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A B S T R A C T   

Hydrothermal liquefaction (HTL) of sewage sludge (SS) was performed in the presence of metallic Zn, Fe and Ni 
to investigate their effect on the performances of the process in terms of product yields and quality. Experiments 
were performed in subcritical water at 350 ◦C for 10 min using each metal individually and in the presence of 
homogenous hydrogen producers like formic acid (FA) and KOH. Interesting results were obtained with Zn that 
when used alone or in the presence of KOH, increased the cumulative biocrude (BC) yields and resulted in energy 
recoveries (ER) higher than 100% with respect to initial energy content of the biomass, thus indicating that HTL 
of SS is globally endothermic. Moreover, when Zn was used with FA it strongly enhanced gas yield leading to a 
significant hydrogen production that was determined to be generated mainly from SS or water. Ni chips were 
used in two consecutive HTL experiments with no decrease in BC yields and ER. Collected results suggest that 
metallic powders can be interesting catalyst to improve yield and quality of BC in particular when FA acid was 
used as hydrogen vector.   

1. Introduction 

Hydrothermal treatments are considered a promising route to 
convert carbonaceous matrices into value added materials [1–3]. 
Among these processes, hydrothermal liquefaction (HTL) was studied in 
the work herein. HTL consists of a thermochemical treatment of the 
carbonaceous matrix (bio-feedstock) in the presence of a proper solvent, 
usually water [3]. The process produces an oil phase, commonly defined 
as biocrude (BC), a gas phase, an aqueous phase, and a solid residue [3]. 
HTL is carried out at a temperature between 300 and 400 ◦C and pres
sure between 10 and 40 MPa [3–6]. Analyzing the recent literature on 
the field it is possible to observe that the operative conditions (reaction 
temperature and time) can be tuned depending on the treated bio- 
feedstock to maximize the yield of BC [3]. Microalgae are the most 
studied carbonaceous matrix [7], even if their utilization on the large 
scale is hindered by the high cost of production [8]. Moreover, virgin BC 
has a high S, N and O content that reduces its HHV and increases hy
drophilicity, making the oil not compatible with fuel regulations. Het
eroatoms must be removed by up-grading and the cost of the treatment 

would decrease if HTL could be performed limiting their presence in the 
BC. It was demonstrated that catalytic systems are needed to improve 
the BC quality, however it was not possible to find a catalytical active 
system with a long-term stability [9–11]. It seems also, that molecular 
hydrogen improves the BC quality [10,12]. In that framework, it was 
demonstrated that the utilization of a liquid hydrogen donor instead of 
molecular hydrogen is very promising because hydrogen is produced 
directly in the reaction medium minimizing gas-liquid mass transfer 
resistances [13]. Formic acid (FA), acetic acid, tetralin and ethanol were 
adopted in the literature as liquid hydrogen donors [10,14,15]. Some 
researchers found that KOH, if added to the HTL reactor could allow a 
faster depolymerization of biofeedstock. This effect was explained 
because KOH catalyze hydrogen production through homogeneous 
water gas shift reaction as reported by Sinag et al. [16], Kruse et al. [17] 
and Demirel et al. [18]. Waste carbonaceous matrices, such as sewage 
sludge (SS) seem to have a great potential, because they are namely 
costless matrices compared to the microalgae and HTL can be considered 
an interesting route to dispose them [15,19–22]. However, SS are 
characterized by high amount of non-biogenic fractions, such as salts, 
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metals and plastics [23]. In particular SS contains a high amount of 
inorganics [22], such as Al, Ba, Ca, Cr, Cu, Fe, Ni, K, Mg, Mn, Na, P, S, Ti, 
Zn, Si which are distributed in the products at the end of the experiment. 
Metals are present in the aqueous stream at the entrance of the waste
water treatment plant and they are recovered with SS as waste to be 
disposed of. The presence of heavy metals represents a big challenge for 
the implementation of HTL on the industrial scale as they can affect 
product quality and/or the performances of the process. One of the 
hurdles of the transfer of the process from the lab to an industrial plant 
fed by SS is represented by the fact that the metals in the SS can be 
transferred to the BC affecting its placing on the market because some of 
them are toxic or they can poison the catalysts used in the hydrotreating 
processes of BC [24]. Some studies analyzed the distribution of metals in 
the phases produced by HTL of real SS and the main evidence was that 
the higher the reaction temperature, the higher is the fraction of metals 
entrapped in the produced BC [22,24–26]. However, metals can posi
tively affect the process behavior acting as catalysts or heterogeneous 
additives [22]. Elemental Fe and Zn could react with sub/supercritical 
water and promote the production of molecular hydrogen inside the 
reactor [27–29]. 

Instead, Ni, Ti, Co, Mo, were extensively used to produce metal- 
based catalysts for HTL of biomass or upgrading of BC [29–32]. In this 
context, the nature of the carbonaceous matrix has been deeply inves
tigated to comprehend how the elemental metals can affect the perfor
mances of the process in terms of product yields or quality. Among the 
several metals contained in residual biomass [10,24,25], Ni, Zn and Fe 
were selected as elemental model compounds. In this work a systematic 
investigation was conducted to study their effect individually and 
combine them with homogenous hydrogen producer as FA and KOH to 
evaluate for the first time their effect on the BC yield and quality. 

2. Materials and methods

SS was provided by the wastewater treatment plant (WWTP) of
Karlsruhe (Germany), with an initial moisture content of 75%w/w. In 
Table 1 the main properties of the SS used in this study are listed. 

The raw SS was dried at 105 ◦C for 72 h, then milled with a pul
verisette 14, Fritsch instrument to obtain particle dimensions between 
0.1 and 0.2 mm. The ash content was determined by gravimetric ana
lyses after calcination at 550 ◦C for 6 h and the organic content as the 
difference. 

Potassium hydroxide (KOH, Analytical grade purity, Acros Organics) 
and formic acid (FA, 98–100% w/w Fluka) were used as homogeneous 
additives. 

Metallic nickel (Ni, Alfa Aesar, 99.7%, metal basis, powder, 50 +

100 mesh, chips of metallic Ni, 1 mm width* 0.1–0.3 mm thickness), 
iron (Fe, Across Organics, 99%, metal basis, powder, 70 mesh) and 
zinc (Zn, Alfa Aesar, 99.9%, metal basis, powder, 100 mesh) were used 
to perform selected HTL experiments using deionized water as solvent. 
Acetone (≥ 97%, VWR) and cyclohexane (≥ 99.5% HiPerSolv CHRO
MANORM®) were used to recover the produced BC. 

2.1. Hydrothermal liquefaction 

A home built AISI 316Ti autoclave batch reactor with an internal 
volume of 25 mL was used to perform HTL experiments at 350 ◦C and 10 

Table 1
List of properties of SS provided from WWTP of Karlsruhe.

Proximate analysis (% w/w dry basis)  

Organic content (550 ◦C) 60 ± 3 
Elemental analysis  

C 29.2 ± 0.2 
H 4.8 ± 0.2 
N 4.3 ± 0.2 
S 1 ± 0.2 

HHV (MJ/kg)a 13 
Al 1.12 ± 0.4 
Ca 3.66 ± 0.3 
Fe 7.32 ± 1.1 
K < 0.9 
Mg 0.38 ± 0.1 
Na < 0.46 
P 3.59 ± 0.6 
Ti 0.12 
Zn 0.08 
Si 3.39 ± 0.7  

a Estimated using Dulong’s formula as reported in the analytical 
methods section. 
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Fig. 1. Product yields obtained from HTL experiments conducted at 350 ◦C, 10 
min in the presence of Fe, Ni and Zn metal powder; without homogeneous 
additives (a); with KOH (b); with FA (c). 



min as reaction temperature and time respectively. 10 g of an aqueous 
slurry at 10% w/w of dry SS were used as feedstock and each time Fe, Ni 
or Zn alone or in mixture with homogeneous FA and KOH were added to 
the slurry. The concentration of metals and homogeneous additives was 
10% w/w related to the dry SS. With the loading of water adopted in this 
study at the reaction temperature of 350 ◦C about 62% of the reactor 
volume is filled with liquid water [19] and the pressure inside the 
reactor can be estimated as the vapor pressure of water that is close to 
16.5 MPa [33]. In the presence of FA, the initial pH of the solution was 
around 2.2, this value became 13.3 with KOH. The reactor was purged 
with nitrogen (99.998% AirLiquide) to minimize its oxygen content 
before HTL leaving a residual pressure of 0.2 MPa. A fluidized sand bath 
was used to heat the reactor up to the reaction temperature. In this work, 
the heating profile inside the reactor was preliminary measured in a 
different but geometrically similar reactor equipped with a thermo
couple and loaded with 10 g of pure water (i.e., the same amount of 
solvent used in HTL experiments). The average heating rate was 35 ◦C/ 
min up to 300 ◦C and decreased to 3 ◦C/min up to 350 ◦C, so that the 
global heating time to reaction temperature is about 25 min. A holding 

time of 10 min was selected and considered to start when the set-up 
temperature was reached. At the end of each test the reactor was 
taken from the sand bath and put in cold water to cool down and stop the 
HTL reaction. Then the reactor was placed in a pre-evacuated chamber, 
it was opened, and the expansion of gases was induced. The gas phase 
quantification was made through the displacement of the water level 
due to accumulation of gases inside a graduated funnel connected to the 
pre-evacuated chamber. Gas phase composition was determined by GC- 
TCD/FID analyses of samples of 100 μL of gas phase. 

2.2. Product separation and analytical methods 

The procedures adopted for product separation were the same of 
those used in a previous investigation [10,19]. Briefly, after gas 
expansion the liquid products were collected in a centrifuge tube and 2 
mL of cyclohexane were added to the tube to separate the BC from the 
aqueous phase. The reactor was washed with 10 mL of cyclohexane and 
the recovered liquid phase was poured into the centrifuge tube. The tube 
was centrifuged at 3220 rpm for 20 min. The supernatant liquid phase, 

Compound  KOH FA 

_ Fe Ni Zn _ Fe Ni Zn _ Fe Ni Zn 

Ethylene 0.7 0.6 0.6 0.2 0.6 0.8 0.9 0.3 0.9 0.5 0.5 0.1 
Ethane 0.4 0.3 0.4 0.2 0.3 0.3 0.5 0.2 0.3 0.1 0.1 0.1 
Propylene 0.8 0.8 0.8 0.4 1.3 0.6 0.7 0.4 1.4 0.5 0.5 0.2 
Propane 0.5 0.4 0.5 0.2 0.3 0.4 0.5 0.2 0.2 0.1 0.1 0.1 
Methane 1.9 1.6 2.3 1.2 4.9 3.3 5.3 1.9 1.6 0.8 0.5 0.6 
i-butane 0.2 0.1 0.2 0.1 0.3 0.1 0.2 0.1 0.1 0.0 0.0 0.0 
n-butane 0.3 0.3 0.3 0.2 0.5 0.3 0.4 0.2 0.2 0.1 0.1 0.1 
CO2 94.0 94.6 94.0 46.2 91.2 93.9 91.1 44.7 80.0 62.7 73.5 44.5 
H2 ND ND ND 50.8 ND ND ND 51.7 9.3 31.0 15.5 54.0 
CO 1.1 1.3 0.9 0.5 0.5 0.4 0.4 0.3 6.2 4.1 9.3 0.3 

ND: not detected. 

Fig. 2. Proton distribution obtained by 1H NMR analysis of the HO from HTL of SS at 350 ◦C for 10 min, in the presence of Zn metal powder.  

Table 2 
Gas phase composition obtained from HTL experiments conducted at 350 ◦C, 10 min in the presence of Fe, Ni and Zn metal powder; without homogeneous additives; 
with KOH; with FA.  
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made of cyclohexane and solubilized BC was separated from the solids 
using a Pasteur pipette and stored in a round bottom flask. The aqueous 
phase was collected and stored in a glass vial and the water-soluble 
products (WSP) were estimated by gravimetric analyses. The reactor 
was washed several times with acetone to recover the residual BC and 
solid residue (SR). The suspended phase recovered with acetone was 
poured in the aforementioned round bottom flask and its content was 
filtered under vacuum using a Whatman nylon membrane with pore 
diameter of 0.45 μm. The SR was collected in the filter and dried for 
further gravimetric analyses. The filtrated liquid phase containing BC 
was subjected to a controlled evaporation process of the solvents as 
described by Prestigiacomo et al. [10,19], to collect a residual heavy oil 
phase (HO) from the round bottom flask, quantified by weighting, and a 
trapped liquid phase rich in re-condensed solvents. Gas chromato
graphic analyses of the trapped liquid phase were performed, and an 

additional hydrocarbon fraction (HC) was detected and quantified by 
calibration with standards. BC was considering as a summation of the 
quantified HO and HC mass. 

2.3. Analytical methods 

Initial moisture of SS and organic content of the dried organic matrix 
were determined by gravimetric analyses. Elemental analyses of the dry 
organic matrices were performed to determine carbon (C), hydrogen 
(H), nitrogen (N) and sulfur (S) content by Elementar vario MICRO cube. 
Oxygen content (% w/w) was determined by difference (Eq. (1)). 

O 100 C H N S ash (1)  

where C, H, N, S are the % w/w detected by the elemental analyzer and 
ash is the average percentage of the calcinated samples (6 h at 550 ◦C). 

Fig. 3. 1H NMR analyses of BC obtained from HTL experiments conducted at 350 ◦C, 10 min in the presence of Fe, Ni and Zn metal powder; without homogeneous 
additives; with KOH; with FA. 



All HTL experiments were repeated twice to determine the repro
ducibility and reported yields are mean values. The mean values of 
standard deviation (i.e., percentage value of the deviation of product 
yields) are reported as follows: 4.0% for BC, 3.9% for SR, 0.2% for WSP 
and 4.7% for gas. The yields of HO, HC, WSP and Gas (Yproduct(%)) are 
calculated according to Eq. (2) in the dry ash free form (daf): 

Yproduct(%w/w) Mp(daf )
/

Mb(daf ) × 100 (2)  

where Mp(daf)is the dry ash free mass of each product and Mb(daf) means 
the dry ash free mass of biofeedstock initially loaded into the reactor. 

SR yield was calculated using dry SS basis, following the Eq. (3): 

YSR(%w/w) MSR(dry)
/

Mb(dry SS) × 100 (3)  

where MSR(dry) is the dry mass of SR and Mb(dry SS) means the dry mass of 
biofeedstock initially loaded in the reactor. MSR(dry) was estimated by 
subtracting the mass of loaded metallic powder from the total mass of 
collected residue. 

When formic acid was loaded into the reactor the Mb(daf) and Mb(dry SS) 
included the mass of the acid since FA itself reacts in hydrothermal 
environment. The BC yield was determined as the summation of HO and 
HC yields. 

In order to check BC quality in terms of H/C and O/C molar ratios, 
elemental analyses of BC samples were performed and HC identification 
in the liquid cold phase was achieved through gas chromatography 
analysis. The standard errors in the measurement of C, H, N and S % w/w 
were: 0.14%, 0.09%, 0.60% and 0.03% respectively. The high heating 
values (HHV) of BC were calculated by the expanded Dulong formula 
[34] in Eq. (4):

HHV (MJ/kg) 0.338C+ 1.44(H–O/8)+ 0.094S (4)  

where C, H, O and S are the cumulative elemental % w/w determined in 
the HO through elemental analysis and in the HC fraction from its 
composition. The same calcination process used to determine the ash 
content in SS was performed on BC, SR and WSP. The calcination on the 
BC samples always found an ash percentage below detection limit (0.5% 
w/w). The liquid solutions recovered in the cold trap were analyzed 
using a Perkin Elmer Autosystem XL GC equipped with a capillary col
umn ZB-FFAP (30 m * 0.25 mm * 0.25 mm) Phenomenex for C10-C18 
hydrocarbon fractions, by an Agilent 7890B GC equipped with 
Stabilwax-DA 11023 column (30 m * 0.25 mm * 0.25 mm) for C4-C13 
hydrocarbons. The oven programs used to conduct the analyses are:  

• C10 C18 hydrocarbon fractions: 40 ◦C for 3 min, then 8 ◦C/min to
244 ◦C for 0 min maintaining 244 ◦C. 250 ◦C was the temperature at
which the injector and the detector were set. The split ratio was 15:1,
the He flow-rate in the column was 2.4 mL/min and 0.4 μL is the
injection volume.

• C4 C13 hydrocarbon fraction: 40 ◦C for 10 min, then 8 ◦C/min to
250 ◦C for 10 min. 280 ◦C was the temperature of the detector. The
split ratio was 10:1, He flow-rate in the column was 3 mL/min and 1
μL is the injection volume.

The identification and the calibration of the chromatograms were
performed using GC analytical standards. The cumulative mass of HC 

Fig. 4. Van Krevelen diagram of BC produced from HTL experiments conducted 
at 350 ◦C, 10 min in the presence of Fe, Ni and Zn metal powder; without 
homogeneous additives; with KOH; with FA. 

Fig. 5. ER % of the HO and of the HC. HTL experiments were conducted at 
350 ◦C, 10 min in the presence of Fe, Ni and Zn metal powder; a) without 
homogeneous additives; b) with KOH; c) with FA. 



detected in the liquid solution recovered in the cold trap was used to 
calculate the BC yield (as a sum of HO and HC mass to initial organic 
mass of SS loaded into the reactor). 

Mol % of detected hydrocarbons was determined by the ratio be
tween the mols of the identified hydrocarbon and the cumulative mols of 
all detected hydrocarbons per 100. 

1H NMR analyses of HO samples were performed to know the molar 
distribution of hydrogen atoms according to their nature and position in 
the molecules. The 1H NMR analyses were recorded on a Bruker 250 
MHz NMR spectrometer (Biospin 250). 0.1 g sample was dissolved in 
0.7 ml of deuterated chloroform with tetramethyl silane as an internal 
standard. The solution was filtered through a 0.22 μm syringe filter 
(Spheros PFTE, LLG Labware), removing suspended particles. 1H 
spectra were acquired in 5 mm NMR tubes using a 90◦ pulse angle with a 
relaxation delay of 1 s, 126 accumulated scans and a spectral width of 
3400 Hz. The resulting signals were processed and integrated with 
MestReNova 14.1.2. For the integration and functional group assign
ments, regions for the 1H spectra were given by Zimmermann et al. [35]. 
Signals from residual acetone and a trace of non-deuterated chloroform 
(δ 7.26 ppm) and their related areas were excluded by deconvolution. 
The HC composition in the liquid trapped phase was considered to es
timate the molar distribution of methyl, methylene and olefinic 
hydrogen atoms in this fraction. The 1HNMR and GC results were 
cumulated to obtain information representative of the BC product. 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analyses 
were performed with the native SS, the aqueous phase samples and the 
solid residues (SR) to detect the Al, Ba, B, Ca, Cu, Fe, K, Mg, Mn, Na, P, S, 

Si, Ti, Sr, F, Cl, Br, Zn and Ni contents. The metal recovery (MR) in the SR 
and aqueous phase (AP) was determined as follows: 

MRi(%)
(∑

ωiMp

)/(∑
ωi (SS)MSS

)
× 100 (5)  

where i is the generic atom in SR or AP, 
∑

ωi is the sum of the mass 
fraction of the metals in the product obtained by ICP analyses, Mp is the 
dry mass of recovered SR or AP, 

∑
ωi (SS) is the sum of the mass fraction 

of the metals in the SS, MSS is the dry mass of SS charged in the reactor. 
When metal powder was added to the reactor together with dry SS and 
water, 

∑
ωi and 

∑
ωi (SS) were calculated considering the mass of added 

powder. Chips of Ni were separated after SR recovery and for this reason 
their mass was not included in the MR calculation. MR calculations have 
a standard deviation of ±6. 

The gas phase, taking samples of 100 μL, was analyzed by an Agilent 
7890B Gas Chromatography equipped with a 2 m Molsieve 5 Å and 2 m 
Porapak Q column and through comparison with ethene, ethane, pro
pylene, propane, methane, i-butane, n-butane, carbon dioxide, 
hydrogen and carbon monoxide standards and proper calibrations 
equations it was possible to obtain the volume percentage of each 
identified component in the analyzed sample. Ideal gas equation of state 
was then used to estimate the moles of produced gas phase. Triplicate 
injections were done to test the reproducibility of the results. 

The energy recovery (ER) was used as a measure to evaluate the 
practical feasibility of the HTL of SS under the investigated operative 
conditions. 

The ER of each collected product (ERp) was estimated by the Eq. (6): 

ERp(%)
[
M0

tot × Yp × HHVp
/(

m0
SSHHVSS + m0

FAHHVFA
) ]

× 100 (6)  

where Mtot
0 is the total organic mass loaded in the reactor defined as sum 

of mSS
0 and mFA

0 that are respectively the initial organic mass of SS and of 
FA when used, Yp is the product yield defined in Eq. (2), HHVSS and 
HHVFA are the high heating value of SS and FA respectively. HHVFA was 
calculated with Eq. (4) knowing that the elemental composition of pure 
FA is 26.10% of C, 4.38% of H and 46.02% of O. 

3. Results and discussions

3.1. Effect of transition metals and hydrogen producer additives

A reference experiment of HTL of SS was performed at 350 ◦C and 10 
min, without addition of metals or homogeneous additives. A sample of 
BC produced by this experiment was analyzed through ICP analysis to 
search for the presence of metals finding 0.50%w/w of Fe, 0.18 of P %w/ 

KOH FA 

_ Fe Ni Zn _ Fe Ni Zn _ Fe Ni Zn 

MRSR 94.3 65.9 51.3 75.3 82.9 63.6 55.2 77.4 101.7 71.6 50.5 78.7 
MRAP 5.4 0.9 1.2 1.1 23.0 11.7 14.0 9.9 2.4 0.9 1.3 1.3 
MRTotal 99.7 66.8 52.5 76.4 105.9 75.3 69.2 87.3 104.1 72.5 51.8 80.1  

Table 4 
Product yields obtained by HTL experiment conducted at 350 ◦C, 10 min, using 
chips or powder of Ni.  

Homogeneous 
additive 

Heterogeneous 
additive 

Product yield (% w/w) 

BCa HCa SRb WSPa GASa 

KOH 

_ 31 8 33 16 11 
Ni powder 32 <0.5 37 8 10 
Ni (Chips) 31 _ 36 10 12 
Ni (R-Chips)c 34 _ 31 9 12 

FA 

_ 29 4 50 7 10 
Ni powder 23 <0.5 42 5 51 
Ni (Chips) 28 _ 29 7 57 
Ni (R-Chips)c 30 _ 28 2 58  

a Dry ash free basis. 
b Dry SS basis. 
c Recycled chips. 

Table 5 
Metal recovery MR (%) in the SR and in the AP produced from HTL experiments conducted at 350 ◦C, 10 min in the presence of Ni metal powder, Chips of Ni, and 
reused chips (R-chips) of Ni; without homogeneous additives; with KOH; with FA.   

Blanka KOH FA 

_ Ni powder Ni chips Ni R-chipsb _ Ni powder Ni chips Ni R-chipsb 

MRSR 94.3 82.9 55.2 67.7 58.7 101.7 50.5 46.0 49.5 
MRAP 5.4 23.0 14.0 16.4 2.7 2.4 1.3 2.7 5.6 
MRtot 99.7 105.9 69.2 84.1 61.3 104.1 51.8 48.7 55.1  

a Blank experiments without FA, KOH and metals. 
b R-chips: reused chips. 

Table 3 
Metal recovery MR (%) in the SR and in the AP produced from HTL experiments conducted at 350 ◦C, 10 min in the presence of Fe, Ni, Zn metal powder; without 
homogeneous additives; with KOH; with FA.    
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Fig. 6. SEM characterization of Ni surface. a) initial; b) after a first cycle of HTL without additives; c) after a second cycle of HTL without additives; d) after a first 
cycle of HTL in the presence of KOH; e) after a second cycle of HTL in the presence of KOH; f) after a first cycle of HTL in the presence of FA; g) after a second cycle of 
HTL in the presence of FA. 



w, 0.09%w/w of Al and Ca, 0.01%w/w of Zn. Then experiments in the 
presence of Fe, Ni and Zn metal powders (10%w/w related to dry SS) 
were performed and the main obtained results are reported in Fig. 1. 

In the presence of added Fe and Ni, the BC and HC yields only 
marginally increased with respect to that measured with original SS. 
Differently, a strong increase of the cumulative yield of BC was observed 
when Zn powder was used (Fig. 1a), mainly due to a marked enhance
ment in HC production that reached a yield of 20%. In this fraction it 
was possible to detect the presence of C5, C6, C14, C16 alkanes which 
mol% were respectively 0.01, 0.13, 6.38 and 93.48. 

The addition of transition metals decreased the yield in SR and WSP. 
Ni and Zn increased the yield in gas products that were constituted for 
more than 50% mol/mol by hydrogen when the less noble metal was 
used probably because of water reduction promoted by Zn oxidation 
according to reaction (7) [36]: 

Zn+H2O⇆ZnO+H2 (7) 

The enhancement in hydrogen production was not observed with 
iron because with this metal has been reported that the particle surface 
is soon covered by a passivating layer of hematite that prevents further 
reaction with water [28]. 

The same set of experiments was repeated adding KOH and FA as 
homogeneous additives. Also, in the presence of the alkaline compound 
the highest cumulative BC yields was obtained in the presence of Zn but, 
under these conditions, the HC fraction yield was below 0.5% and the 
higher oil production corresponded to generation of larger amount of 
HO fraction (Fig. 1b). Fe and Ni did not show evident beneficial effect on 
the cumulative BC yields. Again, in these sets of experiments added 
metals decreased the amount of WSP even if the effect was less marked 
than that observed in the additive-free experiments. The formation of 
HC compounds was not detected suggesting that KOH inhibits the 

hydrodeoxygenation effect of the metals. 
When the transition metals were used with FA, cumulative BC yields 

were slightly improved only in the presence of Fe because of larger HC 
formation. When Ni and Zn metal powders were used cumulative BC 
yields were decreased to less than 20% and gasification prevailed (Fig. 1 
c) as demonstrated by the gas yield that increased from 7-15% to
50–66%. In all experiments with Zn hydrogen was detected as the main
component of the gas mixture and its concentration increased to 15%
and 31% mol/mol also with Ni and Fe respectively when FA was added.

It is known that hydrogen can be produced above 320 ◦C by thermal 
decomposition of the formic acid, following the decarboxylation reac
tion pathway described elsewhere [37–39] and reported below: 

HCOOH→CO2 +H2 (8) 

To assess this hypothesis the stoichiometric amount of hydrogen 
from complete decomposition of FA was compared with that produced 
in the HTL experiment. When Zn was added to the reactor, only 14% of 
the produced hydrogen can be covered by the decomposition of FA, the 
residual moles coming from water or from organic molecules Table 2. 

HO samples were analyzed by 1H NMR and elemental analyzer to 
investigate the effect of metals and additives on the in-situ upgrading of 
the produced BC. Results of 1H NMR spectra were analyzed dividing the 
proton signals according to their position in the molecules constituting 
the HO as follows:  

- H aromatic: hydrogen linked to aromatic ring incorporated in HO
compounds (identified from 9 to 6.0 ppm);

- H phenolic/olefinic: hydrogen in the hydroxyl group of phenols (repre
sented at 5.4 ppm) together with hydrogen of unsaturated C––C bond
represented by a triplet at 5.0–4.9 ppm (identified in the region from
6.0 to 4.5 ppm);

Fig. 7. SEM/ EDX analysis of reused Ni chips in the presence of KOH as additive.  



- H methoxy: hydrogen in methoxy groups located at 3.6 ppm in the
region 4.5–3.0 ppm [38];

- H unsaturated/heteroatom: protons in α-position (1.5–1.8 ppm) and
β-position (1.9–3.0 ppm) in N- and O-containing functional groups
like linear or branched amides and non-aromatic heterocyclic com
pounds (identified from 3 to 1.5 ppm) [39];

- H aliphatic: paraffinic methyl and methylene hydrogens (identified
from 1.5 to 0.5 ppm);

In Fig. 2 the proton signal distribution is reported. In Fig. 3 the cu
mulative distribution of protons of BC are plotted determined combining 
the results of 1H NMR and elemental analysis with the GC analysis of the 
HC fraction. From Fig. 3 we found that in BC obtained with Zn the 
fractions of hydrogen in α-position with respect to carbonyl and aro
matic rings and that of aromatic protons were strongly depleted while 
the fraction of aliphatic hydrogen increased from 52 to 68%. These re
sults clearly indicate that Zn promote hydrogenation and deoxygenation 
reactions and is confirmed by the elemental analysis reported in the Van 
Krevelen diagram (Fig. 4). The values of H/C and O/C of BC change from 
1.61 to 1.81 and from 0.13 to 0.06 respectively when Zn was added to 
the reaction mixture. These improvement in the BC quality and yield led 
to a cumulative ER (as determined by Eq. (6)) significantly higher than 
100% (Fig. 5), as already observed in our previous study that gave ev
idence of endothermic reactions involved in the HTL of SS [19] sug
gesting that beside the energy content of the biomass also the enthalpy 
used to drive the HTL can be stored in the BC. Also, when Zn was used 
with KOH and Fe together with FA, the ER were higher than 100% 
because of the high BC yield. In the latter case, this effect was accom
panied by an increase of H/C and a reduction of O/C. 

In general elemental composition data reported in the Van Krevelen 
diagram are in good agreement with 1H NMR data thus supporting the 
validity of this approach to obtain a more resolved information on the 
quality of the BC. In fact, BC samples obtained with Zn and KOH alone 

and with Fe and FA in Fig. 3 are characterized by the highest fractions of 
aliphatic protons and lowest fractions of unsaturated/heteroatoms, 
methoxy, phenolic/olefinic and aromatic protons in agreement with 
their high H/C and low O/C. 

SR and AP were characterized through ICP analyses (Tables S1 and 
S2). In Table 3 it is possible to observe the results in terms of metal 
recovery (MR %) in the products. 

Most of the metals are recovered in the SR, however when initial 
metals were added, the cumulative percentage recovered in the SR and 
AP is strongly lower than 100%, indicating that metals can be present in 
the BC probably complexed by oxygenated and nitrogenated 
compounds. 

3.2. Ni reuse and characterization 

Among the tested metals, Ni was never detected in the aqueous phase 
and it is the metal with the highest standard reduction potential, that 
makes it more resistant to oxidation in water. For this reason in the work 
herein further experimentation conducted to study the stability of 
metals in two consecutive HTL experiments was performed with Ni. 
Since it was not possible to recover metal powders from the SR with 
adopted separation procedures, Ni metal powder was substituted by 
chips in this part of the study. The main obtained results are showed in 
Table 4. 

When Ni powder was substituted with Ni chips BC yield was sub
stantially unchanged in the presence of KOH and increased from 23 to 
28% in the presence of FA. This effect on the yield can be due to the fact 
that chips of nickel were better distributed in the reaction medium 
owing to their filament like geometry and the active surface can be more 
available for the HTL reactions with respect to the nickel powder that is 
placed on the bottom of the static reactor mixed with solid components 
and then with a less accessible surface. Ni chips recovered and used for a 
second test gave BC yields of 34 instead of 31% with KOH and of 30 

Fig. 8. SEM/ EDX analysis of reused Ni chips in the presence of FA as additive.  



instead of 28% with FA. 
Looking at the BC quality we found that Ni chips gave H/C and O/C 

values reasonably similar to those obtained with powder. Another 

important figure of merits of the HTL process, the energy recovery ER, 
did not decrease when chips were reused that is another indication that 
Ni performances did not change after the 1st utilization. SR and WSP 
were analyzed by ICP (Tables S1 and S2) and Ni concentration in these 
fractions was below the detection threshold that indicates of the stability 
of this metal under hydrothermal condition (Table 5). Ni chips were 
characterized by SEM-EDX before and after their 1st utilization. Native 
chips had a layered compact surface. Used chips exhibited a modified 
surface morphology both in the absence and in the presence of KOH and 
FA (Fig. 6). Nickel chips tested alone and in the presence of formic acid 
revealed a hemispherical conical surface morphology. Moreover, in the 
presence of KOH surface structure with polygonal texture with well- 
defined facets was observed. Ni-S was reported to be active in the 
decarbonylation of carboxylic acids to olefins and in the hydro
deoxygenation of fatty acids to paraffins [40]. EDX analyses (Figs. 7 and 
8 on the right side) showed the prevalence of the peak intensity of sulfur 
on the Ni surface recovered after the 1st HTL experiment and supports 
the findings of 1H NMR results in Fig. 9 showing increasing abundance of 
olefinic protons. Higher fraction of olefinic hydrogen was observed with 
FA addition respect to KOH. Furthermore, Van Krevelen diagram in 
Fig. 10 showed as Ni chips with FA led to the production of a biocrude 
with relatively low O/C. This behavior was probably related to the role 
of FA as hydrogen vector in the reaction system. Furthermore, no 
negative effects were observed with Ni reutilization in the ER values of 
the biocrude (Fig. 11). 

Fig. 9. 1H NMR results of BC produced from HTL experiments conducted at 350 ◦C, 10 min in the presence of Ni metal powder, Chips of Ni, and reused chips of Ni; a) 
with KOH; b) with FA. 

Fig. 10. Van Krevelen diagram reporting H/C and O/C molar ratio of BC 
produced from HTL experiments conducted at 350 ◦C, 10 min in the presence of 
Ni metal powder (Ni powder), chips of Ni (Ni chips) and reused chips of Ni (R- 
Ni chips); in the presence of KOH or FA. 



4. Conclusions

The effect of Fe, Ni and Zn alone and in the presence of FA and KOH
as liquid hydrogen donors on the HTL of real SS was investigated. When 
Zn was used alone or in the presence of KOH increased the cumulative 
biocrude (BC) yields from 29 (blank experiment) to 43 and 48 respec
tively and resulted in energy recoveries (ER) higher than 100%, thus 
indicating that HTL of SS is globally endothermic. Moreover, when Zn 
was used with FA it strongly enhanced gas yield from 10 to 66% leading 
to a significant hydrogen production. Fe powders used in the presence of 
FA improved the quality and the energy recovery of BC. ICP analyses of 
the aqueous phase showed that Ni was not distributed in the aqueous 
phase, instead Zn complexes were found when FA or KOH were added to 
the HTL reactor. Ni chips were used in the place of powders in two 
consecutive HTL experiments with stable BC yields and ER. Collected 
results suggest that metallic powers can be interesting catalyst to 
improve yield and quality of BC in particular when FA acid was used as 
hydrogen vector. 
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