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This work investigates the influence of different active phases on the hydrothermal liquefaction (HTL) of a 

tannery sludge (TS) performed in a 500 mL batch autoclave reactor at 350 °C for 10 min. The quality and energy-

related properties of the bio-crude were evaluated through elemental analysis and higher heating value (HHV) 

determination. Results show that even if the bio-crude mass yield of the products does not vary significantly with 

the use of Fe, Zn and MgCl2, a variation of both the HTL products distribution and bio-crude composition are 

observed. In particular, Fe promotes the aqueous phase formation, while Zn limits organic transfer and MgCl₂ 

promotes ash dissolution. Only Zn and MgCl₂ improve the bio-crude quality in terms of C, N and S content. 

1. Introduction 

The growing and unsustainable reliance on fossil fuel resources, combined with the continuous increase in 

global energy demand driven by industrial development, population growth, and technological expansion, has 

significantly increased worldwide awareness of environmental, economic, and energetic issues. This situation 

has consequently generated a strong driving force toward the development of green, renewable, and 

sustainable energy technologies (Balsamo et al., 2023). Within this framework, growing attention is being 

directed toward renewable energy sources, such as waste biomass, e.g., solid waste, agricultural residue, 

municipal and industrial sewage sludge. A waste of particular interest is tannery sludge (TS), deriving from 

wastewater treatment plants of leather industries. The Italian tanning sector produces approximately 95 million 

square meters of finished leather annually, generating approximately 1.88 kg of waste per square meter of 

leather (UNIC, 2024). The leather industry commonly employs basic chromium (III) sulfate as a tanning agent 

to impart mechanical strength and durability to the final product. However, only 60% by mass of the total amount 

of chromium is effectively used during the tanning process, binding with animal skin collagen. After partial 

recovery, the residual fraction is released into the wastewater stream as Cr (III) hydroxide. This waste stream 

poses significant management challenges due to the risk of oxidation to potentially carcinogenic Cr (VI). The 

thermochemical valorisation of TS enables the conversion of the sludge organic matter into an energy carrier, 

thereby reducing reliance on costly and environmentally unfriendly disposal practices such as landfilling or 

incineration (Jaffari et al., 2024). In this context, the hydrothermal liquefaction (HTL) process represents a 

promising sludge-to-energy method to convert wet feedstocks, avoiding the energy-intensive drying step 

required by conventional thermochemical technologies, e.g. combustion, pyrolysis, and gasification. HTL, 

carried out in hot pressurized water (200–375 °C and 40–200 bar), can decompose TS bio-constituents into 

intermediate compounds, that, via complex reaction pathways, re-arrange themselves to give bio-crude as 

target product, together with gas, solid residue and aqueous phases as co-products (Di Lauro et al., 2024). 

Furthermore, previous studies have shown that HTL can concentrate more than 99% of Cr into the solid residue, 
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in its trivalent form (Di Lauro et al., 2025). On the other hand, bio-crude obtained through HTL has high O, N 

and S contents, which can make the oil viscous, corrosive, thermally and chemically unstable and with a 

moderate calorific value (Liu et al., 2022). To overcome this limitation, the in-situ use of active phases such as 

Fe, Zn, and MgCl2 was investigated, to improve the properties of the bio-crude. Fe and Zn can act as promoters 

of hydrogen formation through redox reactions with the HTL water environment, thus favouring 

hydrodeoxygenation pathways which inhibit bio-oil repolymerization (de Capraris et al., 2021). Instead, the water 

soluble MgCl2 salt provides Lewis acid sites that promote decarboxylation reactions, leading to a reduction in 

the atomic O/C ratio and an increase in the higher heating value (HHV) of the bio-crude. Recent studies have 

applied these active phases to the HTL of lignocellulosic biomass and sewage sludge (Tai et al., 2021; Wang 

et al., 2025), achieving improvements in bio-crude yield and quality. However, the literature is still lacking on the 

study of these phases when applied to an industrial sludge, and the actual effectiveness of these activated 

phases is still uncertain. The aim of this work was to investigate the effect of three different active phases on 

the distribution and products and on the composition of the bio-crude when the HTL process is applied to 

industrial sludge. HTL tests were carried out in a 500 mL batch autoclave reactor for an isothermal residence 

time of 10 min at 350 °C. Preliminary tests were performed in absence of active phases, aimed at evaluating 

the effect of sludge concentration and slurry volume on the yield and quality of the bio-crude. Subsequently, 

tests were performed with the addition of active phases (Fe, Zn or MgCl2) at 20% with respect to the sludge (4% 

with respect to the loaded slurry), to analyse the influence of the additives on the bio-crude yield and properties, 

and identify the most suitable active phase for the HTL process. 

2. Materials and Methods 

2.1 Feedstock 

The highly Cr-rich biomass taken as reference substrate for HTL tests is an industrial tannery sludge deriving 

from a wastewater treatment plant located in Italy. TS was characterized by moisture content, via thermobalance 

Kern DAB 100-3 at 105 °C; ash content, by combustion in a muffle Nabertherm HTC 03/14 furnace at 550 °C 

for 5 h (ASTM E1755-01); elemental analysis (CHNSO), by LECO CHN628 and LECO SC-144DR (ASTM 

D5373 and UNI 7584); metal content, via Agilent Technologies 7500ce ICP-MS instrument, and calculation of 

the HHV through a Dulong’s equation (Eq. 1, with the oxygen content evaluated by difference as in Eq. 2), where 

fi is the mass percentage of the i-element. Table 1 reports the main chemical and energetic properties of TS as 

received. Three repetitions were carried out, and the mean value was listed. 

HHV [MJ/kg] = 0.338𝑓𝐶 + 1.44𝑓𝐻 + 0.094𝑓𝑆 − 0.154𝑓𝑂 (1) 

𝑓𝑂 = 100 − 𝑓𝑎𝑠ℎ,𝑑𝑏 − 𝑓𝐶 − 𝑓𝐻 − 𝑓𝑆 − 𝑓𝑁 (2) 

Table 1: Main properties of as-received tannery sludge (“db”=dry basis). 

Composition and energetic properties 

  C [% db] 34.4 ± 0.5 

Moisture [%] 8.6 ± 0.6 H [% db] 4.8 ± 0.1 

Ash [%] 37.5 ± 0.3 N [% db] 2.7 ± 0.1 

Organic fraction [%] 53.9 ± 0.5 S [% db] 3.2 ± 0.1 

HHV [MJ/kg db] 16.7 O [% db] 13.9 ± 0.7 

Inorganic elements content [g/kg db] 

Ca 58.5 Mg 0.7 Cu 0.04 Ni 0.007 

Fe 17.2 Ti 0.1 B 0.02 Zr 0.02 

Cr 13.5 P 2.9 As 0.001 Se 4.9 

Al 8.9 K 0.25 Sr 0.095 Pb 0.05 

Na 2.4 Zr 0.3 V 0.01 Mo 0.002 

Zn 0.3 Mn 0.1 Co 0.004 Ba 0.11 

Generally, TS is rich in proteins, carbohydrates and lipids, which justifies the high organic content present in the 

starting biomass (Di Lauro et al., 2025). The high ash content can be attributed to the use of different salts 

during the tanning process, such as sodium sulphide and basic chromium sulphate, which also enhance the S 

content of the biomass. Indeed, S content of 3.2% was revealed by ultimate analysis, together with 34.4% C, 

4.8% H, 2.7% N and 13.9% of O. On dry basis, the mean value of HHV is 16.7 MJ/kg, in line, as order of 

magnitude, with the commonly reported data for sludge (Prestigiacomo et al., 2022; Di Lauro et al., 2024). 

Regarding the inorganic elements content, the most abundant metal was Ca, with a concentration of 58.5 g/kg. 
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Then, in concentration descending order, Fe and Cr follow. The concentrations of these metals are at least one 

order of magnitude greater than for all the other inorganic elements. As expected, the Cr concentration, which 

is the main agent in tanning process, is extremely high (13.5 g/kg), especially when compared to common sludge 

from urban wastewater treatment processes (Di Lauro et al., 2024). 

2.2 Active phases 

The active phases (AC) were powdered iron (Fe), purchased from Sigma-Aldrich (maximum particle size of 44 

μm and purity of 97%), powdered zinc (Zn), purchased from Goodfellow (maximum particle size of 150 μm and 

purity of 99.9%), and anhydrous magnesium chloride (MgCl2), purchased from Janssen Chimica (purity of 99%). 

2.3 Operating conditions and experimental procedure for HTL test 

A detailed description of the experimental apparatus used in this work is reported in Di Lauro et al., (2024). It 

consists of a 500 mL Hastelloy C-276 batch reactor (Parr Instruments, series PA 4575A) with ancillary 

equipment. The dried biomass was ground, sieved to 400 µm, and dosed according to the experimental 

conditions. The first set of experiments involved the use of TS alone in the HTL process (reference tests, RT) 

to establish a reference baseline for bio-crude yield and quality under the same operating conditions later applied 

in experiments with active phases. RT were performed by varying the sludge concentration in the slurry and the 

reactor filled volume, both to assess their effect on bio-crude yield and to ensure compliance with volumetric 

and safety constraints of the reactor system in view of the subsequent addition of active phases. All experiments 

were conducted at a reaction temperature of 350 °C with an isothermal residence time of 10 min, considering 

three different conditions in terms of solid concentration and/or reactor filling. In particular, RT were carried out 

at sludge mass concentrations of 10% and 20%, using slurry volumes of 250 and 300 mL; the biomass was 

then loaded into the vessel and mixed with double-distilled water to reach the target volume. Once the sludge 

mass concentration and slurry volume providing the highest bio-crude yield were selected, experiments were 

conducted with the three different AC added at a mass concentration of 20% relative to the dry TS (4% of loaded 

slurry since TS is at 20% in there). Table 2 provides a synoptic overview of the performed experiments. 

Table 2: Overview of the experimental tests. 

HTL test 
Slurry volume  

[mL] 

Dry tannery sludge in slurry 

[%] 

Active phase 

[% vs. dry TS] 
Test acronym 

RT 300 10 – RT (10% – 300 mL) 

RT 300 20 – RT (20% – 300 mL) 

RT 250 20 – RT (20% – 250 mL) 

Fe 250 20 20 20% Fe 

Zn 250 20 20 20% Zn 

MgCl2 250 20 20 20% MgCl2 

In a typical HTL experiment, after loading the slurry with or without active phases, the reactor is sealed and 

insulated. The head space of reactor is purged with N2. Then, the system is pressurized at 28 bar to obtain a 

pressure of approximately 200 bar at the set-point temperature chosen for the reaction (350 °C). A layer of rock 

wool and a band heater, respectively on the top and the bottom of the reactor, were used to optimize the thermal 

transient. Finally, the stirrer inside the reactor is activated at a speed of 600 rpm, and heating starts. Upon 

completion of the HTL test, fast cooling of the reactor is carried out, so to “freeze” chemical reactions, thus 

avoiding unwanted products re-distribution during thermal transients. At the end of the process, the system 

returns to ambient temperature, and the overpressure in the reactor (compared to the initial one) allows us to 

quantify the gas produced during the process. The experimental protocol for phases separation following HTL 

runs was originally defined in Di Lauro et al., (2024). Briefly, after the HTL test, the liquid and solid phases were 

recovered from the vessel, and 30 g of dichloromethane (DCM) were added to maximize the products recovery. 

The resulting slurry was filtered under vacuum. After filtration, the solid phase was subjected to Soxhlet 

extraction to recover the bio-oil from the solid pores, using about 150 g of DCM as extracting solvent. At the end 

of this operation, the solid residue was oven-dried at 105 °C for 24 h, while in the collecting flask it is present 

the soluble fraction in DCM. At the same time, the water/bio-oil mixture was separated by centrifugation for 10 

min at 4000 rpm, obtaining the stratification between the aqueous and the oily phase: the supernatant aqueous 

phase was taken by means of Pasteur pipettes, while the underlying bio-crude was recovered and joined to the 

bio-oil obtained from extraction. Finally, the solution of bio-oil and DCM was distilled at 450 mbar with rotary 

evaporator. The obtained bio-crude was characterized by elemental analysis and determination of HHV. To 

verify the HTL data reproducibility on selected tests, two repetitions were carried out, and the product yields 
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mean value was reported. After the separation processes, the bio-crude (BC), solid residue (SR), gas (G), and 

aqueous phases (AP) yields (Y) were calculated according to Eqs. 3−6, respectively (“dafb”=dry ash-free basis): 

𝑌𝐵𝐶
𝑑𝑎𝑓𝑏

=
𝑚𝐵𝐶

𝑚𝑇𝑆
𝑑𝑎𝑓𝑏 ∗ 100    or       𝑌𝐵𝐶

𝑑𝑏 =
𝑚𝐵𝐶

𝑚𝑇𝑆
𝑑𝑏 ∗ 100                                                                                        (3) 

𝑌𝑆𝑅
𝑑𝑎𝑓𝑏

=
𝑚𝑆𝑅

𝑂𝑟𝑔

𝑚𝑇𝑆
𝑑𝑎𝑓𝑏 ∗ 100 =

𝑚𝑆𝑅(1−
𝐴𝑠ℎ𝑆𝑅

100
)

𝑚𝑇𝑆
𝑑𝑎𝑓𝑏 ∗ 100                                                       

(4) 

𝑌𝐺
𝑑𝑎𝑓𝑏

=
𝑚𝐺

𝑚𝑇𝑆
𝑑𝑎𝑓𝑏 ∗ 100 =

𝑚𝐶𝑂2+ 𝑚𝐻2

𝑚𝑇𝑆
𝑑𝑎𝑓𝑏 ∗ 100                                                            (5) 

𝑌𝐴𝑃
𝑑𝑎𝑓𝑏

= 100 − (𝑌𝐵𝐶
𝑑𝑎𝑓𝑏

+ 𝑌𝑆𝑅
𝑑𝑎𝑓𝑏

+ 𝑌𝐺
𝑑𝑎𝑓𝑏

)                                                         (6) 

where m represents the mass, AshSR the percentage of ash in the solid residue, while the apex Org is relative 

to the organic fraction present in the products. For the evaluation of the solid residue yield (Eq. 4), the complete 

removal of the active phase from the slurry was assumed. Consequently, in this work the yield of solid residue 

reflects only its organic fraction, i.e., this yield is expressed net of ash content. 

Different assumptions were adopted for the calculation of the gas-phase yield (Eq. 5), depending on the type of 

test. For RT and for experiments conducted in the presence of Fe or MgCl2, the final gas phase was assumed 

to consist of a binary mixture of nitrogen and carbon dioxide (N2–CO2), based on literature data reporting CO2 

fractions between 70% and 95% under comparable HTL operating conditions (Basar et al., 2021; Tai et al., 

2021). Conversely, for tests performed with zinc, the gas phase was assumed to be a ternary mixture of N2, 

CO2, and H2, with an equimolar H2–CO2 ratio after excluding the nitrogen contribution, as reported by 

Prestigiacomo et al., (2022) with similar biomass. 𝑌𝐴𝑃
𝑑𝑎𝑓𝑏

 (Eq. 6) is calculated as a complement to 100 of the 

yields of the other products. The energy recovery (ER) in bio-crude is estimated as the ratio between the higher 

heating value of the bio-crude and that of the TS, multiplied by the mass yield of bio-crude:  

ER =
HHVBC

db

HHVTS
db ∗ 𝑌𝐵𝐶

𝑑𝑏                                           
(7) 

3. Results 

3.1 Results of HTL tests at different sludge concentrations and with different active phases 

Figure 1a reports the values for the yields obtained upon the three RT (cf. Table 2). For RT (10% – 300 mL), 

the yield in bio-crude was slightly lower than 40%. Under the other two operating conditions, a slight increase is 

observed, thus becoming more pronounced at higher sludge concentrations and lower slurry volumes, reaching 

43% for RT (20% – 250 mL). This suggests a possible concentration-dependent biomass conversion 

mechanism, even if the effect is very limited. Specifically, increasing the concentration of macromolecular 

components in the slurry enhances conversion to bio-crude through a complex reaction network. In addition, 

comparing RT (20% – 250 mL) vs. RT (10% – 300 mL) in terms of solid residue and aqueous phase yields, we 

observe that both decrease in favour of bio-crude production. Then, the operating condition selected as the 

reference for subsequent tests with AC corresponds to a sludge concentration of 20% and a filling volume of 

250 mL To assess the influence of the active phases on HTL product distribution and bio-crude quality, tests 

were conducted using the same amount of active phase added to the slurry (20%). Figure 1b highlights the 

effect of the different active phases (Fe, Zn, and MgCl2), with respect to RT (20% – 250 mL), on the products 

distribution. The bio-crude yield remains overall comparable for all experiments. It decreases slightly from 43.0% 

in the reference test to 41.3% with Fe (−1.7%), (standard deviation of ± 0.02), increases to 44.1% with Zn 

(+1.1%), (standard deviation of ± 0.8) and decreases to 40.7% with MgCl2 (−2.3%). This indicates that the 

addition of the active phases does not significantly affect bio-crude production. These results are only partially 

in agreement with data reported in the literature for similar biomasses. For example, Prestigiacomo et al. (2022) 

reported a marginal increase in bio-crude yield with Fe in sewage sludge HTL, consistent with this study. In 

contrast, Zn led to a significant increase (29% vs 42% dafb), not observed here. This discrepancy may be due 

to: i) the different biomass type and higher inorganic content in TS, which may reduce the activity of Zn; ii) the 

shorter reaction time, limiting hydrogenation and stabilization of reactive fragments. Indeed, longer times (350 

°C, 30 min) have been shown to increase biocrude yields (Wang et al., 2022) when dealing with a biomass 

characterized by a different macrocomposition. Further studies will assess this effect.  
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In contrast, marked differences emerge in the distribution of the secondary phases. In the presence of Fe, the 

SR yield decreases sharply from 26.8% to 10.7% (−16.1%), while the AP yield increases substantially from 

21.7% to 36.1% (+14.4%). The gas yield also increases from 8.5% to 11.8% (+3.3%). 

 

Figure 1a: Yields on dry and ash-free basis for HTL reference tests. Figure 1b. Yields on dry an ash-free basis 

for HTL tests with the different active phases. 

This behaviour is consistent with the role of Fe under HTL conditions, where it tends to oxidize to Fe3O4, which 

can act as a basic catalyst promoting retro-aldol condensation reactions and accelerating the conversion of 

organic matter from the solid fraction into more water-soluble compounds (Miyata et al., 2017). For Zn, the SR 

yield decreases more moderately than in the Fe case, from 26.8% to 20.0% (−6.8% compared to the RT), while 

the AP yield remains essentially unchanged at 22.3% (+0.6%). The less pronounced effect on the redistribution 

of organic matter in aqueous phase of Zn compared to Fe determines a decrease in the total organic carbon 

(TOC) dissolved in it, which favours its subsequent and mandatory purification process, a critical point of the 

HTL concept. The gas yield, calculated considering an equimolar mixture of H2–CO2 net of nitrogen 

(Prestigiacomo et al., 2022), increases significantly to 13.5% (+5.0 % compared to the reference test). 

In contrast, the presence of MgCl2 leads to a markedly different behaviour. The SR yield increases significantly 

to 35.1% (+8.3 %), while the AP yield decreases sharply from 21.7% to 7.1% (−14.6%). This trend is attributed, 

in part, to the enhanced solubilization of the inorganic fraction of the TS promoted by MgCl2, confirmed by 

estimating the ash content in the solid residue (it is here recalled that the SR yield is net of ash). The gas yield 

increases to 17.1% (+8.6%), representing the highest value among all tests. The higher gas production and the 

lowest AP yield observed in the presence of MgCl2 probably can be attributed to its behaviour as a Lewis acid, 

which selectively promotes decarboxylation and decarbonylation reactions of organic matter, removing the 

oxygen in the form of CO2 and/or CO (Wang et al., 2022). 

3.2 Results of bio-crude characterization  

Table 3 summarizes the elemental composition and the energetic properties of the bio-crudes obtained under 

the operating conditions investigated.  

Table 3. Chemical and energetic properties of bio-crude. 

Sample 
C 

[%] 

H 

[%] 

N 

[%] 

S 

[%] 

O 

[%] 

HHV 

[MJ/kg] 

ER 

[%] 

TS (as received) 34.4 ± 0.5 4.8 ± 0.2 2.7 ± 0.05 3.2 ± 0.06 13.9 ± 0.7 16.7 – 

RT (20% – 250 

mL) 
62.1 ± 0.5 9.2 ± 0.1 2.0 ± 0.05 1.5 ± 0.1 25.2 ± 0.6 30.5 45.8 

20% Fe 63.9 ± 0.2 9.0 ± 0.2 2.2 ± 0.03 1.1 ± 0.1 23.6 ± 0.3 31.0 44.8 

20% Zn 65.8 ± 0.2 9.5 ± 0.2 2.4 ± 0.01 1.0 ± 0.02 21.3 ± 0.5 32.7 51.3 

20% MgCl2 66.7 ± 0.8 9.4 ± 0.2 1.8 ± 0.05 1.5 ± 0.04 20.2 ± 0.9 33.1 47.2 

Compared to the TS, the C content in the RT increases from 34.4 to 62.1% and the H content from 4.8 to 9.2%, 

while a marked decrease in heteroatoms (N, S) is observed. These changes are consistent with the fundamental 

reaction pathways of the HTL process, including hydrolysis, dehydration, decarboxylation, and biomass 

fragmentation. As a result, the HHV increases from 16.7 to 30.5 MJ/kg, corresponding to an energy recovery of 

45.8%. Relative to the reference test, the addition of active phases leads to more moderate modifications in bio-

crude composition. Among the investigated active phases, Fe exhibits the lowest impact, producing a bio-crude 

composition closely comparable to that of the test without the AC, with only a slight increase in C content; in this 

case, the HHV is 31.0 MJ/kg, and the ER is 44.8%. In contrast, the use of Zn and MgCl2 results in more 
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pronounced increases in C and H contents, accompanied by a concomitant reduction in oxygen, particularly in 

the presence of MgCl2. These compositional changes are reflected in higher HHV values, reaching 32.7 MJ/kg 

for Zn and 33.1 MJ/kg for MgCl2 case, with associated energy recoveries of 51.3% and 47.2%, respectively. 

4. Conclusions 

In this work Fe, Zn, and MgCl2 were introduced in situ during the hydrothermal liquefaction of tannery sludge, to 

improve bio-crude quality. The effects of sludge concentration, slurry volume, and active phase were 

investigated in a 500 mL batch autoclave reactor operated at 350 °C for 10 min. HTL experiments of TS without 

active phase identified 20% sludge concentration and 250 mL filling volume as the optimal conditions, yielding 

the highest bio-crude productivity. Under the selected reference conditions, product distribution during HTL 

resulted to be strongly dependent on the active phase nature. Fe promotes the conversion of solids into aqueous 

products, Zn limits the transfer of organic matter to the aqueous phase, and MgCl2 promotes the dissolution of 

the ash fraction and the gas phase formation, possibly through deoxygenation reactions. Moreover, Fe has a 

minimal effect on bio-crude quality, while Zn and MgCl2 enhance fuel quality by reducing oxygen and increasing 

carbon and hydrogen contents, thereby improving energy recovery. Future studies will focus on investigating 

different active-phase loadings and reaction times and their effects on HTL product quality and distribution. 
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