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Abstract 

 

The problem of wax precipitation and deposition in crude oils at low temperatures causes severe problems in the petroleum 

industry. Among the various developed approaches to solve this issue is the injection of polymer nano-composites into waxy 

crude oil. Herein, the bagasse of sugarcane waste as a bioresource was used for silica nano-particles (Nano-SiO2) extraction. 

Also, a new copolymer of styrene-co-vinyl acetate was prepared then, a novel nano-composite; Nano-SiO2/styrene-co-vinyl 

acetate composed of the produced bioresoursed Nano-SiO2 and styrene-co-vinyl acetate was prepared. Fourier transform 

infrared spectroscopy, X-ray diffraction, scanning electron microscopy, transmission electron microscopy, and gel permeation 

chromatography analytical techniques were used to characterize the produced materials. Additionally, the synthesized Nano-

SiO2/styrene-co-vinyl acetate was applied as a cheap nano-pour point depressant and paraffin inhibitor for the waxy crude oil 

and its performance was compared with the pristine styrene-co-vinyl acetate copolymer. Various concentrations (100 ppm-

800 ppm) of the synthesized additives were injected into the collected crude oil samples at 60 ºC. The results indicated that 

the dosages of the injected pour point depressants have a significant impact on their performance. Optimum dosages of 400 

ppm and 600 ppm of Nano-SiO2/styrene-co-vinyl acetate and styrene-co-vinyl acetate respectively were found to be efficient 

in depressing the pour point temperature and inhibiting the paraffins aggregation at low temperatures. 

  

Keywords: Synthesis and characterization; Nano-silica; Polymer nano-composite; Nano-pour point depressant; Paraffin inhibitor; Waxy crude 

oil 

 

1. Introduction 

 By advancing agribusiness, there is an increase in the 

raw materials consumption and production of 

agricultural and agro-industrial wastes. Thus, special 

interest has been focused on minimizing these 

effluents and their reuse via converting biomass-

derived wastes to highly added value-materials [1]. 

Potential low cost waste products obtained due to 

agricultural and industrial activities may be efficient 

alternatives for the application in various fields. For 

example, fly ash waste [2], husk of rice [3], bones of 

animals [4], nutshells [5], olive-waste cakes [6], and 

bagasse waste (SB) [7, 8] are recently used for 

preparing cost effective materials and tested for 

various valuable applications. Among the mentioned 

wastes, sugarcane bagasse is a solid waste produced 

in huge amounts annually throughout the world as a 

byproduct of cane sugar stalks left over after rushing 

to extract the juice from sugarcane [9, 10]. A 

previous study [11] showed that the process of 

bagasse combustion produces high amounts of 

inorganic components such as silica accompanied by 

small amounts of iron, aluminum, alkalis, and 

alkaline earth oxides. However, the combustion 

treatment requires high energy consumption, and this 

has prevented the widespread commercial use of this 

waste material [10, 12, 13]. This waste was also used 

to prepare nano-silica and glass-ceramic materials, 
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respectively [14, 15]. Moreover, due to the existence 

of high content of amorphous SiO2 in this waste it 

was utilized as a source of silica for the production of 

water glass material [16]. Due to the sustainability, 

low cost and availability of bio-resourced based silica 

materials, they are receiving crescent attention in 

different promising applications including energy 

storage [17], energy production [3], catalysis [8, 18], 

and wastewater treatment [19].  

 

Enhancing polymeric materials' performance by 

incorporating inorganic substances has an important 

industrial activity and has been achieved by using 

materials such as talc, carbon blacks, clays, and silica 

[20-22]. With the rapid development of 

nanotechnology in recent years, nano-composite 

materials have been applied in crude oil production 

and transportation [23, 24]. The utilization of nano-

scale materials produces polymer nano-composites 

with enhanced properties including mechanical and 

dielectric properties [25-27] due to the unique high 

adsorption affinity of nanoparticles [28-35]. Wang et 

al. [36] have introduced nano-MMT clay into 

polymer matrices' pour-point depressants (PPDs) to 

form polymer/nano-MMT PPDs of improved 

performances. Crude oil with a high content of wax 

often exhibits a high wax apparent temperature 

(WAT) [37]. Below this temperature, the crude oil 

loses its flow characteristics and is defined as the 

crude oil’s pour point at which the wax molecules 

begin to precipitate, overlap and interlock to form a 

three-dimensional network structure in the oil phase  

[38]. Thus, this will reduce the mobility of crude oil. 

The precipitation and deposition of wax crystals at 

low temperatures cause severe problems in oil 

production, storage, and transportation [37-39]. Many 

approaches have been developed to overcome those 

problems. While, due to the high cost and energy 

consumption of these methods, the chemical 

approaches, particularly the addition of polymeric 

pour-point depressant (PPD) is usually cost-effective 

and time saving [40]. It was commonly accepted that 

PPD can effectively change the structure and 

dispersity of wax crystals and prohibit the formation 

of rigid networks at low temperatures [41]. Among 

the economical and effective conventional PPDs, 

ethylene-vinyl acetate copolymers [42-47], α-olefin 

polymers [37], maleic anhydride copolymers and 

their derivatives are widely used [38-40]. The current 

research aim is adapted as follows: The waste 

bagasse was utilized as a resource to extract 

bioresoursed nano-silica. A new polymeric additive; 

styrene-co-vinyl acetate was prepared, then; an 

environmentally friendly industrial product of Nano-

SiO2/styrene-co-vinyl acetate nano-composite was 

synthesized. Also, the prepared samples were 

characterized by various techniques including Fourier 

transform infrared spectroscopy, X-ray diffraction, 

scanning electron microscopy, transmission electron 

microscopy, and gel permeation chromatography. 

Moreover, styrene-co-vinyl acetate and Nano-

SiO2/styrene-co-vinyl acetate nano-composite were 

injected by various dosages (100 ppm, 200 ppm, 400 

ppm, 600 ppm and 800 ppm) into Tut-waxy crude oil 

samples to be evaluated as novel pour point 

depressants (PPDs) and paraffin inhibitors (PIs). 

 

2. Materials and Methods 

2.1. Materials 

The Styrene and vinyl acetate (Reagent grades, 

Beijing Yanshan Petroleum Chemical Co) were 

distilled before usage as described before [48]. 

Benzoyl peroxide and xylene were used as supplied 

as the initiator and solvent, respectively. All 

chemicals utilized to extract nano-silica from the 

bagasse including sodium hydroxide, hydrochloric 

acid, and ammonium hydroxide was used as bought 

from Merck. 

 

2.2.  Methods 

2.2.1. Bioresoursed Nano-SiO2 Extraction from 

Sugarcane Bagasse 

Sugarcane bagasse waste was collected from 

sugarcane juice industries in Cairo, Egypt, washed 

repeatedly with tap water, dried under the sun until 

complete dryness, chipped into small pieces, ground, 

and sieved into 150 μm. The ground bagasse was 

pyrolyzed at 660 
о
C (6 

o
C/min) for 3 h to obtain the 

bagasse ash (BA). Then, the BA was treated with 1 

mol/L HCl as follows: 10 g of BA was stirred with 

100 ml of 1 mol/L HCl for 4 h at 25 
о
C. The 

suspension was filtered and the solid residue was 

washed with distilled water to remove the metallic 

ions. The residue was then dried at 80 оC for 24 h to 

be used for sodium silicate preparation. The obtained 

ash residue was dispersed in 100 ml of 3 mol/L 

NaOH solution for 3 h at 95 оC under stirring (750 

rpm). After that, the solid residue was eliminated 

from the obtained suspension via filtration. The 

resulting filtrate (sodium silicate solution) was then 

used as a precursor for Nano-SiO2 extraction. It was 

titrated with 1 mol/L NH4OH until the formation of 

gel which was aged at 45 
о
C for 14 h, washed, 

filtered, and dried at 90 
о
C overnight to obtain a 

white powder of SiO2 nano-particles. 

 

2.2.2. Preparation of Styrene-Co-Vinyl Acetate  
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Styrene copolymerization with vinyl acetate (with a 

molar ratio of 1: 1) was initiated by benzoyl peroxide 

in a solvent of xylene at 70 °C for 5 h under N2 

atmosphere. The styrene-co-vinyl acetate (PSV)  

copolymer was then precipitated with methanol and 

dried under vacuum [49].  

 

2.2.3. Synthesis of Nano-SiO2/ Styrene-Co-Vinyl 

Acetate Nano-Composite  

The synthesis of Nano-SiO2/styrene-co-vinyl acetate 

(Nano-SiO2/PSV) nano-composite was done by the 

hybridization of the waste bagasse extracted Nano-

SiO2 with PSV copolymer. The solution blending 

method described in a previous study [50] was used 

to do this hybridization. An equal mass ratio of 1: 1 

Nano-SiO2: PSV was applied for the synthesis of the 

nano-composite. Firstly, 1 g of PSV copolymer was 

dissolved in 40 ml of toluene then, 1 g of Nano-SiO2 

was dispersed into the copolymer/toluene solution by 

ultrasonic treatment for 30 min at 25 °C until a 

homogeneous solution formation. After that, the 

solution was heated to 78 °C under continuous 

stirring for 3 h. Finally, the toluene solvent was 

removed by continuous stirring and evaporation at 

120 °C to produce the nano-PPD and PI (Nano-

SiO2/PSV nano-composite) as represented in Fig. 1.  

 

 
 

Figure 1: Nano-SiO2/PSV nano-composite synthesis diagram 

 

2.3.  Characterization  

 

Fourier Transform Infrared (FTIR) spectroscopical 

analysis was used to confirm the structure of bagasse, 

Nano-SiO2, PSV, and Nano-SiO2/PSV samples using 

Nicolet IS-10 FTIR over the wavenumber range of 

4000–400 cm
-1

 [51]. X-ray diffraction (XRD) was 

employed using X’Pert PRO PANalytical 

diffractometer [52]. The reflections were monitored 

using CuKα radiation at λ = 0.1541 nm and 2θ ranged 

from 5
o
 to 65

o
. The surface morphology of the 

samples was carried out by scanning electron 

microscopy (SEM, JEOL, JSM-6700F system) [51]. 

Gel permeation chromatography (GPC) was used to 

evaluate the average molecular weights (Mw and 

Mn) of the prepared PSV copolymer using GPC-

Water 2410 with a refractive index detector [38-40]. 

Transmission electron microscopy (TEM, Model 

JEM-200CX, JEOL 2100, Japan) operated at 200 kV 

was done for the extracted SiO2 to investigate its size 

and morphology [53]. 

 

2.4.  Nano-SiO2/PSV Evaluation as A Nano-PPD for 

Tut-Waxy Crude Oil 

 

The synthesized Nano-SiO2/PSV nano-composite and 

PSV copolymer were assessed as PPDs with different 

concentrations (100, 200, 400, 600, 800 ppm) and 

injected into the heated waxy-oil samples which were 

heated to 60 ºC. The injected samples were 

continuously stirred (350 rpm) for 30 min then 

ultrasonicated for 30 min to ensure complete 

dissolution and uniform dispersion of these additives 

in the waxy crude oil. Thereafter, the un-injected and 

injected crude oil samples were evaluated by 

applying the ASTM D97 [52, 54, 55]. 

 

2.5.  Nano-SiO2/PSV Evaluation As A Nano-PI for 

Tut-Waxy Crude Oil  

 

The Cold Finger experiment was performed at the 

Chemical Services and Development Center, EPRI, 

Cairo, Egypt to evaluate the impact of PSV 

copolymer and Nano-SiO2/PSV nano-composite as 

PIs. This model is used as a convenient way to 

simulate the wax precipitation process inside the oil 

pipeline according to the method described in 

previous studies [37, 56]. After the mentioned 

method completion, the residual deposition of wax 

was gradually removed from the cold finger and 

measured.  
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2.6.  Waxy Crude Oil Analysis  

 

Tut-waxy crude oil was collected from Khalda 

Petroleum Company fields, in the Western Desert, 

Egypt. Its physico-chemical characteristics were 

identified as displayed in Table 1. Also, waxes and 

asphaltene were isolated and their quantity was 

determined by applying the UOP method (46/64) and 

the IP 143/84, respectively [38]. 

 

3. Results and Discussion 

3.1. Crude Oil Characterization 

The physico-chemical features of Tut-waxy crude oil 

are displayed in Table 1. From these results, we can 

reveal the waxy nature (13 wt% wax content) of the 

obtained crude oil.      

Table 1  

Physical characteristics of the evaluated Tut waxy crude oil 

Result Method Properties 

0.830 ASTM D1298 Density at 20 oC (g/cm3) 

2.77 ASTM  D445 Kinematic viscosity at 40 oC cst 

2.30 ASTM  D2196-18 Dynamic viscosity at 40 oC cp 

27.0 ASTM D 97 Pour point (PP), oC 

13.0 UOP 46/64 Wax content, (wt %) 

2.00 IP 143/84 Asphaltene content, (wt %) 

12.34 IP 372/85  Average carbon number (n) 

0.35 IP 74/70 Water content, (wt %) 

0.02 ASTM D 482 Ash content, (wt %) 

38.96 ASTMD-1298 API gravity at 60° F 

 

3.2. Samples Characterization 

 

3.2.1. FTIR Spectra 

 

The FTIR spectra of waste bagasse (WB), 

bioresoursed Nano-SiO2, PSV, and Nano-SiO2/PSV 

nano-composite are presented in Fig. 2. In the WB 

spectrum there is an absorption band centered at 3357 

cm−1 indicates the existence of free and 

intermolecular bonded hydroxyl groups [57, 58]. The 

broad FTIR-band centered at 2902 cm
−1

 can be 

assigned to the stretching vibration of the C–H group 

[54]. The two bands detected at 1734 cm
−1

 and 1053 

cm
−1 

correspond, respectively to the C= C stretching 

and –OCH3 group that existed in the lignin aromatic 

groups of baggase. The other two bands detected at 

604 and 830 cm−1 can be assigned to the bending 

modes of aromatic compounds [59]. The FTIR 

spectrum of baggase nano-silica (Fig. 2) shows the 

FTIR-bands of Si–O–Si asymmetry stretching, Si–O 

symmetric bending and stretching, and the H–O–H 

bending vibration characteristics of silica which 

detected, respectively at 1089 cm
−1

, 467 cm
−1

 and 

794 cm−1, and at 1637 cm−1 [3, 12, 54]. The 

asymmetric stretching and bending vibrations of 

silanol OH groups are detected at 3494 cm
−1

  [60] 

while the bending mode of Si-O and the adsorbed 

water band is observed at 475 cm
−1

 and 963 cm
−1

 [3, 

53, 55]. The successful copolymerization of PSV was 

elucidated by FTIR spectroscopy (Fig. 2). From    

Fig. 2, the FTIR-bands of CH3-, -CH2- [61], and the 

phenyl –C6 H5 protons of styrene [49] are detected at 

2920 cm
-1

, 2854 cm
-1 

and 3026 cm
-1

, respectively. 

Also, the aromatic C─H vibrations deforming in the 

benzene ring of styrene and the -CH2- of the side 

vinyl group are detected at 696-1491 cm
‒1

 region [62, 

63]. Additionally, the two bands detected at 1236 

cm
‒1

 and 1730 cm
‒1

 are attributed to the ester groups 

stretching vibrations of vinyl acetate [64-66]. The 

above-discussed FTIR-bands for the PSV spectrum 

besides the absence of any bands at ~1605 cm
−1 

which characterize the non-conjugated (C=C str)-

band and the existence of polymeric backbone CH2- 

at 720 cm
−1 

implies the successful preparation of PSV 

copolymer. By comparing the FTIR spectrum of 

Nano-SiO2/PSV nano-composite with those of Nano-

SiO2 and PSV copolymer (Fig. 2), there are three 

FTIR-bands assigned to Nano-SiO2 detected at the 

wavenumbers of 1136 cm
−1

,
 
1647 cm

−1 
and 3439 cm

−1 

in the nano-composite spectrum. Additionally, there 

is a decrease in the intensity of the ester group bands 

and some shifts in the vibrations of PSV relative to 

the nan-composite approving the successful synthesis 

of Nano-SiO2/PSV nano-composite. 

 

 
 

Figure 2: FTIR spectra of WB, Nano-SiO2, PSV, and Nano-

SiO2/PSV 
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3.2.2. XRD Results 

The phase determination of the bioresoursed Nano-

SiO2 and the synthesized Nano-SiO2/PSV nano-

composite examined by XRD analysis are presented 

in Fig. 3. The extracted nano-SiO2 XRD patterns 

(Fig. 3) showed a broad peak between the 2θ of 

17.49° and 26.35° implying that the SiO2 

nanoparticles are in the amorphous form [3]. While 

the XRD patterns of Nano-SiO2/PSV presented some 

crystalline reflections besides the amorphous nano-

SiO2 broad peak existence confirming the successful 

synthesis of the nano-composite. 

 

 
Figure 3: XRD patterns of Nano-SiO2 and Nano-SiO2/PSV 

 

3.2.3. TEM and SEM Analysis  

 

The morphology of the extracted Nano-silica 

examined by TEM is shown in Fig. 4a. It was found 

that the particles of the extracted silica are of 

spherical shape and are in the nanometer scale with 

the size range of 7.11-10.39 nm.  

 

Additionally, the surface morphology of Nano-silica 

and Nano-SiO2/PSV nano-composite examined by 

SEM are shown in Fig. 4b and c. The SEM image of 

SiO2 indicates its consistence of agglomerated 

spherical particles. While the Nano-SiO2/PSV nano-

composite image shows that it has an irregular shape 

besides the presence of some SiO2 spherical particles 

distributed randomly on the copolymer surface and 

other particles clustered with a non-uniform and 

rough surface. 

  

 
 

Figure 4: a) TEM of Nano-SiO2, b) SEM of Nano-SiO2 and c) 

SEM of Nano-SiO2/PSV 

 

 

3.2.4. GPC Analysis for PSV Copolymer  

 

The weight average and number average molecular 

weights (Mw and Mn) of PSV copolymer are 

tabulated in Table 2. It was found that the PSV 

copolymer has Mn and Mw of 19818 g/mol and 

68437 g/mol, respectively revealing the successful 

copolymerization of styrene with vinyl acetate to 

form PSV copolymer.  

 

Table 2  

Average molecular weights for PSV copolymer 

Sample abbreviation Mn (g/mol) MW (g/mol) 

PSV 19818 68437 

 

3.3. PSV and Nano-SiO2/PSV Evaluation as PPDs 

for Waxy Crude Oil 

 

The results of PSV and Nano-SiO2/PSV injection on 

the pour point temperature (PPT, ºC) of the waxy 

crude oil are listed in Table 3. It’s obvious that the 

pour point depression of the injected crude oil was 

enhanced by increasing the dosages of PSV and 

Nano-SiO2/PSV, respectively to 600 ppm and 400 

ppm relative to the non-injected one. The PPD values 

were constant above these dosages. Thus, 600 ppm of 
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PSV copolymer and 400 ppm of Nano-SiO2/PSV 

nano-composite should be considered as the optimum 

dosages which reduced the pour point temperature of 

Tut-waxy crude oil from 27 ºC (crude oil blank) to  

12 ºC and 6 ºC, respectively.  

Table 3  

Effect of injecting different dosages of PSV copolymer and 

Nano-SiO2/PSV nano-composite on the PPD of Tut-waxy crude 

oil 

The results also indicate that the produced Nano-

SiO2/PSV is a better PPD than PSV for the waxy 

crude oil which may be ascribed to the presence of 

nano-silica in the nano-composite which contains a 

lone pair of electrons making it able to adsorb on the 

surface of wax by delocalization and hindering the 

wax crystal aggregation. Also, the existence of polar 

silanol (Si─OH) groups at the SiO2 nano-particles 

surface beside the polarity of the styrene phenyl 

group and the ester group of vinyl acetate makes the 

Nano-SiO2/PSV more polar than PSV. Thus, the 

injection of a lower dosage of nano-SiO2/PSV 

resulted in better depression for the pour point 

temperature than the PSV copolymer as mentioned 

above. 

 

3.4. PSV and Nano-SiO2/PSV Evaluation as PIs 

 Figure 5 presents the impact of PSV and Nano-

SiO2/PSV as PIs for Tut-waxy crude oil. This Figure 

declares that a 9.5 g of wax deposits were isolated 

from the Tut- waxy oil which were reduced to 2.41 g 

and 1.13 g after injecting the waxy oil with the 

optimum dosages; 600 ppm and 400 ppm of PSV and 

nano-SiO2/PSV, respectively. The existence of 

surface polar Si-OH groups onto SiO2 nano-particles 

and the styrene phenyl group polarity are the main 

reasons for the high efficiency of the prepared 

additives. Thus, the crude paraffins were inhibited by 

74.6% and 88.1% as a result of PSV and Nano-

SiO2/PSV injection indicating that both of the 

mentioned additives can be considered highly 

efficient and promising paraffin inhibitors for the 

waxy-crude oil. 
  
 

 

Figure 5: Wax deposition for the blank and the injected crude 

oil samples 

 

3.5. Comparing the PPD and PI Results of PSV and 

Nano-SiO2/PSV with Other Works 

As observed from Table 4, the prepared PSV 

copolymer and Nano-SiO2/PSV nano-composite were 

evaluated as PPDs and PIs for waxy crude oil, and 

the obtained data are compared with the findings of 

other studies. As shown, Nano-SiO2/PSV nano-

composite is superior to most of the evaluated 

additives indicating the ability of its utilization as an 

environmentally friendly competitive nano-PPD and 

PI additive 

Table 4  

Comparison of the PPD and PI results of the current study 

additives with other additives 

Note: PMMA is poly methyl methacrylate, GO is 

graphene oxide, IHA is styrene hexadecyl acrylate 

maleic anhydride imide, Am2 is Octadecene-styrene 

amide, EVA is ethylene vinyl acetate, IOA is styrene 

Additive  

dosage, 

(ppm) 

           Pour point depression (°C), PPT 

Blank PSV Nano-SiO2/PSV  

100 27 21 18 

200 27 18 12 

400 27 15 6 

600 27 12 6 

800 27 12 6 

Additive  

Name 

 

Additive  

dosage, 

(ppm) 

PPD 

(°C) 

PI% Reference 

PMMA 1500 28 -- [67] 

PMMA-1% 

GO 

1500 15 -- [67] 

IHA 200 9 90 [68] 

Am2 2000 6 80 [37] 

EVA 200 25.6 -- [69] 

IOA 200 12 88 [39] 

EVA/nano-

MMT 

1000 23 -- [70] 

Nano-

SiO2/PSV 

400 6 88.1 This work 

PSV 600 12 74.6 This work 
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octadecyl acrylate maleic anhydride imide, nano-

MMT is nano montmorillonite. 

  

4.  Conclusions 
 In this research, the waste bagasse was utilized as an 

alternative biomass resource for the production of 

Nano-SiO2. Also, a new copolymer; styrene-co-vinyl 

acetate was prepared then, a novel eco-friendly Nano-

SiO2/PSV nano-composite was synthesized. The 

Nano-SiO2/PSV nano-composite was evaluated as a 

nano-PPD and PI for Tut-waxy crude oil and its 

performance was compared with that of the PSV 

copolymer. Various analysis including FTIR, XRD, 

SEM, TEM, and GPC were performed to confirm the 

successful extraction of spherical amorphous Nano-

SiO2 from the WB, the copolymerization of styrene 

with vinyl acetate, and the formation of Nano-

SiO2/PSV nano-composite. The PPD results indicated 

that the injection of 400 ppm and 600 ppm of Nano-

SiO2/PSV and PSV copolymer, respectively into Tut-

waxy crude oil reduced the pour point temperature 

from 27 ºC (crude oil blank) to 6 ºC and 12 ºC. Also, 

these optimum dosages injection achieved a PI of 

88.1% and 74.6%, respectively. This enhancement 

was due to the synergistic effect of the co-

crystallization between PSV and wax crystals and the 

Nano-SiO2 which inhibited the growth and 

precipitation rate of wax crystals in crude oil. So, the 

current study provides PSV copolymer and Nano-

SiO2/PSV synthetic polymer nano-composite with 

dual function as promising and efficient PPDs and 

PIs for the waxy crude oil. 
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