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This study explores the potential of hydrochar derived from grape stalks as a sustainable adsorbent 
for removing diclofenac (DCF), a widely used pharmaceutical and persistent water micropollutant that 
poses significant environmental risks if not effectively eliminated. Hydrothermal carbonization (HTC) 
was applied at three temperatures (200, 230, and 260 °C) to synthesize hydrochar. To further enhance 
its adsorption properties, the hydrochar was subjected to physical activation by steam. Comprehensive 
characterization, including SEM, TEM, BET analysis, and elemental composition, revealed significant 
chemical and morphological changes and the formation of a multy-layered porous structure, especially 
after steam activation. Adsorption experiments were performed under constant stirring at 100 rpm 
for about 24 h at room temperature. The influence of different hydrochar dosages (0.2–1.0 g L− 1) on 
the process was evaluated. The adsorption tests demonstrated that the hydrochar produced at 230 °C 
exhibited superior DCF removal efficiency, which was further enhanced post-activation, achieving a 
removal rate of up to 99.2% under optimized conditions. The experimental data for DCF adsorption 
onto the steam-activated hydrochar closely followed the Langmuir model, with a maximum capacity 
of 25.19 mg g− 1. Additionally, the pseudo-second-order model showed the best agreement with the 
experimental data. The steam-activated hydrochar derived from agricultural waste has great potential 
as an efficient and cost-effective adsorbent for removing DCF, addressing key challenges in water 
pollution and waste management.
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Population growth and global industrialization are causing significant environmental concerns, including 
depletion and contamination of water ecosystems. Among other contaminants, pharmaceutical products (PPs) 
dramatically increased their occurrence and concentration in water bodies due to anthropogenic activities and 
ineffective waste management practices. Their presence cause adverse effects to aquatic fauna, even in traces, 
resulting in changing of the trophic chain and risks for human health1–3. Diclofenac sodium (DCF), a non-
steroidal anti-inflammatory drug, is the 8th best-selling pharmaceutical in the world and widely used to treat 
fever, inflammation, rheumatoid arthritis, polymyositis, dysmenorrhea, and body pain4,5. In modern countries, 
around 200–2300 µg of DCF per habitant are daily consumed6. As reported by aus der Beek et al.7DCF has 
been detected in surface water, groundwater, and tap drinking water in 50 countries around the world, with a 
harmful concentration between 0.032 and 18.74 µg L− 1. Its frequent detection as a micropollutant is due to its 
high solubility in water and polarity. After metabolism and excretion by human urines and faeces, unchanged 
DCF or/and its metabolites reach the wastewater treatment plants (WWTPs) through the sewage system8,9. 
Low concentrations of DCF do not cause toxic effects on living organisms; however, chronic exposure can cause 
serious damage to organs and tissues, growth disorders, and alteration of reproduction10. Based on that, DCF 
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has been listed on the “Watch List” by EU Decision 2015/495, which includes compounds of high environmental 
concern that must be removed from aquatic systems through cost-effective treatment methods9. Due to its low 
volatility, hydrophobicity, poor biodegradability, and complex structure, DCF cannot be completely removed 
by conventional wastewater treatment processes, resulting in its continuous accumulation in water bodies11. 
Efficiently removing DCF from wastewater is crucial since it could eliminate the dangers associated with its 
presence in the ecosystem4,12.

Up to now, several technologies have been successfully applied for DCF removal, including reverse osmosis, 
membrane filtration, chemical precipitation, and advanced oxidation processes (AOPs), among others13–15. 
However, these processes have inherent shortcomings, notably membrane fouling, high procurement, and 
toxic by-product generation16. As an alternative approach, adsorption has proven to be a successful technique 
because of its simplicity, wide applicability, and no harmful by-product generation17,18. Adsorption materials 
like biochar, and coal-based materials, often used as precursors for producing activated carbons, exhibit poor 
chemical stability, low adsorption capacities, high cost, restricted pores, and environmental unsustainability. 
Consequently, they are ineffective at removing organic molecules from contaminated water16,19.

The development of new adsorbents with lower cost and higher adsorption capacities is urgently required20,21. 
In pursuit of resource preservation and waste valorization, increased attention has recently been focused on 
agricultural waste biomass, which can be transformed into efficient adsorbent materials22,23.

The winemaking sector produces around 20 million tons of by-products annually, including grape skins, 
seeds, and stalks. Managing this substantial waste output during the production season presents a major 
environmental challenge. Traditional disposal methods, such as composting and landfilling, carry significant 
risks, as the high moisture and nutrient content of these residues can contribute to the spread of pests and 
diseases. Consequently, it is essential to develop sustainable and environmentally friendly solutions that align 
with the unique properties of these by-products.

Various thermochemical processes are able to convert carbon-based materials into carbon-rich products. 
These techniques include flash carbonization, gasification, and pyrolysis24–26among others. While these 
processes offer several advantages, they also exhibit limitations that hinder their broader application in 
wastewater treatment practices. Flash carbonization is a high-energy demand technique, gasification produces 
a small amount of carbonaceous material and a tarry by-product that is difficult to handle27,28while pyrolysis is 
not suitable for high moisture biomass waste29,30.

In this context, hydrothermal carbonization (HTC) has recently gained more attention as a technique 
for upgrading wet biomass into efficient and low-cost adsorbents. The HTC process offers the significant 
advantage of eliminating the need for biomass pre-drying, which reduces energy requirements compared to 
other thermochemical methods. In this process, also known as wet pyrolysis, the biomass is heated at moderate 
temperatures, ranging from 180 to 260  °C, in a closed chamber under autogenous pressure to produce a 
carbonaceous material29,30. During HTC, alterations occur in the polarity, dielectric constant, and ionic product 
of water molecules. The fluctuations in these properties are an inherent feature of hydrothermal carbonization, 
as they enable the formation of reaction pathways that are not achievable in other conversion methods, such as 
pyrolysis31. The process involves several types of reactions, including hydrolysis, dehydration, decarboxylation, 
isomerization, and condensation-polymerization, among others. These reactions lead to the formation of a 
porous solid material, rich in surface functional groups, known as hydrochar. The yield, particle size, porosity, 
and surface chemistry of hydrochar are mainly affected by factors, such as temperature, reaction time, and water-
to-biomass ratio used during the HTC treatment. This resulting material is recognized for its potential uses as 
a fuel, a soil amendment to improve soil fertility, and a low-cost adsorbent for removing organic contaminants 
from water29,32–34.

Hydrochar can exhibit low surface area and porosity, primarily due to the feedstock characteristics, low severity 
of operating conditions, and formation and deposition on the surface of secondary hydrochar, which hampers 
its adsorption effectiveness. Generally, two primary modification methods are employed to improve hydrochar 
physicochemical properties: chemical activation and physical activation31. In physical activation, steam, nitrogen, 
or carbon dioxide are used to mildly reduce the carbonaceous material. Conversely, chemical activation involves 
mixing a chemical dehydrating agent into the biomass before the activation process. Nonetheless, both methods 
require heat. Although chemical activation usually produces higher-quality activated carbon, physical activation 
is often preferred due to its lower chemical consumption, leading to reduced costs35,36.

Most research has primarily focused on lab-scale HTC reactors, typically with reaction volumes of a few 
millilitres. Small-scale setups present several limitations, such as difficulty in replicating industrial conditions, 
potential for misleading data due to transport limitations, and challenges in accurately defining scale-up 
parameters. Less is reported about the operations of this process at larger reactor scale. Pilot-scale reactors offer 
several advantages, mainly related to the mitigation of the financial and operational risks associated with scaling 
up directly from small lab-scale setups. Accordingly, in this study, an HTC reactor with a reaction volume of 
3 L was used to investigate the effect of reaction temperature, the most relevant operating condition, on the 
production of an efficient and cost-effective absorbent for removing DCF from impacted water by using grape 
stalks as raw material. The produced hydrochar was physically activated through the steam activation method 
to improve its adsorption characteristics, while much of the research has concentrated on chemical activation, 
which raises environmental concerns and entails high operation and maintenance costs. The physiochemical 
properties of pristine and activated hydrochars were well-characterized by scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET) method, and elemental analyses. 
Finally, adsorption isotherms and kinetics were evaluated to determine the feasibility of the DCF adsorption 
process onto hydrochar.
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Apart from the novelty represented by the use of a larger-scale HTC reactor, the approach outlined in this 
article presents greater technical practicality and environmental sustainability by addressing key challenges in 
the waste management of a worldwide abundant agricultural by-product.

Materials and methods
Chemicals
Diclofenac sodium salt (CAS: 15307-79-6) was provided by Alfa Aesar (Ward Hill, Massachusetts, Acetonitrile 
for HPLC (99.9%) and formic acid (98.0%) were provided from Honeywell (Seelze, Germany). Sodium hydroxide 
(J.T.Baker) and chloridric acid (37.0%, Sigma-Aldrich, UK) were used to adjust the solution pH if necessary. All 
solutions were prepared with Milli-Q water (18.2 MΩ cm− 1 resistivity, 25 °C) from an Elix ® Essential 10 UV 
water purification system (Merck, Darmstadt, Germany).

Feedstock preparation
The grape stalks used to synthesize the hydrochar were provided by a wine-distillery facility located in the Lazio 
region, Italy. The biomass underwent multiple washes with distilled water to eliminate impurities, followed by 
rinsing with milliQ water and overnight drying at 80 °C. Next, the dried material was crushed and sieved to 
obtain a particle fraction ranging from 1 to 2 mm. Finally, the resulting feedstock was stored in a tightly sealed 
flask for subsequent use.

The hydrothermal carbonization experimental apparatus and testing procedure
The HTC experimental setup used for the hydrochar production is composed of three main sections: a reactor, a 
heat exchanger, and a condenser (Fig. 1). The HTC reactor is a stirred batch reactor made of AISI 316 L stainless 
steel with a reaction volume of 3 L. Heating is provided by two electric heating elements with an overall power 
of 2.4 kW. The reaction temperature is ensured by a control loop incorporating a thermocouple (T1) connected 
to the reactor bottom, a comparator receiving the temperature set-point, and a voltage controller for adjusting 
the current flow to the resistance. The top of the reactor is equipped with a flange housing various connector: 
three for thermocouples (T1, T2 at the bottom, and T3 at the top), one for the shaft of the mechanical agitator, 
and one for gas exit. The reactor can operate at a maximum permissible temperature of 300 °C and a pressure of 
approximately 100 bars. Further details on the experimental setup can be found elsewhere37.

The lab-scale HTC reactor was operated with a reaction mixture composed of 800 mL of distilled water and 
80 g of grape stalks (GS), to obtain a water/biomass ratio (R) equal to 10 (Eq. 1):

	
R = WH2O

WGS
� (1)

where WH2O  is the mass of the water in the reaction mixture and WGS is the mass of the dried grape stalks.
The hydrochar obtained from the HTC tests underwent multiple washes with distilled water to eliminate 

impurities, followed by rinsing with milliQ water and overnight drying at 80 °C. Then, the dried hydrochar was 
sieved again to obtain particles in the range of 1–2 mm for the steam activation process.

The HTC process occurs in subcritical water under relatively mild conditions, with a reaction temperature 
commonly maintained in a range of about 180–260 °C and typical residence time ranging from 1 to 8 h, under 
autogenous pressure29,38,39. Temperature is the primary factor influencing the HTC process because it determines 
the properties of water, which in turn affect the ionic reactions that occur in the subcritical region. When the 
temperature exceeds the activation energy, several reactions take place, including dehydration, decarboxylation, 

Fig. 1.  Schematic illustration of the lab-scale HTC apparatus.
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and condensation. Residence time also influences hydrochar characteristics, although temperature has a more 
pronounced effect. Therefore, to select a hydrochar with effective adsorption characteristics, the experimental 
tests were conducted across a wide temperature range of 200, 230, and 260 °C, with a moderate reaction time of 
4 h40–42.

The conversion efficiency of GS into hydrochar was expressed as mass yield (MY), which was calculated using 
Eq. 2:

	
MY = WHC

WGS
� (2)

where WHC  and WGS  are the dry mass of the hydrochar and grape stalks.

The hydrochar activation apparatus and testing procedure
Figure S1 shows the experimental setup used for activating hydrochar. It can be schematically divided into 
three sections: an activation reactor, a heating system, and a steam generator. The activation reactor, made of 
AISI 310S stainless steel, has a nominal diameter of 1 ¼” and a height of 1.10 m. A perforated plate, 3 mm 
thick with 2 mm holes, is positioned at 70 cm from the bottom flange to support the hydrochar and uniformly 
distribute the activating medium (steam). The heating system consists of two semi-cylindrical ceramic fiber 
heaters with a total power of 3.50 kW, which is able to reach a maximum operative temperature of 1100 °C. The 
temperature control is achieved using a thermoregulator and a type K thermocouple located at the base of the 
perforated plate. The steam generator, made of AISI 304 stainless steel, is a 2 L cylinder with a 0.50 kW wire 
heater, producing a maximum steam flow rate of 10 g min− 1 at a temperature of 250 °C. A precision pump with 
an adjustable flow rate supplies water to the steam generator unit.

Several studies on the steam activation of biomass-derived carbon materials showed that the optimal 
temperature and residence time for enhancing both pore diameter and surface area fall within the range 700–
900 °C and 15–120 min, and that temperature has a more significant impact on these parameters than reaction 
time43,44. However, increasing both temperature and residence time results in a decrease in the mass yield of 
activated carbon. Therefore, to produce activated hydrochar with a substantial surface area and an acceptable 
production yield (higher than 50 wt%), the hydrochar activation tests were conducted at 900 °C for 15 min. 
Additionally, a steam flow rate of 5 g m−1 was selected. Preliminary tests indicated that this flow rate effectively 
limits the loss of activated hydrochar particles from the reactor to less than 2%.

Grape stalks and hydrochar characterization
Elemental analysis and determination of ash content were carried out on the starting grape stalks and on the 
pristine and steam-activated hydrochars. Moreover, characterization analyses, including determination of point 
zero charge (pHpzc), SEM, TEM, and SBET analyses were performed on the non- and steam-activated hydrochars.

Elemental analysis, ash content, and calorific value of grape stalks and hydrochars
The elemental composition of the grape stalks and hydrochars, including the mass fractions of carbon, 
hydrogen, nitrogen, sulphur, and oxygen (by difference) was determined using a LECO CHN-S 628 analyzer. 
This measurement method relies on complete and instantaneous oxidation, accomplished through pure oxygen 
(dynamic flash combustion) of the samples, resulting in their conversion into gaseous products. Quantitative 
estimation is then achieved using either non-dispersive infrared (IR) or thermal conductivity cells. The ash 
content was determined after drying the sample in an oven at 105 °C for 12 h and then placing it in a muffle 
furnace at 600 °C for 4 h. Once the muffle furnace cooled, the ash content was calculated. The percentage was 
determined by the weight difference relative to the initial weight.

The higher heating value (HHV) of both materials was evaluated using a correlation proposed by Channiwala 
and Parikh45:

	 HHV = 349.1C + 1178.3H + 100.5S − 103.4O − 15.1N − 21.1Ash� (3)

where C, H, S, O, N, and Ash are percentages of carbon, hydrogen, sulfur, oxygen, nitrogen, and ash reported on 
a dry basis.

This correlation has a wide range of applicability, from biomasses and carbonized materials to more complex 
wastes46,47.

Determination of the point zero charge
The zero-charge pH (pHpzc) of the hydrochar was determined through pH titration, as reported in a previous 
study performed by Salvestrini et al.17. Briefly, forty milliliters of 0.01 M NaCl solution were dispensed into 50 
mL test tubes, and the pH was adjusted to a value ranging from 2 to 10 by adding a few drops of 0.1 M HCl or 
0.1 M NaOH solution. Twenty milligrams of hydrochar were added to each solution, and after 48 h, the final pH 
was measured and plotted against the initial pH. The pH at which the curve pHfinal vs. pHinitial intersected the line 
pHfinal = pHinitial provided the pHpzc of hydrochar.

Scanning electron microscopy (SEM) and trasmission electron microscopy (TEM)
Hydrochar samples were analyzed by SEM and TEM to analyze the morphology and surface composition of 
the hydrochar. For SEM analysis, samples were placed on an alumina stub covered with carbon tape and then 
a thin conductive layer of Au-Pd was sputtered using a sputter coater (Desk V, Denton Vacuum, USA). SEM 
images were collected with Nova NanoSEM 450 microscope (FEI ThermoFisher Scientific, Waltham, USA) at an 
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accelerating voltage of 3 kV, using an Everhart Thornley Detector (ETD) and a Through Lens Detector (TLD) 
for the highest magnifications.

Hydrochar samples were prepared for TEM analysis by ultrasonically suspending the powder sample in 
ethanol and placing 5 µL drop of the suspension on a holey carbon-coated copper grid (200 mesh) for 1 min. 
After removing excess solvent with filter paper, grids were air-dried and then introduced to the TEM microscope. 
TEM microscope FEI TECNAI G2 S-twin (FEI ThermoFisher Scientific, Waltham, USA) was operated at an 
acceleration potential of 120 kV equipped with a LaB6 source.

Hydrochar specific surface area
The specific surface area (SBET) of the studied materials were estimated from nitrogen adsorption-desoprtion 
isotherms using the Brunauer-Emmett-Teller (BET) model. For N₂ isotherms at a temperature of 77 K, the BET 
model was evaluated in the pressure range of P/Po = 0.01–1.00. The analyses were performed with an automatic 
analyzer (Micromeritics TriStar 3030 Plus instrument). The samples were previously treated in the sample cell at 
180 °C under vacuum for up to 3 h, until complete degassing was achieved48.

Diclofenac adsorption experiments
Following each specific treatment, pristine and activated hydrochar underwent thorough washing with milliQ 
water and subsequently dried in an oven at 105 °C overnight to eliminate impurities. This washing process was 
repeated three times. Once the samples were dried, them underwent sieving using an aluminum sieve (Endecotis 
LTD, London, England, S.N. 326125): one portion with a particle size less between 0.5 and 1 mm, and the other 
with a particle size in the range of 1–2 mm. For the DCF adsorption tests, the latter hydrochar portion was used. 
Then the samples were placed in the oven at 80 °C for 1 h before use, in order to release any adsorbed impurities. 
In each adsorption test, the initial concentration of DCF (C0) was 5.0 mg L− 1.

A specific amount of hydrochar was added into falcon tubes, allowing it to interact with the DCF solution 
(50 mL). Subsequently, the tubes were subjected to a constant agitation at 100 rpm for roughly 24 h at room 
temperature. The impact of different adsorbent dosages (0.2–1.0 g L− 1) on the process was investigated. Detailed 
experimental conditions for each adsorption test are provided in Table S1.

Kinetic studies and adsorption isotherms
The adsorption capacity (mg g− 1) of the optimized adsorbent was determined from mass balance analysis49,50:

	
qe = C0 − Ce

X
� (4)

where C0 and Ce are the initial concentration and the concentration at the equilibrium of DCF in the solution, 
respectively, and X is the adsorbent dosage, i.e. the mass of hydrochar to the liquid volume ratio (g L− 1)51.

The assessment of adsorption performance was carried out in terms of DCF removal (%):

	
DCF removal (%) = DCF (t = 0) − DCF (t)

DCF (t = 0) × 100� (5)

The relationship between the concentration of the adsorbate in the adsorbent phase (qe) and in the liquid phase 
(Ce) is defined as the adsorption isotherm52. The experimental data were fitted using Langmuir, Freundlich, 
Dubinin-Radushkevich (D-R), and Temkin models to determine adsorption isotherms (Eqs. (6), (7), (8) and 
(9))53–55.

	
qe = qmaxkLCe

1 + kLCe
� (6)

	 qe = kF Ce
1/n� (7)

	 ln(qe) = ln(qmax) − BD−R ∗ ϵ 2� (8)

	 qe = B ln (KT Ce)� (9)

where qe is the amount of DCF adsorbed per unit mass of hydrochar at equilibrium (mg g−1), qmax is the 
maximum amount of DCF adsorbed on the unit mass of hydrochar (mg g−1), KL is the Langmuir adsorption 
constant (L g−1), KF is the Freundlich constant, and n represents and empirical parameters that depends on the 
degree of heterogeneity of adsorbing sites. BD-R represents the Dubinin–Radushkevich constant (mol2 kJ− 2), 
while ε = RTln (1 + 1/Ce) denotes the Polanyi potential (kJ mol− 1)56. B (J mol− 1) and KT (L g− 1) are the Temkin 
isotherm constants, related to the heat of adsorption and the adsorption equilibrium, respectively.

The Langmuir isotherm theory involves the formation of a single layer of adsorbate on a uniform adsorbent 
surface. The model relies on three key assumptions: (i) all adsorption sites are uniform in size and shape; (ii) 
each site has an equal likelihood of being vacant and can accommodate only one pollutant molecule; (iii) 
the heat energy released during adsorption is uniform for each site. The Freundlich sorption equation is an 
empirical model that is particularly well-suited for isotherm data that do not reach a saturation point57. The D–R 
isotherm model is based on the assumption that adsorption occurs as a multilayer process, primarily governed 
by van der Waals forces. It is particularly suited for describing physical adsorption phenomena on porous and 
heterogeneous surfaces. The Temkin isotherm model describes adsorption using a two-parameter equation, 
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assuming monolayer adsorption on a heterogeneous surface. It considers the effects of adsorbent–adsorbate 
interactions, and proposes that the heat of adsorption decreases linearly with increasing surface coverage58.

Furthermore, to quantify the changes in adsorption with time and to evaluate kinetic parameters, four 
classical kinetic models, including pseudo-first (PFO) and pseudo-second order (PSO), Intra-particle diffusion 
(IPD), and Elovich models were used. The PFO model is generally for physical adsorption (Eq.  10), while 
the PSO is for chemical adsorption (Eq. 11)53. The IPD model, based on the Morris and Weber approach, is 
employed to investigate the rate-controlling steps in adsorption, including surface interaction, pore diffusion, 
film resistance, and mass transfer mechanisms. The Elovich model describes chemisorption processes on 
heterogeneous surfaces. It assumes that the adsorption rate decreases exponentially as the surface becomes more 
covered, due to the increasing energy barrier for adsorption59:

	 qt = qe(1 − e(−k1t))� (10)

	
qt =

(
qe

2k2

1 + qek2

)
t� (11)

	 qt = kidt1/2� (12)

	 qt = α + β ln (t)� (13)

where qt (mg g− 1), qe (mg g− 1), k1 (min− 1), k2 (mg g− 1 min− 1) and t (min− 1) are the adsorption amount of DCF at 
any time, the adsorption amount of DCF at equilibrium, the rate constants of the PFO and PSO related models, 
and the adsorption time, respectively. kid (mg g− 1 min− 1/2) represents the rate constant of the intraparticle 
diffusion (IPD) model. Finally, α (mg g−1 min− 1) and β (g mg− 1) correspond to the adsorption rate during the 
initial phase and the desorption constant, respectively60.

Analytical methods
At specific time intervals, samples of DCF solution were extracted from the adsorption falcon tubes and subjected 
to analysis, following a previous study14using high-performance liquid chromatography (HPLC, Shimadzu, 
model CBM-20 A) equipped with a UV diode array detector (DAD). A C18 column (150 mm–2.1 mm, 5 μm) 
served as the stationary phase. The mobile phase comprised a mixture of acetonitrile and formic acid (0.1%) in 
Milli-Q water, with a ratio of 60:40 (v/v), flowing at a rate of 1.0 mL min− 1. The analyses were conducted under 
isocratic conditions at room temperature, with an injection volume of 20 µL. Quantitative analysis of DCF was 
performed using an absorbance–concentration calibration curve at 276 nm, demonstrating linearity within the 
range of 0.5–20.0 mg L− 1. To verify the instrument’s absorbance linearity, a certified standard solution of 10 mg 
L− 1 caffeine (Shimadzu Corporation, Japan) was employed. The limits of detection (LOD) and quantification 
(LOQ) were determined to be 0.056 mg L− 1 and 0.160 mg L− 1, respectively.

Results and discussions
Hydrochar preparation and characterization
HTC experiments and hydrochar activation
The lab-scale HTC reactor was operated at three reaction temperatures (200, 230, and 260 °C) and at a fixed 
reaction time (4 h). As aforementioned, for each HTC test, the reaction mixture was prepared to obtain a water-
to-biomass ratio equal to 10.

Table 1 reports the main chemical properties and calorific value of GS. The elemental analysis shows that 
GS has contents of C, H, O, N, and ash consistent with typical values of common lignocellulosic biomasses. 
Therefore, the calorific value is also coherent.

The temperature and pressure trends recorded during the experimental runs are displayed in Fig. 2. It can 
be observed that the HTC apparatus took from 35 min to 60 min to reach the set-point temperature. Thus, 
the residence time was calculated from the instant the set-point temperature was reached for the first time 
to the start of the cooling down process. After an initial slight peak, due to the delay of heat transfer between 
the external surface of the reactor (heated by the external heater) and the temperature inside the reactor, the 
temperatures stabilized very close to the set-point, i.e., mean temperature ± 2 °C. A similar trend was observed 
for the pressure profiles inside the reactor, which stabilized at approximately 18 bars, 28 bars, and 46 bars for the 
tests conducted respectively at 200, 230, and 260 °C.

As far as non-activated hydrochar is concerned, its carbon content increased from 65.55 wt% to 73.67 wt% 
as the reaction temperature rose from 200 to 260 °C (Table 2). On the contrary, hydrogen and oxygen decreased 
from 5.37 wt% to 5.10 wt%, and from 25.19 wt% to 16.90 wt%, respectively. Nitrogen and ash stabilized 
around 1.10 wt% and 3.20 wt%. These results indicated that the HTC process, on the one hand, produced the 
enrichment of hydrochar in carbon; on the other hand, favored the migration of hydrogen and oxygen in the 

Elemental analysis, wt% d.b. Inorganics, wt% d.b.

C H Oa N S Ash

45.95 6.97 44.05 0.63 < 0.1 2.40

Table 1.  Elemental analysis, Ash content, and calorific value of grape stalks. wt = weight basis. d.b.=dry basis. 
aEstimated by difference.
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liquid and gaseous phases. This behavior is attributed to depolymerization, dehydration, decarboxylation, and 
aromatization reactions, which result in a coalification-like process29. This is consistent with the increase in the 
hydrochar HHV that progressively moved from 26.42 MJ kg−1 to 29.86 MJ kg−1 as the reaction temperature 
increased from 200 °C to 260 °C. On the other hand, the yield of hydrochar decreased from 0.78 to 0.62. These 
results can be explained by considering the key role of temperature in the HTC process. Temperature provides 
thermal energy for the cleavage of the biomass chemical bonds. Higher temperatures favor the migration of 
atoms from the solid biomass to the liquid and gaseous phases generated during the process, which necessarily 
leads to a decrease in the hydrochar yield. Similar results were found by Yu et al.61.

Activated hydrochar (SA-HC-230) exhibits a significant increase in carbon (+ 32.28%) and an impressive 
reduction in oxygen (-78.40%) when compared to the non-activated hydrochar produced at the same HTC 
temperature (230  °C). These changes may result from the further removal of carbonyl and carboxyl groups 
(R1,2) as well as from the extension of the water-gas reaction (R3). Additionally, the very high temperature 
of the steam activation process may enhance combustion reactions involving the carbon and oxygen present 
in the hydrochar. The increase in carbon content of the activated hydrochar reveals the predominant role of 
decarbonylation and decarboxylation reactions over the water-gas reaction. This hypothesis is supported by the 
observed reduction in the yield of activated hydrochar.

Test ID

Elemental analysis, wt% d.b. Inorganics, wt% d.b. Yield, wt./wt.

C H Oa N S Ash MY

HC-200 65.55 5.37 25.19 0.98 < 0.1 3.24 0.78

HC-230 66.98 5.23 23.43 1.14 < 0.1 3.22 0.67

SA-HC-230 88.06 2.12 5.06 1.72 < 0.1 5.05 0.43

HC-260 73.67 5.10 16.90 1.11 < 0.1 3.22 0.62

Table 2.  Elemental analysis, Ash content, and calorific value of hydrochars. wt = weight basis. d.b.=dry basis. 
aEstimated by difference. MY = mass yield.

 

Fig. 2.  Temperature and pressure trends during experimental runs performed at 200, 230, and 260 °C.
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	 RCOR′ → CO + RR′ � (R1)

	 RCOOR′ → CO2 + RR′ � (R2)

where RCOR′  and RCOOR′  represent carbonyl and carboxyl sites contained in the hydrochar, respectively.

	 C(hydrochar) + H2O ↔ CO + H2� (R3)

Point of zero charge
The pHpzc represents the pH level where the surface charge of the material neutralizes, aiding in discerning the 
hydrochar surface charge across various pH levels. Below the pHpzc (pH < pHpzc), hydrochar carries a positive 
charge, while above this value (pH > pHpzc), the surface adopts a negative charge. DCF, with a pKa of 4.22, acts 
as a weak electrolyte. In water, it predominantly exists in its neutral form at pH values below 4.22, transitioning 
to a more prevalent anionic form at pH values above 4.2212. In Fig. S2, the zero-charge pH of HC-230 (red 
line) and SA-HC-230 (blue line) were measured as 6.0 ± 0.1 and 7.1 ± 0.1, respectively. Under the experimental 
pH conditions used (9.0 ± 0.1), both pristine and SA-HC-230 surfaces exhibit a negative charge, while DCF is 
primarily present in its anionic form, leading to electrostatic repulsion between the contaminant and the sorbent 
surface. Hence, it is presumed that several other mechanisms, such as interactions between surface functional 
groups, hydrogen bonding, π-π stacking, hydrophobic–hydrophilic interactions, and van der Waals forces, are 
involved in the adsorption process17.

SEM analysis
SEM images show hydrochar obtained by hydrothermal treatment at three temperatures, i.e. 200 (Fig. 3a), 230 
(Fig. 3b), and 260 °C (Fig. 3c), and hydrochar steam-activated at 230 °C (Fig. 3d).

Hydrothermal carbonization leads to a morphological change with the formation of aggregates of 
microspheres33. The SEM image of the hydrochar surface obtained at 200 °C (Fig. 3a) shows the formation of 
a small number of microspheres. Treatment at 230 °C seems to accelerate the process with the formation of a 
greater number of aggregates (Fig. 3b), consisting of smaller well-organized spheres of nanometric dimension. 
These structures decrease in surface area with further increase in temperature from 230 °C to 260 °C, showing a 
smoother surface and a fibrous structure with few scattered nanospheres (Fig. 3c).

SA-HC-230 shows a noticeable effect on the morphology (Fig. 3d), with an enrichment of aggregates that 
more homogeneously cover the entire surface. In particular, it is evident that the aggregates consist of compact 
nanospheres.

Fig. 3.  SEM micrographs (magnification 10,000×) of hydrochar after hydrothermal treatment at 200 (a), 230 
(b), 260 °C (c), and steam-activated HC-230 (d). Details at 50,000×.
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TEM analysis
TEM micrographs of the four different hydrochar samples are shown in Fig. 4. TEM analysis (Fig. 4a) reveals 
that hydrothermal treatment at 200 °C results in the formation of a loosely structured hydrochar matrix. An 
increase in the treatment temperature to 230 °C results in a clear change in the morphological composition of 
the hydrochar, with the appearance of well-structured nanospheres (Fig. 4b). At 260 °C (Fig. 4c), the hydrochar 
still exhibits a structure with nanospheres, though signs of degradation are evident in certain areas. On the 
SA-HC-230 (Fig. 4d), the well-organized structure already highlighted in the non-activated sample at 230 °C 
shows an increase in organization, resulting in a multi-layer flake superstructure composed of nanospheres. The 
TEM characterization clearly highlights these structural details and aligns with the observations from the SEM 
morphology.

BET analysis
The key property of adsorbent materials is its adsorption capacity, which is generally proportional to its surface 
area. Table S2 presents the specific surface area values of the HC-200, HC-230, HC-260, and SA-HC-230 samples. 
In addition, Fig. 5 displays the N2 adsorption–desorption isotherms at 77 K of the SA-HC-230 sample. Based on 
the IUPAC classification, the adsorption characteristics of SA-HC-230 correspond to type IV, as intermediate 
saturation of the adsorption surface was observed, with a subsequent increase in adsorption at high relative 
pressures62.

These results suggest the formation of multilayers during adsorption, indicating that the material can be 
classified as mesoporous55. BET surface area analysis was successfully performed on hydrochar samples 
produced at 200 °C and 230 °C, yielding values of 17.44 ± 0.20 and 49.41 ± 0.51 m2 g−1, respectively. Attempts to 
perform BET analysis on the HC-260 sample were unsuccessful, most likely due to structural collapse or pore 
blockage induced by over-carbonization at elevated temperature. This hypothesis is consistent with SEM and 
TEM observations, which revealed a depletion of the porous structure in the HC-260. In comparison, the steam-

Fig. 4.  TEM micrographs (magnification 15,000×) of hydrochar after hydrothermal treatment at 200 (a), 230 
(b), 260 °C (c), and steam-activated SA-230 (d). Details at 84,000×.

 

Scientific Reports |        (2025) 15:34169 9| https://doi.org/10.1038/s41598-025-15211-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


activated hydrochar (SA-HC-230) exhibited a markedly higher surface area of 728 ± 5 m2 g−1. These findings 
underscore the efficacy of steam activation in significantly enhancing the textural properties of hydrochar.

Diclofenac adsorption
Optimization of HTC temperature
The temperature selected during the HTC process significantly influences the physicochemical characteristics of 
hydrochar, by facilitating the breakdown of bonds within the biomass’s macromolecular structures, consequently 
impacting the efficiency of DCF removal and the sorbent’s adsorption capacity63. The impact of the process 
temperature on the adsorption performance of DCF onto hydrochar is displayed in Fig. S3, and the results are 
summarized in Table 3. The adsorbent dosage was maintained at 1.0 g L− 1 across all conditions. Increasing the 
HTC temperature from 200 to 230 °C led to an enhancement in both DCF removal efficiency % (from 11.7 to 
21.1%) and adsorption capacity (from 0.67 to 1.08 mg g− 1). Anyway, an additional increase in HTC temperature 
to 260 °C resulted in a decrease in DCF removal efficiency (14.7%) and adsorption capacity (0.74 mg g− 1).

These results can be explained by the SEM and TEM analyses presented earlier, which showed a well-
organized nanometric sphere structure in the sample treated at 230 °C. However, for the sample treated at 260 °C, 
the structure appears to have deteriorated, which may have led to a decrease in surface area. In fact, higher 
operational temperatures (i.e. 260 °C) can induce more extensive polymerization and carbonization reactions, 
which in turn reduce the surface area64. Similar findings were reported by Soroush et al.65 when studying the 
impact of HTC temperature on the physicochemical properties of hydrochar derived from waste seaweed (Ulva 
pertusa). Specifically, as the temperature increased from 180 to 210 °C, the BET surface area of the hydrochar 
increased from 42.5 to 51.7 m2 g−1. However, a further increase in temperature to 250 °C resulted in a significant 
decrease in BET surface area to 37.3 m2 g−1. Another potential factor may be that, as the reaction continues, 
organic compounds in the liquid phase undergo polymerization, forming secondary hydrochar. The latter 
precipitates and masks the primary hydrochar’s surface. This process highlights the role of organic compounds 
dissolved in the liquid phase, which become more influential as reaction temperatures rise66,67.

HTC temperature (°C) Adsorbent dosage (g L− 1) DCF removal efficiency (%) Adsorption capacity (mg g− 1)

200 1.0 11.7 0.67

230 1.0 21.1 1.08

260 1.0 14.7 0.74

Table 3.  The effect of HTC operative temperature on hydrochar DCF removal efficiency and adsorption 
capacity.

 

Fig. 5.  Adsorption-desorption isotherms of steam-activated HC-230.
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DCF adsorption onto activated hydrochar
Although the hydrochar produced at 230 °C showed the highest DCF removal efficiency (%) and adsorption 
capacity, the material’s adsorption performance still lacked. Therefore, HC-230 was steam-activated to enhance 
contaminant removal during the adsorption process. Figure 6 illustrates the impact of the differences in removal 
efficiencies (%) and adsorption capacities of HC-230 before and after steam activation, at different adsorbent 
dosages (0.2–1.0 g L−1).

As depicted in Fig. 6A, the increase in the initial dose of HC-230 led to a slight improvement in DCF removal 
efficiency (%). The highest value, reaching 21.1%, was attained when 50 mg of HC-230 (adsorbent dosage of 
1.0 g L− 1) were added into the solution. Increasing the adsorbent dosage is likely to result in a greater number of 
active sites. Functional groups, which serve as active sites on the adsorbent surface, play a key role in adsorbing 
contaminants. Therefore, raising the mass of the hydrochar should increase the quantity of functional groups, 
leading to enhanced adsorption66. Nevertheless, as the hydrochar dosage increased, the adsorption capacity 
decreased from 2.5 to 1.08 mg g− 1. The result is probably attributable to phenomena such as aggregation or 
overlapping of the adsorbent particles, which occur at higher HC-230 dosages, leading to a reduction in the 
available surface area for DCF adsorption68. El-Sayed et al.69 observed a similar trend carrying out a study on the 
removal of dyes from impacted water using palm kernel fibers.

Conversely, HC-230 after steam activation exhibited superior adsorption performance. As illustrated in 
Fig. 6B, increasing the initial adsorbent quantity resulted in a significant enhancement in DCF removal, reaching 
the highest value of 99.2% at an adsorbent dosage of 1.0 g L− 1. This is substantially higher than the removal 
efficiency achieved using inactivated HC-230 as sorbent. The adsorption capacity decreased from 13.8 to 5.14 
mg g− 1. This effect could be related to the formation of the multi-layered structure observed in TEM image 
(Fig. 4d); at high adsorbent dosages, the overlapping of layers could reduce the number of available interaction 
sites.

Kinetic studies and adsorption isotherms
As mentioned, the kinetic models employed for the DCF adsorption by SA-HC-230 were the pseudo-first order, 
pseudo-second order, the intra-particle diffusion, and the Elovich model which are commonly used to evaluate 
different adsorbent materials based on rate constants at various time intervals. The kinetic parameters were 
determined using the fitting procedure for each experimental run, as illustrated in Fig. S4 and S5, whereas the 
fitting goodness was tested using the coefficient of determination (R234. As indicated by the data reported in 
Table 4, the pseudo-second order model fitted better the experimental data for each hydrochar dosage examined. 
The results are in agreement with previous bibliography for DCF adsorption on hydrochar34,70.

The initial rate of adsorption h (mg g−1 min−1) was given by:

	 h = k2qe
2� (14)

The increase in the initial DCF adsorption rates (h = 2.42, 2.56, 2.71, and 4.30 mg g−1 min−1), with an increase in 
the adsorbent dosage (from 0.2 to 0.8 g L−1), could be attributed to the increased number of available adsorption 
sites on the adsorbent. Conversely, the h value of 3.91 mg g−1 min−1 obtained with a 1.0 g L−1 hydrochar dosage 
confirms the particle aggregation at higher HC-230 dosages and/or secondary hydrochar formation.

Figure 7 presents the experimental data and the fitting process for the Langmuir, Freundlich, Dubinin-
Radushkevich, and Temkin adsorption isotherms of DCF on SA-HC-230. The parameters for the adsorption 
isotherms are detailed in Table S2.

Fig. 6.  Effect of adsorbent dosage on DCF removal efficiencies (%) and adsorption capacity of (A) HC-230, 
and (B) SA-HC-230; initial DCF concentration = 5.0 mg L− 1; pH = 9.0 ± 0.5.
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The Langmuir model showed a higher correlation coefficient (R2 = 0.971) compared to the Freundlich 
(R2 = 0.897), Dubinin-Radushkevich (R2 = 0.964), and Temkin (R2 = 0.954) models. Additionally, the 
experimental equilibrium capacity (qe= 22.01  mg g−1 was close to the maximum monolayer uptake (qmax= 
25.19 mg g−1 calculated by the Langmuir model. The better fit of the latter isotherm indicates that DCF adsorption 
on SA-HC-230 may occur predominantly as monolayer coverage on a homogeneous surface with energetically 

Fig. 7.  Isotherm of DCF adsorption on SA-HC-230: (a) Langmuir; (b) Freundlich; (c) Dubinin-Radushkevich; 
(d) Temkin.

 

SA-HC-230 (g L-1) 0.2 0.4 0.6 0.8 1.0

PFO model

 qe (mg g-1) 16.7 12.2 8.36 6.47 5.15

 k1 (min-1) 0.119 0.178 0.247 0.417 0.468

 R2 0.997 0.995 0.997 0.992 0.990

PSO model

 qe (mg g-1) 22.0 14.6 9.50 6.99 5.53

 k2
(mg g-1 min-1) 0.005 0.012 0.030 0.088 0.128

 R2 0.998 0.999 0.998 0.999 0.999

 h (mg g-1 min-1) 2.42 2.56 2.71 4.30 3.91

IPD model

 Kid (mg g− 1 min− 1/2) 2.60 1.87 1.47 1.08 0.85

 R2 0.977 0.975 0.935 0.876 0.824

 Elovich model

 α (mg g−1 min− 1) 1.54 1.98 3.09 4.97 11.1

 β (g mg− 1) 0.27 0.39 0.53 0.76 1.08

 R2 0.991 0.983 0.970 0.974 0.969

Table 4.  Kinetic parameters of the adsorption of DCF on SA-HC-230 at different adsorbent dosage.
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equivalent sites. This suggests minimal adsorbate-adsorbate interactions and a well-defined saturation capacity. 
Consequently, the activation process likely enhances surface uniformity, favoring specific adsorption sites34. A 
comparison of the qmax of the SA-HC-230 prepared in the current study with values reported in previous works 
for both physically and chemically activated hydrochars and biomasses is presented in Table 5.

Overall, the SA-HC-230 exhibited a promising adsorption capacity compared to other lignocellulosic-
derived adsorbents, particularly those activated by physical methods70. Although higher adsorption capacities 
were achieved in some cases through chemical activation, it should be noted that this method involves higher 
chemical costs and more complex operational requirements.

Adsorption mechanism analysis
The adsorption behavior of DCF onto SA-HC-230 was examined through analysis of kinetic and equilibrium 
experimental data. Among the kinetic models tested, the pseudo-second-order model exhibited the highest 
correlation (R2 > 0.998), implying that chemisorption governs the adsorption rate, likely involving valence 
interactions through electron sharing or exchange between DCF molecules and the hydrochar’s active sites. 
Regarding equilibrium, the Langmuir isotherm model best represented the data (R2 = 0.971), suggesting 
monolayer adsorption on a surface with uniform energy distribution. These findings support the involvement 
of specific interactions, inculding hydrogen bonding, π–π stacking between the aromatic structures of DCF and 
the hydrochar’s graphitic regions, and possible electron exchange with oxygen-containing functional groups, in 
driving the adsorption mechanism. Although electrostatic repulsion would be expected between the negatively 
charged surface of the adsorbent (pHpzc = 7.1) and the anionic form of DCF at the operating pH (~ 9.0), high 
removal efficiencies were nonetheless achieved. This indicates that non-coulombic interactions, such van der 
Waals forces, and hydrophobic effects, may play a significant role in the adsorption process17,70. Additionally, the 
considerable BET surface area (728 m2 g−1) and the well-developed mesoporous structure, as revealed by SEM 
and TEM analyses, suggest that surface diffusion and pore-filling mechanisms could also significantly contribute 
to DCF uptake78. Consequently, the adsorption of DCF onto SA-HC-230 is likely governed by a combination 
of chemical and physical interactions, where functional surface groups and porosity work synergistically to 
enhance the overall adsorption capacity.

Reusability studies and practical implication
Evaluating the reusability of the adsorbent is essential for assessing the long-term viability and sustainability 
of the adsorption process. From an economic perspective, the ability to regenerate and reuse hydrochar over 
multiple cycles can substantially lower operational costs and reduce the need for fresh material79. Moreover, 
high reusability improves the overall efficiency and practicality of the treatment system, making it more suitable 
for real-world applications in water purification and the removal of pharmaceutical contaminants. To assess the 
reusability of SA-HC-230 for DCF adsorption, five successive adsorption–desorption cycles were performed. 
After each adsorption step, the spent hydrochar was recovered by centrifugation at 6000 rpm for 10 min and 
thoroughly rinsed with distilled water. Regeneration was performed via thermal treatment80. The recovered 
hydrochar was placed in an oven at 100 °C for 1 h, followed by heating at 200 °C for 3 h. The material was 
then filtered, repeatedly washed with distilled water until reaching neutral pH, and dried in an oven at 80 °C. 
The regenerated hydrochar was subsequently reused in a new adsorption test under the same experimental 
conditions as the initial one. The process was repeated for a total of five cycles.

The results shown in Fig. 8 revealed that SA-HC-230 preserved an high DCF removal efficiency over multiple 
consecutive cycles. Specifically, after the fifth cycle, the DCF removal efficiency remained as high as 95%, 
confirming the excellent reusability and long-term adsorption performance of SA-HC-230, and highlighting its 
potential for practical applications. These results are in line with previous studies70,81. This not only contributes 
to a reduction in operating costs but also decreases the need for fresh adsorbent material. Furthermore, the use of 
grape stalks, an abundant and low-cost agricultural by-product, as the raw material for SA-HC-230 production 
makes the overall process economically and environmentally advantageous. Despite these promising outcomes, 
it is important to acknowledge that further long-term studies under continuous-flow conditions and with real 
wastewater are necessary to fully validate the material’s stability and practical applicability, offering a valuable 
direction for future research.

Biomass Activation method SBET (m2 g-1) qmax (mg g-1) Ref.

Orange peel Physical by air 499 5.73 71

Cocoa pod husks Chemical by H2SO4 / 5.53 72

Potato peel Chemical by K2CO3 866 68.5 73

Olive-waste cake Chemical by H3PO4 / 56.2 74

Palm kernel shells Physical by nitrogen flow 131 13.16 70

Moringa seed powder Chemical activation by H3PO4 / 100.9 75

Rice hull Torrefied at 350 °C / 3.30 76

Orange peel Physical by CO2 301 1.91 71

Cyclamen persicum tubers Chemical activation by ZnCl2 881 22.2 77

Grape stalk Physical by steam 731 25.19 This study

Table 5.  Comparison of the maximum DCF adsorption capacities of various biomass-derived adsorbents.
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Conclusions
This work highlights the successful transformation of grape stalks, an abundant agricultural by-product, into 
an effective adsorbent for diclofenac removal from water using hydrothermal carbonization and subsequent 
steam activation. Among the tested hydrothermal carbonization process conditions, 230 °C was identified as 
the optimal temperature for producing hydrochar with enhanced adsorption properties. The subsequent steam 
activation further improved the hydrochar effectiveness by increasing its surface area and porosity. The activated 
hydrochar demonstrated a maximum diclofenac removal efficiency of 99.2% and an adsorption capacity of 
25.19 mg g−1. The adsorption process was most accurately represented by the pseudo-second-order kinetic 
model and the Langmuir isotherm, indicating a chemisorption mechanism occurring on a homogeneous 
surface. Nonetheless, other interaction pathways, such as hydrogen bonding, π–π interactions, and intraparticle 
diffusion, also seem to contribute. These findings suggest that the overall adsorption is driven by a synergistic 
combination of chemical and physical forces. In addition, the results indicate that the steam-activated hydrochar 
maintains high diclofenac removal efficiency over multiple cycles (> 95%) after the fifth cycle, demonstrating 
its excellent reusability and long-term adsorption performance. This implies a reduction in operating costs and 
minimization of the required amount of fresh adsorbent. Nonetheless, additional long-term studies with real 
wastewater are needed to fully validate the stability and practical applicability of the steam-activated hydrochar.

Despite the encouraging performance of the steam-activated hydrochar derived from waste grape stalks 
in the removal of diclofenac, several limitations still need to be addressed for its practical implementation. 
The primary environmental concern stems from the liquid by-product produced during the hydrothermal 
carbonization process, which is rich in dissolved organic compounds such as carboxylic acids, phenols, and 
furfural82. Key issues include recovering these valuable compounds from process water, optimizing the use of the 
additional water required for the process, and properly disposing of residual liquid by-products. The application 
of advanced oxidation processes, such as electrochemical oxidation, offers a promizing strategy for treating the 
liquid effluent generated during the hydrothermal carbonization process. This approach could effectively remove 
organic contaminants, facilitating internal water reuse within a closed-loop system83. These advancements will 
help unlock the long-term environmental potential of this sustainable adsorbent.

Fig. 8.  Evaluation of SA-HC-230 reusability through five successive adsorption–desorption cycles.

 

Scientific Reports |        (2025) 15:34169 14| https://doi.org/10.1038/s41598-025-15211-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Data availability
The data that support the findings of this study are available from the corresponding author, upon reasonable 
request.
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