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Abstract
Hydrothermal liquefaction was applied to model mixtures containing lard oil (lipid), cellulose (carbohydrate), and bovine 
serum albumin (protein), representing biogenic organic waste feedstocks. The content of protein was kept constant for every 
experiment, while the lipid and cellulose content was changed, which is expressed by the lipid to protein (LtoP) or cellulose 
to protein (CtoP) ratio. The reactions were conducted at 350 °C with a residence time of 20 min in 25 ml micro autoclaves. 
Afterwards, the lumped recovery of carbon and nitrogen into the different product phases was investigated and representa-
tive compounds were identified to get an overview of the composition on a molecular level. A high LtoP ratio results in 
an increased biocrude yield and eventually higher carbon recovery, while the nitrogen recovery is slightly lowered. The 
formation of nitrogen containing heteroaromatic species could be suppressed by the addition of lipids from 6.10 to 0.03% 
for pyrazines and 2.69 to 0.43% for indoles. Consequently, the formation and nitrogen recovery by heteroaliphatic amide 
species increased from 0.00 to 8.77%. Different reaction pathways for the formation of the different species are proposed. 
It turned out that reactive amine from protein degradation can be “trapped” in stable amides, preventing the formation of 
nitrogen heteroaromatics with oxygenated from carbohydrates.
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1  Introduction

Due to the rapid increase in global energy demand along 
with climate change issues, biomass gained interest as an 
alternative, carbon–neutral source for the production of 
chemical energy carriers. Bio-based residuals or waste 
feedstocks are of high interest as they need to be managed 
anyhow and are not included in the “fuel vs food” discussion 
[1]. Sewage sludge, manure, or municipal organic waste are 
examples for kind of cheap waste biomass, often containing 
a high moisture content. Hydrothermal liquefaction (HTL) 
is a promising technology which uses water as a heat carrier, 
solvent, and catalyst at the same time, avoiding pre-drying 
and making it suitable for a wide variety of feedstocks [2]. 
Elevated temperatures between 200 and 400 °C under the 
corresponding saturation pressure are applied to utilize the 

superior ionic product and a low dielectric permittivity of 
water, enhancing acid/base and ionic reactions [3]. With 
this higher reactivity, functional groups are attacked in the 
biogenic molecules in the organic waste. Usually, a mixture 
of natural polymers and other large molecules like polysac-
charides, proteins, and lipids are contained in the mixture, 
which needs to be depolymerized and converted into smaller 
molecules to utilize them in downstream refining processes. 
The intermediate product obtained by HTL for biofuel pur-
poses consists of a mixture of different compounds and 
is often referred to as biocrude [4]. This organic product 
contains less polar substances; therefore, side products are 
carbon dioxide rich gas, and aqueous phase containing the 
more polar components with a low molecular weight [5, 6]. 
Another side product occurs from re-polymerization as a 
solid, char-like material [7].

The usually high heteroatom content of oxygen (O) in 
carbohydrates and lipids is transferred into the final prod-
uct phases. Considering the utilization of protein-rich waste 
biomass, nitrogen (N) is an additional concern if hydrocar-
bon fuels are the target product. Biocrude is therefore an 
intermediate along the process chain to fuel [8]. Extensive 
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upgrading is needed to remove heteroatoms and to improve 
fuel properties to reach industrial standards in the aimed 
application. This refining consists usually of a catalytic 
hydrotreatment coupled with distillation for fractionation 
into the different fuel cuts [9]. Hydrodeoxygenation (HDO) 
and hydrodenitrogenation (HDN) of the biocrude are con-
ducted like in the processes developed for fossil crude oil, 
but are still under research, considering the huge concentra-
tions of heteroatoms to deal with. Both HDO and HDN are 
occurring simultaneously and are competitive reactions [9]. 
Generally speaking, HDN is often referred to as the slower 
reaction mechanism, of course depending on the chemical 
feed composition [10, 11]. Removing heteroatoms from het-
erocyclic and heteroaromatic compounds is difficult as full 
hydrogenation and subsequent ring-opening are presumed 
[12]. Furthermore, Choudhary et al. showed an inhibiting 
effect on HDN in heavy crude fuel with high contents of 
polyaromatic compounds, as the latter are hydrogenated 
before [13]. N-heteroaromatics species are suspected to 
complex inorganic elements like iron, which are problem-
atic for active catalyst sides, requiring an additional refine-
ment for the biocrude [14, 15]. Otherwise, aliphatic amides 
seemingly are easier to process during HDN, as shown 
experimentally by Kohansal et al. for the hydrotreatment 
of biocrude produced from food waste [16]. Therefore, the 
N-content in biocrude needs to be distinguished between 
N-heteroaromatic and N-aliphatic compounds.

Several studies showed the influence of the organic feed-
stock composition on the HTL process and the biocrude 
composition. Fan et al. demonstrated that Maillard reactions 
lead to increased biocrude yields for hydrothermal conver-
sion of the model substances lactose and lysine as more non-
polar reaction products are formed [17]. Accordingly, the 
N-content in the biocrude increased, eventually leading to a 
lower quality due to more N-heterocyclic compounds. Pos-
miak et al. used model substances as well in different com-
binations at different reaction temperatures and time [18]. 
Not only the beneficial effect of carbohydrates and proteins, 
regarding the yield, is highlighted, but also the ternary com-
bination with lipids is introduced. The addition of lipids to 
the carbohydrate/protein mixture was found to improve the 
biocrude yield and quality. Yoo et al. tested HTL on two 
different microalgae strains with low or high lipid content 
[19]. When the focus lay on the production of transportation 
fuels, the high-lipid microalgae performed better in terms 
of biocrude yield, quality, and energy efficiency. In a com-
parable experiment, Feng et al. used two algae strains with 
different lipid contents, finding a higher biocrude yield and 
more N-heterocyclic compounds in the biocrude derived 
from the low-lipid strain [20]. A pre-treatment, removing 
carbohydrates from the algae matrix was proposed, lowering 
the generation of N-heteroaromatics. In our previous work, 
we successfully pre-treated sewage sludge with water and 

different acidic solutions at 150 °C, intending to solubilize 
proteins, eventually lowering the N-content in the feedstock 
and the resulting biocrude [21]. As lipids accumulated and 
proteins and carbohydrate were get washed out in the first 
step, the resulting biocrude showed higher yields and lower 
N-contents and fewer N-heterocycles. A study conducted by 
Croce et al. described in detail the chemical composition of 
biocrude obtained from different model substances and mix-
tures [22]. With high resolving mass spectroscopy, the com-
position of the biocrude derived from binary carbohydrate/
protein and ternary mixtures including additional lipids was 
investigated. Among others, it could be shown that N-com-
pounds differ between aliphatic amides and a large variety of 
heteroaromatics by the applied feedstock composition, pro-
posing the more detailed examination of different feedstock 
combinations and changing ratios. In another recent study, 
the composition of lipid, protein, and carbohydrate was var-
ied by different preparations of artificial food waste slurries, 
to see an effect on the generation of N-species [23]. A strong 
influence of reactive N-intermediates on the generation of 
heteroaromatic species was observed and supported by the 
development of a thermodynamic model.

In this study, our objective is to effectively reduce the for-
mation of N-heterocyclic compounds, particularly in the aro-
matic form, in the biocrude obtained through HTL. Building 
upon previous research conducted by Fan and colleagues 
within our institute, which highlighted the substantial influ-
ence of lipids on the generation of these troublesome nitro-
gen species, we introduce a novel ternary model system [24]. 
This system comprises lipids (lard oil), carbohydrates (cellu-
lose), and proteins (bovine serum albumin) and is subjected 
to conversion under hydrothermal conditions at 350 °C and 
20 MPa. The novelty of our work lies in the deliberate and 
systematic variation of the lipid-to-protein ratio while main-
taining a constant protein content. Through this approach, 
we investigate the relationship between the distribution 
of nitrogen among representative species in the resulting 
biocrude and the lipid-to-protein ratio. Such exploration ena-
bles us to identify the key pathways responsible for the for-
mation of N-heteroaromatic compounds and propose poten-
tial strategies to suppress their generation. Additionally, in 
a subsequent experimental setup, we explore the impact of 
replacing de-ionized water with a 0.5 wt.% propionic acid 
solution, providing further insights into the effects of this 
short-chain carboxylic acid on the investigated factors.

2 � Material and methods

2.1 � Materials

The substances for the model feedstock mixture lard oil, 
cellulose, bovine serum albumin (BSA), and propionic 
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acid were purchased from Merck and were used without 
further treatment. Solvents like dichloromethane and tet-
rahydrofuran were obtained in chromatographic grade from 
Merck. Standards for GC–MS calibration like 2 piperdone, 
N-methylsuccinimde, 2-methylpyrazine, 2,6-dimethylpyra-
zine, indole, 2-methylindole, 2,3-dimethylindole quinoline, 
2-methylquinoline, and 2,6-dimethylquinoline were pur-
chased from Alfa Aesar. The fatty acid amide derivates 
hexadecanamide and ocatadecanamide were obtained from 
Cayman Chemicals.

2.2 � Hydrothermal liquefaction experiments 
and sample collection

Seven different feedstock mixtures were prepared; while the 
protein content was kept constant, the cellulose and lipid 
content was varied. The resulting mixtures were named 
according to their lipid to protein weight ratio (LtoP ratio), 
which varied by 0.00 ≤ LtoP ≥ 2.00. In a second series of 
experiments with LtoP ratio between 0.00 and 1.00, the 
aqueous solvent contained 0.5 wt.% propionic. An overview 
of all experiments with the given concentrations of lipid, 
cellulose, and protein are given in Table 1.

The HTL experiments were conducted in 25 ml auto-
claves (Stainless steel, EN 1.4571). The vessels were loaded 
with the different organic feedstock mixtures and with 15 ml 
of de-ionized water to result in an organic weight fraction 
of 10 wt.%. Solid feedstock materials, namely cellulose and 
BSA, were introduced into the system using a spatula, while 
liquid lard oil was added using a pipette. Following this, a 
volume of 10 ml of de-ionized water was gradually incor-
porated into the mixture under continuous manual stirring 
with the spatula. Afterwards, the remaining 5 ml of water 
was used to rinse the spatula. In order to ensure uniform 
wetting of the solid materials, the sealed microreactors were 
subjected to ultrasonic treatment in a bath for a duration 
of 5 min. The headspace was purged with nitrogen three 
times and pressurized to 1 MPa before the autoclaves were 
sealed with a torque key. In one setup, six autoclaves were 

placed into a fluidised sand bath at 350 °C (SBL 2; Techne). 
According to the gas saturation pressure of water and the 
available volume, this results in a pressure of 20 MPa during 
the reaction [25]. The heating rate inside the autoclave was 
measured previously and averaged at 40 °C·min−1, result-
ing in a heating time of 8.75 min. After the reaction tem-
perature was reached, the autoclaves remain in the sand bath 
for 20 min. To stop the reaction, the reactors were removed 
from the sand bath and rapidly cooled down in a water bath 
for 10 min. The pressurized autoclaves were opened in a 
gas-tight containment and the released reaction gas was dis-
carded. The liquid content and the open vessel were rinsed 
with 5 ml of dichloromethane (DCM) and filtered by a Büch-
ner funnel with filter paper of 0.45 µm pore size. The same 
procedure was repeated four times. Solids retained on the 
filter were dried at 105 °C overnight and stored for further 
analysis. The DCM extract was stored in a refrigerator, let-
ting the heavier organic-rich biocrude phase separate from 
the lighter aqueous phase. The next day, the two phases were 
separated by aspiration, an aqueous aliquot was collected for 
further analysis while the DCM of the biocrude phase was 
evaporated under a mild nitrogen stream overnight.

2.3 � Analysis

The HTL-feedstocks consisting of model substances and 
reaction products biocrude and residual solids were analyzed 
for their elemental composition using a CHNS-Analyzer 
(Vario EL cube, Elementar Analysetechnik GmbH, Hanau, 
Germany).

The aqueous phase including solubilized organics was 
tested by total organic carbon (TOC) and total nitrogen 
bound (TNb) analyzer (DIMATOC 2100 and DIMA-N, 
Dimatec Analysetechnik GmbH, Essen, Germany).

To identify and quantitate representative N-het-
eroatomic compounds in the biocrude samples gas 
chromatography (GC) coupled with mass spectrom-
etry (MS) using electron impact ionization (EI) was 
applied. As a stationary phase, a Rxi-5MS column 
with 30 m × 0.32 mm × 0.25 µm (Restek Corporation, 
Bellefonte, PA, USA) was used. A quantity of 50 mg 
of samples was dissolved in 0.5 ml of tetrahydrofuran 
and, subsequently, prepared in a 1:100 dilution. 0.5 µL 
of this solution was injected at 280 °C in 1:20 split mode, 
using helium as carrier gas (1.5 mL·min−1). The tem-
perature program of the oven started at 70 °C holding 
for 2 min and then heating to 180 °C with a heating rate 
of 8 °C·min−1, increasing again up to 280 °C with a rate 
of 4 °C·min−1 and holding there for 15 min. The tem-
perature of the transfer line to the detector was kept at 
280 °C, and the ion source to 230 °C. Qualitative analy-
sis was conducted with a scan of the total ion current 
(TIC) chromatogram. Scan rate was set at 3.9 scans·s−1 

Table 1   Feedstock model mixtures experimental setup

Protein
[g]

Lipid
[g]

Cellulose
[g]

LtoP ratio Experimental series

De-ionized 
water

0.5 wt.%
Propionic acid

0.50 0.00 1.00 0.00 4 3
0.50 0.17 0.83 0.34 1 3
0.50 0.33 0.67 0.66 1 3
0.50 0.50 0.50 1.00 3 3
0.50 0.67 0.33 1.34 1 -
0.50 0.83 0.17 1.66 1 -
0.50 1.00 0.00 2.00 4 -
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over a mass charge to charge ratio range of 35–400 m/z. 
Agilents “Unknown Analysis” software and NIST17 
Database was used for identification with an applied 
match factor of 75%. The selected ion monitoring (SIM) 
mode was applied to acquire high-quality mass spectra 
for externally calibrated indole, quinolone, succinimide, 
piperidone, and amide derivates. The compounds with 
their responding characteristic qualifier and quantifier 
ions, as well as calibration curves, are listed in S2.

The structural behavior of the solid residues generated 
from model substances was additionally analyzed by 13C-
MAS NMR. The spectra were acquired by using a JEOL 
400 MHz unit equipped with a 9.4 T Oxford magnet for solid 
state (wide-bore) using 4 mm zirconia rotors spinning at a 
MAS frequency (nMAS) of 15 kHz.

2.4 � Data evaluation and visualization

The yield (Yi) of biocrude and solid residue was calculated 
by the following equation:

where mi and mf  are the mass of the product and feedstock 
mixture, respectively.

The element recovery into a certain HTL-product phase 
was calculated by the following equation:

The element recovery means the recovery of carbon or 
nitrogen, the index i is indicating the biocrude, aqueous, or 
solid product phase, mi and mf  are the masses of the feed-
stock mixture where as Ei and Ef  are the elemental content 
of the feedstock mixture.

A change indicator (CI) was calculated to evaluate the 
effect of propionic acid on the nitrogen recovery in repre-
sentative heteroatom species. The CI compares the N-recov-
ery of a specific species in the biocrude with and without 
the addition of propionic acid. If the CI value is negative, a 
lower N-recovery is obtained. A positive CI value indicates 
a higher N-recovery of such species when adding propionic 
acid to the feed mixture.

where the index i denotes the N-heteroatom species; 
N.rec.i,deionizedwater is the N-recovery of the species i in the 
biocrude derived in de-ionized water and N.rec.i,propionicacid 
is the N-recovery of the species i in the biocrude derived in 
the aqueous propionic acid solution.

Yi =
mi

mf

⋅ 100

ElementRecoveryi =
mi ⋅ Ei

mf ⋅ Ef

⋅ 100

CIi =

N.rec.i,propionicacid − N.rec.i,deionizedwater

N.rec.i,deionizedwater

Evaluation of the fitted curves and their ANOVA was 
obtained in DesignExpert v8.0.6 (State-Ease, Minneapo-
lis, MI, USA). The ANOVAs and plots of residuals are 
shown in the Supplementary Material, S1. For data pro-
cessing and plotting the Python libraries Numpy, Pan-
das and Matplotlib were used. Chemical structures were 
drawn in ChemDraw professional 16.0. BSA and peptide 
structure were obtained from the SWISS-MODELL data-
base [26].

3 � Results and discussion

3.1 � Biocrude and solid yield

The yields of the biocrude and the solid products after 
hydrothermal treatment of the model mixtures with dif-
ferent lipid-to-protein ratio are shown in Fig. 1. Addi-
tionally, the ratio of solid to biocrude product expressed 
in percentage is given. At the smallest LtoP ratio, the 
biocrude yield shows its lowest value of 34.3 wt.%, while 
the highest solid yield was obtained at 5.99 wt.%. Corre-
spondingly, the biocrude yield increases up to a value of 
66.2 wt.% at a LtoP of 2.00. At the same time, the solid 
yield significantly decreases to 0.54 wt.%. This can also 
be expressed by the solid to biocrude ratio, illustrated by 
the fitted, dashed curve as a function over the LtoP ratio 
in the figure. At a minimum ratio, the solid accounts in 
proportion to the biocrude 19.30 and decreased to almost 
half (10.90%), when the LtoP ratio was 0.33. Following 

Fig. 1   Yield of biocrude and solid residue over the lipid to protein 
ratio
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this exponential correlation, the lowest value of 0.82% can 
be reached. Overall, the sum of biocrude and solid yield 
was also significantly increased when lipids were added 
to the feedstock mixture. Due to the non-polar nature of 
the lipids, i.e., their resulting fatty acids, they contribute 
largely to the DCM extracted biocrude [24]. The formation 
of solids during HTL is often explained by re-polymeri-
zation of carbohydrate degradation products, like furfural 
and hydroxymethylfurfural, into a carbonaceous material 
of high molecular weight [27]. Another reaction mecha-
nism that is likely to contribute to the generation of solids 
is the Maillard reaction, which can form larger N-polymers 
named melanoidins. Peterson et al. identified melanoidins 
after the hydrothermal conversion of a binary mixture of 
glucose and glycine as a brownish N-containing polymer 
[28]. Additionally, the Mannich reaction pathway is pre-
sumed to form solid material by utilizing carbohydrate 
degradation products and amino compounds [29, 30]. 
Morphological and structural differences of the solid could 
not be identified. The 13C-MAS NMR results show similar 
spectra of a solid obtained at an LtoP ratio of 0.00 and 
1.00, displayed in S3. NMR analyses of solids obtained 
at larger LtoP ratios could not be performed because not 
enough material could be generated by the process.

3.2 � Carbon and nitrogen content of feedstock 
mixtures and recovery into the resulting 
HTL‑products phases

The investigated feedstock mixtures contain different carbon 
contents, as shown in Table 2. It can be noted that the C-, H-, 
and O-content for the different model feedstock is changing 
gradually, as the applied cellulose and lipid contain a dif-
ferent elemental composition due to their different chemical 
structure. In addition, the elemental contents of the resulting 
biocrude samples are given in the table. Interestingly, the 
C- and O-content do not change much, while the H-content 
is increasing and that of N and S is decreasing with higher 
LtoP ratios. Based on this data, the C- and N-recoveries in 
the different product phases are determined and displayed in 
Fig. 2. For the HTL process, a best possible C-recovery in the 
biocrude phase is desired for an efficient carbon utilization 
and its transfer to downstream processes for potential bio-
fuel production. Vice versa, the N-recovery should be small, 
affecting downstream hydrotreating for denitrogenation [21].

In Fig. 2A the C-recovery and in (B) the N-recovery in 
the solid, biocrude and aqueous phases are shown. Likewise 
to the previously shown solid yield, the C- and N-recoveries 
in the solid show a similar downward trend. The recoveries 

Table 2   Elemental content of 
model feedstocks and resulting 
biocrude samples. All values are 
given on a dry basis in wt.%

a Calculated by difference

LtoP ratio Feedstock mixture Biocrude

C H N S Oa C H N S Oa

0.00 44.60 6.80 5.00 0.57 43.03 73.28 8.08 6.40 1.00 11.25
0.34 48.50 7.43 5.00 0.57 38.50 74.70 9.30 5.10 0.70 10.20
0.66 52.17 8.03 5.00 0.57 34.23 75.10 9.90 4.50 0.50 10.00
1.00 56.07 8.67 5.00 0.57 29.70 74.37 10.53 3.90 0.57 10.63
1.34 59.97 9.30 5.00 0.57 25.17 74.60 11.20 3.20 0.40 10.60
1.66 63.63 9.90 5.00 0.57 20.90 74.50 11.70 2.70 0.40 10.70
2.00 67.53 10.53 5.00 0.57 16.37 74.93 12.18 2.43 0.33 10.15

Fig. 2   Element recoveries of 
carbon (A) and nitrogen (B) into 
HTL-product phases over the 
lipid to protein ratio. Addition-
ally, the ratio between N-rec. 
and C-rec. in the biocrude phase 
is plotted
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significantly decrease from 9.75 to 0.58% for carbon and 
6.85 to 0.46% for nitrogen, respectively. However, the ele-
ment recoveries in the biocrude phase show different pat-
terns. The addition of lipid to the model mixtures signifi-
cantly increases the C-recovery of into the biocrude from 
51.08 up to 73.64%, while the N-recovery is decreasing from 
39.80 to 32.12%. In both figures, the ratio between these 
recoveries (N-recovery over C-recovery in the biocrude and 
aqueous) is plotted as a linear, dashed line. For the C-recov-
ery, it can be noted that at a low LtoP range up to 77.92% 
of the recovered carbon account as nitrogen recovery. With 
the addition of lipids, this ratio can almost halved to a value 
of 43.60%. The element recoveries into the aqueous phase 
behave again differently. On the one hand, the C-recovery 
does not significantly change for the applied different feed-
stock mixtures with an average value of 10.13%. On the 
other hand, the N-recovery in the aqueous phase increases 
with the LtoP ratio starting at 41.92% for an LtoP ratio of 
0.00 and rising up to 52.36% by addition of lipids. This 
aligns well with the decreasing N-recoveries in the biocrude. 
The N/C ratio shows a positive slope ranging from 404 to 
513%, indicating an extraordinary higher transfer of N into 
the aqueous phase compared to the carbon distribution, sup-
ported by the addition of lipids. Summing up the elemental 
recoveries of all samples, a certain loss (difference to a total 
of 100%) can be identified. The larger losses of carbon can 
be explained by predominant decarboxylation reactions to 
CO2 from carbohydrates [31]. N-losses are likely to occur 
due to the vacuum assisted separation process and the strip-
ping of ammonia and other volatile amines, as described in 
the experimental section and elsewhere [21].

The effects of feedstock composition on the C- and 
N-content in the biocrude product can be visualized by a 
van Krevelen diagram, shown in Fig. 3. The ratio of N/C 
is plotted against that of H/C. In this graph, the feedstock 
mixtures are and different biocrude products are depicted. 
By the color code hand side, the different LtoP ratios are 

characterized. The typical removal of nitrogen from bio-
genic feedstocks via the hydrothermal conversion is likely 
to occur in form of ammonia (NH3), which is indicated by 
deamination parallels in the graph. The biocrude samples 
originating from a high LtoP ratio are located in the upper 
left with high H/C and low N/C ratios. By reducing the 
LtoP ratio in the feedstock mixture, the biocrude samples 
show lower H/C values in combination with increased N/C 
values. It can be observed that the resulting points of the 
biocrude samples can be arranged in a straight line, with 
a slope of around 13, when a biocrude contains 1 mol less 
N but 12 mol more hydrogen. This goes along in a lower 
degree of aromatization of the biocrude. The mean distance 
Δ between the different product samples defined by the LtoP 
ratio are determined and shown on the right hand side of 
Fig. 3. The constant decrease of this mean distance over the 
LtoP ratio range can be translated as a decrease in aromatic-
ity and is reasonable, as cellulose is likely to form aromatic 
species under these hydrothermal conditions [32]. Notably 
is the drop of this mean distance between the ratios of 0.00 
to 0.33 and 0.33 to 0.66, indicating a strong effect of the 
addition of lipids.

3.3 � Nitrogen recovery on a molecular level 
into different N‑heteroatom species

Quantitative GC–MS analysis of the HTL-biocrude product 
obtained from the different feedstock mixtures was applied 
to explore the influence of the LtoP ratio on the formation 
of N-heteroaromatics and other N-heterocomounds. Rep-
resentative compounds were chosen, based on a qualita-
tive result obtained from a GC–MS chromatogram in scan 
mode of a sample with an LtoP ratio of 0.33, shown in S4. 
Compounds with the highest abundances were selected and 
compared with GCMS analysis of several studies, apply-
ing comparable feedstock and HTL procedure [5, 22, 24, 
33, 34]. For these substance classes, the N-recoveries in the 

Fig. 3   Orientation of feedstock 
mixtures and the resulting 
biocrude products in van Krev-
elen diagram (N/C vs H/C) and 
mean distance between
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biocrude from the different initial LtoP ratios and cellulose 
to protein (CtoP) ratios are shown in Fig. 4 and Fig. 5. The 
N-recoveries of representative N-heteroaromatics, pyrazines, 
indoles, and quinolines derivates are shown in Fig. 4. From 
the binary feedstock mixture of 2:1 cellulose and protein, a 
CtoP ratio of 2.00, a high quantity of pyrazine, is identified, 
and reflected in an N-recovery of 6.10%. With the addition 
of lipids and reduction of cellulose in the feed, the N-recov-
eries into pyrazines are drastically decreased to a sevenfold 
lower value of 0.87%. It seems that even higher LtoP ratios 

would not significantly affect the N-recovery in pyrazine 
structures. When no cellulose is present in the model feed-
stock, almost no pyrazines are identified.

The plot of the correlation of indole over the LtoP ratio 
range also follows an exponential decay, though the effect of 
an increasing LtoP ratio is weaker. The highest N-recovery 
in indoles is 2.69% at the LtoP ratio of 0.00 and CtoP ratio 
of 2.00, respectively. From a ternary mixed feedstock of 
1:1:1 cellulose, proteins, and lipids, the N-recovery results 
in a value of 0.78%, which is further lowered to 0.44% in 

Fig. 4   Correlation of nitrogen 
recovery in dependence of the 
LtoP and CtoP ratio with pyra-
zines, indoles, and quinolones 
as representative N-heteroaro-
matics species in the biocrude 
products, obtained via HTL 
from different model feedstock 
mixtures

Fig. 5   Correlation of nitro-
gen recovery in dependence 
of the LtoP and CtoP ratio. 
N-heteroaliphatic and two non-
aromatic N-heterocyclic species 
are determined in biocrude 
products, obtained via HTL 
from different model feedstock 
mixtures
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the binary mixture of 2:1 lipids and proteins. The exponen-
tial decrease of both pyrazines and indoles agrees with the 
observed changes of the distance between the points repre-
senting the product mixtures in the van Krevelen diagram. 
The drastic suppression of pyrazine formation could be an 
explanation on the leap of the mean distance between the 
LtoP ratio 0.00 and 0.33. Moreover, it can be postulated that 
degradation products of cellulose serve as precursors for the 
formation of both pyrazines and indoles.

Quinoline derivates with a low molecular size could not 
be identified in relevant quantities. However, it cannot be 
excluded that these may appear in larger structures [35]. 
As the correlation shows, the summed values of these sub-
stances do not exceed 0.1% of the recovered nitrogen in the 
biocrude fraction.

To represent the generation of long-chain N-heteroali-
phatic species, three palmitic (C16) and three stearic (C18) 
fatty acid amides (FAA) derivates were quantified, In addi-
tion, two non-aromatic N-heterocyclic species, 2-piperidon 
(5-ring lactam) and N-metylsuccinimide (4-ring imide), 
were analyzed. Likewise to the N-heteroaromatics, the 
N-recoveries of these species are determined and displayed 
with a correlation over the LtoP and inverted CtoP ratio 
range in Fig. 5. As no lipids were present in the binary 
feedstock mixture with a LtoP ratio of 0.00, no nitrogen 
is recovered in the form of FAA, as the precursing fatty 
acids are missing. With a rising LtoP ratio, the N-recovery 
in FAA is significantly rising to 8.77%. This phenomenon 
may explain the relatively modest reduction observed in the 
overall nitrogen recovery into the biocrude as previously 
determined. Herby the correlation curve is again following 
an exponential fitting. In contrast to the FAA, the N-recovery 
in succinimide decreases over the LtoP ratio range. With 

8.09%, the highest recovery value is achieved with a binary 
cellulose protein feedstock. When fitting a curve to this data, 
it is following an exponential decrease. The lowest N-recov-
ery is found at an LtoP ratio of 1.66 with a value of 1.90%. 
Similarly, this observation suggests a correlation with the 
degradation products of cellulose. The generation of piperi-
done seems not to be significantly affected by the changing 
feedstock mixture. The fitting is following a straight, almost 
horizontal line and the averaged N-recovery into this species 
is given at 7.36%.

3.4 � Effect of propionic acid addition on biocrude 
yield and N‑recovery

The effect of the addition of propionic acid on the N-recov-
ery in the biocrude and aqueous phase products and on the 
N-heterocompounds defined above is shown in Fig. 6 by a 
change index graph. The change index is calculated by com-
paring the results of the corresponding experiment conducted 
at the same LtoP ratio or inverted CtoP ratio, but without the 
inclusion of propionic acid. It can be noted that the addition 
of propionic acid significantly lowers the N-recovery in the 
biocrude of model mixtures with an LtoP ratio of 0.00 and 
0.33. Accordingly, the N-recovery in the aqueous phase sig-
nificantly increases for all experiments, especially for those in 
the low LtoP ratio range, suggesting the formation of organic 
compounds like propanamide. Here it needs to be noted that 
the addition of propionic acid eventually led to a lower pH 
of the aqueous products, which prevents the above-described 
loss of ammonia by stripping during the separation procedure.

In the biocrude product, the change index describes in 
the following the N-recoveries on a molecular level. It can 

Fig. 6   The effect of the addi-
tion of propionic acid on the 
N-recovery into the HTL-
products biocrude and aqueous 
phase and specific N-com-
pounds, described by a Change 
Index
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be observed that the formation of FAA increases when the 
model feedstock mixtures are liquefied in the presence of 
propionic acid. A proposed mechanism for the amidation 
reaction depends on a sequence of the protonation and 
deprotonation, which suggests the influence of the pH value. 
It needs to be noted that a strongly acidic or basic hydro-
thermal environment shows a contrary effect of the amide 
formation [36]. Formation of pyrazines is significantly 
increased at an LtoP ratio of 0.00. This is in agreement with 
findings, where the formation of diketopiperazine (DKP), 
a suggested pyrazine precursor, was significantly increased 
at lower pH and at comparable temperature [37]. At higher 
LtoP ratios, the formation of pyrazines is slightly reduced, as 
it was already strongly suppressed by the addition of lipids. 
In contrast, the formation of indoles is significantly reduced 
at lower LtoP ratios of 0.00 and 0.33, while at higher ratios 
essentially no effect was observed. Likewise to indole, the 
succinimide formation is reduced at lower LtoP ratios, while 
this effect becomes weaker with a LtoP ratio of 1.00. Both 
observations suggest that the addition of propionic acids can 
effectively intervene in the reaction pathway to these two 
compound classes. Due to a higher LtoP ratio, more fatty 
acids are present in the reaction system, which are compa-
rable to carboxylic acids with a long carbon chain, therefore 
weakening the effect of this propionic, short-chain organic 
acid. Piperidone formation is reduced, indicated by the nega-
tive index, but no significant difference over the LtoP range 
can be determined, which reflects previous described behav-
iors in the baseline model system without the addition of 
propionic acid.

3.5 � Reaction pathways forming N‑heteroatomic 
compounds 

Considering the above observed and described results, a 
simplified reaction scheme for the formation of the different 
N-heteroatom species is concluded and is discussed in detail.

The generation of N-heteroatomic compounds includes a 
variety of different possible reaction pathways. In Fig. 7, a 
scheme is shown derived from hydrothermal degradation of 
bovine serum albumin (protein), used as protein N-source 
in this study. This substance first hydrolyzes into different 
peptide oligomers, which are likely to degrade further into 
small amino compounds [38]. These can be considered inter-
mediates for further consecutive reactions. Amino acids are 
likely to deaminate, yielding primarily ammonia or pri-
mary amines, but by decarboxylation reactions, secondary 
amines can be formed as well [33, 39]. In addition, these 
amino compounds of appropriate chain length can undergo 
internal ring closure. The 2-piperidone found in this study, 
is described as a product of 5-aminovaleric acid [40]. As 
presented by the N-recovery of this compound above, it is 
found that the cellulose and lipid content in the feedstock 

does not have a significant effect on the formation of this 
compound. Due to the 5-carbon atoms in the ring structure 
of 2-piperidone, it is assumed that it can only be formed 
from the cyclization of specific amino compounds. Oth-
erwise, the formation of N-methylsuccinimide, which is 
assumed to be formed by several reaction mechanisms. On 
the one hand, amino compounds from peptide degradation 
can undergo internal ring closure. On the other hand, newly 
formed amino (amadori intermediates) derivates consist of 
a heteroatomic-5-ring containing four carbon atoms. The 
formation of succinimide was reported from succinic acid 
[41]. Succinic acid was found after the hydrothermal deg-
radation of carbohydrates and presents one compound out 
of a pool of different reactive oxygenated species, such as 
hydroxymethylfurfural (HMF) or levulinic acid [42, 43]. 
These degradation products contain often a 4-carbon chain 
between two oxygen functional groups and are assumed to 
contribute to the formation of such heteroatomic-5-rings 
lactams and imides, including these 4 carbons.

The hydrothermal hydrolysis of cellulose into glucose and 
its subsequent conversion into different products at similar 
temperatures as applied in this experiment are described 
extensively in the literature [44, 45]. Via amination of these 
degradation products again, various species of these ama-
dori intermediates are formed. Subsequent reactions can 
then lead to N-heteroaromatics like pyrazines or pyrrols. A 
pathway for pyrazine formation is proposed by Van Lancker 
et al. [46]. Dicarbonyls from carbohydrate degradation are 
aminated to α-aminocarbonyls, which condensate in turn 
to the corresponding pyrazines. Another proposed reaction 
mechanism is the formation of diketopiperazine as an inter-
mediate with a subsequent reduction to pyrazine [47]. Other 
common N-heteroaromatics species are pyrroles and their 
indole derivates, containing one N, respectively. Pyrroles are 
likely to be formed from HMF via an aminated intermediate 
[48, 49]. In a subsequent step, these pyrroles can undergo 
cyclo-addition, forming indole derivates [50].

As demonstrated in the present study, the inclusion of 
lipids in the reaction mixture impedes the development 
of N-heteroaromatic compounds and the evaluated het-
erocyclic N-methylsuccinimide. Previous literature has 
reported that lipids have the ability to undergo hydrol-
ysis, resulting in the formation of free fatty acids and 
glycerol [51]. These fatty acids may then react with free 
ammonia and amines to create stable fatty acid amides 
with various chain lengths and alkyl substituents [52]. 
This reaction pathway is in direct competition with the 
generation of amino intermediates from the amination 
of carbohydrate degradation products. Since fatty acid 
amides are stable and the formation of amino intermedi-
ates is suppressed, subsequent cyclization and rearrange-
ment reactions into N-heteroaromatics are not occurring. 
Additionally by substituting cellulose with lipids in the 
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model feedstock mixture, the LtoP ratio increases and the 
CtoP ratio decreases. As less carbohydrates are present 
in the system and fewer of their degradation products, 
namely oxy-compounds are formed. Furthermore, more 
free fatty acids from lipid degradation are formed, mak-
ing free amines more likely to form stable FAAs. Other-
wise, the amines would react with an oxy-compound to 
form an N-heteroaromatic precursor [23]. For example, 
Inoue et al. identified a wide variety of N-heteroaromatic 
compounds like indoles and pyridines derivates after 
hydrothermal conversion of cellulose in an ammonia solu-
tion [53]. Their findings let suggest that free amines are 
highly reactive in a hydrothermal environment and are 
likely to react into the biocrude phase and form a large 
quantity and variety of different heterocyclic species [54]. 
These two reasons, firstly the competing amination and 

amidation reaction and secondly the addition of lipids 
reduces the amount of cellulose in the reaction mixture 
may explain the exponential regression curves observed in 
the recoveries of nitrogen into designated heteroaromatic 
species. Adding short-chain carboxylic acids, like propi-
onic acid, can also compete with the formation of amino 
intermediates, but the resulting propanamide is highly 
water-soluble and is likely to found in the aqueous phase 
[47]. The inclusion of propionic acid or other suitable 
short-chain carboxylic acids emerges as a promising alter-
native, considering that real feedstocks typically exhibit 
low lipid-to-protein ratios. Moreover, the Maillard reac-
tion between proteins and carbohydrates, or specifically 
the amination of intermediates in this context, appears to 
be the prevailing reaction pathway. Disrupting this reac-
tion pathway represents a significant challenge.

Fig. 7   Degradation of bovine serum albumin, the applied nitrogen source in this study, and possible formation pathways of different N-hetero-
compounds
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4 � Conclusion

In conclusion, the hydrothermal conversion of a model feed-
stock consisting of cellulose, a lipid component, and a pro-
tein component revealed the following key findings:

(1)	 The addition of lipids increased biocrude yield while 
reducing the formation of carbonaceous solids.

(2)	 Higher lipid content in the feedstock resulted in greater 
carbon recovery in the biocrude, accompanied by 
slightly lower nitrogen recovery.

(3)	 Increasing the lipid-to-protein ratio promoted the for-
mation of fatty acid amides, suppressing the generation 
of N-heteroaromatic species, particularly pyrazines. 
Therefore, the majority of nitrogen recovery is allo-
cated to aliphatic structures.

(4)	 It is crucial to sequester free amines in stable com-
pounds to prevent amination of carbohydrate degrada-
tion products.

(5)	 Both lipids and short-chain carboxylic acids acted 
as amine “traps,” forming N-aliphatic compounds in 
the biocrude or transferring nitrogen into the aqueous 
phase.

Future studies should employ high-resolution spectros-
copy to validate the influence of lipids on N-heteroaromatic 
substance generation and identify relevant high molecular 
weight species. Furthermore, the investigation of real bio-
mass feedstocks and the exploration of utilizing short-chain 
carboxylic acids obtained from the aqueous phase, coupled 
with the application of appropriate catalysts that have the 
potential to enhance the amidation pathway as amine traps, 
represent promising prospects for future advancements in 
this research field.
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