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In this research, activated carbon was derived from hemp waste using a chemical activation technique, and methylene 
blue adsorption was tested. Hemp wastes were first carbonized at 500 °C, mixed at a 1:3 biochar/KOH ratio by mass, and 
activated at 800 °C. The equilibrium data's suitability to the Langmuir, Freundlich, and Harkin-Jura isotherms was 
investigated, and it was identified as compatible with the Langmuir isotherm. The maximum adsorption capacity (qm) 
was determined as 400.25 mg/g. Adsorption kinetics were analyzed with intraparticle diffusion, pseudo-first and pseudo-
second models, and determined to fit the pseudo-second-order kinetic model (R2 = 0.9934). Since this method is 
inexpensive, it can be used effectively for eliminating methylene blue. From the results of the study, it is concluded that 
activated carbon from hemp waste is of strategic importance for environmental sustainability and water quality 
management. 
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INTRODUCTION 

Synthetic chemical compounds known as dyes 
can attach chemically to materials like paper, 
textiles, and fur to provide vivid colors. These 
compounds are frequently utilized in industrial 
processes to produce everyday items. It is known 
that more than 100,000 types of dyes are used in 
the dyeing and printing industry, and most of the 
resulting industrial wastewater is released into 
rivers and oceans. The dye residues found in 
wastewater are complex and unstable compounds, 
and these dissolved dye molecules are discharged 
into living ecosystems through wastewater. In 
environmentally sensitive systems, it is vital to 
treat this wastewater before discharge.1  

The most common methods for treating dye-
containing wastewater include adsorption, 
flocculation, photocatalytic degradation, ion 
exchange, membrane filtration, electrochemical 
degradation, and advanced oxidation processes.2-4 
Among them, adsorption has been recognized as 
one of the most effective water purification 
methods.5  

The adsorption technique has been broadly 
applied in water treatment in recent years due to its 
high efficiency and ability to remove a wide range  

 
of chemical pollutants, and it is a method with 
potential for industrial application.6 The most 
efficient material for adsorption purposes is 
activated carbon (AC). AC is an ideal material for 
adsorption, with good pore size, surface functional 
groups with high reactivity and high surface area. 
ACs are highly effective adsorbents, commonly 
utilized in media that can be either gaseous or 
aqueous, and consist of both organic and inorganic 
compounds.7 As the cost of commercially available 
ACs is high, it is essential to produce more cost-
effective, sustainable and reusable ACs.8 In this 
context, activated carbons were produced from 
various agricultural wastes, such as mango peels 
and seeds,9 sugarcane,10 rosemary root,11 
corncob,12 papaya bark fiber,13 cinnamon bark,14 
chickpea stem,15 hemp fiber16 etc.  

Methylene blue (MB) is an important aromatic 
compound with the chemical composition 
C16H18ClN3S. Due to this aromatic ring, it is a 
highly toxic and carcinogenic dye. Since the 
degradation process of MB is complicated, it 
should be removed from wastewater before 
discharge.17 



HARUN KAYA 
 

442 
 

Hemp is a fast-growing plant that reaches 
maturity in 3-4 months. It can, therefore, capture 
carbon from the atmosphere more efficiently than 
many other plants and has a high biomass yield.18 
Industrial hemp is a significant lignocellulosic 
biomass source whose production is on the rise. 
While hemp was previously cultivated for its 
fibers, today, its seeds are also cultivated for 
obtaining metabolites, such as terpenes and 
flavonoids, from the leaves and stems of the 
inflorescences.19 Hemp waste is increasing due to 
the increasing use of hemp in various industries, 
hemp regulations in some countries, and the 
growing demand for sustainable, environmentally 
friendly products.18  

Since hemp cultivation has been banned in 
many countries for decades, academic studies on 
the use of this plant and its wastes in various fields 
are still of great interest. These wastes are biomass 
sources that can be suitable for activated carbon 
production. Therefore, in this study, activated 
carbon produced from the hemp plant's root and 
stem parts was used as adsorbent. The adsorption 
mechanism of MB, which is widely used to color 
cotton, wool and silk, was investigated. The study 
results showed that hemp wastes were highly 
successful in MB adsorption. 
 
EXPERIMENTAL  
Preparation of AC 

This study utilized waste parts of hemp plants grown 
at the Malatya Turgut Özal University, Faculty of 
Agriculture. Hemp wastes underwent a cleaning process 
using distilled water to eliminate soil and other 
contaminants, followed by drying at 80 °C for 48 hours. 
The cleaned raw samples were carbonized at 500 °C for 
1 hour, at a heating rate of 10 °C/min at a flow rate of 
150 mL/min N2 gas. Carbonization was carried out in a 
steel reactor using a Protherm PZF 12/50/700 model 
three-zone tubular furnace. The carbonized product was 
prepared for activation by impregnating KOH at a ratio 
of 1:3. The chemical activation of impregnated 
carbonized hemp was performed at 800 °C for 1 hour, 
with a heating rate of 10 °C/min under a flow of 150 
mL/min N2 gas. Elemental analysis (LECO CHNS-
932), Scanning Electron Microscopy (Leo EV040) and 
Brunauer, Emmet and Teller (Micromeritics Gemini 
VII) analysis were performed to determine the 
morphology of activated carbon.  
 
Adsorption studies 

Batch adsorption was carried out for 1-300 min at 
different concentrations of MB (50, 100, 200 and 400 

ppm) using 0.02 g activated carbon. The concentration 
of MB in the solution was determined at a wavelength 
of 665 nm using a UV-vis spectrophotometer (Cary 60, 
Agilent Technologies). The removal rate and the 
adsorption capacity (qe) were calculated by Equations 
(1) and (2), respectively:11 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (%) = (𝐶𝐶𝑜𝑜−𝐶𝐶𝑒𝑒)

𝐶𝐶𝑜𝑜
× 100                (1) 

𝑞𝑞𝑒𝑒 = (𝐶𝐶0−𝐶𝐶𝑒𝑒)
𝑚𝑚

× 𝑉𝑉                (2) 
where: Co – initial concentration (mg/L), Ce – final 
concentration (mg/L), m – the mass of the adsorbent (g), 
V – the volume of the solution (L). 

The Langmuir, Freundlich and Harkin-Jura 
isotherms were used to elucidate the adsorption 
mechanism by Equations (3-5):20 
Langmuir: 𝐶𝐶𝑒𝑒

𝑞𝑞𝑒𝑒
= 1

𝑘𝑘𝐿𝐿𝑞𝑞𝑒𝑒
+ 𝐶𝐶𝑒𝑒

𝑞𝑞𝑚𝑚
                (3) 

Freundlich: 𝑅𝑅𝑅𝑅𝑙𝑙(𝑞𝑞𝑒𝑒) = 𝑅𝑅𝑅𝑅𝑙𝑙(𝑘𝑘𝐹𝐹) + 1
𝑛𝑛
𝑅𝑅𝑅𝑅𝑙𝑙(𝐶𝐶𝑒𝑒)            (4) 

Harkin-Jura: 1
𝑞𝑞𝑒𝑒2

= �𝐵𝐵𝐻𝐻𝐻𝐻
𝐴𝐴𝐻𝐻𝐻𝐻

� − � 1
𝐴𝐴𝐻𝐻𝐻𝐻

� 𝑅𝑅𝑅𝑅𝑙𝑙(𝐶𝐶𝑒𝑒)               (5) 

where: Ce – the equilibrium concentration (mg/L), qe – 
adsorption capacity (mg/g), qm – maximum adsorption 
capacity (mg/g), kL – Langmuir constant (L/mg), kF – 
multilayer adsorption capacity (mg/g), n – intensity 
parameter, BHJ and AHJ – Harkins-Jura constants. 

Adsorption kinetics was examined by the pseudo-
first, pseudo-second and intraparticle diffusion models 
(Eqs. 6-8):11,21-23 
Pseudo-First: 𝑅𝑅𝑅𝑅𝑙𝑙(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = 𝑅𝑅𝑅𝑅𝑙𝑙(𝑞𝑞𝑒𝑒) − � 𝑘𝑘1

2.303
� 𝑡𝑡   (6) 

Pseudo-Second: 𝑡𝑡
𝑞𝑞𝑡𝑡

= 1
𝑘𝑘2𝑞𝑞𝑒𝑒2

+ 𝑡𝑡
𝑞𝑞𝑒𝑒

                                  (7) 

Intraparticle Diffusion: 𝑞𝑞𝑡𝑡 = 𝑘𝑘𝑖𝑖𝑡𝑡0.5+c                (8) 
where: qt – the amount of adsorbate uptake on a per-
unit-mass basis of the adsorbent at time t (mg/g), qe – 
the amount of adsorbate uptake on a per-unit-mass basis 
of the adsorbent at equilibrium (mg/g), k1, k2, ki, and c 
denote the corresponding rate constants, while t (min) 
represents the contact time. 
 
RESULTS AND DISCUSSION 
Characterization of activated carbons 

Elemental analysis results of raw hemp and 1:3 
KOH impregnated activated carbon (AC) are given 
in Table 1. As depicted in Table 1, the C content, 
which was about 70% in raw hemp, and increased 
to 74% in activated carbon prepared by 
impregnating KOH at a ratio of 1:3, while the H 
content decreased from 2.32% to 0.28%. No 
significant change was observed in N and S 
contents.  

The BET results of raw hemp and AC are given 
in Table 2. The hysteresis in Figure 1 showed that 
the pore type in activated carbon is consistent with 
Type IV-H2 (inkbottle-shaped pore).24  

 
 
 



Hemp 

443 
 

Table 1 
Elemental analysis results of raw hemp and AC 

 
Sample C% H% N% S% *O% 
Raw hemp 70.11 2.32 0.31 0.03 27.23 
AC 74.24 0.28 0.35 0.02 25.11 

*by difference 
 

Table 2 
BET analysis results of raw hemp and AC 

 

Sample BET surface area 
(m2/g) 

Micropore area 
(m2/g) 

Mesopore area 
(m2/g) 

Average pore diameter dp  
(4 V/A by BET) (nm) 

Raw hemp 167.36 151.74 15.62 1.7763 
AC 1826.86 536.42 1290.44 2.323 

 

0.0 0.2 0.4 0.6 0.8 1.0

350

400

450

500

550

600

650

700

Q
ua

nt
ity

 A
ds

or
be

d 
(c

m
³/g

 S
TP

)

Relative Pressure (p/p°)

BET Surface Area
    1826,9 m2/g

 
Figure 1: N2 adsorption isotherms 

 
 

 
Figure 2: SEM images of AC 
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      From Table 2, it is seen that raw hemp has a 
unique porosity. This is because there are channels 
in the stem of such plants that carry nutrients from 
the stem to the leaves, flowers and seeds.  

Due to these channels, it is natural for plants 
like hemp to have such pores.25 The BET surface 
area of raw hemp was 167.36 m2/g and the surface 
area after activation was 1826.86 m2/g. Given that 
commercial activated carbons typically exhibit a 
surface area exceeding 1000 m2/g, it is evident that 
the activated carbon synthesized through chemical 
activation in this study demonstrates a notably high 
surface area. It is documented in the literature that 
the surface areas of activated carbons derived from 
hemp typically fall within the range of 1100-3241 
m2/g.26-29 Moreover, mesopores and micropores in 
activated carbon improve the adsorption of larger 
molecules.30  

The more mesopores with an average pore 
diameter of 2-10 nm, the greater the adsorption 
capacity of the activated carbon. Taking into 
account the micro- and mesopore areas presented 
in Table 2, it can be inferred that the obtained 
activated carbon will possess a high adsorption 
capacity. 
Figure 2 shows SEM images of activated carbon 
obtained from hemp. The images show the 
presence of porous channels, with pore diameters 
varying between 1 and 5 µm. The images support 
the inkbottle-shaped pore structure that causes the 
hysteresis seen in Figure 1. 
 
Adsorption isotherms  

Adsorption isotherms help describe the 
adsorbent's equilibrium performance at constant 
temperature. These isotherms are established by 
contact of the adsorbent with the adsorbate for a 
sufficient period of time. This period refers to the 
time when the interfacial concentration 
dynamically reaches equilibrium with the current 
concentration of adsorbate in the solution. 
Understanding the adsorption equilibrium is 
crucial for comprehending the adsorption process 
accurately. The importance of adsorption 
isotherms of porous materials, CO2 capture, gas 
storage, catalysis, chemical separation, etc., 
contains important balance information that is 
needed in many areas. Predicting the overall 
adsorption behavior can be achieved by modeling 
the isotherm data using linear analysis as an 
alternative mathematical approach.20  

Major equations (Langmuir, Freundlich, 
Temkin, Harkin-Jura, Dubinin-Radushkevich, 
Koble-Corrigan, etc.) are commonly employed for 

describing the adsorption isotherm. These 
equations help describe the adsorbent's surface 
properties and the relationship between the 
adsorbate and the adsorbent. The empirical 
equations for the adsorption isotherms used in this 
research are given in Equations (3-4).  

The Langmuir adsorption isotherm is founded 
on the kinetic principle that the adsorption process 
on a solid surface entails the desorption or 
evaporation of molecules, with a zero deposition 
rate attributed to the constant bombardment of 
molecules onto the surface. This model assumes all 
sites have equal attraction to the adsorbate and no 
adsorbate migration in the surface plane. The 
partition factor RL is a dimensionless term in the 
Langmuir isotherm (Eq. 9): 
𝑅𝑅𝐿𝐿 = 1

1+𝑘𝑘𝐿𝐿𝐶𝐶𝑜𝑜
                 (9) 

The amount of saturated monolayer adsorption 
per unit weight of adsorbent (qm) is calculated as in 
Equation (10): 
𝑞𝑞𝑒𝑒 = 𝑞𝑞𝑚𝑚𝑘𝑘𝐿𝐿𝐶𝐶𝑒𝑒

1+𝑘𝑘𝐿𝐿𝐶𝐶𝑒𝑒
              (10) 

If RL>1, adsorption is unfavorable; if RL=1, the 
isotherm is linear (first order); if 0<RL<1, 
adsorption is spontaneous and if RL=0, adsorption 
is irreversible.31 The graphs of Langmuir are given 
in Figure 3. As the calculated RL value is 0.6135, it 
is possible to assert that adsorption takes place 
spontaneously. The Langmuir constant was 
calculated as kL: 1.25x10-2 and maximum 
adsorption capacity qm: 400.25 mg/g. Xue et al. 
examined the adsorption of methylene blue (MB) 
after activating Ashitaba seeds with ZnCl2. 
According to the Langmuir isotherm model, they 
calculated a maximum adsorption capacity (qm) of 
323.54 mg/g.32 

Freundlich adsorption isotherm describes a 
reversible adsorption process. Unlike Langmuir, 
this model is not constrained to monolayer 
formation, but can be extended to encompass 
multilayer adsorption. 'n' represents the intensity of 
adsorption or surface heterogeneity, reflecting the 
diversity of adsorbate sites. The more 
heterogeneous the surface, the closer n is to 0. If n 
is between 0 and 1 (0 < n < 1), adsorption is 
favorable; if it is greater than 1, adsorption is 
unfavorable; if it is equal to 1, adsorption is 
irreversible.33 

Figure 4 shows the Freundlich graphs. n is 
determined from the slope of the graph plotted 
against log Ce versus log qe values. Since the n 
value is 0.9615, it is possible to state that 
adsorption takes place on homogeneous surfaces. 
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The multilayer adsorption capacity (kF) was 5.11 
mg/g. This value, which is quite low compared to 
the Langmuir one, confirms that adsorption occurs 
in a single layer. 

The Harkin-Jura isotherm model elucidates 
multilayer adsorption and the uneven distribution 
of pores across the adsorbent surface.34 Since the 
Harkins-Jura isotherm model, like the Freundlich 
model, is applied to multilayer adsorption on 
heterogeneous surfaces, it supports the Freundlich 

isotherm model in this respect.35 This isotherm’s 
constants are obtained from the slope (1/AHJ) and 
intercept (BHJ/AHJ) of the graph plotted against log 
Ce versus 1/qe2.36 The graphs of Harkin-Jura are 
given in Figure 5. Harkin-Jura constants were 
calculated as AHJ: 2x104 and BHJ: 2. Since the 
correlation coefficient (R2) is low (0.70), it is 
possible to assert that adsorption occurs in a single 
layer rather than in multiple layers.
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Figure 3: Graph of Langmuir adsorption isotherm 
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Table 3 
Maximum adsorption capacities of various activated carbons towards MB  

 
Adsorbent qm (mg/g) Ref. 
Walnut shell 315 39 

Nut shell 87 40 

Peanut shell 110 41 

Sugarcane bagasse waste 137 42 

Bamboo waste 285 43 

Lavandin (Lavandula genus) biomass 306 44 

Raspberry (Rubus idaeus) leaves 245 45 

Hemp hurd powder 240 46 

Hemp waste 400 Present study 
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Among the adsorption isotherm models, the 

Langmuir model is found to be the most suitable. 
Uddin et al. also reported the applicability of the 
Langmuir model in the adsorption of MB using 
activated carbon derived from peanut shells via 
KOH activation.37 Similarly, Hayeeye et al. 
utilized activated carbons obtained from the 
agricultural waste – Dialium cochinchinense seeds, 
activated with H3PO4, KOH, and ZnCl2, for the 
removal of Reactive Red 120 (RR120) dye, and 

they observed a good fit to the Langmuir model for 
the adsorption process.38 

The maximum adsorption capacities of AC 
towards MB, as compared to previous literature 
data, are presented in Table 3. The qm values 
obtained in this study are found to be higher than 
those reported for other activated carbons in the 
literature. 
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Figure 6: Graphs of pseudo-first kinetic model at different concentrations 
 
 

Adsorption kinetics  
Adsorption constitutes a complex process 

involving a combination of surface adsorption and 
diffusion into pores. Estimating the completion 
time of adsorption is one of the crucial parameters 
in the adsorption process. The transfer of ions to 
the adsorbent surface, the filling of surface pores, 
the diffusion of particles, and other related factors 
play crucial roles in determining the adsorption 
time between the adsorbent and the adsorbate. 
Hence, determining the adsorption rate will require 
investigating the compatibility of experimental 
results with various kinetic models. The pseudo-
first, pseudo-second, and intaraparticle diffusion 
kinetic models were used for this purpose.22 

The pseudo-first order, or Lagergren's, is the 
most widely used kinetic model for a liquid-solid 
adsorption system.47 The model describes the 
adsorption kinetics by the ordinary first-order 
differential equation (Eq. 6). The pseudo-first-
order kinetic graphs drawn as a function of the 
contact time (t) of ln (qe-qt) for each concentration 
are given in Figure 6. As depicted in Figure 6, the 
highest R2 value (0.9374) was achieved at a dye 
concentration of 50 ppm. At this concentration, the 
constant was calculated as k1: 12x10-3, and the 
amounts of adsorbate uptake per unit mass of the 
adsorbent at equilibrium qe were 235.34 mg/g.  

The pseudo-second order model, also known as 
the Blanchard model, is expressed by a quadratic 
differential equation (Eq. 7), since it is based on the 
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fact that adsorption occurs at two surface regions.48 
The pseudo-second order kinetic graphs drawn as 
a function of the contact time (t) of t/qt for each 
concentration are given in Figure 7. From Figure 7, 
the highest R2 value (0.9934) was also obtained at 
50 ppm dye concentration. At this concentration, 
the constant was calculated as k2: 2.58x10-3 and the 
amounts of adsorbate uptake per unit mass of the 
adsorbent at equilibrium qe: 66.23 mg/g. 

When comparing the pseudo-first and pseudo-
second kinetic data, the adsorption exhibited better 
agreement with the pseudo-second model, as 
indicated by higher R2 and qe values. Zhou et al. 
indicated that the most suitable model for MB 
adsorption from Eucommia ulmoides biomass, 

activated with H3PO4, is the pseudo-second-order 
model.49 
      In a solid-liquid sorption process, the transfer 
of adsorbate is typically characterized by film 
diffusion, intraparticle diffusion, or a combination 
of both. The mechanism underlying the adsorption 
process is the most commonly used technique to 
identify the adsorbed amount against time, which 
is an internal diffusion graph. The graph of t0.5 
versus qt at different initial solution concentrations 
gives the ki value. It can offer multiple linearities 
that refer to two or more steps in the adsorption 
process. Intraparticle diffusion coefficient, ki, is 
obtained by Equation (8).
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Figure 7: Graphs of pseudo-second kinetic model at different concentrations 

 
Table 4 

Kinetic parameters and regression coefficients obtained from kinetic models 
 

Ci  
(ppm) 

Pseudo-first order Pseudo-second order Intraparticle diffussion 
k1  

(10-3) 
qe 
 

R2 k2 
(10-3) 

qe 
(10-3) 

R2 ki c R2 

50 12 235.34 0.9374 2.58 66230 0.9934 3.3155 37.226 0.9911 
100 0.461 304.16 0.8772 1904 84 0.8762 0.7887 73.557 0.9131 
200 0.461 668.50 0.7991 396340 4.016 0.7012 7.6212 147.8 0.8296 
400 1.15 1393.16 0.7864 1008400 1.766 0.7486 6.9823 314.11 0.8023 
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Figure 8: Graphs of intraparticle kinetic model at different concentrations 

 
 

The initial sharp increase represents the 
external surface adsorption or instantaneous 
adsorption stage. The second part is the gradual 
adsorption stage, in which the intraparticle 
diffusion rate is controlled. The third is the final 
equilibrium stage, in which the intraparticle 
diffusion begins to slow down due to the deficient 
solute concentration in the solution. The 
intraparticle diffusion rate is determined from the 
slope of the slightly inclined part.50 The 
intraparticle kinetic graphs drawn as a function of 
the square root contact time (t0.5) of qt for each 
concentration are given in Figure 8.  

The intraparticle diffusion constant (ki) was 
calculated as 3.32. This suggests that the outer 
adsorption layer of activated carbon is thick.51 It 
was also observed that R2 values decreased with 
increasing concentration. Kinetic parameters and 
regression coefficients are given in Table 4. When 
Table 4 is examined, the R2 values in each kinetic 
model decrease with increasing concentration. 
Therefore, it was concluded that the optimal 
concentration for adsorption is 50 ppm. 
 
CONCLUSION 

In this research, AC was obtained from hemp 
wastes by a two-stage chemical activation 

technique and its adsorption efficiency at different 
dye concentrations was studied in the context of 
MB elimination from wastewater. The Langmuir 
model was the most compatible when the 
adsorption data were analyzed with isotherm 
models (R2 = 0.9999). According to the Langmuir 
isotherm, the maximum adsorption capacity was 
calculated as 400.25 mg/g, which is a very high 
value. Thus, it can be stated that adsorption occurs 
in a monolayer on homogeneous surfaces. When 
the adsorption equilibrium data underwent analysis 
with kinetic models, the pseudo-second kinetic 
model demonstrated the highest compatibility, 
with an R2 value of 0.9934. The fit to all three 
kinetic models decreased as the dye concentration 
increased. According to the results, the AC 
obtained from hemp wastes has proved to be very 
effective in removing MB.  
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