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Abstract

This study aimed to investigate the biosorption performance of acid-modified waste Prunus mahaleb (PMA) shells in the
removal of Pb>* ions from aqueous solutions. Changes in the morphological properties and functional components of PMA
biosorbent were characterized using SEM—-EDX, FT-IR, BET, and PZC analyses. The effect of various parameters such as
initial Pb*>* concentration, pH, PMA dosage, contact time, and temperature on biosorption was investigated using a batch
biosorption procedure. The maximum biosorption capacity, determined using the Langmuir isotherm, was calculated to be
119 mg g~'. It was found that the biosorption kinetic mechanism followed pseudo-second-order kinetics and intraparticle
diffusion model. According to the determined thermodynamic parameters, the biosorption mechanism was found to be
endothermic (AH° > 0), spontaneous (AS°>0), and entropy-increasing (AG° <0). The outcomes of the experiment were
evaluated in comparison to other sorbents that have been previously commonly used in the literature. It was demonstrated
that PMA could be a promising, environmentally friendly, cost-effective, and sustainable potential biosorbent for the removal

of Pb>* ions.
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1 Introduction

Two of the most significant challenges facing humanity on a
global scale are access to clean water and water pollution. In
recent years, the rate of heavy metals and synthetic chemi-
cals in clean water and wastewater has been increasing as
a result of anthropogenic activities and rapid industrializa-
tion [1]. This increase in water pollution is attributed to the
uncontrolled release of wastewater filled with heavy met-
als and organic pollutants from sectors such as battery and
nuclear production, metal processing, mining, agriculture,
dyeing, pesticide and fertilizer industry, and chemical and
pharmaceutical industries [2]. Heavy metals such as lead,
zinc, arsenic, mercury, and cobalt, which can be found in
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dissolved or particle form, pose significant risks to ecologi-
cal life due to their persistence, non-biodegradability, and
stability in the environment [3]. Heavy metals exhibit their
toxicity at low concentrations of approximately 1.0-10.0 mg
L~! [4]. If the human body is exposed to these heavy metals,
health problems such as cancer; miscarriages in pregnant
women; brain, liver, kidney, and bone damage; nervous sys-
tem damage; and neurological disorders may occur [5].

Lead is one of the most well-known toxic heavy metal
pollutants. It poses significant risks to both the environment
and human health due to its toxic properties and persistence
in batteries and paints [6]. Lead exists in two valences:
Pb%* and Pb**. However, Pb>*, which is the most common
in the oxidation state, is more toxic to living things due to
its higher bioavailability and mobility [7]. As a result of
exposure to Pb?* metal above specified limits and its accu-
mulation in living systems, problems such as hypertension,
hematological and reproductive problems, and kidney and
brain damage may occur. In addition, Pb%*, which can be
found in low concentrations in wastewater, can also cause
anemia and hepatitis. The World Health Organization has
reported that permissible levels of Pb in drinking water may
be 0.01 mg L' [8, 9].
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Studies are being carried out to develop many physi-
cal, chemical, and biological systems that will be useful in
removing various impurities from aqueous solutions. Tech-
niques such as flocculation, coagulation, ultrafiltration,
nanofiltration, membrane separation, and electrochemical
separation can be given as examples [10, 11]. However,
these techniques have negative aspects such as expensive
initial installation and operating costs, secondary pollution
resulting from the process, and low removal capacity [12].
Among these techniques, adsorption is preferred by many
researchers because it is highly selective, eco-friendly, sim-
ple, and low-cost, and because of its regeneration ability.

In addition, the efficiency of adsorption varies depending
on the surface area width and morphology of the preferred
adsorbent, pore size and volume, polarity, and functional
compounds required for adsorption [13]. A wide variety of
adsorbents, especially activated carbon, have been evaluated
for the removal of heavy metals. Due to the high production
cost of activated carbon, which is very effective in heavy
metal removal, research has recently been carried out for
easily obtainable, sustainable, and cost-effective adsorbents
with high adsorption capacity [14]. This research contributes
to the broader goal of developing environmentally friendly
and economically feasible water treatment solutions. The
utilization of natural materials and waste products from
industrial and agricultural activities as low-cost alternative
adsorbents is a promising approach in the field of heavy
metal ion removal. Choosing agricultural wastes as adsor-
bents serves an environmental purpose and also saves on the
high preparation costs of adsorbents. This strategy aligns
with the principles of sustainability, cost-effectiveness, and
eco-friendly waste utilization. Agricultural wastes are a
category of lignocellulosic biomass consisting of cellulose,
hemicellulose, and lignin. In addition, most of these wastes
contain many functional groups such as carboxyl, amino,
aldehyde, and phenolic groups. It increases the efficiency of
agricultural waste in heavy metal removal due to the pres-
ence of these functional groups with metal binding proper-
ties and porous surface properties [15].

However, various physical and chemical modifications
need to be applied to agricultural-based adsorbents to
increase their adsorption performance, structural stability,
and reusability. Physical modification includes radiation,
application of mechanical force, and thermal treatments with
gases such as carbon dioxide and nitrogen, which improve
the surface structure of adsorbents. Chemical modifica-
tion enables the inclusion of certain functional groups into
adsorbents by undergoing various processes with chemical
substances (HCI, H,SO,, KOH, NaOH, etc.) [16-21]. With
these modifications, the adsorption capacity is improved by
increasing the surface porosity of the adsorbents.

Different lignocellulosic agricultural wastes, whose
adsorption properties were improved with various chemical
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reagents, have been investigated as adsorbents in Pb>*
removal in many studies [12, 22-24].

Prunus mahaleb (PM), a member of the Rosaceae fam-
ily, is a member of the St. It is known as Lucie cherry, rock
cherry, or mahaleb cherry [25]. PM, which can easily grow
in the Mediterranean, Central Europe, and Western Asia, is
used in the pharmaceutical industry due to its cardioprotec-
tive, immune system strengthening, antidiabetic, diuretic,
and expectorant effects, and in the food industry due to its
aromatic taste. Export of raw materials or processed prod-
ucts is extremely important economically for Tiirkiye [26,
27].

A review of the literature reveals that the biosorption
potential of a multitude of biomass and agricultural wastes
has been investigated as biosorbents for the removal of heavy
metals. However, there is no data on Pb>* removal by acid-
modified Prunus mahaleb shells (PMA).

Therefore, in this study, PM shells, which are abundant
agricultural wastes without commercial value, were modi-
fied with HCI and it was aimed to determine the biosorption
capacity in Pb>* removal from aqueous solution for the first
time.

Physicochemical properties of PMA biosorbent were
determined by FT-IR, SEM-EDX, BET, and zero charge
point (pHpy) analyses. The effects of different values of
parameters such as solution pH, initial metal concentration,
amount of adsorbent, contact time, and temperature on the
biosorption process were examined.

2 Method
2.1 Materials

The Pb(NO;), and 4-(2-pyridyl azo) resorcinol (PAR),
which were employed to investigate the biosorption of Pb**
ions onto PMA, were procured from Merck. The following
chemicals were purchased from Sigma-Aldrich: potassium
nitrate (KNO;), hydrochloric acid (HCI), sodium hydroxide
(NaOH), ethanol (C,HsOH), and methanol (CH;OH). All
chemicals were of analytical purity. All experiments were
conducted in duplicate using double-distilled water.

2.2 Preparation of biosorbent

PM shells were obtained as waste from a factory exporting
mahaleb in Tokat province. To remove physical impurities,
the shells were washed with distilled water several times
and then dried in an oven at 65 °C for 48 h. To increase the
surface area, the shells were ground to smaller sizes using
a grinder (IKA A 11). The prepared shells were stored in
propylene airtight containers until further processing.
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2.3 Modification of biosorbent

PM shells, cleared of impurities, were shaken with 1 M HCl
at a ratio of 3:1 for 24 h. Acid-modified PM shells (PMA)
were treated with double-distilled water until neutral to
remove excess acid not covalently bound to the biosorbent
surface.

The obtained PMA biosorbent (Fig. 1) was then dried in
an oven to remove any remaining moisture. Once dried, the
biosorbent was stored in airtight tubes until it was used in
experiments.

2.4 Biosorption experiments

Biosorption experiments to examine the removal of Pb>*
ions from aqueous solutions were carried out by batch
method by adding 100 mg PMA to 1000 mg L™" and 10 mL
Pb** solutions at pH 4.5 for 24 h at an ambient tempera-
ture 25 °C. The metal complex formed by PAR of Pb*" ions
remaining in the equilibrium solution after biosorption was
determined by measuring at 1=518 nm using the UV-vis
spectrophotometric method [28].

To prepare the stock Pb>* solution with a concentration
of 1000 mg L™, 1.598 g Pb(NO;), was dissolved in distilled
water in a 1-L volumetric bottle. The Pb** solutions with a
concentration range of 501000 mg L~! were obtained by
diluting the stock Pb>* solution with distilled water. These
solutions were employed to investigate the effect of initial
Pb?* concentration on the biosorption process. The effect
of contact time was determined by running 2—1440 min in

Fig. 1 Prunus mahaleb shells modified with HCI (PMA)

30 mL solutions containing 300 mg PMA at a fixed Pb**
concentration of 1000 mg L',

While different amounts of PMA of 10, 30, 50, 100, and
200 mg were used to determine the effect of biosorbent dose,
constant Pb>* concentration was studied at different tem-
peratures such as 5, 25, and 40 °C to investigate the effect of
temperature. To examine the effect of ambient pH value on
biosorption, the pH values of Pb>* solutions were adjusted
between 1 and5 with dilute 0.1 M HCl and 0.1 M NaOH.

The amount of Pb>™ adsorbed by the unit mass of the
adsorbent during the equilibrium period was calculated with
Eq. (1), the Pb** biosorption percentage was calculated with
Eq. (2), and Recovery% were calculated using Eq. (3) [29].

vV
0=(C,-C)x— M
. . CO B Ce
Biosorption% = [ ——— | x 100 2)
Co
_ Qdes
Recovery% = —— x 100 3)

ads

where C, (mg L") represents the initial Pb>* solution con-
centration, C, (mg L~") represents the Pb>* solution con-
centration in the equilibrium period, m (g) represents the
amount of adsorbent, and V (L) represents the solution vol-
ume. Q.. is desorbed amount of Pb’* (mg g~!), and Q, . is
the adsorbed amount of Pb** (mg g™1).

2.5 Determination of the point of zero charge
(pHpz)

To ascertain the variation in the surface charge of the
biosorbent by the ambient pH during the biosorption pro-
cess, the solid addition method was employed to determine
the zero point charge (pHp ). A total of 100 mg of PMA
was added to 10 mL of 0.1 M KNOj solutions with pH val-
ues ranging from 2 to 12. After 24 h, the final pH (pHf) of
the equilibrium solutions was measured. The pHp,- value
was determined as the point where the line obtained from
plotting pHi-ApH (pHi-pHf) intersected the X-axis [30].

3 Results and discussion

3.1 FT-IR analysis

FT-IR spectra recorded for PMA biosorbent before and after
Pb>* biosorption are shown in Fig. 2. With FT-IR, functional

groups of PMA before biosorption and changes in the densi-
ties of these groups after Pb>* biosorption were detected.
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Fig.2 FT-IR spectra of PMA
before and after Pb** biosorp-
tion

Transmittance (T%)

92

— PMA

——- pp?* biosorbed PMA

The broad and intense peak centered at approximately
3333 cm™! observed in the FT-IR spectrum of PMA before
biosorption in Fig. 2 consists of O—H stretching vibra-
tions of alcohol, carboxylic, and phenolic compounds
in the high cellulose and lignin content of PMA [31]. It
can be thought that the peaks determined in the 2925 and
2858 cm™! spectra are caused by the symmetric and asym-
metric C-H stretching of the methyl and methylene groups
of lignocellulosic structures [32].

The peak determined at 1732 cm™! is due to the stretch-
ing vibration of the C =0 bond of hemicellulose [25],
while the peak determined at 1689 and 1637 cm™! is
caused by the aromatic C = O stretching vibration in the
carbonyl group in lignin.

The peak at 1511 cm™! is due to C—C stretching vibra-
tions of the aromatic ring in lignin [33].

The strong peak observed at 1028 cm™! can be attrib-
uted to the symmetric or asymmetric vibration of the
C-0-C, C-0, and C-OH groups of cellulose [34].

Upon examination of the FT-IR spectrum of PMA fol-
lowing Pb* biosorption, a notable decrease in the intensi-
ties of all characteristic absorption peaks was observed. A
notable reduction in the intensity of the broad and broad-
ened peak attributed to the O—H stretching vibration was
observed, while it was determined that one of the peaks
corresponding to the C-H stretching shifted to 2908 cm™!
and the other disappeared. The observed decreases and
changes can be attributed to the electrostatic interactions
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between the functional groups and Pb>* ions, as well as
the surface complexation reactions [35].

3.2 SEM and EDX analyses

EDX-assisted SEM analysis was performed to examine
the morphological properties and elemental changes of
PMA before and after Pb>* biosorption. SEM images of
PMA biosorbent before and after biosorption are shown
in Fig. 3. In Fig. 3a, it can be seen that the acid-modi-
fied shells are quite porous and these pores are open. In
Fig. 3b, it was determined that after Pb>* biosorption, the
pores were filled and layers were formed on the surface.
These results determined by SEM images were confirmed
by EDX spectra obtained for PMA before and after inter-
action with Pb?* ions (Fig. 3d). It was observed that the
C and O peaks seen in the EDX spectrum before biosorp-
tion decreased significantly after Pb>* biosorption. It
was also determined that Pb and N peaks appeared after
biosorption. These observed changes in the EDX spectrum
were also determined in other studies investigating Pb>*
biosorption [36].

Therefore, both the morphological changes observed
in SEM images and the elemental changes in the EDX
spectra are considered evidence supporting the conclu-
sion that Pb?>* ions were successfully biosorbed by the
PMA material.
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Fig.3 SEM images of PMA (a) and Pb>*-biosorbed PMA (b) and EDX spectra of PMA (c) and Pb.2*-biosorbed PMA (d)

3.3 BET-porosity analysis

BET surface area (m?/g) analysis was performed for raw PM
and PMA. While the BET surface area for PM was deter-
mined as 0.9737 m? g‘l, the BET surface area for PMA was
determined to increase to 5.71 m? g~!. Therefore, it appears
that the modification process affects the outer surface of the
stone. Based on these data, it is thought that modification
with HCI increases the number of active binding sites to
hold more metal and, as a result, improves its biosortive
properties.

3.4 Effect of pH on biosorption
Solution pH represents a crucial variable that influences the

efficiency of adsorption by modifying the surface charac-
teristics of the adsorbent and the interactions between the

adsorbent and the adsorbate [37]. This can be attributed to
the strong competition between H* ions and metal ions. To
investigate the influence of the initial solution pH on the
biosorption of Pb** ions onto PMA, a series of experiments
were conducted utilizing 1000 mg L~! Pb** solutions with
pH levels spanning from 1.0 to 5.0. The outcomes of these
experiments are presented in Fig. 4.

Nevertheless, some studies in the literature indicate that
the biosorbent may become unusable as Pb>* ions precipitate
as Pb(OH), above pH 5.5, resulting in the formation of toxic
sludge and secondary pollution [38]. Consequently, examin-
ing it at higher pH levels was not feasible. Figure 4 illustrates
that an increase in biosorption efficiency and capacity can
be observed as the pH value rises [39].

Pb** removal using PMA was determined to be most
effective at pH 4.0. However, the biosorption efficiency
began to decline after this pH. At low pH values, the
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competition between H* ions and Pb>* ions to bind to active
sites on the biosorbent surface results in a low biosorption
amount.

As the pH value increases, the number of protons in the
solution decreases, which results in a reduction in com-
petition between Pb>* ions and active binding sites. This
enhanced accessibility of active binding sites results in an
augmented biosorption quantity of Pb>* ions. However, the
observed decrease in biosorption efficiency and capacity
between pH 4 and 5 is attributed to the formation of soluble
hydroxylated complexes of Pb** ions, which compete with
active sites for binding.

Furthermore, the pH value at which the electrical charge
of the PMA surface is neutral (pHp,) was determined to
be 2.61. This indicates that the surface charge of the PMA
biosorbent is positive at pH values below 2.61 and nega-
tive at pH values above 2.61. When the surface charge of
PMA is positive, there are electrostatic repulsion forces
between Pb>* ions, which results in a reduction in biosorp-
tion efficiency. Conversely, when the surface charge of PMA
is negative, there are electrostatic attraction forces between
Pb** ions, resulting in an increase in biosorption efficiency
[40, 41].

3.5 Effect of biosorbent dose on biosorption

The dosage of preferred biosorbent is an important param-
eter that determines the efficiency and cost of biosorption.
Biosorption of Pb*" ions with different PMA amounts
(1-20 g L™1) was investigated by keeping other experimen-
tal parameters constant. Based on the experimental data
obtained, the biosorption% of Pb?* ions and the relationship
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between the biosorption capacity of PMA and the amount of
biosorbent are shown in Fig. 5. As can be seen from Fig. 5,
as the amount of PMA increased in batch biosorption stud-
ies, the percentage biosorption of Pb>* ions also increased.
Maximum biosorption of 84.9% was determined with 20 g
L~! PMA biosorbent. This increase can be attributed to the
increase in active binding sites and surface area in direct
proportion to the increase in the amount of biosorbent. Thus,
more Pb** ions will adhere to the PMA surface.

This increase can be attributed to the increase in active
binding sites and surface area in direct proportion to the
increase in the amount of PMA. Thus, more Pb%" ions will
adhere to the PMA surface. However, in Fig. 5, a decrease
in biosorption capacity was observed as the amount of PMA
increased. The reason for this decrease can be shown as
the overlap of active binding sites as the amount of PMA
increases, the diffusion path length increases, and the sites
are not sufficiently saturated with Pb?* [42]. The effects
of PMA amount on biosorption% and biosorption capac-
ity observed in this study have been reported with similar
results as studies in the literature [43].

3.6 Biosorption isotherms

Three isotherm models, Langmuir, Freundlich, and Dubinin-
Radushkevich (D-R) models, were used to study biosorption
isotherms. The Langmuir isotherm is a model that explains
monolayer adsorption occurring in homogeneous regions
on the adsorbent surface and the balance between the adsor-
bent and the adsorbate. The Freundlich isotherm is used to
describe multilayer adsorption occurring in heterogeneous
regions on the adsorbent surface. The D-R isotherm model
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Fig.5 Effect of biosorbent dose 100 100
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Table 1 Parameters calculated from isotherm models

Isotherm model Parameter Value
Langmuir X, (mg g™l 119
Q — KX.C -1
= TikC K, (Lmg™" 0.00238
R? 0.983
Freundlich Xr 1.06
0 =XyC! B 0.670
R? 0.984
D-R Q = Xppe~(Kore®) Xpg (mgg™) 373
1
€= RT1n<1 + a) — Kpg x 10%/(mol? kI?) 774
Epg = Kpp)™*’ Epg/(kJ mol™) 8.04
R? 0.983

is used to determine the activation energy and physical and
chemical nature of adsorption on a non-homogeneous sur-
face with Gaussian energy distribution [44, 45].

The equations and calculated parameters of these iso-
therm models are given in Table 1. Biosorption isotherms
of Pb>* ions by PMA biomass are shown in Fig. 6.

When examining the correlation coefficient (R?) values
presented in Table 1, it is evident that both the Langmuir
and Freundlich models fit well with the experimental data;
this suggests the coexistence of monolayer and multilayer
adsorption behavior [46].

From the Langmuir model, the maximum biosorption
capacity of the monolayer was calculated as 119 mg g~!
and the Langmuir equilibrium constant, which represents
the affinity of the binding sites, was calculated as 0.00238 L
mg~!. The Freundlich constant, representing the biosorption

Bisorbent dosage / g L*

capacity, was determined as 1.06 L mg‘l, and the S value,
representing the biosorption intensity, was determined as
0.670. The presence of < 1 indicates the formation of new
active sites for biosorption and an increase in biosorption
capacity. The determined f indicates the suitability of the
biosorption process.

The average free energy of Pb>" ions (Epg) on PMA
was calculated as 8.04 kJ mol™! using the D-R model. The
obtained Epy value, which is greater than 8 kJ mol™", indi-
cates that the biosorption process is chemical in nature. Fur-
thermore, it was demonstrated that the correlation coefficient
(R*=0.983) obtained for the D-R model is consistent with
the equilibrium data.

A comparison of the sorption capacities of various adsor-
bents used in Pb** biosorption is given in Table 2. As a
result, it is seen that the Pb>* ion biosorption performance
of PMA is higher than of other sorbents.

3.7 Biosorption kinetics

Adsorption kinetics is an important property describing
the effectiveness of adsorption, which refers to the rate at
which adsorbates are retained or released at the solid-liq-
uid interface. Therefore, to better understand the kinetics
of Pb?* biosorption on PMA biosorbent, pseudo-first-order
(PFO) [55], pseudo-second-order (PSO) [56], and intrapar-
ticle diffusion (IPD) [30] kinetic models were applied. The
equations of these kinetic models and the calculated kinetic
parameters are presented in Table 3. The fit of the kinetic
models applied for the biosorption of Pb** ions onto PMA
biomass is seen in Fig. 7.
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Fig.6 Biosorption isotherms 82)(1 0—9
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Table? Biosorption cap aci.ties Adsorbents pH Adsorption capacity (mg References
of various adsorbents used in g—l)
Pb%* removal
Rosa damascene waste 6.5 97.5 [47]
Parkia speciosa 4.47 31.3 [48]
Cassava shells 7.6 49.9 [49]
Cocoa waste 4-5 123 [50]
Sugarcane bagasse 6 1.59 [51]
Almond shell 7 3.56 [52]
Activated Pycnanthus angolensis seed 6 0.581 [53]
Acid-modified Terminalia mantaly seed - 125 [54]
PMA 4.5-5 119 This study

As seen in Fig. 7, it was determined that Pb>" ions
adhered to PMA biomass quickly for up to 180 min and
reached equilibrium within 240 min. The high initial Pb**
removal can be attributed to the presence of sufficient active
sites for adsorption. However, as the contact time increases,
Pb** removal will reach equilibrium when the active sites
for biosorption decrease [57].

When the correlation coefficients (R?) obtained from the
graph were evaluated, it was determined that the R?=0.925
value of the PSO kinetic model was greater than the
R?>=0.899 value of the PFO kinetic model (Table 3).

Moreover, the proximity of the experimentally calculated
Q. exp> and the calculated Q, ., values using the equations
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of the PSO model provided further evidence of the compat-
ibility of the PSO model.

In line with the data obtained, it can be concluded that
biosorption kinetics occurs through the PSO kinetic model.

The PSO model describes the chemical adsorption pro-
cess in which electrostatic interaction and hydrogen bonds
occur between the adsorbent and the adsorbate. Moreover,
according to this kinetic model, the efficiency of biosorption
is directly proportional to the available active sites [58]. In
addition, to explain in more detail the step that controls the
diffusion rate in Pb>* biosorption onto PMA biomass, all
experimental data were examined in more detail by applying
the linear form of the IPD model. The IPD model includes
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Table 3 The calculated parameters from kinetic models

Kinetic model Parameter Value
PFO 0, exp/(mg g™") 56.3
Q=0,call -] 0, /(mg g™ 477
H =kQ, k; x 10%/(min!) 0.0322
H,x10%/(mg g~! min~1) 1536
R? 0.681
PSO 0, exp/(mg g™") 56.3
Q= r——+— Q,cal(mgg™) 51.9
|||z Jy X 10%( g min~" mg™) 0.921
' H,x 10*/(mg g~ min~!) 2.48
Hy = k07 R? 0.834
IPD k;x 10%/(mg g~! min~0%) 15900
0 = k%5 R? 0.960

linear regions with different slopes and helps explain the
stages of the biosorption process [59]. As seen in Fig. 7,
according to the IPD model, the biosorption of Pb** ions
onto PMA biomass consists of a two-step mechanism. The
first slope shows the rapid adhesion of Pb>* from the aque-
ous solution to the biosorbent surface, and the second slope
shows the diffusion of Pb>* ions into the biosorbent pores

carried out at temperatures of 5 °C, 25 °C, and 40 °C to
explain the thermodynamic behaviors of the biosorption of
Pb’* ions onto PMA biomass. The thermodynamic param-
eters of enthalpy change (AH®), entropy (AS°), and Gibbs
free energy (AG®) were calculated. These parameters are
given in Table 4. The isothermal change between AH® and
AS° parameters was determined by Eq. (4), called the Van’t
Hoff equation [61].

AS"  AH
InK, = — — — 4
M0 = TR T RT X
where R represents the ideal gas constant

(8.314 T mol™' K1), T (K) represents the absolute experi-
mental temperature, and K, represents the distribution coef-
ficient. K}, distribution coefficient is calculated with Eq. (5).

Ky=—= (3)

Table 4 Thermodynamic parameters

until they reach equilibrium [60]. Temperature/°C AH°/kJ mol™'  AG°/kJ mol™'  AS°/J R?
mol~!' K~!
3.8 Biosorption thermodynamics 5 —8.09
) . N . 25 132 -9.60 76.4 0.978
Thermodynamic studies are critical to determine the effect —107
of temperature on the biosorption process. Studies were
Fig. 7 Biosorption kinetics 25/ min®8
0 10 20 30 40
60 T T T
]
____________________________ 460
] o
g’ o
- ®  Experimental 140 E
o ——— PFO o
PSO
o IPD
DR ,
[Pb*]: 1000 mg L 120
pH: 4.5
m:10g L
T:25°C
- 10-1440 min
0 L 1 ! 1 1 L 1 ! 1 L 1 L 1 L 0
0 200 400 600 800 1000 1200 1400 1600
t/ min

@ Springer



6952

Biomass Conversion and Biorefinery (2025) 15:6943-6955

According to the Van’t Hoff equation, AH° and AS°
parameters were calculated with the help of the slope and
intercept of the line obtained from the InK;,— 1/T graph in
Fig. 8. AG® is calculated using Eq. (6), which is also related
to AH® and AS° at constant temperature.

AG = AH® — TAS (6)

Determining the adsorption enthalpy value as a positive
value (AH®=13.2 kJ mol~!) indicates that the Pb** removal
process occurring on the PMA biosorbent surface is endo-
thermic. Additionally, biosorption entropy was calculated as
76.4 J mol~! K~!. Positive determination of AH° and AS®
values indicated that the affinity between Pb>* ions and PMA
biosorbent is sufficient for biosorption and the randomness
between the solid-liquid interface increases [62]. As seen
in Table 4, negative AG® values indicate that biosorption is
spontaneous, while negative values increase with increas-
ing temperature, indicating that the efficiency of biosorption
increases at higher temperatures. Similar results have been
reported in other studies in the literature [35, 36].

4 Recovery

After the biosorption process, the effective reuse of the
biosorbent is a critical factor affecting the cost of the
biosorption process. Additionally, it is important in terms of
being feasible, sustainable, and not creating secondary pol-

lution. Therefore, in the study, recovery studies of Pb** ions

from PMA were conducted, utilizing 0.1 M HCI, ethanol,
and methanol solutions. The adsorption/desorption cycle
was repeated three times using the same biosorbent. The
concentration of Pb** remaining in the equilibrium solutions
following each process was determined by the spectropho-
tometric method. The results of the study are presented in
Fig. 9. Figure 9 illustrates that the ethanol solution (62%)
is more effective than the HCI (24%) and methanol (28%)
solutions in the Pb>* desorption process. However, when
the recovery percentage is examined, it can be concluded
that the biosorbed Pb** ions diffuse into the particle or are
chemically bound [63]. In light of these data, PMA can be
considered a promising biosorbent for the recovery of Pb**
ions.

5 Conclusion

The objective of this study was to investigate the biosorp-
tion properties of chemically modified PMA biosorbent
(prepared using 1 M HCI) for the removal of Pb** ions.
FT-IR, SEM-EDX, and BET analyses were conducted and
the resulting data was interpreted in order to determine the
structural properties of PMA. The pHp, value of PMA was
calculated to be 2.61. Biosorption isotherm studies of Pb**
ions were conducted by applying the Langmuir, Freundlich,
and D-R isotherm models. The correlation coefficients
obtained were found to be similar, indicating that biosorp-
tion was compatible with both the Langmuir and Freundlich

Fig. 8 Biosorption thermody-
namics

42

40

In K,

38

® Experimental
[Pb?1: 1000 mg L
pH: 4.5
m:10g L’
T:5°C, 25°C, and 40 °C
t:24 h

3.1 3.2

@ Springer

3.3 34 3.5 3.6 3.7

1Tx10%/ K™



Biomass Conversion and Biorefinery (2025) 15:6943-6955

6953

Fig.9 The effect of recovery 70
for PMA

XA HCI% : 24
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KXJ Methyl Alcohol%: 28

10 +
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isotherm models. The maximum biosorption capacity of
the monolayer, as determined by the Langmuir isotherm
model, was calculated to be 119 mg g~'. The average free
energy (Epg, 8.04 kJ mol™') obtained by applying the D-R
isotherm model indicated that the biosorption process pro-
ceeded chemically. The application of experimental data to
PFO, PSO, and IPD kinetic models revealed that biosorption
reached equilibrium in 240 min at 25 °C. Furthermore, the
biosorption kinetic mechanism was found to be compatible
with the PSO and IPD models. Thermodynamic studies have
demonstrated that Pb>* removal is endothermic (AH® > 0)
and spontaneous (AG° <0). Furthermore, it was established
that the affinity between Pb2 +ions and functional groups
on the biosorbent surface was conducive to biosorption
(AS°>0). In recovery experiments conducted with HCI,
ethanol, and methanol to investigate the reusability of PMA,
it was determined that the highest efficiency was obtained
with ethanol. The data obtained from this study indicate that
PMA, a chemically modified agricultural waste, could be a
low-cost, abundant, potential, and effective biosorbent that
does not create secondary pollution in removing Pb** ions.
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