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 Iron contamination in water is a threat to human health and the environment. 
This contamination requires a fast and efficient detection method. Method 
validation is integral to method development, ensuring alignment with the 
intended objectives. This research aims to validate a method for selective 
detection of Fe(III) based on cellulose triacetate (CTA) optode membrane. The 
optode membrane was prepared by mixing CTA, plasticizers, Aliquat-336, and 
thiocyanate as selective reagents. The validation of the optode membrane was 
evaluated based on validation performance parameters. The Fe(III) optode 
membrane detection demonstrated a linear response with a determination 
coefficient of 0.9972 within a concentration range of 0.1–4.0 mg/L, the detection 
limit of 0.0553 mg/L, quantitation limit of 0.1676 mg/L, precision 3.01%, 
intermediate precision of 3.03% and 3.01%, the accuracy of 101.62%. The optode 
membrane exhibited good selectivity with a value of -0.4580 and -0.2748 against 
Pb(II) and Cr(VI), respectively, sensitivity of 1.05 × 107 M-1 cm-1 and color 
formation stability %RSD of 3.14%. The application of real samples shows no 
significant difference between the UV-Vis spectrophotometry and optode 
membrane methods at a 95% confidence level (α = 0.05). The validation results 
offer a valuable perspective into whether this method can be adopted as a new 
approach or as an alternative to existing methods for cation analysis in water 
samples. 

 

1. Introduction 

Iron, a heavy metal, is used in many fields, both in 
the environment and human life. Iron is useful for the 
muscles and transport system of the human body. 
However, excessive intake will impact human health with 
hemochromatosis symptoms in the liver, cardiac 
problems, and pancreatic dysfunction [1]. Plants use iron 
for growing and developing critical physiological 
processes, such as photosynthesis, respiration, and 
nitrogen metabolism. Plants maintain a concentration of 
10-4 to 10-9 M for optimal metabolism. Excessive iron 
uptake results in toxicity, causing damage to cell 
membranes, inhibiting growth, reducing crop yields, and 
compromising overall plant health [2]. Iron 
contamination in environments comes from various 
industrial, non-industrial, and anthropogenic activities. 
Excess iron contamination in environments endangers 

organisms, plants, and the quality of the environment [3]. 
Iron typically occurs in the Fe(0) and Fe(II) or Fe(III) 
cation forms. The Fe(II) cation is easily oxidized to Fe(III) 
in relatively neutral aquatic environments, making 
Fe(III) the dominant form present in such conditions. At 
an appropriate pH, Fe(III) reacts with thiocyanate to form 
a deep red complex, whereas Fe(II) produces a pale green 
to colorless solution when reacted with thiocyanate [4, 5]. 
According to the United States Environmental Protection 
Agency (USEPA) and the World Health Organization 
(WHO), the maximum allowable concentration of iron in 
water intended for human use is 0.3 mg/L [6, 7]. 

Iron detection in samples can be carried out using 
various techniques, including UV-Vis spectrophotometry 
[8, 9], atomic absorption spectrometry [10, 11], 
electrochemical methods [12, 13], fluorescence 
spectroscopy [14, 15], ICP spectrometry [16, 17], and 
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X- ray fluorescence (XRF) [18, 19]. These methods offer 
acceptable levels of sensitivity, selectivity, and accuracy. 
However, their application is often limited by factors such 
as high instrumentation costs, specialized operational 
skill requirements, and the inability to conduct in situ 
measurements. To address these limitations, an optode 
membrane is proposed as a simpler and more practical 
approach for Fe(III) detection in environmental samples. 

Optode membranes function by immobilizing color-
forming compounds or ligands within a membrane, 
enabling the detection of specific metal ions through a 
color change [20]. These membranes offer several 
advantages, including the absence of the need for an 
electrical power supply, simplicity, the ability to perform 
in situ measurements, and low cost. Optode membranes 
are widely used for detecting various gases and metal 
ions, such as Hg, Pb, Cd, and Cu [21, 22, 23]. Cellulose 
triacetate (CTA) membranes are particularly suitable as 
polymer matrices for optode fabrication. CTA-based 
optode membranes are stable, relatively easy to produce, 
and exhibit durable properties. Furthermore, the CTA 
membrane binds analytes without absorbing water, 
ensuring that it does not interfere with either color 
formation or the stability of the produced color [24, 25]. 

This study used method validation of optode 
membranes for detecting Fe(III). The initial development 
of the optode membrane was carried out by Arif et al. [26]. 
Method validation is essential to ensure that the methods 
are appropriate for their intended purposes and provide 
consistent measurement performance [27]. Validation 
was conducted based on the procedures outlined in [28] 
and [29], assessing the method’s accuracy, precision, 
sensitivity, and reproducibility. The objective of this 
analysis is to confirm the reliability of the optode 
membrane for Fe(III) detection across various 
environmental and industrial applications. The novelty of 
this study lies in the optimization and validation of the 
optode membrane method for Fe(III) detection, 
presenting a more robust, sensitive, and cost-effective 
alternative to existing techniques, while also 
demonstrating its applicability in real-world sample 
analysis. 

2. Experimental 

The research began with fabricating an optode, 
which was subsequently used in the method validation 
process. Performance parameters were derived from prior 
experiments. The validation was conducted in accordance 
with the guidelines set by the International Council for 
Harmonisation (ICH) [28], encompassing parameters 
such as linearity, detection limit, quantitation limit, 
precision, intermediate precision, accuracy, selectivity, 
color stability, sensitivity, and robustness. The 
acceptance criteria were then compared with the standard 
values provided by the Association of Official Analytical 
Chemists (AOAC) [29]. 

2.1. Materials and Equipment 

The materials used in this study included cellulose 
triacetate (CTA), N-Methyl-N,N,N-trioctylammonium 
chloride (Aliquat-336), oleic acid, acetophenone, 

chloroform, methanol, FeCl3.6H2O, Pb(NO3)2, H3PO4, 
H2SO4, acetone, K2Cr2O7, NH4SCN, HCl, HNO3 (4 M), KSCN 
(2 M), distilled water, and water samples. All chemicals 
were purchased from Merck (Darmstadt, Germany) and 
were of analytical grade quality. 

The equipment used included glassware, pipettes, an 
analytical balance (OHAUS AX224/E), a magnetic stirrer, 
a sonicator (AS ONE), a micrometer screw gauge (Fowler 
52-224), a pH meter (Hanna HI 2211), an oven (Memmert 
UM 400), a solid UV-Vis spectrophotometer (Thermo 
Scientific GENESYS 10S), an FTIR spectrophotometer 
(Thermo Fisher Scientific Nicolet iS50), and a UV-Vis 
spectrophotometer (Thermo Scientific Genesys 140/150). 

2.2. Fabrication and Characterization of the Optode 
Membrane 

An optode membrane of CTA was prepared by mixing 
CTA solutions, a plasticizer, Aliquat-336, and a 1 M 
NH4SCN solution, followed by thorough mixing and 
drying at room temperature. The membrane was then cut 
into a 1 × 3 cm rectangular shape. The optode membrane 
was characterized using an FTIR spectrophotometer to 
obtain the infrared spectrum, facilitating functional 
group analysis. Measurements were taken within the 
wavenumber range of 4000–400 cm-1. Scanning electron 
microscopy (SEM) was used to observe the formation of 
pores and the surface structure of the membrane at 
various magnifications. The methods used for membrane 
preparation and characterization are detailed in reference 
[26]. 

2.3. Linearity, Detection limit, and Quantitation limit 

The parameters for linearity, limit of detection 
(LoD), and limit of quantification (LoQ) were determined 
by immersing the optode membrane in 25 mL of a 
standard Fe(III) solution with concentrations ranging 
from 0.10 to 4.00 mg/L for 15 minutes at pH 2. The color 
formed on the optode membrane was subsequently 
measured for absorbance using a UV-Vis 
spectrophotometer designed for solid material, at the 
maximum wavelength. The experiment was repeated at 
least six times. The LoD and LoQ were calculated based on 
the standard deviation of the intercept and the mean 
slope of the calibration curve. A minimum of six series of 
measurements were conducted. The equation used to 
calculate the LoD and LoQ values is provided in Equation 
1. 

 𝐿𝑜𝐷 =
3.3×𝑆𝐷

𝑆
; 𝐿𝑜𝑄 =

10×𝑆𝐷

𝑆
 (1) 

Where, LoD is the limit of detection, LoQ is the limit of 
quantification, SD is the standard deviation, and S is the 
slope. 

2.4. Precision (Repeatibility and Intermediate 
Precision) 

Precision is expressed in terms of repeatability and 
intermediate precision. The optode membranes were 
immersed in standard Fe(III) solutions. Repeatability, as 
a measure of precision, is represented by the percentage 
of relative standard deviation (%RSD) from a series of 
repeated measurements, with a minimum of six 
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repetitions of standard measurements. Intermediate 
precision data were obtained from tests conducted on 
different days. The %RSD was then compared between 
experiments, as outlined in Equation 2. 

 𝑅𝑆𝐷 =
𝑆𝐷

�̅�
× 100% (2) 

Where, SD is the standard deviation, �̅�  is the average 
absorbance, and RSD is the relative standard deviation 
(%). 

2.5. Accuracy 

Accuracy was calculated using the percentage of 
recovery of the standard measurements. The optode 
membrane was immersed in standard Fe(III) solutions at 
three different concentration levels, with each level used 
to prepare a new optode membrane. The color formed on 
the optode membrane was then measured using a solid 
UV-Vis spectrophotometer. The percentage of recovery 
(PR) was calculated by comparing the concentration 
detected in the measurement with the known value of the 
standard concentration. The experiment was repeated at 
least three times for each of the three concentration 
levels, as outlined in Equation 3. 

 PR = (
[Fe(III)]Calc

[Fe(III)]Theoretical
) × 100% (3) 

Where, [Fe(III)]Calc is the concentration of Fe(III) obtained 
from the measurements, and [Fe(III)]Theoretical is the 
known concentration of the standard. 

2.6. Sensitivity and Selectivity 

The sensitivity parameter of the optode was 
determined by calculating the molar absorptivity value 
using the Lambert-Beer equation. The optode was 
immersed in a standard solution and measured using a 
UV-Vis spectrophotometer designed for solid materials. 
These measurements were repeated six times. A 
selectivity test was conducted to evaluate the potential 
interference from other cations that could affect the 
optode membrane’s response. This test assessed the 
selectivity of the optode membrane toward specific metal 
cations, specifically Cr(VI) and Pb(III) solutions. The 
experiment was repeated six times, and the responses 
were used to calculate the selectivity coefficient. 
Sensitivity was calculated using Equation 4, and 
selectivity was determined using Equation 5. 

 𝜀 =
𝐴

𝑏×𝑐
 (4) 

Where, A is the absorbance, b is the optode thickness 
(cm), c is the solution concentration (M), and ε is the 
molar absorptivity (M-1cm-1). 

 𝑆𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑆𝐴 + 𝑆𝐼;  𝑆𝑠𝑎𝑚𝑝𝑙𝑒 = 𝐾𝐴𝐶𝐴 + 𝐾𝐼𝐶𝐼;  𝐾𝐴,𝐼 =
𝐾𝐼

𝐾𝐴
 (5) 

Where, Ssample is the signal in the sample solution, SA is the 
analytical signal, SI is the interference signal, KA and KI are 
the analyte and interference coefficients, respectively, 
and CA and CI are the concentrations of the analyte and 
interfering ions. 

2.7. Color Stability 

The stability of the color complex was tested to 
observe its behavior after the reaction. The optode 

membrane was immersed in standard Fe(III) solutions 
for 15 minutes at the optimal pH of 2. The absorbance of 
the resulting color complex was measured daily using a 
solid-state UV-Vis spectrophotometer. 

2.8. Robustness Test 

Robustness refers to the ability of a method to remain 
stable despite small variations in its parameters. In this 
study, robustness was evaluated by varying pH as the 
parameter. The optode membrane was immersed in a 
standard Fe(III) solution at pH levels 1, 2, and 3 for 15 
minutes. The absorbance of the color formed on the 
membrane was then measured using a solid-state UV-Vis 
spectrophotometer. Each experiment was repeated six 
times, and the results at each pH level were subjected to a 
significance test with a 95% confidence level. 

2.9. Detection of Fe(III) in Water Samples 

The water sample was collected from the area around 
Bogor, West Java, and was intended for household use. 
The sample solution was prepared by mixing 15 mL of the 
water sample with 10 mL of distilled water. The optode 
membrane was immersed in the sample solution for 15 
minutes at pH 2 to detect Fe(III). The color formed on the 
optode membrane was measured for its absorbance at the 
maximum wavelength using a solid-state UV-Vis 
spectrophotometer, allowing for the calculation of Fe(III) 
concentration. For comparison, a standard 
spectrophotometric method was also used, where 15 mL 
of the water sample was mixed with 1.25 mL of 2 M KSCN 
and 0.75 mL of 4 M HNO3 in a 25 mL volumetric flask, 
diluted to the mark, homogenized, and measured for 
absorbance at 480 nm. Statistical analysis was conducted 
with a 95% confidence level. 

3. Results and Discussion 

3.1. CTA Optode Membrane 

Optical sensors are a type of chemical sensor that 
connects chemical reactions with spectroscopic 
measurements. These sensors identify analytes at 
specific wavelengths within the UV-Vis spectrum [30]. 
One example of an optical sensor is the optode 
membrane, which analyzes the chemical reactions of 
analytes in samples through spectroscopic 
measurements such as reflectance, absorption, 
fluorescence, and/or luminescence. The working 
principle of the optode membrane involves an interface 
matrix between the analyte and the reagent. This reagent 
undergoes a binding reaction with ions, forming colored 
complexes within an organic or inorganic matrix [31, 32]. 

 

Figure 1. Color formation of optode membrane (a) before 
and (b) after contact with a standard solution of Fe(III) 

at 1 mg/L 
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The primary materials used in fabricating the optode 
membrane include CTA, plasticizers (acetophenone and 
oleic acid), Aliquat-336, and chromophores. CTA serves 
as the matrix carrier for the active substance, possessing 
hydrophobic properties due to the acetyl group replacing 
the hydroxyl group in the cellulose polymer. This 
modification enables the measurement of analytes in 
solution. Aliquat-336, a quaternary ammonium salt, 
functions as an extractor or carrier of metal ions into the 
membrane, where they react with the chromophore. 

Fe(III) ions, transported into the membrane by 
Aliquat-336, react with thiocyanate ions (SCN-) to form a 
blood-red complex, [Fe(SCN)]2+, which is widely used as 
a qualitative indicator for the presence of Fe3+ in solution. 
This complex exhibits a strong, deep red color due to its 
intense light absorption, making it highly sensitive for 
detecting trace amounts of ferric ions. The reaction’s high 
sensitivity and distinct color change make it a preferred 
method in analytical chemistry. Furthermore, the color 
intensity is directly proportional to the concentration of 
the Fe(III)-thiocyanate complex, allowing quantitative 
measurement using a spectrophotometer at wavelengths 
between 450 and 480 nm. 

The stoichiometry of the complex formed depends on 
the Fe(III) to SCN- ratio and solution conditions such as 
pH and ionic strength. Iron(III) reacts with thiocyanate 
ions to produce a red-orange color, as shown in reaction 
(1). The number of thiocyanate ions involved, represented 
by n, typically ranges from two to six times the 
concentration of Fe(III) ions, depending on the chemical 
environment. Therefore, when the reaction is complete, 
using six thiocyanate ions results in the formation of an 
octahedral complex structure [33, 34, 35]. The reaction 
and color formation are shown in Figure 1. 

 Fe3+ + nSCN- ⇌ [Fe(SCN)n]3-n (1) 

Aliquat-336 acts as an extractor or carrier of Fe(III) 
ions into the CTA membrane, enabling the ions to react 
with the active components. The mechanism and 
interaction between Fe(III) and Aliquat-336 are 
illustrated in Reaction 2 and Figure 2. This process 
involves transferring Fe(III) ions into the membrane, 
facilitated by Aliquat-336 as an intermediary, performing 
an ion exchange. The exchanged ions are then more 
readily incorporated into the membrane and react with a 
specific reagent, as depicted in Figure 1 [36, 37]. 

 Fe3+
(aq) + 4Cl–

(aq) + R3NCH3Cl(org) ⇌ R3NCH3•FeCl4(org) + Cl– (2) 

 

Figure 2. Transport mechanism of the ion through 
Aliquat-336 and reaction with thiocyanate 

3.2. Characteristics and Properties 

Fourier Transform Infrared (FTIR) spectroscopy is 
an instrument used to detect functional groups and 
identify compounds within a sample. The IR spectrum 
provides insights into the molecular structure through 
specific absorption bands characteristic of each molecule 
[38]. FTIR analysis of functional groups in the fabrication 
of CTA membranes was performed in the wavenumber 
range of 4000–400 cm-1. CTA contains functional groups 
such as C–H, C=O, and C–O in its structure [24]. 

As shown in Figure 3, the peaks at wavenumbers 
2876, 1734, and 1233–1051 cm-1 correspond to the 
stretching vibrations of C–H sp3, C=O, and C–O, 
respectively (Figure 3a). The IR spectra of the CTA+SCN 
and CTA+SCN+Fe(III) optode membranes show 
additional absorption at wavenumbers of 2058 cm-1 and 
2061 cm-1, respectively, which correspond to the 
stretching vibration of S–C≡N (Figures 3b, 3c). These 
results indicate no significant differences in 
wavenumbers for the C–H, C=O, and C–O vibrations in 
the optode before or after immersion in the Fe(III) 
solution. The distinct peaks confirm the successful 
impregnation of thiocyanate into the membrane. 
Furthermore, the persistence of color over several days 
after immersion indicates that the CTA membrane can 
retain the iron thiocyanate complex color. 

The thickness of the optode membrane for the 
detection of Cr(VI) was measured using a screw 
micrometre, with an average thickness of 0.0276 mm 
from three Petri dishes and a %SBR of 1.02%. In contrast, 
the optode membrane for detecting Fe(III) exhibited an 
average thickness of 0.0639 mm with a %SBR of 3.90%. 
This thickness is neither excessively thick (>100 µm) nor 
too thin (<5 µm) [24]. A two-tailed t-test for significance 
indicated no significant difference between the average 
thicknesses of the optode membranes. A uniform 
thickness is expected to yield a good chromophore 
distribution for detecting the metal analyte. 

 

Figure 3. IR spectra of the optode membrane: (a) CTA, 
(b) CTA+SCN, (c) CTA+SCN+Fe(III) 
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Figure 4. SEM imaging of the optode membrane at 
20,000× magnification: (a) before and (b) after contact 

with the Fe(III) solution 

 

Figure 5. EDX profile of optode membrane (a) before and 
(b) after contact with Fe(III) 

Scanning Electron Microscope-Energy Dispersive X-
ray (SEM-EDX) analysis was employed to examine the 
surface of the optode membrane. SEM imaging was 
conducted at magnifications of 5000× and 20,000× to 
capture detailed surface features. The electron 
microscope was equipped with an EDX detector to identify 
the materials present on the membrane. The results of 
this analysis are presented in Figure 4. 

A noticeable difference is observed between the 
initial optode and the optode membranes after immersion 
in the reaction solution. Before immersion, the surface of 
the optode membrane appears smooth. However, the 
surface becomes rougher after interacting with the SCN⁻ 
solution (Figure 4b), and more pores are formed due to 
this interaction. The magnification at 20,000× provides a 
clearer view of these changes (Figures 4a, 4b). Before 
immersion, the surface is highly homogeneous. After 
immersion, slight alterations in the surface are evident, 
likely due to the components in the solution. This 
suggests that an interaction has occurred, potentially 
altering the surface characteristics. 

Based on the SEM-EDX analysis of the optode 
membrane (Figure 5a), the elemental composition 
consists of carbon (C) at 54.4 wt%, oxygen (O) at 38.2 
wt%, sulfur (S) at 6.2 wt%, and chlorine (Cl) at 1.2 wt%. 
The dominant carbon content reflects the organic nature 
of CTA and Aliquat-336, both of which contain alkyl and 
carbon groups in their molecular structures. Oxygen 
likely originates from the polar groups in the membrane 
and interactions with thiocyanate. 

The detected sulfur confirms the presence of SCN⁻, a 
key ligand in this membrane system, particularly in its 
interaction with metal ions like Fe(III). The small amount 
of chlorine is attributed to Aliquat-336, which includes 
chloride ions as counter ions in its structure. These results 
demonstrate that the components of the optode 
membrane—CTA, Aliquat-336, and SCN⁻—have been 
successfully incorporated, with each component 
contributing to the elemental composition observed in 
the SEM-EDX spectrum. 

Figure 5b shows the SEM-EDX analysis after the 
membrane’s interaction with the Fe(III) solution. The 
detected elements include carbon (53.5 wt%), oxygen 
(45.9 wt%), and sulfur (0.6 wt%). The dominant carbon 
content indicates that the membrane retains its organic 
components, primarily from Aliquat-336, which is rich in 
carbon due to its long alkyl chains. The significant oxygen 
content suggests the presence of polar functional groups 
within the membrane, which may have interacted with 
Fe(III) ions or reflected hydration and possible oxidation 
processes on the membrane surface. 

The low sulfur content confirms the presence of 
SCN⁻, but at a reduced level compared to the initial 
membrane. This decrease in sulfur suggests that some 
thiocyanate ions may have reacted with Fe(III) to form 
Fe(SCN) complexes, which could have diffused into the 
solution or detached from the membrane. Overall, the 
results indicate that the optode membrane, containing 
Aliquat-336 and thiocyanate, underwent a chemical 
interaction with Fe(III). The reduction in sulfur content, 
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coupled with the retention of high carbon and oxygen 
levels, suggests the membrane’s stability and highlights 
the chemical interaction of thiocyanate with Fe(III). 

3.3. Linearity, Detection, and Quantitation Limit 
Parameter 

Linearity is the ability of an analytical method to 
provide a proportional response to the analyte 
concentration, measured through the linear regression 
equation of the standard curve between concentration 
and absorbance. In the 0.1–4.0 mg/L concentration range, 
the coefficient of determination (R2) values obtained from 
six replicate measurements were 0.9972, 0.9946, 0.9910, 
0.9907, 0.9880, and 0.9861. According to the Association 
of Official Analytical Chemists (AOAC) [29], an R2 value 
greater than 0.99 indicates good analytical results, 
meaning that changes in the analyte concentration have a 
linear effect on the signal (Figure 6). 

The detection and quantification limits for Fe(III) 
were 0.0553 mg/L and 0.1676 mg/L, respectively. The iron 
threshold for clean water is set at 0.3 mg/L by USEPA and 
WHO [6, 7], indicating that the optode membrane can 
detect iron in clean water. However, Fe(III) 
concentrations below the detection limit cannot be 
distinguished from noise, which may be attributed to the 
matrix, sample concentration, and reagent purity. 

3.4. Precision (Repeatibility and Intermediate 
precision) 

Precision measures the closeness of analytical 
results obtained from repeated measurements of the 
same sample. Precision is expressed as the relative 
standard deviation (RSD). It can be represented in terms 
of repeatability, intermediate precision, or 
reproducibility. Precision (repeatability) refers to the 
repetition of measurements in a single session conducted 
by the same analyst using the same equipment, materials, 
and laboratory [39]. An analytical method demonstrates 
good precision when the relative standard deviation is 
less than 8% for concentrations below 10 mg/L [29]. The 
%RSD obtained for Fe(III) detection was 3.01%. The low 
RSD values indicate that the measurement method has a 
good response in detecting Fe(III), and random errors do 
not interfere with the analytical results. 

 

Figure 6. Correlation between absorbance and 
concentration of Fe(III) standard 

 

Intermediate precision demonstrates the ability of 
the same method to maintain %RSD within the reference 
value. This intermediate precision testing is conducted 
across laboratory sessions, times, materials, and analysts 
[27]. However, the reference method must remain 
consistent and unchanged. Precision tests were 
performed on different days and with varying 
concentrations during the testing sessions [39]. The first 
test yielded a %RSD value of 3.03%, while another 
produced a %RSD value of 3.01%. These results indicate 
that the method demonstrates intermediate precision 
that meets the criteria outlined by AOAC [29]. 

3.5. Accuracy 

Accuracy refers to the closeness of an analytical 
method’s result to the actual value. In this study, accuracy 
was assessed using the recovery percentage method [39, 
40]. Measurements at three concentrations showed a 
recovery percentage of 101.62%, within the validation 
criteria of 80-110% for concentrations between 1-10 
mg/L [29]. These results demonstrate that the optode 
membrane accurately determines Fe(III) in real samples, 
with outcomes aligning closely with accepted values 
within the acceptable limits. 

3.6. Sensitivity and Selectivity 

Sensitivity is measured to evaluate the optode 
membrane’s ability to detect small changes in analyte 
concentration. The sensitivity of the optode membrane 
was determined using the Lambert-Beer law. For Fe(III) 
detection, the optode membrane demonstrated an 
average molar absorptivity of 1.05 × 107 M-1 cm-1 (Table 1). 

Selectivity measures a method’s resistance to 
interference, as indicated by the selectivity coefficient 
(KA,I) [39]. To determine selectivity, other metal ions are 
added to the solution. The KA,I value is calculated by 
comparing the absorbance of the optode membrane when 
exposed to the metal solution alone and when the metal 
solution is mixed with interfering metals (Table 2). 

Table 1. Molar absorptivity of the optode membrane for 
Fe(III) 

Conc. of 
Fe(III) 
(mg/L) 

Abs 
Specific 

absorptivity 
Conc. 
(M) 

Molar 
absorptivity 

0.200 0.157 29.3 3.57 × 10-6 1.64 × 107 

0.400 0.241 22.6 7.14 × 10-6 1.26 × 107 

1.00 0.447 16.7 1.79 × 10-5 9.37 × 106 

2.00 0.685 12.8 3.57 × 10-5 7.18 × 106 

4.00 1.32 12.4 7.14 × 10-5 6.93 × 106 

Average    1.05 × 107 

SD    4.01 × 106 

Table 2. Selectivity coefficient values of the optode 
membrane 

Analyte Interference KA,I 

Fe(III) 
Pb2+ -0.4580 

Cr6+ -0.2748 



 Jurnal Kimia Sains dan Aplikasi 28 (3) (2025): 146-154 152 

Table 3. The absorbance of the optode membrane after 
contact with metal at different pH levels 

Optode 
membrane 

Abs 

pH 1 pH 2 pH 3 

Fe (III) 0.317±0.005a 0.385±0.002b 0.371±0.005c 

Note: a, b, c different letter means significantly different at α=0.05 

Other metal ions do not interfere with the analyte if 
the KA,I value is < 1. However, if KA,I > 1 or KA,I < -1, the 
metal ions interfere with the analyte [39]. Table 2 shows 
that the addition of other metal ions did not interfere with 
the analyte, as the KA,I values for Fe(III) detection with the 
addition of Pb(II) and Cr(VI) ions were -0.4580 and 
- 0.2748, respectively. These values indicate that the 
optode membrane is selective towards Fe(III), with 
minimal interference from Pb(II) and Cr(VI). The 
investigation focused on testing cations potentially 
present in river water, concentrating on a selected range 
of probable candidates. The methodology relied on 
specific chemical reactions, applied under controlled pH 
conditions to ensure accurate identification and analysis. 
A smaller selectivity value indicates better discrimination 
of the analyte from interferences. 

Selectivity is a crucial aspect of analytical chemistry 
as it influences method design. It ensures that signals 
remain unaffected by interference from other 
components, allowing for precise analyte identification 
and reflecting the representativeness of the samples. It 
also ensures alignment between the goals of the methods 
and the analytical results [41]. 

3.7. Color Stability 

The stability test was conducted to determine 
whether the optode membrane could maintain the color 
of the complex under specific environmental conditions. 
The stability of the optode color complex was evaluated 
by calculating the percentage decrease in absorbance 
from day 0 to day 10. Over ten days, the absorbance of the 
Fe(III) detection membrane varied with an average value 
of 0.6677 and a %RSD of 3.14%. The low standard 
deviation values support the stability, indicating that the 
absorbance data is closely distributed around the average 
value. The plasticizer also contributes to the membrane’s 
stability by binding the components, enhancing both 
physical and chemical stability [24]. Overall, the color 
complex produced by the optode membrane over ten days 
demonstrates good stability. 

3.8. Robustness Test 

Robustness refers to the ability of an analytical 
method to maintain consistent results despite minor 
variations in testing conditions [27]. This study 
conducted the significance test at three different pH 
levels to evaluate the optode membrane’s ability to detect 
Cr(VI) and Fe(III). The results showed that the 
experimental values were lower than the critical value at 
α = 0.05, indicating a significant difference between the 
mean absorbance values across the measurements (Table 
3). This suggests that the analytical method is sensitive to 
changes in pH. 

Table 4. Metal concentration in water samples 

Detection 
Optode 
(mg/L) 

UV-Vis 
Spectrophotometer 

(mg/L) 

Fe(III) 0.0578±0.003 0.0564±0.005 

The absorbance (Abs) of the optode membrane in the 
presence of Fe(III) ions was measured at three different 
pH levels: 1, 2, and 3. The results show that pH 
significantly influences the membrane’s response. At pH 
1, the absorbance value was 0.317±0.005, the lowest 
among the three conditions, suggesting limited 
interaction between Fe(III) and the membrane, 
potentially due to partial hydrolysis of Fe(III) or changes 
in the membrane’s chemical affinity for the ion. At pH 3, 
the absorbance slightly increased to 0.371±0.005, 
possibly reflecting increased hydrolysis of Fe(III) or a 
reduced sensitivity of the membrane at this pH [4, 5]. 

The statistically significant differences, indicated by 
superscripts a, b, and c, emphasize the importance of pH 
in the Fe(III) coloring formation reaction and its 
interaction with the optode membrane. This variability in 
response highlights the critical role of pH control when 
designing and applying optode-based sensors for Fe(III) 
detection in analytical chemistry and environmental 
monitoring. 

3.9. Detection of Fe(III) in Water Samples 

The optode membrane was used to detect Fe(III) in 
water samples obtained from a household in Bogor, West 
Java, which was used for domestic purposes. The samples 
were odorless and colorless, with a pH range of 6.70–
6.87. The Fe(III) concentration in the water was 
determined using the CTA-based optode membrane 
method and a UV-Vis spectrophotometer (Table 4). The 
testing with optodes was conducted at pH 2, with the pH 
adjusted using acid to align with the optimal conditions 
for color formation, as determined during the initial 
phase of the experiment. 

The Fe(III) concentrations determined by the two 
methods were compared using a calibration curve derived 
from the experimental results. The linear equation for the 
calibration curve was y = 0.1343x + 0.0083 with an R2 of 
0.9986. A two-tailed Student’s t-test was conducted to 
test the null hypothesis, positing no significant difference 
between the mean results obtained by the optode 
membrane method and the UV-Vis spectrophotometer 
method. The t-test results indicated no significant 
difference between the two methods at a 95% confidence 
level (α = 0.05). As a result, the null hypothesis was 
retained, confirming that both methods yielded 
comparable results. Furthermore, the determined Fe(III) 
concentrations were below the quality standard threshold 
of 0.2 mg/L, confirming the reliability and accuracy of the 
optode membrane method for Fe(III) detection in water 
samples [6, 7]. 

4. Conclusion 

The cellulose triacetate (CTA)-based optode 
membrane, enhanced with thiocyanate, offers a reliable 
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and effective alternative for Fe(III) detection. This 
method meets all required specifications, demonstrating 
excellent performance with an R2 of 0.9972 across a 
concentration range of 0.1–4.0 mg/L. Validation 
parameters include a LoD of 0.0553 mg/L, a LoQ of 0.1676 
mg/L, precision of 3.01%, intermediate precision of 
3.03% and 3.01%, and an accuracy of 101.62% recovery. 
Additionally, the method demonstrates high sensitivity 
with a value of 1.05 × 107 M-1 cm-1, good selectivity with 
values of -0.4580 and -0.2748 against Pb(II) and Cr(VI), 
respectively, and stable color formation with a %RSD of 
3.14%. The validation results confirm that the method 
aligns well with established reference standards, 
fulfilling the intended validation objectives. 
Furthermore, the optode membrane successfully detects 
Fe(III) in water samples, showing no significant 
differences from results obtained using a UV-Vis 
spectrophotometer. This highlights its practical 
applicability and reliability for real-world water analysis. 

Acknowledgments 

The author expresses gratitude to the Directorate 
General of Higher Education, Research, and Technology, 
Ministry of Education, Culture, Research, and Technology 
of the Republic of Indonesia, for the research grant under 
contract number 027/E5/PG.02.00.PL/2024. 

References 

[1] Marianne Wessling-Resnick, Excess iron: 
considerations related to development and early 
growth†‡, The American Journal of Clinical Nutrition, 
106, (2017), 1600S-1605S 
https://doi.org/10.3945/ajcn.117.155879 

[2] Vadugu Harish, Shaik Aslam, Shambhu Chouhan, 
Yuva Pratap, Shivani Lalotra, Iron toxicity in plants: 
A Review, International Journal of Environment and 
Climate Change, 13, 8, (2023), 1894-1900 
https://doi.org/10.9734/ijecc/2023/v13i82145 

[3] Allan de Marcos Lapaz, Camila Hatsu Pereira 
Yoshida, Pedro Henrique Gorni, Larisse de Freitas-
Silva, Talita de Oliveira Araújo, Cleberson Ribeiro, 
Iron toxicity: effects on the plants and detoxification 
strategies, Acta Botanica Brasilica, 36, (2022),  
https://doi.org/10.1590/0102-33062021abb0131 

[4] Jennyfer Miot, Karim Benzerara, Andreas Kappler, 
Investigating Microbe-Mineral Interactions: Recent 
Advances in X-Ray and Electron Microscopy and 
Redox-Sensitive Methods, Annual Review of Earth 
and Planetary Sciences, 42, (2014), 271-289 
https://doi.org/10.1146/annurev-earth-050212-
124110 

[5] Lanbing Feng, Yun Zeng, Pan Wang, Na Duan, 
Haodong Ji, Xiao Zhao, A Mini-Review on the Use of 
Chelating or Reducing Agents to Improve Fe(II)-
Fe(III) Cycles in Persulfate/Fe(II) Systems, Processes, 
12, 11, (2024), 2361 
https://doi.org/10.3390/pr12112361 

[6] United States Environmental Protection Agency, in: 
USEPA (Ed.), USEPA, Washington, 2017,   

[7] World Health Organization, Guidelines for drinking-
water quality, World Health Organization, 2002,  

[8] Bo Peng, Yingping Shen, Zhuantao Gao, Min Zhou, 
Yongjun Ma, Shengguo Zhao, Determination of total 

iron in water and foods by dispersive liquid–liquid 
microextraction coupled with microvolume UV–vis 
spectrophotometry, Food Chemistry, 176, (2015), 
288-293 
https://doi.org/10.1016/j.foodchem.2014.12.084 

[9] Ana Flávia de Oliveira e Silva, Whocely Victor de 
Castro, Frank Pereira de Andrade, Development of 
spectrophotometric method for iron determination 
in fortified wheat and maize flours, Food Chemistry, 
242, (2018), 205-210 
https://doi.org/10.1016/j.foodchem.2017.08.110 

[10] Jeferson M. dos Santos, Jucimara Kulek de Andrade, 
Fernanda Galvão, Maria L. Felsner, Optimization and 
validation of ultrasound-assisted extraction for the 
determination of micro and macro minerals in non-
centrifugal sugar by F AAS, Food Chemistry, 292, 
(2019), 66-74 
https://doi.org/10.1016/j.foodchem.2019.04.037 

[11] Franciele Rovasi Adolfo, Paulo Cícero do 
Nascimento, Gabriela Camera Leal, Denise Bohrer, 
Carine Viana, Leandro Machado de Carvalho, 
Simultaneous determination of Fe and Ni in guarana 
(Paullinia cupana Kunth) by HR-CS GF AAS: 
Comparison of direct solid analysis and wet acid 
digestion procedures, Journal of Food Composition 
and Analysis, 88, (2020), 103459 
https://doi.org/10.1016/j.jfca.2020.103459 

[12] Susheel K. Mittal, Sonia Rana, Navneet Kaur, Craig E. 
Banks, A voltammetric method for Fe(iii) in blood 
serum using a screen-printed electrode modified 
with a Schiff base ionophore, Analyst, 143, 12, (2018), 
2851-2861 https://doi.org/10.1039/C8AN00174J 

[13] Somayeh Badakhshan, Saeid Ahmadzadeh, 
Anoushiravan Mohseni-Bandpei, Majid Aghasi, 
Amir Basiri, Potentiometric sensor for iron (III) 
quantitative determination: experimental and 
computational approaches, BMC Chemistry, 13, 1, 
(2019), 131 https://doi.org/10.1186/s13065-019-
0648-x 

[14] Yanyan Du, Min Chen, Yingxue Zhang, Feng Luo, 
Chunyan He, Meijin Li, Xi Chen, Determination of 
iron(III) based on the fluorescence quenching of 
rhodamine B derivative, Talanta, 106, (2013), 261-
265 https://doi.org/10.1016/j.talanta.2012.10.078 

[15] Süreyya Oğuz Tümay, Mahsa Haddad Irani-nezhad, 
Alireza Khataee, Design of novel anthracene-based 
fluorescence sensor for sensitive and selective 
determination of iron in real samples, Journal of 
Photochemistry and Photobiology A: Chemistry, 402, 
(2020), 112819 
https://doi.org/10.1016/j.jphotochem.2020.112819 

[16] Sidnei Oliveira Souza, Silvânio Silvério L. Costa, Bia 
Catarina T. Brum, Samir Hipólito Santos, Carlos 
Alexandre B. Garcia, Rennan Geovanny O. Araujo, 
Determination of nutrients in sugarcane juice using 
slurry sampling and detection by ICP OES, Food 
Chemistry, 273, (2019), 57-63 
https://doi.org/10.1016/j.foodchem.2018.03.060 

[17] Iago J. S. da Silva, André F. Lavorante, Ana P. S. Paim, 
Maria J. da Silva, Microwave-assisted digestion 
employing diluted nitric acid for mineral 
determination in rice by ICP OES, Food Chemistry, 
319, (2020), 126435 
https://doi.org/10.1016/j.foodchem.2020.126435 

https://doi.org/10.3945/ajcn.117.155879
https://doi.org/10.9734/ijecc/2023/v13i82145
https://doi.org/10.1590/0102-33062021abb0131
https://doi.org/10.1146/annurev-earth-050212-124110
https://doi.org/10.1146/annurev-earth-050212-124110
https://doi.org/10.3390/pr12112361
https://doi.org/10.1016/j.foodchem.2014.12.084
https://doi.org/10.1016/j.foodchem.2017.08.110
https://doi.org/10.1016/j.foodchem.2019.04.037
https://doi.org/10.1016/j.jfca.2020.103459
https://doi.org/10.1039/C8AN00174J
https://doi.org/10.1186/s13065-019-0648-x
https://doi.org/10.1186/s13065-019-0648-x
https://doi.org/10.1016/j.talanta.2012.10.078
https://doi.org/10.1016/j.jphotochem.2020.112819
https://doi.org/10.1016/j.foodchem.2018.03.060
https://doi.org/10.1016/j.foodchem.2020.126435


 Jurnal Kimia Sains dan Aplikasi 28 (3) (2025): 146-154 154 

[18] Karina Kocot, Beata Zawisza, Rafal Sitko, Dispersive 
liquid–liquid microextraction using 
diethyldithiocarbamate as a chelating agent and the 
dried-spot technique for the determination of Fe, 
Co, Ni, Cu, Zn, Se and Pb by energy-dispersive X-ray 
fluorescence spectrometry, Spectrochimica Acta Part 
B: Atomic Spectroscopy, 73, (2012), 79-83 
https://doi.org/10.1016/j.sab.2012.05.003 

[19] Vinicius Câmara Costa, Fábio Alan Carqueija 
Amorim, Diego Victor de Babos, Edenir Rodrigues 
Pereira-Filho, Direct determination of Ca, K, Mg, 
Na, P, S, Fe and Zn in bivalve mollusks by wavelength 
dispersive X-ray fluorescence (WDXRF) and laser-
induced breakdown spectroscopy (LIBS), Food 
Chemistry, 273, (2019), 91-98 
https://doi.org/10.1016/j.foodchem.2018.02.016 

[20] A. R. Firooz, M. Movahedi, H. Sabzyan, A new 
selective optode for the determination of iron(III) 
based on the immobilization of morin on 
triacetylcellulose: A combined experimental and 
computational study, Materials Science and 
Engineering: C, 94, (2019), 410-416 
https://doi.org/10.1016/j.msec.2018.09.031 

[21] Y. M. Scindia, A. K. Pandey, A. V. R. Reddy, S. B. 
Manohar, Chemically selective membrane optode 
for Cr(VI) determination in aqueous samples, 
Analytica Chimica Acta, 515, 2, (2004), 311-321 
https://doi.org/10.1016/j.aca.2004.03.074 

[22] Klaus Koren, Silvia E. Zieger, Optode Based Chemical 
Imaging—Possibilities, Challenges, and New 
Avenues in Multidimensional Optical Sensing, ACS 
Sensors, 6, 5, (2021), 1671-1680 
https://doi.org/10.1021/acssensors.1c00480 

[23] Jeniffer García-Beleño, Eduardo Rodríguez de San 
Miguel, Integration of Response Surface 
Methodology (RSM) and Principal Component 
Analysis (PCA) as an Optimization Tool for Polymer 
Inclusion Membrane Based-Optodes Designed for 
Hg(II), Cd(II), and Pb(II), Membranes, 11, 4, (2021), 
288 https://doi.org/10.3390/membranes11040288 

[24] Hamid M. Shaikh, Arfat Anis, Anesh Manjaly 
Poulose, Saeed M. Al-Zahrani, Niyaz Ahamad 
Madhar, Abdullah Alhamidi, Saleh Husam Aldeligan, 
Faisal S. Alsubaie, Synthesis and Characterization of 
Cellulose Triacetate Obtained from Date Palm 
(Phoenix dactylifera L.) Trunk Mesh-Derived 
Cellulose, Molecules, 27, 4, (2022), 1434 
https://doi.org/10.3390/molecules27041434 

[25] M. A. Martín-Alfonso, José F. Rubio-Valle, 
Gethzemani M. Estrada-Villegas, Margarita 
Sánchez-Domínguez, José E. Martín-Alfonso, 
Exploring Cellulose Triacetate Nanofibers as 
Sustainable Structuring Agent for Castor Oil: 
Formulation Design and Rheological Insights, Gels, 
10, 4, (2024), 221 
https://doi.org/10.3390/gels10040221 

[26] Zulhan Arif, Sri Sugiarti, Eti Rohaeti, Irmanida 
Batubara, A Sensor (Optode) Based on Cellulose 
Triacetate Membrane for Fe(III) Detection in Water 
Samples, Chemistry, 6, 1, (2024), 81-94 
https://doi.org/10.3390/chemistry6010005 

[27] Tentu Nageswara Rao, Validation of Analytical 
Methods, in: M.T. Stauffer (Ed.) Calibration and 
Validation of Analytical Methods - A Sampling of 
Current Approaches, IntechOpen, Rijeka, 2018, 
https://doi.org/10.5772/intechopen.72087 

[28] The International Council for Harmonisation of 
Technical Requirements for Pharmaceuticals for 
Human Use, in, 2022,   

[29] AOAC International, Official Methods of Analysis of 
AOAC International Rockville, 2016 

[30] Anshul Yadav, Pankaj D. Indurkar, Gas Sensor 
Applications in Water Quality Monitoring and 
Maintenance, Water Conservation Science and 
Engineering, 6, 3, (2021), 175-190 
https://doi.org/10.1007/s41101-021-00108-x 

[31] M. Reza Baezzat, M. Karimi, Design and Evaluation 
of a New Optode Based on Immobilization of 
Indophenol on Triacetylcellulose Membrane for 
Determination of Nickel, International Journal of 
ChemTech Research, 5, 5, (2013), 2503-2507  

[32] Faiz Bukhari Mohd Suah, Musa Ahmad, Lee Yook 
Heng, A novel polymer inclusion membranes based 
optode for sensitive determination of Al3+ ions, 
Spectrochimica Acta Part A: Molecular and 
Biomolecular Spectroscopy, 144, (2015), 81-87 
https://doi.org/10.1016/j.saa.2015.02.068 

[33] C. L. Luke, New spectrophotometric thiocyanate 
determination of iron in metals, alloys, acids and 
salts, Analytica Chimica Acta, 36, (1966), 122-129 
https://doi.org/10.1016/0003-2670(66)80013-2 

[34] Kazuhiko Ozutsumi, Makoto Kurihara, Tatsuo 
Miyazawa, Takuji Kawashima, Complexation of 
Iron(III) with Thiocyanate Ions in Aqueous Solution, 
Analytical Sciences, 8, 4, (1992), 521-526 
https://doi.org/10.2116/analsci.8.521 

[35] Chitra Verma, Kavita Tapadia, Anupam Bala Soni, 
Determination of iron (III) in food, biological and 
environmental samples, Food Chemistry, 221, (2017), 
1415-1420 
https://doi.org/10.1016/j.foodchem.2016.11.011 

[36] R. K. Mishra, P. C. Rout, K. Sarangi, K. C. Nathsarma, 
Solvent extraction of Fe(III) from the chloride leach 
liquor of low grade iron ore tailings using Aliquat 
336, Hydrometallurgy, 108, 1, (2011), 93-99 
https://doi.org/10.1016/j.hydromet.2011.03.003 

[37] Cristina Monica Mirea, Ioana Diaconu, Ecaterina 
Anca Serban, Elena Ruse, Gheorghe Nechifor, The 
Transport of Iron (III) Through Bulk Liquid 
Membrane Using Aliquat 336 As Carrier, Revista de 
Chimie, 67, 5, (2016), 838-841  

[38] Nurfitriyana Nurfitriyana, Najma Annuria Fithri, 
Rini Yanuarti, Analisis Interaksi Kimia Fourier 
Transform Infrared (FTIR) Tablet Gastrorentif 
Ekstrak Daun Petai (Parkia speciosa Hassk) dengan 
Polimer HPMC-K4M dan Kitosan, ISTA Online 
Technologi Journal, 3, 2, (2022), 27-33 
https://doi.org/10.62702/ion.v3i2.69 

[39] David Harvey, Analytical Chemistry (2.1), McGraw-
Hill Companies, New York, 2016,  

[40] Nursanti Angger Ratnawati, Agung Tri Prasetya, 
Endah Fitriani Rahayu, Validasi Metode Pengujian 
Logam Berat Timbal (Pb) dengan Destruksi Basah 
Menggunakan FAAS dalam Sedimen Sungai Banjir 
Kanal Barat Semarang, Indonesian Journal of 
Chemical Science, 8, 1, (2019), 60-68  

[41] M. Valcárcel, A. Gómez-Hens, S. Rubio, Selectivity in 
analytical chemistry revisited, TrAC Trends in 
Analytical Chemistry, 20, 8, (2001), 386-393 
https://doi.org/10.1016/S0165-9936(01)00092-9 

https://doi.org/10.1016/j.sab.2012.05.003
https://doi.org/10.1016/j.foodchem.2018.02.016
https://doi.org/10.1016/j.msec.2018.09.031
https://doi.org/10.1016/j.aca.2004.03.074
https://doi.org/10.1021/acssensors.1c00480
https://doi.org/10.3390/membranes11040288
https://doi.org/10.3390/molecules27041434
https://doi.org/10.3390/gels10040221
https://doi.org/10.3390/chemistry6010005
https://doi.org/10.5772/intechopen.72087
https://doi.org/10.1007/s41101-021-00108-x
https://doi.org/10.1016/j.saa.2015.02.068
https://doi.org/10.1016/0003-2670(66)80013-2
https://doi.org/10.2116/analsci.8.521
https://doi.org/10.1016/j.foodchem.2016.11.011
https://doi.org/10.1016/j.hydromet.2011.03.003
https://doi.org/10.62702/ion.v3i2.69
https://doi.org/10.1016/S0165-9936(01)00092-9

	Validation Method of the Cellulose Triacetate-Based Optode Membrane for Fe(III) Detection in Water Samples
	1. Introduction
	2. Experimental
	2.1. Materials and Equipment
	2.2. Fabrication and Characterization of the Optode Membrane
	2.3. Linearity, Detection limit, and Quantitation limit
	2.4. Precision (Repeatibility and Intermediate Precision)
	2.5. Accuracy
	2.6. Sensitivity and Selectivity
	2.7. Color Stability
	2.8. Robustness Test
	2.9. Detection of Fe(III) in Water Samples

	3. Results and Discussion
	3.1. CTA Optode Membrane
	3.2. Characteristics and Properties
	3.3. Linearity, Detection, and Quantitation Limit Parameter
	3.4. Precision (Repeatibility and Intermediate precision)
	3.5. Accuracy
	3.6. Sensitivity and Selectivity
	3.7. Color Stability
	3.8. Robustness Test
	3.9. Detection of Fe(III) in Water Samples

	4. Conclusion
	Acknowledgments
	References


