Waste-to-resource conversion of coconut shells into
activated carbon for tetracycline removal

ABSTRACT

The increasing occurrence of antibiotic residues in aquatic environments has raised serious ecological and
public health concerns, particularly because they promote antibiotic resistance. In this study, coconut shell waste
was converted into activated carbon (CSAC) through a thermal carbonization process and applied as a low-cost
and sustainable adsorbent for tetracycline (TC) removal from aqueous solutions. The prepared CSAC was
comprehensively characterized by SEM-EDX, XRD, FTIR, N, adsorption—desorption isotherms, and pHp,c
analysis to elucidate its structural, textural, and surface chemical properties. CSAC exhibited a rough and porous
morphology, a predominantly amorphous carbon structure, abundant oxygen-containing functional groups, and a
micro-mesoporous framework with a specific surface area of 354.54 m? g''. Batch adsorption experiments were
conducted to investigate the effects of contact time, pH, and initial TC concentration. Adsorption kinetics were
best described by the pseudo-second-order model, indicating chemisorption as the dominant rate-controlling
mechanism, while intraparticle diffusion also contributed to the adsorption process. Equilibrium data fitted well
to the Langmuir isotherm model, revealing monolayer adsorption with a maximum adsorption capacity of 10.49
mg g'. The adsorption performance was strongly pH-dependent, with higher removal efficiency under acidic
conditions. Regeneration studies demonstrated that CSAC retained good adsorption efficiency over multiple
cycles, highlighting its stability and reusability. Overall, this work demonstrates an effective waste-to-resource
strategy for producing bio-based activated carbon and offers a sustainable solution for treating antibiotic-

contaminated water.
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1. INTRODUCTION

The increasing use of antibiotics has become a
significant environmental concern because of
their continuous release into natural water bodies
from pharmaceutical manufacturing effluents,
hospital wastewater, livestock farming, and
improper disposal of unused medicines [1], [2].
Tetracycline is among the most frequently
detected antibiotics in  surface  water,
groundwater, and drinking water sources, due to
its extensive use, low biodegradability, and
persistence in aquatic environments [3]-[5]. The
presence of tetracycline residues poses
substantial ecological and public health risks,
including the development of antibiotic-resistant
bacteria and genes, toxicity to aquatic organisms,
and long-term disruption of microbial ecosystems
[6], [7]. Conventional wastewater treatment
processes are often ineffective at completely
removing tetracycline due to its complex
chemical structure, multiple ionizable functional
groups, and high stability across diverse
environmental conditions. Therefore, advanced
and effective treatment strategies are urgently

needed to address antibiotic contamination.
Among the wvarious approaches studied,
adsorption has emerged as a promising and
practical method because of its simplicity, cost-
effectiveness, operational flexibility, and high
removal efficiency for a wide range of organic
micropollutants, including antibiotics such as
tetracycline [8]-[11].

Activated carbon is recognized as an efficient
adsorbent for removing antibiotics from water
due to its high specific surface area, well-
developed porous structure, and abundant surface
functional groups. However, its large-scale and
sustainable application is constrained by high
production costs and dependence on non-
renewable precursors such as coal and petroleum-
based materials. Recent research has focused on
developing activated carbon from biomass waste,
which offers a low-cost, renewable, and
environmentally friendly alternative [12]-[14].
Agricultural residues, in particular, offer
significant advantages due to their abundance,
low economic value, and high carbon content.
Coconut shells are a promising precursor due to



their high lignin content, inherent hardness, and
excellent thermal stability, which facilitate the
production of activated carbon with well-
developed micro- and mesoporous structures.
Converting coconut shell waste into high-value
activated carbon reduces environmental burdens
associated with biomass disposal and supports
waste-to-resource  valorization and circular
economy principles, thereby contributing to
sustainable environmental management.

This study transforms discarded coconut shells
into powerful activated carbon, turning
agricultural waste into a valuable tool for
removing tetracycline from water. By utilizing
this sustainable process, the research not only
addresses antibiotic pollution but also revitalizes
an abundant resource. The activated carbon is
thoroughly examined to uncover its unique
structure and surface features, while its ability to
capture contaminants is rigorously tested.
Through detailed analysis of adsorption behavior
and mechanisms, the work uncovers the science
behind its effectiveness. Ultimately, this research
showcases how waste can be reimagined as a
solution for cleaner water and a healthier
environment.

2. EXPERIMENTS
2.1. Materials and chemicals

Raw coconut shells were collected from local
sources in Viet Nam, thoroughly washed with tap
water followed by deionized (DI) water to
remove adhering impurities, and dried at 105°C
for 24 h. Tetracycline hydrochloride (TC, >98%)
was used as the target antibiotic. Hydrochloric
acid (HCl, 37%) and sodium hydroxide (NaOH)
were of analytical grade and used without further
purification. All solutions were prepared with DI
water. The pH of solutions was adjusted using
0.1-1.0 M HCI/NaOH.

2.2. Preparation of coconut shell-derived
activated carbon

Dried coconut shells were crushed and sieved to
obtain particles sized 0.5-2.0 mm. The material
was carbonized in a tubular furnace under a
nitrogen atmosphere at a flow rate of 100 sccm.
The temperature was increased from room
temperature to 650°C at 10°C/min and held for 2
hours. The product was cooled to room
temperature, dried at 105°C, and stored in airtight
containers. The resulting activated carbon was
labeled CSAC.

2.3. Characterization of activated carbon

Surface morphology and elemental composition
were analyzed using SEM-EDX. Textural
properties, including specific surface area, total
pore volume, and pore size distribution, were
measured by N» adsorption—desorption isotherms
at 77 K with the BET method. Surface functional
groups were identified by FTIR (4000—-400 cm™).
Crystallinity and carbon structure were assessed
by XRD (Cu Ka). The point of zero charge
(pHpzc) was determined using the pH drift
method.

2.4. Adsorption of tetracycline by CSAC

Batch  adsorption  experiments  assessed
tetracycline (TC) removal using coconut shell—
derived activated carbon. A TC stock solution
was prepared in deionized water and diluted as
needed. Adsorption tests involved mixing a
measured amount of adsorbent with the TC
solution under controlled agitation and
temperature. At regular intervals, samples were
filtered, and UV—Vis spectrophotometry at 275
nm was used to measure the remaining TC
concentrations. The study systematically
examined the effects of pH, contact time, and
initial TC concentration. Adsorption capacity and
removal efficiency were calculated by mass
balance. Kinetic data were analyzed using
pseudo-first-order, pseudo-second-order,
Bangham, and Elovich models. Equilibrium data
were fitted to Langmuir, Freundlich, Elovich, and
Temkin isotherms.

2.5. Regeneration and reusability

After adsorption, TC-loaded CSAC was
separated and regenerated using ethanol and
thermal treatment at 120°C for 120 min, then
washed to neutral pH and dried. The regenerated
adsorbent was reused for seven cycles under
identical conditions to evaluate stability.
Regeneration efficiency was reported as the
percentage of TC removed in each cycle that was
retained after each cycle.

3. RESULTS AND DISCUSSION
3.1. Characterization of CSAC

Figure 1 presents SEM images depicting the
surface morphology of coconut shell-derived
activated carbon (CSAC) produced by
carbonization at 650°C under a nitrogen
atmosphere. At low magnification (Figure 1a),
CSAC displays a rough, fractured, and
heterogeneous surface with numerous cavities
and cracks, indicative of biomass decomposition
and the release of volatile components during
thermal treatment. These characteristics suggest
the development of a porous carbon framework
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conducive to adsorption. The high-magnification
image (Figure 1b) shows that the pores are well-
developed and connected, with sizes that are

about 450 to 800 nm. This hierarchical porosity
facilitates mass transfer and provides accessible
adsorption sites, thereby enhancing the uptake of
tetracycline molecules from aqueous solutions.

Figure 1. SEM images of CSAC.

The X-ray diffraction (XRD) pattern of CSAC
(Figure 2a) shows two broad diffraction peaks at
approximately 20 23.3° and 43.4°,
corresponding to the (002) and (100) planes of
turbostratic carbon, respectively. The lack of
sharp crystalline peaks indicates a predominantly
amorphous carbon structure, which results from
biomass carbonization under an inert atmosphere.
This disordered structure enhances adsorption
capacity by providing numerous defects and
active sites. The Fourier-transform infrared

(FTIR) spectrum (Figure 2b) identifies various
oxygen-containing functional groups on the
CSAC surface, including a broad band near 3400
cm! attributed to O—H stretching, peaks around
2920-2850 cm™!  corresponding to C-H
stretching, and bands near 1570-1600 cm
associated with C=C stretching in aromatic rings.
Additional peaks in the 10001300 ¢cm™ range
indicate C-O stretching vibrations, confirming
the presence of surface functionalities that
facilitate tetracycline adsorption.
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Figure 2. XRD pattern (a) and FTIR spectrum (b) of CSAC.

The EDX spectrum of coconut shell-derived
activated carbon (CSAC), presented in Figure 3a,
confirms that carbon, comprising 84.39 wt%
(88.04 at%), is the predominant element,
indicating effective carbonization of the coconut
shell precursor. Oxygen is the next most abundant
element (14.96 wt%), signifying the presence of
oxygen-containing functional groups on the
carbon surface that facilitate adsorption
processes. Trace amounts of sulfur, chlorine, and

calcium are also observed, likely originating from
intrinsic biomass constituents or residual
inorganic impurities after thermal treatment. The
lack of significant metallic impurities further
demonstrates CSAC's high purity. These
elemental characteristics collectively support the
development of a carbon-rich, functionalized
surface structure that is well-suited for the
efficient adsorption of tetracycline from aqueous
solutions.
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Figure 3. EDX pattern (a) and N» adsorption-desorption isotherms of CSAC.

The N, adsorption—desorption isotherm of
coconut shell-derived activated carbon (CSAC),
as presented in Figure 3b, displays a type IV
isotherm with a pronounced hysteresis loop,
indicating the presence of mesoporous structures.
A marked increase in N, uptake at low relative
pressures (P/Po < 0.1) indicates micropore
contribution, whereas the gradual adsorption at
higher P/Po values corresponds to mesopore
filling. The measured textural parameters, such as
a specific surface area of 354.54 m? g’!, total pore
volume of 0.029 cm® g!, and average pore radius
of 1.97 nm, confirm the formation of a micro-
mesoporous carbon framework. This hierarchical
porosity increases accessible surface area and
promotes mass transfer, thereby enhancing the
adsorption of organic compounds from aqueous
solutions.

3.2. Adsorption of tetracycline by CSAC

The adsorption kinetics of tetracycline (TC) onto
coconut shell-derived activated carbon (CSAC)
were evaluated using pseudo-first-order (PFO),
pseudo-second-order (PSO), Elovich, and
Bangham models (Figure 4 and Table 1). Among
these, the PSO model shows the best fit, with the
highest correlation coefficient (R?=0.98901) and
a calculated equilibrium adsorption capacity (q. =
6.84 mg g') close to the experimental value,
indicating that chemisorption is the dominant
rate-controlling mechanism. The PFO model
exhibits a lower R? (0.90691), suggesting limited
applicability. The Elovich model (R? = 0.91444)
implies  surface heterogeneity and the
involvement of energetically diverse active sites.
Meanwhile, the excellent fit of the Bangham
model (R?> = 0.93124) indicates that pore
diffusion also contributes to the adsorption
process. Overall, TC adsorption on CSAC
proceeds through a combination of surface
chemical interactions and intraparticle diffusion.
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Figure 4. Kinetics adsorption of TC by CSAC: PFO (a), PSO (b), Elovich (c), and Bangham (d).

Table 1. Parameters of kinetic adsorption of TC by

CSAC
Models | Parameters | Value R?
Pseudo- | ki (min') | 0.01258
first 0.90691
order ge (mg g | 5.65432
-1
Pseudo- kiffn‘_?;g 0.00299
second 0.98901
order | (mggl) | 6.83761
a(mgg') | 0.69566
Elovich 0.91444
b (gmg?) | 0.90667
A 0.23119
Bangham 0.93124
kg 0.25444

The adsorption isotherms of tetracycline (TC)
onto coconut shell-derived activated carbon

(CSAC) were analyzed using Langmuir,
Freundlich, Temkin, and Elovich models (Figure
5 and Table 2). Among them, the Langmuir
model provides the best fit with the highest
correlation coefficient (R* = 0.99301), indicating
monolayer adsorption on a homogeneous surface
with a maximum adsorption capacity ((max) of
10.49 mg g'. The favorable Langmuir constant
(Kp = 0.3585 L mg') reflects a strong affinity
between TC molecules and CSAC. The
Freundlich model shows a lower R? (0.9208) but
an n value of 2.90, suggesting favorable
adsorption on a heterogeneous surface. The
Temkin model also fits well (R? = 0.9869),
implying that adsorption heat decreases with
surface coverage due to adsorbent—adsorbate
interactions. The Elovich model presents a
reasonable correlation (R? = 0.9528), further
supporting surface heterogeneity. Overall, TC
adsorption on CSAC is predominantly monolayer
with  contributions  from  heterogeneous
interactions.
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Figure 5. Isotherm adsorption of TC by CSAC: Langmuir (a), Freudlich (b), Temkin (c), and Elovich (d).

Table 2. Parameters of isotherm adsorption of TC by CSAC.

Model Parameter Value R?

(max (Mg g) 10.4899

Langmuir 0.99301
K (L mg?) 0.3585
n 2.8987

Freundlich 0.9208
Kr ((mg g!).(L mgH)"™) | 1.6623
br (kJ mol™) 1.4247

Temkin 0.9869
Ky 7.9882
Qo(mg g™) -2.7059

Elovich 0.9528
Ke (g mg™) -0.0308

Figure 6 illustrates the surface charge behavior of
CSAC and the corresponding removal efficiency
of tetracycline (TC) as a function of solution pH.
As shown in Figure 6a, the point of zero charge

(pHp»e) of CSAC is approximately 4.62,
indicating that the adsorbent surface is positively
charged at pH < 4.62 and negatively charged at
higher pH values. Figure 6b demonstrates that TC
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removal efficiency decreases markedly with
increasing pH, from about 85% under acidic
conditions (pH = 3) to around 30% at alkaline pH
(=11). This trend can be attributed to electrostatic
interactions between TC species and the CSAC
surface, as well as changes in TC speciation with
pH. At pH below pHy., strong electrostatic
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attraction  enhances  adsorption,  whereas
electrostatic repulsion at higher pH reduces TC
uptake. These results highlight the pH-dependent
adsorption behavior and confirm the importance
of surface charge in governing TC removal by
CSAC.
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Figure 6. pHpzc (a) and TC removal efficiency (b) with different pH by CSAC.

3.3. Regeneration and reusability

Figure 7 illustrates the time-dependent removal
efficiency and reusability of CSAC for
tetracycline (TC) adsorption. As shown in Figure
7a, the efficiency of TC removal increases
steadily over time, rising from approximately
40% after 30 minutes to approximately 65% after
360 minutes. The rapid initial absorption occurs
because many active sites are available on the
CSAC surface; however, the rate slows as these

sites fill, and it becomes more difficult for TC to
diffuse into the CSAC. Figure 7b demonstrates
the recyclability of CSAC over five consecutive
adsorption cycles. Although a slight decrease in
removal efficiency is observed, from around 67%
in the first cycle to about 62% after the fifth cycle,
CSAC maintains relatively stable performance.
This result shows that CSAC is highly stable and
can be reused -effectively, highlighting its
usefulness for cleaning water contaminated with
antibiotics.
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Figure 7. Removal efficiency of TC vs. time (a) and after 5 cycles (b) on CSAC.
4. CONCLUSION tetracycline from aqueous solutions. The
prepared CSAC exhibited a porous and

This study successfully demonstrates the waste-
to-resource conversion of coconut shells into
activated carbon for the effective removal of

heterogeneous carbon structure with abundant
surface functional groups and favorable textural
properties, which collectively contributed to its
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adsorption performance. Adsorption kinetics
followed a  pseudo-second-order  model,
indicating that chemisorption dominated the
removal process, with pore diffusion also playing
a significant role. The Langmuir isotherm
provided the best description of equilibrium
behavior, confirming monolayer adsorption with
a maximum capacity of 10.49 mg g'. The
adsorption efficiency was strongly influenced by
solution pH, with enhanced TC uptake under
acidic conditions due to favorable electrostatic
interactions. Importantly, CSAC maintained a
relatively stable removal efficiency across
repeated regeneration cycles, indicating good
structural stability and reusability. These findings
emphasize the attractiveness of coconut shell-
derived activated carbon as a low-cost,
sustainable, and environmentally friendly
adsorbent, offering a promising approach for
mitigating antibiotic pollution while promoting
biomass waste valorization and circular economy
principles.
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Nghién ctru chuyén héa nguén thai gao dira thanh than hoat
tinh (rng dung loai bo tetracycline

TOM TAT

Su gia tang du lwgng khang sinh trong méi trudng nudce di gay ra nhitng lo ngai nghiém trong vé sinh théi va
strc khoe cong dong. Trong nghién ctru nay, vo dira da dugc chuyén hoa thanh than hoat tinh (CSAC) thong qua qué
trinh cacbon hoa nhiét va dugc tmg dung nhur mot chat hap phu gia ré va bén vimng dé loai bo tetracycline (TC) khoi
dung dich nuée. Cac két qua SEM—EDX, XRD, FTIR, BET va pHpzc di dugc sir dung dé dic trung cau triic va tinh
chit bé mat ciia CSAC diéu ché duoc. CSAC ¢ dang xép, cAu trac carbon chu yéu 14 v6 dinh hinh, c6 nhiéu nhom
chtre chtra oxy va khung trung-vi xp vé6i dién tich bé mat riéng 1a 354,54 m? g™!. Céc thi nghiém hip phu theo mé da
dugc tién hanh dé nghién ctru anh hudng cua thoi gian tiép xtc, pH va ndng do TC ban dau. Qua trinh hip phu duoc
mo ta t6t nhat bang mo hinh dong hoc gia bac hai va phu hop tét véi mo hinh dang nhiét Langmuir (dung lugng hap
phu tdi da 12 10,49 mg g'). Hiéu sut hép phu phu thuéc manh vao pH, hiéu qua loai bo TC dat cao hon trong mdi
truong axit. Cac nghién ctru tai sinh chit hap phu cho thdy CSAC duy tri hiéu qua hap phu tét qua 5 chu ky, cho thay
su on dinh va kha ning tai sir dung cia CSAC. Nghién ctru nay chimg minh mét chién luoc chuyén d6i chat thai thanh
nguyén liéu hiéu qua dé san xudt than hoat tinh sinh hoc va cung cip mot giai phap bén vimng dé xir Iy nude bi 6 nhiém
khéng sinh.

Twr khoa: Gdo dira, Than hoat tinh, Tetracycline, Hdp phu, Tan thu chat thdi.



