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Abstract  

Hydrochar is considered a promising adsorbent due to its low energy-intensive preparation 

along with its richness in surface functional groups. Herein, bamboo-derived hydrochar (BHC) 

was synthesized by hydrothermal carbonization at 200°C for four hours, and characterized by 

X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Scanning electron 

microscopy (SEM) and Brunauer-Emmett-Teller (BET) analysis. As-prepared bamboo 

hydrochar (BHC) was used as an adsorbent for the removal of Cr(VI) from aqueous solution. 

The effects of the solution pH, adsorbent dose, initial Cr(VI) concentration, and contact time 

were examined in a batch experiment method. The results revealed that effective Cr(VI) 

adsorption was facilitated by the mesoporous structure of BHC containing a large number of 

oxygen-containing surface functional groups. The equilibrium adsorption data supports the 

Langmuir isotherm and the maximum adsorption capacity for Cr(VI) is found to be 

50.86 mg g⁻¹ at a solution pH of 4 and an initial concentration range of 20 -150 mgL-1. The 

equilibrium kinetic data supports a pseudo-second-order model, indicating chemisorption. 

BHC's potential as a sustainable adsorbent for water remediation was highlighted by the 

efficient Cr(VI) uptake supported by the combined mechanisms of electrostatic attraction, 

surface complexation, and reduction. 
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1. Introduction  

With the rapid industrialization and urbanization, contamination of natural water bodies 

with heavy metals is becoming a serious problem. Hexavalent chromium (Cr(VI)) is one of the 

highly toxic heavy metal, which is seen to generate from unrestrained discharge of industrial 

wastewater from electroplating, tanning of hides and skins, and textile manufacture 

(Nakkeeran, Rangabhashiyam, et al., 2016; Nakkeeran, Saranya, et al., 2016). The negative 

health effects associated with Cr(VI) exposure include skin irritation, respiratory problems, and 



Amrit Journal Volume 5, Issue 1 October, 2025 

12 
 

increased risk of cancer, resulting in setting a very stringent maximum permissible limit of 

0.05 mg/L by the World Health Organization (Kumar & Riyazuddin, 2011; Nakkeeran et al., 

2018). Therefore, creating efficient cost-effective and sustainable technologies for Cr(VI) 

removal has become the focus of research in environmental remediation. Among the wide 

range of treatments such as chemical precipitation, ion exchange, membrane filtration, and 

biological processes, adsorption is deemed most preferable because of its simplest operation, 

its low energy requirement, and its high efficacy for removal (Aigbe & Osibote, 2020; Chen et 

al., 2021). However, the performance of an adsorption system is determined by careful 

selection of an adsorbent based on relevant parameters like surface area, pore structure, and 

presence of functional groups able to interact with metal ions (Raji et al., 2023). Over the past 

few decades, researchers have investigated a wide range of materials as adsorbents for heavy 

metal removal, from activated carbon and zeolites to clays and more recently, bio-based 

materials like biochar and hydrochar (Kambo & Dutta, 2015; Velarde et al., 2023; Xie et al., 

2024). 

Biochar or simply char is a low-cost carbon rich materials produced from wide variety of 

biomass. Biochar has been used as a soil enhancer, and adsorbent for waste water treatment 

(Yaashikaa et al., 2020). Generally, there are two carbonization approaches for producing 

biochar, namely, pyrolysis and hydrothermal carbonization (HTC). In pyrolysis, dry biomass 

is heated in an inert atmosphere at high temperature usually from 400 to 800 ℃ depending 

upon the targeted applications (Ferrentino et al., 2020). However, its relevance is challenged 

because of highly energy- intensive preparation processes along with a decrease in the 

functional groups (Tomczyk et al., 2020; Wang & Wang, 2019). HTC is another approach of 

biochar production, which is now called hydrochar (HC). HTC is the process of heating 

biomass at moderate temperature (180 -250 ℃) and autogeneous pressure in an aqueous 

medium. One of the greatest advantages of HTC over pyrolysis is that it can deal with high 

moisture content biomass directly without energy-intensive drying steps (Li Yin 2016). HC 

typically has a moderate surface area, coupled with numerous oxygen-containing functional 

groups such as hydroxyl, carbonyl, and carboxyl moieties, which enhance the affinity for metal 

ions through electrostatic attraction, complexation, and ion exchange (Khanzada et al., 2024; 

Danso-Boateng et al., 2015; Peng et al., 2016).  

Recent findings on the removal of chromium using HC are quite encouraging. HC prepared 

by Lei et al. using salix biomass has claimed to remove Cr(VI) up to 99.1% at pH 1 with 

superior adsorptive property compared with commercial activated carbon (Lei et al., 2018). 

Similarly, HC prepared from arecanut husk has been found to have decent adsorptive capacity 

(71.86 mg/g) of Cr(VI) (Ramesh et al., 2019). To add on, HC derived from acid-assisted poultry 

litter has shown strong reusability (up to four cycles without significant loss) in the removal of 

chromium (Ghanim et al., 2022). HC derived from Lansium domesticum peel is seen to be 

more efficient in higher temperatures (Siregar et al., 2022a). For the sake of feedstock, bamboo 

is seen as highly promising,  based on its very rapid growth and endowed with the attribute of 

being available to most regions, for hydrochar production (Scurlock et al., 2000). Additionally, 

char produced from bamboo is said to have a decent surface area owing to its porosity (Han et 

al., 2025). Further, bamboo is asserted to be carbon dense with a huge percentage of 

lignocellulosic content (Sharma et al., 2019). 
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This study has focused on carbonization of bamboo utilizing less-energy intensive process, 

hydrothermal carbonization, to prepare bamboo hydro char (BHC) for effective removal of 

Cr(VI) from aqueous solution. As-prepared hydrochar was characterized using X-ray-

diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Scanning electron 

microscopy (SEM) and Brunauer-Emmett-Teller (BET) to elucidate the structural and 

functional characteristics of BHC. The effects of various parameters for the adsorptive removal 

of Cr(VI) from aqueous solution was examined by batch method.  Moreover, the equilibrium 

adsorption and kinetics data were analyzed using both linear and non-linear methods for proper 

description of the adsorption process.  
 

2. Materials and Methods  

2.1 Materials  

Potassium dichromate (K2Cr2O7), was obtained from sigma aldrich (India). Sulfuric acid 

(H2SO4), hydrochloric acid (HCl) sodium hydroxide (NaOH), and 1, 5-diphenylcarbazide 

(DPC) were obtained from Merck, India. Bamboo was procured from the local market of 

Kathmandu valley. All chemicals are analytical grades and used as received. 
 

2.2 Synthesis of bamboo-derived hydrochar  

The wood of the dried bamboo was washed with distilled water, crushed into fine pieces 

using a grinder, sieved through a 420 mesh size, and oven-dried at 105°C for 24 hr. Bamboo 

powder and distilled water in the mass ratio of 1:5 were added into the hydrothermal reactor, 

and subjected to hydrothermal carbonization at temperatures of 190 ℃, 200 °C, and 220 °C for 

4 hr. Hydrochar was filtered after cooling, washed repeatedly with distilled water, and finally 

dried in oven at 80 °C for 24 hr. The dried bamboo hydrochar (BHC) was crushed into finer 

pieces for further analysis and application.  
 

2.3 Batch adsorption study 

The adsorptive removal of Cr(VI) from an aqueous solution using  BHC was carried out 

using batch adsorption method. Cr(VI) solution in the concentration range (20-150 mgL-1) were 

prepared from potassium dichromate in distilled water. For the batch adsorption study, the 

required amount of BHC was added into an erlenmeyer flask containing 50 mL of Cr(VI) 

solution. The flask was shaken in mechanical shaker for 12 hr. The concentration of residual 

Cr(VI) after equilibrium was determined using a UV-Vis spectrometer using diphenyl 

carbazide method. The effect of pH was studied in the pH range (2-10) using 50 mgL-1 and 100 

mgL-1 Cr(VI) solution at BHC dose of 1 gL-1.  The effect of BHC dose was performed in the 

range 0.4 – 4 gL-1 at pH 4. The effect of initial Cr(VI) concentration was carried out in 

concentration range of 20-150 mgL-1, while  the kinetics of adsorption was carried out at using 

100 mgL-1 Cr(VI) solution. Both experiments were carried out at solution pH of 4.  

The percentage removal and the amount of Cr(VI) adsorbed were calculated using following 

relations (Ghanim et al., 2022).  

𝑞𝑒 =
(𝐶𝑜−𝐶𝑒)∗𝑉

𝑚
………………………………. (1)  
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% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =
(𝐶0−𝐶𝑒)

𝐶0
∗ 100 …………………………. (2)  

Here, Co and Ce represent the initial and equilibrium concentration of Cr(VI) in (mg L-1) 

respectively, and qe represents  the adsorption capacity (mg g−1). V (mL) and m (mg) represent 

the volume of Cr(VI) solution and mass of BHC, respectively. 
 

2.4 Characterization 

X-ray diffraction (XRD) of BHC and bamboo biomass was recorded in a Bruker D2 phase 

diffractometer with CuKα radiation (ƛ= 1.54 A⁰) and scanning angle of 5-80o. The FTIR spectra 

were recorded using the Schimadzu IRA Affinity 1 instrument in the spectral range of 4000-

400 cm-1 and a resolution of 2 cm-1 in AIR mode.  

The morphology of the bamboo biomass and BHC was analyzed using a filed emission 

scanning electron microscope (FE-SEM, JEOL JSM-7610f, India) at an accelerating voltage 

of 5 kV. The surface of BHC and bamboo biomass was sputtered with gold prior to analysis.  

Brunauer-Emmett Teller (BET) analysis was carried out using Autosorb iQ Station 1 

(Quantachrome® ASiQwin™) instrument. Firstly, BHC was degassed at 150 ℃ for 3.2 hr and 

subjected to a vacuum to remove moisture and contaminants. The pore size distribution and 

total pore volume of BHC were determined by nitrogen gas adsorption and desorption at 77.35 

K.  

The point of Zero Charge (PZC) of BHC was determined by the pH drift method using 0.1 

mol L-1 NaCl solution. The pH of the solution was adjusted (from 2 to 10) using 0.1 mol L-1 

HCl and 0.1 mol L-1 NaOH solutions. 0.05 g of BHC was added to 25 mL NaCl solution of 

different pH, and the solutions were shaken with the help of a mechanical shaker at room 

temperature for 12 hr. The final pH of the solution was measured using the pH meter. 
 

3. Results and discussion 

3.1 Characterization of bamboo hydro char  

Hydrochar from bamboo biomass was prepared by hydrothermal carbonization at three 

different temperature for 4 hr. The yield of BHC is found to be 70.26%, 68.25%, and 63% at 

190 °C, 200 °C, and 220° C, respectively. The percentage yield is seen to decrease slightly on 

increasing hydrothermal temperature. Thus formed hydro char was subjected to methylene blue 

adsorption using three different concentrations of methylene blue (MB) (10, 50, 100 g/L). The 

concentration of MB was determined by measuring the absorbance of solution at wavelength 

of 664 nm, and using calibration curve. The amount of MB adsorbed is calculated using 

equation (1), where Ci and Ce represent the initial and equilibrium concentration of MB (in 

mgL-1), m is the mass of BHC in mg and V is volume of solution in mL. 

The amount of MB adsorbed on BHC is presented in Figure 1.The results showed that 

BHC prepared at 200°C for 4 hr have the maximum adsorptive capacity of MB at all three 

concentrations. The hydrochar prepared at 200°C for 4 hr. is then selected to carry out the rest 

of the work. 
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Fig. 1. Adsorption of methylene blue (MB) on BHC prepared at three different temperatures (190°C, 

200°C, 220°C) for 4 h.  

Figure 2(a) displays the FTIR spectra of BHC and bamboo biomass. In FTIR spectra of 

bamboo biomass, the broad and strong peak centered around 3387 cm-1 is due to the stretching 

of the –OH bond, and the peak around 1629 cm-1 is likely due to the bending of the water 

molecule in cellulose (Lei et al., 2018). The carbonyl group (C=O) from hemicellulose could 

have likely paired with the peak at 1629 cm-1(D. Li et al., 2023).   The peak around 2975 cm-1 

is attributed to the methylene group bending vibration and the peak around 1360 cm-1 is most 

likely due to the aliphatic C-H stretch in cellulose and hemicellulose (Faix, 1991; Lei et al., 

2018; Yu et al., 2022). Peak around 1322 cm-1 is likely due to the phenolic group present in 

cellulose (Yu et al., 2022).  

Further, the peak around 1162 cm-1 is attributed to C-O-C asymmetric stretch vibration in 

cellulose and hemicellulose (Yu et al. 2022). The peak in 833 cm-1 is due to the presence C-H 

vibration in the guaiacyl derivative in lignin (Yu et al., 2024). The FTIR spectra of BHC is 

seen as quite similar to the biomass which shows that carbonization did not change the surface 

functional group of bamboo to a greater extent. However, some of the peak that are almost 

absent in bamboo biomass have gained more prominence with the pyrolysis. The peak is seen 

around 1505 cm-1, which is likely due to the aromatic skeletal vibration (C=C) in lignin (Yu et 

al., 2024). The  visible peak around 1030 cm-1 is due to C-O stretch in cellulose and 

hemicelluose and the peak around 1118 cm-1 is likely due to C-H groups present in lignin (Yu 

et al., 2022, 2024). 

XRD analysis of BHC (Figure 2(b)) shows three peaks at 15.4°, 22.4°, and 34.0° which 

are associated with the (101), (002), and (040) plane, respectively. These are typical of the 

cellulose found in the raw biomass (F. Li et al., 2020; S. Zhang et al., 2021). The similar XRD 

patterns of raw bamboo and BHC reinforces the idea that hydrothermal carbonization did not 

change the biomasses completely as discussed in FTIR analysis.  
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Fig. 2. a) FTIR and b) XRD of bamboo biomass and BHC. 

The SEM morphology of the biomass and BHC are shown in Figure 3. The biomass has a 

flocculent or lamellar structure with a rough surface. The roughness is seen to decrease in the 

BHC with a bit of globular structure. Some cracks and pores could be observed in the BHC 

sample. Figure 4 displays the nitrogen adsorption-desorption isotherm and pore size 

distribution of BHC from the BET analysis.  
 

 
Fig. 3. SEM images of a) bamboo biomass and b) BHC.  

The results indicate that BHC follows a type IV isotherm with a hysteresis loop type 3, 

which is attributed to the rough and non-uniform pores, i.e., micro, meso and macro-sized pores 

of BHC. The results of BET analysis gives the cumulative adsorption surface area of 158.9 

m2/g,  the pore volume  of 0.246 cm3/g, and a pore radius of 0.905 nm using the Barrett-Joyner-

Halenda (BJH) method. The total pore volume for pores with radius less than 246.8 nm at 

relative pressure of 0.99 is found to be 0.195 cm3/g. Though the non-uniform pores are 

suggested from hysteresis loop, the type IV isotherm pattern strongly proposes the maximum 

mesoporous particles present in BHC (Siregar et al., 2022a; Thommes et al., 2015). So, it can 

be inferred that there is a wide range of pore size distribution with dominant mesopores and 

possibly some micropores. To add on, the H3 hysteresis (non-closing at high relative pressure) 
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loop is strongly suggestive of slit shaped pore characteristic in carbonaceous material (Gates 

et al., 2021) 

 

Fig. 4. a) Nitrogen adsorption and desorption isotherm, b) BJH pore size distribution for BHC.  

3.2 Adsorption study  

3.2.1 Effect of pH  

The effect of pH on the adsorption of Cr(VI) onto BHC at different pH values ranging from 

2 to 10 with the initial metal concentration of 50 mg/L and 100 mg/L is shown in Figure 5(a). 

The maximum Cr(VI) removal using BHC is found to be 82.2% and 54.8%  for Cr(VI) 

concentration of 50 mg/L and 100 mg/L at pH 2, respectively. Cr(VI) exist in different 

polyvalent species such as Cr2O7
2- HCrO4

- and CrO4
- depending upon the pH of solution. The 

Cr(VI) exist as HCrO4
- in aqueous solution below pH 6. At high concentration (Cr >1000 mgL-

1), Cr(VI) exists as Cr2O7
2- in aqueous solution below pH 6 (Sengupta & Clifford, 1986). The 

functional groups likely gets protonated at lower pH to create a positive adsorbent surface to 

attract HCrO4
- resulting in high Cr(VI) removal.  

Similarly, the functional groups likely gets deprotonated at higher pH to create negative 

adsorbent resulting in repulsion with negative chromium species decreasing the Cr(VI) removal 

(Ghanim et al., 2022). The point of zero charge of BHC is presented in Figure 5(b). The PZC 

of prepared BHC was found to be 7.50, which indicated that BHC surface is  positively and 

negatively charged below and above the PZC value, respectively.  As the BHC surface is 

positively charged at low pH, the electrostatic interaction of chromium species enhanced the 

adsorption. Although, pH 2 is shown to have the maximum adsorption for BHC; the rest of the 

adsorption experiments have been carried out at pH 4 since it is closer to the real environment.  
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Fig.  5. a) Effect of pH on the adsorption of Cr(VI) on BHC b) pzc of BHC using 0.1M NaCl. 

3.2.2 Effect of BHC dose  

Figure 6 illustrates the effect of the adsorbent dose (in the range 0.5 g/L to 4.0 g/L) on the 

adsorption of Cr(VI) onto  BHC for 50 mg/L and 100 mg/L of chromium solutions. The results 

indicates that the adsorption capacity of Cr(VI) decreases with the increase of the BHC dose at 

a fixed initial concentration of Cr(VI). At a lower dose, there is a greater chance of interaction 

of the BHC with Cr(VI) ion, which decreases with the increase in dose. As expected, the higher 

concentration (100 mg/L) has higher qe values due to the higher accessibility of the Cr(VI) for 

adsorption. The high adsorption capacity, 32.3 mg/g and 110.3 mg/g by the BHC is seen in the 

chromium concentration of 50 mg/L and 100 mg/L, respectively at a dose of 0.5 g/L. 
 

 

Fig. 6. Graphs showing the effect of adsorbent dose on 50 mg/L and 100 mg/ of chromium solution. 
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3.2.3 Isotherm model  

The effect of Cr(VI) concentration on the adsorptive removal of Cr(VI) by BHC is studied 

in the concentration range of 20-150 mg/L. The equilibrium adsorption data were analyzed by 

using the Langmuir and the Freundlich adsorption isotherms. The Langmuir isotherm can be 

expressed in its non-linear form by equation (Ghanim et al., 2022). 
 

 𝑄𝑒 =
𝑄𝑚𝑎𝑥 𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
… … ….         (3) 

Where, Qe (mg/g) represents the amount of Cr(VI) adsorbed per unit mass of BHC, KL 

(L/mg) represents the Langmuir constant related to the adsorption free energy, Ce (mg/L) 

represents the equilibrium Cr(VI) concentration, and qmax (mg/g) denotes the maximum 

adsorption capacity for monolayer coverage (mg/g).  

There are two approaches to fit the isotherm equation. In linear method, isotherm equation 

is transformed into a linear equation, and the isotherm parameter is then estimated from the 

intercept and slope of the linear curve. The coefficient of determination (R2) is taken as the 

indicator for the best fit. For this purpose, the Langmuir isotherm (equation 3) is transformed 

into one of the linear form as: 

𝐶𝑒

𝑄𝑒
=

1

𝑄𝑚𝑎𝑥𝐾𝐿
+

𝐶𝑒

𝑄𝑚𝑎𝑥
 ………  (4) 

The linear plot of Ce/Qe vs Ce is constructed based on above equation, and the resulting 

plot is presented in Figure 7 (a). The Langmuir isotherm parameters are listed in Table 1. The 

linear plot (R2 = 0.9741) of Ce/Qe vs Ce is used to calculate maximum adsorption capacity 

(qmax) which is found to be 53.1 mg/g and the Langmuir constant (KL) is of 0.13 Lg-1.The 

favorability of the Langmuir isotherm process is explained by the dimensionless separation 

factor RL calculated using the following relation (Ghanim et al., 2022) and values are listed in 

Table 1. 

 𝑅𝐿 =
1

1+𝐾𝐿𝐶𝑜
… … … ….         (5)  

Where Co is the initial concentration of adsorbent. If RL=1; linear, RL > 1; unfavorable, in 

the range 0 ˂ RL<1; favorable and RL = 0; irreversible (Ghanim et al., 2022). Here, it is found 

that the RL values are (0.789-0.332) which are less than 1, suggesting a favorable adsorption 

process. Similarly, the general equation of the Freundlich isotherm is given as (Ghanim et al., 

2022).  

Qe = Kf (Ce )
1/n ……………         (6)  

Equation 6 can be expressed in linear form by taking a logarithm on both sides.  

 logQe = logKf + (1/n) logCe  

Where Kf is the constant related to adsorption capacity in the Freundlich isotherm and n is the 

adsorption intensity  (Ghanim et al., 2022). The plot of logQe vs  logCe gives a linear graph as 

shown in Figure 7 (b). The 1/n value calculated for BHC (0.6394) is less than 1 which shows that 

the adsorption process is favorable.  
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Table 1: Langmuir and Freundlich parameters for the adsorption of Cr(VI) into BHC from linear fit. 

Langmuir isotherm model Freundlich isotherm model 

Sample 

qmax 

(mg/g) 

KL 

(L/mg) 

R2 SSE RL Kf 1/n R2 SSE 

BHC 53.1 0.013 0.9741 32.2 

0.789-

0.332 

1.64 0.6394 0.9889 47.8 

 

On the comparison, the coefficient of determination  of the Langmuir isotherm (R2=0.9741) 

is seen quite close to the Freundlich isotherm (R2 = 0.9889), suggesting complex adsorption 

patterns; partial multilayer adsorption over non-uniform surfaces (Allen et al., 2003). However, 

the linear plots here are derived from non-linear equations and linearizing such inherently non-

linear equation and interpreting the results with the coefficient of determination (R2) may be 

coupled with errors. Hence, to get the further clarity about error, sum of squared error (SSE) 

analysis is performed using the relation as shown by equation (8), and values are shown in 

Table 1. The results shows that the SSE value for the Langmuir isotherm (SSE =32.2) is less 

than that of the Freundlich isotherm (SSE =47.8) suggesting the adsorption process is more 

likely to be explained by the Langmuir isotherm.  

𝑆𝑆𝐸 = ∑(𝑞𝑒𝑥𝑝 − 𝑞𝑐𝑎𝑙𝑐)2 … … … . (8) 

Where qexp and qcalc are the amount of Cr(VI) adsorbed calculated experimentally and 

theoretically using the isotherm equations respectively. 

 

Fig. 7. a) Langmuir isotherm model b) Freundlich isotherm model (linear method).  
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To further optimize our adsorption process, equilibrium adsorption data is also analyzed by 

non-linear method using the built-in function in the Origin software as shown in Figure 8 and 

isotherm parameters are collected in Table 2.  
 

Table 2: Langmuir and Freundlich parameter for the adsorption of Cr(VI) into BHC from non-linear 

fit. 

Langmuir isotherm model Freundlich isotherm model 

Sample 

qmax 

(mg/g) 

KL 

(L/mg) 

R2 SSE RL Kf 1/n R2 SSE 

BHC 50.86 0.015 0.9816 14.58 

0.769-

0.308 

2.19 0.5739 0.9533 20.42 

 

Similar to that of linear plots, the coefficient of determination (R2) and SSE values 

calculated from these non-linear plots (shown in Table 2) show that the experimental data are 

best described by the Langmuir isotherm. On comparing the linear and non-linear method using 

SSE analysis, the non-linear plot seems more appropriate since the error values from the non-

linear plot are lower compared to the linear plots. The analysis here tends to reinforce our idea 

that linearizing the non-linear equation is prone to errors. From these, it is inferred that the 

Langmuir isotherm is more appropriate to describe the Cr(VI) adsorption process onto BHC  

and the optimized Langmuir parameters are  Qmax = 50.86 mg/g and KL = 0.015 L/mg. The qmax 

value of BHC seems to be moderately good when compared to recent works for the adsorption 

of Cr(VI) as presented in Table 3. 

 

 

Fig. 8.: Langmuir and Freundlich isotherm (from non-linear method).  
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Table 3: Comparison of the maximum adsorption capacity of different adsorbents for Chromium. 

Adsorbent qmax( mg/g) Reference 

Poultry litter HC 26.2 (Ghanim et al., 2022) 

Corn stalk biochar 26.28 (Guo et al., 2020) 

Arecanut husk biomass 71.86 (Ramesh et al., 2019) 

Lansium Domesticum peel HC 34.36 (Siregar et al., 2022b) 

BHC 50.86 This work 

 

Langmuir constant (KL) is related to the free energy of adsorption given by the equation: 

ΔGo = −RT InK ………   (9) 

Where ΔGo is Gibb’s free energy change, T is temperature in kelvin, R is the universal gas 

constant, and K is the dimensionless thermodynamic equilibrium constant related to the 

Langmuir constant (KL) as K= KL× Mw × 1000× 55.5, where Mw is the molecular weight of 

the adsorbate. The value of free energy change (ΔGo) was found to be -26.45 KJ/mol for the 

adsorption of Cr(IV) onto BHC. The negative value of ΔGo shows that the adsorption process 

is spontaneous. 
 

3.2.4 Kinetics study  

The batch kinetic study for the adsorption of Cr(VI) onto BHC was studied by using 

pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models by both non-linear 

regression and linear regression method. PFO model can be represented by the  non-linear 

equation as follows (Toor & Jin, 2012):  

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) … … … … … (10) 

Where, qe and qt are the uptake capacity of metal ion (mg/g) at equilibrium and at time t 

respectively and k1 is the pseudo-first-order rate constant. One of the linear logarithmic 

equation derived from the equation (10) is given as: 

log(𝑞𝑒 − 𝑞𝑡) = log(𝑞𝑒) −
𝑘1

2.303
𝑡…………….(11) 

The linear plot of log (qe – qt ) vs time (t) is presented in Figure 9 (a), and the obtained 

kinetic parameters are collected in Table 4. The value of K1 (0.00361 min-1) and qe (129.02 

mg/g) is evaluated for BHC from the slope and intercept. Similarly, the non-linear PSO model 

can be represented by the equation (Belessi et al., 2009):  
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𝑞𝑡 =
𝑞𝑒 𝑘2

2 𝑡

1+𝑞𝑒 𝑘2
2 𝑡

 …………..(12) 

Where, k2 is the pseudo-second-order rate constant. 

One of the linear forms of the PSO model is given in equation (13) 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

1

𝑞𝑒
𝑡 ……….(13) 

Figure 9 (b) displays the linear plot of (t/qt) vs t, and the value of k2 (0.000426 min-1) and 

qe (121.06 mg/g) is obtained from slope and intercept for BHC as shown in Table 4.  
 

 
Fig. 9. a) Linear plot of the PFO model, b) Linear plot of the PSO model.  

Table 4: Kinetic parameters for adsorption of Cr(VI) into BHC for 100 mg/L (linear plot) 

Sample  Pseudo first order  Pseudo second order  

 qe(mg/g) k1(min-1) R2  qe(mg/g) k2 (g/mgmin) R2 

BHC 129.02 0.00361 0.9351  121.06 0.000426 0.9879 

 

Analyzing the linear plot, it can be seen that the coefficient of determination (R2) for the 

PSO kinetic model (R2 = 0.9879) is higher than that of the PFO kinetic model (Table 4). Thus, 

we assert that the adsorption of Cr(VI) on BHC is well described by a PSO kinetic model 

suggesting that chemisorption is the major rate-controlling step in the adsorption process. 

The equilibrium kinetic data is also analyzed by a non-linear method for better optimization 

of the kinetic parameter for both the PSO and PFO model using the built-in function using 

Origin software. The results are displayed in Figure 10. The obtained kinetic parameter are 

collected in Table 5. It is found that the coefficient of determination (R2) for PSO model is 

higher than that for PFO model (Table 5) suggesting kinetic data support the PSO model. The 
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optimized pseudo-second order kinetic parameter, K2 is found to be 0.000566 g mg-1min-1, 

while qe is found to be 113.85 mg/g for BHC. 
 

Table 5: Kinetic parameters for adsorption of Cr(VI) into BHC for 100 mg/L (non-linear plot) 

Sample  Pseudo first order Pseudo second order 

 qe(mg/g) k1(min-1) R2 qe(mg/g) k2(g/mg min) R2 

BHC 101.99 0.04249 0.8722 113.85 0.000566 0.9238 

 

 

Fig. 10.  Non-linear plot of PFO and PSO model.  

3.3 Possible mechanism for Cr(VI) removal  

The adsorption of Cr(VI) onto BHC possibly takes place through multiple routes. The 

functional groups (–OH, COOH) on the BHC surface likely get protonated (-OH2
+), which 

creates the positively charged surface that attract negatively charged chromium species 

(HCrO4
- and Cr2O7

2-) via electrostatic attraction. Besides this, the electron donor group (-OH) 

present in BHC could reduce the part of Cr(VI) into non-toxic Cr(III). The reduced Cr(III) 

likely  gets adsorbed via surface complexation (Vo et al., 2019; Wu et al., 2025; Y. N. Zhang 

et al., 2022). The schematic possible mechanism for the removal of Cr(VI) on the BHC is 

shown in Figure 11. Thus possible adsorption mechanism involves electrostatic interaction, 

and chemical reduction followed by surface complexation (Cheng et al., 2023). 
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Fig. 11. Diagram showing the possible adsorption mechanisms.  

4. Conclusion 

In this study, bamboo-derived hydrochar (BHC) was prepared by hydrothermal 

carbonization of raw bamboo biomass, and utilized for the removal of Cr(VI) from aqueous 

solution. BET analysis showed a mesoporous nature with a pore volume of 0.246 cm³/g, and a 

pore radius of 0.905 nm, while characterization techniques like FTIR and XRD demonstrated 

that the hydrothermal process preserved a large portion of the original biomass structure. 

Significant Cr(VI) removal efficiency was demonstrated by BHC in batch adsorption tests, 

reaching up to 82.2% removal at pH 2 while retaining good performance at pH 4, suggesting 

that it could potentially be a suitable  material for actual wastewater conditions. The 

equilibrium adsorption and kinetics data are analyzed by both linear and non-linear method. 

The equilibrium adsorption data followed the Langmuir isotherm with a maximum monolayer 

adsorption capacity (qₘₐₓ) of 50.86 mg/g from the non-linear method.  The adsorption kinetic 

data is best described by the PSO model, suggesting chemisorption as the rate-limiting phase. 

Furthermore, the negative Gibbs free energy (ΔG⁰ = -26.45 kJ/mol) indicated the spontaneity 

of adsorption process. The possible removal mechanism for Cr(VI) includes electrostatistic 

interaction, chemical reduction and surface complexation. Overall, the this study suggests that 

BHC has great potential as an inexpensive and efficient adsorbent for the remediation of Cr(VI) 

contaminated water because of its mesoporous structure, surface functional groups, and 

sustainable origin.  
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