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Abstract
Wax crystallization and deposition is a major flow assurance problem in production and transportation of waxy crude oil. 
Conventional flow improvers are mainly high molecular weight synthetic polymers, many of which are eco-toxic. Bio-based 
flow improvers derived from natural products are promising as inexpensive, eco-friendly alternatives to existing products. In 
this study, natural cashew nut shell liquid (CNSL) extracted from waste shells of Anacardium occidentale was esterified with 
polyethylene glycol (PEG). CNSL derivative reduced the pour point of waxy crude oil by 12 °C at 1000 ppm. The effects of 
CNSL derivatives on wax crystal morphology and micro-structure were studied by cross-polarized microscopy. Micrographs 
were processed and analyzed with ImageJ software. Addition of CNSL derivatives to oil resulted in changes in wax crystal 
morphology and micro-structure evidenced by a reduction in average crystal Feret diameter and aspect ratio and increase in 
boundary fractal dimension, indicative of formation of increasing number of smaller, rounder crystals. Effect of the addi-
tives on flow properties of the waxy oil was determined using a co-axial cylinder rotational viscometer. Dynamic viscosity 
of oil at shear rate of 17  s−1 was reduced by 79.7–90.5%. CNSL-PEG esters show good prospects as low-cost additives for 
production, storage and pipeline transportation of waxy crude oil.

Keywords Cashew nut shell liquid · Polyethylene glycol · Flow improver · Pour point depressant · Waxy crude oil · Wax 
crystal morphology

Introduction

Petroleum accounts for a large proportion of global energy 
consumption and is a major revenue source for many export-
ing nations [33]. Paraffinic crude oils are desirable due to 
ease of refining and high yield of automotive fuel, but their 
production and transportation are often encumbered by flow 

assurance problems resulting from wax precipitation [32, 
35].

Waxes crystallize from oil when temperature falls below 
the wax appearance temperature (WAT). Wax crystals grow 
and agglomerate in oil with decreasing temperature, forming 
a large three-dimensional network which changes oil flow 
behavior. Wax formation increases oil viscosity and with it 
the energy requirement to pump oil [27, 31]. Other unfa-
vorable outcomes of wax crystallization which can cause 
mechanical failure in production and transportation systems 
include the deposition of wax on internal surface of tubings 
and pipelines, resulting in flow constriction as well as high 
risk of oil gelation if flow is temporarily stopped [1, 14].

Pour point depressants (PPDs)/flow improvers are added 
to waxy crude oils as a mitigative measure to save cost [23, 
31]. Majority of existing flow improvers are high molecular 
weight polymeric compounds [30]. However, high cost of 
pour point depressant formulations, selectivity of pour point 
depressants to crude oils and negative environmental impact 
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of oil additives have led to increased interest in developing 
cheaper eco-friendly flow improvers [32, 34, 36].

Natural products, mainly plant extracts and plant seed 
oils, such as palm oil, palm kernel oil, olive, soybean and 
canola oils, in their pristine and derivatized state, are gain-
ing attention as green pour point depressants/flow improv-
ers for waxy crude oils [3, 7, 10, 12, 15, 34]. The ability of 
plant seed oils and their derivatives to inhibit wax formation 
relies on interactions between the long carbon chains of the 
glycerides/free fatty acids and waxes, and the wax inhibitive 
effect of the polar carboxylic acid groups [3].

Synthetic fatty acids as well as linear and aromatic dicar-
boxylic acids have been extensively derivatized using poly-
ethylene glycol (PEG), leveraging the dispersant properties 
of PEG esters for pour point depression of waxy gas oil and 
middle distillate fuel [5, 28]. Pour point depression and flow 
improvement have also been recently reported in waxy crude 
oils treated with cashew nut shell liquid and its derivatives, 
showing that with simple chemical modification, cashew nut 
shell liquid can be derivatized into effective crude oil flow 
improvers [16–18, 24, 25].

Cashew nut shell liquid is a by-product of the cashew 
nut industry and is composed of four structurally related 
alkyl/alkenyl phenols: anacardic acid (6-pentadecyl salicylic 
acid), cardol (5-pentadecyl resorcinol), cardanol (3-penta-
decyl phenol), and 2-methylcardol (2-methyl-5-pentadecyl 
resorcinol). Natural and technical cashew nut shell liquids 
contain mainly anacardic acid and cardanol, respectively 
[20, 40]. Being a non-food source, cashew nut shell liquid 
has the advantage over plant seed oils as a cheap, renewable 
resource for oil industry applications.

It was observed that chemical modification of CNSL via 
the aromatic ring rather than the alkyl chain gave more effec-
tive pour point depressants due to the fact that in the former 
case, the alkyl chains were free and therefore interacted 
more effectively with waxes in crude oil as exemplified using 
cardanol-formaldehyde novolac resins [24, 25]. Utilization 
of natural cashew nut shell liquid in place of technical (dis-
tilled) cashew nut shell liquid for PPD preparation affords an 
additional functional group (carboxylic acid) which provides 
an avenue for modification of CNSL by esterification using 
various alcohols. In previous papers, preparation and appli-
cation of a sulphonated cashew nut shell liquid esteramine 
as well as glycerol esters of cashew nut shell liquid as flow 
improvers were reported [16–18].

In this study, the concept is extended to a polymeric gly-
col (PEG-400). We report the preparation and application 
of natural cashew nut shell liquid-PEG derivatives as pour 
point depressants and low-temperature flow improvers for 
waxy crude oil. From the health, safety and environment 
perspectives, polyethylene glycol is suitable for this applica-
tion being a non-toxic compound. Natural cashew nut shell 
liquid was extracted from Anacardium occidentale shells 

and esterified with polyethylene glycol (PEG-400). The 
effect of the additives on wax crystal morphology and low-
temperature flow properties of waxy crude oil was studied 
by cross-polarized microscopy and viscometric analysis, 
respectively.

Materials and methods

Materials

Polyethylene glycol (PEG-400) (J.D.Baker); waste cashew 
nut shell; acetone; Niger-Delta waxy crude oil (donated by 
Shell Petroleum Development Company, Port Harcourt). 
The physico-chemical properties of the crude oil sample 
are shown in Table 1.

Extraction of cashew nut shell liquid

Cashew nut shell liquid was extracted from the macerated 
shell using acetone according to the method described in 
literature [18].

Esterification of natural cashew nut shell liquid

Natural cashew nut shell liquid (120 ml) was mixed with 
122.5 ml of PEG-400 (CNSL: PEG -400 mol ratio of 1:1) 
and heated for 1 h at 105–120 °C in the presence of cata-
lytic amount of sulfamic acid (heterogeneous catalyst). The 
water of esterification was collected in a Dean-Stark trap 
till reaction completion. The derivative was labeled  CN1PG. 
An identical process was carried out using 2:1 mixture of 
CNSL and PEG-400. The derivative was labeled  CN2PG. 
The spectra of the derivatives, natural CNSL and PEG were 

Table 1  Physico-chemical properties of crude oil sample

Property Crude oil Reference method

Specific gravity (15 °C) 0.839 ASTM D1298-12b
API gravity 37.2
Kinematic viscosity (40 °C) cSt 6.94 ASTM D 455–12
Kinematic viscosity (100 °C) 

cSt
1.43

WAT (°C) 26.1 ASTM D 5772
Pour point (°C) 12 ASTM D 5853–17-A
Wax content (%) 8.9 UOP 46–64
Water content (%) 0.025 ASTM D 4006–11
Asphaltene content (%) 0.05 ASTM D 6560
Saturates (%) 63.7 Column chromatography
Aromatics (%) 31.8
Resins (%) 3.0
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recorded using a Fourier-transform Infrared Spectrophotom-
eter (FTIR).

Evaluation of CNSL derivatives

Pour point

To dissolve any wax pre-existing in the oil, the crude oil 
samples were warmed to 60 °C using a water bath, prior to 
additization. Using a Hamilton co. micro-syringe, oil sam-
ples contained in the pour point test jar were doped with 
500 ppm, 1000 ppm, 2000 ppm, 4000 ppm and 5000 ppm of 
CNSL derivative. The samples were inserted in the cooling 
jacket of Stanhope-Seta cloud & pour point refrigerator and 
observed for flow every 3 °C drop in oil temperature accord-
ing to ASTM D5853-17a—Standard Test Method for Pour 
Point of Crude Oils (Procedure A).

Optical microscopy

Microscopy studies of crude oil with and without additives 
were carried out using an Olympus BX51 cross-polarized 
microscope. The oil sample was warmed in a water bath 
to 60 °C and doped with 1000 ppm  CN1PG and 4000 ppm 
 CN2PG, respectively. These dosages were adopted based on 
the results of pour point analysis, due to the optimal pour 
point depressant effect of the additives at this concentration. 
An aliquot of the doped oil was transferred to the quartz sam-
ple holder and inserted on the heating block of the Linkam 
THMS 600 thermal stage. The analysis was automated using 
Linksys32 software via T95-linkpad system controller. Sam-
ple was first heated at a rate of 5 °C/min to 60 °C, held at 
this temperature for 1 min, then cooled to 10 °C at a rate of 
1 °C/min using liquid nitrogen (via LN95 pump) and water. 
Wax crystallization process was monitored on a live feed 
and micrographs captured in 30 s intervals. The micrographs 
were processed and analyzed, and the descriptive parameters 
of wax crystal morphology and micro-structure computed 
using image J software. The wax crystals were characterized 
using size (Feret diameter) aspect ratio and boundary fractal 
dimension. The boundary fractal dimension was determined 
by box counting method using software default box sizes of 
2, 3,4,6,8,12,16,32 and 64.

Viscometric analysis

Viscometric analysis of blank and doped crude oil samples 
was carried out using Ofite 900 co-axial cylinder rotational 
viscometer. Prior to analysis, the oil was warmed to 60 °C 
in a water bath to dissolve any pre-existing wax, then doped 
with 1000 ppm  CN1PG and 4000 ppm  CN2PG, respec-
tively, and transferred to viscometer cup. The shear stress 
and viscosity of the oil samples were measured at shear rate 

intervals of 5 rpm and 20 rpm ranging from 10 to 100 rpm 
(17.02 s −1–170.23 s −1) and at temperature intervals of 5 °C 
as the oil cooled from 50 °C to 10 °C.

Results and discussion

Extraction and esterification of natural CNSL

Extraction of CNSL using low-boiling solvents (espe-
cially ketones) gives good yield (approximately 35%), of 
natural cashew nut shell liquid which contains 65–90% 
anacardic acid [18, 20, 21, 39]. Figure 1 shows the FTIR 
spectra of  CN1PG (monoester),  CN2PG (diester), natural 
CNSL and PEG—400. The broad bands at 3421.7  cm−1 
and 3369.5  cm−1 in the spectrum of  CN1PG and  CN2PG, 
respectively, have their origin in the phenolic O–H vibration 
of CNSL [2, 6, 19]. The band at 3011.7  cm−1–3008.0  cm−1 
is due to = C–H stretching in the 15-carbon chain of CNSL 
[19] This band is further confirmed by = C–H deformation 
(bending) vibrations occurring at 708.2  cm−1 [19]. Also, 
2922.1  cm−1 and 2855.2  cm−1 correspond to C–H vibrations 
of methylene and methyl groups of the hydrocarbon chain [2, 
13]. Methyl C–H stretch vibration of the aliphatic chain of 
CNSL is confirmed by deformation vibration at 1453.7  cm−1 
and 1449.9  cm−1 [2, 13]. The C=C stretch of benzene ring 
of anacardic acid gave rise to the band at 1602.8  cm−1 [13, 
19]. The sharp band at 1699  cm−1 in the spectrum of natural 
CNSL is due to the C=O of carboxylic acid (attached to 
aromatic ring), which is confirmed by the C–O stretch vibra-
tions of the acid at 1211.4  cm−1 [6, 13, 19]. The intense band 
at 1095  cm−1 in the spectrum of PEG-400 is indicative of the 
long—C–O–C—chain, which overlaps with the C–O vibra-
tion of primary alcohol of PEG [6, 13], [19]. The character-
istic C=O band of carboxylic group of CNSL is absent in the 
spectra of  CN1PG and  CN2PG and is replaced by new bands 
appearing at 1714.5–1722.0  cm− 1 and at 1244.9  cm−1 which 
correspond to C=O and C–O vibrations of ester groups, 
respectively, indicating the formation of ester links between 
CNSL and PEG [11, 13, 19]. In addition, the transmittance 
value of the O–H band (1095.8  cm−1) sequentially increases 
from PEG-400 to  CN1PG and  CN2PG, in that order, sug-
gesting diminishing presence of the absorbing species (O–H 
groups of PEG) as they are converted to ester bonds with 
increasing mole ratio of CNSL. The transmittance value at 
the C–O and C=O frequency likewise decreases in  CN2PG 
compared to  CN1PG, indicating increasing number of 
absorbing species (ester groups) at these frequencies. This 
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suggests a higher degree of esterification in  CN2PG (diester) 
compared to  CN1PG (monoester) [22].

Effect of CNSL‑PEG esters on pour point

The effect of additive dosage on pour point of crude oil 

Fig. 1  FTIR spectra of natural 
CNSL, PEG-400 and CNSL-
PEG esters

Table 2  Effect of additive 
dosage on pour point of crude 
oil

Dosage(ppm) 0 500 1000 2000 4000 5000

Pour point (°C) CN1PG 12 3 0 6 9 9
CN2PG 12 9 9 6 0 9
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is presented in Table 2. Oil pour point was reduced by a 
maximum of 12 °C using 1000 ppm  CN1PG and 4000 ppm 
 CN2PG, respectively.  CN1PG shows higher pour point 
depression efficiency. The pour point depressant effect of the 
additives increased with increasing dosage up to the optimal 
dosage above which the pour point began to increase. This 
suggests that above the optimal dosage, the excess additive 
molecules have a counter-productive effect on the pour point 
depressant mechanism, resulting in declining performance 
of additives [37].

The ability of the additive molecules to interact with 
waxes and depress the oil pour point originates from the 
structural features of the alkylphenols which constitute 

natural CNSL (mainly anacardic acid). Due to its structural 
similarity with paraffins, the 15-carbon aliphatic chain of 
CNSL facilitates interaction between additive molecules and 
paraffins, probably via adsorption, while the polar groups 
have an inhibitive effect on the wax formation process [25, 
42].

Effect of CNSL‑PEG esters on wax crystal 
morphology

Figure 2 shows the optical micrographs of blank crude 
oil (without additives) and doped crude oil samples. With 
decreasing oil temperature (from 20 to 10 °C), the wax 

Fig. 2  Polarized optical micro-
graph of crude oil at [20 °C]: 
(a) Blank oil; (b) Oil doped 
with 1000 ppm  CN1PG; (c) Oil 
doped with 4000 ppm  CN2PG; 
and at [10 °C]: (d) Blank oil; 
(e) Oil doped with 1000 ppm 
 CN1PG; (f) Oil doped with 
4000 ppm  CN2PG
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crystal amount in blank oil increases due to crystallization of 
new wax nuclei and growth of existing wax crystals (Fig. 2a, 
d) [26, 38]. Visual comparison of the micrographs before 
and after addition of  CN1PG and  CN2PG shows that wax 
crystals in doped oil are smaller in size compared to the 
blank oil at 20 °C (Fig. 2a, b, c) and 10 °C (Fig. 2d, e, f).

The wax crystal size distributions (based on the aver-
age Feret diameter) of blank and doped crude oil at 20 °C 
and 10 °C are presented in Fig. 3. The average Feret diam-
eter of a wax crystal is the square root of the product of its 

maximum and minimum caliper diameter. It shows that the 
presence of the additives results in reduction in crystal size. 
Generally, as temperature decreases, crystal size increases 
as crystals grow and agglomerate [37]. Large wax structures 
reduce oil flow ability and favor formation of strong wax 
networks in oil [41]. In doped oils, the proportion of smaller 
crystals between 7 and 17 µm increases relative to the blank 
oil, while those ≥ 22 µm decrease (Fig. 3).

A quantitative evaluation of the effect of the additives and 
temperature on the morphology and micro-structure of wax 
crystals is possible using the microscopic properties of the 
wax crystals presented in Table 3. Aspect ratio and bound-
ary fractal dimension provide a quantitative description of 
wax crystal morphology and micro-structure, respectively 
(Table 3) [8]. The aspect ratio is the ratio of the major axis to 
minor axis of wax crystal and is the reciprocal of the crystal 
roundness, whereas the boundary fractal dimension gives 
an indication of the degree of surface roughness. Increasing 
aspect ratio indicates elongation of wax crystals and a rod-
like crystal shape [8]. Morphology and micro-structure of 
wax crystals have been cited as the most important factors 
that influence the low-temperature flow properties of waxy 
crude oil [44]. Wax crystals in the doped oils are rounder 
(lower aspect ratio) and show an overall increase in bound-
ary fractal dimension (crystal roughness). Though higher 
fractal dimension values associated with large wax crys-
tals usually result in stronger wax networks, the apparent 
increase in boundary fractal dimension in doped oil is likely 
due to the formation of a large number of much smaller 
crystals in oil after addition of CNSL derivatives [9] (Fig. 2).

Yi and Zhang [44] also reported that addition of PPD 
resulted in increase in fractal dimension and reduction in gel 
point of some waxy crude oils, highlighting that improve-
ment in low-temperature flow properties of waxy crude 
oil treated with flow improvers, originates from changes 
in morphology and micro-structure of wax crystals. The 
microscopy studies suggest that the additives have a dis-
persive effect on wax crystals in crude oil probably due to 
the presence of highly polar groups on the additive mol-
ecule, such as ester, ether (originating from PEG-400) and 

Fig. 3  Wax crystal size distribution in blank and doped oil at 20 °C 
(a); 10 °C (b)

Table 3  Microscopic properties of wax crystals in crude oil

Temp. Crude oil Microscopic parameters

Aspect ratio Boundary frac-
tal dimension

20 °C Blank oil 1.70 1.48
Oil +  CN1PG 1.61 1.58
Oil +  CN2PG 1.61 1.57

10 °C Blank oil 1.73 1.60
Oil +  CN1PG 1.65 1.70
Oil +  CN2PG 1.67 1.72
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hydroxyl groups. The 15-carbon aliphatic chain of CNSL, as 
well as the aromatic group, facilitates interactions between 
additive molecules and oil components [43]. The additive 
molecules can adsorb onto incipient wax crystals via the 
alkyl chains while the polar ester, ether and hydroxyl groups 
induce electrostatic repulsion between small wax crystals 
onto which the additives molecules are adsorbed [42]. This 
process hinders wax agglomeration and keeps the wax crys-
tals small and dispersed in oil [42]. Such a mechanism might 
also explain the decline in pour point depressant efficiency 
above the optimal dosage. It suggests that above the optimal 
dosage, the excess un-adsorbed additive molecules in the 
oil may act as links between dispersed wax crystals. This 
encourages wax agglomeration resulting in increasing pour 
point [37].

Effect of CNSL‑PEG esters on crude oil flow 
properties

The effect of additives on flow properties of crude oil was 
evaluated at a temperature range spanning the oil WAT. Fig-
ures 4 and 5 show the effect of shear rate on shear stress and 
viscosity of blank (undoped) and doped crude oil at three 
representative temperatures: 50 °C, which is 23.9 °C above 
the oil wax appearance temperature (WAT + 23.9 °C), 20 °C 
(WAT—6.1 °C) and 10 °C (WAT—16.1 °C). At 50 °C (prior 
to wax crystallization), the presence of  CN1PG (1000 ppm) 
has a slight viscosifying effect on the oil resulting in a mar-
ginal increase in shear stress and viscosity (Fig. 4) This is 
probably due to the fact that at 50 °C, the temperature of 
the oil is still far above its WAT and there is no crystal-
lized wax which the additive molecules will interact with. 
However,  CN2PG (4000 ppm) reduced oil viscosity above 
WAT. This is partly due to the higher dosage of  CN2PG 
compared to  CN1PG. Considering also that 1000 ppm of 
 CN1PG depressed the pour point of the crude oil to the same 
extent as 4000 ppm  CN2PG (which implies greater efficiency 
of  CN1PG), the observations indicate that differences in the 
structural features of  CN1PG and  CN2PG also play a role in 
the effect on oil flow properties. 

The higher content of alkyl chains and aromatic rings 
(from CNSL) in  CN2PG which is the diester derivative, 
may enhance its solubilization effect on the oil and its 
interaction with other non-paraffinic oil components, such 
as asphaltenes and resins, while its higher dosage exerts a 
greater dilution effect [4] (Fig. 5). Greater oil solubilization 
and dilution may improve flow even above the WAT. On the 
other hand, the free polar hydroxyl groups of the glycol pre-
sent in  CN1PG (monoester) likely favor the wax-dispersant 
effect, accounting for its higher pour point depressant effi-
ciency, whereas its solubilization effect is relatively lower 
due to fewer alkyl chains and aromatic groups.

In the temperature region below WAT (20  °C and 
10 °C), crystallization of waxes in oil results in increas-
ing shear stress of blank oil with shear rate due to resist-
ance of the oil to shear forces, indicating poor flowability 
(Fig. 4). It also shows that flowability worsens at lower 
temperature (10 °C). This is due to increasing wax amount 
and wax crystal size (Fig. 2) [37]. The presence of the 
additives results in dramatic reduction in shear stress and 
viscosity of oil. At 10 °C for instance, the shear stress 
of the crude oil, averaged across the experimental shear 
rates, was reduced by 65.4% and 76.4% after addition of 
 CN1PG and  CN2PG, respectively. Table 4 summarizes the 
effect of  CN1PG and  CN2PG on the crude oil viscosity 
as a function of shear rate at 20 °C and 10 °C. The per-
centage reduction in dynamic viscosity after doping with 
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Fig. 4  Effect of shear rate on shear stress (a) and viscosity (b) of 
crude oil doped with 1000 ppm  CN1PG



206 Applied Petrochemical Research (2021) 11:199–208

1 3

additives increases with decreasing temperature and shear 
rate which implies that the presence of additives alleviates 
the normal deterioration in flow properties experienced as 
waxy crude oils cool.

At 10 °C and shear rate of 17 s −1 (10 rpm), the dynamic 
viscosity of crude oil doped with 1000 ppm  CN1PG and 
4000 ppm  CN2PG was lower than the blank oil by 79.7% and 
90.5%, respectively. Across the experimental shear rate, the 
average reduction in dynamic viscosity was 65.3% and 79% 
after addition of  CN1PG and  CN2PG, respectively, indicating 
lower resistance to shear and decrease in internal frictional 
forces in the oil (Table 4). This is due to changes previ-
ously observed in the wax morphology and micro-structure. 
The smaller, rounder crystals evolved in doped oil samples 
have a lower tendency to overlap and network with each 
other towards formation of agglomerates [45]. Therefore, 
the wax structures formed in doped oil are likely to be rela-
tively weaker [45]. The greater viscosity reduction effect 
of  CN2PG below WAT is also attributable to its greater oil 
solubilization and dilution effect on the sheared oil com-
pared to  CN1PG.

The viscosity–temperature profile of blank and doped 
crude oil at constant shear rate (51 s −1) supports previ-
ous observations on flow properties of the oil (Fig. 6). The 
inflection point in the viscosity–temperature plot denotes 
the onset of wax crystallization which is accompanied by 
rapid increase in oil viscosity as temperature drops below 
the WAT. Comparison of the curves for blank oil and doped 
oils shows that the inflection point for doped oils occurs at 
a lower temperature which is indicative of improvement in 
flow. This corroborates the observations in optical micros-
copy studies. The rapid increase in viscosity of the blank oil 
is due to the emergence of large over-lapping rod-like wax 
crystals which form networks in oil, whereas the evolution 
of small, round crystals in doped oil hinders this process, 
thus preventing rapid increase in viscosity. Increment in oil 
viscosity with decreasing temperature in the region below 
WAT, dropped from 3.3cP/oC in blank oil to 0.94 cP/oC and 
0.57 cP/oC in oil doped with  CN1PG and  CN2PG, respec-
tively (Fig. 6).

Conclusion

Low-cost flow improvers for waxy crude oil were prepared 
by esterification of natural cashew nut shell liquid using 
polyethylene glycol (PEG—400). The CNSL monoester 
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Fig. 5  Effect of shear rate on shear stress (a) and viscosity (b) of 
crude oil doped with 4000 ppm  CN2PG

Table 4  Percent reduction in 
viscosity of doped crude oil 
as a function of shear rate and 
temperature

Shear rate  (s−1)

10 rpm 15 rpm 20 rpm 25 rpm 30 rpm 45 rpm 60 rpm 80 rpm 100 rpm

Temp PPD 17  s−1 25  s−1 34  s−1 43  s−1 51  s−1 76  s−1 102  s−1 136  s−1 170  s−1

10 °C CN1PG 79.7 75.5 67.9 66.2 66.6 63.0 61.4 56.0 51.3
CN2PG 90.5 88.7 85.4 82.1 79.8 75.7 72.8 69.5 66.2

20 °C CN1PG 33.9 38.4 45.3 41.6 36.4 21.9 12.3 8.90 14.8
CN2PG 71.7 71.9 72.4 72.5 72.7 51.6 25.5 26.8 28.4
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derivative had higher pour point depressant efficiency, 
reducing the oil pour point by 12 °C at 1000 ppm. The per-
formance of the CNSL derivatives is influenced by differ-
ences in their composition. The additives had a dispersive 
effect on waxes in crude oil resulting in changes in crystal 
morphology, such that wax crystals in crude oil doped 
with additives were smaller and rounder compared to the 
blank (un-doped) crude oil. Changes in the microscopic 
properties of the wax crystals resulted in improvement in 
low-temperature flow properties of the waxy crude oil as 
shear stress and dynamic viscosity of oil at 10 °C (16.1 °C 
below the wax appearance temperature), was on average 
reduced by 65% and 76–79%, respectively. The derivatives 
can find ready application as inexpensive, eco-friendly 
additives for production, storage and pipeline transporta-
tion of waxy crude oil.
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