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Transportation of crude oil near or below its pour point requires a deep understand-
ing of  crude oil chemistry, its rheological properties, and operating conditions. Out of
all the methods available for pumping waxy crude oil, use of pour point depressant

(PPD) is preferred economically. Optimization of PPD dosages can affect cost savings.
Present study deals with the synthesis of copolymers of maleic anhydride and esters of n-
alkyl alcohols with oleic acid and methacrylic acid. The resulted copolymers were esterified
with two moles of fatty alcohol (C19H36O3). They were characterized by IR spectroscopy
and their molecular weights were determined by GPC. These polymeric diesters with pen-
dant fatty chains were evaluated for their efficiency as pour point depressants and flow
improvers on crude oil from Gandhar oil field (Gujarat, India). The polymeric diesters of
oleic acid series were found to be more effective and depress the pour point of the crude
oil up to 9oC with 500 ppm of doses. The rheological properties of the crude oil such as
apparent viscosity, plastic viscosity, and yield values were also studied using Fann V-G
meter. The virgin crude oil above the pour point temperature was found to behave as
Newtonian fluid and at the pour point it shows Bingham plastic behaviour. Different doses
(100, 500, and 1000 ppm) of synthesized polymeric additives were examined at different
temperatures with the crude oil to evaluate pour point depressants and to study the
dependence of shear rate on its shear stress and viscosity. The additives of polymeric
diesters (DO series) were evaluated as PPD and rheological modifiers. The mechanism of
pour point depression and viscosity reductions are also discussed.

INTRODUCTION

Crude oil having high wax content
causes many problems during pro-
duction, storage, and transportation.
At low temperature, waxes separate
out from the crude oil and deposite
on the wall of pipelines or tankers.
Due to this, the effective diameter
for flow of the crude oil through
pipeline becomes less.  Therefore,
pressure drop between the two ends

of the pipeline increases.  This
results into the reduction of flow
and extra burden on the pumping
system. Another major problem
during the handling of waxy crude
oil is the reusing of the pipeline
after prolong shut down period; the
cooled oil slowly develops gel
structure which results into high
yield stress.

pour point depressants;
Newtonian fluid; 
non-Newtonian fluid; 
flow improvers; 
rheological modifiers.
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Pour point is the temperature at which the crude oil
is just able to flow and below which there is complete
absence of flow in it. Cloud point is defined as the tem-
perature at which the first wax crystal separates out from
the crude oil. Below the cloud point crude oil containing
high amount of wax possesses high pour point and
exhibit non-Newtonian viscosity behaviour. As temper-
ature decreases, the abrupt rise in crude oil viscosity
depends upon the quantity as well as type of wax pres-
ent in it. Polymeric additives known as flow improvers
or pour point depressants are generally used to lower the
pour point, viscosity, and yield stress of crude oil. In
pipeline transportation, these additives improve the flu-
idity of waxy crude and reduce the extra pumping cost.
Any additive to behave as a flow improver should have
following three main characteristics: (i) a wax like
paraffin part, typically mixture of linear alkyl chain of
14 to 25 carbon atoms long that co-crystallize with oil's
wax forming component; (ii) a polar component typical-
ly acrylates or acetates that limits the degree of co-crys-
tallization; (iii) polymers that when adsorbed on the
growing wax crystals stearically hindered their growth,
resulting into small crystal. 

Any additive which is effective as a PPD may be
ineffective to reduce viscosity and yield stress and
enhance the flow. The following factors play an impor-
tant role in the efficiency of flow improvers and pour
point depressants [1,2]: (a) the number of pendant alkyl
side chains and the length and distance between them
are the important factors; (b) the solubility of the addi-
tives (which are generally polymers) in crude oil which
depends on their average molecular weights; (c) if addi-
tive is copolymer then monomer to monomer ratio
should be taken into consideration; (d) amorphous and
crystalline parts of additive are very important in deter-
mining its efficiency; (e) physical and chemical stabili-
ty of additive. Maleic anhydride co-polymers satisfy
most of these requirements. Son et al. [3] demonstrate
the effect of structure of maleic anhydride polymers as
flow improver on the pour point and viscosity of the
paraffinic crude oil. They had shown that the more sim-
ilar the polymer structure (backbone and pendant
groups) to the wax components, the better its perform-
ance.

Abdel-Azim et al. [4] have discussed the effect of
chain length of alkyl groups of the polymer on its effi-

ciency as flow improver and pour point depressant.
They also discussed the effect of solubility and molecu-
lar weight of the polymer on its performance.

Prasad et al. [5] discussed the dependence of shear
rate, time, and temperature on the apparent viscosity of
multigrade engine oils. They explained very well the
rheological behaviour of oil in the temperature range of
-20 to 20°C.

In the present work, polymeric additives of different
types were synthesized in the laboratory and evaluated
as pour point depressants and flow improvers for crude
oil from Gandhar oil field (Gujarat, India). The rheolog-
ical properties of crude oil (with and without additives)
were studied in terms of shear rate, shear stress, yield
stress, and viscosity. The purpose of this work is to
study the response of crude oil (in terms of viscosity,
yield stress, etc.) by modifying the structure of polymer-
ic additives (in terms of pendant side chains or back
bone carbons). 

EXPERIMENTAL

Material
The following chemicals were used: oleic acid
(Qualigens, Glaxo & Smith Kline), methacrylic acid, p-
toluenesulphonic acid (Merck, India), n-alkyl alcohols
(Goderaj Ltd, Gujarat, India), AIBN (2,2'-azobi-
sisobutyronitrile, Fluka). Benzene, sodium bicarbon-
ate, sodium hydroxide, conc. sulphuric acid and other
common chemicals used were laboratory grade reagents.  

Synthesis of n-Alkyl Oleates
Oleic acid (0.25 mole, industrial grade) was esterified
with excess of n-alkyl alcohols (R = 8, 10, 12, 14, 16, 18,
22 and/or carbons chain, respectively) using conc. sul-
phuric acid as a catalyst. Water was separated azeotropi-
cally using Dean-Stark apparatus. After the completion
of the reaction, the crude oil product was neutralized
using NaHCO3 solution. The organic layer was separat-
ed and dried over anhydrous Na2SO4. The conversion of
the esters was estimated by saponification method.

Synthesis of n-Alkyl Methacrylates
All the methacrylic acid esters were prepared by pyri-
dine catalyzed reaction of acid chloride with alcohol. In
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the first step of reaction, 0.25 mol of methacrylic acid
was allowed to react with excess amount of redistilled
thionyl chloride in fume cupboard for approximately 2 h
with gas absorption trap at the end of air condenser. At
the end of reaction, excess thionyl chloride was distilled
off. The acid chloride was cooled down at 0-5°C and
solution of alcohol in pyridine was added drop by drop
with vigorous stirring. After completion of addition, the
mixture was warmed on water bath for further 1 h.      

Copolymerization
The resulting n-alkyl esters were copolymerized with
maleic anhydride in 1:1 mole ratio in dry benzene under
nitrogen atmosphere using benzoyl peroxide as initiator
(1 % by wt) at 60-70°C for 18 h with constant stirring.

After the completion of reaction, benzene was dis-
tilled off under reduced pressure. The copolymers were
dried in 25 mm of Hg vacuum at 60°C for 7-8 h. The
copolymers were purified using benzene as a solvent
and petroleum ether (40-60°C) as a non-solvent. The
purified copolymers were dried under vacuum for 24 h

[2,6-8]. These copolymers were given the code name
O-16, O-18, M-16, and M-18. 

Analysis of Copolymers
The copolymers formed by 1:1 monomer stoichiometry
were analyzed for C and H content. Acid and esters val-
ues were also determined. The structures of the copoly-
mers were confirmed by IR spectroscopy technique
using Perkin Elmer IR spectrophotometer model
IR1420. The IR spectrum of a typical copolymer O-16 is
shown in Figure 1. A strong absorption band at 1226 cm-1

and overtone at 1203 cm-1 show maleic anhydride unit; the
peak at 1716 cm-1 show carbonyl stretching while the
absorptions at 2854 cm-1 and 2927 cm-1 are characteristics
of CH2 groups in alkyl chains. Molecular weights (Mw
and Mn) were determined by Shimadzu's gel permeation
chromatograph, equipped with refractive index detector
and polydivinylbenzene mix-gel-D column. THF at 1
mL/min flow rate was used as mobile phase. The Mw and
Mn values of these copolymers are reported in Table 1.

Esterification of Copolymers
Copolymers were esterified with two moles of fatty

Copolymer
Molecular weights

Mw Mn

O-16 7,850 6,960

O-18 9,930 8,550

M-16 9,820 8,300

M-18 10,830 9,630

Table 1. Molecular weights of copolymers.

Figure 1. IR Spectrum of copolymer O-16.

Figure 2. IR Spectrum of polymeric diester DO-16.

Table 2. Physical characteristics of Gandhar crude oil.

Physical parameters Values

Pour point 24°C

Density (1) 0.79 g/mL at 32°C
(2) 0.8048 g/mL at 15°C

Specific gravity 0.8052
API gravity 44.2
Wax content (%) 22.37
Resin (%) 6.82
Asphaltene (%) 0.18
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alcohol of molecular formula C19H36O3 under N2
atmosphere to produce diesters. The apparatus used for
the synthesis of diesters consisted of three-necked flask
fitted in a controlled heating mantle, a mercury seal stir-
rer and Dean and Stark apparatus for water separation.
For a better reflux and azeotroping, the proportion of
xylene was kept between 20 to 25 mL per 0.01 mol of
the copolymer unit. Sulphuric acid as a catalyst was
used to the extent of 0.1 mL per 0.017 to 0.03 mol of the
copolymer unit; traces of p-toluene sulphonic acid were
also added to enhance catalytic activity. At the begin-
ning, the reaction was carried out at 145-150°C for 15 h
after which the temperature was raised slowly to 160-
165°C towards the end of the reaction by removing
xylene by distillation. 

The time of esterification varied from product to
product and depending upon the progress of the reaction
was on average 20 to 30 h. After esterification the crude
product was treated with sodium bicarbonate then fil-
tered through Hyflow supercel. The product was puri-
fied by precipitating it in acetone and dried under vacu-
um at 25 mmHg pressure and 70°C. The synthesis
schemes are given in Schemes I and II. These polymer-
ic diesters were given code name DO-16, DO-18, DM-
16, and DM-18. They were used as flow improvers for
Indian crude oil. 

The IR spectrum of typical diester DO-16 is shown
in the Figure 2. Here, the maleic anhydride ring is broken
to two individual pendant chains. Thus, the peak at 1226
cm-1 and overtone at 1203 cm-1 are removed from the
spectrum. The peak at 697 cm-1 shows the presence of
(-CH2-) segments which are involved in co-crystal-
lization with the wax crystals. The sharp absorption
peak at 1737 cm-1 indicates presence of carbonyl group
in the compound. 

Physical Testing and Analysis of Crude Oils
Asphaltenes were separated from crude oil by using
n-heptane. The deasphaltened crude oil was treated
with silica gel (200 mesh) at about 50°C, allowed to
settle overnight, silica gel containing resin was
extracted with n-heptane and subsequently with ben-
zene-methanol solvent (9:1), The resin was isolated
by removing solvent from the benzene-methanol
extract, the n-heptane extract was mixed with methyl
ethyl ketone, cooled to 0°C and filtered, solvent was
removed to obtain the wax [9,10]. The characteristics
of Gandhar crude oil are given in Table 2. Crude oil
was distilled up to 300°C using ASTM D-97 method

IBP = 57°C

Table 3. ASTM distillation of Gandhar crude oil.

Temperature
(°C)

Volume
(mL)

75 05
100 11
125 16
150 22
175 28
200 33
210 35
225 39
250 51
275 58
300 71

Table 4. Pour points of Gandhar crude oil after treatment with different chemical  additives.

Sr.
No.

Additive
code

Pour point at different additive concentration 
(°C)

Extent of 
pour point
depression 

(°C)Blank 100
(ppm)

200
(ppm)

300
(ppm)

400
(ppm)

500
(ppm)

1000
(ppm)

1 DO-16 24 24 24 21 18 15 15 9

2 DO-18 24 24 21 18 18 18 15 9

3 DM-16 24 24 24 24 21 18 18 6

4 DM-18 24 24 24 24 21 18 18 6
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[10]. The distillation characteristics are given in
Table 3. Pour point of the additive treated crude oil
was determined by ASTM D-97 method [10]. The
results are given in Table 4. 

The rheological studies of this crude oil were carried
out using advance rheometer AR-500 of TA Instrument
Company to control the shear rate using special soft-
ware. A cone and plate measuring system was used to
determine the rate of change of viscosity and shear

stress by varying the temperature at constant shear rate
50 s-1. To calculate yield stress a cone and plate system
was used to produce shear rate vs. shear stress curve at
a particular temperature. 

The rheological properties of virgin crude oil and
additive treated crude oil were also studied using
Fann V-G viscometer model 35 SA with a gear box.
Theory and equations of Fann instrument are dis-
cussed in detail in the literature [11].  The results are

(R= 8, 10, 12, 14, 16, 18, and/or 22 carbons chain)
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Alkyl

h

°

°
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Scheme II
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Code
Additive 

concentration
(ppm)

Temperature
(°C)

Apparent 
viscosity

(cPs)

Plastic
viscosity

(cPs)
Yield value
(lb/100ft2)

Blank 00
24
27
30

75
68
55

71
65
52

40
32
20

DO-16

100
24
27
30

23
15
11

21
12

9

10
5
2

500
24
27
30

20
11
10

18
8
8

4
2
1

1000
24
27
30

14
8
5

10
7
4

4
2
1

DO-18

100
24
27
30

20
15
10

18
13

8

8
4
0.5

500
24
27
30

16
12
10

13
10

8

4
1
0.5

1000
24
27
30

12
7
4

10
5
2

2
0.5
0.5

DM-16

100
24
27
30

55
42
21

50
38
19

15
10

7

500
24
27
30

50
40
18

48
38
16

18
11
4

1000
24
27
30

50
40
18

48
38
16

18
10

3

DM-18

100
24
27
30

54
40
20

50
37
18

10
10

6

500
24
27
30

50
40
20

47
36
18

10
10

6

1000
24
27
30

45
34
20

40
31
18

10
5
3

Table 5. Rheological measurements of Gandhar crude oil: Fann V-G meter data.
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given in Table 5.

RESULTS AND DISCUSSION

Distillation Characteristics of Gandhar Crude Oil
It is revealed from the Table 3 that initial boiling point
(IBP) is quite low and the petroleum part in the crude
oil starts from gasoline and exists till diesel and
kerosene. 

Crude oil quality is highly good for the refining
point of view.

Pour Points
Gandhar crude oil on chemical additive treatment shows
more complex behaviour due to its intermediate base
nature. The depression in pour point is mainly due to wax
crystal modification. PPD Molecules are adsorbed on the
various crystals faces, thereby decreasing the interlock-
ing forces between two nuclei of wax molecules and
deforming the regular crystal growth. It is recognized
that transition from plate like to spherulitic crystal struc-
ture accompanies the lowering of pour point [12-14].

The wax crystal habitat depends on crude source and
among the other factors like rate of cooling and degree
of agitation during cooling , etc. A certain amount of
resin present in the oil may also help to prevent
crystal/crystal adhesion thereby aiding the paraffins to
precipitate as discrete particles.

Table 4 reveals that maximum depression in pour
point is obtained with optimum concentration of the addi-
tive. Polymeric additives of the DO-n  (n = 16, 18 carbons
chain) series is more successful to reduce pour point of
crude oil up to 15°C from 24°C, so there is a clear depres-
sion of 9°C in pour point. Here the additive DO-16 is
more effective than DO-18. Only 500 ppm dose of it
reduces the pour point to 9°C while 1000 ppm is required
for DO-18 to produce the same effect. It was demonstrat-
ed by Borthakur et al. [15] very well. According to this
observation, the crude oil containing appreciable amount
of asphaltene requires lower molecular weight polymer as
flow improver for the best rheological behaviour.  

The PPD's of second series, i.e., DM-n (n = 16, 18
carbons chain) are least effective. The maximum depres-
sion in pour point by the additives of these series is 6°C
only at 500 ppm concentration level. The increase in

concentration, i.e., 1000 ppm does not depress the pour
point further. The ineffectiveness of these polymeric
additives is due to mismatching between the numbers of
carbon atoms of the pendant chains of PPD's and that of
paraffin wax present in the crude oil. 

DM-n polymeric additives contain only three pen-
dant chains in the polymeric backbone and the carbon
number of paraffinic wax of crude oil does not match
with their structure. Such PPDs do not properly crystal-

Figure 3. Rheograms of Gandhar neat crude oil at: (a) 24, (b)
27, and (c) 30oC. 



lize along with the wax particles to modify the crystals
structure, therefore, resulting a small effect on pour
point depression.

Rheological Measurements
The rheological behaviour of virgin crude oil was exam-
ined at various temperatures by zero friction advance
rheometer AR-500 of TA Instrument Company. It can be
observed from any rheogram of shear rate vs. shear
stress that it is not exactly a straight line but rather a
zigzag in nature and has a constant slope overall. This
shows one peculiar characteristic of Gandhar crude oil. 

At higher shear stress the wax present in the crude
oil remains in the fluid state and shows Newtonian
behaviour but if for a moment the shear stress releases
the wax crystallize out, instantly from the crude oil
which is resulted into the zigzag nature of the curve.  

Rheograms of virgin (without any additive) Gandhar
crude oil are shown in Figures 3a-3c. It is clearly seen
that at 30°C, shear stress vs. shear rate curve passes
through the origin and as the shear rate increases, shear
stress increases constantly. At this temperature and 24 s-1

shear rate, the viscosity is 0.075 * 10-1 Pa.s which is
continuously reduceing with the increase in the shear
rate and becomes 0.05 * 10-1 Pa.s at 40 s-1 shear rate,
and then it becomes almost constant with the increase in
the shear rate. From all these data, it can be concluded
that the crude oil shows Newtonian characteristics at
30°C and beyond 40 s-1 shear rate. 

At 27°C, the Newtonian nature of the crude oil is
gradually converted into non-Newtonian. Here at zero
shear rate, some yield stress (0.15 Pa) is required for set-
ting the crude oil in motion. Then there is a linear rela-
tionship between shear stress and shear rate. Viscosity is
suddenly reduced from 0.035 to 0.005 Pa.s with increas-
ing shear rate from 5 s-1 to 20 s-1, respectively.

Thus, from this interpretation, it can be concluded
that at 27°C, the crude oil initially behaves as non-
Newtonian fluid and it becomes Newtonian with
increase in shear rate.

At 24°C which is pour point of the crude oil, it
behaves as a Bingham plastic in between 0 to 25 s-1

shear rate, the yield stress required to set the crude oil in
motion is 3 Pa which is 200 times more than that
required at 27°C. At this point, the viscosity becomes
maximum i.e., 0.14 Pa.s which is 100 times higher than

that at 30°C. Thus, at the pour point, crude oil shows
total non-Newtonian behaviour. It can be concluded
from these observations that Bingham model can fit
with this type of crude oil. 

The effect of all the additives on the viscosity of
Gandhar crude oil was evaluated by Fann viscometer.
Different doses of additives, i.e., 100, 500, and 1000 ppm
were tried at different temperatures to evaluate the vis-
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Figure 4. Rheograms of Gandhar crude oil with (a) 100, (b)
500, and (c) 1000 ppm doses of additive at 24oC.



cosity. Table 5 shows the results of this experiment. It
can be seen from the Table 5 that when there is an
increase in concentration (part per million), the viscosity
parameters of crude oil decrease. As the number of car-
bon atoms in polymeric pendent chain increases from 16
to 18, the apparent viscosity and plastic viscosity
decrease. The same effect can be seen with increase in
concentration of additive and also with the increase in
temperature. From the data, DO-18 can be considered as
a good pour point depressant. 

From the results of pour points and Fann viscome-
try, additive DO-18 was selected and evaluated for rhe-
ological measurements by advance rheometer. The
effect of 100, 500, and 1000 ppm doses of additive at 24
and 27°C was studied. The results are given in Table 6.

From Figures 4a-4c and 5a-5c, and Table 6, it can be
concluded that at a given temperature as we increase the
concentration of the additive from 100 to 1000 ppm the
rheological parameters decrease. At 27°C and 100 ppm
concentration of additive, the viscosity and yield value
become 0.005351 Pa.s and 2.173 Pa, respectively. These
values are comparatively higher than that of neat crude
oil. The reason for these higher values of parameters
may be such that under these conditions the PPD mole-
cules cannot be adsorbed on the wax surface and if they
were adsorbed then they cannot make a change in the
crystal structure. But instead, the pendant chains of

polymers interlock into one another like a zipper. Now
the polymer molecules cannot slide over one another
which results in an increase in viscosity and yield value
of the crude oil.

Now by increasing the concentration, the viscosity
remains the same but yield value decreases to 0.0121 Pa. At
1000 ppm concentration and 27°C both parameters
decreases remarkably which are shown in Table 6. In
comparison with the PPDs of DO series, the PPD's of
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Figure 5. Rheograms of Gandhar crude oil with (a) 100, (b)
500, and (c) 1000 ppm doses of additive at 27oC.

Table 6. Rheological measurements of Gandhar crude oil by
advance rheometer.

Type 
of

additives

Temperature
(OC)

Additive
conc.
(ppm)

Viscosity
(Pa.s * 10-3)

Yield 
value
(Pa)

- 24 - 140.0 3.0

- 27 - 1.639 0.0356

- 30 - 0.516 0.0115

DO-18

24 100 11.4 1.644

24 500 4.475 0.392

24 1000 7.315 0.379

27 100 5.351 2.173

27 500 5.366 0.0121

27 1000 3.147 0.0115



DM series are not very effective.

Mechanism of Reduction in Viscosity
Higher viscosity of the crude oil is due to the presence
of hydrogen bond and overlapping of aromatic ring
planes among resins and asphaltene molecules in it [13].
In general, the higher the amounts of resin and asphal-
tene in the crude oil, the higher its viscosity. Thus, for
reducing the viscosity of the crude oil, the hydrogen
bonds existing between resins and asphaltene molecules
should be broken. When PPD is added to the crude oil,
it makes stronger H-bonds with resin or asphaltene then
between resin and asphaltene molecules themselves.
Because of cubic structure of PPD, the H-bonds among
asphaltene-PPD-resin stretches into the space and thus,
the mutual overlapping of the aromatic ring planes of
resins and asphaltene reduces greatly and thus, the vis-
cosity of the crude oil reduces. If PPD molecules have
polar groups in their polymeric backbone or pendant
chain which can form stronger H-bond with the polar

groups of resin and asphaltene present in the crude oil
then they act as an effective flow improver. Thus, PPDs
of DO series make all effective H-bondings with
asphaltenes and resins; they are very effective for reduc-
ing viscosity of Gandhar crude oil.

Effect of Temperature on Viscosity
The molecular weight of the polymeric additive plays an
important role to affect the viscosity of the crude oil.
The higher molecular weight polymer imparts higher
viscosity. Besides this, the structure of the polymer and
its solubility in crude oil are also important. As temper-
ature increases, the polymeric chain unfolds which
results to a greater volume and consequently the viscos-
ity of the crude oil increases. The drastic increase in vis-
cosity at cloud point was demonstrated for waxy crude
oil by Sifferman [16]. As can be seen from the graph in
Figure 6, viscosity increases with decrease in the tem-
perature and as soon as the temperature reaches the pour
point, i.e., 24°C, viscosity increases sharply showing the
waxy behaviour of the crude oil.  

Effect of Shear Rate on Viscosity
The effect of shear rate on viscosity of crude oil was
studied at different temperatures. It is clearly seen from
the graphs in Figure 7, that above the pour point the vis-
cosity of the crude oil remains almost constant with
increase in shear rate. As soon as the temperature
reduces to the pour point the viscosity becomes higher
and at lower shear rate it becomes even higher. 

CONCLUSION

In a search for effective chemical additives for improv-
ing the flow of Gandhar crude oil, different polymeric
additives were synthesized and characterized in the lab-
oratory and their effects on pour point and rheological
properties of the crude oil were investigated. All the
additives satisfy most of the requirements to act as a
pour point depressant and flow improvers. Additives of
DO and DM series are differing by number as well as
length of pendant side chains present in their structure.
The optimum lengths of the pendant chain as well as
their numbers definitely affect the pour point reduction
and modification in rheological properties of the crude
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Figure 6. Effect of temperature on viscosity.

Figure 7. Effect of shear rate on viscosity. 
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oil. Since the resins and asphaltenes present in the crude
oil play a significant role on the flow properties of the
crude oil, better understanding is also required as how
such compounds interfere in the functioning of the PPDs
at low temperatures. Thus it can be concluded that prop-
erly designed polymeric additives can serve as better
PPDs and flow improvers in crude oil transportation.      
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