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Abstract: Modification is a common method to enhance the physicochemical properties of 

hydrochar. In this work, hydrochar was synthesized from spent coffee grounds (SCG) with the 

presence of NaOH during the hydrothermal treatment in a one-step process. The adsorption of 

methylene blue (MB) in aqueous solution using SCG, SCG-derived hydrochar (HC-W), and 

NaOH-activated hydrochar (HC-S) as adsorbents was studied. The results showed that hydrochar 

can effectively remove MB with a high removal rate of above 90%. Among these materials, HC-S 

exhibited the highest MB adsorption capacity and the shortest time to reach the adsorption 
equilibrium. The MB adsorption kinetics and isotherm of hydrochar were well fitted by the 

pseudo-second-order kinetic model and the Langmuir model, respectively. The maximum 

adsorption capacity of HC-S for MB was 30.17 mg/g. The synergic effect between hydrothermal 

carbonization and NaOH activation plays a crucial role in enhancing hydrochar adsorption 

performance, which is favorable for the adsorption of MB onto the surface of hydrochar. 

Keywords: Hydrochar; Activation; NaOH; One-pot synthesis. 

1. Introduction
 *
 

Organic dyes commonly exist in the 

wastewater from chemical industries such as 
textiles, plastics, ceramics, paper, and cosmetics 

[1-3]. It is well known as highly toxic, 

carcinogenic, teratogenic, and mutagenic 
contaminants, leading to serious environmental 

pollutants and health threats [4]. Thus, 

removing dyes in wastewater before discharge 

is an urgent issue that should be solved. 

_______ 
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Numerous techniques have been developed for 
the removal of dyes in wastewater, including 

adsorption, catalytic degradation, membrane 

separation, and oxidation [5-7]. Among these 

approaches, adsorption has been considered the 
most promising method because of its 

simplicity, easy operation, high efficiency, and 

low cost [8, 9]. The adsorption efficiency is 
significantly affected by the adsorbent 

materials.  

Biomass-derived carbon materials are 
widely utilized as adsorbents due to their high 

specific surface area, versatile structural 

modification, and environmental friendliness 

[10]. Biomass sources are commonly 
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transferred to carbon materials by a pyrolysis 

process at high temperature in an inert 
environment, called biochar. However, the 

production of biochar involves a high energy 

consumption and greenhouse gas emission, 
limiting its application [11, 12]. Hydrochar, a 

carbon-based material prepared by 

hydrothermal carbonization of biomass, is 

considered an effective alternative material for 
biochar. Hydrochar possesses low energy 

demand, low gas emission, and numerous 

oxygen-containing functional groups on its 
surface [13]. Cavali et al., conducted the 

hydrothermal treatment of pine residual 

sawdust at 250 °C for 1 h, producing hydrochar 
with the specific surface area of 30.94 m2/g and 

pore volume of 0.143 cm3/g [14]. Amado-Fierro 

et al. synthesized hydrochar with a specific 

surface area in a range of 2.5-9 m2/g from five 
common waste types: organic fraction of 

municipal solid waste, green waste, grape 

bagasse, wood waste, and cheese whey [15]. 
The low porosity and uneven particle size 

distribution of hydrochar should be improved to 

increase the adsorption capacity for dyes [16]. 

The morphological structure and surface 
properties of hydrochar can be significantly 

enhanced through the modification process 

using either physical or chemical methods to 
improve its adsorption performance [17-19]. 

Physical modification is carried out at high 

temperature using mild oxidizing gases for a 
long time of heat treatment [20]. Thus, 

chemical activation has been considered a 

common method to boost the adsorption 

performance of hydrochar [21-23]. The 
chemical activation process can be conducted in 

two ways. One is one-step synthesis, in which 

the chemical regents are directly mixed with 
biomass during the hydrothermal process. The 

other is a two-step synthesis, where hydrochar 

is completely prepared, followed by the 
immersion of hydrochar in the chemical regent 

solution. Hydrochar can either be used directly 

after the activation or further carbonized at high 

temperature. Zhou et al., prepared activated 

hydrochar with NaOH 1.5 M after hydrothermal 

treatment [24]. The specific surface area of the 
activated hydrochar is twice as high two time of 

hydrochar prepared with the activation process. 

It led to the high maximum adsorption capacity 
for methylene blue (MB) of 357 mg/g. Rice 

straw-derived hydrochar was activated with 

K2CO3 and KOH solution through a two-step 

process by Babu’s group [25]. The maximum 
adsorption capacity for MB increased from 

111.65 to 434.63 mg/g after the activation 

process. It can be seen that the two-step 
synthesis is a complex process with higher 

energy consumption and excessive use of 

chemicals.  
In this study, hydrochar material was 

synnthesized from spent coffee grounds (SCG) 

by a low-temperature, low-concentration, and 

one-step hydrothermal carbonization method 
with the presence of NaOH. The combination of 

NaOH activation and hydrothermal treatment in 

one pot further improves the porous structure 
and the adsorption performance of the as-

synthesized hydrochars. The effects of 

adsorption time and MB solution concentration 

on the adsorption performance of hydrochars 
were investigated. Moreover, the adsorption 

equilibrium and kinetic characteristics were 

evaluated through fitting theoretical models to 
briefly elucidate the adsorption mechanism. 

2. Experimental 

2.1. Materials 

The spent coffee ground was collected from 
the local coffee shop in Ha Noi, Viet Nam. 

Sodium hydroxide and anhydrous ethanol were 

purchased from Xilong (China). All chemicals 

were used directly without further purification. 

2.2. Synthesis of Hydrochar 

The spent coffee ground was sieved with a 

100 mesh sieve, washed with deionized water 
(DW), and dried at 80 °C. The spent coffee 

ground was hydrothermally treated with 

different solvents (DW and NaOH solution). In 
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brief, dried spent coffee was added into DW or 

NaOH 0.05 M solution with a biomass to 
solution ratio of 1:1, followed by stirring at 

room temperature for 30 min. The mixture was 

transferred into a 100 mL Teflon liner autoclave 
and hydrothermally treated at 140 °C for 6 

hours. Afterward, the suspension was separated 

from the liquid phase, cleaned with anhydrous 

ethanol and DW several times. The spent 
coffee-derived hydrochar was collected by 

centrifugation and dried at 80 °C for 12 hours. 

The hydrochars hydrothermally treated with 
DW and NaOH are recorded as HC-W and 

HC-S, respectively. 

2.3. Characterization of Hydrochar 

The surface morphology of hydrochar was 

observed by scanning electron microscopy 

(SEM). The chemical functional groups were 

determined by Fourier transform infrared 
(FT-IR, IRAffinity-1, Shimadzu, Japan). The 

X-ray diffraction (XRD) analysis was carried 

out with a D8 Advance (Brucker, Germany) 
equipment using copper Kα X-ray radiation at 

40 kV and 40 mA. The N2 adsorption-

desorption measurement was conducted using 

TriStar II Plus (Micromeritics, United State). 
The specific surface area of hydrochar was 

determined by the Brunauer-Emmet-Teller 

(BET) method. 

2.4. Batch adsorption Experiments 

The adsorption experiments were conducted 

in a 100 mL conical flask. In particular, 50 mg 
of hydrochar was shaken with 100 mL of 10 

ppm MB solution for a given time at room 

temperature. After reaching the pre-set time, the 

concentration of the MB solution was identified 
from the calibration curve of the MB solution at 

665 nm by a spectrophotometer (UV-Vis 722N 

Genius, Taisite, China). The adsorption 
capacity for MB at time t (min) was defined by 

Eq. (1): 

 

where qt (mg/g) and Ct (mg/L) represented 

the adsorption capacity of hydrochar for MB 
and the MB concentration at time t (min), 

respectively; C0 (mg/L) was the initial MB 

concentration; V (L) and m (g) were the solution 
volume and adsorbent dosage, respectively. 

2.4.1. Kinetics models for MB adsorption 

The effect of adsorption time (10, 20, 40, 

60, and 100 min) was carried out for a kinetic 
study, while the mass of adsorbent was fixed at 

50 mg. Lagergren pseudi-first order and 

pseudo-second order models were applied as 
Eq. (2) and (3) are described below,  

respectively. 

 

 

where qe (mg/g) is the equilibrium 
adsorption capacity; k1 (1/h) and k2 (g/mg.h) are 

the adsorption rate constants for pseudo-first 

order and pseudo-second order kinetics, 
respectively. The relationship between ln(qe-qt) 

versus t or t/qt versus t was plotted according to 

the experimental data. The values of qe, k1, and 
k2 were calculated based on the intercept and 

slope of the straight line. 

2.4.2. Isotherm models for MB adsorption 

MB adsorption experiments were conducted 
by adding 50 mg of adsorbent into 100 mL of MB 

solution with the different concentrations varied 

from 5 to 10 ppm for 90 min to investigate the 
adsorption isotherms. Langmuir and Freundlich 

isotherm models were investigated using the 

corresponding equations as follows: 

 

 

in which  KL (L/mg) is the Langmuir model 

constant; n (mg/g) and KF (mg/L)1/n  are 

Freundlich model constants; qm (mg/g) is the 
maximum adsorption capacity. Plotting Ce/qe 

against Ce or lnqe against lnCe based on the 

experimental data for identifying qm, KL, n, and 
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KF constants by the intercept and slope of the 

straight line. 
The reusability of hydrochar was performed 

by five times MB adsorption. After each 

experiment, hydrochar was collected by 
centrifugation, washed with ethanol and water 

several times, following by drying at 80 °C for 

next use.  

3. Results and Discussion 

3.1. Characterization 

The SEM images of the spent coffee ground 

and hydrochar samples are shown in Figure 1. 

The SCG in Figure 1a displayed the 
agglomeration state of the particles with various 

sizes and shapes, indicating the low porosity. 

After hydrothermal treatment, the hydrochar 

possessed rough pores with homogeneous 
distribution on the surface, meaning a high 

specific surface area. However, numerous pores 

of HC-W were blocked and clogged by 
impurities, which may be carbon microspheres, 

forming from the polycondensation of 

cellulose, hemicellulose, and lignin during the 
hydrothermal process [26]. In contrast, the 

impurities were decomposed and removed from 

the pores of HC-S, producing rougher and 

clearer cracks and channels.  
Besides the decomposition of the organic 

compounds in SCG, the presence of NaOH 

could release H2, CO2, and CO during the 
hydrothermal reaction [27]. It can improve the 

formation of pores in the hydrochar when these 

gases diffuse out of the surface of HC-S. These 
pores provided a larger contact surface and 

binding sites, which are favorable for the 

adsorption of MB on the surface of hydrochar. 

The surface area of hydrochar is enhanced by 
the hydrothermal process with NaOH.  

T 

   

Figure 1. SEM image of (a) SCG, (b) HC-W, and (c) HC-S. 

FT-IR spectra in Figure 2 indicated that the 

samples possessed several of oxygen-
containing functional groups. A broad peak 

around 3400 cm-1 was attributed to the O–H 

stretching vibrations of hydroxyl or carbonyl 
groups [28]. These groups originally appeared 

in hemicellulose, cellulose, and lignin that were 

not completely decomposed after the 

hydrothermal treatment. The peaks observed in 
a range of 3000-2800 cm-1 represented 

asymmetric and symmetric stretching vibrations 

of aliphatic C–H [29]. The peak at around 1630 
cm-1 was caused by C=C/C=O stretching 

vibrations [30, 31]. The –COOH bending 

vibration appeared at 1400 cm-1. The band at 

1075 cm-1 was assigned to C–O stretching 
vibration [30, 31]. After hydrothermal 

treatment, the strength of these functional 

groups in hydrochar was weaker than those in 
raw SCG. It indicated that a part of organic 

compounds, such as fatty acids and carboxylic 

acids in SCG, were decarboxylated during the 

hydrothermal process, resulting in the 
development of a porous structure and high 

specific surface area of hydrochar as well. 

The XRD measurements were used to 
confirm the amorphous nature of hydrochar in 

the 2θ range of 10–70°. In Figure 2(b), a broad 



H. P. Linh et al. / VNU Journal of Science: Natural Sciences and Technology, Vol…., No… (20…) 1-9 

 

5 

peak at approximately 23° is attributed to 

amorphous carbon structure. There was no 
obvious difference between the samples before 

and after the hydrothermal treatment, which 

mean that the hydrothermal process did not 
change the phase structure of adsorbents.  

 

 

Figure 2. (a) FT-IR spectra and (b) XRD patterns 

of SCG, HC-W, and HC-S samples. 

 

Figure 3. N2 adsorption-desorption isotherm and 

pore size distribution (inset) of HC-S sample. 

The N2 adsorption-desorption isotherm of 

the HC-S sample in Fig. 3 can be assigned as 

type IV isotherm with a distinct H3-type 

hysteresis loop at relative pressures between 

0.45 and 1.0, according to UIPAC 
classification. It indicated that mesoporous 

structure exists in this sample. HC-S possessed 

a BET specific surface area of 33.06 m2 g-1. As 
shown in the inset figure, the material exhibited a 

narrow pore size distribution with a sharp peak 

centered at approximately 5 nm, confirming a 

predominantly mesoporous framework.  

3.2. Adsorption Studies 

The influence of contact time on MB 

adsorption performance for SCG and 
hydrochars was investigated, and the result is 

shown in Figure 4(a).   All samples exhibited a 

similar tendency in the MB adsorption capacity. 
In particular, when the adsorption time was less 

than 40 min, these samples showed excellent 

MB adsorption capacity, which may come from 

sufficient adsorption active sites on the 
samples. The HC-S possessed the highest MB 

removal rate among the three samples, 

indicating the significant role of NaOH solution 
in the hydrothermal treatment process.  As the 

adsorption time ranged from 40 to 100 min, the 

MB adsorption capacity moderately increased. 

The number of adsorption active sites decreased 
with increasing contact time due to the 

occupancy of MB, leading to an increase in MB 

diffusion resistance from the solution to the 
active sites. As a result, the MB adsorption 

capacity did not change after 100 min and 

gradually reached equilibrium. The MB 
equilibrium capacities of SGC, HC-W, and 

HC-S were 13.7, 17.5, and 18.4 mg/g at 

100 min, respectively (Figure 4(b)).  
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Figure 4. (a) Effect of adsorption time on MB 

adsorption capacity and (b) MB equilibrium 

adsorption capacity (absorbent dose 50 mg, MB 

solution 100 mL, 10 ppm, pH 7, room temperature). 

Figure 5 displays the MB adsorption kinetic 

fitting curves of SCG and hydrochars, and the 

corresponding fitting parameters are listed in 
Table 1. All samples exhibited a higher fitting 

degree for pseudo-second-order kinetics (R2 > 

0.994) than for pseudo-first-order kinetics (R2 < 
0.993). It indicated that the adsorption of SCG 

and hydrochar on the MB solution was a 

chemical process. The adsorption process was 

strongly influenced by the electron sharing and 
electron transfer between the functional groups 

of hydrochars and MB.  In addition, the 

theoretical values of adsorption capacity at 
equilibrium calculated from the pseudo-second-

order model were approximately similar to the 

experimental values. The HC-S showed the 

highest fitting constant k2 among the three 
samples, demonstrating that HC-S took the 

shortest time to reach the adsorption 

equilibrium, which was in a well agreement 
with the experimental results. 

 

 

Figure 5. Kinetic fitting curves of (a) pseudo-first-

order kinetics and (b) pseudo-second-order kinetics 

for hydrochars. 

 

Figure 6. Linear fitting of (a) Langmuir model and 

(b) Freundlich model for hydrochars. 

Figure 6 shows the linear fit of the 

Langmuir and Freundlich adsorption models of 

the hydrochars on the MB solution. The 
regression coefficients (R2) of the Langmuir 

model were higher than those of the Freundlich 

model. It indicated that the adsorption of the 

MB solution on hydrochars mainly obeyed the 
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Langmuir model. The MB molecules 

monolayer on the hydrochar surface, and no 
intermolecular interaction exists. The fitting 

maximum adsorption capacity (qm) calculated 

according to the Langmuir model was 
summarized in Table 1. HC-W and HC-S 

showed the qm value of 29.89 and 30.17 mg/g, 

respectively, demonstrating that HC-S 

possessed a better adsorption performance for 
the MB solution than HC-W did. The 

appearance of NaOH in the hydrothermal 

treatment process facilitates the decomposition 
of impurities and the development of pore 

structure, which are favorable for the 

enhancement of adsorption performance. 
The recycling of the hydrochar samples was 

perfomed by five runs of MB adsorption to 

evaluate the reusability. The results in Figure 7 

showed a slightly decreased adsorption capacity 

(5%) after 5 cycles. It indicated the high 

stability and the excellent reusability of 
hydrochar for the MB adsorption.  

 

Figure 7.  The regeneration performance 

of HC-S (absorbent dose 50 mg, MB solution 

100 mL, 10 ppm, pH 7, room temperature).

Table 1. Fitting parameters of MB adsorption for SCG and hydrochars 

Sample 

Pseudo-first-order 
kinetics 

Pseudo-second-order 
kinetics 

Langmuir model Freundlich model 

qe k1 R2 qe k2 R2 qm KL R2 KF 1/n R2 

SCG 12.00 0.0415 0.9787 15.61 0.0041 0.9942 - - - - - - 

HC-W 15.91 0.0419 0.9923 19.61 0.0036 0.9986 29.89 1.1710 0.9830 0.0620 0.4429 0.9669 

HC-S 10.80 0.0368 0.9144 19.51 0.0074 0.9996 30.17 1.3811 0.9801 0.0562 0.4451 0.9457 

L 

4. Conclusion  

In this study, the hydrochar was 
successfully prepared from spent coffee 

grounds by a one-step process, combining the 

hydrothermal carbonization and NaOH 

activation. The effect of synthesis conditions on 
the MB adsorption performance of hydrochar 

was investigated by controlling the adsorption 

time and the concentration of the MB solution. 
HC-S exhibited the highest MB removal rate 

(> 90%) and the maximum adsorption capacity 

of 30.17 mg/g. It may be due to the presence of 
NaOH in the hydrothermal process facilitates 

the development of a porous structure of 

hydrochar, increasing the specific surface area. 

In addition, the MB adsorption process 
for hydrochar was better described by the 

pseudo-second-order kinetics model and the 

Langmuir model, which is in good agreement 
with the experimental data.  
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