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A B S T R A C T   

Hydrothermal liquefaction (HTL) is known to be a promising technology to produce crude bio-oils as interme
diate to drop-in transport fuels. However, the co-production of liquefaction wastewater (HTL-AP) and hydrochar 
residues (HCs) limits the economic viability and technical scalability. Hence, the objective of this work is to study 
the effect of catalysts NaOH, KOH, Na2CO3, K2CO3, H3PO4, FeCl3 and Fe2O3 in the HTL reaction medium and 
on the characteristics of derived crude bio-oils from wheat stem under subcritical conditions at 350 ◦C for 15 
min. Likewise, the mentioned chemical agents were used to enhance the structural, morphological, and chemical 
surface properties of the HCs for the uptake of the organic adsorbates and nutrients from the HTL-AP. A yield of 
30.85 wt% crude bio-oil, having the highest HHV of 34.36 MJ/kg, and lowest 22.03 wt% hydrochar are achieved 
under Na2CO3-catalyzed HTL. In contrast, the acidic and Fe-based catalysts revealed a lesser bio-oil yield because 
of the low pH, which promotes dehydration and polymerization reactions. Reduced Na, K, Fe, and S contents 
were found in H3PO4, FeCl3, and Fe2O3-catalyzed biocrudes. This result supports the hypothesis of the in situ 
demetallation during HTL reaction due to their adsorption onto the mesoporous hydrochars with 
Dp = 13.77–33.58 nm. The removal efficiency levels for COD, TOC, phenols, total N, P, and dissolved K are 
66.67–92.77 %, 62.58–91.84 %, 65.59–99.91 %, 37.63–80.80 %, 96.67–99.90 %, and 45.57–92.36 %, respec
tively after HTAL-AP treatement. The results demonstrate new insights and directions for the use of activated 
hydrochar as a low-cost adsorbent for HTL-AP remediation purposes.   

1. Introduction 

With the static global growth of the biomass-derived fuel supply 
chain, coupled with their inclusion in the long-term decarbonization of 
many transport enterprises, the sector still addresses the following 
questions: are the emerging technologies assess the sustainability and 
scalability of biofuels? and if so, what are the challenges in the imple
mentation of the future global energy–water–climate nexus? [1]. Hy
drothermal liquefaction (HTL), which is also known as hydrous 
pyrolysis, is a thermochemical and emerging technology focusing on the 
increase of biocrude productivity by reducing the operating temperature 
(280 ◦C–400 ◦C), minimizing energy consumption, and excluding prior 
drying cost with the exploitation of various high water-containing 
feedstocks [2]. HTL is a water-driven depolymerization process 

performed under closed O2-free and sub-critical, near-critical, or su
percritical conditions (10–35 MPa), where pressurized hot water serves 
as a reactant and catalyst that decomposes the biopolymeric structure 
into co-products, such as liquid, gas, and solid phases [3]. Compared 
with fast pyrolysis oil, HTL crude bio-oil is typically more stable, and it 
exhibits lower oxygen and moisture contents with elevated energy 
density and calorific value (32–44 MJ/kg) [4]. Nonetheless, upgrading 
via hydrotreatment is required for drop-in transportation-grade fuel. 
Gaseous products of HTL are primarily composed of CO2 > 80 % and a 
small fraction of CO, H2, CH4, C2H6, C2H4, benzene, toluene, and sty
rene. Compounds such as ethene have been classified as hazardous air 
pollutants by USEPA; however, they are exempt from the regulation 
because of their low concentration levels and “net-zero” carbon 
accountancy [1]. 
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Despite being a competitive technology and apart from crude bio-oil 
as the target product, the major challenge limiting the economic 
viability and technical scalability of the HTL-related process is the safe 
disposal of generated by-products, including nearly 25 wt% to 50 wt% 
post-hydrothermal aqueous phase (HTL-AP) and 5 wt% to 20 wt% solid 
hydrochar residues (HCs) [5]. The HTL-AP typically comprises low- 
molecular-weight acid compounds derived from lignocellulose 
biomass, reaching acidic pH ranging from 3.5 to 5. A high concentration 
of organics, ammonia, and organic nitrogen has also been found and 
confirmed by 46–401 g/L of chemical oxygen demand (COD) and 
0.8–7.07 g/L of total nitrogen (TN) [6]. Furthermore, metals, including 
phosphorus (P), potassium (K), sodium (Na), magnesium (Mg), 
aluminum (Al), calcium (Ca), and iron (Fe), were observed in the HTL- 
AP [7]. The discharge of the aqueous HTL directly into the ecosystem 
without proper treatment is hectic, which would lead to wastewater 
generation and wastage of environmental resources, nutrient runoff, and 
eutrophication. The literature has revealed that HTL-AP purification has 
stringent requirements, as most treatment methods may not accommo
date high organic loadings. For example, COD values < 10 g/L are 
typically required for the processability anaerobic fermentation and 
bioelectrochemical systems [8]. This strategy suggests that heavy di
lutions of HTL-AP, around 100 times, are compelling and challenging, 
which is economically unfeasible because it involves the usage of 
freshwater. 

Integrating adsorbents such as commercially activated carbons and 
zeolites can be a potential step to the removal of xenobiotic and recal
citrant organic and nutrient compounds from HTL-AP. However, these 
expensive adsorbents require a substitute for adsorption sustainability 
[9]. Solid HCs, which are generated from HTL with carbon as the major 
element, can be used as low-cost adsorbents. However, its porosity of 
0.058–0.082 cm3/g and BET specific surface area of 1.56–17 m2/g 
remain comparatively low because of the formation and condensation of 
hydrocarbons on the surface, thereby clogging pores and reducing its 
adsorption capacity [10,11]. Activation, in which HCs are impregnated 
with certain dehydrating agents acting as oxidants (e.g., NaOH, KOH, 
Na2CO3, K2CO3, H3PO4, and other acid salts) and pyrolyzed under inert 
atmosphere at 800 ◦C, could aromatize the HC carbon skeleton, with 
oxygen-containing functional groups and more developed porous 
structure with high stability. To the best of our knowledge, existing HTL 
studies have well-characterized crude bio-oils but have not focused on 
hydrochar except for primary details such as yield and ultimate analysis. 
Furthermore, the use of HTL hydrochar as an alternative low cost for 
commercial adsorbents and wastewater remediation purposes is very 
less explored in comparison to pyrolytic char. Hence, this research work 
aimed to study the twofold effect of NaOH, KOH, Na2CO3, K2CO3,

H3PO4, FeCl3, and Fe2O3 as catalysts in the HTL reaction medium and 
as dehydrating agents for the enhancement of surface structure, 
morphology, and chemistry of HTL hydrochar. Besides, the adsorptive 
properties of the prepared activated hydrochars for the uptake and re
covery of organics (COD, TOC, phenols) and nutrients (TN, TP, and 
dissolved K) from the HTL aqueous solution were tested. 

2. Materials and methods 

2.1. Wheat stem, chemicals, and experimental activities 

Wheat stem (WS), which dominated the production in the EU crop
land by 72 %, or 57 million ha, in 2019 [12], was collected from the 
cultivation field in Aalborg, Denmark, after harvesting grains. WS was 
ground and sieved to obtain particles with a size of < 250 µm. Stem, 
which is used as a starting material, contained 6 % moisture (Kern 
Moisture Analyzer MLS at 105 ◦C), 7 % ash (ASTM D4852 standard) 
[13], 73.65 % volatile matter and 13.62 % fixed carbon (ARES-G2, TA 
Instrument, Heating rate of 10 ◦C/min from 100 to 900 ◦C with a N2 
purge rate of 20 mL/min). WS’ biochemical composition was charac
terized in a previous study by fiber method (FOSS Cyclotec 1093) and 

contains 37.92 % cellulose, 30.24 % hemicellulose, 4.69 % lignin [14]. 
Sodium hydroxide (NaOH, >99 %), potassium hydroxide (KOH, >99 
%), sodium carbonate (Na2CO3), potassium carbonate (K2CO3, 99.99 
%), phosphoric acid (H3PO4, 85 %), ferric chloride (FeCl3, >99 %) ferric 
oxide (Fe2O3, >99 %), acetone (C3H6O, ≥ 99.5 %), and diethyl ether 
(C4H10O, ≥99.5 %) were purchased from VWR Company, Denmark. A 
summary of the experimental activities followed in this investigation 
starting from HTL of WS, preparation of activated HC adsorbents, and 
adsorption study of organic adsorbates and nutrients from HTL-AP was 
illustrated in the flowchart (Fig. 1). 

2.2. Hydrothermal liquefaction of WS and analysis of crude bio-oils and 
gases 

A high-pressure stainless steel autoclave reactor with a volumetric 
capacity of 0.4 L and maximum operating limits of 500 ◦C and 35 MPa 
was used for the HTL of WS. Initially, 50 g of WS was mixed with different 
catalysts, including X = NaOH, KOH, Na2CO3, K2CO3, H3PO4, FeCl3,
and Fe2O3, at a fixed weight ratio percentage of 2% = WX

WWS
× 100 in 

0.2 L of distilled water. The reactor was pressurized with 2 MPa of ni
trogen gas to create an anoxic inert atmosphere condition. Then, the 
mixture was stirred at a constant stirring speed of 400 rpm to ensure 
complete homogenization prior to the HTL reaction. The temperature was 
increased from room temperature to 350 ◦C at a rate of 10 ◦C/min and 
maintained for 15 min [15,16]. The autogenous pressure generated dur
ing the reaction was in the range of 22–25 MPa. The liquefaction products 
at different catalysts (X) were labeled as “Gas@X”, “AP@X”, “Oil@X”, 
and “HC@X”, consisting of gases (e.g., CO, CO2, CH4, and H2), aqueous 
phase, crude bio-oil, and hydrochar, respectively. 

A non-condensable sample, namely, Gas@X, was collected after the 
reaction system was cooled in a stainless-steel gas sampling bomb, and 
the leftover gases were vented out. Gas@X was analyzed via GC using a 
Shimadzu Inc. GC-2010 system equipped with a GC-BID detector and 
Supelco 1006 PLOT column. The composition of the gas was evaluated 
by comparing its retention time with the mass spectral data of an 
authentic standard gas. The obtained extracted liquefaction products 
with acetone were collected and double filtered to separate HC@X and 
liquid products (AP@X and Oil@X). Thereafter, the acetone was 
removed using a vacuum rotary evaporator at 60 ◦C and 50 KPa. Then, 
the oil phase was separated from the aqueous phase by using a diethyl 
ether solvent. The Oil@X yield derived from the HTL of WS under 
subcritical water conditions at different catalysts (X) was calculated on a 
dry-ash-free (daf) basis, following Eq. (1): 

Oil@X yield (%) =
WOil@X

WWSdaf

× 100 (1) 

Ultimate analysis, inorganic fraction, heating values (HHV), and 
energy recovery (ER) of the obtained Oil@X were determined using a 
CHN analyzer (PerkinElmer 2400 Series II, ASTM D5291), Inductively 
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES), oxygen bomb 
calorimeter (IKA, C2000), and Eq. (2), respectively. 

ER(%) =
HHVoil@X

HHVWS
× Yieldoil@X (2) 

Furthermore, compositional analyses were performed through 
TRACE™ 1300 Serie gas chromatography coupled with the ISQ-ID mass 
spectrometry system (GC–MS). During GC–MS analysis, the Oil@X 
vapor was separated into several compounds through a CP-9036 capil
lary column with a dimension of 30 m × 300 µm installed in the GC 
system. A GC injection port temperature of 300 ◦C and a split ratio of 20 
were maintained using an in-built GC program. The program started at 
35 ◦C with a holding time of 2 min, ramped to 120 ◦C and maintained for 
5 min, then increased to 300 ◦C and set for 4 min under a steady flow of 
1 mL/min of helium as a carrier gas. The chemical constituents of Oil@X 
were identified and measured with regard to spectrum peaks by 
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matching their retention time and the standard mass spectrum library of 
the National Institute of Standards and Technology installed in a PC 
database system. The boiling point distribution and their respective 
fractional cuts composition of the obtained Oil@X was performed ac
cording to ASTM D7169-20 standard [17] via simulated-distillation, 
using a zebron ZB-1XT column × (Phenomenex) equipped gas chro
matography–flame ionization detector (GC-FID) (Shimadzu, Kyoto, 
Japan). 

2.3. Preparation and characterization of activated HCs 

HC@X was washed with acetone repeatedly to remove any remain
ing crude oil, and then yields were calculated after drying at 105 ◦C (Eq. 
(3)). 

HC@X yield (%) =
WHC@X

WWSdaf

× 100 (3) 

The ACs were subsequently prepared by impregnation of each wheat 
stem-derived HC using activating agents similar to the defined catalysts 
in the HTL step (Fig. 1) at an impregnation ratio (IR) of 2 g/g, expressed 
as the dry weight of X (g) to HC@X (g). For example, the activated HC 
(AC@NaOH) was prepared from HC@NaOH, resulting from the 
subcritical catalytic liquefaction of WS with sodium hydroxide. Then, 
the resulting impregnated HC samples were placed in a stainless-steel 
tubular reactor, heated up to an activation temperature of 800 ◦C at a 
rate of 10 ◦C/min, and held at this temperature for 90 min [9,18–20]. 
Nitrogen gas was purged to remove the air in the reactor before and 
during the process at a flow rate of 100 mL/min and after activation to 
cool down the samples. The resulting AC@X was rinsed repeatedly with 
warm distilled water until the filtrate pH reached approximately 6.0–7.0 
and dried at 105 ◦C, and yields were calculated using Eq. (4). 

AC@X yield (%) =
WAC@X

WHC@X
× HC@X yield (%) (4) 

Surface structure characteristics and morphologies of WS, HC@X, 
and AC@X were investigated using a Micromeritics ASAP 2460 instru
ment and a Zeiss Sigma 300 SEM microscope. Specific surface area (SBET, 
m2/g), external surface area (Sext, m2/g), micropore surface area (Smicro, 
m2/g), mesopore surface area (Smeso, m2/g), micropore volume (Vmicro, 
cm3/g), mesopore volume (Vmeso, cm3/g), total pore volume (VT, cm3/ 
g), and mean pore diameter (DP, nm) were measured using N2 adsorp
tion/desorption isotherm at − 196 ◦C. Furthermore, FTIR spectra of WS, 
HC@X, AC@X, and AD@X were obtained by using a Perkin Elmer 
Spectrum GX Infrared Spectrometer from 4000 to 400 cm− 1. Elemental 
analysis of nutrients (N, P, K) before and after adsorption was performed 
by FE–SEM Zeiss Sigma 300 coupled with EDX. 

2.4. Batch adsorption study and HTL aqueous-phase analysis before and 
after treatment 

Prior to adsorption experiments, the clumping of fines present in HTL 
aqueous phases (AP@X) into larger clusters was conducted for easy 
physical separation rather than the original particles. The initial pH of 
each AP@X was adjusted by increasing pH from 10 to 12 using 1 M 
NaOH solution. Then, polyaluminum chloride (10 wt%) was added and 
continously stirred at a dose defined by reaching the pH of 7–8, resulting 
in the formation of aggregates separated afterward by centrifugation. All 
the adsorption runs were performed in a batch process using a ther
mostatic water bath shaker fixed at 150 rpm. An amount of 1g of each 
prepared AC@X adsorbent (AC@NaOH, AC@KOH, AC@Na2CO3, 
AC@K2CO3, AC@H3PO4, AC@FeCl3, and AC@Fe2O3) was added to 50 
mL of the collected AP@X (AP@NaOH, AP@KOH, AP@Na2CO3, 
AP@K2CO3, AP@H3PO4, AP@FeCl3, and AP@Fe2O3), and the mixture 
was stirred at 30 ◦C overnight to ensure that adsorption had reached 
equilibrium. 

The initial concentration (Ci, mg/L) and residual ones (Cr, mg/L) 
after purification of COD, total organic carbon (TOC), phenols, TN, total 
dissolved potassium (K), and total phosphorous (TP) in AP@X solutions 
were spectrophotometrically measured using the corresponding LCK 
cuvette tests placed inside the analysis chamber of a UV–Visible color
imeter (Hach Lange, DR 3900) at a maximum wavelength of 314 nm 
(LCK 314), 435 nm (LCK 386), 510 nm (LCK 346), 345 nm (LCK 138), 
695 nm (LCK328), and 880 nm (LCK349), respectively. After adsorption, 
removal percentages of adsorbates were calculated using Eq. (5), and 
AD@X (used AC@X) was separated, rinsed with distilled water, and 
dried. Then, their FTIR spectra were recorded and compared with raw 
AC@X to understand the adsorption mechanism. 

Removal (%) =
Ci − Cr

Ci
× 100 (5)  

3. Results and discussion 

3.1. Yield and characterization of crude bio-oils 

Fig. 2 shows the effects of eight catalysts (X) on the distribution of 
HTL products via WS conversion at 350 ◦C for 15 min as the reaction 
time under subcritical water conditions without and with 2 wt% loading 
of X with regard to the dried WS mass. As illustrated in Fig. 2, the ob
tained crude bio-oil (Oil@X) yields were presented as follows: Na2CO3 
(30.85 wt%) > NaOH (30.52 wt%) > K2CO3 (28.79 wt%) > KOH (26.57 
wt%) > H2O (16.35 wt%) > Fe2O3 (14.63 wt%) > FeCl3 (9.58 wt%) >
H3PO4 (8.38 wt%). Among the tested catalysts, alkaline catalysts 
(Na2CO3 and NaOH followed by K2CO3 and KOH) showed superior 
catalytic effects in the enhancement of crude bio-oil yields. This result 
was attributed to the alkalinity of the reaction medium that remarkably 
affects the HTL pathway by promoting the hydrolytic depolymerization 

Fig. 1. Schematic description of WS liquefaction under subcritical water conditions without/with catalytic effect (X = NaOH, KOH, Na2CO3, K2CO3, H3PO4, FeCl3, 
Fe2O3), preparation of activated HC adsorbents, and post-treatment of HTL aqueous phase. 
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of biomacromolecules, such as cellulose, hemicellulose, and lignin, into 
linear and monocyclic small structures and inhibiting the dehydration 
and repolymerization of reaction intermediates through the neutrali
zation of carboxylic acids [21,22]. Thus, this reaction dramatically im
proves the bio-oil yields and reduces HC formation to 22.67 % for 
HC@NaOH, 22.83 % for HC@KOH, 22.03 % for HC@Na2CO3, and 
25.43 % for HC@K2CO3 compared with non-catalytic HTL experiments 
(HC@H2O, 33.03 %). Furthermore, the yield of Oil@Na2CO3 and 
Oil@K2CO3 was slightly higher than that of Oil@NaOH and Oil@KOH, 
indicating the efficiency of alkaline carbonate salts compared with hy
droxides. These results were similar to those in the literature because of 
the generation of secondary promoters of hydroxides and bicarbonates 
from carbonate salts and water during WS liquefaction [15,23]. Relative 
to alkaline catalysts, the application of H3PO4 and FeCl3 increased HC 
yield to 51.76 % and 36.69 %, which adversely contributed to bio-oil 
yield reduction to 8.38 % and 9.58 %, respectively. This result may be 
due to the partial carbonization of organic compounds in Oil@H3PO4 
and Oil@FeCl3 or the formation of viscous liquid intermediates in a low 
pH medium favoring dehydration, cross-linking, and poly-condensation 
of secondary reactions and then contributing to the occurrence of char 
chunks [11]. Correspondingly, Zhou et al. [24] found that the presence 
of sulfuric acid or acetic acid was not effective in achieving optimized 
bio-oil yield and increasing aqueous phase and char yields. In an acidic 
environment, decarboxylation and dehydration reactions are apparent 
for O and H removal, and the gases (Gas@ H3PO4) are released as carbon 
oxides (6.06 % CO), light hydrocarbon gases as methane (2.33 % CH4), 
and hydrogen (17.12 % H2) liberated as molecular hydrogen and by 
secondary methane formation [25,26]. For the hematite catalyst, Fe2O3, 
no effect on the distribution of HTL products was observed. The yield of 
Oil@ Fe2O3 (14.63 %), HC@Fe2O3 (35.70 %), and combined AP@ 
Fe2O3 + Gas@ Fe2O3 (49.67 %) did not differ from the values obtained 

at the same operating conditions without a catalyst, including 16.35 % 
for Oil@H2O, 33.03 % for HC@H2O, and % 50.62 % for AP@H2O +
Gas@ H2O. Therefore, Fe2O3 had no catalytic activity in promoting 
crude bio-oil production during WS liquefaction because of its maximum 
oxidation state (+3). This result was consistent with previous HTL works 
on oak wood and pinewood sawdust biomasses [22,27]. 

Crude bio-oil yield is a crucial criterion from an economical point of 
view and the evaluation of its quality within the application of different 
catalysts is also important. The elemental composition (%), H/C and O/ 
C ratio, heating values (MJ/kg), and ER (%) of crude bio-oils obtained at 
350 ◦C for 15 min with/without catalysts are summarized in Table 1. 
Catalytic HTL aimed to decrease the O/C ratio of bio-oil relative to the 
non-catalytic one; however, the O/C ratio of Oil@H3PO4 was signifi
cantly higher than that of Oil@H2O. Compared with the WS (%C =
42.15 ± 0.07, %H = 6.15 ± 0.07, %O = 51.45 ± 0.156, %N = 0.25 ±
0.014; O/C = 0.92 ± 0.004; H/C = 1.75 ± 0.017; HHV = 16.69 MJ/kg), 
the C and H contents of crude bio-oils were considerably higher, whereas 
the O content evidently declined, leading to higher HHVs of 
33.233–34.36 MJ/kg for bio-oils. As shown in Table 1, H/C > 1.232, O/ 
C < 0.168 contents, and HHVs > 32.94 MJ/kg were obtained with the 
addition of alkaline catalysts compared with the non-catalytic run 
Oil@H2O, leading to higher ER of 53.39 %–62.08 %. This result in
dicates that deoxygenation reactions were more enhanced in the 
decarboxylation pathway than in the decarbonylation pathway in the 
presence of alkali catalysts, leading to the formation of CO2 (%) > CO 
(%) during HTL (Fig. 2) [15]. Despite non-variant yields of Oil@FeCl3 
and Oil@Fe2O3 compared with Oil@H2O, elemental compositions 
(COil@FeCl3 = 75.46{%, CFe2O3 = 75.55{%, OOil@FeCl3 = 14.93{%,

OOil@Fe2O3 = 15.04{%) and heating values (HHVOil@FeCl3 =

33.336 MJ/kg, HHVFe2O3 = 33.385 MJ/kg) showed comparable results 
to crude bio-oils obtained via catalytic HTL with alkaline carbonate 

Fig. 2. Effect of different catalysts (X) on the HTL products distribution without/with 2 wt% loading of X with respect to the dried mass of WS at subcritical water 
conditions (temperature = 350 ◦C, residence time = 15 min, reaction pressure = 22–25 MPa, and X  = NaOH, KOH, Na2CO3, K2CO3, H3PO4, FeCl3, Fe2O3). 
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salts. These results indicate that Fe-based catalysts can promote crude 
bio-oil quality with minor yield improvement. 

The removal of heteroatoms and heavy metals improves crude bio-oil 
quality, which contributes to less undesirable emissions of NOx and SOx 
and increases catalyst lifetime by reducing metal deposition and then 
catalyst deactivation during upgrading [28]. Table 1 presents the effect 
of the eight catalysts on Na, Ca, P, K, Mg, Fe, and S concentrations in HTL 
bio-oils. Only minor quantities of inorganics are detected in crude bio- 
oils, whereas Ca, P, Mg, and Fe are principally concentrated in HCs 
after HTL (with weight percentages above 90 %) (Illustration is not 
shown where the amount of each inorganic element recovered in each 
product phase was calculated by multiplying the concentration of an 
element in a phase (mg/kg) by the mass of that phase. The corre
sponding weight percent was calculated normalizing the total to 100). In 
addition, K and Na are primarily recovered in the aqueous phase 
(around 70 wt% in most HTL runs). The similar distribution of inorganic 
elements after subcritical HTL of animal waste feedstocks was consistent 
with the present research [29]. Notably, acid and Fe-based catalysts 
effectively reduced the content of Na, Ca, K, Fe, and S in biocrudes 
relative to Oil@H2O and/or HTL with alkaline catalysts. This outcome 
may support the hypothesis that their adsorption onto HC@H3PO4, 
HC@FeCl3, and HC@Fe2O3 contributes to the in situ demetallation and 
reduction of heavy metal contents in Oil@H3PO4, Oil@FeCl3, and 
Oil@Fe2O3 during their production, respectively. 

The functionality of organic compounds presents in non-catalytic 
and catalytic crude bio-oils, such as Oil@H2O, Oil@NaOH, Oil@KOH, 
Oil@Na2CO3, Oil@K2CO3, Oil@H3PO4, Oil@ FeCl3, and Oil@ Fe2O3, 
was also categorized by GC–MS and compared (Fig. 3 (a)). The relative 
concentration of aldehydes, ketones, alcohols, ethers, carboxylic acids, 
esters, furans, aliphatic and aromatic hydrocarbons, and N-compounds 
was determined on the basis of the peak area. Low levels of N-containing 
compounds were observed on crude bio-oils obtained via catalytic HTL 
vs Oil@H2O; therefore, the applied catalysts can perform denitrogena
tion. The alkaline-catalytic liquefaction of bio-oils produced maximum 
cyclic hydrocarbons (9.61 %–14.01 %) and aldehyde/ketone com
pounds (40.36 %–47.72 %) compared with other liquefaction bio-oils. 
Alcoholic (24.2 %) and carboxylic acid (10.2 %) compounds were 
significantly increased when H3PO4 catalysts and furans were promoted 
using hematite catalyst. Hence, bio-oil product’ chemical compositions 
were highly dependent on the catalyst type used in HTL. Fig. 3 (b) shows 
the different fractions yield and boiling point distribution of all Oil@X. 

Obviously, all the obtained biocrudes exhibit large fractions in high 
molecular weight compounds associated with higher residual cuts of 
67.10–78.10 % above 340 ◦C. Therefore, further upgrading processes 
are required to produce the fungible on-specification transportation 
fuel. 

3.2. Yield, porosity, and surface chemistry of HCs and ACs 

Wheat stem’s physical structure shows a dense and smooth surface 
with few rough areas (WS SEM image, Fig. 4) because of the presence of 
carbohydrates that compact and make the cellulosic fibers invisible even 
at a high magnitude × 10000. Based on WS FTIR spectra (Fig. 5), the 
range of 3330.58 cm− 1 confirms the presence of –OH vibrations for 
intramolecular hydrogen bonds between cellulose chains or moisture. 
Two successive C–H stretching vibrations within a methyl group at 
2918.01 and 2849.91 cm− 1 originate from stem cuticle waxes [30]. The 
peak at 1733.07 cm− 1 is associated with the carboxyl group C––O 
stretching vibration of acetic, uronic, p-coumaric, ferulic acids, and es
ters, which are the main constituents of extractives and hemicellulose 
[31]. The peaks at 1641.34, 1422.49, and 1367.85 cm− 1 were associated 
with lignin aromatic ring C––C stretching, C–H stretching, and C–H or 
O–H bending, respectively. Moreover, two characteristic lignin bands 
were observed near 1240.61, and 1308.48 cm− 1 corresponding to the 
C–O ring of guaiacyl and syringyl [32]. The two peaks at 1031.19 and 
889.48 cm− 1 indicated the C–O stretching and C–H deformation vi
brations of the typical absorption peak of β-glycoside linkages in lignin 
and cellulose, respectively. The peak at 1031.18 cm− 1 may also be 
associated with Si–O stretching [31]. 

After HTL under different catalysts (X) with a 2 % ratio at 350 ◦C for 
15 min, HC surfaces show cellular networks with few mesoporous cav
ities, with average pore sizes of 12.79–33.58 nm, which fall between 2 
and 50 nm based on the IUPAC classification (Fig. 4 and Table 2, SEM 
images and textural properties of HC@H2O, HC@NaOH, HC@KOH, 
HC@Na2CO3, HC@K2CO3, HC@H3PO4, HC@FeCl3, and HC@Fe2O3). 
These remarkable structural changes occurred during HTL of WS under 
high-pressure conditions, and the formation of mesopores (Vmeso =

0.018–0.068 cm3/g) with the absence of micropores (Vmicro =

9.10E− 05–2.03E− 03 cm3/g) on the surface was found in all eight HCs. 
This can be explained by the series of reactions undergone during HTL, 
which softened the WS solid matrix composed of cellulose, hemicellu
lose, lignin, and extractives, leading to the formation of low surface 

Table 1 
Organic and inorganic composition (%), H/C and O/C ratios, HHV (MJ/kg), and ER (%) of the obtained crude bio-oils at subcritical water condition without/with 
catalyst.  

Crude bio- 
oils 

Ultimate analysis Atomic ratio Heavy metalsb (%) HHV (MJ/ 
kg) 

ER 
(%) C (%) H (%) N (%) Oa (%) H/C O/C Na Ca P K Mg Fe S 

Oil@H2O 74.74 
±0.02 

7.67 
±0.11 

0.90 
±0.02 

16.70 
±0.07 

1.232 
±0.02 

0.168 
±0.00 

0.11 0.09 0.09 0.61 0.02 0.18 3.68 32.94 32.27 

Oil@NaOH 75.15 
±1.31 

7.88 
±0.20 

0.88 
±0.46 

16.07 
±1.97 

1.258 
±0.01 

0.161 
±0.02 

0.52 0.02 0.00 0.60 0.00 0.05 0.85 33.23 60.79 

Oil@KOH 74.85 
±0.04 

7.62 
±0.04 

0.82 
±0.01 

16.72 
±0.01 

1.222 
±0.00 

0.167 
±0.00 

0.12 0.14 0.02 1.20 0.01 0.23 4.86 33.53 53.39 

Oil@Na2CO3 75.21 
±0.40 

7.97 
±0.06 

1.66 
±0.03 

15.16 
±0.38 

1.272 
±0.02 

0.151 
±0.01 

0.53 0.08 0.02 0.57 0.01 0.28 3.79 33.58 62.08 

Oil@K2CO3 75.65 
±0.27 

8.06 
±0.07 

1.46 
±0.10 

14.84 
±0.01 

1.278 
±0.02 

0.147 
±0.00 

0.09 0.09 0.09 0.75 0.03 0.38 7.74 34.36 59.27 

Oil@H3PO4 67.89 
±0.20 

7.42 
±0.00 

0.82 
±0.10 

23.88 
±0.28 

1.311 
±0.05 

0.264 
±0.00 

0.00 0.00 0.03 0.01 0.00 0.01 0.22 29.99 15.06 

Oil@FeCl3 75.55 
±0.58 

7.98 
±0.03 

1.44 
±0.04 

15.04 
±0.57 

1.268 
±0.01 

0.149 
±0.01 

0.00 0.01 0.02 0.01 0.00 0.11 0.05 33.34 19.15 

Oil@Fe2O3 75.46 
±0.32 

7.83 
±0.06 

1.79 
±0.03 

14.93 
±0.29 

1.245 
±0.01 

0.148 
±0.00 

0.00 0.01 0.01 0.03 0.00 0.06 0.19 33.39 29.27  

a : Oxygen contents of Oil@X were calculated by difference O%=100 %-%(C + H + N). 
b : The percentage of each inorganic = (concentration of metal (in mg/kg) × ash mass in Oil@X) × 100/ total concentration of metals (in mg/kg). Ash in Oil@X is 

determined via TGA analysis (TA Instrument, Discovery SDT 650) by heating to 900 ◦C and held isothermally for 10 min in an oxygen atmosphere with a purge rate of 
20 mL/min. 
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areas of SBET = 5.46–26.06 m2/g and total pore volumes of VT ≈ Vmeso =

0.012–0.072 cm3/g (Table 2). Comparable liquefaction of HC surface 
characteristics were obtained in previous studies of de-oiled seed cakes, 
sewage sludge, microalgae, and rice straw [11,33,34]. Furthermore, 
textual features of HCs generated from alkaline-catalytic HTL had 
similar properties to HC@H2O, demonstrating the inclusion of NaOH, 
KOH, Na2CO3, and K2CO3 in HTL reaction decreased HC formation, 

thereby improving bio-oil production and quality. In addition, 
HC@H3PO4, HC@FeCl3, and HC@Fe2O3 exhibited developed surfaces 
because of the low pH, promoting dehydration and polymerization re
actions yielding HCs with SBET of 26.06 m2/g, 12.99 m2/g, and 10.05 
m2/g, respectively. Compared with that of WS feedstock, the FTIR 
spectra of HCs (Fig. 5) showed a reduction in oxygenated surface func
tional groups caused by dehydration reactions where the –OH stretching 

Fig. 3. (a) Division in groups of the organic compounds found out by GC–MS analysis of the crude bio-oils obtained at subcritical water condition for 15 min with/ 
without catalyst, (b) Fractionation cuts composition of Oil@X at their respective boiling point. 
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and alkyl C–H Stretch between 3600 and 2500 cm− 1 weakened and/or 
disappeared, and the increase of aromatic functional groups in the 
presence of new peaks at 1700–1500 cm− 1 of aromatic C––C bending 
and 860–680 cm− 1 of aromatic C–H bonds resulted from polymeriza
tion and aromatization reactions during the formation of HC [35,36]. 

Activated HC SEM images (Fig. 4) showed that the chemical acti
vation with different catalysts (X, IR = 2) at 800 ◦C for 90 min con
tributes effectively to the widening of HC mesopores to macropores and 
the formation of new micro- and mesopores with different sizes (Dp =

1.75–6.61 nm) and irregular shapes (Vmicro = 0.034–0.675 cm3/g, Vmeso 
= 0.032–0.345 cm3/g) on the ACs surfaces. Hence, a sustaining increase 
in BET surface areas (SBET = 100.22–1612.04 m2/g) and pore 

development (VT = 0.067–0.848 cm3/g) were recorded and presented in 
Table 2, leading to the increase in weight loss of carbon in HCs and the 
reduction of AC yields from 14.49 % to 38.07 % (Fig. 4 and Table 2 
results of AC@H2O, AC@NaOH, AC@KOH, AC@Na2CO3, AC@K2CO3, 
AC@H3PO4, AC@FeCl3, and AC@Fe2O3). The enhancement of HC sur
face properties was obtained from the reactions between the chemical 
activating agents and the carbon matrix of HCs at 800 ◦C presented in 
Fig. 5 [18,37,38]. 

Fig. 4. SEM images at 10000 × of WS, HCs, and ACs.  

Fig. 5. FTIR spectra of WS, HCs, ACs before and after adsorption and activation mechanism.  
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3.3. Treatment of post-HTL aqueous phase: Removal and adsorption 
mechanism of organics and nutrients onto activated HCs 

Fig. 6(a) presents pH variation before and after treatment of the 
obtained aqueous phase samples (HTL-AP) at non-catalytic/catalytic 
HTL conditions. At the beginning of the non-catalytic HTL experiment, 
the slurry of the WS was at neutral pH because only water was present in 
the liquid phase. The pH of the resulting AP@H2O was acidic at 3.95, 
which was primarily due to the production of organic acids from the 
degradation of lignocellulosic carbohydrates during HTL [39]. These 
large amounts of organic matter in the liquid phase showed a TOC of 
38880 mg/L, a COD of 78000 mg/L, and total phenols of 1205 mg/L. In 
addition, the inorganic matter in the WS was directly dissolved, which 
inevitably led to mineral ion’ transformation into the HTL-AP as po
tassium (K = 2756 mg/L), phosphorous (TP = 125 mg/L), and nitrogen 
(TN = 277 mg/L). Moreover, the acidity of the aqueous phase intensified 
to 1.33 for AP@H3PO4 and 3.40 for AP@FeCl3, which was related to the 
use of acid catalysts and the dominance of in situ hydroxyl radicals. 

Furthermore, the pH of aqueous phase samples under alkaline catalytic 
HTL slightly increased up to 4.59, which indicated that some of the 
produced acids likely neutralized by hydroxides (NaOH, KOH) and/or 
carbonate salts (Na2CO3, K2CO3). After HTL-AP treatment, the pH values 
were in the neutral range of 6.53–8.10, related to the effect of the pro
cess prior to adsorption, in which particles suspended in HTL-AP were 
clumped to form larger particles by adjusting electrostatic charges using 
polyaluminum chloride. Polyaluminum chloride was known in the field 
of wastewater treatment for its effectiveness as a coagulant and its 
ability to neutralize settleable solids in suspension leading to the 
removal of organic products [40]. 

Fig. 6(b) and (c) show the removal percentage of organic matter 
(COD, TOC, and phenols) and nutrients (TN, TP, and K) from different 
aqueous phase samples after treatment at 30 ◦C with 20 g/L ratio of 
AC@X mass to AP@X volume. As shown in Fig. 6(b), AP@H3PO4 and 
AP@K2CO3 solutions treated by AC@H3PO4 and AC@K2CO3 showed the 
potential reduction in the content of phenols to 0.713 mg/L (99.91 %) 
and 2.48 mg/L (99.78 %), total organic compounds (TOC) to 1153 mg/L 

Table 2 
Carbon yields and surface characteristics of the HCs and ACs.  

Hydrochars (HCs) and activated carbons 
(ACs) from WS 

Carbon Yield 
(%) 

SBET (m2/ 
g) 

Sext (m2/ 
g) 

Smicro (m2/ 
g) 

Vmicro 

(cm3/g) 
Vmeso 

(cm3/g) 
VT (cm3/ 

g) 
Dp (nm) 

4 V/A by 
BET 

4 V/A by 
BJH 

HC@H2O 33.03 ± 0.67 8.54 7.82 0.721 1.61E-04 0.025 0.012 5.58 13.77 
AC@H2O 21.85 ± 0.12 253.54 62.94 190.60 0.075 0.056 0.130 2.05 6.61 
HC@NaOH 22.67 ± 0.24 5.45 3.68 1.769 6.66E-04 0.028 0.029 7.14 33.58 
AC@NaOH 15.20 ± 0.23 762.95 199.11 563.84 0.238 0.185 0.428 2.12 3.74 
HC@KOH 22.83 ± 0.46 7.62 7.13 0.48 1.11E-04 0.032 0.032 7.93 19.16 
AC@KOH 14.49 ± 0.24 1612.04 145.08 1466.96 0.675 0.345 0.848 2.06 2.84 
HC@Na2CO3 22.03 ± 0.67 6.75 6.19 0.547 9.10E-05 0.023 0.023 6.18 15.42 
AC@Na2CO3 16.12 ± 0.12 396.40 92.24 304.16 0.125 0.094 0.226 2.12 4.44 
HC@K2CO3 25.43 ± 0.24 7.18 6.39 0.78 1.21E-04 0.018 0.019 5.58 12.79 
AC@K2CO3 18.82 ± 0.46 1315.84 97.07 1218.77 0.489 0.113 0.593 1.75 3.65 
HC@H3PO4 51.76 ± 0.37 26.06 23.83 2.23 7.36E-04 0.068 0.072 5.14 15.70 
AC@H3PO4 38.07 ± 0.35 712.11 58.90 653.21 0.279 0.144 0.392 1.96 4.40 
HC@FeCl3 35.70 ± 0.26 12.99 11.13 1.86 6.34E-04 0.039 0.041 5.93 15.60 
AC@FeCl3 22.20 ± 0.26 308.69 85.46 223.22 0.089 0.132 0.219 2.626 5.17 
HC@Fe2O3 36.69 ± 0.12 10.049 5.56 4.49 2.03E-03 0.023 0.024 4.099 17.00 
AC@Fe2O3 22.31 ± 0.26 100.22 17.03 83.19 0.034 0.032 0.067 2.203 7.20  

Fig. 6. (a) pH variation and HTL-AP before and after treatment (inset); (b) % Removals of COD, TOC, DOC, and phenols; (c) % Removals of TN, TP, and total 
dissolved potassium (K). 

F. Marrakchi et al.                                                                                                                                                                                                                              



Chemical Engineering Journal 452 (2023) 139293

9

(91.84 %) and 5950 mg/L (82.25 %), and oxidizable organic matter to 
3340 mg/L (92.77 %) and 11380 mg/L (85.63 %), respectively. In 
addition, AP@Fe2O3 and AP@FeCl3 exhibited relatively lower TOC and 
COD using AC@Fe2O3 and AC@FeCl3, respectively. This result may be 
associated with the low BET surface areas of 100.22 m2/g for AC@Fe2O3 
and 308.69 m2/g for AC@FeCl3, and the partial blockage of some pores 
with iron covering the active adsorption sites [41]. These results of 
organic adsorbate removals were associated not only with AC surface 
functional groups, but also with their adsorption capacities related to 
initial concentrations of adsorbates in different HTL-AP (e.g., Ci,COD =

78.00 g/L in AP@ H2O, Ci,COD = 79.20 g/L in AP@ K2CO3, and Ci,COD =

46.20 g/L in AP@ H3PO4). Comparing the residual COD concentrations 
in the remaining aqueous streams (e.g., Cr,COD = 17.62 g/L in AP@ H2O, 
Cr,COD = 11.38 g/L in AP@ K2CO3, and Cr,COD = 3.30 g/L in AP@ H3PO4) 
with the current European discharge limit [42], further optimization 
and/or treatment is required for disposal. 

The percent removal efficiencies of nutrient adsorbates from HTL-AP 
are shown in Fig. 6(c), ranging from 37.63 % to 80.08 % for TN, 96.67 % 
to 99.89 % for TP, and 45.57 % to 92.36 % for total dissolved K. 
Moreover, N, P, and K elemental compositions in the activated HCs 
before (AC@X) and after (AD@X) adsorption were evaluated using EDX 
analysis. Their weight percentages with mapping images are summa
rized in Fig. 7, revealing their spatial distribution in the used ACs 
(AD@H2O, AD@NaOH, AD@KOH, AD@Na2CO3, AD@K2CO3, 
AD@H3PO4, AD@FeCl3, and AD@Fe2O3). These results indicate that a 
high phosphorous recovery up to 95 % is achieved in all treated AP@X. 
The phase transfer of residual P-containing compounds from HTL-AP to 
ACs and their uptake onto the active sites showed an increase in phos
phorus content to 0.19 % in AD@H2O, 0.60 % in AD@NaOH, 0.25 % in 
AD@Na2CO3, 0.13 % in AD@FeCl3, and 6.22 % in AD@H3PO4. In 
addition, no change in %P was observed between AD@K2CO3 and 
AD@KOH (after adsorption) and intact AC@K2CO3 and AC@KOH 
(before adsorption). Thus, the total removal of TP can be explained not 
only by adsorption onto the functional groups of activated HCs but also 
by a remarkably fraction of TP being chemically precipitated with pol
yaluminium chloride. For AP@FeCl3 and AP@Fe2O3, low initial con
centrations of TP were found equal to 30 mg/L < 125 mg/L (in 
AP@H2O), indicating that FeCl3 and Fe2O3 catalysts enhanced the pre
cipitation of P in the form of iron phosphate and its accumulation in the 
solid residue during HTL reaction. Consequently, slight adsorption rates 

of the residual P from 0.09 to 0.13 % in AD@FeCl3 and from 0.01 % to 
0.04 % in AD@Fe2O3 were shown. The removal of TN and dissolved 
potassium (K) was nearly 60 % with high values of 80.08 % and 92.36 % 
for AP@H3PO4, respectively. The uptake of N-containing compounds 
was examined in all adsorptions runs, and the strongest distribution of 
green dots was found in the spots of AD@Fe2O3, followed by chemically 
activated alkaline-based carbons, AD@H2O, AD@FeCl3, and AD@ 
H3PO4. This order was consistent with the relative weight percentages 
presented in Fig. 7. A similar trend was observed by studying the dis
tribution of blue color in adsorbed K onto the active sites of ACs over the 
entire images in the following order: AD@FeCl3 > AD@H2O >

AD@K2CO3 > AD@KOH > AD@NaOH > AD@Na2CO3>AD@ H3PO4. 
The prepared activated HCs demonstrate affinity to nutrients (N, P, and 
K) and their recovery from the aqueous phase and loading into ACs, 
which can be attributed to complexation, including hydrogen bonding 
and electrostatic attraction [43–45]. 

The comparison between the FTIR spectra of the AC@X with the 
corresponding AD@X can illustrate the possible mechanism of organics 
and nutrient adsorption onto activated HCs. Analysis revealed that the 
shifting and disappearance of 3100 cm− 1, 15567 cm− 1, 1339.20 cm− 1, 
1296 cm− 1 and 836 cm− 1 peaks, indicating their role in adsorption. 
Furthermore, shifting in aromatic C––C from 1522 to 1487 cm− 1, such a 
change in chemical structure, suggests the potential π–π stacking be
tween the aromatic ring of ACs and organic adsorbates in HTL-AP. 
Similar mechanisms have been reported for the uptake of 91.84 % 
COD, 80.0 % phenols, 91.08 % nitrogen, and 99.98 % phosphate onto 
pyrolytic bamboo-based activated carbon [46], rice-husk activated 
carbon [47], modified zeolite–diatomite composite [48], La-wheat 
straw biochar [44], respectively. 

4. Conclusion 

The current study revealed that HTL at subcritical water conditions 
followed by HTL-AP treatment using the twofold K2CO3 role as a ho
mogeneous catalyst and an activating agent is the most combinatorial 
scheme in terms of HTL products yield and quality. This resulted in 
yielding 28.79 % biocrude, 34.36 MJ/kg HHV, 59.27 % energy recov
ery, 18.82 % activated HC with SBET = 1315.84 m2/g, and the uptake and 
recovery of 82.25 % of organic adsorbates (TOC), 71.43 % of total ni
trogen. The analysis of gas chromatography GC/MS, simulated- 

Fig. 7. Weight percentages of N, P and K before (AC@X) and after adsorption (AD@X) with EDX mapping images.  
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distillation, and elemental (CHNO) composition revealed that biocrude 
has high oxygenated compounds, suggesting that upgrading is required 
for drop-in transportation-grade fuel. The feasibility of removing or
ganics and nutrients from HTL-AP and their recovery onto the carbon 
matrix of the hydrochar has been elucidated in this research, proving 
that design and modeling adsorption parameters (e.g., pH, temperature, 
time, etc.) can be discovered. Conducting a Techno-Economic Analysis 
of HTL integrated with the activation of hydrochar to a carbon adsorbent 
and its application for the HTL-AP post-treatment can be as well 
explored towards a scalable and circular implementation. 
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