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Abstract

Several agronomic waste-materials are presently being widely used as bio-adsorbents for the treatment of toxic wastes such
as dyes and heavy metals from industrial activities, which has resulted in critical global environmental issues. Therefore,
there is a need to continue searching for more effective means of mitigating these industrial effluents. Synthetic aromatic
dyes such as Acid Brown (AB14) dye are one such industrial effluent that is causing a serious global issue owing to the huge
amount of these unsafe effluents released into the ecosystem daily as contaminants. Consequently, their confiscation from
the environment is critical. Hence, in this study, Mandarin-CO-TETA (MCT) derived from mandarin peels was utilized for
the removal of AB14 dyes. The synthesized biosorbent was subsequently characterized employing FTIR, TGA, BET, and
SEM coupled with an EDX. The biosorption of this dye was observed to be pH-dependent, with the optimum removal of
this dye being noticed at pH 1.5 and was ascribed to the electrostatic interaction between the positively charged sites on the
biosorbent and the anionic AB14 dye. The biosorption process of AB14 dye was ideally described by employing the pseudo-
second-order (PSO) and the Langmuir (LNR) models. The ideal biosorption capacity was calculated to be 416.67 mg/g and
the biosorption process was indicative of monolayer sorption of AB14 dye to MCT biosorbent. Thus, the studied biosorbent
can be employed as a low-cost activated biomass-based biosorbent for the treatment of AB14 dyes from industrial activities
before they are further released into the environment, thus mitigating environmental contamination.
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1 Introduction the growth in industrial activities and a vast increase in the

population, in addition to the incessant evolution of techno-

The world over, the problems of ecological annihilations
that are prompting several environmental effluences (toxic
wastes) and damaging the natural resources as a result of
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to be 416.67 mg/g.
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logical advancement, is now a critical menace to the human
race and its immediate environment [1-6]. A larger part of
these environmental toxic wastes is from industrial activities
such as dyes [7-10], heavy metals (HMs) [11, 12], waste-
water (effluents) [13, 14], crude oil spills, and gas flares [6,
15, 16]. These rising environmental effluences from indus-
trial activities are one of the greatest causes of the harm-
ful environmental, climatic, and health difficulties that are
antagonizing both the terrestrial, atmospheric, and aquatic
ecosystems [5, 6, 11].

Wastewaters (effluents) caused by the production activi-
ties of the textile and some other industries, such as print-
ing and leather processing industries, are identified to have
a substantial amount of poisonous aromatic dyes, particu-
larly the azo dyes such as Acid Brown 14 (AB14). The col-
oured wastewater (effluents) released during the production

@ Springer


http://orcid.org/0000-0003-2373-5846
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-022-02664-1&domain=pdf

5054

Biomass Conversion and Biorefinery (2024) 14:5053-5073

activities of the textile industries into the environment is
one of the dramatic causes of environmental contamination
as well as a perturbation in the aquatic ecosystem (water
bodies) [17]. These wastewaters (effluents) contain com-
plex concentrations of dye composites like AB14, which
are typically generated from various sources, particularly in
the textile, printing, and leather processing industries. These
dye composites are essentially non-biodegradable and have
adverse effects on living organisms and the environment due
to their harmfulness [18]. Hence, these effluents are iden-
tified to have a substantial amount of poisonous aromatic
dyes, particularly azo dyes. As stated earlier, the coloured
effluents released during the production activities of the tex-
tile, printing, and leather processing industries into the envi-
ronment are one of the most dramatic sources of esthetical
contamination as well as a perturbation in the aquatic eco-
system [17]. The AB14 (C,H,;(N,Na,0,S,) is a distinctive
pollutant, and it is one of the widespread commercial azo
dyes [17, 18]. The chemical/molecular structural illustration
of the AB14 is shown in Fig. 1.

The confiscation of these dye composites, which are
essentially non-biodegradable from water bodies, is criti-
cal to living organisms and the ecosystem. Over the years,
several procedures are adsorption [13, 18], oxidation pro-
cedures (photocatalysis) [18-21], chemical precipitation
[22], coagulation/flocculation [18], reverse-osmosis [12],
ion exchange [11], membrane filtration [11], biological
treatment and biological processes [18, 23], advanced oxi-
dations [24-28], etc. The adsorption process is reported to
be more effective owing to its simplicity, effectiveness, and
the certainty that it does not generate sludge, thus warrant-
ing a safe ecosystem [29-33]. The adsorption process is
a unique procedure for the sequestration of effluents from
water bodies by precisely putting them on the surface of
the bio-adsorbent [34]. This process is cheaper compared
to other procedures, especially if the bio-adsorbent is com-
mon (easily available) without any prior treatment before
its utilization in the confiscation and treatment of effluents
[13]. Also, its suitability and simplicity in terms of operation
and design have made the adsorption process outstanding
[35, 36]. Besides, most biomass-based adsorbents have the
advantage over the conventional treatment methods for dyes
by mitigating some specific limitations (such as those related
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Fig. 1 Chemical/molecular structure of AB14 dye [18]
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to operation effectiveness, overall cost, energy, and genera-
tion of noxious consequences) of the conventional treatment.
Among the various existing adsorbents, activated biomass-
based treatments are believed to be the most recently utilized
for the removal of dyes and effluents [35, 37].

Evidently, several agronomic waste materials from crops,
plants, or fruits such as leaves, stems, peels, and other waste
parts of some inexpensive and available crops, plants, or
fruits (such as waste from sugarcane, maize, jackfruit, rice,
mango, orange, cloves, coconut, palm fruits, watermelon,
etc.) are presently being extensively used as bio-adsorbents
for the sequestration, management, and treatment of toxic
wastewaters (contaminated waters) from industrial activities
by dyes, HMs, and other toxic substances that subsequently
find their way into various water bodies (aquatic ecosystems)
[13, 38, 39]. According to reports, the cells of these crops,
plants, or fruits are made up of tannin, lignin, and cellulose,
all of which have enormous potential for absorbing dyes
and HMs ions [6, 9, 40]. Hence, there is a need to con-
tinue searching for more effective means of mitigating these
industrial effluents. Therefore, evolving more cheap and
effective confiscation techniques is a continuous postulation
[36, 41]. Consequently, in this present study, the prospects of
further investigating the potential of using inexpensive and
available crops, plants, or fruits as bio-adsorbents for the
confiscation of dyes, specifically the AB14, which is one of
the toxic dyes from water bodies (aquatic ecosystems), were
emphasized. The inexpensive and available fruit that was
utilized as bio-adsorbent for this study was the peels from
the fruit of the “mandarin (mandarin or mandarine) orange
(Citrus reticulata), which is regarded as a distinct kind of
orange (see Fig. 2) [42].

Hence, this study explores the prospects of using a new
biosorbent prepared from mandarin peels an agronomic
waste material for activated biomass-based biosorbent pro-
duction. The prepared activated biomass-based biosorbent
was oxidized to have epoxide and COOH groups which
reacted with triethylenetetramine (TETA) to form modified
Mandarin-CO-TETA (MCT) for the sequestration of AB14
dye from the aquatic environment. The batch adsorption
studies for the sequestration of AB14 dye from industrial
toxic wastes were characterized and the evaluation of the

Fig.2 The fruit, along with
mandarin orange peels (Citrus
reticulata)
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optimization of the different parameters and factors, in addi-
tion to the estimation of the thermodynamics, kinetics, and
adsorption isotherms were fundamentally deliberated. The
rationale for this study was to establish the use of MCT as
one of the effective activated biomass-based biosorbents for
the removal of AB14 dye via the adsorption procedure from
industrial effluents before they are further released into the
environment, and this will be of great significance in mitigat-
ing environmental contamination from industrial effluents.

2 Materials and methods
2.1 Materials

Mandarin orange (Citrus reticulata) peels obtained from a
local market were used for the production of MCT. Sulfuric
acid (H,SO,, M.W.=98.07 g, 99%) and Acid Browen 14
(AB14) dye (C,,H,,N,Na,O4S,) were supplied from Sigma-
Aldrich. AB14 dye standard stock solution was prepared by
dissolving one gram of dye in a liter of distilled water. H,O,
(50%) and TETA were obtained from Sigma-Aldrich. A
digital UV/Visible spectrophotometer (SPEKOL1300) using
glass cells with a 1 cm optical path, a JSOS-500 shaker, and
a JENCO-6173 pH meter was used. As reported by Tran
et al. [43], different nitrogen sources, derived from “acetoni-
trile, nitrogen gas, ethylenediamine amines, ammonia, urea,
dimethylformamide, ammonia gas, pyridine, melamine,
2-amino-4,6-dichloro-s-triazine, polyazomethineamide,
benzylamine, and TETA,” have been employed for produc-
ing nitrogen-doped carbon-based biosorbents. Among the
aforementioned, TETA has been extensively utilized as an
effective cationic surface-active agent (surfactant) for modi-
fying the surface of biosorbents [43].

2.2 Preparation of the activated biomass-based
biosorbent

Mandarin orange (Citrus reticulata) peels were properly
washed many times with water to eliminate dust and then
dried for 48 h at 105 °C. Crushed and ground dried Pea
peels were used in this recipe. For this experiment, 300 g
of crushed mandarin peels were boiled for 3 h in 1.5 L of
50% of H,SO, in a refluxed system (130 °C), after which
they were diluted with distilled water, filtered, and washed
with water until the filtrate became neutral, and then washed
with ethanol and dried overnight at 105 °C and weighed to
produce 125 g. The processes of sulphonation occurred as a
result of this method of preparation. The mandarin-activated
biomass-based biosorbent produced (100 g) as a result of
this reaction was suspended in 300 ml of 50% H,0O, and
heated at 70 °C for 30 min. The oxidized mandarin activated
biomass-based biosorbent was filtered, washed with water

and dried overnight at 105 °C and weighed to give 85 g.
The oxidized mandarin activated biomass-based biosorbent
(30 g) was then heated in a 100 mL solution of TETA for
2 h in a refluxed system. The reaction mixture was filtered
and rinsed twice with distilled water and ethanol and dried
at 70 °C overnight to give 37 g. TETA was added to the
product’s label, which read MCT.

2.3 Batch adsorption experimental

A stock solution of AB14 dye (1000 mg L") was obtained
by dissolving 1.0 g of AB14 dye in 1 L of pure water, and
this solution was diluted to the desired concentrations for the
calibration standard curve and adsorption tests. The adsorp-
tion capabilities, thermodynamic and kinetic characteristics
of MCT were determined using batch adsorption studies. A
series of Erlenmeyer flasks (300 mL) was shaken at 200 rpm
for a specified duration with 100 mL of various concentra-
tions of AB14 dye solution and varying volumes of MCT.
With 0.1 M HCl or 0.1 M NaOH, the pH of the sample was
changed to the appropriate levels. Concentration measure-
ment of AB14 dye was performed by taking 1 mL sample
from the solution in the Erlenmeyer flask and separating
it from the adsorbent, at various intervals and equilibrium.
The adsorption experiments were repeated three times and
only the mean values were used in the thermal and kinetic
analyses for simplicity. The concentration of AB14 dye
was measured using spectrophotometry A,,,, =461 nm. The
equilibrium adsorption capacities (g,) were estimated using
Eq. (1):

4= (CO—WC) <V M
where the adsorption capacity (g,) (mg adsorbate/g adsor-
bent) is the adsorbent’s ability to remove AB14 dye from a
solution at a certain time. C, (mg/L) is the initial concentra-
tion of AB14 dye; C, (mg/L) is the residual concentration of
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Fig.3 FTIR analysis of mandarin peels and MCT adsorbent
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the AB14 dye after the adsorption process had been com-
pleted for a given time. The following equation (2) can be
used to calculate the elimination % of AB14 dye from an
aqueous solution.

(CO - C,)
—

0

Removal(%) = x 100 2

The influence of pH on AB14 dye adsorption was exam-
ined by mixing 0.1 g of the adsorbent with 100 mL of
AB14 dye solution at a concentration of 100 mg/L for MCT
(0.1 g) with initial pH values varying between 1.5 and 12.
0.1 M HCl and 0.1 M NaOH solutions were used to modify

the pH levels. At 25 °C, the suspensions were agitated at
200 rpm for 180 min before being sampled for AB14 dye
measurement.

For the isotherm investigation, 100 mL of AB14 dye solu-
tions were mixed at 200 rpm for 3 h at 25 °C with varying
initial concentrations of AB14 dye solutions (100-400 mg/L)
and various amounts of MCT (25 to 125 mg).

At 25 °C, the effect of adsorbent dosage and contact time
on AB14 dye removal was investigated by shaking 100 mL
of initial AB14 dye concentration for MCT with varied
adsorbent dosages of (25, 50, 75, 100, and 125 mg) at dif-
ferent interval times at 25 °C.
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2.4 MCT characterization

The adsorption—desorption isotherm of N, on MCT was cal-
culated at the boiling point of nitrogen gas. The surface area
and pore analyzer (BELSORP — Mini II, BEL Japan, Inc.)
was used to assess the BET surface area (Spz;) of the acti-
vated biomass-based biosorbent using nitrogen adsorption
at 77 K [44, 45]. The BET plot was used to calculate surface
area (Sggy) (m?*/g), monolayer volume (V) (cm? (STP) g™1),
total pore volume (p/p,) (cm?/g), mean pore diameter (nm),
and energy constant (C) for the isotherm. The following
equation (3) was used to compute the average pore radius.

2V, (mLg™")

r(nm) =
Ag BET (ng‘l )

x 1000 3)

To determine the mesopore surface area (S,,.,), micropore
surface area (S,,;), mesopore volume (V,,.), and micropore
volume (V,,;) of MCT, the Barrett-Joyner—Halenda (BJH)
method was used by using the BELSORP analysis program
software. The pore size distribution is calculated from the
desorption isotherm using the BJH method [46].

The surface morphology of the MCT sample was inves-
tigated using a Scanning Electron Microscope (SEM)
(QUANTA 250) in conjunction with an Energy Dispersive
X-ray Spectrometer (EDX) for elemental analysis.

The functional groups on the MCT surface were investi-
gated using Fourier Transform Infrared (FTIR) spectroscopy
(VERTEX70) and ATR unit model V-100.

Thermal analyzes were carried out using the SDT650-
Simultaneous Thermal Analyzer device at a temperature
range of 25 to 1000 °C, at a temperature increase rate of
5 °C/min.

3 Results and discussions
3.1 The characteristics of MCT

Fourier Transform Infrared Spectroscopy (FT-IR) was used
to analyse the generated activated biomass-based biosorb-
ent sample to detect changes in the functional groups of the
sample. The raw mandarin peels and MCT FT-IR spectra are
shown in Fig. 3. Specifically, the strong band at 3252.8 cm™!
corresponds to the O—H stretching vibration that existed in
mandarin peels, whereas the broad adsorption peak about
3237.5 cm™! is indicative of the presence of the —OH group
of glucose and the —-NH of the amino group in the MCBT
(Fig. 3). The presence of this new band suggested that the
amino group had been introduced into the activated biomass-
based biosorbent structure. According to this theory, the -CH,
stretching vibration that existed in mandarin peels and the
MCT existed at 2922.6-2853.1 cm™ and 298.4-2855.0 cm™,
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Fig.6 EDX analysis of MCT prepared from mandarin peels

respectively. There is no adsorption peak at about 1709.9 cm™,
demonstrating that the C=0 stretching of the carboxyl group
that appeared in mandarin peels, but disappeared in the pre-
pared activated biomass-based biosorbent MCT (Fig. 3). The
presence of the band at 1645 cm™ in mandarin peels and at
1634.95 cm™ in MCT indicated the presence of amide groups
in both materials. In MCT, the N-H stretching vibration in
fatty amine or aromatic secondary amine was observed at a
frequency of 1562.4 cm™', indicating that TETA modification
may have increased the N-H functional group of MCT. The
adsorption peak at 1417.3 cm™! indicates the presence of the
C-O functional group in mandarin peels, whereas the strong
adsorption peaks at 1439.9 and 1362.4 cm™ were attributable
to the stretching vibration of the -N=C=0 group in MCT.
The appearance of this new peak on MCT, which was caused
by nitrogen-containing functional groups, indicates that amino
groups were successfully introduced following the treatment
with TETA. The band at 1033.6 cm™ represents the C—-O-H
functional group in MCT while it is strong in mandarin peels at
1089.2 cm™. Furthermore, it seems there was an obvious dif-
ference between mandarin peels and MCT in the peak strength
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Fig.7 TGA and DTA analyses of raw mandarin peels and MCT
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Fig.8 DSC analysis of raw mandarin peels and MCT

of 1030-1090 cm™!, indicating TETA modification could affect
the C—O-H functional group of MCT (Fig. 3). Also, the OH
vibration that appeared at 606.1 cm™ in mandarin peels was
completely disappeared in the prepared adsorbent MCT.

The textural parameters of the MCT were computed
using the (BET) and (BJH) methods and are shown in
Fig. 4. They include the BET-specific surface area, total
pore volume, mean pore diameter, monolayer volume,
mesopore area, mesopore volume, and mesopore distri-
bution peak. As illustrated in Fig. 4, MCT had a BET-
specific surface area of 5.88 m?/g and a monolayer vol-
ume of 1.3519 cmS(STP)/g. MCT had a total pore volume
of 0.017 cm?/g and a mean pore diameter of 11.715 nm
(mesopores). MCT has a mesosurface area of 6.1776
m?/g and a mesopore volume of 0.01835 cm?/g. MCT
had a mesopore distribution peak of 1.22 nm. The pores
in the manufactured modified activated biomass—based
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biosorbent have been reported to be closed by the amine
functional groups [30, 31].

SEM micrographs of the MCT were examined. Figure 5
shows the surface morphology of MCT and according to the
image, most of the pores and caves had been blocked by the
amine-creating active sites [30, 31]. The images characteri-
zation showed an irregular form, uneven edge agglomera-
tion, and nonporous surface [47], which may be occurred
as a result of surface amination with TETA. This nonpo-
rous surface structure may explain the lower surface area
obtained from the BET analysis.

The EDX analysis was carried out for the MCT for its
chemical composition. The chemical composition of MCT was
reported in Fig. 6, which showed the EDX analysis of MCT
proved the presence of 18.54% sample weight for nitrogen ele-
ment. The major elements in the MCT were carbon (51.34%)
followed by oxygen atoms (29.79%) and nitrogen (18.54%). A
small amount of sulphur atom (0.33%) was recorded as a result
of the dehydration step with 50% H,SO,.

The thermogravimetric profile of the raw materials’ man-
darin peels and MCT as a function of temperature is shown
in Fig. 7. The decomposition of the raw material mandarin
peels occurs in four processes, whereas the decomposition
of the MCT occurs in two steps, as shown in Fig. 7. The
first step, which occurs between 50 and 150 °C, results in
the loss of surface-bound water and moisture in the sample,
with weight losses of 4.5 and 8.85%, respectively, for the raw
material mandarin peels and MCT. In the second weight-loss
stage, mandarin peels lost 25.27% at 150-300 °C and MCT
losing 49.33% at 150-1000 °C, respectively. At 300-385 °C,
the mandarin peel loses about 25.04% of its weight in the
third weight-loss stage followed by losing 14.23% of its
weight in the fourth and final weight-loss stage between 385
and 1000 °C [30, 31].
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Differential thermal analysis (DTA) can be used solely
for identification purposes, although it is most commonly
employed for phase diagram determination, heat change
measurements, and decomposition in various atmospheres
(Fig. 7). The DTA curve of the mandarin-peels sample
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Fig. 10

exhibits three peaks at a temperature of flow Tf (80.19,
243.82, and 342.32 °C). However, the pyrolysis of the man-
darin peels shows three well-resolved degradation peaks.
The DTA analysis of the MCT sample showed manly two
well-resolved degradation peaks at a temperature of flow Tf
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Impact of biosorbent dosage at initial AB14 dye concentrations of a 100 mg/L, b 150 mg/L, ¢ 200 mg/L, d 300 mg/L, and e 400 mg/L.
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(77.94, 416.87 °C), and onset points at 57.2, and 211.68 °C.
This proved that the stability of the MCT sample increased
by modification than mandarin peels [30, 31].

Using differential scanning calorimetry (DSC), thermal tran-
sitions can be used to compare materials. Figure 8 illustrates
the DSC analyses of raw mandarin peels and MCT. Both of
the samples had crystallisation temperatures 7~ below 100 °C
(89.05 and 90.93 °C, respectively), which can be attributed to
water molecule crystallisation. Two other exothermic phase tran-
sitions were reported for the DSC analysis of mandarin peels at
263.73 and 347.82 °C. The other crystallisation temperature 7
of raw mandarin peels was found to be at 482.19 and 807.41 °C
using DSC. Two other phase transitions were reported for the
DSC of MCT at 393.04 °C and 728.57 °C as endothermic and
exothermic phase transitions [30, 31].

3.2 Impact of solution pH on AB14 dye biosorption

An important factor in the adsorption analyses is the pH impact
of the medium. Various species may show a different array of
appropriate pH depending on the types of biosorbent employed
[48, 49]. To establish the optimum pH for the optimization of
the sorption process, which is defined by the point at which the
surface charge of the sorbent is zero, the point of zero charges
is employed (pHp,). The biosorption of anionic and cationic
species is promising when the surface charges on the sorbent
are positively and negatively charged owing to the solution pH
being less or superior than the pHp, [38, 50-52]. The pHp,
of MCT was determined to be 9.8 (Fig. 9a). In this study, the
impact of the solution pH on the confiscation of AB 14 dye using
MCT was explored in the array of pH 1.5 to 12 (Fig. 9b). As
noticed in Fig. 9, the percentage (%) of AB14 dye confiscated
from the biosorbent was drastically decreased with increas-
ing pH values from 1.5 to 12. The optimum % of AB14 dye
removed was noticed at pH 1.5 (86.9%). At pH <pHp,, the
surface of the biosorbent was protonated leading to the elec-
trostatic interaction between the positively charged sites on the
biosorbent and the anionic AB14 dye, resulting in an increased
% of dye removed [53, 54]. With the subsequent increase in
the solution pH, a decrease in the % of AB14 dye removed was
observed owing to the increasing hydroxyl ions present in the
solution and increased negative charge on the biosorbent surface
by the deprotonation of the positively charged sites. Hence an
electrostatic repulsion between negatively charged sites on the
biosorbent surface and negatively charged AB14 dye ions [Ara-
gaw, 2020; Aragaw and Alene, 2022] [55-57].

3.3 Impact of sorbent dosage on AB14 biosorption
To assess the smallest amount necessary for attaining opti-
mum sorption, sorbent dosage optimization is important [22,

58, 59]. The impact of MCT dosage on the % of AB14 dye
confiscated is depicted in Fig. 10. The biosorbent dosage

@ Springer

used for this study was varied from 0.25 to 1.25 g/L and at
a fixed pH of 1.5. As noticed in Fig. 10a—e, the percentage
of AB14 dye confiscated to MCT biosorbent improved with
increasing contact time and biosorbent dosage used. This
increase in the % of AB14 dye confiscated with enhanced
MCT biosorbent dosage was ascribed to the availability of
sorption sites on the biosorbent surface, leading to addi-
tional prospects for dye ions to stick to the biosorbent. At
elevated biosorbent dosage, the percentage of AB14 dye
removed remained constant or reached equilibrium, which
was attributed to the accumulation of particles sorbed at ele-
vated dosages, the saturation of the pore volume and surface,
thereby reducing the surface area accessible for sorption of
dye molecules and the intensification in the diffusion path
length [60, 61].

3.4 Impact of initial concentration on AB14 dye
biosorption

The original dye concentration performs a critical part in
the quantity of sorbed dye by the sorbent and the confisca-
tion effectiveness [54]. As noticed in this study, enhance-
ment in the dye concentration from 100 to 400 mg/L led
to a decrease in the percentage of confiscation from 84 to
25% with an increase in contact time. This was ascribed
to the saturation of the adsorption sites on the adsorbent
surface at elevated dye concentrations (Fig. 11) [18]. At
low concentrations, the accessible surface area ratio to
the initial dye concentration is high and the dye ions dif-
fusion from the solution to the sites on the surface of the
biosorbent is enhanced with improved initial concentra-
tion, thus enhancing the driving force of the concentration
gradient [22, 62].
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Fig. 11 Impact of initial dye concentration on the biosorption of
AB14 dye
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3.5 Kinetic models

To study the prospective of employing a solid adsor-
bent, an adsorption kinetic study is very important,
which includes the adsorption rate study to establish the
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impacts of different factors on the adsorption processes.
This generally arises via a precise careful observation of
experimental terms that impacts the rate of the adsorp-
tion process, till equilibrium is attained. The data derived
from kinetic studies are employed to create necessary
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Fig. 12 Linear plot of PFO models at biosorbent dosage of a 0.25 g/L, b 0.5 g/L, ¢0.75 g/L,d 1.0 g/L, and e 1.25 g/L

@ Springer



5062

Biomass Conversion and Biorefinery (2024) 14:5053-5073

scientific models to define the adsorbate molecules and
solid biosorbent interactions. With unequivocal knowledge
of the rate of reaction and the determining factors, suit-
able biosorbent materials for applications in the industry
can be created from these results [63, 64]. The different

kinetic models employed in this study to investigate the
complicated dynamics of the biosorption process were
the pseudo-first-order (PFO), PSO, intraparticle diffusion
(IPD), and film diffusion models (FD) (Fig. 12). A well-
known model that is generally employed to highlight the
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application of a solid sorbent for the sorption of a sorb-  adsorption is relative to the variation in the concentrations
ate from a water-soluble solution is the Lagergren PFO  at saturation and the sum quantity of the solute uptake. It
model. It is presumed in this model that the general rate of ~ is expressed linearly as Eq. (4) [63-65].
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Fig. 14 Linear plots of FD model at biosorbent dosage of a 0.25 g/L., b 0.5 g/L, ¢ 0.75 g/L.,d 1.0 g/L, and e 1.25 g/L
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k, is the PFO rate constant [66]. The linear plot of this
model is depicted in Fig. 12 at varying biosorbent dosages.
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The PSO rate equation was popularized by Ho and Mckay
(1999) [63, 67]. It is employed for evaluating chemisorption
kinetics from liquid solutions and defines the sorption of
sorbates to biosorbents where the chemical bonding (inter-
action) between the sorbates and functional groups on the
biosorbent surface are accountable for the sorption capacity
of the biosorbent. This is founded on equilibrium sorption,
which is reliant on the sorbed sorbate amount to the biosorb-
ent surface and sorbate quantity sorbed at equilibrium. The
linearized form of this model and the estimated parameters
of this model are represented by Eq. (5) and Fig. 13.

a9 kg \q.
k, is the PSO rate constant [68, 69].

The FT model was put forward by Mckay [70-72]. Con-
taminant transport from the liquid phase to the solid phase

adsorption, the process effectiveness and effluent treatment
plants design, the stages involved in contaminants sorption
from water-soluble solution must be known [73]. The FT
model presumes that the adsorbate molecules flow via a film
of liquid encircling the biosorbent in the rate-controlling
stage [74].

The adsorption mechanism of AB14 dye happens in
various stages, with the initial stage comprising the AB14
dye moving from the bulk solution to the external surface
of the biosorbent. This is followed by AB14 dye diffu-
sion via the boundary layer to the exterior surface of the
biosorbent, which involves the biosorption of AB14 dye
at active sites on the MCT biosorbent surface. Finally,
the intra-particle diffusion and biosorption of AB14 via
the MCT particles [75]. Hence, the adsorption mechanism
was assessed via the LF and IPT models, and Eq. (6 and
7) defines the LF model.

is done by mass transfer from one phase to the other. Hence,  In(1 — F) = —kg, X ¢ 6)
to know the appropriateness of a sorbent for the process of
Table1 Determined parameters Parameter PFO model PSO model
of the PFO and PSO models
MCT dosage AB14 dye q,(exp.) g, (calc) k;x10° R? q,(calc) kyx 10° R?
Conc.
(mg/L)
025gL™! 100 336.33 0.346 14.05 0.986 357.14 0.18 0.988
150 368.97 0.356 23.26 0.959 384.62 0.27 0.998
200 382.19 0.369 11.98 0.981  400.00 0.13 0.977
300 392.00 0.359 7.83 0.896  400.00 0.14 0.965
400 405.32 0.321 9.67 0.730  400.00 0.30 0.991
0.5gL™! 100 188.06 0.178 21.42 0.865 188.68 2.10 1.000
150 278.70 0.313 20.96 0.982 285.71 0.46 0.999
200 349.44 0.360 15.20 0.992  370.37 0.17 0.989
300 357.74 0.351 11.98 0.942  370.37 0.18 0.987
400 356.21 0.350 13.13 0.972  370.37 0.18 0.987
0.75 g L™ 100 126.94 0.356 28.33 0961 128.21 7.07 1.000
150 192.51 0.169 21.65 0.807 19231 2.31 1.000
200 259.02 0.322 29.02 0.986  270.27 0.51 0.999
300 332.59 0.346 13.82 0.985 344.83 0.21 0.991
400 350.45 0.360 14.51 0.996  370.37 0.16 0.989
1.0gL™ 100 97.54 -0.041 19.11 0.978 98.04 7.13 1.000
150 146.25 0.046 26.25 0.973  147.06 6.25 1.000
200 196.02 0.154 21.19 0.737  196.08 2.53 1.000
300 295.09 0.328 20.73 0.993  303.03 0.37 0.998
400 333.88 0.358 15.89 0.983 22.22 31.64 0.991
125gL™ 100 79.16 -0.067 21.19 0.977 79.37 8.77 1.000
150 118.88 -0.022 18.88 0.961 119.05 7.06 1.000
200 158.50 0.057 22.80 0.813 158.73 5.29 1.000
300 237.29 0.053 40.07 0.960 243.90 0.72 1.000
400 308.02 0.348 18.65 0.991 322.58 0.24 0.995
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q;
F=—
q. )

F and kg, represent fractional attainment of equilibrium,
and film diffusion rate coefficient (L/min). A plot of In (1-F)
against t, with a zero intercept, indicates that the sorption
process kinetics are regulated by the diffusion via the liquid
film around the biosorbent [64]. As observed in Fig. 14, the
experimental data of the biosorption of AB14 dye adsorp-
tion to the MCT biosorbent at various initial concentrations
(100400 mg/L) of AB14 dye did not provide a straight line
that goes via the origin and the coefficient of regression were
in the range of 0.730-0.998 (Table 3). This was indicative of
the dye diffusion in the liquid film all around the MCT biosorb-
ent was not a rate-defining phase but may promote the biosorp-
tion process mostly at the biosorption process start [74, 76, 77].

In this study, the IPD model proposed by Weber and
Morris was used to explore the likelihood of IPD resistance
[63, 78]. The IPD model splits the sorption process into the
movement of solutes molecules from water-soluble solution
to the biosorbent particle surface and the sorbate molecule
diffusion into the biosorbent inner pores. The linear form of
this model is expressed as Eq. (8):

q, = kdl_»fto'5 +C 8)
kg;; and C (mg-g~!-min=*3) are the IPD model rate
constant and the IPD constants relating to boundary layer
thickness (mg-g~!), which are determined from the slope
and intercept of the graph of q, against the square root of
time (t>7). This model undertakes that if the plot takes
a straight line cutting the origin, then the sorption pro-
cess is operated by pore diffusion and the solute ions dif-
fuse within the biosorbent material capillaries and pores.
As observed in the linear plot of this model at varying
biosorbent dosage (Fig. 15), the fitting to experimental
data using this model did not maintain linearity, which was
indicative of the process not only being controlled by rate-
limiting diffusion but by other adsorption processes [79,
80]. From the determined parameters obtained from the fit-
ting of the models to the experimental data in Tables 1 and
2, it was noticed that the PSO model when compared to
other models best define the adsorption process of AB14
dye to MCT biosorbent with a coefficient of regression
(R* >0.98, which were close to unity. Thus, based on the
unsurpassed fitting of this model, chemisorption was a
rate-limiting stage of the sorption process of AB14 dye.

Table 2 Calculated parameters

MCT dosage AB14 dye IPD model FD model
of IPD and FD models Conc . -

(mg/L) K c R Kyp R

0.25gL™ 100 11.95 159.55 0.958 —-0.01 0.986
150 13.23 196.89 0.918 -0.02 0.959
200 15.51 145.57 0.926 —-0.01 0.981
300 14.08 161.75 0.892 —-0.01 0.896
400 9.75 254.71 0.718 —-0.01 0.730

05gL™" 100 3.19 148.77 0.700 —-0.02 0.865
150 8.87 163.66 0.940 —-0.02 0.982
200 14.05 147.79 0.958 —-0.02 0.992
300 13.63 157.48 0.963 —-0.01 0.942
400 12.44 171.08 0.939 -0.01 0.972

0.75 g L™ 100 0.99 114.98 0.823 -0.03 0.961
150 3.29 152.82 0.663 -0.02 0.808
200 8.88 149.17 0911 -0.03 0.986
300 12.59 152.45 0.960 —-0.01 0.985
400 14.52 142.55 0.960 -0.01 0.998

1.0gL™! 100 0.57 89.75 0.977 -0.02 0.978
150 1.04 133.47 0.747 -0.03 0.973
200 3.27 156.80 0.582 -0.02 0.737
300 10.01 163.20 0.929 -0.02 0.993
400 13.97 136.92 0.935 -0.02 0.983

125gL! 100 0.48 72.66 0.973 -0.02 0.977
150 0.70 109.60 0.863 -0.02 0.961
200 1.56 139.72 0.491 -0.02 0.813
300 7.19 149.85 0.870 -0.04 0.960
400 12.25 141.09 0.935 -0.02 0.991
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3.6 Isotherm models

To comprehend the process and sorbate distribution between
the liquid and solid biosorbent stage at equilibrium during the
removal process, the adsorption isotherms are employed [63,
81]. The Freundlich (FRH) model is an empirical model that
is generally employed to explain diverse systems such as sorp-
tion of natural compounds or extremely interactive species to

Log q,

0.0 0.5 1.0 15 2.0 25
Log C,

nanomaterials. The linear form of this model is expressed as
Eq. (6). While the Langmuir (LNR) model defines consist-
ent sorption, where an individual molecule retains continu-
ous enthalpy and sorption activation energy (individual sites
acquiring the same attraction for the sorbate), with no drifting
of the sorbate within the sorbent surface and the sorbate mol-
ecules creating a monolayer on the surface of the sorbent [82].
This model is effective for monolayer biosorption on a surface

Table 3 Obtained parameters of

Isotherm Parameters MCT dosage
LNR and FRH Models

Models 0.25 g/L 0.5 g/L 0.75 g/L 1.0 g/L 1.25 g/L

Linear LNR O, 416.67 357.14 370.37 357.14 370.37
bx 10 171.43 329.41 183.67 245.61 350.65
R’ 0.99 0.99 1.00 0.99 0.98

FRH 1/n 16.67 6.86 452 3.54 2.14
Ky 11.69 9.50 8.22 7.83 7.44
R? 0.98 0.664 0.66 0.54 0.83
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Table 4 Comparison of the

) . . Adsorbents G References

maximum adsorption capacities

(¢n) of AB14 dye using MCT 416.67 mg/g This study

different adsorbents Calcined Mg/Fe layered double hydroxide (CLDH) 370.00 mg/g [88]
Mg/Fe layered double hydroxide (LDH) 41.70 mg/g
Magnetic carbon nano-composite 20.5 mg/g [89]
Brown sea bean (Mucuna Sloanei) shell 500.00 mg/g [90]
Granular activated carbon 27.45 mg/g [91]
Macronet resin (Macronet MN200 and MN300) 64.52 mg/g and [92]

107.50 mg/g

comprising of a fixed number of similar sites and even sorption
[83, 84]. The linearized forms of these models are defined by
Egs. (9) and (10).

Logq, = LogK + lLogCe )]
n

Ce _ Ce + 1

G Qn Qb (10)

Kg and n, Q,,, and b are the FRH model constants that are
indicative of the intensity and sorption capacity, the maximum
quantity of biosorption capacity, and the energy of sorption
LNR constant [9, 66]. The TMN model studies the biosorb-
ent and pollutant interaction as a chemical adsorption process
[75, 85, 86]. It is assumed in this model that the adsorption
is described by the homogeneous distribution of the binding
energies. Its linear form is described by Eq. (11) [87].

q. = Bin(A;) + BIn(C,) an

The graph of g, against In C, allows for the determina-
tion of TMN constants A} and B, which are the equilibrium
binding and sorption heat constants (B=RT/b, R, T and
b are the universal gas constant, absolute temperature and
TMN isotherm constants) [78]. The linearized plot of the
various models is depicted in Fig. 16. All the parameters
determined from fittings using various isotherm models are
tabulated in Table 3. The determined R for the LNR model
were much higher than those for the FRH model, which was
indicative of the adsorption of AB14 dye by MCT biosorb-
ent being described by the LNR model owing to the equal
and homogeneous spread of the dye molecules over the
porous surface of the biosorbent. The optimum adsorption
capacity is assessed to be 416.67 mg/g and the adsorption
process was suggestive of monolayer sorption of AB14 dye
to MCT biosorbent. From the literature reviewed and which
are summarized in Table 4, the effectiveness of the removal
of AB14 dye using different adsorbents was compared with
the MCT adsorbent and it was noticed that MCT adsorbent
was more effective in removing AB14 dye in comparison to
other adsorbents employed in the confiscation of AB14 dye.

@ Springer

3.7 Regeneration of activated biomass-based
biosorbent

According to a recent review study by Aragaw and Bogale
[35], several studies have shown that the regeneration proce-
dures such as thermal, microwave irradiation, wet air oxida-
tion, microbial/biological, chemical/solvent regenerations,
etc. are cost-effective and have possible low energy consump-
tion. The chemical/solvent regeneration has been reported to
be more extensively used with the adsorbents having multiple
effective adsorption—desorption cycles, where NaCl and HCI
were reported to be among the best activating agents that had
better performance throughout the desorption process [35].
Hence, the desorption experiments of AB14 dye from the
loaded MCT were performed using 0.1 M NaOH followed
by 0.1 N HCI as eluted mediums to investigate the economic
feasibility and reusability of MCT as an adsorbent. In this
condition. The desorption % decreased with rising regen-
eration cycles Fig. 17. The regenerated MCT was applied in
six consecutive cycles of adsorption/desorption. The adsorp-
tion amount presented was consistent through the cycles and
experienced the adsorption capacity decreased by 12.7% after

Adsorption-Desorption cycles
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Fig. 17 Desorption % of AB14 dye from MCT using 0.1 M NaOH
and 0.1 N HCI and the adsorption cycles of AB14 dye by regenerated
MCT
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six generations, which suggests it may be used as a sustain-
able AB14 dye removal (Fig. 17).

4 Conclusion

In this study, the prospect of using an MCT biosorbent syn-
thesized from mandarin peels for the removal of AB14 dye
was investigated. The synthesized MCT biosorbent was
characterized using FTIR, TGA, BET, and SEM together
with an EDX. The biosorption of the AB14 dye using MCT
biosorbent was observed to be pH-dependent, where the
optimum removal of the AB14 dye was noticed at pH 1.5
and was attributed to the electrostatic interaction between
the biosorbent positively charged sites and the anionic AB14
dye. Also, the biosorption process of AB14 dye using MCT
biosorbent was ideally described, employing the PSO and
the LNR models. The determined adsorption capacity was
estimated to be 416.67 mg/g and the adsorption process
was indicative of monolayer sorption of AB14 dye to MCT
biosorbent. The study has further revealed that biosorbents
prepared from low-cost agronomic waste materials such as
MCT biosorbent can efficiently be beneficial for the removal
of dyes and other effluents from industrial toxic wastes
before they are further released into the environment. Hence,
it is recommended that more research on the application of
low-cost agronomic waste materials such as biosorbents for
the mitigation of environmental effluences vis-a-vis indus-
trial toxic wastes management should be strengthened.
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