
HAL Id: hal-04921605
https://hal.science/hal-04921605v1

Submitted on 7 Feb 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Co-Hydrothermal Carbonization of Sawdust and Sewage
Sludge: Assessing the Potential of the Hydrochar as an

Adsorbent and the Ecotoxicity of the Process Water
Matheus Cavali, Thuanne Braúlio Hennig, Nelson Libardi Junior, Boram Kim,

Vincent Garnier, Hassen Benbelkacem, Rémy Bayard, Adenise Lorenci
Woiciechowski, William Gerson Matias, Armando Borges de Castilhos Junior

To cite this version:
Matheus Cavali, Thuanne Braúlio Hennig, Nelson Libardi Junior, Boram Kim, Vincent Garnier, et
al.. Co-Hydrothermal Carbonization of Sawdust and Sewage Sludge: Assessing the Potential of the
Hydrochar as an Adsorbent and the Ecotoxicity of the Process Water. Applied Sciences, 2025, 15 (3),
pp.1052. �10.3390/app15031052�. �hal-04921605�

https://hal.science/hal-04921605v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Co-hydrothermal carbonization of sawdust and sewage sludge: as-

sessing the potential of the hydrochar as an adsorbent and the eco-

toxicity of the process water 

Matheus Cavali1*, Thuanne Braúlio Hennig1, Nelson Libardi Junior1, Boram Kim2, Vincent Garnier3, Hassen 

Benbelkacem2, Rémy Bayard2, Adenise Lorenci Woiciechowski4, William Gerson Matias1, Armando Borges de Castilhos 

Junior1 

1Department of Sanitary and Environmental Engineering, Federal University of Santa Catarina,  

Florianópolis 88040-970, SC, Brazil; thuannebrauliohennig@gmail.com (T.B.H.);  

nelson.libardi@ufsc.br (N.L.J.); william.g.matias@ufsc.br (W.G.M.); armando.borges@ufsc.br (A.B.d.C.J.) 
2 DEEP Laboratory, EA 7429, National Institute of Applied Sciences of Lyon, 69621 Villeurbanne, France;; 

boram.kim@insa-lyon.fr (B.K.); hassen.benbelkacem@insa-lyon.fr (H.B.); remy.bayard@insa-lyon.fr (R.B.) 
3 MATEIS Laboratory, UMR 5510, National Institute of Applied Sciences of Lyon, 69621 Villeurbanne, France;; vin-

cent.garnier@insa-lyon.fr 
4 Department of Bioprocess Engineering and Biotechnology, Federal University of Paraná,  

Curitiba 81531-908, PR, Brazil; adenise@ufpr.br 

* Correspondence: cavali.matheus@gmail.com 

  

Abstract: Hydrothermal carbonization (HTC) is a promising thermochemical process to convert residues into 

hydrochar. While conventional HTC utilizes one type of residue as raw material only, Co-HTC generally 

combines two. By mixing dry and wet wastes, Co-HTC can advantageously avoid water addition. Therefore, 

this work investigated the potential of hydrochar derived from the Co-HTC of sawdust and non-dewatered 

sewage sludge as a dye (methylene blue) adsorbent and evaluated the toxicity of the resulting Co-HTC process 

water (PW) on Daphnia magna. Three hydrochars were produced by Co-HTC at 180, 215, and 250 °C and 

named H-180, H-215, and H-250 respectively. For methylene blue adsorption, H-180 and H-215 had a better 

performance than H-250. Both H-180 and H-215 presented a maximum adsorption capacity of approximately 

70 mg·g-1, which was superior compared with the adsorption of methylene blue by other hydrochars in the 

literature. Moreover, the removal percentage obtained with H-180 remained satisfactory even after five cycles. 

Regarding toxicological assays of PW, raising the Co-HTC temperature increased the variety of substances in 

the PW composition, resulting in higher toxicity to D. magna. The EC50 values of PW-180, PW-215, and PW-

250 were 1.13%, 0.97% and 0.51%, respectively. However, it highlights the importance of searching for treat-

ment and valorization of PW. Instead of viewing this by-product as an effluent to be treated and disposed of, 

it is imperative to assess the potential of PW for obtaining other higher added-value products. 

Keywords: Hydrothermal carbonization; Adsorption; Methylene blue; Ecotoxicity; Daphnia magna; Waste 

valorization; Biochar 

 

1. Introduction 

 
The adverse effects of climate change have prompted discussions about the sustainability of 

current production systems. In this context, it is well-known that the transition from the current 
linear economic model to a circular one is necessary to achieve sustainable development. The cir-
cular economy also involves transforming waste into products, which can be understood as waste 
valorization approaches. Thus, research concerning waste valorization has been the subject of sev-
eral studies about thermochemical processes, such as pyrolysis, gasification, and hydrothermal car-
bonization (HTC) [1–3]. 

Concerning HTC, its objective is to convert wastes into a solid, carbon-rich material named 
hydrochar. HTC has received great interest given the number of publications and established in-
dustries over the last decade [4]. In this process, waste is mixed with water at temperatures ranging 
from 180 to 350 °C under autogenous pressure conditions in sealed reactors [5]. The water between 
100 and 374 °C becomes subcritical, acting not only as a solvent but also as a catalyst [6]. Advan-
tageously, HTC uses water as the reaction medium, which is non-toxic, environmentally safe, and 
an economically cheap reagent [7]. Thus, HTC is convenient for wastes with high moisture content 
(e.g., sewage sludges), as it is carried out in an aqueous environment and does not require a pre-



drying stage [8]. Furthermore, the temperatures used in HTC are considerably lower than those 
used in pyrolysis and gasification processes. 

When more than one waste is employed in HTC, the process is named Co-HTC, which is an 
interesting approach for combining wet and dry wastes [9]. Thus, Co-HTC is advantageous in cir-
cumventing some drawbacks of single-feedstock HTC. It can avoid dependence on only one feed-
stock, provide lower demands for water when wet wastes are used, and mitigate the inconvenience 
of an undesired waste characteristic, such as the high inorganic content [3]. For example, by com-
bining inorganic-rich (e.g., sewage sludge) and inorganic-poor (e.g., sawdust) wastes, it is possible 
to improve the hydrochar characteristics compared with a hydrochar obtained only from the waste 
with a high content of inorganics [10–12]. The application of hydrochar depends on its character-
istics. Hydrochar has the potential to be used, for example, for agriculture and crop improvement, 
catalyst support, carbon sequestration, electrochemical devices, and pollutant adsorption [13]. Re-
garding pollutant adsorption, hydrochar has been extensively proposed to remove heavy metals, 
nutrients, emerging contaminants, and dyes from aquatic environments [3]. 

Dye removal is a pertinent issue from wastewater from textile industries. Given the limited 
adsorption capacity of the fabrics, 85% of the dye mixture is discharged from the dyeing process. 
It makes textile industries the primary source of dye effluents in the environment because of the 
high usage of dyes in the coloring process [14]. If not properly managed, this could have adverse 
environmental consequences due to the dye toxicity [15]. It is therefore essential to implement 
effective dye removal methods to prevent the contamination of water sources by dye effluents. 
Among the proposed solutions, adsorption has been suggested as the best alternative because of its 
advantages, including high efficiency and short reaction times required [14,16]. Thus, sustainable 
and cost-effective adsorbents, such as hydrochar, can be a viable alternative for removing dyes 
from wastewater. 

In addition to hydrochar, HTC or Co-HTC produces a liquid fraction named process water 
(PW) that generally presents acidic pH and high values of chemical oxygen demand (COD) [17]. 
According to the waste used in the HTC or Co-HTC, PW can present potentially toxic compounds, 
such as furfural, 5-hydroxymethylfurfural, phenol, cresol, catechol, resorcinol, and polycyclic aro-
matic hydrocarbons [18,19]. In the case of Co-HTC, PW can be more toxic due to the combination 
of different wastes. Despite that, studies evaluating the toxicity of the PW from Co-HTC processes 
are scarce in the literature [20,21]. It is important to understand the impact of HTC or Co-HTC PW 
in the environment to establish safe concentrations and design proper treatment and valorization 
processes. 

Therefore, in light of the context mentioned above, the objectives of this study were (a) to 
evaluate the potential of hydrochar derived from the Co-HTC of sawdust and non-dewatered sew-
age sludge as a dye adsorbent and (b) to assess the ecotoxicity of the resulting PW. 

 
 

2. Materials and Methods 

 

2.1. Materials 

The reagents employed in the experiments – C16H18N3ClS (methylene blue), sodium hydrox-
ide (NaOH), hydrochloric acid (HCl), potassium dichromate (K₂Cr₂O₇), potassium hydroxide 
(KOH), and C4H8O2 (ethyl acetate) – were of analytical grade. 

Methylene blue was used as a model dye since it is a well-known dye employed by nearly all 
textile industries. This dye has found wide application in the dyeing of silk, wood, and cotton due 
to its absorbency and good fastness to materials. Methylene blue is a cationic and primary thiazine 
dye with a molecular weight of 319.85 g·mol−1, presenting a λmax of 664 nm. It is highly water-
soluble, forming a stable solution with water at room temperature [15,22–24]. 

 

2.2. Hydrochar production 

The hydrochars from Co-HTC of sawdust and non-dewatered sewage sludge were produced 
according to the best conditions found in a previous study [12]. Co-HTC used a sawdust-to-sludge 
mass ratio of 10 for 2 to 3 h at 180, 215, and 250 °C. After filtration and drying, three hydrochars 
– H-180, H-215, and H-250, respectively – were obtained. The PW, named PW-180, PW-215, and 
PW-250, were properly stored for further utilization. Hydrochar yields and characteristics (e.g., 
volatile matter, ashes, and fixed carbon contents, O/C and H/C atomic ratios, Zeta potential, BET 
surface area), as well as the pH, COD, and electrical conductivity of PW, were described in previous 
studies [12,25]. Additionally, the point of zero charge (pHPZC) was estimated by measuring Zeta 
potential (Malvern Zeta Sizer – Nano-ZSP) at pH 2, 4, 6, 8, 10, and 12 after mixing 20 mg of 
hydrochar with 20 mL of pH-adjusted deionized water at 20 °C for 24 h. 

 



2.3. Adsorption of methylene blue 

2.3.1. pH effect 

To evaluate the pH influence in the methylene blue adsorption by H-180, H-215, and H-250, 
dye solutions of 100 mg·L-1 had their pH adjusted with NaOH and HCl (0.1 mol·L-1) in the range 
from 2 to 10. The hydrochars and methylene blue solutions were mixed in Erlenmeyer flasks at a 
solid-to-liquid load of 3 g·L-1. The mixture was stirred (100 rpm) for 24 h at 30 °C before separating 
the hydrochars from the methylene blue solution by vacuum filtration. The experiments were car-
ried out in triplicate for each pH, in addition to blank tests (without hydrochar), and the mean, 
minimum, and maximum values were reported. The statistical analysis was conducted using the 
Origin® 2017 software. 

2.3.2. Adsorption isotherms 

At the best pH determined in the previous tests, the isotherms were performed for H-180 and 
H-215. The hydrochar and methylene blue solutions (25, 50, 100, 200, 300 400, 600, and 800 mg·L-

1) were mixed in Erlenmeyer flasks at a solid-to-liquid load of 3 g·L-1 The mixture was stirred (100 
rpm) for 24 h at 30 °C before separating the hydrochars from the methylene blue solution by vac-
uum filtration. The experiments were carried out in triplicate for each isotherm point, in addition 
to blank tests (without hydrochar), and the mean, minimum, and maximum values were reported. 
The suitability of the Langmuir (Equation 1), Freundlich (Equation 2), and Sips (Equation 3) iso-
therm models for describing the data was evaluated [26]. The adjustment was performed in the 
software Origin® using the function Nonlinear Curve Fit and assessed according to R2 and mean 
relative deviation (MRD) [27,28]. 

 

𝑞𝑒 =  
𝑞𝑚𝑎𝑥 · 𝐾𝐿 · 𝐶𝑒

1 +  (𝐾𝐿 · 𝐶𝑒)
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In equations 1, 2, and 3, qe is the adsorption capacity (mg∙g-1) at equilibrium, qmax is the max-

imum adsorption capacity (mg∙g-1) at equilibrium, KL is the Langmuir constant, Ce is the concen-
tration at the equilibrium (mg∙L-1), KF is the Freundlich constant, n is an empirical constant related 
to the heterogeneity of the adsorbent surface, and KS is the Sips constant. In Origin® 2017 software, 
the 95% confidence intervals for the 𝑞max values of the hydrochars were calculated using the two-
tailed Student's t-test to assess the variability of the estimates and to check whether the intervals 
overlapped. 

2.3.3. Adsorption kinetics 

Based on the previous tests, the adsorption kinetics were carried out for H-180. The hydrochar 
and methylene blue solutions (100 mg·L-1) were mixed in Erlenmeyer flasks at a solid-to-liquid 
load of 3 g·L-1. The mixture was stirred (100 rpm) at 30 °C, and sampled at 10, 15, 30, 45, 60, 90, 
120, 180, 300, 480, 720, and 1440 min. After vacuum filtration, the concentration of the remaining 
methylene blue in the solution was determined. The experiments were carried out in triplicate for 
each point, in addition to blank tests (without hydrochar), and the mean, minimum, and maximum 
values were reported. The suitability of the non-linear pseudo-first-order (PFO – Equation 4), 
pseudo-second-order (PSO – Equation 5), and Elovich (Equation 6) models were tested [29,30]. 
The adjustment was performed in the software Origin® 2017 using the function Nonlinear Curve 
Fit and assessed according to R2 and mean relative deviation (MRD) [27,28]. 

 

𝑞𝑡 =  𝑞𝑒 · (1 −  𝑒(−𝐾1·𝑡)) (4) 

  



𝑞𝑡 =  
𝐾2 · 𝑞𝑒

2 · 𝑡

1 +  (𝐾2 · 𝑞𝑒 · 𝑡)
 (5) 

  

𝑞𝑡 =
1

𝛽
∙ ln (1 +  𝛼 ∙ 𝛽 ∙ 𝑡) (6) 

 

 
In equations 4, 5, and 6, qt and qe are the adsorption capacity at time t and equilibrium, re-

spectively (mg∙g-1); t is the reaction time (min); K1 (min-1) and K2 (g∙mg-1∙min-1) are the rate con-
stants of PFO and PSO models, respectively; α is the initial adsorption rate (mg·g-1·min-1), and β is 
desorption constant (g∙mg-1). 

 

2.3.4. Adsorption thermodynamics 

The adsorption thermodynamics was evaluated for H-180. The adsorption was carried out 
under different temperatures (30, 40, 50, and 60 °C). The hydrochar and methylene blue solutions 
(100 mg·L-1) were mixed in Erlenmeyer flasks at a solid-to-liquid load of 3 g·L-1 for 15 h. After 
vacuum filtration, the concentration of the remaining methylene blue in the solution was deter-
mined. The experiments were carried out in triplicate for each temperature, in addition to blank 
tests (without hydrochar). The changes in Gibbs free energy (ΔG◦, J·mol-1), enthalpy (ΔH◦, J·mol-

1), and entropy (ΔS◦, J·mol-1·K-1) were obtained based on Equations 7, 8, 9, and 10 as described 
elsewhere [31]. 

 
 

∆𝐺 =  −𝑅𝑇 · ln (𝐾𝑐) (7) 
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𝐶𝑒
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𝑅
·

1
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+
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2.3.5. Hydrochar regeneration 

The adsorbent regeneration was performed according to other studies to evaluate the hydro-
char reusability [32–34]. A methylene blue solution of 100 mg·L-1 and pH 10 was mixed with 
hydrochar at a solid-to-liquid load of 3 g·L-1. The mixture was stirred (100 rpm) for 15 h at 30 °C 
before separating the hydrochar from the methylene blue solution by vacuum filtration. The de-
sorption of methylene blue from hydrochar was carried out with ethanol. The dye-contaminated 
hydrochar was mixed with ethanol, stirred (100 rpm) for 5 h at 25 °C, vacuum filtered, washed with 
water, dried at 80 °C for 24 h, and reused for another adsorption cycle. The experiment was per-
formed in triplicate for each cycle, and the mean, minimum, and maximum values were reported.     

 

2.3.6. Methylene blue quantification 

The remaining methylene blue concentration in the solution was determined with a UV-Vis 
spectrophotometer (Bel Photonics – UV-M51) at wavelength 664 nm based on a calibration curve 
(R2 = 0.9960) previously prepared. The results were expressed as removal efficiency (%) and ad-
sorption capacity (mgdye·ghydrochar

-1) according to Equations 11 and 12, respectively. 𝐶i and 𝐶f are 
the initial and final dye concentration (mg·L-1), W is the hydrochar mass (g), and V is the volume 
of the dye solution (L). 

 
 



𝑅𝐸 =  
𝐶𝑖 − 𝐶𝑓

𝐶𝑖
 ∙ 100 (11) 

  

𝑞𝑒 =  
(𝐶𝑖 − 𝐶𝑓) ∙ 𝑉

𝑊
 

(12) 

 

2.4. Process water (PW) 

2.4.1. Ecotoxicity of PW 

Acute toxicity tests were carried out on the microcrustacean Daphnia magna in accordance 
with OECD guideline 202 (2004). The D. magna culture was maintained at 20 ± 2 °C with a 16:8 
light cycle. The medium was refreshed every two days, and daphnids were fed with microalgae 
Desmodesmus subspicatus three times weekly. 

Based on preliminary tests, increased PW percentages of 1–1.4% for PW-180, 0.9–1.3% for 
PW-215, and 0.5–0.8% for PW-250 were tested, with no pH adjustment. A control with only dilu-
tion water was also included. Ten neonates (<24 hours old), verified for sensitivity via K₂Cr₂O₇ 
exposure, were placed in 25 mL of each test dilution. After 48 hours, immobility and concentrations 
that caused 50% effect (EC50) values were assessed. The lower the EC50 value, the higher the in-
hibitory effect. Moreover, additional acute tests were conducted by exposing daphnids to the EC50 
values of each PW, adjusting the pH of the exposure medium to 7 with NaOH, as recommended by 
OECD 202 (2004), to check the influence of pH on the toxicity of PWs.  

Data analysis was conducted with GraphPad Prism® v6.0 and Statistica® v.13.5.0.17, using 
the Kolmogorov-Smirnov and Bartlett’s tests for normality and homogeneity. EC50 values with 
95% confidence intervals were calculated from logistic regression curves, and Dunnett’s test (p < 
0.05) compared treatment means to controls. 

2.4.2. Characterization of PW 

The analyses of COD and total nitrogen of PW-180, PW-215, and PW-250 followed the pro-
cedures 5220D and 4500N-C from the Standard Methods for the Examination of Water and 
Wastewater, respectively [35]. The effluents were also submitted to ionic liquid chromatography 
and gas chromatography coupled with mass spectrometry (GC-MS) analyses. 

The ion chromatography analysis was performed to quantify the concentrations of acetate, 
chloride, nitrite, nitrate, sulphate, and phosphate. The analysis used an ion chromatography system 
(Thermo Scientific – DIONEX ICS-5000) with a DIONEX IonPac AS19 capillary column (2x250 
mm). The eluent (EGC-KOH) was used in the following gradient mode: 10 mM KOH (0 to 10 
min), 10 to 45 mM KOH (10 to 25 min), 45 mM KOH (25 to 30 min), and 10 mM KOH (30 to 35 
min). The temperature was 30 °C, the flow rate was 0.250 mL·min-1, and the injection volume was 
1.5 mL under 2000 psi. The detection was obtained using a conductivity detector with a suppressor 
module. 

For the GC-MS analysis, the samples were acidified to pH 2 using HCl, and 5 mL of ethyl 
acetate was added. After vigorous agitation for 2 min, it was allowed to stand for 1 h. Then, 1 mL 
was collected from the organic phase and injected into the GC–MS equipment. GC–MS analysis 
used a 5975C GC MSD gas chromatograph mass spectrometry (Agilent Technologies) equipped 
with an Agilent HP-5MS capillary column (30 m × 0.25 mm × 0.25 μm). Initially, the column 
temperature was held at 45 °C for 3 min, then programmed to 230 °C at a rate of 3 °C·min-1 with a 
hold time of 10 min, from 230 to 280 °C at a rate of 20 °C·min-1 and with a final hold time of 3 
min. Helium was used as the carrier gas and the column head pressure was maintained at 83 kPa. 
The injector and detector temperatures were maintained at 250 and 300 °C respectively, and the 
injection volume was 1 μL in splitless mode. The interface temperature was held at 250 °C. Mass 
spectra were scanned from 30 m/z to 500 m/z at a rate of 1.5 scans·s-1. Electron impact ionization 
energy was 70 eV [36]. 

 
 

3. Results and Discussion 

 

3.1. Hydrochar production 

The yields and characteristics of H-180, H-215, and H-250 were reported in a previous study, 
which addressed hydrochar production and characterization [12]. Table 1 summarizes the H-180, 



H-215, and H-250 yield, volatile matter, ashes, fixed carbon, O/C and H/C atomic ratios, pH, zeta 
potential, and surface area. 

 
 

Table 1. Yields and characteristics of hydrochar (H-180, H-215, and H-250) from Co-hydrothermal carbonization (Co-HTC) of sawdust and 

non-dewatered sewage sludge. Source: [12]. 

  
 
 
 
 
 
 
 
 
 
 

The yield of hydrochar was observed to decrease in proportion to the increase in temperature, 
while the fixed carbon content was enhanced. The O/C and H/C atomic ratios exhibited a reduction 
when Co-HTC was conducted at 250 °C, indicating an improved carbonization at elevated temper-
atures. This condition also resulted in a hydrochar with a superior surface area compared to those 
obtained at 180 and 215 °C. All hydrochars had a natural pH of around 5.5 [12]. The Zeta potentials 
of H-180, H-215, and H-250 were -16, -17, and -21 mV, respectively [25]. 

The pHPZC values of H-180, H-215, and H-250 were around 4. It means hydrochar is positively 
charged at a pH solution lower than 4 and negatively charged at a pH solution higher than 4. There-
fore, at its natural pH, hydrochar presents a negatively charged surface, which could be useful for 
adsorbing cationic molecules, such as methylene blue.  

 

3.2. Methylene blue adsorption 

3.2.1. pH effect 

Figure 1 presents the removal efficiency of methylene blue with H-180, H-215, and H-250. 
The results from each pH were submitted to ANOVA and Tukey tests at a 95% confidence level to 
ascertain whether there were statistically significant differences in the removal efficiencies of H-
180, H-215, and H-250. The superior performance of H-180 and H-215 compared with H-250 is 
clearly noticeable for all pHs. At pH 2, H-215 outperformed H-180 and H-250 (pvalue < 0.05). Con-
versely, at pH 4, the removal efficiency of H-180 and H-250 were equal (pvalue > 0.05), whereas H-
250 presented the lowest removal (9.4%) of all assays. For pH values of 6, 8, and 10, all hydrochars 
promoted different removal efficiencies (pvalue < 0.05), but H-250 remained the least effective ad-
sorbent, irrespective of pH. The removal efficiency was found to exceed 60% at pH values of 6, 8, 
and 10 for both H-180 and H-215. However, H-250 exhibited a significantly lower adsorption ca-
pacity, with an efficiency of approximately 20% across all hydrochars at those pH values. Interest-
ingly, at pH 10, the methylene blue removal was slightly higher with H-180 than with H-215 (pvalue 
< 0.05). It is a different trend in comparison with lower pH values, in which H-215, except for pH 
4, presented superior removal efficiencies than H-180 (pvalue < 0.05). 

 
 
 

Hydrochar 
Yield 

(%) 

Volatile 

matter 

(%)* 

Ashes 

(%)* 

Fixed 

carbon 

(%)* 

O/C H/C pH 

BET surface 

area 

(m²·g-1) 

H-180 87.3 78.5 10.4 11.1 0.5 1.3 5.4 14.8 

H-215 72.7 74.4 8.0 17.6 0.4 1.2 5.2 9.6 

H-250 64.1 59.3 18.4 22.3 0.2 0.9 5.8 22.7 

*dry basis. 



 
Figure 1. Influence of pH on methylene blue (100 mg·L-1) adsorption (24 h at 30 °C and 100 rpm) by hydrochars (3 g·L-1) from 

co-hydrothermal carbonization (Co-HTC) of sawdust and non-dewatered sewage sludge. 
 
 

In aqueous solutions, methylene blue can exist in its cationic (MB+) and as undissociated 
molecules (MB0). MB0 predominates at pH lower than 3.8, MB0 (50%) and MB+ (50%) coexisted 
equally at pH = 3.8, and MB+ is the only species at pH > 6.0 [37]. Therefore, considering electro-
static interactions, one could explain the better adsorption performance of hydrochars at pH 6, 8, 
and 10 due to the hydrochars’ pHPZC and the pH-dependent methylene blue speciation. Even for H-
250, it is possible to note a slight increase in the removal efficiency at pH 6, 8, and 10 compared 
with pH 2 and 4. Similarly, Khoshbouy and colleagues demonstrated that methylene blue removal 
was enhanced at basic pH due to the negative zeta potential of hydrochar, which was associated 
with elevated concentrations of OH- ions and deprotonation of functional groups. This resulted in 
enhanced electrostatic attraction and hydrogen bond interactions between the hydrochar and dye 
[38]. 

The difference in removal efficiency of H-250 compared with H-180 and H-215 can be related 
to the surface functional groups of hydrochar. Hydrochars obtained from lignocellulosic materials 
can present oxygenated functional groups, such as phenolic, carboxylic, and lactonic, that can help 
with adsorption [39–41]. Under low temperatures, Co-HTC can preserve more oxygenated func-
tional groups in the hydrochar surface [12], which could explain why H-180 and H-250 outper-
formed H-250. Li and colleagues demonstrated that methylene blue adsorption was more effective 
for hydrochar derived from Co-HTC of bamboo and polyvinyl chloride than for hydrochar pro-
duced from a single feedstock. This finding was attributed to the presence of a greater number of 
hydroxyl and carboxyl groups on the surface of the Co-HTC-derived hydrochar, which improved 
the adsorption of methylene blue [11]. Therefore, given their better performance than H-250, only 
H-180 and H-215 were considered for the following tests, which were carried out at pH 10. 

3.2.2. Adsorption isotherms 

Figures 2a and 2b show the isotherm of methylene blue adsorption by H-180 and H-215, 
respectively. The qmax for both hydrochars was around 70 mg·g-1. Table 2 compares qmax for meth-
ylene blue of other hydrochars with that obtained in this study. The value obtained herein was 
similar to another hydrochar produced at 180 °C from citrus waste when the methylene blue ad-
sorption was conducted at 4 °C, which qmax was 66 mg·g-1; however, when the adsorption temper-
ature was increased to 20 and 36 °C, qmax reduced to 51 and 31 mg·g-1, respectively. In the same 
study, another hydrochar from winery waste also obtained at 180 °C presented qmax values between 
29 and 37 mg·g-1 for adsorptions at 4, 20, and 36 °C, which are quite low compared with the results 
of this study. Additionally, it is worth noting that the BET surface area of citrus waste and winery 
waste hydrochars were 46 and 34 m²·g-1, respectively, while the surface area of H-180 was 14.8 
m²·g-1 [42].  Even with a lower surface area, the hydrochar from Co-HTC of sawdust and sewage 
sludge at 180 °C produced herein had a higher adsorption capacity for methylene blue. Another 
study used only sewage sludge for hydrochar production at 190, 220, and 250 °C and showed qmax 
of 71, 54, and 38 mg·g-1, respectively, for methylene blue adsorption [43]. It is noteworthy that H-



180 exhibits a comparable qmax value to the hydrochar derived from the 190 °C treatment in the 
aforementioned study. Additionally, the H-215 displays a higher qmax value than the hydrochar ob-
tained from the 220 °C treatment in the aforementioned study. Therefore, it demonstrates that com-
bining wastes, such as lignocellulosic materials and sewage sludge, in a Co-HTC process can im-
prove the adsorption capacity of hydrochar. 

Despite the qmax obtained for H-180 and H-215, one can mention hydrochar activation to in-
crease the adsorption capacity, as performed in some works [30,44–46]. However, it is important 
to consider that an activation step would result in increasing the costs of adsorbent production, in 
addition to the generation of effluents when using wet routes. Furthermore, some studies that per-
formed hydrochar activation have demonstrated lower qmax values than those achieved for H-180 
and H-215. For example, Lin and colleagues synthesized hydrochar from corn straw (HC), which 
was also N-dopped with urea (UHC), melamine (MHC), and NH4Cl (AHC) to increase methylene 
blue adsorption. Nevertheless, the qmax values of all hydrochars obtained were lower than those of 
H-180 and H-215 (HC: around 10 mg·g-1; UHC: < 20 mg·g-1; MHC < 40 mg·g-1; AHC: < 60 mg·g-

1) [47]. In another study, an oxide-hydrochar composite produced from pomegranate peels was 
activated with ZnCl2, but the qmax value of the activated material was lowered to 50 mg·g-1 [48]. 

 
 

Table 2. Maximum adsorption capacity (qmax) of different hydrochars for methylene blue. 

Raw 

material 

Hydrochar 

activation 
qmax (mg·g-1) Reference 

Sawdust and sewage 

sludge 
No 70 This study 

Citrus waste No 31–66 

[42] 

Winery waste No 2–37 

Sewage sludge No 38–71 [43] 

Corn straw Yes 20–60 [47] 

Pomegranate peels Yes 50 [48] 

 
 
The qmax of a carbon-derived adsorbent for methylene blue can vary significantly depending 

on the feedstock and production conditions utilized. This phenomenon has been extensively dis-
cussed in several review articles. For instance, Kasuma et al. reported a range of qmax values from 
1.33 to 300 mg·g-1. Intriguingly, some activated carbons exhibited qmax values below 9 mg·g-1, 
notably lower than the values observed for H-180 and H-215 [22]. In another study, qmax values of 
carbon-based adsorbents – activated carbon, graphite porous carbon, and carbon nanotubes – 
ranged from 0.003 to 2936 mg·g-1, highlighting the variability in outcomes [49]. 

 Figures 2a and 2b also present the adjustment of the experimental data regarding H-180 and 
H-215, respectively, to Langmuir, Freundlich, and Sips isotherm models, for which the parameter 
values are reported in Table 3. The Langmuir isotherm model assumes monolayer adsorption, 
whereby the adsorption process occurs exclusively on a homogeneous adsorbent surface with iden-
tical adsorption sites, forming a single layer of adsorbate molecules. Once a site is occupied, no 
further adsorption can occur at that site. Furthermore, the model assumes that the adsorption-de-
sorption process is reversible. On the other hand, the Freundlich isotherm model assumes multilayer 
adsorption, which occurs on a heterogeneous surface with adsorption sites of varying energy levels. 
The molecules can adsorb onto each other after the initial layer has formed. Regarding the Sips 
isotherm model, it is a hybrid model obtained from the combination of both models aforementioned 
[50,51].  

 



 

Figure 2. Isotherm models of methylene blue adsorption by H-180 (a) and H-215 (b) obtained at hydrochar load of 3 g·L-1 at pH 

10, 30 °C, 100 rpm for 24 h. 

  

Considering the R2 and MRD values in Table 3, the Sips isotherm model is suggested for 
describing the methylene blue adsorption by both H-180 and H-215. This model indicated a qmax 

value of around 80 mg·g-1. Additionally, no significant difference was noticed for both hydrochars 
regarding their adsorption performance since the 95% confidence intervals for qmax values of H-
180 and H-215 overlapped. Thus, only H-180 was used in the following tests considering energy-
saving purposes. It is preferable to conduct Co-HTC at 180 °C rather than at 215 °C. 

 
 

Table 3. Values of parameters related to Langmuir, Freundlich, and Sips isotherm models. 

Isotherm 

model 
Parameter H-180 H-215 

Langmuir 

qmax (mg·g-1) 69.01± 2.93 (56.40–81.61)* 67.78 ± 2.83 (55.60–79.96)* 

KL 0.048 ± 0.012 0.068 ± 0.018 

R2 0.9669 0.9636 

MRD (%) 11.56 9.89 

Freundlich 

KF 13.92 ± 3.08 14.87 ± 3.09 

n 3.79 ± 0.57 3.92 ± 0.58 

R2 0.9258 0.9289 

 MRD (%) 25.54 27.68 

Sips 

qmax (mg·g-1) 80.35 ± 7.18 (49.45–111.25)* 79.96 ± 7.23 (48.85–111.07)* 

KS 0.090 ± 0.020 0.112 ± 0.022 

n 0.672 ± 0.100 0.647 ± 0.099 

R2 0.9852 0.9850 

MRD (%) 9.26 11.96 

*95% confidence interval. 

 

 

3.2.3. Adsorption kinetics 

Figure 3a presents the removal percentage of methylene blue with H-180 in the time. The 
adsorption increases rapidly in the first 3 h, reaching almost 60% of removal. From 13 h onwards, 
around 80% of methylene blue was removed and this removal percentage remained practically 



constant until 24 h. According to other studies that also evaluate methylene blue adsorption by 
hydrochar, a significant number of adsorption sites were occupied by MB molecules as the adsorp-
tion time increased, resulting in a gradual slowing down of the subsequent mass transfer and ad-
sorption process until equilibrium was reached [46,47,52]. In general, it is possible to identify three 
stages: 10-60 min, 90-480 min, and 720-1440 min. Akbari and colleagues suggest that, in the first 
stage, the presence of numerous vacant active sites on the surface of the adsorbent facilitates the 
interaction between methylene blue molecules and active sites, thereby achieving a high adsorption 
rate. In the second stage, the rate of adsorption declines due to a reduction in the number of available 
active sites and driving force, which is attributable to a decrease in the concentration of methylene 
blue. In the final stage, the reduction in the number of vacant active sites and dye concentration, 
coupled with the rise in electrostatic repulsion forces resulting from the adsorption of cationic mol-
ecules on the surface, might be the causes of the observed slow and steady adsorption rate, indicat-
ing that equilibrium was reached [53]. 

 

 

Figure 3. Removal percentage (a) and kinetics models (b) of methylene blue adsorption by hydrochar (H-180) obtained with an 

initial dye concentration of 100 mg·L-1 and a hydrochar load of 3 g·L-1 at pH 10, 30 °C, and 100 rpm. 

 

 
In Figure 3b, kinetic models (PFO, PSO, and Elovich) were adjusted to the experimental data. 

As shown in Table 4, the Elovich kinetic model fits better than the others, considering the R2 and 
MRD values. The suitability of the Elovich model compared with PFO and PSO models was also 
reported in another study of methylene blue adsorption by hydrochar [30]. The Elovich equation is 
suitable for describing chemisorption in systems with heterogeneous adsorbing surfaces [30,54–
56], suggesting therefore this type of adsorption between H-180 and methylene blue.  

 

 

Table 4. Values of parameters related to pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich kinetic models. 

Kinetic Model Parameter H-180 

Pseudo-First-Order 

K1 0.011 ± 0.001 

qe (mg·g-1) 22.85 ± 0.85 

R2 0.9124 

MRD (%) 5.57 

Pseudo-Second-Order 

K2 0.001 ± 0.0002 

qe (mg·g-1) 24.54 ± 1.11 

R2 0.8909 

MRD (%) 7.09 

Elovich β 0.225 ± 0.012 



α 1.08 ± 0.19 

R2 0.9779 

MRD (%) 2.81 

 

3.2.4. Adsorption thermodynamics 

Table 5 presents the thermodynamics parameters of the methylene blue adsorption by H-180, 
obtained by linearizing Equation 7 (Figure 4). The value of Gibbs free energy change (ΔG) tends 
to become more negative as the temperature increases from 30 to 60 °C. This suggests that increas-
ing the temperature favors the spontaneity of the process. Also, the positive value of enthalpy 
change (ΔH) indicates that the process is endothermic. In this instance, the positive value of entropy 
change (ΔS) is advantageous for the spontaneity of adsorption, as it makes ΔG negative by com-
pensating for ΔH, thereby facilitating the occurrence of adsorption. This corroborates with previous 
studies using other hydrochars for adsorbing methylene blue [30,42]. 

 

 

Table 5. Thermodynamics parameters of the methylene blue adsorption by hydrochar (H-180) from co-hydrothermal carbonization (Co-HTC) of 

sawdust and non-dewatered sewage sludge. 

ΔG (J·mol-1) ΔS (J·mol-1·K-1)  ΔH (J·mol-1) 

-3845.12 (30 °C) 

28.34 4746.13 
-4128.52 (40 °C) 

-4411.92 (50 °C) 

-4695.32 (60 °C) 

 

 

 

Figure 4. Linearization of Equation 7 to obtain the thermodynamic parameters of the methylene blue adsorption by hydrochar (H-

180) from co-hydrothermal carbonization (Co-HTC) of sawdust and non-dewatered sewage sludge. 

 

 

3.2.5. Hydrochar regeneration 

Five cycles of methylene blue adsorption were performed to evaluate the reusability of H-
180. Figure 5 presents the removal percentage of methylene blue for each cycle. It is worth noting 
that after five cycles the removal percentage remained around 80%; it decreased from 92.5% (first 
cycle) to 79.2% (fifth cycle). This represents a reduction of only 14.4% in relation to the first cycle. 
For comparison purposes, Akbari and colleagues reported a removal percentage reduction from 



85% (first cycle) to 77% (fourth cycle) in methylene blue adsorption by hydrochar from liquorice 
root pulp. According to the authors, the changes to the adsorption sites on the adsorbent surface 
reduce the removal after each cycle. This occurs because some methylene blue molecules attach 
permanently to the surface, blocking the vacant pores and reducing dye adsorption efficiency [53].    

 

 

 

Figure 5. Removal percentage of methylene blue adsorption after five cycles by hydrochar (H-180) using an initial dye concentra-
tion of 100 mg·L-1 and a hydrochar load of 3 g·L-1 at pH 10, 30 °C, and 100 rpm for 16 h. 

 

3.3. Process water (PW) – ecotoxicity and characterization  

 
The acute toxicity test with PW-180, PW-215, and PW-250 was carried out on the microcrus-

tacean Daphnia magna following OECD guideline 202 (2004) (Section 2.4.1). Exposure of D. 
magna to the PW-180, PW-215, and PW-250 showed high toxicity, with inhibitory effects observed 
after 48 h of exposure at the lowest percentage for all the PW tested. The effect was enhanced by 
increasing the PW concentration in the medium (Figure 6). 

 

 

 

 

Figure 6. Average number of mobile Daphnia magna microcrustaceans (bars ± standard deviation, n = 6) after 48 hours of expo-

sure to process water (PW) from co-hydrothermal carbonization (Co-HTC) of sawdust and non-dewatered sewage sludge at 180, 

215, and 250 °C. Asterisks (*) represent a significant increase in the number of immobile microcrustaceans compared with the 
respective control (Dunnett's test, p ≤ 0.05). 



 

 

PW can be considered complex mixtures of dissolved organic compounds and nutrients (Ta-
bles 5 and 6). The COD of PW-180, PW-215, and PW-250 was 12.87 ± 0.55, 12.22 ± 0.35, 
17.33 ± 0.75 g·L-1 [12]. Regarding total nitrogen, the values for PW-180, PW-215, PW-250 were 
1.02 ± 0.09, 0.92 ± 0.06, and 1.00 ± 0.11 g·L-1, respectively. Both parameters align with other PW 
reported in the literature, as presented in Table 6.  

 

 

Table 6. Examples of chemical oxygen demand (COD) and total nitrogen values of process waters (PW) from hydrothermal car-

bonization (HTC) of different biomass wastes. 

Waste 
Hydrothermal 

carbonization condition* 

Chemical 

oxygen 

demand 

(g·L-1) 

Total 

nitrogen 

(g·L-1) 

Reference 

Agricultural residue 

digestate 

T: 200; S/L: 1/5; t: 1 42.2 1.9 

[57] 

T: 250; S/L: 1/5; t:1 46.3 2.2 

Municipal solid 

waste digestate 

T:200; S/L: 1/5; t:1 18.1 2.4 

T:250; S/L: 1/5; t:1 16.4 1.7 

Sewage sludge 

digestate 

T:200; S/L: 1/5; t:1 38.9 4.5 

T:250; S/L: 1/5; t:1 43.6 4.7 

Oat husk T: 219.2; S/L: 1/12.5; t: 0.5 13.2 1.8 [58] 

Water hyacinth 

T: 150; S/L: 1/10; t: 1 19.0 - 

[59] T:200; S/L: 1/10; t: 1 27.5 - 

T:250; S/L: 1/10; t: 1 31.4 - 

Grape Marc 

T:220; S/L: 1/10; t: 1 

33.3  
[60] 

 
Grape Marc 

extracted 
31.1 - 

Sewage sludge 

digestate 

T: 160; S/L: 1/1; t: 0.5 12.6 - 

[61] T: 220; S/L:1/1; t: 0.5 12.9 - 

T: 250; S/L: 1/1; t: 0.5 12.2 - 

*T: temperature (°C); S/L: solid-to-liquid ratio; t: time (h). 

 

The presence and interaction of PW compounds in the exposure medium probably resulted in 
the toxic effects observed for D. magna [62,63]. Petroviˇc and colleagues have shown the high 
toxicity of PW from Co-HTC of vegetable oil industry waste and sewage sludge to D. magna (EC50 
= 0.5%-2%) [64]. In another study, the PW from HTC of microalgae was toxic to Allivibrio fischeri 
(EC50 = 1.8%) [65]. For Lemna minor, the PW from sewage sludge was also harmful, causing 
complete decay at a 10% dilution [66]. In all the studies mentioned, the justification for the effects 
observed is consistent with our findings, which are also related to the complexity of PW composi-
tion (Tables 7 and 8). 

 

 



Table 7. Content of acetate, chloride, nitrite, nitrate, sulphate, and phosphate in the process water (PW) from co-hydrothermal 

carbonization (Co-HTC) of sawdust and non-dewatered sewage sludge at three temperatures (180, 215, and 250 °C). 

Ion PW-180 PW-215 PW-250 

Acetate (mg·L-1) 3333.67 ± 18.21 3600.67 ± 76.20 4584.00 ± 27.31 

Chloride (mg·L-1) 118.94 ± 1.10 120.70 ± 1.44 124.70 ± 0.64 

Nitrite (mg·L-1) 7.62 ± 0.00 1.99 ± 0.03 nd 

Nitrate (mg·L-1) 13.80 ± 0.31 6.60 ± 0.14 nd 

Sulfate (mg·L-1) 90.72 ± 0.39 74.87 ± 0.90 85.45 ± 14.32 

Phosphate (mg·L-1) 441.93 ± 0.99 203.47 ± 0.53 194.32 ± 1.54 

nd: not detected. 

 

When comparing the toxicities of PWs from co-HTC at different temperatures, the EC50 val-
ues indicated the highest toxicity for PW-250 > PW-215 > PW-180, with values of 0.51% (0.48%–
0.54%), 0.97% (0.95%–1.00%), and 1.13% (1.09%–1.17%), respectively. These results suggest 
that the increase in Co-HTC temperature elevated the toxicity on D. magna. The observed increase 
in toxicity aligns with the rise in compound generation due to the temperature increase (Table 8). 
A possible explanation for this behavior could be the high level of acetate present in the PWs (Table 
7). As lignocellulosic biomass, sawdust is composed mainly of cellulose, hemicellulose, and lignin 
[67]. During hydrothermal treatments, such as Co-HTC, acetyl groups on hemicellulose chains are 
cleaved and form acetic acid in the solution. Depending on process conditions (e.g., temperature), 
cellulose, hemicellulose, and lignin can undergo partial or complete degradation. The more severe 
the hydrothermal treatment, the more degradation products are generated, as confirmed by PW 
compositions in Table 6. For instance, the degradation of cellulose and hemicellulose monomers 
forms hydroxymethylfurfural and furfural, while lignin degradation produces phenolic compounds 
[68–70]. These molecules are intermediates for hydrochar formation [3]. Therefore, the increase in 
Co-HTC temperature favors the decomposition of organic biomass and catalyzes the formation of 
various other chemical substances that may be toxic [71,72]. Thus, PW became progressively more 
heterogeneous and toxic as the temperature rose. 

 

 

Table 8. Compounds identified by GC-MS in the process water (PW-180, PW-215, and PW-250) from co-hydrothermal carboni-

zation (Co-HTC) of sawdust and non-dewatered sewage sludge. 

Process 

water 

Retention 

time (min.) 

Peak area 

(%) 
Compound CAS Number 

PW-180 

3.722 12.00 Isobutyl acetate 000110-19-0 

5.188 87.99 Furfural 000098-01-1 

6.120 2.32 Furfural 000098-01-1 

26.810 1.33 Cyclohexasiloxane, dodecamethyl- 000540-97-6 

PW-215 

3.657 4.15 Isobutyl acetate 000110-19-0 

5.135 5.60 Furfural 000098-01-1 

7.574 0.93 2-Cyclopenten-1-one, 2-methyl- 001120-73-6 

7.806 1.05 Ethanone, 1-(2-furanyl)- 001192-62-7 



10.049 2.33 2-Furancarboxaldehyde, 5-methyl- 000620-02-0 

12.661 7.74 1,2-Cyclopentanedione, 3-methyl- 000765-70-8 

15.510 14.07 Phenol, 2-methoxy- 000090-05-1 

17.071 3.05 2-Cyclopenten-1-one, 3-ethyl-2-hydroxy- 021835-01-8 

24.371 3.54 (Z)-4-Methyl-5-(2-oxopropylidene)-5H-furan-2-one 026474-45-3 

27.564 7.93 Phenol, 2,6-dimethoxy- 000091-10-1 

29.885 3.02 Vanillin 000121-33-5 

35.049 5.98 Homovanillyl alcohol 002380-78-1 

PW-250 

3.716 1.50 Isobutyl acetate 000110-19-0 

5.028 0.42 Pyrazine, methyl- 000109-08-0 

5.223 1.21 2-Cyclopenten-1-one 000930-30-3 

7.580 4.67 2-Cyclopenten-1-one, 2-methyl- 001120-73-6 

10.144 1.26 2-Cyclopenten-1-one, 3-methyl- 002758-18-1 

10.981 1.27 Phenol 000108-95-2 

11.467 1.99 2-Cyclopenten-1-one, 2,3-dimethyl- 001121-05-7 

12.773 6.22 1,2-Cyclopentanedione, 3-methyl- 000765-70-8 

13.248 1.39 2-Cyclopenten-1-one, 2,3-dimethyl- 001121-05-7 

15.551 21.46 Phenol, 2-methoxy- 000090-05-1 

20.240 0.42 Furan, 2,5-dihydro-2,5-dimethyl- 059242-27-2 

20.560 0.80 Creosol 000093-51-6 

21.724 5.04 Catechol 000120-80-9 

23.890 1.86 1,2-Benzenediol, 3-methoxy- 000934-00-9 

24.478 3.57 Phenol, 4-ethyl-2-methoxy- 002785-89-9 

26.804 1.31 Cyclohexasiloxane, dodecamethyl- 000540-97-6 

27.712 8.91 Phenol, 2,6-dimethoxy- 000091-10-1 

30.223 1.10 4-Hydroxy-2-methoxybenaldehyde 018278-34-7 

33.434 0.55 5-Hepten-3-yn-2-ol, 6-methyl-5-(1-methylethyl)- 063922-41-8 

33.933 0.51 Cycloheptasiloxane, tetradecamethyl- 000107-50-6 

35.102 3.86 Homovanillyl alcohol 002380-78-1 

39.589 1.12 Homovanillic acid 000306-08-1 

39.725 2.30 Homovanillic acid 000306-08-1 

 

 

Although no data were found in the literature regarding the toxicity of PW generated from 
Co-HTC of sawdust and sewage sludge, similar results were observed in a study exposing D. magna 
to dilutions of PW produced from Co-HTC of sewage sludge and whey at different temperatures. 
The study showed that the temperature increase affected the composition of PW; the toxicity of 
PW produced at 250 °C was approximately four times higher than that obtained at 200 °C for the 
same reaction time [21]. These findings reinforce that temperature significantly impacts both the 
composition and toxicity of PW. 

When the daphnids were exposed to the previously obtained EC50 values with the pH of the 
exposure medium adjusted to neutral, there was no change in toxicity levels (Figure 7). This indi-
cates that the toxicity effects observed for PW at different Co-HTC temperatures were not influ-
enced by the acidic pH of the exposure medium (pHPW-180=5.8; pHPW-215=5.3; pHPW-250=5.1), but 
probably by the specific composition of each PW and the interactions among their chemical con-
stituents (Tables 7 and 8). However, while this conclusion appears evident, it should be interpreted 
with caution, as the toxicity of individual compounds and mixtures within each PW has not been 
tested. 

 



 

Figure 7. Average number of mobile Daphnia magna microcrustaceans (bars ± standard deviation, n = 6) after 48 hours of expo-

sure to effect concentration values for 50% of exposed organisms (EC50) previously obtained for process water (PW) from the co-

hydrothermal carbonization (Co-HTC) sawdust and non-dewatered sewage sludge at 180, 215 and 250 °C with pH adjustment of 

the exposure medium with NaOH (pH = 7). The asterisks (*) represent a significant increase in the number of immobile micro-

crustaceans compared with the control test (Dunnett's test, p ≤ 0.05). 

 

These results underscore the necessity of identifying alternative methods for treating and, 
most crucially, valorization of PW to reduce its potential environmental impacts. Despite its tox-
icity, the PW from the Co-CHT of sawdust and sewage sludge contains molecules with commercial 
potential (e.g., furfural). Instead of viewing this by-product as an effluent to be treated and disposed 
of correctly in the environment, it is imperative to assess the potential of PW to obtain marketable 
products. For example, furfural, levulinic acid, vanillin, and catechol are considered platform chem-
icals, which are molecules that can serve as a substrate to produce a range of other higher value-
added products [73–76]. 

 
 

4. Conclusion 

 
This work assessed three hydrochars (H-180, H-215, and H-250) from Co-HTC of sawdust 

and non-dewatered sewage sludge as potential methylene blue adsorbents, and it also evaluated the 
ecotoxicological effects of the resulting PW. H-180 and H-215 had better adsorption performance 
than H-250. H-180 and H-215 presented a qmax value of around 70 mg·g-1, which was superior 
compared with the adsorption of methylene blue by other hydrochars in the literature. The Sips 
isotherm model was better than Langmuir and Freundlich models for describing the adsorption with 
H-180 and H-215. The Sips model indicated a qmax value of around 80 mg·g-1. It is noteworthy that 
H-180 and H-215 were not subjected to modification by physical or chemical activation, which 
could enhance their adsorption capacity. However, an activation step would also raise the produc-
tion cost of the adsorbent. Compared with PFO and PSO models, the Elovich model presented a 
superior fit for describing the kinetics of methylene blue adsorption by H-180. Regarding the toxi-
cological effects of the resulting PW on Daphnia magna, the high toxicity, especially at higher Co-
HTC temperatures, underscores the need for careful management and further study to assess their 
environmental impact and potential valorization approaches. 
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