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Introduction

Compositional and structural feedstock
requirements of a liquid phase cellulose-to-
naphtha process in a carbon- and hydrogen-
neutral biorefinery context+

A. Deneyer,? T. Ennaert,? G. Cavents,® J. Dijkmans,? J. Vanneste,®® C. M. Courtin,°
M. Dusselier*® and B. F. Sels*®

Processing raw (ligno)cellulosic feedstock into renewable light naphtha alkanes could lead to a gradual
replacement of fossil feedstock for the production of chemicals, materials and fuels. The production of
drop-in alkanes is a preferable short term strategy because of its practical implementation and integration
in existing infrastructure and processes. A handful of promising cellulose-to-alkane biorefinery initiatives
were recently reported, both processing in gas and liquid phase. This contribution presents a detailed
study of the two-liquid phase hydrodeoxygenation of cellulose to n-hexane under relatively mild circum-
stances, proceeding through the recently communicated HMF route, in presence of a soluble acid and
Ru/C metal catalyst. Two main points were addressed here: (i) the importance (or not) of the ligno-
cellulose pretreatment and purification to the alkane yield, and (ii) the renewability of the consumed
hydrogen in the process. A systematic study of the effect of cellulose purity, crystallinity, degree of
polymerization and particle size (surface area) on the light naphtha yield was performed to tackle the first
part. As fibrous cellulose with large particles was the most favourable feedstock with regard to alkane
yield and as the presence of hemicellulose and lignin impurities had no effect on the cellulose-to-
naphtha conversion, costly mechanical and purification steps are redundant to the process, in contrast to
their notable importance in other cellulose valorisation processes (e.g. to glucose, sorbitol, isosorbide and
acids). The second point regarding sustainable hydrogen supply is discussed in detail by calculating
hydrogen and carbon mass and energy balances of the chemical conversions, assuming selected scen-
arios among others to recuperate the hydrogen by steam-reforming of waste streams (like gaseous C_g
hydrocarbons and aqueous polyol fractions) and (partial) aromatization of the Cg fraction into benzene.
The study shows potential to integrate the liquid phase cellulose-to-naptha (LPCtoN) technology into a
self-sufficient biorefinery, in which the chemical processes may run without consumption of external
(non-renewable) hydrogen, carbon and energy, except for solar light.

chemical industry. Biomass and more specifically ligno-
cellulose may become an important feedstock for the pro-

Current climate problems, geo-political frictions and the duction of chemicals, materials and in some cases (additives

exhausting long term availability of fossil resources require at  for) fuels.
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components and platform molecules.'”* Lignocellulose is for

instance also a great alternative resource for the production of
fossil-based alkanes."®'* The light naphtha fraction is nowa-
days an important group of hydrocarbons with a myriad of
applications in the chemical industry. Light naphtha reform-
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line, which is typically composed of short and branched
alkanes,*® cracking gives ethylene, propylene and butadiene
building blocks,>’*® while selective catalytic cyclization/
dehydrogenation produces aromatics.>**' One important light
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naphtha compound cyclohexane is oxidized to adipic acid, a
nylon precursor.’>** Today, a handful of cellulose-to-alkane
technologies are presented. Recent thermochemical
approaches such as (hydro)pyrolysis are robust technologies
producing complex and sometimes unstable product
mixtures.>*™** Mild catalytic liquid phase approaches offer the
advantage of better preserving the original C skeleton, for
instance by forming n-hexane from cellulose. Much work has
been reported on the depolymerisation of cellulose into its
building blocks and their subsequent conversion to different
platform molecules. Hydrodeoxygenation (HDO) of these mole-
cules, with or without C-C coupling, leads to the formation of
alkanes.®**> Recently described one-pot liquid phase cell-
ulose-to-naphtha (LPCtoN) conversion strategies, as depicted
in Fig. 1, though promising, are in its infancy and less studied
so far.”*>°

Tomishige et al. developed such a one-pot process produ-
cing n-hexane from cellulose in a biphasic solvent system of
water and n-dodecane. Hydrolysis of cellulose to glucose takes
place in the aqueous phase in presence of HZSM-5 zeolite. The
metal catalyst Ir-ReO,/SiO, hydrogenates glucose to sorbitol in
the aqueous phase, and subsequent C-O hydrogenolysis cycles
forms n-hexane. After 24 h, a yield of 78 mol% C hexane (in
total of 90% light naphtha alkanes) from microcrystalline cell-
ulose was reached at 483 K.>* This sorbitol pathway was also
investigated using a Ru/C catalyst combined with LINbMoOg
in aqueous phosphoric acid yielding 72 mol% C of C4 alkanes
after 24 h at 503 K. The layered structure of the catalysts is said
to inhibit the formation of (too stable) isosorbide.>*

Alternatively to the sorbitol pathway, there is the
5-hydroxymethylfurfural (HMF) pathway, as recently intro-
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duced by Op de Beeck et al.>® The combination of a soluble
tungstate acid and a modified Ru/C in a biphasic water-
alkane environment stimulates glucose dehydration to HMF
and its further hydrogenation, while retarding direct sugar
hydrogenation to sorbitol. The authors assumed that Ru sin-
tering, altered through modification, favors the HMF
pathway. To corroborate this hypothesis, characterization and
differences in activity between a typical Ru/C and the modi-
fied Ru/C (htTSA(2)Ru/C) were reported in the manuscript of
Op de Beeck et al.”> Consecutive dehydration and hydrogen-
ation cycles from HMF ultimately lead to the production of
alkanes from microcrystalline cellulose (Avicel PH-101), yield-
ing 42 mol% C of hexane (of a total of 60 mol% C light
naphtha alkanes) within 3 h at 493 K. Other components in
the organic phase are mostly oxygenates, such as (di)methyl-
tetrahydrofuran, oxepane, (methyl-)tetrahydropuran and hex-
anols. The aqueous phase consists of isosorbide and sorbitan
isomers.

Though promising, these cellulose-to-alkane technologies
require more intense research. The atom and energy efficiency
of the conversion of preferentially raw cellulose is essential
herein.”” To bridge the gap between model and real cellulosic
feedstock, this paper attempts to map the influence of the cell-
ulose characteristics like purity, particle size (surface area),
degree of polymerization and crystallinity on its conversion to
light naphtha for the HMF route technology. A second part
attempts the development of reaction (process) schemes to
realize closed energy and mass balances for the LPCtoN bio-
refinery, suggesting several strategies to recuperate hydrogen
from product and waste streams. While the latter goal is essen-
tial in light of devising an overall carbon and hydrogen neutral
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Fig. 1 Mild catalytic conversion of cellulose to light naphtha via two reaction pathways, through sorbitol or HMF, and their subsequent valorisation.
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process, the first objective will assess the requirement (or not)
of (costly) feedstock pretreatment.

Experimental

For a list of all used chemicals and materials as well as a more
additional description of the experimental procedures, the
reader is referred to the ESL.}

For the pretreatment, a Ru/C (5 wt%) metal catalyst is modi-
fied in a 100 ml batch reactor (Parr Instrument Co.). The
reactor is typically loaded with Ru/C (1 g), TSA hydrate (0.25 g)
and water (40 ml). After flushing with N,, the reactor was
pressurized with a H, pressure of 50 bar at room temperature.
Subsequently, a stirring rate of 700 rpm was installed. A temp-
erature program, starting at room temperature to 483 K (+10
K min™") and staying for 1 h at 483 K, is followed. Finally, the
synthesized catalyst (htTSA(2)Ru/C) was filtered, washed with
water until neutral pH of the effluent and dried to constant
weight.

Catalytic conversion of various cellulose substrates (2 g) was
carried out in a 100 ml batch reactor (Parr Instrument Co.). In
addition, a biphasic system water : n-decane (30:10 ml), TSA
hydrate (4.8 g) and htTSA(2)Ru/C (0.25 g) was loaded into the
reactor. After flushing with N,, the reactor was pressurized at
50 bar of hydrogen and room temperature. Subsequently, a
stirring rate of 700 rpm was installed. A temperature program,
going from room temperature to 423 K (¥12 K min™') and
further to 493 K (+0.5 K min™"), is followed. After a reaction of
5 h, the reactor is cooled, depressurized and opened for
sampling and analysis. Products yields are expressed as mol%
C and mostly presented with just % in the results section.

' moles C in product
Yield(mol% C) = 100
ield(mol% C) moles C in feedstock

Cellulose powders were characterized by different tech-
niques: FTIR, PXRD, laser diffraction, SEM and viscosimetry.
FTIR spectra were recorded by using a Bruker IFS 66v/S instru-
ment (KBr method). Crystallinity (CrI%) was recorded with
powder X-ray diffractions (PXRD) patterns at room temperature
on a STOE STADI P Combi diffractometer. The diffracted inten-
sity of the CuKa radiation (4 = 0.154 nm) was measured in a
26 range between 0° and 62.5°. Crystallinity based on PXRD
was determined with the peak height method.”® Particle sizes
(nm) were determined by laser diffraction with a Microtrac S
3500. To remove all particles from earlier measurements, the
machine was first flushed with air. After measuring some
blanks, powders were systematically sucked for 10 s towards
the cell where particles were measured with a TRI-LASER
multi-detection system. Data handling was done with Micro-
trac flex 11.0.0.3 software. SEM pictures were recorded by
using a JEOL JSM-6010 JV microscope after coating the
samples with gold with a JEOL JSC-1300 sputter. Viscosimetry
based on the NF G 06-037 norm was used to measure the
degree of polymerization (DP). Typically, 0.125 g (or 0.015 g
when a high DP was expected) cellulose was dissolved in 50 ml
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of a 0.5 M cuprietethylenediamine solution and stirred for
2 hours at room temperature. Viscosity data were determined
in a UBBELOHDE thermostated capillary tube viscosimeter at
298 K and afterwards calculated according to the NF G 06-037
norm.

The thermodynamics of the proposed processes were calcu-
lated under common process conditions (with regard to temp-
erature and pressure) by using Aspen Tech 7.3 software. The
process streams were based on stoichiometric relations after
equalizing the amount of H, in the entire process. The mass
and energy balances are calculated taking into account a
stand-alone biorefinery for n-hexane and benzene production,
which is self-sufficient in hydrogen and energy.

Results and discussion
Influence of cellulose properties

A systematic study on the LPCtoN conversion was initially per-
formed with common pure cellulose powders, viz. commercial
Avicel PH-101 and various Sigmacell celluloses as well as with
unusual substrates such as Vivapur, Whatman filters and
cotton. The different cellulose feedstocks with their physical
characteristics and the corresponding alkane yield after the
cellulose-to-naphtha catalytic processing are summarized in
Table 1. Vivapur cellulose proved to be structurally similar to
Avicel, but with bigger particle sizes (Table 1, entry 8).
Whatman filters (Fig. S1 in ESLf FTIR spectra), which are
manufactured from cotton, and cotton itself are characterized
by a high degree of polymerization in comparison with the
other cellulose substrates (Table 1, entries 11-14, viscosi-
metry). SEM pictures show a fibrous, highly dense structure for
the filter material, whereas the classic cellulose powders
consist of aggregated particles/spheres (Fig. S2 in ESIf).

The influence of crystallinity is systematically investigated
first by prior ball-milling of microcrystalline Avicel at various
contact times.>® After an initial drop, the particle sizes stay
more or less constant with the milling time (Table 1, entries
1-4). This treatment creates amorphous regions especially
when the milling time is high.®® Surprisingly, cellulose amor-
phization has no influence on the cellulose-to-naphtha
efficiency. The second property of this series, i.e. the degree of
polymerization (DP, expressed in # glucose units per chain),
which drops by milling, is thus also an unimportant parameter
to the alkane yield.

In contrast to crystallinity and degree of polymerization, the
effect of particle size (diameter in pm, laser diffractometry)
seems more pronounced: indeed, larger particles result in sub-
stantially higher light naphtha yields, as seen slightly for the
Avicel samples (e.g. compare entry 1 with 2), but more clear in
the Sigmacell series (compare entries 5 and 6, with similar DP
and crystallinity). To confirm the hypothesis, Vivapur cellulose,
which comprises of large particles, is tested before and after
sieving it into two size fractions (entries 8-10). The Vivapur
fraction with particles above 125 pm has a three-times average
particle size compared to the small-particle fraction according

This journal is © The Royal Society of Chemistry 2016
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Table 1 HDO of different pure cellulose substrates?
Properties” Yield (%)
Particle Crystallinity DP Other Light
Entry Type cellulose Pretreatment size (um) (CrI%) (# units) n-Pen n-Hex alkanes” naphtha
1 Avicel PH-101 None 68 79 161 7 46 9 62
2 Ball-milling 0.5 h 56 53 149 8 43 7 58
3 Ball-milling 2 h 56 <5 137 9 43 8 60
4 Ball-milling 6 h 57 <5 116 8 46 8 62
5 Sigmacell Type 20 None 29 76 168 8 41 7 56
6 Sigmacell Type 50 None 97 80 165 8 48 10 66
7 Sigmacell Type 101 None 16 48 442 5 38 7 50
8 Vivapur None 204 78 170 10 48 9 67
9 Sieving: <125 pm 93 74 179 8 45 9 62
10 Sieving: >125 pm 291 80 170 10 51 9 70
11 Whatman filter 1 None n.d.r. 69 1125 10 46 9 65
12 Whatman filter 4 None n.d.r. 65 685 10 49 10 69
13 Whatman filter 5 None n.d.r. 60 729 10 47 9 66
14 Cotton None n.d.r. 64 1141 15 48 9 72

“Conditions: 2 g cellulose; 4.8 g TSA; 0.25 g htTSA(2)Ru/C; biphasic system: water/n-decane (30:10); 50 bar H, at RT; temperature programme:
RT to 423 K (+12 K min™") and from 423 K to 493 K (+0.5 K min™"); total reaction time of 5 h. Blank reactions with n-decane (and squalane) as
organic solvent did not give any cracking products. ” Other alkanes: n-butane; 2-methylpentane; 3-methylpentane; methylcyclopentane and cyclo-
hexane. ¢ Ennaert et al. recently published the properties of certain cellulose substrates (entries 1-7).>* Characterization data is also available in
section B of the ESI. Particle size measurements indicate diameters. n.d.r.: could not be determined reliably (fibrous).

to the particle distribution, as ascertained by laser diffraction
(Fig. 2A). Processing the large-particle fraction gives a substan-
tial 10% higher yield of light naphtha in comparison to reac-
tion with the small particle fraction (<125 um), corresponding
to a 13% relative yield increase. Reactions with the other cellu-
loses, of which the results are displayed in Fig. 2E, substantiate
the relationship between light naphtha yield and particle size.
The figure plots the naphtha yield in function of cellulose par-
ticles radius, together with the calculated external surface
areas, while assuming spherical particles and constant cell-
ulose densities of 1.5 g em™ (section C of the ESIf). It is
important to notice the rapid decay of surface area, indicating
that a small increase in radius for small particles (<30 pm)
results in a strong decrease of external surface. Clearly, the
naphtha yield increases in a reverse trend with the surface
area. This evolution, going from small (Sigmacell Type 101),
over medium (Vivapur <125 pm), to very large particles
(Vivapur >125 pm) is visualized with the corresponding SEM
pictures and laser diffraction data (Fig. 2A-D). Taken together,
our observations prove that the particle size, and linked with
that, the external surface area of the cellulose particles is the
most important substrate parameter, impacting the cellulose-
to-naphtha yield. This can be rationalized as follows: as the
soluble acid catalyst needs to hydrolyze cellulose at its external
surface,’™°* larger particles infer a more gradual release of the
monomeric sugar units to the solution because of its low
surface area. In our strongly acidic environment at 493 K,
soluble sugars or other reaction intermediates, notably HMF,
can lead to side-products such as humins through polymeriz-
ation®®* and this is usually more pronounced at higher sugar
concentrations.’>®® In line with these findings, a higher cell-
ulose loading (here: Sigmacell Type 50, from 5 wt% to 10 wt%)
gives a decrease in light naphtha alkanes (from 66% to 42%).

This journal is © The Royal Society of Chemistry 2016

Likely, this is due to the higher concentration of glucose and
reactive intermediates such as HMF, at a certain moment,
causing more degradation products to form. A slower sugar
release by hydrolysis (resembling a glucose fed-batch reactor),
giving lower concentrations of intermediates, could thus be at
the basis of the more efficient conversion of large-sized cell-
ulose to light naphtha. This observation is in stark contrast to
most other catalytic cellulose conversion systems, as they pre-
ferentially require a more accessible and broken down cell-
ulose structure. This is for instance the case in the LPCtoN
process, following the sorbitol pathway. As a heterogeneous
acid catalyst was used here, cellulose accessibility is essential,
while the sugars are stabilized into hexitols via fast hydrogen-
ation.>® Recently, also Ennaert et al. confirmed the need for
small and amorphous cellulose particles for the conversion of
cellulose into sorbitol.>® Interestingly, the LPCtoN process fol-
lowing the HMF route has no need to such usually costly
(mechanical) feedstock pretreatment.®”’ "% The catalytic results
of the Whatman filter cellulose and cotton (Table 1, entries
11-14) are in line with the above conclusions: use of dense,
fibrous celluloses with high DP show the highest naphtha
yields, up to 72% in case of cotton.

Towards real (ligno)cellulosic feedstocks

The pure cellulose model substrates used above, underwent
several process cleaning steps, starting from wood and other
plant-based products. Usually, raw woody materials consists of
40-50 wt% cellulose, 20-35 wt% hemicellulose and 15-20 wt%
lignin." After Kraft pulping, lignin and hemicellulose are (par-
tially) degraded and dissolved, leaving insoluble o-cellulose
which is filtered off.”””7> The a-cellulose consists of cellulose
fibers (Fig. S2 in ESIf), that contains small amounts of hemi-
cellulose (17%). Organosolv is another technology to isolate

Green Chem., 2016, 18, 5594-5606 | 5597
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Fig. 2 Particle size distribution of the three cellulose substrates, measured with laser diffraction (A). SEM pictures of Sigmacell Type 101 (B); Vivapur
(<125 pm) (C) and Vivapur (>125 pm) (D). Yield of light naphtha alkanes (E), starting from different cellulose substrates with Sigmacell Type 101,
Vivapur (<125 pm) and Vivapur (>125 pm) highlighted. Improvement of the yield can be realized by using cellulose (2 g) with a bigger particle size.
The highest improvements in yield (bullets) are seen, if the decrease in accessibility, external surface, is the highest. The colours mark the same sub-

strates in all figures A—E.

purified cellulose fractions containing residual hemicellulose
and lignin parts.”*”*”77

Three cellulose pulps with a small amount of impurities
were tested to address the impact of cellulose purity: a-cell-
ulose, still containing some hemicellulose; wheat straw organo-
solv pulp containing both hemicellulose and lignin; and the
bleached version of the latter. Their composition and the
corresponding light naphtha yield are found in Table 2. To
evaluate the efficiency of the catalytic system in the presence
of impurities, the yield of Cs alkanes (mainly methyl-
cyclopentane and n-hexane) should be considered, as they orig-
inate from Cy sugars, and thus mainly from cellulose. In
addition, Whatman filter 4, which is from a physical point of
view similar to authentic highly dense cellulose fibers in a
lignocellulosic matrix, is chosen as benchmark. The similar
Ce alkane yields (in Table 2) for the different celluloses suggest
that the presence of impurities has no influence on the
efficiency of cellulose-to-naphtha reactions (Table 2, entries
1-4). Moreover, the mild pretreatment procedures, which
partly removed hemicellulose and lignin fractions, keep intact
the original and dense cellulose structure, which is very inter-
esting for the catalytic system under study here considering
our findings regarding the impact of the cellulose external
surface. While the efficiency of cellulose conversion is almost

5598 | Green Chem., 2016, 18, 5594-5606

constant, the total yield of light naphtha is lower compared to
that from pure cellulose substrates. This decrease is caused by
the inefficient conversion of hemicellulose (mainly Cs sugars)
and lignin under the applied reaction circumstances. Though
these impurities do not affect the cellulose-to-naphtha reac-
tion, their conversion to light naphtha alkanes is less efficient
and therefore their presence in the cellulosic feedstock should
be minimized (Table 2, entries 1-4). If their valorisation is
pursued for instance for economic reasons, their fractionation
will thus be a prerequisite.

For the hemicellulose fraction, the current conditions are
likely too harsh to convert these amorphous and branched
sugar polymers selectively into alkanes. Tomishige et al
noticed the same issue and reported the formation of humins
as major drawback.”® Recent work by Ennaert et al also
warned for the use of unbalanced bifunctional (metal-acidic)
catalytic systems for hemicellulose conversion to pentitols.”®
Moreover, the acidic condition, required to convert the crystal-
line rigid celluloses, chemically transforms lignin through
acid-catalysed condensation into (usually larger and) stable
lignin derivatives, which may foul the catalyst sites.”®%%%!
Therefore, in order to efficiently valorise the complete ligno-
cellulosic biomass, a multistep process, which involves practi-
cal fractionation of the individual lignocellulose constituents,

This journal is © The Royal Society of Chemistry 2016
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Composition” (wt%)

Yield from C¢ sugars (%)

Total yield” (%)

Entry Substrate” Ce sugars C; sugars Lignin Others® n-Hex Other C; alkanes® Light naphtha
1 Whatman filter 4 100 — . — 49 9 68
2 a-Cellulose 83 17 — — 48 8 54
3 Wheat straw organosolv 70 8 16 6 45 12 45
4 Wheat straw organosolv bleached 74 3 16 42 8 51

“ Conditions: 2 g substrate; 4.8 g TSA; 0.25 g htTSA(2)Ru/C; biphasic system: water/n-decane (30:10); 50 bar H, at RT; temperature programme:
RT to 423 K (+12 K min~") and from 423 K to 493 K (+0.5 K min~"); total reaction time of 5 h. ” Ennaert et al. recently published the composition
of the respective substrates.>® ¢ Others: sum of ash; proteins; acetyl; uronic acids and extractives. 4 The total yield is based on the amount of
carbon coming from Cs sugars, Ce sugars and lignin. ¢ Other Cq alkanes: 2-methylpentane; 3-methylpentane; methylcyclopentane and cyclo-

hexane.”/ Characterization data is available in section B of the ESI.

viz. cellulose, hemicellulose and lignin, followed by their indi-
vidual chemical conversion, is highly advised. This strategy
will lead to the most effective biorefinery, since the processing
conditions can be optimised to the needs of each fraction.
Whereas most fractionation processes focus on the isolation of
one purified fraction, usually cellulose, more recent initiatives
attempts to refine the biomass with regard to produce two or
three separate fractions. Selective removal of lignin with for-
mation of a fairly pure and easily processable sugar pulp
was recently introduced in the lignin-first processing of
lignocellulose,®* ® but also other initiatives are under develop-
ment.”® Lignin-first technology in presence of small quantities
of H;PO, is perhaps the most notable one. This technology
generates a purified cellulose pulp from woody biomass,
besides a solution containing a soluble lignin oil and methyl
sugars from the hemicellulose fraction.’*

Closed energy and mass balances

There are many ways to assess the viability and sustainability
of a biorefinery as multiple factors such as feedstock cultiva-
tion, biomass transportation, process efficiency and product
added-value are involved. Moreover, these parameters are
influenced by specific boundary conditions (e.g. biomass
density in the surrounding area and infrastructure for trans-
portation).”>® By consequence, concepts such as net atmos-
pheric carbon ration (NACR) and indirect land use change
emissions (ILUC) are important parameters to evaluate the
entire life cycle of each process from a sustainable point of
view.”**® The most important stumbling blocks associated
with biorefineries are the following: feedstock price, food com-
petition, loss of biodiversity, additional emissions through the
replacement of wood and grassland in new cropland, new
infrastructure needs, etc. The present LPCtoN technology may
be considered as a potential second generation biomass-to-
liquid process replacing crude oil to reach the government-
imposed renewable end-objectives.’”'° It creates a drop-in
light naphtha from non-edible lignocellulose feedstock, ideally
from waste or fast-growing trees (e.g. poplar and willow) from
sustainably managed forests. However, implementation of
such processes is only realistic within a certain framework, e.g.
for making additives for the large fuel markets in expectation

This journal is © The Royal Society of Chemistry 2016

of electrification or, more likely, as valuable alternative in the
smaller markets of chemicals and materials." Moreover, large
quantities of hydrogen are consumed and therefore the self-
sustainability (with regard to carbon, hydrogen and energy
neutrality) may be argued.

Beside use of renewable (ligno)cellulose, one should also be
able to realize an integrated biorefinery with a closed-loop of
mass and energy. Recent biofactories, in which chemicals are
produced from renewable resources and solar energy is used to
co-valorise CO,, have been discussed, but also integration of
petrochemistry and solar has been suggested. Centi et al.
recently introduced the concept of the biofactory, taking into
account the whole production process by integration of renew-
able energy (e.g. solar) and valorisation of CO,."**'% Also,
Jacobs et al. proposed a conceptual biorefinery, merging pet-
roleum and solar refineries.'®* The generation of CO,, e.g. to
be considered as the end-of-life of most hydrocarbon chemi-
cals, but also the result of H, generation from carbon contain-
ing resources, can be seen as looped by photosynthesis during
lignocellulosic plant growth, and may be largely regarded as
carbon neutral as long as renewable resources were used.
Natural or artificial techniques, requiring a limited input of
energy (e.g. solar), could be used in the long term here to
convert such spent carbon into working carbon.'*>"%°

Sustainable production of hydrogen in the biorefinery is an
important challenge. Today, most H, is produced through
steam-reforming of (shale) natural gas, while in light of a
100% renewability criterion, a non-fossil resource is required.
Though economically sound on a short term to initiate bio-
refinery activities, the search for and the integration of other
techniques such as biological hydrogen production,"®” photo-
catalytic splitting of water,'*® """ gasification of biomass,'*?
aqueous-phase-reforming (APR) '™ and steam-reform-
ing""®''? of biomass derived gaseous products should be con-
sidered to offer more sustainable opportunities on the long
term, but they are still in their infancy at the commercial scale.
In addition to APR and steam-reforming, there might be a third
and fourth option to recuperate additional hydrogen, which is
particularly valid for the presented LPCtoN technology: steam or
catalytic cracking of n-hexane to short olefins®”*® and dehydro-
cyclisation of n-hexane (and the other cyclic Cq alkanes) to

Green Chem., 2016, 18, 5594-5606 | 5599
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benzene.”**' The latter is in particular interesting since the
technology could lead to the on-purpose production of bio-
benzene. The cyclisation to benzene, producing hydrogen gas,
for instance described in presence of Pt-Ba loaded L zeolite at
773 K,?°112° may pave the way to the production of bio-based
ethylbenzene and styrene. Other aromatics such as phenols and
anilines will more likely be targeted starting from the lignin
(oil) fraction.***** In section D of the ESIt a short case study,
with respect to the typical capacity of a biorefinery, illustrates
the feasibility of synthesizing such renewable chemicals and
materials.

Though highly relevant in general, evaluating the above
issues is very complex. Therefore, rather than focussing
already on the complete life cycle analysis of the proposed
biorefinery, this contributions wants to discuss the sustainabil-
ity at the technical level, with regard to carbon and hydrogen
neutrality of a potential stand-alone process.

In what follows, we will conceptually close mass and energy
balances for an integrated LPCtoN process, and give sugges-
tions for the carbon and hydrogen neutral production of the
renewable alkanes and thereof derived bio-benzene. First, this
exercise is done taking into account two scenarios, one which
includes only reforming for hydrogen recuperation and a
second one, which includes both reforming and dehydro-
cyclisation. The scenarios are illustrated in Fig. 3. Before evalu-
ating the two scenarios for the real situation (see later), the
different process streams were calculated in thermodynamic

View Article Online
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equilibrium using Aspen Tech 7.3 software assuming no net
production/consumption of hydrogen in the process. Rather
than directly using the precise (waste) products available in
the LPCtoN process, obvious model molecules to produce
hydrogen were selected. The calculations used therefore
n-hexane (as a model of potential waste alkanes) for steam-
reforming, ethylene glycol (as a model of polyol waste) for
APR and n-hexane for the dehydrocyclisation to benzene. Note
that the water gas shift reaction is taken into account in the
steam-reforming process as to maximize the potential hydro-
gen production. Details of the calculations are presented in
the ESI (section E in the ESIf). The thermodynamic data and
the calculated streams for the specific case of the combination
of reforming of n-hexane (here by steam) and dehydrocyclisa-
tion are illustrated in Table 3 and Fig. 4.

Three main conclusions emerge from these calculations.
Firstly, the carbon efficiency of the overall process depends
strongly on the envisioned end product, showing a value of
63.2% and 80.0% for n-hexane and benzene, respectively. The
latter number indicates that the overall production of two
benzene molecules is accompanied with the formation of
three bio-derived CO, molecules, which will enter the photo-
synthesis cycle to reform cellulose using sun light input. Sec-
ondly, there is no additional energy requirement to obtain the
above mentioned reaction outcomes, because the energy
release during cellulose-to-hexane processing overcompensates
the endothermicity of the reforming and dehydrocyclisation

36.8%
¢ oo :
1
A OH \4 :
Ho T L 63.2%
e OH - HZO Carbon
D : 3 efficiency
| 36.8 %' : G I
B e e s I eneral:
> AHc,o > AH
EXO ENDO
- 200%
C. I !
Il p=———— o Pttt -
B. OH v v 1 1
0 H -H
b Bt Fhoes e 80.0 %
‘ b -H,0 | Carbon
D. ; T ) . efficiency
20.0 %* ] T TTTTETsTE s EEEEE T
| 1
v HOY  mmmm - 1
OH

Fig. 3 Overview of the 2 scenarios to generate end products (n-hexane or benzene) with 100% renewable carbon and hydrogen. The amount of
carbon used for H; recovery is based on equal consumption and production of H, for 100% efficient reactions. The thermodynamics are calculated
at the most common reactions conditions by using AspenTech 7.3 software. Different reactions are HDO of glucose to n-hexane (A); HDO of
glucose to n-hexane and subsequently dehydrocyclisation to benzene (B); steam-reforming of n-hexane (C) and production of ethylene glycol form

sugars and subsequently APR (D).
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Table 3 Calculated streams (thermodynamic equilibrium) of combined HDO of glucose, dehydrocyclisation of n-hexane and steam-reforming of

n-hexane

Dehydrocyclisation of Steam-reforming of

HDO of glucose® n-hexane® n-hexane®

Component Mixed? Vapor® Liquid® vapor? Vapor® Vapor? Vapor®
CeH;,06 (mol h™1) 5.0 1.2x1078 1.2 %1073 0 0 0 0
H, (mol h™) 35.0 81x107° 1.3x107* 0 12.4 0 18.2
CeHyy (mol h™h) 0 5.0 1.9x 1072 4.0 1.0 1.0 4.1 %1072
H,O (mol h™) 0 2.8 27.2 0 0 12.0 49x107"
CeHg (molh™) 0 0 0 0 3.1 0 0
CO, (mol h™) 0 0 0 0 0 0 5.8
Total (mol h™") 40.0 7.7 27.3 4.0 16.5 13.0 24.5
Molar H (k] mol ™) -1.4 x 10> -1.7 x 10° 2.7 x10* —-6.0 x 10" 3.5 x10" -1.9 x 10> -7.1x10"
Molar S (k] mol ™" K™%) -1.3x107" -3.4x107" -1.2x107" -3.8x107" -2.0x107° -3.4x107° 2.9x1072
AH (K h™) —2948.0 815.6 782.6

Conditions: “T = 493 K; p = 65 bar. ?T = 773 K; p = 10 bar. °T = 1073 K; p = 10 bar. Starting mixture and input in AspenTech software.

¢End streams.

reaction. Our examples show an excess of 300 kJ mol™"
(per mol glucose converted), which may well be used to
support other unit operations such as separation. Thirdly,
considering the end-of-life of the products, burning of the pro-
ducts ultimately delivers a CO, to water molar ratio of unity,
which enters the photosynthesis cycle regenerating cellulose.

Though not yet mature, also artificial techniques can (partially)
be used to valorise the amount of released CO, in the long term,
e.g. using the excess of released energy or sun light."%>'°
Similar calculations were performed using the real product
outcome of an experimental cellulose-to-naphtha reaction. We
have selected the data of Vivapur cellulose processing (Table 1,

4 mol/h

> co, < 6 mol/h Steam Reforming = 12 mol/h
+ Water gas shift
19 moi/h 1 moi/h
(1073 K — 10 bar) <
ENDOTHERM
EXOTHERM
~
ED 35 mon | Hydrodeoxygenation [0 o Ho |
5 mol/h =
W Bt ) Seehuf Hexane |
EXOTHERM
Q E
(JPhotosynthesis JL‘ 30 moim
- ENDOTHERM
§ 16 mol/h Cyclisation g
o +D h . mol/h
v ehydrogenation
(o)

> ] [ Benzene ]4——

(773 K- 10 bar)

30 mol/h
4 mol/h

4

12 mol/h

4‘24 mol/h Burning }

Fig. 4 Theoretical process scheme assuming 100 mol% C of n-hexane yield (of which 1/5 is steam-reformed for H,-recuperation) and 80 mol% C

of benzene yield.
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Fig. 5 Product distributions (mol% C) for the H;Bioil process (consecutive two-step process of fast-hydropyrolyis and downstream vapor-phase
catalytic hydrodeoxygenation)*! and the here described mild catalytic one-pot process (hydrodeoxygenation) from the experiments with cellulose.

entry 10), as this feedstock produces the highest C¢ alkane
yield, approaching 60 mol% C, consisting of 86% n-hexane,
2% methylpentanes, 3% cyclohexane and 9% methyl-
cyclopentane. The total content of light hydrocarbons, almost
exclusively straight, shorter alkanes (C.¢) amounts to 15 mol%
C, consisting of 74% Cs, 7% C; and 19% C,, while the
aqueous phase contains about 15 mol% C oxygenates such
as hexitols and other polyols. The deficiency in mass balance,

about 10 mol% C, is because of unknowns. The product distri-
bution is seen in Fig. 5 (right). These data show that, in con-
trast to a large production of lights such as in fast-
hydropyrolysis, a more selective production of Cs alkanes is
realized. While pyrolysis is useful to obtain a mixture of
gaseous hydrocarbons, the two-phase liquid catalytic strategy
with Ru/C and tungstate heteropolyacids is more appropriate
for chemical applications. The hydrogen consumption of both
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A

i .-
U i
T s
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¥ E Destillation
HZO/H+ | N

eutralization
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|EI Fixed bed reactor

5 1
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Fig. 6 Biorefinery scenario for the conversion of cellulose into n-hexane, benzene and hextiol-derived products, with additional strategies toward
closed mass and energy streams. Compounds presented in green and blue are end-products and intermediate products, respectively.
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processes is very similar and amounts to roughly 0.05 kg H,
per kg of dry cellulose feed.

Hydrogen can be recovered from both light gas C., mixture
as well as from the organic waste in the aqueous phase. Steam-
reforming of the first waste stream foresees about 57% of the
consumed hydrogen. An additional reforming of the aqueous
waste, either through aqueous or steam-reforming reactions,
led to almost 80% of the required hydrogen. This scenario
indicates a hydrogen shortness, pointing out that an
additional dehydrocyclisation of the Cq fraction is a nice
option to fill the hydrogen gap. A 50% conversion of the Cq
fraction to benzene is sufficient to balance the hydrogen in the
overall process. Full details of the calculations can be found in
section F of the ESL ¥

If benzene is the desired product in the biorefinery, 43% of
hydrogen may be recuperated through dehydrocyclisation.
Steam-reforming of the light gaseous fraction provides the
remaining hydrogen. This scenario fulfils a 100% renewable
hydrogen LPCtoN biorefinery (section F in the ESIT). Ideally,
two out of ten carbons of cellulose should end up in the light
gas waste to foresee the hydrogen, the remaining of the
carbons ultimately ending in benzene. A stand-alone LPCtoN
biorefinery thus should not necessary operate exclusively
towards one specific product, as the remaining waste is use-
fully recuperated into renewable hydrogen streams. A possible
process scheme for such a closed-loop (stand-alone) biorefin-
ery is illustrated in Fig. 6, showing the central cellulose-to-
naphtha unit, combined with benzene formation, and the
hydrogen recuperation units.

Conclusions

The presented LPCtoN biorefinery can be an interesting
opportunity to selectively produce bio-derived light naphtha
alkanes, and more specifically Cs alkanes, and as such it may
gradually fuel the existing naphtha facilities with bio-derived
carbon. Two key points of the biorefinery were addressed
here: (i) structural and compositional aspects of the cellulose
biomass, and (ii) the renewable origin (or not) of hydrogen.
Perhaps somewhat surprising, this study reveals the highest
alkane yields from large-sized fibrous crystalline cellulose.
The rationale is to keep cellulose hydrolysis the slowest
step as to protect the reactive sugar molecules in the cell-
ulose structure. A too fast release of reactive sugars in solu-
tion otherwise results in side-reactions producing for
instance humins. Therefore costly mechanical or other treat-
ments to lower cellulose crystallinity are not necessary. Also
interesting to notice, presence of hemicellulose and lignin
impurities also preserves the catalytic outcome of the
LPCtoN process. As they are hardly converted to alkanes, but
rather end-up in an oligomeric waste stream, a rough cell-
ulose purification step is advised. The separated hemicellu-
lose and lignin fractions may be better used in other
valorisation processes. From economic point of view, the
ability of directly processing large and impure cellulose

This journal is © The Royal Society of Chemistry 2016
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fibres obviates the need of a series of costly pretreatment
steps in the overall process.

Sustainable biorefinery schemes should attempt not only to
use a renewable feedstock such as lignocellulose, but also
other reagents such as hydrogen should preferably be renew-
able. The issue of renewable hydrogen is countered here by
integrating hydrogen producing technologies like reforming
and dehydrocyclisation. Both mass and energy balances prove
the viability of a stand-alone biorefinery for making n-hexane
and benzene. In the first case, reforming of different side
streams is required, while in the benzene case, reforming of
only the light hydrocarbon gases (C.s fraction) is already
sufficient to foresee hydrogen. Considering a hydrogen neutral
process, 59% of renewable benzene, e.g. for styrene and
aniline production, can be technically produced with excess of
process energy (300 kJ per mol glucose converted), available to
the other unit operations. In the end, a completely self-sup-
porting biorefinery process is put forward using solar energy
in form of biomass production as the only input to produce
useful drop-in chemicals. Research is ongoing to make a more
complete life cycle analysis of the integrated process taking
into account net atmospheric carbon ratios and indirect land
use change emissions.
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