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Abstract: This paper presents a comprehensive analysis of the adsorbent capacity of five distinctly
different biosorbents derived from untreated biomasses. The optimal adsorption capacity of seaweed
(Laminaria digitata), horse chestnut husk, hazelnut husk, rapeseed residue, and whitewood to remove
methylene blue (MB) dye was assessed by analysing the effects of particle size, pH, temperature,
and initial dye concentrations. Furthermore, the adsorption kinetics, isotherms, and adsorption
thermodynamics were investigated. The results showed that relatively high MB adsorption capacity
was achieved by Laminaria digitata (~180 mg/g), in addition to a reasonable MB adsorption capacity
of horse chestnut husk (~130 mg/g), hazelnut husk (~110 mg/g), and rapeseed residue (~80 mg/g).
However, whitewood provides a relatively low adsorption capacity of below 20 mg/g. The best fit
with experimental results regardless of biosorbent type was a pseudo-second-order kinetic model
with the lowest mean absolute percentage error (ε, MAPE < 2.5%) and the highest correlation
coefficients (R2 > 0.99). Although the pseudo-second-order kinetic model is often associated with
chemisorption, the low enthalpy values (<29.30 kJ/mol) typically suggest that the adsorption process
is more characteristic of physisorption, which involves weaker van der Waals forces rather than the
stronger covalent bonds of chemisorption. This proposed a multi-step adsorption process involving
both physisorption and chemisorption. The adsorption isotherm of Langmuir showed superior fitting
results for Laminaria digitata and hazelnut husk. In contrast, rapeseed residue and horse chestnut
husk fit better with the Freundlich adsorption isotherm. The Langmuir adsorption isotherms showed
a maximum adsorption capacity of ~500 mg/g for Laminaria digitata, followed by horse chestnut husk
(~137 mg/g), hazelnut husk (~120 mg/g), and rapeseed residue (~85 mg/g). The Gibbs free energy
was negative for Laminaria digitata < horse chestnut husk < hazelnut husk < 0, which suggests that
the removal of MB is thermodynamically favourable, as the adsorption process occurs spontaneously.
The results of the study indicate that MB dye removal using untreated biomasses has the potential to
be a low-cost valorisation option in the holistic whole life cycle valorisation pathway for Laminaria
digitata, horse chestnut husk, and hazelnut husk.

Keywords: biosorbents; methylene blue; wastewater treatment; adsorption; surface chemistry

1. Introduction

Biomass-based adsorbents, or biosorbents, have been attracting increasing attention
as a method of dye removal from wastewater as they are effective, eco-friendly, widely
available, and low cost and have good surface characteristics [1,2]. Removal of dye contam-
inations from wastewater is one of the widely used applications of biomass adsorbent [3,4].
Resins, commercial activated carbons, and biosorbents frequently have superior selectivity
in removing dyes [5]. There are numerous studies on the removal of methylene blue (MB)
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dye using biomass and biochars, such as silk powder [6], pine tree leaves [7], orange peel [8],
green macro alga Caulerpa lentillifera [9], and Sargassum muticum [10].

Biosorbents are materials derived from different biological sources. The most common
biosorbents are derived from microorganisms such as fungi, algae, yeasts, and bacteria [11].
Most lignocellulosic biomasses are generally pre-treated via chemical, biological, and
thermochemical processes before use as adsorbents in order to improve their adsorption
properties [12]. However, studies have also shown that some biomasses can be used as
biosorbents without pre-treatment, and these are known as natural biosorbents. Numerous
biomass materials such bean peel [13], banana and orange peel [14], sunflower stem
pith [15], weeds [16], Carica papaya wood [17], corn straw [18], tea waste [19], pine tree
leaves [7], cashew nutshell [20], and pineapple leaf powder [21] have been used as natural
biosorbents to remove dyes from wastewater. Limited studies have also explored the
potential of using untreated seaweeds as a natural biosorbent for dye removal [22,23].
However, few studies examine a wide range of natural biosorbents under the same MB
adsorption conditions.

MB (3,7-bis(dimethylamino) phenothiazine chloride tetra methylthionine chloride) is
a synthetic dye that is extensively used in the textile industry to dye materials including
paper, cotton, silk, and wool [24]. However, MB dying can cause health issues such as
eye burns and breathing difficulties as well as environmental pollution [5]. The loading of
persistent organic pollutants such as dyes like MB is usually around 10–250 mg/L but can be
as high as 1500 mg/L in textile industry effluents [25,26]. Common international standards
state limits for COD of around 125 mg/L for the direct discharge of dye effluents [26].
However, these dyes are often used in developing countries with little or no regulation
on limiting the amount of these dyes in effluents [27]. Thus, there is a need to find low-
cost and low environmental impact ways to remove these dyes from industrial effluents
prior to discharge. Biosorbents offer a low-cost, low-impact method of removing dyes
from industrial wastewaters. MB dye removal using biomass base adsorbents has been
a focus of numerous studies. In the majority of studies, the biomass will be pre-treated
prior to becoming a biochar prior to use as an adsorbent [28–30]. However, high costs
associated with the preparation of biochars and activated carbon, in addition to rejuvenation
issues, hinder its uses in real situations [12], which is also a limiting factor in its use for
heavy metal removal from wastewaters [31]. Thus, there is an increasing focus on the
potential of using natural biosorbents, particularly from waste residues, for numerous
wastewater pollutants [32–35]. The mechanism by which biosorbents uptake MB is known
as biosorption [36]. Biosorption is an inherent, non-metabolic process encompassing
various interactions between a sorbate and a biological matrix ( biosorbent) [37]. Common
biosorption mechanisms involve the adsorption of organic pollutants. These include pore
diffusion, hydrogen bonding, hydrophobic interactions, cationic and anionic interactions,
and partitioning through non-carbonized regions [38]. Utilising biosorbents for MB removal
presents a promising approach, particularly suitable for treating low MB concentrations [5].
Additionally, it offers a holistic method to enhance the economics of biomass processing
technologies by utilising solid residues/biochars in an efficient dye removal process [30].

Furthermore, whilst adsorption is the most commonly investigated method of MB
removal from wastewaters [39,40], it can also be used to evaluate a sorbent potential. It
provides a measure of a specific surface area of sorbent particles in aqueous solutions,
along with assessments of average pore size and distribution and dry surface area measure-
ments [41]. This method has been used to evaluate numerous sorbents made from materials
such as PANI@ZnO nanocomposites [42], metal organic framework [43], graphene-based
materials [44], and fly ash residues [45].

Many research papers focus on individual biomasses [46–49], but to date limited
studies have comprehensively investigated the adsorption potentials of distinctly different
biosorbents in MB dye removal from wastewater or explored the impact of surface chem-
istry on performance. This paper aims to address this gap in knowledge by presenting a
comparative study on how the adsorption process interdependencies influence the MB dye
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adsorption properties of five distinctly different biomass feedstocks: seaweed (Laminaria
digitata), horse chestnut husk, rapeseed residue, hazelnut husk, and whitewood. The val-
orisation of these five distinctly different biomass as green biosorbents to adsorb MB dye
was explored based on the effects of particle size, pH, temperature, and concentration. The
study also explored the adsorption kinetics, equilibrium models, and thermodynamics to
determine the MB adsorption characteristics of these biosorbents.

2. Materials and Methods
2.1. Biomass Feedstocks

Five distinct biosorbents were analysed in this study. Brown seaweed (Laminaria digi-
tata, LD) [50] was collected in May 2015 near Downderry in Cornwall, UK. The preparation
of LD was carried out according to the procedures outlined in a prior study by the same
authors [51]. Horse chestnut husk (CH), a natural locally occurring biomass residue, was
collected from Jubilee Campus at the University of Nottingham, UK, in August 2021. An
agricultural waste, rapeseed residue (RS), was supplied by the School of Biosciences at
the University of Nottingham [52,53]. Hazelnut husk (HH), a lignocellulosic agricultural
waste [54], was obtained in 2020 from the Black Sea region (Ordu, Turkey), then dried
and stored at 20 ◦C. The fifth biomass was a commercially sourced Northern Irish (UK)
Brites® whitewood (WW) pellet, fabricated from sawdust residues. These feedstocks were
selected as they all represent distinct types of biomasses, namely seaweed (LD), natu-
ral residue (CH), agricultural residue (RS), lignocellulosic waste (HH), and waste wood
(WW) [51,55,56].

2.2. Characterisation of Biosorbents

All biomass feedstocks were milled using a cutting mill (Retsch SM300). Subsequently,
they were sieved in a sieve shaker for 15 min and split into five particle size ranges
(<106 µm, 106–212 µm, 212–300 µm, 300–425 µm, 425–600 µm) in accordance with BS EN
ISO 17827-2:2016 [57,58]. Proximate analysis was conducted using a TA Instrument Q500
Thermogravimetric Analyser (TGA) via the slow pyrolysis method [59,60]. A LECO CHN
628 elemental analyser was used to estimate the carbon (C), hydrogen (H), and nitrogen
(N) contents, and subsequently oxygen (O) content was obtained through difference [60]. A
Bruker IFS66 (FTIR) was used to analyse the infrared spectra of the biosorbents. The Bruker
IFS66 (FTIR) included a KBr beam splitter, Globar light source, deuterated triglycine sulfate
(DTGS) room temperature detector, and Specac “Goldengate Bridge” diamond attenuated
total reflection (ATR) attachment. A Micromeritics ASAP 2420 surface area and porosimetry
system with CO2 adsorbate was used to determine the surface area and micropore volume
of the prepared biosorbents. Specific surface areas were calculated using the BET model at
relative pressures of 0.025 to 0.030 (0.83–1.07 bar), and the Dubinin-Radushkevich model
was used to calculate the micropore volume in conjunction with the Microactive Software
V5.0 [61].

2.3. Methylene Blue Removal

Initial experiments aimed to assess the impact of particle size on dye adsorption in
order to determine the mass limitations of the process for each biomass. A batch system
using 20 mg of each biomass feedstock in the 5 particle size ranges (<106 µm, 106–212 µm,
212–300 µm, 300–425 µm, 425–600 µm) was mixed with 10 mL of a 200 ppm MB solution
(Sigma-Aldrich, St. Louis, MO, USA) in a glass cylindrical cell and then placed in an
incubator for 24 h at 30 ◦C.

The next set of experiments explored the influence of pH on dye adsorption. Several
batches of biosorbent at different pHs were left in an incubator at 30 ◦C for 24 h. Each
glass cylindrical cell had 10 mg of biosorbent mixed with 10 mL of 200 ppm initial MB
concentration at different pHs (2.0, 4.0, 6.0, 8.0, and 10.0). The pH was adjusted by adding
0.1 M HCl or 0.1 M NaOH to the solutions.
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The influence of the initial MB concentration on dye adsorption was explored using
~30 mg of biosorbent mixed with 30 mL of MB solution (all at a set pH of 6) at concentrations
of 200 ppm, 100 ppm, and 50 ppm. To assess the impact of temperature, ~30 mg of
biosorbent mixed with 30 mL of MB solution (pH of 6) at a 200 ppm solution was mixed
with a glass beaker at 160 rpm and stored in an incubator at 20, 30, and 40 ◦C for 24 h. To
obtain the adsorption curves and calculate the adsorption kinetics, ~140 µL (0.46% of total
solution) of the solution was removed at specific time intervals using automatic pipets.

After completion of each run, a syringe filter (20 µm pore size) was used to filter the
solution, and a ultraviolet visible (UV/Vis, Shimadzu UV mini-1240) spectrophotometer
was used to measure the MB concentration. For each experiment group, one sample
was conducted in triplicate to assess the experimental error. The dye concentration at
equilibrium was calculated from the calibration curve. The wavelength of maximum
absorbance (664 nm) was used to obtain the calibration curve. The dye removal efficiency
(Equation (1)) (wt.%) [7,62] and adsorption capacity (mg/g) (Equation (2)) [7,62] were
determined as follows:

MB Removal Efficiency η = (C0 − C)/Cc × 100 (1)

q = (C0 − C) × Vsol/mads (2)

where C0 is initial MB concentration (mg/L) and C is the residual MB concentration (mg/L),
Vsol (L) is the MB adsorption volume, mads (g) is the mass of biosorbent, and q (mg/g) is
the biosorbent adsorption capacity.

2.4. Adsorption Kinetics, Equilibrium Models, and Thermodynamics

Adsorption Kinetics: The biosorbent adsorption kinetics were investigated using
three different kinetic models: pseudo-first order, pseudo-second order, and intra-particle
diffusion. These models were applied to the data set produced from the MB concentration
experiments at 30 ◦C for 50, 100, and 200 ppm. These models can identify the adsorption
kinetics of the dye removal processes as they include the mass transfer steps during the
adsorption process. Furthermore, pseudo-first- and second-order models are often used to
predict the adsorption rates for batch adsorbers [62–64]. Pseudo-first-order and second-
order adsorption rate models have limitations due to the adsorption rate constant being
dependent on the adsorbate concentration and the amount of adsorbent charged to the
adsorber [63,65]. The pseudo-first-order (Equation (3)) and second-order (Equation (4))
kinetic models equations are presented below [62,66,67], along with the intra-particle
diffusion model (Equation (5)) [6,66].

Pseudo-First Order log(qeq − qt) = log(qeq) − (k1,ad/2.303) × t (3)

Pseudo-Second Order t/qt = 1/(k2,ad × qeq
2) + (1/qeq) × t (4)

Intra-particle Diffusion qt = k3,ad ×
√

t + C (5)

where t (min) is the adsorption time, qt (mg/g) is the adsorption capacity at time t, qeq
(mg/g) is the adsorption capacity of adsorbent at the equilibrium point, K1,ad (1/min),
and k2,ad (g/mg·min) and k3,ad (mg/g·min1/2) are the constant rates of pseudo-first-order,
pseudo-second-order, and intra-particle diffusion models, respectively.

Adsorption equilibrium models: Langmuir and Freundlich adsorption isotherms were
used to assess adsorption equilibrium and the maximum adsorption capacity of biomass feed-
stocks and chars. The models were applied to experimental data obtained from the varying
MB concentration experiments as described earlier in the method section. It is known that the
effluent quantity at the solid-liquid interface increases non-linearly with the concentration at
the equilibrium conditions. Langmuir (Equation (6)) and Freundlich (Equation (7)) adsorption
isotherms are the most frequently used models in the literature [6,7,29,66,68–70] to describe
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the non-linear equilibrium between qeq and Ceq at a constant temperature and are described
as follows [62,64]:

Langmuir Model Ceq/qeq = Ceq/Q0 + 1/(Q0 × b) (6)

Freundlich Model ln(qeq) = ln(KF) = (1/n) × ln(Ceq) (7)

where, qeq (mg/g) is the adsorption capacity of adsorbent at the equilibrium, Ceq (mg/L)
is the dye concentration at equilibrium, Q0 is the maximum adsorption capacity, b is the
adsorption bonding energy, KF ((mg/g·(mg/L))n is the Freundlich adsorption constant,
and n is the Freundlich adsorption constant (0 < n < 1).

Adsorption thermodynamics: The adsorption process thermodynamic parameters
indicate whether a process is favourable [7]. Gibbs free energy change ∆G◦, standard
enthalpy ∆H◦, and standard entropy ∆S◦ of the kinetic data were thus analysed to gain a
greater insight into the effect of temperature on the adsorption. Thermodynamic parameters
∆G◦, ∆H◦, and ∆S◦ were calculated using Equations (8)–(10) [7]:

Kd = qeq/Ceq (8)

ln(Kd) = ∆S0/R − ∆H0/RT (9)

∆G0 = ∆H0 − T × ∆S0 (10)

where T is the adsorption temperature (K), R is the ideal gas constant (8.314 J/mol K), and
Kd is the distribution coefficient.

3. Results and Discussion
3.1. Characterisation of Biosorbents

The biosorbents were characterized prior to testing to assess their varying compositions.
Table 1 presents the ultimate and proximate analyses, tap and true densities, and surface
characteristics (surface area and micro-pore volume) of the biosorbents. From the proximate
analysis data, there is a wide range of volatile matter, fixed carbon, and ash compositions
for the selected biosorbents. CH and HH had similar proximate analysis, as did RS and
WW, but LD had much lower volatile contents (54.7%) and higher carbon content (29.1%).
The ranking of the samples by carbon content was LD > CH > HH > RS > WW. As fixed
carbon content increases, the volatile matter content decreases, as noted by numerous previous
studies [71–73].

Table 1. Ultimate analysis, proximate analysis, true and tap densities, surface area, and micropore vol-
ume of biosorbents for seaweed (LD), natural residue (CH), agricultural residue (RS), lignocellulosic
waste (HH), and waste wood (WW). NB a Dry ash free basis (daf). b Oxygen content by difference.
c MC: moisture content, VM: volatile matter, FC: fixed carbon. d As received (ar). e micro-pore
volume.

Biosorbent
Ultimate Analysis

(wt.%, daf) a
Proximate Analysis c

(wt.%, ar d)
Densities

(g/cm3)
Surface Area

(m2/g)
Pore Volume

e (cm3/g)
C H N O b MC VM FC Ash True Tap

LD 29.58 5.34 2.06 63.02 9.2 54.7 29.1 7.4 1.62 0.83 25.0 0.0091
CH 43.15 6.20 0.38 50.26 8.6 62.0 25.5 3.9 1.47 0.17 24.6 0.0090
HH 43.31 5.88 0.88 49.92 8.9 64.1 22.8 4.3 1.50 0.46 26.9 0.0098
RS 56.08 8.49 2.51 32.93 5.9 79.3 12.2 3.7 1.18 0.39 23.5 0.0086

WW 46.42 6.62 0.29 46.66 6.7 79.3 11.6 0.4 1.47 0.30 27.4 0.0100

Biosorbents follow a similar trend to the volatile matter results in the ultimate anal-
ysis results (Table 1). RS had the highest carbon content (56 wt.%) and LD the lowest
(29 wt.%). Among these biosorbents, LD has a higher ash content (~7.4 wt.%) than the
other biosorbents, while HH, CH, and RS were about half that of LD (~3.6–4.2 wt.%). WW
had a very low ash content of 0.44 wt.%. LD had the highest tap density (0.83 g/cm3) and
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true density (1.62 g/cm3) in comparison to other biosorbents. The lowest tap density was
recorded for CH (0.17 g/cm3), and RS had the lowest true density (1.18 g/cm3). Regarding
surface structure, WW had the highest surface area (27.35 m2/g) and micro-pore volume
(0.01 m3/g).

The FTIR results show similar characterisitc peaks for all samples, but the intensity of
the peaks varies (Figure 1). The wide band from 3100 to 3600 cm−1 was associated with the
hydrogen-bonded hydroxyl group in addition to the potential overlapping of –NH with
–OH bonds (Figure 1) [74,75]. This band is potentially due to symmetric and asymmetric
stretching vibrations of H2O molecules [76,77] and/or non-bounded –OH groups such as
alcohols, carboxylic acid, and/or phenolic compounds [78,79]. The differences in biosor-
bents could also explain the shifting of the peak point of the band (3100–3600 cm−1) in
Figure 1.
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Figure 1. FTIR analysis of biosorbents: LD, CH, HH, RS, and WW.

The peaks at 3016 cm−1, 2935 cm−1, and 2846 cm−1 are associated with the aromatic
C-H, asymmetric C-H, and symmetric C-H stretching resulting from the aliphatic functional
groups [78,80] in the biomass feedstocks. While these three C-H peaks are clear for RS,
the peaks for asymmetric and symmetric C-H stretching are merged for WW. The peak at
1730 cm−1 is associated with the stretching of C=O resulting from carbonyl and carboxylic
acid groups esters in RS [78] and WW [79]. The wide band at around 1600 cm−1 could be
assigned the aliphatic and/or unsaturated aromatic compounds [78], methoxy stretching
vibration of lignin [81], and/or ketonic component of hemicellulose [80]. The symmetric
and asymmetric stretching of COO- bonds were assigned by the peaks at 1592 cm−1

and 1428 cm−1, respectively [82,83]. The peaks at 1460 cm−1, 1428 cm−1, 1367 cm−1,
1320 cm−1, 1027 cm−1, and 877 cm−1 are all associated with the stretching and bending
vibrations of -CH2, -CH3, CH, -OH, and C-O bonds in cellulosic structures and aliphatic
chains in lignocellulosic biomass [78,80,84,85]. The peaks between 1070 and 1275 cm−1 can
be assigned to the stretching vibration C-O, C-O-C, and C-OH from the main source of
cellulose, hemicellulose, and lignin [78,80,85,86]. The substituents of aromatic rigs (C–H
stretching) could be observed at the range of 750–950 cm−1 [78,80,85]. The above results
indicate that cellulose, hemicellulose, and lignin are the main component biosorbents and
the functional groups are mainly provided by cellulose [87].
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3.2. Methylene Blue Removal

The initial experiments in the MB dye adsorption tests exaimned how several pa-
rameters impacted on the adsorption process. The impact of particle size, pH of the MB
solution, adsorption temperature, and initial MB concentrations were investigated to as-
sess the suitability of each biosorbent for such applications and identify their optimal MB
removal. Subsequently, adsorption kinetic, equilibrium models, and thermodynamics were
developed for the selected biosorbents.

3.2.1. Particle Size

Particle size is known to be one of the most important determinants in adsorption
mechanisms [38]. Thus, the MB removal of the biosorbents was tested for five particle
size ranges (<106 µm, 106–212 µm, 212–300 µm, 300–425 µm, 425–600 µm), apart from
LD, which was only available at <212 µm. Figure 2 shows the effects of particle sizes of
biosorbents (RS, WW, LD, HH, and CH) on the removal efficiency and adsorption capacity
of MB. For all samples, increasing particle size had a significant impact on MB removal
efficiency (Figure 2). MB removal efficiency was reduced from ~97 wt.% for CH at <106 µm
particle size to 66 wt.% at 425–600 µm particle size. Increasing particle size had the least
impact on WW adsorption efficiency (25 wt.% to 18 wt.%), but WW also had the lowest
adsorption efficiency of all the samples. This decreased adsorption capacity with increasing
particle size can be attributed to the decrease in available surface area with increasing
particle sizes [88]. The larger particles cause the more internal diffusion resistance, which
limits the mobility of MB molecules into the internal surface of the particles [89]. The results
of the particle size effects on MB removal efficiencies showed that a particle size below
106 µm should be used for all subsequent experiments to ensure maximum MB uptake.
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Figure 2. Effects of particle size of LD, RS, CH, HH, and WW on MB removal efficiency.

3.2.2. pH

To observe the influence of pH on the uptake of MB of the different biomasses, solu-
tions with varying pH levels (2–10) were tested for a 200 ppm MB dye solution (Figure 3).
Initially, pH experiments for CH and HH were conducted for a broad range of pH levels
(2–10). Figure 3 indicates that there was no substantial variation in MB removal rates for
pH levels above 4. pH levels above 10 were not tested as studies [90] have shown that
the optimum MB removal is below 10, while the optimal pH level for MB dye removal
with biosorbents is around 5 [91]. With the pH of textile composite wastewater typically
between 7 and 9 [92], the initial pH range of this study was set to 2–10 as it accurately
reflects the pH levels encountered in industrial wastewater. As there was little variance in
adsorption between pH 4–10, pH levels 5 and 7 were omitted for LD, RS, and WW.
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Figure 3. The impact of initial pH on the dye removal and adsorption capacity of CH, HH, LD, RS,
and WW for a 200 ppm initial MB concentration at 30 ◦C for 24 h.

There are two ways in which the interaction between a sorbate and a sorbent is affected
by the pH of an aqueous [93]. As dyes are complex aromatic organic compounds that
have varying functional groups and unsaturated bonds, they have different ionization
potentials at different pH levels, resulting in the pH-dependent net charge on dye molecules.
Furthermore, the sorbent surface contains numerous functional groups. Thus, the net charge
on sorbents, which could be measured in the form of zeta potential or isoelectric point, is
also pH dependent. Therefore, the interaction between dye molecules and biosorbents is
a combination of charges on dye molecules and the surface of the sorbent. In this study
(Figure 3), the biosorbents demonstrated relatively low adsorption capacities in strong
acidic environments (pH < 2). This can be attributed to the decrease the attractive force
between biosorbents and MB due to the formation of a positive charge on the surface of
biosorbents with the excess H3O+ ions in the mixture in strong acidic environments [94,95].
Considering the MB dye is a cationic dye at pH > 3.4 (pKa = 3.8) [95], a higher pH is favoured
for MB adsorption. MB dye removal remained at a constant level between the pH levels of
4 and 10 for all biosorbents (Figure 3), which is in accordance with previous studies [96,97].
This occurs as higher pH levels increase the presence of OH− ions, which in turn decrease
the positively charged site on biosorbents and promotes the electrostatic attraction between
the positively charged cationic dye and the negatively charged biosorbent surface [95,98].
In addition to the electrostatic interactions and adsorption at the pores, some other weak
interactions such as cation exchange [99,100], hydrogen bonding [101,102], and dipole-
dipole interaction [103] are also relatively significant in the MB removal processes. In
conclusion, based on the outcomes of this study, a pH of 6 was selected for all further
experiments as this was the pH level that provided optimal adsorptions for all biosorbents.

3.2.3. Adsorption Temperature and Initial MB Concentrations

The impact of temperature was investigated for the natural biosorbents at different
temperatures (20–40 ◦C) for a 200 ppm concentration MB solution for 24 h (Figure 4a). Due
to the decreasing viscosity of the solution, increasing temperature will increase the rate of
diffusion of the adsorbate molecules across the external boundary layer as well as in the
internal pores of the adsorbent particle [104]. Furthermore, changes in temperature will also
change the equilibrium capacity of the adsorbent. Figure 4a shows that higher temperatures
exhibited higher uptakes for HH and CH, indicating an endothermic adsorption [69],
which may be due to an increase in the mobility of the dye with increasing temperature
However, higher adsorptions rates were noted for LD and RS at lower temperatures,
which indicates the process is exothermic [6], which reduces the diffusional resistance and
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increases the intraparticle diffusion [105]. Increasing temperature had a negligible impact
on the MB uptake of WW. Detailed thermodynamic analysis and further discussion of these
phenomena is provided in Section 3.3.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 25 
 

diffusion of the adsorbate molecules across the external boundary layer as well as in the 
internal pores of the adsorbent particle [104]. Furthermore, changes in temperature will 
also change the equilibrium capacity of the adsorbent. Figure 4a shows that higher 
temperatures exhibited higher uptakes for HH and CH, indicating an endothermic 
adsorption [69], which may be due to an increase in the mobility of the dye with increasing 
temperature However, higher adsorptions rates were noted for LD and RS at lower 
temperatures, which indicates the process is exothermic [6], which reduces the diffusional 
resistance and increases the intraparticle diffusion [105]. Increasing temperature had a 
negligible impact on the MB uptake of WW. Detailed thermodynamic analysis and further 
discussion of these phenomena is provided in Section 3.3. 

Among these five biosorbents, LD had the highest MB removal (~90 wt.%, ~180 mg/g), 
followed by HH (~71 wt.%, ~140 mg/g), CH (~60 wt.%, ~120 mg/g), and RS (~45 wt.%, ~90 
mg/g). WW had the lowest MB removal (~15 wt.%, ~30 mg/g) despite having the highest 
surface area (27.3 m2/g) and micro-pore volume (0.01 m3/g) (Table 1). HH had the second 
highest micro-pore volume (0.0098 m3/g) but had a slower MB uptake rate compared with 
LD, CH, and RS (Figure 4c,d). This study does not show a direct relationship between 
surface area/pore volume of the natural biosorbent and MB adsorption. Although surface 
area and pore volume are key parameters in dye adsorption, they do not dominate the 
adsorption process for these natural biosorbents. The study indicates that, in addition to 
their accessibility and availability, the surface functional groups that can absorb MB (via 
electrostatic attraction, cation exchange, and surface complex mechanisms [106]) can also 
have an dramatic impact on MB removal efficiency. 

 d)

b)

c)

a)

0

40

80

120

160

200

0

20

40

60

80

100

0 10 20 30 40 50 60

A
ds

or
pt

io
n 

ca
pa

ci
ty

 (m
g/

g)

R
em

ov
al

 e
ffi

ci
en

cy
 (w

t.%
)

Time (min)

HH CH LD RS WW

0

40

80

120

160

200

0

20

40

60

80

100

0 10 20 30 40 50 60

A
ds

or
pt

io
n 

ca
pa

ci
ty

 (m
g/

g)

R
em

ov
al

 e
ffi

ci
en

cy
 (w

t.%
)

Time (min)

CH LD HH RS WW

0

40

80

120

160

200

0

20

40

60

80

100

0 10 20 30 40 50 60
A

ds
or

pt
io

n 
ca

pa
ci

ty
 (m

g/
g)

R
em

ov
al

 e
ffi

ci
en

cy
 (w

t.%
)

Time (min)

CH LD HH RS WW

0

20

40

60

80

100

LD HH CH RS WW

R
em

ov
al

 e
ffi

ci
en

cy
 (w

t. 
%

)

40 °C 30 °C 20 °C

Bio-sorbents

Figure 4. (a) Impact of temperature (20–40 ◦C) on MB removal efficiencies of a 200 ppm initial
MB concentration over 24 h and the adsorption capacity isotherms in the first 60 min at 40 ◦C (b),
30 ◦C (c), and 20 ◦C (d).

Among these five biosorbents, LD had the highest MB removal (~90 wt.%, ~180 mg/g),
followed by HH (~71 wt.%, ~140 mg/g), CH (~60 wt.%, ~120 mg/g), and RS (~45 wt.%,
~90 mg/g). WW had the lowest MB removal (~15 wt.%, ~30 mg/g) despite having the
highest surface area (27.3 m2/g) and micro-pore volume (0.01 m3/g) (Table 1). HH had
the second highest micro-pore volume (0.0098 m3/g) but had a slower MB uptake rate
compared with LD, CH, and RS (Figure 4c,d). This study does not show a direct relationship
between surface area/pore volume of the natural biosorbent and MB adsorption. Although
surface area and pore volume are key parameters in dye adsorption, they do not dominate
the adsorption process for these natural biosorbents. The study indicates that, in addition
to their accessibility and availability, the surface functional groups that can absorb MB (via
electrostatic attraction, cation exchange, and surface complex mechanisms [106]) can also
have an dramatic impact on MB removal efficiency.

The influence of initial MB concentration on the uptake for the different biosorbents
was explored for initial concentrations of 50 ppm, 100 ppm, and 200 ppm (Figure 5). LD
had relatively high MB removal efficiency (>89 wt.%) for all initial MB concentrations.
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Similarly, HH and CH provided relatively high MB removal efficiency (>89 wt.%) at the
initial MB concentrations of 50 and 100 ppm, while MB removal efficiency drastically
decreased (to 60–65 wt.%) at 200 ppm. RS had large differences in uptake, ranging between
~87 wt.% at 50 ppm and ~40 wt.% at 200 ppm (Figure 5a), lower uptakes for higher solution
concentrations for all samples apart from LD (Figure 5a). However, Figure 5b,c illustrates
that higher absorption capacities were observed in the higher MB concentration tests. This
could potentially be due to the driving force of mass transfer [69]. Both the temperature and
initial MB concentration tests showed that MB adsorption capacity and removal efficiency
are rapidly enhanced at a very early stage of MB and biosorbent interaction: ~2.5 min for
200 ppm, ~3 min for 100 ppm, and ~6 min for 50 ppm of MB solution. This is potentially
due to the presence and availability of large quantities of binding sites [95]. At 200 ppm
of MB solution, MB adsorption capacity and removal efficiency research equilibrium was
30–60 min for LD, RS, and WW and 60–120 min for CH and HH (Figures 4b and 5b).
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Figure 5. Impact of initial MB concentrations (50–200 ppm) on (a) removal efficiency at 30 ◦C for
24 h. Adsorption capacity isotherms at the initial MB concentrations of 200 ppm (b), 100 ppm (c), and
50 ppm (d).

3.3. Adsorption Thermodynamics

In adsorption thermodynamics, the equilibrium relation is between the liquid phase
and the adsorbed phase. The thermodynamic properties are thus described by the enthalpy
and entropy of the system. From the slope and intercept of the Van’t Hoff plot (Figure 6),
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the standard enthalpy (∆H◦/R) and standard entropy (∆S◦/R) of the kinetic data can be
determined [107]. The enthalpy of adsorption provides a measure of the heat released
or adsorbed during the adsorption process. A change of entropy during the adsorption
process indicates the affinity of the adsorbent to the adsorbate [108]. The thermodynamic
parameters for the biosorbents used in this study (Table 2) were obtained from the slope of
the Van’t Hoff plots in Figure 6.
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Table 2. Gibbs free energy change ∆G◦, standard enthalpy ∆H◦, and standard entropy ∆S◦ for RS,
LD, WW, and biochars.

Adsorbents
∆H◦ ∆S◦ ∆G◦293 K ∆G◦303 K ∆G◦313 K

kJ/mol kJ/mol K kJ/mol kJ/mol kJ/mol

L. digitata (LD) −7.36 −0.004 −6.157 −6.115 −6.074
Rapeseed (RS) −3.61 −0.014 0.666 0.812 0.959
C. Husk (CH) 29.30 0.096 1.059 0.094 −0.870
H. Husk (HH) 15.48 0.057 −1.306 −1.879 −2.453

Whitewood (WW) 6.33 0.006 4.482 4.419 4.356
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LD and RS showed a negative ∆H◦ (−3.61 kJ/mol and −7.36 kJ/mol). This indicates
their adsorption processes are exothermic [6]. However, CH, HH, and WW showed positive
∆H◦ (29.30 kJ/mol, 15.48 kJ/mol, and 6.33 kJ/mol) values, indicating an endothermic
adsorption [69]. By analysing the level of ∆H◦, further information regarding the adsorption
mechanisms can be determined. Chemical adsorption is the primary adsorption mechanism
when ∆H◦ is between 40 and 200 kJ/mol [109]. When ∆H◦ is below 25 kJ/mol, the acting
forces are van der Waals forces, which can be attributed to physical adsorption [109]. The
electrostatic interaction between biosorbents and dyes results in non-covalent bonds with
an enthalpy range of 20–80 kJ/mole. Based on the ∆H◦ levels in Table 2, the MB adsorption
onto LD, RS, HH, and WW was driven by physical adsorption [95]. In contrast, CH ∆H◦

levels are inbetween physisorption and chemisorption. Thus the process for CH could be
presented as a physical adsorption enhanced by a non-covalent bonding between dye and
biosorbents. A negative ∆S◦ for RS (−0.014 kJ/mol K) and LD (−0.004 kJ/mol K) were
observed while the ∆S◦ values were positive for the biosorbents CH (0.096 kJ/mol K), HH
(0.057 kJ/mol K), and WW (0.006 kJ/mol K). The positive ∆S◦ of the system indicates the
affinity of adsorbent for MB [69], as well as an increase in the randomness at the interface
adsorbent/adsorbate during adsorption [7,66].

A positive ∆G◦ value was observed for all samples (0 < RS < CH < WW) at 20 ◦C.
With increasing adsorption temperature, the ∆G◦ ranking changed to CH < 0 < RS < WW.
The Gibbs free energy, RS, and WW demonstrated positive ∆G◦ values at the adsorption
temperatures of 20–40 ◦C with 0 < RS < WW. Thus, these biosorbents are not favourable for
MB adsorption. Despite CH having a positive ∆G◦ value at the adsorption temperatures of
20–30 ◦C, it has relatively high MB removal (60–65 wt.%). Additionally, the ∆G◦ values for
CH decreased with following adsorption temperature order: T40 ◦C < 0 < T30 ◦C < T20 ◦C,
which indicates that a higher temperature is favourable for MB removal with CH due to
the nature of endothermic adsorption. Conversely, negative ∆G◦ values were obtained for
LD < HH < 0. This indicates that MB removal could be a thermodynamically favourable
process as a result of the spontaneous nature of the adsorption for these biosorbents [7,66].
This also explains why LD, HH, and CH have higher MB adsorption capacities compared
to RS and WW (Table 2). Furthermore, the decreasing ∆G◦ for HH and CH with increas-
ing adsorption temperature suggests that the adsorption process not only increases in
spontaneity at higher temperatures [66] but also becomes more favourable with increasing
temperature [7].

3.4. Adsorption Kinetics and Equilibrium Models
3.4.1. Adsorption Kinetics

Adsorption kinetics provide an evaluation of the performance of a given adsorbent, as
well as proving insight into the underlying adsorption mechanisms. Based on methylene
blue removal experiment results (Section 3.2), LD, HH, and CH had the greatest potential
to be used as MB dye adsorbents. RS also has a reasonable level of MB removal at lower
MB concentrations. Based on these results, the adsorption kinetics were evaluated for these
potential biosorbents using pseudo-first-order, pseudo-second-order, and intra-particle
diffusion models (Table 3). Figure 7 presents the MB adsorption kinetics for LD, CH, HH,
and RS, while Figure 8 compares the estimated adsorption capacities (pseudo-second order)
with experimental results. The Elovich equation has also been widely used in adsorption
kinetics. However, the equation describes the chemical adsorption (chemical reaction)
mechanism in nature [110]. When ∆H◦ is below 25 kJ/mol, the acting forces are van
der Waals forces, which can be attributed to physical adsorption [109]. The electrostatic
interaction between biosorbents and dyes results in non-covalent bonds with an enthalpy
range of 20–80 kJ/mole. Based on the ∆H◦ levels presented in Table 2, the MB adsorption
onto LD, RS, HH, and WW was driven by physical adsorption [95]. In contrast, CH ∆H◦

levels are in between physisorption and chemisorption. Therefore, the Elovich kinetic
model was not explored as part of this study.
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Table 3. The experimental and estimated qeq values for the pseudo-first-order and pseudo-second-
order adsorption kinetic models for an initial 100 ppm MB concentration.

qeq.exp (mg/g) LD RS HH CH
88.5 75.0 86.5 83.4

Pseudo-first order
qeq.cal (mg/g) 9.1 65.6 57.8 52.5
k1.ad (1/min) 0.167 0.292 −0.093 −0.090

R2 0.856 0.992 0.902 0.874
ε * (%) >10 >10 >10 >10

Pseudo-second order
qeq.cal (mg/g) 88.5 75.8 88.5 85.5

k2.ad (g/mg.min) 0.075 0.009 0.005 0.006
R2 0.999 0.997 0.996 0.9964

ε * (%) 0.1 1.1 2.2 2.5

Intra-particle diffusion
C 51.87 27.47 39.2 41.4

k3.ad (mg/g.min1/2) 7.178 6.87 6.84 5.95
R2 0.325 0.556 0.884 0.922

* ε is the mean absolute percentage error (MAPE).
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Figure 7. The fit of the pseudo-second-order adsorption kinetics to the experimental data for (a) LD,
(b) RS, (c) CH, and (d) HH biosorbents.
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Figure 8. Estimated adsorption capacities for a pseudo-second-order kinetic model with experimental
results for (a) LD, (b) RS, (c) CH, and (d) HH biosorbents. (“th” is the estimated adsorption capacities
from the pseudo-second-order model).

The pseudo-first-order model did not provide a satisfactory fit for the adsorption data
across all biosorbents, as evidenced by the significant deviation of calculated qeq values
from experimental data and the anomalously high mean absolute percentage error (MAPE)
values, >10%. Notably, the negative rate constants (−0.093 and −0.090) obtained for HH
and CH biosorbents under this model are indicative of its inapplicability, which may arise
from limitations of the model in capturing the complexity of the adsorption process.

Conversely, Table 3 highlights that the mean absolute percentage error (ε, MAPE) and
the correlation coefficients (R2) for pseudo-second-order kinetics were much lower than
those obtained for the pseudo-first-order and intra-particle diffusion kinetic models when
fitted to the experimental data. These results demonstrated that the pseudo-second-order
kinetic model has the best fit for the biosorbents and identifies the adsorption kinetics of
MB onto these sorbents (LD, RS, CH, and HH). The pseudo-second-order kinetic model is
often associated with chemisorption because it assumes that the rate-limiting step involves
chemical bonding or sharing of electrons between adsorbent and adsorbate. However,
since the enthalpy values are low (presented in Section 3.3: Adsorption Thermodynamics),
this typically suggests that the adsorption process is more characteristic of physisorption,
which involves weaker van der Waals forces rather than the stronger covalent bonds of
chemisorption. This apparent discrepancy between kinetic modelling and thermodynamic
data is not uncommon and can arise due to several reasons such as the complexity of
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adsorption mechanisms, limitations of kinetic models, and surface properties and adsorbate
concentration. The adsorption of MB over these biosorbents could occur via a multi-
step process involving both physisorption and chemisorption. The discrepancy could be
attributed to an initial rapid physisorption, followed by slower chemisorption. Under these
conditions, the pseudo-second-order model can provide a good fit with the overall kinetics
because it is sensitive to the slower, rate-limiting step that could be chemisorption, even if
the process also involves significant physisorption.

The complexity of the adsorption mechanisms can also be observed from the results of
the intra-particle diffusion model (Table 3). The model provided insights into the diffusion
mechanisms but did not fully describe the adsorption process, as indicated by the lower R2

values. The non-zero intercept ‘C’ obtained from this model suggests that surface adsorption
and boundary layer diffusion may contribute to the overall rate of adsorption, yet they are
not the sole controlling steps. This implies that MB adsorption on the studied biosorbents is a
complex process, potentially involving multiple concurrent or sequential steps.

3.4.2. Adsorption Equilibrium Models

Langmuir and Freundlich adsorption isotherms were used to determine the equilib-
rium type of adsorption and the maximum adsorption capacity of the biosorbents (Figure 9).
The parameters for these isotherms were calculated from their respective linear equations
(Equations (6) and (7)) and are presented in Table 4. The analysis of the equilibrium models
revealed that LD and HH fitted the Langmuir model favourably to the Freundlich model.
This implies that the adsorbent surface is energetically homogeneous [6], which is in line
with the MB removal results with Caulerpa lentillifera [9]. On the other hand, RS and CH
fitted the Freundlich model best, indicating that the MB dye adsorption occurred on a
heterogeneous surface [28].
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Figure 9. Experimental and estimated non-linearised adsorption isotherms of MB on (a) LD, (b) RS,
(c) CH, and (d) HH.
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Table 4. Adsorption isotherm parameters in Langmuir and Freundlich models.

Adsorbents
Langmuir Model Freundlich Model

Qo (mg/g) b R2 ε * (%) KF n R2 ε * (%)

L. digitata (LD) 500.0 0.028 0.997 0.7 16.66 1.24 0.996 3.1
C. Husk (CH) 137.0 0.185 0.994 >10 43.43 3.95 0.999 0.37
H. Husk (HH) 117.7 0.178 0.999 7.35 34.67 3.58 0.813 >10
Rapeseed (RS) 84.8 0.118 0.998 >10 28.44 4.47 0.988 2.6

* ε is the mean absolute percentage error (MAPE). The unit of KF is (mg/g)(mg/L)n.

The “n” value in the Freundlich adsorption models reflects the quality of adsorption,
with an “n” value less than 1.0 indicating poor adsorption characteristics [6]. The maximum
saturated adsorption capacity (Q0) of LD feedstocks was found to be up to 500 mg/g (Table 3),
which is relatively higher compared to many other biosorbents [4,8,17,68,69,111–113]. The
maximum adsorption capacities for CH and HH were 137 mg/g and 117 mg/g, respectively,
while RS showed a reasonable maximum adsorption capacity of 85 mg/g.

4. Discussion on Mechanisms
4.1. Adsorption Mechanisms on Biosorbents

The MB adsorption over unmodified or natural biosorbents is influenced by the
textural properties of biosorbents, surface chemistry of biosorbents, and specific interactions
between the biosorbent and MB molecules [109,114]. As with many other adsorption
processes, the adsorption mechanisms of MB dye over biosorbents can be categorised
under three steps as illustrated in Figure 10:

i. Film diffusion or interphase diffusion: MB molecules diffuse from the bulk phase to
the external surface of the biosorbent;

ii. Pore diffusion or intraparticle diffusion: MB molecules diffuse from the pore mouth
through the biosorbents pores into the immediate proximity of the internal active
surface, which is the point where the MB adsorption occurs; and

iii. Adsorption of MB molecules on the inner/external surface of biosorbents [110,115,116]
based on the combination mechanism of electrostatic interaction, hydrogen bonding,
functional group interaction, and van der Waals forces [48].
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Figure 10. The primary adsorption steps of MB over biosorbents. Image adapted from Lian et al. [100]
with additional data from [115–117].

In discussing the sorption mechanisms of MB onto these biosorbents, the thermody-
namic, kinetic, and isotherm results provide a deep understanding. The thermodynamic
analysis revealed that adsorption onto LD and RS is exothermic with negative enthalpy
changes, indicative of physisorption, which aligns with the negative Gibbs free energy
values, confirming the spontaneous nature of the process. Contrastingly, the endothermic
adsorption observed for CH and HH suggests a different interaction, possibly hinting
at a more complex mechanism that involves energy absorption, potentially leading to a
different adsorption capacity and effectiveness for these biosorbents.

While the pseudo-second-order kinetic model, which typically signifies chemisorption
due to its assumption of chemical bond formation as the rate-limiting step, fits our kinetic
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data well, the low enthalpy values for all biosorbents suggest a process initially dominated
by physisorption. This assertion is supported by isotherm studies, where the Langmuir
model’s applicability to LD and HH indicates a homogenous adsorption surface and mono-
layer coverage, whereas the Freundlich isotherm fit for RS and CH biosorbents points
to multi-layer adsorption, a characteristic of physisorption. These findings collectively
suggest a multi-step adsorption process. Initially, rapid physisorption likely occurs, driven
by the favourable thermodynamics, followed by a slower chemisorption, as the kinetics
suggest, possibly within a monolayer as indicated by the Langmuir isotherm. The complex-
ity of the adsorption process may rise due to the potential interaction between the surface
chemistry of these biosorbents and the positively charged MB molecules, as illustrated in
Figure 11. The hydroxyl groups (–OH, 3600–3100 cm−1 in FTIR results, Figure 1) of these
biosorbents cause a dipole-dipole hydrogen bond between the H acceptor in MB molecules
and hydroxyl groups (as H-donor) on the biosorbent structures (Figure 11) [118]. Addi-
tionally, positively charged MB molecules are attracted by negatively charged carboxylate
ions (−COO−) over the surface of biosorbents, which was clearly demonstrated at the
peaks 1428 and 1592 cm−1 (symmetric and asymmetric stretching of −COO−) in FTIR
analysis (Figure 1) [119]. Similarly, the positively charged MB molecules are attracted to
the negatively charged –CO- (indicating the peaks 1100 and 1027 cm−1 in FTIR analysis).
A higher MB adsorption was observed for LD, CH, HH, and RS at higher pH levels due
to strong electrostatic attractions between the negatively charged biosorbents and posi-
tively charged MB molecules [114]. The other potential interaction is a “n-π interaction”,
which could be between Si-O-Si groups of the biosorbent surface and aromatic structure of
MB [95] or potentially the oxygen in the acid groups that donate electrons to the aromatic
rigs in the MB molecules [120]. Furthermore, MB adsorption can partially be enhanced
by the “π-π interaction” between the hexagonal structure of hemicellulose, cellulose, and
lignin and aromatic rings of MB molecules [95]. Although these interactions are potentially
explanations for how MB absorption occurs for the biosorbents used in this study (LD, CH,
HH, and RS), a detailed, comprehensive, and quantitative surface characterisations of these
biosorbents are required in order to accurately propose the MB adsorption mechanisms
at play.
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Figure 11. Potential MB interaction with the surface chemistry of biosorbents. Images adapted from
Fan et al. [95] and Wang et al. [99].

4.2. Comparison with Other Literatures

By comparing results from this study with those of previous similar studies, it be-
comes evident that LD exhibits the highest potential as a highly effective biosorbent for MB
removal. LD has a higher removal capacity than most of the reported biomasses in Table 5
and was higher than many treated and activated biomasses [121]. Additionally, both CH
and HH provide relatively high MB adsorption capacities: 128 mg/g and 110 mg/g, respec-
tively, and thus are also potential biosorbents. As these two husks are waste biosorbents
from nature, these two biosorbents were naturally dried and have no direct application
in any value-added industry. RS could also be a potential adsorbent compared to many
other biosorbents.
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Table 5. List of maximum MB adsorption capacities of various untreated biomasses from this study
and the literature.

Biosorbents Capacity (mg/g) Ref. Biosorbents Capacity (mg/g) Ref.

Orange peel 13.9–50.0 [8,17,111] Coffee husk 72.9–111 [122]
Guava leaf 295.0 [123] Tea waste 85.1 [22]
Spent coffee grounds 18.7 [112] Coconut husk 99 [3]
Wheat shells 16.5–21.5 [69] Phosphate rock 101.1 [124]
Chitosan nanocomp. 20.5, 111 [4,113] Algal waste 104 [41]
Hazelnut shell 38.2, 41.3 [112,125] Dehyd. peanut hull 108.6 [126]
Oak sawdust 38.4 [68] Pinecone biomass 109.9 [127]
Yellow passion fruit 44.7 [128] Modified lychee seeds 124.5 [29]
Rice husk 40.6, 40.5 [70,129] Caster seed shell 158.7 [3]
Coconut bunch waste 70.9 [130] Lathyrus sativus husk 98.3 [92]

L. digitata (LD) 176.2 * (500) This study C. Husk (CH) 127.9 * (137) This study
Rapeseed (RS) 80.5 * (85) H. Husk (HH) 109.6 * (117)

* Adsorption capacities in a concentration of 200 ppm of MB solution at 30 ◦C for 60 min. The values in brackets
are the maximum adsorption capacities determined by the Langmuir model.

Industrial wastewaters can have dye loadings up to 1500 mg/L (1.5 mg/g) [25]. Thus,
all biosorbents presented in this study would be suitable for dye removal from real effluents.
However, real effluents also include other compounds, and this has been shown to reduce
the capacity of adsorbents compared to laboratory-created simulated effluents [66]. This
study demonstrates that natural biomasses have the potential to be used as biosorbents
with respectable removal capacities without pre-treatment. This allows them to be a low-
cost option for MB dye removal. However, scaling up the use of natural biosorbents for
an industrial scale will require investigations. Fixed-bed columns have been used as a
continuous flow process in biosorption for dye removal, but issues such as pH control of
the bio-sorbate solution, lack of regeneration potential, and concerns over spent biosorbent
disposal remain [131].

5. Conclusions

This paper presents a comparative analysis of the adsorption process interdependen-
cies and how these are influenced the adsorption properties of five distinctly different
biomass feedstocks: seaweed (Laminaria digitata), horse chestnut husk, rapeseed residue,
hazelnut husk, and whitewood. Based on the comparative evaluation of natural biosorbents
in methylene blue removal:

• Particle size should be as small as possible for all-natural biosorbents to ensure maxi-
mum MB uptake. For this study, <106 µm was found to be the optimal particle size
for adsorption.

• Highly acidic environments (pH < 2) resulted in low uptakes of MB for all the natural
biosorbents. A pH near neutral (pH = 6) was found to give the optimal balance of MB
uptake for pH adjustment of the MB solution.

• The surface structure of the natural biosorbents (surface area and pore volume) had a
lower impact on MB uptake than surface functional groups.

• LD exhibited the greatest potential to be used as an adsorbent for MB dye, with an
uptake of ~180 mg/g. Furthermore, waste biomasses HH and CH showed relatively
high levels of MB removal (~127 mg/g for CH and ~110 mg/g for HH), and RS, as
an agricultural waste, also had a reasonable MB removal (~80 mg/g). However, WW
demonstrated the lowest MB removal (<20 mg/g).

• Based on the thermodynamic analysis, the adsorption of MB on LD and RS provided
a negative ∆H◦ (−3.61 kJ/mol and −7.36 kJ/mol), indicating an exothermic process.
However, the adsorption on CH and HH showed a positive ∆H◦ (29.30 kJ/mol,
15.48 kJ/mol), indicating an endothermic process. The MB removal by LD, HH, and
CH can be a thermodynamically favourable process thanks to the negative Gibbs free
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energy (∆G◦), which indicates MB adsorption on these biosorbents is spontaneous
and physical in nature.

• The adsorption of MB onto these biosorbents aligns strongly with the pseudo-second-
order kinetic model, as shown by an R2 greater than 0.99 and a MAPE between 0.1 and
2.5%. Despite this model typically suggesting chemisorption, the low enthalpy values
shows at a process dominated by physisorption, leading to a probable sequential
mechanism starting with physisorption and transitioning to chemisorption.

• The adsorption process was described well by the Langmuir isotherms for LD and
HH biosorbents and by Freundlich the adsorption isotherm for RS and CH biosor-
bents. Langmuir adsorption isotherms showed relatively high maximum adsorption
capacities (Qo); ~500 mg/g for LD, ~137 mg/g for CH, and ~117 mg/g for HH.

• The results of this study indicate that MB dye removal using untreated biomasses
has the potential to be a low-cost valorisation option in the holistic whole life cycle
valorisation pathway for Laminaria digitata, horse chestnut husk, and hazelnut husk.

This study provides a clear insight into how the adsorption process interdependencies
are influenced by the MB dye adsorption properties of five distinctly different biomass
feedstocks. As future works, we suggest a comprehensive and comparative investigation
of the promising biosorbents in the application of removal of different dye and metal
contaminations from wastewater, including stability of these biosorbents in different types
of wastewater treatment. Additionally, in order to minimise the experimental work and
maximise the process optimisation of different biosorbents, a detailed artificial intelligence
model and statistical analysis can be developed using physicochemical characteristic and
adsorption process conditions.

Author Contributions: F.G.: Conceptualization, Methodology, Formal analysis, Investigation, Val-
idation, Visualization, Writing—original draft, Writing—review & editing. O.W.: Conceptualiza-
tion, Funding acquisition, Methodology, Supervision, Writing—review & editing. E.T.K.: Method-
ology, Funding acquisition, Writing—review & editing. A.S.: Methodology, Funding acquisi-
tion, Writing—review & editing. L.A.S.: Methodology, Formal analysis, Writing—review & edit-
ing. E.L.: Conceptualization, Methodology, Supervision, Project administration, Funding acqui-
sition, Writing—review & editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded and supported by the EPSRC, BBSRC, and UK Supergen Bioen-
ergy Hub [Grant number EP/S000771/1], the University of Nottingham Anne McLaren Research
Fellowship (Orla Williams), and the UK Biotechnology and Biological Sciences Research Council
(BBSRC) Discovery Fellowship (Emily Kostas) [Grant number BB/S010610/1].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in Nottingham
Research Data Management Repository https://rdmc.nottingham.ac.uk/ at DOI: 10.17639/nott.7361.

Acknowledgments: We also would like to acknowledge David Gray, Filippo Bramante, and Vincenzo
Di Bari for supplying the rapeseed for this project and Şengül Güleç Baştaş for supplying hazelnut
husk for this project.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Aragaw, T.A.; Bogale, F.M. Biomass-based adsorbents for removal of dyes from wastewater: A review. Front. Environ. Sci. 2021,

9, 558. [CrossRef]
2. Yaashikaa, P.; Kumar, P.S.; Saravanan, A.; Vo, D.-V.N. Advances in biosorbents for removal of environmental pollutants: A review

on pretreatment, removal mechanism and future outlook. J. Hazard. Mater. 2021, 420, 126596. [CrossRef] [PubMed]
3. Oladoja, N.; Aboluwoye, C.; Oladimeji, Y.; Ashogbon, A.; Otemuyiwa, I. Studies on castor seed shell as a sorbent in basic dye

contaminated wastewater remediation. Desalination 2008, 227, 190–203. [CrossRef]

https://rdmc.nottingham.ac.uk/
https://doi.org/10.3389/fenvs.2021.764958
https://doi.org/10.1016/j.jhazmat.2021.126596
https://www.ncbi.nlm.nih.gov/pubmed/34274808
https://doi.org/10.1016/j.desal.2007.06.025


Appl. Sci. 2024, 14, 81 20 of 24

4. Minisy, I.M.; Salahuddin, N.A.; Ayad, M.M. Adsorption of methylene blue onto chitosan–montmorillonite/polyaniline nanocom-
posite. Appl. Clay Sci. 2021, 203, 105993. [CrossRef]

5. Rafatullah, M.; Sulaiman, O.; Hashim, R.; Ahmad, A. Adsorption of methylene blue on low-cost adsorbents: A review. J. Hazard.
Mater. 2010, 177, 70–80. [CrossRef] [PubMed]

6. Miraboutalebi, S.M.; Nikouzad, S.K.; Peydayesh, M.; Allahgholi, N.; Vafajoo, L.; McKay, G. Methylene blue adsorption via maize
silk powder: Kinetic, equilibrium, thermodynamic studies and residual error analysis. Process Saf. Environ. Prot. 2017, 106,
191–202. [CrossRef]

7. Yagub, M.T.; Sen, T.K.; Ang, H. Equilibrium, kinetics, and thermodynamics of methylene blue adsorption by pine tree leaves.
Water Air Soil Pollut. 2012, 223, 5267–5282. [CrossRef]

8. Kumar, P.S.; Fernando, P.S.A.; Ahmed, R.T.; Srinath, R.; Priyadharshini, M.; Vignesh, A.; Thanjiappan, A. Effect of temperature
on the adsorption of methylene blue dye onto sulfuric acid–treated orange peel. Chem. Eng. Commun. 2014, 201, 1526–1547.
[CrossRef]

9. Marungrueng, K.; Pavasant, P. High performance biosorbent (Caulerpa lentillifera) for basic dye removal. Bioresour. Technol. 2007,
98, 1567–1572. [CrossRef]

10. Rubin, E.; Rodriguez, P.; Herrero, R.; Cremades, J.; Barbara, I.; de Vicente, M.E.S. Removal of methylene blue from aqueous
solutions using as biosorbent Sargassum muticum: An invasive macroalga in Europe. J. Chem. Technol. Biotechnol. Int. Res. Process
Environ. Clean Technol. 2005, 80, 291–298. [CrossRef]

11. Ravindiran, G.; Ganapathy, G.P.; Josephraj, J.; Alagumalai, A. A critical insight into biomass derived biosorbent for bioremediation
of dyes. ChemistrySelect 2019, 4, 9762–9775. [CrossRef]

12. Asemave, K.; Thaddeus, L.; Tarhemba, P.T. Lignocellulosic-based sorbents: A review. Sustain. Chem. 2021, 2, 271–285. [CrossRef]
13. Grabi, H.; Derridj, F.; Lemlikchi, W.; Guénin, E. Studies of the potential of a native natural biosorbent for the elimination of an

anionic textile dye Cibacron Blue in aqueous solution. Sci. Rep. 2021, 11, 9705. [CrossRef] [PubMed]
14. Annadurai, G.; Juang, R.-S.; Lee, D.-J. Use of cellulose-based wastes for adsorption of dyes from aqueous solutions. J. Hazard.

Mater. 2002, 92, 263–274. [CrossRef]
15. Ma, X.; Liu, Y.; Zhang, Q.; Sun, S.; Zhou, X.; Xu, Y. A novel natural lignocellulosic biosorbent of sunflower stem-pith for textile

cationic dyes adsorption. J. Clean. Prod. 2022, 331, 129878. [CrossRef]
16. Silva, F.; Nascimento, L.; Brito, M.; da Silva, K.; Paschoal, W., Jr.; Fujiyama, R. Biosorption of methylene blue dye using natural

biosorbents made from weeds. Materials 2019, 12, 2486. [CrossRef] [PubMed]
17. Rangabhashiyam, S.; Lata, S.; Balasubramanian, P. Biosorption characteristics of methylene blue and malachite green from

simulated wastewater onto Carica papaya wood biosorbent. Surf. Interfaces 2018, 10, 197–215.
18. Honorato, A.C.; Machado, J.M.; Celante, G.; Borges, W.G.; Dragunski, D.C.; Caetano, J. Biosorption of methylene blue using

agro-industrial residues. Rev. Bras. Eng. Agríc. Ambient. 2015, 19, 705–710. [CrossRef]
19. Uddin, M.T.; Islam, M.A.; Mahmud, S.; Rukanuzzaman, M. Adsorptive removal of methylene blue by tea waste. J. Hazard. Mater.

2009, 164, 53–60. [CrossRef]
20. Kumar, P.S.; Abhinaya, R.; Lashmi, K.G.; Arthi, V.; Pavithra, R.; Sathyaselvabala, V.; Kirupha, S.D.; Sivanesan, S. Adsorption

of methylene blue dye from aqueous solution by agricultural waste: Equilibrium, thermodynamics, kinetics, mechanism and
process design. Coll. J. 2011, 73, 651–661. [CrossRef]

21. Weng, C.-H.; Lin, Y.-T.; Tzeng, T.-W. Removal of methylene blue from aqueous solution by adsorption onto pineapple leaf powder.
J. Hazard. Mater. 2009, 170, 417–424. [CrossRef] [PubMed]

22. Oualid, H.A.; Abdellaoui, Y.; Laabd, M.; El Ouardi, M.; Brahmi, Y.; Iazza, M.; Oualid, J.A. Eco-efficient green seaweed codium
decorticatum biosorbent for textile dyes: Characterization, mechanism, recyclability, and RSM optimization. ACS Omega 2020, 5,
22192–22207. [CrossRef]

23. El Atouani, S.; Belattmania, Z.; Reani, A.; Tahiri, S.; Aarfane, A.; Bentiss, F.; Jama, C.; Zrid, R.; Sabour, B. Brown seaweed
Sargassum muticum as low-cost biosorbent of methylene blue. Int. J. Environ. Res. 2019, 13, 131–142. [CrossRef]

24. Dardouri, S.; Sghaier, J. Adsorptive removal of methylene blue from aqueous solution using different agricultural wastes as
adsorbents. Korean J. Chem. Eng. 2017, 34, 1037–1043. [CrossRef]

25. Shumaila, R.; Ali, N.; Torres, C.; Rittmann, B. Recent progress in treatment of dyes wastewater using microbial-electro-Fenton
technology. RSC Adv. 2022, 12, 17104–17137.

26. Dina, Y.A.; Scholz, M. Treatment of synthetic textile wastewater containing dye mixtures with microcosms. Environ. Sci. Pollut.
Res. 2018, 25, 1980–1997.

27. Ullhas, N. Sustainable chemistry: A solution to the textile industry in a developing world. Curr. Opin. Green Sustain. Chem. 2018,
9, 13–17.

28. Jawad, A.H.; Abdulhameed, A.S.; Mastuli, M.S. Acid-factionalized biomass material for methylene blue dye removal: A
comprehensive adsorption and mechanism study. J. Taibah Univ. Sci. 2020, 14, 305–313. [CrossRef]

29. Sahu, S.; Pahi, S.; Tripathy, S.; Singh, S.K.; Behera, A.; Sahu, U.K.; Patel, R.K. Adsorption of methylene blue on chemically
modified lychee seed biochar: Dynamic, equilibrium, and thermodynamic study. J. Mol. Liq. 2020, 315, 113743. [CrossRef]

30. Williams, O.; Güleç, F.; Kostas, E.T.; Stevens, L.A.; Samson, A.; Lester, E. Absorbents from waste fuels. In 1st The European
Conference on Fuel and Energy Research and its Applications (FERIA), Fuel and Energy Research Forum; University of Nottingham:
Nottingham, UK, 2021; p. 105.

https://doi.org/10.1016/j.clay.2021.105993
https://doi.org/10.1016/j.jhazmat.2009.12.047
https://www.ncbi.nlm.nih.gov/pubmed/20044207
https://doi.org/10.1016/j.psep.2017.01.010
https://doi.org/10.1007/s11270-012-1277-3
https://doi.org/10.1080/00986445.2013.819352
https://doi.org/10.1016/j.biortech.2006.06.010
https://doi.org/10.1002/jctb.1192
https://doi.org/10.1002/slct.201902127
https://doi.org/10.3390/suschem2020016
https://doi.org/10.1038/s41598-021-88657-y
https://www.ncbi.nlm.nih.gov/pubmed/33958626
https://doi.org/10.1016/S0304-3894(02)00017-1
https://doi.org/10.1016/j.jclepro.2021.129878
https://doi.org/10.3390/ma12152486
https://www.ncbi.nlm.nih.gov/pubmed/31387319
https://doi.org/10.1590/1807-1929/agriambi.v19n7p705-710
https://doi.org/10.1016/j.jhazmat.2008.07.131
https://doi.org/10.1134/S1061933X11050061
https://doi.org/10.1016/j.jhazmat.2009.04.080
https://www.ncbi.nlm.nih.gov/pubmed/19447547
https://doi.org/10.1021/acsomega.0c02311
https://doi.org/10.1007/s41742-018-0161-4
https://doi.org/10.1007/s11814-017-0008-2
https://doi.org/10.1080/16583655.2020.1736767
https://doi.org/10.1016/j.molliq.2020.113743


Appl. Sci. 2024, 14, 81 21 of 24

31. Richards, S.; Dawson, J.; Stutter, M. The potential use of natural vs commercial biosorbent material to remediate stream waters by
removing heavy metal contaminants. J. Environ. Manag. 2019, 231, 275–281. [CrossRef]

32. Guleria, A.; Kumari, G.; Lima, E.C.; Ashish, D.K.; Thakur, V.; Singh, K. Removal of inorganic toxic contaminants from wastewater
using sustainable biomass: A review. Sci. Total Environ. 2022, 823, 153689. [CrossRef] [PubMed]
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