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Abstract 
 Nitrate contamination of water sources poses severe environmental and public health 
risks. Excess nitrogen affects 59.5 million people in the US, and 46% of streams are 
contaminated. Traditional nitrate removal technologies like reverse osmosis, ion exchange, and 
nanofiltration are costly and often inaccessible in underserved areas. This study investigates the 
use of zero-valent iron (ZVI) granules as a low-cost electron donor to support 
Betaproteobacteria-driven denitrification. ZVI's high reduction potential and cathodic hydrogen 
generation make it a sustainable substitute for industrial electron donors like methanol at 984% 
lower cost. In this two-month experiment, two media systems (Media-1 and Media-2) supported 
Betaproteobacteria and were supplemented with ZVI. Nitrate concentrations (~25 mg/L initial) 
were measured using Hach 353 N (PP) tests. Results showed a consistent nitrate reduction of 
78.32%, with final concentrations well below the EPA threshold of 10 mg/L. Positive bacterial 
growth was observed across all growth periods, with clear signs of acclimatization and 
increasing metabolic efficiency over time. Additionally, a custom-designed shaker system 
maintained uniform bacterial suspension, improving reliability and consistency. This study 
presents ZVI-supported denitrification as a scalable, statistically significant (p<0.0045), and 
affordable solution to nitrate contamination. 
 
Keywords: Nitrate contamination, Zero-valent iron, Biological denitrification, Betaproteobacteria, 
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1. Introduction 
1.1 Nitrate contamination 

Carbon, hydrogen, oxygen, nitrogen, and phosphorus are elements that compose most of 
life. Nitrogen gas (N₂), specifically, constitutes 78% of the air in the atmosphere. However, 
humans cannot use this form of nitrogen (Martínez-Dalmau et al., 2021, p. 1). Instead, nitrogen 
fixation must occur, typically through special nitrogen-fixing bacteria that live in the soil (Hill et 
al., 1980, p. 180).  

Due to a slow natural rate of nitrogen fixation, it tends to be the most limiting factor for 
terrestrial plant growth (Martínez-Dalmau et al., 2021, p. 1). Thus, nitrogen is commonly used in 
fertilizer to increase crop yields (Wick et al., 2012, p. 180). Unfortunately, the high usage of 
nitrogen has detrimental environmental impacts. Runoff carries 80% of added nitrogen out of 
fields because it is water-soluble and does not bind to the soil well (Wurtsbaugh et al., 2019, p. 
6; Velusamy et al., 2021, p. 3170). Excess nitrogen in ground and surface water is a significant 
pollutant, affecting 59.5 million people in the US (Kim, 2018, p. 1; Schechinger, 2021). The 
Environmental Protection Agency found that 41% of streams and 46% of rivers are overly 
nitrogen-contaminated (Wurtsbaugh et al., 2019, p. 3). Increased discharge and the 
accumulation of nitrate in water bodies cause eutrophication (McIsaac et al., 2001, p. 166). High 
nitrogen levels in aquatic ecosystems cause algal blooms, which decompose, deplete oxygen, 
and create hypoxic (oxygen-absent) conditions, leading to “dead zones.” Increased 
phytoplankton also blocks light for benthic vegetation. Nitrogen eutrophication may also lead to 
dangerous “red tide” blooms (Wurtsbaugh et al., 2019, p. 2). Excess nutrients, even without 
hypoxia, can transform lake, river, and coastal ecosystems, shifting the food web from a system 
driven by benthic microalgae and macrophyte production to one dominated by phytoplankton 
(Wurtsbaugh et al., 2019, p. 3). 

The EPA establishes 10 mg/L as the maximum level of nitrate in water sources. The 
reaction between nitrites and amines can develop carcinogenic nitrosamines, leading to cancer 
(Kumar et al., 2020, p. 3). There is also a positive correlation between nitrate and increased 
infant mortality, nervous system defects, diabetes, spontaneous abortions, and respiratory tract 
infections. The most conclusive correlation between nitrite and a disease is with 
methemoglobinemia. Methemoglobin forms when the iron in hemoglobin becomes oxidized by 
nitrite. Methemoglobin can not bind with oxygen, leading to stupor and cerebral anoxia (Fewtrell, 
2004, p. 1371). 
1.2 Nitrate Treatment Techniques 

Biological denitrification is a cost-efficient and environmentally friendly method to filter 
wastewater. This solution is bested suited for industrial waste plants, which have the largest 
concentrations of nitrate (Velusamy et al., 2021, p. 1371). Denitrification is a biological process 
performed by denitrifying bacteria, which use nitrate and nitrite as terminal electron acceptors in 
the absence of oxygen. Most denitrifying bacteria are heterotrophs requiring electron donors for 
growth. The process involves sequential enzymatic reductions: nitrate is converted to nitrite by 
nitrate reductases (encoded by nas, nar, or nap genes), nitrite to nitric oxide by nitrite 

2 



reductases (nirK or nirS genes), nitric oxide to nitrous oxide by nitric oxide reductase (nor gene), 
and finally, nitrous oxide to nitrogen gas by nitrous oxide reductase (nosZ gene) (Brozinčević et 
al., 2024, pp. 1-2). 

Currently, the expense of carbon sources accounts for 50% of the biological 
denitrification process. Carbon sources are necessary electron donors for the ETC. Methanol is 
the most common option because of its lower prices and easy accessibility. However, there are 
three primary issues with using methanol (Brozinčević et al., 2024, p. 2). First, methylotrophs 
are inefficient in lower temperatures (Mokhayeri et al., 2006, p. 7). Second, methanol is highly 
toxic and reactive and should not be used for drinking water (Cherchi et al., 2009, p. 1). Third, 
the price of methanol is susceptible to changes in the market, making it an unreliable source. 
1.3 Zero-Valent Iron 

Using alternative sources like iron granules could significantly lower the cost of the 
process. Organic compounds, sulfur, and iron are possible options for electron donors. 
However, iron is both the cheapest and safest alternative (Kim, 2018, p. 2). Zero-valent iron 
(Fe⁰) can easily oxidize in contact with water and oxygen, further fueling redox reactions by 
releasing electrons. The specific properties of ZVI allow it to be an efficient and continuous 
source of cathodic hydrogen (Till et al., 1998, p. 638). ZVI is far more likely to reduce with a 
reduction potential of E⁰= -44V compared to ferrous iron (Fe²) with a reduction potential of E⁰= 
+77V (Galdames et al., 2020, p. 2; Johnson et al., 2012, p. 22). This means that ZVI is more 
likely to produce electrons in a solution and thus removes more nitrate than its ferrous iron 
counterpart. Furthermore, autotrophic denitrification removes nitrate more cleanly by leaving 
less waste sludge behind than their heterotrophic counterparts  (Velusamy et al., 2021, p. 1366). 
This helps to cut down on costs and manual labor even more. 

ZVI has been used in other projects as a reducing agent. For example, ZVI-packed 
permeable reactive barriers can also remediate chromate-contaminated groundwater. As water 
passes through the barrier, the highly toxic and carcinogenic Cr(VI) is converted into Cr(III), an 
essential nutrient for humans (De Flora et al., 1990, p. 162; Mertz, 1981, p. 1). Additionally, ZVI 
reduces explosives like 2,4,6-trinitrotoluene and hexahydro-1,3,5-trinitro-1,3,5-triazine in 
groundwater. These compounds are broken down into smaller molecules, such as NO₃⁻ and 
NH₄⁺, which can be further treated through biological processes (Oh et al., 2003, p. 4280). 
1.4 Hydrogenophilic Denitrification 

 
Figure 1: The equation of zero-valent iron reduction in water to produce hydrogen gas. 
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Figure 2: The equation for the reduction of nitrate using hydrogen gas to create nitrogen gas. 

Anaerobic iron corrosion generates hydrogen gas by reducing protons, and this cathodic 
hydrogen can be utilized by denitrifying microbes (See Figure 1 and Figure 2). This approach 
may address the challenges commonly associated with hydrogen-based denitrification (Kim, 
2018, p. 9). Hydrogen is an ideal electron donor for denitrifying bacteria (Till et al., 1998, p. 638). 
Furthermore, the reactants of hydrogen (N₂ and H₂O) are harmless. It also has a low biomass 
yield, allowing for a higher efficiency of denitrification (Kim, 2018, p. 10). The primary downside 
of H₂ is its dangerous explosive properties. Fortunately, the ZVI system is hypoxic and reduces 
hazards.  
1.5 Objectives 

The core hypothesis was to discover whether zero-valent iron granules could be used to 
facilitate the removal of nitrate in water sources. This is based on the idea that ZVI could serve 
as an electron donor to enhance the activity of nitrate-reducing bacteria. ZVI is known for its 
ability to participate in redox reactions. When combined with nitrate-reducing bacteria, it may 
provide an environment to reduce nitrate to nitrogen gas or other less harmful nitrogen 
compounds. The specific objectives of the study were: 

1) To investigate whether bacteria cultures have the ability to reduce nitrate levels when in a 
ZVI-based system.  

2) To determine whether the conditions in the system are viable for the bacteria cultures and 
to examine if the population within the bacteria colonies can grow.  
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2. Methods and Materials 
2.1 Bacteria Culture Sourcing 

Denitrifying seed cultures were obtained from the activated sludge aeration basin of the 
Wilmington Wastewater Treatment Plant in Delaware. There is not a single species of bacteria 
within the basin, but rather tens of different species. Typically, the main phylum of bacteria found 
in the aeration basin is Proteobacteria, with the class Betaproteobacteria being particularly 
prevalent (Kim, 2018, p. 24). The richness of microbial diversity ensures the resilience and 
adaptability of the ecosystem to changing environmental conditions and nutrient loads. 
2.2 Media Preparation 

 
Figure 3: Glove box pumped with N₂ gas to prevent contact with oxygen. Old media bottle, new 
media bottle, and waste disposal bottle. 

 A 1000 mL glass bottle was first filled with water. The following chemicals were added to 
make the media. NaHCO₃ (600 mg/L) acted as a buffering agent to maintain optimal pH 
(Abdulkarim & Abdullahi, 2010, p. 981). KH₂PO₄ (600 mg/L) was a buffer and fulfilled the 
requirements for K and P elements (Mokhtari-Hosseini et al., 2009, p. 49). MgCl₂ (400 mg/L) 
and MgSO₄ (50 mg/L) supplied magnesium, crucial for the development of biofilm for bacteria 
cultures (Wang et al., 2019, p. 959). CaCl₂ (25 mg/L) was important structurally for the outer 
lipopolysaccharide layer and cell walls (Das et al., 2014, p. 1). 

A trace element solution was used in bacterial growth media to provide essential 
micronutrients and minerals that are required in tiny amounts for the growth, metabolism, and 
physiological functions of bacteria. The formula for the trace element solution is the following. 
FeCl₂ (450 mg/L) provides iron which is crucial for electron transport and enzyme function 
(Wang et al., 2020, p. 1; Iron Enzymes, n.d.). CoCl₂ (190 mg/L) was used to create hypoxic 
conditions (Muñoz‐Sánchez & Chánez‐Cárdenas, 2018, p. 1). MnSO₄ (100 mg/L) helped with 
oxidative stress protection (Aguirre & Culotta, 2012, p. 13541). ZnCl₂ (52 mg/L) provided zinc, a 
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trace element found in many proteins and enzymes (Hantke, 2005, p. 196). Na₂MoO₄ (36 mg/L): 
Molybdenum acted as an enzyme to transfer electrons for nitrate reduction (Vega et al., 1971, p. 
294). H₃BO₃ (30 mg/L): Boric acid helped to buffer the pH (Lopalco et al., 2020, p. 2375). CuCl₂ 
(29 mg/L) provided copper, a cofactor for nitrite reductase enzymes (Horrell et al., 2017, p. 
1470). NiCl (24 mg/L) added nickel, significantly increasing nitrate reductase activity (Matraszek, 
2008, p. 361). A 1 mL trace element solution was added per 1 L of media. Two bacterial 
systems were created: Media-1 and Media-2. Both media were identical in composition and 
underwent the same processes throughout the entire experiment.  

The media needed to be replaced biweekly. To do so, a glove chamber was pumped with 
N₂ gas for at least 15 minutes (See Figure 3). All of the following steps occurred within the glove 
chamber to maintain anaerobic conditions. The media was carefully replaced with the new 
media, and 1 ml of trace element solution was added. 
2.3 Experimental Conditions 

 
Figure 4: Media shaker contraption to keep bacteria suspended. 

 The seed cultures were prepared by mixing activated sludge and anaerobic digester 
samples. The final biomass concentration was adjusted to approximately 1,000 mg/L TSS. Once 
the bacteria were in the bottle, they were left on a platform shaker configuration at 150 rpm (See 
Figure 4). The caps must be shut tight to prevent prolonged open-air contamination, as a 
reaction between hydrogen gas and oxygen could be explosive. The bottles were kept at 36 °C 
in a light-excluded chamber.  
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2.4 Analytical Procedure 

 
Figure 5: Furnace used to incinerate organic content and determine mass. 

 
Figure 6: Hach machine to measure nitrate. 

Approximately 0.07 g of NaNO₃ was added daily, with more added if the following days 
were missed. NaNO₃ was used instead because it is highly soluble and provides a stable source 
of nitrate ions (NO₃⁻) in aqueous solutions (Reynolds, 2018, p. 15150). Pure nitrate ions are not 
available as a stand-alone compound but rather as part of ionic salts like NaNO₃ or KNO₃. 
Sodium ions are less likely to interfere with the bacteria's metabolic processes compared to 
other cations like potassium or ammonium, making it a preferred choice for nitrate 
supplementation. Finally, sodium nitrate is easy to weigh, dissolve, and handle in the laboratory. 

After adding the nitrate, volatile suspended solids (VSS) were measured to track bacterial 
growth. A 10 mL sample was collected with a pipette and filtered through a fiberglass filter 
connected to a vacuum pump. The filter was then put onto an aluminum weighing dish and 
weighed. The weighing dish was put into a furnace at 550 °C for 30 minutes, during which the 
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organic material was volatilized and lost (See Figure 5). The mass lost during incineration 
represents the organic fraction or volatile suspended solids (VSS). These samples were taken in 
duplicates to reduce statistical anomalies. Finding the volatile suspended solids is important to 
track bacterial growth because it provides a quantifiable measure of biomass concentration in 
the sample. 

The Hach 353 N (PP) test was employed to analyze the nitrate content of the bacteria 
sample. This test operates through a colorimetric reaction, where the presence of nitrates in the 
sample triggers a chemical reaction with the reagents, producing a color change proportional to 
the nitrate concentration (See Figure 6). The resulting color intensity is then measured by a 
photometric device to determine the nitrate levels accurately. To conduct the test, the reagents 
were added to the sample, and the sample was shaken for 1 minute. After the initial reaction 
time, a 5-minute timer was started, during which an amber color would develop if nitrates were 
present. Simultaneously, a blank was prepared by filling another sample cell with 10 mL of the 
sample. When the 5-minute timer expired, the blank sample cell was cleaned and inserted into 
the instrument. Next, the prepared sample cell was inserted into the instrument within 2 minutes 
after the timer expired to complete the test. 
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3. Results 
3.1 Nitrate Input 

 
Figure 7: Nitrate added over time. No significant difference was observed (p = 0.6168), 
supporting comparable baseline conditions. 

Media-1 and Media-2 experienced no statistical difference in nitrate addition. Media-1 
had a mean of 0.1369 g and a median of 0.0765 g, while Media-2 showed a higher mean of 
0.1503 g and a median of 0.0750 g. The two sets also had no statistically significant difference 
(p-value of 0.6168). The higher mean was due to an excess of nitrate added on weekends when 
the lab was closed. Similar variability and central tendencies suggest that both media received a 
similar amount of nitrate, establishing a baseline to view data extrapolation equally between the 
two media. Figure 7 displays the nitrate added over the course of the experiment. 
3.2 Nitrate Reduction 

 
Figure 8: Nitrate levels over time. Both showed strong nitrate removal, with values near zero 
and decreasing trends, indicating increasing bacterial efficiency. 

Bacteria in both Media-1 and Media-2 exhibited a similar capability to remove nitrate, as 
seen by the Hach 353 N (PP) tests that were conducted (See Figure 8). A mode of 0 (12 
occurrences) highlighted low nitrate levels, suggesting bacteria consume nearly all nitrate. The 
mean (0.04375) and median (0) further indicate a similar conclusion. Negative values appeared 
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5 times in the 32 samples due to very low nitrate levels. Excluding negatives yielded a similar 
average (0.0444) and the same median, confirming the prior conclusion. These values fall well 
below the EPA's 10 mg/L threshold. Media-1 and Media-2 had slopes of -0.00269 and -0.00431, 
respectively. This indicates that the bacteria became more efficient at denitrification as time 
progressed. The bacteria likely became more accustomed to their systems. 
3.3 Bacterial Growth 

 
Figure 9: The graph shows the comprehensive bacterial growth through VSS over the 
experiment. 

 
Figure 10: GP1 growth trends in all media. Three of four datasets showed statistically 
significant positive growth with strong model fits (R² > 0.83). 
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Figure 11: The graph shows the VSS of the bacterial media during Growth Period 2 (GP2). 

 
Figure 12: GP3 showed positive growth in all datasets, with Media-2(a) and Media-2(b) 
exhibiting statistically significant trends and strong model fits in particular. 

 
Figure 13: GP4 demonstrated consistent positive growth across all datasets, with strongest 
model fits in Media-1(a) and Media-2(a) (R² = 1), though only partial statistical significance was 
observed. 

Media-1 and Media-2 repeatedly displayed the ability to repopulate . Bacterial growth, 
measured by volatile suspended solids (VSS), showed positive trends across all growth periods 

11 



(GP): GP1 [7/2/24(a)-7/19(a)], GP2 [7/19(b)-7/31(a)], GP3 [7/31(b)-8/14(a)], GP4 
[8/14(b)-8/27(b)] (See Figure 9. Since bacteria populations reset every time the media was 
replaced, each period was analyzed individually. The VSS (mg/L) were taken in duplicates 
(signified by a and b) to reduce outliers. Due to this, the data was analyzed separately as they 
were taken on the same day. Furthermore, the data was examined by growth period rather than 
their entire experimental time to develop a comprehensive and holistic picture. 
 GP1 demonstrated consistent positive growth across all four data sets, as evidenced by 
statistical analyses (See Figure 10). The mean values for Media-1(a), Media-1(b), Media-2(a), 
and Media-2(b) were 11.86, 24.27, 23.97, and 21.72, respectively, indicating strong upward 
trends. Notably, three of the four data sets (Media-1(b), Media-2(a), and Media-2(b)) showed 
significant deviations from zero, confirmed by their respective p-values (0.0045, 0.0043, and 
0.018). The R² values further underscored the reliability of the models, with Media-1(b) 
achieving the highest value at 0.9521, followed by Media-2(b) at 0.8814 and Media-2(a) at 0.83, 
indicating that the data points followed the regression line. Additionally, the 95% confidence 
bands for Media-1 b (14.27 to 34.26), Media-2(a) (11.50 to 36.45), and Media-2(b) (7.081 to 
36.37) demonstrated strong intervals of positive growth, whereas Media-1(a)’s confidence band 
(-6.261 to 29.99) suggested potential variability. Overall, these results highlighted GP1’s 
significant and reliable growth across the examined metrics, particularly in the three data sets 
where statistical significance was observed. 

GP2 exhibited positive growth across all four data sets, with statistical measures varying 
between media types (See Figure 11). The mean values ranged from 9.677 (Media-2(a)) to 
37.34 (Media-1(a)), indicating unanimous growth. While Media-1(a) and Media-1(b) showed 
positive deviation from zero, Media-2(a) and Media-2(a) did not, suggesting differing degrees of 
consistency or effect. R² values highlighted the strength of the fit of the data for Media-1(a), 
Media-1(b), and Media-2(b) (0.7603, 0.6157, and 0.6241). The p-value for Media-1(a) (p = 
0.0236) was statistically significant, indicating a meaningful effect. The p-values for the other 
data sets (p = 0.0646 and p = 0.0615 for Media-1(b) and Media-2(b)) approached significance 
but did not meet the conventional threshold (p = 0.05). The 95% confidence bands reflected 
variability, with narrower ranges in Media-1(a) (7.917 to 63.91) and broader intervals in Media-2 
a (-49.55 to 68.91), further emphasizing the differences in data reliability and precision. These 
findings collectively suggest that Media-1 conditions provided stronger and more consistent 
evidence of positive growth compared to Media-2 conditions. 

GP3 revealed positive growth across all four data sets, as evidenced by the statistical 
analysis (See Figure 12). The means for Media-1(a), Media-1(b), Media-2(a), and Media-2(b) 
were 19.64, 20.09, 56.19, and 45.53, respectively, demonstrating an upward trend in 
performance metrics. Notably, Media-2(a) and Media-2(b) showed significant deviation from 
zero, suggesting meaningful growth in these data sets. The R² values further reinforced the 
reliability of these trends, increasing progressively from Media-1(a) to Media-2(b) (0.4555, 
0.5525, 0.6922, and 0.9295), indicating a strong model fit. The p-values corroborated these 
findings, with Media-1(b) (p = 0.0555), Media-2(a) (p = 0.0203), and Media-2(b) (p = 0.0005), 
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highlighting the robustness of these results. Additionally, the 95% confidence bands for 
Media-2(a) (13.12 to 99.26) and Media-2(b) (31.12 to 59.95) affirmed the precision of these 
estimates, showing narrower and more positive ranges compared to Media-1(a) and Media-1(b). 
Collectively, these metrics demonstrated substantial and statistically significant growth for GP3, 
particularly in the Media-2 datasets. 

As reflected in key statistical measures, GP4 exhibited consistent positive growth across 
all four data sets (See Figure 13). For Media-1(a) and Media-2(a), the mean values were 8.333 
and 15, respectively, with perfect R² values of 1, indicating a strong fit of the model to the data. 
For Media-1(b) and Media-2(b), the mean values were 13.71 and 33.47, respectively, 
accompanied by R² values of 0.4585 and 0.9108, suggesting varying levels of model strength. 
Despite these differences, the deviation from zero was not statistically significant for either 
Media-1(b) or Media-2(b), as evidenced by their p-values of 0.5265 and 0.1931, both above the 
typical significance threshold of 0.05. These metrics collectively underscored GP4's robust 
growth trajectory while acknowledging statistical variability in some cases. Notably, GP4 was 
also the shortest growing period. 
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4. Discussion 
4.1 Discussion of Results 

The results of this study demonstrated that ZVI can act as an effective electron donor for 
denitrifying bacteria. Over the experimental period, both Media-1 and Media-2 systems showed 
consistent nitrate reduction trends. Several statistical measurements helped to allude to this 
conclusion. The mean amount of nitrate was close to zero (0.04375), and 17 of 32 samples 
recorded values of zero or less. The EPA declares anything over 10 mg/L of nitrate as 
contaminated. Thus, the experiment was effective in this regard. Furthermore, the negative 
slopes in Media-1 (–0.00269) and Media-2 (–0.00431) show promise that the systems support 
bacterial acclimatization. This would be important as it would allow for a real-world ZVI-based 
denitrification system to be viable in the long term.  

The analysis of bacterial culture growth also revealed the population's strength and 
resilience. After replacing the medium biweekly, the bacteria populations were always able to 
recuperate. Every subset (Media-1(a), Media-1(b), Media-2(a), and Media-2(b)) showed positive 
growth during every growth period. This highlights the compatibility between the denitrifying 
bacteria and the ZVI systems. Additionally, it displayed that the solutions for media and trace 
elements were viable designs. 

Moreover, the consistent trend between Media-1 and Media-2 in denitrification and 
bacterial growth is important. They indicate that the process is not only reproducible but also 
adaptable to different configurations or environmental conditions. This is a critical factor when 
considering scalability and practical implementation in real-world scenarios. In conclusion, the 
results of this study provide compelling evidence that ZVI is a reliable and sustainable electron 
donor for denitrifying bacteria.  
4.2 Bacterial Acclimitization 

Bacterial acclimatization is a crucial process in which microbial communities adapt to 
environmental conditions, optimizing their metabolic activity over time. Throughout the 
experiment, Media-1 and Media-2 had negative slopes in their recorded level of nitrate 
(-0.00269 and -0.00431). Meanwhile, Media-1 and Media-2 both had an increased rate of nitrate 
removal (0.0726 and 0.0782). Notably, these trends emerged despite constant experimental 
conditions, underscoring the adaptive capabilities of the bacterial cultures in response to ZVI. 
These findings highlight the potential of ZVI in enhancing bacterial denitrification by facilitating 
microbial acclimatization and improving nitrate reduction rates. The observed efficiency gains 
suggest that incorporating ZVI into bioremediation strategies could optimize nitrate removal in 
contaminated water systems. Future research should explore long-term bacterial adaptations 
and potential synergistic effects between ZVI and different microbial communities to further 
refine denitrification processes. 
4.3 Comparative Analysis 

ZVI is significantly more cost-effective and efficient than the alternative electron donor of 
methanol. ZVI is 9984% cheaper and 10⁶ more efficient per gram. Methanol has the added 
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downside of being both toxic in large quantities and price-volatile. Furthermore, heterotrophic 
denitrification produces less biowaste sludge. 
4.4 Future Work 

Several factors could have influenced the results. One significant limitation was the 
variability in nitrate addition due to logistical constraints on weekends. Although this variability 
was statistically insignificant (p-value of 0.6168), it could have introduced minor inconsistencies 
in bacterial adaptation processes.  

Future studies should consider increasing the number of replicates and incorporating 
more varied experimental conditions to enhance the robustness of the findings. For example, 
testing different ZVI particle sizes or concentrations could clarify the optimal conditions for 
nitrate removal. A larger surface area may be more efficient at denitrification, but it may also 
push the system's pH to unviable conditions (Till et al., 1998, p. 638) 

Additionally, employing advanced analytical techniques to monitor intermediate nitrogen 
compounds, such as nitrite and ammonium, would help clarify the denitrification pathway. The 
introduction of complementary processes, like anammox, to mitigate ammonium accumulation 
should also be explored. This approach could integrate anammox bacteria with ZVI systems, 
potentially improving nitrogen removal efficiency while minimizing undesirable byproducts. 
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