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~I. INTRODUCTION

Water trgatment ﬁlant sludges are pollutants. When discharged
to a nétural receiving stream or impoundment, they produce dynamic
biological, esthetic, and economic effects. The biological effects
are exemplified by a decrease in fishvspawning aréas, a death by
smqthering of purifying organisms on stream bottoms and a chemical
imbalance upsetting the entire ecological system. Unsightly sludge
deposits that are readily stirred up by currents a?e an esthetic
problem which in turn lead to an economic problem. This economic
problem can be shown in the increased water treatment costs for
municipalities downstream from the discharge point.  The argument
frequently expressed that water plants aré simply returning wanes
to the water course from which they were removea; holds no Weight.
The increased concentration of the wastes alone is reason enough
to justify applying tﬁe term pollutant to them and to demand an
acceptable form of disposal.

Sludge from water treatment plant sedimentatioﬁ and coagula;
tion basins consists of organic and inorganic ﬁaterial,rcolloids,
planktoﬁ,bclay particles, microorganisms and precipitates. These
: mate?ials are present in quantities that are dependent upoﬁ the
raw water source and the time of thefyear the wéter is being pro-
cessed. - These seasonal variations in the réw.water source are both
physicgl and chemicél, thus requiring different coagulant dosages
to be applied in treafment{ Filter béckwésh'is composed bf‘g low
selids content sludge consisting of plankfon,'algae, very.fine clay
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particles and some'hydréxides of the céagulaﬁtsvbeing used in treat-
ment. >ﬁﬁe tobthe idw sqlids content of ﬁhe filter backwash it con-
stitutes more of a hydraulic handling problem rather ﬁhan;a solids
disposal\problem, aé is the case with the siudge from sedimentation
and coagulation basins. If a plant is using activated carbon to
éontrol’a'taste and odor probiem both the filter backwasﬁ and thev
sedimentation and coagulation basin sludgé will contain large amounts
6f this material. The greatest volume of slu@ge will be found in the
éédimentation basin following coagulation. It is the chéracteriza—
tion and quantity of this sludgebthat will be the greatest faétor
in determihing how ultimaté disposal is accomplished by the treatment
plant. |

The use of a given material as a primary coagulant will have a
major effect on fhe nature of the sludge pfoduced. It must be remem-
bered thap what applies, for exémpie,'to ferric sulfate sludge as far
as a disposal technique, does not necessarily hold true for alum Or.
sodium aluminate;sludge. The sludge from ferric sulfate coagulation
is rather bulky or feathery and is easily affected by currents. Its
color varies from orange-brown to almost black. The cbnsistency of
the sludge is_s;mewhat gelatinous. It does not settle well and as a
.resﬁlt, it does not readily dewater into a éludge cake. ' The solids
content of the sludge is very low ranging from 0.2 to 5.0 per cent,
and as would be expected varies Qith the depth in the baéin.(l)  In
one case the concentration of solids on the surfééeiof the sludge

layer was 1.5 per cent, 10 per cent in the mass center and 14 per



'1cent on the bottom.(Z) It should be noted that most- of the total‘
o sollds content 1s measured as suspended sollds. The chemlcal
”oxygen demand;values for the sludge are comparable to those,ofvalumf:
ff sludge whlch range from 500 to 15, 000 mg/l 3)°
‘ Wlth the enactment of the present Federal pollcy of nondegra—

‘datlon ofvwater courseS“ln the United States, Water treatment-plantsd
are now forced todfind-sultahle methods of dlsnosal:for‘their-'
sludges.‘\Previouslyvsludge has been disposed;of_in’any'manner thatvf
°bwas oonvenient for;the'treatment:plantvusually hy disoharge,into”thev.
'nearestdwater'course or some kind of orude'lagoon1systemimith»the‘v )
}7Supernatant~being;suhsequently disehargedjtokthelwater'eourse‘dbln a ;

random survey conducted by Dean in 1953 he found that out of l 530:h;

. _water plants, 92.4" per cent 31mply dlsposed of thelr sludge by d1s-’

.'charglng 1t into streams or,lakes without treatment.(é) State and
Federal officials'were awarevofbthis situation;but-did nothlng”aboutejf';
‘uit, unless some un31ghtly cond1t10n arose and they were forced to
act. It was only in large metropolltan areas Where dlsposal to a
“streamrwas very unattractive:in the.publlcxeye,that some other form,
E of sludge dlsposal was‘used | ‘

In the Unlted Klngdom durlng thlS same t1me methods of sludge‘ﬁ
disposal were belng_pract1Ced1to the fullest:extent.> These methods f:l
’:vwere initiated{orimariln'due to the'fact that'water'shortages»nere},h

: already startlng to ex1st, and pollutlon was obv1ous. It Was not"

. 'until the mlddle 1960 s that controls on sludge d1sposal started to -

- appear 1n the Unlted States.f Wlth the enactment of the Water Quallty Zﬁ‘ffh'




- Act of 1965, water treatment plant sludges became regarded as 1ndusf'
: trlal pollutants.‘x, |

| ln a'questionnairedsurVeydof Water.treatment plants in‘one'hun—
‘dred'different{cities in 1968, the conCIusion_ottthe Washington
Aqueduct Division‘ﬁas that157»per'cent of’the'plants still'relied on
'd1scharge to surface streams whlle only 11 per cent used: 31mple la—
‘goons Wlth no other form of treatment. (2) Later in 1968 State and
‘Federal off1c1als started to enforce the Water Quallty Act of 1965
and w1th1n the last year water plants have been forced to 1mprove s
thelr sludge dlsposal methods. As an example,,Virginia has'made the
water plants Within'the state submit,reportskon.their disposal;methods
" and what they plan to do to'lnprove them by the compliance deadline |
of July'l; 19725(5), The Ten:States_Standards for Water Treatment
also-includes‘a reduirenent that disposal'methods of.sludgedfrom .
'Water treatment plants comply,with the State Water‘Pollution Control
‘Agencydprogram,of nondegradation.(6)

| As'a,resulttof the‘tlghtenino of'controls‘on water'treatnent u
»sludge dlsposal, a new Droblem has -arisen. The problem can . be 31mply.

stated that llttle research has been done in the Unlted States on

- dispoSal.methods for water‘treatment sludges; The»Federal Water

Pollutlon Control Admlnlstratlon along w1th prlvate enterprlse has -

”b'»f acted in an effort to re11eve this def1c1ency by offerlng grants to

ftunlver31t1es»and individuals worklng in thlS area. The purpose of

this research 1s to help 1n correctlng the def101ency stated above, :

Hespecially 1n the area of ferrlc sulfate sludgeL




‘The Carvins Cdve Waﬁer Filtréﬁion Plant‘iﬁ Hollins, Virginia,
" has a»éapacity of eighteen million gallons per day and uses ferfic
sulfate and lime as coaguiant aids. The ferric suifate sludge from
thisbplant is discharged té a lagoon. vThe purposé of this research
was to characterize the siudge and . to determine which polyelectro-
lytes are best for conditioming it forbrapid dewatering. The effect
of applying the conditioned sludge to sand beds as é method of dis-
bposél has also been investiggted; The resuitslalsé establish the
tests ﬁhich best describe the effects of polyelectrolytes on ferric
sulfate sludge and show the>suitébility of sand beds as a method
leading to disposal of the conditioned sludge.' In aadition, the
mechanism by which the conditioning process is-accomplished is

postulated.



II. LITERATURE REVIEW .
ff”Ih.brderrto considef tﬁéﬂpoSSible"ﬁbtenﬁial.6f'polyeiéctroiyte'w
'_céﬁditioningvdf ferric.Sulfate éiudge;many diverSé‘topiés:must béJ
'i :Vinvesfigétéd. A éummafyiof”the important,litefature_in'seﬁeral of

these areas is includeddin'the:folloWiﬁg,sections."

3:" Sludge~DiSbosal Méfhods

:‘iVarioﬁé?ﬁéthods havé-bgeﬁ sugges;ed,:tesfed,‘ahﬁ-ﬁéed fbr:the -
. Freétmehﬁ.of wate£plaqtvsludéés-feéﬁlting'ff§m-ﬁ§; ofkférﬁic sﬁi;v’v
‘_,‘f?té; alﬁﬁ:aﬁd éthér céagulantsi Siﬁée'di;ect’diéchérgélééisurfééé -
_ streamé is ﬁ§ ioﬁggr;accéptablé, i;g@iillnof beébﬁsidérédfblAiﬁm.’
 ‘?éCQVeﬁytand'récaiéinafipﬁvWiil ﬁéﬁ be &iééﬁéééd either;;siﬁ9e £hey.
_ aré:nétfiﬁ}tﬁé¥3é1§és‘methodé of_diéposé1;;'A:pgrtiél%li$£:6fnépbli-.';
v‘idéble'téphniQues incl#dés:r | : T :
iy e
H f(2){di§;héréé té ééﬁitary séwefé -
(3) 'céntfi£Uging R
;(4)ffreezing T
Y(S) ﬁaCUUm,fiitration :
(6) éandfbéd éndfQé&ge*ﬁifé dryingu -
;";(7)’filter,préssing |

(8 barging

[

:_:Lagqons are bﬁiit by»simﬁly encircling axpiéchof land with;dikés‘f

. _-or mounds resulting from excavation. No underdrains are added to im-' °

:_ff{;f ﬂ‘§roveidrainége;-énd sly&géxis pumpéd into'pheSé;méﬁ;made‘péﬁdéfcon—"V}




tinuousiy or’intermittently. Lagoons are‘relatively inexpensive
to construct, but their lana réquirements are exéessive, thus often
eliminating them as a meghod of disposal for'utban water treatment
plants. They ﬁave been used economically to a great extent in
rural areas. Usuélly Seﬁeral lagoons are built eitﬁer in series
or parallél, Qith flash bdards to allow the supérhatant to be
drawn off. ?foblems that may arise with lagoons are associated with
odoré, insectvbreeding and climatic factoré théf affect the thicken-
. ing of the sludgea The two basic wayé of operating arlagooh are
by continuous filling or by fill and dry lagooning. Continﬁous
fill lagooning is. used more frequently than fill and-dry laéooning
' which requires a larger area and also needs more research fo ﬁer—

‘ fect) it. |

Lagoon operation has-exhibited.varyingidegreés of success.

The tendency has been to avoid deep.iagoonsAbeéauée the sludge nevef
ISeems to dry out as it does in shallower lagoons. Alum sludge does
not dewater well in some 1agoons~f One invesﬁigator repqrted that
;after several years of éettling, alum sludge had a solids COntept
- of oﬁiy:9 #er ﬁent,(?) In ofher lagoons, sludges have been concen-

> tfated tévls per cent‘solids, a level Which enables them to be han-
dled for ultimate disposal. (8) Some plants ha&é reportéd success
to the extent thét the sludge,dries sufficiently to allow one‘tq
v Wa1k on it aftér a short period of timef vLaéoons iﬁ cold‘glimates
‘have_obtained.sélids contents of alrepofted 17,5 per cént'due fo

freézing and the_subseQuent removal_df water of“hYdratidhvdf;the :



deluminum‘hydroxide,(Zj Fefrlc eulfateiandlether‘sludgee tend.td"
dewater much more feedily\thanvalum sludges, thue:justifyihgileguo; fd'
‘ning of these sludges;valthough'it is widely used‘as a diepeeal ;hh
method'itself, a lagoon.can"also be.ueed very’effectively ae'a pre;'
thiekening-ﬁethed ptior:tu:the epplieation.of evhechanieal proceee
to the‘sludge for furthet dewetering.d Treatment“costsvfor”legoouing
:very depending upenbthe sludge and.the coetlofvthe laﬁdt Ifdlt is.
.assuued'that the lagodn will not be cleaned uhen it=is.retlted from
eervice, a-value:of $40;OO/ton of sqlideremoved'has beenveuggested?
as an average'price;(S)b With these‘ideasbiu‘mind,'lagooniug; which
"is curreutlybthe»most widespfead,dispOSal method; uould be an‘aeeep— o
teble method uhly‘when the pricevof laud’is low;‘the‘éludgefSettlee
well, 10 ‘odors are produced andethe climate‘is”suitable, -
'.dSludge diSposal to evsewage:treatmeutjhlént;hes’eoue‘lutovuSeg‘J
6uly tecently es avfesult of the increesed knowledge of its‘effeetlif-
uponlthe:treatment‘plant;"Byvdisposing of the:sludge tq’sehitetf f dﬂ
sewers one is simply tfanefettingha:weste disuoeal problem to that .
;_fecility.: For thls type of disposelghthere afeieeveral'feeturebthat}u
._Hmust be considered.’ Firet; the effeet of the sludge upeh'the”sewer..
flines must be considered in terms of beth chemical'and physlcel pfolf
1-b].'etﬁs." It is doubtful that a sludge w1ll have any notlceable effect.:
- on the sewer chem1cally, but 1t has been observed in. the c1ty of -
'Detroit that a—velocity of 2. 5 feetAper seeond had to bevmalntaluedﬁe
‘vin order to prevent settllng -of the sludge (3) Where sewethline-'llr

'vg,canacity 1s lacklng, it is p0531ble to. dlscharge the sludge from a




”holding:tank to the sewer duringAtne‘hoursAof‘low flow. Construction
of a sewer line direetly fron‘the water plant to the sewage'treat-,
ment plant has alsc been done. Secondly;vafter the sludge has reached
tne.sewage plant, the effective requiredlincrease'in‘volume for
sludge digestion, storage and'ultinate disposal must be considered.
‘In the long _run, however, sewage plants may beneflt, for sone speci-
flC sludges actually act as coagulant aids in the treatment of sewage.
‘Lime‘sludges have been used to aid coagulation;forlvaCUUm filtration
while the alum sludges"have been successfully employed to neutra;\b
;lize acldjuaStes‘in sewage treatment‘plants.(3) The city of Detroit
has‘found water treatment sludges very beneficial in sewage treat-
ment only:if they are applied to the sewage plant continuOUSly and
in small amounts. They have found that slug disposal of the sludges

" to the plant caused considerable problems (2)

.For this type of disposal to be effective itbis necessary‘that
lthe sewage'plant be of greaterfcapacity‘than the water plant; If
lthis situation does not hold true, the needed increase in equipment
at the sewage plant makes this method of disposal unecononieal, ‘Av
major drawback associated,with(thisvtype‘of disposal method has been
the;resistancevof sewage plant operators to consider this method,
especially when the water and_sewagedworks are‘under differentvowner;’
 ship. ‘Many;cities have overcome the stated problems and considera—
'tions,‘and 1n a recent survey 8 per cent of the water treatment
~plants used. sanltary sewers as a methodvof dlsposal (2) Average

‘costs for this method are'impossible.to'obtain due to the many‘vari—
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ﬁ\ables thst exist.
>Centrifugihg has“beenspraetieed tola great exteht‘in the‘Uhited:
dKingdom where it has been}the sybject‘Of much reseafch, The process
otfcentrifuging requifes soﬁe torﬁ'ef settiihg basih orftank where
the sludge can be thickened before it is discharged to the centri—
. fuge. At the Midiorthamptenshife Water Board Works in‘England;Vthe
sludge is‘held in holding tanks andvtheh withdrawn to the centrifuge.
Two 30,horsepower vatieble‘sheed centrifuges arebﬁsed to treat the
inflowing sludge at a retebof 3,600 gallons per hout and a solids
eontent»of about ld per ceht. Theiresulting cske produced’averages"
betweeh'65 and 83 per eent selids.ahd is discharged te a cohveyot
belt which takes the sludge to waltlng trucks for final dlsposal (9)
In the Unlted Klngdom centrlfuglng is the only process that has been
found to be entlrelybautomatlc and continuous. Plants 1n»the United
:Stetes‘hsve been hesitaht to use‘thiS'method for‘disposal, ptimerily
_ becausevof'the capitalddost ihvolved per machine_plﬁs.the bufdeh of‘:h
‘:meihtenance. The-fact that some slhdges do not produce-aﬂvery,good
" cake hasiheen a deterrentjfor’SOme;plants.r Austih,dTexas, enevof,the
cities eurtehtly usingvthis method has‘had great‘sdecess.h AdAO‘by
’:tdO inch'cehtrifuge:plus accessories was bought:in 1965 at adeost of
- $106;000;>'Slhdgestat Austihdhave been‘dewateredvatia rate of 200 _“
; gellons per minutento yield a solids content ef 10415 per-cent. |
-‘Due to the many beneflts assoc1ated with thlS method such as llttle B

u_'space requlrements, llttle superv151on and good stablllty of the

';?sludge, many more plants will undoubtedly con51der this method
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Almost all of.the hydroxides formed during coégulation contain
_ avlarge amount:of water of'hydrétioh which can be releaéed by free--
‘zing. As a result of the rémoval'bf’the water of hydration; the
sludge is transformedvfrom a very gelatinous state to a more stable
condition. The effects of freezing can rea&i%y be observed in
vsludge 1agoons invvery cold»afeas that are subjected to freezing
and thawing. After the freeéing and thawing process, the sludge
has é coffee ground appearéhce,:and its solidg conéeﬁt has increased
.trémendously. Again the British have taken the iﬁitial.éteps in
vthis area of sludge dispésai. The Fyldevwater piént‘in England was
thé firsﬁ to use freezing as a meﬁhod of disposal.. The entire dis-
posal system consisted of slow stirring fo thicken thé}sludge folléwed
by storage and finally freezing and thawing to a stable state. The‘
freezing is accomplished by passing ammonia refrigerant through coils
 in a batch tank containing the sludge, while thawing is accompliéhed
by using the same coils as‘é condenser. The'cyclé times for the
a-51udge‘vary betweeh 50 and 120 minutes. The initial capital costs of
this metﬁod are‘very high, averaging $l7,000/l,000 gallons of
- sludge(2) frozén a day while the power requirements.afe between 180
- and 230 kilowatt-hour/1,000 gallons-of sludge frozen.(9) Freezing
céﬁ ecdnomically be applied iny‘in combinaﬁionbwith lagooning of
siudge in céld climates, for the presenf cost of batch processes
sqch as that described aBove.are'tobbhigh to be justified.

Vé¢gum filtfation‘qf.water treatment plant sludges i$7basically

- the same process that is.hééd in the dewatering of sewage sludges.
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A vacuum filter conslsts of a cylindrical drum coveréd with a porous
fabric made‘ofvcotton, synthetic cloth, metnl mesh ot‘steel coils. |
This cylindrical filter then dewaters slndge through use of a vacuum
of‘about one pound, formlng a cake that is_suitable for handling and
direct disposal upon land;_ Slnée nlum and othef goagulanﬁﬂsludges |
tend to canse‘clogging on thé filter, a diatomaéenus earth precoat:
may have to be applied tovthe filter, or the sludge itself may have
to be pretreated with lime or a polyelectrolyte‘bnfore filtratinn.
Lime-softening sludgéé dn the other hand are filtered very easily
without any clogging problems. Regardless of the sludge, the pro-
cess will notVWOfk if-a dilute sludge.such as that assbciated wifh
continuous sludge remdval iébbrought into conﬁact'ﬁith the‘filter
material. Due tO"aAneW modacrylié fiber-woven into filter cloths,
vthé run of a filter cloth can now bé extended tonsix monthé;(Z)_
Prior to.the intfoduntion of this new filter cloth one. of thé'main
J disadvantageé nf tnis nethod'had been the short lifevof a filter
cloth.v' IR -
»In.Viréinia, a sufvey ofﬁplants using vacunn filfrétion indi-
cated that it’waSVVery éffectivebon prethickénen sludges. Capitél
* costs for fhevplants ranged betweenv$2;800 and>$64,000 pér million
"gallons per day nf’plant'capacity for:-a 32 million galldn ner day
and al m1111on gallon per day plant respectlvely, whlle operat1ng ’
costs for these plants ranged from 2 to 2.8 cents/l 000 gallons of.
raw water processed (5) Johns~Ma1v1lle worklng with a precoated

vacuum filter in an Albany ‘treatment plant, has successfully ob-
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tainéd a 32 per cent solids cake from a 1.5 per cent solids sludge.
The cost of this proéeés was given as $3.96/1,000 gallons of sludge
treated.(8) From results obtained throughout the United States and
United Kingdom, vacuum filtration of unconditionéd alum sludges
seemS'economically impossible, while other thickened sludges‘could
- possibly use this.type of treatment.
Sand beds siﬁilar to those used in sewage sludgé dewatering
_ have proven very applicable to the dewatéring of wéter treatment
sludges. Most beds comsist of 6 to 12 inches of sand ranging in
size up to 0.5 millimeters with an underdrain system of 6 to 12
inches of gravel oveflying drain pipes.(3) The filtfate that is
captured by the drain gile can be recirculated‘fo the raw Wéter in-
take of the plant of discharged to a surface wéter course. The
sludge is usually appiied in shallow layers so that‘when drying
and crackiﬁg occurs, the cracks will extend to the sand surface,
thus ingreaéing the rate of dewatering. wDue to the large area
required for these beds, rural areas seem the most likely place for
application of this method. The sand for these beds can be quitg
expensive. Additional cost is incurred if the beds are covered. Rej
- sults of sand bed drying have much promise. In bench scale tests
- with éluﬁ sludges it was concluded tﬁat in 70 to 100 hours, a
sludge solids conCentratiop of 20 per ceﬁt can be obtained. (3) Simi—
lar results have also.been obtdined in actual field use.

In a Colorado Springs water treatment‘plant, sludge from sand

. drying beds is used in a land fill, while the filtfate from the beds
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is so low in suspended solids that it is discharged fo a receiving
stream. (10) Sand beds do present some problems, such as high labor
cost for removal of dried sludge\from bedé and improper dewatering
in cold rainy climates. In the survey of Virginia's watef treat-
“ment plants by Sutherlaﬁd, operating costs varied from 0.1 to 2;6
cénts/l,GQngailonsvof raw water-treated for a 32 million gallon
per day and a 1 million gallon per day plant respectively.(5) Cap-
ital costs ranged from $4,700/million gallon per dayvtov$20,000/mil-
lion‘gallonbper day for the same plants. These éosts indicate.good
- economic potential fpr this method.

Wedge wirg-drying is similar to sand drying beds.and haé been
used to a ﬁery limited extent ih the United Kingdom, This method
uses mesh sizes ranging from ;125‘to .25 millimeters in size as the
filter media;(B) Slhdge has been applied at'é depth 6f from 6 ﬁo 12
inches. Tﬁe process requires traveling covers over the beds due to
the fact that they must not get wet during the fifst week or proper
sludge dewatering will not.take'place. After this covered'drying '
period, the beds are uncovered and the‘drying continues for three
weeks of ﬁore until stabilization results. ‘Much‘mbre reéear¢h is

" required on this mefhod, and as of yét the'BritiShvhgve been very
 _hesitant‘to‘use»it>to any great éxteﬁt.' |

Filter pressing haé been used almost entirely invtﬁe United

.Kingdom, and.is lafgely unkﬁown in the United-States'excepﬁ for some
R pilot»batch processes at sévéral-lafgéicitiesa.~The fiitef préss‘v

o utilizes.hydraulic'préssﬁre in the dewatering_of:thehsludge.: This



method is a batgh process. After the sludge has‘been put into the
press, pressure is appliedbfdr varying lengths of time dependingv
bupon the sludge being processed. When the sludge has dewatered
sufficieﬁtly the pressure is released and the éludge cékes'fall‘from
the filter cloth onto a conveyor belt and theg to waiting trucks.
The main objections to this process haﬁe been the laék of'éutomation
in removing sludge from the filter cloth, and the shut down tiﬁe
reqﬁifed.to do this. The process has high initiai capital costs as
well as hiéh operating costs, but the actual dewatering resuits ob-
tained have been excellent. In the United Kingdom, prethickening of
the sludge is accomplished by stirring or by the addition of ;heﬁi—»
cals followed by'preséing with, typically, a>100 cubic foot press.
(9) The press has been found to dewater a 1.8 per cent inéoming
sludgg to a cake containing 25 pef cent soli&s in'a'pressing time of
vaboutv8 hours.  Various other‘plants have indicated thevsaﬁevgood
_ results. ‘If.moré‘research is done in this'field to automate the
process an& fiqd é more suitable meané of handling or disﬁosing of
thé cakes, this method could be apﬁlicable to many situationms.
‘Barging cqnéists of-nofhing more than pumping the sludge_from
the plaﬁt fo,avbargevwhich takesﬂit several miles out to sea. The
sludge is then pumpe&’from the barge to the'océaﬁ floor. This
-method has proven vefy advantagéouS'to cities near or on the ocean.
Pﬁethickening’bf‘the sludge in a lagoon or‘ténk_to a éuitable solids
' éonéent'wouid Be ﬁecessary in orde; to make'this prOceés'ecdnomié

cally possible.a The Northeast SeWége,Treatment Plapt:at Philadel-
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.bphia prethickens its sewage sludges in lagoons to a solids content
- of 6,5,per.¢ent‘before it-barges'them 110 miles down the Delaware
River to a disposal site 10 miles at sea.(2) The District of
Columbia is considering a similar disposal technique for its water
treatment siudges;» Cafe must be exercised in choosing the disposal
site to prevént causihg damage toﬂfishing and shellfish areas.

This process of dksposal ceases to be-economically justifiable

when the distance to the disposal site becomgs too great.

Flocculation and Coagulation Theory

Chemical coagulatién of raw water prior ﬁo filtration ié accom-
plished by the use of such primary coagulants as alum, lime and
ferric sulfate. By the use of such coagulants,.color, ofganic and
‘inqrganic turbidity, bacteria, taste and odqr producing substances
and algae can be removed. The théofies of_coégulation and fioccu—

v 1gtion that have Beeﬁ developed.in.water treatmenﬁ are now finding
‘new application invindustrial wastejtreétment and in water treat-
meﬁt‘plant sludge.distsalg |

In the coagulation of colloidal particlés there are two basic
~steps involved:'(l) transport of the partiéle which in turn‘fesults
in contactbwith Other particies and}(Z) pérticle destabilizationb
which enhances attachment wheﬁ contéct'occurs. Transport of the
particle is strictly a phyéical phenomenon that is caused by fluid
mévément or Bfownian mévement.. Pérticle destabiliZation on -the -
éther hana is-a colloid-chemical reactidnwthaﬁ can be‘affected by

physical and chémical properties of the liquid, colloid Or‘coégﬁ—'



7

.,1ant.(ll) Although there ie agreement on thevprocesses involved in‘
the transportation of the berticle,‘there are differences of opin—
ion on the mechanism involved in particle destabilization, La Mer,
- ﬁho hes done considerable work in this area, breaks particle deeea—
bilization down into two categories: (1) reectioﬁs that cause a.
reduction in the potential energy of interaction betWeen the double
layers of the two‘particles, and (2) reacfions thet cause the forma-
tion‘of chemical bridges that result in a three diﬁensional floc
network of particies. The first category is eXemplified bj the
charge neutralization caused by the addition of an electrolyte of
opposite.charge and is termedchagulation. The term applied to the
second category is that of flocculation’aﬁd isedemonstrated by tﬁe-
destabilization of a negetiQely charged colloidal dispersion by an
'enionic polyeletholyte.(lZ)i A kﬁowledge of?the cdlloidal barti—
‘cles present in a dispersion is neceesarj in order to understand
- the mechaniéms‘of destabilization that occur.
In the_coegulation_basins‘of a wateiltreatment plant two basic
- types of-collgidal particlesﬁeiist: (1) those Whichbwere formedbby
tﬁe addition of,the_coagulant‘aids andv(2) tﬁose presentvin the
- raw water ihitielly,,,These pertieles vary‘cﬁemically.and physi-

' cally to a. large degree} The chargeipoesessed by'each1c01leida1
particle is dependent upon several‘factors;(l3)v The charge may
be. the result of an ionization of one of the fgnctional grOups’on
the surfaCe‘of thevparticle? for example, a carboxylic or hydroxyl'

radical'mey.be'formed.- Adsorption of ions from sqlution as well



asliéomofphic substituﬁioﬁ can als§ help'detérﬁine‘thé éhéfge existing
on the parﬁicle. ‘As statéd.before,'in destaBilization chemiéal
reactions occur between the reactiﬁevgrQups resulfihg iﬁuthé forma— >
tion of complexés with the coagulant aids, as weli as counter-ion
~adsorption by the colloidai particléé.

Adéorptibn of‘hydrolyZed coagulaﬁt species oﬂ‘the_éurface of
colloidal_pafticles is very impoftant.' Séme specie; are ﬁoré sor-
bable than othérs. The.sorbability of a cet;ain<épecies is reflected
‘in the éoncentration of the species that ié required’to préduce' |
destabilization.  As wogldvbe expected to cauée déstabiliéafioq,
species'that are adsorbed readily are required in only‘smalvaOnceh-
trations. Cheﬁiéal'bonds will aléo be forméd-duriﬁg'thisfadSOrp—
tion. (11) |
‘Pdlfeléctrqutes.téhd ﬁé destabilize'cdiioidél-digperéions at
.'very low cqnceht?ations, whiie.sim@le;électrolytes are feqﬁired in
considerable céncéntrafiéﬁs in order to'effectivély,cause destabi-
lization. Hydrolyzed méﬁal ions wﬁich‘are forméd frombthe simple
metal ions of coégulant‘éi&s.fend‘to'fall inﬁo‘aﬁ aréé Between:k
vpolyelectrolytés’and.simple iqns.(ll) It shoﬁld be ndﬁed{tﬁat thé |
sorbable species th#t destabiii?eg tﬁg»colloidal disperSibn ét'low
coﬁceﬁtrﬁtioné ﬁay réstabiliéé it aﬁ highef concéntrations. kThis '
: effecf only»occurs if thefspeéies and tﬁe ﬁarticiévﬁre.of;dppésitg

/

charge.

 Ferric Sulfate as a Coagulant

' iAStumm>and Mdrgan haﬁerémphasizéd_that-the_éffeéts of:ferficf5  ;,; b




19 -

and élumigum sélts ﬁpon éoagulation,are brought about by'the hydroly-
sisvprbducts of the salts and not by ;he simple aquo-metal ions' them-—
selves.(13) This hydroiysis is accomplished by a stepwise consecu-

tive replacement of water molecules in tﬁe hydration shell by hydro-

xide idnsa For example:
Fé(H20)6++F;“?' Fe(H,0) 508 —> Fe(H,0), (0B),* —
Fe(ﬂ20)3('0§1)3 —> Fe(H,0),(0H),” .(11) .

The products of tﬁis hydrolysis are terméd multinuclear hydfoxo—metal
complexes and arévﬁsually highly chérged. The complexes can be
noﬁionic, cafionic or anionic depending upon the species existing.
Some of the speciés formed in the hydroiysis stepé tend tobpolymer~
ize. |
Spifo confifmed thé ekistance of a hydroxo ferric polycation

formed by the above mentioned polymerization step Witﬁ a molecular
Qeight‘of 1.4 X 105;(14)\ The>charge and structure of the products
gf hydrolysis‘were dependent'upon the pH of the water being treated.
it shoul& also be noted thaﬁ the addition of any iron salt to

wétér will result in a decrease in pH‘and alkélinity; Stumm and
O'Melia'havevCOﬁciuded,thatAafter the hydrélysis has'been:compieted
the following steps will then occur in the time dependént coaguia¥
‘tion'mechanism° (1}‘adsbrptioh’of the hfdrolysis‘épecies into the‘
'colloldal partlcles followed by destablllzatlon, (2) the destabi-
lized c01101dal partlcles then aggregate and 1nterpartlcle brldglng

ioccurs' €)] aglng of the flocs that were formed leads to a chem1cal7



20

change in the mﬁltinuéleaf hydrolysis prodgéts and the sorbability
éf the fioc; and (4).precipitationvof thebmétal hydrdkide ié com—~
pleted. (11) | | |
Ferric sulfate is a light red—brown powder with particles up td

~one-eighth of‘an inch in diameter. Upon the addition to water the
powder becomes deep red-brick in color. The powder is manufactured
from aif;fioated ferric oxide and sulfﬁric acid, and is usually hy-
drated to some‘extent in Qrder to insure that,solugion with:water
Will Be relatively quick af normal tempefatures.(lS) Although the
powder ﬁay vary, the‘general formula is Fe2(804)3'9H20. Ferric .
suifate’was first used in the United States invl927,ia£ Elizébeth
City, North Carolina, és an effective way of removiﬁg color from
raw water. (16) | |

~In Wate£ treatment ferric sulfate is uséd'for_thrée basic rea-
éons:'(l)‘color can be remoVed very eéohomically and efficiehtly byl
proper‘coag;lation with the salt; (2) the salt is more effective
thén aluﬁior‘lime in destabiiizing a colloidal dispersion cdntaining :
significant amounts éf ifonj and (3) maﬁganese can be successfully
‘removed by the salt in the pHArange from 9 to 10. 'The-flécs pro-
) aucéd in ferric sulfate coagulation,afefheavy, tough and tend to
fiiter and settle much better fhan aium‘or lime.flocsw The pH range
for coagulation with the'salt is quite broéd, rangingufrom 3 tq 10..
'Black, e£ al;;bhave found éhat cdlqr.remoﬁal wifﬁ ferric'sulfaté»4
.‘»iS'opfimum,at‘a léﬁ'pH'of ébout‘B;S. Tﬁe water"mustlthenwbe pér—

tially'neutréliZedltO'é maximum pH of 6 before filtration,iniofder
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‘to get effective color removal.(17) The effluent produced from
ferric sulfate’ccagulation‘in most eases hae a residual iron concen-
tration less than the maximum allowable by the United States Public

Health Service Drinking Water Standards.

Polyelectrolytes

Polyelectrolytes have a high molecular weight, are water soluble
- and are Zlassified aé either natural organic ot synthetic 6rgenic»
compdunds.h Thej haﬁe_been used many yeérs in'industrial proCesses,
but it has beeh pnly recently that they have been employed in sludge
cohditioning and watervtreatﬁent.- Synthetie polyelectrolytes are

; structprally very much like'naturally occurring polyelectrolytic
colloids. 'They are essentiélly polymerized ioms and‘contain reactive
groups such as carboxylic ecids, hydroﬁides‘aﬁd amines.

Stumm and O'Melia-have etated that destabilization of colloidal
'dispersions by polyelectrolytes can not be explained‘thtough the dou-
hle layer model,’but inetead a chemical.bridging or flocculation
theory mustvbe hsed.(l3) LahMer and coworkets were the first to
propOse_a matheﬁatical ﬁodel of‘the chemieal-bridgihg theory to

explain the action.of poiyelectrelytes in destabilization of coiloi— -
"dal dispersiOns.(lZ) Earlier work on the chemical bridging theorf
‘was done by‘Ward ahd Ruehrwein; Threugh their tests dealihg with

the adsotption of pbl#methacrylete on kaolihite clay dispersions

they helped eqtablleh and confirm the chemlcal brldglng theory (18)
'»Slnce this early work, much more data has been obtalned to support

' the chemlcal brldglng theory of polyelectrolyte destablllzatlon. »
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Bugg, infhisvresearch on the eonditiohing of alum siddées'with ?OIY;,'
- electrolytes, also coneluded that the chemlcal brldglng theory satls-"
factorlly descrlbed the mechanlsm 1nvolved in the condltJonlng of

- this sludge.(l9).’_.

The‘chemicai hridgihg‘theory'states that polyeleétroiyte moie—

. cules may attach themselves to colioidai.particles atmone‘or more
.vadsorptioh.sites; The remainder of thevmolecuie that is not attached
extendsvout into the soiution contaihing.the;oolloidal particles. If
this extended segment makes‘contact with a colloidal particie it‘be-
comes‘attached tovit.a As this orocess contihuesbfor the’maay extended
'segments of one polyelectrolyte molecule brldges are forme&”between
‘c01101da1 part;cles. If adsorptlon 1s effectlve for all the poly—

' eieetrolyte molecoles present, the net result is that the colloi~

dal particles"arevaggregated'into'smailrpackages:that eontihue_to
grow in:size. ’Faetors limitihg/this growth are the amouht of poly-
_electrolytekinitially adsorhed on the surface, and the shearbgra?
dient imposed by the amount of agltatlon hecessaryvln‘promotlng par-",
trcle—polyelectrolyte contacts. The many extended_segments‘of each
_‘polyelectrolyte molecule,are usually free ot relative mhtual inter-
fiactions between‘themselves; When too many adsorotion‘sites are
':occupled by polyelectrolyte extended segments, brldglng will be in- -
. hlblted° In a like manner 1f too few adsorptlon sites are occupled o
iby the seoments,‘brldglng w1li be very weak and agltatlon w1ll rea—?

dily destroy the floc., Adsorptlon usually 1ncreases w1th increases.:'

't_hﬁllin molecular weight of the polyelectrolyte., The numberwand type,ofy,yy”
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functional groups on the polyelectfoiyte molecule'will also affect -

the adsorption characteristics of the molecule. The Langmuir adsorp-—

tion isotherm has been found to be useful in deécribing'polyelectro—

lyte adsorption.(20) The adsorption of the polyelectrolyte mole-

cular segment on to the colloidal particle‘may be by chemiéal or

physical interaction depending upon the polyelectrolyte and the col-

loidal particle reacting.

To further help explain the chemical bridging theory the mathe-

matical model developed by La Mer and Healy is presented:

B =

3

)

)

-~ =
] ]

¥
i

Number of segments per polymer molecule adsorbed on avail-
able surface sites.
Average number of polymer éegments per polymer molecule.

Number of extended segments for each attached polymer

- molecule.

Fraction of segments adsorbed.

Residual polymer left in solution afte: adsorptioh.
Initial polymer added.

Avagadros' number.

Sﬁrfacé area of the adsorbent.

Number_of SQrface adsorptidn sites per unit area of adsor-

bent.

Assumptions made are that (Po-P) moles of polymer are concentra-

ted at the interface of the adsorbent, and that the polymer segmént,

' capable of adsorption is the same size as the surface site on the

adsorbent. Thus (Po-P)N molecules are concentrated at the interface.
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 If each polymer has 1‘extended segnents‘theny(Po4P)N'T"segmentsdarei‘5

concentrateddat the'interface.

Therefore:
.B(Po--?)N TH = Nnmber of eurface sites cow}e’red‘ on _t’he ads'of-
| bent. | | |
IJB(Po—P)N/eSo = @ = Fraction of sutface eites on adsofbenth
| covered, o |
Let:.
| K = sSo/N -
Therefore:

P = Po—KGLB

La Mer and Healy have also concluded that destabilization ie a maxi-
mum when @ = 0.5.(21) As would be expected there_is,afdireet rela-
tionship between the amount'of particles in the dispersion and the

-optimum. polyelectrolyte doeage requlred for destablllzatlon

. Black Birkner and Morgan have found that the klnetlcs of poly—if' -

electrolyte adsorptlon are very rapld, with 85 per cent of the equl-
librium vaiue being adsorhed in only 30 seconds.o They have btoken.
the kinetics.down into two.stepst (1) the rate‘at'Whieh’the poiymer

7 :isladsorbed from solution andk(Z) the rate_at‘which'the initiai par-.
tlclesragglomerate to form secondary, tertlary and n—unlt partlcle
-aggregates (20) Anlonlc polyelectrolytes have been found to be rea-
,.dlly adsorbed on negatlvely charged clay partlcles. Teste w1th a :;h-
"dpolyacrylamlde by Kane, La ‘Mer and Linford 1nd1cated that w1th in— ,d

:.creased hydroly31s ‘and negatlve charge, the polyelectrolyte dld a
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’progressiVely better-jeb ofddestabilising negatively charged silica
rparticlesf(ZZ) ‘Thus anionicbpolyeleetrOIYte destabilization is |
sstrictly by flocculatiOn»mecﬁanisms. The propesed mechanism for

| desﬁsbiliZation‘by cationic.polyelectrelytes on theiother-hand is a
combination flocculation-coagulation prbcess. The cationic poly-
electrolyte serves first as a coagulant by reducing the repulsive
charges between particles,'andvthen chemicel bridging takes place
as the rate controlling reaction.(20) Noniodic poiyelectrolytes
lexhibit both forms’of destebilization shown by the"cafiodic'and

~ anionic polyelectrolytes but to a smaller degree.

Sludge Filterability and Sand Beds

Pefhaps the bestllaboratory test to determine the fiiterabiiiﬁy
or drainability of a sludge is the Buchﬁer funnel fest.v It ﬁas been
used almest exclusively as a control test for the'sludge disposal
method ﬁtilizing vaduumﬁfiltretion; 'The Buchner fuﬁnel.teSt‘mea—‘
sures’the;smount of time reduired for a filter cakebto'crack. ‘The

.ftest cenSists of measuring'over a time'period thevprodﬁctioh of

vflltrste that comes from the cake when a.vacuum has been applled

" The fllterablllty of the sludge is expressed by the term spec1f1c
. ,re81stance whleh 1s‘ca1culated by the following formula.(23)e

 2bPA2
r . =’ uc

r =r‘Spec1f1c re51stance of sludge (secz/gm)
'b'.# Slope of the plot of T/V versus V (sec/cm6)

, where T = T1me in seconds.
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\) = Volume of filtrate from sludge in ml in
time, T.
P = Pressure applied, (gm/cmz).
A = Area of filter, (cm2).
u = Viscosity of filnrate (g/cm-sec).
¢ = Ratio of dry cake solids in grams per ml of liquid before

filtration (gm/ml).

The theoretinal basis for this test was initinlly developed in
1933, by Ruth and Carman, but Coackley and Jones later modified the
test to give the procedure that is presently used. In compéring the
effects of different conditioning agents on sludge, they concluded
that the specific resistance or Buchner funnel test was an excellent
measure of sludge filterability.(24)

Gates and McDermott ran specific fesistance tests on alum .
sludge and recorded values for unconditioned sluagé of anout 0.1 x 1010
éecz/gm. They then conditioned thé élndge‘with various polyelec-
trolytes and again ran specifin resistance teéts. The conclusionn
they drew from their tests were that specific resistance is a valid
measure of the effect of polyelectrolytes on alum sludge,'but it is
_not a vaiid baéis for predicting the,loading rate for vacuum filfers.
and the associated saﬁings by using polyelectrolytes.(23) Bugg also
worked with polyelectrolyte conditioning of alum sludge and concluded
that specific resistance was'a‘good measure of the effect of poly-
électrnlytes on sludge’filterability. He recorded spenific reéis-

tance véinesifof unconditioned alum sludge ranging from 8 X~108 to
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11 x 108 éeczlgm.(19) Little reéeafch_has been done on the possi—
bility of relating specific resistance to gravity dewatering as |
-would be the case if the sludge were épplied to sand beds.

The types and uses of sand beds as a method of sludge disposal
have already been presented. Eckenfelder and O'Conner described
the method of dewatering by two steps: (1) the filtration of water
from the sludge through the sand to the tile system and (2) the
evapqration of moisture from the surface of the slﬁdge. They found
bthat the filtration action may last for oné to two days and result
in an increase in solids content ranging from 13 to 22 per cent.(25)
Bugg, in his sand bed studies with alum sludge, found that filtra-
tion lasted for two days for a polyelectrolyte conditioned sludge
while filtration in an unconditioned slpdge lasted for five days.
His results show a decrease in volume of 46 per cent in one hour for
the conditioned sludge compared to only a 7 per cent reduction in
volume for an unconditioned sludge in 1 hour and 25 ﬁinutes. He
also conciuded that evaporation rates for both the conditioned and
unconditioned sludge were aﬁout the same.(19) It should be noted
that evaporation drying occurs in three stages: (1) a constant
sfagelwhen.fhé surface of sludge is entirely wet, (2) a falling rate
stagé when the critical moisture content occuré and water iost by
evaporation at‘the surface is not replenished at the same fate, and
(3) a subsurface drying stage until a final equilibriﬁm moisture
'conﬁéﬁﬁvis reached. (25) Although the design of the béds varies con-

siderably, all Work‘on thevbasic principles described;
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' Zeta Potential

Zeta‘poténtial is a measure éf the éleptrokinetic charge that :'
surrounds a colloidal particle.(26) It is also referred to as the
potential that exists at the plane 6f>shear»betweenv£he particle
and the bulk‘of the solution. Zeta potential thus describes the
forces of repulsion in a ;olloidal system. As a result of these
repulsive forces the particle is kept-in sélution. The more nega-
tive or positive the zeta poten;ial, the more‘stabie the colloidal
,solu;ion. Most systems of interest in water treétment‘are nega—.
tively charged. In Table I, Riddick indicétes how colloidal sta- -
bility varies with zeta potentiai for most anionically dispersed
systems. (27)

Sincébzeta potential is pfoportional'to fhevrate of ﬁovement of
the colloidal particle in an electric field, it can be calculated by

the following formula.(26)

: 41TUVt
ZP = —
Dy
Where:”
Uv = 'Electrophoretic velocity of the colloidal particle.
Vt~= Viscosity
D, = Dielectric constant‘of.the suspending liquid.

Most colloids suspended in raw water are électronegative in the -
‘range from -15 to -30 millivolts.(28) Recently many new ideas have
developed with regard to coagulation of water. Many of thése ideas

‘are the result of increased knowledge about the zeta potential of



29

TABLE I

RELATIONSHIP OF ZETA POTENTIAL TO COLLOID STABILITY (27)

STABILITY CHARACTERISTICS AVERAGE ZETA POTENTIAL

(millivolts) -
Maximum agglomeration and precipitation 0 to +3
Range of strong agglomeration and precipitation +5 to -5
Threshold of agglomeration 4 ~ =10 to -15
Threshold of delicate dispersion _ > ;16 to -30
‘Moderate stability : >-3l té -40
Féirly good stability . | ‘ ‘ ~-41 to -60

Very good stability -61 to -80
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‘cqlloids;..ForbeXample;_in presentvcoagulation.practice the terric:’,c
'-ér alum floc‘that;is fcrmed‘has a zeta potential in the same range
as thevcsiloids present in'raw water. Thus it would seem llkely
that the repuls1ve forces of the floc and the c01101da1 partlcle
w111 prevent them from becoming permanently attached R1dd1ck feels
that 1f the zeta potent1a1 of the floc and the c01101d could be
reduced ‘to approx1mately zero, better colloid removal would result.
He has proposedvthe use of an 1norgan1cvcoagulant dose'follcwed‘by
the-addition of an organic polyelectrolyte in order'to obtain a
zero zeta potential. The Waterford, ﬁeu York, Water treatment plant:
is‘run utilizingbzeta potential as a control parameter to indicatev
. proper dosages suggested by Riddick. Very good coiloid,removal has . .
'fresulted at'the'plant.(ZG)x | N

Results of the addition of polyelectrolytes 1n Water treatment

“indicate that they affect the zeta potentlal of the c01101da1 system
greatly -without changlng e1ther the pH or alkallnlty (26) Slnce |
_the polyelectrolyte is normally added after ‘the inorganlc.coagulant,
itvhecomes attached.to the floc produced by:the_coagulant, vAt'
dosageslabOVe 0.6 parts per million, the anienic7p01yelectrolytes

tend‘to increase'the zeta potential in a more electrOnegatiVe direc—

tion, but the chemlcal bridging mechanlsm of the polyelectrolyte

'more than counter ba1ances this effect.(26) Stumm and 0'Melia hare :
.concluded,.fromvtheir-tests using polyelectrolytes as coagulant

. aids, that cptimumvaggregatidn_does not necessarily occur at a zeta

: potentialrcf~zeror(11)h'In pelyelectrelYte_cpnditioning‘offaium“




sludge, Bugg‘concludéd that a zeta ﬁotential of -30 gave the opti-
mum sludge filterability, and that zeta potential became more elec-

tronegative with an increase in anionic polyelectrolyte dosage.(19)

Summary

As can be seen from the literafure, while some work has been
done in the field of water treatment plant sludge disposal, much
more research is needed. Most current research has centered around
alum sludge, while ferric‘sulfate and lime slﬁages‘have been vir—‘
tually ignored. The relationship between specific resistance and
gravity dewatering of sludge needs to be more fully explored. Work
~on the conditioning of different sludges with various polyelectro-
lytes has proven very fruitful, but much more research is needed in
this area. The relationship between zeta potential and the opti-
mum polyelectrolyte dosage should be investigated further. The
purpose of this research is to explofe the relationships between
épecific resistance, polyelectrolyté dose, solids contenf and system
pH for the conditioning éf ferric sulfate sludge. In this work ulti-
mate disposal would be accomplished following vacuum filtratiop or

sand bed drying.



ITI. EXPERIMENTAL METHODS

Theiﬁest procedures for measuring the effect of poiyelectfo—
lytes on ferric sulfate sludge must be easily reproduceable and
yet valid indicators of the mechanisms involved in the conditioning
proéess. The tests selected for. this reseafch exhibit these quali-
bties and thereby ehabie the results to be applied, to a limited

~ extent, to other ferric sulfate sludges.

Sampling and Storage

"The ferric sulfate sludge used in this research was obtained

at tﬁe Carvins Cove water treatment plant in Hollins, Virginia. A:
flow diagram of the plant is shown in Figure 1. Although the
capacity of the plgnt is 18 million gallons per day, actual produc-

" tion USua11y>ranges between 11 and 14 million gallons per day. A
chemical analysis of the raw and treated water is shown in Table II.
In Table_IIIva'suﬁmary of the yearly raw water'production aﬁd coagu-
lant usagejis given along with data‘concerning filter backwashing
and the application of activated carbon. As can be seen ffom the
flow diagram of the plant, the method of sludgé disposal is by fill
v,and dry_lagoéning, The ferric sulfate sludge is removed from the
sedimentation Easins twice a year, usually in early spriﬁg and fall.
The sedimentation basins are 14 feet deep and slightly slopéd to a
sump éump drain at one end. The sludge is removed by manually pushing
. it_ﬁo the sump pﬁﬁp which then pﬁmps it to the lagoon. . The avérage
time»for éléaﬁing.onekbasin is appfoximately 6 hours. AThe:sludgev
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TABLE II

CHEMICAL WATER ANALYSIS OF CARVINS COVE

; RAW WATER TREATED WATER
pH 7.8 : ) 78
. A,lkaliriity M.0. (mg/1) 60 L 56
 Alkalinity P. (mg/1) o 0 C 0
Hardness (mg/1) 66 ) o ‘ 78
Iron (mg/l) | 01 0
Manganese (mg/l)‘ | 0 ' ' 0
Color Units - | 0o o ‘, 0.07 .

‘Turbidity 15 0




YEAR

1960
1961

1962
1963
1964
1965
1966
1967
1968
1969

- TOTALS

NOTE:

Carvins Cove Wafer Filtration Plant

TOTAL WATER
- GALLONS

1,821,252,000
2,272,966,000
2,459,190,000
2,615,865,000
2,712,034,000
2,748,580,000
3,181,794,000

3,014,333,000

3,518,938,000

3,725,805,000

28,070,757,000
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'TABLE IIT

- ANNUAL WATER PRODUCTION AND COAGULANTS

FERRIC SULFATE

POUNDS

329,382
439,438
537,932
510,932
521,734
529,733
606,506
567,832
699,813

- 866,508

5,599,810

LIME
POUNDS

289,278
345,475
380,884
388,578
388,071
416,638
465,009
405,921
429,587

436,066

3,945,307

Volume of washwater averages 5.1 per cent of total

-~

-water. Filter beds are backwashed every 35 hours
on the average.

315 pounds of activated carbon is

 added per day to control a taste and odor problem.
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used in this reseaﬁch Waé obtained by eﬁtering the basin while it
'ﬁas being cleaﬁed‘and célleéting severai five.gallon sémpleé. ‘The -
samples were then storéd at a constant femperature of 20°C for a
maximum of thfee ﬁeeks’while testing was being condﬁcted. Diluﬁidn
water used to adjust the solids content of thé sludge samples was
obtained from the sedimentation basins at thé»plant and étored in the

same manner as the sludge sample.

»Sludgé Characterization

Proper characterization of the sludge from‘the plant is very
important. Only if the sludge is‘characterized broperly éan the
results of this researchbbe applied to other slﬁdges produced at:
other plants. The»following.fests were run to insure that good ..

‘sludge characterization was obtained.

Total, Volatile and Fixed Solids

Sludge samples were énalyzed for total, volatile and fixed

solids in accordance with the procedures outlined in Standard Methods

for the Examination of Water and‘WasteWater, 12th'Edition.(29) A

100 ml sample was used in eéch experiment. Samples that were lumpy
as ﬁhe>fesult‘of polyélectrolyte conditioning were mixed weil uqtil
homogeneous at a speed greater than 100 fpm by a ﬁgltiple»jar'test‘/
apﬁarétus manufactured by Phipps and Bird of'Richmoﬁd; Virginia.  The
100 nl éample was then obtained‘from this homogeneously mixed sample.
Solids remaining in:the gfadua:ed cylindervafter‘the 100 ml sam?le

~ was poured iﬁtq,the’evapdrating.dishxwere rinsed from the cylinder



with distilled Water and added.to tﬁe evaporating ﬁish. IﬁIOrder
tq dbtain tbtal solids,the dish was aried for,12 hours dn aISteam
bbath followed b& one‘day in an oven at 103°C; Volatile ahd-fixed
solids were determined by burning at a temperaturé df 600°C for 30

minutes.

" Chemical Oxygen Demand
Chemical oxygen demand was determined by the dichromate reflux

‘method as described in Standard Methods. (29)

pH

- pH was determined by»a Leeds‘énd Norfhrup pH meter, catalogue
numbgr‘7401. Specialvattention was given to the:care and'éleéning
 of the electrodes with distilled water. Adjustment of pH was
accom?lished through the use of concentrated)sulfufic acid or 0.5N

sodium hydroxide.

P

Polymer Solution Preparation

Table IV gives»pertinénf’informatioﬁ concerﬁing’the polyeleé—
trolytes that were used in this research. Asrcanvbe seeﬁ from the
table certéinvinformation was not'obtainable frgm the companies.

’ Polyeiectrolytés from Doﬁ Chemi¢al Were»already,in solution when
‘received. These polymers were used at the concentratioﬁs indicated
in the fable. Stofége of these”pélymers'never‘exceeded one month
_/as recommendediby Dow. -Nalcov675 Qas réceived from-Nélco‘Chemical
Coﬁpanybiniéoli&‘form.  801ﬁ£ion,of’675 waé accomplished throggh’

heating and the use of a magnetic stirrer;FYDistilled Water“ﬁsed in



. TABLE IV

* POLYELECTROLYTE DATA'

 POLYMER ~ DOW-A-23 . DOW-N-17 DOW4C—311zfj

Charge - anionic = nonionic .. = cationmic

".PhysiCal white grandu- White.grandﬁ— dark viscous

~form lar solid  lar solid liquid

 »wCoﬁcéntration, 0.5 _-H:kvl - RaE 20
- weight 7 used » ' ' »
Viscosity (CPS) 9,750 ~ 475 225
Cat2sec
 Molecular 1,000,000+ 1,000,000+ -
weight

NALCO 675
" anionic: .

. white -
- powder

.1

1,000,000+

"iChémiéal' ' polYécfy—'_ - polyaCryf,' _ polyethYlenie7:polyacfy+r 

. structure lamide = = - lamide - . mine

. lamide

~ NOTE: PoijmersteZB,‘N+l7vénd"C43l'Were recéivéd’from.the Dow
. Chemical Company, Midland, Michigan. Polymer: 675 was i
_received from Nalco Chemical Company,,Chicago*SB;'Illi—
~-nois. - . : ‘ L e e e
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‘making up the solution, was heated to a maximum temperature of 150°F
while the time of agitétion by the stirrer was kept less than 30
minutes. A 0.1 per'cent solution of Nalco 675 was used in all research

except the sand bed studies where a 0.25 per cent solution was used.

Buchner Funnel - Specific Resistance Test

The Buchner funnel specificvresistance test was chosen as the
means of measuring the filterability of thé conditioned and uncon-
ditioned ferric sulfate sludge. The procedure and equipment ini-

ﬂkiaiif described by Coackley ;nd“Jpnes(24) was later modified by‘_hr
‘Bugg,(l9) The modified procedure and equipment was used throughout |,
this research. Specific resistance was feported in seczlgm. The
apparatus éonéisted of a 9 cm. Buchner funnel with avmoistened
 piece of Whatman No. 40 filter'ﬁaper in the bottom._ A‘thin‘layer
of Stopcock gfeasevwas applied to the bottom of the plexiglass ring
before it was pressed into place around the edge of the filter paper.
When slight preésure was applied to the ring, an impermeable seal
‘resulted“’Bugg found that this seal prevented the finer sludge
particles from escaping around the edge of the filter papef.(l9) A
vacﬁum pump was used to apply the pressure differential of 12 inches
Qf'mércury measured through the use of a manometer. Filtrate from
the funnel was collected in a 250 ml cylindér.

500 ml samples of sludge in one liter beakers were used in the
conditioning tést. The pH of the sample was first adjusted, followéd
by the‘additioh of the desired polyelectrolyte dosage. Agitation

‘during polyeiectrolyte’addition‘was accomplished by the use of a
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multiple far ﬁest apparafus running at a speed of 100 rpm for

2 minutes. ' The flécculationvparameter, or G value, during this
flash mix period was 148.5 sec"l, The speed and time of the mix
’were'detgrmined by Bugg to be optimum. He cqncluded that a rapid
mix was mecessary to pfevent the polyelectrolyte solution and the
solids which had adsorbed polyelectrolyte from settling out. = The
rapid mixiﬁas also'needed to.assure a large number of particle-
>pplymer/cantacts. If the speed and time of agitation exceeded the
optimum, the floc structure was found to deteriorate.(19)

>Afﬁer the flash mix a settling time of 15 minutes was allowed.

Next the supernatant was drawn off and part of the rémaining con-
‘ ditioned sludge was applied to the funnél., Since some‘ofvthe con-
ditioned samples were very lumpy, no constant volume of sludge was
applied teo the filter fér each test. After application of the
sludge to the filter, 10 to 15 seconds were allowed for cake forma-
tion by éediméntatibn. During this time the vacuum pump was turned
on and the pressure differential set af 12 inches of mércury. Nextr
the scfew clamp between the funnel and the graduated cylinder was
opened and filtrate volume readings were taken at different time
intervals. Readings for fast filtering sampleslwere taken every 10
seconds for the first two minutes and then every 20 Segonds for the
remainder of the time. In unconditioned and éiow filtering samplés,
readings.were'faken everyv30 seconds fdr'the first five minutes and
then every twovminutes for the femaindér of the time. The test was

‘continued until the cake cracked, the filtrate_volumé,becéme constant,
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or the pressure differential dropped.

Iﬁ was noticed that in fast filtering samples a largékvolume
of ‘filtrate passed through the medium during the first several
secondé. Coackley and Jones also noted this and concluded that it
was caused by insufficient cake formationm. .They stated that the
- major resistance was due to the filter paper inétead of the céke :
and proposed that the timé and volume réadings Be corrected. Cor-
rection consisted of subtracting the volume collected during the
Vviﬁitial_seconds from the rest of the volume feadings,vthus the firét
reading becomes the zero reading. Time was also corrected in a
similar manner.(24) All fast filtering sampies were corrected in
this manner . » |

‘VAll plots of T/V versus T for slow filtering samples yielded
straight lines. - Plots for fast filtering samples ga&e straiéﬁt_
iines only after correction. Specific resistance was célculated.
byithe équation indicated in‘the previous chapter. The parameter
c.was determinéd byva total solids test for a 100 ml sample of tﬁe'
nremaining conditioned sludge that Waé not used in the specific

resistance test.

Zeta Potential Test

A Standard Zeta Meter, serial number 1238, was used in all zeta
potential determinations. The supernatant from conditioned and un-
conditioned samples was used in all zeta potential tests. Most

_'cpndiﬁionéd sludge samples yielded a rather clear supernatant that

could be used as a test sample in the zeta potential determination.
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. On the other hand, unconditioned and conditioned sludge samples
that did not settle Qell had to be centrifuged to obtain a rela-
tively clear supérnatant. ‘A Fisher Scientific Interﬁational Clini-
- cal Céntrifuge, Model No. 28158H was found to be capable of clari-
fying the:sémples in approximately 5 minﬁtes,' The subernatant after
 centfifuging was then used in éeta potential determinationér Rela-
tively little solids in the supefnatant is a prerequisite to valid
zeta potential readings.  For samples containing fést moving parti-
cles, 10 different particles were timed traveling over a one micro-
division distance. An average time for one particle could thus be
determined from these 10 different particle times. dnly 5 different
~ readings were required for samples with sloﬁ moving particles. More
detailed information concerﬁing this procedure can be found in the

Zeta Meter Manual. (28)

Bench Scale Sand Bed Studies

Sand bed studies were conducted using plexiglass bedg one square
foot in cross-sectional area. The beds were constructed with three-
eights inch plexiglass sides and a funnel shaped plexiglass devicé
‘to collect filtrate that had drained from the sludge sample. The
filtrate was then conVeyed from the funnel?device by a rubber hﬁse to
a 2 liter‘gfadUated'cylinder where if was meaéured, The filter
medium coﬂsiéted'of al inch‘layer of coarse sand, which was retained
on a number 10_soii sieve,'cove;ed By a 3 inch layer 6£ light—weight
Weblite aggfegate sand‘with a'uniformity coefficient of 2.89 and aﬁ

 effective size of 0.40 mm. The medium was supported on the bed by
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finehwire mesh screens. Ffom theitop ef'the Weblite sand to the
topvbf the plexiglass side was approximately 9 inchee.' |
14 liter samples at 3.6 per cent solids were uSedvihbthe.stu—
Hies. Samples were poured into a 30 1iter, wide—meuth pyrex jar
after which the proper polyelecttolyte dosage was added, A2 minute
flash mix at 100 rpm was accomplishea through the use of a variable
‘speed stirrer manufactured by Inframo of Wayne, New Jersey. After‘
»the flash mix, the sample was qulckly applied to the bed. Filtrate
- volume measurements were taken at various times during the filtra- |
tion action. Meisture conteht during this period was calchlated by
the following hrocedﬁre:(19) |
(l) Calculate thevvolume of sludge remainihgvby subtracting
the volume of filtrate collected from the-totalkvoiume of
_siudgevappiied.' | |
(2) Calculate the total solids content of the remaining sludge .
by the follow1ng equation: |

Total SOlldS | (Total volume applled)(Applled total solids /)

remaining, 7 = » Volume remalnlng
(3) Calculate the per cent poisture of the sludge,_

Per cent moisture = 100 - (Total solids remaining in %)

Two problems with the above procedure are that 1t assumes that
all the solids are retalned on the sand and that no drylng occurs as .
a result of‘evaperation during the_filtering action. = All the data
.had to be corrected in order-to account for the evaporation during

the filtering action. The correction conSisted»of determining a
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constant evaporation rate from the difference Eetween’the calcu-
lated moisture content and-the»coré»éample moisture content. This
constant -rate of'evaporatién Qas then used to correct the data.
After the filtration action had stopped, the air drying rate was
determined by taking core samples of.thevsludge.

Sand bed studies were fun on three poiyelectrolyte>conditiOned
samples and one uncondiﬁioned‘sample, The béds'were locatedlpn a

window ledge in the laboratory. The windows near ‘the beds were left

r_opep'anﬂ»asra ;esult the beds were subjected to all the changgsAigvmmwwwm o

humidity - and temperature that occurred outside. The beds did not

~have direct sunlight.



IV. EXPERIMENTAL RESULTS

The tests pe;formed during this reseéréh resﬁlted in data of
significance to the field of‘water tréatment plant sludge disposél.
The resﬁlts of the tests explain the interrelationship between
optimum polyelectrolyte doSége and such variables as pH, séecific
resistance, zeta.potential, solids content, polyelectrolyte type,
“and dewateraﬁilityvon open sand beds. All.of thesé'variables were

studied in detail during the research.

- Sludge Characterization

Proper sludge charaCterization is one of the most imfortant'
steps in oBtaining test data that is‘of valﬁe iﬁ solving the pro-
blem of wétér tfeatment plant sludge.disposal. Without knowing
the characteristics of»the sludge being treated, the results are
glmost meaningless. Data conéerning the plant such as its size
and type as well és the}coagulants uéed must also be given in
Qrder to mbre fully understand the sludge chéracterizatioﬁwdata,
All data concerning the Carvins Cove water treatment plant was pré—
vviouély shown in Téble Ii énd Table III‘as well as in Figure l.

The fact that the plant uses activatéd éarbon’to contrbl taste and
6dor‘shduld not be forgotten. (See Table_III)

Téble \4 shows,the results df the slgdge‘characteriZatioh tests
th;t,were £un:on three differént samples. Since the sémpléé used
thfoughoﬁt the research were obtained during tﬁreé different sedi-
meﬁtatioﬁ'basin-cleaningé, a ¢haraéterization was run‘on_bnévsamplé

46
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- TABLE V

SLUDGE CHARACTERIZATION

SAMPLE T éAMPLE 11 SAMPLE III
pH - 7.3 7.4 73
Total solids (mg/1) 35,881 36,1831 36,028
' Volatile solids (mg/l) 7,212 7,481 7,286
Fixed solids (ﬁg/l) 28,669‘ 28,765 - 28,742

COD (mg/1) 5,460 5,780 5,543
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. fromveach»cleaning. Results showed that the characteristicsvof the -
vsludge remained basically.cdnstant from onevbasin to,anotherf ‘The
prof,the sludge was sligﬁtly,more acidic ﬁhan the pH of>the raw

aﬁd treated water.(See Table II) Results of the test showed a .
sludge that was relatively low in totél solids with a high COD value.
Mostlof the solids present in the sludge were in the form of fixed
solids, although a small pefCentagé of volatile solids did exist.
The possible deleterious effect of thé sludge on aﬁy receiving

water course is quite obvious from the COD values shown. A COD
determiﬁation_of a-sample of the supernatant from the lagoon indi-
cated a &a%ue of 373 mg/1. The suﬁerﬁétant from the lagoon was not.
‘ clear due to the rathef poor settling qﬁélities'ofbthe ferric sul-
fate sludge. A five-day BOD was not run on the sludge ér super-

'

natant since such a test was not deemed valid or necessary.

~ Effect gﬁ;Polyelectrolytes on the Specific Resistance

of Ferric Sulfate Sludge

'Specific resistance was ghosen as the test parameter to measuré
the effect of polyelectrolytes on sludge filterability. Cationic,
‘ anioﬁic_énd nonionic polyelectrolYtes from Dow Chemical and Nalco
'Chemicai were used.in these sludge condiﬁioning,tests.(See Table IV)
The Working solids conteﬁt éf the sludge Wéé chosén as 3.6 ﬁer cent
since.thié was thé,aVerage concéntration at Whicﬁ the sludge was -
being pumpéd to the lagooﬁ. The pHvofvtheﬁsludge fanged frbm 7.3
to 7;8 with an averége valqe of 7.5. Specific résiétancé was deter- -
t>ﬁih§d for eaéh.dosage of the polyelectrolyte applied to the férric  :

L sulfaté sludge. The optimum polYélecﬁtonte dosage was established
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by tﬁe run that gave the loweét value of épecific resiétance; The
-results of conditioning the 3.6 per’ceﬁt solids sludge are shoﬁn in
Figure 3. |
Figure 3 indicates that polyelebtrolyteslc—Bl, A-23 and Nalco

675 all.did an excellent job of conditioning thetferrig sulfate
sludge. Althoﬁgh N-17 also reduded.the specific resiétance of the
_sludge, its results are far from being combaréble fo those of the
other polyelectrolytes. The optimum polyelec@rolyﬁe dbsage for
- C-31, A—23,'Nalco 675 énd:N—l7_oc¢urredbat 80 ppm, 60 ppﬁ,’60 ppm

and 60 ppm respectiﬁely. At their oﬁtimum dosageé‘C—Bl, A-23,

Nalco 675 and N-17 réduced the specific resistance of Fhe sludge

from 5 X 107 (sec?/gm) initially to 7.5 X 107, 4.5 X 107, 1.35 X 108
and 6.1 X 108 (secz/gm) respectively. A-23 and Nalqo 675 exhibited»
a greater effect on the specific resistance of the sludge at lower
.polyelectrolyte dosaées Qf 20 and 40 ppm than &id.thé remaining
polyelectroiytes; CAll Bf;the polyelectrolytes tended to inérease

the specific resistancevof the sludge at dosages above their optimum.
The increase in specific resistance caused by polYeiectrolYte dosages'
" above optimum wés most pronounéed in N~l7;.while C-31, A-23 and
iNélco 675 all exhibited.Smallvihéréases._ Sludge conditioned by

- polyelectrolytes C-31, N-17 and Nalpo 675 résultédvin a finely divided
floc Strﬁctﬁfe while sludge conditionedvby-A—23 exhibitéd a floc
stfucture composed of large iumps qf coﬁditipned sluage. Supernatant
from sludge,conditioned with €-31 waé extremely élear.> On the'§£her'

hand N—17;QA~23 and Nalco 675vy1elded éupernétént‘with varying degrées~
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FIGURE 3 - EFFECT OF SELECTED

POLYMERS ON SPECIFIC RESISTANCE

OF FERRIC SULFATE SLUDGE
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of turbidity.

: Tests were then run with differentvslﬁdge solids contents in
order to determine the effect of'solidS'on_the specific resistance
and the éptimum dosage of pOl&eléctroiytebrequired for'conditioning
thé sludge. Solidsbconfentsvof 1.8 per‘cent an& 7.2 per cent were
utilized at a system pH of 7;5. Oﬁly the three beét pdlyelectro—
lytes, C-31, A-23 and Naléo 675, aé detefmined in_the tests with
3.6 per cent\solids,vWere used in the variable_solids_content tests.
Figure 4 shows the results of the.1,8 per‘cent solids tests, while
Figure 5 shows the results of the 7.2 per cent solids tests. The
results show that specific résistance is affected by the solids'
content of the sludge. At 7.2 per cent colids the unconditioned
éludge has a specific resistance of 5.84 X 109 (secz/gm) while the
3.6‘pef cent solids sludge had a value of 5.00 leOg (éecz/gm).
‘When the solids contént ﬁas dropped to 1.8 per ceﬁt'the specific
resistance of the unconaitioned'sludge dropped to 3.4 X 109 (secz/gm),
The optimuﬁ polyelectrolyte dosage wés also affected byvthe initial
solids conteﬁt of the sludge. .C;31 when tested'at.thé different
éolidsvéontents of 1.8, 3,6 and‘7;2 per cent gave_opfimﬁmvpolyelec—
tfolyte dosages of 40, 80 and léO_ppm respectively. Optimum poly-
electrolyte dosages of A-23 énd Nalco 675 Wéré‘also‘affeéted by the
différent solids contents. At soiids_contéﬁts of.l.é, 3.6 and 7.2
per cent, A~23 had optimum’doéages @f-ZO, 60 and lOQ ppm respéctively,
while ihose of Nalco 675 were 40, .60, agd 86 ppm respectively. Tﬁﬁs

as the solids content»df the sludge increased so did the optimum
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‘ dosages of all the polyelectrolytes. The results of the different
solids gontentbtests also indicated that at optimum dosages, C-31
and A-23 did a more effective job than Nalco 675 indreducing the

specific resistance of the sludge.

Effect of System pH on the Specific Resistance of

Polyelectrolyte‘Conditioned Ferric Sulfate Siﬁdge

‘Sludge containing 3.6 per cent solids was used throughouf this
éxperiment. The polyelectrolyte dosages of N-17, C;3l, A-23 and
Nalco 675 were the optimum ones determined for 3.6 per cent solids
at a pH of 7.5.(See Figure 3) Figure 6.shows the effeété on speci-
fic‘resistance éaused by varying the s&stem pH. ng polyelectro-
lytes N-17, A-23 and Nalco 675, tests were run at pH 1e§els of‘4.0,
6.0, 7.5 and 10. C;31, on the other hand, Waé fun at’all of the
:above listed pH levels and also at a}pH of 2.0.  Results indicated
that the specific resistancerof polyelectrolyte conditioned sludge
_is very much affected by system pH. Polyeleétrolytes C-31 and A-23
showed a maximuﬁ feduction in specific‘resistance at a pH of 7.5. |
As the sludge became more basic both of the polyelectrolytes showed
lrgkmarkedsinérease>in speqific’reéistance. A similar, but much less
: jdrastic, increase_was'alsg noted for these poiyelectrolytes as - the
’ solutionvbecame,mofe acidic. bResults showed that Nalco 675 works
‘best.at‘a slightly acidic pH of 6.0. Nalco 675 exhibited a slight
: iﬁéfease in specific resistancé as the sludge became more acidic,
 wﬁile_at a more basic condition it showed thé same drasticbiqcreaée

'in»specifiC[resistancelthat was noted in samples conditioned'with
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C-31 and A-23. N-17 gave an optimum reduction in specific resis-
tance at a pH of 4.0. " In the pH range bétWeen 6.0 and 7.5 the
specific resistance of fhe N-17 conditioned siudée remained fairly
constant, but there was a largé increasg iﬁ specifié resistance at
a pH of 10. When the sludge samples wére reduced to a pH of 4.0

or 2.0 a metaliic shéen developed on the surface of the sample and °

a hydrogen sulfide odor was detected.

Effect of Polyelectrolytes on the Zeta Potential

of Ferric Sulfate Sludge

,Zefa potential determinations were fun on'the.sﬁpernatant from
all 3;6 per cehf solidsbsluage sam?les conditiénéd with polyeieé—
trolytes N-17, A-23, €-31 and Nalco 675. The pH of the sludge was
7.5 while its zeta potentiai was =15 mv. The variance of zeta pofen—
tial with polymer dosage for 3.6 per cent s§lidsbis sﬁ@wn in’Figure 7.
Asvthe’dosages of N-17 and A-23 inéreased,_the zeta potenfial élso
increésed in an electronegative difection. The.zeta potentiallwent
from -15 ﬁv at zero dosage of N-17 and A-23 fo -24’mv,and ;30 ﬁv 
respectivély at a dosage of 100 ppm. Different'dosages'of Nalco 675
obViously had little effect on the zeta potential of the éludgei, An
élmbst constant zeta potential is Showp inFFigute 7 erfNa1cd,675.
For N-17, A-23, and Nalco 675 the.zéfa pqtential did’ndt'reach ;
peak in Figure 7 at'thé point of optimum polymer dosagé’fduﬁd in
Figﬁre 3. Increasing dosages of C-31 changed thé»zeta ﬁé;ential in:‘
an éléctropositi&e‘direction‘until at SQ ppm é»&aiue pf_—.S‘mv.ﬁas

" reached. This depression injthe‘zetavpoteﬁtial at 80 ppm corres—
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’ pogded to thé‘bptimumApolyelectrolyte dosage shown in Figure‘3 for
C-31. | |
Zetampofential determinations were also fun on éupernatant from
sludges‘of 1.8 apd 7.2 per cent solids content that had been condi—'
tioned with varying dosages of-A—23, Nalco 675 and C-31. ' The zeté
- potential of the 1.8 per cent solids; uncondifioned sludge was‘§17 mv,
and its pH was 7.5. The‘reéults éf the determinations for the 1.8 per
cent solids sludge-are shown in Figure 8. A-23 éna Nalco 675 had .
very little effect on the 2e£a potential of the sludge. The zeta
potential remained essentially constant for dosages of A-23 and Nal-
co 675 ranging from 0 to 100 ppm.’ C-31 on the ofﬁerhhandbdid affeét
the zeta potential of the sludgeﬁ A change from ~17 mv at zero
dosage of C-31 to'é -0.5 mv at a dosage of 40 ppm was noted. From 40
to. 100 ppm the zeta potential‘remained'a conétant -0.5 mv. This
depression at 40 ppm‘of C—3l correspondéd to the optimum_polyelec;
trolyte dosage shown in Figure 4 for C-31 at 1.8 per cent sélids,
| Figure 9 shows the résults of the éeta potential determinationé
on supernatant from 7.2 per centvsolids conditioned sludge. ThetpH
of the systeﬁ was 7.5. An unéonditioned sample of the siudge re-
sulted in a zeta potential‘determination of -lé.S,mv.‘ At dosages,
of 20 and 40 ppm the polyelectrolyté; A-23 and,Nalco 675 caused an -
electronegative.increaée in the,zetaApotential. As the dosages_of
 these'pol§ele¢£roiytes increased‘the zeta potehtial varied‘between-
. fl6 mv éﬁd -l3rmv for both of them.  C-31 again caused an eiectré-l

positive change in the zeta potential that resulted in a value of - .
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:—0;7.mvvat a dosage of 120 ppm;“From»lZO:ppm to 190 ppm the‘aeta
-potentlai remained fairly constant in the range between -0. 7 mv and
ﬁ,_O 3 mv. The‘depre381on in the graph for C-31 in F;gure 9 at a
"dosage of 120 ppm corresponded to the optimum ﬁolyelectrolyte.dosage‘
6f C-31 for 7.2 per cent solids sludge.(éee Fiéute 5)

vThus‘dosages of ﬁquelectrolytes A-23 and Nalco 675‘caused the
zeta potential to 5ecome;more‘electronegative or to remain relatively
cqnstant.depending upon the initial eolids coqtentlofvthe sludge.
.On‘the otﬁer handg dosages of C-31 caueed‘ankeleCtroposifiveasﬁift
in the‘zeta petential.. Thisje1ectropositiveAshift usualiy reached
a value‘ef‘;l o at the poiyelectrolyte’dosage that Qas determined
to be optimum fqr‘tﬁe solids content of the aludge beiné considered. 

1(See Figures 3, 4, 5)

Effect of pH on the Zeta Potent1a1 of

Polzelectrolyte Condltloned Ferric Sulfate Sludge

Tests were run on a 3,6_per cent solids chtent sludge. The
"sludge ﬁas conditioned with fhe optimum polyelectrolyte dosages
detefmined for 3.6 per cent solids.(See Figure 3) A-23, N-17 and
Nalco 675 were tested at pH levels of 4.0, 6.0, 7.5 and 10. tC;31

© . was tested at all of.these levels and alse'at a_pH of 2.0;'vResults
of the zeta potentlal determlnatlons are shown in Flgure 10. pH
affected the zeta potential of all polyelectrolyte condltloned
«sludges : At a pH of 7. 5 N»l7 A-23 and Nalco 675 reached peak zeta
,.potentlals of —22_mv,'r24 mv and —14 mv respectlvely. At all other -

. pH levels these three pqueleetrolytes:exhibited'zeta potentlals in
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the range”betﬁeenv4l»and ;3 m§.‘ By:referriﬁg to Figuré 6,:it_can
»eaSilY»be seen_thatqfdr‘A-23-éﬁd Nalco 675 é’éH.o£-7;5‘also gave
thg best reducﬁion in spécific resistance; But on the other hand,
N—l? cauéed an optimum‘feduction in specific resistéhce at é‘pH of
4.0 Whiie its zeta potential peaked at a pH of‘7.5; C—3i.dipped
to‘a low zeta potential value of -0.4 mv. at a pH of 7.5. As the
sludge became more acidic the zeta potentiél for C-31 became slightly
-more electronegative with values in the range/betwéen -1 mv and -2
mv. At a pH of 10 the zeta pofential for C-31 increased electro-
negatively to a value of =~4.0 mv. TFigure 6 shows that the optimum
' pH for C-31 to effectively condition sludge is 7.5, which is the
same pH at which the zeta potential dips to its most electroposi-

tive value.(See Figure 10)

Effect of Polyelectrolytes on Sand Bed Drying

of Ferric Sulfate Sludge

-Sand’bed studieé were ‘run using‘a 3.6 per cent solids content
sludge at a'systgm pH of 7.5. Optimum polYeiéctrolyte dosages‘of
A-23;>C-3l and Nalco 675,‘aS'determined for 3.6 per cent solids,
were used in the test.(Sée‘Figure 3) Thrge sand beds had condi-
- tioned sludges applied to them, while one bed had an unconditioned
sludge‘applied to it. Cake ﬁoisture was determined by:thevmethqd
previously described for gravity drainage and by coring‘&uring air
drying.»AThe'résults‘of‘gfavitybdrainage a;é shown in Figure 11. It
éhould be noted‘that the;results shown ha&e been corrected for eva- B

poration in the manner previously déscribed. The unconditioned
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-~
~ sludge did not dewater as rapidly as the pélyeleCtrolyté coﬁdiiidned
 'sludges.v Gravity draiﬁage was coméléted'fbr the uncoﬁdiﬁioned sam-
ple in 30 hours with a resultant cake méisture of 88.8 per ceht. No
cracks developed in the uncbnditioned sample during this time. -When
applied to the bed the uﬁcbnditioned samplé séttled, leaving a tur-
- bid éupernatant on top of the sludge. This suﬁernatant théﬁ had to
filter through the sludge and the bed medium before it could be
recorded as drainage water. The sample that was é&ﬁditibned with
A-23 was Very lumpy when applied td,the bed. It dewatered very
‘rapidly initially.and large cracks that extended fo the sand surface 
developed in the sample Qithin»lO minﬁtes. The rate of graﬁity
drainage of A-23 decreased very rapidly after the first several hours.
A-23 completed its "gravity drainage in 25 ﬁours and with a final
cake moisture of 80.2 per cént; ‘ﬁalco 675 and C-31 had gravity
drainage rates that were very‘similar. The Nalco 675 éamble-was
'slightly lumpy  after conditioning, while C-31 was aimost completely
void of lumps. Sludge‘conditioned with Nalco 675 or C-31 dewatered
rapidly.for the first several hours after ﬁhich its rate of de-
watering decreased. Gravity drainage for Naléo 675 and C-31 ended
'.ét 25 and 26 hours respectively. The final cake moisture of the
Nalco 675 sample was 89.8 per cent wﬁile that of C—él’was 88.7 pér
cent. Cfacks.did not develop in either the Nalco 675 or the C-31
-samples during gravity drainage. Both Nalco 675 and C—3l dewatered
in a fashion‘éiﬁilar ﬁd that explained for the unconditioned sludge.

_Solids did not penetrété into the bed medium on any of the condi-
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tioned samples and peﬁétration was only to ohe-fourth inch with the
unconditioned sample.

Figure 12 shOQs the resﬁlt of air drying Of’thevsludge samples.
» The time axis was continued from the gravity drainage graph.(see
Figure il) When air drying started the caké moistﬁre of the uncon-
ditioned sludge sémplé had become less than that of the A-23 and
Nalco 675 samﬁles. At this time C-31 still had a cake moisture
content léss than that of the unconditioned sample; Air drying

~ continued fbr 20 days. Duriﬁg the second day of air drying or the
third day'of the total test, cracks develéped in fhé Nalco 675 and
ﬂfhe C—31bsamples. These cracks extended to thefinterface between
the<éludge and the sand. The\unconditioned sample did not develop
aﬁy CIacks‘until the l9th day of the: test. Cake moistufe resulté
biéhowtthat A-23 was the best sludge>conditionér with a‘final value

of 70 pef‘cent. Nalcoi675 and C-31 had final cake moisture values

of 72.5 and 73.7 per cent respectively. The unconditioned sample

N

reached a final cake moisture of 74.5 per cent at the end of 21

days. A-23 was the sample most easily removed from the bed.
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V. DISCUSSION OF RESULTS
The purpese of this investigation,was to furnish technical
information concerning pdlyelectrolyte conditioning of ferric sul-
- fate sludge. The results of this investigation are a significant
step toward understanding more about conditioning of this type of

- water plant sludge. An analysis of the important results obtained

in the investigation follows.

Sludge Characterization

Prdper sludge characterization is of greatvimnortance in the
discuesien of the results of this investigation.. The adaptability
of the results.te other water treatment plant sludges hinges on how
“well the sludge used in this investigation'was charactetized.

The sludge had a pH that was slightly more acidic than the
treated water from the plant. This slight reduction in‘nH can be :
accounted for by deeompesition by microorganisms of some of the
organic matter present in the,sludge. The solids content of the
sludge belng pumped to the lagoon after the draining of the ba51n
~was found to be 3.6 per cent. Gates and McDermott recerdedva |

~somewhat higher valuevof 4.1 per cent solids for alum sludge that.
was cleaned.from a Sedimentation basin in the»same.manner as the-

- ferric sulfate sludge used in this investigation. (23) Bugg re-
corded'COD:values for alum sludge in the\rangelbetween 1.000 and'
1,300 mg/l (19) The COD values found for ferric sulfate sludge in
A.thls 1nvest1gation were much higher (See Table V) The one factor
which added most to the large difference 1n COD values was the fact

68
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'thaﬁ activated carbon was uéed in the Carvins Cove plant, while ﬁhe
plant in Bugg's investigation did not use it.-.The fact that differ-
ent raw water sources and coééulant aids were used also affected the
COD values. Bugg found that approximately 15 per cent ofvthe total
solids of the alum sludge used in his investigation was measured as
volatile solids.(19) Results for ferrié sulfate'sludge indicated-

that 20 per cent of the’total solids of the sludge}waé volatilé.
This increase in volatile solids can be accounted for by‘tﬁe'pre-
sence of activated carbon in the ferric sulfate sludge. Gateé and
McDermott noted in their in&estigation of alum éludge that.activated
carbon increased the volatile solids content of the éludge by as
much as 30 per cent.(23) |

The specific resistance of ferric sulfate sludge contaiﬁing

3.6 per cent solids was 5.0 X 109 secz/gm. This value is éonsider—
ably higher than the values associated with alum sludge. For exém-
ple, Gates and McDermogt recorded a specific resistance value for
alum sludge with 4.1 per cent solids of 2.07 X 109 secz/gm.(23)

Therefore unconditioned ferric sulfate sludge did not exhibit as

good filterability as unconditioned alum sludge.

Polyelectrolyte Conditioning Qﬁ_Ferric

Sulfate Sludge

This investigétion>indicates that polyelectrolyte adsorption is
" almost immediate. : This réSult agfées with the conclusion by Black,
Birkner and Morgan that polyelectrolyté adsorption is 85 per cent

complete in 30 séconds.(ZO) 'Thé flash mix for two minutes»atiloo rpm
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used in this investigation was necesséry to suspend the solid-poly-
electrolyte mixture‘and to enhance contacts between the two phases.
If the agitatioﬁ exceeded two minutes the floc structure otiginally‘
formed tended to break up, thus increasing the specific resistance
of the sample. Bugg noted this same disintegration of the poly-
electrolyte—particle floc structure with an increased time of agi-
tation over two minutes. - He concluded that the disintegration re-
sulted frqm excess agitation that caused the floc to be broken up
and the pblyelectrolyte segments to curl back and become attaéhed
to themselvesa(lg) The same conclusion was drawn for the disinté—
gration Qf the ferric sulfate floc noted in this investigation.

In this investigation cationic, anionic and nonionic polyelec-
trolytes improved’thé filterability of the ferric sulfate sludge.
The effect of the polyelectrolyﬁes on the sludge cén.beét be ex-

~ plained by the coagulation—flﬁcculatibn theory deveioped_by La Mer.
From the results plotte& on Figure 3 it can be concluded that the
anionic polyelectrolytes A-23 and Nalco‘675 both reduced sludge
specific resistance. The zeta potential results plotted on Figure

7 for the same two anionic polyelectrolytes, indiéate that‘increased
dosages. of the polyélecﬁrolytes caused the zeta potential to become
. mofe electronegative or to remain eséentialiy constant. Thus the
anionic polyelectrolytes conditioned the sludge by the mechanism of
chemical bridging or flocculation_déscribed by La Merq(lZ) Since
there was esséhtially no reduction in the zeta pbtential, no charge

neutralization occurred. Thus the mechanism involved must have been.
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chemical‘bridging.

The resuits plotted on Figures 3 and 7 for the nonionic pély—
electrolyte N-17 indicate that chemical bridging was the mechanism
of sludgevconditioning; With N-17 the zeta potential increased with
iﬁcreasing polyelectrolyte dosages. Thus no charge neuﬁralization
occurréd. The results for cationic polyelectrolyte C-31 are also
shown in Figures 3 and 7. C-31 decreased the specific resistance of
the sludge considerably, while it also reduced thelzeta potential in
an electropo§itive direction to a value near zero. Thus C-31 caused
considerahle chafge neutfalization at dosages of 80 ppm and greater.
At dosages.lessvthan 80 ppm it changed the zeta pbteﬁtial in an
electropositive direction to only a slight extent yet it still re-

- duced the specific resisfance in this dosage range. The optimum
reduction in specific resistance occurred at 80 ppm, which was also
" the dosage at which the zeta poténtial almbst reached zero. Thus a
combined chemical bridging and charge neutralization or coagulation
btheory must be used to explain thevméchanism of sludge condifioning
by C-31. Results of conditioning by the polyelectrolyteé at differ-
ent sludge SOiids contents alsd verify the éonditioning mechanisms
described'above.(See Figures 4, 5, 8 and 9)

Sludgé solids content played an'important fole in polyelectro-
blyte conditioning.\ The résults of this investigation indicate that
sludge soiids cqntents affect the optimum poiyelectrolyte dosage
b'dr the dosage that gives the best rédpction'in specific resistance.

For example, the primum polyelectroiyté dosages of A-23 required
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for slu&ge eontaining 1.8, 3.6 and 7.2 ﬁer cent solids were 20; 60
vend 100 ppm respectively. ’This effectvof iﬁcreased optiﬁﬁm-poly—‘
electrolyte dosage'&ith increased sludge solids eontent was also
seen‘in the results of the other polyelectrolytes used in the inves-
tigation;(See Figures 3, 4 and 5)‘ La Mer aﬁd Healy noted in their
chemical Bridging theory that sludge solids content determined the
amount of polyelectfolyte required for the'best destabilization.r.

" They  concluded thaf as the sludge eolids content‘iecreased the num-
ber of adsorption sighté’available for the pelyelectrdlyte increased,
thus requiring‘a larger optlmﬁm polyelectrolyte dosage.(le Their
conclusien was obviously verified,inithis'investigation.'

The effects of solids upon the optimum pblyeleetrolyte dosage

Jafe further exemplifiedvby the plote of specific resistance versus
the ratio B of polyelectrolyte dosage:tobsludge solidé conteﬁt.
»Figures 13, 14 and 15 show .the results_ofvthese plots for polyelec-
trolytee Cc-31, Nalco 675 and A-23. Alfhough slﬁdge solidsveontent
affected the optimum polyeleetrblyte dosage‘it can‘be shown by the -
above figures that thevB:ratio that gave-the:meximum reduction in

 specific resistance remainedtfairly éonstaﬁt for different sludge

'eolids eontents. This’iﬁdicetes that there ie-onevraﬁio ofkpoly—
electrolyte dosage to sludge solids content-fOr‘each polyelectrolyte '
tﬁat gives maximum reduction in specific'resistance.‘ For example,
anionic polyelect;olytes Ae23‘and_Nalcb 675‘gave the best feductieq |

"ln'épecific resistance when»the Bvratio.ﬁes befween l;lFX 10_3 and

L L1.7 X~l0”3.(See<Figures 14 and 15) The ca;ionic1polyelectrelyte:j
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- C-31 on the other hand'exhibitéd_a B value of 2.2 X 10“3 fof maxi-
mum réduction in specific resistance. This indicates that cationic
’ polyelgétrolytes réquire a‘greater dosage per unit solids than
;nionic polyelectrolytes in order to obtain the maximum reduction in
specific resistance. Since C-31 used a mecﬁanism of cﬁemiéal
bridging and chargevneutralizétion in conditioning, while A-23 and
Nalco 675 used just chemical bridging, it stands to reason that a
greéter dosage of C-31 would be réquired per unit sludge solids to’com-
plete the conditioning mechanism. The B ratio c0u1d, with more test-
ing, be-develope& into a very important parameter for pélyelectrolyte.
cdnditibﬁing.‘ |

From the results of‘this iﬁﬁestigafion it can be concluded that
pH was'of.great impbrtaﬁce in.polyeleétrolyfe conditioning of ferrigb
sulfate sludge. (See Figures 6 and 10) pH affects the polyelectro-
lyte and- the sﬁrface.of the particle, which in turn affects the
specific resistance and‘the zeta pétential of the conditioned sludge.
The relatiohship»between pH‘and the:éffeéts statedjabove ié very
LCQmplex, Fer-example, a reduction in pH both alters the zeta poten-
tial‘of.the unconditionéd sludge and also changes the per cent hy-
'Aarolysié of the poiyelecfrolyte when it is added to the unconditioned’
' sludge.. The reéults indicated that fbf anionic and:cationic poly-
, ele;trolytes the.optimum‘pH range for the maximum:reduction in speéi—
fic resistance was befweeﬁ»G.S and‘7;5.: The polyelectrolyté and the
- ﬁncondiﬁioned sludge wéfe Virtually ﬁﬁaitered-syva>in-this range.

Zeta'potential peakeé fqr'A-23’and Nalco 675 and'dropped for C-31 in
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' thiS’pH range, thus confirming‘thé Varibﬁs conditioning mechaniéms_
‘already proposéd;fér each pplyelectrolyte,' At pH's above and below
the 6.5 ﬁo 7.5 fange, changes in tﬁe pquelectrolytes and the sludge
vparticlés competed with each othef, and:the ﬁet»result was an in-
crease in tﬁe specific registance for cati&nic and anionic éondi—
tioned sludges. Nonionic polyelectrdlytébN—l7 had a maximum reduc-
tion iﬁ.specific resistance in the pH range Aéar 4.0 thle its zeta
pptential peaked at a ﬁH of 7.5. vThis result_indiéated that the
poiYelectrolyte and the sludge particles wefe éltered in such é
manner that they were more compatible for conditioning{ The result
was a decrease iﬁ the specific resistance of the conditioned sludge.
It can be concluded that the effects of pH ih»sludgé‘conditioning
are quite complex. -

Bench scéle sand bed studies revealea thatkpolyelectfolytes did
enhance the dewaterability of the ferric sulfate sludge.(See Figures
11 and 12) Sludge conditioned with A-23 producéd the cake with the
best moisture content after twenty-one days. All the polyelectfo—'
lyte conditioned samples exhibited an open or porous floc structure,
but the floc étruqture exhibited by A—é3 Was‘by faf the bést; The
éuperb‘floc étructure shown by A-23 can be attributed to the chemi-
cai properties of the polyelecfrolyte along wiﬁh the fact that thé'
zeta‘potential-ag the,optimuﬁ dosage‘was ;25 mv. At this rather
. electronegative_zéta potential repulsive forcés,exiéted‘between.sludge

.particleé which caused a porous floc structure to form. A-é3 was

- easily removed from the bed due to the porous floc structure. Sam-
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‘ ples conditionedeith C~31 and Nalco 6751gave more'compaqt flocs as
indicated by their more electropoéitive'zeta‘potenﬁials ét optimﬁm
‘polyeléctrolyte dosages. (See Figure 7) Aithough therloc structure
6f C-31 and Nalco 675 did dewater well during graviﬁy drainage their -
 structure was not poroﬁs enough to compete with A-23 during air dry-
ing. When conditioned sludge samples were apﬁlied to the beds it
was noted that the chemical bridging mechanism preventéd sélids from
‘penetrating into the'top of the sénd-layer as Fhéyldid in‘the uncon-
ditioned. sludge sample. _The faét thatbthe two’éniqnic polyelectro-
 lytes produced different conditioning résults éanvbe accounted,fof.v
by the differencé in:the cﬁemical properties of moleéular weigﬁt
and per cent hydrolysis between the two polymers. Results indicate
that specific résistance gave only a qualitativevmeésure of the
effectkof polyelectroljtes on gravity dewatering and‘ﬁéé nét a qﬁan—
titative indicator of the effeétiveness of sahd bed dfying.
Coétvfigures for the ﬁolyelectrolytes used in thé cdﬁditioningv~
of‘férric sulfaté-31udge are given in Table VIg  The pricé dafa Was >
obtained from the Purchasing Departments of Nalco Chemical and Dow‘ 
Chemical. The costs were calculated from the rates for the smalleét’f
quantity obtainablevfrom each company. ' The tablé'indica£és thét»thé
-1 cost.of,pol&électrol&tes»used in conditioning ﬁas small Whéﬁ com-
pated‘ﬁo'the otherbcapital outlayé that might‘bé encountered ihlfind-

ing avfinal‘method of sludge'disposal.
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. TABLE VI

POLYELECTROLYTE COST DATA

POLYELECTROLYTE OPTIMUM DOSAGE , ~COST .PER 1000 GALLONS
' : OF SLUDGE TREATED
Dow A-23 ' ’ 60 ppm A | . | $1.3O
‘Nalco 675 60 ppm  $0.95
Dow C-31 ‘ 80 ppm _ v | $1.66

Dow N-17 : 60 ppm . $1.38



VI. CONCLUSIONS

,,»Thé results of this investigation dealing with the polyelectro-

lyte conditioning of ferricvsulfate sludge support the following

"conclusions:

1.

6.

All cationic, anionic and nonionic polyelectrolytes inves-
tigated reduced the specific,resistance of ferric sulfate

sludge.

 Specific resistance proved to be a qualitative measure of

the effect of polyelectrolytes on gravity dewatering by

sand bed drying of ferric sulfate sludge.

Polyelectrolyte adsorption was very rapid.

La Mer's'fiocculation or chemical bridging theory explains

the mechanism involvéd in polyelectrolyte coﬁditioning with

anionic and nonionic polyelectrolytes.  Cationic polyelec-

. trolyte conditioning‘is explained By La Mer's chemical bridg-
- ing theory with.the added effect of charge neutralization
being apparent.

. pH affected the polyelectrolyte used in conditioning as well

as the surfacé'of'the_sludgéiparticles and in turn affected

the specific resistance and zeta potential of the conditioned.

sludge.

‘Slﬁdge solids content affected the 6ptimum-polyelectrolyte

~dosage required for maximum:reduction in spécifiq resistance.
- The ratio of po1ymer dosage to sludge éolids‘content,giving

© maximum reduction in specific resistance remained fairly
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 constant for varying sludge solids contents.

 Anionic polyelectrolytes produced the most porous floc

structure which resulted in the best final cake moisture
when applied to the sand beds.
Polyelectrolyte conditioning of ferric sulfate sludge was

relatively inexpensive.



.‘,112.,

"-:_214;«

s,
' ‘ ment o Publlc Works, 94, 118 (October, 1963)

. VII.. BIBLIOGRAPHY

,W'Fulton, GeorgerP ' "Dlsposal of Wastewater from Water Flltratlon S
Lo Plants," Jour AWWA 61, 322 (July, 1969) : ’
2. Krasauskas, John W "Rev1ew of Sludge Dlsposal Practlces,' Jour,g
. AWWA, 61, 225 (May, 1969) : : '
3. "Dlsposal of Wastes from Water Treatment Plants," Jour AWWA 61,
' 553 (October, 1969) ‘ : : .
‘ 4.‘tDean, John B., "D1sposal of Wastes from Fllter Plants and Coagula-f
tlon Ba31ns," Jour. AWWA, 45, 1226 (Wovember, 1953)
| 5. Sutherland ‘Earl R. ‘"Treatment Plant Waste Dlsposal in V1rg1n1a,.
-+ Jour. AWWA 6l l86 (Aprll 1969). ' S
6. Great Lakes - Upper MlSSlSSlppl Rlver Board of . State Sanltary
- Engineers,,Recomnended Standards for Water Works, (1968)

7« "Dlsposal of WaSLes from Water Treatment Plants, Jourg'AWWA, gl,y':fb
- 621 (Movember, 1969) o : e o
,84""Dlsposal of Wastes from Water Treatment Plants,' Jourﬁ’AWWA,.gl;'v;

683 (December, 1969) - SRR Lo
9, Young, E.F. "Water Treatment Plant Sludge Dlsposal Practlces in
- “the Unlted Klngdom," Jour AWWA 60 717 (June, 1968)
10.. Proudflt Donald P "Selectlon of Dlsposal Methods for Water
o Treatment Plant Wastes, Jour AWWA 60, 674 (June,,1968)
11. Stumm, Werner and 0' Mella, Charles R ,'"Sto1ch10metry of Coagu—
S lation, Jour AWWA, 60, 514 (May, 1968)
(La Mer, V. K., "Coagulatlon Symp051um Introductlon," Jour Colloid,r'
, Sc1ence, 19 291 (1964) : R :

. 13;',Stumm, Werner and Morgan, James J., "Chem1cal Aspects of Coagula—
B tlon," Jour AWWA 54, 971 (August 1962) ' ' : -
Splro, T. G Allerton, S. E ; Renner J. ; Terz1a, A. BllS, .
and Saltman, P., "The Hydrolytic Polymer1zat1on of Iron (III),

Jour Am. Chem. Soc.,A§§_ 2721 (1966) ‘ :
Schworm, Wllllam B. ‘"Iron Salts for Water and Waste Water Treat—"§-v




vlﬁ.
17.
18.
19.
2.
21.
22.
23.
24.

25.
26.
27,

28.

29.

83

Singley, J.E.; Maulding, J.S.; and Harris, R.H., "Coagulatioﬁ
Symposium - Part II1," Water Works and Wastes Engineering, 120,
52 (March, 1965). :

Black, A.P.; Singley, J.E.; Whittle, G.P.; and Maulding, J.S.,
"Stoichiometry of the Coagulation of Color-Causing Organic
Compounds with Ferric Sulfate,” Jour. AWWA, 55, 1347 (October,
1963). .

Ruehrwein, R.A., and Ward, D.W., '"Mechanisms of Clay Aggregation
by Polyelectrolytes," Soil Science, 73, 485 (1952).

Bugg, H.M., "Conditioning and Disposal of Water Treatment Plant
Sludges," Ph.D. Thesis, Virginia Polytechnic Institute, (March,
1970). R

Black, A.P.; Birkner, F.B.; and Morgan, J.J., '"Destabilization of
Dilute Clay Suspensions with Labeled Polymers," Jour. AWWA, 57,
1547 (December, 1965).

La Mer, V.K. and Healy, T.W., "Adsorption-Flocculation Reactions
. of Macromolecules at-the Solid Liquid Interface," Reviews of
Pure and Applied Chemistry, 13, 112 (1963).

Kane, J.C.; La Mer, V.K.; and Linford, H.B., "The Filtration of
Silica Dispersions Flocculated by High Polymers,' Jour. Physical
Chemistry 67, 1977 (1963).

——— Y

Gates, Charles D., and McDermott, Raymond F., "Characterization
and Conditioning of Water Treatment Plant Sludge," Jour. AWWA,
60, 331 (March, 1968).

Coackley, P., and Jones, B.R.S., "Vacuum Sludge Filtratiom. I.
Interpretation of Results by the Concept of Specific Resistance,"
Sewage and Industrial Wastes, 28, 963 (1956).

Eckenfelder, W.W. Jr., and O'Conner, D.J., Biological Waste Treat-
ment. The Macmillan Co., New York (1961).

Riddick, Thomas M., "Zeta Potential and Its Application to Diffi-
cult Waters," Jour. AWWA, 53, 1007 (August, 1961).

Riddick Thomas M., Control of Colloid Stability Through Zeta
Potentlal The Livingston Publlshlng Co., Wynnewood, Pennsyl-
vania (1968).

Zeta Meter Manual. Zeta-Meter Inc., New York, 2nd Edition (1968).

Standard Methods for the Examination of Water and Waste Water.

American Public Health Association, Inc., New York (1965).



The vita has been removed from
the scanned document



PFOLYEL_ECTROLYTE CONDITIONING |
OF

FERRIC SULFATE SLUDGE

by

John Wade Olver

Abstract

Tests‘were ruﬁ'oﬁ samples of ferric sulfate éiudge collected
from the sedimentation basins of a water treatment.plént dﬁfing
basin cleaning operations. The purpose of the testing was to deter-
mine if cationic, anionic and.nonionic polyelectrolyteS»could suc-
‘ceséfully condition the slu&ge to imprbve its dewéterability. Iﬁ
addition the péraméters:which affeétedvthe condifioniﬁg mechanism
Were'investigatéd. Tests thaf were run during the investigatioh
included spécific resistancé, CoD, total.and volatile solids,‘zeta
potential énd éH.' Po1ye1ectro1yte conditioned and unconditioned
v sludge sémples were applied to bench scéle sand beds to determine
'the:éffgct of éonditioning on the dewatering rate of the sludge.

Re$ulﬁs indicated that.all types ofipolyelectrolyteé ﬁéed
‘reduced the specgfic résistancg of the sludge. HoWever,bséecific
v-resistance wasAonlf a qualitative measure of the effect 6f poly-
- electrolytéé on gravity dewatering of ﬁhe'slu&ge;:nAnidnic'and
nonioniC'polyeleétrolytes ekhibited chemical bridging as the mechan-

© ism of conditioning while cationic polyelectrolytes conditidned by




~ both chémical'bridgingfénd chérgevneutraliZation. Both pH and‘siﬁdge
solids §6ntent were found to affect the_conditioning process. The
 sand7bgd stuaies in&icated,that sludge éonditionéd with anipnic
polyelectroiytes @rodﬁced avﬁpre porous flbc structure that.dewaterf
ed to a cake that was easily removed from the bed. Cost data for
polyelectrolytes indicated that conditioﬁing‘ofbthe sludge by this

method was very economical.
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