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Abstract

The removal of excessive amounts of antibiotics from water systems is of great benefit due
to their adverse effects on the ecosystems, living organisms and the persistent increase
in antibiotic resistance cases. This study was focused on the adsorption of vancomycin
from a simulated aqueous medium using seaweed, a sustainable and low-cost adsorbent.
Also, the work focuses on assessing the influence of surface modification on adsorption
behaviour and determining if chemical treatment provides improvements over untreated
seaweed. In particular, chemically modified seaweed and raw (non-modified) seaweed
were assessed as adsorbents suitable for removing traces of vancomycin from water, as
gauged from the results of High-Performance Liquid Chromatography (HPLC). In addition,
Scanning Electron Microscopy (SEM), Fourier Transform Infrared spectroscopy (FT-IR)
and the pH point of zero charge (pHp.c) were used to measure the surface characteristics
of these adsorbents. The degree of antibiotic adsorption was evaluated as a function of
different factors, including the pH, adsorbent dosage, contact time, ionic strength and
initial concentration of vancomycin. Thermodynamic parameters, such as the enthalpy
change (AH®), the entropy change (AS°) and the free-energy change (AG°), were calculated.
The FTIR analysis indicates that functional groups, such as carbonyl and hydroxyl groups,
were involved in the adsorption process, and their modification influenced adsorption
behaviour. It was observed that the adsorption of vancomycin by the modified seaweed
was slightly lower (+£94%) compared to the level achieved for the raw seaweed (£97%).
These figures were obtained with an initial concentration of vancomycin of 25 mg/L, a pH
of the aqueous solution of 7.0, an adsorbent dose of 0.2 g and a contact time of 120 min.
The results showed that untreated seaweed exhibited slightly higher adsorption efficiency
than the treated seaweed, suggesting that chemical modification might not have enhanced
adsorption performance. The thermodynamic parameters suggested that the adsorption
process was exothermic and that adsorption was favourable for the untreated seaweed
and less favourable for the treated seaweed. Regeneration studies showed a decrease in
adsorption efficiency over repeated cycles. Although the adsorption capacity is lower
than that of advanced nanomaterials, the use of seaweed offers an advantage in terms of
low cost, availability and environmental sustainability. The comparable efficiency of the
modified and untreated seaweed adsorbent suggests that seaweed adsorbents can be used
as viable bio-adsorbents for the decontamination of water.
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1. Introduction

Economic advancement, enhanced population increase, agricultural practices and
progressive urbanisation have resulted in unrestricted strain on water resources. The
release of contaminated wastewater is a major contributor to water quality deterioration,
creating an imbalance in ecosystems and posing a threat to human health [1]. Several
forms of emerging contaminants of concern have been identified, which include endocrine
disruptors, pharmaceuticals, pesticides, microplastics and flame retardants [2]. A myriad
of pharmaceutical contaminants have been detected at low concentrations in water, which
is of concern due to their potential synergistic impact and bioactive character, which
is not well understood [3]. It has been documented that about $996 billion was spent
on the prescription of medication in 2017 [4]. A high content of pharmaceuticals in the
environment could be linked to their resistance to biodegradation [5].

Antibiotics are pharmaceuticals used in the treatment and prevention of bacterial
infections, and have been used in human therapy, livestock farming and aquaculture [6].
Recent studies have reported the presence of multiple forms of antibiotics in water in
different regions of the world [7]. Among the antibiotics that have been detected in wa-
ter bodies are fluoroquinolones, tetracyclines, sulphonamides, macrolides and (3-lactams,
which reflect their wide use in veterinary and human medicine [8,9]. The surge in the
use of antibiotics in recent years poses a risk to humans and the ecosystem [10]. An-
tibiotics enter the aquatic water bodies via several pathways that include excretion of
unmetabolised antibiotic residue from animals and humans, aquaculture, discharge from
hospitals and pharmaceutical facilities and improper disposal of unused medication [11].
These contaminants have been detected in surface water, groundwater and wastewater
treatment plant effluents [12]. Conventional wastewater treatment plants (WWTPs) are
often unable to eliminate antibiotic residue to safe limits, which contributes to their persis-
tence in aquatic bodies [13]. The concentration of antibiotics reported from aquatic bodies
ranges from ng/L to pug/L, depending on the location and proximity to the contamination
source [14]. About 40-90% of administered antibiotics are passed out as unmetabolised
active substances, which enter the ecosystems via untreated discharge of pharmaceutical
and domestic effluents [15]. Despite the widespread occurrence of antibiotics, regulatory
limits, such as maximum permissible concentration (MPCs), for antibiotics in water have
not been properly established in many regions [16]. Also, guideline values and predicted
no-effect concentrations (PNECs) have been proposed for some antibiotics to reduce the
risk of antimicrobial resistance and ecological toxicity [17]. Most antibiotics are not easily
removed from the environment via natural processes such as oxidation or biodegradation.
Some of these antibiotics are chemically stable due to the complex nature of their molecular
structure, which might make them resistant to environmental transformation and micro-
bial degradation [14]. Exposure of these active antibiotic residues disrupts the microbial
ecosystem, improving the survival rate of resistant strains, rendering antibiotics inefficient
in the treatment of a variety of infectious diseases [18]. Vancomycin is a glycopeptide
antibiotic that is used to treat Gram-positive bacterial infections. In 2017, the World Health
Organisation (WHO) released the first list of antibiotic-resistant bacteria, which comprises
several bacterial families posing a threat to human health. Also, antibiotic-resistant bacteria
(ARB) were grouped into three classes based on the need for new antibiotics: critical, high
and medium priority [15,19]. Also, antibiotics may exert toxic effects on aquatic organisms
and persist in the environment due to their hydrophilic nature and relatively long shelf life.
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Conventional treatment methods applied in the wastewater treatment plants (WWTPs) do
not remove antibiotics to safe limits. Thus, antibiotic residues are continuously released
into the surface waters. Owing to the hydrophilic nature and relatively long shelf life of
the antibiotics, they are difficult to eliminate using conventional wastewater treatment
methods, which enable the antibiotic residues to persist and aggregate into deleterious
levels [20]. Alternative methods, which include biological processes, advanced oxidation
processes, sand filtration, sedimentation, catalytic techniques and membrane filtration,
have been used. Biological processes are cost-effective but inefficient because antibiotic
residues resist microbial degradation. Advanced oxidation processes can achieve high
removal efficiencies but require substantial energy input and may produce toxic transfor-
mation by-products. Membrane filtration processes, which include reverse osmosis and
nanofiltration, are effective but constrained by high operating costs, disposal challenges
and membrane fouling. These limitations underline the need for alternative treatment
processes that are efficient and sustainable [18,21]. Despite the increase in research into the
removal of antibiotic contaminants, there is a need to identify a low-cost, sustainable and
effective adsorbent for the removal of antibiotics, such as vancomycin, from water. Limited
studies have focused on the adsorption pattern of vancomycin using naturally derived
biosorbents.

Adsorption presents a more promising approach for the remediation of antibiotics. In
contrast with other methods, adsorption is preferred due to its low cost, simplicity, low
energy requirement, sustainability and ability to remove low concentrations of contami-
nants without generating harmful by-products. Also, the adsorption systems can be readily
scaled up [22]. A range of adsorbents have been studied for the removal of antibiotics,
which include carbon nanotubes, biochar, metal organic frameworks and agriculturally
derived biomass materials [23]. Adsorption capacities vary depending on the adsorbent
and antibiotic type, ranging from 4 mg/g to more than 500 mg/g for modified carbon-
based adsorbents and nanocomposites [24]. Recent studies have shown that advanced
nanomaterials can remove antibiotics substantially better than conventional biosorbents.
For example, PET-derived aluminium-based MOFs have been reported for their adsorption
of tetracycline and good reusability potential, demonstrating the promise of engineered
porous frameworks with high adsorption capacity for antibiotics [25]. Also, graphene-based
material has attracted attention, with sulfonated graphene oxide used for the adsorption of
levofloxacin, demonstrating a stable adsorbent [26]. Also, hybrid nanomaterial platforms,
such as the UiO-66/graphene oxide composite, have been investigated for water treatment
because hybridisation can improve dispersion, transport behaviour and interfacial com-
patibility, demonstrating how material design can improve adsorption performance [27].
However, the recent literature shows that the highest-performing systems are based on
engineered nanomaterials, such as MOF, graphene oxide derivatives and hybrid nanocom-
posites, which can offer high adsorption capacities but may require more complex synthesis
and higher material costs [28].

Natural adsorbents have been researched to overcome the challenges of activated
carbon used at some WWTPs, which include production costs, regeneration issues and high
energy requirements [25]. The development of low-cost, renewable and environmentally
friendly adsorbents is important for scalable water treatment applications, especially in
regions with limited resources. Biomass-derived adsorbents, such as seaweed, can be
used as a sustainable alternative due to their abundance, low processing requirements and
potential for reuse [29]. An important factor in evaluating the applicability of adsorbents
is their ability to be regenerated and reused without a substantial loss of performance.
Regeneration helps to reduce operating costs and minimise waste generation, thereby
making the process more sustainable for large-scale water treatment applications [30].
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Seaweed is a fast-growing biological resource that is available across the world. Sea-
weed has been investigated as a potential biosorbent. Seaweed is a bio-sorbent that has
a fibre-like structure and contains an amorphous embedding matrix of several polysac-
charides. This bio-sorbent also contains highly complex organic compounds across its
cell wall and intercellular substance [31]. The brown seaweed (Ascophyllum nodosum) cell
wall is composed of three main components: cellulose, guluronic acid and alginic acid,
bearing sulphates and carboxyl groups [31]. Seaweed biomass could be used as a low-cost
adsorbent to control some water contaminants. Several studies have reported the use of
seaweed for the removal of pharmaceuticals, particularly the use of biochar derived from
seaweed for the adsorption of antibiotics such as ciprofloxacin, tetracycline, doxycycline
and cefradine [1,32,33]. Although seaweed has been reported to be effective in the adsorp-
tion of various antibiotics, there are few or no reports on the adsorption of vancomycin
using seaweed. This study aims to investigate the application of untreated and chemically
modified brown seaweed for vancomycin adsorption from water, with an evaluation of
surface properties and adsorption performance. Limited studies have investigated the
regeneration and reusability of seaweed adsorbents for antibiotic removal, highlighting
the need for further research in this area. Also, there is a need to explore seaweed as an
alternative to the activated carbon adopted in industry. There is a need to better understand
the adsorption pattern of seaweed adsorbents towards antibiotics like vancomycin, as well
as the effect of surface modification on adsorption performance. The use of seaweed as a
biosorbent has been reported; most studies have focused on a limited range of antibiotics
and have not provided a comparative evaluation of untreated and treated materials in
relation to adsorption performance, surface chemistry and reusability. There is a limited
understanding of the influence of chemical pretreatment on the adsorption efficiency of
seaweed for vancomycin.

This study aimed to evaluate the efficiency of brown seaweed as a low-cost adsorbent
for the adsorption of vancomycin from aqueous environments. This study also aimed to
assess the regeneration and reusability of the adsorbents to determine their practical appli-
cability for sustainable water treatment. The scientific novelty of this study involves the
application of untreated and treated seaweed for vancomycin removal. The contribution of
this work lies in the systematic comparison between untreated and treated seaweed for the
adsorption of vancomycin, which includes a comparative assessment of their physiochemi-
cal properties and adsorption characteristics and an evaluation of operational parameters
and reusability. Practically, this study will demonstrate the potential use of seaweed as a
low-cost, abundant and environmentally friendly adsorbent for the reduction in antibiotic
contamination in water. This study has the following objectives: (i) investigate the influence
of chemical pre-treatment of brown seaweed on adsorption capability; (ii) characterise
treated and raw seaweed using several techniques and instruments, including Mastersizer,
the pH point of zero charge (pHp,c), Fourier Transform Infrared (FT-IR) spectroscopy and
Scanning Electron Microscopys; (iii) examine the impact of various factors, such as contact
time, initial concentration of vancomycin, the pH of the antibiotic solution, the adsorbent
dosage, the ionic strength and temperature on the adsorption process; and (iv) assess the
most suitable solvent for regeneration and the reusability potential of the adsorbents.

2. Materials and Methods
2.1. Materials

The seaweed was collected from Portstewart Strand beach in County Londonderry, UK.
Vancomycin hydrochloride in powdered form (molecular formula: Cg6H75Cl2N9O,4.HCI,
molecular weight: 1485.72 g/mol and 97% purity) was obtained from Sigma Aldrich,
London, UK. Sulphuric acid, o-phosphoric acid, ethanol, methanol, acetone, acetonitrile and
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hydrochloric acid were obtained from VWR chemicals, Lutterworth, UK. The vancomycin
stock solution was prepared by dissolving 0.25 g of vancomycin in 5 mL of distilled water,
and an aliquot of 2 mL. was made up to 1 L with distilled water to give 100 mg/L. A
working solution of 25 mg/L was obtained by subsequent dilution.

2.2. Methods
2.2.1. Analytical Method Validation

The analytical method for the determination of vancomycin in aqueous media was
based on previous work reported by Rasouli et al. (2024) [34]. The concentration of
vancomycin in water was quantified using the High-Performance Liquid Chromatography
technique (Shimadzu UFLC, BM-20A model; Shimadzu Corporation, Kyoto, Japan). The
isocratic elution of the mobile phase was performed using a Phenomenex Luna C18 reverse-
phase column (250 mm length, 5 pm particle size, 4.6 mm internal diameter; Phenomenex,
Torrance, CA, USA) for the analysis of the antibiotics. The elution time was 10 min [34].
The relevant parameters for this analytical method are summarised in Table 1. A stock
solution of 100 mg/L of vancomycin was prepared, and various working solutions ranging
from 5-50 mg/L were made from it.

Table 1. Parameters of the HPLC method for vancomycin analysis.

Mobile-Phase Composition Amax, Nm  Injection Volume, mL Mobile Phase pH Flow Rate mL-min—1
0.05 M o-phosphoric
acid:acetonitrile:methanol 280 0.100 5.5 1.00

(80:15:5, v:v:v)

The calibration line was constructed by plotting the peak height versus concentration.
The method precision was assessed by computing the relative standard deviation (%RSD) at
the different concentrations assessed within the linearity range. The method accuracy was
assessed by spiking the blank water samples with vancomycin at two concentrations and
determining the recovery. The limit of detection (LOD) and limit of quantification (LOQ)
were determined by the standard deviation of response (o) and slope of the calibration line
(s) according to Equations (1) and (2).

LOD =3.3 (6/s) 1)

LOQ =10 (0/s) ()

where o represents the standard deviation of the response and s represents the slope of the
calibration plot.

2.2.2. Preparation of the Seaweed

The seaweed was washed with warm distilled water several times to dislodge all
impurities and dried in the oven at 70 °C for 48 h. The dried seaweed was ground into fine
particles and sieved into various particle sizes using the vibrating sieve shaker (Retsch AS
200; Retsch GmbH, Haan, Germany). A 180-250 pum particle size was selected for this study
because seaweed of this particle size has been reported to be effective in the adsorption
process [35,36]. The selected seaweed particle size range was repeatedly washed with
distilled water and oven-dried at 70 °C for 24 h to obtain an untreated seaweed sample.
For the chemically modified sample, 30 g of seaweed was immersed in 300 mL of 2 M
sulphuric acid, and the mixture was continuously stirred using a magnetic stirrer for a
period of 24 h. After the acid treatment, the slurry was repeatedly washed with distilled
water until a neutral pH was obtained in the filtrate. The treated and washed seaweed was
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dried in the oven at 70 °C for 24 h to obtain treated seaweed. These samples were used for
the adsorption studies.

2.3. Characterisation of Seaweed
2.3.1. Scanning Electron Microscopy

The morphology of the untreated seaweed and treated seaweed was examined by
scanning electron microscopy (SEM, FEI QuantaTM 200 ESEM; FEI Company, Hillsboro,
OR, USA) at varied magnifications of 6000x and 24,000 x.

2.3.2. Particle Size Distribution

The particle size distribution and particle size of the selected particle size range of the
seaweed samples were examined using the Malvern Mastersizer 3000 (Malvern Panalytical,
Worcestershire, UK). This provided an estimated specific surface area from particle size
distribution.

2.3.3. FTIR Analysis

The seaweed samples’ functional groups were determined by the use of Fourier
Transform Infrared spectroscopy (FI-IR) (Nicolet iS 10; Thermo Fisher Scientific, Waltham,
MA, USA) in Attenuated Total Reflectance (ATR) mode using a Thermo Nicolet Nexus
spectrometer (Nicolet, Green Bay, WI, USA). The seaweed samples were dried and ground
with a mortar and pestle to ensure uniformity before the samples’ spectra collection. The
seaweed samples were positioned in the diamond crystal, and spectra were run (64 scans)

at a wavelength range of 4000-600 cm~! with a resolution of 4 cm ™.

2.3.4. The Point of Zero Charge (pHpc) Determination

The point of zero charge (pHp,c) was utilised to determine the surface chemistry of
the seaweed samples. The pHp,c is the point at which the seaweed samples’ net charge is
zero. The pHy,. of the seaweed samples was determined through the pH drift (immersion)
procedure, which has been used for evaluating surface charge properties of adsorbents [37],
which involved the addition of 0.5 g of seaweed to 50 mL of 0.01 M solution of NaCl in
separate conical flasks. The pH of the NaCl solutions was varied from 2 to 12 (pHiyjtia1) and
adjusted using 0.1 M NaOH or HCI. The mixtures were allowed to stand for 24 h. The mix-
ture’s final pH (pHgina) was determined through the use of a JENWAY pH meter (Jenway;
Bibby Scientific Ltd, Stone, Staffordshire, UK). The pHy, of the seaweed adsorbents was
determined at the point of intersection of the change in pH (pHfina — pHinitia1) Versus the
initial pH (pHipigal) plot.

The change in pH (ApH) was calculated as:

ApH = prinal - pHinitil (3)

2.4. Adsorption Experiments

The batch adsorption process was utilised in the adsorption experiments to determine
the effect of various operational parameters on the adsorption process. These included
adsorbent dosage (0.1-2.0 g), the pH of antibiotic solution (2.0-10.0), the initial concentration
of vancomycin (15-35 mg/L), contact time (0-72 h), temperature (298-318 K) and the ionic
strength (0.1-0.5 mol/dm?3). The effect of each parameter on the adsorption process was
assessed while other parameters were held constant. At the end of each adsorption study,
adsorbents were filtered out using a 0.45 um filter, and the concentration of vancomycin

https:/ /doi.org/10.3390/w18091037


https://doi.org/10.3390/w18091037

Water 2026, 18, 1037

7 of 25

was determined using HPLC. All adsorption experiments were carried out in triplicate.
The removal efficiency and adsorption capacity were evaluated using Equations (3) and (4).

Removal efficiency = (CO (; Ct) x 100% 4)
0

Adsorption capacity (mg/g) = (COMCt> \Y ()

where C, is the initial concentration of vancomycin (mg/L)

Ct is the concentration of vancomycin (mg/L) at time t
M is the mass of adsorbent (g)
V is the volume of vancomycin solution (mL)

2.5. Re-Usability of Adsorbents

The potential of an adsorbent to be reused is essential for adsorption processes, which
help to optimise operational costs. In this study, seven solvents were used to determine
the best solvent to be used for regeneration. First, 0.2 g of vancomycin-loaded seaweed
adsorbents was mixed with 50 mL of each of the solvents (ethanol, methanol, acidified water,
acetone, alkaline water, ultrapure water and acetonitrile). The mixtures were shaken for
24 h, filtered, washed to neutral pH and dried at 60 °C for 12 h. To determine the adsorption
potential of regenerated adsorbent, 0.1 g of the seaweed adsorbent was used again for
the adsorption of vancomycin (initial concentration of 25 mg/mL, 20 °C, pH 6.5). The
adsorption duration was 2 h. The removal efficiencies were calculated as per Equation (4)
and compared with those of the fresh adsorbents.

2.6. Thermodynamic Analysis

The thermodynamic parameters, which include the standard Gibbs free energy change
(AG®), enthalpy change (AH?) and entropy change (AS°), were determined using the Vant't
Hoff approach based on the temperature-dependent adsorption data.

AG = —RT InK (6)
ane:%x%—i-%s 7)
Qe
Kq = =
4= ¢ (8)

where Ky is the thermodynamic equilibrium constant; T is the temperature of the solution
Kelvin (K); Qe is the equilibrium adsorption capacity; Ce is the equilibrium concentration of
the adsorbate; R is the universal gas constant (8.3144 J-mol~!-K~!) and AS°® (J-mol~1.K~1)
and AH® (kJ-mol~') are the changes in entropy and enthalpy, which are calculated from
the intercept and the slope of the graph of InK4 versus 1/T.

2.7. Statistical Analysis

Graph Pad Prism version 8 and Microsoft Excel were used to perform the statistical
analysis. Adsorption experimental results were expressed as mean + standard error of
the mean calculated from triplicate experiments. The comparative analysis between the
untreated and treated seaweed adsorption results was carried out via one-way ANOVA,
followed by the Tukey post hoc test for multiple comparisons. p < 0.05 was taken into
account as statistical significance (denoted by *). p-value less than 0.05 (p < 0.05) was
considered statistically significant. The p-value indicates the probability of obtaining the
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observed results if the null hypothesis is true. All statistical analyses were conducted at a
95% confidence level.

3. Results and Discussion
3.1. Analytical Method

The calibration plot for vancomycin was made within a concentration range of 5 to
50 mg/L. A good linear correlation exists between the absorbance and the concentration,
with a correlation coefficient (R?) of 0.9994. The precision of the method was expressed as a
percentage relative standard deviation (%RSD), which was within the acceptable limit of
(<2.0%), suggesting better reproducibility in the determination of the vancomycin concen-
tration. Table 2 shows that accuracy was expressed as percentage recovery, suggesting that
the method is reliable and accurate in determining vancomycin concentration. The limit
of detection (LOD) and limit of quantification (LOQ) of the method were 2.316 mg/L and
7.017 mg/L, which correspond with an earlier report on the HPLC vancomycin method [38].
Ghasemiyeh et al. (2020) [39] and Usman and Hempel (2016) [38] reported recoveries in
the range of 95-110%, and the %RSD was below 10%, suggesting that the precision of this
method is comparable.

Table 2. Results for precision (%RSD) and accuracy (%recovery) for the analysis of vancomycin

in water.
Concentration, mg/L Mean, mg/L Standard Deviation, mg/L Recovery, % RSD, %
15.00 15.83 0.17 106.39 4 0.67 1.10

3.2. Characterisation of the Seaweed

The particle size of an adsorbent is an essential characteristic that influences adsorption
potential. Table 3 shows the particle size distribution of the untreated and treated seaweed,
expressed as D values (percentiles). Dsg indicates the average particle size, Dy indicates
10% of the particle size and Dgj indicates 90% of the particle size. The untreated seaweed
D1, Dsg and Dy values were 244.67 um, 430.33 um and 778.00 pm, respectively, indicating
a relatively heterogeneous and coarse particle distribution. Conversely, the treated seaweed
samples D1g, D5g and Dgg values were 114.67 pm, 262.00 um and 501.67 um, respectively.
These values indicate that the treated seaweed sample has a smaller particle size compared
to the Untreated seaweed. This could be attributed to the acid treatment breaking the
chemical bonds in the hemicellulose and cellulose and the removal of lignin [32]. The
estimated specific surface area values in Table 3 indicate that the treated seaweed had
a surface area of 37.50 m?/g compared to the untreated seaweed (15.21 m?/g). The
result shows that the treated seaweed had a two-fold increase in surface area, which is
in accordance with the smaller particle size. Furthermore, the surface weight mean and
volume weight mean of the treated seaweed were 151.33 um and 287.33 pm, while those of
the untreated seaweed were 395 um and 476 um. The treated seaweed has a lower value of
surface weight mean and volume weight mean, which further indicates the predominance
of smaller particle fractions compared to the untreated seaweed, having higher values,
confirming the presence of coarse particles. It has been reported that a substance’s surface
area depends on its size, and the smaller the particle size, the higher the surface area [40].
Chen et al. (2018) [41] observed that the formation of surface area could be determined via
the number of volatiles released and the structure’s turbostratic orientation. The significant
enhancement of the surface area indicates that chemical modification might have improved
the treated seaweed porosity. However, the improved surface area might not suggest
improved adsorption due to modification of surface functional groups, which also might
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be due to the formation of micropores that are inaccessible [42]. Furthermore, chemical
treatment might result in surface functionalisation and pore and structural alterations [43].

Table 3. Particle size distribution of the untreated and treated seaweed.

D x 10 D x 50 D x 90 Estm.lafted Volume—Weight  Surface—Weight
Adsorbent (um) (um) (um) Specific Surface Mean D @.3), pm ~ Mean D (3,2) pm
H M H Area m?/g Sl ads
Untreated ) o7 43033 778.00 15.21 476.00 395.00
Seaweed
Treated
114.67 262.00 501.67 37.50 287.33 151.33
Seaweed

The pH point of zero charge (pHyp.) is the pH at which the adsorbent’s net surface
charge is zero. Figure 1 shows that the pHp,c values of the seaweed samples were 5.9 for the
untreated seaweed and 2.6 for the treated seaweed. The decrease in the treated seaweed’s
pHpzc value could be due to the acid pre-treatment, which protonates the seaweed surface,
thereby increasing the surface acidity by introducing more acidic sites, lowering the pHp,c
value. Above the untreated seaweed pHp,. value, the adsorbent surface becomes negative
due to deprotonation of the surface. This result corroborates the result of Abudu et al.
(2025) [44], whereby the pHp,c of treated sawdust was 3.10, and that of raw sawdust
was 5.80.

I
Q.
<
-6+
-8- -@— Untreated Seaweed
Treated Seaweed
-1 0 T T T

2 3 4 5 6 7 8 9 10 11 12
Initial pH

Figure 1. The values of pHp,c of the untreated and treated seaweed samples.

The SEM images presented in Figure 2b show that the treated seaweed surface mor-
phology appeared layered with open pores and visible cavities, which could be loose
and smooth, suggesting the effect of acid pre-treatment [45]. Figure 2a shows that the
untreated seaweed appeared dense with a compact structure with fewer open pores, which
could be tight and rough, suggesting its cellular integrity is still intact. Also, Figure 2c
reveals that the untreated seaweed surface appears compact and rough with a coating on
its surface, compared to the treated seaweed surface, which appears layered and smooth
with visible pores and fewer impurities, as shown in Figure 2d. This could be due to the
effect of acid pre-treatment, which might result in partial depolymerisation of fucoidan and
hydrocolloid polymers, which can be attributed to the dissolution of hydrogel residues and
mucilage globules, which might reduce the number of effective adsorption sites [46]. This
study corroborates the report of Saravana et al. (2018) [47], who observed that amorphous
polysaccharides, fucoidan and alginate dissolve during chemical treatment.
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(b)

(d)

Figure 2. SEM images of untreated and treated seaweed (a) untreated seaweed at 6000 ; (b) treated
seaweed at 6000 x%; (¢) untreated seaweed at 24,000 ; (d) treated seaweed at 24,000 x.

The Boehm titration was utilised to ascertain the acidic and basic functional groups
on the seaweed adsorbent’s surface. The functional groups will provide insight into
the surface chemistry of the seaweed adsorbents, which can influence their adsorption
behaviour. The acidic functional groups on the seaweed adsorbents include ester (-COOR),
carboxylic (-COOH) and phenolic groups (C¢HsOH). These oxygen-containing groups
are important in describing the hydrophilicity, polarity and ion-exchange potential of the
seaweed samples [48]. The result presented in Table 4 shows that the untreated and treated
seaweed have the same carboxylic group value (0.82), suggesting that pre-treatment did
not reduce the carboxylic groups. Also, the lactonic group value was reduced in the treated
seaweed (1.00) compared to the untreated seaweed (1.01). This slight decrease in value
could suggest partial conversion of the structure of lactone [22]. The phenolic group values
show that the value increased in the treated seaweed (0.50) compared to the untreated
seaweed (0.47), suggesting relative cleavage of the quinone structure and an improved
surface polarity [49]. The treated seaweed had a slightly higher acidic value of 2.32 than
the untreated seaweed acidic group of 2.30, suggesting more available acidic sites on the
treated seaweed. The value of the base functional groups reduced in the treated seaweed
(0.43) compared to the untreated (1.20). This reduction suggests that pre-treatment might
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have destroyed the seaweed samples’ basic sites, leading to improved hydrophilic and
polar surfaces. The improved hydrophilic and polar surface improves water affinity, which
hinders specific and electrostatic interaction, which might diminish adsorption efficiency
despite surface modification [50].

Table 4. The number of surface functional groups on the untreated and treated seaweed, determined

by Boehm analysis.
Functional Group (mmol.g~1) Untreated Seaweed Treated Seaweed
Ester 1.01 1.00
Carboxylic 0.82 0.82
Phenolic 0.47 0.50
Basic 1.20 0.43
Acidic 2.30 2.32

Figure 3 shows the FTIR spectra of the untreated and treated seaweed, which specify
the functional groups liable for the adsorption of the antibiotics in water. The FTIR spectra
with a broad band at around 3140-3320 cm ! could be due to the vibrations of O-H and
N-H groups of proteins and carbohydrates [51] and vibration of O-H in water [32]. The
signal around 2720-2915 cm~! can be ascribed to symmetric and asymmetric vibration
of aliphatic chain C-H groups, with the minimal shift after treatment suggesting that the
aliphatic structure was largely preserved [52]. The signal around 1420-1610 cm ™! could be
ascribed to ester functional groups from fatty acids and lipids [53], and the -C=0 groups
of amides associated with proteins and -C=0 groups of esters associated with carbohy-
drate could be due to the ester linkage between the hydroxyl and carboxyl groups of the
polysaccharide. The slight shift after treatment suggests an alteration of functional groups
associated with the adsorbent active sites [48]. The signal around 1230-1390 em ™! could
correspond to the asymmetric binding of CH, and CH3 of lipids or proteins and symmet-
ric stretching of carboxylic acids C-O groups, which exhibited slight variation between
the untreated and treated seaweed, suggesting structural modification of polysaccharide
components [54]. The peak around 840-1030 cm ! might be due to S = O and C-S-O bond
vibration, respectively [55]. The shift in peak position and change in intensity in the treated
seaweed could be attributed to the acid pre-treatment, and chemical treatment might have
modified the seaweed functional groups, with the alteration of the carbonyl and hydroxyl
groups suggesting a change in active site availability [56].

3.3. Vancomycin Adsorption Study
3.3.1. Effect of Contact Time

Evaluation of the contact time is necessary to establish the shortest period of time
required for the adsorption of the maximum amount of vancomycin from the solution.
Figure 4 indicates the influence of contact time on the adsorption of vancomycin with a
concentration of 25 mg/L, with varying contact times of 30 s to 48 h. The result shows
a rapid increase in the adsorption process for the untreated and treated seaweed within
the first 30 min until equilibrium was achieved at about 2 h, with a removal efficiency
of 98% for the untreated seaweed and 95% for the treated seaweed, which corresponds
to an adsorption capacity of 4.9 for untreated seaweed and 4.8 for treated seaweed. This
trend is also reflected in the adsorption capacity (qe), which increased from 3.1 mg/g to
4.8 mg/g for the treated seaweed and from 3.0 mg/g to 4.9 mg/g for the raw seaweed. The
adsorption capacities obtained in this study (4.8-4.9 mg/g) are within the range of values
reported for biomass-derived adsorbents used in antibiotic removal, which vary depending
on material type and experimental conditions [24]. The ge values obtained in this study
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are within the reported range, suggesting that seaweed-based adsorbents” performances
are comparable to other low-cost materials [12]. The adsorption capacities obtained in this
study are compared to those reported for advanced materials used in antibiotic removal.
Advanced adsorbents, which include carbon nanotubes (CNTs), graphene oxide (GO)-based
materials and metal organic frameworks, have demonstrated higher adsorption capacities,
which often exceed 100-500 mg/g, which might be due to their tuneable pore structures
and functionalised surfaces [24]. In contrast, the adsorption capacities obtained in this
study for the untreated and treated seaweed were 4.9 mg/g and 4.8 mg/g, which are lower
than those of advanced nanomaterials but comparable to other low-cost biomass-derived
adsorbents. The results of this study suggest that chemical modification of seaweed did not
enhance adsorption, suggesting that increased surface area alone might not be sufficient to
improve vancomycin adsorption.

=== Jntreated
Seaweed

= Treated Seaweed

3600 2600 1600 600

Wave number (cm?)
Figure 3. The FTIR (ATR) spectra of the untreated and treated seaweed adsorbents.

The improved adsorption of vancomycin at the initial stage of the process could be due
to the availability of abundant vacant adsorbent sites on the adsorbent boundary layer [57].
Furthermore, the adsorption rate of the adsorbent decreases as the adsorption process
approaches the saturation level. This could be due to a reduction in the adsorbent vacant
sites. Also, vancomycin adsorption could be rendered difficult as a result of solute repulsion
between the bulk phase and the solid [4]. Furthermore, beyond the initial phase of the
adsorption process (i.e., about 2 h), the surface pores are almost saturated with vancomycin.
Also, in the later phase of adsorption, vancomycin molecules had to transverse deeper into
the adsorbent micropores, which leads to much resistance [1].

The high removal efficiency of the untreated and treated seaweed could be attributed
to the availability of adsorptive sites for the vancomycin molecules. Despite an improve-
ment in seaweed’s surface by chemical treatment, the adsorption capacity did not improve.
FTIR analysis suggests that modification might have altered the functional groups available
for adsorption. Also, the SEM analysis showed changes in surface morphology after treat-
ment, and the lower adsorption capacity by the treated seaweed might suggest that surface
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morphology is not a dominant factor, but that surface chemistry plays a more significant
role. However, the untreated seaweed had a slightly higher removal efficiency than the
treated seaweed, which could be due to a change in the surface chemistry and partial modi-
fication of the treated seaweed functional groups due to acid pre-treatment [56]. However,
the work of Varas et al. (2025) [42] documented that sulphuric acid pre-treated brown
seaweed had reduced adsorption capacity compared to the untreated brown seaweed in the
adsorption of organic pollutants. However, Nanaki et al. (2015) [58] suggest that chemical
treatment could enhance adsorption potential depending on the nature of the material and
treatment conditions.
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Figure 4. The effect of contact time on the removal efficiency of vancomycin from water by untreated
and treated seaweed is depicted as mean + standard error of the mean (Conditions: Co: 25 mg/L,
adsorbent dose: 0.2 g, temperature: 293 K, pH: 6.5, agitation speed: 200 rpm).

3.3.2. Effect of Initial Concentration

Initial adsorbate concentration is an essential driving force for overcoming mass
transfer resistance between the aqueous and solid phases. In this investigation, the removal
efficiency of the untreated and treated seaweed was investigated over the concentration
range of 15-35 mg/L. The result in Figure 5 shows that as the initial concentration of
vancomycin increases from 15 mg/L to 35 mg/L, there is no significant difference in the
removal efficiency across the initial concentrations for the untreated and treated seaweed.
Also, adsorption efficiency decreases for both the untreated and treated seaweed. Both
adsorbents had the highest removal efficiency at 15 mg/L (92% for untreated seaweed and
89% for treated seaweed). However, the control shows negligible vancomycin removal
across all concentrations, indicating that adsorption was due to seaweed biomass. Higher
adsorption efficiency recorded at lower concentration could be due to larger available
active sites relative to the solute molecules [59]. Also, as the concentration improves, these
sites become saturated progressively, resulting in competition between the vancomycin
molecules and reduced removal efficiency. However, this study resonated with the study of
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Gashtasbi et al. (2017) [60] on the adsorption of vancomycin using impregnated magnetic
activated carbon, in which a sharp decline was reported in vancomycin removal efficiency
as the concentration increased from 10 mg/L to 100 mg/L.

=== Treated Seaweed
===  Untreated Seaweed
Control
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Figure 5. Effect of initial concentration on the removal efficiency of untreated and treated seaweed
(mean =+ standard error of the mean; (Conditions: Contact time = 120 min, adsorbent dose =0.2 g,
temperature = 293 K, pH = 6.5, agitation speed: 200 rpm).

3.3.3. Effect of Dose

The influence of adsorbent dose on the adsorption of vancomycin using raw and
modified seaweed was evaluated with adsorbent doses of 0.2 g to 2.0 g. In this study,
as the adsorbent dose increases, the vancomycin removal efficiency also increases until
a certain dose, and then adsorption efficiency begins to decline at higher dosage >1.4 g
for the raw seaweed, while the treated seaweed maintained a comparative adsorption
efficiency. As observed from the untreated and treated seaweed results in Figure 6, the
removal efficiencies improved from 64.92% to 83.33% before being reduced to 32.93% for
the untreated seaweed, and for the treated seaweed, the removal efficiency improved
from 53.11% to 72.47% before declining to 59.17%. The increase in the removal efficiencies
with improved adsorbent dosage could be due to the availability of the adsorbent binding
sites [40]. Also, the decrease in the adsorption efficiency of vancomycin at certain adsorbent
doses could be attributed to the adsorbent particle cohesive interaction, like agglomeration,
which resulted in the decrease in the effective surface area of the adsorbent and improve-
ment in the diffusion path length [9]. Furthermore, other reasons that might explain the
decrease in adsorption capacity for the untreated seaweed as the adsorbent dose increases
include electrostatic interactions, the availability of solute and interference between binding
sites [15]. This result corroborates the work of Khamooshi et al. (2020) [19], who reported
a decrease in vancomycin removal as the adsorbent dosage increased from 0.2 gto 1.2 g
using a bentonite nanoparticle. Also, this result is consistent with that of Abudu et al.
(2025) [44], who reported on the removal of rifampicin using sawdust. Their result showed
continuous removal of rifampicin until an optimal dosage, whereby the removal efficiency
starts declining beyond that point.
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Figure 6. Effect of adsorbent dosage on the removal efficiency of vancomycin by untreated and
treated seaweed (mean =+ standard error of the mean; * = p < 0.05; ** = p < 0.01; *** = p < 0.001).
(Conditions: Co: 25 mg/L, contact time = 120 min, temperature = 293 K, pH: 6.5, agitation speed:
200 rpm).

3.3.4. Effect of Ionic Strength

The solution ionic strength is a factor that controls both non-electrostatic and elec-
trostatic interactions between the adsorbent and adsorbate [18]. Sodium chloride was
utilised for the evaluation of the effect of ionic strength on the adsorbents. Sodium chloride
concentrations of 0.1 mol/dm? to 0.5 mol/dm3 were examined. The result in Figure 7
suggests that sodium chloride addition had little to no effect on the adsorption efficiency of
vancomycin by the seaweed adsorbents. Both adsorbents had relatively high adsorption
efficiencies (78.39% to 91.41%). The untreated seaweed had a higher removal efficiency
(91.17% to 91.41%) than the treated seaweed (78.39% to 82.34%) across the various sodium
chloride concentrations. The control removal efficiency remained negligible, indicating that
adsorption was responsible for the removal. The negligible effect of sodium chloride might
be related to the effect of electrostatic interactions between the seaweed adsorbent and
vancomycin molecules, which could be negligible; thus, the sorption of the sodium cation
on the seaweed surface was negligible [61]. This study corroborates the study of Shidi
et al. (2023) [62], which reported a negligible effect of sodium chloride on the adsorption
of ciprofloxacin. Also, this study corroborates the report of Khorshidi et al. (2023) [63] in
which the ionic strength did not significantly influence the adsorption of tetracycline by
Mg-AL-LDH/AC nanocomposite [63]. Furthermore, this study corroborates the results of
the study by Yu et al. (2014) [64] in which an increase in the NaCl concentration from 0.0 to
0.4 M did not influence the adsorption of tetracycline by carbon nanotubes.

3.3.5. Effect of pH

The influence of solution pH on vancomycin adsorption can be attributed to the com-
bination of pH-dependent vancomycin speciation and surface charge properties of the
adsorbents. Both the untreated and treated seaweed adsorbents have similar adsorption
patterns across the pH range of pH 2 to pH 10. As seen in Figure 8, the adsorption of
vancomycin is enhanced as the pH increases, achieving its highest value at pH 8, followed
by a slight decline at pH 10. There was no significant difference between the adsorption
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levels across the studied pH range. The adsorption pattern could be attributed to the
increase in the electrostatic force of attraction between the adsorbent’s surface and van-
comycin molecules. This attraction could be due to differences in the charges present
on the adsorbate and adsorbents, which is influenced by the adsorbent’s point of zero
charge value (pHp;c of the untreated seaweed is 5.9, and that of the treated seaweed is
2.6). Vancomycin contains several ionisable groups with pKa values of 2.18,7.75, 8.89, 9.59,
10.4 and 12 [65]. At pH less than 2.9, the vancomycin carboxyl, amine and phenolic groups
are protonated, which results in vancomycin molecules being cationic and the seaweed
adsorbent surfaces being protonated and positively charged. This results in electrostatic
repulsion, resulting in lower removal efficiency for both the raw and treated seaweed adsor-
bents. As the pH increases above this value, the carboxyl group undergoes deprotonation,
thereby improving the negative charge [66]. Furthermore, as the pH increases from pH
4 to pH 6, the positive charge on the vancomycin molecules and adsorbents decreases,
resulting in reduced electrostatic repulsion and improved adsorption efficiency. At pH 8§,
vancomycin is zwitterionic, with protonated amine and deprotonated carboxyl groups, and
the seaweed adsorbents bear negative charges. The result shows maximum adsorption
for both adsorbents due to electrostatic attraction between the vancomycin molecules and
seaweed adsorbents. Besides electrostatic attraction, forces such as 71— interactions and
hydrogen bonding also contribute to the adsorption process. This aligns with the study of
Atugoda et al. (2021) [56], which reported peak adsorption of ciprofloxacin at pH 8 using
zeolite-modified seaweed. Above the pKa value of 9.59, the phenolic, carboxyl and amine
groups are deprotonated, resulting in an anionic form of vancomycin molecules, and the
adsorbent’s surface is negatively charged, which results in reduced adsorption efficiency at
pH 10. The untreated seaweed had better adsorption efficiency across the pH range. This
could be attributed to their preserved functional groups for multiple sites compared to
the treated seaweed, whereby acid treatment might have influenced the polysaccharide
integrity and functional group leaching, resulting in reduced adsorption capacity [42].
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Figure 7. The effect of ionic strength on the removal of vancomycin by untreated and treated
seaweed (mean = standard error of the mean; *** = p < 0.001). (Conditions: Co: 25 mg/L, contact
time = 120 min, temperature = 293 K, absorbent dose: 0.2 g, agitation speed: 200 rpm).
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Figure 8. The effect of pH on the removal efficiency of vancomycin by untreated and treated seaweed
(mean =+ standard error of the mean; * = p < 0.05). (Conditions: Co 25 mg/L, contact time 120 min,
temperature 293 K, adsorbent dose 0.2 g, agitation speed: 200 rpm).

3.3.6. Effect of Temperature

The effect of temperature was analysed to understand the adsorptive pattern of
vancomycin on the adsorbent surface. For this study, the impact of temperature on the
adsorption of vancomycin was investigated within the temperature range of 25 °C to 35 °C
for both adsorbents. The result in Figure 9 indicates that sorption efficiency declined as
temperature increased from 25 °C to 35 °C for both adsorbents, and there was no significant
difference in the removal efficiency across the various temperatures for both the untreated
and treated seaweed, while the control indicated negligible performance (less than 5%),
indicating that adsorption performance can be attributed to the adsorbent material.

It was observed that at 25 °C, the untreated seaweed had the highest vancomycin
removal efficiency (94.74%), which decreased to 88.79% at 35 °C. Also, the same pattern
was observed for the treated seaweed sample, in which an 82.98% removal efficiency was
recorded at 15 °C and decreased to 75.14% at 35 °C. This result shows that the adsorption
capacity decreases as the temperature increases. The sorption capacity suggests that the
adsorption process is exothermic due to the equilibrium uptake of vancomycin, which
decreases as the temperature increases [67]. As the temperature improves, there is an
attenuation of the interaction between the vancomycin molecules and the adsorbents, which
might have resulted in a decline in the adsorption efficiency [68]. The high adsorption
efficiency at a lower temperature could be due to intense electrostatic attraction between
the adsorbents and the vancomycin molecules. Also, the decrease in adsorption at higher
temperatures could be due to the improvement of the desorption process [19].

Also, we endeavoured to determine the thermodynamic properties, which will assist
in understanding the nature of the adsorption process and the interaction between the
seaweed adsorbents and vancomycin [45]. In this study, entropy, free energy and enthalpy
were examined to understand the interaction between the vancomycin molecules and the
seaweed using the Van’t Hoff Equation (7).
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Figure 9. The effect of temperature on the removal of vancomycin by untreated and treated seaweed
(mean =+ standard error of the mean; *** = p < 0.001). (Conditions: Co 25 mg/L, contact time 120 min,
pH 6.8, adsorbent dose 0.2 g, agitation speed 200 rpm).

The thermodynamic parameters were analysed to understand the vancomycin ad-
sorption behaviour on the seaweed surface. These parameters will be used to analyse
the adsorption process. Table 5 shows the evaluated adsorption process thermodynamic
parameters, which include AH®, AG® and AS° values obtained from the slope and intercept
of the Van't Hoff plot (InKd vs 1/T), as presented in Figure 10. For the untreated seaweed,
the negative AG® value suggests a thermodynamically favourable adsorption process. For
the treated seaweed, positive AG® values suggest that adsorption was less favourable.
This suggests that acid pretreatment might have altered the surface chemistry, despite the
improved surface area, which might have reduced the availability of functional groups for
binding vancomycin [53]. The enthalpy value (AH?) for both the untreated and treated
seaweed was —26.93 k].mol ! and —16.56 k].mol~!, indicating that the adsorptive process
for both sorbents was exothermic. This resonates with the experimental results, which
indicate that the adsorption efficiency of vancomycin declines as temperature increases.
The low value of AH® suggests that the interaction between the seaweed adsorbents and
vancomycin could be facilitated via physical adsorption involving hydrogen bonding
rather than chemical adsorption [56]. The entropy value (AS®) for the untreated seaweed
was 83.86 J.mol 1. K1, and that of the treated seaweed was 57.78 J.mol 1.K~1. The posi-
tive values of AS° indicate the improved randomness in the adsorbate interphase during
vancomycin adsorption onto the seaweed adsorbents. The AG® value of the untreated
seaweed was negative, indicating that the adsorption process was spontaneous, while that
of the treated seaweed was slightly positive, suggesting that the adsorption process was
non-spontaneous. The report of Atugoda et al. (2021) [56] corroborates this study, in w hich
the adsorption of ciprofloxacin by zeolite-modified seaweed was spontaneous. Also, the
work of [69] corroborates this study, in which the adsorption of amoxicillin into macroalgae
was non-spontaneous. This result suggests that adsorption spontaneity could be influenced
by surface functional groups and antibiotic chemistry [5].
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Table 5. Thermodynamic parameters of vancomycin adsorption on the untreated and treated seaweed.

Temperature Untreated Seaweed Treated Seaweed
(K) AG°® (kJ.mol—1) AG °(kJ.mol—1)
288 —3.06864 0.061135
293 —2.02483 AH® = 2693 0452635 AH" = —16.56

(k].mol™") P — (kJ.mol™")
298 —1.75324 AS° = 83.86 0.634875 AS° = 57.78
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Figure 10. The dependence of InKd on 1/T for vancomycin adsorption by untreated and
treated seaweed.

3.3.7. Proposed Mechanism of Adsorption

The adsorption efficiency of the seaweed adsorbents depends on their surface and
structural properties. The porous and chemical properties of the seaweed samples could
suggest that there could be various ways to remove antibiotics. Also, the physical and
chemical adsorption features of the seaweed adsorbents have a considerable impact on
the adsorption efficacy. In general, adsorption of the antibiotics onto the seaweed samples
could be a multi-step procedure involving the transfer of antibiotics from the water to the
seaweed samples, diffusion of the external and internal surface and the seaweed pores
and the immobilisation of the seaweed active parts [56]. Regarding the combination of
characterisation and adsorption performance, vancomycin adsorption on seaweed could
be controlled by a combination of hydrogen bonding, electrostatic interaction and possibly
surface complexation, which might involve carboxyl and hydroxyl functional groups [70].
Also, the reduction in the treated seaweed’s effectiveness suggests preservation of the
functional groups, which might be more important than surface area enhancement in the
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adsorption process. The FTIR analysis showed the presence of carbonyl and hydroxyl func-
tional groups with changes in peak position and intensity after treatment, which indicates
that these functional groups are involved in the adsorption process and might serve as an
active site for vancomycin molecule interaction. The influence of pH on the adsorption
supports surface functional group involvement. The variation in adsorption capacity with
pH suggests that the ionisation state of both the adsorbent and vancomycin influences
adsorption behaviour, suggesting that electrostatic interaction contributes to the adsorption
mechanism. The treated seaweed did not exhibit improved adsorption, suggesting that
adsorption might not be solely controlled by surface area but rather by the availability
of the functional groups identified by the FTIR analysis. Adsorption of antibiotics to the
surface of the seaweed samples could be appropriate for diverse types of interactions,
such as hydrophobic interactions, electrostatic interactions, charge-dipole interactions and
mi—7 interactions [47]. The structure of the antibiotics suggests that functional groups such
as -COOH, -OH and -NO, are seen on the surface of the antibiotics. The adsorption of
the antibiotics could be due to -COOH and -OH groups. The adsorption efficiency was
substantial at high pH, which could be due to the electrostatic attraction between the
negative charge surface of the adsorbents and the vancomycin molecules [56]. Also, the
adsorption mechanism could be due to hydrogen attraction and - interactions between
vancomycin and the seaweed samples. Hydrogen attraction between the N-H and O-H of
vancomycin and the seaweed carbonyl group could have occurred during the adsorptive
process [43]. Also, hydrophobicity could have been involved in the vancomycin sorption
onto the seaweed samples. Improved hydrophobicity suggests a favourable interaction
between the molecules of vancomycin and the adsorbent, and the extent of the interaction
improves as the adsorbate hydrophobicity rises [19].

3.4. Adsorbent Regeneration and Reusability

The regeneration potential of the adsorbents was evaluated due to the stringent and
economic demand for sustainability. The adsorbents showed a decrease in adsorption
efficiency over successive regeneration cycles. Among the regenerating solutions evaluated,
alkaline water showed a slightly better regeneration potential for the untreated seaweed
sample and methanol for the treated seaweed, while ultrapure water and other solvents
have similar removal potential, as shown in Figure 11. This result aligns with the report
of Abudu et al. (2025) [44], which stated that the methanol-regenerated adsorbent had
a slightly better performance compared to other solvents. Also, Alidadi et al. (2018) [9]
reported that the acidified regenerated adsorbent was eco-friendly and cheap. The choice
of ultrapure water for the regeneration of the adsorbent was due to its lack of toxicity and
its cheap nature. Figure 12 shows the result of the reusability experiment of the seaweed
adsorbents for 10 cycles (the first data point represents the initial adsorption cycle before
regeneration). The result shows that the removal efficiency of the regenerated untreated
seaweed dropped from 87.06% to 58.67%, suggesting a 32.60% loss of adsorption capacity,
while that of the treated seaweed decreased from 71.48% to 52.92%, suggesting a 26%
loss of adsorption capacity, suggesting the loss of active sites or incomplete desorption
of vancomycin. The reduction in the adsorbent efficiency could be due to the filling of
the adsorbent’s surface pores with molecules of the adsorbate [71]. This result suggests
that seaweed adsorbents retain some adsorption capacity after regeneration, but their
performance declines over repeated use. The sustainability of the material can be considered
in the context of its low cost, natural abundance and biodegradability.
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Figure 11. Effect of various solvents for the regeneration of untreated and treated seaweed
(mean =+ standard error of the mean; *** = p < 0.001). (Conditions: Co 25 mg/L, contact time 120 min,
adsorbent dose 0.1 g, agitation speed 200 rpm).
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Figure 12. Reusability cycle by untreated and treated seaweed over 10 regeneration cycles (first point

is the initial adsorption) (mean = standard error of the mean; * = p < 0.05; *** = p <0.001). (Conditions:
Co 25 mg/L, contact time 120 min, temperature 293 K, adsorbent dose 0.1 g, agitation speed 200 rpm).

4. Conclusions

This study evaluated the potential of untreated and chemically modified brown sea-
weed for the removal of vancomycin from water. The distinctive feature of this work lies in
the comparative evaluation of untreated and treated seaweed, which includes their physic-
ochemical characterisation and adsorption performance for vancomycin, which is relatively
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understudied in adsorption studies. This study evaluation indicates that the untreated
and treated seaweed are efficient adsorbents for the decontamination of vancomycin from
water. Also, this study demonstrates that chemical modification does not necessarily result
in improved adsorption performance despite increased surface area. It was observed that
the adsorption potential of both adsorbents was influenced by several variables, which
include the pH, dose, initial concentration of antibiotic, temperature and contact time.
The equilibrium time for the adsorption of vancomycin onto the seaweed adsorbents was
120 min, with an adsorption efficiency of 97% for the untreated seaweed and 94% for the
treated seaweed. The findings indicate that despite increased surface area by chemical
modification, it did not significantly improve adsorption performance, suggesting that
functional groups on the adsorbent surface are critical in the adsorption mechanism. pH of
8.0 was found to be optimal for the adsorption of vancomycin on untreated and treated
seaweed, having an adsorption efficiency of 99% and 98%, which could be attributed to the
electrostatic interaction between the seaweed’s surface functional groups and vancomycin
molecules. The adsorption capacity values obtained in this study illustrate that seaweed-
based adsorbents provide competitive performances compared to other biomass-derived
materials, highlighting their potential applicability. The thermodynamic study suggests
that the removal of vancomycin by both adsorbents was exothermic in nature, with the
results also showing that chemical treatment increased surface area but did not improve
adsorption performance or thermodynamic favourability, suggesting that surface chemistry
was more important than the surface area in this adsorption process. The ionic strength
of 0.1-0.5 M had a negligible effect on vancomycin adsorption. The regenerated seaweed
adsorbents were reused 10 times, with >55% vancomycin removal achieved. The regenera-
tion studies illustrated that the adsorbents can be reused with acceptable performances,
suggesting their potential for repeated use. The results suggest that the seaweed-based
materials have potential as low-cost and sustainable materials for the removal of antibiotic
contaminants from water. Also, this research demonstrates the value of seaweed waste
as an economical adsorbent for the removal of antibiotic residues and other contaminants
from water. This finding also contributes to a better understanding of the surface chemistry
in adsorption processes and highlights that untreated seaweed might be more effective
than chemically modified material for some antibiotics.
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