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Abstract

The LUKOIL Neftohim Burgas (LNB) refinery, which features the H-Oil® ebullated bed vacuum residue
hydrocracking in its petroleum refining processing scheme, employs HCAT, HTI's proprietary dispersed
nano-size catalyst technology, to boost the H-Oil performance. The positive results from HTI's pilot
plant hydrocracking experiments were confirmed at the commercial LNB H-Oil hydrocracker,
registering a conversion increase of about eight per cent without penalizing the sediment formation
rate. The increased H-Oil vacuum residue conversion led to increased density, viscosity, and softening
point of the unconverted hydrocracked vacuum residue which require further optimization of the
utilization of this product. The increased H-Oil vacuum residue conversion as a result from the use of
HCAT did not have an impact on the performance of the fluid catalytic cracking unit that processes a
blend of straight run vacuum gas oil (VGO) and H-Oil VGO.

Keywords: Ebullated bed hydrocracking, Vacuum residue, Molecularly dispersed HCAT catalyst, Conversion,
Product quality.

1. Introduction

The main limitation for conversion increase in the ebullated bed vacuum residue hy-
drocracking is the formation of sediments [1-°], The sediments increase exponentially when
reaction temperature is raised [5 10-111 due to the fact that the rates of thermal cracking reac-
tions increase more rapidly than the hydrogen addition counterparts [*2]. Thus, hydrogen
transfer limitations occur, which can lead to the growth of aromatic structures in the asphaltenes,
making them more prone to precipitate once these compounds leave the reactor zone [12],
The use of molecularly dispersed catalyst from metal-organic precursors such as iron penta-
carbonyl or molybdenum 2-ethylhexanoate formed in situ [*3]1 was reported to improve the
commercial ebullated bed vacuum residue hydrocracking performance [14-15]1, This molecularly
dispersed catalyst is known as HCAT [16], The homogenous HCAT catalyst is mixed throughout
the heavy oil feedstock and is dispersed using HTI's proprietary mixing system. Maximal dis-
persion of the HCAT results in a highly active nano-scale catalyst. HCAT addition to the ebul-
lated bed increases conversion of the asphaltenes which results in decreased sediment for-
mation and fouling within all critical equipment of the process. ['3]1, The application of the
highly dispersed catalysts in the hydroprocessing of heavy residues favors the rapid uptake of
hydrogen and deactivates the intermediate free radical moieties in the liquid phase, thereby
suppressing coke formation, enabling the increase in total conversion, and enhancing quality
of liquid product [*3]1, The nano-size unsupported dispersed catalysts can be used along with
the conventional supported catalysts and improve the performance of the ebullated bed vac-
uum residue hydrocracking by retarding the process of sediment formation [15 171, The LNB
refinery decided to implement the HCAT Technology as a tool to optimize H-Oil performance
after successfully testing the process at the HTI Pilot Plant. The pilot studies utilized a true
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ebullated bed pilot unit to process LNB’s H-Oil feedstock along with LNB’s Ni-Mo supported
catalyst and HCAT. The aim of this study was to discuss the results obtained in a laboratory
pilot vacuum residual oil (VRO) hydrocracking plant, and at the commercial LNB H-Oil VRO
hydrocracker before and after the use of the HCAT catalyst.

2. Experimental

The commercial hydrocracking demonstration was performed at the LNB H-Oil ebullated
bed VRO hydrocracking unit. A simplified process diagram of the LNB EBVR H-Oil hydrocracker
and the conditions at which it operates are presented in [*8], The reaction temperature. liquid
hourly space velocity (LHSV), the level of sediments in the LNB H-Oil atmospheric tower bot-
tom (ATB) product, and the properties of the H-Oil VTB’s obtained during hydrocracking of the
feed streams, whose properties are shown in Table 1 are summarized in Table 2. The catalyst
employed in this study was a commercial Ni-Mo low sediment catalyst.

Table 1. Data from the pilot plant experiments with and without using the nano-size catalyst HCAT

Run Feed 1 2 3 4 5
Nano-size catalyst No HCAT HCAT HCAT HCAT HCAT
LHSV, h-1 Base Base Base Base Base
WABT, °C Base Base Base+6 Base+10 Base+14
ut%}l Net Conversion (540°C+), 64.2 65.2 68.1 74.4 80.0
ATB sediment content, wt.% 0 0.33 0.07 0.09 0.15 0.27
VTB C7 asp. content, wt.% 7.3 11.5 9.0 11.0 11.7 16.3
VTB MCR content, wt.% 18 25.5 25.5 27.0 28.0 34.0
VTB sulphur content, wt.% 3.86 2.08 1.75 1.84 1.86 1.90
VTB viscosity at 150°C, cP 60.0 60.0 65.0 70.0 130.0
Gas yield, wt.% (C;-Ca) 3.70 3.70 4.30 5.00 5.90
Naphtha yield, wt.% (Cs-146°C) 5.7 5.6 6.7 7.8 9.7
Diesel yield, wt.% (146-362°C) 25.7 26.3 28.5 32.4 36.6
VGO vyield, wt.% (362-540°C) 32.9 33.1 31.7 31.6 29.3
VTB yield, wt.% (>540°C) 29.6 29.4 26.4 21.1 16.3

Table 2. Correlation matrix of the parameters from the pilot plant experimental data shown in Table 1

WABT Conv. TSE Asp MCR Sul. VIS Gas Naphtha Diesel VGO VTB

wABT  1.00

Conv.  0.98 1.00

TSE 0.05 -0.14 1.00

Asp 0.82 0.85 0.02 1.00

MCR 0.90 0.94 -0.06 0.94 1.00

Sul. -0.11 -0.11 0.10 0.33 -0.01 1.00

VIS 0.81 0.88 -0.10 0.94 0.99 003 1.00

Gas 0.98 1.00 -0.06 0.88 095 -0.07 0.89 1.00

Naphtha 0-98 0.99 -0.05 0.90 0.97 -0.04 0.92 1.00  1.00

Diese]  0.98 1.00 -0.12 086 095 -0.10 0.89 1.00 0.99  1.00

VGO -0.94 -0.94 -0.11 -0.93 -0.98 0.02 -0.94 -0.97 -0.98 -0.95 1.00

VTB -0.98 -1.00 0.12 -0.86 -0.94 0.07 -0.88 -1.00 -0.99 -1.00 0.95 1.00

Pet Coal (2021); 63(3): 665677
ISSN 1337-7027 an open access journal

656



Petroleum and Coal

The vacuum residue 540°C+ conversion was estimated by the equation:
EBRHCFeed, ;.. — EBRHC Product,,., <100 eq. (1)

EBRHCFeed, ..

where: EBRHCFeeds4oec+ = mass flow rate of the EBVRHC feed fraction boiling above 540°C,
determined by high temperature simulated distillation (method ASTM D 7169) of the feed and
multiplied by the mass flow rate of the feed in t/h; EBRHCProducts4oec+ = mass flow rate of
the EBVRHC product fraction boiling above 540°C, determined by high temperature simulated
distillation (method ASTM D 7169) of the liquid product multiplied by the flow rate of the liquid
product in t/h.

The SARA fraction conversions were calculated by the equation:

. . Feed SARA-Product SARA
SARA fraction conversion.% = * 100 eq. (2
Feed SARA
ee

where: Feed SARA = SARA fraction (saturates, aromatics (naphtheno-aromatics), resins (po-
lar aromatics), asphaltenes) content in the vacuum residual oil feed, % multiplied by the feed
rate in t/h;

Product SARA = SARA fraction (saturates, aromatics (naphtheno-aromatics), resins (polar
aromatics), asphaltenes) content in the hydrocracked vacuum residual oil (H-Oil VTB) product,
% multiplied by the H-0il vacuum tower bottom (VTB) product flow rate in t/h.

The total existent sediment content (TSE) of the residual oils studied in this work was
measured in accordance with the procedure IP 375 [19], The total sediment potential (TSP) of
the residual oils studied in this work was measured in accordance with the procedure IP 390 [20],
The precision of the measurement of TSE, and TSP expressed by the repeatability and repro-
ducibility is summarized below:

Conversion (%)=

r = 0.089,/HFTg.s,;: Repeatability eq.(3)
R = 0.294,/HF Ty, si: Reproducibility eq.(4)

The process flow diagram of the ebullated-bed pilot plant used to perform the laboratory
VRO hydrocracking experiments with and without HCAT catalyst is presented in Figure 1.
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Figure 1. Process flow diagram of the ebullated-bed pilot plant to investigate the effect of using the
HCAT catalyst during processing the VRO blend 70% Urals/ 30% Basrah Light
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3. Results and discussion

The laboratory pilot plant VRO hydrocracking experiments with and without using the HCAT
catalyst are summarized in Table 1. The data from Table 1 was used to make the graphs in
Figure 2.
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Figure 2. Conversion dependence on reaction temperature (a) and product yields selectivity curves (b),
and ATB sediment content vs WABT (c)

The data in Table 1, and Figure 2 shows that the employment of HCAT in a base concen-
tration of the feed, significantly decreases the level of sediments in the ATB product (from
0.33 down to 0.07% at constant operating conditions). This allowed a reaction temperature
increase by 14°C and consequently conversion level raising by 15% without reaching the ATB
sediment level obtained without using the dispersed HCAT catalyst. The product selectivity
curves shown in Figure 2 b indicates the typical distribution of the primary unstable product
(VGO) yield and of the primary + secondary stable product (gas, naphtha, diesel) yields as a
function of conversion as already discussed in our earlier research [211, It is evident from the
data in Figure 3 b that the VGO yield goes through a maximum at about 60% and then falls,
while the yields of gas, naphtha and diesel continually increase with conversion raise. The VTB
yield linearly decreases with the increment of conversion. In order to better follow the relations
between the properties of the VTB product (538°C) from the pilot plant experiments and the
relations of all parameters shown in Table 1 a correlation matrix was made. It is presented as
Table 2. It is evident from the data in Table 2 that the VTB asphaltene content correlates with
the VTB microcarbon residue (MCR) content, and with the VTB viscosity. The data in Table 1
indicate that with the increase of reaction temperature, and consequently increase of conver-
sion the asphaltene content, the MCR content, and the viscosity of the VTB goes up. With the
hydrocracking reaction progress the unconverted hydrocracked vacuum residual oil becomes
more hydrogen deficient that is reflected by a higher MCR content, and higher viscosity

Similar relation between the aromaticity (expressed by density, and/or hydrogen content)
and the viscosity was also found out for the vacuum gas oil fluid catalytic cracking (FCC) main
column bottom slurry oil (FCC SLO) product and the viscosity of the FCC SLO [22],
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Table 3 summarizes the commercial results with and without using HCAT in the LNB H-OQil
ebullated bed VRO hydrocracking unit. A correlation matrix (Table 4) was made to follow the
relations of the parameters of the commercial LNB H-Oil VRO hydrocracker, summarized in
Table 3. The data in Table 3 indicates that the atmospheric tower bottom (ATB) total sediment
existent (Shell hot filtration test, IP 375) did not increase regardless of weight average bed
temperature (WABT) heightening from Base to Base+7°C with the use of HCAT. There was no
change in the total sediment potential (TSP = sediment content of the hot filtration test after
thermal aging, IP 390) of the partially blended fuel oil (PBFO), which is obtained by addition
of FCC heavy cycle oil (HCO) to the H-Oil vacuum tower bottom (VTB) product. This confirmed
our conclusion made in our recent research [23] that the property TSP of the heavy fuel oil
produced on the base of the H-Qil residual oils is difficult to control. Similar to the results from
the hydrocracking experiments in the laboratory unit (Table 2) the commercial LNB H-Oil hy-
drocracker also showed a strong relation of the net conversion to the reactors WABT (R=0.95).
The relation of the reactors WABT to the product yields in the commercial LNB H-Oil hy-
drocracker is not so strong as that registered in the laboratory pilot plant. This can be ex-
plained with the imperfect fractionation of the products from the reaction mixture in the com-
mercial H-Oil VRO hydrocracker. This is a testimony that an improvement in the extraction
extent of the higher value light products from the reaction mixture in the commercial H-Oil
VRO hydrocracker can be made. Figure 3 shows a graph of selectivity curves of the product
yields as a function of conversion in the commercial LNB H-Oil hydrocracker. These selectivity
curves are not distinctly different from those observed in the laboratory pilot plant (Figure 2 b).

However, the data in Figure 3 are characterized with more scatter supporting the statement
that an improvement in the extraction extent of the higher value light products from the
reaction mixture in the commercial H-Oil VRO hydrocracker can be achieved. As a whole, it
could be concluded that the employment of the HCAT Technology at the commercial H-Oil VRO
hydrocracker allowed increase of WABT by 7°C that led to conversion raise of 6.7% without
augmentation of the ATB TSE.

Table 5 presents data about the properties of the LNB H-Oil hydrocracker feed and products
with and without using HCAT. The data in Table 5 indicates that the increased WABT in the
LNB H-Oil hydrocracking reactors along with the use of HCAT resulted in an increase in; den-
sity, asphaltene content, asphaltene density, and the softening point of the unconverted hy-
drocracked vacuum residue (H-Oil VTB). Using the data from Table 3 and from Table 5 and
employing eq. 2 the following conversions of the Cs-, and C7-asphaltenes before and after the
application of HCAT were obtained:

No HCAT With HCAT
Cs-asphaltene conversion, wt.% 63.0 68.7
C7-asphaltene conversion, wt.% 71.0 67.6

This data does not imply a change of the asphaltene conversion as a result of the use of
HCAT in the LNB H-Oil VRO hydrocracker. This confirms data collected in the Pilot study which
showed a plateau in asphaltene conversion (~70%) even as residue conversion continued to
increase.

Considering the same asphaltene conversion with the use of the HCAT the reduction of the
H-Oil VTB yield due to the higher VRO conversion inevitably is associated with a concentration
increase of the asphaltenes and the resulting increase of the softening point of the VTB. It
should be pointed out here that the total asphaltene conversion does not always give a notion
about the changes occurring in the asphaltenes. For example, the most reactive asphaltene
fraction in the residue hydroprocessing is the most soluble one [24]1, The ratio between the
asphaltene fractions having different solubility was shown by Rogel et al. [25] to affect the
sedimentation during residue hydrocracking. Therefore, a deeper analysis of the asphaltene
fractions is needed to explain the improvement of their solubility a result from the use of HCAT
giving the opportunity to raise the ebullated bed vacuum residue hydrocracker reaction tem-
perature and eventually to register a higher residue conversion.
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Before the use of HCAT the softening point of the VTB was about 40°C. After the use of
HCAT the softening point of the VTB raised up to about 60°C [26-271, This change in the prop-
erties of the VTB at elevated residue conversion, will affect the recipes for production of road
asphalt from feed blends containing H-Oil VTB. No change in the quality of the diesel after the
use of HCAT was registered. Whereas the gas oils (HAGO, LVGO, and HVGO) demonstrated
minor deterioration of the quality at elevated conversion with the use of HCAT. The Kw-char-
acterization factor, established to characterize the quality of the H-Oil gas oils in our earlier
research [271, showed that the HAGO Kw dropped from 11.40 down to 11.37; the LVGO Kw
dropped from 11.26 down to 11.23; and the HVGO Kw dropped from 11.54 down to 11.46.

In order to evaluate the FCC unit performance with and without using HCAT at the LNB H-
Oil VRO hydrocracker, the FCC performance for the dates 07.02.2020 (No use of HCAT),
15.02.2020 (HCAT in the H-Qil feed), and 09.03.2020 (HCAT in the H-Qil feed, but with in-
creased content of FCC slurry in the H-Oil feed) is summarized in Table 6.

Table 6. LNB FCCU performance with and without using HCAT at the H-Oil hydrocracker.

Catalyst Nad.975 Nad.975 Nad.975
Date 7.2.2020 (No HCAT) 15.2.2020 (With HCAT)  9.3.2020 (With HCAT)
FCC SLO in H-Oil feed, wt.% 7.8 8.3 14.2
FCC feed, t/h 237 231 237
FCC SLO Recycle, t/h 0 4 0
%H-0il VGO in FCC feed 22 17 28
ROT, °C 538 538 538
CFT, °C 313 325 309
TRG dense, °C 688 688 689
TRG dilute, °C 700 700 702
CTO, wt./wt. 7.6 7.5 7.5
Yields on fresh feed basis, wt%

C2 - 4.4 4.4 4.4
C3 8.2 9.2 7.5
C4 12.4 12.6 11.6
C5+ Gasoline 41.8 42.9 40.2
LCO 11.0 10.5 11.2
HCO 10.0 8.6 10.1
Slurry 8.0 7.5 10.5
Coke 4.4 4.4 4.5
Conversion 71.0 73.4 68.2
Corrected Conversion to FBP of 195°C 71.6 73.4 68.2
Corrected gasoline yield to FBP of 195°C 42.4 42.9 40.2
Corrected LCO vyield to FBP of 195°C 10.4 10.5 11.2
FCC gasoline density at 15 °C, kg/m3 740 740 743
1BP, °C 34.2 34.8 37
10%, °C 50.3 51.4 53
50%, °C 86.9 88.3 91
90%, °C 162.5 164.6 166
FBP, °C 191.4 195.1 197
RON 94.4 93.8 94
MON 82.1 82 82
RVP, kPa 55.8 55.6 51.6
LCO density at 15 °C, kg/m3 919.4 923.7 924.4
IBP, °C 188 186 200
10%, °C 210 218 214
50%, °C 234 235 243
90%, °C 267 269 275
FBP, °C 296 298 307
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The first impression is that the content of H-Oil VGO is different for the three studied dates
(22% for the date 07.02.2020; 17% for the date 15.02.2020; and 28% for the date
09.03.2020). We found out in our earlier research that the content of H-Oil VGO has an impact
on the LNB FCC unit performance [28], Increasing H-Oil VGO content in the LNB FCC unit feed
decreases the FCC conversion. If we use the regression developed earlier in the study [2°]
where it was shown that at each 1% variation of the H-Oil VGO content the FCC conversion
may vary by 0.3% the difference in the corrected conversions between the dates 07.02.2020
and 15.02.2020 would have become 0.6%. This difference is within the uncertainty of defining
of the LNB FCCU conversion for operation at the same conditions (0.8% is the uncertainty of
the measurement of the conversion in the LNB FCCU [221), Therefore, we cannot conclude that
the quality of the H-Oil VGO after the use of HCAT has deteriorated to such an extent to affect
considerably the LNB FCCU performance. If we take a look at the data on 09.03.2020 we can
see a considerable drop in the LNB FCCU conversion, a result from the increased share of H-
Oil VGO in the FCC feed (28%) and worsened quality of the H-Oil VGO as can be seen from
the data in Table 5 for this date. All these factors contributed to a conversion decrease in
amount of about 3-4%. The reduction of the FCC SLO content in the H-Qil feed should be
considered especially after the use of HCAT catalyst that has been demonstrated to decrease
sediment formation in the H-QOil ebullated bed VRO hydrocracking.

4. Conclusions

The application of the nano-size HCAT catalyst significantly reduced ATB sediment for-
mation in both Pilot testing and subsequent commercial application at the LNB H-QOil VRO
hydrocracker. The efficacy of the HCAT Technology was exhibited while processing a 70%
Urals/30% Middle East crude feed blend, along with a commercial Ni-Mo supported catalyst.
Due to the reduced rate of sediment formation during the use of HCAT, the WABT could be
increased and enhanced conversion can be registered. At LNB, the approximate 8 W% increase
in residue conversion resulted in higher yields of gas, naphtha, and diesel. The low value
heavy oil products, unconverted hydrocracked vacuum residue, and VGO showed decline in
their yields after implementation of the HCAT technology in both laboratory pilot plant and
commercial LNB H-0Oil VRO hydrocrackers. The conversion of the asphaltenes showed no im-
provement and as a result due to the concentration of the asphaltenes in the VTB after the
use of HCAT the VTB softening point was raised. This will have impact on the recipes for
production of road asphalt from feed blends containing H-Oil VTB. The H-Oil diesel quality is
not affected by the use of HCAT, while the H-Oil VGO quality showed minor signs of possible
deterioration at elevated residue conversion. The performance of the LNB FCCU was not meas-
urably impacted as a result of the changes in the H-Oil VGO quality during HCAT usage. In-
creasing the FCC SLO share in the H-Oil feed does not have a beneficial effect on the sediment
formation rate reduction in H-Oil unit but does have a negative impact on the FCCU perfor-
mance. Therefore, reconsidering of the use of FCC SLO in the LNB H-Oil should be made,
especially after the application of the nano-size HCAT catalyst.
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