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REMOVING PHOSPHORUS FROM SURFACE 
AND DRAINAGE WATERS THROUGH USE 

OF INDUSTRIAL BY-PRODUCTS 

2 
phosphorus in the system; phosphorus is not actually 
removed from the water. The sorbed phosphorus can be re
dissolved with time, or upon changes in chemical conditions. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

What is needed is a system and method for addressing the 
5 above, and related, issues. 

This invention was made with U.S. Govermnent support 
under USDA/NRCS Grant No. NRCS 69-3A75-7-116 
awarded by the Department of Agriculture. The Government 10 

has certain rights in this invention. 

SUMMARY OF THE INVENTION 

The invention of the present disclosure, in one aspect 
thereof, comprises a method of constructing a phosphorous 
removal structure. The method includes creating a design 
model that indicates a percentage of phosphorous removed 
from a water supply per an amount of a predetermined adsor-CROSS REFERENCE TO RELATED 

APPLICATIONS 

This application claims the priority of U.S. Provisional 
Patent Application No. 61/ 4 76,147 entitled "Removing Phos
phorus From Surface and Drainage Waters Through Use of 
Industrial By-Products," filed Apr. 15, 2011, the contents of 
which are hereby incorporated by reference. 

15 bent exposed to the water supply based upon an original 
concentration of phosphorous in the water supply and a reten
tion time of water in the adsorbing structure. The method 
further includes selecting a percentage value from the design 
model for a target amount of phosphorous to be removed from 

BACKGROUND OF THE INVENTION 

20 
the water supply, and constructing a cell containing an 
amount of the predetermined adsorbent as required by the 
design model and having the required retention time. 

In some embodiments, the design model is based upon a 
plurality of experimentally derived data points indicating per-

Excessive phosphorus (P) in surface waters causes 
eutrophication thereby resulting in excessive plant growth, 
fish kills, poor drinking water quality, and overall decrease in 
environmental quality/recreation. Potential sources of phos
phorus to surface waters include waste-water treatment 
plants, horticultural operations, and runoff from agricultural 
and urban/suburban land, including golf courses. 

25 centages of phosphorous removed per quantity of exposed 
adsorbent at a plurality of retention times and original phos
phorous concentrations. For example, the design model may 
be based upon a function of phosphorous adsorbed by the 
adsorbent governed by the equation P=bemx, where P is dis-

30 crete phosphorous adsorbed (% ), x is the phosphorous added 
to the adsorbent, b is the Y-intercept and mis the slope. 

Soils become saturated with phosphorus through continu
ous over application of phosphorus to growing plants. The 
soils with high levels of phosphorus then slowly release dis
solved phosphorus in runoff. There are currently no effective 
best management practices (BMPs) for reducing transport of 35 

dissolved phosphorus. Most BMPs only prevent erosion, 
which will only reduce particulate phosphorus transport, not 
dissolved phosphorus. Even if all phosphorus applications to 
high phosphorus soils are stopped, it will require at least 15 
years for soil phosphorus concentrations to decrease to 40 

acceptable levels if plants are harvested from the site. In the 
meantime, these soils will release dissolved phosphorus dur
ing every runoff event. Dissolved phosphorus presents a 
greater and more immediate problem compared to particulate 
phosphorus (i.e. phosphorus adsorbed onto soil particles) 45 

because dissolved phosphorus is 100% bio-available to 
aquatic organisms. In regard to runoff, dissolved phosphorus 
is a difficult form to control since particulate losses are typi
cally controlled by maintaining sufficient soil cover and 
reducing erosion. Dissolved phosphorus loads in runoff are 50 

greatest from soils that are high in soil test phosphorus and 
soils with recent surface applications of phosphorus. 

A possible solution to the problem of excess phosphorous 
is the application of phosphorus sorbing materials to affected 
soils. Such materials can be applied directly to the soil or 55 

included with applied animal manures. These techniques 
have been shown to reduce dissolved phosphorus transport in 
runoff during rainfall events. However, phosphorus sorbed 
onto these materials may become soluble again with time, or 
due to changes in chemical conditions. Therefore, phospho- 60 

rus is not truly removed from the system, only temporarily 
made insoluble. 

The method may also include determining a total amount 
of phosphorous removed by the structure using the relation
ship 

Lx(be-=)d/x 

Cwnulat1ve P removed(%)= _o --
x 

The method can include determining a maximum phospho
rous adsorbed by the structure using the relationship 

lnb 
Maximum P added = - . 

-m 

The variables m and b may be determined experimentally 
from linear regression of the plurality of experimentally 
derived data points. 

The method may be applicable to a Ca based adsorbent 
with the design model based upon the equation P=bemx, with 
P being discrete phosphorous removed, and x being phospho
rous added to the adsorbent. In such case m is determined 
based on the equation: log(-m)=(aRT)+(~P)+x, and b is 
determined based on the equation: log(b )=(oRT)+( EP)+µ. 
Here a=0.009113*PS; ~=-(0.00000021 *Total Ca)+ 
(0.02209*BI)±(0.01536*PS)-0.04258; x=-0.3795*LN 
(BI)-3.946; o=(-0.00806*µ)+(0.00775*PS)+0.02133; E=the 
lesser of zero and (0.0191 *pH)-0.1678; and 
µ=(0.79079*BI)+ 1.51358; with PS=byproduct mean particle 
size, BI=acid equivalent to decrease pH to about 6.0. 

Another potential solution is direct application of phospho
rus sorbing materials to surface waters (lakes, ponds, etc.). 
This has been shown to be effective for reducing soluble 
phosphorus concentrations in the water colurmi of various 
lakes. However, this approach only reduces the solubility of 

The method may also be applicable to an Fe/Al based 
adsorbent with the design model is based upon the equation 

65 P=bemx, with P being discrete phosphorous removed, and x 
being phosphorous added to the adsorbent. In such case m is 
determined based on the equation: log(-m)=( aRT)+(~P)+x, 
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and b is determined based on the equation: log(b )=(oRT)+ 
( EP)+µ. Here a=(-0.000000733259*Feox+Alox)+ 
(0.00825*PS)+0.03981; ~=(0.00000073793*Feox+Alox)-
0.04844; x=(-0.00002078*Feox+Alox)-3.00342; o=(-
0.000000974652*Feox+Alox)+0.06874; 
E=(0.000000564354*Feox+Alox)-0.0269; 
µ=(0.0000005159108*Effective Al+Fe)+l.30197; and 
EffectiveAl+Fe is TotalAl+Fe divided by PS. PS=byproduct 
mean particle size, Feox=oxalate extractable Fe of the 

10 byproduct, andAlox=oxalate extractable Al of the byproduct. 
In various embodiments of the method, the adsorbent may 

be an industrial byproduct such as steel slag. 
The invention of the present disclosure, in another aspect 

thereof, comprises a device for determining a design model 
15 

for a phosphorous adsorbing system. The system includes a 
processor that executes computer instructions, and a memory 
containing computer instructions executed by the processor. 
The instructions include accepting data from a user corre
sponding to an industrial by product, the data including 20 

whether for an industrial by product, total Ca exceeds total Al 
and Fe, whether the pH of the byproduct exceeds 8, and 
whether a buffer index (BI) defined as an acid equivalent 
required to lower the pH of the byproduct to 6 is greater than 
0.2 equivalents perunitweight ( e.g., gram), and mean particle 25 

size of the byproduct. The instructions also include determin
ing whether the byproduct is Ca based by determining 
whether at least two of the following are true: total Ca exceeds 
total Al+Fe, pH>8, and BI>0.2. The instructions specify that 

30 If the byproduct is Ca based, preparing a design curve accord-
ing to the equation P=bemx, with P being discrete phospho
rous removed, and x being phosphorous added to the adsor
bent where: mis determined based on the equation: log(-m) 
=( aRT)+(~P)+x; b is determined based on the equation: log 

35 
(b )=(oRT)+( EP)+µ; a=0.009113*PS; ~=-
(0.00000021 *Total Ca)+(0.02209*BI)±(0.01536*PS)-
0.04258; x=-0.3795*LN(BI)-3.946; o=(-0.00806*µ)+ 
(0.00775*PS)+0.02133; E=the lesser of zero and 
(0.0191 *pH)-0.1678; and µ=(0.79079*BI)+l.51358. When 40 
the byproduct is Al and Fe based, the instructions include 
accepting from the user an oxalate extractable Fe of the 
byproduct and an oxalate extractable Al of the byproduct, and 
preparing a design curve according to the equation P=bemx, 
with P being discrete phosphorous removed, and x being 45 
phosphorous added to the adsorbent where: a=( -
0 .000000733 25 9 *F eox + Alox )+(0 .00825 *PS )+0 .03981 ; 
~=(0.00000073793*Feox+Alox)-0.04844; x=(-
0.00002078*Feox+Alox)-3.00342; E=(-

lnb_ 
Maximum P added = - . 

-m 

4 

The invention of the present disclosure, in another aspect 
thereof, comprises a method of rejuvenating a contaminant 
phosphorous adsorber. The method includes retaining the 
contaminant phosphorous adsorber in a cell, and precipitating 
amorphous Al hydroxide minerals on the surface of the phos
phorous adsorber. In some embodiments, the phosphorous 
adsorber is a slag material such as a steel slag or other indus
trial byproduct. 

The method may also include plugging the cell to prevent 
draining prior to precipitating amorphous Al hydroxide min
erals on the surface of the phosphorous adsorber, and leaving 
the Al hydroxide minerals on the surface of the phosphorous 
adsorber for about 48 hours. In some cases the Al hydroxide 
minerals comprise an aluminum sulfate solution (Al2 [SO4 ] 

3 .12H2 O). 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. la is a side view cutaway diagram of a phosphorous 
removal system according to the present disclosure. 

FIG. lb is a perspective view of a phosphorous retention 
cell according the present disclosure 

FIG. 2 is a graphical example of P removal curves for (a) 
normal and (b) coated slag at (a) 6 minute retention time and 
1 mg PL - 1 solution and (b) 3 minute retention time and 10 mg 
P L- 1 solution. 

FIG. 3 is a graph showing phosphorus(P) sorption by nor
mal and treated slag. 

FIG. 4 is graphical representations of cumulative phospho
rus (P) sorbed with P added among normal (a) and treated (b) 
slag tested in a pond filtration unit. 

FIG. Sa is a graph of examples of experimentally deter
mined flow-through phosphorus (P) removal curves for Al
WTRl at 5 different retention times (RT) and 5 mg P L-1 
inflow solution. 

FIG. Sb is a graph of a comparison of the experimentally 
determined flow-through removal curve at a 0.5 min RT to the 
predicted "design curve" equation. 

FIG. Sc is a graph of Cumulative P removal for the same 
data set and the associated model prediction (Note that for 
clarity of the axes, values for added P and cumulative P 
removal were converted from mg kg-1 to g kg-1.) 

FIG. 6a is a graph of maximum phosphorus (P) removal 
under flow-through conditions at a retention time of 0.5 and 

0.000000974652*Feox+Alox)+0.06874; 
E=(0.000000564354*Feox+Alox)-0.0269; 
µ=(0.0000005159108*Effective Al+Fe)+l.30197; and 
EffectiveAl+Fe is TotalAl+Fe divided by PS. Here Feox=the 
oxalate extractable Fe of the byproduct, andAlox=the oxalate 
extractable Al of the byproduct. 

50 10 min for AMDRl. 

In some embodiments instructions are included for determin
ing the total cumulative phosphorus adsorbed under the 
design model according to the following integral: 

f(b_e=)&x 
Cumulative P removed= ---

x 

Instructions may also be included for determining the maxi
mum phosphorous that may be adsorbed according to the 
relationship: 

55 

60 

FIG. 6b is the same graph for AMDR2. 
FIG. 6c is a graph for AMDR3. 
FIG. 6d is a graph for AMDR4. 
FIG. 6e is a graph for slag. 
FIG. 6/ is a graph for fly-ashl. 
FIG. 6g is a graph for fly-ash2. 
FIG. 6h is a graph for FGD gypsum. 
FIG. 6i is a graph for Ca-WTR. 
FIG. 6j is a graph for Al-WTRl. 
FIG. 6k is a graph for Al-WTR2. 
FIG. 6! is a graph for Excell Minerals. 
FIG. 7a is a graph of maximum phosphorus (P) added to 

by-products at the point of equilibrium under flow-through 
conditions (i.e. Padded when inflow=outflow concentration) 

65 at a retention time of0.5 and 10 min for AMDRl. 
FIG. 7b is a graph for AMDR2. 
FIG. 7c is a graph for AMDR3. 
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FIG. 7d is a graph for AMDR4. 
FIG. 7e is a graph for slag. 
FIG. 7/ is a graph for fly-ash 1. 
FIG. 7g is a graph for fly-ash2. 
FIG. 7h is a graph for FGD gypsum. 
FIG. 7i is a graph for Ca-WTR. 
FIG. 7j is a graph for Al-WTRl. 
FIG. 7k is a graph for Al-WTR2. 
FIG. 7! is a graph for Excell Minerals. 
FIG. 8 is a flow chart depicting one method for determining 

which set of parameter calculations to use for implementing a 
design curve. 

FIG. 9 is a graph of a resulting design curve for steel slag 
assuming a RT of 8.9 min and an inflow P concentration of 
0.74 mg/L. % Discrete P removal=108.8e-0

·
036445

x. 

FIG. 10 is a graph of the integration of the curve of FIG. 9. 
FIG. 11 is a schematic diagram of a computer system 

implementing methods of the present disclosure. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Phosphorus sorbing materials can be used in an isolated 
structure for treating phosphorus rich runoff prior to reaching 
surface bodies of water. Examples of phosphorus removal 
efforts include construction of a phosphorus removal struc
ture in a surface water drainage ditch. Such a structure con
tains an iron rich by-product that possesses a high phosphorus 
sorption capacity. Testing with such a structure revealed that, 
in a single rainfall event that lasted nearly 18 h, the structure 
removed 99% of the dissolved phosphorus that entered it. One 
disadvantage of the iron rich by-product was that it had low 
hydraulic conductivity. Therefore the amount of water that 
can be treated with such a device can be limited depending on 
the material used. For example, a sieved steel slag can handle 
extremely high flow rates. If a material of low hydraulic 
conductivity is utilized, then a larger surface area and shallow 
depth is necessary in order to achieve the desired flow rate. 
The methods presented in the present disclosure are able to 
account for this and other factors. 

A by-product from the steel industry that has potential for 
use in phosphorus removal structures is steel slag. Both Ca 
and Fe rich waste products can be utilized to treat wastewater 
streams. In addition, it has been found that a mixture of 
"basic" and "melter" slag backfilled around subsurface drain
age pipes and overlaid by phosphorus rich topsoils can sig
nificantly reduce dissolved phosphorus concentrations in 
drainage waters. In another study, a melter slag was utilized as 
a filter material at a wastewater treatment plant for 11 years. 
It was found that 77% of total phosphorus was removed 
during the first 5 years of operation. 

6 
Referring now to FIG. 2, a cell 106 is shown in perspective. 

The cell 106 may be made from a metal, a polymer, or some 
other resilient material that will prevent water from escaping 
except via the outlet 110. Supports and other auxiliary struc-

5 tures may be utilized as needed. The outlet 110 may be pro
vided with a screen or other water permeable covering to 
retain the byproduct 108, but allow water to escape. It is 
understood that the flow rate and retention time of water 
entering the cell 106 may be controlled by adjustment of the 

10 dimensions of the cell, the dimensions of the opening, and by 
the physical characteristics of the by-product 108. In imple
menting a P removal system 100, it is useful to be able to 
predict the amount of phosphorous that can be removed over 
a given time, the expected useful lifetime of the system 100, 

15 and other information. Thus a design model is disclosed 
herein that incorporates such information that may be useful 
in designing and implementing a P removal system. 

The design model of the present disclosure is useful for 
designing phosphorus removal structures. Some uses for the 

20 model include estimating the amount, or mass, of a by-prod
uct (i.e., filtration materials) of interest necessary for remov
ing a targeted load of a dissolved phosphorus, and estimate 
how much phosphorus a given structure will remove. In one 
embodiment, input to the model comprises: basic laboratory 

25 characterization of the material of interest: pH, buffer capac
ity, total Al, Ca, and Fe, ammonium oxalate extractable Al and 
Fe, water soluble Ca, bulk density, hydraulic conductivity, 
and mean particle size; desired retention time for the potential 
structure; and average dissolved P concentrations in runoff at 

30 the site of interest. 
The amount of phosphorus that can be removed by a phos

phorus removal structure (e.g., 100 ofFIG.1) is a function of: 
(i) chemical properties of the sorption materials being used; 
(ii) flow rate/retention time of water passing through the 

35 structure (iii) mass of sorption materials used; (iv) and phos
phorus concentrations in the water to be treated. 

The system of the present disclosure is useful for removing 
dissolved phosphorus from surface runoff or drainage water 
by sorption ( e.g., precipitation or ligand exchange, of phos-

40 phorus onto sorption materials). Non-limiting examples of 
sorption materials include acid mine drainage residuals, flue 
gas desulfurization gypsum, steel slag, and drinking water 
treatment residuals. These are all considered industrial by
products in most respect and would often be considered a 

45 waste product. 
When the P removal system is no longer functional (e.g., 

the by-product 108 has adsorbed all the P that is can) the 
by-product 108 can be removed and replaced with fresh mate
rial. However, it is also possible to recharge the material in 

50 situ to extend the lifespan of the system 100. In one embodi
ment, steel slag is used as a sorption material and may be 
recharged by application of a highly sorptive mineral product 
to the saturated steel slag. This may also be more cost effec-

The phosphorus removal structures of the present disclo
sure, in one embodiment, are designed to force flowing water 
through sorption materials such as industrial byproducts. 
Clean water is allowed to exit the structure, which is designed 55 

to prevent the sorption material from being lost. Reference is 
now made to FIG. 1, which is aside cutaway diagram of an 
exemplary P removal system according to the present disclo
sure. In FIG. 1 the system 100 comprises a cell 106 placed at 
the outlet of a spillway 102 (or other landscape). Water (con
taining phosphorous contamination) flows into the cell 106, 
which contains a quantity of an industrial by product 108 that 
absorbs phosphorous (e.g., slag). An outlet 110 is provides 
that allows the water 104 to escape the cell 106, but which 
retains the byproduct 108. The cell 106 will be placed such 
that the water generally flows through the cell toward the 
outlet 110 as shown by arrow A. 

tive that removing and replacing the byproduct 108. 
Experiment 1: Large Scale Pond Flow-Through 
In one experiment, a large scale flow-through unit was 

constructed to treat water in a small pond, i.e., approximately 
405 m2

, located at the at the Oklahoma State University 
turfgrass research farm. The pond receives subsurface drain-

60 age from research turfgrass plots and typically displays dis
solved phosphorus concentrations of approximately 0.5 mg 
L- 1

. The pond was a "closed" system with no spillway. 
A flow-through unit was housed in a small plastic building 

and comprised a 0.5 horse power electric well pump that 
65 delivered pond water into the top of a 960 L stock tank that 

contained 454 kg of sieved slag. The average particle size of 
the slag was 7 mm in diameter. The hydraulic conductivity 
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was 0.68 cm/sec, the bulk density was 1.8 g/cm3
, and the 

porosity was 38%.A drainage outlet at the bottom of the tank 
was connected to a 1.27 cm diameter hose which allowed 
treated water to return back to the pond. The water pump was 
wired to a float switch that prevented overflow of the tank. The 5 

pump was also wired to a timer to control flow events. Water 
was applied to the slag material for 20 h dar1 allowing a 4 h 
rest period to prevent the pump from overheating. Treated and 
pre-treated water, i.e. outflow and inflow, was sampled at 0, 
10, and 19.5 hours after initiation of a daily flow-through 10 

event. For the normal steel slag material, this occurred for 22 
continuous days. 

After the normal slag was "spent" ( e.g., when inflow 
equaled outflow phosphorus concentration), the normal slag 15 

material was washed in the tank with clean tap water to 
remove sediment. After washing, a treatment process was 
initiated in situ for slag "rejuvenation". Rejuvenation 
included precipitating amorphous Al hydroxide minerals on 
the surface of the alkaline slag material. A drain plug was 20 

affixed in the drain line of the tank. Approximately 134 L of 
a 0.17 M aluminum sulfate solution (Al2 [SO4 ] 3 .12H2 O) was 
poured into the tank, submersing all slag. Slag was "soaked" 
in the aluminum sulfate solution for 48 h before the drain plug 
was removed and all drainage water was collected and dis- 25 

posed of. The post-soaked or "treated slag" was allowed to air 
dry for one week. Approximately 1 kg of the treated slag was 
removed from the tank for future laboratory characterization 
and experimentation. Pond flow-through experimentation 30 
was then conducted in the same manner as the normal slag 
previously tested. 

Experiment 1: Data Analysis 

8 

L\be-=)dx 
Cwnulative P removed(%)= ~ 0

---
x 

(2) 

In this case, "cumulative P removed" is the total amount of 
phosphorus that has been sorbed by the material up to point x, 
wherein P added to the material is in mg kg- 1

. This is 
expressed as a percentage of x. Variables m and bare the slope 
and intercept, respectively, for the exponential relationship 
between x (P added) and discrete P removal (% ). The point at 
which the design curve approaches zero percent discrete P 
removal represents the maximum amount of P that can be 
added (in units ofmg P kg- 1

) to the material at P saturation. 
In other words, this is the point at which the P concentration 
inflow=P concentration outflow. The amount of P added to 
reach this point of P saturation is described by the following 
function: 

lnb 
Maximum P added = -

-m 

(3) 

This value of maximum P added can then be inserted as 
variable "x" into equation 2 along with them and b values for 
that particular RT and P concentration of interest. The result
ing cumulative P removed represents the maximum overall P 
removal under those conditions. 

Experiment 1: Slag Characterization 
Total concentrations of Ca, Mg, Fe, and Al (Table 1) were 

similar to those reported for EAF slag in previous studies, 
(see, e.g., Drizo, A. Y. Comeau, C. Forget, and R. P. Chapuis, 
2002, "Phosphorus Saturation Potential: A Parameter for Discrete phosphorus sorption (%)underflow-through con

ditions was averaged among replications and described as a 
function of phosphorus added to the materials (mg kg- 1

) 

using an exponential model (FIG. 2). The relationship 
between discrete phosphorus sorption and phosphorus added 
for every RT ( retention time), and P combination was found to 
be statistically significant at P<0.05 based on use of the SAS 
(SAS Institute, 2003, SAS User's Guide: Statistics, SAS Inst. 
Cary, N.C.) "proc reg" command of an analysis program that 
conducted a regression analysis between discrete P removed 
and padded (it is understood that other linear regression tech
niques may be suitable). Two multiple linear regression 
(MLR) models were then constructed to predict the slope and 
intercept of this "design curve" (FIG. 2) as a function of 
phosphorus concentration and RT. Because the slope and 
intercepts were not normally distributed, these parameters 
were log transformed before producing the multiple linear 
regression model. The multiple linear regression model was 
produced using the SAS "proc reg" command with RT and P 
concentration as the independent variables. All four multiple 
linear regression models (two for each material) were signifi
cant at P<0.01. 

35 Estimating the Longevity of Constructed Wetland Systems," 
Eng. Sci. Tech. 36: 4642-4648; and Proctor, D. M., K. A. 
Fehling, E. C. Shay, J. L. Wittenborn, J. J. Green, C.Avent, R. 
D. Bagham, M. Connolly, B. Lee, T. 0. Shepker, and M. S. 
Zak, 2000, "Physical and Chemical Characteristics of Blast 

The formula for discrete P removal (%)underflow-through 
conditions is described as a function of Padded (x in equation 
1, below) to the materials (mg Padded kg-1 PSM) using an 
exponential model: 

Discrete P removal=bemx (1) 

Where b is the Y intercept and m is the slope coefficient for 
this relationship. One can determine how much cumulative 
phosphorus is removed by integration of the exponential 
equation: 

40 Furnace, Basic Oxygen Furnace, and Electric Arc Furnace 
Steel Industry Slag," Environ, Sci. Technol. 34: 1576-1582) 
which are hereby incorporated by reference. The slag was 
dominated with Ca and Fe and the pH for the normal slag was 
relatively high, i.e., 10.9; see Table 1. Normal slag possessed 

45 some alkalinity but this was small compared to the finer sized 
fractions typically reported. For example, when expressed as 
calcium carbonate equivalent (CCE), normal slag contained 
only 0.07% compared to 18 to 80% reported for the fine 
fractions. The elevated pH and Ca concentrations are typical 

50 considering the presence of portlandite (Ca[OHU, calcite 
(CaCO3 ), and calcium silicate (Ca2 SiO4 ) identified by X-ray 
diffraction (Table 1). 

After the normal slag was saturated with phosphorus from 
use in the pond filter and subsequent treatment with alumi-

55 num sulfate solution, some chemical properties were altered. 
The treated slag appeared visibly different from normal slag 
in that the former contained a white precipitant powder 
around the individual slag pieces. The most obvious chemical 
changes included a decrease in pH and alkalinity and increase 

60 in total S, Al, water soluble Ca and S (see, Table 1). Acidifi
cation treatment with aluminum sulfate clearly decreased pH 
and added Al and S. Dissolution of the Ca hydroxide, i.e., 
portlandite, and calcite minerals via acidification not only 
increased the water solubility of Ca but also resulted in the 

65 formation of gypsum (CaSO4 ) with the added S from alumi
num sulfate. Water soluble Al decreased with treatment due to 
the decrease in pH; Al becomes soluble at alkaline and acid 
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pH but is precipitated as Al hydroxide minerals at near neutral 
pH. The increase in total Al from aluminum sulfate treatment 
is likely in the form of an amorphous Al hydroxide since no Al 
minerals were detected by X-ray diffraction. 

Previous studies indicate that, for the Ca contained in slag 5 

materials to effectively precipitate phosphorus from solution, 
the Ca must be soluble and the solution pH buffered above 7. 
Although the normal slag has less soluble Ca compared to the 
treated slag, the alkalinity and pH of normal slag is higher 
than treated slag, potentially making the soluble Ca more 10 

effective at precipitating phosphorus from solution. Previous 
studies have demonstrated that the acid neutralizing capacity 
of crystalline and amorphous slags are well related to the 
phosphorus saturation capacity. The soluble Ca found in 
treated slag is likely in the form of gypsum, which has been 15 

shown to be a somewhat effective phosphorus sorbent. In 
addition, the amorphous Al hydroxides formed in the treated 
slag would be an effective phosphorus sorbent via ligand 
exchange of phosphorus onto terminal hydroxide groups. 
This mechanism would also occur on any Fe oxide/hydroxide 20 

minerals present in either material. 
The normal slag displayed a higher K value (Langmuir 

binding strength coefficient) than treated slag (2.43 L mg- 1 

vs. 0.007 L mg-1; standard error=l.81 and 0.167 for normal 
and treated slag, respectively). A larger K value is often 25 

considered to indicate greater affinity for phosphorus com
pared to lesser values. On the other hand, Smax (maximum 
sorption capacity of the soil) was less for normal slag com
pared to treated slag (686 vs. 6517 mg kg-1; standard 
error=107 and 1318 for normal and treated slag, respec- 30 

tively ). The higher K value for normal slag may be due to the 
greater "potency" of the dissolved Ca in normal slag to pre
cipitate phosphorus since this material possessed a higher pH 
and alkalinity compared to the treated slag. However, at 
higher concentrations of added phosphorus combined with 35 

greater soluble Ca concentrations of treated slag, the treated 
slag may sorb more phosphorus than normal slag as sug
gested by the higher Smax of treated slag. 

Experiment 1 : Results 
Results of the large scale pond flow-through experiment 40 

utilizing normal and treated slag are shown in FIG. 4. Flow 
rate was 8.5 Lmin- 1 and pond water was pumped into mate
rials for 20 h per day (10,200 L per day). Details on experi
ment parameters and results are shown in Table 2. Similar to 
results from laboratory flow-through experiments, the 45 

decrease in discrete phosphorus removal with phosphorus 
addition between materials is similar but the initial phospho
rus removal (i.e. Y intercept) was greater for normal than 
treated slag. Pond phosphorus conditions were similar for 
each experiment (see, Table 2). The pH of pond water during 50 

this experiment was 7 .2 to 8.0, which was in the typical range 
for this particular pond prior to initiation of pumping. Actual 
phosphorus (P) removal was 59 and 54 mg P kg- 1 overall (i.e. 
cumulative) for normal and treated slag, respectively. 
Although the RT and P concentrations were slightly out of the 55 

range of flow-through model development conditions (i.e. 
RT>8 min and P<0.5 mg L-I; Table 2), the predictions were 
reasonable (FIG. 4 and Table 2). 

Experiment 2: By-Product Testing 
In another experiment, twelve different industrial by-prod- 60 

ucts common in the U.S. were characterized and tested for P 

10 
out of an old well where iron became oxidized and precipi
tated after coming to the surface. Acid mine drainage water 
that produced AMDR3 was in contact with alkaline bedrock 
(Hedin, Bob, Hedin Environmental, personal communica
tion, 2011 ). Acid mine drainage residuals 2 and 4 were col
lected from engineered facilities designed to remove acidity 
and precipitate Fe from acid mine drainage water. These 
engineered facilities utilized calcium carbonate during the 
acid mine drainage treatment process. 

Both fly-ash samples were a product of a fluidized bed 
combustion process at a coal fired power plant. Fly-ashl and 
Fly-ash2 were from power plants located in Muskogee, Okla. 
and Red Rock, Okla., respectively. The FGD gypsum was 
obtained from U.S. Gypsum (Baltimore, Md.) and produced 
by a coal fired power generation plant, where lime or calcium 
oxide was used to "scrub" the sulfur in the flue gas, resulting 
in the formation ofrelatively pure gypsum (CaSO4). 

Drinking water treatment residuals were collected from 
three different drinking water treatment plants. The 
Al-WTRl andAl-WTR2 materials were collected from the 
AB-Jewell and Mohawk treatment facilities, respectively, 
located in Tulsa, Okla. Aluminum sulfate was used as the 
flocculating agent at both facilities. The Ca-WTR material is 
from the Stillwater treatment facility located in Stillwater, 
Okla. Calcium hydroxide was used at this facility. Slag fines 
were the <5 mm size fraction of electric arc furnace (EAF) 
steel slag collected from a steel production facility located in 
Ft. Smith, Ark. (Tube City, IMS). Excell Minerals was a soil 
amendment intended to supply Si to growing plants (Harsco 
Minerals, Mechanicsburg, Pa.). 

Experiment 2: Material Characterization 
All analyses were conducted in triplicate ( except XRD) on 

air-dry samples sieved to 5 mm. Material pH was measured 
with a pH meter using a solid:DI ( de-ionized) water ratio of 
1:5. Electrical conductivity (EC) was also measured with a 
meter (AccumentAB30) in the same solution. Materials were 
ground prior to analysis of total elements by EPA 3051 diges
tion method (nitric and hydrochloric acid; U.S. Environmen
tal Protection Agency, 1997). Digestion solutions were ana
lyzed for Ca, Mg, Fe, and Al by inductively coupled plasma 
atomic emission spectroscopy (ICP-AES). Samples were 
also extracted with DI water at a 1: 10 solid:solutionratio in 50 
mL centrifuge tubes for 1 h (low speed reciprocating shaker) 
followed by filtration with a 0.45 µm filter and analysis for Ca 
and Mg by ICP-AES. Amorphous Al and Fe (Oxalate Al and 
Fe) was determined by a 1:40 material:solution extraction 
ratio in a 50 mL centrifuge tube using 0.2M acid ammonium 
oxalate (pH 3) and a 2 h reaction time (low speed reciprocat
ing shaker) in the dark (McKeague and Day, 1966). Extracted 
solutions were analyzed for Al and Fe by ICP-AES. A batch 
~ isotherm was conducted in order to compare the P sorption 
capacity of each material. Briefly, 2 g of PSM was reacted (16 
h, low speed reciprocating shaker) with a 30 mL solution 
containing 0, 0.03, 0.3, 0.81, 1.61, 3.23, 6.45, 12.90, 25.81, 
51.61, and 103.23 mM P L-1 made from potassium phos
phate. The matrix solution consisted of 5.6, 132, 110, 10, and 
17 mg L-1 of Mg, Ca, S, Na, and K, respectively, using 
chloride and sulfate salts, followed by adjustment to pH 7. 
Note that ionic strength only slightly varied due to differences 
in P concentrations only. This matrix was chosen as it was 
found to be representative of agricultural runoff measured in 
a previous study, located on the Eastern Shore of Maryland, 
U.S. (Penn et al., 2007). Samples were then centrifuged at 
2000 rpm for 15 min, followed by filtration with 0.45 µm 

sorption. These materials include fly ash, steel slag, acid mine 
drainage residuals (AMDRs), drinking water treatment 
residuals (WTRs), and flue gas desulfurization (FGD) gyp
sum. All acid mine drainage residuals (AMDRs) were col
lected from Pennsylvania. The AMDRl and AMDR3 were 
both formed naturally from acid mine drainage water flowing 

65 Millipore membranes, and subsequently analyzed for P using 
ICP-AES. Langmuir parameters K and Smax (P sorption 
maximum) were estimated by a plot of solution equilibrated P 



US 8,754,004 B2 
11 

concentration/P sorbed ( dependent variable) against the solu
tion equilibrated P concentration (independent variable). The 
slope and Y intercept of this linear plot is 1/Smax and 
1/Smax*K, respectively (Essington, 2004). 

Each material was also analyzed for crystalline minerals by 5 

X-ray diffraction (XRD) on a Philips (now PANalytical; 
Almelo, Netherlands) powder X-ray diffractometer. The abil-
ity of materials to maintain pH above 6.0 was determined by 
automatic titration (TitriLab 865; Radiometer Analytical, 
Villeurbanne Cedex, France) on a stir plate with an HCl 10 

solution ( concentration dependent on material) to pH 6.0 on 2 
g material suspended in 10 mL of DI water. This parameter 
will be referred to as "buffer index" (BI) for the remainder of 
the paper. Blanks and known "check" samples were included 

15 
for all analyses, except for XRD. 

Experiment 2: Laboratory Flow-Through 
In order to test the effect of retention time (RT) and P 

concentration on P sorption in a flow-through setting, flow
through cells (high density polyethylene) were constructed as 20 

described in DeSutter et al. (2006). A diagram of the setup is 
found in Penn and McGrath (2011 ). Phosphorus sorption 
materials were mixed with acid washed, lab-grade sand (pure 
Si sand, 14808-60-7; Acros organics, Morris Plains, N.J.) in 
order to achieve a total pore volume of 1.26 cm3 (5 g of 25 

sand+PSM; 40% porosity) and then placed in a flow-through 
cell. The proportion of PSM to sand varied depending on how 
P sorptive the material was. Less PSM mass was used for 
highly sorptive materials. The mass of PSM material used in 
a flow through cell varied from 0.1 to 1 g. A suitable amount 30 

that would not result in 100 or 0% P removal for the duration 
of the entire experiment was typically determined by trial and 
error. The purpose of this was to allow a more complete 
picture of P breakthrough (i.e. P sorption curve). A 0.45 µm 

35 
filter was placed beneath the materials and the bottom of the 
cell was connected to a single channel peristaltic pump (VWR 
variable rate "low flow" and "ultra low flow", 61161-354 and 
54856-070) using plastic tubing. The desired RT (RT [min] 
=pore volume [mL]/flow rate [mL min- 1

]) was achieved by 40 

varying the pump flow rate which pulled solution through the 
cell. Flow rates required to achieve the desired RTs of0.5, 3, 
6, 8, and 10 min were 2.5, 0.42, 0.21, 0.16, and 0.13 mL 
min- 1

, respectively. Essentially, the RT is the amount of time 
required for the solution to pass through the cell. These RTs 45 

represent a reasonable amount of time for runoff water to pass 
through a P removal structure; while an excessive RT may be 
effective at P sorption, it will reduce the total amount of runoff 
that can be treated under high flow conditions for a given mass 
of material (Penn et al., 2010). A constant head Mariotte 50 

bottle apparatus was used to maintain a constant volume of P 
solution on the materials. Materials were subjected to flow for 
5 h in which the "outflow" from the cells was sampled at 0, 30, 
60, 90, 120, 150, 180, 210, 240, 270, and 300 min. Solutions 
were analyzed for P by the Murphy-Riley molybdate blue 55 

method (Murphy and Riley, 1962). Discrete P sorption onto 
materials was calculated at each sampling time as a percent
age decrease in outflow relative to inflow P concentration (i.e. 
source bottle). 

Five different P concentrations were tested; 0.5, 1, 5, 10, 60 

and 15 mg L- 1 using solutions made from potassium phos
phate. These P concentrations correspond with the range 
measured in studies of runoff from high P soils (>300 mg kg- 1 

Mehlich 3-P) or soils to which manure or chemical fertilizer 
P have been recently applied to the surface (Vadas et al., 2007; 65 

Edwards and Daniel, 1993). The same matrix solution from 
the batch P isotherm experiment was used in flow-through 

12 
experiments. All flow-through RT*P concentration combina
tions were duplicated for each material resulting in a total of 
600 experimental units. 

Experiment 2: Data Analysis and Model Development 
Discrete P removal(%) under flow-through conditions was 

described as a function of Padded (x in equation 1) to the 
materials (mg P added kg- 1 PSM) using the previously 
described exponential model: 

Discrete P removal=bemx (1) 

Where b is the Y intercept and m is the slope coefficient for 
this relationship. An example discrete P removal curve is 
shown in FIG. Sa with P addition units in g kg- 1 for greater 
clarity. Note that since this is an exponential decay equation, 
m is always negative. The relationship between discrete P 
removal and Padded for every RT and P concentration com
bination (i.e. all 600 curves) was found to be statistically 
significant at p<0.05 based on use of the SAS (SAS, 2003) 
"proc reg" command. For each material tested, two multiple 
linear regression (MLR) models were then constructed to 
predict the slope and intercept of each P removal curve ( ex
ample in FIG. Sa) as a function of P concentration and RT 
("P" and RT" in equations 4a and 4b ). Because the slopes (m 
in equations 1 and 4a) were not normally distributed, this 
parameter was log(base 10) transformed (log-slope) before 
producing the MLR model. Y intercepts (b in equations 1 and 
4b) were also log(base 10) transformed. The MLR model was 
produced for each material using the SAS "proc reg" com
mand with RT and P concentration as the independent vari
ables and the slope or intercept as the dependent variables. 

The results of the MLR models are two equations for 
predicting the shape (i.e. slope and intercept) of the design 
curve ( equation 1) for each material, which takes the general 
form: 

log(-mM aRT)+(i3P)+)( (4a) 

log( b Ml>RT)+( eP)+µ (4b) 

Where a and ~ are the design curve slope prediction coef
ficients for RT and P concentration respectively, x is the 
intercept of the slope prediction equation, Ii and E are the 
design curve intercept prediction coefficients for RT and P 
concentration respectively, andµ is the intercept of the design 
curve intercept prediction equation. The P removal curve with 
predicted parameters is referred to as the "design curve": 

Discrete P removal=be~x (5) 

where discrete P removal is in units of%, bis the value of 
b predicted with Eq. [4a], and mis the value-ofm predicted 
withEq. [4b]. 

After a design curve equation is produced (equation 3), 
integration of it will yield a prediction of cumulative P 
removal(%) at any given level of Padded (x): 

l\i,_e=)&x 
Cumulative P removed= _o --

x 

(6) 

The point at which discrete P removal approaches zero 
(1 %; i.e. "spent") as described by the design curve will occur 
when the P inflow concentration=P outflow concentration and 
is calculated using the following equation: 
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-m 
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(7) 

14 
Smax of FGD gypsum may have been a result of the higher 
soluble Ca concentrations (Table 3). 

Characteristics of the WTRs are a function of both the 
source of water being treated and the type of treatment pro-

Insertion of the maximum amount of P added determined 
from equation 7 into the x value for equation 6 will result in 
the total amount of P predicted to be removed by the material 
under the conditions (RT and inflow P concentration) 
employed for the design curve utilized. Using percent cumu
lative P removed and maximum P added from equations 6 and 
7, one can simply estimate the amount of P sorbed (mg kg- 1

) 

5 cess (Ippolito et al., 2011 ). In our study the Ca-WTR was 
produced from use of Ca hydroxide at the drinking water 
treatment plant, while Al-WTRs were produced from using 
aluminum sulfate as a flocculating agent. As expected, the 
Ca-WTR was dominated with Ca and possessed an elevated 

at the point in which the material is spent. 

10 pH and BI while the Al-WTRs were dominated with Al and 
had a near neutral pH with a lower BI. Note that theAl-WTRs 
were among the highest in oxalate Al, which is likely why 
their K values were of the top five largest. 

Excell Minerals was dominated with Ca, yet contained In order to assess the impact of by-product properties on P 
removal in a flow-through condition, the SAS "stepwise" 
procedure was utilized. Essentially, the design curve coeffi
cients used to estimate m and b ( shown in equations 4a and 
4b) were predicted as a function of material properties. 

Experiment 2: Materials Characterization 

15 large amounts of Mg, Al, and Fe. X-ray diffraction identified 
tri-calcium magnesium orthosilicate (a highly soluble Ca 
mineral), however, due to its elevated pH and the largest BI it 
is likely that this material would primarily remove P by the 
Ca/Mg mechanism. Langmuir Smax and K values from the 

In discussion of the by-products characterization, it is use 20 batch isotherm were similar between Excell Minerals and the 
ful to generally categorize materials as mostly resulting in 
either Ca/Mg (precipitation) or Al/Fe (ligand exchange and 
precipitation) P sorption mechanisms (Penn et al., 2011 b ). 
However, there is clearly some overlap in these two groups of 
mechanisms. Briefly, the ideal Ca/Mg sorption materials will 25 

be buffered at a high pH, and contain a large amount of total 
Ca and Mg that is highly soluble. Conversely, the ideal Al/Fe 
sorption materials will not have a high pH and contain large 
amounts of amorphous Al and Fe (Penn et al., 2011 b ). Con
sider that the hydroxide ion becomes a strong competitor with 30 

Pas pH increases. As expected, the AMDR materials were 
among the highest in total Fe and amorphous Fe (i.e. oxalate 
extractable Fe). Two of the four AMDR materials also con
tained the iron hydroxide mineral goethite, contained appre
ciable Al, and were acidic (AMDRl) or poorly buffered 35 

above pH 6 (AMDR 3; Table 3). As a result, retention by 
AMDRs 1 and 3 is likely dominated by Al/Fe. Two of the 
AMDR materials were also elevated in total Ca and pH 
(AMDR 2 and 4); XRD analysis showed that these two 
AMDRs contained Ca minerals, gypsum and calcite (Table 40 

3). Some AMDRs have been shown to sorb appreciable 
amounts of P by both Al/Fe and Ca/Mg mechanisms (Penn et 
al., 2011 b ). The AMDR properties are a result of both the 
source of acid mine drainage and the type of treatment pro
cess used to neutralize the acidity and precipitate dissolvedAl 45 

and Fe (Hedin, et al., 1994 ). Other studies have also shown the 
ability ofAMDRs to sorb P (Fenton et al., 2009; Sibrell et al., 
2009; Dobbie et al., 2009; Heal et al., 2005). Note that the 
Langmuir derived Smax and K values from the batch iso
therms greatly varied betweenAMDRs (Table 3 ). The Ca rich 50 

and highly pH buffered AMDR4 showed the highest Smax 
yet the lowest K value among all PSMs 

Fly-ash and slag materials contained appreciable total Ca 
and an elevated pH that was relatively well buffered com
pared to some other materials (Table 3). However, slag also 55 

possessed one of the largest total Fe concentrations. An 
important mineral in regard to P precipitation with Ca was 
identified in the slag material. Portlandite is a Ca hydroxide 
mineral that is more soluble and alkaline compared to the Ca 
carbonate mineral calcite. As expected, the FGD gypsum was 60 

dominated by Ca that was highly soluble. However, this mate
rial was poorly buffered compared to the other Ca dominated 
materials such as fly-ash, slag fines, and Excell Minerals 
(Table 3). Any Fe, Al, and Mg are considered impurities due 
to the flue gas scrubbing process. Fly ash samples and slag 65 

displayed similar Langmuir Smax values from the batch iso
therm, but were lower compared to FGD gypsum. The greater 

slag. This is not surprising since the total Ca, water soluble 
Ca, and pH was also similar. 

Experiment 2: Retention Time and Inflow Phosphorus 
Concentrations 

Examples of experimentally determined P removal flow
through curves are shown in FIG. la. As previously men
tioned, the shape of this curve will dictate the degree of P 
removal and longevity of a PSM used in a P removal structure. 
All P removal curves were statistically significant at p<0.05 
with an R2>0.75. The purpose of the model is to predict the 
shape of the P flow-through curves using RT and P concen
trations; this predicted curve is referred to as the "design 
curve". By estimating slope (m) and Y intercept (b) param
eters of the discrete P removal relationship ( equations 4a and 
4b), one can predict the design curve (FIG. Sb; equation 5) 
and then determine how much cumulative P is removed after 
P loading the material by integration of the exponential equa
tion for the design curve (FIG. Sc; equation 6). The point at 
which the design curve approaches zero percent discrete P 
removal ( e.g. 1 % ) represents the maximum amount of P that 
can be added to the material (in units of mg P kg- 1

) before P 
saturation ( equation 7). This is the point at which the P con
centration inflow=P concentration outflow and the material is 
no longer effective at removing P. This is a direct result of the 
shape of the design curve. Essentially, a P removal structure 
exhibiting a design curve with a large Y intercept and shallow 
(i.e. less steep) slope will be able to remove more P from 
solution for a greater period of time compared to that with a 
smaller Y intercept or steep slope. Design curves for the 
PSMs used in this study can be predicted by inserting the 
coefficients listed in Tables 4 and 5 into equations 4a and 4b 
for a given RT and P concentration. 

The model building exercise for predicting the shape of the 
design curve showed that RT and inflow P concentration were 
statistically significant variables for some materials for esti
mating the slope (m; Table 4). Retention time had a significant 
impact on design curve slope for only 6 of the 12 materials, 
while 9 materials displayed a significant influence of P con
centration on slope. The overall MLR model for design curve 
slope was significant for all but 3 materials (AMDR2, fly
ash2, and Ca-WTR) at the p<0.05 level; however, Ca-WTR 
was significant at the p<0.1 level. 

Among the significant RT coefficients for slope (a), only 
one material displayed a statistically significant negative 
value (FGD gypsum, Table 4). Thus, for FGD gypsum RT has 
a negative influence on predicted slope coefficient m, so the 
final slope (-m) becomes less negative with increased RT, 
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which corresponds with more P sorption. FGD gypsum may 
require a longer RT for P removal compared to the other Ca 
rich materials due to the fact that it is poorly buffered 
(BI=0.032; Table 3). 

16 
Surprisingly, total Mg and WS Mg had a significant impact 

on how inflow P concentrations affect design curve slope (~; 
Table 6). This may simply be a result of a co-correlation with 
Ca due to the fact that total Mg was significantly correlated 

5 (p<0.05) with total Ca. Also, Mg behaves similarly to Ca in 
regard to precipitation of P since both occur under alkaline 
conditions (Lindsay, 1979). 

In regard to predicting the design curve Y intercept (b ), RT 
and inflow P concentration were statistically significant vari
ables for some materials for estimating the Y intercept (b; 
Table 5). RT had a significant impact for 6 materials and P 
concentration was significant for 6 materials as indicated by 
coefficients ~ and E (Table 5). An overall MLR model was 
significant in estimating design curve Y intercept for eight 
materials. Materials with more positive RT coefficients for 
design curve Y intercept indicate that increasing RT will 
increase the design curve Y intercept more than materials 
with lower RT coefficients. Therefore, increasing RT will 15 

improve initial P removal. 

Use of the intercept parameter for the model that predicts 
design curve slope (x) is a good way to generally compare 

10 design curve slope between materials without confounding 
with the effects of inflow P concentration or RT. In other 

Similarly, the less negative P concentration coefficients ( E) 
indicate that increasing inflow P concentrations will not 
decrease the design curve Y intercept as much as for materials 
possessing more negative coefficients ( E; Table 5). In general, 20 

increasing inflow P concentrations will decrease the Y inter
cept of the design curve. 

As previously mentioned, the coefficients listed in Tables 4 
and 5 can be used to predict a design curve ( equation 5) for the 
12 materials. A user can apply this approach to flow-through 25 

data produced using PSMs of interest, allowing one to 
extrapolate P removal for any given RT and P inflow concen
tration combination. This is particularly useful since the RT 
and P concentrations will vary among structures/sites. The 
design curve can then be used for sizing a P removal structure, 30 

or predicting how much P it will remove and how long it will 
last before P saturation. By inserting the coefficients for Al
WTRl listed in Tables 4 and 5 into equations 4a and 4b, an 
example design curve equation is produced as shown in FIG. 
Sb. Integration of the resulting design curve (equation 5) via 35 

equation 6 produced the cumulative P removal curve in FIG. 
Sc. Further, use of equation 7 indicates that the maximum 
amount of P that can be added to one kg of Al-WTRl at the 
point of being "spent", under conditions ofRT=0.5 min and 
inflow P concentration=5 mg L- 1 is 66 g. With this mass of P 40 

input (66 g P kg- 1 
), the material would, according to equation 

words, materials with a larger ( or less negative) slope model 
intercept coefficient will generally have a steeper negative 
slope compared to materials with a smaller (more negative) 
model intercept coefficient. For example, based on the slope 
model intercept coefficient shown in Table 4, FGD gypsum 
(-1.1482) will generally have the steepest design curve slope. 
Based on the stepwise analysis, materials with greater 
amounts of oxalate Al and Fe will generally possess smaller 
log-slope values, or in other words, a less steep slope. Many 
studies have shown that oxalate extractable Al and Fe are 
representative of the amorphous Al/Fe oxyhydroxide pool 
that strongly sorbs P (Cucarella and Renman, 2009; Leader et 
al., 2008). 

In regard to the design curve Y intercept, oxalate Fe was 
found to have a significant impact on how RT affects the 
design curve Y intercept (Ii; Table 6). As expected, increasing 
RT will increase the design curve Y intercept more for mate
rials with higher amounts of oxalate Fe compared to those 
with less. In other words, oxalate Fe-rich materials will main
tain a higher design curve Y intercept ( or decrease less) as RT 
decreases. 

Similarly, an increasing material WS Ca content will allow 
inflow P concentration to have a greater impact on the design 
curve Y intercept by making the coefficient less negative ( c; 
Table 6). Therefore, materials rich in WS Ca will not decrease 
the design curve Y intercept as much when inflow P concen
trations increase compared to materials with lower WS Ca. 

In a general comparison of the model intercept coefficients 
for predicting design curve Y intercepts between materials (µ; 
Table 6), the stepwise model showed that materials with 
higher BI will possess greater design curve Y intercepts com
pared to less buffered materials. As previously discussed, a 
well buffered material is necessary for a Ca phosphate pre-

6 retain 10.7%, or7.1 g P kg- 1 Al-WTRl. Note that although 
FIG. S expresses P addition in units of g kg- 1 for greater 
clarity, the x value (P added) in equations 1, 5, and 6 are in 
units ofmg kg- 1

. 

Experiment 2: Effect of Material Properties on Design 
Curve Model Coefficients 

45 cipitation mechanism to be most effective, since precipitation 
of a Ca phosphate will produce acidity in solution (Lindsay, 
1979). For example, a material like FGD gypsum may pos
sess high amounts ofWS Ca, but much of this Ca will not be 
able to effectively precipitate with P unless the pH is well 

The purpose of the "stepwise" procedure was not neces
sarily to utilize the results for predicting design curves from 
material properties, but for assessment of the impact of mate
rial properties on P removal under flow-through conditions. 
The "stepwise" MLR program indicated which material 
properties were the most important in regard to estimating the 
design curve model coefficients. For predicting design curve 
slope using RT (a), the WS Ca and oxalate extractable Fe 55 

concentrations were the most significant variables (Table 6). 
The negative coefficient for WS Ca in Table 6 indicates that 
increasing WS Ca decreases the impact of RT on the slope. 
This is due to the fact that a high amount of Ca in solution will 
promote P removal via precipitation; the more Ca in solution, 
the less that pool is exhausted by P during precipitation which 
will prevent the slope of the design curve from decreasing 
dramatically with changes in RT. The opposite was found for 
oxalate extractable Fe; high concentrations results in the 
potential for RT to have a greater impact on design curve 
slope (an increase in oxalate Fe will make the slope more 
steep). 

50 buffered above 6. Interestingly, the stepwise procedure also 
showed that materials rich in WS Mg generally possessed 
lower design-curve Y intercepts. As suggested by previous 
studies (Cao and Harris, 2007) this might be due to Mg 
preventing the precipitation of Ca phosphates. 

Experiment 2: Examples of Model Results 
FIG. 6 displays the amount of P sorbed by all 12 by

products at different equilibrium (i.e. inflow) P concentra
tions and RTs. These values were determined by inserting the 
coefficients from Tables 4 and 5 into equations 4a and 4b at 

60 different P concentrations (0.5, 1, 5, 10, and 15 mg P L- 1
) and 

RTs (0.5, 1, 5, and 10 min). Predicted coefficients band m 
were then inserted into equation 7 for maximum P added at 
the point of being "spent", and this value was then inserted 
into equation 4 (x) along with b and m for estimation of 

65 maximum P sorbed under the given conditions. In general, 
FIG. 6 suggests that AMDR2, slag, and Excell Minerals will 
sorb the most P under flow-through conditions at equilibrium, 
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behavior is not known. It is unlikely due to desorption of 
native Pon the material since the water soluble P of Ca-WTR 
was only 0.029 mg kg- 1 (data not shown). Based on the raw 
data from laboratory flow-through experiments, this decrease 

while FGD gypsum will sorb the least P. Langmuir Smax 
values from the batch isotherms (Table 3) were poorly corre
lated to the maximum P sorbed under flow-through condi
tions at a 10 min RT and 15 mg P L- 1 inflow solution 
(R2=0.03). This was expected since flow-through conditions 
add a much smaller concentration of P, allow for a constant 
replenishment of reactants (i.e. solution P), removal of reac
tion products, and a shorter retention time compared to a 
batch isotherm (Penn and McGrath, 2011 ). In general, the 
Langmuir Smax value determined from the batch isotherm 
was 44 to 99% greater than the flow-through estimated P 
removal values. In the batch experiment a maximum of3200 
mg L- 1 was used, and the contact time was 16 h, versus max. 

5 in P removal with increased inflow P concentration is real and 
not a flaw in the Ca-WTR model. 

Similar to FIG. 6, FIG. 7 displays the amount of Padded to 
the by-products at equilibrium, or in other words, the amount 
of P that could be added until the material becomes "spent" 

10 and no longer removes P. These values were estimated from 
the design curve equations for each material under the given 
conditions and applied to equation 7. Note that this maximum 
amount of P added shown in FIG. 7 and determined from 

15 mg L- 1 and 0.5 to 10 min contact time for a total of 5 h for 
the flow-through experiment. One exception was the slag 15 

material which sorbed more P via flow-through conditions 
compared to batch. 

Examination of RT coefficients and p values in Tables 4 and 
5 and visual observation of FIG. 6 suggested that for most 
materials there was not much difference in P removal between 20 

RTs, exceptforAMDRl, FGD gypsum, Ca-WTR, and Excell 
Minerals. For all other by-products, this lack of appreciable 
difference between extreme RTs could be interpreted as rela
tively fast P sorption kinetics. It is expected that for materials 
in which precipitation is the dominant P sorption mechanism, 25 

an increase in RT would appreciably increase P sorption as 
evident for AMDRl and FGD gypsum. Note that AMDRl 
was dominated with Al and Fe and possessed a pH (3.2) 
suitable for Fe and Al to be soluble (Table 3); in fact, this 
material contained the highest concentration of water extract- 30 

able Fe (75 mg kg-1; data not shown). Therefore one would 
expect some precipitation of Fe and Al phosphates rather than 
only ligand exchange onto Al and Fe oxides/hydroxides. 
Similarly, the FGD gypsum will dominantly remove P by 
precipitation with Ca since this material was dominated with 35 

soluble Ca (Table 3). Interestingly, Ca-WTR and Excell Min
erals showed greater P removal at the lower RT compared to 
a 10 min RT (FIG. 6). This could be interpreted as very fast P 
sorption kinetics; so fast that the lower flow rate of P addition 
to the material (i.e. lesser amounts of P added to the PSM 40 

mass per unit time) was limiting P sorption more than the 
speed of the reaction. This could be a result of similarities 
among those by-products in regards to elevated total Ca, 
water soluble Ca, pH, and BI (Table 3), all of which will 
promote greater Ca phosphate precipitation and perhaps 45 

faster kinetics. By the same logic, FGD gypsum displayed the 
opposite behavior (i.e. slower P sorption kinetics at shorter 
RT) due to the fact that although it contained appreciable total 

equation 7 was used to calculate the maximum P sorbed, 
shown in FIG. 6. For many of the by-products, the lower RT 
often resulted in the addition of a greater P load to achieve 
equilibrium under flow-through conditions (FIG. 7). This is 
due to the fact that more of added P solution is able to move 
through the material without being sorbed at the short RT (i.e. 
higher flow rate) compared to the longer RT. In other words, 
the shorter RT is often less efficient at P removal compared to 
a longer RT. 

The importance of the maximum P removal values shown 
in FIG. 7 is that they provide an estimate oflongevity for each 
by-product. For example, if a P removal structure was con
structed to achieve a hydraulic RT of 10 min withAMDR4, 
and received a P inflow concentration of 5 mg L- 1

, it could 
receive a total of25 g P kg- 1 until it is no longer effective. This 
information could then be used to size a structure for a par
ticular watershed if an estimate of annual dissolved P loads 
was available. 

Experiment 2: Conclusions and Implications 
As was shown for large sized steel slag in a previous study 

(Penn and McGrath, 2011 ), RT and inflow P concentration 
can have a significant impact on P sorption onto most by
products under flow-through conditions. This information is 
especially important in context of using the by-products as P 
sorbents in landscape P removal structures to remove P from 
flowing runoff or drainage water. Variation in RT within the 
range of that tested in this study (0.5 to 10 min) did not have 
an appreciable impact on cumulative P sorption on most 
by-products except for three of twelve; this factor was most 
important for materials that likely remove P via precipitation 
reactions. Specifically, materials in which precipitation is 
likely to be the main P removal mechanism (i.e. large WS Ca 
and well buffered) will be more sensitive to RT and P con-
centration (increase in RT and P will increase P removal) 
compared to materials more likely to remove P via ligand 
exchange reactions (i.e. high oxalate Al and Fe). 

Overall, by-products that are elevated in oxalate Al or Fe, 
WS Ca, and BI will serve as the best P sorbents in P removal 
structures, and screening for these properties will allow com
parison between materials for this potential use. The flow
through approach described in this paper for predicting 

Ca and water soluble Ca, the pH was not sufficiently large or 
buffered enough for fast Ca phosphate precipitation and 50 

therefore a greater RT was necessary to increase P removal. 
Another explanation for greater P removal at the lower RT 
(i.e. faster flow rate) for these by-products is that the slower 
removal of reaction products was limiting further Ca phos
phate precipitation (Penn and McGrath, 2011 ). 

In regard to the impact of P inflow concentration, FIG. 6 
and Tables 4 and 5 shows that some by-products such as slag, 
FGD gypsum, Al-WTR2, and Excell Minerals were most 
responsive to increases in P concentrations. For example, at a 
RT of 10 min, slag, FGD gypsum, Al-WTR2, and Excell 60 

Minerals increased P removal 95, 82, 63, and 61%, respec
tively, as P inflow concentration increased from 1 to 15 mg P 
L- 1

. Such an increase in relative P removal with solution 
inflow P concentrations suggests that these materials domi
nantly removed P via precipitation processes. An unusual 65 

result was the decrease in maximum P removed by Ca-WTR 
with increasing P concentration (FIG. 6). The reason for this 

55 design curves at specific RT and inflow P combinations will 
aid a user in prediction of how much P can be removed, and 
how long a specific material will last until P saturation if the 
P loading rate for a specific site is known. 

General Model 
It will be appreciated that the afore-described methods may 

be used to construct a design model for a P removing system. 
This model may be used in the design of a P removing system 
to predict the percentage of phosphorous that can be removed 
per a given flow rate/retention time, the total amount of phos
phorous the system can remove, and thus the lifetime of the 
system, and other information. However, the model must be 
experimentally re-evaluated and re-determined for each 
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byproduct (P adsorbing material) that is used. A potentially 
more useful, general model is also contemplated wherein the 
factors of the relevant equations may be determined based 
upon properties that may be measured a priori. 

Discrete P removal(%) under flow-through conditions is 
described as a function of Padded (x in equation 1) to the 
materials (mg P added kg-1 PSM) using the exponential 
model: 

20 
the total amount of P predicted to be removed by the material 
under the conditions (RT and inflow P concentration) 
employed for the design curve utilized. Using percent cumu
lative P removed and maximum Padded from equations 6 and 

5 7, one can simply estimate the amount of P sorbed (mg kg- 1
) 

at the point in which the material is spent. 
At this point, we can summarize the model as equation 4a 

Discrete P removal=bemx (l) 10 

and 4b, which predict the "b" and "m" parameters for equa
tion 1, which provides all the information needed for either 
designing a P removal structure or predicting how long it will 
last through use of equations 6 and 7. Where b is the Y intercept and m is the slope coefficient for 

this relationship. An example discrete P removal curve was 
shown in FIG. Sa with P addition units in g kg-1 for greater 
clarity. Note that since this is an exponential decay equation, 
mis always negative. Ultimately, the goal of this model is to 
predict the "b" value and "m" value for a specific P sorbing 
material. If those two parameters are known and then applied 
to equation 1, then one can re-create the "design curve" 
shown in FIG. 5. 

However, the "b" and "m" parameters which are specific to 
a certain material, are a function of the inflow P concentration 
and retention time ("P" and RT" in equations 4a and 4b). 
Because the slopes (min equations 1 and 4a) were not nor
mally distributed, this parameter was log(base 10) trans
formed (log-slope) before producing the multiple linear 
regression (MLR) model. Y intercepts (b in equations 1 and 
4b) were also log(base 10) transformed. 

The results of the MLR models are two equations for 
predicting the shape (i.e. slope and intercept) of the design 
curve ( equation 1) for each material, which takes the general 
form: 

(4a) 

The heart of this model, as described in following para
graphs, is a prediction of the parameters a, ~' X, Ii, E, and µ 
shown in equations 4a and 4b. These parameters are predicted 

15 as a function of material specific properties. This is what 
makes the model "universal", so that any P sorbing material 
can be characterized for the properties described below, and 
then applied to the model so that a design curve can be 
produced. Once the design curve is produced, a P removal 

20 structure can be designed as well as longevity and perfor
mance predicted. 

Materials must be characterized for pH, total Ca, Al, and Fe 
(mg/kg), mean particle size ("PS"; mm), buffer index ("BI"; 
acid equivalents/kg required to decrease pH to 6.0), and 

25 ammonium oxalate extractable Fe and Al (Fe
0
x, Al

0
x; mg/kg). 

The first algorithm is to place a material into one of the 
following categories: Ca based material or Fe/ Al material. If 
a material meets two of the three criteria, then it is categorized 
as a Ca based material: 

30 1. Total Ca exceeds Total Al+Fe 
2. pH>S 
3. BI>0.2 

log(-mMaRT)+(i3P)+)( 

log(b Ml>RT)+( eP)+µ (4b) 35 

If the material does not meet 2 of the 3 criteria, then it is 
categorized as a Fe/Al based material. At this point there are 
two different models; one for Ca based materials and another 
for Fe/Al based materials. The following relations describe 
the Ca model: 

Where a and ~ are the design curve slope prediction coef
ficients for RT and P concentration respectively, x is the 
intercept of the slope prediction equation, Ii and E are the 
design curve intercept prediction coefficients for RT and P 
concentration respectively, andµ is the intercept of the design 40 

curve intercept prediction equation. The P removal curve with 
predicted parameters is referred to as the "design curve" 
(FIG. 5). 

After a design curve equation is produced ( equation 1 ), 
integration of it will yield a prediction of cumulative P 45 

removal(%) at any given level of Padded (x): 

l\b_e""')dx 
Cumulative P removed= _o ___ _ 

(6) 

X 

An example of an integrated design curve is shown in FIG. 
6. 

50 

The point at which discrete P removal approaches zero 55 

(1 %; i.e. "spent") as described by the design curve in equation 
1 and FIG. 5 will occur when the P inflow concentration=P 
outflow concentration and is calculated using the following 
equation: 

(7) 

60 

a~0.009113*PS 

!3~-(0.00000021 *Total Ca)+(0.02209*BI)+ 
(0.01536*PS)-0.04258 

x~-0.3 795 *LN(BI)-3 .946 

o~(-0.00806* µ)+(0.0077 5*PS)+0.02133 

e~(0.0191 *pH)-0.1678 If e>0, then set e~to 0 

µ~(0. 79079*BI)+ 1.51358 

For Fe/Al based model: 

a~(-0.000000733259*Fe 0 x +AtxJ+(0.00825 *PS)+ 
0.03981 

i3~(0.00000073793*Fe0 x+Al 0 xJ-0.04844 

x~(-0.00002078*Fe0 x+AtxJ-3.00342 

o~(-0.00000097 4652*Fe0 x +AtxJ+0.0687 4 

e~(0.0000005 64354 *Fe
0

x +Al
0
xJ-0.0269 

µ~(0.0000005159108*Effective Al+Fe)+ 1.30197 

Effective Al+Fe is Total Al+Fe divided by PS. 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 
lnb 

Maximum P added = ----= 
-m 

Insertion of the maximum amount of P added determined 
from equation 7 into the x value for equation 6 will result in 

Referring now to FIG. 8, a flowchart 800 illustrates the 
65 decision flow for one embodiment. The three classification 

decisions (e.g., Total Ca exceeds Total Al+Fe; pH>S; and 
BI>0.2) are determined at step 802.At step 804 if two or more 
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of these classifications are true, the model is calculated as an 
Fe/Al based model at step 806. If two or more of the classi
fications are not true, the model is calculated as a Ca model at 
step 808. 

22 
This model was produced by conducting hundreds of flow

through experiments in the laboratory using various P inflow 
concentrations and RTs. Treated water was sampled every 30 
minutes. 16 different P sorbing materials were tested and 

For either model, these parameters can then be inserted into 
equations 2a and 2b to obtain the b and m values for creating 
a design curve. For example, a steel slag material categorized 
as a Ca based material had the following properties: 

5 characterized. Essentially, a the model was constructed to 
relate the flow-through experiment performance to material 
properties. 

It is understood that the calculation methods described 
herein may be programmed to be performed on a general-BI=0.005390 

pH=9.4 
Total Ca=195331 
PS=6.35 
The model then produces each of the parameters, a, ~' X, Ii, 

E, andµ, and then those parameters of inserted into equations 
4a and 4b along with a P concentration inflow value ("P") of 
0.74 and a retention time (RT) of 8.9 minutes. These are the 
conditions for a field scale structure constructed at Stillwater 
Country Club. Then, the resulting b and m values are inserted 
into equation 1 and plot as the design curve in FIG. 9. 

10 purpose computer. Some portable devices and smart phones 
may be capable of carrying out the calculation as well. In one 
embodiment the computer will be a workstation. With refer
ence to FIG. 11, the workstation may comprise an enclosure 
1102 containing various internal components. A processor 

15 1104 may be connected by a data bus 1106 (or a plurality of 
data buses) to an electronic memory that stores instructions 
for execution by the processor 1104. A mass storage device 
1110 may also be attached for storing instructions and data in 
a non-volatile format. The workstation may have an input 

Again, note that this design curve equation is specific to the 
RT and P conditions input into equations 4a and 4b, and also 
specific to the material properties measured and input into 
equations 8 to 12. We can then insert the band m parameters 
into equation 7 and obtain the maximum amount of P that can 

20 device 1112 such as a mouse and/or keyboard. An output 
device 1114 such as a monitor and/or printer may be attached. 
In some cases, the computer 1100 will have an Ethernet 
connection 1116 and or a wireless card 1118 for accessing a 
network 1112 such as a local area network or the internet. 

be added to the structure until it is spent (i.e. discrete 25 

removal=!% or inflow P concentration-outflow P concentra
tion) to obtain a maximum value of 129 mg P/kg slag. This 
value is used to predict the longevity of a particular structure, 
or it can be used to determine how much material is needed. 
For example, a structure in Stillwater, Okla. contains 3 tons 

Moreover, software packages exist that can be easily config
ured to calculate the required coefficients. Design models and 
curves may be plotted visually (see, e.g., FIGS. 6-7) if so 
desired. Hence, devices capable of realizing the methods and 
systems of the present disclosure may be produced by one 
having ordinary skill in the art. 

TABLE 1 

Characterization of the normal and treated slag. 

Totalt Water soluble Crystalline 

Material pH Alkalinity Ca Mg s Fe Al Ca Mg s Fe Al mineralst 

Normal 10.9 766 256382 79043 6208 191776 32923 249 0.71 82 0 15 Portlandite, 
Calcite, Calcium 
silicate 

Treated 7.1 156 270023 72344 17771 152145 41100 5818 76 4654 0 2.5 Calcite, gypsum 

tDetermined by EPA3051 digestion method 

tDetermined by X-ray diffraction 

(2721 kg) of this particular steel slag, and the P input to it is 45 

20.5 mg P/kg/month. Based on our maximum P value 
obtained from equation 7, this structure will remove P for 6.3 
months. The total amount of P removed during that time can 
be estimated by inserting 129 mg/kg into equation 6 along 
with the determined b and m values; this yields 28.3 mg P 50 

removed/kg slag, or in other words, a cumulative removal of 
22% all P input over 6.3 months. This prediction was very 
close to the actual measured performance of the structure (25 
mg P removed/kg slag and 25% cumulative removal). 

Continuing with the same example, integration of the 55 

design curve equation produces FIG. 10. 
Using the information in FIG. 10 and assuming use of the 

same steel slag material, we determine the necessary size of a 
structure based on a target cumulative P removal. For 
example assume that our target cumulative P removal after 1 60 

year of service is 50%. Knowing that our P loading at our 
particular site is 167 g P/month, one can calculate that the 
necessary slag needed to remove 50% of 1 yr P delivery is 
22,266 kg of steel slag, or 24.5 tons. Please note that this 
calculation is assuming that the structure is designed to pos- 65 

sess a RT of 8.9 minutes. 

TABLE2 

Long-term phosphorus (P) removal performance of the materials tested 

on a pond. Actual P removal compared to predicted removal using 

flow-through equations (equation X) and Langmuir isotherm. 

Parameter Normal slag Treated slag 

Duration tested (days) 20 20 

P Input Range (mgL- 1) 0.11 to 0.60 0.16 to 0.52 

Flow weighted (mgL- 1) 0.38 0.34 

concentration 

Total P added (mgkg- 1) 172 149 

Mass material (kg) 454 454 

Retention time (min) 10 10 

Measured P removed (mgkg- 1) 59 54 

Flow-through predicted P (mgkg- 1) 88 62 

removed 

Langmuir isotherm (mgkg- 1) 316 15.9 

predicted P removed 
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TABLE3 

Properties of by-products used in the flow-through phosphorus sorption experiments. Average of three replicates. 

Water Water 
Total Total Total Total Oxalate Oxalate soluble soluble 
Ca Mg Al Fe Al Fe Ca Mg mt smax 

l Crystalline 
Material gkg-1 Eqkg-1 pH gkg-1 K§ minerals 

AMDRl~ 0.2 0.1 2.0 455 0.1 26 0.09 0.2 0 3.2 26 0.00035 Goetbite 
AMDR2 23 1.6 98 189 47 30 6.7 0.04 0.21 7.1 54 0.039 Hematite, 

Gypsum 
AMDR3 8.3 1.2 9.3 338 0.4 40 3.7 0.02 0.01 6.4 23 0.00053 Goetbite 
AMDR4 204 35 17 118 5.4 33 0.7 2.1 1.8 8.4 157 0.00009 Calcite 
Slag fines 272 90 37 155 0.9 4.4 0.6 .001 0.68 11.3 29 0.012 Portlandite 
Fly-ash! 151 26 87 42 27 8.6 1.1 0.008 0.64 11.4 21 0.012 Quartz 
Fly-ash2 153 28 65 37 29 10 1.0 0.009 0.94 11.4 27 0.0062 Quartz 
FGD#gypsum 209 1.5 0.8 1.8 0.06 0.6 6.5 0.04 0.03 8.1 45 0.00021 Gypsum 
Ca-WTRtt 286 19 14 7.2 5.2 1.0 0.8 2.2 0.93 8.9 29 0.0017 Calcite 
Al-WTRl 3.3 1.6 157 17 58 2.5 0.4 0.02 0.03 7.3 58 0.G18 Quartz 
Al-WTR2 19 1.9 81 15 37 2.1 2.2 0.03 0.06 7.3 30 0.G15 Quartz 
Excell 268 62 20 71 2.3 19 0.2 0.002 2.3 10.9 32 0.019 Tri-calcium 
Minerals magnesium 

orthosilicate 

tBuffer index; equivalents of acid kg-1 required to decrease pH to 6.0 

tPhosphorus sorption maximum as estimated by Langmuir model 

§Langmuir sorption coefficient 

ilAcid mine drainage residual 

ffflue gas desulfurization gypsum 

ttwater treatment residual 

TABLE4 

Model coefficients from equation 2a for predicting slope (m) oftbe design curve for 
each by-product as a function offlow-tbrough retention time and phosphorus (P) 

concentrations. Slo12e values are log transformed (log -slo12e). 

Overall 
Retention time P concentration Interce12t Model 

Material a p value 13 p value X p value p value 

AMDRlt 0.01838 0.0195 -0.01443 0.0034 -3.9627 <0.0001 0.0013 
(0.25)~ 

AMDR2 -0.01143 0.1087 -0.00315 0.4682 -4.2162 <0.0001 0.2118 
(0.06) 

AMDR3 0.05033 0.01 0.01646 0.1528 -4.37742 <0.0001 0.0051 
(0.23) 

AMDR4 0.04191 <0.0001 -0.02003 <.0.0001 -4.12699 <0.0001 <0.0001 
(0.52) 

Slag fines 0.00174 0.9243 -0.09297 0.0001 -3.24951 <0.0001 <0.0001 
(0.60) 

Fly-ash! 0.01703 0.3288 -0.02851 0.0122 -3.80047 <0.0001 0.0252 
(0.15) 

Fly-ash2 -0.0104 0.6741 -0.02546 0.087 -3.77582 <0.0001 0.2215 
(0.06) 

FGDlgypsum -0.07616 <0.0001 -0.05743 <0.0001 -1.1482 <0.0001 <0.0001 
(0.73) 

Ca-WTR§ 0.000208 0.9907 0.02585 0.0228 -4.24064 <0.0001 0.0722 
(0.11) 

Al-WTRl -0.00764 0.503 -0.01881 0.0107 -4.12499 <0.0001 0.0297 
(0.15) 

Al-WTR2 0.04167 0.0052 -0.01725 0.0549 -3.70686 <0.0001 0.004 
(0.21) 

Excell 0.04811 0.0133 -0.03181 0.0088 -4.48647 <0.0001 0.0021 
Minerals (0.23) 

t Acid mine drainage residual 

tFlue gas desulfurization gypsum 

§Water treatment residual 

ilR2 value 
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TABLES 

Model coefficients from equation 2b for predicting tbe Y intercept (b) of tbe design 
curve for each by-product as a function offlow-tbrough retention time and phosphorus (P) 

concentrations. Y intercept values are log transformed. 

Overall 
Retention time P concentration Interce12t Model 

Material Ii p value E p value µ 

AMDRlt 0.03045 <0.0001 -0.00974 0.0009 1.61596 

AMDR2 -0.00905 0.0599 0.01453 <0.0001 1.75964 

AMDR3 0.04451 <0.0001 0.01079 0.0409 1.04106 

AMDR4 0.04247 <0.0001 -0.01485 0.0025 1.36396 

Slag fines 0.00542 0.1795 0.00283 0.2556 1.96974 

Fly-ash! 0.00726 0.4187 -0.01478 0.0119 1.96512 

Fly-ash2 -0.01149 0.231 -0.00502 0.3752 2.00253 

FGDlgypsum -0.02957 0.0001 -0.00028579 0.941 2.13484 

Ca-WTR§ -0.01832 <0.0001 0.00086459 0.7394 1.87339 

Al-WTRl -0.00314 0.6561 -0.00644 0.1479 1.4957 

Al-WTR2 0.03853 <0.0001 0.01352 0.0024 1.1708 

Excell Minerals 0.0009471 0.8948 -0.00254 0.569 1.82605 

t Acid mine drainage residual 

tflue gas desulfurization gypsum 

§Water treatment residual 

~
2 value 

TABLE6 

By-product properties found to be most influential on the design curve 
model coefficients (equations 2a and 2b) listed in Tables 2 and 3 as 

determined by the SAS "stepwise" procedure. 

Variable Coefficient 

Water soluble Ca -9.4E-06 
Oxalate Fe 1.4E-06 

Total Mg -6.86E-07 
Water soluble Mg 1.74E-05 

Oxalate Fe -4.27E-05 
Oxalate Al -1.92E-05 

Oxalate Fe 1.00E-06 

Water soluble Ca 2.48E-06 

Bit 1.15 
Water soluble Mg -6.42E-04 

Partial R2 

a 

0.29 
0.33 

13 

0.4 
0.21 

X 

0.31 
0.19 

Ii 

0.33 
E 

0.34 
µ 

0.48 
0.25 

Model R2 

0.29 
0.62 

0.40 
0.61 

0.55 
0.64 

0.33 

0.34 

0.48 
0.73 

tBuffer index; equivalents of acid kg-1 required to decrease pH to 6.0 
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What is claimed is: 
1. A method of constructing a phosphorous adsorbing 

structure comprising: 
creating a design model that indicates a percentage of 

phosphorous removed from a water supply per an 
amount of a predetermined adsorbent exposed to the 
water supply based upon an original concentration of 
phosphorous in the water supply and a retention time of 
water in the adsorbing structure; 

selecting a percentage value from the design model for a 
target amount of phosphorous to be removed from the 
water supply; and 

constructing a cell containing an amount of the predeter
mined adsorbent as required by the design model and 
having the required retention time. 

2. The method of claim 1, further comprising creating the 
design model based upon a plurality of experimentally 
derived data points indicating percentages of phosphorous 
removed per quantity of exposed adsorbent at a plurality of 
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phosphorous adsorbed, x is the phosphorous added to the 
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L\be-=)dx 
Cwnulat1ve P removed(%)= ~ 0 

--
x 

5. The method of claim 4, further comprising determining 
a maximum phosphorous adsorbed by the structure using the 
relationship 

lnb 
Maximum P added = - . 

-m 
Shilton,A. N., I. Elmetri,A. Drizo, S. Pratt, R. G. Haverkamp, 60 

and S. C. Bilby. 2006. Phosphorus removal by an "active" 
slag filter-a decade of full scale experience. Water Res. 
40:113-118 6. The method of claim 2, wherein m and bare determined 

experimentally from linear regression of the plurality of 
65 experimentally derived data points. 
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7. The method of claim 1, wherein: 
the adsorbent is Ca based; 



US 8,754,004 B2 
29 

the design model is based upon the equation P=bemx, with 
P being discrete phosphorous removed, and x being 
phosphorous added to the adsorbent; 

mis determined based on the equation: log(-m)=(aRT)+ 
(~P)+x; 

b is determined based on the equation: log(b )=(oRT)+ 
(EP)+µ; 

a=0.009113*PS; 
~=-(0.00000021 *Total Ca)+(0.02209*BI)+ 

(0.01536*PS)-0.04258; 
x=-0.3795*LN(BI)-3.946; 
o=(-0.00806*µ)+(0.00775*PS)+0.02133; 
E=the lesser ofzero and (0.0191 *pH)-0.1678; 
µ=(0.79079*BI)+ 1.51358 
with PS=byproduct mean particle size, BI =acid equivalent 

to decrease pH to about 6.0. 
8. A method of rejuvenating a contaminant phosphorous 

adsorber comprising: 
retaining the contaminant phosphorous adsorber in a cell; 

and 

10 

30 
precipitating amorphous Al hydroxide minerals on the sur

face of the phosphorous adsorber. 
9. The method of claim 8, wherein the phosphorous 

adsorber is a slag material. 
10. The method of claim 8, wherein the phosphorous 

adsorber is a steel slag. 
11. The method of claim 8, wherein the phosphorous 

adsorber is an industrial byproduct. 
12. The method of claim 8, further comprising plugging the 

cell to prevent draining prior to precipitating amorphous Al 
hydroxide minerals on the surface of the phosphorous 
adsorber. 

13. The method of claim 8, further comprising leaving the 
Al hydroxide minerals on the surface of the phosphorous 

15 adsorber for about 48 hours. 
14. The method of claim 8, wherein precipitating amor

phous Al hydroxide minerals on the surface of the phospho
rous adsorber further comprises precipitating aluminum sul
fate solution (Al2 [SO4 h-12H2 O) onto the adsorber. 

* * * * * 
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8. The method of claim 1, wherein: 
the byproduct is Al and Fe based; 
the design model is based upon the equation P = bemx, with P being discrete phosphorous 

removed, and x being phosphorous added to the adsorbent; 
mis determined based on the equation: log (-m) =(a.RT)+ (/JP)+ x; 
bis determined based on the equation: log (b) = (l5RT) + (cP) + µ; 

a= (-0.000000733259*Feox+Alox)+(0.00825*PS) +0.03981; 
~ = (0.00000073793* Feox+Alox)-0.04844; 
x = (-0.00002078* Feox+Alox)-3.00342; 
8 = (-0.000000974652* Feox+Alox)+0.06874; 

c: = (0.000000564354* Feox+Alox)-0.0269; 
µ = (0.0000005159108*Effective Al+Fe)+ 1.30197; and 
Effective Al+Fe is Total Al+Fe divided by PS; 
with PS= byproduct mean particle size, Feox = oxalate extractable Fe of the byproduct, and 

Alox = oxalate extractable Al of the byproduct. 
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