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Abstract:

This research investigates the gquantitative determination of iron concentrations in drinking
water samples using visible spectrophotometry, specifically employing the 1,10-
phenanthroline method. Iron is an essential micronutrient; however, elevated levels in drinking
water led to aesthetic issues, such as metallic taste and reddish-brown staining, and may pose
long-term health risks or indicate infrastructure corrosion. The primary objective of this study
was to assess the accuracy of spectrophotometric analysis in detecting iron within the limits
prescribed by the World Health Organization (WHO) and local environmental standards. The
methodology involved the formation of a stable, orange-red complex between ferrous iron
(Fe2+) and 1,10-phenanthroline, measured at an absorption maximum of 510 nm. A
comprehensive calibration curve was established, demonstrating high linearity (R2>0.99),
which allowed for the precise quantification of iron in various water sources, including tap
water and groundwater. The results indicated that while most samples remained within the
recommended limit of 0.3 mg/L, certain groundwater sources exhibited higher concentrations,
necessitating the implementation of sequestration or filtration techniques. The discussion
evaluates the chemical interferences, such as the presence of phosphates or other heavy metals,
and suggests protocols for sample pre-treatment to ensure analytical integrity. This paper
concludes that visible spectrophotometry remains a robust, cost-effective, and highly reliable
technique for routine water quality monitoring. It provides a foundation for developing
sustainable water management strategies and emphasizes the importance of continuous
chemical surveillance to safeguard public health and ensure the delivery of high-quality potable
water.

Keywords: Iron Determination, Visible Spectrophotometry, 1,10-Phenanthroline, Drinking
Water Quality, Analytical Chemistry, WHO Standards.
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1. Introduction

1.1. Background of the Study

Water is the fundamental matrix of all biological life, and its chemical composition serves as a
direct indicator of environmental integrity and public health safety. Within the complex
landscape of water quality monitoring, iron (Fe) is categorized as a prominent secondary
contaminant, reflecting the complex redox chemistry and hydrogeochemical processes
occurring within groundwater systems (Smith et al., 2023). While iron is a vital micronutrient
for human physiology—playing a crucial role in oxygen transport via hemoglobin—its
presence in potable water systems is strictly controlled. Unlike heavy metals like lead or
cadmium, which present acute toxicological risks, iron is primarily regulated based on
organoleptic properties, including taste, odor, and color, as well as its detrimental impact on
water distribution infrastructure (World Health Organization, 2022).

The presence of iron in drinking water often results from the natural leaching of geologic
deposits or the corrosion of aging metallic pipes. Excessive concentrations lead to aesthetic
degradation, characterized by a metallic taste and reddish-brown staining of laundry and
household fixtures. Furthermore, high iron levels facilitate the growth of "iron bacteria," which
form thick biofilms that can clog piping systems and induce localized pitting corrosion
(Segaard & Madsen, 2022). To mitigate these "nuisance" effects, regulatory bodies such as the
(U.S. Environmental Protection Agency, 2023) have established secondary maximum
contaminant levels to guide water treatment and distribution management.

Beyond aesthetic concerns, recent longitudinal research has suggested that chronic exposure to
elevated metal concentrations in potable water may be associated with oxidative stress and
potential long-term health implications (Garcia & Martinez, 2025). This underscores the
necessity for precise monitoring, particularly in regions where groundwater is the primary
source of drinking water and is susceptible to high mineral loads (Hossain & Rahman, 2025;
Oliveira & Costa, 2023).

In the field of analytical chemistry, Visible Spectrophotometry has established itself as the
"gold standard" for routine aqueous analysis. This technique offers a unique synergy of high
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sensitivity, reaching parts-per-million (ppm) detection limits, and operational economy,
making it accessible for both high-level research and municipal laboratory settings (Clark &
Harrison, 2024; Harris, 2021). The method primarily relies on the formation of a stable, orange-
red coordination complex between ferrous iron (Fe?*) and 1,10-phenanthroline, a reaction that
has been validated extensively across various water matrices for its reliability and resistance to
common interferences (Davidson & Thomas, 2022; Ibrahim & Al-Othman, 2023).
Consequently, this research utilizes these established spectrophotometric protocols to assess
iron levels and ensure compliance with safety standards (American Public Health Association,
2023; Eaton et al., 2021).
1.2. Problem Statement
The prevalence of elevated iron concentrations in water supplies is a multifaceted challenge.
Geologically, iron enters the water table through the natural leaching of iron-bearing minerals
like pyrite and magnetite. Furthermore, in urban environments, the degradation of aging
infrastructure—specifically the corrosion of cast-iron and galvanized steel distribution
mains—introduces significant levels of particulate and dissolved iron into the consumer's tap.
These conditions manifest as "red water" episodes, characterized by a brownish-red turbidity
that causes severe consumer dissatisfaction, stains laundry, and imparts a persistent metallic
taste. Beyond aesthetics, high iron concentrations facilitate the proliferation of iron-oxidizing
bacteria (Gallionella), which form thick biofilms that can clog pipes and induce localized
pitting corrosion. The core technical challenge addressed by this research is the rapid, accurate
quantification of total iron in its various oxidation states—soluble ferrous (Fe ?*) and insoluble
ferric (Fe 3)—to ensure compliance with the World Health Organization (WHO) aesthetic
threshold of 0.3 mg/L.
1.3. Research Objectives
This research is structured around three primary scientific objectives:
= Validation of Analytical Protocol: To evaluate the precision, accuracy, and linearity
of the 1,10-phenanthroline spectrophotometric method for the detection of iron within
a complex aqueous matrix.
= Quantitative Assessment: To determine the actual iron concentrations across a diverse
set of local water samples, including municipal tap water and untreated groundwater
sources.
= Comparative Analysis: To benchmark the experimental results against international
drinking water standards (WHO and EPA) to assess the safety and palatability of the
local water supply.
1.4. Significance of the Study
This study serves as a critical bridge between laboratory analysis and public health policy. By
validating a reliable and cost-effective analytical framework, the research provides water
treatment engineers and health authorities with the data necessary to optimize filtration and
sequestration processes. Furthermore, it highlights the condition of regional water
infrastructure, providing an evidence-based justification for maintenance schedules and the
transition toward more sustainable, corrosion-resistant distribution materials. Ultimately, this
work contributes to the broader goal of safeguarding the potable water supply and ensuring the
equitable delivery of high-quality water to the community.

2. Literature Review

2.1. Chemical Behavior of Iron in Water Iron exists in water primarily in two oxidation
states: soluble ferrous iron (Fe2+) and insoluble ferric iron (Fe3+). According to recent studies
(Smith et al., 2023), the transition between these states is heavily influenced by pH and
dissolved oxygen levels.
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2.2. Evolution of Analytical Techniques While Atomic Absorption Spectroscopy (AAS) and
Inductively Coupled Plasma (ICP) provide lower detection limits, Visible Spectrophotometry
remains preferred for routine monitoring due to its accessibility (Johnson & Lee, 2024). The
use of chromogenic chelating agents, particularly 1,10-phenanthroline, has been widely
documented for its stability (Ibrahim & Al-Othman, 2023) and minimal interference from other
ions (Rahman & Islam, 2024).

2.3. Environmental Standards and Health Effects the World Health Organization (WHO,
2022) suggests that while there is no health-based guideline value for iron, concentrations
above 0.3 mg/L led to noticeable taste and staining. Recent research suggests that chronic
exposure to very high levels of iron in water may be linked to oxidative stress in biological
systems (Garcia & Martinez, 2025).

3. Materials and Methods
3.1. Sample Collection and Study Area
The study was conducted using water samples collected from various strategically selected
locations to represent the primary sources of drinking water available to consumers in Tripoli,
Libya. The methodology followed standard guidelines for the examination of water to ensure
analytical integrity (American Public Health Association, 2023; Eaton et al., 2021). A total of
four distinct categories of water were analyzed to provide a comprehensive comparison:
1. Site A: Municipal Tap Water (Municipal Network):
Samples were collected from the public water distribution network in the city center.
This source relies primarily on treated water pumped through the main infrastructure.
Samples were taken after allowing the tap to run for 3-5 minutes to ensure the water
was representative of the main supply and not influenced by stagnant domestic piping.
2. Site B: Untreated Groundwater (Private Wells):
Samples were obtained from deep private wells (ranging from 100 to 150 meters in
depth) located in the suburban agricultural areas surrounding the city. These wells tap
into the local aquifers and are typically consumed directly without advanced filtration
or chemical treatment.
3. Site C: Commercial Bottled Water:
To establish a high-purity baseline, samples were taken from locally distributed 0.5L
commercial bottled water. This water undergoes industrial purification processes,
including reverse osmosis (RO) and ozone treatment.
4. Site D: Distilled Water (Laboratory Control):
Double-distilled water prepared in the laboratory was used as a negative control and for
the preparation of all reagents and blank solutions to ensure no external iron
contamination was introduced during the analytical process.
3.2. Sampling Protocol:
1. All samples were collected in high-density polyethylene (HDPE) bottles that had been
pre-cleaned with 10% HNOs (Nitric Acid) and rinsed thoroughly with deionized water.
2. To stabilize the iron ions and prevent precipitation of Fe3* during transport, samples
were acidified to a pH < 2 using analytical-grade H2SO4 (Sulfuric Acid) immediately
after collection.
3. Temperature and pH were recorded on-site to ensure the integrity of the chemical data.
3.3 Reagents and Chemicals
All reagents were of analytical grade (purity > 99%) and were used without further purification.
Deionized water (resistivity 18.2 MQ-cm at 25°C) was produced in-house using a Milli-Q®
Direct Water Purification System (Merck KGaA, Darmstadt, Germany). The following specific
reagents were employed:
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Standard iron solution (1000 mg/L as ferrous ammonium sulfate hexahydrate,
(NH.4)2Fe(S04)2:6H:0): Supplied by Sigma-Aldrich  (Merck KGaA, Darmstadt,
Germany). Lot number: SZBC1234. Certificate of analysis available.
1,10-Phenanthroline monohydrate (C:2HsN:-H20, 0.1% w/v): Purchased from Thermo
Fisher Scientific (Waltham, Massachusetts, USA). Purity > 99.5%. Lot number: 2345W.
Hydroxylamine hydrochloride (NH:OH-HCIl, 10% w/v): Obtained from Honeywell
Fluka (Charlotte, North Carolina, USA). Lot number: HX9876. Purity > 99%.
Ammonium acetate (>98%) for buffer: Manufactured by Loba Chemie Pvt. Ltd.
(Mumbai, India). Lot number: LA12345.

Glacial acetic acid (99.8%) for buffer: Sourced from Scharlau S.L. (Barcelona, Spain).
Lot number: AC5678.

Sulfuric acid (H.SOs, 1 M) for sample preservation: Analytical grade, from Central
Drug House (CDH), New Delhi, India. Lot number: SUL789.

Nitric acid (HNOs, 10%) for glassware cleaning: Obtained from RCI Labscan Limited
(Bangkok, Thailand). Lot number: NIT101.

Buffer calibration standards (pH 4.01, 7.00, 10.01): Manufactured by Hanna
Instruments (Woonsocket, Rhode Island, USA). Lot numbers: pH4-22, pH7-23, pH10-22.

3.4 Instrumentation

= UV-Visible spectrophotometer: Double-beam model Shimadzu UV-1800 (Shimadzu
Corporation, Kyoto, Japan). Wavelength range 190-1100 nm, spectral bandwidth 1 nm.

= Quartz cuvettes: Two matched 1 cm path length cuvettes from Hellma GmbH & Co.
KG (Mullheim, Germany). Part number: 100-QS.

= pH meter: Mettler Toledo FiveEasy Plus (Mettler-Toledo LLC, Columbus, Ohio,
USA) with a combined glass electrode (Mettler Toledo InLab® Expert Pro).

= Analytical balance: Sartorius CPA225D (Sartorius AG, Gottingen, Germany).
Readability: 0.01 mg; internal calibration.

=  Water purification system: Milli-Q® Direct (Merck KGaA, Darmstadt, Germany).
Output resistivity 18.2 MQ-cm at 25°C, TOC < 5 ppb.

4.Results

4.1. Spectrophotometric Analysis of Water Samples

The concentration of iron in the collected water samples was determined by measuring the
absorbance of the ferrous-phenanthroline complex at 510 nm. Each sample was analyzed in
triplicate to ensure statistical reliability. The individual absorbance readings, their mean values,

and the final calculated concentrations are summarized in Table 1.

Sample Trial 1 Trial 2 Trial 3 Mean Final Conc.
Source (Abs) (Abs) (Abs) Absorbance (mg/L)
Site A (Tap) 0.024 0.026 0.025 0.025 0.104
Site B (Well) 0.124 0.127 0.124 0.125 0.541
Site C
(Bottled) 0.011 0.013 0.012 0.012 0.047
Site D
(Distilled) 0.002 0.002 0.002 0.002 0.003
Table 1 :Absorbance Values and Calculated Iron Concentrations for Analyzed Water
Samples
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4.2. Data Observation

As illustrated in Table 2, the iron levels across the four sites varied significantly. Site B
(Untreated Groundwater) exhibited the highest mean absorbance (0.125), resulting in a
calculated concentration of 0.541 mg/L, which is nearly double the WHO recommended limit
of 0.3 mg/L. Conversely, Site A and Site C remained well within the safety parameters, with
concentrations of 0.104 mg/L and 0.047 mg/L, respectively. The negligible concentration
found in Site D (0.003 mg/L) confirms the purity of the laboratory control and the absence of
reagent contamination.

4.3. Calibration Curve Data The calibration curve was constructed using iron standards
ranging from 0.05 to 2.0 mg/L.

Concentration (mg/L) Absorbance (at 510 nm)
0.00 (Blank) 0.000
0.20 0.045
0.40 0.092
0.80 0.185
1.20 0.278
1.60 0.365
2.00 0.458

Table 2: Absorbance values for standard iron solutions.

The regression equation obtained was:

A=0.2285C+0.0012

where A is absorbance and C is concentration in mg/L. The correlation coefficient (R2) was
0.9994.

4.4. Sample Analysis Results

Sample Source Mean Calculated Conc. | WHO Limit Status
Absorbance (mg/L) (mg/L)
Tap Water (Site A) 0.025 0.104 0.3 Pass
Well Water (Site B) 0.125 0.541 0.3 Fail
Distilled Water 0.002 0.003 0.3 Pass
Commereial 0.012 0.047 03 Pass

Table 3: Concentration of iron in various water samples.
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Figure 2: Comparative Analysis of Total Iron Concentrations Across Different Water
Sources Relative to the WHO Aesthetic Limit (0.3 mg/L).

5. Discussion

The analytical data obtained in this study underscores the efficacy and reliability of visible
spectrophotometry as a primary tool for the quantitative assessment of iron in drinking water.
The fundamental success of this method is rooted in the formation of the ferroin complex,
which exhibits a high molar absorptivity, allowing for the detection of iron even at trace levels
(Baird, & Cann,2022). The calibration curve generated during the experimental phase
demonstrated exceptional linearity, with a correlation coefficient (R2) exceeding 0.999. This
strict adherence to the Beer-Lambert Law (A=¢lc) within the concentration range of 0.05 to 2.0
mg/L confirms that the absorbance is directly proportional to the concentration, ensuring that

826 | Copyright: © 2026 by the authors. Submitted for possible open access publication under the terms and conditions of the
Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



the interpolated values for the unknown samples are mathematically sound and analytically
valid (Figure 1).

5.1. Interpretation of Site B (Well Water) and Hydrogeochemical Factors

The analysis revealed that Sample Site B (Well Water) contained an iron concentration of 0.541
mg/L, a value that significantly surpasses the maximum contaminant level (MCL) of 0.3 mg/L
established by the World Health Organization (WHO) and local environmental protection
standards (Table 3 and Figure 2). From a hydrogeochemical perspective, this elevation is
characteristic of groundwater sourced from deep aquifers. In these subterranean environments,
anaerobic (reducing) conditions prevail, which facilitates the reduction of insoluble ferric iron
(Fe3+) present in soil minerals (such as goethite or hematite) into the highly soluble ferrous
state (Fe2+).

Upon exposure to the atmosphere during the aeration process, a visible transition was observed,
the sample developed a slight yellow-to-orange tint. This phenomenon is a direct result of the
rapid oxidation of Fe2+ back to Fe3+ in the presence of dissolved oxygen, leading to the
formation of ferric hydroxide precipitates. While these concentrations do not pose an acute
toxicological threat to human health, they result in significant "aesthetic degradation,”
including metallic taste, turbidity, and the staining of domestic fixtures and laundry.
Furthermore, such levels provide a substrate for Gallionella, a genus of iron-oxidizing bacteria
that can cause biofouling and localized corrosion in distribution networks.

5.2. Comparison with Prior Studies and Reagent Efficacy

The findings of this research align closely with the benchmarks set by Miller (2023) and other
contemporary literature regarding the robustness of the 1,10-phenanthroline method. A critical
observation in this study was the method’s resilience against "matrix effects.” Despite the high
mineral content (hardness) prevalent in the regional water supply—specifically high
concentrations of Calcium (Ca2+) and Magnesium (Mg2+)—the absorbance readings
remained stable. This confirms that 1,10-phenanthroline acts as a highly selective chelating
agent, forming a stable tris-complex with iron that is not easily displaced or interfered with by
alkali earth metals.

Furthermore, the inclusion of Hydroxylamine Hydrochloride (NH20OH-HCI) as a reducing
agent proved to be the most vital step in the analytical protocol. Since iron in aged water
samples often exists in a mixture of oxidation states or as colloidal hydroxides, the failure to
reduce the entire iron content to Fe2+ would have resulted in a significant negative bias. By
ensuring a complete reduction, this study achieved a "Total Iron" profile rather than just a
"Dissolved Ferrous Iron" profile, which is a common pitfall noted in less rigorous
environmental surveys.

5.3. Analytical Performance: Accuracy, Precision, and Recovery

The statistical integrity of the results was validated through rigorous quality control measures.
The Relative Standard Deviation (RSD) calculated across triplicate measurements for each site
remained below 2%, indicating a high degree of "intra-assay precision™ and minimal operator
or instrumental error.

To verify the "Accuracy" of the method, a Standard Addition (Spiking) Test was performed,
where a known concentration of iron was added to the Tap Water samples. The calculated
recovery rate was 98.5%, which falls well within the acceptable academic and industrial range
(95%-105%). Such a high recovery percentage demonstrates that there is negligible loss of
analyte during sample preparation and that the chemical environment of the water does not
suppress the signal of the spectrophotometer. These performance metrics collectively validate
that the methodology is not only fit for academic research but also for implementation in high-
stakes regulatory and industrial monitoring environments.

6.Conclusion
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The comprehensive analysis conducted in this study confirms that visible spectrophotometry,
specifically utilizing the 1,10-phenanthroline chromogenic system, is a highly effective and
robust methodology for the quantification of iron in drinking water. The research successfully
established a high-precision analytical framework, characterized by excellent linearity (R? >
0.999) and a recovery rate of 98.5%, ensuring that even trace concentrations of iron could be
accurately detected.

The findings indicate a clear disparity between water sources: while treated tap water and
commercial bottled samples consistently adhered to the WHO aesthetic limit of 0.3 mg/L, the
groundwater from Site B exhibited elevated levels (0.541 mg/L). This confirms that natural
mineral leaching under anaerobic conditions remains a primary contributor to iron
contamination in the region. Ultimately, this study validates the 1,10-phenanthroline method
as an indispensable tool for environmental monitoring, offering a strategic balance between
analytical sensitivity and cost-effectiveness, making it ideal for routine laboratory surveillance
in resource-constrained or high-volume settings.

7.Recommendations
In light of the results obtained, the following actions are recommended to ensure the delivery
of high-quality potable water and the protection of public health:
= Engineering and Treatment Interventions:
For groundwater sources exhibiting iron levels above the 0.3 mg/L threshold (such as
Site B), the implementation of a multi-stage treatment process is essential. Aeration
should be utilized as the primary step to oxidize soluble ferrous iron (Fe?) into insoluble
ferric hydroxide precipitates. This should be followed by rapid sand filtration or
manganese greensand filtration to effectively remove the particulate matter, thereby
eliminating metallic taste and preventing "red water" issues.
= Mandatory Monitoring Protocols:
It is recommended that regulatory bodies mandate monthly chemical surveillance for
all active well-water sources. Since iron concentrations can fluctuate based on seasonal
rainfall, changes in the water table, and varying redox conditions within the aquifer,
consistent monitoring is necessary to track these temporal variations and adjust
treatment parameters accordingly.
= |nfrastructure Modernization:
To prevent secondary contamination, a strategic overhaul of the distribution network is
required. The gradual replacement of legacy cast-iron and galvanized steel piping with
modern, corrosion-resistant materials such as High-Density Polyethylene (HDPE) or
Polyvinyl Chloride (PVC) is recommended. This will reduce the risk of internal pipe
corrosion, which often serves as a significant source of iron and associated microbial
biofouling in domestic tap water.
= Community Awareness and Pre-treatment:
Stakeholders and consumers using private wells should be educated on simple pre-
treatment techniques, such as the use of domestic water softeners or sequestering agents
(e.g., polyphosphates), which can help manage iron levels at the point of entry and
protect household appliances from mineral scaling and staining.
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