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Abstract: The conversion of herbaceous biomass to glycols via tungstate catalyzed hydrogenolysis is 
challenging owing to its high content of extractives, inorganics and S/N, compared with woody biomass. 
We tested the hydrogenolysis performance of hay in batch autoclave experiments in the presence of 
soluble sodium polytungstate and Raney Ni at 245°C, both in excess of catalyst as well as under catalyst-
starving conditions. By this method, we found that additional tungstate and Raney Ni poisons, or at least 
their much higher concentrations, are present in the hay feedstock compared with woody biomass. It turns 
out that N- and in particular S-containing components present in hay are the root cause for deactivation of 
the hydrogenation catalyst. From the experimental data we have derived feedstock criteria for N and S that 
should be targeted in terms of catalyst consumption for operation in an industrially relevant window. These 
challenging criteria urge the development of effective pretreatments for S/N removal or the employment 
of S/N-tolerant catalysts in the field of catalytic biomass conversion. © 2022 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 a market 
size on the order of ~30 million tonnes1 per annum, 
which is mainly used as one of the constituents in 

polyesters.2 Ethylene glycol can be efficiently produced from 
sugar via aldol cleavage and subsequent hydrogenation of 
the glycolaldehyde intermediate.3,4 This reaction allows for a 
theoretical carbon and oxygen atom efficiency of 100%. The 
aldol cleavage of a mono-saccharide can be achieved by (1) 
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Table 1. Feedstock composition of hay, water-leached (WL) hay and water-leached (WL) + acid-leached 
(AL) hay.

Cellulose Hay WL hay WL + AL hay
H2O extractive (wt%) — 23.1 ± 0.6a 0b 0b

EtOH extractive (wt%) — 2.0 ± 0.4a 2.6 ± 0.5b 2.6 ± 0.5b

Lignin (wt%) — 18.5 ± 0.4a 24.1 ± 0.5b 24.1 ± 0.5b

o-Acetylgroups (wt%) — 2.0 ± 0.1a 2.6 ± 0.1b 2.6 ± 0.1b

Saccharide composition

Glucan (wt%) 100a 22.2 ± 0.5a 28.9 ± 0.7b 28.9 ± 0.7b

Mannan (wt%) — 0a 0b 0b

Galactan (wt%) — 0a 0b 0b

Xylan (wt%) — 10.6 ± 0.6a 13.7 ± 0.8b 13.7 ± 0.8b

Arabinan (wt%) — 2.9 ± 0.1a 3.8 ± 0.1b 3.8 ± 0.1b

Total ash (wt%) 0a 4.5 ± 0.1a 1.9 ± 0.3 1.1 ± 0.0

Na (mmol kg−1) 0 ± 0a 135.6 ± 2.4 2.9 ± 0.9 0.6 ± 0.3

K (mmol kg−1) 0 ± 0a 172.5 ± 0.9 4.7 ± 1.1 0.4 ± 0.1

Ca (mmol kg−1) 0 ± 0a 47.9 ± 0.5 20.9 ± 2.5 1.1 ± 0.2

Mg (mmol kg−1) 0 ± 0a 22.6 ± 1.9 4.9 ± 0.7 0.2 ± 0.0

S (mmol kg−1) <1.6 34.3 23.7 22.8

N (mmol kg−1) 16.4 929 714 714

Quantification was performed at least in duplicate.
aData previously published in the literature.14,15,19

bRecalculated from untreated feedstocks.

hydrous pyrolysis5,6 or (2) catalytic cleavage in the presence 
of a tungstate catalyst.7 The resulting glycolaldehyde is 
hydrogenated over a heterogenous catalyst, such as Raney Ni8 
or Ru/C,9 to yield EG.

We have opted for the tungstate-catalyzed route as it 
allows the direct conversion of cellulose to EG via in-situ 
depolymerization in acidic hot compressed water at 
~245°C.10 The merger of all reaction steps in one pot is 
an attractive feature of this process, and allows the direct 
conversion of microcrystalline cellulose to EG with yields as 
high as ~75 wt%.11–13 However, cellulose is typically present 
in a matrix called lignocellulosic biomass, which delivers 
substantially lower glycol yields than pure cellulose.14–17 
Additionally, it has been recently reported that components 
present in lignocellulosic biomass deactivate the catalyst(s) 
and thereby spoil the glycol yield.14,15 In the manufacture of 
commodity chemicals, typically 1 kg of catalyst is required 
to produce 1 t of product.18 Therefore, the identification 
and quantification of catalyst poisons and subsequent 
development of pretreatment strategies to remove these 
poisons are key for commercial viability.

In our previous studies we have shown that lignin is not 
the key inhibitor when running under catalyst-sensitive 
conditions.14 In a follow-up study we found that inorganics, 
in particular divalent cations, spoil the EG yield by 
precipitating the homogenous tungstate catalyst.15 Luckily, we 

showed that these contaminants can be selectively removed 
from the biomass with an acidic wash and, indeed, the 
treated wood species gave a similar glycol yield in a cellulose 
reference test.

In this study, we focus on the effect of other components 
that may be present in biomass on the hydrogenolysis 
performance. Specifically, herbaceous biomasses are 
particularly rich in extractives, inorganics and S/N 
components. We show here that the acid-leaching treatment 
that was effective for woody biomasses is not effective enough 
for hay, a herbaceous biomass species. We also delve into 
the observed catalyst deactivation phenomena caused by the 
other components present in hay.

Experimental methods

Materials

The chemicals and catalysts, Raney Ni (W.R. Grace and Co. 
Raney® 2800), sodium polytungstate (≥85% WO3 basis), 
acetic acid (≥99%), ethanol (≥99%) and sodium hydroxide 
(≥99%), were purchased from Sigma-Aldrich (St. Louis, 
Missouri, USA). The hydrogenolysis feedstocks that were 
primarily used in this study were microcrystalline cellulose 
(Avicel® PH-101 (Sigma-Aldrich, St. Louis, Missouri, 
USA), particle size ~50 μm) and hay, whose composition is 
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reported in Table 1. The composition of feedstocks that were 
incidentally run as comparison is reported elsewhere.14,15 
Avicel was ordered from Sigma-Aldrich and hay bought in 
a local garden and animal store. Hay was ground using a 
hammer mill and subsequently sieved; particles smaller than 
53 μm and bigger than 355 μm were rejected.

Water and acid leaching

Hay was leached according to the procedure described 
previously.15 Briefly, hay (≤1 wt%) was mixed with a leaching 
fluid and stirred for at least 24 h at room temperature. 
Thereafter, the hay and the leaching fluid were separated 
using a filter press. The wet hay was dried in an oven at 105°C 
for 24 h. The leaching fluid was either demineralized water 
(WL) or a solution of 10 wt% acetic acid in demineralized 
water (AL). In case of both water- and acid-leached 
experiments (WL + AL), the leaching procedure was first 
performed with water and subsequently repeated with 
acidified water (10 wt% acetic acid in water). These mild 
pretreatments selectively remove water soluble extractives 
and inorganic components, while preserving the biomass 
structure.20

Catalytic hydrogenolysis

Tungstate-catalyzed hydrogenolysis is often performed in 
the presence of tungstic acid and a metallic hydrogenation 
catalyst, such as Raney Ni or Ru/C.8,9 Such a protocol 
does not allow decoupling of the acidic and aldol-cleavage 
functionalities as tungstic acid is bifunctional. We have 
previously developed a hydrogenolysis protocol that omits 
this problem using a fully soluble tungstate species and a 
buffered hydrogenolysis solvent in combination with a Raney 
Ni hydrogenation catalyst.14 This versatile approach allows us 
to run experiments under poison-sensitive conditions (lean 
on catalyst), in excess of catalyst, but also with high Raney 
Ni load and low tungstate load or vice versa, to study more 
specifically the fate of one of the two catalysts, all without 
significantly adjusting the acidity of the system and thus the 
rate of biomass depolymerization. In this work we evaluated 
the effect of S and N on the Raney Ni catalyst by running 
experiments in excess tungstate. Variation of the S and N 
(in the biomass feed) to Raney Ni ratio was achieved by: 
(1) using various biomass feedstocks with varying S and N 
content; (2) mild treatment of the hay feedstock to remove 
S and N without altering the lignocellulosic structure and 
composition; and (3) by varying the amount of an amino acid 
added to a cellulose reference test.

Hydrogenolysis was performed in a 45 mL batch autoclave 
mounted on a pneumatic arm which allowed rapid heating 

and cooling by submersion of the autoclave in a preheated 
fluidized bed or a water bath. These experiments were 
run with 5 wt% biomass loading in buffered water (acetic 
acid/NaOH) with a pH of ~3.3 in the presence of sodium 
polytungstate and Raney Ni catalysts.

Prior to an experiment, the autoclave was leak tested with 
nitrogen and subsequently hydrogen at ~120 bar. If successful, 
the autoclave was pressurized to 60 bar of hydrogen pressure. 
The stirrer was started (~1300 rpm) and the autoclave 
was heated in the fluidized bed and kept at the reaction 
temperature, 245°C, for 1 h.

We conservatively estimated the yield based on the 
presumed holocellulose (cellulose + hemicellulose) content, 
see Eqn (1). In this equation: mProduct is the mass of the 
product, mFeed is the mass of the biomass feedstock and fx 
is the fraction of the dry feedstock in which x denotes the 
specific fraction.

Yield

Product

Feed Lignin H O extract EtOH extr

wt
m

m f f f

%� � �

� � � � � �1
2 aact Acetyl� �

�
� �fAsh f

100

 (1)

Analytical methods

Biomass composition

The biomass composition was characterized following a series 
of NREL protocols in combination with analytical techniques. 
Lignin, acetyl and sugar content were determined following a 
two-step sulfuric acid-based hydrolysis protocol.21 Extractives 
were quantified using Soxhlet extraction22 for 24 h with water, 
followed by ethanol for 24 h. The ash content was determined 
via dry oxidation 575°C for 24 h22 of the biomass feedstocks. 
The Alkali and alkaline earth metals (AAEM) content of the 
obtained ash was measured by ion chromatography after 
dissolution in 0.01 mol dm−3 nitric acid.

Analytical techniques

High-performance liquid chromatography (HPLC) was used 
to identify and quantify hydrogenolysis products such as EG, 
propylene glycol (PG) and sugar alcohols (SA) based on the 
refractive index detector signal. The machine (Agilent 1200) 
series ran 5 mmol dm−3 H2SO4 as eluent (0.6 mL min−1) 
over a HiPlex H+ column at 65°C. The sodium polytungstate 
concentration in the reactor effluent was also quantified 
using HPLC, but based on the variable wavelength detector 
signal operated at 285 nm, see the appendix S1 of Molder 
et al.15 for details. Alkali and alkaline earth metals were 
measured using ion chromatography on a Metrohm 850 
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Table 2. Experiments conducted with cellulose and hay as feedstock for various ratios of Ni and W 
catalysts.

n Feedstock Biomass/
Raney Ni ratio 

(w/w)

W catalyst 
input (mmolWOx/

kgBiomass)

W catalyst 
output (mmolWOx/

kgBiomass)

Yields (wt%)

EG PG SA Sum

1a Cellulose 8.4 119 36 41 4 12 57

2a Cellulose 9.6 120 60 39 5 12 56

3a Poplar 8.7 120 0 11 15 20 45

4a Poplar 7.0 116 1 10 13 12 36

5a Poplar 7.1 1147 1045 38 10 2 50

6 Hay 8.1 117 1 8 7 1 16

7 Hay 9.3 1130 391 7 6 0 13

8 Hay 1.4 1134 444 35 24 6 65

9 WL hay 8.4 1118 499 10 5 0 15

10 WL + AL hay 8.7 1137 625 10 4 1 15

Conditions: 5 wt% biomass loading. Yields on holocellulose basis.
aData from our previous work.15

EG, Ethylene glycol; PG, propylene glycol; SA, sugar alcohols.

Professional IC operated running 0.1 mol dm−3 HNO3 + 0.02 
mol dm−3 dipicolinic acid eluent at 20°C over a Metrosep 
C6–150/4.0 column. All samples that were subjected to 
liquid chromatography were filtered prior to analysis 
(Whatman 0.2 μm filter). Calibration curves for all of the 
reported components were established. The sulfur content of 
feedstocks was determined following ASTM D1552 protocol. 
The nitrogen content of feedstocks was measured following 
ASTM D5291 for feedstocks with a nitrogen content greater 
than 1000 mg kg−1, otherwise ASTM 5762 protocol was used.

Results and discussion

Experiments with hay

In this work we ran hydrogenolysis of hay under the same 
catalyst-sensitive conditions as in our previous work, see 
Table 2 entry 6, which resulted in a poor total glycol yield 
(EG + PG) of 15 wt% compared with the cellulose reference 
test, 45 wt% (Table 2 entry 1 and 2). Moreover, no dissolved 
tungstate was measured by HPLC in the reactor effluent, 
indicating that components present in hay, probably the 
divalent cations, consume the tungstate catalyst. Note that 
about half of the fed tungstate was also consumed in the 
cellulose reference test (Table 2 entry 1), which can be fully 
ascribed to the addition of Raney Ni catalyst in an acid buffer, 
as discussed in the appendix S1 of our previous study.15

The same experiment performed with poplar as feed (Table 2 
entries 3 and 4) also led to the full consumption of dissolved 
tungstate and a low EG yield of 11 wt%, similar to the 8 wt% 
observed with hay (Table 2 entry 6). In both cases the EG 

yield was much lower than the 40 wt% observed with cellulose 
(Table 2 entry 1 and 2). However, in contrast, the sum of 
hydrogenated products, including PG and SA, was much lower 
for hay, namely 15 wt%, whereas poplar gave 40 ± 5 wt% and 
cellulose 56 wt%. This result suggests that components present 
in hay deactivate both the homogenous tungstate catalyst and 
the heterogenous Raney Ni hydrogenation catalyst.

To further study these hypotheses, we raised the tungstate 
loading by ~10 fold for both hay and poplar feeds, but it 
barely improved the glycol yield for hydrogenolysis of hay 
(13 wt%, Table 2 entry 7) while strongly increasing the EG 
yield for poplar (38 wt%, Table 2 entry 5). Hay also consumed 
much more tungstate (740 mmolWOx per kg biomass) than 
poplar (~100 mmolWOx per kg; Table 2 entry 5). However, 
the low EG yield was not limited by the availability of the 
tungstate catalyst as we measured more soluble tungstate 
(~400 mmolWOx per kg hay) after the experiment than 
we did for the successful cellulose reference experiment 
(~50 mmolWOx per kg, Table 2 entry 1). We then also raised 
the Raney Ni load by 7-fold for hay (Table 2 entry 8), and 
obtained a high EG yield of 35 wt% and a PG yield of 24 wt%.

Thus, components present in hay (but not in poplar) 
seem to deactivate both homogenous tungstate catalyst 
and heterogenous Raney Ni catalyst. For woody biomass 
such as pine and poplar, we previously15 found that only 
the homogenous catalyst was deactivated by (inorganic) 
impurities. Running poplar in excess tungstate gave a high 
EG and PG yield (38 and 10 wt%, see Table 2 entry 5). This 
does not mean that the Raney Ni poisons present in hay are 
not present in woody species, but they are at least at a much 
lower concentration.
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Water and acid leaching did not sufficiently remove these 
Raney Ni poisons as two tests with WL and AL hay resulted 
in a poor total glycol yield of ~15 wt%, see Table 2 entries 
9 and 10. These treatments, in particular the acid leaching, 
appear to remove tungstate poisons as the residual W 
catalyst concentration in the reactor effluent increased from 
~390 mmolWOx per kg for untreated hay to ~500 mmolWOx 
per kg for WL hay, and ~630 mmolWOx per kg for AL + WL 
hay.

However, the tungstate consumption for untreated and 
water- and acid-leached hay is in all cases much higher 
(>500 mmolWOx per kg) than what is expected from their 
respective Ca + Mg contents (70.5 mmol kg−1 untreated hay, 
see Table 1) and cellulose benchmark experiments (83 and 
60 mmolWOx per kg, Table 2 entries 1 and 2). We noticed this 
excessive WOx consumption before in our previous work 
on woody biomasses.15 However, for woody biomasses we 
were able to remove the majority of these unknown poisons 
by acid leaching, which is apparently not possibly for hay. 
Unfortunately, we were unable to identify these unknown 
tungstate poisons as additions of waterglass (sodium silicate), 
colloidal silica and monosodium phosphate to the cellulose 
benchmark experiment did not lead to a noteworthy decrease 
in W catalyst concentration in the reactor effluent; see 
Section 1.2 in Appendix S1.

Analysis of previous work and literature

In our previous studies we have elucidated the role of lignin14 
and inorganics15 in the catalytic hydrogenolysis that targets 
EG production. However, these fractions do not readily 
explain the deactivation observed when running experiments 
with hay as feed. Hay is particularly rich in extractives, which 
could potentially explain the observed phenomena. We have 
therefore evaluated the extractives content of feedstocks 
reported in the literature vs. the obtained EG + PG yield 
and found that the water-soluble extractives content of the 
feed correlates well with the EG yield for experiments run 
at 1 wt% biomass loading; see Figure 1. In particular the 
dataset by Li et al.23 is relevant, as they tested 10 different 
untreated feedstocks and microcrystalline cellulose. The 
correlation coefficient for this dataset between extractives 
and the EG + PG yield was −0.9 (see Section 3.1 in Appendix 
S1 for details on the statistical data analysis of this dataset). 
Untreated corn stalks gave 8 wt% of EG which was similar to 
the EG yield, 3 wt%, reported by Pang et al.17 for untreated 
corn stalks (see open and closed circles at 33 wt% water 
extractives). Untreated Miscanthus16 seems to fit the trend 
as well, although the high yield may also be due to the fact 
that this experiment was run in an excess of catalyst, which 
masks any sign of catalyst deactivation (see appendix S1 of 

our previous study14). Also the experiment with Jerusalem 
artichoke stalk in the study by Zhou et al.24 was performed in 
excess of catalyst as we have shown previously (see appendix 
S1 of our previous study,24 which explains that this datapoint 
deviates from the trend).

Other datasets from the literature, with experiments 
performed at higher biomass loading,16,25 i.e. ≥4.8 wt%, 
do not allow proper study of the extractives–glycol yield 
relationship as (1) the extractives content of the pretreated 
substrates was not reported,25 and/or (2) the untreated 
feedstocks were lean in extractives (≤5.3 wt%).16,25

The addition of water-soluble extractives

From analysis of the literature data, in particular the study 
by Li et al.,23 it can be concluded that the water-soluble 
extractives have a key impact on the glycol yield. To 
further study the impact of those catalyst poisons, we have 
added water-soluble extractives to the cellulose reference 
experiment. The water-soluble extractives were obtained 
by the extraction of hay with water (at room temperature) 
followed by drying at room temperature. The dried water 
solubles were insoluble in acetone and methanol.

A feed mixture composed of cellulose and 25 wt% 
of these water-soluble extractives resulted in a decline 
in the combined glycol yield from ~50 to 16 wt% after 
hydrogenolysis (Figure 2). A similar yield (13–16 wt%) 
was obtained for untreated hay, which contained ~23 wt% 
extractives; see Table 2 entries 6 and 7. However, as discussed 
previously, water- (and acid-)leached hay still gave a poor 
total glycol yield of ~15 wt%. These results show that part of 
the catalyst poisons present in hay can be removed by water 
leaching, but not all. We previously discussed (Section 3.1) 
that the concentration of poisons in water- and acid-leached 
hay is still too high for an improvement of the glycol yield.

Figure 1. Ethylene glycol (EG) yield expressed as 
holocellulose content for previous studies operated at 
1 wt% biomass loading. Various23 and corn stalk17 in C%, 
Miscanthus16 and Jerusalem artichoke stalks24 in wt%. The 
dotted line shows the linear fit of the dataset by Li et al.23
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Water leaching of the biomass does extract organic as 
well as inorganic molecules. These inorganic molecules 
are known to deactivate the tungstate catalyst.15,26 We here 
found that the increase in extractives in the feed mixture 
correlated with a decline in the soluble tungstate present in 
the reactor effluent, see Section 1.1 in Appendix S1, which 
could explain the decline in total glycol yield. However, 
the sum of hydrogenated products (EG + PG + SA) also 
decreased with increasing extractives in the feed mixture, 
which indicates that the hydrogenation catalyst deactivates as 
well, see Section 1.1 in Appendix S1. The EG + PG + SA yield 
was systematically lower under the addition of extractives 
compared with cellulose reference experiments, despite 
similar tungstate levels in the reactor effluent. Ultimately, the 
yield drops to ~18 wt% for the addition of 25 wt% extractives, 
whereas the cellulose reference test gives an EG + PG + SA 
yield of ~45 wt%. This shows that the water-soluble fraction 
contains components that can be removed by water washing 
but otherwise deactivates both tungstate and hydrogenation 
catalysts.

Sulfur and nitrogen

Lignocellulosic biomass species that are rich in extractives 
are also typically rich in sulfur and nitrogen. Nitrogen27 
in plants is largely present in proteins while sulfur28 is 
predominantly present in the form of proteins or as sulfate. 
These heteroatoms, in particular S, are notorious for 
deactivating metal hydrogenation catalysts. However, most 
studies16,17,24,25 in this field did not report both the sulfur and 
nitrogen content of the (treated) feedstocks. Li et al.23 tested 
10 different untreated feedstocks and reported the sulfur 

and nitrogen content of these feedstocks in appendix S1 of 
their work. In addition to the glycol yield, they also reported 
the monomeric phenolics yield, which was obtained from 
lignin depolymerization and subsequent hydrogenation of 
the reactive intermediates. The phenolics yield, therefore, 
in addition to the glycol yield, is a potential marker for 
the activity of the hydrogenation catalyst. Indeed, only 
trace amounts of phenols are reported in the absence of a 
hydrogenation catalyst. The EG + PG yield correlated well 
with the phenolics yield (correlation coefficient of 0.85), see 
Section 3.1 in Appendix S1.

We plotted the sulfur vs. nitrogen content of the feedstocks 
in the study by Li et al.23 and labeled the datapoints with their 
respective EG yield, see Section 3.1 in Appendix S1. We found 
that a cluster of seven different feedstocks with average N and 
S contents of 30 ± 17 and 5.2 ± 1.5 mmol kg−1, respectively, 
gave an average EG + PG yield of 56 C%, whereas two outliers, 
yate wood (9.4 mmolS kg−1 and 2285 mmolN kg−1) and corn 
stalks (46 mmolS kg−1 and 536 mmolN kg−1), gave EG + PG 
yields of only 29 and 19 C%, respectively. The high sulfur 
content of corn stalks was also mentioned by Li et al.23 as a 
potential cause for the low EG yield.

Also, the hay used in our study has particularly high S 
(34 mmol kg−1) and N (930 mmol kg−1) contents (see Table 1). 
In comparison, the S and N contents of poplar and pine 
used in our previous studies14,15,19 are ~5 mmol S/kg and 
31–36 mmol N/kg.

We therefore hypothesized that the deactivation of the 
Raney Ni catalyst by components present in hay could be 
caused by these heteroatoms. To study our hypothesis, we 
ran tests with woody biomass, (treated) hay and physical 
mixtures of two amino acids, methionine (S + N) or glycine 
(N), and cellulose. We tried to selectively remove N and S 
from hay by applying mild extraction-type pretreatments, but 
those attempts were rather unsuccessful, see Section 1.3 in 
Appendix S1. We therefore opted to change the hay to Raney 
Ni catalyst loading in some experiments to adjust the S– and 
N–catalyst ratios. We previously found that an increase in the 
Raney Ni–biomass ratio did not raise the glycol yield much 
(appendix S1 of Molder et al.14).

The glycol yield was ≥46 wt% when the sulfur to metal 
catalyst ratio was <67 mmolS per kgRaney Ni, but dropped to 
15–19 wt% for ~200 mmolS per kgRaney Ni for both (treated) 
hay and a physical mixture of cellulose and methionine, see 
Figure 3a. The poisoning effect of N was much less severe 
than that of S and appeared to result in a yield plateau. It 
decreased from 51 wt% without addition of N, to 33 wt% 
for a N to Raney Ni ratio of 5700 mmolN per kg of Raney 
Ni. This increase in glycine loading was accompanied by 
an increase in pH to 3.8, measured after the experiment, 

Figure 2. EG + propylene glycol (PG) yield expressed 
as holocellulose content for cellulose + water soluble 
extractives mixtures. Reaction conditions: 5 wt% 
biomass loading, T = 245°C, t = 1 h, PH2 (initial) = 60 bar, 
pHinitial ≈ 3.3, Ni-catalyst/biomass mass ratio = 0.13. W 
catalyst input ≈ 225 mmol kgBiomass. The linear fit of the 
dataset by Li et al.23 corresponds to the fit determined in 
Figure 1 and is reported in C%. Lines drawn for clarity.
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whereas the pH is typically 3.3. Decoupling the effect of 
N and pH would be problematic when further raising the 
glycine dosage and was, therefore, not attempted. Note that 
methionine contains S as well as N. However, S is much 
more poisonous than N, e.g. 200 mmolS per kgRaney Ni gave 
19 wt% glycol whereas 5700 mmolN per kg of Raney Ni still 
resulted in a glycol yield of 33 wt%. The soluble tungstate 
concentration measured after the experiments for the model 
mixtures was comparable with the cellulose reference test, 
which suggests that these amino acids do not deactivate the 
tungstate catalyst.

In general, the yield obtained after experiments with 
(treated) hay followed the trend seen with the model 
mixtures. Moreover, the SA yield displayed the same trend as 
observed for the glycol yield, see Section 1.4 in Appendix S1. 
Besides the addition of S/N containing components, we also 
tested water-soluble acids (25 wt% of tannic or glucuronic) 
but no negative effect on the glycol and SA yields was found, 
see Section 1.5 in Appendix S1.

We also prepared the same charts seen in Figure 3, adding 
the data derived from the study by Li et al.,23 and found that 
their experimental results do match the trend observed in 
this work, despite the different catalyst (4% Ni–30%W2C/
AC) and somewhat different operating conditions used, see 
Section 3.2 in Appendix S1. Corn stalks (high S, moderate 
N) fall into the ‘sensitive window’ depicted in Figure 3a 
and yate (low S, high N) follows the general trend seen 
in Figure 3b. All other feedstocks except pine (n = 5), 
deliver a high combined glycol yield of ~50% or more as 
these experiments had S and N to catalyst ratios smaller 
than 17 mmolS per kgCatalyst and 150 mmolN per kgCatalyst 
respectively.

Plants take up S in the form of sulfate via their roots, 
which is then reduced and converted to cysteine and later 
primarily used for the assembly of proteins.27 Plants can 
therefore contain organic as well as inorganic sulfur. In 
addition to the tests supplemented with methionine, we 
also performed one run with sodium sulfate and found 
that its poisoning effect was much less severe than that of 
methionine. The experiment with ~1700 mmolS per kgRaney 

Ni in the form of sodium sulfate delivered an EG + PG yield 
of ~40 wt%, whereas the EG + PG yield was already below 
20 wt% for ~200 mmolS per kgRaney Ni when supplemented 
with methionine, see Section 1.6 in Appendix S1. However, 
we detected H2S in the outlet gas after the experiment, 
which indicates that sulfate was reduced over the Raney Ni 
catalyst under the experimental conditions. Some 91% of S 
was present in the form of sulfate in the reactor effluent. The 
9% of sulfate that was converted amounts to ~150 mmolS 
per kgRaney Ni, which would fall into the ‘sensitive window’ 
depicted in Figure 3 and is thus in line with the observations 
for mixtures of cellulose and methionine, see Section 1.6 
in Appendix S1. Thus, any form of sulfur-containing 
components in the feed should be avoided.

Although it was not an initial objective of this study, we also 
estimated the maximum S coverage of Raney to get an idea of 
the mode of deactivation, see Section 1.7 in Appendix S1. The 
limit of ~2700 mmolS per kg Raney Ni is much higher than 
the onset for deactivation seen between 67 and 200 mmolS per 
kg Raney Ni and the cut-off in activity at ~400 mmolS per kg 
Raney Ni seen in the study by Philippov et al.,29 who studied 
the transfer hydrogenation of camphor using 2-propanol at 
82°C. This advocates that the Raney Ni surface is composed 
of ‘active sites’ over which the hydrogenation reactions 

Figure 3. Combined glycol yield as function of sulfur and nitrogen of the feed to metal catalyst ratio for woody biomasses, 
hay, water-leached (WL) hay, water-leached and acid-leached (WL + AL) hay, and physical mixtures of cellulose and glycine 
(N) or methionine (S + N). Reaction conditions: 5 wt% biomass loading, T = 245°C, t = 1 h, PH2 (initial) = 60 bar, pHinitial ≈ 3.3, 
Ni-catalyst/biomass mass ratio; low Ni = 0.13, high Ni = 0.7. Sufficient W catalyst present in the outlet stream to allow for 
high glycol yield. Lines to guide the eye.
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occur. However, our experimental design is not optimal for 
this research objective as hydrogenation reactions compete 
with irreversible thermal side reactions. As a consequence, 
a low glycol yield is not necessarily the result of a fully 
deactivated catalyst, but possibly the amount of active catalyst 
just dropped below the critical threshold that is required to 
sufficiently suppress thermal side reactions.

Catalysts employed in industrial processes for the 
production of fuels and commodity chemicals typically 
produce at least 1 ton of product per kg of catalyst prior to 
disposal of the catalyst.18 With this criterion in mind, we can 
derive a preliminary sulfur and nitrogen target specification 
for the feedstock. Severe deactivation by sulfur was observed 
between 67 and 200 mmolS per kgRaney Ni, which translates to 
the very challenging feedstock specification of <67–200 μmol 
(2–6 mg) S per kg of biomass. The specification for N is 
milder at <5.7 mmol (80 mg) N per kg of biomass, but this 
advantage is offset by the fact that biomass typically contains 
much more N than S.

Note that we did not observe a sudden drop in activity 
for the addition of N instead of S. In fact, it seems that a 
plateau is reached around a glycol yield of 33 wt% compared 
with 51 wt% for the reference test, for the maximum N to 
biomass ratio that we applied (5700 mmolN per kg of Raney 
Ni). This hints that an equilibrium is established and that the 
deactivation is possibly reversible. Further study is required 
to understand the deactivation phenomena by N and could 
potentially alleviate the proposed feedstock specification.

Overall, the results of this study suggest that N and 
in particular S are the root cause for deactivation of the 
hydrogenation catalyst and that these are accessible to 
the catalyst surface under the reaction conditions. This 
is remarkable as we found that several extraction-based 
pretreatments with water, acidified water (10 wt% acetic acid) 
and ethanol at room temperature were rather ineffective for 
the removal of S and N from the biomass, see Section 1.3 
in Appendix S1 for details. Note that hydrogenolysis 
experiments are run in a similar solvent (acidified water, 
pH ~3.3). This suggests that the biomass structure must be 
degraded to release the proteins/amino acids in order to 
make them accessible to the Raney Ni catalyst surface, which 
apparently happens under typical hydrogenolysis conditions 
(245°C, pH ~3.3).

Conclusion

In our previous work we showed that critical tungstate 
poisons can be removed from biomass by an acidic 
wash, however, we failed to reproduce those results for 
hay, a herbaceous type of biomass. This biomass type is 

particularly rich in extractives, inorganics and proteins. 
It appeared that additional tungstate poisons, which we 
were unable to identify, are present in hay compared with 
woody biomasses. More critically, we found that N- and 
in particular S-containing components are the root cause 
of deactivation of the Raney Ni hydrogenation catalyst. 
This was shown by a series of experiments with physical 
mixtures of cellulose and methionine or glycine and 
experiments with (treated) biomass at various Raney Ni to 
biomass feed ratios.

The relatively good agreement between cellulose amino acid 
mixtures and (mildly treated) biomasses suggests that S/N 
in lignocellulosic biomass is accessible to the catalyst surface 
during the reaction conditions. However, S/N removal during 
non-destructive pretreatment was poor, which suggests that 
the biomass structure needs to be degraded to release S/N-
containing molecules, which apparently materialize under 
hydrogenolysis conditions.

From the experimental data we derived the very 
challenging feedstock target specifications of 67–200 μmol 
S and 5.7 mmol N per kg biomass or less to be attractive 
for industrial operation (i.e. 1 tonneProduct per kg of spent 
catalyst18). Typical biomass feedstocks contain S and N 
levels broadly exceeding these targets and we were unable 
to reduce them significantly using water, acidified water and 
ethanol extractions at mild temperatures. It should be noted 
that further study of these target criteria is desired as (1) 
the competition between hydrogenation and thermal side 
reactions might have resulted in a glycol yield drop prior to 
full deactivation of the catalyst and (2) catalyst deactivation 
under the addition of N-containing amino acid resulted in a 
yield plateau. Both could result in less tight S/N specifications 
for the feedstock.

Deactivation of heterogenous metal catalyst by N and 
in particular S is well known in petrochemistry, but often 
ignored when studying the metal-catalyzed conversion of 
biomass. We here pinpoint its criticality and the need to 
develop pretreatment techniques that effectively remove these 
N- and S-containing components and/or the importance of 
S/N-resistant catalysts in biomass conversion.
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