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Sustainable oil palm trunk 
fibre based activated carbon 
for the adsorption of methylene 
blue
Muniandy Gayathiri 1, Thiruchelvi Pulingam 1, K. T. Lee 2, Azam Taufik Mohd Din 4, 
Akihiko Kosugi 3,4 & Kumar Sudesh 1*

Activated carbon (AC) is becoming the limelight due to its widespread application as an adsorbent for 
wastewater treatment, gases, and catalysis. However, its high consumption and price have drawn 
more attention to the sustainable use of natural resources as precursor for AC production. This study 
focuses on synthesising AC from two types of oil palm trunk (OPT) fibres, a significant agricultural 
waste products produced by Malaysia’s thriving palm oil industries. The BET surface area of about 
2057.9 m2 g−1 was achieved by chemical activation with phosphoric acid (H3PO4). The efficiency of the 
synthesised AC was critically analysed based on the adsorption experiments with methylene blue (MB) 
by varying several parameters (dosage of adsorbent, pH, initial dye concentration, and temperature 
of the solution) to elucidate the adsorption mechanism(s). A maximum adsorption capacity of 
320.4 mg g−1 at 50 °C was achieved, and the Temkin (r2 = 0.98, 0.95, 0.95) and Langmuir (r2 = 0.94, 0.93, 
0.95) isotherm models fitted the adsorption process better than the Freundlich (r2 = 0.95, 0.90, 0.86) 
model. Besides, the pseudo-second-order model (r2 > 0.90) best described the adsorption process, 
favouring chemisorption over physisorption. Thermodynamics showed MB adsorption on AC was 
spontaneous except at the highest dye concentration. It was exothermic at lower dye concentrations 
(50 and 100 mg L−1) and endothermic at higher ones (300, 500, and 700 mg L−1). In a nutshell, this 
study reveals that OPT fibre is a promising precursor for synthesising highly porous AC for the 
adsorption of MB dye.

Abbreviations
AC	� Activated carbon
ACP1.5	� Activated carbon from parenchyma fibre with acid to precursor ratio of 1.5
ACVB1.5	� Activated carbon from vascular bundle fibre with acid to precursor ratio of 1.5
BET	� Brunauer–Emmett–Teller
EDX	� Energy dispersive X-ray spectroscopy
FTIR	� Fourier transform infrared
H3PO4	� Phosphoric acid
IR	� Impregnation ratio
MB	� Methylene blue
OPT	� Oil palm trunk
rpm	� Revolution per minute
SEM	� Scanning electron microscope

The manufacturing and consumption of dye in various forms in our daily life generate vast amounts of dye 
wastewater, primarily from industries such as papermaking, textile, food, printing, cosmetics, etc. Approximately 
7 × 107 tons of synthetic dyes have been produced to date globally, with the textile industry contributing over 
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10,000 tons1. One of the common synthetic dyes used in the textile industry is the cationic MB dye which is also 
discharged to the water surface in large amounts due to extensive industrial usage2. MB is toxic, carcinogenic, 
and non-biodegradable; it poses a threat to human health and the environment3.

Numerous methods for MB and other synthetic dye removals from wastewater have been investigated, such 
as membrane filtration, advanced oxidation, flocculation, biosorption, liquid–liquid extraction, etc. However, 
adsorption was found to have numerous advantages as it requires less space than the biological system, flexible 
to design and operate, can remove organic compounds, and is robust to chemicals4. AC is commonly used in 
adsorption as it is a porous material, rich with carbon, surface area, pore volume, and tunable pore size, and has 
good stability for temperature and chemicals5.

Various agricultural precursors were used to synthesise AC, such as bamboo Hameed et al.6, corncob Feng 
et al.7, sunflower seed Abbas and Ahmed8, sugarcane bagasse Akl et al.9, and flax fibre Williams and Reed10. In 
a prior investigation, the Zn(OH)2-AC composite, synthesised from coffee waste, exhibited a peak adsorption 
capacity of 303.0 mg g−1 at 318 K and pH 7 when used to eliminate malachite green11. Besides, it was found in 
a previous literature that the optimal conditions for achieving maximum MB removal of 163.60 mg g−1 involve 
using 0.06 g of mangosteen peels activated carbon, maintaining a pH of 6 in the MB solution, and allowing a 
contact time of 20 min12. Moreover, a past study demonstrated that enhancing the activated carbon (AC) derived 
from acorn shells through ZnCl2 activation with magnetic properties resulted in an impressive adsorption capac-
ity of 357.1 mg g−1 at 298 K13.

This study used different types of fibre from the OPTs to produce the AC. Oil palm is a valuable commercial 
cash crop, and Malaysia is the second largest palm oil producer globally after Indonesia14. However, the oil palm 
plantation and industry contribute to more than 70 million tons of lignocellulosic biomass wastes15. To date, 
there has been a significant increase in global concern about recycling oil palm biomass to provide sustainable 
resources. Besides, it was stated in previous literature that leaving diseased OPTs in the plantation after replanting 
activity can cause early deaths among young palms16. OPT is a monocotyledon with non-wood structure made 
up of parenchyma and vascular bundle fibre17. The parenchyma tissue stores food whereas the vascular bundle 
tissue provides mechanical support to the tree18.

The precursors in this work were chemically impregnated with H3PO4 as it requires lower temperature during 
activation, produces high carbon yield, and contributes large pores16. The synthesised ACs were characterised 
for surface morphology and adsorption experiments were conducted with different parameters (AC dosage, pH, 
initial dye concentration and temperature of the solution). The results obtained from the adsorption capacity 
and percentage of dye removal were fitted into different adsorption models to determine the adsorption mecha-
nisms involved. However, further improvisions can be done to this study such as varying the carbonisation 
conditions, adsorption experiment with real wastewater and reusability study of the synthesised AC. This work 
offers a comprehensive analysis of the physicochemical factors that contribute to the adsorption mechanisms 
of vascular bundle and parenchyma-based adsorbents in their ability to remove MB dye. The objective of this 
study is to provide an in-depth knowledge of the dye adsorption process by providing extensive insights into the 
performance of these adsorbents. To the best of our knowledge, this is the first study that synthesizes AC using 
the vascular bundle and parenchyma fibre independently.

Materials and methods
Materials
MB dye (λmax = 664 nm) with molecular weight of 373.9 g mol−1 was purchased from Sigma-Aldrich (M) Sdn 
Bhd, Malaysia and used as the synthetic dye (adsorbate) in this study. The MB standard curve of absorbance 
versus concentration was plotted and was used to determine the remaining dye concentrations for the adsorption 
experiment at different time intervals. Phosphoric acid of 85% was purchased from QRec. Permissions to collect 
the plant specimens (OPT fibre) was granted by the SATREPS Kluang pilot plant, Johor.

Preparation of OPT based ACs by chemical activation
The OPT was chipped, washed in a dipping tank, wet-milled, screw-pressed, and dried before use. The vascular 
bundle and parenchyma fibres were separated using different sizes of sieve where the vascular bundle was the 
retentate of the 1 mm mesh whereas parenchyma was the filtrate of the 0.25 mm mesh. The parenchyma and 
vascular bundle fibres were impregnated in 85% H3PO4 with an impregnation ratio (acid (g)/fibre (g)) of 0.5, 
1.5, 2.5, and 3.519. The solid–liquid mixtures were dried in the oven at 105 °C and carbonised in a horizontal 
tubular furnace at 600 °C for 1.5 h in an inert atmosphere (N2 gas flow rate at 200 cm3 min−1) with a heating rate 
of 10 °C min−1. Then, the dried samples were weighed before and after carbonisation to determine the percentage 
yield of AC. The carbonised samples were thoroughly washed using Büchner funnel until the pH of the filtrate 
water was ~ 7 and dried at 105 °C.

Characterisation of the lignocellulosic precursors and activated carbon
The precursors were analysed for main elements such as carbon, hydrogen, nitrogen, sulphur, and oxygen based 
on combustion whereby the ratio of the elements was later measured by gas chromatography based on the prod-
ucts from combustion. The Brunauer–Emmett–Teller (BET) surface area analyser (Micromeritics ASAP 2020, 
USA), was used to determine the specific surface area, pore volume and pore size of the ACs. Besides, the energy 
dispersive X-ray spectroscopy (EDX) with FEI Quanta FEG 650 SEM were used to determine the elemental 
compositions on the surface of the precursors and ACs with high pore surface area.



3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:22137  | https://doi.org/10.1038/s41598-023-49079-0

www.nature.com/scientificreports/

Adsorption experiment
MB dye stock solution of 1000 mg L−1 was prepared and diluted as desired. A 0.1 g of ACs were added to 100 mL 
of MB dye solution (100 mg L−1) and the adsorption was carried out in an incubator shaker for 12 h at 30 °C 
and 200 rpm. The pH was maintained within 6–7. The absorbance of the samples was measured using UV–vis 
spectrophotometer at wavelength of 664 nm at intervals after removing the AC through centrifugation (8000 rpm, 
6 min)20. The concentration of the sample was determined using the MB standard curve. The adsorption capacity 
(equilibrium at different time) and percentage removal of dye were calculated based on the Eqs. (1), (2), and (3).

The adsorption capacity at equilibrium, qe:

where C0: initial dye concentration (mg L−1), Ce: equilibrium dye concentration (mg L−1), V: volume of solution 
(L), w: mass of the AC (g).

The adsorption capacity, qt, at time, t:

where C0: liquid phase concentration of the dye at initial (mg L−1), Ct: liquid phase concentration of the dye at 
any time (mg L−1), V: volume of solution (L), w: mass of the AC (g).

The percentage removal of MB:

where C0: liquid phase concentration of the dye at initial (mg L−1), Ct: liquid phase concentration of the dye at 
any time (mg L−1), V: volume of solution (L), w: mass of the AC (g).

The effects of different parameters: adsorbent dosage (12.5–50 mg), pH of the solution (3–11), initial dye 
concentration (50–700 mg L−1), and temperature (30–50 °C) on the adsorption capacity of MB dye were deter-
mined in this study. The Fourier transform infrared (FTIR) spectroscopy (Perkin Elmer, spectrum 2000, USA) 
was then used for characterising the surface functional groups of AC before and after adsorption of MB. All 
methods were carried out in accordance with relevant guidelines21.

Results and discussion
Characterisation of precursors and activated carbon
Table 1 shows that the parenchyma fibre which is in a soft powdery form whereas the vascular bundle fibre has 
a hard needle-like structure. The precursors were analysed for elements such as carbon, hydrogen, nitrogen, 
sulphur, and oxygen. There was no significant difference in the elemental compositions between the parenchyma 

(1)qe =
(C0−Ce) ∗ V

W

(2)qt =
(C0−Ce) ∗ V

W

(3)%R =
(C0−Ct) ∗ 100

C0

Table 1.   Elemental analysis of parenchyma and vascular bundle fibres.

Samples

Elemental analysis

Carbon % Hydrogen % Nitrogen % Sulphur % Oxygen %

Parenchyma 43.18 4.70 0.74 0.40 50.98

Vascular bundle 43.47 7.15 0.67 0.57 48.14
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and vascular bundle fibres as indicated in Table 1. The carbon and oxygen content were approximately 43% and 
50%, respectively for both fibres which shows that the OPT biomass may be a suitable precursor to synthesise AC.

The results for the BET analysis are as shown in Table 2 where the precursor had a very low BET surface area 
of 2.5 m2 g−1 and 1.7 m2 g−1 for parenchyma and vascular bundle fibre respectively. However, after chemical treat-
ment of H3PO4/fibre (0.5), there was a drastic increment in the BET surface area up to 593.0 m2 g−1 (parenchyma) 
and 941.3 m2 g−1 (vascular bundle). This may be due to the role of H3PO4 where it penetrated deeply into the 
carbon structure of the fibre, forming new pores (mesopores and micropores) that resulted in an increase in the 
surface area22. Similar results were obtained by Zakaria et al.23 where the mangrove precursor with surface area 
of 0.0045 m2 g−1 increased to 789.2 ​ m2 g−1 after H3PO4 chemical activation at 300 °C. The highest surface area 
was achieved by ACP1.5 and ACVB1.5 with 1599.8 and 2057.9 m2 g−1 respectively and were further analysed by 
SEM and adsorption experiments.

However, the surface area of the synthesised ACs decreased when the IR was further increased to 2.5 and 3.5. 
This may be due to the dehydration of H3PO4 which formed an insulating layer and prevented the activation by 
H3PO4 on the OPT fibre which then resulted in the inhibition of internal pore formation24. Table 3 shows the 
surface area obtained for different precursors when H3PO4 was used as the chemical reagent. The surface area of 
the AC synthesised depends on the type of precursor and the conditions set during carbonisation (concentration 
of chemical reagent, activation temperature, and the holding time). Besides, when the carbonisation condition 
and concentration of the H3PO4 were similar, the type of precursor affects the BET surface area, 1545.44 m2 g−1 
(eucalyptus branches) whereas 2375 m2 g−1 (humins) as shown in Table 325,26. Therefore, the type of precursor 
also contributes to the pore characteristics of the AC.

The prepared ACs were denoted as ACXY, where AC: activated carbon, X: type of fibre (P: parenchyma and 
VB: vascular bundle) and Y: IR (0.5/1.5/2.5/3.5). The untreated fibres were denoted as UX (where U: untreated 
whereas X: type of fibre) and the commercial AC which is of laboratory grade purchased from R&M Chemicals 
was denoted as CAC.

The relationship between the yield and the BET surface area of the prepared AC at different IR is as shown 
in Fig. 1A,B. The increase in the IR from 0.5 to 2.5 increased the yield of AC slightly just as reported by Yor-
gun et al.29 where the yield of AC produced from paulownia wood treated with H3PO4 increased when IR was 
increased from 1 to 4. This may be due to the effect of H3PO4 during chemical impregnation causing the cellulose, 
hemicellulose, and lignin biopolymers to be redistributed while the aliphatic compounds may have converted to 
aromatic compounds30. On the other hand, the BET surface area increased drastically when the IR was increased 
from 0.5 to 1.5 and then decreased gradually for the ACs prepared from both types of fibre (Fig. 1A, B). The 
presence of acid derivatives on the fibre may have increased the rate of pore formation, however, excess acid has 

Table 2.   Pore characteristics of untreated fibre, commercial and phosphoric acid treated activated carbon with 
different impregnation ratios.

Type of sample

Pore characteristics

BET surface area (m2 g−1) Total pore volume (cm3 g−1) Average pore width (nm)

UP 2.5 0 0.9

UVB 1.7 0 0.7

CAC​ 983.8 0.5 2.0

ACP0.5 593.0 0.3 2.0

ACP1.5 1599.8 1.0 2.6

ACP2.5 1461.7 1.4 3.8

ACP3.5 1333.1 1.6 4.7

ACVB0.5 941.3 0.5 2.2

ACVB1.5 2057.9 1.4 2.6

ACVB2.5 1396.8 1.3 3.6

ACVB3.5 1281.4 1.5 4.7

Table 3.   Activated carbon production from various biomass precursor via chemical activation with 
phosphoric acid.

Precursor

Carbonisation conditions

BET surface area (m2 g−1) ReferencesChemical reagent Temperature (°C) Time (h)

Eucalyptus branches 40 wt% H3PO4 400 3 1545.44 26

Kenaf core fiber 30 wt% H3PO4 500 1 299.02 27

Humins 40 wt% H3PO4 400 2 2375 25

Oil palm fibre 85 wt% H3PO4 800 2 715.63 28

Oil palm trunk (vascular bundle fibre) 85 wt% H3PO4 600 1.5 2000 This study
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the potential to break the lignocellulose bonds extensively and shrink the structure, which subsequently sup-
presses the surface area of the AC31.

The untreated parenchyma fibre presented in Fig. 1C has a variety of randomly distributed circular pores of 
different sizes whereas the AC from parenchyma fibre with highest surface area was able to form large pores as 
shown in Fig. 1D. The untreated vascular bundle fibre in Fig. 1E has uniformly distributed silica on the external 
surface. Similar findings were observed by Davamani et al.32 where the surface of empty fruit bunch of oil palm 
had accretion of silica with a perforated bottom. The white compounds were still found on the surface of vascular 
bundle-based AC with highest BET surface area (Fig. 1F).

There is an increase in carbon from 53.5 to 79.2% (parenchyma) and from 29.1 to 86.4% (vascular bundle) 
and a decrease in the oxygen content after chemical activation. This could be due to gasification and release 
of volatile matter during the activation process33. The phosphorus content on the ACs could be due to H3PO4 
impregnation, which formed polyphosphates that retained on the surface of fibres as insoluble metal phosphates 
or entrapped in the ACs’ pores34. The nature of the precursor and the chemical activation method play a pivotal 
role in the synthesis of AC.

Adsorption experiment
Effect of dosage of AC
It can be seen that ACP1.5 showed a better dye removal of 78.5% compared to ACVB1.5 with only 59.8% when 
the least dosage of AC (12.5 mg) was used for the adsorption of MB dye with concentration of 50 mg L−1 (pre-
liminary adsorption) in Fig. 2A). The percentage dye removal increased initially and remained almost similar for 
both fibres. The adsorption between the MB dye and the AC may have reached saturation at the highest dosage 
of the adsorbent35. The optimum dosage of 50 mg with dye removal of 97% was achieved for both types of ACs 
in this study. However, in terms of future application of AC for industrial scale, it can be deduced that ACP1.5 
would be a better choice than ACVB1.5 for great adsorption of MB with a lesser dosage of AC. The adsorption 
of ACP1.5 with different parameters was further studied to understand the adsorption process.

Effect of pH of the solution
The increase in the pH from 3 to 11 showed an increment in the adsorption capacity from 92.7 to 99.4 mg g−1 
in Fig. 2B). However, no significant increment was observed, therefore, the synthesised AC is robust to different 
ranges of pH. The slightly higher adsorption capacity at pH of 11 could be due to the dominance of negative 
charge on the surface of the AC, which created an electrostatic attraction between the positively charged MB 
and negatively charged OH− ions from the buffer36.

The neutral pH was chosen as the optimum pH for further adsorption experiments and not pH 11 as using 
great amount of buffer to adjust the basicity of the solution is not economically feasible and environmentally 
benign.

Effect of initial dye concentration and contact time
There is an increasing trend in the maximum adsorption capacity as the initial dye concentration increased as 
shown in Fig. 2C. The large number of molecules at high initial dye concentration can cause the diffusion rate 

Figure 1.   Effect of impregnation ratio (mass of acid/mass of fibre) on the percentage yield and BET surface 
area of the AC prepared from (A) Parenchyma and (B) vascular bundle fibre (chemical activation done with 
phosphoric acid and carbonisation at 600 °C for 1.5 h) and SEM and EDX spectra of parenchyma (C) untreated, 
(D) activated carbon and vascular bundle (E) untreated, and (F) activated carbon [magnification: ×1000; scale 
bar 70 µm].
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of the dye molecules through the layer of the surface boundary towards the internal pores on the surface of 
the AC37. The samples with lower initial dye concentrations (50 and 100 mg L−1) rapidly attained equilibrium 
(< 100 min). However, higher initial dye concentrations (300, 500 and 700 mg L−1) achieved equilibrium much 
later (> 360 min). Fewer dye molecules occupy the vacant binding sites rapidly until saturation point compared 
to when there are more dye molecules with the dosage of adsorbent being the limiting factor.

Figure 2D shows that an increase in the dye concentration induced an increase in the adsorption capacity 
at equilibrium, qe, 50 mg L−1 (50.0 mg g−1), 100 mg L−1 (100.0 mg g−1), 300 mg L−1 (246.3 mg g−1), 500 mg L−1 
(261.5 mg g−1), and 700 mg L−1 (310.2 mg g−1). Previous literatures obtained a similar trend and this could be 
due to the availability of large driving force for the MB dye to migrate to the adsorption site on the AC38–41. In 
contrary, the percentage of dye removal (%R) decreases as the initial dye concentration increases, 50 mg L−1 
(100%), 100 mg L−1 (100%), 300 mg L−1 (82.1%), 500 mg L−1 (52.3%), and 700 mg L−1 (44.3%). Al-Ghouti and 
Al-Absi42 reported that increasing the initial MB dye concentration caused the adsorption sites on the AC pre-
pared from olive stones to become saturated which subsequently suppressed the dye removal efficiency which 
can be a reason for the decrease in percentage dye removal in this study as well.

Biomass from different plants is always used to produce AC for dye adsorption studies due to abundant avail-
ability and lignocellulosic properties to aid adsorption. Table 4 shows different types of biomasses used and their 
adsorption capacity for MB dye adsorption at various initial dye concentrations.

The initial dye concentration and the adsorption capacity for different precursors (Table 4) is random. There-
fore, in the adsorption process, other factors may have affected the adsorption capacity in addition to the initial 

Figure 2.   (A) Effect of dosage of adsorbent on the percentage of dye removal for activated carbon synthesised 
from parenchyma (ACP1.5) and vascular bundle (ACVB1.5) fibre, (B) Effect of pH on the adsorption capacity 
of MB dye on the adsorbent, (C) Adsorption capacity at different time (qt), (D) Relationship between adsorption 
capacity at equilibrium (qe) and percentage dye removal, (E) effect of initial dye concentration and temperature 
on the adsorption capacity of activated carbon.
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dye concentration. For instance, in a previous literature, it was shown that the atmosphere at which the precur-
sor is activated highly affects the synthesised AC where an atmosphere with oxidant resulted in AC with more 
oxygen content, higher surface area, and great surface negative charge43.

Effect of temperature and initial dye concentration 
The effect of temperature on the adsorption capacity (Fig. 2E) shows that the adsorption capacity was unaffected 
by the temperature for lower initial dye concentrations (50 and 100 mg L−1) but it increased with temperature 
for higher initial dye concentrations (300, 500, and 700 mg L−1).

During the adsorption reaction, the increasing amount of adsorbate molecules at higher initial dye concen-
trations consume energy42. Conversely, at lower initial dye concentrations, the small number of dye molecules 
may have adequate binding sites and may not require energy for the adsorption process.

Adsorption isotherms, kinetics and thermodynamics
Adsorption isotherms
Adsorption isotherm parameters for each model, namely, Langmuir, Freundlich and Temkin were calculated 
based on non-linear fitting method at three different temperatures (30, 40 and 50 °C) to understand the adsorp-
tion process. The non-linear model for each isotherm is as below:

Langmuir

Freundlich

Temkin

where  KL: Langmuir constant (L mg−1), KF: Freundlich constant (mg g−1) (L mg−1)1/n, 1/n: Measure of adsorption 
intensity, B = RT/b, R = gas constant (8.314 J mol−1 K−1), b: Temkin constant (L mg−1), KT: Equilibrium binding 
constant.

The adsorption isotherm fitting plotted for each isotherm is as shown in Fig. 3A and the evaluated parameters 
are as shown in Table 5. Based on the results obtained, the experimental data fitted all three isotherm models 
studied. However, the Langmuir and Temkin isotherm models have r2 values more than 0.9 for all three tem-
peratures. This showed that monolayer adsorption was favourable at all temperatures, however, r2 values of > 0.9 
for Freundlich isotherm obtained at 30 and 40 °C showed that multilayer adsorption may have occurred as well. 
The value of 1/n for Freundlich isotherm lies from 0 to 1, which shows multilayer adsorption taking place on 
the heterogeneous surface of AC51. However, multilayer adsorption of dye on the AC was not favoured at 50 °C 
(r2 = 0.86). The decrease in the r2 value from 0.98 to 0.95 for Temkin model as the temperature increases explains 
that the heat for adsorption decreases linearly as the adsorbent surface is saturated with adsorbates.

Adsorption kinetics
The adsorption for MB dye by AC in terms of surface adsorption and diffusion into the internal pores was studied 
by two kinetic studies, pseudo first and pseudo second order. The non-linearised version of the pseudo first and 
pseudo second order models are stated below in Eqs. (7) and (8), respectively.

(4)qe =
qmKLCe

[1+ KLCe]

(5)qe = KFC
1/n
e

(6)qe = Bln(KTCe)

(7)qt = qe

(

1−ek1t
)

Table 4.   Adsorption capacity of various biomass derived adsorbents for MB dye of different initial dye 
concentrations.

Adsorbent Dye Initial dye concentration (mg L−1) Adsorption capacity, qe (mg g−1) Reference(s)

Rubber seed pericarp Methylene blue 200 415.8 44

Sugarcane bagasse waste Methylene blue 200 122.9 45

Acacia wood Methylene blue 300 210.10 46

Grass waste Methylene blue 300 372.2 47

Eucommia ulmoides Oliver Methylene blue 100 541.0 48

Palm fibres (from sheath) Methylene blue 500 271.0 49

Oil palm empty fruit bunch Methylene blue 250 75.0 50

Mangrove pile leftovers Methylene blue 600 408.9 23

Oil palm trunk fibre (Parenchyma) Methylene blue 700 320.4 This study
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where k1: Equilibrium rate constant for pseudo first order (L min−1), k2: Equilibrium rate constant for pseudo 
second order (L min−1).

The graphs plotted by fitting the experimental data with the kinetic model are as shown in Fig. 3B,C for pseudo 
first order and pseudo second order, respectively. Table 6 shows the calculated parameters for the two kinetic 
models. It can be seen that pseudo second order model fits the experimental data better than pseudo first order 

(8)qt =
q2ek2t

[1+ qtk2t]

Figure 3.   (A) Different isotherm models (Langmuir, Freundlich and Temkin), (B) Pseudo first order model 
plots, and (C) Pseudo second order model plots for adsorption of MB on activated carbon at different 
temperatures 30, 40 and 50 °C.
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model with higher r2 and lower χ2 values for all the adsorption experiments regardless of the concentrations and 
the temperatures. This explains that the adsorption between MB dye and parenchyma fibre based AC favours 
chemisorption over physisorption52. A previous study showed that pseudo second order kinetic model was 
favoured for the adsorption of methylene blue dye by fly ash as the adsorbent surface is primarily occupied by the 
dye molecules, leading to a competitive adsorption scenario with water due to the surface being covered by water 
53. The value of rate constant, k2, decreased with increasing initial dye concentration for all temperatures. This 
could be due to the competition between the dye molecules at higher initial dye concentrations compared to lower 
concentrations54. The ability to adsorb dye molecules appears to be dependent on the availability of active sites.

Adsorption thermodynamics
The values for thermodynamic parameters such as Gibb’s energy (∆G0), enthalpy (∆H0), and entropy (∆S0) were 
obtained based on equations as follows:

where  T: Absolute temperature (K), R: Universal gas constant (8.314 J mol−1 K−1), Kd: Thermodynamic adsorption 
equilibrium constant, ∆H°: Enthalpy change, ∆S°: Entropy change, ∆G°: Gibbs free energy change.

Figure 4 shows the Van’t Hoff plot and Table 7 shows the thermodynamic parameters for this study. The 
negative values for ∆G0 at all temperatures for the initial dye concentrations from 50 to 500 mg L−1 show that 
the adsorption is spontaneous thermodynamically except for 700 mg L−1. When the dye concentration reaches 
a high level, it’s likely that the available adsorption sites on the adsorbent surface become fully occupied by dye 
molecules. Once the surface is saturated in this manner, any additional adsorption becomes less favourable, 
resulting in a positive ∆G0.

The ∆H0 value for initial dye concentration of 50 and 100 mg L−1 favours physisorption whereas for 300, 500 
and 700 mg L−1 chemisorption might have occurred. It was reported previously that enthalpy values of lower than 
40 kJ mol−1 indicates physisorption whereas values more than 40 kJ mol−1 indicates chemisorption55–57. The posi-
tive ∆S0 values for all the initial dye concentrations indicate randomness and stability in the adsorption process.

FTIR spectra analysis
The FTIR analysis was carried out for ACP1.5 before and after adsorption of MB as shown in Fig. 5. The FTIR 
spectrum for the AC before adsorption shows strong peak at wavelength of 1660 cm−1. This peak could be due 
to the stretching of amide I which belongs to protein58. It is undeniable that the major source for nitrogen in 
biomass wood is from proteins and this justifies the availability of nitrogen in parenchyma-based AC. A very 
slight peak at 1088 cm−1 could be due to two different groups such as the PO4 which ionised from H3PO4 ester 
and the P–O–P group from polyphosphate59. These phosphate derivatives originated from this study’s chemical 
treatment conducted with H3PO4. There is a distinction in FTIR spectra between the surface of the AC before 
and after adsorption. For instance, the two peaks with wavenumber of 1682 and 1584 cm−1 on the AC surface 
after adsorption may be due to the carboxylic acid (–COOH) and nitromethane group (CH3NO2), respectively, 
which were not present for AC before adsorption60,61. This shows the presence of MB on the surface of the AC 
after adsorption. The slight peak for both AC with wavelength of 1337 cm−1 is due to the hydroxyl group (–C–OH) 
in-plane stretching which can be due to the hydrogen bond62. The small peak at 558 cm−1 may be due to both 
hydroxyl group out-of-plane bending and alkane group (–C–C) from aromatic hydrogen63. The FTIR spectra 
shows that there is a distinction between the surface of AC before and adsorption of MB dye.

Elucidation of adsorption mechanism
A graphical approach to elucidate the adsorption mechanisms between the dye molecules and the AC is shown 
in Fig. 6. The four possible interactions involved in this study were hydrogen bonding, van der Waals, electro-
static, and π–π interactions. The existence of electrostatic interactions can be explained due to the increase in the 
adsorption capacity as the pH of the adsorption medium increased from 3 to 11. Electrostatic interactions may 
occur between the negatively charged carboxylate group from the AC made from lignocellulosic parenchyma 
fibre and the positively charged N+ group in the MB. Another possible interaction is the H-bonding which might 
have contributed by the OH− ions added during the adjustment of pH. Besides, the π–π interactions is possible 
between the aromatic ring that exist in the lignin of the parenchyma fibre and the MB. Although H3PO4 was 
used to treat the parenchyma fibres initially, it was reported by several literatures that, it is not possible to remove 
lignin from the lignocellulosic compound efficiently with only H3PO4

64,65. Van der Waals’ forces may have also 
occurred for the adsorption in this study. The weak attraction force between partial electric charges arising 
from polar molecules and repulsive force will hold molecules in place and form a stable structure66. At lower 
concentration of dye, the dye molecules diffuse to the internal pores of the adsorbent and adsorb. Adsorption 
increases the concentration of dye molecules on the surface of the adsorbent, which may have created a stable 
complex and promote the removal of dye from the solution.

(9)ln(Kd) =
�S◦

R
−

�H◦

RT

(10)Kd = qe/ Ce

(11)�G◦
= �H◦

− T�S◦
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Conclusion
In conclusion, an AC with a large surface area (1599.8 m2 g−1), pore volume (1.0), and high adsorption capacity 
(320.4 mg g−1) was synthesised from parenchyma fibre from OPT. The adsorption experiments with different 
parameters show that ACP1.5 has excellent potential in the adsorption of MB dye, one of the abundantly used 
textile dyes. It was able to remove 78.5% of dye with least amount of AC (12.5 mg). The AC was robust to dif-
ferent ranges of pH, however neutral pH was optimum for the adsorption process. The adsorption kinetic and 
isotherm models were used to study the effect of initial dye concentration, temperature, time, and stirring speed 
on the adsorption capacity. The experimental data well fitted the isotherm models in the following order: Temkin 
(r2 = 0.98, 0.95, 0.95) > Langmuir (r2 = 0.94, 0.93, 0.95) > Freundlich (r2 = 0.95, 0.90, 0.86), and favours chemisorp-
tion (pseudo-second order). In addition, the adsorption is endothermic for lower initial dye concentrations (50 
and 100 mg L−1) and exothermic for higher initial dye concentrations (300, 500, and 700 mg L−1). Elucidation of 
the adsorption mechanism explains the possible mechanisms (hydrogen bonding, van der Waals, electrostatic, 
and π–π interactions) involved and can be helpful in forecasting a desired application for future applications. 
This study shows that AC synthesised from OPT fibre can be a potential adsorbent in dye wastewater treatment. 
However, further improvements can be made by investigating the effect of carbonisation conditions on the 
adsorption experiments with wastewater, and reusability studies of the synthesised AC.

Table 5.   Parameters for Langmuir, Freundlich and Temkin isotherm models at different temperatures.

Isotherm

Parameters

Temperature (°C)

30 40 50

qe,exp 310.2 311.6 320.4

Langmuir qmax 272.6 282.5 302.7

qmKLCe
(1 + KLCe)

KL (L mg−1) 6.51 0.61 0.86

r2 0.94 0.93 0.95

χ2 5.19 3.00 1.03

Freundlich

qe,cal 313.3 331.0 362.3

KF (mg g−1) (L mg−1)1/n 115.8 97.6 111.5

1/n 0.17 0.21 0.20

r2 0.95 0.90 0.86

χ2 0.03 1.14 4.85

Temkin

qe,cal 293.3 301.7 324.6

KT (L g−1) 420.0 68.5 140.7

b (J mol−1) 103.3 88.0 89.9

r2 0.98 0.95 0.95

χ2 0.97 0.32 0.05

Table 6.   Parameters for pseudo first and pseudo second order kinetics at different temperatures.

T (K) Ci (mg g−1)

Pseudo 1st order kinetic Pseudo 2nd order kinetic

qe,exp (mg g−1) qe,cal (mg g−1) k1 (L min−1) χ2 r2 qe,cal (mg g−1) k2 (L min−1) χ2 r2

303.15

50 50.0 48.8 0.82 0.03 0.59 50.6 0.048 0.01 0.97

100 99.9 96.0 0.23 0.16 0.92 101.6 0.007 0.03 0.99

300 246.3 226.5 0.05 1.73 0.80 250.7 0.0005 0.08 0.92

500 261.5 221.4 0.09 7.26 0.62 249.3 0.0009 0.60 0.87

700 310.2 288.8 0.04 1.59 0.94 323.4 0.0003 0.54 0.99

313.15

50 50.0 49.5 1.05 0.01 0.85 50.2 0.03 0.001 0.90

100 99.1 98.1 0.44 0.01 0.95 101.8 0.003 0.07 0.98

300 259.4 233.6 0.08 2.85 0.79 240.8 0.0003 1.44 0.91

500 265.9 227.4 0.18 6.52 0.69 239.0 0.0006 3.03 0.82

700 311.6 299.5 0.06 0.49 0.97 314.2 0.0002 0.02 0.98

323.15

50 50.0 49.3 1.40 0.01 0.63 50.3 0.07 0.002 0.94

100 99.4 98.3 0.39 0.01 0.91 102.1 0.007 0.07 0.97

300 275.4 252.4 0.07 2.10 0.80 270.3 0.0004 0.10 0.93

500 297.9 277.4 0.07 1.51 0.85 296.5 0.0004 0.01 0.94

700 320.4 303.5 0.09 0.94 0.95 327.7 0.0004 0.16 0.99
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Figure 4.   Van’t Hoff plot to determine thermodynamic parameters for different initial dye concentrations and 
temperatures.

Table 7.   Thermodynamic parameters for different initial dye concentrations at 303.15, 313.15 and 323.15 K.

Initial dye concentration (mg L−1)

Thermodynamic parameters

∆G0 (kJ mol−1)

∆H0 (kJ mol−1) ∆S0 (J mol−1 K−1)303.15 K 313.15 K 323.15 K

50 − 18,546.0 − 19,136.3 − 19,726.6 − 660.1 59.0

100 − 16,374.4 − 14,478.8 − 12,583.2 − 73,810.9 189.6

300 − 3623.2 − 4936.9 − 6250.5 36,179.2 131.4

500 − 163.8 − 562.9 − 961.9 11,928.1 39.9

700 707.5 657.6 607.8 2219.0 5.0

Figure 5.   FTIR spectra of parenchyma fibre based activated before (ACP1.5) and after (ACP1.5-MB) 
adsorption of MB.
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