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Abstract 
 
Heavy metal pollution has posed a significant threat to environmental and human health. 
In this work, activated carbon synthesized from shrimp shells through KOH activation was 
employed as an adsorbent for Fe³⁺ ion removal from aqueous solutions. The material was 
characterized using X-ray diffraction, scanning electron microscopy, and N₂ 
adsorption/desorption analysis. Batch adsorption experiments were conducted to assess 
the adsorption capacity of the activated carbon, while the effects of initial ion 
concentration, contact time, pH, and adsorbent dosage were analyzed using Response 
Surface Methodology. The results showed that the adsorption process followed pseudo-
second-order kinetics, indicating a chemisorption mechanism. While the Langmuir 
isotherm effectively described the adsorption behavior. The results also showed that a 
maximum removal efficiency of 72.31% was achieved at the optimal conditions (19.131 
mg/L initial concentration, pH 6, and 130.394 minutes). The findings revealed that shrimp 
shell–derived activated carbon displayed strong adsorption efficiency for Fe³⁺ ions. This 
study contributes to the development of eco-friendly and cost-effective materials for heavy 
metal removal and underscores the significance of utilizing waste materials for value-
added purposes in the field of environmental science and engineering. 
 
Keywords: Activated carbon; Fe3+ ions; Freundlich isotherm; heavy metal; Langmuir 
isotherm 
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1.0  INTRODUCTION 
 
Water is an essential resource for sustaining life and supporting 
sustainable development on Earth. It is critical not only for 
human survival but also for key economic sectors such as 
agriculture, industry, energy, and transportation [1]. However, 
growing challenges such as rapid population growth, 
industrialization, and inefficient groundwater and soil 
management have increasingly led to water scarcity and 
pollution [2, 3]. Water pollution has become a pressing global 
concern, and Vietnam is no exception [4]. Pollutants including 
heavy metals and organic impurities greatly affect ecological 

systems and public health. Among heavy metals, iron is an 
essential trace element for living organisms, excessive 
concentrations—above 0.3 mg/L—can lead to adverse health 
effects, including nausea and dizziness [5]. Furthermore, iron 
levels exceeding 1.8 mg/L can impart a noticeable metallic taste 
to drinking water [6]. High iron content also causes water 
turbidity, stains fabrics, and contributes to the clogging of 
pipelines. 

To remove heavy metals from wastewater, several 
physical and chemical treatment technologies have been 
developed including filtration, acid precipitation, coagulation 
and flotation, sedimentation, and biochemical degradation [7, 
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8]. Other techniques were also applied such as solvent 
extraction, membrane filtration, air flotation [9], and 
phytoremediation [10] for the removal of heavy metals. Specific 
methods like sorption and aeration are also commonly 
integrated into wastewater treatment systems [11, 12]. Among 
these, adsorption has emerged as a widely used approach due 
to its effectiveness and simplicity. A range of adsorbent 
materials—such as activated carbon, silica, and others—are 
employed to remove metal contaminants from various types of 
wastewater [13].  

Among various adsorbent materials including porous 
zeolites [14], silica gel [15], metal-organic frameworks (MOFs) 
[16], activated alumina [5], carbon nanotubes [17], and activated 
carbon [18-20], activated carbon stands out due to its high 
carbon content and versatile performance. Its most notable 
feature is its highly porous structure, which leads to an 
exceptionally large surface area. Activated carbon (AC) can be 
produced from Coconut Shell [21], Bambusa vulgaris (AC surface 
area ~ 1042 m2/g) [18], corncob-based (1600 m2/g) [22]; 
activated carbon aerogels (2600 m2/g) [23]; and sugarcane 
bagasse-derived (3555 m2/g) [24]. This extensive surface area 
provides abundant active sites for adsorption, enabling efficient 
removal of target contaminants from gas or liquid phases. 
Therefore, there are many studies focusing on using activated 
carbon for the heavy metal adsorption [25-28]. 

In this work, activated carbon was prepared from shrimp 
shell waste and utilized for the adsorption of iron (Fe) ions. 
Shrimp shells were selected as the raw material due to their high 
availability in Vietnam—one of the world’s leading shrimp 
exporters, with an export turnover reaching USD 3.9 billion in 
2024 (VASEP) [29]. Additionally, Yu et al. reported that shrimp 
shell rich in calcium could act as native pore templates, and 
avoid the disadvantages of activated carbon derived from 
agricultural resources such as additional treatments in the 
production of activated carbon [30]. Indeed, the activated 
carbon from shrimp shell in this study showed a promising 
maximum Fe ion adsorption capacity of 66.67 (mg/g), indicating 
a potential material for adsorption. Therefore, converting this 
abundant waste into high-value materials like activated carbon 
represents a sustainable and economically viable waste 
management strategy. 
 
 

2.0  METHODOLOGY 
 
2.1. Materials 
 
The shrimp shell utilized in this study was obtained from Ca Mau 
Seafood Co., Ltd., located in Ca Mau, Vietnam. To ensure the 
removal of impurities, the shell was thoroughly cleaned with 
deionized water and subsequently subjected to sun-drying. 
Next, the shell underwent coarse crushing and sieving. 
Metal ion Fe3+ solution was prepared by using iron (III) nitrate 
nonahydrate (Fisher Scientific, 98%). All experimental solutions 
were appropriately diluted using deionized water. Potassium 
hydroxide (86%), sodium hydroxide (97%), and hydrochloric acid 
(37%) were supplied by Fisher Scientific Co., Ltd. (USA). NaOH 
(Xilong Scientific, analytical grade) and HCl (Xilong Scientific, 
analytical grade) were employed as chemical agents to adjust 
the pH levels, with the aid of a pH meter (METTLER TOLEDO). 
2.2. Preparation Of Activated Carbon 
 

The activated carbon (AC) was synthesized by using an in-house 
fabricated  tubular furnace (Figure S1) for carbonization and a 
KOH activation, with a few changes to the previously described 
procedure [31].  Firstly, a porcelain boat carrying 10 g of shrimp 
shell powder (particle size of 125-212μm) was placed in the 
furnace. The carbonization process was executed under the 
nitrogen flow (50 cc/min) with a temperature program of an 
increase from room temperature to 600 °C with a ramp of 10 
°C/min, and hold for 2 h [32]. The biochar obtained (~ 70% 
biomass yield) was let to cool down. Next, biochar was 
thoroughly mixed with KOH powder a mass ratio of 2:1 using a 
spatula and activated at 750 °C for 1.5 h after increasing 
temperature from room temperature to 750 °C with a ramp of 
10 °C/min in nitrogen atmosphere. The resulting material was 
subsequently washed with 1 M HCl solution and deionized water 
using a vacuum filtration system until reaching neutral pH, 
followed by drying at 80 °C overnight. The yield of activated 
carbon is ca. 15% of initial shrimp shell. Biochar (without 
activation) sample was denoted as AC-0, while the AC-KOH 
sample represented activated carbon. 
 
2.3. Characterization 
 
To examine the crystallinity of the samples, the crystalline 
structure was characterized by XRD using a Shimadzu 6100 
diffractometer (Shimadzu Corporation, Kyoto, Japan) under 
operating conditions of a voltage of 40 kV and a current of 30 
mA, using CuKα radiation (wavelength λ = 1.5406 nm). Scans 
were recorded from 10° to 60° (2θ) at a step interval of 0.02° and 
a speed of 0.05°/s. The Brunauer-Emmett-Teller (BET) surface 
area was determined by a nitrogen adsorption/desorption 
isotherm method at – 200 °C with 30 adsorption points and 16 
desorption points using a Nova4000e (Quantachrome) 
instrument. A JEOL JSM-IT200 microscope (JOEL Ltd., Tokyo, 
Japan) was employed to characterize the surface morphology of 
the material after gold coating. 
 
2.4. Adsorption Study 
 
Adsorption experiments were conducted by adding 0.025 g of 
the AC-KOH sample into 25 mL of metal ion solution containing 
in a 50 mL conical flask and stirring at 200 rpm using a magnetic 
stirrer at room temperature (25 °C). The effects of pH (2–6), 
initial ion concentration (C₀ = 5–70 mg/L), and contact time (t = 
10–180 min) were investigated. The Fe3+ concentration was set 
at 6.9, 13.9, 27.7, 41.6, 55.4 and 69.3 mg/L. While the adsorption 
time set at 10, 20, 30, 40, 60, 90, 120, and 180 minutes, with 
different pH of 2, 3, 4, 5, and 6. After adsorption, the AC-KOH 
sample was separated from the solution via gravity filtration, 
and the residual Fe³⁺ concentration was determined using a UV-
Vis spectrophotometer (Jasco V-730) at the maximum 
absorption wavelength of 300 nm. All experiments were 
duplicate. 
 
The Fe³⁺ removal (%) in solution was evaluated according to Eq. 
(1). 

  (1) 

  

Fe3+ removal (%) =
C0 − C

C0
×100% 
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where C0 and C is the before and after adsorption concentration 
of Fe3+ (mg/L) 

 
The Fe3+ uptake is assessed by the Eq. (2): 
 

𝑞𝑞𝑒𝑒 =
(𝐶𝐶0 − 𝐶𝐶𝑒𝑒) ×  𝑉𝑉

𝑚𝑚
        (2) 

 
 
where qₑ represents the adsorption capacity of AC-KOH (mg/g); 
C₀ and Cₑ denote the initial and equilibrium concentrations of 
Fe³⁺ in solution, respectively; V is the solution volume (L); and m 
is the adsorbent mass (g). 
Response surface methodology (RSM) was applied using a three-
factor Box–Behnken design (BBD) to model the relationship 
among variables influencing Fe³⁺ removal from aqueous 
solution. Three independent parameters were investigated 
including pH, initial Fe3+ concentration and adsorption time. The 
experiment design is illustrated in Table S1. The statistical 
program Design Expert Software was used to create a total of 17 
trials.    
 
 
3.0  RESULTS AND DISCUSSION 
 
3.1  XRD pattern 
 
XRD patterns present the impact of carbonization and KOH 
activation processes on the crystallinity of activated carbons 
(Figure 1). The AC-0 (biochar) produced from carbonization 
process of shrimp shell possessed high crystallinity primarily due 
to the presence of CaO and CaCO3. The diffraction peaks at 23.0°, 
29.4°, 36.0°, 39.4°, 43.1°, 47.0°, 48.5°, 57.4° attributed to the 
planes of (012), (104), (110), (113), (202), (018), (116), and (122), 
respectively, indicating the presence of CaCO3 (JCPDS card no. 
96-901-6707) [33]. While the presence of CaO was 
demonstrated with the peaks at 32.2° , 37.3°, and 53.8° 
corresponding to (111), (200) and (220) planes, respectively 
(JCPDS card no. 01-1160) [34]. The AC-KOH material activated 

with KOH after the carbonization process exhibited amorphous 
graphitized structure.  

 
 

Figure 1 XRD patterns of the AC-0 and AC-KOH materials 
 
 
3.2  Textural Properties 
 
Figure 2 presents the isotherm and distribution of pore diameter 
of the AC-KOH sample. The isotherm of the AC-KOH sample 
exhibited a type-IV characteristic (Figure 2a), suggesting the 
coexistence of micropores and mesopores [35]. Additionally, the 
H4 hysteresis loop of the AC-KOH sample showed the pore 
properties of this sample with narrow slit-like and ink-bottle 
sharped pores. Looking at the pore distribution, average pore 
diameter is 15.774 Å demonstrating the presence of mesopores 
(Figure 2b). Moreover, the volume of micropores occupies ca. 
45% of total volume of pores (Table S2). This observation 
suggests that the majority of the pore structures in the AC-KOH 
material is micropore. 
 

 

 

Figure 2 (a) BET isotherm and (b) pore diameter distribution of the AC-KOH material 
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3.3  SEM Images 
 
The morphology of the AC-0 (biochar) and AC-KOH materials are 
illustrated in SEM images (Figure 3). The AC-0 material exhibited 
a negligible hollow structure (Figure 3a) indicating low surface 
area [36]. Following the activation, the non-porous structure of 
biochar underwent a transformation into porous activated 
carbon (AC-KOH). SEM images revealed the porous structure of 
the AC-KOH material (Figure 3b). This morphological 
characteristic was expected to be efficient in adsorption 
processes. In fact, during the activation process of shrimp shells 
using KOH, KOH reacted with carbon of biochar via the reaction 
6KOH + 2C → 2K + 2H2 + 2K2CO3 resulting in the formation of 
holes (pores) of activated carbon. Carbon of biochar also 
decomposed through following reactions of carbon with K2CO3, 
CO2, K2O as reported in previous study [32]. These reactions led 
to enhance the pore of activated carbon resulting the formation 
of porous material. 

Moreover, the EDX analysis showed the rich in carbon of 
the activated carbon material (Table S3) confirming the 
successful activated carbon synthesis. 
 

 
 

Figure 3 SEM images of (a) AC-0 and (b) AC-KOH samples 
 
 

3.4  Adsorption Study 
 
3.4.1  Effect Of Adsorption Time 
 
The equilibrium time of adsorption was governed by the 
interplay between contact time and adsorption capacity. The 
Fe3+ uptake onto the AC-KOH sample dramatically increased 
within the first 40 minutes, then reached equilibrium after that 
(Figure 4a).  The rapid adsorption of Fe3+ cation on the AC-KOH 
sample was owing to the fast diffusion of Fe3+ cation on the 
surface of the AC-KOH sample. Once all available sites were 
occupied, equilibrium was established after 40 minutes. 
 
3.4.2  Effect Of PH On Fe3+ Adsorption Capacity 
 
To investigate the influence of pH, experiments were conducted 
at a fixed initial Fe3+ ion concentration of 27.73 mg/L and an 
adsorption time of 40 minutes, with pH values varied from 2 to 
6. Figure 4b showed that the higher the pH is, the better the 

performance of the AC-KOH sample in Fe3+ adsorption is. These 
findings can be explained that the adsorbent surface carries a 
positive charge at lower pH making cation adsorption 
unfavorable. This occurs because hydrogen ions strongly 
compete with metal ions for adsorbing on the active sites, 
thereby restricting adsorption. However, a higher in Fe3+ 
removal efficiency at pH of 3 was noted, indicating the 
emergence of another chemical phenomena. Partial hydrolysis 
of Fe³⁺ in a basic medium can produce hydroxyl complexes, 
including Fe(OH)²⁺ and Fe(OH)₄⁻ [37]. Therefore, the 
involvement of Fe-hydroxyl species in adsorption and/or 
precipitation on the adsorbent surface can occur [38]. 
 
 
3.4.3  Kinetic Study 
 
To study the adsorption kinetics, the adsorption was carried out 
at pH 2, 0.025 g AC-KOH at room temperature. The kinetic 
behavior of Fe³⁺ adsorption onto AC-KOH sample was analyzed 
using pseudo-first-order (Eq. 3), pseudo-second-order (Eq. 4), 
and Elovich (Eq. 5) models [39].   
 
Pseudo-1st order equation: 
 

ln�qe-qt�= ln�qe� -k1t (3) 
 
Pseudo-2nd order equation: 
 

t
qt

 = 
1

k2 qe
2  + 

1
qe

 t (4) 

 
The Elovich equation: 
 

qt=
1
β ln(αβ) +

1
β lnt (5) 

 
In these models, k₁ (1/min) and k₂ (g/mg·min) are the rate 
constants, α is the initial adsorption rate (mg/g·min), and β 
corresponds to the desorption constant. The adsorption 
capacities at equilibrium and at time t are denoted as qₑ and qₜ 
(mg/g), respectively. The experimental results were scattered to 
determine which kinetics model fitted the best (Figure 5). A 
higher correlation coefficient was obtained for the pseudo-
second-order model compared to the pseudo-first order and 
Elovich models, confirming its better agreement with the 
experimental results (Figure 5). Moreover, the theoretical qₑ 
value showed close agreement with the experimental qₑ 
obtained from the pseudo-second-order model (Table 1), 
suggesting that chemisorption is the primary mechanism 
governing the rate-determining step [40].  
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Figure 4 Effect of (a) adsorption time and (b) pH on Fe3+ removal on the AC-KOH material at pH 3, initial Fe3+ concentration of 27.73 mg/L, and 25 °C. 

 
Figure 5 a) Pseudo-1st order, b) Pseudo-2nd order and c) Elovich adsorption kinetic model for Fe3+ removal on the AC-KOH material at pH 3, initial Fe3+ 
concentration of 27.73 mg/L, and 25 °C. 

  

Table 1 Kinetic constants for Fe3+adsorption 

Pseudo – 1st constant Pseudo – 2nd constant Elovich constant 
qe exp (mg/g) 

 qe (mg/g) k1 R2 qe (mg/g) k2 R2 β α R2 

48.74 0.0007 0.4207 21.4592 0.0167 0.9984 0.595 4645.08 0.6311 20.8092 

3.4.4  Adsorption Isotherms 
 
The behavior of the adsorbate at the equilibrium point is 
represented by adsorption isotherms [41]. To study the 

adsorption isotherms, the adsorption time was fixed for 40 
minutes based on kinetic results, where Fe³⁺ uptake rapidly 
increased during the first 40 minutes and then plateaued, 
indicating saturation of active sites. Typical adsorption isotherm 
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models, namely Langmuir and Freundlich, were applied to 
describe the adsorption behavior in this study. The Langmuir and 
Freundlich isotherm models were selected because they 
represent two fundamental adsorption mechanisms: monolayer 
adsorption on homogeneous surfaces (Langmuir) and multilayer 
adsorption on heterogeneous surfaces (Freundlich). 
The Langmuir isotherm, which describes monolayer adsorption 
on the adsorbent surface, represented using Eq. (6) in nonlinear 
form or Eq. (7) in linear form [42]:  
 

qe=
qmaxbCe

1+bCe
 (6) 

or 
Ce

qe
=

1
qmaxb

+
Ce

qmax
 (7) 

 
For multilayer adsorption, the Freundlich isotherm was used 
[43]. Either Eq. (8) (nonlinear form) or Eq. (9) (linear form) 
corresponds to the Freundlich isotherm [44]: 
 

qe=kCe
1/n (8) 

Or 
 

lnqe=lnKf + 
1
n lnCe (9) 

 
In these equations, qₑ represents the adsorption capacity at 
equilibrium (mg/g), qmax the maximum adsorption capacity 
(mg/g), and Cₑ the equilibrium concentration of Fe³⁺ (mg/L). The 
Langmuir constant b (L/mg) describes adsorption affinity, 
whereas the Freundlich constants Kf and n indicate the 
properties of the adsorbent and the adsorption intensity, 
respectively. Adsorption is favorable when n falls within the 
range of 1–10. 
 
Figure S2 illustrates the linear relation between Ce/qe versus Ce 
in Langmuir equation, and the linear plot between lnCe and lnqe 
in Freundlich equation. The values of qmax, a, b, and Kf were 
summarized in Table 2. Both isotherm models adequately 
described the adsorption process (R² > 0.96), but the equilibrium 
adsorption of Fe³⁺ exhibited better agreement with the 
Langmuir model. The highest estimated adsorption capacity 
(qmax) was 66.67 mg/g. 
 

Table 2  The constants for the adsorption of Fe3+ in the Langmuir 
and Freundlich models. 

Langmuir constant Freundlich constant 

qmax 
(mg/g) 

b 
(L/mg) 

RL R2 n Kf R2 

66.67 0.0655 0.36 0.9837 1.84 7.34 0.9617 

 
3.4.5  Optimal adsorption study 
 
Optimization of the adsorption process was performed using 
Response Surface Methodology (RSM) with a Box–Behnken 
design based on a quadratic model comprising 12 runs and 5 
center points. The comparison of anticipated and experimental 
values for the removal of Fe3+ is shown in Table S4. From the 

experimental results, an empirical relationship was derived 
between the response (Y) and the coded independent variables 
(x1, x2, x3). The Box–Behnken design was then applied to 
generate a quadratic equation for predicting the optimal 
conditions. 
 

Y = 56.30 + 16.23x1 - 7.81x2 + 6.24x3 - 5.14x1x2  
+ 0.6436x1x3 - 1.81x2x3 - 5.31x1

2 - 12.12x2
2 - 9.49x3

2 (10) 

 
The maximum removal capacity was obtained of 72.31% at 
required conditions (pH = 6; C0 = 19.13 mg/L; t = 130.39 minutes) 
(Table 3). An analysis of variance (ANOVA) was performed to 
statistically assess the significance of both the main and 
interaction effects of factors on the adsorption process within 
the regression model. The ANOVA analysis of the quadratic 
equation demonstrates that the model and the correlation 
between the response and key variables generated a value of 
175.72 (Table S5). This finding suggests that the likelihood of 
such a substantial "Model F-value" occurring solely due to 
random variability is only 0.01%. This indicates that the majority 
of the response's variation can be illustrated by the regression 
equation. Therefore, the statistical significance of the model is 
confirmed. Furthermore, the statistical significance of the model 
is reinforced by the extremely small probability value (p < 
0.0001). Within the scope of this study, it is determined that the 
factors x1, x2, x3, x2

1, x1x2, x1x3, and x2x3 exhibit significant effects. 
In contrast, model terms with p-values exceeding 0.1 in Table S5 
are considered statistically insignificant. The "Lack-of-Fit F-
value" is used to assess the model’s capability to represent data 
points beyond the regression fit. The relatively low F-value of 
3.60 suggests a lack of statistical significance. While Lack-of-Fit 
F-values (12.39%) may be attributed to random fluctuations 
which serve as additional validation of the quadratic model. The 
results also reveal that variables x1 and x show a positive 
correlation with Fe³⁺ removal. Moreover, the coefficient of 
determination (R2) is employed to assess the results. The 
"Predicted R2" value of 0.9467 aligns reasonably well with the 
"Adjusted R2" value of 0.9899. The "Adequacy Precision" serves 
as an indicator of the signal-to-noise ratio, of which values 
surpassing 4 are deemed desirable. In this case, the ratio of 
38.4388 for the AC-KOH sample represents an adequate signal, 
thereby suggesting the effective applicability of this model in 
exploring the design space [45]. 
 

Table 3. Maximum Fe3+removal (%) under optimum conditions 

Adsorbent x1: 
pH 

x2: C0 

(mg/L) 
x3: t 

(min) 

Fe3+ 
removal 

(%) 
Desirability 

AC-KOH 6 19.131 130.394 72.31 0.875 

 
 
The data was systematically evaluated to assess the relationship 
between the experimental and predicted values of responses for 
the AC-KOH sample as shown in Figure 6. The plot revealed that 
the data points were well-scattered and closely aligned with a 
linear trend, exhibiting a high R2 value of 0.955 for the AC-KOH 
sample. The obtained R² values indicated a strong agreement 
between the experimental and predicted responses of the 
adsorbents, confirming the suitability of the selected quadratic 
model for estimating response variables from the experimental 
data [46]. 
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Figure 6 Correlation between the response's actual and expected values 
for the AC-KOH sample 
 
 
Moreover, the standard error plot showed a minimum value of 
0.437 near the centroid (Figure S3), indicating that the model 
reliably guides the experimental design space for Fe³⁺ adsorption 
on the AC-KOH sample. In addition, it demonstrates the model's 
reliability in accurately estimating the response and provides 
valuable insights for the design process. 

Furthermore, a three-dimensional (3D) surface plot was 
employed as an envisioning tool for the impact of interactive 
variables on Fe3+ adsorption on the AC-KOH sample (Figure 7). 
Figure 7a illustrates the impact of pH (2, 4, and 6) and initial Fe3+ 

ion concentration (5, 37.5, and 70 mg/L) on the adsorption 
capacity, in which, the adsorption time was maintained at a 
constant value of 95 minutes. Figure 7a shows that the highest 
Fe³⁺ removal efficiency occurred at pH 6 with an initial Fe³⁺ 
concentration of 5 mg/L. Additionally, an important parameter 
in adsorption studies is the pH as it determines the environment 
to facilitate the adsorption process. Figure 7a also demonstrates 
that increasing the pH leads to a higher Fe3+ uptake, indicating a 
positive correlation. This can be explained by the elevated 
concentration of hydronium ions (H3O+) in the solution at lower 
pH levels. Consequently, H₃O⁺ ions compete with Fe³⁺ ions for 
the active binding sites on the adsorbent surface. The intensified 
competition for binding sites reduces the adsorption efficiency, 
resulting in a lower percentage of Fe3+ removal [47]. A higher pH 
leads to less competition from hydronium ions and less 
electrostatic repulsion between cations and the surface sites, 
which promotes improved metal adsorption [48]. 

A 3D surface plot analysis possibly assesses how the 
solution pH and adsorption time affect the adsorption process. 
The adsorption behavior was evaluated at pH 2–6 with a fixed 
Fe³⁺ concentration of 37.5 mg/L (Figure 7b). Fe³⁺ removal 
improved as pH increased from 2 to 6, accompanied by longer 
adsorption times (10–180 min). The maximum removal 
efficiency for Fe3+ was achieved at pH 6 in 180-minute intervals. 
The Fe³⁺ removal efficiency was also assessed across initial 
concentrations of 5–70 mg/L and adsorption time (Figure 7c). 
The pH remained constant at 4, serving as the central level. The 
result demonstrates that the adsorption capacity of the AC-KOH 
sample from 5 to 70 mg/L, and the adsorption time slightly 
increased from 10 to 180 minutes. 
 

 
Figure 7 Effects of (a) pH and initial metal concentration, (b) pH and adsorption time, and (c) initial metal concentration and adsorption time on adsorption 
of Fe3+ by the AC-KOH material by response surface plot in three dimensions 
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Table 4 Comparison of the iron removal by adsorption method 
 

Entry material 
source 

Adsorbent Maximum 
Fe ion 

adsorption 
capacity 
(mg/g) 

The highest 
Fe removal 
efficiency 

(%) 

Ref. 

1 Banana 
peel 

Activated 
carbon 

10.02 (Fe2+) - [49] 

2 sugarcane 
bagasse 

Activated 
carbon 

55.55 (Fe2+) - [50] 

3 coconut 
shell 

Activated 
carbon 

0.17 99 [51] 

4 Bombax 
ceiba fruit 
shell 

Activated 
carbon 

37.16 99.10 [52] 

5 corn cob Activated 
carbon 

334.9 89.3 [53] 

6 luffa 
sponge 

Activated 
carbon 

317.1 79.9 [53] 

7 crab shell Activated 
carbon 

1.08 - [54] 

8 - Chitosan 
flakes 

> 80 - [55] 

9 Shrimp 
shell 

Activated 
carbon 

66.67 72.31 This 
study 

 
 
Table 4 summarized the comparison of the iron removal by 
adsorption method using activated carbon and other 
adsorbents. The activated carbon derived from shrimp shell 
exhibited a promising maximum Fe ion adsorption capacity 
(66.67 mg/g) in comparison to the literature (Table 4).  The 
adsorption capacity of AC in this study is lower than that of AC 
from corn cob and luffa sponge [53], and comparable with 
chitosan fakes [55], but higher than that of AC from other 
biomass (Table 4, entry 1-4, 7). For the Fe removal efficiency, 
activated carbon of this study is close to the literature suggesting 
that this AC can be applied to remove iron ions as well as heavy 
metals. 

The successful synthesis of activated carbon from waste 
shrimp shells enhances the use of waste, leading to the potential 
application of converting waste into valuable products and 
reducing environmental impact. However, the yield of activated 
carbon is still lower than expected. Also, the recycling of 
activated carbon for iron adsorption has to be tested to confirm 
the stability of material. Therefore, the preparation method 
needs to be improved to increase activated carbon yield, 
resulting in a lower-cost AC product, as well as the requirement 
of a stability test. 
 
 
4.0  CONCLUSION 
 
In this study, hierarchical porous activated carbon was 
synthesized from shrimp shells via 2 main steps including 
carbonization and activation with KOH applying for the iron 
removal. The results showed that activated carbon synthesized 
possesses porous structure with high surface area (~2291 m2/g). 
Adsorption efficiency was strongly influenced by time, pH, initial 
Fe³⁺ concentration, and adsorbent dosage. The Langmuir 
isotherm model is the adsorption behavior of Fe3+ onto AC, and 
the adsorption process followed pseudo-second-order kinetics. 
The activated carbon exhibited excellent adsorption 
performance for Fe3+ ion. The highest removal efficiency 

(72.31%) was obtained at an initial concentration of 19.13 mg/L, 
pH 6, and 130.39 minutes. The maximum adsorption capacity for 
Fe3+ ion was 66.67 mg/g, and this result is comparable to 
activated carbon from other resources making it a potential 
application in the industry. Additionally, this activated carbon 
may enhance the adsorption capacity and yield by modifying the 
preparation method. In short, the results demonstrate that 
activated carbon from waste shrimp shells exhibits promising, 
eco-friendly, and cost-effective adsorption capacity and 
efficiency, making it a viable option for environmental 
remediation applications.  
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Appendix 
 

Table S1 Variable types and experimental levels in the Box-Behnken statistical model 

Independent factors Symbol Coded variable level 
Low Center High 
-1 0 1 

pH x1 2 4 6 
Initial Fe3+ concentration (mg/L) x2 5 37.5 70 
Adsorption time (min) x3 10 95 180 

   
The number of experiments was determined by the Eq. (1): 
 

N = k2 + k + cp 
(1) 

 
where cp is the number of times the center point reoccurs, and k is the number of variations. 
The values of the process variables that were coded were determined using Eq. (2): 
 

xi =
Xi − X0
∆Xi

         i = 1,2,3, . . . , k (2) 
 

where xi is the independent variable's uncoded value; Xi is the dimensionless coded value; Xo is the value of Xi at the center point; and ∆Xi 
is the step change value. The following general Eq. (3) represents the applied quadratic response model: 
 

Y = β0 + β1x1 + β2x2+ β3x3 + β11x12 + β22x22+ β33x32 + β12x1x2 + β13x1x3

+ β23x2x3 + ε 
(3) 

 
where Y is the dependent variable, β0 is constant, β1, β2, β3 are  first order (linear) coefficient, β11, β22, β33 are the quadratic (squared) 
coefficient, β12, β13, β23 are the interaction coefficient; xi is coded independent variables, specifically pH (x1), initial Fe3+ concentration (x2) 
and adsorption time (x3); ε is the random error or the variance between anticipated and measured values [1]. 
 

Table S2 The BET surface area, pore volume and average diameter of the AC-KOH sample 

Sample 
Surface area 

S (m2/g) 
Smicro/S 

Total volume of 
pores 

Vp (cc/g) 
Vmicro/Vp 

Average diameter 
of pores 

Dp (Å) 

AC-KOH 2291.3 0.325 1.448 0.453 15.774 

Smicro: Surface area of micropores (m2/g) 
Vmicro: volume of micropores (cc/g) 

 
Table S3 EDS analysis of activated carbon derived from shrimp shell 

 

Samples 
% Mass 

C O Si S Cl 
AC-0 93.61 4.76 0.37 0.91 0.35 

AC-KOH 92.74 6.07 0.54 0.52 0.13 
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Table S4 Actual and predicted response values in Box-Behnken experiments 

Standard order Run Factor 1 
x1: pH 

Factor 2 
x2: C0 (mg/g) 

Factor 3 
x3: Adsorption 

time (min) 

Fe3+ removal (%) 

AC-KOH 

Actual 
value 

Predicted value 

1 15 2 5 95 27.14 25.32 
2 3 6 5 95 67.92 68.04 
3 5 2 70 95 20.08 19.96 
4 2 6 70 95 40.33 42.14 
5 10 2 37.5 10 18.45 19.67 
6 7 6 37.5 180 51.57 50.84 
7 16 2 37.5 180 30.14 30.87 
8 12 6 37.5 10 65.82 64.61 
9 14 4 5 10 33.85 34.46 
10 4 4 70 180 23.52 22.44 
11 1 4 5 180 49.47 50.56 
12 13 4 70 10 31.92 31.32 
13 6 4 37.5 95 56.25 56.30 
14 17 4 37.5 95 56.54 56.30 
15 11 4 37.5 95 55.08 56.30 
16 9 4 37.5 95 58.04 56.30 
17 8 4 37.5 95 55.58 56.30 

 

Table S5 The response surface quadratic model (Y) underwent analysis of variance (ANOVA) 

Source SSa df b MSSc 
MSS = SS/df, 
MSSE =SSE/dfE 

F value 

Fcal= MSS/MSSE 
P value (Prob>F) 

Model 4258.36 9 473.15 175.72 < 0.0001d 

x1 2106.83 1 2106.83 782.45 < 0.0001d 

x2 488.54 1 488.54 181.44 < 0.0001d 

x3 311.95 1 311.95 115.85 < 0.0001d 

x1
2 105.48 1 105.48 39.17 0.0004d 

x2
2 1.66 1 1.66 0.6154 0.4585 

x3
2 13.03 1 13.03 4.84 0.0637 

x1x2  118.88 1 118.88 44.15 0.0003d 

x1x3 618.30 1 618.30 229.63 < 0.0001d 

x2x3 379.02 1 379.02 140.76 < 0.0001d 

Residual 18.85 7 2.69 - - 
Lack of fit 13.75 3 4.58 3.60 0.1239 
Pure error 5.09 4 1.27 - - 
Cor total 4277.21 16 - - - 
a Sum of squares 
b Degree of freedom 
c Mean sum of squares 
d Significant at p values < 0.05 
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Figure S1 The photograph of an in-house fabricated tubular furnace 

 

Figure S2 (a) Langmuir and (b) Freundlich adsorption isotherm for Fe3+ removal on the AC-KOH material at condition (pH: 3, Ce: (27.73, 41.58, 55.44, 69.30) 
mg/L, temperature: 25 ± 1oC) 

 
Figure S3 Standard error plot in three-dimensions for the adsorption of Fe3+ by the AC-KOH sample 


