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ABSTRACT

It is widely recognized that phosphorus removal

' from wastewaters by cbagulation with aluminum salts is

brought about not by the aluminum"ion_it;elf but by the
hydrolysis products of the me£al ion. ‘

The present work iﬂvestigated the effectiveness of
the aluminuﬁrpolymeric species En phosphorus removal.
These spedies were. formed by partially neutralizing an
aihﬁinu; chloride solution with sodium hydroxide under
controlled conditions and they were given the name PBAC
for Polymerized Basic Aluminum Chloride. The results b

were compared with.thosq§9btained usiné Alum, the most
. . T .

commonly employed alyminum coagulant.- Although the’ re-

moval of phosphorus;from'wastewaters'waé the main objec- .‘/(
/ < .
tive, the work extended to other areas such as supernatan
[ .

suspended solids removal, sludge filtfébility and organics
remo;al. .
The factors that were found to influené; the'.
efficiency of the-coagulantslwere:
'(i)' The aging timé of thé a&gminum polymers, L}
(ii) The OH:Al,golar ratio in the preparation
of PBAC, . - | o 3 | )

.o iii | ~
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{iii) ‘The Al:P molar ratio (Aluminum dosage),

(iv) The pH,

‘ .(v) The presence .in the wastewater of other ionic
| épec?es. .

It was found that the removal of phosphorus could

be adéquately explained by a model involving complex_
formation and precipifétioﬁ. It was shown, however,’
that tﬁe removal of organ?bé cannot be éﬁtribdtéd tq a, 1
strictly chemical interaction and. other mechanisms should

be considered as well. e P
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CHAPTER 1

» INTRODYCTION

Phosphorus plays a significant role in the aquatic
environmentn. This was dbserved a§ early as the beginning
of the.cenfury. Since then a lot of work hasfbeen facused
on this element and a new term, Eut:ophication, éépeared
in Environmental Sciences.

Eutrophication is the enrichment of surface waters

with plant nutrients leading to increased plant produc-

.\, .
*tivity or "blooms". Phosphorus as well as other factors,

such as lighﬁ, temperature, mixing conditions, caern
dioxide, toxicant levels, concentration and the type of
organisms p¥esent along with nutrients like nitrogen,
iron, manganeseﬂand'other trace elements are imporfant

in the development of blooms. Only a certain number of
these appears to be controllable"by man. Among them,
phoéphorus and nitfogen seem to be the moest important in
relation to algae and plant growth requirements; Since a
certain type of algae, the blue-green algae,-has the
ability to utilize the atmospheric nitrogen, control of
phosphorus input into the agquatic system will limit their

growth{

[P, Lt L I Lo Lt L LR AT TR S
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The possible sources of phosphorus, as summarized

by Porcela and Bishoﬁ (1975) are:
(i) Precipitation of the particulatE'atﬁospheric
'phosphorus; |

(ii) Agricultural,

{iii) Runoff from urban and rural watersheds,

{(iv) Domestic activities,

(v} Industrial and mining activities, and

‘(Vi) Animal wastes.

. Phosphorus from -domestic activities is particularly im-
portant since it must be removed from wastewater. The total
phosphoruslconcentration in domestic ﬁastewaters ranges
from 2 to 25 mg/l.l Thirty to fiffy percent originates
from human wastes and fifty to seventy percent frqm
deﬁergents.

. The removal of phosphorus from wastewaters has
been extensively investigated in the last two decades.
Pregipitation by metal coagulants, such as Aluminum Sulfate,

Ferric Chloride and Lime, has been found to be the most

suitable method to accomplish phos us removal. Most

investigators, even though they recognike the complexity
of the reactions involved, congider that the solubility

of simple compounds, such as AlPO, and Al(OH)3, determines

4
the removal of phosphorus. This leads to a misunderstanding
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of the role of the metal coagulant, since parameters‘like
the pH, ?he hydrolysis of the mefal ions, the effect of
the presende of various gbnic speeies and'thé principles
of complex chemistry are either ignored or their role is
misunderstood.

The main objective of this study is to investigate
the removal of phosphorus considering the hydrolysis pro-
ducts of aluminum as the important species responsible
for the precipitation. To achieve this objective aluminum
polymeric species formed under control}ed condiﬁions‘were
employed. These species are formed when an aluminum

chloride solution is partially neutralized with sodium

hydroxide. Solutions of these hydroxopolymers are denoted

by PBAC which stands for Polymerized Basic Aluminum Chloride.

To evaluate the effectiveness of PBAC, the results
are compared with the ones obtained with Aluminum Chloride
(source of A13* ions) and Alum (Aluminum Sulfate, the most
commbnly used aluminum coagulant). Beéause of fhé”antici—
pated.éomplexity of the natural systems, both s}nthetic_

and domestic wastewaters were employed.
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CHAPTER 2

BACKGROUND |

2.1 PHOSPHORUS IN WASTEWATERS

2.1.1 Forms of Phosphorus

Elemental phosphorus does not exist in nature.

All phosphorus deposits are in the form of orthophosphate.

In wastewaters, three categories of phosphorus forms
exist: ﬁrganic phosphorus, condensed inorganic phosphates
and inorganic orthophosphates.

The orthophosphate structure*cbnsisté of an atom
“of P surrounded by four oxfgen atoms arranged at corners
of a tetrahedron. The chemical configuration of the

orthophosphate ion is shown below:

Condensed phosphates {(or complex phosphates)} are
derived from orthophosphates by combination of one or more
orthophosphate units. The‘chain products are called

polyphosphates, the ring compounds metaphosphates and the
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- cross~linked ones ultraphosphates.

—yy

Typical phosphate forms are shown in Table 2.1.

. E
TABLE 2.1 Inorganic Phosphate Compounds
Name Formula Structure
i
Orthophosphate M3P04 M-0- ? -0 -M
. 0
|
..... M
a 0
, | Fyro- I 1
. phosphate |~ M4F20; M- 0 - ? -FP-0-M
’ : (] a
| i
M M
_sj ;
0 ‘
Q0 . .0 0 0
E Tripoly- 1l il i
5 | phosphate M5P30y9  M-O-P-0-P-0-P-0-M
o 0O O 0
£ [ | |
[N M M M
o
& i
: ¢
0 | Trimeta~ P
&) . o.) /!j ~
phosphate (MP‘3 3 ? o ©
M-0-P=0 O=p-0-M
N/

M = Monovalent cation.
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Table 2.2 lists the equlllbrlum constants and

Figure 2;1 111ustrates the distribution of ortho—,pyro-

.and trlpoly-phosphate species with pH, based on typical

concentrations occurring in wastewaters.

TABLE 2.2 Phosphafé Equilibrium Constants

(From: Sillen and Martell, 1964)

Log Equilibrium .

Equl}lbrlum Constant at 298°E
H.PO, = HT + H.PO,~ - 2.1
3774 2774 E .
- _ ..+ 2-
HyPO, =H + HPO, , - 7.2
. 2- + 3-
HPO,” = H + PO, ~12.3
H.P.0C =H' + H.P.0.2" - 2.5
37277 27277 . . .
2- + 3~ .
H2P207 =H + szo7 _ - 6.7
34 _ 4 4- . S
HP207 H + P207 - 9.4
H.p.0,. 2 =gt + wp.o. 3 - 2.3
3310 2 3710 *
-3 _+ -4 ;
-4 __+ -5
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Totgt-P 3 x10°M  Pyro-p -I-Bqlo;’i\d
Ortho-Pe1:3xIG'M  Tripoly-p « 3-8x10'%M

les/L

L] L] T ™

- - ;o .
2 POL - ppod l

L b
. .5
/P;PIO

- log concentration, mo
o

o . . . :
FIGURE 2.1 pH-Concentration Diagram for Phosphate Species

(Jenkins, et al., 1971) .

2~

 For most of the wastewaters met in practice,, HPO4 is

the dominant phosphate species.

- Not.alijforms of phosphorus can be assi@ilated
by living organisms.l Only éolublg orthophosphaie was
found to be readily £vailable to-all forms of life, while
some forms of life cannot utilize condensed.phosphafes.
(Katchman, 1961). .During the treatment processf however,
most of tﬁe ofganiq”and some of the condensed phosphates

hydrolyse to orthophosphates. Finstein and Hunter (1967) -

o
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studied three activated sludge and three trickling filter
plants and th§§ found that half: of the condensed phos-.
pho}us was hyérolysed to orthophosphate during biological
treatment. They reported that in the influent to the
biological treatment units the condensed phosphorus con-
stituted 15 to 70%1of the total phosphorus while in(fié
effluent, the percentages varied from 5 to 40%.

factors that accomplisﬁ or influence the hydrolysis
of condensed phosphates. are the presence of micro-organisms,
thé pH,-the temperature and ‘the concentration of condensed
. phosphates (Heinke,-196§).

Iﬁ a different way, Phosphorus can be classified
as solublé pﬂospﬁbrus and as insoluble. Insoluble forms

are associated with oiganiq phosphorus present in the

‘fdfq of cell protoplaéﬁ. In wastewater that has been

treated by chemical precipitation, most of the effluent

—y »

\

phosphorus will be in the insoluble form as calcium, o

. aluminum on iron phosphates.

2.1.2 Treatment.of Water for P Removal «

. The literature on phosphorus removal is éxtensive.
The various‘processes have been .reviewed by ®Eliassen and
Tchobanogléus (1968), Nesbitt (1969), Nesbitt (1973),

Jenkins, et al. (1971) and Long and Nesbitt (1975).

-
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A summary of the meﬁhod€ used and the experiences gainedﬁ

.

is given below. ' -‘;P
(1) Physical Treatmept

These include-sedimentation, flotation, filtra-
tion, land application-irrigation and reverse osmosis.
The first three processes can remove only insoluble

phosphorus either in_the form of organic matter (bécteria)

‘or in the form of insoluble inorganic salts. The phos-

phorus removal is low and averages about 10% (Jenkiﬁs

and Menar, 1967). The removél Qith reverse osmosis is
very high (99%), but the operational cost is considered
very high too (EPA, 1970). Soil spreading resulted in

76 to 92% removal (Porcella and Bishop, 1975) but this.
method can be'applied only when adequate land is available

at low cost.

(ii) Biological Treatment .

”Thé'biolpgical removal of phosphorus in an activated

sludge process is accomplished through assimilation into
. N ¢

cell material. In a typically operating plant, the

volatile mass of suspended solids normally contain

’ .
between 2-3 percent phosphorus resulting in an average’

phosphorus removal of 20-30 percent'(JeﬁkinsJand Menar,

1967) . qbwever, removals in the order of 90% have been
*

v . ).
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reported {Vacker, et al., 1967; Carberry and Tenney, 1972).
The phosphate uptake by the sludge in excess of that
needed. for cell synthesis is referred to hy the name
"luxury uptake". The "luxury uptake" theory was first ' -
introduced by Lévin and Shapiro (1965). Adcording to
- them the controlling factors were‘dissolved oxygen, rate

of aeration, pH and the phosphate content of return
sludge. This theory was supported byfbther iﬁﬁestigators.
Connell, et al. (1967) stated that "luxury uptake" occurs.
in the declining growth and bioflocculation phase and
in the presence of 2 mg/l dissolved oxygen. \Egﬁever-
other investiéaxors (Menar and Jenkins, 1369) reported
that the enhanced phosphorus removal is due to chemical
precipitation of calcium phosphate,,which.becoﬁes physi-

. cally entrapped into the activated sludge flocs and is

’ removed with. the waste activated sludge. Calcium phos~
phate precipitates when the pH rises due to decrease in

CO., production at the last part of aeration basin and

2
also due to stripping because of the aeration process.

.Ahother biological process for P removal is the

use of oxidation ponds. A successful operation requires

a proper design for the removal of organic matter, opera-

-

tion in warm climate to ensure continuous biological
activity and some method of harvesting the algae

(Nesbitt, 1964).
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(iii) Chemical Treatment

T iy e} g Mt Vg S ey —

The chemical treatment includes processes such
as Ion Exchange, Electrodialysis, Electrochemical Treat-

ment, Sorption and Chemic Precipitation.

The Ton Exchange method is reported to give high

phospho;us removal, 29%\{Dryden, 1970) with a simultaneous
reduction in total dissolved solids and organic matter.
However, because of problems associated with the extensive
pretreatmeht necessary to prevent the oxganic fouling

of the resins, the-disposal'af used regenerant and the
cost of fegeneration, this ﬁethod does not appear very
promising. The recent development of macroporaus resins
that can absorﬁ gﬁch.mpre organic matter without fouling
might bring this process into consideration again.

The results on phosphorus elimination by the means
of electrodialysis are reported by Dryden {1970) fo be |
very poor (removal around 23%)..

Eliassen and Tchobanoglous (1968) reported about
an electrochemical process developed in Norway, which is
capable of removingtxﬂbophosphate by an average of 83
percent and ammonia nitrogen by 82 percent. In this
process wastewater is mixed with seawater apd enters a
single cell with carbon electrodes. The current raises

the pH and phosphorus and ammonia precipitate as Ca3(P04)2

F
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and MgNH4P04 along with Mg(OH)z. The sludge is lifted
to the top by the hydrogen bubbles and the chlorine
developed at the anode acts as disinfectant of the effluent.
Sea water is used to provide the magnesium required for
precipitation. ‘

Activated alumina has been used (Vee, 1966) as
a sorption medium to remove phospho¥us. The efficiency
of the process was reported to be very high (99% reduction).
This process does not require any salt addition and pH
is not changed. The used activated alumina can be re-
generated with small quantities of caustic and nitric
acid. This method appears very promising and a lot of
work has been Airected towards it (Overman, et al, 1978;
Smitﬂ and Hwang, 1978; ﬁuang, 1977). |

Chemical precipitation of phosphates is so far
the most common and most economical_method.for phosphorus
removal. There are two imporﬁant faétors which.specifx“
the process: Thé kind of coagulant and the point of
addition of the coagulant. Aluminum and. iron salts havgfbeen
enployed asg well as °© calcium hydroxide (lime). Of.thé
above mentioned salts Aluminum Sulphate (Alum) and Ferric
Chloride are the ones used most. The application of the
cbagulaﬁtlmay be accomplished either as a tertiary treat-
ment or as a combined biological~chemical or as primary

one. The various characteristics andg efficiencies of
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} |
these types of operation are well descrihed by Minton and
Carlsonﬂ(1972). Other factors that influence the elimina-
tion of phésphates are the pH, the coagulant dosage, the
concentration and type of phosphates present, the presence
of other_ions, the age of the suspended solids, the
temperafure and the addition of polyelectrolytes that
enhance flocculatibn. These factors not only affect the
removél of phosphorus, but the removal of organics and
éﬁspended solids as well ag the amount and characteristics

of sludge produced. In Ontario it is common prahtice to

add the coagulant in the aeration basin.

2.2 - ALUMINUM CHEMISTRY

| Aluminum ions exist in queous solution as hydrates
coordinating six molecules of sz per metal idn. The pro-
ducts of hydrolysis are monomeric and polymeric species.
The reaction of these complex species yith.water aécounts
for the acidic character of the aqueous aluminum ion

{Matijevic, 1961; Stumm and Morgan, 1962).

2.2.1 Aqueouﬁ'hluminum'Monomérs

The monomers include the species Al(H20123,
‘ +2 +1 . : -
Al (om) (H,0) 5 ¢ Al (OH)ZC:HZO) 4 * Al (0H13(aq1,hl (OH}.‘; (H20) g *
Parks (1972) summarized the values of equilibrium constants

‘and Gibbs free energies of formation of the mononuclear
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aluminum hydrolysis products. These values are given
in Table 2.3. For simplicity, the water molecules

associated are omitted.

TABLE 2.3\ Foxmation Constants and Gibbs Free Energies
of Formation of Mononuclear Hydroxoaluminum

Complexes at és°c (Parks, 1972).

Compleﬁ ‘' - log 8 Free Energy
. n R ¢ ]/mole‘

a3t _ - ~116 + 1

2+ .
A1OH | 8.99 + 0.04 -165.84
al(om) " 19.3 + 0.1 ~217.5
Al (OH) 5 (aq) 26.8 + 0.1° ~265.3
Al (OH), - 32.7 + 0.1 -311.0 + 0.1

-

The equilibrium constants correspond to the reactions:
.- w. :

o a1 s oon = Aot By
a13* 4 20n” = AL(oH) " éz
213" 4 308" = AL(OH) j{aq) R,
a1t 4 gon” = Ar(om),” ‘84

Bersillon (1977) calculated the equilibrium composition

of an aluminum solution based upon the following equations:

1og[A1(0H)3(aq)] - 4.44

log[Al(OH)2+3

il

2.09 - pH

%
s




il

2+]

1og[A1OH 5.79 - 2 pH

logCa13*] 10.82 - 3 pH

I

1og[Al(OH};] = pH - 12,42

Thé equilibrium composition of an aluminum solu-
tion as a function of pH is shown in Figure 2.2. Accord-
ing to.this plot, the minimum solubility of Al(OH)a'occurs
at around pH 7. Similar solubility curves, appeared in
the literature, show a minimum between pH 5.5 and 6
(Weber, 1972f. These last cu;ves were based upon the
consideration by Stumm and Morgan (1962) that the species
Al(OH); does not exist. Their idea was a resulf of an
earlier work.by Brosset, et al. (1954). These investi-
 gators were able to explain experimeqt&l data by aséuming

that mononuclear complexes like AlOH2+ and Al(Ole were

practically non-existant. Therefore, if one omitted the

Al(OH); curve, the minimum solubility would appear to

o "

]
occur at around pH 6.

?here is aérong evidence} however, that the
maximum precipitation occurs at higher pH. In their
solutions; Brosset and his co-workers used OH:Al molar
ratios ranging from Q- to 2.5.° Maximum precipitation
occurs at higher ratios around 3. Thus it is only at
lower ratios that the amount of Al(OH)2+ becomes insiéﬁi—

ficant and it can be neglected.

v
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So0lid Phase: Al(OH)3

Al(OH)B(aq)

’

FIGURE 2.2 Equilibrium Compoéition of an Aluminum Solution
| (Bersillon,1977) .
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Hsu and Bates' (1965) presented titration curves
where it was shown tha£ the maximum precipitation of
Al(OH)3'coﬂresponding to an OH/Al molar ratic of 3 occurred
at pH higher than 7. Similar data were presented by
Sullivan and Singley (1968). The researchers were ‘able
to simulate titration data by considering a model requir- )
ing only mononuclear species; They showed that for a
model like that, when the maximum precipitation. of AI(OH)3
occurs, the dominant species in solution is Al(OH)2+.

Although some investigators believe that the
mononuclear species can explain adequately the behaviour
of aluminum in aqueous soluti

»
4

that the polynuclear species play the most important role.

¥t is generally accepted

2,2,2 Aqueous Aluminum Polymers \\JJ

-

The importande of investigating the aluminum
polymers in aqueous solutions arises from the fact that -
theée specieé are the main hydrolysis products under thea‘
conditions used for the clarification oétwaters (Parks,
1972; StummAand Morgan, 1962). In the literature we meet
the names hydroxocomplexes (Stumm and Morgan, 1962),
polycations (Van Cauwelaert, et al., 1969}, hydroxopolymers
(Hsu and Bates, 1964) whicﬁ describe the various hydrolysis

4

products.
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The simplegﬁ aluminum polymex is:the dimer
AL, (0H) , (H,0) **. Bexrsillon, et al.(1978) noticed that
this species predominates over the monomer AlOle+ when
the total aluminum concentration exceeds about 1 molar.
The structure of the dimer can be described as two Al |
octaedra sharing an edge by hydroxide bridging. Thé

-

dimer is represented in Figure 2.3.

]-

(:) H,0
@ ou
@ Al

FIGURE 2.3 Structure of tpe Dimer Alz(OH)z(HéO)B4+

(Hem and Roberson, 1967).

Further poigmerization through hydroxide bridging
can bring about either chainlike polymers of the general

+({n+2)

formula Aln(OH) or sheetlike

2n-2 2% 2042
polymers as reported by Brosset, et al. (1954), Hsu (1968),
Smith and Hem (1972), Brown and Hem (x975), Hsu and Bates
(1962). '

In the acidic range (for OH:Al ranging from 0

to 2.5). . Brosset, ét al. proposed either a single and
. ’
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rather large complex, such as AlG(OH)153+

series of complexes Al((OH)sAlz) 3+n- They considered

n
that such polynuclear complexes as A12(0H)24+_and-A13(OH)63+

, or an infinite

are by no means the main p%oducts. In the alkaline range,

(OH:Al ranging from 3 to 4) they assumed the, existence of

a single complex Al(OH)4— and solid Al(OH),- Brosset's.

consideration about the hydrolysis products is in good
1

agreement with Sillen's (1959) "Core links" theory.
Matijevic, et al. (1961)coagulated silver halide
sols with aluminum salts. They found that at pH < 4 the

simple hydrated A13+ species predominates. In the pH

H
range 4 to 7 the tetravalent hydrolysis product AlS(OH)204+

is proposed. At highe; pH values they assumed the exist-

+

2
ence gf Als(OH)22 and AlB(OH)24.

.

Stumm and Morgan (1962) suggested a stepwise con-
version of the positive aluminum ion to the negative

aluminate ion. The proposed conversion is illustrated

. .
wl
»

in Figure 2.4, .
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3+ ,
~ (AL (H,0) 6] - . 7(
OH™

v 2+ oH~ +
[Al(HZO)SOH] ————p [a1(#,0),(0H),]

B OH

v 3+
EMEP(OH) 154" (aq)

v . 0
[AlB(OH)20]4+(§g)

OH

AL (OH) 5 (H,0) 4(S)

4

H .

{Al (OH) 4]'

FIGURE 2.4 Stepwise Hydrolysis of the Tripdsitive

“vAluminum Ion to the Negative Aluminate Ion.
. »

I . »

A comprehensive theory on the development of
aluminum polymers was proﬂ@sed by Bxzu. -In his attempt

' to understand why some alwhinum hydroxopolymers are

¥
B
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amorp@oué and others are crystalline, he considered two
concepts: First, each aluminum ion in solution is.co--
ordinated with.éix molecules of H20 and contributés half

a positive charge to each. When a hydroxyl ion is attached
on the coordination shell, half of its negative charge

will neutraliie half a positive chﬁrge of thelaluminum

ion, leaving the remaining half negative charge unsghis-"
fied and so available to balance half a positiﬁé,charge
from another Al3+ ion. In this way, .the OH funcﬁions

as a bridge between two aluminum ions.

Secondly, it is considered that the hydroxo—aiuminhm,

] 1

ions tend to polymerize in a 6-membered ring unit or

L

multiples of such units, structures similar to those
. -Hd‘

fourld in gibbsite. ,
When NaOH is added to an aluminum salt solution,
the aluminum ion is hydrolysed to A1(0H12+ and A1(03)2+.

According to the first concept; these two forms are not %(

stabie and therefore polymerization'will occur immediately

. . . P
after the OH ion is attached to the aluminum ion.

Accofding to the second concept polymerization will lead
' ndl .

to the formation of ring units composed of six Al(dH}2+'

ions. The step of polymerization is given below:



-

arYt 4 oon = ar(om?t :

'avom) 2t 4 om” .= A1(0H)

6AL(0H)} - = A1 (o) 35 | -

3+ - 6+
' 6AL 7" + 120H = AL (OH) 7

¥
.

The structure of the AlG(OH)f; ring unit_consisting'oﬁ

six aluminum octahedra is illustrated in Figure 2.5.

- -

FIGURE 2.5 Structure of the'AlEQOngz ring unit’
"‘(Ffom Befs;llon, 1977). ' o
At“HaOH/Al_=;2 tﬁe above reaction will be complete
and further{pﬁf addition will lead to the formation of
double rings of the composition Alib(Ong; or triple

»

-

.



23

'\,./Q

rihgs consisting of Al (0H)9+ rather than neuEral

-,

Al(OH). moiecules. The net posLtlve charge per aluminum
will decreaSe with anreaSLng OH/Al ratio, but all the

hydroxopolymers Wwill remain positively chargel’untll the

-ratio reaches 3. At OH/Al = 2 75 and below, the positively

charged polymers repel one another unless joined together
by the counter-ions to form basic aluminum sélts. The
basic aluﬁinum chloride is very soluble and precipitates
only at high NgbﬁyAl-ratios. -On the contrary the basic
aluminum sulphatg prec1pltates‘even at NaOH/Al = 0.3.

The precipitates w1ll~be amorprrus because of the diver-

[

-

sity in ‘the size and'degree of hydration of the pe&ymers
and the counter-ions. ° S '
At NaOH/Al = 370 the net positive éha¥ge’pér
alumlnum dlsappears and)all the polymersciuster together
forming crystalline Al(oﬁ)3 in a matter of hours or days.
?he various steps in.the formation of alum}num hydeXLdes

* L

are shown in Figure 2.6.
X »

. A ~t '
Johanson (1960) was the first to identify a poly-
37+

meric structure with a formula [A11304(0 L24(H 0)
: - . 3
This is a tri-dimensional structure and includes twelve

— . ‘
hexa~coordinated aluminunfions and one tetra-coordinated

»
A13+ ion. The existence of this polymer can not be ex-

plained Q‘ the #isu's theory since this thedry refers to
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the development of hydroxopolymers in two dimensions.

The structure of this All3 polymer is depieted in Figure
2.7.

| \ VL : 7+
FIGURE 2.7 Structure of the [A112(0H124A1 4CH201123

3

Polymer ; (From Bersillon, 1977)

+ The existance of a tetra—coordlnated alumlnum is.
rare because this state is very unstable. In this case,,
however, the tetra-coordinated ion is very well protected
in the centre of a tetrahedron formed by the‘tqelve hexa-
coordinated aluminum ions.  The same polymer was ideuti-
fied by'Rauschland Bale (19641 using small angle X-rays.

akitt, et al. (13721 usxng nuclear magnetlc resonance

o suggested the follow1ng polymerlc forns:

*

T e SRR T A, LA R
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3+ 4+
EAl(H2016] ;e [A12(0H)2(32018] ,

[311304(0H)24(H20)12] and probably

4+
[AlB(Olea(Hzo)lzj .

Bottero, et al. (1979) and (1980), reported the
identified species using NMR spectroscopy and titration
) hY

data. The conditions under which the polymers were developed

were:
A - Aluminum concentration in the final solution
0.1 M.
- - Degree of neutralization (NaOH/Al molar ratio)
ranging from O to 2.5.
- Aging time up to 24 hours.
C - Tempera@urelzooc.
- NaOH adgition rate 125 ml per hour of .0z 5N solution.
The identified spgcieg were: .

3+ 2+ +
Al(HZO)G Al(OH)(H20)5 A1(0H12(H20)4

4+ (6-x)+ .
N AL, (OH) , (H,0) ", | Ijk_lz,(OHlx (1,0)

They also identified a polymer containing a tetra-co-
ordinated alumirum. Analysing  potentiometric data,
they‘wére able to identify this polymer having the formula

\ 3;1' | Ty .
5113(0H)2804(HZO)8 . They also reporped the existence of
a non-settling gel for which they gave the formula

*
Al(OH) , . Theiryfindings are illustrated in Figure 2.8,
3 , ) ) - :
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where the various aluminum polymeric species are re-~

presented as a percentage of the total aluminum in solu-

tion as a function of pH or the ratio B = QH/AL.

In Table 2.4 thermodynamic data is shown charac-
terizing the various

literature.

—

A

polymeric forms réported in .the
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FIGURE 2.8 Aluminum Species as a Function. of pH or

. the Ratio B =

OH/Al

(From Bottero, et al., '1980).




TABLE 2.4 Equilibrium Constants for Polymeric
Hydroxoaluminum Complexes.

(From Bottero, et al., 1980)

Complex ' Log Kmnl
Alz(OH)g+ . - 6.95
AlG(OH)i; | ' ~47.0
Al7(OH)i; , o ~48.8
A113(og)gj -97.6
A113(OH);; ‘ —;04.5
a1, (om (67%)+ _ s
Al(OH); gel =10.1

lKmn is the equilibrium constant for the reaction

3+ +3m-n . +

mAl™ " + nH,0 = A%m(OH. + nH

)n

2.3 PHOSPHORUS REMOVAL WITH AL

2.3.1 Mechanism of Removal

S *

The mechanism of phosphorus removal by means of

aluminum salts was and still is, a matter of conflict .

among the.investigators. Even though in some textbooks

the phosphorus removal is attributed to the precipitation

s
~
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of insoluble aluminum phosphate, it is common knowledge
that this is not fully correct, since under stoi-
chiometric conditions (i.e. naluminum: phosphate molar
ratio equal to one) only 60 to 70 percent of phosphorus
can be removed (Benedek, et al., 1976). A\
Another model, presented by Lee, et al. (1959)
and Henrikseq (1962) , was based on the idea that phos-
phates are removed by being adsorbed on aluminum hydroxidé.
Henriksen presented data showing that orthophosphates were
ieﬁoved fQllowing a Langmuir adsorption isotherm pattern.
This theory is very questionable and has been highly

criticized by a number of investigators. The weak points

‘of this theory are:

-~ The optimum pH for phosphorus removal does
not coincide with the optimum pH for Al(OH)3
precipit;;ibn. Stumm and Morgan (1962) found
that aluminumwstaffed to.precipitate‘at a much

lower pH in the presence of phosphate than in

its absehce. This is an indication that aluminum

and phosphorus are involved in some kind of
Ehemical interaction.
- Recht and Ghassemi (1970) repoxted that yhen .
the pH was kept constant, thé removai of

othophosphate up to 1l:1 metal to phosphate

ratio was directly proportional to the

‘
e et e Tk T e 5 U T R R
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concentration of the added'cation. This direct
stoi.hiometric relationship indicates that a
chemical reaction occurs between the metal
cation and the phospﬁates.
-~ The theory of phosphate adsorption on aluminum
hydroxide doe; not take into consideration
. the complex chemisﬁry of aluminum and phosphorus.
Stumm-and Morgan, in their previously mentioned wbrk,
recoénized'thg complexity of an aluminum-orthophosphate
system considering the hydrolysis of aluminum in aqueous
solutions and the interference of hydroxyl ions parallel
to phosphate gctivity; Ih their opinion, low metal to
phosphate molar ratios lead to the formation of insoluble
aluminum phosphate while at molax rati&s higher than 1l:1
a "mixed" aluminum hydroxophosphate is.precipitated.
. Recht ang Ghassemi suggested that the hydrolysis products
of Al(III) and not the A13+ ion alone are responsible for
the precipitate formation. They found that for an initial
orthophosphate concentration 12 mgP/l and pH equal to 6.0,
.1'4 moles of Al(iII) age required for precipitation of
1 mole of 6rthophosphate. This linear relationship was
found to exist up to an 1:1 aluminum to phosphorus ﬁolar
fatio. |

Ferguson and King (1977) applied the above mentioned
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stoicﬁiometric relationship (aluminum: phosphorus = 1.4:1
in the precipitate) to a model which enabled them to
qgalitatively'reproduce the effects of alum dosage and

pH qbservéd in sgyerai ekperimental studies. The removal
of phosphates was broken into thred steps each one in-
volving a different mechanism. In the first, insufficient
aluminum ié added. TIf the pH ig in the proper range, the
reﬁoval will be directly proportional to the coagulant

dose. They considered that'the stoichiometry leads to

‘the formation of A 0, (OH) . At higher aluminum
1.47 74 1.2

stoichiometric requirement) removal

dosages {close to the
can not be predicted from stoichiometry. In this zone the
phosghéﬁe removal can be calculated frog,the equilibrium
between the gluminum pﬁﬁsphate solid and the solution.
Finally in zone three, the stoichiometric requirgment

is far excee@ed and the chess aluminum precipitates as
aluminum hydroxide.

Hsu dbproéched th; aluminum-phosphorus interaction
from au{Qifferent viewpoint. He suggesged that the
Al-OH-Al and Al-PO,-Al linkages tend to integrate into
a whole unit. Thus, the precipitationaof phosphate and
aluminum are governed by the integrated éarticles rather
than by Al(OH)3 ?nd AlPo4 individually (Hsu, 1973; 1975;

1976) . His model is based on the competitive action of
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POZ and OH on aiuminum precipitatibn. He found that
AlPo4 was the precipitation product at high phosphate
concentrations (phosphate/aluminum molar ratio 6 and
above) and moderate aci@ity (pH = 3). Under such con-
ditions, the activity of bH_ is too low to compete with
P043_ for A13+._ However, in this case a large amount of
phosphorus remained in solution. Generally, the sum of

L N
P043_ and OH in the precipitation product was found to

3+ in the precipitate, on an equivaleﬁt

be equal to Al
basis. Under optimum conditions all the aluminum was
completely removed. In an earlier report (1968), Hsu
presented data indicating that.when alu&inum'hydroxOH
polymers were applied for phosphorus removal, the mechanism
was a simple "neutralization" of the net;msiﬁive charge

of the.polymeric speciés; Therefore, the precipitation

was dependent on the concentrations of.Al and P and the

basicity of the polymers.

2.3.2—The Role of pH

It ié always desirable in wastewater treatment
.to use optimum conditions:ﬁn~phohphorus removal. However,
it i§ quite common to study the removal as a function
of éoagulant dosagé. This principle does not consider
thé effect of pH on chemicai precipitation and despite

its simplicity is not always the best way to do so. On

14

e e | ———




— e . oL

e e

T P T A gy e 2 nm s

33

the other hand optimum pH conditions should not be con-
sidered by the means of the AlPO4 gquilibrium diagram,
since, as it was shown, Aluminum Phosphate is not the
precipitation produétl

Very little agreement exists about the optimum

'pH range for phosphate precipitation. Henriksen (1962)

was the first to show that the optimum basicity depends

on the COagulant dosage. For a.solution eontaining 17

mg/1P, the optlmum pH ranged from 4.5-7.1 with 200 ppm \\\~’//Jf

"of alum, but narrowed to 5.7-6.8 with 100 ppm of alum.

Hsu was able to explain the discrepancies, met in the

. literature, considering the optimum pH range as a func-

tion' of:
(1) the hydrolysis of aluminum in aqueous
solutions,

(2)  the competition of the various ions, present
in solution, to react with A13+
(3). the concentrétipn of aluminum and phosphorus

lin solutiéh.
In samples with low P/Al molar ratio (Al in large excess) .
most of the aluminum will be és A13+ in solution and
the rest will form soluble dqmplexes with phbsph rus.

When hydroxide' is added to the solution, the h¢droxyl

ions‘}ié& react preferentially with.Al3+ {(because ©of the
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higher chargé per atom of Al) and form hydroxopolymers.
After tﬁis stage, any additional OH can react with the
4;1uminum—ph03phate complexes and precipitation begins.
When the phosphate content of the solution is high
{phosphorus in excess) Al-PO4—Al linkages predominate
over Al-OH-Al linkages in the reaction product. All\
the aluminum will be compiéxed with phosphates and any
addition of OH will lead to the neutralization of these
complexes and therefore to precipitation.. For this

reason, precipitation will occur at lower pH values.

]

After passing the optimum pH range, the particles become
negatively charged and restabilize. Depending on the

dosage of the chemicals and in the absence of any other
ions, Hsu showéd that the optimum pH ranged from 2.5 to

7.5. 7

2.3.3 Effect of Foreign Components

-

The effect of foreign components on the COagula-_'
tion of’élgminum salts was'reporéed as far back as 1925
by Miller. He considered the formation of a solid
solution of aluminum salts in aluminum hydréxide in his
attempt to explain the dependence of the pH of coagﬁlation
on the anions present. In 1946,'M§rion and Thomas suggested
a theory of complex formation haseé on the ability»of

the various ions to co—ordinate'wi%h.aluminum and the
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competitive action among them. Accofﬁing to Stumm and
Morgan (1962) complex formation was rxesponsible for the
precipitation of aluminum hydroxide at lower pH in the
presence of anions like ortho- and pyrqphogphates.
Hanna and Rubin (1970) studied the coagulation of - .,
Escherichia coli by aluminum salts in the presence of
éeveral diverse ions and they concluded that the effect
of a particular anion depends on its ability to complex
aluminum. They found that among the anions studied
phosphate had a stronger affinity for aluminumlthanr
.éulphate and ﬁitrate. ' -

A moreldetailed explahat&on on the effect of
several ions on phosphorus remdqél by aluminum was giveﬁ
by Hsu (Yuan and Hsu, 1971; Hsu, 1973; Hsu, 1975). ﬁe

- considered\lwo mechanisms of opposite effegts. .

-. Foreign ions tend to neutralize the residual
positive charge of a partially phosphated
aluminum,polymér legﬁiag to precipitation of
both phosphate and aluminum together.

-:These ions can also compete against phosphate

. in reacting with aluminum, therefore reducing
the effectiveness of phosphate'précipitation._-

The beneficial or catastrophic effect pf a particular

.
71 AP et

ion will depena_on the relative magnitude-of these two

L]
-

X
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mechanisms, which depends on the concentration of phoé;'
phorus,'aluminum and ion in solution. Fo£ high p/Al

molar ratios, all the aluﬁinum will be complexed by _ | s
phosphatés. Any addition of anions (such as‘SOiH) will

lead to the competition of these.with phosphates, there- .
fore reducing the effectiveness of prepipitation. At .

low P/Al ratios, any addition of aﬁions.up to the stoi-
chiometri& point, will lead to the pfecipitation of the
aluminum-phosphate complexes at léwe; PH values since leqs
hydroxide is required for the heutralizaﬁion of the polymers. I
Howevef, in excess of these anions, the coméetitive agtion

[

becomes stronger and . effectiveness is lowered.
The: order of n

itude of the affinity of the
various anions to dofofdinate with aluminum is given below
(from Fiessinger, 1576) :.

3- 2-

i > S0, > Cl” > NO.

4 L3

.

OH > F > PO

The effect of montmorilioniie was similar to the one
observed with'suifate and fluoride with its magnitude ‘
intermediate bét&éénaihem (Juan and Hsu, 1971). Hsu (1975)
also studied £he effect of calcium. xHE'concluded that
calcium resulted in a great improvehent in phosphate
removal. This was due to the precipitation of a mixed.
?hogphate. of calcium and aluminum and especially for

pH values above 6.8 to ﬁherformation of Tnsoluble calcium

phosphate.
@




p—r b

In a recent paper (1980), Arvin and Petersen

included the bicarbonate activity into an equilibrium

model. They found that bicarbonate_y compleied in the
% P
precipitate and showed that control of the bicarbonate

activity can influence greatl& the removal of phosphorus.

2.3.4 Effect of Temperature

Recht a#M Ghassemi (1970) conducted a series of
experiments to study the possible effects of'tempefature
on the kinetics and the efficiency of the removal of
phosphorus by means of aluminum and ion(III) salts,

They experimented'with two temperature levels: The
ambient temperature FEZSOC) ané 5°C. In both cases, they

did not notice any measurable effect on the rate of re- f%i:j;:J =

moval of phosphates (the‘reaétion was complete in less .
than 1 sec.) or on’' the extent of removal.
. In the literature ﬁpere is no indication on ihe.
effect of temperature on the,éhosph;£e remoyal when o

hydroxy-alumi rpolymers are used to remove phosphorus.

2.3.5 Effect of Aging Time of the Aluminum Solution

-

A o In contrast to the behaviour of Fe(III) solutions,
Recht and Ghassemi found that Al solutions were stable
over a two month observation period. ing 0.772 mM .

solution of aluminum nitrate they did nof observe any

r

T
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changes in pH, conductiﬁity and thé efficiency to pre-
cipitafe\phosphate.

nguysr, the aging time affects the efficiency
of the hydroxy-aluminum polymers to remove turbidity

from water (Fiessinger and Bersillon, 1977)}.

2.3.6 The‘Natﬁre of the Precipitates )

~ Recht and Ghassemi reported that the preciéitates
obtained in the precipitation of phosphates with aluminum
were found amorphorus after examination ﬁy X-ray diffrac-
tion analysis.

The same result was reached by Hsu (1968) in his
work with hydroxy-aluminum polymers. .The explanation
given by Hsu is based on the concept that a phosphate
i;n tetrahedron tends to link two aluminum polymers
together. Therefore, all the phosphate tetrahedra stay

between polymers and twist them to different orientations.

In the same work, Hsu noticed some degree of crystalliz—

;tion when he used AlCl3 solution. However, thelprecipié'
tation with.AlC13 occurred at low PH (around 3) and higﬁ
phosphorus to aluminum ratios (greater fhan.QI. In.this'
system, the product of_precipitation’ié or it is vexy

close to Alpoq. . ’ .

2
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A
.

2.3.7 Condensed Phosphates Removal

Very little work has been done on the removal

of condenéed phosphates by'a;um£num. Sawyer (1952)
reported that aluminum salts are very effective in £e~
moving all forms of phosphates. Stumm, however, showed
(1964) that tripolyphosphates are not removed well. He
suggested that this was due to the formation of soluble
complexes such as AlPBOia

' Ghassemi and Recht (1970) reported that ortho-
phosphates, on an equivalent basis, is more effiéiently
precipitated by hoth alumlnum and iron and over a broader
PH range than ‘are the polyphosphates. However they found
that the optlmum PH values for maximum removal were nearly
. the same. The dlscrepanCLes were explalned as a different
mechanism including both.chemical rgaction and physical

adsorption. Benedek, et al. (1976) also observed a similar

behaviour.



CHAPTER 3

EXPE RID@NTAL

3.1 _MATERIALS - -

3.1.1 Sodium Phosphate : i

Sodium Phosphate (Na3PO4.12H20)(ACS regent grade)
was obtained from J.T. Baker Chemical Company, Phillipsburg,
N.J. Stock solution of 4.5 g/1 P was prepared and used

for the preparation of synthetic wastewater.

3.1.2 Sodium Bicarbonate

Sodium Bicarbonate of ACS reagent gradé was
obtained from BDH Chemicals, Tbronto. Stock solution
of 60 g/l NaHCO3 was prepared and used to provide buffer-

'ing in the model wastewater.
3.1.3 Alum

Alum is the commercial name of Aluminum Sulfate.
ACS reagent grade was obtained from the Fisher Scienti-
fic Company, Fair Lawn, N.J. 0.1 M as A13+ Stock solu-

tion was prepared and used for the treatment of waste—

N

water.

40



3.1.4 Aluminum Chloride

Aluminum Chloride was uged in the preparation

A0f PBAC. It was obtained in the form of AlCl..6H,Q

3 2
(ACS reagent grade) from the J.T. Baker Chemical Company,
Phillipsburg, N.J. Stock solution of 0.5 M as A13+ was

prepared and stored. Although there is no indication

in the literature that such aluminum solutions hydrolyze,
.\’.‘

Fl - 3
the stock solution was prepared every month.

-

3.1.5 Sodium Hydroxide -
, | -
1 N Standard Solution was obtained fflom BDH

Chemicals Co., Toronto, and diluted to total volume of

22, This gave a 0.5N solution which was used for both
vy

the preparation of PBAC and control of pH in the preci-

pitation of phosphorus.

3.1.6 Hydrochloric Acid

0:5 N solution was prepared from 1 N Standard
Solutiqp1§:tained from the BDH Chemicals Co., Toronto, -

and was uded in controlling the pH in the precipitation

pPXocess.

3.2 WATER SOURCES

© 3.2.1 ‘Synthetic Wastewater

The use of synthetic wastewater was considered

Q‘.
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. LS
necessary because the simplicity of this system could
lead to a better understanding of - the mechanisms involved.

¥ i
This wastewater was used for the study of phosphorus re-

'

moval and settling rates.

Each patch of the wastewater was prepared by
adding 10 ml of the phosphorus stock solution and 10 ml
of the bicarbonate stock solution into a volume of .
approximately 3 % of distilled water.- A predetermined
amount of 0.5 N hydrochloric acid or 0.5 N so@ium hydroxide
solution was also added to bring the pH to therdes;red

-

level. for the codgulation study. The phosphorus and bi-

-

carbonate concentrations were apprgximately'lg mg/1l and

208 mg/1 respecfively.

3.2.2 Burlington Wastewater

This wastewater was taken from the aeration tank
of an extended aeration pilot plagt at Canadian Centre
for Inland Haters\located in Burlington, ?ntario. The
pilot plant.inflgent was Burlington.wastewafer. The .
wastewater ﬁas us‘.lad for the sfudy of phosphorus removal,
settling‘rates and supernatant suspended solids. .

ét.the time of sampling, this wéstewater had the .
following characteristics: |

e
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Sample I. ’ Sample II
Suspended Solids 2200 . 1800
TOC 4.9 6.0
' (
p 1.9 - 1.6

All values are in mg/l.. Sample I was used when the
coagulant dogage was determined by the molar ratio Al:P
equal to 1.0, while Saﬁple II was used when a ratio bf_
Al:P equal to 2.75 was employed. The samples were stored
in a drum and aerated for five days until the experiments
were over. . §ince the phosphorus concentration was low,

the samples were spiked to a phosphorus level of approxi-

mately 5 mg/l. ' -

3.2.3° Hamilton Wastewater

This wastewater was taken from the aeration bas;n;
of the Hamiltoﬁ Sewage Treatment Plant. It was used to
study phosphorus removal and the filtrébility of the sludge.
At the tfhe of sampling the characteristics of the waste-

water were:

Suspended Solids: 2800 .'mg/l

Filtered TOC: 5.9 mg/1’
Phosphorus: ' 1.1 mg/1
Calcium: 20 mg/l

" Iron: | | 5.35mg/1



No coagulant is added in the aeration tank of the
plant because -of the high iron cqncentration; The sample

was spiked to approximately 7 mg/l P.

3.2.4 Domtar Wastewater

This is a treated wastewater from the Longford
Mills Plgnt_of Domtar Chemicals. The cbmpany manufactures

a varifty of chemicals. The effluent of the wastewater
treatégnt unit has a low BOD level and a high COD which
indicates a great deal of non-biodegradable materials.

The average ﬁ;ant effluent characteristics for the year

'1979- are given below (From Benedek, et al., -1980):

BOD = 9 mg/1 e
COD = 202 mg/l1
P = 0.05 mg/l

S.S.= 11 mg/l

Flow Rate = 160”m3/d

When the sample used was taken, it had the follow-
ing characteristics: |
Filtered TOC = 45.5 mg/l ‘ ~

pH = 5.45

The Domtar wastewater was used to study the efficiency

_ " .
©f the coagulants to remove organlfs.

2

_.
¥
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3.3 PBAC PREPARATION

A cdnfiguration of the system used for the pre-
paration of PBAC is given in Figu¥e 3.1. The procedure
was astollows:

50 ml of the AlCl stock solution were transferred

3
into a 500 ml Erlenmeyer flask.” Sodium hydroxide solution
Qas mixed with distilled water to give a final volume of
200 ml and the solution was plaéed in a storag; tank.

The volume of the hydroxide solution was specified by the

desired .OH:Al molar ratio (Further on, this ratio will be

referred as B, for basicity) and is given in Table 3.1,

L

TABLE 3.1 ‘Amount of NaOH Solution Required to Give

Desired Basicity

: - ‘
B = OH:Al . ml of NaOH Stock Solution
0.0,. . | 0
1.0 | 50
1.8 90
2,2 . 110 )
2.5 125
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- NaOH storage tank

1
2. Pump. '
3. ' Magnetic stirrer
.4. Reactor
2 I . 5. pH-meter
h; 6. Recorder -
¥
2 5 6

{
FIGURE 3.1 -‘Configuration of the System Used for PBAC

Preparation.

The OH:Al ratio in the preparation is indicated
by a number following PBAC (fdr example, PBAC 1.8 means
f‘;EAC prepared when aluminum chloride was partially
neutralized with sodium hydroxide to a molar ratio of
OH:Al = 1.8).
X The NaOH solution from the storage tank was added -
véry slowly tp.the Erlenmeyer flask under vigorous mix-
ing conditions. The rate of addition wasllzz ml per houxr

and the temperature was 21 #+ 1°c. Under these conditions

‘the nature of %he aluminum polymers is known (Bottero, et
v .

4 .

I IR . W
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al., 1980). During thé preparation, tﬁé pH was monitored
continuously. The change of pH as a function of time
for OH:Al ratios 2.2 and 2,5 is given in Figure 3.2,

When all the NaOH solution had been transferred
into the flask, the opération was stopped and the PBAC

solution (0.1 M as Al3+) was left for aging.

3.4 COAGULATION STUDIES

3.4.1 Jar Test Apparatus

-

For the precipitation studies, a wodified jar test
apparatus was used. This modification was designed by
Benedek, et al. (1976) and enabled the in?estigators to
study overflow rates and consequently preéict clarifier

‘e

performance, _

. _ The jars had’inside dimensions 0.1Q m x 0210 m >
base and 0.35 m height‘and were madéifrom plexiglass.

A horizqntal sampling tube was inserged halfway across-
thé,jar at 76.2 mm frot the bottom. The sampling probe
had 3.2‘mm holes driﬂiéﬂ 10 mm apért, perpeqdigul;r'té
the axis. Sanpling fhrough.thg{port was céntfolled by
soleﬁoid valves which in turn were controlled by a sample .
sequencer. The Phipps énd Bird éix place stirrer waé

modified to accept the«new jars by doubling the léngth

of its legs-and by adding a second identical paddle
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onto the lengthened shaft. A schematic repreksentation

of the batch settling apparatus is shown ipx"Figure 3.3.

3.4.2 pH Control .

N - -
e -~

The pH control was considered essential for better

-

4
comparison of the efficiency of thé various coagulants

. B . . .
tested. The desired ultimate pH in each test was obtained

.

by adding a'predeﬁermined amount of 0.5 N sodium hydroxide

‘or hydrochloric acid®solutiom t/ the wastewaters prior to

cogguldnt'addition. The exact amount of acid or base re-
quired was determined fr;m sets of pH éontrol curves.
These curves Were obtained from preliminary tegts-which
were performea using modgl jars. Figure 3.4 shows such a
set of curves obtained for the synthetic wastewater case

and for Al:P ratie equal to 1.¢. This kind of pH coptiol

" was adequate since the pH values obtained at the end of

the test were witﬁin‘i 0.2 pH units of the desired value.

3.4.3 Experimental Procedure -

»

For the synthetic wastewater case the start of

each jar test was specified by the time the coagulant was

added. Just before the addition of the coagulant, a pre-

determined amount of HCl or NaOH solution was added to
control the pH. The various ﬁériods‘of the test were set

according to the suggestions by Benegek, et al. (1976).

*
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3 LITER JAR. .
PADDLE STIRRER ,

SOLENOID VALVE

¥y

!/ |
o\

e ¢ ; &
FIGURE 3.3 Schematic Representatio

n of the Batch Settling

) .
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Rapid Mix: 6 min at 90 rpm

Slow Mix: 14 min at 30 rpm

Settling Period: 30 min.

Dufing the rapid ﬁix period one sample was taken from each
jar. The phosphorus concentgation in this determined the
initial phosphorus level. During the settling period,
samples were taken at 2.5, 5, 10, 15, 20 and 30 min. from
the beginnjing of gettling. When the settling opération

was over,a last sample was taken from each jar. This was

filtered through a 0.45 u Sartorius membrane and used for
”

52

the determination of the ultimate phosphorus concentration

fi.e., phoéphorus concentration at infinite time of settl
ing) . All sampling was made by the means of the sample
sequencer and the yolume of each sample was 30 ml.

One special set of‘eﬁperiments was conducted with
aluminum'chloride as coagulant'and Al:P molar ratio egual
to 1.0. The reason of conducting this particular seﬁ_

. was to check the p&int in Hsu's theory that phosphates.
| are cdmplexéd with aluminum at low pH and’do not precipi-
.tate. Any addition of OH ions will neutralize the solu-
ble complexeé_and pfecipitation will start at lower pH
values. The difference in this test was in tﬁe order of

mixing the chemicals. Instead of adding a predetermined

amount of acid or base prior, to coagulant addition, all

-

r’
i e ———
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<

samples were acidified to pH 3.4 and the céaéulant was
added. After that, sodium hydroxide'solution was added
to bring the pH to desired levels in the 4 to 9 range.
The rest of the procedure was the same as before.

When domestic wastewater was used, a parallel
activity of calcium was 1dent1f1ed In corderx té separate
the effect of calcium from that of the aluminum coagulants,
a _different pattern of coagulatlon was followed:

A predetermined amount of acxd or base solution
was added at time zero under high stir{iﬁé conditiops (90
rpm) . After three minutes of stirring a sample was taken
and the pH was recorded. The soluble phosphorus con&a};t
in this sample determinéd the initial phosphor level and
not the one measured after spikiﬂg the samples. After that,
the coagulant was addeq and the procedure was the same as
before. Two samples were téken: One from the supernatant

after 10 min. o ettling and the second when the procedure

~ was over The first one was analyzed for its suspended solids

content and its tbtal P concentkation and the other for
its filtered P concentration. The calcium content of all
Bahplés was als&\efi::red and in the Bamilton wastewater
case the iron concentration as well. No other aampies P
were taken durimg the settling perioé, the height of the
so;ids interface, however, wés recorded and used to cal-

1 : ~

culate the settling rates.
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When the indﬁatrial wastewater was used, no phos-
phorus was measured. The experimental procedure was
similar to the one used for the synthetic waatewater‘case.
Two'samples were taken: One before the test started and
the other after it was over. The first one specified the
initial TOC concentration and the second cne the final

TOC lével.

3.4.4 Settiihg Rates

The étudy of the settling rates for the synthetic
waétewatei case was based on thé follq&ing theoretical )
conaiderations: o

£ Co, is the initial phosphorus concentration, C,
the residual and C¢ the concentration at time of sampling

t, then the fraction C = Gy of the flocs will have a

C:o-»
velocity less than u . whergu
T, - and h =h - V(N=1) (1)

t -t ot (o] A

!

where h liquid level above the sampling port at time t

t
ho = inifial liquid level above the sampling port,
in this case 223.8 mm ‘ A
A = horizontal cfoss sectionai area.of the jars,
100 cm® ' -

N = saﬁple number

V = volume of individual samples, 30 ml.

[N }
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. ]

According to the Hazen-Camp ideal sedimentation tank theory,

the overall removal in a clarifier is defined as

R

(1 - Xo) + Vc: udx (2)

q ..-

-

where: R Total fraction of settleable solids removed,
'v_ = Terminal velocity equal to the clarifier
overflow rate, and

X = Fraction of settleable solids with terminal

velocity less than V .

The integral.term in the above eqﬁation is considered to
corﬁfct for settlinglof paryicles entering tﬁe clarifier
; at levels }owefjthan the water surface. 1In the present
work, thislterm was neglected. Therefore, terminal
veloék&ies can be cq}culated to indicate the maiimum
allowable clarifier overflow rate for any required sélids‘
removal. Thus, terminal velocities can be converted to
overflow rates by converting units of cm/min to ﬁ3/m2.h
(or m/h). Considering the times saﬁpleé were taken énd
thé*iiquid level>in the jars‘a curve was drawn converting’
the sampling time to overfldw rates (Fiéure 3.5). (Note
.that; 1 cm/min = 0.6 m/h).
i When mixed liduor was used, the settling rates
',Qefe studied by recording the height of the solids inter-

face at various times.
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FIGURE 3.5 Overflow Rates as a Function of Sampling

Time.
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3.5 ANALYTICAL PROCEDURES

3.5.1 Phosphorus:

Phosphorus was analyzed acéording to tHe‘d-GB W
and 3-68 W Technicon's Industrial Methods. The two methods
are identical except for differences in sensitivity due
to differences in colorimeter cell size. The 4-68 WlMethod

used for P concentrations up to 20 mg/l and the 3-66 W

fér up to 7 mg/l.

According to these two automated procedures con-
densed phosphates present in the wastewater are converted
to orthophosphate by means of hydrolysis-with sulfuric
acid and the total .P concentration is then determined by
the reduction of phosphomolybdic acid with'aminonaphtholT
sulfonic acid. "

. When synthetic wastewater was used, all samples’
were acidified with five drops of concgn%rated sulfuric
acid and analyzed. In the case of the ultimate phos-
phorus concentration, the samples were first filtered
through a 0.45'u's;;torious membrane and then acidified
and analyzed. ‘When mixed liquor was used all saﬁples
were first filtered and then agiéified and analyzed un-
less the total phosphorus content was wanted. In this

case, the samples first acidified and them filtered

and analyzed. _ e



3.5.2 Supernatant Suspended Solids

When the Burlington wastewater was used, a sample
from the supernatant was taken from each jar and was
analyzed for its suspended solids content. Since the con-~

centration of solids was very low and the sample volume

‘small, an indirect method of suspended solids “analysis

was employed. Using a Model DRT 1000 HF Intruments turbi-

dimeter, the turbidity of the Samples was determined and

using a calibration curve the turbidity units were con-

verted to suspended solids expressed as mg/l. As it can
be seen in Figure 3.6, turbidity and suspended solids were

very well correlated.

3.5.3 Metals

The-analjsis of calciuﬁ and iron was performed
using :¢§arion Techron Atomic Absorpfion Spectrophotometer
A@G, according to .the manufacturers! operating manual.
3.5.4 pH . .

] A.Fisher Accumet Model 230 pH/Ion meter was used
for pH measurements. This pH ;étér is accurate té‘i0.0S

units., The j strument was calibrated with standard buffer
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3.5.5 Specific Resistance

Studies on sludge filtrability were conducted
according to the EPA Sludge Treatment and Disposal Manual
(L973). For this purpose the/Egphﬁéi funnel test was
employed. The filtrability test was' performed on the
Hamilton wastewater. After the coagulation procédure was
over, the treated solids were allowed to settle and 1.8 2
of supernatant were decanted. from each jar. The remaining
sludge had a concentration of suspended solids around
7000 mg/l;loo ml of each sludge were used ‘to perform a
sludge filtrability test. The performance characteristics
were:

- Filter Paper; Two 7 cm in diameter Whatmﬁn No.4.

Pressure Drop: 20 in'Hg.

Calculation of the specific resistance can be seen in the

’Appenqu.

*3.5.6. Organics

The organics content of the wastewater was analyzed
using a Beckman 915 Total Organic Carbon hnalyzer. The
instrument is equipped with separate channels for the
determination of Total Carbon and of Inorganic Carbon.

’ /

- ’
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 THE EFFECT OF AGING TIME

The reasons for studying the effect of aging-time
were twofold: Firét, to investigate whether an optimal
time exists with respéct to maximum phosphorus removal
and second to establish an operation aging time ranges

PBAC withbasigity of 2.2 was chosen to study
aging time and its efficiency on phosphorus removal was
tested. This basicity was chosen because PBAC 2.2 cqQn-

sists of large amounts of the highly hydrolyzed forms

-
13%
was tested on synthetic wastewater. Maturation times

: 3+ * .
(al (OH)ZB(HZO)lzj ,and‘¥;(03% 'gel. This PBAE

-
-,

‘studied were 0.5, 1, 3 and 24 ﬂr. The Al:P molar employed

was 2.75:1 and the pH \Fanged from 5 to 9.

4.1.1 Ultimate Phosphorus Remov&l 2

The effect of aging time on the efficiency of PBAC
“ . [ 4
2.2 to precipitate phosphorus is shown in Figure 4.l.1.
¢ e

The ultimate phorphorus removal (i.e., phosphorus removal
at infinfte time of settling) was plotted as a function

to pH for the various éging‘tiﬁes tested. A For all examined

F]
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Aging Time 0.5 hr
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FIGURE 4.1.1 Effect of"Aging Time on Ultimate Phosphorus

Removal.
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-

cases, phosphorus removal appeared to be maximum at pH 5.2.

This maximum corresponds to 90% removal for all aging times.,

E

Generally éging time did not affect noticeably the observed
removals. An aging time period of 2 hr. was, therefore,

selected and it was assumed that minor wariations in aging

™
time would not influence the ultimate removal efficiency -

of the ct'gulants.

4.1.2 Settling Rates i

8 ' - ’ '_‘"‘\

During the first stages of settling, the phosphorus,

concentration in the withdrawn sample was higher' than the

. : A
- " initial concentration (Appendlx A, 2) This was due to the
IW} fact that ,the sampling port was well ghlow the lquld .

¢

surface. Therefore, w1thdrawal of the flocs deposited on

P

the safmpling tube resulted in_the observed increase in con-

centration. Another reaggg/whlch.mlght have caused that .
.
was the fact that easxly flocculated matérials, such as

aluminum flocs (Eckenfelder, 1980) , may reach the hindered
%, \ : e .

settling region even at low concentration, resulting in
a slower settling at the lower part of the jar.
Thé'percentage of flocs settled was calqulated

x- 100
Co--'aCu

I

where: c Tnitial P concentration .

0
1

= Ultimate P concentration’

Q
i

P concentration at time of sampling t. -

ﬂ—/,’ l.".‘ PO
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i * . Lt N . . -
* Pigure 4.1.2 illustrates the percentage of flocs

settled as a function of time for aging times 0.5 and;l hr.
The settling of the flocs depends on the pH of the‘solu-
) Jion. verylpoor Or\qp"eettling was observed below pH~§‘
or above pH 8. The settling curves are very steep up to.
15 min of aettling and then~they reach a fairly constant

level which at!infinitertime corresponds to the ultimate

: £,
removal of the flocs. AN

N

The overflo;'retes required to achieve 90% 5¥55§£i’
of. the flocs are depicted as a function of PH in Figure
4.1.3. The overflow rates were calculated by converting
the time which corresponds to 90% removal of tne flocs
(Figure 4.1.2}‘!§ overflow rates by'means-of Figure 3.5.

Ninety percent renovel of the flocs observed'between

thé pH 5 and 8. Overflow ates corresponding to'thrs ’
removal ranged fro? 0.8 to 1,2-m/h. AAt pH 6.5 Yariation
in aging time'did not reault_;n.any.differench in the

'0verfIQW'r§tée,'.However, at oﬁ vnlues,below.or above 6.?
significant differences were observed. These differences
may be attributed to the fact that the extent of ura-

tion .time affects‘?he'size and charge of the aluminum

polymeric species (HSn arid Bates, 1966) and. therefore——-;:;\\
- the eettlability of the flocs. -

.. N '...' ' ,
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r

FIGURE 4.1.3 Bffect of Aging Time on Overflow Rates

"for 90% Removal of Flocs
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HOSPHORUS REMOVAL ~ SYNTHETIC WASTEWATER

).

lants to remove éhosphorus was .first carried out in

The study on the efficiency of the .various coagu-

syn;hetig wastewater. The coagulants used were Alum,
AIJminum Chloride, and PBAC with basicities of 1.0, 1.8
and 2.2. Two aluminum dosages were investig;ted:' one
at an Al:P molar ratio of 1.0 and the second at 2.75.
The pH ranged from 4 to 9. _ ' ‘
For the low aluminum dosage, one additional run
was performed. This run involved the addltion of the coagu-
- lant at low ﬁH and then the solution was'brought to the
< 4 to 9 pH range by adding NaOH solution. This run ié re-

ferred as alternative order of_mixing}'

4.2.1 Ultimate Phosphorus Removal

. . The ultimate phosphorus removal as a function of
pH is,illﬁstrated in Figure 4.2.1 fbr Al:P = l.P and in-
Figure 4.2.2.for Al:P = 2.75. Phosphorus remﬁval'depends

. significantly on the pH. All'cu;ves.shown exertJmaximum .

rémovals. Fbx_the low aluminum dosage, glum noE only |
demonstrated the highest efficiency, but maximum preci-
pitati;; 8tarted at lower pH. Ninetf four percent of
phosphorus was ré:Bved with a maximum at pH lower than

'5. Aluminum cloride demonstrated a high removal effici—

ency (89%),‘but a little lower than the one of Alum. -

R . M
. . b A /
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The various PBAC“s_éave even lower removals with the

highest one observed wh;n PBAC 1.0. was used (75%). The v
results obtaineq-whén the alternative order of mixing

was employed were identical to the ones obtained in the
aluminum cloride cfse for pH higher thaﬁ 5. Between pH

4 and 5, howeyer, the alternative order of mixing resulted .
in a higher removal.

A similar trend appearediin the high aluminum
dosage case (Figure 4.2.2). 'éium, digmihum chloride and
PBAC 1.0 gave removals in the viciniﬁy of 100%. The pH
range, however, within which alum show?d this high effi-
ciency, is broader than the one in the other two cases.
Méximum phosphorus precipitation with alum fanged within
PH 4 (this was the lowest pH employed) and 7, while in
the aluminum chloride and ﬁEic 1.0 cases the pH for maximum
removals was (6bserved in the 5.5 to 6.5 region. PBAC 1.8
and PBAC 2.2 ahowed.efficienciesiiower<than those
observed with. the other‘co;gﬁlants. As it can be seen -~
fromnboth Figures 4.2;; and 4.2.2 the degree of pretreat-
méﬁt of.the,aluminum coagulants greatly affected their
'efficlency in prec1pitat£ng phosphntes. The higher the
amount of ‘sodium hydroxide added to the alumlnum chloride
solution in the preparation of PBAC, $he lower its effi-

, ciency in phosphorus removal. This implies that“in phos-

phate precipitatidn equilibrium between the various aluminum

+
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species does not exist or, if it exists, it is extremely
low. This can be realized by the fact that for different
degrees of neutralization the coagulants gave ~different
removals for thétqame pH. For this rea;c;n tﬁe precipita-
tion of phosphates can not be explained by the equilibrium
model ©f a single chemical compound, such as A1P04,'ﬁeither
as a co-precipitation of Alpo; and Al (OH) 5. On the.con-

| trary, a more sophisticated model iqyolving complex for-~
mation could justify the obsefv;d results. The phosphorus
precipitation can be seen as a fesult of the competitive'
Actioﬁ of phosphates, hydroxides and other ions present

to react Qith aluminum species. Since hydroxyl ions are
the strongest ng%etitors, any addltxon of them to the

coagulant will reduce 1ts efficiency in phosphorus removal.

Precipitation occurs when the complex species

——forfled from the competitive action of the various ions

are neutral. For this reason the optimum pH range will
d?pénd on fhe tyPe of épecies‘prgsent.s It can be seen
. frqq-Figure 4.1.1 and 4.1.2 that ﬁ%bn alum was employed,
| maximum. precipitation sézgtea at 1dwerlpn §a1ué§. This

is due to the effect of sulfate ion, which, in relatively-
. low concentrations, being a weaker competitor than the

‘phosphates, helps the neutralization of the aluminum-

ﬁhosphaté-hydroxide comple*es. These comﬁiexes in the i /
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absence of sulfates are positively charged at pH lower
than the.one for opfimum precipitation. It should be
noted that at high pH values the complexes are negatively'
charged due to the addition of hydroxyl ions to them and
the particles are restabilized.

The comelex formation modgl can also explain whf
in the alternative order of mixin%‘maximum pxecipitation
occurs at iower PH, as Figure 4.4.1 shows. At low pH
aluminum is chemically bound with ph;sphafés forming solu-
ble complexes. ‘Any small addition of hydroxide (slight
increase in pH) will éau;e neutralization of these.com-
plexgs befor? any competition begins. On the contrary;
dufiné the usuval mixing the proéédure goes from higher pH

»

values to lower ones and the concentration of OH ions is

higher promoting therefore the competition.

- -

Another important observation diﬁcernible from
both Figures 4.1.1 ané 4.1.2 is that the optimum pH range
is affected by the aluminunm dosagg. For the aluminum '
chloride case, where aluminum is present in thé form of -
Al3+, the optimrm pPH range for the highest dosage (pH
range: 5.5-6.5) appeared to be 1 pH unit highpr'than the

optimum pH range in the lower dosage (pH range: 4.3—5.5)f

In the high dosage coagula the aluminum-phosphate ¥

- complexes carry a higher poffitive charge and ﬁhere still

is some aluminum ions in the sdlﬂtionu Therefore, more

4
.

..
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hydroxyl ions are required to neutralize both the Al3+

and the complex species.

4.2.2 Settling Rates

The removal of phosphorus as a function of_pH
for ar overflow rate of 1.15 m’/m%.h. for AL:P = 1.0 -
is illustrated in Figure 4.2.3. Alumifum chloride showed
the highest efficiency removing up to 75% at pH 5.5: Alum
gave\hlgh removals but this happened at pH below 5.5. |
The rest of the coagulants demonstrated lower eff101ency,
giving maximum removals lower than 55%. *

Figure 4.2.4 illustrates ph.sphorus removal as a
function of pH for Al:P = 2.75 an¢g/ overflow rate of 1.15°
m3/m2.h. Aluminum chloride, PBAC 1.0 and PBAC 1.8 showed
removals between 90 and 95 peréent at around pH 6. Alum
showed the same high efficiency at pH 6, but high‘removals
were observed at lower pH values, as well. |

Comparing Figures 4.5.3 and 4.2.4 with Figures .
4.2.1 and 4.2.2; w?ere the ultimate phosphorus removal .
was plotted‘ae a functibh‘of pH, one can pee that even
if phosphorus can be efficiently removed at pH valuea below
the optlmum pH range (Flgures 4.2.1 and 4.2.2), the flocs
do not settle, Because they carry a posltive charge.

This. trend is not followed when alum is used due to the?
v

presence ‘'of sulfate, which participates'in'the neutralization

" of the eluminum-phosphate—hydroxide polymers.
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&

The aoverflow rates for 90% removal of the flocs
as’a function of pH are depicted in Figures 4.2.5 and
4;2.6. For the low aluminum dosage (Figure 4.2.5) only
aluminum chloride gave f16cs, 90 percent of which settled
in the time period of 30 min. In this case, hoﬁever, the

overflow rates for 90% removal of.the flocs were 16wer

than 0.8 m3/m2.h_ When the rest of the coagu%ants were

used, 90% removal of the flocs was not achieved even at.

. overflow rates as low as 0.55 m3/m2.h. (30 min of settling).

For the high aluminum.dosage (Figure 4.2.6) 90% removal

‘'of the flocs wa§ achieved at overflow rates as high as
1.6 m3/m2.h for the PBAC 1.0 case and 1.4 m3/m2.h for alum,

- aluminum chloride and’ PBAC 1.0 at pH around 6.

Another impertaht point, discernib%e-from the
settlability curves (Figures 4.2.3 to 4.2.6) was that the
settling of the fibcs exegteg two .local maxima, one at ’
a}ound PH 6 and the other at around-éH 7. ’TE? first
maximum appeared at the pH value where maximum ultimate
removal was observed. \\At this poxnt the hydroxy-poly;k}s
are neutralxzed and settling;;s fast. ~ For the second
maximum two possible mechaniems'may be conéidered re-
sponsible. Thé first one involves the formatlon of some

alumlnum hydroxxde at. pH around 7 where the lowest solu-

blllty-of Al(OH)3 exﬂﬂhs. The-hydroxide particles tqfn

. o

Y
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become nucleation siteslfor the aggregation of the poly-
meric sSpecies and therefore they enhance'the settling of
%he flocs.: The second mechenism considers the change of'i
-one phosphate form (H POZ) to another (HPOi—) which occurs
at around pH 6.5. If :;$§é/two forms show slightly Qiffer-
ent competitive activity with reépec% te}complex formation
with aluminum, this might affect the che:ée and the size
of the flocs formed. - - .

This trend was not observed when alum was employed

and that may be attributed to the direct involvement of

,804

ions in the fo;maﬁ%en of Fhe polymers.

It should be noted that'a similar behaviour was
observed when ferric chloride was used for phosphates.rew
moval (Benedek, et al., 1976). The authors explained the
trend as a result of the maximﬁ@ precipitation of FePO, -
at pH 5.5 and.Fe(bn)3 at pH 8.0.

v - ‘ o ,

4.3 STUDIES ON MUNICIPAL‘WASTEWATERSQ

.The study of phosphorus removal was performed on
both Burllngton and Hamilton wastewaters taken from the
aeration tank of the sewage treatment systems. In addi-
tion to these studies, the effect of coagulants on para—
meters such as sludge settleablllty,supernatant suspended

LY

solids .and sludge dewaterability was:examined. These

o
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' . Cey . /
- parameters were examined with respect to aluminum dosages

‘employed for phosphorus removal. - ~

4.3.1 Phosphorus Removal

The remopal.of phosphorus from wastewatess is not .
only affected by the coagulant added; buttby fhe‘presence
of soluhle calecium, . as well. Calc;um, naturally present
in all domestlc wastewaters, can remove. phosphorus at pH
levels 9bove 8. (Kronin, -1973). Therefore, in ‘the stde.

of the effieiengy of aluminuﬁ,coagulanﬁs, care should be,

L]

: " -
. raken to eliminate the effect of calcium at high pH.

LX)
Figure 4.3.1 presents the soluble phosphorus and

calcium concentrations in Burlington wastewater as a func-
tion of pH. The initiel Pvlevel was 4.60 mg/l at pH = 7.65.
When the pH-was 1ncreased to 10, the phosphorus concentra—
tion dropped to 0‘3 mg/l 10, the calcium level" decreased

to 31 mg/1 from 51 mg71 at pH 7.65. Quite surprlslngly,
however, the concentrations of both calcium and phosphorus
increased at low pH, reabhing values of 58 mé/l a;d 7.1
mg/l respectively at pH' 6. 'It appeared that some phos-
phorus was chemically bound with calciué\in some form of .

» A
insoluble calcium phosphate and was released into the

solution at low pH. Figure 4.3.2 provides evidence for

“this re}sonihg. Here, the mmoles: of Ca2+, released into

R

the solution at low pH or precipifhted at high pH, were ~
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FIGURE 4.3.1 cCalcium and Phosphorus Concentration
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plotted versus the mmoles of phosphorus released or pre-

 cipitated. Tbefe is a linear relationship between these

tWo variab;es up to pH 8.5. This linearity indicates
that a certain stoichiometry exists between the insolublg
Ca2+ and Poz—. The stoichiometric m91ar ratio-betwéeﬁ’-
these two species is given by the slope of the staight
line. The slope was found to be arouna ?. The calcium
phosphate form which is gémnerally accepted to-bg most
common is hydroxyapatite (Calo(Poq)s(OH)z)' The Ca:(P04)
molar ratio in this sﬁbstance'isllozs, which liéslclose }
to the molar ratic found in the calcium phosphate.o? the
wastewater. It should be noted that the slope of-thé
%ine presented in Figure 4.3.2 increases at high PH," a

fact that indicates that at high pH calcium precipitates

in some other form, as well, probably as calcium carbonate.

A similar study was performed on the Hamilton
wastewater. In this case, as in the case befbre, no’
coagulant was added into the solution. Once again, a
linear relationship seemed to hold between the calcium
released or prec;pitated aﬁd the phosphorus released or.
precipitated, as it can be seen in Figure 4.3.3. The
stoichiométric ﬁolar ratio in this case was foung again
to be 2. These two systems show in good agreement that

‘ )
insoluble calcium phosphate, probably in the form of

]
L

oy e i S 6 =
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hydroxyapatite, ekists in the aeration tank‘of wastéwatef
treatment plants, and it séems likely that the inorganic
flocs are entrapped into.the biological flocs.‘

To separate theseffect of calcium from that of
ghe aluminum coagulants, when they applied to Burlington
- wasteWatér,‘the phosphorus concentratij;Nnas measured after
adjusting the pH prior to coaguldnt addition, Figﬁré 4.3.4
iliustrates the phosphorus level after the addition of
acid or bésé'as a function of PH. The curve 1is similaf

-

to the one obsgrved in the blarnk solution case (Figure
4.3.1); Figure 41344 also shows the‘phosphorus concentra-
tion aﬁte% the addition of the coagulant. The coagulant
used was aluminum chloride at a aosagé 6f Al:P = 2.75.

The difference in .P concentration in these two curves’
characterizes the removal due.to coagulant,.wﬁich is shown
in'Fig&re 4.3.5. 1In the same‘figure the overall removal
is illustrated, as well. THe term overall removal is re-
ferred to ﬁhe_iemoval with respect. to thquhbsphorus_coh-
.5 centration at its natural pH. Tgkre are two“distinct
parts in the overall removal cﬁrve. The first one, below
pH' 8, -is due to the effedt of the alumin . coagulant and
the second one, above pH 8, dﬁelto calcium phosphate
precipitation. The calciuﬁ removal, also showp in' Figure
‘4.3.5; proceeds parallelhtd phosphorus removal at pH values

above B.
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i} The effect of the other aluminum .coagulants was .
similar to that of aluminum|chioride. Figuré 4.3.6 shows
the effect of alum. Once agaih, t?e overall removal curve
~

consists of two parts: Below pH 8, any removal of the
initially present dissolved phosphorus and_phosphoruh
released from calcium phosphate is due'td aluminum, while
at pH higher than 8 the removal of'phosphates is due- to
calcium., Similar trends, shown by PBAC 1.0, l.B.and'Z.Z,’
are pfesented in:the Appendix. ' ‘

Figure 4.3.7 'suﬁmarizes-the_efficiéncy of the
various coagulants to remove ﬁhosphorus from the Burlington

wastewater at an AL:P molar ratio of 2.75. Comparison of

]

Figure 4.3.7 with'Fiéure 4.2.2, where phosphorgs removal
from synthetic wastewater was depicted as a function of

‘pH, shows that the behaviour of the coagulant& in both’
systéms‘was similar. Aluminum chloride and alum gave the’
highest removals while PBAC demonstrated lower éffiﬁiencies.

w

Once again, the higher the basicity of PBAC, the lower fhe
observed removals were. - ’

The removals observed in the Burlington wastewater.
case were lower than those obtained in the synthetic waste-
Qater case for all coagulahts employed. This can be attri-
buted to the presence of condensed phosphates and a variety

of other species in the natural system, which iate£}hre

with the removal o# phosphorus.

: »
2
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The.calcium-alumihum fnterac i n.was verified on
the Hamilton wastewater. ;:éufe 4m5.&\111ustrates the
overall phosphorus removal as a function of pﬁ'when alum
waé used at an Al:P ratio of 2.0, Phosphorus was efféc—
tively removed at pH 10 due to ‘calcium phosphate preci-
pitation. At lower pﬁ vqlues; however, even if alum

« removes up to 70% of phosphorus, tﬁe.amount of phosphorhs
feleased was high.enough £o kéep the 6verall removal lower
than a 60% level. Eiéhre J.;.s also illustrates the re-
mova} of phosphqrus due to alum and the removal of calc}um.
These two.curves show a behaviour similér to that.obserﬁed
in the Burlington wastewaéer case. ’ Lo
.. o When the Hamiltop wastéwater was uéed; tﬁé iron,
present in the wastewater, was measured as well. The iron
concentration was plotted as a function 6f PH in.Figqre .
'4.3.9 for both the blank case and when_alum.qgé used \ ‘
(Al:P = 2.0). At around pH 8, yhiéh.was the ﬁatural pH
" .of the wastewater; the iron concentration was found to be
high.(approximately 5.3 mg)l).\'This can not be justified

11 gmoles/1l). *

by the solubility of Fe(OH) ; at this pH (10~

& It seems most likely ‘that iron forms soluble chelates with
organics. When-tﬁe pH increasiﬁ or decreased, the iron
concentration dropped significantly. rhié may be attributed
to precipitation of iron hydroxide at lower pH or to

precipitation of insoluble chelates at higher pH.

-

s

e
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4.3.2 Supernatant Suspended Solids

‘When the Bﬁrlington wastewater was used for the
study of phosphorus removal, samples from the supernatant
liquid were taken after 10 min of settling and anaiyged
for sugpended solids. Figure 4.3.10 iLlustraﬁes the
supernatant suspended solids concentration as a function
of pH for - Al:P = 2.75. For the blank sclution casge,
the supernatant solids concentration did not appear to be
affected py the pH, fluctuating around 8 mg/l. When
alumiﬁum coagulants were used, the supernatant suspended
solids concentration followed an inverse U-shape curve
with a maximum bgtween pH 8 and 9. This pH range, where
the maximum concentration occufsﬁ coincides with the pH
range where thg preciéiﬁation efficiencj of both aluminum
and calcium is lqQw. This indicates that tﬂe nature of
the flocs is inorganic phosphate'precipitates and there-
fore its settieability is highly affected by the pH. 1In
-the case of the_blank‘solution;_the flocs are mostly bi-~

ological and the effect of pH is not very strong.

The inorganic phosphate naﬁure‘of the supernatant
solids, when coagulants were used, is also demonstrated in
Figure 4.3.12. It can be seen that in the aluminum chloride
cése, the insoluble phosphorus curve deﬁoted by P oal”
Pfilterable' proceeds parallel to the supernatant solids
concehtration curve, showing a maximum at the same pH,
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where maximum.solids concentration exists. 1In the blank
. case, Figure 4.3.11, the partiéulate P concentration
appeared fandom and not affected by the pH.

| Among the various coégulants'used, PBAC 1.0 gave
the lowest solids congentration (less than 6 mg/l), while
aluminum chléride demonstrated the poorest efficiency

giving supernatant solids concéntrations up to 25 mg/l.

4.3.3 Settling Rates.

When the Burllngton wastewater wasg used for the
study of phosphorus removal the effect of the alumlnum'
coagulant on the settling of the flocs was examined. The
settling rates were calculated from the rate of change with

time of the height of the solids J.nterface.

- Table 4.1.13 illusFratea the settling rates as a
functionlof pH for Al:P = 1.0. For the case of the blank,
the séttling rates ﬁere‘&lmost const&nt within the pH
range studied, rangin§ between 1.4 and 1.5 m/h. The addi~
fion of the coagulants enhanced settling with.tﬁe excep-
tion of alum. Aluminum‘chloride showed the highest
effitiency’ followed by.fBAC 1.0. The settling rates
observed when aluminum chloride was used were up to 90%

higher than those observed in the blank case.’
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The results for the high aluminum dosage (Al:P =
2.75) are shown in Figure 4.3.14. The settling rates

observed in the blank solution case were higher than those

observed in the blank solution employed for the low aluminum

_ dosage.This was expected because the mixed liquor used for

-~

the high aluminum dosage sludy had a lower solids content
(1800 mg/1 vs. 2200 mg/l). Since activated sludge follows
the hindered type oﬁ-settling, the sludée with the higher
solids QPncentration exhibited a 16wer settling rate.

The addition of the coagulants reduced the settling rates
to a considerable extent. Thé settling rates appeared to

have a minimum at around pH 9. The somewhat surprising

- reduction in settling rates after the addition of the

coagulants may be attributed to two facts: either the
aluminum dosage and the solids concentration were such that
some restabilizdtion of the organic colloids occurred

or to the slow-settling highly hydrafed inorganic pre-

‘cipitates (EPA, 1975).

4.3.4 Studies on Sludge Filtrability -

The study on sludge filtrability was performed on
the Hamilton wastewater. After treating the wastewater
foi phosphorus removal with a dosage of 12 mg/l Al3*

(Al:P molar ratio eéual to 2.0) thé sludge was concentrated

to around 7000 mg/l suspended solids and the Buchner funnel
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3
test was performed.’ The coagulants uséd were alum, aluminum
chloride.and PBAC with basicities of 1.0, 1.8 and 2.5. '
One additiohal test was performed without any coagulant.

‘The\results,of the test are shown in Figure 4,3.15
where the specific resistance has been plotted as a func- -
tion of pH. It can .be seen that pH has a marked effect
on the specific resistance for the blank solution case.
The lower the pH;.the lower the sﬁecific resistance. At
pH 4, for instance,.the specific resistance correspoqu

8

to a value of 2 x 10”° s2/g but at pH 10 it was found to

be more than six times as much. The same trend was found
’ . ‘

when coagulants were used. This was expected since the

sludge particles under ordinary conditions are negatively
charged and, at low pH, the negative charges located at
the surface of the particles will tend to be. neutralized

2

by the ébundance of the H' ions in solupioq.

. When coagulants were used the.specific resistance
was. greatly influenced by the pH and‘the type of coagu-
lant. AlCl3-and PBAC l.é showed a local maximum be-
tween pH 5 and 5.5, then a local minimum at pPH 8 and at
higher pH values the specific resistance inbreased. PBAC 1.0
showed a fairly cohstant behaviour throughout the studied
range with higher values at pH between 4.5 and 5.5 and

a lower one around 5. PBAC 2.5 showed a local maximum
, . ”



(s%/g)

épecific Resistance x 10

S 10f

8

~ 101

Blank preg
AlCl-3
PBAC 1.0

PBAC 1.8

PBAC 2.2
Alun

ooobow

" 2 i, A A . A L

. 4 5 6 PH 7 g8 . 9 10

FIGURE 4.3.15 Specific Resistance as a Function of pH



at pH 6.5 and the specific resistance continued to lower
even at pH levels as high as 10. Generall&, all the above
coagulants did not-improve the sludge dewaterability at
low pH Qalues. Alum, however, was the only one which
éppeared.to l:jFr the specific resistance throughout the
pH range. |

| Since the coagulant dosage was notsvaried in’these
experiments, it is difficult to explain this strange be-
haviour. However, it seems possible that in the pH range
between 4 and 7, thre mostlof the'c?agulants héve had a
negafive effect on sludge filtrability and tpg coagulation -
efficiency is higher, the dosage employed resulted in
charge reversal since the process is sensitive to excessive
dosages {Eckenfelder, 1980). Under‘thgse experimental

conditions the presence of sulfate ion (soi') was beneficial.

e

4.4 ORGANICS REMOVAL

The study on the efficiency of the various aluminum
‘ coagulants to remove organiés wés performed on the Domtar
‘wastewater. This industrial wastewater had a TOC of 45.5
mg/l. The coagulants_ employed were alum aluminum ghloride
and PBAC Withﬁbasicities of 1.0, 1.8 and 2.5. |
Figure 4.4.1 illustrates the effect of aluminum
dosége on the removal. It can gé seen that the three

forms' of PBAC exhibited.a constant behaviour in the studied




TOC Removal, 7 %

103

\ L
4 /

O Alcl,

A PBAC 1.0

O pPpBAC 1.8
a0t & PBAC 2.5

()- Alum
35t
30} '
25 ¢ - <
200 7
15 .

~_ /N o
10| X : 0 < & >
5
- A — > ~

10 20 30 40 50 60 70

Al doéage mg A12+/1

FIGURE 4.4.1 TOC Removal as a Function of Alum Dosage

80"



g g

=1
e e T R R T TLNT? T PRTER e () i et el Y Ehahi L {0 ol 2 i pie /L BF i Sl il b

104

range, i.e. 15% removal for PBAC 1.0, 12% for PBAC 1.8
and 10% for PBAC 2.5. Aluminum chloride and alum showed
low efficigﬁcies at low dosages, but their ability to-
_ re&ove organics increasgd as the dose increased. Up to
30 mg/l A13+ their behaviour was identical, but at higher
dosages alum reached the highest removals observed (around
38%) while AlCl3 removéd up to 11&3
In this set of experiments ‘aluminum dosage was the
Aoperating variable and no concern was taken about.control
'0of pH. Therefore alum being morelacidic‘th#n the others,
lowered the pH to a greater extent. This led to higher
removal especially at higher dosages. It has been found
that alum ig more efficient in removing orgahigs at pH
between 5 and 6 (AWWA Coﬁmittee Repoxrt, 1979). 'Therefore,
high alum ﬁosages will remove more organics not only due
to the higher metal ion concentration, but.due to a &ecrease
in‘pH as well. ™ -
To study the effect of pH on the removal of TOC,
a low aluminum dosage of 13 mg/l was employed. The pH
rangedj}rom 4 to 9. The TOC removal as a funct;on of
' pH for the various coagulants is shown in Figure 4.4;2,
All the coagulants appeared to have a fairly constant
behaviour giving a littlé higher removals at low pH.

PBAC's with high basicity are'more'effigient

»
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but even these are able to remove only aboﬂt 15&,Qf\5}e
TOC. Alél3 gave the poorest results with’alum and PBAC 1.0
lying in bétween. { |

These results, presented in Figure 4.4.2,.are
somehow surprising. There is a strdng belief by pecple
iq the field that organics removal by means of coagulation
is carried out through two mechaniamé - charge neutraliz-
ation and precipitation. Hall and Packham (1965) attri-
buted the removal of humic and fulvic materials sfric§;§
to chemical precipitation, while Stumm and Morgan (1962)
considered the destabilization of organics as being caused
by electrostatic or chemical ;nteractiéns, reducing the _
charge of the compounds and altering their solubility.
Any removal involved a solid‘phase was considered to occur
at high aluminum dosages where aluminum hydroxide preci- -
pitates. These conceéts, however, are unable to explain
the obserﬁed trend. If chemical preéipitation or charge
neutralization were the only mechanisms, it is difficult
to explain the fact that PBAC 2.5 shows high efficiency
in removing organics, ‘because of the large amount of
hydroxyl ions associated with the A13 ions. It is moét
likely that an adsorptlon mechanlsm plays an 1mportant
role, too. The presence of Al(OH)3 gel in the PBAC 2.5

solution strengthens this reasoning. There is not enough

)
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evidence in the literature how this occurs; Greenland
{1971) after studying the interactions between organicg
and clays suggests an ion exchange mode of adsorption )
whiéh is reversible and influenced greatly by the elec-
trolyte concentration.' He gmphasized the importance of the
polyhydroxy-complexes of aluminum which provide positive
sites on the clay surface and facilitate the exchange
adsorption. Another work by Schnitzer and Kahn (1972)
provides some evidence about an irreversible sorption of

the organic matter and'its incorporation into the surface

~“hydroxyl 1ayer;




CHAPTER 5

" CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

Based on the brevious results the following con-

clusions can be drawn:

1. ' The removal of phosphates from water cannot
be adequately described on the basis of
equilibrium conditions of single compounds
such as AlPO4 and Al(OH}3. On the contrary
it was found that chemical precipitation is

"brought about through complex formation. The
degree of phosphorus removal depends on the
‘degree of nydrolysis of the coagulant and
its concentration, the presencé and the con-
centration of other ions and the pH. The
model proposed by Hsu (1975) was found to
explain the results. According to this model
the interaction of an ion (in this case phos-
phate) with the aluminum ion depends upon the
chemical affinity between these two ipnic !

species and the competitive action from a “

lo8
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third one which also wants to occupy a site

on the coordination shell.

For the conditions of these experimentsﬂfwﬁich
are close to the ones usually met in practice,
the higher the basicity (or the degree of
hydrolysis of alumirum) the smaller the ability
of the coagulant to precipitate the phosphates.
This is caused by .thé higher affinity of OH
ions to interact with A13+. |

The.most important factors affecting the:
optimum pH range:for maximum P removal are
the Al:P raﬁio, the OH:Al ratio and the pre-
sence ahd concentration of other ions. For
higher aluminum dqsages the optimum&range
moves to the higher pH values, because more
hydroxyl ions are reqdired to neutralize the

Al-PO, positively charged complexes.

4

on the removal, especially at lower pH valde
Sulfate ions bging‘;\lg§§/5££6hg competitog
to phosphates help the neutralization of tﬁe
complexes when the OH concentration‘is loﬁ.
When domestic wastewaters were used, the

various  coagulants gave results similar to
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those observed in the synthetic wastewater

case, The efficiencies, however, were smaller

-

‘due to the presence of polyphosphates and

. other ionic sSpecies. Higher removals were

observed at high pH (around 10} than at any
other thand-thislwas attributed to calcium
phosphate precipitation. .
calcium phosphate ié entrapped in the biologi-
cal flocs and phosphorus igyreleased into the
water when the pH decreases. Since the
addition of alum will lower.the pH, the effi-
ciency.oﬁ the coagulant will appear to be

less than it actually is. This parallei
activity, i.é. the rélease.of phxsphorus and
the effect of thé coagulant, leads to an
optimum pH range which is not necessarily the
pH at which the precipitation is performed

in practice.

The study on the removal of su?ernatant
suspended solids showed that this process
proceeds parallel to phosphorus removal.

In the pH range between é-and 9, where neither

aluminum nor calcium are effective in removing

P, the supernatént suspended solids concentration
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was found to be high. The nature of the

solids was
8. The pH and
coagulants
organics.
removal of
a strictly

mechanism,

taken into

5.2 RECOMME:N]‘JATIONS

inorganic phosphates.

the nature and dosage of the
greatly affected the removal of
It was shown, however that the
organics cannot be attributed to
chemical interaction, but another
such as adsorpﬁibn, should be

consideration as well.

-

Considering the previously presented conclusions,
¢

the following recommendatiéns are suggested:

1. Since the coagulant dosage itself should not

+

3
be the only opgrating-varﬁable in processes

used for the removal of suspended»solids and

- tﬁfﬁidity or for dewatering sludges, new

investigations should focus on parameters

such as pH

metal ions.

and -the hydrolysis productsibf

‘2. 315¢omplete mechanism of the organics removal

by means of coagulation should he examined,

with respect to both lumped parameters, like

TOC, and specific compounds.
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3. An investigation.of optimum_conditiéns for

| operation of a water treatment plant should
be performed. - This analysis will investigate
the feasibility of low pH treatment both from

an economical point of view and for a better

quality water perspective,
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* FIGURE Al.l pH Control for Alternatlve Order of
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FIGURE Al. 2 PH Control for Synthetic Wastewater
Coagulant: ZAlum .
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FIGURE Al.4 pH Control Curves for Bﬁrlington Wastewater
Al:p =.2.75
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FIGURE Al.5 pH Control Curves for Burlington Wasﬁewater
Al:P = 2.75 '
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APPENDIX 2

EFFECT OF AGING TIME

A2.1 Raw Data

TABLE A2.1 Phosphorus Remaining in Solution After Treat-
‘ment With PBAC 2.2 {mg/1l)

Aging Time = 0.5 hr.

pH '
_ 4.3 4.7 6.1 7.0 8.1 9.0
Time -

0 14.8 15.3. 15.7 15.0 15.0 15.0
2.5 14.8 15.0 15.7 15,3 17.7 15.3
5 1.8 15.7 15.3 15.7 16.6 16.6

10 | 5.7 15.9 12,6 8.6 10.5 . 12.8

15 | 5.0 15.0 4.4 6.1 9.0 11.6

20 14.8 . 15.3 3.8 5.7 9.0 11.6

30 14.0 15.7, 3.7 5.7 8.4 11.1

IInfiﬁité ©12.7 10.5 2.9 4.6 7.3 9.9
. .
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TABLE A2.2 Phosphorus Remaining in Solution After
Treatment with PBAC 2.2 (mg/l) °
Aging Time = 1 hr :

. pH.
rime 4.3 5.3 6.3 7.0 8.1 9.1
0 15,0 15.3  15.1 15.1 15.0 15.0
2.5 14.8 .16.3  15.7  15.7 15.4 15.9
5 14.4 16.7 15.9 15.9 15.6 14.6
10 14.4 15,3 9.3 8.2 10.7 12.0
15 14.6 4.7 5.1 5.9 8.5 11.1
20 4.4 2.1 4.2 5.7 8.4 11.1
30 "14.4 -~ 1.9 3.9 - 5.5 8.2 10.9
Infinite 12.9 1.6 3.5 4.9 7.5 10.0 ¥<%

TABLE A2.3 Phosphorus Remaining in Solution After Treat-~
ment with PBAC 2.2 (mg/l). Aging Time = 3hr

0 14.4 15.0 15.2- 14.6 15.0 15.2

2.5 14.4° 15.5 15.5 15.2 15.2 15.2

5 15.0 16.7 16.3 15.2 16.3 15.2

10 14.0  >20 ,12.8 . 9.6 8.7 10.25
15 "14.3 © 7.55 .5.5 4.8 6.0 8.8
20 ‘ 14.5,5 2,35 3.35  3.85 5.8 8.35
30 14.0 i 2.15 2.95 3.6 5.55 8.15

Infinite 12, 1.3 2.25 3.1 '5.05° 7.65
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TABLE A2.4 ©Phosphorus Remaining in Solution After
- Treatment with PBAC 2.2 (mg/1)
Aging Time = 24 hr. —

4,5 5,3 6.0 6.5 8.0 9.2

0 14.5 15.0 14.8 14.5 | 14.5 14.8
2.5 14.8 15.75 15.5 1522;/ 14.8  14.8
5 - 14.5 15.6 15.75 15.25 15.0 15.0
10  14.8 >20°% 10.8 9.0 10.2 12.3
15 14.8 6.55 5,1 4.7 8.2 11.2
20 14.3  2.65 3.6 <1.95 7.85 11.1
30 14.3 2.1 3.45 <1.2 7.7 . 10.95
w 12.2 1.4 2.3 3.4 6.4  9.75




1Z9
A2.2 Percentage of Phosphorus Settled
TABLE A2.5 Percentage of Phosphorus Settled as a
Function of pH and Aging Time
pH Aging Time = 0.5hr. Aging Time = 1 hr.

Tim 6.1 7.0 8.1 9.0~4| 5.3 6.3 7.0 8.1 9.1
10 |24 61.5 58.5 43 |- 50 67.557 60
15 88.2 85.5 78 66.5]77.5 86 90 87 78
20. J93 89.5 78 66.5|96.5 94 92 88 78
30 94 89.5 85.7 76.5|98 96.5 94 90.5 82

P? Agihg Time = 3 hr. Aging Time = 24 hr.

Time\| 5.3 5.9 .6.4 7.3] 8.3 5.3 6.0 6.5 8.0
10 - 18.5 43.5 63 65.5 - 32 49.5 53
15 P4 75 . 85 90.5(85 62 78 88 78
20 p2 91.5 98.5 92.5|91 91 89.5'92 82
30 p4 94,5 95.5 95 |93.5 95 91 93 84




A3.l1 Raw Data

TABLE A3.1 Phosphorus Concentration

APPENDIX 3

PHOSPHORUS' REMOVAL FROM SYNTHETIC WASTEWATER .

for Al:P = 1.0

3.1

Coagulant: alcl 3‘

PH 395 4.3 5.4 6.0 6.5 7.8 9.1
Time

14.5 13.9 4.1 14.75 14.0 13.9 14.0

2.5 '13.4  14.3 15.0 14.4 13.75 14.0

5 14.0° 13.65 14.1 14.65 13.9 14.0

10 . 13.45 5.8  9.35. 7.45 13.9 14.2

15 13.7 3.2 5.5 5.35 14.2 14.3

20 13.7 2.9  4.25 4.5 14.2 14.5

30 13.8 2.4 3.7 3.95 14.2 4.8

 Infinite 4.3 1.6 1.6 2.7 6.45 12.7

? B
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TABLE A3.2 Phosphorus Concentration for AL:P = 0
' ‘ Coagulant: PBAC 1.0

pH |
3.7 5.6 6.5 7.0 7.4 8.5 ,
Time
0 15.0 15.3 15.3 15.7 15.3 15.3

2.5 14.2 15.3 15.3 15.3 15.7 14.7
14.2 15.3 15.0 14.2 14.7 15.3

10  14.2 11.6 11.8 11.9 12.1 13.9
15 14.2 6.8 9.2 8.7 9.7 .13.7
20 14.2 5.6 7.2 7.6 9.0 13.4
30 = 14.2 5.3 6.8 7.5 8.7 12.4

Infinite 11.4 3.9 5.1 5.7. 6.9 10.9

TABLE A3.3 Phosphorus Concentration for Al:P = 1.0
Coagulant:- PBAC 1.8

&

\\\53\\ , .
i 4.4 5.5 6.0 6.5 7.4 8.7
0 14.1 13.7 13.7 14.1 14.2 14.45
2.5 13.9 14.2 ~14.2 14.45 14.3 14.2

5 13.9 14.45 14.65 15.1 14.8 15.1
10 14.1 11.35 11.55 13.6 12.1 13.1
15 13.9  8.55 9.55 10.5 10.6 - 13.1
20 13.9  7.85 8.55 9.4 10.25 12.85
30 13.75 7.25 8.1 9.0 10.2. 12.85

Infinite 4.5 6.45 7.1 7.75 9.35 12.2

S
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TABLE A3.4 Phosphorus Concentration for Al:P = 1.0
Coagulant: PBAC 2.2 )

i

4.6 5.5 5.7 6.1 7.3 8.4

0 - 15.9 15.9 15.6 15.1 15.0 14.7

2.5 14.6 }4.7 14.7 14.7 15.15 14.8
5 14.8 13.7 14.7 15.25 15,25 15.0
: 10 14.7 11.0 13.15 12.15 12.85 12.9
; 15 14.4 - 9.8 10.35 10.55 11.8 12.5
L o . 20 14.7- " 9.15 9.35 10.0  11.1 12.3
) 30 14.4 7.3 8.75 . 9.1 9.8 10.95

Infinite 12.1 5.65 7.7 . 7.9 " 8.6 10.2

? . TABLE A3.5 Phosphorus Concentration for Al:P = 1.0

'I

Coagulant: Alum

of | , B .
N\ 4.1 4.7 5.55 5.7 6.3 7.6  8.45
Time . —~ .
0 14.6 13.2 13.0 13.9 13.9 14.2 14.2
. 2.5 15.3 14.8 14.8 14.4 14.15 14.4
- . 10.15 15.7 14.4 15,35 14.8 14.4
. 0. 7 10,0 . 9.8 11.75 11.95 14.4 14.4
15 5.8  6.25 8.1 8.7 14.4 - 14.1"
20 . 4.6 4.1 5.65 6.0 13.6 14,15
30 3,75 - 3.6 . 4.55 4.7 13.3  14.4

Infinite 0.9 0.9 1.8 -2.15 3.0 6.4, 9.4




TABLE A3.6 Phosphorus Concentration for Alternative
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Mixing, K Coagulant: 'A1Cl§, Al:P = 1.0
PH
_ 4.0 4.5 5,05 5.45 5.9 6.55 7.45 8.45
Time e o )

. 0 14.6 14.6 14.3 15,0 15.0 15.0 13.9 13.9
2.5 14.4 14.3 14.6 14.6 15.35 14.6 14.3
14.6 14.6 15.35 15.0 16.7 14.6 14,3

10 14.6 14.0 11.85 11.45 9.45 13.7 14.3

15 13.7 11.25 7.4 7.75 6.5 13.7 15.0
Y20 13.7 9.25 5.4 5.4 5,55 12.7 14.3.
30 14.0 8.45 4.7 4.7 5.0 11.65 15.0

.5 6.0 13

Infinite 1.15 1.25 1.7 2.0 2.65 3

o7

RN

o
L9
¢

‘TABLE'A3.7' Phosphorus Cdﬁcentration for aAl:p = 2,75

Coagulant: AlCl

3
PH o
4.0 4.6 5.5 6.05 6.5 7.6 8.5 10.2
Time ' . .
0 14.7 15.0 15.0 15.0 15.0 14.75  15.0 15.0
2.5 13,7 14.7 15.3 15.0 15.3  14.75 15.0 15.3
5 14.7 15.7 15.3 15.35 ¥5.0 14.75 14.7 15.0
10 14.2 14.7 15.0 - 4.0 5.5 5.45 14.7 15.0
15 14.2 15.0 15.0 1.0 1.8 2.9 14.5 15.3
20 145 15.0 15.0 /0.6 0.8 2.7 14.2 15.3
~ 30 13.9 14.7 -15.3 0.5 0.7 2.55 13.4 15.3
Infinite 12.9 4.9 13.7

5.4

0.1 0.1 .0.1

1.85.
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TABLE A3.8 Phosphorus Concentration for Al:P = 2.75

PBAC 1:Q
PH d;jyrﬁ
6.0 6.4 7.5 9.0
Time . ... . L ey .
14.0 14.5 14.8  14.8 14.8 . 14.4
2.5 "13.5  14.7  17.5  15.4 15.4  15.0
14.1  15.0 8.4 go 15.0 15.4  14.4
10 13.8  15.0 1.8 5.3 6.9  11.7
15 13.6  14.7 0.7 1.7 5.3  10.8
20  13.8  15.0 0.5 1.1 4.1 10.9
30 14.6  14.8 0.4 0.8 3.7.  10.3
Infinite 12.4 0.2 0.1

2.8 9.3

TABLE A3.9 Phosphorus Concentration for Al:P=2.75“

Coagulant: PQAC 1.8

4.1 4.8 . 5.8 6.6 7.1 8.1

Time s . S Ce
0 14.7 Y 15.4 15.1  15.4 15.7
2.5 14.5 14.8 15.7, ,15.1  -15.7 15.7
5 14.4 14.4 17.4 16.2 - 15.7  15.4
" 10 14.6  14.6 5.6 7.8 7.9 11,1
15 14.9  14.8 1.3 3.8 4.7 8.6
20 1s™. 15.0 1.2 3.1 4.5 8.2
30 15.3 15.8 1.0 3.0 4.4 7.9
Infinite 11,8 1.5 0.7 2.1 3.35 6.4

Ny

Y
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\

TABLE A3.10 Phosphorus_Co centration for Al:P = 2,75

. Coagulant: PBAC 2.2

P 4.3 . 5.3 6.3 7.0 8.1 9.1
Time . ..... . :

0 15,0 15.3 15.1 15.1 15.0 15.0

2.5 ~ 14.8 16.3 15.7 15.7 15.4 15.9
, 14.4 16.7 15.9 15.9 15.6 14.6

10 14,4 15.3 9.3 ' -8,2 10.7 12.0

15  14.6 4.7 -5.1 5.9 8.5 11.1

20 14.4 2.1} 4.2 5.7 8.4 11.1

30 14.4 1.9 3.9 5.5 8.2 10.9

"Infinite '12.9 1.6 3.5 4.9 7.5 10.0

. TABLE A3,11 Phosphorus Concentration for Al:P = 2.75

. ' Coagulant: Alum
. PH 4.45 5.5 5.9 6.2 7.0 8.2
Time .
0 14.3 14.7 . 15.6 14.3 . 14.3 14.7
2.5 14.0 15.7 15.7 15.6 14.7 13.7
5 ° 13.25 16.3 16.7 16.3 16.3 14.0
10. 11.75 6.15 4.95 4.45 5.2 9.05
15 4.55 2.0 1.6 1.0 1.75 6.5
20 2.5 1.3 1.2 0.8 1.0 6.4
30 0.25 0.15 0.15 0.2 0.2 6.0

Infinite 0.1 0.1 0.1 0.1  0.}5 0.15
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APPENDIX 4
PHOSPHORUS REMOVAL FRQM DOMESTIC. WASTEWATERS
A4.1l  ‘Raw Data .
TABLE A4.1 Phosphorus Concentrationfor Al:P = 1.0
Burlington Wastewater
Coagulant Initial ~ Final
) T
AlCl3 'Rg o T.9 5.6 6.05 6.95 7.05 7.8
P 5.4 3.45 2.3 1.35 1.50 1.35
pH 7.85 5.25 6.0 6.9 7.2 7.9
PBAC 1.0 .
P 5.7 6.5 3.95 2.4 2.35 1.9
_ pH 7.9 5.2 6.0 6.9 7.4 7.9
PBAC 1.8 ‘
.- P 5.8 7.75 4.8 3.3 3.1 -2.75
pH 7.8 5.0 5.95 6.9° 7.45°'8.0
PBAC 2.2 L
P 6.1 0.5 7.4 4.5 4.3 3.1
: b pH - 7.85 4.9 6.1 6.9 7.2 .8.2
Alum .
P 6.3 10.15 4.85 2.9 .2.8 1.75
- : . :
. pH 7.85 5.1 5.95 §.9 7.8 7.95
Blank
: P 6-4 1402 10.0 7.5 6-5 5.0
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FIGURE A4.1 Overall Phosphorus Removal for Al:P = 1.0
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TABLE Ad.2

Phosphorus Concentration for Burlington
Wastewater Blank '

Initial Filtered PP= 4,60
Initial Dissolved Ca = 51 .mg/l

pH after a/b addition ' 5.95 6.8 7.65 8.2 9.05 10.0

. o
U U N P T SR TR B R 7 o € it ara

141

p " 7.15 4.87 4.6 3.4 1.05 .0.25
P Total  7.17 .42 4.65 3.5 1.17 0.8

Ca Dissolved '58 52 51 48 4Q 31

(Notice that since no coagulant was used, P after acid
or base addition is the final P levell).

TABLE A4.3

»

'Phosphorus Concentration for Burlington

Wastewater-

Cocagulant: AlCl3 Al:P = 2.75
51 mg/1
4.90 mg/1

Initial Dissolved Ca
Initial Filtered P

pH after a/b addition 6.3 7.6 8.5 9.7 10.05 10.6

p " 5.95 4.9 2.3 0.52 0.25 0.10
pH Final 5.8 6.55 7.0 B8.05 8.9 9.95
S 0.87 0.6 0.67 1.20 0.75 0.32
P Total 0.87 0.6 0.80 1.35 1.60 0.35
. 1 0.87 0.6 0. (1e35 160
—— — G -
Ca Dissolved S8 51 50 46 38 24

= g

v ey

’ P R L T N e O L T T

Tt -
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Ca Digsolived

TABLE A4.4 Phosphorus: Concentration for Burllngton
| Wastewater
- Coagulant: Alum Al:P = 2, »5
' Initiel Dissolved Ca = 5¢ mg/1
Initial Filtered P = 4.95"
PH after a/b addition 6.2 7.5 8.2 9.2 o9.g ' 10.8
P v 7.0 4.95 2.92 0.90 0.15 Q.10
PH Final 5.8 .6.55 6.8 _7.75 8.9 9.8
P f»_ 1.20 0.70 0.75 1.30 0.77 0,32
P Total 1.20 0.75 0.80,1.30 1. a5  0.50
Ca bissolved 60 64 58 51 36 25
~ TABLE A4.5 Phosphorus COncentratloﬁ#?br Burlington .
Wastewater . .
'Coagulant: PBAC1.0 Al:P = 2.75
Initial Dissolved Ca = 51 mg/1
Initial Filtered ©P = 5,35 mg/1
PH after a/b addition 6.45 7.4 8.2 9.05 9.65 10.35
P _ " . " 6.05 5,35 3.5 2.0 0.2 0.1
pPH Final 6.2 6.75 7.0 7.9 8.8 9.6
P Final 1.85 1.30 1.30 1.57: 0.90 o0.42
P Total . 1.87 1.30 1.35 1.70 1.00 0.40 .
o

51 50 48 44 38 29

£ PP S
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TABLE A4.6 Phosphorus Concentratlon for ‘Burlington
Wastewater
Coaéﬁignt: PBAC 1.8  Al:P = 2.75
Initial Dissolved Ca = 47 mg/1l
Initial Filtered P =5,35
pH after a/b addition 6.2 7.55 7.9 8.8 9.6 10.4
p " 7.30 5.40 4. 7 4.0 3.4 2.8
pH Final | 6.0 6.6 6.9 .7.8 8.8 9.85
. P Final ' - 4,05 2.35 2.2 2,15 1.0 0.25
P Total | 3.85 2.35 2.2 2. 15 1.15 0.30
Ca Dissolved | 55 50 46 46 39 28
TABLE A4.7 Phosphorus Concentration for Burlington
. Wastewater -
Coagulant: PBAC 2, 2 Al:P = .2.75
Initial Dlssolved Ca = 47 mg/i .
—JInitial Filtered P = 6.55
PH after a/b addition 6.0 7.05 7.3 8.5 9.4 10.3
P . 8.65 6.60 6.32.1,90 0.42 0.10"
.- ——
pH Final - 6.0 6.80 6.85 7.85 8.7 9.75
p . 5.30 3.65 3.15 2.60 1.35 0.25
P Total  5.25 3.80 3.15 2.77 1.37 0.37

Ca Dissolved 55 47 47 44 40 28

S

~
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TABLE A4.8 Phosphorus Concentration for Hamilton

1

Wastewater

Coagulant: None, Initial pH = 8.
YInitial Filtered P = 7.3 mg/l
Initial Dissolved Fe = 5.35 mg/1
Initial Dissolved Ca = 20 mg/1

pH Final
P Final
Ca
Fe

3.9 5.75 6.6 7.5 8.4 .

9.9,
24.6 14.1 11.3 7.95 5.3  0.85
65 40 28 24 17 ¥

2

TABLE A4.9 Phosphorus Concentrgéion for Hamilton

'Hastewater

Coagulant: Alum =~ Al:P = 2.0
‘Initial Filtered P = 6.8 ng/1
' - 5.3 mg/1

i

Initial Dissolved Fe
Initial Dissolved Ca

]
LN
'3
]

~
)

........

pH

PR

after acid/base . 4.1 5.85 65 ‘7.1 9.1 10.5

addition N
P n . 24.9 14.7 .12.3 10.2 ;.15 0.55
pH Final 3.85 5.6 6.3 6.9 8.6 9.95
P Final 16.1 6.8 4.9 3.7 1.6 10.5
Ca Dissolved 54 34 26 24 10 . 4
"Fe

Dissolved . 0.95 0.65 0.4 0.5 0.1 0.2
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L\ APPENDIX 5

SUPERYATANT sugﬁsnnt: SOLIDS REMOVAL
4 R .
Y- |

«m&g&g-AS;lf-Supernatant-Suspended Solids Concentration.

Burlington Wastewater, ~Al:P = 2.75

pPH 5.95 6.8 7.65 8.2 9.15 10.0  ~
Blank N "
| o .ss. 7 . .9 7 8 ... . 7. 12.5
Alel PH 5.8  6.55 7.0 8.0§ B.9  9.95

3 .
45;—" . 8S 1 2 2 9 .21 .. .. 6.5

pH 5.9 ©.55 6.8 47.75 8.9 9.8

Alum ss 0 2 1 3.5 14 5
) pH. 6.2 6.75 7.0 7.9 B.8 9.6
PBAC 1.0 : 4 :
* 88 2 2 2 5 4.5 2
...... . Lo A4S 2
o pE 6.0 T 6.6 6.9 7.8 8.8  9.95
PBAC 1.8
ss 1 4 2 3.5 12.5 3.5
r N : i "
"pH -6.0 6.8 6.85 7.85 8.7 9.5 -
PBAC 2.2 o6 2 2.5 2.5 10.5 .2 2.5
Lo o
x 148
| ) .q
' ~
[ ] . ‘ - -
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FIGURE A5.1 ‘Supernatant Suspended Solids for Alum
Burlington Wastewater
|
§.5., mg/1
. ] . . “r , rd
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! . o
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BIGURE A5.2 Supernatant Suspended Solids for PBAC 1.0
Burlington Wastewater
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s.5., mg/1 .
16 A Supernatant Suspended Solids ‘1-5.
14f . O particulate Phosphorus
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FIGURE A5.3 Supe

~

1t Suspended Solids for PBAC 1.8

Burlington Wastewater & - .
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~ FIGURE A5.4 Supernatant Suspended Solids for PBAC 2.2
Bur%ington Wastewater '
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APPENDIX 6
SETTLING OF ACTIVATED SLUDGES FROM

BURLINGTQN WASTEWATER -~ RAW DATA

TABLE A6.1 Settling of Solids for Al:P = 1.0

Coagulant: None

Time : | ' Height
0 0 0 0 0 0
1 1 1 1 1.5 1
2 2.5 3 3.5 3.5 3.5
3 5 5.5 6 6.5 6
4 7 8.5 9 9 9
5 9.5 10.5 1.5 11 1
7 13 14 14.5  14.5 14
10 15 16 16.5 16.5 16.5
15 17,5 18  18.5 18.5 ‘18.5
20 19 19.5 19.5 20  18.5
. . ' . . N ‘
pE ' 5.1 5.95 6.9 7.8 . 7.95
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LY

TABLE A6.2 Settling of Solids for Al:P =.1.0
Coagulant:. AlCl3

. . ,‘ r
Time : ‘ Height

0 0.0 0.0 0.0 0.0 0.0
1 2.5 2.5 2.5 2.5 2.5
2 7.0 7.0 6.5 7.0 6.5
3 11.5 1 11 11.5 1 - .
4 14 14 14 14.5 14
5 16 " 16 16 16 16
6 17 177 17 17 17
8 19 19 18.5 19 18.5

10 X 20 19.5 19 18.5

12 21 zdf?dj 20.5 21 . 20.5

15 21.5 21.5 21.5 21.5 21.5

20 22.5 . 22.5  22.5 22.5  22.5
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\ ' -

TABLE A6.3 Settling of Solids for Al:P = 1.Q

¢ Coagulant: PBAC 1.0
;Time | Height
0. 0 0 0 o . 0
1 1.5 ., 2.5 2.5 2 1.5
2 5 6.5 6.5 6 4.5
3 9.5 11 11 11 -
4 13 14 14 14 11
5 15 15.5 16 ° 16 13.5
7 17 18 18 18 16.5
10 19 19.5 . 19.5 19.5 18
15 21 21,5 21,5 21.5 20
20 . . 22 . .22.5  22.5. .22.5 21.5
pH 5.25 6.0 6.9 7.2 7.9
. R -
TABLE A6.4 Settling of Solids for Al:P = 1.0
J. Coagulant: PBAC 1.8° ‘
Time - Heights.
0 0 0 o .0 ‘0
P 1 1.5 2 2 2 1.5
2 4.5 6 6 6 5
3 8 10 10.5 1o 9
4 11 - 13 13 13 . 12
5 13.5 . 15 15 15 14
7 16 17.5 17.5 "17 . 16.5
10 18 . 19 19 19 18.5°
15 20 21 21 21 20
© 20, .. 21 22 . .22, .. .22. ... 21.5

" pH 5.2 6.0 6.9 ...7.4 .. 7.9
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1
TABLE A6.5 Settling of Solids for AL:P = 1.0
) Coagulant: PBAC 2.2
Time © . Height
0 0 0 0 0 0
1 1 l'%l 2 2 1.5
2 3.5 4 < 5 69 4.5 4
3 7 7 . 8 8 7
4 9 9.5 10.5 10.5 9.5
5 1.5 12 13 12.5 11.5 - |
7. 14.5 14.5 " 15 15 14 ‘
10 - 16.5 17 17.5 - 17 16.5
15 19 | 19 19.5 19.5 19.5
20 20.5 20.5 21 21 20.5
pPH - 5.0 5.95 6.9 7.45 8.0
TABLE A6.6 Settling of Solids for Al:P = 1.0 . e
. Coagulant: Alum * '
Time i Height R
0 0 0 o 0. 0
1 1 2. 1.5 2 1.5
2 3 4 A 4 3.5
3 5 7 - 6.5 7 6
4 8 .9 9 .9 8.5 .
. 5. 10 1m .1 11 . 10 .
7 15.5 . .-16 16 16 - 15.5 '
15 17.5 18 18 18 - 17.5
20 . 19 19.5 19.5 19.5° 19
Féfﬂﬁﬁ 4.9 6.1 6.9 7.2 8.2




“

TABLE A6.7 Settling of Solids for Al:P = 2.75

Coagulant: Blank

155

Time Height
0 a 0 0 0 0 0.
1 2 2 2 ,2 2 2
2 4.5 5 5 5.5 5 6
3 8 9 9 9 9 10
4 11 12 12 11 12 .12.5
5 13 14 . 14.5 13 14 14
7 16 16 17 16 16 17
10 18 18.5 19 18 17.5  1B.S
20 21 21.5. 21.5 .. 21 . .21.5 . 2L.5
pH 5.95. 6.8 7.65 8.2 9.15 10.0
TABLE A6.8 Mettling of Solids for AL:P = 2.75
Coagulant: Alclj ' :
Time . Height
0 0 - 0 0 .0 0 0
1 ,2 2 1 1 T 3,
2 5 . 3.5 3 2.5 7
3 8 . 8 6 5.5 5 110.5
4 10 10 -9 8 7 13
- 12 12 11 10 - 9 15
7 15 15 14 .13 . 11.5 18
10 17 17 16.5 14 14 19
20 20.5 20 20 19. 18 22
5.8 - 6.55 7.0°  8.05 8.9 . 9.95

pH
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TABLE A6.9 éettling of Solids for Al:P = 2.75
Coagulant: Alum
Timé ‘ Height
0 0 0 0 0 0 0
1 2.5 2 2 1.5 1.5 3
2 5 5 4 4 3 6
3 8 8 7 6", 4.5 9.5
4 10.5 - 10.5 9.5 9, 7 12
5 12 12 11 11 8 14
7 15 15 14 14 11" 16.57
10 17. 17 16.5 16 14 18.5
20 20,5 20.5, 20 19.5 8 21.5
pH 5.8 6.55 6.8 7.55 8.9 9.8
TABLE A6.10 gettling of Solids for Al:P = 2,75
' Coagulant: PBAC 1.0
Time Height ' 2
0 0 0 0 0 0 0
1 l 1 l 0.5 * 0.5 105
2 3 4 3 . ‘2 5 -
3 6 7 6 4.5 3.5 8
4 9 10 8 7 6 11
5 11.5 12 10.5 10 .8 13
/ 7. 14.5 15 - 13.5 12.5 11 16 . ¢
10 17 17 16 15 14 18
20 20 20.5‘ 20 19 18 22
pH 6.2 6.75 7.0 7.9 8.8 9.6
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TABLE A6,11

Settling of Solids for Al:P

157

= 2.75
Coagulant: PBAC 1.8/
Time Height
0 0 0 o 0 0 0
1 2 2 2 1.5 1 3
2 6 5 5 4 3 6.5
3 9.5 8.5 8 7 5.5 10
4 12 10 10 10 8  .12.5
5 14 13.5 13 12 10 ' 14.5
7 17 16 16 15 13 17
10 18.5 18 17.5 16 15.5 19
20 22 21 21 20.5 19 22
pH 6.0 6.6 6.9 7.8 8.8 9.85
TABLE A6.12 Settling of Solids for Al:P = 2.75
_ l . Coagulant:' PBAC 2,2
Time ’ & . Height . . .. ... ..
0 0 a 0 0 0 0
1 1 1 1 0.5 1 1.5
2 3.5 3 3 2.5 2.5 4
3 . 6.5 5.5 5 4.5 4.5 -7
4. 9 B.5 8 7 7 9.5
5 11 10.5 10 9 9 . 11
7 14 14 13 12.5 12.5 14
- 10 16.5 16.5 16 15 15 16.5
20 20 20 20 20 19.5 fo.s
pH 6.0 6.8  6.85 7.85 8.7  9.75
L]
\



APPENDEX 7

SLUDGE FILTRABILITY STUDY

A7.1 Calculation of the Specific Resistance . + ' \\\\
The specific resistance is given by: '
- 2PA2b )
Hw SRR
. e
where: r = Average specific cake resistance,
secz/g
P = Pressure arop through filter medium and
. . .
sludge cake, in cm oi;water~ - -
. cm - :
+ 20 in Hg x 2.54 In X 13.6
. .7 =690.88 cm H,0 > v
A = Area of filterfng surface, cm2
:+ w(7)? = 153.94 cn? .

b = Slope -of t/V vs. V plot in séc/mfz
: The values found multiplied by 60.
B 'w = Viscosity of filtrate in.poise ‘ o '
| : Assumed 0.0l p \\\:;”,///
w = Weidlft of dry cake solids per unit volume
of filtrate. RN
: Ampunt‘df solids on the filter = 0.7 g.

158
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Asgumed:

Therefore:

1

or

L

Density of solids Density of filtrate

= 1.0 g/ml
_. ) 0.7 '_ - )
w = 39.3 0.00705 g/ml
A . ‘ . R
r = 2X 690.88 x 153.94 x 60b
o 0.01 x 0.00705
r = 1.81043 x 10"b sec?/g.

‘159
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A7.2 Results of the Buchner Funnel Test

TABLE A?.l Volume of Water Filtered as a Function of

Time,

Coagulant:

None

160.

q

1

"\;/

Time

L 4

Volume, ml

0 2.5 0 0 0 0 o .
0.5 ‘28 22 22 .22 - 20 17 '
1 38 31 30 ©29.5 27 21
1.5 45 37 35.5 35 32 23
2 50 41 39.5 39 6 25,
2.5 55?§ 4 44 43 40 27
3. 60° . 49 . 47 - 45.5 42 . 29 ° -
3.5 64 52 50  48.5 45 30.5
4 68 557 -52.5 % 48 32
4.5 60 57.5 55  .53,5 51 33
5 73 60 - 57 56  52.5 34.5
6 76,  64.5 6l 60 56  36.5 0
7 . ‘84 .69 - 65 64 60 39 :
V. 89~ 73 69 67. 63 41 '
9 93 76.5 72 70 66 42.5
0. 95 80 75 73 68.5 44.
12 98 - 86 Yoo 74 74.5 48.5
15 99 91.5 87 - 84 8L 52
pH 3.9 ' 5.75 6.6 7.5 8.4 9.9
‘ o
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TABLE A7.2 Volume of Water Filtered as a Function
. of Time. Cbagulant: Alﬁm .
D
- Time Volume, ml i :
- I :
) a 0 Of 0 R 0
. 0.5 .27 26 ' 24 23 19.5. 14
1 36,5 34 . 32.5 31 27 18
.1.5 42,5 40.5 39 . 37 32 21
2 47.5- 46 43 41.5 37 24
. 2.5 52, 50.5 48. 46 41 26
3 56 _ 54.5 52 50 44 28
3.5 60 59 555; 53 47 30
4 63 2 59 ~ -56.5 50. 31.5
4.5 66 65.5 62 59 53 33.5
5 69 69 . 65 62 55 35
6 74- , 74.5 70 67 59.5 x3:
7 79 79  74.5 g5 64 “ 40 - -
8 83 B3 78.5 76 " 67.5 ' 42.5
9 lg7 87 . 82.5 79.5 71 . 45
10 90.5 89 86.5 83 74 47 ~
12 '94 92,5 92 88 80 .51
15 96.5 * 95 94 92 87 57
pH 3.85 5.6, 6.3/76.9 8.6 - 9.95
o An 7 : ! T
- /.*- - t: .
) .'.o ' )
-.— -. . '.
/.g ’ - ’ a L)
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TABLE A7.3 Volume of Water Filtered as a Function -

Time ~

Coagulant: AlCl, /~

Time Volume, lml

- 0 0 0 .0 0 0 0...

0.5 32 22 22 - 24 24 19°

1 S 42 28 . 29 - 32 31.5 - 24

r1.5 50 .33 34,5 37.5 37 28

2 56 37 ° 3al§d,141.5 4 31

2.5 61 . 40 42 45 - 45 34

3 66 42.5. 45 48.5 48.5 36

© 3.5 170 45, 48 51.5 - 51:5 38

4 74 © 47.5 50.5 54 54 . 40
4.5 77.5 49.5 53 = 56.5 56.5 42.5

5 8L .51.5 55 59 .59 44
6 87 55,5 59.5 63 = . 63 47.5
"7 92 59 63, 67.5 67.5 50.5
8 94 62 66.5 71, 71 53.5

9 95.5 65 ' 69.5 74.5 14.5 56
- 10 97 68 72.5 78 78 58.5
12 98 73 78 83.5 .84° =~ 63

15 98.5 79 85 . 89 ~ 91.5 /58
pH 3,75 5.1 6.4 °7.35 . 8.6  10.1

\_’ . ’ . * - . . [P

z ——
x : ) ‘ )
; ¢ e = '
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TABLE A7.4 Volume of.Wa;ef‘Filtered as\ngunction of
- , Time ‘. '
. Coagulant: PBAC 1.0

Time Volumé, ml S
0 0 o 0 0 0 "0
0.5 22 23 29 1\ 25 27 21
1 30 30 .36 33 34.5 29 ]
1.5 35 36  41.5 39 .40 34
2 40  40.5 46 44 44 38.5
2.5 43.5 44 49.5 48 48 42
3 47 47 - 53 52 51.5 45.5
3.5 50 50 56.5 56 54 48.5
4 53, - 53 - 59  58.5 §7 52
"4.5 55.5 - 55.5 61l.5 61.5- 60 54.5
5 58 58 64 .64 62.5 57
"6 62.5 62.5° 63 .69 . 67.5 62
7 66.5 66  72.5 73,5 71.5 66

.8 ' 70 70 76,5 718 76 70
9 73.5 73.5 80 B2 80  73.5
10 <77  76.5 -83:5. B5 83 77
12 82,5 82 89 91" 88.5 ‘83
15 89.5 89 93 ~ 97 93 . 89

\ o T TR R R e
pH  * _4.55 5.75 6.7 7.9 8.7 9.9
.
) F 9
LS Lt v
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TABLE A7\5 Volume of Water Filtered as a Functioqcof Time

' Coagulant: PBAC 1.8 b

!

Time . Vélume, ml
0 0 0 o o 0 0
0.5 28 22 22 22 21 . 20
1 37 27.5 -29 29 28  26.5
1.5 43 - 32.5 34 34 34 30.5
2 47.5- 36.5 38 38.5 38 34
2,5 52,5 39 41.5 42 42 .37
3, 56 42 45 45 45 40
3.5 59.5 44.5 47.5. 48 . 48.5 42.5
4 " 62.5 47 50 ° 50.5 51.5 as
4.5 65.5 49.5 52 . 53 54 - 47,
© 5. 68 51.5 54 55 56.5 49
6 73.5 55 58.5 60 61 53
7 .78 59 63 63.5 65 57
8 ' 82 627 “65.5 67 = 68.5 60
9 86 65 68.5. .70 72 62.5
10 89.5 68 71.5 73 75 65.5
12 93.5 72.5 77 79 81 70.5
1s 96.5 79 84 ~ 86 88 77.5
pH 3.8 5%5 6.45 7.35 8.6  10.0
*o- * ’ v ’ . e e e e . * L ’
&
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TABLE A7.6  Volume of Water Filtered as a Function

‘?f Time

Coagulant: PBAC 2.5

g
=

Time Volume, ml \
0 0 0 6 0 0
0.5 32 20 19 23 22
27 25 28.5 29
31.5 .29 33 33.5
2 35 33 37, 38
2.5 38 364 40.5 41
3 64.5 41 38.5 43 44
3.5 6a.5 {33.5 41 46 47
4 72 45.5 43.5 48.5 50
4.5 75.5 48 45.5 51 52
5 79 . 50 47.5 . 53 54,5
6 85 ° 53.5 51 57 59
7 90 57 54.5. 60.5 62.5  67.5
8 '93 60 57 64 66 71.5"
9 95 6.25 60 /67 69 75
10 . 96 65 63 70 72 79
12 "'97.5. 70 —~ 68  75.5 78 85
15 ° 98 ° 76 74, 82.5 85 91
' 3.80 5,55 6.85 7.6 . 8.65  10.0




| 666 9°g - L9 - €'y -9 -_W ggtg . . mm
CE'6 9L ZTI'E 9L°Z WP'Z ' 0S°Z 0T X eouw3ssey ST3yoeds unTy
© SI°S SL0°2 §2L°T.STS°T GE°T  8E°T 0T % odots
Y-} : v :
~ 0°0T §9°8 9'L SK'S §5°S° 08°¢ -
- . SS'€ 8EP 68°v L6'S T9°S - T0'Z DT X ooueysTsey oFsYbeds §°z ovad
€96°T LTI¥'Z 0L°Z 0E€'E OT'E€ ETI'T ! 0T X sdots
8275 98¢ 9T'v €8°% LTI'S 90°Z 0T X 9oue3sTssy oFFyosds g°T Oved
N L16°T €€T°Z 0€°Z L99°C LS8°T LET'T - 0T X odoTs
. 66 " L°8  €°L " L'9 GL'S §§'% - -7 - " pd
1s®  vvee 0Tt ev'e eLtE gLt oﬂgw eoue3sTESy oT3T0eds 0°T Ovdd
¥6°T 06T TL'T S26°T 90°Z 90°Z (0T ¥ adots .
T0T  9°8 SE'L° ¥°9 T°S sL'E nd
8879  E8°C S6°6 ST'P. OP°S €8°T gU1 X oouw3stsey orzoeds  Frorw
8°€ 9T1°z 8TI°¢z SE€°Z 86°Z <TIO'T ¢01 X odots
'6°6 " P°B  S'L° 9°9 GL'S  6°F. | -
VS'2T Z8°v BE'V LZT'¥ EE€°E LE0°Z - 0T X SOUMISTSSY OTFToedS  SuoN
§26'9  99°T T¥y'Z 9£'Z 8T 'SGZI'T 0T % adots
. 3 - . e ., : .u._—h_ﬂ.ﬂﬂ.m.ﬂou.
- ' . . J sase) SNOTIRA

g3 aby soue3lsTsay uwwwummm pue q wmomm\wnu JO SanTvA pojewTisE [ °/V JIEYL



L~ APPENDIX 8 \

RESULYS FROM THE STUDY ON ORGANICS REMOVAL

TABLE A8.1 Effect of Different a1t Dosages on Organics
Removal.

Initial TOC = 45.5 mg/l

| -l
J&gf ........... T
Coagulant Remaining TOC:-
\~ AlCl, 42.0 41.2 39.5 38.5 38.0 37.7

PBAC 1.0 39.2 38.5 '38.5 38.5 38.7 37.7
PBAC 1.8 41.5 40.5 40.7 40.0 40.7 39.5
PEAC 2.5 41.0 41.0 41.2 41.2 41.0 41.2 -

Alum ' 41.5 * 41.0 3988433.7 32.5 33.7
24 ' ‘.".( . : *
Al"" dose, ,, 20> '30 4 50 6O
(rg/1) ' S
~ ‘, N
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TABLE AB:Z Efﬁfct of pH on Organics Removal g | ~
‘Im.tlal TOC = 45, 5\19/1
Al3 dosage = 13 mg/l

' ‘ . . ' N

Coagulant 'Remaining: TOC . e

A1C13 2,5 42.0 43.0 43.0 ™ 42,0

PH 4.7 6.0 7.1 8.0 9.0

6.1 7.0 7.85 8.85 -

dK“/; 0 \\\Q~J({ 39.7 40.0 41.5 41.2  40.0
4.1% 4.9

\/ﬁ . -
PBAC 1.8  38.5 139.0 39.7 39.5 39.5  40.2
PH . 3.95 4.95 6.05 7.3 g.1 9.0
. — “ ’
PBAC 2.5  40.0 38,0 39.7 39.5 39.5 40.5%
" % pH 4.1 5.0 5.85 7.15 8.0 . W.2
- . . . . *
Alum 39.5 41.5 - 40.5 41.0 41.7 44.5
PH . 3.9 4.8 6.1 . 7.3 8.15 9.2 -
'l i f -
®
\ -
' R
) , . N
- ‘.*"_‘ . (





