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A B S T R A C T

The frequent co-occurrence of antibiotics and heavy metals in aquatic environments significantly affects their 
adsorption properties and removal efficiency. This study investigated the co-adsorption behavior of tetracycline 
(TC) and heavy metals (Pb, Cr, and Ni) using a magnetic chitosan/A. platensis (MCA) biocomposite as a bio
sorbent. Experiments were conducted on both single and binary systems to compare the biocomposite’s effi
ciency in adsorbing these pollutants. Results revealed that lead (Pb) enhanced TC adsorption through a 
synergistic effect, whereas chromium (Cr) and nickel (Ni) exhibited competitive interactions, reducing TC 
removal. TC removal reached 54% in the single system but increased to as much as 91.2% in the presence of 
10 mg/L Pb. Adsorption equilibrium data were well described by the Langmuir model, implying monolayer 
coverage. The highest adsorption capacities were 505.91 and 421.40 mg/g for TC, and 518.39 and 495.26 mg/g 
for Pb in the binary and single systems, respectively. Kinetic experiments demonstrated that adsorption con
formed to a pseudo-second-order model, suggesting chemisorption as the rate-controlling step, while thermo
dynamic parameters confirmed that the process was endothermic and spontaneous. These outcomes suggest that 
the MCA biocomposite is a promising solution for removing antibiotics and heavy metals from contaminated 
water.

1. Introduction

In recent decades, the extensive use of antibiotics and the discharge 
of heavy metals from industrial activities have become one of the major 
environmental concerns. These types of pollutants are known to be non- 
biodegradable and highly toxic to both human health and wildlife [1,2]. 
Their harmful effects can become more pronounced when they coexist in 
complex mixtures, as their different chemical and physical characteris
tics can lead to synergistic or antagonistic interactions [3,4].

Tetracycline (TC) is one of the broad-spectrum antibiotics that has 
often been cited as an example of a pharmaceutical pollutant. Due to its 
effectiveness and low cost, it is widely used in veterinary medicine [5,6]. 
However, TC is known not to be completely metabolized under physi
ological conditions [7]; therefore, it has been detected in surface water, 
groundwater, and even drinking water [6,8]. As a result, long-term 
exposure to TC may lead to adverse health effects, such as liver dam
age and growth abnormalities [9].

Similarly, heavy metals such as lead (Pb), chromium (Cr), and nickel 

(Ni) are also ubiquitous pollutants, originating from numerous sources 
such as industrial processes, urban runoff, and the natural environment 
[10]. Pb, a byproduct of mining, smelting, and battery manufacturing, is 
highly toxic even in trace amounts and bioaccumulates in aquatic eco
systems, causing significant harm to organisms and human health [11]. 
Cr, especially in its hexavalent form, is dangerous, as it is a confirmed 
carcinogen and can be harmful if ingested, inhaled, or if it comes into 
contact with the skin [12]. Ni is commonly used in electroplating and 
steelmaking, contaminating water bodies and causing skin allergy, res
piratory problems, and other health issues. These metals are also found 
in nature at very low concentrations, but their levels have increased due 
to human activities and, consequently, have adversely affected envi
ronmental and human health [13].

Various remediation techniques, such as chemical precipitation, ion 
exchange, membrane filtration, photocatalysis, adsorption, and elec
trochemical methods, have been employed to remove antibiotics and 
heavy metals from contaminated environments [14–18]. Among them, 
adsorption has attracted great interest due to its cost-effectiveness, 
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operational simplicity, and flexibility. A wide range of adsorbents, such 
as activated carbon, clays, biochar, and biopolymers, have been inves
tigated to evaluate their effectiveness in removing these contaminants 
[19,20]. Natural polymers, particularly chitosan [21], have emerged as 
promising adsorbents for removing various contaminants due to their 
biodegradability, low cost, and availability. Being a chitin-derived 
biopolymer, chitosan possesses functional groups (hydroxyl and amine 
groups) capable of establishing strong interactions with both organic 
and inorganic pollutants. However, its potential applications are limited 
by unsatisfactory mechanical properties and difficult post-removal re
covery [22–24].

To overcome such restraints, chitosan-based composites with 
enhanced surface area, mechanical strength, and adsorption perfor
mance have been explored [25–28]. Arthrospira platensis, a nutrient-rich 
cyanobacterium, is well known to be used in biosorption because it 
contains high levels of polysaccharides and proteins that provide active 
binding sites to pollutants [29–31]. Incorporating chitosan into 
A. platensis biomass in the form of magnetic composite materials can 
improve adsorption performance, as well as mechanical stability and 
reusability. In a previous study, a magnetic chitosan-A. platensis (MCA) 
composite showed a very high TC adsorption capacity (approximately 
830 mg/g) [32].

Despite advances in adsorption technology, most reported studies 
have only examined the removal of organic or inorganic pollutants 
individually. Therefore, research on the concurrent removal of antibi
otics and heavy metals in binary systems is relatively scarce and limited 
[33,34], resulting in a considerable gap in the understanding of their 
interactions in the adsorption process [35,36]. It is therefore necessary 
to fill this gap to develop versatile adsorbents capable of handling 
complex pollutant mixtures.

According to previous findings, the current study investigates the 
adsorption performance of the same MCA composite in a co-adsorption 
process involving TC in combination with Pb, Cr, and Ni. The goal is to 
provide insights into the development of sustainable, high-performance 
adsorbents capable of concurrently combating existing antibiotic and 
heavy metal contamination, thereby enhancing environmental remedi
ation strategies.

2. Materials and methods

2.1. Batch adsorption experiments

TC and heavy metals (Pb, Cr, and Ni) removal was evaluated through 
batch experiments using the MCA biocomposite, which was prepared 
and characterized by Mirizadeh et al. [32]. In this regard, freshly pre
pared stock solutions and deionized water were used in all tests to ensure 
consistency. Such an adsorbent was added at a dosage of 0.1 g/L to 
pollutant solutions, which were agitated at 120 rpm using a shaker 
operating at a temperature of 23 ± 2 ◦C. The solution pH was maintained 

between 5.5 and 6.0 to prevent the formation of metal hydroxides. Ex
periments were conducted in two distinct modes: single-component 
systems and binary systems containing both TC and heavy metals. 
Fig. 1 provides a graphical representation of the experimental 
procedure.

Kinetic studies on TC adsorption were conducted at initial metal ion 
concentrations of 5 and 10 mg/L. Additionally, experiments were per
formed with 10 mg/L of heavy metals in the presence of TC concen
trations of 10 and 25 mg/L. Isotherm studies were carried out at initial 
concentrations ranging from 1 to 100 mg/L for metal ions and 
10–150 mg/L for TC. For the thermodynamic study, adsorption was 
evaluated at three different temperatures (298, 308, and 318 K) under 
pre-optimized conditions, and the main thermodynamic parameters 
were estimated.

The concentrations of metal ions before and after adsorption were 
measured using an atomic absorption spectrometer (AA240FS, Varian, 
Milan, Italy) equipped with a Vapor Generation Accessory (VGA-77, 
Varian). TC concentrations were determined by UV–Vis spectropho
tometry at a wavelength of 360 nm. All experiments were conducted in 
duplicate, and the average values were reported.

The removal percentage (Y, %), adsorption capacity at a given time t 
(qt, mg/g), and equilibrium adsorption capacity (qe, mg/g) were calcu
lated according to the following equations: 

Y(%) =

(
C0− Ce

C0

)

× 100 (1) 

qt =
(C0− Ct)V

m
(2) 

qe =
(C0− Ce)V

m
(3) 

where C0, Ct, and Ce (mg/L) are the initial, residual, and equilibrium 
concentrations, respectively, m is the mass of dried adsorbent (g), and V 
refers to the solution volume (L).

2.2. Isotherm, kinetic, and thermodynamic of the adsorption process

Adsorption isotherms were examined using Langmuir, Freundlich, 
Temkin, and Dubinin-Radushkevich (D-R) models to interpret the 
adsorption behavior. The Langmuir model, which assumes monolayer 
adsorption formation and uniform adsorption energy, is represented as 
follows: 

qe =
KLqmCe

1 + KLCe
(4) 

where qm (mg/g) represents the theoretical maximum capacity for 
monolayer coverage, while KL (L/mg) is the Langmuir constant that 
indicates the interaction strength between adsorbate molecules and 

Fig. 1. Graphical representation of the experiment procedure.
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available adsorption sites.
The Freundlich isotherm explains adsorption occurring on surfaces 

that are uneven or heterogeneous: 

qe = KFCn
e (5) 

where KF ((mg/g) (L/mg) − 1/n) is the Freundlich constant, and n rep
resents the heterogeneity factor.

The Temkin model describes a gradual reduction in adsorption heat 
as surface coverage increases: 

qe =
RT
bT

ln (ATCe) (6) 

where AT (L/mg) represents the equilibrium association constant, and bT 
(J/mol) is a factor related to the adsorption energy.

The D-R model considers the pore size and distribution of the 
adsorbent: 

qe = qs exp (− Bε2) (7) 

where qs (mg/g) denotes the theoretical saturation capacity, B (mol2/ 
kJ2) is a constant factor related to the average adsorption energy (E) (kJ/ 
mol), and ε (kJ/mol) represents the Polanyi potential energy. The for
mulas for ε and E are given below: 

ε = RT ln(1+
1
Ce

) (8) 

E =
1̅̅
̅̅̅̅

2B
√ (9) 

The pseudo-first-order (PFO) (Eq. 10) and pseudo-second-order 
(PSO) (Eq. 11) models were employed to examine adsorption kinetics: 

ln (qe − qt) = ln qe − k1t (10) 

t
qt

=
1

k2q2
e

+
1
qe

t (11) 

where k1 (1/min) and k2 (g/mg⋅min) are the rate constants for the 
PFO and PSO models, respectively.

Thermodynamic studies were carried out under optimized condi
tions to assess key parameters, including the standard Gibbs free energy 
(ΔG◦, kJ/mol), enthalpy (ΔH◦, kJ/mol), and entropy (ΔS◦, J/mol.K) 
changes, which were calculated as follows: 

ΔG◦ = -RT ln KD                                                                          (12)

ΔG◦ = ΔH◦ – TΔS◦ (13)

where KD (qe/Ce) is the distribution coefficient.

3. Results and discussion

3.1. Adsorption and co-adsorption of tetracycline and heavy metals

In the first part of this study, TC adsorption at a starting concentra
tion of 50 mg/L and its co-adsorption with Pb, Cr, and Ni at initial 
concentrations of 5, 10, and 20 mg/L were assessed. The experiments 
were performed over time, as depicted in Fig. 2.

The efficiency of TC adsorption, examined in terms of Ct/C₀ ratio, 
was shown to be greatly affected by the presence and concentrations of 
heavy metals. In the absence of heavy metals, the MCA biocomposite 
allowed for a TC removal of 54.03%, which corresponded to a Ct/C₀ 
reduction up to 0.46 in 180 min. Interestingly, the addition of Pb at 
initial concentrations of 5 and 10 mg/L enhanced TC adsorption, indi
cating a synergistic effect. This improvement in adsorption efficiency 
can be attributed to the ability of Pb ions to strengthen the binding forces 
between TC and the biocomposite [37]. Nevertheless, at 20 mg/L Pb, the 
synergistic effect decreased, most likely owing to the saturation of active 
binding sites on the biocomposite.

On the contrary, Cr competed with TC for the adsorption sites. The 
Ct/C₀ ratio observed in the presence of 5 mg/L Cr (0.517), was moder
ately higher than that of the control (TC only), pointing to a reduction in 
the efficiency of TC adsorption. With the increase in Cr concentration to 
10 and 20 mg/L, the adsorption efficiency continued to decline, which 
suggests that Cr ions were occupying the adsorption sites available for 
TC.

Ni also showed a nearly identical effect. At its lowest concentration 
(5 mg/L), it led to a slight increase in TC adsorption. However, as the 
concentration of Ni increased to 10 and 20 mg/L, higher Ct/C₀ ratios 
were observed, indicating a significant reduction in TC removal effi
ciency. This could be explained by the competitive effect of Ni at higher 
concentrations, which reduces the availability of active binding sites for 
TC.

The different effects of heavy metals on TC adsorption can be 
attributed to the distinct chemical interactions among each metal ion, 
the adsorbent, and the TC molecules [38]. Pb evidently had a greater 
affinity for the various functional groups, such as amino (-NH₂), hy
droxyl (-OH), and carboxyl (-COOH) groups, present on the surface of 
the biocomposite.

This strong interaction may have been responsible for the stabiliza
tion of Pb-TC complexes via coordination bonds or electrostatic in
teractions. Such complexes may have improved TC adsorption by 
increasing the overall affinity for the biocomposite surface. In particular, 
the Pb ion can act as a bridge between TC and the adsorbent, which 
allows it to stabilize the attachment of TC and facilitates multilayer 
adsorption or co-adsorption mechanisms [37,39–41]. For example, 

Fig. 2. Removal of TC over time, either alone or in the presence of Pb (A), Cr (B), and Ni (C) at different initial concentrations (5, 10, and 20 mg/L).
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Zheng et al. reported an increased TC adsorption in the presence of Cu 
via a bridging effect on magnetic chitosan biosorbent [42].

Conversely, Cr and Ni directly competed with TC for the same 
adsorption sites. These metal ions can exert strong electrostatic attrac
tions on negatively charged functional groups, thus limiting the number 
of sites available for binding to TC molecules [43]. With the increase in 
metal concentration, the competition for adsorption at the active sites of 
the biocomposite has likely become more significant. Besides, Cr and Ni 
may not readily form complexes with TC or may form weaker in
teractions compared to Pb, further enhancing the competition.

The removal of heavy metals (Pb, Cr, and Ni) at an initial concen
tration of 10 mg/L was also influenced by the presence of TC at initial 
concentrations of 10, 25, and 50 mg/L (Fig. 3).

Pb showed the highest removal efficiency of 91.20% at 10 mg/L TC. 
However, at 25 and 50 mg/L TC, Pb removal efficiency decreased to 
79.16 and 68.93%, respectively, likely due to higher competition for 
adsorption sites.

Cr and Ni removal efficiencies were lower than that of Pb. Particu
larly, Cr showed removal efficiencies of 68.50, 69.10, 61.01, and 
58.41% in the presence of TC at concentrations of 0, 10, 25, and 50 mg/ 
L, respectively. Ni also followed the same trend, with removal effi
ciencies of 68.51, 65.08, 60.90, and 56.14% under the same conditions.

The adsorption efficiency of the biocomposite towards Cr and Ni 
consistently decreased with increasing TC concentration, confirming 
that both metals are more subject to competitive inhibition by TC [38, 
44].

These findings highlight that Pb has the highest adsorption affinity 
among the heavy metals tested, possibly due to its chemical properties, 
including a larger ionic radius, higher charge density, and stronger 
electrostatic interactions with the biocomposite [45,46].

3.2. Kinetics, isotherms, and thermodynamic study

The kinetics of TC adsorption in the presence of Pb, Cr, and Ni at 
concentrations of 5 and 10 mg/L were analyzed by PFO and PSO models 
(Fig. 4), and the results of the respective kinetic parameters are listed in 
Table 1.

The experimental values of the equilibrium adsorption capacities 
(qₑ,exp ) indicated clear differences in adsorption behavior depending 
on the type and concentration of heavy metals. The PSO model best 
predicted the trial data with a higher range of determination coefficient 
(R² of 0.960–0.996) compared to that of the PFO model (0.865–0.979). 
This confirms that the major mechanism was chemisorption in TC 
adsorption in all the systems [47]. The equilibrium adsorption capacity 
values predicted using the PSO model were in good agreement with the 
experimental ones, especially for the TC-Ni and TC-Cr systems. 

Similarly, the adsorption kinetics of Pb, Cr, and Ni in the presence of TC 
at the concentrations of 10 and 25 mg/L were also evaluated (Fig. 5).

The PSO model consistently provided a closer correlation to exper
imental data, evidenced by much higher R2 values (0.977–0.996) 
compared to the PFO model (0.850–0.953). The values of equilibrium 
adsorption capacity predicted by the PSO model also aligned better the 
experimental results, and the higher PSO rate constants reflected better 
adsorption kinetics, particularly for Cr and Ni at lower TC concentra
tions. These findings support the validity of the PSO model in describing 
the adsorption processes [47,48].

The isotherm study of TC and heavy metals removal was carried out 
by using four isotherm models, namely Langmuir, Freundlich, Dubinin- 
Radushkevich (D-R), and Temkin models. The fitting parameters of each 
model describing the adsorption behavior and mechanisms are pre
sented in Table 2, while Figs. 6 and 7 show the Langmuir isotherm fits.

The Langmuir model closely described TC adsorption and its co- 
adsorption with heavy metals, and with R2 values consistently above 
0.98. The maximum TC adsorption capacity (qmax) increased up to 
505.91 mg/L when Pb concentration was 10 mg/L, suggesting higher 
synergy in adsorption. However, using Cr and Ni at the same concen
tration, qmax decreased slightly to 387.79 and 383.97 mg/g, respec
tively, which is a sign of competitive adsorption. Although the Langmuir 
model provided the best overall fit, the Freundlich, Temkin, and D–R 
models also showed high R² values (> 0.90). This suggests that these 
models offer valuable additional insights into adsorption behavior, 
including favorability, affinity, adsorbate–adsorbent interactions, and 
adsorption energy, especially when competing metal ions are present.

The Freundlich model parameters revealed that TC adsorption in the 
presence of Pb occurred with higher KF values and n values below 1 for 
all systems, which is evidence of favorable adsorption of the mixture of 
TC and heavy metals. In the presence of Cr and Ni, KF values declined 
significantly at higher concentrations, indicating lower affinity due to 
competition between metal ions and TC. The D-R model allowed to es
timate a TC adsorption energy (E = 0.225 kJ/mol) compatible with 
physisorption, as the dominant mechanism. The E value increased with 
the co-adsorption of Pb at a concentration of 10 mg/L, suggesting slight 
chemical bonding. Conversely, the presence of Cr and Ni at higher 
concentrations reduced E to less than 0.16 kJ/mol, suggesting weaker 
physisorption-mediated interactions. The Temkin isotherm model takes 
into consideration the adsorbate-adsorbent interaction effect. In TC-Pb 
systems, bT increased at higher Pb concentrations, reaching 1.602 J/ 
mol, indicating stronger binding energies. However, in TC-Ni systems at 
10 mg/L, bT declined significantly, suggesting less favorable adsorbate- 
adsorbent interactions.

The adsorption of Pb, Cr, and Ni was also compared in the presence 
of TC (Fig. 7). Pb demonstrated the maximum qmax value (518.389 mg/g 

Fig. 3. Removal of Pb (A), Cr (B), and Ni (C) over time either alone or presence of TC at different initial concentrations (10, 25, and 50 mg/L).
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at 10 mg/L TC) according to the Langmuir isotherm. Conversely, the 
qmax values for Cr and Ni decreased with increasing TC concentration, 
highlighting competition for the adsorption sites. KF values from the 
Freundlich model also showed similar trends, with Pb exhibiting the 
strongest multilayer adsorption affinity, while Cr and Ni reducing KF as 
TC concentration increased. The values of E of the D-R model were less 
than 1 kJ/mol across all conditions, further confirming dominance of 
physisorption [49]. Temkin model bT values were consistent with these 
findings, with Pb-TC systems possessing the strongest binding 
interactions.

The thermodynamic parameters, including the standard changes of 
Gibbs free energy (ΔG◦), enthalpy (ΔH◦) and entropy (ΔS◦), were 
calculated to understand the nature of TC adsorption in the presence of 
heavy metals (Pb, Cr, Ni), and heavy metals adsorption in the presence 
of TC on MCA biocomposite. The values of ΔG◦ were determined at 
different temperatures (298 K, 308 K, and 318 K), while ΔH◦ and ΔS◦

were derived from Van't Hoff plots. The values of these thermodynamic 
parameters are given in Table 3.

All ΔG◦ values were negative across the studied temperatures, con
firming the spontaneous nature of the adsorption process [50]. More
over, ΔG◦ became more negative with increasing temperature, 
indicating that higher temperatures more favorable adsorption.

Among the metal ions, Pb showed the most negative ΔG◦ values 
(-10.97 to − 12.84 kJ/mol), suggesting a stronger affinity of the bio
composite for Pb. Conversely, the TC-Ni system (10 mg/L) exhibited the 
least negative ΔG◦ values (-5.25 to − 5.91 kJ/mol), indicating relatively 
weaker interactions. Positive ΔH◦ values for all systems suggest that the 
adsorption process is endothermic. The adsorption of TC alone took 
place with a ΔH◦ value of 18.21 kJ/mol, but this parameter was influ
enced by the presence of heavy metals. The enthalpy change. The 
highest ΔH◦ value (23.13 kJ/mol) was observed for the Ni-TC system 
(25 mg/L), implying stronger energy requirements for adsorption, 
possibly due to competition between TC and Ni for active sites [51].

All systems showed positive ΔS◦ values, indicating greater random
ness at the interface between the adsorbent and solution. TC alone 
showed a ΔS◦ value of 81.83 J/mol⋅K, but this parameter increased in 
the presence of metals, achieving a maximum value of 102.84 J/mol⋅K 
in the Ni-TC system (25 mg/L) The increase in disorder likely resulted 
from the removal of water molecules and structural rearrangement of 
the adsorbate and adsorbent during adsorption [51].

The adsorption of Pb alone resulted in a high ΔS◦ value (93.47 J/ 

Fig. 4. Plots of kinetic PFO (A–C) and PSO (D–F) models, describing TC adsorption in the absence and the presence of Pb, Cr, and Ni at concentrations of 5 and 
10 mg/L.

Table 1 
Values of parameters and determination coefficients (R2) from kinetic models 
used to investigate TC and heavy metals (Pb, Cr, and Ni) adsorption onto MCA 
biocomposite.

Adsorbent PFO PSO

qe,cal k1 R2 qe,cal k2 × 103 R2

TC 428.375 0.023 0.979 411.523 0.029 0.992
TC-Pb (5 mg/L) 338.651 0.014 0.957 416.667 0.052 0.986
TC-Pb (10 mg/L) 341.530 0.016 0.940 403.226 0.051 0.969
TC-Cr (5 mg/L) 321.366 0.019 0.941 367.647 0.031 0.982
TC-Cr (10 mg/L) 351.117 0.016 0.959 313.480 0.043 0.996
TC-Ni (5 mg/L) 360.615 0.017 0.979 370.001 0.023 0.990
TC-Ni (10 mg/L) 384.724 0.021 0.865 312.501 0.323 0.960
Pb 74.630 0.012 0.953 119.047 0.167 0.996
Pb-TC (10 mg/L) 78.469 0.014 0.893 116.270 0.217 0.995
Pb-TC (25 mg/L) 81.126 0.012 0.933 112.360 0.123 0.995
Cr 67.530 0.011 0.870 101.012 0.156 0.976
Cr-TC (10 mg/L) 51.857 0.012 0.850 97.088 0.211 0.978
Cr-TC (25 mg/L) 56.872 0.009 0.870 84.746 0.210 0.978
Ni 104.168 0.132 0.911 104.168 0.132 0.990
Ni-TC (10 mg/L) 74.630 0.012 0.953 119.047 0.167 0.996
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mol⋅K), reflecting substantial disorder because of stronger Pb in
teractions with the adsorbent.

4. Conclusions

This study investigated tetracycline (TC) and heavy metal (Pb, Cr, 
and Ni) adsorption and co-adsorption on a magnetic-chitosan-Arthro
spira platensis (MCA) biocomposite in batch experiments. Results have 

Fig. 5. Plots of kinetic PFO (A–C) and PSO (D–F) models, describing the adsorption of Pb, Cr, and Ni with and without TC at concentrations of 10 and 25 mg/L.

Table 2 
Values of parameters and determination coefficients (R2) from isotherm models used to investigate TC and heavy metals (Pb, Cr, and Ni) adsorption onto MCA 
biocomposite.

Adsorbent Langmuir Freundlich D-R Temkin

qm KL R2 n KF R2 qs B E R2 bT AT R2

TC 421.399 0.086 0.993 0.320 90.380 0.923 360.734 9.917 0.225 0.916 30.850 1.179 0.974
TC-Pb (1 mg/L) 430.857 0.088 0.989 0.314 95.241 0.939 369.321 9.631 0.228 0.904 31.706 1.486 0.975
TC-Pb (5 mg/L) 469.363 0.093 0.985 0.315 105.160 0.909 402.740 8.778 0.239 0.924 28.368 1.404 0.960
TC-Pb (10 mg/L) 505.912 0.105 0.984 0.308 119.386 0.910 433.826 6.265 0.283 0.902 26.538 1.602 0.962
TC-Cr (1 mg/L) 429.973 0.084 0.992 0.323 90.749 0.932 365.721 9.976 0.224 0.908 30.587 1.218 0.976
TC-Cr (5 mg/L) 415.537 0.053 0.981 0.368 66.162 0.907 340.877 25.478 0.140 0.932 28.669 0.583 0.963
TC-Cr (10 mg/L) 387.790 0.046 0.984 0.385 54.992 0.914 313.420 29.775 0.130 0.934 29.910 0.469 0.970
TC-Ni (1 mg/L) 432.886 0.084 0.994 0.324 91.263 0.929 367.714 9.723 0.227 0.902 29.772 1.128 0.979
TC-Ni (5 mg/L) 442.735 0.090 0.990 0.316 97.565 0.917 381.199 9.746 0.227 0.923 29.052 1.178 0.968
TC-Ni (10 mg/L) 383.968 0.057 0.986 0.359 64.252 0.911 315.042 18.885 0.163 0.913 31.364 0.639 0.967
Pb 495.526 0.221 0.998 0.358 117.889 0.929 426.320 1.122 0.668 0.957 32.096 5.936 0.937
Pb-TC (10 mg/L) 518.389 0.226 0.999 0.367 121.623 0.939 448.816 1.255 0.631 0.950 29.541 5.353 0.959
Pb-TC (25 mg/L) 500.781 0.166 0.984 0.366 110.161 0.908 426.449 1.994 0.501 0.976 34.336 6.320 0.881
Pb-TC (50 mg/L) 500.775 0.118 0.986 0.407 88.752 0.894 412.390 3.281 0.391 0.960 32.133 4.279 0.846
Cr 530.791 0.088 0.976 0.451 76.405 0.926 411.743 4.828 0.322 0.981 33.556 3.653 0.852
Cr-TC (10 mg/L) 526.237 0.105 0.968 0.415 89.025 0.914 424.195 3.582 0.374 0.985 33.577 4.468 0.861
Cr-TC (25 mg/L) 523.881 0.081 0.940 0.440 75.250 0.888 414.823 6.559 0.276 0.988 34.605 3.546 0.816
Cr-TC (50 mg/L) 499.270 0.066 0.967 0.473 59.776 0.916 378.460 7.701 0.256 0.987 35.904 2.694 0.837
Ni 459.559 0.092 0.982 0.431 69.741 0.923 367.336 4.404 0.337 0.983 33.943 2.409 0.903
Ni-TC (10 mg/L) 422.914 0.087 0.978 0.417 66.063 0.931 338.810 5.395 0.304 0.978 41.130 3.542 0.879
Ni-TC (25 mg/L) 407.673 0.070 0.981 0.434 56.750 0.947 367.336 4.404 0.337 0.983 49.439 5.154 0.833
Ni-TC (50 mg/L) 410.763 0.059 0.975 0.468 47.717 0.938 310.457 9.091 0.235 0.977 41.378 2.074 0.876
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shown how complex the interactions are between TC and heavy metals 
during their adsorption onto the biocomposite, with the type and con
centration of the pollutants affecting both synergistic and competitive 
interactions. The removal efficiency of TC alone (C0=50 mg/L) was 54% 
within 180 min. The co-presence of Pb at lower concentrations (5 and 
10 mg/L) was found to enhance TC adsorption through a synergistic 
bridging effect, whereas Pb at a higher level (20 mg/L) reduced it due to 

saturation of the active sites. Cr and Ni exhibited competitive adsorption 
and adversely affected the efficiency of TC removal at higher concen
trations. In the same manner, the efficiencies of Pb, Cr, and Ni removal 
were influenced by the presence of TC. Pb clearly showed very good 
adsorption capacity in the whole range studied range with the increase 
in TC concentration. The kinetic study indicated that the pseudo-second- 
order (PSO) model was able to best describe the adsorption behavior of 
both TC and heavy metals, thereby suggesting chemisorption governs 
the adsorption process. Isotherm analysis showed that the Langmuir 
model provided the most suitable fit, thus confirming monolayer 
adsorption. Thermodynamic study confirmed that TC and heavy metals 
adsorption onto the biocomposite was spontaneous and endothermic. 
These findings have important implications for the optimization of 
biocomposite-based adsorbents with the aim of simultaneously 
removing antibiotics and heavy metals from aquatic environments.
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Fig. 6. Langmuir isotherms of TC adsorption in the presence of Pb (A), Cr (B), and Ni (C) at different initial concentrations (5, 10, and 20 mg/L).

Fig. 7. Langmuir isotherms of Pb (A), Cr (B), and Ni (C) adsorption, in the presence of TC at different concentrations (10, 25, and 50 mg/L).

Table 3 
Thermodynamic parameters for adsorption and co-adsorption of TC and heavy 
metals onto MCA. Parameters: standard changes in Gibbs free energy (ΔG◦), 
enthalpy (ΔH◦), and entropy (ΔS◦).

Adsorbate ΔG
◦

(kJ/mol) ΔH◦ (kJ/ 
mol)

ΔS
◦

(J/K. 
mol)

298 K 308 K 318 K

TC (50 mg/L) -6.173 -6.991 -7.810 18.212 81.828
TC-Pb (10 mg/ 

L)
-6.850 -7.493 -8.137 12.342 64.401

TC-Cr (10 mg/ 
L)

-5.218 -5.630 -6.042 7.052 41.176

TC-Ni (10 mg/ 
L)

-5.254 -5.583 -5.912 4.551 32.904

Pb (10 mg/L) -10.974 -11.909 -12.843 16.882 93.474
Pb-TC (25 mg/ 

L)
-9.019 -9.833 -10.647 15.240 81.405

Cr (10 mg/L) -7.815 -8.710 -9.607 18.881 89.584
Cr-TC (25 mg/ 

L)
-6.828 -7.501 -8.174 13.218 67.271

Ni (10 mg/L) -7.723 -8.666 -9.608 20.370 94.272
Ni-TC (25 mg/ 

L)
-7.519 -8.548 -9.576 23.128 102.844
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