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HIGHLIGHTS 

 

GRAPHICAL ABSTRACT 

 

➢
 
Lime can be considered a cost-effective 

alternative to KOH in hydrothermal humification.
 

➢
 
Lime could significantly reduce aromatics while 

increasing sugars and acids.
 

➢ Wet biomass outperformed dry biomass in the 

process, reducing the need for pre-drying.  

➢ A 0.01% addition of hydrothermal humification 

products notably enhanced plant growth. 

➢ Hydrothermal liquid products showed no toxicity 

in Daphnia magna bioassays. 
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Hydrothermal carbonization (HTC) solid and liquid products may inhibit seed germination, necessitating post-treatment. The 

hydrothermal humification (HTH) method addresses this drawback by transforming inhibitory compounds, such as aromatics, 

into artificial humic acids (AHAs) and artificial fulvic acids (AFAs). This study introduces a novel approach by investigating 

the substitution of the commonly used alkaline agent in HTH, KOH, with hydrated lime to develop cost-effective hydrothermal 

fertilizers from sugar beet pulp, enriching them with AHAs. It assesses the effects of lime on AHA production and soluble 

organic compounds compared to KOH. The results indicate that lime significantly reduces furans (from 560 to 3.15 mg/kg DM 

in solid and from 344 to 3.86 mg/L in process liquid) and boosts sugars and organic acids, especially lactic acid (from 4.70 to 

65.82 g/kg DM in solid and from 4.05 to 22.89 mg/L in process liquid), increasing hydrochar yield (68.8% with lime vs. 27.4% 

with KOH). Despite the lower AHA production with lime compared to KOH (3.47% vs. 15.50%), lime-treated hydrothermal 

products are abundant in calcium and magnesium, boasting a pH of 7. This property presents a safer and more efficient alternative 

to hydrothermal fertilizers. The characterization of AHAs aligns with standard and natural humic substances, while lime-assisted 

HTH products, applied at a level of 0.01% w/w, could significantly enhance wheat growth and nutrient uptake compared to the 

control group. Importantly, these products show no toxicity on Daphnia magna, underscoring their potential for sustainable 

agriculture. 
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1. Introduction 

Meeting the challenge of producing high-quality food for 8.9 billion 

people by 2050 (totaling 1.5 billion tonnes) poses increasing difficulties. 

Consequently, there is a growing reliance on chemical fertilizers, which now 

account for over 70% of agricultural and food production (Rodríguez-

Espinosa et al., 2023). The main drawbacks of chemical nitrogenous 

fertilizers include low nitrogen use efficiency by plants (less than 30%), 

high emissions of greenhouse gases, high production costs, and negative 

impacts on soil organic matter content, microbial population, and diversity 

(Sarlaki et al., 2023b). Farmers are ramping up their agricultural activities 

and relying heavily on chemical fertilizers to boost their income from 

farming without considering the negative impact on the environment. This 

issue poses a significant risk of soil degradation and a decline in organic 

carbon and nutrient content (Sarlaki et al., 2023a; Wei et al., 2022), 

potentially leading to increased soil erosion, elevated greenhouse gas 

emissions, nitrate contamination of groundwater, and adverse effects on soil 

structure, fertility, biodiversity, and biological composition. Ultimately, 

these consequences can result in lower-quality agricultural and food 

products (Yang et al., 2023).   
Soil organic carbon content can be managed by adding engineered 

carbon-based fertilizers, such as artificial humic products and charred 
carbonaceous products (pyrochar and hydrochar) (Yang et al., 2021). 

According to the Food and Agriculture Organization (FAO) report, sugar 

beet was the second most productive crop, yielding 157 million tonnes 

annually (García-Velásquez and Van der Meer, 2023). One of the primary 
by-products of the sugar beet industry is sugar beet pulp (SBP), known for 

its high content of nutrients, including cellulose, pectin, protein, nitrogen, 

and organic matter. SBP can serve as an organic amendment to enrich soil 
fertility (Usmani et al., 2022). 

The valorization of SBP for the production of high-value-added products 

can enhance the circular bioeconomy of the sugar beet industry. In recent 

years, various thermochemical processes such as pyrolysis, gasification, 

hydrothermal liquefaction, hydrothermal carbonization (HTC), and 

hydrothermal humification (HTH) have been utilized to convert agri-food 

wastes into high-value products (Li et al., 2024). Hydrothermal processes, 

including HTC, HTH, and most recently hydrothermal fulvification (HTF), 

offer specific advantages over other thermochemical approaches as they 

eliminate the need for drying of raw materials and can convert all 

components of the feedstock into liquid, solid, and gas products (Kohzadi 

et al., 2023; Sarlaki et al., 2024). Additionally, hydrothermal conversion can 

dissolve organic matter in the process liquid (PL), minimizing carbon 

dioxide emissions and contributing to environmental preservation (Wang et 

al., 2024). 

In HTH, various factors such as the decomposition of biomass 

components, the transfer of nutrients (nitrogen, phosphorus, and potassium), 

Abbreviations   

ADL Acid detergent lignin LC50 Lethal concentration 50 

ADF Acid detergent fiber NDF Neutral detergent fiber  

AFAs Artificial fulvic acids oTS organic Total Solid 

AHAs Artificial humic acids PL Process liquid 

ATR-FT-IR Attenuated total reflectance-Fourier transform infrared SEM-EDX Scanning electron microscopy-energy dispersive X-ray 

DB Dry biomass SBP Sugar beet pulp 

DM Dry matter TC  Total carbon 

GI Germination index TGA Thermogravimetric analysis 

HAs Humic acids TOC Total organic carbon 

HMF Hydroxymethylfurfural TS Total solids 

HPLC High-performance liquid chromatography TS10-HTC Biomass content 10%, no alkali 

HSs Humic substances TS10- K33 Biomass content 10%, KOH content 33% of dry mass of biomass 

HTC Hydrothermal carbonization TS10-L25 Biomass content 10%, Lime content 25% of dry mass of biomass 

HTF Hydrothermal fulvification TS10-L33 Biomass content 10%, Lime content 33% of dry mass of biomass 

HHV Higher heating value TS20-L25 Biomass content 20%, Lime content 25% of dry mass of biomass 

HTH Hydrothermal humification WB Wet biomass 

ICP-OES Inductively coupled plasma optical emission spectroscopy  UV–Vis Ultraviolet-visible 

IHSS International Humic Substances Society   
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and heavy metals, alongside properties of the hydrothermal liquid 

(chemical, spectral, and phytotoxicity aspects), as well as the pore structure, 

surface morphology, and specific surface area of hydrochar, are greatly 

influenced by operational parameters like process temperature and reaction 

time. Additionally, factors such as reaction chemistry (solution pH) and 

solid loading in the reactor play significant roles (Shao et al., 2023b). 

In hydrothermal processes, inorganic minerals, such as KOH, NaOH, and 

NH4OH, are commonly used as alkaline catalysts (Wang et al., 2022; Zhi et 

al., 2022; Efremenko et al., 2023). High alkaline concentrations are needed 

for the hydrolysis of lignocellulosic structure, resulting in auto-

neutralization by organic acids produced in the reaction and conversion of 

intermediate reaction products to artificial humic acids (AHAs) (Tkachenko 

et al., 2023). For example, researchers utilized 25 and 23 wt% of KOH to 

produce 7.72 g/L and 8‒12% of AHAs from vegetable waste and corn stalks, 

respectively, at reaction temperatures of 220 and 200°C (Cao et al., 2023; 

Peng et al., 2023). Additionally, high alkaline consumption has been 

reported for other organic wastes such as vinegar fermentation waste (0.6 

mol/L of KOH at 210°C for 13 h) (Jiao et al., 2023), wastewater sludge 

(20% KOH, 170°C for 12 h) (Cai et al., 2023), corn straw acid hydrolysis 

residue (1.5 mol/L KOH at 180°C for 4 h) (Deng et al., 2023), and rice straw 

(KOH concentration of 1.5 mol/L) (Wang et al., 2023).  

In addition to increasing process costs, higher alkaline dosage alters the 

pH of the final product and the surface chemistry of AHAs and hydrochar, 

and more importantly, it creates a boundary between HTH and HTF 

processes (Kohzadi et al., 2023; Tkachenko et al., 2023). One of the hot 

topics in hydrothermal processes is the chemical properties and toxicity of 

hydrothermal products (AHAs and hydrochar) to aromatics (such as furans 

and phenols), organic acids, heavy metals, persistent free radicals, dioxins, 

perfluorinated chemicals, and polycyclic aromatic hydrocarbons (Marzban 

et al., 2023; Petrovič et al., 2023). These compounds have negative effects 

on seed germination and plant growth (Bona et al., 2023; Lin et al., 2024). 

Aromatic compounds like phenols and furans are present in HTC-derived 

hydrochar, and PL may restrict their direct agricultural use (Marzban et al., 

2023). The phytotoxicity effects of phenolics on plants are connected to 

their chemical composition and concentration, which can interfere with 

nutrients and reduce the availability of phosphorus and nitrogen (Lin et al., 

2024). HTH and, most recently, HTF were reported as promising methods 

that can reduce phenolic and furanic compounds in both solid and liquid 

products while producing macromolecules that can be classified as AHAs 

and artificial fulvic acids (AFAs), respectively (Tkachenko et al., 2023).  

Selecting an effective and alternative alkaline catalyst for KOH in HTH 

processes can reduce process costs and the phytotoxicity of hydrothermal 

products, especially when the selected catalyst can improve the circular 

bioeconomy in agricultural product conversion industries. For example, 

lime (Ca(OH)2), as a calcium-containing mineral, can be an effective 

substitute for KOH in alkaline pH regulation. Lime is utilized in the sugar 

beet industry to purify and protect sucrose from breaking down into glucose 

and fructose and to prevent the sugar syrup from becoming acidic nature 

(Muir, 2022). It can also serve as a valuable source of calcium oxide (CaO) 

for the decomposition of organic matter in SBP, hydrolysis of C-H bonds to 

boost the generation of humic precursors for developing synthetic humic 

products, and producing hydrochar for efficient soil enrichment to enhance 

the growth of different agricultural products, improve soil conditioning, and 

stabilize soil organic carbon using polyvalent cations (Chen et al., 2021; Xu 

et al., 2021). The use of lime for the humification of various waste materials 

through the composting method has been found to prevent the acidification 

of compost mass, reduce the proliferation of anaerobic microbes and 

greenhouse gas emissions, immobilize toxic heavy metals, and increase the 

temperature of the compost mass during composting. Overall, it has been 

utilized to improve the humification process (Chen et al., 2021; Xu et al., 

2021; Qi et al., 2022). 

To the best of our knowledge, there have been no previous studies 

specifically evaluating the use of lime in the HTH process, and its impact 

on the yield and characteristics of hydrothermal products remains unclear. 

Given this lack of information, the current study aimed to explore the 

hydrothermal conversion of SBP in order to improve the yield, quality, and 

phytotoxicity of products. Initially, HTC and HTH experiments were 

conducted under varied operational parameters, including adjustments to the 

total solid content of the process, as well as the type and concentration of 

the alkaline catalysts (KOH and lime) utilized. Following the experiments, 

the properties of hydrochar, PL, and AHAs were thoroughly assessed using 

diverse analytical methods. In addition, the optimal hydrothermal products 

were subjected to wheat seed germination. This research offers new 

perspectives on assessing artificial and natural-sourced humic acids (HAs) 

and their influence on crop growth, addressing a previous gap in the 

literature. However, there remain unanswered questions regarding potential 

secondary solubilization issues and associated health risks. Therefore, this 

study assessed the toxicity of hydrochar soluble products and PL on 

Daphnia magna organisms. 

 

2. Material and Methods 

2.1. Raw materials and chemical preparation 

The raw materials selected for this study consisted of both dry-SBP (DB) 

and wet-SBP (WB), which were purchased from the Hegmatan Sugar 

Factory in the Hamadan Province of Iran. The DB samples were grounded 

and sieved with a 0.5 mm mesh sieve, then stored at -20 °C to minimize 

microbial growth and decomposition for further experiments. To carry out 

the germination test, a soil sample was collected from the campus of 

Kurdistan University of Medical Sciences. Chemicals reagents, including 

potassium hydroxide, calcium carbonate, and hydrochloric acid, were 

purchased from Sigma Aldrich. Furthermore, hydrated lime, also referred to 

as calcium hydroxide (Ca(OH)2), was purchased from Pars Chemical for 

adjusting pH values. Natural-sourced HA isolated from lignite (stand for 

HA-standard, SIGMA-ALDRICH, technical grade, 53680-10G) was used 

for comparison with the AHA synthesized during the hydrothermal process.  

 

2.2. Hydrothermal process experiments 

Prior to the experiments, the raw materials, as shown in Figure 1, were 

dried in an oven at 105°C for 8 h to measure their moisture content (Li et 

al., 2023). Moisture content was determined to be 4% and 76% for DB and 

WB, respectively. Hydrothermal experiments were conducted in a 200 mL 

stainless steel hydrothermal reactor. To investigate the yield and chemical 

properties of the HTC products, the study analyzed the effects of two 

operating parameters. These factors included the ratio of alkali to biomass 

(0%, 16%, 25%, and 33%) and the total biomass content (TS%), which was 

maintained at 10% and 20% (w/v). Notably, the WB was introduced into the 

reactor in its moist state, with its measured moisture content being 

accounted for in the water content, and additional distilled water was added 

to achieve the targeted 10% and 20% TS. For all experiments, the 

hydrothermal reactor was filled to 60% of its total volume (Marzban et al., 

2023). The HTH experiments were carried out in the presence of two 

alkaline agents (KOH and hydrated lime), and HTC was performed without 

an alkaline agent. The reactor was kept at 230°C for 8h. Once the reaction 

was completed, the reactor was cooled down overnight (Marzban et al., 

2022). The solid product (hydrochar) and PL, which are shown in Figure 1, 

were separated by vacuum filtration through a 0.45 µm Whatman filter 

paper (Li et al., 2023). Subsequently, the weight of the separated products 

was recorded, and the yield of hydrochar was calculated according to 

Equation 1 (Afolabi et al., 2020). 

 

Hydrochar  yield (wt%)=
𝐷𝑟𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 (𝑔)

𝐷𝑟𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑔)
× 100             Eq. 1 

 

To prevent any potential damage to the structural and functional groups, 

the hydrochar was dried in an oven at 70°C until a constant weight (solid 

yield) and then ground into fine particles for further analysis (Shrestha et 

al., 2021). The remaining PL was stored at -20°C for further testing 

(Marzban et al., 2023). 

 

2.3. Artificial humic acid production  

The AHA content in the hydrothermal liquid product was extracted based 

on the method outlined in ISO 19822, with modifications proposed by 

Marzban et al. (2023). Following the method, hydrochar was initially 

separated from the PL (Fig. 1), then AHAs were separated from the PL by 

making a pH adjustment to 1 using 6 M HCL (Shao et al., 2023a). Next, the
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Fig. 1. Raw materials used in hydrothermal experiments: wet SBP (a), dry SBP (b), powdered 

dry SBP (c), and hydrothermal products, including PL, hydrochar, AHA, and AFA. 

 

 

obtained mixture was centrifuged at 4000 rpm for 5 min. After that, the solid 

residues (AHAs) were separated from yellowish brown-colored supernatant 

(AFAs) through the Whatman filter paper (Shao et al., 2022). Subsequently, 

the resultant AHAs were oven-dried at 60°C for 24 h (Marzban et al., 2023). 

The dry weight of AHA was noted to determine the yield of AHA based on 

Equation 2 (Peng et al., 2023). 

 

AHA  yield (wt%)=
𝐷𝑟𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐴𝐻𝐴 (𝑔)

𝐷𝑟𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑔)
× 100          Eq. 2 

 

2.4. Analytical methods  

Various chemical and analytical techniques were employed to analyze 

the different raw materials and hydrothermal products (hydrochar samples 

and AHAs), including elemental analysis (CHNS), attenuated total 

reflectance-Fourier transform infrared (ATR-FT-IR), thermogravimetric 

analysis (TGA), ultra-violet visible (UV-Vis), scanning electron 

microscopy with energy dispersive X-ray spectroscopy (SEM-EDX), high-

performance liquid chromatography (HPLC), and inductively coupled 

plasma optical emission spectroscopy (ICP-OES), and details can be found 

in our previous work (Marzban et al., 2023). The detergent fiber analysis of 

the raw materials was performed based on VDLUFA (2012; methods 6.5.1, 

6.5.2, and 6.5.3) (VDLUFA, 2012), using the ANKOM A2000 Automated 

Fiber Analyzer (ANKOM Technology, Macedon NY, USA). The content 

of neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid 

detergent lignin (ADL) was determined to calculate the content of 

hemicellulose, cellulose, and lignin by subtracting ADF from NDF to obtain 

hemicellulose, subtracting ADL from ADF to obtain cellulose, and 

considering ADL as the lignin content (Ghorbani et al., 2022; Marzban et 

al., 2023) and summarized in Table 1.  

 
Table 1.  

Fiber analysis of two raw biomasses (wet and dry) used for the HTC and HTH processes. 

 
 

Biomass NDF (%) 
ADF 

(%) 

ADL 

(%) 

Lignin 

(%) 

Hemicellulose 

(%) 

Cellulose 

(%) 

Dry 34.49 18.69 3.34 3.34 15.80 15.35 

Wet 16.69 7.44 0.79 0.79 9.25 6.65 

The organic compounds such as sugars (glucose, sucrose, and fructose), 

aromatics (phenol, cresol, catechol, guaiacol, furfural, and 

hydroxymethylfurfural (HMF)), and organic acids (acetic, lactic, and 

formic) in hydrochar and PL were determined. The sugars and organic acids 

were measured by the Ultimate 3000 UPLC system from DIONEX (column: 

Eurokat H (300 mm; 8 mm, 10 µm), company KNAUER). The aromatic 

compounds were measured using an HPLC (ICS-3000) with the UV-

detector (Dionex ICS 3000; Thermo Fisher Scientific Inc., USA). The 

inorganic content was measured using ICP-OES (ICAP6300 Duo, Thermo 

Scientific) with the autosampler (ASX-520, CETAC Technologies) 

(Marzban et al., 2023). For PL, the pH value, total carbon (TC), and total 

organic carbon (TOC) in PL were also measured using Shimadzu TOC-

5050A Analyzer, Germany. The concentrations of phosphate, nitrate, nitrite, 

and ammonium in the PL and hydrochar samples were measured using an 

Ion Chromatograph (ICS 1000 from Thermo Fisher Scientific Inc., USA). 

The total solids (TS%) content in hydrochar and AHA was determined 

by treating samples at 105°C for 24 h, and the ash content was determined 

by further treatment of dried samples at 550°C for 5 h, according to DIN EN 

14775 (Celletti et al., 2021). The organic total solids (oTS%) were 

calculated as the difference between the total solids and the remaining ash 

content (Marzban et al., 2023). The elemental analyzer (Vario ELIII) from 

Elementar Analysensysteme in Hanau, Germany, was employed to measure 

the levels of carbon, hydrogen, nitrogen, and sulfur in hydrochar and AHA 

by using sulfonic acid as a reference. Before analysis, the sample was dried 

at 60°C before being submitted to the elemental analyzer. The oxygen 

content was determined using the relation of O% = 100 – (C% + H% + S% 

+ N% + Ash%) (Wang et al., 2017). The higher heating value (HHV) of 

hydrochar (Eq. 3) was estimated using the correlation developed by 

Marzban et al. (2022), where C and O represent the carbon and oxygen 

percentages of the samples on a dry basis. 

 

HHV (MJ/kg) =0.3853C + 44.98/O       Eq. 3 

 

It is important to note that each analysis was conducted at least twice for 

every hydrochar and PL, using the appropriate equipment and method. The 

results are then presented as average values. 

A Nicolet iS5 ATR-FT-IR (Thermo Scientific, Madison, WI, USA) was 

used to record the FT-IR spectra of the hydrochar and AHA. The surface 

morphology of solids was examined using the Phenom Pro desktop scanning 

electron microscope (Thermo Fisher Scientific, USA). Fluorescence 

analysis of AHA was carried out with a Perkin-Elmer LS55 Luminescence 

Spectrometer (Perkin-Elmer, Waltham, MA, USA). The TGA analysis was 

performed using STA 449 F5 Jupiter from Netzsch, Germany. UV-Vis 

Spectroscopy was conducted using the T70+ UV/VIS Spectrometer (PG 

Instruments Ltd.).  

  

2.5. Plant growth phytotoxicity tests 

The soil sample was collected from the top layer of soil (0–20 cm) present 

in the garden of the Kurdistan University of Medical Sciences. Then, it was 

air-dried, thoroughly homogenized, and sieved through a 2 mm mesh to 

eliminate coarse stones and plant residues (Dos Santos et al., 2020). 

Thereby, it was stored in suitable containers for pot experiments. The soil 

was classified as a sandy loam texture. The pH value, humidity, and water-

holding capacity of the soil were measured as 8.91, 10%, and 30%, 

respectively (Islam et al., 2021). After the production, analysis, and 

characterization of HTH products, the best lime-assisted HTH was chosen 

for studying the effect of each product on seed germination and plant 

growth, with the results being compared to those of KOH-assisted HTH 

products as a reference. The pot experiment received fertilization from six 

different groups of hydrothermal products (hydrochar (S), process liquid 

(PL), a mixture of hydrochar and PL (M), hydrochar-derived dissolved 

organic matter (E), natural-sourced HA, and AHA at three different 

concentrations (0.01%, 0.1%, and 1% w/w) (Fig. 2). These were all 

compared to a control group with no fertilization. These ratios were chosen 

based on the primary experiments  and two types of alkali catalysts (hydrated 

lime and KOH).  

The experimental units consisted of plastic pots with a diameter of 7 cm 

and a height of 7.5 cm with a capacity of 200 g soil. The lower layer of pots 
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Fig. 2. Phytotoxicity bioassay tests used in this study for different hydrothermal products such as hydrochar, PL, hydrochar-derived dissolved organic matter, AHA, HA, and the mixture of all HTH 

products. 
 

 

contained a specified mass of pebbles, and then 140 g of soil was added. 

The resulting hydrothermal products were thoroughly homogenized with 

the entire soil. The wheat seeds underwent disinfection with alcohol for 30 

s, followed by multiple washes with deionized water. Subsequently, they 

were soaked in deionized water for several hours (Wang et al., 2017; 

Fregolente et al., 2019). Afterward, 7 wheat seeds were planted in each pot 

at a depth of 1 cm and a distance of 1 cm from each other. All the pots were 

kept in the same conditions at an indoor temperature of 22 ± 2°C (Shan et 

al., 2023).  

The seeds were germinated when a length of 2 mm of shoot emerged 

from the seed. Irrigation, seed germination value, and aerial organ 

measurement were performed 24 h after initiation and continued every day 

at  a specific time. Soil moisture was kept at 60% of the maximum water-

holding capacity by weighting (Yin et al., 2022). The experiment was 

conducted over 20 d. After the completion of the experiments, the total 

number of germinated seeds in each pot was recorded, and the lengths of 

root and shoot were determined. Subsequently, the relative seed 

germination, relative root growth, and germination index (GI) were 

calculated using the following equations (Eqs. 4‒6) (Lang et al., 2023). 

 

Relative seed germination(%) =
𝑁𝑜.  𝑜𝑓 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑠𝑒𝑒𝑑𝑠 𝑖𝑛 𝑝𝑟𝑜𝑔𝑟𝑒𝑠𝑠𝑖𝑛𝑔

𝑁𝑜.  𝑜𝑓 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑠𝑒𝑒𝑑𝑠 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
×  100 

 

 Eq. 4 

 

Relative root growth (%)=
𝑀𝑒𝑎𝑛  𝑟𝑜𝑜𝑡 𝑙𝑒𝑛𝑔ℎ𝑡 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑀𝑒𝑎𝑛 𝑟𝑜𝑜𝑡 𝑙𝑒𝑛𝑔ℎ𝑡 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
×  100                Eq. 5 

 

 
Germination Index  (%)=

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑒𝑒𝑑 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 × 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑜𝑜𝑡 𝑔𝑟𝑜𝑤𝑡ℎ 

100
   Eq. 6 

 

Typically, GI values below 50% indicate high phytotoxicity, while 

values above 80% show no phytotoxicity (Islam et al., 2021). At the harvest 

stage, plant samples were removed from the soil and rinsed with water. The 

roots and stems of the samples were measured in mm using a ruler, and the 

fresh weight of the plants was measured with a laboratory scale accurate to 

0.0001. The shoot and root were then placed in an oven at a constant 

temperature of 80°C to measure their dry weight using a laboratory scale 

(Melo et al., 2018). 

 

2.6. Daphnia magna phytotoxicity bioassay test 

A phytotoxicity bioassay test was performed to assess the effects of 

hydrochar-derived dissolved organic matter and PL on Daphnia magna 

through an acute toxicity test based on the OECD test 202 protocol (OECD, 

2004). The examinations were carried out in the following manner: First, 

the stock solutions were prepared according to the EN 12457-2 protocol 

(Oleszczuk et al., 2013), in which they were diluted volumetrically in six 

various concentrations (1, 5, 10, 50, 100, and 200 mg/L) (Griffiths et al., 

2021), as illustrated in Figure 2. Subsequently, 10 samples of Daphnia 

magna neonates, each 24 hours old, were subjected to the examination 

(Petrovič et al., 2023). The hydrothermal products were exposed to the test 

organism for a duration ranging from 12 to 96 h while maintaining a 

temperature of 20 ± 1°C. Finally, the number of immobilized 

microorganisms was determined, whereas Daphnids that were incapable of 

movement for 15 s after gentle agitation were classified as either immobile 

or dead (Griffiths et al., 2021). The experimental organisms did not receive 

food during the investigation. To ensure the accuracy of the examination, 

control groups were conducted. To quantify the toxicity of the products, the 

lethal concentration 50 (LC50) was utilized, which refers to the 

concentration level required to decrease 50% in the population of organisms 

that have been exposed (24 h-LC50). The LC50 values were computed via 

probit analysis utilizing the SPSS software. 
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3. Results and Discussion 

3.1. Yield and efficiency of the hydrothermal products 

Figure 3a shows the solid yield and AHA yield. In the TS content of 

10% KOH-assisted hydrothermal products, the solid yield was lower 

compared to HTC (without alkaline treatment). However, the addition of 

KOH increased the solid yield, and the yield of AHA was significantly 

increased from 0.5% (in HTC) to 15.5% when WB was utilized. Therefore, 

the KOH-assisted hydrothermal products (TS10-K33) were selected as a 

reference for comparison with lime in the next sections. When utilizing 20% 

of the TS content of both WB and DB, the yield was increased compared to 

using a TS content of 10%. Specifically, at a TS content of 20%, DB yielded 

higher solid content but lower AHA yield. The hydrochar yield for HTC of 

WB (33.6%) was higher than when 16% lime was added (solid 

yield=20.1%), while these values for DB were 44.6% and 27.7%, 

respectively (Fig. 3). An increase in lime led to a higher solid yield, while 

an increase in the TS content from 10 to 20% resulted in an increased AHA 

yield. The highest solid yield (68.8%) was observed in TS20-L25 for WB. 

However, for DB as well, the solid yield (66.3%) was higher compared to 

other experiments. As can be seen in Figure 3 and Table 2, the hydrochar 

from HTC showed the lowest content of ash, and the majority of hydrochar 

was organic solids. The HTC resulted in a final pH of 4 for WB and 5 for 

DB. However, the addition of lime resulted in the accumulation and increase 

of inorganics in hydrochar. The TS20-L25 sample, which exhibited the 

highest solid yield, reached a neutral pH (pH=7), indicating its suitability 

for soil application. In contrast, the hydrothermal experiment with KOH 

resulted in pH values of 9 for WB and 8 for DB, which is consistent with 

typical outcomes for KOH-assisted HTH and HTF experiments (Tkachenko 

et al., 2023). 

Table 2 presents the elemental analysis and HHV for WB and DB, 

including hydrochar and selected AHA. The carbon content was notably 

higher in TS10-HTC, reaching 63.92% with DB and 67.43% with WB. The 

hydrochar from HTC displayed the lowest ash content relative to their raw 

biomass feedstocks and hydrochar samples from alkaline-assisted 

hydrothermal processes. An increase in carbon content and a decrease in ash 

content resulted in a significant rise in the HHV of hydrochar samples 

(Marzban et al., 2022). An increase in carbon content and a decrease in ash 

content resulted in a significant rise in the HHV of hydrochar samples. This 

increase ranged from 18.30 in DB to 26.39 MJ/kg for hydrochar produced 

via HTC and from 17.95 in WB to 27.85 MJ/kg for its corresponding 

hydrochar.  

The H/C and O/C ratios, detailed in Table 2 and illustrated in the Van-

Krevelen diagram (Fig. 4), depict the transformation from biomass to 

hydrochar. The dehydration reaction, characteristic of the HTC process, led 

to hydrochar samples with high carbon content. These ratios were reduced 

to their lowest levels in HTC-derived hydrochar for both WB and DB. 

Conversely, hydrochar samples from alkaline-assisted hydrothermal 

processes showed an increase in these ratios, aligning with findings from 

previous studies (Tkachenko et al., 2023). 

The hydrochar produced from lime and KOH-assisted hydrothermal 

processes had a lower carbon content compared to the raw biomass. This 

decrease in carbon content, which was also observed in hydrochar from the 

HTF process, is due to the fact that most of the carbon dissolves into the 

liquid phase as organic carbon and its associated organic compounds such 

as sugars, acids, aromatics, and both AHA and AFA (Kohzadi et al., 2023). 

It was observed that the ash content in hydrochar is decreased (TS10 

samples) with an increase in lime dosage, leading to an accumulation of ash 

and a reduction in the HHV of hydrochar samples. 

 

 

 
 

Fig. 3. Solid yield and AHA yield of the HTC process and alkaline-assisted HTH and HTF processes (a), the yield of AHA, oTS, and ash content in solid products (b), and initial and final process 

pH (c). 



Ghaslani et al. / Biofuel Research Journal 41 (2024) 2025-2039            2031 

 

Please cite this article as: Ghaslani M., Rezaee R., Aboubakri O., Sarlaki E., Hoffmann T., Maleki A., Marzban N. Lime-assisted hydrothermal humification 

and carbonization of sugar beet pulp: Unveiling the yield, quality, and phytotoxicity of products. Biofuel Research Journal 41 (2024) 2025-2039. DOI: 

10.18331/BRJ2024.11.1.4. 
 

Table 2.  

Elemental analysis, O/C, and H/C ratios, as well as the HHV of biomass feedstocks, hydrochar samples, and selected AHA. 

 

Biomass type  C (%) H (%) N (%) S (%) O (%) Ash (%) O/C (-) H/C (-) HHV (MJ/kg) 

Dry 

Biomass 44.77 4.96 1.69 0.12 43.00 5.46 0.72 1.33 18.30 

TS10-HTC 63.92 3.40 2.35 0.13 25.51 4.69 0.29 0.64 26.39 

TS10-L25 41.11 2.54 1.77 0.13 18.82 35.63 0.34 0.74 18.23 

TS10-L33 34.94 1.83 1.49 0.12 14.43 47.19 0.31 0.63 16.58 

TS10-K33 37.21 3.60 1.57 0.12 15.97 41.53 0.32 1.16 17.15 

TS20-L25 41.73 2.61 1.96 0.12 15.98 37.60 0.29 0.75 18.89 

Wet 

Biomass 43.97 5.47 1.26 0.11 44.57 4.62 0.76 1.49 17.95 

TS10-HTC 67.43 3.11 1.82 0.16 24.13 3.35 0.27 0.55 27.85 

TS10-L25 33.33 1.90 1.27 0.10 21.10 42.30 0.47 0.68 14.97 

TS10-L33 32.56 2.19 0.90 0.12 16.13 48.10 0.37 0.81 15.33 

TS10-K33 38.46 4.12 0.97 0.13 6.65 49.67 0.13 1.29 21.58 

TS20-L25 37.50 3.02 1.20 0.10 21.07 37.11 0.42 0.97 16.58 

Wet 
AHA-KOH 42.95 2.91 1.34 0.11 49.72 2.97 0.87 0.81 17.45 

AHA-lime 42.49 4.53 1.34 0.10 46.19 5.35 0.86 1.28 17.30 

 

 

 
Fig. 4. Comparison of the molar atomic ratios of biomass feedstocks, hydrochar samples, and 

AHA produced via HTC and HTH (lime and KOH) of WB and DB. 

 
The H/C ratio in alkali-assisted hydrochar was higher than those 

produced through HTC. While AHA-lime and AHA-KOH displayed nearly 

identical carbon contents, their ash content varied slightly. AHA-lime 

exhibited higher H/C and lower O/C ratios. Both ratios of AHAs align with 

those reported for artificial humic substances in previous studies (Yang et 

al., 2019; Dos Santos et al., 2020). Given its O/C and H/C ratios, AHA-lime 

closely resembles natural-sourced humic substances (HSs), as documented 

by the International Humic Substances Society (IHSS). 

 
3.2. Distribution of organics in hydrothermal products 

Figure 5 shows the content of sugars, organic acids, and aromatics in 

both solid and liquid products. As can be seen, fructose is a major sugar in 

solid and liquid products. In TS10 samples (WB), increasing lime from 0 to 

25% and 33.3% led to increased fructose in both liquid and solid phases, 

especially in hydrochar (Fig. 5a). Sucrose and glucose levels were also 

increased in hydrochar with more lime, although sucrose in the liquid 

remained stable. Glucose in the liquid was slightly increased with a 33.3% 

lime addition. When the amount of WB was increased from 10% to 20%, 

with 25% lime, the fructose concentration in the liquid phase was increased 

from 11.27 to 23.97 g/L. Similarly, in the hydrochar, it was increased from 

38.35 to 78.69 g/kg. Glucose and sucrose in the liquid remained constant, 

while in hydrochar, they were increased from 0.96 to 1.8 g/kg DM. A higher 

amount of sucrose was found in TS10-K33 compared to lime-treated 

samples (TS10-L25 and L33), while the fructose content in the solid phase 

was lower than that obtained from lime treatment.  

In hydrothermal products of DB, with no additive (HTC), no sugars were 

found in the liquid, while hydrochar had a small amount of fructose (0.33 

g/kg DM). Adding 25% lime led to increased glucose in both phases by 0.4 

and 1 g/kg, respectively, and doubled fructose in hydrochar without 

affecting sucrose. Increasing lime to 33% could increase glucose levels from 

0.46 to 1.37 g/kg, albeit lower than with 25% lime, where glucose was 

decreased to 1.14 g/kg. When TS content was increased to 20% with 25% 

lime, glucose in both phases was doubled. Sucrose levels remained 

unchanged, while fructose in hydrochar showed a slight increase (1g/kg 

DM). 

In 10% WB, without additives, lactic and acetic acid levels in the liquid 

were around 4 g/L, with formic acid at 0.78 g/L (Fig. 5b). The hydrochar 

contained 4.69 g/kg DM of lactic acid. The addition of 25% and 33% lime 

significantly altered lactic acid levels in the liquid to 22.88 and 34.59 g/L, 

respectively, while formic acid levels in hydrochar were increased by 12 g/L 

and acetic acid remained constant compared to the sample with no additives. 
With 25% lime, total lactic acid was increased to 65.82 g/kg DM. Increasing 

lime to 33% showed no significant change in formic and acetic acid levels 

in hydrochar, at 12.94 and 15.33 g/kg DM, respectively, but lactic acid was 
significantly increased from 65.82 to 115.36 g/kg DM. By adding 25% lime 

and raising the TS content from 10% to 20%, the lactic acid concentration 
in the liquid was increased from 22.8 to 39.4 g/L, while the levels of formic 

and acetic acid were doubled. The lactic acid content in hydrochar was 

increased from 65 g/kg DM to over 100 g/kg DM, with formic and acetic 
acid also doubling in hydrochar with the increased TS content.  

The same pattern for lactic acid was observed in PL of DB; however, the 

content of lactic acid was significantly lower compared to WB. In dry 
biomass with a TS content of 10% without additives (KOH or lime), acetic, 

formic, and lactic acid levels in the liquid were recorded at 5.16, 1.58, and 

1.97 g/L, respectively, with hydrochar showing 8.05 g/kg DM of lactic acid. 

By incorporating 25% lime, the lactic acid concentration in the liquid was 

increased to 11.65 g/L, while the amount of formic acid was doubled, and 

there was no alteration in the level of acetic acid. The lactic acid content in 
hydrochar rose to 32.99 g/kg DM, but as the lime dosage was increased from 

25% to 33%, the levels of formic and acetic acid in the hydrochar were 

decreased. However, the lactic acid content was increased to over 15 g/kg 
DM. When the TS content was doubled to 20% with 25% lime, the levels 

of lactic, formic, and acetic acid in the liquid and hydrochar were 

significantly increased. This finding demonstrates that the concentration of 
acids is increased with higher TS content and the addition of lime. 

In 10% WB without additional alkaline catalyst, a notable quantity of 

aromatic compounds was produced (Fig. 5c). HMF was the most prominent, 
reaching 541.23 mg/kg DM in hydrochar and 321.94 mg/L in liquid. 

Catechol and phenol were also present, with catechol measuring 205.32 

mg/kg DM in hydrochar and 103.97 mg/L in liquid, while phenol levels 
were recorded at 41.16 mg/kg DM in hydrochar. Incorporating lime at levels 
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ranging from 0% to 25% led to the absence of phenol. However, when the 

lime content was increased to 33%, the phenol level was increased to 132.00 

mg/ kg DM. At 25% lime, guaiacol was measured as 31.42 mg/L in liquid, 
and at 33% lime, it was further reduced to 19.72 mg/L, with minimal furfural 

formation. The addition of lime resulted in an increase in aromatic 

compounds in hydrochar compared to PL. When 25% lime was added, the 
production of guaiacol was less than 66.66 mg/ kg DM. However, with 33% 

lime, the solid phase aromatics, such as guaiacol, phenol, and HMF, were 

increased by 88.78, 132.30, and 27.20 mg/ kg DM, respectively. Increasing 
lime to 25% and TS content from 10% to 20% increased aromatics in both 

phases, particularly in the solid phase. No aromatic was found for TS10-

K33. The TS10-L25% of WB showed significantly lower aromatics levels 
compared to TS10-L25%.  

In TS10-HTC of DB, significant levels of aromatics, including catechol, 

guaiacol, HMF, and furfural, were noted in the liquid phase. The total 
content of aromatics in DB was smaller than in WB. Adding 25% lime could 

significantly reduce the aromatics in the solid. Increasing lime to 33% 

further increased guaiacol in both phases and introduced cresol in 
hydrochar. When the TS content was increased from 10% to 20% with 25% 

lime, aromatics in the liquid phase were decreased, while they were 

increased in the solid phase.  
Figure 5d illustrates the significant difference in TC and TOC content in 

the liquid phase of HTC and alkaline-assisted PL. The value of TC and TOC 

of WB was higher than the corresponding conditions for processing DB. It 

is observed that the majority of the carbon content in the liquid is organic. 

Among the samples, TS20-L25 of WB exhibited the highest TC and TOC 
values, at 63.93 and 60.57 g/L, respectively, making the TOC content in this 

sample 3.62 times greater than that in TS10-HTC.  

In general, using the WB as feedstock showed better performance 

compared to DB. For the solid phase, sugars were increased from 22.6 to 

40.6 g/kg DM, with a further rise in TS content leading to 82.3 g/kg DM. 

Acids in the solid saw a substantial increase from 4.7 to 93.1 g/kg DM, with 

an enhancement in TS content resulting in 157 g/kg DM. Conversely, furans 

were drastically decreased from 560 to 3.15 mg/kg DM, with an increase in 

TS content slightly raising it to 13.8 mg/kg DM. Phenols were reduced from 

246 to 66.7 mg/kg DM, with a TS content increase resulting in 172 mg/kg 

DM. In PL, sugars were increased slightly from 11.1 to 11.3 g/L, with an 

increase in TS content boosting it to 24.0 g/L. Acids were increased from 

8.45 to 30.7 g/L, with an increase in TS content further elevating it to 54.1 

g/L. Furans were significantly dropped from 344 to 3.86 mg/L, with an 

adjustment to 5.48 mg/L with an increase in TS content. Phenols were 

decreased from 104 to 62.8 mg/L, and an increase in TS increased it to 72.9 

mg/L. Due to the higher yields of acetic acid, AHA, and solid content, as 

well as elevated levels of sugars and lactic acid and reduced aromatics in 

both solid and liquid phases, WB is a more  favorable choice  than  DB  for  

 

 

 
 

 
Fig. 5. Change in the concentration of a) sugars, b) organic acids, c) aromatics in the liquid (g/L) and solid (g/kg DM) products, d) TC and TOC in liquid (mg/L). 
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lime-assisted hydrothermal processing aimed at soil-crop application. This 

approach also reduces the cost associated with pre-drying SBP. The 

subsequent section discusses changes in inorganic elements measured by 

the ICP-OES method and the results of individual nitrogen and phosphorus 

contents. 

 

3.3. Distribution of nutrients in hydrothermal products 

We analyzed the distribution of inorganic compounds following 

hydrothermal processing. Initial observations on nutrient distribution are 

depicted in Figure 6a. Without additives (TS10-HTC), the concentration of 

these elements was minimal in both liquid and solid phases. In WB, an 

increase in lime (HT10-L25) led to a total recovery of phosphorus (P) in the 

solid phase at 1541 mg/kg DM, with a negligible amount (2 mg/L) detected 

in the liquid phase. Significantly, all solid products from the alkaline-

assisted hydrothermal process exhibited higher P levels compared to HTC 

solids. The addition of 25% lime markedly increased levels of calcium and 

magnesium. The aluminum content in hydrochar was also doubled. At a 

concentration of 33.3% lime, the levels of calcium and magnesium were 

increased, while there were slight rises in manganese, aluminum, and iron.  

After examining the impact of lime on WB, we looked into how changing 

the TS content influences the distribution of nutrients. Specifically, when 

the TS content of WB was increased from 10 to 20%, calcium in the liquid 

phase was significantly increased from 7070.25 to 12189.10 mg/L, and 

phosphorus increased from 1.67 to 4.98 mg/L. Magnesium, potassium, and 

sodium in hydrochar were also increased, while aluminum, sulfur, cobalt, 

cadmium, and lead were decreased. Manganese content was doubled. 

Conversely, in DB with lime addition, levels of phosphorus, sulfur, copper, 

and sodium were decreased. Increasing the TS content of DB from 10 to 

20% showed no significant change in iron, calcium, and magnesium levels. 

Figure 6b illustrates that in TS10, the total concentration of ions (NH4
+, 

NO2
-, NO3

-, and PO4
-3) was increased in the liquid phase and decreased in 

the solid phase with the addition of lime. This pattern was similar for both 

WB and DB. As the TS content increased from 10% to 20%, the 

concentration of these compounds increased in both the solid and liquid 

phases, indicating a higher biomass concentration. In TS20-L25 of DB, the 

concentrations in both solid and liquid were higher compared to WB.  

 

3.4. Characterization of hydrochar and artificial humic acids 

Figure 7a presents the FT-IR spectra for HTC and HTH hydrochar 

samples alongside AHA-lime and AHA-KOH. Notable absorption bands 

are observed in the of 3600–3050 cm-1 (a wide band indicative of OH groups 

bonded by hydrogen), 2940–2900 cm-1 (stretching of aliphatic C-H), 1690–

1500 cm-1 (aromatic C=C, carboxylate ions, and hydrogen-bonded carbonyl 

groups), 1465–1300 cm-1 (stretching of C–O and bending of OH in 

carboxylic acids), and 1185–864 cm-1 (C–O stretching in polysaccharide 

components). Hydrochar samples from lime and KOH-assisted HTH 

displayed similarities in functional groups, particularly around 1015, 1395, 

and 1588 cm-1. Comparison of commercial fulvic acid (FA) with HTH 

hydrochar samples revealed specific similarities at peaks 1395 and 1588 cm-

1. The unique peaks for FA, also highlighted in Figure 7b, suggest that AFA, 

soluble across most pH ranges (Tkachenko et al., 2024), may initially form 

in PL of the HTH process before adsorption by the hydrochar. Hydrochar 

from HTC exhibited distinct peaks at approximately 1631 and 1700 cm-1, 

associated with aromatic C=C, COO-, hydrogen-bonded C=O, a structure 

also present in AHA-lime and AHA-KOH. Both the HA-Standard and 

AHAs exhibited a diverse array of peaks, which are characteristic of HSs 

(Aiken et al., 1986; Stevenson, 1994). Moreover, the spectra for HA and 

AHA indicated a decrease in absorbance with increasing wavelength (Fig. 

7b), a feature typical of HS (Cunha et al., 2009). 

Figure 7c shows the fluorescence and UV-Vis spectral analysis of HA-

Standard, AHA-lime, and AHA-KOH. The fluorescence and UV-Vis 

spectral analysis indicate that AHA-lime exhibits a closer similarity to HA-

Standard than AHA-KOH, as evidenced by the overlapping peaks in the 

fluorescence excitation-emission matrix plots in the range of  00‒  0 Em. 

(nm) and 3 0‒ 00 Ex. (nm), and the comparable absorbance patterns in the 

UV-Vis spectra. These spectral similarities suggest that AHA-lime may 

have common molecular structures and functional groups, as discussed in 

FT-IR results, with HA-Standard. The TGA of hydrochar produced from the 

HTH process using lime and KOH was compared with alkali lignin as a 

reference (Fig. 7d). The results indicate that the HTH hydrochar samples 

display distinct degradation patterns compared to lignin, each with its 

unique signature. This finding suggests that the lignin present in the biomass 

underwent a transformation into phenols during the HTH process, as 

illustrated in Figure 5, and actively participated in the humification process 

rather than remaining unchanged or undergoing solely solid-solid pyrolysis 

reactions. This finding suggests that the selected conditions of the HTH 

process in this study, including the temperature and the quantities of KOH 

and lime used, were adequate to break down the biomass structure and 

promote the humification reactions. 

 

 

 

 
Fig. 6. The content of inorganics measured by the ICP-OES technique (a) and ions measured by the IC technique in the liquid (mg/L) and solid (mg/kg DM) (b). 
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Fig. 7. FT-IR spectra of hydrochar from HTC, lime and KOH-assisted, and selected AHA (a), Absorbance of AHA, HA-Standard, and FA (b), Fluorescence and UV-vis spectra of AHA and HA-

Standard (c), and comparative TGA analysis of hydrochar produced from lime and KOH-assisted hydrothermal process with alkali lignin (d). 
 

 

Figure 8 displays the SEM-EDX analysis of the AHA produced with 

lime and KOH alongside the HA-Standard. The HA-Standard contains a 

significant quantity of inorganics like Na, Cl, and K, possibly from the 

extraction process. The Cl content in HTH-lime was 2.82 wt%, and in AHA-

lime, it was 3.16 wt%, both slightly below the total ash content of AHAs 

presented in Table 2. The presence of Cl may occur during the precipitation 

and extraction phases of AHA, underscoring the importance of rinsing AHA 

post-extraction to eliminate contaminants. SEM images reveal the varied 

morphologies of hydrochar samples from HTH (Figs. 8a and b) and HTC 

(Fig. 8c). Lime-assisted HTH hydrochar appears smaller compared to the 

others. The distinctive spherical structures in HTC hydrochar (Fig. 8c) are 

characteristic of aromatic hydrochar samples formed from the condensation 

of aromatics on the surface of solid-solid reaction products, creating the 

spherical shape. The lack of spherical structures in HTH hydrochar indicates 

that the higher pH of the process reduces aromatics participating in 

humification reactions, leading to the creation of AHA rather than 

undergoing polycondensation to form secondary hydrochar. 

 

3.5. Plant growth phytotoxicity tests 

 

HTH products can enhance soil nutrients and microorganism activity, 

improving soil characteristics and promoting plant growth (Petrovič et al., 

2023). Figures 9a and b show the wheat GI treated with HTH products. The 

GI values exceeded 80%, showing no phytotoxic effects and indicating 

enhanced growth compared to controls due to the reduced phytotoxicity and 

improved root development. A minor increase of 0.01% w/w in treatment 

concentration significantly raised GI, attributed to humic-like substances in 

by-products akin to growth-promoting hormones (Fregolente et al., 2019). 

The results reveal that only the PL of lime-assisted HTH at a concentration 

of 0.01% w/w exhibited phytotoxicity, leading to a reduction in the GI. 

However, by increasing concentrations to 0.1% and 1% w/w, the GI was 

significantly enhanced.  

HSs are known to plant growth hormones like indole acetic acid and 

gibberellins, boosting root elongation and nutrient adsorption (Yang et al., 

2021). However, high concentrations of AHA can introduce phytotoxic 

compounds, affecting seedling and root growth (Fregolente et al., 2021). 

Despite not detecting catechol, phenol, or cresol, other phytotoxic elements 

might have influenced the results. Direct comparisons with other studies are 

challenging due to varying product compositions. Nevertheless, 

hydrothermal conversion of SBP offers a sustainable organic amendment 

source, crucial for soil organic matter management and recycling (Bento et 

al., 2021). 

Here, we observed that both lime and KOH-assisted HTH products, 

including solid (S), liquid (L), water extract (E), mixture (M), and AHA, did 
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Fig. 8. SEM-EDX analysis of AHA-KOH (a), AHA-lime (b), HA-Standard (c), and SEM of 

hydrochar samples produced from KOH-assisted HTH (d), hydrochar produced from lime-

assisted HTH (e), and hydrochar produced using HTC (no additive) (f). 

not show phytotoxic effects. The solid product from lime-assisted HTH 

notably enhanced the GI compared to KOH, although the outcomes from 

most lime and KOH-assisted HTH products were comparable and almost 

identical. This finding indicates that lime could serve as an alternative to 

KOH in AHA production. Despite yielding less AHA, the substantial solid 

yield, lower corrosiveness, and its final neutral pH could compensate for the 

lower AHA yield. The best and most economical method to apply lime-

assisted HTH products is to use them as a slurry mixture. This form of usage 

reduces the need for separation, extraction, and drying processes.  

The plants grown in a mixture (M) from the lime- and KOH-assisted 

HTH processes were analyzed using elemental analysis and ICP-OES (Figs. 

10a and b).  

The P and K content in plants was higher in the KOH-assisted HTH 

mixture than in the lime-assisted HTH mixture and control. Plants grown in 

the KOH-HTH mixture at a 0.01% w/w level had the highest total 

inorganics, notably P (5814 mg/ kg DM), Fe (6988 mg/ kg DM), and Ca 

(9407 mg/kg DM). Increasing the KOH-HTH mixture level from 0.01% to 

1% w/w reduced the inorganic content in plants. Conversely, increasing the 

lime-HTH mixture level from 0.1% to 1% w/w led to more inorganics 

absorbed by plants, which also increased stem length (Figs. 10c and d). In 

KOH-HTH products, stem length and plant carbon content were increased 

with lower inorganics (and applied level %w/w). The N content was highest 

(4%) in the control group and minimal (0.01%) in the mixture from the 

KOH-assisted HTH process. Given the higher germination GI of the lime 

mixture compared to KOH at 0.01% and the lower production cost, this level 

is recommended. 
 

 

 
 
Fig. 9. Wheat plants (a) and GI value (b) of lime and KOH-assisted HTH products at three different applied levels to soil (w/w%). 
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Fig. 10. Elemental analysis of wheat plants grown in pots treated with a mixture of HTH products (a); Inorganic content of wheat plants grown in pots treated with a mixture of HTH products (b); 

root and steam length of the plants grown in different applied levels of lime-assisted HTH products (c); root and steam length of the plants grown in different applied levels of KOH-assisted HTH 

products (d). 

 

 

3.6. Daphnia magna phytotoxicity bioassay test 

The results of an acute toxicity test conducted on Daphnia magna 

indicate that diluted PL did not result in the death of any Daphnia magna 

organisms. Additionally, despite the heightened sensitivity, all organisms 

utilized in experiments remained healthy and alive for up to 96 h, even at 

higher concentrations (200 mg/L). Consequently, it can be claimed that this 

by-product can be applied in non-toxic products without causing any 

detrimental impacts on aquatic organisms. The results reported here are 

according to the investigation conducted by (Wang et al., 2017), which 

indicates that biochar samples obtained from agricultural waste are safe for 

soil application. In contrast, biochar derived from the Acorus calamus 

illustrates considerable toxicity in all the examined organisms at relatively 

high dosages. Therefore, it is imperative to conduct a risk assessment for the 

utilization of hydrothermal by-products before their environmental 

application (Wang et al., 2017). 
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4. Conclusions and Prospects 

This study examined the potential of hydrated lime as a heterogeneous 

alkaline catalyst compared to conventional KOH in the hydrothermal 

conversion of SBP valorized through the HTH and HTC processes. The 

study also looked at how wet and dry SBP affected the yield of AHA and 

hydrochar, as well as the distribution of organics and nutrients in the solid 

and liquid hydrothermal products. The highest solid yield and AHA were 

achieved when wet biomass was utilized as feedstock for the HTH process. 

The optimal AHA yields were found to be 15.50% with KOH and 3.49% 

with hydrated lime. The results also showed that the hydrochar performed 

optimally, with yields of 40.07% and 68.82%, respectively, for KOH and 

lime. The AHA produced from SBP had a stable, aromatic structure and a 

high degree of humification, similar to natural-sourced HAs. No significant 

toxic effects were also observed in the hydrothermal products. Through a 

direct comparison of HTC and HTH, the superior attributes of HTH become 

evident, yielding increased amounts of AHAs and substantially reducing 

aromatics. Efficient carbon flow between liquid and solid phases highlights 

the environmental benefits of the HTH process.  

We reported that hydrated lime, used in the sugar beet industry, can 

effectively catalyze the hydrothermal conversion of SBP into valuable AHA 

and hydrochar for practical soil and agricultural applications, promoting 

circular economy principles within the industry. However, apart from the 

exciting findings in this study, there is a need for further exploration of the 

applications and potential of HTH processes and their products. Future 

research should prioritize HTH process optimization and explore the 

transformation and contribution of lignin, cellulose, and hemicellulose in 

the production of AHAs in more detail. Additionally, exploring alternative 

alkaline catalysts, such as other inorganic minerals like zeolite and biomass 

fly ash, as substitutes for KOH could enhance the sustainability and 

economic viability of the hydrothermal processes of biomass. The 

replacement of hydrated lime for KOH-catalysed HTH processes in terms 

of its impact on thermodynamic efficiency, techno-economic indicators, life 

cycle emissions, and circular bioeconomy of sugar beet conversion 

industries can be investigated in future studies.  
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