_ Journal of the
Published hy R . .
GERIAN SOCIETY OF PHYSICAL SCIENCES Nigerian Society
Available online @ https://journalnsps.org.ng/index.php/jnsps .
‘ of Physical
| Sciences

— J. Nig. Soc. Phys. Sci. 7 (2025) 2558

Check for
updates

Sustainable remediation of vancomycin polluted water using
pyrolysis biochar of pressed oil palm fruit fibre

Abiodun Oluwatosin Adeoye®, Rukayat Oluwatobiloba Quadri, Olayide Samuel Lawal

“Department of Chemistry, Federal University Oye-Ekiti, Ekiti State, Nigeria

Abstract

Pharmaceutical effluents, especially antibiotics, have significantly contributed to aquatic pollution in recent times, which has called for a sustain-
able approach to their removal. Adsorption is an efficient process to remove antibiotics from water via the use of materials that could adhere to
pollutants and enhance extraction. This study investigated the efficiency of the solid pyrolysis product of pressed palm oil fruit fibre by varying
pH and temperature on the removal of vancomycin from water. The following models were used to describe the adsorption kinetics: pseudo-first
order, pseudo-second order, Avrami, Elovich, and intraparticle diffusion model, while Temkin, Langmuir, Dubinin Radushkevich (D-R), and
Freundlich were used to describe the isotherm. The highest value of the correlation coefficient (R?) of 0.985 was obtained for the pseudo-first
order kinetics model. At 40 °C, the correlation coefficients R? were 0.953, 0.995, 0.967, and 0.940 for Temkim, D-R, Langmuir, and Freundlich,
respectively. The obtained ranges for standard Gibb’s free energy (AG®) > —28.94 kJ/mol and the standard entropy (AS°) > 0 demonstrate that the
adsorption of vancomycin is favourable and spontaneous. The adsorption process was mainly via a physical process, spontaneous and exothermic,
since the standard enthalpy (AH®) is -13.92 kJ/mol. The maximum adsorption capacity at 40 °C using the Langmuir isotherm is 3.902 mg/g. The
material is a potentially cheap, eco-friendly method for remediating vancomycin from water.
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1. Introduction tons since 1940. Of this production, only 10% to 90% is me-
tabolized by humans or animals, resulting in the excretion of
active forms into nearby aquatic medium and terrestrial areas.
This results in the accumulation of antibiotic concentrations,
which over time presents a significant global health concern
owing to evident pollution demonstrating the adverse effects of
antibiotics on human health and the ecosystem [3, 4].
Vancomycin is a potent antibiotic for cases of severe bacte-
rial infections such as septicaemia and endocarditis. Still, when
released into water bodies, it becomes dangerous to the aquatic
*Corresponding author: Tel. No.: +234-805-647-8597. ecosystem, as shown in a case where it negatively impacts the
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The release of untreated water to nearby water bodies from
pharmaceutical industries producing antibiotics has contributed
on a large scale to aquatic ecosystem pollution. It has been a
significant contention issue in recent years that has seriously
drawn the attention of environmentalists in the field [1, 2]. Ap-
proximately 100,000 to 200,000 tons of antibiotics are pro-
duced annually, with a cumulative total exceeding one billion
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development and reproductive functions of aquatic species, in-
cluding zebra fish, underscoring its potential for biomagnifica-
tion in aquatic food webs [5—7]. Its continuous presence in the
ecosystem can result in the growth of microorganisms with re-
sistant strains, thereby endangering public health. Vancomycin
has become an indispensable antibiotic in medical therapy for
gram-positive bacterial infections, a glycopeptide from Amy-
colatopsis orientalis, enduracididine, and an aglycon ring [8].
This molecule has detrimental adverse effects on aquatic habi-
tats. It has proven to be resistant to biological and chemical
degradation techniques, which cause an increase in its presence
when released into the natural environment and then accumu-
late to cause toxicity in diverse settings due to its extended half-
life and slow, gradual degradation [9-13]. It has been widely
accepted as an antibiotic due to its inherent properties, such as
cell wall formation inhibition, tempering with gene expression,
and the potential to inactivate the target bacterial enzymes. Its
wide use is due to its high superiority in protein targeting com-
pared to peptide nucleic acids [8]. Even in a system where it
was not a threat from pharmaceutical effluents, its residues can
also be found in urine and faeces, which could, therefore, con-
taminate nearby water bodies in a system of open excretion and
some of it entering urban wastewater systems [14, 15]. Some
previous analyses indicated that more than 90% of given van-
comycin is excreted via renal routes [6, 7, 16, 17].

Biochar is a solid product of the pyrolysis of biomass wastes
with adequate surface area, a porous architecture, and high ad-
sorption capacity to remove pollutants. It has additional bene-
fits, such as soil enhancement and carbon sequestration poten-
tial [18]. The pyrolysis temperature of biomass waste to form
biochar has a strong effect on the pollutant adsorption mech-
anism because adsorption to different layers or subdomains of
the biochar can be governed by linear and nonlinear mecha-
nisms [19].

Adsorption is an efficient process to remove contaminants
from water via the use of compounds or materials that could
adhere to pollutants and enhance extraction. The adsorption
of target pollutants (vancomycin) to the pyrolytic biochar sur-
face occurs via weak electrical force interactions between the
adsorbate and biochar surface or through partitioning of van-
comycin molecules between the solid adsorbent and water, a
process termed physical adsorption [8]. The process can be ei-
ther attractive or repulsive. Physical adsorptions are reversible
reactions with a slower rate when compared to chemical ad-
sorption and are affected by factors that include temperature
and pH [8, 20]. This phenomenon is shown in the adsorption
isotherm, where mass fractions are obtained from the biochar
mass (mg) relative to the vancomycin solution volume (L). The
amount of antibiotics removed by biochar depends on its sur-
face area and pore structure. The larger the surface area, the
higher the amount of antibiotics that will be removed since a
larger surface area facilitates adsorption both on the surface and
within biochar pores, accessing various transition sites, includ-
ing meso, micro, and macro pores. Also, factors to include are
the hydrophilicity or hydrophobicity of biochar, which affects
adsorption efficiency [21, 22]. In chemical adsorption, an irre-
versible bond is formed between adsorbate and adsorbent. The

chemical adsorption driving forces largely depend on common
functional groups (-OH, -COOH, and -C=0) on the biochar sur-
face, which contributes to the number of available functional
groups that the adsorbate can bind with. Migration of pollutants
to the internal surface areas is possible, making biochar a suit-
able pollutant remediation material. For a cationic antibiotic, it
can be projected that the final removal of vancomycin will oc-
cur during diffusion through the biochar matrix as it reacts with
these weak acid sites [8]. This mechanism of adsorption is af-
fected by parameters of pH, temperature, ionic strength of the
bulk solution, and aqueous chemistry.

The existing methods of water treatment techniques, such
as membrane processes Cheng et al. [23], biodegradation Xu
et al. [24], ozonation Bai et al. [25], Moreira et al. [26], irra-
diation using UV, chemical oxidants such as potassium ferrate
and permanganate, which can generate hydroxyl (-OH) Niu et
al. [27], de Lima Perini et al. [28], Demarchis et al [29] could
achieve removal of 60-90% of antibiotics, leaving the remain-
ing percentages depleted into the ecosystem [30, 31]. These
techniques are also expensive and not totally eco-friendly. The
use of chemicals such as ozone, trihalomethanes, and halogens
could lead to toxicity [32, 33].

There are still existing issues of water contamination
with antibiotics such as vancomycin, tetracycline, penicillin,
ciprofloxacin, etc. [34]. Recently, the adsorption process has
tended towards eco-friendly materials such as biomass waste,
which are described as cheap and widely spread to encour-
age all-time availability across different geographical areas and
do not produce secondary pollution [35, 36]. Previous studies
have used activated carbon to remove antibiotics from aque-
ous medium, as reported in Legnoverde et al. [37], who used
SBA-15 mesoporous silica to achieve increased cephalexin re-
moval from aqueous solution, and Pouretedal and Sadegh [38],
who used vine wood ash to remove antibiotics from aqueous
medium. Activated carbon has a high adsorption capacity; they
are mainly bioavailable [38]. However, the significant demer-
its associated with activated carbon for antibiotic remediation
have to do with the separation from the aqueous solution after
use due to their finest particle size and high dispersivity. Also,
desorption of antibiotics from the activated carbon is likely in
cases where direct water exposure occurred or in cases where
a rapid change in the ambient liquid could affect interactions
between adsorbent and adsorbate.

Biochar has been extensively reported to remove antibiotics
in water [39-42]. A ton of fresh oil palm fruit bunch generates
130-150 kg of pressed oil palm fruit fibre Adeoye et al [43].
Hence, this current research seeks to improve the utilisation of
pressed oil palm fruit fibre in Nigeria by not limiting it as a local
material for only thermal energy but also using its biochar for
vancomycin remediation.

2. Materials and methods

2.1. Chemicals

Raw antibiotic powder (vancomycin) used in this study was
of analytical grade with a purity of 99.0% purchased from
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Merck, formerly Sigma-Aldrich (UK). pH was adjusted using
concentrated hydrochloric acid and sodium hydroxide (NaOH).
The chemical structure of vancomycin hydrochloride has a
molecular formula of CgcH76CI3NgO,4 and a molecular weight
of 1485.73 g/mol. A vancomycin stock solution of 1000 mg/L
was prepared by adding 100 mg to 100 mL of deionised H,O
in a beaker. The initial concentration of the study ranged from
5 mgL~! to 25 mgL~!, achieved through serial dilution. A lab-
oratory refrigerator set at 4 °C was used to store the solution
before experimentation.

2.2. Pyrolysis experiment

Pyrolytic solid biochar, derived from pressed oil palm fruit
fibre seen in Figure 1 and pulverized to a particle size of 0.5 to 2
mm, was produced using a fixed bed pyrolyzer shown in Figure
2. A 2 kg mass of pressed oil palm fruit fibre was loaded in
the 17.4 L fixed bed pyrolyzer purged with N to create an inert
environment and which was heated from room temperature of
25 °C to the set pyrolysis temperature varied between 350 to
650 °C as described in Adeoye et al. [44]. The reactor was
allowed to cool to collect the resultant biochar and weigh it.
The bio-oil component, a mixture of (aqueous and oil phases)
was collected in the filtering flasks connected to the condensers
and weighed. The pyrolysis gas yield was calculated as the
difference between the total weight of loaded biomass and the
summation of the weight of (biochar and bio-oil) expressed in
percentage.

2.3. Characterization of biochar of pressed oil palm fruit fibre

A modern X-ray diffractometer manufactured by X’Pert,
Philips, The Netherlands, at a rating of 4 x 10> V and 3.0 x
1073 A, utilising CuK radiation at 1.5406 A, operated at 20
(5°-90°), gave information on the crystallinity component of
the cellulose in pressed oil palm fruit fibre. The surface mor-
phology of the pyrolysed pressed oil palm fruit fibre was in-
vestigated using scanning electron microscopy (SEM) with the
trademark ThermoFisher-Scientific (Phenom ProX GS5) oper-
ating at 10 KV. The elemental composition of the biochar in
oxide form was determined using an XRF spectrometer with
the trademark EulerX 900S. The surface area, pore volume and
pore diameter were determined using BET Surface Area Ana-
lyzer - Quantachrome NOVA 2200E BET.

2.4. Batch experiments

The adsorption study of vancomycin onto the surfaces of
the adsorbent was performed in a series of batch experiments
under different input variables such as pH of the solution (3—
11), contact time (5-360 min), adsorbent dosages of 0.1 g/40
ml, and initial antibiotic concentrations (5-25 mg/L). The mix-
ture was stirred at 100 rpm on a thermos scientific MaxQ 4000
rotary shaker at 25 °C, 30 °C, 35 °C, and 40 °C. Samples of the
vancomycin solution were collected at specified time intervals
(e.g., 0, 30, 60, 120 mins) to determine the residual concentra-
tion of vancomycin remaining in solution.

Adsorption studies using biochar to remove vancomycin
were done in batches. For each batch, the adsorbent dosage

was 0.1 g/40 ml vancomycin solution. The solution was read-
justed to a predetermined pH value using HCI and NaOH. The
system was allowed to settle for a predetermined period. Then
samples were taken to determine the residual vancomycin con-
centrations in the solution using a UV-visible spectrophotome-
ter run at 240 nm.

The % removal efficiency was determined, and the adsorp-
tion capacity (qe) of vancomycin per gram of biochar was de-
termined using the following formular in equation (1):

ge = (Co — Co) X V/m, ey

where ge is the adsorption capacity expressed in mg/g, C, is
the initial concentration of adsorbate vancomycin expressed in
mg/L, C, is the equilibrium concentration of adsorbate, V is the
solution volume, and m represents the mass of biochar adsor-
bent.

3. Result and discussion

3.1. Pyrolysis analysis

The pyrolysis at 400 °C was sufficient to achieve pores in
pressed oil palm fruit fibre and also because biochar derived
from pressed oil palm fruit fibre, as shown in Figure 3, de-
creases in percentage yield with an increase in temperature
from 350 °C to 650 °C as shown in Figure 4. The bio-o0il com-
ponent decreases with increased pyrolysis temperature while
the pyrolysis gas steadily increase with an increase in tempera-
ture, similar to the report of Adeoye et al. [44].

3.2. XRD analysis

Peaks were observed at 20 = 19.02 ° and around 21.40
°, which are characteristic crystalline lattices of cellulose, as
shown in Figure 5. Adeoye et al. [44] described peaks at
20 equal to 21.77 °, 24.16 °, 27.09 °, and 35.7 °, suggesting
diffraction signals of polymorph type I commonly found in na-
tive cellulose. The XRD convolution crystallinity index was
47.58%, similar to the palm residue crystallinity index reported
in study [45]. The crystallinity of the cellulosic component in
the biomass determines its thermal stability, hence indicating
the optimal temperature for pyrolysis to produce biochar with
quality pores [44]. Pyrolysis of rubber wood sawdust at 500 °C
and 700 °C showed cellulose peaks disappearing in XRD spec-
tra since an increase in temperature increases cellulose structure
volatilities and thermal degradation starts at 315 °C [46].

3.3. SEM analysis

The scanning electron micrographs in Figure 6 and Fig-
ure 7, with magnifications of 80 um and 50 pum, respectively,
showed that there are available pores in the biochar for the ad-
sorption of vancomycin.
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Figure 1. Pressed oil palm fruit fibre.

3.4. XRF analysis

The XRF result showed the presence of SiO,, Al,Os,
F6203, CaO, P205, Ti02, MgO, KQO, SO3, Mn205 and Na20
as presented in Table 1. The SiO, has the highest percentage
of 84.37%, while Na,O has the least percentage of 0.04%, as
presented in the Table. The presence of iron and manganese
in the biochar could positively enhance the adsorption of or-
ganic pollutants and improve its stability via processes to in-
clude increased surface area and porosity, surface complexation
and redox reaction [47]. It has been reported that metal-loaded
biochars are potential materials for environmental remediation,
such as wastewater treatment and soil pollution clean-up [48].

3.5. BET surface area analysis

The cumulative surface area (SA) of the pyrolysis biochar
was 473 m?/g based on values obtained from methods listed in
Table 3. The values of SA obtained in Langmuir method was
higher than the BET surface area measurements because the
Langmuir model operates under theoretical assumption princi-
ples. Biochar obtained via optimized operational parameters
such as high temperature or physical activation achieves sur-
face areas above 300 m?/g. A recent study by Zhao et al.

4

[49] reported a range of 150-700 m?/g for biochar obtained via
KOH and steam. The report of Tomczyk et al. [50] demon-
strated typical biochar BET surface areas to vary between 100—
500 m?/g, which is a close range that aligns with the findings
of this present study. The high Langmuir surface area of 1720
m?/g can be described as an extensive microporosity production
through the high pyrolysis temperature activation steps, which
makes the biochar appropriate for applications such as antibi-
otics remediation, CO, sequestration and heavy metal elimina-
tion. Pore volume is a value that shows the total pore space
within the biochar, which reaches 0.109 cm3/g as shown in Ta-
ble 2. The cumulative pore volumes for biochar typically range
from 0.05 to 0.3 cm?/g, depending on biomass feedstock and
pyrolysis conditions. The pore volume of 0.109 cm?/g obtained
in this study is similar to Inyang et al. [51], which reported
biochar with cumulative pore volumes extending between 0.1
and 0.3 cm?/g, which demonstrate potent adsorption capabil-
ities for water pollutants, including heavy metals and organic
pollutants. The average pore diameter of the pyrolysis biochar
was 3.05 nm, which classifies the biochar as mesoporous ac-
cording to the ITUPAC definition (mesopores: 2—-50 nm), which
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Figure 2. Experimental setup for pyrolysis of pressed oil palm fruit fibre.

Table 1. XRF Analysis of pressed oil palm fruit fibre.

Compounds SiO, Al,O3 Fe;03
% 8437 5.14 303 202 1.10

CaO MgO SOs
023 1.08 0.04 0.16 1.38 120 0.34

KzO NaZO MH205 P205 TiOz LOI

LOI- Loss on ignition

Table 2. Surface area of pressed oil palm fruit fibre.
Cumulative sur- Cumulative pore Average pore di-
face area volumes ameter
473.00 m?/g 0.109 cm’/g 3.05 nm

is similar to the report of Zhao et al. [49] with biochars fea-
turing mesoporous diameters in the 2—10 nm range. This range
offers excellent potential for applications that need molecular
diffusion including organic compound adsorption or catalytic
support functions. The mesoporous nature of biochar increases
its adsorption rate capacities by promoting molecule reachabil-
ity into the material. Biochar, with a combined feature of aver-
age pore volume alongside its mesoporosity shows the potential
to retain water and nutrients effectively when used as a soil re-
mediation [52].

3.6. Effect of equilibrium time

The adsorption capacity (ge) of vancomycin per gram of
biochar was determined using equation (1). From preliminary
experiments as presented in Figure 8, it was observed that ad-
sorption reached a plateau after 60 minutes of contact time,
which was used for the adsorption studies.

Table 3. Methods of surface area of pressed oil palm fruit fibre.

Method Surface area
(my/g)

SinglePoint BET 203

MultiPoint BET 328

Langmuir Surface Area 1720

BJH Cumulative Adsorption Sur- 376

face Area

DH Cumulative Adsorption Surface 401

Area

t-Method External Surface Area 328

DR Method Micropore Area 356

DFT Cumulative Surface Area 79.2

3.7. Effect of initial vancomycin concentration

The data presented in Figure 9 demonstrated the effect of
variations in the initial concentration of vancomycin, resulting
in a decreasing adsorption percentage as the initial concentra-
tion of the antibiotics increased. There was a total removal of
vancomycin, 100% at 5 mg/L, while it reduced to almost 29% at
a concentration of 25 mg/L, which is similar to trends reported
in previous studies [53, 54].
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Figure 3. Biochar of pressed oil palm fruit fibre.

3.8. Kinetics of adsorption

Table 3 shows the values of four major kinetic model pa-
rameters used in this study. The pseudo-first-order kinetic
model presented as equation (2) gave a rate constant K; equal
to 0.04991 min~! with a high coefficient of correlation of R2
equal to 0.985, as obtained from the plot in Figure 10. This
high R? suggests a good fit, which showed that the initial ad-
sorption of vancomycin by the ash follows pseudo first-order
behaviour. The low concentration of adsorbate is also responsi-
ble for the pseudo first-order kinetics and confirms physisorp-
tion is a dominant process as compared to chemisorption, which
is similar to Jiao et al. [55], who reported a good fit for
pseudo first-order kinetics for antibiotics under a specific con-
centration range at initial rapid adsorption phases. Equation (3)

pseudo second-order kinetic model yielded a rate constant K,
of 0.01795 (g/mg/min) and a strong correlation fit R? of 0.943,
indicating that the process also experiences chemisorption, as
demonstrated by the plot in Figure 11. The R? value is lower
than that of the pseudo first-order fit, indicating that chemisorp-
tion is not the predominant adsorption mechanism. The recent
study Wu et al. [56] demonstrates that pseudo second-order
kinetics in chemisorption cases also accurately fit antibiotic ad-
sorption onto substrates. The Elovich kinetic parameters pre-
sented in equation (4) are o (initial adsorption rate) with a value
of 1.5232 and f3 (desorption constant during each experiment)
of 0.1312 and a good R? value of 0.8513 obtained from Figure
12, which showed that vancomycin adsorption has occurred on
heterogenous sites with variation in activation energies, which
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Figure 5. XRD spectrum of pressed oil palm fruit fibre.

helped describe the slowing rate over time during the experi-
ment, which agrees with the findings of Taha et al. [57], who
observed that antibiotic adsorption on complex adsorbent sur-
faces usually leads to a decreasing rate as surface saturation
occurs. The Avrami kinetic model in equation (5) describes a
phase change process as given by its parameters: rate constant
k of 0.0348, Avrami exponent (n) of 1.03, and R2? of 0.976,
which implied a multi-step adsorption process for vancomycin
obtained from Figure 13. The excellent fit for the model sug-
gests that possible nucleation and growth phases took place on
the adsorbent surface due to sequential adsorption. This is sim-
ilar to the report of Lima et al. [58], which gave an indica-
tion that the Avrami kinetic model describes perfectly a system
where adsorption dynamics shift over time, particularly in het-

erogeneous systems or multilayer adsorption processes. Pores
are formed in the pressed palm fibre via pyrolysis, which is be-
ing highlighted by the intraparticle diffusion model on equation
(6) to describe their roles in adsorption rate control, particularly
in the case of larger molecules (vancomycin) adsorbed in this
study with a Kg;¢ of 0.1475 and a significant R? of 0.651 ob-
tained from Figure 14, which is similar to the study of Zhao
et al. [59], who identified intraparticle diffusion parameters as
significant factors in the adsorption of large biomolecules on
porous adsorbents.

The obtained kinetic parameters showed that the adsorption
of vancomycin on pyrolyzed pressed palm fibre ash involves
both physisorption and chemisorption. The model used offers
significant insight into different phases or mechanisms. The
complexity for the adsorption of vancomycin is better supported
by pseudo-second order and intraparticle diffusion models [54].

a =g (1), ©)

where, g;=Amount adsorbed at time t, g.=Amount remaining
after equilibrium of adsorptionnreaction, K; =Pseudo-first order
rate constant,

2
qok,t
q: = 2

_ gt 3
1+ qlkzl 3)

where q,=Amount adsorbed at time t, q;.=Amount remaining
after equilibrium of adsorption reaction, K,=Pseudo-second or-
der rate constant,

qr = l In (af) + lInt, @
1% a

a =Initial adsorption rate 8 =Desorption constant during
each experiment q,=Amount adsorbed at time t

9e
de — 41

In [ln( ] = ninK + nint, 5)

q = Kaigst'? + C, (6)

3.9. Adsorption isotherm modelling

The mechanisms that controlled the release or mobility of
vancomycin in solution to a solid pyrolysis biochar surface at a
specific temperature and pH were described by the common ad-
sorption isotherm models Freundlich, Langmuir, Temkin, and
Dubinin Radushkevich (D-R) to achieve a clear understanding
of adsorbate—adsorbent interaction [60].

The Langmuir equation was described in its linearized form as
given in equation (7) [61].

1 1 1 1
— = —— @)
qe KLqmax Ce qmax
1
R = ———,
"I+ 0 x K ®)
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Figure 6. SEM showing biochar pores at 80 um.

Table 4. Kinetic models parameters.

Pseudo First Pseudo Elovich Avrami  ki- Intraparticle dif-
Order param- second kinetic param- netic model fusion parameters
eters Order pa- eters
rameters
K, ge R? K, qe R? o B R? n K R? Kuirs R?
(min~")  (mg/g) (g/mgmin) (mg/g)
0.04991 3.48 0.985 0.01795 348 0943 1.5232 0.1312 0.8513 1.03 0.0348 0.976 0.1475 0.651
G = = 1 ) ) equilibrium (mg/L) respectively.
intercept A recent study by Bouhamed et al. [61] describes the essen-

where parameters ge is the adsorption capacity at equilibrium
(mg/g), qmax is the maximum adsorption capacity (mg/g) ob-
tained from the reciprocal of intercept defined in equation (9),
K is defined as the Langmuir equilibrium constant, and C; and
Ce represent highest initial concentration and concentration at

tial features of this model as the separation factor or equilibrium
parameter R; mathematically expressed as shown in equation
(8). At Ry =0, the isotherm depicts irreversible adsorption (R,
= 0), while the range of favourable adsorption is 0 < R, < 1,
and the unfavourable adsorption (R, > 1) or linear adsorption
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(Rz = 1) is also shown. Adsorption of vancomycin, as shown
in Table 4 at different temperatures based on the plot in Figure
15, showed values of R; at 25 °C, 30 °C, 35 °C, and 40 °C as
0.0498, 0.0464, 0.1667, and 0.1615, which are all less than 1,
indicating favourable adsorption.

Equation (10) presented a linearized Freundlich isotherm as
given in study [61]:

1
log g. = logKy + —log C., (10)
n
1
slope = —, (11)
n
intercept = log Ky, (12)

where K is the Freundlich constant expressed in (mg/g) ob-
tained from equation (12) and the slope equals 1/n, a value that
represents the adsorption intensity as defined in equation (11).

9

Table 4 showed the parameters obtained from plots of log (qe)
against log(Ce) in Figure 16 at the different temperatures, which
showed a straight line was fitted in the data. The adsorption re-
sults seem to be well-represented by the Freundlich model, as
seen in the correlation constant (R?), which equals 0.833, 0.828,
0.941, and 0.940 for temperatures of 25 °C, 30 °C, 35 °C, and
40 °C, respectively. The behaviour of the vancomycin during
monolayer and multilayer adsorption on the adsorbent is de-
scribed in this isotherm. The K at 25 °C, 30 °C, 35 °C, and 40
°C were 2.020, 2.134, 2.096, and 1.486 (mg/g)*(L/mg)l/", re-
spectively, and n, which characterizes the heterogeneity of the
system, was found to be n equals 7.331, 7.953, and 5.190 at
these temperatures [62]. All obtained values of n were less than
10 in the Freundlich isotherm, which proved the desirability of
VAN adsorption with decreasing affinity, similar to the report
of n equals 2.515 when bentonite was used for its adsorption in
study [63]. The n value reported is also similar to n values of
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less than 10 reported in the adsorption of vancomycin in studies
[54, 64].

The Temkin isotherm makes assumptions by including pa-
rameters that clearly indicate adsorbing species-adsorbent in-
teractions. Adsorbent-adsorbate interactions cause the by, or
heat of adsorption (J.mol™"), of molecules in the layer to de-
crease linearly with coverage, and they also govern the adsorp-
tion mechanism through a uniform distribution of binding en-
ergies, up to a maximum binding energy. The Temkin isotherm
model plots at this varied temperature are shown in Figure 17. It
gave an acceptable and good fit with correlation constant R? of
0.853, 0.845, 0.951, and 0.953 at 25 °C, 30 °C, 35 °C, and 40
°C, respectively, as presented in Table 4. Equation (13) de-
scribed the isotherm. The obtained by, which is equal to the
slope from the plots on Figure 17, were 0.320, 0.308, 0.520,

10

10
4 -
* . e * + >
///
q-‘f
/ o
/ o
:g | :PMGC Che-5gr
€24 f e
5 |7
1
+
I
0 T T T T T T T 1
0 50 100 150 200 250 300 350 400
time (min)
Figure 10. Plot of pseudo-first-order kinetic model.
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Figure 11. Plot of pseudo-second-order kinetic model.

and 0.446 (Jmol™"). The b; values were positive, or the by
value was less than 1; hence, the adsorption of vancomycin onto
the pyrolytic ash is intrinsically endothermic [65]. The Temkin
constant Ky defined by equation (14) was 569.938, 1060.221,
54.388, and 105.919 L mg~! at 25 °C, 30 °C, 35 °C, and 40
°C, respectively. The values of the by obtained in this study are
less than 80 kJ/mol, which also suggests physical adsorption
dominance for the adsorption of vancomycin, similar to the re-
port of ampicillin adsorption [66].

RT RT
—InK7 + (b—)InCe,

13
by " 13)

qe =

where: ge = adsorption capacity at equilibrium (mg/g), R
universal gas constant (J mol ' K™, T= temperature (K), by
Heat of adsorption (J.mol™!), Ky= Temkim constant (L.mg™"),
Ce = Vancomycin final concentration in solution (mg.L™").
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Temkim constant K7 is defined as shown in equation (14);

intercept )

Ky = 5 (14)

Dubinin Radushkevich (D-R) isotherm expressed in equation
(15) is given:

Ing. = Ing,, — ke, (15)
1

- \2Kp-r ’

1
e=RTIn(l1 + —),
Ce

E (16)
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Figure 15. Langmuir isotherm at different temperature.

where C, is the equilibrium concentration, ge is the amount
adsorbed at equilibrium onto pyrolysed pressed palm fruit fi-
bre (mg/g), qm is adsorption capacity expressed in (mg/g), R
is 8.314 J/K/mol, Dubinin Radushkevich isotherm constant is
kp-g, T is temperature in kelvin, adsorption potential is ex-
pressed in equation (17), and E is the sorption energy defined
in equation (16) expressed in (KJ/mol). As seen from the plot
in Figure 18, the experimental data in Table 3 fit the model bet-
ter at higher temperatures (35°C and 40°C), with R? values of
0.765 and 0.995, respectively. The E values were 1.552 and
1.448 (KJ/mol), the kp_g isotherm was 4.154 x 10~ and 4.772
x 1077, and the gm was 3.394 and 3.394 mg/g at 35 °C and 40
°C, respectively. Since the coefficient of correlation of D-R was
significantly lower than the other models at 25 °C, 30 °C, and



Adeoye et al. /J. Nig. Soc. Phys. Sci. 7 (2025) 2558

0.60 - .
= 25°C
0.55 - * 30°C A
A 35°C
0.50 4 v 40°C| JUSTE Sy
[ ]
0.45 . o
@ Ve Ag
g v "
[s]
1 0.40
0.35
0.30 A ¥
|
0.25 T T T T T T T 1
02 00 02 04 06 08 10 12 14
LogCe

Figure 16. Freundlich isotherm at different temperature.

3.8+
36- = 25°C A
34 *-30°C
] a—35°C /
321 v 40°C av— X
3')3.0— :
E 2.8+ e o~
= -
& 26 ///'
24 y/ /4
/
224 ///
204 l///
{ o
184— T " . . T .
00 05 10 15 20 25 30
LnCe

Figure 17. Temkim isotherm at different temperature.

35 °C, it is concluded that the adsorption of vancomycin does
not align with a physical process, but at 40 °C, there was align-
ment with other models that describe physical adsorption took
place [59].

3.10. Thermodynamic analysis of adsorption

The determination of the adsorption mechanism to be via
physical or chemisorption is not limited to assumptions made
from data obtained from isotherm and adsorption kinetic mod-
els. The best approach is the combination of analytical tech-
niques and thermodynamic parameters; AG, AS, AH, K,, and
E, are needed to confirm if the process is a chemical or physi-
cal process [67-69]. The thermodynamic parameters presented
in Table 5 were obtained using equations (18), (19) and (20).

qe
K, = I 18
¢, (18)
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Figure 19. Thermodynamics plots of vancomycin adsorption.

where K is the adsorption equilibrium constant, Ce is the equi-
librium concentration, ge is the equilibrium adsorption constant

AS AH
InK; = — - =—, 19
nKy=— - 25 (19)
AG = AH — TAS, (20

where AG is the free energy, AH is the change of enthalpy,
and AS is the change of entropy.

The analysis result was used to explain physical adsorption,
which is the main mechanism responsible for the adsorption of
vancomycin, described as an exothermic process as presented
by the change in enthalpy values (AH) in Table 5, and the re-
sulting standard Gibbs energy (AG®) values were determined.
Negative AG® values ranging from —28.94 to —13.92 kJ/mol
demonstrate that the adsorption of vancomycin is favourable
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Table 5. Data of isotherm models.

Temkim isotherm parameters

D-R isotherm parameters

T(°C) Kr(@Lmg') Br(Jmol T)R? E(KJ/molk qmD-R R?
D—-R isotherm constant

25 569.938 0.320 0.853 0.002 0.400 2.818 0.475

30 1060.221 0.308 0.845 0.001 0.464 2.899 0.464

35 54.388 0.520 0.951 1.552 4.154x 1077 3.394 0.765

40 105.919 0.446 0.953 1.448 4.772x 1077 3.269 0.995

Langmuir isotherm parameters Freundlich isotherm parameters
T(CC  qua(mg/z) K. R, R? Ky n I/n R?
(L/mg)

25 2.866 3.816 0.0498  0.592 2.020 7.331 0.136 0.833

30 2.944 4.110 0.0464  0.557 2.134 7.953 0.126 0.828

35 3.902 1.000 0.1667 0.847 2.096 5.190 0.193 0.941

40 3.461 1.039 0.1615 0.967 1.486 5.828 0.172 0.940

Table 6. Thermokinetics parameters. of R? of isotherm models including Temkim, D-R, Langmuir,

Temp. K, AS° AH° AG® and Freundlich, respectively, was close to 1 at 40°C. The AG®
©C) (J/mol.K) (KJ/mol) (KJ/mol) and AS values demonstrate that the adsorption of vancomycin
75 1157 5820 is favourable and spontaneous. The adsorption process was
30 1.285 0.048 13.92 13.92 mainly via a physical process, spontaneous and exothermic,
35 1.385 9870 since AH” is negative.
40 1.559 9894 The physicochemical properties of biochar that were ob-

and spontaneous over the experimented temperatures of 25 °C,
30 °C, 35 °C, and 40 °C, i.e., (AG® > —28.94, AS > 0). The
favourable and spontaneous cases from the thermodynamic pa-
rameters confirm the conclusions based on the values of n from
the Freundlich isotherm and Ry from the Langmuir isotherm.
An antibiotic adsorption study by Al-Mousavi et al. [66] re-
ported standard free energy in the range of —8.69 to —2.94
kJ/mol, which is also in the range of —28.94 to —13.92 kJ/mol
obtained in this study; hence it can be concluded that the ad-
sorption of vancomycin has a physical process. From the ob-
tained negative enthalpy value AH of -13.92 kJ/mol, it can
be concluded that vancomycin adsorption was exothermic and
spontaneous. The AH values of -13.92 kJ/mol also confirm the
physical mechanism of adsorption, similar to the report of stud-
ies [70, 71]. The K, increases steadily from 1.157 to 1.559 with
an increase in temperature, as shown in Figure 18. The thermo-
dynamic data clearly indicates the dominant physical nature of
the vancomycin adsorption process since R? for pseudo first and
second order is higher than the value of R? of 0.8513 obtained
from the Elovich model, which assumes chemical adsorption.

4. Conclusion

This study examined vancomycin adsorption on a pyroly-
sis biochar of pressed palm fruit fibre, varying the initial con-
centration, pH, and amount of adsorbent material. The results
indicated that a pH of 6.5 was optimal. As the amount of adsor-
bent increases, the adsorption percentage increases, and vice
versa as the starting concentration increases. The coefficient

13

tained are equivalent to those of activated biochar, character-
ized by an exceptional surface area, average cumulative pore
volume, and mesoporous diameter, making it appropriate for
organic contaminant adsorption, soil applications, and catalytic
processes.

The study recommends pyrolysis biochar of pressed palm
oil fruit fibre as a sustainable, cheap, and eco-friendly material
for remediating vancomycin from water. Further studies should
investigate using this biochar to adsorb other organic contami-
nants.

Data Availability

We do not have any research data outside the submitted
manuscript file.
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