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Abstract: In this work, beta cyclodextrin hydrochar was treated using sodium 
hydroxide for malachite green removal. The adsorbents were characterized for 
surface functionalities, thermal decomposition and morphology. The 
functionalized hydrochar exhibits the adsorption-precipitation mechanisms with 
maximum capacity of 76.9 mg/g, prior to surface neutralization by dye solution 
that results in the decrease of capacity. The equilibrium curve for adsorption-
precipitation regime obeys Freundlich model, while the kinetic follows pseudo-
first order model, both suggesting the physical adsorption process. From the 
thermodynamic perspective, the process is exothermic and spontaneous. 
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Introduction  

Water pollution usually results from the industrial discharge and 

indiscriminate release of commercial, domestic and agricultural effluents 
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into streams. The contamination leads to a decrease in water quality and 

brings a threat to the environment and public health.1 The prevalent health 

concerns include skin disorders, diarrhoea, stomach ulcers and respiratory 

infections.2 Water pollutants encompass chemicals,3 pathogens,4 excessive 

nutrients,5 trash and debris6 and radioactive material,7 depending on the 

point-source of the effluent. Wastewater treatment is critical in ensuring the 

effluent is safe prior to discharge to the environment.8 Among others, 

adsorption is a preferred method because of its simple and straightforward 

operation, low-cost and efficient in removing various contaminants from 

water.9 

Dyes are usually used in textiles, food, paint and paper industries. 

Even in small quantities, their presence in effluent is vivid and undesirable. 

Because of the complex aromatic structure, dyes are difficult to breakdown 

and hence tend to stay in the water environment.10 Malachite green is a 

commonly used cationic dye in textile and related industries that is 

persistent in the environment and harmful to the aquatic and terrestrial 

creatures, particularly freshwater fish.11  

To date, beta-cyclodextrin (β-CD) has gained considerable 

reputation in water pollution abatement due to its unique hydrophilic-

hydrophobic molecular cavity able to entrap various types of water 

pollutants. This property has been capitalized, not only in separation and 

adsorption, but also for drug-controlled release.12 However, the solubility 

characteristic of β-CD in water remains a challenge for its direct use in 

wastewater treatment. Therefore, attempt has been made in this work to 

produce β-CD hydrochar followed by sodium hydroxide treatment for 

malachite green removal. The adsorbent was characterized and the removal 

of dye was analyzed from the viewpoints of isotherm and kinetics. Also, the 
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governing mechanisms were discussed to shed insight into practical 

wastewater treatment process. 

Experimental 

Materials 

Beta-cyclodextrin (β-CD) was purchased from Jiangsu Ogo Biotech 

Co. Ltd., China. Malachite green was supplied by HmBG Chemicals 

(Hamburg, Germany). All chemicals and reagents are of analytical grade. 

Preparation of adsorbent 

The β-CD was insolubilized by hydrothermal carbonization in a 

Teflon autoclave at 180 °C for 24 h. The resultant hydrochar (designated as 

BCD-h) was further impregnated using sodium hydroxide at ratio of  

2:1 (w/w, NaOH pellet-to-BCD-h) prior to pyrolysis at 550 °C for 1.5 h 

(heating rate=25 °C/min). The NaOH-treated β-CD hydrochar (labelled as 

BCD-h+NaOH) was rinsed with distilled water and oven-dried prior to use.  

Characterization of materials 

The FTIR spectrometer (model IRTracer-100) was used to identify 

surface functional groups in BCD-h and BCD-h + NaOH. The spectra were 

recorded in the range of 4000–400 cm-1. The thermal degradation profiles of 

BCD-h were obtained using a thermogravimetric analyzer (TGA) under N2 

flow at a heating rate of 10 °C/min from room temperature to 900 °C. The 

weight loss pattern provides insight into the changes in composition and 

thermal stability. The surface morphology of BCD-h and BCD-h + NaOH 

was captured using a Hitachi TM 3000 field emission scanning electron 

microscope. 
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Batch adsorption studies 

 30 mg of adsorbent was added into several flasks containing 30 mL 

dye solution of varying concentrations ranging from 5 mg/L to 500 mg/L. 

The mixture was allowed to equilibrate for 5 days, and the residual 

concentration was measured using a visible spectrophotometer. The 

adsorption behavior at equilibrium was analyzed using Langmuir and 

Freundlich models. The Langmuir model is expressed as, 

 
(1) 

where Qe (mg/g) represents the malachite green capacity per gram of adsorbent 

and Ce (mg/L) is the equilibrium concentration of dye in the solution. The 

constants, Qm (mg/g) and b (L/mg) represent the maximum adsorption capacity 

and Langmuir binding affinity, respectively.13 The Freundlich model is 

expressed as, 

 (2) 

where Kf (mg/g)(L/mg)1/n is the Freundlich capacity and n is an index to 

show the effectiveness of the process.14 

The rate of malachite green adsorption was evaluated at 

concentrations of 10 mg/L and 25 mg/L. 30 mg of BCD-h+NaOH was 

added into 30 mL of dye solution and measuring of residual concentration 

was performed at pre-set time intervals until the equilibrium is attained. The 

kinetics data were fitted into pseudo-first order and pseudo-second order 

models. The pseudo-first order equation is given by: 

                   (3) 
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the time and k1 (min-1) is the pseudo-first order rate constant. The pseudo-
second order equation is given as, 

 
                  (4) 

where k2 (g/mg.min) is the pseudo-second order rate constant.15 
A fixed dye concentration of 100 mg/L was employed to assess the 

effect of temperature on malachite green removal. The experiment was 
conducted at varying solution temperatures: 40, 50 and 60 °C, achieved by 
adjusting the water bath temperature. The mixture was allowed to stand for 
5 days, then the change in concentration was measured. The thermodynamic 
parameters were established from the expression of Gibbs free energy, 

                   (5) 

where ∆G° (kJ/mol), ∆H° (kJ/mol) and ∆S° (kJ/mol.K) are the change in 
Gibbs free energy, enthalpy and entropy, respectively, and T (K) is the 
solution temperature. The van't Hoff plot can be derived from Equation (5), 
and is often used to study the temperature dependence of adsorption 
process.16 It can be expressed as, 

 
                  (6) 

where Kd is the equilibrium constant.  

 Results and Discussion 

Characterization of adsorbents 

Figure 1 shows the thermal degradation profiles of BCD-h. The 

material exhibits a steady decrease in mass as temperature increases. The 

initial weight loss of 4 % below 130 °C is likely attributed to the 

evaporation of adsorbed water from the adsorbent surface and cavity of  
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β-CD. Next, the degradation of free functional groups and the conversion of 

the polymer into monomers occurred between 230 °C and 300 °C.17 The 

final weight loss of 15 % at a slower rate is attributed to the thermal 

decomposition of β-CD moieties.18-20 

 
Figure 1. Thermal degradation profiles of BCD-h. 

The degradation rate displays fluctuating trends, indicative of radical 
reactions at high temperature.21 The adsorbent retained a 48.8 % of its mass 
at 800 °C, suggesting a thermal stability due to the highly crosslinked 
network.22 This exceptional characteristic is advantageous for adsorbent 
regeneration in practical applications. A similar pattern for thermal 
degradation of β-CD-based adsorbents has been reported in literature.17,20,22 
However, chitosan/β-cyclodextrin composite retained only a 18.7 % mass, 
much lower compared to the one observed in this work.17 

Figure 2 shows the FTIR spectra that offer a comprehensive insight 
into the surface functionalities of BCD-h and BCD-h+NaOH samples. The 
spectrum of BCD-h+NaOH becomes more simple (missing peaks) as 
compared to that of BCD-h upon treatment at high temperature. Notably, 
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the BCD-h spectrum contains peaks that correspond to several functional 
groups. The signals at 2913, 1691 and 1606 cm⁻1 are designated to 
asymmetric stretching vibration of CH₂ methylene groups, – OH stretching 
vibration and - CH bending vibration, respectively.23 Additional peaks at 
1287 and 1163 cm⁻1 are attributed to the bending vibration of hydroxide 
groups and the stretching vibration of C–OH. The C–OC stretching 
vibration and C–C bonds skeletal vibration could generate the peaks at 1020 
and 862 cm⁻1.24 In contrast, the absence of prominent peaks in the  
BCD-h+NaOH spectrum is due to the release of heat-sensitive functional 
groups  at high temperature and hydroxide ions shielding the BCD-h surface 
during activation. However, the stretching of hydroxyl and carboxyl groups 
is evident at 3738 cm⁻1, while the peaks at 1412, 1159 and 876 cm⁻1 
indicate  –OH bending, C–OH stretching and C–C skeletal vibrations, 
respectively. 

 

 
Figure 2. FTIR spectra for BCD-h and BCD-h+NaOH. 
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Figure 3 represents the morphology and physical structure of BCD-h 
and BCD-h+NaOH highlighted by SEM. The perfect spherical diameter of 
BCD-h considerably swollen and increased approximately fourfold after 
activation, suggesting the merging of neighboring particles.25 The newly 
deformed microspheres are anticipated to play a crucial role in the removal 
of cationic dye during the adsorption process. 

  
Figure 3. SEM images for BCD-h and BCD-h+NaOH. 

 

Adsorption equilibrium 

 Figure 4 shows the adsorption equilibrium of malachite green by 
BCD-h+NaOH. The contact between the adsorbent and dye solution at 
initial concentrations of 5, 10, 20, 50, 100 and 200 mg/L results in the 
adsorption capacities of 1.67, 7.21, 15.5, 31.6, 50.5 and 76.9 mg/g, 
respectively. The removal capacity increased with increasing equilibrium 
concentration; the magnitude increased from 1.38 mg/g to 76.9 mg/g when 
the residual concentration increases from 0.015 mg/L to 63.3 mg/L.  The 
dye concentration essentially provides the driving force to overcome mass 
transfer resistance to the adsorbent phase. Also, the increase in 
concentration enhances the interaction probabilities between the carbon 
surface and dye molecules.26 An increase in dye concentration leads to an 
increase in the uptake of dye as long as the active sites are available to 
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accommodate the molecules. This is true to a point of surface saturation, at 
which the maximum capacity is reached. Similar trends were also reported 
for other malachite green adsorbents elsewhere.11,27-29 BCD-h was also 
employed in the adsorption of malachite green. Nevertheless, the removal 
efficiency was so low, that this material was considered uninteresting to 
continue further subsequent adsorption analyses.   
 

 
Figure 4. Equilibrium curve of malachite green adsorption by BCD-h+NaOH. 

Table 2 shows the constants of Langmuir and Freundlich models. 

The values were computed by non-linear regression using Solver add-in of 

MS Excel.  

 
Table 2. Isotherm constants for Langmuir and Freundlich models. 

  

 

Isotherm model Parameter BCD-h+NaOH 

Langmuir 

Qm (mg/g) 79.6 
b 0.130 
R2 0.960 

SSE 311 

Freundlich 

Kf (mg/g) 
(L/mg)1/n 

18.4  

1/n 0.340 
R2 0.990 

SSE 34.1 
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The equilibrium of malachite green adsorption by BCD-h+NaOH 
demonstrates a good fit to Freundlich model, evident from the higher 
regression coefficient (R2) and smaller sum-of-squared error (SSE). It 
suggests that the adsorption process could be better described as physical 
adsorption where the adsorbate forms multiple layers on the adsorbent 
surface.  

Effect of contact time  

 Figure 5 depicts the rate of malachite green adsorption onto  
BCD-h+NaOH at concentrations of 10 mg/L and 25 mg/L. The removal 
capacity increased with increasing retention time to a point where it reaches 
equilibrium. At equilibrium, the rate of adsorption is equal to the rate of 
desorption, and the magnitude of capacity tends to levelling off with time. 
The adsorption for Co = 25 mg/L requires longer holding time of 200 min to 
attain equilibrium. At high concentration, the accumulation of dye 
molecules interferes the smooth diffusion towards the structure at highest 
energy sites.30 Consequently, longer time will be required for adsorption 
because of inherent repulsion and resistance among dye molecules. 

 
Figure 5. Rate of malachite green adsorption onto BCD-h+NaOH. 
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Table 3 summarizes the constants of the fore-mentioned kinetic 

models. It is apparent that BCD-h+NaOH obeys the pseudo-first order 

model for both concentrations studied. It is judged based on the values of R2 

and SSE, and closeness of the calcutated Qe with the experimental ones. The 

applicability of this model implies the characteristics of physical adsorption. 

The rate constant, k1 slightly decreased with concentration due to 

competition for active sites as concentration increases.  
 
Table 3. Parameters for pseudo first order and pseudo second order models. 
 

Kinetic model Parameter 10 mg/L 25 mg/L 

Pseudo-first order 

Qe (mg/g) 5.69 16.8 
k1 (min-1) 0.0210 0.0190 

R2 0.987 0.993 
SSE 0.713 3.21 

Pseudo-second 
order 

Qe (mg/g) 6.43 19.3 
k2 

(g/mg.min) 4.00x10-3 1.00x10-

3 
R2 0.986 0.976 

SSE 0.679 10.8 
 

Adsorption thermodynamics 
 

Figure 6 shows the van’t Hoff plot to determine the thermodynamic 

parameters, which are summarized in Table 4. The ∆H° is negative, 

indicating that the removal of malachite green is exothermic, whereby the 

adsorption decreased with temperature. The entropy measures the degree of 

disorder in the system; the negative ∆S° infers that the process is less 

favorable with increased orderliness or structural changes.31 The formation 

of solid precipitate contributes to the structural rearrangement during the 

removal process, thus leading to negative ∆S°.32 Yet, the system ∆S° is 
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compensated by ∆H° for negative ∆G°, which means that the overall process 

is thermodynamically spontaneous in nature. 

 

 
Figure 6. The van’t Hoff plot. 

 
Table 4. Thermodynamic parameters for malahite green adsorption onto 
               BCD-h+NaOH. 

 

T (K) Kd ∆G° 
(kJ/mol) 

∆H° 
(kJ/mol) 

∆S° 
(kJ/mol.K) 

313 401 -15.1 
-62.1 -0.150 323 103 -13.6 

333 97.0 -12.1 
 

Adsorption mechanisms   

  Figure 7 shows the equilibrium adsorption of malachite green 

spanning to Co = 500 mg/L. Obviously, there is a fluctuating trend upon 

reaching a peak capacity at approximately 70 mg/g. It is suggested that the 

process undergone adsorption-precipitate mechanisms throughout the entire 

procedure. 
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Figure 7. Equilibrium adsorption of malachite green at different concentrations. 

 
 

The pyrolysis at 550 °C facilitates the disruption of ionic bonds of 

NaOH. Subsequently, the hydroxyl ions form a layer covering the surface of 

BCD-h+NaOH. The solution pH is notably elevated upon the addition of the 

adsorbent as the layer generated HO- ions, especially for low malachite 

green concentration. In solution, the cationic malachite green (MG⁺) 

interacts with HO⁻ to form solid precipitate MG–OH that becomes 

entrapped on the adsorbent surface.33,34 However, the malachite green 

solution becomes more acidic at high concentration. Consequently, the 

solution endows high concentrations of MG⁺ and H⁺. At this point, the 

dissociated HO⁻ ions play a crucial role in neutralizing H⁺ ions, so reducing 

the alkaline environment to propagate the precipitation. As a result, the 

capacity of malachite green  through precipitation decreased with 

concentration and the removal is now shifted predominantly to adsorption 

(Figure 7). Figure 8 illustrates the mechanisms of malachite green removal.  
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Figure 8. (a) Mechanisms of precipitation-adsorption process, and (b) neutralization of H+ 

ions in the solution. 
 

The primary interactions between β-CD and dye molecules include 

π-π interaction, dipole-dipole forces, van der Waals, hydrogen bonding, 

electrostatic interactions, host-guest interaction and hydrophobic effects.35,36 

The carboxyl and hydroxyl groups on the exterior engage in electrostatic 

interaction with the nitrogen of malachite green. Also, the electrostatic 

interaction is induced by both the readily adsorbed dye molecules and the 

neighboring dye molecules in the bulk solution.37 Besides, malachite green 

has phenyl groups that offer host-guest supramolecular interactions with the 

hydrophobic cavity of β-CD.38 Hydrogen bonding between the –OH groups 

of β-CD and the nitrogen of malachite green can also contribute to the 

adsorption process. 

(a) 

(b) 
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 Conclusions  

  The sodium hydroxide-treated hydrochar (BCD-h+NaOH) was 

synthesized to study the removal of malachite green from water. The dye 

capacity reaches a maximum of 79.6 mg/g, and thereafter decreased with 

concentration revealing the adsorption-precipitation mechanisms. At this 

regime, the equilibrium fits well with Freundlich model, while the rate of 

adsorption could be described by pseudo-first order model, both suggesting 

the physical adsorption process with multiple layers of adsorbate on the 

carbon surface. The dye adsorption is thermodynamically spontaneous but 

the capacity decreased with temperature.  
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