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ABSTRACT

Sulfur-free Mo carbide catalysts supported on Al,O3 and TiO, have shown good activity during the co-processing of middle distillates with vegetable oils in prior
studies. However, their hydrotreating activity is low compared with that of conventional hydrotreating catalysts. To increase the hydrotreating effectiveness,
promoter metals, such as Ni or Co, can be added. This paper describes an extensive study on the use of four sulfur-free Ni-Mo and Co-Mo carbide catalysts (supported
on Al,03 and TiO,) for the hydrotreatment of atmospheric gasoil (AGO) and co-processing with rapeseed oil (RSO). The tests were conducted in a fixed bed reactor
unit at 330-350 °C, 5.5 MPa, a weigh hourly space velocity (WHSV) = 1-2 h~?!, and AGO/RSO of 100/0, 95/5, 90/10, and 75/25 wt.%. Analogous to conventional
hydrotreatment catalysts, adding the promotor metals significantly increased the product quality and the hydrodesulfurisation and hydrodenitrogenation efficiencies
at higher temperatures or at lower WHSVs. In the case of RSO co-processing, all the tested catalysts promoted the hydrodeoxygenation pathway instead of (hydro)
decarboxylation/decarbonylation with an insignificant decrease in the hydrodesulfurization efficiency at lower AGO/RSO ratios. Therefore, our results suggest that
promoting Mo carbide catalysts with Ni or Co significantly improves their catalytic properties, making them more competitive with conventional hydrotreating

catalysts.

1. Introduction

The European Union Directive 2018/2001 established a binding
union target to use at least 32% renewable energy by 2030, which
means 12% more than in 2020. This supports and promotes the de-
velopment of modern, more efficient, and eco-friendly biofuels to re-
place petroleum-based fuels, such as diesel and gasoline. Among the
biofuels, FAME (fatty acid methyl ester), which is obtained by trigly-
ceride transesterification, is probably one of the most known [1,2].
However, the hydrotreatment of vegetable oils is more advantageous
due to the flexibility of the process. Thus, the possibility to co-process
middle distillates with vegetable oils in existing hydrotreating units
[3,4] makes the production of biofuels economically attractive.

Co-processing under common hydrotreating industrial conditions
(350 - 370 °C and 7.0 — 8.0 MPa) removes sulfur, nitrogen, and metals
from the middle distillates [5] and provides for deoxygenation of tri-
glycerides and free fatty acids from vegetable oils [6]. During deox-
ygenation, the triglyceride molecule is hydrogenated and cleaved,
producing three carboxylic acids and one molecule of C3Hg. Then, the
process continues according to three different pathways [7]: (i) hy-
drodeoxygenation (HDO) - producing two molecules of H,O and linear
paraffins with an even number of carbon atoms (normally nC,¢ and
nCig); (ii) (hydro)decarboxylation (HDC) — obtaining one molecule of
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CO and linear paraffins with an odd number of carbons (normally nC;5
and nC,5); and (iii) (hydro)decarbonylation (HDCn) —producing one
molecule of CO, one molecule of H,O, and paraffins with an odd
number of carbons, similar to the HDC pathway. The ratios of linear
paraffins of different lengths formed by HDO and HDC/HDCn is highly
dependent on the catalyst selectivity, which is determined by the op-
erating conditions and the specific catalyst used [8].

The most common catalysts used for the co-processing of middle
distillates with vegetable oils are commercial hydrotreating catalysts
(supported sulfide Co-Mo/Al,05 and Ni-Mo/Al,05) [9]. However, with
a high content of vegetable oil, the hydrodesulfurization (HDS) effi-
ciency can decrease owing to the leaching of sulfur from the catalyst
surface, making it necessary to add sulfiding agents (such as CS, or
dimethyl disulfide (DMDS)) to the triglyceride feedstock [10]. Thus, the
optimal vegetable oil content for co-processing is 5-10 wt% [11]. This
is a significant obstacle for the final implementation of co-processing on
an industrial scale. Thus, obtaining an increase in the percentage of
biomass without any risk is a long-term priority for the development of
new catalysts.

Therefore, sulfur-free-supported Mo carbide catalysts (MoCx) could
be considered as promising alternatives to conventional hydrotreatment
catalysts based on their capacities to absorb/activate H, and transfer it
to reactant molecules [12]. Some previous studies have described the
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Nomenclature

AGO Atmospheric gasoil

AGOR_X Mixtures of AGO and RSO, X = content of RSO (wt.%)
ASTM  American Society for Testing and Materials
BET Brunauer-Emmett-Teller method

FAME  Fatty acid methyl ester

HDC (Hydro)decarboxylation

HDCn (Hydro)decarbonylation

HDN Hydrodenitrogenation

HDO Hydrodeoxygenation

HDS Hydrodesulfurization

HVO Hydrogenated vegetable oil

ICP-OES Inductively coupled plasma optical emission spectroscopy
ID Internal diameter (mm)

MoCx Mo carbide catalysts

oD Outer diameter (mm)

PDF Powder Diffraction Files

RSO Rapeseed oil

SgET BET surface areas (mz/g)

sp Support precursor metal

TCD Thermal conductivity detector

TOS Time on stream (h)

TPR Temperature-programmed reduction
WHSV  Weigh hourly space velocity (h™!)

use of MoCx catalysts for the HDS of middle distillates [13,14] and for
the hydrotreatment of triglycerides [15,16], suggesting suitable use of
these catalysts for hydrotreatment.

In the case of co-processing of sulfur/nitrogen and oxygen com-
pounds, MoCx catalysts have demonstrated their capacity in simulta-
neous HDS and HDO reactions [17,18]. However, for deep desulfur-
isation of middle distillates (sulfur content < 10 ppm) during co-
processing, conventional sulfide hydrotreatment catalysts seem to be
more efficient [19,20], which makes mandatory the improvement of
MoCx catalysts activity. Thus, one easy method includes the addition of
a promotor metal, such as Ni or Co, to the catalyst [21], increasing its
activity significantly owing to the ensemble and ligand effects [22].
This promotor effect has been reported by B. Diaz et al. [23] and J.
Guangzhou et al. [24] in the context of the hydrotreatment of thio-
phene and dibenzothiophene with Mo, Ni-Mo, and Co-Mo carbide and
nitride catalysts, resulting in a significant improvement in the catalyst
activity. To study the suitability of Ni-Mo and Co-Mo carbide catalysts
on an industrial scale, detailed research on the co-processing of middle
distillates and vegetable oil under industrial conditions is required.

In line with previous work [18], this paper describes an extensive
and detailed study of four sulfur-free-supported (Al,O5; and TiO,) bi-
metallic (Ni-Mo and Co-Mo) carbide catalysts during the hydrotreating
of atmospheric gasoil (AGO) and during its co-processing with rapeseed
oil (RSO - 5, 10, and 25 wt%) under industrial operating conditions
(330-350 °C, 5.5 MPa, a weigh hourly space velocity (WHSV) of
1-2 h™1) as plausible alternatives to conventional hydrotreating cata-
lysts. The aim of this work was to study the properties of bimetallic
carbide catalysts (Co-Mo and Ni-Mo) and the influence of the operating
conditions and RSO addition on the product properties and hydro-
treating effectiveness (as defined by the HDS, hydrodenitrogenation
(HDN), and hydrogenation efficiencies).

2. Materials and methods
2.1. Catalysts and feeds

Four Ni/Co-Mo carbide catalysts (NiMoCx and CoMoCx) were
synthesized by an incipient wetness impregnation over commercial
Al,03 (Sasol) and TiO, (Euro support manufacturing) supports. Then,
the materials underwent temperature-programmed reduction (TPR) to
prepare the corresponding carbide phases. The synthesis of Mo carbides
has been extensively detailed in a previous study [25]. A similar pro-
cedure was used to prepare the bimetallic catalyst samples.

The hexamethylenetetramine molybdenum complex, which was
synthesised according to the Afanasiev method [26], was dissolved in
25% NHj3 and mixed with Ni or Co nitrates (Merck) to produce the Ni-
Mo and Co-Mo precursors. Then, the precursors were loaded onto Al,O3
or TiO, supports (particle sizes of 0.224-0.560 mm). The impregnated
samples were dried at 200 °C for 14 h in an air atmosphere. The for-
mation of the carbide phase or carburisation was achieved in a tubular

quartz reactor with an internal diameter (ID) of 27 mm and a length of
100 cm. The heating of the reactor was conducted using a triple-zone
electric oven regulated by a PID (proportional-integral-derivative)
controller. A fritted quartz cuvette with the impregnated sample was
placed in the middle of the reactor and underwent TPR in a flow of
20 vol% CH, in H,. The thermal treatment started at 200 °C (under N,
flow), reaching 700 °C (under CH, in a H, flow) at a heating rate of
10 °C/min. The catalyst sample was held at the synthesis temperature
for 3 h. Then, the reactor was cooled to room temperature by a nitrogen
flow for 30 min. Finally, the catalyst sample was passivated with 1 vol%
O, in Ar for 2 h. Once the synthesis procedure completed, the catalyst
was transported immediately to the experimental unit under N, atmo-
sphere to prevent oxidation. The experimental set up details are de-
scribed in Section 2.2 below.

Each fresh catalyst sample was characterised by analytical methods.
The crystallographic structure was determined using X-ray diffraction
(XRD; D8 Advance ECO/Bruker). The patterns were collected over the
20 range from 5 to 70° and evaluated using Diffrac. Eva software V
4.1.1. The specific surface area (BET, Brunauer-Emmett-Teller) was
determined via N, physisorption (Autosorb iQ/Quantachrome instru-
ments). The pore size distribution was measured via Hg porosimetry
(AutoPore IV 9510 mercury porosimeter/Micrometrics instrument).
The composition of the catalyst samples was determined using in-
ductively coupled plasma optical emission spectroscopy (ICP-OES;
Agilent 725/Agilent Technologies, Inc.) and elemental analysis (FLASH
2000 Combustion CHNS/O Analysed/Thermo).

The middle distillate used during the co-processing was AGO, which
was obtained from the industrial atmospheric distillation of a Russian
export blend crude oil. This petroleum feedstock was supplied by a
commercial refinery. The RSO used was a food-quality commercial
vegetable oil (ARO). Three different ratios of AGO/RSO were used
during co-processing: 95/5, 90/10, and 75/25 wt.%/wt.%. Feedstocks
and their mixtures were characterised by the density at 20 °C (ASTM —
American Society of Testing and Materials — D 4052), the refractive
index at 20 °C (ASTM D 1218), the sulfur content (ASTM D 1552), ni-
trogen content (ASTM D 5291), elemental analysis of C-H (ISO 29541),
bromine number (ASTM D 1492), acid number (ASTM D 664) and si-
mulated distillation (Simdis — ASTM D 2887). A standard refinery gas
was used as the H, source (98.5-99.5 vol% of H, and 0.5-1.5 vol% of
CH,) for the hydrotreatment.

2.2. Experimental set up and catalytic tests

Hydrotreating experiments were carried out in a bench-scale unit
using a stainless steel reactor with an ID of 17 mm. A thermowell with
an outer diameter (OD) of 5 mm was placed in the axis of the reactor to
measure and control the internal temperature. Heating of the reactor
was performed with a triple-zone electric heater with independent
control for each reactor zone. The unit was equipped with low- and
high-pressure product collectors and a Kimmer valve placed behind the
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product collector to control the pressure. To avoid plugging of the
product pipelines during co-processing, the output lines of the reactor
were heating to 50 °C. The unit is in the experimental facility of the
UniCRE (Unipetrol Centre of Research and Education), located in
Litvinov-Zaluzi, Czech Republic. Fig. 1 shows a scheme of the bench-
scale unit used.

Before each experiment, 8.0 g of catalyst (particle size of 0.224 —
0.560 mm) was divided into four parts (2.0 g each) and mixed with a
fine carborundum (SiC — 0.1 mm) in ratios of 1:1, 1:2, 1:3, and 1:4
(vol:vol). The four parts of the catalyst bed were loaded into the reactor
from 1:1 to 1:4 to gradually increase the catalyst concentration along
the reactor and to maintain the reaction temperature profile in the
isothermal regime. After the catalyst loading finished, the reactor was
flushed with N, (600 NL/h) at 25 °C and 100 kPa for 2 h. Then, the gas
was changed from N to H,. The reactor was pressurised to 5.5 MPa at a
H, flow of 50 NL/h and heated to 450 °C at a heating rate of 20 °C/h.
After 4 h under these conditions, the reactor temperature was decreased
to the initial working temperature (330 °C), and the H, flow was ad-
justed to correspond to 16 NL/h (1 NL/g/h). Once reached 330 °C, the
liquid feed starts with a flowrate of 16 g/h. This means a WHSV of
2 h™%, defined according to the 8 g of catalyst used.

Analogous to previous experiments of the authors, each catalyst was
tested by screening with nine sets of experimental conditions, as sum-
marised in Table 1. The used operating conditions were similar to the
corresponding ones for the hydrotreating of middle distillates at the
industrial scale. This methodology allowed comparison between the
supported NiMoCx and CoMoCx catalysts synthesised. Changing the
temperature, WHSV, and feedstock composition influenced the prop-
erties of the desulfurised gasoil and the catalyst hydrotreating effec-
tiveness. Experimental condition sets number 1, 4, and 8 were analo-
gous, allowing comparison of the hydrotreating effectiveness of the
catalysts during the experiment under the same operating conditions
and a study of its possible re-use.

Liquid products, i.e. desulfurised gasoil, were sampled every 4 h and
weighed for mass balance determination. A density of 20 °C (ASTM D
4052) and refractive index of 20 °C (ASTM D 1218) were determined
for each sample as a routine measurement, to identify when the steady-
state had been reached. These parameters allow detecting composition
changes in the liquid samples, which is mainly due to the paraffins
increased occurred during co-processing. After steady-state was reached
for each set of conditions, as indicated by constant values of density/
refractive index with time, the liquid samples were analysed using the
same analytical techniques as employed for the feedstocks. For the
determination of the paraffins, the samples were dissolved in di-
chloromethane to a concentration of 15 mg/mL (40 vol:vol) and ana-
lysed by gas chromatography combined with mass spectrometry (GC/
MS-GC system: Trace Ultra — Thermo Scientific; MS system: DSQ II —
Thermo Scientific).

The reactor outlet gas was sampled at the end of the set of operating
conditions using a tedlar bag. The analysis of the gaseous products was
performed off-line using a GC Agilent 7890A composed of three chan-
nels: a channel HayeSep Q with a thermal conductivity detector (TCD)
to measure H, (N as the carrier gas), a channel HayeSep Q with TCD to
measure O,, N5, CO, CO,, SH,, and C1-C2 hydrocarbons (He as the
carrier gas), and a channel molecular sieve 5A with a flame ionisation
detector to measure the C1-C7 hydrocarbons (He as carrier gas). The
gas composition was characterised by Agilent’s Refinery Gas analysis
method.

Once each experiment completed, the used catalyst was collected,
separated from SiC by sieving and washed in toluene using a Soxhlet
extractor. The separation of SiC was not completely efficient, observing
a residual amount of this compound in the used catalyst samples, al-
ways in the same range for all the catalysts tested. The washed catalyst
samples were characterised using the same analytical methods as em-
ployed for the fresh catalyst samples.
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2.3. Hydrotreating effectiveness and catalyst selectivity

The hydrotreating effectiveness of the catalysts was mainly de-
termined based on their HDS and HDN efficiencies. These parameters
can be estimated according to the following equation:

(XO - (Xp'n)) 100

HDX (%) =
@ Xo ®

X= S, HDS/ X= N,HDN

where ‘Xy,’ and ‘Xp’ represent the sulfur/nitrogen content of the
feedstock and the liquid product, respectively (wt.%-ppm), and ‘n’ re-
presents the process yield, which is defined as the quotient between the
masses of organic product obtained during the reaction and the feed
rate.

In the case of co-processing, it was possible to estimate the se-
lectivity of the catalyst to the HDO or HDC/HDCn pathways, taking into
account the paraffins with an even and an odd number of carbons in
their chain, according to the following equations:

A(even paraffins)

HDO [%] = - :

A(total paraffins [even + odd]) 2)
HDC [%] = A(odd paraffins) 100

A(total paraffins [even + odd]) 3

where ‘A(even paraffins)’ and ‘A(odd paraffins)’ represent the paraf-
fins resulting from triglyceride hydrotreatment that formed following
the HDO (mainly nCi4, nCy6, nCqg, and nCyy) and HDC/HDCn (mainly
nCi3, nCys, nC;7, and nCqg) pathways (wt. %), respectively, and ‘A(total
paraffins [even + odd])’ represents the total paraffins formed only by
the hydrotreatment of RSO (wt.%). These values are just a mathema-
tical estimation that assumes that during co-processing there was no
significant interaction between AGO and RSO.

3. Results and discussion
3.1. Catalyst characterisation

As seen from the results of the fresh catalyst characterisation
(Table 2), metal impregnation occurred similarly for all the catalysts.
An exception to this was observed in the case of Mo with a higher
concentration in the CoMoCx samples. Moreover, the Al,Os-supported
materials always showed higher BET surface areas (Sggr), which was in
line with previous experiments [18] and could be related to the high
activity of the catalysts. According to the elemental analysis, the car-
burisation was slightly more effective in the case of the CoMoCx cata-
lysts, showing higher carbon contents. In the case of nitrogen, only a

H2/N2Inlet
0
Reactor 5 <
7117 Outlet Gas

Pump
Feed aﬂ

Gas- liquid separator

Sample collector

Fig. 1. Scheme of the bench-scale unit used for the hydrotreating experiments.
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Table 1
Chronological description of the reaction conditions of the screening experi-
ment.

No. TOS (Time on T (Temperature) WHSV Feed* Feed
stream) (h) 49) () flowrate (g/

h)

1 0-40 330 2 AGO 16

2 40-64 340 2 AGO 16

3 64-88 350 2 AGO 16

4 88-112 330 2 AGO 16

5 112-136 330 2 AGOR_5 16

6 136-160 330 2 AGOR_10 16

7 160-184 330 2 AGOR 25 16

8 184-208 330 2 AGO 16

9 208-256 330 1 AGO 8

*AGOR_X: mixtures of AGO and RSO, X = content of RSO (wt.%)

Table 2
Characterisation of the fresh catalyst samples.
Catalyst NiMoCx/ CoMoCx/ NiMoCx/TiO, CoMoCx/TiO,
Al,03 Al,O3
Sger (m?/g) 146 141 76 75
Metal ICP-OES -
(%)
Mo 13.0 15.2 12.8 15.8
Ni 2.0 - 1.9 -
Co - 2.1 - 2.4
Al 38.0 40.7 - -
Ti - - 43.7 41.8
sp*/Mo (wt.%/wt.  2.92 2.68 3.41 2.65
%)
Elemental analysis -
(%)
C 0.77 0.86 0.73 0.84
N 0.05 0.05 0.05 0.05
Mo/C ratio 0.21 0.22 0.22 0.24

* sp = support precursor metal

small amount was detected, which might mean an insignificant amount
of nitride compounds in the fresh catalyst samples.

In the case of the used catalysts (Table 3), the main effect observed
owing to the hydrotreating was significant carbon deposition on the
catalyst surface caused by coking. This carbon deposition may be the
reason for the significant reduction in Spgy, which could affect the
hydrotreating effectiveness of the catalysts [27]. In general, the used
catalyst samples showed an increase in sulfur content up to 1.32 wt%,
what means partial sulfidation of the catalyst surface (residual Mo/Co/
Ni oxides) during the AGO hydrotreatment. This was previously de-
scribed in references [12] and does not negatively affect the catalyst
activity, resulting in additional active sites for the hydrotreatment re-
actions. Based on previous experiments with MoCx and MoNx catalysts,
metal (Mo or Ni/Co) leaching could be attributed to the mechanical
attrition of the catalyst samples during their removal from the reactor.

Fig. 2 (a-d) shows the pore size distribution obtained via mercury
porosimetry. The increase in carbon content owing to coking was also
observed in the pore size distribution. The used catalysts were char-
acterised by a decreased pore volume and mean pore diameter. In the
case of the pore volume, the maximum decrease was observed in the
Al,O3-supported catalysts, what was in a good agreement with the
changes observed in the Sger (Table 2 and Table 3), as described above.
However, a higher decrease in the mean pore diameters was detected
for the TiO,-supported catalysts with an almost 24% loss compared
with that of the fresh samples (from 23.4 to 24.5 to 18.4-18.7 nm). In
agreement with the sulfur results from the elemental analysis of the
used TiO»-supported catalysts (1.28-1.32%), this could be explained by
the partial sulfiding of molybdenum, molybdenum oxides, or the cor-
responding used metal promotors, suggesting the formation of sulfide
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compounds (MoSx, etc.) [28].

XRD analysis was performed for the fresh and used catalyst samples
to characterise and identify their main crystalline phases. Fig. 3 shows
the XRD diffractograms of the fresh and used catalyst samples, with the
main phases detected.

According to the XRD diffractograms, all catalyst samples showed
an almost amorphous carbide phase, where the peaks that correspond
to the used support, Al,03; (PDF 00-046-1215), or TiO, (PDF 00-004-
0477) could be easily detected. In the same way and according to the
carbon content of the fresh samples, these catalysts showed the char-
acteristic peaks that correspond to Mo,C (PDF 01-077-0720/04-001-
2996), suggesting successful carburisation during the catalyst synthesis.
The XRD diffractograms of the used catalysts were slightly different,
showing the presence of MoS, (PDF 04-017-0898) or CogSg (PDF
00-056-0002), as a result of partial sulfidation of the catalyst surface,
as previously described. Finally, the presence of the SiC phase (PDF
00-001-1118) was due to the catalyst dilution with SiC that was per-
formed during the reactor bed loading.

3.2. Catalyst activity

Here, the reaction products and catalyst selectivity are described,
followed by the influence of the operating conditions and RSO co-
processing on the product properties and catalyst activities. In the same
way, Co and Ni promotor effects were analysed, including the product
density and HDS/HDN efficiencies, from the MoCx/Al,03 and MoCx/
TiO, catalysts [18] for the discussion of the results.

3.2.1. Reaction products and catalyst selectivity

To evaluate the products formed during the hydrotreatment reac-
tions, it was necessary to determine the mass balance during a blank
run (processing of 100 wt% AGO) and co-processing (AGO/RSO: 95/5,
90/10 and 75/25 wt%). The results of the mass balances for the
NiMoCx/Al,O3 catalyst are shown in Table 4. The complete mass bal-
ance results are shown in Table S1 of the supplementary data.

For all experiments, the mass closure was always higher than 96%
with an average value of 97.9 = 0.6%, which suggested good mass
balancing and a high reproducibility of the obtained results. The errors
in the mass balances could be attributed to the use of a low-accuracy
gas flow meter or liquid product losses during sampling. The increase in
the reaction temperature produced an increase in the output gas and a
decrease in liquid output. This effect could be caused by the slight
promotion of cracking catalyst activity, as with commercial sulfide
catalysts [29]. During the AGO/RSO co-processing, the added RSO was
mainly converted into paraffins and CO,, C3Hg, and CH,4 gases. This

Table 3
Characterisation of the used catalyst samples.
Catalyst NiMoCx/ CoMoCx/ NiMoCx/TiO,  CoMoCx/TiO,
AlLO; ALO;
Sper (M2/g) 105 109 57 42
Metal ICP-OES -
(%)
Mo 8.4 9.5 8.9 9.8
Ni 1.3 - 1.0 -
Co - 1.4 - 1.3
Al 30.4 32.6 - -
Ti - - 41.9 28.3
sp*/Mo (wt.%/wt.  3.62 3.43 4.71 2.89
%)
Elemental analysis -
(%)
C 6.37 6.03 3.27 5.25
N 0.05 0.05 0.05 0.05
S 0.05 0.05 1.28 1.32
Mo/C ratio 0.02 0.02 0.03 0.02

* sp = support precursor metal
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Fig. 2. Pore diameter distribution of the catalyst samples (fresh and used), as measured by mercury porosimetry.
A5 i Table 4
units
" 3 ] Mass balances during the blank run and RSO co-processing with the NiMoCx/
U-CoMoCx/TiO, | 8 , 3| Al,O3 catalyst.
.
F-CoMoCX/TiO; - \ - NiMoCx/Al,053 (%) Feedstock Gas input  Liquid Gas output  Mass
- o * i input output closure
\w
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3 |F-NiMoCx/TiO, I N Y 1 340 °C-2 h 85.3 14.7 85.2 14.8 98.4
© U-ColtoCxiALO 9| 350 °C-2 h~? 84.9 15.1 84.6 15.4 98.6
. Lo\ Co-processing -
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26 it was not possible to extract and quantify water owing to its high

Fig. 3. XRD spectra of the fresh (F) and used (U) catalyst samples. Red lines
indicates the main phases detected.

caused an increase in gas outlet, which was particularly significant at
25% RSO co-processing. In general, these results can be extended to the
other mass balances shown in Table S1.

Assuming that the AGO hydrotreatment provides a similar liquid
product distribution during the blank run and the co-processing, an
estimation of the product yields derived from the RSO hydrotreatment
was possible. Thus, the triglycerides in RSO were mainly converted to
hydrogenated vegetable oil (HVO; composed of paraffins, iso-paraffins,
and olefins) in the range of 85.2-92.7 % and to light gases in the range
of 3.10-5.80 % for all the tested catalysts. Liquid water was observed as

dispersion in the sample vessel, which affected the accurate quantifi-
cation of the organic and water phases.

To identify the main products in the desulfurised gasoil, the organic
phase of the liquid products was analysed by Simdis. In the case of the
blank run, a similar paraffin profile was obtained regardless of changes
in the reaction temperature or WHSV. This indicated that the operating
conditions did not significantly affect the composition of the de-
sulfurised gasoil. Figure S1 in the supplementary data shows the boiling
point distribution of each catalyst for the different tested operating
conditions. However, this was not the case during co-processing. The
paraffins from RSO deoxygenation caused a significant increase in the
diesel fraction content. Fig. 4 shows the distribution of organic products
from the co-processing of AGO/RSO (95/5, 90/10, and 75/25 wt%).
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75/25 wt%).

As expected, the main products derived from triglyceride deox-
ygenation included n-C;5 to n-C;g paraffins [30], which were more
significant in the case of AGO/RSO at 75/25 wt%. For all the used
AGO/RSO ratios and catalysts, the peak that corresponded to the n-C;g
compound (317 °C) always showed a higher increase. This suggested
that, at the operating conditions used during co-processing (330 °C,
2 h™!, and 5.5 MPa), the supported NiMoCx and CoMoCx catalysts
promoted the HDO pathway instead of the HDC/HDCn reactions. This
catalyst selectivity might mean a higher H, consumption and a lower
CO, production during RSO co-processing. These results were in
agreement with previous experiments of vegetable oil hydrotreating
[31] or co-processing on supported MoCx and MoNx catalysts [18].

Similar to previous experiments, when TiO,-supported catalysts
were used during the co-processing of AGO/RSO at 75/25 wt% (Fig. 4
c—d), white solid particles with desulfurised gasoil were detected. These
particles, considered to be ‘waxes’ [10], may consist of intermediate
products of the deoxygenation of triglycerides to paraffins. This sug-
gested that the TiO,-supported catalysts were not able to carry out the
complete conversion of the triglycerides to paraffins.

To quantify the catalyst selectivity for the HDO and HDC/HDCn
pathways, the organic phase of the desulfurised gasoil obtained during
the 75/25 wt% AGO/RSO co-processing was analysed via GC/MC.
Thus, taking into account the paraffins with odd and even carbon atoms
in the range of n-C;5 to n-Cyg, the catalyst selectivity was determined
according to Equations (2) and (3). Table 5 shows the catalyst se-
lectivity obtained for the 75/25 wt% AGO/RSO co-processing for each
tested carbide catalyst.

These results correspond to the mathematical estimation. For more
accurate determination, it is necessary to identify the origin of each
paraffin formed due to co-processing. Due to the complexity of such a
characterisation, that type of analysis was not possible to perform
during these experiments. In concordance with the Simdis results, all
the tested catalysts showed strong preference for the HDO pathway.
This effect was significantly higher when using the TiO,-supported
catalysts and could be explained by the larger pore distribution com-
pared with that of the Al,Os-supported catalysts [30]. In the case of the
same support, a higher preference for the HDO pathway with Co pro-
moted catalysts was observed.

As described in the experimental section, the output gas was sam-
pled and analysed off-line. In general, during the blank run or the AGO/
RSO co-processing, the main compound of the off-gas was H,, and it
was always in the range of 98-99 %. In the case of co-processing, this
value was slightly lower due to a higher production of light gases, such
as CHy4, C3Hg, or CO,. The distribution of gas products (calculated
without H,) during the blank run was in the following order: CHy in a

Table 5
Catalyst selectivity of each tested carbide catalyst.
Selectivity to: NiMoCx/ CoMoCx/ NiMoCx/TiO,  CoMoCx/TiO,
Al,O3 Al,O3
HDO pathway (%) 66.5 69.6 73.9 78.3
HDC/HDCn 33.5 30.4 26.1 21.7

pathways (%)
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range of 65-75 %, C3Hg at 1.0-2.5%, and C,Hg at 0.8-1.6%. As ex-
pected, the production of these gases was dependent on the operating
conditions, increasing at higher temperature or lower WHSV, similar to
conventional sulfide catalysts [5]. However, the concentrations of these
compounds were not significant, especially for the heavier ones. Al-
ternatively, in the case of co-processing, the distribution of gas products
changed by increasing the content of RSO in the following order: C3Hg
(6.1-23.6%), C3Hg (1.2-18.3%) and CO, (0.5-9.5%), depending on the
tested catalysts. To study the production of these light gases, it was
possible to calculate them on the bases of mass balance. Fig. 5 shows
the C3Hg, C3Hg, and CO, production (g/kg of processed feedstock) as a
function of the RSO concentration in the feedstock at 330 °C and 2 h™*
WHSV. However, it was not possible to evaluate the CH4 production or
the H, consumption during AGO processing or AGO/RSO co-processing
due to the frequent change in composition during the refinery standard
gas supply (Ha: 98.5-99.5 vol% and CH,4: 0.5-1.5 vol%).

According to these results, the main effect of the vegetable oil on the
gas production was a significant increase in C3Hg, particularly when
using Al,Os-supported catalysts. This by-product, with a high added
value as biogas, increased almost linearly with the RSO content, which
is plausible considering the triglyceride deoxygenation pathways [32].
Moreover, as the CsHg increased, a linear increase in C3Hg in the off-gas
was detected. In concordance with previous studies of catalytic deox-
ygenation of fatty acids and their derivatives [33], the presence of C3Hg
could acts as a precursor of C3Hg, which in the presence of H, will be
rapidly hydrogenated to CsHg. However, the apparent low activity of
TiOs-supported catalysts during the co-processing was not sufficient to
convert all C3Hg to C3Hg, keeping it as an “intermediate” gas product.
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This was in line with the already described production of waxes, which
was observed during the co-processing of 75/25 wt% AGO/RSO on
TiOs-supported catalysts.

The C3Hg production was always higher for the TiO,-supported
catalysts, regardless of the promotor used and in the same range as
C3Hg production. In the case of the Al,Os-supported catalysts, both
catalysts showed similar C3Hg production at lower ratios of AGO/RSO
co-processing. However, at an AGO/RSO ratio of 75/25 wt%, CoMoCx/
Al,0O3 showed less deoxygenation activity, increasing its production or
selectivity to C3Hg, which may have indicated the higher effect of RSO
addition on its hydrotreating effectiveness. This is in strong agreement
with previous research on the use of Co-Mo and Ni-Mo sulfide catalysts
for co-processing, suggesting that the Ni-Mo sulfide catalyst is a better
choice for co-processing of vegetable oils [34,35]. Moreover, a sig-
nificant increase in CO, during the co-processing also occurred. This
side product of the HDC reaction [32] showed a higher production in
the case of the TiO,-supported catalysts, which could be justified by the
lower hydrogenation activity of these catalysts. However, the lower
production of CO, in the case of the Al,O3-supported catalysts could be
due to the higher methanation activity of both tested catalysts, resulting
in CH4 production.

3.2.2. Influence of the operating conditions and RSO co-processing on the
product properties

As previously mentioned, changing the operating conditions and the
addition of RSO to the feedstock resulted in significant changes in the
product properties, mainly in the density and bromine index. Table 6
shows the characterisation of AGO and RSO used during the co-
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Fig. 5. Light gas production per kg of feedstock during AGO/RSO co-processing at 330 °C, 5.5 MPa and 2 h™! WHSV. Results at 0 wt% RSO corresponds to 100 wt%

AGO hydrotreatment.
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Table 6
Basic feedstock properties.

Property AGO RSO Standard test method
Density at 20 °C (kg/m®) 853.6 914.4 ASTM D 4052
Refractive index at 20 °C 1.4763 1.4723 ASTM D 1218
S content (wt.%.-ppm) 1.10 wt% 2.50 ppm ASTM D 1552
N content (ppm) 239 1.60 ASTM D 5291
Acid number (mg KOH/g) 0.04 0.20 ASTM D 664
Bromine index (mg Br/g) 8211 30,460 ASTM D 1492
Elemental analysis (%) - 1SO 29,541
C content 86.4 75.5
H content 13.5 11.7
Simdis (wt.%) - ASTM D 2887
10 221 597
30 280 606
50 309 609
70 336 612
90 374 613

processing.

As expected, both feedstocks showed the common characteristics of
a middle distillate or vegetable oil, respectively. During hydrotreating,
the density of the products changes. Fig. 6 shows the effect of the op-
erating conditions on the density at 20 °C. Fig. 6 c—d shows the product
densities from Mo, Co-Mo, and Ni-Mo carbide catalysts in relative
terms.

By analogy to conventional sulfide catalysts, a significant increase in
the reaction temperature contributed to a decrease in the product
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density [27]. This may mean an increase in hydrogenation/hydro-
cracking activity. A similar behaviour was detected with a decrease in
WHSV. For all the tested operating conditions, the Al,Os3-supported
catalysts always produced desulfurised gasoil with a lower density. This
behaviour was also shown in comparison with that of monometallic
catalysts (Fig. 7 c—d). As shown by the results, the addition of Ni or Co
as a promotor resulted in a product with a lower density, indicating an
increase in the hydrogenation/hydrocracking activity of the catalysts.
However, an exception to this behaviour was found for CoMoCx/TiO,,
which produced a desulfurised gasoil with a higher density. This could
be related to the lower hydrogenation activity of this catalyst, despite
the Co promotor effect.

In the case of co-processing, the influence over the density decrease
was highlighted. This effect was due to the lower densities of the par-
affins that proceeded from RSO deoxygenation compared with those of
common gasoil compounds [36]. Fig. 7 shows the effect of vegetable oil
addition on the density at 20 °C for the supported Mo, Co-Mo, and Ni-
Mo carbide catalysts.

In general, for all the tested catalysts, the product density decreased
linearly with an increase in the RSO content. Thus, the Al,O3-supported
catalysts resulted in the products with the lower density. This could
mean a higher hydrogenation/hydrocracking activity for these catalysts
during co-processing. However, at high ratios of RSO, the CoMoCx/
Al,O3 catalyst produced a desulfurised gasoil with a higher density than
expected, taking into account the results provided by the NiMoCx/
Al,O3 catalyst. This behaviour, which is in line with the increase in
C3Hg detected for the AGO/RSO co-processing at 75/25 wt% (Fig. 5),
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Fig. 7. Densities measured at 20 °C for the co-processing of different AGO/RSO mixtures at 330 °C, 5.5 MPa and 2 h~! WHSV (a) and comparison of product densities
from Mo, Co-Mo and Ni-Mo carbide catalysts at the same operating conditions (b). Results at 0 wt% RSO corresponds to 100 wt% AGO hydrotreatment.

may mean a decrease in the hydrogenation efficiency for the CoMoCx/
Al,O3 catalyst at higher AGO/RSO ratios. Moreover, upon comparing
the product densities for the mono- and bi-metallic catalysts, a higher
influence of co-processing in the promoted catalysts was detected, re-
sulting in products that had a higher density. An exception to this be-
haviour was the NiMoCx/Al,O3 catalyst, which always produced the
product with the lowest density.

While no significant changes were observed in the elemental ana-
lysis or acid number of the desulfurised gasoil due to the RSO co-pro-
cessing, this was not the case for the bromine index. This parameter,
which is related to the saturation of double bonds, indicated changes in
the hydrogenation efficiency of the carbide catalysts owing to the in-
fluence of the operating conditions or RSO co-processing. Fig. 8 shows
the bromine index of the desulfurised gasoil under different operating
conditions.

When the reaction temperature increased, each catalyst showed a
different behaviour owing to its support or promotor metal. In this way,
the NiMoCx/Al,Oj catalyst showed a decreasing trend with an increase
in the temperature, which is in accordance with the conventional cat-
alysts used for hydrotreatment [37]. In contrast, CoMoCx/Al,O3
showed an initial decrease in the bromine index at 340 °C followed by
an increase at 350 °C, similar to the TiO»-supported catalysts. This
discrepancy in the expected behaviour may mean a decrease in the
hydrogenation efficiency at that particular reaction temperature,
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increasing the content of unsaturated compounds in the organic liquid
product. Additionally, a decrease in the WHSV resulted in an increase in
the bromine index. This was opposite to what was expected and could
be induced by the deterioration of the hydrogenation efficiency of the
catalysts at the end of the experiment. Thus, the carbon deposits de-
tected in the used catalysts (Table 3) hardly affected the Sggr and the
porous structure of the catalysts, blocking the active sites and de-
creasing their activity.

Analogous to the operating conditions, the addition of RSO also
affected the saturation of the desulfurised gasoil. Fig. 9 shows the de-
pendence of the RSO content on the bromine index during the AGO/
RSO co-processing.

The addition of RSO affected the hydrogenation efficiency more
significantly than in the case of the operating conditions. Thus, an in-
crease in the bromine index with RSO content was observed. An ex-
ception to this behaviour was observed with the NiMoCx/Al,O3 cata-
lyst, which at lower AGO/RSO ratios showed a decrease in the bromine
index. In agreement with the density results, this may indicate better
stability of this catalyst during co-processing, maintaining the hydro-
genation efficiency during AGO processing.

3.2.3. Influence of the operating conditions and RSO co-processing on the
HDS/HDN efficiencies
The addition of RSO increased the presence of heteroatoms in the
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Fig. 8. Bromine indices measured for the hydrotreating of 100 wt% AGO at different operating temperatures (a) and WHSVs (b).
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to 100 wt% AGO hydrotreatment.

feedstock. This could significantly affect the HDS and HDN efficiencies
of the catalysts (Equation (1)). As described above, first, the influence
of the operating conditions during the AGO processing are described;
then, the effect of RSO addition was analysed. Fig. 10 shows the HDS
and HDN efficiencies during the blank run under different operating
conditions.

As expected, an increase in the operating temperature (from 330 to
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350 °C) caused a significant improvement in the HDS/HDN efficiencies
[38]. In concordance with previous results [18], the Al,O3-supported
catalysts showed the highest HDS efficiency. This was particularly
significant in the case of the CoMoCx/Al,O3 catalyst with a HDS effi-
ciency up to 80%. In the case of HDN efficiency, the observed behaviour
was slightly different. Thus, while CoMoCx/Al,O3 again showed the
highest efficiency, the TiO,-supported catalysts showed a higher HDN
efficiency than NiMoCx/Al,03. A similar behaviour was observed in the
case of changing the WHSV. Thus, the catalysts always showed higher
HDS/HDN efficiencies at lower WHSV. This was particularly significant
in the case of the NiMoCx/Al,Oj3 catalyst with a HDS efficiency increase
up to 30%.

Upon comparing the HDS/HDN efficiencies of mono- and bi-me-
tallic catalysts, it is possible to claim that Co and Ni addition sig-
nificantly improves the HDS efficiency [12,23]. However, this was not
the case for the HDN efficiency, and we observed higher values in the
case of MoCx catalysts at higher operating temperatures or lower
WHSV.

In the case of co-processing, the behaviour of each catalyst was
different owing to the amount of RSO added into the feedstock. Fig. 11
shows the effect of RSO co-processing on the HDS and HDN efficiencies.

As in the blank run, the bimetallic Al,O3-supported catalysts always
showed a higher HDS efficiency than the TiO,-supported catalysts.
Specifically, the CoMoCx/Al,05 catalyst again showed higher values for
RSO co-processing rates up to 10 wt%. However, at higher rates, its
HDS efficiency decreased in accordance with the product properties and
gas results previously described, which indicated a decrease in the
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Fig. 10. HDS and HDN efficiencies of Mo, Ni-Mo and Co-Mo carbide catalyst during the hydrotreatment of 100 wt% AGO at different operating temperatures (a and

b) and WHSVs (c and d).
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hydrogenation effectiveness. This could be due to the competition be-
tween the HDS/HDN reactions and the deoxygenation of triglycerides
[34], which occurs mainly at the AGO/RSO ratio of 75/25 wt%.
However, the behaviour of the NiMoCx/Al,O3 catalyst was different,
showing better HDS efficiency at higher ratios of RSO (up to 55% of the
HDS efficiency), suggesting a lower influence of the co-processing on its
hydrotreating effectiveness for sulfur removal. This observed effect
could be related to an inhibition of Co-Mo catalysts activity due to the
effect of side products derived from the deoxygenation (CO, CO,, and
H,0), analogous to the effect observed in the conventional CoMo/Al,O3
sulfide catalysts during the co-processing of vegetable oils [39].
Moreover, the TiO,-supported catalysts, despite exhibiting lower HDS
efficiencies, were less affected by RSO addition, exhibiting approxi-
mately the same HDS efficiency during co-processing.

In the case of the HDN reactions, the observed behaviour was dif-
ferent. Thus, while NiMoCx/TiO, and the Al,O3z-supported catalysts
showed a decrease in the HDN efficiency during co-processing, the
CoMoCx/TiO, did not, showing a slight increase in the hydrotreating
effectiveness for nitrogen removal. Upon analysing the HDS/HDN ef-
ficiencies for the mono- and bi-metallic catalysts during co-processing,
we can claim that the Ni- or Co-promoted catalysts were more affected
by RSO addition, particularly in terms of the HDN efficiency.

As described in the Experimental section (Table 1), experimental
sets number 1 (330/1), 4 (330/2), and 8 (330/3) were performed under

m NiMoCx/AI203
® NiMoCx/TiO2

the same operating conditions, i.e. 330 °C, 5.5 MPa, and 2 h~*. This was
done to compare the most noteworthy changes in the hydrotreating
effectiveness of the catalysts. Fig. 12 shows the HDS/HDN efficiencies
of the catalyst samples for the experimental condition sets of 1, 4, and
8.

According to the results, despite the coking observed on the catalyst
surface, the HDS/HDN efficiencies did not show a significant decrease.
This could be due to the partial sulfidation detected in the used cata-
lysts [12] (Table 3), what could balance the loss of activity owing to the
carbon deposit. Thus, after thermal treatment to eliminate the de-
posited coke on the catalyst surface, there could be plausible re-use of
the catalysts in a second experiment.

4. Conclusions

Four sulfur-free-supported (Al,0; and TiO,) Ni-Mo and Co-Mo
carbide catalysts were synthesised and tested during the hydrotreating
of atmospheric gasoil (AGO) and during its co-processing with rapeseed
oil (RSO) as possible alternatives to conventional sulfide hydrotreat-
ment catalysts. An increase in the operating temperature (from 330 to
350 °C) and a decrease in the feeding rate (from 2 to 1 h™!) led to a
significant improvement in the product properties (density and brome
index) and the hydrotreating effectiveness, which were particularly
significant for the CoMoCx/Al,O3 catalysts, with a hydrodesulfurisation
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efficiency of up to 80% at 350 °C. For co-processing, all the catalysts
mainly promoted the hydrodeoxygenation pathway (65-72%) to the
detriment of the (hydro)decarboxylation/decarbonylation reactions
(22-34%) during the triglyceride deoxygenation (AGO/RSO of 75/
25 wt%), which meant a strong selectivity of the NiMoCx and CoMoCx
catalysts towards C-O/C = O cleavage instead of towards C—C scission.
Based on the Simdis results, the Al,Os-supported carbide catalysts
completely converted the triglycerides into paraffins, resulting in a
significant decrease in the product density at higher RSO ratios in the
feedstock. In terms of hydrotreating effectiveness, the CoMoCx/Al,03
and NiMoCx/Al,0O3 catalysts were found to be the most efficient for
hydrodesulfurisation at lower (AGO/RSO of 90-95/5-10 wt%) and
higher (AGO/RSO of 75/25 wt%) ratios of RSO. Therefore, our results
have shown that improving the catalytic properties of sulfur-free alu-
mina supported Mo Carbides with Ni/Co promoters, make them pro-
mising alternatives to conventional catalysts for the hydrotreatment of
the middle distillates with vegetable oils.
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