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ABSTRACT

THE REMOVAL OF PHOSPHORUS FROM DOVESTI C SEWAGE
Law ence P. Curlea
Mast er of Science
Youngstown State University, 1985

Thi s investigation was concerned with the renoval of
phosphorus to the level of 1.0 mg/L total phosphorus, which
Is the Federally nandated | evel. Eval uations were performed
using alumnum sulfate, iron(III) chloride, iron(II)
chloride, and zirconium sul fate, and combinations thereof,
to reach the desired |evel. Secondly, an anionic
pol yel ectrolyte (polyner) was added to each netallic ion
systemto increase the total phosphorus renoval rate.

Various concentrations for each netallic ion system
were used in order to determned the best concentration for
phosphorus renoval that would not overdose the system
Zirconiumsul fate, iron(I1r) chloride, alumnumsul fate, and
iron(1I) chloride, in descending order of effectiveness,
renoved the nost total phosphorus using the |east anmount of
chem cal s. B

Next, various concentrations of Nal co 7766 (Pol yner)
were added to each netallic ion separately, while the

concentration of the ion was kept constant.



Results indicated that the addition of this polyner
increased the total phosphorus renoved and dranmatically
|owered the zirconium iron(III), alum num and iron(II)

ions required for phosphorus renoval.
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CHAPTER |

I NTRCDUCTI ON

Sour ces of Phosphor us

Donestic wastewater normally has a substantial
concentration of phosphorus wth the primary source being
man's daily activities in the home. Human wastes such as
urine, feces, and waste food disposal account for
approximately 30 to 50 % of the phosphorus in donestic
wastewater.l Laundry detergents containing phosphate
bi nders, such as sodi um tri pol yphosphate (STPP), can account
for the remai nder of phosphorus, or about 50 to 70 % (Table

1).
TABLE 1
DETERGENT PHOSPHATE SOURCES

O t hophosphat es:

Tri sodi um phosphat e NagPO4
D sodi um phosphat e NaoHPOy
Monosodi um phosphat e NaHoPOy4

Pol yphosphat es:
Sodi um tri pol yphosphat e NagP3010

Sodi um di pol yphosphat e NayP20s5

G her sources of phosphorus nay cause deviation from these

per cent ages.



For exanple, sodium hexanet aphosphate or other phosphorus
conpounds are used for corrosion and scale control in water
supply systens. This source can account for 2 to 20 % of
the total phosphorus found in wastewater.

The quantity of phosphorus resulting from human
excretions ranges fromo0.5 to 2.3 Ib. per capita per year.2
The annual contribution of phosphorus from synthetic
detergents wi th phosphate binders is estinated to be about
2.3 |b. per capita, at present. Exclusive of industrial
wast es and ot her phosphorus sources, the domestic phosphorus
contribution to wastewater is approximately 3.5 Ib. per

capita per year.

Ecol ogi cal signifi cance

Eutrophication is a natural geological process
Involving a body of water such as a |ake or river, where
organic life develops and nmultiplies over the years. Wth
time, fish, bacteria, algae, and various aquatic plants
appear and flourish. The I ake bottom collects the_remants
of organic life and other sedinent builds up. As the |ake
bottom becones nore shallow, there is a corresponding
character change in the nmarine life and the aquatic plants.
Eventual | y, the | ake becones so shallow that it can becone a
mar shl and or swanp. Finally, the | ake may becone dry |and,
Normal ly this process takes thousands of years for a |arge

body of water.



The present concern is that with the inflow of excess rich
nutrients (phosphorus) eutrophication is rapidly

accel er at ed.

Factors Limti ng Eutrophication

One of the best i ndi cators  of advanced
eutrophication is the presence of a great deal of algae.
Algae are mcroorganisns which live suspended and
free-floating in water. The nost conmon species are called
bl ue-green al gae and about 2500 speci es of bl ue-green al gae
are known to exist. Al plant and aninal cells contain 3 to
10 % phosphorus in both organic and inorganic forns.
However, phosphorus is not the only critical elenment needed
for grow h. The ratios of these elenments are shown in

. 3
Fi gure 1.

The sizes of the circles representing the elements
show the relative anmounts of the various elenments needed.
The ratio of the nunber of atons of carbon to nitrogen to
phosphorus needed is approximately 106:16:1. Most natural
waters contain all of these elenents to sone extent. If a
| ake contains a | ow anount of phosphorus as phosphate, al gae
will no longer grow when all of the phosphate is consuned,
regardless of the anounts of other nutrients present.
Phosphorus is the imting elenment for algal growh in this

case. The sane can be true for other essential elenents.
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The element which is present in the amount that is depleted
first by the growing algae is the limting elenment in that
particul ar | ake.

Table 2 considers sonme of these elenents from a
treat nent standpoint. Oxygen, sul fur, hydrogen, carbon, and
nitrogen at a point in the treatnment sequence, either in an
aerobi c or anaerobic environment, can go through oxidation
and reduction to a gaseous product. These elenents are then
lost to the atnosphere. Phosphorus conpounds enter a
treatnent plant in their highest oxidized form and cycle
between organic and inorganic phosphorus conpounds. No
common bi ol ogi cal systens reduce phosphate. Phosphorus is
conserved in the system Once in an environmental system
phosphorus wll cycle endlessly unless it is conpletely
separated from the system by physical isolation, conplete
insolubility, or wash-out by dilution. 1In this context, to
fully evaluate the environnental influence of phosphorus, an
effort nust be made to neasure all t he phosphorus
contributing to the situation. Because of this cyclica
pattern only a total phosphorus analytical procedure can

i ndi cate the reservoir of phosphorus avail abl e.



TABLE 2.ELEMENTS AND BIOLOGICAL TREATMENT

BIOLOGICAL RESULT OF TREATMENT
ELEMENT REACTION NET LOSS
OX YGEN COp  CHy
CARBON OXIDATION

AND/OR
HYDROGEN REDUCTION Hy H,0
NITROGEN N2
SULFUR H, S

NO LOSS
' NO OXIDATION ORGANIC PHOSPHORUS

PHOSPHORUS

NO REDUCTION
INORGANIC PHOSPHORUS



Di stri buti on of Phosphorus i n Sewage

Three major classifications of phosphorus are
present in untreated nunicipal wastewater, and are shown in
Figure 2.4 The relative anobunts shown are based on
extensive |aboratory testing of over thirty different
wastes and are average val ues encountered. It can be seen
that approxi mately one-third of phosphorus is in the soluble
poly form and one-third in the suspended form

Suspended phosphorus originates from human waste,
food scraps, and i nsoluble inorganic nmaterials.
Pol yphosphorus consi sts mai nly  of pyr o- and
tri pol yphosphates which are builders used in detergent
fornmul ati ons. Ot hophosphate is derived directly from
sinple inorganic salts or indirectly as a degradatipn
product of organi c phosphorus conmpounds or sol ubl e condensed
phosphat es. Pol y- and suspended phosphorus can also be

degraded by bi ol ogi cal nmeans or chem cal hydrolysis into the

orthophosphate form (Tabl e 3).
TABLE 3

TYPES CF PHOSPHATE | N SEWAGE
Phosphate in solids:
Human wastes and food di sposal. All cells-
contain from3 to 10 % phosphat e.
Pol yphosphat e: Det ergent bi nders

Ot hophosphate: Mai nly degradati on products
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Significance of Chemi cal Coagulation

Laboratory studi es of chem cal coagul ati on are often
required to determne the best chemcal or combination of
chemcals and quantities needed to acconplish a desired
objective in water, sewage, and industrial waste treatnent.
The results obtained can serve as a basis of design and
operation of treatnent facilities.

The initial in-plant operation of the coagulation
process is a rapid mx in which chemcals are added and
distributed throughout the waste. The next stage consists
of flocculation, a slow mx used for the purpose of
pronoting collisions between destabilized particles
resulting in the formation of highly settling aggregates.
The final operation in the process consists of separation of
the destabilized aggregates from the suspending liguid by

sedi ment ati on as shown in Figure 3.°

St at enent of Probl em

The <control of phosphorus in wastewater effluents
centers around three major approaches. The bioclogical
approach operates on the principle that because phosphorus
is such a key element in netabolism organisns can be
induced to take up nore than their normal share of
phosphorus. The inducenents are in the formof the control
of aeration rates, dissolved oxygen, food/microorganism
rati os, residence or retention tines of the active sludge in

the various unit processes.
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The chemical approach carries out chemical
operation on the effluent from a biological proccess or any
of the input streams to the treatmen® plant. The ohjective
here is tc form a separable sludge containing slightly
soluble phosphorus tonmpounds, Because of the ciaricsing and
adscrptive capacities of the conpounds used in this methed,.
highly efficient biological treatnent is no? of great
I mpor t ance.

The third approach conbines both the biological and
chem cal control nethods. Materials that form =slightly
soluble phosphorus cempounds are introduced directly to the
active mcroorganisns of the mxed liquor. Additivess such
as aluminum salts cause no interference in the biclogical
activity, and the mixing and detention tines prcvided an ghe
aeration t ank automatically allow for the stficient
formation of precipitates. There is no increase in —the
volume of sludge produced because the chemizal additive
i nproves the settling characteristics of the mxed liguor.
Overall, the chemcal process stabilized the Biological
process.

The O ean water Act of 1972 placed restrictions on
poi nt source phosphorus discharges tc a nmaxi mum of 1.0 mg/L
total phosphorus for nost receiving waters. At presant the
City of Youngstown WAstewater Treatnent Plant dcegn't have
to meet this criterion te discharge intc the Mahoning River.
This investigaticn concentrates on the chemical approach to

phospho-us removal. 1In thig study, various nmetaldi: salig



are independently conpared. Secondly, these are conpared
with the addition of an anionic organic polymer to each in
an attenpt to reduce the total phosphorus concentration of
the City of Youngstown's wastewater to |less than 1.0 mg/L as

Federal | y mandat ed.



CHAPTER 11

H STCRI CAL REVI EW

A um as a Coagul ant

Alum (al um num sul fate), the coagul ant nost w dely
used today, has an ancient background, being known to the
early Egyptians of 2000 B.C. Its use, however, as a
coagulant was first mentioned by Pliny (77 A D.), who
described the use of both line (Chal k of Rhodes) and al um
(Argilla of Italy) as wuseful for rendering bitter water
pot abl e.

Its use in large industrial plants seens to have
begun in the early part of the nineteenth century. The
earliest use of coagulation for the treatnent of munici pal
wat er supplies occurred at Bolton, England, in 1881. )

In the years 1895 to 1897 at Louisville, Kentucky,
George Warren Fuller and his associates conducted a series
of inportant- experinents on turbid Chio Rver water-in which
a series of coagulants was tried: alumor basic sulfate of
al um na, potash alum and line. @ these alum was found
nost suitabl e.

By 1934, wastewater treatnment: plants in 34
U S. cities were using chem cal coagul ation and
precipitation. Chemcal use in wastewater declined in this
country during Wrld War 1I, and for sone years thereafter,

because of varying costs and Ilimted availability of



chemcals. Wth higher sol ubl e organi c renoval requirenents
for secondary wastewater treatnent, biological treatnent
gained favor, since chemcals were of limted use in the
renoval of sol uble organics. Research over the past ten
years in the area of physical-chem cal treatnent processes
and w despread recognition of the need for nutrient
(phosphorus) renoval from effluents have resulted in a
resurgence in the use of chemcals in wastewater treatnent.
Today. numerous treatnent plants are being designed and
operated using chemcal for nutrient renoval, as well as
sludge conditioning, and as an aid to the sedinentation

process.
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CHAPTER IIIX

PRESENT METHODS CF PHOSPHORUS ANALYSI S

| nducti vely Coupled Plasma - | CP

A nunber of publications have denonstrated that |CP
anal ysis gives accurate results for a variety of 'sanples,
but there are few reports that describe applications where
the 1CP has been used as a tool for the evaluation of an
envi ronnent al probl emsuch as eutrophication. 6

Wast ewat er sanpl es deserve special attention, even
though their analysis is apparently sinple. One reason is
that, depending upon the source, wastewater sanples wl
have varying degrees of suspended solids. Sanples to be
analyzed on the ICP require filtration through a 0.45u
mllipore filter. In the event that filtration is onitted
del i berately or unknow ngly, such suspended particul ates are
i ncorporated into the plasma, dissociated, and excited in
the i ntenseheat source. Solids in the I CP nebulizer can be
a problem because the nebulizer is easily clogged by
excessi ve anounts of undi ssol ved solids such as those found

I n wast ewat er sanpl es.

Col orinetri c Met hods

Phosphorus anal yses enconpass two general
procedural steps (1). conversion of the phosphorus form of

I nterest to dissol ved orthophosphate, and (2). <colorinetric



determ nati on of dissol ved orthophosphat e.

Because phosphorus may occur in conbination wth
organic matter, a digestion method to determne total
phosphorus  rnust be able to oxidize organic nmatter
effectively to rel ease phosphorus as orthophosphate. Three
di gestion nethods are commonly used. The perchloric acid
nmet hod, the nost drastic and tinme consum ng, i s recomended
only for difficult sanples such as sedinents. The nitric
acid - sulfuric acid nmethod is reconmrended for nost sanpl es,
and the sinplest nethod is the persulfate oxidation
t echni que.

Three colorinetric nethods of orthophosphate
determnation are available for |use. Selection wll
depend on the concentration and range of orthophosphate.
The vanadonol ybdic acid nethod is nost useful for routine
analysis in the range of 1 to 20 ng P/L. The stannous
chloride nethod or the ascorbic acid nethod is nore suited
for the range of 0.01 to 6 ng P/L.

For the purposes of this thesis, aI_I’ t ot al
phosphorus anal ysis were conducted by approved analytical
met hods cited in regulations contained in Title 40 of the
Code of Federal Regulations (C.F.R, July 1, 1980),
primarily Part 136 (the NPDES regul ati ons approving water

met hods) and Part 141 (the safe drinking water

regul ati ons).



At this time, the only EPA approved test procedure for
total phosphorus is the persulfate digestion method foll owed
by manual or automated ascorbic acid reduction. The results
acquired from these nethods were periodically checked by
performng an |ICP determnation of phosphorus on the

previ ousl y- anal yzed sanpl es.



CHAPTER |V

THEORY OF PHOSPHORUS REMOVAL

Coagulation

I n wast ewat er term nol ogy, coagul ation refers to the
addition of chemcals to a wastewater influent to conbine
snmal | dispersed particles into | arger aggl onerates whi ch may
be renoved by sone other nmethod such as filtration, air
flotation, or sedinentation. Most coagul ati on operations
are intended to lower the soluble phosphate level in
wastewater by precipitation, but additional benefits are
often obtained by lowering the l|evel of suspended solids

found in wastewater which al so contai n phosphat es.

Properties of Suspended Particles -

The sizes of the various conponents which are
i nvol ved i n coagul ati on can vary by many orders of magnitude
as seen in Table 4.7 Analysis of the total solids in
wast ewat er woul d include all sizes, fromindividual ions up
to visible particles, all giving wastewater its turbidity.
The soluble fraction usually has a size < 102 while the
colloidal particals can |ie between 10 - 10,0008 in dianeter
with the suspended solids being between the soluble and

settl eabl e size (10 - 1,000,000R).



TABLE 4

DI STANCES | NVOLVED | N COAGULATI ON

Col | oi dal Syst ens:

Col or bodi es 50-10004
I nert bodi es 1000-30, 0004
Emul si ons 2000-100,0004
Bacteri a 5000-100, 0004
Al gae 50,000~8, 000, 0004
Cat i ons: 1-21%
Pol yel ectrol yt es: 250,000-40,000,0004
El ectrical Doubl e Layer: 5-1004
Wt er : 43

The stability of the colloids to remain suspended in water
is related to the electrical charges carried by the
I ndi vidual particles causing their nutual repulsion. In
nost wastewater situations, the charge on _prganic,
i norganic, and biocolloids is negative when suspended in
water and is possibly caused by lattice inperfections,
I oni zabl e groups (am no, carboxyl, and hydroxyl), or ionic
materi al s adsorbed fromthe water. The destabilizationof a
suspension by chemcal treatnent is directed toward neutral:

lzation or reducing the electrical charge so that nutual
repulsion is reduced and the particles wll approach each

ot her cl ose enough to aggl oner at e.



The negatively charged colloid attracts a group of positive
ions due to electrostatic forces. These positive ions are
considered to be grouped into two broad |ayers: an inner
| ayer, including adsorbed ions, and a diffuse |ayer, where
the ions are randomy distributed due to electrical forces
and fluid notion. Stern8 proposed a nodel as shown in
Figure 4.° about the thickness of a hydrated ion radius
fromthe surface. Adsorbed ions are attached to the surface
by electrostatic or van der Waals forces. Wthin the second
diffuse layer is a shear plane which represents the limt to
whi ch counter ions can be swept from the surface by fluid
not i on. The ions within the shear plane nove with the
particle and those outside of it nove independently of the
particle and are subject to fluid and therrmal notions.

El ectrokinetic potentials are related to the mohile
part of the particle. The electrical potential difference
can be found between the surface of the shear plane and the
bulk of the solution. This can be neasured and is called
the Zeta Potential (ZP). In the ZP neasurenent procedure, a
sanple of wastewater is placed in a cell under a
m croscope. Wien a voltage is applied to the el ectrodes at
each end of the cell, the charged particles will nove to the
el ectrode having the opposite polarity. The velocity of the
particle notion is neasured and related by calibration to

the charge on the particle at the shear pl ane.
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The ZP Iis used as & gualitative tool to predict  the
potential for coagulation. In natural waier sysitems,
colloidal suspensions are commonly found to pussess ZPs of
20 to 30 mV and are negatively charged. In zontrasit, sone
wastewaters are found to nave negative ZPs on the order of
4C or &G mV. In order to achieve coagulation i most
wastewater systems, the ZP must be reduced in value to less

than 5 mv.1®

The total potential energy between the colloidal
particles is proportional to the saum of an attractive force
and a repulsive force (Figure 5).11 The atiractive force is
due to the London--van der Waals forces caussd by dipoles se.
up between the nucleus and its surrounding electron: . ‘These
attractive forces drop with the distance proportional to i/z
{z sthickness of double-layer, ocm}. The repulsive forces are
caused by coulombic repul sion of the charged particles_énd
drop off with distance proportional to e -2 {e=dielectric
constant) . The total potential energy required for
separation -of the colloids 3is characterized by -a maximus
potential energy which functions as an activation ensrgy.
If the maximum potential energy is much larger than the
thermal energy, few colloidal particles will have encugh
energy to cross the potential barvier and no coagulation
will occcur. It is the purpose of coagulation chemicals to
lower the energy barrier sc that coll idal particles can
approach each other close enough +tc alicw the attractive

forces to dominate.
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Destabi |l i zati on Mechani sns

In order to get suspended particles to cluster into
a large mass, the electrostatic repulsive forces nust be
overcome or suppressed. In wastewater termnology, this
procedure is known as destabilization and nay invol ve any of
the follow ng nechanisns: reduction of the surface charge
by repression of the doubl e-charge | ayer, charge neutraliza-
tion by adsorption of ~counter-ions, bridging between
particles by polyners, entrapnent by formation of a sweeping

floc.
Doubl e- Layer Repression

The atnosphere of counter-ions in the wastewater
surrounding the particle and the surface charges on it are
known as the electrical double-layer. The distribution Bf
counter-ions in the diffuse layer (Figure 4) functions in
the sane nmanner as the Debye-Huckel ionic theory predicts
for strong electrolytes. The thickness of the double |ayer
Is arbitrarily taken as the distance from the surface at
whi ch the potential falls to 37 % of its surface val ue.

As ions are added to the wastewater, increasing the
lonic strength, the repulsive forces are dissipated over
shorter distances shifting the repul sive curve (Figure 5) to
the left. For water and nonovalent electrolytes, the
thi ckness of the double-layer is approximtely 108 at 0.1

mol ar and 1008 for a 0.001 nolar sol ution.
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Some salt concentratien may eventually be reached where the
“hickness Of the double-layer is =mall enough to allow - an
der Waal s forces to cause clumping. In the double-lz ror
repression theory, the quantity of colleidal charges is not
significantly reduced, but just the extent to which the
charge extends from the surface, Since the ionic strength
depends upon the square of the ionic charge the
concentration of salts to achieve destabilization by charae

di ssi pation decreases as the cation changes from Na® to ca<!

to a1 to zx4t,
Charge Neutralization

This theory invelves the attachnent of the destab-
ilizing chemical containing oppositely-charged lons to -“Ihe
suspended particle within the Stern layer such that the
effective charge outside of the shear plane is reduced. - in
contrast tc the double-layer repression, which alters +ne
charge distribution wthin the ditffuse |layer, charye
neutralization acts primarily within the mano-layer arcund
the colloidal particle. Charge neutralization can result in
charge reversal when excesses Of a coagulant are added to

wast ewat er .
Bridging

There has been a »apid increase in the use of
organic polyner:; as destabilizing agents in the treatmeni of

wast ewat er . Pclymers contain many active sites along the



chain where colloids can interact and beconme adsorbed.
Under ideal conditions, suspended particles becone attached
to several sites along the polyner chain. A though the
attractive adsorptive force between the colloid and organic
polynmer may be the same as in charge neutralization,
destabilization results primarily by the slowing of the
particle notion due to the bridges forned between the
colloid particles. However, restabilization can occur when
pol yel ectrol ytes (polyners) are added in excess, because
each suspended particle has its own organic polyner
nol ecule, with few sharing a polynmer chain and formng a
bridge. Since the colloids retain nost of their original
charge after they are attached to the polyner,

restabilization occurs due to coul onbi c repul sion.

Ent r apnment

If massive anmounts of coagulants are added to the
wast ewater, they will form various hydrous polyners which
will precipitate fromsolution. As these |arge,

t hree-di nensional polyners form the solids are trapped
within the floc. The solids remain trapped within the
settling floc and appear to be swept from the wastewater.
D sadvantages to this procedure are the large anounts of
netal | i c sludges which are produced. These netallic sl udges
are extremely difficult to dewater and are difficult to

i nci ner at e.



Fl occul ati on

Sormreti nes flocculation and coagulation are used
I nt erchangeably, although a distinction should be nade.
Ceneral |y speaking, coagulation refers to the process of
destabilization of colloidal particles by the addition of
sone material to the wastewater. Flocculation refers to the
collision and aggregation of the destabilized solids into
| arge flocs. Flocculation only describes the steps
involving collision frequency and hydrodynamcs of floc
formation after the particles have been destabili zed.

The coagul ation-flocculation process IS shown

6.2 The coagul ant is added to the

gqualitatively in Figure
wastewater influent with rapid mxing and high turbul ence.
This is initially involved in destabilizing the particles
and in precipitate formation of the dissolved phosphorus.
The rapid mxing continues to pronote the initial
flocculation by collision of the primary particlq§. Once
these particles have conbined together to give |larger
aggregates to grow into a sufficiently large size that
permts rapid renoval by sedinentation, dissolved air
floatation, or filtration. The flocculation process
i nvol ves both a rapid mxing step that all ows di spersion and
initial aggregation of the particles and precipitates, and a

sl ow m xi ng step where the aggregates can grow w t hout high

shear forces which can break up the flocs.
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Fl occul ati on Mbdel

Fl occul ation tanks are intended to pronote contact
bet ween suspended particles. These collisions can occur
ei ther by random Browni an notion or by the forced collision
of the colloidal particles due to the velocity gradi ents set
up in fluid mxing. The latter nethod, known as
orthokinetic floccul ation, is the dom nant nmechani smused in
wastewater to pronote particle contact in the rapid mxing
tanks. 0'Melia’3 has derived a first-order nodel for batch
flocculation treatnent involving a collision frequency
factor, n, the volune of colloidal particles per unit vol une
of suspension, °, and a nean velocity gradient, Vg. |If Np'
is the nunber of separate particles initially, then the
nunber of separate particles remaining, Np, after tine t

becones

Ln{Np/Np'] = -4/-n"Vgt. (1)
The nean vel ocity gradi ent given by Canp and steinl? is
Vg = [P/Vu]l/2, (2)

where P is the power input to the fluid in the tank, Vis
the liquid volune in the tank, and u is the viscosity of the

wast ewat er . B
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The slow mxing step is usually done wth paddle
type mxers for up to 60 mnutes to allowthe small flocs to
conbine into larger ones. Fiedler and Willus!® have nodel ed
this process with a second-order expression containing a

delay tinme (detentiontine) to give
1/Np - 1/Np' = Kf(t-tO)U(t-td), (3)

where Kf is an enpirical rate constant, Uis a step function
(u=0 for t<td and W=l for t>td), and td is the delay tine.
The delay tinme is inversely proportional to the initial
coll oidal concentration, Np', and nust be experinmentally
determned for any wastewater. The rate constant K is
usually independent of colloid <concentration, but is
I nfluenced by both the tine of mxing and the speed of the
paddl e type m xer.

The latter equation inplies that in domestic
wastewater treatnent practice, wth hydraulic detention
times, td, generally in the range betwen 0.5 and 2.0
mnutes, caution nust be exercised to prevent either
underm xi ng or overm Xxi ng. Undermxing will result in
I nadequat e di spersal of coagulants causing uneven dosi ng.
Overmxing nmay result in the rupture of wastewater solids
already present in the water or cause excessive di spersal or

break-up of newl y-formed flocs. -



Application to Phosphorus Renoval

For the purposes of this investigation, the type of
coagul ant and its opti mum concentrati on was eval uated in the
| aboratory using jars containing various doses of
coagulants. The coagul ants were tested in parallel using a
vari abl e speed, paddle type, gang stirrer. The efficiency
of the coagulant (alum num sulfate, iron(III) chloride,
iron(II) chloride, and zirconium sulfate), with regard to
phosphorus renoval, was determned by neasuring the total
phosphorus before and after the addition of coagulant {with

m xi ng) for each coagul ant used.
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The principal reaction 1S that Of ammonium molybdate
and potassium antimonyl tartrate reacted in an acid medium
with orthophosphate to {orm a heteropoly acid
phosphomolybdic acid. This is reduced to @ » lybdenum bl ue
color by ascorbic acid.

Interferences to the reaction are arsenates which
react with the molybdate reagent to produce a blue color:
similar to that formed with orthophosphate Concentrations
as l ow as 0.1 mg arsenate/L interfere with the
orthophosphate anal ysis. Hexavalent chromium and nitrire
interfere to give results about 3 % |ow at concentrations of

1 mg/L and 10 to 15 % low at 10 mg/L.
Pr ocedure

To 50 miL of previously digested sampl 5.0 mbL of
combi ned reagent {50 mi of 5 N sulfuric acid, 8 mL potassium
antimonyl tartrate, 15 mlL ammonium molybdate, _and 30 mb
ascorbic acid) is added and mixed thoroughly. After 10
m nutes, but in no longer than 30 minutes, the absorbance of
the sanple is nmeasured at 880 nm. The total gphosphorus is
calculated from an individually-prepared calibration curve
from a series of six standards with total phosphorus ranges
of 0.50 ml/L to 5.0 mg/I. Absorbances vs. toetal phosphorus

iz then plotted in accordance to Beer's Law
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Jar Test Met hod

In wastewater treatnment, there are so nany different
process net hods for using coagul ati on and sedi nentati on t hat
it is inpossible to wite a single standard procedure that
will fit all possible applications. For this investigation,
a standardi zed, recommended procedure for jar testing of
water is used as a guideline as presented in the 1974 Annual

Book  of ASTM _Standards (Part 31, titled "Standard

Recommended Practice for Coagul ation-Fl occulation Jar
Testing of Water" (Designation: D2035-74)). 17 Si nce
wastewater treatnent requires a special enphasis on
paranet ers such as sl udge vol une, sludge age, and vari ati ons
in hydraulic and solids |oadings to the system a slightly

nodi fied procedure is used for this investigation.
Procedure

A series of six 1-liter beakers is used, each
containing 500 mL of sanple (raw domestic sewage). The
desired anmount of netallic cation is added to each sanple
(ranging from 20 mg/L to 129 mg/L cation) while stirring the
sanples vigorously. One mnute after cation addition the
ani oni c polyelectrolyte is added. This flash mxing is done
at 100 rpm and lasts for two mnutes. The sanples ar e
flocculated for 25 mnutes while being mxed gently at a
paddl e speed of 45 rpm The six sanples are allowed to

settle for a period of 25 m nut es.



At the end of the 25-mnute settling period, 20 mL of the
clarified wastewater is drawn off with a glass hypodermc
syringe and analyzed for total phosphorus by the method
i ndi cated previously. Total suspended solids and pH are
al so determ ned on each sanpl e by approved EPA et hods. 18

During the jar test procedure, flocculation and
sedi nentation are reported on a subjective scale of relative
floc size and relative rates of floc settling. The floc
sizes are VS = very small, S =small, M= nedium L = |arge,
and VL = very large. The floc settling rates are P = poor,

F =fair, G = good, and E = excel |l ent.

Summary of Met hods

In this investigation, alumnum sulfate, iron(II)
chloride, iron(III) chloride, and zirconium sulfate are
conpared separately in various concentrations to determ ne
which netallic cation renoves phosphorus nost effectively.
Secondly, a carboxyl-containing anionic polyelectrolyte is
used in conjunction with the opti num concentration of each
nmetallic cation to aid in floc formation and to possibly

| ower the optimumnetal lic ani on concentrati on.
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CHAPTER VI
MATERI ALS & APPARATUS
Material s

The grade, formula, and manufacturer of the various
reagents used are given in Table 5. The pH neter is
standardi zed using Sargent-Wlch standard buffer solutions
in accordance with the meter nmanufacturer's two-buffer

st andar di zati on r ecommendat i on.
Apparatus
Spect r ophot onet er

Al absorption readings are taken on a Pye Unicam
Uv/VIs singl e beam spectrophot oneter PU8600 series. Cuvets

used are 10 mmsilica and are a nmatched set.
Six Paddl e Stirrer

M xing is acconplished using a Phipps and Bird gang
stirrer with flat paddles capable of mxing up to six
sanpl es sinul taneously over a range of 10 to 100 rpm using a
vari abl e speed notor. A fluorescent |anp nounted bel ow a
translucent plastic is used as a base to provide diffused
light through the floc sanples (Figure 7, fluorescent base

not shown).19



TABLE 5

LI ST OF REACENTS
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. Material/Formula G ade Manuf act ur er
Sul furic Acid/H,s0, Anal yzed Baker
Ammoni um Persulfate/ Anal yti cal Mallinckrodt
(NH,),8,0g
Sodi um Hydroxide/NaOH Reagent R cca
Phenol pht hal ei n I ndi cat or/ Certified Fi sher
C20H1404 Scientific
Pot assi um Anti nony1l Certified Fi sher
Tartrate/K(Sb0)C, 1,0 4H,0 Scientific
Ammoni um Molybdate/ Certified Fi sher
(NH, ) gMo,0,,"4H,0 Scientific
L-(+)-Ascorbic Acid/C_H 0, Reagent Eastman Kodak
Pot assi um Di hydr ogen Certified Fi sher -
Phosphate/KH2p04 Scientific
Ferric Chloride/FeCl, Purified Fi sher
Scientific
Al um num Sul f at e/ Anal yzed Baker
A12(804)3 18H20 -
Ferrous Chl ori de/ Anal yzed Baker
FeC1l,_'4H_0
2 2
Zi rconi um Sul f at e/ Labor at ory Al - Don
2r(80,), "4H,0 Chem cal s
Li qui d Anionic Flocculant/ Practi cal Nal co

Unknown



Figure 7 - Six Paddle Stirrer
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M scel | aneous Appar at us

A Mettler EA 163 anal ytical balance is used for al
suspended solids determnations and to weigh out reagents.

An Oion 407L pH nmeter is used for all pH nmeasurenents.
Nal co 7766 Fl occul ant

Nalco 7766 is a liquid polyner of high nolecular
weight. It has a noderate anionic charge in solution and a
typical density of 8.7 1lb/gal. The pH of a 1 % solution can
range between 7-8 and the pol yner has a freezing point of 17
degrees F. Nal co 7766 has been approved by the United
States EPA for use in systens when the dosages do not exceed

1 mg/L of the water flow
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CHAPTER M |

DI SCUSSI ON, RESULTS, and CONCLUSI ONS

| nt r oducti on

The precipitation and flocculation studies were
eval uated on grab sanples collected at the head of the trash
rake at Youngstown's Wastewater Treatnent Plant. The grab
sanpl es were taken on different days and at different tines
of the day to represent the changi ng conditions of influent
wastewater. The systens were evaluated on the basis of
three criteria: (1) concentration of netallic ion that
nmeets discharge limts of Iless than 3.00 ml/L total
phosphates, (2) ion/P weight ratio, and (3) per cent renoval
of total phosphates. The polynmer was eval uated on whet her

It was an aid to phosphorus renoval and the concentration

that exhi bited best phosphorus renoval .

Aluminum Sul fate System .

Alum numsul fate (alun) is an acidic salt containing
consi derable water of hydration. |In aqueous solutions it
forns various hydrol yzed cationic species, reduces the pH,
and fornms insoluble precipitates with soluble phosphorus
species. This systemgenerally produces a lighter floc than
the iron(III) system to be nentioned l|ater, and has a

narrower effective concentration range.



It produces very clear supernates in cembination with the
proper flocculant (polymer). Increased amoants of alum
result in increased insolubilizaticn of soluble phosphorus
tollowing its solubility product. . ! of kestald
suspended sol ids 1s also increased up to a point where
hindrance can occur by the formation oif excess aluminum
hydroxide floc. Alum's role in phosphorus removal includes
precipitat ion of phosphates as aluminum phosphate, as well
as phosphate absorption in the floc mass procduced in tho
hydrolysis reaction. Alum's function in illustrated as

follows:
Alo(804)3 + 2P04 ~—-> 2R1IP0Og + 3S04. (4}

The hydrolysis reaction With natura! alkalinity is
represented as follows:

Al,(S04)3 t 3CaCos ~ -> 2A1(0H)3 + 3CaS04 r 300z, (h)

As the above reaction indicates, the addition of
alum will lower the pH of the wastewater because of the
neutralization of alkalinity and rel ease of cargén di oxi de.
The extent of the decrease in pH depends on the initial
alkalinity of the wastewater. The higher the alkalinity the
less is the pH decrease for a given alws dose. Since the
wast ewat er used for this investigation contained sufficlient
a3kalinity, the alum doses used did not |oawer the pH enough
tc reqguire the addition of an alkaline subsrance (sodium

% p

hydroxide, soda ash, or 3ime) to raise (he pH o the
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Federal | y mandated m nimumof 6.0 (see Tables 7 through 11).

Stoichionetry of The Alum num Sul fate System

Al um num i ons can conbine with phosphate to form

al um num phosphat e as fol | ows:
a1*3 + po, 73 ——-> A1PO,, (6)

The nole ratio for A1:P is 1:1 or A1/P=1 when both
al um num and phosphorus are expressed in terns of gram nol es
or pound- nol es. Using a weight basis this neans that 27
pounds of A1 can react wi th 95 pounds of phosphates to form
122 pounds of al um num phosphate. Therefore each 95 pounds
of phosphates contains 31 pounds P. The weight relationship
between A1 and P is 27 pounds to 31 pounds of P or 0.87 for

this reaction (Tabl e 6).
TABLE 6

STA CH QVETRY FCR A1 COMPAUNDS AND P PRECI PI TATI ON

Mle ratio A1:P = 1:1
Wight ratio A1:P = 27:31 = 0.87:1

Alum, Alj(SO4)3°18H20, contains 8.1 % A1

Alumrequired per Ib. of P =0.87/0.08 = 10.7 1b.
Phosphat e Renoval Wth Vari abl e Alum Concentrati ons

Tables 7, 8 and 9 illustrate the data obtai ned wth

the al um concentration ranging fromo to 70 mg/L.
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Figures 8, 9, and 10 are graphic representations of the

total phosphate c(oncentration after gprecipitation and

sedi mentation for & given alum concentration The graphs
show that at about 70 mgs/t the «urve . toy tlatten

indicating overdosing with alumnum sulfate. The ALl:P
weight ratios at 70 mg/lL alwe concentration are 2.7 .1 {(%able
7Y, 1.8:1 {(Table 8), znd 1.3:1 (Table %;. These ratiocs are
higher because of the hydrolysis of alum. An average of

79 % renoval of total phosphates was achieved meeting the
di scharge 1imit of 3.0 mg/L total phosphates only when the
initial total phosphates concentration was i1s:s than 12.5

mg/L.
Aluminum Sulfste and 0.5 mg/l. Pulymer

Tabl e 10 an3 Figure 11 show the data obtained when a
pol ymer concentsat-ion of 0.5 mg/L is used n conjunction
with wvariable alum concentrations. The additien of the
pelymer reduced the Al:P weight ratic to 1t 0:1 at & 50 ma/L
alum dosage with 88 % of the total phosphates removed. The
bridging effects of the polymer were responsible for the
i ncreased removal of phosphorus and the lower zmount of alum

that had to be added.



Al um num Sul fate and Vari abl e Pol yner Concentration

The alum dosage for this investigation was held
constant at 50 mg/L. As the data suggests from Table 11 and
Figure 12, an alum concentration of 50 mg/L and a pol yner
level of 0.5 mg/L are optimum values for this wastewater
system to meet discharge |limts. Restabilization of the
wast ewater occurs as the polyner concentration increases

above 0. 6 mg/L. The polynmer range was 0 to 1.0 mg/L.

Dat a Summary

A um num sul fate can neet EPA guidelines of 1.0 mg/L
total phosphorus nore consistently with the aid of an
anionic polyelectrolyte. d course |larger amounts of alum
can be added to wastewater, but this 'swept floc' method
produces large amount of netallic sludges which are

difficult to dewater.



TABLE 7
ALUM NUM SULFATE, VARI ABLE CONCENTRATI ON

BEAKER # 1 2 3 4 5 6
ALUM , mg/L 0 30 40 50 60 70
A1*3, mg/L 0.0 2.43 3.24 4.05 4.86 5.67
FLOCCULATI ON - VS S M M M
SEDI MENTATI ON - P F G G G

TOTAL, SUSPENDED
SOLI DS, mg/L 144 103 76 44 39 37

% TOTAL SS
REMOVED ~ 28 47 69 73 74

TOTAL P mg/L 2.83 1.79 1.49 1.09 0.84 0.69

TOTAL P04 mg/L. 8.59 5.43 4.50 3.31 2.55 2.09

LLPO4.mg/L - 3.16 3.09 5.28 5.04 6.50
/\P, mg/L - 1.03 1.33 1.72 1.97 2.12
Al:P RATIO - 2.4 2.5 2.4 2.5 2.7
% REMOVAL,

TOTAL P - 37 48 61 70 76

pH 7.1 7.0 7.0 6.9 6.9 6.9



TABLE 8

ALUM NUM SULFATE, VARI ABLE CONCENTRATI ON

BEAKER #

ALUM , mg/L

A1*3, mg/L 0.

FLOCCULATI ON
SEDI MENTATI ON

TOTAL, SUSPENDED
SOLI DS, mg/L

% TOTAL SS
REMOVED

TOTAL P mg/L 4.
TOTAL PO4 ,mg/L 12,
L\_Po4'mg/L

[\P, mg/L

Al:P RATIO

% REMOVAL,
TOTAL P

181

03

24

135

25

1.6

37

103

43

1.8

45

F-G

60

67

1.68

49

73

1.7

72

46

41

77

2.57



TABLE 9

ALUM NUM SULFATE, VARI ABLE CONCENTRATI ON

BEAKER #

ALUM., mg/L

A1+3, mg/L 0.

FLOCCULATI ON
SEDI MENTATI ON

TOTAL, SUSPENDED
SOLI DS, mg/L

% TOTAL SS
REMOVED

TOTAL P mg/L 5.
TOTAL PO, mg/L 17.
/\PO,,mg/L

/\P, mg/L

Al:P RATIO

% REMOVAL,
TOTAL P

pH 6.

154

66

30

.43

119

23

10.

. 36

18

.97

.27

40

87

44

1.2

50

50

.05

56

64

11.

1.

69

.78

. 40

75

.83

60

5.46

45

71

11.69

70

32

a9

3.19

13.956



TABLE 10
ALUM NUM SULFATE AND 0.5 mg/L POLYMER

BEAKER # 1 2 3 4 5 &
ALUM , mg/L 0 30 40 50 60 70
A1%3, mg/L 0.0 2.43 3.24 4.05 4.86 5.67

NALCO 7766 mg/L 0.5 0.5 0.5 0.5 0.5 0.5
FLOCCULATI ON - S M ML S S
SEDI MENTATI ON - P F G P P

TOTAL, SUSPENDED
SOLI DS, mg/L 2.08 110 62 49 33 29

% TOTAL SS
REMOVED - 47 70 76 84 86

TOTAL P mg/L 4.44 3.47 2.17 0. 53 1.10 1. 06

TOTAL PO4 mg/L 13.46 10.53 6.58 1.63 3.36 3.20

/\PO, mg/L - 2.93 6.88 11.83 10.10 10.26
/\P, mg/L - 0.97 2.27 3.90 3.33  3.39
Al:P RATIO - 2.5 1.42 1.01 1.5 1.7 -
% REMOVAL,

TOTAL P ~ 22 51 88 75 76



TABLE 11
ALUM NUM SULFATE AND VARI ABLE POLYMER CONCENTRATI ON

BEAKER # 1 2 3 4 5 6
ALUM , mg/L 0 50 50 50 50 50
A1%3, mg/L 0.0 4.05 4.05 4.05 4.05 4.05
NALCO 7766 mg/L 0.0 0.10 0.30 0.50 0.70 1.00
FLOCCULATI ON - S S M M L
SEDI MENTATI ON P P F F G
TOTAL, SUSPENDED

SOLI DS, mg/L = sssresmrersea e

% TOTAL SS

REMOVED =~~~ =" "o TT oo TT T T T T e e e
TOTAL P mg/L 5.24 2.27 1.42 0.37 0.46 0.51

TOTAL PO4 mg/L 15.89 8.24 4.29 1.11 1.39 1.55

/\PO,, mg/L - 7.65 11.60 14.78 14.50 14.34
/\P, mg/L - 2.52 3.83 4.87 4.79 4.173
Al:P RATIO 1.61 1.06 0.83 0.85 0.86
% REMOVAL,

TOTAL P 48 73 93 91 90

PH 7.1 7.2 7.1 7.0 7.0 7.0
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Iron(III) Chlori de System

Iron(III) chloride is an acidic salt which, upon the
addition to sewage, will, like alum reduce the pH The
iron(III) systemis generally very anenabl e to precipitation
with a broad effective range. Large, dense flocs are
produced which are fairly resistant to the high shear rates
produced in pipes and open channels. Iron(III) chloride's
action in wastewater is witten simlar to that shown for
the precipitation of alumnum phosphate and wll not be

shown.
Stoi chiometry of The Iron(III) Chloride System

Iron(III) ions can conbine with phosphate to form

iron(I1I) phosphate as foll ows:

Fet3 + po, 3 ———> FePoOy. (7)

Again, the nole ratio for Fe:P is 1:1 or Fe/P=1 when
both iron(III) and phosphorus are expressed in terns of
gram nol es or pound-noles. Using a weight basis this means
that 56 pounds of iron(III) can react with 95 pounds of
phosphate to form 151 pounds of iron(III) phosphate. Since
each 95 pounds of phosphate contains 31 pounds of P, the
wei ght relationship between Fe and P is 56 pounds of Fe to

31 pounds of P or 1.8 for this reaction (Table 12).
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TABLE 12

STOICHIOMETRY FOR IRON(IXI}) COMPOQUNDS AND P PRECIPITATION

Mole rotico Fe:P = 3:1
Wi ght ratio Fe:P = 56:31 = 1.8:1
Iren(I1r} chioride, FeCls, containse 34.4 % e

Iron{II1} chloride required per 1b. of P = 1.8/.33 =

5.39 l1b.

Phosphat e Renmoval : Variable ®e(I1I) Chloride Concentration

The data obtained from the three grab samples ars
seen in Tables 13, 14, and 15, The iron{(lli) chloride rang-
was from o to 7¢ mg/L. Figures 13, 14, and 1% are graphs o:
the total phesphates concentration after precipitation mund
sedimentation with each iren{(Iii} chloride lose. The
iron(l £Iy curves begin 1c flatten out and show aigns <.
overdosing in the 45 to 70 mg/L range. The Fe:P wel 'l
rati os at 70 mg/L iron{(II) chloride concentration are 4.3:!
(Table 13}, 5.5:1 (Table 14), and ¢.6:1 (Table 18). Thage
val ues are higher than stcoichiometric values because of
hydrol ysis of iron(III) chloride. The average tctal
phosphate removal percentage was 77 %. But, this system met
the EPA requirenments of 3.0 mg/L only once, when the initial

total phosphate level was less than 10.85 mg/L, -



Iron(III) Chloride and 0.5 mg/L Pol yner

The data shown in Table 16 and Figure 16 represent a
grab sanple that was precipitated with variable iron(III)
|l evel s and flocculated with 0.5 mg/L of polyner. Wth the
help of the polyner bridging, total phosphate renoval was
increased to 85 % with a iron(III) chloride concentration of
50 mg/L. This conpares to an average total phosphate
renoval percentage of 50 % at a 50 mg/L iron(III) chloride
| evel wi thout the use of a polynmer. The Fe:P weight ratio

was al so reduced by use of the polymner.
Iron(III) Chloride and Vari abl e Pol yner Concentration

For this investigation, the iron(III) |evel was kept
at 50 mg/L and the polyner dosage ranged from ¢ to 1.0
mg/L. The data obtained are shown in Figure 17 and Tabhl e
17. A polyner dosage of between 0.4 and 0.5 mg/L can meet
discharge limts with an initial influent total phosphate

concentration of 17.0 mg/L.
Dat a Summary

Iron(III) chloride produced results simlar to those
of alum but with the help of the pol ynmer produced better
total phosphate renoval rates. Renoval rates in excess of

80 % would be needed to neet discharge |imts.
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TABLE 13
IRON(III) CHLORI DE, VARI ABLE CONCENTRATI ON

BEAKER # 1 2 3 4 5 6
Fe Cl,, mg/L 0 30 40 50 60 70
Fe'3, mg/L 0.0 10.02 13.76 17.20 20.67 24.08
FLOCCULATI ON VS S S M M M
SEDI MENTATI ON P P F G G G
TOTAL, SUSPENDED
SOLI DS, mg/L 198 152 112 66 48 36
% TOTAL SS
REMOVED - 23 43 67 76 82
TOTAL P mg/L 7.29 4.76  3.92 3.06 2.19 1.67
TOTAL PO, mg/L 22.09 14.42 11.89 9.28 6.63 5.08
/\PO, mg/L - 7.67 10.20 12.81 15.46 17.01
/\P, mg/L - 2.53 3.37 4.23 5.10 5.61
Fe:P RATIO - 4.0 4.1 4.1 6.2 4.3
% REMOVAL,
TOTAL P - 35 46 58 70 77

7.0 7.0 6.9 6.8 6.8 6.7
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IRON(III) CHLORI DE, VARI ABLE CONCENTRATI ON

TABLE 14

BEAKER # 1
Fe ClS’ mg/L 0
F +3

e ~, mg/L 0.0
FLOCCULATI ON VS-S
SEDI MENTATI ON P

TOTAL, SUSPENDED

SOLIDS, mg/L 82
% TOTAL SS

REMOVED _
TOTAL P mg/L 5.56

TOTAL PO, mg/L 16.84
45P04,mg/L . -
/\P, mg/L -
Fe:P RATIO -

% REMOVAL,
TOTAL P -

pH 7.4

30

10.02

61

26

11.17

5.4

34

40

13.76

S-M

47

43

2.84

49

50

60

17.20 20.67

M

29

65

10.14

60

18

78

71

70

24.08

12

85

13.27

79
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TABLE 15

IRON(III) CHLORI DE, VARI ABLE CONCENTRATI ON

BEAKER # 1

Fe Cl3’ mg/L 0
+3

Fe'>, mg/L 0.0

FLOCCULATI ON S

SEDI MENTATI ON P

TOTAL, SUSPENDED

SOLI DS, mg/L 104
% TOTAL SS

REMOVED -
TOTAL P mg/L 3.41

TOTAL PO4 mg/L 10. 32

/\P04,mg/L

/\P, mg/L -

Fe:P RATIO -

% REMOVAL,
TOTAL P —

pH 6.8

30

10.02

81

22

6.51

40

13.76

64

38

1.75

5.31

5

0

60

17.20 20.867

1.

43

59

31

. 97

.35

.10

29

72

70

24,

M

19

82

08

. 88

. 68

.64

.52



TABLE 16
IRON(III) CHLORI DE AND 0.5 mg/I. POLYMER

BEAKER # 1 2 3 4 5 6
Fe Cl,, mg/L 0 30 40 50 60 70
rFe*?, mg/L 0.0 10.02 13.76 17.20 20.67 24.08
FLOCCULATI ON - S S M M M
SEDI MENTATI ON - P F F G G

TOTAL, SUSPENDED
SOLI DS, mg/L 170 119 84 49 34 21

% TOTAL SS
REMOVED - 30 51 71 80 88

TOTAL P mg/L 6.41 2.82 2.43 0.99 0.64 0.46

TOTAL PO4 mg/L 19.41 8.54 7.38 2.99 1.94 1.39

/\PO, ,mg/L - 10.87 12.03 16.42 17.47 18.02
/\P, mg/L - 3.59 3.97 5.42 5.77 5.95
Fe:P RATIO - 2.79 3.47 3.17 3.58  4.05
% REMOVAL,

TOTAL P ~ 56 62 85 90 93

pH 7.2 7.1 7.1 7.0 7.0 6.9



TABLE 17

IRON(III) CHLORI DE AND VAI ABLE POLYMER

BEAKER #

Fe ClS’ mg/L

Fe+3, mg/L

NALCO 7766, mg/L

FLOCCULATI ON
SEDI MENTATI ON
TOTAL P mg/L
TOTAL PO, mg/L
/\PO,, mg/L
/\P, mg/L

Fe:P RATIO

% REMOVAL,
TOTAL P

pH

0

0.0

5. 66

17.14

50

17.20

58

50

17.20

13.171

80

50

50

17.20 17.20

0.50

14.20

83

0.

70

M

14

.79

.39

.15

.87

.53

86

50

17.

1

20

00

.14

. 35

91
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Iron(II) Chloride System

Iron(II) OChloride is another acidic salt. Its
chemstry in solution is simlar to that of iron(III).
Dlute solutions of iron(II) open to air are subject to
oxidation to the iron(III) form Iron(II) chloride's action
in the precipitation of phosphorus is simlar to alumnum

sul fate and will not be shown here.
Stoi chionmetry of The Iron(I1I) Chloride System

Iron(II) ion can conbine with phosphorus to form

iron(I1) phosphate as foll ows:

+2 3

3Fe” © + 2P04 ° ---> Fe3(P04)p . (8)

The nole ratio for Fe:P is 3:2 or Fe/P=1.5 when both
iron(1I) and phosphorus are expressed in terns of
pound- nol es. Using a weight basis this neans that 168
pounds of iron{(II) can react with 190 pounds of phosphate to
form 358 pounds of iron(II) phosphate. Since each 190
pounds of phosphate contains 62 pounds of P, t}_{e wei ght
rel ati onship between iron(1I) and phosphorus is 168 pounds
of Fe and 62 pounds of P or 2.7 for this reaction (Table

18).
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TABLE 18

STA CH OVETRY FOR IRON(II) AND P PRECI Pl TATI ON

Mle ratio 3Fe:2p = 1.5
Weight ratio 3Fe:2P = 168:62 = 2.7:1

Iron(II) chloride, FeCly-4Hp0, contains 28.1 % Fe

Iron(II) chloride required per 1b. of P = 2.7/.28

9.61 1b.
Phosphat e Renoval: Variable Iron(II) Concentration

The iron(II) chloride concentration ranged fromo to
120 mg/L. As shown in Tables 19, 20, and 21, doses in
excess of 120 mg/L would be required to neet discharge
limts when influent total phosphate are above 6.5 mg/L.
Overdosing occurs with this systemat 110 mg/L (Fi gures 18,
19, and 20). Fe:P weight at 120 mg/L iron(II) chloride

ranged froms.3:1 to 22.9:1.

Iron(II) Chloride and 0.5 mg/L Pol yner

Wth an influent total phosphate |evel of 17.8 mg/L,
100 mg/L of iron(II) chloride was needed with the polyner to
renove 88 % of the total phosphorus. In cornparision, this
system used about tw ce as nmuch precipitant as the al um num
sulfate or the iron(III) chloride system (Table 22 and

Fi gure 21).



Iron(II) Chloride and Vari abl e Pol yner Concentration

The iron(II) chloride concentration was 90 mg/L and
the polyner ranged from o to 1.0 mg/L. The data are shown
in Table 23 and Figure 22. Pol ynmer | evel s above 0.7 mg/L
would be required to neet discharge limts, but with this
pol ymer concentration the system is starting to approach

over dosi ng.
Dat a Sumrary

The use of iron(II) chloride to renove phosphorus
would also require the addition of a polyner dosage of
greater than 0.7 mg/L to be effective. Even though iron(II)
chloride was only about half as effective as alum and
iron(III)} chloride, iron(II) is a by-product of the steel
i ndustry (pickling Iiquor) and nay be obtained at such a | ow
cost, that it offsets the fact high quantities are needed to
be effective for phosphorus renoval. The use of alkalinity
in the form of caustic soda or lime can be used to pronote
the oxidation of iron(II) to iron(III), which woul d-i nprove
the precipitation and renoval of phosphorus. One drawback
to this method is the high pH | evel s associated with the use
of Iime or caustic soda. The pH would have to be |owered to
wi thin discharge limts after the precipitation -

sedi nent at i on process.



IRON(IT)

TABLE 19

BEAKER #

Fe Clz, mg/L

Fe+2

. mg/L
FLOCCULATI ON

SEDI MENTATI ON

0

VS

P

TOTAL, SUSPENDED

SOLI DS, mg/L

% TOTAL SS
REMOVED

TOTAL P mg/L
TOTAL PO4lmg/L
/\PO, mg/L
/\P, mg/L

Fe:P RATIO

% REMOVAL,
TOTAL P

pH

190

4. 09

12. 39

40

11.24

VS

163

14

13.7

20

[63)

60

16.86

129

32

7.05

80

CHLORI DE, VARI ABLE CONCENTRATI ON

100

22.48 28.10

95

50

10.0

55

78

59

10

69

120

33.72

43

77
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TABLE 20

IRON(II) CHLORI DE, VARI ABLE CONCENTRATI ON

BEAKER # 1 2 3 4 5 6
Fe Cl,, mg/L 0 40 60 80 100 120
Fet?, mg/L 0.0 11.24 16.86 22.48 28.10 33.72
FLOCCULATI ON VS S M M M L M
SEDI MENTATI ON P P F F G G

TOTAL, SUSPENDED

SOLI DS, mg/L 116 98 83 62 48 31

% TOTAL SS

REMOVED - 16 28 47 59 73
TOTAL P mg/L 42.17 1.67 1.27 1.01 0. 88 0.70
TOTAL P041mg/L 6.59 5.07 3.84 3.09 2.42 2.13
LlPO4,mg/L - 1.52 2.75 3.50 4.17~’ 4.46
/\P, mg/L - 0.50 0.91 1.16 1.38 1.47
Fe:P RATIO - 22. 4 18.5 19. 3 20.4 22.9
% REMOVAL,

TOTAL P - 23 42 53 63 68
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TABLE 21
IRON(II) CHLORIDE, VARI ABLE CONCENTRATI ON

BEAKER # 1 2 3 4 5 6
Fe Cl,, mg/L 0 40 60 80 100 120
Fet?, mg/L 0.0 11.24 16.86 22.48 28.10 33.72
FLOCCULATI ON VS S S M M L M
SEDI MENTATI ON P P F G G G

TOTAL, SUSPENDED
SOLI DS, mg/L 142 115 99 72 54 38

% TOTAL SS

REMOVED - 19 30 49 62 73
TOTAL P mg/L 5.77 4.27 3.12 2.65 2.25 1.73
TOTAL PQ4'mg/L 17.49 12.94 9.44 6.85 5.99 5.75
/\PO,,mg/L - 4.55 8.05 9.45 10.67 ~’12.24
/\P, mg/L - 1.50 2.66 3.12 3.52 4.04
Fe:P RATIO - 7.5 6.3 7.2 8.0 8.3

% REMOVAL, i
TOTAL P - 26 46 54 61 70

pH 7.1 7.0 6.9 6.7 6.6 6.5



IRON(II) CHLORIDE AND 0.5 mg/L POLYMER
BEAKER # 1 2 3 4 5
Fe Cl,, mg/L 0 40 60 80 100
Fet?2, mg/L 0.0 11.24 16.86 22.48 28.10
NALCO 7766 mg/L O. 0.50 0.50 0.50 0.50
FLOCCULATI ON _ M M M M
SEDI MENTATI ON - G G E F
TOTAL, SUSPENDED
SOLI DS, mg/L 289 216 169 114 88
% TOTAL SS
REMOVED - 25 42 61 70
TOTAL P mg/L 5.88 4.08 32.58 21.67 0.72
TOTAL PO, mg/L  17.81 12.36 7.82 5.11  2.19
/\PO,, mg/L - 5.45 9.99 12.70 15.62
/\P, mg/L - 1.80 3.30 4.19 5.15
Fe:P RATI O - 6.2 5.1 5.4 5.
% REMOVAL,
TOTAL P - 31 56 71 88
pH 7.3 7.2 7.2 7.1 6.9

TABLE 22

120

33.72

32

89

0.53

16.20

91



75

TABLE 23

IRON(II) CHLORI DE AND VARI ABLE POLYMER
BEAKER # 1 2 3 5 6
Fe Cl,, mg/L 0 90 90 90 90 90
Fe*?, mg/L 0.0 25.29 25.29 25.29 25.29 25.29
NALCO 7766 mg/L 0.0 0. 10 .30 0.50 0.70 1.00
FLOCCULATI ON - M M M M L
SEDI MENTATI ON - F F G G G
TOTAL P mg/L 4.61 2.74 2.02 1.40 0.98 0.82
TOTAL PO, mg/L  13.96  8.29 6.11 4.24 2.98 0.82-
/\PO,,mg/L 5.67 7.85 9,72 10.98 11.49
/\P, mg/L ~ 1.87 2.59 3.21 3.62 3.79
Fe:P RATIO - 13.48 9.73  7.85 6.96  6.65
% REMOVAL,
TOTAL P - 41 56 70 79 82
pH 7.3 7.2 .2 .1 9 6.8
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Zirconi um Sul f ate System

Zirconium sulfate is an acidic salt which upon the
addition to sewage will reduce the pH This system produces
flocs that are less resistant to high shear forces but
exhibit faster settling rates than the previous systens.
Zirconium sulfate's function in wastewater is simlar to
that shown for the precipitation of alum num phosphate and

will not be shown.
St oi chi ometry of The ZirconiumSul fate System

Zirconium ions can conbine with phosphate to form
zi r coni um phosphate as fol | ows:

3zr** + apo, 3

---> Zrz(P04)g4. (9).
The nole ratio of this reaction is 3:4 or Zr/P=1.3
when both Zr and P are expressed in ternms of pound-noles.
Using a weight basis, this means that 273 pounds of
zirconiumion can react with 380 pounds of phosphate to form
653 pounds of zirconi um phosphate. Since each 380 pounds of
phosphate contain 124 pounds of P, the weight refgtionship

between Zr and P is 273 pounds of Zr to 124 pounds of P or a

ratio of 2.2 for this reaction (Table 24).



TABLE 24
STA CH OVETRY FOR Zr AND P PRECI PI TATI ON

Mle ratio 3zr:4p = 0. 75

Weight ratio 3zZr:4P = 273:124 = 202:1

Zirconium sulfate, Zr (S0O4)5-4Hp0, contains 25.7 % Zr
Zirconiumsulfate required per |b. of P =2.2/.26 =

8.56 1b.
Phosphat e Renoval Wth Variabl e Zirconi um Concentrati on

The zirconium sulfate level ranged from o to 40
mg/L. Using Table 25 and 25, zirconiumsul fate doses as | ow
as 10 mg/L were enough to neet discharge limts. A high
total phosphate influent concentrations (Table 27), 40 mg/L
of zirconiumsulfate couldn't neet discharge criteria. The
aver age renoval percentage rate that neets di scharge Ieve[s
was 69 % and the average zZr:P weight ratio to neet di scharge
l[imts was 3.1:1. Figures 23, 24, and 25 indicate that
overdosi ng occurs at zirconium sul fate concentrations above

25 mg/L.
Zirconium Sul fate and 0.5 mg/L Pol ymer

Table 28 and Figure 26 indicate that a conbi nation
of polynmer and zirconiumsul fate reduced the total phosphaté
| evel s below discharge criteria with 30 mg/L zirconium
sulfate. This corresponds to a 92 % renoval rate with a

1.0:1 weight ratio.



Zirconium Sul fate and Vari abl e Pol yner Concentration

For this investigation, the zirconium sulfate
concentration was held at 25 mg/L and the polyner |evel
ranged fromo to 1.0 mg/L. Table 29 and Figure 27 show the
results. The discharge |limt was nmet wth a 0.5 mg/L
concentration of polynmer. This was equivalent to a 85 %
renoval rate and a 1.6:1 weight ratio. Restabilization of
the system occurred with polyner |levels greater than 0.6

mg/L.
Dat a Summary

This system was able to neet discharge limts with
the mninum anount of precipitant and the use of a pol yner
may be optional depending on the influent total phosphorus

| evel s.

conbi nati ons of Metallic Cati ons

Various conbinations of netallic cations used
previously were evaluated for total phosphate renoval
ef ficiency. The various conbinations were: 17.5 mg/L
alum num sulfate and 17.5 mg/L iron(III) chloride, 5.0 mg/L
zirconiumsul fate and 17.5 mg/L alum numsul fate, 10.0 mg/L
zirconium sulfate and 35.0 mg/L alumnum sul fate, 5.0 mg}L
zirconium sulfate and 17.5 mg/L iron(III) chloride, 10.0

mg/L zirconium sulfate and 35.0 mg/L iron(III) chloride.



TABLE 25
Z1 RCONI UM SULFATE, VARI ABLE CONCENTRATI ON

BEAKER # 1 2 3 4 5 6
2r(s0,),, mg/L 0 5 10 20 30 40
zrt4, mg/L 0.0 1.25 2.57 5.14 7.71 10.28
FLOCCULATI ON VS M M L L L
SEDI MENTATI ON F G G G E G

TOTAL SUSPENDED

SOLI DS, mg/L 121 73 47 28 17 13

% TOTAL SS

REMOVED - 40 61 77 86 89
TOTAL P mg/L 1.42 1.25 0.83 0.29 0.20 0.13

TOTAL PO4,mg/L 4,33 3.79 2.53 0.89 0.61 0.39

/\PO,, mg/L - 0.54 1.80 3.44 3.72 3.94
/\P, mg/L - 0.18 0.59 1.14 1.23 1.30
Zr:P RATIO _ 7.2 4.4 4.5 6.3 7.9

% REMOVAL, -
TOTAL P - 12 42 79 86 91

PH 7.2 7.0 6.8 6.7 6.6 6.5



TABLE 26
ZI RCONI UM SULFATE, VARI ABLE CONCENTKATI ON

BEAKER # 1 2 3 4 5 6
2r(S0,),, mg/L 0 5 10 20 30 40
zr*t?, mg/L 0.0 1.25 2.57 5.14 17.71 10.28
FLOCCULATI ON VS S M L L L
SEDI MENTATI ON F F G G G F

TOTAL SUSPENDED

SOLI DS, mg/L 151 94 67 39 21 i8

% TOTAL SS

REMOVED - 38 56 74 86 88
TOTAL P mg/L 1.97 1.59 1.18 0. 38 0. 28 0. 20

TOTAL PO4 mg/L 5.98 4.83 3.59 1.14 0.85% 0. 61

/\PO,, mg/L - 1.15 2.39 4.48 5.183 5.37
[\P, mg/L - 0.38 0.79 1.60 1.69 1.77
Zr:P RATIO - 3.3 3.3 3.2 4.6 5.8
% REMOVAL,

TOTAL P - 19 40 81 86 90

pH 7.4 7.1 7.0 6.8 6.7 6.6



Z1 RCONI UM SULFATE, VARI ABLE CONCENTRATI ON

TABLE 27

BEAKER # 1
Zr(s0,),, mg/L 0
Zr+4, mg/L 0.0
FLOCCULATI ON S

SEDI MENTATI ON F

TOTAL SUSPENDED

SOLI DS, mg/L 169

% TOTAL SS
REMOVED -

TOTAL P mg/L 6.71
TOTAL PO, mg/L 20.33
é;PO4,mg/L -
[\P, mg/L -
Zr:P RATIO -

% REMOVAL,

TOTAL P -

pH 7.5

[4)]

107

37

17. 07

1.2

10

83

51

13. 52

20

39

77

15. 49

30

7.71

24

86

16. 45

40

10.28

20

88

1.08

17. 05



TABLE 28

Z1 RCONI UM SULFATE AND 0.5 mg/L POLYMER

BEAKER # 1
2r(50,),, mg/L 0
zrt4, mg/L 0.0

NALCO 7766, mg/L 0.0

FLOCCULATI ON -

SEDI MENTATI ON -

TOTAL SUSPENDED

SOLI DS, mg/L 188

% TOTAL SS

REMOVED -
TOTAL P mg/L 6. 04

TOTAL P04'mg/L 18. 29
4APO4,mg/L -
/\F, mg/L -
Zr:P RATIO ~
% REMOVAL,

TOTAL P -

pH 7.1

0. 50

101

46

13. 07

29

71

62

10.76

59

(8]
[
Y

L

33

82

1.04

30

0. 50

L

20

89

1.49

16.80

5.54

10.28

12

94

0.3

1.13

17.1

5.6

94

7

&

&



TABLE 29
Z] RCONI UM SULFATE AND VARI ABLE POLYMER

BEAKER # 1 2 3 4 5 6
Zr(s0,),, mg/L 0 25 25 25 25 25
zrt4, mg/L 0.0 6.43 6.43 6.43 6.43 6.43

NALCO 7766, mg/L 0.0 0. 10 0. 30 0.50 0.70 1.00

FLOCCULATI ON - S M L L M
SEDI MENTATI ON - P G G F F
TOTAL P mg/L 4.78 3.94 2.64 0.70 0.59 0. 44

TOTAL PO, mg/L 14.49 11.94 7.99 2.13 1.79 1.34 N

/\PO,, mg/L - 2.55 6.50 12.36 12.70 13.15
/\P, mg/L . - 0.84 2.15 4.08 4.19 _4.34
Zr:P RATIO - 7.65 2.99 1.58 1.53 1.48
% REMOVAL,

TOTAL P - 18 45 85 88 9.2

pPH 7.2 7.2 7.2 7.1 7.1 7.0
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Each concentrati on was chosen because it was either 1/2 or
1/4 of the overdose concentration for sach particular catinn
as shown previously. The overdose concentration is the
maximam dose of cation in which adding more cation woeuld
result in little or no further phospherus removal. Ne
polymer was used in this investigation.

The 17.5%5 mg/L aluminum sulfate and 17.5 mg/L
iron(IIl) system removed 32 % of the total phosphates.
Conparatively, 35.0 mg/L of alumnum sulfate removea =zn
average of 43 % of the total phosphates and 35.Q ma/L
iron(III) chlcride renoved 42 % of the total phesphates.
The 5.0 mg/lL, =zirconium sulfate and 17.5 mng/L =aluminum
sul fate conbi nation renoved 19 % of the tctal phosphates in
conmparison to &.0 mg/L =zirconium sulfate which removed. an
average of 16 % of the total phosphates. The 106.0 mg/I
zirconium sulfate and the 35.¢ mg/L aluminum sulfate
cembination renoved 35 % of the total phosphate;. in
average removal of 38 % total phosphates was accomplished by
10. 0 mg/L zirconium sulfate in comparison. Thq 5.0 mg/L
zirconium sul fate and 12.5 mg/L iron(III) systen1{enuved 26
% of the total phosphates as conpared to 5.0 mg/L zircenium
sul fate which removed 16 % of the total phosphatas and
iron(III} chloride which removed 18 % of the <total
phosphat es on average. The iron(III) system removed 18 % of
the total phosphates at a 17.5 mg/L concentration. The 10.0
mg/L zirconium sulfate and 35.0 iron(IIl)y chloride

combination renoved 46 % of the total phosphates 1in



conparison to 10.0 mg/L zirconiumsul fate renoved an average
of 38 % of the total phosphates and 35.0 mg/L iron(III)

chl ori de renmoved 42 % of the total phosphates.
Dat a Summary

The Zr and A1 ion conbination and the a1 and
iron(III) conbination didn't inprove renoval efficiency
over using each ion singularly. The Zr and iron(III)
conbination also didn't denonstrate increased renoval

efficiency over each ion alone in this wastewater system

Concl usi ons

In this study, the efficiency in reducing total
phosphorus to 1.00 mg/L (3.00 mg/L total phosphate) of
iron(II), zirconium iron(III), and alum was tested. Once
the nmetal -phosphorus colloids are forned they nust be
agitated, to form larger particles that can be renoved by
sedi nentation. The use of a polymer as an aid to phosphorus
renoval was a second variabl e that was consi der ed.

I nsol ubi l'i zati on of sol ubl e phosphorus is a }unction
only of the concentration of the nultivalent cations and is
I ndependent of the polyner concentration. The four chem ca
systens (alum iron(III) chloride, iron(II) chloride, and
zirconium sulfate) perforned to varying degrees of
ef ficiency. Iron(II) chloride renoved phosphorus the

poor est . Alum and iron(III) performed equally well,

renoving 79 % and 77 % of the total phosphorus respectively.



This was at the sane dosage of 70.0 mg/L for each.
Zirconium sul fate performed the best-renoving over 90 % of
the total phosphorus with a concentration of 40.0 mg/L. The
use of different conbination of metallic cations proved not
to increase total phosphorus renoval .

Each system was aided by the addition of the
pol yrer . Again iron(II) chloride performed the poorest.
The doses of both alumand iron(III) chloride was able to be
reduced by 20.0 mg/L by adding 0.5 mg/L of Nalco 7766 to
obtain a total phosphorus renoval of 85 . Requi r ed
zirconiumsulfate levels were reduced by 1/2 by the addition
of 0.5 mg/L of polyner for a renoval rate of 84 % of the
total phosphorus. The polymer was able to reduce the
metallic ion concentration by destabilization and adsorbing
the insoluble netal-phosphorus <colloids, slowng the
particle notion, permtting faster settling of the floc, and
increasing the renoval efficiency. The l|ast consideration
in choosing a system to renove phosphorus is a cost
conpari son. Each system was conpared on cost to treat 1

mllion gallons of wastewater in Tabl e 30.



TABLE 30
CosT COWPAR SON GF CGHEM CAL SYSTEMS

Preci pitant, mg/L Price/lb. Lbs./million gals. Cost/M.G.

A um (50 mg/L) $44. 00 417 $18, 348
Iron(III) (50 mg/L) $20. 00 417 $ 8,340
Iron(II) (90 mg/L) $35.00 751 $26, 271
Zi rconi um (25 mg/L) $54. 00 209 $11, 286

Lbs. needed = 8.34 1lbs./gals. X Feed rate, mg/L

As can be seen there is a wde gap in treatnent
costs. The nost cost effective for this wastewater system
are iron(III) chloride and zirconium sulfate. The polyner
cost to be added to each system would be in the range of
$104.00 to $146.00 per mllion gallons of sewage treated.
This is based on $25/1b. of polymer and a concentration

range of 0.5 to 0.7 mg/L.

Future Treat nent Needs i n Phosphorus Renoval

Every two years the U S. EPA nust report to Congress
regarding present and future capacity for the treatnent of
wastewater. The last report was dated 1982 and projected
capacity needs to the year 2000. 20

In 1982 there were 15,431 treatnment plants in the
United States and territories. G that nunber, 586 were
capabl e of phosphorus control, treating 3, 690 mgd or 14 % of

the total U S flowfor phosphorus renoval.



This was at the sane dosage of 70.0 mg/L for each.
Zirconium sul fate perfornmed the best-renoving over 90 % of
the total phosphorus with a concentration of 40.0 mg/L. The
use of different conbination of netallic cations proved not
to increase total phosphorus renoval .

Each system was aided by the addition of the
pol yner . Again iron(II) chloride performed the poorest.
The doses of both alumand iron(III) chloride was able to be
reduced by 20.0 mg/L by adding 0.5 mg/L of Nalco 7766 to
obtain a total phosphorus renoval of 85 % Requi r ed
zirconiumsulfate levels were reduced by 1/2 by the addition
of 0.5 mg/L of polymer for a renoval rate of 84 % of the
total phosphorus. The polynmer was able to reduce the
metallic ion concentration by destabilization and adsorbi ng
the insoluble netal-phosphorus <colloids, slowng the
particle notion, permtting faster settling of the floc, and
Increasing the renoval efficiency. The last consideration
In choosing a system to renove phosphorus is a cost
conpari son. Each system was conpared on cost to treat 1

mllion gallons of wastewater in Tabl e 30.
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TABLE 30
COsT COVPARI SON CF CHEM CAL SYSTEMS

Preci pitant, mg/L Price/lb. Lbs./million gals. Cost/M.G.

A um (50 mg/L) $44. 00 417 $18, 348
Iron(III) (50 mg/L) $20.00 417 $ 8,340
Iron(II) (90 mg/L) $35.00 751 $26, 271
Zirconi um(25 mg/L) $54. 00 209 $11, 286

Lbs. needed = 8. 34 1bs./gals. X Feed rate, mg/L

As can be seen there is a wde gap in treatnent
costs. The nost cost effective for this wastewater system
are iron(III) chloride and zirconium sulfate. The pol yner
cost to be added to each system would be in the range of
$104.00 to $146.00 per mllion gallons of sewage treated.
This is based on $25/1b. of polyner and a concentration

range of 0.5 to 0.7 mg/L.
Future Treat ment Needs i n Phosphorus Renoval

Every two years the U S. EPA nust report to Congress
regarding present and future capacity for the treatnent of
wastewater. The last report was dated 1982 and projected
capacity needs to the year 2000. 20

In 1982 there were 15,431 treatnent plants in the
United States and territories. d that nunber, 586 were
capabl e of phosphorus control, treating 3,690 ngd or 14 % of

the total U S. flow for phosphorus renoval.



In the year 2000, there are projected 1233 wastewater
treatnment plants with the capacity of phosphorus control
treating 8456 mgd or 20 % of the total US. flow for
phosphor us renoval .

Future research is needed to reduce phosphorus
renoval treatnent costs. This nmay include polynmers with
nore active sites that would reduce the anmount of netallic
ion that is required, treatnent plant engineering design
changes that better utilize the chem cal processes involved,
and reduci ng the phosphorus |oading on treatnent plants by

limting the phosphate binders found in |aundry detergents.
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