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ABSTRACT  

Refining heavy or extra heavy oil is still an important challenge for petroleum chemistry. The 

research performed in the field of hydroprocessing technologies covers different sides of the 

domain laying from the reactor and process aspects to heterogeneous catalysts development. 

Historically, at a large scale of time, the worldwide trend seems to indicate a decline of light 

conventional crude oil availability, the latest being gradually replaced by heavier non-

conventional resources that contain asphaltenes and high concentrations of nitrogen and sulfur 

compounds. It emphasizes the need for conversion of the heaviest feeds and for improving the 

corresponding refining catalysts. One point raised here to progress deals with the role of the 

support (alumina), peculiarly about the role of the nanoporous texture on the accessibility of the 

feedstock molecules to the active sites. Among these large molecules to be considered, 

asphaltenes play a major role and are often pointed out to be responsible for the industrial issues: 

plugging porosity, coking support and metal sulphide active phase, poisoning hydrogenating 

metal. The macrostructure of asphaltenes is complex, characterized by a multi-scale aggregation 

behavior, strongly influenced by environmental parameters, as for instance the temperature. We 

have tried in this contribution to confront the abilities of various monomodal and bimodal 

alumina supports to let asphaltenes diffuse and adsorb into their porosity. An experimental 

device dedicated to assess the diffusion and adsorption of carriers has been used. The influence, 

on the mass transfer and the penetration depth, of various parameters such as temperature, 

asphaltene concentration of the solution, and alumina porous texture was appraised. It is clearly 

shown that extrudates requires several days do reach an equilibrium, suggesting a very low 

diffusion kinetic. The diffusion kinetic can be speed-up using an adapted support, especially with 

high pore diameter and macroporous pores but even if the extrudates of macroporous support 
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might be likely to adsorb till its chemical saturation, i.e. an asphaltene content equal to 1.4 

mg/m
2
 consistent with previous publications for those species. As a consequence, NiMoP-B14 is 

the best catalyst for all the reactions reaching 50% of gain for HDAsC7 and 40% in HDV. It 

highlights a clear link is established between catalytic performances and diffusion and could be 

usefull for designing the best carriers to be used in heavy feed hydrporocessing.  

 

1. INTRODUCTION 

Historically over a large scale of time, the worldwide trend seems to indicate a decline of light 

conventional crude oil availability, the latest being gradually replaced by heavier non-

conventional resources that contain high concentrations of nitrogen and sulfur compounds and 

metals like vanadium and nickel. Those compounds are known to be very difficult to 

characterize. To do so, the heaviest fraction of the petroleum residues is separated by 

precipitation using paraffins, for instance the n-heptane. This fraction is called asphaltenes [1]. 

The structure of the asphaltenes is a subject of much controversy [2-8], but it is accepted that 

they are rather large molecules that concentrate the impurities. The large size and the possible 

colloidal structure will make hydrotreatment harder when compared to lighter structures. 

The associated specific refining operation consisting in transforming heavier petroleum 

feedstocks into products with more added value is named conversion and consists in the 

transformation of heavy compounds, i.e. boiling at temperature higher than 813K (Vacuum 

Residue) or higher than 643K (Atmospheric Residue) into lighter ones, i.e. boiling at lower 

temperature (transportation fuels). In parallel, stringent regulation and speciation on polluting 

agent in fuels (like sulfur compounds) highlights the need of improve the existing processing 
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yield and the final quality of products. It means that the catalytic active phase need to be 

optimized, i.e. catalytic active phase needs to be well dispersed, as it is aimed usually in catalytic 

hydrotreating [9-17]. It requires tremendous effort to optimize the active phase, but when one 

deals with heavy petroleum feed to be hydrotreated, it is also essential to take into account the 

accessibility to active phase adjusting the mesoporous alumina support. 

From the industrial point of view, many heterogeneous catalysis processes need to use 

catalysts shaped as pellets or extrudates and sufficiently large, essentially in order to reduce the 

reactor pressure drop [18,19]. This is even more necessary concerning fixed bed residue 

hydrotreating units where pressure drop is one of the first criteria to be taken into account. As a 

consequence, the catalytic activity is often related to the support effects and indirectly to a more 

specific active phase provided by metal sulphides [20, 21]. An active field of investigation aims 

to elucidate the cause of this deactivation which is still a challenge for catalyst manufacturers 

[22].  

The following contribution deals with hydrotreatment catalysis especially the one dedicated to 

those large refractory compounds, the asphaltenes. Recently proposed models depict asphaltenes 

as a multi-scale colloidal system, where free various types of molecules, from the point of view 

of chemical composition, are in equilibrium with nanoaggregates and much larger fractal clusters 

made by the aggregation of several nanoaggregates [6]. This asphaltene description prompts 

some diffusion limitations through the catalytic porous network and clearly established that the 

temperature has a tremendous influence on the aggregation state of asphaltenes [23]. The 

influence of the pore size distribution of the alumina support was asserted a long-time ago [24]. 

Afterwards, many works were launched in the literature about the characterization of transport 

properties of different size molecules through the catalytic porous network, but with rather few 
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papers assessing the fundamental diffusion aspects and the catalytic operation of materials. Some 

contributions tackled the asphaltene diffusion through specific porous membranes [25-29]. The 

basic principle of these experiments consists in using various types of cells, as for instance the 

Wicke-Kallenbach-type diffusion cell. These studies enable to assess the asphaltene diffusion 

coefficient and the size of asphaltene. In some cases, model molecules were also used to assess 

the diffusion limitations [30]. Other contributions dealt with catalytic solids [31-38]. A more 

recent strategy previously detailed was proposed in order to cope with the temperature effect on 

diffusion process [39]. From the experimental data giving asphaltene concentration versus time 

and using diffusion and adsorption models, it was possible to deduce some key parameters as the 

average size of the molecules, the diffusion coefficient and some parameters characteristic of the 

adsorption [32-34]. 

This paper gathers experimental results on the asphaltenes transport into various catalytic 

supports used for refining catalytic hydrotreatments. The methodology is based on the use of a 

new high temperature and pressure unit which was previously detailed in a recent contribution 

aforementioned [39]. Alumina supports are put in contact with asphaltenes dispersed in toluene 

and their penetration through the porosity is followed versus time by ex-situ analysis. Several 

parameters governing the diffusion are investigated as the temperature, the carrier textural 

properties, the initial surrounding asphaltene concentration. Finally, catalytic performances were 

discussed relatively to the diffusion/adsorption abilities. 

2. Materials and methods 

2.1. Alumina supports and catalysts 
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Four types of catalytic supports have been selected: three alumina supports with a meso single-

mode pore size distribution centered respectively to 9, 14 and 17 nm (respectively referred in the 

text M9, M14 and M17) and another type with both a meso and a macro pore size distributions 

respectively centered to 14 and 820 nm (referred as B14). The carriers are representative for the 

industrial one and can be considered as good witnesses of behavior that would be obtained 

industrially. The pore size distributions were measured by mercury porosity technique according 

to ASTM D4284-03 method and are shown in Figure 1 for M9, M14, M17 and B14. Other 

properties are summarized on Table 1. All the supports were cylindrical extrudates whose 

diameter is close to 3 mm and an average length of 10 mm. Those carriers have been synthetized 

in lab according to published patent [40]. 

The corresponding catalysts, named NiMoP-M14, NiMoP-M17, NiMoP-B14 were obtained 

from the incipient wetness impregnation with a NiMoP solution into the previously mentioned 

supports. The solution containing Ni, Mo and P was prepared under reflux at 90 °C using 

respectively Ni(OH)2, MoO3 and H3PO4 as precursors. Impregnation is followed by a maturation 

step in a water saturated atmosphere, for 24 hours at room temperature. Then, a drying step was 

performed for 24 hours at 120 °C followed by calcination under air for 2 hours at 450 °C. 

The target concentration of active phase for all catalysts is 9 wt.% MoO3  with the following 

molar ratio Ni/Mo = 0.4 and P/Mo = 0.5. The XRF analysis reveals that the concentration is in 

agreement with the previous mentioned values. It has to be noted that NiMoP-M14 and NiMoP-

B14 do not exhibit the same quantity of molybdenum per surface area due to the fact that M14 

and B14 carrier do not have the same surface area. 

2.2. Experimental diffusion set-up 
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The detailed procedure of the diffusion experiments is described in a previous publication [39]. 

For performing experiments, asphaltenes were extracted by n-heptane precipitation from a 

Safaniya vacuum residue and were further dissolved in toluene at the concentration of 2 wt %. 

Alumina catalytic supports, without their active phase, were immersed in the asphaltene solution; 

the initial weight ratio of the amount of asphaltenes in solution to the catalytic supports was fixed 

to 360 mg/g. In consequence, the asphaltene concentration of the surrounding solution was not 

rigorously constant during the experiments but keeps high enough to be in excess. A dedicated 

cell was developed to monitor temperature and pressure closed to industrial ones (523K and 5 

MPa). The diffusion behavior is compared to the one at ambient conditions (293K and 0.1 MPa). 

After a contact time support-asphaltene solution, varying from few hours to several days, the 

catalytic supports were recovered from the asphaltene solution by filtration and then the 

supports, consecutively dried, and the asphaltene were submitted to various characterizations. A 

precise mass balance on asphaltenes was calculated and is closed to 90 % +/- 5%, allowing the 

determination of the asphaltenes weight repartition between the solution and the support [39]. 

The molecular weight distribution of asphaltenes in solution was determined by Size Exclusion 

Chromatography (SEC). The penetration depth of the asphaltenes into the supports was followed 

by optical microscopy and the evolutions of the porosity of the supports were determined by 

nitrogen adsorption according to ASTM D3363-03 method. 

The same apparatus is also used to assess the adsorption ability of the various carriers versus 

asphaltenes. To do so, extrudates were crushed between 100 - 210 µm. This size allows to 

estimate the adsorption contribution into the mechanisms diffusion/adsorption even if it is clearly 

not enough small to eliminate the diffusion contribution. But for experimental reason we did not 
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use smaller fractions, the one being too much difficult to separate from the asphaltenes at the end 

of the experiment. 

2.3. Catalyst activation and evaluation (Vacuum resid) 

Before catalytic evaluation in batch reactor, the catalysts were sulphided in gas-phase at 

atmospheric pressure. Catalysts were introduced in a glass reactor and heated from room 

temperature to 350 °C at 5 °C.min
-1

 followed by 2 hours at this temperature, under a 15:85 v/v 

H2S/H2 gas mixture flow at 2 NL.gcatalyst
-1

h.
-1

. This gas flow insures a large excess of sulphur in 

relation to MoS2 stoechiometry. At the end of the sulfidation, the reactor was cooled down to 

room temperature and the H2S/H2 flow was replaced by argon flow up to 15 minutes. 

Afterwards, reduced pressure was applied into the glass reactor (~100 Pa) and it was sealed to 

prevent the sample from reoxidation. This operation, in particular reduce pressure, is only 

applied to seal easily the glass cell and so to obtain a long term sample, catalytic evaluation 

being only carried out some days after sulfidation. 

The composition of Safaniya Vacuum Residue (VR) is reported in Table 2. It contains large 

amounts of metals and asphaltenes (14 wt%). The catalytic test was carried out in an isothermal 

stainless steel 300 mL batch reactor operated. The catalyst is introduced inside a stationary 

perforated basket with a hollow stirrer placed in the center. A catalyst volume of 20 mL 

(sulphided ex-situ) was used for treating 120 mL of feedstock. The reactor is first purged with 

hydrogen, then pressurized to 4.2 MPa and heated up, from room temperature to the test 

temperature (673K) at 13 °C.min
-1

, in a reproducible way. When temperature reaches to 373K, 

the hollow stirrer rotation is started up to 900 rpm for temperature and composition 

homogenization, and for promoting the contact between gas–liquid phases. The pressure is 

generated by the temperature increase and is maintained constant during the test by a hydrogen 
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make-up after adjusting at 14.5 MPa. The hydrogen consumption is determined by following the 

pressure drop in the make-up hydrogen tank. Reaction time is counted after 30 min passed 

heating and after pressure stabilization phase at 673K. From this moment, the catalytic test is 

performed for 3 hours (reaction time equivalent to 0.5 h contact time for 120:20 feed/catalyst 

volume ratio). At the end of the test, the reactor is cooled down using an air vortex system, 

reaching 423K in 10 min. The final product is recovered at 298K.  

The remaining asphaltenes content in the final product is measured from n-heptane 

precipitation according to NFT60-115 standardized method and Sulfur, vanadium and nickel are 

quantified by XRF. Carbon Conradson residue (CCR) measurements are also performed 

according to NF EN ISO 10370 standardized method. This measurement corresponds to the 

proportion of residue recovered after a pyrolysis of the sample and allows to indicate the 

tendency of an oil to make coke. 

Conversions are compared using the following equation: 

HDX = 100
][

][][




feedfeed

productproductfeedfeed

Xm

XmXm
    Equation 1 

  Where X stands for AsC7 asphaltenes, sulphur, Ni, V or CCR concentrations in liquid 

effluent. m stands for the feed mass (mfeed) or liquid effluent mass (mproduct). 

 An ASTM D1160 normalized distillation is performed in order to obtain the distillation 

fraction which contains compounds with lower boiling temperatures than 643K (also called 

643K
-
 fraction) and the fraction containing the heaviest components which have boiling 

temperatures higher than 643K (also called 643K
+ 

fraction). Then simulated distillation on the 

liquid effluent allows us to calculated the percentage of naphtha (373-493K), gasoil (493-643K), 
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vacuum gasoil (VGO, 643-813K) and vacuum residue (VR, 813K
+
). More particularly, we will 

focus on the weight residue conversion calculated as:  

 χ 813K
+

 (%) = 
feedK

productKfeed

X

XX

)(

)()(

813

81313K 8



 
   Equation 2 

where (X813K
+
)feed is the mass fraction boiling above 813K in the feed and (X813K

+
)product is the 

mass fraction boiling above 813K in the liquid product. Gas fraction is evaluated by the weight 

loss of the feed after test. Simulated distillation was performed on an Agilent Technologies 

chromatograph 6890N. Sample were diluted in CS2 and injected on a non-polar SimDist 

Ultimetal column (0.53 nm x 0.53 µm). Compounds were eluted by Argon as a function of their 

ebullated points and dosed by a FID detector. 

2.4. Textural properties characterization 

The porous distribution of supports was determined by mercury porosimetry using a 

Micromeritics Autopore IV 9520. The Kelvin law relating pressure and pore radius was applied. 

Moreover carrier had also been characterized by nitrogen adsorption isotherm using a 

Micromeritics ASAP 2420. BET and BJH methods were used [41] to calculate pore distribution 

and specific surface area.  

3. RESULTS AND DISCUSSIONS 

3.1 Adsorption of asphaltenes. 

Before we can estimate the diffusion abilities of the various alumina carriers and discuss the 

impact on catalytic properties, we have tried to assess the maximum amount of asphaltenes 

which can be adsorbed on alumina supports as a function of the asphaltene concentration of the 

wetting solution. To do so, the experiment is performed on crushed extrudates (see experimental 
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section). Figure 2 shows the adsorption isotherms at room temperature and at 523K. After very 

long exposition times a stationary regime with no variation of the asphaltene concentration of the 

solution is reached (between 7 and 14 days). Those steady values have been used here to build 

the isothermal adsorption trends. Despite a high affinity of asphaltenes regarding the alumina 

surface, as deduced from the tremendous increased of the adsorbed amount at low concentration 

into the surrounding solution (<0.4 mg/g), a maximum value is reached at higher concentration 

(> 10 mg/g), corresponding to the saturation of surface alumina.  According to the surface area 

the maximum uptake of each supports can be assessed (Table 3). It needs to be compared to the 

diffusion features that have been obtained (see in next part of discussion). 

It worth to be noted that an increase of the temperature is followed by an increase of the 

asphaltene amount at saturation on the support (0.84 mg/m
2
 to be compared to 0.66 mg/m

2
, i.e. 

27% higher). This observation is quite in contradiction with the classical behavior of adsorption 

where an increase of the temperature means a decrease of the adsorbed quantity. We can explain 

this result taking into account that the asphaltenes at high temperature have a much lower 

average molecular weight [23], which can speed up the diffusion process in comparison with the 

desorption behavior. It could be another way to confirm that the results obtained here are not 

only focused as expected onto the adsorption, but are still influenced by diffusion. In addition, 

the saturation could also be influenced by the plugging consecutive to the difficulties to transfer 

to the core of extrudates. Unfortunately the textural changes were not possible to be assessed in 

that case due to low amount of sample and this theory can not be supported. 

It can also be proposed that asphaltenes at 523K do not exhibit the same chemical affinity with 

alumina as at room temperature (293K) because of aggregation/disaggregation phenomena. 
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Moreover, even if literature reports that depending on the chemical composition of the carrier 

2 to 6 times more asphaltenes can be adsorbed (1.5 to 3.6 mg/m
2
) [42-44], our results tend to 

underline that it is not possible to expect to reach those saturation values in realistic system like 

extrudates and real feeds containing classical amount of asphaltenes (from 2 to 20 wt%). Indeed, 

the difference is too high and to reach those values it has been necessary to use a granulometry 

close to 0.3 µm. It suggests that with time contact or LHSV usually applied in the industry, the 

steady state and saturation is very difficult to reach.  

3.2 Diffusion of asphaltenes 

First, the diffusion of asphaltenes was studied with the support M14. As for adsorption 

experiments, at large contact time, more than 20 days, a steady amount is reached and is more or 

less in accordance with the maximum saturation reached during the adsorption experiments : 200 

mg/g at 523K and 100 mg/g at room temperature for 1.6 and 1.0 wt% in the surrounding solution 

(Figure 3). We can suggest that the same phenomenon is observed here: there is a saturation at 

higher value at 523K compared to RT. The textural properties of alumina after adsorption were 

compared for each experiment used to build the curve of Figure 3. No pore plugging seems to 

occur, even at very high amount of asphaltenes incorporated and 523K (more than 100 mg/g): 

Structural density remains the same and porosity / pore volume decrease according to a linear 

tendency in agreement with an homogeneous deposit (Figure 4). The linear tendency is defined 

according to the asphaltene density (ρasph) (1,22±0,12) and knowing the mass of asphaltenes on 

the support (see also reference [37] for this calculation): 

(1 ). .al al i
i al

asp

X 
 




          Equation 3 
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Where ρal is the structural density of initial alumina support (3.22 +/-0.32), εal, its initial porosity 

(68 +/-4 % ) and Xi is the asphaltene content in grams of asphaltenes per gram of alumina. For this 

model, we do not take into account any occlusion of the porosity giving rise to a simultaneous 

isolation of several pores. 

One point significantly diverges from this behavior: the RT experiment during 84 days 

(porosity equal to 53%). It suggests that at the end an occlusion mechanism starts, due to an 

important accumulation of asphaltenes, but it would start after reaching the saturation. This 

occlusion phenomenon was already observed on a very different situation but with a similar 

alumina support, during high temperature catalytic reforming when a dwindling catalytic activity 

by coking is observed [45]. 

It could mean that the difference of amount according to temperature is probably not due to 

intrinsic diffusion but could be mainly due to a difference in the chemical nature of asphaltenes 

and/or more probably to a difference in aggregation state that could have speed-up the diffusion 

process at high temperature and would have allow to increase the maximum adsorption level. 

3.3 Pore size diameter effect on the asphaltene diffusion process 

Figure 5 shows the evolution of the asphaltene content versus time up to 95 days for various 

alumina supports and for two different temperatures, 298K and 523K. At 298K, the presence of 

some macroporosity (see figure 1) has a major effect on the maximum amount of asphaltenes 

deposited on the support in diffusion conditions. This maximum value is higher than the one 

expected from the adsorption experiments on M14 and the surfaces area of respectively M14 and 

B14 (see Table 3). Indeed, according to surface area saturation would have been reached at 

around 100 mg/g at 298K and 140 mg/g at 523K whereas B14 saturation concentration is 
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measured closed to 230 mg/g without any influence of the temperature. Hence, the effect of 

macroporosity is major at room temperature. These large channels favor the flooding of the 

asphaltenic solution rather quickly. It confirms that M14 adsorption experiments are limited by 

the diffusion step, at least for 298K experiments. Concerning the absence of change in saturation 

value comparing room temperature and high temperature experiment on B14, we can propose 

that for this support there is no diffusion limitation and the saturation value 230 mg/g is the 

intrinsic saturation of alumina as confirmed by the consistence of saturation value with the 

literature data : 1.4 mg/m
2
 for B14. 

For mesoporous supports (M9, M14, M17), we can observe that a rather small variation of the 

average size of the pore diameter can significantly influence the concentration on the support. 

According to the experimental errors, we clearly detect an increasing amount of the adsorbed 

concentration from M9 to M17 supports. These results suggest that the adapted size of the 

mesoporosity can favor the diffusion into the mesoporous network. It empathize the fact that 

diffusion restrictions override the variation of surface area. Indeed, compared to a maximum 

amount of asphaltenes adsorbed deduced of the available surface area estimated at 225 mg/g and 

290 mg/g at 298 and 523K respectively, the maximum uptake allowed to diffuse trough M9 

alumina keeps really lower: about half of the expected value at the corresponding temperature 

(80 mg/g at 298K and 120 mg/g at 523K). 

Nevertheless, the temperature effect is more sensitive for low contact times. We can see, on 

figure 5, that the time scale of the adsorption process is not equivalent; more or less 100 mg/g (of 

support) of asphaltenes can be adsorbed at 298K into the carrier in one day when a rather more 

important amount (140 mg/g) of asphaltenic species is adsorbed in only 3 hours at 523K. This 
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remarkable rise of the soaking with temperature is likely due to a disaggregation behavior and 

consequently a waning of the viscosity of the solution. 

Figure 6 presents the radial profiles of the asphaltene penetration into the different supports, at 

298K and at 523K. For the three monomodal alumina, we can point out at: 

- The great heterogeneity of the asphaltene repartition along the diameter at room temperature,  

- The diameter sensitivity to the diffusion and adsorption process, the largest pore-size 

supports being progressively darker.  

At a high temperature, the difference of color is less significant between the core and edges of 

extrudates even if the gradient of color (concentration) remains existing (not very well quantified 

by optical observations). 

For the B14 support, a rather strange aspect is depicted for a room temperature experiment, 

characterized by three concentric rings: 

- the first one, black at the periphery of the extrudate, 

- an internal brownish ring, 

- and the third one at the center, clear and quite free of asphaltenes. 

We have tried to follow the evolution of these concentric rings versus time (figure 7). We 

observe a progressive browning of the central part of the extrudate as the contact time is 

increased. Around 54 days are needed to reach a rather homogeneous dark color. A similar 

behavior is observed at 523K but faster than at ambient condition (figure 6).  
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In order to clarify these observations we have suggested the following mechanism. At 298K, 

the size segregation of asphaltenes is already proved when mesoporous supports are used. When 

macropores are present (B14), we can suggest a rather quick penetration of the asphaltenic 

species, producing a kind of segregation between small and big asphaltenes: 

- The first ones have a tendency to migrate quickly, 

- when the second ones are delayed near the surface of the extrudate. 

As the contact time goes up, the penetration of the smallest entities goes forward to the center 

of the extrudate, producing the brownish aspect of the initial clear halo. The largest asphaltene 

entities, characterized by a slow kinetics of diffusion, progressively move to the inside of the 

extrudate. For long contact times, we tend to a more or less homogeneous repartition as can be 

seen by optical microscopy (figure 7). As temperature increases, this segregation process is 

smoothed, giving rise to a swift homogeneous dark view of the section of the extrudate (figure 

6). 

3.4 Effect of the initial asphaltene concentration 

It is well known that the surrounding concentration of the diffusing species has a linear and 

tremendous effect on the kinetics of diffusion through a porous system [46]. So, four different 

asphaltene concentrations in toluene (from 1 to 5 wt %) were investigated at room and high 

temperatures. The 2 wt% concentration corresponds to the one already used in the previous 

section. Let’s recall that the ratio mass of asphaltenes to mass of support was kept equal for all 

the surrounding concentration, i.e. the weight of alumina is adjusted to the total amount of 

asphaltenes engaged into the experiment (360 mg/g – see section 2.1). Figure 8 shows the 
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asphaltene content on the support (M14) versus time of contact for the various concentrations at 

298K. Due to lack of precision in all the weighting, transfer and the step leading to build those 

curves, it appears that the values at 24 days could appear to be switched, especially between 3 

and wt 5%, but this is only due to less accuracy. That is why only the global tendency is 

discussed hereafter. If one take a look to the entire curve there is no crossing between curves. As 

expected, the increase of the initial asphaltene concentration causes an increase of the amount 

adsorbed on the support at saturation although the amount of asphaltenes reported to the weight 

of alumina is not modified. Taking into account the beginning of the experiment, i.e. the lowest 

contact time (24 hours), it is possible to assess a velocity expressed as the amount of asphaltenes 

adsorbed reported to the time (Table 4): in practice this velocity is the tangent to the origin of the 

curve. We can notice an increase of the kinetics of diffusion versus the initial asphaltene 

concentration, from 1.2 mg.g
-1

.hr
-1 

with 1 wt% to 1.8 mg.g
-1

.hr
-1

 so a relative increase of 50 %. 

At high temperature we did not report the entire curve because only the 3 hours contact time has 

been evaluated for every concentration. 

Table 4 also reports the amount of asphaltenes on the support when a steady regime of 

diffusion is reached (after 46 days at 298K or after 3 hours at 523K). At 298K, the concentration 

increases from 1 to 2 wt% and remains quite stable between 2 and 5 wt %. The values are lower 

than the saturation level observed in adsorption experiment on crushed extrudates (Table 3, 130 

mg/g). For a high temperature (523K), a continuous and quite linear increase of the amount of 

asphaltenes deposited on the support is observed (see table 4). This behavior at room temperature 

was already seen by Tayakout et al.[33]. These observations could be the consequence of a 

clogging effect. As the concentration increases, the asphaltene solution becomes more viscous, 

peculiarly at low temperature [47]. For the high concentrations, a three-dimensional network can 
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begin to extend itself in the solution [48], more or less connected, where the migration into the 

support porosity will be strongly delayed or even impossible. For high temperature condition, 

much smaller asphaltenic entities are present, inter-molecular interactions if there exist are 

weaker. Thus the diffusion process follows a linear behavior (see table 4) in agreement with 

theoretical models of diffusion, in the range of concentration we have explored. At higher 

concentration we can suppose that the asphaltenes concentration would have probably been 

closer of the saturation level (Table 3, 170 mg/g).  

3.5 Catalytic performances 

The various alumina supports were used to prepare catalysts (see section 2.1) the one being 

evaluated in hydrotreatment of residue containing high concentration in asphaltenes (see section 

2.3). The catalytic results obtained in batch reactor evaluation with NiMoP-M14, NiMoP-M17, 

NiMoP-B14 are reported in Table 5. The distillation has been performed on every effluent. No 

change was observed according to the catalyst with χ 813K
+

 close to 66 wt%. So we do not report 

the quantification of fraction and conversion rates. 

Concerning the mesopore diameter effect, on mesoporous supports, a significant effect is 

clearly observed for all the reaction considered and especially for HDAsC7 and HDV. This 

effect is obviously due to the improvement of the diffusional contribution (see section 3.3). 

Moreover, these results suggest that the adapted size of the mesoporosity override the decrease 

of surface area, the latest usually decreasing the catalytic metal dispersion. In addition, it can be 

noted that the gain is not very high, which could also be due to the fact that diffusion is not so 

much accelerated comparing to the case of NiMoP-B14 which exhibit macroporosity (see section 

3.3). 
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Indeed, the NiMoP-B14 catalyst exhibits the highest HDV and HDCCR rates and if we take 

into account the molybdenum loaded into the reactor, the catalyst even better than the NiMoP-

M14 catalyst without macroporosity for all the reaction considered. The activity constant has 

been estimated using the following equation : 

kHDX = 
 

  1%1
1

1

1 1

1

0









n

HDXn
Xn

LHSV    Equation 4 

with : 

- n being the order of reaction being supposed equal to 1.2 even if no kinetic test was 

performed to assess this order. 

- X being S, V, CCR or AsC7 

- X0 being the concentration into the feed. 

- LHSV being an equivalent parameter calculated as the ratio between the feed volume and 

the catalyst volume divided by the duration of the test : 

Vfeed / (Vcatalyst*Time)   Equation 5 

The NiMoP-B14 activity constant do not exceed the other catalysts for the various reactions, and 

only exceeds NiMoP-M14 for HDV and HDA but after correction with the molybdenum amount 

that is really lower for NiMoP-B14 due to the weak density of loading, it becomes the best 

catalyst for all the reactions reaching 50% of gain for HDAsC7 and 40% in HDV (Table 6). Even 

if the quantity of carriers evaluated is too weak, an increasing trend starts to be obtained when 

plotting the HDV activity versus the asphaltenes uptake deduced from the lab set up and would 
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need to be completed (Figure 9). Those results emphasize the role of support in hydrotreating 

reaction and clearly confirm that the textural properties need to be carefully monitored to 

diminish the diffusional effect on catalytic performances. 

4. CONCLUSION 

This work offers a significant contribution to the investigation of the process of diffusion and 

adsorption of asphaltene species into the pore network of industrial supports of catalysts used for 

hydrotreatments and the influence on the catalytic behavior for hydrodesulfurization and 

hydrodemetallization of heavy feeds like residues. This process was followed at room 

temperature but also at relatively higher temperature (523K), close to the one industrially used. 

Our results have shown that, even at high temperature, the diffusion of asphaltenes is very slow; 

several days are needed in order to get access to the center of the extrudate. This low speed of 

diffusion is mainly due to the sizes of the asphaltene macromolecules but also to the strong 

affinity of the entities for the alumina support. We have not been able to estimate the saturation 

of carrier without diffusion restriction and it should be interesting to perform additional 

experiments of diffusion and adsorption on much smaller grains of alumina (< 100μm), 

peculiarly for the determination of the maximum amount of asphaltenes having access to the 

alumina porosity. Nevertheless the results obtained show that only the extrudates of macroporous 

support might be likely to adsorb till its chemical saturation, i.e. an asphaltene content equal to 

1.4 mg/m
2
 consistent with previous publications for those species.  

Our results can be explained proposing an effect of multi-scale aggregation of asphaltenes. At 

298K the aggregation induces a segregation phenomenon similar to a filtration process, where 

the smallest compounds can easily enter inside the support porosity and diffuse rather quickly, 
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while the heaviest compounds like aggregated ones are blocked at the periphery of the extrudate 

as observed by optical microscopy. At 523K, the largest asphaltenic species (mainly clusters) are 

broken into smaller aggregates. More asphaltenes with a size adapted to the average pore 

diameter of the support are present in the solution. As a consequence the driving force is higher 

and consequently the diffusion rate goes up and the final concentration reached is tremendously 

increased. Those conclusions are also supported by the drastic decrease of the porosity as the for 

a high asphaltene coverage onto the carrier. The pore clogging could be clarified when the 

asphaltene concentration of the initial solution reaches high values and the solution becomes 

highly viscous, i.e. over 5 wt%.  

To complete that work, catalytic test have been carried out in real operating conditions using 

real feed containing asphaltenes. It is clearly shown that the carrier that exhibit the fastest 

diffusion of asphaltenes through its porosity also exceeds the other one for catalytic 

performances (HDAsC7, HDV, HDS and HDCCR). NiMoP-B14 is the best catalyst for all the 

reactions reaching 50% of gain for HDAsC7 and 40% in HDV. It highlights a clear link is here 

established between catalytic performances and diffusion and could be usefull for designing the 

best carriers to be used in heavy feed hydroprocessing. It could be completed with more support 

and catalytic nature different into the future to evaluate more precisely the contribution of 

diffusion and adsorption into the real catalytic process. 
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Table 1: Alumina carrier used in this work and main textural properties 

 

METHODS DATAS M9 M14 M17 B14 

Mercury 

porosimetry 

Pore Volume mL/g 0.69 +/- 0,06 0.68 +/- 0.03 0.66 +/- 0.03 0,59 +/- 0.03 

Macroporous volume, mL/g < 0.02 < 0.02 < 0.02 0,35 +/- 0.02 

MPD mesopores nm 8.9 +/- 0.4 13.7 +/- 0.7 16.4 +/- 0.8 13.3 +/- 0.7 

MPD macropores nm - - - 820 +/- 40 

Porosity % 66 +/- 3 69 +/- 3 70 +/- 4 75 +/- 4 

Structural density, g/mL 2.59 +/- 0.26 3.01 +/- 0.35 3.20 +/- 0.32 3.05 +/- 0.31 

 

Nitrogen 

isotherm 

BET Area m²/g 340 +/- 20 200 +/- 20 150 +/- 10 165 +/- 10 

C parameter (BET) 99 +/- 8 107 +/- 6 115 +/- 6 98 +/- 5 

BJH volume mL/g 0.82 +/- 0.04 0.80 +/- 0.04 0.78 +/- 0.04 0.72 +/- 0.04 

MPD nm 8.2 +/- 0.4 13.5 +/- 1.3 16.9 +/- 0.8 14.3 +/-0.7 

 

 

Table
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Table 2. Characterization of Safaniya VR feedstock. 

 Safaniya VR 

feedstock 

Global Analysis Density at 15 °C (g.cm
3
) 1.0240 

API gravity (°API) 6.186 

Conradson 

carbon 

(wt.%) 21.6 

Elemental Analysis Ni (wt. ppm) 52 

V (wt. ppm) 164 

S (wt.%) 5.10 

N (wt.%) 0.40 

SARA Fraction Saturates (wt.%) 10 

Aromatics (wt.%) 40 

Resins (wt.%) 36 

Asphaltenes C7 (wt.%) 13 

Simulated distillation 

fractions 

643 K (wt.%) 0 

773 K (wt.%) 5 

813 K (wt.%) 18 

833 K (wt.%) 25 

853 K (wt.%) 33 

 

 

Table
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Table 3. Estimation of the maximum amount that can be adsorbed on the various alumina 

carriers 

 M9 M14 M17 B14 

BET Area m²/g 340 200 150 165 

Saturation at 298K (mg/g) 225 +/- 20 130 +/- 10 100 +/- 10 110 +/- 10 

Saturation at 523K (mg/g) 290 +/- 20 170 +/- 10 130 +/- 10 140 +/- 10 

 

Table
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Table 4. Evolution of the asphaltene concentration on the alumina support (M14) as a 

function of the initial asphaltene concentration of the surrounding solution (at 298K and at 523K) 

– Estimation of the initial speed of diffusion and adsorption of asphaltenes.  

 

Initial 

asphaltene 

concentration 

Initial speed of 

asphaltene transport 

mg/g/hr 

Asphaltene 

concentration on the 

support (after 46 

days at 298K -   

mg/g) 

Asphaltene 

concentration on the 

support (523K after 3 

hours of contact time 

-  

mg/g) 

1 wt% 1,2 +/- 0,6 67 +/- 16 91 +/- 28 

2 wt% 1,5 +/- 0,5 90 +/- 8 84 +/- 14 

3 wt% 1,8 +/- 0,3 87 +/- 6 102 +/- 10 

5 wt% 1,8 +/- 0,3 87 +/- 4 144 +/- 6 

 

Table
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Table 5. Catalytic results obtained with NiMoP-M14, NiMoP-M17, NiMoP-B14 

  

Catalyst 

Density of 

loading (g.cm
-

3
) 

AsC7 wt% 

(HDAsC7) 

S wt% 

(HDS) 

V ppm wt 

(HDV) 

CCR wt% 

(HDCCR) 

feed - 12.7 ± 0.4 5.11 ± 0.10 166 ± 7 21.6 ± 1.0 

NiMoP-M14 0.58 
5.9 ± 0.3 

(56%) 

1.54 ± 0.05 

(71%) 

53 ± 4 

(70%) 

10.7 ± 0.5 

(53%) 

NiMoP-M17 0.59 
4.3 ± 0.3 

(68%) 

1.44 ± 0.05 

(73%) 

43 ± 4 

(75%) 

9.3 ± 0.5 

(55%) 

NiMoP-B14 0.50 
4.8 ± 0.3 

(64%) 

1.65± 0.05 

(70%) 

43 ± 4 

(76%) 

10.3 ± 0.5 

(59%) 

 

Table
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Table 6. Activity constant with NiMoP-M14, NiMoP-M17, NiMoP-B14 

  

Catalyst 

Density of 

loading 

(g.cm
-3

) 

HDAsC7 HDS HDV HDCCR 

RVA RMoA RVA RMoA RVA RMoA RVA RMoA 

NiMoP-

M14 
0.58 100 100 100 100 100 100 100 100 

NiMoP-

M17 
0.59 145 141 107 104 122 119 122 119 

NiMoP-

B14 
0.50 130 150 95 110 121 140 107 124 

 

Table
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Figure 1. Pore size distributions obtained by mercury porosity technique for the alumina 

supports (M9, M14, M17, B14). 
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Figure 2. Repartition of asphaltenes at the equilibrium between the support (M9 – specific 

area: 340 m
2
/g) and the asphaltene solution obtained at ambient temperature and at 523K. 
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Figure 3. Evolution of the asphaltene concentration  

(a) deposited on alumina on M14 at RT and 523K  (b) into the surrounding solution 
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(days) 
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Figure 4. Evolution of the porosity of the M14 support, measured by nitrogen desorption, as a 

function of the asphaltenes concentration on the support, achieved at ambient temperature and at 

523K. The straight line represents the theoretical evolution of the porosity (according to 

Equation 3) 
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Figure 5. Evolution of the asphaltene concentration depending on textural properties of 

carriers: (a) at 298K, (b) at 523K 
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Figure 6. Asphaltene penetration into various alumina supports (M9, M14, M17, B14) 

followed by optical microscopy, at 298K (24 hours) and at high temperature (523K – 3 hours). 
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Figure 7. Observations by optical microscopy of extrudate sections of the B14 support 

soaked into asphaltene solution for different contact times and at room temperature. 
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Figure 8. Evolution of the asphaltene content on the alumina support (M14) versus time, at 

298K and for various initial asphaltene concentrations of the surrounding solution 
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Figure 9. Evolution of HDV activity (see Table 6) versus the asphaltenes amount on carriers 

after diffusion experiments (see Figure 5a) 
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