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Abstract

A comparison of the linear and non-linear methods for the selection of optimum equilibrium isotherm for the adsorption of
methylene blue onto the banana root (Musa acuminata) derived activated carbons was carried out. The adsorption equilibrium
data were fitted to three isotherm models: Langmuir, Freundlich, and Temkin. The prediction of optimum isotherm was based on
six error functions: the coefficient of determination (R%), the sum of the squares of the errors (SSE), the sum of the absolute errors
(SAE), the average relative error (ARE), the hybrid fractional error function (HYBRID), and the Marquardt’s percent standard
deviation (MPSD). The optimum isotherm achieved was the Temkin isotherm in non-linear and linear form followed by
Freundlich and Langmuir based on the error functions. Non-linear pseudo-first-order and pseudo-second-order kinetic models
analyzed the adsorption data. The present work demonstrated that the non-linear method is a more suitable method to estimate the
isotherm parameters than the linear method, and the pseudo-first-order model best fitted the corresponding experimental data.

Keywords Banana root - Activated carbon - Methylene blue - Non-linear isotherms - Kinetics - Error functions

1 Introduction

Water pollution due to an effluent dye is identified as one of the
most primary hazards that is produced by wastes of cosmetics,
dye manufacturing industries, food processing, leather, and tex-
tile industries due to its characteristics [1-3]. Methylene blue
(MB), the most common effluent found in the textile industry,
is classified as a basic dye material which is widely used for
dyeing of cotton, silk, and wool. Although MB is not classified
as hazardous as a heavy metal pollutant, it can lead to harmful
effects on human health and microorganisms due to constant
exposure to an excessive quantity of this dye [4, 5].

Various methods are used to remove pollutants from waste-
water, such as biological, chemical, and physical (including
adsorption) purification processes [6—8]. Adsorption is the
most frequently used method for the treatment of wastewater
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by using activated carbon [9]. Adsorption performance and
capacity of the activated carbon (AC) are generally obtained
from equilibrium adsorption isotherm studies. Adsorption iso-
therms describe the equilibrium relationships between the ad-
sorbate and the adsorbent [10]. The regularly used isotherm
models by numerous researchers for the adsorption are
Langmuir, Freundlich, Temkin, BET, Redlich-Peterson,
and Dubinin—Radushkevich isotherms, etc.

The best-fit adsorption isotherm can be found using linear
regression by the method of least-squares. It is the most com-
monly used method for predicting the optimum isotherm [11,
12]. The difference between the model predicted values and
the experimental equilibrium data is minimized by using var-
ious types of error functions [13]. The best-fit isotherm model
for adsorption is selected based on the highest value of the
coefficient of determination and the least value of the other
error functions.

1.1 Error functions

In the present study, the coefficient of determination and five
distinct kinds of error functions performed a very significant
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Table 1 Error functions and their corresponding equations
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role in determining the optimum isotherm model and enhanc-
ing the optimization procedure for given experimental data
(Table 1) [14-17].

where g, ¢, and g, ., are the experimental and calculated
values of the equilibrium adsorbate concentration in the solid
phase (mg/g), respectively. g, ., is the mean of the all calcu-
lated (g, -) values, and n and p are the number of data points
and parameters in the isotherm model, respectively.

Most of the adsorption isotherms proposed in the literature
were non-linear models. Linearization of non-linear models to
estimate the model parameter(s) may alter the error distribu-
tion. Some of the researchers have studied the comparison of
linear and non-linear isotherm models for the estimation of
model parameters [18-21].

In the present study, an abundantly available biomass
waste was used as the raw material for the production of novel
ACs. To study the effect of adsorptive properties of the ACs,
impregnation ratio and carbonization temperature were varied.
Three linear and non-linear isotherm models were analyzed to
obtain the optimum isotherm and isotherm parameters for the
adsorption of MB onto various ACs derived from the banana
root. The adsorption equilibrium studies were conducted for
different initial MB concentrations at three different tempera-
tures of 25, 30, and 40 °C.

2 Materials and methods

2.1 Materials

The banana root (Musa acuminata) was obtained from the
local farming field from Andhra Pradesh, India. The raw ma-
terial was manually selected, cleaned with distilled water sev-

eral times, cut into small pieces, dried at 105 °C for 24 h, and
was ground thereafter using a household mixer-grinder. The
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ground material was screened, and the material in the particle
size range of 300—425 pwm was collected and stored in zip-lock
plastic bags. The physical and chemical characterization of
this ground raw material was carried out. All the chemicals
used in the present study were of analytical grade and pur-
chased from Merck Life Science Private Limited, India.

2.2 Preparation of activated carbons

The ground raw material was chemically activated by using
zinc chloride (95% (wt.)). The weight ratio of raw material to
that of zinc chloride (impregnation ratio) was varied from 1:1
to 1:4, and the corresponding amounts of zinc chloride per
10 g of raw material were 10.53, 21.05, 31.58, and 42.1 g,
respectively. The raw material and zinc chloride were mixed
in 300 ml of doubled distilled water, and the solution was

Table 2 Nomenclature of ACs from the banana root (BR) activated
with zinc chloride

Impregnation ratio ~ Carbonization temperature (°C) ~ Sample name

1:1 400 AC-11-400
1:2 AC-12-400
1:3 AC-13-400
1:4 AC-14-400
1:1 500 AC-11-500
1:2 AC-12-500
1:3 AC-13-500
1:4 AC-14-500
1:1 600 AC-11-600
1:2 AC-12-600
1:3 AC-13-600
1:4 AC-14-600
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Table 3  Linear and non-linear forms of isotherm models [21]

Types of isotherm Non-linear Linear expression Parameters

expression

Freundlich ¢, =K FC;/" Ing,=InKr +% InC, Kp,n

L i — QKiCe Ce , K
angmuir 9o =1 iKLCc o — (QQIKL> + %0 Oo. K;.

Temkin qg:%lnl(r C, quI;—TT nKr—&-R;)—TTlnCe Kz, by

stirred at 450 rpm, at 85 °C for 6 h. The slurry was then
filtered, and the solid residue was collected and dried at
105 °C for 24 h in an electric hot air oven. The impregnated
solid was placed in an alumina crucible with a lid and kept
inside the electric tubular furnace. The solid was heated to a
final selected temperature ranging from 400 to 600 °C with a
heating rate of 10 °C/min, and the final temperature attained
was maintained for 1 h under inert (nitrogen flow) atmo-
sphere. The solid was then allowed to cool down to room
temperature. The prepared activated carbon was washed ex-
tensively with double distilled water and dried in an electric
hot air oven at 105 °C until such time that the weight of the
dried sample became constant. The dried sample was stored in
a zip-lock plastic bag. The activated carbon (AC) samples
prepared under various experimental conditions were labeled,
as shown in Table 2.

2.3 Characterization

The proximate analysis, which includes estimation of mois-
ture content, volatile matter, ash, and fixed carbon content,
was carried out by using thermogravimetric analyzer (Eltra
Thermostep). The ultimate analysis, which includes the eval-
uation of carbon, nitrogen, hydrogen, and sulfur content as
weight percent, was performed by using the CHNS analyzer

(Vario Micro cube, Elementar). The surface area was mea-
sured by the BET surface area analyzer (Micromeritics, model
ASAP 2020). The surface morphology/microstructures of the
raw material and the ACs were examined using field emission
scanning electron microscopy (FE-SEM Supra 55, Carl
Zeiss). Identification and characterization of functional groups
were made by using FTIR (Cary 660, Agilent Technologies).

2.4 Batch adsorption studies

A stock solution of methylene blue (MB) 1.0 g/L (1000 ppm)
was prepared by dissolving 1 g of MB in double distilled
water in a standard volumetric flask. Equilibrium adsorption
experiments were performed by taking 100 ml of MB solu-
tions in 250-ml conical flasks with various initial concentra-
tions (20-200 mg/L) and at the natural pH of the solutions. A
quantity of 0.1 g of AC was added to each flask and main-
tained at different constant temperatures (25 °C, 30 °C, and
40 °C) in an orbital incubator shaker at 150 rpm. The exper-
iments were carried out for 24 h to guarantee that the equilib-
rium was attained. All samples were filtered before analysis,
and the concentration of the samples before and after adsorp-
tion was determined using a UV-vis spectrophotometer
(Thermo Fisher Evolution™ 300) at its maximum wavelength
(M) of 664 nm. Similar sets of experiments were repeated at the

Table 4 Proximate analysis of the

raw material and prepared ACs Sample Moisture (wt.%) Volatile matter (wt.%) Ash (wt.%) Fixed carbon (wt.%)
BR 5.88 72.83 3.14 18.16
AC-11-400 13.27 29.34 3.56 53.83
AC-12-400 13.88 29.08 329 53.75
AC-13-400 11.99 28.67 3.65 55.68
AC-14-400 12.06 29.26 3.20 55.48
AC-11-500 14.72 24.01 348 57.79
AC-12-500 13.49 2241 241 61.69
AC-13-500 14.34 2237 3.10 60.19
AC-14-500 11.06 24.30 3.39 61.26
AC-11-600 11.33 17.86 3.16 67.66
AC-12-600 11.07 18.17 2.29 68.48
AC-13-600 14.70 16.28 2.87 66.14
AC-14-600 12.68 18.79 2.90 65.63
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Table 5 Ultimate analysis of the

raw material and ACs Sample Carbonization temperature (°C) C (Wt.%) H (wt.%) N (wt.%) S (wt.%)
BR - 36.84 5.53 8.88 0.00
AC-11-400 400 54.35 3.67 091 0.09
AC-12-400 53.54 3.15 0.97 0.08
AC-13-400 59.79 391 1.02 0.07
AC-14-400 57.37 3.07 1.05 0.07
AC-11-500 500 53.12 3.94 0.83 031
AC-12-500 53.68 3.76 0.94 0.15
AC-13-500 51.65 3.87 0.84 0.18
AC-14-500 60.04 4.02 0.98 0.09
AC-11-600 600 60.12 1.90 0.74 0.00
AC-12-600 59.24 1.56 0.92 0.02
AC-13-600 63.57 1.74 0.99 0.06
AC-14-600 61.52 0.96 0.52 0.07

temperatures of 30 °C and 40 °C. Duplicate experiments were
performed, and only the average values are reported. The
amount of MB adsorbed onto activated carbon, ¢, (mg/g),
was calculated by the following equation.

(C,—C.)V

N (1

9 =
where C, and C, (mg/L) are the initial and equilibrium MB
concentrations in the liquid phase, respectively, V (L) is the vol-
ume of the solution, and W (g) is the mass of dry adsorbent
added.

For batch kinetic studies, 0.2 g of prepared AC was
contacted with 200 ml of MB solutions of initial concentra-
tions, 50, 100, 150, and 200 mg/L, for 12 h contact time and a
temperature of 30 °C was employed. A similar set of experi-
ments was conducted at a different temperature of 40 °C. The
samples taken at regular time intervals were analyzed for MB
concentration, as mentioned earlier. Using these concentration
data, the amount of MB adsorbed at any time, g, (mg/g), was
calculated by the following equation.

(C,—Cy)V
w
where C, (mg/L) is the MB concentration at any time “z.”

q: = (2)

Table 6 BET surface
area of the raw BR and a
few ACs

Sample BET surface area (m*/g)

BR 4

AC-14-400 830
AC-14-500 838
AC-11-600 654
AC-12-600 803
AC-13-600 894
AC-14-600 903
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2.5 Adsorption isotherm models

The current study identifies the isotherm parameters based on
the maximum value of the coefficient of determination and
minimum value of error function to estimate the best-fit equi-
librium isotherm model for the single solute system. The iso-
therm models such as Freundlich, Langmuir, and Temkin
were investigated in the linear and non-linear forms to de-
scribe the equilibrium characteristics of MB adsorption onto
prepared activated carbons (Table 3).

2.6 Kinetic models

For adsorption kinetic study, the concentration of the MB in
the solution as a function of time was investigated using the
Lagergren pseudo-first-order model (Eq. 3) [22] and Ho’s
pseudo-second-order model (Eq. 4) [23].

q=q,(1-e*") (3)
2
qesz
=9t 4
s gy (4)

where ¢, is adsorption capacity at equilibrium (mg/g), g is the
amount of MB adsorbed (mg/g) at time ¢, k; is the rate constant
of pseudo-first-order sorption (1/min), and &, is the rate con-
stant of pseudo-second-order sorption (g/mg min).

3 Results and discussion

3.1 Characterization of the raw material and the
prepared activated carbons

The proximate and ultimate analyses of the banana root and
the prepared ACs are shown in Tables 4 and 5, respectively.
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Fig. 1 FE-SEM images of the banana root (magnification: 1.00 KX and 5.00 KX)

The results show that the raw material has a high volatile
matter and low ash content, thus making it a good starting
material for the preparation of activated carbon [24]. The fixed
carbon content of the prepared ACs is very high compared
with that of the raw material.

The carbon content of the prepared ACs increases with an
increase in the carbonization temperature from 400 to 600 °C
due to an increasing degree of aromaticity [25]. The weight
percentages of hydrogen, nitrogen, and oxygen of the pre-
pared ACs decreased in comparison with the values for the
raw material due to the decomposition of banana root (BR) as
volatile compounds during the activation and carbonization
processes.

The total BET surface area of the raw material and a few
prepared ACs is shown in Table 6. The surface area of the raw
material is shallow; however, it increased for the prepared
ACs due to chemical activation and carbonization of the raw
material. The raw material is having a surface area of 4 m%/g,
while for the AC, the maximum surface area obtained was
903 m*/g. The surface area of the prepared ACs increased with
an increase in the carbonization temperature. The increase in
surface area is due to the escape of the volatile matter from the
core of the material and an increase in the aromaticity.

Field emission scanning electron microscopy (FE-SEM)
helps in the direct observation of the surface microstructures
of the raw material and the prepared ACs. Figures 1 and 2
show the FE-SEM images of the banana root and the ACs
developed under different conditions, as mentioned earlier,
respectively. It could be observed that the surface of raw ma-
terial was quite dense without any pores.

There are substantial modifications in the surface morphol-
ogy of the banana root and the prepared ACs. After chemical
activation and carbonization, the compact structure of the raw
material turned to be porous. The pores on the activated car-
bons are due to the release of volatiles and the reaction

between carbon and the chemical activating agent, resulting
in the higher BET surface area of the ACs.

The FTIR spectra of the BR and some of the prepared ACs
are shown in Fig. 3 and recorded within the range of 4000—
400 cm ™. Various functional groups present on the raw ma-
terial and the prepared ACs present were hydroxyl, carboxyl-
ic, carbonyl, and phenol. The wavenumbers corresponding to
different functional groups that were present in the materials
are listed in Table 7.

The presence of a hydroxyl functional group (O — H) re-
sults in the raw material a broad peak between 3000 and 3900
wavenumber. It was attributed to an associated O—H
stretching vibration in cellulose, hemicellulose, lignin, or
adsorbed water. After the activation of the raw material, the
broad peak was significantly reduced, indicating hydroxyl de-
hydration or evaporation of adsorbed water during the carbon-
ization process [32]. The presence of these negatively charged
functional groups listed in Table 7 in the prepared activated
carbons makes them better adsorbents for the removal of cat-
ionic dyes.

3.2 Adsorption isotherms

An adsorption isotherm describes how solutes interact with
the adsorbents. Equilibrium experimental data of adsorption
of MB on the prepared ACs subjected to the linear and non-
linear isotherm model-based regression analyses are shown in
Figs. 4 and 5, respectively.

Figure 4 shows the linear isotherm plots for MB adsorption
on the prepared activated carbons at three different tempera-
tures 25 °C, 30 °C, and 40 °C obtained using the Origin Pro
9.1 software. The Langmuir’s parameters Oy and K; can be
determined by plotting graph between C./g, vs. C,. Similarly,
the Freundlich parameters K- and 1/n are determined by plot-
ting of Ing, vs. InC, and graph between ¢, vs. InC, helps to
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Fig. 2 FE-SEM images of ACs at different conditions. a—d At 600 °C, e-h at 500 °C, i1 at 400 °C (magnification: a—h: 5.00 KX and i-1: 1.00 KX)

calculate the Temkin parameters b and K. In Tables 8 and 9, From Table 8, it is evident that the linear Langmuir model
linear adsorption isotherm parameters and values of the corre-  best fitted with the experimental data as the R” values are
sponding mentioned error functions are listed, respectively.  higher in comparison with the other models. However, the
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Fig. 2 (continued)

predicted values of the linear Langmuir model are inconsistent ~ functions are higher for the linear Langmuir model in compar-
with the experimental data at lower concentrations. From ison with the other two models. So, from Table 9, the Temkin
Table 9, it can be observed that the values of the error isotherm model was the optimum isotherm, followed by
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Fig. 3 FTIR spectra of the BR and a few prepared ACs

Freundlich and Langmuir isotherm for the linear method to
describe the adsorption of MB on the prepared ACs.

The plots of C, vs. g, for different non-linear isotherm
models with the experimental data were presented in Fig. 5.
The parameters for various non-linear isotherms and values of
the error functions were shown in Tables 10 and 11, respec-
tively. The coefficient of determination (R?) was used to as-
sess the model’s fitting with experimental data. As can be seen
from Tables 10 and 11, the Temkin isotherm model is the
most consistent with the experimental data, which is followed
by Freundlich and Langmuir isotherm models based on the
minimum value of the SSE and higher coefficient of determi-
nation. In both linear and non-linear forms, the Temkin model
best fitted with the experimental data, followed by Freundlich
and Langmuir.

It can be observed from Fig. 5 that, at a low concentration
of the adsorbate, a sudden increase in the adsorption, this
means that the adsorbate has a high affinity to the adsorbent.
At a higher concentration of the adsorbate, the amount
adsorbed per unit mass of the adsorbent increases slightly
and becomes almost constant afterward. The adsorption ca-
pacity of adsorbents increased with an increase in

carbonization temperature from 400 to 600 °C, at any batch
adsorption temperature. The high surface area of the prepared
ACs makes them better adsorbents in the adsorption process.
With an increase in the batch adsorption temperature, the ad-
sorption also increased. The increase in temperature might
increase the mobility of the dye particles; thereby, the interac-
tion between the adsorbate and the active spots present on the
adsorbent surface could upsurge, and also the adsorbent par-
ticle might swell with an increase in temperature [33]. Also,
the adsorption capacity of the adsorbent was found to increase
with an increase in the impregnation ratio. This might be due
to the multilayer adsorption of methylene blue molecules onto
the porous structure of the ACs. Similar trends were obtained
in the fitting of the equilibrium data of adsorption of MB onto
prepared ACs at carbonization temperatures of 500 °C and
400 °C, also, at the batch adsorption temperatures of 25 °C,
30 °C, and 40 °C.

The maximum adsorption capacity of the prepared ACs
was found to be 139 mg/g, 142 mg/g, and 165 mg/g, respec-
tively, at adsorption temperature of 25 °C, 30 °C, and 40 °C,
for an initial MB concentration of 200 mg/L. Adsorption ca-
pacities for the removal of MB using the prepared ACs from

Table 7 Functional groups and

corresponding wavenumbers Wavenumber (cm ™) Peak (cm ™) Functional group Possible compounds Reference
3300-3500 3364.84 O — H stretching Water, alcohol, phenols [26]
2830-3000 2925.69 C — H stretching Alkanes [27, 28]
15001845 1521.59, 1669.94 C = O stretching Ketones, aldehydes, [29]
C=C stretching carboxylic acids
950-1300 1149.40 C— O stretching Esters, ethers [30]
1011.61 O— H bending
675-900 668.80 C— H bending Aromatic [31]
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Fig. 5 Experimental data and non-linear isotherms at different adsorption temperatures of ACs prepared at 600 °C
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Table 8  Adsorption isotherm parameters obtained by linear regression analysis

Parameter AC-11-600 AC-12-600
25 °C 30 °C 40 °C 25 °C 30 °C 40 °C
Langmuir
0, 111.4827 122.2494 127.8772 124.5330 131.0616 142.4501
K, 0.5735 0.4946 0.5085 0.5806 0.5438 0.6585
R 0.9966 0.9906 0.9952 0.9970 0.9932 0.9963
Freundlich
Kr 52.0836 57.0912 52.3614 53.6655 56.1895 58.3016
n 5.2740 5.3824 43518 4.6512 4.5045 3.9787
R 0.8687 0.8230 0.8216 0.7640 0.9223 0.8241
Temkin
b 217.9917 210.8813 169.8954 172.1143 173.4151 143.7138
k 214.3683 275.0423 56.4386 79.5928 103.2888 47.6698
R 0.9680 0.9314 0.9460 0.9049 0.9911 0.9514
AC-13-600 AC-14-600
Langmuir
0, 133.8688 134.5895 152.9052 137.9310 140.6470 162.6016
K 0.4511 0.8570 0.9021 0.7804 1.5160 1.8580
R 0.9945 0.9971 0.9941 0.9975 0.9987 0.9972
Freundlich
Kr 52.0836 57.0912 52.3614 53.6655 56.1895 58.3016
n 5.2740 5.3824 43518 4.6512 4.5045 3.9787
R 0.8687 0.8230 0.8216 0.7640 0.9223 0.8241
Temkin
b 217.9917 210.8813 169.8954 172.1143 173.4151 143.7138
k 214.3683 275.0423 56.4386 79.5928 103.2888 47.6698
R 0.9680 0.9314 0.9460 0.9049 0.9911 0.9514
Table 9  Error functions obtained by the linear regression method
Parameter AC-11-600 AC-12-600 AC-13-600 AC-14-600
25 °C 30 °C 40 °C 25 °C 30 °C 40 °C 25 °C 30 °C 40 °C 25 °C 30 °C 40 °C
Langmuir
R 0.7696  0.7115 0.8039  0.7767  0.8328 0.8536  0.7993 0.7157  0.8209  0.8618  0.8120  0.8047
SSE 28412 47959 31446  3598.0  2730.6  2879.5 3564.8 62683 44154 25445  4111.1 5759.4
SAE 126.6 162.1 131.2 133.7 129.8 120.7 142.0 177.5 141.5 119.5 134.5 175.7
ARE 26.8 315 23.7 22.9 26.4 20.9 22.5 29.7 21.1 21.2 22.4 27.0
HYBRID 335 393 29.6 28.6 33.0 26.1 28.2 37.1 26.3 26.5 28.0 33.8
MPSD 459 52.7 38.8 38.5 45.5 35.2 349 46.5.5 35.1 34.7 37.4 42.6
Freundlich
R 09188 09260 09122  0.8905  0.9472  0.8993 0.8975 0.8786  0.8636  0.8887  0.8362  0.8633
SSE 793.9 890.5 1208.6 1484.7 740.5 1854.3 1578.1 2042.7 3096.5 1953.7  3311.1 3634.0
SAE 71.4 72.4 88.7 94.3 80.3 117.4 91.9 108.1 156.5 126.8 165.2 165.9
ARE 155.7 216.6 251.1 337.9 118.9 3155 320.8 386.4 500.9 297.8 509.7 534.1
HYBRID 194.6 270.8 313.8 4224 148.6 394.4 401.0 483.0 626.1 3722 637.1 667.7
MPSD 24.1 30.5 31.8 383 19.7 34.4 359 38.4 42.6 31.7 42.1 435
Temkin
R 09724 0.9425 0.9542 09220  0.9921 0.9586  0.9395 09219 09316 09686  0.9289  0.9458
SSE 2553 679.1 602.9 1020.4 105.2 715.4 889.5 1252.0 1438.5 505.7 1294.2 1315.6
SAE 39.0 62.5 53.5 70.4 26.4 62.4 66.1 77.1 91.5 52.6 94.3 82.9
ARE 9.7 14.1 13.0 17.7 5.0 14.1 16.1 18.5 20.1 12.2 20.7 19.1
HYBRID 12.1 17.6 16.3 22.1 6.2 17.6 20.1 23.1 25.1 15.2 259 239
MPSD 20.4 30.6 30.6 41.6 9.0 325 35.8 39.7 43.1 27.1 43.1 432
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Table 10  Adsorption isotherm parameters obtained by non-linear regression analysis
Parameter AC-11-600 AC-12-600
25 °C 30 °C 40 °C 25 °C 30 °C 40 °C
Langmuir
0, 101.0471 106.3899 114.6246 113.341 116.6297 128.3115
K, 3.2528 6.0164 1.9097 2.1124 1.9842 1.7710
R 0.9344 0.8950 0.9241 0.9022 0.9205 0.9219
Freundlich
Ky 57.3936 61.3026 58.5406 59.6333 61.7427 65.8689
n 6.4183 6.1853 5.2471 5.5494 5.4147 4.9428
R 0.9593 0.9523 0.9487 0.9273 0.9782 0.9433
Temkin
b 217.9917 210.8813 169.8953 172.1143 173.4151 143.7138
k 214.3679 275.0424 56.4385 79.5928 103.2887 47.6698
R 0.9809 0.9573 0.9656 0.9400 0.9943 0.9676
AC-13-600 AC-14-600
Langmuir
0, 120.8165 122.1277 138.6782 125.6722 130.6991 143.8819
K; 1.3913 4.4810 2.6101 2.1421 4.9528 7.2116
R 0.9323 0.9235 0.9277 0.9428 0.9519 0.9136
Freundlich
K 58.1358 70.3494 75.8345 67.0414 79.1362 91.8428
n 4.8713 6.0271 5.1433 5.2933 6.3382 5.6387
R 0.9359 0.9197 0.9138 0.9433 0.9018 0.9201
Temkin
b 144.0677 174.5966 135.8171 145.5356 168.0006 139.8171
k 33.3562 190.1655 69.1675 64.1474 229.6181 219.6901
R 0.9531 0.9379 0.9435 0.9760 0.9427 0.9548

different resources reported in the literature were compared
with the present work in Table 12. The MB removal adsorp-
tion capacities of the ACs developed in this work are substan-
tial in comparison with others.

Table 11 Error functions obtained by non-linear regression method

3.3 Assessment of linear and non-linear methods

As shown from the previous tables, various isotherm param-
eters are obtained by different linear and non-linear models.

Parameter AC-11-600 AC-12-600 AC-13-600 AC-14-600
25 °C 30 °C 40 °C 25 °C 30 °C 40 °C 25 °C 30 °C 40 °C 25 °C 30 °C 40 °C
Langmuir
R 0.9108 0.8695 0.9041 0.8788 0.9012 0.9057 0.9150 0.9055 0.9142 0.9283 0.9396 0.9012
SSE 880.6 1671.1 1332.2 1664.4 1460.9 1724.2 1284.2 1543.1 1839.2 1205.6 1085.9 2516.8
SAE 81.9 114.2 102.9 109.7 105.3 117.9 97.0 112.3 120.6 934 92.8 135.2
ARE 12.0 18.4 16.2 20.2 16.9 17.4 16.2 18.7 19.0 12.8 16.0 19.5
HYBRID 15.0 23.0 20.2 253 21.1 21.8 20.2 234 23.7 16.0 20.0 244
MPSD 17.9 28.1 23.9 36.1 26.3 24.5 29.0 30.3 324 17.6 27.3 33.0
Freundlich
R? 0.9426 0.9362 0.9331 0.9071 0.9707 0.9297 0.9191 0.9013 0.8992 0.9289 0.8839 0.9080
SSE 5472 759.3 899.5 1236.5 400.5 1252.0 1215.8 1618.8 2194.9 1194.4 2219.2 2327.0
SAE 46.0 60.2 68.4 83.4 453 90.7 75.2 94.9 114.1 93.7 122.6 126.3
ARE 12.6 154 17.7 20.8 114 20.8 19.9 229 26.3 21.0 27.4 27.5
HYBRID 15.7 19.3 22.1 26.0 14.3 26.0 24.9 28.6 32.9 26.2 34.2 343
MPSD 32.6 37.5 41.7 48.2 28.3 473 46.9 50.6 58.7 45.6 59.6 61.5
Temkin
R 0.9724 0.9425 0.9542 0.9220 0.9921 0.9586 0.9395 0.9219 0.9316 0.9686 0.9237 0.9275
SSE 2553 679.1 602.9 1020.4 105.2 715.4 889.5 1252.0 1438.5 505.7 1402.4 1827.2
SAE 39.0 62.5 53.5 70.4 26.4 62.4 66.1 77.1 91.5 52.6 93.8 112.4
ARE 9.7 14.1 13.0 17.7 5.0 14.1 16.1 18.5 20.1 12.2 20.2 224
HYBRID 12.1 17.6 16.3 22.1 6.2 17.6 20.1 23.1 25.1 15.2 253 28.0
MPSD 20.4 30.6 30.6 41.6 9.0 325 35.8 39.7 43.1 27.1 41.0 48.2
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Table 12 Maximum adsorption
capacities of MB adsorbed by
various adsorbents

On comparing, it was found that the values of isotherm pa-
rameters (K, n) acquired by the linear methods are nearer to
those obtained by the non-linear method for the Freundlich

Adsorbent resource

Experimental conditions

Adsorption capacity ~ Reference

(mg/g)

Dosage (g)  Temperature (K)  Volume (ml)
Hazelnut shells 0.5 293 50 76.90 [34]
Sawdust-walnut 0.5 293 50 59.17
Coconut coir 0.25 303 50 15.59 [35]
Banana root 0.1 313 100 165 Present work
Banana root 0.1 303 100 142
Banana root 0.1 298 100 139
Graphene 0.5 293 100 153.85 [36]
Bamboo-based AC 1 303 50 454.20 [37]

model. But in the case of the Langmuir model, the values of
isotherm parameters (Qy, K;) acquired by the linear method
are different from those obtained by the non-linear method.
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Fig. 6 Experimental data and adsorption kinetics of MB onto activated carbons at 30 °C
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There is no difference in the value of isotherm parameters
(K7, by) acquired by the linear and non-linear method for the
Temkin model because of its equation structure. In both lin-
ear and non-linear forms, the Temkin model best fitted with
the experimental data, followed by Freundlich and
Langmuir. The magnitudes of error functions in the non-
linear model are lower than the linear model, which indicates
that the non-linear method is the more appropriate method
for the evaluation of adsorption isotherm parameters.

3.4 Kinetic studies

Four different initial concentrations of adsorbate, ranging
from 50 to 200 mg/L with a difference of 50 mg/L, were taken
for adsorption kinetic experiments. The non-linear pseudo-
first-order and pseudo-second-order kinetic models were used

to fit the adsorption kinetic experimental data. Experimental
data at adsorption temperature of 30 °C and 40 °C and non-
linear model-based curve fitting are shown in Figs. 6 and 7,
respectively. Typical kinetic curves were observed, where a
fast rate of adsorption was observed until 300 min, and after
that, the rate of adsorption decreased; the kinetic equilibrium
was attained at around 800 min. With an increase in contact
time, the active sites available for adsorption decreased. The
kinetic profile indicated that the adsorbate molecules progres-
sively occupied the adsorbent surface. As the temperature was
increased, the adsorption capacity increased, indicating that
the adsorption was an endothermic process. The adsorption
kinetic parameters are listed in Tables 13 and 14 for the ad-
sorption temperature of 30 °C and 40 °C, respectively. It can
be observed that R* values of pseudo-first-order and pseudo-
second-order models were close to unity. However, the
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Fig. 7 Experimental data and adsorption kinetics of MB onto activated carbons at 40 °C
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Table 13 Kinetic model

parameters for the adsorption of Adsorbent  Initial concentration Pseudo-first order Pseudo-second order
MB on activated carbons at 30 °C (mg/L)
g.(mg/ K R g.(mg/ kb (gmg R
2) (min ") g) min)
AC-11-600 50 41.2 0.00442 0.9592 532 7.92674E-5 0.9758
100 55.7 0.00665 0.9023  66.9 1.14997E-4 0.9452
150 70.6 0.00377 0.9663 94.4 3.54249E-5 0.9781
200 95.4 0.00299 0.9955  137.0 1.67788E-5 0.9965
AC-12-600 50 41.6 0.00449 0.9463  53.2 8.30757E-5 0.9675
100 77.4 0.00401 0.9465 101.2 3.69685E-5 0.9619
150 96.0 0.00393 0.9351 1253 2.94014E-5 0.9531
200 111.2 0.00431 0.8512 1373 3.40621E-5 0.8862
AC-13-600 50 38.7 0.0072 0.7746 445 2.21008E-4 0.8498
100 73.7 0.00525 0.8964  90.5 6.34725E-5 0.9325
150 100.2 0.00399 09011  127.7 3.10378E-5 0.9264
200 111.9 0.00553 0.9659  140.5 4.00262E-5 0.9844
AC-14-600 50 40.5 0.00809 0.8662 479 2.05095E-4 0.9278
100 71.3 0.00895 0.8371  82.1 1.44854E-4 0.9077
150 110.4 0.00386 09542 1453 2.44254E-5 0.9689
200 126.5 0.00473 0.9484  161.6 2.87481E-5 0.9661

pseudo-first-order model predicted data was closer to the ex-
perimental data and thus was more suitable for describing the
adsorption kinetic process of the present study.

4 Conclusions
In this study, the banana root was used as the raw material, and

zinc chloride was used as the chemical activation agent to
derive ACs from biomass inexpensively. The precursor and

all the prepared ACs have been characterized. Proximate and
ultimate analyses were reported. The surface area, surface
morphology, and different functional groups present were also
reported. A maximum surface area of 903 m?/g was observed
for one of the prepared ACs. The prepared ACs were satisfac-
torily applied to the adsorption of MB in an aqueous solution.
The amount of MB adsorbed increased with increased adsorp-
tion temperature, in agreement with an endothermic process.
The adsorption capacity of the adsorbents increased with an
increase in both impregnation ratio and carbonization

Table 14 Kinetic model

parameters for the adsorption of Adsorbent Initial concentration Pseudo-first order Pseudo-second order
MB on activated carbons at 40 °C (mg/L)
q.(mg/ Ky R q.(mg/ b (gfmg/ R
2 (min ") 2 min)
AC-11-600 50 39.0 0.00892  0.9072 45.7 2.41314E4 09579
100 76.7 0.00585  0.9587 95.5 6.35115E-5  0.9806
150 87.7 0.0079 0.9602 1055 8.39734E-5  0.9829
200 92.7 0.00768  0.9535  110.8 7.99655E-5  0.9802
AC-12-600 50 39.0 0.00892  0.9072 457 2.41314E-4  0.9579
100 73.6 0.00552  0.8907 89.6 6.90385E-5  0.9248
150 98.9 0.00424  0.9506 1283 3.13706E-5  0.9663
200 100.3 0.01051  0.8457 1163 1.14615E-4  0.9205
AC-13-600 50 45.0 0.0087 09629  53.1 1.95452E-4  0.9886
100 77.5 0.00641 09216 94.1 7.60787E-5  0.9542
150 105.9 0.00379  0.9762  142.8 2.30006E-5  0.9838
200 120.7 0.00521  0.9748 1533 3.35532E-5  0.9893
AC-14-600 50 473 0.01126 09718 544 2.64834E-4  0.9943
100 86.1 0.0072 0.9524 103.8 7.82795E-5  0.9805
150 122.0 0.00619 09379 149.0 4.57319E-5  0.9699
200 1432 0.00677  0.8904 1709 4.68395E-5  0.9332
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temperature. The adsorption equilibrium data were fitted
using linear and non-linear forms of isotherms, namely
Langmuir, Freundlich, and Temkin models. Six different error
functions were used to get the optimum isotherm and isotherm
parameters. In comparison with the linear method, the non-
linear method has a higher coefficient of determination and
lower values of other error functions. The Temkin model was
best suited to the experimental data.

In conclusion, the non-linear approach is a better way to
estimate precisely the isotherm parameters. Non-linear
pseudo-first-order and pseudo-second-order kinetic models
were fitted to the experimental kinetic data. The pseudo-
first-order model was found to be more suitable to describe
the kinetic process.
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