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1  Introduction
The contamination of surface and groundwater by toxic heavy metals such as arsenic 
(As) and mercury (Hg) is a significant global environmental and public health challenge. 
Arsenic contamination is widespread and has been reported in several countries, posing 
severe health risks due to its high carcinogenic potential [1,35,36]. The World Health 

Abstract 

Unregulated mining activities can pollute surface drinking water sources with toxic 
metals such as arsenic and mercury, creating serious environmental and public 
health concerns in resource-limited communities. In this study, locally fabricated 
ceramic water filters prepared from clay and different biosorbents were evaluated 
for the removal of As(V) and Hg(II) from contaminated water. Three ceramic formula‑
tions were produced using rice husks, sheanut shells, and groundnut shells as pore-
forming and functional biosorbent additives. Batch adsorption and full-pot filtration 
experiments were conducted to determine removal efficiency, the effects of initial 
concentration, contact time, and adsorbent dosage, as well as the practical filtration 
performance of the developed filters. Structural characterization using X-ray diffraction 
(XRD) and Fourier transform infrared spectroscopy (FTIR) showed that the sheanut-
shell-based material (CMS) possessed a higher amorphous fraction and smaller crystal‑
lite domains, features that are favorable for adsorption. Among the tested materials, 
CMS exhibited the best performance, achieving a maximum Hg(II) removal efficiency 
of 80.7% at an initial concentration of 0.5 mg/L under the tested conditions. Kinetic 
data were better described by the pseudo-first-order model 

(

R
2
≥ 0.99

)

 , while equi‑
librium data were best fitted by the Freundlich isotherm model 

(

R
2
≥ 0.99

)

 , indicating 
adsorption on heterogeneous surfaces. Under filtration conditions, mercury removal 
was consistently higher than arsenic removal, with CMS showing the best overall per‑
formance. These findings demonstrate that biosorbent-modified ceramic water filters, 
particularly those incorporating sheanut shells, offer a promising low-cost and locally 
deployable option for the treatment of mining-impacted water.
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Organization (WHO) has classified arsenic as a Group I human carcinogen and set a 
stringent limit of 0.01 mg/L in drinking water to mitigate its toxic effects. Mercury pol-
lution, primarily stemming from industrial and anthropogenic activities, exists in three 
forms: elemental mercury (Hg0), monovalent mercury (Hg+), and divalent mercury 
(Hg2⁺), with Hg2⁺ being the most toxic [2,37]. Chronic exposure to mercury is linked 
to severe health conditions, including neurological damage, kidney failure, gastroin-
testinal distress, and cardiovascular diseases [2,38]. Alarmingly, unsafe drinking water 
contributes to substantial global mortality, with over 400,000 childhood deaths annu-
ally attributed to waterborne contaminants [3,39,42]. The burden of this crisis dispro-
portionately affects low- and middle-income countries, where access to clean water 
remains a persistent challenge [40,41]. In Ghana, heightened mining operations have 
damaged the environment, as mining activities undertaken by these small-scale mining 
and “galamsey” operators have resulted in the destruction of forest cover, agricultural 
lands and the pollution of water bodies[4–6]. According to [7] tests done on some rivers 
in the South-Western basin of Ghana revealed the following levels of heavy metals: Hg 
(10–7160 µg/L); Pb (10–1580 µg/L); Cd (3–12,413 µg/L); As (10–9900 µg/L) in the water 
column. Arsenic is a metalloid found everywhere from the soil, natural water bodies 
and rocks [8]. Human activities coupled with natural phenomenon causes arsenic to be 
mobilized in the environment [8]. Since they are found in rocks, blasting during mining 
operations releases them into the environment. The presence of arsenic in natural and 
ground water is a global phenomenon, which has been reported in several countries [9–
11]. Sources of arsenic pollution stem from both natural (biological activity, geochemical 
reactions, weathering processes and volcanic emissions) and human activities (mining, 
metal and ammunition industries, cement and glassware production) [12,13]. Arsenic 
can be found in various forms depending on environmental conditions present espe-
cially pH [13]. Under aerobic conditions, arsenic is present as arsenate (As (V)) whiles in 
anaerobic conditions, arsenite (As (III)) is present [10,13–15]. Monomethyl arsenate and 
dimethyl arsenate are the organic species of arsenic [13]. The most toxic form of arse-
nic is arsenite and it has more mobility than arsenate [13] and very difficult to remove 
from water [16]. Under pH values 6–9, arsenic is highly mobilized under both reducing 
and oxidizing conditions [17]. Mercury is a heavy metal, which occurs naturally in the 
environment [16]. The forms of mercury found in the environment; Hg (0), Hg (I) and 
Hg (II) and the most toxic form is Hg (II) [2]. Environmental factors will affect the type 
of mercury species that will be available in natural waters at a time [16]. The mercury 
species that may be found in natural waters are elementary mercury (Hg (0)), mercuric 
mercury (Hg (II)) and methylated mercury (MeHg, DMHg) [2]. Due to mercury’s high 
vapor pressure, gaseous elementary mercury is the main form of mercury in the atmos-
phere. The presence of mercury in aquatic systems is usually by runoffs from water-
shed and deposits from the atmosphere [16]. Sources of mercury are both natural and 
anthropogenic and the natural sources include volcanic emissions, geothermal activity 
and evaporation of mercury from the soil [2,16]. Anthropogenic sources include mining 
(gold mining), coal fired combustions, chemical industries and waste incinerators [2,16]. 
The re-emission of mercury is another source of mercury pollution in the environment. 
This source of pollution initially starts as a natural phenomenon, which deposits mer-
cury in water or soil but become agitated again through human or forces of nature. 
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Conventional water treatment technologies, including ion exchange, chemical precipita-
tion, electrochemical treatment, and reverse osmosis, are effective but often hindered 
by high operational costs, infrastructure demands, and complex maintenance require-
ments [18,19,49]. These limitations render them impractical for resource-constrained 
settings, necessitating the exploration of cost-effective, efficient, and locally available 
alternatives. Adsorption-based treatment has emerged as a promising approach due to 
its affordability, simplicity, and efficiency in removing a broad spectrum of contaminants 
[19,20,48,50].

Ceramic water filter (CWF) is a water treatment product that combines clay and burn-
able materials to provide a filtering system to remove pathogen and solids from pol-
luted water [21,44,45]. The use of locally sourced materials in its production makes it 
a potential method that can support in achieving SDG 6.1 in the shortest possible time. 
The CWF is designed into various forms like the candle filter and the porous pot fil-
ter [22,23]. The burnable material is usually agricultural waste like rice husks and saw-
dust which burn out during the firing period to create pores, which reject the passage of 
solids and pathogens [23]. Some factories provide a bactericide coating to give it extra 
protection in removing pathogens [22]. This treatment method has gained high interest 
globally among researchers, in its potential to remove more than just pathogens and sol-
ids [43,44].Ceramic water filters are mainly known for treating pathogen-infected water 
sources for drinking water purposes [45]. Their ability to remove other pollutants apart 
from microbes has not been extensively explored. An experiment conducted with clay 
membranes made with sawdust and clay soil, was reported to have removal efficiency of 
99–100% for Pb2+, 100% for Cd2+ and 97–100% for Cu2+[24]. During the experiments, 
the author noted that at pH 7 and 9, removal was very high indicating the reactions were 
favorable in alkaline conditions. In Colombia, [25]conducted the removal of arsenic, lead 
and mercury with ceramic pot filter made with clay and sawdust. In addition to the clay 
filter pot, [25]added a separate adsorption column comprising of zeolite and activated 
carbon. Results showed that, with the addition of the zeolite-activated carbon column, 
removal efficiencies for mercury moved from 91.5% to 92.5%, 92.1% to 98.1% for lead. 
However, arsenic removal showed quite low results, i.e. 50.2% to 52.3% when the zeolite-
activated column was added to the CWF. The possible explanation for this observation 
according to the author the significant arsenic removal is observed in mainly acidic con-
ditions (pH 5–6), however, the experiments were carried under neutral conditions and 
that is why the low removal efficiency for arsenic was observed. The addition of inor-
ganic additives like hydroxyapatite to ceramic water filters saw the increased removal 
of lead from aqueous solutions [26]. In contrast, ceramic water filter without additives 
observed very low removal efficiencies for lead. This is indicative of the fact that, for 
ceramic water filters cannot effectively remove chemical pollutants without some form 
of modification. Research by [46], indicated that the use of single and double ceramic 
designed filter, As(V) was removed up to 86%.Chitosan coated ceramic membranes 
were used to remove almost 100% mercury [47]. Cerium oxide coated CWF made from 
clay and rice husks was reported to have arsenic removal efficiency move from 61.93% 
to 84.58% as the amount of the cerium oxide coating increased from 0 to 1.0 g/L [27]. 
Factors influencing this observation include the pH and initial arsenic concentration. 
Inadequate surface-active sites for adsorption was responsible for decreased removal 
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as the initial arsenic concentration was increased [27]. In addition, for lower pH val-
ues, removal efficiency of arsenic was high with cerium oxide whiles higher pH values 
showed a decline in the removal of arsenic. At alkaline pH, both cerium oxide and arse-
nic are negatively charged therefore repulsing each other and preventing the removal of 
arsenic. It is important to note that more research is needed where chemical removal 
with CWFs made with different biosorbents other than sawdust, as well as the incorpo-
ration of other adsorbents to thoroughly understand the reaction mechanisms involved 
in the removal of chemical pollutants from aqueous solutions. In addition, experimenta-
tions with different biosorbents could provide information on the effects of biosorbents 
on the removal of chemical pollutants since different biosorbents have different func-
tional groups, which could enhance pollutants removal.

The novelty of this study lies in the incorporation of locally available agricultural 
waste materials, specifically sheanut shells and groundnut shells, into ceramic water 
filters to enhance the simultaneous removal of both cationic Hg(II) and oxyanionic 
As(V). While ceramic pot filters are widely recognized for pathogen removal, their 
application for toxic metal removal remains underexplored, particularly using alter-
native biosorbents beyond conventional sawdust or rice husks. This approach there-
fore provides a low-cost, locally sourced, and potentially scalable water treatment 
option for mining-affected and resource-constrained communities.

By evaluating the adsorptive performance, physicochemical interactions, and prac-
tical feasibility of modified ceramic filters, this research contributes to the devel-
opment of a locally sourced and easily deployable water treatment technology. The 
study not only addresses the fundamental limitations of conventional methods but 
also aligns with global efforts to achieve Sustainable Development Goal 6 (SDG 6): 
Clean Water and Sanitation for All.

2 � Materials and methods
2.1 � Material synthesis

2.1.1 � Chemical and reagents

All chemicals used in the study were of analytical grade and were used without fur-
ther purification. Deionized water with resistivity of 18  MΩ  cm, obtained from a 
Milli-Q water purification system, was used for the preparation of all standard solu-
tions. Stock standard solution of arsenic (As(V)) and mercury (Hg(II)) (1000 mg/L) 
were used to prepare working solutions of desired concentrations by serial dilution. 
Synthetic Hg(II) and As(V) solutions were prepared to simulate contaminated sur-
face waters commonly encountered in mining-affected regions. A 10  mM sodium 
bicarbonate (NaHCO3) buffer and 5 mM sodium chloride (NaCl) were prepared to 
maintain the ionic strength and pH of the experimental solutions. The addition of 
sodium chloride (5  mM) was to maintain ionic strength during the experiments; 
at this relatively low concentration, chloride complexation of Hg(II) may occur to 
a limited extent but is not expected to dominate the overall adsorption behavior. 
In this experiment, we modified the existing ceramic water filter (CWF) by adding 
sheanut shells, and groundnut. Details are presented below in Table 1.
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2.1.2 � Manufacturing of ceramic pot filters

The ceramic pot filters were locally fabricated by mixing the different raw materi-
als with adequate water, as presented in Table 1, and subsequently firing the formed 
materials in a kiln at 850 °C. For the batch adsorption experiments, the ceramic mate-
rials were designated as follows:

a.	 CMR–Ceramic water filter material with rice husks
b.	 CMS–Ceramic water filter material with sheanut shells
c.	 CMG–Ceramic water filter material with groundnut shells

The mass variation of the ceramic water filter materials before and after firing 
is presented in Table  1. The dry mass decreased for all formulations after firing at 
850  °C, reflecting the combustion of organic matter and loss of moisture. The CMS 
(sheanut-shell) material recorded the highest mass loss of 2.14 kg (23.46%), followed 
by CMG (groundnut-shell) with 1.98  kg (21.41%), while CMR (rice-husk) exhibited 
the lowest mass loss of 1.89 kg (20.54%).

The relatively higher weight reduction in the sheanut-shell material suggests a 
greater proportion of volatile components, which likely generated a more porous 
structure upon firing. In contrast, the rice-husk material retained more mass, pos-
sibly due to its higher silica content, resulting in a denser and mechanically stronger 
matrix. The groundnut-shell material displayed intermediate characteristics, indicat-
ing a balanced combination of porosity and structural integrity. These differences in 
mass loss are indicative of the varying organic and ash contents of the biosorbents, 
which directly influence the porosity, strength, and filtration performance of the 
resulting ceramic water filters.

2.2 � Experimental design

2.2.1 � Adsorption capacity

To determine the effect of initial adsorbate concentration, As(V) and Hg(II) solu-
tions with varying concentrations (0.25  mg/L, 0.5  mg/L, 2.0  mg/L, 5.0  mg/L, and 
10 mg/L) were prepared. Each solution contained 10 mM NaHCO3 buffer and 5 mM 
NaCl. For this experiment, 0.1 g of crushed ceramic pot materials (CMR, CMS, and 
CMG) were used as adsorbents. To investigate the effect of adsorbent weight, varying 
masses (0.02 g, 0.04 g, 0.06 g, 0.08 g, and 0.1 g) of CMR, CMS, and CMG were added 
to 0.5 mg/L As(V) and Hg(II) solutions, also containing 10 mM NaHCO3 buffer and 
5 mM NaCl. For the effect of contact time, 0.1 g of each adsorbent (CMR, CMS, and 

Table 1  Various designs of ceramic material designs used in the study

Type of MCWF 
materials

Biosorbent (kg) Terracotta clay 
(kg)

Kaolin clay 
(kg)

Dry mass before 
firing (kg)

Dry mass 
after firing 
(kg)

CMR Rice husks (4) 4 9.5 9.20 7.31

CMS Sheanut shells (4) 4 9.5 9.12 6.98

CMG Groundnut shells (4) 4 9.5 9.25 7.27
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CMG) was added to 0.5 mg/L As(V) and Hg(II) solutions. The contact times inves-
tigated were 1 h, 4 h, 8 h, 12 h, and 24 h. To evaluate the full pot experiment, As(V) 
and Hg(II) solutions with concentrations of 0.5  mg/L and 5  mg/L were prepared 
with 10 mM NaHCO3 buffer and 5 mM NaCl. These solutions were filtered through 
ceramic water filters (CWFR, CWFS, and CWFG) at contact times of 0 h, 1 h, 4 h, 8 h, 
12  h, and 24  h. All filtrates were analyzed using Hydride Vapor Generation Atomic 
Absorption Spectroscopy (HVG-AAS).

2.3 � Data analysis

The adsorption performance of the ceramic materials was evaluated using removal effi-
ciency, adsorption capacity, kinetic models, and adsorption isotherm models.

The removal efficiency of Hg(II) and As(V) was calculated using Eq. (1):

The equilibrium adsorption capacity was calculated using Eq. (2):

where C0 and Ce are the initial and equilibrium concentrations of the adsorbate, respec-
tively (mg L−1); V  is the volume of the solution (L); and m is the mass of adsorbent used 
(g).

The pseudo-first-order and pseudo-second-order kinetic models were used to 
describe the adsorption kinetics. Their linearized forms are given in Eqns. (3) and (4), 
respectively:

2.3.1 � Pseudo‑first‑order

2.3.2 � Pseudo‑second‑order

where qt is the adsorption capacity at time t(mg  g−1), qe is the adsorption capacity at 
equilibrium (mg  g−1), k1 is the pseudo-first-order rate constant (min−1), and k2 is the 
pseudo-second-order rate constant (g mg−1 min−1).

To describe equilibrium adsorption behavior, the Langmuir, Freundlich, and Temkin 
isotherm models were applied.

2.3.3 � Langmuir isotherm

(1)Removal(%) =
C0 − Ce

C0

× 100

(2)qe =
(C0 − Ce)V

m

(3)ln (qe − qt) = ln qe − k1t

(4)
t

qt
=

1

k2q2e
+

t

qe
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where qmax is the maximum adsorption capacity (mg g−1) and KL is the Langmuir con-
stant (L mg−1).

2.3.4 � Freundlich isotherm

where KF is the Freundlich adsorption constant and 1/n is the heterogeneity factor.

2.3.5 � Temkin isotherm

where R is the universal gas constant (8.314 J mol−1 K−1), T  is the absolute temperature 
(K), bT is the Temkin constant related to the heat of adsorption, and AT is the Temkin 
equilibrium binding constant. In addition to the coefficient of determination 

(

R2
)

 , the 
sum of squared errors (SSE) was used to further assess the goodness-of-fit of the kinetic 
and isotherm models.

3 � Result and discussion
3.1 � Characteristics of the filter material

The XRD patterns of CMS, CMG and CMR are presented in Fig. 1a. All samples exhibit 
distinct differences in their diffraction profiles, reflecting variations in phase composi-
tion, crystallite size and degree of structural order. The sample labeled CMR displays 
sharp and intense peaks, particularly near 2ϴ≈28°, indicating a high degree of crystal-
linity. In contrast, CMG exhibits moderately intense and less sharp peaks, signifying a 
semi-crystalline structure. CMS, however, reveals broad and weak diffraction peaks, 
characteristic of a predominantly amorphous material with poor long-range order.

These variations in peak sharpness and intensity suggest differences in crystallite 
sizes, which can be qualitatively interpreted using the Scherrer equation. The narrow 
peaks observed in CMR suggest the presence of relatively large crystallites, whereas the 
broader peaks in CMS indicate smaller crystallite domains or amorphous regions. CMG 
exhibits intermediate characteristics. The smaller crystallites in CMS are typically asso-
ciated with higher surface areas, which are beneficial for surface-based applications such 
as adsorption.

In terms of percentage crystallinity, the samples follow the trend: CMR > CMG > CMS. 
The crystalline fraction was estimated qualitatively based on the ratio of the area under 
crystalline peaks to the total area (crystalline + amorphous). CMR exhibits a crystallin-
ity greater than 70%, CMG falls within 40–60%, and CMS is below 30%. These findings 
suggest that CMS is structurally less ordered, with a significant amorphous phase that 
is generally rich in defect sites and reactive functional groups (e.g., surface hydroxyls). 

(5)qe =
qmaxKLCe

1+ KLCe

(6)qe = KFC
1/n
e

(7)qe =
RT

bT
ln (ATCe)
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Such features are particularly favorable for adsorptive interactions with toxic heavy met-
als. The structural characteristics of the materials strongly influence their adsorption 
potential for arsenic (As) and mercury (Hg). CMS, with its high amorphous content and 
small crystallite size, is expected to exhibit superior adsorption performance. The abun-
dant structural defects, increased surface area, and possible presence of uncoordinated 
oxygen species enhance its capacity to bind As and Hg ions through mechanisms such 
as surface complexation, ion exchange, and electrostatic interactions. CMG, with mod-
erate crystallinity, offers a balanced structure that may support reasonable adsorption 
performance, though lower than CMS. In contrast, the highly crystalline CMR, while 
structurally stable, possesses fewer reactive surface sites, thereby limiting its inherent 
adsorption capacity for these contaminants unless modified. Conclusively, CMS dem-
onstrates the most favorable structural attributes for efficient adsorption of arsenic and 
mercury, making it a promising candidate for water treatment applications targeting 
these priority pollutants.

The FTIR spectroscopy was used to examine the molecular structure and surface 
functional groups of the ceramic adsorbents. The spectra of CMR, CMS, and CMG 
are presented in Fig. 1b–d. In all samples, the strong absorption bands observed in the 
range of 1026–1052  cm−1 are attributed to Si–O stretching vibrations, confirming the 
silicate framework of the clay-based ceramic matrix. Bands observed in the region of 
449–455  cm−1 are assigned to Al–O–Si bending vibrations, indicating the presence of 
aluminosilicate structures. The bands in the 765–779  cm−1 region may be associated 
with lattice vibrations of silicate phases and related structural modes within the ceramic 

Fig. 1  a XRD patterns for CMR, CMG and CMS, b The Fourier Transform Infrared Spectroscopy of CMR, c The 
Fourier Transform Infrared Spectroscopy of CMS and d Fig. 2c. The Fourier Transform Infrared Spectroscopy of 
CMG
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framework. In all, the FTIR spectra confirm that the fabricated materials are dominated 
by silicate and aluminosilicate bonding environments, which are important for surface 
interaction with metal contaminants.

3.2 � Comparative behavior of the adsorption potentials of CMR, CMS and CMG

3.2.1 � Effect of initial time

The effect of contact time on the adsorption of Hg(II) and As(V) by CMR, CMS, and 
CMG is presented in Fig. 2a and b. All three adsorbents exhibited a rapid increase in 
removal efficiency during the initial stage of adsorption, indicating the availability of 
abundant active sites and favorable initial adsorbate–adsorbent interactions. As contact 
time increased, the rate of adsorption gradually slowed and approached equilibrium, 
suggesting progressive occupation of the available surface sites.

For As(V), the three adsorbents showed gradual improvement in removal with 
increasing time, after which the adsorption tended toward a plateau as equilibrium was 
approached. CMS showed the highest final removal efficiency, slightly exceeding those 
of CMR and CMG. For Hg(II), all adsorbents exhibited substantially higher removal effi-
ciencies than for As(V), with near-equilibrium values attained after prolonged contact 
time. Among the materials, CMS showed the best Hg(II) removal performance, reaching 
80.7%, while CMR and CMG achieved 78.4% and 76.6%, respectively. The superior per-
formance of CMS suggests that its higher amorphous content and more reactive surface 
sites favored heavy metal uptake.

Fig. 2  a Removal efficiency of CMR, CMS and CMG with Hg (II), b Removal efficiency of CMR, CMS and CMG 
with As (V), c Adsorption capacity of CMR, CMS and CMG with Hg (II) and d Kinetic plot of CMR, CMS and 
CMG with As (V)
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3.2.2 � Effect of the adsorbent dosage

The effect of adsorbent dosage on Hg(II) and As(V) removal was evaluated by adding 
0.02, 0.04, 0.06, 0.08, and 0.10 g of CMR, CMS, and CMG to 100 mL (0.1 L) of 0.5 mg L⁻1 
metal ion solution. The results are presented in Fig. 2c, where the x-axis represents the 
adsorbent dose (g) and the y-axis represents the removal efficiency (%).

As the adsorbent dosage increased, the removal efficiency of Hg(II) and As(V) gener-
ally increased for all adsorbents. For Hg(II), removal efficiency increased from approx-
imately 65–68% at 0.02  g to 87–88% at 0.10  g, depending on the adsorbent type. The 
improvement in removal efficiency with increasing dosage is attributed to the greater 
availability of adsorption sites and larger surface area, which enhance the probability 
of interaction between metal ions and the adsorbent surface. Similar trends have been 
widely reported for adsorption systems involving heavy metals and metalloids [28,29].

In contrast, the adsorption capacity expressed as mg  g⁻1 decreased with increasing 
adsorbent dosage. This phenomenon is commonly attributed to the partial underutili-
zation of adsorption sites at higher adsorbent masses, where the available adsorption 
surface exceeds the amount of contaminant present in solution. Consequently, although 
the total amount of contaminant removed from solution increases, the uptake per unit 
mass of adsorbent decreases due to unsaturated adsorption sites and reduced adsorbent 
utilization efficiency [28].

Considering the higher removal efficiencies achieved at larger adsorbent dosages, 
0.10 g was selected as the optimum adsorbent mass for subsequent experiments. At this 
dosage, the highest Hg(II) and As(V) removal efficiencies were obtained, ensuring suf-
ficient adsorption performance while maintaining experimental consistency throughout 
the study.

3.2.3 � The kinetic behaviour of As(V) ions sorption by adsorbents

The kinetic parameters for As(V) adsorption onto CMR, CMG, and CMS are presented 
in Table  2 and Fig.  2d. The adsorption kinetics were analyzed using the pseudo-first-
order and pseudo-second-order models in order to better understand the rate-control-
ling mechanisms governing the adsorption process.

For the pseudo-first-order model, the correlation coefficients 
(

R2
)

 ranged from 0.989 to 
0.996, whereas the pseudo-second-order model produced slightly lower values between 
0.946 and 0.988. To further validate the goodness of fit, the sum of squared errors (SSE) 

Table 2  Kinetic models of As (V) on different modified ceramic adsorbents

Kinetic Model Parameter CMR CMG CMS

Pseudo-first-order (k_1) (min⁻1) 0.10 0.10 0.10

(q_e) (mg g⁻1) 10.00 10.00 10.00

(R2) 0.989 0.989 0.996

SSE 0.011 0.011 0.004

Pseudo-second-order (k_2) (g mg⁻1 min⁻1) 0.548 0.586 0.842

(h) (mg g⁻1 min⁻1) 0.183 0.174 0.182

(q_e) (mg g⁻1) 0.485 0.472 0.464

(R2) 0.946 0.958 0.988

SSE 0.054 0.042 0.012
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was also evaluated. The pseudo-first-order model consistently produced lower SSE val-
ues (0.004–0.011) compared with the pseudo-second-order model (0.012–0.054). The 
combination of higher R2 and lower SSE values indicates that the pseudo-first-order 
model provides a better representation of the experimental kinetic data.

A comparison between the experimental adsorption capacity 
(

qe,exp
)

 and the calcu-
lated adsorption capacity 

(

qe,cal
)

 further supports this observation, as the pseudo-first-
order model shows closer agreement with the experimental values. This suggests that 
the adsorption rate is largely governed by the availability of active surface sites and con-
centration-dependent interactions between the adsorbate and the adsorbent surface.

Although the pseudo-second-order model also produced relatively high R2 values, 
the comparatively higher SSE values indicate that it does not describe the adsorption 
kinetics as accurately as the pseudo-first-order model. Nevertheless, the reasonable 
fit of the pseudo-second-order model suggests that chemisorption processes, such as 
surface complexation or ion exchange, may still contribute partially to the adsorption 
mechanism.

Overall, the kinetic results indicate that As (V) adsorption on the ceramic materials is 
influenced by surface heterogeneity and multiple adsorbate–surface interactions. How-
ever, it should be noted that kinetic modeling alone cannot conclusively determine the 
adsorption mechanism, and both physical adsorption and chemical interactions may 
contribute to the overall removal process [30,31].

3.2.4 � The effect of initial concentration

The heavy metal (Hg (II) affinity also affects the maximum adsorption capacity for vari-
ous ions at presented in Table. The affinity of the adsorbed heavy metal ions was evalu-
ated using the distribution of coefficient:

In the equation Kd is the distribution coefficient that is used to express the ratio of 
equilibrium of the adsorption capacity of the adsorbent to the equilibrium concentration 
of the adsorbate (heavy metal ions in solution).

The distribution coefficient (Kd) values presented in Table 3 provide an indication of 
the affinity of the adsorbents for Hg(II) and As(V). In general, higher Kd values indicate 
stronger adsorption affinity and better removal potential. The results showed substan-
tially higher Kd values for Hg(II) than for As(V), confirming that the ceramic materi-
als had stronger affinity for mercury than for arsenate under the tested conditions [32]. 

(8)Kd = Qe
/

Ce

Table 3  The distribution coefficient of CMS, CMR and CMG with Hg (II) and As(V)

                C0 (ppm)
Kd (L/Kg)

0.25 0.5 2.0 5.0 10.0

Hg (II) CMS 625.83 690.82 379.53 214.22 144.59

CMR 507.91 2443.44 233.46 159.38 48.46

CMG 288.97 196.17 19.65 22.13 12.56

As (V) CMS 6.53 4.19 2.04 1.71 1.66

CMR 5.52 5.07 2.27 1.65 1.59

CMG 5.90 3.73 1.99 1.67 1.59
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This behavior is consistent with the greater tendency of divalent cationic Hg(II) species 
to interact with negatively charged or reactive surface sites on the ceramic matrices, 
whereas the adsorption of oxyanionic As(V) is less favorable at near-neutral pH. Also, 
the effect of initial Hg (II) and As (V) ion concentration in the range of 0.25–10 mg/L. 
It is clear that the adsorption capacity of the heavy metal decreases with the increase of 
initial ion concentration as indicated in Figs. 3a and b.

The results shows that the highest adsorption percentage of Hg (II) ions was 99.80 
(CMR), 99.80 (CMS) and 99.71 (CMG); also, the highest percentage removal for As (V) 
ions is 84.67 (CMR), 85.51 (CMG) and 86.71 (CMS) at the initial Hg (II) and As (V) ion 
concentration of 0.25 mg/L. When all the active sites are involved in the adsorption pro-
cess, the saturation and the maximum adsorbent capacity is achieved. Similar trend has 
been reported by [33] where the adsorption capacity of clay increased with the increase 
of initial metal ion concentration before attaining a plateau profile.

3.2.5 � Adsorption isotherms of the materials

The adsorption isotherms describe the equilibrium distribution of Hg(II) and As(V) 
between the aqueous phase and the adsorbent surface. To better understand the adsorp-
tion behavior of the ceramic materials, the equilibrium data were analyzed using the 

Fig. 3  a Effect of initial concentration of percentage removal of As (V), b Effect of initial concentration on 
removal of Hg (II) and c Adsorption equilibrium plot against equilibrium concentration
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Freundlich, Langmuir, and Temkin isotherm models, and the corresponding parameters 
are summarized in Table 4.

For all three materials, the Freundlich model produced the highest correlation coef-
ficients 

(

R2
)

 , ranging from 0.993 to 0.997, and the lowest sum of squared errors (SSE), 
with values between 0.0784 and 0.1038. The consistently lower SSE values further con-
firm that the Freundlich model provides the most accurate representation of the experi-
mental equilibrium data. This indicates that Hg(II) adsorption occurs predominantly on 
heterogeneous surfaces with energetically non-uniform adsorption sites. The Freundlich 
constant KF , which reflects adsorption capacity, showed similar values for the three 
materials (1.91–1.94 mg g⁻1), suggesting comparable affinity of the ceramic matrices for 
Hg(II). In addition, the Freundlich heterogeneity factor n ranged from 1.16 to 1.19, with 
values greater than unity indicating favorable adsorption conditions and a strong inter-
action between Hg(II) ions and the adsorbent surfaces [34].

The Langmuir model also exhibited relatively high R2 values (0.992–0.994), although 
the SSE values (0.1429–0.1856) were higher than those obtained for the Freundlich 
model. This suggests that monolayer adsorption may contribute to the overall adsorp-
tion process, but it does not fully capture the complexity of the heterogeneous ceramic 
surfaces. The Langmuir maximum adsorption capacity (qmax) values were calculated 
as 32.12, 34.32, and 37.99  mg  g⁻1 for CMR, CMG, and CMS, respectively. The higher 
theoretical adsorption capacity observed for CMS indicates that the sheanut-shell-based 
ceramic material possesses a greater density of effective adsorption sites compared with 
the other materials.

In contrast, the Temkin model produced significantly lower R2 values (0.798–0.804) 
and substantially higher SSE values (4.65–5.01), indicating poor agreement with the 
experimental data. These results suggest that the Temkin model is less suitable for 
describing the adsorption system under the investigated conditions.

Overall, the combined evaluation of R2 and SSE confirms that the Freundlich isotherm 
best describes the equilibrium adsorption behavior of Hg(II) on the ceramic materials, 
supporting the presence of heterogeneous adsorption sites and multilayer adsorption 

Table 4  Isotherms model parameters for the removal of Hg (II) ions from aqueous solution by 
adsorbents

Isotherm Model Parameter CMR CMG CMS

Freundlich (n) 1.19 1.17 1.16

(K_F) (mg g⁻1) 1.94 1.91 1.92

(R2) 0.997 0.993 0.996

SSE 0.1038 0.0784 0.0895

Langmuir (b) (L mg⁻1) 0.061 0.056 0.051

(q_{max}) (mg g⁻1) 32.12 34.32 37.99

(R2) 0.992 0.994 0.994

SSE 0.1856 0.1429 0.1528

Temkin (A) (L mg⁻1) 18.04 17.76 17.74

(B) (J mol⁻1) 6746.43 6740.99 6768.51

(dQ) (J mg⁻1) 2251.21 2248.74 2216.65

(R2) 0.804 0.801 0.798

SSE 4.6462 4.7668 5.0060
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interactions. Such behavior is consistent with the structural complexity of clay-based 
ceramic matrices containing mixed mineral phases and irregular surface functional 
groups.

The adsorption behavior of Hg(II) and As(V) differed considerably due to their dis-
tinct aqueous speciation and interaction mechanisms with the ceramic surfaces. Hg(II), 
as a divalent cation, readily interacts with negatively charged surface sites through elec-
trostatic attraction, surface complexation, and possible ion-exchange reactions. These 
interactions likely contribute to the higher removal efficiencies observed for mercury 
across all ceramic materials. In contrast, As(V) predominantly exists as oxyanionic spe-
cies (such as H2AsO

−

4  and HAsO2−
4  ) under near-neutral pH conditions, which reduces its 

electrostatic affinity for the ceramic surfaces. Consequently, the adsorption of As(V) was 
consistently lower than that of Hg(II).

Among the tested materials, CMS exhibited the best adsorption performance. This 
improved behavior can be attributed to its higher amorphous fraction and smaller crys-
tallite domains, as revealed by XRD analysis, which likely increased the availability of 
reactive surface sites and structural defects. These features promote stronger adsorbate–
surface interactions and facilitate contaminant binding. Nevertheless, a more detailed 
understanding of the adsorption mechanisms would require post-adsorption characteri-
zation techniques such as SEM–EDS, FTIR, XPS, or XRD analysis of the spent adsor-
bents to identify possible surface complexation or structural changes occurring during 
adsorption.

3.3 � Comparative study of adsorption during filtration and batch experiment

The adsorption performance of the three ceramic filter systems (CMR, CMS, and CMG) 
was further evaluated under filtration conditions for the removal of Hg(II) and As(V). 
The observed trends highlight the influence of biosorbent type, retention time, and 
ceramic microstructure on contaminant removal (Fig. 4).

For Hg(II), the CMS filter consistently outperformed the other materials, reaching 
nearly 70% removal after 24 h of filtration. In contrast, CMR and CMG showed lower 
removal efficiencies, plateauing at about 50%. The relatively rapid uptake by CMS sug-
gests a greater availability of reactive binding sites and more favorable pore character-
istics that promoted contaminant retention during flow-through operation. Thus, the 
order of filtration performance for Hg(II) was:

Fig. 4  Filtration capacity of different ceramic materials with a Hg (II) and b As (V)
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For As(V), overall removal efficiencies were lower for all filters. CMS again showed 
the best performance, reaching approximately 38% removal after 24 h, followed by CMG 
and CMR. The comparatively lower adsorption of arsenic is likely related to its oxy-
anionic nature under neutral pH conditions, which reduces its affinity for the available 
adsorption sites relative to cationic Hg(II).

When compared with batch adsorption experiments, the filtration experiments gen-
erally produced lower removal efficiencies. This difference is most likely due to shorter 
effective contact times, mass-transfer limitations during flow-through operation, and 
incomplete utilization of adsorption sites under dynamic conditions. In contrast, batch 
experiments provide prolonged interaction between the adsorbate and adsorbent, 
resulting in greater uptake.

Overall, CMS exhibited the best adsorption and filtration performance for both Hg(II) 
and As(V), with particularly strong affinity toward Hg(II). These results suggest that 
sheanut-shell-modified ceramic filters are promising low-cost materials for point-of-use 
treatment of mercury-contaminated water, although further optimization will be needed 
to improve As(V) removal.

4 � Conclusion
This study demonstrated the potential of locally fabricated ceramic water filters modified 
with agricultural biosorbents as low-cost adsorbents for the removal of Hg(II) and As(V) 
from contaminated water. Among the three formulations tested, the sheanut-shell-based 
ceramic material (CMS) exhibited the most favorable structural characteristics, includ-
ing higher amorphous content and greater surface reactivity, which contributed to its 
superior adsorption performance.

Batch adsorption experiments showed that all adsorbents were capable of removing 
both Hg(II) and As(V), with CMS consistently outperforming CMR and CMG. The high-
est removal efficiencies were observed at lower initial concentrations, with maximum 
values of about 99.8% for Hg(II) and 86.7% for As(V). Kinetic analysis indicated that the 
pseudo-first-order model provided the best fit to the adsorption data, while equilibrium 
data were better described by the Freundlich isotherm model, suggesting adsorption on 
heterogeneous surfaces.

Under filtration conditions, CMS also achieved the best performance, with Hg(II) 
removal reaching about 70% and As(V) removal about 38% after 24 h. The lower effi-
ciencies observed under filtration compared with batch conditions were attributed to 
reduced contact time and mass-transfer limitations. Although regeneration and reuse 
of spent filter materials are important considerations for sustainable water treatment, 
the present filtration system is intended for deployment in rural and resource-limited 
communities where users may have limited technical capacity for safe regeneration and 
handling of exhausted adsorbents. Improper reuse of spent filters may increase the risk 
of contaminant release and secondary contamination of drinking water. Therefore, the 
current study focuses on the filtration performance and practical applicability of the 
developed materials, while post-use management and regeneration strategies will be 
investigated in future studies. Overall, the results indicate that ceramic filters modified 

CMS > CMR ≈ CMG
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with locally available biosorbents, particularly sheanut shells, offer a promising and 
accessible option for the treatment of mining-impacted water in rural and resource-
constrained settings. Future work should investigate post-adsorption characterization, 
regeneration behavior, and additional surface modification strategies to improve arsenic 
removal and long-term performance.
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