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Abstract—The influence of nanoadditives of organic and 
inorganic origin on the rheological properties of heavy fuel oil 
was considered. Diproxamine, an oil soluble nonionic surfactant, 
multiwalled carbon nanotubes of the carbon nanomaterial Taunit 
and dehydrated carbonate sludge were used as additives. The 
search for optimal concentrations of the applied nanoadditives 
and the values of the change in the viscosity of the resulting 
composite fuel was carried out. The authors’ studies of the fuel 
oil samples viscosity have shown the possibility of improving its 
rheological properties by introducing nanostructured additives - 
diproxamine (0.5 wt. %), carbon nanotubes of the carbon 
nanomaterial Taunit (0.0125 wt. %) or dehydrated carbonate 
sludge (0.1 wt. %). The observed change in viscosity was 10-20%. 
It has been established that diproxamine improves viscosity 
properties of fuel at sufficiently high temperatures (75 оС), and 
its joint application with nanotubes is effective even at lower 
temperatures (65 оС). It was shown that the use of dehydrated 
carbonate sludge also leads to a decrease in the boiler fuel 
viscosity. The existence of a synergistic effect in the joint 
application of CNTs with carbonate sludge has been established. 
Possible mechanisms for changing the viscosity properties of fuel 
were considered. 
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I.  INTRODUCTION  

In connection with the deepening of oil refining in recent 
years, there has been a tendency of deterioration of the 
properties of boiler fuel due to an increase in the proportion of 
tar and heavy petroleum products in fuel oil. Reducing the 
quality of fuel oil for the consumer means a deterioration in its 
physical, chemical and operational characteristics, which leads 
to increased fuel transportation and storage costs and has a 
significant impact on the operation of the main and auxiliary 
equipment of thermal power plants and boiler houses, as well 

as the volume of harmful substances, emitted to the 
atmosphere [1].  

The need to solve interrelated problems of fuel economy, 
to improve technical and economic indicators of boiler units, 
to reduce emissions of harmful substances into the atmosphere 
requires the search for efficient and inexpensive methods, one 
of which is the addition of special additives to the fuel [2,3]. 
Recently, when creating unconventional additives to oils and 
fuels, methods and materials of nanotechnology are used, 
including functional nanoscale structures of organic and 
inorganic origin [4-10]. The use of additives can lead to a 
decrease in the viscosity of the fuel, contributing to a 
reduction in energy costs, when it is pumped through 
pipelines, unloading from cisterns and supply to the boiler, 
and therefore is of fundamental importance for energy 
conservation purposes. 

 In this paper [11], it was shown that a nonionic surfactant, 
diproxamine, can be used as an additive to a heavy fuel oil and 
for dispersing nanoparticles. It is generally used in the 
petroleum and petroleum refining industry as a non-ionic 
demulsifier and a paraffin deposition inhibitor or as a 
demulsifying additive for lubricants, particularly turbine oils 
[12].  

In addition, it has been found that small additions of 
nanoparticles of any nature, including carbon nanotubes 
(CNTs), can be used to improve the rheological properties of 
liquid heterogeneous systems, which use fuel oil [13-16]. To 
explain the effects observed in heterogeneous systems, various 
mechanisms of viscosity decrease were proposed, which 
explained the change in the morphology of the composite and 
the transition to stratified flow [17,18]. It was noted that the 
greatest effect of viscosity reduction is observed at a certain 
concentration of nanoparticles, which can be found by 
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studying the concentration curves of the viscosity dependences 
of the liquid systems under consideration [16,19].  

All of the above-mentioned facts give grounds for studying 
the possibilities of using carbon nanomaterials in order to 
improve the operational properties of organic boiler fuel, 
including other nanostructured additives that have already 
proved their effectiveness. It should be noted that carbon 
nanotubes, despite being non-biodegradable nanoparticles, are 
completely burned together with fuel, since they consist of 
pure carbon, and their catalytic properties lead to more 
complete combustion of other components of the fuel, which 
may be important for eliminating negative consequences of 
heavy fuel use. In the world literature there are results on the 
use of carbon nanotubes as nanoadditives to motor fuel [20-
24]. As an additive to heavy fuel oil, we used carbon 
nanotubes for the first time.  

To improve the physicochemical properties of organic 
fuel, to increase the efficiency and environmental friendliness 
of combustion and in order to save it, in addition to the use of 
carbon nanotubes, there has been a tendency to add to the fuel 
the functional nanoscale structures – metal nanoparticles, 
oxides, carbides, nitrides. Nanoparticles of aluminum, iron, 
boron, manganese, magnesium, copper, calcium and cerium, 
as well as oxides of aluminum, zinc, manganese, copper and 
all lanthanides are effective for diesel fuel [4-10]. The authors’ 
studies have shown that the use of expensive nanoparticles as 
additives to heavy hydrocarbon fuels can to some extent be 
replaced with additives of dehydrated carbonate sludge, which 
is a waste of the process of chemical water purification of 
thermal power plants. The purpose of this work was to 
investigate the possibilities of improving the rheological 
properties of fuel oil by adding carbon nanotubes and other 
nanostructured formations, and to determine the optimum 
concentrations of the nanoadditives used and the magnitude of 
the change in the viscosity of the resulting composite fuel. 

II. MATERIALS 

Samples of high-sulfur M100 brand fuel oil, produced by 
the Nizhnekamsk oil refinery, used at the Kazan thermal 
power plant as an emergency and backup fuel, were taken as 
boiler fuel for the studies. According to the structural 
composition, the M100 brand fuel oil mainly consists of 
paraffin (49.2%) and aromatic hydrocarbons (42.6%). It 
should be noted that when studying the viscosity of fuel oil 
samples and water-fuel emulsions with additives prepared 
based on M100 brand boiler oil, the authors encountered 
fundamentally different types of viscosity dependence for 
specific fuel oil samples, taken from different sources at 
different times. Even within the framework of a single brand, 
the samples can demonstrate both the viscosity values that are 
almost 2 times different, and the different rheological behavior 
depending on the gradient of the rate of layer migration. This 
fact undoubtedly complicates the description of the processes, 
occurring when nanostructured formations are added to the 
fuel, introduces its own corrections to the results 
reproducibility and prevents the selection of optimal 
compositions of various additives. 

Diproxamine (the production of KAZANORGSINTEZ, 
http://www.kazanorgsintez.ru) was used as an additive to 
heavy fuel oil and for dispersing carbon nanotubes. 
Diproxamine is a nitrogen-containing block copolymer. The 
production method is based on the interaction of 
ethylenediamine with propylene oxide, and further on with 
ethylene oxide and subsequent propylene oxidation of 
obtained polymer. It is an oil-soluble non-ionic surfactant and 
one of the universal domestic demulsifiers. The average 
molecular weight of polymer molecules of diproxamine is 
4500-5000. By their size and structure, diproxamine molecules 
are somewhat similar to nanoparticles. The structural formula 
of diproxamine is presented in figure 1. 

 
Fig. 1. Structural formula of diproxamine – a nitrogen-containing block 

copolymer on the base of ethylenediamine 

Multi-walled carbon nanotubes (CNTs) of the 
carbonaceous nanomaterial “Taunit” (http://www.nanotc.ru), 
dispersed in diproxamine, were used as nanosize additives. A 
carbonaceous nanomaterial “Taunit” is a set of nanofibers (the 
multi-walled nanotubes are mainly formed with the conic 
shape graphene layers) with a length of up to 2 and more µm 
and an external diameter, usually varying from 15 to 40 nm. 
Basic physicochemical indicators of the carbonaceous 
nanomaterial “Taunit” are presented in Table I. 

TABLE I.  PHYSICOCHEMICAL INDICATORS OF THE CARBONACEOUS 
NANOMATERIAL “TAUNIT” 

Physicochemical indicators of  
the carbonaceous nanomaterial 

Nanomaterial 

“Taunit” 

External diameter, nm 20-70 

Internal diameter, nm 5-10 

Length, µm ≥ 2 
Total impurities (primary),% 

(after cleaning) 
≤ 5 
≤ 1 

Bulk density g cm–3 0.4-0.6 

Specific surface area, m2g–1 120-130 

Thermal stability in air, oC ≤ 600 

 

The initial carbon nanomaterial consists of agglomerates of 
multi-walled nanotubes – tangles of filamentous formations, in 
which carbon nanotubes are interconnected by the physical 
forces of Van der Waals. The SEM image of this probe of 
carbonaceous nanomaterial “Taunit”, dispersed in pure water, 
is shown in figure 2.  

To uniformly distribute nanotubes throughout the sample 
volume, they were dispersed using various surfactants. The 
authors’ earlier experiments on the study of the rheological 
properties of fuel oil with the addition of carbon nanotubes, 
dispersed in aqueous solutions of anionic surfactant – sodium 
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dodecyl sulfate, proved the existence of a decrease in viscosity 
when a sufficiently large amount of CNTs (0.82 wt. %) was 
introduced to fuel [25]. Use of carbon nanotubes at such 
concentrations is unprofitable.  

 

 
Fig. 2. SEM image of the suspension of carbonaceous nanomaterial “Taunit” 

dispersed in pure water 

Therefore, the oil-soluble nonionic surfactant – 
diproxamine was chosen as a more suitable dispersion 
medium for CNTs. The choice of this surfactant for the 
dispersing of CNTs is also due to the fact that the use of 
diproxamine as an additive to heavy fuel oil can in some cases 
lead to an improvement in its rheological characteristics. 
When dispersing carbon nanotubes in diproxamine, 1 g of 
CNTs was mixed with 40 ml of diproxamine, then the sample 
was subjected to a 15-kHz ultrasonic treatment in a water bath 
of ultrasonic disperser Bandelin SONOREX TK52 (Germany) 
for 15 minutes at 40 °C. Further, the prepared suspension was 
dissolved in fuel samples at a given concentration. 

The choice of carbonate sludge as another additive, which 
the authors investigated, was dictated by their earlier good 
results on improving the rheological properties of fuel oil in its 
use [11]. Carbonate sludge is formed in the process of 
coagulation and liming of natural waters at thermal power 
plants and, from the production point of view, it is a waste. 
Carbonate sludge as a product, obtained by chemical 
precipitation, has a complex of specific physical and chemical 
properties, among which a diverse chemical composition 
(calcium carbonates, magnesium hydroxides and iron, 
aluminum compounds, etc.), as well as its high dispersity and 
surface activity. The compounds, entering into its composition 
in the process of sludge formation, create a nano- and micro-
dimensional structure originally separated by water molecules. 
In the process of dehydration and subsequent crushing, 
carbonate sludge particles acquire nanostructural features, 
primarily associated with the appearance of porosity. The 
physicochemical parameters of dehydrated sludge of water 
treatment at Kazan thermal power plant are presented in 
Table II. 

 

TABLE II.  PHYSICOCHEMICAL INDICATORS OF DEHYDRATED WATER 
TREATMENT SLUDGE 

Physicochemical indicators 
of dehydrated water 

treatment sludge 

Sludge particle size, mm 

< 0.09 unsieved 

Bulk density g cm–3 0.876 0.85 

Specific surface area, m2g–1 4.6 2.8 

Adsorption, mg g–1 2.3 1.41 

Ash content,% 82.3 89.4 

Humidity,% 0.71 0.66 

Solubility in process water,% 0.709 0.734 

Solubility in process water,% 0.395 0.394 

 

As an additive to fuel, it is advisable to use a finely 
dispersed fraction of dehydrated carbonate sludge with a 
particle size of not more than 0.09 mm with a total content of 
calcium and magnesium carbonates of at least 85%. 

III.  METHODS 

The conditional viscosity (in Engler's degrees, oE) was 
determined with the aid of the Engler viscometer VU-M-PHP. 
To find the kinematic viscosity, the authors used tables of the 
translation of Engler's degrees into centistokes.  

The dynamic viscosity of various types of fuel oil was 
investigated, using a rotational viscometer Rheomat RM 100. 
The angular velocity of rotation of the cylinder ranged from 
50 to 300 s-1. A torque proportional to the tangential stress in 
the annular gap was determined and was converted into an 
electrical signal. The viscosity values were calculated using an 
integrated microprocessor that analyzes the changes in the 
torque and shear rate. The work of the viscometer was 
controlled from a personal computer via the software 
"VISCO-RM SOFT". 

IV.  EXPERIMENT 

The experiment was carried out with the help of the Engler 
viscometer VU-M-PHP, the results of experimental studies of 
fuel oil M100 brand, with the addition of diproxamine, are 
presented in Figures 1, 2. The authors investigated the 
dependence of the solidification temperature of fuel oil on the 
concentration of diproxamine (Figure 3), and obtained 
concentration dependences of the conditional viscosity at 
temperatures 70 оС, 80 о

С and 90 оС (Figure 4), giving an idea 
of the magnitude of the reduction in the conventional viscosity 
of fuel oil in the presence of an additive.  

In the next series of experiments, we studied the effect of 
carbon nanotubes of the carbon nanomaterial “Taunit” on the 
rheological characteristics of furnace fuel oil. The 
concentration dependences of the conditional viscosity of fuel 
oil with the addition of carbon nanotubes of the carbonaceous 
nanomaterial “Taunit” are shown in Fig. 5. 
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Fig. 3. Dependence of the pour point of M100 brand fuel oil on the 

concentration of diproxamine 

 

 
Fig. 4. Dependence of the conditional viscosity of M100 brand fuel oil on the 

concentration of diproxamine at temperatures of 70 о
С, 80 оС, 90 оС 

 

Investigations of the dynamic viscosity of a composite 
fuel, which is a mixture of M100 brand fuel oil with 
diproxamine and a suspension of carbon nanotubes dispersed 
in diproxamine at temperatures of 65 °C and 75 °C are shown 
in Fig. 6. 

 

 
Fig. 5.  Dependence of the conditional viscosity of M100 brand fuel oil on the 

concentration of diproxamine at temperatures of 70 о
С and 80 оС 

 
Fig. 6. The dynamic viscosity of M100 brand fuel oil:1, 1* – pure fuel oil, 2, 

2* – fuel oil + 0.5 wt.% of diproxamine, 3, 3* – fuel oil + 0,0125 wt. % CNTs 
+ 0.5 wt.% of diproxamine as a function of shear rate at temperatures of 65 о

С, 
75 оС (*) 

Since the addition of carbonate sludge, as it turned out, 
greatly increases the ash content of fuel oil, studies of 
concentration dependencies of the conventional viscosity of 
fuel oil samples with carbonate slurry have not been carried 
out. The authors preferred an additive concentration of 0.1 wt. 
%. At this concentration, the additive makes it possible to 
reduce the viscosity of fuel oil (the greatest decrease in 
dynamic viscosity obtained by us for 70 °C is shown in Fig. 7) 
and its pour point, as well as to cut the sulfur content in the 
emissions and improve the structure of the deposits, increasing 
the ash content of the fuel oil slightly. The results of industrial 
tests indicate a decrease in the mass fraction of emitted sulfur 
oxides by 36.5 % [26]. 

 

 
Fig. 7. Dependence of the dynamic viscosity of samples of pure fuel oil M100 
brand (solid line) and fuel oil with the addition of 0.1 wt. % carbonate sludge 

(dashed line) as a function of the shear rate at a temperature of 70 °C 

V. EXPERIMENTAL RESULTS 

Analysis of the concentration dependencies of the pour 
point and the conditional viscosity of fuel oil samples with 
diproxamine (Figures 3, 4) showed the possibility of using 
diproxamine to improve the rheological properties of the fuel. 
Nevertheless, it should be noted that the effect of diproxamine 
is more pronounced at high temperatures. This is especially 
true for economically more advantageous concentrations of 
0.5 wt. % diproxamine. Apparently, this fact is associated with 
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an increase in the dynamic viscosity of another sample of fuel 
oil in the presence of diproxamine at 65 °C (Figure 6), 
although the situation changes with an increase in temperature 
by another 10 °C. Thus, the effect of a positive action of 
diproxamine in some cases may not be clearly manifested. The 
addition of carbon nanotubes also led to improved rheological 
properties of the fuel (Figure 5). Reduction of the 
conventional viscosity of the heavy fuel oil M100 brand was 
observed in the entire range of the considered concentrations 
of carbon nanotubes at 70 °C and 80 °C. However the 
expected minimum value, usually observed at a certain 
concentration of nanoparticles [19], was not achieved by the 
authors. The authors connect this fact to the very poor quality 
of the sample, which is clearly manifested by such large 
values of the conditional viscosity. When finding the optimal 
concentration of nanoparticles, it is important to get inside a 
certain concentration range, which depends both on the type of 
nanoparticles and on the type of dispersion medium and for 
different types of carbon nanotubes varies from 0.001 wt. % to 
0.5 wt. % [19]. 

From Fig. 6, it is seen that even at a temperature of 65 °C, 
at which the addition of diproxamine alone (0.5 wt. %) did not 
lead to a positive effect, the addition of carbon nanotubes 
dispersed in diproxamine (0.0125 wt. % of CNTs + 0.5 wt. % 
diproxamine) led to a decrease in dynamic viscosity over the 
entire range of shear rates. Thus, the use of carbon nanotubes 
leads to a greater positive effect at lower temperatures.  

The addition of 0.1% wt. % carbonate sludge (Figure 8) 
showed good results in improving the rheological properties of 
fuel oil, but the reduction in its use of the mass fraction of 
sulfur oxides and other harmful released substances are more 
important [26].  

 
Fig. 8. Dependence of the dynamic viscosity of the M100 brand fuel oil 

sample (concentration 0.0063 wt. % CNTs + 0.25 wt. % diproxamine + 0.5 
wt. % dehydrated carbonate sludge), as a function of the shear rate at 

temperatures of 65 °C and 75 °C 

Investigation of the viscosity of the mixed fuel in the 
presence of both additives (fuel oil M100 + 0.00625 wt. % 
CNTs + 0.25 wt. % diproxamine + 0.5 wt. % carbonate 
sludge) showed the best results, revealing the presence of a 
synergistic effect from the joint application of these additives 

(Fig. 8). The changes, observed in viscosity characteristics, 
were 10-20%. The authors observed a decrease in viscosity 
even at low shear rates, which indicates the absence of an 
explicit structure formation in the petroleum heterogeneous 
system. In addition, the reduced content in the sample of 
additional pricing additives - diproxamine and CNTs, should 
be noted. Despite the fact that the concentration of carbonate 
sludge is too high (leads to an unjustified increase in the ash 
content of the fuel), the presence of a synergistic effect can 
also be expected for its lower concentrations. 

The results obtained are well described by the proposed in 
reference [19] for bitumen and later developed in reference 
[13] the concept of heterospheres - the additional structure 
formation of the dispersion medium around nanoparticles in 
liquid heterogeneous systems. The usual behavior of fuel oil is 
caused by the emergence of a structural network linking large 
associates of molecules of high-molecular alkanes or tar-
asphaltene components. The introduction of nanoparticles 
(carbon nanotubes) changes the internal structure of the fuel. 
Nanoparticles play the role of structure-forming centers 
around which, under the influence of excess surface energy of 
nanoparticles, ordered layers of matrix material components 
are formed. At some sufficiently small concentration of 
nanoparticles, almost complete structuring takes place in the 
bulk of the sample. In this case, the heterospheres become 
separated by thin interlayers of the remaining less dense part 
of the dispersion medium. In this case, the sliding plane from 
the applied deformation will occur precisely to this interlayer, 
leading to the appearance of a stratified shear flow and, 
accordingly, to a sharp decrease in the viscosity for a small 
concentration region. 

A subsequent increase in the concentration of 
nanoparticles leads to the coupling of heterospheres and an 
increase in the kinematic viscosity to the initial, and, in some 
cases even, to greater values. The effect of shear stress in the 
study of dynamic viscosity in the region of the coupling of 
heterospheres should lead first to the partial destruction of 
heterospheres, and, at high shear rates, to their complete 
destruction. This process should be accompanied by a 
decrease in the viscosity to values, characterizing the 
dispersion medium in the absence of nanoparticles. 

It should be noted that the concept of the emergence of 
heterospheres can be extended to any liquid heterogeneous 
systems containing nanoparticles, despite the fact that the 
forces, leading to aggregation of molecules, can have different 
nature depending on the composition and complexity of the 
systems under consideration, the polarity of the molecules 
involved in its composition, the presence of certain functional 
groups, etc. For the existence of an additional structure 
formation, only two points are important: the very fact of 
introducing nanoparticles with excess surface energy into a 
heterogeneous system and the possibility of moving and 
associating molecules around them due to the liquid aggregate 
state of the system. Therefore, the behavior of completely 
different systems turns out to be similar. 

It should also be noted that the anisotropic shape of the 
nanoparticles (primarily for carbon nanotubes, which length 
after dispergation and ultrasonic action in the authors’ samples 

Advances in Engineering Research, volume 133

918



varies on average from 50 to 500 nm with an average 
nanotube diameter of 15-20 nm) can lead to an incompletely 
formed spherical shape. However all the above-mentioned 
arguments remain valid except for the possibility of free 
rotation of heterospheres. In this case, one should expect only 
the turning of the formations and their orientation in the 
direction of the action of the forces, which does not interfere 
in stratified shear flow. 

The proposed concept of heterosphere - regions of the 
additional structure formation of a dispersive medium around 
nanoparticles in a liquid - makes it possible  to explain the 
viscosity changes observed by the authors for heavy fuel oil 
with the addition of nanostructured formations. Moreover 
according to this concept, the region of viscosity decrease is 
related to small concentrations of nanoparticles. The best 
results were actually observed by the authors at concentrations 
of CNTs of the order of 0.01 wt. %. Indirectly, this concept is 
also confirmed by an increase in the density of fuel samples 
with carbonate sludge additives in the concentration range 
where the viscosity decreases (Table 3). Thus, the use of the 
concept of heterospheres and the choice of the correct CNTs 
dispersing medium for a particular type of hydrocarbon fuel 
allows us to significantly narrow the search for optimal 
additive concentrations. 

TABLE III.  DENSITY OF THE SAMPLE M100 BRAND FUEL OIL  

Indicator 

Concentration of dehydrated 
carbonate sludge additive in fuel oil 

0 0.1 0.5 1.0 1.5 

Fuel oil density 990 1014 1007 996 993 

 

The decrease in the viscosity of fuel oil with the addition 
of dehydrated carbonate sludge can be due to the following 
mechanism: the paraffin present in the fuel oil (47-49 %) 
easily crystallizes with decreasing temperature, and at certain 
sizes and concentrations the paraffin crystals form a spatial 
structure, as a result fuel loses mobility. The additive 
introduced modifies the surface of the paraffin crystals, 
preventing their growth and association, as a result of which 
the viscosity is reduced throughout the region of the 
investigated shear rates. It is possible that a mechanism of 
additional structure formation associated with the 
nanostructural properties of carbonate sludge particles is also 
manifested here. 

It should also be noted that when adding mineral additives 
to fuel oil, its ash content increases. Ash content is also 
increased at the addition of diproxamine. It should be noted 
that the sample containing carbon nanotubes, on the contrary, 
had a lower ash content than without them. 

VI.  CONCLUSIONS 

The authors’ studies of the viscosity of fuel oil samples 
have shown the possibility of improving its rheological 
properties by introducing various nanostructured additives - 
diproxamine (0.5 wt. %), carbon nanotubes of the carbon 
nanomaterial “Taunit” (0.0125 wt. %) or dehydrated carbonate 

sludge (0.1 wt. %). The existence of a synergistic effect at 
joint application carbon nanotubes with carbonate sludge was 
established. Possible mechanisms for changing the viscosity 
properties of fuel were considered. 
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