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Abstract: Lignocellulose is the most abundant source of saccharides and it is therefore a promising 
feedstock for glycols, such as ethylene-glycol, via catalytic hydrogenolysis of the polysaccharides that 
it contains. However, this catalytic hydrogenolysis step is hampered by the presence of lignin and other 
biomass contaminants, such as ash, which need to be removed in a pretreatment step. We propose 
an organosolv-like pre-treatment that can delignify and de-ash lignocellulose to a level that allows it 
to be upgraded to glycol with comparable yields to pure cellulose under demanding hydrogenolysis 
conditions. This work identifies the main design constraints of the integrated process and provides an 
initial experimental validation of it. Pretreatment of biomass in water/ethanol/acetic acid solutions at 
180–200 °C can reduce the lignin content of the solid residue to ≤6 wt%. The addition of an organic 
acid, such as acetic acid, appears important to improve the removal of the recalcitrant Ca2+, which is 
a known inhibitor of the tungstate catalyst typically used in this process. The pretreatment medium 
is designed to use the by-product(s) of the process as organic solvent, to reduce the need for fresh 
solvent input. However, the process still needs a high solvent recovery (between 93.5 and 99.9 wt%). 
This can be achieved by selecting volatile component as organic solvent, as it allows recovery by 
evaporation from the dissolved lignin and ashes. © 2021 The Authors. Biofuels, Bioproducts and 
Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.

Supporting information may be found in the online version of this article.
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Introduction

E
thylene glycol (EG) is a bulk chemical with an annual 
production of 20 million tons by 2010,1 which is 
traditionally produced via the partial oxidation of 

ethylene to ethylene oxide, followed by thermal hydrolysis 
to ethylene glycol.2 In an alternative and more sustainable 
route, it can also be selectively produced from (poly)-
saccharides, such as cellulose, with a high atom-economy 
via bi-catalytic hydrogenolysis.3 The hydrogenolysis requires 
two catalysts, typically a homogenous tungstate for the 
retro-aldol condensation of glucose to glycolaldehyde, and 
a heterogeneous metal catalyst for hydrogenation of the 
glycol aldehyde (e.g. Raney nickel). The present case further 
requires the cellulose to be depolymerized to glucose in acidic 
conditions, e.g. hot compressed water (245 °C).4

Most studies within this field used pure microcrystalline 
cellulose as model feedstock and demonstrated the viability of 
the process to produce EG under diluted feed concentrations. 
However, direct hydrogenolysis of untreated lignocellulose 
appeared indeed problematic,5–8 in particular when feed 
concentrations6,9 were raised from 1 wt% to more practical 
though still modest levels of 5–10 wt%. For example, 
Fabičovicová et al.9 reported an EG yield of only 2 C% for 
untreated barley straw, whereas they achieved an EG yield of 
36 C% for pretreated barley straw.

The origin of these low yields is probably related to the 
presence of catalyst poisons within the biomass. In this 
context, we have previously reported that lignin deactivates 
the hydrogenation catalyst.8 The hydrogenation catalyst is 
highly sensitive to components that interfere with its surface 
(viz. physisorption and chemisorption). Lignin, which is after 
holocellulose the major biomass constituent, is poorly soluble 
in water, i.e. the hydrogenolysis solvent, and, therefore, 
likely to foul the hydrogenation catalyst. Unfortunately, no 
quantitative relationship between these poisons and the 
catalyst stability is available. However, in our previous work8 
we did not observe a decrease in hydrogenation activity for 
feeds with a lignin content lower than 5 wt%. Lignin content 
of the solid residue should therefore be kept below 5 wt%.

Besides lignin, inorganic compounds, i.e. ash, that 
are present in biomass10 are preferably removed during 
pretreatment as well. The alkaline ash neutralizes the acids 
needed to run the catalytic hydrogenolysis at its optimal, 
mildly acidic condition (pH 3–5).11 More importantly, it 
is also known that the homogenous tungstate catalyst is 
prone to deactivation by divalent cations, e.g. calcium and 
magnesium, through the formation of insoluble tungstate 
mixed oxides.11,12 Indeed, Pang et al.11 showed that the EG 
yield plummeted for cellulose hydrogenolysis (YEG = 60 

C%) under the addition of divalent chloride salts of calcium 
(YEG = 23 C%), magnesium (YEG = 46 C%) and indeed 
observed CaWO4 in the spent catalyst. A test with CaWO4 as 
retro-aldol catalyst showed that it was not catalytically active 
as the EG yield (11 C%) was not significantly higher than 
what was previously reported for cellulose conversion without 
tungsten species.13

Based on these observations, it is clear that pretreatment is 
a prerequisite, in particular when considering that a low-
catalyst consumption of <1 kg/tonne product is key for the 
process viability.14 Such pretreatment requirements mainly 
deviate from those of traditional pretreatment processes on 
three key points:

1) The aim of pretreatment is to remove selectively 
potential catalyst poisons present in biomass, in 
particular lignin and ash, rather than increasing the 
accessibility or liberating the fibers, which are typical 
aims for pulp and papermaking15 and for microbial 
upgrading16 of cellulose to fuels and chemicals.

2) Furthermore, the addition of inorganic acids and/
or additives, such as HCl and H2SO4, to the solvent 
mixture, which is a popular practice in existing 
literature, should be averted as these inorganics 
generally inhibit metal-based catalysts.

3) The by-products (e.g. light alcohols) that are formed 
during the hydrogenolysis step (e.g. excessive 
hydrogenation of EG yields ethanol) can be recycled 
to the pretreatment reactor to serve as a make-up for 
organic solvent losses.

In this context, the main goal of this study is to develop 
an integrated process of biomass pretreatment followed by 
catalytic hydrogenolysis of the saccharide-rich residual solid. 
We first derived the design criteria for the pretreatment 
based on heuristics, calculations, and knowledge obtained 
from the literature. The pretreatment step was explored 
experimentally and the solid residue was characterized 
and subjected to catalytic hydrogenolysis. We also 
experimentally estimated the net size of the solvent make-up 
stream by identifying and quantifying consumption and 
production pathways of light alcohols and organic acids. 
These experimental outcomes were input for calculations 
to determine the required solvent recovery rate. We also 
performed preliminary calculations to estimate the viability 
of an evaporator operation for the solvent recovery. The 
purpose of this study is to provide an initial validation of 
the proposed process concept and to touch briefly upon all 
its various aspects. The lessons learned from this work may 
probably be applicable in other biomass valorization routes 
that rely on metal-based catalysts.
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Experimental methods

Materials

Poplar wood was ground and sieved to obtain particle-size 
fractions of 1–2 mm and <53 μm. The <53 μm sieve fraction 
was used for hydrogenolysis and the 1–2 mm sieve fraction 
was used for pretreatment experiments. All chemicals were 
purchased from Sigma-Aldrich (USA), namely: glacial acetic 
acid (≥99%), ethanol (≥99%), Raney Ni (W.R. Grace and 
Co. Raney® 2800), sodium polytungstate (≥85% WO3 basis), 
sodium hydroxide (≥99%), barium carbonate (≥99%) and 
microcrystalline cellulose (Avicel® PH-101, particle size 
~50 μm). The poplar feed composition is displayed in Table 1.

Biomass pretreatment

The experimental procedure for biomass pretreatment is 
outlined schematically in Fig. 1.

In a typical pretreatment (PT) experiment, 10 g of biomass 
(oven dried at 105 °C) and 90 g of the desired solvent mix 
was charged to a 200 mL stirred autoclave. The solvent was 
composed of a mixture of water and/or ethanol and/or acetic 
acid. After a successful leak test, air was dissipated from the 
reactor by a three-time nitrogen flush, the autoclave was heated 
to the desired reaction temperature (e.g. 180–200 °C) and kept 
at this temperature for the desired reaction time (e.g. 1–5 h). 
After the desired reaction time, the reactor was cooled to room 
temperature by running water through the cooling jacket.

In the next step, the solid/liquid separator (S/L in Fig. 1), 
the reactor was opened and the slurry filtered over a 5 μm 
wire mesh. Additional spent solvent was recovered by 
compression of the wet solid residue in a pneumatic filter 
press under a pressure of ~10 bar. The solid residue was then 
dried under a N2 stream at room temperature until no weight 
change of the solid reside was registered, see Dry in Fig. 1. 
The solid residue was subsequently washed with at 50/50 w/w 
water/ethanol mixture (Wash in Fig. 1) until the washing 
solvent showed no color change. The solid residue yield was 
calculated as the ratio of the dried solid residue after washing 
to the initial biomass fed – see Eqn (1):

Y
m

mSR
solid residue

biomass
� � 100

 (1)

Afterwards, the lignin content of the spent solvent and 
washing liquor were determined by precipitation with water 
in a 3:1 water-to-solvent ratio. Lignin, saccharide, acetyl and 
ash content of the solid residue were analyzed according to 
procedures described in the Analytical methods subsection. 
Retention is defined as the fraction of a component, 
for example lignin, which is left in the solid residue in 
comparison to the feed – see Eqn (2):
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Catalytic hydrogenolysis

The experimental procedure for catalytic hydrogenolysis 
has been described extensively in our previous work8 and 
was optimized to be sensitive enough towards feedstock 
impurities that could deactivate the catalysts, and therefore, 
was not optimized with respect to the EG yield. Briefly, a 
45 mL autoclave was loaded with 14.25 g of deionized water, 
0.75 g of biomass, 0.02 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 
buffer the solution to pH 3.3. After a successful leak test, 
the reactor was pressurized with hydrogen to ~60 bar. The 
autoclave was submerged in the fluidized bed while stirring 
at ~1300 rpm and the timer was started once the reactor 
attained a temperature of 245 °C. After a typical reaction 
time of 1 h, the reaction was quenched by submerging the 
autoclave in a water bath. Hereafter gases were released and 
the liquid product collected and analyzed.

The hydrogenolysis product yields were calculated on 
the basis of biomass intake to the overall process, i.e. mass 

Table 1. Poplar (1–2 mm) composition on dry 
basis.

Poplar
H2O extractive* (wt%) 7.2 ± 0.3

EtOH extractive* (wt%) 1.8 ± 0.2

Lignin* (wt%) 21.4 ± 0.1

o-Acetylgroups* (wt%) 3.1 ± 0.1

Saccharide composition

Glucan* (wt%) 38.7 ± 0.1

Mannan* (wt%) 2.6 ± 0.9

Galactan* (wt%) 0

Xylan* (wt%) 10.9 ± 0.3

Arabinan* (wt%) 0.5 ± 0.2

Total ash (wt%) 0.84 ± 0.07

Na (mg kg−1) 272 ± 25

K (mg kg−1) 1057 ± 109

Ca (mg kg−1) 173 ± 47

Mg (mg kg−1) 99 ± 25

*Previously published,8 and measured in duplicate. Ash and AAEM 
quantification, n = 4, error = standard deviation.
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of product obtained in the hydrogenolysis step divided by 
biomass fed to the pretreatment step – see Eqn (3):

Yield wt
m
m
Pro uct

Feed
%� � � �d 100

 (3)

Analytical methods

Biomass characterization

Saccharide, lignin, acetyl, and ethyl groups of the solid 
residues were quantified in duplicate according to a two-step 
sulfuric acid-based hydrolysis protocol.17 The solid residue 
ash content was determined by oxidation at 575 °C for 
24 h18 and alkali and alkaline earth metal (AAEM) content 
by dissolution of ash in 0.01 mol L–1 nitric acid followed 
by ion chromatography (IC). Ion chromatography was 
performed on a Metrohm 850 Professional IC operated on a 
Metrosep C6–150/4.0 column at 20 °C, running 0.1 mol L–1 
HNO3 + 0.02 mol L–1 dipicolinic acid mobile phase. Samples 
were filtered (Whatman 0.2 μm filter) prior to analysis.

High-performance liquid chromatography 
(HPLC)

Monosaccharides, acetic acid (acetyl groups), ethanol (ethyl 
groups) and hydrogenolysis products, such as EG, propylene 
glycol (PG), and sugar alcohols (SA), were quantified by 
HPLC analysis on an Agilent 1200 series. The machine was 
operated with a Hi-Plex-H+ column at 65 °C, running with 
5 mmol L–1 H2SO4 as eluent (0.6 mL min−1) for the detection 
of acetic acid, ethanol, and hydrogenolysis products. For the 
detection of monosaccharides, and optionally ethanol, the 
machine was operated on a Hi-Plex Pb column at 70 °C with 
deionized water as eluent. The HPLC was equipped with 
a refractive index detector (RID) and variable wavelength 
detector (VWD) operated at 285 nm. Regular calibration 
curves were established for the components of interest and 

samples were filtered prior to analysis (Whatman 0.2 μm 
filter).

Results and discussion

Process concept

The pretreatment goal is to retain the cellulose in the solid 
residue and maximize lignin and ash removal by dissolution. 
We envisage an organic solvent-based pretreatment process 
which utilizes in situ generated organic acid as catalyst. In 
fact, the organic acid (e.g. acetic acid) can act as both the 
catalysts and solvent.19,20 For this strategy to be successful, 
the solvent must be composed of three elements, namely; 
(i) water as a reactant to cleave lignin-carbohydrate bonds 
and lignin ether bonds, (ii) an acid catalyst for the cleavage 
reaction, and (iii) an organic solvent to facilitate dissolution 
of (depolymerized) lignin. A wide variety of organic solvent 
types has been successfully used to delignify lignocellulosic 
biomass, among them: alcohols, organic acids, esters, ketones, 
and phenolics.21 It is worth noting that the organic solvent 
to be used here is not limited to one organic component, 
but it will likely be composed of a mixture of light alcohols 
and light acids that are by-products of the pretreatment and 
hydrogenolysis steps.

Besides serving as a catalyst in the delignification reaction, 
the acid is also required to dissolve divalent cations (i.e. 
tungstate poisons), such as calcium and magnesium, from the 
biomass. Carbonates and oxalates of calcium and magnesium, 
which are typically present in lignocellulosic biomass,22 
are poorly soluble in water (e.g. Ksp CaCO3 (Calcite) = 
10–8.5 mol L−2, from Al Omari et al.),23 Dissolution of these 
species can be achieved by acidifying the solution. Organic 
acids such as acetic acid and formic acid, which are typical 
by-products from biomass conversion, are suitable candidates 
as the solubility of their corresponding calcium and 
magnesium salts is sufficiently high. Moreover, these acids 

Figure 1. Schematic experimental pretreatment procedure.
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are not poisonous to the hydrogenolysis catalysts, unlike for 
example hydrochloric acid24 and H2SO4. Furthermore, they 
can be easily separated from lignin and ashes by evaporation.

A match in polarity of the solvent and lignin is also required 
to remove lignin successfully.21,25 The polarity of the solvent 
can be tuned by selecting an appropriate mixture of water 
and organic solvent. A solvent with a high share of water is 
desirable from an economic point of view, as organic solvents 
are more expensive than water.

In our process scheme, see Fig. 2, biomass is treated at 
elevated temperature (180–200 °C) in the presence of an 
organic solvent (e.g. ethanol/acetic acid) and water mixture 
to extract lignin and ashes (PT unit). The organic solvent is 
composed of organic acids (e.g. acetic acid) that are generated 
during the pretreatment, and light alcohols, which are 
by-products of the hydrogenolysis step. Preferably, the process 
produces its own solvent, but possibly an additional external 
solvent make-up is required (not displayed in Fig. 2). They 
are all recycled back to the PT step. As such, the separation 
infrastructure for glycols and by-products, such as light 
alcohols, after the hydrogenolysis step is already present.

The use of inorganic catalysts, such as Cl−, in the 
pretreatment solvent should be avoided, as they are typical 
poisons to metal catalysts. Moreover, the pretreatment 
is selected to run under acidic conditions, like the 
hydrogenolysis, to avoid a pH swing between the two steps. 
These considerations are important as biomass and its 
derivatives have the ability to hold vast amounts of liquid 
and thereby dragging pretreatment solvent and solutes to the 
hydrogenolysis reactor.

After pretreatment, the spent solvent and solid residue are 
separated (S/L unit, e.g. by a filter press), and the solvent 
is recovered by evaporation with an evaporator (Evap) 
unit from the dissolved biomass fraction, i.e. lignin and 
ashes. The combustion of lignin could provide heat to run 

the evaporator. The recovered solvent is recycled to the 
pretreatment reactor and the solid residue enriched in 
cellulose is fed to the hydrogenolysis section and converted 
to ethylene glycol. Light alcohol by-products are separated 
from glycols by a separator (Sep) unit and utilized as a solvent 
makeup for the pretreatment step.

Experimental validation

In this work, we intend to give an initial experimental 
validation of this process concept (Fig. 2). The aim of 
pretreatment is to remove catalyst poisons such as lignin and 
ash selectively, i.e. to obtain a solid residue that is enriched in 
cellulose that can subsequently be fed to the hydrogenolysis 
section. We display here two examples of organic solvent 
based pretreatments to support the viability of our process 
concept, PT-A and PT-B. Pretreatment A was a classical 
organosolv pretreatment, 50 wt% H2O and 50 wt% ethanol 
(EtOH), run at 200 °C for 3 h without acid. Pretreatment B 
was an acetosolv-type pretreatment that uses 70 wt% acetic 
acid (HAc) and 30 wt% H2O, and was run at 180 °C for 1 h. 
The pH of the black liquors after the experiments was 4.2 for 
PT-A and 1.3 for PT-B.

The solid residue yields were 56 wt% for PT-A and 50 wt% 
for PT-B, which is typical for such pretreatments. As shown 
in Fig. 3(A), both pretreatments succeeded in selectively 
removing the lignin and ash fractions (>80 wt%), while 
preserving the cellulose, as indicated by the hexosan retention 
of ~100 wt%. The majority of the hemicellulose was removed 
as well: only 29 and 14 wt% was retained in the solid residue 
for PT-A and PT-B, respectively.

Besides silica, the majority of the inorganic components in 
biomass consist of alkali and alkaline earth metals (AAEM). 
Divalent ions, such as calcium and magnesium, form poorly 
soluble tungstates.11,12 More importantly, Pang et al.11 

Figure 2. Simplified conceptual process scheme. PT, pretreatment; S/L, solid/liquid separation; Sep, separator.
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previously showed that the EG yield dropped from 60 to 23 
and 46 C% under the addition of calcium or magnesium 
respectively in the cellulose hydrogenolysis experiment. 
Assuming that deactivation (by precipitation) of tungstates 
occurs in a 1:1 M ratio, a maximum allowable concentration 
of undesirable divalent cations can be calculated to meet the 
maximum catalyst consumption (<1 kg/tonneproduct

26), which 
boils down to <4 mmole (e.g. <161 mg Ca) per kg of biomass, 
see supporting information S1. Precipitation of tungstate 
species on the surface of the metallic hydrogenation catalyst 
poses an additional deactivation risk.

We studied the AAEM composition of the untreated 
poplar and pretreated substrates A and B, see Fig. 3(B). The 
poplar feedstock was relatively lean in calcium, 173 mg kg−1 
(4.3 mmole kg−1), and magnesium, 99 mg kg−1 (4.1 mmole 
kg−1), but these levels are still higher than the target value 
of <4 mmole per kg of biomass. It turns out that an ethanol-
water pretreatment, PT-A, successfully removes sodium, 
potassium, and magnesium (200 mg kg−1), but falls short 
on the calcium removal. In fact, the solid residue calcium 
content of PT-A is higher than that of the feed, namely 
346 mg kg−1 (8.7 mmole kg−1). This is explained by the mass 
loss during PT (YSR = 56 wt%), where YSR is solid residue 
yield after pretreatment (wt%), and hints that an organic 

solvent- (e.g. ethanol)-based PT is not an effective tool for 
calcium removal, which is easily explained by the poor 
solubility of calcium salts, such as calcium carbonate,27 in 
water-ethanol mixtures. The spent liquor was also only mildly 
acidic, pH = 4.2, whereas a pH < 3 is deemed necessary to 
remove calcium from biomass significantly.28

In an attempt to improve calcium removal, we selected a 
more acidic pretreatment, PT-B, based on a solvent composed 
of 70 wt% acetic-acid, the remainder being water. Indeed, the 
calcium level was much lower for the solid residue of PT-B 
(3 mmole per kg biomass) than of PT-A and met the 4 mmole 
per kg biomass constraint. However, the calcium content of 
PT-B was not significantly different than the one of the feed, 
see Fig. 3(B). At the same time, PT-B delivered a solid residue 
with only ~4 wt% of lignin. Note that in PT-B the solid 
residue yield is 50 wt%, thus 50% of the calcium must also 
have been removed to end up with the same calcium content 
as the untreated feed. Nevertheless, this pretreatment also 
appears to be less effective in calcium removal than a wash 
of only 10 wt% acetic-acid water solution at 90 °C for 2 h, as 
was previously demonstrated by Oudenhoven et al,29 which 
reduced the pine calcium content from 1771 mg kg−1 pine to 
68 mg kg−1 pine (1.7 mmole per kg pine) after acid leaching. 
This is well below the product constraint concentration of 

Figure 3. (A) Retention of biomass fractions after pretreatment, (B) alkali and alkaline earth metal composition of untreated 
poplar and pretreated samples A and B, and (c) hydrogenolysis yields on biomass intake to the overall process – see Eqn (3) for 
untreated poplar and solid residues obtained after pretreatments A and B. Pretreatment conditions: PT-A; 200 °C, 3 h, H2O:EtOH 
50:50 w/w, PT-B; 180 °C, 1 h, 30 wt% H2O, 70 wt% HAc. Hydrogenolysis conditions: 5 wt% biomass loading, T = 245 °C, t = 1 h, 
PH2 (initial) = 60 bar, pHinitial ~ 3.3, Ni-catalyst to biomass mass ratio 0.12, W-catalyst to biomass mass ratio 0.03.
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4 mmole of divalent cations per kg of biomass. It thus appears 
that a high organic solvent share, which is believed to be 
necessary for delignification, hampers the removal of calcium.

We then performed hydrogenolysis of untreated poplar 
and the pretreated samples and chose demanding conditions 
developed earlier8 to verify whether the chosen pretreatment 
strategy was indeed successful. The pretreated substrates 
delivered higher overall glycol yields on process intake, 
despite the loss of hemicellulose during pretreatment, see 
Fig. 3(C). The EG yield on biomass intake to the overall 
process was 14 and 16 wt% for PT-A and PT-B, whereas it was 
only 6 wt% for untreated poplar. Note that the hydrogenolysis 
protocol was not tuned for maximum EG yield but for 
maximum sensitivity towards catalyst poisons; it should 
therefore be possible to raise the glycol yields significantly by 
optimization of the hydrogenolysis conditions.

Comparison of glycol yields for different studies is 
cumbersome as (i) different hydrogenolysis protocols8 are 
used, and (ii) the solid residue yield of the pretreatment 
step is often not reported.6,7,30 It is therefore more 
useful to compare the glycol yields obtained for treated 
biomass with a reference experiment with untreated and, 
importantly, microcrystalline cellulose, which has an 
extremely low content of potential catalyst poisons. Our 
demanding recipe applied high biomass loading and low 
catalyst W and Ni loading to exacerbate the sensitivity 
of the system towards catalyst poisoning. The pretreated 
samples delivered substantially higher glycol yield, 
expressed on holocellulose basis, than that of untreated 
poplar (YEG = 8 wt%) and very similar to pure cellulose 
(YEG = 32 wt%), namely 27 and 34 wt% for PT-A and PT-B 
respectively8 – see Fig. S9 in the supporting information. 
This is a clear proof that the proposed pretreatment 
strategy does remove undesirable catalyst poisons and 
deliver high overall glycol yields.

Despite the limitations, we calculated the process-based 
glycol yields for the studies by Fabičovicová et al.9 and Pang 
et al.7 on the pretreatment and subsequent hydrogenolysis of 
barley straw and corn stalk respectively. The process-based 
EG and PG yields for their best case scenarios were slightly 
higher, namely 17–18% EG compared to 14–16 wt% for 
this work, and PG yields of 8 C% (Pang et al.7), and 5 C% 
(Fabičovicová et al.9) compared to 3–4 wt% (this work) – 
see supporting information section S5.2. Although various 
pretreatments have been tried, we limit the discussion 
to successful approaches. Pang et al.7 used pretreatments 
based on solutions of ammonia, hydrogen peroxide, 
combinations thereof, and sodium hydroxide. Similar 
pretreatments in combination with ethanol as solvent were 
performed on Miscanthus in a different study by Pang et al.6 

The alkaline pretreatment approaches require a pH-swap 
as the hydrogenolysis is run under acidic conditions and 
therefore requires extensive washing of the solid residue or 
neutralization of the alkali, whereas the hydrogen peroxide 
based approach is costly due to its single use. Our in situ 
produced organic-acid-based pretreatment avoids these 
issues. Fabičovicová et al.9 applied water-ethanol mixtures as 
a pretreatment protocol, similarly as this work, but merely 
focus their study on the hydrogenolysis outcome and not on 
the process considerations.

Solvent selection

The organic solvent needs to meet a number of 
requirements to be attractive for pretreatment. Due to 
the ability of treated biomass (e.g. cellulose) to retain vast 
amounts of liquids, a significant share of the pretreatment 
solvent inevitably ends up in the hydrogenolysis reactor. 
The acidity of the pretreatment solvent should therefore 
be compatible with the mild acidic (pH = 3–5) conditions 
required in the hydrogenolysis reactor. Furthermore, 
additives that are known catalyst poisons, such as 
hydrochloric acid,24 cannot be part of the pretreatment 
solvent. Ideally, the solvent should be recovered without 
degradation to be recycled to the pretreatment. The 
solvent should therefore be resistant to high temperatures 
(~250 °C) and a reductive environment (i.e. not catalytically 
converted). For example, a ketone is easily converted to 
an alcohol during hydrogenolysis and therefore is not a 
preferred pretreatment solvent. Preferably, the pretreatment 
solvent would consist of a by-product or multiple 
by-products of the hydrogenolysis process. This gives two 
advantages: (i) the by-product stream can be utilized as 
make-up for losses in the pretreatment section, and (ii) 
the infrastructure to separate this solvent from the target 
product (EG) that is already present in the process.

We therefore selected light alcohols and organic acids in 
combination with water as pretreatment solvent, but, for 
the sake of simplicity, we centered our experiments around 
ethanol-water mixtures. Considering the pretreatment 
aims (high delignification, high sugars retention), from the 
results presented in Fig. 4, it can be concluded that the ideal 
solvent for delignification is composed of 50–60 wt% ethanol 
and the remainder being water. This is also reflected by the 
low residual lignin content of the solid residues, ~6 wt%, 
resulting from these experiments, see Fig. S1. To the best 
of our knowledge, the minimum share of organics in the 
pretreatment solvent to achieve deep delignification does 
not dramatically change for other light alcohols or light 
acids.19,25,31–33 It is therefore reasonable to expect that a 
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solvent with a minimum of ~50 wt% organics is needed to 
achieve deep delignification.

Note that the lignin retention for only water as solvent 
experiment was 131 wt%, indicating the formation of humins, 
which are perceived as lignin by our analytical procedure 
(i.e. it cannot differentiate between lignin and humins). This 
observation was further confirmed by a total lignin balance 
greatly exceeding 100% and the presence of 5-HMF and 
furfural in the black liquor (Fig. S2), which are known humin 
precursors.34

The preservation of hexoses in the solid residue is high 
over the whole range of water-ethanol mixtures, indicating 
the recalcitrance of cellulose. The pentose content of 
the solid residue can be controlled by varying the water 
content of the solvent. This ultimately affects the EG (C2) 
to PG (C3) ratio in the hydrogenolysis product slate, as 
pentose (C5) delivers 1 mol of EG (C2) and 1 mol of PG 
(C3), whereas hexose (C6) can give 3 mol of EG (C2). 
However, the majority of the hemicellulose is removed 
when delignification is maximized, i.e. for a solvent ethanol 
composition of 50–60 wt%.

Various aspects of this process advocate the use of a 
pretreatment solvent with high water content, as water (i) 
has a low cost, (ii) reduces organic solvent recovery rate, 
(iii) is a relatively good solvent for ashes, (iv) is already 
present in the feedstock, and (v) has a high compatibility 
with hydrogenolysis step. A high water-solvent share 
results in deep depolymerization of hemicellulose during 
pretreatment. This means that hemicellulose is not utilized for 

the production of glycols and it will be present in the lignin 
downstream. Therefore, a separation step will be needed for 
further valorization.

In situ generation of organic solvent

Our process relies on a solvent composed of water, light organic 
acids, and light alcohols. As these cost $300–600 per ton, which 
is similar to the end products, EG and PG (~$800 per ton), 
and vastly more than the feed price (~$80 per ton),14,35 one 
intuitively feels that a loss of these organic molecules comes 
with a high economic penalty. We therefore envision producing 
these molecules in situ to compensate for losses. In this section 
we estimate the size of this make-up stream.

In situ organic solvent production mainly proceeds 
via (i) hydrolysis of acetyl groups during pretreatment; 
(ii) acid production via biomass degradation reactions, 
and/or (iii) light alcohol by-product formation during 
hydrogenolysis. The percentage of biomass acetyl groups is 
typically in the order of 1.2–4.4 wt%,36 as is also reflected 
by the measured acetyl groups of three biomass archetypes 
in our previous work8 (1.4–3 wt%) and 3 wt% for poplar, 
used in this study (Table 1). These acetyl groups are easily 
liberated from the biomass to yield acetic acid.37 Indeed, 
we found an acetic acid yield of 4–5 wt% on biomass 
intake, for the experiments depicted in Fig. 4, when the 
solvent was composed of at least 40 wt% water – see Fig. S3. 
Measurement of the residual o-acetyl groups of the solid 
residue confirmed that over 80 wt% of the o-acetyl groups 

Figure 4. Pretreatment of poplar for 3 h at 200 °C for varying solvent composition (EtOH – water mixture), no acid was added. 
Note: Samples were washed prior to yield calculation and compositional characterization. The composition was determined 
in duplicate, except for the experiments with 20 and 40 wt% ethanol, where the sugar fraction was determined by a single 
measurement. The error in the solid residue yield, which is needed to calculate the retention, is unknown and therefore 
underestimated.
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were hydrolyzed (Fig. S4). Besides liberation of the o-acetyl 
groups, degradation of the saccharide fraction can yield 
organic acids.34,38 We found that, next to acetic acid, minor 
fractions of formic, lactic, and glycolic acids were produced 
(3–4 wt% in total), see Fig. S5. Lactic and glycolic acid are 
of less interest as they cannot be recovered by evaporation. 
However, they could be valuable as chelating agents to trap 
the alkaline ash, thereby saving consumption of light acids, 
such as acetic acid.

During hydrogenolysis, roughly 3–5 wt% (in biomass intake 
to PT step basis) of light alcohol by-products are formed – see 
supplementary information S3.2.

To summarize, a total of 4–5 wt% of acetic-acid, 3–5 wt% 
of light alcohols and optionally 3–4 wt% of other organic 
acids is generated in the pretreatment and hydrogenolysis 
steps combined. In total, 10–14 wt% of organic molecules are 
produced in situ.

Besides production, a fraction of the organic solvent is 
consumed by (i) chemical bonding with a biomass fraction 
(e.g. cellulose or lignin) or, in the case of acids, (ii) by 
neutralization with basic ash.

Cellulose could be acetylated during the pretreatment step. 
However, we previously discussed that over 80 wt% of the 
o-acetyl groups were liberated for the experiments depicted 
in Fig. 4. Even for PT-B, in which the solvent was composed 
of 70 wt% acetic-acid (the remainder being water), 40 wt% of 
the o-acetylgroups was liberated, see Table S2. Thus, overall, 
the conversion of biomass to solid residue is a source of 
acetic acid. Furthermore, the solid residue is hydrolyzed in 
the hydrogenolysis step, thereby releasing chemically bound 
acetic acid and light alcohols, which can then be recycled to 
the pretreatment step. Note that this is a distinct advantage 
of this process compared to traditional organosolv aiming 
for pulp production, for these processes are truly losing the 
solvent in the final product.

Acetylation of lignin, however, would result in a loss 
of acetic acid, as lignin is either sold or combusted. Acid 
hydrolysis of lignin showed that acetylation of lignin for 
PT-A (EtOH) was negligible, namely 0.02 wt% on biomass 
intake, whereas it was significant for PT-B (HAc), 0.4 wt% on 
biomass intake, see Table S3. On the other hand, lignin bound 
some 0.3 wt% of ethanol (on biomass basis) for the ethanol-
water experiment (PT-A) – see Table S4. Hence, lignin is a 
minor source of solvent loss.

Neutralization of poplar wood consumed 0.15 ± 0.01 mol 
H+ kgbiomass

−1, which boils down to an acetic-acid 
consumption of 0.9 ± 0.07 wt% on biomass intake, see 
Table S5. Smit et al.39 found a very similar value for 
poplar, namely 0.13 mol H+ kgbiomass

−1. Typically, acid 
neutralization capacity (ANC) is around 0.1 mol H+ per 

kg of dry biomass for wood species, but can be up to 1 mol 
H+ per kg of dry for herbaceous biomass (i.e. 0.4–6 wt% 
of acetic-acid on biomass intake).10,39 The measured ANC 
of poplar was roughly halved after water extraction, see 
Table S5. Optionally, a wash step prior to the pretreatment 
could be considered to reduce the need for acids. In 
general, the acid consumption by titration of the alkaline 
material is between 0.5 and 6 wt% of acetic acid on 
biomass intake.

Overall, 4–9 wt% of light organic alcohols and acids are net 
produced (Table 2). This value could be stretched to ~13 wt% 
when considering a biomass prewash to dispose of alkaline 
material or utilization of heavy acids (e.g. lactic and glycolic 
acid), that are formed within the process, as titrant of the 
basic ash.

Solvent recovery

Target

We previously discussed that biomass is a net producer 
of light organic molecules that can be utilized as process 
solvent. The absolute organic solvent loss is preferably, at 
maximum, equal to the absolute production. An organic 
solvent deficit could be compensated by additional solvent 
intake. However, this intake will come at an economic 
penalty, compared to the in-situ produced molecules. We 
derived an equation that describes the required organic 
solvent recovery rate (R) within the process – see Eqn (4) 
(see supporting information S4 for derivation). In this 
equation, YLights is the conversion of biomass to light acids 
and alcohols, B/S is the biomass to solvent mass ratio, and 
forganic is the organic weight fraction of the solvent:

Table 2. Organic solvent production and 
consumption during pretreatment expressed on 
dry biomass intake.

Yield (wt%, on  
biomass intake)

Production

Acetic-acid (hydrolysis of acetyl 
groups + biomass degradation)

4–5

Other organic acids (biomass degradation) 3–4

Light alcohols (hydrogenolysis bypdroct) 3–5

Consumption

Lignin (acetylation or etherification) −0.4

Neutralization −0.5 to 6*

Total 4–13

*6 wt% HAc (on the worst-case scenario), 2.5 (pessimistic) and 
0.5 (optimistic) are used for calculation.
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Table 3. Heat of vaporization of pretreatment 
solvent constituents and required energy duty 
per kg of biomass processed for a solvent to 
biomass ratio of 4 to 1 and 9 to 1.

Hvap 
(MJ kg−1)

Q 
(MJ kg−1

biomass) 
for S/B = 4/1

Q 
(MJ kg−1

biomass) 
for S/B = 9/1

Water 2.4 9.6 21.6

Ethanol 0.9 3.6 8.1

Acetic acid 0.4 1.6 3.6

R wt Y B
S fLights

organic
.%� � � �

�

�
�
�

�

�
�
�
�� �1 1 100

 (4)

A high recovery rate results in a stringent recovery 
specification, which would ultimately result in a high 
cost. The upper and lower boundaries for the recovery 
rate follow from Eqn (4). As discussed in the previous 
section, the conversion of biomass to lights is between 
4 and optimistically 13 wt%. The biomass-to-liquid ratio in 
industrial reactors is, at a maximum, ~0.25,40 but in academic 
studies it is typically 0.11. For successful delignification, the 
process solvent needs to be composed of a large fraction 
(≥50 wt%) of organic molecules, see Solvent selection 
subsection. Filling in Equation (4 with these numbers results 
in a recovery rate of 93.5 wt% (optimistic) to 99.9 wt% 
(pessimistic) – see supporting information S4 for details. Even 
the most optimistic scenario shows that high solvent recovery 
is pivotal to the viability of the process.

Although, in every scenario, a high organic solvent recovery 
rate is required, missing out on the recovery rate by 1 wt% 
(Eqn (4)), translates to an additional solvent make up cost, 
in an optimistic scenario, of 8 $ dollar per ton biomass fed, 
whereas the margin, defined as ‘product price × product 
yield – biomass price’, is roughly $60 per ton biomass fed. 
Mitigating or avoiding the need for an external solvent make 
up therefore presents an important economic advantage. See 
supporting information S4 for details.

It is important to realize here that the recovery rate is a 
linear function of YLights and B/S (note: non-linear with 
respect to biomass loading) but non-linear with respect to 
the organic fraction of the solvent. In a quest to reduce the 
necessary solvent recovery rate, finding chemistries that 
allow successful delignification while relying on a low solvent 
share of organics (e.g. ≤50 wt%) is much more beneficial than 
increasing the conversion of biomass to lights.

Evaporator

The stringent solvent recovery specification requires the 
selection of a robust separation technique that can fractionate 
the solvent and dissolved biomass fraction (e.g. lignin, ash, 
hemicellulose). We therefore chose to use an evaporator, 
which is commonly used in the pulp and paper industry.

The use of strong high boiling acids, such as sulfuric acid, 
should therefore be avoided. We observed a build-up of 
polymerized material that was insoluble in acetone and 
ethanol on the cooking flask wall during solvent recovery 
by evaporation. The acidity in the solvent increased due to 
the build-up of sulfuric acid and consequently enhanced 
unwanted polymerization reactions.

Furthermore, the process should run in an energy efficient 
manner. As a lower boundary for the available energy, we 
propose to combust all lignin, that has a higher heating 
value of ~25 MJ kg,−1 41 which translates to ~5.4 MJ per kg 
of biomass processed. We calculated the required heat duties 
based on the heat of vaporization for a solvent to biomass 
ratio S/B of 4 to 1 and 9 to 1, see Table 3. It is evident that 
a low solvent-to-biomass ratio is imperative. But even for 
a solvent-to-biomass ratio of 4/1, the required energy duty 
largely surpasses the available energy in the case of water. 
Moreover, this is also the case for a 50/50 w/w ethanol/water 
scenario, which requires 6.6 MJ per kg biomass processed. 
This shows the need for reclaiming the energy lost by 
evaporation, for example by multiple-effect evaporation, 
which is common in the pulp and paper industry.

Conclusion

In this work, we propose a lignocellulosic biomass 
pretreatment process that is integrated with a subsequent 
catalytic hydrogenolysis step, to convert saccharides to 
ethylene glycol. The major target of this pretreatment is 
the selective removal of catalyst poisons, such as lignin 
and tungstate poisons (i.e. divalent cations), like calcium 
(≤4 mmole per kg biomass). After careful analysis, we have 
determined the specific design criteria required for the 
pretreatment step (Table 4).

We propose a solvent-based pretreatment utilizing light 
alcohols, organic acids, and water, which are by-products of 
the pretreatment and hydrogenolysis reactions, and could 
therefore compensate for losses in the system. In line with 
past research, it appeared that the pretreatment solvent 
should be at least composed of ~50 wt% of organic solvent 
to achieve deep delignification. However, such pretreatment 
did not remove sufficient calcium, a tungstate poison, from 
the biomass, and required the selection of a more acidic 
pretreatment solvent. Biomass pretreatment with a solvent 
composed of 70 wt% acetic-acid, the remainder being water, 
produced a solid residue with a calcium and magnesium 
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content of 124 and 2 mg kg−1 biomass respectively, thereby 
meeting the performance constraint of ≤4 mmole per kg 
biomass. Hydrogenolysis of this sample resulted in a higher 
glycol yield compared with untreated biomass, confirming the 
removal of catalyst poisons during pretreatment. Moreover, 
the overall process yields were higher, namely 16 and 3 wt% 
of EG and PG respectively compared with 6 and 9 wt% for 
untreated poplar.

We found that 4–13 wt% of the biomass can be converted 
to organic solvent, but it turns out that a high solvent 
recovery is still essential. In an optimistic scenario, a solvent 
recovery of 93.5 wt% is needed, which goes up to 99.9 wt% 
for a very conservative estimate. Despite the desired high 
recovery rate, in situ generation of solvent appears to 
present an important economic advantage. We suggest 
using an evaporator to recover the solvent, which is a robust 
separation technique, and likely to meet the required high 
recovery. However, preliminary calculations showed that 
there is a gap between the heat duty and the available heat 
that could be provided by the combustion of lignin.
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