
BACKGROUND AND LITERATURE SURVEY
CHAPTER II

2.1 Waxy Crude O ils (M ansoori, 2001)

A w axy crude oil usually consists o f
1. A variety  o f  light and interm ediate hydrocarbons (paraffins, aromatics,
naphthenic, etc.)
2. W ax consists o f  m acro and m icrocrystallines (as defined below )
3. A variety  o f  o ther heavy organic com pounds, such as resins, asphaltenes, 

d iam ondoids, m ercaptans, organo-m etallic, etc. W hen the tem perature o f  a waxy 
crude oil decrease the heavier fractions o f  its w ax content start to freeze out.

For the non-w axy heavy organic com pounds, they do not generally 
crystallize upon cooling  and, for the m ost part, they m ay not have definite freezing 
points. In addition , depending on their natures, the heavy organics w ill have different 
in teractions w ith  w ax that could either prevent w ax crystals form ation or enhance it.

V azquez and M ansoori (2000) identified and m easured petroleum  
precipitates. A  m ethod is used to m easure the precip itates that result from  petroleum  
fluids. This m ethod com posed o f  1) analysis o f  suspended m aterials in a crude oil by 
m icroscopy 2) analysis o f  total asphaltenes conten t in the a crude oil by using 
different norm al paraffin  hydrocarbon solvents, 3) analysis o f  precipitated 
asphaltenes from  a crude oil by gel perm eation  chrom atography (G PC ), 4) SARA 
(saturates, arom atics, resins, asphaltenes) separation  and 5) separation and 
characterization  o f  d iam ondiods. The above experim ental p rocedures provide an 
understanding  o f  the overall behavior o f  the species that precip itate  as w ell as the 
interactions am ong them . The result o f  each procedure is used for predictive and 
preventive m easures for heavy organic deposition  from  petro leum  fluid.

2.2 Nature of Waxy Paraffins (M ansoori, 2001)

W axy paraffins are a continuum  o f  h igh m olecular w eight alkanes
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(  C n H 2n+2 ) saturated hydrocarbons that exist in crude oils. Size can exceed Cioo 
w ith  either a norm al or branched structure. N orm al paraffins exhibit h igher m elting 
points than equivalent-sized  branched structures. The longer the paraffin  (higher 
carbon), the h igher the m elting point. This m eans the larger m olecules com e out o f  
so lu tion  first, so the deepest dow nhole deposits w ould be the h igher m olecular 
w eight paraffins.

The tem perature at w hich paraffins begin to crystallize out o f  solution is 
defined as a cloud point. (C loud points o f  a crude from  d ifferen t w ells w ith in  a field 
can vary as m uch as 30 °F). Pour point is defined as a tem perature w here the crude 
sam ple becom es solid. Solid deposition  can contain  paraffin  as h igh as 60%  or m ore 
o f  oil. Paraffins (generally linear hydrocarbons) float on w ater and are soluble in 
xylene, n-heptane and crude.

M onsoori e t  a l . (2002) indicated that hydrocarbon  com ponents o f  w ax can 
ex ist in various states o f  m atter (liquid or solid) depending on their tem perature and 
pressure. W hen the w ax freezes it form s large crystals o f  paraffin ic  w ax know n as 
m acrocrystalline w ax, w hile those form ed from  naphthenics know n as 
m icrocrystallines w ax (Figure 2.1).

2.3 Wax Deposition Problem (Speight e t  a l . ,  2002)

Paraffin  deposition  is a therm ally  driven process. R educing the tem perature 
during production  causes w ax to precip itate  as tem perature drops below  the cloud 
point. The percentage o f  paraffin  alone in a crude oil is no t an  ind icator o f  potential 
paraffin  problem s, rather it is the cloud po in t and the percentage o f  paraffin  that 
indicate the m agnitude o f  potential problem s. V iscosity  and flow  rate can also effect 
paraffin  deposition. H igh viscosity  reduces transport to cold  surfaces, thus increase 
deposition. H igh viscosity  also results in harder deposits. Paraffins cause problem s 
through deposition  (perforlation, tubing, flow line, p ipeline), settling  (tank bottom , 
interfaces), and solid ification  (the problem s are related  to restarting  or requiring very 
h igh pressures to pum p).
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Paraffin problem s are the results from  (1) natural causes (tem perature loss, 
h igh volum es o f  production  even if  paraffin  content is relatively  low , gas expansion, 
pipe cooling due to ground- w ater aquifers, and low  surface tem perature) , (2) 
so lvent loss (dropping below  bubble point, gas production, gas separation, hot oil 
treatm ents, and heater treaters), and (3) w ell m aintenance operations (tem perature 
driven, w ater injection, cooling  equipm ent, gas lift, acid/free jo b s  w ith  cold fluids.)

W right (1951) indicated that the com ponents found in paraffin  deposits are 
dependent upon the characteristics o f  crude oil. O il is m ostly  m echanically  trapped in 
the deposits, held betw een w ax grains. I f  a large am ount o f  oil is present, the 
paraffin  deposits are hard  and less plastic. In this case an increase in the tem perature 
does not have m uch effect or solid deposits. E ssentially , the w ax crystal behavior is 
dependent on the crude oil itself, the rate o f  cooling, and the degree o f  agitation 
during cooling. Paraffins deposition  in a dow nhole and on surface equipm ent is one 
o f  the m ost serious problem s in oil production  operations. C hange in physico­
chem ical equilibrium  due to a decrease in tem perature to below  the paraffins melting 
poin t causes crystallization , losses in com ponent so lubility  and  a sequence o f  
accum ulation. In som e cases, paraffin ic  deposits have caused reservoirs plugging 
during treatm ent and interfered in low  tem perature oil pum ping. The m ost significant 
causes for the paraffins crystallization  include cooling by gas expansion, heat loss to 
the surrounding and in trusion  o f  w ater producing evaporation  o f  light com ponents 
(R itchie e t  a l ,  1979). The above problem s cause losses o f  billions o f  do llars per year 
to  the petro leum  industry  w orldw ide through the costs o f  chem icals, reduced 
production , extra  horse-pow er equipm ent and blocking o f  flow lines.

»
2.4 Study of the Characteristics and Properties of Waxy Crude Oils (Speight e t

a l ,  2002)

Crude oils appear as liquids o f  varying viscosity. T heir co lor can range 
from  green (crude from  M oonie, A ustralia) to dark  brow n (crude from  G hazi, Saudi 
A rabia). T heir chem ical com positions are very  com plex and depend essentially on 
their ages, that is, the phase o f  developm ent o f  the kerosene, regard less o f  the origin
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o f  the crude (Speight, 1981). Som e crude oils and crude oil products contain 
substantial am ount o f  petroleum  wax. The m ajor com ponents o f  w ax are paraffins o f  
w hich generally  crystallize as a m ixture o f  large needles and plates w ith  amorphous 
w ax. Fundam ental issues related to the w ax crystallization process, crystal 
m orphology and physical properties o f  petro leum  w ax, have been studied in detail. 
The study o f  w ax deposition in hydrocarbon m ixtures and crudes requires measuring 
techniques w hich are able to deal w ith  the solid  phase behavior. K now ledge o f  crude 
oil physical and chem ical characteristics w ill determ ine w hat kind o f  initial treatment 
w ill be associated  w ith  separation and stabilization  at the field for production, 
transport and storage.

There are num erous researchers that study the fractionation o f  the four 
hydrocarbon  chem ical form s in crude oils w hich are saturates, asphaltenes, resins and 
arom atics by using different solvents. For exam ple, pentane, hexane, heptane and ท- 
butanol lead to fractionation o f  the m eltenes and asphaltenes, (as show n in Figures 
2.2-2 .5). M ethods used to fractionate crude oil can provide a quantitative subdivision 
o f  the w ax fraction into pentane-soluble and insoluble w axes. N evertheless, w hile the 
term s m icro- and m acro-crystalline w axes have been used for m any years to 
d ifferentiate  w ax types on the basis o f  their carbon  num ber d istribu tions and other 
properties, detailed  m olecular characterization  o f  w axes w as rarely undertaken in the 
past due to the lack o f  suitable analytical techniques (N guyen  e t  a l . ,  1999).

2.4.1 V iscosity  (Speight e t  a l ,  2002)
It is the force in dynes required  to m ove a plane o f  1 cm  area at a 

distance o f  1 cm  from  another plane o f  1 cm  area w ith  a viscosity  o f  1 cm /s . It is the 
m ost im portan t single fluid characteristic  governing the m otion  o f  w axy crude oils 
and crude oil products and is actually  a m easure o f  the internal resistance to m otion 
o f  a fluid  because o f  cohesion forces betw een m olecules or m olecular groups. In the 
early  days o f  the petro leum  industry  v iscosity  w as regarded  as the body o f  an oil, a 
sign ifican t num ber for lubricants or for any liquid  pum ped or handled in quantity. 
V ariations o f  v iscosity  w ith  tem perature, pressure and shear rate are needed, not only 
in lubrication  but also for o ther engineering problem  such as heat transfer.
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F ig u re  2.5 Fractionation  by solvent procedure (N guyen e t  a l . ,  1999).

B ecause o f  the im portance o f  viscosity  in determ ining  the transport 
properties o f  w axy crude oils, recent w ork has focused on the developm ent o f  an 
em pirical equation  for predicting the dynam ic v iscosity  o f  low  m olecular w eight and 
high m olecular w eight hydrocarbons vapor at a tm ospheric  pressure (G om ez, 1995). 
The equation  uses m olecular w eight and specific tem perature as the input param eters 
and offers a m eans o f  estim ating v iscosity  for w ide range o f  petro leum  fractions. 
O ther w ork has focused on the p re d ic tio n o f  w ax deposition  potential o f  hydrocarbon 
system s from  viscosity-pressure correlations (V ercier e t  a l . ,  1979) and the prediction 
o f  the v iscosity  o f  blends o f  lubricating oils from  the viscosities o f  base oil 
com ponents (A l-K ashab e t  a l . , 1976).

2.4 .2  Properties Relating to Solid ification  (Speight e t  a l . ,  2002)
W axy crude oils and the m ajority  o f  petro leum  products are liquid at 

am bient tem perature, and problem s that m ay arise from  solid ification  during normal 
use are not com m on. N evertheless the m elting  po in t is a test (A ST M  D -87 and D-
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127) that is w idely used by suppliers o f  w ax and by the w ax consum ers; it is 
particularly  applied  to the h ighly paraffinic crysta lline  w axes. The m elting points o f  
the norm al paraffins (Table 2.1) agree w ell w ith  the data for the low er crystalline 
paraffin  w axes w hen the m aterials are com pared on a m olecular w eight basis, and 
this furnishes som e o f  the best evidence for the chem ical constitution o f 
m icrocrystallines petro leum  wax.

A lthough the m elting o f  w axy crude oils and petro leum  products has a 
lim ited usefulness, except to estim ate the purity  or perhaps the com position  o f  waxes, 
the reverse process, so lid ification  has received a tten tion  in petro leum  chem istry. In 
fact, so lid ification  characterization  o f  w axy crude oil and petro leum  products has 
been d ifferentiated  into four categories, nam ely, freezing point, congealing point, 
cloud point, and pour point.

Table 2.1 M elting  point o f  n-paraffm  (A1 A hm ed e t  a l . ,  1997)

N u m b e r  o f  c a rb o n  atom s
M e lt in g  p o in t

° c ° F

1 -182 -296

2 -183 -297

3 -188 -306

4 -138 -216

5 -130 -202

6 -95 -139

7 -91 -132

8 -57 -71

9 -54 -65

10 -30 -22

11 -26 -15

12 -10 14

13 -5 23

14 6 43

15 10 50

16 18 64

17 22 72

18 28 82

19 32 90

20 36 97

30 66 151

40 82 180

50 92 198

60 99 210
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W axy crude oil becom es m ore or less p lastic solid  w hen cooled to 
sufficien tly  low  tem perature. This is due to congealing o f  the various hydrocarbons 
that constitu te  the oil. The cloud point o f  a w ax crude oil is the tem perature at w hich 
paraffin  w ax or other solidificable com pounds present in the oil appear as a haze 
w hen the oil is chilled under prescribed conditions (A STM  D 2500 and A STM  
D 3 1 17). A s cooling is continued, all w ax crude oils becom e m ore and m ore viscous 
and flow  becom es slow er and slower. The pour point o f  a w axy crude oil is the 
low est tem perature at w hich the oil pours or flow s under prescribed conditions w hen 
it is chilled  w ithout disturbance at a standard rate (A STM  D -97). C loud and pour 
points are useful for predicting the tem perature at w hich the observed viscosity  o f  an 
oil deviates from  true (N ew tonian) v iscosity  in the low -tem perature range. They are 
also useful for identification o f  oils or w hen planning the storage o f  oil supplies, as at 
low  tem peratures m any handling d ifficulties occur w ith  som e oils. Som e w ork has 
focused on correlating  the type o f  oil its viscosity  as w ell as the type o f  w ax (A1 
A hm ed e t  a l ,  1997).

2.4.3 Therm al Properties D ifferential Scanning C alorim etry (Speight e t  a i ,
2002)

A few  attem pts have been m ade to study phase transition  phenom ena 
in petro leum  w axes using spectroscopic and therm o analytical m ethods. H ow ever 
these studies are very lim ited and do not provide m uch inform ation on solid-solid 
and solid-liquid  phase transition energies and their dependence on the com position  o f  
the w axes. Phase transition  tem perature and associated energies for petroleum  
w axes o f  d ifferen t m elting point w ere m easured by d ifferential scanning 
calorim etry. A  general descrip tion  o f  this technique has been given recently . The 
therm al analysis o f  petroleum  products in general has been review ed by W einberg e t  
a l . ,{  1981) w hile  DSC in particular has been used to characterize and study the 
therm al effects o f  d ifferent types o f  w axs, crude oils, and o ther petro leum  products. 
M ore specifically , in a series o f  papers. B ouquet e t  a l . (1982) studied synthetic oils 
consisting  o f  n-alkanes in dew axed gas oils to obtain  inform ation on the effect o f  
w ax com position  on crystallization enthalpies and precip ita tion  tem perature. In a
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sim ilar study o f  the therm al behavior o f  crude oils, H anson, e t  a l . (1991) described 
the characterization  o f  seventeen N orth  Sea crude oil by  D SC in the temperature 
range o f  +70 to -1 4 0  °c . A part from  tw o b iodegraded  oils, oil 1 and oil 11, these 
oils range from  light paraffin ic/ w axy condensates (oils 4, 10, 12, 13 and 15) over 
in term ediate paraffin ic  (oils 2, 7, 8, 16 and 17) to heavier w axy crudes (oils 5, 3, 5, 
6, 9 and 14). For all oils both the glass transition  tem perature  (Tg), w ax appearance 
(precip itation) and w ax disappearance (d issolu tion) tem peratures (W A T  and WDT) 
have been studied  together. E lshzkaw y e t  a l. (2000) studied  the stock tank crude oil 
from  M iddle E ast by using DSC. It is concluded that m easured W A T by DSC 
com pares very  w ell w ith  that predicted from  a m odel. A l-A hm ed e t  al. (1997) 
characterized  lubricating  and fuel oils by D SC and cloud  point m ethods. These 
m ethods can m easure also the oil w ith  a pour po in t depressant additive (MEK). 
O ther w ork determ ined  phase transition  tem perature  and energies o f  petroleum 
w axes derived  from  B om bay high m iddle d istilla te  and investigated  the effect o f  iso- 
and cyclo paraffins and arom atics ; From  the result, the tem perature and energies 
depended on the fractions com position in the crude oil (S rivastava, 1995).

2 .4 .4  S tructural Properties U sing X -ray D iffraction  T echniques (Speight e t  
a l ., 2002)

X -ray diffraction  techniques also prov ide inform ation about the 
structural qualities o f  organic m aterials, but the data provide inform ation about the 
spatial period icity  w ith in  a solid  substance. H ow ever, there is one necessary 
assum ption  in the application  o f  this m ethod and it requires that, the longer portion o f  
the m olecules contain  w ith in  and am ong them selves certain  repeated  structural 
fa c tu re s , such as sheets o f  condensed arom atic rings. The X -ray diffraction  patterns 
o f  petro leum  features are diffuse com pared to those o f  the w ell-ordered graphite 
carbon, and it is usually  very difficult to extract in form ation  from  the diffraction 
patterns. H ow ever, it m ust be rem em bered that the X -ray  d iffraction  technique is, by 
necessity , used  for solid m aterials, such as w axes and asphaltenes. Early 
investigations indicate the presence o f  a band corresponding  to 3.5 c  in the X-ray 
diffraction  pattern  o f  an asphaltene fraction  and com pared  the sim ilarity o f  this 
feature to that o f  am orphous carbon w hile evidence o f  crysta llin ity  (m olecular order)
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in asphaltene w as also indicated. Later w ork show s that heavy petro leum  fraction 
have an X -ray pattern characteristic o f  am orphous substances. X -ray diffraction  used 
at very sm all angles, sm all angle scattering (SaS), has been also used for the 
characterization  o f  heavy fractions o f  petroleum . The range o f  sm all angle scattering 
is in the m olecular dim ension from  20 to 2000A 0. O ther investigations studied the 
solid  deposits in a solution consisting o f  a com m ercial m ultiparaffin ic  w ax in normal 
tetradecane, used as a solvent, by X -ray diffraction. The result show ed that the first 
deposits form ed a single orthorhom bic m ulti-C n solid so lu tion  that consisted  o f  all 
the alkanes o f  the com m ercial w ax from  C 20 to C4 2 . D irand e t  a l . ,  1997 studied eight 
com m ercial and industrial w axes and a heavy crude oil by X -ray d iffraction  analysis. 
From  the result, the m ulticom ponent paraffin  w axes form  a single orthorhom bic 
solid  solution that pack along the crystallographic C-axis to equivalent carbon atoms 
num ber ( n c )  and this orthorhom bic phase is identical to an in term ediate solid 
so lu tion  B n ’ or B n ”  o f  binary and ternary m ixtures o f  carbon consecutive (Cn). 
H ow ever these tw o system s appear or h a lf  concentrations and have been  used to 
develop m odels that represent the behavior o f  petro leum  cuts w ith  heavy 
hydrocarbons.

2.5 Quantifying the Amount of Waxy Deposit (Speight e t  a l . ,  2002)

D eterm ination  o f  the am ount o f  solid  w ax precip itated  at tem perature below  
w ax appearance tem perature is critical for understanding crude oil rheology and 
solids deposition. E xperim ental data on w ax precip itation  are norm ally  lim ited to 
determ ining the cloud po in t tem perature and total w ax c o n ten t,o f each oil. A  detail 
characterization  o f  w ax content as a function o f  tem perature is very  im portant for 
establish ing a therm odynam ic m odel o f  w ax form ation in crude oils w ith  good 
predictive capability. M any techniques are used to quantify  the am ount o f  waxy 
deposit.

2.5.1 F iltration  and C entrifugation  (Speight e t  a l . ,  2002)
It is indicated that filtration and centrifugation  are the m ethods 

typically  used for determ ining solid  w ax content versus tem perature  for crude oil
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system s even though the results are influenced by occluded oil and d ifficult for high- 
pressure applications (B urger e t  a l . , 1981).

2.5.2 E nthalpy or H eat C onten t by D ifferential Scanning Calorim etry 
(Speight e t  a l ,  2002)

D ifferential scanning calorim etry  (D SC ) is not only used to study wax 
precip itation  o f  crude oils by m easuring glass transition  tem perature (tg), wax 
precip itation  (appearance) tem perature (W A T) and w ax d isso lu tion  (disappearance) 
tem perature (W D T) but also m easuring w ax precip ita tion  and dissolu tion  enthalpy 
w ith  respect to physical characteristics. E nthalpy is the heat energy necessary to 
bring a system  from  a reference state to a given state. E nthalpy is a function only o f  
the end states and it is the integral o f  the specific heats w ith  respect to tem perature 
betw een the lim it state, plus any latent heats o f  transition  that occur w ithin the 
interval. The usual reference tem perature is 0 c  (32 F). E nthalpy data are easily 
obtained from  specific heat data by graphic in tegration, or, i f  the em pirical equation 
given for specific heat is sufficiently  accurate, from  the equation  (2.1)

H =  ________________1___’____________  (2.1)
D (0.388 + 0 .000225t2 - 12.65)

H =  enthalpy 
t  =  tem perature 
D =  latent heat

. G enerally, only d ifferences in en thalpy are required  in engineering 
design, that is, the quantity  o f  heat necessary  to heat (or cool) a unit am ount o f  
m aterial from  one tem perature to another. C outinho e t  a l . (1999) indicated that the 
inform ation obtained from  D SC m easurem ents can be used to assess the am ount o f  
solid form ing w hen a fluid is cooled and also to m ake faster m easurem ent o f  phase 
diagram s for b inary system s w here no solid so lu tion  exists. O ther w ork also indicate 
by D SC m easurem ent o f  the phase transition  tem perature and associated  energies for 
petro leum  w axes o f  d ifferent m elting points. From  the result, the existence o f  a solid
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phase transition  is dependent on the com position  o f  the w ax and the transition 
energies are related  to the solid  state properties o f  the w axes. (H andoo e t  a i ,  1989).

2.5.3 Pulse N uclear M agnetic R esonance (Speight e t  a l . ,  2002)
N uclear M agnetic resonance has frequently  been em ployed for general 

studies and for the structural studies o f  petro leum  constituents. This techniques 
essentially  identifies and counts hydrogen atom s according to their chem ical and 
physical environm ents.

In fact, proton m agnetic resonance (PM R ) studies (along w ith  infrared 
spectroscopic studies) w ere, perhaps, the first studies o f  the m odem  era that allowed 
structural inferences to be m ade about the po lynuclear arom atic system s that occur in 
the high m olecular w eight constituents o f  petroleum . In general, the proton 
(hydrogen) types in petroleum  fractions can be subdivided into three type (Brown 
and Ladner, 1960) or into five types (Y en and E vdm an, 1962). The Brown and 
L adder approach classifies the hydrogen types into  (1) arom atic ring  hydrogen; (2) 
aliphatic hydrogen  adjacent to an arom atic ring; and (3) aliphatic hydrogen  remote 
from  an arom atic ring. The Yen and E rdm an approach subdivides the hydrogen 
distribu tion  into (1) arom atic hydrogen: (2) substitu ted  hydrogen next to an  aromatic 
ring; (3) naphthenic hydrogen; (4) m ethylenic hydrogen  ; and (5) term inal methyl 
hydrogen rem ote from  an arom atic ring. O ther ratios are also derived from  which a 
series o f  structural param eters can  be calculated . H ow ever, it m ust be rem em bered 
that the structural details o f  the carbons backbone obtained from  pro ton  at peripheral 
positions can be obscured by in term olecular in teractions. This, o f  course, can cause 
an  error in the ratios that can have a substantial influence on the outcom e o f  the 
calculation  (E bert e t  a l ,  1987; Ebert, 1990). O ther applications o f  th is .field have 
also been used, but are problem atic and ineffective for low  w ax crude oils 
(R anningsen et al., 1991). For m ost oils investigated, except for som e biodegraded 
and asphaltenic oils, the N M R  estim ated solid  content at -40 correlated  well with 
the am ount determ ined  by acetone precip itation  at -2 5 . Polar signal o f  som e organic 
com pounds are show n in Table 2.2.



Table 2.2 N M R  Proton signal for organic com pound (Speight, 1970)

S ig n a l T A s s ig n m e n t

2.00 N-H Pyrrole

2 19 O-H Naphthalene

2.54 G-H Naphthalene

2.58 2-H Furan

2.73 Ar-H Benzene

2 81 Ar-H Thiophene

2 89 Ar-H Ethylbenzene

2.91 Ar-H Toluene

3 03 Ar-H Tetralin

3.36 Ar-H Mesitylene

4.43 Olefinic H Cyclohexene

608 ■4>-CH2 Diphenylmethane

6 19 CH 2 Fluorene

7.09 <*-c h 2 Indane

7.13 ■7-CHj Dibenzyl

7.30 o -c h 2 Tetralin

7.38 ■=6-CH2 Ethylbenzene

7.66 CHî Toluene

7.77 CH, O-Xylene

7.86 CH, Durene

7.96 G-CH2 Indane

8.04 Allylic CH2 Cyclohexene

8 21 c h 2 Adamantane

8.27 g-c h 2 Tetralin

8.30 3-CH2 2-Phenylbutane

8.40 H(eq.) Trans-Decalin (strong)

8 46 c h 2 Methylcyclohexane

8.47 c h 2 Cycloheptane

8.47 c h 2 Cyclooctane

8.49 c h 2 Cyclopentane

8.54 c h 2 Cyclohexane

8.59 c h 2 cis-Decalin

8.75 c h 2 n-Hexane

8.75 CHj n-Octane

8.77 1-CH, 2-Phenylbutane

8.80 CHj Ethylbenzene

9.08 CHî Methylcyclohexane

9.10 CHî n-Hexane

9.11 CH) n-Heptane

9.12 CHj N-Octane

9.12 H(ax.) trans-Decalin (weak)

9.20 4- CH, 2-Phenylbutane

10 00 CH, Tetramethylsilane
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2.5.4 Infrared Spectroscopy (Speight e t  a l .. 2002)
C onventional infrared spectroscopy is an excellent m ethod for 

providing detailed  inform ation about the chem ical constitu tion  o f  organic materials. 
It is one o f  the m ost w idely used techniques for exam ining the chem ical constitution 
o f  organic m aterials. W hether the m aterial being exam ined is a single com pound or 
a m ixture, infrared  absorption spectroscopy offers valuable inform ation about the 
hydrocarbon  skeleton and about the functional groups in petro leum  (W en e t a l ,  
1978). W hen properly  prepared and scanned w ith  suitable instrum ents, the infrared 
spectra o f  petro leum  fractions show  a num ber o f  w ell-defined bands (Table 2.3 ) For 
the purpose o f  structural groups analysis, how ever, the bands at 1380 c m '1, 1965 cm ' 
’, 2880 c m '1 and 2920 c m '1 are usually  em ployed. This allow s an estim ation o f the 
num ber o f  m ethyl and m ethylene groups present in the sam ple.

Table 2.3 Infrared Spectra o f  petroleum  fraction (W en e t  a l . ,  1973)

Band
A ssignm ent

c m '1
3 0 3 0 3 .3 0 A r o m a t ic  C - H  s tre tc h in g

2 9 2 0 3 .4 2 M e t h y l  C - H  s tre tc h in g

2 8 8 0 3 .4 7 M e th y le n e  C - H  s tre tc h in g

1735 5 .7 6 C a r b o n y l  c = 0
1700 5 .8 8 C a r b o n y l  c= 0
1600 6 .2 5 c = c  a n d  c = 0  ( h y d ro -b o n d e d )

1465 6.83 C - H  b e n d in g

1380 7.25 C - H  b e n d in g  in  m e th y l g ro u p s

1130 8.85 S u lfu r - o x y g e n  fu n c t io n s

1020 9 .8 0 S u lfu r - o x y g e n  fu n c t io n s

8 65 11.56

A r o m a t ic  C - H  b e n d in g  (o u t o f  p la n e )
815 12.27

7 6 0 13.16

735 13.61
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W ith the recent progress o f  Fourrier transform  infrared spectroscopy, 
a quantitative estim ate o f  the various functional groups can also be made. This is 
particularly  im portant for application  to the h igher m olecular w eight solid 
constituents o f  petro leum  (i.e. the w axy fraction). A  novel FT-IR  spectroscopy 
m ethod is described for the determ ination o f  w ax precip ita tion  tem perature (W PT), 
and the estim ation  o f  the am ount o f  precipitated solid  w ax m aterial (both crystallines 
and am orphous) present in petroleum  crude oils. R ohnev and Hanson. (2001) 
estim ated the am ount o f  solid w ax m aterial in crude oils by novel FT-IR 
spectroscopy com pared w ith  conventional analysis m ethods.

2.5.5 H igh Tem perature Gas C hrom atography (Speight e t  a i ,  2002)
The evaluation  o f  petroleum  m ust necessarily  involve a study o f  its 

com position. This technique is successfully  used to evaluate feedstock or petroleum 
products by separation  them  into various fractions at h igh tem perature. The 
know ledge o f  the com ponents o f  a feedstock before and after refin ing has been a 
valuable aid  to process developm ent (R ostler, 1965; R iediger, 1971; A lgelt and 
G ouw , 1979; G ary and H andw ork, 1984). A pplication  o f  high tem perature gas 
chrom atography can pred ict w ax precip itation  at an early  stage o f  the reservoir 
characterization  and production. In this respect, reservoir core extracts and 
production  oil saturated  fractions have been analyzed by h igh tem perature gas 
chrom atography (H T G C ) in order to quantify  the h igh m olecular w eigh t hydrocarbon 
(H M W H C ) at the orig in  o f  w ax deposits in the tub ing  and surface facilities 
(G uehenneux e t  a i ,  2002).

2.5 .6  O ther T echniques (Speight e t  a i ,  2002)
T herm odynam ic m odels can be used in order to calculate the wax 

apperance tem perature  and the am ount o f  solid deposit versus tem perature. Provost e t  
a i ,  (1998), used sim ple expressions o f  G ibb m olar energy  to calculate  a m ixture o f  
heavy com ponents including tw o n-alkanes and a solvent. C hodolz e t  a i ,  (2001) 
m oreover, show ed that a heat transfer m ethod tha t provided  the film  heat transfer 
coefficients in the heat transfer equation  can be used to  calculate  accurately  wax the 
thickness o f  the w ax form ed.
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2.6 W ays to Solve W ax D eposition

There are conventionally three methods to prevent and control wax 
deposition problems, i.e.

2.6.1 Mechanical Methods
2 .6 .1 .1  P ig g in g

There are numerous pig designs ranging from simple spheres, to 
foam pig, to bristle pigs, to very aggressive pigs used for cleaning out severe 
deposits. Pigging is the most commonly used method for removing wax deposits that 
have accumulated in flowlines and pipelines. The pig is set down the line, carried 
along by the crude flow, and mechanically scrapes off the wax and redisperses it in 
the bulk oil in front of the pig. Pigging can be a successful, cost effective method for 
managing paraffins deposition in flowlines and pipelines providing that a regularly 
scheduled pigging program is initiated upon commissioning

2 .6 .1 .2  W ire lin e  C u tt in g
There are numerous pig designs ranging from single spheres for 

liquid removal, to foam pigs, to bristle pigs, to very aggressive pigs used for cleaning 
out severe deposits. Wireline cutting may be used to receive cuttings,washings and 
transport them when certain organic deposition problem are so severe that they can 
make production of some oil fields uneconomical but the method causes time- 
consuming fishing operations.

2 .6 .1 .3  T h ro u g h  F lo w in g  C u tt in g  (T F C )
TFC pumps a cutting tool down the flowline and into the well 

bore to cut wax deposits. TFC is not yet a common practice in the industry; 
however, it has the advantage of being able to remediate sub sea flowlines and well 
bores from a distant platform

These three methods are mechanical methods that are used to 
prevent and manage wax deposition and oil gelling. Wright. (1951) mentioned that 
pigs, the paraffin knife, the paraffin hook, the corkscrew, and the swap were in 
general use. Other work focused on handling Prinos a field floating slop in Greece in 
early 1974. It used a slop system to receive “dirty” fluids from other clean-up
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operation systems. It concluded that this method has been useful and successful in 
mitigating costs of wax deposition and maximizing production in Prinos (Kosta J. 
Leontaritis., 1996).

2.6.2 Thermal Method
2 .6 .2 .1  A d d in g  H e a t to  S ta y  A b o v e  C lo u d  P o in t

Heat may be added by mehods such as induction heating to 
guarantee the produced oil stays above the cloud point. Also some flowlines may be 
“bundled” where there is an external line surrounding the main transportation line. 
Hot water, for example, may be circulated in the annular space to keep the main 
fluids flow hot enough to avoid any wax formation. “Passive” insulation is another 
approach. If the produced fluids start relatively warm at the wellhead, sufficient 
insulation on the flowline can prevent the fluids cooling, to below the cloud point 
before reaching the processing platform.

2 .6 .2 .2  A d d in g  H e a t to  M e l t  E x is t in g  W a x y  D e p o s i t
Any of the “active” ways to heat a flowline has potential to 

remove waxy deposits once formed. Spitzer, 1987, patented an annular plug, which 
fits on the string. It slows the passage of hot oil down the annulus so that heat is 
more efficiently transferred to the tubing string. There were also reports that the hot 
oil process was applied in a field of very high paraffins content near Vernal in Utah. 
Other work focused on the traditional methods of treatment, such as hot oiling and 
hot watering to solve the problem of wax building up in production areas, pipelines 
and refinery. These methods are still used by many companies although negative 
effects of hot oiling and hot watering exist when compare of with solvent treatment 
and crystal modifier applications because they are efficient and safer method 
(Becker, 2002).

2.6.3 Chemical Method
They can be divided into 4 types

2 .6 .3 .1  P r e v e n t  o r  S lo w  th e  F o r m a tio n  o f  W a x y  D e p o s i t s
Commercial wax inhibitors co-crystallize with the wax to 

prevent wax crystal structures from forming on the pipewall. Often dispersants coat 
wax crystals to keep them from agglomerating and detergents or surfactants act to
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water wet the wax crystals so that they do not adhere to each other or to the pipe 
wall.

2 .6 .3 .2  D e c r e a s e  th e  P o u r  P o in t
High molecular weight polymers called “pour point depressant” 

or “wax crystal modifiers” can be used at ppm concentration levels to modify the 
wax crystal structure. In some cases, these chemicals can significantly reduce the 
pour point, viscosity, and yield stress, but these chemicals may not reduce rates of 
wax build-up on pipe walls.

2 .6 .3 .3  S o lv e n ts  to  D i s s o lv e  W ax D e p o s i t s
It is possible to soak a wax deposit with a hydrocarbon based 

solvent to dissolve the wax and then add heat to speed up the process. A traditional 
method (especially for downhole applications) is the so-called “hot oiling” method. 
Some crude oil is heated and then sent down the well to melt accumulated wax. One 
disadvantage is that the crude oil used may itself deposit more wax as it cools. Purer 
(and more expensive) solvents can be used. Chemical “packages” will include 
dispersants to keep the melted wax particles from agglomerating.

2 .6 .3 .4  C h e m ic a l  to  In d u c e  H e a t
There is a commercial process (SNG) used by Petrobras in 

which two salt solutions are mixed together and produce a strong exothermic 
reaction.

Ammonium Chloride + Sodium Nitrite = Heat + Sodium Chloride + Nitrogen.

This mixing process is formed ideally at the point in a flowline 
where there is the wax deposit. The practical application of this is of course quite 
difficult in a very long flowline.

Remediation is normally performed by mechanical pigging or 
through solvent washing or with hot oils. All have their advantages and limitations. 
Addition of wax inhibitor/dispersants is an effective solution to remediate the 
deposition problem. The development of additives (wax inhibitor/dispersants) to 
improve the low temperature flow properties and wax deposit problem of waxy crude
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oils involves major difficulties due to the complex composition of waxy crude oils 
thus many researchers have tried to find novel and practical additives and a universal 
mechanism to explain the change of the wax crystals in form and particle size when 
added to the different crude oils.

The well-known chemicals which soive wax deposition problem 
are called “wax inhibitors”. Basically three main groups of chemicals are used :
- Wax crystal modifiers
- Detergents
- Dispersants

The last two groups are primarily surface-active agents, as for 
example polyesters and amine ethoxylates. These may act partly by modifying the 
surface of the pipe wall, but primarily by keeping the crystals dispersed as separated 
particles, thereby reducing their tendency to interact and adhere to solid surfaces. 
The former groups are special chemical structures produced synthetically to interact 
with forming wax aggregates. The modifiers have structures with segments that 
interact with the forming wax crystals. These products act at a molecular level to 
alter the tendency of wax molecule to accumulate on each other, thereby reducing the 
capacity of paraffinic wax network in oil. Gracia e t  a l . (2000) studied the influence 
of flocculated asphaltenes in bulk crude oil which could interfer with the inhibitor 
(maleic anhydride) by polarized light microscopy. The results indicated that 
asphaltene in bulk crude oil interfered with the inhibition mechanism of maleic 
anhydride crystal modifier that asphaltene and paraffins can generate complex solids 
depending on asphaltene properties. Moreover they studied the effect of paraffin 
class types on the wax crystallization in oils and the activity of paraffin inhibitors. 
They concluded that a proportion of large alkanes in crude oil is responsible for the 
inefficiency of paraffin inhibitor. These large alkanes are cyclic or branch which at 
concentrations below 40 %wt/wt making the inhibitor activity slightly reduced.

Abdel Halim e t  a l . ,(1985) studied the synthetic additives used 
to improve flow characteristics and also studied cost-benefit analysis of flow 
improvers injection in a 67 km long planned pipeline at different dosage rates and
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costs. The flow improvers are found to be economic depending on percent weight of 
dosage and dosage rate and can change viscosity of oil, but, they can also create a 
corrosion problem.

The mechanism of pour point depressants (PPD) to lower the 
cold filter plugging point (CFPP) of diesel fuels was studied by differential scanning 
calorimeter (DSC) and X-ray diffraction (XRD) (Zhang e t  a l . , 2003). The result 
indicated that PPD will co-crystallize with alkane molecules in the oil and 
performance of PPD during a nucleating process is the most important in improving 
the crystallinity of the oil solvent mixture.

In addition, poly(ethylene-co-vinyl acetate, EVA) copolymers 
as a pour point reducer and organic deposit inhibitor was also studied, and it was 
found that the copolymer with the highest vinyl acetate content exhibited the best 
performance as the organic deposits inhibitor. It is suggested that the EVA 
copolymer acts on the morphology of the wax crystal (Andre e t  a l . , 1999). The 
additives that respond well to chemical treatment include poly alkyl acrylates and 
methacrylates, esters, ethylene-vinyl acetate copolymers, and naphthene derivatives. 
These are also used as wax inhibitors.

Grian e t  a l . (1996) developed a new parameter to assess the 
efficiency of polymer flow improvers for waxy crude oils. The parameter is a flow 
parameter represents by Q that is related to dilute solution viscometry. They 
concluded that flow parameter (Q) depends on the interaction parameter of polymer 
flow improver with wax and resin-asphaltene (Uw and Ura respectively) and both 
influences can be explained by Einstein’s viscosity law.

Groffe e t  a l . (2001) studied a dispersant used to solve the wax 
deposition problem. They studied the effect o f this chemical on viscosity, anti­
sticking, and corrosion properties. From the result, this chemical can be used to 
reduce the pour point and improve the flow characteristics of crude oils. This 
chemical also reduces the amount of wax deposited on adhering metal surfaces (anti­
sticking) and reduces corrosion rate.

Pedersen e t  a l . (2003) studied the effect of twelve wax inhibitors 
with North Sea crude oil. The viscosity data suggested that the inhibitors, probably
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by some kind of sterric hindrance effect, “inactivate” components within a certain 
range of molecular weight by preventing them from building network structure.

Sawhney e t  a l . (1991) studied ester type chemical additives to 
modify the wax crystals in an Indian crude oil. They showed that the ester-type 
chemical has the capacity to modify n-alkanes in the Cn -  Ci9/20 range, but for a 
crude oil containing higher carbon atom number, i.e. C20 - C35 or above, These 
respond very' poorly to chemical treatment.

A model for predicting the activity of addititives from 
physicochemical properties and from the activity of additives on the crystallization 
temperature of paraffinic wax was found. Cristante e t  a l . (1999) showed that the 
additives were divided into three families and that their viscosity was modified by 
the nature of crude oil. This INIPAR model can be used for the multidimensional 
location of a new crude oil and for the choice of additive when the crude oil families 
are known.

The traditional methods of solvent-based removal are time 
consuming, expensive, and can create problems of re-deposition. Brown e t  a l.
(1999) showed that if an exothermic reaction is generated that melts and disperses 
paraffin wax and asphaltenic deposits, the reaction products being a powerful 
paraffins dispersant that prevents re-deposition after the temperature returns to 
normal.
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