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ABSTRACT  

Biobased chemicals like phenolics and aromatics are preferably produced from cheap 

biomass waste streams. In this work, we have explored the potential of an eucalyptus-

derived 2nd generation bioethanol production stillage (BPS) residue for this purpose. A 

comparative study between a hydrothermal liquefaction (HTL) and a catalytic 

hydrodeoxygenation (HDO) step, as well as a 2-step HTL-HDO approach is reported, 

targeting at value-added low molecular weight platform chemicals (mainly 

alkylphenolics and aromatics). HDO was observed to be a more suitable strategy than 

HTL for the production of organic oils enriched in valuable monomers. The direct HDO 

of the BPS using a commercial Ru/C catalyst at 450 oC and 100 bar H2 pressure led to 

an organic product oil (30.7 wt%) with a total monomer yield of 25.2 wt% (13.2 wt% 

of alkylphenolic+aromatics), compared to a 53.2 wt% of a product oil with 10.0 wt% 

monomers for the HTL step (305 oC). A 2-step HTL-HDO strategy was compared with 

the direct HDO approach. Comparable alkylphenolic+aromatic yields were obtained 

through this approach based on initial BPS intake (13.2 wt% vs 12.3 wt% for the direct 

HDO and HTL-HDO approach, respectively). Lower HTL temperatures (305 oC) for 

the first step are preferred in order to prevent overhydrogenation in the subsequent 

HDO step. As such, HTL appears a suitable pre-treatment for BPS and can (i) solve the 

issues related to the feeding of solids in pressurised continuous reactors for HDO and 

(ii) prevent coke formation during the HDO step, thus improving catalyst stability and 

durability. 

 

Keywords: Bioethanol stillage, Hydrothermal liquefaction, Hydrodeoxygenation, 

Alkylphenolics, Aromatics 
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1. INTRODUCTION 

The foreseeable depletion of fossil energy sources combined with strict environmental 

policies to reduce CO2 emissions will require the establishment of sustainable and 

competitive lignocellulose-based (bio)refineries to produce biofuels and biobased 

chemicals and materials [1,2]. A well-known example is the production of bioethanol 

as an alternative to traditional fossil derived gasoline. In this respect, bioethanol derived 

from non-edible lignocellulosic biomass (second generation bioethanol) is preferred 

over conventional first generation bioethanol from sugar sources [3,4]. However, in 

second generation processes, significant residual amounts of stillage are produced, and 

the development of effective valorization routes towards added-value platform 

chemicals for this material is key in boosting the profitability of the 2nd generation 

bioethanol industry [5]. A techno-economic analysis by Baral et al. [6] demonstrated a 

higher profitability of using stillage as a source for biobased products instead of using 

it solely for combustion. However, the material is a complex mixture of lignin, residual 

(hemi)cellulose and other residues (e.g. proteins) in variable amounts which renders its 

conversion highly challenging, and the use of “traditional” routes for technical lignins 

for this material needs to be explored and understood.  

Among the wide variety of lignocellulosic biomass conversion methods available [7], 

hydrothermal liquefaction (HTL) presents a number of advantages: (i) no pre-drying is 

required for the biomass, (ii) hot pressurized water can simultaneously be used as 

reactant and reaction media, (iii) it requires milder operation conditions in comparison 

to other approaches (i.e. pyrolysis, gasification) and (iv) is highly versatile and 

environmentally friendly [8,9]. HTL is also applicable for lignin-containing feed 

streams. So far, most of the lignin liquefaction studies focused either on technical 

commercially available lignins [10–13] for the production of oils enriched in 

oxygenated monomers [8], or model compounds, like phenolic dimers. [14] The use of 

formic acid (which delivers molecular hydrogen when decomposing) in HTL is also 

known to aid the production of an oil product with increased H/C ratios and lower 

oxygen contents [15,16]. 

To date, research reported in the literature on bioethanol production stillage (BPS) 

residues for the production of platform chemicals is scarce. A BPS from the enzymatic 

hydrolysis of eucalyptus was recently used by Løhre et al. [17] to obtain monomers 

through a lignin-to-liquid solvolysis approach in a batch reactor and using FA as a 
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hydrogen donor. They attained oil yields between 26.4-36.6 wt%. In addition, it was 

reported that removal of the carbohydrate fraction in the stillage by an organosolv 

extraction lead to enhanced oil yields. Liu et al. [18] evaluated the use of corn stalk 

lignin residues from bioethanol production for the synthesis of a wide range of vinyl 

phenolics through pyrolysis. Mainly 4-vinylphenol and 4-vinylguaiacol were formed 

with a selectivity of up to 43.9 wt% at 500 oC. Ru-based catalysts supported over ZrO2 

and activated carbon were applied by Gómez-Monedero et al. [19] on the solvent-aided 

hydrotreatment of an industrial BPS in a batch reactor resulting in liquid product yields 

in the 60-70% range. The hydrotreatment of pyrolysis liquids derived from BPS 

residues was also recently reported by Priharto et al for the production of monomers, 

achieving total monomer yields of up to 50 wt%, primarily in the form of alkylphenolics 

[20]. Other advanced bioethanol stillage applications include the use as thermoset bio 

composites [21] and production of adhesives [22], among others.  

Despite the potential of HTL for depolymerization of polymeric lignin-containing 

materials to product oils enriched in phenolics, further upgrading is required to reduce 

the bound oxygen content and to reduce the molecular weight of the obtained 

liquefaction oils [9]. In this context, catalytic hydrodeoxygenation (HDO) over noble 

metal-based catalysts is considered as one of the most promising routes. It involves 

contacting the biomass derived feed with a catalyst in combination with hydrogen or a 

compound that forms hydrogen in situ (e.g. alcohols, formic acid). Examples of 

catalysts are sulfided NiMo and CoMo catalyst formulations and noble metals on 

supports, of which the latter have shown to be more active and present a higher stability 

in a water-containing reaction medium [23–26]. 

In this work, we have assessed the potential of a bioethanol production stillage (BPS) 

residue obtained from a mild acid pretreatment followed by an enzymatic hydrolysis of 

eucalyptus as a source for sustainable platform chemicals (primarily alkylphenolics and 

aromatics). A comparative study has been performed between the direct one-pot HTL 

and the catalytic HDO (using Ru/C and Pt/C catalysts) and a 2-step HTL-HDO 

approach, in terms of product yields and the quality and composition of the produced 

oils at different operation temperatures. Such a comparative study including the 

combined HTL-HDO approach has not yet been reported for the valorization of BPS. 

In addition, the products were analyzed in great detail using a number of analytical 

techniques (EA, GCxGC, GPC, 13C NMR), providing insights in the molecular 

transformations occurring during the HTL and HDO process. 
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2. EXPERIMENTAL SECTION 

2.1. Chemicals and catalysts 

The bioethanol production stillage (BPS) residue, produced by a mild acid pre-

treatment followed by enzymatic hydrolysis of eucalyptus was produced at the 

Biorefinery Demo Plant (BDP) in Ӧrnskӧldsvik (Sweden) and provided by SEKAB 

(Sweden). The BPS was received as a wet sample and was dried in an oven at 60 °C 

until constant weight before subsequent manual grinding and sieving to a dry powder 

(dp < 500 μm). For HDO experiments, the sample was ball milled using a Fritsch GmbH 

Pulverisette 6 ball miller, for 5 min at 300 rpm. Tetrahydrofuran (˃ 99.9 %), ethyl 

acetate (˃ 99.8 %) and formic acid (˃ 98 %) were purchased from Sigma Aldrich and 

used without further purification in the hydrothermal liquefaction (HTL) stage.  

The Ru/C and Pd/C catalyst (5 wt% metal loading) used for the catalytic 

hydrodeoxygenation (HDO) were supplied by Sigma-Aldrich. Dichloromethane 

(DCM) and acetone (both purchased from Boom B.V.) were used as solvents for 

product retrieval in the HDO process. Hydrogen (> 99.99 %, purchased at Hoek Loos) 

was used as the reaction gas. The reference gas used for identification of the permanent 

gases in the gaseous product was supplied by Westfalen Gassen Nederland B.V 

(55.19 % H2, 19.70 % CH4, 3.00 % CO, 18.10 % CO2, 0.51 % ethylene, 1.49 % ethane, 

0.51 % propylene and 1.50 % propane). He (Linde, > 99.99%) was used as carrier gas 

for gas product analysis.  

For the GCxGC-FID analysis, tetrahydrofuran (THF, Boom B.V.) was used as a 

solvent, and di-n-butylether (DBE, 99.3%, Sigma Aldrich) was used as an internal 

standard. 

 

2.2. Bioethanol production stillage (BPS) characterization 

Elemental analyses (EA) to determine the C, H, N, and S content of the BPS and liquid 

organic samples were performed using an Euro Vector 3400 CHN-S analyser. The 

amount of oxygen was calculated by the difference. Analyses were performed at least 

in duplicate and average values are reported. 

Thermogravimetric analysis (TGA) of the BPS was carried out using a 

Thermogravimetric Analyzed TGA 4000 apparatus from Perkin-Elmer. Approximately 
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10 mg of sample was used for each analysis. The sample was heated from 30 to 900 °C 

at a 10 °C min-1 rate under an inert N2 atmosphere (50 ml min-1).  

Fourier Transformed Infrared spectra (FTIR, 64 scans) were acquired using a Spectrum 

2000 apparatus from Perkin Elmer. Spectra were obtained in absorbance mode in the 

600-4000 cm-1 scan range using Happ-Genzel apodization. 

13C CPMAS NMR spectra were recorded on a Bruker AVANCE III, 9.4 T system 

equipped with a 4 mm MAS DVT Double Resonance HX MAS probe. Larmor 

frequencies were 400.17 MHz and 100.63 MHz for 1H and 13C nuclei, respectively. 

Sample rotation frequency was 10 kHz and relaxation delay was 5 s. The number of 

scans were 10240. Polarization transfer was achieved with RAMP cross-polarization 

(ramp on the proton channel) with a contact time of 5 ms. High-power SPINAL 64 

heteronuclear proton decoupling was applied during acquisition. The estimated 

concentration (%) of methoxy functionalities in the BPS was calculated from the 

integration of the solid-state CP/MAS 13C NMR spectra using Eq. 1. 

[𝑀𝑒𝑂](%) =
𝐴𝑀𝑒𝑂

𝐴𝑇𝑜𝑡𝑎𝑙
100       (Eq. 1) 

Where AMeO is the area of the methoxy peak in the spectra (δ 50-59 ppm) and ATotal is 

the total peak area (δ 0-210 ppm). 

 

2.3. Hydrothermal liquefaction (HTL) of BPS 

Hydrothermal liquefaction experiments were carried out in a stirred 5.3 L high-pressure 

autoclave reactor from ESTANIT GmbH at two different experimental conditions: (i) 

305 ºC, reaction time of 2 h; reactor intake: 200 g of BPS, 500 g of water, and 244 g of 

formic acid (FA) and (ii) 350 ºC, reaction time of 2 h; reactor intake 300 g of BPS, 

750 g of water, and 366 g of FA. The heating time from room temperature to the desired 

temperature (305 and 350 °C) was in a range of 60 – 70 min, giving an approximate 

heating rate of 5 °C min-1. Reaction time was measured after the setpoint temperature 

was reached. The experiments (and the produced liquefied oils) were designated as 

HTL1 (305 ºC) and HTL2 (350 ºC). The workup procedure for the recovery of the 

different product fractions is given in detail in Scheme S1. The final oil and solid yields 

were determined by weight after solvent evaporation and drying. The mass balance was 

calculated as the sum of oil and char yields (Eq. 2). 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡%) =
𝐷𝑟𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝐷𝑟𝑦 𝐵𝑃𝑆 𝑖𝑛𝑡𝑎𝑘𝑒 (𝑔)
𝑥100   (Eq. 2) 
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2.4. Catalytic hydrotreatment of the BPS and HTL oils 

The catalytic hydrotreatment runs were carried out in a stainless steel batch autoclave 

(100 mL, Parr Instruments Co.) equipped with a Rushton-type turbine as described in 

previous research [27,28]. During the experiments, temperature and pressure in the 

reactor were monitored online. For all experiments, the reactor was loaded with 15 g of 

either ball-milled BPS (direct HDO) or HTL oil (HTL+HDO approach) and 0.75 g of 

catalyst (Ru/C or Pd/C). After loading the reactor, it was flushed several times with H2 

to expel air, and then pressurized to 180 bar for a leak test at room temperature. 

Subsequently, the H2 pressure was set at 100 bar and stirring was started at 1200 rpm. 

After that, the reactor was heated up to the desired reaction temperature (375-450 ºC) 

at an approximate rate of 10 ºC min-1, and time zero was set once the temperature 

setpoint was reached. After 4 h, the reactor was cooled to room temperature and the 

pressure at room temperature was recorded. In combination with a compositional 

analysis of the gas phase by GC, it allowed determination of the total amount of H2 

consumed during the reaction.  

The workup procedure followed for the recovery of the different product fractions 

involves a solvent-based procedure which is described in detail in previous works 

[29,30] and schematized in Scheme S2. Gas phase products were collected in a 3 L 

Tedlar gas bag to determine their composition. After reaction, an aqueous phase and an 

organic phase were obtained. The organic oil and water were easily separated from the 

rest of the products by decantation. After that, a solvent wash was used to recover the 

remaining organic products absorbed on the solid phase. The procedure involves 

treatment of the solid phase with DCM and acetone, from where organic DCM and 

acetone soluble phases are obtained, respectively. The remaining solid fraction, 

containing both the spent catalyst and the coke formed during reaction was dried and 

weighted for mass balance calculations. Product yields and mass balances are 

calculated on a feed intake (either BPS or HTL oils) basis, as specified in Eqs. 3 and 4. 

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡%) =
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝐹𝑒𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
𝑥 100    (Eq. 3) 

𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 (𝑤𝑡%) =
∑(𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑤𝑒𝑖𝑔ℎ𝑡)(𝑔)

𝐹𝑒𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
𝑥 100    (Eq. 4) 

 

2.5. Analysis of the gas and organic liquid phases  
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The composition of the gas phase was analyzed by gas chromatography using a Hewlett 

Packard 5890 Series II GC apparatus equipped with a thermal conductivity detector 

(TCD), using a Poraplot Q Al2O3/Na2SO4 column and a molecular sieve column (5 Å) 

connected in series. The reference gas had the following composition: 55.19 % H2, 

19.70 % CH4, 3.00 % CO, 18.10 % CO2, 0.51 % ethylene, 1.49 % ethane, 0.51 % 

propylene and 1.50 % propane. 

Two-dimensional gas chromatography analyses were performed on the organic liquid 

product samples using a Trace GCxGC Interscience equipment provided with a flame 

ionization detector (GCxGC-FID), a cryogenic trap system, and two columns: a RTX-

1701 capillary column (30 m x 0.25 mm i.d. and 0.25 µm film thickness) connected to 

a Rxi-5Sil MS column (120 cm x 0.15 mm i.d. and 0.15 µm film thickness). He was 

the carrier gas, and a dual jet modulator was used to trap the samples using CO2 with a 

modulation time of 6 s. The injector temperature and FID temperature were set at 

280 °C. The oven temperature was kept at 60 °C for 5 min and then heated to 250°C 

with a rate of 3°C min-1. The pressure was set at 0.7 bar. Details on the calibration of 

the GCxGC-FID and relative response factors (RRFs) are given in previous 

publications [27,30]. The fraction of volatile compounds in the product oil was 

calculated using Eq. 5. 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 (%) =
𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡%)

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡%)
𝑥 100    (Eq. 5) 

For the identification of individual components in the HDO oils, GC analyses were 

performed using a Hewlett Packard 5890 GC provided with an FID detector, coupled 

with a Quadruple Hewlett Packard 6890 MSD (GC-MS-FID). An RTX-1701 (60 m x 

0.25 mm i.d. and 0.25 µm film thickness) GC column was used.  

For both GCxGC-FID and GC-MS-FID analyses, the samples were diluted to a 1:30 

ratio in THF and then DBE was added to serve as an internal standard. The 

identification of the main GCxGC components (aromatics, alkylphenolics, ketones, 

acyclic and cyclic alkanes, naphthenes, guaiacols and catechols) was done by spiking 

with representative model compounds of the respective component groups and GC-

MS-FID analysis. 

The molecular weight distributions of the HTL oils, HDO oils, DCM and acetone 

soluble liquid fractions, were determined using gel permeation chromatography (GPC) 

analyses using a HP1100 unit equipped with three 300x7.5 mm PLgel 3 μm MIXED-E 

columns in series in combination with a GBC LC 1240 RI detector. THF was used as 
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eluent (1 ml min-1), toluene was added as a flow marker, and polystyrene standards with 

different molecular weight were used for calibration of the molecular weight. 

Elemental analyses for the oil products were performed to determine the C, H, N, and 

S content using an Euro Vector 3400 CHN-S analyzer. The amount of oxygen was 

calculated by the difference of CHNS. Analyses were performed at least in duplicate 

and average values are reported. 

13C-NMR measurements of the liquid HTL and HDO oil samples were carried out using 

a Bruker AVANCE III 600 MHz spectrometer. Spectra were acquired at 25 ºC using 

an inverse-gated decoupling sequence to avoid the NOE effect, acquiring 2018 scans 

and using a relaxation delay of 5 s. Dimethyl sulfoxide-d6 (DMSO-d6, 99.5 atom%, 

Sigma Aldrich) was used as a solvent, and deuterated chloroform (99.8 atom%, Sigma 

Aldrich) was used as an internal standard (IS). The concentration of the samples was of 

20-22 wt% (approximately 0.2 g of oil in 1 g of solvent), and 0.1 g of IS was added to 

each sample.  

 

3. RESULTS AND DISCUSSION 

3.1. Characterization of the BPS 

Detailed characterization of the BPS was performed to determine its composition and 

to gain insights in chemical transformations during HTL and HDO. The elemental 

composition and ash content of the BPS (as calculated from elemental analysis and 

ICP) are displayed in Table 1. While the H (5.2 wt%) and N (< 1 wt%) contents are 

similar to those of commercial (technical) lignins, the C (47.9 wt%) and O (46.3 wt%) 

contents differ notably (62-68 wt% C and 26-31 wt% O) [28]. The high oxygen content 

is attributed to a significant amount of residual sugars/carbohydrates present in the BPS 

material (vide infra) [31]. The ash content is about 4 wt%, which is in line with data 

from Løhre et al. [17]. The nitrogen content (0.6 wt%) also indicates the presence of 

some residual proteins [32], whose content is estimated to be about 3.8 wt% when using 

a well-established nitrogen-to-protein conversion factor of 6.25 [33]. The Klason lignin 

content was shown to be 51.3 wt%, hence indicating the presence of a significant 

fraction of acid-insoluble recalcitrant lignin.  
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Table 1. Elemental composition and metallic content of the BPS 

Composition wt% 

C 47.9 

O 46.3 

H 5.2 

N 0.6 

S < 0.01 

Other elements mg kg-1 

Al 1034 

Ca 9343 

Fe 1120 

K 723 

Mg 439 

Na 2008 

P 1620 

 

TGA analysis was applied to study the thermal behavior of the BPS [28,34]. The TGA 

and DTG curves (obtained in a N2 atmosphere) are displayed in Figure 1. The residue 

after the measurement was 16%, in contrast to the 30-40 wt% weight residue that is 

typically observed for commercial (technical) lignins [28,35]. This implies that DGS 

contains less lignin and more holocellulose, in line with the Klason lignin content 

analysis [36,37]. Decomposition of the BPS takes places in a wide temperature range 

and peaks for hemicellulose decomposition at 200-300 oC, cellulose at 315-400 oC, and 

lignin at 280-500 oC are observed [38,39]. Through deconvolution of the DTG signal 

(see Figure 1) it was estimated that BGS contains 31 wt% of hemicellulose, 36 wt% of 

cellulose and 33 wt% of lignin.  
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Figure 1. TGA and DTG curve deconvolution for the thermal BPS decomposition 

 

Solid state CP/MAS 13C NMR for the BPS material (Figure 2) show intense peaks 

from the aforementioned residual (hemi)cellulose fraction at  64 (C5), 75 (C2-C4) and 

δ 102 ppm (C1). Furthermore, characteristic bands for lignin are also observed at δ 50-

59 ppm (indicative of the presence methoxy functionalities), and in the δ 110-160 ppm 

and δ 165-180 ppm ranges, attributed to C-C double bonds in olefins/aromatics and 

C=O bonds in lignin, respectively [40,41]. The most intense band in the aromatic 

region corresponds to aromatics with -OH/-OR substituents. The estimated methoxy 

content in the BPS (Eq. 1) is 5.2 %, which is about half of the amount of methoxy 

groups typically found in technical lignins [28]. This again confirms that the BPS 

contains considerable amounts of residual sugars, in agreement with the elemental 

analysis and TG analysis results in Table 1 and Figure 1, as well as the FTIR results in 

Figure S1, and the Klason lignin analysis. 
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Figure 2. Solid state CP/MAS 13C NMR spectra of the BPS 

 

3.2. Direct hydrodeoxygenation (HDO) of the BPS 

The hydrotreatment of BPS was carried out at 375-410-450 ºC (Ru/C) and at 410-450 

ºC (Pd/C) using 100 bar hydrogen pressure in a batch set-up in the absence of an 

external solvent. Typically, a solid phase, two liquid phases (water and organics) and a 

gas phase were obtained after reaction. The product distributions are displayed in 

Figure 3. An organic liquid phase (oil) was the main product in all cases with yields of 

28.0-39.2 wt% on BPS intake, followed by gas products (20.8-23.8 wt%), an aqueous 

phase (15.1-20.3 wt%) and char (13.5-17.6 wt%). Mass balances were overall 

satisfactory and > 84% in all cases. Most accurate mass balance closures were achieved 

at lower hydrotreatment temperatures. This is due to a lower extent of gasification 

occurring at these temperatures, which is most difficult to quantify accurately. 

Reproducibility tests showed < 3 wt% deviation in the produced yields, indicating good 

reproducibility and comparability of results.  

Analyses of the gas phase products (see detailed composition in Table S1) show the 

presence of considerable amounts of CO2 (23.5-25.9 %) and CH4 (10.0-30.0 %), and 

unreacted excess hydrogen. CH4 is most likely formed from the hydrogenolysis of 

methoxy functional groups and gas phase reactions of CO and CO2 with hydrogen [42]. 

The formation of CH4 was significantly higher with the Ru-based catalysts than with 

the Pd-based one. This is in line with literature data, showing that Ru is a better 

methanation catalyst [29].  
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Typically, the product oils were obtained as viscous oils that required a solvent-based 

procedure for their isolation (see Scheme S2), particularly when obtained at 375 ºC and 

410 ºC. However, at 450 oC the organic product oil was a clear low-viscous liquid, 

which could easily be separated from the water phase. Overall, the best results were 

obtained using the Ru/C catalyst at 450 oC, producing an oil yield of 30.7 wt% and the 

highest total monomer yield of 25.2 wt%. When operating at the same temperature, the 

Pd/C catalyst provided higher oil yields compared to the Ru/C catalyst, but less total 

monomers. This can be explained by assuming a lower cracking activity for the Pd/C 

catalyst. This eventually leads to a higher amount of higher molecular weight 

compounds in the product oil compared to the Ru/C catalyst.  
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Figure 3. Main product distribution, total monomer yield and mass balance closures 

for the direct hydrotreatment of the BPS with the different catalysts and reaction 

temperatures. 

The elemental composition (data as obtained) of the product oils is provided in Table 

S2, and the corresponding O/C and H/C ratios are plotted in the Van Krevelen graph in 

Figure 4. Through the direct HDO of the BPS, the oxygen content has been drastically 

reduced from 46.3 % in the BPS (O/C ratio of 0.73) to ca. 3.9-6.3 % in the organic 

product oils (O/C ratio of 0.04-0.06). A slight reduction of the H/C ratio in the oils was 

also observed with respect to BPS. Interestingly, at higher temperatures (450 oC), 

hydrogenation is promoted and higher H/C ratios are observed in the produced oils 

(H/C =1.3). On the other hand, the O/C and H/C ratios are not significantly different 

for the catalyst. It should also be mentioned that there is always a “residual” amount of 
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oxygen remaining in the organic product (5-7 %), and quantitative “deep” 

deoxygenation towards hydrocarbons is not possible at these conditions.  
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Figure 4. Van Krevelen plot of the BPS material, the HTL oils and the oils upgraded 

through the HDO and HTL-HDO strategies 

The composition of the organic product was analyzed by means of GCxGC-FID, which 

is known to offer great potential for analyzing highly complex mixtures, since 

components of similar chemical nature can be clustered in specific regions [27,29,43]. 

An example of a typical chromatogram of bio-derived oils is provided in Figure S2, 

where the chemical compounds are classified as: alkylphenolics, aromatics, 

naphthalenes, linear and cyclic alkanes, guaiacols, catechols and ketones [30]. Figure 5 

shows the results obtained by means of this technique. The total monomer yield from 

the direct HDO oils (measured by GCxGC-FID), also indicated in Figure 3 (stripped 

areas), are between 10.8-25.2 wt% on lignin intake. It was observed that, even though 

lower hydrotreatment temperatures favor oil yields (Figure 3), the amount of monomers 

is lowest. For instance, in the 375-410 ºC range, the organic product volatility (Eq. 4) 

was 28-41% (relative to the total), and this value increased up to 65.3% and 82.0% 

using the Pd/C and Ru/C catalysts, respectively when operating at 450 ºC. Thus, 

temperature has a major effect on the level of depolymerization of the BPS, with higher 

temperatures leading to a higher extent of depolymerization, favoring monomer 

formation.   

Overall, alkylphenolics were the main chemical group, together with noticeable 

amounts of aromatic compounds and (typically) lower amounts of alkanes and other 
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oxygenates. The product composition is temperature depending. In the 375-410 ºC 

range, the amount of both linear and cyclic alkanes is low (< 2 wt%), at higher 

temperatures (450 ºC) their amounts are significantly higher (5.4-6.6 wt%). At 450 ºC 

both linear and cyclic alkanes appear in similar proportions, however, at lower 

temperatures linear alkanes are dominant. These results can be explained by assuming 

that both (hydro-) cracking and hydrogenation reactions are enhanced at more severe 

conditions. As such phenolics and aromatics may be further hydro(deoxy)genated) 

leading to the formation of saturated rings [29,44]. A simplified overview of the lignin 

fraction related reactions that occur during the HDO of the BPS is provided in Figure 

6. Firstly, the BPS will decompose into smaller mono- and poly-oxygenated 

compounds through a series of ring opening, chain scission, cracking and 

hydrogenation reactions, among others. Subsequently, and even though some of these 

structures might again condense towards coke, they can undergo either hydrogenation 

(towards overhydrogenated oxygenated compounds) or hydrodeoxygenation, leading 

to interesting monomers like monoaromatics, which might also further hydrogenate.  

0

2

4

6

8

10

4

3

2

1

450-Ru 450-Pd410-Pd410-Ru

 

 

Y
ie

ld
 (

w
t%

 o
n
 B

P
S

 i
n
ta

k
e)

 Alkylphenolics

 Aromatics

 Naphthalenes

 Linear alkanes

 Cycloalkanes

 Guaiacols

 Catechols

 Ketones

375-Ru

 

Figure 5. Organic product composition obtained from the direct hydrotreatment of the 

BPS classified as: alkylphenolics (1), aromatics (2), alkanes (3) and other oxygenates 

(4). 
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Figure 6. Simplified scheme of the main lignin-related reactions occurring during the 

HDO of BPS 

 

The large influence of reaction temperature on the monomer yields for the different 

HDO oils was confirmed by their molecular weight distributions as determined by GPC 

(Figure S3). The average molecular weights varied from 430 g mol-1 at 375 ºC, to 290-

310 and 220-240 g mol-1 at 410 ºC and 450 ºC, respectively. The GPC curves also show 

slightly wider distributions (longer tailing) for the oils produced with the Pd catalyst, 

which is in agreement with their lower volatility when compared to the oils produced 

using the Ru catalysts (32 vs 41% at 410 ºC and 69 vs 82% at 450 ºC).  

 

3.3. Hydrothermal liquefaction (HTL) of BPS 

The hydrothermal liquefaction of the BPS was carried out in a batch reactor set-up at 

two different temperatures (305 ºC and 350 ºC), for 2 h, using water as solvent and 

formic acid (FA) as hydrogen donor in a BPS /H2O/FA mass ratio of 1/2.5/1.22. For 

two experiments conducted in the same experimental setup (0.025 L scale) at similar 

conditions, variations < 5% in the product yields were observed. The experiments and 

corresponding product oils were designated as HTL1 (305 ºC) and HTL2 (350 ºC). The 

product distributions for both experiments, together with the chemical composition of 

the product oils are listed in Table 2. HTL1 was obtained in a yield of 53.2 wt% on a 

BPS intake basis, together with 23 wt% of char. The remaining products were gases. 
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Performing the reaction at higher temperature (HTL2) led to a reduction in oil (43.5 

wt%) and char yield (14.7%).  

At similar conditions of 310 oC, Duan et al. [45] reported a 60 wt% oil yield from the 

HTL of an alkali lignin in a water/ethanol mixture. In the 300-350 oC range, Rana et al. 

[46] produced 35.7-38.9 wt% total bio-oil from the depolymerization of Kraft lignin 

through HTL in subcritical water conditions, accompanied with 27.4-29.1 wt% char 

formation. All in all, our yield data are consistent with those reported in the literature, 

and prove that the HTL of a BPS can provide comparable oil yields to technical lignins, 

with less char formation, given the intrinsic lower aromaticity of this material [28].  

Through this HTL approach, oils with a partially reduced oxygen content were 

produced, as shown from the elemental compositions of the HTL oils listed in Table 3 

and also in the Van Krevelen plot in Figure 4. The O/C ratio of the HTL oils was hence 

decreased to 0.25 (for HTL1) and 0.16 (for HTL2), while the H/C ratio was of 1.2-1.3. 

Oxygen content has been reduced to 22.9% and 15.8% in the HTL1 and HTL2 oils, 

implying a total oxygen removal of 50% and 66%, respectively. It should also be 

mentioned that increasing HTL temperatures favor the removal of oxygen in the 

product oil [47].  

The composition of the volatile fraction of the HTL oils (as measured from GCxGC-

FID techniques, following the same chemical group classification discussed in the 

previous section and including fatty acids and volatile fatty acids, VFA) is provided in 

Table 2. Oxygenated chemical groups (catechols, ketones, guaiacols, alkylphenolics 

and fatty acids) accounted for the majority of the volatile fraction of the HTL oils, with 

total relative concentrations of 93.8 and 90.9 % for HTL1 and HTL2, respectively. A 

higher relative content of hydrocarbons upon increasing the severity of the HTL process 

was observed. These results are in line with previous studies on lignin HTL, where 

lignin is reported to provide mainly phenolic-type compounds in the product oils in 

comparison to biomass itself [13,48]. Despite significant lignin depolymerization 

taking place during HTL, the overall volatility of the produced oils was low. 

Temperature has a major effect and higher process temperature led to higher volatilities, 

from 10.0% in HTL1 to 26.6 % in HTL2, though it is clear that the majority of the oils 

consist of non-GC detectable components. In line with this, Figure S4 depicts the GPC 

distributions for both HTL1 and HTL2 oils, from which estimated average molecular 

weights of 840 g mol-1 and 420 g mol-1 were calculated, respectively.  
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Table 2. Product yields and composition of the oils (as measured from GCxGC-FID) 

obtained from the hydrothermal liquefaction of the lignin-enriched residue 

 HTL1  HTL2 

Oil (wt%) 53.2 43.5 

Char (wt%) 22.9 14.7 

Material recovery (wt%) 76.1 58.2 

Chemical composition of the obtained HTL oils (wt% on BPS intake) 

Alkylphenolics 1.9 6.9 

Aromatics 0.2 1.1 

Naphthalenes 0.3 0.8 

Alkanes 0.1 0.5 

Cycloalkanes <0.1 <0.1 

Guaiacols 1.3 3.1 

Catechols 2.7 8.2 

Ketones 1.4 3.2 

Fatty acids 0. 1.1 

VFA 1.3 1.7 

Volatile fraction (%) 10.0 26.6 

 

Due to the low volatility of the HTL oils and thus the limited identification potential 

provided by GC techniques, 13C NMR was used to obtain further insights in the 

chemical composition of the HTL oils. The 13C NMR spectra for both HTL oils is 

provided in Figure S5, where the following main regions of interest can be 

distinguished: the aromatic region in the  102-155 ppm range where C-H ( 95.8-

132 ppm), C-C ( 132-142 ppm) and C-O ( 142-166.5 ppm) bonds appear; oxygenated 

aliphatics in the  60.8-95.8 ppm range with a strong peak corresponding to the 

presence of methoxy groups at  55.2-60.8 ppm; and saturated aliphatic chains in the 

0-55 ppm range (excluding the solvent) [49,50]. The peaks corresponding to the 

DMSO-d6 solvent and internal standard (chloroform-d) appear at  79 ppm and  40 

ppm, respectively. The quantification results in Table 3 show the predominantly 

aromatic nature (49-60 %) of both HTL oils, particularly in the case of HTL1. In the 

aromatic region, C-H bonds are predominant (45%), followed by C-C bonds (36-41%) 

and lower amounts of C-O linkages (14-18%). Side chain aliphatics account for about 
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38% in both oils. Interestingly, while in the case of the HTL1 oil (with a higher O2 

content) the majority of the oxygen is contained within aromatic structures, the HTL2 

oil presents an important amount of oxygenated aliphatic side chains and methoxy 

functionalities (9.5 and 2.1%, respectively), which can potentially represent a drawback 

when the production of phenolic monomers is aimed. 

 

Table 3. Elemental composition and 13C NMR quantification for the HTL oils 

 HTL1 HTL2 

Elemental composition (wt%) 

C 69.3 75.6 

H 7.3 7.9 

O 22.9 15.8 

N 0.5 0.7 

13C NMR quantification (%) 

Carbonyl  0.3 1.4 

Total aromatics  60.3 49.1 

C-Oa 14 18 

C-Ca 41 36 

C-Ha 45 45 

Oxygenated aliphatics  0.9 9.5 

MeO 0.7 2.1 

Aliphatic side chains 37.8 38.0 

Aromatics/Aliphaticsb 1.6 1.0 

aReferred to the total aromatic content 

bMolar ratio, including oxygenated aliphatics and aliphatic side chains 

 

Despite a significant oxygen removal being achieved through HTL, the low volatility 

of the oils and the significant content of methoxylated oxygenates indicate the necessity 

of further depolymerization of the HTL oils for obtaining aromatic monomers. Hence, 

the HDO of these oils will be explored, and the results are provided in the next section.  

All in all, and compared to HTL, the direct HDO of the BPS (discussed in Section 3.2.) 

is a more suitable approach if the production of platform chemicals is targeted. Direct 

HDO of the BPS provides overall lower oil yields but with a significantly higher 
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volatility and richer in aromatics and (alkyl)phenolics, especially when performed at 

temperatures > 410 oC, and with a lower char formation in contrast to HTL. On the 

basis of the obtained results, HTL could serve as an interesting pre-treatment for the 

BPS material when aiming for its valorization in a continuous system, avoiding the 

hurdles of feeding a solid feedstock in the system, and this approach will be discussed 

in the following section.  

 

3.4. Two step HTL-HDO  

To the feasibility of a two-step HTL-HDO approach, the HTL oils were subjected to a 

catalytic hydrotreatment in a batch set-up using molecular hydrogen without the use of 

an external solvent. The HTL1 oil (of a heavier and more oxygenated nature) was 

hydrotreated at 410-450 ºC using both the Ru/C and Pd/C catalysts, while the HTL2 

was processed at milder conditions (410 ºC with the Pd/C catalyst and 375-410 ºC using 

the Ru/C catalyst). 

The product distributions for the hydrotreatment of the HTL1 and HTL2 oils are shown 

in Figure 7. The most noticeable result using the 2-step HTL+HDO approach in contrast 

to direct HDO of the BPS (see Figure 3), is the absence of char at all temperature 

conditions and regardless of the catalyst type. Product oil yields were in the 50.7-64.1 

wt% (HTL1) and 76.4-85.7 wt% ranges (HTL2). Gas products and aqueous phase 

yields are higher for HTL1 (15.5-23.8 wt% vs. 5.1-12.0 wt% and 10.5-15.9 wt% vs 5.0-

6.9 wt%, respectively). Mass balance closures were between 88.7-95.9 %. Higher oil 

yields were obtained at lower temperatures due to a reduction in the amount of gas 

phase components formed. This observation is in agreement with a study of Shakya et 

al. [51] on the HDO of an algae bio-oil over different catalysts at 300-350ºC.  

The elemental composition for the oils upgraded through the 2-step procedure and those 

obtained from the direct HDO of the BPS material of these oils are within close ranges 

(Table S2). As observed from the Van Krevelen plot (Figure 4) the oils obtained 

through the HTL-HDO approach show very similar O/C ratio (0.04-0.06), but an 

overall higher H/C ratio (1.26-1.35) that those obtained from direct HDO of BPS (1.16-

1.22). This is a consequence of processing an already partially deoxygenated and 

depolymerized feed like the HTL oils, which might lead to overhydrogenated product 

(see Figure 6).  

Total monomer yields (striped areas) as determined by GCxGC exceeded 30 wt% in all 

cases. This is considerably better than for the direct HDO of the BPS, where yields 
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higher than 20 wt% could only be attained at the most severe conditions (450 ºC). 

Furthermore, the molecular weight distributions (see Figure S4) show that the HTL oils 

present average molecular weights of 840 g mol-1 (HTL1) and 420 g mol-1 (HTL2), 

which have been reduced to 240-270 g mol-1 and 210-220 g mol-1 when operating at 

410 oC and 450ºC, respectively. These results showcase the substantial 

depolymerization that is occurring during HDO. 
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Figure 7. Main product distribution, total monomer yields and mass balance closures 

for the hydrotreatment step in the two step HTL-HDO approach.  

 

The composition of the product oils is displayed in Figure 8, following the same 

chemical compound classification applied for the HDO of BPS in Figure 5. Overall, 

there is a predominance of alkylphenolics and aromatic monomers (combined 12.7-

20.0 wt%) in the hydrotreated oils. It is observed that aromatics are preferentially 

formed at 450ºC, when HDO reactions are favored [30]. Alkanes were also observed 

(23-48 wt%) and among others might originate from the conversion of organic acids in 

the HTL oils, and over-hydrogenation of aromatics/alkylphenolics [51]. The amount is 

highest when using the Pd/C catalyst, with has a known higher hydrogenation capacity 

than Ru/C [29], The yields of oxygenated compounds (excluding phenolics) were 

minor, and in the 2.3-3.6 wt% range. The lower selectivity of the Ru/C catalyst towards 

the formation of alkanes implies that this catalyst is preferred for the hydrotreatment of 

the HTL oils. Despite achieving an increase in the product oils of about 15-20 wt% 

when processing the HTL2 oil at 410 ºC (see Figure 7), monomer yields did not increase 
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proportionally and the oil volatility was in the 43-58 % range in all cases at this 

condition. The highest volatility of 66-67 % was attained during HDO at 450 oC. 
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Figure 8. Organic product composition obtained from the hydrotreatment of the HTL 

oils classified as: alkylphenolics (1), aromatics (2), alkanes (3) and other oxygenates 

(4). 

 

3.5. Comparative overview of the direct HDO, HTL, and 2-step HTL-HDO 

strategies 

In this section, an assessment regarding the product yields and compositions obtained 

from the 1-step HDO, HTL and the 2-step HTL-HDO approach is provided. 

Specifically, and given their relevance, the focus will be not only on the total monomer 

yields, but son the yields of alkyphenolic and aromatic compounds. Figure 9 provides 

a comparison of the total monomer, alkylphenolic and aromatic yields as obtained for 

all the conditions reported in this study, expressed on an initial BPS weight intake basis. 

Our results imply that the one step HDO approach is better for the production of 

monomers from BPS than the ones step HTL (sections 3.2. and 3.3., respectively). 

Performing the direct HDO of BPS at temperatures > 450 oC gives oil yields in the 

range of 30-32 wt% with a high volatility, especially when using the Ru/C catalyst (25.2 

wt% total monomers). Furthermore, HDO also leads to lower amounts of char 

formation compared to HTL. All in all, HTL at 305-350 oC provides higher oil yields 



23 
 

(43.5-53.2 wt%) than HDO, but of a heavily polymerized nature and with abundant 

oxygenated functionalities.  

When comparing the direct HDO with the 2-step HTL-HDO approach, the most 

noticeable improvement is the complete absence of coke formation during HDO stage 

in the two step approach, which is likely related the partially depolymerized nature of 

the HTL oils.  

When assessing the monomer yields (on an initial BPS intake) for the 2-step HTL-HDO 

approach compared to the one step HDO, we found that total monomer yields is 

enhanced from 11.5 to max 18.5 wt% on initial BPS intake when performing the HDO 

step at 410 oC (Figure 9a). However, the yields of aromatic and phenolic monomers are 

not proportionally improved for the 2 stage HTL-HDO approach due to over 

hydrogenation to alkanes. The highest alkylphenolic+aromatic yield for the two-step 

approach were 10.3 wt% on BPS intake (from the HDO of the HTL2 oil at 410 oC) and 

12.3 wt% on BPs intake (from the HDO of the HTL1 oil at 450 oC). 
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Figure 9. Overview of total monomer, alkylphenolic and aromatic yields obtained from 

the hydrotreated oils on a starting BPS intake basis for the direct HDO and 2-step HTL-

HDO approach at a) 410 ºC and b) 450 ºC using the Ru/C and Pt/C catalysts. 
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The results imply that a 2-step strategy may be very convenient for future scale up in 

continuous pressurized systems. Here, HTL serves as an excellent pre-treatment for 

BPS providing a liquid which overcomes feeding issues when feeding a solid in a 

continuous pressurized reactor. A plausible strategy could be to conduct a preliminary 

low/mild temperature HTL (obtaining a viscous liquid rich in oxygen) and a subsequent 

high temperature HDO, where char formation is minimized and hence catalyst lifetime 

is prolonged and stability is improved (no clogging). To avoid the observed over 

hydrogenation of the desired alkylphenolics/aromatics to alkanes, the use of catalysts 

with a lower metal content and/or the use a less active metal, like Ni or Mo need to be 

explored.  

 

4. CONCLUSIONS  

The direct HDO and HTL of a 2nd generation bioethanol production stillage (BPS) 

residue were compared, targeting the production of valuable monomers, specifically 

alkylphenolics and aromatics. Two commercial Ru/C and Pd/C catalysts were used in 

the HDO step, at different reaction conditions (375-450 oC). In comparison to HTL, 

HDO is a more suitable approach for the direct conversion of BPS, as it leads to oils 

with a higher volatility and higher amounts of low molecular weight 

alkylphenolics/aromatics. For comparison, a 2-step HTL-HDO strategy was compared 

with the direct HDO approach. The results imply that an initial HTL step is an excellent 

pre-treatment for the valorization of BPS using HDO and may (i) solve feeding issues 

related to solid BPS feeding at high pressures in continuous reactors and (ii) preventing 

coke formation in the HDO stage, which is expected to improve process stability and 

catalyst lifetime. This two-step HTL-HDO approach does not have a major detrimental 

impact on the total alkylphenolic+aromatic yields (13.2 wt% vs 12.3 wt% on an initial 

BPS intake basis through the direct HDO and HTL-HDO approach, respectively). 

Future research on the use of continuous HDO reactors for the upgrading of the HTL 

oils and optimization of process conditions for maximizing yields of unsaturated 

monomer yields will be required and is the subject of future studies in our groups. 
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