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a b s t r a c t
Tiger nut residue (TNR), an agricultural waste, was investigated as a cheap and eco-friendly adsor-
bent to remove methylene blue (MB) from solution. The surface characteristics of TNR were ana-
lyzed by X-ray diffraction, Fourier transform infrared spectroscopy and scanning electron micros-
copy. The results showed that increasing dose resulted in increased percentage removal. TNR had 
a pHzpc of 5.5. The presence of salt in the system did not significantly affect MB removal. Higher 
temperatures were not beneficial to the adsorption process. The adsorption mechanism is predicted 
by the pseudo-second-order kinetic model while Langmuir and Freundlich’s equations describe best 
the adsorption isotherm. The maximum adsorption capacity by Langmuir isotherm is 146  mg/g. 
Thermodynamic analyses suggested that MB adsorption onto TNR was a physisorption process that 
was spontaneous and exothermic and that no remarkable change in entropy occurred during the 
adsorption process. Finally, the cost analysis was presented. The potential of TNR to be used as the 
future of green and sustainable adsorbent has been further demonstrated by its potent reusability.
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1. Introduction

Rapid global industrial revolution coupled with the 
high rate of population growth has resulted in the pollu-
tion of global water resources [1,2]. Water pollution has 
since become an important issue of environmental concern 
worldwide [3]. The various hazardous pollutants, including 
dyes, released into these water bodies are mostly of organic 
and inorganic sources [4]. Dyes are categorized into two 
main groups: natural and synthetic [5]. Synthetic dyes are 
also divided into three groups: anionic (direct, acid, and 
reactive dyes), cationic (basic dyes) and non-ionic dyes 
(disperse and vat dyes) [2]. The dye molecules present in the 
wastewater are problematic because of their high molecular 

stability, poor biodegradation, carcinogenic and mutagenic 
effects to both aquatic fauna and human beings. Besides, 
they are not only aesthetically displeasing but also toxic 
to aquatic life because of their ability to decrease sunlight 
penetration into the water, thus reducing the photosynthetic 
activity of the systems [2,6]. Sources of these dyes include 
textile, food, cosmetics, pharmaceutical industries, and 
health facilities [4,6]. These dyes are applied as colorants, 
in foods, paint, textiles, cosmetics, leather, paper-making, 
plastics, and stains in the health and pharmaceutical indus-
tries [5]. Ranjith et al. [2] indicated that cationic dyes are 
more toxic and higher in tinctorial values than anionic 
dyes. Among these cationic dyes, methylene blue (MB) is 
the most commonly used dye for several purposes as stain, 
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dermatological agent, additive to poultry feed, paper indus-
tries, and extensively used in textiles. MB dyes are non-bio-
degradable, toxic, cause allergy and carcinogenic to human  
beings. MB has a maximum absorption peak at a wavelength 
of 665 nm, a molecular formula of C16H18ClN3S, with a molar 
mass of 319.85 [7]. Therefore, for the sake of human health 
and ecological security, it is impending to take measures to 
reduce the degree of damage [8] and even achieve a risk-free 
level from dye pollution in our environment [5]. Researchers 
have explored several technologies and methods to address 
this menace. These include photocatalysis, electrochemical 
oxidation, ozone treatment, membrane separation, floccula-
tion, coagulation, oxidation, biological methods and precip-
itation for the removal and purification of dye wastewater 
[1,2,4,6]. However, these methods present some disadvan-
tages related to the high cost of operation and production 
of secondary pollutants.

Adsorption is a promising technique in dye removal. 
It is efficient, versatile, simple in design, eco-friendly, low in 
cost, and widely used color removing technique [3]. Zhang 
et al. [8] acknowledged this fact as they posit that adsorption 
technology is gaining significance in fundamental studies 
and industrial applications. Some of the reported materi-
als that have been studied in environmental dye pollutant 
treatment include clay materials, chitosan, double-layered 
hydroxides, fly ash, activated carbon, resin, biological straw, 
carbon nanotubes among others [2,4–6,8,9]. Good perfor-
mance of adsorption materials plays a vital role in waste-
water purification [5]. Cellulose is one of the most abundant 
biomacromolecules in nature which is very degradable 
and a nontoxic potential candidate for use as an adsorbent 
in dye removal [10].

Plant cell walls are made up of cellulose, hence their 
potential use as adsorbents is worth investigating. Recently, 
the use of agricultural waste as alternative classical adsor-
bents have been reported. Raw and modified almond shells 
have been used for the removal of methyl violet 2B [11] and 
crystal violet [12] from aqueous solution. In other related 
dye adsorption studies, MB was removed from aqueous 
solution by peanut husk [13], phoenix tree’s leaves [14] 
and cereal chaff [15] in batch and fixed-bed column modes. 
The low adsorption capacities reported by these studies 
motivated us to investigate the use of Cyperus esculentus 
as an adsorbent since there is no report of its usage in dye 
removal at present.

Cyperus esculentus (also called tiger nut sedge, chufa 
sedge or earth almond) is a crop of the sedge family wide-
spread across much of the world and widely cultivated for its 
edible tubers. It is found in most of the Eastern Hemisphere 
including Africa, Southern Europe, and Madagascar, as well 
as the Middle East and the Indian subcontinent. This herb 
grows and reproduces quickly. Its tubers can develop in soil 
depths around 30  cm, but most occur in the top or upper 
part. They tolerate many adverse soil conditions including 
periods of drought and flooding and can survive soil tem-
peratures around –5°C [16]. Tiger nut residue (TNR), thus, 
presents us with a ‘green’, eco-friendly, easily accessible, 
and economically potential alternative adsorbent.

This study aims to use TNR as a ‘green’, eco-friendly 
and low-cost absorbent material to efficiently remove MB 
from solution. The effect of pH and salt concentration on 

adsorption as well as the isotherm, kinetics, and thermody-
namic parameters were also investigated.

2. Materials and methods

2.1. Chemicals and materials

MB was purchased from Shanghai Lanji Technology 
Development Co., Ltd., (Shanghai, China). Absolute ethanol 
(EtOH) was bought from Fuchen Chemical Reagent, (Tianjin, 
China). Sodium chloride (NaCl), sodium hydroxide (NaOH) 
and calcium chloride (CaCl2) were obtained from Zhengzhou 
Chemical Corporation, (China). All the chemicals used in this 
study were of analytical grade hence they were used with-
out further purification. TNR was collected from a tiger nut 
milk-producing shop in Bantama Market in Kumasi, Ghana. 
It was washed extensively with tap water and filtered to 
obtain the residue. The collected TNR was then dried in an 
oven at 60°C until a constant weight was obtained. The dried 
TNR was sieved to produce particles of 40–60 mesh.

2.2. Preparation of MB solutions

A standard solution (1,000 mg/L) of MB was prepared by 
dissolving a precisely weighed amount of MB in a known 
volume of distilled water. The other experimental solutions 
were prepared by diluting the standard solution of MB 
with distilled water to give a suitable concentration and the 
pH (2–13) was varied using 1 mol/L NaOH or HCl solution.

2.3. Characterization

The crystal structure of the TNR was examined using 
X-ray diffraction (XRD) (PANalytical, Netherlands). TNR 
and TNR@MB pore volume, pore size and specific surface 
area were evaluated based on the Brunauer–Emmett–Teller 
method (BET, ASAP2420-4MP, American). The characteristic 
functional groups were determined using Fourier transform 
infrared spectroscopy (FTIR Spectrometer, Nicolet iS50, 
American). The surface was imaged using scanning electron 
microscopy (SEM) (JSM-7500F cold field emission scanning 
electron microscopy). The pHzpc (pH zero point charge) of 
adsorbent was carried out following the method described 
by Meili et al. [7] with some modification. Briefly, the ini-
tial pH (pHi) of 10  mL of distilled water in a 50  mL coni-
cal flask was adjusted from pH of 2–13 using few drops of 
0.10 mol/L of HCl or 0.10 mol/L of NaOH solution. 20 mL 
of 0.05  mol/L of NaCl solution was then added to each 
conical flask containing the pH adjusted distilled water. 
The adsorbent was then added to conical flasks containing 
adjusted pH solutions. The adsorbent solutions were then 
equilibrated in the shaker for 24  h at 120  rpm and 30°C. 
The suspensions were filtered and the final pH (pHf) was 
recorded. The change in solution pH (ΔpH = pHf – pHi) was 
calculated for each solution, and a plot of ΔpH vs. initial pH 
(pHi) was sketched to determine the value of pHzpc.

2.4. Adsorption experiments

The removal of MB from aqueous solution by TNR was 
studied in batch mode. A certain amount of adsorbent was 
added to a 50 ml conical flask, and then 10 mL of MB solution 
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was added. The effect of pH, contact time, temperature, con-
centration, adsorbent dose, and salt were investigated to 
study the effect of the operational parameters on the removal 
of the dye from the solution. Then the conical flasks were 
placed in a thermostatic shaker (Kexi Instrument KW-1000DB, 
China) at 120 rpm at a constant temperature for a given time. 
After adsorption, TNR was separated from the solution by 
centrifugation at 3,000 rpm and MB concentration was mea-
sured. Visible spectrophotometry (Persee TU-1900, China) 
was used for the analysis of MB at a maximum absorption 
wavelength of 665 nm. The spectra (obtained from the instru-
ment) of dye before and after adsorption is shown in Fig. 1. 
All experiments were performed in triplicate to ensure accu-
racy, reproducibility, and the average (n = 3) results were used 
for further data analysis using Microsoft Excel 2016 version 
and Origin 8.5.

The adsorption capacity (q) and removal efficiency (% p) 
of the TNR to MB were calculated in the light of Eqs. (1) 
and (2):

q
V C C

m
=

−( )0 	 (1)

p
C C
C

=
−( )

×0

0

100% 	 (2)

where C0 and C are the initial and equilibrium concen
tration or concentration at any time t (mg/L) of MB, V is 
the volume (L) of MB and m is the mass (g) of TNR.

2.5. Desorption and regeneration study

The MB-loaded TNR (TNR@MB) was obtained for MB 
adsorption at an initial concentration of 100  mg/L (pH 4.0) 
at 30°C and the first-time adsorption quantity qe was cal-
culated. Then, TNR@MB was washed with distilled water 
to remove the unabsorbed dye and was dried at 60°C in 
an oven. The exhausted TNR was regenerated by several 
solutions including ethanol, 75% ethanol, 0.16 mol/L NaCl, 

0.010 mol/L NaOH and 1% HCl (pH = 1) solution. However, 
the best method (75% ethanol) was used for multiple desorp-
tions and regeneration studies. 10  mL of 75% ethanol was 
mixed with the TNR@MB into a conical flask and oscillated 
at 30°C to obtain equilibrium, then the concentration of the 
supernatant was measured. The regenerated adsorbent was 
reused at the same experimental conditions. The regenera-
tion yield was obtained as the ratio of values of qe before and 
after regeneration.

3. Results and discussion

3.1. Characterization of adsorbents

3.1.1. pH point of zero charge (pHzpc)

The point of zero charge is the pH at which the surface 
of the adsorbent is globally neutral. It describes the condi-
tion when the electrical charge density on a surface of the 
absorbent is zero [17]. It determines how easily a substrate 
is able to adsorb potentially harmful ions. Hence it is indis-
pensable to measure pHzpc of TNR. The results are shown 
in Fig. 2. It was seen from Fig. 2 that the pHzpc was 5.5. 
Below this value, the surface is positively charged whiles 
beyond this value, it is negatively charged. Therefore, it was 
expected that adsorption takes place at pH higher than 5.5 
since MB is a cationic dye, however, adsorption had reached 
over 90% at pH 4 (acidic). Thus, TNR is a novel adsorbent 
to efficiently remove MB over a wide range of pH.

3.1.2. FTIR analysis

The FTIR analysis was performed to study the sur-
face chemistry of TNR and TNR@MB between the range of 
4,000–500 cm–1 since it is an important tool to identify some 
important functional groups, which are capable of adsorb-
ing pollutants [13]. Fig. 3 presents the FTIR spectrum of 
the adsorbent before and after adsorption.

From Fig. 3, no obvious changes in the bands were 
observed on the studied materials (TNR and TNR@MB). The 
structure and composition of TNR were complex. The strong 
peak at 34,421  cm–1 is assigned to stretching and bending 
vibration of –OH functional group and molecular H2O [5] 
which indicates a significant hydrogen-bond interaction [18]. 
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The bands at 2,924 and 2,853 cm–1 are the vibration peaks of  
–CH3 and –CH2 groups [19]. The bands at 1,740 cm–1 indicates 
the stretching vibration of C=O, and the bands at 1,515 cm–1 
denotes the in-plane vibration of C=C due to the aromatic 
ring vibration of lignin in TNR [20]. The band at 1,639 cm–1 
is attributed to the presence of carbonyl (C=O) functional 
groups and the band at 1,080 cm–1 denotes the deformation 
vibrations of C–O [21]. In addition, the bands at 1,464; 1,380; 
and 1,242 cm–1 are assigned to the bending vibration of the 
–CH2–, the deformation vibration of –CH3– in cellulose, and 
the vibration of the C–O [22]. The absorption band, indica-
tive of alcohols –OH and aliphatic ethers (C–O–C) (1,160–
1,026  cm–1), is related to oxygenated functional groups in 
cellulose [18]. These bands above are the adsorption bands 
that all plant-based materials contain. Comparison FTIR of 
TNR and TNR@MB, it is observed that the location of the 
main peak was not significantly changed, but the strength of 
peaks at 1,740 and 1,242 cm–1 decreased, which suggests that 
functional groups containing oxygen played an important 
role during MB adsorption.

The percentage composition of carbon, hydrogen, and 
oxygen in the TNR were 49.28%, 6.06%, and 44.66%, respec-
tively. The results show that there are polar functional 
groups containing oxygen which are in favor of adsorption.

3.1.3. XRD analysis

XRD pattern is mainly used for crystal structure analy-
sis. The XRD pattern of TNR and TNR@MB are presented 
in Fig. 4. The characteristic diffraction peak at 22.57° and 
34.27° correspond to planes (200) and (004) indicative of the 
presence of highly organized crystalline cellulose [23,24]. 
There was no obvious difference between the XRD patterns 
of TNR and TNR@MB, which indicated that MB had no 
effect on the graphitic nature of the TNR [9].

3.1.4. BET analysis

The investigation of specific surface areas and total 
pore volumes of the adsorbent before and after adsorption 
are shown in Table 1. The results indicate the poor porosity 

of the adsorbent. It is observed that the adsorption of MB 
by TNR increases both the BET surface area and the total 
pore volume. However, the BET pore size decreases from 
3.41899 to 3.14962 nm. This may be as a result of the partial 
blockage of the pores by MB molecules [25].

3.1.5. Scanning electron microscopy

The morphology of TNR and TNR@MB as revealed by 
the SEM images shown in Fig. 5, can facilitate the adsorp-
tion of dyes, due to the irregular surface, thus making it 
possible to absorb and retain the dye molecules onto dif-
ferent parts of this material [26]. The heterogeneous rough 
and uneven surface with protuberances may provide an 
increase in the surface available for adsorption [7]. It is 
observed that the dye molecules are trapped inside some 
of the pores of the TNR.

3.2. Batch adsorption studies

3.2.1. Effect of pH on adsorption

The effect of pH on the adsorption of MB is presented in 
Fig. 6. It is observed that in a very acidic medium (pH = 2), 
the qe could reach 5.7 with removal efficiency over 70%. 
As the pH increased from 2 to 4, there was a sharp rise in 
both the qe and removal efficiency. Since MB is a cationic 
dye, it was expected that its adsorption should best take 
place at pH greater than the pHpzc. Because at lower pH, 
the positively charged surface of the TNR would cause elec-
trostatic repulsion of the MB, and the H+ in solution would 
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Table 1
BET analysis of TNR and TNR@MB

Textural properties TNR TNR@MB

BET surface area (m2/g) 0.3187 0.6080
BET total pore volume (cm3/g) 0.000272 0.000479
BET pore size (nm) 3.41899 3.14962
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also compete with MB for adsorption sites [4] on the TNR, 
hence relatively low adsorption would be expected at pH 
lower than 5.5. But Fig. 6 revealed that the adsorption pro-
cess achieves equilibrium (over 95%) after pH 4. This can be 
explained by the fact that adsorption of MB onto the TNR 
was regulated by other factors in addition to ion exchange 
electrostatic force. For TNR to effectively remove MB in an 
acidic and basic medium is therefore reported for the first 
time. Subsequently, all other experiments were carried 
out at pH 4 to demonstrate the removal efficiency of TNR 
even in an acidic medium since most researchers report MB 
removal in an alkaline medium or neutral pH [1,14,15,27].

3.2.2. Effect of salt ion on adsorption of MB

The effect of various concentrations of NaCl and CaCl2 
solution on the amount of MB adsorbed onto per unit 
mass of TNR for an initial MB concentration of 100 mg/L is 
presented in Fig. 7. The effect of CaCl2 was relatively more 
detrimental than that of NaCl. This observation is attributed 

to the ionic strength and charge density of Ca2+, which is 
higher than that of Na+. The decrease in qe with increasing 
salt concentration as observed in Fig. 7 could be attributed 
to the competitive effect between MB ions and cations from 
the salt for the sites available for adsorption. The adsorp-
tion of MB was not significantly affected by the presence 
of salts as the qe was over 8.3 even at a high salt concentra-
tion of 0.16 mol/L. These results implied that other actions, 
apart from ionic strength (such as hydrogen bond and Van 
der Waals’ force), might have existed during the adsorp-
tion process. Hence, TNR can efficiently be used as a novel 
absorbent to remove MB from aqueous solutions with higher 
salt concentration.

3.2.3. Effect of adsorbent dose on the adsorption of MB by TNR

The influence of different adsorbent quantity on the 
removal of MB was investigated from 0.005 to 0.16  g. 
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Fig. 5. SEM micrograph of TNR and TNR@MB.
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As shown in Fig. 8, it can be observed that the removal 
efficiency of MB increased whiles the qe decreased with an 
increasing dose of TNR due to the accessibility of higher 
adsorption sites. The percentage of removal increased from 
68.2% to 96.5% when the adsorbent load increased from 
0.01 to 0.2  g. With 0.1  g of the adsorbent dose, the maxi-
mum adsorption efficiency of 96.9% of MB was achieved, 
hence 0.1  g of the adsorbent dose was chosen as the opti-
mal condition for the rest of the experiment. The primary 
factor explaining this observation is that the active adsorp-
tion sites remain unsaturated during the adsorption process, 
whereas the number of active sites available for adsorption 
increases by increasing the adsorbent dose. At higher dose 
concentration, there is a very fast superficial adsorption onto 
the TNR surface that produces a lower solute concentration 
in the solution than when the TNR dose is lower. Other 
researchers have documented similar observations [22,28].

3.2.4. Effect of contact time on adsorption

The effects of adsorption time (10 to 360  min) at dif-
ferent temperatures were investigated and the results 
are presented in Fig. 9. A two-stage kinetic behavior is 
evident from the graph. A very rapid initial adsorption 
occurred over a few minutes, which was followed by a lon-
ger period of much gradual adsorption at a slower uptake. 
The adsorbed quantity of MB onto per unit mass of TNR 
increased quickly, then after about 90  min, the change 
became slow as the adsorption reaction approached equi-
librium with qt of 9.40 mg/g.

This phenomenon could be explained by the fact that 
the adsorbents had abundant vacant adsorption sites at 
the initial stage, which enhanced the dye molecules to 
be absorbed by the adsorbent. With prolonged time, the 
mass of the dye molecules gradually occupied the active 
sites. The decrease in the available vacant adsorption sites 
resulted in a decrease in adsorption to reach the equilib-
rium state [4]. Adsorption quantity was not influenced 
significantly by temperature.

Removal of dye by adsorbent depends upon the inter-
action between the dye and adsorbent. Four kinetic models 

were applied to study and predict the possible dye adsorp-
tion mechanism as well as possible rates controlling steps 
[17]. These include the pseudo-first-order kinetic model 
(PFO), pseudo-second-order kinetic model (PSO), Elovich 
model, and intraparticle diffusion model (IPD).

The PFO kinetic model is represented by Eq. (3):

q q et e
k t= −( )−1 1 	 (3)

where qt (mg/g) is the adsorption capacity at time (t) and 
qe (mg/g) is the adsorption capacity at equilibrium, k1 (1/min) 
is the rate constant [29].

In the PSO model, the rate-limiting step is that of sur-
face adsorption that involves chemisorption, where the 
removal of a pollutant from solution is due to physicochem-
ical interactions between the absorbent and the absorbate. 
Its equation based on adsorption equilibrium capacity can 
be expressed in the form below (Eq. 4):

q
k q t
k q tt
e

e

=
+
2

2

21
	 (4)

where qt (mg/g) is the adsorption capacity at time (t) 
and qe (mg/g) is the adsorption capacity at equilibrium, 
k2 (g mg–1 min–1) is the rate constant [29].

The Elovich equation is used for general application to 
chemisorption. The equation has been applied satisfacto-
rily to some chemisorption processes and has been found 
to cover a wide range of slow adsorption rates. The same 
equation is often valid for systems in which the adsorbing 
surface is heterogeneous. The nonlinear form is expressed as:

q t
t = +

ln( ) lnαβ
β β

	 (5)

where qt is the quantity of adsorbate adsorbed at time t 
(mg/g), α is a constant related to chemisorption rate and β 
is a constant which depicts the extent of surface coverage [30].
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IPD based on the theory proposed by Weber and Morris 
[31] was used to describe the diffusion mechanism. Weber 
and Morris posited that the adsorbate uptake qt varies 
almost proportionally with the square root of the contact 
time, t½ and is expressed as follows:

q k t Ct t= +1 2/ 	 (6)

where kt and C are the IPD rate constant (mg/g min–1/2) and 
intercept, respectively. In the determination of which model 
best fit the experimental data, the R2 is the most important 
determinant [32].

All parameters of these models were obtained using 
the nonlinear regressive analysis. The suitability of a model 
can be judged by the determined coefficient (R2) and errors 
(SSE). The parameters of kinetic models were obtained 
and listed in Table 2. The fitted curves are also shown in 
Fig. 9. It was quite clear from the results of the kinetics mod-
els that the value of R2 (Table 2) for PSO (0.971–0.983) for tem-
perature 20°C, 30°C, and 40°C was higher than that obtained 
from Elovich equation (0.805–0.841), PFO (0.700–0.665) and 
IPD (0.636–0.579). Therefore, based on the value of R2, it can 
be concluded that the PSO model is best fitted to the exper-
imental data. In addition, another parameter that is consid-
ered alongside the R2 is the errors (SSE). From Table 2, the 
SSE for PSO was the smallest (0.011–0.110) for the studied 

temperatures. Furthermore, the difference between values 
of qe from the experimental data, qe(exp), and the theoretical 
data, qe(theop) was smaller at the same conditions. This showed 
that the PSO model could provide a more comprehensive 
reflection of the adsorption mechanism of MB onto TNR 
and effectively be used to predict the adsorption quantity. 
This observation also suggests that the adsorption is depen-
dent on the amount of the solute adsorbed on the surface 
of the adsorbent and the number of active sites [4]. That 
notwithstanding, it is still difficult to illustrate the possible 
diffusion mechanism completely. Hence, the data from IPD 
model was also investigated.

With reference to Weber and Morris’s theory, IPD con-
trols the adsorption process if a plot of IPD is a straight line 
and all the intercepts are zero (passes through the origin). 
If it does not pass through the zero marks, then it is indic-
ative of some degree of boundary layer control which fur-
ther suggests that more than one diffusion mechanism is 
probably deciding the adsorption process [4]. From Table 
2, all the intercepts of IPD are nonzero (C  =  8.08–8.94), 
hence, the rate-limiting step is not associated with only IPD 
[32]. From the above, it is possible that many of the MB mol-
ecules diffuse into the small pores of the absorbent before 
being adsorbed, and that the adsorption rate simultane-
ously depends on the concentration of adsorbents and 
adsorbates [31].

Table 2
Parameters of kinetic models for MB adsorption

Kinetic 20°C 30°C 40°C

PFO

qe(exp) (mg/g) 9.54 9.60 9.43
qe(theop) (mg/g) 9.24 ± 0.11 9.41 ± 0.050 9.26 ± 0.070
k1 0.152 ± 0.020 0.250 ± 0.020 0.194 ± 0.020
R2 0.670 0.665 0.700
SSE 1.27 0.222 0.534
PSO

qe(exp) (mg/g) 9.54 9.60 9.43
qe(theop) (mg/g) 9.61 ± 0.045 9.57 ± 0.014 9.51 ± 0.025
k2 0.0350 ± 0.0020 0.0990 ± 0.0040 0.0560 ± 0.0030
R2 0.971 0.983 0.980
SSE 0.110 0.011 0.036

Elovich

α 6.84 ± 0.30 8.43 ± 0.12 7.67 ± 0.22
β 0.508 ± 0.070 0.211 ± 0.030 0.340 ± 0.050
R2 0.836 0.841 0.805
SSE 0.630 0.106 0.348

IPD

kt 0.096 ± 0.020 0.040 ± 0.010 0.0630 ± 0.020
C 8.08 ± 0.24 8.94 ± 0.10 8.51 ± 0.17
R2 0.622 0.636 0.579
SSE 1.45 0.241 0.750

SSE = Σ(q – qc)2, q and qc are the experimental value and calculated value according to the model, respectively.
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3.2.4. Adsorption isotherms

The adsorption isotherm is presented in Fig. 10. The 
values of qe increased with an increase in the equilibrium 
concentration, however, the temperature did not have any 
significant effect on adsorption quantity. To better under-
stand the adsorption process, it is expedient to analyze the 
adsorption equilibrium parameters. Equilibrium isotherm 
equations are generally used to describe the experimental 
adsorption data [14]. An adsorption isotherm is charac-
terized by certain constants whose values express the sur-
face properties and affinity of the adsorbent and can also 
be used to find the adsorptive capacity of the adsorbent. 
In this paper, the Langmuir [33], Freundlich [34], Koble–
Corrigan [35] and Temkin [36] models were applied.

The Langmuir model is used to describe the adsorption 
process of a monolayer on a uniform surface [33]. A basic 
assumption of the Langmuir theory is that sorption takes 
place at specific homogeneous sites within the adsorbent 
and that there is no interaction between molecules adsorbed 
on neighboring sides. Langmuir constant, qm, represents 
the monolayer saturation at equilibrium. The other mono-
component Langmuir constant, KL, indicates the affinity 
for the binding sites and energy of adsorption of MB. The 
value of KL indicates to be either unfavourable (KL > 1), lin-
ear (KL = 1), favourable (0 < KL < 1) and irreversible (KL = 0). 
The saturated monolayer isotherm can be represented as:

q
q K C
K Ce

m L e

L e

=
+1

	 (7)

The Freundlich model is an isothermal model describing 
the heterogeneous adsorption of multimolecular layers [34]. 
The Freundlich model does not provide information about 
maximum adsorption capacity and also do not describe the 
saturation behavior of the adsorbent [29]. The Freundlich 
isotherm is commonly presented as:

q K Ce F e
n= 1/ 	 (8)

where KF and n are Freundlich constants related to the 
adsorption capacity and adsorption intensity of the adsor-
bent. Using the two constants KF and 1/n, the properties of 
different adsorbents could be compared [9,29].

The Koble–Corrigan model is also a three-parameter 
equation for representing equilibrium adsorption data [35]. 
It is a combination of the Langmuir and Freundlich isotherm 
type models and is given by Eq. (9).

q
AC
BCe
e
n

e
n=

+1
	 (9)

where A, B, and n are the Koble–Corrigan parameters [35].
The Temkin isotherm was derived based on the 

assumption that the heat of adsorption of all molecules 
in the layer is linear rather than logarithmic, as implied in 
the Freundlich equation. This model is valid only for an 
intermediate range of ion concentrations [36]. The Temkin 
isotherm is given by:

q A B Ce e= + ln 	 (10)

where A and B are the two constants of the equation [29].
The fitted results from isotherms were presented in 

Table 3 and the fitted curves were also shown in Fig. 10. 
The data listed in Table 3 suggested that adsorption of MB 
onto TNR be guided by a complex system as the exper-
imental data fitted relatively well into the Langmuir, 
Freundlich, and Koble–Corrigan equations. Temkin model 
was not a good fit from the experimental data, the heat of 
adsorption was not linear hence and the rising tempera-
ture was not beneficial for MB adsorption. From Table 3 the 
Freundlich parameters indicated easy uptake of MB by TNR 
(0.1  <  1/n  <  1) [28]. This model fitting also suggested het-
erogeneous adsorption of multimolecular layers. The het-
erogeneous, rough, and uneven surface of the absorbent 
could be responsible for this. For Koble–Corrigan model, all 
the values of n were greater than 0.91 for all temperatures 
and this indicated that the isotherms were approaching the 
Langmuir form and at a high adsorbate concentration, this 
model reduces to Freundlich isotherm. However, at tem-
peratures 40°C and 50°C, the n was greater than 1, which 
signified that the model was incapable of efficiently defin-
ing the experimental data [36].

Langmuir fitting suggests an electrostatic force of 
attraction mediating the dye removal. This could be 
explained by a large number of hydroxyl and carboxyl 
groups present on the TNR (Fig. 3) which is able to interact 
with the molecules of the dye. The Langmuir constant, qm, 
represents the monolayer saturation at equilibrium. Also, 
the value of KL was less than 1 indicating that the binding 
force was strong and that the adsorption was favorable. 
The values of qm obtained at 20°C, 30°C, 40°C, and 50°C 
are 133, 133, 134 and 146 mg/g, respectively. The values of 
qm about some adsorbent binding MB from the Langmuir 
constant are listed in Table 4. A comparison of maximum 
adsorption capacities and isotherm parameters of TNR 
and some other commercialized activated carbon for MB 
adsorption have been presented in Table 5. It is observed 
that almost all the commercially available activated carbons 
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present a higher Langmuir predicted adsorption capacities 
than that of TNR, however, these commercial activated car-
bons remain expensive, and their by-products after adsorp-
tion are not environmentally friendly, limiting their large 
application. Although the potential for TNR to be used as a 
green and cheap adsorbent for the removal of MB has been 
demonstrated, there are still some challenges that must be 
addressed in the future.

3.2.5. Thermodynamic parameters of adsorption

To opine the effect of temperature on the adsorption of 
MB onto TNR, thermodynamic parameters such as Gibb’s 
free energy change (ΔG°), enthalpy change (ΔH°), and 
entropy change (ΔS°) were calculated and examined as they 
also provide an insight into the adsorption mechanism and 
behavior [46]. The apparent equilibrium constant (Kc) of the 
adsorption is defined by the following expression;

K
C
Cc =
ad eq

eq

, 	 (11)

where Cad,eq (mg/L) is the concentration of MB on the 
adsorbent at equilibrium. The value of Kc can be obtained 
with the lowest experimental MB concentration. The value 
of Kc was used in the following equation to determine the 
Gibb’s free energy of adsorption (ΔG°).

∆G RT Kc° = − ln 0 	 (12)

The enthalpy (ΔH°) and entropy (ΔS°) can be obtained 
from the slope and intercept of van’t Hoff equation of 
ΔG° vs. T:

∆ ∆ ∆G H T S° = ° − ° � 	 (13)

where ΔG° (J) is standard Gibb’s free energy change, R is 
the universal gas constant (8.314  J/mol  K) and T (K) is the 
absolute temperature.

Table 3
Parameters of isotherm models for MB adsorption

Isotherm 20°C 30°C 40°C 50°C

Langmuir

qe(theop) (mg/g) 133 ± 17 133 ± 15 134 ± 17 146 ± 17
KL 0.011 ± 0.002 0.012 ± 0.002 0.010 ± 0.002 0.008 ± 0.002
R2 0.957 0.960 0.958 0.973
SSE 329 316 316 216

Freundlich

KF 4.33 ± 0.10 4.78 ± 1.02 3.96 ± 1.01 3.14 ± 0.80
1/n 0.596 ± 0.05 0.581 ± 0.05 0.609 ± 0.06 0.655 ± 0.06
R2 0.940 0.945 0.932 0.944
SSE 463 435 514 439

Koble–Corrigan

A 1.69 ± 0.97 2.03 ± 1.06 1.06 ± 0.69 0.56 ± 0.33
B 0.012 ± 0.004 0.013 ± 0.004 0.009 ± 0.004 0.005 ± 0.002
n 0.949 ± 0.190 0.910 ± 0.180 1.08 ± 0.20 1.24 ± 0.17
R2 0.954 0.957 0.955 0.975
SSE 327 308 312 183

Temkin

A (–) 32.5 ± 7.3 31.9 ± 7.2 33.4 ± 7.3 36.8 ± 7.2
B 21.1 ± 2.0 21.4 ± 2.0 21.0 ± 2.1 22.1 ± 2.0
R2 0.891 0.895 0.887 0.894
SSE 840 825 855 835

Table 4
MB adsorption by adsorbents: a selection of Langmuir constant, 
qm, of various related substance from literature

Adsorbent qm (mg/g) References

Phoenix tree’s leaf 89.7 [14]
Cereal chaff 26.3 [15]
Modified sawdust 32.3 [37]
Giant duckweed 119 [38]
Rice husk 40.6 [27]
Cherry 39.8 [39]
Oak 29.9 [39]
Hazelnut 76.9 [39]
Walnut 59.2 [39]
Pitch-pine 27.8 [39]
Ficus carica bast 47.6 [40]
Water hyacinth root 185 [41]
Tiger nut residue 146 This work
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The thermodynamic parameters obtained according 
to Eqs. (11)–(13) are listed in Table 6. The negative values 
of ΔG° at all temperatures confirmed the spontaneous 
and irreversible nature of the adsorption processes [2]. 
Adsorption was not temperature-dependent as higher tem-
peratures did not result in the linear decrease in the nega-
tive value of ΔG°. The lower values of ΔG° showed that a 
physical process may largely mediate the adsorption pro-
cess [2]. The negative value of ΔH° (–5.92 kJ/mol) confirmed 
that the reaction was exothermic, which is consistent with 
the observation that higher temperatures were not beneficial 
to the reaction. It has been reported that for adsorption to be 
mediated by physisorption, ΔH° must be smaller than 40 kJ/
mol. Hence, we generally posit that the adsorption mech-
anism of MB to TNR is physisorption. The negative ΔS° 
value (–54.4 J/mol K) confirmed the decreased randomness 
at the solid-solute interface during adsorption and reflected 
the affinity of the adsorbent material for the dye [9]. The 
low value of ΔS° also indicates that no remarkable change 
in entropy occurs during the adsorption process. All the 
thermodynamic parameters mentioned above indicate that 
TNR can be used as a highly efficient adsorbent to remove 
MB from aqueous solution.

3.2.6. Regeneration and desorption

Regeneration of spent adsorbent and possible recovery 
of adsorbate will make the adsorption process economical 
and reduce environmental pollution [47–50]. The regener-
ation capacity of MB-loaded adsorbent was investigated in 

Table 5
Comparison of maximum adsorption capacities from the Langmuir model and isotherm parameters of TNR and some other 
commercialized activated carbon materials for methylene blue adsorption

Material qe(theop) (mg/g) Isotherm parameters References

pH C0 (mg/L) T (°C) Dose (g) t (h) V (mL)

1 TNR 146.0 4.0 100 50 0.100 6 10 This work
2 BDH – Coconut-shell-based activated 

carbon supplied by Merck
522.2 10.0 12 30 0.005 400 200 [42]

3 F100 – Coal-based carbon from Calgon 
Corp.

533.9 10.0 12 30 0.005 400 200 [42]

4 BPL – Coal-based carbon obtained from 
Calgon Corp.

527.7 10.0 12 30 0.005 400 200 [42]

5 CAC – Commercial activated carbon 
supplied by E. Merck, India

980.3 7.4 600 30 2.000 2 50 [43]

6 NAPC – Natural activated plant-based 
carbon

15.43 3.0 200 25 0.500 5 50 [44]

7 F400 – Activated carbon produced by 
the gas activation of bituminous coal

476.0 9.0 800 20 0.050 7 50 [45]

8 PAC1 – Activated carbon produced 
from Venezuelan bituminous coal using 
physical activation

380.0 11.0 800 20 0.050 7 50 [45]

9 PAC2 – Activated carbon produced from 
New Zealand coal using steam activation

588.0 11.0 800 20 0.050 7 50 [45]

Natural activated plant-based carbon (NAPC)

Table 6
Thermodynamic parameters of MB adsorption onto TNR

ΔH° 
(kJ/mol)

ΔS° 
(J/(mol K))

ΔG° (kJ/mol)
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batch mode. Desorption and regeneration efficiency using 
75% ethanol as the desorption agent is shown in Fig. 11. 
The efficiency of desorption and regeneration was over 
60% and 89% after three cycles respectively. This study 
shows that TNR can be used repeatedly without signifi-
cantly losing its adsorption capacity for MB. The results 
indicate that following the successful adsorption of MB by 
TNR, the TNR may be recovered for consecutive uses with 
an advantage.

3.3. Cost analysis

TNR is readily available at no cost because it is an 
agricultural waste product. Nonetheless, the cost associated 
with collection and processing is estimated at 0.010  USD/
kg. Comparing the cost of TNR with some commercially 
available adsorbents and activated carbons, it is very 
economical to use TNR. Hence, TNR offers an economic 
advantage over commercially available adsorbents and 
activated carbons.

4. Conclusion

TNR which is composed mainly of cellulose and lig-
nin with more hydroxyl and carbonyl groups was studied 
as a potentially cheap and eco-friendly adsorbent for the 
removal of MB from solution. TNR was able to adsorb MB 
from aqueous solutions in a wide range of pH (acidic and 
alkaline mediums). The experimental results were ana-
lyzed by using the Langmuir, Freundlich, Koble–Corrigan 
and Temkin equations. Langmuir and Freundlich’s equa-
tions suitably fitted the data. The maximum adsorption 
capacity as revealed by Langmuir isotherm was 146 mg/g. 
This present study showed that the adsorption rate simul-
taneously depends on the concentration of adsorbents and 
adsorbates. The kinetic process can be predicted by the 
PSO model. Thermodynamic analyses suggested that MB 
adsorption onto TNR was a physisorption process that was 
spontaneous and exothermic in nature and that no remark-
able change in entropy occurred during the adsorption 
process. Regeneration was best achieved with 75% ethanol. 
The potential of TNR to be used as the future of green, reus-
able and sustainable adsorbent, particularly for the adsorp-
tion of organic dyes, has been evidenced, although further 
improvement is still required to enhance its adsorption 
capacity.
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