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ABSTRACT

Acid Yellow 11 (AY11) dye is one of many industries used organic dyes which has a harmful effect
for aquatic life. In this work, the biochar prepared from watermelon peels and modified with
ozone, ammonium hydroxide, and triethylenetetramine was tested as adsorbents for AY11 dye.
The influences of different process parameters on the adsorption of AY11 dye onto watermelon peel
biochars were examined in batch experiments. On the other hand, the effect of the modification
methods on the efficiency of biochar was studied using isotherm and kinetic models. Chemical,
thermal, and surface characteristics of raw watermelon peel and its biochars were determined by
Fourier-transform infrared spectroscopy, thermogravimetric analysis, differential thermal analysis,
differential scanning calorimetry, scanning electron microscopy, Brunauer—-Emmett-Teller and ener-
gy-dispersive X-ray spectroscopy analysis. The amounts of AY11 dye adsorbed at equilibrium (gq,)
onto prepared watermelon biochars were ranged between 76.94 and 462.18 mg g at pH 1.0 after
180 min contact time at room temperature. The percentages of removal of AY11 dye were found to be
>96%. The Freundlich and Langmuir isotherm was the best fitting isotherm model for the adsorption

process and the adsorption rate was primarily controlled by the pseudo-second-order model.
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1. Introduction

Polluted water is a major environmental problem and
is one of the leading worldwide cause of death and dis-
eases [1,2]. Some industrial facilities generate large volumes
of wastewater and have been failed at redesigning their
manufacturing processes to reduce or eliminate pollutants
[3]. This wastewater contains different organic pollutants.
They are pesticides, industrial chemicals, or unwanted
by-products of industrial processes and dyes. Nowadays,
about 100,000 synthetic dyes are used commercially and
700,000 tons of dye is produced annually [4]. Textile dyes

* Corresponding author.

are one of the major groups of organic pollutants that
impose an increasing environmental danger. Up to 20% of
the total world production of dyes is lost during the dyeing
process and is discharged into the environment [3,5]. The
wastewater containing textile dyes are mostly toxic to vari-
ous microorganisms, aquatic life, and human being even at
very low concentrations due to their negative eco-toxicolog-
ical effects, bioaccumulation in wildlife and generates toxic
by-products which may be many times more toxic to the
environment than the parent compound as a result of many
chemical reactions taking place in the wastewater phase [6].
Dyes color the water sources and damage living organisms
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by ceasing the oxygenation ability of water, arresting sun-
light, and therefore, natural growth activity of aquatic life
is disturbed [2]. The textile industry is the largest consumer
of high-quality freshwater per kg of treated material [7]. It
is necessary to treat and remove these toxic effluents which
are found in wastewaters prior to their discharge into the
receiving water. There are several traditional methods for
the treatment of dyes from wastewater. Various techniques
are often applied, such as photocatalytic degradation [8-11],
chemical precipitation [12], chemical coagulation followed
by sedimentation [13], ion exchange [14], ultrafiltration
[15], physical adsorption [16-19], electrochemical degra-
dation [20], bio-removal [21], adsorption/precipitation [22],
integrated chemical/biological degradation [23], solar pho-
to-Fenton process [11,24], and biological process [25]. Also,
there are other advanced techniques such as UV, ozonation,
ultrasonic decomposition, or combined oxidation processes
[26-31]. Amongst these various techniques of dye treatment,
adsorption is the best choice because of their easy handling,
economic feasibility, simplicity in design, and produce a
high-quality treated effluent [32]. Also, the gamma radi-
ation-induced degradation of congo-red dye [33] and par-
tially exfoliated graphite for organic dyes removal were
studied [34]. Gum Arabic-crosslinked poly(acrylamide)/
Ni(OH),/FeOOH nanocomposites hydrogel [35] and mono-
metallic and bimetallic quantum dots based nanocom-
posites were used for photodegradation of toxic dye [36].
Biochar is a charcoal-like substance that’s made by burning
organic material from agricultural and forestry wastes in a
controlled process called pyrolysis. Biochar is a fine-grained
and porous substance and has been applied recently to
remove dyes from aqueous solutions [37-39]. The bio-
char adsorption capacity has a direct relation with biochar
physiochemical properties such as surface area, pore size
distribution, functional groups on the surface, and cation
exchange capacity, while physicochemical properties vary
with the preparation conditions [40-42]. The physicochem-
ical properties of biochar may be improved with acids,
alkali, and oxidizing agents [43]. Acid Yellow 11 (AY11)
dye-containing a single azo class was selected as a model for
the anionic dye, which could cause more serious problems
as the dyes are discharged into the environment. AY11 dye
mainly applied for wool, silk, polyamide fiber, and leather
dyeing besides its use in painting, medicine, paper surface,
and cosmetics of shading. Modernity in this work is the use
of watermelon peels in the preparation of biochar for the
first time and then treating biochar produced with ozone
followed by ammonium hydroxide to form amine groups
on the surface of biochar to increase its ability to absorb dyes
from water. The high nitrogen content introduced into the
new biochar prepared from watermelon peels as a worthless
waste has resulted in the production of new good quality
materials that have a great ability to absorb dyes from water.

In this study, the first objective was to investigate the
adsorption behavior of unmodified and modified water-
melon peels biochar for the removal of the anionic AY11 dye
at room temperature. The second objective was to evalu-
ate the effect of surface functionalization on the adsorption
process of anionic AY11 dye. The surface of the biochars was
functionalized and modified by using ozone gas in the pres-
ence of water, and then the biochar surface is modified by

boiling with ammonia or triethylenetetramine to introduce
nitrogen to the biochar surface to increase the efficiency of
the biochar as adsorbent. Various instrumental techniques
such as Fourier-transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), differential thermal anal-
ysis (DTA), differential scanning calorimetry (DSC), scanning
electron microscopy (SEM), Brunauer—-Emmett-Teller (BET)
and energy-dispersive X-ray spectroscopy (EDAX) analysis
were employed to reveal the surface chemistry. Different
isotherm and kinetic models were used to analyze the AY11
dye removal process.

2. Materials and methods
Acid Yellow 11 (AY11) dye (C.I. 18820) (C,.H ,N,O,SNa)

(Mwt = 380.35 g) used in this study was pli6rcl'113ased from
Sigma-Aldrich (USA), which was of analytical grade and
it was used without further purification. Raw bio-sorbent
watermelon peel was obtained from alocal market. Ammonia
solution (NH,OH, M.W. = 35 g, assay 25%), triethylenetetra-
mine (TETA), and sulfuric acid (H,SO,, M.W. = 98.07 g, assay
(acid-metric) 99% were obtained from Sigma-Aldrich (USA).

2.1. Adsorbate preparation

A stock solution of AY11l dye with a concentration of
1,000 mg L™ was prepared and dilutions were made with
doubly distilled water to make different concentrations.
The residual AY11 concentration of all the solutions was
measured on a UV-visible spectrophotometer at adsorption
wavelength of 1,, nm (SPEKOL 1300, Analytic Jena (EU),
wavelength range 100-1,000 nm). The solutions were shaken
with different doses of the prepared adsorbent in a shaker
(JSOS-500, Korea), then filtered, and the remaining color was
measured. The adsorption capacities of adsorbents and the
removal percentage of AY11 dye from aqueous were calcu-
lated using Egs. (1) and (2), respectively.

(Co _Cr)

w

q, = xV )

Removal (%) = (CUC_ c) %100 @)

0

where g, is the adsorption capacity of the adsorbent at time ¢
(mg adsorbate/g adsorbent); C, is the initial concentration of
dye (mg L™); C, is the residual concentration of the dye after
adsorption had taken place over a period time t (mg L7); V
(L) is the volume in liter of dye solution and W (g) is mass of
adsorbent in gram.

2.2. Preparation and modification of biochar

Watermelon peels were washed with tap water to remove
any water-soluble impurities and adhering dirt. After wash-
ing, watermelon peels were dried at 105°C for 48 h and
crushed to particles using an electric grinder. The crushed
melon peels were boiled in a refluxed system using 25 g in a
100 mL solution of 50% H,SO, for 2 h then the samples were
filtered and repeatedly washed with distilled water until
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the filtrate reached a neutral pH followed by washing with
ethanol. The particles were then dried at 70°C for 24 h, and
then its weight is determined. The obtained biochar from this
reaction was labeled as Melon-B. In this preparation method,
the carbonization and sulfonation processes occurred. The
yield of biochar is calculated as a percentage weight of the
resultant biochar divided by the weight of watermelon peel
as in the following Eq. (3):

Weight to biochar

Yield of biochar % = — - x
Weight of dried Pea or melon peels

®)

In this work, the prepared Melon-B biochar was sub-
sequently subjected to two stages of modification. The
Melon-B biochar was oxidized using ozone as an oxidant
in water for 2 h. After the oxidation process, the samples
of activated biochar by ozone were filtered and washed by
distilled water, ethanol, and then dried in an oven over-
night at 70°C. The modified samples were referred to as
Melon-BO biochar. Oxidation by ozone was urgent to make
the oxidation of the biochar surface to increase the oxygen-
containing functional groups such as -OH, -COOH, etc.
Then, chemical reduction knows as the alkali modification
method and also can improve porosity and specific sur-
face area of biochar. The adsorption capacity of biochar
for pollutants is enhanced. Two amine-functionalized bio-
chars were obtained by using different reducing agents
[triethylenetetramine (TETA) and ammonium hydroxide
(NH,OH)]. For functionalized biochar with NH,OH, 25 g
of as-prepared Melon-BO biochar was boiled in a reflux-
ing system using in 100 mL solution of 25% NH,OH or
TETA for 2 h, followed by filtration, then washed with dis-
tilled water and ethanol. Finally, the amine-functionalized
Melon-BO-NH,, biochar was dried in the oven at 70°C for
24 h, and then its weight is determined. The product was
labeled as Melon-BO-NH, or Melon-BO-TETA biochar,
respectively.

2.3. Characterization of adsorbent biochar

The adsorption-desorption isotherm of nitrogen gas
on biochar was determined at the boiling point of N, gas.
The BET surface area (S,.,) measurements of the biochar
were made by nitrogen adsorption at 77 K using surface
area and pore analyzer (BELSORP-Mini II, BEL Japan, Inc.,
Japan) [44,45]. Analysis of the isotherm was carried out by
applying the BET plot to obtain monolayer volume (V)
(cm® (STP) g™'), the surface area (S,.;) (m* g™'), total pore
volume (V) (p/p,) (cm® g™'), (C) energy constant and mean
pore diameter (nm). The average pore radius was calculated
by using the following Eq. (4).

2V, (mLg")

r(nm) = a, por (mz gfl)

x100 (4)

Also, the micropore surface area (S_) and micropore
volume (V_ ), as well as the mesopore surface area (S__ ) and
mesopore volume (V_ ) of biochar, were determined by the

Barrett-Joyner—-Halenda (BJH) methods [46], respectively,
according to BELSORP analysis program software. Pore
size distribution is calculated from desorption isotherm by
applying the BJH method [42].

The surface morphology of the biochar samples was
analyzed by the scanning electron microscope (QUANTA
250, Czech) which was coupled with an energy-dispersive
X-ray spectrometer to carry out an elemental analysis.

The surface functional groups of the biochar were esti-
mated by FTIR spectroscopy (platinum ATR) model V-100
VERTEX 70 (Germany) to detect the infrared-observable
functional groups on the biochar surface, in the wave-
number (400-4,000 cm™).

Thermal analyses were performed using an SDT650-
simultaneous thermal analyzer instrument (USA) in the
range from room temperature to 900°C using 5°C/min as
ramping temperature.

2.4. Batch adsorption experiments

To determine the applicability of produced unmodi-
fied and modified watermelon peels biochar as an adsor-
bent for water treatment, the batch adsorption experiments
were performed using AY11 dye as the adsorbate. The dye
stock solution was prepared as mention above. Batch equi-
librium adsorption studies were performed using 100 mL of
dye solutions. Parameters affecting the adsorption process
such as pH (1-10), adsorbent dosage (0.5-6.0 g L), initial
dye concentration (75-300 mg L), contact time (5-180 min)
and temperature (25°C) were studied in a batch system.
The solutions pH was controlled by solutions of 0.1 M HCI
and 0.1 M NaOH. The reaction mixtures were agitated
at room temperature using shaker adjusted at 200 rpm.
At predetermined time intervals, samples were collected,
filtered using a very small piece of glass wool in Pasteur
tube to have 2 mL of sample and analyzed by a UV-visible
spectrophotometer.

3. Results and discussion

3.1. Morphological, textural properties and thermal
behaviors of biochars

To determine the surface morphology of the raw water-
melon peels, unmodified, and modified biochars, SEM
analysis was used. SEM photographs for raw watermelon
peel, Melon-B, Melon-BO, Melon-BO-NH, and Melon-BO-
TETA biochars shown in Figs. 1la—e. As shown in Fig. 1b, the
Melon-B biochar appears clean and free of any particulate
impurities. No evidence of any damage to the pores of the
raw watermelon peel as a result of sulfuric acid treatment
was observed. The acid treatment did not appear to dras-
tically alter the morphology of the raw watermelon peel.
Figs. 1b and c show that a little porosity existed at both
Melon-B and Melon-BO biochars which reflects the small
surface area for Melon-B and Melon-BO biochars. SEM
images of Melon-BO-NH, and Melon-BO-TETA biochars are
given in Figs. 1d and e, respectively. It is obvious that wider
porosity and pores of different sizes are created, thus the
surface areas of the modified biochars increased and pore
diameter decreased.
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Fig. 1. SEM image of Melon-Peel (a), Melon-B (b), Melon-BO (c), Melon-BO-NH, (d), and Melon-BO-TETA (e).
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Table 1

EDAX analysis data of Melon-B, Melon-BO, Melon-BO-NH,, and Melon-BO-TETA biochars

407

Biochar Melon-B Melon-BO Melon-BO-NH, Melon-BO-TETA
Elements Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.%
C 47.12 64.80 68.32 75.16 59.28 65.68 61.52 66.99
N ND ND ND ND 13.36 12.70 19.56 18.26
O 14.58 15.01 28.48 23.52 24.88 20.70 17.15 14.02
Al 0.56 0.27 0.56 0.27 ND ND 0.16 0.08
Si 0.55 0.26 0.55 0.26 ND ND 0.28 0.13
S 329 16.90 1.12 0.46 1.20 0.50 1.14 0.46
K 3.79 1.59 0.45 0.15 ND ND ND ND
Ca 0.51 0.17 0.51 0.17 0.42 0.02 0.19 0.06

ND: not detected.

The nitrogen adsorption—-desorption isotherms of the
biochars prepared from melon peel were investigated to
study the influence of the O,, NH,OH, and TETA reagents
on the surface characteristics. The specific surface area
and mesopore area were calculated by the BET and BJH
methods. The textural properties including the BET spe-
cific surface area, total pore volume, mean pore diameter,
monolayer volume, mesopore area, mesopore volume, and
mesopore distribution peak for the Melon-B, Melon-BO,
and amine-modified (Melon-BO-NH, and Melon-BO-TETA)
biochars are presented in Fig. S1. The textural properties
varied widely among these biochars. In general the BET
specific surface area of biochars declined as Melon-BO-NH,
(14.16 m? g) > Melon-BO-TETA (13.64 m* g) > Melon-B
(1.79 m? g!) > Melon-BO (1.22 m? g!). Notably, the modifi-
cation increased the surface area of Melon-B and Melon-BO
biochars. The monolayer volume values of Melon-BO-NH,,
Melon-BO-TETA, Melon-BO, and Melon-B biochars were
3.24,3.13, 2.81, and 0.41 cm? g7, respectively, which demon-
strated a similar trend with the surface area. The total volume
values of Melon-B, Melon-BO, Melon-BO-NH,, and Melon-
BO-TETA biochars were 0.006, 0.017, 0.018, and 0.021 cm® g7,
respectively. The mean pore diameters of Melon-B,
Melon-BO, Melon-BO-NH,, and Melon-BO-TETA biochars
were 12.47,5.70, 5.17, and 6.05 nm (mesopores), respectively.

This result revealed that the modification process
reduced the pore size of Melon-BO, Melon-BO-NH,,
and Melon-BO-TETA biochars. The meso-surface area of
biochars declined as Melon-BO-TETA (13.49 m? g™') > Melon-
BO-NH, (12.97 m* g™') > Melon-BO (11.75 m* g') > Melon-B
(1.82 m? g™). Notably, the modification increased the surface
area of Melon-B biochar. The mesopore volume values of
Melon-BO-TETA, Melon-BO-NH,, Melon-BO, and Melon-B
biochars were 0.023, 0.021, 0.021, and 0.006 cm® g™, respec-
tively, which demonstrated a similar trend with the surface
area. The mesopore distribution peak values of Melon-B,
Melon-BO, Melon-BO-NH,, and Melon-BO-TETA biochars
were 1.22, 1.66, 1.66, and 1.22 nm, respectively. As expected,
the surface area, total pore volume, and monolayer volume
were increased via modification due to the evolution of new
pores. The mean pore diameter was decreased; this result
revealed the modification process controls the morphology
of the surface of biochar.

Thermal analysis has been widely used to get knowl-
edge of the thermal behaviors of biochar. TGA was per-
formed on the selected Melon-B biochars in order to
detect the influence of their structural differences on the
degradation behavior and to define operating tempera-
ture. Each sample was heated from room temperature to
1,000°C under N, atmosphere. Fig. 2a shows TGA anal-
ysis curves related to raw watermelon peel, Melon-B,
Melon-BO, Melon-BO-NH,, and Melon-BO-TETA biochars.
All samples showed their first weight loss peaks before
100°C, which are attributed to the volatilization of the H,O
molecules. For watermelon peel, Melon-B, and oxidized
Melon-BO biochars, the second weight loss peak occurs at
above 100°C due to the decomposition of different oxygen
functional groups. Strongly acidic functionalities such as
carboxylic, anhydrides, and lactones decompose at lower
temperatures while weakly acidic functionalities such as
phenol decompose at higher temperatures. In the case of
amine-modified samples (Melon-BO-NH, and Melon-BO-
TETA biochars) the second weight loss peaks appeared
above 180°C suggesting the beginning decomposition tem-
peratures of the amines filled inside the pores and coated
outside the pores. In the temperature range 100°C—450°C,
oxidized and amine-modified samples continue to grad-
ually lose weight, whereas watermelon peel and Melon-B
biochar exhibit a slight plateau of weight losses. It should
be noted that all TGA curves became similar at the tempera-
ture above 450°C due to the decomposition of carbon in the
biochar structure. At the final temperature 1,000°C, differ-
ent weight losses with an order of Melon-BO-NH, < Melon-
BO-TETA < Watermelon peel < Melon-BO < Melon-B and
the lose percentages of 27.95%, 38.95%, 39.56%, 40.74%, and
45.12% were obtained, respectively. The weight remained
with an order of Watermelon-peel < Melon-B < Melon-
BO-TETA < Melon-BO < Melon-BO-NH, biochars and the
percentages of 12.62%, 14.50%, 48.82%, 50.65%, and 52.80%
were obtained which reflect more stability for oxidized and
amine-modified samples than raw watermelon peel and
Melon-B biochar. DTA curves may be used as a fingerprint
for the determination of phase diagrams, heat change mea-
surements, and decomposition in various atmospheres.
Fig. 2b shows the DTA of watermelon peel, Melon-B,
Melon-BO, Melon-BO-NH,, and Melon-BO-TETA biochars.
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Fig. 2. (a) TGA, (b) DTA, and (c) DSC analyses of watermelon peel and Melon-B, Melon-BO, Melon-BO-NH,, and Melon-BO-TETA

biochars.
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DSC can be utilized to compare materials via ther-
mal transitions. Fig. 2c illustrates the DSC profile of the
raw material of melon peel, Melon-B, Melon-BO, Melon-
BO-NH,, and Melon-BO-TETA biochars, respectively.
The DSC was conducted under an N, atmosphere with a
temperature range from room temperature to 1,000°C. The
heating rate of 5°C/min was maintained for all samples.
All samples showed their crystallization temperatures T
before 100°C which are attributed to crystallization of water
molecules except Melon-B showed another crystalliza-
tion temperatures T, at 225.10°C and 818.96°C. Melon-BO,
Melon-BO-NH,, and Melon-BO-TETA biochars, respectively
do not exhibit other phase transitions. As the temperature
increased the watermelon peel and Melon-B biochar go
through the melting temperature. However, watermelon
peel undergoes melting temperatures T, at 297.62°C and
422.87°C while Melon-B undergoes melting temperature
at 486.76°C. Watermelon peel showed lower transition
temperature while Melon-B biochar showed the highest.
Higher transition temperatures resulted from a higher
degree in crystallinity, which provides structural stability
and makes the granules more resistant to gelatinization.

3.2. Chemical properties of biochars

The EDAX was used to analyze the chemical composi-
tion of the prepared biochars. The elements percent were
examined and shown in Table 1. Table 1 had shown the
absence of nitrogen before the modification by NH,OH or
TETA reagents. The EDAX analysis of Melon-BO-NH, and
Melon-BO-TETA biochars proved the presence of about
13.36% and 19.56% of sample weight for nitrogen element,
respectively.

The FTIR spectrum was obtained to evaluate qualitatively
the chemical structures of prepared samples before and
after modification and is shown in Fig. 3. The watermelon
peel was compared with the unmodified melon biochar
which was prepared via boiling with H,5O, (Melon-B) and

also compared with the three modified biochars (Melon-BO,
Melon-BO-NH,, and Melon-BO-TETA). The spectrum
displayed the following bands which indicated various sur-
face functional groups. The spectra of FTIR of all samples
demonstrate some similarities. The band at 3,274-3,062 cm™!
represents the O-H stretching vibration which existed in
watermelon peel, Melon-B, and Melon-BO biochars (Fig. 3).
The broad adsorption peak around 3,033 and 3,190 cm™ is
inductive of the existence of the -OH group of glucose and
the -NH of the amino group in Melon-BO-NH, and Melon-
BO-TETA biochars (Fig. 3). These observations indicated
that TETA and NH,OH were successfully incorporated
into biochar structure. The adsorption peak at 2,921 cm™
can be assigned to C-H stretching. The strong adsorption
peak at 1,702-1,711 cm™ can be assigned to C=O stretching
of the carboxyl group which was existed in Melon-B and
Melon-BO, while it is weak in watermelon peel and it is
completely disappeared in Melon-BO-NH, and Melon-BO-
TETA biochars. However, the strength at 1,702-1,711 cm™
of Melon-BO treated biochar was enhanced when com-
pared with watermelon peel or Melon-B biochar, indicating
the C=0 functional group might be increased by O, treat-
ment. The band 1,598-1,601 cm™ implies the C=O stretch-
ing vibration of 3-ketone and almost existed in watermelon
peel, Melon-B, and Melon-BO biochars, Fig. 1. The appear-
ance of a new peak at 1,550-1,554 cm™ attributed to bend-
ing of N-H in fatty amine or aromatic secondary amine in
Melon-BO-NH, and Melon-BO-TETA biochars. The peak
at 1,405-1,418 cm™ represents the C-O functional group
which was moderate in the melon peel, weak in Melon-B,
very weak in Melon-BO while it is completely disappeared
in Melon-BO-NH, and Melon-BO-TETA biochars, indicating
the refluxing in 25% NH,OH solution or refluxed in TETA
might have a strong effect on the C-O functional group
of biochars. Also, the modification leads to the formation
of new functional groups, in the FTIR spectra of Melon-
BO-NH,, and Melon-BO-TETA biochar’s new peak appeared
at 1,354-1,372 cm™ and this band attributed to the stretching

100.0
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£
g 90.0
c
©
E
E 85.0
o
L Watermelon-Peel
Melon-B
80.0 Melon-BO
—— Melon-BO-NH2
—— Melon-BO_TETA
75.0 T T T T T T T "

4000 3600 3200 2800 2400 2000)

1600 1200 800 400

Wavenumber (cm™

Fig. 3. FTIR analysis of watermelon peel, Melon-B and Melon-BO, Melon-BO-NH,, and Melon-BO-TETA.
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vibration of -N=C=0O group. These new peaks resulting
from nitrogen-containing functional groups appeared on
Melon-B biochar, thereby indicating that amino groups
were successfully introduced after the treatment. The pres-
ence of oxygenated carbon chains peak at 1,239-1,084 cm™
represents an increase of C-O-C asymmetric stretching
functional group for Melon-B and Melon-BO, while it is
very weak in watermelon peel, Melon-BO-NH,, and Melon-
BO-TETA biochars. The peak at 1,026-1,039 cm™ is a primary
hydroxyl group which has a strong intensity in watermelon
peel and weak intensity in other samples (Fig. 3).

3.3. Adsorption of AY11 dye
3.3.1. Effect of pH on the removal of AY11 dye

The pH is an important parameter influencing the
removal of dyes since a variation in pH can lead to ion-
ization of the dye molecules or functional groups on the
adsorbent [47]. The effect of pH on the removal efficiency
and the amounts of AY11 dye adsorbed at equilibrium (g,)
(mg g') by using Melon-B, Melon-BO-NH,, and Melon-
BO-TETA biochars were studied at varied pH range from
1 to 10 (Fig. 4). In Fig. 4a, the experimental conditions were
performed as follows initial concentration of AY11l dye
(100 mg L), adsorbent dose of Melon-B (5.0 g L), Melon-
BO-NH, (1.0 g L") and Melon-BO-TETA (1.0 g L™), contact
time (2h) at temperature (25°C + 2°C). From Fig. 4a, it is
observed that the highest efficiency of removal was obtained
at pH 1 to be 96%—99%, therefore, the optimum pH value
was pH 1. By increasing pH from 1 to 2, the removal per-
centage of dye is remaining constant, and then the removal
percentage of dye is dramatically reduced from 99% to 46%
for Melon-B, from 98% to 44% for Melon-BO-NH, and from
96% to 42% for Melon-BO-TETA biochars with increasing
pH values from 2 to 10.

Fig. 4b shows the relationship between the amounts
of AY11 dye adsorbed at equilibrium (g,) (mg g™) and the
pH values variation from 1 to 10. The results indicate that,

110 -
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at different pH values, the g, for the Melon-BO-NH, and
Melon-BO-TETA biochars were nearly similar and the max-
imum g, values were 99 mg g for Melon-BO-NH, and
95 mg g for Melon-BO-TETA biochars at pH 1. By changing
pH values from 2 to 10 the g, decreased from 99 to 45 mg g™
for Melon-BO-NH, and from 95 to 42 mg g for Melon-
BO-TETA. While there was dramatically decreased in g, for
Melon-B biochar at different pH values. The amount of g, for
Melon-B biochar at pH 1 was 20 mg g™ and highly decreased
to 10 mg g™ at pH 10. The percentage of removal and the
amounts of dye adsorbed at equilibrium were increased five
times after oxidation of Melon-B biochar by ozone followed
by treatment with NH,OH or TETA. The adsorbent doses of
Melon-BO-NH, and Melon-BO-TETA are five times lower
than that of the Melon-B biochars. This dependence of dye
uptake on pH may relate to the functional groups of treated
biochars. AY11 dye is an anionic dye; its adsorption can be
explained on the basis of anionic groups formed during
dehydration of watermelon peels by sulfuric acid and also
during the treatment of Melon-B biochar by O,, NH,OH and
TETA. It is probable that the amino groups may be formed
as a result of the treatment process. The FTIR spectra of raw
material and adsorbent treated with O,, NH,OH and TETA
showed that the hydroxyl, carboxyl, and amino groups were
increased considerably with the O,, NH,OH, and TETA
treatment, which leads to increase the electrostatic attraction
between the dye and biochars. The results indicate that the
O,, NH,OH, and TETA can be used as reagents to modify
Melon-B biochar to produce highly efficient adsorbents to
remove AY11 dye from water. The percentage of removal of
AY11 dye was maximum at acidic pH (1-2) and decreased
with further increase in pH values. Lower adsorption of
AY11 dye at alkaline pH is due to the presence of an excess of
HO- ions competing with dye anion for the adsorption sites.

3.3.2. Effect of contact time on the removal of AY11

Equilibrium time is the time which is taken by the adsor-
bent to adsorb the maximum amount of dye, denoted by t.

100 -
=¥ Melon-B
90 1 —o— Melon-BO-NH2
80 - —— Melon-BO-TETA
70 -
= 60 A
%
£ 50 -
& 40
30 -
20 -
10 A
o +r-rrrrrrrreeerrerererrrrTTTTT
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Fig. 4. Effect of solution pH on the (a) removal % and (b) g, (mg g™) of AY11 dye (100 mg L) using Melon-B, Melon-BO-NH,, and
Melon-BO-TETA of adsorbent dose (5.0, 1.0, and 1.0 g L™, respectively) at 25°C + 2°C.
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The experiments were carried out at initial concentrations
of AY11 dye (75, 100, 150, and 200 mg L™) using 2.0 g L
of untreated Melon-B biochar at pH 1.0 and room tempera-
ture 25°C + 2°C. The effect of contact time on the adsorp-
tion of AY11 dye on adsorbent concentration is presented
in Fig. 5. As can be observed from Fig. 5, within 15 min, the
percentage of removal was about 75% at 75 mg L™ initial
concentration of AY11 dye onto Melon-B adsorbent dose
(2.0 g L), while the removal percentage at 100 mg L™ ini-
tial concentration of AY11 dye was decreased to 40%. The
removal percentage of AY11 dye increases with an increase
in time and reaches a maximum of 92% and 80% for 75
and 100 mg L7 initial concentration of AY11 dye, respec-
tively. The removal percentage of AY11 dye is about 35% at
150 and 200 mg L™ initial concentration of AY11 dye onto
2.0 g L Melon-B adsorbent dose then the uptake of AY11
dye slightly increased with increase in time until reaches
the maximum removal percentage (70%) at equilibrium. The
optimum time to attain the equilibrium is 3 h. The removal

of dye by adsorption using Melon-B biochar was found to be
rapid at the initial period of contact time and then become
slower with the increase of contact time.

Fig. 5b shows the removal percentage of AY11 dye
at different initial dye concentrations ranged from 100
to 300 mg L7 and pH 1 using Melon-BO-NH, adsorbent
biochar (2.0 g L). With the beginning of adsorption, the
removal of AY11 dye increases quickly and reaches about
95% within 10 min, most of the AY11 dye is removed and
reaches a complete removal at 3 h. The relationship between
the removal percentage of AY11 dye using Melon-BO-TETA
adsorbent (2.0 g L) and different contact time was shown
in Fig. 5c. It is shown in Fig. 5c that the removal percentage
trend of AY11 dye on Melon-BO-TETA biochar for all cases
was speedy within the first 15 min. For initial dye concen-
tration of 100 mg L™, the removal of dye was 55% within
15 min, after 60 min the removal became 82% and after that,
the removal increased slowly to reach the maximum value
95% after 3 h contact time. The removal for an initial dye

100 - 100 -
90 A 90 -
80 4 80 4
70 - 70 -
®
©60 4 X 60 A
3 s
£50 - 250 A
Q
40 A §4o .
0 —e—75mg/L o —+—100 mg/L
30 4 —— 100 mg/L 30 1 —%— 150 mg/L
20 1] —%— 150 mg/L 20 —e—200 mg/L
10 —e— 200 mg/L 10 —o—300 mg/L
0 F———"T T T o Fr——r——r—rr—rrrrrrrrrr—omr
0 50 100 150 200 0 50 100 150 200
Time (min) Time (min)
(a) (b)
100 -
90 -
80 -
70 -
X60
g
350 -
§
240 -
30 A —+—100 mg/L
20 —¥%— 150 mg/L
—e—200 mg/L
10 —6—300 mg/L
0 50 100 150 200
Time (min)

(c)

Fig. 5. Removal of AY11 dye (75-200 mg L) using (a) Melon-B (2.0 g L), removal of AY1l dye (100-300 mg L) using
(b) Melon-BO-NH, (2.0 g L), and (c) Melon-BO-TETA (2.0 g L) at pH 1.0 and room temperature (25°C + 2°C).
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concentration of 150 mg L™ was 75% within 15 min, after
60 min the removal was 92% and did not change with an
increase in time. The removal of dye was 65% within the first
15 min and after 60 min the removal became 75% then the
removal increased slowly to reach the maximum value of
about 81% for initial dye concentration 200 and 300 mg L.
From Fig. 5 the results showed that the contact time
required to achieve equilibrium was about 3 h and there was
rapid adsorption that occurred at initial contact time (15 min)
by using the three different biochars. As mention before the
most notable difference between the three biochars was the
significantly higher removal of AY11 dye using the Melon-
BO-NH, and Melon-BO-TETA modified biochars. The surface
area and pore size distribution of the Melon-BO-NH, and
Melon-BO-TETA modified biochars were slightly decreased
after the modification process than would be expected based
on BET analysis, while the surface charge enhanced probably
due to the formation of amines sites on the surface of biochar.
Amine sites produced a great chemical affinity between the
AY11 dye and the biochar but the slow rate of dye adsorp-
tion after the first 15 min probably attributed to the slow pore
diffusion of the solute ions into the bulk of adsorbent.

3.3.3. Effect of initial concentration on the removal
of AY11 dye

The influence of the initial dye concentration on removal
percentage and g, was studied. The experiment was carried
out at adsorbent doses using Melon-B biochar (2.0, 3.0, 4.0,
5.0 and 6.0 g L), pH 1.0 using a different initial concentra-
tion of AY11 dye (75-200 mg L) for 3h at room temperature
(25°C £ 2°C) (Fig. 6). The percentage of removal of AY11
dye decreased from 96% to 77% with an increase in the ini-
tial dye concentration from 75 to 200 mg L™ using Melon-B
dose of biochar (2.0 g L) (Fig. 6a). The removal percentage
of AY11 dye decreased from 97% to 85% with an increase
in the initial dye concentration from 75 to 100 mg L' and
then increased again to 93% with an increase in the initial
dye concentration from 100 to 200 mg L™ using Melon-B
dose of biochar (3.0 g L!). While the percentage of removal
of AY11 dye decreases as the initial concentration of dye
increased using Melon-B dose of biochar (4.0 g L™). The
percentage of removal of AY11 dye increased from 97% to
100% as the initial concentration of dye increased from?75 to
100 mg L and after that decreased with initial dye concen-
tration increasing using Melon-B doses of biochar (5.0 and
6.0 g L) for an adsorbent dose of Melon-B biochar. Fig.
6b shows that the g, decreases with an increase of Melon-B
doses at the same initial concentration of AY11 dye, while
it increases with the increase of initial dye concentration
for all studied doses of Melon-B biochar. From Fig. 6b,
the results indicate that the sorption capacities at equilib-
rium (q,) increased from 35.74 to 76.94, 24.26 to 61.92, 18.39
to 47.08, 14.72 to 38.95 and 12.27 to 32.50 mg g with an
increase in the initial dye concentration from 75 to 100 to
150, and to 200 mg L™ using Melon-B doses 2.0, 3.0, 4.0, 5.0,
and 6.0 g L7, respectively.

The adsorption experiments at initial AY11 dye concen-
tration from 100 to 300 mg L™ on its removal % using differ-
ent Melon-BO-NH, doses (0.5, 1.0, 1.25, 1.50, and 2.0 g L)
were also performed for 3h at 25°C + 2°C and the results are

represented in Fig. 6c. It is observed that the percentage of
removal increased with increasing mass concentration of
adsorbent from 0.5t02.0 g L™ and decreased with the increase
of the initial dye concentrations from 100 to 300 mg L. The
percentage of removal decreased from 94 to 67% with an
increase in the initial concentration of AY11 dye from 100
to 300 mg L™ using 0.5 g L' of Melon-BO-NH, biochar.
The percentage of removal of dye decreased from 98.5%
to 94% for an increase in the initial concentration of AY11
dye from 100 to 300 mg L™ using absorbent dose 1.0 g L™
of Melon-BO-NH, biochar. Also, the removal percentage of
dye decreased from 99% to 97% for an increase in dye ini-
tial concentration from 100 to 300 mg L using absorbent
dose 1.25 g L™ of Melon-BO-NH, biochar. The percentage of
removal of dye decreased from 99.5% to 98% and from 100%
to 99% for an increase in the initial concentration of AY11
dye from 100 to 300 mg L™ using absorbent doses 1.50 and
2.0 g L™ of Melon-BO-NH, biochar, respectively.

The adsorption experiments at initial AY11 dye concen-
tration ranged from 100 to 300 mg L™ on its removal percent
of dye using different Melon-BO-TETA doses (0.5, 1.0, 1.25,
1.50, and 2.0 g L) were also performed for 3 h at 25°C + 2°C
and pH 1 (Fig. 6e). The removal percentage of AY11 dye
using Melon-BO-TETA was increased with increasing of
mass concentration of adsorbent from 0.5 to 2.0 g L and
decreased with increasing of all initial dye concentra-
tions. However, during using 1.50 g L adsorbent dose of
Melon-BO-TETA biochar, the percentage of removal slightly
decreased from 96% to 95% and then there was a slightly
increased to 97%, after that there was another decreased to
90% with increasing of dye initial concentration from 100
to 300 mg L. The removal percent decreased when initial
AY11 dye concentration increased for all the three different
adsorbent biochars, which may be attributed to the satura-
tion of adsorption sites on the biochar surface. The results
represented in Fig. 6 show the g, decreases with an increase
of the Melon-BO-NH, and Melon-BO-TETA doses at the
same initial concentration of AY11 dye, while it increases
with an increase of initial dye concentration for all studied
doses of Melon-BO-NH, and Melon-BO-TETA biochars.

The g, onto the three different biochars at a lower ini-
tial concentration of AY11 dye were smaller than the cor-
responding adsorption capacities at equilibrium (g,) when
higher initial concentrations were used. The decrease in
g, value was probably due to the concentration gradient
between the adsorption vacant sites of the solid adsorbent
and the concentration of dye solutions gets decreased with
increasing adsorbent mass leading to decrease in g, value or
during the sorption process, there was an aggregation took
place to lead to a reduction in surface area of the sorbent.
The increase in the sorption capacities at equilibrium (g,)
although using small doses of Melon-BO-NH, and Melon-
BO-TETA (0.5 g L") and at a high initial concentration of
dye was significant. The g, increased to about seven times by
using the modified biochars Melon-BO-NH, and Melon-BO-
TETA than unmodified Melon-B biochar. This notable result
may be attributed to the formation of amino reactive func-
tional groups on the surface of biochars during the modifi-
cation process that efficiently increased the negative surface
charges and probably caused an increase in the sorption
capacities at equilibrium (g,).
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Fig. 6. Effect of AY11 initial concentration (75-200 mg L) on (a) removal %, (b) g, (mg g™) using different Melon-B doses (2.0-6.0 g L™);
effect of AY11 dye initial concentration (100-300 mg L) on (c) removal %, (d) g, (mg g™') using different Melon-BO-NH, doses (0.5-
2.0 g L); effect of AY11 dye initial concentration (100-300 mg L") on (e) removal %, and (f) g, (mg g™') using different Melon-BO-TETA
doses (0.5-2.0 g L) at room temperature (25°C + 2°C).
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3.3.4. Effect of adsorbent dosage on removal of AY11 dye

The effects of Melon-B dosage and the removal percent-
age of AY11 dye were studied by changing the adsorbent
dose (2.0-6.0 g L) and the initial dye concentration (75-
200 mg L), at room temperature (25°C +2°C) and pH 1 (Fig.
7). Fig. 7a indicates that the percentage of removal of AY11
dye was increased with increasing of the adsorbent doses
(2.0-0.6 g L) for all initial concentrations of dye. The maxi-
mum removal percentage 100% was achieved using 6.0 g L™
of an adsorbent dose of Melon-B biochar at 100 g L™ initial
dye concentration. Fig. 7b shows that the g, decreases with
an increase of Melon-B doses at the same initial concentra-
tion of AY11 dye, while it increases with the increase of ini-
tial dye concentration for all studied doses of Melon-B bio-
char. The results indicate that the g, decreased from 35.74 to
12.27, 43.57 to 16.64, 58.06 to 24.75 and 76.94 to 32.50 mg g™*
with an increase of Melon-B doses from 2.0 to 6.0 g L™ at
initial dye concentrations (75, 100, 150, and 200 mg L),
respectively. The influence of Melon-BO-NH, dosage on the
removal percentage of AY11 dye was investigated in Fig. 7
by changing the quantity of adsorbent (0.5, 1.0, 1.25, 1.50,
and 2.0 g L) and initial concentrations of AY11 dye (100,
150, 200, and 300 mg L) at pH 1 and room temperature
(25°C + 2°C) for 3 h. Fig. 7c indicates that the percentage
of removal of AY11 dye was increased with increasing of
the adsorbent doses (0.5-2.0 g L) for all initial concentra-
tions of dye. The maximum removal percentage 99% was
achieved using 2.0 g L7 of an adsorbent dose of Melon-
BO-NH, biochar at 100 g L initial dye concentration. The
effect of Melon-BO-TETA different doses (0.5, 1.0, 1.25, 1.5,
and 2.0 g L) on removal % of different initial concentration
(100, 150, 200, and 300 mg L) of AY11 dye at 25°C +2°C for
3 h was studied and reported in Fig. 7e. Fig. 7e indicates
that the removal percentage of AY11 dye was increased with
increasing of the adsorbent doses (0.5-2.0 g L) for all initial
concentrations of dye. The maximum percentage of removal
97% was achieved using 2.0 g L™ of an adsorbent dose of
Melon-BO-TETA biochar at 100 mg L™ initial dye concen-
tration. The influence of Melon-BO-NH, and Melon-BO-
TETA doses on the adsorption capacities at equilibrium (g,)
was investigated, the Melon-BO-NH, and Melon-BO-TETA
masses were varied between 0.5 and 2.0 g L, while initial
dye concentration was varied between 100 and 300 mg L.
The results are represented in Fig. 7d and f which show
that the g, decreases with increases of the Melon-BO-NH,
and Melon-BO-TETA doses at the same initial concentra-
tion AY11 dye, while it increases with increases of initial
dye concentration for all studied doses of Melon-BO-NH,
and Melon-BO-TETA biochars. The results indicate that the
g, decreased from 188.50 to 49.77, 284.13 to 74.57, 354.75 to
99.06, and 445.48 to 147.18 mg g™ with an increase in Melon-
BO-NH, doses (0.5, 1.0, 1.25, 1.50, and 2.0 g L) at initial
dye concentrations (100, 150, 200 and 300 mg L), respec-
tively (Fig. 7d). From Fig. 7f, the results indicate that the
q, decreased from 183.09 to 70.04, 290.44 to 78.53, 352.66 to
94.41, and 462.18 to 133.07 mg g™ with an increase of Melon-
BO-TETA doses (0.5, 1.0, 1.25, 1.50, and 2.0 g L) at initial
dye concentrations (100, 150, 200, and 300 mg L), respec-
tively. These results can be attributed to the increased avail-
ability of active adsorption sites for AY11 dye ion binding.

The higher removal of dye by Melon-BO-NH, and Melon-
BO-TETA than Melon-B biochars were caused by the syn-
ergy of amino functionality. The percentage of removal of
AY11 dye increased to about 99% with the increase in the
adsorbent dose to 2.0 g L.

3.4. Adsorption isotherm study

The adsorption isotherm is the relationship between the
mass of adsorbent (g, mg g™') and of adsorbate concentra-
tion at equilibrium time (C, in mg L) which explains how
the adsorbate molecules are distributed between the lig-
uid and solid phases at the equilibrium state [48,49]. The
adsorption isotherm is important for calculating the max-
imum amount of adsorbate taken up by adsorbent (Q, in
mg g). There are several isotherms which help for the said
calculations; however, Langmuir (Eq. (5)) [50,51], Freundlich
(Eq. (6)) [52,53] and Temkin (Eq. (7)) [54,55] isotherms are
selected to rationalize the dye-biochar interactions observed
in this study. Their linear forms of these 3 isotherm equa-
tions are expressed as:

—<= +—xC, 5)
9. K. Q, Q,
1
logg, =logK, +—log C, 6)
n
g, =BInA+BInC, (7)

where K, (L mg™") and Q, (mg g) represent Langmuir
constant and the maximum adsorption capacity calculated
by the Langmuir model, respectively. K, ((mg g™) (L mg™)"")
and 1/n are Freundlich constants that describe the adsorp-
tion density and intensity, respectively. A and B are the
Temkin constant.

3.4.1. Langmuir isotherm

The maximum adsorption capacity (Q,) correspond-
ing to complete monolayer coverage on the sorbent surface
was estimated by the Langmuir isotherm model. Values
of Langmuir constants, the saturated monolayer sorption
capacity (Q,), and the equilibrium adsorption constant, K,
are represented in (Table 2) for the sorption of AY11 dye onto
Melon-B, Melon-BO-NH, and Melon-BO-TETA biochars.
The Q,, (mg g™') values obtained from the Langmuir model
were from 38.31-83.33 for Melon-B, 178.57-526.32 for Melon-
BO-NH,, and 126.58-370.37 mg g! for Melon-BO-TETA
biochars. The adsorption of AY11 dye can be described by
the model of Langmuir according to the higher correlation
coefficient (R?). From Table 2, the correlation coefficients
for the linear form of the Langmuir model (R?) > 0.930 for
Melon-B, 0.997 for Melon-BO-NH,, and 0.999 for Melon-BO-
TETA biochars. It could be easily found that the Langmuir
isotherm successfully explains the adsorption process
as a monolayer formation of AY11 dye on the surface of
Melon-BO-NH, and Melon-BO-TETA biochar.

Fig. 8 represented a relationship between C/q, and C,
for Melon-B, Melon-BO-NH,, and Melon-TETA biochars.
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Fig. 8. Linearized Langmuir adsorption isotherm for AY11 dye of initial concentration (75-200 mg L) on (a) Melon-B doses

(20-6.0 g L), of initial concentration (100-300 mg L) on (b) Melon-BO-NH,, (c) Melon-BO-TETA doses (0.5-2.0 g

LY,

Freundlich adsorption isotherm for AY11 dye of initial concentration (75-200 mg L) on (d) Melon-B doses (2.0-6.0 g L™), of initial
concentration (100-300 mg L) on (e) Melon-BO-NH,, and (f) Melon-BO-TETA doses (0.5-2.0 g L™) at 25°C + 2°C.
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The 1/Q, K, and 1/Q, of the Langmuir model are, respec-
tively, obtained from the intercept and the slope of the
line. Tables S1-S3 represented the relation between g, of
AY11 at different initial concentrations obtained by batch
experimental and g, calculated using data from different
isotherm models using different doses of Melon-B, Melon-
BO-NH,, and Melon-TETA biochars, respectively, at room
temperature (25°C + 2°C). There was an agreement between
the g, obtained from batch experimental and g, calculated
using data from the Langmuir isotherm model which proves
the applicability of the Langmuir model [56,57].

Table 2

3.4.2. Freundlich isotherm

Though Freundlich isotherm correctly established the
adsorption process as a heterogeneous phenomenon, the
linear fitting parameters from the model of Freundlich
isotherm for the removal of AY11 dye by Melon-B, Melon-
BO-NH,, and Melon-BO-TETA biochars are listed in Table
2. Fig. 8 represents the plot of log(q,) vs. log(C) with the
intercept value of logK, and the slope of 1/n,. In the
Freundlich model, when 1/n is less than 1, it is relatively
easy for adsorbent to adsorb solute and the adsorption of
dye on the adsorbent is a favorable physical process. Since

Isotherm study data of adsorption of AY11 dye of different initial concentration onto Melon-B, Melon-BO-NH,, and Melon-BO-TETA

of different adsorbent doses at 25°C +2°C

Isotherm model Isotherm parameter

Melon-B doses (g L)

2.0 3.0 4.0 5.0 6.0
Q, (mgg™) 83.33 45.87 48.78 32.47 38.31
Langmuir K, 0.11 0.48 0.35 1.73 0.83
R? 0.930 0.651 0.886 0.914 0.762
1/n 0.275 0.278 0.375 0.177 0.176
K = LY -1 23.82 19.66 15.70 20.97 19.65
Freundlich » (Mg &)
Q, (mgg) 72.58 60.49 72.15 47.41 44.14
R? 0.901 0.421 0.888 0.409 0.329
A, 2.62 5.64 3.29 134.50 148.96
Temkin B, 14.26 9.88 10.93 4.53 419
R? 0.829 0.329 0.798 0.425 0.430
Melon-BO-NH, dose (g L™)
0.50 1.00 1.25 1.50 2.00
Q, (mgg™) 526.32 322.58 277.78 256.41 178.57
Langmuir K, 0.07 0.231 0.38 0.53 0.79
R? 0.996 0.997 0.982 0.978 0.996
1/n 0.334 0.360 0.399 0.449 0.418
K U L g1 103.78 90.05 87.74 88.35 73.99
Freundlich r (Mg &)
Q, (mgg™) 401.55 388.79 44485 696.95 506.29
R? 0.997 0.970 0.998 0.995 0.981
A, 1.086 3.758 4.427 4.063 7.936
Temkin B, 99.444 59.512 58.635 59.960 38.205
R? 0.995 0.988 0.991 0.990 0.995
Melon-BO-TETA dose (g L™)
0.50 1.00 1.25 1.50 2.00
Q, (mgg) 370.37 263.16 303.03 212.77 126.58
Langmuir K, 0.15 0.11 0.07 0.15 0.18
R? 1.000 0.999 0.989 0.996 0.998
1/n 0.29 0.69 0.69 1.97 1.93
K U LV g1 104.28 28.87 26.10 0.81 1.61
Freundlich ¢ (mg 8")
Q, (mgg™) 340.86 493.61 437.76 7,097.41 11,838.59
R? 0..9945 0.997 0.992 0.993 0.999
A, 0.63 0.34 0.59 0.67 0.17
Temkin B, 105.47 116.71 73.04 58.33 165.40
R? 0.771 0.851 0.989 0.822 0.978
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the values of 1/n are smaller than one, then the adsorption of
acid AY11 dye is considered more favorable on Melon-B as
well as Melon-BO-NH, than the Melon-BO-TETA biochars.
Further, it is obvious the values of the correlation coefficient
for Figs. 8d-f suggests that Freundlich isotherm successfully
explains the variation of logg, as a function of logC,. Table 2
showed Freundlich Q, equal 72.58 for Melon-B, 696.95 for
Melon-BO-NH,, and 493.61 mg g~ for Melon-BO-TETA bio-
chars. The higher the Q  value, the better the adsorption of
AY11 dye. Tables S1-S3 represented the relation between
g, of AY11 dye obtained from experiments and g, obtained
from Freundlich isotherm model analysis on the various
doses of Melon-B, Melon-BO-NH,, and Melon-BO-TETA,
respectively. A reliable value of calculated g, was founded in
accordance with that obtained from the Freundlich isotherm
model for all data collection.

3.4.3. Temkin isotherm

Temkin isotherm takes into account the heat changes
associated with the adsorption process due to indirect
adsorbent/adsorbate interactions; it is also assumed that the
heat of adsorption of all molecules in the layer decreases
linearly as a result of increase surface coverage. Temkin
isotherm parameters of the adsorption of AY11 dye by
Melon-B, Melon-BO-NH,, and Melon-BO-TETA biochars
were obtained from Fig. 9. The Temkin constants were esti-
mated and listed in Table 2. The value of the heat of adsorp-
tion indicating a physical adsorption process occurred. The
correlation coefficients values obtained from Temkin iso-
therm R?> 0.83 for Melon-B, 0.995 for Melon-BO-NH, and
0.989 for Melon-BO-TETA biochars indicated that Temkin
model can be successfully applied to study the heat changes
associated with adsorption of AY11 dye by Melon-BO-NH,
and Melon-BO-TETA. Tables S1-53 show the values of
experimental and calculated amounts of dye adsorbed at
equilibrium g, by using Temkin model. The results are more
applicable with Melon-BO-NH, biochar in all different
adsorbent doses or initial dye concentrations but they were
only applicable when used a high adsorbent dose for the
two other biochars.

3.5. Error function studies for best-fit isotherm model

Several different error functions such as the average
percentage errors [58], Chi-square error (x?) [59], the root
mean square errors [58], the hybrid fractional error func-
tion [59,60], the sum of the absolute errors [58], Marquardt’s
percent standard deviation [58] was used to find the
best-fit isotherm model for the experimental data and to
detect the error distribution between the experimental
equilibrium data and predicted isotherms.

N —
APE(%) = @XZ Qessotberm — e cale. ®)
N & 9 isotherm ;
N _
HYBRID = 100 “ Z 9. isotherm ~ 9o calc. )
N-P & 9. isotherm i

(10)
i=1 qe,isulhurm
N —q . :
MPSD _ 100 % 1 Z (q/:/calc. qc,lsotherm ) (1 1)
N-P i=1 qc/isotherm
N
EABS = Z e cate. ~ e isotherm|; (12)
i=1
2
1 il qL’ calc.
RMS =100, |— 37| 1-—cte (13)
N i=1 qe,isotherm

The calculated isotherm parameters by six error func-
tions between experimental data and theoretical isotherms
are given in Table 3 for Melon-B, Melon-BO-NH,, and
Melon-BO-TETA biochars, respectively. From Table 3, it can
be observed that the Freundlich isotherm model is compa-
rable and applicable to the experimental equilibrium data
for Melon-B and Melon-BO-NH, biochars. The Langmuir
model is the best-fit isotherm model to the experimental
data for Melon-BO-TETA biochar.

3.6. Adsorption kinetic studies

The solute uptake rate process of AY1l dye onto
Melon-B, Melon-BO-NH, and Melon-BO-TETA biochars is
required for selecting optimum operating conditions for
the full-scale batch process and have been investigated
by applying pseudo-first-order [61], pseudo-second-order
[62], Elovich [63-65] and intraparticle diffusion [66,67]
equations. The conformity between experimental data and
model predicted values was expressed by the correlation
coefficients (R?).

3.6.1. Pseudo-first-order kinetic model

Parameters for the pseudo-first-order kinetics (Eq. (14))
of AY11 dye adsorption by Melon-B, Melon-BO-NH,, and
Melon-BO-TETA biochars are represented by the graphical
representation of values of log(q, — g,) against ¢ in Fig. 10.
The values of k, (rate constant) and the g, can be measured
from the slope and intercept of the plot, respectively. The
R? values show that the pseudo-first-order model did not
explain the adsorption mechanism to a satisfactory level.
It is also obvious that g, values calculated theoretically
are, however, in far relation with the g, values calculated
experimentally (Tables 4-6).

ki, 14)

log(q,~q,) =108 (q.)~ 55

3.6.2. Pseudo-second-order kinetic model

The pseudo-second-order model of AY11 dye by Melon-B,
Melon-BO-NH,, and Melon-BO-TETA biochars was studied
to investigate the promoting effect of amine groups on the
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Fig. 9. Temkin adsorption isotherm for AY11 dye of initial concentration (75-200 mg L) on (a) Melon-B (2.0-6.0 g L); of initial
concentration (100-300 mg L) on (b) Melon-BO-NH,, and (c) Melon-BO-TETA doses (0.5-2.0 g L) at 25°C + 2°C.

Table 3
Best-fit isotherm model to the experimental equilibrium data by several different errors functions for AY11 dye onto Melon-B,
Melon-BO-NH,, and Melon-BO-TETA at 25°C + 2°C

Isotherm model APE % x> HYBRID MPSD EABS RMS
Melon-B

Linear-Langmuir 0.25 0.25 2.40 0.11 5.43 0.11

Freundlich 0.19 0.19 1.64 0.07 5.74 0.07

Temkin 0.22 0.22 1.90 0.09 4.56 0.09

Melon-BO-NH,

Linear-Langmuir 0.07 0.07 1.33 0.01 6.02 0.01

Freundlich 0.03 0.03 0.17 0.00 417 0.00

Temkin 0.05 0.05 0.44 0.00 5.36 0.00
Melon-BO-TETA

Linear-Langmuir 0.09 0.09 2.69 0.02 7.40 0.02

Freundlich 0.26 0.26 17.59 0.16 31.57 0.16

Temkin 0.12 0.12 3.59 0.03 18.60 0.03

APE - average percentage errors; x* — Chi-square error; HYBRID — hybrid fractional error function; MPSD — Marquardt’s percent
standard deviation; EABS — sum of the absolute errors; RMS — root mean square errors.
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Fig. 10. Pseudo-first-order kinetic of adsorption of AY11 dye of initial concentration (75-200 mg L) by (a) Melon-B, of initial concen-
tration (100-300 mg L") by (b) Melon-BO-NH,, and (c) Melon-BO-TETA adsorbent dose (2.0 g L™) at 25°C + 2°C. Pseudo-second-order
kinetic of adsorption of AY11 dye of initial concentration (75-200 mg L) by (d) Melon-B adsorbent dose (2.0 g L); of initial concen-
tration (100-300 mg L) by (e) Melon-BO-NH,, and (f) Melon-BO-TETA adsorbent dose (2.0 g L) at 25°C + 2°C.
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Table 4
Pseudo-first-order and pseudo-second-order results of adsorption of AY11 dye of different initial concentration (75, 100, 150, and
200 mg L) onto Melon-B of different adsorbent doses (2, 3, 4, 5, and 6 g L™ dye solution)

Parameter Pseudo-first-order Pseudo-second-order
Melon-B doses (g L) AY11 dye (mg L™) Doonp. 9, cate k, = 10° R? 9, cate k, x 10° H R?
75 35.74 13.03 11.98 0.995 34.48 3.43 4,078 0.999
20 100 43.57 25.14 7.37 0.980 39.63 1.69 2,266 0.995
150 58.06 36.69 8.52 0.983 56.02 0.94 2,436 0.980
200 76.94 34.82 5.76 0.886 73.69 1.45 5,896 0.986
75 24.26 9.06 15.66 0.961 24.33 4.68 2,768 1.000
100 28.40 15.38 9.44 1.000 26.91 2.48 1,662 0.993
30 150 43.66 25.46 11.05 0.995 41.49 1.33 2,284 0.995
200 61.92 29.20 9.44 0.993 59.82 1.43 4,623 0.995
75 18.39 5.24 22.34 0.969 18.83 9.35 3,317 1.000
40 100 24.10 12.09 13.13 0.997 23.64 3.06 1,709 0.995
150 3447 18.42 11.28 0.998 32.79 1.97 2,119 0.993
200 47.08 23.06 10.13 0.993 43.67 1.74 3,317 0.996
75 14.72 3.83 22.80 0.952 15.04 13.05 2,951 1.000
50 100 19.94 6.45 16.12 0.974 19.96 7.11 2,831 0.999
150 28.28 15.34 13.59 0.998 28.09 2.25 1,773 0.995
200 38.95 16.26 14.28 0.987 38.61 2.50 3,734 0.999
75 12.27 2.72 23.26 0.960 12.48 19.75 3,079 1.000
100 16.64 5.02 16.12 0.941 16.58 9.51 2,616 0.999
6.0 150 24.75 7.60 17.73 0.990 25.00 6.14 3,837 1.000
200 32.50 11.48 16.12 0.724 32.79 3.45 3,713 0.996
Table 5

Pseudo-first-order and pseudo-second-order results of adsorption of AY11 dye of different initial concentration (100-300 mg L") onto
Melon-BO-NH, of different adsorbent doses (0.5-2.0 g L™ dye solution) at 25°C

Parameter Pseudo-first-order Pseudo-second-order
Melon-BO-NH, doses (g L")~ AYlldye (mgL™") ¢, o cate k x10° R? o cate k,x10° H R?
100 188.50 122.24 10.82 0.954 181.82 0.23 7,663 0.993
0.50 150 284.13  246.04 10.82 0.951 384.62  0.02 3,413 0.898
200 354.75  355.71 10.59 0946 25641 0.02 1,246 0.225
300 44548  390.93 7.37 0.763 58824 0.014 4,755 0.652
100 98.75 20.88 12.67 0987  97.09 2.45 23,095 1.000
100 150 146.36  50.75 15.66 0.972 147.06  0.85 18,282  0.998
200 215.41 105.44 15.43 0.997 192.31 0.32 11,765  0.995
300 260.93  240.05 14.05 0990 33333 0.06 6,725 0.986
100 79.36 7.593 12.90 0.945 78.74 747 46,296  1.000
195 150 118.41  23.01 15.43 0.977 117.65  2.20 30,395 1.000
200 156.45 55.26 15.43 0.998 156.25 0.78 19,157  0.998
300 231.03  154.31 13.59 0.989 238.10 0.17 9,662 0.993
100 56.33 6.09 12.21 0.968 65.36 9.52 40,650  1.000
150 150 99.05 6.11 12.67 0952  98.04 9.72 93,458  1.000
200 131.82  20.03 15.89 0.994 131.58  2.60 45,045 1.000
300 196.05 120.28  4.61 0.990 200.00  0.59 23,419  0.998
100 49.77 4.44 11.98 0957 49.26 13.04 31,646  1.000
150 74.57 491 11.98 0.958 74.07 12.07 66,225  1.000
2.00 200 99.06 11.22 15.20 0.988 99.01 4.77 46,729  1.000

300 147.18  29.05 17.27 0.981 147.06 1.74 37,594  0.999
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Pseudo-first-order and pseudo-second-order results of adsorption of AY11 dye of different initial concentration (100-300 mg L) onto
Melon-BO-TETA of different adsorbent doses (0.5-2.0 g L™ dye solution) at 25°C

Parameter Pseudo-first-order Pseudo-second-order
Melon-BO-TETA Doses (g L")  AY11 dye (mg L™) Do, Docalc k,x10*° R? 9, cate k,x10° H R?
100 183.09 13858 7.83 0969 16393  0.19 5.0E+03 0.994
150 290.44 108.44 6.22 0952 204.08 0.53 2.2E+04 0.995
0-50 200 352.66 158.05 12.14 0955 250.00 0.36 2.3E+04 0.996
300 462.18 18497 1.38 0988 452,50 1.15 1.1E+05 1.000
100 94.41 60.56 11.98 0.983 93.46 0.47 4.1E+03 0.997
1.00 150 140.41 53.31 4.84 0917 113.64 1.52 2.0E+04 0.998
200 180.12 61.80 3.22 0.634 177.06  2.02 4.4E+04 0.996
300 27430 84.08 3.22 0.688 27222 1.35 6.7E+04 0.998
100 7594  38.63 12.44 0941  74.07 0.93 5.1E+03 1.000
125 150 113.46  35.40 5.76 0981 108.04 1.96 1.9E+04 0.998
200 140.17 53.94 4.15 0.861 140.48 1.82 2.6E+04 1.000
300 21343 38.49 -0.23 0.005 209.49 -4.58 -1.3E+05  0.998
100 88.30 4748 27.87 0991 69.93 0.76 3.7E+03 0.999
150 150 95.02  31.67 7.83 0997 96.21 1.73 1.3E+04 0.998
200 127.68 43.87 11.05 0.999 121.95 1.06 1.6E+04 0.998
300 17745 30.73 -0.46 0.008 172.86 -8.31 -1.7E+05  0.996
100 70.04  31.25 32.93 0994 70.76 1.45 3.7E+03 0.999
150 7853  20.30 29.71 0.873  74.07 2.31 1.3E+04 1.000
2.00 200 94.41 26.43 5.76 0.678  91.97 3.19 2.1E+04 0.998
300 133.07 17.77 1.38 0431 12821 1294 2.1E+05 1.000

adsorption kinetics and was presented in Fig. 10. The val-
ues of adsorption rate constant k, and equilibrium adsorp-
tion capacity g, for pseudo-second-order adsorptions can be
calculated from the intercept and slope of the plots of t/g, vs. t.

t 1 1
—|= +—(t
(%J k,q; qe()

The data analysis shows that the correlation coefficients
(R?) for fitting the data to the pseudo-second-order kinetic
model are ranged to about 1.0. Additionally, in contrast to
the values of g, calculated using the pseudo-first-order,
the theoretical values of g, determined using the pseudo-
second-order kinetic model agree very well with the exper-
imental ones (Qexp_) (Tables 4-6). Both facts suggest that the
pseudo-second-order mechanism is more applicable to the
adsorption of AY11 dye by Melon-B, Melon-BO-NH,, and
Melon-BO-TETA biochars, which relies to the assumption
that physical adsorption, may be the rate-limiting step.

(15)

3.6.3. Elovich kinetic model

The Elovich equation describes a chemical adsorption
mechanism in nature and it is the rate equation based on
the adsorption capacity.

q, :%ln(aﬁ)+%ln(t) (16)

Fig. 11 depicts the plot of g, vs. In(t). The Elovich con-
stants a (initial adsorption rate) and (3 (desorption constant)
were calculated from the intercept and slope of the straight
line, are listed in Tables 7-9. From, Tables 7-9, it can observe
that the correlation coefficients R? are very high for Melon-B
and Melon-BO-NH, adsorbents. Also, the correlation coeffi-
cients are high for Melon-BO-TETA biochar except with high
initial dye concentration at high adsorbent dose, the correla-
tion coefficients are very low. The values of R* obtained in
the present study indicate that chemical sorption processes
may be the rate-limiting in the adsorption of AY11 dye onto
Melon-B and Melon-BO-NH, biochars, while in the case of
Melon-BO-TETA biochar the adsorption of dye seems to
involve physisorption only at high initial dye concentration
and high adsorbent dose.

3.6.4. Intraparticle diffusion model

Weber and Morris [66,67] thought that if they plot g,
and the square root values of time, a linear relation passes
through the origin will be occurred when the adsorption
is controlled by intraparticle diffusion step. However, if
the line does not pass through the origin, a larger C indi-
cates that the film diffusion will greatly affect the rate of
the adsorption process. The effect of intraparticle diffusion
resistance on adsorption can be determined using the fol-
lowing equation 17 [66,67].

g, =K, t"+C

T Thdiff

17)
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Fig. 11. Elovich kinetic of adsorption of AY11 dye of initial concentration (75-200 mg L™) by (a) Melon-B adsorbent dose (2.0 g L); of
initial concentration (100-300 mg L) by (b) Melon-BO-NH,, (c) Melon-BO-TETA adsorbent dose (2.0 g L) at 25°C + 2°C. Intrapar-
ticle diffusion of adsorption of AY11 dye of initial concentration (75-200 mg L) by (d) Melon-B adsorbent dose (2.0 g L); of initial
concentration (100-300 mg L) by (e) Melon-BO-NH,, and (f) Melon-BO-TETA adsorbent dose (2.0 g L) at 25°C + 2°C.
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Table 7
Elovich and intraparticle diffusion models results of adsorption of AY11 dye of different initial concentration (75-200 mg L™) onto
Melon-B of different adsorbent doses (2-6 g L™ dye solution) at 25°C + 2°C

Melon-B dose (g L™) AY11 initial conc. (mg L) Elovich Intraparticle diffusion
B a R? K C R?
75 0.25 117.95 0.990 1.15 20.31 0.989
100 0.16 9.28 0.992 1.82 13.42 0.982
20 150 0.10 13.64 0.992 2.64 15.66 0.991
200 0.10 39.17 0.991 1.86 37.90 0.995
75 0.31 31.50 0.987 0.93 13.27 0.935
100 0.25 9.34 0.973 1.20 10.33 0.999
30 150 0.13 7.98 0.995 2.18 13.50 0.991
200 0.13 50.33 0.958 2.29 27.56 0.991
75 0.50 153.49 0.963 0.56 12.40 0.882
40 100 0.28 11.18 0.986 1.05 10.26 0.998
150 0.19 11.49 0.979 1.53 13.06 0.998
200 0.16 25.78 0.972 1.88 19.82 0.993
75 0.66 216.56 0.958 0.42 10.26 0.872
50 100 0.45 101.05 0.988 0.63 12.43 0.941
150 0.21 8.11 0.991 1.36 10.66 0.994
200 0.19 35.94 0.996 1.55 19.72 0.971
75 0.95 1,071.25 0.945 0.29 9.19 0.853
100 0.57 133.77 0.969 0.49 10.75 0.909
6.0 150 0.38 184.14 0.991 0.75 16.04 0.939
200 0.22 35.24 0.999 1.31 17.36 0.990
Table 8

Elovich and intraparticle diffusion models results of adsorption of AY11 dye of different initial concentration (100-300 mg L) onto
Melon-BO-NH, of different adsorbent doses (0.5-2.0 g L™ dye solution) at 25°C + 2°C

Elovich Intraparticle diffusion
Melon-BO-NH, dose (g L) AY11 initial conc. (mg L)
a R? K C R?
100 0.03 1.86E+01 0.971 10.89 39.41 0.955
0.50 150 0.01 8.12E+00 0.970 21.88 -36.36 0.954
200 0.01 7.52E+00 0.970 31.61 -101.29 0.952
300 0.01 1.19E+01 0.903 31.64 -49.73 0.846
100 0.15 1.04E+05 0.980 1.89 74.07 0.979
1.00 150 0.06 8.22E+02 0.966 4.62 89.34 0.981
200 0.03 5.23E+01 0.978 9.50 71.26 0.991
300 0.01 1.38E+01 0.978 21.85 3.09 0.985
100 0.43 7.68E+12 0.954 0.67 70.51 0.954
125 150 0.14 5.38E+05 0.969 2.09 92.47 0.982
200 0.06 8.28E+02 0.978 4.96 94.87 0.992
300 0.02 2.46E+01 0.979 14.04 51.07 0.983
100 0.53 1.73E+13 0.969 0.54 59.11 0.965
150 150 0.52 1.82E+20 0.970 0.56 91.75 0.967
200 0.16 6.43E+07 0.975 1.80 109.65 0.991
300 0.05 9.99E+02 0.975 6.34 119.31 0.997
100 0.73 3.71E+13 0.964 0.40 44.49 0.957
150 0.65 6.74E+18 0.974 0.45 68.67 0.967
2.00 200 0.29 4.01E+10 0.973 1.02 86.42 0.987

300 0.11 8.22E+05 0.964 2.59 115.87 0.985
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Table 9
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Elovich and intraparticle diffusion models results of adsorption of AY11 dye of different initial concentration (100-300 mg L) onto
Melon-BO-TETA of different adsorbent doses (0.5-2.0 g L™ dye solution) at 25°C +2°C

Melon-BO-TETA dose (g L™) AY11 initial conc. (mg L) Elovich Intraparticle diffusion
B a R? K, C R?
100 0.03 1.05E+01 0.993 10.54 18.65 0.972
150 0.04 5.13E+02 0.968 7.04 116.12 0.963
0-50 200 0.02 6.66E+01 0.852 12.67 105.81 0.726
300 0.08 6.38E+09 0.917 3.67 265.40 0.977
100 0.05 1.01E+01 0.995 5.51 21.43 0.975
1.00 150 0.10 3.49E+03 0.971 2.96 78.21 0.944
200 0.11 4.43E+05 0.747 2.61 117.37 0.689
300 0.08 1.86E+06 0.791 3.66 177.75 0.739
100 0.07 1.64E+01 0.981 3.84 27.21 0.916
150 0.14 2.70E+04 0.970 2.13 7211 0.988
125 200 0.10 1.02E+04 0.971 2.82 87.16 0.912
300 0.55 2.54E+40 0.049 0.19 172.45 0.007
100 0.07 1.04E+01 0.995 3.90 20.48 0.961
150 150 0.13 2.09E+03 0.981 2.32 57.49 0.999
200 0.08 1.01E+03 0.983 3.66 76.25 0.998
300 1.57 1.73E+97 0.007 -0.02 145.49 0.000
100 0.11 1.24E+01 0.968 2.60 19.48 0.898
150 0.13 8.54E+02 0.972 2.13 49.13 0.920
2.00 200 0.15 1.02E+04 0.840 1.85 61.40 0.754
300 0.91 1.89E+48 0.386 0.33 124.21 0.406

where C is the thickness of the boundary layer and K, is the
intra-particle diffusion rate constant which directly evaluated
from the intercept and the slope of the regression line, respec-
tively. Parameters of the model for adsorption of AY11 dye
by Melon-B, Melon-BO-NH,, and Melon-BO-TETA biochars
are represented in Tables 7-9. Fig. 11d—f show the Webber—
Morris adsorption line of AY11 dye adsorption onto the three
biochars at different initial dye concentrations and different
absorbents dose. Since, the intraparticle diffusion curve does
not pass through the origin point, which interpreted as the
intraparticle diffusion is not rate determined.

4. Conclusion

The above study shows that the biochar product derived
from watermelon peels (Melon-B) was successfully modi-
fied with O, to produce the oxidized-biochar (Melon-BO)
and then modified by two different amines such as ammo-
nium hydroxide and triethylenetetramine to produce
Melon-BO-NH, and Melon-BO-TETA biochars which were
enriched with surface amino functional groups. Also, this
study aimed to determine the effectiveness of non-commer-
cial unmodified and modified biochars as a new type of
adsorbent with high efficiency for the removal of AY11 dye
from water using batch experimental methods at room tem-
perature. The data presented in this work showed that both
the NH,OH and the TETA reagents strongly influence the
physicochemical properties of the biochars. In particular, an
increase in the surface amino functional groups improved
the adsorption process which strongly depended on the

level of these amino-containing moieties. On the basis of
these observations, the electrostatic attraction force might
be the primary mechanism controlling the adsorption of
AY11 dye onto the biochars. Experimental results showed
that the contact time necessary for maximum adsorption
was 180 min and changing in pH values showed higher
adsorption at acidic pH (1.0). Melon-B, Melon-BO-NH,,
and Melon-BO-TETA biochars showed high adsorption
capacity; 76.94, 445.48, and 462.18 mg g, respectively. The
percentages of removal of AY11 dye were found to be 99%,
98%, and 96 % for Melon-B, Melon-BO-NH,, and Melon-
BO-TETA biochars, respectively. Adsorption kinetics was
found to follow the pseudo-second-order rate expression.
Equilibrium adsorption data for AY11 dye on Melon-B
and Melon-BO-NH, biochars were best represented by
Freundlich isotherm. The Langmuir isotherm is the best-fit
isotherm model for the experimental data of Melon-BO-
TETA biochar. The modified biochars are considered as
promising new adsorbents, cheaper adsorbent material,
and an attractive option for effective removal of AY11 dye
from wastewater or dilute industrial effluents to solve an
environmental pollutant problem.
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Fig. S1. (a) Adsorption desorption, (b) BET analysis, and (c) BJH analysis plot of Melon-B, Melon-BO, Melon-BO-NH,, and
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Table S1

The relation between q, (mg g™') of Acid Yellow 11 (AY11) dye at different initial concentrations (75, 100, 150, and 200 mg L") obtained
by batch experimental and g, (mg g™) calculated using data obtained from different isotherm models using different doses of Melon-B
(2-6 g L) at 25°C £ 2°C

Isotherm Langmuir Freundlich Temkin Dubinin—-Radushkevitch
isotherm

Melon-Bdose (gL7) ~ Initialconc. g, (mgg™) 4, (ML) Fcue (MEET)  focue (MGG G, (MBET)

(mg L)
75 35.74 2391 33.70 31.74 59.5
20 100 43.57 49.55 48.11 50.18 59.5
150 58.06 66.19 62.79 63.99 59.5
200 76.94 70.02 68.35 68.39 59.5
75 24.26 23.62 24.53 2498 43.2
100 28.40 40.19 41.53 43.72 43.2
30 150 43.66 41.33 44.52 46.20 432
200 61.92 39.99 41.08 43.34 43.2
75 18.39 16.12 17.92 16.88 36.8
40 100 24.10 27.05 25.36 26.99 36.8
150 34.47 39.41 40.06 40.30 36.8
200 47.08 39.12 39.49 39.88 36.8
75 14.72 23.09 22.32 23.78 26.2
100 19.94 10.72 16.78 16.50 26.2
>0 150 28.28 30.42 30.69 31.92 26.2
200 38.95 29.24 28.11 29.68 26.2
75 12.27 20.35 20.76 22.27 22.1
100 16.64 4.76 14.41 13.57 22.1
60 150 24.75 21.11 21.05 22.61 22.1

200 32.50 30.88 26.08 27.72 22.1
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Table S2

The relation between g, (mg g™') of AY11 dye at different initial concentrations (100, 150, 200, and 300 mg L") obtained by batch exper-
imental and g, (mg g™) calculated using data obtained from different isotherm models using different doses of Melon-BO-NH, (0.5,
1.0, 1.25, 1.50, and 2.00 g L™ dye solution) at 25°C + 2°C

Isotherm Langmuir Freundlich ~ Temkin Dubinin-Radushkevitch
isotherm

Initial conc.

Melon-BO-NH, dose (g L") (mg L) D M) 4, (mggY ¢, (mgg") q,, (mgg") gq,, (ngg")
100 188.50 147.94 185.97 182.19 354.83
150 284.13 289.18 271.77 295.31 355.04
0-50 200 354.75 362.78 331.79 354.81 355.06
300 445.48 442.15 442.31 440.55 355.06
100 98.75 72.41 97.67 92.21 211.87
150 146.36 147.43 143.48 155.74 212.01
1.00 200 215.41 228.98 210.70 219.23 212.04
300 260.93 262.91 260.44 254.25 212.04
100 79.36 64.96 80.14 73.93 181.80
150 118.41 120.25 115.56 127.68 181.91
125 200 156.45 174.93 159.12 174.66 181.93
300 231.03 225.32 230.36 228.98 181.94
100 56.33 54.48 65.43 43.92 156.41
1.50 150 99.05 109.88 103.49 105.22 156.50
200 131.82 139.86 127.78 133.40 156.51
300 196.05 194.18 196.16 190.70 156.52
100 49.77 47.17 53.26 49.05 127.76
150 74.57 71.89 69.28 73.11 127.82
200 200 99.06 106.64 96.29 103.23 127.85

300 147.18 145.79 152.34 145.20 127.87
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Table S3

The relation between g, (mg g™') of AY11 dye at different initial concentrations (100, 150, 200, and 300 mg L") obtained by batch ex-
perimental and g, (mg g™) calculated using data obtained from different isotherm models using different doses of Melon-BO-TETA
(0.5-2.0 g L) at 25°C + 2°C

Isotherm Langmuir Freundlich ~ Temkin Dubinin-
Radushkevitch
isotherm

Melon-BO-TETA dose(g L)  Initial conc. (mgL™) g, (Mg&™) e MBE") G, (MEE) Gy MG 4,0 (MG )

100 183.09 187.60 183.84 155.92 337.27
150 290.44 297.73 275.55 301.94 337.46
0-50 200 352.66 320.61 314.51 349.67 337.47
300 462.18 332.16 359.36 397.77 337.48
100 94.41 100.78 94.98 75.72 208.79
oo 150 140.41 132.97 134.08 133.85 208.90
200 180.12 163.99 160.17 163.82 208.93
300 27430 194.90 273.18 253.83 208.96
100 75.94 81.43 79.78 79.97 194.46
150 113.46 112.65 110.70 114.75 194.57
125 200 140.17 139.14 141.90 141.12 194.61
300 213.43 213.99 290.26 217.12 194.64
100 88.30 110.29 33.03 86.00 201.07
L5 150 95.02 1111 07 93.62 201.12
200 127.68 117.86 5493 101.06 201.15
300 177.45 177.02 157.05 181.74 201.27
100 70.04 70.66 87.88 4617 239.36
150 78.53 78.05 110.97 66.13 239.44
2.00 200 94.41 9453 170.83 103.03 239.55

300 133.07 113.74 259.31 138.72 239.62




