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Executive Summary 

Pursuant to SJRWMD Contract number 28028, Phosphorus Free Water Solutions (PFWS) in 
conjunction with Garney Construction and CPH Engineers, conducted a water treatment project 
to demonstrate the performance of newly developed technology for the removal of Total and 
Dissolved Phosphorus from waters originating from Lake Apopka. Of particular interest to the 
SJRWMD was demonstration of the removal of dissolved phosphorus, the most challenging and 
problematic of the phosphorus species. The specific demonstration site is shown on Figures 
1,2,3 & 4 and was located within the Lake Apopka Marsh Flow Way Water Treatment System 
(MFW). The Marsh Flow Way consists of 4 wetland treatment cells comprising a total of about 
682 acres. Water from Lake Apopka flows by gravity from the lake, flows through the cells, is 
collected at the exit and then returned to the lake. The intent of the MFW is to serve as a 
means by which suspended solids and associated phosphorus could be removed from the lake. 
During the operational history of the MFW, this objective was largely successful, and the 
average phosphorus concentration of the Lake was reduced to about 50 - 60 parts per billion 
(ppb). This reduction in phosphorus is the result of a suite of activities to reduce phosphorus 
loading to the Lake and activities to remove phosphorus from the Lake, i.e., rough fish harvest 
and operation of the MFW.  As the in-lake phosphorus concentration has declined (see influent 
site in Table 1), phosphorus removal by the MFW has become more challenging. The District 
thinks there is continued value in removing particulate matter from the Lake’s water to 
increase the water’s transparency, increasing the amount of light available to support 
submerged vegetation. The incorporation of the PFWS technology is an effort to demonstrate 
that MFW performance can be improved through the inclusion of the PFWS technology which 
focuses on dissolved phosphorus removal. 
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Figure 1 – Lake Apopka North Shore 



Contract 28028 - Lake Apopka Water Treatment 
Final Report 2017 

8 | P a g e

Figure 2 – Lake Apopka -MFW Project Location
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Figure 3 – Overall Site Plan, Project Location 

The location of the PFWS “proof of concept” demonstration was chosen with two purposes in 
mind. First was the proof of concept or demonstration that the technology performed as 
advertised, removed phosphorus and provided a treated return water that met Class III water 
standards.  Second to demonstrate that the technology was a viable means by which the MFW 
system could continue to remove suspended sediment from the lake water while the PFWS 
technology served to remove total and dissolved phosphorus from the Flow Way discharge and 
further, that performance and design criteria could be obtained for the design and 
development of a full-scale system to treat the MFW outflow on a long term continuous basis. 
This site was chosen to demonstrate that the combination of the MFW and PFWS system could 
together remove P even as the in-lake concentrations declined and that the MFW could 
continue to function as intended and at the same time to determine the removal capabilities of 
the PFWS removal process. The District determined that testing in this location would 
demonstrate removal of the most difficult phosphorus fraction to remove, the dissolved 
organic phosphorus. 
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Figure 4 - Marsh Flow Way Sampling Locations 
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Table 1 – Marsh Flow Way Pre-Operations Sampling Results 

Sample Location Alkalinity 
(mEq/L CaCO3) 

Color 
(Units) pH Dissolved P 

(PPM) 
Total P 
(PPM) 

Total Iron 
(PPM) 

1(Lake Water) 114 75 8.0 0.069 0.077 Not Detected* 

2(B1B) 117 50 8.6 0.072 0.079 Not Tested 

3(C1C) 111 50 8 0.044 0.06 Not Tested 

4(B2C) 114 60 7.3 0.065 0.050 Not Tested 

5(C2B) 103 75 8.8 0.052 0.062 Not Tested 

6(B2E-Outflow) 136 175 7.3 0.076 0.110 Not Tested 

7(C2G Outflow) 138 50 7.4 0.051 0.043 Not Tested 

8(Outflow) 128 80 7.6 0.059 0.089 0.0482 

*PQL for 3rd Party Iron testing was 0.040ppm

The MFW both reduces the overall total phosphorus concentration, but also changes the 
relative abundance of particulate phosphorus, dissolved organic phosphorus and soluble 
reactive phosphorus (SRP). The inflow lake water is dominated by particulate phosphorus 
(~85%).  During passage through a MFW cell, particulate phosphorus is removed, while some 
dissolved organic phosphorus (DOP) and SRP mineralized from the accumulated solids moves 
into the water.  Thus, the MFW outflow water is dominated by SRP and DOP, both forms 
conducive to removal by the PFWS system. The results reported in Table 1 above, are grab 
samples taken on one day simply to provide a reference point for performance of the MFW on 
the day of sampling and not to provide a full characterization of the average performance of 
the MFW.  For a more comprehensive analysis of the MFW system, please see reference 
document 1,2,3 & 4 in appendix C 

The primary objective, phosphorus removal and in particular dissolved phosphorus removal, 
was demonstrated within the first few weeks of operation during the initial startup and 
debugging operations at the site. Incoming water, averaging about 88 ppb in total phosphorus 
and about 50 ppb in dissolved phosphorus was treated continuously on a 24/7 operating 
basis. Treated water outflow was returned to the lake water system with a total phosphorus 
concentration ranging from 10 – 30 ppb and dissolved phosphorus concentration ranging from 
0 to 15 ppb. Table 2 below summarizes the water quality parameters of the incoming and the 
treated water outflow from the system during the final weeks of stabilized operations of the 
demonstration period.  
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An extremely rigorous approach was utilized to ensure the validity and veracity of the 
performance results. Samples were taken 3 times per 8-hour shift and analyzed at the site in a 
purpose-built field laboratory. Duplicate samples were taken, submitted and analyzed at the 
PFWS Lakeland analytical laboratory, and finally, composite and triplicate samples were taken 
and submitted to Pace Analytical Laboratories in Ormond Beach, Florida. Throughout this 
process, all EPA standard methods for collection, preservation, chain of custody, analytical and 
quality assurance procedures were followed. The results depicted in Figures 5a, 5b and 5c thru 
13a and 13b show analytical results from the various methods of analysis divided into two time 
periods for the purpose of validating the performance of both the PFWS field lab and the 
Lakeland laboratory. For most of the conclusions reported herein, the specific results generated 
by Pace Laboratories are cited except where noted. It is also important to note that the results 
summarized in Tables 1 and 2 are from distinctly different time periods. Table 1 reflects the 
sampling results in late March of 2017 during the prolonged drought, and Table 2 reflects 
averages of data obtained during the final 6-7 weeks of the demonstration period or 
approximately August/September 2017, after drought conditions had resolved due to 
significant rainfall over the lake and MFW locations. These tables are not directly comparable 
as conditions at the time of collection were significantly different 

Table 2- Third Party Average Results – Optimized Operation 

Analyte Influent Outflow Class III Standard 

Alkalinity (mg/L) 140 206 Shall not be depressed below 20. In waterbodies with natural 
alkalinity levels below 20 mg/L, alkalinity shall not be reduced by 
more than 25%. 

Color (PtCo Units) 113 70 None 

Conductivity (µs/cm) 445 635 Shall not be increased more than 50% above background or to 
1275, whichever is greater. 

Dissolved P*(mg/L) .050 .015 None 

pH 6.95 7.68 Shall not vary more than one unit above or below natural 
background of predominantly fresh waters and coastal waters as 
defined in paragraph 62-302.520(3)(b), F.A.C.

Total Iron*(mg/L) .063 0.467 ≤1 mg/L (ppm) 

Total P* (mg/L) .088 .025 ≤.055 mg/L (ppm) 

Turbidity (NTU) 3.12 1.88 ≤ 29 above natural background 

*Reflects third party analysis, COA in Appendix B
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Process variables such as flow rates, turbidity, conductivity, oxidant concentration and other 
process variables were monitored by a custom designed process control system based on the 
Rockwell Automation software platform. The process variable values were recorded every 2 
seconds and stored in a Historian database. This allows for a determination of the precise 
operating conditions before and at the time of any individual sample.   

Because the proprietary oxidant utilized in the treatment process contained iron, the resulting 
iron in the treated outflow was a parameter of specific interest. During the early period of 
operations, there were brief excursions where the iron concentration exceeded the Class III 
standard of 1 ppm as can be seen on Figure 8a. The oxidant formulation and operating 
parameters were modified to reduce the amount of iron solubilized in the treatment process 
and the excursions were eliminated and the total iron in the outflow was maintained below the 
1mg/l maximum, and averaged 0.46 mg/l. 

Conductivity ranged from 400 – 500 µS/cm in the incoming water and the treated outflow 
ranged from 600 – 700 µS/cm, well below the Class III limit of 1275 µS/cm. 

While the treatment process relies upon the manipulation of the water pH to facilitate the 
removal of the phosphorus, the pH of the treated outflow water was controlled to a “not 
exceed” value of 8.5.  

Focusing specifically on phosphorus removal, Table 2 above reports the average influent and 
outflow Total P at 0.088 mg/l and 0.025 mg/l and dissolved phosphorus at .050 mg/l and .015 
mg/l respectively. It was observed that during brief periods of operation, both Total P and 
dissolved P concentrations were found to be significantly higher than average due to 
maintenance work on the upstream conveyance. Total P was measured on several occasions to  
be as high as 1400 ppb and dissolved P as high as 1300 ppb. This was a transient effect lasting 
only a few hours and was directly associated with maintenance activities that disturbed 
sediment and/or vegetation in the conveyance. During these periods, shown on Figure 14a and 
14b, while the influent phosphorus concentrations spiked as described above, the outflow 
Total P and Dissolved P showed only a slight increase and notably, did not exceed the targeted 
outflow concentration of .055 mg/l (Dunne, et.al., 2000 - App C).  During these transient 
periods removal efficiency exceeded 95% for both phosphorus species. While not unexpected, 
the coincident concurrence of maintenance activities resulting in sediment disturbance serves 
to validate the presumption that sediment disturbance creates a release of dissolved 
phosphorus as well as a suspension of sediments containing bound particulate sediments. 
These results validate previous work by the authors which also demonstrated a similar result.  

Operating Factor 

Testing of the demonstration equipment began in mid-June with shake down operations for a 
period of 3 weeks to debug software, calibrate instrumentation, and refine procedures. During 
the month of July, the equipment achieved an operating factor or “up time” of approximately 
82%. During the full month of August, the operating factor increased to 93%. Both operating 
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factors include down time for routine maintenance, unscheduled repairs or power outages. 
Commercial operating factors of about 85% would be considered normal. 

Summary 

The technology demonstration conducted during the months of June, July, August and 
September successfully demonstrated the following primary goals of the project: 

1. Total Phosphorus was removed to an average of 25 ppb during the final steady state
demonstration period. The goal was 55 ppb or less.

2. Dissolved Phosphorus was removed to an average of 15 ppb during the final steady
state operating period. There was no stated goal for Dissolved Phosphorus removal.

3. Criteria for all Class III water standards set by the FDEP were achieved and
continuously maintained following initial process calibration. Steady state operation
demonstrated full and continuous compliance with Class III standards.

4. Operational reliability was confirmed and operating factors in excess of 80% were
achieved.

5. Scale up evaluations were conducted and the range of hydraulic loading factors was
determined to be consistent with previous experimentation and with proposed
design criteria for commercial scale facilities with a processing capability in excess of
50 MGD. The demonstration equipment was operated at 100% of the commercial
scale hydraulic loading parameters and under these conditions demonstrated
phosphorus removal performance consistent with that stated above.
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Discussion of Results 

Alkalinity 

Incoming water alkalinity ranged from 120 to 150ppm CaCO3 as shown in Figures 5a, 5b, and 
5c. This range was consistently observed during the operational period. Outflow total alkalinity 
varied somewhat depending on the operating conditions under evaluation. Due to the 
increase in pH from the process the alkalinity in the outflow was also inherently increased. 

Color 

While there is no numeric Class III water standard, the results of color monitoring for the 
inbound and treated water are shown of Figures 6a, 6b, and 6c. In general, it was observed that 
the water color was reduced as a result of the treatment to remove phosphorus. The treated 
outflow water consistently was observed to have a lower color number than the inbound or 
natural background water.    

Conductivity 

Routine conductivity measurements are shown on Figures 7a and 7b. The general trend 
observed was that the natural background water conductivity was increased by about 200 µS/
cm (micro siemens) as a result of the treatment to remove phosphorus. This increase is less 
than the 50% above background threshold and well below the 1275 µS/cm treated water 
outflow conductivity limit for Class III waters.  

pH 

Measurements of water pH, both incoming and outgoing are depicted on Figures 9a, 9b and 
9c. Inbound water exhibited the normal range of variation attributable to surface water. The 
treated water pH was a control variable and as such was controlled to not exceed 8.5. There 
were a number of what appear to be excursions, however these data points reflect the 
periodic instrument cleaning process during which the probe was acid washed resulting in the 
recording of an apparently abnormally low pH. 

Total Iron 

Measurements of total iron concentration from the inbound water are shown on Figures 8a, 
8b and 8c. While phosphorus was the analyte of primary concern, iron was a parameter of 
specific interest since previous processes utilizing iron based compounds had difficulty 
meeting the Class III water standard for iron. Since the oxidant in use was an iron based 
compound, particular attention was paid to oxidant dosage, the resulting amount of soluble 
iron added to the treated water outflow, and the resulting effect on dissolved organic 
phosphorus removal.  While iron does not play a direct role in the removal mechanism, the use 
of an iron based oxidant was necessary to ensure maximum conversion of the phosphorus 
compounds to a reactive species. During the on-site start-up phase of operations, and before 
the dosage was optimized, there were several excursions above the 1 mg/l Class III standard. 
The optimization process took several days and during this time performance related 
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effects were measured and it was determined first that a formulation adjustment was 
appropriate, and second that dosages above 3 ppm were unnecessary. For the balance of the 
demonstration period, iron levels in the treated water outflow were maintained below the 1 
mg/l maximum, and averaged 0.46 mg/l.  

Temperature and Turbidity 

Water temperature and turbidity measurements are shown on Figures 12a thru 13b. Influent 
and outflow water temperature were not altered from the ambient conditions. Inbound 
turbidity averaged only about 3 NTU demonstrating the effectiveness of the MFW in removing 
suspended solids and algae and while quite low as a baseline value, was improved as a result of 
the process and treated water turbidity averaged less than 2 NTU.    

Total and Dissolved Phosphorus 

While Total Phosphorus removal was clearly the focus of this demonstration project, dissolved 
Phosphorus was of particular interest to the SJRWMD and much effort was expended to ensure 
reliable sample collection and preservation.  Multiple types of analytical procedures were 
utilized by three different laboratories to validate the data from the various analytical sources. 
The removal goal for this project was to demonstrate removal of Total Phosphorus to a level of 
55 ppb or below.  Figures 10a, 10b and 10c depict the dissolved phosphorus measurements 
while Figures 11a, 11b and 11c represent the total phosphorus measurements.  Figures 14a and 
14b depict the effects of sediment disturbance during maintenance activities. It is clear from 
these results that the primary removal mechanism is the reactive removal of dissolved organic 
phosphorus from the water phase of the incoming mixture rather than the removal of sediment 
bound phosphorus. This is an important differentiating factor from other technologies that 
achieve removal of sediment bound phosphorus but do not remove the soluble phosphorus. 
Further, these findings serve to highlight the need for soluble phosphorus removal standards 
for sediment removal projects where the sediments contain a significant phosphorus 
concentration.       

Three different laboratories and technician groups were utilized for analytical purposes to 
ensure independence and for cross validation purposes. First, the PFWS field technicians 
trained in Hach colorimetric methodologies collected samples approximately every 2 hours and 
performed the phosphorus analysis in the onsite field lab utilizing a Hach DR1900 
spectrophotometer. The primary purpose of this analysis was to provide rapid feedback to the 
operating personnel.  Concurrently, one set of the field collected samples from each shift were 
sent to the PFWS laboratory in Lakeland for next day analysis by a different group of technicians 
utilizing similar Hach colorimetric procedures and a Hach DR6000 spectrophotometer. Finally, 
periodic composite and grab samples were collected, preserved and shipped via next day 
service to Pace Laboratories in Ormond Beach, Florida. Pace Laboratories is NELAC certified by 
the FDOH and is one of several independent third-party laboratories utilized by the State of 
Florida. Each of these laboratory environments utilized slightly different analytical methods, 
though all methods are EPA 365 chapter compliant. For example, the PFWS field laboratory 
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utilized the “standard” Hach procedure for total and dissolved phosphorus utilizing their TNT 
plus system. The PFWS Lakeland laboratory utilized an identical analytical chemistry, but 
followed the Hach Ultra Low methodology which utilizes a longer cell path length. Finally, Pace 
Laboratories utilized the most recent EPA certified phosphorus method that incorporates a 
larger sample size digestion with colorimetry detection. Each of these methodologies have 
differing sensitivities from least to most with the Pace Methodology being the most sensitive. 
As a general observational note, the phosphorus results reported by the third party laboratory 
(Pace) were consistently lower than those reported by either of the other analytical methods 
for the treated water, while the results were similar for the untreated water samples. This 
results from the greater sensitivity of the third party testing but also raises the question of 
potential interferences in the treated water that seem to create a potential positive bias when 
utilizing Hach based colorimetric methods.  Further, each of the methods tracked the other 
providing good correlation and confirmation between the methods, but it is important to 
consider that the differences being discussed are small and occur in the bottom 20% of the 
analytical range for each of the methods.  

During the early phase of the on-site testing, there was a period of operations that coincided 
with maintenance activities on the conveyance feeding the demonstration equipment. Several 
brief periods of very elevated dissolved phosphorus concentrations were observed. This 
concentration elevation resulted from disturbance of the sediments and vegetation in the 
conveyance which “liberated” phosphorus from the sediments similar to what happens when 
sediment dredging occurs. The magnitude of these events was to elevate the phosphorus 
concentration by a factor of 10 – 15 with resulting dissolved phosphorus concentrations in the 
1.0 – 1.4 mg/l, or 1000 – 1400 ppb.  While unintended, the result of these events showed that 
the removal process was not affected by the higher phosphorus concentration, meaning that 
treated water phosphorus concentrations remained stable. This “unintended consequence” has 
resulted in an important validation of one of the key aspects of the PFWS process; that the 
removal process is mass based, and not efficiency based. In other words, if more phosphorus is 
present in a reactive form, it will be removed to the same low levels targeted in this testing. 
Further, the data demonstrate a key differentiation between the PFWS technology approach 
and other processes; The PFWS process removes soluble phosphorus, where other approaches 
rely on the removal of sediment bound phosphorus despite the fact that the act of sediment 
removal or disturbance liberates significant amounts of soluble phosphorus.     
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Analytical Results 
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Demonstration Equipment 

The PFWS mobile demonstration equipment was constructed inside a 38’ triple axle trailer to 
facilitate ease of movement and testing at multiple locations. A similarly sized support 
equipment trailer was also constructed to house laboratory, chillers, wash down water and 
supply storage. The design process commenced in mid-November of 2016, the build process 
commenced in January of 2017 and completed in early May of 2017 to allow for water testing, 
equipment calibration and initial process testing.  

Each device was constructed to act as a secondary containment vessel in the event of a 
chemical spill. Cooling and ventilation was managed by separate dedicated units. All wash down 
water was collected and disposed offsite by Clean Harbors.  

The equipment supplied for the demonstration was a custom designed and fabricated control 
system unique to the PFWS process. Each piece of process equipment, flow meters, pressure 
transducers, valve positions, along with process variable like flow, pH, pump speed, turbidity, 
and pH were monitored continuously and the value recorded every 2 seconds. The equipment 
design allowed for the substitution of various sizes of media processing columns to evaluate 
and determine scale up parameters. In addition, the process equipment was configured in such 
a way so that variables such as oxidation time and dosage could be evaluated. Finally, the 
configuration was designed such that there were effectively 2 parallel trains of operation to 
further assist in the scale up process.  Scale up will be discussed separately below. 

Demonstration Equipment looking back to front 
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Demonstration Equipment-Large Media columns(l), and small (r) 

Site Development 

After consultation with the District, and reviewing multiple site locations, it was determined to 
locate the phosphorus removal demonstration process at the exit of the Marsh Flow Way 
wetland treatment location. This site was chosen to demonstrate that the combination of the 
MFW and PFWS system could together remove P even as the in-lake concentrations declined 
and that the MFW could continue to function as intended and at the same time to determine 
the removal capabilities of the PFWS removal process. The District determined that testing in 
this location would demonstrate removal of the most difficult phosphorus fraction to remove, 
the dissolved organic phosphorus.  

Garney Construction in conjunction with CPH Engineering provided site survey and construction 
services to prepare a suitable site located along the major conveyance between the MFW and 
the lake return collection pool. Figure 3 following depicts the site as it was developed followed 
by an aerial photograph of the site after delivery and placement of the demonstration 
equipment.  
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Figure 3 – Overall Site Plan, Project Location 

Demonstration Equipment Site Arrangement 
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Scale Up and Boundary Layer Discussion 

For column based or flow through a packed or porous media processes, the process of scaling 
from one size to another, utilizes the concept of hydraulic loading. Hydraulic loading is a simple 
concept, nothing more than the flow per unit cross sectional area of the column or device. It is 
also a shorthand way of expressing the velocity of the liquid flow through the porous media. 
During the early testing, hydraulic loading was evaluated over a wide range of conditions. Once 
an optimum range was established, performance was scaled up from the initial laboratory size 
columns to the 24” large media columns. A significant improved performance effect was noted 
as the column size increased, ultimately allowing the hydraulic loading to be increased more 
than originally anticipated. The cause for this performance improvement was related to a 
concept known as “wall effects” or boundary layer phenomena.   

One of the particularly significant factors in scaling between column sizes is the phenomena of  
the wall effect. In every device where a liquid is flowing, and where the intent is to contact that 
liquid with particles within the column, a percentage of the liquid always bypasses whatever 
particles are in the column and flows down the interior wall of the column. The thickness of this 
boundary layer is a function of the liquid viscosity and in general, the boundary layer thickness 
is relatively constant across a wide range of device sizes for the same liquid. In small columns, 
the boundary layer flow can be a significant percentage of the total flow, where in columns 
many diameters larger, the boundary layer flow is a small percentage of the total flow. For 
example, in small columns, those under 2 inches, the boundary layer flow can account for as 
much as 25% to 45% of the total flow. In larger columns, those over 6 inches, the boundary 
layer flow percentages diminish significantly and approaches 1% or less in 20 “or larger 
columns.  To show the impact of this boundary layer on potential phosphorus removal consider 
the case in a 1” diameter column where the incoming flow contains 100 ppb and the removal 
efficiency is 90%. In this small column, boundary layer flow accounts for about 25% of the total 
flow. The end result is that 75% of the water has 90% of the P removed and 25% of the flow has 
nothing removed and the column outflow will contain 32 ppb (100*(1-0.90)*0.75 + 
100*(1-0)*0.25 ) , where in a large column under the same conditions, the result would be 9.9 
ppb 
(100*(1-0.90)*0.99 + 100*(1-0)*0.01).  

This experimental relationship can be seen at work in the total phosphorus results in Figures 
11a, 11b and 11c which depict a general downward trend in the final outflow concentration as 
larger and larger columns sizes were tested up to the maximum of 24” in the final few weeks of 
the testing period. The wall effect or boundary layer phenomena becomes more problematic 
when the phosphorus concentration increases. To compensate, the hydraulic loading is 
typically decreased slightly to achieve the desired removal targets. It is important to note that 
this is not a phosphorus specific effect, but rather one that affects the overall removal 
efficiency for any species of interest.    
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Prior to commissioning the demonstration equipment, much work was undertaken to evaluate 
the approximate size of the columns and anticipated media performance. During the month of 
June, and prior to site mobilization, 1”, 2” and 4” columns were evaluated. Subsequently, 6” 
and 8” columns were manufactured for continuous scale up evaluation. As a final step in the 
scale up evaluation process, 24” media columns were installed and evaluated for the final stage 
of evaluation. At each of these sizes, phosphorus removal as a function of flow was evaluated 
to determine the optimum hydraulic loading. Experimentation was conducted on each of the 
different sizes, both in our stationary pilot plant and later in the actual demonstration 
equipment.     
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