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Abstract 

The presence of phosphorus (P) in excessive quantities can lead to 
undesired conditions, such as cyanobacterial/algal bloom. The over-
enriched hypertrophic conditions or the excess amounts of nutrients 
(nitrogen and P, P being the primary nutrient of concern) are the major 
cause of harmful cyanobacterial blooms, which can be toxic and can also 
lead to oxygen depletion and anoxic respiration (hypoxia) in the 
hypolimnion. The presence of iron compounds has been shown to bind 
phosphorus and diminish harmful algal blooms. Therefore, an iron-plates-
packed reactor has been designed to reduce P in surface water. This cost-
effective and easy-to-install system has shown promising results in 
phosphorus reduction. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

The occurrence of algal blooms has increased worldwide in recent decades. 
Algal blooms include Eukaryotic green algae and cyanobacteria, which is 
commonly blue-green algae. Different technologies have been developed 
and implemented to physically and chemically remove algae and/or the 
nutrients that feed them from water bodies, including chemical treatments 
(e.g., copper sulfate, hydrogen peroxide), phoslock, mixing, cavitation, and 
modification to reservoir operation (Medina et al. 2016; Herman et al. 
2017; Thomas et al. 2019). Some of these methods have successfully 
mitigated the blooms, but the problem often recurs (Hallegraeff 1993; 
Anderson et al. 2002; Miller et al. 2010; Montes et al. 2018). The purpose 
of this study was to provide a technique to feasibly remove phosphate 
(Figure 1), a key nutrient for algal production, from aqueous solutions at 
field scale and advance the knowledge base of management strategies for 
this contaminant.  

Figure 1. Demonstration setup. A submergible pump was placed inside 
a 5 gal bucket to avoid clogging. A valve was placed in the tube to avoid 
back flow. The influent flowed through the pipe and the system, and it 
was collected at the end of the effluent tube. (See footnotes 1 and 2.) 

  

                                                                 

1 For a full list of the spelled-out forms of the units of measure used in this document, please refer to 
US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US Government Publishing 
Office, 2016), 248-52, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-
STYLEMANUAL-2016.pdf. 

2 For a full list of the unit conversions used in this document, please refer to US Government Publishing 
Office Style Manual, 31st ed. (Washington, DC: US Government Publishing Office, 2016), 345-7, 
https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf. 

https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf
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 Background  

The presence of nutrients in excessive quantities in surface water can lead 
to undesirable consequences, such as algal blooms and disrupted balances 
within aquatic ecosystems. Excess amounts of phosphorus, typically 
measured as the biologically available form, orthophosphate, in water 
bodies is a major concern in the United States. Overly enriched, 
hypereutrophic conditions from excess amounts of phosphorus, nitrogen, 
and specific ratios of both, contribute to harmful cyanobacterial blooms 
(Falconer 2001; Havens 2008; Huisman et al. 2018; Malayeri et al. 2018). 
These blooms can be toxic or lead to oxygen depletion and anoxic 
respiration (hypoxia) in the hypolimnion causing serious environmental 
problems (Medina et al. 2018). Historically, phosphorus has been removed 
from wastewater and personal care products to prevent eutrophication in 
effluent-receiving surface waters (Jarvie et al. 2006). However, this 
problem has been compounded by the increase of nutrient-enriched runoff 
from agricultural and industrial activities (Medina et al. 2018). Some 
commonly used methods to remove or recover phosphate from wastewater 
include the following: adsorption, chemical precipitation, and biological 
treatment (Drenkova-Tuhtan et al. 2013; Cornel and Schaum 2009; Zhang 
et al. 2013; Cai et al. 2013). Similarly, these methods could be applied to 
remove phosphate from surface water. Unfortunately, some of these 
technologies may be cost prohibitive at large scale.  

This report summarizes an experimental demonstration as an extension of 
a meso-scale experimental study focused on the removal of phosphorus 
from surface water through the use of iron plates (Jung et al. 2018). For 
decades, different forms of metal oxides have been used to sequester 
phosphate from aqueous solutions. The most commonly used metals are 
aluminum (Al3+) and iron, in the form of ferrous (Fe2+) and ferric (Fe3+) 
species. Although Fe2+ is more economical than Fe3+, the precipitate 
formed by oxidized Fe2+ in clean water is less than that from Fe3+ (Water 
Environment Federation 1998). Zero-valent iron is another form of iron 
used in water treatment. Although zero-valent iron use as a phosphate 
adsorbent has been investigated (Wu et al. 2013; Almeelbi and Bezbaruah 
2012; Wu et al. 2013a; Wen et al. 2014), and it has been used to remove 
other water pollutants (Fu et al. 2014; Bigg and Judd 2000; Xu et al. 2017; 
Lu et al. 2016; Drenkova-Tuhtan et al. 2013; Hamdy et al. 2018), its 
research and application is not as common as divalent and trivalent iron. 
For this study, the plates were rusted (iron oxide) by the presence of water, 
air moisture, and natural organic matter placed between the plates to 
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enhance the effectiveness of phosphorus adsorption by forming iron 
oxides on the plate surface (Weng et al. 2011).  

According to the US Environmental Protection Agency, high iron sands 
have been evaluated and shown longer durations of phosphorus-removal 
effectiveness (EPA, TSF-41 2002). Additionally, due to the high affinity of 
iron oxides to orthophosphate, iron-based adsorbents have also been used 
to achieve low phosphorus concentrations in wastewater effluent (Genz et 
al. 2004). This high affinity could be due to the new functional groups 
created when iron is transformed into oxides, hydroxides, or 
oxyhydroxides. (Fink et al. 2016). Moreover, iron can be modified to 
increase its surface area to enhance phosphorus removal. For example, Liu 
et al. (2013) prepared nano-zero-valent iron by reducing natural goethite 
in hydrogen at 550°C to remove phosphorus as phosphate from water, 
while Yao et al. (2009) used iron oxide/fly ash composite adsorbent 
prepared with municipal solid waste fly ash and iron nitrates; Khodadadi 
et al. (2017) investigated the use of iron nano-magnetic particle coated 
with powder activated carbon. A disadvantage of using these metals is the 
disposal of large amounts of precipitates, but these materials can be 
separated to recover the phosphate and reuse it as a fertilizer (De-Bashan 
and Bashan 2003; Sengupta et al. 2015; Wang et al. 2015). Several of these 
technologies have been efficiently used; however, more research is needed 
to provide more cost-efficient and feasible recovery processes, which is the 
main intent of this study.  

 Objectives 

For many decades, green algae and harmful algal blooms have been of 
major concerns during sunny summers around the world. These blooms 
are due to the excess amount of nutrients in water. One of the major 
nutrients found in surface water is phosphate, which is a non-renewable 
source. Therefore, the objectives of this study are to test and demonstrate 
the feasibility of iron plates to precipitate phosphorus from surface water. 
This technology could easily recover the precipitated phosphate to be 
reused as a fertilizer. 

 Approach 

An acrylic reactor (2 ft width, 2.5 ft length, and 1ft depth) was designed 
(Figure 2) with a 1 in. tall acrylic spacer inserted in the inside-bottom of 
the reactor to separate the expanded metal (steel plates) used as the iron 
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source. The plain steel sheets with Grecian pattern holes (35% open space) 
were purchased from McNichols, Co, Garland, TX, measuring 12 in. × 12 
in. × 0.0625 in. with approximately 1.3 ft2 surface area per plate. These 
iron sheets were placed 1 in. apart and parallel to each other and to the 
flow to increase surface area and contact time of water in the reactor. Since 
commercially available iron is coated with a thin layer of zinc to avoid the 
contact of oxygen and water with the iron, thus, avoiding corrosion, the 
plates were initially submerged into a citric acid solution to remove the 
zinc coating and speed up corrosion. Organic matter/soil was added to the 
reactor to keep iron reduced (natural corrosion) and to use its electric 
conductivity to increase corrosion of the plates. 

The reactor was installed at the end of October 2017. After several trials to 
find an adequate height to avoid head-loss in the pump, the target flow 
rate was set to 0.8 L/min, and the actual flow rate fluctuated between 0.6 
and 0.8 L/min. Upon the completion of the trial period, sample collection 
started on 16 November 2017 and continued to the end of April 2018. 
During the first two months (November and December), the samples were 
collected twice daily. Then, samples were collected once daily (January to 
the end of April 2018). For each sample period, one 500 mL aliquot was 
collected from the lake and reactor outlet to evaluate the influent and 
effluent conditions. Samples were immediately taken to the US Army 
Engineer Research and Development Center laboratory facilities for 
analysis via LaMotte Series 1200 Multi-wavelength Colorimeter (LaMotte 
Company, Chesterton, MD). LaMotte Multi-wavelength Colorimeter was 
used following the ascorbic acid method, which utilizes ammonium 
molybdate and antimony potassium tartrate (LaMotte Method 78, 
phosphate-low range). Each sample was filtered with a 0.45 µm nylon 
syringe filter (Fisher Scientific) before analysis. 

The performance demonstration of this project was done during the fall 
and winter season. Historically, winter seasons are temperate in 
Mississippi, but low temperatures during the months of December 2017 
and January 2018 interfered with sample collection due to freezing of the 
tube. Additionally, the concentration of phosphorus during these cold days 
was extremely low and undetectable with the aforementioned methods. 
Moreover, the cold season was followed by storm events in the months of 
March and April (2018). During one storm event in April, the water level 
in the lake increased, and it submerged the tank. Although the tank was 
covered at all times during the demonstration, the high water level flooded 
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the reactor. Following this event, the reactor operation was stopped for a 
few days to allow the water level to drop and reactor to dry. 

Figure 2. A) Schematic of flow path and B) iron-plates-packed reactor. 

 

 Study area 

The study was carried out at Brown Lake (Figures 3 and 4) at the US Army 
Engineer Research and Development Center, Waterways Experiment 
Station, in Vicksburg, MS. Brown Lake was developed primarily to supply 
water to hydraulic model operations. From 1929 to 1966, silts accumulated 
in this lake, and dredging became necessary; 278,000 yd3 of silt were 
removed in 1966 (Tiffany 1968). The second and most recent dredging 
activity was done in 2000. The original lake was 24 acres, but its size has 
been reduced due to silt buildup over the years. The current lake’s area is 
20.5 acres with a volume of approximately 333,333 ft3 according to Figure 4 
and Table 1. This location was selected due to its proximity to the laboratory 
and known algal problems during the summer. 

Figure 3. Aerial view of Brown Lake. 

 

A B 
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Figure 4. Map of Brown Lake featuring overlaying dimensions 
for approximate volume calculations (Google Maps [2018]).  

 

Table 1. Approximate dimensions for Brown 
Lake’s volume calculations assuming a 

trapezoid surface area and a 
uniform depth. 

Dimension 
Approximate 
Value Unit 

Base 930 ft 
Height 1920 ft 
Depth 10 ft 
Volume 8,928,000 ft3 
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2 Results 

 Water analysis 

As shown in Figure 5, the phosphate removal percentage varied 
throughout the entire demonstration period, but the fluctuation was 
higher during the colder months. This could be due to extremely low 
phosphate concentrations that were often difficult to detect, which is 
shown as a data gap from day 48 through day 65. It resulted on a removal 
of approximately 53% with a standard deviation of 8%. Figure 6 shows 
that during the first month, the average influent concentration was 0.14 
mg/L, which dropped to 0.07 mg/L during the month of December and to 
0.01 mg/L in January. The concentrations started to increase after March, 
for an average concentration of 0.27 mg/L at the end of the experiment 
and a yearly average concentration of approximately 0.5 mg/L. The 
effluent and influent graphs are shown in Figures 6 and 7, respectively. 

Figure 5. Phosphate removal percentage. The box plots and whisker 
outside the graphs indicate averages of the data. 
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Figure 6. Phosphate concentrations in the influent. 

 

Figure 7. Phosphate concentrations in the effluent. 
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 Data modeling 

Phosphate removal results can be used to model the management system 
and further evaluate its performance. The appropriate model based on 
these results will approximate the concentration within Brown Lake at a 
given time after the reactor is introduced (Equation 1). The management 
system utilized in this study is shown in Figure 8. The overall mass balance 
when applying this reactor to the Brown Lake is defined by Equation 3. 

Figure 8. Schematic (not to scale) of mass balance for phosphate removal system. 

 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑉𝑉 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑄𝑄𝐶𝐶𝑒𝑒 − 𝑄𝑄𝑄𝑄𝑄𝑄 + 𝑊𝑊 (1) 

where 

 M = mass of contaminant 
 V =  volume of water body 
 Q = flow rate for reactor 
 C = aqueous concentration of phosphate 
 Ci = influent phosphate concentration for reactor 
 Ce = effluent phosphate concentration for reactor 
 W = phosphate load from external sources. 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= − 𝑄𝑄
2𝑉𝑉

(𝐶𝐶𝑖𝑖 −
2𝑊𝑊
𝑄𝑄

) (2)  
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For this study, the influent concentration followed a sinusoidal pattern 
associated with fluctuation related to seasonal inputs. Accordingly, the 
phosphate concentration at the beginning of the year (winter) was much 
lower than that observed during warmer seasons. As shown in Figure 9, 
the influent data were compared against a sinusoidal approximation to 
model the variable phosphate concentration in the lake throughout the 
study. In this figure, the days of the year are listed such that January 1 is 
labeled “day 1.” The model fitting the data for the influent concentration 
and loading term in Equation 2 is derived from Equation 3 and defined 
by Equation 4. Assuming 50% removal of influent phosphate as indicated 
from the experimental results, the mass balance can be reduced to 
Equation 4. This simplified mass balance can be used for any water body 
using this reactor for phosphate removal.  

Figure 9. Sinusoidal model for Brown Lake phosphate concentration during valuation. 

 

 𝐶𝐶𝑖𝑖 + 2𝑊𝑊
𝑄𝑄

= 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚+𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
2

+ 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚−𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
2

cos (𝑡𝑡−(𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚+182.5)
182.5

𝜋𝜋) (3) 

 𝐶𝐶𝑖𝑖 + 2𝑊𝑊
𝑄𝑄

= 0.5 + 0.5cos (𝑡𝑡−193.5
182.5

𝜋𝜋) (4) 
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where 

 Cmax = maximum annual concentration observed in lake (mg/L) – 1.0 
mg/L for this study 

 Cmin = minimum annual concentration observed in lake (mg/L) – 0.0 
mg/L for this study 

 t = time since start of the year (d) 
 tmin = day of year in which the concentration reaches its minimum 

(d) – 11 d in this study. 

Sinusoidal concentration fluctuations can be expected for lakes in which 
nutrient loads change seasonally through runoff into their watersheds. For 
all water bodies exhibiting these conditions such that other loads are 
negligible, Equations 2 and 3 can be combined to provide the mass balance 
of phosphate for the system when the evaluated reactor is applied; this 
approximation is shown in Equation 5. This mass balance can be 
integrated to further model the concentration of phosphate within the 
water body throughout the operating duration of the reactor, as shown in 
Equation 6. The indefinite integral of the final model for this study 
involving Brown Lake is shown in Equation 7. 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= − 𝑄𝑄
2𝑉𝑉

(𝐶𝐶𝑚𝑚𝑎𝑎𝑎𝑎+𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
2

+ 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚−𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
2

cos �𝑡𝑡−(𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚+182.5)
182.5

𝜋𝜋�) (5) 

 𝐶𝐶 = 𝑄𝑄
8𝑉𝑉𝑉𝑉

�365(𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚) sin �𝜋𝜋(2𝑡𝑡−2𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚−365)
365

� − 2𝜋𝜋(𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚)𝑡𝑡� + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  (6) 

 𝐶𝐶 = − 𝑄𝑄
8𝑉𝑉𝑉𝑉

�365 sin �𝜋𝜋(2𝑡𝑡−387)
365

� + 2𝜋𝜋𝜋𝜋� + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (7) 

Equation 2 could also be modified to model the change in concentration 
for ponds in which the system is isolated from external loading 
throughout the process. Thus, Equation 8 would be used to model the 
performance of the reactor. In this case, phosphate would be added via 
batch either through seasonal runoff or other sources primary to the use 
of the reactor. No additional phosphate would be assumed while the 
reactor is in operation. Equation 9 shows the anticipated concentration as 
a function of time under these conditions:  

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= − 𝑄𝑄
2𝑉𝑉
𝐶𝐶𝑖𝑖 (8) 

 𝐶𝐶 = 𝐶𝐶𝑖𝑖 = 𝐶𝐶𝑖𝑖,0𝑒𝑒
−𝑄𝑄(𝑡𝑡−𝑡𝑡0)

2𝑉𝑉  (9) 
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where 

 CI,0 =  initial influent concentration from water body (mg/L) 
 t0 = initial time since start of the year (d). 

Equation 9 can be further modified to show the time required to provide 
a target concentration. This model is shown in Equation 10: 

 𝑡𝑡 = 2𝑉𝑉
𝑄𝑄

ln (𝐶𝐶𝑖𝑖,0
𝐶𝐶𝑖𝑖

) (10) 

Both models defined by Equations 7 and 10 can be used to determine the 
approximate time expected for phosphate reduction to target 
concentrations within a water body of a given volume. Conditions 
including the volume, concentration, and phosphate loading trends 
should be investigated to determine the applicability of these models for 
other cases in Brown Lake and other water bodies. 
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3 Conclusions and Recommendations 

The influent data showed that the concentration of phosphate in Brown 
Lake was approximately ten times higher than that recommended in a 
water body, which is preferred to be between 0.01 and 0.075 mg/L (EPA 
2002). One factor in the high P concentration is that Brown Lake 
maintains a year-round population of Canada geese, and their droppings 
can contribute to the phosphorus balance (Dressborn et al. 2016). Another 
contributing factor could be dredging activities, which have been 
conducted in the lake several times over the years. However, as shown 
under results, these concentrations varied as the seasons changed. 
Although complete saturation of the plates was not reached during the 
demonstration period, periodic maintenance was performed to ensure the 
optimal performance of the system. Every month, the geotextile used at 
the end of the reactor to intercept the solids was replaced to ensure the 
retention of iron phosphate. During the last 2 months of the 
demonstration, the geotextile material was completely removed, and an 
activated carbon filter was added prior to the effluent collection. 
Additionally, removal of phosphate was reduced in the final samples 
collected in this study. This reduction indicates that initial saturation of 
the iron plates could have occurred.  

As mentioned under the Results section, the tested reactor (5 ft3) with a 
total iron surface area of 3 m2 was capable of removing 53% phosphate. A 
scaled-up reactor for these same conditions (8,928,000 ft3) with a 
phosphate design concentration of 0.8 mg/L will require a reactor of 199 
ft3 and a flow rate of 9 gpm, with an iron surface area of 67,125 ft2. The 
lake has a water body load of 276 lb of phosphate and with the iron-plates 
capacity being 1 oz. Such system will require continuous maintenance of 
the iron plates, which will affect maintenance cost. The plates must be 
changed weekly (52 times per year) to remove any iron-phosphate binding 
on the surface and/or any biofilm problems. However, this can be 
overcome with the addition of less labor-intensive iron source; for 
example, pure-iron bars or thinner iron plates could be embedded in the 
soil and allowed to rust until they are completely consumed, thus reducing 
maintenance time/cost and increasing iron surface area. Additional 
maintenance will include monthly replacement of the geotextile prior to 
the effluent and pump clean up. The geotextile could be replaced with 
other technologies, such as the addition of a clarifier to collect the solids 
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coming out of the system, but the particles are too small that a chemical 
may have to be added to flocculate the particles. 

EPA (2002) only provides recommended levels for phosphate, which are 
not required to be met; therefore, any removal will enhance surface water 
quality. For example, this system could drastically reduce its cost if the 
removal percentage is lowered to 10%, the reactor size will be reduced to 
39.8 ft3 and a flow rate of 1.7 gpm. In this case, the iron surface area will be 
13,425 ft2. Although the average removal percentage achieved proved that 
iron plates can be used to easily bind to phosphate for its reduction in 
aqueous solutions, further research is required to enhance the iron-
surface-area binding capacity to make it cost effective. It should be 
considered to add a thin layer of granular activated carbon before the 
geotextile, prior to discharge back to the lake. The reduction of the 
distance between the plates would increase the metal surface area and 
enhance phosphate removal. The contact time can be also increased to 
improve iron-phosphate binding. This can be done by increasing the size 
of the system while maintaining the same flow. As previously mentioned, 
the used plates were treated with acid to remove the corrosion resistant 
layer; however, corrosion resistivity may still exist. It is suggested to use 
pure iron to avoid any binding interference. Moreover, corrosion of the 
plates can be accelerated by removing the organic matter from between 
the plates and adding electric current through the plates. The reported 
data could be used as a baseline to expand this type of research. 



ERDC/EL TR-20-6  15 

References 
Almeelbi, T., and A. Bezbaruah. 2012. “Aqueous Phosphate Removal Using Nanoscale 

Zero-Valent Iron.” In Nanotechnology for Sustainable Development. Springer, 
Cham. 

Anderson, D. M., P. M. Glibert, and J. M. Burkholder. 2002. “Harmful Algal Blooms and 
Eutrophication: Nutrient Sources, Composition, and Consequences.” Estuaries 
25(4): 704–726. 

Bigg, T., and S. J. Judd. 2000. “Zero-Valent Iron for Water Treatment.” Environmental 
Technology 21(6): 661–670. 

Cai, T., S. Y. Park, and Y. Li. 2013. “Nutrient Recovery from Wastewater Streams by 
Microalgae: Status and Prospects.” Renewable and Sustainable Energy Reviews 
19: 360–369. 

Cornel, P., and C. Schaum. 2009. “Phosphorus Recovery from Wastewater: Needs, 
Technologies and Costs.” Water Science and Technology 59(6): 1069. 

De-Bashan, L. E., and Y. Bashan. 2003. “Fertilizer Potential of Phosphorus Recovered 
from Wastewater Treatments.” First Int. Meeting on Microbial Phosphate 
Solubilization 179–184. 

Dessborn, L., R. Hessel, and J. Elmberg. 2016. “Geese as Vectors of Nitrogen and 
Phosphorus to Freshwater Systems.” Inland Waters 6(1): 111–122. 

Drenkova-Tuhtan, A., K. Mandel, A. Paulus, C. Meyer, F. Hutter, and C. Gellermann. 
2013. “Phosphate Recovery from Wastewater Using Engineered 
Superparamagnetic Particles Modified with Layered Double Hydroxide Ion 
Exchangers.” Water Research 47(15): 5670–5677. 

EPA (Environmental Protection Agency). 2002. “Nitrogen and Phosphorus in 
Agricultural Streams.” Report on the Environment. https://www.epa.gov/roe/ 

EPA, TSF 41. 2002. “Onsite Wastewater Treatment Systems Technology Fact Sheet 8.” 
Enhanced Nutrient Removal-Phosphorus. 

Falconer, I. R. 2001. Toxic Cyanobacterial Bloom Problems in Australian Waters: Risks 
and Impacts on Human Health.” Phycologia 40(3): 228–233. 

Fink, J. R., A. V. Inda, T. Tiecher, and V. Barron. 2016. “Iron Oxides and Organic Matter 
on Soil Phosphorus Availability.” Ciencia e Agrotecnologia 40(4): 369–379. 

Fu, F., D. D. Dionysiou, and H. Liu. 2014. “The Use of Zero-Valent Iron for Groundwater 
Remediation and Wastewater Treatment: A Review.” Journal of Hazardous 
Materials 267: 194–205. 

Genz, A., A. Kornmüller, and M. Jekel. 2004. “Advanced Phosphorus Removal from 
Membrane Filtrates by Adsorption on Activated Aluminium Oxide and 
Granulated Ferric Hydroxide.” Water Research 38(16): 3523–3530. 

https://www.epa.gov/roe/


ERDC/EL TR-20-6  16 

Hallegraeff, G. M. 1993. “A Review of Harmful Algal Blooms and Their Apparent Global 
Increase.” Phycologia 32(2): 79–99. 

Hamdy, A., M. K. Mostafa, and M. Nasr. 2018. “Zero-Valent Iron Nanoparticles for 
Methylene Blue Removal from Aqueous Solutions and Textile Wastewater 
Treatment, with Cost Estimate.” Water Science and Technol 78(2): 367–378. 

Havens, K. E. 2008. “Cyanobacteria Blooms: Effects on Aquatic Ecosystems.” In 
Cyanobacterial Harmful Algal Blooms: State of the Science and Research 
Needs. New York, NY: Springer. 

Herman, B., J. Eberly, C. Jung, and V. F. Medina. 2017. Review and Evaluation of 
Reservoir Management Strategies for Harmful Algal Blooms. ERDC/EL TR-17-
11. Vicksburg, MS: US Army Engineer Research and Development Center. 

Huisman, J., G. A. Codd, H. W. Paerl, B. W. Ibelings, J. M. Verspagen, and P. M. Visser. 
2018. “Cyanobacterial Blooms.” Nature Reviews Microbiology 16: 471–483. 

Jarvie, H. P., C. Neal, and P. J. Withers. 2006. “Sewage-Effluent Phosphorus: A Greater 
Risk to River Eutrophication than Agricultural Phosphorus?” Sci Total Environ 
360(1–3): 246–53. 

Jung, C. M., J. O. Eberly, G. A. Blakeney, and H. M. Knotek-Smith. 2018. Abiotic 
Removal of Phosphate from Surface Water-Bench Scale to Meso-Scale. 
ERDC/EL TR-18-12. Vicksburg, MS: US Army Engineer Research and 
Development Center. 

Khodadadi, M., A. Hosseinejad, L. Rafati, H. Dorri, and N. Nasseh. 2017. “Removal of 
Phosphate from Aqueous Solutions by Iron Nano-Magnetic Particle Coated with 
Powder Activated Carbon.” J Health Sci Technol. 1(1): 17–22.  

Liu, H., T. Chen, X. Zou, Q. Xie, C. Qing, D. Chen, and R. L. Frost. 2013. “Removal of 
Phosphorus Using NZVI Derived from Reducing Natural Goethite.” Chemical 
Engineering Journal 234: 80–87. 

Lu, H. J., J. K. Wang, S. Ferguson, T. Wang, Y. Bao, and H. X. Hao. 2016. “Mechanism, 
Synthesis and Modification of Nano Zerovalent Iron in Water Treatment.” 
Nanoscale 8(19): 9962–9975. 

Malayeri, H. Z., M. Twardowski, J. Sullivan, T. Moore, and H. Choi. 2018. “Correlation of 
Cyanobacterial Harmful Bloom Monitoring Parameters: A Case Study on 
Western Lake Erie.” Aims Environmental Science 5(1): 24–34. 

Medina, V. F., C. S. Griggs, and C. Thomas. 2016. “Evaluation of the Destruction of the 
Harmful Cyanobacteria, Microcystis aeruginosa, with a Cavitation and 
Superoxide Generating Water Treatment Reactor.” Bulletin of Environmental 
Toxicology and Contamination 96(6): 791–796. doi: 10:1007/S00128-016-1742-6 

Medina, V. F., K. Pokryzywinkski, and E. Martinez-Guerra. 2018. Evaluation of Koontz 
Lake (North Indiana) Ecological Restoration Options– Comparison of Dredging 
and Aeration – and Broad Application to USACE Projects. ERDC/EL TR-18-2. 
Vicksburg, MS: US Army Engineer Research and Development Center. 



ERDC/EL TR-20-6  17 

Merel, S., D. Walker, R. Chicana, S. Snyder, E. Baurès, and O. Thomas. 2013. “State of 
Knowledge and Concerns on Cyanobacterial Blooms and Cyanotoxins.” 
Environment International 59: 303–327. 

Miller, M. A., R. M. Kudela, A. Mekebri, D. Crane, S. C. Oates, M. T. Tinker, M. Staedler, 
and W. A. Miller. 2010. “Evidence for a Novel Marine Harmful Algal Bloom: 
Cyanotoxin (Microcystin) Transfer from Land to Sea Otters.” PLoS ONE 5(9): 1–
11. 

Montes, R. M., X. Rojas, P. Artacho, A. Tello, and R. A. Quinones. 2018. “Quantifying 
Harmful Algal Bloom Thresholds for Farmed Salmon in Southern Chile.” 
Harmful Algae 77: 55–65. 

Paerl, H. 2008. “Nutrient and Other Environmental Controls of Harmful Cyanobacterial 
Blooms along the Freshwater–Marine Continuum.” In Cyanobacterial Harmful 
Algal Blooms: State of the Science and Research Needs. New York, NY: Springer. 

Paerl, H. W., and J. Huisman. 2009. “Climate Change: A Catalyst for Global Expansion of 
Harmful Cyanobacterial Blooms.” Environmental Microbiology Reports 1(1): 
27–37. 

Paerl, H. W., and T. G. Otten. 2013. “Harmful Cyanobacterial Blooms: Causes, 
Consequences, and Controls.” Microbial Ecology 65(4): 995–1010. 

Sengupta, S., T. Nawaz, and J. Beaudry. 2015. “Nitrogen and Phosphorus Recovery from 
Wastewater.” Current Pollution Reports 1(3): 155–166. 

Tiffany, J. B. 1968. History of the Waterways Experiment Stations. Report. 

Thomas, C., A. Butler, C. Griggs, V. F. Medina, and A. Katzenmeyer. 2019. 
Physicochemical Treatment of Cyanobacteria and Microcystin by 
Hydrodynamic Cavitation and Advanced Oxidation. ERDC/EL TR-19-02. 
Vicksburg, MS: US Army Engineer Research and Development Center.  

Wang, S., M. Ma, Q. Zhang, G. Sun, T. Jiao, and R. K. Okazaki. 2015. “Efficient Phosphate 
Sequestration in Waters by the Unique Hierarchical 3D Artemia Egg Shell 
Supported Nano-Mg(OH)2 Composite and Sequences Potential Application in 
Slow Release Fertilizer.” ACS Sustainable Chem Eng 3(10): 2496–2503. 

Water Environment Federation. 1998. Biological and Chemical Systems for Nutrient 
Removal. Water Environment Federation: Alexandria, Virginia. 

Weng, L., W. H. Van Riemsdijk, and T. Hiemstra. 2011. “Factors Controlling Phosphate 
Interaction with Iron Oxides.” J Environ Quality Abstract 41(3): 628–635. 

Wen, Z., Y. Zhang, and C. Dai. 2014. “Removal of Phosphate from Aqueous Solution 
Using Nanoscale Zerovalent Iron (nZVI).” Colloids and Surfaces A: 
Physicochemical and Engineering Aspects 457: 433–440. 

Wu, D., Y. Shen, A. Ding, Q. Mahmood, S. Liu, and Q. Tu. 2013. “Effects of Nanoscale 
Zero-Valent Iron Particles on Biological Nitrogen and Phosphorus Removal and 
Microorganisms in Activated Sludge.” Journal of Hazardous Materials 262: 
649–655. 



ERDC/EL TR-20-6  18 

Wu, D., Y. Shen, A. Ding, M. Qiu, Q. Yang, and S. Zheng. 2013. “Phosphate Removal from 
Aqueous Solutions by Nanoscale Zero-Valent Iron.” Environmental Technology 
34(18): 2663–2669. 

Xu, Y., C. Wang, J. Hou, P. Wang, G. You, L. Miao, and F. Zhang. 2017. “Application of 
Zero Valent Iron Coupling with Biological Process for Wastewater Treatment: A 
Review.” Reviews in Environmental Science and Bio/Technology 16(4): 667–
693. 

Yao, S., J. Li, and L. Shi. 2009. “Phosphate Ion Removal from Aqueous Solution Using 
and Iron Oxide-Coated Fly Ash Adsorbent.” Adsorption Science and Technology 
27(6): 603–614. 

Zhang, Y., E. Desmidt, A. Van Looveren, L. Pinoy, B. Meesschaert, and B. Van der 
Bruggen. 2013. “Phosphate Separation and Recovery from Wastewater by Novel 
Electrodialysis.” Environmental Science and Technology 47(11): 5888–5895.



 

 
REPORT DOCUMENTATION PAGE 

 
Form Approved 

OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data 
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect 
of this collection of information, including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations 
and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of 
law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. 
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE   
September 2020 

2. REPORT TYPE 
Final Report 

3. DATES COVERED (From - To) 

4. TITLE AND SUBTITLE 
Eutrophication Management via Iron-Phosphorus Binding 

5a.  CONTRACT NUMBER 

5b. GRANT NUMBER 

5c.  PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 
 
Edith L. Martinez-Guerra, Luke A. Gurtowski, and Carina M. Jung 

5d. PROJECT NUMBER 
 

5e.  TASK NUMBER 
 

5f. WORK UNIT NUMBER 
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)  
Environmental Laboratory 
US Army Engineer Research and Development Center 
3909 Halls Ferry Road 
Vicksburg, MS 39180-6199 

 

 

8. PERFORMING 
ORGANIZATION REPORT 
NUMBER 

ERDC/EL TR-20-6 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
US Army Engineer Research and Development Center 
Aquatic Plant Control Research Program 
Vicksburg, MS 39180-6199 

10. SPONSOR/MONITOR'S ACRONYM(S) 
ERDC APCRP 

11. SPONSOR/MONITOR'S 
REPORT NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution is unlimited. 
13.  SUPPLEMENTARY NOTES 
Funding Acct Code 96X3122; AMSCO Code 075098 
14.  ABSTRACT 
The presence of phosphorus (P) in excessive quantities can lead to undesired conditions, such as cyanobacterial/algal bloom. The over-
enriched hypertrophic conditions or the excess amounts of nutrients (nitrogen and P, P being the primary nutrient of concern) are the 
major cause of harmful cyanobacterial blooms, which can be toxic and can also lead to oxygen depletion and anoxic respiration (hypoxia) 
in the hypolimnion. The presence of iron compounds has been shown to bind phosphorus and diminish harmful algal blooms. Therefore, 
an iron-plates-packed reactor has been designed to reduce P in surface water. This cost-effective and easy-to-install system has shown 
promising results in phosphorus reduction. 

15.  SUBJECT TERMS  
 
Algal blooms, Eutrophication, Iron compounds, Nutrient pollution of water, Phosphorus, Water—Purification, Water quality 

16.  SECURITY CLASSIFICATION OF: 17.  LIMITATION OF 
ABSTRACT 

 
SAR 

18.  NUMBER 
OF 
PAGES 

 
26 

19a.  NAME OF RESPONSIBLE PERSON 
Edith L. Martinez-Guerra a. REPORT 

 
Unclassified 

b. ABSTRACT 
 
Unclassified 

c. THIS PAGE 
 
Unclassified 

19b. TELEPHONE NUMBER (Include area code) 
601-634-4847 

Standard Form 298 (Rev. 8/98) 
Prescribed by ANSI Std. Z39.18 

 


	Abstract
	Contents
	Figures and Tables
	Preface
	1 Introduction
	1.1 Background
	1.2 Objectives
	1.3 Approach
	1.4 Study area

	2 Results
	2.1 Water analysis
	2.2 Data modeling

	3 Conclusions and Recommendations
	References
	REPORT DOCUMENTATION PAGE


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice





