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ABSTRACT: Sulfur-free molybdenum carbides have the potential to = Fdrotreating of atmospheric gasoil using PHOCYALO, catalysts
replace the conventional sulfided catalysts used for hydrotreating. For these

catalysts, it is not necessary to add sulfur to maintain their activity. This 55
fact makes it worthwhile to continue working on improving their
hydrotreating efficiency. According to our previous studies, the addition
of Co or Ni promotes the hydrotreating activity, but only significant in the
case of hydrodesulfurization efficiency (up to 30%). To increase the
hydrodenitrogenation efficiency, other promoters, such as phosphorus, can
be added. However, most of the published studies do not focus on co-
processing or only on hydrotreating of gas oil model molecules at a 3
laboratory scale. In this paper, we build on our previous research by
studying five sulfur-free phosphorus-modified MoCx/Al, Oy catalysts (0.5, 00 05 10 20 25 30 35 40 45
1.5, 2.5, 3.5, and 4.5 wt %) for the hydrotreating of atmospheric gas oil and PRESPRGTLS CONENE on malybdenum carice cetlyse (1)
co-processing with rapeseed oil (S, 10, and 25 wt %) under industrial

conditions (330—350 °C, 5.5 MPa, WHSV 1-2 h™"). A phosphorus content up to 1.5 wt % promoted the hydrodesulfurization (S—
10%) and the hydrodenitrogenation (10—25%) efficiencies of catalysts. Moreover, the triglycerides addition did not significantly
decrease the catalyst activity during co-processing. Therefore, our results enable us to define the range of phosphorus addition that
enhances MoCx activity using industrial conditions and commercial feedstocks, pointing the way to develop a suitable and sulfur-free
alternative to conventional hydrotreating catalysts.
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1. INTRODUCTION plays an essential role in DO, particularly in pathway selectivity
and product distribution.

Conventional hydrotreating catalysts (sulfide CoMo/ALO;
and NiMo/Al,O;) work for co—processing.“_14 However, it is
necessary to increase the amount of biomass consumed by co-
processing to fulfill the ambitious new EU target. The problem
is that an increase in biomass co-processing (ie, >20 wt %.)
significantly reduces the efficiency of conventional catalysts
due to the sulfur leaching phenomenon on the catalyst

The Renewable Energy Directive (RED) of the European
Union (EU) establishes an overall target of 32% for renewable
energy sources consumption by 2030. This target mandates the
development of green and sustainable biofuels capable of
replacing conventional petroleum fuels.

The co-processing of petroleum fuels with vegetable oils in
hydrotreating units is an interesting and promising route to

high-quality biofuel production.'™ The co-processing ap- surface.'>'® Therefore, it is necessary to find and develop new

proach has several built-in advantages, including full materials that can overcome this problem.

compatibility with current engines, flexibility in the use of Sulfur-free supported carbide, nitride, or phosphide catalysts

feedstock, and low additional costs, all of which make it (MoCx, MoNx, or MoPx)'”~** appear to be better candidates

suitable for application in existing refineries.””’ for co-processing than conventional ones due to the fact of no
Co-processing implies not only the hydrodesulfurization sulfur needed to maintain its activity. Moreover, several

(HDS) and hydrodenitrogenation (HDN) of middle distillates studies” ™" have reported significant catalyst activity in the

but also the deoxygenation (DO) of triglycerides.” DO occurs

by a combination of three pathways in the presence of H,:”"" Received: December 30, 2020

hydrodeoxygenation (HDO), (hydro)decarboxylation, and Accepted: March 4, 2021

(hydro)decarbonylation (DCO). These routes all result in Published: March 12, 2021

linear paraffins with an even (HDO) or odd (DCO) number of
carbon atoms (n-Cy5 to n-C;g) plus water and light gases
(C3Hg, CO,, and CO) as side products. The catalyst selected
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Table 1. Characterization of Fresh PMoCx Catalyst Samples after Passivation

catalyst MoCx PMoCx 0.5 PMoCx 1.5 PMoCx 2.5 PMoCx 3.5 PMoCx 4.5
Sper (m*/g) 143 160 171 141 142 130
metal ICP-OES (%)
Mo 20.1 17.8 20.6 19.6 18.6 19.6
P 0.0 0.6 1.7 2.7 3.5 5.0
Al 36.7 43.0 41.0 37.2 37.0 36.9
P/Mo (wt %/wt %) 0.00 0.03 0.08 0.14 0.19 026
elemental analysis (%)
C 1.02 0.86 0.96 0.85 1.07 0.99
N 0.05 0.05 0.05 0.05 0.05 0.05
case of triglycerides processing. However, conventional [
sulfided catalysts seem to be more efficient in hydrotreating J Otunis

yet." Thus, it is mandatory to improve the HDS and HDN
efficiencies of sulfur-free catalysts to be considered as a suitable
alternative to conventional ones.

As described in previous studies,**” simple means of
increasing the activity of sulfur-free catalysts is to add Co or Ni
to the catalyst structure. This addition results in a significant
increase in HDS, but the HDN is still low. In this sense,
phosphorus can be used as an additive to increase catalyst
acidity, which promotes active phase surface dispersion, and
consequently, the HDN efficiency of MoCx catalysts,” ™" via a
synergistic effect on the active catalyst components.*”

Most of these published studies only involve gas oil model
molecules, such as thiophene or dimethyl dibenzothiophene.
The knowledge gap is even more significant in co-processing
studies, without a relevant number of papers. Here, we fill this
knowledge gap by carrying out the detailed research on the
hydrotreating of atmospheric gas oil and its blends with
rapeseed oil under standard industrial conditions using sulfur-
free supported PMoCx catalysts.

In this work, we build on our previous research®** by
studying five sulfur-free, Al,Oz-supported MoCx catalysts
containing 0.5, 1.5, 2.5, 3.5, and 4.5 wt % phosphorus for
the hydrotreating of atmospheric gas oil (AGO) and co-
processing with rapeseed oil (RSO: S, 10, and 25 wt %) under
industrial conditions of 330—350 °C, 5.5 MPa, and a weight
hourly space velocity (WHSV) of 1-2 h™'. The PMoCx
catalysts’ properties are characterized in terms of metal
content, Hg porosimetry, H, physisorption, elemental analysis,
X-ray diffraction (XRD), and temperature-programmed
desorption/reduction (TPD/TPR), and catalyst activity is
evaluated. The results enable us to define the range of
phosphorus addition that significantly improves the MoCx
catalyst’s activity without a significant loss of activity derived
from the vegetable oil addition.

3

2. RESULTS AND DISCUSSION

2.1. Catalyst Characterization. The phosphorus content
was increased from 0.5 to 4.5 wt % in increments of 1 wt %.
Table 1 shows the characterization of fresh catalyst samples
after passivation. The MoCx catalyst properties were already
described in a previous article.”*

Mo impregnation occurred similarly for all catalyst samples.
Elemental analysis shows a mean value of 0.96% C, which
indicates that the carburization procedure was successful. The
nitrogen content of the samples was small. The increase in the
phosphorus content leads to a decrease in specific surface area
(Sger)- This effect, which was observed in the Hg porosimetry
results (Figure 1) as well, together with a decrease in the mean
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Figure 1. Pore diameter distributions on MoCx and PMoCx catalysts
surface measured by Hg-porosimetry.

pore diameter (from 9.5 MoCx to 7.4 nm PMoCx 4.5), might
be due to pore-blocking of the catalyst support by P and Mo
compounds.”***” This fact should not affect catalyst activity
due to changes produced in other properties, as described later.

XRD analysis is not suitable for describing in detail
amorphous Al,O5-supported catalysts. However, this technique
allows identifying and determining the main phases present in
the samples. Figure 2 shows the XRD diffraction patterns of
fresh PMoCx catalysts after passivation, with the main phases
marked. As expected, the XRD results reveal catalyst samples
of low crystallinity with a dominant amorphous phase, wherein
the peaks corresponding to the Al,O; support (PDF 46-1215)
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Figure 2. XRD spectra of MoCx and PMoCx catalysts after
passivation. Marks indicate the main phases detected.
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are easy to detect. The absence of peaks corresponding to
MoO,/tugarinovite (26 = 26.0, 37.0, and 37.3; PDF 86-0135)
and the presence of MoCx-phases (cubic MoC; PDF 89-2868
and orthorhombic Mo,C; PDF 79-0744) suggest successful
carburization of MoO, and a well-dispersed MoCx phase. This
fact is consistent with the elemental analysis already described.
The addition of a high amount of phosphorus slightly
decreased the samples’ crystallinity, increased the dispersion
of MoCx-phase,”® and produced nonsignificant XRD signals
related to hexagonal and tetragonal-mixed phosphides phases
(20 = around 43.0; PDF 24-0771, PDF 89-5111).

NH;-TPD characterizes the acid sites on the catalyst
samples. In this way, the acid sites’ strength is related to the
NHj;-desorption temperature and the number of acid sites to
the NH;-desorbed quantity. For phosphorus-doped catalysts,
the evaluation of acid sites is crucial for a better understanding
of the changes in catalyst activity."”*" Analogous to conven-
tional sulfided catalysts, phosphorus addition influences the
catalyst acidity.”” Table 2 shows the amount of NH; desorbed
(mmol g™') and the corresponding temperature at maximums
obtained during NH;-TPD analyses.

Table 2. Amounts of NH; Desorbed and Temperature at
Maximum Obtained during NH;-TPD Analysis

catalyst parameter peak number total
MoCx  peak number 1 2 3
temperature at 177 253
maximum (°C)
quantity, NH; mmol g™'  0.255  0.101 0.356
PMoCx
05 temperature at 160 232 346
maximum (°C)
quantity, NH; mmol g~'  0.173 0256  0.108  0.537
PMoCx
Ls temperature at 175 260 367
maximum (°C)
quantity, NH; mmol g~'  0.312  0.171  0.057  0.539
PMoCx
2.5 temperature at 170 245
maximum (°C)
quantity, NH; mmol g™' 0261  0.364 0.625
PMoCx
3.5 temperature at 171 242
maximum (°C)
quantity, NHy mmol g™'  0.259  0.443 0.702
PMoCx
+5 temperature at 171 243
maximum (°C)
quantity, NH; mmol g™' 0301  0.391 0.692

The NH;-TPD results show that phosphorus addition
increased the number of weak (<200 °C) and moderate acid
sites (200—350 °C) of MoCx, with a maximum occurring at
3.5—4.5 wt % added phosphorus. Moreover, a phosphorus
addition of up to 1.5 wt % also enhanced the acid centers’
strength, increasing the number of strong acid sites (=350 °C).
Based on the previous research,”” the acidity increase could be
due to P—OH groups’ formation on the catalyst surface. These
changes in acid sites’ amount and strength may be responsible
for enhancing the hydrotreating activity,""?"‘m_44 which is
analyzed later in the manuscript.

H,-TPR analysis allows the evaluation of the effect of
phosphorus addition on MoCx reducibility. As in the case of
catalyst acidity, the study of the catalyst reduction is essential
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to understand the changes in hydrotreating activity due to
phosphorus addition. Table 3 shows the H, consumption
(mmol g™') and the corresponding temperature at maximums
obtained during H,-TPR.

The phosphorus addition affects the reducibility of MoCx,
but the effect depends on its concentration. A phosphorus
addition up to 1.5 wt % promoted the catalyst’s reduction,
which meant higher H, consumption at lower temperatures
(range of 305—360 °C). This fact might be related to a higher
site density, and consequently, improved catalysts’ activity."
The trend changed at the higher phosphorus concentration,
observing lower H, consumption for that range of temper-
atures and consequently lowers catalyst reduction. Thus,
according to H,-TPR results, PMoCx 0.5 and 1.5 catalysts
are expected to be the most active due to higher reducibility
over the range of temperatures used during processing. The
absence of peaks at 584 °C demonstrates good carburization of
the catalyst samples® as established by XRD (Figure 2) and
elemental analysis (Table 1).

2.2. Catalyst Activity. The addition of phosphorus
significantly influences the properties of the catalysts, such as
acidity and reducibility. Therefore, phosphorus addition should
also affect catalyst activity. This expectation is evaluated in the
following section, considering the reaction products, their
properties, and the crucial parameters of HDS and HDN
effectiveness during AGO hydrotreating and AGO/RSO co-
processing.

2.2.1. Reaction Products and Catalyst Selectivity.
Analogous to previous experiments with carbide and nitride
catalysts,”* the first part of this study involves determining
mass balance for each set of experimental conditions. Table S1
in the Supporting Information shows the mass balance results.

"Mass closure”, defined as the ratio between total outputs
and total inputs multiplied by 100, was above 97.0% in all cases
with an average of 97.4 + 0.60%. This fact confirms suitable
mass balance and reproducibility. As with MoCx,** an increase
in the reaction temperature or a decrease in the WHSV leads
to an increase in catalyst hydrocracking/hydrogenation
activity, reflected in the higher production of gases. Sulfur-
and nitrogen-containing species are the main compounds
removed from the gas oil during hydrotreating. Triglycerides
are converted into linear paraffins during co-processing with
the concomitant formation of C;Hg CO,, CO, and H,O
byproducts. This fact gives places a decrease in the yield of
heavier organics favoring gaseous compounds and water
production. This behavior was similar for all the tested
catalysts.

Paraffins formed during co-processing were evaluated by
Simdis. These compounds also were identified in detail and
quantified by GC/MS—GC analysis at the higher RSO content
(AGO/RSO = 75/25 wt %). Figure 3 shows the distribution of
organic products generated by Simdis upon AGO processing
under different operating conditions and upon co-processing
with 95/5, 90/10, and 75/25 wt % AGO/RSO ratios over 0.5
and 4.5 wt % phosphorus-containing catalysts. Figure S1 in the
Supporting Information shows the remaining Simdis analyses.

The Simdis results show the organic phase to be composed
mainly of linear paraffins. No significant differences in the
composition of hydrotreated gas oil due to operating
conditions (temperature or WHSV) or phosphorus content
in the catalysts were detected during AGO processing.

The linear paraffins content increases during co-processing
due to triglyceride DO. This change, which occurs mainly in

https://dx.doi.org/10.1021/acsomega.0c06336
ACS Omega 2021, 6, 7680—7692
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Table 3. H, Consumption and Temperature at Maximums of MoCx and PMoCx Catalysts after Passivation

catalyst parameter peak number total
MoCx peak number 1 2 3 4
temperature at maximum (°C) 381 398 433
consumption H, mmol g™* 0.237 0.272 0.099 0.608
PMoCx 0.5
temperature at maximum (°C) 119 357 386 531
consumption H, mmol g™* 0.021 0.319 0.223 0.075 0.638
PMoCx 1.5
temperature at maximum (°C) 305 340 467 513
consumption H, mmol g™* 0.126 0.352 0.149 0.024 0.651
PMoCx 2.5
temperature at maximum (°C) 363 379 505 543
consumption H, mmol g™* 0.260 0.083 0.239 0.017 0.599
PMoCx 3.5
temperature at maximum (°C) 335 446 528
consumption H, mmol g™* 0.293 0.178 0.132 0.603
PMoCx 4.5
temperature at maximum (°C) 343 472 526
consumption H, mmol g™* 0.286 0.213 0.106 0.605
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Figure 3. Simdis results of the organic phase produced upon AGO processing at operating conditions of 5.5 MPa, 330, 340, and 350 °C, and 1-2
h™! (a, b) and AGO/RSO co-processing at 330 °C, 5.5 MPa and 2 h™! with AGO/RSO ratios of 95/5, 90/10, and 75/25 wt % (c, d). The rest of

the results are available in the Supporting Information.

the n-C,5 to n-C g paraffin range, increases the diesel fraction
of the hydrotreated gas oil. A larger signal was detected for
octadecane (317 °C) than for heptadecane (302 °C), which
denotes a catalyst preference for the HDO pathway during
triglyceride DO. This behavior is similar to that of the MoCx

catalyst.”* No waxes or white particles were detected among

7683

the organic products during co-processing, which indicates the
complete conversion of triglycerides to paraffins.

A detailed analysis of the paraffin content in hydrotreated
gas oil by GC/MS—GC is needed to evaluate the role of
phosphorus addition in product distribution during co-
processing. Table 4 shows the n-paraffin and isoparaffin
content of the organic phase produced by AGO/RSO 75/25

https://dx.doi.org/10.1021/acsomega.0c06336
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Table 4. N-Paraffin and Isoparaffin Content of the Organic
Phase Obtained by AGO/RSO 75/25 Co-Processing Using
PMoCx 0.5 and 4.5 Catalysts”

PMoCx 0.5 PMoCx 4.5
carbon n-paraffin, isoparaffin, n-paraffin, isoparaffin,
atoms (w/w %) (w/w %) (w/w %) (w/w %)

9 0.06 0.07 0.0S 0.08
10 0.21 0.28 0.25 0.26
11 0.56 0.70 0.60 0.68
12 0.72 0.90 0.78 0.88
13 0.83 1.41 0.94 1.34
14 1.04 127 1.01 1.51
15 1.44 1.17 1.41 1.37
16 2.72 1.76 2.40 1.89
17 3.02 2.72 3.52 2.65
18 13.49 2.65 10.52 3.62
19 1.43 3.28 1.40 2.08
20 1.77 2.95 1.47 2.74
21 0.97 1.60 0.85 1.37
22 0.98 1.24 0.72 1.15
23 0.57 0.89 0.41 0.87
24 0.44 0.61 0.29 0.58
25 023 0.40 0.16 0.38
26 0.17 0.28 0.17 0.25
27 0.02 0.20 0.03 0.17
total C;5— 20.67 8.30 17.85 9.53
Cis
% HDO 78.0 72.0
% DCO 22.0 28.0

“The rest of the results are available in the Supporting Information.

co-processing over two different PMoCx catalysts. The HDO
and DCO selectivities were calculated according to eqs 1 and
2. The remaining analyses are included in Table S2 in the
Supporting Information.

These results confirm the promotion of the HDO pathway
observed in Simdis, but with a light enhancement of the DCO
pathway at higher phosphorus contents (from 22 to 28%).
Related to isomerization, catalysts with higher phosphorus
content also produced higher isoparaffins content (from 8.30
to 9.53%). These findings suggest that the increase in catalyst
acidity of MoCx might promote the hydrocracking and
isomerization activity of the catalysts.*>*

At the end of each stage, the reactor’s outlet gas was
analyzed to determine its composition. This fact enabled us to
evaluate the effects of operating conditions and RSO co-
processing on gas composition and the possible effect of the
phosphorus content. During AGO processing, the outlet gas is
primarily H, (98—99%) plus light gases such as CH,, C,Hj,
and C;Hg. CH, was the principal gaseous hydrocarbon product
(85—95%) followed by C,H, (1—3%), C3Hg (1—3%), and n-
butane (1—2%). In the same line as mass balance results, an
increase in temperature or a decrease in WHSYV increase the
production of the C,—C, gases. This behavior was similar for
all the tested catalysts. Although H, consumption and CH,
production could be determined from the mass balance data,
contamination of the H, source by the traces of CH, makes it
hard to achieve an accurate mass balance for these compounds.

The production of light gases is higher during RSO co-
processing than during AGO processing. This point is
particularly true in C;Hg C;Hg, and CO,, which are the
main gaseous side products obtained from the DO reaction.
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Figure 4. Propane (4a), propylene (4b), and carbon dioxide (4c) production per kg of feedstock during AGO/RSO co-processing at 330 °C, 5.5
MPa, 2 h™' WHSV. Results at 0 wt % RSO correspond to 100 wt % AGO hydrotreating.
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Table S. Basic Feedstocks Properties

property AGO RSO AGO/RSO 95/5 AGO/RSO 90/10 AGO/RSO 75/25 standard test method
density at 20 °C (kg m™) 851.3 914.5 854.6 857.5 867.0 ASTM D 4052
refractive index at 20 °C 1.4752 1.4756 1.4752 1.4752 1.4753 ASTM D 1218
S content (ppm) 11,200 23 10,600 10,100 8350 ASTM D 1552
N content (ppm) 239 22.9 210 195 170 ASTM D 5291
acid number (mg KOH g™') 0.04 0.18 ASTM D 664
bromine index (mg Br g™*) 8211 41,929 ASTM D 1492
elemental analysis (%) ISO 29541
C 86.0 75.6 85.5 85.0 83.4
H 12.9 11.5 12.8 12.7 12.5
o“ 0.0 12.9 0.6 1.3 3.2
Simdis (wt %) ASTM D 2887
10 221 597
30 280 606
S0 309 609
70 336 612
90 374 613
“Oxygen content has been mathematically estimated, taking into account the C, H, S, and N contents.
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Figure S. Organic phase densities measured at 20 °C for hydrotreating of 100 wt % AGO under different operating conditions (a, b) and during

AGO/RSO co-processing (c).

Apart from H,, the distributions were Cy;Hg (10—40%), CyH,
(2—10%), and CO, (0.5—5.5%). Figure 4 shows the C;Hj,
C;Hg, and CO, production (g kg™ of processed feedstock) as
a function of the RSO content in the feedstock at 330 °C and 2
h™'.

C;H; production is a linear function of the RSO content
(Figure 4a), consistent with the expectations of a triglyceride
DO pathway.'” However, changes in the phosphorus content
of the catalyst produced interesting differences in C;Hq
production. In this way, catalysts with up to 1.5 wt %

7685

phosphorus showed the highest C;Hg yields. To better
understand this fact, it is necessary to study the C;Hg
production (Figure 4b). C;H, can be considered as a C;Hg
precursor during the deoxygenation of triglycerides to n-
paraffins.*”® Its presence is an indicator of lower hydrogenation
activity because the catalyst cannot convert it to C;Hg. Thus,
catalysts that produce fewer C;Hg generate more C;Hj,
especially observable at higher RSO ratios in the feedstock.
According to these results, it seems that a moderate increase in
catalyst acidity in combination with higher catalyst reducibility
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Figure 6. ATR-IR spectra of RSO feedstock and 75/25 wt % AGO/RSO products at 330 °C, 5.5 MPa, 2 h™" WHSV.

positively affects the catalysts” hydrogenation activity, which in
this case was observable as higher C;Hj yields.

It is not easy to make a detailed analysis of CO, production
(Figure 4c) due to side reactions such as methanation or the
reverse water—gas shift reaction in the presence of H,.
However, the enhanced production of CO, by the PMoCx
2.5 and 3.5 catalysts suggests a higher promotion of the DCO
pathway by these catalysts, which is in line with the paraffin
results determined by GC/MS—GC (Table 4).

2.2.2. Product Properties and Hydrotreating Effectiveness.
This section evaluates the hydrotreated gas oil properties and
the HDS and HDN catalyst efficiencies to study in-depth the
effect of phosphorus addition on catalyst activity. The used
feedstocks were from the same batches in all experiments.
Table S shows their properties, consistent with expectations for
a middle distillate and vegetable oil or a mixture of both of
them.

Changes in temperature, WHSV, and RSO co-processing
alter the density and other parameters of the products. Figure
Sa—c shows the organic phase density obtained during AGO
hydrotreating under different operating conditions and differ-
ent AGO/RSO co-processing ratios. Higher reaction temper-
atures and lower WHSV’s promoted the catalyst’s hydro-
genation/hydrocracking activity, which manifests as a decrease
in product density. As in the case of propane production
during co-processing, the moderate increase in catalyst acidity
and higher reducibility due to phosphorus addition is
responsible for promoting the hydrogenation activity of
PMoCx catalysts. In this way, a phosphorus addition up to
1.5 wt % resulted in a lower product density. However, the
trend reverses at >1.5 wt % phosphorus, and the product
density increased.

Similar behavior was observed during co-processing. The
catalysts with up to 1.5 wt % phosphorus showed lower
densities than the others. In this case, the density decrease is
not only related to triglyceride conversion,*” which is assumed
to be complete and identical for all catalyst samples, as it
supports ATR-FTIR analysis*® (Figure 6). This fact is due to a
higher hydrogenation/hydrocracking activity of the AGO
fraction, which results in better processing in terms of aromatic
hydrogenation.

Other product properties, including elemental composition
and acid number, remain unchanged. Table 6 shows the
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Table 6. Elemental Analysis and Acid Numbers of Organic
Phase Obtained during PMoCx 0.5 Catalyst Testing”

carbon
content hydrogen acid number
PMoCx 0.5 (%) content (%)  (mg KOH g™')
330 °C 5.5 MPa 2 h™! 86.6 13.3 0.02
AGO 100
340 °C 5.5 MPa 2 h™! 86.6 13.3
AGO 100
350 °C 5.5 MPa 2 h™! 86.6 13.3
AGO 100
330 °C 5.5 MPa 1 h™* 86.5 134
AGO 100
330 °C 5.5 MPa 2 h™* 87.0 12.9 0.02
AGO/RSO 95/5
330 °C 5.5 MPa 2 h™* 87.0 12.9 0.02
AGO/RSO 90/10
330 °C 5.5 MPa 2 h™* 87.1 12.8 0.02

AGO/RSO 75/25

“The rest of the results are available in the Supporting Information.

elemental analysis and acid number results of the liquid
product obtained during PMoCx 0.5 testing at different
operating conditions and AGO/RSO co-processing ratios. The
remaining analyses are included in Table S3 in the Supporting
Information.

However, the content of sulfur and nitrogen compounds of
hydrotreated gas oil change significantly during the experiment
depending on the operating conditions, co-processing ratio, or
phosphorus amount in the catalyst. The HDS and HDN
efficiencies were determined using eq 3, as described in the
Materials and Methods. Figure 7 shows the HDS and HDN
efficiencies during AGO processing and AGO/RSO co-
processing at different catalyst phosphorus contents.

These results indicate there is a significant effect of
phosphorus addition on HDS and HDN efficiencies. Like
the effect observed in MoCx and MoNx catalysts already
described by the authors,24 the HDS/HDN efficiencies
increased at higher temperatures and lower feed rates. This
fact makes sense and is in line with the previous results
described. Regarding the phosphorus content of catalysts,
adding up to 1.5 wt % phosphorus significantly improved the
HDS efficiency. This fact was especially noticeable for the
PMoCx 1.5 catalyst, where it increased S—10%, depending on
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Figure 7. HDS and HDN efficiencies of MoCx and PMoCx catalysts under different operating conditions: 330—350 °C, 5.5 MPa, 1-2 h™' (a—d)

and during AGO/RSO co-processing at 330 °C, 5.5 MPa and 2 h™' (e, f).

operating conditions. The synergic effect is even higher for
HDN efficiencies,”> where the increase was 10—25%.
Analogous to previous results, there is a limit for the amount
of phosphorus added, beyond which the HDS/HDN
efficiencies begin to decrease. At this point, we conclude that
the addition of up to 1.5 wt % of phosphorus produces a
moderate increase in catalyst acidity and higher reducibility of
the actives sites, resulting in a synergic effect on hydrotreating
catalyst activity, mainly noticeable in HDS and HDN
efficiencies.*” However, higher amounts of phosphorus
deteriorate the catalyst activity. According to the literature
references, this effect could be due to phosphates compounds’
formation on the catalytic surface.”

In RSO co-processing, the vegetable oil addition alters the
catalyst activity pattern relative to that of AGO processing as a
function of added phosphorus. RSO addition uniformly
decreases HDS efficiency.'® However, small amounts (0.5—
1.5 wt %) of added phosphorus do increase HDS efficiency.
The HDN efficiency behavior is similar to that observed during
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AGO processing. Thus, phosphorus addition up to 1.5 wt %
increases HDN efficiency by 10—15%,"" without a significant
loss in HDN efficiency even at higher RSO ratios in the
feedstock.

The highest HDS efficiency detected was lower than 60%, so
catalyst stability was not evaluated in detail. However, during
the catalyst testing, stages 1, 4, and 8 (Table 7) were at the
same operating conditions, observing similar values for HDS/
HDN efliciencies. This fact can be considered a fast indicative
of catalyst stability for more than 200 h of processing. Figure 8
shows HDS and HDN efliciencies of PMoCx catalysts at 330
°C, 5.5 MPa, WHSV 2 h™'.

3. CONCLUSIONS

Five sulfur-free Al,Os-supported and phosphorus-promoted
MoCx catalysts (0.5, 1.5, 2.5, 3.5, and 4.5 wt %) were
synthesized and tested for atmospheric gas oil hydrotreating
and co-processing with rapeseed oil to study the catalyst
properties and activity. The addition of phosphorus caused a
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Table 7. Description of Reaction Conditions (Chronological
Order)

TOS (time T (reactor feed flow
on stream)  temperature) WHSV rate
stage (h) 9 (b7 feed” (gh™)

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

S 112—-136 330 2 AGOR_S 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 = wt % RSO.

loss of specific surface area and decreased mean pore diameter
of the catalyst structure. However, these changes did not
diminish catalyst activity due to an increase in catalyst acidity
and reducibility. Phosphorus addition promotes the hydro-
cracking and isomeration reactions during co-processing,
where hydrodeoxygenation was always the promoted pathway.
Moreover, a moderate increase in catalyst acidity, the
formation of strong acid sites, and higher active sites density
resulted in lower organic phase density and decreasing sulfur
and nitrogen content of hydrotreated gas oil. This behavior
means improved hydrogenation activity, hydrodesulfurization
(5-10%), and hydrodenitrogenation (10—25%) efficiencies
during hydrotreating of atmospheric gas oil. Similar behavior
occurred during co-processing, where the HDN efficiency
shows the highest increase (10—15%) without a significant
diminish upon the rapeseed oil addition. This fact mainly
occurs for MoCx catalyst with phosphorus contents up to 1.5
wt %. Thus, our results allow us to point to the optimal
phosphorus addition value, which significantly enhances
MoCx/ALO; catalysts’ hydrotreating activity. This work
complements our previous studies and points to the next
step for high activity sulfur-free catalysts development, with
similar HDS/HDN efliciencies to the conventional hydro-
treating catalysts.

4. MATERIALS AND METHODS

4.1. Feedstocks. Analogous to previous works, " the
middle distillate used for co-processing was AGO, obtained

from industrial atmospheric distillation of Russian export blend
crude oil. The biomass component was food quality
commercial RSO (supplied by ARO). The feedstocks and
their mixtures (AGO/RSO = 95/5, 90/10, and 75/25 wt %)
were characterized by following standard procedures: density
at 20 °C (ASTM—American Society of Testing and Materials—
D 4052), the refractive index at 20 °C (ASTM D 1218), sulfur
(S: ASTM D 1552) and nitrogen (N: ASTM D 5291) content,
acid number (ASTM D 664), elemental C, H analysis (ISO
29541), and simulated distillation (Simdis—ASTM D 2887).
The triglycerides conversion into paraffin was verified by
attenuated total reflection-Fourier transform infrared spectros-
copy (ATR-FTIR). Standard refinery gas (97.5—99.5 vol % H,
plus 0.5—2.5 vol % CH,) was used as the H, supply.

4.2. Catalyst Synthesis and Characterization. Five
sulfur-free Al,Oj-supported (Sasol) phosphorus-modified
MoCx catalysts (0.5, 1.5, 2.5, 3.5, and 4.5 wt % P) were
prepared by the incipient wetness impregnation method. The
synthesis of the MoCx catalyst has been described in previous
articles.”**® A similar procedure was used to synthesize the
phosphorus-promoted catalysts. This procedure is described
briefly below.

A 48 g quantity of molybdate—hexamethylenetetramine
complex was dissolved in a 70 mL aqueous 25% NH; solution
at room temperature to prepare the impregnation solution.
The AL, O, support (60 g, 0.224—0.560 mm) was loaded with a
molybdenum precursor and dried at 80 °C for 12 h.
Subsequently, 16 g of the complex-impregnated precursor
was further impregnated with an aqueous solution of
diammonium phosphate to achieve phosphorus contents of
0.5, 1.5, 2.5, 3.5, and 4.5 wt %. The calculated portion of
phosphate was dissolved in demineralized water to a total
volume of 16 mL. The resulting intermediate was dried in an
oven at 80 °C for 8 h with occasional stirring. The
carburization of the active phase was achieved by a
temperature-programmed reduction in a 100 cm long tubular
quartz reactor having a 27 mm internal diameter (ID). The
reactor was placed inside in a triple-zoned electric heater
equipped with proportional-integral-derivative (PID) regula-
tors. After impregnation, the support was treated by temper-
ature-programmed reduction with a flow of 20 vol % CH, in
H, starting from 200 to 700 °C (10 °C min™"). The materials
were held at the final temperature for 3 h. The reactor was
cooled to ambient temperature and flushed with N,. Finally,

BPMoCx 0.5 ®PMoCx 1.5 m®mPMoCx2.5 m®mPMoCx3.5 mPMoCx4.5
60 60
a) b)
50 50

AGO 330/1

AGO 330/2 AGO 330/3

AGO 330/1 AGO 330/2 AGO 330/3

Figure 8. HDS (a) and HDN (b) efficiencies of MoCx and PMoCx catalysts under the same operating conditions (330, 5.5 MPa, 1-2 h™") but
different times on stream (AGO 330/1—40 h; AGO 330/2—112 h; AGO 330/3—208 h).
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the catalysts were passivated under a flow of 1 vol % O, in Ar
for 10 h. The catalysts were sieved immediately after synthesis
to obtain a 0.224—0.560 mm fraction and loaded into the
reactor.

Detailed characterization of the catalysts was performed after
passivation. X-ray diffraction (XRD; Philips APD 1700) was
used to identify the composition of the phases. Inductively
coupled plasma spectroscopy (ICP; Agilent 725) and
elemental analysis (FLASH 2000 Combustion CHNS/O
analyzer) was used for composition analysis. The textural
properties were characterized by the mercury porosimetry
using an AutoPore IV 9510 (Micromeritics Instrument
Corporation, Norcross, GA, USA) and by the nitrogen
physisorption using an Autosorb iQ (Quantachrome Instru-
ments, Boynton Beach, FL, USA). The specific surface area
was calculated from the adsorption isotherm's linear plot using
the Brunauer, Emmett and Teller (BET) Method in the
pressure range of 0.05-0.30 P/P,. Acidity and reducibility were
measured by temperature-programmed desorption (NH,-
TPD) and temperature-programmed reduction (H,-TPR),
respectively, using an Autochem 2950 HP device (Micro-
meritics Instrument Corporation, Norcross, GA, USA).

4.3. Experimental Setup and Catalytic Tests. The
hydrotreating and co-processing experiments were performed
in the same unit used by the authors in previous experiments
with carbide/nitride catalysts.””** This unit consists of a
bench-scale, 17 mm ID and 1.08 m length stainless steel
reactor. Five thermocouples located in a 5 mm outer diameter
(OD) thermowell were used to measure and control the
internal temperature. The reactor was heated to the operating
temperature using a triple-zone electric heater. Outlet lines
were heated at 50 °C during co-processing to avoid plugging
by unconverted products derived from biomass hydrotreating.
The unit is in the experimental facility of ORLEN UniCRE
(ORLEN Unipetrol Centre for Research and Education—
Litvinov-Zaluzi, Czech Republic). Figure 9 shows a schematic
diagram of the unit.

H2/N2Inlet

[l
<}

Outlet Gas

2T

Reacto ri-i

Feed Pumﬁﬂﬂ llj—N—

Figure 9. Schematic diagram of the experimental unit used for
hydrotreating experiments (ORLEN UniCRE).

Gas- liquid separator

Sample collector

Analogous to previous experiments,”"*’ the catalyst bed

consisted of 8.0 g of 0.224—0.560 mm PMoCx catalyst
particles was divided into four parts (2.0 g each) and diluted
with fine carborundum (SiC, 0.1 mm) in ratios of 1:1, 1:2, 1:3,
and 1:4 (vol:vol). WHSV was calculated based on the catalyst
bed’s weight, which equates to a feedstock flow rate of 16 and
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8 gh™! for WHSV =2 and 1 h™}, respectively. The catalyst was
loaded into the reactor from 1:1 (bottom) to 1:4 (top). This
fact gradually increased the catalyst concentration along the
reactor and maintained the isothermal regime’s reaction
temperature profile. After catalyst loading, the reactor was
flushed with N, (flow rate = 600 NL h™) at 100 kPa and 25
°C for 2 h. Then, catalytic reduction started, the gas was
changed to H, (50 NL h™"), and the reactor was pressurized to
5.5 MPa and heated to 450 °C at 20 °C h™". After 4 h at these
conditions, the temperature was reduced to 330 °C, the AGO
feed was started (16 g h™"), and the H, flow rate was adjusted
to correspond to g L™' = 1 NL g™' h™".

The PMoCx catalysts were tested under the same conditions
used previously”””" to compare with carbide and nitride
catalysts. Table 7 summarizes the operating conditions used in
the screening test. Stages 1, 4, and 8 are identical, which
provides a short-term evaluation of catalyst stability.

Liquid products, which consisted primarily of hydrotreated
gas oil and water (during co-processing only), were sampled
and weighed every 4 h for mass balancing. Density at 20 °C
(ASTM D 4052) and refractive index (ASTM D 1218) at 20
°C were determined for all samples taken. Steady state was
achieved when these two parameters remained constant with
time. The hydrotreated gas oil obtained at the steady state of
each stage was characterized using the same analytical
techniques employed for the feedstocks. The paraffin content
(n- and iso-paraffins) during co-processing was determined by
combined gas chromatography (GC) and mass spectrometry
(MS) on 15 mg mL™" sample dissolved in dichloromethane
(GC/MS—GC system: Trace Ultra—Thermo Scientific; MS
system: DSQ II-Thermo Scientific). Gas products were
collected in a Tedlar bag at the end of each stage and
analyzed off-line using an Agilent 7890A GC and Agilent’s
refinery gas analysis method. The instrument has three
channels: (i) a HayeSep Q column with a thermal conductivity
detector (TCD) to measure H, (N, carrier gas), (i) a
HayeSep Q column with a TCD to measure O,, N,, CO, CO,,
SH,, and C,—C, hydrocarbons (He carrier gas), and (iii) a SA
molecular sieve column with a flame ionization detector to
measure C,—C, hydrocarbons (He carrier gas).

4.4, Catalyst Selectivity and Hydrotreating Effective-
ness. The catalyst’s selectivity is determined by paraffin
analysis of the proportion of even- and odd-numbered carbon
atoms in the product chain. Equations 1 and 2 are explained in
detail in the previous works:***

HDO [%] = 2 (even paraffin) 100

Y (total paraffin [even + odd]) ' (1)
DCO [%] = Y (odd paraffin) 1

Y (total paraffin [even + odd]) ' ()

"Y' (even paraffin)” and ") (odd paraffin)” represent the
paraffin (wt %) produced by triglyceride hydrotreating via
HDO (mainly n-C,4 and n-C;g) and DCO (mainly n-C,5 and
n-C,,) pathways, respectively, and ") (total paraffin [even +
odd])” represents the total paraffin (wt %) formed solely by
the hydrotreating of RSO. Hydrocarbon chain lengths typically
occur in the n-C; to the n-C g range. The estimation assumes
that no significant interaction occurs between AGO and RSO
during co-processing.
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The hydrotreating effectiveness of sulfur and nitrogen
removal (HDS and HDN, respectively) is defined as in
previous manuscripts by eq 3:

(X, — (X))
2 100

HDX (%) = =
0

3)
X = S, HDS/X = N, HDN

"Xy" and "Xp" represent the corresponding heteroatom
contents of the feedstock (AGO, RSO, or the corresponding
mixtures) and liquid product, respectively (wt ppm), and "" is
the quotient of the quantity of hydrotreating gas oil produced
divided by that of the feedstock processed.
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B NOMENCLATURE

AGO atmospheric gas oil
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AGOR X mixtures of AGO and RSO, X = content of RSO
AGO/RSO atmospheric gas oil and rapeseed oil mixtures

ASTM American Society for Testing and Materials

ATR-FTIR attenuated total reflection-Fourier transform
infrared spectroscopy

BET Brunauer—Emmett—Teller method

CEPP cold filter plugging point

DO deoxygenation

EU European Union

GC gas chromatography

DCO (hydro)decarboxylation and (hydro)-
decarbonylation

HDN hydrodenitrogenation

HDO hydrodeoxygenation

HDS hydrodesulfurization

ICP-OES  inductively coupled plasma optical emission
spectroscopy

ID internal diameter (mm)

MoCx molybdenum carbide catalysts

MoNx molybdenum nitride catalysts

MS mass spectrometry

N nitrogen content

OD outer diameter (mm)

PDF powder diffraction files

PID proportional-integral-derivative

PMoCx phosphorus promoted molybdenum carbide
catalysts

RED renewable energy directive

RSO rapeseed oil

S sulfur content

SpET BET surface areas (m*/g)

Simdis simulated distillation

TCD thermal conductivity detector

TOS time on stream (h)

TPD temperature-programmed desorption

TPR temperature-programmed reduction

UniCRE  Unipetrol Centre for Research and Education

WHSV weight hourly space velocity (h™")
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