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Abstract 

Physicochemical method was used to prepare lemongrass leaf activated carbon (LLAC) for 
removal of Remazol brilliant violet 5 R (RBV5R) dye from aqueous solutions. The surface 
area, mesopore surface area, total pore volume and average pore diameter of the LLAC are 
836.04 m2/g, 598.6 04 m2/g, 0.472 04 cm3/g and 3.62 nm, respectively. The surface functional 
groups of LLAC before adsorption showed the existence of C–H, O–H, C-O, C = O, C = C, 
CH3, N–O and C–N; they are significantly altered after adsorption. The equilibrium data were 
fitted into Freundlich, Langmuir, Dubinin Radushkevich, Temkin, Koble Corrigan, Vieth 
Sladek, Radke Prausnitz and Brouers Sotolongo isotherm models. The Koble Corrigan and 
Freundlich models gave the best fit judging from the correlation coefficient (R2). The 
monolayer adsorption capacities (qm) obtained for Langmuir and Koble Corrigan isotherm 
models are 125 and 342.9 mg/g respectively. Kinetic data were fitted using pseudo-first order, 
pseudo-second order, intraparticle diffusion, Elovich, Boyd and Avrami models respectively. 
Thermodynamic parameters (ΔS0, ΔH0and ΔG0) were estimated. The mean adsorption energy 
Ea was 2.811 kJ/mol signifying that the adsorption is physically controlled. This study revealed 
that lemongrass leaf is effective in removing RBV5R dye from aqueous systems. 
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Introduction 

Industrial effluents are associated with momentous levels of organic and poisonous pollutants 
which has bad odor and unattractive colors. Dyes are habitually non-degradable by biological 
method and not effectively removed by conventional physicochemical methods, thus making 
its removal a serious challenge for textile industries.[1–6] The presence of dyes in the 
environment is a great threat to both aquatic and human life. Globally, the growth of textile, 
tanning, leather, paper, plastics, rubber, cosmetics, food industries, etc, to boost the economic 
status of any nation is amazing in recent years. About 10,000 different types of dyes are 
produced annually from different industrial processes which weigh approximately one million 
tons.[1–5] The effluents are released into the environment with no prior or proper treatment 
resulting to environmental problems affecting both plants and animals. The accumulation of 
such effluents on yearly basis renders the ecosystem dangerous resulting in killing of aquatic 
organisms and water contamination thereby making it unfit for drinking and irrigation 
purposes. The presence of dyes in the receiving bodies; even in minute quantity is carcinogenic 
and toxic due to their inert nature and non biodegradable abilities.[1–5,7–12] 

Numerous technologies are employed for dye treatments, these includes; adsorption, 
coagulation, flocculation, oxidation, precipitation, electrolysis, reverse osmosis and liquid 
membrane separation. Despite a notable degree of successes reported for these methods, by 
comparison, all these methods except adsorption have some inherent restrictions and 
drawbacks such as high operating cost, generation of extremely hazardous by-products, the 
energy required is drastically intensive, complexity of the design and operation.[1,8] Among all 
treatment techniques available, adsorption remains the most superior method for treating 
wastewater owing to its simplicity of design, ease of operation, re-usability and sensitivity to 
toxicants.[13] In addition, adsorption is also capable of removing the remaining dissolved 
pollutants from chemical oxidation and biological treatment. ACs has become known as the 
only promising alternative to these conventional technologies in dye and wastewater treatment 
techniques. Adsorption process has been confirmed as one of the most versatile wastewater 
treatment technologies in the world and it makes use of a wide range of adsorbents.[1–6,14–19] 
Due to its high efficiency, activated carbon has been used as a promising material in the 
removal of several dyes.[1–6,10,14–23] 

Nowadays, the commonly used adsorbent is activated carbon which is able to remove dyes but 
the costs of purchasing AC restricted their use in wastewater treatment.[1] The goal of replacing 
costly commercial AC with agricultural materials has become a promising option owing to 
their low-cost, availability and efficiency in removing dyes, thus giving the advantage of partly 
reducing the volume of the wastes and by-products generated in the environment. Additionally, 
in view of the low cost, regeneration potential and high adsorption capacity, agricultural wastes 
have been widely employed.[1,16–18] Several methods used to increase the porosity of the 
adsorbent and the corresponding sites of adsorption have attracted numerous attentions over 
the past years. Of recent, alternative options of modifying the surfaces of adsorbents for 
enhanced dye removal from aqueous solution have been investigated; these modifying agents 
increase the adsorption site(s) for adsorption of both cationic and anionic dyes. Examples of 
adsorbents materials reported includes: ficus racemosa,[21,24] guava leaf,[25] C. camphora 
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leaves,[26] plant leaf,[27] bamboo,[28,29] Glossogyne tenuifolia leaves,[30] kola nut,[31,32] bean 
husk,[31,32] coconut leaf,[33,34] Prunus Dulcis,[35] dead leaves of plane trees,[36] durian seed,[37] 
Moringa oleifera leaf,[38,39] Prunus dulcis,[35] berry leaves,[40] etc. Literature has demonstrated 
the peculiarity of agricultural-based materials in the removal of various dyes having diverse 
molecular structures. Nevertheless, synthesizing and preparing such kinds of functionalized 
cellulosic adsorbents for efficient dye removal remains a hot topic globally. 

Lemongrass leaf, Cymbopogon citratus is a genus of about 55 species of grasses, native to 
warm, temperate and tropical regions of the old world and Oceania. It was introduced to South 
Asia since precolonial times and to South America, Central America and Madagascar after 
World War I. Cymbopogon citratus is known as serai dapur, sereh or serai in Malaysia and 
Indonesia. Essential oils are usually extracted from the leaves of C. citratus. Once these oils 
are extracted the remaining leaves are discarded as garbage which accumulates and constitute 
a nuisance to the environment. Therefore, the application of these wastes as potential carbon 
sources for preparing AC is at present a fascinating topic due to its availability at zero/low-
cost. Placing value on this waste will result in cleaning the environment.[41] 

Remazol Brilliant Violet 5 R (RBV5R) dye, an anthraquinone derivative, is a significant 
anionic dye in the textile industries. RBV5R dye belongs to a class of recalcitrant and toxic 
organo-pollutants.[1,42–46] They contained chromophoric groups and therefore they are not 
usually degraded by conventional chemical and physical processes.[2,47,48] Chemical activation 
was employed in this study. This study aimed at investigating AC derived from lemongrass 
leaf waste for the removal of RBV5R dye. To the best of our knowledge, for the first time we 
are reporting the application of AC derived from lemongrass leaf waste as an adsorbent for 
removing RBV5R dye from aqueous solutions. Adsorption data were tested using eight 
isotherm models, while the kinetic of the adsorptions were investigated by using six different 
models. Thermodynamic parameters and the mechanism controlling the interaction were 
studied. 

Materials and methods 

Precursor used 

Lemongrass leaves (LL) was obtained from Parit Buntar, Perak, Malaysia. All other reagents 
used in this study are of analytical grades. 

Adsorbate 

Remazol brilliant violet dye used was supplied by Sigma-Aldrich (M) SDN BDH, Malaysia. 
A 500 mg/L concentration of RBV5R dye stock solution was prepared by dissolving 0.5 g 
RBV5R dye powder in 1000 ml deionized water. Serial dilution method was used to prepare 
different solutions of initial concentrations of 25 mg/L, 50 mg/L, 100 mg/L, 200 mg/L, 
400 mg/L and 500 mg/L from the initial stock solution using deionized water. Table 1 presents 
the physic chemical properties of RBV5R dye. 
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Table 1. Properties of RBV5R. 

  

Preparation of adsorbents 

Lemongrass leaf (LL) was dried at 378 K for 24 hrs to eliminate its moisture content. The 
pretreated material was then carbonized at 973.15 K under nitrogen atmosphere for 1 h (first 
pyrolysis). The certain amount of the char (LLchar) produced were pulverized and then soaked 
in sodium hydroxide solution (NaOH) at impregnation ratio of 1:1 (NaOH pellets:char) (g/g). 
The mixture was stirred and dehydrated in the oven at 373.15 K for impregnation over a period 
of 12 hours. Then, the as-obtained impregnated sample was loaded into a stainless steel vertical 
tubular reactor and positioned in a tube furnace. The impregnation ratio (IR) was defined as:  

           [1]  

where wNaOH and wchar are the dry weight of NaOH pellets (g) and char (g) respectively. 

Second pyrolysis was carried out at 1073.15 K under N2 gas flow at 150 cm3/min. Upon 
reaching the final temperature, N2 gas flow was switched to CO2 at 150 cm3/min flow rates for 
the completion of the activation process. The products obtained were cooled to room 
temperature and later washed in hot deionized water until the pH 6-7 of the solution was 
attained. Lastly, the sample was dried at 373.15 K and stored in an airtight bottle. The yield 
was expressed as the dried weight (Wo) of AC per weight of the char (Wc) used for activation.  

          [2]  

Adsorbent characterization 

Scanning electron microscope (SEM) (Quanta-450FEG, Netherland) was used to examine the 
surface morphologies of LLchar and LLAC. This provides information on both qualitative and 
quantitative particle morphologies and surface appearances of the adsorbents which were 
analyzed by ranges of detectors to form a 3D image. Simultaneous thermal analyzer 
(PerkinElmer STA6000, USA) was used to study the proximate analysis of the sample. This 
was done to determine the fixed carbon, moisture contents, volatile matter, and ash contents 
that are present in the samples as described in our previous studies.[38,49] For the determination 
of the volatile matter, the temperature was raised to 850 °C and held for 7 minutes and 
subsequently decreased to 800 °C. Then, the N2 gas was switched to O2 gas to create an 
oxidizing atmosphere for fixed carbon content determination. The remaining masses after this 
analysis constituted the ash contents. Elemental analysis was done via an elemental analyzer, 
(PerkinElmer 2400SeriesII, USA). 



5 
 

Surface functional groups were investigated using an FTIR spectrophotometer (Shimadzu 
model IRPrestige-21). The spectroscopic investigation enables the study of the surface 
chemistries of LLAC before and after adsorption. The spectra reveal the characteristics’ details 
of the functional groups present in LLAC before and after adsorption. The samples are 
encapsulated in the potassium bromide pellet. They are measured from 4000 to 400 cm−1. The 
analysis is done automatically by software which attached to the system (Spectrum version 
5.0.2). The pore volume, average pore diameter, and surface area were determined using 
Micromeritics ASAP2020 volumetric adsorption analyzer while the Brunauer-Emmett-Teller 
(BET) was used to measure the surface area of the adsorbent. The total pore volume was 
determined in liquid N2 volume at 0.98 relative pressure.[50] 

Batch sorption experiments 

Batch adsorption studies were carried out at 25 °C, 45 °C and 60 °C. Six different 
concentrations (25 mg/L, 50 mg/L, 100 mg/L, 200 mg/L, 400 mg/L and 500 mg/L) were 
prepared in Erlenmeyer flasks. To each concentration, 0.10 g LLAC was added to each flask 
filled with a 100 ml RBV5R dye solution. The flasks were closed and positioned in an 
isothermal water-bath shaker at 30 °C constant temperature and a speed of 80 rpm until 
equilibrium is attained. The aqueous samples were withdrawn at a fixed time interval to 
measure the concentrations using a UV/Vis spectrophotometer at 520 nm wavelength. The 
same procedure was applied at solution temperatures of 45 °C and 60 °C. For kinetic and 
equilibrium investigations, dye uptake at time t (i.e., qt (mg/g)) and equilibrium, qe (mg/g)), are 
calculated using Eqs. (1) and (2). Eq. (3) was employed to calculate the percentage removal at 
equilibrium. 

           [1] 

           [2] 

      [3]  

where Ct, Co, and Ce (mg/L) are liquid-phase concentrations of RBV5R dye at time, t, initial 
solute concentration, and liquid-phase concentrations of RBV5R dye at equilibrium 
respectively. V is the volume of the solution (L) and W is the mass of adsorbent (g).[10,51] 

Validity of adsorption isotherm 

In order to validate the isotherm that best describes the experimental data, the normalized 
standard deviations (Δqe (%)) were employed (Eq (4)) to support the correlation regression 
(R2) value which is common to all models. 

      [4]  

where n is the number of the data point, qe.exp and qe.cal (mg/g) is the experimental and calculated 
equilibrium adsorption capacities respectively. This parameter measures the difference 
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between the amounts of adsorbed RBV5R dye predicted by the models and experimental 
values: the lower the value of Δqe, the better the fit.[52,53] 

Kinetic and isothermal studies 

Adsorption kinetic provides reaction mechanisms and pathways, relating the rates of adsorption 
with the concentrations of adsorbate in solution. Adsorption kinetic for removal of RBV5R dye 
by LLAC was investigated using pseudo first order (PFO), pseudo second order (PSO), 
Elovich, Avrami, Boyd and intraparticle diffusion (IPD) models respectively. The adsorbate 
and adsorbent interactions were analyzed via seven isotherm models: Langmuir, Freundlich, 
Temkin, Dubinin Radushkevich (DR), Koble Corrigan (KC), Vieth Sladek (VS), Radke 
Prausnitz (RP) and Brouers Sotolongo (BS) isotherm models. Table 2 presents the kinetic and 
isotherm parameters for RBV5R dye adsorption onto LLAC. 

Table 2. Adsorption isotherm and kinetics parameters. 

  

Adsorption thermodynamic studies 

Gibbs free energy (ΔG˚), enthalpy change (ΔH˚) and entropy change (ΔS˚) described in Eqs. 
(23)–(25) were used to explain the thermodynamics of RBV5R dye adsorption onto LLAC at 
three different temperatures (303, 313 and 323 K): 
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                    [23] 

                    [24]  

The ΔS and ΔH values are the intercept and slope of the Van’t Hoff plot of ln KLvs 1/T. KL 
value is the Langmuir constant (L/mol) determined from the lnqe/Ce relation at 303 K, 313 K, 
and 323 K. Energy of adsorption (i.e., the minimum energy required by the reactants for 
interaction (s) to proceed) was calculated using the Arrhenius equation (Eq. (25)):  

                    [25]  

where K2 is the PSO rate constant (g. (mg h)−1), Ea(kJmol−1) is the Arrhenius energy of 
activation of RBV5R dye adsorption, A is the Arrhenius factor, R is the universal gas constant. 
The plot of ln K2 against 1/T gives a straight-line graph with a slope of − Ea/R. 

Results and discussions 

Characterization of lemongrass leaf AC (LLAC) 

Proximate analysis 

Lemongrass leaf used in this study was rich in the volatile matter and moisture contents which 
become drastically decreased from LL raw to LLAC samples. This significant decrease was as 
a result of activation and carbonization process at higher temperature; this affected the stability 
of organic compounds leading to breakage and linkage of bonds as a result of heat. During this 
process, volatile matters are released as liquid and gaseous products finally evaporated leaving 
only materials of high carbon contents.[48,50,64,65] This implies that activation at higher 
temperature broke down the lignocellulosic materials followed by the volatilization of the 
volatile compounds,[31,66] leading to an increased reaction rate during C-NaOH activation 
process. This of course results in “carbon burn off,” which resulted in the development of better 
porous surface on the LLAC samples. Proximate analyses show that physiochemical 
activations successfully improved the fixed carbon contents and reduce the volatile matter 
(Table 3). The LLAC sample revealed relatively low moisture content, volatile matter and ash 
content; this implies that LLACs are good adsorbent materials for RBV5R dye removal. The 
lower ash contents obtained for the LLAC as shown in Table 3indicates its suitability as a good 
adsorbent. It should be noted that high ash content decrease the effectiveness and performance 
of AC, meaning that the lower the adsorbent ash contents, the better its performance and 
efficiency for dye removal.[38,67] 

Table 3. Proximate content of precursor, char and activated carbon. 

  

 

 



8 
 

Surface area and pore size of LLAC 

Surface area and pore size are significant features influencing the superiority of adsorbent 
materials. The BET surface area, mesopore surface area, total pore volume and average pore 
diameter of the LLAC are 836.04 m2/g, 598.6 04 m2/g, 0.472 04 cm3/g and 3.62 nm, 
respectively as shown in the Table 4. The process of LL activation with NaOH and CO2 
gasification helped the formation of mesopores which resulted in the formation of LLAC with 
higher surface area in contrast to the LLchar with lower surface area. The average pore diameter 
of 3.62 nm implies that LLAC was in mesopore regions with high affinity for RBV5R dye 
removal. 

Table 4. Surface area and pore characteristics of the prepared activated carbons. 

  

Surface morphology of LLchar and LLAC 

Figure 1a and b shows the corresponding SEM images of LLchar and LLAC. It is obvious that 
the surface of LLchar (Figure 1a) was uneven and rough, the pores are not well developed. 
However, Figure 1b reveals the formation of numerous and distinct pores on the LLAC surface. 
This suggests that one of the significant contributions of the activation process was to widen 
and open up the pores on LLAC surface, in so doing, the ability for removing RBV5R dye 
becomes enhanced.[2,38,50] This means that NaOH was efficient in the creation of numerous 
well- and properly developed pores on the surface of the precursor thereby enhancing the 
process of adsorption. This was as a result of the large porous structure and surface area of the 
LLAC.[12,25,65,68] 

 

Figure 1. SEM micrographs of (a) lemongrass leaf char (Magnification = 24kx); (b) AC (Magnification = 24k x). 
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Surface chemistry of LLAC 

The porosity as well as the presence of prominent functional groups on the adsorbent surface 
affect the adsorption capacity.[69] The infrared spectroscopy technique was used for the 
identification of the functional groups present in the LLAC that are responsible for binding 
RBV5R dye molecules, and also to elucidate the dye–adsorbent interactions. FTIR spectra of 
LLAC before and after adsorption of RBV5R dye are presented in Figure 2. For LLAC before 
adsorption (Figure 2a), the bands at 3571–3200 cm−1 assigned to O–H stretch, H-bonding, 
2980–2960 cm−1 attributed to C–H stretching of alkane, 1737–1708 cm−1 attributed to C = O 
stretch, 1675–1600 cm−1 assigned to Aliphatic C = C stretch, 1600–1500 cm−1 attributed to N–
O asymmetry stretch, 1470–1430 cm−1 assigned to C–H bending, 1385–1380 cm−1 assigned to 
CH3, 1340–1250 cm−1 assigned to C–N stretch, 1050 cm−1 ascribed to C–O stretch, 1350–
1260 cm−1 assigned to O–H bending from a carboxylic acid. It was observed that most of the 
functional groups were greatly altered after adsorption of RBV5R dye (Figure 3b). Comparing 
both spectra, the disappearance of the following bands 2125 cm−1, 1650.09 cm−1, 1514.46 cm−1, 
1386–1273 cm−1, 904–803 cm−1 present in LLAC before adsorption were observed (Figure 2a); 
provides rich chemistry that led to the effective removal of RBV5R dye; as these pores and 
active sites are opened (Figure 2a), it became occupied by the RBV5R dye molecules after 
adsorption (Figure 2b). This led to decrease or disappearance in bands and shifting to lower 
wavelengths (Figure 2b) which suggests the involvement of these functional groups in the 
binding of RBV5R dye to LLAC.[2,53,70] The change in peak wave numbers confirms the 
adsorption of RBV5R dye onto the surface of LLAC. This further indicated the involvement 
of these functional groups in the adsorption of RBV5R dye molecules on the surface of the 
LLAC through weak electrostatic interaction or Van der Waal forces. This can be considered 
as further evidence for the interaction between LLAC and the RBV5R dye molecules.[49] 

 

Figure 2. FT-IR of LLAC; (a) before adsorption (b) after adsorption. 
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Figure 3. Dye adsorption at different initial concentrations and contact time of RBV5R onto LLAC at (a) 30 °C, 
(b) 45 °C, (c) 60 °C and (d) RBV5R percentage dye removal at 30 °C. 

Batch adsorption studies of RBV5R dye adsorption onto LLAC 

Effects of contact time and initial RBV5R dye concentration 

The effects of contact time and initial RBV5R dye concentration onto the LLAC at 30 °C, 50 °C 
and 60 °C are shown in Figure 3a–c. Figure 3d represents the percentage RBV5R dye adsorbed 
onto the LLAC at different contact times at 30 °C. Plots for adsorption of RBV5R dye onto the 
LLAC at 45 °C and 60 °C are given in S1 (Supporting information). These results showed that 
the adsorption of RBV5R dye increases with time. Rapid RBV5R dye uptake was observed at 
the initial stage of contact periods around 0–6 hours but after 6 hours a very slower dye uptake 
was noticed until it reaches equilibrium before 24 hours. This was attributed to the availability 
or accessibility of a large number of vacant sites for adsorption of RBV5R dye at the initial 
stage.[71] After a lapse of time, the adsorption became slower as a result of the decreased number 
of vacant sites since these surface sites were almost fully occupied by dye molecules. 

In dye adsorption processes, the dye molecules need to first encounter the boundary layer 
effects first prior to a diffusion onto the adsorbent’s surface, thereafter, it diffuses into the 
adsorbent’s porous structures.[72] In fact, at higher initial dye concentrations, the higher RBV5R 
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dye uptake was obtained as the amount of dye molecules contending for the available sites on 
LLAC surface are higher. Table 5 presents the adsorption uptake and percentage removal at 
equilibrium showing that the process of adsorption is highly dependent on the initial RBV5R 
dye concentrations. 

Table 5. Adsorption of RBV5R dyes uptakes and Percentage of dyes removal at equilibrium. 

  

Effect of solution temperature 

Figure 4 revealed the RBV5R dye uptake onto LLAC, qe (mg/g) obtained at different initial 
dye concentrations as a function of solution temperature. The amounts of RBV5R dye uptake 
improved with increase in solution temperature (30–60 °C) at all initial RBV5R dye 
concentrations. This indicates that adsorption of RBV5R dye onto LLAC is an endothermic 
process. Increasing the solution temperature results in significant increase in chemical 
interaction of RBV5R dye with the LLAC surface functional groups. This pave way for 
increase RBV5R dye mobility to deeply penetrate the LLAC active sites.[48] This, therefore, 
enhanced the reduction of viscosity of the RBV5R dye solution, showing that the diffusion rate 
of the RBV5R dye molecule across the external boundary layer and through the internal pores 
of the LLAC significantly increased. This result is in close agreement with previous 
studies.[2,49,50,73] 

 

Figure 4. Adsorption of RBV5R dye at different solution temperatures. 
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Influence of solution pH 

Adsorption of organic species is significantly influenced by the solution pH because pH 
governs the properties of adsorbent and adsorbate molecules such as the surface charge of the 
adsorbent and ionization degree of the adsorbate molecule.[74–76] The effect of pH on RBV5R 
dye uptake by LLAC were investigated at pH range of 2.0–12. The percentage dye removal by 
LLAC was carried out at the following experimental conditions: dose of LLAC (0.1 g), RBV5R 
dye concentration (100 mg/L), and solution temperature (30 °C). Figure 5 shows the influence 
of solution pH on the RBV5R dye adsorption. The highest percentage removal was 45.54% for 
RBV5R dye at the initial dye concentration of 100 mg/L. It shows that the adsorption capacity 
of RBV5R dye onto LLAC decreased as solution pH increased, at pH 2, the LLAC had the 
maximum percentage removal at initial RBV5R dye concentration of 100 mg/L. It was 
observed here that RBV5R dye removal onto LLAC is strongly dependent on solution pH. This 
is in agreement with previous studies.[74,77] Dissolving RBV5R dye in aqueous media led to the 
existence of sulfonate groups (Dye-SO3Na) which become dissociated and converted to anionic 
dye ions (Dye-SO3

−). This leads to strong electrostatic interactions involving the RBV5R dye 
ions and LLAC.[74] In fact, changing the solution pH from 2 to 8 decreases the adsorption 
capacity further to 36% (Figure 5). The decrease in adsorption capacity when the pH became 
greater than 2 can be ascribed to the reduction of the positively charged ions on LLAC surface 
in alkaline medium and also the competition for adsorption on the LLAC active sites between 
the RBV5R dye ion and hydroxyl ion with increasing solution pH.[74,75,78] This implies that as 
the initial pH of the system increases, the surface of LLAC becomes more negatively charged, 
thereby establishing the electrostatic interaction between LLAC surface and RBV5R dye 
molecules.[78] This electrostatic attraction between the charged surface and charged dye 
molecule may be considered as the principal adsorption mechanism.[74] 

 

Figure 5. Effect of initial pH on RBV5R dye removal. 
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Figure 6. Plot of (a) Langmuir, (b) Freundlich, (c) Temkin and (d) Dubinin-Radushkevich, (e) Koble-Corrigan, 
(f) Radke-Prausnitz, (g) Vieth-Sladek and (h) Brouers-Sotolongo isotherm for RBV5R adsorption on LLAC at 
30oC (^), 45oC (⬜) and 60oC (Δ). 
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Adsorption isothermal studies 

Adsorption isotherms are employed to explain solute interactions with LLAC when the process 
of adsorption reaches an equilibrium state. In this study, eight isothermal models were selected 
for the fitting of the equilibrium data (Figure 6): (a) Langmuir, (b) Freundlich, (c) Temkin, (d) 
DR, (e) KC, (f) VS, (g) RP and (h) BS isotherm models. These models were used to find the 
most suitable model(s) that best explained the experimental data. By determining the value of 
the correlation coefficient, R2 for all isotherm equations, it is expected that the most suitable 
model(s) would give the highest R2 value. The results of the isotherm parameters are presented 
in Table 6. According to Figure 7, which illustrates the plot of the separation factor (RL) against 
the initial RBV5R dye concentration at 30 °C in the concentration range studied (25–
500 mg/L), the RL ranged from 0.245 to 0.795. These values are below 1. This implies a 
favorable RBV5R dye adsorption onto LLAC, suggesting that the process of adsorption was 
favored at higher initial RBV5R dye concentrations. The plots obtained for similar adsorption 
process at 45 °C and 60 °C are also investigated and reported (Figure S2) (supporting 
information). For the Freundlich isotherm, the value of nF equal to 2.101, suggesting a 
favorable physical process. As for the Temkin isotherm, the B constant was 21.99 which 
indicated an exothermic adsorption reaction.[79] The Vieth–Sladek (VS) (Figure 6g) isotherm 
best explained the adsorption equilibrium of the RBV5R dye onto LLAC. The VS isotherm is 
usually employed for estimation of the rate of diffusion in a solid material on transient 
adsorption. Particularly, it is applicable to the solute that is adsorbed in regard to a definite 
isotherm: explained by linear components (Henry's law) and nonlinear components (Langmuir 
eqn). The linear component corresponds to a physical to gas-dissolve amorphous regions, while 
the nonlinear connotes the adherence of gas molecules to the surface pores on the adsorbent.[80] 

 

Figure 7. Plot of separation factor versus initial dye concentrations at 30 0C. 

 

 



15 
 

Table 6. Isotherm parameters for RBV5R. 

  

Thus, by comparing the experimental results and isotherm models used, Freundlich and Koble 
Corrigan models were found suitable for RBV5R dye adsorption (each having R2= 0.992). 
Freundlich isotherm model is based on adsorption on the heterogeneous surfaces[55] while the 
Langmuir isotherm model assumes that constant energy of adsorption and independent of the 
coverage surface where the adsorption occurs on the localized site with no interaction between 
the adsorbate. Table 6 showed that the values of mean free energy of adsorption, E, from the 
DR equation for RBV5R dye at the different solution temperature were lesser than 8 kJ/mol. 
Therefore, the adsorption mechanism in this study is physical in nature. 

Adsorption kinetics 

Adsorption kinetic remains a vital characteristic that defines the effectiveness of adsorption. 
The dynamics of adsorption process describe the solutes’ adsorption rates which is a function 
of contact time of dye adsorbed at the solid-solutions interface.[78] The performance of AC can 
be easily compared by the rate constants of adsorption.[16] Four kinetics models (PFO, PSO, 
Elovich, and Avrami models) were used to test the adsorption data. The parameters are reported 
in Table 7. Figure 8 represents the linearized graphs of four kinetic models for RBV5R dye 
adsorption onto LLAC at 30 °C at various initial concentrations. The fittings of the equilibrium 
data were done using the linearized forms of Eqs. (14)–(16). The R2 values obtained from 
isothermal models were correlated for the fitting of the adsorption data. The closer the R2 value 
to 1, the better the fit. Kinetic studies were also investigated for adsorption systems at 45 °C 
and 60 °C (see Figure S3 in the supporting information). In comparison with other models, 
PFO kinetics model offered the best fitting (Figure 8) judging from R2 value which shows a 
consistent trend (Table 7).[59] The R2 values are closer to 1 indicating good agreements between 
qe,exp. and qe.cal values. This means that equilibrium is attained faster at low initial RBV5R dye 
concentrations than at high concentrations.[60] Elovich model describes the nature of adsorption 
systems. This finding reported is similar to previous works.[25,39,81] The plot of qt against ln(t) 
showed a linear relation with (1/b) values reflecting the number of available sites for adsorption 
while the value of (1/b) ln(ab) indicated the quantities adsorbed. 
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Figure 8. Linearized kinetic model plots of for RBV5R dye adsorption on LLAC at 30 0C; (a)pseudo-first order, 
(b) pseudo-second order, (c) Elovich and (d) Avrami. 
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Table 7. Kinetic model constant parameter for RBV5R adsorption at 30 °C. 

  

Summarily, the kinetic parameters obtained from Figure 8 for adsorption of RBV5R dye onto 
LLAC at 30 °C are tabulated in Table 7. Also, the PSO model parameters are in good agreement 
with the experimentally observed values, particularly at low initial concentrations. At high 
initial concentrations, the PSO model shows deviation from the experimental data showing that 
adsorption of RBV5R dye onto LLAC did not follow the PSO model. The adsorption system 
at 45 °C and 60 °C also gave similar plots. These observations are in agreement with other 
studies.[2,48,50] 

Intraparticle diffusion and mechanistic studies 

Although several factors control the adsorption rate:[25,39,53,65,82] (i) film diffusion in which 
adsorbate ion travel toward the adsorbent external surface. (ii) particle diffusion, where 
adsorbate ion travels within the pores of the adsorbent where less adsorption occurred on the 
adsorbent’s exterior surface. (iii) adsorption of the adsorbate ion on the adsorbent’s interior 
surface.[25] Practically, the adsorption mechanism remains a significant and major factor that 
governs the adsorption kinetics such that there exists the occurrence of the initial curved portion 
due to the fast surface adsorption and external diffusion of RBV5R dye unto LLAC.[39] 

Figure 9 shows IPD plots at different initial RBV5R dye concentrations onto LLAC at 30 °C 
resulting in three different phases of RBV5R dye adsorption: the first stage is instantaneous 
adsorption which is the involvement of strong electrostatic attractions occurring between 
RBV5R dye and LLAC external surfaces. In this stage, there is a boundary diffusion layer of 
RBV5R dye molecules. The mass transfer is governed by several relationships: the mechanism 
of adsorption, liquid-solid phase coupling and initial-to-boundary factors. This further predicts 
that the attainment of the equilibrium are IPD-controlled.[39] The second phase is attributed to 
a gradual stage revealing that the IPD is the slowest step. This step is called the rate-
determining step.[83,84] Following this was the third phase with the comparatively slower 
adsorption processes having the linear stability of approaching the equilibrium (plateau) stage; 
this is called the maximum adsorption stage. This was due to lower concentrations of RBV5R 
dye remaining in the solution. The values of IPD- model constants; kt and C were estimated 
from the qt (mg/g) vs. t1/2 (h1/2) plot are reported in Table 8. As shown in Figure 9, it means 
that the IPD plot was not the only rate-determining mechanism in the process of adsorption. 
The values of kdif, C, and R2 for the three stages are reported in Table 8. 
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Figure 9. Plot of intraparticle diffusion model for (b) RBV5R dye adsorption on LLAC at 30 0C. 

Table 8. Intraparticle diffusion model constant for RBV5R adsorption onto LLAC at 30 oC (k, mg/g h1/2; initial 
dye concentration, mg/L). 

 

From Table 8, the kp1, and kp2 values for the three phases increased with an increase in the initial 
RBV5R dye concentration due to the significant increase of the concentration gradients called 
the driving force which further enhance the rate of diffusion of RBV5R dye onto 
LLAC.[25,39,48,50,65,85] The value of C also increases as the initial RBV5R dye concentration 
increases, which implies that there is an increase in the thickness of the boundary layer.[50,86] 

Interestingly, the first phase of adsorption was completed within the first minutes due to the 
rapid RBV5R dye uptake by LLAC. Then the second phase of IPD control was reached whereas 
the third phase was reached at high concentration. Adsorption increases very fast in the first 
phase and later decreases as time increases, implying that the equilibrium was achieved fast. 
This behavior clarifies the major disparity among k1, k2 and k3. For the second and third stages, 
the linear plot deviated from origin. The non-linearity of the qt (mg/g) vs. t1/2 (h1/2) plot obtained 
for RBV5R dye adsorption onto LLAC (Figure 9) with deviation from zero reveals that IPD 
was not the only rate-determining step. The divergence might be as a result of differences in 
the rate of mass transfer occurring both at the initial and final phases.[87] Plots with the non-
zero origin (C ≠ 0) shows that IPD occurred in the adsorption processes but it is not the only 
controlling variable for the rate of reaction. The intercept “C” shows proportional relationship 
with the boundary layer having a noticeable extent of thickness at 30 °C.[39] This further helped 
to establish the propensity of LLAC to either adsorb RBV5R dye or remain in the solution. The 
higher values of “C” depicted an enhanced capacity of adsorption. 

Another principal characteristic involved in the process of adsorption is the actual slow step; 
therefore, for the prediction of the actual slow steps, the Boyd model was applied. Figure 10 
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presents the Boyd model plots for the RBV5R dye uptake onto LLAC. The linearized plots of 
Bt values versus time for various dye initial concentrations at 30 °C (Figure 10), revealed that 
the linear plots for all initial RBV5R dye concentration did not pass through the origin, thus 
confirming that the rate-controlling step in the adsorption processes is determined by external 
mass transfers.[88] This was because of the extent of difference in the rate of mass transfer 
between the first and second phases of external mass transfer (film diffusion) where the 
particles’ diffusion was the rate-limiting step. These first and second adsorption phases are 
ascribed to the macropore and micropore diffusions respectively.[2,64,73,89] 

 

Figure 10. Plot of Boyd model for the adsorption of RBV5R dye on LLAC at 30 0C. 

Thermodynamic studies 

Thermodynamic parameters (ΔG0, ΔH0 and ΔS0) remains very important factors in adsorption 
systems; they are key parameters for the adsorbent sorption capacity.[2,90] These three 
thermodynamic parameters were considered based on the transferring of 1 mole of solute from 
the solution onto the interface of the solid-liquid. The values of ΔS0 and ΔH0 are intercept and 
slope obtained from the Van’t Hoff plot of ln KL (L/mg) versus 1/T (Figure 11a). The plot of 
ln k2 vs. 1/T gave a linear graph with a slope of -Ea/R giving a positive value of energy of 
activation (Figure 11b). The minimum energy Ea needed for the reaction to occur was 
2.811 kJ/mol, which is less than 40 kJ/mol. This signifies that the rate-controlling step for 
RBV5R dye adsorption is physically controlled and a rapid process which occurred at low 
temperature unlike chemical adsorption.[91] The values of ΔG0, ΔH0, ΔS0, and Ea for RBV5R 
dye adsorption onto LLAC at different temperatures are listed in Table 9. The negative values 
of ΔG0 (ranging from −11.122 to −11.936 kJmol−1) obtained for the adsorption of RBV5R dye 
onto LLAC depict the spontaneity of the adsorption process; with a significant preference for 
the RBV5R dye onto LLAC.[12,92–93] These results are in agreement with the effects of solution 
temperature at 45 °C and 60 °C respectively. Increasing the temperature leads to a decrease in 
the ΔG0 values which showed a less driving force, resulting in less adsorption.[2,82] The ΔH0 
value was positive (20.160 kJmol−1) revealing an endothermic nature of the adsorption process 
(Table 9). The positive value of ΔS (27.140 kJmol−1K−1) confirmed the affinity of LLAC for 
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the RBV5R dye uptake and increased randomness at the solid-solution interface during the 
adsorption process. 

 

Figure 11. (a) Plots of ln KL versus 1/T for adsorption of RBV5R dye on the LLAC. (b) Plot of ln k2 versus 1/T 
for adsorption of RBV5R dye onto LLAC. 
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Figure 11 b: Plot of ln k2 versus 1/T for adsorption of RBV5R dye onto LLAC. 

Table 9. Thermodynamic parameters for adsorption of RBV5R dyes on LLAC. 
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 Conclusion 

Low-cost AC was successfully prepared from Lemon grass leaf for the removal of RBV5R dye 
using the physicochemical activation techniques. Surface area of 836.04 m2/g, mesopore 
surface area of 598.64 m2/g, total pore volume of 0.472 cm3/g, and average pore diameter of 
3.62 nm of LLAC was obtained. Batch adsorption studies with four different operational 
variables: initial RBV5R dye concentration (25 mg/L–500 mg/L), contact time (0–24 hrs), 
solution pH (2–12) and solution temperatures (30–60 °C) revealed that the percentage RBV5R 
dye removal decreases with increase in initial dye concentration, contact time and solution 
temperature. RBV5R dye adsorption onto LLAC was best represented by Freundlich and Koble 
Corrigan isotherm models. The monolayer adsorption capacities (qm) obtained for Langmuir 
and Koble Corrigan isotherm models are 125 and 342.9 mg/g respectively. For the adsorption 
kinetic model, the adsorption RBV5R dye on LLAC fitted PFO kinetic model most with qmax 
of 95.7 mg/g which increased with increase in temperature, signifying an endothermic process 
of adsorption. The adsorption process was spontaneous, endothermic in nature and physically 
controlled. 
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