
1.	Introduction
The growing emphasis on sustainability in environmental 
processes has highlighted adsorption techniques as a key 
approach for contaminant removal in water treatment. 
Adsorption is a separation process where molecules from a �luid 
phase (liquid or gas) adhere to the external and internal 
surfaces of a solid material known as the adsorbent [1]. This 
process plays a crucial role in environmental protection, 
pollutant removal, gas puri�ication, and industrial separation 
processes, making it an essential tool for sustainable 
development [2]. Adsorption occurs through a mass transfer 
mechanism, where substances migrate from the liquid phase 
and bind to a solid surface via physical or chemical interactions 
[3]. The choice of a suitable adsorbent depends on its 
application, with key factors such as cost, kinetics, compatibility, 
selectivity, capacity, and regenerability in�luencing its 
effectiveness [4]. Lignocellulosic biomass has been identi�ied as 
a promising precursor for carbon adsorbents.[5] noted that 
global lignocellulosic �iber production is estimated at 10–50 
billion tons annually, offering vast potential for alternative
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ABSTRACT
The	study	aims	to	develop	enhanced	adsorbent	Polycyclic	Aromatic	Hydrocarbon	(PAH)	Sequestration	using	crustacean	shell	carbons.
Activated	carbon	was	produced	from	periwinkle	shells,	clam	shells,	whelk	shells,	and	a	1:1	composite	of	clam	and	whelk	shells	through	
carbonization	at	450	°C	under	limited	oxygen,	followed	by	chemical	activation	with	H₂SO₄	at	750	°C	and	KOH	at	650	°C.	This	process	
resulted	in	eight	adsorbents:	Periwinkle	Shell	Acid-Activated	Carbon	(PSAAC),	Periwinkle	Shell	Base-	Activated	Carbon	(PSBAC),	Clam	
Shell	Acid-Activated	Carbon	(CSAAC),	Clam	Shell	Base-	Activated	Carbon	(CSBAC),	Whelk	Shell	Acid-Activated	Carbon	(WSAAC),	Whelk	
Shell	Base-	Activated	Carbon	(WSBAC),	Clam-Whelk	Shell	Acid-Activated	Carbon	(CWSAAC),	and	Clam-	Whelk	Shell	Base-Activated	
Carbon	(CWSBAC).	Characterization	using	Fourier	Transform	Infrared	Spectroscopy	(FTIR)	and	physicochemical	analysis	showed	that	
CSBAC	had	the	highest	surface	area	(1288	m²/g)	and	bulk	density	(0.687	g/cm³).	Batch	adsorption	experiments	were	conducted	to	
evaluate	the	in�luence	of	adsorbent	dosage	and	contact	time	on	Polycyclic	Aromatic	Hydrocarbon	(PAH)	removal	from	contaminated	
water	samples.	CSBAC	exhibited	the	highest	removal	ef�iciency,	reaching	98.94%	at	a	1	g	dosage	with	an	adsorption	capacity	of	2.315	
mg/g.	Adsorption	 isotherms	were	analyzed	using	Langmuir,	 Freundlich,	Henry,	Elovich,	and	 Janovich	models.	The	Freundlich	and	
Langmuir	models	best	described	adsorption	for	PSAAC,	PSBAC,	CSAAC,	CSBAC,	CWSAAC,	and	CWSBAC,	with	PSBAC	achieving	the	highest	
Langmuir	monolayer	adsorption	capacity	(31.688	mg/g).	In	contrast,	the	Henry	isotherm	best	represented	PAH	adsorption	for	WSAAC	
and	WSBAC.	Comparative	analysis	of	acid	and	base-activated	carbon	indicated	no	statistical	difference	between	acid	and	base	activation	
on	removal	ef�iciency	of	PAH.
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environmental remediation methods. Biomass-derived carbon 
adsorbents from agricultural and household residues have been 
widely used in pollutant removal due to their large internal 
surface area, mechanical integrity, and regenerability [6]. For 
low-cost activated carbon, the preferred precursors should be 
freely available, inexpensive, and environmentally safe [7].
Crustacean shells have emerged as effective and sustainable 
adsorbents for pollutant removal due to their natural 
abundance and cost-effectiveness [8]. The key component 
responsible for their versatility is chitin, the second most 
abundant biopolymer after cellulose, with approximately 80% 
of chitin production derived from crustacean shells [9]. Chitin's 
nitrogen-rich polysaccharide structure provides chemical 
resistance and mechanical strength, making it suitable for 
conversion into activated carbon through pyrolysis [10]. Chitin-
derived biochar has shown promising applications in water 
treatment and gas adsorption, further reinforcing its potential 
as a sustainable adsorbent [11]. To enhance adsorption 
ef�iciency, various activation techniques have been developed to 
modify surface properties and improve adsorption capacity.
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This study explores the use of crustacean shell-derived carbons 
in sustainable water treatment by employing different 
activation methods and conducting a comparative analysis of 
their effectiveness in pollutant removal through adsorption 
studies.

2.	Materials	and	Methods
Preparation	of	the	adsorbent:	Periwinkle shells (Tympanotamus	
fuscatus), West African clam shells (Galatea	 paradoxa), and 
whelk shells (Buccinum	undatum) were sourced from a local 
market in Borokiri, Port Harcourt. The shells were soaked in 
warm water with detergent for four days to remove dust, 
residual organic matter, and soluble impurities. They were then 
thoroughly rinsed with tap water under continuous agitation to 
dislodge any remaining contaminants.
Afterward, the shells were sun-dried for three days and stored in 
plastic containers before laboratory processing.
To enhance surface properties, the shells were subjected to 
carbonization in a muf�le furnace at 450°C for three hours. The 
resulting carbonized materials were pulverized into �ine 
powder, sieved through a 75 μm mesh to eliminate larger 
particles, and stored in plastic containers. The prepared 
samples were then divided into two equal portions for chemical 
activation using acidic and basic treatments.Chemical	activation
Acid	Activation:	The powdered samples were individually mixed 
with 0.5 M H₂SO₄ to form a paste, then heated in a muf�le furnace 
at 750°C for two hours. The activated samples were allowed to 
cool, thoroughly washed with deionized water until the pH 
reached approximately 6, and then dried in an oven at 105°C for 
six hours before being stored in airtight containers.

Base	Activation:	The second portion of the samples was soaked 
in 0.5 M KOH and mixed to form a paste, followed by heating in a 
muf�le furnace at 650°C for two hours. After cooling, the samples 
were washed with deionized water, dried in an oven at 105°C for 
six hours, and stored in airtight containers.

Characterization	of	Adsorbents:	Attenuated Total Re�lectance 
Fourier Transform Infrared Spectroscopy (ATR-FTIR) was 
performed using AGILENT TECHNOLOGIES CARY 630 FTIR 
CARY630 ZnSe. PART NO: - G8043 64002, MODEL NO: - 
MY19322004.A baseline correction
is �irst performed by measuring the spectrum of the Attenuated 
Total Re�lectance (ATR) crystal without a sample to eliminate 
background interference. The activated carbon samples are 
then placed on the ATR crystal, aligned with the infrared beam, 
and pressed for optimal contact before spectra are recorded by 
measuring the re�lected infrared light. The collected spectra are 
processed to remove noise and baseline drift, allowing for 
qualitative and quantitative analysis of the sample's 
composition and structure. Carbon yield was determined using 
[12] method by measuring the sample weight before and after 
carbonization and calculating the yield. The speci�ic surface 
area was estimated using the Sear method [13]. Bulk density 
was measured following [14] by �illing a 10 cm³ centrifuge tube 
with a known weight of lump-free activated carbon while 
tapping to eliminate voids. The �inal weight was recorded, and 
bulk density was calculated using Equation
1.	These measurements provided key physical characteristics 
essential for evaluating the adsorbents' effectiveness.

Weight	of	carbon	(g)
Bulk Density =_______________________________________ (1)

Volume	of	dry	sample	(cm3)

Collection	 of	 PAHs	 contaminated	 water:	 The groundwater 
study was carried out at Site X in Rumuekpe, Emuoha Local 
Government Area, Rivers State, Nigeria, positioned at longitude 
6°41'25”E and latitude 5°01'41”N. The region is home to 
multiple oil processing facilities and an extensive crude oil 
pipeline network. Due to pipeline vandalism, ruptures, and 
illegal activities, frequent oil spills have been reported. 
Groundwater samples were collected and analyzed from �ive 
wells, each drilled to a depth of 8 meters.

Batch	Adsorption	studies
Effect	of	Adsorbent	Dosage:	Speci�ied adsorbent doses of 0.2, 0.4, 
0.6, 0.8, and 1.0 g were added to 50 mL water samples with an 
initial PAH concentration of 50 mg/L at pH 6. The mixtures were 
agitated at 150 rpm using a mechanical shaker for optimal 
contact times of 90 minutes (PSAAC), 60 minutes (CSAAC and 
CWSAAC), and 120 minutes (WSAAC). Equilibrium studies were 
conducted at room temperature (25°C). After agitation, the 
mixtures were �iltered using Whatman No. 542 �ilter paper, and 
the residual PAH concentrations in the �iltrates were analyzed 
using GC- MS. The equilibrium adsorption capacity (qe) was 
calculated using Equation (2).
	 (C -C )Vo e

						q 	=	______________e

	 					M
(2)Where: qe = quantity adsorbed (mg/g)Co and Ce = initial and 
equilibrium concentrations (mg/l) V = Volume (L)
M = mass of adsorbent (g)

Effect	of	Contact	time:	The relationship between contact time 
and the adsorption capacity of the activated carbon samples was 
investigated. In this experiment, 1 g of each activated carbon 
sample was added to 50 mL of a PAH standard solution with an 
initial concentration of 50 mg/L in a conical �lask. The samples 
were collected at 10-minute intervals from 10 to 120 minutes at 
room temperature. Residual PAH concentrations in the solution 
were then extracted and analyzed.

PAHs	 Extraction	 Method:	 The liquid-liquid extraction 
technique described by [15] was employed to extract PAHs from 
the sampled solutions. PAHs were extracted from the sampled 
solutions using analytical-grade dichloromethane (DCM) 
(99.0% purity, Loba Chemie) as the solvent. A 25 mL volume of 
DCM was added to the solution and vigorously shaken for 
approximately 2 minutes to promote phase separation, with 
intermittent venting to release pressure. The extraction process 
was repeated twice to enhance PAH recovery. The mixture was 
then left to evaporate at room temperature for six hours. To 
remove residual moisture, 1 g of anhydrous sodium sulfate was 
added before transferring 1 mL of the extract into a vial for 
analysis using an Agilent 7890N GC/MS gas chromatograph.

Statistical	 Analysis: Studies of T Test were carried out to 
perform a comparative analysis of the removal ef�iciencies of the 
selected adsorbents

Equilibrium	 Modeling:	 The adsorption performance of the 
activated carbons was assessed using various isotherm models, 
including Henry, Langmuir, Freundlich, Elovich, and Jovanovic 
models. The XLSTAT 2014 software was utilized to estimate 
model coef�icients via nonlinear optimization. The Henry 
isotherm was modelled as a single-parameter system, while the 
Langmuir, Freundlich, Elovich, and Jovanovic models were 
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treated as two-parameter isotherms. Parameter estimation was performed using an iterative direct optimization method to 
minimize errors.

3.	Results	and	Discussion
Results	of	the	Adsorbent	Characterization	Experiments:	The	FTIR,	and	Physicochemical	Analysis	of	the	Activated	Carbon	Prepared:	
FT-IR analysis was conducted to identify functional groups on the activated carbon surfaces, with spectra data summarized in Tables 
1 and 2. Acid-activated samples exhibited O-H, C-H, C=O, and C-O absorption bands, indicating hydroxyl, aliphatic, ester, and carboxyl 
groups. The spectra of CSAAC showed prominent bands at 3540, 3394, 1797, and 1616 cm⁻¹, attributed to O-H, C-H, esters C=O, and 
amides C=O, with similar trends observed in PSAAC, WSAAC, and CWSAAC, suggesting comparable surface functionality. Additional 
bands at 1150, 1398, 873, and 713 cm⁻¹, assigned to C-O, C-O-C, M-O, and aromatic C-H bending,also appeared across all acid-treated 
samples, as con�irmed in Figure 1, aligning with previous studies [16];[17];[18].
Base-activated samples exhibited similar functional groups but with reduced O-H, C-H, and C-O intensities and the absence of amide 
C=O bands, attributed to potassium hydroxide treatment [19]. These variations suggest that acid activation introduces more oxygen-
containing functional groups, which can enhance hydrophilicity and favor the adsorption of polar contaminants. In contrast, base 
activation alters the surface chemistry, potentially improving selectivity for non- polar pollutants. Furthermore, the disappearance 
of amide C=O in base-activated samples suggests the breakdown or removal of nitrogen-containing functional groups due to the 
strong alkaline conditions. Despite these differences, Figure 2 highlights the overall surface chemical similarities among base-
treated samples. These observations con�irm that the activation method signi�icantly in�luences surface chemistry, which in turn 
affects adsorption ef�iciency and selectivity.

Table	1:	FT-IR	spectra	data	of	the	acid-activated	carbon	from	crustacean	shells

Table	2:	FT-IR	spectra	data	of	the	base-activated	carbon	from	crustacean	shells

Figure	1:	Stacked	FT-IR	spectra	of	acid-treated	activated	carbon
Figure	2:	Stacked	FT-IR	spectra	of	base-treated	activated	carbons
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Table 3 presents the carbon yield percentages of the activated samples, with acid-activated samples exhibiting higher yields than 
base-activated ones. The highest yield was observed in CSAAC (87%), while WSBAC had the lowest (71.6%). This aligns with the 
�indings of [20], who reported a 95% yield from activated crustacean shells. A higher carbon yield indicates ef�icient raw material 
conversion, which enhances adsorption performance [20]. Bulk density, de�ined as the mass of activated carbon per unit volume, 
in�luences adsorption ef�iciency, with typical powder. Activated carbon (PAC) has slightly lower values than granular forms. [21] 
suggested that a bulk density of approximately 0.5 g/cm³ is suitable for adsorption, and the crustacean shell-based carbons in this 
study ranged from 0.454 to 0.687 g/cm³, consistent with [22]. Higher bulk density enables greater adsorbate retention per unit 
weight, which is bene�icial for PAH adsorption. The activated carbon samples exhibited surface areas between 960 and 1288 m²/g, 
making them suitable for adsorption applications [23]. Generally, base-activated samples showed slightly higher surface areas than 
acid-activated ones, with CSBAC and CSAAC recording 1288 and 1277 m²/g, respectively. Larger surface areas enhance adsorption by 
increasing active sites for adsorbate interaction, and both carbonization and chemical activation improve adsorption capacity by 
modifying surface properties [24]. Surface area variations in activated carbon depend on factors such as precursor material, 
activation method, and production conditions [23].

Table	3:	Characterization	of	Activated	Carbon	Samples

Results	of	Batch	Adsorption	studies
Effect	of	Adsorbent	Dosage	on	Adsorption	Ef�iciency:	Figures 
3 and 5 illustrate the effect of adsorbent mass on PAH removal 
for acid- and base-activated carbons, respectively. As the 
adsorbent mass increased from 0.2 g to 1 g, the percentage 
removal also increased for all samples, with CSAAC and CWSAAC 
achieving up to 98.93% removal, and CSBAC and CWSBAC 
reaching 98.94%. The initial steep slope (0.2–0.4 g) suggests 
that adding adsorbent signi�icantly improves removal ef�iciency 
due to increased adsorption sites [25]. Beyond 0.4 g, the slope 
�lattens, indicating site saturation and reduced removal 
ef�iciency gains [26]. WSAAC and WSBAC consistently exhibited 
lower adsorption ef�iciencies, requiring higher masses to 
achieve similar removal levels as the other adsorbents. 
Adsorption capacity, as shown in Figures 4.25 and 4.27, 
followed an inverse trend, decreasing with increasing adsorbent 
mass due to the dilution effect [27]. CSAAC, CWSAAC, and PSAAC 
exhibited the highest adsorption capacities at 0.2 g (~10 mg/g), 
while WSAAC had the lowest (~9.85 mg/g). Similarly, CSBAC, 
CWSBAC, and PSBAC showed comparable adsorption trends, 
while WSBAC had the least ef�iciency. At 1 g, adsorption 
capacities dropped to ~2.5 mg/g for acid-activated samples and 
~3 mg/g for base- activated samples, con�irming that increased 
mass leads to lower adsorption ef�iciency per gram of adsorbent 
[28]. The �indings highlight the balance between higher removal 
ef�iciency and reduced adsorption capacity, emphasizing the 
need to optimize adsorbent dosage for ef�icient and cost-
effective PAH removal. These results are consistent with 
previous studies on adsorption performance [29];[30].

Figure	3:	Effect	of	adsorbent	mass	
on	 percentage	 removal	 for	 acid-
activated	carbon

Figure	4:	Effect	of	adsorbent	mass	
on	 adsorption	 capacity	 for	 acid-
activated	carbon

Figure	 5:	 Effect	 of	 adsorbent	 mass	 on	
percentage	 removal	 for	 base-activated	
carbon

Figure	 6:	 Effect	 of	 adsorbent	 mass	 on	
adsorption	 capacity	 for	 base-activated	
carbon

Effect	of	Contact	time	on	adsorption	capacity:	The adsorption 
experiment in Figure 7 showed that at 10 minutes, PSAAC, 
CSAAC, and CWSAAC exhibited higher adsorption capacities 
than WSAAC, with values of 2.269 mg/g, 2.296 mg/g, and 2.358 
mg/g, respectively, while WSAAC had 1.994 mg/g. This suggests 
that WSAAC adsorbed less PAH per gram of adsorbent, while 
CSAAC performed the best initially. Adsorption capacities 
increased over time, with CSAAC, CWSAAC, and PSAAC reaching 
equilibrium at 60–90 minutes, while WSAAC continued. 
Increasing steadily, reaching 2.37 mg/g after 100 minutes. The 
highest adsorption capacity was observed for CWSAAC (2.473 
mg/g),	followed by PSAAC (2.469 mg/g) and CSAAC (2.3 mg/g).	
The ANOVA results in Table 4 con�irmed signi�icant differences 
among the four acid-activated carbons (F(3,31) = 11.667, p < 
0.0001).	Tukey's test results in Table 5 grouped CSAAC, PSAAC, 
and CWSAAC, indicating no signi�icant differences in their 
adsorption capacities, while WSAAC was in a separate group due 
to signi�icantly lower performance. This suggests that WSAAC's 
activation process or intrinsic properties are less effective.
Similarly, the adsorption experiment in Figure 8 showed that at 
10 minutes, CSBAC, CWSBAC, and PSBAC exhibited higher 
adsorption capacities than WSBAC, with values of 2.315 mg/g, 
2.295 mg/g, and 2.256 mg/g, respectively, while WSBAC had 
1.96 mg/g.	 Adsorption capacities increased with time, with 
CSBAC, CWSBAC, and PSBAC reaching equilibrium around 
60–90 minutes, whereas WSBAC continued increasing to 2.362 
mg/g at 100 minutes. The highest adsorption capacity was 
observed for CSBAC (2.49 mg/g), followed by CWSBAC (2.473 
mg/g) and PSBAC (2.263 mg/g). The ANOVA results in Table 6 
con�irmed signi�icant differences among the four base-activated 
carbons (F(3,31) = 9.408, p < 0.0001). 
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Tukey's test results in Table 7 placed CSBAC, CWSBAC, and 
PSBAC in the same group, while WSBAC was separate due to 
lower adsorption performance. These �indings highlight the 
importance of activation methods in determining adsorption 
ef�iciency, with CSBAC, CWSBAC, and PSBAC performing better 
than WSBAC.

Table	4:	Analysis	of	Variance	of	the	Adsorption	Capacity	based	on	Contact	Time	for	the	
different	Acid	activated	carbon

Figure	7:	 Adsorption	 Capacity	 of	 acid-
activated	 carbon	 against	 the	 contact	
time

Figure	8:	Adsorption	Capacity	of	base-
activated	 carbon	 against	 the	 contact	
time

Computed	against	model	Y=Mean(Y)

Table	5:	Tukey	Test

Table	6:	Analysis	of	Variance	of	the	Adsorption	Capacity	based	on	Contact	Time	for	the	
different	Base	activated	carbon

Computed	against	model	Y=Mean(Y)

Table	7:	Tukey	Test

Comparative	 Analysis:	 Figure 9 illustrates that CSAAC and 
CSBAC exhibited increasing adsorption capacities with 
increasing equilibrium concentrations, with CSBAC performing 
better at lower concentrations and CSAAC excelling at higher 
concentrations. Similarly, Figure 10 illustrates that PSAAC 
consistently outperformed PSBAC across all equilibrium 
concentrations, with both.Adsorbents reaching approximately 
10 mg/g at 8 mg/L,	 demonstrating strong PAH removal 
ef�iciency. Figure 11 shows that WSAAC and WSBAC followed 
similar adsorption trends, although WSBAC exhibits a slightly 
h i gh e r  a d s o r p t i o n  c a p a c i t y  a t  h i gh e r  e q u i l i b r i u m 
concentrations (6 mg/g at 9 mg/L vs. 5 mg/g for WSAAC). In 
Figure 12, CWSAAC marginally outperformed CWSBAC at 
higher equilibrium concentrations, achieving 9 mg/g at 7 mg/L,	
while CWSBAC reaches 8.6 mg/g. T-test results in Tables 8 to 11 
indicate no signi�icant difference in adsorption capacities 
between acid- and base-activated carbons, con�irming their

comparable effectiveness. A comparative analysis of the effect of 
time was carried out. Figure 13 displays adsorption over time 
for CSAAC and CSBAC, showing rapid uptake in the �irst 50–60 
minutes, after which CSAAC declines while CSBAC stabilizes. 
This trend is noted in the comparative analysis in Figures 14 and 
15, which depict adsorption trends over time for WSAAC and 
WSBAC; CWSAAC and CWSBAC, respectively, with adsorption 
peaking at 60–100 minutes before stabilizing or declining. T-test 
results in Tables 12 to 14 indicate no statistically signi�icant 
differences in adsorption performance between acid- and base-
activated carbons, suggesting similar ef�iciency. Across all cases, 
the rapid initial adsorption is attributed to active site 
availability, followed by equilibrium or decline due to site 
saturation, con�irming that both activation methods yield 
effective adsorbents for PAH removal with minimal differences 
in performance [31];[32].

Table	8:	T-test	to	check	for	signi�icance	in	clamshell	adsorbent	capacity	between	the	
acid	and	base	activated	carbon

Fig	9:	Comparative	Analysis	of	the	Acid	and	base	activated	Clam	Shell

Table	9:	T-test	to	check	for	signi�icance	in	the	adsorbent	capacity	between	the	acid	and	
base-activated	carbon	for	periwinkle	shell

Fig	10:	Comparative	Analysis	of	the	Acid	and	base-activated	Periwinkle	Shell
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Table	10:	T-test	to	check	for	signi�icance	in	the	adsorbent	capacity	between	the	acid	and	
base	activated	carbon	for	whelk	shell

Fig	11:	Comparative	Analysis	between	the	Acid	and	base-activated	Whelk	Shell

Table	11:	T-test	to	check	for	signi�icance	in	the	adsorbent	capacity	between	the	acid	and	
base	activated	carbon	for	Clam-Whelk	shell

Fig	12:	Comparative	Analysis	between	the	Acid	and	base	activated	Clam-Whelk	Shell

Table	12:	T-test	to	check	for	signi�icance	in	the	adsorbent	capacity	between	the	acid	and	
base	activated	carbon	for	Clam	shell	(As	a	function	of	time)

Fig	13:	Comparative	Analysis	between	the	Acid	and	base	activated	Clam	Shell	(As	a	
function	of	Time)

Table	13:	T-test	to	check	for	signi�icance	in	the	adsorbent	capacity	between	the	acid	and	
base	activated	carbon	for	Whelk	shell	(As	a	function	of	time)

Fig	14:	Comparative	Analysis	between	the	Acid	and	base	activated	Whelk	Shell	(As	a	
function	of	Time)

Table	14:	T-test	to	check	for	signi�icance	in	the	adsorbent	capacity	between	the	acid	and	
base	activated	carbon	for	the	Clam-Whelk	shell	(As	a	function	of	time)
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Fig	15:	Comparative	Analysis	between	the	Acid	and	base	activated	Clam-Whelk	Shell	(As	
a	function	of	Time)

Adsorption	 Isotherm	Models:	The result from the isotherm 
models for Henry, Langmuir, Freundlich, Elovich and Janovich 
constants for PAH adsorption in Table 15 indicated that the 
equilibrium data �itted the Freundlich isotherm better for 
PSAAC, CSAAC, CWSAAC, PSBAC, CSBAC and CWSBAC with the 
highest coef�icient of determination while Henry Isotherm was 
a better �it for WSAAC and WSBAC. The resultant Freundlich 
exponent values n for PSAAC, CSAAC, CWSAAC, PSBAC, CSBAC 
and CWSBAC were noted as 1.528,1.503, 1.632, 1.329,1.633 and 
1.621, respectively. This signi�ies a high adsorption rate as the 
ideal values for the exponent n lying between 0 and 10 suggest 
favorable adsorption [33];[34];[35]. This implies that the 
activated samples are heterogeneous with sites of varying 
af�inities and have a varied surface with multiple adsorption 
sites, each with different adsorption energies, which is better

captured by the Freundlich model than by other models [36]. 
The Freundlich constant KL indicates the adsorption capacity, 
and it is noted that CSBAC presented the maximum adsorption 
capacity for the isotherm at a value of 2.770mg/g. The Henry 
isotherm model best described the adsorption behaviour of 
WSAAC and WSBAC with R² values of 0.816 and 0.835 and a 
Henry constant (KHE) of 0.800 and 0.871, respectively. This 
suggests that the adsorption process for WSAAC and WSBAC 
follows a linear isotherm, indicative of low-concentration 
adsorption states or in�inite dilution, where the adsorbate 
molecules do not interact with each other, and the surface sites 
are uniformly available [37];[38];[39]. The results also 

2indicated that the Coef�icient of determination (R ) for 
Freundlich isotherm for PSAAC, CSAAC, CWSAAC, PSBAC, CSBAC 
and CWSBAC was 0.970, 0.952,0.971,0.966,0.940 and 0.956; 
Langmuir Isotherm was 0.941,0.923,0.937,0.9510.898 and 
0.917 while Janovich was 0.939,0922, 0.934,0.951,0.897 and 
0.915 respectively. The results indicate that the adsorption 
patterns for PAHs followed the Langmuir and Freundlich 
isotherms (as Janovich isotherm is established on the 
assumptionscontained in the Langmuir model). According to 
[40] and [41], any adsorption system which obeys both the 
Freundlich and Langmuir isotherms shows that the solute forms 
a homogenous monolayer on the adsorbate. This implies that 
the adsorption of PAHs onto PSAAC, CSAAC, CWSAAC, PSBAC, 
CSBAC and CWSBAC obeyed both Freundlich and Langmuir 
isotherms, signifying that the PAHs formed a monolayer on the 
surfaces of the adsorbents. The maximum adsorption capacity 
for monolayer Qm from Table 4.33 was compared between 
Langmuir and Janovich isotherms and it was noted that 
Langmuir Isotherm presented the highest adsorption capacities 
for PSAAC, CSAAC, CWSAAC, PSBAC, CSBAC and CWSBAC with 
values of 21.247, 23.995, 18.719, 31.688, 18.335 and 18.743 
mg/g respectively while Janovich Isotherm presented a higher 
maximum capacity for WSAAC and WSBAC at 10.970 and 10.362 
mg/g respectively.

Table	15:	Isotherm	Modeling	for	Activated	Samples

Number	of	Isotherm	Type	Model	Carbon	Activator	Types

1/nQm	=	Maximum	monolayer	adsorption	capacity	(mg/g),	KHE	=	Henry's	adsorption	constant,	b	=	Langmuir	constant	(L/mg),	�²	=	Coef�icient	of	determinants,	KF	=	Af�inity	factor	(mg/g)*(L/mg) ,	
n	=	Freundlich	exponent,	α	=initial	rate	constant	(mg/g	*	min),	β=desorption	constant	(mg/g)
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Adsorption	Summary:	The levels of Polycyclic Aromatic Hydrocarbons (PAHs) in contaminated groundwater before and after 
treatment with different activated carbon samples are shown in Table 16. The results demonstrated the robust adsorptive 
performance of the produced carbons by yielding a signi�icant drop in PAH concentrations after adsorption, with many components 
reduced to non-detectable levels (N.D.). The samples of activated carbon successfully eliminated a variety of PAH components, 
indicating their potential for thorough groundwater puri�ication. The adsorption process's effectiveness was further supported by 
the fact that measurable PAH residual concentrations were much lower than starting levels. These results highlighted how well-
suited the produced activated carbon composites are for the removal of PAHs from contaminated water sources.
Table	16:	PAHs	contamination	before	and	after	Adsorption	with	activated	carbon	samples

4.	Conclusion
This study demonstrated the potential of marine shell 
wastes—periwinkle ,  c lam,  whelk ,  and c lam-whelk 
composites—as effective raw materials for producing activated 
carbon for PAH removal from contaminated water. High removal 
ef�iciencies were produced by both base and acid activation 
techniques. Also, CSBAC proved to be the most successful in the 
removal of PAHs with an ef�iciency of 98.94%. The 
characterization results showed notable differences in 
functional groups and surface area, affecting adsorption 
effectiveness. Most samples' adsorption data suited the 
Freundlich and Langmuir isotherms well, but the Henry model 
provided a more accurate description of the carbons obtained 
from whelk. Signi�icantly, statistical analysis showed no 
discernible difference between base and acid activation 
techniques, indicating that either approach is feasible based on 
application objectives and resource availability. These �indings 
highlighted the value of sustainable waste valorization for 
environmental remediation and offer a promising approach for 
low-cost, ef�icient treatment of PAH-contaminated water 
systems.
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