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This study focusses on the development of carbon foams (CFs) derived from carbohydrates evaluated
for their adsorptive removal of model pollutants. The influence of different metal nitrates (cobalt, zinc,
iron, magnesium, and chromium) and carbon precursors (cellulose, agar, sucrose, and starch) on the CF
preparation and their effects on the adsorptive removal of tetracycline is extensively studied. CF derived
from zinc nitrate catalyzed agar was studied extensively. Batch adsorption experiments were conducted
to assess the effectiveness of CF under varying initial feed concentrations (25-500 mg L™%), adsorbent
loadings (0.25-1.00 g L™Y), pH range (4.5-9.8), and temperature range (20-35 °C). A maximum adsorp-
tion capacity of 1822 mg g™ was achieved at 500 mg L™ of feed and with an adsorbent loading of
025 g L™ The adsorption data were well-described by the Freundlich isotherm, indicating the
heterogeneous nature of the CF surface, with multiple adsorption sites resulting in a non-uniform
distribution of adsorbate molecules. The adsorption kinetics followed a pseudo-second-order model,
suggesting that chemisorption was the predominant mechanism in the process. Thermodynamic
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analysis indicated that the adsorption process was endothermic and spontaneous, with a positive
entropy change. Additionally, CF demonstrated excellent reusability, maintaining adsorption efficiency
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1. Introduction

Water is essential for sustaining life and ensuring a sustainable
society. However, rapid industrialization and population
growth have led to severe water scarcity and pollution chal-
lenges. Among the various pollutants, soluble and insoluble
organic compounds are particularly significant." The rising
global population, coupled with increased prevalence of viral
infections and declining immunity, has led to higher antibiotic
usage. This results in elevated levels of antibiotics in waste-
water, particularly in developing countries, where monitoring is
often inadequate. Additionally, several low and mid-scale
industries discharge water without any effective treatment into
the river/water bodies despite having stringent laws. Such
unregulated pollutant presence can have severe consequences
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for human health and environmental ecosystems, especially
aquatic life.”

Synthetic pharmaceutical effluents have been extensively
studied to remove various pollutants using different techniques
in the literature that include, ion-exchange,® advanced oxida-
tion processes,* biological treatment,” adsorption, and several
other integrated approaches. Adsorption is considered one of
the most effective techniques for the removal of antibiotics due
to its high efficiency, cost-effectiveness, and ease of operation.
Several carbon-based materials have been widely investigated
for tetracycline removal due to their large surface area, tunable
porosity, and diverse surface functionalities. Foundational
work comparing CNTs, activated carbon and graphite estab-
lished that tetracycline adsorption on graphenic surfaces is
driven by m-n electron-donor-acceptor, cation-n and van der
Waals interactions, with accessibility of sites strongly affecting
affinity.® These interactions highlight the potential of defect-
rich carbonaceous frameworks in providing abundant active
sites for efficient antibiotic removal. Among the several
approaches, adsorption technology is a widely used and pro-
mising technology due to its cost-effectiveness, ease of opera-
tion, high efficiency, and lack of secondary pollution.”
However, for commercial scale operations it is important to
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have a low-cost adsorbent that is abundant in nature that
possess a very high adsorption capacity with robust and effec-
tive treatment with real industrial effluents. Activated carbons
derived from various biomass streams (e.g., coconut shell,
walnut shell) are used extensively in industries as an adsorbent
but they are found to be expensive and need to be improved in
terms of their adsorption capacity as well as lowering the costs
of these adsorbents. In this aspect, a variety of materials have
been developed to enhance the adsorption capacity for the
removal of antibiotics from wastewater, including carbon-based
substances, polymeric materials, clay minerals, metal oxides and
metals, and chitosan.>™" Carbon based materials are recognized
for their effectiveness in removing various pollutants due to their
large surface areas, strong interactions with pollutants, and
numerous pores. Common carbon materials used for the removal
of different pollutants include carbon nanotubes, activated car-
bon, graphene, CF and their composites."

Recent studies have looked into different kinds of 3D porous
materials for cleaning up pollutants like antibiotics, dye, oil
separation etc. CF is a type of porous carbon material that has a
3D interconnected network structure.’® CF is a strong, light-
weight, sponge-like material with excellent thermal and elec-
trical management capabilities and a large surface area,
making it ideal for use as catalyst supports, filters for molten
metals and corrosive chemicals, porous electrodes, and absor-
bers of impact, energy, and sound.**

Different types of precursors for CF include synthetic
organic polymers made of petroleum-based materials, such as
furfural resin, phenol-formaldehyde, and poly arylacetylene,
and agricultural or waste biomass such as tannins, fruit waste,
and lignocellulosic materials.">™"” Another good precursor for
creating CF is carbohydrates such as agar, sucrose, starch etc.
A common disaccharide with 42.1% carbon content, sucrose
readily dehydrates in acidic environments. A macro-porous
carbon structure is produced by this method, which may then
be further carbonized to make a glassy CF.'®'® Direct carboni-
zation, hydrothermal treatment, and freeze-drying are just a
few of the techniques that have been successfully used to
produce CF in which direct carbonization is the most effective
technique.?’

The significance of the present work lies in demonstrating a
rapid, low-temperature, and cost-effective strategy for synthe-
sizing ZnO-carbon foam (CF) from a renewable carbohydrate
precursor (agar), tailored for the efficient removal of tetracycline
as a model antibiotic. Antibiotic contamination is a critical global
challenge, not only due to its persistence in aquatic systems but
also because of its contribution to antimicrobial resistance.
Although a wide variety of biomass-derived carbon materials have
been reported for water purification, most existing approaches
suffer from inherent drawbacks such as high-temperature carbo-
nization (>500-800 °C), extended processing times, multi-step
activation/post-treatments, or reliance on hazardous activating
agents, which hinder their scalability and sustainability. To
address this research gap, our study introduces a one-step synth-
esis completed within 10 minutes at only 180 °C, yielding a
hierarchical macro-meso-microporous CF structure with in situ
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embedded ZnO nanoparticles. This eliminates the need for addi-
tional chemical treatments, reduces energy input and cost, and
minimizes environmental burden. Beyond establishing an effec-
tive proof of concept, this study suggests a sustainable and
scalable pathway for developing multifunctional carbonaceous
adsorbents that can be extended for the removal of a broader
range of emerging organic pollutants from water.

2. Experimental

2.1. Materials

All chemicals and reagents used in this study were of analytical
grade with high purity (>98%). Agar powder, zinc nitrate hex-
ahydrate (Zn(NOs),-9H,0), ferric nitrate nonahydrate (Fe(NOs);-:
9H,0), and chromium nitrate nonahydrate (Cr(NO3);-9H,0) were
purchased from Loba Chemie Pvt. Ltd. Cobalt nitrate hexahydrate
(Co(NO3),-9H,0) was obtained from Fisher Scientific and magne-
sium nitrate hexahydrate (Mg(NOj3),-9H,0), sucrose, and starch
were received from Merck life science private limited. Cellulose
was purchased from Bangalore fine chem. Tetracycline was
procured from Cipla Ltd. Distilled water was used for the synth-
esis of all adsorbents, while reverse osmosis (RO) water was used
for the preparation of feed solution.

2.2. Synthesis of carbon foam

The synthesis of CF typically involved mixing of agar and metal
nitrate (here: zinc) precursors in different weight ratios (1:2) in
a 100 mL beaker and heating on a hotplate. This mixture was
gradually heated and melted into a uniform, thick liquid at a set
temperature of 180 °C. As the temperature increases, the
solution turns into a yellowish homogenous mixture that even-
tually converts into a carbonized black foam. Zinc-based CF was
synthesized within 10 min through a direct reaction between
agar and zinc nitrate. Due to its strong oxidizing properties,
metal nitrate precursors in the above mixture break down and
interact with the agar powder. Dehydration and polymerization
reactions during the pyrolysis of agar will eventually result in the
formation of a complex foam-like structure that is densely
embedded with zinc oxide particles.”*

2.3. Experimental procedure

Tetracycline adsorption studies were carried out in batch mode
in which a stock solution of tetracycline (500 mg L") was
initially prepared, and it was further diluted to the desired
concentrations depending on the experiments. Adsorption
studies were carried out in conical flasks containing a known
amount of CF as an adsorbent and 50 mL of tetracycline
solution for a constant time, with different initial concentra-
tions of tetracycline (25-500 mg L"), different adsorbent
dosages (0.25-1 g L"), different pH (4.5-9.8) and different
temperatures (298, 303, 308 K) in deionized water. Two flasks of
identical samples in replicate were placed on a magnetic stirrer
at 250 rpm for 24 h. After the desired time, the mixtures were
filtered through a 0.22 pm filter membrane, and the residual
tetracycline solutions were analyzed using a UV-visible
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spectrophotometer (HACH-DR6000) at a maximum absorption
wavelength of 358 nm. At equilibrium, the amount of adsorbed
g (mg g~ ") pollutant onto the adsorbent was calculated using
the following eqn (1):

(G—-C)V

Qe = — (1)

where C; and C. are the initial and final concentrations of the
antibiotic solution (mg L™") at equilibrium state, and V and m
are the volumes of the antibiotic solution (L) and mass of the
adsorbent (g), respectively. Among the non-linear isotherm
equations that were used to evaluate the experimental adsorp-
tion data were the Langmuir, Freundlich, and Temkin models.
These equations were used as a means of explaining the
characteristics and processes of the adsorption process. The
pseudo first order model (PFOM), the pseudo second order
model (PSOM), and the intra particle diffusion model (IPDM)
were the four kinetic models used to evaluate the adsorption
kinetics.

2.4. Characterization techniques

Various techniques were used to characterize all the catalysts
synthesized in this study, focusing on their functional groups,
crystallinity, and surface area analysis. The structural and
chemical states of the adsorbent were examined using X-ray
powder diffraction (XRD) with a Rigaku Smart Lab model,
scanning in the 20 range of 10-80° at a speed of 0.1 s~
Additionally, Fourier transform infrared (FTIR) analysis was
performed using a Bruker ALPHA instrument, recording spectra
in the range of 500 to 4000 cm™*. The Brunauer-Emmett-Teller
(BET) surface area was measured using a micrometrics Tristar
3000 V6.08 apparatus. A HACH DR6000 UV-vis spectrophoto-
meter was used to evaluate liquid samples. The morphology was
determined, and the elements were subjectively identified using
field emission scanning electron microscopy (FESEM; JEOL
manufacture JSM-7610 F-Plus equipped with an EDX detector).

2.5. Statistical analysis

Initial preliminary studies were carried out more than 5 times
to test the reproducibility of the tests which demonstrated
>95% confidence level. Based on these initial observations
further tests reported in this study were carried out in repli-
cates. More details of the statistical analysis are mentioned in
the supplementary information.

3. Results and discussion

In this section, we discuss the results of CFs prepared using
different metal precursors and carbon precursors. These differ-
ent CFs were initially tested for adsorption of tetracycline as a
model pharmaceutical pollutant. The best performing CF was
studied in detail under different operating conditions as follows.

3.1. Adsorption studies

3.1.1. Effect of different metal precursors. Structured car-
bons or CFs were prepared under mild conditions where the
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organic carbon precursor was catalytically converted in the
presence of metal nitrate salts resulting in the formation of
ordered structures with high surface areas. Thermal dissociation
of these metal nitrates into gases during the process plays a vital
role in the foaming process. This study evaluates the role of
various catalytic metal precursors such as zinc, cobalt, ferric,
chromium, and magnesium in the preparation of CF derived
from agar as a carbon precursor in terms of their adsorptive
removal of tetracycline. The adsorptive removal of 200 mg L™" of
tetracycline studied with 0.25 g L™" under neutral pH conditions
is shown in Fig. 1. Among the various CFs prepared maximum
removal efficiencies > ~92% were achieved using cobalt and
zinc-based CF. Iron based CF was found to have a removal
efficiency up to 78%, whereas magnesium and chromium were
found to have relatively lower removal efficiencies of 23 and 35%
respectively. These differences in adsorption efficiency are attrib-
uted to the distinct structural and chemical characteristics
imparted by each metal precursor during the carbonization
process. Zinc based CFs were studied further in detail due to
their high removal efficiency, low cost and ease of availability, and
less toxicity, making them more economical for large scale
applications. The overall removal efficiency of tetracycline is in
the order of cobalt > zinc > iron> magnesium > chromium.

Agar, a polysaccharide rich in hydroxyl groups, forms a
uniform hydrogel that undergoes gelation and carbonization
to produce a stable three-dimensional carbon network. When
zinc nitrate is incorporated, the Zn>* ions dissolve completely and
distribute evenly within the agar matrix. These ions coordinate
with the hydroxyl and glycosidic oxygen atoms of agar, reinforcing
the gel network and promoting dehydration and crosslinking at
lower temperatures. This accelerates the aromatization of carbon
structures, leading to improved structural order. During carboni-
zation, zinc nitrate decomposes to form ZnO nanoparticles and
releases gaseous by-products such as NO, and O,. The evolved
gases act as pore-forming agents, creating interconnected macro-
and mesopores, while the ZnO particles serve as rigid templates
that prevent structural collapse.*

Zn(NO3)2'6H20 + agar — Croam T NOXT + COZT + NzT + 7Zn0O
+ H,0

Previous studies in the literature have reported® the role of
transition metals, such as copper, iron, and nickel, as catalysts
in influencing the foaming properties of sugar-based CF. These
studies revealed a decrease in micro-pore content with increas-
ing iron concentration after carbonization and activation.
Among the metals studied, nickel exhibited the highest foam
rise, while iron showed the lowest. Although the activated CFs
demonstrated remarkably high surface areas (868 m> g~ '), their
adsorption capacity for methylene blue was relatively low (max
85 mg g '). A magnetic CF derived from phenolic foam
catalyzed with iron acetylacetonate was reported®! to have a
surface area of 227.5 m* g~ ' with an adsorption capacity of
258 mg g~ ' of rhodamine-B dye. A hierarchically porous iron
containing carbon foam (Fe-CF) synthesized through the car-
bonization of a nano-magnesium oxide/epoxy resin mixture,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00720h

Open Access Article. Published on 26 August 2025. Downloaded on 4/28/2026 3:08:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
100 - = Co(NOy),.6H,0
. } ______________ Zn(NO;),.6H,0
20 ® Fe(NO,),.9H,0
80 E > Mg(NO,),.6H,0
;\? § ¢ Cr(NO,);.9H,0
<~ 70 '
' ] N
o \\
5 60-
S 50
R
2 40 -
E | 3
& 30
20 )
10
0 2+ T2+ 5 T2+ !
Co Zn Fe** Mg cr’’

Metal nitrate catalysts

Fig.1 The removal efficiency of tetracycline with an agar based CF catalyzed with different metal nitrates (experimental conditions:

feed concentration = 200 mg L™, adsorbent loading = 0.25 g L™, pH = 7).

followed by activation with ferric nitrate activation was reported
to®® exhibit high adsorption capacities for Congo red (CR)
(1263 mg g '), malachite green (MG) (679 mg g~ '), and
methylene blue (MB) (484 mg g™ ").

3.1.2. Role of different carbon precursors. Structured CF
can be prepared from different carbon precursors such as
disaccharides, starch and carboxylic acids, by direct polymer-
ization in the presence of metal catalysts. The foaming reac-
tions are usually exothermic in nature, and they typically occur
within the temperature range of 120-160 °C leading to a variety
of structured CF depending on the carbon precursors used. The
purpose of this study is to evaluate the performance of the CF
derived from various carbon precursors such as cellulose,
sucrose, starch and agar on the adsorptive removal of tetracy-
cline, as shown in Fig. 2. The findings revealed that the CF
derived from cellulose exhibited the highest removal efficiency
of ~94%, followed by agar at ~93%, sucrose at ~91%, and
starch powder at ~90% with 200 mg L™" of tetracycline feed
and 0.25 g L™ of adsorbent. These results suggest that the CFs
with different precursors have the least impact on the adsorp-
tion behavior in terms of tetracycline removal and this can be
attributed to the maximum and equivalent amounts of func-
tional groups present in all the CFs prepared with different
carbon precursors [see Section 3.2].

CFs derived from different precursors exhibit varying struc-
tural properties due to the distinct polymerization reactions that
occur with each type of carbon precursor. Polymerization gen-
erally proceeds in two steps. The first step involves the evapora-
tion of the solvent (in this case, water), leading to the cleavage of
glycosidic bonds between individual monosaccharide units,

© 2025 The Author(s). Published by the Royal Society of Chemistry

yielding glucose and fructose.”® In the second step, the polymer-
ization of hydroxyl (OH) groups occurs, facilitated by catalytic
materials. This process forms C-O-C bonds that link the sugar
units, constructing the backbone structure of the foam.

Previous reports of CF synthesis from different carbon
precursors based on carbohydrates such as glucose, sucrose
and starch have been reported”® to achieve more or less similar
adsorption capacities for nickel removal. The adsorption capa-
cities of 48.5, 42.4 and 41.1 mg g~ * were obtained with glucose,
sucrose and starch derived CF that are activated using phospho-
ric acid. These CFs had a maximum surface area of 700 m* g~ .
CFs derived from agar and table salt in 1: 4 ratio were reported>”
to have a surface area of 365 m> ¢~ and they exhibited a high
oil/organic solvent adsorption capacity ranging from 84 to 202
times its own weight. While CFs prepared using zinc nitrate
catalyst with different carbohydrates such as glucose, maltose,
and starch were reported”® to have similar adsorption capacities
of 376,378, and 377 mg g~ * for tetracycline removal. The surface
areas of these CFs were found to be 48.9, 40.9 and 38.1 m”> g~
with glucose, maltose and sucrose respectively. Similar observa-
tions were made when the CF was prepared from sucrose and
zinc nitrate hexahydrate (1:2), which demonstrated a removal
efficiency of 77% for malachite green.”® Therefore, CFs derived
from various carbon precursors exhibited comparable adsorp-
tion capacities for pollutants, due to their similar functional
group content and structural properties influenced by precursor-
specific polymerization reactions.

3.1.3. Adsorption of different antibiotics. Based on the
above screening studies, further detailed studies were con-
ducted with agar-based CF prepared in the presence of zinc

Mater. Adv., 2025, 6, 7450-7468 | 7453
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nitrate catalyst. Preliminary studies were focused on evaluating
the performance and efficiency of the CF in the removal of
various synthetic pharmaceutical model compounds. The
adsorption studies with CF derived from agar catalyzed by zinc
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Fig. 2 Influence of different CF derived from various carbon-based precursors catalyzed with zinc nitrate on the removal efficiency of tetracycline
[experimental conditions: feed concentration = 200 mg L™%, adsorbent loading = 0.25 g L%, pH = 7I.

catalyst were carried out for the removal of different antibiotics
such as ciprofloxacin, tetracycline, azithromycin, and amoxicil-
lin and the results are presented in Fig. 3. The results indicate
that the removal efficiencies for tetracycline and ciprofloxacin
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Fig. 3 Removal efficiency of different antibiotics with zinc catalyzed aga
absorbent loading = 1 g L™ temperature = 30 °C, pH = 7I.
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are notably high, at ~87% and ~ 78%, respectively. In contrast,
the removal efficiency for amoxicillin and azithromycin are
considerably lower, at 39% and 29%, respectively. These nota-
ble changes in the removal efficiency highlight the selective
adsorption capability of CF towards different antibiotics, likely
attributable to the pollutant’s molecular structure, interactions
with the CF’s porous network and surface functionality.
Tetracycline and ciprofloxacin possess relatively compact
molecular structures with multiple functional groups, such as
hydroxyl, amine, and carboxyl groups, capable of forming
hydrogen bonds with the zinc-catalyzed CF surface. The
presence of oxygenated functional groups (e.g., C—0, -OH)
on the CF, along with residual zinc species, facilitates hydrogen
bonding and electrostatic interactions with these antibiotics.
Additionally, the pore size of the CF is an important parameter,
likely aligning well with the smaller molecular dimensions of
tetracycline and ciprofloxacin, enabling their efficient diffusion
into the porous structure. In contrast, azithromycin, with its
bulky macrolide structure, and amoxicillin, with a larger amine
side chain, face steric hindrance that impedes their diffusion
into the CF’s micropores. These synergistic factors collectively
account for the higher adsorption efficiencies observed for
tetracycline and ciprofloxacin compared to the bulkier mole-
cules, such as azithromycin and amoxicillin. These structure-
dependent differences are consistent with the overall adsorp-
tion mechanism proposed in this study. While smaller, planar
antibiotics (tetracycline and ciprofloxacin) can exploit hydrogen
bonding, electrostatic interactions, and n-n stacking with the
CF surface, bulkier molecules such as azithromycin and amox-
icillin are sterically hindered from accessing micropores and
forming such interactions. This highlights that the selective
adsorption capability of CF arises from the interplay between
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its hierarchical porous structure, surface functionality, and the
molecular architecture of the pollutants.

3.1.4. Effect of adsorbent loading. The influence of differ-
ent adsorbent loadings ranging from 0.25 to 1 ¢ L™ on the
removal efficiencies of tetracycline is shown in Fig. 4. It is
evident from the figure that the removal efficiency reduced
slightly from 92 to 89% with decreasing the adsorbent dosage
from 1 to 0.25 g L™ ". It is noteworthy that the adsorbent capacity
increases by four fold from 174 mg g~ " to 724 mg g~ with a drop
in adsorbent loading from 1 to 0.25 g L™". This trend suggests
that, at lower dosages, the adsorbent’s ultra-high capacity
enables more efficient utilization of its active sites, leading to a
higher adsorption capacity per unit mass. Excessive dosages
provide more active sites than necessary, which remain under-
utilized and result in a lower specific adsorption capacity. Never-
theless, the overall removal efficiency remains high due to the
increased mass of adsorbent in the system. Indeed, similar
adsorption characteristics were reported*’ elsewhere with adsor-
bents exhibiting super adsorption capacities under different
adsorbent loadings.

3.1.5. Effect of feed concentration. The impact of feed
concentration on the adsorption of tetracycline was studied
within the range of 25-500 mg L' at a constant adsorbent
dosage of 0.25 ¢ L™ " and the results are shown in Fig. 5. As the
initial concentration increased from 25 to 500 mg L, the
adsorption capacity rose significantly from 48 to 1822 mg g~ .
The notable increase in adsorption capacity with higher initial
feed concentrations can be attributed to the increased concen-
tration gradient, which provides a stronger driving force for
adsorption. At elevated concentrations, there is a greater avail-
ability of tetracycline molecules, which increases the likelihood
of adsorption onto the available active sites of the adsorbent.
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Fig. 4 Effect of adsorbent loading on the adsorption capacity of CF and the removal efficiency of tetracycline [experimental conditions: feed

concentration = 200 mg L%, adsorbent loading = 0.25to 1 g L™, pH = 7].
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Fig. 5 Effect of initial feed concentration of tetracycline on the equili

brium adsorption capacity and removal efficiency with CF (experimental

conditions: feed concentration = 25 to 500 mg L™, adsorbent loading = 0.25 g L™, pH = 7).

This enhanced interaction results in a more effective utilization
of the adsorbent’s capacity until equilibrium is reached. As a
result, the equilibrium adsorption capacity significantly
increases as the feed concentration rises.*’

3.1.6. Effect of contact time. The equilibrium adsorption
capacity was determined by studying the variation in the adsorp-
tion capacity with time over a 24 h period with three different
feed concentrations of tetracycline (100, 200 and 500 mg L™ %).

Both removal efficiency and the adsorption capacity increased
with increasing contact time until the equilibrium was reached
(Fig. 6). Initially, a sharp increase in adsorption capacity was
observed, which can be attributed to the rapid occupation of
available adsorption sites on the adsorbent, facilitated by the
high availability of unoccupied sites during the early stages. The
results indicate that equilibrium for tetracycline adsorption was
achieved within 3 h. These observations are reported®! in the
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Fig. 6 Effect of contact time on the adsorption capacity of tetracycline over CF (experimental conditions: feed concentration = 100, 200, 500 mg L™,

adsorbent loading = 0.25 g L™, pH = 7).
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literature where the equilibrium adsorption capacity depends on
the type of pollutant, adsorbent, and initial feed concentration.

3.1.7. Effect of pH. The initial pH of the solution is a
critical parameter influencing the adsorption process, as it

View Article Online
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was selected as it encompasses slightly acidic, neutral, and
basic conditions commonly encountered in natural waters and
wastewater effluents (typically pH 6-9). This range allows
evaluation of adsorption behavior across environmentally rele-

% affects both the surface charge of the adsorbent and the vant conditions, ensuring practical significance for real water
= ionization state of the adsorbate, thereby impacting interaction treatment applications. As shown in Fig. 7a, the adsorption
B mechanisms and overall efficiency. The pH effect on tetracy- capacity increased from 664 mg g~ " at pH 4.5 to 725 mg g~ ' at
§_ cline adsorption was studied by adjusting the solution pH from pH 7 and reached ~731 mg g~ " at pH 9.8. At higher pH, both
g 4.5 to 9.8 with 0.25 g L ™" of adsorbent. The pH range of 4.5-9.8 the carbon foam surface and tetracycline molecules become
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Fig. 7 Effect of different solution pH on (a) the adsorption capacity of tetracycline over CF and (b) zeta potential values of CFs (experimental conditions:
feed concentration = 200 mg L~%, adsorbent loading = 0.25 g L™%).
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negatively charged, which typically leads to electrostatic repul-
sion. However, strong surface complexation/chemisorption and
n-1 interactions can overcome these barriers, enabling selective
uptake even under unfavorable conditions.**** The presence of
abundant surface defects and functional groups further provides
additional binding sites, contributing to the high adsorption
efficiency. Conversely, at acidic pH, the removal efficiency
slightly decreased due to increased protonation of active sites
and electrostatic repulsion, though hydrogen bonding and n-n
interactions still facilitated adsorption. These results highlight
the significant role of pH in controlling tetracycline uptake by
carbon foam, with neutral to alkaline conditions being optimal.
A similar trend was reported®**® in another study, where the
adsorption capacity increased from 76.3 to 215 mg g~ " as the pH
rose from 2 to 7 and remained around 205 mg g ' at pH 10. At
lower pH, increased protonation of active sites led to enhanced
electrostatic repulsion, thereby decreasing adsorption efficiency.

The zeta potential data for CFs across different pH values
provides insight into their surface charge and interaction with
tetracycline pollutant (Fig. 7b). The CFs show a point of zero
charge (PZC) around pH 7, indicating minimal surface charge
at neutral pH. At acidic pH (3.5 to 7), the CF surface is slightly
negative, while tetracycline exists in its cationic form. This
creates favorable conditions for electrostatic attraction, parti-
cularly at lower pH levels like 3.5, where the negative surface
charge of the CF supports adsorption. As pH increases, the zeta
potential becomes more negative where CFs are highly
negatively charged at pH 8.5. However, at this pH, tetracycline
begins to transition into its anionic form, leading to electro-
static repulsion and a decrease in adsorption. At highly alkaline
pH (11.5), both the CF surface and tetracycline are negatively
charged, further inhibiting adsorption due to repulsive forces.

3.1.8. Effect of temperature. To understand the adsorption
behavior of CFs towards tetracycline, adsorption capacity was
studied over a temperature range of 293-308 K at different
initial concentrations of tetracycline (50, 100, and 200 mg L™ 1).
The tested temperatures (20-35 °C) were chosen to reflect
realistic environmental and operational conditions in aquatic
systems and wastewater treatment processes. This range covers
typical seasonal and climatic variations, from temperate regions
(~20 °C) to tropical/subtropical conditions (~35 °C), thereby
ensuring the relevance of the adsorption results to actual field
applications. Adsorption studies at a range of temperatures are
crucial for determining the thermodynamic feasibility and
understanding the nature of interactions between the adsorbent
and the adsorbate. It provides insights into the endothermic
or exothermic nature of the adsorption process and reveals how
temperature influences the spontaneity and mechanism of
adsorption that is essential for designing efficient adsorption
systems. Thermodynamic analysis was conducted to determine
the mechanism of adsorption by calculating key thermodynamic
parameters, including Gibbs free energy (AG), enthalpy change
(AH), and entropy change (AS).

The change in Gibbs free energy (AG) was calculated using
eqn (3), while the adsorption entropy (AS) and adsorption
enthalpy (AH) were calculated from the slope and intercept of
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Table 1 Thermodynamic analysis of tetracycline adsorption on carbon
foam

AG° (K] mol™)

C, AH® AS°
(mg.L™") (kymol™) (Kymol™*K') 20°C 30°C 35°C

50 6.206 0.0397 —5.255 —5.759  —6.078
100 2.856 0.0358 —-7.660 —7.934  —8.221
200 9.799 0.0645 —9.071 —9.808 —10.038

the plot of InK versus 1/T. A comprehensive summary of all
calculated thermodynamic properties is provided in Table 1.

qe
K= C. (2)
AG = —RTIn(K) 3)
(k) = 22 20 (@

where T is the temperature in kelvin, R is the gas constant
(8.314 J mol ™' K "). AG, AH, and AS are the Gibbs free energy
(k] mol™ "), enthalpy (kJ] mol '), and entropy (k] mol ' K™ '). K
represents the equilibrium constant, determined by the ratio of
ge (adsorption capacity in mg g~') to C. (equilibrium concen-
tration in mg L™").%°

The negative values of AG for the adsorption of tetracycline
onto CF indicate that the adsorption process is thermodyna-
mically favorable and spontaneous across the studied tempera-
ture range. As the temperature increases, AG becomes more
negative, suggesting that higher temperatures enhance the
adsorption of tetracycline. The calculated AG values ranged
from —20 to 0 k] mol ', suggesting that physical adsorption is
the predominant mechanism®”.

The positive AH value indicates that the adsorption process
is endothermic, meaning higher temperatures favor greater
adsorption of tetracycline. The relatively low AH value (less than
40 kJ mol ') is consistent with physisorption as the dominant
mechanism.” This behavior confirms that the adsorption process
is enhanced with increasing temperature. Additionally, the posi-
tive AS value suggests an increase in randomness at the solid-
solution interface during adsorption, likely due to the displace-
ment of structured water molecules or ions. This entropy increase
contributes to the favorability of the adsorption process when
accompanied by a sufficiently negative AH to ensure an overall
negative AG. The positive AS also implies the stability and
irreversibility of the adsorption process®.

3.1.9. Adsorption kinetics. The kinetics of tetracycline
adsorption on to CF plays a vital role to gain insights into the
adsorption mechanism and understand the effect of contact
time on the adsorption capacity. The kinetic data was obtained
by recording tetracycline concentration at fixed time intervals
with varied initial feed concentrations and was modeled using
the pseudo-first-order, pseudo-second order and intra-particle
diffusion model equations as shown in eqn (5) to eqn (7)
respectively.

The pseudo-first order kinetic model (PFOM):
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(5)

where k; is the pseudo first-order adsorption rate constant
(min™"), g, is adsorption capacity (mg g™ ') at time (¢) and g.
is the adsorption capacity at equilibrium (mg g™ ).

The pseudo-second-order kinetic model (PSOM):

In(ge — g = In(qe) — kut

t 1 1

— =t —(t 6

@ kg qe( ) ©)

where g is adsorption capacity (mg g™ ) at equilibrium and &, is

the equilibrium rate constant (min ") for second-order kinetics.
The intraparticle diffusion model (IPDM), introduced by

Weber and Morris.*®

qe = kitl/z +C

(7)

where ¢, is the adsorption capacity (mg g~ ') at time ¢ (min). &;
(mg g~ h™"?) is the intraparticle diffusion rate constant and C
is associated with the boundary layer thickness.

The results of the model fitting for the adsorption kinetics
are illustrated in Fig. 8, and the corresponding kinetic para-
meters are presented in Table 2. In comparison to the PFOM
with R? value of 0.9443-0.9597, the PSOM illustrated a better fit
to describe the adsorption process of tetracycline over the CF.
Additionally, the fitted kinetic parameter values for adsorption
capacity (g.) determined from PFOM differed from the experi-
mental values () at equilibrium.*® The high R* values of
0.99-1.00 for PSOM reflects that this model effectively describes
the adsorption kinetics at varied feed concentrations. The g.
values determined using PSOM fitting agrees well with the
experimental values for 