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Our study investigates the production of drop-in fuels by co-hydroprocessing solid hydrolysis lignin in a batch
reactor operated in cycling mode. To simulate the blending potential with lignin oil, we utilized petroleum-
derived intermediates like hexadecane and VGO. We demonstrate the significant production of blended lignin-
oil through direct co-hydroprocessing of hydrolysis lignin and its hydroprocessed oil using a spent catalyst.
The reactivity of hydrolysis lignin is influenced by its interaction with organic mediators in the lignin-oil blends.
For hydrotreated lignin in hexadecane, we observed an 83.4 wt% yield of lignin monomers, predominantly
isomeric alkane-derived, including cycloalkanes. Co-hydroprocessing with fresh lignin increased lignin-oil blend
yield and reduced char formation. Additionally, the NiMoP loading significantly boosted naphtha and light gas
oil yields. Co-hydroprocessing with VGO exhibited a slightly higher yield of 85.6 wt%, accompanied by a
significantly lower char yield of 1.6 wt% compared to the uncatalyzed reaction, which yielded 33.7 wt% char.
The enhanced reactivity and affinity with VGO resulted in improved selectivity towards naphthenes and aro-
matics. Overall, higher catalyst loadings promoted dealkylation and deoxygenation reactions while suppressing
char formation, remarkably evident with VGO in multicycling. Interestingly, multicycling led to a higher bio-oil
yield and lower char formation. Furthermore, our study suggests that co-hydroprocessing with intermittent
feeding of hydrolysis lignin in a sequential operation mode can achieve deep deoxygenation, higher energy yield,
and mass lignin-oil yields while maximizing the distillate range of jet and marine fuel fractions, as qualitatively
evident using funnel plots.

1. Introduction slurry-bed catalytic hydroconversion [2,5,7,8]. Among these technolo-

gies, slurry-phase hydroconversion stands out as a promising process,

The depletion of fossil fuel resources drives the demand for alter-
native energy resources [1]. Biomass, affordable and abundant, can be
converted into a wide range of products, including biofuels, electricity,
heat, and chemicals through various conversion pathways [2]. However,
scaling up production faces economic challenges, particularly given the
significant demand in the transport sector [2-4]. To accelerate this
transition, co-processing biomass-derived materials in existing oil re-
fineries is a paramount step to ensure the consistent quality of final fuels
[5]. In order to establish a massive-scale biofuel system in the short
term, the co-processing of biomass derived resources in oil refineries
could be a realistic and economic scenario [1,2,6]. Several process
technologies have been developed to upgrade vacuum residue and
heavy oils into light fractions [7], encompassing carbon rejection and
hydrogen addition processes, including visbreaking, steam cracking,
fluid catalytic cracking (FCC), fixed-bed catalytic hydroconversion, and

* Corresponding authors.

facilitating better contact between the catalyst and feedstock, resulting
in higher conversion rates [9]. Co-processing lignin-biomass and liquid-
biocrudes in these systems with oil refineries can occur at various lo-
cations, depending on the nature of the biocrude and the target product.
Numerous developments regarding co-processing are reported in
research publications, patents, and international consortiums projects
[2,5-8,10].

Much effort has been focused on co-processing bio-oils generated
from fast pyrolysis and hydrothermal liquefaction (HTL) with
petroleum-derived feedstocks in FCC, hydrotreater, or hydrocracker
processes [11,12]. The aim is to utilize these bio-oils for the production
of sustainable marine and aviation fuels in the future. The FCC insertion
point offers economic attractiveness, yet unacceptable increases in
temperature due to excess coke production resulting from the poor
thermal stability of bio-oils, leading to damage of the FCC catalyst, and
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therefore posing a challenge to maintain an appropriate heat balance
[13-16]. This necessitates a stabilization step before injection into the
FCC reactor. Several researchers have conducted catalytic hydrotreating
of the bio-oil, reducing its oxygen content close to 5 %, before co-
processing it with light cycle oil (LCO) and vacuum gas oil (VGO)
[17,18]. This upgrading step primarily involves converting cellulose-
derived sugars in the bio-oil into alcohols, which are less prone to
form coke. de Miguel Mercader et al. co-processed 20 wt% hydrotreated
bio-oil in fossil fuel and compared with the result obtained from pure
hydrotreated bio-oil [19]. It was found that this was still possible with
only a 7.8 % increase in coke formation. It was found that internal
hydrogen transfer, causing a reduction in the coke precursor concen-
tration during the co-processing of the renewable and fossil feed, could
be potentially operative mechanisms to explain these results. However,
they concluded that, to date, it is not possible to determine which
mechanism causes the changes in the yield profile [19]. Catalytic py-
rolysis has also been used to stabilize the bio-oil before co-processing
[18,20-24]. Similar results as for hydrotreated bio-oil have been re-
ported, except for a higher coke yield in the catalytic pyrolysis due to the
presence of more unsaturated compounds [25]. Other challenges arise
from difficulties in dispersing, and atomizing the bio-oil, which may
transform into coke on the catalyst and block its active sites
[17,18,20,22,23]. Recently, Melin et al. found that limiting the co-
processing biocrude to about 10 % in VGO had little impact on the
naphtha yields without a significant change in the coke yield [26].
Research on co-hydrotreating and hydrocracking of bio-oils remains
limited. de Miguel Mercader et al. studied co-hydrotreating bio-oils with
petroleum gas oils [19]. They found that the reduction in desulfurization
activity was due to competition with the catalytic hydrodeoxygenation
(HDO) reactions, not irreversible Ru/C catalyst deactivation. The
resulting molecular weight distribution of a co-processed HDO/fossil o0il
blend resembled that of hydrotreated fossil oil, regardless of the origin of
the HDO oil [19]. Pinheiro et al. observed inhibition of gas oils co-
hydrotreatment reactions in the presence of bio-oil fractions using a
CoMo/Al»03 catalyst [27]. CO and CO, from decarboxylation and
decarbonylation of esters and carboxylic acids inhibited catalytic re-
actions, suggesting the need for a CO/CO- insensitive catalyst or one
favoring dehydration for effective de-oxygenation hydrotreatment. Co-
hydrotreatment with a renewable oil like canola was suggested. Han
et al. experimented with co-hydrotreating the lignin-rich oil phase over
CoMo/Al,03 and observed increased coke yield with a higher lignin-rich
oil content [28]. Introducing 1-butanol as a hydrogen donor before
blending, reduced coke formation, although it remained higher
compared to hydrotreating canola oil alone. Catalytic co-processing of
HTL biocrude with rapeseed oil over NiMo/Al,03 showed no oxygen
content and a micro-carbon residue, resembling the boiling range of
biodiesel [28]. Optimal refinery advantages unfold when introducing
bio-0il post-mild upgrading into select processing units [28]. Both
cracking and the capability to remove oxygen from the biocrude is
required from these processing units, and therefore, co-processing could
potentially take place in the FFC, hydrotreater, or hydrocracker. In their
study, Alvares-Majmutov et al. explored the co-hydrocracking of deox-
ygenated bio-oil alongside VGO over a MoS; unsupported catalyst that
yielded naphtha and diesel in quantities similar to those from VGO [29].
The catalyst showed no signs of deactivation throughout an extensive
2154-hour testing period. These findings underscore the viability of co-
hydrocracking bio-oils, particularly those that have undergone prior
hydrotreatment. As noted in studies by Grilc et al. [30], unsupported
MoS; catalyst exhibited higher activity compared to their MoSo(IF)/C
counterparts due to their influence of different morphology, including
surface area and better dispersion of active sites. Among these, MoS,
demonstrated the highest activity and selectivity towards hydro-
deoxygenation. Furthermore, when compared to a commercially avail-
able NiMo/y-Al;0O3 catalyst with similar MoS, loading, the hydroxyl
group removal rate was comparable; however, unsupported MoS;
showed much greater selectivity for deoxygenation through
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hydrogenolysis. This highlights the advantage of unsupported MoS,
catalysts in achieving selective and efficient deoxygenation.

Research on the co-hydrotreating liquefaction of solid lignin with
petroleum feed remains relatively limited. Recently, Cheah et al. intro-
duced a new strategy to suppress char formation by slurry co-
hydroprocessing of Kraft lignin and pyrolysis oil in a paraffinic solvent
[31]. The observed char suppression was attributed to the synergistic
effects of functional groups found in the lignin-derived products.
Deneyer et al. demonstrated the possibility to produce compatible bio-
gasoline by integrating real lignocellulosic feedstock in two catalytic
steps in an existing petrorefinery facility that targeted 10 % bio-based
carbon [32]. Another important driver for studying unsupported cata-
lysts is their potential application in upgrading heavy oils [33]. In
hydrotreating heavy oils containing residual matter, supported catalysts
used in conventional fixed-bed processes are prone to deactivation due
to coke deposition on their surfaces [34]. Unsupported catalysts, in
contrast, exhibit minimal deactivation issues because they can function
as once-through catalysts. Furthermore, unsupported catalysts demon-
strate higher catalytic activity, attributed to their high active material
loading and large exposed surface area. These advantages position un-
supported catalysts as promising candidates for use in slurry-phase
processes in heavy oil refineries [33,35]. Slurry-phase systems are
more adaptable to varying reaction conditions and provide superior heat
transfer and catalyst recovery compared to fixed-bed systems. Addi-
tionally, the use of unsupported catalysts in slurry systems facilitates
easier catalyst regeneration, which is critical for maintaining long-term
operational efficiency in industrial settings [33,35]. Furthermore, the
inclusion of phosphorus (P) as a promoter in NiMoP catalysts provides a
greener alternative to traditional catalysts. Unlike conventional NiMo
catalysts that require sulfiding for activation, NiMoP can be used
without the need for sulfiding, reducing the environmental impact of
catalyst preparation. The phosphorus acts as a promoter that stabilizes
the active sites and enhances hydrogenation activity, as demonstrated
by Wang et al. [36], who found that P-modified Ni,P catalysts exhibited
excellent performance without requiring sulfiding, making them more
sustainable and easier to handle. Incorporating lignin-oil produced via
catalytic hydrotreating in petroleum fuels as finished fuels may repre-
sent the lowest risk for refineries if complete oxygen and char suppres-
sion is ensured. Several issues may affect the economic and operational
viability of co-processing, including the stability, quality, and avail-
ability of large quantities of biogenic feedstocks. Improving the con-
version of residual lignin, such as hydrolysis lignin has recently received
attention due to its potential to provide high yields of lignin-oil due to its
higher reactivity and lower sulfur and ash contents compared to Kraft
lignin [37]. Studies have often reported that relatively high aromatic
yields can be achieved.

The effect of depolymerization of hydrolysis lignin under various
reaction conditions has been studied through a semi-continuous process
over a sulfided NiMo/y-Al,O3 catalyst [38]. The major product of hy-
drolysis lignin hydrogenation consisted mainly of aromatics, naph-
thenes, and phenols under 380 °C, and 70 bar H,. In another catalytic
conversion study, performed over a 5 wt% Ni/AC catalyst, an aromatic
monomer yield of 12.1 wt% was obtained from hydrolysis lignin at
240 °C for 4 h with 30 bar Hy in methanol [39]. Tymchyshyn et al.
studied the hydrogenation of hydrolysis lignin used a MoRu/AC catalyst
and found that the presence of acetone solvent lowered the molecular
weight of the bio-oils (380 g/mol average) with high yields of around 85
wt% at 340 °C [40]. Recently, Sang et al. found that hydrolysis lignin
when completely converted to lignin-oil, gave the highest monomer
yield of 28.9 % over an unsupported Ni catalyst in supercritical ethanol
at 280 °C for 6 h with 20 bar Hj [41]. More recently, we evaluated the
catalytic depolymerization of hydrolysis and Kraft lignin over a non-
supported NiMoS catalyst alongside hexadecane [37]. The results
found that the yield of monomeric compounds was nearly 76 and 47 wt
% for hydrolysis and Kraft lignins, respectively. We suggested that the
high performance of hydrolysis lignin is related to its chemical structure
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and reactivity. This study showed that a deep removal of the oxygen-
containing functional groups could be obtained, while steering the H/
C ratio and improving the overall carbon yield [37].

Hydrolysis lignin, a byproduct from enzymatic hydrolysis during
bioethanol production, has recently emerged as a promising feedstock
for advanced biofuels. Enzymatic hydrolysis, which converts lignocel-
lulosic biomass into fermentable sugars for bioethanol production, also
generates a lignin fraction that is often underutilized. Industrial lignin
hydrolysis processes, such as those employed by companies like SEKAB’s
Biorefinery Process, Clariant’s Sunliquid Process, and Beta Renewables’
PROESA Technology. These processes aim to maximize the separation of
lignin from cellulose and hemicellulose, ensuring that lignin is recovered
in a high-quality form suitable for downstream upgrading. Moreover,
the integration of hydrolysis lignin into the biorefinery model, where
lignin is upgraded to valuable biofuels and chemicals, has gained
attention due to its potential to reduce refinery waste while producing
high-value products.

This present work addresses a significant research gap by investi-
gating the production of drop-in fuels with a direct upstream integration
of hydrolysis lignin, a co-product of the bio-ethanol production process,
into co-hydroprocessing in existing petrorefineries. Our research marks
the first investigation, to the best of our knowledge, of hydrolysis lig-
nin’s potential in co-hydroprocessing alongside petroleum in-
termediates, knowing its ability to yield high-quality and ultra-low-
sulfur lignin-oil. Utilizing an unsupported nickel-molybdenum-
phosphorus (NiMoP) catalyst, we investigate the hydroprocessing ef-
fect of hydrolysis lignin residue in oil refineries, with a primary focus on
product distribution and distillate fractions. Additionally, we aim to
elucidate the influence of operational conditions and lignin capacity on
the upgraded lignin-oil selectivity. Furthermore, we investigate a novel
approach to intermittently co-hydroprocess fresh hydrolysis lignin res-
idue with spent catalyst and lignin-oil blends. In this work, we also
introduce a funnel plot that compares the characteristics of the produced
lignin-oil blends, encompassing the product quality, deoxygenation
degree, distillate range fractions (177 — 343 °C) and the mass and energy
yields.

2. Experimental
2.1. Feedstocks and chemicals

The feedstocks and chemicals used in this study were carefully
selected and prepared to ensure consistency and reliability in the ex-
periments. Hydrolysis lignin, kindly provided by Sekab (Sweden), was
pre-dried at 80 °C in an oven before being ground and sieved to achieve
a particle size of 180 um. Vacuum gas oil (VGO) was gently warmed in a
water bath set to 50 °C to facilitate its transfer into the reactor. The
properties of hydrolysis lignin, hexadecane, and VGO are presented in
Table 1. For catalyst synthesis, we used ammonium molybdate tetra-
hydrate (81-83 % MoO3 basis), nickel (II) nitrate hexahydrate (99 %),
ammonium dihydrogen phosphate (98 %), mesoporous SBA-16 (pore
size 5 nm), ethanol (Reagent Plus®, 99 %), and sodium hydroxide
(NaOH, 97 %), all supplied by Sigma-Aldrich. The chemicals employed
in hydroconversion reactions and product recovery included hex-
adecane (Reagent Plus®, 99 %), acetone (MERCK, EMSURE®, >99.8
%), and dimethyl sulfoxide (DMSO, Reagent Plus®, 99 %). All chemicals
were of analytical grade and used without additional purification.

2.2. Preparation of the catalysts

The unsupported NiMoP catalyst was synthesized via a nanocasting
technique employing mesostructured silica as a hard template, following
a procedure outlined in our recent publication [37]. SBA-16, comprising
solely silica, served as the templates. Hard templating, a pivotal strategy
for crafting crystalline mesoporous materials, leverages the distinctive
structure of the hard template to inhibit precursor crystallization or
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Table 1
Properties of hydrolysis lignin, hexadecane and VGO.
Property hydrolysis lignin HT- VGO*
[32] hexadecane

density at 15.6°C, g/cm® - 0.7733 0.9752

carbon, wt.% 55.9 80.5 86.6

hydrogen, wt.% 5.7 19.9 12.9

oxygen, wt.% 38.1 - 0.2

nitrogen, wt.% 0.3 - 0.1

sulfur, wt.% 0.08 - -

ash, wt.% 0.5 - -

moisture, wt.% 1.5 - -

SimDis TGA*

naphtha range (wt.%, IBP- - 8.7 0.35
177°C)

distillate range (wt.%, - 91.3 25.0
177-343 °C)

heavy oil range (wt.%, - 0 74.0
343-524 °C)

residue (wt.%, > 524 °C) - 0 0.65

* SimDist-TGA carried out from 30 °C to 750 °C at a rate of 50 °C/min under N,
flow of 50 mL/min.
[32] properties published from previous work.

aggregation. A mixture consisting of metal precursors— 0.5 g of ammo-
nium molybdate (VI) tetrahydrate, 0.3 g of ammonium dihydrogen
phosphate, and 3.5 g of nickel (II) nitrate hexahydrate-in a molar ratio
of 1:1:4 was dissolved in 100 mL of ethanol. Mesoporous SBA-16 was
dispersed into the aqueous precursor mixture while stirring at room
temperature for 2 h. Subsequently, the solvent was gradually evaporated
using a water bath set at 65 °C and a slow stirring rate. The resulting
paste catalyst was then subjected to heating at 200 °C for 6 h. The solid
obtained was dissolved once again in absolute ethanol and infiltrated
into the channel of 1.5 g of the mesoporous SBA-16. Following re-
impregnation and removal of ethanol, the solid obtained underwent
calcination at 450 °C for 6 h at a heating rate of 6 °C/min. The meso-
structured SBA-16 template was then removed by treating the solid with
a 0.5 M NaOH solution multiple times. The resulting green solid was
subsequently washed with distilled water, dried at 80 °C, and designated
as NiMoP.

2.3. Catalyst characterization

The physicochemical properties of the synthesized catalysts were
evaluated using X-ray diffraction (XRD), Ny adsorption, and chemical
analyses. Detailed descriptions of these techniques can be found in our
previously published work [37]. The porosity and surface area of the
catalyst were determined via Na-physisorption using a TriStar 3000
analyzer. Prior to measurement, the catalysts were degassed at 300 °C
for 12 h under a flow of nitrogen gas. Powder X-ray diffraction (XRD)
patterns were acquired using a D8 Advance Bruker with Cu Ka radiation
(= 1,542 /o\) over a 20 range of 20-80° at a rate 1°/min. Thermog-
ravimetry analysis (TGA) was performed using a TGA/DSC 3 + Star
analyzer (Mettler Toledo, Switzerland). High-resolution transmission
electron microscope (HRTEM) imaging was carried out utilizing a FEI
Titan 80-300 microscope with a field emission gun, a probe Cs
corrector, and a Gatan image filter Tridium, operating at 300 kV.
Ammonia temperature-programmed desorption (NHs-TPD) analysis was
conducted using a Differential Scanning Calorimeter (DSC, Setaram
Sensys). Gas flow was regulated by mass flow controllers (MFC,
Bronkhorst), with outlet gases quantified using a mass spectrometer
(MS, Hiden Analytical HPR 20). X-ray photoelectron spectra (XPS)
analysis was carried out using PerkinElmer PHI 5000 Versa Probe III.
This spectrometer uses a monochromatic Al Ka source with a binding
energy of 1486.6 eV and a beam size diameter of 100 pm.
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2.4. Hydrotreating and co-hydroprocessing setup

The hydroconversion experiments conducted in this study are
structured into three distinct sections. In the initial section, hexadecane
and hydrolysis lignin were employed to assess the performance of the
unsupported NiMoP catalyst under varied operating conditions (refer to
Table 2, labeled as HEP, to HEPg). This screening process was conducted
during the first cycle of experimentation (see Fig. 1a). Moving on to the
second section, multi-cycling studies were conducted. A consistent
quantity of hydrolysis lignin was introduced into the lignin-oil blends
obtained from the first cycle without the removal of spent catalyst and
solids (referred to as cycle 2, Fig. 1b). This procedure was identically
repeated for a third cycle (refer to Table 2, labeled as HEP; to HEPy), as
illustrated in Fig. 1b. Similarly, the third section involved single and
multi-cycling experiments conducted with VGO as a representative pe-
troleum oil feedstock (refer to Table 2, labeled as HEP( to HEP;7). For
each section, reference and blank experiments were carried out. Refer-
ence experiments, conducted without lignin, served to remove the ef-
fects of thermal and catalytical hydrotreated and hydrocracked VGO and
hexadecane for monomeric composition studies utilizing GCxGC
analysis.

2.4.1. Hydrotreating experiments

The experiments were conducted in a 450 mL Parr reactor. The
processing feedstock, comprising 7.5 wt% hydrolysis lignin and 92.5 wt
% petroleum intermediates, was employed. Catalyst loadings ranging
from 5 to 20 wt% (based on the initial 5 g of dry lignin charged into the
vessel at the start of the first cycle), pressures varying between 50-80
bar Hp, and temperatures ranging from 330 to 400°C were investigated.
Typically, the reaction chamber was loaded with catalyst (0.25, 0.5, or 1
g) and 5 g of hydrolysis lignin in 67 g of the petroleum intermediate or
solvent, as illustrated in Fig. 1a. Subsequently, the reactor was sealed,

Table 2
Catalytic hydrotreatment and co-hydroprocessing operational conditions.

Experiments Notation Operating Conditions

HLA-T°-p—td-we

Hydrotreatment Lignin in hexadecane — single cycle

HEP, (Blank) HL-400-80-5-W,

HEP; HL-330-50-5-W5
HEP, HL-400-50-5-W
HEP; HL-400-80-5-W5
HEP, HL-400-80-5-W,
HEPs HL-400-80-5-Wa,
HEPg HL-400-80-12-Wa0

Co-hydroprocessing lignin in Lignin-oil-C16 blends — multi-cycle

HEP; (Blank) HL*-400-80-15-W,
HEPg HL*-400-80-15-W5
HEP, HL*-400-80-15-Way

Hydrotreatment lignin in VGO - single cycle

HEP;, (Blank) HL-400-80-5-W,

HEPy; HL-400-80-5-W5
HEP;, HL-400-80-5-Way
HEP; 5 (Blank) HL**-400-80-15-W,
HEPy4 HL**-400-80-15-Way

Co-hydroprocessing lignin in Lignin-oil-VGO blends — multi-cycle

HEP; 5 (Blank) HL*-400-80-15-Wq
HEP;6 HL*-400-80-15-W5
HEP;, HL*-400-80-15-W3,

“Indicates Hydrolysis Lignin (HL), b Temperature reached ( C), ¢ Hy Pressure
reached (bar), 9 residence time (h), © wt.% of catalyst charged based on 5g of dry
lignin in a single cycle. 5g of lignin is used for cycle 1. * indicates 3 cycles per
experiment with 5g lignin for cycle 1 and 2.5 g for cycles 2 and 3. ** 10 g total
added lignin. HEP7 to HEP9 and HEP15 to HEP17, contains 3 cycles for each
experiment.
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purged several times with N5 gas to eliminate air, and then flushed with
Hj gas. Upon achieving leak tightness, the vessel was pressurized with
16-25 bar Hy at room temperature (adjusted based on the expected
pressure at the final reaction temperature) and heated to the designated
reaction temperature while being stirred at 1200 rpm, with a heating
rate of 5°C/min. The residence time was considered zero once the
desired reaction pressure and temperature were reached. This entire
procedure, described herein, is referred to as a single cycle (Fig. 1a).

2.4.2. Multicycle co-hydrotreating experiments

In cycle 2, the lignin-oil blend obtained from cycle 1 served as the
solvent for further lignin hydroprocessing, as illustrated in Fig. 1b.
During this cycle, 2.5 g of fresh lignin feedstock (~ 4 wt%) was added to
the produced lignin-oil blend from cycle 1, without removing the
products and spent catalyst. Subsequently, in the last cycle (cycle 3), 2.5
g of fresh lignin was added to the product of cycle 2, following the
procedure outlined in Fig. 1b. Throughout this process, the produced
lignin-oil blend and spent catalyst were successively reused. These
multicycle experiments were conducted at 400°C and approximately 80
bar Hy, while maintaining stirring at 1200 rpm. Upon completion of the
reaction, the reactor was cooled using cold water. The resulting prod-
ucts, comprising gas, liquid bio-oil, unreacted lignin, and solid char,
were then separated, and analyzed in accordance with the product re-
covery protocol outlined in our recent study [37].

2.5. Products analysis

Mass balance calculations were conducted using measurements ob-
tained from a combination of collected liquids, solids, and the gas phase
following each experiment. The final pressure post-experiment was
recorded at room temperature to facilitate the calculation of hydrogen
consumption, considering the gas as ideal and based on its composition
[42,43]. The gaseous products were subsequently collected in Tedlar
bags.

The lignin-oil blend product was recovered from solids via filtration
and labelled as lignin oil. Next, the vessel was cleaned with acetone. The
resulting product fraction was then filtered and identified as the
acetone-soluble phase. Following this, the solid phase, comprising char,
unconverted lignin, and catalyst, underwent further rinsing with
acetone to enable liquid-liquid extraction. The non-converted lignin
was quantified by suspending the solid phase in DMSO and vigorously
mixing for 24 h at room temperature. The remaining solids, post-
filtration, were washed with acetone and dried. The weight of dried
solids, after subtracting the spent catalyst, was considered to be the
weight of char. The organic constituents of the lignin oil were analyzed
and quantified using a comprehensive two-dimensional gas chroma-
tography (GCxGC) system, featuring an Agilent 7890B coupled with a
Mass Spectrometer (5977A MSD). The GCxGC setup is enhanced with a
closed cycle cryogenic jet modulation (ZX2 Model) from Zoex Corpo-
ration. For product separation, two columns were employed: a moderate
polar VF1701ms column (30 m x 0.25 mm x 0.25 pm) served as the first
dimension, followed by a nonpolar DB-5 MS UI column (3 m x 0.15 mm
% 0.15 pm) in the second dimension. The injector and MS interface were
both maintained at 250 °C. A column flow rate of 0.8 NmL/min was
utilized. The temperature program for the oven comprised an initial
temperature of 40 °C, held for 1 min, followed by a ramp to 280 °C at
3 °C/min. Notably, the relative standard deviations in the first and
second dimensions, as well as the peak volume, were less than 0.3 %.

Simulated Distillation using TGA (SimDist TGA) was carried out
using a TGA/DSC 3 + Star analyzer (Mettler Toledo, Switzerland). In
this method, a sample is heated gradually from 30 °C to 750 °C at a rate
of 50 °C/min under Nj flow of 50 NmL/min. As the temperature in-
creases, the components of the sample vaporize or decompose at
different temperatures according to their boiling points. The rate of mass
loss is recorded as a function of temperature, and from this data, the
boiling point distribution of the sample can be simulated and controlled
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(a) Single Cycle:

Hydroprocessing hydrolysis lignin in oil refineries

Lignin
H,

@rrrsnnsnninnnnnnn

C,/VGO

Fresh NiMoP

o Lignin-oil blends (1)
+ solids + spent NiMoP
Cycle (1)

(b) Multicycle:
co-Hydroprocessing hydrolysis lignin in lignin-oils blends

Lignin Lignin

C,s/VGO
Fresh NiMoP
Lignin-oil blends (1)

+ solids + spent cat
Cycle (1)

Cycle (2)

Energy Conversion and Management 327 (2025) 119606

Lignin

Lignin-oil blends (2) Lignin-oil blends (3)

+ solids + spent cat "% + solids + spent NiMoP

Cycle (3)

Fig. 1. Schematic representation of the hydrotreatment experiment procedure (a) and multi-cycling of lignin-oil blends with addition of hydrolysis lignin (b).

using petroleum reference such as VGO. The gaseous products generated
during the hydroconversion of lignin were analyzed using gas chroma-
tography with a thermal conductivity detector (GC-TCD, 450-GC, Var-
ian). Components such as CO, CO,, CHy, and Cy + light hydrocarbons
were identified and quantified using a GS-GASPRO column (30 m, 0.32
mm). The CHNS-O content in the feedstocks and lignin oils were
determined using a Vario MICRO cube analyzer. The amount of oxygen
was assessed by the difference from the CHNS content. Additionally, the
total water content in organic samples was determined via volumetric
Karl Fischer titration, utilizing a Metrohm Titrino 807. All laboratory
analyses were conducted in duplicate to ensure accuracy and repro-
ducibility. For further details, refer to our previous work [37].

2.6. Data processing
Equations (1)-(5) were used to determine the conversion, mass
balance, the yields of char, gas and monomers.

Conversion (wt.%) — lignin feed (g) 7“ ;r?l?l f:;gr(l;/;arted lignin (g)

x 100
(€Y

>~ products (g) 100

lignin feed (g) 2)

Mass balance (wt.%) =

Charyield (wt.%) =

(total solid fraction (g) ) — (unconverted lignin (g) + catalyst(g))

Table 3
Catalyst textural properties, metal content and total acidity uptake.
Catalyst  Textural properties Chemical composition NH;3-TPD
(wt.%)* uptake
Sper’ Vmes” dam® Ni Mo P (nmol/g)
NiMoP 196.3 0.2 4.3 86.6 9.1 4.3 457.96

8 Sger: Surface area (mz-gfl). > The total pore volume (cm3-g’1) was
measured at a relative pressure of 0.99. ¢ Mesopore diameter (nm) was deter-
mined using the BJH method. *ICP-MS determined.

amount of gas (g)

Gasyield (wt.%) = Tignin feed (g)

x 100 @

monomer (g)

Monomer yield (wt. %) = Tignin feed (g)

x 100 )

The deoxygenation degree (De-O), hydrogen consumption and energy
recovery were calculated as follows:

(6)

De— 0 (%) — (1_ Oxygen content in lignin oil ) « 100

Oxygen content in lignin

x 100 3

lignin feed (g)
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Hydrogen consumption =

weight of gas per initial lignin feed x concentration of hydrogen / 100
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x 1000 (7)

Lignin — oil yield x its Higher Heating Value

8
Heating Value of hydrolysis lignin ®

Energy recovery =

3. Results and discussions
3.1. Microstructure analysis of NiMoP catalyst

The textural properties and chemical composition of the catalyst are
summarized in Table 3. Ny physisorption data shows that the surface
area is high compared to other unsupported NiMoP catalysts [44] and
reached 196 m?/g. The synthesized catalysts show the type-IV isotherm,
exhibiting their ordered meso-structure (Fig. 2a and 2b). The hysteresis
loop of the NiMoP isotherm is of H4 type, which is often found for
aggregated crystals of zeolites, micro-mesoporous carbons [45]. In
addition, the pore size distribution corresponds well with those of the
template used. The unsupported NiMoP catalyst also showed a narrow
pore size distribution at around 4.3 nm with a pore volume of 0.2 em®
gl

This implies that the unsupported catalyst possessed open pores and
large surface areas, which could enable the diffusion of reactants in the
mesoporous pores. The measurement of Ni, Mo, and P content by ICP-
OES gave values of Ni = 86.6 wt%, Mo = 9.1 wt%, and P = 4.3 wt%.
These values are close to their nominal values. The presence of SiO,-
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based material in the unsupported catalysts was also investigated and
ICP confirmed the absence of template, indicating successful template
removal. Moreover, the absence of silica was confirmed using XRD. The
XRD spectra of the unsupported NiMoP catalyst in the present investi-
gation is shown in Fig. 2c. The NiMoP fabricated via the hard SBA
template reveals a characteristic peak of the p-NiMoO4 phase at 20 =
26.4. A nickel phosphide phase was also detected, attributed to phos-
phides. According to the literature, nickel phosphide catalysts (NiyP-
based) has attracted attention due to their reactivity and tolerance in
HDO, hydrodesulfurization (HDS), as well as hydrodenitrogenation
(HDN) processes [46,47]. Catalytic NiyP-based materials appear to be a
promising catalytic system that can meet the HDO process requirements,
such as high activity, non-sulfided nature and low-cost catalysts [46,47].
The thermal decomposition of the unsupported NiMoP was evaluated by
TGA (Fig. 2d). The weight loss curve and its derivative for the thermal
decomposition of the unsupported NiMoP catalyst are shown within the
temperature range 30 to 800°C. A mass loss of 3.2 wt% in net weight, up
to 400°C occurred.

To explore the acidic properties of the unsupported NiMoP, the
ammonia TPD technique was employed, as shown in Fig. 3a. Two
desorption peaks of ammonia centered at 250 and 500 °C were observed,
with a total quantity of acid sites equaling 457.96 pmol/g (Table 3). The
first desorption peak around 250 °C corresponds to sites with the
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Fig. 2. BET adsorption and desorption (a) pore diameter (b) XRD pattern (c) and TGA/DTG (d) of the NiMoP catalyst.
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Fig. 3. NH3-TPD curve (a) HRTEM images (b) XPS spectra (d-g) of the unsupported phosphided NiMoP powder.

weakest acidity, responsible for physisorbed and chemisorbed ammonia,
constituting 70 % of the total acidity. The second desorption peak at
500 °C was assigned to moderate-strength acid sites. According to the
literature, POy groups are responsible for the weak Brgnsted acidity of
NiMoP catalysts [48]. TEM analysis of NiMoP shows large aggregates,
while the TEM image clearly depicts the nanoparticulate composition of
the catalyst (Fig. 3b). The spherical nanoparticles with an average size of
8-10 nm are found to be crystalline. A distinct difference in crystal
indices could be observed among different spherical nanoparticles, as
typical lattice fringes are detected (insert in Fig. 3b). The bimetallic alloy
nature of the NiMoP catalyst was further confirmed by the XRD pattern
of NiMo/Ni-P.

XPS spectra were also analyzed to investigate the electronic inter-
action, chemical composition, and valence states of the material. The
comprehensive survey spectrum in Fig. 3c distinctly reveals the presence

of Ni, Mo, P and O. Fig. 3d depicts the XPS spectra of P elements, with
peaks located at 133.98 eV attributed to oxidized P species (PO%‘) due to
air exposure [49]. An additional small peak at 129.85 eV can be assigned
to P 2p. The Mo 3d spectrum (Fig. 3e) displays two peaks at 232.3 and
234.2 eV, corresponding to Mo 3ds/5 and Mo 3ds,», indicative of Mo®*
characteristics. Furthermore, the significant M—O—M peaks at 530.8 eV
denote the lattice oxygen in NiMoP [50]. Fig. 3f illustrates the Ni 2p
spectrum, revealing well-defined two spin-orbit doublets of Ni 2p3,
2(856.4 eV) and Ni 2p;,» (873.9 eV), accompanied by two satellite
peaks around 862.8 and 880.6 eV. The observed gap of 17.8 eV between
the main peaks of Ni 2ps,2 and Ni 2p;,2is 17.8 eV concurs with the
characteristic of Ni?*. These findings align reasonably well with the XRD
results.
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Table 4
Summary of thermal and catalytic hydrotreatment of lignin with hexadecane.

Energy Conversion and Management 327 (2025) 119606

Entry Operating Conditions Lignin Conv. Lignin Oil Gas Char Water H; Consumption*®
(Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (mmol/g lignin)

HDO Lignin in hexadecane**- single cycle

HEP, HL-400-80-5-W, 96.0 56.4 0.7 38.6 1.5 0.3

HEP, HL-330-50-5-W5 94.9 56.7 11 35.9 1.3 1.9

HEP, HL-400-50-5-W5 92.9 74.2 2.0 14.5 2.2 5.8

HEP3 HL-400-80-5-Ws 95.6 77.0 2.8 12.9 2.3 9.0

HEP, HL-400-80-5-W1o 93.4 79.0 1.6 10.0 2.8 12.1

HEPs HL-400-80-5-Wyq 95.7 84.6 1.5 6.7 2.9 15.2

HEPg HL-400-80-12-Wy, 98.2 87.8 2.8 4.6 3.0 20.1

* See equation (7) **Hydrolysis lignin-Temperature in °C-Pressure in bar-time in hour-catalyst loading in %.
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Fig. 4. Mass balance, lignin-oil, char yields and H, consumption of lignin-oils from hydrolysis lignin hydrotreatment in hexadecane.

3.2. Hydrotreating lignin in paraffinic oil

The chemical and structural characterization of hydrolysis lignin
residue has been extensively detailed in our recent study [37]. To assess
the catalytic performance of hydrolysis lignin residue, we conducted a
series of experiments under various reaction conditions, as outlined in
Table 2 (Hydrotreatment Lignin in hexadecane - single cycle 1). These
experiments involves varying parameters such as temperature, pressure,
reaction time and catalyst loading. The resulting product distribution
from hydrolysis lignin hydroconversion in hexadecane is summarized in
Table 4. The products are categorized into five parts: lignin oil, non-
condensable gas, char, water yields and hydrogen consumption. The
overall mass balance from the product distributions ranged from 93 to
98 wt% excluding hydrogen consumption (Table 4 and Fig. 4).

The hydrothermal reaction of lignin in hexadecane without catalyst
was conducted at 400 °C and 80 bar H, pressure, (HL-400-80-5-W).
Among all the catalytic hydrothermal experiments, this resulted in the
highest char weight yield, with 38.6 wt% char (Table 4). Introducing a 5
wt% catalyst (HEP3: HL-400-80-5-Ws) significantly reduced the char
amount to 12.9 %. However, lowering the reaction pressure and tem-
perature while maintaining a 5 wt% catalyst loading (HEP;: HL-330-50-
5-W5s) led to a higher char yield of 35.9 %. These results were similar to
those obtained without a catalyst at higher temperature and pressure
(HL-400-80-5-W)), albeit with a slight increase in hydrogen consump-
tion, which might impact the yields of monomeric products by
increasing the isomeric hydrocarbons and ketones/alcohols, as dis-
cussed later. The product distribution results reported in Table 4 illus-
trate the decline in char yields as temperature, pressure and catalyst
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Fig. 5. Krevelen diagram of lignin-oils from hydrolysis lignin hydrotreatment
in hexadecane.

loading increased, accompanied by a proportional increase in hydrogen
consumption and lignin-oil yields.

These results are also clearly illustrated in Fig. 4. A low char yield of
6.7 wt% was achieved with 20 wt% of catalyst loading under the con-
ditions of 400 °C and 80 bar, followed by a 12.9 wt% char yield with 5
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wt% catalyst loading (HEP3). Extending the reaction time from 5to 12 h
in HEPg resulted in the highest lignin-oil yield of 87.8 wt%, accompa-
nied by the highest hydrogen consumption and the lowest char yield of
4.6 wt%. Additionally, the soluble solid (referred to as unreacted lignin)
decreased from 4.3 to 1.9 wt% with an increase in reaction time from 5
to 12 h, demonstrating an increased lignin conversion (Table 4). These
observations suggest a positive catalytic effect on lignin-oil yields with
sufficiently elevated temperature and pressure. Based on these findings,
there is an opportunity to enhance the yield of stabilized compounds
while suppressing char formation and condensation reactions at rela-
tively higher hydrogen pressure [51].

The elemental composition of the lignin-oil products is crucial for
understanding the varying reaction chemistry under different condi-
tions. The catalytic hydrotreatment of hydrolysis lignin (experiments
HEP; to HEPg) exhibited deeper deoxygenation performance compared
to thermal hydrotreatment (HEPy), often resulting in higher lignin-oil
yields (Table 4). Fig. 5 illustrates the changes in O/C and H/C atomic
ratios of the lignin-oil obtained with the unsupported NiMoP. For
instance, the O/C atomic ratio shows a clear reduction with increasing
reaction time (HEPs to HEPg), while the H/C ratio increased. Conse-
quently, the hydrogen consumption increased to 20.1 mmol/g, as dis-
played in Fig. 4a. Under HEP5 operating conditions (HL-400-80-5-Ws),
the O/C atomic ratio decreased by 68 %, whereas the H/C atomic ratio
increased by 24 % compared to HEP;: HL-330-50-5-W5s. Since the O/C
ratio is correlated with hydrogen consumption, these results suggest that
higher hydrogen consumption (from 1.9 to 15.2 mmol/g) at higher
temperature, pressure and catalyst loading influenced the lignin-oil
yields by affecting the activity for breaking O-H, C—O, C-C, and C-H
bonds. This has been previously confirmed using model compounds over
NiMo/MoP/NiyP [46,47]. The authors claimed that the active site of
NiyP catalysts is composed of threefold hollow Ni and P sites which lead
to adsorption of H or OH groups.

In this study, hydrogen utilization efficiency was assessed by calcu-
lating the bio-oil yield per mmol of hydrogen consumed during the
hydroprocessing of lignin with hexadecane. The analysis indicates that
as catalyst loading increases, hydrogen consumption rises, accompanied
by an increase in bio-oil yield. However, hydrogen utilization efficiency,
defined as the bio-oil yield (in %) per mmol of hydrogen, tends to
decrease with higher catalyst loadings. For the single-stage hydro-
processing of hexadecane, the hydrogen utilization efficiency was
highest for the blank (HEPO), at 9.6 % bio-oil per mmol of hydrogen,
with a relatively low bio-oil yield of 49.2 %. As catalyst loadings
increased, the bio-oil yield significantly improved (77.9 % for 5 %
catalyst and 87.8 % for 20 % catalyst), but the hydrogen utilization ef-
ficiency decreased to 4.1 %/mmol H; and 3.3 %/mmol Hj, respectively.

Table 5
Monomer yields and distillates distribution for the lignin-oils.
Properties HEP, HEP, HEP, HEP;3 HEP,4 HEPs5 HEPg
total 32.7 45.5 60.7 75.6 81.0 84.3 89.8
light alkanes/ 3.0 4.8 5.0 9.2 9.6 11.0 14.1
alkenes (< Cyg)
heavy alkanes/ 5.0 9.2 12.0 14.0 15.7 20.1 24.1
alkenes (>Cyo)
cycloalkanes 0.5 3.9 8.2 8.3 9.0 10.1 11.1
aromatics 11.3 11.0 12.4 14.1 14.2 16.0 17.9
ketones/alcohols 2.0 5.4 7.1 11.0 13.0 14.1 15.1
Alkylated phenolics ~ 11.9 11.2 16.0 19.0 19.5 13.1 7.5

naphtha range (wt. 3.6 3.8 6.4 8.6 10.3 13.5 17.6
%, IBP-177 °C)

distillate range (wt. ~ 88.3 94.5 93.6 91.4 89.7 86.5 82.4
%, 177-343 °C)

heavy oil range (wt. 8.1 1.5 0.0 0.0 0.0 0.0 0.0
%, 343-524 °C)

residue (wt.%, > 0 0 0.0 0.0 0.0 0.0 0.0
524 °C)
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Similarly, in the multicycle hydroprocessing using hexadecane, higher
catalyst loadings resulted in higher bio-oil yields (93.2 % for 20 %
catalyst), but hydrogen utilization efficiency decreased from 5.0
%,/mmol Hy for the blank (HEP7) to 2.9 %/mmol Hy for the 20 %
catalyst (HEP9).

Table 5 presents the GCxGC detectable monomeric components of
the lignin-oils resulting from the hydrocatalytic treatment of the hy-
drolysis lignin in hexadecane (single cycle, Fig. 1a). As the temperature
and pressure increased from HEP; to HEP3 (300 to 400 °C and 50 to 80
bar), the monomer yield significantly increased from 45.5 to 75.6 wt%,
accompanied by higher hydrogen consumption (1.9 to 9.0 mmol/g of
lignin). Remarkably, char and unreacted lignin residue yields (Table 4)
were also notably reduced in all of these cases. Under our optimum
temperature and pressure conditions (400 °C, 80 bar and 5 h) with 20 wt
% catalyst loading, a monomer yield of 84.3 wt% was obtained (HEPs in
Table 5), of which approximately 27.2 % were oxygenated compounds.
This highlights the high deoxygenation capacity provided by the cata-
lyst, as confirmed by analyzing the lignin residue using elemental
analysis. A similar trend was observed in the hydrodeoxygenation of
hydrolysis lignin using the NiMoS catalyst [37].

The predominant chemical compounds in all catalytic experiments
are isomeric hydrocarbons, constituting a fraction ranging between 8.5
and 41.2 wt% of the liquid product (HEP, to HEPs). Notably, heavy
aliphatic hydrocarbons (> Cjg) were the most abundant, with yields
ranging from 5.0 to 20.1 wt%, and their production increased progres-
sively with hydrogen consumption (0.3 to 15.2 mmol/g) towards the
optimum operating conditions at 400 °C, 80 bar, 20 wt% catalyst
loading. The yield of aromatic hydrocarbons remained stable in runs
with varying catalyst loading (HEP3, HEP4 and HEPs). Conversely, the
lower yields of alkylated phenolics (HEPg: 7.5 wt%) are likely attributed
to high rates of dealkylation, demethoxylation, and decarboxylation
reactions, leading to increased alcohol, ketone, and acid yields. A higher
ratio of alcohols and ketones to alkylated phenolics indicates a greater
extent of alkylation and/or transalkylation reactions. Compared to the
non-catalytic hydrogenation experiment (HEPj), NiMoP had a more
pronounced impact on aliphatic hydrocarbons and cycloalkanes rather
than aromatics. This suggests that in reactions with NiMoP, cellulose
units present in hydrolysis lignin undergo partial hydrodeoxygenation
to form oxygenated compounds and subsequently hydrocarbons. This is
consistent with the results obtained from the catalytic hydrogenation of
cellulose to hydrocarbons using hexadecane as a solvent [52]. Hydro-
carbon products (<C10, >C10, and cycloalkanes) are ideally suited for
converting cellulose in hydrolysis lignin to isomeric hydrocarbons,
yielding high carbon content. However, in the reactions with NiMoS
[37], the yield of aliphatic hydrocarbons was threefold lower than with
NiMoP. Despite the complex composition of lignin, the unique charac-
teristics of the NiMoP catalyst, particularly the NiyP phase, significantly
influence the product distribution of monomers, which differs from that
observed with the NiMoS catalyst [37].

To ascertain the boiling point distribution of the produced lignin-oil
blends from hydrotreated lignin in hexadecane, a simulated distillation
method was conducted using TGA, with the results summarized in
Table 5. Note, reference experiments were performed to remove the
solvent effect. The boiling points of the major components of the ob-
tained lignin oils fell within the temperature range of 100°C to 200 °C,
akin to the naphtha fraction (< 177°C), and distillate range components
(177-343 °C). Conversely, higher-boiling components, characteristic of
heavy oil with boiling points > 343°C, were observed in the non-
catalytic and low pressure and temperature experiments (HEP, to
HEP;). These findings suggest a less hydrogenation occurred, in line
with the lower hydrogen consumption observed under these conditions.
Notably, these high-boiling products were undetectable by GCxGC
(HEPy: 8.1 and HEP;: 1.5 wt%), yet they significantly impact the
composition and quality of the resulting lignin-oil.

Comparatively, the variation in NiMoP at 400 °C and 80 bar condi-
tions (HEP3, HEP4, HEPs) influenced the boiling point distribution of the
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lignin-oil. Particularly, the content of the naphtha was further enhanced,
but not highly impacted by the hydrotreatment severity as consistently
found by Gueudré et al. [53], Alvares-Majmutov et al. [29]. and Melin
et al. [26]. These results suggest that the increased naphtha/distillates
ratios were accelerated by dealkylation, demethoxylation, and decar-
boxylation of alkylated phenolics, leading to the formation of cyclo-
alkanes, aromatics, and aliphatic hydrocarbons, significantly
augmented with hydrogen consumption (Tables 4 and 5). Especially,
when extending the reaction time to 12 h, the naphtha component
content reached 17.6 %, while simultaneously, the distillate content
decreased from 86.5 to 82.4 % for HEPe. This observation suggests that
NiMoP effectively promotes the hydrocracking of additional macro-
molecules (e.g., naphthalenes benzene structures) and further deoxy-
genation of lignin-oil components towards lighter end products,
contrasting with our previous study using the NiMoS catalyst [37].

3.3. Co-hydroprocessing of hydrolysis lignin in lignin-oil-C16 blends

In this study, we conducted experiments using lignin-oil blends ob-
tained from hydroprocessing lignin with hexadecane (single cycle).
Subsequently, this product was used as a solvent for co-hydroprocessing
with an additional amount of hydrolysis lignin without removing the
produced solids and spent catalyst (Fig. 1b). The primary objective was
to evaluate the impact of co-hydroprocessing lignin with lignin-oil
blends while gradually increasing the sustainable component in the
product. Importantly, the lignin-oil blend is expected to provide further
insights into the catalyst’s cracking efficiency regarding downstream
operational opportunities. To scrutinize the multi-cycling use of the
NiMo phosphided catalyst and gain a deeper understanding of its per-
formance with different catalyst loadings (Fig. 6a), the product distri-
butions were analyzed to examine the upgrading of the lignin-oil blends
in more detail.

According to Fig. 6a, the multicycle experiments of lignin-oil blends
initiated with hexadecane over increasing NiMoP loadings (HEP; to
HEPy) resulted in a significant increase in lignin-oil yield, reaching up to
93.2 wt%, with only 5.0 wt% of char formation and reasonable gas
yields of up to 6.9 wt%. In comparison, without NiMoP (HEP;), the char
yield was significantly higher at 42.0 wt% and resulting in a lower
lignin-oil yield of 49.2 wt% compared to the single-cycle experiment
(HEP,, Fig. 4). Fig. 6b also displays the Van Krevelen diagram of the
lignin-oil blends co-processed in the multicycle scheme with lignin. Due
to its much lower lignin-oil and higher char yields in the recirculation of
lignin without catalyst (HEP;), the atomic O/C ratio was highly

m Water Phase Gas phase 25.0
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Table 6

Monomer yields and boiling-point distribution for multicycling of lignin-oil
blends initiated with hexadecane as a function of NiMoP catalyst loadings of
0, 5 and 20 wt%.

Properties HEP, HEPg HEPq
SimDist TGA Recirculated

naphtha range (wt.%, IBP-177 °C) 5.5 16.8 41.0
middle distillate range (wt.%, 177-343 °C) 92.5 83.2 58.0
heavy oil range (wt.%, 343-524 °C) 2.0 0.0 0.0
residue (wt.%, > 524 °C) 0 0 0.0
monomer distribution (GCxGC)

total 47.5 74.2 92.2
light alkanes/alkenes (< C10) 4.6 19.5 17.0
heavy alkanes/alkenes (>C10) 11.0 21.0 27.0
cycloalkanes 1.2 6.4 9.9
aromatics 6.2 8.0 9.5
ketones/alcohols 13.0 12.9 18.9
alkylated phenolics 11.5 6.4 9.9

enriched. This result indicates that hydrogenation of the lignin-oil blend
was less likely to occur, and the yield of deoxygenated oil products was
therefore sacrificed. In contrast, the atomic H/C of that with NiMoP
increased as a function of catalyst loading (HEPg and HEPy). This is in
line with the increase in oil products and atomic H/C ratio and the
decrease in char and O/C ratio, respectively. As a result, the consump-
tion of hydrogen was about eightfold higher with NiMoP than without
NiMoP. This aligns with the high yield of deoxygenated products,
reaching 82.9 wt% within the lignin-oil product, of which approxi-
mately 44.0 wt% were aliphatic hydrocarbons for HEPg. Despite higher
consumption of hydrogen in the multicycle co-hydroprocessing, the
elemental analysis results in Fig. 6b indicate an increase in oxygen
content and a decrease in carbon compared to the single-cycle experi-
ments (Fig. 4 and Table 5 for HEPy, HEP3 and HEPs). These results
suggest that more hydrogen consumption or limited blending is required
to catalytically produce high-quality liquid fuel from the produced
lignin-oil blends [54]. The multicycling of lignin-oil blends also revealed
discernible differences in boiling point distributions, as shown in
Table 6. The catalytic multicycle processing yielded a higher distillation
profile, particularly with a high naphtha fraction for HEPg This in-
dicates that recycling the lignin-oil blend with a high catalyst loading
was conducive to enhancing the light end content of the lignin oil via
hydrocracking reactions [13]. Interestingly, the naphtha fractions
showed considerably higher yields for the lignin-oil recirculation
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Fig. 6. Blank and catalytic multicycle hydrotreatments of lignin-oil blends initiated with hexadecane as a function of NiMoP catalyst loadings 0, 5 and 20 wt% (a)
product distribution; (b) Van Krevelen diagram from elemental analysis of the lignin oils.
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experiments (HEPg: 16.8 wt% to HEPg: 41.0 wt%) compared to their
single-cycle counterparts (Table 5 for HEP3: 8.6 wt% and HEPs: 13.5 wt
%).

The product compositions from catalytic multicycle co-
hydroprocessing (HEPg: HL 5 g + 2.5 g + 2.5 g-400-80-15-W3() and
single hydroprocessing (HEPs: HL 5 g-400-80-12-Wyy) can be
compared, where with multicycling 100 % higher lignin feed is co-
hydroprocessed with only 25 % longer residence time. The results
were favorable for the recirculation process, as a higher lignin-oil yield
was obtained (HEPg: 93.2 vs. HEPg: 87.8 wt%). However, the multi-
cycling lignin-oil contains more oxygenated compounds, as displayed in
Fig. 6a. Apart from lignin-oil yield, the char yields (HEPg: 5.0 vs. HEPg:
4.6) and hydrogen consumption (HEPgy: 21.5 vs. HEPg: 20.1 mmol/g of
lignin) were similar for both hydroprocessing. An additional difference
between the single and multicycling processes is that with multicycling,
after each cycle, the product gas is exhausted and replaced with fresh
hydrogen. So, these results suggest that a higher hydrogen partial
pressure is advantageous to enhance hydrogen solubility in the lignin-oil
blends, allowing more hydrogen transfer to catalyst surfaces and the
highly reactive compounds, as mentioned above. Evidently, the GCxGC
analysis (Table 6) demonstrated that with the multi-cycling process
(HEPy), the yield of phenolic compounds increased in the product oil
which resulted in lowering the cycloalkanes and aromatics compared to
the single-cycle process (HEPg, Table 5). Remarkably, further aromati-
zation slightly enhanced (HEP; to HEPg), as the yields of phenolics
decreased, indicating that the co-processing over NiMoP using hex-
adecane as a solvent tends to enhance the hydrocracking activity rather
than alkylation reactions. This result was consistently observed in the
single cycle experiments (HEPs to HEPg) when increasing the reaction
time to 12 h. This also was confirmed for NisP/HZSM-5 catalysts, and
ascribed to the presence of strong acid sites, which promote hydro-
cracking and isomerization reactions [55]. Another remarkable hy-
pothesis is that the amount of water strongly affects the maximum light
alkanes/alkenes (C < 10) yield (see HEPg). This value depends on the
choice of the organic phase, as demonstrated by [32], where they
observed cellulose to alkane conversion in a fossil naphtha/water system
over a Ru supported on carbon catalyst, achieving complete cellulose
conversion with efficiencies of 76 mol% C for petroleum ether (C5-C6)
and 68 mol% C for petrol (C5-C12), while maintaining a similar product
distribution of bio-based products between the two solvents, although a
notable difference in carbon efficiency was observed.
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3.4. Hydrotreating of hydrolysis lignin in VGO and multicycling in lignin-
oil blends

Experiments discussed in this section involved hydroprocessing hy-
drolysis lignin alongside VGO as the crude oil feedstock. They were
conducted under fixed conditions: 400 °C temperature, 80 bar of Hy, and
5 h reaction time. It is important to note that reference catalytic and
thermal experiments were also conducted without lignin to compare
product yields under identical operating conditions. The absence of char
formation from VGO from these experiments indicates that any char
produced originates solely from lignin. For each experiment, the product
yields, hydrogen consumption, conversion of hydrolysis lignin, and mass
balances were calculated. This analysis enabled evaluation of product
yields, monomer fractions and the catalyst’s cracking activity over time.
On average, the mass balance closure for all experiments, excluding
hydrogen consumption, was about 95.0 % with a standard deviation of
2.3 %. The product distributions from the single-cycle hydrotreating of
dry lignin in VGO obtained at different catalyst loadings are reported in
Fig. 7a. Under the single-cycle hydroprocessing (HL5g—400-80-5-Wy,
where x =0, 5 and 20 wt%), the lignin-oil yield was higher with NiMoP
(HEP3, 79.1 wt%) compared to that without NiMoP (HEP;, 69.8 wt%).
Fig. 6a also shows that the thermal hydrotreatment (HEP;(, blank) of
hydrolysis lignin resulted in a 22.8 wt% solid char yield, which was
significantly suppressed to 6.5 wt% with 20 wt% catalyst loading
(HEP75). These results also indicated a high hydrogen consumption from
7.3 to 23.7 mmol/g, respectively. Comparing closely between 5 and 20
wt% NiMoP catalyst loadings (HEP1; and HEP;,), only a small increase
in lignin-oil yield was observed, but there was a pronounced water
formation and hydrogen consumption with the higher catalyst loading
of 20 wt%. This suggests that the catalyst in VGO promotes further
depolymerization and deoxygenation reactions to produce low-boiling
point products while inhibiting condensation reactions that lead to
char formation.

In single-stage hydroprocessing, hydrogen consumption was 7.3
mmol/g lignin for the blank (HEP10) and 19.0 mmol/g lignin for the 5 %
catalyst (HEP11), with corresponding bio-oil yields of 69.8 % and 77.5
%. The hydrogen utilization efficiency was calculated as 9.6 %/mmol Hy
and 4.1 %/mmol Hy, respectively. The 20 % catalyst loading (HEP12)
showed a hydrogen consumption of 23.7 mmol/g lignin and a bio-oil
yield of 79.1 %, yielding a lower hydrogen utilization efficiency of
3.3 %/mmol Hy. In multicycle hydroprocessing, hydrogen consumption
increased further (16.87 mmol/g lignin for the blank (HEP15) and 29.3
mmol/g lignin for the 20 % catalyst (HEP17)), but the bio-oil yield also
improved, with a corresponding decrease in hydrogen utilization

35
(b)
100 4 * - 30 ¢
c
=
L 25 =
80 . %’
s L 20 E
] L 15 =
= £
40 A =]
L 10 2
o
(8]
20 5 T
0 —= . - 0
HEP15 HEP16 HEP17

Fig. 7. Product distributions for thermal and catalytic conversion of hydrolysis lignin in single cycle (a) and co-multi-hydroprocessing (b) of lignin-oil blends as a

function of catalyst loadings 0, 5 and 20 wt% NiMoP.
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efficiency from 3.5 %/mmol Hy (blank) to 2.9 %/mmol Hy (20 %
catalyst). As the catalyst loading increases, the hydrogen consumption
also increases, which may impact the scalability of the process, as higher
hydrogen consumption implies higher operating costs. However, the
increased bio-oil yield with higher catalyst loadings is an important
consideration for scaling up the process. From an economic perspective,
it is crucial to minimize hydrogen consumption while maximizing bio-
oil yield. Higher catalyst loadings lead to better bio-oil yields but at
the cost of increased hydrogen consumption, which could raise opera-
tional costs. Recycle streams, such as those used in multicycle hydro-
processing, may help mitigate hydrogen consumption, offering a
potential strategy for more cost-effective operation at larger scale. The
multicycle hydroprocessing results suggest that repeated use of the
catalyst leads to higher bio-oil yields and better hydrogen utilization,
which could make this approach more economically attractive over
time. The improvement in hydrogen efficiency with repeated cycles may
help reduce the overall hydrogen cost, contributing to the long-term
cost-effectiveness of the process. In conclusion, while hydrogen utili-
zation efficiency decreases with higher catalyst loadings, the corre-
sponding increase in bio-oil yield presents a trade-off that must be
carefully optimized for both scalability and economic feasibility.

The key aspect of co-hydroprocessing with VGO is also the ability to
convert high boiling point components (oxygenate-free compounds, b.
p. > 343 °C) into lighter distillates through multicycle hydrocracking
and hydrodeoxygenation of lignin-oil blends. Fig. 7b illustrates the
product distribution results, demonstrating how the multicycling
without catalyst led to a decline in lignin-oil yield (HEP5: 58.3 wt%)
despite a two-fold increase in hydrogen consumption. Moreover, mul-
ticycling co-hydroprocessing in absence of catalyst resulted in a higher
char yield of 33.7 wt% compared to the single-cycle process (HEP;(,
22.4 wt%) which yielded more lignin-oil (69.8 wt%, Fig. 7a). This in-
dicates the importance of including catalysts in the co-processing
[56,57]. The experiments with VGO consistently demonstrated better
hydroprocessing performance for both single and multicycle co-
hydroprocessing (Fig. 7) compared to those with hexadecane, result-
ing in higher lignin-oil and lower char yields (Figs. 4 and 6a). However,
the gas yields produced at 400°C and 80 bar of Hy were slightly higher
(HEP;2: 2.1 wt% and HEP;7: 9.6) compared to those with hexadecane
(HEPs: 1.5 wt% and HEPg: 6.9). Furthermore, beyond 400°C, the gas
yield with VGO may increase further with time and temperature, as
indicated by Bergvall et. al [58]. Thus, the catalytic hydroprocessing of
lignin with VGO or hexadecane as a solvent could strongly influence the
distillate yield and the product selectivity due to differences in the
composition of the co-processing feeds. The efficacy of a catalyst is
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intricately tied to solvent properties, encompassing polarity, proticity,
and basicity [59]. Thus, a comprehensive investigation into how solvent
characteristics impact reactions stands as a pivotal avenue for future
research.

The elemental analysis of the lignin-oil blends is indeed crucial for
evaluating the potential for deoxygenation during hydroprocessing, as
plotted in Van Krevelen diagrams (Fig. 8). It is important to note that the
solid residues also contain various levels of oxygenates which are not
included in the oxygen mass balance. Comparing with the hydrolysis
lignin feed (0/C:0.47), a substantial decline in the oxygen content (O/C:
0.019-0.15) and an increase in carbon and hydrogen contents were
observed for all co-processed lignin-oil blends. Interestingly, the
decrease in oxygen content is more pronounced when lignin-oil blends
resulting from VGO are utilized as co-processing solvent compared to
hexadecane (HEPy: O/C: 0.06 vs HEPy7: O/C: 0.03), potentially indi-
cating a stronger correlation with higher hydrogen consumption during
the process (e.g., HEPg: 21.5 vs HEP;7: 29.3 mmol/g). Comparing the
product yields from various blends may provide confirmation of the
synergistic effect in catalytic co-processing with lignin-oil blends

Table 7
Monomer yields and boiling-point distribution for the lignin-oils blends for co-
processing with VGO as a function of catalyst loadings 0, 5 and 20 wt% NiMoP.

Properties HEPo HEP; HEP2 HEP;5 HEP;6 HEP;7
monomer distribution single-cycle multicycle
(GCxGC)
total 49.6 64.1 71.0 52.9 71.5 83.4
light alkanes/alkenes 4.3 6.8 7.5 2.7 7.7 10.1
(< C10)
heavy alkanes/alkenes 6.1 7.9 11.6 10.9 11.6 12.5
(>C10)
cycloalkanes 1.3 6.5 9.1 2.0 5.1 6.7
aromatics 0.9 10.2 19.3 9.1 17.0 29.0
ketones/alcohols 16.5 18.4 12.3 10.2 13.2 16.0
alkylated phenolics 20.5 14.2 11.2 17.1 16.9 9.1
Sim-Dis TGA
naphtha range (wt.%, 1.2 2.5 3.5 2.5 4.3 7.5
IBP-177 °C)
distillate range (wt.%, 36.0 49.5 60.5 65.5 74.7 84.5
177-343 °C)
heavy oil range (wt.%, 62.8 48.0 36.0 32 21.0 8.0
343-524 °C)
residue (wt.%, > 0 0 0 0 0 0
524 °C)
0.5 .
R b
+ Hydrolysis Lignin (b)
A HEP15
0.4 1 HEP16
A HEP17
BHEP13
0.3 1 B =HEP14
[ |
0.2 4
A
0.1
A
0.0 T T r
1.20 1.45 1.70 1.95 2.20
H/C Ratio

Fig. 8. Van Krevelen diagram for thermal and catalytic conversion of hydrolysis lignin in single cycle (a) and co-multi-hydroprocessing (b) of lignin-oil blends as a
function of catalyst loadings 0, 5 and 20 wt% NiMoP. Not multicycle for HEP13 and HEP14, see Table 2.
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resulting from VGO-lignin co-hydroprocessing [60]. In experiments
without NiMoP catalyst, the O/C ratios for the multicycle co-
hydroprocessing (HEP;o and HEP;5) are much higher compared to the
single hydroprocessing (HEP, and HEP7) despite their high hydrogen
consumption. Nevertheless, these results corroborate the finding when
using a higher lignin loading in a single cycle hydroprocessing (HEP;3:
HL10g-400-80-15-Wj), showing an upward in O/C and H/C ratio and a
downward trend in H/C ratio (Fig. 8b). With NiMoP (HEP;;.;5 and
HEP;6.17), the lignin-oil blends resulted in higher H/C and lower O/C
ratios along with lower char yields. These results indicate an increase in
deoxygenation, particularly in experiments with higher spent catalytic
loading, leading to an attenuation in repolymerization reactions and
char formation during the co-multi-hydroprocessing (HEP;;: deoxy-
genation of 93.9 %).

The determination of boiling-point of lignin-oil blends and vacuum
residues was carried out by SimDist TGA. Table 7 illustrates that the
major components of the obtained lignin-oil blends fell within the
temperature range of 177°C to 524°C. Less than 4 and 8 wt% were in the
naphtha fraction (< 177 °C) for lignin-oil blends for the single-cycle
(Table 7) and multicycle processes (Table 7), respectively. It is evident
that higher NiMoP catalytic loadings tended to increase the naphtha and
distillate fractions (IBP — 343 °C). Meanwhile, the proportions of other
components in the heavy oil boiling range (> 343 °C) decreased with
catalyst loading. Specifically, when 20 wt% NiMoP was used for the
multicycle co-processing with VGO, the content of naphtha and distillate
fractions reached 7.5 wt% and 84.6 wt%, respectively (HEP;7). These
changes were similar for the single cycle experiments, but less pro-
nounced. In experiments without catalyst (HEP;o and HEP;5), the much
lower paraffinic content in the naphtha fraction indicated more char
formation, as observed in Fig. 7 and Table 7. These results suggest that
less dealkylation reactions with no catalyst may favor recondensation
reactions [61]. To further explore the SimDist TGA fractions (Table 7),
the lignin-oil blends were analyzed using GCxGC/FID-MS, in which the
major monomeric detectable products would be in the naphtha (<
177°C) and distillate (177 — 343°C) fractions. Table 7 reports quantities
of selected hydrocarbon-types from the hydroprocessed lignin-oil blends
generated at 400 °C, 80 bar of Hj, and co-hydroprocessed with lignin.
Under these operating conditions, the lowest monomeric yields were
observed for the blank experiments (HEP;( and HEP;5). This is likely due
to the prominence of recondensation reactions forming char at the given
conditions when hydrolysis lignin was processed without the NiMoP
catalyst (Fig. 6a and b). Particularly for the single cycle hydro-
processing, the aromatics yield was the lowest at 0.9 wt% (HEP;). This
is reasonable since aromatics and naphthenes might further recondense
due to their higher reactivity (C-C formation) to form char/coke to a
high extent without the catalyst [61]. It is also noticed that the naphtha
fractions from the blank experiments were low at 1.2 wt% and 2.5 wt%
for HEP; o and HEP;s, respectively (Table 7). Interestingly, the high char
content of HEP; 5 is consistent with its lower paraffinic content of 2.7 wt
%, corresponding to the naphtha fraction (light naphtha < C10: IBP to
100°C).

The aromatic and paraffin monomeric yields including cycloalkanes
were enhanced for the catalytic experiments. The increased content of
light naphtha and aromatic fraction yields for the multicycle co-
hydroprocessing of lignin-oil blends (HEP;¢ and HEP;7) suggests that
dealkylation and deoxygenation reactions are promoted with higher
loading of the NiMoP catalyst, corresponding with a decrease in yields of
alkylated phenolics in the lignin-oil blends. It is also suggested that the
lignin-oil from hydrolysis lignin contained higher yields of small alcohol
and ketone molecules, which may be obtained from ring-opening of
cellulose residues in the hydrolysis lignin [37]. The phenolic hydroxyl
groups, also presented in Table 7, are in greater quantities in the prod-
ucts from the blank experiments, which are one of precursors to form
condensed lignin product from the different fragments. Importantly,
these phenolics in the lignin-oil blends tend to decline with NiMoP
loading, giving rise to small oxygenated compounds and aromatic-
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naphthene compounds. The lignin-oil blends, from VGO in both
single-cycle  hydroprocessing  (HEP;3) and multicycle co-
hydroprocessing (HEP;7) experiments with 20 wt% NiMoP loading,
highly promoted deoxygenation of phenolics from the lignin, resulting
in high aromatic yields of 19.3 wt% and 29.0 wt%, respectively. In
comparison, the lignin-oil blends from single and multicycle co-
hydroprocessing with hexadecane (HEPs and HEPg), gave lower aro-
matic yields of 16.0 wt% and 9.5 wt%, respectively. These results sup-
port the suggestion made previously that the solvents (VGO and
hexadecane) and processing mode (single hydroprocessing versus co-
multi-hydroprocessing cycle) have a strong effect on distillate yield,
which may influence the reactivity of the lignin-oil blends.

The NiMoP catalyst in this study demonstrated high bio-oil yields of
up to 93.2 % (with hexadecane) and 85.6 % (with VGO), matching or
exceeding the yields obtained from other state-of-the-art catalysts
[62-65]. Notably, its robustness was evident across multiple operational
cycles, highlighting its longevity and efficiency for long-term hydro-
processing. In terms of product selectivity, the NiMoP catalyst showed
excellent control over the distribution of bio-oil components, producing
predominantly valuable aromatic hydrocarbons, which are the desired
products from lignin upgrading. This high selectivity is particularly
important in tailoring the catalytic process to produce specific chemicals
[65-671, which can improve the economic feasibility of the process. The
use of unsupported NiMoP catalysts offers significant technical advan-
tages, particularly by eliminating the dependency on supports. This
simplification avoids potential issues such as support sintering or
deactivation during hydroprocessing. Additionally, the avoidance of
sulfiding steps simplifies catalyst handling and extends catalyst life,
reducing maintenance and operational costs. These factors contribute to
the overall economic viability of the process for large-scale lignin
hydroprocessing. The superior hydrogenation activity and stability of
NiMoP make it a promising candidate for scalable lignin upgrading
processes. Its high surface area and reduced sensitivity to sulfur
contamination make it more suitable for continuous, long-term opera-
tions compared to traditional supported Mo and Ni-based catalysts.

3.5. Blending optimization of hydrolysis lignin

Considering the blending ratio of hydrolysis lignin and VGO is of
importance to prevent deactivation of the catalyst during the (co-)
hydroprocessing. A recent report demonstrated that a blend of liquefied
biocrude with VGO ratio exceeding 10 wt% at a lower temperature of
370°C led to significant catalyst deactivation [68]. In our current study,
the hydrotreating experiments involved physical mixing of dry hydro-
lysis lignin in VGO/hexadecane with a lignin weight fraction of 7.5 wt%.
Fig. 9 compares the blending effect of catalyst-free co-hydroprocessing
in hexadecane or VGO. It was clearly observed that the lignin-oil blends
were fully miscible when hydrotreated with VGO and they were easily
transferred from the reactor (HEP1). However, this was not the case
when co-hydroprocessing with hexadecane without catalyst (HEP).
This is consistent with the multicycle co-hydroprocessing products
showing a higher lignin-oil yield and lower char yield with VGO (HEP;5)
compared to hexadecane (HEP7). This difference may be attributed to
the formation of heavier condensed oligomeric compounds while using
hexadecane, which strongly adhered to the reactor vessel walls, as also
shown by Cheah et al. [31]. This could also be explained by the for-
mation of a lower amount of total char, with or without catalyst, present
in the reactor. For instance, the set of multicycle co-hydroprocessing
involving the addition of 2.5 g dry lignin (HEPy¢.17, Fig. 7b) showed
overall better performance for lignin-oil VGO blends, with the total
formed char, including catalyst, below 10 wt%. Remarkably, it is clearly
evident for the multicycling co-hydroprocessing involving hexadecane
with 20 wt% NiMoP resulted in less than 10 wt% char (HEPy, Fig. 6a).
However, higher than 10 wt% of char was observed under identical
conditions with 5 wt% NiMoP (HEPg, Fig. 6a), resulting in a poor lignin-
oil yield. These results underscore the importance of the blending ratio



A. Achour et al.

Energy Conversion and Management 327 (2025) 119606

75 75
(a) HEPO = HEP10 - (b) HEP7 =HEP15
60 - 60 -
9
£ 45 4 45 4
=
n
o
K]
> 30 30 -
15 4 15
0 T T T T 0+ T
Water Gas solid Char Qil Water Gas solid Char Qil

Fig. 9. Direct blending effect (a) for single-cycle hydroprocessing and (b) multicycle co-hydroprocessing of lignin without catalyst. Green: in hexadecane; Red: in
VGO. Operating conditions: 400 °C, 80 bar of H,. Reaction time: HEPy and HEP;, for 5 h and HEP; and HEP;5 for three cycles of 5 h each. See Table 1. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of lignin and solvent-type synergy for higher catalytic performance in a
recirculated system to achieve low-cost production of bio-fuel. In the
following section, the feasibility and comparison of lignin hydro-
processing along with VGO at a higher initial lignin amount (10 g) is
investigated.

In multicycle hydroprocessing experiments, the accumulation of
spent catalyst and unconverted lignin significantly influences subse-
quent reaction cycles, particularly in terms of char formation, product
distribution, and overall process efficiency. Our results highlight that
higher catalyst loadings effectively suppress char formation and reduce
unconverted lignin, thereby enhancing process performance. For
hydroprocessing with hexadecane, the uncatalyzed reaction (HEP7)
resulted in a char yield of 42 % and 4.5 % unconverted lignin. Intro-
ducing a 5 % catalyst loading (HEP8) reduced the char yield to 16.9 %,
although unconverted lignin increased marginally to 5.5 %. At a higher
catalyst loading of 20 % (HEP9), char formation was further minimized
to 5.0 %, with unconverted lignin significantly decreasing to 1.9 %. A
similar trend was observed for hydroprocessing with VGO. The unca-
talyzed reaction (HEP15) yielded 33.7 % char and 3.7 % unconverted
lignin. The addition of 5 % catalyst (HEP16) substantially reduced the
char yield to 3.1 %, with a slight reduction in unconverted lignin to 3.2
%. Increasing the catalyst loading to 20 % (HEP17) further reduced char
formation to 1.6 %, while unconverted lignin decreased to 2.9 %. These
results accentuate the significant role of catalyst loading in enhancing
deoxygenation and dealkylation reactions, which are critical for char
suppression and the efficient conversion of lignin into valuable bio-oil
products.

The correlation between catalyst loading and char suppression is
particularly evident when comparing the hexadecane and VGO systems.
VGO demonstrated a more pronounced reduction in char formation and
unconverted lignin, likely due to its superior compatibility with the
catalytic system and its ability to promote reactions that favor the for-
mation of naphthenes and aromatics. This enhanced reactivity empha-
sizes the importance of catalyst versus lignin-oil formed interactions in
multicycle hydroprocessing. Although the NiMoP catalyst exhibited
robust performance across multiple cycles, the accumulation of residues
and catalyst fouling could alter product distribution and catalyst activity
during extended operations. Strategies such as periodic catalyst regen-
eration (e.g., mild oxidation or hydrogen treatment) and removal of
unconverted lignin residues may be necessary to maintain catalyst ac-
tivity and reaction efficiency in long-term processes. The observed
trends in this study highlight the potential for optimizing catalyst
loading and lignin-oil solvent selection to mitigate residue

14

accumulation, minimize char formation, and sustain high yields of
valuable products in multicycle hydroprocessing.

3.6. Case study for higher lignin blend ratio hydroprocessing

Processing of dry lignin has been proven to be extremely challenging
within the existing refinery infrastructure. In order to better compre-
hend a potential processing method and the reactivity of lignin in VGO
or lignin-oil blends, we investigated the feasibility of processing hy-
drolysis lignin at a higher feed ratio alongside VGO. Two sets of ex-
periments were conducted under identical conditions. Initially, a lignin-
VGO blend was hydroprocessed at a high starting feed of 10 g of lignin,
for 15 h (HEP;3 and HEP1 4, as detailed in Table 2, constituting a single-
cycle experiment, for the case without and with catalyst). Experiments
HEP;3 and HEP;4 were also intermittently halted every 5 h without the
addition of fresh lignin, to facilitate a comparison against the multicycle
experiments HEP,5 and HEP;;. Following the collection and evacuation
of the gaseous product, fresh hydrogen gas was introduced into the
reactor in order to continue the hydroprocessing. After a total reaction
time of 15 h, the resulting products were characterized using the
aforementioned methods and subsequently compared to the results ob-
tained from HEP;5 and HEP;; (Table 2 and Fig. 1b), wherein the same
10 g of lignin was intermittently fed during the same 15 h of reaction
time, i.e. a multi-cycle experiment. The objective was to understand the
effect of multicycling and establish an operating window that favors an
acceptable lignin-VGO blend ratio for implementation.

Fig. 10 illustrates the impact of the two processing schemes with
varying initial lignin feed on hydrodeoxygenation activity over blank
and catalyzed experiments. It is immediately apparent that the product
distributions are affected by the high feed ratio (10 g of lignin in VGO:
HEP;3 and HEP;4) compared to intermittent feeding (5 g lignin in VGO
initially, then 2.5 g and finally 2.5 g: HEP;5 and HEP;7). For the blank
experiments, the lignin-oil yield decreased while increasing the char and
gas yields when a high lignin-VGO blend was supplied (HEP;3, Fig. 10a).
Whereas with the multicycle experiments (HEP;5), lower gas and higher
lignin oil yields were observed compared to the case with 10 g lignin-
VGO initial blend. The result suggests that adding small portions of
lignin in multicycling experiments inhibits char formation. It is possible
that the molecules formed from the hydrolysis lignin, such as aldehydes
and ketones, result in less char formation when lignin is added in the
second and third cycle. In our previous study, we suggested that the
lower char amount when using hydrolysis lignin compared to kraft
lignin was due to reactions with small molecules formed from the
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lignin for 15 h, with catalyst. HEP;7 is multi cycle experiments using 5 + 2.5 + 2.5 g of lignin for 5 + 5 + 5 h, with catalyst.

hydrolysis lignin [37]. These results are similar to those of the catalytic
experiments. A substantial decrease in lignin-oil was observed for the 10
g lignin-VGO initial blend (HEP14: 70.0 wt% vs. HEP;7: 85.6 wt%,
Fig. 10b) and simultaneously a higher char and gas yields of 7.4 and
18.0 wt%, respectively. Thus, also when using catalyst, co-multicycling
hydroprocessing gave higher bio-oil yield as well as lower char amount.
Moreover, the multicycling resulted in a higher quality of the bio-oil
with lower O/C ratio (HEP14 with O/C: 0.22 vs. HEP,7 with O/C: 0.03).

Furthermore, the boiling-point distributions of the obtained lignin-
oil blends were explored as shown in Fig. 11a. Overall, differences in
the product boiling-point distribution were observed when lignin was
fed intermittently. It is evident that intermittent lignin feed increased
the naphtha and distillate fractions (IBP-343 °C) at the expense of the
heavy gas oils (343-524 °C), which reduced from 27.4 wt% to 8 wt%
(Fig. 10a). Thus, the multicycle hydroprocessing of dry lignin to the
lignin-oil/VGO blend improves the efficiency of conversion to lignin-oil
and the distillate fraction product range. A more pronounced deactiva-
tion of catalyst active sites may be caused by the high lignin-VGO feed
ratio that is likely to generate harmful reaction products as reported by
Chen et. al. [69] for co-processing HTL biocrude in VGO. Therefore, an
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additional consideration would be to investigate more regarding the
poisoning effect of the high lignin-VGO feed ratio. Paraffins, naphthene-
aromatic and oxygenated compounds are identified by GCxGC/MS for a
high feed ratio of lignin-VGO blend (HEP;4). Fig. 11b shows that the
yield of aromatics products is strongly favored by intermittent multi-
cycle co-hydroprocessing (HEP;7) compared to non-intermittent co-
hydroprocessing (HEP14). Also, it can be observed that yield of
oxygenated compounds is higher for HEP14, which enhances the content
of phenolic hydroxyl groups and may produce condensed lignin prod-
ucts from the different fragments. This may be attributed to differences
in the reactivity of the lignin-oil blends, and thus further affect the
distillate fractions.

3.7. Funnel plot assessment

Through the aforementioned experiments, both single cycle and
multicycle hydroprocessing alongside petroleum intermediates have
been investigated for direct integration of hydrolysis lignin into existing
petrorefinery processes. Interestingly, multicycle co-hydroprocessing
exhibited superior performance in terms of energy recovery,
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Fig. 12. Funnel plot representing energy recovery vs lignin-oil blend yields,
and deoxygenation degree vs. distillate yields for single cycle (a) and multicycle
(b) co-hydroprocessing of lignin-oil blends with and without NiMoP catalyst
in hexadecane.

deoxygenation degree, and lignin-oil yields, as well as a notable
enhancement in distillate fractions (177-343 °C), particularly when
VGO was involved. To assess the findings, a funnel plot is introduced as a
graphical method to analyze and compare the experimental perfor-
mance. It is important to note that the funnel plot is solely utilized to
assess the quality of similar processes. Figs. 12 and 13 depict a funnel
plot of processes transforming hydrolysis lignin to finished fuel via
single and multicycle hydroprocessing in like-heavy straight run
naphtha (HSR) and VGO. The energy yield was calculated from overall
lignin-oil based on dry and ash-free conditions, and the energy density of
the products was calculated using the Higher Heating Value (HHV) of
the lignin-oil obtained after each reaction. The energy and lignin-oil
blend yields are located at the bottom left of the funnel. The deoxy-
genation degree and distillate yields are included at the top right. These
axes not only aid in plotting data but also effectively highlight the
practical limitations for converting hydrolysis lignin into transportation
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ygenation degree vs. distillate yields for single cycle (a) and multicycle (b) co-
hydroprocessing of lignin-oil blends with and without NiMoP catalyst in VGO.

fuels.

Fig. 12 represents single and multicycle co-hydroprocessing in hex-
adecane, respectively. For single-cycle lignin hydrotreating in hex-
adecane, the lignin-oil yield increased with temperature, pressure, and
catalyst loading (Fig. 12a, top), accompanied by an enhancement in
energy yield. Conversely, the distillate fraction (177-343 °C) showed an
opposite trend despite the improvement in deoxygenation and thus
energy recovery. Yield losses in the distillate fraction appeared as an
increase in the naphtha fraction, which rose from 3.6 to 17.6 wt%
(Table 5, HEP( to HEPg), accompanied with higher De-O and lower char
formation.

NiMoP had a more pronounced impact on isomeric hydrocarbons
rather than aromatics. This suggests that in reactions with NiMoP, cel-
lulose units in hydrolysis lignin undergo partial hydrodeoxygenation to
form oxygenated compounds and subsequently hydrocarbons. This
aligns with results from catalytic hydrogenation of cellulose to hydro-
carbons using hexadecane as a solvent [45]. Previous studies using
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model compounds over NiMo/MoP/NiyP [39,40] support this, indi-
cating that the active sites of Ni2P catalysts, composed of threefold
hollow Ni and P sites, facilitate adsorption of H or OH groups. Further
aromatization was slightly enhanced (HEP; to HEPy), as phenolic yields
decreased, indicating that co-processing over NiMoP using hexadecane
enhances hydrocracking activity rather than alkylation reactions. This
was also confirmed for NioP/HZSM-5 catalysts, attributed to strong acid
sites promoting hydrocracking and isomerization reactions [48].
Another hypothesis is that the quantity of water significantly affects the
maximum C < 10 alkane yield (see HEPS, Fig. 10b), depending on the
solvent choice, as demonstrated by Deneyer et al. for cellulose-to-alkane
conversion in a fossil naphtha/water system over a Ru on carbon cata-
lyst. These findings suggest that lignin-oil solubility and miscibility in
hexadecane significantly influences the lignin’s cohesive energy density
during the reaction.

A similar trend was observed for the multicycle co-hydroprocessing
of lignin-oil blends with lignin (Fig. 12b). Despite the high energy and
lignin-oil yields, further distillate range losses were associated with
higher naphtha range (IBP-177 °C) yields, increasing from 5.5 wt%
(HEP;) to 41.0 wt% (HEPg). This increase was marked by the rise in
quantities of heavy alkanes/alkenes (> C10), cycloalkanes, and oxy-
genates, as demonstrated by GCxGC analysis. The production of higher
alkanes/alkenes (> C10) might also result from the hydrocracking of
hexadecane and aromatic-naphthalenes, the hydrotreatment of cellu-
losic units present in hydrolysis lignin and depolymerization of phenolic
dimers [70]. The latter components were subsequently reduced to low
alkylated phenolics and higher aromatics, as a function of temperature,
pressure, and catalyst loading (Tables 5 and 6). Notably, yields of
gaseous compounds were not excessive, particularly during multi-
cycling. Further studies on co-hydroprocessing of model lignin compo-
nents alongside hexadecane over unsupported NiMoP are of importance
to understand the solubility of lignin. This could help determine whether
using petroleum paraffin as the primary solvent or co-solvent is feasible
for drop-in bio-fuels (Fig. 11a), as indicated by the secondary y-axis in
the plot (Fig. 11b).

Fig. 13 shows funnel plots of single and multicycle co-
hydroprocessing in VGO, respectively. When VGO was used for co-
hydroprocessing, the energy and lignin-oil yields were slightly lower
compared to paraffinic petroleum co-processing for both single cycle
and multicycle processes. However, there was a clear enhancement in
the quality of the lignin-oil blend from multicycle co-hydroprocessing,
as evident by the increased distillate range, reaching up to 85 wt%
while achieving higher energy and lignin-oil yields with the lowest ox-
ygen contents (HEP;7). Additionally, the hypothesis of the effect of
water on the C < 10 isomeric hydrocarbon production was less pro-
nounced with VGO as a solvent compared to hexadecane and Deneyer et
al. study for cellulose-to-alkane conversion in a light straight run
naphtha (LSR) [32]. The isomeric hydrocarbons yielded were near equal
parts aromatics (29.0 %) and isomeric hydrocarbons (29.3 %).

In terms of GCxGC analysis, the increase of distillate range products
was apparently also influenced by the monomer distribution, particu-
larly by the rise in aromatics (Table 7), and decreases in alkylated
phenolics yields, respectively. This suggests that the catalyst in VGO
promotes further depolymerization and deoxygenation reactions to
produce lower-boiling point products while inhibiting condensation
reaction leading to char formation. This also demonstrates the influence
of the solubility of lignin in VGO, reflecting the cohesive energy density
of lignin during the catalytic reaction at elevated temperature. An
opposite trend was observed during the co-hydroprocessing of a higher
initial amount of hydrolysis lignin (> 10 wt%) with VGO (Fig. 13a, green
dashed), where twice the amount of lignin was used with and without
catalyst (HEP13 and HEP14). With the NiMoP catalyst, lower aromatic
(14.7 %) and higher oxygenate (30.2 %) compound yields (see Fig. 11b)
were observed, confirming that VGO as a solvent has a limited capacity
for blending. It was also found that the oxygen content from the lignin-
oil blend during hydroprocessing with a high initial lignin feed (HEP14)
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also resulted in lower energy and lignin-oil yields, compared to a mul-
ticycle feed of the same total amount of lignin (HEP17). The lower yields
are due to higher solids formation as well as to higher yields of per-
manent gases such as COq, as displayed in Fig. 10. Overall, the results
suggest that a multicycle co-hydroprocessing method yields higher en-
ergy and lignin-oil yields. However, the choice of solvent, its initial
boiling point range and hydrocracking, can lead to significant distillate
range losses, emphasizing the importance of considering the choice of
solvent in lignin conversion processes.

3.8. Proposed strategies for process scale up

The process of scaling up co-hydroprocessing of lignin with NiMoP
catalysts requires key challenges to be addressed, such as catalyst
recycling, hydrogen availability, and the integration of lignin feedstocks
into existing refinery operations. Several strategies can be proposed to
overcome these challenges and ensure process efficiency and economic
feasibility.

First, catalyst deactivation must be minimized for efficient scaling.
Periodic catalyst regeneration, such as hydrogen treatment or mild
oxidation, can help maintain the NiMoP catalyst activity over extended
cycles. A detailed regeneration protocol, possibly involving fluidized
bed systems or batch reactors, could enhance the economic feasibility of
continuous processing by reducing the need for frequent catalyst
replacement. In large-scale operations, continuous catalytic regenera-
tion could be implemented, where part of the catalyst is withdrawn,
regenerated, and reintroduced to the reactor. This ensures consistent
catalyst activity while minimizing costly large-scale catalyst replace-
ment. Additionally, effective separation and recovery of spent catalyst
particles from the liquid phase are crucial for maintaining a stable re-
action environment. Techniques such as filtration or centrifugation can
facilitate catalyst recovery and prevent its loss, while also minimizing
the buildup of unconverted lignin. To improve economic feasibility and
ensure continuous hydrogen supply, on-site hydrogen generation should
be integrated into the process. This can be achieved through water
electrolysis, ideally powered by renewable electricity, or through nat-
ural gas reforming methods like steam methane reforming. Optimizing
reaction conditions, such as pressure, temperature, and hydrogen partial
pressure, will be critical to minimize hydrogen consumption per unit of
lignin processed. Improving the hydrogenation efficiency of the NiMoP
catalyst could further reduce hydrogen demand. Additionally, recov-
ering unreacted hydrogen from the off-gases using technologies like
pressure swing adsorption (PSA) or membrane separation can allow for
hydrogen recycling, reducing the overall hydrogen requirements and
associated costs.

Lignin integration into refinery processes requires effective pre-
treatment methods to convert it into a suitable form for hydro-
processing. Pretreatment techniques such as acid or base catalysis,
organosolv processes, or supercritical fluid processing can solubilize
lignin, making it more amenable to hydroprocessing. Reactor design
modifications, such as adapting catalyst beds to account for lignin’s
reactivity, or implementing advanced feedstock management tech-
niques, will be necessary to facilitate this integration. A techno-
economic analysis should be conducted to evaluate the economic
feasibility of scaling up lignin hydroprocessing. This analysis should
account for costs associated with lignin pretreatment, catalyst regener-
ation, hydrogen supply, and integration. Furthermore, it should consider
the value of the products, such as biofuels and chemicals derived from
lignin, market demand, and potential government incentives for
renewable energy projects. As lignin hydroprocessing is energy-
intensive, strategies to reduce energy consumption, such as optimizing
reaction conditions and integrating energy recovery systems (e.g., heat
exchangers or combined heat and power systems), will be critical for
improving economic viability.
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4. Conclusions

In this study, two scenarios were investigated for catalytic hydro-
treatment of hydrolysis lignin: (1) lignin-oil blends were produced
alongside hexadecane or VGO as solvents. (2) The blends, along with
fresh lignin, were further co-hydroprocessed over a spent unsupported
NiMoP in a multicycle scheme. The conclusions drawn from this work
are as follows:

m The nanocasting synthesis of the unsupported NiMoP resulted
in a catalyst with a large specific surface area, pore volume, and
catalytic activity that demonstrated successful
hydroprocessing performance.

m Hydroprocessed lignin in hexadecane exhibited a high deoxy-
genation activity, significantly influencing the yield of aliphatic
hydrocarbons over aromatics. Under conditions of 400 °C and
80 bar pressure, the alkane-derived yield, including cyclo-
alkanes reached as high as 41.1 wt% from the lignin-oil.

m Co-hydroprocessing of fresh lignin along with lignin-oil of
hexadecane blending resulted in a significant increase in lignin-
oil yield and char suppression. SimDist and GCxGC analyses
demonstrated cracking activity, resulting in the production of
aliphatic paraffin hydrocarbons. Higher catalyst loading
favored the production of naphtha and light gas oil fractions,
highlighting the efficiency of co-hydroprocessing.

m Co-processing of lignin-oil with VGO showed higher lignin-oil
yield, with the lowest char yield. Product selectivity favored
higher naphthene and aromatic yields, and increased content of
light naphtha and aromatic fraction yields for the multicycle
processing of lignin-oil blends, suggesting a promotion of
dealkylation and deoxygenation reactions with higher loading
of the NiMoP catalyst.

= Higher hydrogen consumption, particularly observed in the
multicycling along with lignin-oil of VGO blending, correlated
well with higher lignin-oil yield and lower char formation,
promoting hydrogen solubility in the lignin-oil blends and thus
the production of high-quality liquid fuel products.

m Solvent effects (VGO and hexadecane) and the co-processing
scheme (single or multicycle) strongly influenced the distil-
late fraction, selectively upgrading the lignin-oil to higher
quality, and affecting synergistic effects of lignin-oil blends.
Interestingly, multicycling resulted in higher bio-oil yield and
lower char formation compared to using the same amount of
lignin in just one cycle with equal total residence times.

m Multicycle co-hydroprocessing demonstrates superior perfor-
mance over single-step hydroprocessing, as qualitatively
assessed via a funnel plot, for the product quality, distillate
range of jet and marine drop-in fuels (177 — 343 °C) and mass
and energy yields, particularly when utilizing VGO.

= The choice of solvent, especially its initial boiling point range,
significantly influences the final distillate range yield of the
products, due to simultaneous solvent hydrocracking. This
highlights the importance of solvent selection in lignin con-
version processes.
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