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Preface

We live in what has been called the Petroleum Age. This hydrocarbon-rich mixture of
crude oil and gases runs our factories, our cars, heats homes and has changed the face
of life on the earth since it’s discovery on 1901.

Crude oil is an extremely versatile, naturally occurring, flammable liquid consisting of
a complex combination of various molecular hydrocarbons weights and other organic
liquid compounds that are found in geologic formations beneath the Earth's surface.
Petroleum is recovered principally through oil drilling.

Refining it creates everything from asphalt and gasoline to lighter fluids and natural
gas, along with a variety of vital elements such as sulphur and nitrogen. Petroleum
products are also vital ingredients (“feedstocks”) in the manufacture of medicines,
chemicals and plastics.

The aim of this book is to discuss the many topics related to crude oil. It includes five
sections. The first section deals with asphaltenes-these are natural surfactants that
stabilize petroleum emulsions. The chapters of the second section discuss some
advanced methods used in characterization of crude oil and it's components. The third
section includes and publishes new discoveries and improvements in crude oil
biology. The fourth section discusses the natural components presented in crude oil
and those factors affecting crude oil stability. The final chapter involves some
innovative ideas and concepts related to the crude oil.

Finally, we would like to thank all the authors who had participated in this book for
their valuable contribution. While there is no doubt that this book may have omitted
some significant findings in the petroleum field, we hope the information included in
will be useful for both petroleum engineers and chemists, in addition to the academic
researches working in this field.

Manar El-Sayed Abdel-Raouf
Professor of Petroleum Chemistry
Petroleum Application Department
Egyptian Petroleum Research Institute

Egypt
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Asphaltenes — Problems and Solutions
in E&P of Brazilian Crude Oils

Erika Chrisman, Viviane Lima and Priscila Menechini
Federal University of Rio de Janeiro/DOPOLAB
Brazil

1. Introduction

The history of oil in Brazil began in 1858, when the Marquis of Olinda signed Decree No.
2266 granting Barros Pimentel the right to extract mineral asphalt for the manufacture of
kerosene, on land situated on the banks of the Rio Marau in the province of Bahia. But who
really came to be known as the discoverer of oil in Brazil was Monteiro Lobato that on
January 21, 1939, already under the jurisdiction of the newly created Department of
National Production, began drilling the well DNPM-163 in Bahia.

Only in 1953 began the research of Brazilian oil by the government of Vargas, which
established the state oil monopoly, with the creation of Petrobras.

Petrobras - Petroleo Brasileiro S/A was founded on October 3, 1953 and headquartered in
Rio de Janeiro, now operates in 28 countries in the energy sector, primarily in the areas of
exploration, production, refining, marketing and transportation of oil and derivatives in
Brazil and abroad. Its current motto is "An integrated energy company that works with
social and environmental responsibility" (http://pt.wikipedia.org/wiki/Petrobras).

Since its creation, Petrobras has discovered oil in several states, and in every decade, new oil
fields are discovered. Oil production in Brazil grew from 750 m3/day at the time of the
creation of Petrobras to more than 182,000 m3/day in the late '90s thanks to continuous
technological advances in drilling and production on the continental shelf.

In 2006, Brazil managed to achieve sustainable self-sufficiency in oil production with the
operations of the FPSO (Floating Production Storage Offloading) P-50 in giant Albacora East
field, in northern of Bacia de Campos in the state of Rio de Janeiro
(www.autosuficiencia.com.br).

In 2007, Brazil announced the discovery of oil in the so-called pre-salt, which later turned
out to be a large oil field, extending over 800km off the Brazilian coast, from the state of
Espirito Santo to Santa Catarina, below thick layer of salt (rock salt) and covering
sedimentary basins of Espirito Santo, Campos and Santos. The first pre-salt oil extracted in
2008 (www.petrobras.com.br).

The year 2009 was marked by the beginning of production in pre-salt layer in the Santos
Basin, and in August 2010, Brazil had a record of oil production, with 2, 078 million barrels
per day, up 6% over the same period in 2009.
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According to the National Petroleum Agency (ANP), the volume exceeds one thousand
barrels the previous record from April 2010. Produced in the Tupi, Jubarte and Cachalote
fields, the pre-salt oil contributed 43, 087 thousand barrels per day in volume in August
(www.monitormercantil.com.br).

Fig. 1. Pre-salt layer. Source: www.anp.gov.br

The company ranks second among the largest publicly traded oil in the world. In market
value, it is the second largest in the Americas and the fourth largest in the world in 2010. In
September 2010, it became the second largest energy company in the world, always in terms
of market value, according to Bloomberg data and the Agency Brazil.

It became internationally famous for having made in October 2010 the largest capitalization
of all publicly traded history of mankind: US$ 72.8 billion (R$ 127.4 billion), almost double
the record so far, the post office in Japan (Nippon Telegraph and Telephone), with US$ 36.8
billion capitalized in 1987. In August 2011 the company broke two more records for net
income: US$ 10.94 billion in the second quarter, and also the record of R$ 21.9 billion in the
first half of the year. (Http:/ /pt.wikipedia.org/wiki/Petrobras).

2. Proved reserves

In 2010, the proved oil reserves in the world reached about 1.38 trillion barrels, after a 0.5%
increase over 2009.

In South and Central America, the rise was driven by Colombia, Brazil and Peru, which saw
its proved reserves grow 39.7%, 10.7% and 10.6% in that order.

With this increase, partly due to the findings in the pre-salt, the Brazilian proved reserves
reached 14.2 billion barrels of oil, and placed the country in 15th position in world ranking
of reserves.
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Distribution of proved reserves in 1990, 2000 and 2010
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Fig. 2. Statistical Review of World Energy 2011. Source: www.bp.com

3. Consumption

In 2010, world oil consumption was 3.2% over 2009, totaling 87.4 million barrels/day. The
oil was more consumed in the region of Asia-Pacific, with a total of 27.2 million barrels/day
or 31.2% of the total. Consumption growth was 5.3% over 2009, especially to China which,
after the United States was the country with the second largest consumer in the world, 9.1
million barrels/day, 10, 4% more than last year.

The Central and South America also recorded high in its consumption, as a result of
increases in almost all countries, except Chile, which had a low of 6.2%. Thus, the increase in
consumption in the region was 4.8%, reaching 6.1 million barrels/day or 7% of the world.
Brazil was the country with the largest increase in consumption in the region - 8.6% - and
reached 2.6 million barrels / day or 3% of world total. Thus, the country jumped to seventh
in the ranking of the largest consumers of oil in the world.

Compared to 2009, the volume of oil produced worldwide in 2010 increased 2.3%, from 80.3
to 82.1 million barrels/day.

on 5% 10% 5% 20 250 30% 35%

Fig. 3. World consumption of oil. Source: www.anp.gov.br
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4. Production

Compared to 2009, the volume of oil produced worldwide in 2010 increased 2.3%, from 80.3
to 82.1 million barrels/day.

Oil production in Central and South America rose by 3.5%, driven mainly by increases in
Colombia, Peru and Brazil, respectively, 16.8%, 8.2% and 5.3%. With the increase in the
volume of oil produced, Brazil reached the 12th position among the world's largest
producers of oil in 2010.

Oil: Production * Change 2010
2010 over share
Thousand barrels daily 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2009  of total
U 3 669 626 400 228 6895 684T 684 6734 27T 513 32% 87%
Canada 2721 2677 2858 3004 3085 3041 3208 3297 3251 3224 3336 4.3% 4.2%
Mexico 3450 3560 3585 3789 3824 3760 3683 3471 3167 2979 2958 -0.8% 3.7%
Total North America 13904 13906 14069 14193 14137 13696 13732 13616 13152 13474 13808 2.5% 16.6%
[Brazil T268 133 1499 1555 1542 1716 1809 1833 1899 2029 213 53% 27%
Venezuela 3239 3142 2895 2554 2907 2937 2808 2613 2558 2438 2471 1.4% 3.2%
Total S. & Cent. America 6813 6722 6619 6314 6680 6898 6865 6635 6676 6753 6989 3.5% 8.9%
Kazakhstan 44 836 1018 TI1T 129 1356 1426 T48% 1554 1688 175 4.4% 21%
Norway 3346 3418 3333 3264 3189 2969 2779 2551 2459 2358 2137 -9.4% 2.5%
Russian Federation 6536 7056 7698 8544 9287 9552 9769 9978 9888 10035 10270 22% 12.9%
United Kingdom 2667 2476 2463 2257 2028 1809 1636 1638 1526 1452 1339 -7.7% 1.6%
Total Europe & Eurasia 14950 15450 16289 16973 17580 17542 17599 17815 17590 17745 17661 -0.4% 21.8%
Tran 3855 3892 09 4183 1248 4234 1286 4322 437 4199 235 0.9% 52%
Iraq 2614 2523 2116 1344 2030 1833 1999 2143 2428 2442 2460 0.6% 3.1%
Kuwait 2206 2148 1995 2329 2475 2618 2690 2636 2782 2489 2508 0.6% 3.1%
Saudi Arabia 9491 9209 8928 10164 10638 11114 10853 10449 10846 9893 10007 0.7% 12.0%
United Arab Emirates 2620 2551 2390 2695 2847 2983 3149 3053 3088 2750 2849 3.5% 3.3%
Total Middle East 23547 23120 21858 23442 24981 25488 25675 25309 26338 24629 25188 1.7% 30.3%
Angola 46 42 905 870 1103 1405 T42T 1684 1875 1784 1851 38% 23%
Nigeria 2155 2274 2103 2238 2431 2499 2420 2305 2113 2061 2402 16.2% 2.9%
Total Africa 7804 7897 8028 8411 9336 9902 9918 10218 10204 9698 10098 4.2% 12.2%
China 3252 3306 3346 3401 48T 6. 3705 3 3809 3800 07T 1% 52%
India 726 727 753 756 773 738 762 769 768 754 826 9.8% 1.0%
Indonesia 1456 1387 1289 1176 1130 1090 996 972 1003 990 986 -0.3% 1.2%
Total Asia Pacific 7874 7811 7837 7742 7854 7959 7940 7951 8054 7978 8350 4.9% 10.2%
Total World 89 8 8 8 8 100.0%
of which: OECD 21531 21314 21440 21174 20775 19870 19463 19114 18414 18471 18490 0.2% 22.1%
Non-OECD 53361 53592 53260 55900 59793 61616 62266 62430 63600 61807 63605 2.7% 77.9%
OPEC 31145 30640 29261 31020 33776 34951 35098 34757 35722 33365 34324 25% 41.5%
Non-OPEC £ 35734 35606 35907 35556 35385 34695 34315 33991 33466 33699 34287 1.9% 41.7%
European Union # 3493 3285 3339 3128 2902 2659 2422 2388 2222 2088 1951 -6.5% 2.4%
Former Soviet Union 8014 8660 9533 10499 11407 11839 12316 12795 12827 13214 13484 2.0% 16.8%
* Includes crude oil, shale oil, oil sands and NGLs ( the liquid content ot natural gas where this is recovered separately).
Excludes liquid tuels from other sources such as biomass and coal derivatives.
/ Less than 0.05.
w Less than 0.05%.
£ Excludes Former Soviet Union.
# Excludes Estonia, Latvia and Lithuania prior to 1985 and Slovenia prior to 1991.
INotes: Annual changes and shares ot total are calculated using million tonnes per annum tigures.

Table 1. World production of oil. Source: www.bp.com

5. The origin of oil

The oldest formations of the world's oil has about 500 million years and it is a result of the
slow process of nature, which produced deposits of sediment in large depressions in the
bottom of seas and lakes, accumulating for thousands of years, successive layers of
sedimentary rock containing microorganisms, animals and plants.

The action of heat and weight of these layers on the deeper sedimentary deposits has been
transforming the organic matter through thermochemical reactions in kerogen, the initial
stage of oil, then by the action of higher temperatures and pressures, they were broken,
making it on deposits of oil and gas.
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5.1 Constituents of oil

Oil can be defined as to its chemical composition as a naturally occurring complex mixture
consisting predominantly of hydrocarbons (up to more than 90% of its composition) and
derived organic sulfur, nitrogen, oxygen and organometallic.

The oils from different oil reservoirs have different characteristics. Within this complex
mixture, there is a fraction with high molecular weight components called asphaltenes that
causes serious precipitation problems, since its production by refining (Carvalho, 2003).

The hydrocarbons present in oil can be classified into four main classes: saturated (alkanes and
cycloparaffins), aromatics (hydrocarbons, mono, di and polyaromatic), resins (fractions consist
of polar molecules containing heteroatoms such as N, O or S) and asphaltenes (they are
molecules similar to the resins, but with a higher molecular weight and polyaromatic core).
This classification is known as SARA (Wang et al, 2002; Speight, 2001; Tissot and Welt, 1978).

2 KK
v,
)_’W_;@:é{v\W. PR ‘b:r'i

(a) saturated (b) Asphaltenes

WW

‘oo

.5

(e) Aromatics (d) Resins

Fig. 4. Structures representing saturated, asphaltenes, aromatics and resins. Source: Bernucci
et al., 2006.

Table 04 shows the elemental analysis of five Brazilian oils performed in DOPOLAB -
Laboratory of Development and Optimization of Process Organic, showing considerable
amounts of asphaltenes present.

0il Saturated (%) Aromatics (%) Resins (%) Asphaltenes (%)
A 22.4 22.8 36.4 18.4

B 20.7 29.8 30.4 19.1

C 16.0 25.1 25.0 33.9

D 14.2 40.5 24.7 20.5

E 19.4 36.7 12.6 31.2

Table 2. Chemical composition of Brazilian oil. Source: DOPOLAB, 2011.

The relative amounts of individual compounds within each group of hydrocarbons is
characteristic of each type of oil.

Metals can be found at levels ranging from 1 to 1200 ppm, the main being iron, zinc, copper,
lead, molybdenum, cobalt, arsenic, manganese, chromium, sodium, nickel and vanadium,
the latter two with the highest incidence.
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5.2 Classification of oil

The classification of oils, according to their constituents, it has an interest from geochemists
to the refiners. The first aim is to characterize the oil is to relate it to the rock and measure its
degree of degradation and the refiners seek to know the amount of the various fractions that
can be obtained, as well as its composition and physical properties.

Such information is important because: paraffinic oils are excellent for the production of
aviation kerosene (jet fuel), diesel, lubricants and paraffins; naphthenic oils produce
significant fractions of gasoline, naphtha, aviation fuel and lubricants; while the aromatic
oils are best suited for the production of gasoline, solvents and asphalt (Thomas, 2001).

5.3 Petroleum refining

The processing of oil, called refining, begins by distillation, a unit operation, consisting of
the vaporization and subsequent condensation fractional of its constituents by the action of
temperature and pressure due to the difference in their boiling points. Thus, with the
variation of the conditions of a heating oil, it is possible vaporization of compounds light,
medium and heavy that can be separated when they condense. In parallel, there is the
formation of a heavy residue that consists mainly of high molecular weight hydrocarbons,
which under the conditions of temperature and pressure at which the distillation is
performed, does not vaporize (Mariano, 2005).

QOil refineries are a complex system of multiple operations that depend on the properties of
the oil that will be refined as well as the desired products. For these reasons, the refineries
may be very different. Depending on the type of oil being processed and the profile of the
refinery, i.e., the existing treatment units, you get larger or smaller portions of each type of
fraction.

Oil: Refinery capacities Change 2010
2010 over  share
Thousand barrels daily * 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2009 of total
8; T6595 16785 16757 16894 17125 17339 17483 I/594 17672 178 7594 05%  192%
Canada 1861 1917 1923 1959 1915 1896 1914 1907 1951 1976 1914 31% 21%
Mexico 1481 1481 1463 1463 1463 1463 1463 1463 1463 1463 1463 - 1.6%
Total North America 19937 20183 20143 20316 20503 20698 20821 20964 21086 21127 20971  -0.7%  22.8%
Brazil 1849 1849 1854 1915 1915 1916 1916 1935 2045 2095 2095 - 23%
Venezuela 1269 1269 1269 1269 1284 1291 1294 1303 1303 1303 1303 - 14%
Total S. & Cent. America 6271 6246 6296 6353 6377 6405 6413 6502 6658 6688 6707  03%  7.3%
Cermany 7567 T 286 2304 2320 B2 390 7390 7366 7367 2091 1157 3%
Ttaly 2485 2485 2485 2485 2497 2515 2526 2497 239 2396 2396 - 2.6%
Russian Federation 5655 5628 5590 5454 5457 5522 5599 5596 5549 5527 5555 05% 6.1%
United Kingdom 1778 1769 1785 1813 1848 1819 1836 1819 1827 1757 1757 - 1.9%
Total Europe & Eurasia 25399 25276 25159 25005 25066 24999 25042 24966 24840 24761 24516  -1.0%  26.7%
Tran 59" T59 59 Te0 Toar  T6d2 172 772 805 TS60 860 B 0%
Saudi Arabia 1806 1806 1810 1890 2075 2100 2100 2100 2100 2100 2100 - 2.3%
Total Middle East 6491 6746 6915 7039 7256 7284 7409 7522 7598 7818 7911 12%  8.6%
Total Africa 289’ 3164 3228 3T 3116 3224 3049 303’ 3171 3022 3292 8.9% 3.6%
Thina 107 5643 5933 6295 6603 65 865 399 77 9179 10121 68%  TI.0%
India 2219 2261 2303 2293 2558 2558 2872 2983 2992 3574 3703 3.6% 4.0%
Japan 5010 4705 4721 4683 4567 4529 4542 4598 4650 4621 463 -34% 4.9%
South Korea 2508 2598 2598 2598 2598 2598 2633 2671 2712 2712 2712 - 3.0%
Total Asia Pacific 21478 21853 22444 22579 23037 23537 24693 25561 26094 27653 28394  2.7%  30.9%
Total World 82473 83469 84183 84468 85355 86147 87427 88552 89446 91068 91791  0.8%  100.0%
of which; OECD 44761 44697 44900 45024 45169 45202 45422 45634 45784 45742 45124  -13%  49.2%
Non-OECD 37712 38771 39283 39444 40187 40945 42005 42918 43662 45326 46667 3.0%  50.8%
European Union # 15456 15540 15691 15729 15803 15811 15857 15784 15658 15553 15240  -20%  16.6%
Former Soviet Union 8574 8404 8133 7937 7940 7945 7961 7958 7961 7965 8033 0.9% 8.8%
Source: Includes data from Parpinelli Tecnon.
* Atmospheric distillation capacity on a calendar-day basis.
# Excludes Lithuania prior to 1985 and Slovenia prior to 1991.
Note: Annual changes and shares of total are calculated using thousand barrels daily figures.

Table 3. Oil refining capacity worldwide. Source: www.bp.com
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Lighter oils produce greater volume of gasoline, LPG and naphtha, and so exhibit a higher
commercial value, while heavy fuel oils produce higher volumes of oil yield and asphalt.
The average derivatives, such as diesel and kerosene, are also particularly important for our
country where the highway is intense and the demand for diesel is great.

In 2010, the effective refining capacity installed worldwide was 91.8 million barrels/day to a
world oil production of 82.1 million barrels/day.

The United States retained its first place in ranking global refining capacity (19.2% of total),
followed by China (11%), Russia (6.1%), Japan (4.9%) and India (4 %). Together, these five
countries accounted for 39.6% of global refining capacity.

Brazil has climbed to ninth place in global refining capacity ranking, with 2.1 million
barrels/day or 2.3% of world capacity.

6. Asphaltenes

Over the past year, there was a significant increase in studies of asphaltenes due to
increased production of heavy oil and due to the diminishing reserves of oil lighter
(Yarranton et al, 2000a, 2002; Calemma et al, 1995).

The asphaltenes are a mixture of high molecular weight aromatic components oil shale. Coal
and oil can vary from 1% by weight in light oils, up to 17% in heavy oils. According to Leon
et al (2001), the asphaltenes are considered the fraction of oil that has the highest number of
aromatic rings and higher molecular weight.

According to several researchers (Ortiz et al 2010; Nordgard et al, 2009, Yasar et al, 2007;
Ancheyta and Trejo, 2007; Deo et al, 2004; Mullins et al, 2003; Kilpatrick et al, 2003a and
2003b; Speight, 2001; Leon et al, 2001 and 2000; Bauget et al, 2001; Gafanova and Yarranton,
2001; Yarranton et al, 2000a and b; Rogel, 2000, Andersen and Speight, 1999; Murgich et al,
1999; Speight et al, 1994; Speight and Long, 1995), the most accepted definition for
asphaltenes is related to their solubility and says that asphaltenes are insoluble in aliphatic
hydrocarbons such as n-heptane or n-pentane and soluble in aromatic hydrocarbons such as
toluene. According Shkalikov et al (2010) asphaltenes represent insoluble precipitates
obtained from solutions of oil in alkanes of lower molecular weight such as pentane, hexane
and heptane.

According Oseghale and Ebhodaghe, 2011; Mustafa et al, 2011; Ortiz et al, 2010; Nordgard et
al, 2009; Gauthier et al, 2008; Yasar, 2007; Ancheyta et al, 2004; Kilpatrick et al, 2003; Mullins,
2003; Siddiqui, 2003; Murgich, 2002; Priyanto et al, 2001; Sheu, 2002; Speight, 2001; Leon et
al, 2000; Rogel, 2000; Yarranton et al, 2000b; Murgich et al, 1999; Calemma et al, 1995, the
asphaltenes consist of a heterogeneous complex mixture of molecules highly polydisperse
in size and with a chemical composition poly condensed aromatic rings, aliphatic chains,
naphthenic rings, and containing heteroatoms such as nitrogen, oxygen, sulfur, presenting
itself in the form of carboxylic acids, amides, amines and alcohols, and metals such as iron,
nickel and vanadium. Different types of metals (Ni, V, Fe, Al, Na, Ca, Mg) are present in
crude oils and tend to accumulate in the asphaltenic fraction in trace amounts. Vanadium
and nickel are the most commonly found and in most cases present as porphyrin complexes,
being responsible for the poisoning of catalysts in the improvement of oil (Mustafa et al,
2011; Nordgard et al, 2009; Ancheyta and Trejo, 2007 ).
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Fig. 5. Structures of metal porphyrins. Source: Mustafa et al, 2011.

The asphaltenes are arguably the most complex fraction of oil. In variations of pressure,
temperature or composition of oil, asphaltenes tend to associate and precipitate causing
several costly operational problems from transport to refining (Trejo et al, 2007; Lira-
Galeana and Duda, 2006).

Among all the oil fractions, the molecular structure of asphaltenes is the least understood
(Trejo et al, 2007). Several researchers (Carvalho, 2003; Speight, 1999 a; Speight, 1999 b;
Andersen and Speight, 1999; Speight et al, 1984) have concentrated their efforts on
improving the information about this mixture, deepening their knowledge of the chemical
structures involved, characterizing the functions and establishing their behavior against
solvents. They also seek to explain the way their molecules are stabilized and dispersed in
the oil.

Overall, the researchers concluded that the level and nature of asphaltenes in a sample is
due to a series of parameters such as the origin of oil, the flocculating agent, the time used
for precipitation, temperature, procedure used and ratio oil / flocculant agent. All these
combined parameters not only influence the amount of asphaltene precipitated, but also in
its composition, which can be obtained from an asphaltene solid dark brown to a black
(Silva, 2003).

The elemental composition of asphaltenes varies in a ratio of C/H of 1.15 + 0.05%, however,
values outside this range are sometimes found, according to Speight (1999 a).

’
<

Fig. 6. Illustration of Asphaltenes. Source: Lima, 2008.

Notable variations may occur, particularly in the proportions of heteroatoms such as oxygen
and sulfur, but they are always exposed in a very characteristic manner. For example,
nitrogen occurs in the asphaltenes in various heterocyclic chains, the oxygen can be
identified as carboxylic, phenolic and ketone (Speight et al, 1994); while sulfur is in the form
of thiols, thiophenes, benzothiophenes, dibenzothiophenes and naphtebenzothiophenes as
well as in systems such as sulphide, alkyl-aryl, aryl-aryl and alky- laryl (Speight et al, 1984).
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Examples of structures present in the asphaltenic fraction based on data from infrared, 1H
NMR and 13C with Venezuelan oils (A, B, C, D) are shown in Figure 07.

Fig. 8. Structures representing asphaltenes. Source: Lima, 2008.

The basic structure of asphaltenes consists of a number of rings polycondensates, replaced
by aliphatic or naphthenic groups, and there may be between 6 and 20 rings. These
structures gather in piles at the level of the aromatic rings forming, then, particles, each
particle made up 4 to 6 structures. These particles can come together to form a structure
called the aggregate. The size of an aggregate is clearly dependent on the structures
involved in the same (Caldas, 1997).

To Merdrignac and Espinat (2007), asphaltenes contain aromatic molecules variables and
with different amounts of heteroatoms, metals and functional groups. Such structures can
not be represented by a single model of the molecule. Several models are proposed in the
literature to describe them, among the main continental and archipelago. Figure 09 presents
some of these models.
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Fig. 9. Examples of structures of asphaltenes: a) crude Venzuelan oil b Athabasca c)
continental type structure d) archipelago type structure. Source: Merdrignac and Espinat
(2007).

According to Merdrignac and Espinat (2007), the continental structure is defined by
asphaltenes with a large central region of aromatic rings while the archipelago structure
describes asphaltene molecules with various aromatic regions linked by smaller alkanes.

6.1 Deposition of asphaltenes

Variations in temperature, pressure and chemical composition can cause precipitation of
asphaltenes from crude oil. Rainfall and subsequent deposition of asphaltenes can cause
problems in all stages of production, for example, transportation and processing, causing
the loss of efficiency equipment in steps of production of crude oil. In the reservoir rock, seal
can cause partial or complete its pores, resulting in the loss of oil recovery.

The formation of the asphaltenes deposit is one of the most studied phenomena in the
production and processing of crude oil. Researches are looking increasingly for the
improvement about the chemical structure of molecules present in the asphaltene fraction
and, consequently understand its behavior in oil.

According to Leon et al (2000), the main features observed in asphaltene of petroleum that
present deposition problems are: high atomic ratio carbon/hydrogen, high aromaticity and
high condensation of aromatic rings.

Asphaltenes are found in heavy oil and, therefore, distillation residues, affect refining
operations. The asphaltenes act as coke precursors and lead to deactivation of catalysts.
They are the main contributors to the formation of deposits in refinery equipment, and
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because of this, refinery units must be taken out of service for removal of deposits, thus
increasing the costs (Gongalves et al, 2007).

The cost associated with the asphaltene deposition during production and refining
operations is in the order of billions of dollars a year. For this reason, the prevention or
minimization of precipitation of asphaltenes is an important goal for many oil companies
(Rogel et al, 2010).

6.2 Extraction of asphaltenes

Boussingault (1837) and Marcusson (1931) did a remarkable job on asphaltenes of oil that
was used to establish a procedure for the separation of these, developed by Nellensteyn
(1933), based on the solubility of asphaltenes in carbon tetrachloride. This procedure
converged to the method known today for the separation of asphaltenes using n-heptane or
n-pentane as a flocculating agent.

Nellensteyn (1933) proposed not only a method of separation, but also suggested a
conceptual outline of the structure of asphaltenes in oil. He proposed that asphaltenes are
formed by high molecular weight hydrocarbons that form a colloidal system that can be
adsorbed on a surface. This revolutionary idea at the time, is so incredibly precise that
although questionable, persists today (Sheu, 2002).

Due to the proposed Nellensteyn (1933), there was an enormous effort in studying the
fundamental properties of asphaltene molecules, such as molecular weight, structure and
characteristics related to these properties, as well as the influence of extraction method on
the type of asphaltene fraction obtained (Silva, 2003).

The Institute of Petroleum of London (Standard Methods for Analysis and Testing of
Petroleum and Related Products - vol.1, IP-143) developed a methodology which is a
standardized test which consists in the precipitation of part of the oil with n-heptane and
then dissolving the precipitate with toluene. The precipitate is soluble in toluene and is then
called asphaltenes. This methodology, as well as its American version (ASTM 6560-00), are
commonly used by the oil industry for the quantification of asphaltenes.

There are several methods of extraction of asphaltenes, and although these are well
accepted, there are questions, due to be a fraction of asphaltene a solubility class. There is
debate about the different extraction methods and changes that these procedures can
generate on the properties of this asphaltenic fraction.

According Shkalikov et al (2010) the yield of asphaltenes depends on certain factors such as
temperature, pressure, ratio sample/solvent, performance of preparation steps such as
filtration, repeated washing of the precipitated asphaltenes with solvents and drying. All
these variations certainly complicate the comparison of results by generating different
asphaltenes. Currently, the most active researchers in this area are already talking about the
search for a unique and standards methodology to ensure uniformity of concepts.

To better understand the aggregates generated by asphaltenes during the separation
processes, it is also important to characterize the resins, as these are also part of the
composition and can also act as surfactants to stabilize emulsions.
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6.3 Resinas

The dispersion of asphaltenes is mainly attributed to the resins (polar aromatic). The resin
molecules play a role of surfactants in stabilizing colloidal particles of asphaltenes in oil.
There are concepts about precipitation of asphaltenes and the most widely accepted says
that the dissolution of resins is followed by precipitation of asphaltenes (Shkalikov et al,
2010). On this basis, the stability of oil can be represented by three phase systems:
asphaltenes, aromatics (including resins) and saturated, which are delicately balanced
(Speight, 1992).

The presence of resins in oil prevents the precipitation of asphaltenes by keeping the same
particles in colloidal suspension. When a solvent is added to oil, resins are dissolved in the
liquid, leaving active areas of asphaltene particles, which allow the aggregation of the same
and, consequently, precipitation (Andersen and Speight, 1999).

According to Oseghale and Ebhodaghe (2011) the stability of asphaltenes in oil depends on
the ratio resin/asphaltene in the oil. In contrast to the asphaltenes, resins are soluble in n-
alkanes as n-heptane and n-pentane (Shkalikov et al, 2010). According to Speight (1992) is
the criterion of solubility which allows setting them and consider that they have a similar
structure of asphaltenes, however, with a molecular weight less than these (Andersen and
Speight, 1999) (Figure 10).

Asphaltenes

@@ Resins @@
©©©©.. QOO

Fig. 10. Structures of hypothetical resins. Source: Rogel (2000).

Resins compared to asphaltenes have a lower content of aromatics, but are rich in
heteroatoms, mainly oxygenates (Faria, 2003).

It should be noted that during the process of purification and precipitation of asphaltenes
due to the existence of clusters, always exists the possibility of a certain amount of resin
precipitate with the asphaltenes.

6.4 Characterization of asphaltenes

The need for knowledge of molecular structure of asphaltenes is the key to developing
treatments to prevent their precipitation and may help in understanding its function as a
stabilizer of emulsions.
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According Merdrignac and Espinat (2007), the detailed structural characterization of heavy
fractions is generally difficult to achieve, mainly due to the large complexity of fraction and
limitations of analytical techniques. Structural information has been obtained, but can not
represent all the chemical and structural variety that these complex mixtures of asphaltenes
may contain. Another problem that hinders the characterization of aggregation is the
phenomenon presented by the asphaltenes. That is, the asphaltenes have a tendency to form
aggregates of high molecular weight, whose distribution depends on the solvent employed,
pressure and temperature, making it difficult to know their true distribution in the original
oil (Carvalho, 2003).

In recent decades, NMR has been used as a tool for the characterization of mixtures,
especially the 13C NMR, providing relevant information about the structure of complex
systems such as asphaltenes. Simultaneous use of 1H and 13C NMR allows the determination
of a series of structural parameters such as fraction of aromatic carbon, the average number
of carbons in an alkyl attached to aromatic systems and the percentage replacement of this
system (Skoog et al, 2002).

The NMR technique, in particular, provides reliable molecular parameters about
characteristics of aromatic rings and aliphatic chains of asphaltene structures (Speight,
1999).

6.5 The impact of asphaltenes in petroleum refining

In the activities of the oil industry, the deposition of organic compounds is frequent. Among
the deposits that cause operational problems, we can identify two predominant groups:
paraffins and asphaltenes. Therefore, it is necessary to determine the conditions under
which these deposits occur and the way in which they can be avoided in order to generate
the least possible damage to the process (Smith, 2003).

Deposits may occur in reservoir rock and source rock for oil. This impairs the production of
the well by causing the blocking of pores of the rock and by changing a very important
property of the reservoir rock, its wettability, which is the tendency of a fluid to spread or
adhere to a solid surface in the presence of non-miscible fluids, and can be modified by
adsorption of polar compounds and/or deposition of organic material and thus affect the
migration of oil. This is an extremely serious problem, since it can lead to the loss of the well
(Faria, 2003; Menechini, 2006).

The phenomenon of deposition can also occur on the production lines. It is known that the
use of any method, chemical (injection of solvents, for example) or mechanical (using
scrapers), to remove this type of deposit is an expensive operation and requires a lot of
security because any accident can lead to line loss (Carnahan, 1989).

The deposition of asphaltenes can also happen in separators during the final stage
depressurization of oil (Almehaideb and Zekri, 2001), as well as in almost all stages of
production, processing and transportation of oil and is an extremely serious problem that
affects significantly the costs of oil industry.

In refining, these constituents may lead to catalyst deactivation and the formation of waste
during the thermal and thermo-chemical processing of heavy residues of oil (Speight, 2001).
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Due to the economic impact of this problem, the existing literature about asphaltenes is vast,
complex and inconclusive (Chinligarian and Yen, 2000).

The biggest challenge associated with this kind of deposit is: what is chemically known as
asphaltenes. For this reason, the asphaltenes have been studied mainly with regard to the
identification of chemical structures present in this complex mixture. The molecular
knowledge of heavier fractions of oil is not conclusive because of complexity of the
molecules involved and the families of molecules that are part of these fractions. Thus, it is
recommended that all development work to assist in identifying and characterizing
properties of complex molecules present in this fraction, as well as studying the stability of
the same over the physical and chemical processes by which oil is to generate products
commercial interest that undoubtedly sustain the world economy.

7. Case study

As oil undergoes a series of processes involving heating and atmospheric distillation in
order to raise its energy potential Chrisman and Lima, 2009 studied the influence of cutting
temperature in the asphaltenic fractions.

In this work, the goal was to identify the differences in the average molecular parameters of
asphaltenes obtained during the simulation of atmospheric distillation in the laboratory on
five different temperatures. Significant changes were observed in the structures of each of
the fractions obtained from two Brazilian oils called A and B, especially in the higher cut
temperatures.

The extraction and quantification of content of asphaltenes were performed using the ASTM
6560-00 and characterization of asphaltenes was performed using the analytical techniques:
elemental analysis, infrared and nuclear magnetic resonance of 'H and 13C. Significant
changes were observed in almost all molecular parameters during the distillation at
different temperatures, using as standard asphaltene of crude oil. The results obtained
confirm the occurrence of oxidation with the increase of cut temperature, probably because
of aromatization of naphthenic rings and closing of lateral chains. Examples of events are
presented in proposals for representative structures of these fractions.

Fig. 11. Structure of asphaltene (crude oil A). Source: Chrisman and Lima, 2009.
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Fig. 12. Structure of asphaltene (residues of cutting to 420°C oil A). Source: Chrisman and
Lima, 2009.

It can be observed in the structures shown in Figures 11 and 12 that with increasing
temperature, naphthenic rings were formed from lateral chains and even being in some
cases, the oxidized aromatic rings. At the temperature of 420°C it was observed
aromatization of naphthenic rings.

8. Emulsions

Emulsions are defined as a heterogeneous liquid system consisting of immiscible liquids
with one another where one liquid is dispersed in another in the form of drops. The
emulsions are distinguished by the amount of liquid dispersed in another one.

An emulsion consists basically of two phases: a continuous phase (external), where the
droplets are dispersed, and a dispersed phase (internal or discontinuous), which are
themselves dispersed droplets.

Three conditions are necessary for the formation of an emulsion:

e  immiscibility between liquid of emulsion
e  Shaking to disperse one liquid in another
e  Presence of emulsifying agents (surfactants)

The characteristics of an emulsion are constantly changing since the beginning of formation
until their complete resolution and vary with temperature, pressure, degree of agitation and
time of formation. From a purely thermodynamic point of view, an emulsion is considered
an unstable system due to a natural tendency of the system liquid/liquid separation and to
reduce their interfacial area and thus their interfacial energy. However, most of the
emulsion is stable for a period of time, have kinetic stability that is due to smaller drop sizes
and the presence of an interfacial film around the drop.

8.1 Stability of an emulsion

The stability of emulsion can be determined by the type and amount of surface active agents
or surfactants that can occur naturally in crude oil, for example, the asphaltenes. These
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surfactants tend to concentrate in the water/oil interface where form interfacial films
stabilizing the emulsion by reducing the interfacial tension (IFT) and promotion of
emulsification and dispersion of droplets (Lee, 1999). When energy is added to the system,
the particles are broken down into smaller parts and with higher energy, become smaller
and, consequently, greater its stability, it is more difficult to treat (Silva, 2008).

Some fine solid particles present in crude oil are able to stabilize emulsions by diffusion into
the oil/water interface to form rigid structures that can sterically prevent the coalescence of
droplets. To act as stabilizers, the particles must be much smaller than the size of emulsion
droplets. They must present themselves at the interface and be sprayed with two phases
(aqueous and oily) to stabilize the emulsion. Examples of wet solids in oil are wax and
asphaltenes and examples of wet solids in water are inorganic compounds such as, for
example, CaCOs and CaSQO,, clay and sand.

The temperature can modify the physical properties of oil, water, interfacial films and the
solubility of surfactants in oily and aqueous phases affecting the stability of an emulsion.
When increasing the temperature, it is observed a decrease in viscosity of emulsion caused
primarily by a decrease in oil viscosity. The temperature increases the thermal energy of
drops and, consequently, increases the frequency of drop collisions. This also reduces the
interfacial viscosity and results in a rate of faster drainage of the film, thus increasing the
coalescence of droplets. The temperature increase leads to a gradual destabilization of
interfacial films.

The drop size distribution affects the viscosity of emulsion, which is larger when the
droplets are smaller. Usually the emulsion with smaller droplet size is more stable and the
time for separation of water must be larger. The viscosity of emulsion will also be higher
when the droplet size distribution is narrow (ie, the droplet size is fairly constant).

The pH of aqueous phase has a strong influence on the stability and the type of emulsion
formed, it affects the rigidity of the interfacial film. The low pH (acid) generally produces
emulsions W/ O (corresponding to wettability in oil, solid films) and high pH (basic)
produces emulsion O/W (corresponding to the water wettability, mobile movies).

The emulsions are stabilized by films that are formed around the drops of water in
water/oil interface. These films are the result of adsorption of polar molecules of high
molecular weight that are interfacial active, i.e. show behavior similar to surfactants. These
films increase emulsion stability by reducing the IFT and increased interfacial viscosity.
Highly viscous interfacial films act as a mechanical barrier to coalescence. The characteristics
of interfacial films vary depending on the type, composition and concentration of polar
molecules present in crude oil, temperature and pH of the water. (Kokal, 2005 and Ortiz et
al, 2010).

8.2 Viscosity of emulsions

The viscosity of an emulsion is directly proportional to the viscosity of continuous phase
and is defined as the relationship between stress and shear rate. Highly viscous oils usually
form more stable emulsions These oils cause emulsions difficult to treat, because they
decrease the movement of droplets, retarding the coalescence.
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The volume fraction of the dispersed phase is the most important factor that affects the
viscosity of emulsions. With increasing volume fraction of dispersed phase, the internal
circulation is reduced, and the viscosity of emulsion increases.

The effect of particle size distribution on the viscosity of emulsions is very important for
high values of concentration of the dispersed phase. For lower concentrations, however, the
effect is much smaller. When the average size of water droplets dispersed is lower, higher is
the residence time of emulsion.

The shear rate influences the viscosity of emulsions only when it has characteristics of a non-
Newtonian fluid. For low values of concentration of dispersed phase, the emulsion exhibits
characteristics of Newtonian fluid and, consequently, the shear rate does not affect the
viscosity of emulsion. For high values of concentration of dispersed phase, the emulsions
exhibit features non-Newtonian (pseudoplastic fluids) and the apparent viscosity decreases
significantly with an increasing shear rate (Kokal, 2005 and Silva, 2008).

8.3 The impact of asphaltenes in oil emulsions

The formation of an emulsion W/O can be a serious obstacle for the production of oil, and
some oils are particularly prone to form more emulsions than others (Muller et al, 2009).
According to Ortiz et al (2010), treatment of these emulsions W/O is still a challenge in the
oil industry due to the high stability versus coalescence.

Phenomenological investigations of physical and chemical properties related to the strength
of emulsion are described in the literature in terms of mechanisms, properties and classes of
potential compounds that stabilize emulsions.

Characteristics commonly linked to w/o emulsions are the API gravity, total acidity index
(TAI) and asphaltene content (Muller et al, 2009). In the petroleum industry, most of
emulsions produced is of type A/O. Figure 13 illustrates an emulsion W/O, where water
droplets are dispersed in oil. It is observed from this figure that stable emulsions are
characterized by properties that prevent the coalescence of small drops of water, while in
unstable emulsions the water droplets coalesce rapidly.
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Fig. 13. Formation of emulsions A / O. Source: Lee, 1999.
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A stable emulsion W/O consists of an aqueous phase, an oil phase and an emulsifying
agent. Certain compounds and particles found in crude oil can act as emulsifying agents
(surfactants) and thus promote and stabilize these emulsions. Surfactants have hydrophilic
and hydrophobic regions so as to fall within the oil-water interface and stabilize emulsions.
If the concentration of particles and surfactants are sufficiently high, then the coalescence of
water droplets is prevented, leading to stable emulsions. Figure 14 shows the stabilization of
a drop of water in an oily continuous phase by the presence of surfactant.
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Fig. 14. Emulsion A/O stabilized by surfactants. Source: Lee, 1999.

Certain fractions of polar and high molecular weight exist in crude oil, natural surfactants
considered, contribute to the formation of emulsions A / O. These fractions include waxes,
asphaltenes and resins and can be dissolved or particulate form (Wei et al, 2011; Ortiz et al,
2010; Kokal, 2005; Lee, 1999). These compounds are seen as the main constituents of
interfacial films, where they accumulate and thus stabilize the droplets and, consequently,
the emulsion formed around the droplets.

The accumulation of asphaltenes at the interface results in the formation of a hard film.
According to Ortiz (2010) when asphaltenes adsorb on the water/oil interface, they form an
interfacial film with high elasticity.

The state of asphaltenes in crude oil also has an effect on its stabilizing properties of
emulsions. The asphaltenes will stabilize emulsions when they are present in colloidal form.
There is strong evidence that its properties are significantly increased when stabilizers are
precipitated in the oil.

If emulsifying agents do not exist in crude oil, the instability of the system contributes to the
coalescence, facilitating phase separation. If there is the presence of an emulsifying agent,
there will be a greater stability of droplets hindering the natural separation of the phases.

The schematic diagram shown in Figure 15 represents a drop of water stabilized by
asphaltenes and paraffin crystals. A region not stabilized is shown with the formation of an
incomplete barrier.
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Fig. 15. Stabilization of a drop of water. Source: Lee, 1999.

Several studies demonstrate the importance of asphaltenes, resins and paraffins existing in
crude oil in the promotion and stabilization of emulsions of water-in-oil.

9. Case study

Petrobras has about 65% of the area of its offshore exploration blocks in water depths
greater than 400m, consequently it is increasing its activities in exploratory drilling in ever
deeper waters, resulting in emulsions in almost all phases of production and processing of
oil.

Therefore, there is a great need to understand the mechanism of stabilization of emulsions
of oil in order to increase production rates and the efficiency of separation that can be
accomplished by applying methods such as thermal, mechanical, electrical and/or chemical
(Kokal, 2005; Nordgard et al, 2009).

Studies on the form of interaction between natural surfactants species present in oil and
interfacial film can assist in developing more efficient methods of separation. From this
point of view, asphaltenes can be studied by seeking a greater understanding of this
complex fraction in terms of structure and composition, as a species that can contribute to
the stabilization of these emulsions.

The laboratory DOPOLAB is currently studying the influence of asphaltenes and resins in
the stability of Brazilian oil emulsions. For this, certain physico-chemical characteristics of
oil are determined such as viscosity, density, °’API, water content, chloride content, total
acidity index; extraction of asphaltenes following the standard ASTM6560/00 and
characterization of asphaltenes and resins through techniques of elemental analysis, IR and
1H and 3C NMR.

Interfacial tension tests, electrocoalescence and interfacial rheology studies using resins and
asphaltenic fractions are in progress.

As preliminary tests to show surfactant properties of asphaltenes were performed interfacial
tension measures in a Kriiss Tensiometer DSA100 using the pendant drop method. The
analysis time was 90min and a needle with a diameter of 1.463 mm and a 500pL syringe
used.
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The toluene + asphaltenes solutions were made solubilizing 0.5 g of asphaltene in 100 ml of
toluene. First the interfacial tension was measured between toluene and water to have a
default value and can then compare the results. The interfacial tension measurements of
toluene+ asphaltenes solutions were determined in duplicate, so the values of the interfacial
tension shown in Table 04 are the averages of duplicates determined.

Sample Interfacial
Toluene 33,69 0,09
Toluene + AA 23,35+1,14
Toluene + AB 30,73 + 0,04
Toluene + AC 30,19 + 0,38
Toluene + AD 21,43 £ 0,06
Toluene + AE 28,67 + 0,14
Toluene + AF 30,93 + 0,65

Table 4. Values of interfacial tension for asphaltenes. Source: DOPOLAB, 2011.

Analyzing the results, it is observed that the value of interfacial tension between
water/toluene was 33.69 mN/m and that for all solutions containing asphaltenes the value
was less than this. With these preliminary data we can see that asphaltenes have surfactant
properties as the interfacial tension decreased.

Figure 16 shows graphically the behavior of the interfacial tension of each asphaltene
studied.
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Fig. 16. Graph Interfacial Tension versus race of asphaltenes. Source: DOPOLAB, 2011.

Interfacial rheology tests are being carried out by varying the concentration of asphaltenes,
resins and asphaltenes/resins to better understand the surfactant properties of these species
in the oil.

10. Conclusion

In conclusion we mention that although the literature on asphaltenes is being quite
extensive and current, much remains to understanding this complex fraction. The
understanding of chemical structures present in this asphaltenic fraction seems to be really
important and helpful in understanding their properties, and assist in proposing
mechanisms to explain: their interactions with other species (resins), its precipitation;
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participation in the stabilization of emulsions, and many other problems can be avoided
and/or minimized since then.
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1. Introduction

A crude oil at atmospheric pressure and ambient temperature has three main constituents:
(i) oils (that is, saturates and aromatics), (ii) resins, and (iii) asphaltenes. Asphaltenes and
resins are believed to be soluble, chemically altered fragments of kerogen, which migrated
from the oil source rock during oil catagenesis. However, unlike resins, asphaltenes contain
highly polar species that tend to associate. As a result, the interactions of asphaltenes with
their environment are very complex. For example, asphaltene precipitation or deposition
can occur in wellbores, pipelines, and surface facilities and is undesirable because it reduces
well productivity and limits fluid flow (see Figure 1).

Fig. 1. Asphaltenes clogging a pipe. Courtesy of A. Pomerantz, Schlumberger.

The main factors that promote precipitation are pressure, temperature and composition
variations due to gas injection, phase separation, mixing of fluid streams. Paradoxically,
asphaltene precipitation is often observed in light crude oils that contain very low
asphaltene content. This is because light oils contain large amounts of light alkanes in which
asphaltenes have limited solubility. Heavy oils, which are usually rich in asphaltenes,
contain large amounts of intermediate components that are good asphaltene solvents.
However the refining of heavy oils in downstream operations is very challenging because it
can lead to coking, fouling, and catalyst deactivation during processing or upgrading, as
high temperatures and vacuum conditions are required. In subsurface formations, the
adsorption of asphaltenes on mineral rocks can lead to wettability alteration and formation
damage.
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Asphaltenes impact virtually all aspects of utilization of crude oil and despite this
importance; asphaltenes have not been well understood. Fortunately this situation has
recently changed rather significantly. The ability to connect asphaltene science performed at
different length scales into a single cohesive picture requires establishing structure-function
relationships and is the heart of Petroleomics (Mullins et al., 2007). For example, asphaltene
molecular weights are now known to be relatively small, ~800 g/mol (Boduszynski, 1981;
Groenzin & Mullins, 1999). Compositional variations of the fluid containing asphaltenes
directly affect their aggregation state. Under unfavorable conditions, asphaltene molecules
tend to associate into small nanoaggregates that can grow into larger clusters and eventually
flocculate and precipitate. The connection between molecular architecture and aggregation
was not clarified until recently (Akbarzadeh et al., 2007; Mullins, 2010). The role of resins on
asphaltene stability has long been controversial and a more unified view is gradually
emerging (Goual et al., 2011). This chapter is based upon the author’s experience in
asphaltene research over the past decade. It focuses on asphaltene separation,
characterization, structure, and role of resins.

2. Definition

The term “Asphaltene” originated in 1837 when Boussingault defined them as the
distillation residue of bitumen: insoluble in alcohol and soluble in turpentine (Boussingault,
1937). Today, asphaltenes are defined as the heaviest components of petroleum fluids that
are insoluble in light n-alkanes such as n-pentane (nCs) or n-heptane (nC;) but soluble in
aromatics such as toluene. The solubility class definition of asphaltenes generates a broad
distribution of molecular structures. These polydisperse molecules consist mostly of
polynuclear aromatics (PNA) with different proportions of aliphatic and alicyclic moieties
and small amounts of heteroatoms (such as oxygen, nitrogen, sulfur) and heavy metals
(such as vanadium and nickel, which occur in porphyrin structures). Heavy resins and
waxes can co-precipitate with asphaltenes and their amount is variable depending on the
method of separation. Figure 2 shows the separated asphaltenes and resins from a crude oil
according to ASTM-D2007 (Goual & Firoozabadi, 2002). Asphaltenes and resins differ in
color and texture. Asphaltenes are black, shiny, and friable solids; while resins are dark
brown, shiny, and gummy.

Asphaltenes Resins

Fig. 2. Asphaltenes and resins separated from crude oils (Goual and Firoozabadji, 2002).
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3. Separation

The standard procedures for asphaltene separation consist mainly of precipitation of
asphaltenes by excess n-alkanes (typically 40 volumes of n-alkane to 1 volume of oil). In the
Institute of Petroleum Standard IP 143 (IP 143/84, 1988), asphaltenes are separated from
waxy crude oils with nCy then the precipitated phase is washed for 1 h with a reflux of hot
heptane to remove waxes. In the ASTM D-3279 method (ASTM D3279-07, 2007), asphaltenes
from petroleum residues are precipitated with nC; and filtered after 30 min of heating and
stirring with a reflux system. In the ASTM D-893 method (ASTM D893-05a, 2010),
asphaltenes are precipitated from lubricating oils by centrifugation in nCy. In the Syncrude
analytical method (Bulmer & Starr, 1979), heavy crude oils are mixed with benzene prior to
asphaltene precipitation with nCs; they are then filtered and washed after 2 h of settling in
the dark. For each separation method, conditions such as n-alkane, contact time,
temperature, filter size, and washing procedure need to be specified. Considering crude oils
as a continuum of several thousands of molecules, it is very difficult to define a cut-off
between asphaltenes, resins, and oils. The variables introduced in each method may
generate different fractions of asphaltenes when using different methods. For example, if
nCy is used as precipitant for asphaltenes instead of nCs, then the Cs-C; fraction of Cs
asphaltenes will now be part of Cy resins. A representation of the asphaltenes fractions using
molecular weight and polarity/aromaticity is provided in Figure 3 (Long, 1981). In this
Figure, the slope of the lines varies with the composition of asphaltene fractions. The
concept emphasizes the lower molecular weight and increased polarity of the various
asphaltene constituents (Speight, 2007).

C;Asphaltene

CgAsphaltene

Molecular Weight ——m»

Polarity / Aromaticity ——jm

Fig. 3. Representation of n-alkane asphaltenes using molecular weight and polarity/
aromaticity.

Figure 4 depicts the main fractions that can be extracted from a solid-free petroleum fluid.
The term “solid” here refers to mineral fines, clays, etc. Asphaltenes extracted from bitumen
are very likely to contain solids. In this case, solids can be removed by centrifugation of a 5
wt% solution in toluene at 30,000 g for 3 h (Goual et al., 2006) or by filtration using 0.02 pm
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filter size. Resins are wusually separated from maltenes by preparative liquid
chromatography via adsorption on surface-active materials such as fuller’s earths,
attapulgus clay, alumina, or silica gel (ASTM-D2007; ASTM-D4124; Syncrude analytical
method) then desorption with aromatic/polar solvents such as toluene/acetone mixtures.
Other resin separation methods by precipitation in propane or ketones or alcohols also exist
in the literature but remove only a fraction of resins, usually the heaviest and more polar.
Like asphaltenes, resins are defined according to the solvents used for their separation
(Goual & Firoozabadi, 2002). Discrepancies in the amount and chemical composition can be
found if adsorbents are different or elution time is varied (Wallace et al., 1987).

Petroleum Fluid

n-alkane Filtration

Solubles Insolubles
I |
Maltenes Deasphaltened oil
| (DAO)
Adsorption on surface- |
active materials Aromatic washing
Eluted by n-alkane Adsorbed Solubles Insolubles
I I
Oils Resins Asphaltenes* Carbenes and
I carboids
MEK Filtration at
-20°C
Solubles Insolubles
I I
Light saturates Heavy saturates
and aromatics or waxes

* For waxy oils, heavy waxes are removed from asphaltenes by hot-alkane washing (IP 143 /84, 1988)

Fig. 4. General fractionation scheme for petroleum fluids.

Analytical methods such as thin layer chromatography with flame ionization detection
(TLC-FID) (Karlsen & Larter, 1991) are widely used in the oil industry. These solubility
based separation methods allow for the investigation of crude oil components based on
polarity. However they can yield very different amounts of Saturates, Aromatics, Resins and
Asphaltenes (SARA) depending on the nature of solvents used in the separation. At a panel
discussion on standardization of petroleum fractions held at the 2009 Petrophase conference,
a need to unify and improve the separation methods for asphaltenes and resins was
expressed (Merino-Garcia et al., 2010). The diversity of operating definitions employed and
measurement variability affect the ability of researchers to determine whether compound
classes are present and to draw cross-comparisons among measurements from different
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laboratories. Moreover, the current separation methods create an artificial distinction
between resins and asphaltenes yet provide no information on more meaningful
distinctions, such as between associating and non-associating species or surface-active
versus non-surface-active species. When compared to pressure drop asphaltenes from live
oils, heptane-separated asphaltenes from dead oils contained a higher number of rings plus
double bonds but exhibited a lower abundance of species containing sulfur (Klein et al.,
2006). Thus, the solubility criterion for asphaltenes defines a significantly different chemical
composition than the (more field-relevant) pressure-drop criterion.

A new generation of separation methods that permits the extraction of asphaltene
nanoaggregates and clusters without solvent use has recently been proposed, namely, ultra-
or nanofiltration (Zhao & Shaw, 2007, Marques et al., 2008). Nanofiltration experiments with
5-200 nm mesh show that the composition of filtered asphaltenes closely approximates Cs
asphaltenes over a broad temperature range (Zhao & Shaw, 2007). When used to fractionate
small asphaltenic aggregates from larger ones, ultrafiltration tests revealed that small
aggregates present lower aromaticity and higher aliphatic composition than larger ones.
Their alkyl chains also appear to be shorter and more alkylated. Based on elemental
analysis, that smaller aggregates contain a lower metal concentration and are preferentially
enriched in vanadium than nickel when compared with larger ones (Marques et al., 2008).
The advantage of nanofiltration is that asphaltenes are separated based on their size rather
than their solubility, thus nanofiltered-fractions are significantly less polydispersed than
alkane-asphaltenes. On the other hand, nanofiltration cannot substitute for solvent
standards for routine measurements because of the time as well as the cost involved.

The presence of wax in petroleum fluids renders the separation of asphaltenes even more
complex. Figure 4 shows that the heaviest components of wax tend to co-precipitate with
asphaltenes and the alkane-soluble wax components can be extracted from oils through
precipitation in methyl ethyl ketone (MEK) at -20 °C, then filtration (UOP 46-64). A major
drawback of wax and asphaltene separation methods is the fact that they are often time-
consuming and require large volumes of solvents. To overcome this limitation, an on-
column separation of wax and asphaltenes in petroleum fluids has been proposed (Schabron
& Rovani, 2008; Goual et al., 2008) and allows for the detection and separation of these
fractions in minutes. The principle of the method is to first precipitate waxes and
asphaltenes together on a ground polytetrafluoroethylene (PTFE)-packed column using
MEK at -20°C and then re-dissolve the precipitate with solvents of increasing polarity at
different temperatures. The development and demonstration of the on-column asphaltene
precipitation and re-dissolution technique have been described in detail elsewhere
(Schabron & Rovani, 2008). Figure 5 provides an example of separation profile for Dagang
waxy crude oil from China using waxphaltene determinator (WAD). The material soluble in
MEK elutes as a first peak and consists mostly of aliphatic light oils, including n-alkanes
with carbon atoms less than C and highly branched alkanes. Other functional groups, such
as naphthenic or aromatic rings, may be present. The precipitated material is re-dissolved in
four steps using solvents of increasing polarity and different temperatures: heptane at -20 °C
(for low polarity oils and moderately branched alkanes, possibly containing naphthenic
components), heptane at 60 °C (for n-alkanes with carbon atoms higher than Cy and slightly
branched alkanes), toluene at ~25 °C (for asphaltenes), and then methylene chloride at ~25
°C (for higher polarity asphaltene components).
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Fig. 5. Separation profile for Dagang crude oil using waxphaltene determinator (Goual et al.,
2008).

Note that co-solvency effects have been observed with the WAD method. Co-solvency
occurs when individual chemical components that are not soluble in a particular solvent can
dissolve readily when they are part of a mixture with other species that impart co- solvency.
For example, a significant portion of Cy asphaltenes from petroleum residua is not soluble in
cyclohexane although the whole residua that contain these components dissolve completely
in cyclohexane (Schabron et al., 2001). Similar solubility behavior was observed with
petroleum resins in n-alkanes (Goual and Firoozabadi, 2004). Co-solvency is also observed
with wax components. The melting and freezing of n-alkane components can also occur in a
manner that affects solubility (Goual et al., 2008). The combination of the co-solvency and
freezing/melting effects in petroleum systems could be complex. These are also evident
when individual chemicals or fractions are isolated from petroleum (Goual & Firoozabadi,
2004; Schabron & Rovani, 2008).

4. Characterization

Asphaltenes have a density between 1.1 and 1.20 g/mL (Speight, 2007), an atomic H/C ratio
of 1.0-1.2 (Spieker et al., 2003), and a solubility parameter between 19 and 24 MPa?> at
ambient conditions (Hirschberg et al., 1984; Wiehe, 1996). They strongly affect the
rheological behavior of petroleum fluids. Two concentrations regimes have been identified
in crude oils: a diluted regime where viscosity increases linearly with asphaltene content,
and a concentrated regime where viscosity depends more than exponentially on asphaltene
content. Natural heavy oils correspond to the concentrated regime and the high viscosities
may be due to the entanglement of solvated asphaltene particles (Argillier et al., 2001).

Studies on asphaltene molecular weight are more controversial. The tendency of asphaltenes
to aggregates in toluene at concentrations as low as 50 mg/liter (Goncalves et al., 2004) has
led to aggregate weights being misinterpreted as molecular weights with colligative
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methods such as vapor pressure osmometry (VPO) or gas exclusion chromatography (GPC).
As a result, the molecular architecture of asphaltenes has been the subject of debate for
several years. Results from advanced analytical techniques now agree that asphaltene
molecular weight distributions are in the 400-1,500 Dalton (Da) range, with a mean mass
between 700-800 Da. Examples of these methods are field-ionization mass spectrometry
(FIMS) (Boduszynski, 1981), fluorescence correlation spectroscopy (FCS) (Schneider et al.,
2007), time resolved florescence depolarization (TRFD) (Groenzin & Mullins, 1999, 2000),
electrospray ionization, Fourier transform ion cyclotron resonance mass spectrometry (ESI
FTICR MS) (Rodgers & Marshall, 2007, Hsu et al, 2011), atmospheric pressure
photoionization mass spectrometry (APPI MS) (Merdrignac et al, 2004), field-
desorption/field- ionization mass spectrometry (FDFI MS) (Qian et al., 2007), laser
desorption ionization (LDI) (Hortal et al., 2006).

The polar character of asphaltenes impacts their adsorption at interfaces (Abudu & Goual,
2009; Saraji et al., 2010). Figure 6 depicts the adsorption amounts from 5 wt % crude oil in
toluene and heptane on different substrates (Abudu & Goual, 2009). The substrates consist
of hydrophilic surfaces (gold, silica, and stainless steel) and hydrophobic surfaces
(polystyrene). The amount adsorbed from toluene on hydrophilic surfaces varies from 350 to
450 ng/cm?, with the highest being on silica.
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Fig. 6. Adsorption amounts from 5 wt% crude oil in toluene and heptane on different
surfaces (gold, silica, alumina, polystyrene, and stainless steel).

Figure 6 also shows that asphaltenes are almost amorphous in heptane, evidenced by almost
the same adsorption amounts on hydrophilic and hydrophobic surfaces (~350 ng/cm?2). XPS
survey revealed the presence of relatively large percentages of surface heteroatoms (mainly
oxygen and sulfur) in adsorbed films from toluene which suggests that asphaltenes are
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much more hydrophilic in toluene than in heptane. It is likely that asphaltene polar
functions become caged inside clusters because of flocculation in heptane (Sheu & Acevedo,
2006).

What role polarity and/or aromaticity play in aggregation and molecular structure is still
largely unknown. On the other hand, non-polar dispersive forces are believed to control the
flocculation and precipitation of asphaltene clusters (Buckley et al., 1998). In a recent study
of the interactions between asphaltene surfaces in organic solvents using an atomic force
microscope (AFM), Wang and co-workers found that the ratio of toluene to heptane in the
solvent could significantly change the nature and the magnitude of the interaction forces
between asphaltene surfaces. In pure toluene, steric repulsion forces were measured
whereas in pure heptane, van der Waals attraction forces were measured (Wang et al., 2010).

The polar character of asphaltenes originates from the presence of permanent dipoles (Goual
& Firoozabadi, 2002) and electrical charge carriers (Goual et al., 2006). Measured dipole
moments and electrical direct current (DC) conductivities of asphaltene monomers are in the
range of 4-7 D (Goual & Firoozabadi, 2002) and 108 S/m (Goual, 2009), respectively.
Electrodeposition studies of solid-free bitumen in organic solvents revealed that asphaltene
charge carriers are mainly positively charged in organics solvents such as toluene (Goual et
al., 2006). Figure 7 illustrates the contribution of these charge carriers to the DC
conductivity.
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Fig. 7. Schematic of the contribution of charge carriers to the DC conductivity in crude oils

Lewis acids and bases form ion pairs and permanent dipoles. The dissociation of these
species produces small-size charge carriers that are involved in charge-transfer reactions at
the electrodes and are responsible for the DC conductivity. These acids and bases are also
involved in asphaltene association processes leading to high aggregate mass. In these
aggregates, the numbers of Lewis acids and bases are not balanced exactly. Electron
exchange between the electrodes and these associated acids and bases is hindered (because
of steric constrains) so they can only be electrocollected and not electrodeposited at the
electrodes; they are quickly released from the electrode surface when the potential is turned
off. These species do not contribute to the DC conductivity. The DC conductivity of
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asphaltenes increases with their concentration in toluene because of the increased ion
mobility or reduced activation energy for charge transfer, as illustrated in Figure 8. Note
that less than 104 mole fraction of asphaltene is charged in toluene. These charge carriers can
act as tracers to monitor asphaltene dynamics.
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Fig. 8. Critical nanoaggregate concentration (CNAC) and critical cluster concentration (CCC)
of Cs and Cy asphaltenes (Goual et al., 2011).

The critical nanoaggregate concentration (CNAC), above which nanoaggregates stop
growing, can be seen in Figure 8 as a clear breakpoint in the variation of conductivity with
concentration. The breakpoint occurs at around 100 mg/L for Cs asphaltenes and 200 mg/L
for C; asphaltenes, in agreement with previous work (Andreatta et al., 2005; Freed et al.,
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2009; Zeng et al., 2009; Mostowfi et al., 2009). Similarly, the critical cluster concentration
(CCC) can be seen at around 2,000 and 2,500 mg/L for C; and Cs asphaltenes, respectively.
The CNAC and CCC increase somewhat with the inclusion of the heaviest resins in the Cs
asphaltenes (Goual et al., 2011). A clear demonstration of the formation of asphaltene
clusters in toluene was obtained by measurement of the kinetics of asphaltene flocs upon
addition of n-heptane to asphaltene-toluene solutions using dynamic light scattering (Yudin
& Anisimov, 2007). Below a concentration of ~3 g/liter, the kinetics of floc formation are
diffusion limited aggregation; whereas above this concentration the kinetics are reaction
limited aggregation. This is consistent with the DC conductivity data in Figure 8.

In low-frequency dielectric relaxation studies (Goual, 2009), DC conductivities were related
to the effective diffusion coefficient of asphaltenes via the Nernst-Einstein equation, from
which average sizes were calculated assuming asphaltenes are spherical in shape. It was
shown that asphaltenes form viscoelastic films at solid interfaces when they are close to the
flocculation threshold (Abudu & Goual, 2009) or when their size in toluene is smaller than
~3 nm (Goual & Abudu, 2010), as shown in Figure 9. The topographical features of rigid (d >
3 nm) and viscoelastic (d < 3 nm) asphaltene films obtained by AFM Tapping mode imaging
in air are displayed in Figure 10. The viscoelastic films consist of soft multilayers (i.e.,
toluene-rich) of small aggregates that possibly interact with each other, whereas rigid films
consist of a monolayer of particles with few large aggregates scattered on its surface.
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Fig. 9. Relation between film thickness, particle diameter, and DC conductivity of 0.1 wt %
asphaltenes in toluene.
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Fig. 10. AFM images of adsorbed particles on gold from 0.5 wt% crude oils in toluene.

Thus, data derived from low-frequency dielectric relaxation are important in predicting
asphaltene-associated problems. Low frequency measurements can also produce sensor
responses that are sensitive to interactions between asphaltenes and surfactants usually
employed in chemical flooding.

5. Structure and role of resins

The chemical structure of asphaltenes is difficult to ascertain due to the complex nature of
asphaltenes. Two models have been proposed to describe the molecular architecture in
asphaltenes: (i) archipelago models, and (ii) island models. The Archipelago models
consider that several aromatic moieties are bridged together via aliphatic chains (Strausz et
al., 1992), whereas island models suggest that there is predominantly one fused polycyclic
aromatic hydrocarbon (PAH) ring system per asphaltene molecule with pendant aliphatic
chains (Dickie & Yen, 1967). New fragmentation studies by two-step laser desorption laser
ionization mass spectrometry (L2MS) (Sabbah et al., 2011) and FTICR-MS (Hsu et al., 2011)
support the contention that the dominant structural character of asphaltenes is island-like.
These results are in accord with other methods such as TRFD (Groenzin & Mullins, 2000),
high-Q ultrasonics (Andreatta et al., 2005), and NMR (Freed et al., 2009). Recently, DC
conductivity studies showed that resins are unlikely to coat asphaltene nanoaggregates in
anhydrous organic solvents (Sedghi & Goual, 2010). Thus, the long-time-standing
Nellensteyn hypothetical model (Nellensteyn, 1938), where resins adsorb on asphaltenes to
provide a steric stabilizing layer, is not valid. However when water is present in the solvent,
the role of resins on asphaltene adsorption at the solvent/water interface becomes
important. Resins and natural surfactants tend to diffuse first to the interface before being
replaced by asphaltenes (Magual et al., 2006). The amount of adsorbed asphaltenes on water
also depends on the resin to asphaltene ratio (Goual et al., 2005).

Based on the previous studies, a new asphaltene model has been codified in the “modified
Yen model” and stipulates the dominant structure of asphaltene molecules, nanoaggregates
and clusters of nanoaggregates (Mullins, 2010). This model was built upon the Yen Model,
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which has been in use for 40 years (Dickie & Yen, 1967). The Yen model has been very
useful, particularly for considering bulk properties of phase-separated asphaltenes.
Nevertheless, at the time the Yen model was proposed, there were many uncertainties in
asphaltene molecular weight, architecture, and colloidal structure. Figure 11 shows the
corresponding schematic of the modified Yen model, which incorporates the many
substantial advances in asphaltene science particularly over the last ten years (Mullins,
2010). The island architecture exhibits attractive forces in the molecule interior (PAH) and
steric repulsion from alkane peripheral groups. These structures were also observed in oil
reservoirs with extensive vertical offset, where gravitational effects are evident (Creek et al.,
2010; Mullins et al., 2011). Results from analytical methods such as time-resolved
fluorescence depolarization (TRFD) (Groenzin & Mullins, 2000), Nuclear magnetic diffusion
(Freed et al., 2007); Fluorescence correlation spectroscopy (FCS) (Andrews et al., 2006), DC
conductivity (Zeng et al.,, 2009; Goual et al., 2011) indicate that the size of asphaltene
molecules is ~ 1.5 nm.

Molecule Nanoaggregate Cluster

~1.5nm ~2nm ~5nm
Fig. 11. The modified Yen model. Courtesy of O. Mullins, Schlumberger

With the broad scope and significant applications of the modified Yen model, it is important
to validate all aspects of this model. In particular, there are wide ranging studies at many
length scales involved in building the modified Yen model. Recently, the cohesiveness of
two independent data streams was determined by centrifugation and DC conductivity
measurements (Goual et al., 2011). The data indicate that asphaltene nanoaggregates have
relatively small aggregation numbers of 4-6, in accord with previous work (Mullins, 2010),
and that aggregation is entropically driven (Goual et al., 2011). The relatively small
aggregation numbers are consistent with nanoaggregate sizes in the range of 2 nm
measured by centrifugation (Mostowfi et al., 2009; Indo et al., 2009) and inferred by small
angle X-ray scattering (SAXS) and Neutron scattering (SANS) studies (Eyssautier et al.,
2011a). More recent x-ray and neutron scattering analyses confirmed the nanoaggregate
architecture in the modified Yen model where PAHs in the aggregate interior are attractive
while the alkane substituents act to sterically repel other asphaltene molecules and preclude
further aggregate growth (Eyssautier et al., 2011a). The clusters form only at much higher
concentration (see Figure 8) because the attractive forces of one nanoaggregate to another
are much weaker. Nanofiltration studies indicate that the size of clusters is smaller than 30
nm (Ching et al., 2010). Very recent SAXS and SANS studies revealed that asphaltene
clusters consist of ~12 nanoaggregates and, due to their fractal nature, they are very
sensitive to temperature variations and solvent type (Eyssautier et al., 2011b). On the other
hand, nanoaggregates are insensitive to temperature (Goual et al., 2011; Eyssautier et al.,
2011b).
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All the latest studies in asphaltene science demonstrate repeated consistency with the
modified Yen model proposed in Figure 11. This model provides a foundation that has far
reaching implications in many areas associated with the production of crude oil.
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1. Introduction

In current usage, the word “petroleum” has attained an almost magical meaning due to its
importance to several aspects of modern life, influencing economic, policy, social factors.
The price of petroleum is an important factor which will affect the character, rate and terms
of future societal development.

The task of understanding actual physical and chemical structures in petroleum systems is
non-trivial. Petroleum systems are highly complex and contain a potentially rich palette of
possible structures and components. In technological processes, petroleum systems typically
evolve in open systems of energy flows and matter flows.

2. Crude oil is a nanostructured “soft” system

«Petroleum is a complex mixture of hydrocarbons which is located in the Earth's crust in
liquid, gaseous, and solid forms. Natural gas, heavy viscous oil and bitumens are forms of
petroleum». This definition provided by a British encyclopedia is somewhat limited.
Current scientific knowledge affords a more correct description of petroleum as a system
containing numerous hydrocarbon components with different chemical natures. Such a
correct definition allows a variety of physical properties and states related to internal
structuring.

Classical physics defines three states of matter: solid, liquid, and gas. It provides adequate
models of gaseous and solid states. The liquid state is somewhat more difficult to
characterize, due to several critical obstacles. In addition, little attention has previously
been paid to boundary states (coexistence of any two or even all three states at certain
thermodynamic conditions). Different sciencific disciplines created separate terminologies
such as metamaterials, which properties derive from artificially created periodic
microstructure. Concepts such as multiphase heterogeneous or particularly ordered
media or complex materials have appeared. Finally the Nobel winner in physics J.-P. de
Gennes (de Gennes, 1992) united all terminologies under a common term «soft materials»
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and founded the concept of a new field in condensed matter physics which received the
conditional name "Physics of a Soft Matter", covering physics of polymers, liquid crystals,
critical phenomena, biological systems and colloids. Properties of Soft Materials (SM)
strongly correlate at micro-, meso-, and macro-levels under external influences.

Open systems in technology provide a means for formation of space-time structures. The
synergetic approach was developed by a brilliant chemist, Nobel winner I.Prigogine
(Prigogine, 1977). The condition of "soft" objects is determined by the inclination of the
systems to undergo ordering through the action of intermolecular attractive forces (enthalpy
factor) and disordering factor - leading any system to chaos or disintegration (entropy
factor). The competition between order and chaos comprises an important condition of "soft"
objects.

Various structural elements and the range of intermolecular interactions cause
morphological diversity of supermolecular structures at all levels. These processes are called
self-assembly or self-organization. These key phenomena serve as the basis for a new
physical chemistry approach - the physical chemistry of intermolecular interaction or
nanochemistry, which was founded by Nobel winner J.M. Lehn (Lehn, 1987).

Petroleum systems undoubtedly refer to objects of “Soft Matter”. Today, the “Petroleomics
concept” (Mullins et al., 2007) follows the slogan “Characterization of all chemical
constituents of petroleum, their interactions and their reactivity”. Petroleum component
structures and their interaction potentials define the reactivity of petroleum system.

A universal criterion is that petroleum systems are mostly multiphase and heterogeneous
with highly developed interfaces. The degree of dispersity is inversely proportional to a
characteristic linear scale of inclusions. The degree of dispersity is a kernel of classification
of disperse systems and should be accounted for as an additional variable in all equations
describing the thermodynamic state of a system. At nano-scale ranges, this fact becomes
especially important (Anisimov, 2004).

3. Petroleum dispersed systems

Approaching petroleum systems as homogeneous fluids with averaged characteristics is
justifiable for the study of hydrodynamic flow processes in porous media at macroscopic
scales. Upon recovery, the viscosity of filtered fluids varies considerably with the
presence of additives (polymers, surfactants). In micellar solutions, the surface tension is
reduced by several orders of magnitude. Not all methods of recovery are equally
successful in various oilfields. Representations of an "average molecule" in petroleum
components are incorrect. Phase behavior and dispersion conditions/structure of
petroleum systems are determining factors in processing technology at all stages of the
petroleum value chain, including recovery, transport, storage, processing and
applications. A majority of these processes are accompanied by phase transitions, where
the activity of the disperse structures is crucial.

Petroleum systems contain complex matter which is the subject of new field of condensed
matter physics. Petroleum systems are typical oleo-dispersed, lyophilic systems, or systems
of low polarity dispersive media. The medium is in dynamic balance with elements of a
dispersed phase. Traditional tools for studying petroleum systems are limited only by the
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definition of fractional, grouping, chemical content, and etc. However, observed behaviour
of physical and chemical properties in the molecular or dispersed state can differ
significantly even with identical chemical contents. Regulation of micro-structural
parameters at production, transportation, refinery and application of oil and oil fractions by
practically accessible methods comprises the basis of new effective physical and chemical
technologies (Syunyaev et al., 1991). Phase transformations from one physical condition to
another are accompanied by nucleation, dispersion and formation of micro-heterogeneous
systems. The degree of dispersity is considered a necessary additional parameter of state.
This data contains initial information which is crucial for proper selection of new
technological strategies (Syunyaev et al., 1991).

Recent exhaustion of easily accessible petroleum and gas resources has resulted in more
focused attention directed towards extraction and processing of heavy, high viscosity oils
and natural bitumens comprising a significant portion of remaining world energy reserves.
These resources exist in highly concentrated dispersed systems with significant contents of
resin-asphaltene substances (RAS). These petroleum systems demand investigation of
microstructure caused by the presence of RAS. For the proper study of Petroleum Dispersed
Systems, it is not sufficient to only determine fractional, group, and chemical compounds,
elemental analysis, and etc. Of no less importance is to define the interval of the molecular
or dispersed state for the tested system at given external conditions. A uniform integrated
approach based on analysis and management of microstructure of petroleum systems opens
opportunities to regulate properties of intermediate and final products in all technological
sequences in the petroleum industry.

The Integrated Theory of Adsorption and Aggregation Equilibrium (ITAAE) is postulated.
Separately, there are few classical theories of adsorption. Theories exist for aggregation of
complex molecules, such as surfactants, polymers, dyes, and biomolecules. The evolution of
such “soft” systems is defined by the hierarchy of InterMolecular Potentials (IMP). There is
no doubt that petroleum macromolecules (asphaltenes, paraffines, adamantanes,
tethrameric acids etc.) or structural units (nanoaggregates and nanoclusters) belong to that
family. According to approaches of supramolecular chemistry or nanochemistry, a variety of
these molecules results in a wide morphological spectrum of supermolecular structures in
petroleum at nano and micro-scales. These are heavy petroleum, bitumens, emulsions,
pitches, tars, coke, foams and gas hydrates.

ITAAE is necessary to understand situations where the contribution of collective IMP in the
bulk phase is comparable with the influence of the interface. This situation occurs in porous
media. Petroleum disperse systems (PDS) are multicomponent systems with a hierarchy of
intermolecular interactions (IMP). Various selective contributions to IMP determine
appropriate terms to establish solubility parameters. This theory is a key to understand
structuring of PDS on nano- and microscales. Special attention should be drawn to the new
and still not fully understood effect of superficial aggregation when surface forces manage
formation of superficial units during and after Langmuire and Brunauer-Emmett-Teller
(BET) adsorption. This kinetic effect is closely related to phase stability in open systems.

4. Adsorption of petroleum asphaltenes onto mineral surfaces

Asphaltenes and resins comprise the most polar petroleum macromolecules. The polarity
causes the relatively high interfacial activity. Strong asphaltene and resin adsorption
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tendencies lead these substances to contribute to several undesirable phenomena in
petroleum industry: well bore plugging and pipeline deposition; stabilization of water/oil
emulsions; sedimentation and plugging during crude oil storage; adsorption on refining
equipment and coke formation. Knowledge of kinetic and thermodynamic adsorption
parameters opens a possibility to regulation of capillary number and wettability. Actually it
affords a method for physical and chemical engineering of liquid-solid interfaces in the oil
industry.

Adsorption is the redistribution of the components of substance between bulk phase and
surface layer. Dissolved molecules displace molecules of solvent during the process of
adsorption from solution. Different mechanisms of surface layers formation are possible
due to different nature of adsorbed components, their concentrations, morphology of
adsorbent’s surface, its wettability. At low concentrations Henry low is performed. In this
case adsorption linearly depends on concentration of dissolved substance. The most
physically proved model for monomolecular adsorption is a Langmuir model. BET theory
is used in more complicated cases of polymolecular adsorption (Hunter, 2001).
Asphaltene adsorption on reservoir’s rock surface is of special interest in practice of oil
production. Asphaltenes are the most high-molecular polar oil components and they have
high surface activity (Sayyouh et al., 1991; Syunyaevé&Balabin, 2007). Adsorption precedes
asphaltenic, resinous and paraffinic formation of macroscopic deposits on reservoir's
pores and on surfaces of production equipment. Early colmatage of reservoir may lead to
premature well shutdown (Ekholm et al., 2002). Surface layers of asphaltenes and resins
can change rock characteristics. This influences filtrational characteristics of the processes
of oil and water migration in porous media (Basniev et al., 1993). Adsorption of these
substances determines surface hydrophobization. Some researchers consider that gel-like
films form at quartz surface during the adsorption process. These films greatly reduce oil
penetrability in porous media (TatNIPI, 1988). Adsorption and following deposit
formation are significant problems in refinery (Syunyaev et al.,, 1991; Speight, 1999).
Filtration of fluids is based on Darcy Law:

Q:-ExgmdP,
n

where Q - filtration rate, k- permeability of petroleum collector, 7 - viscosity of fluid,
grad P - pressure gradient. Coefficient k is connected with porosity of rock m . In simple
case when porous media is as a set of similar channels of diameter D the next equation

combines all these parameters
D=4 f§
m

As a sequence it follows that adsorption of petroleum macromolecules: asphaltenes, resins
and paraffines modifies inner pore surface and sequently influences to permeability k.
Porous media is classified to next classes (Table 1).

Movement in supercapillary pores is obeyed on macroscopic hydrodynamic laws. On the
contrary in micropores fluids are immobile practically. Movement in mesopores is defined
by a balance between hydrodynamical and intermolecular forces. Interactions of molecules
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with walls of such pores are rather high. The most widespread oil reservoirs are quartz
sands and dolomite rocks and clays with bulky block-structured packing.

Asphaltene and resin adsorption was studied by a great number of research groups (Ekholm
et al., 2002; TatNIPI, 1988; Balabin&Syunyaev, 2008; Syunyaev et al., 2009; Acevedo et al.,
2000; Lopez-Linares et al., 2006, Gonzalez&Middea, 1987; Drummondé&lIsraelachvili, 2004;
Toulhoat et al., 1994; Akhlaq et al., 1997; Dudasova et al., 2007; Alboudwarej et al., 2005;
Batina et al., 2003; Batina et al., 2005; Castillo et al., 1998; Acevedo et al., 1998; Acevedo et al.,
2000; Acevedo et al, 2003; Ekholm et al., 2002; Xie&Karan, 2005; Dudasova et al., 2008;
Rudrake et al., 2009; Abdallahé&Taylor, 2007; Labrador et al., 2007; Turgman-Cohen et al.;
2009). Adsorption of asphaltenes on solid surfaces has been characterized by several
experimental techniques, including measurement of contact angles (Drummond &
Israelachvili, 2004; Toulhoat et al., 1994; Akhlaq et al., 1997), UV and NIR spectroscopy
(Dudasova et al., 2007; Alboudwarej et al., 2005), atomic force microscopy (Toulhoat et al.,
1994; Batina et al., 2003; Batina et al., 2005), Fourier transform infrared microscopy (Batina et
al., 2005), photothermal surface deformation (Castillo et al., 1998, Acevedo et al., 1998;
Acevedo et al., 2000; Acevedo et al., 2003), quartz microbalance (Ekholm et al.,, 2002;
Xie&Karan, 2005, Dudasova et al., 2008; Rudrake et al, 2009), X-ray photoelectron
spectroscopy (Dudasova et al., 2007; Abdallah&Taylor, 2007) and ellipsometry (Labrador et
al., 2007; Turgman-Cohen et al., 2009). In this study we studied influence of porosity of the
rock on adsorption parameters of the asphaltenes.

Macropores|Supercapillary|D>100 pm  [Free motion on Large and medium size
hydrodynamic forces  |Sands, Carbonates
Mesopores |Capillary D: 0,1-100 pm |Influence of capillary ~ |Cemented Sands,
forces Limestones and
Dolomites
Subcapillary |D: 2nm - 100 |{No movement. Fluids |Clays, Fine crystalline
nm are fixed by Limestones and
intermolecular forces  |Dolomites
Micropores D <2nm No movement. Fluids |Clays, Ceolites
are fixed by
intermolecular forces

Table 1. Classification of Porous materials.

Asphaltenes were extracted from West Syberian crude by standard method described in
previous work (Balabin&Syunyaev, 2008). The value 750 g/mol was chosen as average
molecular mass of asphaltenes (Mullins et al., 2007). Adsorption of asphaltenes was studied
at concentration 1 g/1 in benzene (density 0,88 g/cm3, molar mass 78 g/mol). Four fractions
of quartz sand, three fractions of dolomite and two fractions of mica were used as
adsorbents. Quartz and dolomite particles are considered to be quasispherical particles.
Mica models crumbling rock with plate-like particles. Adsorbents were provided by
company “Batolit”. Its parameters are shown in Table 2. The particle size distribution was
evaluated using optical microscope (OPTITECH SME-F2).
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Mineral adsorbents
Material Density, do, Powder apparent Medium size, | Porosity m, 1-
Adsorbent g/cm3 Y density, df,}jg /sm3 mcm d, /ydo
D-03 3,00 0,65 3 0,75
Dolomite D-10 3,00 1,05 10 0,58
D-30 3,00 1,15 30 0,55
Mica M-05 2,77 0,35 5 0,84
M-30 2,77 0,55 30 0,77
Q-5 2,65 1,085 5 0,59
Q-10 2,65 1,085 10 0,59
Quartz Q-100 2,65 1,110 100 0,58
Q-200 2,65 1,180 200 0,55
Metal adsorbent (steel shot)
Density, do, g/cm? Medium diameter, mm

DSL - 0,4 7,2 0,5

DSL -1,4 7,2 1,4

DSL - 3,6 7,2 3,6

Table 2. Adsorbent properties.

Near-InfraRed-spectroscopy (NIR) became more and more popular technique for study of
petroleum systems (Balabin&Syunyaev, 2008; Oh&Deo, 2002). NIR device - Near-IR FT
Spectrometer InfraLUM FT-10 (LUMEX, Russia) was used for measurements. The spectra
have been registered at the temperature from 22 to 25 °C. No cell thermostating was used.
Background spectrum was taken before and after each measurement; then, the averaged
background spectrum was subtracted from the sample spectrum. This technique allowed
obtaining an analytical signal with satisfactory accuracy and precision. The instrument
calibration was performed using four pure hydrocarbons (toluene, hexane, benzene, and
isooctane). Figure 1 represents the scheme of NIR experiment for adsorption observation.

Kinetic experiments were carried out by continuously measuring the light absorption in a
NIR range (8,500-13,000 cm-1) in benzene asphaltenes solution in contact with powders.

Quantity of adsorbed asphaltenes was determined by registration of transmittance spectra
of bulk phase above the adsorbent top. Knowing the time dependent bulk concentration of
asphaltenes C(t)and the initial concentration we are able to evaluate the adsorbate mass
m(t) and the adsorbed mass density I'(t). Fundamental Buger-Lambert-Beer law was used
for concentration measurements. Final formula for determination of adsorption (Syunyaev
et al., 2009) is presented below.

m(t) _ Vo

Vi
I'y=—"== Cgs = 0

S1Co~Cas(0)] o
ads

where C, is assigned bulk concentration at initial moment of time , Cas is time -dependent
measured concentration, S,y =Sgp - M,y is the total surface area of adsorbent; sgp is the
specific surface area of adsorbent (e.g., per gram); m,, is the mass of adsorbent (e.g., in
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Light Source Cell with Solmlop eve
/ solution L
NIR light beam " /
/ Detector
adsorption
flow
Powder - adsmbegt | h=20 mm
T !
|

Fig. 1. Experimental setup for measuring adsorption on powders.

grams); V; is the volume of solution in the cell (5 ml in our experiments). Accuracy of the
I'(t) evaluation depends on the accuracy of C(t) evaluation.

The first order equation of reversible Langmuir adsorption kinetics (Hunter, 2001;
Hiemenz&Rajagopalan, 1997) was used for data approximation:

O =Co g 211k, ] = T2 [1-exp( +K,)] @

where ', is maximal adsorbed mass density and coefficient a defines relative fraction of
adsorbent surface occupied by asphaltene molecules. Equation (2) needs asphaltene
concentration in mole fractions. The mole fraction for our concentration is placed below

C,=0,1g/1 X,=1,18-10"°

In(2) K= I’i—“ is equilibrium constant of adsorption/desorption at concentration X, . k,and

d
k; are the rate constants of adsorption and desorption, respectively. Next step is to

determine the equilibrium adsorption parameterI’,,, which can be achieved at assigned

eq’
concentration. I'max determines maximum possible adsorbent capacity when surface is
covered by monomolecular layer.

req =a-T
Boundary spectra area contains noise. For more accuracy removal of noise area was done.

Truncated spectra were integrated for integral transmittance A calculation. Example of
asphaltene solution spectra is presented at Figure 2.
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Fig. 2. Transmittance Spectra of Initial Asphaltene solution in Benzene (Co=1 g/I) in Near
Infrared Region.

Kinetic dependences of integral spectra were received for all samples of powders. All
spectra were treated identically. Data processing steps for different samples are presented in
Figures 3 and 4. All spectra were normalized to values at start time-point.

1,00

0,95

G-100
0,90 +

ARIA(0)

0,70 T T T T
0 10 20 an 40 50 60

time, min

Fig. 3. Time change of integral transmittance of asphaltene solution (normalized to a value
in initial time point). Sample Q-100.
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Figure 3 represents example of normalized solution bulk concentration C,g¢ spectra for Q-
100 quartz sand fraction. Figure 4 and Figure 5 show next steps of dependencies
interpretation for adsorption kinetics analysis. Actually it demonstrates surface
concentration Cgg changes by example of dolomite D-10 powder.

0,20
016
——
S
© 012
(8]
=
T 0,05 -
o
o D10
0,04 4
0,00 . . . . . .
u] 10 20 a0 40 a0 B0 70
time, min

Fig. 4. Kinetics of change of surface concentration (normalized to a value in initial time
point). Sample D-10.

030
0,25 4

0,20 4

Mica-0,5

Css(t)ICss{0)

y=al 1-exp(-bx)) r2=0,973

0,05
a=0414 b=00213
0,00 : : . . . :
1] 10 20 30 40 a0 =11} 70
time, min

Fig. 5. Fitting of kinetic curve of surface concentration. Adsorption is proportional to
concentration (normalized to a value in initial time point). Sample M-05.
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5. Kinetic parameters of adsorption

Combined usage of Langmuir adsorption kinetics equation (2) and equation (1) allows us to
calculate characteristics of adsorption-desorption process of asphaltenes onto surface of
searched surfaces: relative fraction of occupied surface by molecules (a), the maximal
adsorbed mass density (I, ), the equilibrium constant of adsorption (K), the rate
constants of adsorption (k, ) and desorption (kp, ). These parameters are resulted in Table 3.

k . .
Sample a katkg, min-! K= ka kp , min? k4 ,min- AG, kJ/mol
D

Q-5 0,23 0,04 2570 0,000017 0,044 19,1
Q-10 0,29 0,03 3423 0,000009 0,032 19,8
Q-100 0,29 0,04 3490 0,000013 0,044 19,9
Q-200 0,27 0,03 3098 0,000008 0,026 19,6
Mica-05 | 0,41 0,02 5978 0,000004 0,021 21,2
Mica-30 | 0,28 0,04 3210 0,000012 0,038 19,7
D-03 0,17 0,03 1745 0,000019 0,034 18,2
D-10 0,18 0,04 1795 0,000022 0,040 18,2
D-30 0,19 0,05 1985 0,000025 0,050 18,5

Table 3. Kinetic and thermodynamic parameters of asphaltene adsorption onto rock sands.

The rate of asphaltene adsorption is greater than desorption rate for studied concentration.
Gibbs adsorption energy values define character of adsorption as physical, not chemical.
Rate of asphaltene adsorption is less then resins (in two orders) reported earlier
(Balabin&Syunyaev, 2008). Parameters of resin adsorption from benzene solutions on quartz
are submitted in Table 4.

. k . .
Sample K, +kp , min- K= ka kp , min-! k, , mint AG, KJ/mol
D
Resin 0.180 6.0 0.0259 0.15 44

Table 4. Adsorption parameters of resins on quartz sand.

The adsorption of asphaltenes is practically irreversible. Significantly larger masses and
molecule sizes of asphaltenes appear to be the reason. Diffusion of such molecules to solid
surface is embarrassing. The mechanism of diffusion limited adsorption is realized
(Syunyaev et al., 2009; Diamant & Andelman, 1996). Gibbs energy values are more or less
the same for surfaces of all investigated materials: quartz, dolomite, and mica. It is known
that quartz and dolomite are the main components of oil reservoir framework rocks. The
porosity has no influence on kinetic parameters of adsorption. Asphaltenes adsorption at the
surfaces of quartz and dolomite is the most active.

As a whole, the designed values of asphaltene adsorption parameters on metal surfaces are
close to values obtained for mineral powders. Parameters of adsorption-desorption
processes on metal surface are listed in Table 5.
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. k . .
Sample | a K, +kp,min1 | K= ka kp, mint | k,,mint | AG,kJ/mol
D
DSL-0,5 | 0.039 0.00022 2.88E+04 | 7.64E-09 2.20E-04 25
DSL-1,4 | 0.0756 0.00052 9.34E+03 | 5.52E-09 5.16E-04 27.9
DSL-3,6 | 0.044 0.00192 7.53E+05 | 2.55E-09 1.92E-03 32.9

Table 5. Parameters of asphaltene adsorption on metal surfaces.

According to designed Gibbs adsorption energies minerals can be distributed in the
following order: mica > quartz > dolomite for fine-grained mineral powders, mica =
dolomite > quartz for coarse-grained mineral powders. Among investigated mineral
adsorbents, mica is the most active in relation to asphaltenes.

In our experiments adsorption leads to reduction of bulk asphaltene concentration. Inside
porous media asphaltene molecules occupy accessible sites on surface. Mineral adsorbents
model the porous media of a petroleum collector. Structural parameters were appreciated
using model of “nonideal soil” when the porous media is described as the spatial volume
consisting of constant radius spheres package. The alternative description of the porous
media as «an ideal ground», represent system of incorporating cylindrical capillaries with
the characteristic length close to radius of a grain. Calculated values of the specific area of
the adsorbents according to model of "nonideal soil” are presented in Table 6. After
estimation of the specific area the maximal capacity of Langmuire asphaltene monolayer
was calculated from common relation for molar volume (V,,)

M

Vm = ,
Nup

where M - molecular mass (750 g/mol), Na - Avogadro constant (mol?), p-asphaltene
density (p =1.1 g/cm3). As the cross section of a “spherical” asphaltene molecule makes 1, 2
nm? so surface capacity of adsorbed layer makes 1 mg/m?2.

Meaning of this parameter is boundary criterion of concentration changes in a bulk phase
(Co=0.1g/1) and in a space between grains of the porous media. Calculated masses of
adsorbed asphaltenes and the appreciated pore volumes allow assuming concentration of
the asphaltene solution inside porous space (Table 6). Langmuire model yields diminished
values of adsorbed mass. It may be a sequence of well-known effect of concentration
polarization (Bacchin et al,, 2002) when in the domain near membranes concentration
exceeds medium bulk concentration. On internal structure the membranes are similar to
porous media. Average calculated concentrations exceeding bulk are presented in Table 6.

Mica is chosen as the substrate in further investigations of asphaltene deposits morphology
by atomic force microscopy (AFM). Preliminary data shows that the mechanism of
monomolecular adsorption is not realized. The kinetic models can be based on BET
theoretical approach (Hunter, 2001; Hiemenz&Rajagopalan, 1997) which describes
polymolecular adsorption.

Regular deviations from exponential curve form are observed in all obtained dependencies
(Figure 5). These deviations are small and are inside the limits of experimental errors. But
these deviations have regular character and are observed earlier also for resins (Balabin
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o I'max, Mg
I'eq, | Adsorbent specific . Average asphaltene
Sample mg area, m2/g (calculated Langm.un‘e concentration in pores , g/1
monolayer capacity)
M-05 | 4.07 0.22 0.87 0.32
M-30 | 1.41 0.04 0.14 0.22
D-03 | 1.89 0.33 1.33 0.12
D-30 | 1.2 0.03 0.13 0.50
Q-10 | 2.81 0.11 0.45 1.08
Q-200 | 0.38 0.01 0.02 0.19

Table 6. Average concentration of asphaltene solution in pores of mineral model adsorbents.

Fig. 5. AFM scans of adsorbed asphaltenes at mica surface.



Adsorption and Aggregation of Asphaltenes in Petroleum Dispersed Systems 55

Fig. 6. Polymolecular multilayered adsorption of asphaltenes at mica surface.

& Syunyaev, 2008). Concentration oscillations in water solutions of dye were also observed
by laser refractometry. It is possible to suppose that adsorption is kinetically limited by
diffusion. The mechanism of diffusion relaxation suggested by I. Akhatov is realized
(Akhatov, 1988, as cited in Syunyaev at al., 2009). The classic Fick’s law can be generalized
by introduction of additional relaxation item
z'g +j= —D§ ,

ot Ox
where j is diffusion flow, D is the coefficient of translational diffusion, C is concentration
of substance, 7 is the characteristic time of relaxation.

The equation is transformed to equation in partial derivatives of second order.

Pe s

T—+—= .
o ot o’

Solution for equation appears to be superposition of two concentration time-dependent

functions. One of these functions is the derivation for damped oscillations equation.

For porous media neighboring with bulk phase and at condition when adsorption time is
much less than diffusion time

Tads << Taif s

mechanism of ‘adsorption pump” is actualized. While filling porous media by solution the
adsorption process occurs faster. This results in decreasing of bulk equilibrium
concentration inside porous media. As diffusion process goes more slowly, discontinuous
jump of concentrations on border with porous media is appeared. So the region with
decreased concentration in border with bulk phase arises. As a consequence the diffusion
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flow emerges in this border. Than concentration jump spreads to bulk phase with gradually
decreasing amplitude due to diffusive spreading (Figure 7). This is damping concentration
wave in bulk phase, which we observe in experiment (Figure. 4).

"ADSORPTION PUMP"  Tads << T djff
Oscillating C(t)-

e
S

time ~ 74 Molecule Exchange
diff
between layers

o
<=

i
o
o

Fig. 7. “ Adsorption Pump”. Comments are in the text.

6. Conclusion

Asphaltene adsorption at the surface of mineral powders which are a framework of oil
reservoir was studied by Near Infrared (NIR) spectroscopy. Experimental procedure of
surface asphaltenes concentration measurement is proposed. Adsorption parameters are
evaluated in a Langmuir approximation of monomolecular layer occupation. Adsorption
characteristics are important for permeability coefficient estimation in Darcy law. That is
necessary for further development of filtration theory. Increasing of asphaltene
concentration in intergrain space of porous media in comparison with bulk concentration is
similar to concentration polarization in membrane technology. The mechanism of initiation
of concentration waves in bulk phase neighboring with porous media is offered. Integrated
investigation of polymolecular multilayered adsorption using abilities of AFM-analysis is
required in future.
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1. Introduction

Studies of the composition and physicochemical properties of heavy and extra heavy crude
have been of great importance and interest to academia and the petroleum industry, due to
the ability of these oils to form water in oil emulsions. Water in oil emulsions are known to
form during crude oil production, oil sands extraction processes, and oil spills in aquatic
environments. Often, these water-in-oil emulsions are undesirable since they can cause
several problems including: production of an off-specifications crude oil (high solids and
water content, >0.5%); corrosion and catalyst poisoning in pipes and equipment for water
settling; and environmental issues when oil spills occur in rivers and oceans. Treatment of
these emulsions is still a challenge in the petroleum industry due to their high stability
versus coalescence. These emulsions are very stable, this stability is attributed largely to the
adsorption of compounds with interfacial activity, such as asphaltenes, resins and carboxylic
acids present in the oil, at the water - crude interface. Asphaltenes are a complex mixture of
high-molecular weight compounds, where 90% or more of the mass is composed of carbon
and hydrogen; the sulfur, oxygen, and nitrogen contents in asphaltenes are approximately
5%, 2%, and 1%, respectively, and trace quantities of other heteroatoms are present the high
molecular weight components of crude oil. Reported data has shown that asphaltenes, are
adsorbed at the crude oil-water interface. For instance, the high stability of the w/o
emulsions could be due to strong interfacial films formed by asphaltenes. These films would
be very resistant to coalescence (Yarranton et al, 2000; Ortiz et al, 2010; Spiecker, &
Kilpatrick, 2004; Pauchard et al, 2009; Chaverot et al, 2010; Sjoblom et al 1992; McLean et al
1997)

The isolation of natural surfactants, using various methods such as separation by
emulsification (Acevedo et al, 1992), chromatographic methods (Ramljak et al, 1977,
Acevedo et al, 1999; Borges, 2009) has been reported. In this research, a modified
chromatographic procedure, based on the proposed by Ramljak in 1977, has been used to
isolate natural surfactants in crude oil and thus adapt to the properties of Venezuelan
extraheavy crude oil from the Orinoco oil belt, followed by structural characterization of
these surfactants, especially those derived from the acid. As mentioned above these natural
surfactants play an important role in the stability of emulsions, there is great interest in
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knowing how they are structurally. Also, the study of interfacial properties, specifically the
interfacial tension is an essential tool for determining the ability of surfactants to reduce the
tension to adsorb at water-oil interface. This thermodynamic property is used in this
research to try to elucidate the action of natural surfactants, specifically the nature aliphatic
carboxylic acids and asphaltenes in the formation of the interfacial film and consequently its
close relationship with the stability of emulsions of w/o. This study consisted in measured
interfacial tension versus concentration for the different natural surfactants. Interfacial
tension measurements was doing by the hanging drop method, a bitumen droplet of known
volume is formed at the tip of a hypodermic needle immersed in an aqueous solution.

Is important to know that the Orinoco Oil Belt is located along the southern margin of the
Eastern Venezuela Basin, (south of the Guarico, Anzoédtegui, Monagas, and Delta Amacuro
states) parallel to the Orinoco River, covering a geographic area on the order of 55,000 sq
km. Within it lies one of the largest oil deposits in the world, roughly 1.3 trillion barrels of
“oil in place". Petréleos de Venezuela S.A. has estimated that the producible reserves of the
Orinoco Belt are up to 235 billion barrels which would make it the largest petroleum
reserve in the world, before Saudi Arabia. The area is divided, from West to East, into four
distinct production zones: Boyaca, Junin, Ayacucho and Carabobo.

2. Experimental methods
2.1 Crude oil fractionation

2.1.1. Junin Asphaltenes (AJ) and Junin Maltenes (M]): The crude oil studied was Junin,
which is found at the Orinoco oil belt and has an API gravity of 8°. Asphaltenes were
precipitated from the crude oil by the addition of 60 volumes of n-heptane. Previously, the
crude oil was diluted in 1:1 toluene - crude oil. Said mixture was stirred mechanically for 6
hours and was then left standing for 24 hours. After this time, the solid was filtered, the
solvent of the supernatant liquid was evaporated, leaving a resin - the maltenes - which was
dried later and quantified. The solid was washed in a Soxhlet extractor with n-heptane until
the solvent turned clear.

2.1.2. Chromatographic system with solvent recirculation: to extracted acid compounds,
where the stationary phase was silica gel modified by potassium hydroxide (Ramljak et al.,
1977). The experimental procedure was as follows:

Stationary Phase: KOH was dissolved in isopropanol in a 1:25 w/v ratio at high
temperature and it was mixed with a silica gel suspension (70-230 mesh) in chloroform
(CHCl3) in a 1:2 w/v ratio. It was stirred for 15 minutes. The KOH : silica gel ratio was 1:10.
The mixture was transferred to a chromatographic column with solvent recirculation, the
column was washed with 600 mL of moderately heated (50°C) CHCl; and it was refluxed for
15 minutes to remove excess KOH.

Sample: Junin crude oil was dissolved in the lowest amount of CHCls, keeping a 1:10 ratio
of crude oil to silica gel . Once prepared, the sample was placed on the top of the column.

2.1.2.1. Extraction of the Basic - Neutral Fraction (FBN): 600 mL of CHCIl; were placed in
the flask and were moderately heated to start reflux until the solvent eluting from the
column became colorless. The solvent in the flask was evaporated to dryness and was
attached to a vacuum pump to be quantified later.
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2.1.2.2. Extraction of the Acid Fraction (Ac]): The residue which was adsorbed on the
column was treated with 600 mL of a 20% solution of formic acid (HCOOH) in CHCl;,
repeating the previous procedure. Once the acid fraction was obtained, 90% of the solvent
was evaporated; the organic residue was washed several times with water until the pH of
the aqueous layer was close to 5 in order to remove excess HCOOH. Then, it was dried with
magnesium sulfate (MgSQO,), filtered, and the rest of the solvent was evaporated. Finally, it
was placed under high vacuum for 6 hours and it was quantified.

2.1.3. Acid-Free Asphaltenes (ASA): The basic - neutral fraction was passed another time
through the chromatographic system using CHCl3 as the elution solvent. Once the solvent
was evaporated and the sample dried, the acid-free asphaltenes were precipitated using the
previously described method.

2.2 Structural characterization

2.2.1. Molecular Weights by Vapor Pressure Osmometry (VPO): A Jupiter Instrument Co.
model 833 vapor pressure osmometer was used to determine the molecular weights by
VPO, using nitrobenzene as the solvent at a working temperature of 100 °C. The constant of
the equipment was calculated using pyrene (202 g/mol) as the standard. The solutions
analyzed were prepared in concentrations ranging from 1 to 6 g/L.

2.2.2. Elemental Analysis: A Herrman Moritz Macanal 10 micro analyzer was used to apply
the high combustion method according to the AFNOR M03-032 standard, for C and H, and
the AFNOR MO03-08 and AFNOR M-025 standards for S.

2.2.3. Fourier Transform Spectroscopy Infrared (FTIR): Infrared spectra were obtained
using a Bruker Optik GmbH Tensor 27 FT-IR, controlled by an Opus/IR software, which
uses Fourier transform to process data. Samples were analyzed as liquid films in KBr cells
and dry KBr pellets.

2.2.4. Nuclear Magnetic Resonance Spectroscopy (‘H NMR and 13C NMR): Proton and
carbon nuclear magnetic resonance spectra (‘H NMR and 3C NMR, respectively) were
obtained in a polynuclear JEOL Eclipse Plus 400 spectrometer (400 MHz), using
tetramethylsilane as the reference and deuterated chloroform and carbon tetrachloride as
the solvent for 3C NMR and 'H NMR, respectively. 13C NMR spectrum were accumulated
during 24 hours.

2.3 Interfacial characterization

Interfacial tension measurements by the Hanging Drop Method. A bitumen droplet of
known volume is formed at the tip of a hypodermic needle immersed in an aqueous
solution. The shape of a drop of liquid hanging from a syringe tip is determined from the
balance of forces which include the surface tension of that liquid. The surface or interfacial
tension at the liquid interface can be related to the drop shape through the Young-Laplace
equation. (Hiemmenz, 1988)

This device consists of a visualization cell filled with double distilled water, where a drop of
the solution is formed; a plastic syringe provided with a U-shaped needle was used to create
the emerging drop; a lamp is used for illumination; a video system, to obtain the images; a
computer, to obtain and digitalize the images for further treatment. The interfacial tension is
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calculated using a computer program called DROP (Lopez de Ramos et al., 1993). A battery
of solutions of AJ, MJ, AcJ, and ASA samples in toluene was prepared with different
concentrations ranging from 100 mg/L to 90000 mg/L. In order to test the tension values, a
drop of solution and the double distilled water pre-saturated with toluene at neutral pH
were put in contact in the visualization cell for 5 minutes until apparent equilibrium was
reached. Then, the measurement was made. The method was validated by comparing the
different values reported for pure substances and showed errors below 2%. Experiments
were carried out at room temperature.

3. Results and discussion

The analysis presented in this work suggests that the chromatographic method used for
separation of acids from extraveavy crude oil is efficient, effective and relatively fast. Table 1
shows the yields of the different isolated fractions. AcJ acids represent 1.6% of the crude oil,
i.e. half of the acids present in the Carabobo crude oil (Acevedo et al., 2005). However, these
crude oil components showed a good interfacial activity, as will be shown later. Table 2
shows the H/C values. Ac] acids, which are amber colored resins, are a highly aliphatic
fraction according to this ratio (H/C =1.6), contrasting with AJ and ASA, which are blackish
brown and show an H/C value of about 1.12, which was expected for asphaltenes.

Samples Yield (%p/p)
M] 87
AJ 11
ASA 8.5
AdJ 1.6

Table 1. Yield of the different samples compared to the crude oil.

Samples %C %H %S H/C
MJ 85.32 11.8 3.43 1.671
A] 84.33 8.43 5.30 1.199

ASA 84.72 8.39 4.83 1.118
AcJ 85.21 11.62 5.30 1.636

Table 2. Elementary analysis.

The molecular weights determined by VPO are reported in Table 3. The acid components
(Ac]) showed a molecular weight of 474 g/mol, which is low and coincides with the values
reported by Stanford et al., who using other techniques reported values from 225 to 1000 for
polar acid species which stabilize water in crude oil emulsions. Values reported for AJ and
ASA are not significantly different as the error of this technique (VPO) is about 10% and
they are within the expected range.

Samples Molecular Mass (Da)
AJ 1010
ASA 950
AcJ 474

Table 3. Molecular weights obtained by Vapor Pressure Osmometry.
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Figure 1 shows the FTIR spectra for the Ac] and A] fractions. The spectra show a band at
3320 cm-1 attributed to vo.y; the carbonyl signal, vc-o, at 1709 ecm-1; the vcus+cre signal at
2922 for the acids, as opposed to the spectrum of asphaltenes, where no carbonyl signal and
no signal due to OH stretching can be seen; other signals typical for these kind of
compounds can be observed (Khanna et al., 2006).

Figures 2 and 3 show the 3C NMR and H NMR spectra of the acid fraction. The signals
corresponding to carboxylic groups (178 and 9.8 ppm, respectively) and the bands
corresponding to the aromatic zone (about 126.6 and 7, respectively) and the aliphatic zone
(from 14 to 52 ppm and from 0.5 to 3 ppm, respectively) can be clearly seen. The latter are
the most intense signals. Figures 4 and 5 show the 13C NMR and 'H NMR spectra for the
asphaltenes (A]), which are similar to those previously reported by other researchers
(Acevedo et al., 2005b).
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Fig. 5. 1H NMR spectrum for AJ.

The adsorption of asphaltenes and other natural surfactants at the water/toluene interface
has been studied here. The adsorption isotherms for the different systems studied (see
Figure 5) show that there is a systematic decrease of the interfacial tension with the increase
in the sample concentration until a concentration is reached after which the tension remains
unchanged. This value corresponds to the saturation of the aggregates in the solution which
coincides with the results reported by Acevedo et al. in 2005. The evidence presented in this
work suggests that asphaltenes adsorb to the oil-water interface.

Maltenes show the highest tension values. The concentration of surface active species
increases from MJ to AcJ, which was expected, because the polarity of the sample increases
in the aforementioned direction. The acids fraction has low molecular weights, which favors
the mobility of this species at the interface. As the tension curves are parallel, the
concentration of each of the species to reach a specific interfacial tension was also calculated.
The value of the Ac] concentration so obtained must correspond to the amount of acids
present in each of the samples. Therefore, Table 5 shows the percentage of AcJ present in
maltenes, asphaltenes, and acid-free asphaltenes. As can be seen, asphaltenes show the
highest concentration of acids, suggesting that the Ac] are trapped by the asphaltene
molecules which act as molecular traps, because these compounds are linked by hydrogen
bonds, among other kind of interactions (-t interactions) (Acevedo et al. 2007). On the
other hand, acid-free asphaltenes (ASA) show a higher interfacial tension than AJ indicating
that the acids were removed at least almost completely from the asphaltenes. It can also be
seen that the saturation concentration for ASA is about 6000 mg/L, and it remains
unchanged regardless of the concentration of asphaltenes in the solution, ie. it shows
8y/6(In C) =0 across a broad range of concentrations. This behavior may be related to the
ability of asphaltenes to form aggregates and adsorb at the water - crude oil interface and
the posterior flocculation of these aggregates to originate solid interfacial films.
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Fig. 6. Adsorption isotherm for maltenes (M]), acid-free asphaltenes (ASA), asphaltenes (A])
and acids (AcJ) at a water / toluene interface. The vertical line represents the maximum
values used for the calculation of the slopes for each of the isotherms.

Slope Appe};?\zeszgliia Molecular Percentage of
Sample (mJ/m?2) (A2/mol) Weight (Da) Acids (Ac])
MJ -2.86+0.11 144+6 347+14 11+6
AJ -2.91+0.09 141+4 340+10 4144
ASA -2.93+0.09 140+4 337+10 23+4
AcJ -2.94+0.08 140+4 337£10 100+4

Table 4. Apparent area per molecule adsorbed at the interface and its respective molecular

weight.

Another interesting aspect to discuss is the calculation of the apparent area of the species
adsorbed at the interface and its relationship with the molecular weight of said species. As is
well known, Gibbs adsorption equation allows us calculate the adsorption T (the
concentration of the species that is adsorbed at the surface) from measurements of tension as
a function of the concentration of the surfactant in the solution (Hiemmenz, 1998).

1 dy
RT dInC

)
If T is expressed in mol/cm?, the average area per molecule at the interface in A2/molecule is:

RT 411.6

a-l_ _
I dy/dinC dy/dInC

©)
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. . d
where R is the gas constant, T is temperature and 7 Y C
n

is the slope of the linear region of

each of the adsorption isotherms. This equation allows us deduce some information
regarding the orientation and conformation of the molecules at the interface.

On the other hand, we can establish a relationship between the average area per molecule of
a species and its molecular weight by using an expression including both parameters:

M=pNaAc ®)

where: M: molecular weight (g/mol), p: density (1 g/cm3), Na: Avogadro’s number
(6.023*102* molecules/mol), A: area (A2/molecule) and e:thickness (about. 4A) (Acevedo et
al., 1994).

This expression was used to carry out the respective calculations. The results for apparent
area and molecular weights for the species adsorbed at the interface are shown in Table 4. It
can be seen that the calculated values are the same since they are within the error range,
obviously because the slopes are practically the same. This suggests that the species that is
in direct contact with both phases is the same kind of compound, which has a molecular
weight of about 350 Dalton. This leads us to suppose that these compounds are the acids
present in the crude oil which had a VPO molecular weight of 470 Dalton. These values of
molecular weights are similar to those reported when using other techniques such as ESI
FTICR MS and FTICR MS for acid compounds adsorbed at the interfacial film of oil in water
emulsions (Stanford et al., 2007).

4. Conclusions

Acids present in the crude, which have molecular weights of about 400 Da, are present in
higher concentrations in asphaltenes, and contribute significantly to the reduction of
interfacial tension. In other words, asphaltenes act as molecular traps for acids. Also the
results suggest the formation of a mixed interface composed of asphaltenes and carboxylic
acids of low molecular weight. This film acts as a barrier separating the two phases and
prevents coalescence process occurs. Furthermore, it was possible to confirm with simpler
methods, that substances adsorbed at the water - crude oil interface have low molecular
weights. This is using of Gibbs adsorption equation allows us calculate the adsorption I" (the
concentration of the species that is adsorbed at the surface) from measurements of tension as
a function of the concentration of the surfactant in the solution. Once the parameter I is
obtained, calculate the apparent area of the species adsorbed at the interface and its
relationship with the molecular weight of said species.
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1. Introduction

Petroleum fluids, which include natural gases, gas condensates, crude oils and heavy oils
are in the category of complex mixtures. A complex mixture is defined as one in which
various families of compounds with diverse molecular properties are present. In petroleum
fluids, various families of hydrocarbons such as paraffins, naphthenes and aromatics exist.
Such mixtures also contain some heavy organic compounds such as resins and asphalthenes
and some impurities such as mercaptans or other sulphur compounds. Non hydrocarbons
are typically nitrogen (N2), carbon dioxide (CO;), hydrogen sulphide (HS), hydrogen (Ho)
among few others. Water is another fluid that is typically found co-existing with naturally
occurring hydrocarbon mixtures.

Not only do oil and gas engineering systems handle very complex mixtures, but they also
operate within exceptionally wide ranges of pressure and temperature conditions.
Extremely low temperatures are required in liquefied natural gas (LNG) applications, while
very high temperatures are needed for thermal cracking of heavy hydrocarbon molecules.
Between these two extremes, hydrocarbon fluids are found underground at temperatures
that can reach 90 °C or more, while surface conditions can hover around 20 °C. Pressure can
vary from its atmospheric value (or lower in the case of vacuum distillation) to a number in
the hundreds of MPa. Due to their complexity, multi-family nature and ample range of
conditions, petroleum fluids undergo severe transformations and various phase transitions
which include, but not limited to, liquid-vapour, liquid-liquid and liquid-liquid-vapour.

The major obstacle in the efficient design of processes dealing with hydrocarbon mixtures,
e.g. primary production, enhanced oil recovery, pipeline transportation or petroleum
processing and refining is the difficulty in the accurate and efficient prediction of their phase
behaviour and other properties such as mixing enthalpies, heat capacities and volumetric
properties. There is thus a great deal of interest to develop accurate models and
computational packages to predict the phase behaviour and thermodynamic properties of
such mixtures with the least amount of input data necessary. To reach this objective,
equations of state have been widely used during the last decades.

The goal of this chapter is to present and analyse the development of Van der Waals-type
cubic equations of state (EoS) and their application to the correlation and prediction of phase
equilibrium and volumetric properties. A chronological critical walk through the most
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important contributions during the first part of the 1900s is made, to arrive at the equation
proposed by Redlich and Kwong in 1949. The contributions after Redlich and Kwong to the
modern development of equations of state and the most recent equations proposed in the
literature like the PPR78 and PR2SRK models are analyzed. The application of cubic
equations of state to petroleum fluids and the development of mixing rules is put in a
proper perspective. The main applications of cubic equations of state to petroleum mixtures
including high-pressure phase equilibria and supercritical fluids are summarized. Finally,
recommendations on which equations of state and which mixing rules to use for given
applications in the petroleum industry are presented.

2. Some words about cubic equations of state History

Our current industrialized world transports and produces chemicals on an unprecedented
scale. Natural gas and oil are today key-raw materials from which are derived the gaseous
and liquid fuels energizing factories, electric power plants and most modes of transportation
as well. Processes of evaporation and condensation, of mixing and separation, underlie
almost any production method in the chemical industry. These processes can be grandly
complex, especially when they occur at high pressures. Interest for them has mainly started
during the industrial revolution in the 19th century and has unceasingly grown up since
then. A huge leap in understanding of the phase behaviour of fluids was accomplished
during the second half of this century by the scientists Van der Waals and Kamerlingh
Onnes - and more generally by the Dutch School. It is undisputable that their discoveries
were built on many talented anterior works as for instance:

- the successive attempts by Boyle (in 1662), Mariotte (more or less in the same time) and
Gay-Lussac (in 1801) to derive the perfect-gas equation,

- the first observation of critical points by Cagniard de la Tour in 1822,

- the experimental determination of critical points of many substances by Faraday and
Mendeleev throughout the 19th century,

- the measurement of experimental isotherms by Thomas Andrews (1869) showing the
behaviour of a pure fluid around its critical point.

As the major result of the Dutch School, the Van der Waals equation of state (1873) -
connecting variables P (pressure), v (molar volume) and T (temperature) of a fluid - was the
first mathematical model incorporating both the gas-liquid transition and fluid criticality. In
addition, its foundation on - more or less rigorous - molecular concepts (Van der Waals’
theory assumes that molecules are subject to attractive and repulsive forces) affirmed the
reality of molecules at a crucial time in history. Before Van der Waals, some attempts to
model the real behaviour of gases were made. The main drawback of the P-v-T relationships
presented before was that they did not consider the finite volume occupied by the
molecules, similarly to the perfect-gas equation. Yet, the idea of including the volume of the
molecules into the repulsive term was suggested by Bernoulli at the end of the 18th century
and was then ignored for a long time. Following this idea, Dupré and Hirn (in 1863 - 1864)
proposed to replace the molar volume v by (v—-b), where b is the molar volume that
molecules exclude by their mutual repulsions. This quantity is proportional to the
temperature-independent molecular volume v, and named covolume by Dupré (sometimes
also called excluded volume). However, none of these contributions were of general use and
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none was able to answer the many questions related to fluid behaviour remaining at that
time. It was Van der Waals with his celebrated doctoral thesis on “The Continuity of the Liquid
and Gaseous States” (1873) and his famous equation of state who proposed for the first time a
physically-coherent description of fluid behaviour from low to high pressures. To derive his
equation, he considered the perfect-gas law (i.e. Pv=RT ) and took into account the fact
that molecules occupy space by replacing v by (v—b), and the fact that they exert an
attraction on each other by replacing P by P+a/ v? (cohesion effect). Therefore, due to
mutual repulsion of molecules the actual molar volume v has to be greater than b while
molecular attraction forces are incorporated in the model by the coefficient a. Note also that
in Van der Waals’ theory, the molecules are assumed to have a core in the form of an
impenetrable sphere. Physicists and more particularly thermodynamicists rapidly
understood that Van der Waals’ theory was a revolution upsetting classical conceptions and
modernizing approaches used until then to describe fluids. As a consecration, Van der
Waals was awarded the Nobel Prize of physics the 12th December 1910; he can be seen as the
father of modern fluid thermodynamics. The equation that Van der Waals proposed in his
thesis (Van der Waals, 1873) writes:

a

(P+U—2J(U—b)=R(1+at) @)
where P and v are the externally measured pressure and molar volume.
R=8314472 ] -mol™* - K" is the gas constant and « is a measure of the kinetic energy of the
molecule. This equation was rewritten later as follows (see for example the lecture given by
Van der Waals when he received the Nobel Prize):

RT a

— 2

P(T,v)= P

It appears that the pressure results from the addition of a repulsive term P, =RT /(v—b)
and an attractive term P, =—a/v”. Writing the critical constraints (i.e. that the critical
isotherm has a horizontal inflection point at the critical point in the P-v plane), it becomes
possible to express the a and b parameters with respect to the experimental values of T, and

P, resp. the critical temperature and pressure:

212 Q,=27/64
a=Q, RAC and b= Q, R ith: %0 / 3)
2 ] Q,=1/8

The Van der Waals equation is an example of cubic equation. It can be written as a third-
degree polynomial in the volume, with coefficients depending on temperature and pressure:

03—02(b+ﬂj+£v—a—b=0 4)
P P

The cubic form of the Van der Waals equation has the advantage that three real roots are
found at the most for the volume at a given temperature and pressure. EoS including higher
powers of the volume comes at the expense of the appearance of multiple roots, thus
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complicating numerical calculations or leading to non-physical phenomena. In the
numerical calculation of phase equilibrium with cubic equations, one simply discards the
middle root, for which the compressibility is negative (this root is associated to an unstable
state). Van der Waals” EoS and his ideas on intermolecular forces have been the subjects of
many studies and development all through the years. (Clausius, 1880) proposed an EoS
closely similar to the Van der Waals equation in which (i) an additional constant parameter
(noted ¢) was added to the volume in the attractive term, (ii) the attractive term is made
temperature-dependent. Containing one more adjustable parameter than Van der Waals’
equation, Clausius’ equation showed a possible way for increasing the model accuracy.

Clausius: P(T,v):ﬂ a/T

v—b_(v+c)2

©)

In the middle of the 20th century, (Redlich & Kwong, 1949) published a new model derived
from Van der Waals’ equation, in which the attractive term was modified in order to obtain
better fluid phase behaviour at low and high densities:

a(T)=a,-a(T) ; b=QRT, /[P

o, =Q,R’T* [P and a(T) = \[T /T
Redlich-Kwong: P(T,v) = RT_ o) with: (6)
v-b v(v+b) a,=1/[9(¥2-1)]~ 0427

Q, =(¥2-1) /3~ 0.08664

Similarly to Clausius’ equation, a temperature dependency is introduced in the attractive
term. The a parameter is expressed as the product of the constant coefficient a. =a(T.) and
a(T) (named alpha function) which is unity at the critical point. Note that only the two
pure-component critical parameters T. and P. are required to evaluate a and b. The
modifications of the attractive term proposed by Redlich and Kwong - although not based
on strong theoretical background - showed the way to many contributors on how to
improve Van der Waals’ equation. For a long time, this model remained one of the most
popular cubic equations, performing relatively well for simple fluids with acentric factors
close to zero (like Ar, Kr or Xe) but representing with much less accuracy complex fluids
with nonzero acentric factors. Let us recall that the acentric factor ;, defined by Pitzer as:

@ =-log| P (T =07T, )/ P, |-1 @)

where P/ is the vaporization pressure of pure component i, is a measure of the acentricity
(i.e. the non-central nature of the intermolecular forces) of molecule i. The success of the
Redlich-Kwong equation has been the impetus for many further empirical improvements. In
1972, the Italian engineer Soave suggested to replace in Eq. (6) the a function by a more
general temperature-dependent term. Considering the variation in behaviour of different
fluids at the same reduced pressure (P/P.) and temperature (T/T, ), he proposed to turn
from a two-parameter EoS (the two parameters are T, and P.) to a three-parameter EoS by
introducing the acentric factor as a third parameter in the definition of «(T). The acentric
factor is used to take into account molecular size and shape effects since it varies with the
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chain length and the spatial arrangement of the molecules (small globular molecules have a
nearly zero acentric factor). The resulting model was named the Soave-Redlich-Kwong
equation or the SRK equation (Soave, 1972), and writes:

a(T)=a,-a(T) ; b=OQRT,/P.

0, =R [p and a(1) = [1+m(1-[T/T)

with: {m = 0480 + 1.5740 — 01760 8)
a,=1/[9(2-1)] <0427

0, =(2-1) /3~ 008664

RT  a(T)

SRK: P(T,0)=—— orD)

The alpha function a(T) used in the SRK equation is often named Soave's alpha function. The

accuracy of this model was tested by comparing vapour pressures of a number of
hydrocarbons calculated with the SRK equation to experimental data. Contrary to the
Redlich-Kwong equation, the SRK equation was able to fit well the experimental trend.
After Soave's proposal, many modifications were presented in the literature for improving
the prediction of one or another property. One of the most popular ones is certainly the
modification proposed by (Peng & Robinson, 1976) (their equation is named PR76 in this
chapter). They considered the same alpha function as Soave but coefficients of the m
function were recalculated. In addition, they also modified the volume dependency of the
attractive term:

a(T)=a, a(T) ; b=QRT /P,

0, =QR'T/p and (1) =[1+m(1-[T]1 )]

RT a(T . = 0.37464 + 1.54226@ — 0.26992 "
() with: " i ¢ )

v=b ov(v+b)+b(v-Db) b'e :%(—1+\3/6 2+8 —\3/6\/5—8)z0.2531
Q, =8(5X +1)/(49 - 37X) ~ 0.45723
Q, = X/(X +3) = 0.07779%

PR76: P(T,v) =

The accuracy of the PR76 equation is comparable to the one of the SRK equation. Both these
models are quite popular in the hydrocarbon industry and offer generally a good
representation of the fluid phase behaviour of few polar and few associated molecules
(paraffins, naphthenes, aromatics, permanent gases and so on). (Robinson & Peng, 1978)
proposed to slightly modify the expression of the m function in order to improve the

representation of heavy molecules i such that @; > ®,_j,0n =0.491. This model is named

PR?78 in this chapter.
m=0.37464 +1.542260 — 0.26992 &° if <0491
PR78: (10)
m = 0.379642 +1.487503w — 0.1644230° +0.0166660°  if @ >0.491

In order to improve volume predictions (Péneloux et al., 1982) proposed a consistent
correction for cubic EoS which does not change the vapour-liquid equilibrium conditions.
Their method consists in translating the EoS by replacing v by v+c and b by b+c. The
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volume translation c¢ can be estimated from the following correlation which involves the
Rackett compressibility factor, zra:

RT
c=—% [0.1156 -0.4077z,, ], for the SRK equation
P
Volume-translated equations: ‘ (11)
RT,
¢ =—=%[0.1154 - 04406z, |, for the PR76 equation

c

3. General presentation of cubic equations of state
All the cubic equations can be written under the general following form:

RT a(T)

P(T,0)= o—-b (v—nb)(v-nb)

(12)

wherein r; and r; are two universal constants (i.e. they keep the same value whatever the
pure component). As shown with Van der Waals' equation (see Eq. (4)), cubic EoS can be
written as third-degree polynomials in v at a fixed temperature T and pressure P:

o’ =o' [b(r, +7, +1)+RT/P]+7J|:b2 (1, +1,+1,)+RTb(x, +rz)/P+a/P:|—b(r1r2b2 +r1r2bRT/P+u/P) =0 (13)

As a drawback of cubic equations, the predicted critical molar compressibility factor,
z, =P, /(RT,), is found to be a universal constant whereas experimentally, it is specific to
each pure substance. In a homologous chemical series, the z. coefficient diminishes as the
molecular size increases. For normal substances, z, is found around 0.27. Table 1 here below
provides values of r1, 12 and z. for all the equations presented above:

Equation of state n 1, Z,
Van der Waals or Clausius 0 0 3/8=0.375
Redlich-Kwong or SRK 0 -1 1/3~0.333
PR76 or PR78 1-42 1442 ~0.3074

Table 1. values of 1y, 12 and z. for some popular cubic equations of state.

Experimental values of T. and P. can be used to determine the expressions of a, =a(T,) and
b. Indeed, by applying the critical constraints, one obtains the following results:

-1

X:[1+i/(1—q)(1—rz)2 +i/(1—rz)(1—r1)2]

4, =QRT* [P and b=QRT /P (14)
Q, =(1-1X)(1-nX)[2-(r, +r2)X]/[(1—X)[3—X(1+ n +r2)]]2

Q, =X/[3-X(1+1,+1,)]

Note that a cubic equation of state applied to a given pure component is completely defined
by the universal-constant values r; and r,, by the critical temperature and pressure of the
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substance (allowing to calculate b and a:) but also by the considered alpha function
(allowing to evaluate the attractive parameter a(T)=a.-a(T)). The next subsection is
dedicated to present some «(T) functions frequently used with cubic equations.

4. Presentation of some alpha functions usable with cubic equations of state

Modifications of the temperature-dependent function «(T) in the attractive term of the SRK

and PR equations have been mainly proposed to improve correlations and predictions of
vapour pressure for polar fluids. Some of the most used are presented in this section.

e The most popular alpha function is certainly that of (Soave, 1972):

o(T) = [1 +m(1-T/T, )T (15)

wherein the m parameter is a function of the acentric factor (expressions of m for the SRK,
PR76 and PR78 models are resp. given in Egs. (8), (9) and (10)).

e (Mathias & Copeman, 1983) developed an expression for the alpha function aimed at
extending the application range of the PR equation to highly polar components:

a(T)=[1+C1(1—,/T/TE)+C2(1—,/T/TC)2+C3(1—,/T/Tc)3T ifT<T,

a(T):[1+C1(17 T/TE)T iFT>T

(16)

Parameters C;, C; and G; are specific to each component. They have to be fitted on vapour-
pressure data.

e  (Stryjek & Vera, 1986) proposed an alpha function for improving the modelling capacity
of the PR equation at low reduced temperatures:

2
a(T) =[1+m(1—JT/TC )}
with m =mq +m (14T /T, )(0.7-T /T,)
and m, =0.378893 +1.48971530 — 0.171318480° + 0.01965540°

(17)

my has to be fitted on experimental vapour-pressure data. Compared to the original PR EoS,
this alpha function uses a higher order polynomial function in the acentric factor for the m
parameter that allows a better modelling of heavy-hydrocarbon phase behaviour.

e (Twu et al., 1991, 1995a, 1995b) proposed two different alpha functions. The first one
requires - for each pure component - to fit the model parameters (N, M and L) on
experimental pure-component VLE data:

a(T)=(T /T, )N(M*”exp[L[l—(T /T ™ ﬂ (18)

The second one is a predictive version of the first one, only requiring the knowledge of the
acentric factor. Following Pitzer’s corresponding-states principle, Twu et al. proposed:
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a(T)=a"(T)+ o a'(T) - a"(T)] (19)

wherein the expressions of @’ and @' are given by Eq. (18). Parameters L, M and N
involved in these two functions are provided in Table 2.

alpha function T<T T>T,
parameters a° al a° al
PR:
L 0.125283 0.511614 0.401219 0.024955
M 0.911807 0.784054 4.963070 1.248089
N 1.948150 2.812520 —0.200000 —8.000000
SRK:
L 0.141599 0.500315 0.441411 0.032580
M 0.919422 0.799457 6.500018 1.289098
N 2.496441 3.291790 —0.200000 —-8.000000

Table 2. Generalized parameters of the predictive version of the Twu et al. alpha function.

5. Petroleum-fluid phase behaviour modelling with cubic equations of state

The SRK and the PR EoS are the primary choice of models in the petroleum and gas
processing industries where high-pressure models are required. For a pure component, the
three required parameters (T., P. and ®) were determined from experiments for thousands
of pure components. When no experimental data are available, various estimation methods,
applicable to any kind of molecule, can be used. Extension to mixtures requires mixing rules
for the energy parameter and the covolume. A widely employed way to extend the cubic
EoS to a mixture containing p components, the mole fractions of which are x;, is via the so-
called Van der Waals one-fluid mixing rules [quadratic composition dependency for both
parameters - see Egs. (20)and (21)] and the classical combining rules, i.e. the geometric mean
rule for the cross-energy [Eq. (22)] and the arithmetic mean rule for the cross covolume
parameter [Eq. (23)]:

P r
a= Z Z XX (20)
i=1j=1
p.r
b= Z xz-x]-bi]- 1)
i=1j=1

a; = Jaa; (1= ky) (22)

by =1(b; +b;)(1-1;) (23)
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Doing so, two new parameters, the so-called binary interaction parameters (k; and l;;) appear in
the combining rules. One of them, namely k;; is by far the most important one. Indeed, a non
null [;; is only necessary for complex polar systems and special cases. This is the reason why,
dealing with petroleum fluids, phase equilibrium calculations are generally performed with
lij =0 and the mixing rule for the co-volume parameter simplifies to:

b= xb (24)

We know by experience that the k;; value has a huge influence on fluid-phase equilibrium
calculation. To illustrate this point, it was decided to plot - using the PR EoS - the isothermal
phase diagram for the system 2,2,4 trimethyl pentane (1) + toluene (2) at T =333.15K giving
to ky, different values (see Figure 1). The obtained curves speak for themselves:

0.30 T T T T 0.30 T T T T 0.30 T T T T
1 kip=-0.070 A PRar 4 Ky, =-0.040 SJIPRar K, =-0.026 | ! Plear
/ 4
0.25 0.25 /
//
0.20 0.20 z
P e i 1 4 17 4
\«%«//—/ ‘ ‘ X1.¥1 ‘ ‘ ‘ X1.Y1 ‘ ‘ ‘ X1.Y1
0.0 05 1.0 0.0 0.5 1.0 0.0 05 1.0
0.30 T T T T 0.30 T T — T T T T
1 Kyp=0.000 = Plbar 1k =0.030 //////_‘\ TFlhar Ki> = 0.105 Plbar

T xuy
-

0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0

ki, =0.120 TP/bar

7 oxuys

Fig. 1. Influence of k;» on the calculated isothermal phase diagram using the PR EoS for the

system 2,2,4 trimethyl pentane (1) + toluene (2) at T/K =333.15 . The dashed line is Raoult's
line.
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e for ky, =-0.07, the system holds a negative homogeneous azeotrope

e for ki, =—-0.04, the system still shows negative deviations from ideality but the
azeotrope does not exist anymore

e for ki, =—0.026, the bubble curve is a straight line and the liquid phase behaves as an
ideal solution

e for ky, =0.0, the system shows positive deviations from ideality

e for ky, =0.03, the system holds a positive homogeneous azeotrope
e for ky; =0.105, the system simultaneously holds a positive homogeneous azeotrope

and a three-phase line
e for ky, =0.12, the system holds a heterogeneous azeotrope.

In front of such a big influence, the safest practice is to fit the k; value to phase equilibrium
data. Such an approach however requires the knowledge of experimental data for all the
binary systems it is possible to define in a multi-component system. Unfortunately such data
are not always available inciting many researchers to develop correlations or group-
contribution methods to estimate the k;;.

5.1 Correlations to estimate the binary interaction parameters

Most of the proposed correlations are purely empirical and thus often unsuitable for
extrapolation. Moreover, they often use additional properties besides those (the critical
properties and the acentric factor) required by the cubic EoS itself. They are however very
useful to help solve a phase equilibrium calculation problem.

Following London’s theory, (Chueh & Prausnitz, 1967) proposed a correlation suitable for
mixtures of paraffins which only requires knowledge of the critical volume of the two pure
substances i and j (see Eq. (25) in Table 3). In 1990, a correlation allowing the estimation of
the binary interaction parameters for a modified version of the SRK equation of state was
developed by (Stryjek, 1990). It is applicable to mixtures of n-alkanes and is temperature
dependent. The author pointed out that although the temperature dependence of the k;; is
moderate for mixtures of paraffins, the use of a temperature-dependent k; significantly
improves the modelling of such systems. The proposed correlation has the form given by
Eq. (26) in Table 3. (Gao et al., 1992) proposed a correlation suitable for mixtures containing
various light hydrocarbons (paraffins, naphthenes, aromatics, alkynes). The theoretical
approach adopted by these authors is a continuation of that of Chueh and Prausnitz
previously mentioned. Their correlation requires the knowledge of the critical temperature
and the critical compressibility factor. Such a parameter is unfortunately not well-known for
many hydrocarbons, especially heavy ones. They proposed Eq. (27) shown in Table 3.
(Kordas et al., 1995) developed two mathematical expressions to estimate the k; in mixtures
containing methane and alkanes. The first one is suitable for alkanes lighter than the n-
eicosane and the second one for heavy alkanes. In such an equation (see Eq. (28) in Table 3),
o is the acentric factor of the molecule mixed with methane. Unfortunately, Kordas et al.
failed to generalize their correlations to mixtures containing methane and aromatic
molecules. In the open literature, we also can find many correlations to estimate the k;; for
systems containing CO, and various hydrocarbons. Such equations are of the highest
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importance because we know by experience that for such systems the k; is far from zero. As
an example, (Graboski & Daubert, 1978) proposed a correlation suitable for mixtures
containing CO; and paraffins. The use of this correlation (see Eq. (29) in Table 3), developed
for a modified version of the SRK EoS, needs the knowledge of the solubility parameters &.
In Eq. (29), subscript i stands for the hydrocarbon and subscript j for CO, (or Nz or HyS).
Another well-known correlation is the one developed by (Kato et al., 1981) which has the
great advantage to be temperature-dependent. It can be applied to the PR EoS and to
mixtures containing CO, and n-alkanes. It is given in Table 3 (see Eq. (30)). The three
coefficients (1, b and c) only depend on the acentric factor of the n-alkane. A similar
approach was followed by (Moysan et al., 1986) who developed a correlation in which the
temperature-dependent k;; can be estimated knowing the acentric factor of the hydrocarbon
mixed with CO,. A key point of Moysan’s work is its applicability to systems containing Hp,
Nz and CO. Another temperature-dependent correlation for systems containing CO; and n-
alkanes was developed by (Kordas et al., 1994). In their approach, the k;; depends on the CO;
reduced temperature (T, ; =T /T, ;) and on the alkane acentric factor (; ). It can be found
in Table 3, Eq. (31). Kordas et al. explain that their correlation can also be used with other
hydrocarbons (branched alkanes, aromatics or naphthenes) under the condition to substitute
in Eq. (31) the acentric factor (; ) of the studied hydrocarbon by an effective acentric factor,
the value of which has been correlated to the molar weight and to the density at 15 °C. The
paper by (Bartle et al., 1992) also contains a correlation suitable for many systems containing
COs,. Various correlations for nitrogen-containing systems were also developed. Indeed, as
shown by (Privat et al., 2008a), the phase behaviour of such systems is particularly difficult
to correlate with a cubic EoS even with temperature-dependent k;;. We can cite the work by
(Valderrama et al., 1990) who proposed a correlation principally applicable to systems
containing nitrogen and light alkanes. The mathematical shape of this correlation was
inspired by the previous work of Kordas et al. (Eq. (31)). It is given in Table 3, Eq. (32). Such
a correlation can be applied to various cubic EoS and to mixtures not only containing
alkanes and N> but also CO, and H>S. The same authors (Valderrama et al., 1999) recently
improved their previous work. Although only applicable to the PR EoS, a similar work was
realized by (Avlonitis et al. 1994). Once again, the k; depends on temperature and on the
acentric factor (see Eq. (33) in Table 3). We cannot close this section before saying a few
words about the correlation proposed by (Nishiumi et al., 1988). As shown by Eq. (34) in
Table 3, it is probably the most general correlation never developed since it can be used to
predict the k; of the PR EoS for any mixture containing paraffins, naphthenes, aromatics,
alkynes, CO,, N> and H»S. The positive aspect of this correlation is its possible application to
many mixtures. Its negative aspect is the required knowledge of the critical volumes.

Although very useful these many correlations only apply to specific mixtures (e.g. mixtures
containing hydrocarbons and methane, mixtures containing hydrocarbons and nitrogen,
mixtures containing hydrocarbons and carbon dioxide, mixtures containing light
hydrocarbons, etc.) and to a specific cubic EoS. Moreover, they are often empirical and thus
unsuitable for extrapolation. In addition, they may need additional properties besides those
(the critical properties and the acentric factor) required by the cubic EoS itself. Finally, they
do not always lead to temperature-dependent k; whereas we know by experience that the
temperature has a huge influence on these interaction parameters.
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Mathematical expression of the correlation

Ly A, (25)

ii=1-
/ VP +v!

ky =i + ki [(T /K)-273.15] (26)
Ze jj
Tc,iTc,j / . Zc it Zc j
1-kj=| ———~ with Z ;=——— (27)
T, +T,; 2

k;j =—0,134090 + 2,285430" — 7,614550° +10,465650" —5,235100° 8
k; =—0,04633 - 0,04367In v

kj=A+Blo,~ 5|+ Cls,~5[ (29)
ki —a(T-b) +c (30)
kij :a(a)j)+b(a)j)><T,,i +c(a)j)><T,3,i (31)
kj = A(w;)+B(e;)/T,,; (32)
Trz,i +A(a)j)
k. = -7 33
ey ®
i \ 2 C=c;+0y a)ifa)]-‘
1-k;=C+D—= +E[ "’J with (34)
Ve, o D=d,+d, w,.fa)]-‘

Table 3. Correlations to estimate the binary interaction parameters.

A way to avoid all these drawbacks would be (i) to develop a group-contribution method
capable of estimating temperature-dependent k; and (i) to develop a method allowing
switching from a cubic EoS to another one. These issues are developed in the next
subsections.

5.2 Group contribution methods to estimate the binary interaction parameters

In any group-contribution (GC) method, the basic idea is that whereas there are thousands
of chemical compounds of interest in chemical technology, the number of functional groups
that constitute these compounds is much smaller. Assuming that a physical property of a
fluid is the sum of contributions made by the molecule’s functional groups, GC methods
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allow for correlating the properties of a very large number of fluids using a much smaller
number of parameters. These GC parameters characterize the contributions of individual
groups in the properties.

5.2.1 The ARP model

The first GC method designed for estimating the k; of a cubic EoS was developed by
(Abdoul et al., 1991) and is often called the ARP model (ARP for Abdoul-Rauzy-Péneloux,
the names of the three creators of the model). Even though accurate, such a model has some
disadvantages. Indeed, Abdoul et al. did not use the original PR EoS but instead a non-
conventional translated PR type EoS. Moreover, in order to estimate the attractive parameter
a(T) of their EoS, these authors defined two classes of pure compounds. For components
which are likely to be encountered at very low pressure, the Carrier-Rogalski-Péneloux
(CRP) a(T) correlation (Carrier et al.,, 1988) which requires the knowledge of the normal
boiling point was used. For other compounds, they used a Soave-like expression (Rauzy,
1982) which is different from the one developed by Soave for the SRK EoS and different
from the one developed by Peng and Robinson for their own equation. Moreover, the
decomposition into groups of the molecules is not straightforward and is sometimes
difficult to understand. For example, propane is classically decomposed into two CHj
groups and one CH» group but 2-methyl propane {CH;-CH(CH3)-CHas} is decomposed into
four CH groups and not into three CHj3 groups and one CH group. Isopentane is formed by
one CHj; group, half a CH> group and three and a half CH groups. Lastly, because this
model was developed more than twenty years ago, the experimental database used by
Abdoul et al. to fit the parameters of their model (roughly 40,000 experimental data points)
is small in comparison to databases today available. The group parameters obtained from
this too small data base may lead to unrealistic phase equilibrium calculations at low or at
high temperatures. For all these reasons, this model has never been extensively used and
never appeared in commercial process simulators.

5.2.2 The PPR78 model

Being aware of the drawbacks of the ARP model, Jaubert, Privat and co-workers decided to
develop the PPR78 model which is a GC model designed for estimating, as a function of
temperature, the k; for the widely used PR78 EoS (Jaubert & Mutelet, 2004; Jaubert et al.,
2005, 2010; Vitu et al. 2006, 2008; Privat et al. 2008a, 2008b, 2008c, 2008d). Such an equation
of sate was selected because it is used in most of the petroleum companies but above all
because it is available in any computational package.

5.2.2.1 Presentation

Following the previous work of Abdoul et al, kj(T) is expressed in terms of group
contributions, through the following expression:

1N Ny 298.15 (%4] a(T)  3(T) i
_Ez Z(aik _ajk)(ail _ajl)Akl (Tj v Ib S
kl](T) _ k=1 1=1 i ] (35)
b.-b.

t]



84 Crude Oil Emulsions — Composition Stability and Characterization

In Eq. (35), T is the temperature. a; and b; are the attractive parameter and the covolume of
pure i. N, is the number of different groups defined by the method (for the time being,
twenty-one groups are defined and N, =21). oy is the fraction of molecule i occupied by
group k (occurrence of group k in molecule i divided by the total number of groups present
in molecule i). A, =A; and By =By (where k and I are two different groups) are constant
parameters determined during the development of the model (A =By, =0). As can be
seen, to calculate the k; parameter between two molecules i and j at a selected temperature,
it is only necessary to know: the critical temperature of both components (T.; T;), the
critical pressure of both components (P, P.j), the acentric factor of each component (w;, ®))
and the decomposition of each molecule into elementary groups (o, o). It means that no
additional input data besides those required by the EoS itself is necessary. Such a model
relies on the Peng-Robinson EoS as published by Peng and Robinson in 1978 (Eq. (10)). The
addition of a GC method to estimate the temperature-dependent k; makes it predictive; it
was thus decided to call it PPR78 (predictive 1978, Peng Robinson EoS). The twenty-one
groups which are defined until now are summarized below.

For alkanes: groupl = CHs, group2=CH,, group3 =CH, group4=C, group5=CH; ie.
methane, group6 = CoHg i.e. ethane

For aromatic compounds: group?7 = CHaro, group8 = Caro, group9 = Crused aromatic rings
For naphthenic compounds: group10 = CHa cyclic, groupll = CHeyalic = Ceyalic

For permanent gases: groupl2 = CO,, groupl3 = Ny, group14 = H,S, group21 = Ha.
For water-containing systems : group16 = H,O

For mercaptans: group15 = -SH,

For  alkenes:  groupl?7 =CH,=CH, ie. ethylene, groupl8 = CHb>amkenic = CHalkenic
gI‘OU.p19 = Calkenicr groupzo = CHZ,cycloalkenic = CHcycloalkenic

The decomposition into groups of the hydrocarbons (linear, branched or cyclic) is very easy,
that is as simple as possible. No substitution effects are considered. No exceptions are
defined. For these 21 groups, we had to estimate 420 parameters (210Ax and 210By values)
the values of which are summarized in Table 4. These parameters have been determined in
order to minimize the deviations between calculated and experimental vapour-liquid
equilibrium data from an extended data base containing roughly 100,000 experimental data
points (56,000 bubble points + 42,000 dew points + 2,000 mixture critical points).

The following objective function was minimized:

E,. = Fob/,hubble + Fohj,dew + Fohj,crit comp + Fobj,crit. pressure
b +n

36)
o (
Mpubple + Niewy T 11

crit crit
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Mpubble, Ndew and 7ierir are the number of bubble points, dew points and mixture critical points
respectively. x; is the mole fraction in the liquid phase of the most volatile component and x,
the mole fraction of the heaviest component (it is obvious that x, =1-x;). Similarly, y; is

Foh] crit. pressure 1002(

i=1

the mole fraction in the gas phase of the most volatile component and y, the mole fraction of
the heaviest component (it is obvious that y, =1-1v; ). x is the critical mole fraction of the

most volatile component and x.; the critical mole fraction of the heaviest component. P, is
the binary critical pressure. For all the data points included in our database, the objective
function defined by Eq. (36) is only:

I3

ol

b =7-6% (37)
The average overall deviation on the liquid phase composition is:

A%+ Arv% E
Ax% — Axq % -;sz % _ Zobjbubble _ o 4 o (38)

Myypbie

The average overall deviation on the gas phase composition is:

- 700 700 F i )
Ayt = P A% Tojdew g g, (39)
2 Mo

The average overall deviation on the critical composition is:

A—xc% _ Axcl% ;Axcz% _ Fabj,crit. comp _ 71 % (40)
n

crit

The average overall deviation on the binary critical pressure is:

AP.% = Fatjri.prssire _ g g o, 1)

Merip

Taking into account the scatter of the experimental data which inevitably makes increase the
objective function value, we can assert that the PPR78 model is a very accurate
thermodynamic model. In conclusion, thanks to this predictive model it is today possible to
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estimate the k;; for any mixture containing alkanes, aromatics, naphthenes, CO,, N2, H2S, Ho,
mercaptans, water and alkenes for any temperature. We thus can say that the PPR78 model
is able to cover all the compounds that an engineer of a petroleum company is likely to
encounter. We are proud to announce that the PPR78 model is now integrated in two
famous process simulators: PRO/II commercialized by Invensys and ProSimPlus developed
by the French company PROSIM. Figure 2 graphically illustrates the accuracy of the PPR78
model.

550.0

‘tthanc(l‘)+cycluh{'xanc(2) TT/K Mcthanc‘(l)ﬂ’.lh‘anc(z) ‘

TP/bzr 3300 ‘ Methane(1) +H,S(2) ] TTIK
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Fig. 2. Illustration of the accuracy of the PPR78 model. The symbols are the experimental
data points. The full lines are the predictions with the PPR78 model.

5.2.2.2 On the temperature dependence of the k;; parameter

In mixtures encountered in the petroleum and gas processing industries it is today accepted
that the binary interaction parameter k; depends on temperature. This temperature
dependence has been described by a few authors. The very good paper by (Coutinho et al.,
1994) gives an interesting review of the different publications dealing with this subject. The
same authors give a theoretical explanation for the temperature dependence of the k; and
conclude that this parameter varies quadratically with the inverse temperature (1/T). Using
Eq. (35), it is simple to plot k; versus temperature for a given binary system. As an
illustration, Figure 3 presents plots of k; with respect to the reduced temperature of the
heavy n-alkane for three binary systems: methane/propane, methane/n-hexane and
methane/n-decane. The shapes of the curves are similar to the ones published by Coutinho
et al. At low temperature, k; is a decreasing function of temperature. With increasing the
temperature, the k;; reaches a minimum and then increases again. The minimum is located at
a reduced temperature close to 0.55, independent of the binary system. This minimum
moves to T, = 0.6 for the system methane/n-Csg (results not shown in Figure 3). From Figure
3, we can unambiguously conclude that it is necessary to work with temperature-dependent
kij.
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Fig. 3. Temperature dependence of predicted k;; by means of Eq. (35). Solid line: system
methane/ propane. Short dashed line: system methane/n-hexane. Long dashed line: system
methane/n-decane. In abscissa, T, is the reduced temperature of the heavy n-alkane
(respectively propane, n-hexane, n-decane).

5.2.3 Soave’s group-contribution method (GCM)

In a recent paper, (Soave et al., 2010) also developed a GCM aimed at predicting
temperature-dependent k; for the well known SRK EoS. Six groups are defined:
groupl = CH,, group2=CO,, group3 =N, group4=H,S, groupb=alkyl group and
group6 = aromatic group. The last two groups are introduced to model alkanes and aromatic
compounds. This small number of groups is an advantage since it reduces the number of
group parameters to be estimated and it allows a faster estimation of the kj;. Indeed, the
calculation of a double sum as the one contained in Eq. (35) is time consuming and strongly
affected by the number of groups. Very accurate results are obtained on binary systems. As
shown by (Jaubert & Privat, 2010), the accuracy of Soave’s GCM - although not tested on
many experimental data - is similar to what is observed with the PPR78 model. Whether a
naphthenic group was added, this GCM could be applied to predict the phase behaviour of
reservoir fluids.

5.3 k;(T) values: how to switch from a cubic EoS to another one?

As explained in the previous sections, the key point when using cubic EoS to describe
complex mixtures like petroleum fluids is to give appropriate values to the binary
interaction parameters (k;). We however know by experience that the k;, suitable for a given
EoS (e.g. the PR EoS) cannot be directly used for another one (e.g. the SRK EoS). Moreover,
numerical values of k; are not only specific to the considered EoS but they also depend on
the alpha-function (Soave, Twu, Mathias-Copeman, etc.) involved in the mathematical
expression of the a; parameter. This assessment makes it impossible for petroleum engineers
to use various equations of state and to test different alpha functions. Indeed, they usually
have tables containing the numerical values of the k;; only for the most widely used EoS and
alpha function in their company. To overcome this limitation, (Jaubert & Privat, 2010) had
the idea to establish a relationship between the k;; of a first EoS (ki’]:T”51 ) and those of a second
one (kfjosz). As a consequence, knowing the numerical values of the k; for the first EoS
makes it possible to deduce the corresponding values for any other cubic EoS. The obtained
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relationship is given just below (Eq. (43)). To understand the notations, let us consider two
cubic equations of state (EoS1 and EoS2) deriving from Van der Waals' equation i.e. having
the general form given in Eq. (12). At this step, we define the following quantities:

1 1-7). 1 .
Cros = -In ifr, #r, and C g = ifr, =1,
Rt 1-n 1-rn
CEuSl 'anﬂ
12 = EoS2 (42)
CE”SZ b
e
EoS i
5= pEes

After some derivation, the obtained relationship is:

2 2
EoS1 ¢EoS1 gEoS1 EoS1 EoS1 EoS2 EoS2
251 2kz‘j 5, (3} +§1 2(51‘ —5]» ) —(51 —5]» )

25iEoSZé-jE052

k% = (43)

Eq. (43) can also be used if we work with the same EoS (let us say the PR EoS) but if we
decide to only change the a;(T) function (e.g. we initially work with a Soave-type function
for which the k;; are known and we decide to work with a Mathias and Copeman function
for which the k; are unknown). In this latter case, &;_,, =1, but Eq. (43) in which the §

parameters depend on the a(T) function will lead to a relationship between the k;; to be used
with the first a(T) function and those to be used with the second one.

As previously explained, the PPR78 model is a GCM designed to predict the k;; of the PR
EoS. The coupling of this GCM with Eq. (43) makes it possible to predict the temperature-
dependent k; of any desired EoS using the GC concept. Let us indeed consider a cubic EoS
(see Eq. (12)) noted EoS1 hereafter, and let us define:

CPR . QER

—= 2 44
Crost - “

EPRo>Eos1 =

By combining Egs. (35) and (43), we can write:

B 2
1|~ e [298.15 [T 1] A1) e
- Z z(axk - a]k)(a(/ - a]l)éPRaEnSlAkl : - Fos1 EoS1
(45)

P T/K b b

i 7

Fos1
k'/ M= Fos1 Fos1
A (1) a7 (T)
bFOSl.bbusl
i j

2

Using Eq. (45), it is thus possible to calculate by GC, the temperature-dependent k;; for any
desired cubic EoS (EoS1), with any desired a;(T) function, using the group contribution
parameters (AfX and Bf}) we determined for the PPR78 model. Eq. (45) can also be used
if we work with the PR EoS but with a different a;(T) function than the one defined by Eq.
(10). In this latter case, &pr_,pos1 =1, but Eq. (45) will lead to k;; values different of those
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obtained from the PPR78 model. Eq. (45) was extensively used by (Jaubert & Privat, 2010)
in the particular case where EoS1 is the SRK EoS. They concluded that the accuracy
obtained with the SRK EoS was similar to the one obtained with the PPR78 model. The
resulting model, based on the SRK EoS and for which the k;; are estimated from the GCM
developed for the PPR78 model was called PR2SRK. In conclusion, we can claim that the
PPR78 model is a universal GCM since it can predict the k;; for any desired EoS with any
desired a;(T) function at any temperature for any mixture containing hydrocarbons,
permanent gases, and water.

5.4 Other mixing rules

Cubic EoS with Van der Waals one-fluid mixing rules lead to very accurate results at low
and high pressures for simple mixtures (few polar, hydrocarbons, gases). They also allow the
prediction of many more properties than phase equilibria (e.g. excess properties, heat
capacities, etc.). Such mixing rules can however not be applied with success to polar
mixtures. In return, g€ models (activity-coefficient models) are applicable to low pressures
and are able to correlate polar mixtures. It thus seems a good idea to combine the strengths
of both approaches, i.e. the cubic EoS and the activity coefficient models and thus to have a
single model suitable for phase equilibria of polar and non-polar mixtures and at both low
and high pressures. This combination of EoS and gE models is possible via the so-called
EoS/ gk models which are essentially mixing rules for the energy parameter of cubic EoS. As
explained in the recent book by (Kontogeorgis & Folas, 2010), the starting point for deriving
EoS/ gE models is the equality of the excess Gibbs energies from an EoS and from an explicit
activity coefficient model at a suitable reference pressure. The activity coefficient model may
be chosen among the classical forms of molar excess Gibbs energy functions (Redlich-Kister,
Margules, Wilson, Van Laar, NRTL, UNIQUAC, UNIFAC...). Such models are pressure-
independent (they only depend on temperature and composition) but the same quantity
from an EoS depends on pressure, temperature and composition explaining why a reference
pressure needs to be selected before equating the two quantities. In order to avoid

confusion, we will write with a special font (GF) the selected activity coefficient model and
with a classical font (g£) the excess Gibbs energy calculated from an EoS by:

E 14 A
8 z;-In o (46)
RT i=1 (ﬂpurei

where ¢; is the fugacity coefficient of component i in the mixture and ¢,,,.; the fugacity
coefficient of the pure compound. The starting equation to derive EoS/gE models is thus:

(¢ /(RT)] =6" /(RT) (47)

where subscript P indicates that a reference pressure has to be chosen.

5.4.1 The infinite pressure reference

The basic assumption of the method is the use of the infinite pressure as the reference
pressure.



Thermodynamic Models for the Prediction of Petroleum-Fluid Phase Behaviour 91

5.4.1.1 The Huron-Vidal mixing rules

The first systematic successful effort in developing an EoS/gE model is that of (Huron &
Vidal, 1979). Starting from Eq. (47), they obtained:

alx) & M) G
b 2 b Cas

p (48)
b(x) = xb,

i=1

where Cp, is defined by Eq. (42). A positive feature of the Huron-Vidal mixing rule
includes an excellent correlation of binary systems. A limitation is that it does not permit use
of the large collections of interaction parameters of G* models which are based on low-
pressure VLE data (e.g. the UNIFAC tables). Indeed, the excess Gibbs energy at high
pressures is, in general, different from the value at low pressures at which the parameters of
the ¢* models are typically estimated.

5.4.1.2 The Van der Waals one-fluid (VdW1f) mixing rules
The classical VdAW1f mixing rules used in the PPR78 and PR2SRK model write:

14 4
a(T, %)= Y xxpfaa; [1-k;(T)]  and  b(x)=D xd; (49)
j=1

i=1

We here want to give proof that such mixing rules are in fact strictly equivalent to the
Huron-Vidal mixing rules if a Van-Laar type Gt model is selected in Eq. (48). Indeed, by
sending Eq. (49) in Eq. (48), one has:

50
p a1('1*) p b pr 1— k(T ( )
Bt S B o 1-4m)
:z: j= i=1j=
P
Z;xj-b]
i=
We can write:
14 (T 14 PP a-b. 152 a-b. 152 a.-b:
in'a'; )Xij-bfZwa lb. : =522x,~x]- lb. : +522x,~x]- jb‘[ (1)
i=1 i =1 i=1j=1 i i=1j=1 i i=1j=1 i

Thus,
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14 b 14a;-b
i Zl“zlx X5 { E/b—f Ja;-a; v[lkij(T)]}
_i=lj i
B P
CEoS zxj'bj
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(52)
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At this step, we introduce for clarity:; =\/a7,- /b,— which has the Scatchard-Hildebrand

solubility parameter feature, and we define the parameter E;; by:

2 2
Ej =07 +3; —28,6;[1-ky(T)] (53)

; ZZxxbbE()

G- _1 iz1j=1
Eq. (52) thus writes: C.. 2 P

EoS z xj . b]
=1

(54)

Eq. (54) is the mathematical expression of a Van Laar-type " model. We thus
demonstrated that it is rigorously equivalent to use a Van Laar-type Gf model in the
Huron-Vidal mixing rules or to use classical mixing rules with temperature-dependent k.
From Eq. (53) we have:

E;(T)-(5;-5))°

ki(T)= 55
Eq. (55) thus establishes a connection between Ej of the Van Laar-type ¢* model and k;j of

the classical mixing rules.
5.4.1.3 The Wong-Sandler mixing rules

It can be demonstrated that the Huron Vidal mixing rules violate the imposed by statistical
thermodynamics quadratic composition dependency of the second virial coefficient:

pF
B=2.2 xix;B; (56)

i=1j=1

To satisfy Eq. (56), (Wong and Sandler, 1992) decided to revisit the Huron-Vidal mixing
rules. Since they made use of the infinite pressure as the reference pressure, like Huron and
Vidal, they obtained:
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a
—p_ 58
RT (58)
eq. (56) writes:
a(T,x) L&
b(x) = (RT )+sz”xfBif (59)
i=1j=1
Substituting Eq. (57) in Eq. (59), we get:
P
Z Zx,—x jB,-j
b(x)=——/= (60)
P
1+ g _ zxi at(T)
CEoS i=1 bi
The following choice for the cross virial coefficient is often used:
1
B; :E(Bi +B;)(1-k;) (61)

Eq. (61) makes unfortunately appear an extra binary interaction parameter (k;), the value of
which can be estimated through various approaches.

Substituting Eq. (58) in Eq.(61), one has:

U

= . (62)
The Wang-Sandler mixing rules thus write:
a. a
b,——— |+| b, ——L
o (v (o)
IR RTJ 1k,
i 2 Y
b(T,x)= i=1j=1 - .
1+L_in a;(T) (63)
CEUS i=1 bi
p E
a(T,x) =b(x)> x5 G
i=1 bl CEoS

We can thus conclude that the Wong-Sandler mixing rules differ from the Huron-Vidal
mixing rules in the way of estimating the covolume. In Eq. (63), b has become temperature-
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dependent. Many papers illustrate the key success of the Wong-Sandler mixing rules to
predict VLE using existing low pressure parameters from activity coefficients models.
However parameters for gas-containing systems are not available in activity coefficient
models like UNIFAC which limits the applicability of these mixing rules to such systems.

5.4.2 The zero-pressure reference

The zero-pressure reference permits a direct use of G* interaction parameter tables. Starting
from Eq. (47) and by setting P =0, one obtains:

gE 2 4 I bi ith a
E—Q(a)—;xi~Q(ai)+;xi- n[gj wit a—bR—T

_ 1-ny(a) __«a 1-mp(a)-7
Qe = 1“[ (@) j rl—rzh‘(l—no(am)

o+ +z:c+\/(r1 +1y +oz)2 —4(nr, +a)

(64)

() = submitted to: a > oy,

2(nr +a)

Ay =1 — T +2+21 -1, -1, + 115

After selecting a mixing rule for the covolume, Eq. (64) becomes an implicit mixing rule for
the energy parameter, which means that an iterative procedure is needed for calculating the
energy parameter.

5.4.2.1 The MHV-1 mixing rule

In order to obtain an explicit mixing rule and to address the limitation introduced by the
presence of «j, (Michelsen, 1990) proposed to define a linear approximation of the Q
function by:

Qa)=qy+q, - (65)

Doing so, Eq. (64) writes:

a= Zx a+q{—2x In( ” (66)

Eq. (66) is the so called MHV-1 (modified Huron-Vidal first order) mixing rule usually used
with a linear mixing rule for the covolume parameter. Michelsen advices to use g, =—-0.593
for the SRK EoS, g; =-0.53 for the PR EoS and ¢; =-0.85 for the VAW EoS.

5.4.2.2 The PSRK model

(Holderbaum & Gmehling, 1991) proposed the PSRK (predictive SRK) model based on the
MHYV-1 mixing rule. These authors however use a slightly different g, value than the one
proposed by Michelsen. They select: 4, = —0.64663 . In order to make their model predictive,
Holderbaum and Gmehling combine the SRK EoS with a predictive GF model (the original
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or the modified Dortmund UNIFAC). Moreover they developed extensive parameter table,
including parameters for gas-containing mixtures. The PSRK model may thus be used to
model petroleum fluids. No comparison was performed between PSRK and PPR78 but we
can expect similar results.

5.4.2.3 The UMR-PR and VTPR models

The UMR-PR (universal mixing rule-Peng Robinson) and the VTPR (volume translated Peng
Robinson) models, both use the MVH-1 mixing rule. They were respectively developed by
(Ahlers & Gmehling, 2001, 2002) and by (Voutsas et al., 2004). In both cases, the same
translated form of the PR EoS is used. The Twu a(T) function is however used in the VIPR
model whereas the Mathias-Copeman expression is used in the UMR-PR model. Both
models incorporate the UNIFAC GF model in Eq. (66). However, in order to be able to
properly correlate asymmetric systems, only the residual part of UNIFAC is used in the
VTPR model. These authors indeed assume that the combinatorial part of UNIFAC and
le- -In(b;/b) in Eq. (66) cancel each other. In the UMR-PR model the residual part of

UNIFAC but also the Staverman-Guggenheim contribution of the combinatorial term is
used. These authors indeed assume that the Flory-Huggins combinatorial part of UNIFAC
and in -In(b;/b) in Eq. (66) cancel each other. A novel aspect of these models is the

mixing rule used for the covolume parameter. Both models give better results than PSRK.
The equations to be used are:

VTPR:
1 gELl’\]lFA(_
a= Zx o +— residual }
i=1 T { RT (67)
1/s 1/s
b=3"3 wap, with: b, _{bi b ]and s=2
i=1j=1 2 3
UMP -PR:
1 EUNIFAC EUNIFAC
o= Z X+ — G residual + Staverman-Guggenheim combinatorial contribution
i=1 il RT RT (68)

rp.r 1/s 1/s
b= Y xq b, with: b _(bi *h; Jand s=2
i=1j=1 2

The mixing rule described by Eq. (67), was also applied to the SRK EoS (Chen et al., 2002) in
order to define a new version of the PSRK model. In this latter case, the SRK EoS was
combined with a Mathias-Copeman alpha function.

5.4.2.4 The LCVM model

The LCVM model (Boukouvalas et al., 1994) is based on a mixing rule which is a Linear
Combination of the Vidal and Michelsen (MHV-1) mixing rules:



96 Crude Oil Emulsions — Composition Stability and Characterization

arcvm = A A Huron-Vidal T (1 - /1) " OMichelsen (69)

From Eq. (48), one has:

E

P
G

ay —V‘dl:§ X~
uron 1aai = 1 1 R . T . CEOS (70)

whereas aigen 1 given by Eq. (66). The LCVM as used today is based on the original
UNIFAC G* model and the value 4=0.36 should be used in all applications. Their authors
use a translated form of the PR EoS and obtain accurate results especially for asymmetric
systems.

5.4.2.5 The MHV-2 mixing rule

In order to increase the accuracy of the MHV-1 mixing rule, (Dahl & Michelsen, 1990)
proposed a quadratic approximation of the Q function by:

Q(a)2110+‘h'a+%'0‘2 (71)

thus defining the MHV-2 model. It is advised to use g; =-0.4783 and g, =-0.0047 for the
SRK EoS; g, =—-0.4347 and g, =—-0.003654 for the PR EoS. Doing so, Eq. (64) writes:

gE P ) 14 ) 14 bi
ﬁ:ql a—;xl»ai +q| @ —;x,»ai +;xi-ln(zj 72)

Eq. (72) does not yield anymore to an explicit mixing rule but instead has to be solved in
order to determine a. For such a mixing rule, parameter tables are available for many gases.
As a general rule, MHV-2 provides a better reproduction of the low-pressure VLE data than
MHV-1.

6. Energetic aspects: estimation of enthalpies from cubic EoS

Engineers use principles drawn from thermodynamics to analyze and design industrial
processes. The application of the first principle (also named energy rate balance) to an open
multi-component system at steady state writes:

W + Q = Zﬁouthout - Zﬁinhin (73)

where W and Q are the net rates of energy transfer resp. by work and by heat; 7t is the
molar flowrate and /i denotes the molar enthalpy of a stream. Subscripts in and out resp.
mean inlet and outlet streams. Note that kinetic-energy and potential-energy terms are
supposed to be zero in Eq. (73). According to classical thermodynamics, the molar enthalpy
of a p-component homogeneous system at a given temperature T, pressure P and
composition z (mole fraction vector) is:



Thermodynamic Models for the Prediction of Petroleum-Fluid Phase Behaviour 97

4
h(T/P/Z) zzz[ pure1(T P h;zeufrez:| + hM(T,P,Z) (74)
lar enthal i=1
molar enthalpy
of an inlet or
an outlet stream

wherein h,,,.;(T,P) is the molar enthalpy of pure component i at the same temperature and

pressure as the mixture, h;‘;{m is the molar enthalpy of pure component i in its reference
state, i.e. at a reference temperature T, pressure Py and aggregation state. Note that this
term is specific to each component i and does not depend on the temperature and pressure
of the stream. h™(T,P,z) is the molar enthalpy change on isothermal and isobaric mixing.
This section is dedicated to explain how to calculate these terms when a cubic equation of
state (as defined in Eq. (12)) is used with Soave's alpha function (see Eq. (15)) and classical

mixing rules involving a temperature-dependent k;; (see Eq. (49)).

6.1 Calculation of pure-component enthalpies

At this step, the concept of residual molar enthalpy h'™ needs to be introduced: h™ is a
difference measure for how a substance deviates from the behaviour of a perfect gas having
the same temperature T as the real substance. The molar enthalpy of a pure fluid can thus
be written as the summation of the molar enthalpy of a perfect gas having the same
temperature as the real fluid plus a residual term:

purel(T P) h;r;irer( )+ h;isret( purel(T P)) (75)

where the superscript pg stands for perfect gas; v, i(
fluid i at temperature T and pressure P; it can be calculated by solving the cubic EoS (see Eq.
(13)) at given T and P. Since cubic EoS are explicit in pressure (i.e. they give the pressure as
an explicit function of variables T and v), the expression of the residual molar enthalpy can
be naturally written in variables T and v:

W (T,0) = i 1, Td”fj.ln(“ﬁbfj (76)

fb (v nb)(v-nb;) b(r-1) dT v—nb,

If employing Soave's alpha function, then:

s e [1om (1 7T, )] T 77)

Finally, according to Eq. (75), the difference of pure-fluid enthalpy terms in Eq. (74) writes:

T,P) is the molar volume of the pure

My (T, P) =i = [ W25, (D) =1 (T, )| 8)

b [ (T (T P) = B (T, 00T Pog) )

wherein the h/* function is given by Eq. (76). Let us recall that:

T

(105 (D) =125 (T ) | = [ elfes(T) AT (79)

Ty
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where c¥,(T) denotes the molar heat capacity at constant pressure of the pure perfect gas .

6.2 Calculation of the enthalpy change on mixing

By definition, the molar enthalpy change on mixing I is the difference between the molar
enthalpy of a solution and the sum of the molar enthalpies of the components which make it
up, all at the same temperature and pressure as the solution, in their actual state (see Eq. (74))
weighted by their mole fractions z;. Consequently to this definition, /M can be expressed in
terms of residual molar enthalpies:

14
W(T,P,z)=h"(T,0,z)~ Yz, hi, (T

i purei

4 4 vnurei(T’ P)) (80)

i=1

where v is the molar volume of the mixture at T, P and z. To calculate this molar volume, Eq.
(13) has to be solved. The residual molar enthalpy of pure component i is given by Eq. (76)
and the residual molar enthalpy of the mixture is given by Eq. (81):

res _RTb(z) a(T,z)v 1 2 oa ) | a2 1,b(z)
W (T0,2) = v-b(z) [v-nbz)][v-nbz)] " b(z)(r, rz){a(T’ ) T(aTU : L}rzb(z)} ®1)

If classical mixing rules with temperature-dependent k;; are considered, then:

0, (1) 5+ a(1) 5

(%] 2 | O Ul AL SN ey ey (82)
or), =a ! 2,fa,(T)a,(T) ar N

From Egs. (80), (81) and (82), it appears that the use of a temperature-dependent k;; allows a
better flexibility of the h™ function (see the term dk;j / dT in Eq. (82)). As a consequence, a
better accuracy on the estimation of the molar enthalpies is expected when temperature-
dependent k;; rather than constant k;; are used.

6.3 Practical use of enthalpies of mixing and illustration with the PPR78 model

As previously explained, the molar enthalpy of a multi-component phase is obtained by
adding a pure-component term and a molar enthalpy change on mixing term (see Eq. (74)).
When molecules are few polar and few associated (and this is often the case within
petroleum blends), pure-component terms provide an excellent estimation of the molar
enthalpy of the mixture. Therefore, the enthalpy-of-mixing term can be seen as a correction,
just aimed at improving the first estimation given by pure-component ground terms. In
other words, with few-polar and few-associated molecules, M terms are generally nearly
negligible with respect to pure-component terms in the energy rate balance. Typically, M
terms are very small in alkane mixtures and are not negligible in petroleum mixtures
containing CO,, H2O or alcohols. When parameters involved in k;; correlations are not
directly fitted on enthalpy-of-mixing data (and this is, for instance, the case with the PPR78
model), the relative deviations between calculated and experimental 1M data can be very
important and reach values sometimes greater than 100 %. However, as explained in the
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introduction part of this section, since M quantities are only used to evaluate the molar
enthalpies, hi; and hou, involved in the energy rate balance, only absolute deviations and
their effect on the accuracy of the energy balance are of interest. When experimental and
calculated hM values are very low (typically <100 J/mol), the energy rate balance is not
significantly affected by high relative deviations. On the contrary, if hM values are very
important (e.g. > 3000 J/mol), important absolute deviations on #M can have a detrimental
impact on the energy rate balance even if the corresponding relative deviation remains low.
Note that in such a case, iM terms can become dominant with respect to pure-component
enthalpy terms. As an illustration, the PPR78 was used to predict isothermal and isobaric
curves M vs. z; of two binary mixtures: n-hexane + n-decane and N; + CO; (see Figure 4).

n-hexane(1) + n-de¢ane(2 T i ‘
] | N,(1) + CO5(2) w
= h"/(J ) i 2 4 [ h¥/(J/mol
at T=298.15K /(J/mol) 600. at T=283.15K Wimoh
, 5 s + P4=10.13bar {
40. - . +H - A 1=10. o
o o P4=1.00bar { o a
N\ X P,=20.26bar {0
2N P,=265.00bar { o 400. LT a
- a o o \ B . ~< _ —_—
[F ° P;=485.00bar { = / N P4=30.40bar { °
/7o ) 4 / N B N
[ o\ Y s / R 4 P,=40.53bar { 2
4 i o ) 4 \
20. 5 I AN |
o o ° . / \
o o / o \\a
/e o o o \
T o o © 7 ! o o N
- 1N o NG ]
2 /’/{9 g 8 279 o TN =
0 T T —> 0. = T T T = —
0 0.4 0.8 0 0.4 038

Fig. 4. Representation of molar enthalpy change on isothermal isobaric mixing vs. mole
fraction z1. Symbols: experimental data. Full lines: predicted curves with the PPR78 model.

One observes that enthalpies of mixing of an alkane mixture (not too much dissymmetric in
size) are very low. The PPR78 model predicts 1M with an acceptable order of magnitude
(and as a consequence, only pure-component enthalpy terms will govern the energy rate
balance). Regarding the binary mixture Nj+ CO,, it clearly appears that the orders of
magnitude of hM are around ten times bigger than those with the n-hexane + n-heptane
system. Deviations between predicted values and experimental data are around 100 -
150 J/mol at the most, which remains acceptable and should very few affect the energy rate
balance. When at the considered temperature and pressure, a liquid-vapour phase
equilibrium occurs, the corresponding hM vs. z; curve is made up of three different parts: a
homogeneous liquid part, a liquid-vapour part and a homogeneous gas part. The liquid-
vapour part is a straight line, framed by the two other parts. Figure 5 gives an illustration of
the kind of curves observed in such a case. For system exhibiting vapour-liquid equilibrium
(VLE) at given T and P, it is possible to show that the essential part of the enthalpy-of-
mixing value is due to the vaporization enthalpies of the pure compounds. As a
consequence, a good agreement between experimental and predicted M vs. z; curves of
binary systems exhibiting VLE, mainly attests of the capacity of the EoS to model
vaporization enthalpies of pure components rather than its capacity to estimate 1M,
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Fig. 5. System CO(1) + toluene(2): representation of molar enthalpy change on isothermal
isobaric mixing vs. mole fraction z;. Symbols: experimental data. Full lines: predicted curves
with the PPR78 model.

7. Prediction of the thermodynamic behaviour of petroleum fluids

Dealing with petroleum fluids, many difficulties appear. Indeed, such mixtures contain a
huge number of various compounds, such as paraffins, naphthenes, aromatics, gases (CO,
H>S, Np, ...), mercaptans and so on. A proper representation involves to accurately
quantifying the interactions between each pair of molecules, which is obviously becoming
increasingly difficult if not impossible as the number of molecules is growing. To avoid such
a fastidious work, an alternative solution lies in using a predictive model, able to estimate
the interactions from mere knowledge of the structure of molecules within the petroleum
blend. For this reason, it is advised to use predictive cubic EoS (PPR78, PR2SRK, PSRK) to
model petroleum fluid phase behaviour. As an illustration of the capabilities of such
models, some phase envelops of petroleum fluids predicted with the PPR78 model are
shown and commented hereafter.

7.1 Prediction of natural gases

As an example, (Jarne et al., 2004) measured 110 upper and lower dew-point pressures for
two natural gases containing nitrogen, carbon dioxide and alkanes up to n-Cs. The
composition of the fluids and the accuracy of the PPR78 model can be seen in Figure 6. The
average deviation on these 110 pressures is only 2.0 bar which is close to the experimental
uncertainty.
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Fig. 6. Solid line: (P,T) phase envelopes of Jarne et al.'s natural gases predicted with the
PPR78 model. +: experimental upper and lower dew-point pressures. o: predicted critical
point.

7.2 Prediction of gas condensates

(Gozalpour et al., 2003) measured 6 dew-point pressures for a gas condensate containing 5
normal alkanes ranging from methane to n-hexadecane. Figure 7 puts in evidence that with
an average deviation of 3.0 %, the PPR78 model is able to accurately predict these data.

800.0 T T T T,
methane =82.05 mol % Pibar
] propane = 895mol% |
n-pentane = 5.00 mol %
600.0 1 n-decane = 1.99mol% |
n-hexadecane = 2.01 mol %

AP=93bar=3.0%

TIK
—

0.0

T T
250.0 450.0

Fig. 7. Solid line: (P,T) phase envelope of Gozalpour et al.'s gas condensates predicted with
the PPR78 model. +: experimental dew-point pressures. o: predicted critical point.

7.3 Prediction of gas injection experiments

(Turek et al., 1984) performed swelling tests at two temperatures on a crude oil containing
10 n-alkanes ranging from methane to n-tetradecane. The injected gas is pure CO,. 22
mixture saturation pressures were measured. The composition of the crude oil along with
the accuracy of the PPR78 model to predict these data are shown in Figure 8. With an
average deviation of 2.8 bar (i.e. 2.3 %), we can conclude that the PPR78 model is able to
predict these data with high accuracy. It is here important to recall that no parameter is
fitted on the experimental data.
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Fig. 8. Solid line: variation of mixture saturation pressure with added CO» to a synthetic
crude oil (swelling test) predicted with the PPR78 model. a) T/K =322 and b) T/K = 338.7.
b): experimental bubble-point and dew-point pressures. o: predicted critical point.

8. Conclusion

A complete account of all cubic equations of state is not easy to provide; however, according
to (Valderrama, 2003), it is not adventurous to estimate that there must be about 150 RK-
type equations and a total of 400 cubic EoS proposed to date in the literature. There are in
general small differences in the VLE correlation among all these cubic EoS provided the
same way of obtaining the pure parameters and the same mixing/combining rules are used.
This is why, in the petroleum industry, only two cubic EoS are generally used: the SRK and
the PR EoS. Such cubic EoS have many advantages but also shortcomings. The main
advantages are:

- they are simple and capable of fast calculations

- they apply in both liquid and vapour phases

- they are applicable over wide ranges of pressures and temperatures

- they allow a good correlation for non-polar systems encountered in the petroleum
industry

- they estimate accurate densities if a volume translation is used

- accurate correlations and GCM are available to estimate the k;;

The outstanding book by (Kontogeorgis & Folas, 2010), cites the following sentence by
(Tsonopoulos & Heidman, 1986) which summarizes well the advantages of such models:
cubic EoS are simple, reliable, and allow the direct incorporation of critical conditions. We, in the
petroleum industry, continue to find that simple cubic EoS such as RKS and PR are very reliable
high-pressure VLE models, and we have not yet found in our work any strong incentive for using
non-cubic EoS. Among the shortcomings, we can cite:

- often a temperature-dependent interaction parameter is needed

- poor correlation of polar/associating systems. The use of two interaction parameters (k;
and l;) highly improves the results but such parameters can not be easily estimated
knowing only the structure of the molecules

- Unsatisfactory correlation of LLE especially with highly immiscible systems (e.g. water
or glycols with alkanes)
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To conclude, predictive cubic EoS (PPR78, PR2SRK, PSRK, VIPR, UMR-PR) make a perfect
job to simulate the phase behaviour of crude oils, gas condensate and natural gases. For
processes in which water and/or glycol are present (e.g. transportation processes), it is
advised to use more complex EoS like the CPA (Cubic-Plus-Association) by (Derawi et al.,
2003) or equation deriving from the SAFT (Statistical Associating Fluid Theory) which are
however non predictive (many parameters have to be fitted on experimental data).
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1. Introduction

Crude oil is a naturally generated material comprising a very complex mixture of coexisting
hydrocarbons and polar organic compounds. It is found in geologic formations below the
Earth's surface and recovered mostly through oil drilling. It is refined and separated by
distillation according to the various boiling points of the components resulting in a number
of products, such as petrol, kerosene, and numerous chemical reagents that can be used to
produce plastics, pharmaceuticals, and a wide variety of other materials. Due to the extreme
complexity of the components of crude oil samples, the characterization of these
constituents or their products has been a challenging research topic for analytical chemists.

Gas chromatography/mass spectrometry (GC/MS) is routinely used for identifying volatile
and non-polar components in crude oil, and the characterization of trace polar components
is usually achieved by liquid chromatography/mass spectrometry (LC/MS). However,
recent advances in mass spectrometry have enabled the development of novel ionization
techniques that are potentially useful in addressing some issues associated with
conventional mass spectrometric technologies.

As shown in Table 1, conventional mass spectrometric ionization techniques, such as
electron impact ionization (EI), field ionization (FI) (Beckey et al., 1969; Hsu et al., 2001), and
field desorption (FD) (Stanford et al., 2007), are suitable for the analysis of volatile or
semivolatile compounds in crude oil. For compounds with higher boiling points (>500 °C),
pyrolysis (Py) combined with GC/MS to produce characteristic fragments for identification
is necessary (Shute et al., 1984). For the purpose of characterizing polar components that
cannot be achieved by Py/GC/MS, approaches that couple a HPLC system with
atmospheric ionization sources, such as electrospray ionization (ESI) (Fenn ef al., 1989 &
1990), atmospheric pressure chemical ionization (APCI) (Carroll et al., 1975), and
atmospheric pressure photoionization (APPI) (Robb et al., 2000), have been developed.
Although some of the polar fragments can be separated and detected by the LC/MS
approach, strong interaction between certain polar components with the stationary phase in
the chromatographic system is still a problem. Directly introducing samples into the
ionization source without passage through a chromatographic system may be a solution.
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The direct analysis of trace polar components containing N, O, and S in crude oil has been
achieved by ESI/MS and the interference with the ionization processes resulting from the
presence of a large amount of non-polar components in the sample is not observed (Zhan et
al., 2000).

For ambient mass spectrometric approaches, techniques such as electrospray-assisted
pyrolysis ionization (ESA-Py) (Hsu et al., 2005), desorption electrospray ionization (DESI)
(Takéts et al., 2004), easy ambient sonic-spray ionization (EASI) (Haddad et al., 2008), and
atmospheric pressure laser-induced acoustic desorption chemical ionization (AP/LIAD-CI)
(Nyadong et al., 2011) have been used for the direct analysis of crude oil with minimal
sample pretreatment. Such approaches prevent unexpected effects on the composition of
crude oil samples during preparation. Another attractive feature of performing analyses
under ambient conditions is the capacity for rapid sampling, thereby enabling opportunities
for high-throughput analysis.

Within this context, ambient mass spectrometry is regarded as a potential analytical tool for
“petroleomics” applications owing to its specific features that differ from conventional mass
spectrometry. Such features support the selective characterization of trace polar components
by constructing variable sampling methods and ionization models. In the present chapter,
we focus on a recently developed ambient mass spectrometric approach for the rapid
characterization of polar components in crude oil.

Technique name Acronym Environment Analyte polarity Reference
Pyrolysis/mass spectrometry Py/MS! Vacuum Non-polar/Polar Shute et al.
Gas chromatography x gas GCxGC/MS! Vacuum Non-polar/Polar Blomberg et al.
chromatography/mass spectrometry
Pyrolysis/ gas
chromatography/mass spectrometry
Matrix-assisted laser

Py/GC/MS! Vacuum Non-polar/Polar Snyder et al.

desorption/ionization mass MALDI Vacuum Polar Robins et al.
spectrometry
Zhan et al.,
Electrospray ionization ESI Ambient Polar Klein et al. &
Hsu et al.
Atmospheric pressure photoionization APPI Ambient Polar/Non-polar Purcell ef al.

Atmospheric pressure

o APCI Ambient Polar/Non-polar Hsu et al.
chemical ionization
Atmospheric pressure
laser-induced acoustic desorption AP/LIAD-CI Ambient Polar/Non-polar Nyadong et al.
chemical ionization
Easy ambient sonic-spray ionization =~ EASI Ambient Polar Corilo et al.
Desorption electrospray ionization DESI Ambient Polar/Non-polar ' Wu et al.
Electrospray-assisted pyrolysis ESA-Py Ambient Polar Hsu et al.

ionization

I: The ionization sources: electron impact (EI), chemical ionization (CI), field desorption (FD), and field
ionization (FI).
II: Analyses performed through discharge-induced oxidation reactions.

Table 1. Summary of ionization methods used in the analyses of crude oil.
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2. Conventional analytical approaches for characterizing polar components
in crude oil

Although gas chromatography/mass spectrometry (GC/MS) has been widely used in
characterizing volatile and semivolatile components in different samples, many natural
macromolecules are still not amenable to be characterized by GC/MS. However, these
materials often yield volatile, gas chromatographable products upon controlled thermal
degradation induced by pyrolysis (Anhalt et al., 1975; Gutteridge et al., 1987; Yang et al.,
2003). These volatile components characterized by Py/MS or Py/GC/MS may then serve as
fingerprints for classifying or studying the composition of different species of
macromolecules (Snyder et al., 1990; Goodacre et al., 1991; DeLuca et al., 1993; Smith et al.,
1993). In general, the pyrolysis of a complicated mixture like crude oil produces a wide
variety of chemical compounds ranging in polarity from non-polar to highly polar. The non-
polar components, for example, saturated acyclic or cyclic terpenoids and aromatic
hydrocarbons, are often used as biomarkers in organic geochemistry. The polar components,
which are difficult to characterize by conventional Py/MS or Py/GC/MS, are seldom used
for sample diagnosis or classification. Moreover, these complex polar compounds are nearly
impossible to resolve by GC and are often referred to as unresolved complex mixtures
(UCMs) (Panda et al., 2007). With the aim of resolving UCMs, two-dimensional GC/MS
(GCxGC/MS) was developed to provide higher resolution for the separation of these
compounds. This approach has been applied to the characterization of many compounds,
including the different hydrocarbon isomers in crude oil (Blomberg et al., 1997; Hua et al.,
2004; von Miihlen et al., 2006).

For certain materials (e.g., synthetic polar polymers), the polar pyrolysates may contain
useful diagnostic structural information (Williamson et al., 1980; Marshall et al., 1983; Shiea
et al., 1996; Galipo et al., 1998). Unfortunately, during pyrolysis processes, many polar
macromolecules are broken down to fragments that cannot be detected by GC/MS because
they are retained in the pyrolysis zone, the injection system, or the capillary column owing
to their high polarity or high molecular weight (Moss et al., 1980; Holzer et al., 1989). Even
when the polar pyrolysates do enter the separation column, they often display peak tailing,
poor reproducibility, and long elution times. In many cases, no chromatographic peaks are
even observed in this fraction (Derbyshire et al., 1989; Manion ef al., 1996).

Directly introducing the gaseous pyrolysates into the ionization source of a mass
spectrometer may be a way to circumvent the chromatographic problems that affect the
analysis of polar pyrolysates, but the ionization of trace polar pyrolysates in samples that
contain a large amount of non-polar compounds still remains a challenge. As is generally
known, when electron impact ionization (EI) is used to ionize samples, non-polar ion signals
always overwhelm those of polar components —the so-called “ion suppression effect” (Tang
et al., 1991).

Electrospray ionization (ESI), developed by Fenn (for which he received the 2002 Nobel Prize
in Chemistry), is an atmospheric ionization method used to characterize polar compounds
through continuous infusion of a solution to which a high DC voltage (ca. 3-4 kV) is applied.
By electric field forces, a Taylor cone is induced leading to the generation of a large number of
charged droplets forming the protonated analyte ions from an ESI emitter. In this way,
compounds consisting of functional groups with high proton affinity can be effectively
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ionized, in contrast to less or non-polar compounds. The characterization of polar hydrocarbons
containing N, S, and O in crude oil samples by low or high resolution electrospray ionization
mass spectrometry has been reported (Klein et al., 2003; Hsu et al., 2011).

In addition to ESI, matrix-assisted laser desorption/ionization (MALDI) developed by
Tanaka in 1987 (for which he received the 2002 Nobel Prize in Chemistry) is an alternative
method for ionizing large biomolecules, such as proteins and peptides. In MALDI, the
sample solution mixes with the UV-absorbing organic matrix solution (usually in equal
volumes). After drying, the crystals containing a large amount of matrix and sample
molecules are irradiated with a pulsed laser. The matrix absorbs the energy supplied by the
pulsed laser to assist the ionization of analytes. Although the MALDI analysis is performed
under vacuum, a characterization of the chemical components in crude oil has been reported
(Robins et al., 2003). Unlike the traditional polar and acidic matrices, such as sinapinic acid,
o-cyano-3-hydroxycinnamic acid, and 2, 5-dihydroxybenzoic acid, non-polar matrices,
including anthracite and 9-cyanoanthracene, are more effective for characterizing crude oil
fractions as they provide higher quality MALDI mass spectra. In addition, no interfering
matrix ions are observable in the resulting spectra.

Recently, Marshall et al. presented results for the characterization of polar compounds in
crude oil samples by laser desorption/ionization-ion mobility/mass spectrometry
(LDI/IM/MS). In this approach, a Fourier transform ion cyclotron resonance (FT-ICR) was
used to obtain high resolution mass spectra (Fernandez-Lima et al., 2009). The distribution of
polar compounds in the crude oil samples was studied. Atmospheric pressure chemical
ionization (APCI) combined with HPLC has been used to characterize naphthenic acids,
which are known to be corrosive to the containers and pipelines used in the petroleum
industry (Hsu et al., 2000). Atmospheric pressure photoionization (APPI) combined with a
9.4 T FT-ICR and HPLC has demonstrated utility for characterizing both polar and non-
polar components that cannot be ionized by ESI (Purcell ef al., 2006). The results indicate
that APPI is capable of ionizing both polar and non-polar components in crude oil. In the
mean time, the problem of the high complexity of the crude oil components can be solved by
using a high resolution FT-ICR to detect the ions generated by APPI. Although APCI and
APPI are useful tools for ionizing chemical compounds with different polarities,
complicated sample pretreatments are needed to remove insoluble particles in the sample
prior to HPLC/MS analysis.

3. Ambient mass spectrometric approaches

Ambient ionization mass spectrometry is another recently developed ionization method and
possesses the following features: (1) rapid sample switching, (2) minimal or no sample
pretreatment, and (3) ability to analyze solid, liquid, or gaseous samples (Huang et al., 2010).
To date, certain ambient ionization mass spectrometric techniques have been used to
characterize either non-polar or polar components in petroleum and crude oil without
tedious pretreatments.

3.1 Desorption electrospray ionization mass spectrometry (DESI-MS) for crude oil
analysis

Desorption electrospray ionization mass spectrometry (DESI-MS), an alternative to ESI-
based ambient mass spectrometry, has been used to analyze petroleum samples. Under
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typical DESI conditions, the technique is only suitable for the detection of polar
components. However, in a separate study, Cooks et al. reported that discharge-induced
oxidation reactions occurred for non-polar components when betaine aldehyde was
added to the DESI spraying solution (Wu et al., 2010). The oxidation reactions transformed
hydrocarbons to oxidized components of low-polarity, such as alcohols or ketones. In the
mean time, the so-called reactive-DESI approach was developed to enhance the detection
sensitivity for these oxides. This was achieved by replacing the spray solution with one
that contains functional groups with higher proton-affinity (Cotte-Rodriguez et al., 2005).
The study indicated that saturated hydrocarbons can still be ionized by DESI under
ambient conditions. Although accompanying dehydrogenation may make the method
unsuitable for characterizing the extent of unsaturation, a rapid and accurate
determination of the carbon distribution in the saturated hydrocarbons of petroleum
distillates is demonstrated.

3.2 Easy ambient sonic-spray ionization mass spectrometry (EASI-MS) for crude oil
analysis

Easy ambient sonic-spray ionization mass spectrometry (EASI-MS), developed by Eberlin et
al., has also been applied to the analysis of crude oil samples. The samples were directly
exposed to a flow of nitrogen gas along with the spray reagent. The moist surfaces of the
crude oil samples were then desorbed and subsequently ionized to generate analyte ions
that were detected by a mass spectrometer (Corilo et al., 2010). The process of ion formation
in EASI-MS is mainly supported by the production of bipolar solvent droplets using a
nebulizer to generate a supersonic spray, and the high electric voltage applied in
conventional ESI is not used to form the charged droplets. The performance of EASI-FT-ICR
MS for characterizing crude oil samples has been found to be almost as fast as ESI/FT-ICR-
MS and provide similar compositional information on the polar components and
comparable spectral quality to that of a commercial ESI device.

3.3 Atmospheric pressure laser-induced acoustic desorption chemical
ionization/mass spectrometry (AP-LIAD/CI/MS) for crude oil analysis

A laser-induced acoustic desorption (LIAD) device combined with a chemical ionization
source was employed for the analysis of crude oil distillates under atmospheric pressure. In
general, LIAD, a matrix-free and laser-based approach, is usually performed under vacuum
conditions. The desorption process in LIAD is induced by the action of a shockwave that is
generated as a pulsed laser irradiated on the backside of a metal foil. As the energy is
transferred from the metal foil to the sample, which is deposited on another side of the foil,
it induces the desorption of analytes. By the interaction of the analyte with an ion cloud
generated by a chemical ionization (CI) process, analytes with a wide range of polarity are
successfully ionized. Marshall et al. have combined an atmospheric pressure AP-LIAD/CI
with a 9.4 T FT-ICR/MS to perform high resolution chemical analyses under ambient
conditions. It was demonstrated that not only polar but also non-polar compounds in the
crude oil distillates could be successfully characterized by this AP-LIAD/CI/FT-ICR/MS
approach.
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3.4 Electrospray-assisted pyrolysis ionization/mass spectrometry (ESA-Py/MS) for
crude oil analysis

To characterize polymers and trace polar components in crude oil samples, we previously
developed an interface to combine electrospray ionization mass spectrometry (ESI/MS) with
a pyrolytic probe. This technique successfully detects the polar pyrolysates that are released
from synthetic polymers, which are constructed from polar units and crude oil. We refer to
this technique as “electrospray-assisted pyrolysis ionization/mass spectrometry (ESA-
Py/MS)” (Hsu et al., 2005 & 2007).

The pyrolyte products generated by a commercial Curie-point pyroprobe are conducted to
the tip of a capillary where charged droplets are continuously produced by electrospraying
an acidic methanol solution. The ionization of the polar pyrolysates is suggested to occur
through (1) ion-molecule reactions (IMRs) between the gaseous pyrolysate molecules (M)
and protons (H*) or protonated methanol species [e.g., (H30)*, (MeOH)H*, (MeOH),H*]
and/or (2) polar pyrolysate molecules dissolving (or fusing) in the charged methanol
droplets, followed by electrospray ionization from the droplets to generate protonated
analyte molecules (MH).

The ESA-Py mass spectra are then used to rapidly distinguish synthetic polymer
standards that differ in the nature of their building units, degree of polymerization, and
copolymerization coefficients. In addition, a petroleomic application of ESA-Py/MS
was also demonstrated. Trace polar compounds that coexist with large amounts of non-
polar hydrocarbons in crude oil, amber, humic substances, and rubber samples were
selectively ionized without any chromatographic separation or complicated
pretreatment processes.

According to the ionization features of ESI, the ionization of polar pyrolysates in an ESA-
Py source may go through IMRs and/or an ESI process. Only those compounds
containing polar functional groups can be ionized. Non-polar compounds, such as
saturated, unsaturated, cyclic, acyclic, or aromatic hydrocarbons possess no functional
groups that receive a proton in the source and cannot be detected during the ESA-Py/MS
analysis. Thus, this technique may be useful for a rapid characterization of polar
components within fossil fuels and other materials that generate traces of polar
pyrolysates together with large amounts of non-polar hydrocarbons. Herein, we show the
results that were obtained using ESA-Py/MS to selectively detect trace polar components
in the pyrolysates of different crude oil samples. The samples of different origins are then
rapidly distinguished by their ESA-Py mass spectra. In addition, analyses of samples
using ESI/MS were also performed, and the results were compared with those obtained
using the ESA-Py/MS approach.

Other ambient mass spectrometric approaches, such as low temperature plasma mass
spectrometry (LTP/MS) and direct analysis in real time mass spectrometry (DART/MS),
have been used to characterize less polar components in olive oil samples. The use of
organic solvents and/or additional reagents in the source is unnecessary, except for the use
of helium gas for discharging (Garcia-Reyes et al., 2009; Vaclavik et al., 2009). The results
indicate that both techniques are potentially useful for characterizing polar components in
petroleomics applications.



Analysis of Polar Components in Crude Oil by Ambient Mass Spectrometry 113

3.5 Electrospray-assisted pyrolysis ionization/mass spectrometry (ESA-Py/MS)
combined with statistical methods for crude oil analysis

Recently, we modified the existing ESA-Py source to simplify the operation. During this
ESA-Py analysis, a drop of untreated crude oil sample (10 1 L) was deposited on the Teflon
block. The analytes in the sample were desorbed by inserting an electric soldering iron
probe heated at 350 °C. The desorbed gaseous analytes then moved into an ESI plume
located 5 mm above the top of the sample. Trace polar compounds (M) in the gaseous
analytes were then ionized. The schematic of the modified ESA-Py/MS system is displayed
in Fig. 1. An acidic methanol solution (50% aqueous methanol with 1% acetic acid) was
continuously electrosprayed from an ESI emitter at high voltage (4 kV).

Thermal probe (350 C)—> .
MS inlet

ESI plume

|

ESI emitter(4 kV)
Acidic methanol
solution

<€— Crude oil (10 pL)

eflon block

XYZ stage

Fig. 1. Schematic illustration of the ESA-Py/MS system for crude oil analysis.

As described previously, the major components of the desorbed analytes are non-polar
hydrocarbons, and their lack of functional groups that can accept a proton in the ESA-Py
source results in the absence of hydrocarbon ion signals. Instead, the ions produced in the
source are from trace polar components in the crude oil samples. Fig. 2 displays the ESA-
Py/MS spectra of six crude oil samples from different origins. Samples Al and A2 are from
different depths of a well drilled in Africa, samples B1 and B2 are from different fields in a
sedimentary basin of Asia, and samples C1 and C2 are from different basins in Taiwan. As
shown in Fig. 2, all samples show significant responses for lower molecular weight
components in the mass spectra. These low molecular weight compounds are presumed to
be polar compounds owing to their high volatility. For sample correlation, it is
demonstrated that oil samples of different origins are rapidly distinguished by their positive
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ion ESA-Py mass spectra. It is noted that samples A1l and A2, which are from the same well,
show high similarity in their ESA-Py/MS mass spectra.
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Fig. 2. The ESA-Py/MS spectra recorded from six crude oil samples. Samples Al and A2:
different depth of a well drilled in Africa; samples Bl and B2: different fields in a
sedimentary basin of Asia; samples C1 and C2: different basins in Taiwan.

ESA-Py/MS analyses of each crude oil sample were performed in triplicate, and the results
were further processed using a multivariate statistical method, principle component
analysis (PCA). The results of the statistical analysis are shown in Fig. 3. In the sample
groupings, Al and A2 overlap, indicating that these two samples are closely related. This
result is in agreement with the sample origins in which samples Al and A2 are from the
same drilling well but acquired at different depths. Although sample B2 was collected from
a different geological region than samples A1l and A2, it contains components that are more
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similar to those in samples A1l and A2 than to those in sample B1. The remaining samples
(B1, C1, and C2) form individual groups independent from each other, reflecting their
different origins.
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Fig. 3. The PCA diagram of ESA-Py/MS results from six crude oil samples.

In this study, a low resolution ion trap mass spectrometer (Bruker Esquire 3000+ ion trap
mass spectrometer) equipped with a conventional ESI source was also used to analyze the
methanol-soluble fraction of the same crude oil samples. The crude oil samples were
ultrasonically mixed with methanol to extract the polar components. The methanol extract
was concentrated and analyzed using ESI/MS. The ESI/MS spectra of the crude oil samples
are shown in Fig. 4. As can be seen in the figure, several ion signals were observed in the ESI
mass spectra, probably resulting from the dissolution of more polar components in the
methanol solvent by the action of ultrasonication. Additionally, for the same reasons, the
signals for polar components of higher molecular weight are found to be more intense than
those for lower molecular weight components.
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Fig. 4. The ESI mass spectra recorded from six crude oil samples.
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Fig. 5. The PCA diagram of ESI mass spectra results from six crude oil samples.
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The PCA diagram based on the ESI mass spectra results from six crude oil samples is shown
in Figure 5. In general, the distribution of samples on the PCA diagram is similar to that
shown in Figure 3, excluding samples A-1 and A-2, which overlap in the ESA-Py/MS and
PCA analyses. Although ESI/MS can be used to ionize more trace polar components, the
required sample pretreatment and potential for blocking the ESI emitter (a capillary column)
should be considered as possible difficulties associated with this analytical technique.

4. Conclusions

One of the most promising advantages of crude oil characterization by ambient mass
spectrometry combined with a statistical processing method is the potential to rapidly
analyze and distinguish the components and origins of the crude oil samples with minimal
or no sample pretreatment. The technique also helps to reduce unexpected modifications to
the composition of oil samples that may occur during sample pretreatment. The results
obtained indicate that ESA-Py/MS, an ambient mass spectrometry method, is a useful
technique for rapidly characterizing trace polar components in crude oil. With the assistance
of modern statistical analysis (PCA), the crude oil samples from different origins are well
classified.
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1. Introduction

Crude oil is complex mixture of hydrocarbons that occur in the earth in liquid form. It
constitutes an important part of primary fossil fuels. Crude oil was used as a medicine by
the ancient Egyptians, presumably as wound dressing, liniment and laxative. Several
centuries later, Spanish explorers discovered crude oil in Cuba, Mexico, Boliva and Peru.
The industrial revolution brought increasing demand for cheaper and convenient source of
energy. Crude oil (liquid petroleum) was easily transportable source of energy, concentrated
and flexible from of fuel. At the beginning of the 20th century the industrial revolution had
progressed to the extent that the oil industry became the major supplier of the energy,
largely because of the advent of automobile. The oil achieved a primary importance as an
energy source on which the world economy depends. The growth in the energy production
during the 20th century was unprecedented and is the major contributor to the growth. On
the time scale within the human history, the utilization of oil as a major source of energy
will be affair of a few centres, but it will have profound effect on world industrialization.

The crude oils are mostly based on two elements carbon and hydrogen and almost all crude
oil ranges from 82-87% carbon and 12-15% hydrogen. Crude oil contains three basic
chemical series: paraffins, naphthenes, and aromatics. The crude oils from different sources
may not be completely identical (Evans et al, 1971).

The paraffins are also called methane series, and comprises most common hydrocarbons in crude
oil. The paraffins that are liquid at normal temperature boil between 40-200 °C. The naphthenes
are saturated closed ring series and are important part of all liquid refinery products. The
aromatics are unsaturated closed ring series. Benzene is most common of the series and is present
in most of the crude oils, but aromatics constitute a small fraction of all crudes.

The crude oil also contains sulphur, nitrogen and oxygen in small quantities. Sulphur is the
third most abundant constituent of crude oil. The total sulphur in crude oil varies from
below 0.05% up to 5% or more. Generally greater the specific gravity of the crude oil, higher
is its sulphur content. The oxygen contents of the crude oil are usually less than 2%.
Nitrogen is present in most of the crude oils, usually in quantities of less than 0.1%
(Britannica online).

Preliminary fractionation of crude oil according to chemical class is carried out before
identification of individual components. Several such fractionation and isolation schemes
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are available (Rudzinski and Aminabhavi, 2000) depending on the type of crude oil under
investigation. One of the separation scheme is based on SARA method, which has name
from the fractions produced, namely saturates (S), aromatics (A) resins (R) and asphaltenes
(A). The sample is adsorbed on the silica (Isitas-Flores et al., 2005), (Andersen et al.,1997);
(Goreli et al., 2008) or alumina, followed by the selective elution of the components with
increasingly polar solvent (Seidl et al., 2004), (Sharma et al., 1998), (Seidl et al., 2004).
Mansfield et al (1999) have reviewed the crude oil separation and identification including
SARA method. HPLC and infra red spectroscopy have also been used for SARA
characterization (Fan and Buckley, 2002), (Aske et al ., 2001).

Asphaltenes consist of polar fraction of the crude oil comprising polyaromatics,
heteroaromatics and various metals (Kaminski et al., 2000).

2. Metal ions in crude oil

The metals present in the crude oils are mostly Ni(Il) and VO(II) porphyrins and non-
porphyrins. Other metal ions reported form crude oils, include copper, lead, iron,
magnesium, sodium, molybdenum, zinc, cadmium, titanium, manganese, chromium, cobalt,
antimony, uranium, aluminum, tin, barium, gallium, silver and arsenic. Metalloporphyrins
are among the first compounds identified to belong to biological origin. Treibs et.al (1936)
proposed that plant chlorophylls transformed into the geoporphyrins. Metalloporphyrins in
crude oils are of fundamental interest from geochemical context for better understanding
geochemical origin of petroleum source. The information could be useful for catagenetic oil
formation, maturation of organic matter, correlation, depositional and environmental
studies. Vanadium and nickel metalloporphyrins are present in large quantity in heavy
crude oils. Their presence cause many problems because such metals have a deleterious
effect on the hydrogenation catalysts used in upgrading processes (Pena et al., 1996).

Among the porphyrins encountered in the crude oils, etioporphyrins (etio) and
dexophylloerithroetioporphyrin (DPEP), and their homologues are more frequently
observed (Baker and Louda, 1988), (Barwise and Roberts, 1984). The complexity of
porphyrin mixtures have made the isolation of these pigments difficult, but the improved
chromatographic and spectroscopic techniques have made possible the separation and
identification of a number of metalloporphyrins (Les Ebdon et al.,1994). The identification of
Ni and V porphyrin was quite earlier (Treibs et al., 1936) but the organic forms of other
metals in crude oils was achieved only later, with the advent of hyphenated techniques, e.g.
HPLC or GC coupled to AAS or ICP-MS for elemental detection. The porphyrins of Co, Cr,
Ti and Zn were identified in oil shales by HPLC-ICP-MS (Les Ebdon et al.,1994).

It was earlier observed that V/Ni or V/(V+Ni) ratio was constant in crude oils of common
rock source and was dependent on geological age of the rocks (Ball et al., 1960) and this ratio
was used for tracing source effects (Shahristani and Al-Alyia,1972), (Gayer et al., 2002). The
studies on the thermal evolution of the major VO complex of DPEP to etio indicated a
maturity dependence (Didyk et al.,, 1975), (Barwise et al., 1987), thus suggesting these
compounds as biomarkers (Peters et al., 2004), (Duyck et al., 2007).

The organic forms of metalloporphyrins are described as tetrapyrrolic complexes with
structure similar to chlorophyll and heme (Treibs et al., 1936), but the chemical nature of
nonporphyrins is not well established. These are polar compounds and largely exist as
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cations of organic acids. Nitrogen, oxygen and sulphur can all act as donor atoms in various
combinations in nonporphyrins (Amorin et al., 2007). These are predominantly associated
with the asphaltenes. Some of the elements in crude oils may be present in associated
mineral matter or entrained formation waters. A number of metal complexes may be
associated with humic substances that have large capacities for metal complexations
(Choudhry et al., 1983) which may be precursors to kerogen.

3. Determination of metals in crude oils

There is a need to determine the trace metals in the crude oils quantitatively because of their
importance in the geochemical characterization of its source and origin. Trace metals have
been used as a tool to understand the depositional environments and source rock (Alberdi-
Genolet and Tocco, 1999). The metal ions and their ratios have been observed as a valuable
tool in oil-oil correction and oil-source rock correlation studies (Barwise et al.,, 1990),
(Akinlua et al., 2007). The trace metals are also indicated as biomarkers of the source rocks
(Odermatt and Cruriale, 1991). The determination of metal ions in crude oils has
environmental and industrial importance. The metal ions like vanadium, nickel, copper and
iron, behave as catalyst poisons during catalytic cracking process in refining of crude oil.
The metal ions are released in the environment during exploration, production and refining
of crude oil. The determination of mercury content in crude oil is also important for
petroleum industry, because the metal can deposit in the equipment, which could affect the
maintenance and operation (Wllhelm et al., 2006). It is therefore considered necessary to
know the concentration of metals in the oils for meaningful impact assessment.

Metals and metalloids may be naturally found in the crude oils and these could be added
during production, transportation and storage. In general these elements are present in the
crude oils as inorganic salts (mainly as chloride and sulphate of K, Mg, Na and Ca),
associated with water phase of crude oil emulsions, or as organometallic compounds of Ca,
Cu, Cr, Mg, Fe, Ni, Ti, V and Zn adsorbed in water-soil interface acting as emulsion
stabilizers (Speight et al., 2001).

Molecular absorption spectrophotometry (Milner et al, 1952), atomic absorption
spectrometry (AAS), (Langmyhr and Aadalen,1980), inductively coupled plasma-optical
emission spectrometry (ICP-OES) (Fabbe and Ruschak, 1985), inductively coupled plasma
mass spectrometry (ICP-MS) (Lord et al., 1991), high performance liquid chromatography
(HPLC) (Khuhawar and Lanjwani, 1996), gas chromatography (GC) (Delli and Patsalide,
1981), capillary electrophoreses, (Mirza et al., 2009) and X-ray fluorescence spectroscopy
(XFS) (Vilhunen et al., 1997) methods have been reported for the determination of metals in
crude oils.

3.1 Sample preparation

Crude oil is a complex matrix of varying viscosities and mixed phases (organic, water and
particulate matter) and therefore not an ideal matrix for analysis. The determination of the
metals in crude oil requires pretreatment to the sample before presentation to the
instrument. This is the stage where most of the errors occur and is time consuming. The
selection of a particular procedure depends upon (1) analytical technique to be employed,
(2) nature and the number of the samples to be analyzed, (3) desired degree of precision and
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accuracy required, (4) availability of the equipment, materials and reagents and (5) the cost
of analysis (Oliveira et al., 2003). It is generally desired that analysis is completed within
shortest time with minimum contamination, using smallest quantities of the reagents and
the samples and little residues and waste generation (Amorin et al., 2007).

Metal determination in crude oil is carried out by using dry ashing, dilution in organic
solvents (Annual Book of ASTM, 2000, 2002) or using micro-emulsions (Souza et al., 2006),
(Santella et al., 2008). The use of micro-wave radiation as a potential sample preparation
technique has been applied due to high efficiency of heat transfer and sample digestion
efficiency (Mello et al., 2009), (Perira et al., 2010). Literature data concerning metal and
metalloid determinations in the crude oil by direct sample introduction is also available
(Anselmi et al., 2002), (de Oliveira et al., 2006).

3.1.1 Sample decomposition by ashing

Drug ashing is used for complete elimination of organic matter, before analytical
determination and is based on the ignition of the organic matrix in air or in the stream of
oxygen, followed by the dissolution of the residue in an acid medium. This is one of the
cheapest sample preparation procedure. Larger quantities of the sample could be used and
the analyte could be concentrated into small volume of dilute mineral acid (HCI or HNO3).
This also make possible the use of aqueous standards for the calibration of equipment. The
main disadvantages of the dry ashing procedure for crude oils are the risks of contamination
or loss of the analyte due to the formation of volatile compounds. (Ekanem et al., 1998). The
addition of sulphur containing compounds has long been used for avoiding losses of Ni and
V by volatization during ashing (Udoh et al., 1992). The dry ashing takes longer time for
sample preparation with low sample preparation frequency.

3.1.2 Sample decomposition by wet digestion

The sample decomposition of organic constituents by wet digestion is achieved by the use of
oxidizing agents prior to analyte determination. Normally concentrated acids are applied
under heating, and the important aspects for consideration are the strength of the acids,
their oxidizing and complexing power, their boiling points, the solubility of the resulting
salts, safely in manipulation and purity (Amorim et al., 2007). The acids and oxidizing
agents used for oil samples include mixtures of nitric, hydrochloric and sulphuric acids and
hydrogen peroxide. This is also one way to overcome the difference in response caused by
the presence of different analyte compounds in the fuel by their conversion in water soluble
salts. The procedure is generally performed with larger volume of oxidizing acids (e.g. 10 ml
of acid per 0.5 g of sample) and time for complete decomposition is long (up to several
days). The use of sulphuric acid in wet digestion procedure for trace metal determination in
oils, suggested in literature has been reapproved as standard methods for the determination
of Ni, V and Fe in crude oils and residual fuels (Standard test methods, 2005).

3.1.3 Wet digestion assisted by microwave radiation

Wet digestions assisted by microwave radiation have been observed as safer and efficient.
The procedures minimize contamination and amount of reagents for sample preparations
(Ozcan and Akman, 2005), (Trindade et al., 2006). Microwave heating enhances the
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efficiency of acid digestion. US-EPA method 3051 (1994) reported microwave assisted acid
digestion procedure for 0.5 g of oil and other samples with 10 ml of nitric acid with 10 min.
of heating. Alvarado et al (1990) optimized a procedure for the microwave digestion of
crude oil samples using different proportions of HNO; and H,SO, for the analysis of Cr, Cu,
Fe, Mn, Ni, Na and Zn. Bettinelli et al (1995) examined microwave digestion of fuel oils in a
high pressure closed vessel and observed a decrease in sample decomposition time due to
higher temperature achieved. Using the conditions, difficult samples were also decomposed
completely. Munoz et al (2007) evaluated the use of different microwave ovens for the
decomposition of crude oils and diesel fuel to determine the contents of Cu, Pb, Hg and Zn
in the diagestates. A focused-microwave (FM) oven using HSO,/HNO3/H>O, operated at
atmospheric pressure, and a closed vessel microwave (CVM) oven using HNO;/H>O,
operated under pressure in a vessel, were evaluated. Better detection limits were reported
for FM digested solutions with 0.8 - 1.0 g of sample, in contrast low quantities (0.10 - 0.28 g)
were used when pressurized vessels were used. However the loss of Hg was verified when
samples were decomposed in the FM oven. Sant” Ana et al (2007) reported focused
microwave assisted procedure for the wet acid dissolution of diesel oil for the determination
of metals in samples. The dissolution process was monitored by measuring residual carbon
content (RCC) after application of digestion program. The dissolution program comprised
three steps: (1) carbonization with H>SO,, (2) oxidation with HNO; and (3) final oxidation
with HyO». It was reported that the first step was important on the dissolution process. At
optimized conditions it was possible to digest 2.5 g diesel oil with a 40 min. heating
program. At these conditions, residual carbon content was lower than 5%. Optimized
methodology was used in the determination of Al, Cu, Fe, Ni and Zn in three diesel oil
samples. Pereira et al (2010) described a method for light and heavy crude oil digestion by
microwave induced combustion in the closed vessel for the determination of Ag, As, Ba, Bi,
Ca, Cd, Cr, Fe, K, Mg, Li, Mn, Mo, Ni, Pb, Rb, Se, Sr, Tl, V and Zn. Conventional microwave
assisted digestion in pressurized vessels were also used for results comparison. Accuracy of
microwave-induced combustion method was evaluated for As, Ba, Ni, Se, V and Zn using
certified reference material with similar matrix. Recovery tests were better than 97% using 2
mol/L nitric acid as absorbing solution. Both sample preparation techniques were suitable
for crude oil digestion, but microwave induced combustion was preferable in the view of
possibility of using diluted nitric acid as absorbing solution. Mello et al (2009) applied
microwave induced combustion for the determination of Ni, V, S from crude oil distillation
residues. The results obtained agreed with certified values for Ni, V and S within 99 to 101%
using 2 mol/L HNO; as absorbing solution.

3.1.4 Dilution with organic solvents

The dilution of crude oils and derivatives with organic solvents is an attractive sample
preparation method, because it is simple and rapid and could be used for the determination
of the metals by spectro-analytical techniques. The solvents commonly used are xylene,
kerosene, methyl isobutyl ketone (MIBK), n-hexane, dimethylbenzene, 1-propanol and
mixture of these solvents. The procedure is widely used in industry (Batho et al., 1993),
(Botto and Zhu, 1996). Direct dilution of crude oils and residual fuels with an organic
solvent for the determination of Ni, V, Fe and Na is proposed in ASTM standard test
method (Standard test methods ASTM D 5863-00 a (2005). Ni and V in crudes and heavy
crude fractions were determined after dilution in xylene (Fabec and Ruschak, 1985). The
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solubilisation of crudes and its burning residues was carried out with MIBK for the
determination of V as well as Cd and Ni (Guidr and Sneddon, 2002), (Hammond et al,,
1998). Bethinelli and Tillarelli (1994) validated a procedure for the determination of Ni and
V in fuel oils based on the 1 + 9 dilution with xylene and calibration was with constant
organometallic standards, using base oil for matching the viscosity on fuel oil with known
metal contents. The procedure was compared with a series of independent methods in the
analysis of six samples with different metal contents. The results very close to the consensus
values were reported.

Dilution with organic solvents, in spite of simplicity has number of limitations (1) Analyte
concentration may change due to the evaporation of the solvent or due to the adsorption on
the walls of container (Campos et al., 2002), (2) The problems of plasma destabilization or
extinction in case of ICP technique and the contamination of the instrument with carbon
residues persist, as the organic load is not reduced with dilution, (3) The toxicity of many
organic solvents requires care to avoid and health hazard for laboratory personnel, (4)
different metal - organic compounds often exhibit different sensitivity and require use of
expensive organic standards for calibration (Vale et al., 2004). The standards may also show
a sensitivity difference from that of the metal organic compounds present in the fuel
(Teserovsky and Arpadjan, 1991).

3.1.5 Preparation of emulsion

A fuel sample may be modified by formation of emulsions or micro-emulsion (Three
component system). When two immiscible liquids are stirred, a macro emulsion is obtained
either oil in water (o/w, droplets of oil in water) or water in oil (w/o, droplets of water in
oil), depending on the dispersed phase. In emulsion and micro-emulsion the fuel is
dispersed in the aqueous phase as micro drops stabilized by micelles or vesicles generated
by the addition of a detergent. The emulsion that is formed is mainly related to the
formulation and to the lesser degree to the o/w ratio. In the case of micro-emulsion without
detergent a co-solvent allows the formation of a homogenous and long term stable three
component solution containing the aqueous and organic phase (das Gracas Andrade Koen
et al., 2007), (Pelizzeti and Pramauro, 1985). The procedure enables to use aqueous
standards for calibration without the need of sample mineralization. A surfactant with a
suitable hydrophilic-lyophilic balance is used in the preparation of emulsion, which permits
relatively high solubility between the immiscible phases. In the case of detergentless
microemulsions, an alcohol of low molecular weight is added as co-solvent (Cardarelli et al.,
1986). Emulsions and micro-emulsions have been successfully applied for the preparation of
oil samples, due to homogenous dispersion and stabilization of the oil micro-droplets in
aqueous phase, which reduces oil viscosity and the organic load of the system.

Kumat and Gangadharen (1999) applied Triton X-100 emulsions to the determination of V,
Co, Ni, As, Hg and Pb in naphtha. Murillo and Chirinos (1994) examined non-ionic
emulsifier, polyoxyethylene nonylphenylether for heavy crude oils because of its slightly
higher hydrophile-lipophile balance, which enabled higher solubility in water through
hydrogen bonding. Souza and da Silveira (2006) reported detergentless emulsions for the
determination of elements in crude oils by using acidified water for element stabilization
and propan-1-ol as a co-solvent. Meeravali and Kumar (2001) determined Ni and V in
naphtha and fuel oils after emulsion formation. The oil samples were diluted in toluene, and
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this solution was emulsified by stirring with 3% Triton X-100 in water. Calibrations were
prepared with organometallic standards following the same procedure. The emulsions were
stable from 20 to 50 min. Good agreement between found and certified results was reported.
Vale et al (2004) optimized the emulsification of petroleum for the determination of the
nickel. They stabilized samples and analytic solutions as an o/w emulsion consisting of
xylene, Triton X-100 and water. Ultrasonic bath was used in the emulsification process and
the mixture was further homogenized just before the measurement by manually flushing
them with a micropipette. Aucetio et al (2004) determined V in the asphaltene petroleum
fraction. The analytic solution was stabilized by mixing with propan-1-ol and 6 mol/L
HNO; forming a detergentless micro-emulsion. The micro-emulsion was immediately
formed and was reported to be stable upto 80 h. Calibration was performed by spiking in
organic V in the same micro-emulsion medium. A comparison with established methods
(acid digestion or dilution in organic solvent) shows that emulsion or micro-emulsion
methodology presents advantages in terms of simplicity of sample preparation, total
analysis time, long term sample stability and the use of inorganic standards for calibration
instead of expensive metal organic standards (Anorim et al., 2007).

3.1.6 Direct analysis of crude oil

Direct analysis using little or no sample preparation has the advantage of time saving and
minimum risk of analytic loss. This technique has been applied for highly viscous liquids
and has been examined for the determination of Ni (Brandao et al., 2006), Ni and V (Silva et
al., 2007) and Cu, Fe and V (Brandao et al., 2007) in oil samples. However there are some
general problems such as volatility, flammability and immiscibility with water. In addition
to the problems related to the complexity of the matrix, organic standards, which are
indispensable in case of direct sample introduction, are unstable and there are no certified
reference materials available for these samples. It is therefore necessary to compare the
accuracy of the developed method with results obtained with independent technique,
particularly with respect to the sample preparation.

3.1.7 Analyte extraction

Extraction for the analyte from the fuel can be used for sample preparation, which combines
the advantages of separating the analyte from the matrix, transferring it to an aqueous phase
and may also result in preconcentration. Liquid-liquid extraction procedures present as
main advantage for their simplicity. Akinlua and Smith (2010) reported the extraction of
trace metals from petroleum source rock by superheated water and the conditions for
maximum yield were determined. The optimum temperature for superheated water
extraction of the metals from petroleum source rocks was 250°C. The extraction time was 30
min. The leaching of Cd, Cr, Mn and Ni had better yield with superheated water, while V
had better yield with acid digestion.

Solid phase extraction is a useful separation and preconcentration procedure for the
determination of trace metals in fuels. It is based on the partition between a liquid (sample)
and a solid phase (sorbent), which can be unloaded, load on chemically modified with
organofunctional groups (Koen et al., 2006). After pre-concentration the analyte is recovered
by elution with an appropriate solvent or directly determined in the solid phase.
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3.2 Atomic absorption spectrometry
3.2.1 Flame Atomic Absorption Spectrometry (FAAS)

FAAS indicates inherently low sensitivity for metal determinations and a few reports are
available in the literature involving the direct analysis of crude oils by FAAS. A sufficiently
large sample mass may compensate for lower FAAS sensitivity with longer analysis time.
Platteau and Carriillo (1995) determined Fe, Na and Ni in crude oils by FAAS. Ni, V and Fe
in crude oils and residual fuels have been determined by FAAS after ashing with H>SO,
(standard test methods ASTM 2005). Fabec and Ruschak (1985) determined Ni and V in
crudes and heavy crude fraction by FAAS after dilution in xylene. Guidr and Sneddon
(2002) determined V by nitrous oxide : acetylene flame AAS and (Hammond et al., 1998)
analyzed Cd, Pb and Ni by FAAS in crudes and its burning residues after solublization in
MIBK. Osibanjo et al (1984) determined Ni, Cu, Zn, Na, Pb, Cd and Fe by FAAS in
petroleum crudes after dilution with toluene - acetic acid mixture. Calibration was
performed with inorganic salts and by analyte addition. Sebor et al (1982) discussed FAAS
analysis of crude oils using dilution methods with different solvents or solvent mixtures.
Different organic compounds of the same element present different responses in the flame,
no matter if an air or a nitrous oxide acetylene flame was used. This led to calibration
difficulties as well different responses depending on the organometallic composition of the
sample. De la Guardia and Lizondo (1993) determined Ni in fuel oil by FAAS using 4% v/v
oil-in-water emulsion.

3.2.2 Electrothermal Atomic Absorption Spectrometry (ET-AAS)

ET-AAS with a graphite furnace is a useful analytical technique for metal analysis from
crude oils, because of its high sensitivity and capability to deal with organic loads. In
addition ET-AAS requires only small amount of sample. ET-AAS make possible direct
analysis of crude oils, because it allows complete elimination of organic matrix, if an
appropriate heating program and suitable chemical modifiers are used (das Graces Andrade
Koren, 2007).

Turunen et al (1995) determined As, Cd, Cr, Cu, Mn, Ni, Pd and V in heavy oils by ET-AAS
after acid digestion with HNO;-H>SO4 mixture. Alvarado et al (1990) analyzed Cr, Cu, Fe,
Mn, Ni and V by ET-ASS after micro-wave digestion of various crude oil samples. Bruhn
and Cabalin (1983) proposed determination of Ni in gas oil after dilution with xylene by ET-
AAS, analyte addition was used for quantitation. Gonzalez et al (1987) determined V, Ni, Fe
and Pb in crude and fuel oils following dilution with xylene and MIBK. The quantitation
was by analyte addition calibration curves. Bermejo-Barrera (1991) determined V in
petroleum samples by ET-AAS after dissolution in xylene. They proposed that the crude oil
is diluted to the extent that matrix interference is eliminated. Thomainidis and Piperaki
(1996) examined the behavior of a series of chemical modifiers for the determination of V in
a water and oil matrix. In the determination of V in a multi-element standard diluted with
MIBK, the addition of Pt as modifier enhanced the pyrolysis temperature from 1000 to 1400
oC with improvement in the sensitivity. Stigter et al (2000) determined Cd, Cr and Cu in
crude oils by ET-AAS using Zeeman-effect background correction as well as oxygen ashing
during the pyrolysis step. Finally they used mixture of toluene and acetic acid 4:1 v/v as a
solvent for dissolution of the samples. Nakamoto et al (2004) determined V in heavy fuel oils
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using tungsten coated graphite furnace. The effect of sulphur interference on the
determination was examined. The sulphur content less than 1% can be tolerated. An
agreement between proposed and comparative procedures was reported. Meeravali and
Kumar (2001) analyzed Ni and V in naphtha and fuel oils after emulsion formation by ET-
AAS using W-Ir as permanent modifier. The oil samples diluted in toluene was emulsified
with 3% Triton X-100 in water. Calibration was performed with organometallic standards
prepared in same manner. Burguera et al (2003) analyzed Cr in heavy crude oil and in
bitumen in water emulsion by ET-AAS after sample emulsification. Vale et al (2004)
optimized the determination of Ni in petroleum using both line source and high resolution
continuum source ET-AAS. They stabilized sample and analyte solutions as an emulsion
consisting of xylene, Triton X-100 and water. The authors observed a significant Ni loss at
pyrolysis temperature of 500 °C, most probably due to the presence of volatile Ni species.
However better results were reported at pyrolysis temperature of 400 °C. Aucelio et al (2004)
determined V in the asphaltene petroleum fraction by ET-AAS. The solution of the sample
was stabilized by mixing with 1-propanol and HNO;, forming detergentless micro-
emulsion. Calibration was performed by spiking inorganic V in the same micro-emulsion
medium. Damin et al (2005) determined Ni and V in oil samples by line source ET-AAS, Pd
(20 pg) was used as chemical modifier. Good agreement was reported between found and
expected values. Quadros et al (2010) determined Ni and V simultaneously as their total and
nonvolatile fractions in crude oil samples using high resolution continuum source graphite
atomic absorption spectrometry. Determination was carried out at 305.432 nm and 305.633
nm for Ni and V respectively using linear charge - coupled device array detection. Oil-in-
water emulsions were used for crude oil sample preparation. Nitric acid was added to
emulsion for the determination of total Ni and V concentration. In the absence of acid
volatile fraction was lost in the pyrolysis and thermally stable fractions were determined.
The concentration of the volatile fraction was obtained by difference. Vale et al (2006) used
ET-AAS to differentiate between volatile and nonvolatile Ni and V compounds in crude oil.
Two crude oil samples were separated in two steps: firstly the asphaltenes were precipitated
with n-heptane. Another portion was loaded on a silica column and eluted with solvents of
increasing polarity. Four fractions 1, 2, 3 and 4 were separated. Oil in water emulsions were
prepared for determination of Ni and V by ET-AAS. The analysis was carried out without
chemical modifier (stable compounds) and with 20 pg Pd (Total Ni and V) and the volatile
fraction was calculated by difference (Fig.1). Brandeo et al (2007) proposed a procedure for
direct determination of Cu, Fe and V in petroleum samples by ET-AAS using a solid
sampling accessory without any sample pretreatment or dilution. A Pd + Triton X-100
solution was used as chemical modifier. The limits of detection at the optimized conditions
were 10, 200 and 800 pg for Cu, Fe and V respectively for sample masses ranging 0.10-3.0
mg. Aqueous calibrations were used for quantitation. Luz and Oliveira (2011) determined
Cr, Fe, Ni and V in crude oil using emulsion sampling by ET-AAS. The emulsion was
prepared in a mixture of n-hexane + Triton X-100, Mg(NOs), was used as chemical modifier.
The reliability of the proposed method was checked by fuel oil standard reference material
analysis. Dittert et al (2010) simultaneously determined Co and V in crude oils by high
resolution continuum source ET-AAS, V and Co were determined at 240.674 nm and 240.725
nm. The samples were analyzed directly without dilution; Pd and Triton X-100 were added
as chemical modifiers. Aqueous solutions were used for calibration. Two certified oil
reference materials were analyzed and results were in agreement with certified and reported
values.
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Fig. 1. Absorbance spectrum for the OB-2 crude oil sample emulsion in the vicinity of the
vanadium secondary line at 305.633nm, with a pyrolysis temperature of 1000 °C,
Wavelength resolved integrated absorbance spectrum (Quadros et al. 2010) with permission.

3.2.3 Chemical vapour generation AAS

The elements Hg, As and Sb are present in the fuels at low concentrations and chemical
vapour generation (CVG) technique can be applied to provide required sensitivity. However
CVG when applied to crude oils is susceptible to spectral interference from aromatic organic
compounds in the gas stream. Cold vapour (CV) technique for mercury and hydride
generation (HG) technique for As & Sb requires the analyte to be present in inorganic form
in a defined oxidation state. Therefore the applications of CVG to the analysis of fuels
generally requires complete mineralization of the metal-organic compounds and separation
from organic phase (das Gracas Andrade Korn, 2007). Campbell and Karnel (1992)
determined As, Sb and Se in oil waters by hydride generation AAS, after complete oxidation
of the organic matrix using microwave-assisted digestion in the closed system. Puri and
Irgolic (1989) determined As in crude oils after extraction of As in boiling aqueous nitric
acid, followed by mineralization of the extract with concentrated HNO;3;/H>SO; and
reduction of arsenate to arsine in hydride generator. Wilhelm and Bloom (2000) have
reviewed mercury in petroleum and have described the use of cold vapour AAS for
sensitive detection of mercury.

3.3 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

ICP-OES has the advantage of multi-elemental detection capability and offers a wide linear
dynamic range. However, the introduction of organic solvents, such as fuels cause plasma
destabilization or even plasma extinction and the use of ICP accessories may be necessary,
such as direct injection nebulizer, ultrasonic nebulizer with micro-porous membrane
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dessolvator, a thermostated condenser between the spray chamber and the plasma torch or
a chilled spray chamber. Alternatively the sample is digested to obtain aqueous solutions
(Das Gragas Andrade Korn (2007).

Botto (1993) and Botto and Zhu (1996) determined metal by ICP-OES in petroleum oils after
dilution with organic solvents. Souza et al (2006) determined Mo, Zn, Cd, Ti, Ni, V, Fe, Mn,
Cr and Co in crude oil by ICP-OES using detergentless emulsions comprising of acidified
water for element solublization and propan-1-ol as a cosolvent with the addition of oxygen
to the nebulizer gas flow. Fabec and Ruschak (1985) determined Ni and V in crudes and
heavy crude fractions by ICP-OES after dilution in xylene. Mello et al (2009) determined Ni,
V and S in crude oils distillation residues by ICP-OES after digestion of sample by
microwave induced combustion. De Souza et al (2006) determined Mo, Cr, V and Ti in diesel
and in used fuel oil by ICP-OES. Detergent and detergentless emulsion sample preparation
procedures were evaluated and better results were obtained for detergent emulsions with
recoveries ranging from 90.1-106.5%. Borszeki et al (1992) determined Al, Cr, Cu, Fe, Mg, Ni
and Pb in oil and petroleum products by ICP-OES using a minitorch. The samples were
prepared as aqueous emulsions. Quantitation was with aqueous standards and the results
were in good agreement with those obtained using oil standard solutions. Brenner et al
(1996) determined lead in gasoline by ICP-OES using argon and argon-oxygen as plasma
gas.

3.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS is highly sensitive multielement technique, but the introduction of organic solvents
and the compounds in plasma requires special care similar to ICP-OES, because the organic
load may destabilize or extinguish the plasma. ICP-MS encounters additional problems of
formation of carbon deposit on the sampler and skimmer cone and in the ion lens of the
mass spectrometer and spectral interferences owing to carbon based species (Lord et al.,
1991), (Brenner et al., 1997). In ICP-MS spectral interferences may also occur as crude oil
contains a number of elements at low concentrations (ng/g) levels (Tan and Horlick, 1986).
The effect of polyatomic interferences may be minimized by the choice of alternate isotopes
or the use of desolvation system to reduce the solvent load (Jakubowski et al., 1992). The
problem of the deposition of carbon on the sampler and skimmer cone in ICP-MS was
decreased by the addition of O, to the argon (Magyar (1986).

Duyck et al (2002) determined Ag, Al, Ba, Cd, Co, Cu, Fe, La, Mg, Mo and Mn in residual
fuel oil and crude oils by ICP-MS after dilution of the samples in toluene, using ultrasonic
nebulization. Good accuracy was reported for the determinations of the metals. Wondimu et
al (2000) analysed residual fuel oil for Ag, Al, As, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe and Hg by
ICP-MS after micro-wave acid decomposition. H) O, was used after acid decomposition for
better carbon removal. Lord (1991) determined Li, Al, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Sr, Mo,
Ag, Cd, Sn, Sb, Ba and Pb in crude oils by ICP-MS with mciro-emulsion sample
introduction. Kowalewska et al (2005) determined Cu in crude oils and crude oil distillation
products by ICP-MS after ashing and micro-wave assisted decomposition of analyte and
transferred to aqueous solution. Good recovery of Cu was reported. Kelly et al (2003)
determined Hg in crude oils and refined products by cold Vapor ICP-MS after
decomposition of the sample by closed system combustion. Botto (2002) analysed crude oil,
petroleum naphthas and tars for Na, P, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, As, Y, Mo, Cd, Sn, Sb,
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Hg, Pb and Bi by ICP-MS using direct injection technique after the dilution of the samples in
xylene. Al-Swaidan (1996) determined Pb, Ni and V in crude oil by coupling sequential
injection with ICP-MS. A microemulsion crude oil sampling procedure was used. The
quantitation was by standard addition technique using oil soluble organometallic elements.
Pecira et al (2010) analyzed light and heavy crude oil for the determination of Ag, As, Ba, Bi,
Ca, Cd, Cr, Fe, K, Mg, Li, Mn, Mo, Ni, Pb, Rb, Se, Sr, Ti, V and Zn by ICP-MS after micro-
wave induced combustion in closed vessel. Akinlua et al (2008) determined rare earth
elements of crude oil from the offshore-shallow water and onshore fields in the Niger delta
by ICP-MS. The samples were prepared by acid digestion into colourless aqueous solutions.
The concentrations of the detected elements La, Ce, Pr, Nb, Sm, Eu, Gd, Dy, Er and Yb
ranged from 0.01-1.58 pg/L with an average of 0.98 pg/L (% RSD < 5).

3.5 Chromatographic techniques

Chromatography is a separation technique and has been used for the determination of metal
ions in crude oils. The methods are based on determination of total metal ions, after
complete mineralization of the crude oil or as metalloporphyrins using hyphenated
techniques..

Quimby et al (1991) described selective detection of volatile Ni, V and Fe metalloporphyrins
in crude oil samples. Gas chromatography connected with an atomic emission detector
(AED) was used for the simultaneous detection of Ni 301.2 nm, V 292.4 nm and Fe 302.1 nm.
Detection limit for these metals ranged from 0.05-5 pg/sec. The presence of volatile forms of
these metals in several crude oil samples was confirmed.

Les Ebdon et al (1994) examined high temperature gas chromatography (HTGC) and
high performance liquid chromatography (HPLC) coupled to ICP-MS for the
determination of geoporphyrins from crude oil. HTGC-ICP-MS was used for rapid
identification of Co, Cr, Fe, Ni, Ti, V and Zn metalloporphyrins. Quantitative data was
obtained by HPLC-ICP-MS and HPLC with UV absorption detector. Levels of Ni
geoporphyrins were in the range 15-20 ug/g. Khuhawar et al (1996) determined V in
crude petroleum oils from lower Indus basin oil fields by GC after wet acid digestion.
Tetradentate ligand bis(trifluoroacetylacetone)dl-stilbenediimine was used as chelating
reagent for elution from GC column BP-1. Khuhawar and Arain (2006) reported liquid
chromatographic method for the determination of V in the petroleum oils using 2-
acetylpyridine-4-phenyl-3-thiosemicarbazone as derivatizing reagent from Kromasil 100
C-18 column. The vanadium contents were reported 0.32-2.3 ug/g with RSD 1.5-4.5%.
Khuhawar et al reported normal phase HPLC procedure for the determination of V
from crude petroleum oils using bis(salicylaldehyde) tetramethylethylenediimine as
complexing reagent. The V contents in petroleum oils were reported 0.47-0.54 ug/g.
Amoil et al (2006) analyzed V, Ni. Fe and Cu by HPLC using 10 cm reversed phase
HPLC column. The metals were extracted with 8-hydroxyquinoline from acidic
medium. The recoveries of metal ions were reported within 85-99% with HPLC
separation time less than 4 min. Khuhawar and Lanjwani (1996) described simultaneous
HPLC determination of Cu, Fe, Ni and V in crude petroleum oils based on pre-column
complexation of analytes by bis(acetylpivalylmethane)ethylenediimine, followed by
solvent extraction and HPLC separation on a reversed phase C-18 column with UV
detection at 260 nm. The crude petroleum oils collected from the Indus south basin oil
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fields were analyzed for metal contents. Caumette et al (2010) coupled size exclusion
chromatography (SEC) and normal phase (NP) HPLC with ICP-MS and investigated
molecular distribution of Ni and V in crude oils. The metal species in SEC fractions
were reported to be sufficiently stable to be collected and preconcentrated to allow the
development of a bidimensional chromatography SEC-NP-HPLC -ICP-MS for the
probing of the metal distribution in crude oils in terms of molecular weight and
polarity. Ellis et al (2011) coupled GC with ICP-MS for the determination of Ni and V in
crude oils and its fractions. The method required a transfer line and ICP injector heated
at 350 °C for rapid transfer of separated species from GC to the ICP-MS in heated argon
gas. Ni and V determination was carried out in different crude oils. Mirza et al (2009)
reported the determination of Fe. Co, Ni and V from crude petroleum oil samples after
chelation with  Dbis(salicylaldehyde) tetramethylethylenediimine by miceller
electrokinetic chromatography (MEKC). Uncoated fused silica capillary was used with
an applied voltage of 30 kV with photodiode array detection at 228 nm. SDS was added
as miceller medium at pH 8.2 with sodium tetraborate buffer (0.1M). The
determinations of Fe, Cu, Co, Ni and V in crude petroleum oils were reported with RSD
within 1.1-4.1% (n=3) (Fig.2). Zeng and Uden (1994) used high temperature GC coupled
with micro-wave induced plasma atomic emission for the determination of V, Ni and Fe
porphyrins in crude oils.
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Fig. 2. Analysis of crude oil sample (1) H:SA»Ten, (2) Co(Il), (3) V(IV), (4) Fe(Il), and (5)
Ni(II), as chelates of H;SA,Ten., on uncoated silica capillary with total length 50 cm and
effective length 38.8 cm with 75 um id at 25°C. Run buffer tetraborate (0.1 M), SDS (0.04 M)
3:1v/v, voltage 30 kV, pH 8.2, and photodiode array detection at 228 nm (Mirza et al 2009)
with permission.
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3.6 Other techniques

Other techniques can be used, but they are not widely reported. Gondal et al (2006)
examined laser induced breakdown spectroscopy (LIBS) for the analysis of Ca, Fe, Mg, Cu,
Zn, Na, Ni, K and Mo from Arabian crude oil residue samples. The dependence of time
delay and laser beam energy on the elemental spectra was investigated. Quantitation was
carried out by calibration of LIBS system with standard samples containing these trace
elements. Mumoz et al (2007) examined electroanalytical stripping techniques for
determination of Cu, Pb, Hg and Zn from crude oil and petroleum based fuels. The samples
were decomposed by different microwave ovens before determinations. Square-wave
stripping voltametry (SWSW) and stripping chromopotentiometry (SCP) at gold film
electrodes were applied for Cu, Pb and Hg. Potentiometric stripping analysis (PSA) at
mercury film electrodes was applied for Cu, Pb and Zn. SCP presented higher sensitivity for
Cu and Hg at gold electrodes. PSA at mercury electrodes was preferred for Pb and Zn
determinations. Xu et al (2005) extracted Ni and V petroporphyrins from Chinese heavy
crude oils and then purified by silica gel chromatography. The extraction and purification
were monitored using ultraviolet visible spectroscopy and the total petroporphyrins were
analyzed using laser desorption ionization coupled with time of flight mass spectrometry.
Yang et al (2003) determined Fe, Cu, Zn and Pb of engine oil by mild acid digestion and
energy dispersive X-ray fluorescence spectrometry. A small aliquot (0.5 ml) of the acid
digested sample was spotted onto a C-18 solid phase and then analyzed directly by X-ray
fluorescence spectrometry.

3.7 Speciation of metal ions

Speciation studies are also directed towards isolation and identification of elements in
different forms in crude oils. More is reported on V and Ni species. In majority of these
studies focus has been the organometallic forms. The information may be of help in
development of metal removal methods and in understanding the molecular environment
associated in crude oils. The hyphenated HPLC and GC with ICP-MS, ICP-OES, and AAS
have been examined (Les Ebdon et al., 1994), (Kumar et al., 1994), (Fish and Komlenic, 1984),
(Fish et al., 1984), (Tao et al., 1998) for speciation studies of V, Ni and Hg in heavy crude
petroleum, asphaltenes and natural gas condensates. Margueza et al (1999) used FAAS in
comparison of three analytical methods to isolate and characterize V and Ni porphyrin from
heavy crude oils. Lepri et al (2006) have carried out speciation analysis of volatile and
nonvolatile vanadium compounds using high resolution continuum source atomic
absorption spectrometry with a graphite furnace, taking advantage of higher volatility of the
vanedyl porphyrin complexes, compared to nonporphyrins. Ackley et al (2005) examined
capillary electrophoresis for the separation of metalloporphyrins, however the separation
was limited to ionizable metalloporphyrins (with COOH functional group).

4. Conclusion

A significant improvement in the analytical instrumentation has been observed during last
decade which has enabled to improve the sensitivity and selectivity of the determinations.
The choice of the methodology for the determination of elements should be based on the
matrix, the elements to be determined and the equipment available. Sample decomposition
by wet digestion, preferably with microwave assisted heating is more robust and accurate
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than direct sample introduction after dilution. Sample dilution is attractive because of its
simplicity, but complete solublization may be difficult due to the complex nature of the
crude oil. The concentration of the diluted solution may change rapidly due to the
adsorption on the walls of the container. Alternatively dilution with the three component
system (emulsions and micro emulsions) are reported to provide better precision and
accuracy of results. The use of aqueous standards for calibration is an added advantage.
Electrothermal AAS with graphite furnace atomizer and ICP-MS appear to be more sensitive
techniques. In case of ET-AAS stabilization of volatile compounds during pyrolysis step
must be considered. The use of appropriate modifier, even for the element known as a
nonvolatile may be necessary. ICP-MS requires periodic cleaning of lens, sampler and
skimmer due to carbon build up. Polyatomic interferences in quadruple ICP-MS must also
be considered. Metal speciation using hyphenated techniques has important place in oil
analysis for less explored crude oils and resins.
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1. Introduction

Our goal was based on environment questions. Environmental accidents involving crude
and by-product oils have motivated laboratory research to evaluate photodegradation in
monitored environments, as well as the characterization of crude and by-product oils. EPR
was the spectroscopic technique used as analysis tool.

2. What is EPR?

Electron paramagnetic resonance (EPR) or Electron spin resonance (ESR) is a high resolution
spectroscopy that consists in energy absorption of microwave, for electron spin, in the
presence of a magnetic field (Ikeya, 1993). As the name itself suggests, EPR is applied in
samples containing some paramagnetic species or used as an investigative method, to verify
the presence of some paramagnetic species. Paramagnetism is characteristic of species with
a total magnetic moment different from zero.

Paramagnetism of organic molecules arises almost entirely from unpaired electron spins
(Gerson & Huber, 2003). The spin quantum number (S) is the sum of the corresponding
numbers, 1/2 of the unpaired electrons. The two possible configurations for an unpaired
electron in the presence of an external magnetic field (spin up and spin down) have different
energies, which are represented by energy level diagrams (Fig. 1). In the absence of an
applied magnetic field, the two spin states are of equal energy (Bunce, 1987).

Energy showed in different spin states in the presence of an external magnetic field is
known as "Zeeman effect" and depends on H and the magnetic moment (gBfMs) of the
electron (Ikeya, 1993). The Zeeman energy is given by

E, = gBHM, @)

According to the above equation, the energy levels to an unpaired electron have energies
equal to

E,. = +5gBH )

and
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E, =—>gpH ©®)
corresponding to spin up (M = + ;) and spin down (M; = — %) respectively.
E A
hv
H H

Fig. 1. Energy levels of a single electron in presence of an external magnetic field.

If an oscillating field of radiation in the microwave range acts on an unpaired electron in the
presence of a magnetic field, transitions between two energy states are possible. The
transition between energy levels will only occur when the following resonance condition is
satisfied:

hv = gBH 4)

This happens when the incident radiation is equal to the separation between the Zeeman
energy levels. hv is the energy of the absorbed photon, f is a constant for the electron, the
Bohr magneton, H is the external magnetic field, and g (g-factor) is a constant characteristic
of spin system (approximately 2.0 for organic free radicals) (Janzen, 1969). The g-factor is
sensitive to the chemical neighborhood of the unpaired electron.

In EPR spectroscopy it is common to record the spectrum as first derivative curve (Fig. 2a),
as opposed to the direct absorption curve (Fig. 2b), which is the conventional presentation in
high-resolution NMR (Bunce, 1987).

H
Fig. 2. a EPR spectrum as a first derivative curve; b Absorption curve.
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In addition to the interaction of the unpaired electron with the external magnetic field,
interaction can also occur with the nuclei of atoms. If the nucleus of the paramagnetic ion
has a magnetic moment, this will interact with the electronic moment, resulting in hyperfine
structure in the EPR spectrum (Orton, 1968).

The interaction of the unpaired electron with the nucleus splits the electron energy levels,
generating a structure called spectral hyperfine structure or hf splitting (Poole, 1967). Each
"M; state" being split into a closely spaced group of (2 + 1) levels (Orton, 1968). Iis the
nuclear spin quantum number. The way in which these give rise to hyperfine splitting of the
resonance lines is illustrated in Fig. 3.

1/
t7

_Y
ho+h

Fig. 3. Schematic diagram of the hf splitting for unpaired electron interaction with a nucleus
of nuclear spin I =1/2.

Transitions are allowed under the following selection rules: AM = +1, for electron spin
levels splitting, and Am = 0, for nuclear spins. For the sample taken, the allowed transitions
are indicated by arrows in Fig. 3. Each one of these transitions gives rise to a resonance line
in the EPR spectrum (Fig. 4). The spacing between the observed lines, usually in gauss,
provides the hyperfine coupling constant (A). The spacing between lines is always
symmetrically disposed about the center of the spectrum.

Fig. 4. Resonance lines for unpaired electron interaction with a nucleus of nuclear spin I =
1/2 and indication for the hyperfine coupling constant (A).
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In crude and by-product oils, the paramagnetic species presence allows that the RPE
technique assists to elucidate the complex chemical composition of these systems. Petroleum
and related materials such as heavy oils, asphalt, pitch coal tar, tar sands, kerogen, and oil
shale have been studied by EPR (Ikeya, 1993).

3. Crude oil by EPR

The EPR spectra of crude oils show signals of two different paramagnetic centers, namely, the
vanadyl group VO?2* and free radical (Guedes et al., 2001, 2003). These are overlapped in the
same magnetic field range (Fig. 5a), being the very intense central line associated with organic
free radical (Montanari et al., 1998; Scott & Montanari, 1998; Yen et al, 1962) (Fig. 5b).

The free radical gives rise to a single line corresponding to the transition between the spin
+1/2 and — 1/2. This line is interpreted as resulting from the superposition of the signals of
the different species of free radicals with very close values of g-factor in crude oil
asphaltenes (Guedes et al., 2001, 2003).

€ b

—_AJLW Wk ~——— J\

Fig. 5. a EPR spectrum for Brazilian crude oil; b Signal of the free radical; ¢ Simulated
spectrum for VO2* (Guedes et al., 2001).

To try to understand the free radical line, Arabian crude oil (Arabian Light Crude Oil) and
Colombian crude oil (Cusiana Crude oil) were studied by EPR in X- (9 GHz), Q- (34 GHz),
and W- bands (34 GHz). The spectra obtained at different frequencies are shown in Fig. 6
and Fig. 7.
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Fig. 6. Free radical EPR spectra of Arabian crude oil at room temperature obtained in: a X-
band; b Q- band; ¢ W- band; AH; ; is the half height separation of the EPR derivative peak
and AH,, is the separation of the EPR derivative peak (Di Mauro et al., 2005).
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Asymmetrical lines of the free radical were observed in all EPR spectra (Figs. 6 and 7).
However, asymmetry was more pronounced in the spectra obtained in the W- band (Figs. 6¢
and 7c). The asymmetry in the line is due to the superposition of all the possible orientations
of the paramagnetic species in the system and to the contributions of different chemical
species that interact with the unpaired electron.
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Fig. 7. Free radical EPR spectra of Colombian crude oil at room temperature obtained in: a
X- band; b Q- band; ¢ W- band (Di Mauro et al., 2005).

The values of the line width AH in the spectra increased linearly with the microwave
frequency utilized in EPR experiments (Fig. 8). The AH values are obtained directly from the
EPR spectrum, according to the representation shown in Fig. 6c.
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Fig. 8. Line width AH of the free radical signal versus microwave frequency of EPR spectra
recorded in the X-, Q- and W- bands at room temperature. W, AH,,, (Arabian petroleum); ®,
AH,, (Colombian petroleum); A, AH, ;, (Arabian petroleum);¥, AH, ;, (Colombian
petroleum).

The increase in values of the line width AH could be due either, to the superposition of all
the possible orientations of the paramagnetic species with anisotropic g-factor in the system
and/or to the contribution of different chemical species with a different g-factor to the free
radical. If the line is the result of a single chemical species, the first cause would be entirely
responsible for the broadening of the line with the variation of the microwave frequency
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and we would be able to mathematically simulate the signal, thus acknowledging that it
corresponds to a single species. However, a mathematical simulation of the free radical
signal for the EPR spectra in three bands (X-, Q-, and W- bands) with a set of parameters
corresponding to a single species does not coincide exactly with the experimental signal,
signaling that the hyperfine interaction of the unpaired electron with neighborhood
correspond to more than one species of radical in the molecular structure of the crude oil
asphaltenes (Di Mauro et al., 2005).

The vanadyl compounds (VO2*) produce EPR signals less intense (Fig. 3c), with anisotropic
g-factor and hf splitting. For the vanadium in the presence of an external magnetic field, the
interaction of electron spin (S = 1/2) with the nucleus V5! (I = 7/2) has 16 possible states

distributed between the two values S (Ms = + % and Mg = — %), as shown in diagram (Fig. 9).
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Fig. 9. Schematic diagram of the hf splitting for unpaired electron interaction with a nucleus
of nuclear spin I = 7/2 and allowed transitions to vanadyl compounds (VO2*).

The expected spectrum, considering the allowed transitions for vanadium (+4) in natural
asphaltenes, is composed of sixteen axially anisotropic lines (Fig. 10), being eight lines for
the direction parallel, and eight lines for the direction perpendicular to the applied magnetic
field. This EPR spectrum from crude oil asplaltenes is similar to the spectrum of
etioporphyrin (I) when dissolved in low-viscosity oil (O'Reilly, 1958; Saraceno et al., 1961).

The spectrum of vanadyl can be interpreted in terms of the following spin Hamiltonian with
axial symmetry (O'Reilly, 1958):

H = g”,BHZSZ + gJ_,B(HxSX + HySy) + A||IZSZ + AJ_(IXSX + IySy) (5)

When the molecule is rotating about with a correlation time much shorter than the
reciprocal of the spread of the spectrum in frequency, Eq. (5) is reduced to an “isotropic”
Hamiltonian, with gy = (1/3)(g; + 2g.)(O’Reilly, 1958).
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Fig. 10. Simulated spectra of VO2*in crude oil and indication of lines corresponding to the
parallel and perpendicular directions in relation to the applied magnetic field.

EPR spectra with hyperfine interaction assist in the identification of the porphyrin or non-
porphyrin vanadium complexes in crude oil (Saraceno et al., 1961; Espinosa et al., 2001). The
experimental parameter used in this identification is Ag, (chemical shift), which expresses
chemical changes. This is calculated from the spectroscopic factors go{Agy = (2.0023 — g¢) X
103} (Dickson & Petrakis, 1974). The different values obtained experimentally for the Agy
parameter represent structural differences in the distribution of the ligands around the VO2*
in complexes.

4. Degradation of Crude oil by EPR

Since laboratory monitoring has shown photochemical degradation of crude oil, an efficient
process for oil oxidation and removal must also occur in the environment (Guedes, 1998).
Several scientific investigations have been carried out in an attempt to reduce the actual
damages caused by-products that attack nature. In some studies, sunlight and artificial light
were used on crude oil in order to verify the changes caused by all sunlight spectrum and
some specific wavelengths. Monitoring the paramagnetic species in crude oil by EPR is
possible to follow the changes in the molecular structure of the oils, once it reflects changes
in the unpaired electron neighborhood.

4.1 Degradation by artificial light

Crude oils were irradiated with Hg lamp and He-Ne laser. Two types of oil were used, with
three different samples. One sample is from Campos Basin - R]. The other two were
obtained from Arabian oil: part of the oil was used without treatment (total Arabian oil),
and part was distilled at 260 °C, (partial Arabian oil). The oil samples were subjected to
irradiation under commercial mercury lamp (street lighting), of 450 W, which had its
protective cover removed. Oil samples were also subjected to irradiation under He-Ne laser
with an output of 15 mW and monochromatic emission of 632 nm. EPR measurements were
performed on the BRUKER ESP 300E Series equipment, operating in X- band (9 GHz) at
room temperature.
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Hg lamp | He-Ne laser
Brazilian crude oil
A, 4 A, A4
Time  107* 10~ Jo Ago | Time  107* 10~ Jdo Ago
cm? cm-! cm? cm-!

Oh 54.0 156.0 1980 2238 Oh 54.0 156.0 1.979 228

2h 54.0 156.0 1986 17.0 85h 53.5 155.5 1.963  39.0

9h 54.0 157.0 1990 126
Arabian crude oil

Oh 54.0 156.0 1980 228 Oh 54.0 156.0 1979 228

2h 54.0 156.0 1985 17.0 85h 53.5 155.0 1.963  39.0

9h 54.0 156.0 1.990 126
Partial Arabian oil

Oh 54.0 157.0 1980 228 Oh 54.0 157.0 1979 228

2h 53.5 157.0 1986 17.0 85h 53.5 155.5 1.963 39.0

9h 54.0 157.5 1.990 126

Table 1. EPR parameters of VO2*in irradiated oil.

The values obtained to Ag, = 22.8 for non-irradiated oils reveal the presence of vanadyl
porphyrins in the Brazilian and Arabian crude oils. All non-irradiated oil samples had the
same value of g, (Table 1). After irradiation, the g-factor values changed due to changes in
the areas around paramagnetic VO2* species. When these oils are irradiated by UV-visible,
values such as Agy = 12.6 are shown, corresponding to vanadium non-porphyrin complexes
containing sulfur as a binder. When oils are irradiated at 632 nm, these values increase
significantly (Ago= 39.0), indicating the presence of vanadyl non-porphyrin complexes
containing oxygen as a binder (Guedes et al., 2001).

Both irradiations cause destruction of porphyrins. The radiation on 632 nm is responsible for
Ago values further apart from those obtained for vanadyl porphyrin. The UV-visible
irradiation causes a decrease in the Ag, values with exposure to time. According to Table 1,
the first hours of exposure are the most significant for the destruction of vanadyl porphyrin.

The oils analyzed have different values for the g-factor and line width, corresponding to the
free radical EPR signal (Table 2). The signal of free radical in Brazilian oil has a value of de
g = 2.0046 and in the Arabian oil of g = 2.0053, due to the high percentage of aromatics in
Brazilian oil. This aromaticity explains also the narrow line that corresponds to the signal of
the radical in the Brazilian oil. On the other hand, partial Arabian oil (distilled at 260 °C) is
more viscous; therefore it originates a broadening of the line of the radical due to the dipolar
interaction of the spins. The values of g-factor suggest the presence of free radical in carbon
and nitrogen. The same mechanisms indicate that the percentage of sulfur radical in Arabian
oil is higher than that of Brazilian oil.

With irradiation, UV-visible radiation increases the values of the g-factor and the line width
of the free radical in Brazilian oil EPR spectra (Table 2), caused by the destruction of
aromatics. Irradiation at 632 nm of the Arabian oil causes a reduction of the value of g-factor
because of the changes on the molecular structure of the photosensitive species in the
region.
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Hg lamp | He-Ne laser
Brazilian crude oil
Time ( CA; :11;’:8) g-factor Time ( CA;:{;’;’S) g-factor

Oh 5.04 2.0045 Oh 5.04 2.0046
2h 5.04 2.0047 85h 5.85 2.0044
9h 5.80 2.0053

Arabian crude oil
Oh 5.70 2.0053 Oh 5.70 2.0053
2h 5.70 2.0053 85h 6.62 2.0047
9h 5.91 2.0055

Partial Arabian oil
Oh 6.78 2.0053 Oh 6.78 2.0052
2h 7.38 2.0052 85h 6.75 2.0043
9h 7.34 2.0055

Table 2. EPR parameters of free radical in irradiated oil.

4.2 Degradation by sunlight

In countries where the incidence of solar light is significance, the process of photochemical
weathering is an important mechanism for the removal of foreign substance from the
environment (Nicodem et al., 1998). The effects of photochemical oxidation of petroleum
films over water were studied by Nicodem et al (Nicodem et al., 2001).

The photochemical weathering of Brazilian oil (Campos Basin in the state of Rio de Janeiro),
Arabian oil (Arabian light crude oil), and Colombian oil (Cusiana crude oil), as a film over
seawater, was monitored by EPR. In all experiments, 5 ml of petroleum was placed floating
over 20 ml of seawater. The resulting oil film was 0.8-mm thick. Petri dishes with Pyrex lids
were used. This Pyrex® transmits 75% at 295 nm and 85% at 300 nm, with little sunlight
attenuation (Nicodem et al., 1998). Its use is common practice for samples with considerable
absorption in the UVA and visible portions of the solar spectrum (El Anba-Lurot et al., 1995;
Lartiges & Garrigues, 1995; Nicodem et al., 1998). Crude oil absorbs sunlight in the
ultraviolet, visible and near infrared, as reported by Nicodem et al. (1997). Samples were
irradiated by exposure to sunlight on the laboratory’s building roof on cloud less days from
9:00 AM to 3:00 PM. For every irradiated sample was used a non-irradiated control, which
was handled in the same way except that a black cover plate was used to eliminate
irradiation. After irradiation, the two phases were separated by centrifugation and crude
oils were submitted to EPR experiments at X- band (9.5 GHz), at room temperature. The
WINEPR SimFonia Version 1.25 software of Bruker® was used in the simulation option for
the determination of paramagnetic species parameters.

No variations in g-factor were observed in non-irradiated samples for any of the
paramagnetic species (Table 3). The g-factor determined for the free radical signal in
Brazilian oil (Campos Basin in the state of Rio de Janeiro) was 2.0045+0.0001 (Table 3),
suggesting the presence of phenoxy radicals, i.e. radicals partially localized in aromatic
systems due to the oxygen. There was no variation in the g-factor values for the free radical,
whereas the line width (AH,,,) showed a significant decrease (Fig. 11).
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Specimen g-factor Sample 0Oh 2h 5h 20h 40h 60h 100 h

vVO2z+ ai NIa 1.9675 1.9682 1.9685 1.9685 1.9685 1.9685 1.9685
en Ib 1.9675 1.9690 1.9690 1.9690 1.9700 1.9700 1.9705
‘N NI 1.9873 1.9870 1.9870 1.9872 1.9875 1.9875 1.9875
'R 1 1.9873 1.9873 1.9877 1.9880 1.9885 1.9889 1.9889
9o NI 1.9807 19807 1.9808 1.9810 1.9812 1.9812 1.9812
9o I 1.9807 1.9812 1.9815 1.9817 1.9823 1.9826 1.9828
Free

NI 2.0045 2.0045 2.0045 2.0045 2.0045 2.0045 2.0045
1 2.0045 2.0045 2.0045 2.0045 20045 2.0045 2.0045

radical

aNon-irradiated.
bIrradiated.

Table 3. EPR g values for the paramagnetic species of Brazilian crude oil at room temperature.
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Fig. 11. Variation of the line width of the free radical versus sunlight irradiation time. Filled
columns represent the irradiated samples and blank columns the non-irradiated samples.

In asphaltenes the hyperfine interaction is generally between the electron spin delocalized in
an aromatic k orbital and the nuclear magnetic moments of H attached to the aromatic C.
The line width broadening of the free radical cannot be attributed unequivocally to the
unresolved hyperfine structure of the EPR spectrum. In petroleum asphaltenes, the effects of
the aromaticity and the different degrees of substitution on the line width and the line shape
probably overlap, and different number of spins can also contribute to the line width by
dipolar interaction (Scotti & Montanari, 1998).

Solar irradiation caused an increase in the line width of the signal corresponding to the free
radical within the first 5 h (Fig. 11). Since we know that the photodegradation of this
Brazilian oil under solar light begins from singlet oxygen and continues with the formation
of free radicals and the destruction of aromatic components of the oil by a photochemical
effect (Nicodem et al., 1998), we can say that the widening of the line was due to the increase
of the concentration of free radicals and the decrease of aromaticity in asphaltenes. After
20 h of irradiation, narrowing of the line was detected. At the end of 100 h of irradiation the
line width was reduced by 10.6%, indicating rearrangement among radicals present in the
structure and probably the partial destruction of the asphaltenic fraction of the oil.
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An increase in the g, values for VO2* was observed in irradiated samples (Table 3). The
chemical shift obtained for Brazilian oil was Agg = 21.6, indicating that this oil contains
vanadyl in the porphyrin and non-porphyrin structures. Based on literature data (Dickson &
Petrakis, 1974), it is possible to suggest that vanadyl in Brazilian oil has VO(N4), VO(NS3),
VO(N2S2) and VO(N3S2) as possible environments.

After 100 h of solar irradiation the variation in the Agp value to 19.5 (Fig. 12) must be
attributed to the preferential destruction of the vanadyl porphyrin complexes due to the
decrease in the Ag, value (Dickson & Petrakis, 1974). The uncertainty in the determination
of the Ag, value is £0.1.
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Fig. 12. Variation of the Agp (chemical shift) versus sunlight irradiation time for Brazilian
crude oil. Full circles represent the irradiated samples and blank circles represent the non-
irradiated samples.

The g-factor determined for the free radical signal in Arabian and Colombian petroleum was
2.0033+0.0001 and 2.0030+0.0001, respectively. One possible interpretation for the g-factor
values observed corresponds to neutral radicals of carbon or nitrogen (Yen et al., 1962).
Thus, Arabian crude oil should have a lower percentage of aromatic carbon than Colombian
crude oil, in which the percentage of heteroatoms should be higher. However, it is also
possible that a difference in the distribution of the anisotropy in both the g-factor and the
hyperfine coupling constants of the two samples produces a difference in the spectral shape,
which could cause a small variation in the g-factor feature (Di Mauro et al., 2005). It is
interesting to observe that this variation could result in increased localization of the electron
on the heteroatom. No changes were observed in the free radical g-factor in crude oil by
exposure of the samples (irradiated and non-irradiated) to sunlight.

In agreement with Scotti and Montanari (Scotti & Montanari, 1998), the g-factor obtained by
EPR for free radicals were found to be lower when the aromatic carbon fraction was larger,
in the asphaltene of several crude oils registered by NMR. The fact that Arabian oil (g =
2.0033) presents a heteroatom weight percentage of 2.79%, smaller than Colombian oil
(19.77% wt), and the fact that nitrogen and sulfur are located mainly in the aromatic systems
in crude oil indicate that this oil is less aromatic than the Colombian oil (g = 2.0030). Another
important fact obtained by EPR is that Colombian oil presents 19.6% wt of nitrogen and
since this heteroatom is related mainly with porphyrinic and non-porphyrinic systems in
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petroleum asphaltenes, it is possible to affirm that the oil of Colombian origin has a larger
asphaltene fraction than Arabian oil.

The line width 4H,,, of the free radical signal was 5.2 + 0.1 Gauss for Arabian crude oil and
5.31£0.1 Gauss for Colombian crude oil.

Solar irradiation did not alter the line width of the signal corresponding to the free radical
within a few hours of exposure of the oil films. A decrease in the 4H,,, values was observed
for both oils in samples irradiated for 100 hours (Fig. 13 and 14). The reduction in line width
from 5.1 to 4.6 Gauss (9.8%) in Arabian oil and from 5.4 to 4.4 Gauss (18.5%) in Colombian
oil indicates photochemical degradation of the crude oils under solar light.
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Fig. 13. Variation of the line width of the free radical versus sunlight irradiation time for
Arabian crude oil. Filled columns represent the irradiated samples and blank columns
represent the non-irradiated samples.

The spin relative counts of the free radical signal in crude oils, using Varian strong pitch
signal as a spin counter standard, indicated a reduction of 12% in this paramagnetic species
in irradiated Arabian oil, while in irradiated Colombian oil this corresponded to 35% after
100 hours under solar light. In the non-irradiated samples (control) the spin counts revealed
an increase of 16% and 9% in radicals in Arabian and Colombian oils, respectively,
indicating that the photochemical process is capable of degrading the aromatic components
present in crude oils.

The degradation of crude oils can be observed by a reduction in the amount of free radicals
related to spin counts and to line width narrowing of the EPR signal of these paramagnetic
species, which react with atmospheric oxygen and can be extinguished during the exposure
of crude oils to solar light. There was no significant variation in the 4H,, values for the free
radicals in the non-irradiated samples. The line shape parameter was determined in the EPR
spectra and showed no modification in relation to the value obtained before irradiation.

It is possible to affirm that the narrowing of the EPR line corresponding to free radicals in
the irradiated oils was due to the rearrangement among the radicals present. The
electromagnetic source, in the case of the solar light, with chemical modification properties
in relation to some substances, can break links that result in the generation of free radicals,
which upon suffering rearrangements or recombinations can produce other chemical species
different from the precursory compounds (Guedes et al., 2006).
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Fig. 14. Variation of the line width of the free radical versus sunlight irradiation time for
Colombian crude oil. Filled columns represent the irradiated samples and blank columns
represent the non-irradiated samples.

The oils studied in the present investigation were significantly affected by the action of
sunlight under tropical conditions. Observations revealed that solar irradiation reduces the
aromaticity of crude oil, degrading porphyrin complexes and at least partially destroying
asphaltene fraction of oil. The EPR technique proved to be useful in the characterization of
the molecular structure of asphalttenes in crude oil and also revealed changes of the
photochemical nature in the oil under the effect of sunlight.

5. By-product oil by EPR

The interest in studying by-product oil is due to the fact this low-viscosity, when compared
to the crude oil, allows high mobility of free radical in its environment. The by-product oil
investigated by EPR was Marine diesel (fluid catalytic diesel, bunker, ship fuel). The marine
diesel spectrum (Fig. 15) consist of signal from radicals with a typical hf splitting of protons,
exhibiting a septet of lines with intensities proportional to 1, 6, 15, 20, 15, 6, 1. These
correspond to different ways of form spins +3, +2, +1, 0, —1, —2, —3 due to the interaction
of six equivalent and strong coupled protons [A(*H)]. Each of seven hfs lines is split into
four lines (quartet) due the three weakly coupled protons [A’(1H)] with intensities
proportional to 1, 3, 3, 1, and corresponding to the different ways of form spins +3/2,
+1/2,-1/2,-3/2.

33I10 33I20 33I30 33I40 33I50
Magnetic Field (Gauss)
Fig. 15. RPE spectrum of marine diesel (Di Mauro et al., 2007).
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The analysis suggesting first- and second-order hf splitting, with spin configurations
described above, provides the layout of an energy diagram (Fig. 16).
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Fig. 16. Energy diagram to free radical in marine diesel (bunker).

Considering the selection rules, the allowed transitions are indicated by 28 vertical arrows
representing each one of the spectral lines.

The radical rotates at a shorter correlation time than the reciprocal of spectrum in frequency.
Therefore, in Fig. 15 the spectrum can be interpreted in terms of the following “isotropic”
spin Hamiltonian:

H = gBHS + AIS + A'IS (6)
where S =1/2,1=1/2.

The WINEPR SimFonia Version 1.25 software of Bruker® was used in the simulation option
for determining g, A, A" and AH,,, (peak-to-peak line with) of the free radical species. The
parameter values found were g = 2.0028+0.0005, A = 6.31£0.01 G for 6 equivalent protons,
A”=1.80%0.01 G for three equivalent protons, and 4H,,= 0.38+0.02 G.

Therefore, with the parameters above and no superposition among spectrum lines, 28 lines
are expected with intensities 1, 3, 3, 1, 6, 18, 18, 6, 15, 45, 45, 15, 20, 60, 60, 20, 15, 45, 45, 15, 6,
18,18, 6,1, 3, 3, 1 (Fig. 17a). The theoretically expected intensity, when compared with the
intensities of spectrum lines (Fig. 17b), shows results in far agreement, except for the outer
lines with low intensity.

The septet-quartet signal has been observed in petroleum-rich mudstone and carbonates
(Ikeya & Furusawa, 1989). A similar signal observed in flints has been assigned to stable
perinaphthenyl radicals (Chandra et al.,, 1988). Some authors (Ikeya, 1993; Uesugi, 2001)
presented splitting similar to the pattern mentioned above assigning to t-butyl molecules.
However, according to Forbes et al. (Forbes et al., 1991) the hf coupling for 'H in t-butyl is
22.6 G, which does not fit the spectrum of marine diesel. Sogo et al. (Sogo et al., 1957) on the
other hand, determined hf parameters for perinaphthene that fit fairly well to the spectrum



Crude Oil by EPR 161

a b 62 58
45 45 2|° 2‘0 45 45 45 4720| |20 45 45
1‘5 1‘5 0 1|5 1‘5 15 15| 0 |17 13
18 18 18 18
1 PR s 617 1= 157 15
1331 -2 +2 1331 X331 -2 +2 133
-3 +3 3 +3
T T 1} T T r T T T T
3310 3320 3330 3340 3350 3310 3320 3330 3340 3350
Magnetic Field (Gauss) Magnetic Field (Gauss)

Fig. 17. a Simulation of septet-quartet EPR spectrum with g = 2.0028+0.0005, A = 6.31+0.01 G,
A“=1.80+0.01 G and AHp, = 0.38+0.02 G. b EPR spectrum of marine diesel in X- band at room
temperature, showing the hf separation into seven lines due to interaction of six equivalents
strongly coupled protons and each of the seven lines is resolved into four lines due the three
weakly coupled protons. The line intensities are indicated (Di Mauro et al., 2007).

of marine diesel. Besides, according to Gerson and Huber (Gerson & Huber, 2003),
perinaphthenyl can be detected in pyrolysis products of petrol fractions. Another chemical
evidence favorable to perinaphthenyl is its persistence (Sogo et al, 1957) when compared to
the no very persistent t-butyl.

The results obtained for the hfs interaction of free radicals in marine diesel and the
discussion regarding the organic molecule models indicate that perinaphthenyl radicals
(Fig. 18) are the probably responsible for the septet-quartet EPR spectrum of this oil by-
product (Di Mauro et al., 2007).

5 4

Fig. 18. Structural representation to perinaphthenyl radical indicating, 1 to 9, hydrogen
atoms responsible for the hyperfine splitting observed in marine diesel spectrum.

According to Fig. 18, the hf splitting arise from the hyperfine interaction of the unpaired
electron with the hydrogen atoms around the molecule. The six hydrogen atoms in positions
1,2,4,5,7, 8 are responsible for first-order hyperfine interaction and the other three atoms
in positions 3, 6 and 9, the second-order hyperfine interaction.

It was verified that EPR signal attributed to the perinaphthenyl radical in marine diesel
decreases in intensity and finally disappears with time, depending on the time that samples
were exposed to air; this suggested that the radical undergoes a chemical reaction, probably
with oxygen in air, since phenalenyl is sufficiently persistent in dilute deoxygenated
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solutions (Gerson, 1966; Hicks, 2007). Senglet et al (Senglet et al, 1990) observed weak
phenalenyl radical spectra after six months of storage to fuel samples. Another possibility is
that the perinaphtenyl radicals form a dimer (Fig. 19) becoming diamagnetic and,
consequently, exhibiting no EPR signal. In the liquid state, usually all but the most stable
free radicals rearrange or polymerize (Lewis & Singer, 1969). Studies (Gerson, 1966; Reid,
1958) indicate that the phenalenyl radical and its derivatives show self-association and
formation of a diamagnetic dimer.

S laletaca

Fig. 19. Spontaneous self-associations of phenalenyl radicals forming the o-dimer.

More recently, quantitative EPR studies (Zaitev et al, 2006; Zheng et al, 2003) confirmed that
the phenalenyl dimerization occurs reversibly in carbon tetrachloride, toluene and
dichloromethane, resulting in a complete signal loss at low temperatures due to dimer
formation. Given that the phenalenyl radical generally exists in equilibrium with its
diamagnetic dimer (Gerson, 1966) and taking into account the high mobility of this radical
in marine diesel (Di Mauro et al, 2007), dimerization even at room temperature should be

considered.

Concerning this possibility, marine diesel sample that exhibited no hyperfine resolved lines
(Fig. 20a) was investigated by EPR in the temperature range from 170 to 400 K.
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Fig. 20. Comparison between EPR spectrum of marine diesel. a EPR spectrum of marine
diesel (older sample) at 9.37 GHz at room temperature. b EPR spectrum of marine diesel
(fresh sample) (Piccinato et al., 2009).
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Fig. 21. a EPR spectra of marine diesel (older sample) at 9.37 GHz in the temperature range
from 301 to 378 K. b Resolved hfs lines at 383 K.

The free radical EPR spectrum in marine diesel revealed a progressive appearance of the
typical hfs of protons with heating (Fig. 21a). The hfs lines were superposed over the single
line with a peak-to-peak line width of about 9 G present in all spectra (Fig. 21a), whose
intensity also increased with temperature. Up to 378 K, it was impossible to determine the
interaction of a free electron with hydrogen atoms protons. At 383 K, the spectrum became
very intensive (Fig. 21b) exhibiting resolved lines.

This spectrum was analyzed to determine the types of free radicals manifested in this
experiment. In order to investigate only resolved hfs lines, a single unresolved line (Fig. 22a)
was subtracted from the spectrum (Fig. 22b). The spectrum resulting the subtraction (Fig.
22c) can be interpreted in terms of the isotropic spin Hamiltonian (eq. 6).

The First attempt in the simulation, with WINEPR SimFonia Version 1.25 software of
Bruker®, was to consider a septet-quartet RPE spectrum attributed to the perinaphthenyl
radical (Ci3Ho"). However, this interpretation was not sufficient to reproduce the spectrum
presented in Fig. 22¢, indicating the superposition with other groups of less intensive lines
which could be due to phenalenyl radicals with different number of splitting protons
(Zaitev et al., 2006).

The investigation of the remaining lines in the EPR spectrum after subtraction of the first
group of lines simulated (Fig. 23a) revealed the need to add a second group of lines due to
the interaction of five equivalent and strongly coupled protons (sextet) and the interaction of
three weakly coupled protons (quartet) (Fig. 23b). The chemical structure corresponding to
this interaction is presented in Fig. 24b. The sum of these two simulated groups (Fig. 23a
and b) reproduced all spectrum lines but not their intensities. The intensity problem was
solved by the addition of a third group of lines due to the interaction of four equivalent and
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Fig. 22. Spectra subtraction for analysis of EPR hyperfine lines: a Unresolved line simulated
by the software WINEPR SimFonia; b Overlap of the simulated spectrum and marine diesel
spectrum at 383 K for subtraction of the unresolved line; ¢ Result of the spectra subtraction.

strongly coupled protons (quintet) and the interaction of three weakly coupled protons
(quartet) (Fig. 23c) whose structure is presented in Fig. 24c.
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Fig. 23. a Simulation of the septet-quartet EPR spectrum. b Simulation of the sextet-quartet
EPR spectrum. ¢ Simulation of the quintet-quartet spectrum. d superposition of the septet-
quartet, sextet-quartet and quintet-quartet with weight percentages of the 53.5, 30.0, and

a

16.5%, respectively.

Fig. 24. Structures of the phenalenyl radical (a) and phenalenyl derlvatlves (b and c).
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The superposition of three groups of lines generates a set of lines shown in Fig. 23d. The
theoretical model with three groups of lines overlaps with the experimental spectrum (Fig.
25). The weight percentages was 53.5, 30.0 and 16.5% for the first, second and third groups,
respectively. The hyperfine parameters (A and A’) and weight percentages in the intensity of
lines, used in the simulation of the three groups of lines, are presented in Table 4.

Simulated spectrum A (G) A’ (G) Intensity (%)
septet-quartet 6.41+0.03 1.82+0.02 53.3
sextet-quartet 6.21+0.03 1.64+0.02 30.0

quintet-quartet 6.16+0.03 1.83+0.02 16.5

Table 4. Hyperfine parameters and weight percentages in intensity of the lines used in the
simulation of lines groups.

experimental
simulated

T T T T T T
3300 3310 3320 3330 3340 3350
Magnetic Field (Gauss)

Fig. 25. Superposition of theoretical model, with three groups of lines (dotted line), and
experimental spectrum (solid line).

The proposed model of three overlapped paramagnetic species accurately reproduced the
experimental lines. Three paramagnetic species, phenalenyl plus two of its derivatives,
found after heating, indicate that the system (older marine diesel) somehow preserved the
phenalenyl structure.

Like the paramagnetic species were overlapped in the same spectrum, apart from the
difficulty of obtaining a high-resolution spectrum that allowed the observation of the
splitting due to the functional group protons, it was impossible to identify the functional
group that substituted the hydrogen atoms.

Spectra to paramagnetic species with different functional groups that substituted one
hydrogen atom are presented in literature (Lewis & Singer, 1969; Rabold et al, 1965; Wain et
al, 2006). The calculated hfs coupling constants for the second lines group is in strong
agreement with the values reported by Rabold et al (Rabold et al, 1965) to the
hydroxiperinaphthenyl radical.

Yamada and Toyoda (Yamada & Toyoda, 1973) observed the formation of the 4,6-
dimethylperinaphthenyl radical when acenaphthylene dissolved in an inert solvent was
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heat up to 440 °C, resulting in the EPR spectrum splitting due to the methyl protons. The
two methyl groups occupying two a-positions produce a spectrum similar to that of the
third group (Fig. 23c). Despite the observation of this radical only at high temperatures, it
appears upon heating and as an intermediate compound in the reaction.

Despite the fact that it is impossible to describe the exact chemical transformations and the
mechanisms involved in the appearance of magnetic species in marine diesel due to
complexity of this oil by-product, the information provided by EPR spectroscopy, especially
the hfs coupling, allowed to monitor the modifications and to suggest the type of free
radical species formed in this oil during heating. Thus, with organic molecule models,
perinaphthenyl radical are thermally recuperated by breaking the linkage formed in the
dimer, and hydroxyperinaphthenyl and 4,5-dimethylperinaphthenyl radicals are the most
likely phenalenyl derivatives yielded upon heating the marine diesel (Piccinato et al., 2009).

6. Conclusion

The EPR technique proved to be useful in the characterization of the molecular structure of
asphaltenes in crude and by-product oil. The EPR parameters are able to reveal changes of
the photochemical nature in the oil under the effect of sunlight or in some specific
wavelength. This spectroscopy technique can be further explored and, consequently,
applied in the monitoring of petroleum weathering and its by-products in environmental
matrixes whenever accidents occur or routine operations result in oil spill. The period of
permanence of toxic and refractory aromatic components of petroleum in aquatic systems
can be evaluated not only through quantitative chromatographic methods, but also using
nondestructive and more economical qualitative methods.
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1. Introduction

With the development of oil industry, the general environment and in particular wetland
ecosystem has become extremely vulnerable to damaging effects of oil pollution.
Contamination of aquatic environment by crude oil and petroleum products constitute an
additional source of stress to aquatic organisms (Omoregie et al., 1997) and is of importance
to the wetland environment. Oil contaminated water resulted in water becoming unsuitable
for the growth of macrophytes (Edema, 2006) only scanty data are available for levels of
chemical pollution of aquatic plants since most studies of biota are concentrated in fish
(FAO, 1993).

2. The water environment

Water quality is one important factor of an aquatic environment. Water analysis consists of
an assessment of the condition of water in relation to set goals. For example, water samples
with decreased electrical conductivity measurement indicate a good measure of purity
(Hoagland, 1972). During spillage, water supply becomes critical.

Toxic pollutants in water refer to a whole array of chemical which are leached into ground
water or which are discharged directly into rivers. Contamination of aquatic environment
by crude oil and petroleum products constitute an additional source of stress to aquatic
organisms (Omoregie et al., 1997) and is of importance to wetland environment.

Water pollutants can also include excessive amounts of heavy metals, radioactive isotopes,
faecal coliform bacteria, phosphorus, nitrogen, sodium and other useful (even necessary)
elements as well as certain pathogenic bacteria and viruses (Botkin and Keller, 1998).

The water environment experiences many dynamic changes induced by various natural
events such as the spillage of toxic chemicals that may have significant impact on aquatic
life (Camougis, 1981).

Even in Roman times, heavy metals from mining and pathogens from cities caused serious
though local, water contamination (FAO, 1993). Some of the major factors associated with
accelerating pace of fresh water pollution is accidental damage of pipes and tankers, major
leaks and local spills. These cause varying degrees of aquatic toxicity and material damage.
Industrial accidents involving spillage of long lasting pollutants such as persistent organic
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substances have the most serious effects on water quality. Many of these substances become
concentrated in living tissue because organisms have no means of excreting them. They
accumulate and are pass on at successively greater concentration of predators higher up the
food chain.

This chapter is primarily focused on the biological impact of the exploration activities of oil
companies in our water environment.

3. Crude oil

Crude oil is a colloidal mixture of huge number of hydrocarbon and non-hydrocarbon
(Cadwallaer, 1993). The source material for nearly all petroleum products is crude oil. Spill,
leaks and other releases of gasoline, diesel, fuels, heating oils and other petroleum products
often result in the contamination of soil and water. Hydrocarbon form over 90 percent
petroleum oil are grouped according to their chemical structures such as straight, branched
and cyclic alkanes and aromatics. The non-hydrocarbon components of petroleum include
(O2, N, S ---) and some metals related porphyrin oxygen containing compounds e.g.
naphthenic acid, carboxylic acid, esters, ketones, phenols etc (Odu, 1981). Oil pollution
occurs when oil is introduced into the environment directly or indirectly by men’s impacts
resulting in unfavorable change in such a way that safety and welfare of any living
organisms is endangered. Crude oil if spilled into the water spreads over a wide area
forming a slick and oil in water immediately begins to undergo a variety of physical,
chemical and biological changes including evaporation of high volatile fractions, dissolution
of water-soluble fractions, photochemical oxidation, drill, emulsification, microbial
degradation and sedimentation (Muller, 1987). Crude oil is a complex mixture of
hydrocarbon and organic compounds of sulphur, nitrogen, oxygen and a certain quantity of
water which varies in composition from place to place (Anoliefo, 1991). Crude oil is
produced from decay of plants and animals over millions of years. It is also referred to as
mineral oil. Crude oil, which is a mixture of hydrocarbons and inorganic compounds is
drilled through rocks. Crude oil discharged on the sea surface undergoes physical, chemical
and biological alteration. Rapid physical and chemical processes include spreading and
movement by wind and currents, injection into the air, evaporation of volatile components,
dispersion of small droplets into water, dissolution and chemical oxidation (Nelson Smith,
1972). Concurrent with these are relevant biological processes. They include degradation by
micro-organisms and uptake by larger organisms followed by metabolism and storage or
discharge (Nelson-Smith, 1972).

4. Water soluble fraction

Water and oil are usually considered to be non-miscible. However, crude oil contains a very
small soluble portion referred to as the water soluble fraction (WSF) Kavanu, 1964. The
soluble constituents are dispersed particulate oil, dissolved hydrocarbons and soluble
contaminants such as metallic ions (Kauss and Hutchinson, 1975). Non-hydrocarbon
components of crude oil include polar components containing nitrogen, sulphur and
oxygen (Westlake, 1982). Oxygen containing compounds include esters and ketones, while
nitrogen containing compounds include pyrimidine and quinoline (Obire, 1985).

The concentration of hydrocarbon and non-hydrocarbon components in crude oil from
different sources differ greatly (Brunnock et al., 1968). The components of crude oil that go
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into solution make up the WSF. They are taken up by living cells and metabolized. This is
ecologically important because in the event of an oil spill or effluent discharge from engine
oil vehicles or where there is deliberate discharge of petroleum products into aquatic
habitats, these hydrocarbons are absorbed by living organisms, with serious effects on the
ecosystem (Michael, 1977). The lower the molecular weight of the constituent hydrocarbon
of crude oil, the higher is its concentration in the water-soluble fraction (Bohon and Clausen,
1951). Anderson et al. (1974) analyzed the water soluble extract of South Loisiana and
Kuwait crude oils and reported that the WSF contained 20 aromatic compounds ranging
from benzene to dimethyl phenothrenes and up to 14 saturated hydrocarbons ranging from
Ci4 to parafins.

Adverse biological effects have been attributed to dissolved low molecular weight
hydrocarbon particularly aromatics such as toluene. Anderson et al. (1974) and Winter (1976)
considered naphthalene as a more important source of crude oil toxicity than low molecular
weight aromatics. According to another source, the low boiling point unsaturated
hydrocarbon such as benzene, toluene, xylene and naphthalene, are the most toxic
components in crude oils, the toxicity can be said to be a function of the presence of these
substances (Nelson-Smith, 1972).

When there is delay in clean up action for any reason, after spillage has occurred, the water
soluble components of crude oil seep into the aquatic ecosystem. The components of crude
oil that go into solution make up the WSF. Concave (1979) reported that pure hydrocarbon
yield 4.2mgl! of WSF. Baker (1970a) observed that water soluble fraction (WSF) is produced
during a long period of oil water contact.

5. Preparation of WSF

The Water Soluble Fraction was prepared according to the method of Anderson et al. (1974).
A sample of crude oil (500ml) was slowly mixed in equal volume of deionized water in a 2
liter screw-cap conical flask. A Gallenkamp table top magnetic stirrer supplied with 7/1cm
magnetic bar was used for mixing. Stirring was done for 20hrs and at room temperature
(270C + 20C). After mixing, the oil water mixture was allowed to stand overnight in a
separating funnel. The lower phase was collected and used as the WSF. It was referred to as
100% or full- strength WSF. The stock WSF was diluted with water to give 50% and 25%
strength WSF which were stored in crew-cap bottles prior to use. The WSF samples were
applied at three levels, 25%, 50% and 100%.

6. Composition of WSF
Ionic components: These include the cations and anions.
Cation

Cations are positively charged ions. The four major cations of the total ionic salinity of water
for all practical purposes are Ca**, Mg**, Na* and K+ (Wetzel, 2001). These elements are
required by plants in large amounts (Hopkins, 1999). Water soluble fraction of crude oil has
been found to contain the following cations Na*, Ca*+, Mg*+, Fe**, Fe*++ , NH4*, K* (Edema,
2006)
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Anions

Anions are negatively charged ions (Botkin and Keller, 1998). Anions, such as Cl;, NOs- and
SO4%  are soluble and are present in living plants largely as ions in solution (Hopkins,
1999). The major anions that constitute the ionic salinity of water for all practical purposes
are Cl,, SO4%, HCOs- and CO-3 (Wetzel, 2001). Water soluble fraction of crude oil was found
to contain, Cl-, SO24, NOs-, POs2 and HCOs- (Edema, 2006).

Heavy metals

The contamination of the aquatic system with heavy metals has been on the increase since
the last century due to industrial activities (Ali and Mai, 2007). Heavy metals are taken up
as cations. Among the heavy metals detected in WSF are Pb, Cu, Zn, Cd, Ni, Cr, and V
(Edema, 2006). This is in agreement with the statement of Kauss and Hutchinson (1975)
that the WSF of crude oil contains metallic ions among other soluble contaminants. Botkin
and keller (1998) stated that Pb, Cr and V are among metals that pose hazard to living
organisms. Heavy metals are non-biodegradable and are toxic under certain condition
(Rana, 2005).

7. Physical composition

The physical components found to be present in WSF of crude oil include hydrogen ion
concentration (pH), chemical oxygen demand (COD), total dissolved solids (TDs) and
electrical conductivity (EC) (Edema, 2006). Chemical substances in WSF are capable of
changing the hydrogen ion concentration (pH) of the medium (Neff and Anderson, 1981).
Elevation of pH values after the introduction of macrophytes to WSF of crude oil were
recorded by Edema et al. (2008). The pH values recorded were within the maximum
permissible level (pH 6.5 - 9.8 values) (WHO, 1995). The values for electrical conductivity,
total dissolved solids, chemical oxygen demand were significantly found to increase after
exposure to plants. High EC, TDS and COD are signs of pollution. This means that more
ions were available after the introduction of test macrophytes. Increase in EC indicates that
most inorganic elements exist in abundance (Kadiri, 2006). Although the total dissolves
solids (TDS) values were found to increase after exposure to plants were still within the
highest desirable limit of WHO (500mg/1) and Talling and Talling (1965), classification
Scheme of African water within conductivities of between 6,000 - 16,000pScm-1. With
continuous spillage, the values may rise and exceed the WHO values.

8. Salinity

The concentration of the 4 major cations Ca*+, Mg**, Na** and K* and 4 major anions,
HCOj3, CO3;, SO4% and CI- usually constitute the total ionic salinity of water for all practical
purposes (Wetzel, 2001). Concentrations of ionized components of other elements such as N,
P and Fe and numerous minor elements are of immerse biological importance but are
usually minor contributors to total salinity (Wetzel, 2001). The sum of all ionic
concentrations is the basis for salinity measurement (Covich, 1993). Total dissolved solids
and ionic conductivity of water, are generally used measurement (Covich, 1993).

The values of ions increased with increase in concentration of WSF prior to used. This is in
agreement with the report of McOliver (1981) that when there is oil spillage more salts are
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released into river. Thus, the amount of salts contained in aquatic ecosystem increased.
These increases could be due to leakage of the cells brought about by salt (ionic) stress and
associated oxidative damage (Burdon et al., 1996). Salt stress refers to an excess of ions and is
not limited to Na* and Cl- ion (Hopkins, 1999). According to Hernandez et al. (1985)
oxidative stress is influenced by environmental factors, metal ion deficiency and toxicity.
The sum of ions in the WSF of crude oil studied had higher values than river waters of
Africa as reported by Wetzel (2001).

Sum of all ionic contents (as the total salinity)

WSEF, %
Before After Difference
25 123.33 245.50 121.17
50 151.25 263.70 112.43
100 206.26 385.80 197.54

Table Ia. Sum of all ionic contents of Amukpe well- head WSF before and after exposure to
Pistia stratiotes. Source: Edema and Okoloko (2008)

Sum (EC+ TDS)

WSEF, %
Before After Difference
25 145.83 191.10 45.27
50 167.62 263.40 95.79
100 220.35 374.56 154.21

Table Ib. Sum of EC and TDS (as total salinity) of the WSF of Amukpe well-head crude oil
before and after exposure to Pisitia stratiotes. Source: Edema and Okoloko (2008)

Sum of all ionic concentration

WSEF, %
Before After Difference
25 12.95 262.05 249.02
50 22.90 338.21 315.31
100 46.75 371.69 324.94

Table Ila. Sum of all ionic concentration of the WSF of Ogini well-head crude oil before and
after exposure to Azolla sp.
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Sum of (EC + TDS)

WSF, %
Before After Difference
25 14.60 287.28 264.68
50 21.40 340.38 318.94
100 36.02 455.00 418.98

Source: Edema (2009)

Table IIb. Sum of EC +TDS (as total salinity) of the WSF of Ogini well-head crude oil before
and after exposure to Azolla sp.

9. Produced water

Almost all offshore oil produces large quantities of contaminated water that can have
significant environmental effects if not handled appropriately (Will, 2000). Oil and gas
reservoirs have natural water layer (called formation water). Because, it is denser is found
under the hydrocarbons. Oil reservoirs frequently contain large volume of water. To achieve
maximum oil recovery, additional water is usually injected into surface. The formation and
injected water are eventually produced along with hydrocarbons. The product of the
formation and injected water is referred to as produced water.

There is more in produced water than water and oil. Neff and Anderson (1981) described
produced water for ocean discharge as containing up to 48ppm of petroleum. This is because it
had usually been in contact with oil in the reservoir rock. There were also elevated
concentration of barium, beryllium, cadmium, chromium, copper, Iron, lead, nickel, silver and
zinc and “small amount of the neutral radionucleids radium 226 and radium 228 and non-
volatile dissolved organic material of unknown composition”. Due to rapid mixing with
seawater, most physical - chemical features of produced water (low dissolved oxygen and pH,
elevated salinity and metals) do not pose any hazard to water, elevated concentration of
hydrocarbon may be detected in surface sediments up to about 1,000 from the discharge, that
contains aromatic hydrocarbons and metals. These aromatic hydrocarbons and metals in
produced water were reported by Neff and Anderson (1981) to be toxic to organisms.

10. Biological effects of crude oil

Baker (1970) reported that oil pollution effects vary according to the type and amount of oil
involved, the degree of weathering, the time of the year, the plant species concerned and the
age of the plant. Cowell (1977) include the physical and chemical properties of the oil as well
as the quantity of the water being polluted. The water soluble fraction of crude oils has been
found to reduce the growth rate of biomas turnover of some marcophytes (Gunlack and
Hayes, 1977). Kauss and Hutchinson (1975) found that aquatic macrophytes population was
reduced in the presence of water-soluble petroleum components. The inhibitory effects of
petroleum components are known to be dependent upon the concentration of the crude oil
as well as that of water soluble components (Shew, 1977).
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Aquatic macrophytes e.g. water fern (Azolla africana) have been used to remove heavy
metals from solution (Talor and Sela, 1992). Heavy metals (nickel, mercury, cadmium) are
potential carcinogens from drinking water. These elements may become 4,000 - 20,000 times
more concentrated in plants, than in water (Brix and Shierup, 1989., Horan, 1990., Mason,
1993) as a result of bioaccumulation. Duckweeds (Spirodela polyrrhiza and Lemna minor)
have thus been used for the removal of excessive nutrients from polluted water (Culley and
Epps, 1993). Pistia stratiotes has been similarly employed for the removal of nutrient from
polluted bodies (Aoi et al., 1996). The plants absorb and incorporate the dissolved materials
into their structure.

Studies with various species of organisms have demonstrated that the developmental stages
of organisms are often more sensitive to toxicant than older stages (Alexander, 1977). Oil
with aromatic content of 33 percent reduced the growth of maize plants to 31 percent.

Flowers and Haji bagheri (2001) reported that the effect of ion on the growth of leaves is
determined by the ability of plants to accommodate the ions within compartments of the
leaves cells where they will not do damage. If the ions are accommodated in the vacuole and
concentration rises in the leaf apoplast then there will be osmotic effect on the leaf growth.
Okoloko and Bewley (1982) reported the enhancement of protein synthesis in moss (Tortula
ruralis) gametophytes exposed to 5mM aqueous SO,. Higher levels were toxic. Some
components, particularly compounds, are toxic to aquatic animals and plants (Odiete, 1999).
They are acutely lethal and chronically lethal in sublethal concentration of part per billion
(ppb). However, plants and animals vary widely in their sensitivity (Clark, 1982).

The soluble fraction of crude petroleum depress phytoplankton, photosynthesis, respiration
and growth, and also kill or cause developmental abnormalities of young metallic ions
present in the WSF may inhibit root growth (Winter et al. 1976).

Factors connected with phytotoxicity of oil as already mentioned, are the properties of the
oil, the quantity of the oil applied and the environmental conditions. Other factors include
the species of plants and the parts of the plant affected. Also of importance are the thickness
of cuticle, number and structure of stomata, chloroplast physiology, CO- fixation pattern
and photosynthetic electron transport system. Relatively low levels of pollution can cause
rapid depression in the rate of net photosynthesis (Fitter and Hay, 1987).

The adverse effects of petroleum and its components on growth have earlier been recorded
by Gill et al., 1992. Oil contaminated water soluble fraction resulted in water becoming
unsuitable for growth of aquatic macrophytes. Anoliefo (1991) reported that slight pollution
with petroleum products or WSF makes carbonyl compounds available in the soil, hence the
observed rapid increase in the growth of melon plants. Baker (1970b) reported that they
inhibit metabolic processes. Edema and Okoloko (1997) showed increase in inhibition with
increase in concentration of WSF. Studies on the effects of the water soluble fraction of
Escravos hight and Odidi well oil on Allium cepa showed a “fertilizer effect” at 12.5% WSF
level (Edema and Okoloko, 1997). Only higher levels of WSF are toxic. Also, growth
enhancement and early flowering of L. esculentus at 0.25 x 10*ml/g concentration of crude
oil treated soil was reported by Edema and Etioyibo (1999).

Edema (2010b) reported leaf bud formation in Allium cepa at 25% WSF and root initiation at
50% and 100% WSF treatments. Total inhibition of root was recorded for produced water at
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100% which shows that produced water was more stressful to the plant than WSF of the
same crude oil. Edema (2010b) also reported increase in catalase activity for WSF and
decrease in catalase activity for produced water. Increased level of catalase activity is an
indication of increased production of free radicals occasion by exposure of plants to crude
oil. While decrease in activities of detoxification mechanisms of hydrogen peroxide can
generate severe cell damage due to increase production of toxic oxygen radicals (Hernandez
et al; 1995).

Salts influence the activities of aquatic plants resulting in the death of aquatic plants. Salt
stress has been reported by Concave (1979) to reverse the condition that could make
essential nutrients available to plants thereby resulting in mitoclondria damage (Cowell,
1977). The presence of ions in plants may block the oxidation of pyruvate for energy
production (Anoliefo, 1991).

High salinity could be toxic to bacteria and may inhibit their activities. Besides, salinity may
also affect the cellular infiltration pressure, leading to plasmolysis or even cell breakup (Ji et
al; 2009).

Ajao et al. (1981) reported that undiluted formation water was toxic to millet at 1 - 100mg/1
(1 - 100ppm) level. Edema (2010) also reported that produced water (PW) of crude oil was
more toxic to Allium cepa than the water soluble fraction (WSF) of crude oil. Catalase activity
could not be measured for Allium cepa exposed to produced water because of inhibition of
growth (Edema, 2010).

The exposure of plants to metals results in the synthesis of phytochelatins, a metal binding
polypeptide (Stern, 2000). Phytocheletins are known to sequester and detoxify metals
through the formation of metals. Phytochelatin complexes (Stern, 2000; Clemens et al; 1999,
Ha et al., 1999). Plant nutrient elements such as Ca, Mn, Fe and Zn for example may enter
through Ca channels or by means of broad-range metal transporter previously identified as
Fe transporter (Clemens et al., 1999). Edema (2006) reported that the levels of Fe in WSF
before and after exposure to Pistia were far above the highest desirable limit for drinking
water and still within the maximum permissible limit of 1.0mg/1 of WHO value.

Edema and Asagba (2007) reported reduction in temperature and DO after exposure to the
different levels of WSF. Reduction in the DO means reduction in the chemical oxygen
demand and biological oxygen demand. An aquatic ecosystem with inadequate oxygen
supply is considered polluted for organisms that require dissolved oxygen above the
existing level (Botkin and Keller, 1998). Decrease in THC at 25% and 50% WSF after
exposure to Pistin species was also reported by Edema (2007). This shows uptake or
metabolism of THC by Pistia stratiotes. Odokuma and Dickson (2003) reported marked
decrease in the percentage of THC in all the treatments applied in the bioremediation of
crude oil in the tropical rainforest (using indigenous hydrocarbon utilizing bacteria) soil of
the Niger-Delta except in the control treatment.

Thus, the introduction of WSF of crude oil into the aquatic system can increase the ionic,
heavy metals and physical characteristics of aquatic ecosystem. And with continuous
spillage there would be a build up of these ions in the aquatic environment. The need for
government to implement measures to safeguard and reduce the effect of oil contaminated
water on the environment cannot be overemphasized.
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1. Introduction

Crude oils are typically water in crude oil (w/o0) emulsions, which are often very stable.
Among the indigenous natural surfactants contained in the crude oils, asphaltenes and
resins are known to play an important role in the formation and stability of w/o emulsions.
Asphaltenes are defined as the fraction of the crude oil precipitating in pentane, hexane, or
heptane, but soluble in toluene or benzene. Asphaltenes are the most polar and heaviest
compounds in the crude oil. They are composed of several poly nuclear aromatic sheets
surrounded by hydrocarbon tails, and form particles whose molar masses are included
between 500 and 20,000 g mol-l. They contain many functional groups, including some acids
and bases. Resins are molecules defined as being soluble in light alkanes (pentane, hexane,
or heptane), but insoluble in liquid propane. They consist mainly of naphthenic aromatic
hydrocarbons; generally aromatic ring systems with alicyclic chains. Resins are effective as
dispersants of asphaltenes in crude oil. It was postulated that asphaltenes stabilize w/o
emulsions in two steps. First, disk-like asphaltene molecules aggregate into particles or
micelles, which are interfacially active. Then, these entities upon adsorbing at the w/o
interface aggregate through physical interactions and form an interfacial network.

The introduced chapter deals with different factors that affecting the stability of crude oil
emulsions and also those factors causing asphaltenes precipitation.

1.1 Types of emulsions

Emulsions have long been of great practical interest due to their widespread occurrence in
everyday life. They may be found in important areas such as food, cosmetics, pulp and
paper, pharmaceutical and agricultural industry @ 2. Petroleum emulsions may not be as
familiar but have a similar long-standing, widespread, and important occurrence in
industry, where they are typically undesirable and can result in high pumping costs,
pipeline corrosions, reduced throughput and special handling equipment. Emulsions may
be encountered at all stages in the petroleum recovery and processing industry (drilling
fluid, production, process plant, and transportation emulsions 4.

Emulsions are defined as the colloidal systems in which fine droplets of one liquid are
dispersed in another liquid where the two liquids otherwise being mutually immiscible. Oil
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and water produce emulsion by stirring; however, the emulsion starts to break down
immediately after stirring is stopped.

Depending upon the nature of the dispersed phase, the emulsions are classified as, O/W
emulsion or oil droplets in water and W/O emulsion or water droplets in oil. Recently,
developments of W/O/W type emulsion or water dispersed within oil droplets of O/W
type emulsion and O/W/O type, Figure 1.

i. Oil-in-water emulsions (O/W): The emulsion in which oil is present as the dispersed
phase and water as the dispersion medium (continuous phase) is called an oil-in-water
emulsion.

ii. Water-in-oil emulsion (W/O): The emulsion in which water forms the dispersed phase,
and the oil acts as the dispersion medium is called a water-in-oil emulsion.

QW type W/O type
Water Ol
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Fig. 1. Types of emulsions.
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Fig. 2. ) Schematic representation of emulsion structures. a) O/ W emulsion; b) W/O
emulsion. Encircled: enlarged view of a surfactant monolayer sitting at the oil-water
interface.
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1.2 Properties of emulsions 7

The emulsions satisfy the following criteria:

i.  Emulsions show all the characteristic properties of colloidal solution such as Brownian
movement, Tyndall effect, electrophoresis etc.

ii. These are coagulated by the addition of electrolytes containing polyvalent metal ions
indicating the negative charge on the globules.

iii. The size of the dispersed particles in emulsions in larger than those in the sols. It
ranges from 1000 A to 10,000 A. However, the size is smaller than the particles in
suspensions.

iv. Emulsions can be converted into two separate liquids by heating, centrifuging, freezing
etc. This process is also known as demulsification.

Many advances have been made in the field of emulsions in recent years. Emulsion
stability depends on presence of adsorbed structures on the interface between the two
liquid phases. Emulsion behavior is largely controlled by the properties of the adsorbed
layers that stabilize the oil-water surfaces (9. The knowledge of surface tension alone is
not sufficient to understand emulsion properties, and surface rheology plays an important
role in a variety of dynamic processes. When a surface active substance is added to water
or oil, it spontaneously adsorbs at the surface, and decreases the surface tension y ?. In
the case of small surfactant molecules, a monolayer is formed, with the polar parts of the
surface-active molecules in contact with water, and the hydrophobic parts in contact with
oil (Fig. 2). The complexity of petroleum emulsions comes from the oil composition in
terms of surface-active molecules contained in the crude, such as low molecular weight
fatty acids, naphthenic acids and asphaltenes. These molecules can interact and
reorganize at oil/water interfaces. These effects are very important in the case of heavy
oils because this type of crude contains a large amount of asphaltenes and surface-active
compounds @014, In petroleum industry, water-in-oil (w/0) or oil-in-water (o/w)
emulsions can lead to enormous financial losses if not treated correctly. Knowing the
particular system and the possible stability mechanisms is thus a necessity for proper
processing and flow assurance. Thus, there are desirable or undesirable emulsions as
shown in Table (1).

1.3 Emulsion formation
There are three main criteria that are necessary for formation of crude oil emulsion (@6):

1. Two immiscible liquids must be brought in contact;

2. Surface active component must present as the emulsifying agent;

3. Sufficient mixing or agitating effect must be provided in order to disperse one liquid
into another as droplets.

During emulsion formation, the deformation of droplet is opposed by the pressure gradient
between the external (convex) and the internal (concave) side of an interface. The pressure
gradient or velocity gradient required for emulsion formation is mostly supplied by
agitation. The large excess of energy required to produce emulsion of small droplets can
only be supplied by very intense agitation, which needs much energy @7-21),
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Occurrence Usual typea
Undesirable emulsions

Well-head emulsions W/0O

Fuel oil emulsions (marine) W/0O

Oil Sand Floatation process W/O or O/W
Oil spill mousse emulsions W/0
Tanker bilge emulsions Oo/W
Desirable emulsions

Heavy oil pipe line emulsions o/W

Oil sand floatation process slurry Oo/W
Emulsion drilling fluid, oil-emulsion mud O/W
Emulsion drilling fluid, oil-base mud W/0O
Asphalt emulsion Oo/W
Enhance oil recovery in situ emulsions Oo/W

Table 1. Desirable and Undesirable petroleum emulsions (9.

A suitable surface active component or surfactant can be added to the system in order to
reduce the agitation energy needed to produce a certain droplet size. The formation of
surfactant film around the droplet facilitates the process of emulsification and a reduction in
agitation energy by factor of 10 or more can be achieved. A method requiring much less
mechanical energy uses phase inversion. For instance, if ultimately a W/O emulsion is
desired, then an O/W emulsion is first prepared by the addition of mechanical energy. Then
the oil content is progressively increased. At some volume fraction above 60-70%, the
emulsion will suddenly invert and produce a W/O emulsion of smaller water droplet sizes
than were the oil droplets in the original O/W emulsions 2.

Emulsions of crude oil and water can be encountered at many stages during drilling,
producing, transporting and processing of crude oils and in many locations such as in

hydrocarbon reservoirs, well bores, surface facilities, transportation systems and refineries
(23,24),

1.4 Emulsion breakdown

In general there are three coupled sub-processes that will influence the rate of breakdown
processes in emulsions. These are aggregation (Flocculation), coalescence and phase
separation (19, Figure 3. They will be discussed in some details.
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Fig. 3. Emulsion breakdown (5),
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Flocculation (15

It is the process in which emulsion drops aggregate, without rupture of the stabilizing layer
at the interface. Flocculation of emulsions may occur under conditions when the van der
Waals attractive energy exceeds the repulsive energy and can be weak or strong, depending
on the strength of inter-drop forces.

The driving forces for flocculation can be:

1. Body forces, such as gravity and centrifugation causing creaming or sedimentation,

depending on whether the mass density of the drops is smaller or greater than that of

the continuous phase.

Brownian forces or

3. Thermo-capillary migration (temperature gradients) may dominate the gravitational
body force for very small droplets, less than 1 pm.

N

Coalescence (15);

It is an irreversible process in which two or more emulsion drops fuse together to form a
single larger drop where the interface is ruptured. As already mentioned, for large drops
approaching each other (no background electric field), the interfaces interact and begin to
deform. A plane parallel thin film is formed, which rate of thinning may be the main factor
determining the overall stability of the emulsion. The film thinning mechanism is strongly
dependent on bulk properties (etc. viscosity) in addition to surface forces. The interaction of
the two drops across the film leads to the appearance of an additional disjoining pressure
inside the film, Figure 4.

Phase separation

The processes of flocculation and coalescence are followed by phase separation, i.e.
emulsion breakdown.

Fig. 4. Adhesion between two emulsion droplets (10
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1.5 Stabilization of the emulsion

There are many factors that usually favour emulsion stability such as low interfacial tension,
high viscosity of the bulk phase and relatively small volumes of dispersed phase. A narrow
droplet distribution of droplets with small sizes is also advantageous, since polydisperse
dispersions will result in a growth of large droplets on the expense of smaller ones. The
potent stabilization of the emulsion is achieved by stabilization of the interface (25-27)-

1.5.1 Steric stabilization of the interface

The presence of solids at interfaces may give rise to repulsive surface forces which
thermodynamically stabilize the emulsion. As concluded @839, many of the properties of
solids in stabilizing emulsion interfaces can be attributed to the very large free energy of
adsorption for particles of intermediate wettability (partially wetted by both oil and water
phases). This irreversible adsorption leads to extreme stability for certain emulsions and is
in contrast to the behavior of surfactant molecules which are usually in rapid dynamic
equilibrium between the oil: water interface and the bulk phases. According to the
asphaltene stabilization mechanism, coalescence requires the solid particles to be removed
from the drop-drop contact region. Free energy considerations suggest that lateral
displacement of the particles is most likely, since forcing droplets into either phase from the
interface require extreme energies (1-3). The asphaltenes stabilization effect for water
droplets has already been pictured in Figure 5 where droplet contact is prevented by a
physical barrier around the particles.

Fig. 5. Steric stabilization of the interfaces ©0).

As the stability of w/o emulsions appeared clearly related to the presence of an interfacial
network surrounding the water droplets 40-43), many rheological studies of water/asphalted
oil interfaces have been made to clarify the mechanisms involved (“4-46). The rheological
properties of these interfaces have been found to be strongly dependent on the nature of
solvent used for dilution, the oil concentration, the asphaltenes and resin concentrations, the
resin to asphaltenes ratio, and so on (¢47-51),
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1.5.2 Electric stabilization of the interface

Electrical double layer repulsion or charge stabilization by polymers and surfactants with
protruding molecular chains may prevent the droplets to come into contact with each other
6259 Also, polymers, surfactants or adsorbed particles can create a mechanically strong and
elastic interfacial film that act as a barrier against aggregation and coalescence. A film of
closed packed particles has considerable mechanical strength, and the most stable emulsions
occur when the contact angle is close to 90°, so that the particles will collect at the interface.
Particles, which are oil-wet, tend to stabilize w/o emulsions while those that are water-wet
tend to stabilize o/w emulsions. In order to stabilize the emulsions the particles should be
least one order of magnitude smaller in size than the emulsion droplets and in sufficiently
high concentration. Nevertheless, stable w/o emulsions have been generally found to
exhibit high interfacial viscosity and/or elasticity modulus. It has been attributed to
physical cross-links between the naturally occurring surfactants in crude oil (i.e. asphaltenes
particles) adsorbed at the water-oil interface (5 56)-

1.5.3 Composition of crude oil

A good knowledge of petroleum emulsions is necessary for controlling and improving
processes at all stages of petroleum production and processing. Many studies have been
carried out in the last 40 years and have led to a better understanding of these complex
systems (7-60. However there are still many unsolved questions related to the peculiar
behavior of these emulsions. The complexity comes mostly from the oil composition, in
particular from the surface-active molecules contained in the crude. These molecules cover a
large range of chemical structures, molecular weights, and HLB (Hydrophilic-Lipophilic
Balance) values; they can interact between themselves and/or reorganize at the water/oil
interface. Oil-water emulsions are fine dispersions of oil in water (O/W) or of water in oil
(W/0O), with drop sizes usually in the micron range 61 62). In general, emulsions are
stabilized by surfactants. In some cases multiple emulsions such as water in oil in water
(W/O/W) or oil in water in oil (O/W/O) can be found. Emulsions can be stabilized by
other species, provided that they adsorb at the oil-water interface and prevent drop growth
and phase separation into the original oil and water phases. After adsorption, the surfaces
become visco-elastic and the surface layers provide stability to the emulsion 63- 65, Crude
oils contain asphaltenes (high molecular weight polar components) that act as natural
emulsifiers. Other crude oil components are also surface active: resins, fatty acids such as
naphthenic acids, porphyrins, wax crystals, etc, but most of the time they cannot alone
produce stable emulsions ©5. However, they can associate to asphaltenes and affect
emulsion stability. Resins solubilize asphaltenes in oil, and remove them from the interface,
therefore lowering emulsion stability. Waxes co-adsorb at the interface and enhance the
stability. Naphthenic and other naturally occurring fatty acids also do not seem able to
stabilize emulsions alone. However, they are probably partly responsible for the important
dependence of emulsion stability upon water pH. The composition of crude oil is given in
Figure 6 and examples of these structures are given in Figure 7 a & b €6),

These components can be separated by simple technique known as SARA analysis
(Saturated, Aromatic, Resin and Asphaltenes). Some examples of the resin and asphaltenes
that can be separated by using SARA analysis of are given in Figure 7a& b. The SARA
analysis process is shown in Figure 8. Particles such as silica, clay, iron oxides, etc. can be
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Fig. 6. Composition of crude oil.

present in crude oils. These particles are naturally hydrophilic, but can become oil-wet
(hydrophobic) due to long term exposure to the crude in the absence of water. Emulsions
with particles and asphaltenes combined can be much more stable than those stabilized by
asphaltenes alone, provided that enough asphaltenes are present: all the adsorption sites on
the particle surface need to be saturated by asphaltenes 7. 68). These species will be
mentioned in some details in the next section.

1.5.4 Asphaltenes

There are many definitions of asphaltenes. Strictly speaking, asphaltenes are the crude oil
components that meet some procedural definition ®9. A common definition is that
asphaltenes are the material that is:

Insoluble in n-pentane (or n-heptane) at a dilution ratio of 40 parts alkane to 1 part crude oil
and (2) Re-dissolves in toluene.

Chemically, asphaltenes are polycyclic molecules that are disc shaped, and have a tendency
to form stacked aggregates. The tendency of asphaltenes to self-aggregate distinguishes
them from other oil constituents. Asphaltene aggregation is the cause of complex non-linear
effects in such phenomena as adsorption at solid surfaces, precipitation, fluid’s rheology,
emulsion stability, etc (0 7D. Asphaltenes are regarded to be polar species, formed by
condensed poly aromatic structures, containing alkyl chains, hetero atoms (such as O, S and
N) and some metals.

They contain also polar groups (ester, ether, carbonyl) and acidic and basic groups
(carboxylic and pyridine functional groups) that can be ionized in a certain range of pH by
accepting or donating protons. Typical composition of asphaltenes is provided in Table 2.
Asphaltenes average molecular weights range from approximately 800 to 3000 g mol-1. They
are molecularly dispersed in aromatic solvents such as toluene, and precipitate in alkanes
(ASTM D2007-93, 1P 143).

The procedure should also specify the temperature at which the mixing and separation
takes place, the amount of time that must elapse before asphaltenes are separated from the
oil/alkane mixture, and even the method used to accomplish the separation (filter size,
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(CH,),COOH

Fig. 7a. Examples of molecular structures in crude oil. a- Asphaltenes, b- Resins,
c- naphthenic acids.

filtration rate), since all of these factors can affect the final result. Although there are several
standardized procedures, but in reality every lab uses its own procedure. These may vary a
little or a lot from the standards. They differ in color and in texture (2.

Material separated with still lower molecular weight alkanes (e.g., propane) would be sticky
and more liquid-like than those separated by n-heptane as shown in Figure 9.

Some authors point out that the precipitation techniques may provide an excessively strong
interference into the delicate molecular organization of asphaltenes associates (Figure 10),
leading to their irreversible transformation, so that the supra-molecular architecture in
solutions of the precipitated material may be different from that in native crude.
Consequently, studies of aggregation in crude oil solutions may supply valuable
information regarding the manner of asphaltenes-asphaltenes interactions in the presence of
other crude oil components.

Element (in wt. %) Range Typical
Carbon 78-90 82-84
Hydrogen 6.1-10.3 6.5-7.5
Nitrogen 0.5-3.0 1.0-2.0
Sulfur 1.9-10.8 2.0-6.0
Oxygen 0.7-6.6 0.8-2.0
Vanadium(ppm) 0-1200 100-300
H/C 0.8-1.5 1.0-1.2

Table 2. Range and Typical Values of Elemental Composition of Asphaltenes.
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Fig. 7b. Other examples of molecular structures in crude oil.
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n-C7 asphaltene

Fig. 9. asphaltenes separated by different alkanes.

Asphaltenes stabilize the crude oil emulsion by different modes of action. When asphaltenes
disperse on the interface, the film formed at a water/ crude oil interface behaves as a skin
whose rigidity can be shown by the formation of crinkles at interface when contracting the
droplet to a smaller drop size (). They can also aggregate with resin molecules on the
interfaces and prevent droplet coalescence by steric interaction (Figure 11). Some authors
suggest that asphaltenes stabilize the emulsion by formation of hydrogen bonding between
asphaltenes and water molecules (79-80),

Singh et al. 8D postulated that asphaltenes stabilize w/o emulsions in two steps. First, disk-
like asphaltenes molecules aggregate into particles or micelles, which are interfacially active.
Then, these entities upon adsorbing at the w/o interface aggregate through physical
interactions and form an interfacial network. Different modes of action of asphaltenes are
represented in Figure 12.

1.5.5 Resins

Just as the asphaltenes have only a procedural definition, resins also are procedurally
defined. There are at least two approaches to defining resins. In one approach the material
that precipitates with addition of propane, but not with n-heptane, is considered to
constitute the resins.

There is no universal agreement about the propane/n-heptane pair, but the general idea is
that resins are soluble in higher molecular weight normal alkanes, but are insoluble in lower
molecular weight alkanes. A standard method exists to quantify resins by a completely
SARA analysis. Resins can be also defined as the most polar and aromatic species present in
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Fig. 10. Asphaltene associates (7).

deasphalted oil and, it has been suggested, contribute to the enhanced solubility of
asphaltenes in crude oil by solvating the polar and aromatic portions of the Asphaltenic
molecules and aggregates (8285, The solubility of asphaltenes in crude oil is mediated largely
by resin solvation and thus resins play a critical role in precipitation, and emulsion
stabilization phenomena (86-88).

Resins are thought to be molecular precursors of the asphaltenes. The polar heads of the
resins surround the asphaltenes, while the aliphatic tails extend into the oil, Figure 13.
Resins may act to stabilize the dispersion of asphaltene particles and can be converted to
asphaltenes by oxidation. Unlike asphaltenes, however, resins are assumed soluble in the
petroleum fluid. Pure resins are heavy liquids or sticky (amorphous) solids and are as
volatile as the hydrocarbons of the same size. Petroleum fluids with high-resin content are
relatively stable. Resins, although quite surface-active, have not been found to stabilize
significantly water-in-oil emulsions by themselves in model systems. However, the presence
of resins in solution can destabilize emulsions via asphaltenes solvation and/or replacement
at the oil/water interface 89-%), Figure 13.

1.5.6 Saturates 7%

Saturates are nonpolar and consist of normal alkanes (n-paraffins), branched alkanes (iso-
paraffins) and cyclo-alkanes (also known as naphthenes). Saturates are the largest single
source of hydrocarbon or petroleum waxes, which are generally classified as paraffin wax,
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Fig. 11. Proposed stabilizing mechanism for asphaltenes in petroleum by resin molecules 2.

microcrystalline wax, and/or petrolatum (Figure 7b). Of these, the paraffin wax is the major
constituent of most solid deposits from crude oils.

1.5.7 Aromatics '%'"1%

Aromatics are hydrocarbons, which are chemically and physically very different from the

paraffins and naphthenes. They contain one or more ring structures similar to benzene. The
atoms are connected by aromatic double bonds (Figure 7b).
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Fig. 14. Schematic illustration of asphaltene aggregates in absence and in presence of resins
(82).
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1. Introduction

Crude oils and refined middle distillate products such as diesel fuels, kerosene (jet fuel) or
heating oil contain an important fraction of paraffins (alkanes) of high energy content with a
broad linear (n-paraffins) and branched chain length distribution (Fig.1).

cie

c20
c24

c40
cse

Fig. 1. Gas chromatogram of a virgin crude oil (del Carmen Garcia et al., 2000).

Depending on the type of crude deposits and refined technology applied, this fraction can
vary between 10 and 30% (Coutinho et al., 2000). Although they are energetically desirable
because of their increased combustion enthalpy with respect to Cs-Ci7 alkanes, the long
chain Cys-Cyo n-paraffins (waxes) are technically embarrassing when (1) their concentration
is too high, (2) crude oils are extracted from deep sea reservoirs and pipeline transported
through cold regions or (3) diesel fuels are used during the winter time (Kern & Dassonville,
1992). In these conditions, such fluids undergo dramatic degradation of viscoelastic
properties due to precipitation of waxes as a consequence of the temperature drop and
reduction of their solubility.
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Fig. 2. Observed solubility lines of Ca4, Czs, C32 and Czs waxes (from bottom to top) in decane
(Ashbaugh et al., 2002).

The solubility point of n-paraffins (Fig.2) decreases with the increase of the carbon number
(Srivastava et al., 1997): the higher the solubility point the more difficult is to keep the wax
from precipitating. Wax precipitation is especially problematic during the production phase
when the drop in the pressure and temperature of crude oils and the loss of short paraffins
(light ends) to the gas phase occur (Pedersen et al., 1991a, 1991b). The waxes form stacked
lamellar crystals with sizes of hundreds of micrometers and an overall morphology
resembling a “house-of-cards” (Abdallah et al., 2000) that readily entrains liquid oil,
primarily through surface tension, and effectively forms an organic gel. The occurrence and
deposition of such large wax crystals cause a reduction of the ease of flow of crude oils and
a loss of fluidity and filterability of middle distillates (Venkatesan et al., 2005; Singh et al.,
1999). Wax deposition affects the storage tanks and conduits (Fig.3).

The pour point (PP) - the temperature at which the system gels and becomes mechanically
rigid, - is about 10°C for a typical untreated oil and may vary over a wide temperature range
below 0°C in the case of untreated diesel fuels (Claudy et al, 1993). A parameter that
directly correlates to the occurrence of low temperature technical problems caused by the
wax crystals is the cold filter plugging point (CFPP). This parameter corresponds to the
temperature when plugging occurs in a 45um filter under standardized conditions. For an
untreated diesel fuel the CFPP is normally a few degrees higher than the PP.

In order to circumvent these technical problems “pour-point depressants” are added
(Giorgio & Kern, 1983; Beiny et al., 1990). Generally, depressants are copolymers consisting
of crystalline and amorphous segments that have the capacity to self-assemble in solution
without sedimentation even at temperature well below 0°C. They interact favourably with
paraffins and moderate the wax crystals morphology so that crude oils and middle
distillates remain fluid as their temperature passes through that of PP. The mechanisms by
which these polymeric systems modify the wax crystal size and shape are however
incompletely understood. As such, the synthesis and choice of additives for crude oils and
diesel fuels are largely trial and error rather than based on scientific principles. Moreover,
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tests to evaluate the effectiveness of wax crystal modifying polymers concern generally the
bulk properties and take rarely into consideration flow, cooling rate and composition
conditions. A good knowledge of the wax-polymer interaction mechanism at microscopic
scale as a function of wax content and temperature variation assesses the ability of a
polymeric system to control efficiently the wax crystallization in hydrocarbon solution and
enables the tailoring of additives for specific oil and middle-distillate composition
conditions. The wax-polymer interaction in solution yields complex aggregates whose
morphology strongly depends on the precipitation temperatures of both components.
Therefore, besides information on the oil and diesel fuel composition a good
characterization of the polymer self-assembling behaviour in solution is a prerequisite
condition for the start of a structural study of wax-polymer interaction.

Fig. 3. Plugged pipeline (Banki et al., 2008).

Small-angle neutron scattering (SANS) technique exploiting on one side the strength of
contrast matching and, on other side, the wide length scale explored, from 1nm up to 1pm,
is a dedicated technique to investigate and elucidate complex morphologies such as those
occurring in a wax-polymer-oil system (Richter et al., 1997; Leube et al., 2000; Monkenbusch
et al., 2000; Schwahn et al., 2002a, 2002b; Ashbaugh et al, 2002; Radulescu et al., 2003, 2004,
2006, 2008, 2011). An eloquent example is that of diblock polymers (Fig. 4) of semi-
crystalline polyethylene coupled to amorphous poly(ethylene-propylene) (PE-PEP) or
poly(ethylene-butene) (PE-PEB) which yield in solution plate-like structures. The aggregates
consist of a PE core shrouded behind an amorphous brush layer (Richter et al. 1997). The
crystalline core serves as a nucleation platform for wax precipitation, while the amorphous
brush acts as a steric barrier keeping the aggregates in solution. Rather than forming large
platelets themselves, the waxes are sequestered by the diblock lamellar micelles (Leube et al.
2000). The elucidation of this wax modification mechanism by means of contrast matching
SANS has found commercial application of PE-PEB (Infineum, Paraflow™) as diesel wax
modifiers. More recently, following systematic SANS and optical microscopy studies, it was
shown that the poly(ethylene-co-butene) random copolymers (Fig. 4), designated PEB-n,
where n is the number of the ethyl side branches / 100 backbone carbons, could assume
important oil and refinery applications because of their capability to modify the wax crystals
precipitated at low temperature by model oil and diesel fluids (Ashbaugh et al., 2002;
Schwahn et al, 2002b; Radulescu et al., 2004).
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Fig. 4. Polymer structures designed and synthesized as efficient wax crystal modifiers
following microstructural studies with SANS: crystalline-amorphous PE-PEP diblocks,
semicrystalline PEB-n random copolymers with tuned crystallinity (variable number of
ethyl side-groups) and multi-block PEB-n copolymers with graded crystallinity.

The studies on mixed hydrocarbon solutions of PEB-n copolymers and single paraffin waxes
by contrast matching SANS revealed that these copolymers show selectivity in their wax
modification capacity depending on the ethylene content of the backbones (Radulescu et al.,
2003, 2004). The more crystalline copolymers show a higher efficiency for longer wax
molecules while the less crystalline ones are very efficient for shorter waxes. This suggests
that highly efficient PEB-n additives for crude oils and middle distillates should consist of
segments with graded ethylene content. New polymers presenting variable crystallinity
along the chain have been synthesized as multi-block copolymers built from segments
representing PEB-n random polymers with blocks having different global content of ethyl
branches (Fig.4). These new materials exhibit a gradual crystallization tendency of each
block with decreasing temperature (Radulescu et al., 2011) which, considering the
selectiveness of the PEB-n copolymers regarding their wax modification, tunes the
crystallization behaviour of a broader distribution of wax molecules like those contained by
crude oil and middle distillate fuel systems. In this case a gradual co-crystallization of those
wax molecules and polymeric blocks presenting similar precipitation points eventually
emerges. SANS and microscopy studies on polymer-wax solutions prepared for conditions
closed to realistic ones, for high wax content or mixed wax molecules, have shown that such
specifically designed polymers are able to template and control the wax crystallization in
moderate size fluffy aggregates, thus arresting the growth of large compact waxy crystals
and preventing the wax gelation which otherwise would eventually occur below 10°C.

2. Small-angle neutron scattering

Neutrons interact with matter via the short-range nuclear interactions and hence see the
nuclei in a sample rather than the diffuse electrons cloud observed by X-rays. In magnetic
samples neutrons are scattered by the magnetic moments associated with unpaired electron
spins (dipoles). Unlike the X-rays, the neutrons are able to “see” light atoms in the presence
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of heavier ones and to distinguish neighbouring elements more easily. Because the cross-
section of an atom generally varies between isotopes of the same element, the exploitation of
isotopic substitution methods can allow neutrons to highlight structural and dynamic
details. Particularly, the strong difference in cross-section between hydrogen and deuterium
enabling contrast variation methods is of a great importance for the investigation of
synthetic organic compounds. Such complex structures spanning over a length scale from
Inm to 1 pm, can be characterized by SANS method.

2.1 SANS instruments and method

Elastic scattering with neutrons reveals structural information on the arrangement of atoms
and magnetic moments in condensed matter systems. The information in such scattering
experiments is contained in the neutron intensity measured as a function of the momentum
transfer Q

Q=k ~k;; Q:%rsine/Z @

where k, and f are the incoming and outgoing neutron wave vector, 4 is the neutron
wavelength and @ is the scattering angle (Fig.5). Scattering experiments explore matter in
reciprocal space and Q acts as a kind of inverse yardstick: large Q values relate to short
distances, while a small Q relates to large objects. Aiming for the mesoscopic scale, SANS is
optimized for the observation of small scattering angles using long wavelength (cold)
neutrons. Thus, large objects, such as macromolecules, colloids, self-assembled systems,
membranes, proteins, polymeric and biomolecular aggregates, etc., can be studied.
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Fig. 5. Scattering process in real (left) and reciprocal (right) space; the divergence of the
primary beam is described by the space angle A€, while the scattered intensity is measured
in a detector element with space angle A(p.

The principle layout of a conventional pinhole SANS instrument is shown in Fig.6. The high
intensity requests in the case of SANS can only be achieved by using a large wavelength
distribution of the monochromatic beam delivered by the mechanical velocity selector,
typically 44/4=10%-20%. A resolution-optimized setting of a SANS instrument is achieved if
the collimation length Lc equals the sample-to-detector distance Lp. Therefore, the
geometrically optimized SANS instruments have a typical length of 40m, reaching 80m for
D11 at the ILL, Grenoble. Using neutron wavelengths between 4.5 and 20A the Q interval
between 7x10-4A-1 and 0.5A-1 becomes accessible in the classical pinhole mode.

In order to increase further the Q resolution towards smaller values, focusing optical
elements need to be introduced. One possibility are the refractive optical elements - neutron
lenses, placed in front of the sample such that a small incoming neutron beam is focused on
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the detector and thus, smaller scattering angles than for conventional pinhole geometry are
accessed (Frielinghaus et al., 2009).

|Se|ector| |Apertures| |Sample| |Detector|—’

U —
D%

Fig. 6. Principle of pinhole SANS; a neutron beam entering the instrument from the left is
the subject of monochromation (done by the velocity selector), collimation over a variable
distance (achieved by using a set of adaptive system of apertures), scattering on the sample
and detection on a two-dimensional position sensitive detector over long distances; aiming
for detecting neutrons at small scattering angles the SANS instruments are very long.

Focusing-SANS using reflective (mirror) systems (Alefeld et al., 2000) was in use since
longer time at the KWS-3 instrument operational at the FRM II reactor, Garching-Miinchen.
In such an instrument the monochromated neutrons enter through a small aperture
(typically 1mm) and hit the focusing mirror with the full divergence provided by the
neutron guide. The mirror reflects and focuses the neutron beam on a high-resolution
position sensitive detector (0.5mm space resolution) placed in the focal plane. The sample
position is placed just after the mirror. Both focusing methods extend the pinhole SANS Q-
range down to 1x104A1,

SANS is thus a well-established, non-destructive method to examine structure on length
scales of Inm to 1um.

2.2 SANS cross-section of simple structures

A crucial feature of SANS that makes it particularly useful for synthetic organic
macromolecules (soft matter) is the ability to vary the scattering contrasts between different
constituents of a hydrocarbon sample over a broad range by H/D substitution. Since the
molecules affected by H/D exchange are chemically the same, the physical chemistry of the
sample is only marginally modified, if at all. The visibility of an object M in solution S for
example depends on the difference of the solvent/solute scattering length densities:

atoms in M atoms in S

DY
o

Vm Vs

i

Apy =(py = ps) = @

where b denotes the scattering length of the different atoms in M and bis those of the
atoms in S, while v,; and v; are the effective volumes occupied by the objects composed of
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the atoms in the respective sums. Since by = -3.57x103 cm, by = +6.57x103 cm and b =
+6.65x1013 cm, H/D replacement allows for huge variation of Ap for hydrocarbons. Using a
mixture of suitable amounts of deuterated and protonated solvent in general it is possible to
achieve “zero contrast” Ap= 0 for one component of the system (Fig.7). The technique of
contrast variation allows for highlighting parts of a structure and is of essential importance
for the investigation of complex multi-component systems. The exchange of hydrogen with
deuterium either in the solvent or explicitly in chemical groups of the organic
macromolecules of interest (labeling) is then required. Deuterium labeling of synthetic
organic macromolecules (polymers) is easily achieved by special synthesis methods.
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Fig. 7. Example of contrast matching between different domains of a diblock copolymer
two-dimensional micelle (crystalline-amorphous core-brush morphology) and solvent: by
modification of the solvent scattering length density the full contrast, core contrast and
brush contrast (from left to right) can be adjusted.

The contribution to the small angle scattering intensity from some object is contained in the
macroscopic cross-section d2/dQ(Q), which is the absolute square of the Fourier transform
of its scattering length density distribution Ap(7) normalized by the sample volume Veanpt.
In case of N identical particles of volume V, which are located at random positions and
random orientations in a solution (with N 'V, = ¢ Ve, where ¢is the volume fraction of the
scattering particles in solution) and are homogeneously decorated with a constant contrast
factor Ap, the macroscopic scattering cross-section can be written as

N

Q)= 80 VEP(Q)S(Q) ®

sample

where P(Q) represents the particle form factor, which relates to intra-particle correlations,
and S(Q) the structure factor, which denotes the inter-particle correlation effects. The
analysis of the form factor P(Q) and structure factor S(Q) in terms of structural models
(Pedersen, 1997) delivers information about the size, shape, number density, and correlation
between the scattering particles in the sample. The evaluation of the “forward scattering”
dx/daXQ—0), which amounts to ¢ A2V, offers information about the volume fraction of the
scattering particles while knowing the contrast from the synthesis procedure and the size of
the scattering objects from the scattering data.
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For multi-component systems containing for example, oil, polymer and wax, the scattering
cross-section in terms of the partial scattering functions assumes the form:

dz 2 2

E(Q) =(pp = ps) Pep(Q)+2(pp = s )(Pw = Ps) Pow (Q) +(Pw =~ ps)” Paw (Q) @)
where the indexes P and W indicate the polymer and wax, respectively. If the scattering
length density of the single components is changed within given limits by hydrogenation or
deuteration, either the polymer (pw=ps) or the wax (pp=ps) can be left visible in the sample.

The wax and semicrystalline polymer molecules yield in solution complex morphologies
displaying multiple structural levels that are sometime hierarchically organized on a scale
from nanometers to hundreds of microns. Basically, these morphologies evolve from
lamellar or rod structural units. Depending on the polymer architecture, a crystalline-
amorphous morphology emerges in solution either as core-brush lamellae or as density
modulated rods. For a core-brush two-dimensional morphology formed by diblock
copolymers in solution (Richter et al., 1997) the cross section is expressed as

dz Ve 22 D(QR/2)
diQ(Q)7¢VC P(Q)(”R ) (QR/Z) +Iblob (5)

Thereby, ¢ is the volume fraction of polymer in solution (as aggregates), 1 is the fraction of
the crystallizable segment in the polymer, R is the lateral dimension of the lamellae (discs)
and D(x) denotes the Dawson function. The second term in Eq.5 arises from the polymeric
structure of the brush (the “blob” scattering). P(Q) is the form factor of the density profile
perpendicular to the lamellae surface including the contrast factors of the core and the brush
parts and the density profiles of the polymer volume fraction. The form factor of an
infinitely large plate of the thickness d considering a simple rectangular density profile is

P(Q)=[sin(Qd/2)/(Qd/2)]’ ©)

For the amorphous brush different approaches can be adopted varying from a simple
rectangular profile to a parabolic or even a more complicated prediction. When the platelets
stack the structure factor of one-dimensional paracrystalline order can be used, which in the
case of an infinite stack has the form

sinh(Qzalz) / 4)

S(0) =
( COSh(QZO'[Z) / 4) —cos(QD)

)

where D is the stacking period and op is its Gaussian smearing,.

The form factor appropriate for an ensemble of isotropic oriented homogeneous rods of
thickness a and very large length 2H can be expressed, for the condition Q>>nH, H>>g, as

__x [2(Q)]
@~ | ©
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where Ji(x) is the first order Bessel function of the first type. More complicated equations
requiring numerical calculations are involved for inhomogeneous rods (Radulescu et al.,
2004) or for rods with elliptical cross-section (Bergstrom & Pedersen, 1999).
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Fig. 8. Micrographs from decane solutions of mixed 1%Css/1%Cso at 0°C (a), 0.5%Ca4 at
-20°C (b), 1%Css at 20°C (c) and 4%Ca4 at -10°C (d); scale bars 30pum.

The combination of scattering data with fractal geometry concepts recently commenced to
become a general path of investigating the complex morphologies displaying multiple
structural levels on wide length scales (Beaucage & Schaefer, 1994). Fractal approaches
describe power-law regimes often observed in measured scattering profiles with the
exponents depending on the geometric structure of the scattering objects, d2/dXQ)~Q. If
the mass of an object scales with its size according to M ~ RP, one deals with the mass
fractals that can be simply characterized by the exponent D, the mass fractal dimension. The
scattering cross-section from mass-fractal objects is proportional with Q-P and thus, a power
law regime in Q with an exponent p=D=1 relates to rod-like structures, p=D=2 to platelets
and p=D=3 to uniformly dense structures. Surface fractals are uniformly dense objects
presenting a fractally rough surface that scales with their radius S ~ rPs, where Ds can
assume values between 2 (smooth surface) and 3 (extreme roughness). For fractally rough
surfaces, the power law exponent becomes p=Ds-6 and, if the object possesses a smooth
surface, p=4 (Porod scattering), while for a rough surface 3 < p < 4. Empirically, one may also
find slopes steeper than those corresponding to p=4. In this case, the objects have diffuse
rather than fractally rough interfaces. An observed structural level and its associated power-
law for simple well defined shape objects can be analyzed using the graphical presentation
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of data in terms of Guinier approximation, In(Qr d2/dQ2) vs. Q2, which delivers in a direct
way the “forward scattering” and the size of the objects (Schwahn et al., 2002a).

3. Wax crystallization from hydrocarbon solution

Below the solubility line (Fig.2) wax precipitates in large crystals. Depending on solution
conditions, such as molecule length, wax concentration, temperature, or whether there is a
single- or multi-wax solution, the crystal morphology varies to a large extent (Fig.8). Isolated
well-defined lozenge-shaped pyramidal plates (Fig.8a), flat conical objects with irregular
edges (Fig.8b) or “house-of-cards” morphologies of compact crystals (Fig.8c,d) are observed.

Such large crystals with sizes between several and hundreds of microns provide a strong
small-angle scattered intensity (Fig.9). Although in all conditions large crystals are formed
the profiles differ significantly and relate to the asymptotic power-law scattering behaviour
typical of the differing morphologies formed. The size of the crystals finds itself within
micrometer range, i.e. the typical features from such large morphologies appear within very
low Q domains, well out of the measured range by classical pinhole SANS. The power-law
indicates formation of three-dimensional fractal-like structures having an extremely rough
surface (p=3) as in the case of short chain waxes at low content or those where p=4 (typical
for high wax contents or long waxes). Mixed wax crystals exhibit surface fractal features.
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Fig. 9. SANS traces from solutions of different waxes in decane.

4. Crystalline-amorphous PE-PEP diblock copolymers

The crystalline-amorphous poly(ethylene)-poly(ethylene-propylene) (PE-PEP) diblock
copolymers yield in decane platelet-like aggregates (Richter et al., 1997; Leube et al., 2000).
Such a morphology is adopted as a consequence of the crystallization of the PE-blocks in
thin lamellar crystallites (d~20-50A), whereas the PEP forms brushes on both sides of the
lamellae. Unlike the lower molecular weight M compounds that yield isolated platelets,
the higher molecular weight copolymers form larger platelets showing stacking tendencies
due to mutual van der Waals attraction acting on the large surface area. SANS investigations
were performed in order to quantitatively understand the aggregation phenomena
occurring in solution and to decipher the influence of PE-PEP additives on the wax crystals
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formed at low temperatures in common hydrocarbon solutions. Empirically, the PE-PEP
diblock systems have proven to exhibit wax crystal modification activity in various diesel
fuels. Whether a co-crystallization of wax molecules with the PE-block in the core or another
wax-polymer interaction mechanism takes place, was the fundamental question addressed
by SANS. For this purpose, a series of well-defined diblocks with different PE-PEP
compositions and molecular weights was synthesized by anionic polymerization of
polydienes followed by the saturation of the resulting polymer by hydrogenation. This is a
convenient method in the case where well-define molecular weights and structures are
needed. In a first step polybutadiene-polyisoprene (PB-PI) diblocks were obtained by
polymerization of 1,3-butadiene and 2-methyl-1,3-butadiene in nonpolar hexane. The M
was characterized by low-angle laser-light scattering and by size exclusion chromatography.
The thus synthesized polymers were in a second step saturated by hydrogenation or
deuteration at 80-100°C under a pressure of 25-30 bar using palladium on barium sulphate
as a catalyst. Due to the occasional occurrence of 1,2-addition of butadiene the PE chains in
the final polymer contain about 2 ethyl side branches/100 backbone carbons.
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Fig. 10. (a) Example of scattering patterns from PE(1.5kg mol-1)-PEP(5kg mol-1) diblock in
decane for the common (green), core (black) and brush (pink) contrast conditions (Leube et
al., 2000). The solid lines denote the simultaneous fit of the data according to the two-
dimensional core-brush model (Eq.5) including a rectangular core profile and a parabolic
brush profile; (b) Sketch depicting the PE-PEP structure in solution as emerged from the
model interpretation of the SANS data, with L the brush length and d the core thickness.

To utilize the full capabilities of SANS the contrast was controlled by the variation of the
scattering properties of different polymer components by varying the degree of
hydrogenation and deuteration in the precursor PB-PI block copolymers and/or during the
saturation. Furthermore the wax was contrasted out or made visible depending on the
degree of hydrogenation and deuteration of the different components.

Fig.10a presents the scattering data from a low My PE-PEP copolymer in decane (¢,=2%) at
room temperature for different contrast conditions enabled by the variation of the solvent
scattering length density in equal steps between fully deuterated decane (ps=6.2 x 1010 cm-2)
and fully protonated decane (ps=-0.3 x 1010 cm-2). Detailed measurements were performed
on decane solutions of largely different My copolymers by varying the polymer volume
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fraction in solution and the scattering length density of polymer blocks and solvent. The fit
of such data using Eq.5 with different profiles for the core and the brush morphologies
delivered the platelet thickness d and the brush length L, both parameters which vary with
M. Taking into consideration the structural features revealed by SANS and the
thermodynamic aspects of the platelets formation (core thickness and brush length adjust
themselves from a balance between the entropy loss in the stretched brush on the one hand
and the enthalpy costs of folding the polyethylene chains and defect energies associated
with the incorporation of ethyl side branches on the other hand) the structure of the PE-PEP
aggregates (Fig. 10b) consisting of a thin crystalline core exhibiting a certain surface
roughness and a stretched amorphous brush was fully characterized and understood.
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Fig. 11. (a) Example of scattering from PE(1.5 kg mol-1)-PEP(5 kg mol-!) with no wax (black),
0.5% Cs6 (blue) and 0.5% Csp (red) added, under common core and wax contrast, at 5°C
(Leube et al., 2000): the scattering patterns follow a Q-2 behaviour; (b) Sketch depicting wax
crystallites (pink) nucleated at the crystalline PE core and sequestered by the PEP brush.

The effect of wax on the scattering from diblocks was studied in different contrast
conditions (Leube et al., 2000), which allowed the core, the brush or commonly the core and
wax visible. A comparative analysis of the polymer core and brush scattering profiles for
neat and Cszs hexatriacontane wax-dopped polymer solutions in decane offered the first
insight about the changes occurring at the level of polymer morphology in the presence of
wax. The results revealed no change of scattering for core contrast, thus no change in the
core thickness, while the brush density profile was found to be shifted outward in the
presence of wax compared to the polymer self-assembling case, which indicates more
stretched hairs close to the core surface. These findings prove that there is no incorporation
of wax into the core. Apparently, the wax enters the brush probably by a nucleation and
growth on top of the core. SANS investigations under common core and wax contrast
condition revealed an increase in thickness of the two-dimensional aggregates, i.e. the
adsorbed crystallized wax enters through the brush and adds to the effective core thickness.

Following detailed contrast matching SANS investigation (Fig. 11a) the increase in the
effective core thickness d.r due to addition of wax crystallites was evaluated. Supposing an
average surface coverage by wax, from the fit of the scattering patterns the crystallized wax
volume fraction was obtained: for 0.5%Css wax dissolved in the initial solution almost 100%
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wax aggregation was found at 5°C, while in the case of 0.5%Cs solution the wax
aggregation fraction is only 57%.

In conclusion, by means of the SANS micro-structural investigation method the structure
and morphology of the crystalline-amorphous polymer-aggregates was resolved (Fig.11b).
Of greater importance for further design and optimization of efficient polymer additives for
wax crystal control was the understanding of the interaction mechanism between the
polymers and waxes in this specific case. This mechanism has found commercial application
of PE-PEB (Paraflow™) as diesel wax modifiers.

These crystalline-amorphous diblock copolymers are effective at breaking the wax gels at
low wax concentration. In applications where the dissolved wax concentration is large, such
as crude oils, wax precipitation can bury the PEP or PEB brush layers negating thus the
steric stabilization advantages and grow ultimately in large crystals. Other more versatile
crystalline-amorphous polymer architectures expressing a higher efficiency in controlling
the wax crystallization at high wax content have been designed based on micro-structural
information obtained by SANS.

5. Crystalline-amorphous poly(ethylene-butene) copolymers PEB-n

The behaviour of PE-PEP and PE-PEB diblock copolymers with respect to their ability to
control the wax crystallization invited the evaluation of PEB-based copolymer architectures
where semi-crystalline and amorphous segments are combined in an alternative or random
manner. One such family is represented by nearly random copolymers of ethylene and 1-
butene obtained by the anionic polymerization of butadiene with variable 1,2- and 1,4-
modes of addition (Morton & Fetters, 1975). The microcrystallinity of these polymers
designated PEB-n, where n is the number of ethyl side branches/100 backbone carbons, can
be tuned by changing the ratio ethylene to butene segments, i.e. by varying n. Thus, PEB-0
represents essentially crystalline high density PE, while for n>13 crystallinity is absent in the
bulk state. The reactivity ratio product obtained from the 13C-NMR evaluation of the
sequence distribution characteristics of PEB copolymers suggested their random character.
The self-assembling features of PEB-n copolymers in decane solution were investigated by
SANS. Following carefully observation of the scattering patterns with decreasing
temperature it was found that the assembling events appear at a temperature which is the
higher the lower n (Ashbaugh et al., 2002; Radulescu et al., 2003). Thus, PEB-7.5 shows first
aggregation tracks already at 40°C while PEB-11 only at 0°C. Despite this difference the
scattering cross-section of copolymers with different number of ethyl side groups shows at
low temperature a well-defined Q! power-law profile which is indicative for rod like
aggregates. Fig.12a displays example of SANS patterns from the PEB-7.5 (6kg mol?)
aggregates at -10°C for different polymer volume fraction ¢, in solution. (Radulescu et al.,
2004). The length of the rods is not accessible by classical SANS since no saturation of
scattered intensity towards low Q is observed. The peak-like structure appearing at the
same () position for different @, denotes intra-particle correlations and arises from
longitudinal modulation of the rod density. Following the interpretation of the experimental
data by appropriate structural models the polymer rods were characterized with respect to
their lateral size and density parameters and a self-assembling mechanism was proposed.
The polymer volume fraction inside the rod structures with thickness of 50-60A and
modulation period of 300-350A is low and could range between 4% and 20% depending on
the actual volume fraction of rods in solution.
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Fig. 12. (a) Examples of SANS patterns from PEB-7.5 copolymer in decane for different ¢, at
-10°C (Radulescu et al., 2004); (b) Sketch depicting the structure of PEB-n random
copolymers in solution as emerged from the analysis of SANS data.

This finding shows that the polymer assemblies are solvent swollen open objects.
Formation of such morphology was explained by taking into account the molecular
architecture of the PEB-n random copolymers: the aggregation events occur as a
consequence of crystallization of the longer PE sections within one chain while the
amorphous sequences containing ethyl side groups form a loose corona around the
crystalline nucleus and screen it against the intrusion of other chains by osmotic
repulsion. The rarity of co-crystallization events promotes thus a one-dimensional growth
(Fig. 12b). For PEB-n materials with lesser crystallinity an attenuated or “no peak” feature
was noticed in the SANS patterns. That indicates a more homogeneous polymer density
inside rods (Schwahn et al., 2002a).

The self-assembly behaviour of the PEB-n copolymers with variable crystallinity led to the
conjecture that their interaction with waxes may depend on the correlation between the self-
assembly temperature and the wax solubility point within the investigated range of wax
concentration. The density of the ethyl side groups and the My may thus control the efficacy
of different PEB-n copolymers in modifying the size and the shape of waxy crystals formed
in decane. The understanding of their positive effect on the low-temperature viscoelastic
properties of waxy fluids was possible following combined rheology, microscopy and SANS
studies (Ashbaugh et al, 2002; Schwahn et al., 2002b; Radulescu et al., 2004, 2006). Fig.13a,b
presents micrographs collected at different temperatures from decane solutions of 1% Cas
and 4% Coy when 0.6% PEB-7.5 is added (Radulescu et al., 2004, 2006). Marked changes in
the wax crystallization habits are observed in the presence of polymer compared with
crystallization from pure solutions (Fig.8c,d): instead of big compact plates several hundreds
of pm in size smaller morphologies exhibiting a soft texture or thin needles with modulated
thickness appear in the presence of polymer.

The formation and hierarchical evolution of such morphologies with decreasing
temperatures were characterized by SANS over a wide Q-range. Again, the use of contrast
allows the identification of wax conformation and the polymer inside the common
aggregates. This also aids in the understanding of the microscopic interaction mechanisms.
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The assembly events depend on the length of the crystallizable segments that are either the
wax molecule or the ethylene sections of the copolymer. Formation of multilevel hierarchical
morphologies is a consequence of one component to crystallize prior to its companion and
to template the final overall morphology. Conversely, for the case of well-matched self-
assembling properties cooperative co-crystallization is allowed. Typical pinhole SANS
results are shown in Fig.14a,b, which presents under polymer and wax contrast,
respectively, scattering patterns from wax-polymer mixed solutions which are typical for
the two mechanisms identified (Radulescu et al., 2003, 2004).

Fig. 13. Micrographs from PEB-7.5 doped decane solutions of 1% Css at 20°C (a) and 4%Co4 at
-10°C (b); scale bars 30pm (Radulescu et al., 2004, 2006).

In the first example, when 0.6%PEB-7.5(6kg mol?) and 1%Co; are mixed in decane, the
polymer commences self-assembling in its characteristic density-modulate rod-like structure
well before the wax crystals appearance. At temperatures below the wax crystallization line
the polymer and wax influences each other’s aggregation behaviour (Fig.14a). On the one
hand, the wax crystallization influences the polymer structure, which changes from rod-like
(~Q7) to plate-like (~Q2) in the presence of wax. Thus, co-crystallization of the polymer and
wax occurs below certain temperatures. On the other hand, the wax scattering patterns
reveal the correlation peak at the same Q-position where it is observed for the polymer
alone. Thus, it looks like in the case when polymer assemblies are formed at higher
temperatures than the wax precipitation point the common aggregation habit is dictated by
the primordial polymer structure which serves to template the subsequently formed wax-
polymer plates in a shish-kebab-like correlated arrangement. This is demonstrated by the
TEM observation of aggregates (Fig.15a) isolated at room temperature from a mixed decane
solution of high My PEB-7.5 (30kg mol?) and Czs, a ternary system that exhibits at higher
temperatures similar scattering features and experiences the same aggregation mechanism
like the combination of low My PEB-7.5 and Ca4. The simultaneous fit of the scattering data
for different contrast conditions considering correlated wax layers embedded into thicker
polymer platelets (Eq.5-7) delivered the geometrical and density parameters of the wax-
copolymer aggregates. These consist basically of a single layer of stretched Cyy molecules
(dwux=32A) embedded into thicker polymer platelets (dpoz=100—150A) which grow around the
crystalline nuclei of initial polymer rods and are correlated over distances of D=200-230A
with a smearing of op=100-140A. This mechanism yields eventually a shish-kebab-like
morphology (Fig.15a).
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Fig. 14. Examples of wax and polymer SANS profiles (triangles) from PEB-n/wax mixed
solutions in decane (Radulescu et al., 2004) for 0.6%PEB-7.5/1%Co4 at -10°C (a) and
0.6%PEB-7.5/0.5%Css at 0°C (b); the polymer self-assembling SANS patterns (circles) are
shown in parallel in order to emphasize the structural changes induced by the addition of
wax; the curves represent model description of the data (see text).

In the second example, when 0.6%PEB-7.5 (6kg mol1) and 0.5%Css are mixed in decane, the
wax and polymer show quite similar precipitation temperatures and yield extended joint
polymer-wax plate-like structures which are loosely correlated due to van der Waals
interaction. The co-crystallization of wax and copolymer in thin platelets is again the main
mechanism that changes the polymer scattering pattern from ~Q-1 into ~Q2 (Fig.14b). A
homogeneously distributed polymer profile across well-defined platelets of narrow size
distribution was deduced from the observation of the form factor features towards high Q.
Again, the simultaneous fit of different contrast scattering patterns according to Eq.5-7
resulted in monolayer of stretched wax molecules embedded within a thicker polymer layer,
a morphology which is depicted by Fig.15b.

From the quantitative analysis of the scattering profiles systematically collected over a wide
temperature range for different wax-copolymer combinations and volume fractions it was
concluded that the co-crystallization mechanism of wax and crystallizing segments of the
copolymer emerging as a consequence of the good match between precipitation
temperatures of both components corresponds to a high efficiency of the polymer in
controlling the size and shape of the wax crystals. In this case, for ¢,»=0.5% in the initial
solution about 80% stays inside polymer-wax common thin platelets at 0°C in the case of Css
combined with PEB-7.5(6kg mol-1) and at -22°C in the case of C4 combined with PEB-11(6kg
mol-1). The amount of polymer contained by the aggregates is very small and corresponds to
much less than a half of the volume fraction in the initial solution. The wax volume fraction
inside the wax layer is about @#,x=70-90%, while the polymer volume fraction inside the
polymer layer is about ¢#,,=10-30%. For higher wax contents, a considerable amount of wax
is entrapped by the thin platelets, e.g. for ¢u.=2% Css in the presence of PEB-7.5(6kg mol-)
this amounts at 0°C to about 55%. A lower efficiency was observed in the case of wax
crystallization templated by polymer one-dimensional morphologies pre-existing in
solution: only a maximum of about 10-15% of ¢u=0.5% Ca4 is contained by the correlated
polymer-wax plates at -20°C for a corresponding 50% of the polymer consumed from the
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amount in the initial solution. Lower wax volume fraction, about ¢#,,»=30-60% characterizes
the wax layer, while the polymer volume fraction inside the polymer layer is about ¢@,,=40-
70%. It was shown that, in this case, later crystallization stages or the wax surplus (like for
Puaix=4%) led to thickening of the platelets anchored at the polymer density-modulated rod-
like structures, which ultimately join together and give raise to formation of long needles
with modulated thickness like those visible in Fig.13b.
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Fig. 15. (a) TEM image of wax-polymer correlated plates resembling a top view of a shish-
kebab morphology; (b) Cartoon of the polymer-wax aggregate consisting of monolayer of
stretched wax molecules embedded into thicker homogeneous polymer layer; the thickness
and material volume fraction characterizing each layer are indicated (Radulescu et al., 2008).

From the micro-structural investigations of mixed solutions of PEB-n random copolymers
and single waxes it emerges thus the conclusion that these polymers show selectivity in
their wax modification capacity depending on the ethylene content of the backbones: the
more crystalline copolymers show a higher efficiency for longer wax molecules, whereas the
less crystalline ones are very efficient for shorter waxes. This basic result directly suggested
that highly active PEB-n additives for crude oils and middle distillates should consist of
segments with graded ethylene content.

6. Multi-block PEB-n copolymers

Two PEB-n multi-block copolymers, a tetra-block PEB-2.6/PEB-6.0/PEB-10.9/PEB-13.2
and a tri-block PEB-6.5/PEB-8.9/PEB-10.1, were synthesized via hydrogenation of
poly(1,4-1,2) butadiene block random copolymer segments where the 1,4/1,2 ratio
decreased as the number of segments increased. For example, the tetra-block material was
prepared in cyclohexane using t-butyl-lithium as the initiator (at room temperature). The
initial PEB-2.6 block was prepared with no modifier of the butadiene microstructure. On
completion of the initial segment, a small amount of solution was removed for micro-
structure (H-NMR) and chain molecular weight (H-NMR and GPC). The second segment
was carried out with a small concentration of triethyl-amine present. This led to an
enhanced vinyl concentration. After hydrogenation, this yielded the PEB-6.0 block. This
procedure was repeated to prepare the subsequent PEB-10.9 and PEB-13.2 blocks
(Radulescu et al. 2011). The measured averaged molecular weight of the two multi-block
materials was 18.9kg moll (6.3/6.3/6.3) for the tri-block and 29.7kg moll
(4.2/8.5/8.5/8.5) for the tetra-block, respectively.
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Fig. 16. (a) Selective examples of SANS patterns collected at several temperatures where
typical structures are revealed in decane solution of 1% tetra-block copolymer (Radulescu et
al., 2011); the power-law scattering behaviour characteristic of different structures is
indicated; the arrow denotes the peak arising from intra-particle correlation as concluded
following the observation of the constant peak-position for different ¢, in solution, which is
illustrated in (b) for the case of the tri-block copolymer in decane; the red curve represents
the description of data with the density-modulated rod model.

A combination of classical pinhole-, mirror-focusing- and ultra-SANS techniques with
microscopy (Radulescu et al., 2011) revealed that decreasing temperature leads to the
formation and evolution in solution of multi-sized structural levels showing a hierarchical
organization on the length scale from nanometres up to 10 of microns (Fig.16a). The tetra-
block and tri-block copolymers show similar aggregation behaviour, and only the
temperature at which the self-assembling commences is different for the two materials. This
self-assembling behaviour relates to the graded crystallization tendency of the constituent
blocks of copolymers upon cooling. In a first aggregation step, the scattering features at 60°C
(Q power law behaviour and the peak-like structure) revealed rod-like morphologies with
modulated density formed as a consequence of the crystallization of the block containing the
longer PE sequences following a mechanism described above in the case of PEB-n random
copolymers. The nature of the aggregates and their structural characterization was
established by model interpretation of the results from systematic pinhole-SANS
investigations (Fig.16b). Subsequent crystallization events at lower temperature yield new
structural features. On the one hand, micellar-like sub-structural morphologies arising from
the amorphous segments anchored on growing correlated crystalline nuclei along the rod
axis give raise to the occurrence in the scattering profile of a hump-like feature at Q=2-5x10-2
A1, On the other hand, cross-linking of the one-dimensional aggregates due to co-
crystallization of segments with lower crystallinity produced a dramatic increase of the
scattered intensity towards low Q. Large-scale macro-aggregates with irregular edges and a
diffusive interface (power-law exponent p>4) are ultimately formed as a consequence of
these branching and association events. The understanding of the self-association
mechanism was completed by the results of microscopy and contrast matching pinhole
SANS on mixed solutions of multi-block copolymers and single waxes. These investigations
helped elucidate the polymer-wax interaction mechanism at the microscopic level.
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Fig. 17. Aggregates formed at 0°C in decane solution of 1% tetra-block copolymer with no
wax (a), 1%Css (b) and 4%Css (c,d) added as revealed by bright field (a-c) and crossed
polarizers (d) microscopy (Radulescu et al., 2011); the scale bar: 10pm (a-c), 20pm (d).

Polymer morphologies yielded by the gradual assembling behaviour are emphasized by
decoration with wax crystallites (Fig.17b-d) when large wax-entrapping globular
morphologies or sheaves and bundles of elongated wax crystals are observed under the
microscope. For low wax content, the early formed polymer morphologies incorporate later
appearing wax crystallites and hereby, they become more dense and compact. The limited
growth of the polymer templates is an indication for less frequent branching events and
thus, the incorporation of later crystallizing polymer segments within co-crystals with wax
molecules. Fig.17c,d show bundles of fibrils and sheaves of elongated lamellae formed when
the wax content is high. These crystal habits seem to be templated and controlled by
polymers. After the analysis of systematic SANS data it turned out that the co-crystallization
of the wax molecules and copolymers mid-branched crystallizing blocks is the key effect
yielding the specific wax-copolymer morphology observed in this case (Radulescu et al.,
2011). This emphasizes the specificity of the graded crystalline multi-block copolymers
compared to the PEB-n random copolymers.

The formation of a primary structural level at certain temperatures is a consequence of
crystallization occurring within the highly crystalline segment. Concurrently, cooling
promotes a secondary structure which is anchored and hierarchically grows at the initial
structure. In this way, the low temperature final morphology, although complex and multi-
sized, exhibit smaller dimension and higher compactness compared to those yielded in the
case of PEB-n random materials.
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Fig. 18. Examples of SANS patterns measured from mixed 1%tetra-block/1%Css (a) and
1%tri-block/1%Co4 (b) decane solutions for the polymer (circles) and wax (triangles) visible;
the red curves denote the model interpretation of data while the arrows indicate the high-Q
scattering detail characteristic for polymer blobs.

The co-crystallization of wax and polymer from common solution in habits that are dictated
by the polymer assembling tendency is revealed by a comparative analysis of contrast
matched scattering patterns (Fig.18) and those measured from separate wax and polymer
solutions (Fig.9, 16). On the one hand, the wax/copolymer common structures are
templated by pre-existing polymer rod-like assemblies formed at higher temperatures than
the wax crystallization point. This explains the overall one-dimensional morphology of the
polymer and wax (Q! behaviour at low Q). On the other hand, according to the observed
polymer scattering features (the disappearance of the intermediate-Q prominent peak and
the preservation of the Q1 power law), it seems that co-crystallizing wax and polymer
molecules promote the growth of the initial polymer crystalline nuclei along the rod axis,
filling eventually the open volume between them and generating more homogeneous
aggregates. The polymer patterns were successfully modelled with the homogeneous rod
form factor (Eq.8) with an added contribution of the scattering from polymer blobs
describing the high Q modulation (Richter et al., 1997). The wax morphology seems to
resemble thin and elongated platelets (boards) as revealed by the two characteristic power-
laws (Q! at low Q and Q2 at intermediate Q) and structural levels (kinks of intensity)
observed in the scattering profile. The wax scattering patterns were rather well described by
the form factor of very long cylinders with elliptical cross-section (Bergstrom & Pedersen,
1999), which is a good approximation for a tablet- or board-shaped morphology. Again, thin
and very long crystals consisting of monolayer of elongated wax molecules and having a
width of 500-600A were revealed in both cases. The lesser extension of common wax-
copolymer crystallization in the lateral direction together with the sign of polymer blobs
formation is an evidence of aggregates consisting of rather compact very elongated core
surrounded by amorphous polymer corona. The core is jointly made by wax and polymer
whereas the corona that hinders the growth of the wax crystals into large compact three-
dimensional objects consists of amorphous polymer segments. This explains why the
correlation effect revealed by the scattering patterns from polymer self-assemblies vanishes
in both the polymer and wax scattering patterns at temperatures under the wax
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crystallization point and why the scattering features of the rods substructure also disappear
in the polymer scattering profile. The PEB-n multi-block copolymers demonstrate high
efficiency in reducing the size and in changing the shape of waxy crystals formed in single
wax solutions. Board-like wax crystals that are basically formed (Fig.19) are entrapped by
the polymer macro-aggregates or grow in a manner that is controlled by the polymer. The
wax-polymer interaction mechanism deciphered with the help of micro-structural
investigations is nicely emphasized in the case of high Czs wax containing solutions.
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Fig. 19. Sketch depicting the wax board-like morphology controlled by the PEB-n multi-
block copolymers emerged from the micro-structural studies; the main structural levels
characterizing such morphology, the width w, the thickness ¢, and the length [ are indicated.

The wax crystal control capacity of the multi-block PEB-n copolymers with graded
crystallinity was further explored on more realistic systems with either high content of short
n-paraffins (4% Cas) or mixture of long n-paraffin waxes (1%Cz+1%Cs6), close to the
conditions encountered in the oil industry applications. Fig.20a,b present the contrast
matching SANS results from a 1%tri-block/4%Czs decane solution at two temperatures
under the wax crystallization point. A co-crystallization of wax and polymer molecules in
thin platelets (Q-2 power-law behaviour) is again the interaction mechanism revealed by the
simultaneous interpretation of the polymer and scattering patterns collected at 0°C (Fig.20a).
The plates seem to be weakly correlated as indicated by the broad hump-like feature
observed in the wax profile. The modelling of data in terms of two wax and polymer
embedded layers of different thickness proves that the wax crystals consist of single layer of
stretched wax molecules while the form factor yields details of polymer structure. The
analysis of the “forward scattering” resulted in a wax fraction included within the thin
lamellar structures of about 15% from the total wax amount dissolved in the initial solution.
This value is considerably higher than that obtained in the case of 1%PEB-7.5(6kg mol1)/
4%Cy4 at 0°C, which amounts to about 6%. A further decrease in temperature (Fig.20b)
leaves the polymer conformation almost unchanged as observed in the scattering profile
when compare to the 0°C case, but induces a dramatic changes at the level of wax
morphology: although a certain amount of wax stays still in a two-dimensional
conformation, as proven by the Q2 power-law behaviour observed towards high Q, a
massive growth of wax in large compact crystals is revealed by the Porod-like scattering
observed at low Q.

The micrograph from the same sample (Fig.21a) shows the micron size compact aggregates
that give rise to such scattering profile. Nevertheless, when compared with the case of the
neat wax solution (Fig.8d) the wax crystal control ability of the multi-blocks is striking. The
polymer seems to operate by a two-fold mechanism: on one hand, it templates the wax
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Fig. 20. Examples of contrast matched polymer (circles) and wax (triangles) scattering
patterns from 1%tri-block/4%Cy4 decane solution at two different temperatures. The curves
and arrows have the same meaning as in Fig.18.

crystallization by means of its early formed primary morphology and, on the other hand, it
arrests the growth of large wax crystals by a moderate co-crystallization of wax molecules
and mid-branched segments entrapped by the still amorphous segments.

Fig. 21. Micrographs from decane solutions of 1% tri-block and 4% Cpq at -10°C (a) and 1%
tetra-block and 1%Czp+1%Czs at 0°C; scale bars are 30pm.

In the case of tetra-blocks added to a mixed 1%Cso+1%Cse decane solution the micrographs
collected at 0°C (Fig.21b) also revealed the formation of very small morphologies which
differs greatly from the case of polymer undoped solution (Fig.8a). The SANS scattering
patterns collected for wax contrast (Fig.22a) show that most of wax stays in a two-
dimensional morphology at 10°C and 0°C, under the crystallization point of the two wax
molecules. A moderate increasing tendency of the scattered intensity towards low Q with a
power law exponent p~3 is evident at 0°C when wax-driven agglomerates showing irregular
rough edges are formed.
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Fig. 22. SANS patterns under wax contrast from a 1% tetra-block and 1% Cso+1%Css solution
in decane (a) and the Guinier presentation of the large Q data at 0°C, delivering in a direct
approach the thickness and the “forward scattering” of the wax lamellae (b).

A close inspection of the micrograph shows besides these aggregates some other elongated
objects resembling the one-dimensional crystals observed in the case of tetra-block and
single Cs¢ wax. These fibrillar-shaped crystals seem to be dominantly wax containing, as in
the case of large Css content (Fig.17c), while the larger irregular morphologies must result
from waxes entrapped by polymer branched aggregates. A quick quantitative analysis of
data in a two-dimensional Guinier approach (Fig.22b) delivered the “forward scattering”
from the thin wax layers which revealed that about 50% from the total amount of wax
dissolved in the initial solution is contained by the two-dimensional morphologies at 0°C,
which again proves the efficiency of these polymers in controlling the wax crystallization
from hydrocarbon solutions.

7. Concluding remarks

Hopefully, in this work we have demonstrated the uniqueness and usefulness of small-
angle neutron scattering to solve and characterize the complex morphologies formed in
common solutions of n-paraffin waxes and polymeric systems upon decreasing temperature
and, based on the contrast matching method and with the support of the complementary
microscopy approach, to understand the subtleties of wax-polymer interaction mechanism
at a mesoscopic scale. The elucidation and the knowledge of fundamental aspects
concerning the structures and morphologies emerging in such systems as a function of
temperature, concentration in solution and, more important, similarities in the assembling
and crystallization behaviour between the two systems of interest, namely the wax and the
polymer, can lead to direct predictions and immediate applicability with respect to the wax
crystal control capacity of distinct polymeric systems. Thus, highly efficient polymer
additives can be tailored for acting against specific technical problems experienced by the oil
and refinery industry as a consequence of the cold wax crystallization depending on
particularities of the systems and conditions involved. As a general conclusion, polymeric
systems presenting graded crystallinity have proven a high efficacy and versatility in
controlling the crystallization of waxes in various conditions.
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