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Introduction

QOil shale is among the most important strategic raw materials of Estonia [1] and during
last 100 years a huge experience in oil shale mining, production of oil and electricity is
obtained. The know-how in oil shale industry is based on studies of numerous Estonian
researchers. Thanks to a strong domestic energy industry, even in 2017 Estonia has been
the European Union’s most energy-independent country [2]. However, oil shale industry
has a large ecological footstep and big investments have been made to reduce the
environment pollution. As an example of these efforts, during the last 30 years the CO>
emission has been diminished by a factor of two.

EU regulations foresee the replacement of fossil energy sources by renewable ones.
This placed oil shale based electricity generation under serious pressure as the market
price of carbon dioxide emissions was tripled [2]. The growth of prices for CO2 emission
seems to fasten as the European Commission has proposed to diminish greenhouse gas
emissions by 2030 at least by 55% from the level of 1990, so that Europe would become
carbon neutral by 2050 [3].

These circumstances led to fast changes in the energy field, during the year of 2020,
the Estonian electricity production from oil shale diminished by ca 43 % [4] This fall was
partly compensated by renewable sources of energy but the total energy balance was
still negative.

The role of wind mills and solar panels as electricity generators is gradually increasing,
and it is likely that in a near future, these sources will be able to cover the Estonian need
for electric energy during the periods of favourable weather conditions. However, daily
and seasonal fluctuations of the energy production is a serious drawback of the green
sources of energy. While short-time fluctuations can be compensated by pumped-storage
hydroelectricity [5], in future, hydrogen technology can be predicted to become the
leading option for storing renewable energy [6]. It should be emphasized that all these
green energy developments will be requiring long-term research, engineering efforts,
and big investments.

The fall of the production of green energy at the beginning of 2021 caused a big
increase of the electricity price; to compensate this decrease of green energy production,
oil shale power plants were switched on and they worked at their full output power.

The nowadays situation and the prediction of developments in production of electric
energy is summarized by the president of the Estonian Academy of Science as follows [7].

The society has to be provided with a large amount of stable electric energy. Our
present way of electricity production by fossil fuels should be kept alive till new sources
are able to replace the existing ones. It is not related only to habit, cheapness, comfort
and even to social policy, but first of all, it is the topic of the energy security.

In the frames of RITA program, the possibilities for continuation with oil shale in a
smart, clean and socially responsible manner were studied [8]. The study examines
options to continue with the existing production units in the oil shale industry
implementing CO2 capture, utilization and storage (CCUS) technologies. It was pointed
that COz capture is an environmental technology that does not improve the quality of the
final product and, as with other environmental technologies, leads to additional costs.
It was found that applying the most suitable CO2 capture technologies, the CO: footprint
of electricity production would fall by an order of magnitude, using the existing Auvere
plant as the reference. However, CO2 capture would not be financially feasible under the
current market conditions. Citing Ref. [8]: “Additionally, it would be possible to reduce
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the CO: footprint of electricity production by reusing the ash produced during
combustion. Using co-combustion of wood chips and oil shale it is also possible to
achieve a negative CO; emission, assuming that the CO: produced from burning wood
chips is not counted as CO2 emissions”.

The questionable feasibility of CO2capture is based on the present know-how, but the
intensive study of more efficient methods of the implementation of economically viable
and promising CCUS technologies takes place [9].

Using of oil shale as a solid fuel is on a crossroads and its future depends on
investments. Differently from this situation, the shale oil as a liquid fuel is competitive in
the world market even in the case of the most conservative scenarios and a new factory
will be built [10]. A novel technology implemented in this factory will reduce the CO>
emission by 3.3 times.

The fine chemicals obtained from oil shale are used in different fields of industry and
the export of phenol products (including fine chemicals) increases quickly [2]. Researches
have been developed new efficient methods like wet air oxidation [11], which application
in industry will broaden the list of oil shale based chemicals. Above all, the future of
Estonian oil is in the field of oil production and chemistry.

Oil and electricity production produces huge amount of gaseous, liquid and solid
by-products. These are not worthless waste but rather potential inputs for production
for a second go-round [2]. There are many ideas related to re-use of these materials but
up to now only a limited number of them is realized.

Environmental impact, yield of chemical products, lifetime of boilers/retorts and a
number of other factors depend on the properties of the raw material. Achieving a
minimum level of the surrounding pollution and a high efficiency of an industrial process
requires the knowledge of quantitative characteristics of the raw material. Because the
properties in the flow of the mined oil shale vary remarkably, a fast real-time testing
method is needed. Most of the existing control devices are single-purpose; as an
example, the moisture content is measured by the absorption of the microwave radiation
and this method cannot be used for the measurements of the gravel stiffness. In this
thesis we chose the laser induced breakdown spectroscopy (LIBS) as the main technique
for testing the oil shale properties. LIBS is a fast, non-invasive and safe method which is
applied for control of numerous industrial processes [12]. Information obtained from
LIBS spectra is multipurpose as using corresponding calibration curves it is possible to
find different characteristics of the raw material.

The study achieves its goal when the measurements are carried out in conditions
which are close to those on the running conveyer belt. In our experiments crushed oil
shale lumps have been used as samples; their moisture content was changed artificially
to mimic varying mining conditions.

Main LIBS experiments were made with oil shale lumps which had random orientation
and size. Besides, the LIBS spectrum was collected from a very small solid angle. To clarify
the effect of these factors limiting the accuracy of recording of LIBS spectra, two extra
studies were made. First, LIBS measurements were made with air-dry powder pellets.
Second, using the method of diffusive reflection spectroscopy (DRS), spectra were
recorded in the near infrared region (NIR). In case of DRS, the light was collected from a
solid angle of 27 sr.

The main aim of the thesis is the LIBS testing of Estonian oil shale samples for the
assessment of the values of caloricity, moisture content and concentrations of chemical
species. The LIBS results were calibrated using data obtained by other methods.
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While this thesis is based on the papers [PI-PIIl], not all the content of these papers is
reproduced: the main text of the thesis reproduces the most important parts of the
papers while adding insight to the physical background of the studied phenomena;
the appendixes with the full texts of the papers are assumed to be an integral part of the
thesis. It must be emphasized that there are minor differences in the terminology and
abbreviations used in main text of the thesis, as compared to the ones used in the papers.

The thesis is divided into four chapters. Each chapter is divided into sections and
subsections.

Numbering of references and figures are grouped according to the chapters.

Chapter 1 starts with an overview of general oil shale properties, geology of Estonian
oil shale (kukersite) beds, and the composition of different layers are described in more
detail. Next few sections are devoted to the oil shale mining and applications, together
with the related problems. In the final section, a detailed plan of the study is laid out.

Chapter 2 is dedicated to the optical methods used in the study. First, based on a
literature review, the physical background of the methods, and the procedures of
obtaining quantitative results are described. Besides, main results of different papers,
related to the study of raw materials by LIBS and DRS, are presented.

Chapter 3 starts with the description of samples, including a detailed explanation of
the method of variation of the moisture content. Further, the description of the used
optical devices is presented. Additionally, the methods of recording and preprocessing
the spectra, aimed to reduce the effect of fluctuations, are described.

Chapter 4 is devoted to the presentation and discussion of the results obtained by
using LIBS. It starts with the analysis of the background of fluctuations in spectra. As the
moisture can cause big changes in spectra, spectra of the samples with a low moisture
content were analyzed separately. Subsection 4.1.3 describes the multivariate regression
model, which allows better predictability of caloricity and moisture content values. DRS
results in 4.2 allows to clarify problems related to LIBS technique. Final section 4.3
collects the main conclusions of the study and proposes further developments of the LIBS
technique.
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1 Oil shale: properties and applications

1.1 General Properties

“0il shale is fine-grained sedimentary rock containing solid organic matter (kerogen).
Content of mineral as well as organic parts could be different”.

Kerogen is formed from organic material that can have many different origins. It is often
classified according to the origin of the organic material into three main categories:
terrestrial, lacustrine and marine.

Bitumen-

|
impregnated
/ rocks

Terrestrial oil shale

Organic-rich
sedimentary 0il Shales Lacustrine |
rocks oil shale

Marine oil shale '——kl Tasmanite |

Marinite

Figure 1.1. Classification of oil shale. Adopted from [13].

The oil shale from different deposits varies, depending on their geological deposition
period, the contents and types of minerals and chemical composition of the organic
matter [14].

The terminology of oil shale and shale oil contains many contradictions. Scientists and
experts around the world have long debated the use of appropriate terms, but have not
yet been able to define harmonized terminology. Under new terms to replace the
currently “shale oil”, “shale” and “shale gases” will be suggested.

The name of the material reflects the main field of application: In German, Estonian
and Russian names (in Estonian pdlevkivi, in German Brennschiefer and in Russian
gorjutchii slanets) are stressed its combustibility, but the name “oil shale” points a
possibility to produce oil by an industrial chemical treatment. In this case the oil is
obtained by heat treatment in the absence of oxygen (sometimes called retorting).

The name “oil shale” should not be confused with the “tight oil” which exists in
porosity structure of a number of sediments and rocks. Tight oil in these sediments and
rocks is natural raw oil. Even if the tight oil is achieved from sediments with heat or
thermal treatment (e.g. direct steam heating in the case of oil sand), it is not shale oil
[15].

The majority of oil shale contain organic matter derived from a variety of marine and
lacustrine algae species, with some debris from land facilities, depending on the
deposition environment and sediment sources. Organic matter in oil shale is a complex
blend and comes from carbonaceous residues of algae, Plant cuticle, stones, cork
fragments of herbaceous and woody plants, pollen, plant resins and plant marine waxes
and other cellular residual cell waste [16, 17]. The basic mineral matter of oil shale could
be of two types. The first type is carbonate, which contains a high proportion of carbon
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deposits (for example calcite and dolomite). The second type is siliceous, which contain
a high proportion of silicate deposits (for example clay, quartz, opal and feldspar) and it
usually gives a black or dark brown color to the oil shale [18].

Oil shale is mostly spread throughout the world. Oil shale deposits can be found on all
continents in over 600 deposits; the reserves are distributed more evenly compared to
fuel and for many countries, oil shale represents almost the only type of fossil fuel.
Oil shale kerogen is the fossil fuel like natural gas, coal and traditional petroleum [19].

The oil shale quality is evaluated by two main characteristics; oil shale calorific value
and oil yield of oil shale.

Oil shale as source of oil is characterized by quantities of oil or combustible gas that
would be yielded by retorting process. The oil yield is defined as the amount of oil
obtained from a mass unit during the process of low-temperature carbonization of oil
shale [20]. Oil shale differs from other humus fuels by its high ratio of hydrogen and
oxygen content in organic matter. The atomic ratio of hydrogen to carbon (H/C) is about
1.2-1.7, which is nearby of crude oil: 1.8-2.0. This resemblance is the main reason why
oil shale is measured an alternative source for liquid fuel production. Comparing oil shale
with primary solid fuels, it looks more like brown coal, which has an H/C ratio of 0.8.
For comparison, the anthracite coal ratio is about 0.3 to 0.4 [21].

Oil shale as a source of solid fuel is characterized by calorific value and mineral
content. The calorific value Q, MJkg™, shows the thermal energy achieved by burning a
mass unit. The calorific value can be in the range of 5 to 20 MJkg™, and mineral content
can be in the range of 30-70%. Due to the relatively high mineral content of oil shale, the
ash content can be up to 85%. The sulfur content of oil shale can be up to 12% and
moisture content range from 4-45% [22].

1.2 Estonian Oil Shale Properties

The main type of the Estonian oil shale is known as Kukersite, which is a type of kerogen
[23]. This organic matter is deposited in marine limestones and it is formed during the
Middle Ordovician to Early Late Ordovician time span [1].

Estonia oil shale resources are estimated 5.94 billion tons [24], which are the ninth
largest in the world [25]. The sites of Estonia’s oil shale resources covers 5000 km? and
are located in northern Estonia and extend east of Russia to St. Petersburg, In Estonia,
a somewhat younger deposit, the Tapa deposit, overlies the Estonia Kukersite deposit,
Figure 1.2 [24]. Oil shale is currently mined in three open pits (Narva, P&hja-Kividli, Ubja)
and two underground mines (Estonia, Ojamaa).

14



Baltic Sea \\9\}1{\" _ Gulf of Finland ]
__—_Sillamae /., 3
2 —\h‘_Narv‘a“i =
;1 Tallinn
@ City Tapa Deposit

O Oil Shale Deposit (Estonia)
O Oil Shale Deposit (Russia)

0 10 20 30KILOMETERS
—

Leningrad
Deposit

Figure 1.2. Map of Estonian oil shale resources, [25].

Bed Caloricity, | Oil yield,
ind Mlkg1 %
1 5.0, m index g o
H 8.2 14.6
4.5 G/H
I G 15.8 28.1
4.0
F,/G
I 3.5
3.0
F, 5.1 9.1
I 25 Fy 9.4 14.6
E/F,
2.0 E 12.1 215
D/E 3.1
1.5 D 10.6 18.9
I c/D
1.0 c 109 19.4
B/C 34
B 18.5 32.9
0.5 A7B 74
A 5.7 10.1
0 A 15.0 26.7

Figure 1.3. Main characteristics of kukersite oil shale beds in the Pohja-Kividli open-pit mine.
The origin of the scale is at the bottom of the deposit. Adopted from [1].

The kukersite oil shale beds vary depending on the deposit location and form up to
20-30 m thick succession. However, individual kukersite beds of chocolate-brownish colour
are commonly 10—40 cm thick and may reach as much as 2.4 m. The kukersite oil shale
has as many as 50 beds. The oil shale bed has a complex heterogeneous structure and
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consists of oil shale’s layers of different quality that alternate with limestone layers
[1, 26]. Beds currently mined are designated by capital letters A-H, Figure 1.3. Only layers
A, D and H contain pure kukersite. Other layers contain, on a larger or smaller scale,
limestone compositions with an average kukersite content of 8%. The energy content of
different layers depends on the plenty of the mineral part, its higher amount leads to a
lower energy content.

Limestone layers D/E, E/F1 and B/C are organic limestone, while A, A’ and A’/B is
clay-like limestone. The mineral (as well as chemical) composition of all the ingredients
alone is relatively stable, regardless of the location and the deposition layer.

Table 1.1 shows the characteristics of the different oil shale layers. As layers G and H
are separated from lower ones by a meter-thick limestone layer they are not used for
production, mainly for economic reasons. The thin layers deeper than layer A also are
not used. In the case of underground mining layer F forms the mine ceiling, but in the
case of open pits, it is used.

Table 1.1. Characteristics of oil shale layers [26].

Layer Character of layer
H Not used for production
G/H Tight limestone
G Not used for production
F./G A clay-rich limestone with clayey oil shale interlayers
Contains plenty of intermediate oil shale interlayers of variable thickness.
Fa In the oil shale base layer there are two or three layers of different calorific
value
E/F1 A thin organic rich interlayer without fixed borders
E The most important payable layer besides layer B. Limestone content is
lower than in other layers
D/E A thin organic rich limestone layer
D Contains plenty of thin limestone layers, only with difficulty separable
from upper and lower limestone interlayers
C/D Mostly pure limestone
C Limestone-rich layer
B/C Layer of variable thickness containing organic matter in substantial amount
B The most important payable layer containing small layers of crystal
limestone
A/B Interlayer A/B—the clayey limestone
A The layer A, distributed into upper and lower zones. The upper one is a
limestone-rich oil shale layer
A/A A clayey organic-rich limestone layer
A A clayey oil shale layer without limestone inclusions
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In addition to organic matter, Estonian oil shale is mainly composed of limestone and
clay, as shown in Table 1.1. Clay does not exist in the oil shale bed as a separate layer but
is distributed into oil shale and limestone layers as the addition of fine-grained, consisting
of sand and clay.

Estonian oil shale (as a dry matter) can be classified into three categories: sandy clay,
organic material and carbonates. The chemical composition of three main parts of oil
shale is presented in the Table 1.2, [26]. Organic part of Estonian kukersite is described
by an empirical formula Cs21H638044SaNCl [23].

Table 1.2. Chemical Composition of the Estonian oil shale.

Sandy clay part Organic part Carbonate part
Average Average Average
Compound Content % Compound Content % Compound Content %
Al,O3 16.1 H 9.70 CO; 45.1
H,0 2.6 C 77.45 FeO 0.2
SiO; 59 N 0.33 MgOo 6.6
FeS, 9.3 o 10.01 Cao 48.1
Cao 0.7 cl 0.75
MgO 0.4 S 1.76
Fe203 2.8
Na,O 0.8
K20 6.3
TiO, 0.7
SO3 0.5
Total 100 Total 100 Total 100

The total content of these compounds of oil shale is 100%, which means that there
are no other organic compounds or significant minerals.

The layer B has the highest calorific value 18.5 MJkg™ and layer A’/B has lower calorific
value 2.4 MJkg™. At the same time, calorific value of standard grades of coal changes
from 33.412 MJkg™ to 16.077 Mlkg™ [27].

The layer B has the highest oil yield 32% and the layer F2 has the lowest oil yield 9.2%.

Above-presented numerical values describe dry oil shale, but the moisture content of
commercial oil shale can range from 8 to 14% [20].

1.3 Oil Shale Mining

At present in Estonia oil shale is extracted by opencast mining and underground mining.

In both cases, oil shale is excavated and transported to a treatment plant where it is
crushed, sometimes upgraded and then heated to produce shale oil or placed in ovens
to generate heat or electricity. Different types of mining technology are used in the
deposit.

e Opencast Mining

The open pit mines “Aidu” and “Narva” use stripping with dragline, bucket 10-15 m?3.
Overburden and the bed both are separated by blasting and then stripping is done with
smaller excavators on surface with a thin overburden using front loaders and hydraulic
excavators. Overburden carried out by loaders and trucks. The overburden thickness
limit is evaluated for 27 to 30 meters [28].
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Mass extraction of all beds (F-A layers) takes place in the open cast mining in Aidu
where a separation unit operates. The open cast mines in Aidu and Narva use selective
extraction in three layers of seams. The upper (F/E) and the lower (B/C) layers are
extracted as run of mine, the middle seam (interlayers D/C and F/E) is pushed or
dehydrated in the extraction area. If the bed breaks mechanically, with washers, the oil
shale extracted completely and selectively. Layers A and D are taken in run of mine, which
were lost in a partial selective extraction [29]. The D/C layer is extracted with a hydraulic
hammer and pieces of limestone are loaded and transported to the screening and
crushing plant where the aggregate is produced by successively placed impact crushers
and is sifted into required fractions. The method for producing aggregates is to use the
Wirtgen 2500 SM surface coal miner [30]. The crushed limestone must have a cubic
particle shape. The problem is that the aggregate produced by the surface miner is
characterized by many fine and thin particles and therefore the instability index of the
aggregate is high [31]. The aggregates produced are washed to minimize the fine content.

One way to get limestone concretions from oil shale layers in uncrushed form without
separation and to adjust the cutting thickness of surface miner in correspondence to
thickness of concretions [32].

Eesti PGlevkivi’s Narva mine also began with selective export [29]. The miner can cut
limestone and oil seams separately and more precisely from the ramps (2...7 cm) with
deviations of about 1 cm [33].

e Underground Mining

Underground mining technology uses blocks of room, formed up to 10 meters long work
surface [34]. The roof of the room supported with pillars that are not extracted oil shale
(25% averaging of reserves) and fastened to the upper rock layers.

Longwall mining has also been used, where the bed was mined with a carbon cutter
shearer loader. During the mining performance with the shearer, the A—C layers were
extracted, so it was actually selective extraction. This method of extraction was more
productive, but much more capital intensive [20].

In enrichment plant a rough separation of organic and mineral lumps of oil shale is
carried out in sink/float tanks. The tank is filled with water and, depending on the
materials to be separated, additives to alter the fluid’s density are added. The mixed
stream of oil shale and limestone is directed into the tank where high-density limestone
will sink, but low-density kerogen will float. The separated lumps will be conveyed for
further processing [35].

1.4 Areas of Applications

Comparing with the other countries, the use of oil shale in Estonian economy is high. Qil
shale has no export potential as an energetic mineral due to its low calorific value and
high mineral contents, and oil shale is only cost-effective when used as a raw material
for industries located close to shale mines. Qil shale is mainly used for fuel production
and electricity generation, while the production of oil is gradually increased and the role
of oil shale in electricity is diminishing [2]. Products achieved from the processing of oil
shale (shale oil, electricity, building material and chemicals) have good export potential.
Depending of area of use specific technology with corresponding equipment have been
developed. Figure 1.4 presents the different fields of oil shale applications [2].
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Figure 1.4. Oil shale value chain. Adopted from [2].

¢ Lime and Gravel

Limestone extracted from oil shale in the mines, is used for production of high-quality
gravel [36]. Gravels constitute the majority of coarse aggregate used in concrete with
crushed stone making up most of the remainder. It is also used in road construction [37].
Some lime is sent to the lime factory for further process (Lime Kiln, Crushing, screening,
grinding and hydration) under specific parameters (pressure, moisture content and
temperature) [38, 39].

e Shale Oil Production

Compared with coal, the oil shale kerogen contains more hydrogen and can therefore be
subjected to thermal conversion into oil and gas [40]. At the moment the production of
oil is the most important outcome in the oil shale industry.

Shale oil is produced by pyrolysis process. Pyrolysis is the thermal decomposition of
materials at elevated temperatures in an oxygen-free atmosphere. The oil shale is heated
at high temperatures until kerogen decomposes into vapors of petroleum-like
condensable shale oil, a non-condensable combustible oil shale gas, solid residues
(semi-coke, ash, pitch residues) and phenolic water [41]. The yield of oil shale and exact
composition not only depend on the composition but also on the type of reactor where
the oil was produced, as well as on process parameters such as pyrolysis time, heating
rate and pyrolysis temperature in the reactor.

In Estonia, the next types of retorting technology are used:

—  Gas heat carrier (vertical retort) technology, it is an internal combustion technology
in which the gas is used for heat transfer. This technology uses grains of 25—-125 mm
size and the temperature of the pyrolysis 900 °C (Kiviter technology, used in the Viru
Oil plant and Kividli oil plant), the process results in oil steam and gas [42].

—  Solid heat carrier (horizontal rotating cylindrical retort) technology, in which circulating
solids are used as a heat carrier. This technology uses grains up to 25 mm size and
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the temperature of pyrolysis is kept at 520 °C. (Galoter technology, operating in the
Narva oil plant) [43]. Currently there are different modifications of Galoter technology
in use, the latest is realized in the plant Enefit-280 [44]. This process results in oil
steam and gas, which calorific value is higher than that of gas heat carrier technology
[45].

—  The parallel use of these two technologies, allows a greater flexibility in the use of
raw material, the oil shale fraction sized 0-125 mm is used, simultaneously, the finer
fraction of raw material shifted from the Kiviter process can be used in the solid heat
carrier process [46].

The overall efficiency of the use of oil shale is 43% and 52% for Kiviter and Galoter
technologies, respectively [47]. Using the oil in cogeneration plants, the efficiency of
production of heat and electricity could reach 79%.

The advantage of the oil resulting from the Estonian oil shale pyrolysis is that it is lower
in sulfur content than petroleum based oil and has a low viscosity for its density [2].
The sulfur content of the shale oil from the Estonian producers is on average 0.8%, which
meets the criteria for low sulfur fuels. In the future it is also planned to reduce sulfur in
all oils to 0.5% by volume and in the distant future to less than 0.1% [2].

In addition to electricity, heat and fuel, there are also various chemicals produced
from shale oil. Some of the chemicals, for example phenols are important in industry as
a raw materials and additives [48, 49]. The overview of current research trends in the
production and separation of phenolic rich bio-oils, as well as their applications are in
[50]. The results of the full chemical analysis of Estonian oil shale —characteristics of shale
oil, analysis and distribution of sulfur, pyrolysis mass balance analysis are presented in
[51]. In VKG (Viru Keemia Grupp) valuable chemicals extracted from the phenol water,
which is the by-product of oil production. Fine chemicals have high purification level, i.e.
over 99% [2]. Oil shale chemicals are widely used in the manufacture of moulds and as
epoxy adhesives in rubber, plywood and the petroleum industry. Phenols generated are
used in Lexus and Toyota car companies to make high-strength tires. The fine chemicals
derived from shale oil are used in the perfumery, cosmetics and electronics industries.
Products with a high purity can be found in medicines and hair dyes. LCD monitors liquid
are also made from them. More information about the fine chemicals are in [2, 52].

The combined use of oil shale and shredded tyres in a pyrolysis process works when
shredded tyres make up up to 10% of the fuel mixture. The quality of the oil produced
from a combination of shredded tyres and oil shale remains the same and the
environmental impact does not increase. Eesti Energia plans to start making oil from
tyres at the end of their life cycle in the coming years [2].

o Electricity Production
Due to development of green energy and European environmental regulations,
the importance of oil shale based power plants is diminishing drastically. Nevertheless,
these power plants maintain their role as a stabilizing factors in electricity production.
In Estonia two different combustion technologies of oil shale for power generation are
implemented: pulverized firing (PF) and circulating fluidized bed (CFB) technologies.
Latest studies related to PF and CFB technologies are presented in [53, 54]. Some of the
test results in CFB technology and the reliability of the boiler are presented in [55—-60].

—Pulverized Firing (PF)
Currently, PF is the most common high temperature combustion technology for solid
fuels. The main issues considered in design of oil shale firing boilers are presented in [61].
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In case of PF technology the combustion area increases greatly, thus increasing the
thermal efficiency, it results in a faster combustion rate.

During the burning pulverized oil shale, the maximum flame temperature in the
furnace chamber reaches 1400-1500 °C.

Besides, if the lower grade oil shale is pulverized then it can also be used as an efficient
fuel.

Compared with solid fuel firing PF technology have the next advantages [62]:

°  The start of the PF technology is faster than that of the solid firing system. Even
from a cold state its operation starts very quickly and efficiently. This feature of
the boiler system is essential for ensuring the stability of the electrical network.
Another key feature of PF technology is that it has no moving parts inside the
combustion chamber which gives it a long trouble-free life.

°  Ash handling is simpler in this system, as there is no solid ash.

—Circulating Fluidized Bed (CFB)

In case of CFB the gas and solids mix turbulently and compared with PF a better heat
transfer is achieved. Up to 95% of pollutants can be absorbed before they are released
into the atmosphere. As the fuel burns at temperature interval 760 °C — 927 °C, the
formation of nitrogen oxide is negligible [63]. In CFB conditions sulfur dioxide emission is
significantly reduced due to mixing the fuel particles with limestone or dolomite. As a
result, 95% of sulfur pollutants are absorbed.

Alternatively, the sulfur-absorbing chemical and fuel will be recycled for increasing the
efficiency production of high quality steam as well as for the lowering the emission of
pollutants. Therefore, it will be possible to use circulating fluidized bed technology for
fuel combustion in much more environmentally friendly method as compared to other
conventional processes [63].

Due to design of CFB boiler no significant polluting or corrosion of heat exchangers
have happened in CFB boilers at Narva power plants [57].

Using combined combustion of oil shale and biomass in the CFB helps to replace the
use of fossil fuel by renewable one. Modern Auvere Power Plant can operate with 50%
on biomass, up to 100% on oil shale, 10% on shale gas and 20% on peat. The effect of
biomass and oil shale co combustion on emission, CFB boiler thermal efficiency,
distribution of particle matter, CO: reduction and ash chemical composition was
investigated in [64-70].

If biomass fuel compared with fossil fuels then the most important differences are
variability of fuel characteristics, low energy density, higher moisture contents and low
nitrogen and Sulfur contents of biomass fuels. The moisture content has a large influence
on the combustion process and on the efficiency. In the future wide range of biomass
fuel utilize in large-scale power generation [71].

¢ Oil Shale Ash

The inorganic part of Estonian kukersite oil shale consists of carbonates and terrigenous
materials. Commercial oil shale contains 65 to 80% of mineral matter. Combustion of oil
shale produces ash with diverse mineral composition [72]. The main ingredient, calcium
carbonate makes up 57 to 75% of the total mineral matter content. Besides, the mineral
part of the inorganic matter contains fine-grained quartz (SiOz) (8 to 16%), orthoclase
(KAISi30s) (4 to 8%), mica (silicate minerals) (6%), marcasite (FeS:2) (4%), and hydromica
[73].
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Ash properties (chemical and others) depend on burning conditions (PF vs CFB) but
also in separation point (bottom ash, fly ash) [74]. The problems relating to the
chemical-mineralogical composition of oil shale ash and the conditions at hydro (wet),
dry, or semidry ash removal are analyzed in [75].

Oil shale ash produced during oil and electricity production has a number of
applications [72, 76]. The shale ash can be used to produce various cements as well as
different construction materials such as blocks and various mixtures and for many other
purposes [77]. Currently, the most effective way is to use oil shale ash as a raw material
for cement production [78]. Portland cement raw material made from oil shale ash that
came from fly ash, which collected from electrostatic exhaust gas cleaners at power
plants. Applications of oil shale ash as cement in the building material industry are in
[79-81].

Recently oil shale has become a beneficial debtor in road construction activity and
restrictions on crushing, limestone mining and sorting. Crushing is the main method of
benefit, which is the softest part of oil shale, i.e. organic material, and screening it out
[20].

Oil shale ash helps to increase the harvest of the fields, as it has high calcium
carbonate content, which helps the soil to enrich it with trace element and to neutralize
pH levels faster which neutralize acidic soils and to improve crops and grassland soils
[72]. Besides, the results of studies confirmed that the fertilizer produced from oil shale
ash helped in absorbing nutrients to plants from soil, inhibited the growth of mosses and
reduced plant diseases [82].

Recent research of Ragn-Sells Company shows that calcium carbonate, which is one
of the main oil shale components could be used in a wide variety of products, such as
adhesives, sealants, food and pharmaceuticals, paints, coatings, paper, cements and
construction materials [83].

1.5 Industrial Assessment of Oil Shale Quality

Among the main parameters of the quality of oil shale are the calorific value and the
moisture content. The quality of oil shale entering the plants is variable but from the
viewpoint of the efficiency and lifetime of oil retorts and boilers a relatively constant
quality of raw materials is required [84]. Furthermore, the emission of greenhouse gases
as well as other harmful by-products of oil shale processing depend also on the choice of
treatment of the raw material. In previous days the quality management of oil shale
production was mostly a financial problem [85], but nowadays the problems related to
the ecological footprint are at the foreground.

Calorific value shows how much energy in the form of heat the fuel can generate
during combustion. Net calorific value differs from gross calorific value in that it does not
include the condensation heat of water, as this is usually dissipated as unused steam:

Net calorific value = gross calorific value — condensation heat

Thus, the gross calorific value is always higher than the net calorific value.

The procedure of determination of calorific value of oil shale is fixed in Estonian
national standard EVS-ISO 1928:2009 Determination of gross calorific value by the bomb
calorimetric method and calculation of net calorific value [86]. According to this standard,
the gross calorific value is found by combustion of a fixed amount of oil shale in the
calorific bomb at atmospheric pressure and etalon temperature 25 °C. The calorific bomb
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is calibrated by certified benzoic acid combustion. Using empirical relationships, the
knowledge of the moisture content allows to calculate the net calorific value.

The moisture content of a sample is the loss in weight (%) after oven drying at a fixed
temperature until constant weight is obtained. Procedures foreseen for finding of the
moisture content are described in Estonian national standard EVS 668:2018 Oil shale:
Determination of moisture [87].

1.6 Environmental Aspects

The production of oil shale has a potentially serious impact on the environment [88]. Qil
shale industry has several environmental impacts such asland use and solid waste
management, water and air pollution, which caused by the extraction and processing of
oil shale [89].

e Land contamination and solid waste arising

The most striking impact of the oil shale industry is the disruption to land use and waste
disposal [90]. The value of existing land use as an ecosystem should be assessed before
the development of oil shale and the overall environmental impact assessment should
also consider the loss of land use after restoration. Mining waste, petroleum (including
semi-carbon) and combustion ash require additional land use, therefore should avoid
high-density population areas [90].

The waste material can contain of several pollutants including heavy metal, sulfate
and polycyclic aromatic hydrocarbons (PAHs), some of which are carcinogenic and toxic
[91, 92].

Solid waste treatment is an important environmental issue related to energy
production. A peculiarity of oil shale is the high content of minerals about 40-50% of the
original mass remains after combustion. The ash formed at the Narva power plant in
Estonia and at the Ahtme power plant is deposited in ash fields next to the power plants.
Hydro-transport is used to transport large quantities of ash, i.e. the ash is pumped to the
storage site mixed with water. The ash is transported in closed systems, where the
transport water does not come into contact with the environment. Surplus water
generated by the precipitate is neutralized and treated as required and then transported
to the environment in accordance with the terms and conditions set out in the
environmental permits [90].

Citing Ref. [93], “To keep the environment decent and save natural resources, the
producing of waste must be avoided as much as possible and the existing waste must be
collected and managed in an environmentally friendly way. Estonian goal in the area of
waste is to recycle, as much as possible, the materials left over from consumption”.
Further (ibid.), “Waste must be recycled and reused as new materials. The environmental
risk coming from waste should also be decreased.”

e Water Management

The analysis of the water situation is complicated by the fact that the main oil shale area
is located on mechanical power and the chemical industry in Estonia. Water represents
the main pollutant carrier in the oil shale industry. An environmental issue is to prevent
the leakage of harmful materials from consumed shale to the water supply [21].
The treatment of oil shale is accompanied by the formation of treatment of water and
dirt water containing tar, phenols, and many other products, much distinguishable and
toxic to the environment [94]. Phenolic compounds are present in water bodies due to
the discharge of contaminated wastewater from industrial, agricultural and domestic
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activities into water systems. These compounds are known to be toxic and cause both
severe and long-term effects in both humans and animals [95]. It has been concluded in
[96] that phenol causes many harmful effects on fish and concerns about public health.
Industrial wastewater must be treated before entering the water resources.

o Air Pollution

The highest air pollution is caused by oil shale power plants, which provide atmospheric
emissions of gaseous products such as sulfur dioxide, nitrogen oxides, airborne
particulate matter and hydrochloride. It contains on different types of particles
(carbonated, inorganic) and different sizes [61, 97]. The concentration of air pollutants
in the flue gases mainly depends on the combustion regime and the combustion
technology, while the emissions of solid particles are determined by the efficiency of the
ash collection devices [61].

The open deposition of semi-carbohydrates causes the distribution of pollutants in
addition to aqueous trajectories also finished in air (dust) [94]. There are probably links
from being in an oil shale area with a greater risk of cancer and asthma than other areas.

The sulfur dioxide remaining in flue gas is still excessive, thus forming the great air
pollution problem. Although plants has been equipped with electrostatic precipitators
and bag filters, the fly ash concentration in flue gas is still high. The dust particle amounts
to about 1% of the oil shale burnt [98].

e Greenhouse Gas Emission

Processing of the oil shale is associated with fossil fuel combustion and carbon dioxide
emissions. Additional production of this greenhouse gas is due to the high decomposition
temperature of the carbonates contained in the oil shale. The oil shale retorting also
produces another greenhouse gas, methane. Growing public concern about the negative
effects of global warming could lead to a reversal in the development of oil shale [90].

1.7 Requirement for Characterization of oil shale

In summary of the above-presented overview it is possible to bring forward the main

factors which should be kept in mind in development of methods of oil shale

characterization in industry.

e Asarule, the thickness of individual kukersite beds is only few tens of centimeters
and the content of organic matter in different beds vary remarkably.

e Nowadays methods of selective mining as well as oil shale processing in enrichment
plants allow remarkably homogenize the quality of oil shale used for further
processing but quantitative data (like caloricity, moisture content, etc) become
available with a long delay. The calorific bomb method has several steps (sampling,
transport, average of the original sample in a detailed sample, grinding, moisture
content measurement and finally determination of the calorific value of a bomb) and
it takes several hours.

e For efficient work oil retorts and boilers of power plants require a relatively constant
quality of raw materials and fuel. In addition, inorganic components in oil shale have
a direct impact on the retort/boiler operating conditions. The presence of low
melting oxides in the ashes is responsible for the formation of undesired ash
deposits, which affect the heat exchange and the overall boiler efficiency.
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e At the moment the main outcome of oil shale is the production of liquid and solid
energy carriers. Both products have a large impact on the environment and use large
amounts of water. A problem of major importance is how to reuse the gaseous,
liquid and solid residues and/or make them less hazardous for the environment in
accordance with EU regulations.

e Qil shale as a hydrocarbon resource is used for production of fine chemicals and it
has a big potential in this field. Developments in this direction need quantitative
information about the chemical compounds/elements of the raw material.

On the basis of this information we set a more detailed plan of the study.

First, because of the variable quality of oil shale, on-line information about the integral
oil shale characteristics like the gross caloricity and the moisture content is required.
True on-line measurements exclude any preliminary preparing of the raw material.
As oil shale is a mixture of lumps of organic and inorganic matter with variable properties,
the information obtained has a statistical nature and for data processing appropriate
mathematical algorithms should be applied.

Secondly, as the efficiency and life-time of retorts and boilers depend on constituents
of raw materials, the information about concentrations of inorganic matter helps to
choose optimal working regimes of these devices. Besides, the information about the
constituents allows to minimize the environmental impact.

Thirdly, methods developed for oil shale studies should be easily applied in another
field, for example for analysis of waste material.

Finally, devices applied for measurements should be safe and user friendly.
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2 Spectral Methods and Data Processing

There are several analytical techniques for raw material analysis. Over the years,
standard test methods based on different chemical processes have been established.
However, these methods typically use a few grams of raw material’s sample from tons
of material traveling on a conveyor belt and may not be able to provide representative
results due to the inhomogeneity inherent raw material. In addition, it takes several
hours to complete an analysis. This obviously hinders real-time requirements.

Currently available on-line analysis methods are X-ray fluorescence (XRF), prompt
gamma neutron activation analysis (PGNAA), microwave analysis, near-infrared diffusive
reflectance spectroscopy (DRS), and laser-induced breakdown spectroscopy (LIBS).
All these methods are non-destructive. Among these, XRF is the analysis of the
characteristic emission of secondary X-rays after material bombarding with high energy
X-rays. PGNAA analysis records the energy spectrum of y rays arising by irradiation the
sample with a neutrons beam. These methods suffer from low accuracy, radiation risk
and the corresponding devices are bulky and have a high cost. The application of
microwave technology is limited to the finding of the moisture content. The DRS
advantage is the simultaneous analysis of vibrational spectra of many important species.
LIBS is a safe method and it needs only optical access to samples without any sample
preparation. Besides, LIBS allows all-element detection with high sensitivity [99].

This chapter describes the basic of LIBS and DRS methods. Additionally, an overview
is given about the main results of publications where LIBS and DRS are applied for raw
material studies.

2.1 Laser-Induced Breakdown Spectroscopy (LIBS)

In case of LIBS, the laser radiation causes the heating of a thin layer of the target surface,
followed by melting and evaporation of the target material. The evaporated material
expands, and because of the high temperature, a plasma is formed in the material plume.
This plasma contains electrons, ions, as well as ions and neutral species in excited states.
The spectrum of light originating from the excited species in the plasma constitutes is
measured by a spectrometer [100]. LIBS is an attractive and effective technique that can
be used to detect and characterize material [101].

2.1.1 LIBS Phase
The evolution of the laser-target interaction process passes a number of phases.

Characteristics of these phases depend on many factors like the duration, wavelength
and intensity of the laser beam, properties of the target material and properties of the
surrounding atmosphere [102].

By varying the laser pulse duration from femtosecond range through pico- and
nanoseconds up to the microsecond range, different regimes of laser ablation can
be studied. In the case of femtosecond lasers (1fs = 107%s), the pulse duration is too
short for inducing thermal effects and the ablation is related to non-thermal
procedures such as light absorption, plasma formation, non-linear ionization and
ablation. In case of picosecond lasers (1ps = 107%%s) the thermal effects are dominating;
the laser energy liquefies and evaporates the sample, and the rise in temperature
excites/ionizes atoms. Formed plasma plume remains optically thin i.e. the laser radiation
is not absorbed in plasma and it reaches the target surface.
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Up to now, most of LIBS studies are carried out with nanosecond (1ns = 107s) lasers.
Initial phases of ns LIBS do not differ from that of fs and ps lasers. In its initial stage the
plasma temperature reaches several tens of thousands of Kelvin. In between 10~ s and
10785, the plasma becomes dense to the laser radiation and this is why in later moments
the laser radiation is mostly absorbed by the plasma medium [103].

—Laser Beam — Region of energy
deposition
»

Sample ~EE

a b c
Eleme‘nt specific erIlission
AN
Crater Particles

BV a

d e

Figure 2.1 Main stages of the LIBS process are depicted in diagrams a-e.

The main stages of a nanosecond LIBS process are depicted in Figure 2.1. At the initial
stage (a), a pulse of the laser beam is focused onto the surface of the sample to be
examined. At the second phase (b), a thin layer of the target surface is warmed up by the
laser radiation and the material starts to evaporate. During the next stage (c) within this
material vapor and the surrounding gas atmosphere, a high-temperature plasma plume
is generated where the atomization, ionization and excitation of the material
constituents takes place. Stages a-c take place while the laser pulse is on. After the end
of the laser pulse, at the stage d, the plasma decays and the element-specific radiation
starts to dominate in the plasma spectrum. Finally, at the stage e, the crater is formed in
the solid sample [12].

From the viewpoint of spectroscopy, the stage d is the most important one because
at this stage, the emission of elements is resolved spectrally and it is detected by the
spectrometer. The spectrum of the plasma emission has continuous and linear parts.
The continuous spectrum is caused by free-free transitions of electrons (bremsstrahlung)
as well as by free-bounded transitions of electrons with different bounded energy states
of atoms and ions (recombination). Both the plasma spectrum and the plasma density are
changing with time. Immediately after the laser pulse, the plasma emits predominantly a
continuous spectrum and only small peaks of the spectral lines of atoms and ions are
detectable. With the growth of the delay time t4 from the laser pulse, plasma cools down
and the ratio of the peak intensity of spectral lines to the continuous spectrum increases
significantly. Alongside with this trend, the width of spectral lines (which had been
increased due to the Doppler and Stark effects) becomes smaller, which leads to a better
resolution of spectral lines. At the same time the peak intensities of spectral lines are
decreasing gradually, which causes the decrease of the signal-to-noise ratio. Thus, from
the viewpoint of spectral analysis, there is an optimal value of the delay time t.
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Figure 2.2. A—the method of recording LIBS spectra. B—a spectral line of the carbon ion at different
delay times; target — pure graphite; parameter — tyin nanoseconds, At = 20 ns [104].

Figure 2.2A shows schematically the method of recording of LIBS spectra. In this figure,
the delay time tq is time interval between the laser pulse L and the moment when the
spectrum recording starts. During the following time window (time gate) of length At,
the spectrometer records the spectrum. Figure 2.2B demonstrates how the spectrum
recorded within the timegate of length At depends on the delay time tq. If the delay time
ta = 60 ns, the plasma is still very hot, hence the intensity of the continuous spectrum is
dominating. Additionally, because of the high concentration of charge carriers and the
high temperature, the C* line is very wide. With the growth of tq, the contribution of the
continuous spectrum becomes smaller, and the line becomes narrower. In the case of
the present example, the delay time t¢ = 120 ns seems to be the optimal as a further
increase of tq leads to lower values of the signal-to-noise ratio (SNR).

2.1.2 LIBS Technique
The characteristics of LIBS depend on many factors like the sample material, laser energy,
laser wavelength and spectral instruments etc.

e Laser Energy

LIBS spectra arise when the energetic characteristics of the laser radiation at the target
surface exceed certain values. The most important energetic characteristics of the laser
beam are the irradiance (intensity) / and the fluence ®. The irradiance of a laser pulse is
the instantaneous power per unit of the target area and its unit in practice is W cm™,
while that of the fluence of a laser pulse is the energy per unit area (J cm=2) [105]. In case
of short laser pulses, the value of fluence is measured experimentally and the value of
irradiance is then estimated.

The threshold value of the laser fluence is defined as the minimum fluence needed to
detect emission signal from the ablated element. The ablation processes (sublimation,
melting, explosion, erosion, etc.) have different fluence thresholds [106]. In case of solid
targets and ns lasers, plasma is formed when the fluence reaches the value of several
Jem™2,

A comparative investigation of the laser induced plasma threshold of several metals
is presented in [107]. The typical threshold level of the irradiance for gases is around 10!
W cm™2 and for liquids, solids, and aerosols are around 10° W cm=2 [108].
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In [109] spectra at five different values of laser energy were measured. Figure 2.3
shows that spectral lines belonging to different energies are almost the same, but their
relative intensities changed considerably. Closer examination of time-integrated spectra
revealed that the total emission integrated over the entire wavelength range has a linear
correlation with the laser fluence.
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Figure 2.3. LIBS spectra for two values of fluence; laser — Nd:YAG laser (wavelength — 1064 nm );
target — basalt slab [109].

e Laser Wavelength
The effect of wavelength on LIBS appears in two ways [110]: the laser-target interaction
and laser-plasma interaction.

When the laser-target interaction occurs at shorter wavelength, the photoemission
arises and the non-thermal effects are more significant. In general, the shorter the laser
wavelength, the higher is the ablation rate and the smaller is the difference between the
composition of target elements and the composition of plasma plume elements. This
means that there is no elemental fractionation which is the first requirement for a
quantitative description of the sample’s composition.

Properties of laser-plasma interaction also depend on wavelength. In the case of a
nanosecond laser, two mechanisms of this interaction are important.

The first is the inverse Bremsstrahlung by which free electrons gain energy from the
laser beam during photon collisions with atoms and ions. This process increases the
plasma lifetime but at the same time also increases the intensity of the continuous
spectrum. The inverse Bremsstrahlung mechanism is more efficient at longer laser
wavelengths [111]. However, plasma shielding reduces the ablation rate at the target and
increases the elemental fractionation in term of redistribution of elements concentrations
between solid and plasma phases.

The second process of laser-plasma interaction is the photoionization of excited
species and excitation of ground atoms. Photoionization becomes efficient in case of UV
lasers.

The most common laser type used in LIBS is pulsed Nd:YAG laser. It can emit light at
the wavelength of 1064 nm in the infrared, 532 nm in the visible, 355 nm and 266 nm in
the ultraviolet range and its pulse width is between 6 and 15 ns.

Besides Nd:YAG laser, in LIBS studies CO2 and excimer lasers are used. CO: laser emits
infrared light at the wavelength of 10600 nm. Excimer lasers radiate mostly in UV region
(ArF laser — 193nm, KrF laser — 248 nm XeCl laser — 308 nm).
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e Setup
Many different LIBS setups are used. An example of a setup applied in LIBS analysis is
presented in Figure 2.4.

Laser Beam
Laser
Focusing Lens CD
Collecting Lens
/ . € Spectrometer
Pierced Mim% f | Fiber and Detector
| N\ == |
computer

Figure 2.4. Example of LIBS setup.

A high-energy beam of a pulsed laser is focused with a focusing lens to the target
surface. To avoid the damage of the mirror, on its way to the target the beam passes an
opening in the mirror. To reduce the probability of the gas breakdown in front of the
target, the distance between the lens and the target is kept less than the focal length of
the lens [112]. Light emitted by the plasma plume reflects from the pierced mirror and
then it is collected by the collecting lens to the end of the fiber optics. The fiber optics
delivers the light signals to the entrance slit of a spectrometer.

Finally, a computer processes the obtained spectrum.

e Spectrometers and Detectors
Spectrometers are devices that disperse the emitted radiation to get a spectrum in terms
of intensity as a function of the wavelength. Different types of spectrometers are used
for recording of LIBS spectra. In the case of the analysis of samples with a multi-elemental
composition with spectral lines in a wide wavelength range, it is suitable to use echelle
spectrometers which have a large spectral bandpass and a high spectral resolution at the
same time [113]. The two dispersive elements of the echelle spectrometer are arranged
to disperse the light in two perpendicular directions. A high spectral resolution is
achieved by recording the spectrum at high diffraction orders of an echelle grating.
To separate the diffraction orders, a second perpendicularly mounted cross-dispersive
element e.g. prism is used. Such setup results to the spectrum consisting a number of
parallel rows where each row corresponds to a certain wavelength interval.

This 2-dimensional spectrum is recorded by a charge coupled device (CCD) which is a
matrix of photosensors. Incident photons with sufficient energy are absorbed in
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photosensors and liberate electrons which can be stored and detected. CCD matrix is
coupled with an image intensifier. Besides the signals amplification, the image intensifier
allows to set the time-gate during which the spectrum is recorded [110, 113].

2.1.3 Quantitative Analysis by LIBS
Aim of the quantitative analysis is to find concentrations of different material components.

The simplest way is to use calibration curves, which gives the dependence of a spectral
line intensity of an element on its concentration. For this purpose, a set of samples with
known concentrations is needed. In the ideal case, we need just one spectral line
characterizing component which concentration we want to know. Besides, if the
dependence of the intensity on the concentration is a linear one, it is easy to find
unknown concentrations. However, there are many factors which cause substantial
deviations from this ideal case [108]. The main factors are:

(i) Fundamental and instrumental noise. Some level of noise can never be eliminated,
because:

It results from the particulate nature of matter and light; this is the fundamental noise.
However, excess noise comes from imperfections in equipment, instrumentation,
conditions, etc., and theoretically can be minimized or eliminated [114].

An appearance of this noise are fluctuations of the peak value of a spectral line
intensity. A way to minimize this effect is to characterize a spectral line by its integral
intensity, which equals to the integral of the intensity over the half width of the line.

(ii) LIBS also suffers from poor shot-to-shot reproducibility, which can be affected by
many aspects: laser pulse instability, plasma and sample interaction, properties of the
sample (the sample itself may be inhomogeneous), and environmental factors.

To reduce the effect of these factors, instead of a single spectrum for a single laser
shot, a series of shots is fired and a series of single-shot spectra is recorded. Then, the
average, standard deviation and relative standard deviation (RSD) for the intensity values
corresponding to each recorded spectral line are calculated. An example of an RSD plot
is shown in Figure 2.5. We see that the increase of the number of the laser shots reduces
the shot-to-shot variation effects on emission and the RSD value will be stable when

there are more than 80 shots.
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Figure 2.5. RSD of the Na (588.99 nm) line versus the number of laser shots [115].
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In Figure 2.6 is an example of the calibration curve, when only factors (i) and (ii) are
the dominating ones. We see that the result of the least square regression for the integral
(net) intensity of a single spectral line (univariate regression) gives a linear calibration
curve with a high correlation coefficient.
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Figure 2.6. Calibration curve for quantitative analysis of Si in aluminum alloys, the curve is an average
of 6 laser shots [116].

In cases when the intensity of spectral lines is comparable to that of the noise or

spectral lines are partly overlapped, a studied element should be characterized by a
number of spectral lines i.e. a multivariate least square regression is applied for building
of a calibration curve.
(iii) The light emitted by the central hotter part of the plasma plume is partly absorbed
by the colder outer part of plasma. This self-absorption phenomenon breaks the
concentration-caused growth of the intensity and the absorption could even cause the
appearance of a dip in the center of the lines as Figure 2.7 shows for Mg Il line. As a
result, calibration curves have a trend of saturation, Figure 2.8. As the non-linearity is
different for different lines, the multivariate analysis can give wrong results.
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Figure 2.7. Because of reabsorption appears a dip at the center of Mg Il line [117].
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Figure 2.8. Because of self-absorption, intensities of the Fe | lines grow with the concentration slower
than linearly [118].

(iv) Usually, the intensities of the spectral lines of an element depend also on the
concentrations of other species in the sample. This matrix effect means that the intensity
of a spectral line of an element is now a function of the concentrations of several species.

Figure 2.9 demonstrates the dependence of limestone and oil shale spectra on
moisture content.
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Figure 2.9. Dependence of limestone and oil shale spectra on moisture content [119].

As excepted, the intensity of Hu line increases with the growth of moisture content.
At the same time, the moisture growth also reduces drastically the intensity of Ca | lines
of the limestone and only on the basis of these data it is impossible to make conclusions
about the content of the organic matter in the material.

For quantitative analysis, it is necessary to prepare standards that are similar to the

matrix of the unknown (test) sample and obtain calibration curves for different elements
[120].
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A common way to improve the correlation between the spectral lines intensities and
elemental concentrations is the normalization procedure [121]. In case of external
normalization, the spectrum is compared with a reference signal like LIBS-induced
acoustical signal. In case of internal normalization, the intensity of a spectral line which
is used for determining the concentration is compared with that of a line whose intensity
is independent of that concentration. When there are no chemical element with a

constant concentration the spectral lines of which could provide such a reference,

the spectral line intensities can be normalised to the total intensity Ir = M:Z.Zx 1(A)d2,

where Amin and Amax are the shortest and longest wavelengths of the spectral range of
the spectrometer.

2.1.4 Data Processing Algorithms
There are several fast and powerful algorithms which can be used for further processing
of LIBS data. In essence, these are modifications of multivariate analysis based on least
square regression. Here only some of these algorithms are described.

The model of multiple linear regression assumes that a dependent variable Q (calorific
value, concentration of an element, etc) is given by a linear combination of independent
variables /; (intensity of a spectral line of an element)

Q= zkili

l
and a least squares method is used to calculate the coefficients k;.

In LIBS the number of samples with different Q is limited and the selection of spectral
lines is important for multiple linear regression modeling [122]. A limitation of the
ordinary least square approach is the assumption that all the variables can be considered
as observables. Besides, problems arise when the independent variables in the
regression model are highly correlated to each other. This multicollinearity makes it
difficult to interpret the obtained results.

The idea of principal component analysis (PCA) is to reduce the number of variables
of a data set while preserving as much information as possible. PCA operates with new
(standarized) variables

where X is the mean value of variable x and sxis its standard deviation. PCA uses orthogonal
transformation to convert a set of observations of possibly correlated variables into a set
of values of linearly uncorrelated variables. The first principal component (PC) has the
greatest possible variance, and each successive element, in turn, has the highest possible
variance as long as it is orthogonal to the previous components [123]. The resulting
vectors form an uncorrelated orthogonal basis set. PCs are then used as input variables
for regression.

Partial least square regression (PLSR) has some resemblance to PC regression. PLS is
used to find the fundamental relationships between two arrays (X and Y) i.e. it is a latent
variable approach. Most of the variants of PLS assume a linear regression between X and
Y. Being a statistical method, PLS ignores the physical background of LIBS measurement
and is mostly dependent on statistical correlation or curve fitting, which may lead to
over-fitting the noise and eventually ruining the measurement accuracy for samples
outside the matrix of the calibration sample set. Additional limitation related to PLS is
that it could not satisfactorily reflect the non-linear relationship between variables [124].
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Dominant-factor-based PLS mode combines the physical processes with the PLS
regression which improves the accuracy of data analysis. In [125] a conventional univariate
model with the background was applied to model the major concentration information
(called the dominant factor) and PLS was further applied to compensate for residual
errors in the dominant factor.

A fundamentally different way to find the unknown concentrations is the so-called
calibration-free LIBS [126] the application of which needs the knowledge of the basic
plasma characteristics (plasma temperature, electron concentration). This method
assumes that there is a local thermal equilibrium in the plasma. In industrial conditions
and for complex samples, such as the oil shale, the application of this method is not
justified.

2.1.5 Application of LIBS in the Analysis of Different Raw Ores

Properties of LIBS allow the application of this technique for fast and online process
control in industry. The application of LIBS for the characterization of mining products
has been presented in different papers. Recent overview [99] sums up the research
contributions utilizing LIBS for coal analysis, including fundamentals and key factors,
operation modes, data processing, and analytical results. In industry three LIBS set-up
modes are used. In case of the inline mode the device is placed over the coal conveyer
belt or besides the coal powder flow, where the analyzed coal form is the same as that
in the coal stream, without pellet preparation (i.e., no sampling system is required to
feed the analyzer). In the case of the at-line analysis, the LIBS system is compared with
the automated sampling system which takes the coal sample from the belt, grinds, mixes,
presses it into a pellet, analyzes, and finally sends it back to the coal stream. The offline
LIBS set up is the same as by a laboratory analysis, but it is located near the coal utilization
line where the sample handling is manually operated.

To realize a real-time online analysis, the most convenient way is to use an inline
analyzer shooting the laser directly onto the lumps or powder of the raw material on a
conveyor belt. However, this configuration usually suffers from severe measurement
errors and has a high uncertainty.

Examples of the design and results of the inline mode are described in [127, 128, 129].
In [127] the measuring system has been designed to operate on the top of conveyor belts
that carry the raw coal in coal fired power plants, where both the average distance and
the spatial configuration of the raw coal on the conveyor belt continuously change during
signal acquisition. To replicate this situation at a laboratory level, the coal samples (in the
form of a raw material) are sequentially positioned under the measuring head by means
of a translational/rotation unit. Measurements have been carried out on different coal
samples (in the form of a raw material) with known chemical composition. Calibration
curves of both major elements (such as carbon and hydrogen) and minor constituent
(such as aluminum, calcium, iron and silicon) have been derived from the analysis of the
recorded LIBS spectra. In this study, the experimental results show that both carbon and
hydrogen concentration as well as the content of some inorganic components (Al, Ca, Fe,
Si) can be evaluated with a good accuracy.

In [128] the LIBS analyzer determined the quality of coal on a moving belt conveyer in
field conditions with the accuracy acceptable for the coal industry. The LIBS system was
installed in line with a PGNAA system and laboratory data served as a referee in the final
assessment for analytical accuracy. The results show that there is a good correlation
between the data of the two inline units, while the LIBS technique has a significant
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advantage in that the PGNAA system is very bulky and the neutron source represents
potential health hazards that require strict regulatory demands. The performance of the
unit was calculated and the results were found to be statistically valid. The successful
results were achieved for accurate (at least +/-0.5% mean absolute error) online coal ash
content monitoring; the average standard error was only 0.32%.

The study [129] shows the ability of LIBS to provide inline analyses for raw ores
(phosphate and coal) in field conditions. Samples of phosphates production pebble were
obtained from the pebble product belt. Samples of coal with known concentrations of
impurities and ash content were utilized. An industrial LIBS machine was developed and
successfully tested for on-belt evaluation of phosphate, measuring Mg, Fe, Al, bone
phosphate lime, insoluble phase and metal impurity ratio, as well as for evaluation of
coal, measuring its ash content. The comparison of the LIBS inline data with the values
from the reference analysis shows a good correlation satisfying the required detection
limits and accuracy.

Results of [130] present an example of at-line analysis; in this study, designed
instrumental variation on LIBS allows simultaneous determination of all detectable
elements by utilizing multiple spectrographs and CCD detectors. The device determined
the elemental composition of bulk materials with a high accuracy. The system was
suitable for the analysis of heterogeneous materials such as coal and mineral ores. In coal
analysis, detectable elements included the key inorganic components of coal, such as Al,
Si, Mg, Ca, Fe, Na, K, C and H. Coal and mineral samples received from the mines, crushed
and mixed prior to the analysis. For moist material, only light crushing was required,
however for hard material, the samples were crushed to a fine powder with the granule
size less than 100 um to obtain results. For each sample positioned on a fast translation
stage, up to 300 surface laser shots were recorded. The instrument was able automatically
construct the calibration curve by univariate regression over the elemental concentration
range. Detection limits vary depending on the specific element but are typically on the
order of 0.01% by weight for heterogeneous materials such as the moist materials.
Measurement repeatability and accuracy are typically within £10% which is similar to the
results from standard analysis procedures for heterogeneous materials.

Results of the off-line measurements described in [131] where both LIBS and
thermo-gravimetric analysis (TGA) (it continuously measures mass while the temperature
of a sample is changed over time) were applied for predicting the slagging propensity of
coal and coal blends. Coal samples from various mines were milled to particle sizes
<75 um. For the LIBS analysis, coal or blend was compacted into a pellet. For TGA, the coal
and blends were ashed in an oven for 7 hours under 750 °C and corresponding laboratory
ash were analyzed by mentioned techniques and results were compared to standard
laboratory methods. The indices of slagging, which predict the tendency of coal ash
deposition on the boiler walls were determined. The LIBS technique provided fast and
precise elemental detection of C, H, Si, Al, Fe, Ti, Ca, Mg, Na, K, Mn, Sr, and Ba elements
without ashing, TGA analysis was applied to calculate the slagging indices.

Results of [132] belongs also to off-line setup. In this study, LIBS has been applied for
the quantitative analysis of the ash content of coal. A series of coal powder samples were
compressed into pellets and prepared for LIBS measurements. Results of the data
processing show a good agreement between the ash content provided by TGA and the
LIBS measurements. The relative error of prediction, RSD, and limit of detection were
6.94 wt%, 8.50%, and 1.73 wt%, respectively.
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Results of the study [133] show the effects of moisture content variations on the
spectra and properties of the laser-induced plasma. LIBS method was used for off-line
coal analysis. To obtain samples with different moisture contents, the coal sample was
mixed with a certain moisture content and then was pressed into three pellets with the
same moisture content. One was used for LIBS analysis, and the two pellets used for
moisture analysis were mashed into small pieces and then divided into three or four parts
for moisture measurement. The deviations of the data met the national standard which
verified that the sample preparation method could ensure homogeneous distribution of
water. The moisture content of the samples varied from 1.19% to 22.25%. It was found
that most of the spectral line intensities decreased as the moisture content increased,
even including those of H and O. Additionally, the values of RSD of those lines increased
also with increasing moisture content. Decreased intensities of the lines were explained
by an extra energy needed for dissociation and ionization of the water vapor. This means
that if the moisture content increases, the less coal mass is removed in the plasma,
resulting in lower line intensities.

In Ref. [134], LIBS was applied for analyzing coal properties, including calorific value,
ash content and volatile matter content. 53 coal samples were collected from different
mines for the analysis. The off-line analysis was made with air dried samples. Calorific
values were determined using an oxygen-bomb calorimeter; whereas moisture, volatile
matter, and ash contents were measured using a TMA method. A total of 40 samples
were selected as calibration samples and the remaining 13 samples were selected for the
prediction. In data processing, the dominant factor modeled the direct correlation
between coal properties and spectral line intensities, whereas residual errors were
corrected by a secondary PLS method with a full spectral information. Compared with
the conventional PLS model, an overall improvement was obtained for the dominant
factor based PLS model. This finding can be attributed to the direct modeling of the
physical mechanisms between the spectral information and the coal properties.

Unlike in the case of coal studies, only a few papers deals with oil shale characterization
by LIBS.

Study [135] presents results about shale geochemical and mineralogical analysis by
LIBS, in which a laser is used to rapidly pyrolyze shales in argon medium and the changes
in sample elemental composition during pyrolysis are monitored through optical
emission spectroscopy. This is similar to the laser-induced pyrolysis which has been used
to characterize shales. In case of laser induced pyrolysis the volatized products are
collected and further analyzed using gas chromatography and mass spectroscopy. Laser
induced pyrolysis has been used to provide total organic carbon information, but not
other geochemical parameters nor mineralogy, making LIBS a more complete
assessment of organic and inorganic geochemistry. Measurements were made on
145 shale samples from multiple formations across several continents. Multivariate
analysis has been applied to the LIBS spectra to predict both organic geochemistry and
mineralogy. Data shows a good correlation and linear dependence between the total
organic carbon content and predictions by LIBS.

In Ref. [136], the LIBS methods were applied to measurements of kerogen
hydrogen-to-carbon elemental ratios in mud rocks and shales. Measurements were
performed on whole rock samples that had been pulverized and pelletized to correspond
to the homogenized rock samples used to obtain kerogen isolates. A sequence of laser
shots was applied to samples and intensities of H and C lines as a function of time was
found. The predicted H/C ratios of kerogen from the LIBS measurements of whole rock
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samples correlated well (R? = 0.99) with the values determined for kerogen isolates
measured by atomic elemental analysis, although prediction of mass elemental ratios is
also be possible by this method.

In Ref. [137], LIBS was used for finding the elemental composition of samples from the
Marcellus Shale. Ten powdered samples pressed to form pellets and used for LIBS analysis.
Major elements (Al, Ca, Si, Mg, Ti, and C) in shale rocks were analyzed qualitatively and
quantitatively. LIBS also offered the possibility of quantifying the carbon content.
Relative errors of the LIBS measurements were in the range of 1.7 to 12.6%.

2.2 Diffuse Reflectance Spectroscopy (DRS)

LIBS spectra in visible and UV regions reflect electronic transitions between atoms and
ions of elements of ablated sample material. Differently from LIBS, DRS spectra in the near
infrared region (NIR, 700-2500 nm) are related to transitions between vibrational energy
states, thus giving information about molecular bonds. Traditionally, in the NIR region
the radiation is characterized by its wavenumber —reciprocal of the wavelength A%, Thus,
the wavelengths 700-2500 nm correspond to the wavenumbers 14300-4000 cm™.

According to quantum mechanics, discrete energy levels of vibrational states are
defined by the formula E,, = (n + 1/2)hv, where n is the vibrational quantum number
and v is the fundamental vibrational frequency which is determined by the properties of
the molecule. In oil shale, the most important molecules contain C-H, N-H, S-H or O-H
bonds for which overtone bands (An = £2, £3 ...) belong to the 700-2500 nm range.
Because of high anharmonicity of these bands the NIR radiation is absorbed by the
matter and the information about the properties is obtained [138, 139].

2.2.1 DRS Principle

In the case of DRS, broadband light falling onto the surface of a sample is partly absorbed,
another part of it undergoes specular reflection (mirror-like reflection) at the surface,
and the remaining part is scattered and after multiple reflections may return back to the
surface [140], Figure 2.10.

Incident Radiation Specular Reflection

Diffuse Reflection

Sample Material

Figure 2.10. Distribution of the incident light.

When the sample surface is not polished, the diffuse reflection is the dominating type
of reflection. As some of the light is absorbed by the sample, only a part of incident light
is reflected, stronger absorption leads to a smaller reflection. On the other hand, when
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the sample exhibits weak absorption then the total intensity of the scattered light differs
only slightly from that of the incident light. This means that the absorption and
reflectance spectra are complement to each other, and the former can be deduced from
the latter. The reflection spectrum is obtained by comparing the intensity of the light
reflected by the sample with the intensity of the light reflected by a reference etalon,
and is commonly expressed as the percent reflectance (%R), defined as

%R = (IS/IT)Rr

Here /s denotes the intensity of the reflected light from the sample, I is the intensity
of the reflected light from the standard reflector, and R is the percent reflectance of the
etalon. As a rule, there is no linear relationship between the diffuse reflectance and
absorption spectra; several models have been developed for describing this nonlinear
relationship [141].

2.2.2 DRS Technique

The characteristics of DRS depend on many factors, such as the particle size, refractive
index, homogeneity, packing, reflectance, the specifics of the measurement procedure
and of the spectral instruments etc.

e Measuring the Reflectance of Samples by collecting the Diffused Radiation

\

Figure 2.11. Sketch of the experimental setup. Detector D collects only a part of reflected light.

Figure 2.11 illustrates problems met when DRS spectra are being recorded:
the detector collects only a part of the diffused light, within a limited solid angle.
This arrangement works well if the sample is microscopically homogeneous and the
fraction of light scattered towards the detector remains constant. However, when this
condition is not fulfilled and the sample is moved, the focused beam will see a different
part of the sample resulting in measurement-to-measurement differences; as a result,
the SNR can be reduced significantly. In reality, samples are usually inhomogeneous,
either because they are mixtures of different substances, or because they have a particle
size comparable to the diameter of the detection beam. Therefore, to achieve an
acceptable SNR, a large enough solid angle of detection is required. Thus, a device is
needed which collects all the reflected light evenly from a sample. Usually, integrating
spheres are used for this purpose which satisfy the following conditions [142].

e Both specular and diffuse reflected light is captured reliably.
e Reflectance is uniformly detected, even when the sample is inhomogeneous.
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e Integral reflectance is measured correctly even for samples which reflect light
anisotropically, in preferred directions.

e The effect of polarized light (caused by reflections from the sample and by the
polarization of the illuminating beam) is reduced.

e Itis possible to measure the absolute reflectance.

Figure 2.12 illustrate how the integrating sphere is used by Infrared Multi-Purpose
analyzer [143].

Sample

Detector

NIR Beam

Figure 2.12. An example of DRS setup using an integrating sphere [143].

The integrating sphere is a hollow sphere coated internally with a matte finish;
different types material are used (in our case, with gold). The coating on the inner surface
of the sphere is a very diffuse coating with high reflectance in order to deliver a
consistent integration of light and low absorbance losses. The sphere has ports —
openings for an incoming beam of light, for a sample specimen and for a detector.

The incident light of broad-band spectrum hits the heterogeneous sample positioned
in the rotating holder and the diffusively reflected light enters the integrating sphere.
The entering light is scattered uniformly around the interior of the sphere through
multiple reflections on the diffuse internal sphere coating. The resulting diffused light is
detected at a port configured with a detector device.

The detector is a part of the Fourier transform infrared spectrometer (FTIR).

e Fourier Transform Infrared Spectrometer (FTIR)

In the modern devices for recording NIR spectra, mainly FTIR spectrometers are used.
FTIR is based on the Michelson interferometer setup, shown in Figure 2.13.
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Figure 2.13. Michelson interferometer setup.

An interferometer consists of a beam splitter, a fixed mirror, and a moving mirror
which can be moved very precisely back and forth. The beam splitter transmits half of
the radiation striking it, and reflects the other half. Radiation from the source strikes
the beam splitter and is divided into two beams. One beam is transmitted through the
beam splitter to the fixed mirror and the second one is reflected off the beam splitter
to the moving mirror.

When the fixed and moveable mirrors are equidistant from the beam splitter i.e.
the optical path difference (retardation) is A1—A2= 3 = 0 then the two beams are said
to be in phase and constructive interference is produced. The intensity at the detector
is equal to the intensity of the source. This condition is called zero path difference
(ZPD). The beams meet in phase also when the optical path difference is an integer
multiple of wavelength, n.

If the movable mirror is moved away, one light beam has to travel an additional
distance (back and forth) and when 6 =A/2 or (2n + 1)A/2 (n =0, 1, 2, ..), the two beams
are said to be out of phase and destructive interference takes place. The intensity at the
detector /5 is equal to zero.

The intensity /s changes smoothly between these extreme values and is a sinusoidal
function of the position of the movable mirror, and of the optical path difference o:

Is = I;O[l + cos (27”5)]

where Io is the intensity of the source.

The intensity /s as a function of the retardation § is called the interferogram. Each
unique spectral component of wavelength A contributes a single sinusoid with a
frequency (wavenumber) inversely proportional to its wavelength. The period in the
recorded interferogram depends on the light wavelength, the longer is the wavelength
the larger is the period in the interferogram. For a broadband signal, the peak intensities
of different wavelengths coincide only at ZPD.

When the optical path difference increases, different wavelengths produce peak
readings at different positions, they never again reach their peaks at the same time.
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Thus, as we move away from the central burst, the interferogram becomes a complex
oscillatory signal with decreasing amplitude.

Once an interferogram /s is collected, it needs to be translated into a spectrum
(emission, absorption, transmission, etc.). This operation is realized by the Fast Fourier
Transform algorithm, which transfers the intensity dependence on path difference into
the intensity dependence on the wavenumber [144, 145].

2.2.3 Applications of Diffuse Reflectance NIR Spectroscopy in the analysis of
different raw materials

Near-infrared (NIR) spectroscopy is the fastest-growing and the most versatile analytical
technique that can be implemented with little or no sample preparation and thus is well
suited to applications such as process monitoring, materials science, medical uses, as
well as in the industry [146, 147]

Examples of diffuse reflection spectroscopy in the analysis of raw materials are
described in [148-151].

In the study [148], a mock-up of the conveyer belt was used. Different classes of
samples (straw, coal, straw-coal blend) were tested. The straw samples were chopped to
less than 80 mm in length until air drying and cleaning. After ground in mill, coal samples
were passed through a 10 mm sieve and straw-coal blends of varying straw content were
prepared for the experiment. All the classes of samples were stored in zip-lock plastic
bags in a dry and shaded location until use. NIR spectra of prepared samples were
acquired by an online measurement system consisting of a conveyor, a holder, a computer
and a NIR spectrometer. Linear discriminant analysis was used for qualitative analysis
and partial least squares regression was used for quantitative analysis. The NIR qualitative
and quantitative analysis models of straw-coal blends were developed and compared at
different level of conveyor belt speed and spectrometer installation height for establish
the conditions of on-line NIR measurement. Changing the spectrometer installation
height resulted in a spectrum shift, but the shift could be removed by pretreatment
derivatives. The optimum value of height and speed was found. In general, the lower the
conveyor speed, the more accurate and robust the model.

In studies [149, 150], a rapid analysis based on NIR spectroscopy was carried out in
coal samples coming from several origins. 142 samples of coal from different suppliers
were used. Some of them were raw coal coming from mines and other from power
stations. All of the samples follow particle size specifications for pulverized coal burners.
They were analyzed for moisture, ash, volatile matter, fixed carbon, heating value,
carbon, hydrogen, nitrogen and sulfur by usual ISO standard methods. A sample was
positioned in a diffuse reflectance sample cup (see Figure 2.12) and the instrument was
controlled by software. NIR spectra in 1100—2500 nm range were obtained in absorbance
and reflectance units.

Analytical and spectral values of samples differed significantly. Improving the
calibration and prediction errors was achieved by dividing samples into clusters.
The sample clusters were determined based on the values of the characteristics and
spectral data. . Once the clusters were established, the discrimination between the
clusters was performed via a linear discriminant analysis. The results showed that for
some clusters, the characteristics of an organic coal matter, such as the content of
volatile matter, heating value, fixed carbon, carbon content, can be determined with
relative uncertainties around 1-3%, and therefore, the method is suitable for applying in
an online system. The used calibration and classification methods made it possible to
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calculate the characteristics of the coal with an accuracy similar or even better than when
commercial online analyzers were used. This shows that the -NIR spectroscopy is a valid
option for this task.

In the study [151], DRS technique was used for predicting the oil yield from oil shale
samples. More than fifty oil shale samples were supplied with the compositional analysis
by X-ray diffraction, and measures of the expected oil yield. Each sample was mixed
mechanically and ground in a grinder. The samples were dried at 105 °C. A constant mass
of each sample was placed on the sample cup (see Figure 2.12). Spectra in the range of
2500-13000 nm (4000 cm™'-769cm™) were recorded by FTIR, Figure 2.14. As one can
see, the raw spectra are not very informative, but upon taking the second derivate of
these spectra, it was possible to pinpoint the most characteristic bands of the spectrum.
The principal spectral features emerge due to the combinations and overtones of the
fundamental frequency of O-H and C-H absorption lines. The hydroxyl bands are found
at 1900 and 2200 nm and are attributed to combination bands of non-bonded and
bonded —OH complex, respectively. As the oil shale samples had been dried (at 105 °C)
when received, absorption of atmospheric moisture could have taken place during the
sample preparation. This can be the reason for the presence of the non-bonded
—OH band at 1900 nm. Two bands appearing at 1728 and 1758 nm are attributable to the
aromatic —CH, to the —CH> and to the —CHs combination bands. The bands at 2305 and
2348 nm are most likely due to aliphatics in the oil shale or aromatic —CH and —CC bands.

The intensity of the hydrocarbon spectral bands increased when the oil yield was
increased. This made it possible to predict the oil yield with the relative uncertainty of
9%.

1400 1600 1800 2000 2200 2400
Wavelength (nm)

Figure 2.14. Graph a shows the second derivate of the averaged raw spectra. Graph b shows 212
diffuse reflectance raw spectra [151].
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3 Experimental Methods

3.1 Samples

In LIBS studies overall three different types of samples were tested. The first preliminary
measurements were made with single large-scale oil shale lumps of approximately ten
centimetre in size. The next cycle of studies was carried out with air-dry samples of
powder pellets. In the main cycle of measurements, crushed samples with the different
values of the caloricity and the moisture content were used.

In DRS measurements the same set of crushed oil shale samples as in case of LIBS has
been used but the method of changing the moisture content was slightly different.

3.1.1 Powder Samples

A set of 10 samples of ground oil shale with different calorific values was prepared by the
laboratory of Mines of Estonian Energy (EE), the grain size of these raw samples was
below 0.1 mm. The samples represent commercial oil shale from the enrichment plant
with the calorific value ranging from 6.3 to 11.6 MJkg™, as it was determined by calorific
bomb method. Using the same method, the measurements of the calorific value were
repeated in the laboratory of Virumaa College of Tallinn University of Technology (PKK).
Besides, in the latter laboratory the mass percentages of the main chemical composites
of the samples were determined using standardized methods. In Figures 3.1A and 3.1B,
the calorific values of the dry samples are presented as a function of the samples’
number s ; the data are taken from the Table 1 of the publication [P I].
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Figure 3.1. A — Calorific values of powder samples as measured by the two laboratories. The laboratory
of Mines of Estonian Energy and the laboratory of Virumaa College of TalTech. B — the percentage
of total carbon Cr(dashed line) and organic carbon Corq (solid line) versus calorific value.

Figure 3.1A shows that calorific values follow almost a linear dependence on the
sample number but the values determined in different laboratories have a systematic
shift by ~#4%. Figure 3.1B confirms that, as expected, the coefficient of determination
between the Corg and calorific value is high, and shows that Cris also strongly correlated
with the caloricity.

A part of each sample was additionally grinded using mortar and pestle to particle size
smaller than 60 um. Samples were pelletised without any binder, adding only 5 mass
percentages (wt%) of distilled water to the air-dry powders. Powders were pressed into
25mm in diameter and approximately 6mm thick pellets under 18 tons held for 5 min.
Four pellets from each sample were pressed. Thus, altogether 40 pellets were prepared.
Example of pellets are presented in Figure 3.2.
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Figure 3.2. A — pellet from raw grinded powder; B — pellet from fine grinded powder; C — pellet after
a number of laser shots.

Before the LIBS measurements, pellets were stored at the room temperature of 21 °C
and at the relative humidity of ca 30% during a week to balance the water content of
samples with the ambient humidity. The moisture content in these air-dry pellets was
approximately 2 wt%.

3.1.2 Crushed Specimens
A detailed report of the collection of crushed specimens is presented in [152]. In what
follows only the main data of the set of samples are presented.

Crushed specimens were collected by an exploration geologist from the Narva open
cast mine, Estonia, from different layers of the oil shale and limestone interlayers A—F..
Altogether 11 specimens from different layers of oil shale and limestone interlayers were
taken. In addition, 4 specimens were taken from the stopped conveyor belt of an
enrichment plant of the underground mine “Estonia”. In the Table 3.1 these specimens
are labelled by EST together with the daily average of the net calorific value Q (MJkg™).

Specimens selected in this way covered the whole vertical extent of the currently
mineable Estonian oil shale deposit and the main product ranges of the Estonia
underground mine enrichment plant.

In addition to the information about the specimens and layers, Table 3.1 gives also
information about the moisture content of the samples (cf. 3.1.3).
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Table 3.1. Calorific value and moisture content of the samples [P Il].

Specimen Calorific Moisture content Wy, wt%
. value (Dry
No | Lever Thickness, | | ase) s, w1 w2 w3 | wa W5
index cm Mikg !
1 A’/B 19 0.503 11.3 9.7 8.2 6.9 2.8
2 Cc/D 17 0.721 9.6 7.4 5.9 5.6 1
3 D/E 7 1.811 10.3 8.8 6.2 5.7 2.1
4 B/C 26 2.32 10 8.3 5.9 5.5 1.7
5 EST Q= 2.7 3.055 10.1 8 5.6 5.2 2.7
1.5
6 F2 29 4.502 9.7 7.9 6.3 5.8 1.2
D 5 6.813 10.5 8.5 5.7 5.3 2.7
8 ESTQ= 2.5 9.1 14.9 13.3 11.7 9.3 7.1
7
9 F1 34 9.493 10.6 8.6 6.3 6 4
10 | EST Q= 3 10.064 16 13.9 12.1 8.6 8.5
8
11 | E 50 12.616 11 9.3 7.4 5.3 3.8
12 | EST 2.5 12.758 | 9.2 7.7 5.5 4.5 0.8
11.4
13 | A+A’ 25 13.605 23.4 20.6 18.8 10.7 10
14 | C 52 15.581 10.6 8.6 6.1 5.3 4
15 | B 36 21.123 | 153 13.2 11.5 7.7 7.3

All of the samples were crushed by jaw crusher to a fraction of approximately 0-25 mm
at the enrichment plant of the mine “Estonia”, and for further transportation the samples
were placed in plastic bags.

Further, each of the specimens was divided into two parts, one of which was used for
the determination of the calorific value by the calorific bomb method in PKK, and the
other part was used for spectral measurements. Examples of crushed oil shale are
presented in Figure 3.3. We can see that the size of the lumps varies within a wide range.
The specimens with higher calorific value tended to have a larger portion of small lumps.

Figure 3.3. Specimens of crushed oil shale; a —a C/D specimen and b —a C specimen.
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3.1.3 Variation of moisture content

The net caloricity is the most important parameter for optimization of industrial
processes. However, as compared with the determination of the gross calorific value by
the bomb method, measuring the actual moisture content is a more complicated
procedure. Oil shale is characterized by a relatively high value of moisture content.
Immediately after mining, the moisture content starts to change towards the equilibrium
with the surrounding environment [153]. Evaporation of water depends on the
composites of oil shale (limestone, kukersite), on the degree of crushing and on the
temperature and humidity of the surrounding medium. Because of these reasons, at the
arrival to the laboratory, the moisture content of specimens was undetermined.

To vary the moisture content of crushed specimens, the oven-drying method has been
used [154]. In case of LIBS measurements, this procedure involved the following steps.
e A portion of ca 0.5 kg from each sample was used for testing.

e Samples were placed in hermetic jars, and distilled water in the amount of about 10%
of the sample’s weight was pipetted to each jar.

e The moisture homogenization was achieved by stirring and keeping the samples in
hermetic jars for one week.

e Before LIBS measurements, mass mw' of each sample was determined with the
accuracy of 0.1g.

o After LIBS measurements, masses mw’’ of samples were measured.

e Before the next cycle of measurements, samples were dried in open air for 24 hours.
e Then the jars were closed hermetically and kept in this state for one week to
homogenize the moisture content at a lower level. For each sample, LIBS measurements
were carried out at five different values of moisture.

e As a final step, samples were kept for 3—3.5 hours at atmospheric pressure in an oven
at 105 °C temperature and masses of dry samples mq were determined.

! "
The moisture content of each sample was found as the difference(m - md) .

It appeared that the difference (m,, —m,,) was less than 1 % from the total mass
difference.

Table 3.1 documents all the samples used for LIBS testing: 15 x 5 samples with different
calorific value Q% (MJkg™) and moisture content W (wt%).

Differently from LIBS measurements, the moisture content of the DRS samples was
increased from low to high moisture level (up to 20%) by pipetting water, 4% of the
sample weight, into the jar, followed by subsequent “homogenization” in closed jars.
Table 1 in [P Ill] presents the data of the DRS samples.

The reliability of the described methods for determining the water content (wt%)
depends on the homogeneity of the moisture distribution within oil shale lumps.
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3.2 LIBS device

Figure 3.4. A —LIBS setup; B—a part of LIBS setup.

Two different setups were used. The preliminary measurements were made by using
the setup 1 presented in Figure 3.4A. The frequency-doubled Nd:YAG (YG980 Quantel)
laser pulse of 532 nm wavelength and of 9 ns full width half maximum (FWHM) was
focused onto the sample surface with a plano-convex lens 1. On the way to the sample 3,
the laser beam was reflected by a dichroic mirror 2 which had a high reflection coefficient
near the 532 nm wavelength. Light emitted by the plasma plume at the sample surface
passed the mirror 2 and was collected by a concave mirror 4 to the end of a fiber 5.
The fiber delivered light to a spectrometer.

Most of the measurements were carried out with the setup 2, which was similar to
the one presented in Figure 2.4, but in our case, the emitted light was collected by the
help of a concave mirror. Samples were settled on the rotating stage. Figure 3.4B
presents the moment when the laser beam passes through dust clouds produced by
previous laser pulses and hits a lump of the crushed oil shale. The dust clouds
scatter/absorb both the laser and emitted light, this disturbing effect was diminished by
choosing a low repetition rate of laser pulse (one pulse per two seconds) and directing a
stream of the air to the sample surface.

The laser pulse energy at the plane of the sample was measured with a pyroelectric
laser energy meter “Ophir Nova Il”. In experiments with pellets, the laser pulse energy
was 75 mJ and the corresponding fluence at the pellet surface was ~27 Jcm™. In
experiments with crushed oil shale, the energy of the laser pulse was ~95 mJ, but as the
distance between the lens and the sample surface changed from shot to shot, together
with the angle between the laser beam and the lumps’ facet, it was not feasible to speak
about the average value of the fluence.

Figure 3.5 shows the laser energy changes in a sequence of 500 shots; the corresponding
relative standard deviation was RSD = 0.03.
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Figure 3.5. Laser energy versus shot number.

Spectra were recorded by a Mechelle 5000 spectrometer (Andor Technology), with a
resolution of A/AL = 5000. The spectrometer was equipped with an intensified charge
coupled device Andor iStar. During a single laser shot, this device recorded the spectrum
in the 220-850 nm range (single shot spectrum). It was possible to change the delay
time ts between the laser pulse and the opening of the gate for data acquisition as well
as the temporal width At of the gate.

3.3 DRS device

A multipurpose analyser MPA-FT-NIR (Bruker Optik GmbH) was used. Fourier transform
spectrometer recorded spectra in the range of 12500—-3600 cm™ (800—2780 nm). Lumps
of crushed oil shale filled a rotating Petri dish. The device functioned in diffuse
reflectance mode (see 2.2.2) and it recorded directly the remittance. The relative
remittance R’ is determined as the ratio of intensity of the signal from the sample of the
reference non-absorbing surface

The device had a number of options for data presentation; we opted for the
absorbance as a function of the wavelength. Here, the term “absorbance” is just the
apparent absorbance, introduced in analogy to the transmission spectroscopy, and is
defined as A = log(1/R"); its value is directly related to the concentration of absorbing
species.

3.4 Recording procedures and preprocessing of spectra

As it was pointed in 2.1.3, LIBS suffers from a poor shot-to-shot reproducibility. The role
of fluctuations can be reduced by increasing the number of recordings. Our preliminary
tests showed that starting from the 40th single-shot spectrum, the value of RSD does not
change notably. Based on that observation, it deemed reasonable to assume that the
average of 100 single-shot LIBS spectra can be considered as a “recording” which
represents a sample with well-defined values of caloricity and moisture content.
Information about the temporal changes at the sample’s surface, occurring during the
measurements, was obtained by recording the sequence of five 100-shot spectra.
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Figure 3.6. Cycle of measurements made with each sample.

Further the term “intensity” always denotes the integral intensity / of a spectral line.
The intensity of spectral lines was found without subtracting the continuous component
of the spectrum. As it was checked (see Figure 8, [P 1]), such a subtraction changed the
final results by a factor 1.3.

Internal normalization (see 2.1.3) is a way to decrease the role of fluctuations. For this
purpose, we used for characterization of spectral regularities the reduced intensity I/,
where 7 is the total intensity.

Always when it is needed, the intensity and the reduced intensity are presented in
their standardized form.

DRS device measured the average of 64 spectra (a “recording”). At a fixed moisture
content each sample was characterized by at least three recordings.
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4 Results and Discussion

4.1 LIBS results

74 spectral lines belonging to atoms and/or ions of Fe, C, Si, Mg, Al, Ca, Ti, Na, H, Li, N,
K, O were selected to be used for the analysis of the samples. For all these lines, the
main spectral characteristics, such as the energy level Ek, the statistical weight gk,
and the Einstein coefficient Aw of k— i transition, were available in the NIST database.
Besides, these lines had an acceptable signal-to-noise ratio and the overlapping of these
lines with neighboring lines was within acceptable limits. In most cases, it was possible
to detect and use several spectral lines belonging to the same chemical element.
However, in the case of carbon only 247.6 nm line was detectable and in the case of
hydrogen, only Hq line at 656.3 nm was detectable. The total intensity /r was calculated

over 220-850 nm wavelength range.
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Figure 4.1. Spectral lines for the powder sample No 7. Graph A —H line, halfwidth is 2.6 nm; Graph
B —Ca Il line, halfwidth is 0.26 nm. Experimental points are fitted by Lorenzian profiles.

In Figure 4.1, two spectral lines are shown, with intensities being averaged over 40
laser shots. Although the Ca Il line on its right side is partly overlapped by an another
line, the Lorenzian fit was still the best one. Fitting with Lorenzian profile indicates that
the main mechanism of the broadening of the spectral lines is the Stark effect.

The intensity of the spectral lines, of the background and of the width of the spectral
lines have a strong dependence on the delay time.
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Figure 4.2. Spectral lines for the powder sample No 7. Graph A demonstrates that an increase of
the delay time causes a considerable narrowing of the Ha line (1 = 656nm); lines to the left of the
hydrogen line are Ca I lines; tq; = 0.15us; tq4a = 4us. Graph B shows the normalized intensities of
the spectral lines of different elements vs the delay time t4 in semi-logarithmic scale.
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In Figure 4.2A we can see that at the shortest delay time td41 = 0.15 ps, the hydrogen
line is very wide and the background intensity is high. Because of that the Ca I lines are
hardly detectable. On the other hand, at the longest delay time tqs, the calcium lines are
easily detectable, but the hydrogen line has disappeared from the spectrum. Therefore,
the optimal values for the delay time should be found. Figure 4.2B shows the
dependence of the intensities of some elements on the delay time. We can see that for
a majority of the lines, the intensity decreases with the delay time ts exponentially,
but the characteristic time constant is different for different elements. Thus, the ratio of
intensities of spectral lines of two different elements does not remain constant.

Further we shall characterize the spectral lines by integral intensity. For a majority of
the lines, the integral intensity equals to the sum of intensities of 6 pixels around the
line’s peak. As an exception, Hq line was characterized by the sum of 61 pixels, and
unresolved O triples at 777 and 844 nm were characterized by 21 pixels.

4.1.1 Fluctuations
To study the reproducibility of the intensity of spectral lines, spectra from different spots
at the surface of a single oil shale lump (Figure 4.3A) were recorded.
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Figure 4.3. Image A shows the order in which the spectra were recorded along the surface of an oil
shale lump. Graph B shows the intensity of the hydrogen line as a function of the spot number.

Figure 4.3B shows that the intensity of the hydrogen line has a strong dependence on
the spectrum number. There are two main reasons for this variation:
e The absorption of the laser radiation changes from pulse to pulse because the surface
morphology is different at different places on the lump surface.
e The oil shale chemical composition is different in different places.

The relationship between the intensity variations and the surface roughness is also

supported by measurements with pellet samples made from powders of different level
of grinding. (Figure 3.2).
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Figure 4.4. Histogram of the intensity distribution of Ha line. Filled columns correspond to fine grinding;
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Histograms in Figure 4.4 show the intensity distributions of the hydrogen Hg line in
100 spectra.

Both distributions are monodisperse and could be approximated by Gaussian curves.
Fine-grinded samples have somewhat smaller value of the standard deviation but the
mean value of distributions is almost the same.

Compared with pellet samples, the fluctuations of intensities of crushed samples were
considerably larger. Figure 4.5 shows the changes of total intensities with the spectrum
number. The apparent reason of larger fluctuations in case of crushed samples is related
to the random orientation of facets of oil shale lumps. As a result, the angle of incidence
of the laser beam varies randomly within 0—90° which leads to big changes of the
“effective” value of fluence.
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Figure 4.5. Total intensity as a function of the number of single shot spectra, air-dry samples. Graph
A corresponds to pellet; graph B —to lumps.

As we can see in Figure 4.6, the histogram of the total intensity for the lumps is
bimodal. The left hump at lower total intensity values of this distribution function
corresponds to spectra belonging to larger angles of incidence of the laser beam.
Meanwhile, the second and higher peak of the histogram for the crushed oil shale lumps
is positioned almost at the same intensity value as the peak for the powder pellet sample.
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Figure 4.6. Histograms of total intensities; the solid line provides a Gaussian fit of the main peak in
the case of the lumps.

It should be pointed out that the changes of the intensity of carbon line does not
follow that of the total intensity. Figure 4.7 shows that the maximum, minimum and
average values of the carbon line intensity do not match with the corresponding values
of the total intensity. This result indicates that the concentration of the organic matter
does not govern the total intensity of spectra.
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Figure 4.7. Sample C. Carbon line intensities corresponding to the maximum, minimum and average
values of the total intensity. The gap between two pixels is 0.052 nm.

During a measurements cycle, the properties of samples do not remain unchanged.
These temporal changes in spectra of powder samples were studied with rotating air-dry
sample No 5. The sequence of 10 recordings temporally following each other was
registered, each recording results to average of 40 laser shots. Intensities of spectral lines
of different elements as well as the values of corresponding standard deviations differ
remarkably. For better comparison of spectra of different elements, the intensities were
standardized (see 2.1.4) according to the formula

' SD

where 1{1 is the intensity of the spectrum number i at wavelength 2, 1% is the average
intensity and SD is the standard deviation.
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Figure 4.8 depicts standardized intensities of spectral lines as a function of the
recording number. In spite of comparatively big recording-to-recording fluctuations of
the intensities, it is possible to separate two groups of lines with characteristic trends.
The dominating trend in the case of most of the lines, Figure 4.8A, is the growth of
intensity with the order number in the series of successive recordings. This trend can be
explained by the roughening of the sample surface due to the action of laser pulses.
Because of it, the laser radiation is absorbed more efficiently, which in turn increases the
ablation rate and the intensity increases due to the increased amount of evaporated
matter. Differently from other lines, intensities of N, O and H lines have initially a
decreasing trend, and start increasing similarly to other lines only after passing a global
minimum, see Figure 4.8B. The initial fall of intensities in the case of these lines can be
explained by the fact that laser pulses reduce the number of air constituent molecules
N2, Oz, H20 at the surface and in the pores of powder pellets.
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Figure 4.8. Intensity of different spectral lines as a function of the number of successive recordings
in the case of air-dry powder samples.

4.1.2 Crushed oil-shale samples with low moisture content

As it was reported earlier [133, 119], the moisture content has a considerable impact on
LIBS results as due to the matrix effect, the intensities of spectral lines are affected by
H20 molecule which has a permanent dipole moment. Obviously the effect of moisture
is particularly strong in the case of the hydrogen line. At the same time, hydrogen is an
important element of the organic matter of oil shale (see Table 1.2). Thus, the presence
of moisture complicates the understanding of the relationship between the LIBS spectra
and the content of the organic matter in the oil shale. This is the main reason why it is
reasonable to start with the samples with a low moisture content.

From the 75 samples of different calorific values and water content presented in Table
3.1, only samples of moisture content not exceeding 4% were chosen. The minimum value
of moisture content of specimens A+A’, B, Est 7 and Est 8 was higher than 4% and they
were excluded from examination. From the remaining specimens, only the samples with
lowest moisture conent satisfied our condition. Thus, the spectra of 11 samples were
analyzed.

There were some chemical elements which had many detectable spectral lines. As an
example, the number of Ca | lines was 24. It appeared that intensities of these lines
depended on the calorific value of samples almost identically, i.e. the data vectors in the
24-dimensional space where each axis corresponds to the intensity of one spectra line,
were collinear. Figure 4.9 demonstrates the collinearity between the intensities of two
spectral lines. For all pairs of Ca | lines, the slope of the trend-line of standardized
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intensities was close to one but the factor R? varied remarkably. For the further
procedures, the line with the best signal-to-noise ratio was selected as the representative
of Ca | atom. The similar choice was made for all atoms/ions, which had more than one
detectable line.
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Figure 4.9. Relationship between intensities of two Ca | lines. Points belong to 55 recordings of 11
samples.

In Figure 4.10 we can see a gradual decrease of the total intensity /T with the growth
of the calorific value of the samples. This negative correlation serves as another evidence
that magnitude of It grows with the content of inorganic matter in oil shale samples.
Additionally, we can see from this graph that for a fixed sample, the shot-to-shot
variations of the It values for the series of five recordings are fairly small, smaller the
deviation of the data points from the linear trend-line.

As discussed in Section 3.4, using reduced intensities instead of directly recorded
intensities helps to reduce the effect of fluctuations. This effect is demonstrated in Figure
4.11A where the reduced intensity Ic/It of the carbon line is plotted alongside with the
intensity /c against the calorific value of the sample. It appeared that for a fixed calorific
value, there were no reliable trends in the temporal changes of the carbon line intensities
for the sequence of five recordings. Because of that, for each caloricity, only the average
of the five reduced intensity values is shown in the graph. We can see that the correlation
between Ic/lr and the calorific value QY is relatively big, R*> = 0.848; meanwhile,
the coefficient of determination between Ic and Q® is significantly smaller, R? = 0.212
(the corresponding trend-line is not shown in the figure). Figure 4.11B presents the
dependence of the standardized reduced intensity of the hydrogen line on the calorific
value. Differently from what was observed for carbon line, for some calorific values,
a small but clear temporal growth in the reduced intensity of the hydrogen line took
place: the intensity increased slowly but persistantly during the time interval of ca 15
minutes needed for taking all the five recordings. Such a behaviour can be explained by
the fact that the moisture content of the samples was smaller than that of the ambient
air. Hence, during the experiment, the samples’ surface absorbed water vapors from the
air.
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Figure 4.11. Graph A — intensity Ic and reduced intensity Ic/ It of the carbon 427 nm line is plotted
against the calorific value of the samples. Graph B — standardized reduced intensity In/ I+ of
hydrogen 656 nm line is plotted against the calorific value.

To find out the relationships between the reduced intensities of the spectral lines of
different atoms /ions and correlations between these intensities and the calorific values
of the samples, covariance of different pairs of variables was calculated. The covariance
between variables x and y is defined as [155]

cov(x,y) = [XN, 0 — %) (v — P/ (N — 1),

where x;,y; are the results of the i-th measurement in a series of measurements, and
X,y denote the average values of the corresponding quantities, averaged over the full
series of measurements.

In calculations, both the reduced intensities //lr and calorific value Q had the
standardized form. Note that when the standardized forms are used, the covariance varies
from —1 to 1, and the squared covariance equals to the coefficient of determination R2.

Table 4.1 presents the covariance matrix, where the matrix elements were found
using the standardized intensities, averaged over the five recordings. According to the
matrix, the caloricity has the highest positive correlation coefficient with the
standardized intensity of the carbon and hydrogen lines. The covariance between Ca |
and Ca Il intensities with the caloricity as well as with all the other intensities of
atoms/ions is negative. The strongest anticorrelation (with the highest absolute value of
the covariance) is observed between the intensities of the Ca Il and Si | spectral lines,
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cf. Figure 4.12A. The origin of such an anticorrelation can be traced back if we look at the
Figure 4.12B. First, notice that for a fixed sample, the deviation of the reduced intensity
of the Ca Il and Sl I lines from the trend-line is much larger than the standard deviation
of the intensities in the sequence of the five recordings (see the scattering in Figure
4.11A). The next thing to pay attention to is that the intensities deviate from the trend-
lines in opposite directions: a higher Si | signal corresponds to a smaller Ca Il signal and
vice versa. This has a very natural explanation: samples with high-intensity Si | signal are
composed dominantly from sandy clay, which leaves respectively less room for
carbonates. Meanwhile, samples with an high-intensity Ca Il signal are made
predominatly from the carbonate compounds (see Table 1.2).
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Figure 4.12. The scatter plot A demonstrates strong negative correlation between the intensities of
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Table 4.1. Covariance matrix of samples with low moisture content.
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4.1.3 Crushed oil-shale samples with different moisture contents

Now we discuss the data collected from of all the 15 specimens, each of which has 5
different values of moisture. As we can see from the Table 3.1, the method applied for
varying the moisture content of crushed oil shale allowed us to vary the weight
percentage of moisture Ww from 1 to 23.4%. However, there were considerable
specimen-to-specimen variations: the same settings of the method resulted in different
values of Ww; importantly, the specific value of Ww which was achieved, was not related
to the caloricity of specimens. As an example, for the specimen A+A’ (Q° = 13.6 MJ kg™3),
the moisture content varied from Ww = 10% to Ww = 23%, while for the specimen C with
a fairly similar calorific value (Q® = 15.58 MJ kg™1) the moisture content was much smaller,
from Ww = 4% to 10.6%.

Total intensity It of the samples with a low moisture content had a clearly negative
correlation with the calorific value Q“ (see Figure 4.10, R? = 0.72). Meanwhile, this
correlation disappeared when all the samples, with any values of Ww, were included into
consideration: the coefficient of determination between /r and Q° dropped down to
R?=0.05. The moisture affected also the values of the elements of the covariance matrix,
the results for the most important matrix elements are presented in the Table 4.2.

Table 4.2. Effect of moisture content on covariance value.

Covariance of the reduced intensity with Q¢
Element samples with Way < wt All samples
4%
Cl 0.93 0.92
Hl 0.94 0.07
NI 0.82 0.13
Ol 0.78 0.00

According to this table, reduced intensity of carbon has still a good correlation with
the calorific value; this can be also observed in Figure 4.13A. However, the moisture
reduces drastically the correlation between the reduced intensity of hydrogen and the
caloricity. Figure 4.13B shows that the fluctuations of the values of /u/Ir caused by the
moisture are significantly larger for specimen with low calorific values. In order to explore
this effect in more details, we have calculated the standard deviation SD characterizing
these moisture-caused fluctuations of the reduced intensity: it appeared that the SD
value decreases almost exponentially with the calorific value. Similarly, to the case of
hydrogen, when all the samples with all the moisture content values are considered, the
correlation between the calorific value and the reduced intensity of the nitrogen and
oxygen lines disappears, too. Covariance between Q° and other spectral lines was also
dependent on the moisture content, but the changes were less dramatic, and remained
below 50%.
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Figure 4.13. Reduced intensities of carbon (A) and hydrogen (B) lines is plotted as a function of
caloricity recorded at five different values of moisture content. Each point presents the average of
five recordings. Solid lines present linear (A) and exponential (B) fits.

In Figure 4.14 the total intensity I is plotted against the moisture content. It can be
seen that for the given range of moisture content values, the intensity decreases with
the increasing moisture content by an order of magnitude. Such a behavior where by a
fixed laser pulse energy, of the total intensity I is decreasing with an increasing moisture
content, is consistent with the results of the study [133] where the moisture in coal
pellets caused a drop in the intensity of all the spectral lines. A likely reason of this effect
is an extra loss of laser pulse energy for dissociation of the water vapor, which results in
a lower concentration of matter in the plasma plume.
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Figure 4.14. Total intensity as a function of the moisture content. Each point presents the average
of five recordings.

It appears that at higher values of Ww, the temporal changes in the intensity ratio /n/i
taking place during a cycle of five recordings, depended on which specimen is used.
Figure 4.15A shows that in the case of specimens with a high calorific value, /It
remained practically unchanged during the cycle, while in the case of specimens with a
low calorific value, the intensity /u/Ir gradually decreased with the order number of the
recording within the series. Differences in the temporal behavior of I1//r can be explained
when we keep in mind that the hydrogen signal is related both to the content of the
moisture, and to the content of the organic matter. Assuming that during a series of five
successive recordings, the moisture content decreases at the sample surface, the intensity
of the hydrogen signal should fall. This effect is more pronounced in the case of specimens

61



with a low calorific value, while for specimens with a high content of organic matter, this
decay in the intensity remains unnoticeable. The average of the five recordings of Iu/It
(cf. Figure 4.15B) shows a linear growth with the moisture content. It should be pointed
that the outliers from this dependence belong to the specimens with low calorific value.

Table 4.3 shows the covariance matrix for such chemical elements for which the
covariance with the moisture content Ww is relatively large. As we can see, all alkali
metals belong to this table.

Additionally, this matrix shows that hydrogen, oxygen and nitrogen signals are highly
correlated with each other. Keeping in mind that the correlation of the intensity of the
spectral lines of these elements with the calorific value was almost missing (cf. Table 4.2),
the last finding can be related to the presence of the air molecules at the surface and/or
pores of samples.
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Figure 4.15. Graph A — temporal changes of the hydrogen signal occurring during one cycle of
measurements recorded at relatively high values of Ww. Graph B — In/Ir is plotted as a function of
Ww; here each point presents the average of five recordings.

Table 4.3. Covariance matrix when all the samples with different values of moisture content are
included into consideration.

W HI Sil Mg Il All Til Till Lil NI ol Na | Kl
w 1.00 0.64 0.55 0.50 0.55 0.56 0.59 0.68 0.44 0.50 0.63 0.75
HI 0.64 1.00 0.04 030 -0.01 0.22 0.22 0.40 0.90 0.95 0.38 037
Sil 0.55 0.04 1.00 0.75 0.97 0.52 0.88 0.53 -0.06 -0.06 0.41 0.66
Mgl 0.50 0.30 0.75 1.00 0.64 0.07 0.62 0.13 0.37 0.29 0.06 0.27
All 0.55 -0.01 0.97 0.64 1.00 0.63 0.88 0.61 -0.15 -0.15 0.52 0.73
Til 0.56 0.22 0.52 0.07 0.63 1.00 0.67 0.92 -0.02 0.04 0.88 093
Till 0.59 0.22 0.88 0.62 0.88 0.67 1.00 0.72 0.03 0.07 0.55 0.77
Lil 0.68 0.40 0.53 0.13 0.61 0.92 0.72 1.00 0.10 0.22 0.87 0.95
NI 0.44 0.90 -0.06 0.37 -0.15 -0.02 0.03 0.10 1.00 0.96 0.09 0.11
ol 0.50 0.95 -0.06 0.29 -0.15 0.04 0.07 0.22 0.96 1.00 0.19 0.19
Nal 0.63 0.38 0.41 0.06 0.52 0.88 0.55 0.87 0.09 0.19 1.00 0.87
Kl 0.75 0.37 0.66 0.27 0.73 0.93 0.77 0.95 0.11 0.19 0.87 1.00

4.1.4 Application of multivariate regression model for data processing.

In subsection 4.1.2 we saw that in case of samples with a low moisture content the
univariate regression gave more-or less satisfactory correlation between the caloricity
and the intensity of the carbon line as well as between the caloricity and the intensity of
hydrogen line. Results of the subsection 4.1.3 showed us that in a more general case
when the moisture of the samples varied within a wider range, values of covariance
between the caloricity and some spectral lines (including hydrogen) changed drastically,
cf. Table 4.2. Besides, we saw that at a fixed calorific value, a variation of the moisture
content can cause big changes in the carbon line intensity. Thus, to be able to predict the
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calorific value and the moisture content with a higher accuracy, a more sophisticated
model of the multivariate linear regression must be used. The calculations were done
using self-written Mathcad program. Here we provide only the basic principles of this
regression model, together with the main results obtained by using it; for more details
cf. our publications [P I, P II].

In order to apply the ordinary multivariate regression method, we use the reduced
integral intensities of spectral lines as a set of observable variables.

According to the model of multiple linear regression (see 2.1.4), a dependent variable
had to be introduced as a linear combination of independent variables. If the caloricity is
taken as the dependent variable and the independent variables are the reduced
intensities of spectral lines, then the corresponding relationship in a vector form could
be written as

Q=K-I

Here, Q is the calorific value of a sample; I is an N-dimensional vector of intensities of
selected spectral lines, and the components of K are the coefficients which need to be
found during the calibration.

The components of the vector K were found as the linear regression coefficients of a
least-square fit [156], calculated as

K=(AT-4)' AT -B,

where A denotes a MxN matrix the elements of which are the reduced intensities /mn,
measured for the calibration purposes, M denotes the number of different samples for
which the spectra were measured , and B is a vector the M components of which are the
known values of the caloricity. Superscript T denotes the transposed matrix.

Covariance matrices in subsections 4.1.2 and 4.1.3 gave the preliminary information
about the correlation between the intensities of spectral lines and the caloricity Q¢
(and with the moisture content Ww). However, we want to work out a method to predict
the relevant parameters of a sample from the LIBS spectra, and so we need to answer
two more questions. First, what is the optimal number of different spectral lines which
need to be used by the multivariate method, to achieve the best possible predictions.
It appears that increasing the number of spectral lines does not necessarily improve the
predictions. Second, can we test if our method of deducing the parameters of a sample
from the measured spectra is sufficiently precise and reliable.

To answer these questions, we used the leave-one-out cross-validation method [157].
This method works as follows. We start with estimating the caloricity Ql-dof the i-th test
specimen with 5 different values of W (altogether 5 x 5 = 25 recordings, see section 3.4),
from the spectral measurements- To that end, the following steps were made. First, we
found the calibration vector K by using the data of 14 remaining specimens, each of them
represented with five different samples of different values of Ww (hence, altogether
14 x 5 x 5 =350 recordings were used). Second, the obtained vector K was used to build
a calibration curve , and the value of Qid was found using the formula Q = K - I.

This leave-one-out procedure was applied to all the 15 specimens.

The standard deviation error of prediction (SDEP) was used as the criterion for the
quality of the prediction

spEp = 152, (0f - 0F)"
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Here Q{i denotes the calorific value of the i-th test sample measured with a bomb
calorimeter and Qf is the predicted calorific value of the sample. M stands for the total
number of measurements (M = 375).
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Figure 4.16. The graph shows the dependence of SDEP on the number of the spectral lines added
incrementally to the set of variables [P Il].

The regression model was applied to different sets of spectral lines but always the
calculation of SDEP was started with the carbon line as it has the highest correlation with
Q2. The intensities of new spectral lines were progressively added to this multivariate
regression model: among all the options, the one which gave the smallest value of SDEP
was selected. Figure 4.16 shows how the resulting SDEP changed as a function of the
number of the used spectral lines when this procedure was followed. We can see that
when the spectral lines are incrementally added, SDEP decreases at first until reaches its
minimum value at N = 10, and then starts to grow.

Data points in Figure 4.17 are calculated using the first 10 spectral lines in Figure 4.16.
Both a linear and a polynomial fit were used to approximate the dependence between
the LIBS results and the calorific value Q¢ of the sample. The root-mean-square (denoted
as SD) of the difference between the true calorific value and the LIBS prediction, Q°-Q¢,
was calculated. While the linear fit gave resulted in SDUN = 1.76 MJkg™, the polynomial
fit gave considerably better results with SDP°t = 0.8 MJkg™.
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directly measured calorific value Q. Data points show the results of testing; solid line shows the
linear fit and dashed line — the polynomial fit.

This multivariate regression method was also used for determining of the moisture

content Wu, in a full analogy with how it was used for determining the calorific value
Now, the spectra were ranked by moisture content and not by calorific value. All the
spectra were divided into five groups (see Table 3.1) with different moisture contents.
Each group had 15 x 5 recordings. Four groups out of these five were used for calibration
and one was left for validation. This procedure was performed for all the five possible
ways of selecting the validation group. According to Table 4.3, potassium line has the
best correlation with Ww and so the SDEP calculations started from this line. It appeared
that again, the SDEP value reached its minimum at N = 10 lines. The root-mean-square
of the difference (Ww—WP) was 1.94%. Keeping in mind that the average value of the
moisture content is Ww =~10%, we can see that the accuracy of the assessment of Ww is
remarkably lower than that of Q°. The reason of the relatively high uncertainty of the
prediction of Ww is probably related to the temporal changes of spectral line intensities
(see Figure 4.15) which, in turn, is caused by the fact that the surface of the samples dries
during a series of five recordings.
Differently from the crushed oil shale samples, in the case of powder pellets, the
information about the chemical composition was available to us ([P 1], Table 1). This
circumstance made it possible to apply LIBS for estimating the concentrations of different
compounds by applying the same multivariate least square method which was used
above for finding the caloricity and moisture content. Although the sulfur lines were out
of the sensitivity range of our LIBS spectrometer, its presence (wt% <1.5) influenced the
intensities of other lines and this circumstance allowed us to find the sulfur concentration
with the relative standard deviation RSD = 4%.
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4.2 DRS Results

In order to be able to compare the results obtained with DRS directly with those obtained
by LIBS, the same set of specimens of the crushed oil shale was used. However, as
described in Section 3.1.3, by DRS, a different method of the moisture content variation
was used; this allowed us to reduce significantly the range over which the value of Ww
changes within each moisture group, as one can see by comparing Table 3.1 with Table 1
in [P II].

The multipurpose analyser MPA-FT-NIR has different data presentation options; in the
present study, we used the absorbance A = log(1/R’) as a function of the wavelength.
At the 8 cm™ spectral resolution, the average of 64 single spectra (“a recording”) was
saved. At a fixed moisture content, each sample was characterized by at least three
recordings.

For the analysis of spectra, the spectral range 1300-2600 nm was selected, as at
shorter wavelengths, the absorption bands were missing, and at longer wavelengths, the
absorption was too large.

In order to improve the visibility of the absorption bands, the first derivative of the
absorbance was used for the characterization of the spectra. In Figure 4.18A, we can see
five easily identifiable absorption bands [158—-160].

Further the values of dA/dA were used as the characteristics of bands intensities.
Figure 4.18B shows that at a fixed moisture content, the absorbance grows with the
caloricity at a decelerating rate; this suggests that the absorbance will saturate at high
calorific values. The same type of behavior was observed in the case of all the used
moisture values.

In the case of a certain specimen, the absorbance was a linear function of the moisture
content but the slopes of these dependences differ remarkably (see Figure 4b in [P 1ll]).
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Figure 4.18. In graph A, absorbance A and its derivative dA/d A are plotted against the wavelength
for the specimen F1 with Wy, = 7.5%. In graph B, dA/d 1 is plotted as a function of the caloricity for
Wy, = 14.5%; filled symbols correspond to the peak values at A = 2305 nm; open symbols — to the
peak values at A = 1725 nm; solid line shows a logarithmic fit for the data at A = 2305 nm.

In this section, we have seen at a qualitative level that the vibrational spectra depend
on the caloricity Q¢ and moisture content Ww. To obtain quantitative information, we
have used the built-in functionality of the software of the multipurpose analyzer — it can
apply a multivariate analysis. Differently from LIBS, it is assumed that the sample
composition influences the whole spectrum. For data analysis, the device’s software
applies partial least square (PLS) linear regression method (see 2.1.4). The general
approach is the same as in the case of LIBS. First, on the basis of spectra belonging to
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samples with different calorific values and with different moisture content, the
calibration curve is calculated; this curve is later used for the analysis of the unknown
samples.

Using the minimum of the standard deviation error of prediction (SDEP) as the
criterion (see 4.1.4), the device’s software chose combinations of preprocessing
methods and selected spectral ranges. The software used two types of validation.
The first one was the leave one out method. The second validation type uses two
independent sets of samples, one for the calibration (in the present study — 20% of the
spectra were put into that set) and the other (in the present study — the remaining 80%
of the spectra) for validating the model. The both types of validations yielded very similar
prediction-characterizing dependences.
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Figure 4.19. Graph A shows the predictions of caloricity based on the multivariate analysis of the DRS
absorption spectra of the samples. Graph B shows the predictions of the moisture content. Both graphs
present the results of the one-leave out method.

Dependences in Figure 4.19 show a good correlation between the calorific value and
moisture content determined by DRS and traditional laboratory methods.

4.3 Conclusions

In the modern era, a profitable industrial production has to take into account the
limitations set by environmental protection requirements. One way of mitigating the
contradictory requirements of profitability and of environmental protection is to develop
such methods which consider and make use of the properties of the source materials in
as much details as possible.

The existing industrial methods of the oil shale quality control are sufficiently precise,
but too time-consuming and hence, unsuitable for real-time monitoring of the properties
of the samples on the conveyer belt. At the same time, the actual oil-shale samples on
the conveyer belt fluctuate in composition and properties considerably over a fairly short
time scale. This can result in a big mismatch between the daily average data of the
calorific value (from the precise but slow measurements), and the actual calorific value
of many pieces of the excavated oil shale. Indeed, as we can see from Table 3.1,
the difference between the daily average calorific values and the calorific value of a
specific specimen taken from a stopped conveyer belt on that day (the samples labeled
with “EST”) may be really big. In the extreme case of the sample “EST Q = 1.5”, the daily
average calorific value 1.5 MJkg™ differs more than two-fold from the sample’s actual
caloricity of 3.05 MJkg™. For other “EST”-labeled specimens, the difference was less
dramatic, but typically still around 20%. These results demonstrate unambiguously that
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in order to increase the efficiency of streamlined technologies of the oil shale treatment,
a continuous real-time control of the quality of raw materials is needed. For similar
purposes, user-friendly non-invasive optical techniques have been applied in different
contexts, as discussed in sections 2.1.5, 2.2.3.

In section 1.7, we have formulated main requirements for techniques used for
real-time oil shale testing. These considerations serve us here as a guideline for
summarizing the main findings obtained by LIBS-testing of samples under conditions
close to the ones on a running conveyer belt. The main aim of this thesis is developing a
method for predicting the gross calorific value and the moisture content using LIBS data.
More specifically, we are dealing with the findings based on the comparison of the LIBS
results for crushed oil shale samples [P I] with the LIBS results for the powder pellets
[P 1], and with the respective results obtained while using the DRS technique [P Ill].

During a single laser shot, numerous spectral lines belonging to 12 chemical elements
in the wavelength range from 220 to 850 nm were recorded. In addition to the intensities

of individual spectral lines, the total intensity I, = fzgzsool(/l)d/l was calculated. As the

samples contain lumps of organic and inorganic matter with variable properties and the
facets of lumps had random orientation with respect to the direction of the laser beam,
intensities in single spectra varied significantly. We managed to reduce the amplitude in
which the spectral line intensities fluctuate, quantitatively characterized by the standard
deviation, by introducing and making use of the reduced intensity //Ir, where It is the total
intensity. In order to obtain statistically significant information about the samples, a large
number of spectra were recorded (see section 3.4). Overall, 75 samples were tested, with
each sample having its own fixed value of caloricity and moisture content.

The first step of the spectral data preprocessing was calculating the covariance
matrices, with the matrix elements being the covariances between the calorific values or
moisture contents on the one hand, and intensities of the different spectral lines, on the
other hand, as well as covariances between different pairs of spectral lines (see Tables
4.1 and 4.3). In a full agreement with theoretical expectations, the intensity of carbon
line turned out to be strongly correlated with the calorific value; this behavior is robust
and is almost independent on the moisture content. At the same time, the moisture
content did affect strongly the covariances between the caloricity and the intensity of
the hydrogen line: while for low values of the moisture content, the correlation was
strong, for higher moisture values, the correlation between the caloricity and the
intensity of the hydrogen line was almost completely lost (see Table 4.2).

The dependence of the carbon line intensity on the calorific value can be used as a
rough way to estimate the caloricity. However, in order to achieve a better prediction,
we have applied a multivariate analysis by using the model of multiple linear regression.
With this model, linear regressions of the calorific value and of the moisture content
with different combinations of spectral lines were calculated, and the leave-one-out
cross-validation method was applied; the standard deviation error of prediction (SDEP)
served us as the criterion of the evaluating the quality of the fit. It appeared that a set of
around 10 spectral lines was needed to reach the minimum of the standard deviation.
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Table 4.4. Quality of the calorific value and moisture content predictions.

Type of Analyzed Trend-
Method yP v . Range | line R? SDEP |Ref.
samples Quantity
slope
Powder 6.4-11.6 0.24
d *
pellets, air-dry Q MJ kgt 1 0.98 MJ kgt [P1]
LIBS Lumps & Q 0'5'21'% 0.91* | 0.91 1'7§
. MJ kgt MJ kg1
variable 1.23.4 [P
moisture Ww ly 0.83* | 0.82 | 1.94%
(o]
0.5-21.1 1* 0.98 0.85
MJ kg1 1** 0.97 | MJkg?
Lumps & Q & 0 gi
DRS r\r/]a;ril;tzjlse MJ kgt [P 1]
Ww 0.5-22.3 0.94* 0.93 1.35%
% 0.97** 0.94 1.33%

*|leave-one-out validation
**test set validation

Table 4.4 summarizes results obtained for different sets of samples and different
optical methods. In this table columns “Trendline slope”, “R?”, and “SDEP” characterize
the quality of the predictions of the calorific value and moisture content based on the
optical methods by comparing the respective predictions with the more accurate
measurement results obtained by calorific bomb and weighing. As we can see, the
accuracy of the prediction of the caloricity was the highest in the case of air-dry powder
samples. In that case, the achieved SDEP values approached the uncertainty of
determination of our reference values obtained with the calorimetric bomb (0.13 MJ kg™
[P 17). Although this method is accurate, it is also slow, time needed for preparing the
powder pellets is comparable with the one needed for calorific bomb measurements.
Much more importantly, our powder pellet study demonstrated that multivariate
regression analysis of LIBS spectra can be used to determine the dominating constituents
of oil shale with high accuracy, with the relative standard deviation being less than 5%.

When crushed oil shale samples were used instead of powder pellets, both LIBS and
DRS measurements of the calorific value QY were less accurate. While there are several
potential explanations for such a behavior, effects related to the moisture content seem
to be the main reason for the increased prediction error of Q°. This conclusion is based
on the fact that when only air-dry crushed oil shale samples are used, predicting the value
of Q¥ with LIBS becomes much more accurate, with R? = 0.96 and the standard deviation
taking values around 1.1 MJ kg1 (cf. [P I1]). It was shown in section 4.1.3 that the moisture
affects the intensities of many spectral lines which are used in Q“ calculation. Similar
effect happens in the case of DRS spectra where the moisture causes changes not only
in the OH bands, but also in other parts of the spectra (cf. [P lll]). Both LIBS and DRS
techniques use information obtained from the surface layers of samples; thus far, it has
been assumed that the conditions at the surface are the same as inside the samples.
However, in the present experiments, this assumption is likely to fail, because at the
surface, so fast changes are taking place, (cf. Fig 4.15A) that the moisture content inside
lumps is unable to adapt.
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Mismatch between the conditions at the surface and inside the samples can be
expected to be the reason for the difference between the moisture content values
determined by weighing and by the optical methods.

As one can see from Table 4.4, the DRS technique predicted calorific value at least two
times more accurately than the LIBS technique. The likely cause of this that by integrating
it over a sphere, the DRS spectrometer is collecting and averaging the light more
efficiently.

Regarding the prospects of developing the LIBS device further as a part of the real
conveyer belt, it should be pointed out that in the present LIBS studies, the fast changes
at the surface of the oil shale lumps on the rotating stage were caused by a continuous
airflow. The drying effect caused by airflow will be less pronounced in the case of a real
running conveyer belt.

Also, the sets of crushed oil shale specimens used by the current study belong to layers
with very different concentrations of components; this gave rise to big fluctuations in
how the intensity depends on the caloricity (cf. Fig 4.12B), resulting in larger values of SDEP.
At the same time, the modern selective mining (cf. 1.3) is producing more homogeneous
composition of the raw material. This circumstance is expected to improve the prediction
of the oil shale parameters.

Finally, recall that our study was based on linear regression models for data
processing. However, we saw that a polynomial fit gave noticeably better results, see Fig
4.17. Thus, a software upgrade is a feasible way of increasing the prediction accuracy.

This feasibility study showed that the laser induced breakdown spectroscopy (LIBS) is
the technique which can be used for real-time control of the oil shale properties. Apart
from the fact that it can be used for determining such integral quantities as the caloricity
and the moisture, LIBS makes it possible to determine the elemental composition of
the raw material. This additional ability of LIBS is important when oil shale is being used
as a raw material in fine chemistry. When corresponding calibration data are used,
the LIBS-based measurement results can be also used for designing the processing
methods of the oil shale by-products.
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Abstract
Fast Assessment of Oil Shale Quality by Spectral Methods

The yield of oil as well as the efficiency the oil shale valorization in other fields, depend
on the information about the content of organic and inorganic parts of the raw material.
However, the present time-consuming laboratory testing could not meet the
requirement of real-time control of oil shale composition and optimization of non-stop
industrial processes. Among different on-line quality control methods, the optical
methods are non-invasive and user-friendly.

In the present cycle of studies, the main attention is paid to the characterization of oil
shale by laser induced breakdown spectroscopy (LIBS) technique. Results of another
optical method, diffused reflectance spectroscopy (DRS) is used for comparison.

The aim of the thesis was to evaluate the feasibility of using LIBS for determination of
calorific value and moisture content in conditions comparable to those of industrial ones.

Specimens for the study were collected from the layers of the Narva open cast mine
and from the stopped conveyor belt of the beneficiation plant of the Estonia
underground mine. For calibration of the results obtained by optical methods, traditional
laboratory methods have been used. The gross calorific value of the samples was
determined by calorific bomb method. The content of moisture of specimens was varied
and the quantity of moisture was found by weighing. In all, 75 crushed oil shale samples
with different caloricity and/or moisture content were used.

Experiments were carried out in ambient air at atmospheric pressure. Oil shale lumps
of different size and orientation were spread out on the rotating stage which was a mock-
up of the running conveyer belt. Results obtained with crushed oil shale samples were
compared with those found by LIBS testing of powder pellet samples.

In LIBS setup pulsed Nd:YAG laser (A = 532 nm) was used and a single-shot spectra
were recorded in 220-850 nm wavelength range. Each sample was characterized by 375
single-shot spectra. DRS measurements were carried out using a multipurpose analyzer,
where near infrared spectrum was recorded in 12500-3600 cm™ (800—-2780 nm) interval.
The average of 355 spectra characterized each sample.

As a first step of LIBS data preprocessing, covariance between the gross calorific value
(or moisture content) and different spectral lines as well as between different pairs of
spectral lines were found. On the basis of this information a set of spectral lines was
chosen, which was used in the further analysis. The intensity of the carbon line has a
strong correlation with the calorific value and the variation of moisture does not change
it remarkably. However, the accuracy of prediction of the calorific value only on the basis
of the carbon line intensities was not high enough and calculations of the calorific value
and the moisture content were made by using the ordinary linear regression model.
It appeared that a set of ca 10 spectral lines gave a minimum value of the standard
deviation of prediction.

For DRS data analysis, from the options of the device software, the partial least square
linear regression method was used.

In case of crushed oil shale samples, the standard deviation of prediction of the
calorific value was 1.76 MJ kgland that of the moisture content was 1.94%.
The corresponding value found by DRS were 0.85 MJkg™ and 1.35%. At the same time,
the standard deviation of the calorific value of air-dry powder pellets samples was
0.24 MJ kg™*. Comparison of these results allowed us to find out two main reasons which
determine the standard deviations for the parameters of crushed oil shale samples.
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The first reason was the uncertainty of measuring the moisture content. It is likely that
in the case of a real conveyor belt and as-mined oil shale, the uncertainty will be
considerably smaller. The second reason was that a linear regression model was applied
instead of a nonlinear one; using a nonlinear estimation model reduced the standard
deviation of calorific value to almost as small values as what were observed for DRS
measurements.

Additionally, LIBS allowed us to predict the concentrations of main chemical species
with a 5% accuracy.

To sum up, our study shows that LIBS is a technique which makes it possible to
perform real-time on-line control of the oil shale properties.
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Lithikokkuvote

Polevkivi kvaliteedi kiirmadramine spektraalsetel meetoditel

Nii 8lisaagis kui ka teiste pdlevkivi vadrtustamisviiside efektiivsus sdltub teabest toorme
orgaanilise ja anorgaanilise osa koosseisu kohta. Paraku on praegused laboratoorsed
pdlevkivi testimisviisid aegandudvad ja ei pruugi vastata pideva tootmisprotsessi
kontrollile/juhtimisele reaalajas. Optilised meetodid, mis vdimaldavad pidevalt
toimuvate protsesside kontrolli reaalajas, on kontaktivabad ja kasutajasGbralikud.
Kdesolevas uurimistsiklis on pohitdhelepanu poodratud laserindutseeritud |3bil6ogi
spektroskoopiale (LIBS), kus laservalke m&jul aurustatakse vdike hulk marklaua
materjalist ja registreeritakse tekkinud plasma spekter. Saadud tulemusi vdrreldakse teise
optilise meetodiga, difuusse peegeldumise spektroskoopia (DRS), saadud tulemustega.
Dissertatsiooni eesmargiks oli hinnata LIBSi kasutatavust tlikikivi kiittevadrtuse ja
niiskusesisalduse madramiseks tingimustes, mis on lahedased tddstuslikele.

Tukikivi eksemplarid koguti Narva karjaari pdlevkivikihtidest ja Estonia kaevanduse
rikastusvabriku konveierilindilt. Optiliste m&6tmistulemuste kalibreerimiseks kasutati
traditsioonilisi laboratoorseid meetodeid. Ulemine kiittevaartus maarati kalorimeetrilise
pommiga ja niiskusesisaldus maarati kaalumismeetodil. Uhtekokku oli testimiseks 75
tiikikivi objekti, mida iseloomustas erinev kittevaartus ja/véi niiskusesisaldus.

Eksperimendikeskkonnaks oli laboridhk atmosfaarirdhul. Erineva suuruse ja
orientatsiooniga pdlevkivitiikid paiknesid poorleval alusel, mis kujutas endast
konveierilindi imitatsiooni. Tukikivi testimistulemusi vorreldi tulemustega, mis saadi
polevkivipulbrist tablettide testimisel.

LIBSi katseseadmes kasutati Nd:YAG impulsslaserit (A = 532 nm) ning Ghe laservalke
tulemusena registreeriti spekter lainepikkuste vahemikus 220-850 nm. Igat objekti
iseloomustati 375 (iksikspektriga. DRS mddtmised tehti todstusliku multi-anallisaatoriga,
mis registreeris spektri vahemikus 12500-3600 cm™ (8002780 nm).

LIBSi andmete eeltodtluse esimeseks sammuks oli kittevadrtuse ja erinevate
elementide spektrijoonte kovariatsioonivaartuste leidmine, samuti leiti erinevate
spektrijoonte vahelised kovariatsioonid. Selle informatsiooni baasil valiti edasiseks
analtusiks  kasutatavad  spektrijooned. Sisiniku  spektrijoone  korrelatsioon
kiittevaartusega oli tugev ja niiskusesisalduse mdju oli vdike. Imnes aga, et kiittevaartuse
prognoosi tapsus sisiniku spektrijoone jargi ei ole piisav ning objektide kiittevaartuse ja
niiskusesisalduse leidmiseks kasutati mitme-muutuja lineaarse regressiooni mudelit.
Saadud tulemused naitasid, et prognoosi iseloomustava standardhdlbe miinimum
saavutatakse ~ 10 spektrijoone kasutamisel. DRS andmete t66tluseks valiti multi-
anallisaatori tarkvarast osaline vahimruutude meetodi algoritm.

Tukikivi objektide kittevaartuse prognoosi iseloomustas standardhélve 1.76 MJ kg
ja niiskusesisalduse puhul oli standardhalbeks 1.94%. DRSi iseloomustavad suurused olid
vastavalt 0.85 MJkg™ ja 1.35%. Ohk-kuivade tablettide kiittevaartuse standardhilbeks
aga oli 0.24 MJkg™. Nende arvnéitude v&rdlus lubas vilja selgitada kaks peamist pShjust,
mis maaravad tlkikivi objektide standardhalve. Esimeseks pdhjuseks oli niiskusesisalduse
leidmise maaramatus. On tdendoline, et reaalse konveierlindi puhul saab seda
madramatust oluliselt vahendada. Teine pOhjus seisnes oletuses, et spektrijoonte ja
kittevaartuse vaheline seos on lineaarne, kuid kasutades nende suuruste vahelise
soltuvuse hindamiseks ruutsbltuvust, saime kuttevdartuse standardhilbeks DRS
standardhalbega ligildhedase vaartuse.

-1
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Lisaks kiuttevaartuse ja niiskusesisalduse maaramisele v8imaldas LIBS 5% tdpsusega
madrata polevkivi peamiste keemiliste lihendite kontsentratsioonid.

To66 tulemusena leidsime, et LIBS on meetod, mis vGimaldab pdlevkivi omaduste
kontrolli reaalajas.
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The laser-induced breakdown spectroscopy (LIBS) combined with multivariate regression analysis of measured data were utilised
for determination of the heating value and the chemical composition of pellets made from Estonian oil shale samples with different
heating values. The study is the first where the oil shale heating value is determined on the basis of LIBS spectra. The method for
selecting the optimal number of spectral lines for ordinary multivariate least squares regression model is presented. The correlation
coefficient between the heating value predicted by the regression model, and that measured by calorimetric bomb, was R* = 0.98.
The standard deviation of prediction was 0.24 M]J/kg. Concentrations of oil shale components predicted by the regression model

were compared with those measured by ordinary methods.

1. Introduction

Oil shale is used for production of fuel oil and various chem-
ical products and is also used as a fuel in Estonian power
plants. New boilers of oil shale power plants as well as oil
retorts require a relatively constant quality of raw materials
and fuel. The basic parameter of oil shale quality is the heat-
ing value. Heating value can vary considerably within the
location in a deposit and depends substantially on concre-
tions and limestone content [1]. Optimal operation of boilers
requires continuous monitoring of heating value of incoming
fuel. Up to now, the heating value of oil shale in laboratories
of Estonian enterprises is measured using oxygen bomb
calorimeters, which are the standard instruments for mea-
suring heating values of solid and liquid combustible sam-
ples. However, this precise method is time consuming and
thus not useable for online monitoring of the continuous
flow of raw material.

Laser-induced breakdown spectroscopy (LIBS) as a fast
diagnostic method has been widely used for characterization
of coals and lignite. Overview of activities in this field can
be found for example in [2] and references therein. LIBS

adapted with advanced data processing methods provides
real-time information required by boiler operators nowa-
days. In addition to elemental composition, other important
properties of coal, such as ash content and ash fusion temper-
ature or even heating value that have complicated relation to
elemental composition, are determined on the basis of LIBS
spectra using multivariate analysis methods [3-5]. Contrary
to numerous studies dealing with LIBS diagnostic of coals
and lignite, the number of papers related to LIBS diagnostics
of oil shale is rather limited.

In [6, 7], laser-induced pyrolysis was used for determina-
tion of oil shale characteristics. Directing a number of laser
shots with high repetition rate to the same spot of the sample
under an argon purge, the changes in the spectral line inten-
sities in LIBS spectra over the course of measurements were
related to H/C ratios determined on isolated kerogens from
the rock samples. Predicted kerogen H/C ratios from the
LIBS measurements of whole rock samples were well corre-
lated (R*=0.99) to values determined for kerogen isolates
measured by elemental analysis [6]. An important advantage
of the method is that the decay of intensities of H and C lines
with the growth of laser shot number allowed a clear
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TasLE 1: Composition of dry samples.
Sample number 1 2 3 4 5 6 7 8 9 10
Heating value by bomb, Qb (MJ/kg) 6.36 6.60 7.28 7.98 9.10 9.08 9.86 10.36 10.78 11.62
Analytical moisture (%) 0.6 0.6 0.7 0.7 0.8 0.8 0.8 0.8 0.8 0.8
C (%) 224 22.3 23.4 24.3 26.4 26.4 27.2 27.8 29.5 30.9
C inorganic (%) 7.2 7.2 6.9 6.6 6.1 6.3 5.6 5.1 5.8 5.6
C organic (%) 15.2 15.1 16.5 17.7 20.3 20.1 21.6 22.7 23.7 25.3
S (%) 1.0 1.2 1.2 1.3 1.4 1.4 1.3 1.5 1.2 1.3
N (%) 0.07 0.07 0.07 0.08 0.08 0.08 0.09 0.1 0.09 0.09
H (%) 1.9 1.9 2.1 2.2 2.6 2.6 2.7 3.0 29 3.0
Fe,0; (%) 2.0 1.9 2.1 2.2 2.3 2.5 2.2 2.5 2.1 1.9
SiO, (%) 11.2 10.1 10.8 11.1 13.0 13.3 15.9 16.6 12.7 12.2
MgO (%) 3.2 3.1 2.1 3.0 32 3.5 2.8 2.7 2.8 2.7
CaO (%) 329 32.1 31.2 26.4 27.7 32.1 26.6 22.7 31.6 30.4
K,0 (%) 1.5 2.2 22 3.8 3.6 1.7 1.7 1.4 2.9 14
AlLO; (%) 1.9 24 3.6 3.7 3.5 3.0 2.6 2.9 3.4 2.4
Na,O (%) 44 5.4 8.6 8.2 4.3 5.6 1.7 2.5 7.9 5.7

separation of H and C in the organic part of oil shale from
that in the inorganic part. However, it is not realistic to apply
the above-described laser-induced pyrolysis method for
online monitoring of raw material on a running belt.

In [8], elemental composition of Marcellus Shale was
determined with a high precision using LIBS spectra and
multivariate analysis. However, for calculation of heating
value on the basis of known elemental composition, addi-
tional information about the content of elements in the
organic fraction is needed.

In [9], we applied LIBS diagnostics on Estonian oil shale
samples for testing the moisture-caused matrix effects. The
mineral and elemental composition of tested oil shale and
waste rock (kerogenic limestone) samples were very similar,
except the low percentage of organics in waste rock. Changes
of both, content of kerogen and content of moisture, had
strong effect on intensities of analytical spectral lines. A
proper choice of spectral lines allowed reliable distinction
of oil shale and limestone independently of moisture content.

The oil shale chemical composition and physical proper-
ties differ significantly from those of coal and lignite. The oil
shale heating value is correlated with the concentrations of
elements C, H, O, S, N, and Cl in the organic fraction of oil
shale [10]. However, these elements are also present in large
quantities in inorganic fraction of oil shale. Besides, as it is
shown in [10], calculation of heating value using only ele-
mental composition did not work well for Estonian oil shale.
Mendeleev’s and Dulong’s formulae are widely used and
accepted for calculation of heating value on the basis of ele-
mental composition of organic part of many solid fuels, but
situation with Estonian oil shale is more complicated than
the applications for which these formulae were intended.
“There is also the possibility that describing the heat of for-
mation of a solid fuel using only elemental composition
(as is inherent in all these methods) simply does not work
quite as well for oil shale organics as for other organics”
[10]. These reasons could complicate also the oil shale

diagnostics by LIBS. Furthermore, elements belonging to sur-
rounding air constituents cause an extra interference to LIBS
spectra. According to the best of our knowledge, no investi-
gation has been done to clarify the feasibility of LIBS for
online determination of oil shale heating value.

The main aim of the present study was the evaluation
of the LIBS applicability for determination of the heating
value of Estonian oil shale using statistical methods of
data processing. As an extra task, the LIBS-based estima-
tion of the oil shale chemical composition was done. Exper-
iments were done in conditions close to real industrial
conditions: measurements were done in ambient air and
spectra were recorded from different spots at the moving/
rotating pellet surface.

2. Experimental

2.1. Samples. 10 samples of ground oil shale with different
heating values were prepared by the laboratory of Mines of
Estonian Energy. The samples represent commercial oil shale
from concentration plant with heating value ranging from
6.3 to 11.6 MJ/kg. Samples, each about 1kg, had grain size
below 0.1 mm. The heating value Q" and the mass percentage
of the main composites of samples (Table 1) were determined
in the laboratory of Virumaa College of Tallinn University of
Technology using standardised methods. Concentration of
C, H, and N was determined according to Standard Test
Methods for Determination of Carbon, Hydrogen, and
Nitrogen in Analysis Samples of Coal ASTM D5373; MgO,
CaO0, and AL, O; according to EVN-EN ISO 7980; and K,O
and Na,O according to ISO 9964.

About 200g of each sample was additionally grinded
using mortar and pestle to particle size smaller than 60 yum
(i.e., 10 times smaller than the laser spot diameter) assuring
sample homogeneity for different laser shots [11, 12]. Sam-
ples were pelletised without any binder, whereas before
pressing 5wt% of distilled water was added to the room dry
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FIGURe 1: Sketch of the setup of measurements. Q-switched
Nd:YAG laser YG980 and spectrometer Mechelle5000 were used.

powders. Powders were pressed into 25 mm in diameter and
approximately 6 mm thick pellets under 18 tons held for
5min. Four pellets from each sample were pressed. Thus,
altogether 40 pellets were prepared. These pellets were stored
in lab conditions at room temperature 21°C and relative
humidity about 30% during a week to balance the moisture
content of samples with the humidity of ambient air resulting
approximately in about 2 wt% of moisture in pellets.

2.2. LIBS Measurements. A sketch of the laboratory LIBS
setup is presented in Figure 1. The frequency-doubled
Nd:YAG (YG980 Quantel) laser pulse of 532 nm wavelength
and of 9 ns FWHM was focused onto the pellet surface with a
plano-convex lens of 40cm focal length in air. The focal
plane of the lens was set about 3 cm under the samples’ sur-
face to avoid air breakdown in the focal point. The laser spot
diameter at the sample surface was about 0.6 mm. The laser
pulse energy at the plane of sample was measured with the
pyroelectric laser energy meter Ophir Nova II. The pulse
energy was set to 75 m] making fluence at the pellet surface
about 27J/cm®. The plasma emission was collected colli-
nearly along the laser beam axis with the off-axis parabolic
mirror collimator CC52 (Andor Technology) with focal
length of 52 mm and delivered via the optical fibre of 50 ym
diameter to the Mechelle5000 (Andor Technology) spec-
trometer equipped with an intensified charge-coupled device

(ICCD) camera (Andor iStar DH334T-18F-03). The spec-
trum in 220-850 nm range with A/AA=5000 resolution was
recorded. The delay time #;=3800ns between the laser pulse
and the beginning of data acquisition was used. The record-
ing time-gate At was 1pus. These timing parameters were
optimal for the signal-to-background ratio for carbon (C I)
line at the wavelength 247.8 nm. Samples were fastened on
a rotating stage driven with stepper motor supplying a fresh
sample surface to each successive laser pulse avoiding pos-
sible pyrolysis-caused effects to the recorded spectra. The
repetition rate of laser pulses was 0.55Hz and the distance
between the consecutive laser spots was more than 3 mm.
Measurements were carried out under ambient atmospheric
conditions. A continuous airflow of about 3 m/s was pro-
vided above the sample to remove laser-produced aerosols
and dust between laser pulses [13]. To suppress the effect
of possible sample heterogeneity, each pellet was charac-
terised by a sum of 100 spectra. The relative standard
deviation (RSD) of the shot-to-shot fluctuations of laser
energy was 0.03.

3. Data Processing and Results

3.1. Selection of Spectral Lines. More than a hundred emission
lines belonging to 12 major elements in oil shale (C, N, H, Fe,
Mg, Si, Ca, K, Al, Na, Li, and Ti) were identified in recorded
spectra using NIST atomic spectra database [14]. Spectral
lines strongly overlapping with neighbouring lines and those
with known strong self-absorption such as Ca II lines at 393.4
and 396.8 nm were removed from further analysis after pre-
liminary investigations.

The heating value of oil shale is determined mainly by its
kerogen concentration. It is known that carbon and hydro-
gen are the main constituent elements of kerogen [15]. In
220-850 nm spectral range, the only reliably detectable car-
bon line was the one at 247.8 nm. In [16, 17], molecular
compounds C, and CN formed in the plasma plume were
additionally used for carbon detection. Due to strong over-
lapping by other spectral lines, in our case, the usage of
these bands was infeasible. Segments of oil shale LIBS
spectra containing carbon line at 247.8 nm and hydrogen
line at 656.3nm are presented in Figure 2.

Integral intensity of a spectral line was characterised by a
sum of counts belonging to pixels which cover approximately
the half-width of the line (Figure 2(a)). For most of the spec-
tral lines, the number of pixels, p, covering approximately the
full width at half maximum (FWHM) comprises 9 pixels of
the ICCD camera, whereas for H,, line, which was strongly
broadened by Stark effect, 60 pixels were used, and for whole
triplet of O at 777 nm, 20 pixels were used. Usually, especially
when recording with ungated detectors, for getting the actual
spectral line intensities, the background should be sub-
tracted. In the present study with gated camera and long
enough delay time between the laser pulse and the recording
gate, the background intensity was comparatively low.
Besides, because of the presence of a number of overlapped
low-intensity lines nearby some analytical lines, it was diffi-
cult to reliably measure the intensity of the background. As
we checked (Section 3.4), the final result was not remarkably
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FIGURE 3: (a) Heating value of oil shale versus concentration of total C, data from Table 1. (b) Heating value as a function of the normalised

intensity of C I line at 247.86 nm.

influenced by background subtraction and therefore we
dropped this procedure.

Poor repeatability of LIBS signal is reported in many
works [12, 18, 19]. Guidelines to reduce fluctuations of mea-
sured signals are reviewed in [12]. In case of oil shale, the
chemical element with a constant concentration is missing
and this is why the normalisation by internal standard [18]
was not applicable.

In the present study, similarly to the papers [20-24], the
role of laser pulse energy and plasma fluctuations was dimin-
ished by normalising the line intensity with the total intensity
recorded between 220 and 850 nm.

Figure 3(a) based on Table 1 shows a high correlation
coefficient R? = 0.9846 between the mass fraction of total car-
bon and the heating value. At the same time, the LIBS mea-
surements gave a correlation coeflicient between the carbon
line intensity and heating value only R* = 0.664 (Figure 3(b)).

Similarly, the correlation coeflicients between the line
intensities and the heating values were found for all identified
spectral lines. Calculated correlation coefficients between the
heating value and normalised intensities of 43 preselected
lines are presented in Figure 4. Lines of low absolute value
of the correlation coefficient and lines having low signal-to-
background ratio were excluded from further usage.

As one can see in Figure 4, the maximum value of corre-
lation coefficient R = 0.861 belongs to H line. Absolute values

for most of spectral lines of these correlation coefficients are
less than 0.6. Since Ca and Mg lines represent mostly carbon-
ates of waste rock, the values of correlation coefficients for Ca
I, Ca II, and Mg I lines are negative. Indeed, the higher per-
centage of waste rock leads to a lower heating value.

It is known that one reason for the low values of correla-
tion coefficients is matrix effect [25]. Low-value correlation
coefficients indicate that the prediction of heating value by
only a single spectral line intensity will have low accuracy.
The use of multivariate analysis helps to minimise the matrix
effect of complex geochemical materials and increase the
accuracy of prediction [20, 26].

3.2. Multivariate Linear Regression Model. We assumed that
the heating value of an oil shale sample could be expressed
as a linear combination of intensities of measured spectral
lines like it was done for lignite and coal [5, 27]:

Q=X-I (1)

Here, Q denotes the heating value of a sample, vector
I elements I, are intensities of spectral lines, and vector
X elements x,, are coeflicients which values must be esti-
mated in the course of calibration. The index # has
values 0 ,..., N where N is the number of spectral lines
chosen for calibration.



Journal of Spectroscopy

Correlation coefficient (R)

NARLFLISRAARARABR A NGRS =R RN TIRNIAATONRTE =S~ dw
XA AN ONNNOANNOYO FOONWXVFOO—MmMNFINOOANDSNNWNVO XA F oIS O 0 O N 0
QO FIFIIFFTANX = =4 FF ~AN—= =00 OOONNENDOON——00F HFHONLW XN O OO
N AFHEFNDNOOOONNOHONNOWL, AN NINAFNDNNDNAA NN
R e e e b L e N e o I L L R
o T T O TR I ] < AR S S o
<295 SSSSESSSSSSgssS T g™ P - IC G A SISl
F1GURE 4: Correlation coefficients between normalised spectral line intensity and heating value.
1.2 4
1
o
?008_
0.
=
=
= 0.6
& 044
=9
0.2
04
L R R S R R R B B B Y T b B Rl e B e R B R R R R S S e B Bl B B B B B R Rl el B
Y |F N e|oINa(dS|D|(X|FIo(N SOOI A|ILIOININ[INRMO(Rn|O|RN (D[RS |n|\O(wn|c0|H
A TR N N P B S S = B =l D B D BN B B A Bl B B NN B B B e Y N N N R N = N IR R R B Y
IS ER=R RN FaN RVN Ko N VR RVCN u NN Kool Aol R u KN B AN=0 S ol s ol Kool KON N TN Roull VY =R ol Kool HEH Kool ANJ Nol ot} AN N o) f o Kol N1 KoM | o) ol Kool Kol
SlEzE R EEE R E R EE R E R R R R EE R R R E R R E A R E
S ool | o8 = | 2 | = o = ==l =sE = ==
EZC1F17 121217 | 2= |25 |2(S| 2| 5| || 7 12| 5| S| S| 5| (S| | S |22 S| %S| = 5 | 24| 5|2
112[3[4|5|6|7|8|9|10[11|12]13|14]|15[16|17|18|19|20|21|22|23|24|25|26|27|28|29|30|31|32|33|34|35|36|37|38|39|40|41

Number of spectral lines (N)
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Coeflicients of X were calculated according to the ordi-
nary least square regression [12, 28] as

(2)

where A is a M x N matrix which elements I, , are normal-
ised intensities of spectral lines obtained in the course of cal-
ibration and M is the number of pellets used for calibration.
B is a M element vector which elements are heating values
determined by calorimetric bomb method (Table 1) for sam-
ples used for calibration. Superscript T denotes the trans-
posed matrix.

X=(AT-A)"-AT-B,

3.3. Cross-Validation. The leave-one-out (LOQO) cross-
validation method [29-32] was used to find out the optimal
set of spectral lines and to estimate the regression model pre-
dictivity. We used spectra of 36 pellets with nine different
heating values for calibration, and for testing, we left out a
subset of spectra of four pellets of the same sample having
the known heating value from calorimetric measurements.
This procedure was repeated leaving out one by one each of
4-pellet subsets of 10 samples.

The predictive square error (PSE) was used to evaluate
the predictivity of the model:

K

> (<-a)

i=1

1 2
PSE=— .

" ()

Here QP denotes the heating value of the ith pellet mea-
sured with bomb calorimeter (Table 1) and Qf-’ is calculated
using relationships (1) and (2), whereby the ith spectrum is
left out from the calibration set. K is the number of pellets
tested (K = 40).

As the first step, PSE was calculated using only the C line
for calculation of the heating value. The C line was selected
because the carbon concentration is directly related to the
heating value (Figure 3(a)). H, line intensity correlation with
the heating value is even higher than that of C line (see
Figure 4), but H_ line intensity has also a strong correlation
with the moisture content [33]. The next step was the calcu-
lation of the heating value and PSE using additionally to the
C I line one of the remaining 42 preselected lines (Figure 4).
This step was repeated 42 times using one by one all remain-
ing lines. A two-line combination with the minimal value of
PSE was selected and the procedure of seeking the minimal
value of PSE was repeated for combinations of 3 lines, two
of them being selected from the previous step. Increasing step
by step the number of lines, the minimal PSE at a certain
number of lines was obtained. The dependence of minimal
PSE on the number of involved lines is presented in Figure 5.

As one can see in Figure 5, the initial fast decrease of the
PSE value continues until N reaches the value of about 10.
Intensities of the first two lines, C and H, in the succession
of spectral lines in Figure 5 have the highest value of correla-
tion with the heating value (Figure 4). The presence of O, Mg,



6 Journal of Spectroscopy
12 - 12
< Test set o < Calibration set
= o =
2 114 : g 2 114
& &
E 10 , 8" E 10
; y=1.002x . js y=0.9998x
E R*=0.9813 E R*=0.9952
= 9 E 9
£ g g
[ [
R I 2
= g =
S g
= =
& &
6" ; . : : 6 ; ; ; ; ;
6 7 8 9 0 11 12 6 7 8 9 0 11 12

Q" (MJ/kg) calorimetric

QP (MJ/kg) calorimetric

FIGURE 6: Heating value of oil shale Q° determined by LIBS versus calorimetric heating value Q°. Solid lines are linear fits for data points,

whereby the intercept is set to zero.

Si, Na, Ca, and Al in the initial part of progression of lines
with fast decrease of PSE is also expectable as they belong
to compounds presented in oil shale in relatively large quan-
tities (Table 1, composition of samples). However, the pres-
ence of nitrogen lines there is somewhat surprising as the
nitrogen content in the oil shale is very low. At the same time,
nitrogen is the main component of the ambient air and
its presence in the initial part of sequence could be related
to the air breakdown on the surface of the samples as pro-
posed by [34]. PSE in Figure 5 has its minimum value,
PSE,;,=0.056, at N, ,, =21. Fast growth of PSE up to very
high values takes place when N becomes close to the number
of pellets used for calibration which is a common behaviour
for ordinary least square regression.

The heating value predicted by the set of first 21 lines in
Figure 5 is presented in Figure 6.

The value of the correlation coefficient, R% =0.981,
between the heating value QP predicted by LIBS and the
calorimetric heating value Q°, is close to the correlation
coefficient between Q" and the total carbon content of oil
shale (Figure 3(a)).

Figure 7 presents the distribution of the difference
between the “true” heating value and the heating value
predicted by LIBS: AQ= Q" - QP for the test set.

Achieved standard deviation value SD =0.24 MJ/kg dif-
fers from the uncertainty 0.13 MJ/kg of the calorimetric mea-
surements only by a factor of two. According to Figure 5,
near the vicinity of the PSE_; , the value of PSE depends
weakly on N. Indeed, using instead of 21 lines only the first
10 lines, gives for SD =0.33 MJ/kg and R* = 0.963.

3.4. Effect of Initial Data Variation. We tested the effect of
the preselection of spectral lines as well as the procedure
of the determination of integral intensity of spectral lines
on the final results. Both the succession of lines and the
number of spectral lines N, resulting to the minimum
of PSE value (Figure 5) PSE ;. depended on those factors.
The succession changed when for determination of line
intensities, the background was taken into account, or
the number of pixels, p, which was considered for integral

n

Ai

T v T T
-1 -0.5 0 0.5 1

AQ (MJ/kg)

Fi1GURE 7: Histogram of AQ = Q" — @P. Solid line—Gaussian fit for
data points. The width of Gaussian curve (standard deviation
(SD)) is 0.24 MJ/kg.

intensity determination was varied. Similarly, the succes-
sion of lines altered with the variation in the list of prese-
lected lines. Different successions gave a little bit different
values of PSE .. Figure 8 shows how the value of PSE_ ;.
and N, depend on the used numbers of pixels, p. For
most of lines, the value of p was varied from 3 to 15.
For wide lines O at 777nm and H at 656 nm, the number
of pixels remained unchanged.
PSE,_., and N, ;. as a function of p was calculated for
two preselections, one of them containing 54 lines, and
another, being the subset of the first one, containing 43
lines (Figure 8). For both cases, intensity of lines was cal-
culated with and without subtraction of the background.
The background for each line was determined as the low-
est intensity in spectral region 50 pixels left and right from
the line.

Figure 8 demonstrates that in the case of 54 preselected
lines, PSE,;, is always below 0.1 (MJ/kg)?, and in the case
of 43 lines, PSE_; is below 0.15 (MJ/kg)®. Variations of

PSE,;, and N, with p seem to have a random character.
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The shape of PSE =f(N) curves was independent of
choice of p and stayed similar to that in Figure 5. The initial
fast decrease of the PSE took place until N = 10 followed by
much slower decrease until N, . When N became close to
the number of pellets used for calibration, a fast increase
of PSE started. N,,;, was below 35 in the case of 54 lines,
and below 25 for 43 lines.

Like in Figure 5, when the background was not sub-
tracted, lines of C, O, Si, Mg, H, and N were always present
within the first ten lines of the succession. When the back-
ground was subtracted, the H line was not always in the list
of the first ten lines.

Results presented in Sections 3.3 and 3.5 are obtained
under the following conditions:

(i) p=9 because this number of pixels corresponded
best to the full width at half maximum of most of
spectral lines.

(ii) The background was not subtracted, because the
determination of real value of background was
complicated.

(iii) We use the preselection of 43 lines because the
calculations are less time consuming.
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TaBLE 2: RSD and R? for ingredients of oil shale.
RSD R
C 0.015 0.982
N 0.016 0.984
H 0.027 0.973
CaO 0.03 0.933
Sio, 0.031 0.964
Fe,O4 0.049 0.729
MgO 0.136 0.281
AlLO, 0.137 0.629
Na,O 0.251 0.691
K,0 0.296 0.533
S 0.041 0.869

However, as Figure 8 shows, most of tested values for
p and other tested factors give a satisfactory (PSE,; <0.1)
results as well.

3.5. Prediction of Ingredients Concentrations. The procedure
of the ordinary least square regression applied for prediction
of the heating value was applied also to predict the
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Figure 9: Correlation of spectral line intensity with concentration of sulphur.

concentration of the ingredients determined at the laboratory
of Virumaa College of Tallinn University of Technology
(Table 1). The only change introduced to the method
described above was the replacing in relationships (1) and
(3) the heating value, Q, by the concentration of a component
and finding by (2) the set of coefficients which corresponds to
this component. For each of the oil shale constituents deter-
mined in the laboratory, the set of spectral lines giving min-
imum of PSE was determined and the relative standard
deviation (RSD) of prediction and correlation coefficient
(R*) between prediction by LIBS and laboratory measured
data were calculated. Values of RSD and R* are presented
in Table 2.

The minimum RSD=1.5% was obtained for the total
carbon. The highest values of RSD were found for con-
stituents containing Na, K, and Al. The likely reason is
that these elements were characterised by resonant lines
which have a strong self-absorption [35] and as a result,
the intensity of these lines is not a linear function of ele-
ment concentration.

Strong sulphur lines at 921.3, 922.8, and 923.8 nm were
out the wavelength range of our spectrometer. However,
intensities of spectral lines of other elements are correlated
with the sulphur concentration determined at the laboratory.
According to Figure 9, a number of lines have values of the
correlation coeflicient R=0.6 - 0.8. This indicates that the
presence of sulphur influences spectral line intensities of
other elements. By our opinion, this influence can be attrib-
uted to the matrix effect. It was possible to predict the sul-
phur concentration on the basis of other lines (Figure 10)
with RSDg =4.1%.

4. Conclusions

The study showed that LIBS diagnostics gives reliable results
for oil shale heating value in laboratory conditions using
homogenised pellets of samples.

The most important results are as follows:

(i) The multivariate linear regression is applicable for
determination of the oil shale heating value. The

1.6

I
IS

LIBS (mass %)
S

R>=0.8689

0.8 12 1.6

Laboratory data (mass %)

FiGure 10: Sulphur content determined by LIBS versus laboratory
data. Solid line is a linear fit for data points.

used method of selection of spectral lines enables
to find out minimal number of spectral lines needed
for determination of the heating value and concen-
trations of constituents with an acceptable accuracy.

(ii) The root mean square error of predicted heating
value of commercial oil shale was 0.24 M]J/kg. This
value is comparable with uncertainty of determina-
tion of heating value with calorimetric bomb
(0.13 MJ/kg).

(i) The method allows to determine the dominating
constituents of oil shale (C, H, CaO, SiO,, and
Fe,0;) with the value of relative standard
deviation < 5%.

(iv) Determination of sulphur concentration is possible
using a proper statistical model for description
of relation between LIBS spectrum and sample
composition.
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Abstract. Laser-induced breakdown spectroscopy (LIBS) was used for the
quantitative assessment of the calorific value of Estonian oil shale. Samples
were collected from different layers of oil shale and limestone from Narva
open cast mine, Estonia.

Lumps of crushed oil shale without any special preparation were tested on
a mock-up of a moving conveyor belt. The moisture content of oil shale
samples was varied. Multivariate regression analysis was applied for pro-
cessing of spectroscopic data. The results obtained using the bomb calori-
metric method were used for calibration. The method for selecting the
optimal number of spectral lines for data processing is presented. The
standard deviation of prediction of the calorific value was 1.76 MJ/kg and
the moisture content was 1.94%.

Keywords: crushed oil shale, calorific value, moisture content, laser-induced
breakdown spectroscopy.

1. Introduction

Estonian oil shale is used for oil production [1] as well as a fuel in power
plants [2]. Both the yield of oil and the efficiency of boilers depend on the
organic and moisture content of raw material. At present the calorific value,
which characterizes the oil shale organic content, is mostly measured using
oxygen bomb calorimeters. The respective laboratory method is sufficiently
precise but the periodic grab sampling and time-consuming laboratory

* Corresponding author: e-mail matti.laan @ut.ee
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testing could not meet the requirement of real-time control and optimization
of industrial processes. Moreover, the calorific value of oil shale may vary
considerably within a deposit [3] which in turn confirms the urgent need for
a rapid on-line monitoring of the continuous flow of raw material.

Nowadays, industry uses three on-line methods for quality control. In
coal industry, X-ray fluorescence (XRF) as well as prompt gamma neutron
activation analysis (PGAA) have proven their efficiency and sufficient speed
for continuous monitoring. The third method, laser-induced breakdown
spectroscopy (LIBS), has also shown acceptable accuracy and precision.
Besides, LIBS is safer and has lower installation and operating costs
compared with the abovementioned two other methods [4].

LIBS is a method of emission spectroscopy where a pulse of the laser
beam (laser shot) evaporates a small amount of the sample and a plasma
plume forms at the sample surface. The plume emits light whose spectrum
reflects the elemental composition of sample [5]. Application of LIBS for
characterization of coals and lignite is the subject of many papers. An over-
view can be found, for example, in the paper by Romero and De Saro [6] and
references therein. The LIBS testing was carried out in conditions which
were close to those of the conveyer belt and the calibration curves for
elements were built [7]. In addition to elemental composition, other
important properties of coal, such as ash content, ash fusion temperature, or
even calorific value, which has a complicated relation to elemental com-
position, are calculated on the basis of LIBS spectra using multivariate
analysis methods [8—10].

As reported earlier, moisture content has a considerable impact on LIBS
results, decreasing the intensity of spectral lines of most elements [11]. This
dependence of LIBS spectra on moisture allows one to use the said analysis
technology for the moisture content measurement as demonstrated in case of
coal [10]. Thus, in principle, LIBS spectra can be used for the simultaneous
determination of the calorific value and moisture content.

Contrary to numerous studies dealing with LIBS diagnostics of coals and
lignite, papers related to the similar diagnostics of oil shale are rather few.
LIBS-induced pyrolysis has been used for determination of oil shale
characteristics [12, 13]. An important advantage of the method is that the
decay of intensities of hydrogen (H) and carbon (C) lines with the growth of
laser shot number allowed a clear separation of H and C present in the
organic part of oil shale from its inorganic part. The elemental composition
of Marcellus Shale was determined with a high precision using LIBS spectra
coupled with multivariate analysis [14]. Aints et al. [15] investigated the
applicability of LIBS for determination of the calorific value of Estonian oil
shale. As an extra task, the LIBS-based estimation of the oil shale chemical
composition was done. Air-dry pellets with different known calorific values
pressed from homogenized powder (particle size < 60 um) were tested.
Measurements were done in ambient air and LIBS spectra were recorded
from different spots at the rotating pellet surface. The study showed that
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LIBS diagnostics in laboratory conditions combined with multivariate
regression analysis gives reliable results for homogenized dry pellets. The
root mean square error of calorific value prediction by LIBS was
0.24 MJ/kg. This value is comparable with the uncertainty of the calorific
value determined using the ISO 1928:2009 bomb calorimetric method,
0.13 MJ/kg. Paris et al. [16] studied the qualitative effect of moisture on
LIBS spectra of Estonian oil shale samples. It appeared that the moisture had
a strong effect on these spectra, which complicated the distinction between
oil shale and limestone.

The aim of the present paper was to evaluate the feasibility of using LIBS
for determination of calorific value and moisture content in conditions
comparable to industrial ones. Differently from previous studies, crushed oil
shale without any special preparation was tested by LIBS on a mock-up of a
moving conveyor belt. Besides, LIBS was used for the quantitative
determination of the moisture content.

2. Samples

Samples for the study were collected by an exploration geologist from Narva
open cast mine, Estonia, from layers A-F2 of the 7th trench’s west-side
exposure (outcrop). Altogether 11 samples from different oil shale layers and
limestone interlayers were taken. Oil shale layers A, B and E of the mineable
seam are the richest in organic matter, containing up to 60% kerogen. Other
oil shale layers contain large- or small-scale limestone concretions [17]. The
organic content of layers A’ and F is the lowest, while interlayers A’/B, B/C,
C/D and D/E consist mostly of barren limestone with minor kerogen content.
A more detailed overview about the composition of Estonian oil shale and its
stratification and layers in the deposit is provided by Ots [2].

In addition, four samples with different calorific values sorted by density
in a floatation tank were taken from the stopped conveyor belt of the
beneficiation plant of the Estonia underground mine. These samples are
labelled EST.

The samples selected for this study covered the whole vertical extent of
the currently mineable Estonian oil shale deposit and the main product
ranges of the Estonia underground mine beneficiation plant.

All samples were crushed in a jaw crusher to a fraction of around
0-25 mm. The weight of individual samples varied from 2.5 to 7.7 kg. Each
sample was divided into two equal parts. The laboratory of Virumaa College,
Tallinn University of Technology, determined the calorific value of the
samples by using the bomb calorimetric method (ISO 1928:2009). The
calorific values Q" of dry samples are presented in Table 1 in ascending order.

An about 0.5 kg portion of each sample was used for LIBS measure-
ments. For variation of moisture content, the samples were placed in
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Table. Calorific value and moisture content of samples

Sample Calorific value Moisture content Wy, %
(dry base) Qd,

No Layer index MI/kg w1 w2 w3 w4 W5
1 A’/B 0.503 11.3 9.7 8.2 6.9 2.8
2 C/D 0.721 9.6 7.4 59 5.6 1
3 D/E 1.811 10.3 8.8 6.2 5.7 2.1
4 B/C 2.32 10 8.3 59 5.5 1.7
5 ESTQ=15 3.055 10.1 8 5.6 52 2.7
6 F2 4.502 9.7 7.9 6.3 5.8 1.2
7 D 6.813 10.5 8.5 5.7 53 2.7
8 ESTQ=7 9.1 14.9 13.3 11.7 9.3 7.1
9 F1 9.493 10.6 8.6 6.3 6 4
10 ESTQ=38 10.064 16 139 12.1 8.6 8.5
11 E 12.616 11 9.3 7.4 5.3 3.8
12 | ESTQ=114 12.758 9.2 7.7 5.5 4.5 0.8
13 A+ A 13.605 234 20.6 18.8 10.7 10
14 C 15.581 10.6 8.6 6.1 5.3 4
15 B 21.123 15.3 13.2 11.5 7.1 7.3

hermetic jars and distilled water of about 10% of a sample weight was
pipetted to each jar. The moisture homogenization was achieved by stirring
and keeping the samples in hermetic jars for one week.

Before LIBS measurements, each sample was weighed with an accuracy
of 0.1 g to determine its moisture content by employing the oven-drying
method [18]. The samples were weighed again after LIBS testing (see
section 3 below). It appeared that even if the moisture content of the sample
was the highest, its weight during LIBS measurements did not change more
than 0.7%.

After this cycle of measurements, samples were dried in open air for
24 hours. The jars were then closed hermetically and kept for one week to
homogenize the moisture content at a lower level. Before the next cycle of
LIBS measurements, drier samples were weighed again. For each sample,
LIBS measurements were carried out at five different values of moisture
content. Presented in Table, the actual moisture content of the samples was
determined after their final drying in an evacuated oven at 105 °C during
about 24 hours until constant weight was achieved.

3. Set-up and procedure of LIBS measurements

A detailed description of the used experimental set-up is presented in the
paper by Aints et al. [15]. A sketch of the LIBS set-up is shown in Fig. la.
The laser pulse with a wavelength of 532 nm and a full width at half
maximum of 9 ns was focused onto the sample with a plano-convex lens of a
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(a) (b)

Mirror

Optical fibre Rotating stage with oil shale

Fig. 1. (a) Sketch of the LIBS set-up; (b) crushed oil shale on the rotating stage, sample No 2.

focal length of 40 cm. The pulse energy was set to 100 mJ. The repetition
rate of laser pulses was 0.55 Hz. The relative standard deviation, RSD, of the
shot-to-shot fluctuations of the laser energy was 0.03.

Oil shale lumps of different size and orientation were spread out on the
20-cm-diameter rotating stage (Fig. 1b), which was driven by a stepper
motor. The stage rotation speed, 8.57 1/min, was adjusted in a way that
excluded the hitting by the laser beam the same spot on the sample twice
during 100 consecutive pulses. Measurements were carried out in an air-
conditioned room at a temperature of 22 °C and the relative humidity of
26%. To supress the effect of laser-produced aerosols and dust [19], a blast
draft of air of about 3 m/s was blown above the sample surface.

The emission of the laser-produced plasma was collected collinearly
along the laser beam axis with the off-axis parabolic mirror collimator with a
focal length of 52 mm and delivered via the optical fibre of a diameter of
50 pm to the Mechelle 5000 spectrometer (Andor Technology), with a
resolution of A/AA=5000. The spectrometer was equipped with an
intensified charge coupled device Andor iStar. During a single laser shot this
device recorded the spectrum in the 220-850 nm range (single shot
spectrum). Time-gated LIBS spectra were recorded with data acquisition
time At = 1 ps [5]. The delay time #; = 800 ns between the laser pulse and
the opening of the gate for data acquisition was used. These timing para-
meters provided an optimal signal-to-noise ratio for the carbon line at the
wavelength of 247.8 nm which had the highest coefficient of correlation
with the oil shale calorific value in the spectral range used [15]. In addition
to the carbon line, we selected 44 most representative spectral lines
belonging to 12 major elements in oil shale (C, N, H, Fe, Mg, Si, Ca, K, Al,
Na, Li, Ti). Each spectral line was characterised by the integral intensity

I = fM I,ydX"  which was found as a sum of counts of pixels in the region,
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AL covering approximately the half-width of the line. Details of the half-
width choice are presented by Aints et al. [15]. Besides intensities I, the
LIBS recordings were characterised by the total intensity It, which is the
sum of counts over all pixels in the 220-850 nm spectral range. Both I, and
It fluctuated remarkably from laser shot to shot. These fluctuations could be
largely caused by the heterogeneity of the oil shale samples composition as
well as by the random orientation of the lumps surface on the rotating stage.
Fluctuations of both I and It for crushed samples were larger than those
obtained for specially prepared pellet samples where the laser hit the pellet
surface perpendicularly [15]. The averaged LIBS characteristics of the
sample were obtained, accumulating 100 single shot spectra. This value was
sufficiently high as starting from about 40 accumulated spectra, the average
spectrum did not change remarkably. Figure 2 compares two single-shot
spectra with the spectrum averaged over 100 laser shots.

To reduce the role of fluctuations, in many works the intensities of lines
of the single-shot spectrum are normalised dividing the intensity I; by the
total intensity It [20-23]. In our case, the normalisation reduced fluctuations
by a factor of about 1.3. In the present paper, due to its comparatively low
effect, no normalization of every single shot spectrum was applied.

Hereinafter, the term “spectrum” always means the sum of 100 single
shot spectra, and, consequently, the intensity, I;, is the sum of 100 single
shot intensities. The acquisition of 100 single-shot spectra took three
minutes. At a fixed value of the moisture content of a sample, the series of
five spectra was recorded. This procedure lasted 15 minutes. For each
sample the LIBS recordings were collected at five different values of
moisture content. Thus, each sample was characterised by 25 spectra and the
total number of spectra was 375.
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Fig. 2. Spectra near the carbon line at A = 247.86 nm, air-dry sample No 14.
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4. Correlation between spectral line intensity and moisture of
samples

Figure 3 reflects the moisture effect on I1. In this figure, samples are
numbered in ascending order of the calorific value, whereby the series of
each sample are in ascending order of the moisture content. At fixed values
of the calorific value Q“l and moisture content Wy, points of I1 are in
timeline with the spectra recording.

Figure 3 shows that It of a sample decreases with increasing moisture
content, which is in accordance with the results obtained by other
investigators [4, 24-26]. This trend is more apparent for samples with low
calorific values (samples 1-5). Another trend, also more pronounced in case
of samples with low calorific values, is the increase of It with the spectrum
number in a series. In case of some samples with high calorific value, no
similar trend can be observed.

The intensities of individual spectral lines also diminished with increas-
ing moisture content, as did the total intensity. As shown in sections 6 and 7,
the normalization by It improved the precision of evaluation of both the
calorific value and the moisture content. In the further description of the
results, we will use normalized intensities of spectral lines, I,/I.

The authors calculated the coefficients of correlation R between the
moisture content and normalized intensities of spectral lines. Although R
values of a spectral line of different samples differed, the main regularities
were independent of the sample number. Correlation coefficients shown in
Figure 4 were obtained on the basis of all 375 spectra of samples.

Sample number
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Fig. 3. Total intensity I, calorific value Qd and moisture content Wy as a function of
spectrum number. For clarity, /1 data are shifted up.
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For all elements the value of the square of the correlation coefficient was
low, R> < 0.6. A surprisingly low value, R?> = 0.4, was obtained for the
hydrogen line, although hydrogen should have a strong relationship with
moisture content [16]. Alkaline metals and Ti had a comparatively high
positive correlation. For a number of Ca lines as well as for the total
intensity, the correlation coefficient R was negative.

Figure 5 illustrates the dependence of the normalized intensity of the
hydrogen line, Iy, on the spectrum number. This figure is organised in a
similar way as Figure 3. At fixed values of Q" and W, points of I} are in
timeline with the spectra recording.

According to Figure 5, samples with low calorific values (samples 1-5)
are characterised by two well-pronounced trends. First, for a sample the
intensity Iy increases remarkably with the moisture content. Secondly, at a
fixed moisture content of a sample, Iy decreases during the recording of a
S-spectra series, with the exception of the lowest Wy, value. Samples of high
calorific values exhibit similar yet less pronounced trends.

These trends become understandable considering that LIBS gives
information about a thin surface layer of lumps. Because of the drying by
airflow, the amount of moisture on the surface layer of oil shale lumps is
likely not the same as that inside the lumps. This difference is greater in case
of barren limestone samples with minor kerogen content, i.e. samples 1-5,
while kerogen-rich samples transport water from the inside to the surface
more rapidly, which makes the difference between the surface and bulk
moisture values smaller.
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Fig. 5. Normalized intensity of the hydrogen line /y;, calorific value Q° and moisture content
Wy as a function of spectrum number. For clarity, Iy; data are shifted up.

In samples of high calorific values, Iy changes caused by moisture
content variation are less pronounced compared with low-calorific-value
samples. It is explainable by the fact that hydrogen is also contained in the
kerogen — the organic component of oil shale. Paris et al. [16] showed that
the intensity /g can be represented as a linear combination of the percentage
of hydrogen atoms in organics and that in water. In high-grade oil shale,
hydrogen in the organic part likely makes a more significant contribution to
Iy and thus this parameter is less influenced by moisture content.

5. Correlation between spectral line intensities and calorific value

Figure 6 shows the coefficients of correlation between the calorific value Q°
and normalized spectral line intensities determined on the basis of all 375
spectra.

As CaCO; is the main mineral component of oil shale [2], the correlation
between O and the number of spectral lines of Ca is negative, whereas
spectral lines of all other elements have a positive correlation. The
normalised intensity of the carbon line Ic, A = 247.86 nm, exhibited the
highest correlation with the calorific value. Assuming a linear dependence
between I and Qd, we found that the correlation R* = 0.823 and the standard
deviation SD = 4.42 MIJ/kg characterise this dependence. For all other
spectral lines, R* < 0.5.

In Figure 7, the dependence of the normalized intensity, calorific value
and moisture content on spectrum number is demonstrated.
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Like in Figures 3 and 5, the spectra in Figures 7 are shown in ascending
order of the calorific value and moisture content of the samples. In case of
samples 1-10, /¢ seems to be independent of the moisture content, while in
case of high-calorific-value samples, /. fluctuates remarkably.
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6. Multivariate linear regression model for calorific value

The standard deviation, 4.42 MlJ/kg, obtained for calorific value by the
carbon line only, is unacceptably high for many applications. Considering
this, we further applied for the prediction of calorific value and moisture
content the model of multivariate linear regression [27].

Like Aints et al. [15], we assumed that the calorific value of a sample
could be expressed as a linear combination of measured spectral line
intensities:

Q=X"1, (M

where @ denotes the calorific value of a sample, vector I elements I,, are
intensities of spectral lines, and vector X elements X,, are coefficients whose
values must be found during the calibration [15]. The index n has values
0... N where N is the number of spectral lines chosen for calibration.

Coefficients X were calculated according to the ordinary least square
regression as follows:

X=A"-4)1-4" B, )

where A is an M X N matrix whose elements I, , are normalised intensities
of spectral lines used in the course of calibration, M is the number of spectra
used for calibration, B is an M element vector whose elements are known
values of calorific values of samples used for calibration, the superscript "
denotes the transposed matrix.

The predictive power of the model was evaluated using the leave one out
cross-validation method [28]. We used spectra of 14 samples, each with five
different moisture contents (altogether 350 spectra) for calibration, i.e. for
calculation of coefficients X according to Equation (2). Using these
coefficients and the set of 25 spectra of the test sample, the calorific value
was calculated according to Equation (1). This procedure was repeated,
leaving out from calibration, one by one, each of 15 samples.

The standard deviation error of prediction (SDEP) was used to evaluate
the predictive power of the model:

SDEP = J%Z%&l(@f -QMH2, )

where Q¢ denotes the calorific value of a test sample measured with a bomb
calorimeter and Ql-p was calculated using Equation (1), K is the total number
of measurements (K = 375).

Altogether 20 preselected lines, which had an acceptable signal-to-back-
ground ratio and were not interfered with by other lines, were used for
determination of the optimal number of spectral lines (variables) for the
linear regression model. The optimal number of spectral lines was found by
including them in the model, one at a time [28]. The first variable introduced
in the regression was the intensity of the carbon line, /¢, which had the best
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correlation with the calorific value. The first selected variable was included
in all further calculations. New variables were progressively included in the
regression model, selecting those that gave a minimal value of SDEP. SDEP
as a function of the number of selected spectral lines N is presented in
Figure 8, with a minimum value of 1.76 MJ/kg at N = 10.

Fig. 9a shows the correlation between the calorific values determined by
the bomb calorimetric method and the LIBS-based multivariate regression,
which used the set of 10 first spectral lines in Figure 8. The value of the
correlation coefficient, R* = 0.91, was higher than the R* = 0.823 obtained
for the correlation between I and Q°. The standard deviation, 1.76 MJ/kg,
for QP — Q9 where QP was determined as a linear combination of intensities
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of 10 spectral lines, was also much higher than that for the single carbon
line. When using only air-dry samples for the prediction of the calorific
value, the correlation R* = 0.96 and the standard deviation was 1.1 MJ/kg.
Our calculations also demonstrated that the normalization of spectral line
intensities influenced the results. In case of non-normalised intensities,
SD(QP — Q%) = 2.92 MJ/keg.

The finding that only 10 lines were needed for determination of calorific
value would allow in further studies a considerable simplification of the
detection set-up.

7. Multivariate regression model for moisture content

A similar procedure as used for determination of calorific value by LIBS
was also applied for determination of the moisture content of samples.
During the procedure, the following was changed. For validation by leave
one out method, the spectra were sorted in ascending order by moisture
content and not by calorific value. Then all spectra were divided into five
groups with different moisture contents, while four groups of these five were
used for calibration and one for validation. This procedure was performed
for each group. Figure 10 depicts SDEP as a function of the number of
selected spectral lines N used for determination of moisture content. The
number of lines N corresponding to the minimum SDEP is 8.
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Figure 9b shows the relationship between the moisture content
determined by LIBS, WP, and that found by weighing, Wy. The cor-
responding coefficient of correlation (R?) between W’ and Wiy was 0.75. The
minimum SDEP for moisture content was 1.94 % (Fig. 10) and the standard
deviation SD(Wyw—WF) was 1.94%. As in case of calorific value determina-
tion, using non-normalized intensities gave a higher SD(Wyw—WF), 2.73%.

Better results were obtained when only the very first spectrum from each
series was employed in calculations, excluding the four remaining spectra
which likely corresponded to the lumps surface with varied moisture. For
this last case, the obtained SD(Ww—WF) and R?> were 1.60% and 0.86,
respectively.

In Figure 11, the moisture content estimated by LIBS, WP, is compared
with that determined by weighing, Wy. Typical for all samples is that the
largest deviation of LIBS-determined moisture content values, WP, from
those obtained by weighing, Wy, was observed at the lowest moisture
content. At the same time, at the lowest moisture content, the W* value did
not change during the testing of a 5-spectra series. At higher moisture
content values, WP was time-dependent. In a series of a sample, W’
decreased with increasing spectrum number in the series which can be
explained by the drying of the lumps surface.
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8. Conclusions

Differently from all previous tests on oil shale by using laser-induced
breakdown spectroscopy, the present study applied no preliminary samples
preparation, lumps of the tested material were of different size and their
facets had a random orientation against the laser beam. Measurements were
carried out using the mock-up of the conveyer belt. Overall 75 objects with
different calorific values and/or moisture contents were tested. The average
of 100 spectra recorded from different spots of an object was used as a unit
in data analysis and each object was characterised by the series of five such
units.

LIBS results were compared with the calorific value found by the bomb
calorimetric method and the moisture content found by the oven-drying
method.

Applying the ordinary multivariate regression analysis, the calorific value
and moisture content were determined on the basis of LIBS spectra. The
optimal set of spectral lines needed for characterisation of oil shale quality
was determined.

The root mean square error of the predicted calorific value of crude
material was 1.76 MJ/kg (R* = 0.91). The root mean square error of the
predicted moisture content was 1.94 % (R*=0.75).

The main factor influencing the accuracy of the LIBS determination of
the moisture content was the drying of the lumps surface by airflow. During
a measurement series the drying led to the difference between the surface
and bulk moisture amounts of lumps.

The drying effect caused by airflow will be less pronounced in case of a
real running conveyer belt. Another way of decreasing the influence of
difference between the surface and bulk properties of oil shale lumps is the
application of a double pulse laser whose first pulse removes the thin top
layer of a lump and during the second one a spectrum is recorded. Together
with the improvement of the accuracy of moisture content determination,
also the root mean square error of the predicted calorific value will be
decreased.

The present study demonstrated that the same data recorded by laser-
induced breakdown spectroscopy can be used for obtaining express
information about calorific value and moisture content in conditions close to
those at the conveyer belt in industry.
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Abstract. Diffuse reflectance spectroscopy in near infrared region was used as a fast laboratory method for quantitative assessment
of the calorific value and the moisture content of Estonian oil shale. Samples of different caloricity were collected from Narva open-
cast mine and from beneficiation plant of Estonia underground mine, Estonia. The set of crushed oil shale samples, which moisture
content was varied were tested by the help of a commercial multipurpose analyser, where Fourier-transform spectrometer recorded
spectra in near infrared region and the software used partial least squares regression method. Results were related to the values of
caloricity and moisture content, obtained by the bomb calorimeter and weighing methods, respectively. Bands characterizing organic
and inorganic parts of the samples as well as the presence of the free water were ascertained by the infrared spectroscopy. Using the
software provided by the analyser, the calorific value and the moisture content of samples were predicted. The prediction error of the
lower caloricity was 1 MJkg " and prediction error of the weight percent of the moisture content was 1.35%. The comparison between
achieved results and the values obtained from earlier laser-induced breakdown spectroscopy (LIBS) measurements shows that in la-
boratory conditions more precise prediction can be made by diffuse reflectance measurements. Further improvement of the prediction
accuracy could be achieved by modified software which considers observed nonlinear effects in spectra.

Key words: crushed oil shale, diffuse reflectance spectroscopy in near infrared region, assessment of calorific value and moisture content.

1. INTRODUCTION The quality of oil shale is often characterized by its

calorific value. Currently, a precise determination of

In Estonian energy production, renewable sources have
an increasing importance but at least during the following
decade, oil shale will be the dominating raw material for
combustion at power plants and for production of shale
oil [1]. The optimization of the working regimes of both
processes need online control of the oil shale quality
which varies from place to place, depending on the oil
shale deposit.

" Corresponding author, matti.laan@ut

the oil shale calorific value is made in laboratory
conditions by the bomb calorimetric method [2]. This
procedure has typically several time-consuming steps
(sampling, transportation, averaging the initial sample
to analytical sample, grinding, measuring moisture
content and finally, determining the calorific value in
bomb). The total duration determining the calorific
value could take several hours. Accordingly, this
routine method is not suitable for fast quality control
of non-stop processes.
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Among methods applied for quality control of raw
material on running conveyer belt, the optical method
based on the laser-induced breakdown spectroscopy
(LIBS) has the advantage of being rapid, non-destructive
and relatively safe [3—5]. In case of this method, a focused
laser beam evaporates the material and emission spectra of
chemical elements is recorded [6]. For oil shale analysis,
our previous study demonstrated that the concentrations of
main ingredients of pellets pressed from oil shale powders
can be found on the basis of LIBS spectra by using
methods of multivariate analysis [7]. LIBS was further
applied for the determination of the calorific value and the
moisture content of crushed oil shale samples on the mock-
up of the conveyer belt [8]. Results of the two last studies
showed that LIBS method could be implemented for
obtaining online information of the oil shale quality.

Another optical method used for the assessment of the
quality of the raw material is the diffuse reflectance
spectroscopy (DRS), which records spectra in infrared or
near infrared (NIR) regions [9,10]. As spectra arising in
these regions are caused by vibrations of chemical
compounds, they are more directly related to the properties
of material (e.g. calorific value and moisture) than that of
atomic spectra of LIBS. The method is widely used in food
and beverage industry, agricultural tests and petrochemical
industry [11,12], and it has potential for online measure-
ments over moving conveyor belt [13,14]. The method of
NIR DR spectroscopy was successfully used in studies of
various quality parameters of coal and biomass/coal
samples, applying different data processing methods [15—
18]. For oil shale powder samples, it was possible to

predict the yield of shale oil by the NIR DR spectroscopy
[19-21]. Nevertheless, there are no studies where NIR DR
spectroscopy had been used to predict the calorific value
and moisture content of the oil shale.

The aim of the present study was to evaluate the
suitability of NIR DR spectroscopy for determining the
calorific values and moisture content of crushed oil shale.
An extra task of the study was the comparison of results
of DR spectrometry with those obtained by LIBS, and
thus, the present study uses the same set of samples of
crushed oil shale which were used for LIBS studies [8].
NIR spectra were recorded at different values of moisture
content. For quantitative analysis, multivariate calibration
models were applied.

2. SAMPLES

The samples investigated during present study were similar
as in our previous study with LIBS and are listed in Table 1
[8]. Most of the samples (11) were collected from Narva
(Estonia) open-cast mine, from the 7th trench’s west side
exposure (outcrop), from different layers of oil shale and
limestone interlayers A-F2 [22]. Additional 4 samples
labelled with EST were taken from the stopped conveyor
belt of the beneficiation plant of Estonia underground mine.

All samples were crushed by jaw crusher to the fraction
of 0-25 mm. One part of each sample was used for the
determination of calorific value by the bomb calorimeter
method (ISO 1928). Calorific values Q¢ of dry samples are
presented in Table 1.

Table 1. Calorific value and moisture content of samples

No. Index of layer 0% (MJ/kg) Moisture content ¥ (w%)
Wi | W2 | W3 ‘ w4 ‘ W5 | W6 | w7
1 B 21.123 0.5 3.7 7.6 11.3 14.9 18.6 21.6
2 C 15.581 0.5 3.6 7.2 10.8 14.5 18.1 21.7
3 A+A’ 13.605 0.5 3.7 7.4 10.8 14.4 18 223
4 ESTQI11.4 12.758 0.5 3.7 7.5 11.2 14.9
5 E 12.616 0.5 3.6 7.2 10.7 14.4
6 ESTQ8.0 10.064 0.5 3.6 7.3 11 14.7 18.3
7 Fl1 9.493 0.5 3.7 7.4 11.1 14.7
8 ESTQ7.0 9.1 0.5 3.7 7.3 11 14.6 18.3
9 D 6.813 0.5 3.6 7.3 10.8 143
10 F2 4.502 0.5 3.7 7.5 11.2 14.9
11 ESTQL.5 3.055 0.5 3.7 7.4 11.1 14.6
12 B/C 2.32 0.5 39 7.6 11.4 15 17.9
13 D/E 1.811 0.5 3.8 7.6 11.3 14.9
14 C/D 0.721 0.5 3.7 7.4 11 14.4
15 B/A’ 0.503 0.5 3.8 7.5 11.3 15
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Another part of samples was kept in hermetically closed
jars between measurements of spectra. The moisture
content of samples was determined by oven-drying method.
Differently from the previous study [8], the moisture
content of samples was increased from low to high moisture
level (up to 20%) by pipetting 4% of the sample weight into
the jar, followed by subsequent “homogenization” in closed
jars, which lasted about 10 hours at room temperature.

Before the measurements with increasing moisture
content, samples were dried in the evacuated oven at the
temperature of 105 °C for about 24 hours. These dry
samples were characterized by 0.5 weight percent of
moisture content.

Overall, seven remarkably different values of moisture
content were set (Table 1). For a number of samples, the
highest moisture contents (see columns W6 and W7,
Table 1) could not be set as they were not able to absorb
such amount of water.

3. DEVICE AND PROCEDURE OF
MEASUREMENTS

The NIR spectra from crushed oil shale samples were
measured and the data were processed by multi-purpose
analyser MPA-FT-NIR (Bruker Optik GmbH), where IR
spectrum in 12500-3600 cm™! (800-2780 nm) interval
was recorded by Fourier transform spectrometer. The
device worked in diffuse reflectance mode. Figure 1
passes the idea of collection of light reflected from a
sample [23]. Lumps of oil shale with different size and
random orientation filled tightly a rotating Petri dish of
90 cm diameter. The centre of the incident light beam of
~ 3 ¢cm? cross-section area was at 2.5 cm distance from
the rotation axis. Light, partly reflected from oil shale
lumps at very different angles, is collected by the
integrating sphere. The inner surface of the sphere has a

(a) :
1,

Mirror

Incident Iig?t 7

Rotating dish
with sample

Detector

very diffuse coating with high reflection and evenly
dispersed light is formed due to the multiple reflections
inside the sphere, which is detected by detector. The
relative remittance R’ is determined as the ratio of
intensity of the signal from the sample of the reference
non-absorbing surface.

At 8 cm! spectral resolution, the average of 64 spectra
was saved. During the recording of these spectra Petri dish
made 2.7 revolutions. At a fixed moisture content each
sample was characterized by at least three averaged
spectra, the time interval between the recordings of
spectra was ~ | min. Overall, 355 spectra were recorded.

4. SPECTRA

Figure 2a presents the dependence of absorbance 4 on the
wave number v. Here, the term “absorbance” is just the
apparent absorbance, introduced as an analogous to that
in transmission spectroscopy and defined as 4 = log (7'(,),
its value is directly related to the concentration of
absorbing species [10].

Here, like in further figures, the absorbance is
presented as a function of wavelength.

At a fixed caloricity the bias component of absorption
spectra gradually increased with the growth of the
moisture content, whereby in case of samples with higher
caloricity the bias was more intensive. At v > 7500 cm™!
(A < 1300 nm) the absorption bands were missing and at
v <3800 cm™! (A > 2600 nm) the absorption was very
large. For further analysis of spectra, only the narrower
spectral range with the characteristic absorbing bands was
selected.

Closer examination of presented spectra in the 1200—
2600 nm range showed a good signal-to-noise ratio, which
allowed to characterize samples by the first derivative of
the spectrum. Figure 2b demonstrates that this data

(b)

Fig. 1. (a) sample illumination and collection of reflected light; (b) top view of Petri dish; dashed line indicates the area of incident

light beam.
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Fig. 2. (a) absorbance spectra of samples with drastically different values of caloricity and percentage of moisture content (indicated
in figure); sample B (Q¢=21.123 MJkg™!, solid lines); sample BC (Q¢=2.32 MJkg !, dashed lines). (b) absorbance and its derivative
as a function of wavelength with the indication of characteristic absorbing bands; sample F1 (0= 9.4 MJkg™', W, =1.5%).

preprocessing emphasizes steep edges of peaks, thus
making the interpretation of spectra easier. Five
distinguishable groups of bands exist in the selected
spectral range. The most intensive band around 1950 nm
(5130 cm™") belongs to O-H and is related to the presence
of free water [24], while a peak near 2500 nm (4000 cn ')
characterizes carbonates [25,26]. Both bands near 1700
and 2300 nm belong to C-H vibrations [27]. Near
1400 nm (7100 cm™") O-H and C-H bands are overlapped
and this part is not used for analysis.

In Fig. 3a spectra of dry samples with very different
calorific values can be seen. Differences in spectra
correspond to the oil shale chemical composition, whose
organic part is described by empirical formula
Cy 1 Hg330,,S,NCI [28], and the main components of the
mineral part are CaCO, and CaMg(CO,), [26]: samples
of higher caloricity have more intensive absorption at C-H
bands, while samples of lower caloricity have larger
absorption of C-O band. Additionally, because of a low
moisture content, the absorbance near 1950 nm is
practically missing.

(a)
3.E-03
2.E-03
1E-03 !
0.E+00

-1.E-03

Derivative dA/d

-2.E-03

-3.E-03

1200 1600 2000

Wavelenght (nm)

2400

Fig. 3. (a) spectra of dry samples, W, = 0.5%; dashed line — sample A+A" (Q* =

Derivative dA/d.

Absorption of O-H band with the peak at 1950 nm has
a strong dependence on the moisture content (Fig. 3b).
Besides, the moisture content affects the absorbance of
bands belonging both to organic (1700 and 2300 nm) and
mineral (near 2500 nm) components of the samples.

Figure 4a shows the absorbance of C-H peaks at
2305 nm as a function of caloricity at a fixed moisture
content: absorbance is a sublinear function of caloricity,
which indicates to the saturation of the absorbance at
higher calorific values. Similar non-linear trends were
observed in case of all used moisture values.

In case of a certain sample, the absorbance was a linear
function of the moisture content (Fig. 4b) but slopes of
dependences differ remarkably.

5. DATA PROCESSING AND RESULTS

Above presented analysis gives proper physical back-
ground of NIR spectra but it does not guarantee the
accuracy needed for the assessment of the calorific value

(®)

8E-03 —

™
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Ll
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13.6 MJ/kg); solid line — sample B/A’

(0*=0.5 MJ/kg). (b) spectra of sample A+A” at three different values of W, = 0.5, 7.8 and 18%.
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Fig. 4. (a) normalized absorbance as a function of caloricity; W, = 14.5%; filled symbols — % = 2305 nm peak; open symbols —
A= 1725 nm peak; solid line — logarithmic fit of A = 2305 nm data. (b) absorbance as a function of moisture content; open symbols
— sample B/C (Q¢ = 2.32 MJ/kg); filled symbols — sample B (0% = 21.12 MJ/kg) A = 1925 nm peak.

and the moisture content as the measured bands are partly
overlapped and therefore, the measured absorbance is the
sum of the absorbances of all components (not only the
component of interest) in the sample.

The software of MPA-FT-NIR device uses multivariate
approach, i.e. instead of the intensity of only one specific
band, samples are characterized by the entire selected
spectrum. Thus, it is assumed that systematic variations in
the spectra are related to the sample composition. For data
analysis the device software Quant [23] applies partial least
square (PLS) regression [29] method, which expects a
linear relationship between the spectral data and property
value to be determined.

In order to get out most of the information from
recordings, a preprocessing of NIR spectra is usually utilized
[30]. The device software proposes a number of different
preprocessing methods (e.g. first derivative) as well as
suggests spectral intervals for building a model for quantifi-
cation of results. The combination of preprocessing methods
and selected spectral ranges are ordered by software

@

N
w

[l N
w o
-

N

Prediction Q"¢ by DR (MJkg™")
[
o

[}
w

0 5 10 15 20 25
Calorific value 0% (MJkg )

according to the value of root mean square error of prediction
(RMSEP) and the one giving the lowest RMSEP was used.

On the basis of spectra belonging to samples with
different calorific values and the moisture content, the
software of the device calculated the calibration curve which
is then used for analyses of unknown samples. For
prediction of properties of samples, the software used two
validation types. The “cross validation” (leave one out
method [31]) uses the same set of samples for calibration
and validation but the “test set validation” uses two
independent sets of samples, one for calibration and the
other for validating the model. In the present study ~ 20%
of spectra was used for calibration and the remaining ~ 80%
was the test set.

In case of both types of validations, slopes for
calibration and prediction dependences differ only a little
(Fig. 5a).

Figures Sa and 6a show correlations between the
predicted values of caloricity Q"¢ and moisture ¥ with
the calorific value Q¢ and moisture W, respectively.

(b)
25

20 T X E/{

15

10

Prediction Q" by LIBS (MJkg ™)

0 5 10 15 20 25
Calorific value 0¢ (MJkg ')

Fig. 5. (a) DR results: test set validation of calorific value Q"; filled symbols — calibration data and dashed line — linear fit for cali-
bration; open symbols — prediction data and solid line — linear fit for prediction. (b) LIBS results: cross validation of calorific value

OP4; data taken from [8].
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Fig. 7. DR results: (a) cross validation of lower calorific value; (b) histogram corresponding to prediction of lower calorific value;
solid line — Gaussian fit characterized by standard deviation 1 MJkg .

Compared with LIBS studies of same crushed oil shale
samples [8] we see from Figs 5b and 6b that results of DR
are better correlated with the results of calorific bomb and
weighing methods.

In industry, the basic parameter of oil shale quality is
the lower (net) calorific value Q% [32]. The formulae
which allow to calculate the caloricity Q% on the basis of
known values of Q% and W, are given by ISO 1928:2009
standard [2]. For prediction of lower caloricity O™, the
same procedure was followed but instead of W, the
prediction values WP were used. The relationship between
OV and Q" is presented in Fig. 7a; and in Fig. 7b is the
histogram of the difference 0% Q™.

6. COMPARISON OF DR AND LIBS RESULTS,
FURTHER PROSPECTS

Results of prediction of caloricity Q9, moisture content
W, and lower caloricity Q% are shown in Table 2, LIBS
results were taken from [7,8]. In the third and fourth

columns are slopes and correlation coefficients of linear
fits between “true” and predicted values of corresponding
characteristics, while the root mean square errors of
prediction (RMSEP) are in the last column.

The best results are obtained for dry powder samples
by LIBS. On the other hand, the time needed for
preparation of these samples is comparable with that of
the traditional calorific bomb method and in this case the
only advantage of LIBS is the possibility to predict the
concentrations of oil shale ingredients [7].

One experimental problem, common for both DR and
LIBS methods, is the accuracy of the estimation of the
moisture content. By weighing the samples, it is possible
to calculate the moisture content in the body of lumps while
DR and LIBS give the moisture at the lumps’ surface. The
balance between the moisture at the surface and inside the
samples depends on the surrounding environment and the
balance could change in time, which leads to the increase
of the prediction error. It is the likely reason of higher
prediction error in the case of LIBS measurements where
the experiments were carried out in an airflow, which
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Table 2. Results of prediction of oil shale main characteristics

Technique Samples Characteristic Processing Slope ‘ R ‘ RMSEP
Crushed oil shale, 0! Cross validation 1.00 0.98 0.85 MJ/kg
DR variable moisture .
content Test set validation 1.00 0.97 0.84 MJ/kg
Wy Cross validation 0.94 0.93 1.35%
Test set validation 0.97 0.94 1.33%
ov Cross validation 0.974 0.96 1 MJ/kg
LIBS Crushed oil shale, 0! Cross validation 0.91 0.91 1.76 Ml/kg
ariable moisture
c\:,ontent " Wy Cross validation 0.83 0.82 1.94%
LIBS Powder, dry o Cross validation 1 0.98 0.24 MJ/kg

causes faster changes in the moisture content at the lumps’
surface. Furthermore, the moisture affects not only these
parts of spectra which are directly related to the moisture
content, like O-H band near 1950 nm, but due to the matrix
effect, it causes also changes in other parts of spectra
(Figure 3b). As a result, the uncertainty of determination of
moisture content influences also the accuracy of the
determination of the caloricity.

Due to the use of integrating sphere, the role of
fluctuations in DR spectra, caused by a random orientation
of faces of oil shale lumps, was almost negligible.
Contrary, in case of LIBS, even the average intensity of a
spectral line found from 100 LIBS spectra needs extra
normalization [8]. For this purpose, the average intensity
of a line was normalized by the average of the total
intensity in 220-850 nm range [8]. This procedure gave a
better signal-to-background ratio but it did not allow to
exclude “blank” spectra caused by laser beam impacting
between lumps of tested samples [3]. This circumstance
seems to be the main reason why the prediction error of
0%in case of LIBS is two times larger than in case of DR.
Carrying out the normalization of intensity of a spectral
line belonging to a single spectrum by the corresponding
total intensity allows the discrimination of outliers.

The final remark concerns the used software. We saw
that some bands in NIR spectra (Fig. 3) are directly related
to the changes of samples’ caloricity and moisture content.
However, these dependencies alone did not allow to
determine the caloricity/moisture content with sufficient
accuracy. The main advantage of used multivariate
approach which handles all parts of spectra equally, is
diminishing the role of uncontrollable factors. On the
other hand, this approach almost neglects the physical
background of observed trends in spectra. Additional
limitation related to PLS is that it could not satisfactorily
reflect the non-linear relationship between absorbance and
the caloricity (Fig. 4a). An appropriate data processing

which combines the physical processes with the
multivariate regression could improve the accuracy of
data analysis. This approach was successfully realized in
LIBS studies [33] where different dominant factors as a
function of spectral line intensity were combined with
PLS correction, and a significant improvement of final
results was achieved.

7. CONCLUSIONS

DR spectroscopy was applied for prediction of caloricity
and moisture content of crushed 0-25 mm fraction oil shale
samples. The study showed that good correlation between
calorific value and moisture content determined by
traditional methods and those calculated on the bases of

NIR DR spectra could be achieved without any additional

preparation of samples.

The list of most important findings is given below:

e In the DR spectra, it was possible to separate vibra-
tional bands which characterize organic and inorganic
parts of the matter. The most intensive band belongs
to O-H which reflects the presence of free water. The
moisture has a strong matrix effect and changes of its
content cause remarkable changes in other bands of
spectra. At a fixed moisture content, the intensity of
bands of the organic part of oil shale are non-linear
functions of the caloricity.

e For predicting the caloricity and moisture content, the
conventional software of the device was used. The
accuracy of predictions was governed by a possible
difference of the moisture content at lumps’ surface
from that of inside the lumps.

e Comparison of DR NIR measurements with LIBS
results showed that the model of DR NIR predicts the
caloricity with higher accuracy. The values of RMSEP
are 0.85 MJ/kg and 1.76 MJ/kg, respectively.
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Regularities in spectra indicate that a considerable
improvement of final results of both DR and LIBS
methods could be achieved by combining the data
processing of the multivariate linear regression with
the dominant factor model.

Laboratory online control of oil shale quality by NIR-

DR spectroscopy is justified in case of selective mining
where the oil shale quality changes comparatively slowly.
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Difuusse peegeldusspektroskoopia rakendamine Eesti polevkivi kvaliteedi Kkiireks
laboratoorseks hindamiseks

Iram Tufail, Peeter Paris, Indrek Jogi, Mart Aints, Andres Siiman, Hella Riisalu ja Matti Laan

Infrapuna piirkonna peegeldusspektroskoopiat kasutati pdlevkivi kiittevdartuse ja niiskusesisalduse kvantitatiivseks
madramiseks. Erineva kiittevadrtusega tiikikivi proovid voeti Narva karjédrist ja Estonia kaevanduse rikastusvabrikust.
Katsetes muudeti proovide niiskusesisaldust. Testimisel kasutati to0stuslikku analiisaatorit, kus Fourier’ spektromeeter
registreeris spektri ldhedases infrapuna piirkonnas. Testimise tulemusena saadud kiittevéartusi ja niiskusesisaldust vor-
reldi tulemustega, mis saadi kalorimeetrilise pommi ning kaalumise meetodeid vastavalt kasutades. Infrapuna spektris
tehti kindlaks karakteristlikud ribad, mis iseloomustavad nii proovide orgaanilist ja anorgaanilist osa kui ka vaba vee
olemasolu. Kiittevdirtuse ennustusviga oli 1 MJkg™! ja niiskuse kaaluprotsendi oma 1,35%. Varem kasutatud LIBS-i
meetodiga vorreldes olid peegeldusspektroskoopia tulemused tipsemad. Tulemuste arutelus leiti, millise kaevandus-
meetodi puhul peaks peegeldusspektroskoopia rakendamine olema kdige efektiivsem ja millised andmet66tluse viisid
peaksid viima tdpsemate tulemusteni.
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