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Abstract: Six H-Oil-based residual fuel oils, two H-Oil atmospheric  
tower bottom products, two H-Oil vacuum tower bottom products, one 
visbreaker-based residual fuel oil, and three different straight run vacuum 
residual oils were studied in this work. The colloidal stability parameters  
S-value (ASTM D7157), and separability number (ASTM D7061), along with 
SARA-based colloidal instability index, and the solubility parameters of 
asphaltene and maltene fractions of the studied residual oils were tested to 
correlate with the residual oil sediment content. It was found that none of the 
colloidal stability parameters correlated with the residual oil sediment content, 
while correlations were found between the different colloidal stability 
parameters. This study has shown that only the residual oil samples whose  
S-value has been at minimum of 1.375 kept their sediment contents without 
change with the course of time. [Received: August 1, 2016; Accepted: 
December 4, 2016] 

Keywords: residue colloidal stability; S-value; separability number; solubility 
parameters; hot filtration test; SARA; colloidal instability index; CII. 
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1 Introduction 

The heavy oil conversion processes determine the economics of the modern oil refining, 
because of their capability to convert the low value black oils into high value 
transportation fuels and feedstocks for petrochemical industry. The higher the heavy oil 
conversion the higher the oil refining profitability is. Unfortunately, the conversion level 
in most residue conversion processes is limited by the colloidal instability of the 
unconverted residual oil. The colloidal stability deterioration and increasing of the soft 
coke like sediment content in the unconverted residual oil during thermal conversion of 
residual oils has been documented in several studies (Bartholdy and Andersen, 2000; 
Deng et al., 2011; Gawel et al., 2005; Higuerey et al., 2001; Li et al., 1999; Matsushita  
et al., 2004; Marafi et al., 2005; Rahimi et al., 1997; Robert et al., 2003; Rogel, 1998; 
Tojima et al., 1998; Wang et al., 2009; Zerlia and Pinelli, 1993; Zhang et al., 2006). The 
increased sediment content in the unconverted residual oil has impact on the quality of 
the finished residual fuel oil product, that is produced from the residue conversion unit 
unconverted residual oil and the added to it cutter stocks. This quality has been reported 
to affect the appearance of combustion problems in the marine engines, which employ 
residual fuel oils (Shimizu et al., 2000). That is why the sediment content in the residual 
fuel oils which can be used as marine fuels is specified at not higher than 0.1% as total 
sediment existent (TSE), total sediment accelerated (chemical aging with hexadecane; 
TSA), and total sediment potential (thermal aging; TSP). It was found that the colloidal 
parameter S-value of thermally cracked residual oils was related to the hot filtration test 
value (sediment content) (Stratiev et al., 2014b). Wiehe (2004) postulated that the region 
in which sedimentation and fouling appears is when the ratio between solubility bending 
number and the insolubility number of the residual oil is less than 1.4 (especially less 
than 1.3) (ASTM D7157, 2012a). The ASTM D7157 measured S-value actually presents 
the ratio between solubility bending number and the insolubility number. That is why the 
LUKOIL Neftohim Burgas (LNB) visbreaker unit severity was controlled by measuring 
S-value of the unconverted visbroken residue (Stratiev et al., 2015). The S-value 
minimum for the unconverted visbroken residue was set at 1.43, to provide stable and 
reliable production of finished fuel oil with sediment content lower than the specified 
0.1%. Unfortunately, this strategy seems difficult to follow for the higher residue 
conversion processes like the ebullated bed residue H-Oil hydrocracking because at 
conversion higher than 40% during processing Urals vacuum residue the S-value gets 
lower than 1.3 (Stratiev et al., 2016b). However, the aim of the H-Oil residue 
hydrocracker is to operate at higher conversions (Stanislaus et al., 2005). It was found 
that the control of the sediment content in the finished residual fuel oil based on the 
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vacuum residue H-Oil hydrocracking is extremely difficult for lack of instrument similar 
to that used in the visbreaker (S-value measurement) to govern reaction severity. 
Moreover, the property of the residual fuel oil based on the vacuum residue H-Oil 
hydrocracking that was most difficult to control was TSP (hot filtration  test  after 
thermal aging), which requires more than 24 hours to perform according to the IP 390 
Procedure A (International Petroleum Test Methods, 2011). Therefore, if a disturbance in 
the TSP of the H-Oil unconverted vacuum residue occurs, it can be detected after more 
than 24 hours. During this period, off-spec residual fuel oil may be produced. In order to 
understand which residual fuel oil property should be controlled to avoid production of 
residual fuel oil with TSP higher than 0.1% fourteen residual fuel oils were investigated 
in this work. Six H-Oil-based residual oils having different sediment content obtained 
during processing of different feeds at different severity in the LNB H-Oil residue 
hydrocracker, one H-Oil pilot plant-based residual fuel oil, one residual oil based on the 
LNB visbreaker residue, two straight run vacuum residues obtained from different 
crudes, two unconverted vacuum residual oils from the LNB H-Oil residue hydrocracker, 
and two atmospheric residual oils from the LNB H-Oil hydrocracker were investigated in 
this study. 

Several techniques have been used in the refining practice to control the colloidal 
stability of the unconverted residual oils from the heavy oil conversion processes: 
measurement of P-value (Andersen, 1999; Redelius, 2000), of S-value (Russell et al., 
2010), C-value (Faina et al., 1995), and of separability number (SN) (ASTM D7061, 
2012b). Both parameters P-value and S-value were found to correlate and the relation 
between them for the S-value range 1.05–2.5 is given by the expression: P-value = 0.446 
S-value + 0.5345 (Sharpe, 2010). No correlation between C-value and the S-value of 
residual oils was found in the work of Stratiev et al. (2014a). To the best of our 
knowledge no data has been reported about existence of any relation between the S-value 
(P-value) and the SN. That was the reason for us to apply both S-value and SN for 
characterisation of the colloidal stability of the residual oils under study in this work. The 
aim of this paper is to search a relation of the TSE, and TSP to the colloidal stability 
parameters measured by both standards ASTM D7061, and ASTM D7157, SARA 
composition, and properties of the asphaltene and maltene fractions of the residual oils 
under study. 

2 Experimental 

2.1 Materials 

The six H-Oil-based residual fuel oils were produced in the LNB refinery by blending the 
unconverted vacuum residual oils from the H-Oil residue hydrocracker with fluid 
catalytic cracking (FCC) gas oils (LCO, HCO, and slurry). The content of the FCC cutter 
stocks in the finished residual fuel oil was about 30% of the finished residual fuel oil. The 
unconverted vacuum residual oils from the H-Oil residue hydrocracker were obtained 
during processing vacuum residue originated from 100% Urals crude oil, and from 70% 
Urals/30% Basra Light crude oil blend at different severity and consequently at different 
conversion level (between 54 and 65%). The visbreaker-based residual fuel oil was 
obtained by blending of visbreaker residue from the LNB visbreaker unit with FCC gas 
oils. The relative amount of the FCC cutter stocks in the finished visbreaker-based 
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residual fuel oil was about 18%. The straight run vacuum residual oils were obtained 
from the LNB crude distillation unit AVD-1 during processing 100% Urals and the blend 
70% Urals/30% Basra Light. The atmospheric and vacuum residual oils from the LNB  
H-Oil hydrocracker were obtained during processing vacuum residual oils from the 
crudes 100% Urals, and from the 70% Urals/30% Basra Light blend. Description of the 
studied residual oil samples is presented in Table 1. 
Table 1 Designation of the residual fuel studied in this work and description of the way how 

they were obtained 

Sample title Description 
H-Oil FO, 16.02.16 This fuel oil sample was produced from H-Oil unconverted VTB, 

during processing a vacuum residue oil (VRO) blend of 95% Urals 
and 5% Kazakh crudes, and addition of about 35% FCC LCO, HCO, 
and slurry. The 540°C conversion in the H-Oil hydrocracker was 
about 60%. 

H-Oil FO, 08.03.16 This fuel oil sample was produced from H-Oil unconverted VTB, 
during processing a VRO blend of 80% Urals and 20% Basrah Light 
crudes, and addition of about 35% FCC LCO, HCO, and slurry, and 
some amount of straight run VRO. The 540°C conversion in the H-Oil 
hydrocracker was about 65%. 

VB FO, 05.15 This fuel oil sample was produced from visbreaker unconverted ATB, 
during processing a 100% Urals VRO, and addition of about 18% 
FCC LCO, HCO, and slurry. The 540°C conversion in the visbreaker 
was about 30%. 

H-Oil IFP 70%/30% 
HCO 

This fuel oil sample was obtained from a pilot H-Oil plant, during 
processing a 100% Urals VRO at 540°C conversion of 70%, and 
addition of 30% FCC HCO. 

H-Oil PBFO, 24.12.15 This fuel oil sample was produced from H-Oil unconverted VTB, 
during processing a 100% Urals VRO at a conversion of about 60%, 
and addition of about 20% FCC LCO and HCO. 

H-Oil FO, 20.05.16 This fuel oil sample was produced from H-Oil unconverted VTB, 
during processing a VRO blend of 70% Urals and 30% Basrah Light 
crudes, and addition of about 35% FCC LCO, HCO, and slurry, and 
some amount of straight run VRO. The 540°C conversion in the H-Oil 
hydrocracker was about 65%. 

H-Oil PBFO, 6.11.15 This fuel oil sample was produced from H-Oil unconverted VTB, 
during processing a 100% Urals VRO at a conversion of 65%, and 
addition of about 15% FCC LCO and HCO. 

Urals SRVR This sample is straight run VRO, obtained by laboratory TBP 
distillation of 100% Urals crude 

H-Oil ATB 20.05.16 This sample is ATB obtained from the LNB H-Oil hydrocracker 
during processing a VRO blend of 70% Urals, and 30% Basra Light 
crudes. The 540°C conversion was 65%. 

H-Oil VTB 20.05.16 This sample is VTB obtained from the LNB H-Oil hydrocracker 
during processing a VRO blend of 70% Urals, and 30% Basra Light 
crudes. The 540°C conversion was 65%. 

H-Oil Feed 20.05.16 This sample is straight run VRO, obtained from the crude blend 70% 
Urals / 30% Basrah Light 
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Table 1 Designation of the residual fuel studied in this work and description of the way how 
they were obtained (continued) 

Sample title Description 
H-Oil ATB 05.11.15 This sample is ATB obtained from the LNB H-Oil hydrocracker 

during processing a VRO from 100% Urals crude. The 540°C 
conversion was 65%. 

H-Oil VTB 05.11.15 This sample is VTB obtained from the LNB H-Oil hydrocracker 
during processing a VRO from 100% Urals crude. The 540°C 
conversion was 65%. 

H-Oil Feed 05.11.15 This sample is H-Oil feed for the LNB H-Oil unit during processing in 
the LNB refinery of 100% Urals crude. 

2.2 Methods 

The hydrocarbon group composition (SARA) of the 14 studied residual oils was 
measured. This data was determined by the use of liquid adsorption chromatography on 
silica gel following the procedure: The sample oil in an amount of about 8 g is diluted in 
n-hexane in the ratio 1:3 and charged to a glass percolation column containing 80–85 g 
silica gel. After the whole sample quantity soaks, the silica gel 350–450 ml of n-hexane is 
charged to the column for desorption of saturates, 200 ml of benzene (98.5–99.9%) for 
desorption of aromatics and 200 ml ethanol (99.7%)-benzene mixture 50 to 50 by volume 
for desorption of resins. The solvents are completely removed from the recovered  
n-hexane, benzene, ethanol-benzene fractions by distillation and residues are weighed. 
The separation between saturate and aromatic fraction was quantified by the use of 
refractive index as described in Stratiev et al. (2008). The resins content is determined on 
the base of the balance. The whole procedure is described in Stratiev et al. (2016a) in 
more details. Densities of the asphaltene and maltene fractions of the studied residual oils 
were measured indirectly from the densities of a series of solutions of asphaltenes and 
maltenes in toluene at different concentrations (Sadeghi-Yamchi, 2014). If the solutions 
are regular at low asphaltene and maltene concentrations, the density of the solution is 
related to the density of its constituents as follows: 

.( .)
( )

1 1 1 1
Asp Malt

M T Asphaltene Maltene T
w

ρ ρ ρ ρ
 = + + 
 

 (1) 

where 

ρM density of the mixture, g/cm3 at 15°C 

ρT density of the toluene, g/cm3 at 15°C 

ρAsphaltene(Maltene) density of the asphaltenes (maltenes), g/cm3 at 15°C 

wAsph.(Malt.) mass fraction of asphaltenes (maltenes). 

When the specific volume of the mixture is plotted versus asphaltene (maltene, residual 
oil) mass fraction, the asphaltene (maltene, residual oil) density is calculated as follows: 

.( .)
1

Asp Malt
M

b aw
ρ

= +  (2) 



   

 

   

   
 

   

   

 

   

    Colloidal stability and hot filtration test of residual fuel oils 175    
 

 

    
 
 

   

   
 

   

   

 

   

       
 

1
T

b
ρ

=  (3) 

1 1
A T

a
ρ ρ

 = − 
 

 (4) 

1
Aρ a b

=
+

 (5) 

where a is the slope and b is the intercept of the plot. 
Solutions of asphaltene in toluene at concentrations up to an asphaltene mass fraction 

of 3% were prepared. Solutions of maltenes in toluene at concentrations up to a maltene 
mass fraction of 6% were prepared. The same procedure was applied for measurement of 
the densities of the residual oils under study. This way of acting was selected to avoid 
possible errors in measurement of the densities of the investigated residual oils. It was 
documented in our previous work that errors could be registered in measurement of 
residual oil density if no dilution with high aromatic solvent is applied (Stratiev et al., 
2016c). Figure 1 presents graphs of the relation of the specific volume of the blend 
toluene-asphaltene (maltene, residual fuel oil) to the concentration of the asphaltenes 
(maltenes, residual fuel oil). By the use of the values of the intercept and the slope and 
equation (5) densities of the asphaltenes, the maltenes, and the residual fuel oils under 
study were determined. 

The colloidal stability parameters of the studied residual oils S-value (intrinsic 
stability), Sa (peptisability or ability of the asphaltenes to remain in colloidal dispersion. 
Sa is related to the solubility of the asphaltenes, the length and number of the aromatic 
chains), and So (peptising power of oil is the ‘aromatic’ equivalent of the oil; it is a 
measure of the solvency power of the oil with respect to asphaltene solubility) were 
measured by the use of a modification to ASTM D7157-05 as described in Bartholdy and 
Andersen (2000). Stratiev in his work showed that according to the oil compatibility 
model of Wiehe oils whose S-value ≥ 1.4 should be considered colloidal stable, which are 
not prone to form sediments (Stratiev et al., 2016b). The colloidal stability parameter SN 
of the investigated residual oils was measured in accordance with the ASTM D7061. 
According to ASTM D7061, oils whose SN is between 0 and 5 have high stability 
reserve; SN between 5 and 10 have lower stability reserve, and SN higher than 10 have 
very low stability reserve and are prone to form sediments. 

High temperature simulated distillation (HTSD) was used to measure the distillation 
characteristics of the investigated residual oils. It was performed in accordance with the 
standard ASTM D7169. The procedure employed for performance of the HTSD of the 
studied residual oils is described in Nikolaychuck et al. (2016). 

Samples of the residual oils were analysed for their total existent sediment content or 
TSE (according to the procedures IP 375), TSP, measured in accordance with IP 390 
Procedure A after thermal aging, and TSA, measured in accordance with IP 390 
Procedure B after chemical aging (International Petroleum Test Methods, 2011). 
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Figure 1 Specific volume versus mass fraction of asphaltene [(a) ATB 05.11.15], (b) ATB 
05.11.15, and DAO [(c) fuel oil 20.05.16] in their blends with toluene (see online 
version for colours) 

  
(a)     (b) 

 
(c) 

3 Results and discussion 

The experience in the LNB refinery during employing the visbreaking as a vacuum 
residue conversion process has shown that if the colloidal stability of the unconverted 
atmospheric tower bottom (ATB) visbroken residue has S-value not lower than 1.43 the 
produced from it residual fuel oil is stable and does not change its TSE, TSA, TSP. With 
the introduction of the ebullated bed vacuum residue H-Oil hydrocracker in the LNB 
refinery in the second half of 2015 it was found that the residual fuel changed its TSE, 
and TSP with the course of time. Table 2 presents data for variation with time of TSE, 
and of TSP of some of the studied residual oils. It is evident from these data that the TSE, 
and TSP of the sample H-Oil FO, 16.02.16 increases three times TSE, and TSP for four 
months of storage of the sample at laboratory conditions (temperature = ± 25°C). At the 
same time, the sample H-Oil FO, 08.03.16 is stable showing no variation in TSE, and 
TSP. The visbreaker-based residual fuel oil showed no variation of TSE, and TSP for a 
period of one year. The residual fuel oil sample prepared from 70% vacuum tower 
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bottom product from a pilot H-Oil plant and 30% FCC HCO showed no variation in the 
TSE, and TSP for a period of two years. The residual oil samples H-Oil ATB (H-Oil 
ATB) 20.05.16, and H-Oil VTB 20.05.16 (H-Oil vacuum tower bottom) showed more 
than double increase of the TSE only after two months of storage at laboratory 
conditions. Another event related to variation in sediment content of residual fuel oils 
based on the residue H-Oil hydrocracking during transportation was registered. During 
transportation of a cargo of residual fuel oil based on the residue H-Oil hydrocracking 
was found that the TSP increased from 0.1 to 0.3% for a week. The difference between 
the two measurements was beyond the reproducibility = 0.09% (IP 390) for that case, 
which suggested that this residual fuel oil was unstable. Then three other samples from 
three other cargos of residual fuel oil based on the residue H-Oil hydrocracking were 
analysed for a feasible variation of the sediment content determined by the three 
procedures: IP 375 (TSP); IP 390 Procedure A (TSP); and IP Procedure 390 Procedure B 
(TSA). The results of the analyses of these three samples are summarised in Table 3. It is 
evident from these data that the TSE (hot filtration test) and TSA (hot filtration test after 
chemical aging with hexadecane) have almost the same values (A difference of 0.01% is 
within repeatability limits for both IP 375 and IP 390). This would mean that these 
residual oils are colloidal stable. However, the TSP of these samples was about three 
times as high as the TSE. Moreover, the values of cleanliness and compatibility numbers 
= 5 determined by the spot test (ASTM D4740; A spot rating of number 3 or higher on a 
finished fuel oil by the cleanliness procedure indicates that the fuel oil contains excessive 
suspended solids) suggest that the three residual fuel oil samples are colloidal unstable. 
That is why we selected the 14 samples of the residual oils described in the introduction 
section to study the colloidal stability measured by the S-value, Sa, and So, and by the 
SN. Table 4 presents data for the physical and chemical properties and the colloidal 
stability of the 14 residual oils. It is evident from these data that the colloidal parameters 
S-value and SN vary between 1.136 and 3.749 (S-value), and between 0.4 and 18.1 (SN). 
The colloidal stability parameters Sa and So vary between 0.227 and 0.75 (Sa), and 
between 0.645 and 0.945 (So). Therefore, the residual oils under study are distinguished 
by a high variation in their colloidal stability. Another parameter used to evaluate the 
propensity of a residual oil to form sediments is the colloidal instability index (CII), 
introduced by Asomaning and Watkinson (2000). It is based on saturates, aromatics, 
resins, and asphaltenes [IP390 Procedure A (TSP), and IP Procedure 390 Procedure B 
(TSA)] compositional analysis of the oil to quantify the colloidal instability of oils 
(Evdokimov, 2010): 

( )
Resin

Saturates AsphaltenesCII
Aromatics s

+=
+

 (6) 

The CII was found by Hong and Watkinson (2004) to correlate with the suspended 
asphaltene concentration of blends of Cold Lake vacuum residue and Athabasca ATBs 
with pure n-alkanes, a lube oil base-stock, a heavy vacuum gas oil and a resin-enriched 
fraction recovered from Cold Lake vacuum residue by supercritical fluid extraction and 
fractionation. Saleh et al. (2005) reported that the CII could be correlated with the 
concentration of insoluble solids when four crude oils used in Australia (Bach Ho, 
Gippsland, Cossack and Kutubu) were blended. Hong and Watkinson (2009) established 
that the CII was a useful empirical parameter for correlating fouling and precipitation 
results. Robert et al. (2003) reported that the unconverted ebullated bed residue 
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hydrocracking H-Oil product CII correlated with the colloidal stability expressed by ‘spot 
test result’. Watkinson (2007) postulated that when CII < 1.0, the amount of resins plus 
aromatics is sufficient to maintain the asphaltenes in solution. The addition of saturates or 
removal of aromatics can shift the oil composition such that CII > 1.0, and asphaltenes 
will precipitate. The data in Table 4 show that CII of the studied residual oils vary 
between 0.34 and 0.75. Therefore, according to Watkinson’s postulate these residual oils 
should be considered colloidal stable. 

Based on the data for measured densities of the asphaltene and maltene fractions and 
the correlations developed by Stratiev et al. (2016c), the H/C ratio of the asphaltene and 
maltene fractions was estimated by the expression: 

20
41.95411.016 dH e

C
−=  (7) 

where 

H
C

 atomic H
C

 ratio 

20
4d  relative density at 20°C. 

The conversion of d15 in 20
4d  was performed by the use of the following equation: 

20 154 5d d= + α  (8) 

α = correction factor; α = 0.000515 (Diarov et al., 1990). 
Table 2 Variation with time of TSE and TSP of some of the studied residual oil samples 

Residual 
oil sample 

 1st 
measurement 1 month 2 months 3 months 1 year 2 years 

H-Oil FO, 
16.02.16 

TSE, wt.% 0.04 0.12 0.06 0.15   
TSP, wt.% 0.15 0.18 0.46 0.39   

H-Oil FO, 
08.03.16 

TSE, wt.% 0.02 0.02 0.04 0.03   
TSP, wt.% 0.03 0.04 0.04 0.03   

VB FO, 
05.15 

TSE, wt.% 0.02    0.03  
TSP, wt.% 0.03    0.04  

H-Oil IFP 
70%/30% 
HCO 

TSE, wt.% 0.01     0.01 
TSP, wt.% 0.01     0.01 

H-Oil ATB 
20.05.16 

TSE, wt.% 0.21  0.71    
TSP, wt.% 0.54  0.99    

H-Oil VTB 
20.05.16 

TSE, wt.% 0.47 0.59 1.16    
TSP, wt.% 0.66 0.89 2.21    
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Table 3 Results from the analyses of the residual fuel oils based on the residue H-Oil 
hydrocracking from three different cargos 

Property Residual fuel oil 
Cargo 1 

Residual fuel oil 
Cargo 2 

Residual fuel oil 
Cargo 3 

Density at 15°C, g/cm3 0.9815 0.9845 0.9830 
Sulphur, wt.% 0.873 0.810 0.832 
TSE, wt.% 0.11 0.12 0.12 
TSP, wt.% 0.27 0.29 0.34 
TSA, wt.% 0.10 0.11 0.11 
Cleanliness (ASTM D470) 5 5 5 
Compatibility (ASTM D470) 5 5 5 

By the use of Rogel’s correlation [equation (9)] to relate oil H
C

 atomic ratio to oil 

solubility parameter, the solubility parameters of asphaltene and maltene fractions of the 
studied residual oils were estimated. 

35.87 10.477 Hδ
C

= −  (9) 

where 

δ solubility parameter, MPa1/2. 

According to Gray (2015), a general principle for solubility relationships is that the 
solubility parameters of the solvent and the solute must be within 3 MPa1/2 of each other 
to achieve reasonable dissolution. Consequently, sediment can be expected when the 
solubility parameter of the residual asphaltenes rises to more than 3 MPa1/2 above that of 
the liquid phase in the reactor (Gray, 2015). The data in Table 4 show that the lowest 
difference between the solubility parameters of the maltenes and the asphaltenes for the 
studied residual oils is 5.0. Therefore, all studied residual oils should be considered 
colloidal unstable and prone to form sediments. One can see that different ratings for the 
colloidal stability are obtained when different approaches are employed. According to the 
CII, all studied residual oils should be stable, while based on the data for the difference 
between the solubility parameters of the maltenes and the asphaltenes all investigated 
residual oils should be unstable. However, based on the measured colloidal parameters  
S-value and SN three of the studied residual oils are colloidal stable. These are the 
straight run vacuum residual oils. By employing the oil compatibility model of Wiehe, 
three more residual oils H-Oil FO, 08.03.16, VB FO 05.15, and H-Oil IFP 70/30% could 
also be considered colloidal stable since their S-value ≥ 1.4. 
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Table 4 Physical and chemical properties of the residual oils under study 
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Table 5 Correlation matrix of the properties of the studied 14 residual oils 
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The data in Table 4 for hot filtration test before thermal aging (TSE), and after thermal 
aging (TSP) show that TSE varies between 0 and 4.28%, while the TSP varies between 0 
and 6.85%. These data clearly indicate that after thermal aging the sediments go up. The 
graph in Figure 2 indicates that the TSP is 1.6 as high as the TSE for the studied residual 
oils. It should be noted here that the colloidal stable according to Wiehe’s oil 
compatibility model residual oils H-Oil FO, 08.03.16, VB FO 05.15, and H-Oil IFP 
70/30% did not exhibit increasing the HFT values after the thermal aging. This suggests 
that the thermal aging facilitates the processes of agglomeration of the particles for those 
residual oils which are colloidal unstable. In our earlier study, it was found that in the  
H-Oil residual oils obtained from the LNB H-Oil residue hydrocracker the sediments are 
formed mainly due to aggregation of the insoluble asphaltenes (Stratiev et al., 2016b). 
Therefore, a conclusion could be made that the thermal aging procedure favours further 
the processes of agglomeration of the aggregated insoluble asphaltenes in the H-Oil 
residual oils. 

Figure 2 Relation of TSE to TSP of the residual oils under study (see online version for colours) 

 

In order to understand the relations between the different residual oil colloidal stability 
parameters and the sediment content, a correlation matrix was made (Table 5). It is 
evident from the data in Table 5 that there are statistically meaningful relations between 
the colloidal stability parameters S-value and SN (r = –0.92), between Sa and  
S-value (r = 0.88), between Sa and SN (r = –0.85), and between S-value and δAsph.  
(r = –0.75). These relations suggest that the colloidal stability of the studied residual oils 
depends mainly on the asphaltene solubility. The increase of asphaltene solubility (an 
increase of Sa, and a decrease of δAsph.) obviously improves the colloidal stability of the 
residual oils. The data in Table 5 also indicate that none of the measured residual oil 
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properties statistically meaningful correlates with TSE, and TSP. This suggests that in the 
case with the H-Oil residual oils the measurement of any of the colloidal stability 
properties S-value, SN, CII, and the difference between the solubility parameters of the 
asphaltene and maltenes cannot predict the H-Oil residual oil sediment content (TSE, 
TSP). 

In the visbreaker, the unconverted visbroken residue S-value was found to correlate 
with the sediment content (Stratiev et al., 2014b). An attempt was made to find a similar 
relation of the S-value to the sediment content (TSE) of the unconverted VTB product 
from the LNB H-Oil hydrocracker by the use of data for VTB samples, whose properties 
were not included in Table 3. Figure 3 presents this attempt, showing no relation between 
the colloidal stability, quantified by the S-value, and the sediment content of the LNB  
H-Oil hydrocracker VTB product. It was also found that the other ASTM method for 
measuring the colloidal stability of heavy oils (ASTM D7061) by the use of SN did not 
correlate with the H-Oil VTB and ATB sediment content (Figure 4). The data in  
Figures 3 and 4 confirm that the colloidal stability parameters are not reliable indicators 
for evaluation of H-Oil unconverted VTB product propensity for sediment formation. 

Bearing in mind that colloidal stability parameters S-value and SN failed to correlate 
with the H-Oil residual oil sediment content, some new indicator needed to be found to 
predict the sediment content in the H-Oil residues. Thereby, the decision was made to try 
a method that uses microscope and image analyser to calculate the surface area of the 
sediments. This method relates the microscope area of the sediment particles to the HFT 
and was tested on six H-Oil residual oil samples. Figure 5 shows a good correlation of the 
microscope area and the HFT. This method seems to be a promising option for H-Oil 
residual oil HFT monitoring, which features with a fast performance, unlike the HFT 
measurement. Additional investigations in this area are needed to prove the suitability of 
the microscope area to reliably substitute the HFT measurement. 

Figure 3 Relation of S-value to sediment content in the ATB and VTB products from the LNB 
H-Oil unit (see online version for colours) 
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Figure 4 Relation of SN to sediment content in the VTB product from the LNB H-Oil unit  
(see online version for colours) 
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Figure 5 Relationship between the microscope surface area of the sediments and the H-Oil 
residual oil HFT (TSE) (see online version for colours) 

 

The failure of the colloidal stability parameters to predict the H-Oil residual oil sediment 
content might be explained by a possible formation of aggregates of asphaltenes during 
the vacuum residue hydroconversion. Having formed the aggregates in the reaction zone 
of the residue hydrocracker they cannot be dissolved downstream the reactors, and for 
that reason the devices measuring the colloidal stability of the H-Oil residual oils register 
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instability since they detect the presence of aggregates having size of 500 nm and higher 
(Stratiev et al., 2014b, 2016b). These aggregates, however can be dispersed by the use of 
high aromatic diluents (Ortega et al., 2012; Marafi et al., 2005; Marques et al., 2011), and 
special additives (Kraiwattanawong et al., 2009), registering in this way a reduction in the 
HFT values. Therefore, the control of the HFT of the H-Oil residual oils, which is very 
important for keeping the health of the unit is much more informative than any of the 
measurable colloidal stability parameters. An application of a fast and a reliable tool to 
measure the HFT values of the H-Oil residual oils can be of great help for improving 
profitability of this high conversion bottom of the barrel process. While controlling the 
HFT of the residual oils in the H-Oil hydrocracker helps keep the good health of the unit, 
it cannot guarantee the production of residual fuel oil whose sediment content (TSE, 
TSP) will remain stable with the course of time. This study has shown that only the 
residual oil samples whose S-value was at minimum of 1.375 kept their sediment 
contents without change with the course of time. 

4 Conclusions 

The performed investigation with 14 residual fuel oils based on H-Oil residue 
hydrocracking and visbreaking allowed the following conclusions to be made: 

1 The CII, estimated on the base of SARA analysis of the studied residual oils does not 
correlate with any other colloidal stability parameter explored in this work. 

2 There is a statistically meaningful negative correlation between the colloidal stability 
parameters S-value (ASTM D7157) and SN (ASTM D7061). 

3 The asphaltene solubility parameter statistically meaningful negatively correlates 
with the colloidal stability parameter S-value. 

4 The colloidal stability of the studied residual oils depends mainly on the asphaltene 
solubility. 

5 Both TSE and TSP do not correlate with any of the colloidal stability parameters of 
the studied residual oils. Neither S-value nor SN can be used to control sediment 
level in the H-Oil residual oils. 

6 The microscope determined surface area of the sediments correlates with the H-Oil 
residue HFT. Additional investigations in this area are needed to prove the reliability 
of the correlation between the microscope determined surface area of the sediments 
and the H-Oil residual oils HFT. 

7 The TSP for most H-Oil residual oils was 1.6 times as high as the TSE. It is very 
difficult to reduce the value of the TSP to that of the TSE since the mechanism of 
increasing the sediment content of the H-Oil residual oils after thermal aging is still 
unclear. 

8 The residual fuel oils whose S-value is higher or equal to 1.375 regardless of the 
process used to produce them visbreaking or H-Oil do not show variation of 
sediment content with the course of time. 
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