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Abstract: The status quo of the iron (Fe) concentration in the seawater (0.55 mg/L) of the Araromi coastal area in 
Nigeria exceeds the permissible limit set by the World Health Organization (WHO; 0.3 mg/L) for drinking water. To 
lower the Fe content, the adsorption potential of locally sourced mangrove wood-based charcoal (WC) with three 
particle sizes (0.38dp, 1.18dp, and 2.00dp) was investigated, where dp means particle diameter in mm, under varied 
parameters (dosages, contact time, and temperature). The adsorption efficiency (ζ) improved with an increase in each 
parameter. The WC with a particle size of 0.38dp evinced the highest ζ (91.0%, 88.8%, and 81.1%) under the parameters 
of 60 g/L dosage, 50 min of contact time, and 60 °C of temperature, respectively. Generally, the ζ followed the order of 
0.38dp > 1.18dp > 2.00dp. Through modeling, 0.38dp WC would achieve an ζ of 100% if the dosage, contact time, and 
temperature were 4.04 g/L, 56 min, and 81.2 °C, respectively. Furthermore, the adsorption favored the Freundlich model 
(R2 = 0.893 – 0.999) over the Langmuir model (R2 = 0.558 – 0.994), fitting pseudo-second-order (R2 = 0.974 – 0.992) 
rather than pseudo-first-order (R2 = 0.804 – 0.989) kinetics. Also, the predominance of chemisorption over physisorption 
was established by the enthalpy change value (∆H = 19.05 – 40.47 kJ/mol). The Fe adsorption was thermodynamically 
feasible (∆G = -10.3 – -7.3 kJ/mol) and endothermic, confirming the positive linearity between ζ and temperature. 
Consequently, low-cost, readily available WC was effective in lowering the Fe levels in seawater to a potable level. 
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1. Introduction
Trace (toxic) metals (such as copper, zinc, lead, mercury, cadmium, arsenic, carbon monoxide, iron, etc.) are non-

biodegradable inorganic pollutants, usually produced from various anthropogenic activities [1,2]. When present in the 
environment above absorbable and adaptable levels, they could harm the ecosystem, including humans. In the human 
system, toxic metals may cause several illnesses, such as dehydration, abdominal pain, diarrhea, numbness, cardiac 
failure, confusion, brain damage, itai-itai, psychosis, etc. [3,4]. Although iron (Fe) deficiency in humans may hinder 
blood clotting, its ingestion at elevated levels causes gastrointestinal and cardiovascular collapse [5].

The corrosion of abandoned ship wreckages, oil pipes, dumped industrial metal scraps, and underwater cables 
could increase Fe levels in seawater and coastal water bodies beyond permissible environmental limits [6]. Therefore, 
there is a need to control Fe levels in such estuaries and seawater where the Fe levels usually exceed potable water 
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standards (< 0.3 mg/L).
The conventional chemical techniques for trace metal control include precipitation, ion exchange [7], electro-

coagulation [8], membrane separation [9], reverse osmosis [10], electrodialysis [11], solvent extraction [12], 
phytoextraction [13], ultrafiltration [14], adsorption, etc. [15-17]. Adsorption has numerous merits compared to these 
options, such as high cost effectiveness, high reusability of sorbents, easy application, excellent efficiency, etc. However, 
some rural areas in underdeveloped and developing countries (such as seaside settlements in the oil-rich Niger-Delta 
regions of Nigeria) lack access to factory-made adsorbents (such as activated carbon, activated carbon fibers, molecular 
sieves, metal-organic frameworks, etc.) to purify their polluted waters before consumption.

Baruah et al. [18] carried out Fe removal in an indigenous water filtration system in Assam, Northeastern India. 
The various Bambusa charcoals reduced Fe concentration (0.3 to 4 mg/L) by 56.3% to 74.24% at pH 7.5. Elsewhere, 
Aji and co-researchers [19] applied activated carbon to remove Fe from Alau Dam in Maiduguri, Nigeria. The sorbent 
reduced the initial Fe concentration (3.11 mg/L) by 90% after 50 min. In the same year, Fe (along with aluminium and 
manganese) was removed from industrial waste using activated carbon and an ion-exchanger (Amberlite IR-120H) 
[20]. With 2 g/L dosage, pH of 7, and 30 min contact time, 99.02% Fe removal efficiency was achieved. The removal 
mechanism also favored the Langmuir model over Freundlich. Recently, Fe was adsorbed from groundwater using 
ash from five different sources, i.e., banana rind, banana leaf, banana pseudostem, rice husk, and bamboo [21]. The 
researchers found banana pseudostem-derived ash to be the most efficient option, lowering the original Fe level from 2.2 
to 0.3 ppm.

Because of the high poverty level and the huge amount of adsorbents incessantly needed by the coastal settlers 
to purify their waters, research attention has shifted toward using low-cost and readily available adsorbents such as 
orange peel, sawdust, coconut waste, sugarcane bagasse, rice husk, amongst others [22]. However, considering that fish 
smoking is the primary occupation of the coastal residents, no research has delved into the use of unmodified charcoal 
(constantly obtained from fish smoking) to remove Fe (being the most abundant trace metal in the wastewater and 
seawater). Therefore, in this study, the potential of readily available mangrove wood-based charcoal (WC) to remove 
excess Fe from polluted waters was evaluated, especially for the residents of the region who don’t have enough water 
for municipal and nutritional needs.

2. Materials and methods
2.1 Sampling method 

The water and WC were sampled at Araromi, a coastal area in Ilaje Local Government Area (LGA) of Ondo State, 
Nigeria (Figure 1). The Ilaje community is an oil-producing area of Ondo State that shares boundaries with the Atlantic 
Ocean, Ogun, and Delta States. In June, water samples were collected from four water bodies, including the river (R) 
(6° 19' 55.195" N, 4° 29' 36.19" E), pond (P) (6° 19' 50.869" N, 4° 29' 40.265" E), estuary (E) (6° 19' 09.2" N, 4° 30' 
28.1" E), and the sea (S) (6° 19' 26.106" N, 4° 29' 06.276" E), using pre-cleaned high-density polyethylene (HDPE) 
bottles. Five grab samples within 100 m of each other were taken from R, E, and S water sources, while grab samples 
from P were only 10 m apart due to the relatively small size of the water body. The sampling was carried out between 
9 and 11 a.m. on the same day. The water samples from each location were aggregated and homogenized by gently 
shaking the bottles. Then, a representative sample was obtained from each aggregate for Fe content assessment and 
subsequent adsorption examinations. The WC was sourced locally from the bakery located in the sampling area, which 
also functions as a fish-smoking facility.
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Figure 1. A map of the Ilaje Local Government Area, indicating the sampling locations

2.2 Labware 

The glasswares used were beakers (500 mL), conical flasks (100 and 1000 mL), and volumetric flasks (1 L). A 
ceramic pestle and mortar, a magnetic stirrer-hot plate couple, a plastic funnel, a digital weighing balance, and a water 
distiller (Model WSB/4) were also included in the sample preparation kit. The consumables included Whatman No. 42 
filter paper (6 µm mesh size) and nitric acid (70% purity). The physicochemical parameters (pH, salinity, temperature, 
total dissolved solids (TDS), electrical conductivity (EC), and dissolved oxygen (DO)) were monitored using a well-
calibrated multi-parameter water analyzer (Hanna HI9819X Water Analyzer, USA).

2.3 Preliminary study 

First, the background Fe concentrations of the water samples were determined using the standard procedure 
discussed in Section 2.4. By referring to the World Health Organization (WHO) standards, further adsorption studies 
were focused on samples that exceeded the Fe permissible limit of 0.3 mg/L.

2.4 Fe analysis 

5 mL of 15.8 M nitric acid was added to 50 mL of the water sample in a pre-cleaned 100 mL conical flask to ensure 
complete mineralization and solubilization of the Fe content. The mixture was then heated to half its original volume on 
a hot plate (set to 90 °C) in the fume cupboard before being allowed to cool to room temperature. The digested sample 
was filtered into another 100 mL pre-cleaned conical flask using Whatman filter paper. The filtrate was diluted to mark 
with distilled water. An atomic absorption spectrophotometer (AAS, Buck Scientific VGP 210, USA) was used to 
measure the concentration of Fe.
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2.5 Adsorption study
2.5.1 Adsorbent pretreatment

The WC was pre-cleaned by soaking for 5 min in 1 M HNO3 (w/v = 10 g/mL). Then, it was thoroughly but gently 
rinsed in distilled water until the pH of the water reached 6.4. The charcoal was then oven-dried for 24 hours at 105 °C 
to remove residual minerals and moisture. Using a mortar and pestle, the dried WC was pounded. Then, it was sieved 
through a series of sieves with different mesh sizes to obtain regular-sized particles with diameters (dp) < 0.38 mm, 0.38 
to 1.18 mm, and 1.18 to 2.00 mm. Henceforth, the WCs are referred to as 0.38dp, 1.18dp, and 2.00dp, respectively.

2.5.2 Effect of adsorption conditions

The individual effects of dosage, contact time, and temperature on WC’s adsorption efficiency (ζ) against Fe were 
investigated for three particle sizes (0.38dp, 1.18dp, and 2.00dp).

i. Effect of adsorbent dosage
0.5, 1.0, 1.5, 2.0, and 3.0 g of WC were added to five different beakers containing 50 mL of seawater sample each, 

resulting in doses of 10, 20, 30, 40, and 60 g/L, respectively. The temperature was kept at 21 °C for 40 min with mild 
agitation. The mixture was then filtered to remove the impurities. AAS was used to determine Fe concentrations in the 
filtrate. 

ii. Effect of contact time
In triplicates, 50 mL of the water sample was poured into 100 mL beaker samples at 21 °C. Approximately 2.0 g 

of each sample was added to the separate beakers (i.e., three prototypes) and gently agitated for 10 min. The procedure 
was repeated at 20, 30, 40, and 50 min contact times. In each case, the mixture was filtered and the amount of Fe 
concentration in the filtrates was determined. 

iii. Effect of temperature
For each WC sample, approximately 2.0 g was placed in separate 100 mL beakers, each containing 50 mL of the 

water sample. The mixture was kept at approximately 20 °C on a magnetic stirrer. Other triplicates were carried out 
by ramping the temperature to 30, 40, 50, and 60 °C and holding it for the duration of the experiment before adding 
the adsorbent. For each sample, the mixture was filtered, and the concentration of Fe in the filtrate was determined 
accordingly.

2.5.3 Estimation of sorption efficiency

All of the experiments were carried out in batch mode. The sorption efficiency (i.e., the percentage of metal uptake 
by the sorbent, otherwise called percentage removal) was determined using Equation 1: 

� � �
�C C
C
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0
100%

where C0 and C1 imply the Fe concentrations before and after adsorption, respectively.

Further, the WC adsorption capacity for Fe (qe) was calculated using Equation 2:

q
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m
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where m is the mass of the WC (g) and V is the volume of the water sample (mL).
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Quality assurance (QA) or quality control (QC): All analyses and calculations were done in triplicates at a 
probability level (p) = 0.05. All outliers were expunged before the mean of reliable triplicates was used as representative 
values.

2.6 Modeling adsorption properties
2.6.1 Adsorption isotherms

Adsorption isotherms describe the equilibrium between adsorbents and adsorbates at a particular temperature. The 
mechanism of Fe adsorption by WC was investigated using Langmuir and Freundlich isotherm models.

The Langmuir isotherm is one of the most widely used models. It proposes that adsorptions occur at specific (finite) 
homogeneous sites of the adsorbent in a monolayer pattern. The linearized form of the Langmuir equation is rendered as 
Equation 3:

C
q

C
q K q

e

e L
� �0

max

1

max

where C0 and Ce are the initial and equilibrium Fe concentrations (mg/L), qe is the amount of Fe adsorbed per unit weight 
of WC at equilibrium (mg/g), KL is the Langmuir constant (L/mg), and qmax is the maximum monolayer adsorption 
capacity (mg/g).

An essential factor of the Langmuir isotherm used to predict the favorability of the adsorption system is the 
separation factor, RL, defined in Equation 4:

R
K CL
L

=
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where C0 refers to the initial concentration of Fe (mg/L). In this context, the lower the value of RL, the more favorable 
the adsorption. Specifically, adsorption is either unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or 
irreversible (RL = 0) [23,24].

The Freundlich model is an empirical model that allows for multi-layer adsorption on the adsorbent [25]. The 
linearized form of the Freundlich model, used in the current work, is expressed as Equation 5:
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where KF is the equilibrium constant of adsorption and      is the heterogeneity factor and the slope of the linearized 
form.

2.6.2 Adsorption thermodynamics

It is established that if the sorption capacity increases with temperature, the sorption process is endothermic, and 
the reverse implies exothermic adsorption [26]. The thermodynamic parameters (free energy (ΔG), enthalpy (ΔH), and 
entropy change (ΔS)) are determinable from the equilibrium constants of the Langmuir, Freundlich, or Temkin isotherm 
models, which determine the feasibility of the adsorption [27,28]. The thermodynamic parameters are derived using 
Equation 6:

�G RT KC� ln

where R is the molar gas constant (8.314 J/mol.K), T is the adsorption temperature, and KC is the equilibrium constant of 
adsorption. From the value of ΔG, another plot of ΔG against temperature (T) was used to determine ΔH and ΔS:

(3)

(4)

(5)

1
nF
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2.6.3 Adsorption kinetics

By varying the contact time, the adsorption rate was modeled using Lagergren’s first order and Ho’s second-
order equations [27,29]. The pseudo-first-order kinetic equation and the linearized form are given in Equation 8 and 9, 
respectively:

dq
dt
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1

where qe and qt are the amounts of Fe adsorbed (mg/g) at equilibrium and at time t (min), respectively, and k1 is the 
rate constant (min-1). The pseudo-first-order implies that the rate of adsorption change is directly proportional to the 
difference between the saturation concentration and the amount adsorbed per time [24,30]. In contrast, the pseudo-
second-order model assumes that the rate-determining step is chemisorption (rather than physisorption) through the 
sharing or transfer of electrons at the adsorption interface. The pseudo-second-order kinetic equation used in the current 
study is given as Equation 10:
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where k2 is the rate constant (min-1).

3. Results and discussion
3.1 Status quo of Fe concentration 

Fe was undetectable in the R and P samples, but was found in the E and S samples at 0.17 and 0.55 mg/L, 
respectively. As a result, Fe levels in drinking water were found to be above the WHO permitted limit (i.e., 0.3 mg/
L) only in the S sample [31]. The high Fe concentration in S is attributed to wrecked ships, abandoned vessels, 
indiscriminate disposal of waste metals from mechanic shops and scrap metals from industries, corroded jetty 
metalworks, corroded fishing hooks, and other metal-based anthropogenic activities. Hence, further Fe remediation and 
adsorption property analyses were based solely on the S sample.

3.2 Effect of adsorption conditions 

Figure 2 depicts the influence of sorbent dosage, contact time, and temperature on the removal of Fe from S sample 
using WC with different particle sizes. The effect of dosage on Fe sorption efficiency of each particle size is illustrated 
in Figure 2(a). Regardless of particle size, an increase in Fe removal with adsorbent dosage was observed. Other studies 
have shown that increasing the amount of adsorbent gives additional surfaces for adsorption [32,33], therefore this result 
was expected. Irrespective of the dosage, the WC effectively lowers the Fe content in the seawater below the WHO 
standard limit for Fe in drinking water. As a result, the WC dosage of 10 g per 1 L of S was sufficient. The adsorption 
tendency also increases with the fineness of WC particles, i.e., the ζ (percentage removal) was in the order of 2.00dp < 
1.18dp < 0.38dp. It implies that increasing the external surface area of WC enhances excess Fe removal from seawater 
due to the higher adsorption interface.

The influence of the contact time on the sorption efficiency of WC against Fe was also investigated. As depicted 
in Figure 2(b), Fe removal increases steadily with contact time for each particle size. Similarly, a steady and consistent 

(7)
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superiority in sorption efficiency was observed with a decrease in particle sizes. Likewise, as contact time increases, 
more adsorbates occupy the available adsorption sites provided by the enhanced external surface through WC 
pulverization. As a result, the adsorption tendency increases in the order of 2.00dp < 1.18dp < 0.38dp. Thus, the finer 
the particle size and the longer the contact time, the higher the Fe adsorption from the seawater.

Figure 2. The effect of (a) dosage, (b) contact time, and (c) temperature on the sorption efficiency of WC
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The effect of temperature on the efficiency of WC to remove excess Fe is depicted in Figure 2(c). A steady increase 
in Fe adsorbed by WC with temperature was observed, inferring the predominance of endothermic adsorption. The 
distinction between the effects of temperature on the adsorption of 1.18dp and 0.38dp WC was indistinct, compared with 
that of 2.00dp WC. The observed non-linear relationship between particle size and adsorption temperature is attributed 
to the adsorption thermodynamics because the adsorption-desorption equilibrium was altered by temperature change. 
However, with larger particles (lesser surface area), the adsorption haphazardness lessened as the adsorption equilibrium 
was reached faster and more straightforward on the fewer active sites available.

Assuming the experiments were error-free, we modeled the adsorption data for each condition (with 0.38dp WC 
as the most favorable sample) to identify when 100% sorption efficiency could be attained (Figure 2). Respectively, we 
found the best fits for dosage, contact time, and temperature to be logarithmic, polymeric, and polymeric. Therefore, for 
ζ = 100%, the dosage, contact time, and temperature should be 4.04 g/L, 56.0 min, and 81.2 °C, respectively.

The respective adsorption properties (isotherm, kinetics, and thermodynamics) were investigated using established 
models to better understand the adsorption mechanism, rate, and feasibility.

3.3 Adsorption properties
3.3.1 Isotherm

The fitting of the experimental adsorption data to Langmuir and Freundlich isotherm models is provided in Figure 
3, while the deduced parameters, degree of fitness (by R2), and model equations are listed in Table 1. For both models, 
the degree of fitness was highest and lowest at 1.18dp and 2.00dp, respectively. However, since the RL was generally < 
1, the adsorption was favorable, i.e., monolayer surface adsorption was predominant. However, the Freundlich model 
also shows      < 1, hence the adsorption is favorable [34]. Additionally, the KF values indicate that the amount of Fe 
adsorbed by WC follows the trend of 0.38dp > 1.18dp > 2.00dp. This trend indicates that 0.38dp WC has the highest 
Fe adsorption capacity [35,36]. A similar result was observed for the qmax through the Langmuir model, showing that 
the 0.38dp-sized WC exhibited the highest values among the other WC samples. The least nF value recorded by the 
2.00dp indicated that the WC surface was more heterogeneous than that of other particle sizes [37]. This observation 
buttressed the axiom that adsorption surfaces become more heterogeneous as the nF value approaches zero [38]. Thus, 
given that       < 1, the adsorption is likely to be chemisorption. Since the Freundlich model generally evinced a better fit 
than the Langmuir model (i.e., superior R2 values), we infer that Fe collection on the WC granules was predominantly 
multidimensional rather than a monolayer phenomenon. The high R2 value of the 1.18dp Freundlich models might 
result from intraparticle diffusion occurring in a chemisorption-predominant removal. If the adsorption process were 
strictly monolayer, the degree of fitness would have been directly proportional to particle fineness. However, because 
intraparticle diffusion into the available pore probably ensued, Fe multi-layer adsorption occurred, thereby favoring 
the Freundlich model. Another possibility for the heterogeneous active sites on the surface of the charcoal could be the 
presence of various surface oxygen functionalities tethered during its formation from wood-burning (dry oxidation) as 
well as by the wet (nitric) acid during sample pretreatment [39,40]. Dry and wet oxidations have been attributed to the 
formation of various acid and basic oxygen functionalities [41].

Table 1. Adsorption isotherm parameters for adsorption of Fe in seawater by WC

Sample Langmuir Freundlich
qmax 

(mg/g)
KL

(L/mg)
RL R2 Model equation KF

(m/mg)
nF R2 Model equation

0.38dp 0.0474 3.713 0.328 0.699 y = 21.09x + 5.68 0.0534 1.608 0.622 0.898 y = 0.622x – 2.93
1.18dp 0.0455 2.621 0.409 0.994 y = 22.02x + 8.40 0.0459 1.459 0.686 0.999 y = 0.686x – 3.08
2.00dp 0.0405 1.772 0.505 0.558 y = 24.72x + 13.9 0.0345 1.350 0.741 0.846 y = 0.741x – 3.37

1
nF

1
nF

1
nF
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Figure 3. (a) Langmuir and (b) Freundlich models for the adsorption of Fe on WC

3.3.2 Kinetics

Using the experimental data of Fe adsorption under various contact times (Section 2.6.3), the adsorption rate was 
fitted with pseudo-first-order and pseudo-second-order models as depicted in Figure 4. The derived parameters and 
models are provided in Table 2. The linearity of all the plots shows that the Fe removal mechanism was via physical 
and chemical adsorption [24,42]. Except for the 0.38dp WC, the pseudo-second-order kinetic model outperformed the 
pseudo-first-order model in terms of degree of fitness. Our findings indicate that the pseudo-first-order model provided a 
good fit when the adsorbate collected on the adsorbent was low, as given by the q1 value of 0.0074 in Table 2 [43]. Thus, 
the pseudo-first-order model best explains the adsorption kinetics for the 0.38dp WC, while the pseudo-second-order 
model is more suitable to predict the kinetics for the 1.18dp and 2.00dp WC. Also, the rate constant of pseudo-second-
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order adsorption (k2) was significantly higher than that obtained for the pseudo-first-order model. This observation 
showed a slower uptake of Fe2+ onto the WC [15,44]. The pseudo-second-order model also showed little difference in 
q2 and q for the 0.38dp and 1.18dp WC compared to q1 of the pseudo-first-order model. Therefore, the rate-determining 
step may stem from the chemical adsorption, which involves valence forces via electron sharing or exchange at the 
adsorption interface [17,45].

Table 2. Adsorption kinetics parameters for adsorption of Fe in seawater by WC

Sample  q (mg/g) Pseudo-first-order Pseudo-second-order
q1 (mg/g) k1 (min-1) R2 Model equation q2 (mg/g) k2 (min-1) R2 Model equation

0.38dp 0.0123 0.00737 0.038 0.989 y = – 0.038x – 4.91 0.0157 4.55 0.974 y = 63.8x + 893
1.18dp 0.0111 0.0216 0.099 0.864 y = – 0.099x – 3.84 0.0159 2.99 0.978 y = 63.1x + 1331
2.00dp 0.0094 0.0117 0.067 0.946 y = – 0.067x – 4.45 0.0140 2.83 0.992 y = 71.3x + 1193

Figure 4. (a) Pseudo-first-order and (b) pseudo-second-order kinetic models for the adsorption of Fe on WC
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3.3.3 Thermodynamics

The influence of temperature on the Fe adsorption on WC provides the basis for the thermodynamic study. We 
observed that Fe removal increased with temperature, implying an endothermic process. The increased entropy of Fe 
ions at elevated temperatures seems to facilitate intraparticle diffusion of the adsorbate onto the adsorbent’s external 
surface and inner pore walls [46]. From Equation 6, the ∆S and ∆H are obtained as the slope and intercept, respectively. 
Based on the plots in Figure 5, we obtained the respective entropies (99.2, 74.3, and 28.1 J/mol) and heat contents (-39.5, 
-32.1, and -19.0 kJ/mol) of Fe adsorption by 0.38dp, 1.18dp, and 2.00dp WC (Table 3).

Figure 5. Thermodynamic plot for (a) 0.38dp, (b) 1.18dp, and (c) 2.00dp WCs adsorption of Fe

Table 3. Adsorption thermodynamics parameters for adsorption of Fe in seawater by WC

Sample ∆G~T Gibbs free energy, ∆G (kJ/mol)
∆H

(kJ/mg)
∆S

(kJ/mg.K)
R2 Model equation 293 303 313 323 333

0.38dp 40.47 102.1 0.962 y = – 0.102x + 40.5 – 10.4 – 9.44 – 8.45 – 7.46 – 6.47
1.18dp 32.50 75.79 0.935 y = – 0.076x + 32.5 – 10.3 – 9.54 – 8.80 – 8.06 – 7.31
2.00dp 19.05 28.17 0.799 y = – 0.028x + 19.0 – 10.8 – 10.5 – 10.2 – 9.95 – 9.67

Adsorptions are classified into physisorption, physi-chemisorption, and chemisorption based on the ∆H values of 
ranges 2 to 20 kJ/mol, 20 to 40 kJ/mol, and > 40 kJ/mol, respectively [34,47]. In the current study, it is observed that Fe 
collection on the WC surfaces fell within the physi-chemisorption, inferring the relative fitness of the Langmuir isotherm 
despite a better fit with Freundlich. Also, the prevalence of chemisorption increased with pulverization, which is 
attributed to an increase in the availability of O-bearing chemical functionalities on the inner structure of the adsorbent 
[40,48]. Similarly, the randomness of Fe distribution, indicated by the ∆S, also increased with the external surface area 
provided by pulverization, as the negative values of ∆G confirm the feasibility and spontaneity of the adsorption [24,48].

Regarding the adsorption properties, the sorption observed was predominantly multi-layer. The adsorption sites 
also exhibited different affinities based on the superior correlation coefficients of Freundlich over Langmuir. Besides, 
the adsorption favors the pseudo-second-order model over the pseudo-first-order model, thereby confirming the 
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predominance of chemisorption over physisorption [47]. Finally, the adsorption thermodynamic values determined the 
feasibility of the adsorption and confirmed that the process was spontaneous and endothermic. Therefore, the successful 
modeling of Fe removal by WC enables a reliable and large-scale use.

3.4 Effect of WC particle size on the physicochemical properties of treated S samples 

After establishing the efficacy of WC to adsorb Fe from seawater, this study further assessed the implications of the 
removal on the relevant physicochemical properties of the seawater (Table 4). Except for pH and DO (initially within 
the permissible range but improved), WC moderated most physicochemical properties to the permissible standard range 
for drinking water set by the WHO/Nigerian Industrial Standard (NIS) [31,49,50]. However, the salinity levels were still 
in the non-tolerable range (> 0.9 ppt). We opine that the sorbent requires increased dosage or surface chemical treatment 
to achieve an efficient and simultaneous salinity reduction. Significant to this study is the influence of the particle size 
of the sorbent on TDS removal, DO elevation, showing negative and high oxidation-reduction potential (ORP), and 
turbidity reduction. As initially observed with excess Fe removal, the finer the particles, the more efficient the overall 
purification.

Table 4. Physicochemical properties of seawater (S) upon contact with various WC particle sizes

Parameter Raw S sample 0.38dp - treated 1.18dp - treated 2.00dp - treated WHO/NIS standard
pH 7.85 6.88 6.95 6.98 6.5 – 8.5

Conductivity (µS/cm) 39,980 2,330 2,700 3,140 2,500
TDS (ppm) 19,990 8,570 10,140 11,180 1,000/500

Salinity (ppt) 26.18 5.280 6.428 6.840 < 0.6 (good)
0.6 – 0.9 (fair)
0.9 – 1.2 (poor)

> 1.2 (hazardous)
Turbidity (NTU) 122 2.85 4.25 5.64 1 – 5 

ORP (mV) 24.6 -38.1 -28.66 -28.56 -50
DO (mg/L) 6.31 8.14 7.80 7.88 ≥ 5 

4. Conclusion
Due to the lack of potable water and water purification technology for residents of the Araromi coastal regions of 

Nigeria, we were prompted to investigate the feasibility of using readily available wood-based charcoal to lower the 
Fe content of their neighboring seawater to the WHO standard for drinking water. Based on different particle sizes, the 
sorption efficiency and adsorption properties were studied in detail. We observed that the finer the particle size, the more 
efficient the adsorption was, with Fe removal efficiency of 90.9%, 85.8%, and 74.4% for particle sizes of 0.38dp, 1.18dp, 
and 2.00dp with 3 g/L dosages after 50 min of contact at room temperature. The sorption efficiency increased with 
dosage, contact time, and temperature, and was optimized at 4.04 g/L, 56.0 min, and 81.2 °C, respectively.

Adsorption modeling showed the favorability of Fe adsorption via Freundlich over Langmuir isotherms, suggesting 
the presence of various active adsorption sites, intraparticle diffusion, and multi-layer adsorption. Kinetically, the 
pseudo-second-order model was more suitable for describing the Fe adsorption on the charcoal, providing information 
on the prevalence of chemical reaction at the adsorption interface. The thermodynamics study also confirms the 
endothermic process of the adsorption as the ΔH, ΔS, and ΔG values evinced physi-chemisorption, spontaneity, and 
feasibility, respectively. Overall, the finer the particle size, the better the Fe adsorption. Therefore, we conclude that the 
supposedly locally-sourced waste wood-based charcoal could efficiently remove the Fe content of seawater to a potable 
level. Before oral consumption of the treated water can be recommended, additional studies are required to improve 
the efficiency of the adsorbent via physical activation (rather than chemical activation), confirm other trace metals that 
may co-adsorb with Fe, and test the quality of the treated water for pollutants that may have eluted from the untreated 
charcoal. The last two suggestions are limitations of the current studies.
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