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Abstract. Oil-derived middle distillates (straight-run gas oil and mixture with light cycle oil and coker gas oil)
for Ultra-Low Sulfur Diesel (ULSD) production by HyDroTreating (HDT) were pretreated by selective
Nitrogen Organic Compounds (NOC) adsorption. Highly crystalline Metal-Organic Framework (MOF)
MIL-101(Cr) prepared with propylene oxide (proton scavenger) as textural improver was used to that end.
MOF was characterized by N, physisorption, X-ray diffraction, thermal analysis, infrared, Raman and UV-vis
spectroscopies, and electron microscopy (SEM and HR-TEM). NOC removal was carried out at room temper-
ature and atmospheric pressure, the adsorbent being easily regenerable under mild conditions. Extruded MOF
efficiently removed NOC from real feedstocks to concentrations ~ 80 ppm which allowed ULSD production at
much milder conditions to those used during pristine feedstocks HDT. Operating temperature could be signif-
icantly diminished (from 350 to 330 °C, at 56 kg cm™2 (5.77 MPa), LHSV = 1.5 h™!, H,/oil = 2500 ft* bbl™!
(445 m* m~?)) which could notably prolong cycle life of NiMo/Al,O3 formulation used.

1 Introduction

Ever stricter environmental regulations demand for Ultra-
Low Sulfur Diesel (ULSD, 10-15 ppm S) from oil-derived
middle distillates HyDroTreating (HDT). Those legislations
mandate diminishing at the highest possible extent the
deleterious effect of SOx, NOx, soot, etc., in exhaust gases
from compression ignition engines. High-S diesel usage could
rapidly poison catalytic phases in both DPF (Diesel Partic-
ulate Filters) and SCR (Selective Catalytic Reduction)
devices used to relieve soot and NO, production, respec-
tively [1]. Producing ULSD typically requires of sulfur
removal as high as 99.9 wt% through HydroDeSulfurization
(HDS). Corresponding HDT process conditions are very
demanding as elimination of very refractory S species
(sterically hindered alkyl-DiBenzoThiophenes (alky-DBT)
[2] constituting the last ppm of sulfur to be removed) is

* Corresponding author: jeaguila@imp.mx

required. Nitrogen Organic Compounds (NOC) in middle
distillates feedstocks for ULSD production are well-
known inhibitors of desulfurizating/dehydrogenating
functionalities of sulfided alumina-supported CoMo or NiMo
formulations loaded in industrial hydrotreaters that
deleterious effect depending upon their concentration
(~250-1000 ppm N) and type [3-5]. Basic N-bearing species
(QUInoline (QUI), acridine, etc.) could be stronger HDS
inhibitors that non-basic ones (INDole (IND), CarBaZole
(CBZ), etc.), even though the latter could be converted to
the former by hydrogenation under HDT conditions [4].
Strong NOC adsorption on active sites [5] could preferably
affect hydrogenating properties of CoMo or NiMo formula-
tions. That results specially harmful considering that the
most refractory S-species in middle distillates could be
preferably removed through HYDrogenation (HYD) route
(instead of by the Direct DeSulfurization one, DDS) [2].
Strongly adsorbed QUI could also significantly decrease
saturating capabilities of metallic Ni/y-alumina applied in
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diolefins saturation [6]. To offset strong HDT reactions inhi-
bition by NOC, industrial hydrotreaters have to operate
under severe conditions (temperature, pressure, LHSV,
etc.) that resulting in shortened catalysts life cycle. Also,
Liquid Hourly Space Velocity (LHSV) could be decreased
(to augment feedstock-catalyst contact time) [7] but the
ULSD volumetric production could be then diminished. In
financially constrained commercial units operating at mid
pressure (<3040 kg cm™? (<3.14-4.15 MPa)) where
revamps to improve HDS conversion could not be afford-
able Straight-Run Gas Oil (SRGO) streams are commonly
diluted with lighter fractions (kerosene, for instance [§]) to
enable ULSD production. On the other hand, by increasing
HDT severity (operating at higher pressure, over 70 kg
cm™? (7.19 MPa), for example) could enable integration
of other more difficult low-priced feedstocks available in
refineries. In this context, Light Cycle Oil (LCO) [9] and/or
coker gas oil CGO [10] could be utilized improving ULSD
production and leading to enhanced revenues. However,
integration of cracked feedstocks could be challenging due
to their higher NOC content as to that in SRGO, particu-
larly in CGO [10]. Obtaining fuel of very low S content
(<15 ppm) could not be possible as N-bearing species are
still present in the reactor effluent. Thus, total elimination
of those compounds (commonly through HydroDeNitro-
genation, HDN) is sine qua non condition for ULSD pro-
duction [3, 5]. By traditional HDT, that could imply
increased consumption of expensive hydrogen as aromatics
ring pre-hydrogenation is mandator%/ (with consequential
carbon hybridization change from sp” to sp?’) prior to hete-

rocyclic C-N bond breaking [11]. Even more, the NH; by-
product formed could itself inhibit catalytic active sites
although its influence is not as strong as to that of hetero-
cyclic N-species due to its weaker adsorption [12].

Improved catalytic formulations of enhanced HDS and
HDN activity through modification of supports [13-15]
and active phases including noble metals [14, 15] have been
proposed to deal with distillates (feedstocks for ULSD
production) derived from heavy oil of high N and S content,
as lighter petroleum reservoirs become depleted.

One different strategy to relief mentioned constraints
consists in diminishing NOC content in feedstocks to
HDT through their removal using efficient solid adsorbents.
Numerous materials have been proposed to that end,
ranging from zeolites [16], acid ion-exchange resins [9],
and carbon-based solids [17, 18], among others. However,
economical feasibility of adsorptive NOC elimination from
middle distillates is strongly dependent upon the extent of
heteroatoms removal, adsorbent cost and regenerability
and process conditions used (temperature, pressure, LHSV,
etc.). Metal-Organic Frameworks (MOF) possess remark-
able physicochemical properties [19] than make them
attractive as catalysts [20, 21| and adsorbents [22, 23].
Those extremely porous organic-inorganic frameworks
consist of well-defined structures where metal cations form
nodes meanwhile organic moieties constitute linkers
between metallic centers. Those polymeric networks are
constructed through coordinative bonds [23]. The MIL-
101(Cr) (MIL, Material Institut Lavoisier) comprises
trimeric chromium (IIT) octahedral clusters interconnected

by 1,4-benzenedicarboxylate ligands conforming extremely
porous 3-dimentional structure [24]. That MOF has shown
very interesting properties as adsorbent [25, 26] and cata-
lysts [27, 28]. Regarding N-species removal that nanostruc-
tured material either functionalized [29, 30] or not [31, 32]
has shown significant selectivity to those compounds over
S-bearing ones [31, 32|. Also, phytic acid- functionalized
MIL-101(Cr) has also shown preferred NOC adsorption
over that of aromatics [29]. Very large surface area of
non-functionalized nano-structured MIL-101(Cr) provides
plenty of adsorption sites located on the carbon atoms of
carboxylic groups of 1,4-BenzeneDiCarboxylate (BDC)
units or on the coordinatively unsaturated sites (CUS)
formed on Cr*" cations by water molecules removal [33].
According to Pearson’s hard/soft acid/base concepts [34]
N-bearing basic compounds are intermediate to strong
bases while S-bearing species could be intermediate to soft
ones [32]. Thus, a hard base (as QUI) preferably interacts
with a hard Lewis acid site (as Fe®', Cr*", or AI’") and
with intermediate Lewis sites as well. Conversely, softer
S-species could be prone to interact with intermediate or
soft Lewis sites as those on Cu®", Zn*", Co*", Ni*', and
Cu" [32]. MIL-101(Cr) has shown very superior properties
as NOC adsorbent as to other solids [31, 35]. Considering
NOC removal from SRGO and SRGO/LCO mixtures our
group reported [35] that MIL-101(Cr) had 2.3 times higher
adsorption capacity and corresponding adsorption rate at
least twice faster to those of commercial adsorbents as
Selexsorb® CDX, Selexsorb® CD, SG silica gel and
VG-077 activated carbon.

In spite of that, studies on testing MIL-101(Cr) in NOC
removal from SRGO and other middle distillates of higher
N content (LCO and CGO, for instance) are very scarce
[31, 35]. Even more, the effect of using the corresponding
low-nitrogen streams (SRGO and mixtures with LCO and
CGO) on ULSD production under operating conditions
applicable in real-world commercial hydrotreaters have
not been addressed, at the best of our knowledge. Some
years ago SK Corporation (from South Korea) offered an
innovative technology that could enable ULSD production
in low to medium pressure industrial hydrotreaters process-
ing middle distillates [36, 37]. Proprietary adsorbent charac-
teristics were not disclosed but NOC removal accompanied
by elimination of other polar species (including refractory
alky-DBT) were claimed to be responsible for significantly
enhanced pretreated middle-distillates HDS. Even though
very interesting results were presented [36, 37] no further
updates were provided. Although some state-of-the-art
commercial HDT catalysts are active enough to enable
ULSD production in commercial hydrotreaters [38] there
will always be room for improvements derived from operat-
ing at lower Start-Of-Run (SOR) temperature (actually,
Weight Averaged Bed Temperature (WABT), representa-
tive of that of the catalytic bed under adiabatic conditions
[39]) due to lengthened catalyst life cycle. Considering
typical catalyst deactivation in commercial hydrotreaters
of ~1 °C month™" [40] (increase in temperature to keep
isoconversion), diminishing 10 °C in SOR temperature
could represent 10 months longer cycle. For a 30 000 barrels

day ! (5.52 x 1072 m® s~') hydrotreater that could mean



E. Meneses-Ruiz et al.: Oil & Gas Science and Technology — Rev. IFP Energies nouvelles 76, 56 (2021) 3

extra ~9 x 10° barrels (1.431 x 10° m*) ULSD produced
before costly catalyst change.

In this contribution a detailed study using MIL-101(Cr)
during pre-treatment of Straight-Run Gas Oil (SRGO) and
mixture with Light Cycle Oil (LCO) and Coker Gas Oil
(CGO) aimed to ULSD production by HyDroTreating
(HDT) at commercially relevant conditions was carried
out. MOF prepared with Propylene Oxide (PO) as proton
scavenger was used to that end. In the first part of the
paper, the adsorbent was characterized by several tech-
niques to demonstrate that PO addition significantly
contributed in enhancing solid matrix mesoporosity
meanwhile maintaining essentially unaltered surface and
structural properties of MIL-101(Cr). In the second part,
the effect of NOC removal on ULSD production from afore-
mentioned middle distillates HDT was addressed. NOC
elimination was carried out at mild conditions (room tem-
perature and atmospheric pressure), the adsorbent being
easily regenerable. MOF shaped as extrudates was loaded
in packed up-flow column during adsorption experiments.
Efficient NOC removal from oil-derived real feedstocks to
concentrations ~ 80 ppm (from around 300 to 400 ppm in
non-pretreated streams) enabled ULSD (S < 15 ppm) pro-
duction at much milder operating conditions as to those
used during pristine feedstocks HDT over a commercial
NiMo/Al,O3 sulfided formulation.

2 Experimental
2.1 Adsorbent synthesis

Reactants used to synthesize MOF MIL-101(Cr) by hydro-
thermal method were (all from Aldrich) Cr(NO)s+9H,O
(>98 wt%), terephthalic acid (H,BDC, 98 wt%), and Propy-
lene Oxide (PO, >99 wt%). 660 x 10~ ° m® of bi-distillated
H50 were kept under vigorous stirring (at room tempera-
ture, for 600 s). 22.174 g of HoBDC were then added
continuing the stirring for 600 more seconds. To improve
H,BDC dissolution ultrasounds pulses (SONICS Vibra-
Cell™ 80% output power, during 360 s) were applied. Then,
52.879 g of Cr(NO);3-9H,0 were introduced the resulting
mixture being stirred for 1200 more seconds. Finally, 4.11 g
of PO were added stirring being kept for 600 more seconds.
The resulting mixture was put in polytetrafluoroethylene-
lined stainless steel vessel which was then air-tight
closed. Hydrothermal treatment was carried out by 24 h at
180 °C, 200 rpm (21 rad s~ ') stirring rate and autogenous
pressure. The obtained suspension was then filtered and
washed (twice) with acetone to remove unreacted HoBDC.
The precipitated solid was dried at 120 °C, 18 h.

2.2 Extruded adsorbent preparation

At our best knowledge, shaping MIL-101(Cr) as extrudates
to be used as N-species adsorbent has only been reported
from our group [35, 41]. However, corresponding monoliths
have been used as efficient CO5 adsorbents [42, 43]. Most of
the NOC adsorption studies so far reported have been
carried by utilizing powders or granulates that could hardly
have practical real-world application due to high pressure

Fig. 1. MOF MIL-101(Cr) extrudates. (a) As-prepared; (b) cut,
1/16 inch (1.58 x 107 m) x 2-3 x 107 m (diameter x length).

drop that could be caused in packed adsorption systems.
Also, extrusion was preferred over spherical particles of sim-
ilar dimensions could provoke enhanced pressure drop in
the column. Thus, MOF was shaped as cylindrical particles
of ~1.6 mm diameter and 2-3 mm length. To that end,
MIL-101(Cr) was mixed with CarboxyMethyl Cellulose
(CMC, 5 wt%) and water was added to powders mixture
which was then kneaded. Nitric acid aqueous solution
(5 wt%) was added as peptizer. Additional water was added
until getting paste with suitable consistency for feeding
extruder provided with 1/16 inch hole spinneret. Obtained
extrudates (Fig. 1a) were dried at 120 °C (24 h), then cut to
2-3 mm length (Fig. 1b).

2.3 Adsorbent characterization

Textural properties of MOF-MIL-101(Cr) (powder and
extruded) were determined by N, physisorption (at
—198 °C, N, saturation temperature at 78 kPa, atmo-
spheric pressure in Mexico City) in Micromeritics Tristar
IT 3020 apparatus after ultra-high vacuum degassing at
~150 °C (to prevent any damage to MOF structure) for
2 h. Surface area and pore size distribution of studied mate-
rials were determined by BET and BJH (adsorption branch
data) methods, respectively.

MOF structural order was studied by X-ray diffraction
with a D8 discover apparatus from Bruker by using Cug,
radiation, 4 = 0.15406 nm, in the 0-20° 20 range.

ThermoGravimetric Analysis (TGA) of extruded adsor-
bent was carried out through a TA instruments Q2000
equipment. 15-50 mg sample was analyzed in the 30-
1000 °C temperature range (heating ramp of 0.166 °C s ).
Differential ThermoGravimetric (DTG) profile was obtained
through derivative of corresponding TG curve.

FTIR (Fourier-Transform InfraRed) spectrum of
extruded MOF was acquired by using Perkin Elmer Fron-
tier FT-IR equipment with an attached Praying Mantis
Diffuse Reflection Accessory, in the 4000-500 cm ™' range.

UV-vis Diffuse Reflectance Spectroscopy (DRS) analysis
of extruded adsorbent was carried out in Perkin Elmer
Lambda 35 spectrophotometer equipped with integration
sphere. Spectra were acquired in the 200-1100 nm wave-
length range. Spectralon signal was subtracted as baseline.
Extruded MOF was also studied by MicroRaman Spec-
troscopy using an HR LabRam800 equipment coupled with
Olympus BX40 confocal microscope. A Nd:YAG 532 nm
wavelength laser beam was focused by 50X microscope
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Table 1. Properties of used oil-derived middle distillates from Mexican refineries.

Property ASTM method SRGO1 SRGO2 LCO CGO SR1LC
APT gravity (°) D-287-12 33.4 33.12 13.4 34.78 28.77
IBP/FBP (°C) D-86-12 255.3/358.2 161.1/360.8 213/352.1 182.6/323.1 219.3/344.9
Cetane index D-976-06 50.92 50.3 19.9 42.71 42.05
S (wt%) D-4294-98 1.279 2.03 2.487 2.088 1.811
N (ppm) D-4629-08 220 410 335 207 300
Aromatics (wt%) D-5186-03 29.8 34.1 84.2 36.4 44.9
Mono- 18.5 20.6 17.6 20.8 18.8
Di- 7.9 10.9 58.9 12.2 21.7
Tri- 3.4 2.6 7.7 3.4 4.4
Aliphatics (wt%)? 70.2 65.9 15.8 63.6 95.1

* By total hydrocarbons-aromatics difference.

objective with spot diameter close to 1 pm onto the sample
surface. To avoid sample heating then structural changes,
laser power (5 mW) was regulated by a neutral density
filter. Spectrum was calibrated using 521 cm ' line of
silicon wafer acquired in the 200-1800 cm ™' range (1 cm™*
resolution). A CCD camera was used to record the spectra,
usually averaged from 100 accumulations in order to
improve signal/noise ratio.

MOF MIL-101(Cr) morphological characterization was
carried out by Scanning Electron Microcopy (SEM,
Nova-200 Nanolab) and also by high-resolution transmis-
sion electron microscopy (HR-TEM, TITAN 80-300). As
MIL-101(Cr) could be very sensitive to the electron beam
power, HR-TEM images could be obtained at 300 kV
(accelerating voltage) by fine-tuning low-dosing the elec-
tron beam interacting with MOF nanostructures.

2.4 Nitrogen compounds removal procedure

Oil-derived middle distillates (SRGO1, SRGO2, LCO and
CGO) were obtained from Mexican refineries (Tab. 1). A
SRGO1/LCO/CGO mixture was prepared in 60/25/15
mass proportion (SRILC from here on). NOC were par-
tially removed by adsorption from those hydrocarbon
streams in up-flow column (316 stainless steel, 2.54 cm
diameter, 43 cm bed length) packed with 215 x 10°° m?
MOF extrudates (see Fig. S1) weighing 35 g (0.16 g cm ™
packed bed compact bulk density). Prior to NOC removal
MOF was activated by heating (120 °C, 12 h, to elimi-
nate moisture and adsorbed species) under N, stream
(1 x 107 m® s'). The column was then cooled down to
25 °C to start with NOC elimination procedure. Used tem-
perature was suitable due to exothermal NOC adsorption
as tests at increased values resulted in diminished N-species
adsorption due to unfavored thermodynamics. The goal
was producing streams of ~80 ppm N as previous experi-
ences (unpublished results) showed that was required in
feedstocks to be hydrotreated to economically effective
produce ULSD under operating conditions used in commer-
cial facilities. Although streams of lower NOC concentra-
tion (<80 ppm) could be hydrotreated at milder
conditions to produce ULSD more frequent adsorbent

regeneration could be then necessary rendering the opera-
tion economically unattractive.

The column was up-flow operated at room temperature
and atmospheric pressure (78 kPa in Mexico City). LHSV
used (0.6-1.5 h™") depended on NOC concentration in feed-
stocks, focusing in obtaining ~80 ppm in treated product
pool. Total nitrogen in streams was determined by chemilu-
minescence through Antek MultiTek apparatus. Low
nitrogen feedstocks LNSR1, LNSR2 and LNSR1LC were
thus obtained from corresponding pristine SRGO1, SRGO2
and SRILC streams, respectively. After each adsorption
test the packed bed was regenerated to re-establish its
adsorption capacity. Adsorbed non-polar hydrocarbons
were firstly eliminated by n-hexane washing (room temper-
ature and atmospheric pressure). The used solvent was
recovered from the drained mixture by distillation. Hydro-
carbons (both hold-up and desorbed) were returned to
feedstock drum. On the other hand, polar compounds
(mainly NOC) were extracted by acetone washing (30 °C,
atmospheric pressure). Again, the solvent was recovered
by distillation. During both washings (removal of non-polar
and polar species), significant boiling point differences
among used solvents and treated feedstocks facilitated that
operation. The stream where NOC were heavily concen-
trated (~15 000-25 000 ppm) was sent to final disposition.
That fraction typically represented less than 1 wt% of the
total treated feedstock, in order to limit hydrocarbon losses.
Otherwise, the adsorptive process could be uneconomical.
Operating at milder conditions during middle distillates
HDT by using a less-inhibited catalyst due to low-nitrogen
feedstocks could result in volume swell by aromatics
hydrogenation [44] that compensating for aforementioned
product lost. In addition, that highly concentrated NOC
stream could probably be integrated as component of
residue FCC (Fluid Catalytic Cracking) [45] or hydrocrack-
ing [46] feedstocks. Finally, the packed column was dried
(120 °C) under Ny stream (8.33 x 107" m® s™') after which
it was considered fully regenerated and ready for the next
NOC adsorption cycle. Previously published data from
our group [35] consistently showed that the MOF used in
N-species removal from oil-derived middle distillates could
be easily regenerated after around 300 cycles of operation
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preserving unaltered adsorptive capacity. Physicochemical
properties of our MIL-101(Cr) could be then considered
intact after numerous regeneration cycles. It is worth
mentioning that extruded MOF capacity for NOC removal
was lower to that achievable by using corresponding
powdered material (unpublished results) but in this case
excessive pressure drop in the column could render the
operation impractical.

Considering scaling-up of the adsorption process the
most probable configuration could comprise a “lead/lag’
alternating operation where one packed column (“lead”,
packed with fresh MIL-101(Cr)) could be at service under
NOC removal meanwhile the other (“lag”) could be in
standby. When the adsorbent in originally “lead” column
become spent (after obtaining a given volume of hydrocar-
bon stream of ~80 ppm N) the pristine feedstock flow could
be directed to the second column (originally “lag”, now
“lead”) packed with fresh MOF adsorbent. Regeneration
of the spent adsorbent in previously used column could take
place then, the whole cycle being repeated over and over.

2.5 Catalytic HDT of pristine and low-nitrogen real
feedstocks

Fixed-bed up-flow reactor HDT of SRGO1, SRGO2, and
SR1LC and corresponding low-nitrogen feedstocks (LNSR1,
LNSR2 and LNSRI1LC, respectively) was carried out over
commercial highly active (Type IT) NiMo/alumina (sulfided
through proprietary methodology specified by the manufac-
turer) formulation. No further catalyst properties could be
disclosed due to confidentiality agreements. Feedstocks
processing was carried out under operating conditions rele-

vant to industrial hydrotreaters in Mexican refineries
(T = 330-350 °C, P = 56 kg cm™? (5.77 MPa), LHSV =

1.25-2.5h™ ", Hy/oil = 2500 ft* bbl ™" (445 m® m™)). A dual
micro pilot plant from VINCI™ technologies was used to
that end. Catalyst extrudates were sieved at 16-20 US
Standard mesh (~1.09 x 10~ m average particle diameter).
Crushed catalyst particles bed (7.5 x 107° m®) was
loaded in an up-flow steady-state fixed-bed reactor [47]
(316 stainless steel, 10 mm internal diameter, three heating
sections 150 mm long each). Up-flow regime was preferred
as in the small reactor utilized proper hydrodynamics to
insure adequate trickle-bed operation (suitable bed length,
back-mixing absence, rivulets elimination, etc., [47]) could
be hardly achieved. Catalytic bed was diluted with
2.5 x 107% m?® of SiC (US Standard mesh > 60, particle
diameter < 2.5 x 107* m), to improve reactor hydraulics
and isothermicity (differently to catalyst particles SiC is
very good heat conductor [47]). After proper catalyst sulfid-
ing reactor operating conditions were brought to those of
catalyst testing, relevant to industrial hydrotreaters in
Mexican refineries aimed to ULSD production. LN streams
were tested first to avoid active sites inhibition that could
have occurred by strong NOC adsorption if pristine
untreated SRGO had been firstly fed. Otherwise, several
days under steady-state operating conditions could have
been required to effectively desorb NOC from the used
catalyst [48], prior to LN streams testing. Also, before test-
ing mixtures containing cracked feedstocks (SRILC and

LNSRILC) the freshly sulfided catalysts were stabilized
by hydrotreating LN SRGO feedstocks as direct contact
of cracked streams with hyperactive sites on freshly sulfided
formulations could induce premature coking (then, rapid
catalyst deactivation). Sampling of hydrotreated products
was carried out each 24 h until three consecutive analyses
did not show appreciable differences in sulfur concentration.
H,S dissolved in hydrotreated products was stripped-off by
bubbling N, stream to avoid its influence on total S concen-
tration analysis. Even more, hydrotreated liquid samples
were washed with NaOH solution (10 wt%) to assure HaS
removal by sodium sulfide formation (which remained in
aqueous phase). Sulfur content in liquid samples was deter-
mined by Monochromatic Wavelength Dispersive X-Ray
Fluorescence (WDXRF, Sindie 7039 analyzer). Also, sulfur
analyzes were carried through ANTEK apparatus (Model
7000 B, method ASTM-D 5453-04), to corroborate
WDXRF results obtained.

Kinetics of sulfur removal by hydrotreating was
described by power law equation [49]:

el () (s

knps: apparent HDS kinetic constant (ppm S'™" h™'),
n: HDS reaction order,

Sp: sulfur in product (ppm),

Sr: sulfur in feedstock (ppm),

LHSV: space velocity (h™).

where,

HDS reaction order was determined from the best fit
of experimental results tested for three n values (namely
1.5, 1.75 and 2.0 [5]). R-squared (from linear regressions)
was reliable statistical measure of data fitness, the closer
to 1.0, the better the fit.

3 Results and discussion

At the best of our knowledge using Propylene Oxide (PO)
as proton scavenger during MOF MIL-101(Cr) synthesis
has not been reported so far in the open literature [50].
Detailed studies on the effect of PO concentration on
MIL-101(Cr) properties could be found in our previous
patent [50]. That epoxide could promote gelation in sol-gel
alumina synthesis from inorganic salts also playing an
important role on mesopores formation [51]. Weak bases
as epoxides react with protons from H,O in coordination
sphere of hydrated metal complexes [52] (as those from
Cr*") forming then Cr(OH)y clusters. PO could be firstly
protonated then consumed through irreversible ring open-
ing reactions. Then, nucleophilic attack on the epoxide ring
leads to its opening. Those reactions could take place either
by interacting with NO; anions enhancing hydrolysis or by
consuming H>O formed during condensation which further
promotes that step [51]. The sol viscosity progressively in-
creases by converting monomers to dimers then to trimers
and so on. Presumably, during PO-modified MOF synthesis
Cr(OH), clusters react with dicarboxylic acid moieties [50]
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generating rigid highly porous networks gradually evolving
by gelation [53] producing well-crystallized MIL-101(Cr)
structure as it will be shown.

3.1 Adsorbent characterization

3.1.1 Textural properties

The isotherm of prepared MOF (as powder, Fig. S2) was
similar to those already reported for materials prepared
with alike HoO/H,BDC molar ratio (275) [54] where strong
contribution from micropores (filled at P/ P, < 0.3) was evi-
denced. However, in our case significant rise in adsorption
at P/ Py ~ 0.8 accompanied by desorption branch hysteresis
(absent in conventional MIL-101(Cr) [55]) pointed out to
mesopores probably created by PO addition that promoted
condensation reactions resulting in agglomerated particles.
Thus, significant mesopores (filled at P/ P, > 0.3) contribu-
tion (33% of total pore volume) was evidenced (Fig. S2).
In this line, others [55] found corresponding rising in iso-
therms and hysteresis in MIL-101(Cr) solids prepared with
cetyltrimethylammonium bromide as supramolecular
template. Pore size distribution of prepared MOF (Fig. 2)
included diameters in the micro-mesopores boundary as
usually reported 1.4 [20]-2.2 nm [55] and additional
mesopores maximum at ~20 nm that according to Kelvin
equation nicely corresponded to observed desorption branch
hysteresis (pores filled at P P;' ~ 0.9, Fig. S2). Hierarchi-
cally structured mesoporosity in our MOF could contribute
to improved accelerated kinetics during NOC adsorption.
MIL-101(Cr) with mesopores over 20 nm appreciably
improved Methylene Blue (MB) diffusion into the porous
network [55]. Thus, the effect of alike pores could expecta-
bly be similar on NOC elimination (mainly QUI, IND and
CBZ) of likewise kinetic diameter than MB (~1 nm).
Although the surface area (Spgrr) and pore volume (V)
of as-prepared MOF decreased after shaping as extrudates
(26 and 29%, respectively, Tab. 2), the corresponding
values were still much larger as to those of other materials
used in NOC removal [35]. Average pore size (D,) as deter-
mined assuming cylindrical pores was essentially unaffected
by extrusion shaping (Tab. 2) whereas micropore volume
diminished by 30%.

3.1.2 Structural characterization (by XRD)

Intense well-defined peak at 1.84° (20) characteristic of
long-range structured MIL-101(Cr) was evidenced in corre-
sponding XRD pattern (Fig. S3). Additional diffraction
peaks were in full agreement with cubic structure [27], those
very well defined signals corresponding to MIL-101(Cr) as
simulated by others [30]. Observed intense inflections
pointed out to MOF of high long-range structural order.
Thus, it appeared that MIL-101(Cr) crystallinity was
not importantly affected by using PO as mesoporosity
inductor during materials synthesis. Interestingly, the
(111) peak at approximately 1.7° (20) unstable in moist-
ened air (decreased intensity or disappearing) [54] has been
related to water molecules removal (thus CUS formation)
from MOF structure. As aforementioned, CUS on octahe-
dral Cr*" trimers formed by dehydration could strongly
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Fig. 2. Mesopore size distribution (BJH method, N, adsorption
branch data) of as-prepared MOF MIL-101(Cr).

contribute in NOC removal through their strong interac-
tion with non-shared electron pairs in N moieties.
MIL-101(Cr) structure was stable (as identified by (111)
plane preservation) in presence of both polar and nonpolar
solvents (as ethanol and benzene, respectively [54]) at corre-
sponding boiling temperature what is relevant during regen-
eration process as the adsorbent is submitted to drying
(120 °C) after acetone washing (see Sect. 2.4).

3.1.3 Thermal analysis (TG-DTG)

Significant weight loss (~27 wt%, Fig. S4a) up to 100 °C of
MOF prepared was related to water evaporation from large
cages which originated the first strong peak observed in cor-
responding DTG pattern (Fig. S4b). Indeed, MIL-101(Cr)
is characterized by strong affinity to water molecules
adsorption [56]. That suggested surface properties not
importantly affected by epoxide addition during materials
synthesis. High water adsorption capacity is desirable for
the adsorbent as CUS on octahedral Cr®" trimers formed
by dehydration (during activation by drying, see Sect. 2.4)
strongly contributes to NOC removal. Interestingly, our
PO-modified adsorbent had significantly increased water
elimination (~27 wt%) as to other MIL-101(Cr) materials
prepared through other methods (7 and 13 wt% TGA loss
in solids prepared with HF [56] or with neither HF nor
solvent [57]).

Further losses in the 130-350 °C range have been
related to hydroxyl groups [27] and coordinated water elim-
ination. Also, evaporation of products from ring-opening of
PO used during synthesis (1,2-propanediol and dipropylene
glycol with boiling points of 187 and 232 °C, respectively)
could take place in this temperature interval [51] (see shoul-
der at ~225 °C in DTG profile, Fig. S4b). Combustion of
both carboxymethyl cellulose (CMC, used during extru-
dates shaping) and non-reacted terephthalate groups could
also occur in aforementioned temperature range. Significant
weight loss between 350 and 600 °C (maxima in DTG pro-
file at 375 and 418 °C) could be due to oxidation of both
terephthalate ligands (accompanied of structural collapse)
and Cr®" cations to CryO3 ashes [56]. Observed TG profile


https://ogst.ifpenergiesnouvelles.fr/10.2516/ogst/2021038/olm
https://ogst.ifpenergiesnouvelles.fr/10.2516/ogst/2021038/olm
https://ogst.ifpenergiesnouvelles.fr/10.2516/ogst/2021038/olm
https://ogst.ifpenergiesnouvelles.fr/10.2516/ogst/2021038/olm
https://ogst.ifpenergiesnouvelles.fr/10.2516/ogst/2021038/olm
https://ogst.ifpenergiesnouvelles.fr/10.2516/ogst/2021038/olm
https://ogst.ifpenergiesnouvelles.fr/10.2516/ogst/2021038/olm

E. Meneses-Ruiz et al.: Oil & Gas Science and Technology — Rev. IFP Energies nouvelles 76, 56 (2021) 7

Table 2. Textural properties of MOF MIL-101(Cr) (as-prepared powder and extrudates) as determined by N,

physisorption (—198 °C).

Sample SyBET (rn2 gfl) Vy (crn3 gfl) *D,, (nm) b Vip (Cm3 gfl)
Powder 2412 1.53 2.54 1.02
Extrudate 1780 1.09 2.45 0.71

: —1

a From 4 x Vp X S(]BET .

b :
Micropores volume.

was in agreement with those reported by others [56]
although it comprised enhanced physisorbed water contri-
bution and slightly increased weight losses due to PO and
CMC (absent in previously reported formulations) byprod-
ucts evaporation/combustion. Interestingly, our MOF pre-
sented much better thermal stability as to other
formulations prepared by solid-phase reaction of H,BDC
and chromium nitrate nonahydrate without addition of
either solvent or hydrofluoric acid [57] where structural
collapse by terephthalate ligands combustion was observed
between 300 and 350 °C. Good thermal stability of our
PO-modified MOF was relevant considering the regenera-
tion procedures used (see Sect. 2.4), as required after
NOC adsorption tests.

3.1.4 Electronic spectroscopy (UV-vis) studies

Bands at 271, 432, and 591 nm are characteristic of
MIL-101(Cr) [54], Figure S5. UV absorption was due to
n — 7 electron transfer from terephthalate ligands
meanwhile those in visible region could be related to elec-
tron transfer in 3d orbitals. Due to oxidation state of
Cr*" electron shifts could occur in the 3d° orbital according
to electron configuration (15°25°2p°35*3p°3d®) of those
cations. Those signals in the visible spectrum (at 432 and
591 nm) corresponded to characteristic bands for octahe-
dral (Oy,) Cr®" species in oxide-like ligand environment of
Cr trimers [58]. The ta, — toee,' transition, split into the

4T1g — Ay, and the 4T2g — 4A2g ones, could be related
to the mentioned bands of higher and lower energy, respec-
tively [59]. Evidently, using PO as proton scavenger
(mesoporosity inductor) did not affect the coordinative
state of Cr*" component.

3.1.5 Infrared spectroscopy

Wide absorption band centered at 3262 cm™' (Fig. S6)
could be related to stretching vibrations (v) of adsorbed
H,0 and various types of hydroxyl groups [60] as well. Also,
peak at 1623 cm ' could be originated by bending vibra-
tions (9) of undissociated H,O. As already mentioned, those
sites where H,O desorbed during dehydration originated
CUS where NOC could be effectively retained. Absorption
due to aromatic C=C stretching vibrations was observed
at 1510 cm™' meanwhile the one at 1583 cm ™' corre-
sponded to v, stretch of carboxylate groups [61]. The last
could include contributions from CMC added during
extrusion. Very intense band at 1397 cm ™" was related to
symmetric vibrations (O-C-O) of dicarboxylates confirm-
ing those linkers in the MOF framework [27]. Observed

1612

Intensity (a. u.)

1750 1500 1250 1000 750 500
Raman shift (cm™)

Fig. 3. Raman spectrum of extruded adsorbent MIL-101(Cr)
prepared with propylene oxide.

vibrations from aromatic C-H deformations at 1160, 1018,
880, and 750 cm ™' have been reported in the past for
MIL-101(Cr) materials [62].

3.1.6 Raman spectroscopy

Raman signals at 1612, 1455, 1145, 869 and 632 cm '
(Fig. 3) were in full agreement to those reported in the past
for MIL-101(Cr) [63]. Very sharp peaks observed strongly
suggested well-ordered MOF. Several zones of MOF mate-
rial were studied by Raman (Fig. S7) rather similar spectra
being obtained that pointing out to homogeneous structure
of PO-modified solid. Using that epoxide (proton scav-
enger) materials of improved porous network accessibility
were obtained (by mesoporosity formation, Fig. 2) what
could positively affect NOC diffusion, yet preserving high
structural order at both short (as determined by Raman
spectroscopy, Fig. 3) and long range (by XRD, Fig. S3).

3.1.7 MOF morphological characterization
by SEM&HR-TEM

SEM micrographs of extruded MOF' at various magnifica-
tions are shown in Figure S8. Prepared extrudates
contained plenty of void spaces convenient to improve
NOC diffusion (Figs. S8a—S8b). At higher magnifications
(Figs. S8c—S8d) faceted particles mainly in the 200-300 nm
(average size: 223.6 nm) range were evidenced. Spaces
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Fig. 4. (a) HR-TEM micrograph of extruded MOF material.
(b) HR-TEM micrograph of MIL-101(Cr) crystal showing Fast
Fourier Transform (FFT) analysis to determine (111) interpla-
nar distance (ie., 44.4 A). Inset: Selected Area Electron
Diffraction Pattern of (111) plane.

among particles of similar size has been related to pores pro-
voking hysteresis branch closing at PP;" ~ 0.85 [64], simi-
larly to our case (Fig. S2). Also, the observed hysteresis
could be due to irregular shape of agglomerates originating
pores of variable section. Octahedrally and cubooctahedrally
shaped particles of double-side pyramidal geometry, typical
of well crystallized MIL-101(Cr) [65-67], were observed by
HR-TEM (Fig. 4). MOF particle size could be modulated
by varying crystallization time [68]. Agglomerates composed
by smaller particles aggregation were also observed (Fig. 4a).
The ~4.44 nm (111) interplanar distance (see Selected Area
Electron Diffraction pattern, inset Fig. 4b), as determined by
Fast Fourier Transform analysis (FFT, Fig. 4b), was in good
agreement with that from XRD measurements (Fig. S3)
through Bragg Law (~4.6 nm). Those values were in accor-
dance to that previously reported by others [54]. As already
mentioned, that reflection could be related to planes where
water molecules were removed (thus, formation of CUS
where NOC could be adsorbed) by MOF structure [54].

Finally, MOF characterization through several tech-
niques clearly evidenced that PO addition significantly
contributed in obtaining well-crystallized MIL-101(Cr) of
enhanced mesoporosity yet maintaining unaltered surface
and structural properties.

3.2 Nitrogen compounds removal

NOC removal from various feedstocks was carried out until
accumulated raffinate (LN, Low-Nitrogen streams) aver-
aged ~-80 ppm N maximum. From previous studies, that
was achieved by operating the MOF packed column
(Fig. S1) until samples at ~60 wt% N removal were
obtained. The process was then stopped, the adsorbent
being then regenerated. Removed NOC amount from
SR1LC mixture depended upon operating LHSV, Figure 5.
At 0.6 h™' space velocity and considering 100 bbl ton !
(1.59 x 102 m® kg™ ') raffinate, 92 wt% of N could be elim-
inated whereas that amount diminished to 82 wt% when
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Fig. 5. Nitrogen removal (%) versus raffinate volume per mass
of adsorbent (1 bbl/Ton = 1.59 x 10~* m® kg ™), column packed
with MIL-101(Cr). Effect of LHSV (h™"). l: 0.6;0:0.8; A: 1.0;
V :1.2. SRILC (mixture straight-run gas oil/light cycle oil/coker
gas oil, 60/25/15 m/m) stream treated, atmospheric pressure
(78 kPa), room temperature (25 °C).

operating at 1.2 h™'. Thus, increased residence time of
liquid hold-up in MOF bed was reflected in enhanced N
removal. Note delayed NOC onset in experiments at lower
LHSV in breakthrough curves (Fig. 5). However, that trend
was not evident in corresponding curves from SRGO1 pre-
treatment at LHSV = 0.8, 1.4 and 2.0 h™" (not shown),
where NOC were not detected in the column effluent even
at the lowest contact time feedstock-adsorbent probably
due to their rapid adsorption, until raffinate volumes
beyond 38 bbl ton™ ! (6.0 x 10~* m® kg™ '). Thus, it seemed
that slower NOC adsorption kinetics of more complex
N-species in the mixture containing cracked feedstocks
(SR1LC) provoked the observed LHSV influence on NOC
breakthrough (Fig. 5). That could imply the opportunity
of improving even more the textural properties of our
PO-modified MOF focusing in further mesopores enlarge-
ment (Fig. 2) aimed to accelerate heavier NOC diffusion.
That could be probably achieved by augmenting the PO
proportion during the MOF synthesis procedure [50]. High
contents of non-basic NOC have been reported in Mexican
LCO [69] what could make them less prone to be adsorbed
due to mildly acidic MIL-101(Cr) surface [31, 32].

For a given NOC % removal from SRI1LC the accumu-
lated raffinate volume augmented by decreasing operating
LHSV (Fig. 5) as by increasing contact time more NOC
could be retained on the adsorbent surface sites [70].
According to previous reports [35] total saturation of
MIL-101(Cr) could be reached after treating 755 bbl ton™"
(12 x 10 2 m® kg™ ') of SRGO/LCO (80/20 vol/vol, mix-
ture originally containing 321 ppm N), operating at
LHSV = 0.8 h™'. In our case, however, the raffinate volume
was dictated by the maximum allowed N concentration in
cumulated pools (~80 ppm). It is typically considered that
around ~80 wt% nitrogen removal from middle distillates is
mandatory to allow ULSD production under operating con-
ditions relevant to industrial hydrotreaters [3]. Regarding
the SK HDS Pretreatment process [36] it was claimed that
90 wt% NOC removal from middle distillates was required
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to enable ULSD (<10 ppm of S) production, under milder
conditions to those used in the present work. When produc-
ing LNSRILC at LHSV = 1.2 h™" (~60 wt% N removal) it
was estimated that 4.2 mg of N g~ ' of MOF were retained,
lower amount to that reported at MIL-101(Cr) monolayer
saturation when treating SRGO of 131 ppm N (9 mg g !,
batch system [31]). Performance of an adsorbent depend
not only upon its intrinsic equilibrium isotherm relating
adsorbed species to bulk liquid concentration but also on
the set-up (either batch or fixed-bed) in which the process
is carried out [71]. In batch process the adsorbent could
get in equilibrium with the remaining concentration in the
bulk of fluid phase. This concentration could be signifi-
cantly lower to that of the feedstock. On the other hand,
in a fixed bed process feedstock is fed continuously through
a packed adsorbent column that progressively gets fully
loaded with adsorbate when in equilibrium with the feed
concentration. Mass transfer phenomena could significantly
limit the extent of adsorbent utilization. Also, powdered
adsorbent is used in batch systems whereas shaped particles
are loaded in continuous systems enhancing the influence of
mass transfer control in the latter case. Indeed, during
studies on NOC removal from straight-run gas oil higher
adsorption capacity was found for MIL-101(Cr) when tests
were carried out in batch systems, as opposed those realized
in packed column [35].

The raffinate obtained at ~60 wt% N removal
from SRILC (300 ppm N in pristine mixture, Tab. 1) at
LHSV = 0.8 h™', 225 bbl ton™ ' (3.58 x 1072 m® kg™ ')
was higher to that previously reported [35] ~157 bbl ton™!
(249 x 107 m® kg™ ') at similar LHSV when treating
SRGO/LCO (80/20 vol/vol, 321 ppm in untreated mix).
Discrepancies could be probably due to both distinctive
textural and surface properties of MIL-101(Cr) materials
prepared through unlike protocols and different composi-
tions of tested hydrocarbons mixtures as well.

Hydrocarbon losses (high-N fraction recovered by regen-
eration through polar solvent) were ~1 wt%, lower to those
reported for the SK Pretreatment process (~2% of total
treated stream) [36]. In the latter case, from total NOC
retained by undisclosed adsorbents ~50% were basic species
(as QUI) the rest being non-basic ones (mainly IND and
CBZ and alkyl derivatives) [36]). Also, other polar
compounds were identified (S and O-containing ones)
and aromatics and saturated hydrocarbons as well, pointing
out to non- selective adsorption.

The excellent capability of our MIL-101 (Cr) in
NOC removal could be attributed to interaction through
covalent coordinative bonds between nitrogen atoms (with
un-shared electron pairs) and CUS formed by water
removal (after adsorbent activation, see Sect. 2.4) [33] in
Cr®" trimers in octahedral coordination. In this line and
from theoretical calculations [33] on those CUS basic
PYridine (PY) could be strongly coordinated due to favor-
able thermodynamics. Also, NOC could be retained on
carbon atoms of carboxylic groups of Benzene-1, interaction
4-DiCarboxylate (BDC) ligands [33] although NOC interac-
tion with carbon atoms in BDC was not as strong as to that
with CUS. Adsorption through aromatic rings (-7 stacking

interactions with terephthalate bridges [31]) could occur
as well.

Very selective NOC adsorption over that of S-bearing
species was evidenced, Table 3. In all cases, S removal was
below 5 wt% whereas that of NOC was much higher (e.g.,
83% in LNSR2). Others [31] found highly selective NOC
adsorption (IND and CBZ) over that of dibenzothiophene
(and corresponding alkylated derivatives) when using isooc-
tane as solvent. That trend was enhanced when S-bearing
species were in SRGO pointing out to competitive adsorp-
tion among dibenzothiophenes and aromatics (through
n— stacking interactions with terephthalate ligands). In full
agreement, S removal from the mixture containing aromat-
ics-rich LCO (SR1LC) (Tab. 1) was lower as to that in
corresponding SRGOL1 pristine component (Tab. 3). By
pretreating SRGO using MIL-101(Cr) prepared through
different protocols (no PO addition) to that used in this
work, ~13 wt% total S removal was observed [72] at
conditions at which 94 wt% N was retained by the adsor-
bent. Adsorption of sterically hindered S-species on
MIL-101(Cr) [31] could contribute to ULSD production as
they constitute the most resilient last parts per million of
sulfur compounds to be eliminated. In this line, 15 wt% of
sterically-hindered  alkyl-dibenzothiophenes could be
removed by MIL-101(Cr) from pristine SRGO containing
920 ppm of those species [72]. Also, refractory S species elim-
ination from SRGO during NOC adsorption (over undis-
closed adsorbent) could significantly contribute to ULSD
production when operating under commercially relevant
HDT conditions (CoMo/Al,O3-NiMo/Al,O3 stacked bed
system) [3]. Similarly, under SK Pretreatment process oper-
ating conditions around 5 wt% of S was eliminated whereas
82 wt% of N was removed by the multiadsorbent system
used [37]. N content in pristine hydrocarbon feedstocks did
not determine by itself the achievable NOC removal extent.
That could be provoked by preferential adsorption of certain
NOC types from different streams. MIL-101(Cr) has prefer-
ence for basic N-species (as PY, QUI and their alkyl-
derivatives) due to its rather weak acidic surface [33, 73].
In full agreement, SRGO denitrogenation (MIL-101(Cr) as
adsorbent) at progressively lower N content (from 357 to
20 ppm) resulted in decreased basic/total nitrogen species
ratio (from 0.29 to 0.1) due to preferential adsorption of
the former [72]. Thus, it could be inferred that most of
NOC remaining in LN hydrocarbon streams must be non-
basic ones, mainly IND (and alkyl-derivatives) and CBZ
[3]. Basic NOC have much higher reactivity under
hydrotreating conditions than non-basic species [3]. Thus,
HDS inhibiting effects from remaining species after NOC
removal could be mainly attributed to CBZ due to their
strong adsorption on HDS catalysts active sites [3].

NOC in Mexican SRGO typically comprise QUI (and
alkyl derivatives)/IND/CBZ (and alkyl derivatives) in
1/0.75/2.5 mass ratio [69]. However, after preferential basic
compounds removal by MIL-101(Cr) that proportion in LN
streams could be significantly different as to that in pristine
SRGO.

NOC in Mexican LCO included QUIT (and alkyl deriva-
tives)/IND/CBZ in 1/2.3/12.5 mass ratio pointing out to
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Table 3. Sulfur and nitrogen content in real feedstocks submitted to adsorptive nitrogen species removal process in
column packed with extruded MIL-101(Cr) (room temperature, atmospheric pressure (78 kPa), LHSV = 1.5 h™').
Corresponding values for pristine streams included as reference.

Component SRGOL1 LNSR1

SRGO2

LNSR2 SRILC LNSRI1LC

S (ppm) 12 067
S removal (%) 5.65
N (ppm) 220 57
N removal (%) 74.09

12 790

20 300

19 836
2.29

18 110 17 285

4.56

410 70 300 83

82.93 72.33

predominant non-basic compounds in much higher propor-
tion than in SRGO, vide supra [69]. However, NOC in LCO
could strongly depend upon type of FCC feedstock from
which that stream was originated. Basic NOC in LCO were
anilines and alkyl derivatives meanwhile non-basic were
IND and CBZ from benzo- and dibenzo-CBZ disintegration
under FCC conditions [74].

Regarding Coker Gas Oil (CGO), high proportion of
basic NOC like PY (and alkyl derivatives) have been iden-
tified [75]. Indeed, basic species (PY, naphthenic PY and
QUI) and CBZ (non-basic) have been found in CGO [76].
NOC removal could be enhanced by MIL-101(Cr) function-
alized by graphite oxide (0.25 wt%) as textural improver
[77] (increased IND and QUI adsorption as linear function
of enhanced surface area). Even more, when treating
streams of high QUI concentration (as some CGO) acidic
component addition (as aminomethanesulfonic acid at
2 mmol per gram of MOF MIL-100(Cr) [78]) could be
reflected in augmented NOC adsorption. Similar results
(augmented IND and QUI adsorption) were reported [79)
after modifying MIL-101(Cr) by adenine, followed by pro-
tonation. However, the complexity of synthesis protocols
of those functionalized materials could very probably make
them non-scalable and too expensive for practical real world
applications.

It is worth mentioning that the silica adsorbent used in
the SK pretreatment process [80] was non-selective during
NOC removal as interaction of those species with adsorbent
was through hydrogen bonding due SiO, surface lacking
acidity. However, that characteristic could positively affect
adsorbent regenerability due to weak NOC adsorption [80].

3.3 Catalytic HDT of pristine and low-nitrogen real
feedstocks

Among tested streams SRGO2 and SRI1LC must be the
most difficult to hydrotreat due to their enhanced NOC
content (Tab. 1). Also, their high S concentration and
high-end boiling point (BP) could contribute to increased
S-removal complexity as sterically hindered alkyl-DBT
could be mainly in the 330-360 °C distillation fraction
[10]. CGO could not significantly contribute in augmenting
refractory S species in SR1LC mixture due to its final BP
(323 °C).

HDS was dramatically improved by 74 wt% N-removal
from SRGO1 (LNSRI1 stream, Tab. 3) where S in product
decreased from 400 to 15 ppm at operating temperature
as low as 330 °C (Fig. 6, see rest of conditions in captions).
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Fig. 6. Operating temperature effect on HDS by using pristine
and corresponding LN feedstocks. @: SRGO1; O: LNSR1; M :
SRGO2; []: LNSR2; % : SR1LC; Y& : LNSR1LC. Dashed blue
line represents ULSD limit (S<15 ppm). Up-flow steady-state
fixed-bed reactor, P = 56 kg cm ™2 (5.77 MPa), LHSV = 1.5 h ™",
Hay/oil = 2500 ft* bbl™" (445 m* m™?).

No lower operating temperature was tested due to exponen-
tial growth in S content in hydrotreated SRGO1 by strong
inhibition from NOC which exothermal adsorption was
favored at temperature <330 °C [36]. Increasing tempera-
ture to 350 °C was required to produce ULSD (~11 ppm S)
under otherwise similar conditions when feedstock was pris-
tine SRGO. Thus, 20 °C lower HDT temperature was
required in obtaining ULSD when the LN stream was fed.
Estimating ~1 °C month™' deactivation [40] in industrial
hydrotreaters (WABT must be increased by that amount
to keep S isoconversion) ~20 months longer cycle length
was suggested. Advantage in HDS performance by using
LN feedstock (as to that when using the pristine stream)
diminished as operating temperature increased because
strongly exothermal NOC adsorption was unfavored at
augmented severity [5] whereas HDN kinetics was
enhanced. Producing ULSD (-6 ppm S) at 340 °C from
pristine SRGO1 required enhanced (by ~1.7 factor) feed-
stock-catalyst contact time, as to that used when testing
LNSR1 (Fig. 7). In real-world hydrotreaters that could
mean significantly decreased ULSD production. Otherwise
and to keep unaltered productivity, 70% additional reaction
volume could be needed when using pristine feedstock,
demanding for expensive plant revamp. Note that room
to install a grassroots new reactor could be not available
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Fig. 7. LHSV effect on HDS by using pristine and corresponding
LN feedstocks. ®: SRGO1; O: LNSR1; M: SRGO2; [1: LNSR2;
Y : LNSRILC. Left-down quadrant (delimited by dashed blue
lines) represents ULSD (S < 15 ppm) operating window. Up-flow
steady-state fixed-bed reactor, P = 56 kg ecm™? (5.77 MPa),
T = 340 °C, Hy/oil = 2500 ft* bbl™* (445 m® m™).

in most of refineries operating nowadays. Although temper-
ature could be increased to produce ULSD that could signif-
icantly affect catalysts cycle life as enhanced severity could
provoke accelerated deactivation by thermodynamics
limitations (diminished adsorbed hydrogen and aromatics
hydrogenation equilibrium conducting to polymerization
on catalysts surface then coking [81]).

SRGO2 was a straight-run gas oil from different crude
slates as to that from which SRGO1 was obtained, contain-
ing enhanced proportion of heavier oil. In spite of low initial
boiling point, SRGO2 had significantly augmented total
S and N concentration as to SRGO1. Then, some different
S- and N-species in SRGO2 as to those in SRGO1 could be
expected. Substantially higher S (~69%) and N-content
(~86%) in SRGO2 as to that of SRGO1 was reflected in
lower desulfurization when operating under similar HDT
conditions (Fig. 6). Again, advantage of using LN feedstock
was evidenced as ULSD could be produced at 340 °C from
LNSR2 (83 wt% N removal, Tab. 3) even at LHSV = 2 h™"
(Fig. 7). It is worth nothing that regardless of the much
higher S content in SRGO2 an important proportion of
those sulfur-bearing species could be of enhanced reactivity
to those in SRGO1. Due to its much lower initial boiling
point (161 °C, Tab. 1) the former could comprise thiophene
alkyl derivatives of considerably high reactivity [82, 83].
However, due to its very high S and N concentration,
enabling ULSD production from SRGO2 could require pro-
hibitively very low space velocity rendering the operation
economically unfeasible (Fig. 7).

Regarding the LNSRILC mixture (72.33 wt% N
removal as to the pristine SR1ILC stream, Tab. 3), higher
S in HDT product could be expected considering addition
of less reactive cracked streams to SRGO1. High aromatics
contents characterize LCO whereas augmented NOC con-
centration was present in CGO (Tab. 1). However, signifi-
cant concentration of sterically hindered S species (boiling

kups (ppm SO hhy

©
=

330 340 350
Temperature (°C)

Fig. 8. Effect of temperature on HDS kinetic constants (reac-
tion order n=1.5) determined from various tested pristine and
corresponding LN feedstocks. P = 56 kg cm™ (5.77 MPa),
LHSV = 1.5 h™*, Hy/oil = 2500 ft* bbl™* (445 m® m™).

point ~365 °C) could be discarded in those cracked feed-
stocks (especially in CGO) due to their final boiling point.

ULSD could not be produced by hydrotreating
LNSRILC at 330 °C (Fig. 6, rest of operating parameters
in corresponding captions). At 340 °C, ~9 ppm S in product
were obtained. Thus, and in agreement with others [37] it
seemed that the beneficial effect of NOC removal on
HDT was even more notable when heavier feedstocks of
higher aromatics content as LCO of significantly lower
°API gravity as to that of SRGO1 (13.4 and 33.4, respec-
tively, Tab. 1) were added. At 350 °C and similarly to
the case of SRGOL1 (pristine and LN) ULSD (7-8 ppm S)
was obtained by using both mixed feedstocks (pristine
and corresponding pretreated stream). Clearly, at those
conditions the high NOC content of SR1LC did not exert
strong inhibition because of diminished NOC exothermal
adsorption and accelerated HDN kinetics due to the highly
active catalytic formulation used. Aleksandrov et al. [84]
found that Light Coker Gas Oil (LCGO) addition to SRGO
was reflected in increased S in product when operating at
350 °C. However and in spite of enhanced NOC content
(45% higher) in the mixture with 15 wt% LCGO, by
augmenting temperature to 365 °C sulfur in product was
slightly lower to that in hydrotreated SRGO. Thus, ULSD
(10 ppm) could be produced (at LHSV = 0.9 h™*, P = 3.5
MPa and Hy/oil = 300 m® m*) by using either feedstock.

Cracked cheaper streams addition to SRGO1 then sub-
mitted to NOC removal (LNSR1LC) resulted in minimal
variation on S in HDT product, as to that from LNSRI1,
in the temperature range studied (Fig. 6) and at all the
tested LHSV values (Fig. 7) as well.

From HDS data obtained kinetic parameters (reaction
order n, kinetic constants at various temperatures (from
Eq. (1)) and corresponding activation energy values were
calculated (Fig. 8 and Tab. 4). For SRGO (both pristine
and LN) the best fit for linear regression of equation (1)
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Table 4. HDS reaction order (n, from best fit of Eq. (1)) for various tested pristine and LN middle distillates. Activation
energy (E,) as determined from corresponding Arrhenius plots also included. Steady-state up-flow fixed-bed reactor,

T = 330-350 °C, P = 56 kg cm ™2 (5.77 MPa), LHSV = 1.25-2.5 h ™!, Hy/oil = 2500 p* bbl™

' (445 m® m™?).

Stream SRGO1 LNSR1 SRGO2 LNSR2 SRILC LNSRI1LC
n 1.5 1.5 1.5 1.5 ND 1.5
R-squared® 0.999 1 0.996 0.984 ND 0.9875
E, (kJ mol_l) 94.58 30.45 ND ND 105.6 28.36

® From least squares linear regression.

was n = 1.5 HDS reaction order whereas for LNSR1LC it
corresponded to n = 1.75. Reaction order could be increased
in heavier middle distillates HDS as to that of lighter ones
[85] due to kinetics of more complex compounds [86].
Although n = 1.75 reaction order was the best fitted for
LNSRILC data (R-squared = 0.9915), n = 1.5 also pro-
vided very good data correlation (R-squared = 0.9875).
Then, given the strong dependence of kinetic constants
respecting n (Eq. (1)), to make them comparable one to
another, 1.5 reactor order was used for all tested feedstocks
(Tab. 4).

By removing 74 wt% of NOC from SRGO1 kypg (at
330 °C) was increased by a factor of 6 (Fig. 8). However,
at 350 °C the advantage of LNSR1 as feedstock (instead
of pristine SRGO1) diminished to 61% due to more favored
HDN kinetics and lower NOC inhibition under more severe
conditions [5]. The general trend was similar for the pristine
mixture (SRILC) and corresponding LN stream although
in this case kyps (at 330 °C) were lower as to those of
SRGO1 and LNSRI1, respectively, probably due to
enhanced inhibition from significantly higher NOC amount
(36 and 46%, for SRILC and LNSRILC, respectively,
Tab. 3). At 340 °C, SRGO2 had the lowest kgpg that could
be caused by its considerable S and N content. However,
the corresponding LN feedstock had 5.4-fold increased kypg
(as to that corresponding to the pristine untreated feed-
stock) due to less inhibited reaction sites.

From corresponding Arrhenius plots (not shown) HDS
activation energy (E,) for various tested middle distillates
was determined, Table 4. Value for pristine stream SRGO1
was similar to those reported elsewhere for middle distillates
HDT [85, 86]. Enhanced E, for non-treated SR1LC mixture
as to that found for SRGO1 was consistent with the stron-
ger inhibition exerted by its higher NOC content [86, 87].
By increasing operating temperature NOC desorption and
HDS and HDN reactions kinetics were favored that being
reflected in enhanced desulfurization activity response at
more severe conditions (thus, augmented E,).

Regarding low FE, values for LN feedstocks HDS the
effect of diffusional limitations could not be discarded.
Indeed, E, values below 41.8 kJ mol ™" are generally consid-
ered as evidence of reaction control by diffusional phenom-
ena [88, 89]. Even at the lowest tested temperature (330 °C)
very high S-bearing species conversion was observed for LN
feedstocks (Fig. 6) which could lead to S conversion con-
trolled by the limited reactants availability when testing
at more severe conditions.

Finally, the effectivity of our process comprising
extruded MIL-101(Cr) as NOC removal adsorbent (loaded

in fixed-bed column) from oil-derived middle distillates has
been clearly demonstrated. Although others [80] have
claimed successful NOC removal from hydrocarbon streams
using silica-gel/ion exchange resin combination no shaped
adsorbents were mentioned but just small particles (0.3—
1 mm). In our case, extrudates utilizations make our process
attractive in real-world applications as pretreatment of
feedstocks for ULSD production. By significantly increasing
cycle life of HDS catalytic formulations frequency of expen-
sive turnarounds (750 000-1 000 000 US dollars day *,
3-4 weeks [90]) for catalysts change could be substantially
reduced.

Encouraging results obtained during ULSD production
by using LN pretreated feedstocks HDT have been con-
firmed in a larger pilot plant (100 x 10~° m®) loaded with
commercial size extruded catalyst operating under HDT
conditions relevant to industrial facilities in Mexican
refineries. Our patented technology [41, 50] is presently in
scaling-up stage.

4 Conclusion

Highly crystalline MIL-101(Cr) metal-organic framework
was prepared with propylene oxide as proton scavenger
that resulting in adsorbent of improved mesoporosity and
essentially unaltered surface and structural properties.
Nitrogen Organic Compounds (NOC) selective adsorption
(over those of S-bearing species and aromatics) was carried
out as pre-treatment of various oil-derived middle distillates
aimed to ultra-low sulfur production (ULSD, S < 15 ppm)
under pilot plant at operating conditions relevant to indus-
trial HyDroTreating (HDT). NOC removal was carried out
at mild conditions (room temperature and atmospheric
pressure), the solid being easily regenerable by n-hexane
and acetone washln% at mild conditions. Extruded
MIL-101(Cr) (~1800 m* g ') efficiently removed NOC from
oil-derived real feedstocks to concentrations ~80 ppm (from
220-400 ppm in non-pretreated streams) which allowed
ULSD production at much milder conditions as to those
used during pristine hydrocarbon feedstocks HDT. Thus,
operating temperature could be significantly diminished
(from 350 to 330 °C), during straight-run gas oil HDT (at
56 kg cm™? (5.77 MPa), LHSV = 1.5 h™" and H,/oil =
2500 ft* bbl~* (445 m® m %)) which could significantly pro-
long cycle life of commercial sulfided NiMo/Al,O3 formula-
tions. That could be reflected in less frequent expensive
turn-arounds for spent catalysts change in commercial-scale
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hydrotreaters, with consequential improved revenues for
the refiner while producing on-spec ULSD.

Supplementary materials

Supplementary material is available at https://ogst.
ifpenergiesnouvelles.fr/10.2516/0gst /2021038 /olm

Figure S1. Scheme of the NOC (from real feedstocks,
oil-derived middle distillates) adsorption system used.
Packed bed (MIL-101(Cr) extrudates) operating at room
temperature, atmospheric pressure (78 kPa) and LHSV =
0.6-1.5h""

Figure S2. N5 physisorption isotherm (—198 °C) of as-
prepared MOF MIL-101(Cr) synthesized with propylene
oxide as proton scavenger. Filled squares: Adsorption
branch; Open squares: Desorption branch.

Figure S3. X-ray diffraction pattern of as-prepared
MOF MIL-101(Cr) synthesized with propylene oxide as
proton scavenger.

Figure Sj. Thermogravimetrical (a) and differential
thermogravimetrical (b) profiles of prepared MIL-101(Cr)
extrudates.

Figure S5. UV-vis spectrum of extruded adsorbent
MIL-101(Cr) prepared with propylene oxide.

Figure S6. Infrared spectrum of extruded adsorbent
MIL-101(Cr) prepared with propylene oxide.

Figure S7. Raman spectra of various analyzed zones of
extruded adsorbent MIL-101(Cr) prepared with propylene
oxide.

Figure S8 SEM micrographs of extruded MOF
MIL-101(Cr) material at various magnifications. (a) 200x;
(b) 2000x; (c) 100 000x; (d) 120 000x.
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