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Abstract: The need to conserve water is important, as it is predicted that in approximately
20 years there will be a global water shortage. In Mexico and the rest of the world, scientists
are constantly looking for methods to help conserve and improve the processes used
to treat the wastewater generated and reuse it safely. In this work, Tilapia fish scales
modified with acetic acid were used for the removal of heavy metals from model water.
For this experiment, the following adsorbent dose range was applied: 0.4 g to 1 g; the
pH ranged from 4 to 7; and the contact time varied between 60 and 120 min. A three-
factor experimental design was considered, including variables such as the adsorbent dose,
contact time, and pH, each at three levels. The chemical modification produced a more
porous surface on the flakes, facilitating metal adsorption, as confirmed by morphological
and physicochemical analyses. The results obtained confirmed the removal of 94 and 83%
of Cd(II) and Pb(II) metal ions, respectively, with an bioadsorbent dose of 1 g at a pH
of 4 and a contact time of 120 min for Cd(II) and an adsorbent dose of 0.4 g, a pH of 4,
and a contact time of 90 min for Pb(II), with an initial concentration of 200 mg/L for both
metals. The Brunauer-Emmett—Teller (BET) analysis results provide critical insights into
the textural properties of modified fish scales. The modified fish scales have great potential
for removing heavy metals from industrial wastewater.
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1. Introduction

Water pollution can have serious consequences, such as the spread of diseases, degra-
dation of aquatic ecosystems, loss of biodiversity, scarcity of drinking water, and degrada-
tion of quality of life. To address water pollution, prevention and mitigation measures are
required, including the regulation of industrial and municipal discharges, proper waste
management, wastewater treatment, the promotion of sustainable agricultural practices,
and watershed conservation. Water contamination by heavy metals is a serious environ-
mental problem that can have adverse effects on human health and aquatic ecosystems [1].
Heavy metals, such as lead, mercury, cadmium, arsenic, and chromium, are toxic substances
that can enter water from various sources, including industrial activity, mining, agriculture,
and the release of chemicals [2-4]. The cadmium(II) ion is considered a poisonous and
deadly metal that causes severe poisoning at low concentrations [5]. This metal is gener-
ally found in the discharges of metal refineries and galvanizing plants, in paint spills, in
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leachates from battery waste, and as a product of the corrosion of domestic pipes and can
easily reach bodies of water to contaminate them [6]. On the other hand, the lead(II) ion
can enter the environment through leachate from lead batteries, construction metals, paints,
bullets, and some polymers. The lead(II) ion can damage the nervous system, especially in
children, as well as the kidneys and reproductive system [7]. When heavy metals reach
aquatic systems, they are deposited in the sediments, so any physicochemical alteration,
such as the pH, conductivity, temperature, or salinity, among others, can generate the
release of these metals and cause serious damage to the aquatic ecosystem and human
beings [6].

Various research projects have been carried out for the removal of chromium and lead
from wastewater, such as through chemical precipitation [8], coagulation [9], electroco-
agulation [10], extraction with solvents [11], electrolysis, membrane separation [12], ion
exchange [2], and biological methods [13], among others. However, the adsorption process
has been found to be economically and operationally effective. Although it is a very old
and, in some cases, rudimentary operation, it is currently still used to treat wastewater in
the secondary stage to remove dyes [14], fertilizers [15], chemicals from the pharmaceutical
industry [16] and food industry [17], and heavy metals from the mining and galvanizing
industries [18-20].

The protection and restoration of water quality are essential to ensure safe and sus-
tainable access to water resources. In recent years, natural products such as proteins,
polysaccharides, terpenes, and lipids have emerged as a novel option for applications such
as contaminant removal in wastewater treatment [21]. Fish scales (FSs) are mineralized
plates located in the dermis of the epidermis and act as the only protection for the skin
of fish. FSs are composed of 41 to 45% organic components such as collagen, fat, lecithin,
sclerotin, vitamins, etc., and 38 to 46% of inorganic components such as hydroxyapatite and
calcium and also contain trace elements such as magnesium, iron, zinc, and calcium [22].
FSs are considered as waste from the aquaculture sector, such as from canning, filleting,
salting, and smoking fish [23]. It is estimated that between 7 and 12 million tons of FSs
are discarded in the world every year [24], and there is still no commercial approach that
captures all this waste to be used, which causes this waste to reach landfills and cause
serious environmental pollution problems [25]. Various investigations have used fish
scales as bioadsorbents to treat wastewater by removing biological, chemical, and physical
contaminants. However, most of the investigations use complex chemical extractions of
hydroxyapatite [26,27] or even chitosan [28,29], which is a well-studied natural coagu-
lant. Activated carbon has also been generated from fish scales using physical activation,
which requires large amounts of energy to achieve [24,30,31]. Hydroxyapatite has been
synthesized from the FSs and fish bones of different species since this compound has a
porous structure similar to that of natural bone, which has been applied as an adsorbent for
heavy metals such as chromium(IV) with remission efficiencies greater than 60% [26,27],
thus demonstrating its high efficiency in removing heavy metals. Likewise, fish scales are
transformed into activated carbon through physical and chemical activation to eliminate
dyes from residual effluents of the textile industry [24,30,31]. FSs have even been used
natively [32] or with just acidic or alkaline chemical modification, which is enough to gen-
erate mesopores on the surface of the FSs and fulfill the purpose of removing contaminants
from wastewater [6]. However, the exploration of suitable acidic or alkaline agents for the
modification of the scale surface still requires research. Therefore, it is necessary to propose
alternatives that do not cause secondary pollution, using chemical methods that are not
harmful to health and that also take advantage of a waste product from the agro-food
industry. In the present work, a simple chemical modification using an edible organic acid
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is proposed to generate porous fish scales using acetic acid to remove Cd(II) and Pd(II) ions
from model wastewater.

2. Materials and Methods
2.1. Materials

Tilapia fish scales were sourced from a local market (La Viga, Iztapalapa, Mexico
City, Mexico). Cadmium iodide (98% of purity) and NaOH (97% of purity) were pur-
chased from Meyer, Mexico. Glacial acetic acid RA ACS (aldehyde free) with 98% pu-
rity (J.T. Baker, Phillipsburg, NJ, USA) was used. Lead nitrate (99% of purity) was pur-
chased from Merck (Rahway, NJ, USA). Distilled water (conductivity 1.01 pohms/cm; total
hardness < 1.00 mg/L; chlorides 2.34 mg/L; pH 5.89; total dissolved solids < 6.00 ppm;
turbidity 0.12 UTN) was used to prepare stock standard solutions for the model wastewater.

2.2. Preparation of the Bioadsorbent

For the preparation of the bioadsorbent, the FSs were washed with distilled water to
remove impurities and fish skin. They were dried in an oven (Thermo Scientific, Waltham,
MA, USA) for 24 h at 70 °C. Subsequently, chemical modification was carried out, and for
this, 100 mL of acetic acid 80% (Vol./Vol.) was used for every 25 g of FSs. The modification
was carried out by mixing the FSs with the acid for 1 h with constant stirring at room
temperature, and after this time, the treated FSs were washed with distilled water and
neutralized with a 0.1 N NaOH solution for 1 h. After this time, the FSs were removed
from the water and dried in an oven at 60 °C for 24 h.

2.3. Characterization of Native and Modified FSs
2.3.1. Fourier Transform Infrared (FTIR) Spectroscopy Analysis

The FS chemical modification was studied with FTIR spectroscopy aiming to demon-
strate that the modification of the FSs had been carried out. For this analysis, the technique
of Leal-Castafieda et al. [33] was followed. The equipment used was an FTIR module IR?
equipped with an Indium Gallium Arsenide (InGaAs) detector, coupled to a Jobin-Yvon
LabRam HR800 spectrometer (Horiba, Kioto, Japan). The starch samples were placed in
a holder and analyzed over a wave number range of between 4000 and 450 m~! with
a spectral resolution of 4 cm~!, performing 36 scans per measurement, using an ATR
contact objective.

2.3.2. Scanning Electron Microscopy (SEM) Analysis

Gold-coated FS samples were placed on a support and observed in an SEM (Carl
Zeiss EVO LS 10, Life Science, Mainz, Germany). For this analysis, the technique of Leal-
Castafieda et al. [33] was followed. The equipment operates using a tungsten filament (W).
High-vacuum (HV) conditions were used at approximately 10~° Pa. A secondary electron
detector for high vacuum (SE1) was used. Samples were processed at low voltage (5 kV).

2.3.3. X-Ray Diffraction Analysis

For this analysis, the technique of Leal-Castafieda et al. [33] was followed. The X-ray
diffraction (XRD) patterns of the FSs were obtained on a Rigaku Miniflex 600 diffraction
instrument (Rigaku Denki Co., Ltd., Chiyoda City, Japan) operating at 40 kV and 15 mA
with a CuK radiation wavelength of A = 1.54 A. The scanning angle ranged between 8° and
60° on a 20 scale with a step size of 0.01 and 0.03°/min. The relative crystallinity (Rc) of
starch granules was calculated as the ratio of the crystalline area to the total area under
the main diffraction peaks. The software used to analyze the spectrum was OriginPro 8
(OriginLab Corporation, Northampton, MA, USA).
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2.3.4. X-Ray Photoelectron Spectroscopy (XPS) Analysis

For this analysis, the technique of Leal-Castafieda et al. [33] was followed. The samples
were dried under a high vacuum (1.9 x 10~8,-9.8 x 10~? mBar) before being transferred to
the analysis chamber. To obtain the overall spectra, a scan from 0 to 1370 eV was performed
using a Thermo Scientific K-Alpha photoelectron spectrometer (Thermo Fisher Scientific
Inc., Loughborough, UK), which uses a monochromatic AlK-a source (1487 eV). The
vacuum pressure of the analysis chamber was 10 x 10~? mBar throughout the experiment,
and a beam size of 400 microns was used. Overall spectra were obtained using a pass
energy of 160 eV. The quantitative analysis was performed using high-resolution spectra
averaged from three points located in different areas of the surface of each of the samples.
Once the spectra were obtained, the areas of Cls, N1s, and Ols were determined using
AVANTAGE V5.937 software from Thermo Scientific, Waltham, MA, USA.

2.3.5. Brunauer—-Emmett-Teller (BET) Analysis

The textural properties of the modified fish scales were determined by nitrogen ad-
sorption/desorption experiments at —196 °C using an ASAP 2020 Micrometrics Inc. Before
the analysis, samples were degassed at 80 °C for 20 h. The surface area (Sa) was calculated
with the Brunauer-Emmett-Teller equation for P/P, values to be between 0.002 and 0.99.
The pore size distributions of the samples were determined from the adsorption branch of
the isotherms by the non-local density functional theory (NLDFT).

2.4. Preparation of Model Wastewater

For the preparation of model wastewater with 200 mg/L of cadmium iodide and lead
nitrate, a pedestal blender (Hamilton Beach, MA, USA) was used with constant stirring at
16,000 rpm for 30 min at room temperature. Subsequently, the sample was allowed to rest
for 1 h, and it was treated following a response surface experimental design.

2.5. Adsorption Studies of Pb(1I) and Cd(1I) lons

The effectiveness of the FSs was evaluated by exposing aqueous solutions of Cd(II)
and Pb(II) ions, each 200 mg/L, to FSs, and their concentrations were determined before
and after being treated. The determination of heavy metals was carried out using the
Perkin Elmer Atomic Absorption Spectrometer Analyst 700 equipped with a deuterium
background corrector and WinLab32 software following the standard method of NOM-127-
SSA1-2021 [34]. The removal efficiency (R) was calculated using the following Equation (1):

. (Cl - Cf)*IOO
Contaminant removal(%) = — 1)
i

where C; and Cy are the initial and equilibrium concentrations of the heavy metals.

2.6. Experimental Design

For this work, a response surface methodology (RSM) was used to design experiments
for the removal of lead(II) and cadmium(II) ions. For this experiment, an adsorbent dosage
range of 0.4 g to 1 g was applied, the pH range was 4 to 7, and the contact time range was
60 to 120 min, considering a 3-factorial experimental design with 3 variables, the flake dose,
contact time, and pH, at three levels, as shown in Table 1. The response (Y) represents
the percentage removal of Cd(II) and Pd(Il), with the influencing factors encoded as X;
(bioadsorbent dose), X, (pH), and X3 (contact time). The mathematical relationship between
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the response and these variables is expressed in Equation (2) as a second-order polynomial,
following the approach of Chojnacka et al. [35] and Teshale et al. [36].

Y =£(Xq, Xz, X3, ..., Xn) 2)

Table 1. Variables designed for the adsorption process.

Range and Level Variables

Independent Variables
-« o +a
pH (X3) 4 5 7
Adsorption dose (g) (X3) 04 0.8 1
Contact time (min) (X3) 60 90 120

Here, Y represents the design response, while Xi denotes the action variables, referred
to as factors. The independent variables are continuous, controllable through experiments,
and assumed to have negligible errors, making this assumption applicable to the equations.
The Y (response) values obtained from the adsorption experiment were determined using
the design matrix provided in Table 2. The percentage reduction efficiency of the metals
was calculated using Equation (1).

Table 2. Factorial design used for the removal of lead(II) and cadmium(II) ions by the adsorp-
tion process.

No. Xq: pH Xa: Dose (g) X3: Contact Y1:Pb(II) Response Y,:Cd(II) Response

Time (min) Efficiency (%) Efficiency (%)
1 5 0.4 60 77.6 + 0.6 61.2 + 0.6
2 4 0.8 60 67.6 +0.5 66.2 +0.7
3 7 0.8 60 45.6 + 0.7 772+ 04
4 5 1 60 828 +1.1 58.6 + 0.4
5 4 0.4 90 79.0 £0.7 60.5+ 0.4
6 5 0.8 90 774 4+ 0.8 61.3 £ 0.5
7 5 0.8 90 76.9 + 0.9 61.6 + 0.5
8 7 1 90 64.7 + 0.5 67.6 +0.3
9 4 1 90 682+ 0.7 65.9 + 0.6
10 5 0.4 120 75.8 £ 0.9 62.1 +0.7
11 4 0.8 120 70.5 + 0.7 64.7 + 0.4
12 7 0.8 120 444+ 0.3 77.8 £ 0.7
13 5 1 120 59.2 +0.8 704 + 0.4

The mixtures were made in duplicate. The removal percentages are average & standard deviation.

2.7. Statistical Data Analysis

All the data of the adsorption processes were statistically analyzed, and the quadratic
regression models involving the three operational factors, dose, time, and pH, were es-
timated via ANOVA using Minitab (v18, State College, PA, USA). The inclusion of data,
goodness of fit, and statistical significance were determined using the regression correla-
tion coefficient (R?) and the p value. The data in this study were considered statistically
significant when the p values were less than 0.05.

3. Results

3.1. Characterization of the Prepared Bioadsorbent
3.1.1. FTIR Analysis

The FTIR spectra for the native fish scales (NFSs) and modified fish scales (MFSs)
are shown in Figure 1. Fish waste is composed of a greater proportion of collagen and
hydroxyapatite; therefore, the active functional groups present on the surface of the scales
could be hydroxyl, amino, nitro, carbonyl, and phosphate [37]. Carbonyl and carboxyl
groups are the main functional groups present on the surface of FSs. Changes are observed
in the spectrum bands of the MFSs compared to the NFSs. In both spectra, a broad band
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is observed at 3276 cm~! which corresponds to the -OH groups [38]. Likewise, two
signals are observed in the region between 3100 and 2900 cm ! corresponding to the C-H
stretching vibrations of the -CHj3 and -CH, functional groups [37,39]. The spectra also
show peaks at 1650 and 865 cm~! corresponding to the -NH bending of amines I and 1T of
collagen. In addition, three signals at 1115, 1231, and 1038 cm~! are observed, which are
representative of C-O groups (alcohols, carboxylic acids, esters, and ethers). In both spectra,
absorption bands at 655 and 1020 cm ™! were observed corresponding to the vibrations of
the phosphate ion in the hydroxyapatite network, as well as absorbances of 867, 1420, and
1540 cm~! corresponding to the -CO3 bond of the carbonate groups incorporated into the
network of the apatite structure [40,41]. On the other hand, the 1540 cm™ 1 signal increased
in the MFSs because the esterification caused the exposure of the apatite structure. The
same thing happened with the signal at 1633 cm ™! corresponding to the amine group.
However, the 1020 cm~! signal decreased after chemical treatment, indicating that part of

-1

the hydroxyapatite was removed. The signal present at 1231 cm™* corresponding to the

C-C bending increased due to the chemical treatment with acetic acid.

b)

a)

3276

3264

1633 18

1540

1020 655 L6
1231
T 14
3077 2953

12

0.8

Transmittance (%)

0.6

0.4

0.2

4000

3500

3000 2500 2000 1500 1000 500
Wavenumber (cm!)

Figure 1. FTIR spectrum analysis of (a) NFSs and (b) MFSs.

3.1.2. Morphology of Native and Modified Scales

Micrographs of the NFSs and MFSs are shown in Figure 2. Figure 2a,b show the
morphology of the surface of the NFSs, which is smooth compared to the surface of the
MFSs (Figure 2c,d), where pores generated due to the chemical treatment with acetic acid
are observed. Similar results were reported by Fijul Kabir et al. [41], where the authors
modified FSs using sulfuric acid to modify the surface and improve the adsorption of textile
dyes. It is well known that NFSs are not porous and that the surface may have roughness or
relief, but this does not generate good adsorption [39,42]. On the other hand, the porosity
is a function of the intensity of the chemical treatment, whether acidic, basic, or both, as
carried out by Teshale et al. [36], generating a honeycomb-type porous surface, capable of
adsorbing heavy metals such as Cr (III). Some research has even reported good adsorption
capacity when FSs are subjected to thermal treatment to generate activated carbon [43].
The most common chemical treatments to modify the surface of FSs are sulfuric acid and
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sodium hydroxide in addition to hydrochloric acid, so acetic acid is considered to be an acid
that can be easily obtained, and due to its use in foods, it is not toxic at low concentrations.

WD
amm_ | LFD

T E—

EN-frents 2 H )L ! LAAL frente

Figure 2. Scanning electron microscopy micrographs of (a) NFSs and (b) MFSs at 100 x, scale bar
500 um, and (c) NFSs and (d) MFSs at 2500 %, scale bar 20 um.

3.1.3. Elemental Analysis Using XPS

Table 3 shows the results obtained in the XPS analysis carried out on the NFSs, MFSs,
and modified fish scales after treatment (MFSATs). The chemical composition of fish scales
can vary depending on the species and the environment that the fish inhabits; this is
because some substances could remain adhered to them. In all the samples analyzed, three
obvious signals of great intensity and with greater concentration arose in comparison to the
rest of the elements present: Cls, Ols, and N1s (66.2, 20.5, and 8.2%, respectively), while
the rest of the elements could be considered to be trace elements [44]. For the MFSs, an
increase in N1s is observed, which could have been exposed after the chemical modification.
Likewise, Ols increased because CH3COOH could have remained attached to the surface
in its crystalline form, as shown in Figure 2b. On the other hand, in the MFSAT sample, the
presence of Pb4f and Cd3d is observed at a percentage of 1.1 and 0.2, respectively, which
indicates that these metals were adhered to the surface of the flake and that Pb4f has greater
affinity for the surface of the flake compared to Cd3d.
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Table 3. Elemental analysis of fish scales.

Elements NFSs MFSs MFSATs
Cls 66.2 + 8.0 50.7 £ 7.2 53.3+7.9
Ols 20.5+2.5 273 +3.1 246 +29
Nis 82+1.6 142+19 159 +£2.0

Ca2p 1.7+04 1.54+0.2 09 +0.2
P2p 1.7+ 04 09+0.1 -—-
Si2p 1.1+0.2 04 +0.0 04+ 0.0
S2p 0.54+0.0 1.2+03 -—-
Nals 0.2+ 0.0 3.8+0.9 1.84+03
P2s - - 1.14+0.2
S2s - -—- 0.7 +0.1
Pb4f - - 1.1+0.1
Cd3ad - -—- 02+0.0

3.1.4. X-Ray Analysis of the Fish Scales Before and After Treatment

The X-ray diffraction pattern of the NFSs and MFSs is shown in Figure 3. The broad
peaks corresponding to the apatite structure revealed that the flakes show relatively low
levels of crystallinity due to the fact that the hydroxyapatite (HA) crystals could be as small
as the HA crystals present in other mineralized collagen structures that are between 1.5 and
4 nm thick [45,46]. The peaks are found at 20 = 26.2°, 29.4°, 32.7°, 39.5°, 43.2°, 47.8°, 48.6°,
50.36°, and 53.54°. These signals are seen in both diffractograms; however, in the MFS
sample, some signals decreased in intensity, such as those located at 20 = 29.4° and 53.54°;
even the signal attributed to collagen in previous studies [47] at 20=23°, observed as a wide
band in both diffractograms, is diminished in the MFS sample due to the acid treatment.
On the other hand, the signals observed at 20 = 24.9° and 32.18° in the MFS sample could
be attributed to the crystals observed in Figure 2d of the SEM analysis as a result of the
applied acid treatment. However, the results obtained are comparable with previous data
for fish scales [48] and other biological structures containing apatite [46,47,49].

Intensity, (Arbitrary units)

10

23.0°

20 30 40 50 60 70
20, degree

Figure 3. XRD pattern of NFSs (black color) and MFSs (red color).
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3.1.5. Thermal Gravimetric (TG) Analysis

Figure 4 shows the thermal degradation behavior of the modified fish scales. It is
shown that three weight-loss stages were found. The first stage starts at room temperature
and reaches 200 °C with a weight loss of 7.75%, which could be attributed to the evaporation
of water from the powder of the modified fish scales. The weight loss of the second stage
was found to be 46.62% within a temperature range of 200-500 °C. This could be attributed
to the decomposition of organic materials, such as proteins. In addition, an extension of the
third stage from 500 °C to 800 °C was observed with a weight loss of 22.84%. This could be
attributed to the formation of the deoxygenated hydroxyapatite via the dihydroxylation
process and the conversion of calcium carbonate to calcium oxide. The obtained results
agree with the literature on native fish scales in temperatures of up to 200 °C. However,
higher weight loss (46.62%) was observed at temperatures ranging from 200 °C to 500 °C
compared to the native fish scales (30%) [31]. Thus, the modified fish scales were stable
up to 200 °C in this work, and they could be used in the removal of Pb(II) and Cd(II) from
aqueous solutions.

100 : :

i |
1 1
80 i :
1 1
i :
1 1
1 1
R 1 1
%; 60 weight | :
g lossof | :
775% | :
1 1
40 - i weight !
: loss of !
. 46.62% :

! ! weight

! ! loss of

ek ! ! 24.84%
1 1

1 " :I s 1 o | : 1 = I
100 200 300 400 500 600 700 800

Temperature, °C

Figure 4. TGA of modified fish scales.

3.1.6. Brunauer-Emmett-Teller (BET) Analysis

Nitrogen sorption analysis (Figure 5a) gave a total pore volume of adsorption of
0.0026 cm®/g, Langmuir surface area of 4.40 m?/g, and BET surface area of 1.91 m?/g,
which is quite similar to the native fish scales’ BET surface area of 2.80 m?/g and pore
volume of 0.0020 [31]. The non-local density functional theory gave an average pore size of
2.62 nm (Figure 5b) as a well-defined mesopore structure that could be a good framework
for the future fabrication of nanocomposites.
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Figure 5. (a) N, adsorption and desorption isotherm plot and (b) non-local density functional theory
(NLDFT) pore size distribution of the modified fish scales.

3.2. Pb(II) and Cd(I1I) Removal

In Table 2 and Figure 6, the removal efficiency (RE) of lead (Pb(Il)) and cadmium
(Cd(II)) is shown as a function of several experimental variables: the pH, adsorbent dose
(grams), and contact time (minutes). The effect of pH significantly influences the RE of
both metals. For instance, at pH 5, the removal efficiency reaches up to 82.8% for Pb(II) in
experiment 4, whereas at pH 7, it tends to decrease (45.6%), as observed in experiment 3.
Some researchers state that acidic aqueous solutions favor the removal of certain metallic
contaminants, such as As(IV) and As(V), due to their charge [50]. In the case of Cd(Il), at
pH 7, the removal significantly improves to 77.8% in experiment 4, indicating a higher
affinity of the bioadsorbent for Cd(II) at this pH. Furthermore, increasing the dose improves
the removal efficiency of both metals, although this trend is not as pronounced for Cd(II)
as it is for Pb(Il). For instance, in the case of Pb(Il), in experiment 5, with 0.4 g of MFSs,
the removal efficiency was 60.5%, which is very close to the efficiency (65.9%) observed in
experiment 9 with 1 g of MFSs.
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For Pb(II), when comparing experiments 1 and 4 with doses of 0.4 g and 1 g, respec-
tively, the RE increases from 77.6% to 82.2%, with both experiments conducted at pH 5
and 60 min of exposure. Regarding the contact time, the RE tends to stabilize or slightly
decrease with prolonged times. For example, for Pb(Il), in experiment 6 at pH 5 and a
dose of 0.8 g, the RE slightly decreases from 77.4% to 75.8%, as shown in experiment 10
at pH 5, a dose of 0.4 g, and 120 min. of contact time. For Cd(II), a similar trend to lead
is observed. In experiment 2, with pH 4, a dose of 0.8 g, and 60 min. of contact, the RE
decreases from 66.2% to 64.7%, as seen in experiment 11 at pH 4, a dose of 0.8 g, and
120 min. of contact time. These results highlight the importance of optimizing the specific
experimental conditions for each heavy metal, since their removal is highly dependent on
parameters such as the pH, dose, and contact time. Variable optimization is discussed in
the next section.
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Figure 6. Removal efficiency of Pb(II) and Cd(II) with variations in pH, MFS dose, and contact time.

Table 4 shows that MFSs are effective for the removal of Pb(Il) from municipal wastew-
ater with an initial pH of 5 and a Pb(II) and Cd(II) concentration of 200 mg/L, with a
progressive increase in the removal efficiency as the contact time increases. It is observed
that, after 1 min, 61.52% removal of Pb(Il) is achieved, which increases to 84.09% after
60 min. This behavior suggests that the gradual interaction between P(II) and the active
sites on the surface of the scales controls the adsorption process. In the case of cadmium, the
removal efficiency remains consistently high, staying between 89.65% and 89.85% through-
out the contact time (from 1 to 60 min). This stability can be attributed to a particularly
high affinity of Cd(II) for the components of the fish scales, allowing for rapid and effective
adsorption from the beginning of the process [36]. Moreover, the low variation in the
standard deviation over time suggests that fish scales have a uniform capacity to adsorb
cadmium, which is a significant advantage in practical applications where consistency in
treatment is crucial.
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Although both heavy metals are effectively removed, Cd(II) exhibits higher removal
efficiency in the initial minutes compared to Pb(II). This could be related to differences in
the physicochemical properties of the metals, such as their ionic size, charge, or affinity for
the active sites on the scales. Similarly, Pb(II) behavior suggests that it requires more time
to reach saturation at the available adsorption sites, similar to what was observed in the
model water. Cd (II) appears to saturate these sites rapidly.

Table 4. Cd(II) and Pb(II) removal efficiency in municipal wastewater.

Time (min) Concentration mg/L Removal %
Pb(1I)
1 7695+ 2.3 6152+1.3
5 5120 £ 1.5 7440 £0.7
15 4574 +£0.9 7713+12
25 3495+ 0.6 80.47 £ 2.8
60 31.82+1.0 84.09 +£2.0
Cddr
1 29924+ 0.5 89.85+ 1.5
5 30.21+£0.2 89.65+ 1.0
15 30.02 £ 0.2 89.81 £ 1.6
25 29.89 £ 0.4 89.68 + 0.8
60 30.11 £ 0.7 89.69 £ 0.7

The removal percentages are average & standard deviation.

3.3. Optimization of Pb(Il) and Cd(Il) lon Removal Using RSM

The experimental design was evaluated to identify the optimal conditions for the
adsorption process parameters, the pH (X;), adsorbent dose (X3), and contact time (X3), in
the adsorption of lead (Y1) and cadmium (Y3) using Minitab 19. Laboratory experiments
were conducted at a constant initial concentration of 200 mg/L for each contaminant,
Cd(II) and Pb(II), with a stirring speed of 200 rpm at room temperature. The results
were analyzed using analysis of variance (ANOVA) for a quadratic regression model
to identify significant model terms [51]. To determine the significance of the quadratic
model, ANOVA was performed, and the findings are presented in Table 5. According to
the analysis, model terms with probability values (Prob.>F) below 0.05 were considered
significant for the removal of Pb(II) and Cd(Il) ions. For Pb(Il), the terms X; and X3
were the least significant, while terms with Prob > 0.1000 were deemed non-significant.
For Cd(l), only X3, X12, and X,? were significant model terms, whereas the remaining
terms were not. The quality of the developed model was assessed using the correlation
coefficient (R?) and standard deviation. For Pb(II), the “predicted R?” value of 0.6261 aligns
reasonably well with the “adjusted R?” value of 0.7877, with a difference of less than 0.2,
likely due to the signal-to-noise relationship [36]. Similarly, for Cd(II), the “predicted R?”
and “adjusted R?” were 0.6181 and 0.7367, respectively, indicating the suitability of the
generated quadratic model. Hence, this model can effectively guide the design space.
Despite certain limitations, the quadratic regression model used in this study provides
valuable insights into the adsorption of Pb(Il) and Cd(Il) ions using MFSs. The applicability
of the model is supported by the high correlation between the predicted and fitted R? values
(e.g., 0.6261 and 0.7877 for Pb(II)), indicating a reasonable predictive capability. However,
the model has shortcomings. For example, some interaction terms were not significant
(e.g., X1X; for Pb(II), X; X3 for Cd(II)), and the predicted R? for Cd(IT) (0.6181) was somewhat
lower than desired, suggesting that there is room for improvement in predicting certain
responses. These shortcomings affect the model’s applicability by introducing uncertainty
into specific predictions, particularly in scenarios where non-significant interactions might
play a role. Despite this, the model remains valuable for understanding the adsorption
process and optimizing experimental conditions. The statistical significance of most linear,
quadratic, and interaction terms ensures that the model captures critical factors influencing
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adsorption efficiency, such as the pH, adsorbent dosage, and contact time. Furthermore, the
consistency of the experimental results, supported by normal probability plots and other
statistical measures, reinforces the robustness of the model in guiding practical adsorption
studies. Thus, while limitations are acknowledged, the model serves as an effective tool
for optimizing conditions and improving the understanding of adsorption mechanisms.
Future improvements could include incorporating additional data points or higher-order
interactions to improve accuracy and broaden applicability. Teshale et al. [36] applied a
similar model to Cr(Ill) uptake with a similar r of 0.666, with non-significant dosage*pH
and pH*contact time interactions; however, they reported that this model can be used to
navigate or steer the design space.

Table 5. Analysis of variance (ANOVA) for quadratic response surface model.

Source Degrees of Sum of Squares Mean Square F Value p Value Prob > F
Freedom
Pb(II)
Model 9 13,066.2 1451.80 12.96 0.000 Significant
Linear 3 4979.9 1659.96 14.81 0.000 Significant
X1 1 3668.4 3668.42 32.74 0.000 Significant
Xz 1 749.7 749.66 6.69 0.018 Significant
X3 1 561.8 561.81 5.01 0.037 Significant
Square 3 7046.9 2348.97 20.96 0.000 Significant
X;? 1 4125.5 412551 36.82 0.000 Significant
X2 1 7429 742.93 6.63 0.018 Significant
X532 1 2092.6 2092.56 18.68 0.000 Significant
Interaction of 2 factors 3 1039.4 346.47 3.09 0.050 Significant
X1Xy 1 60.6 60.61 0.54 0.471 Not significant
X1 X3 1 344 34.40 0.31 0.586 Not significant
X2X3 1 944 4 944.39 843 0.009 Significant
Error 20 2240.9 112.05
Lack of fit 3 2029.3 676.44 54.34 0.000 Significant
Pure error 17 211.6 12.45
Total 29 15,307.2
Cddrn
Model 9 1053.91 117.101 6.22 0.000 Significant
Linear 3 765.39 255.129 13.54 0.000 Significant
X1 1 245 2.449 0.13 0.722 Not significant
Xz 1 732.11 732.108 38.87 0.000 Significant
X3 1 30.83 30.830 1.64 0.215 Not significant
Square 3 267.02 89.007 4.73 0.012 Significant
X12 1 154.13 154.129 8.18 0.010 Significant
X2 1 114.62 114.624 6.09 0.023 Significant
X532 1 33.42 33.418 177 0.198 Not significant
Interaction of 2 factors 3 21.50 7.168 0.38 0.768 Not significant
X1Xz 1 0.27 0.274 0.01 0.905 Not significant
X1X3 1 10.63 10.626 0.56 0.461 Not significant
X2X3 1 10.60 10.603 0.56 0.462 Not significant
Error 20 376.72 18.836
Lack of fit 3 73.34 24.448 1.37 0.286 Not significant
Pure error 17 303.37 17.846
Total 29 1430.63

The regression coefficients along with their corresponding high and low 95% confi-
dence intervals (Cls) are provided in Table 6.

From the experimental data of the design, the quadratic polynomial model equation
for Pb(II) and Cd(Il) adsorption using MFSs is mentioned in the final coded factor of
Equations (3) and (4), respectively.

Y, =45.44 + 15.14 X1 + 6.84 X +5.93 X3 + 23.64 X2 — 10.03 X2 + 16.83 X32 —

3
2.75 X1 Xp + 2.07 X1 X3 +10.87 XoX3 ®)

Y2 =14.42 + 0.39 X1 — 6.76 X — 1.39 X3 + 4.57 X;2 + 3.94 X52 + 2.13 X352 —

4
0.18 X1 Xy — 1.15 X1 X3 — 1.15 X5 X3 @
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Table 6. Regression coefficient and its corresponding high and low 95% Cls.

Terms Cg:tfiflllf;::t Standard Error (L(?E\I,A)Hci;h) T Value p Value FIV
Pb(II)
Constant 45.44 4.32 (36.43, 54.46) 10.52 0.000

Xq 15.14 2.65 (9.62, 20.66) 5.72 0.000 1.00
Xz 6.84 2.65 (1.32,12.37) 2.59 0.018 1.00
X3 5.93 2.65 (0.41,11.45) 2.24 0.037 1.00
X12 23.64 3.90 (15.51, 31.76) 6.07 0.000 1.01
X,? —10.03 3.90 (—18.16, —1.90) —2.57 0.018 1.01
X32 16.83 3.90 (8.71,24.96) 4.32 0.000 1.01

X1Xy —2.75 3.74 (—10.56, 5.05) —0.74 0.471 1.00

X1 X3 2.07 3.74 (—5.73,9.88) 0.55 0.586 1.00

X2X3 10.87 3.74 (3.06, 18.67) 2.90 0.009 1.00

Cddrn

Constant 14.42 1.77 (10.72,18.11) 8.14 0.000

Xq 0.39 1.09 (—1.87,2.65) 0.36 0.722 1.00
Xz —6.76 1.09 (—9.03, —4.50) —6.23 0.000 1.00
X3 -1.39 1.09 (—3.65,0.88) -1.28 0.215 1.00
X12 4.57 1.60 (1.24,7.90) 2.86 0.010 1.01
X52 3.94 1.60 (0.61,7.27) 2.47 0.023 1.01
X32 213 1.60 (—1.20,5.46) 1.33 0.198 1.01

X1Xy —0.18 1.53 (—3.39,3.02) -0.12 0.905 1.00

X1 X3 -115 1.53 (—4.35,2.05) —0.75 0.461 1.00

X2 X3 -1.15 1.53 (—4.35,2.05) -0.75 0.462 1.00

The scored data were analyzed to assess the normality of the residuals and the cor-
relation between the actual and predicted response values (Y), as illustrated in Figure 7.
The normal probability plot reveals that the residuals closely follow a normal distribution.
This indicates that the experimental data points align well with the straight line on the
graphs, confirming that the quadratic polynomial model meets the assumptions required
for analysis of variance [4]. The results for various operating parameters are illustrated in
Figure 7a—f. Among these, the initial pH of the solution is identified as the most critical
factor influencing the adsorption of metal ions. The effect of pH on Cd(II) and Pb(II) ad-
sorption was studied under constant conditions: an adsorbent dose of 0.70 g, a contact time
of 90 min, an initial Cd(II) concentration of 200 mg/L, and a pH range of 4 to 8. Maximum
Cd(II) removal occurred at pH 4, as shown in Figure 7a. At pH levels closer to neutral, the
removal efficiency decreased due to weaker electrostatic attraction between the adsorbate
and the oppositely charged adsorbent [52]. Between pH 6 and 8, Cd(II) adsorption rates
remained steady, but further increases in pH reduced efficiency due to the formation of sol-
uble hydroxyl complexes that hinder metal ion adhesion [53,54]. In a separate study, nearly
99.92% of Cr(IV) was removed using Artocarpus heterophyllus husk as a bioadsorbent at
pH 2, an initial concentration of 50 mg/L, a biosorbent dose of 0.3 g, a stirring speed of
100 rpm, and a temperature of 35 °C [55]. Similarly, Teshale et al. [36] confirmed that the
adsorption of metals such as Cd(II), Pb(II), Cr(Ill), and Cr(IV) is more efficient under acidic
conditions than under alkaline conditions. For instance, the effect of adsorbent dosage on
Cr(III) removal at room temperature was investigated by varying the adsorbent dose from
0.4 g to 1 g in a solution with a Cr(IIl) concentration of 150 mg/L at pH 5.5 over 90 min.
An increase in the bioadsorbent dose from 0.4 g to 0.8 g resulted in 99.75% Cr(Ill) removal,
likely due to the greater availability of adsorption sites and surface area [56]. In this study, a
bioadsorbent concentration of 1 g/L of MFSs achieved the highest Cd(II) removal efficiency
(94%) at 120 min, as shown in Figure 7b,f. This could be attributed to particle interactions,
such as agglomeration or equilibrium between chromium ions and the solid phase [57].
The positive correlation between the adsorbent dosage and Cd(II) and Pb(Il) removal may
be linked to the increased surface area and availability of adsorption sites [58]. Similarly,
Prabu et al. [59] reported that a fish scale bioadsorbent dose of 8 mg/L was sufficient to
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achieve 99.75% Cr removal at an initial Cr concentration of 50 mg/L, pH 5, and a contact
time of 5 h. The effect of contact time on Cd(II) and Pb(IT) reduction was evaluated at
intervals of 60, 90, and 120 min. The removal efficiency increased significantly from 60 to
90 min, reaching equilibrium at 120 min. This is probably due to the availability of a larger
surface area generated on the surface of fish scales after chemical treatment due to the
removal of gelling substances, chitosan, etc. [29], which prolongs the contact between the
adsorbent surface and the adsorbate (metal ions) in solution [32]. At equilibrium, the active
sites of the adsorbent became saturated, and the adsorption rate was controlled by the
transport of the adsorbate from the outer to the inner sites of the adsorbent particles [60].
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Figure 7. Three-dimensional graph of the response surface of (a) Cd(II) (mg/L) vs. dose of scales
and pH; (b) Cd(II) (mg/L) vs. dose of scales and time; (¢) Cd(II) (mg/L) vs. pH and time; (d) Pb(II)

(mg/L) vs. dose of scales and pH; (e) Pb(Il) (mg/L) vs. dose of scales and time; and (f) Pb(Il) (mg/L)
vs. pH and time.

4. Conclusions

The removal of Cd(II) and Pb(II) ions from synthetic wastewater solutions was suc-
cessfully demonstrated using waste fish scales as a bioadsorbent. The findings reveal that
activated fish scales have significant potential for removing heavy metals from industrial
wastewater. The experimental results showed that 94% of Cd(Il) and 83% of Pb(II) ions
could be removed using an adsorbent dose of 1 g at a pH of 5, with a contact time of
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120 min for Cd(II) and 60 min for Pb(II) and an initial concentration of 200 mg/L for both
metals. The removal efficiency was influenced by the pH and contact time, increasing until
the saturation point of the adsorbent was reached.

FTIR analysis confirmed the presence of carboxyl, amine, and hydroxyl functional
groups in the fish scales, which are involved in the adsorption process. XRD analysis
showed that the fish scales exhibit amorphous properties, consistent with observations
from scanning electron microscopy. The BET analysis results provide critical insights into
the textural properties of modified fish scales. These properties suggest that the modified
fish scales may serve as a robust framework for future nanocomposite fabrication.

Future research could explore the application of fish scales to real wastewater treatment
and the regeneration of bioadsorbents. Additionally, the adsorption efficiency could be
enhanced by incorporating nanoparticles into the flakes. Based on these results, waste
fish scales offer a sustainable and effective alternative for removing Cd(Il) and Pb(II) ions,
contributing to the reduction in environmental pollution.
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