peaks are observed, their presence is
obvious in the spectra of all three humic acids as a broad band,
with contributions of about 9.5-5% of the total signal.

The integration of each spectrum was carried cut by division
into regions and subsequent determination of their individual
areas. The position of regional boundaries in spectra is a matter
of definition, as no representative model compounds for these
substances are available. The limits were chosen according to
Ibarra et al. and Verheyen et al. {(55,56). The spectra were
divided into four regions as listed in Table ILI, below.

Aliphatic ethers and alcochols are usually considered to make

only a minor contribution to the structure of humic acids (55}.

Table III
Asgignment of 13¢ chemical Shift Ranges

Region Chemical Shift Range Carbon Type
B, 0-50 Aliphatic
A, 50-110 Aliphatic C-0H,
C-OR, Carbohydrate
B 110-145 Aromatic C-H

Aromatic C-C
Alkyl subsituted
aromatic carbon

C 145-160 Aromatic C-QH, C-OR
Dl 160-190 Acid, ester, COOQH, COOR
D2 190-230 Aldehyde, ketone

Aliphatic carbon (C,q) is given in the spectrum by region A, and A,
and Aromatic carbon (Car) by region B and €. The quantitative 13¢
nmr measurements are given in Table IV,
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Table IV
Quantitative 130 NMR of Humic Acids and Related Materials

Sample Area of Total Spectrum (%) Atomic A Fg
Al+A2 B c Dl D2 0/C

oPsS 39,1 38.8 12.4 9.2 0.5 0.31 -0.02 56

Humic acid from OPS 43.1 38.7 5.7 9,0 3.5 0.24 0.0 51

Organic matter from
low grade oil sands 32.6 46.2 9.3 9,6 2.3 0.31 +0.01 &3
Humic acid from

sub-bituminous ccal 34.0 35.6 12.0 13.8
Peat humic acid 55.4 21.7 7.7 13.4

59
0.36 ? 35

- b
M
o &
fou
B
k.
-

The contribution of oxygen bound to aliphatic carbong can be
estimated, according to Verheyen et al. (56), by comparing the o/C
ratios calculated from elemental analysis—ahd by 13¢ nmr measure-
ments (C+2D1+D2/100). If all the oxygen is present in carbonyl,
carboxylic and phenolic structures, the ratios calculated by both
methods should be comparable. Table IV shows the difference (A)
hetween the 0/C ratios calculated by +he two methods. The results
indicate that aliphatic oxygen functions are not significant
compared with the proportion of carbonyl, carboxylic and phenolic
groups in the humic matter from oll sands.

Table IV also lists the aromaticities calculated by integra-
ting peak areas assigned to aromatic carbons (100-160 ppm) and
normalizing to total area less the area of carboxyl carbons (54).
Tt is evident from the table that at least one half of the total
carbons in the humic matter from oil sands and sub-bituminous coal
are in aromatic locations. The aromaticities of unextractable
organic matter from oil sands and heavy metal minerals present in
0il sands (OPS) and of humic acids extracted from OPS are compara-
ble to the corresponding value for humic acid from sub-bituminous
coal, and much higher compared with the value for peat humic acids.
This suggests that the unextractable organic matter from oil sands
could be humic matter comparable in maturity to that of sub-
bituminous coal.

Conclusions

Significant portion of the organic matter adhering to the
heavy metal minerals from oil sands appears to be humic because of
its solubility in NaOH. Also, the elemental analysis, infrared and
NMR spectroscopic results indicate a remarkable similarity of this
organic matter to the humic acid extracted from oil sands. Infra-
red and NMR spectroscopic results indicate the presence of such
species as hydrogen bonded phenols, alcohols, ethers, polysaccha-
rides, amides, polyaromatics with long parafinic chains, carboxylic
acids, quinones and ketones. This is again consistent with the
material being humic. Most of the above mentioned functionalities
are capable of forming chemical bonds with metals, and metal
oxides. Chemical bonding between phenols, ethers, amides,
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carboxylic acids, quinones and ketcones and metals appears more
probable.

Humic matter from oil sands has H/C and 0/C distributions
comparable to the gross composition of peat, lignite and subbitu-
minous coal. It fallg in the region of kerogen (III} on the Van
Xrevelen diagram. This type of organic matter is usually derived
from plants of terrestrial origin and is rich in polyaromatic
nuclei and hetercatomic ketone and carboxylic acid groups (33)}.
Type III kerogen is not considered to have potential for hyafb—
carbon generation and usually matures to give coal (33). It
appears to be of comparable maturity to that of humic acids from
lignite or sub-bituminous coals and is relatively immature when
congldered in light of its o0il generation potential.

These observatlons are consistent with two possibilities. One
is that the entire oil sand deposit is immature, and that bitumen
and the type III Humic material simply represent independent
development of distinct source materials. Asphaltenes could then
be thought of at least as being related to type I Kerogen (33).

The second possibility is that bitumen was formed elsewhere,
perhaps in an older formation, and migrated to its current
location. In establishing relationships between the different
types of organic matter, the role of degradation and the presence
of metallic minerals 1is still largely unknown.
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