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ABSTRACT: Short polyols, such as ethylene glycol (EG), are a Cellulose /3 '3
popular target of catalytic hydrogenolysis of saccharides. However, . " @ (02@' o = . & o

studies on the use of untreated or pretreated lignocellulosic
biomass as feedstock for polyol production are scarce. In this work, GO B 5
we have studied the impact of lignin on the catalytic hydro- Cellulose  Glucose (§ G=p @ o

OH OH

(" ig; Glycolaldehyde Ethylene glycol

genolysis of di erent biomass samples, targeting ethylene glycol. Sorbitol

We rst developed a hydrogenolysis protocol that is sensitive to  Cellulose + lignin 3 3

lignin and feedstock impurities, such as ash and extractives. A | lignin e | PN | o
matrix of biomass feedstocks with varying lignin content has been 577 o 2 @ EOTECL D o FORROND o
evaluated, by subjecting poplar, pine, and hay to solvent-based - @ &/, 39”"’“"’“12“1? ihviene glyeol
(water/ethanol/acetic acid) pretreatments and by preparing cenuiose Glucose © NEIED @«,/'\,/v

physical mixtures of pure microcrystalline cellulose with organosolv Sorbitol

lignin. Lignin appeared to inhibit the activity of the hydrogenation

catalyst, Raney-Ni, by hindering the formation of sugar alcohols in the presence as well as in the absence of the tungstate catalyst.
However, lignin is not the root cause for the low EG vyield typically obtained with untreated lignocellulose, as treated lignocellulose
delivered high EG yields (30 35 wt %), irrespective of the lignin concentrations, which varied between 0 and 44 wt %, under
identical demanding experimental conditions.

1. INTRODUCTION Cellulose

The current benchmark for selective bio-ethylene glycol H*

production is a multistep process that proceeds via » Enythrose (C)

fermentation of sugar to ethanol followed by dehydration to Cliesss (Co) { w

ethylene," which is subsequently converted to ethylene glycol EX- CRA(EA) mg 25
(EG) via the traditional petrochemical route.> A more direct -

route, but unfortunately unselective, is by hydrogenolysis of - Fructose (Cs) ——» DHPIDHA (C;) [ PG (Cy) |
sugars, which leads to a mixture of EG, propylene glycol (PG),

and glycerol** These polyols have been a popular target Tl S FreElEE

product from sugar because of their favorable match in atomic

composition.®> The seminal paper by Zhang et al.° demon- Figure 1. Simpli ed reaction system. EG, ethylene glycol; PG,
strated that the selectivity toward EG can be boosted by the propylene glycol; SA, sugar alcohols; DHP, dihydroxypropanal; DHA,
use of a tungsten-based bifunctional catalyst. This new route dihydroxyacetone; GA, glycolaldehyde; Ni, Raney-Ni catalyst; and W,
has received signi cant attention from academia® and industry homogenous tungstate catalyst

since then.

Cellulose is the most abundant saccharide available, at route but is derived from fructose, which is formed by
modest cost, and therefore an interesting feedstock  for isomerization of glucose. The production of these glycols (EG
hydrogenolysis to EG. Various authors have reported 'ghe and PG) competes with thermal side reactions (e.g. 5-
successful conversion of microcrystalline cellulose to EG with hydroxymethyl furfural (HMF) and humin formation) and the

yields as high as 75 wt %.” ° Typically, the conversion is
performed in hot compressed water at 245 °C° often
supplemented with an acid,** which facilitates in situ
depolymerization of cellulose to glucose.” After hydrolysis, ! i
glucose undergoes retro-aldol condensation to glycolaldehyde, Accepted: - April 27, 2021 & ,
catalyzed by a homogenous tungstate (W)-species, and is Published: May 6, 2021 o -
subsequently hydrogenated to EG over a metal catalyst,**** - .
see Figure 1. Propylene glycol (PG) is produced via a similar
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direct hydrogenation of (mono)-saccharides to sugar alcohols
(SA). A proper balance between hydrogenation and retro-aldol
condensation activity is required to yield EG.** This balance
shifts to SA production in case the W-catalyst deactivates and
to thermal side products when the hydrogenation catalyst
deactivates.

However, native cellulose is usually present in a matrix made
of lignin ( 15 30 wt % dry basis) and hemicellulose, in a
form called lignocellulose. Understanding the impact of lignin
on catalytic hydrogenolysis is key for the development of a
suitable pretreatment technology that enables subsequent
metal-based catalyzed valorization of the saccharide fraction.
Lignin could impact the catalytic conversion to EG in several
ways. For example, it may shield the cellulose, thus making it
less accessible™ for further conversion, or lignin may impact
the activity of the catalytic system (Figure 1). Hence, several
authors explored the potential of pretreatments to free the
feedstock from potentially undesired lignin. We carefully
analyzed these past studies™® “° (see Supporting Information
S3) and recognized that several studies underestimated their
glycol yield at high lignin content because they regorted it on
biomass intake rather than saccharide intake.**" After
expressing the EG yields on holocellulose intake basis, some
data sets still showed an inverse relationship between the lignin
content of the feed and EG yields*®'’ (see open symbols in
Figure 2). However, data from other studies, e.g., by Li et al.*°
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Figure 2. EG yield as a function of the feedstock lignin content, based
on the hydrogenolysis data of untreated and pretreated Corn stalk
from Pang et al.*® (open symbols) and di erent untreated feedstocks
from Li et al.® (closed symbols). Note: EG vyields for the study by
Pang et al.'® were recalculated on holocellulose basis instead of
biomass basis as reported in the original work, see Supporting
Information S4 for details.

show no clear relationship between the EG yield and the lignin
content of di erent untreated feedstocks (see closed symbols
in Figure 2).

Obviously, there is no clarity yet on the role of lignin in the
catalytic hydrogenolysis to EG. In this context, the aim of this
study is to elucidate the role of lignin on this reaction and
investigate if lignin could be the cause of possible catalyst
deactivation. To do that, the hydrogenolysis conditions were
selected to maximize the sensitivity of hydrogenolysis to lignin,
rather than maximizing the EG yield. Three lignocellulosic
biomass archetypes, namely, hay (herbaceous), poplar (hard-
wood), and pine (softwood) were selected, to rule out
feedstock as the key variable. Moreover, di erent solvent-
based (water/ethanol/acetic acid) pretreatments were applied
to these feedstocks to create samples with a wide varying
residual lignin content (0 44 wt %). Additionally, physical
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mixtures of pure Avicel cellulose and organosolv lignin have
also been evaluated. Furthermore, we have studied the impact
of lignin on the hydrogenation catalyst alone, by conducting
tungstate-free experiments.

2. MATERIALS AND METHODS

2.1. Materials. Glacial acetic acid ( 99%), ethanol
( 99%), Raney-Ni (W.R. Grace and Co. Raney 2800)
hereafter referred to as Ni-catalyst, sodium polytungstate
( 85% WO, basis) hereafter referred to as W-catalyst, sodium
hydroxide ( 99%), barium carbonate ( 99%), and micro-
crystalline cellulose (Avicel PH-101, particle size 50 m),
hereafter referred to as cellulose, were purchased from Sigma-
Aldrich. Avicel is a high purity cellulose, free from
contaminants such as lignin, ash, and extractives. Organosolv
lignin was kindly provided by ECN. Poplar wood was kindly
provided by a local wooden shoe company. Pine wood
(Lignocel 9) was obtained from Rettenmaier & Sohne GmbH.
Hay was purchased from a local garden and animal store.
Poplar and pine of 1 2 mm particle size were obtained by
sieving and <53 m particle size was obtained by grinding
(hammer mill) and subsequent sieving. Hay with a particle size
between 53 and 355 m and smaller than 53 m particle size
was obtained by grinding (hammer mill) and subsequent
sieving. Biomass with a particle size smaller than 53 m was
used for hydrogenolysis experiments. Pine and poplar of 1 2
mm and hay (53 355 m) were used for pretreatment
experiments. The composition of these biomass species is
reported in Table 1.

Table 1. Biomass Composition on Dry Basis (Saccharide
Content, Lignin, Extractives, o-Acetyl-Group Determination
n = 2, Ash Determination n = 4) Determined for 1 2 mm
Pine and Poplar and 53 355 m Hay

poplar pine hay

H,O extractive (wt %) 72+03 92+04 231+ 06
EtOH extractive (wt %) 18+ 0.2 07+05 20+ 04
lignin (wt %) 214 01 248 £ 02 185 + 04
ash (wt %) 08+ 00 06 +0.1 45+ 0.1
o-acetyl groups (wt %) 31+01 14+01 20+01
saccharide composition

glucan (wt %) 387+01 36.6 £0.3 222 £ 05

mannan (wt %) 26 06 105+ 0.1 0

galactan (wt %) 0 14 +£00 0

xylan (wt %) 109 £ 0.2 38+00 10.6 + 0.6

arabinan (wt %) 05+02 14+01 29+01

2.2. Biomass Pretreatment. Biomass was pretreated
under di erent conditions to obtain samples with varying
lignin content. For this, we used various mixtures of water and
acetic acid and ethanol as medium as (1) it allows lignin
removal and (2) avoids the use of inorganic supplements that
potentially a ect the hydrogenolysis catalysts. The conditions,
time, temperature, and solvent composition, of the pretreat-
ment experiments, as well as the lignin content of the dried
solid residue, are shown in Table 2. The solid residues were
used as feed for catalytic hydrogenolysis. It is worth noting that
the samples with high lignin content, J and K in Table 2, were
prepared by a pretreatment using a solvent with a high
proportion of water (>80%), targeting the selective removal of
hemicellulose while retaining the lignin in the sample.

https://doi.org/10.1021/acs.iecr.1c01063
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Table 2. Lignin Content of Pretreated Samples®

pretreatment feed substrate lignin content (wt %, dry)
A poplar 15+ 00
B poplar 36+04
C poplar 62+04
D pine 100 = 1.9
E poplar 115+ 13
F poplar 155+ 25
G pine 198 + 2.1
H hay 213+ 13
I* poplar 246 £ 0.7
J poplar 387 +£23
K hay 459+ 19

3See Supporting Information S4 and Table S16 for operational
conditions and substrate saccharide composition. *Biomass loading in
this experiment was 20 wt %.

The pretreatment experiments were performed in a 200 mL
stirred autoclave. In a typical experiment, the reactor was
charged with 10 g of biomass (oven-dried at 105 °C) and 90 g
of the corresponding solvent. Air was displaced by ushing the
autoclave three times with nitrogen. The pretreatment was
carried out for 1 5 h at 180 200 °C. Afterward, the solid
residue was washed with a mixture of 50/50 w/w water/
ethanol until no color change of the liquid was observed.
Subsequently, the solid residue was dried by ushing with
nitrogen at room temperature until no weight change of the
solid residue was observed.

2.3. Catalytic Hydrogenolysis. Catalytic hydrogenolysis
experiments were carried out in a 45 mL batch autoclave. The
reactor was mounted on a pneumatic arm. A preheated

uidized sand bed and a water bath were allowed for rapid
heating and cooling, respectively. The autoclave was equipped
with a hollow shaft stirrer, a pressure transducer, and a
thermocouple located on the bottom of the vessel. Details
about the setup can be found elsewhere.?*

Typically, the autoclave was charged with 14.25 g of
deionized water, 0.75 g of biomass, 0.021 g of retro-aldol
catalyst (sodium polytungstate), 0.09 g of hydrogenation
catalyst (Raney-Ni, dry basis), and 0.3 g of acetic acid together
with NaOH to bu er the solution to pH 3.3. Prior to use,
Raney-Ni was thoroughly washed with deionized water until
the pH of the washing water became neutral. Raney-Ni was
dosed to the autoclave as a well-homogenized slurry in water.
The reactor was sealed and tested for leaks with nitrogen at

120 bar. Afterward, the autoclave was ushed twice with
nitrogen, twice with hydrogen, and then pressurized with
hydrogen to 60 bar. The stirrer was then started ( 1300
rpm), and the autoclave was submerged in the uidized sand
bed. The reaction time was started once the reactor attained a
temperature of 245 °C, which typically took less than 10 min.
The residence time was limited to 1 h, as we did not observe a
substantially higher EG yield (8 wt %) for untreated poplar and
lower solid residue (23 wt %) when extending the reaction
time to 5 h (10 wt % EG vyield, 23 wt % solid residue).

After the desired reaction time, typically 1 h, the autoclave
was rapidly cooled by submerging it in the water bath. Once at
room temperature, the autoclave was depressurized, opened,
and the reactor content was transferred to a glass bottle. A
liquid sample was taken and subjected to high-performance
liquid chromatography (HPLC) analysis and pH measurement
(Metrohnm LL Unitrode Pt 1000pH probe details). The

7045

remaining catalyst and unconverted residue were collected in a
separate bottle by ushing the reactor with deionized water.
The yield was calculated according to eq 1, in which mpqqyc is
the mass of the product (e.g., EG), Mgy IS the mass of the
biomass fEd: and fIigninu fHZO extracts fEtOH extracts and fash are the
lignin, water extractives, ethanol extractives, and ash weight
fractions of the dry feedstock. As such, the product yield is
expressed on lignin-, extractive-, c-acetyl group- and ash-free
basis, i.e., on holocellulose basis.

yield (wt %)=
rnproduct

= — — — — x 100
mfee((l S Tignin S fl-bo extractS fEtOH extrac$ f as% f ac)etyl

€
A proper measurement of the conversion is hindered by several
factors: (1) mass losses during emptying of the autoclave, (2)
inability to properly separate Raney nickel and solid residue (in
particular for untreated poplar), (3) the formation of solids
(e.g., humins) during catalytic hydrogenolysis, and/or (4) the
presence of inconvertible material (e.g., polymerized lignin).
As such, we decided to report yields and not selectivities as the
error in conversion would impact the selectivity too severely.

The pH is known to be critical for robust operation, see
Supporting Information S1.1. Besides acetic acid, other
bu ering agents were found less suitable, as discussed in
Supporting Information S1.1. The pH of the liquid product
obtained at the end of run was typically between 3.0 and 3.6.

2.4. Analytical Methods. 2.4.1. Biomass Character-
ization. The lignin content of the feedstocks was quanti ed
in duplicate by a two-step hydrolysis with sulfuric acid.?* The
biomass of the o-acetyl content was obtained after acetic acid
quanti cation by HPLC analysis of the residual liquid fraction.
The extractive contents of the feedstocks were quanti ed by
Soxhlet extraction with water for 24 h followed by ethanol
extraction according to the protocol.® The ash content of the
feggstocks was quanti ed by dry oxidation at 575 °C for 24
h.

2.4.2. High-Performance Liquid Chromatography. HPLC
analysis for the quanti cation of hydrogenolysis products (EG,
PG, SA) was performed on an Agilent 1200 series (Hi-Plex-H*
column) operated at 65 °C, running with 5 mM H,SQO, as the
eluent (0.6 mL min 1), and equipped with a refractive index
detector (RID) and a variable wavelength detector (VWD)
operated at 285 nm. The samples were Itered (Whatman 0.2

m Iter) prior to HPLC analysis. Samples were diluted with
deionized water when necessary. Calibration curves were
established for ethylene glycol (EG), propylene glycol (PG),
and sorbitol, mannitol and xylitol (SA). Identi cation and
quanti cation of monosaccharides (glucose, xylose, galactose,
arabinose, mannose, rhamnose) were performed on the same
machine (Agilent 1200 series) but operated with a Hi-Plex Pb
column at 70 °C and deionized water as the eluent.

3. RESULTS AND DISCUSSION

3.1. Hydrogenolysis Protocol. In this work, a sensitive
hydrogenolysis protocol to maximize the deactivating role of
feedstock components (e.g., lignin) has been designed. In our
experiments, both a soluble tungsten species (sodium
polytungstate, hereafter referred to as W-catalyst) and Raney
nickel catalyst (referred to as Ni-catalyst) have been employed.
Furthermore, a 2 wt % bu ered acetic acid solution has been
used to control the pH at around 3.3. Besides the main

https://doi.org/10.1021/acs.iecr.1c01063
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products (EG, PG, SA), numerous side products are formed in
minor amounts, such as 1,2-butanediol, erythritol, glycerol,
light alcohols, and light organic acids. However, for the sake of
clarity, we limit the discussion to the main products, EG, PG,
and SA.

We investigated the impact of W and Ni loading on product
yield for biomass loading of 1 wt % and found little yield
di erences when using pure cellulose or untreated poplar, see
the Supporting Information (S1.2 and S1.3). It is worth noting
that changes in the structure of the biomass after pretreatment
(e.g., improved cellulose accessibility) could also have an
impact on the performance of the hydrogenolysis system
(Figure 1). However, when operating in excess of catalyst at 1
wt % biomass loading, it was observed that both untreated
poplar (<53 m) and microcrystalline cellulose ( 50 m)
resulted in similar EG yields ( 40 wt %) (see the Supporting
Information (Table S1, entries 1 and 2)). This means that
lignin is not hindering the micro-accessibility (i.e., at the cell-
wall level), at least for these feeds under the conditions studied.

A similar observation was made for poplar, basswood, ash
tree, and birch ( 50 wt % EG yield), compared to
microcrystalline cellulose (61 wt % EG yield), in the work of
Li et al., > see Figure 2. Also, from the studies by Pang et al.'’
and Zhou et al."® on Miscanthus and Jerusalem artichoke,
respectively, it was concluded that pretreated and untreated
samples gave the same EG yield (on holocellulose basis), when
operating at 1 wt % biomass loading, see the Supporting
Information (S3, Figures S7 and S11). Thus, all of these
observations indicate that the biomass structure is not
signi cantly limiting the EG yield, at least for the examples
mentioned. They also suggest that di erences in the lignin
structure in the various feedstocks may not critically impact the
catalytic hydrogenolysis. This preliminary conclusion would
require further studies for con rmation.

Nevertheless, operation at high biomass loading will be
imperative for commercial operation, as discussed elsewhere.”
We then raised the biomass loading to 5 wt % and increased
the catalyst loading proportionally, as proposed in the
literature,”” and found again limited di erence between pure
cellulose and untreated lignocellulose, see the Supporting
Information (Table S1, entries 3 and 4). We then decided to
increase the sensitivity of the protocol for catalyst poisoning by
increasing the biomass loading without increasing the catalyst
loading. With 5 wt % biomass loading and 0.03 W-catalyst/
biomass and 0.12 Ni/Biomass mass ratio, we eventually
achieved good di erentiation, with an EG yield of 32.2 (£0.5)
wt % (n = 2) for microcrystalline cellulose but only 8.3 (%0.4)
wt % (n = 2) for untreated poplar, 8 wt % for pine, and 4 wt %
for hay. Details on the development of this hydrogenolysis
protocol can be found in Supporting Information S1.

3.2. W-Catalyst-Free Experiments. We hypothesized
that lignin may foul the hydrogenation catalyst, thereby
blocking and inhibiting the hydrogenation of intermediates
(e.g., glycolaldehyde, monosaccharides), which would result in
poor EG, PG, and SA xields. Similar statements have been
postulated previously.*®*

To systematically study the deactivation of the hydro-
genation catalyst by lignin, W-catalyst-free experiments with
physical mixtures of cellulose and organosolv lignin in varying
ratios were run (see Section 2, Materials and Methods). In the
absence of W-catalyst, the dominant reaction product should
be SA (see Figure 1). Indeed, SA was the main product for
pure cellulose experiments, with 32 = 0.8 wt % yield
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(performed in duplicate), but the yield dropped to 13 wt
% when cellulose was mixed with 5 wt % of lignin and
decreased further at higher lignin loading, e.g., to 9 wt % at 25
wt % lignin (see Figure 3, open circles). Note that the product

40

X Untreated biomass
A A Pretreated biomass
O Physical mixture

w
o
ST

SAvyield (Wt.%)
N
o

5
o

2=0 3=O
Feed Lignin content (wt.%)
Figure 3. SA yield after hydrogenolysis over Raney nickel. Relevant
conditions: 0.12 Ni-catalyst to biomass ratio, biomass loading = 5 wt
%, T =245 °C, t = 1 h, Py, (initial) = 60 bar, and pHiyiia = 3.3.
Experiment 1 was performed in duplicate; the error (£0.8 wt %) bar
is too small to be observed. Lines are drawn for clarity.

yields are not limited by incomplete cellulose conversion as a
catalyst-free experiment gave a cellulose conversion >90 wt %
after 1 h. Data for untreated poplar and pine appeared on the
same line, as did a pretreated poplar sample with 39 wt %
lignin (see Figure 3, crosses and closed triangle). A pretreated
sample with 3.6 wt % lignin showed a higher SA vyield than
expected. In contrast, untreated hay fell well below the line
with only 2 wt % of SA (see Figure 3, cross).

This leads to the following conclusions. First, lignin might
deactivate the hydrogenation catalyst. This statement is further
supported by a correlation coe cient of 0.85 between the SA
yield and feed lignin content. Second, this deactivation appears
to be similar for the native lignin found in untreated feedstock
and the processed lignin found in pretreated feed and used for
cellulose/lignin mixtures, which suggests that the cellulose
lignin interaction does not signi cantly a ect the hydro-
genolysis outcome under the conditions studied. Third, there
seem to be other deactivating elements than lignin, as indicated
by the hay experiments. This point warrants further studies.

Figure 3 is also conveying a worrisome message. The Ni-
catalyst appears to lose  50% of its initial activity after having
seen about half its weight of lignin. However, industrial
processes are reported to normally operate with an overall
catalyst consumption of 1 kg per ton of the product.*® Unless
the Ni-catalyst activity stabilizes after initial poisoning with
lignin, such consumption target would then limit the lignin
content of the feed to the impractical level of some <0.1 wt %
or would require the Ni-catalyst to be regenerable. Both
options clearly need further studies.

3.3. W-Catalyst + Ni-Catalyst. Then, pretreated biomass
samples with varying lignin contents and physical mixtures of
cellulose and lignin in the presence of W-catalyst and Ni-
catalyst were tested, to study the overall deactivating role of
lignin on EG yield according to our hydrogenolysis protocol (5
wt % biomass loading, 0.12 Ni-catalyst to biomass ratio, and
0.03 W-catalyst to biomass ratio).

Hydrogenolysis experiments are labor intensive; therefore,
three key data points were selected and run in duplicate to
validate the reproducibility of our protocol and labeled in
Figure 4, as 1, 2, and 3. The error of these experiments is small;
that is, the error bars are typically too small to be observed and
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Figure 4. Product yields (EG, PG, and SA) as a function of the
feedstock lignin content in the catalytic hydrogenolysis. Reaction
conditions: 5 wt % biomass loading, T = 245 °C, t = 1 h, Py, (initial)
= 60 bar, pH;jiia= 3.3, Ni-catalyst to biomass mass ratio 0.12, and
W-catalyst to biomass mass ratio 0.03. Experiments 1, 2, and 3 were
performed in duplicate; the error bars are typically too small to be
observed. Lines and gray area are drawn for clarity. A more detailed
gure is provided in the Supporting Information (Figure S6).

the di erence in EG yield is less than %1 wt %. This shows that
our measurements are reproducible and, therefore, reliable.
When conducting experiments under our sensitive test
conditions, it was con rmed that untreated biomass delivered
much lower EG yield, namely, 4 8 wt % (see crosses in the
gray area in Figure 4), instead of 32 wt % for cellulose. It was
found that the EG yield for pretreated biomass was either very
similar to the untreated biomass, namely, 10 wt %, or similar
to pure cellulose at 32 wt % (see lled triangles in Figure 4).
Thus, no plausible relation with the feed lignin content was
observed (correlation coe cient of 0.05, see Supporting
Information S3.6). In fact, very high EG yield, 35 wt %, was
obtained for a sample with an extremely high lignin content
(39 wt %). Moreover, the addition of organosolv lignin to
cellulose as a physical mixture also delivered similarly high EG
yields, irrespective of the lignin content. This also suggests that
the precise location of lignin, i.e., bulk or surface, may not be
critical, but this hypothesis requires further studies. These

results suggest that the bene cial e ect of most pretreatments
on the EG yield is not so much due to the removal of lignin
but due to other changes in the biomass. The topic is a subject
of further investigation in our laboratory.

We realized here that the e ective catalyst to holocellulose
ratio is increasing (by 30%) as lignin content of the feed is
reduced from 25 to 0 wt %, and this could a ect the EG yield.
But this possibility could be discarded by an additional test
with constant holocellulose content, instead of constant
biomass content, see the Supporting Information (S2.1, Figure
S5).

The lignin content of pretreated samples and physical
mixture of cellulose and lignin did not seem to a ect the PG
yield (Figure 4). However, it depressed the competitive
hydrogenation of sugar to SA (correlation coe cient of

0.65), as was also previously observed for W-catalyst-free
experiments (see Figure 3). Here, untreated poplar and pine
fell outside this general trend by delivering higher SA yield
than treated samples or physical mixtures of similar lignin
content (see Figure 4). The SA yield of 12 wt % is fairly
similar as for W-catalyst-free experiments, namely, 10 wt %
(see Figure 3), while the EG vyields were very poor (8 wt %).
All of these suggest that the W-catalyst was readily deactivated.

Lignin inhibits the hydrogenation of saccharides over Raney-
Ni to SA but retains su cient activity to hydrogenate EG and
PG intermediates that are notoriously more reactive.”
Apparently, hydrogenation of GA to EG is not rate limiting
under the current concentrations and conditions, even at such
low Ni-catalyst/biomass ratio of 0.12. Moreover, it has been
observed that lignin does not signi cantly a ect the retro-aldol
condensation reaction. Most importantly, lignin is not the root
cause for the low EG vyield after hydrogenolysis of untreated
lignocellulosic biomass. The true root cause should be sought
elsewhere and is currently under further investigation.

3.4. Comparison with Previous Studies. These
observations contradict earlier studies™®*’ claiming that lignin
is a key inhibitor in the catalytic hydrogenolysis to EG. An
overview of relevant literature studies is presented in Table 3.
Also, a statistical analysis of the literature data and results of
this work was performed. Several studies reported their glycol
yield on biomass intake'®*"*® and were recalculated on
holocellulose intake for the present discussion. Consequently,
the reported depression of EG vyield by lignin vanishes for
pretreated Miscanthus gPang et al.'") and pretreated Jerusalem
artichoke (Zhou et al.*®), two herbaceous types of biomass,
when running at 1 wt % biomass loading, see the Supporting
Information (S3, Figures S7 and S11).

A key data set has been provided by Li et al.”® who
performed hydrogenolysis of 10 untreated lignocellulose
species over Ni  W,C catalysts at 1 wt % biomass loading.

Table 3. Studies That Investigated the Catalytic Hydrogenolysis of (Pretreated) Biomass Targeting EG and PG

refs feedstock catalyst
16 (pretreated)-corn stalk 2% Ni W,C
20 various 4% Ni 30% W,C/AC
19 (pretreated)-Jerusalem WO; + Raney-Ni
artichoke
17 (pretreated)-miscanthus H,WO, + Raney-Ni
18 (pretreated)-barley straw Ru-W/AC

this work  (pretreated)-poplar, pine, hay SPT + Raney-Ni

@A bifunctional catalyst was used.

biomass loading

W-catalyst/biomass hydrogenation catalyst/biomass

(wt %) (w/w) (w/w)
1 0.3%

1 0.42

1 0.3 03

1,6, 10 0.12 0.12
48 012

5 0.03 0.12

7047 https://doi.org/10.1021/acs.iecr.1c01063

Ind. Eng. Chem. Res. 2021, 60, 7043 7049


http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c01063/suppl_file/ie1c01063_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c01063/suppl_file/ie1c01063_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c01063/suppl_file/ie1c01063_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c01063/suppl_file/ie1c01063_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c01063/suppl_file/ie1c01063_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01063?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01063?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01063?fig=fig4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.1c01063/suppl_file/ie1c01063_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c01063?fig=fig4&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c01063?rel=cite-as&ref=PDF&jav=VoR

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

The EG yields obtained in their work versus the respective
lignin content of the feedstocks are plotted in Figure 2.
Interestingly, hydrogenolysis of various untreated hardwood
species (poplar, basswood, ash tree, and birch) resulted in EG
yields of 49 C% or higher, comparable to hydrogenolysis of
microcrystalline cellulose (Ygg =61 C%). There is no apparent
relation between the feedstock lignin content and the EG yield,
which is supported by a poor correlation coe cient of 0.26
and which we found for the data set of Li et al.?® see
Supporting Information S3.6. In fact, the poorest EG yield, 8 C
%, was obtained for corn stalk, which had the lowest lignin
content, 13 wt %, of all untreated feedstocks. In a di erent
study, Pang et al."® also observed a low EG yield of only 3 C%
for untreated corn stalk. It is, therefore, unconvincing from
Pang et al.*® to label lignin as the key inhibitor for the
hydrogenolysis of corn stalk. Furthermore, Pang et al.'® found
much higher EG ( 25 C%) and PG ( 15 C%) vields for
pretreated samples of similar lignin content as the untreated
feed (EG 3 C% and PG 3 C%).

The studies by Fabicovicova et al.™® on Barley straw and
Pang et al.*” on Miscanthus were performed at substantially
higher biomass loading ( 4.8 wt %). In the work by
Fabicovicova et al.'® the EG yield was 2 C% for untreated
barley straw, whereas an EG yield of 24 C% was obtained for a
pretreated sample with similar lignin content ( 20 wt %) as
the untreated barley straw. Furthermore, an optimum EG yield
was not found in the samples with the lowest lignin content.
Again, these data hint that lignin is not the key inhibitor.

In the work by Pang et al.'” for experiments at higher
biomass loading ( 6 wt %), the lignin content of the feed
correlated very well with the EG yield ( 0.96). However,
pretreatment, considered as a binary parameter, resulted in a
good correlation as well (0.8). It is, therefore, not possible to
ascribe the increase in EG yield solely to the feedstock lignin
content. Furthermore, the lignin content range of this data set
was limited, namely, from 1.4 to 16 wt %, and no samples with
higher lignin content than the untreated feed were tested. Note
that our hydrogenolysis protocol was very similar to the
hydrogenolysis protocol applied by Pang et al.'” on the
catalytic hydrogenolysis of Miscanthus. Both studies applied
the same Raney-Ni to biomass ratio (0.12). However, in our
study, four times less W-catalyst was used, namely, a W-catalyst
to biomass mass ratio of 0.03, compared to 0.12 in the work by
Pang et al."’

Beyond the study by Li et al.,* all other studies share the
choice for a herbaceous type biomass (Miscanthus,*’ barley
straw,'® Jerusalem artichoke,"® corn stalk'®). These are
typically richer in extractives and ash and leaner in lignin,
compared to woody biomass.’”?® In view of the literature
results and this work, it can be concluded that lignin inhibits
the hydrogenation function but is not the key inhibitor on the
EG yield.

|18

4. CONCLUSIONS

In this work, we have focused on the conversion of three
lignocellulosic biomass archetypes, hay (herbaceous), poplar
(hardwood) and pine (softwood), which are inexpensive and

acidic, retro-aldol condensation and hydrogenation function-
alities of the hydrogenolysis system (Figure 1).

Key experiments were performed in duplicate and showed
that the reproducibility of the hydrogenolysis test is very high,
i.e,, the EG yield di erence between the duplicates was less
than +1 wt %. Under the same experimental conditions,
untreated biomass gave a poor EG yield (4 8 wt %), whereas
microcrystalline cellulose gave an EG yield of 32 wt %, at 5 wt
% biomass loading. However, a similar EG yield ( 40 wt %)
for poplar (<53 m) and cellulose at 1 wt % biomass loading
was obtained when operating in excess of catalyst. This shows
that the EG yield was not limited by the micro-accessibility of
cellulose (at cell-wall level) in our tests, which evidences that
our hydrogenolysis test is truly sensitive to feedstock
impurities, e.g., lignin.

W-catalyst-free experiments showed that the hydrogenation
catalyst is inhibited by lignin as the SA yield decreased from 33
to 6 wt % with increase in the feed lignin content. This
observation holds for physical mixtures of cellulose and lignin,
as well as pretreated biomass samples. Native lignin (i.e.,
untreated biomass) did not deviate from processed lignin. The
SA yield also decreased with increasing the feed lignin content
for experiments with both W-catalyst and hydrogenation
catalyst present. However, the EG yield did not show an
apparent relation with the feed lignin content. Blends of
cellulose and lignin powder systematically gave high EG vyields,

32 wt %. Pretreatment of biomass increased the EG yield in
most cases to 32 wt %, even for a sample with a lignin
content of 39 wt %. Hence, an important distinction should be
made: lignin inhibits the hydrogenation of sugars over Raney-
Ni to SA, but Raney-Ni appears to maintain su cient activity
to hydrogenate the more reactive glycolaldehyde and
glyceraldehyde to EG and PG, respectively.

Thus, lignin may deactivate the hydrogenation function but
is not the root cause for the low EG yield obtained after
hydrogenolysis of untreated biomass. Furthermore, the results
show that the homogenous tungstate catalyst is not deactivated
by lignin.
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LIST OF ABBREVIATIONS

EG ethylene glycol
PG propylene glycol
SA sugar alcohols (sorbitol, mannitol, xylitol)
GA glycolaldehyde
DHP dihydroxypropanal
DHA dihydroxyacetone
HMF hydroxymethylfurfural
Ni-catalyst Raney nickel
W-catalyst WO,-based catalyst, sodium polytungstate in this
work
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