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: ABSTRACT

The removal of fulvic acid, the most soluble frac.tion of ht.;mic
matter, wit'h aluminum and polyacrylamide was investigated. The
_expeI:Tméntal conditions wére similar to those usually encountered in
7 practice; The pH ranged frdm 6 to I8, the aluminum dosage from 1075 M to
0.5 x 107 M, and the polymer concentration from 0 to | mg/L. The fulvic
acid concentration was constan‘t at 10 me/L.

The removal of fulvic acid with aluminum was found to depend on
the pa'i‘ticle size of the e-llﬁminum-fulvic acid flocs. Thils was
demonstrated by both the increased removals when filters with a pore siie
of O.l.O um were used (a; opposed to filters with a pore size of 0.#57 um‘)
and the beneficial effect of the presence of nonionic polyacrylamide. The
nonionic polfmer promoted both the removal after seftling and the "\
removal aiter filtration. The-latter was attributed to the flocculation of
micri)-colloidal particlés which in the absence of the polymer passed
through the pores of the filter.

Based on a three-level factorial experimental design an empirical
statistical mode! of the removal of fulvic acid was developed. 'l:he mociel
was based on the consideration fk]at' for a narrox;r operating region, the
response surface may be approximated with a quadratic'mathematical
expression; Ey applying this techniqu:e thg effect of the pH, aluminum
dosage and polfmer dosage were guantitatively modelied. A polymer
. dosage of 0.1 mg/L was found to be optimal because it gave the minimum

cost of chemicals for the desired high degree of removal.

iii



Finally, the most s'ignificant factors that affected the removal of
fulvic acid with aluminum, in addition to the pH, the aluminum dosage and
the polymer doéage, were the calcium present in the water and the

interaction of calcium with the pH. The effect of calcium was larger at

pH 8 than at pH 7. The effect of the polymer properties was not as large

J

as the effect of the_galcium, with the effect of the polymer En’ol/ar mass
being mere important tha@the effect of the degree of hydrolysis of the

polyacrylamide.”
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CHAPTER ONE

INTRODUCTION

Hu;nic substances are probably the most extensively distributed
natural organic. materials, In natural waters huimic substances cause }Iwc
ye[lowish-—bro'wn color, which characterizes usually the water from muarshy
areas. |

Historically, the removal of humic substances was mainly connected
with the removal of color for aesthetic reasons7(_f\\(’\\’A Joint Committee
Report, 1970). Other-reasons, for which humic n'wlat'ter had been
cansidered undesirable, were their contribution to taste and odour

: pfoblems, the increase in chlorine demand, and the interference wit-h
) . ’ .
water processing opcrations,- especially ion exchange and coagulation.

Rook (1974) first presented data showing that chiorination of water © "
](‘d'to' the formation of haloforms at significant levels. He argued that
-lho formation of halogenated organics was the result of actior‘m ofAchlorine
on naturally present organics. The discovery that chloroform could cause
(,:an(‘.ér anct the proposed l'(*v‘el ot 100 p_s;/r’L for total trihﬁa.!on_mthan_c‘s
YAWWA Committee Rey‘ﬁ'ort, 1979) stimulated an increased interest in

‘effectively removing humic substancgs, so as to prevent trihalomethane

formation. A

-

Other concerns.occur:because humic substances-interact strongly
with metal ions and organics, change.:ﬁigni'ﬁcantly the solubility of them

--and affect their immobilization and transport.in aquatic environments

(Schnitzer and Khan, 1972). Whilé there is no evidence that humic

— -



‘o _ S
substances themselves are harmful, their association with heavy metals
. h
and/or toxic organics (such as pesticides) increases the necessity of having
them removed from the water.
- . - L .
Because of the highly hydrophilic nature of the humic matter, the

removal of humic substances is accomplished either by advanced, and

therefore expensive, processes, such as activated carbon adsorption, ion

-exchange and membrane processes, or through an improvement of more

traditional processes, such as precipitation/coagulation and filtration.

This thesis investigates the removal of {ulvic acid, the most soluble

>

fraction of the humic substances, with aluminum coagulants in the

.

presence-of polyatrylamide, a water-soluble polymer.
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CHAPTER TWO

LITERATURE REVIEW AND OBJECTIVES .

The universal occurrence ;>f the humic matter and i.tS- environme}mtal
significance has made it-an extensively studied subject by scientists from
a variety of discipiines; .The reviewed literatt:vr;e as it relates to the
nature of the humic substances is, therefore, selective and nonexhaustive.
A detailerd review on the removal of hu'r'nicr sﬁbstances by coagulation

during the treatment of water is also presented in this chapter. Finally,

w after the literature is reviewed and the need for more research is

identified, the objectives for undertaking the work are presented.

2.1 HUMIC SUBSTANCES .

Humic substances constitute the majority of 6rganic matter in most

waters and soils. These are amorphous, brown or bléck,.hyd‘rophilic,

acidic, polydiSperse'_subgt;}ncés of mo'lar- mass ranging from several
:hunc.ire‘ds to tens of ;chouéa_gnds. Despite the extensive_investigations' during
‘the last twenty yeé-rs, the structure, and i)hysical and chemical properties
of humic "substances's have not been compl_etely elucicliated. A review of

these investigations is given in this section.

2.1.1 Classification
; The most widely éléssif_ié‘aition scheme'of humics is based on the

solubility in alkali and acids. They are classified as: (a) H;jmic Acid (HA), _



which is soluble in dilute alkaline solut,ion but precipitates uhder acidic

condlt:ons (b) Fulvic Acid (FK) which is soluble in both acid and base,

and (c) Humin, which cannot be extracted by dilute base and.acid.

Further classifé&:\ignsare possible, mainly Qf the hUmic acid fraction.

Figure 2.1 summarizes the fractxonatxon of humic substances.<

molar mass, u~ltimate analysis and functional group content. The fulvic

2

The three main fract1ons are structurally 51m1!ar, but they. differ in

acid fraction has a lower molar mass but higher content-of oxygen- }

containing functional groups per unit mass _(Sétﬂwitier and Khan, 1972).

is resistance to microbial degradation and the ability to form water- "

Another important characteristic, exhibited by all humic fractions,

»

soluble and water-insoluble complexes with metal ionic-species, clays and " .

o

organic compounds. -

The synthesis of humic substances, known as the humification

process, has not been yet elucidated. Felbeck (1971) ‘summarﬁzed the

8 existing four theories about the formation of humic substances:

(i)

(ii)

(i)

humic substances.

The plant alteration hypothesis implies that lignified -

plant tissue is altered shperfieially in the sqjl to form

¢
v

* The chermcal polymerlzatlon hypothesis con51ders that

plant tissue is degraded mncrobla]ly to 51mple Compounds
that are further u‘sed by microbes for the synthesxs of
more complex products, such as phenols and aminoacids.

These pr‘oduct's are excreted into the environment where -

“oxidation and polymerization leads to the formation of

humic substances.

LI

. The cell autolysis hypothesis considers humic substances

~—
- —

as condensation and free radical polymerization products
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of compounds formed during the autolvsis of cells after
their declth.
(iv) C* The microbial synthesis hypothesis assumes that
microbes synthesize intracellularly hi‘gh~molar-mass'
- humic-like substances. A.fter the deeth'of micro'bles

these compounds are released into the environment

where they are degraded to humic and fulvic acids.

Although it is not understood which mechanism prevails, the most

popular hypothesis is that the more complex high molar mass humic

L4 . : e £ . .
materials are formed first, and that these are degraded, most likely

oxidatively, into lower molar mass substances.

The effect of the environment on the structure and charac\teristics of

humic substances has not bee'n investigated extensively. Althottg.h there is
evidence that certain differences exist among fresh water hurrtics and
marine humics (Stuefmer and Payne, 1976; -Nisscnbaurn_end ‘delan,_[972), )
humus -m the soil and in freShwater seems to show s1mllar gross physncal
. ' and chemical characte.rlstlcs (R aﬁh:d et a[., 1972; Gjessmg, I976)
. The ro‘nrcntmtlon of humie substance% in natural waters varies.
s Conqjdcrmg that humic substances constitute the ntajorltv of or;,dtucs ml

water, their concentratmn. expressed in terms of TOC, was found to be

between 9.1 and 2 ing/L for groundwaters and between I and 20 mg/L for

most surfacc waters (Kavanaugh 1978). "Most of the aquat!c humus exists
in the form.of fulvnc actd due to the higher solublllty of this [ractlon. v

Black’ ané‘ Christman (1963) ana!ysed coIbred surface waters and found

' 4 voos

“that -the organlc matter consisted mainly of fulvic acid (87 percent)

M:dwood and I‘elbeck (1968) demonstrated that 80 percent of the orgamc '

rnattcr cxlst:ngun colored water was fulv1c acnd Fotxvev A. V (1957,



F

Cited*iﬁy Schnitz';ef, 19%7) -found_tha‘t 85 percent of organic rttat_tcr in
swamp' water was fulvic acid. [n summart*.I tho hmrtic :.sub.sta;nccs in

_ sprfacé‘waters contain ‘abaut 'SO to 90 percent fulvic acid. |
Historically most of the research has l?een done on-humic acids,
bec'af?ﬁc thc.;y ﬁregie\i‘tate casily at lo.w pH l'i'ecerlttly, hewcve;i', t.he' usé of

synthetic resins enabled the isolation, concentration and use of fulvic

acids. ) - A

2.1.2 Chcnticetl Chéractcrization
Humic sub‘stances cc;jn'si-st mainly of Carbon, Oxygen, Hydrogen,.
.Nitrqgen and Sulphur. Elemental analysis o humic and ful\;ic acids in
;rar.i.o.u's soils ‘is given in Table 2.1 and in water in Table 2;-2.
Gjessing (1976) claims that aquatic humus gencrally exhibits a lower
car-btin artd ni.trogenicontent, v:fhereas the hydrogen content is usyally a
o little higher. Ful_vic acids contain less carb‘on'andlnit—rogen but more

oxyggn than humic acids. it should be noted that humic substanc'es.

analysis alwavs ytelds an ash content, indicative of morgamc cons.tltuents-.
associated mth the orgamc ntoleculce - |

z’\not.hgr impor_tant characteristic ‘of humic substances i‘s the

dmtrxbut:c?n of oxygen-containing -functlonal groups. The major gr’ctuos arel
carbo*qls LOZH) phcnohc and alcohohr hydroxyIs (OH) carbonyls (C= O)
an methexyvls (OCH3) Between 68 and 9l percent of the oxygen in HA' s

- can bé accounted for in [unctional groups. whereas more than 20 percent
of .oxygen in FA is sm'ularly distributed (Schmt?er and Khan, 1972). Table

2.3 presents data on the distribution of oxygen-—contamlng functlonal

~groups in humic substances. : - Lo~



TABLE 2.1 Elemental analysis of soil humus

{ From : Schnitzer and Khan,1978)

J

™

Element Humic Acid < . FPulvic Acid
% Range Mean * Range - Mean
C 53.6-56.7 56.2 40,7-50.6 45.7
H 3.2-6.2 4.7 . 3.8-7.0 5.4
— ) , . '
N of8-3:5 3.2 ~0.9%3.3 2.1 .
5 0.1-1.5 0.8 .  0.1-3.6 1.9
o 32.7-38.3 355 39.7-49.8 44.8
: . v
. Y .
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_Ref..1 : Schnitzer and Khan (1978)

10 .

TABLE 2.3 Oxygen-containing functional groups in humitc

- o substances ,( meq/d )
. -

-~

5 -

Total Carbbxyls'Pheﬁolic Alcoholic Carbonyls Methoxyls Ref.

Acid%ty oon - On 1,
Soil HA . 6.7% 3.6 | 3.9 _26 2.9
Soil FA EETICTR 8.2 3.0 5.1 2.7
%-Iatcur HA 8.2 4.5 " 32, NEA _' 4.3 .
Uater PR 1026 se 4‘.3 - NA 4.3

0.6 : 1
0.8 1
- NA - 2

* These values represent means. and therefore they do not

" of carboxyls and -phenolic OH.

. -

4

Rgf.. 2 : Weber and Wilson (1975)

edual'the_sum
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The carboxylic content of FA is appreciably higher than that of HA.
This relationship was found to occur irrespective of the source of the

organic matter.On theother hand both materials contain approximately

" the same amounts of phenolic, carbonylic and methoxylic groups per unit

weigh,t; The acidity of humic substances is considered to be_ mainly due to
the presence of dissociable hydl‘og:eq in the carboxylic and phenolic
groups. . . |

Because of the chemical complexity of the humic materials, the
structure éf humfc substances has not been identifed. Many invéstigators ,
have used degradative methods, trying to identify products whose
structure cou_l.d be related to the starting materials. The degradative
methods, that havé been-applied on humjc sustances, included oxidations
in alkaline and acidic m“edia, reduction, hydrolysis, thermal, radiochemical
and biological degradat‘ions.

The major HA and FA degradation products are phenolic and
benzenecarbc;xyf.lic acids (Schnitzer and Khan, 1972). It is not known

whether these have originated from more complex aromatic structures or.

" existed in the initial humic in the same form but held together by weak

bonding.

Other components that have been identified inclyde n-alkanes and n-

fatty acids (Ogner and Schnitzer, 1970)., Part of these is loosely held,

which is bétie\ge.:i to be phys'ically adsorbed, while the remaining is part of
the humic structure. The role of the latter aliphatic compounds is not
well understood. Christman and Ghassemi (1966) postulated that aliphatic

chains link together the aromatic nuclei. The same suggestion was made

by Hall and Lee (1974), who also considered ether and ester bonds for the
_ linking of aromatic subunits. However, neither aliphatic structures nor

- large fragments of the original structure were isolated and identified
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whén degradativle rﬁethods were employed. This led Schnitzer to conclude
“that the idlcntified phenolic -and .bm‘uzenerarboxylir acids were the
"building blocks™ of humic sustances (Schnitzor.dnd Khan, 1972
According to Schnitzer, most of the tightly held aliphatic structures are
esterified to pherﬁolic OH groups. The humic sustances, then, are not

* .. J‘. N . . .
single macromolecules, but rather associations of molecules, the "building

»

bloc‘ks"._. The aggreﬁa'tionﬂzlj\eallréftca b‘e brought about by hrydrogen
bonding, Van der Waals forg’:es%?ﬁ(‘i interaction between 1 -electrohs of
~adjacent aromatic rings. High energy bonding, such as (5—0 and C-C

-. bonc.is; is not ex_cluded, but it Sc-ems not to be.significant. It is considered,
therefore, that the structure of humic substances is flexible perforated by
voids of var.yihg.dimensidhs t}g\at can tralp or fixj organic and inorganic

compounds. A proposed ghemical structure for soil fulvic acid is shown in
1

pr

Figure 2.2,

The flexibility in the structure pe}mi-ts the "building blocks" to
aggrepate and dispers_;e‘ reversibly, depénding on the pH, ionic strength and
‘the prc-s.ence of metal ions. At low.pH .hurnic.‘.s tend to aggregate forming
(-long,;ated fil)r(,_'s and bundles of fibres. II\S the pH increases, these forces
become weaker, and, hecause éf increasing ionization of ca‘rboxylic and
phenolic OH groups, particles separate, so that the molecular
arrangements bé(':or'ne smaller but‘better oriented (Schnitzer, 1980).

These poslijllation_s were supported by_X-ray analysis, scanning electron

microcopy and viscocity measirements.

2.1.3 Physical Characterization

Humic substances were considered to be hydrophilic colloids, mainly

because of their large molecularssize. In water, under ordinary



o
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H
HO O-C

FIGURE 2.2 A partial chemical :&Lrnu‘::n:“w of fulvic .acid
{ Frow : Schnitzer and Rhan o, TU978.)

1

-

.—‘;(. T o



conditions, thev are negatively charged, due to tho\dixsotfiation of
Carl)ox;flic and phenolic groups (Black and Christman, 1963

Because of the ability of the "building blocks™ to apgregate, one
should distinguish between the molar mass of the humic molecule and t}'w
molar mass of the aggrepate. Many methods have heen employed for the
molar mass determination of humic substances. These methods are
classified into (i) those measuring number-average (osmotic pressure,
cryoscopy, diffusion, tsothermal distillation); (it) those measuring mass-
avc'ragc_-(viscosit);, gel filtration); and (iii} those rnoasurihg Z-averapoe
(sedimentation-ultracentrifugation).

There are wide differences botween results ohtainod with the
various methods. Chcnnéal methods g‘i\r:z a molar mass of !500 to IB,OdO
for huroic' acids. Osmometry, cryoscopy and the diffusion and viscosity

methods give values of about 700-26,000 for HA and 200-300 for'FA'
' whlle ultracontrlfugatlon and light- ﬁcattermg 30,000 to 80, OOO (Orlov et .
al% 1971). These d:screpanmeq wloro attributed to the polydispersion of
_h.um'io substances, aggregato_instabi]ity and ash, content, pH values and

v

fatiic strength, - Nifferences also appeared because some methods do not

rntiasri‘ro malar mass but rather miceliar (aggregate) size.
Gel filtrittion is extensively emploved sinde it allows the
.. determination of molocu]ar.(izo distribytion. Huric dcids show -

. polymodal molar mass distributions, while fulvic acids are more uniform
and are'usually.’di\'rided into two fractions. Gel filtration data indicate *

that the range of mass average molar mass-of hurmc amde is very broad,

~ from scveral thousands 10.200,000- 300 000. Di tmctlon should be made, '

however, as to what these values reprosent lov et al. (197 1), in Itght of

the structural'configurati‘on of the humic sUbstances, considered that gel



-

>

15

filtration daté inaicated the size of the aggregates ra.ther than the size of
the individual mo]ecul'es.- Théy considered that-a range of 50,000 to
90,000 should be taken for the mass a-ve‘r'a'gé molar mass of humic acids at
a molecular iength of 30- 50 A The number average molar mass of HA

r

was consxdered not to exceed 8000 to lO 008, while FAs exh1b1ted a

narrower range of values, and their number and weight average molar

. *mass were nearly the same and ranged from i&,ObO to 7‘,,000. The humic

acid aggregates were éonsidered\ to have a .so'mevéhat elongated ellipsoidal
shape‘with a ratio.é;f axes 1:6 ‘to 1:12.

Humic substances show uncharacter:st:c spectra m the visible region
(400 -300 nen). Absorptlon spcctra of neutral, alkahne and acidic solutions )
are featureless, showmg no maxima or minima. The Opt_lcal den51ty |
decreases as the wavelength incré;?:ses'. " Optical depéities are measured at .
465 nm, which is in the region of high abép'rt;ance. The effect of pH-on
;)pticai_,denS'ity ig Shbw'n in Figure 2.3. It can be seen that optical density

increases with increase in pH This effect is greater at low wavelengths

Generally, the color of HA is more mtense than that of FA, based on -

. equa! concentranons.

- The ulf;ravioleti Spt)cf:a-afq fedtureless. The optical density

: decreases as the wavelength inéreases. “Humic substanceé,are known to

fluoresce under vnsnble and UV llgh‘t. Th:s property has been extenswely

‘used for the quantxtatwe determmatton of humic compounds (McCreary

a_nd_Snoeymk, 1980). - |
I.nf-rare'd_Spedt&ophotometry' Has been lr.epeafedly applied to yield

information on the structure and the reactions of humic substances..

. Generally IR"spectra exhibit brdad bands because of extensive c'welrlap'pin'g"

L]

of individual absorptions.

Electron spin resonance spectrometry showed that humic substances
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contain relan\mly h:gh concentratmns of stable free radxcals._ These
radicals are consrdered to be assoc1ated with sermqumone groups. Via -
free radicals, humic substances can participate in oxidation-'reduc.tion

reactions with.transition metals, or they can detoxify adsorbed pesticides.

2.1.4 Interaction w}rh Metal lons _
| Metal ion _concentrations in natu‘ral waters .eire:usuelly in.excess of

calculated equilibrigym nnes,-'crensideriné only. inorgénic species. ._This is
attributed to the presence of organic matter. 'Gjessing (1976) reported
that a po;itive correlation was found_ between irqn andl COD in_hurnus
water, He also reported.-thét an elemental analysis of colored sbrface
water showed the existence of 18 elements (mostly metals) in association .
with humJC subsrances Lind and Hem (1972) reported that the
polymenzanon of alummum hydroxide is inhibited by the presence of
orgamc matter. -

——

Itis not, however, universally agreed how the natural organic

rnecromolecules change the s.qubiI'ity of metals. There ere two ge‘neral
trends: The first one considers the formatlon of soluble chelates or
complexes between the humxc substances and metal ions (Gamble and

. Schnitzer, 1973), whlle the second one ConSIders the format:on of highly
dlspersed collbldal precnp1tates whlch pass thrbL@h a 0 45 pm membrane

' fllter (Stumm and Morgan, 1981) It is most likely that both mechanlsms '
occur, and the. prevamng one depends on- the pH metal and orgamcs

" concentrations and ionic strengtb.of the medlum. '

o The formation bfrthe'n’\i'cro-colloids is particuia_ry_important for
tri'valent ions, such as Fe(III) énd AL, - Shabiro (1964) c‘jemon-strated'

that, aIthough most of ‘the "orgamc iron" passed through a 0.45 pm fllter,‘-

‘1t was retained on a 0 lO pm membrane filter, Thxs led him to conclude '

.
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that iron was disperst:d as precipitatcﬂ férr’ic hydroxide. Peptizatton ot:— ‘
currod when hhm;c acids adsorbed on the surface of the h-ydro)gigke
particles. Stumm and Morgan (1981) conside‘r‘eld that Fe(ill) for'tr:ed :
coordinatﬁio'n pro‘du.ct‘s with the color—cau.sing'cpmpou-nds and hydro;cyl
tons. . These préductg,-were considered th he ihsolt’lble"and p"resent as highly -
di§pe'rsed colloids, which can not be op_eratiphally distinguished from _
dissol\"ed substahces.‘

' The colloidal character of iron-organic méttet par"ti‘cles'was;
con_fit.fned by coaguiati_ng them. with indrganic cations;. '{@é ‘coagulation
-followed thé Schulze-Hardy rule, i:e. triv-_a'tlent ions \;'er'-e_.many times more
efficient than divalent ions, wh.ic,h in turn were more efficient than ..
monovalent ions (Shapiro, 1964; On-g'anc'i Bisque, l968;_I.30ylle’ et al., 1977).
Ong ahd Bisque,(1968) 'co‘r}&idéréd; that L'Jpo‘n the addition of(‘the-coéguhlénts.
' the hydrophilic character/of the colloids (h:ghly hydrated, stretched
conflguratlon) changed to a hydrophoblc one (!ess water, coxhng of the
chain). Orlov and Yeroshicheva (1967) reported that peptlzatlon of humic ~
acids with a 3 percent ash content occured at somewhat higher pH values
Ithgn coagulatién. They attributed that toa H.A‘Parlt.icle aéSOCiatiDh
- preceeding the start of coagulation, as;a result. of hydrogeh honds.

The ability of the humic materials to form co-mpl.exes.with metal
ions is an important property. Complexat'ic;h o_t:c,u:‘s bet'wtaéh the oxygen-'
containing functional groups and the metal ions, particularly the alkaline
earthsl, such as (fa and Mg, and tran;ition m'etél;, such as Cu, F.e, Cct, Zn
and.Ni. Monhvalent c;atic;ns; Na or K for instance., form weak
electrostatic bonds with _atnionic groups on the ht:mic, moleculfe.l

The ahility of the humic :subs.tances to form compléxe; with metal'__

ions is environmentally important for two reasons: first, it affects the
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btologrcal availability and toxrcny of the metal ions, and second, it

changes thelr geochemlcal mobility. Factors that affect the hurmc

matter-metal ion complexation and the determmatlon‘-of the stablllty
constahts,'are the source of humic matter, the method -of' isolation, the -

: o . r '
concentr'ation of the humic rffatter, the 'pH, ionic strengh and .temperature
of the 'solution,l'along with the method of analysis for tornplexes and the

¥

Web;/r, 1982).

) )“metﬁod of data mampulatton and stabzhty constant calculatton (Saar and

The formation of soluble and insoluble complexeé is also considered

to be a poss:ble cause of the unexpected trends of the solubllmes of metal
ions in the presence of humic compounds Sholkov1tz and Copland (1981)
examined the solub111t1es of seVeral metal 1ons and concluded that

solubilization at hlgh pH (3-9.5) and precrpitatlon at low pH (3 1) -

indicated that complexation with humic substances was an 1mportant

process. Schmtzer and Kerndorff (1981) investigated'the solubility, in .

water, separately and after mixing, of fulvic acid and 11 metals over the

- -

pH range 4 to 9. The solubility'of the :compone;nts was greatly affected by -

the presence of fulvic acid, particularly high dosages (higher than 200.

mg/L). This was attributed to the formation of soluble complexes,

. \ ’
_ inhibiting the formation of metal hydroxides. Fulvic acid over metal’

wetght ratlos greater than 2 favoured the formatton of soluble cornplexes,

while over the pH range 5 to 7, Fe(Ill), AI Cr(lIl) Pb- and Cu showed the.

- ‘greatest tendency to form water—-msoluble complegces. '_l_'he mechanisms of

T

. - R & -~
interaction were (:onsidered to be chelation, inner and outer complex: .

;formahon, adsorptlon and copreapttat:on ‘

-

Tru1tt and Weber (1979) studled the removal of metals from water at

y

pH rangmg from_5 to7 by alum coagulanon. They found that _the !

4 ’ -

L
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presence. of fulvic acid ledds to-higher removals. They attributed this to
the formation of complexes between natural organics and metals, which
are adsorbed on the alum flocs.

. The ways metal .ions réact with humic -substances have been
.revilclz‘wed,by Schnitzer (1980). Metal ions z;re electron acceptors and,

‘ tﬁér.c-f‘ore., théy can react with electron donors (organic groups) to form
c-héiates or C(.)mplex.es (depending on wiwethcr structural rings are formed
or n'ot).- ThL“ orgixywi(':.gr;oupﬂs that were found to particibate wercé-
’(TJFI')OX)’li(‘ and phenolic hydmxylg.. By blod.dng specific groups on thf;
huinic rnolleculg, it was found that alcoholic hydroxyls did not contribute '
at all in the c'or.nplexation of metals. Mantoura and Riley (197;5) bjl using.
gel 'fi}tration also showed‘thg existence of two different types of binding
si.tés o.n the fulvic acid molecule. These sites were considered to be

~carboxylic and phenolic groups.

" The ways, these groups interact with the metal ions, are (Schnitzer,

"1930): |
(i) E | One COOH group reacts with one metal ion to form an
organic salt or monodentate complex.
{ii) S One COOH and one adjacent OH group react -
. simult‘;mnous]y with the metal ion to form a chelate. .
{ii1) Two adjacém COOH groups react simultaneously with

the metal jon to form a chelate.

It was also reported that Mn2+(and it is most likely to occur with -

© other metal ions as well) was complexed to fulvic acid by electrostatic

binding as Mn(OHZ)zf with FA donor groups in outer sphere complexing -

sites. It was also found that FA could be linked to the cation via hydrogen

-, bonding through water molecules associated with the metal, according to (&



the scheme:

H
Mnn+ (5

+formed the most

A studyﬁ of stability P’cons'can"cs shbw;d that Fe>fand A1°
stable complexes with fulvic acid. The stability bonstants decreased as
the ionic streﬁ.gth increased, while an increase in pH resulted in an
increase of them. The sfability constants of metal-humic complexes v."rére
found to be lower than those for complexes formeél between the same
r\@gtal 'ions and synthetic organic complexing agents such as EDTA.
Co-nclpding the review on metal-humic inier:dctions, it should be
‘mentioned that often'very.high humic concentrations were em'ployed',
a fact that cannot always be extrapolated to low concentrations usuallyl

encounted in water treatment facilities.’

~

2.1.5 St?fhmarz - . - | Co | .

- Humic materials are r-easonab!yJ_\vell charéctérized, naturally
occurring organic substances. In naturél 'v;aters their concentration
ranges from 0.1 to 20 mg/L for the various types of natural waters.
Fulvic acid is the most common frat;tion of aquatic humic matter. Fulvic

-acid that occurs in natural water has 6.8 meq/g carboxylic, 4.3 meq/g
phenolic OH and 4.3 I:riEq/q.carbo yl a; oxygen containing func:tionﬁl
groups. Although molar mass mefasurements depend on the measuring
t.échnique., .fulvic acid has a lowerf molar mass than humilc acid ranging

- . . .
from a few hundred to a few tholsand. Fulvic acid complexes with

v Lt

metal ions and may form precipitates.

P ans

J
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. 2.2 ORG/\(NICS REMOVAL BY COAGULATION

Coag‘ulation is a process graditionally associated with the removal of
suspended colloidal matter.” Inorganic codgulants and \organir_ flocculants,
howe-ver, have been ‘shqwn to remove dissolved organic subSte;nces in
water treatment p[an‘ts {(Robinson, 1979). |

Although dissolved organic matter Is not‘gencrall‘y rc:r‘novcd by the
same mechanisms as colloidal particles,.th-e tr,:rm "Coa;z(zilgttidn" has been
used to Fienote the rermoval of’organic's by n;‘eans of coagulants. In this
co‘.ntext, the term coagulation has also the general ‘meaning of removing
the organics and does not imply a‘ny specific mechanism. Because fulvic
acid is hig\hly hy‘drophilic, its removal during coagulation is accomplishe-d
through its associa‘tlibn with a})lid phase. Therefore, the méasurement of
the removal is c.ontingent ui)on the separation of the solid from the liquid
phase. Such separation could be either by settting or by filtration. In
éictual water treatment plants clarification and 3and filtration are used,
while in the laboratory settling in jars and membrane filtration are most
common. ' . o . ‘

2.2.1 Aluminum Coagulation of Humic Substances -

Aluminum and ferric salts are the most extensively used inorganic
ceagulants. The two metals exhibit similar behavior and seem té work
cqually well on"an equivalent basis (Hall and Packham, 1963). Therefore,
most of the following arguments about aluminum should apply to iron as |

' well. A list of the rﬁost pertinent published research in the past two *© 7
decades is presented in Table 2.4, In the same table the various ‘

experimental conditions are also given. ..

: Among the factlo.rs’that influence the removal of humic substances,

- . . -
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the pH and the aluminum dosage are the most important. .For cach water

. there is a specific range of pH values and coagulant doses within which

' rrjor,t of. the organics are removed {Black et al., 1963}, J

TFhe pH éffcct;; both the ionizatiop of the functional groups on the
hljrrwic molecules and the hydrolysis of the aluminum ions. A summarv of
the optimum pH ra'ng.es as reported in the literature is shown in Table 2‘)
.‘\\:xximum removals occur at acidic pH values and it may be concluded
that in .{onera.l-.ﬁtlh‘e optimum pH for aluminum coagulation of humic
m:;terials lies between 5 and 6.- At pH values higher than 6, high%?r
doéage_s are required for effective coagu'lation due to increased ionization
of. t.he'hu_mic-functional gréups, mainlty phenolic groups. This is
’(jem'onstrated in-Figure 2.4, 1t should be mentioriwgd that'.HaH and
Pa‘ckham (1965) also found that the optimum pH values for ferric
coagulanon lay between 3.5 and 4.5. The 10\;ver pH was due to the more
acrd:r character of the fcrrxc ion, because of its larger affinity fr)r

hvdroxyl ions.’

Not all humic fractions show the same removal characteristics.
Humic acids can be removed more readily by alum than fulvic acids. The
latter-requirg higher alummum dosages, duc 1o the hrghcr density of acid

A

functlona! groups (Hall and Packham, 1965)

t

There rs_usually a‘f_racnon of the orgamc matter that cannot be

~ removed by coégulation. Babcock alnd‘Singer (197?) found that color

éppeared to b(;'preferentially relﬁoyed, while a significant amount of TOC

(Total Organic Carbon) remained in solution. Van Breemen et at. (1-979)/

[
5

~
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FIGURE 2.4

RESIDUAL HUMIC ACID AFTER FILTRATION
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observed that coagulation preferentially removed the fulvic acid fraction

’[\ with a relatively high‘_carhok-ylic group content. The 60 percent of"the
fulvic acid that was.remo‘ved contained SlS -percent of the'ca’rbox)‘/'lic _
groups originally present, and it also held: 96 percent of the orlgmal color.
[t appeared, therefore, that the preferent1al removal of the colored
fraction occlirred because this fracnon was hlghly substltuted Wlth

- - -carboxylic groups. It 'was not clear, however, whether the non-removed
~ fraction was stru¢turally part of the’ fulvic acid or consisted of other

organics asgociated with it.

At gonstant pH, two dxstmct patterns of removal after flltratlon

have been‘generally observed (Randtke and Jepsen, 1981): . S

(i) | The first one is characterized by a sharp drop in .
concentration of hurnics at a certain coagulant dosage

. below which, removal is mxmmal arid above which

-'removal is completed Th:s removal pattern has been

g

: observed.mostly with pure humic fractions. . , :

(i'_i‘) ' _' E The second patterh shows a gradual decrease in the
o concentratlon of the organlcs with an mcreasmg
'-coagulant dose, approachmg maximum but incomplete

removal at high dosages. .Th'is_second removal pattern

' \L\ v - typ ifies behavior of typical water supplies and domestic ,
. . ) (AN o s

_wastewaters. This pattern characterizes heterogeneouE\-

~

-mixtures of organic molecules. - R
' The presence of various ionic species signiﬁcanly affects the ,
removal of. hurmc substances. Mauldmg et al. (1968) 1nvest1gated the

. e effect of the presence of certam cat:ons on ferric coagulat:on of colored

. natural waters at optrmum pH They found that ‘the presence of Né+ Ca 2t

Y . ’ v i
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and Mg2+ increased the effectiveness of color r-‘emové'l and extended the
pH range.of'good coagulation upw.'ard.. Thé érder of effectivenesls was Mg>
Ca > Na. Itis worth mentioning that calcium and magnesium did not
remove any color when they were used as the sole coag.ula'nts. The
beneficial e__-ffect of caiciuml was also observed When aluminum was )
.empIo‘yed (Ran;:Itke and Jespen, 1981). Addition of Caélz- reduced the I.
alum 'dosage feq;Jire.d to remove peat fulvic acid from water. Maulding et -
al. (1968) also studied Me effect of CI~ and SOZ™ ahions. While the

' .‘pt_*esencé of C_l""did no.t seem to have an)& effect, SOf_ions exhibited a
deleteriom‘js effect on color removal at acidic pH. Bersillon (1983_) also ob-
s erved thgt the presence of the Sulfate ion had a slightly negative

" impact on the removal of the fulvic acid with aluminum at'pH 6 but this

The effe t of temperature was also investigated by Maulding et-al.
(1968). As temperature increased by QOOC,‘the optimum pH for effective ‘
(‘:oIor re‘rﬁoval moved to lowe.;r values, but less than one pH unit.
Tempera.ture was considerea td affect the dissociation of the ionic speties
and the water,. the rate of ‘the hydrolysis reactions and the reactions
be‘tweer.\ t-he color céﬁpqund and the iron .Hydrolysis produc‘ts. However,
Beca}use éf ff\e ljnknown structure of fhe sp'eciesrpresent and th.e. reactidns
involve_d-, theoretical calcu l.a tion of the effect of, temperaturé was no_t.

‘-possil‘ale.- |
o Th_e-eff_ect of the presence of é_lay on the reméval- of color was
_ex'arpihed'by Hall and Packham (1965).. The results obtaiﬁed in thé
p'rgsen’ce of 50. n:rg/L Kaolin. particles_resémbled closely those obtainéd' in
‘the absence of ?:'lay. The coagu!ﬁant dése aﬁ'd the opt(';'murﬁ pH were
' iridepénden't of the presence of clay. On the‘_contréry, turbidity removal

was_‘largel'y influenced by the pr‘esepce of himic material. The optimum
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conditions for turbidity removal are not always the same as the uptirml:m
- L ’

conditions for organics removal (Semmens and Field, 1980). Usually
slightly lower pH {AWWA Committee Report, 1979) and larger alum '
dosages are required for effective organics removal {Semmens and Field,
1980). The same authors noticed that under. optimum conditions for good
organics removal good turbidity removal was al'ways obtained. 1t should
be rnentior)éd, however, that i;1 most of the studies the clay suspension
was added to the humic water prior to coagulation. Such a svstem does
not represent the behavior of the real water systerm, where clay and
organics appear.in an organo-clay complex form (l‘\?arkis.and Rebhun,
1975

The mechanisin of the- removal of humic substancé'é.bv aluminum or
iron is still a matter of speculation. Most of the problems arise frorﬁ the
unk:npwn structure of both the humic materials and the hydrolvsis
products of alumimun. If humic matter is_con;;iderc-d to exist in colloidal
form, coagulation mechanisms (as applied to the removal of colloids) may
be employed to explain the obsérved resuits. The fact that humic
materials cannot be coagulated by cal(?ium or magnesium alone, as -
pointed out b\ Shapiro (1963)‘;md Maulldiny: et al. ([968),‘ indic’.at;s that
_sur_h a Coa..ul'llation .mecha.nix‘n'\ is not a rmajor on(-: It.mayv became
significant, however, when iron or aluminum, associated with the orp\.-l.nicv
m;nter, exist in a peptized (highly dis'persed) form. This may be a reason
for the .ob'served improvement lr‘l\‘tDﬁ removals of the humic substances by
. iron in the presence of Mg2+ and Ca?t as reported by Maulding et al..
(1968).

Hall and Packham (1965) found that the removal of humic material

differed significantly from that of clay suspension. They postulated that
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humics were removed by the formation of i_nsoluble basic alutni‘nurn
humates or fulvates. These precipitates were formed t)y the interaction
of partially hydtolyzed aluminum ton and the ionic groups (,mainly o
carboxylic and phenolic) on the organic molecule. The fixation of

multivalent cations onto the ionized groups on hydrophilie colloids-may be

Y

electrostatic or chémical in nature (Stumm and Morgan, 1962). Such- -

interactiens lead to the formation of soluble orlinsoluble ‘complexes, as it
was mentioned ‘in the pre\;ioual section of this c‘n‘aptér.

Because of the direct interaction between the alurninurn species rand
the ionie groups on the.-humic molecpie, one would expect that optimum
aluminum dosages are pr'oporti'onat to the i\nitial humic concentrations. |
This was observed to occur at Jow dosages (Narkis anct Rebhun, -1977°
Edzwald, 1979) At high dosages, alummum hydroly}ms probab[y led to
‘more c:harged products resultmg in deviations from the proportionality.
This linear relanonshxp is referred to as stoxchlometry Figure 2.5
demonstrates the stonchjometry between the mmal fulv1c. ac1dr
'concentratlon and the optimum alumlnum concentratlon for pH 5.0 and
6.0. Desp1te the differences in the source of the humijc matter and thé
experlmental design, there exists a reasonable hnearlty betwen the mxtlal
TOC and the optimum aluminum dosage. In constructxr{g } Flgure 2.5 it
was assumed that the carbon content of -the humic acid was 50 percent of
the total humjc mass, while the carbon content of the fulvic acid was 45
percent of the mass.. Howe\_rer, for aluminum dosages smaller than the
optimum one, tnis steichiontetric' relationship did not hold (Edzwa dr/\,

1979). The sharp increase in removal over a narrow aluminum dose is

characteristic of a complex chemlcal reaction, where all the ionic —

functlonal groups must be complexed by the aluminum species for

- precipitation to occur.

’
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1 - ~
A premprtanon complexatxon mechamsm is also compatlble with the

~

existence of an optrmum pH. At lower pH values alurmnum spec1es are

hrghly charged, while the acidic functional groups on the humic molecule

- are partJaIIy protonaLed Therefore the complexes are soluble and carry a

N

posrtwe charge As the pH 1ncreases more acid groups dissociate and

-

more hydroxyl ions par’t1c1pate in-the reaction products to neutralize the

'posm\(e charge, untll prec_lpttatlon occurs. At higher pH values_, -

i
+

- ¢
precnprtat:on is hindered by the complete ionization of the acidic groups

: and the, formatlon of, insoluble alummum hydrox1de The 1mportance of

\

alummum humate prec:pltatlon at acidic pH and low aluminum doses was
_ also pomted out by Oldham and Gloyna (1969) and Mangravrte et al.
'(1975)

The eomplexatlon mechamsm can also explain the deleterlous effect
‘of 504 mentloned above. Sulfate ions can compete with the acidic

i

(carboxyhc) groups for the coordmatlon sites of alurmnum or iron and

N
.

:detenorate the removal of orgamcs or increase the required dose for
' effectwe removal The presence of cations (such as Ca + and Mg2+ )
would be benef1c1al elther by reacttng with 504 or by partrc’ipating in .

Precrprtataon complexatlon is not the only mechanism. High

- the cornplex.

alummum d.osages result in the p‘recipitation of’a’luminum hydrox)de,

Wthh can further adsorb humtc substances I'rorn the solutton Evidence of

the adsorptlon mechamsm has been gwen by Davrs and Gloor (1981) who

showed tha-t dlSSOlVed lake organics can be adsorbed on colloidal alumina’

’YAI Oy. Semmens and Field (1980) found that recycle of the sludge,

formed durmg coagulatlon of humlc matter by alum, led to 1ncreased

uptake of the organic material, and’ that was attributed to an adsorptron

.- ‘ . B ~
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mechamsm Ad‘;orptmn effects were alc;o emplovcd to cxplam the

v

. roagulatnve behawor of polymeric aluminum’ hDCClCS. It is klﬁown that

partial neutrah?anon of aluminum chloride wnth alkall results inan .

aluminum polymeric spec1es ‘that is htghly substlmted with OH - Such

x,—-

species was shghtly more effective for organics rernov'al- thah simple

Fa

aluminum ions (Van Breemen, 1979; Dlamadopoulos, 1981) Th1s hlgherl o

"effecnveness was attrlbuted to the C\’l'itcn(‘C‘ of a’ non- sett[cab[e gel

- . [
3

which may have been able to adsorh the or;,amrs. ‘ '\iella and Dernpﬁcv_

(1982) ¢ ornpared thc fulvu ac :d removals w1th alum and polvmeruod

'a[ummum rhlonde. They {ound that pol\fmcnzed alummum chlorlde

f

l C*(tended the pH range for effectlve removal. after flltratjon towards j'
e

../- .

tower pH. They explained tlns dlffcrcnr cas the result of the ex1stence otf

aluminum polymers in the polvmerized aluminur_n chldride solution which

reacied diréctly with the fulvic acid. THey postul‘at'ed that the ' L\
- mechanism of fulVlc acid removal. depends,on the pH_and'the aluminum

dosage.' At pH-less than 5, removal mav occur by the direct precipitation

3

: %{ fulvie acid by monomenc alummum specms. Between 5 and 6 the

- ’

el

dlummurn polymers are the cause of the fulvie aCId prec:pitatlon, whlle

' for pH valucs -freater than 7, adsorption oi fulvu‘ amd or solublc .

o~

comp[exes of fulvic acid and alummum on alummum hvdroxlde is the

prcdommant mcchamsm (Dempsey et al, 198!4) Bers:llon (!9‘13) estlmated

. the llgandﬂumbpr' in' the solid phase during ‘the preqipitation of a[_urninum

oo /

- in the'abscncg.- .and presence of fulvic acid and for pH ranging from 5 to

8.5. He found that the llgand number was 3 irrespective of the’ preSence

of fulvnc ac:d the nature of the aluminum coagulant and the operatmg

. pH~ He concluded that the removal of fulvic acud was accomphshed bv
‘\__,—-—-\__._\ /. .
‘the adsorption of the ougamc .leecuIcs on the precipitated A!(OH)S.{ :
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reversible _a%d*xas characterized by fast kinetics.

-

Summary. - .

- Mos’tiresearchérshsed' as the criterion for the removal of fulvic

- -substances by alummum the absorbance or the TOC of the supernatant

Fils s after flltratlon by membrane ftlters, and/or settlmg The removal of

hum:cs by alummum depends strongly on. the pH and the aluminum dosage.
For concentratlons of organlcs of practlcal lmportance (less than 25 mg/L

TOC) and typlcal alummum dosages (0.5 x lO ~0.5x 10 M) the

opt1mum pH seems to be l:fetween 5and 6. Not all humics behave the

same. Humlc‘Qctds are more readlly removed’ than fulvic aCldS, because N

- i of the lower denSLty of the aCldlC groups on the ‘humic acid molecules

Also, color is ea51er to remove than TOC Mg Ca and Na » although -

- i a"

meffectwe themselves, could 1ncrease the reQ\jl and extend the

- optlmum pH ran e td htgher,n@:ualues. At around neutral pH the effect '
of the sulfate ion is 61 ery large. The presence of 50 mg/L clay had no
C o o effect on either tfie optimum pFl range or the optlmum alummum dosage

L . for good organlc removal but the presence of humlcs mcreased the .-

alumlnum requ1rement ‘for good turbldlty removal Numerous mechamsms
have. been proposed to descrlbe the removal of humlcs but the mechamsm !

.seems to depend strongly on the pH range and the lssues havelnot been
-adequately resolved B e T

-

2.2.2 Polymer Coagulatton of Humlc S,&)Stances

. - {\ Organlc polymﬁ'\s have been extenswely used for the removal of

collmdal partlcles from water. Thelr ma)or use in l1qu1d solid. separatlon

Sl
s tor enhance flocculatlon and increase the Sfttlmg rates. \ o

-
"

* .



"Cationic Polvelectrolvtes

- solution and witr_\ quyemelenimine as the c.attqmc;polyrner,r t_he

37

- . -

!?olymers have been shown to remove cOlor—causing compounds

variousyindustries dealmg with natural orgamcs, such as_the pulp and

.pape industry (Klsla et al., 1978) and the pr‘oductmn of leather

(Tomlinson et al 1975) Remova[ of orgamcs from drinking water: has

been also reported to occur (Robmson 1979). A summary of the published__

research regarding the removal of humlc substances with polymers alone

or in combination with aluminum along with the various expcrimental

conditions is shown in Table 2.6. - ‘ R

Humlc substances, being negatwely charged under ordinary

conditions, can be removed by cationic polymers Coagulation of humic -

material by cationic polymers is characterized by an optimum polymer

dosage (at constant pH) and a restabtl:zatlon area due to overdosmg

(Narkls and Rebhun, 1975) (I'lgure 2.6). This overdosmg characterlstic at -

constant pH did not appear when alum was used even when high a]ummum

B dosages wereoemploved (Ed;'wald l979)

The effect of pH on Ihe efflmencv of cationic polymers is snmlar to

- the metal coagulants case The pH affects the ionization of the

funcnonal groups on both. the humic molecule and. the polymer Increased
lonl?ptlon of the humlc functional Rroups at h1gher pht resulls m ani - ,Z', .
increase of the ponmer dose required for effectWe coagulatlon Smce

variations in the solution pH also affect the polvmer catlomc grouos the

'optlmum pH range is'a funct;on of the polymer dosage At low pH thc

flqcculant demand ts’ reduced but the dose range for maximum removal is

narrowed (Narkts and.}Rebhuo, 197.7) For a 10 mg/L sodJum humate
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-
optimum polymer r;be at pH 4 was 1.8 to 2.5 mg/L while at pH 8 the
‘ optimurn polymer dosage ranged from 5.0 to 7.7 mg/L.
The effects’of cationic polymer on humate and fulvate solutions
were similar. However, humic acid was coagulated more efficiently. than
fulvic acid (Amy and Chadik, 1983) and complete removal of fulvate was

not obtained (Narkis and Rebhun, 1977}).

When-the c—ationic.polymer is added i_nto'the'humic solution,

4

“turbidity is formed and th_e electrophoretic mobility of the product
particles moves from negatiye values. towards zero. For polymer doses up

to the optimum one, low removals are observed and almost all the

T

polymer, along w1th the humic materlal, remains in solution. At -the

v

.optimum dosage a sharp increase'ln removal occurs (removals may rea‘ch‘ '

about 100 percent) and the polymer concentration in solutlon drops to a

N ‘mmlmum (Narkis and Rebhun, 1975) (Flgure 2.6). The presence of Ihe N

~

cationic polymer in solutlon under optlmum conditions is attributed to the

formation of a product,of low rnolar mass that remains in stable collmdal :

¢

dispersed form and can not be'removed b)r centrifugation.‘ The- optimurn'
.dose is-the ohe that occurs when the lSOElECtrlC pomt IS reached. At
hlgher doses the electrophoretlc moblllty of the part:cles becomes- '
~'p051t1Ve and the removal deterlorates.
The effect of the polymer molar 'mass on the removaJ was .
"‘Imvestlgated by Glaser and Edzwald (1979) They tested the cat:omc -
polymer Polyethylemmme with various rnolar masses. The 1nvest1gators'

concluded that the optlmal polymer dosages were 1ndependent of the P

g molar miass of the olymer. Replottin thelr data, however, indicates
. poly =P ,g . ‘ . ) €5

.that the polymer mo_lar mass does'affect the removal of hdmic acid. This |

.

_.can be séen in Figures 2.7 and 2.8 for the two different molar ‘masses

7
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‘They attrlbuted this to the hlgher mobtltty and charge densrty, wh:ch

- character1zes the- humlc compounds, as compared to clay On the\&her

“and Chadlk 1983) It was consider

' srtes for floc format'ton. :

' water by the use of cattomc flocculants is con51dered to be essenttallv the

groups (m most cases amine groups) on the cationic- polymer leads to-

'_'charges a brtdgmg step is Pd tulated to follow (Nark1s and liebhun, 1975)

‘The charge neutrallzatton mechanlsm is sppported by the stotchlometry

.4.4

'presen_ted in their [’Japer, speciﬁcly PEI-6 (MM 600) and PEI-1006 (MM
- 50,000-100 OOO) Lower dosages were requ1red for the low molar mass ‘ Q

.polymer The maxtmum removals were not affected markedlv, whlle

restablllzatlon was faster wrth the low molar mass polymer (Flgure 2.8). .,

N !

The effect of the presence of various lOI"llC spec1es in the solution

(w1th the exceptton of alummum) was never :nvestlgated

The effect of the' presence of clay was studted by Narkls and Rebhun B

(1975) They observed that much htgher dosages were requtred for the

.removal of/lay from water m the presence of hurmc materlals than in.

—“-H_—"

_thelr absence. They concluded that onlv after c0mplete mteractmn with
: the humate or fulvate (Jndependently if they are adsorbed on the clay or. ..o —"

ln the SOlUthﬂ) the polyelectl‘olyte is able to flocculate the clay partlcles ) .-

' hand, the presence of kaolmlte clay enhanced the rernoval of hurmc

' W

matter from natural waters by as much as 20 removal percentages (Amy oo o

that the claya.promoted ndcl_eatt'on“ T

tor

. . P L

Concernmg the mechamsm the removal of the humic materials: from '

1
. [

C

‘ ',result of charge neutraln?atlon (Narkls and Rebhun, 1972 Glaser, 1978)

The electrostattc attraction between the negatlvely charged carboxyltc N

and phendlic groups on the humic molecules, and the posmvely rharged

. | T

strong asSOC1at|on and prectpltatton After the neutrallzatton of -the
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found between the humic material concentration and the optimum
polymer doea'ge. Narkis and Rebhun (1977), after assuming-that all
effectwe functlonal groups were dissociated at pH &, observed that under
optlmum conditions, the equwalents of anionic groups {phenolic and
carboxylic) are approximately equal to those of the cationic groups. This.
stoichiometric relationship was found to deviate at high concentrations.
p When cation.ic polyelectrolytes‘Were used, the flocs formed showed: -
£ .
poor settleability (Fung, 1978). Glaser (1978) attributed that to the size
of the product partic.les. .He considered that the perticl'e size {around | .
om) is such that it lirr;itsl theeffectiv_enes.s of both perikinetic and
'ortl;okinetic flocculation, thérefore leading to low rates of particle
A.cont_acts. To ‘overcome th.is'pr'oblem'Glaser (1978) and Scheuch and
I_Edzwald (1981) proposed a treatment scheme wh1ch involves the dlrect
f1lt1:dnon of low turbidity humic water in the presence of cationic
polyelectrolytes. F11tratlon was proved to be more efficien‘t tFF\;

'

coagulatmn due to mcreased particle contact opportunities.

| Amomc and Nomomc . ' .

. Edzwald et al. (1977) employed an anjonic polyelectro‘l}"te (Betz .

1120) "For an mmal hurmc aC1d oncentratlon of Bmg/L they observed

maxlmum removals of approxlmately 35 percent at dosages of 10mg/L. '
CAt hxgher dosages restab1l1zat=10n once agam was observed

Nomomc polymers were iheffective e,xhlbltmg' no remov_afs (Edlzweld

et al., 1977; Narkis et el.‘ 19'68). No ejglza/rtation was given for the
behawor of the amomc or nomcmrc polyrners ) -

Alum\num and polymers ‘

: The combined 'addition:of alun-a and polymers was in\iestigat‘tzd by
Edzwald et ;'1_1; (197"7) and Edzwald (1979). Such a sys;tem proved to.
, | — . ‘. . ‘ . 'l . ‘ . .\’).
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be the most efficient one in removing humic substances from water. The

reported advantages of this treatment scheme over using alum or polymer '
alone were a reduction in the coagulant dose operatlon at hlgher pH, and
production of large flocs that settie readily. For a humic acid

concentration ranging from 2.5 to 10 mg/L andéﬁ alum dose of 10 mg/L

at pH 6.0, the presence of 0.1 mg/L hon_ionic polymer resulted in increases

‘in the removal after filtration by up to 35 percent. Similar increases in

the removal were reported by Chadik and Amy (1983). Tﬁei reported th;at
the addition of 2 mg/L cationic polymer as coagulant acid regulted in
increase of ;the triha[omethané formation pqtentiale'(THMFP) removal by 3
to 22 percent for most waters, while for one -‘Eype of natural water ranged
from 29 to 51 percent. ’

Good results were obtained with all thrlele tybés of polymers, namely
cationic, anionic an'(; nonionic. No expianati;)b was givéh as to how the
polymers, pdrtiéularly the anionic and thé'nohionit; ir;teréc-teci with the
aluminum and ‘enhanced its effi-ciency.' Figure 2.9 shows how the presencé
of the anionic polymer promoted the removals. |

CA study of some operational parameter on, the remaval of organic

color was performed by Bowie'and Bond (1977).,_'.They found that the best

results were produced when the sequence of treatment was alum addition

]

; followed by pH adjustment and pQIymer‘add‘i'tion.’ More specifically they ’

“ -

observed that the optimum interval of mixing of the alum was thirty

t .
“seconds. Following the alum rapid mix, acid addition and a one-minute

——rt
rapid mix proved most effective. Finally, the polymer should be gdded S

followed by a rapid mix period of up * .to 30 seconds. Th'ey also
. fodkd that color removal was a functlon of bo;,h the mean velocn:y

gradrent G, and the flocculanon time (slow mix period).
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FIGURE 2.9 \Coagulation of $ mg/L humic gbid at pH 6 with alom

and a high molar mass aniopfic polymer

( From : Edzwald,1979 )
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Sumnjary ~

Cationic: Hurmc substances can be removed from water by’ catlomc

|

‘ polymers The optlmum pH range and the optlmurn polyrner dosages are a_.‘_ -

inter- -dependerit.’ At lower pH-the polymer demand ts reduced but the

_optlmum polymer range is narrowed. The optimum dosage corresponds to

' the isoelectric pomt, whlch suggests that the removal is accompllshed by RIS

| the electrostatic attractlon of the opposntely charged molecules At

' polymer dosages hlgher than the optl‘mum one restabllr?atlon of the )

partlcles occurred There is. some md1catlon that a catlonlc polymer with -
: lower molar mass requ1res lower .dosage’s but narrower. Operatmg range

5

The flocs formed showecl poor settleablllty

.

Anionic and NomomC' : Amomc and nonionic polymers.actmg alone do not-

demonstrate any 51gn|f1cant eff1c1ency to remove humlc substances.

Polymers and Alumlnum In the presence of alummum all types of -

polymers promoted the removal of ht_:_mlc substances._ Cationic, anionic T R

.and nonionic polymers decreased the optimum aluminum dos‘age and -

* increased the pH range for effective operation. Thek: is madequate

Y

lnformatlon however, regardlng the role of therp‘O‘l‘y-mers in the presence

4

of*alummum. ‘ _— - ; -

2:3. QUESTIONS POSED BY THE LlTERATURE SEARCH.

The removal of trlhalomethane precursors, such as humlc RN

spbstances, from water can be accomplished by elther employlng - _\__\// o

advanced treatment (carbon adsorptlon, ion excha ge 0 meéwbrani _
. .

a very £ommon
‘-._ ,_/__

\vate{-ﬁea{ment process 'used prlmarlly for the removal of collondal

: processes) or 1rnprov1ng existing processes. Coag lation™is

partlcles that cause turb1d1ty lncreased oqganlcs removal durmg

'coagulatlon can be very benef1c1al in terms of reducmg the concentratlon . 3




%
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of trlhalomethanes in water, reducmg Ihe chlorine demand or extendmg

[

the operatmg cycle of subsequent processes, such as’ carbon adsorpt:on

Evaluatlon of the removal of hurmc substances durlng coagulatlon is -

usually done by measuring the removal after flltratlon Membrane and
glass fiber fllte{;s w1th varlous pore sizes were' commonly used. T.he‘ -

' mmlmum pore size that Jas employed has been-around 0.45 ym. General
-comments have also been made about the settleablllty of the flocs for
different condmons n water treatm nt practlce both settllng (in the
clarlfler) and flltratlon (m the: bed fi ter) are 1mportant Hence, the .

. effect of the same chemlcal condmons on the removal of hurmcs by both
:settlmg and flltratlon should be resolved - | |

The removal of humlc substances during coagulatlon shows a "

“,

'complex mteractlon between ‘pH, alummum and. polvrner dosages.. The

mteractlon is clouded by the unknown structure of the. humlc matter The. -
_ mechamsms by wh1ch all the varlables mteract are stlll unresolved. Most

E -'of the key research has been done by varylng one varlable at a time while

keepmg the rest constant Should not a statlsttcal ana-lysns be done tol\
. R {

Aa‘(‘:ﬂcount for most of the varlables and the interaction among the

| varlables'? Improvement of the coagulatlon process may be achieved with
the use of polymer:c rocculants The potentlal of all types of polymer -
. catlomc, ‘homomc and anionic - to promote‘the removal of humic matter
. by alummum as demonstrated by Edzwald (1977, 1979) should be further
lored. Nomomc and anionic polymers are, i general more attractive
| ‘than catlomc polymers in terms of cost, rﬂghufa turing and property
characterzzatlon There 15 inadequate mformatlon, however, regardmg
-the way they lnteract w:th the alummum and the organlc matter. The

1

role of these polymers is unclear because llttle 1s known about the 51ze of

- ¢

o4
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the coagulated 'fulvic .and humic acids, pl'\\icularly submicron particles.
"The mechamsm of the mteractlon between the polymers and the
.- -

' ‘alummum treated orgamcs should be resolved.
+ + 2= “ .
Although VE!['lOUS ions, such as Cd » SO; , under certain
conditions affected the aluminum dosage rates' used for coagulation, no
-work has been repdrtedi on.the effect of those ions for the polymer-

’ alumlnum System, Does alum (alummum sulfat ) the most commonly

- used coagulant, dlffer from the behavnor of alt tinum chloride? Whlle

: ‘ A ’ '
j‘-_there is. some mdlcatlon that the efiect of the sulfate 1on is - somewhat

~

- det/ﬁn—ental at amdrc pH (Bersdllon, 198# Mauldm ‘ed Harrls,-l968) the

\questlon of- snmllar 0r‘~ dlfferent behavror under neutral or shghtly alkaline -

pH v lues has yet to be resolved ) e A_
addmon, the effect of the polymer propertles, such as molar mass
) or Iunctlonal group densny, has not been extensively stud1ed Although
Glaser and Edzwald (ﬁ?‘%"ﬁéve reported that the molar mass of the -
catlomc polymer polyethlene imine dld not markedlv affect the removal
| of hUmlc aC1d by the polymer alone, the effect of the polymer propertles
‘_‘. in the presence of the alumlnum ha,s never been studled

-

Furthermore, 1mproved removal of organlc matter durmg

e -

; .coagulatlon requrres not. only a better understandmg of the 1nteractton

j_ etween alummum, fulv_lc ac1d and polymers but also adequate modelllng

- -and optlmlzatxon of the. process. The rhode.lling of the removal of organic
matter with alummum and polymer 1s complleated due to the unknown

. structure of the humlc substances and the mechamsm of the h ffic-
'alurnmum polymer mteractmn Tradltlonal modellmg techmques, snch as
stoxchtometrlc chemlcal reactlons or adsorpt:on xsotherms, have limited

use in the. removal of hum:c matter Wlth alummum smce they apply under

RS - s .
- 1 . ' . B e ’ . ..
. . . . ‘ - i :

-
+
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or'require conditions that are not practical. Such conditions may be the
measurement ofiequilibrium reaction constants at very low pH or the
exact measurement of the formed precipitate. In addition to these,

modellmg of the effect of the polymer or the removal after settlmg by

means of tradmonal techmques is not fea51ble. For all theSe reaSOns, '

‘emp1r1ca1 modellmg ‘techmques should be advantageous.
&
This theSIS investigates the potentlal use of amomc and nonionic

polymer‘s as flocculants for organics removal It examines the removal of *

-

. fulvic acid, the most soluble fraction of the hurmc materlals, with

e - -

alummum in the absence and presence of polyacrylamxde in its.nonjonic

T

and :yomc forms.” The specific objectwes of this research are:
L -
1. to investigate the effect of, the membrame pore size on the measured

-

efhme_ncy of the aluminum coagulants to re.mov_e fulvic-acid from

water and to clarify the analytical procedures,
. nE . o § .
2. to‘-investigate whether there are any differences in the"éffici'enc’y of

~two aluminum coagulants, namelv aluminum sulfate and alummum
ﬁchlorlde, to remove fulvxc ac1d from water at around neutral pH,
_ 3. to contrast the removal of fulvic acid by filtration versus settling"'_l. |  . ot
under the same chem1cal condmons (such as pH alummum and o
olymer dosages) - |
b to try to dlscover an understandmg of the way that‘ ;he polyrnenc
flocculant mtereacts with the alumlnum and the: fulvlc ac1d durmg the

: coagulatlon process, : ' T . ’ '

5. to develop a modelling technique that Wil['qdantitatively describelthe e
removal of fulvic acid by aluminum in the absence and presence of J

polymer. Such a modelling technique should af.c.count fo_r"thef - oo .

simultaneous effect of all variables ZSlE easily evalaated by

statistical methods,

L]
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6. .to opt;mi?e the removal of fulvie acxd thh alummum and polyrner n
. R . ‘ '
.. terms of fmdmg the optlmum combmatlon of chemlcals that result in

effxc;ent remOVal with the rmmmum cost

7. to 1dent1fy the optlmal polymer propernes such as the molar mass and
. ’r )
the degree o.f hy&frolyms that in relatmn to-other vanables, such as

the pH or the calcmm concentpat:on of the‘_Water, accomplish

maxlmum removals of fulvic a&d from water by means of alummum

-

and po-lyacrylam:de, and - L .
8. to quantify the effect of calcium on '{he refmoval-of fulvic acid in an

aluminum-polymer -systemJ} '

Y - . . '
The-researchthat‘addresses.%‘-ese issues :/descrlbed in five part§ of this

thes‘is. - .. ) ' -
R i - .. _

* .In Chap g ffect o_f_filter pore sizé'on the evé]uatioq of

v

7 ‘ . . L
aluminum coagulants to remove fulvic acid from water is discussed.

~r

*, apter_j, the focus is on fulvic acid removal with aluminum salts

";n. the presence and absen#e of nonionic polyacryian}jde_.

* Chapte‘r' 6 considers modelling the removal of fulvic-acid with

" aluminum. B IR
*  The modelling and optimization of the fulvic acid removal with
L ' o “a

fa'luminum an_d-nopibnic polyacrylamide is presented in Chaptet 7.

o Finally, the factors affecting the removal of fulvic acid e

&

& with ‘alurri;'nur‘n\md palﬂnqriayéxplored in Chapter .

s




CHAPTER THREE

hY

A

. - 7 EXPERIMENTAL
3.1 MATERIALS

- 3.1.1 Fulvic acid

Fulvic acid was ob'talip'ed from Contech E.T.C. Ltd., Ottawa. Itisa

! 1

" low ash fulvic acidobtai_'ned from soil.. Standard test solu.tions were
prepared at concentratlons of 10.0 mg/L fulvic acid and 200 mg/L NaHC03
- The bicarbonate salt was. added as a buffer The water used was dlstllled
and deionized. . At the las't part of the experxmental work the study of the
‘effect of. the polymer prOpert1e5 on the- removal talcxum was also added”
'to the ‘standard testrsolunon at _two levels: 4mg/L and %0 mg/L.- The
-Lsolution was prepared-'in‘batcheé of 18 L.. Each bateh ‘was aera“ted for. two

.f-.

hours to enable eqmllbratlon w1th the atmospherlc carbon d10x1de

3 l. 2 Aluminum Coagulants

Two analytical grade aluminum salts were dsed:q AlClB- 6;-{2'0‘ and -
. . ALL(S04)3*16H20 (Alum) . .They were obtained from BDH Chemicals,
. Toronto. Stock solutions of 16% M Al'were prepared and stored. To

.

avoid the effect of the aluminum hydrolysis, the aluminum solutions were

.

.stored for at ieast three davs before they were used and never used for

more than a' month

3.1.3 Polxmers e
' Nonigni'c polyacrylamide was obtained from two sources. The first

one was obtained from Polysciences, Inc., Warrington, PA., and the other



(9 3.2.1 Jar Test S _ -

from Allied Colloids (Canada) Inc., Mississauge, Ontario (Percol 720). The

—~1 . . . i
former had a molar mass of 5 to 6 million, according to data provided by

the r_nanufacterer. The molar mass of the latter had been 'prev.io‘usly
: hweasu_red by means’of Gel Esermeetion Chro;natography'and found to be
13 o la}nnnon{Huck'1977L Sincethetﬂfotzmsobﬁnod.wiﬂtthe~
measurement of ultra h1gh molar mass po!ymers by means of Gel |
Permeatxon Chromatography is large these two polvmers are denoted as

High Molar Mass polymer and'Ultra High Molar Mass polymer,‘.“‘_ oo

respectively.. Anionic.polyacrylamide with 25 percent hydrolysis was |

-

prepared from the nonionic polymet"'é according to the procedure deScribed .

4 T ——

in the r\ppendlx

3.2. COAGULAHONSTUDES s <

A jar-test apparatus “vas employed in thls studv Thxs con515ts of a

Phipps and Bird m.\—paddle stirrer with 6, one itre jars., 1t allows ‘th_e :

simultaneous investigation of six values per variable per experimental run.

The___foliowing time periods.were used for the jar testaf'te'r the addi,tiohﬁ_{ ';\

the aluminum solution: . -+ | o ,. ’ '.: . (
" Rapid mixing: 6 min at 100 rpmi .
(when'.P'olymer was used, it was"added' 3 m’i'n z'xf-tr_-r the .

alummum addmon and the rap;d st:rranyr contmued for -

another 3 mm)

. -.\ o T .
"~ Slow mixing: - 14 minat30 rpm-. . S
Settling: . 20 min .7 ¢ T o

not an ob]ectwe for this work The values chosen represent tradmonal -

-~

conservatwe values of the same magmtude as those found in 51m|lar

[N

coagulatlon studies in the- ltterature. For the system under study itis

4 y
- . . . [
. " . !

Finding the .optimum amount of time 'for the <first two functions was -



~

w
%)

1

“ believed that the rates of jonic species e'qulllbriurn and precipjtate
IO formatloh \\ere fastcr than the pertment ttme allowed. |
) Prror to the alumlnum addmon a predeterrmned amount of :
hydrochlortc ac;d or SOdlUlTl hydrox1de solutton was added lnto the Jara 50

that the. flnal pH of the water would have the desn‘ed vaule Close to. the
end of the slow strrrlnt, a satr\t)le was talten from each ]ar and its: turbld:tv

"was measured After the 20 min settlmg per:od another sample was taken
1

from each jar from a depth of 5 cm bclow the water surface The sarnple

S

f 7was ac:dlfled w1th 3 drops of concentrated hydrochlorlc acxd t,? dlssolve

all suspended matter and the fUlV]C ac:d concentratlon was measured In

T

S o spec1fymg the depth of the 5a|npllng pomt and the txrne of the sample

- RN

w1thdrawal two factors were c:onSLdered fll'St that the. obtamed results

should be of. practtcal value, Le. defrmte removal of flocs due to sgttling

e

. should occur, and second the settling: veloctty should be close to values
¢ used in actual clartflers Based on preltrmnary observatlons and literature

data (EPA, 1975) the depth of 5 cm and the time of 20 min were sclected

After the end of the settlmg porlod the soluttons were sttrred agam to

‘. resuspend the partlcles and samples were wnthdraWn for ftltratlon

3 2.2 EH Cog‘ro

C ‘ Great care wa; taken to easure that the pH when COagulatlon

occurred was-known and at the tarﬁet condltlons Because of the ac1dlc

]

' \/ - character of the, ‘aluminum 1on the addmon of the alumlnum coagulant to.
the standard test solut;on lowered the pH The decrease of pH depended
on the ammmum dosage The more, alummum added to the fulv:c water,
the larger the pH drop To operate at a des:red pH level a predetﬁrmmed
amount of hydrochlonc ac:d or_sodium hydroxide solutron (0 1 N) had to be,

' added.to the jars'before the coa_gulant addition. ,Thus,_ several calibration ‘

1



Tuns were performed‘,ahe_ad of time for each aluminum dosage to

de:nr_t]me the effect of aluminum on theMald-of the fulvic solution. A -

typical c%libration run is shown in Figure 3.1.

Another problem which-is usually encountered durmg the coagulatton

' process is the attamrnent of carbonate equa[:brlum It is-important, that
! \ . ’ "}" . . .
) the pH does not change. during the mixing periods as a result of the CO, .

S

dissolution. Pr'eliminary studies indiéate‘d"that for the stirring con&itions ;-

W

used 1n~thts work the change of pH durmg the coagulatuon study was.
,thhm the experxrnental error of pH measurement tjermnted by the
standard buffer soluttons (0 .02 pH unlts) o

3.2, 3 Ftltratlon

" The SDlld llquxd separatlon through filtratlon was done by means of
: membrane fllters. The membrane filters used were Sa’rtorius‘ Cellulose ‘
‘INstrate filters 47 mm in dlameter abtained from Canlab Toronto Two

pore 517cs were’ employed 0.45 um an'd 0. lO um Theése values.reprasent-

- .
H - ¥ '

mean values since the membrane structure is a three d:rnenmonal net

CAll fllters were kept immersed in dlstllled and detom?ed water for a

_minimum of 2_4 h before they were USed. ‘The filterlng apparatus consisted

of a ‘Sargent Welch Nacuum Pump conne(cted to a Mllllpore glass fllter

holder All vacuum flltratrons were periormed at an absolute pressure &
' 13 kPa.

Membrane fllters w:th two pore s;7es were employed 1n order to
L/mﬁﬁ@;te whether there isa pore size effect on the evaluatlon of the
aluminum coagulants to remove fulwc acid. Therefore, prior to the
“coagulatlon study, a frltratlon study:was performed to cheek this -
_-hypothes:S (the results are presented in C‘hapter 4).

The flltratton study involved three steps In the ftrst, @ater

e N . t .
N P

-
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was used to examine whether there was any contribution in the UV -

"

. ;{bsorbance by organics'leached from the filter. In the second step, -fulvic

. acid solutlons ware ‘used, whlle the- third step mvo!ved the flltratton of

‘ alummum-—treated fulwc acid sélutions. For the Iast two steps the filters

were rmsed wnth 150 mL of chst!lled and detonwed water prlor to the

y-

filtration of the' s'ample;. Each sample, of 150 mL, was filtered in_ -

L 'aliqtjots of lO mL, and the filtrate aliquots were analyzed separately for

‘33ANALYTICALMETHODS ST Ty

- measured by mearis of a UYD-21 Ba

,pH range mvesngated in this study) was around 5 percent. To avoid this -

' . i

thelr UV ahsorl)ance

.

As a result of the f:[tratlon study, prior to obtammg the flltrate for
.

the fulvic a¢lid an_alysis during the coagulatien experiments, 150 mL of

dlStlHed and deionized water and 100 miL of aluminum -treated solutions

4

" were illtered through each membrane filter. ' & ‘

'
Al

3.3.1 Fulvic acid . ' S S |

.Fulvic acid concentrations in & ¥iltered liquid samples were.
au

{'and Lomb. Spectrophetemeter

. (Bausgh and L_o?nb Co., Baton, N. Y.) ata wavelength of 254 nm using al

cm equare cell. The absorbance of a fulv1c acid solut1on increased Wlth
pH as 1llustrated in F:rrure 3.2, The dxerrence between pH Rt and 6 (the

1

errbr,- all samples prior to analysis were acidified, with three drops of
)

‘ concentrated hydrochlor:c acid and all absorbance—measurements were
' made an the amd;fied samples of pH 2.. Cal)bratxon of the

spectrophotometer was done w1th standard fulwc acid solutlons of various

.
kS

concentrations The relatlonshlp between the measured absorbance and

the fulv:c acid concentratlon was lmear, wlth the slope. dependqn\gw :
pH (Appendix A3). S - '

.
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FI@URE'3:2 HjDépéndence'of the absorbance on the pH for 10 mg/L

J

The discontinuity in the curve is due to structural

Cfulvic acid 'in distilled witer

changes as a result of change$ in pH,such as protona-

‘tion of functional groupsiThus,this.curve is analogou

~ . ’

4

to a titration curve.
- BEEE

S,

A



60

©3.3.2 pH measurements
The pH of the sollLtlons was measurcd thh a model SOI ORION
'lonaly7er (ORlON Carnbrldge, Mass) using Fisher glass and reference (Calomcl)

electrodes (Fls{her-SCl‘entlflc Co_., Toronto). The electrodes weré

k calibrated with standard buffer $olu.ti_ons ol)tained from Fisher. Great

- care lvas taken in.ensuring that theel_ectrodesfgaveafasrt and accurat.e'l
' responae.- The refer'ence'cl:ell was cleaned weekly to ensure free flow of
the ele-c:tro‘lyt-e through tne jL_Jncltion".and to minimize the jun;:tion |
\ potential. L ~_ -

3.3.3 Turbidity measurements

¥

Turbidity mieasurements were made with a model DRT 1000 HF
.lnstrulpents Turbldimeter.

3.3, 4 Electron mlcroscopy

A Phllllps EM 300 Transmission Electron Mlcroscope was used to '

: examlne the morphology o‘f‘the flocs Copper grxds were covered wnth a
‘carbon f1lm and thepff\?‘ere 1mmersed 30 txmes ‘into the aluminum- treated

._ ful{\nc acid SOlUthFI'. This procedure was sufflc:lent for the deposmon of

' pahtir:les on th'e‘grids. The grids were allowed to dry. ina dustifree place

and then exammed under the mlcroscope ‘

3.4 STAT[STICAL TREATMENT

3:4 Variables
There are two sets of variables that were used in this work. The
first set was used in the general coagulation study (Chapter 5), the
modelling in the absen‘ce of polymer (Chapter 6) and the modelling in the
presence of polymer (Chapter 7). The variables ulsed were the pH (ranging
from 6 to 8), the alummum dosage (ranging from 10~ > M to 0. 5x1072 M)

and the polymer dosage (ranging from 0tol mg/L) The pH and alummum .

-



aluminum fuivate through an electrostatic or chemical interaction

* . - ‘ ol ‘ {

v

rafges define the borderline of the aluminun: applicationwonditions

usually wsed in practice. The temperature was kept fixed at room

" temperature.

The second set of variables was used in the study of the factors that

affect the removal of the fulvic acid with aluminum and polymers *

(Chapter 8). These variables were the calcium concentration in the ‘F\:\lvic ’

2

. . ! . e
water, the polymer molar mass and degree of hydrolysis, the pH and the

polymer desage. The aluminum dosage was kept constant at 1074 M {or

27 mg/L Al). The study of the five variables was made ac&ordlng to 2

resolution v fractm factorial experimental design (Box and Hunter,

1961.a; 1961 b). g'e fivetvar?ébles used in the experimental d:esign'with'

" theif\high and low levels are presented in Table 3.1. The_sméiy of fhe five

R v

variables according to the experimental design requires 16 runs, while

rep/t?t runs were also performed in order to'obtain an estimate-of the

stahdard edror.

3.4.2 Model development
The modelling .of' the removal of fulvic acid with afurqinum 1s

clouded bv the unknown nature of fulvic-aluminum interaction. _

Historically,the first mechanism postulated the formation of insoluble .

"between the carboxvlic and phenolic groups on the fulvic molecule and the

.aluminum hydrolysis species. As was seeng’n the litcratum revie_w part of

this thesis, a complexation mechamsm was used to explam the ex1stence

-

of an optimum pH, the effect. of the' presence of other ions and the linear

relationship between the inital fulvic acid concentration and the optimum

coagulation dosage. Modelling of the complexation reactions involves the .
r

estimation of the reaction equilibrium Zonstants. Although values of the

'



TABLE 3.1 Independent variables of thé fractional factorial -

éxperimental design -

'Variabﬂe . Calcium . Degree of Molar,  pi Polymer -
L,Concentration'Hydrolysis Mass 7 " Concentration

. mg/L. , _ma/L
X S R S I -
o+ a0 25 . Ultra High 8 . 0.1
S e e e Lwigh L Ca7i0 . guon
N ~
.
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reaction constants have.been estimated (Schnitzer, 19713 Schnitzer and

‘Hansén; 1970) they were obtained at highly.acidic pH (ﬁli = 2), where no

precipitation had occurred. These equilibrium constants represent

~conditional equilibrium constants and.they are of doubtful practical use

aroun‘d neutral pH. Hence, a ﬁﬁode]'based on a complexation ‘mecha'nism is
— .

nrmted because of the 1nadeq‘uac1cs of the reactxon equnllbrlm\constants.

On the other hand, an adsorptlon mecham‘;m has also, been
postulated to occur, eit.her as the sole mecha‘nism.or in paraT!el‘with the
L 'com.'plexa\tic;n reacfions. Modelling based on adsorption involves an

estimation of the coefficients in a Langmuir or Freundlich adsorption

model. Since the fulvic acid represents-a mixture-of poorly-defined .
' | »

. organic substances the empirical-Freundlich isotherms were used. The
. L T v
estiinated values of the coefficients in the Freundlich isotherms depended

- on the pH (Bersillon, 1983)./)f'he use of.isotherms reqhir'es that adéo_rption

]

is‘thc only mechanisim responsible for the removal and that the amount of. -
the sohd phase (alummum hydroxide) formed:is known. The amount of

- alummum hvdrox1de that precspltategi-s\&ffected by the presence of other

.

, ‘morga_mlc or organ_m\speclles, such as calcium or sulfate, while the
‘mathematical éxbrcssion that.describes the Freunalich'isothermssjs,quitc
Complcx. I?br I-heée reasons, and until most ambigﬂit‘i.es about the
aiurnmum fulvtc lnteractlonb are resolved the use of empirical- rnodellmg

" was. selected Because the modelhng is done cmpirlcally, it may be very

flexiblq in ‘terms of using variables as diverse.as the pH, the aluminum

'

dosage and.the‘rpolym‘er' d'osage. In addition to this, various criteria may

"be used to-describe the removals In this study’the criteria were the

removal after filtration and the removal after settling.

v

The modelling of the-r'pmoval of fulvic acid with alurminum is bgsd



N

on  the idea tha.t f;)r a narrow Opcratmg region the rcsponSe surface may

he éppro;um;tgd by a sccond order mathcmatacal expression. The A
mathemattcal _expressxon is quadratic with respect to the independent
varlables, whlle thlt’d and h:gher order interactions were assumed to have

< no 51gn1f1cant effect The model is of the general form:

\wlw.er'el' - - JK
)

> R s the mass pér;entage‘rerqdv'al of fulvic acid measured after

—-—

. . | .‘. f.lltl"atlQn Otl; settm}, o 3
X -aré the sutIlln;,s of the mdcpend(‘nt variables (usua]ly in coded form)*
n s the-numb_e.r of the independent variables, and =
. ' b .'ér.é the pa‘rarr.)ete.ljs-to be estirrumec‘i o }
. . e . f .
A rQSponse governed by two v;( dés, such as pH and aluminum dosage as

in Lhaptc-r 6 will be presentcd as:

RS bo * bLX) * byXy obloXiXy W bllhl

[RE

2‘(

—

For these variables, such as pH aluminum dosage and polymer dosage as

in Lhaptcr 7 the modcl consmts of ten t@rms, the constant by, three first
s EJ

‘ ‘_C\order terms b-X-, three second order terms by ;X ‘7, and the three

“interaction terms bllexz’ 13X Xq and b23x2x?i In these models the

. ‘loganthm of the aluminum or polymer concentrations were e used rather

than the concentrations themselves SO as to bé consistent with the-fact

that the pH is also a logarithmic function of the hydrogen ion

-

concentration. The quadratic form of the model requires a three-level
. [+ .
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| o e
full factorial design_for the estimation of the coefficients (Box et al, o —
- R

1978). Repeat runs at the centre poim/clan prox‘fjde an 'estimate of the
pure error. The model is Imear with respect, to its parameters and,
therefore, estimation of th@-parameters can be eas1ly done by means of
linear regressto//:Qne of the main advantag‘es of this factort&ﬂiesngn is
that its orthogonallty guarantees uncorrelated esttmates of the
parameters. Orthogonality, however, requires that the varia_bles have \-—-""‘
their exact va]tjes. While valdes of the altjl'rninem and the polymer . o ﬁ
concentrations can be easily adjusted to the.desired levels, it is not
always possit:le to obtain the exact value of the desired pH,.despite the
‘care.ful control. T ollowmg strategy wasr therefore, followed For the _
- . two- varlable system (alummum dosage -pH (,hapter 6) a tolerance of 0. 05 e
/\ - . pH units. was permttted If the pH of coagulatlon was w:thm 0 05 pH units S
’ O.Re desxred level the removal obtamed under tnese condmons was’ ¢
con51dered to be practlcally ;dermcal w:th that at the exact p}-i If the pH

. o - .
R (/‘{ of coaguiatmn was out51de the tolerahce limit, the expenmental run was ) :

.repeated unnl the pH- fell wtthm the Ioleranre llrmts ln- this way

P

orthogonahty is guaranteed in the parameter esttmatmn For the three- - h
variable medel, however, (pf&—a]uminum dosa,ee-pollymer dosage; Chapter /
7) this strategy wpould result-in a [arge nu'mber ef.repgted experim-ental‘

- P,runs In this case, t’he_values of the pH variable on the model was given

the.correSpondl_ng real values "This resulteql in a mathematical-system ) -

which is no,t- exactly erthogonal and tl’:erefore the.parameter estimates

‘were slightly correlated. . |

Qeaqratic modéls based on factcprial ciesigns have been éfployed to
determine the optimum c'enditions for the use of polymers in the - r

flocculation of metal hydroxides presgnt in neutralized mine drainage ' “ /‘\\,__/
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- (Huck, 1977) and to study the influence of various factors on the . -

clarification in th'e-activated. sludge process (Cashion and Kéinath, 1'9'83)_.

In the above analysis, the quad'r'atic form of the model is considered

i

to account for nonlinearities. It is also assumcd that the observatlons R

P

are independent}y'nor_mally distributed with const_ant varia_ncc. If these, )

assumptions are not satisfied in. terms of the griginal ob,‘servations -

N . PEY .

1mprovement on the statlstlcal ana1y515 of the modcl may be done after a

,suntable transformatlon Sf the observations., Althou;,h thorc 15 an mflmte

number of possxble transformatlons, onc that has bc:en extenswely

mvest1gated (Box and Cox, 1964) is of the form

(1))
Z =

e oA
. Loy . ' .
i N ST - *
1ny A =0
where
O | -

Z .~ . are the transformed observations,

y .Qre the untransformed observations (i.c. Removals),

A : _is the transformation ceefficient, and
y . . ls the geometric mean of the ob_servatioris.

.\‘. ) . o . -

A particular advantage of thistype of transformation is that it is

continuous at A 0.

()

Inference about the transformwn and about the model parametérs can
. - / ‘ .

be made by caiculating the maximized likelihood function and the )
‘: ; A el
posterjor distribution. One cag then calculate a value for the

i . " . . * - .
trangormation parameter that maximizes{,the maximized likelihood

. 3 S

function or equivifntly minimizes the residua'l&sum of squares for the’

b

transformed obser ations (B%ihar?d Cox, 196#).’_111e residual#sum of

p

squares represents all dewtations fiot ac;ounted fo;r By—the model. There

R ."_—“V R LS

/“‘



. also reveal inadequacies of the mode! (Danhie[, 1976). S

~ subject to a certain desired removal. In other words in this case the

67

[

are two pos -wources of these deviations: the pure error sum of squares

."'\ ‘ p : - ) . N
and the lack of fit suf{ of squares. "The former represents all deviations

. A
due to experimental error, and it can be estimated from the repeat runé.

The latter is calculated after subtracting the pure error sum of squares™
from the residual sum of sduares and accounts for all devjations caused by

a 'possibfh:* lack of fit. A F-test can be performed to examine whether' .

there is sufficiént evidence .for lack of fit {Draper and Smith, 1966).

* From a practical point of view, however, an evaluation of the adCQUE}C}’ of

- the'model can be assessed by examining the average difference between

prédicted and observed values. Depending on the s_bec'iﬁc system and the
éccepted- tolerance average deviations of up to 10 percent_may be.

acceptable for engineering applications.

"Further evaluation of the model can be done by examining the

+ O .
significance of the estimated parameters. Parameters that.are

, - x S

significantly different Irom zero should nét include the zero value within

their estimated confidence limits. In addition, a plot of the residuals may

PO

The three variable model allows for the optimization of the removal
.of fulvic acid with aluminum and potymer, ir terms of minimizing the

-~

combined cost of these two chemicals. In the opﬁ&imization process the

minimum cost is identified along the rf\moval surface defined by ti}& -

experimentally determined model. The optimization technjque is

somewhat different from a response surface method (Box et al, 1978) in

that the main objective is not to maximize'the removal function, as,given

by the model, but rather to minimize the cost of the chemicals function

“removal equation is g £onstraint in the opti‘mization problem.

- ]
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\THE EFFECT OF. FILTER PORE SlZE ON T!:{E EVALUATION .

OF ALUMIN.UM COAGUL/\NTS TO REMOVE

FULVI(‘ ACID FROM WATER

N ,The‘ c_'va-lAu;;ition of mc.ta_ll Coag_tilants,,sbch as a_'lu'ﬁﬁinum and.ir'oh‘ sallts,_ :
for tife removal of s'oluble or colloida} ma_tter.froml Watér r_.équ.i.res the . |
sepa‘ra.;tion cf the solid ffom the liquid phase. -f‘mbran’é filters have been
'.u'sed\ exten.sively for th‘is‘purpose. lC‘)ne }vdUla péc.t that 'thos.élu;o'.rkihgrin'n ;
coagulation studies‘involvimg naturally occurriné organiés.would carefully

. : G
assess which filter pore sxze is most apprbpnate for the pFOCESS bemg

. -

studl_pd. Unfortunately_, imseeins that manv workmg,.m the removal of
_humic substances with aluminum and iron salts have used filters with a

pore 517e of 0. 45 pum or larger The purpose of this part of the work was .

’ .-

to mvestlgate whcther data Collected with such f[lters may accurateiy _ ‘

'reélcct the removzﬂ,&,/ _ ' ' o . 3 4 _
In general there are two so 01 error associated with the'use of

~membrané filters. ‘Thc-fi'rs't is related to the filter itseH as well as to the’

' filtéring apparatus, and other to the water sam le. The former urce
p

of ercor is due t (the\ads rptlon/desorptlon of solutes on the filter or the

. + f
_ flltermg equ1pmen

désorptlon of filter trace constltuents '

(Robertson, 1965 Spencer and Mannheim, $969; Marvm et al., 1970;



'i“lo'ren(:e,'l‘)?'?) l'he latter source of error or‘curs berause 1t 1\ dlffl( ult

] f -

_ /-j to dlstlngulsh operattonalfv he tween dl'iSOlVCd and ro]lo:da] rnatter -
' S '@tumm and Moryran 19 1[‘(!‘35(‘” and Tate 1979) When mcrnl)ra'ne
fx]ters are used, it s usually 1mphc1t1y assumed, but rarely stated, that

- whatever passe.s through the pores of the fil'ter is soluble. Therefc')re, any |

' colImdal matter that is small efgh to pass through the fllter w11! appear_,

. assoluble, This is of partlcular 1rnportance in the study oi equilibrium in -

natural waters since it has been found that ”soluble" metal

eonrentrat‘mns ("soluble" deflned by flltratlon)'are often much hlgher than ,

-

those predicted from thermodynamlc solublhty data (Kennedy et. al 19714
Boyle et al. l‘;—)77C M:ll 1980). The high metal concentratlons have been

as-socmted with high organic carbon in the water samples. Whether the

-\-‘:‘ B - .. . ~ o
: . orgamcs keep the metals ina true soluble state~by comple:-c:n;7 them or

‘/\ they stabm?e the metal hydromde sols is not comDIetely d;stmgunshab]e
. A,
On the other hand the filterable fractxon of the metals and the organlcs

~
‘was found to depend on the membrane pore sizé or the amouht of water~
7 .
\__,-—‘
filtered ('Kennedv et af. 197# Damelsson, 1982) o .
. : Y
When metal coagulants are used to remove orgamc matter from

‘water, any errors.assomated with the d15t1nct10n between the soluble -and

( the parttcnlate rnatter will also be included in the apparent efflelenrv of

the (_Od;,ulants This work addresses some of the problems 'introduced'by

the use of membrane f1]ters—when they are used in the removal of natural '

organics, such as fulvnc ac1d by alummum Spec1f1cally, the objectwes of

this section were: ' - L
. -, ’ ' T

-

(T | To mvesttgatc the. mteractmns between fulv;c ae:d and the membrane
filter durmg the routine work of filtration, ln/tB: presence and

" abgence of_alurmnu;n, and . . _' P—

. !r

¥



2 To.(ictcrmino.théeffqg:t of the membrane porb size on the apparent

efficiency of alurminum to remove fulvie acid from water,

4.1 lESULTS f\\ID DISCUSS[O\

AL .
RN

The absorbance of membrané orgamcs loachmg into the - solutlon is
. shown in Flgurc #.1. In tt}esg experlmcn.ts onlv pure water\was used. .
‘Somc.: i‘erai:'hing_ d.id (Sccu.r in .th‘o.bégin;wing' of -tlhe.fi.l\tra»ti'lo.n but the QVéralI
increase in the a.bs.orbal"fce was not véry large. In.ter}ns of fulvic acid
conc’oﬁt_ré;ion the n-waximu_m grkbr_inrrodﬂcgd .b.y_l'ca-ching was less than 0.5
: mg/-L (or ap.proxima‘tely 0.015 a‘bs'orbance units). ‘This can be'signifi;cint .

/gzhen low Ievel solutlons are used if prior rinsing of the Illter is nat done.

After rmsmg the fllter with lOO mL of water no more leachmg was

: 'obseri‘ed Hased on theso results for all subqequent tests the fllters were

rmsed'wnth approxj ately 150 mL of dlStl“ed and detom?ed water prlor to
fu[v:c ac1d sample flltratmn, even though fulwc acld concentratlonq of up
1o 10 mg/l were employed The data in Figur(tﬂ 1 show no notlceable
difference between the two types of fllters.. |

Flgtlrc 4, 2 showf; thc filtrate Conccntratmn of a fulvtc ac1d solut:pn.

" The fulvuc acid concentratlon was 10. 0 mg/L The behavmr of the two

B .
- kinds of filter appeared _1c1em'1_cal. Thc julvxc acid concentratlon of the .

.

first aliquot (10mL) was, .for_both'tvpes of filter, lower than the solution’ -

: . L .

! . . 4 - - . [‘ . a .
concentration, but this difference was on the;average less thdn 0.040 iry
absofbance (1 mg/-[_‘iﬁ'te:l*ms;pf fulvic acid _éo’ngentrati'on). ‘However, the
filtrate absorbance leveled off at the original absorbarice after the first

aliquot. The initial decrease in.absorbance can be viewe@adsorptidn of -

N |
fulvic acid on the clean {ilter and the fll‘termg apparatus Similar results
. ) \ '

were obtamed when a .25 mg/L fulvic agld solunon was used w1th the

S
absorbance of the first aliquot béiﬁg' lower than that in tie original’
o ‘ R . Y
: o ‘ "

"‘).

vl

&

A
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F—

sample, while the rest of the filtrate a'liquo-ts exhibited L(he'same

'.gbso_rb.ance as in the originat sample. The above results indicate that the

~ g R ; . . . . * ’ - N \ l
_specific fulvic acid used in this work acted like a "soluble substance,

-

"soluble" in the sense that no retention on'the filter was observed, at least

for the small quantities filtered.

) Th‘el rest of -this section refers to aluminum-treated fu_'lvi'e acid
solutionsl.i-“.iqurej 4.3 depicts the 'filtllate abs’;or-ban'ce‘ of a 10.0 'rhg/L
ful.vic"acid solution -t_reatec,:i with A1Cl,5 ata cfon'r:entration of O:S X -10-:3
M and ,a pH_ = 5.96. It can be seen that the absorbance.is .prz-xc'iicallv zero,
“which indicates that 100 oercent removal was achieved. Thls high |
removal was expected because of the hlj}h alummum dosape and the
favourable pH. The iltrate absorbance was also independent of the ‘

- Qereo'arﬂd .theré was nono'ticeab]e difference in the

' Differenees, however', in the behavior.of the two kinds-of filters
were observed when the pH Qf the prec;pltatlon was ahound 8 (Figure 4.4).
Whlle the f!ltrate absorbance in the case of the O 10 pm fLIIer practlcally
leveled off after the f:rs*t 10 mL at an absorbance of 0.035 (or 0.9 mg/L in
terms of fulvnc acid cancentrat:on) the be_ha\_fior of the 0.45 membrane )
filters-was somewhat anomaLous. \The filtrate eosorgance was high in the
beginning (to levels up to 80 percent of the orlgmal absarbance) and then |
dropped to the same level as wnr"the 0.10 pm filter., The 0.45 pym fllter
exhibited characteristics of a deep filter: in the beginning of the
flftratlon, when all filter pores were clean particles smaller than the pore
size passed through the f1lter When, however clogging of the pores
o.cc‘urred, even the small particles were removed due to the reduct:on of

the pore size.

' ’ . ’ ) M : ) ' l. ) . ‘

e
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This decp-filter behavior was also observed at pH 6, but at a lower

aluminum dosape (Al concentration 0.71 x 1o~ *

A, As it can be seen in
Figure 4.5, while fl\e filtraFe absorbance was consistently 0.020 for -the
d.lO p‘m filters, in the case of the 0.45 pm f{ilters the same absorbance
was obtained for all the filtprs onl.y after 106 mL of sample had been
filtered. For smaller filtrate volumes, the.filtrat(; absorbance was not
consistent buf ranged from 0.020 'to almost 0.200 (or from 0.5 mg/L to 5.4
mg/L in tcr.ms of fulvic acid concentration)., These results also i}hdicaté;l
that certain cliffercnl_ces ;zxiét among individuai membranes of the same
pate size. The low {iltate Concen-tra-t‘ion in the first‘ stages of filtratiorﬂ_
may be due to the adsorption of some of the.organics on the filter.

For the Same;aluminum concentra{i}n;fo.ﬂ‘x IO_Ji M, but higher

pH, around &, the results are shown in Figure 4.6. Initially, the filtrate

absorbance was low but rapidly increased to its final levels, which were .

0.360 (or%—_ﬂ;g;/u for the 0.45 pm fifters and 0.345 (or 9.4 mgJL) for the

—

b : : . ’ .
0.10 ym filters. In terms of removals, they were two perccnt,a):d 5ix

3

.percent for the two filters., It is inter’ésting that the absorbance of the

. +

0.45 pm filtrate did not drop to the same level as the 0.10 pm filtrate. .

This suggests that clogging of the filter pores was not effective since only

/ .

a small portion of\he precipitate was'retained by the filters. .
When an even lower aluminuim concentration was employed, the
: ~ e ' ' :
results obtained (Figure 4.7) were similar to the pure {fulvic acid solution

study (Figure 4.2). Initially thé filtrate absorbance was somewhat low, #

probably due to adsorption on the filter, but rapidly rose to its final value,

)

which was the same as in the oflginal fulvic acid samples (10.0 mg/L or
0.370 in terms morbance). It se'er%that any particles formed were so

small, that they passed through the pores of both types of filters.

- . < ~ M
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These results demonstrate thaé the apparent effectiveness of the
aluminum coagutants to remove fulvic acid frm:n water depends on the
capacity of the membrane filter to remove.the_ solid precipitate fr'lem tixe
water phase. Therefore the appar'e’nt effectiveness of the coagulants will
depend on the parttcle size and the filtkr pore size. These pomts are
derﬁo_nstratefi in Figure 4.8. There, the fulvic acid fraction wlich
‘femained in solution is depicted as a function of pH for an aluminum
dosage of 0.71 x IO:4 l'\fL"The fulvic acid fraction is shown in terms:of-
b.oth 0.45 pm and.0.10 pm pore size filters and for two aluminum
'coagu]ants,'A_ICI:3 and Alum (A1(50,);-16 H0O). It should be mentioned
that in these experiments, prior to obtaining 50 rﬁL of the filtrate for

~ analysis, 150 mL of distilled and deionized wa.ter and 100 mL of the

.

aiuminum;treated solution were filtered through each.membra'ne. It can
“be seen that both coagulants demonstrated roughly similar eff.iciencies in
rcmoving ful}'ic acid. At pH 6 the amount of ‘fulvic acid in the solution
Qas minimal, ac_countirig for less that five percent of the original |
Concentratwn, while at nH R low removals were demonstrated leang in
solution more than 90 percent of the mmal fu!wc acid. lt is ’lnterestmg,
' hO\\'ever;, that when different types of filters were used, the removal
patterns were afs_o different. When the 0.45 ph filters \f.fe're_emplleved
more fulvic ecid remaiﬁed in soluti.on‘than when the 0.10 pm me:nbranes
were used These dlfferences account for up to 80 percent of the initial -
fulv:c acnd Concentratlon at pH- 7 |

One can, therefore, conciude that the e'valuat-i‘o.n of the eoegulants
- for practxcal purposes may be mlsleadmg -due to arnfacts mduced by the.

‘ fxlter pore size. Also, because of the particle snze and pore s:ze effects

it does not seem always p0551ble to interpret or model prec1p1tat10n
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phenomeﬁa in terms of chemical equilibrium. In addition ‘tQ these points,
the deep-filter behavior d.\‘.monstrated hy the membrane filters make

them impractical under {he usual operating conditions to be used for

- particle sizing. T N

Finally, the aluminum-fulvic acid particles were examined under the

N -

Transmission Electron Microscope. -Many smatl particles were found
depos;ited on the p,'ri:is_with a size less than O..I pm (Figure 4.9a) along with
agglomerates of small particles (Figure 4.9b). It is pessible that some of
theSe,agglome‘rates 'were broken down during the codrse of filtration and,
this resulted m the increased levels of fulvic acid in the solutl’dn,

especially in the first stages of filtration.

4.2 CONCLUSIONS o |
Based on the previous results the following conciusions can be

.

Tdra\.vr.u-
] .

1. Membrane fllters used for the separatton of the’ precxpltate from.
wetcr mmallv leached some uv absorbance contnbutmg substances
ifto the splut_:on. This mav bu s;gn;flc;mt for '10\\'_ ‘leye] ?rgamcs_ and”
;iwerefore rin$ir1'g' the'f'i[.t_erl \yilth- pure_w’éter, prior te_.fi.ltration is "

.recoﬁﬁ;nended. ‘ C - -

2. When purelfulvic acidléolut.itbns were filtored thrcl)u;.:'li.memh‘rane ‘
filters, some organlcs were 1nma11v adsorbed on the f1|ter, but the -
flItrate concentranon rapldly rose 1o the orlgmal fulvxc ac:d levels for
both types of the i:lters tested. |

3. When alummum treated fuIv:c ac;d solutxons were flitered through
membrane,f\llters, the fxltrate concentratlon depended on the fxlter
pore size. In gereral, fdters with a 0.10 pm pore size were able to |

-

‘remove more'partic[es_from- Wa'te_r_ than were the _0.45 pm' filters,
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M1t a9 Llectron micrograph of aluminumstulvic acid saro

‘Al concentration = O_‘S}:l()._3 &l

. - pH o= B.13
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however, before at least 100 mL of the sémp‘lc had been filtered.

—
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‘ 51ffe_rences of up to 80 percent of the original fulvic acidm

concentration were obscrved. - .
The O.&\S prneril\tc‘rs showec‘i a deep-filter-like behavior for small
particles.  When little material was deposited on the filter and the
'filtgf pores were rellatively' clean, small ‘particles,_at tin;es accounting

for up to 80 percent of the original fulvic acid concentration, passed

_into the filtrate. After clogging of the pores occurred, the 0.45 pm

s

filters were able to remove smaller particles. This-did not happen,

Because of the deep-filter behavior of the 0.45 pm membrane filters,

precipitate particle sizing and the evaluation of the efficiency of the

coagulants to remove fulvic acid from water by means of membrane
filters may at times be misleading.

There was negligible difference in the aluminum chloride and the

aluminum sulfate removal for the pH range 6 to 8. The detrimental

efiect of sulfate as reborted by Maulding and Harris (1968) an_d' \
Bersillon (1'983)‘ was not ob‘_served in thisistudy because the pH was
highe’? than in th.e.o two studies.

Since .a;ll of the previously lrepor"céd worlk use& mcmbra"ne filters (pore

size ranged from 0.40 pm to 1.2 pm), glass fiber filters, paper filters, ‘

_ centrifugation or settling, great care is needed™in interpreting and _

' _comparing the results.
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is ¢louded by the unknown nature of the humic matter and the complexity

p . CHAPTER FIVE

FULVIC ACID REMOVAL WITH ALUMINUM SALTS

. IN THE ABSENCE AND PRESENCE OF -
v ]

NONIONIC POLYACRYLAMIDE

While the understanding of the removal of fulvic acid with aluminum

’,

-

of the water chemistry of aluminum, improvement of the coagulation -

prdcess requires ,ﬂ'understanding of the role of the polymeric Ifloccﬁl'lant.

. This section reports the removal of fulvic acid from water by aluminum in

" the absence and presence of nonionic polyacrylamide. The objectives of

-

this work were:

l. to examine whether ther.e are aifferénceé iq the rem'o-val'efficienciesl

of two aluminum galts,.na.mely‘dluminum chloride and a_lurr')inum.:i-

sulfate, in terms of removals as measured by"filt_:;atiop and.'by‘ 'settlin‘:o,.-
to investigate whe'_c‘her remdva[ data'(d_ue to fi!trat}on or settlﬁﬁg); .

. , 4
correlate with turbidjty data, and

_ 3. to_Investigate how the presence of nonionic polyacrylamide of various

‘concentrations affects the removal efficiency of alum.

' 5.1 RESULTS AND DISCUSSION &

'5.1.1 Effect of alurminum addition

Figure 5.1 shows the percentage fulvic acid which remains in l

solution {as measured by the percentage reduction in the dbsorbance) -

.
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after the addition of aluminum chloride. Four aluminum dosages were’
employed: 0.5 x 1072 M, 0.188 x 107 M, 0.71 x 1074 M and 10”5 M. Each
graph shows the{fulvic acid level after filtration through 0.45 pm and 0.10
pm pore-size membraﬁe fil}ers, as well as the fulvic acid rcmaini_ﬁg in‘ )
solution after 20 min of settling. | |

The fulvic acid which remained in solution depended on both the
aluminum concentration and the pH. As canlbe seen in Figure 5.1
removals (after filtration) of 100 percent were obse'rved for the highest-
aluminum dosage (0.5 x 10—.3'M) and'slig—hﬁy- acidic pH (6.‘0-—"6_75)._ This pH
was-also very favourable for .the removal of fulvic acid when lower
aluminum doses weré -;.ilso used (0.488 x_10_3 M and 0.71 x 10_4 AD. In
thesgltwb cases (Fhigures 5lb a'r_'m;dr‘S.lc) thelberce'r_\ta-ge fulvic acia_
remaining in solution was less thén.five pef?:ent ‘of the original fulvic acid
level. With increési;mg pH, théxisiciual fulvic écid concenfrjétidn

increased as well. High aluminum™psages, however, resulted in higher

removals even at elevated.pH values. Fo}th_e three\highe‘r altiminum

doses and a pH of 7.5, the-fulvic acid which remained in solution w;ds 3,10

and 50'pércerit respectively (for 0.10 jm pore-size fi'l‘te;s).. When the

K]

‘loweskaluminum dose.was emploglged (Figures 5.1d), the same trends were’

emoval of tulvic acid at pH 6 was higher than at pH 8. In this |

r,'the fulvic acid which reméined_in solution even at pH 6

was more than 90 percent of the initial concentration.

[

Aﬁother point discerniﬁle—frbm Figure 5.1 is that certain
f:lif'ferences‘ exist at the filterable fulvic acid levels when the ‘ﬁltrati;;n
;w'a-s .;)er{o'rmed with filters 'of‘.cwiif‘ferent_[')ore—si‘z,e (namély 0.45 pm and
0.10 pm). ‘.l'_hese differépces are not large at the highrle'st or- lowest -

aluminum concentrations or at pH 6 (favourable.\bl-’l for fulvic acid i -
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* removal), but they become very important at the-i ediate aluminum

" doses and the higher pH values. For an alymium dosage of 0.71 x 107%™
and a'pt-{ of 7, the difference in fulvic acid concentration remaining in
solutlon was as high as 30 percent of the ongmal fulvnc acxd level (Figure
5.1c). These differences may be attrlbuted to the fact that a large
portien of the particles had a sizerange within the pore size of the
.merhbrane filters: ‘.Tﬁ’ese ,E)articles can pass through the pores of.the 0.45

i tJm filters, whi_le,they can be retained on the 0.10 ym filters. As was

ﬁ. .
mentioned in Chapter 4 the particle size effects were also observed at pH

‘values around 6, at the highest aluminum dose, but the formation of a
filter cake after the mtraﬁon_of 100 mL 'bi‘alurn_inum—tré;ated' s.olution
seeme‘d to eliminate any difference:S ih the pettorménce of the two types
.. of filters. While high removals &ue_ tol-filtrat_icn were observed,
particularly a?'ottnd p!ll 6, the settl.i.ng of ther flecs was yé'ry slt)\a;; Only tot
' the highest ;alumint:m dose and for the pH tange from 6.5 to 7.5 the fulvic.
acid remaining in solution was less than 25 percent (Figutes 5.rla). .For all-
other alummum .concentrations removals due o settling were very fow or
zero, thh the highest one belng 50 percent at pH 6. 5 for an alummum
dose hf 0.188 x 10 M. 1 It can also be seen that the pH reg:on for the
hlghest removal due to settlmg (6. 5 17 5) did not comc1de with the pH
reglon most favourab!e for the removal due to ftltranon (‘pH‘Tess than
6.5). This is in contrast to what happens in the removal of phosp/tes
with- alummum, where the same pH was favourable for hlghest removals
due to both fxltratlon and settlmg (Dlamadopoulos, 1981) ln a system'--
that solely mvolves a complexatmn mechamsm, such as the phosphate-. |

aluminum system, the most efflc:ent pH for the removal after both

filtration and settling will be the one wh_e're the combined charges of the '
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ionic species on the particleyield a‘zero overall charge. In the presence

of iulvic acid stabilization of the particles at pH 6 may occur as.a result

of the adsorpuon of the negatwely charged fulvic acid molecules on
 either the alurmnum fulvate or the alummum hydro&;de or both.

Stabilization of the partlcles due to adsorption of charged aluminum

\

¥ spec'i'es was postulated to have taken place at pl-‘t less than 6 in a study by

Mangravite et al. (1975). ‘g _ L

The effect of aluminum sulfate oh the removal of fulvic acid from

water is shown in Figure 5.2. With respect'to the filterabie fulv-i'c ac’id

concentration, aluminum sulfate and ‘aluminum chlorlde demonstrated
51m11ar eiflc:enc1es. The rnost favourable pH was 6 and lowering of the

aluminum dosage resulted in increased fulvic acid COncentrations in. .

}v, solutions. Similar differences for the two types of membrane filters were -

. observed in the aluminum sulfate case (.Figure 5.2¢). Here'again

' membrane m\ters with'a 0. 10 pm pore snze were ‘more efflcxent in
q separating the, solid frorn the hqu1d phase than Were the 0.45 ym fdters

- % The dlfferences in fulwc ac:d concentratlon at pH 7 0 is also around 80

-

(] ) .
percent of the mmal fulvnc ac;d level. In general it can be concluded that

under these condmons the presence of sulfate had no s1gn1flcant mfluence )

" on the "flltratlon" eff1c1ency of alummum to remove fulvic acxd,from
B -

: water.. Thls Is in- agreeh'lent with’ snmlar fmdmgs by Bersillon (1983) on a

: natural water.. [t can be expected therefore, that alum bemg the n‘\ost '
. mexpenswe alurnmum coagulant in North America w1ll remain in- w1de
. ;use."',' : o " o , ‘
So'rne‘differences,' ho\t&ever, existed in the. 'settling.of the'hocs
. . pnmarlly at high alummum concentranons (0. 2 X 10 3 M) While 80

percent of the partlcles rematned in suspensmn at pH 6 for the alummum

.
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chloride case (Figure 5.1a) only 40 percent of the initial fulvic acid
remained in solutic_)u at the same pH when alum was used (Figure 5.2a). In

addition to this; some restabilization of the particles occurred between

pH 6 and 7 for the alum case. Part:cle stab111zat1on as was mentioned

before, depends an the overall charge as a result of the individual charges-

-
of the ionic specxés which interact through reaction or adsorption. The

sulfate ion can adsorb on aluminum hydroxide {DeHek et al., 1978) and
depending on its concentr_ation it can affect the setﬁing of the particles

through stabilization (Hayden and Rubin, 1976).

To investigate further the poor settleability of the inum-fulvic

Oprer—Thet

p’al/rt}cles were found to contain a great deal of void space (Figure 5.3a)

acid flocs, pa"rticles were examined under the electron micr

and some of the particles had sizes well below 0.5 pn'.\ (Figure 5.3b).

" These low-density, small-size particles der'\ot settle very fast. This
LI |

e:‘&ulains why,twhile the removal after filtration can be as -high as 100 -
percent, the removal after settlmg is in general very low. Removals after
settling hlgher than 50 percent were obtamed only for the high aluminum
dosage (0.5 x 107 3M). In that case, the use, of a !arge doéage of aluminum

resulted in the formation of a large quantity of aIummum hydroxide and

" therefore in higher settling rates.

5.1.3 Turbidity measurements '

‘R

It would be experlmentally attractive.if a measurement of turbldlty

»

-

could be a sensitive enough record of the coagulatlon/ﬂocculanon

occurring. This would mean that on- llne analysis and t‘rackmg of the
process would be possxble. : Indeed, prewous researchers used turbldlty
measurements to study the stabd:zatmn domain of collo:d'al partxcles

Cc;agulated with dxfferent alummum salts (Rubm and Kovac, 1974} and
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FIGURE 5.3 Electron mi.ga.foqz‘?dphs of aluminum-fulvie acid particles
Aluminum concentration -= 0.71;«'.1’.}“?1 Mo e ' S
. pli = 6.0 ' - o : e Tt ’
- ‘ " .
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F‘I>RE 5.5 Fulvic acid -remaihinq in solution after filtration
through 0.10 pm filters as 'a function of the turbi- . =
i . dity of the unsett__le'd‘ 'SUS})CnSiOh :
- .‘_ .(',\
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‘TABZE 5.1 Paramété; éstimaté;_for the ‘exponential decay model |

. & A . % .
) Aluminum _ I S B
source : Alclj" - CAlum’ ~ Both
by - 7.0 -0.31 . ~0.28 ~0.29
hy 0.87 ., 0.78. < 0.82 ,
" 'Residual Sum <. e _ '
" of Squares 0.010. + . 0.069.  0.081
g Correlation - A . : . :
Coefficient -0.82 - . -0.78 7 -0.80
' N
. .
Ii
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thc parameters bg and b, for the two aluminum salts. lt is also'important
2 -

to note that the data pomts shown in Flgure 5.5 were obtamed at

| d:flerent pH values.and alummum concentrations. Thls means that the

J

: edrrelation found‘does not depend on the pH or the aluminum -

.

concentratlon Therefore such a correlatlon may be used to rnomtor or ~

}control the removal of fulvrc ac:d W1th alummum at least in low turbldlty'

-waters_ No correlatlon -was found between the removal of fulvnc actd

after.settling and the turbidlty-bef-ore s'ettling. 'Equallv unsuccessful was

[

an attert‘:pt to elate reflltratlon tlme measurements with removals after

fll‘tratlon or s ttlmg

"5.'1.3_ Effect ofp lymer addition -

- Removal After Settlmg
The rest of thls study.deals wrth t'ne removal of fulvic ac1d from
water by means orf alum in the presence of nomomc polyacrylamlde.
Figure 5 6 <hows the percentage fulvic acid remammg in solutlon after

settling for an alummum dose of O. 5 X lO M and alpolymer

.

roncentratton of 0 0. 0l and 0.1 mg/L The three curves exhlblt the same-
,

general trends Settllng is less effectlve wrthxn pH 6 2 and-7.0 as well as
above pH 7. 5 The addltlon of the polymer lmproved the settling. of. the

flocs.. Thls lmprovement however, was better at around pH 6 5 The

.

: fulwc acnd Wthh remamed in SOlUthl"l at pH 6. 5 in"the presencc of O l
g mg/L polymer was approxlmately half of the fulvrc aCld jevel in the

: absence of the polymer A smaller amount of polymer (0 01 mg,/L)

v -

B resulted ina smaller 1mprovement, the fu!vrc ac1d conc:entrat;on

R TS

.remammg in water was reduced to 50 percent of t'he 1mt1al concentratlon‘
in the presence of 0. Ol mg/L polymer from 65 percent in the. absence of

" polymer. In the pH reglon between 7 and 8 the lmprovement “was not
" . T

’
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very significant: about 15 percent improvement occurred., For a lower

aluminum dosage (0.188 x 1072 M) the presence of the polymer also

" enhanced the settling of the flocs (Figure 5.7). The highest polymer

concentration of 0.1 mg/L resulted in great improvement while a polymer:
Y

level of O 01 mg/L polymer dld not have any 51gmf1cant effect on the

settlmg -The 1mprovement demonstrated in the presence. of 0.1 mg/L

- pelymer occurred over the entire pH range studled and'xt wa's-more

lmportant at pH 7. Wlnle in the abscncc of polymcr 35 percent of the

1mt1a1 fulvw ac1d remained in solutlon at pH 7. 0 the acl’dmon of-0.1 mg/L -

polym,er resulted in a residual fulvic acid level of 40 percent of the initial

'concentrdtlon

’

~ For an alummum dosage ch*o 71 x 1074% the presence of polymer did

: not have any . 51gn1f1cant effect (Flgure 5.8). The largest 1mprovement was

»

- around 15 percent and it occurred at pH 6 for 0.1 mg/L- polvmer

Removal Aftcr Flltranon
The pr_esence of polymer had no noticeable effect on the filterable

fulvic acid conCentrafion for an alnminu‘m dosage 0f 0.5 x 1073 M (Figure

¥

. 5.9). This was' ewpected smce ior this aluminum dosage pract:cal!y all the

fulvic aC1d had been removed irom solutlon The prcsenc:e of the polvrner

becomes more significant.at lower alummum‘d_osagcs“and pH values higher

than.7. Figure 5.10 shows that the presence of polymer resulted in lower

fulvic acid concentrations at slightly alkaline pH for an aluminum

concentration. of 0.188 x 1073 M. -Even better impro'vements were

‘obtained when the aluminum dose was 0.71 x 1074 M. Figure 5.11 shows

the fulvic acid remaining in solution after filtration through 0.45 pm pore~_

size fil_ter's. For pH 7 and for polymer levels of 0.01 and 0.1 mg/L, the *

fi'l_térable fulvic acid concentration was reduced by 35 and 94 percent

~J
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'reSpectively. Marked lmprovements were also observe‘d when 0.1 pm -

fllters were used for the solid- quuld‘separatton (Figure 5.12). l\lthough

athe presence of O Ol mg/L polymer was not very beneficial, when the -

polymer dose was lncreased to 0. l mg/L it resulted in further removal of
- fulvic acnd from the water. One rmght try to 1dent1fy the role of the

polyrner Dld the polymer floc:c:ulate the aluminum-fulvic acid partlcles

~ and thus mcrcase their 51ze"‘ .or dld the polymer adsorb onto the filter to
serve as a precoat" To test the latter hypothesis, the polymer solution

was flltered prlor to the f:ltration of the aluminun- only treated fulvic

-

aCld solutlon Thus, by thlS aCtan, the polymer was given a chance to

precoat the ftlter This polymer treated fllter was .then used to frlter an

alurn fulwc ac1d solutlon (alummum concentratlon 0. 7[ X 10 M ).

Negllglble dlfferences were obtalned between the flltrate from this

L experlment and the flltrate obtamed by fllterlng w;th untreated filter

_ (Flgure 5. Zc) In.a’ screemng test, the ablllty of the nomomc “polymer to

remove fulvnc acid-was checked. ln the absence of alummum the polymer
ltSG}f dld not remove any fulvxc acnd from water. Hence 1t is r:oncluded
that the polymer brlngs together, by flocculatlon, the partlcles that are

)

small enough to pass through the pores. of the fllter Thts is further

v

substantlated by. compartson of the Eettlmg data and the flltranon data

In thls way the polymer not only promotes the settllng of the flocs, but it -
also lowers the fxlterable fulvnc aCld conCentratlon ThlS enhancement of . \
the removal due to ftltratlon can also be seen in Flgure 5.13, where the

r

~
fllterable fulwc acnd level has been plotted as-a functlon of pHin the

» absence and presence of 0 l mg/L polymer Not only was much more -

| Iulwcactd removed from solution 1n'the p'r_esence of poly'mer. for both'

types of membrane filters, but even the fraction of the aluminum-fulvic

. -'l‘
AR
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o
acid particlés with approximate size between 0.45 pm, and 0.10 lpm :
became narrc)\\"er in the preSence of the polymer. .It is apparent that\'Q‘
the ideal case where all these particles are removed from solution, thc
two. curves will coincide. .

) Fin‘aily, for the lowest al_gminum dosage of 107>\ the presence pf
polymer had hq hoticeab‘le éfféc:on the filterable fulvic.acid
concentration. (Figure 5.14).

f—'\lthodgh a study of the mechanism of the rem’oval of fulvic acid
with aluminum was outside the scope of th'is work, an interpretation of
the observed trends and results is/attempte’d below. It is believed tﬁat'
for the experimentél conditions of this work, adsorption of fulvic acid -
mc;lecules on the newly-formed aiuminum hydroxide or aluminum fulvéte |
(although we é_annot operat.ionally distinguish between these two solids)
played an ir_ﬁportant role. There are two findiﬁgs that provide evidenéé_
for this: {irst; th é fact that the optimum pH for the removal after
settling was ciifferent from the op-timum pH for the removal afterr
filtratiorﬁ? and secoﬁd, the observed differences in the removal of fulvic
acid when filters with different pore sizes were used. This latter finding
indicates that a particle;siz_e efiect occurred p’articularly at intermediate
a-luminum concentrations. At intermedia?e aluminum to fulvic acid
ratios, adsorption of ful.Vic écid molecules on the formed particles 'm.hibits
their growth to sizes removab"le by the 0.45 pm filters. Th?sjnhibitibn of
growth is postulated to be similar to the inhibifion of g‘rowtt of iron
hydroxide particles in natural waters which reslets in measurements of
"soluble" iron higher than those predicted by equilibrium (Miil. 1980). The

added polymer interacts with the micro-colloidal aluminum-fulvic acid

particles and not with the fulvic acid itself. In the p're.sehc_:e of tHg
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polym’e(, the size of the p.a%ticles‘inéreases 'd'ue to flocculation and
thérefor‘c higher separation-hy filtration is achieved. This interaction
between the bolym‘er and the micro-colloidal parficles may be the reason
that in the prgsénce of alumiﬁﬁm all types of polymer-cationic, anionic,
nonjonic- promlétecli the rernlov_al of humic matter from water (Edzwald et
ali_l???). It may also explain why the effec; _of the polymer is larger at
i'ntermedi_até alun.}ilnﬁ'm cc;hcen'trétions, such-as .71 x lO_4 M, than at
. hléﬁer ea-luminuﬁw concentrations. _Whéﬁthé aluminum concentration
increases, co_agul‘a_tidn aﬁd sweep—zoné'precipitation of the micro-colloidal
' partié‘]ezsqlﬁy the additional alur’xﬂw_inﬁm species resuits,in higher rem;vals
and con;sequently in ‘l'owe:; floc.cula'_'tihg eff‘icli'éhcylof' the polymer.
S"m‘ce tl-@,pol.ymer is mostl béne-fic.ial at inter"mediat‘_\é all_lr.nihum )
éoncéntrati&né; it is pbssib’ie that, by adding small quan'tities of p'olymer,
| de51red levels of removal mav be ach1eved at alummum dosages smaller
than thosc reqmred in thc absenrc of the polymer. Thrl‘?‘r‘nay_lc_ad to an
optimiZed cqmbinatim_jn of _alumingfn anc_l pojymepcbncénfrqti@ﬁs that
. r‘resﬁ'l‘tsin des'irc‘c‘il-rcmovélsr \\'/ith thé rﬁinirﬁﬁm coslt of c‘hcmicéls | In -
addstlon to th:s;, further optlmlzatxon of the process may be possnb!e bv ‘
imdmg the optlrnum polymer propertles, such as molar mass and degree of. _
hydrq!ysm. Thgse congxderanons will be dealt th_h in the followmg |
chaptéré. | - o ’

5-2 CONCLUSIONS

For the condxtlons\lstudled m th1s work the followmg conclusmns can

ibe drawn:, o )’

-

1. The alumlnum dosage and the pH were the most lmportant vanables
aff g:tmg the removal of fulvic acid from. water. The more a-lummum

. . "added to the water, the higher the remova[ of fulvnc ac1d Slxghtly
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: 'dtfferent from the optxrnum pH when removal was rneasurcd by

‘ . 7:

_sulfate ion. Slmllar effe(:ts of the sul

11t

Lo~

acidic pH values (around 6) aided the removal of fulv_ic acid.

Complete removal of fulvic acid can be achieved,rhut alhu_m'mu‘ ]

dosages as high as 0.5 x 10”7 3M (about 13 mg/L A) and pH 6 are
necessary. e |
Differences exist in the scparation eftici'e‘nc"l'es-dfl"ntembrane filters of
varying pore size. Filters with 0.10 pm pore size were in genera! more
efficient than were the 0 45 pm fllters These differences became
sngmflcant at intermediate.aluminum cprtcentrations (0.71 x l_O' d.M).._

Aluminum chloride and aluminum sulfate atuq) demonstrated similar

efficiencies in terms of filterable fulvic acid r malnmg in solutton.

Th1s is in partlal agreement with the fmdmp,s by Barsi (1983) who

_reported that whlle the prcscnce of: the sulfate ion resulted in

deterlora_tlon of the removal by approx1mately 2 removal percentage

-

points at pH 6, no noticeable difference was observed at higher pH

-

values.

. Settling of the flocs 'was v'ery'slow. Only in the"case of the'highest

~

alummum concentranon (0.5 % 10 -3 M) the sett}cablc portlon of the

treated fulv1c acrd exceeded 50 percent of the mmal concentration.

The optlmum pH when removal was measured by iltratlon was»

settlmg. ' : T . l'-_';. :

Some dlfferences ex15ted 1n the settling of the ﬂocs when dtfferent

: alummum salts were used Partxal stabm?atlon of the partlcles was-

postulated to have occurred between pH 6 and 7 in the presence of the ‘

€ ion have also been reported :
by Hayden and Rubin (1976)

The-turbldxty of the treated_ unsettled solution depended on. the
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aluminum concentration and the pH. 'The.fulvic acid remaining in
solUti'on after filtration wag found to éorre-late-well with the turbidity

before settlmg An exponentlal decay model was fitted to the data. It

is therefore p0551b1e that the turbidity before settlmg be used to

r

monitor or control the removal after filtration.

The'preSehce oi the‘ nonionic polyacrylamide enhanced the se.ttl'm.g of

the partlcles, partxcularly when poor settling had been observed The

\
' ingher the polymer dosage, the higher the removal due to settlmg

. In the presence of the polymer the filterable fulvic acid concentration

. was reduced even further, particularly when intermediate-aluminum

10,

dosages were used. This was attributed to the flocculation of the 7

micro-colloidal partic'le's which, in the absence of the polymer, pass

through the pores of the filter.

In the presence of the polymer the pH range for effectwe removal of

"fulvu_"_ acid by filtratlon was extended towards higher pH values. This

. agrees with the previous-observations by Edzwald et al. (1977). .
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CHAPTER SIX

MODELLING THE REMOVAL OF FULVIC ACID

FROM WATER WITH ALUMINUM

This chapte:j-presenta-the:application of the mbdelling technique
dcveloped in section ‘3.5 of this-‘thesis 'Becads'e of the e‘rnpirical nature of
the techmque, two criteria- fonremoval are used, removal after f1ltrat10n -
and ren:oval after settling. In addltlon two alummum salts have been

_ studted alummum chlonde and alummum sulfate (alum)

6.1 RESULTS AND DISCUSSION

6.1.1 Removal after flltratlon _

,'T.he quadratic r'nodel'of the removal after. filtratidn \:;;as testéd first
for the regmn defmed by pH values ranglng from 6 to 8 and a]ummum
concentratxon from 0. 71 X 10 M to'0.5 x 10 -3 M. No transfor-matlon of
- the observatlons was performed The estimated valdes of the ‘model
.parameters for the removal by f:ltranon for alummurn chlor:de and
alummurn sulfate are presented m TabIe 6.1. The model predlctlons along‘
with the experlmental data are shown in Figures 6.1 and 6.2 for, aluminum
chlorlde and alummum sulfate respectively.. The parameter estimates for
the two models lie very close, Wthh mdlcates that there are no
s1gmf1cant dtfferences in the’ two models. ,In other words, both'aiu'minutn; .'
| -chlotide and aluminum sdl-fa'te démonstrated éimilar effi‘cienci.es' in
' removmg fulvxc acnd from water. The model also predlcts the effect of

“the pH and the a[ummum concentratlon As can be seen in Figures 6. !
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TABLE 6.1 Parameter estimation for the modelling of the removal
q L .
1

after filtration without transformation of the obser-

. vations ‘ K : . ' s S I."
Al source ) AlCl3 Alum »
k by 96, 04 96.13
by - ~20.83 ~20.17 h
. b, 18.17 20.50
by . 31.75 22.50
- ; -] -
by -8.12 -13.38

Kesidual Sum

. - 3702 . 478.5
of Squares - _ © o Co
- hure Frror. . S - w‘ :
, o 10.75 ©10.95 -
“sumof Squares :
Lack of Fit R '
s 359,45  467.8
" sum of Squares N '
Calculated F-value  33.4 . 435 '
Fo.05(3:3) 9.26 '9.28 . .

s
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FIGURE 6.1 Removal after filtration.for the AlCl3 study without

transformation of. the 6bservations

The left-hand ordinaﬁe and the bottom abscissa are given

in codéd form as used in the model.Thé right~hand ordinate

e

gives the AL dosage in mol/L and the top abscissa gives the

pPH as was actually measured.
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and 6.2, increasing the aluminum dosege or lowering the pH resulted in
higher removals.
. - . -

The'ar;alysis of variance for these two studies is shown in I‘?ble 6.1,
For both models, the calculated F value was higher than tHe value that '
would permit 95 percent confidence for good fit. This lack of fit resulted
- from the fact that the discrepancies between the explamed and predicted
response values could not be explained in terms of experimental error,
since the pure error sum of sguares was relatively small (aceounting for
less than three percent of the residual sum of squaresj. [ie}ieat rues et
the centre of the square experimental re‘gion resulted in co__nsistent '
response values as it can be seen in Figures 6.1 and 62 It should be

mentioned, however, that despite the lack of fit indicated by the F-test,
the average éiifference between-the observed. and the predicted values was
around 6 removal percentages ‘

The lack of fit md1cates that the quadratlc model was not flex1ble
.ehough to account for the high degree of non-]mearlty of the
_experimental régiorlw. There are two ways that one can proceed: either to
increase the complexity of the model, by including higher order te:’ms for
instance, or 'to-apply a suitable transiermation to the observations. Tﬁis EE
.. latter technique was used in this work, as described in a previous'seetilon.
Figure 6.3 shows the residual sum of sqliafes and the ma‘ximriized li_kelih'ood
function as a fimction of the transformaltion paramefer A for' bbth a,
linear (wnh respect to the variables) and a quadratlc model for the AlICl,
case. For each r;‘nodel there was an optlmum value of /\ whlch m1mm17ed
the re51dual_ sum of squares or equivalently maximized the maximized
likelihood funcﬂon. For the iinea;" deel, this value was 3.5, ‘while for the

quadratic model, it was 2.1..Similar results were obtained in the alum - (ﬂ\

case. For the linear model, the optimum value of A was 2.8,
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while for the quadratic model, it was 2.0. A detalled ana1y51s of variance
for both models before and after transformatton of the observat:ons 15

gtven in Table 6.2 for alummum chIor1de and Table 6. 3 for alum Lmear

'models were madequate even after the appropr:ate transformation The

inclusion of the quadratlc terms in the model reduced substantially the

residual sum of squares but the modeI indicated sufficient f1t only after~

an approprlate transformation of the observatlons At the opttmum A

<.
. (apprommately equal to 2),,the calculated FF value’ was well below the
'lcve! which would indicate lack of fit. Hence, a very good model has been -

developed

V:sual exammatlon of the models hefore and after the: oottmum
transformatton IS presented in Flgures 6.4 and 6.5 for alumtnum chldrtde
and alum, x'?espectwely Alth0ugh both models follow the trends, the ..
model derived after the opttmum transforma.tton appear‘s to gwe much
better pred:rttons An mterestmg pomt in F;gures 6 l’+ and 6 2 is-that the
models, and partlcularlv those before any: transformatlon, can predlct
removals stightly h:gher than 100 percent Th:s overqhoot occurs because

a quadrdttc equatmn is used in the mode[ although there is no phy51cal

' meaning for removals hagher than 100 percent. '

In the prewous analysxs, the suggested modellmg techmque was
applled toa large exper:mental reglon In practlce, however, variation in

the mdependent variables is not as large as it Wes used in. this work.

_-Coa‘gulant concentrations are usual]y constant and variations in pH are in

5 general 1ess than 1 pH unit. ‘A smaller expenmental or operat}‘enal reglon

is, in general Iess non- lmear and therefore thls modelhng techmque would

be more eff1c1ent even w1thout the. appropriate transformatlon. To

ALY
4

. dernonstrate thlS,_ a new'region was defined by keepmg the same range of

n
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TABLE 6.2 ANOVA Table for the A1c13 case

ST
N

,}' .
/ .

("

Untransformed T Transformed

—e

Lincar ‘Quadratic . Linear Quadratic’

Ty

A o et _{:j:"- 1 ii, 3.5 2.1 -
RIS.S.. :3696.6 j,',370jg.[;_mglé.é' ‘ 74.6.
‘Qﬁ}é.?‘ ';g 544.§ _ _n~§1;f'  ";01;1..; 12.4

F = -‘o533;4 ©2a.5 .3.75

N

Fo.0533 = gizizf s R
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TABLE 6.3 ANOVA Table for the Alum case

Fd

Untransformed I Transformed
" Linear Quadratic Linear Quadratic
A 1 1 2.8 2.0
d.o.f. 9 6 9 6
R.S.S. 3474.6 478.5  1383.7 116.2°
M.S. 386.1 79.8' - 153.7 19.4
o - 43.5 24.9 4126
g ) = 9 s . ’ ';_
Fo.gsl3e3) =928
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-the pH as before (6 8) and by varvmguthe aluminum concentratton from
0.188 x 10~ M to 0.5 x ID 3. The model predictions a!ong with the
experunenta[ observations are illustrated in Flgure 6.6 for alurmnum

chloride and in Figure 6.7 for alum The estimates of the parameters and -

the analys:s of variance ase prese’nte.d in Table 6.4. Once again, the

parameters of the two models were very close, which indicates that there

‘ wa.s not significant difference in the removal 'efficien‘c:ies of a_luminu‘m'
’ Chlor_ide‘and alurpinum sulfate. Another ‘i'mpor'tant'observatton is that
) _‘wi"t‘h' the-exception of the constant parn'motr*r,‘ b all other oarameters
"were largely reduced. This demonstrates that the responée surface has
‘——'\_{ec‘ome tez‘;s-'non—]inear for th.e new-'experimcntat regionl. Despite tneir .

small nu\merlcal valiles, hou. ever, all parameters but by, were

’ mgmﬁcantly dlfferent from zero, since the zero value was not mcluded

; within their confidence intervals, The calculated F values smd1cated that-
a statmt:cally acceptable fit had been achmved Some overshooting also
occurred in th15 case as > can be scen by tho appearance of two 100 "
percent Jsoremoval curves in Flgures 6 & and 6.7. Th:s, however d]d not

- result in any sngmflcant mcrease m the re51dual sum of squares. Bec ause
of the: good flt transformat:on of the observatlons IS not necessary: in .

. ‘these two cases.

6:1.2 Removamner Settling - ©

A snmllar approach was followed to- modol the removal of fulvic aCi.d
_ after scttlmg Settlmg of the flocs \\ as m gcneral very slow and the _ '
" removal curves were htghly non- l:near . Therefore, modelhng of the
, removal after setthng w1thout a mgmftcant lack of fit based on the
. untransformed data can only be applied to a rather small expenmental
reg:on. Such a regton was defmed bv the pH rangmg from 6.5 to 7.5 and

th_e_alummur_n concentration ranging from 0,188 x 10~ IM to 0.5 x 10_ M.
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, TABLE 6.4 - Parameter ‘estimation in the modelling of the reduced

experimental region without

-

transformation of the

observations
Al ‘source - A f\lCl3 . Alum.
, ) ,

by 97.58 197.92

by -8.00 .. -6.33 -

by 4.83 3.00

by, 6.50 3.50 -,

D11 ~4.75 - =3.75

bys -1.25 -0.75
N ;
Residual Sum : ‘

41.50 5.5
of Squares B
Pure Error
o _ 5.0 2.0
Sum of Squares ' E
Lack of. Fit "
B 36.5 ’ 3.5

Sum of Squares
Calculated F-value 7.3 1.5
Po.05(3,3) . .~ 9.28 9.28
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The predicted a_nd'the observed re'sponse values are shown irn Figure 6.8 .-
fr)r aluminum ch‘lor'id'e and Figure 6.9 for aluminum sufate. Tahle 6.5
presents the estimates of the inodel parameters along with the analysis of
: vetrirance for both cases. The parameters estimated in the aluminum |
chloride study'were significantly different from those in the alum case.
This indicates that the two models are significantly different. This can
a]so‘be seen by inspectignfol’ the isoremoval lines in thures 6.8 and 6.9.
Aluminuni chloride demonstrated higher removals at pH 6 > than at pH
7.9, \vlulc flocs in the case of alum Seemed to settle faster at
intermediate or higher pH (7.0 to 7.5). The low settleability of the flocs
in the case of alum at pH values between 6 and 7 was attrtbuted to the
adeorptton of sulfate ions . For both studies, the model demonstrated
sufficient fit in accordance to the F-test (Table 6.5). I.large‘r
experimental reglons were also examined. Depending. on the-epecific
region, some mode[-a demonstrated good fit, while others were '
characterized bv significant lack of fit. In general, however, the rcmoval
alter h!trat_lon was modelled more effectively for a wider experimental
region than the removal after settling, while transformation of the
abservations helped to overc_:ome: the ctifftctjlties' introduced by the non-
linearity. o

Another difference in the modeliing of the removal after filtration
and settling is that the pure error sum‘of._sduare‘s in the case of settling
was in general larger than the pure error sum of squares in the case of
ftltration. This arose frorrl:che fact"that the removal .as measured by
filtration g'a'.ve more ‘consistent and repeatable results than when the |
removal was measured after settling. This means that there is a larger
expertmental error assoc1ated with the settlmg rather than w1th the ,

f-tltratt_on.
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it

- TABLE 6.5 Parameter estimation in the modelling of the removal

- - after settling without transformation of the observations

Al source AlCls Alum
bo 53.38 29.88
by _ -13.33 ~1.83
’ o '
by : i 32.00 . 20.67
by i 2.75 ‘ 11,50,
by} - 288 .92 . .
b © -5.13 . . -9.88. o \
. o P
’ Residual Sum . 2 L
' 57.2 173.8
of Squares s
Pure Error - .
' o "17.0 - - 42,7
Sum of Squares : ' - :
Lack of Fit . T T
. - w902 ©13l.r
Sum of Squdres o EEPEE
. . - Calculated F-value 2,36 - 3.07
. -‘nAF0705(3,3{ o - 9.28 9.28 5)
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In genera.'l, it can be concluded thet the modelling technique
demonstrated in this chapter can be applied effectively to monitor and
- control the removal of ful.vie acid with aluminum. The technique does not
require an understanding of the natural phenomena per se, and therefdre,
it can be used in the modelling of diverse ’Jperations, such as,s.ettling or
| filtratio‘n. - While onty two independent vari‘ables \;.tere considered in this

chapter, namely the pH and the alummum concentratlon, the model can

be expanded to study as many -variables as posmble. Such mode! expansion

can mclude variations in the fulwc acid cmrentrat:on addition of
polymer and so on. The model is callbrated by means of an orthogonal
factorial experlmental design. Th:s allows the calculation oi uncerrelated
estlmates of the parameters, using a minimum number of expe_,zméntal

runs. However, because the model 1s empmcal it cannot be applréd to

1]

substantially different cond1tlons ThlS can only be p0551ble when a model .

-

6.2 CONCLUS]ONS

: mcorporates the understandmg of the natural Dhenomena R L\ B

Upon conditions relevant to this work, tifé following .'cenclusions‘are

drawn: -

For removal after -filtration- - T
i ‘For pH range 6 to 8 and alummum concentration range 0.71 x 10 -4
M t005x 10>

1 _ No s;gmflcant dlfference was found between coefflcxents

in the quadr’atic models’ in the alum'inufn chlo'ride study
as compared with the aIummum sulfate. S

1.2 o The quadratxc models could not satlsfy a 95 percent

'mgmftcance F- test. ThlS was attnbuted to a lack. of fit

\\\ and not to experimental error. The models, however,
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‘could predict r_ernoval‘s to within - 6 percent.

1.3 Transforming r'he Qbser;fed data (according to the Box
and Cox methed-and for r\; 2) y-i'elded quadratic models
that easiry satiéﬁ’ec? ags percen.t'- srgni‘fi'eance_l'ﬁtest.
The' t'ransferma'ri‘en elirninated the néed for more
comphcated mathematrcal modeis. o

L - ‘The models predlcted quantltatwely the effect of the
alummum dosage and the pH For sorne condmons all ‘
models predrcted removals sl1ght1y greate:’ than 100
percent. This overshoot is. mherent in the quadratlc
models. ) 7

:D"or pH range 6 to 8 and aluminum concentratlon 0 188 x:10~ !\.-1 to

OSxIO

2.1 . No significant difference was found between coefficients
"in the quadrati¢ mocis:(or_ the two aluminum salts. | -
%Quadratic models

F-'test-. Transformation of the observé'tions' for this.

A

‘isfied‘ a 95 percent significance .

-

experlmental reglon was not necessary

oL

' Modellin‘g of the re'rnoval after settling was less effective as "

-

D
A -4
attrrbuted to the fact that the response surface gn the case of

settlmg was hrghly non-linear.

For pH range 6.5 to 7.5 and aluminum concentratien rénge 0.188 x.
IO:-G.M te 0.5x 10" M yé quadratrc model adequately described
the rémqval after setthng for the two alummum salts, satlsfylng a

95 percent srgmflcance F-test. F‘or th1s exper:mental regxon, '
L

v

" ‘compared to the mddelling of the removal after.filtration: This w.a.s,

P

’
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) .
however, mgmﬁcant differences were found between coefficients of

the quadrat:c model in the alummum chloride studv as compared
with the aluminum sulfate.

There were Ia.rger' variatioﬁs in the response in the case of -settling
than in the case of filtration. This md:cated that the reproducibility
in the case of settling. was not as good as in the case of flltratlon,
and it resulte.dl in higher- values of the pure error sum of squares

during ‘the statistical evaluation of the settling models.

B

1 (i



™

135

'CHAPTER SEVEN

FULVIC ACID REMOVAL \‘h\TH ALUMINUM. AND A NONIONIC

POLYMER ]MODELL\NG AND OPTIMIZATION
L\..__./

In the previous chapter the use of the quadratic models has been
‘ i . : < -7 ' :

demonstrated on the removal of fulvic acid with aluminum. In this
chapter the, polyrmer dosage becomes an additional variable_-in the-
experimental system. 7 o ‘

‘The objectives of this part of the work were:
}.  to model the reljrioval of fulvic acid with aluminum in the presence .

~ of nonionic polyacrylamide, and'

2 © to identify. optlmum combmanons of aIummum and polymer

concentrations that mlmmlze the cost of the chermcals for spec1f1ed

,fulwc removals

- ,@ESULT_S AND DISCUSSION ' - T
co . VThis Section concentrates on the mode!ling ahd thé optiuinization of

the removal of fulvic acid w:th alummum and nonionic polyacrylamlde

after filtration. The first experlmental reglon where the modellmg

techmquc!:?éd/wa@aby the pH rangmg from 7 to 8' the

-aluminum coficentration from 0.71 x 10 M to 0. 5 x 10 M and the

polymer concentra@:: 13“001 to 0.1 mg/L Thls experxmental regmn

will be referred to as Region I. The least-square estimates of thé mode]

parameters are given in Table 7/1. The most significant parameterfwas b -

~ which is an average effect. Among the parameters that characterize thg '
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TABLE 7.1 Parameter estimation and statistical cvaluation of the
nodel for Region I for the removal of fulvic acid by

.filtration

Varlable. i S bi_ . by _ ; bij {(j=1+1,3)
- 0 94.31 - -
pH 1 - --9.48 - 0.75 9.68 -2.79
: . _ . S .
Al conc. 2 29.78 ~27.65. -12.51
Polymer 3 - 9.09. - .1.93 -
Residual Sum of Squares ' ' ‘1328:99
Purc Error Sum of Squ&reS‘ Lo cow . 10.86 .
Calculated F-value : "‘ . 42.8
Fo.05(17,6) T ig°
'Avbrage Difference - o R 5,91‘ i
<
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variables all parameter§ associated with the aluminum concentration
appeared te be of major significance. This indicates that for this
exper:mental regmn the aluminum concentration was-the major factor :
affectmg the removal of fulvic acid from water. Three of the
.parar'neters, namely byy=0.75, byg=2.79 and byq=1.93 were not
'gignificantly differenf frc?r; zero, since an examination of their

kY

confidence intervals revealed that the zero value was included within.
.

- their confidence intervals.

A statistical evaluation of the model for this region is also shown i-n
Table 7.1. According to the F-test at the 95 percent conf‘idence levei the '
- model indicated lack of fit. The reason was twofold: the high value of the
residlﬁa.l sum of squares (.1328.98) and the low va.lue of the pure error sum
of squares: The latter contributed by leés than one percent to the residual -
sum of squares. Thls was the result of the hlgh degree of reproduablllty
for t’h/ehsame expertrnental conditions. Despxte this lack of fit, however, '
the average d:fference between predlcted and observed values was less
than & removal. percentages. This i Is equivalent ';o an error of less than'10
'_percent for the high removals that are of 'in.teres‘tiin water treatment, -

Visual representation ef the mode} predicrtions along with the
expe{'imental"obser.ﬁati,ons for pH 7.0 and 8.0 are s.hownlin F'igu.res 7.1 and
'7.2,..respecltivel'y. ‘Tlh'e removal of fulvic acid increased dramatically ‘wi_th.l
increase in the 'aluminu‘m dosage,' while the effect of the polymer
concentration was-not as large. lThe eff_éct 'o.f the bol_ymer, however, was
more Signiﬁ_icanf at pH 7.0 fath'er than at pH 8.0. The effect of tl:ie
_ polynﬁe'r depen.ded also on the aluminur;'n dosage. At lower aluminum

concentrations the pplymer promoted the removal of fulvic acid to a
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"FIGURIV 7.1, Removal predictions for Region I
' : - £
“pH = 7.0

The left-hand ofdinate_and the bottom abSci;sa'are giﬁen'ih

coded form as werefusedain the model.The right-hand ordinate
'givéé the'polymer'concentrationfin'mg/L and'the tqp;ébscissa
 5givés the aluminum dosage in mol/L.

’
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larger extent thanat higher aluminum concentrations. At pH 7.0 and an

'aluminum_dosage of 0.71 x: 104 M the observed-removals were 2%, 63 and

. 94 percent for 0.001, .01 and O.l"rng/L polymer respe(_:t'ively, while for an
- aluminum eonc.entratlon-of 0.188 x 107 > M the polymer did not
o de'monstrate any significant effect. 'In that Case the removals ranged

. between 98.and 100 percent. This behav;or of the po!ymer at the lower

alummum concentrations and consequently low or moderate removals may

' 'be explained as the result of theé interaction between _th_e -polymer and the

aluminum- fulwc ac1d partlcles It has been demonstrated in Chapter 5

k that the polymer does not 1nteract directly with the fulvic acid molecules, ‘
but w:th the parttcles formed asa result of the mteractlon between the

' orgamc matter. and: the alummum At lower alummum concentratlons a

sngntftcant portlon of the formed Darttcles 1s very small in size (less than
0.1 .um) In’ the presence of the polymer the size of the parttcles increases
due to flocculatton and therefore hlgher separatlon by ftltratlon is

accompllshed When the alummum concentratlon mcreases, coagulatlon

" and Sweep—zone precipitatton of the micro-colloidal particles by the

' 3
aluminum spec1es results in htgher removals and consequently in lower

flocoutating efflmency of the polvmer Another importarit observatton )

-,

_ was that less alummum was requ:red to achleve a specific removal at the

o
lower pH (pH = 7.0) than at pH 8 0.
Flgures 7.1 and 7 2'give su1table combmatmnmf alummum and -
polymer dosages to achle_ve a desxred fulvlc acid removal. The combmed .

cost of the chemicals, hoWever,' diffe'rs along the iso-remdval lines. While -

‘the cost of polymer is htgher than the cost of alum, much smaller dosages

~ ‘were requnred thures 7.3 and. 7 4 show the combmed cost of chemtcals

as a fun_ctton of the polymer concentration for various removal
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1

levels at pH‘}'.OVand-S"‘.'O"reSpecti'\.relyA. The cost was'based on the 1983

“market prices for alumn and water—soluble polymers These.prrces Were (in

Canadian dolIars)J v _ . : | | i\

Aluminum = $0.081 per mol Al, and

Polymer =$5.8 per kg .

thures 7.3 and 7.4 demonstrate that as the polymer concentration’
mcreased, the combined cost of the chem'icals dec‘reased. ln addition to
this, the cost of the chemicals for achlevmg a specmc removal depended
also on the pH. For a htgh deslred removal levei such as 90 or 95 ‘
perc‘ent it would cost almost twice as much to remove fulvnc ac1d from

| water at pM 8.0 than at pH7.0. It should be mentloned that in F;gure 7 .3
the dotted line represents the model predlrttons at aldrrtmum )

: concentratlons that were outside- the experlmental reglon Although the
error assocnated with the removal or cost may be as high as 10 percent
these flgures clearly mdlcate that the addmon of nénionic polyacrylamide
had a benef1c1al effect on the removal 01’ fulv::: acid wlth aluminum..

Since there was’a reductlon in the combined cost with mcreasmg
polyrner‘ concentrations and judging from. thures 7.3 and 7.4, the next
experimental reglon thatlwas te’sted,’was _defined by:

’ pH 7 to 8 .
aluminum concentration: O 71'.x 10 M to 0. 188 X 10 m
polymer concentratlon. 0. OI to 1.0 m;z,/L
This experimental regton is denoted as Reglon IL The parameter

" estimates for this regton are presented in Table 7.2, a[ong ‘with the '

statistical evaluatlon of the model. Once agam'the most 51gn1f1cant

parameter was b whlch Is an average effect The next most - 1mportant
.

parameters were b2(associated with the aluminum concentr_ation) and b,
o~ '

*‘
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TABLE 7.2 Parameter estimation and statistical evaluation of the

model for Region II for the removal of fulvic acid by

Filtration -
- .
v Variable | i b by .. by (3=i41,3)
v o . B9.24 . - - 77 : -
oo 1 ~14.18 -2.62 ~9.15 2.31
Al conc. . 2 18.84 - -7.81 . -9.31
.Polymer 3 - -4 .57 -8.26 o :_' -
Residual Sum of Squares : 543.20 .
~, Pure Error Sum of Squares’ C § 15.38
Calculated F-value - : o lz2.1
Fo.0p5(17,6) . o L $ 39
Average-Difference .~ L .~ 3.64
L] - o
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average difference between the observed and the predicted values was 3,7

 removal percentages. This tranélates in®-an error of less than five
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(assoc1ated with the pH). In general, however, there has been a
s:gmhcance [‘EdUCthﬂ in the values of the parameters that characterize
the effect of the alummum concentration, as can be seen-hy comparing

Tebles 7.1 and 7.2. This was the result of a less non-linear response

surface, which in general occurs when the experimental region is reduced °

. in size. This reduction of the non-linearity of the response surface had a

*~ most profound effect on the alummum concentration. The parameter

whxch cbaractenzed the second-order term (bgp) was reduced from -27.65
1o -7 &1 when the h1gher aluminum concentratlon llrmt was reduced from :
0.5 x 10 M to 0.138 x 10 M. Two of the parameters that were not
significantly different from zero in Region I also had tHe zero ‘val.ue _
included in th.eir confidence intervals. These parameters were by, =-2.62

and _b]éé 2.31. The third one, 'hewever,'né\mel.y byg,increased significantly

-which indicates that in Region Ii the effect of the polymer concentration

was more non- lmear.
Statisncally the mode] demonstrated better ilt in Regmn IL. 'l'here
was a reduction in the residual sum of squarsé by almost 60 percent whlie

the pure error sum of squares indicated again a high degree of .

' ) reproducnblllty. The model, however, fa;-l’efdfp satisfy_.the F—teet despit'e‘a

" significant reduction in ithe calculated F value. On the other hand the.

\

percent for high remova! levels. Such a relatively small error is \\

d)als wer’e
P,

plotted on normal probability paper. As is shown 'in Flgure 7.5, all the :

~

Aremduais lie close to a'straight line. This conflrms that the observed

-
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residuals may be explained“a‘-s-a'r*}é:lt of random noise.
Plots of the‘pre'dicted respo‘nse and the experimental data are shown
in Flgures 7:6 and 7.7 for pH 7.0-and 8.0 respectwely The 1so«removal
curves for Regton T are quxte dlffe:ent frorn the Iso- removal curves for
J Reglon I The curves ln Reglon II are characterlzed by the appearance of
: mmnma w1th reSpect to the polymer concentratlon Thls was the result of
. partlcle restablllzatlon in the presence of 1.0 mg/L polymer Wthh caused
B :_ the rernoval eff:c1ency to, deternorate The restabnlt?atlon of the partlclesf
" was. mare 51gmf|cant at’ pH 7 0 than at pH 8.0. The tendency for the
| polymer to have a larger effect on the rer at pH 7. O (than at pH 8 0) |
/’Mpc v1ously observed for Reglon I - - '
The combmed cost of the chemlcals along the iso- romoval curves for
L -_;:.-'pH 7. O and 3. O IS glven in Flgures 7. 8 and 7.9 respectively. 5031 flgures
- i clearly demonstrate that the cost curves passed through a minimum. ThIS
; .mlmmum occurred &t a polymer corrcentratlon of 0 1 mg/l. and it was the
3 same for both pl:l levels The optlmum alummum concentratlon, however
P e h ) _depended on the pH At pH 7. O the optamum alummum concentratlon for '
. 55 percent removal was O 9 X lO M (correspondlng to Ry =-0 3 on Flguref o
- o . 6), while at pH: 8 0 wa,§ around 0 2 x 1073 M for equ:valent removal _
L o .‘.(thu:ew\‘/) The mlnlmum combmed cost at pH 7.0 was found to be |

T approxlmately half of the cost at pH 8 O for the same removal levels.

Overall 1‘t can be concluded that the addmon of 0 l1 mg/L of nonionic. .
' .polyacrylamlde \wth equwalent reductxons Ry the alumtnum dosages 5N
‘ resulted in 0pt1mum combmatlons of. these two chermcals If one N
' cons:ders the cost of accomphshmg 90 to 95 pefcent removal of fulvtc

acid solely with alummum as belng practlcally the san;ne as iny the presence

of 0. OOl mg/L polymer, then under optlmum cond1t|ons the overall A

e
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- reduction in the cost of chemicals was as hlgh as ‘30 percent depending on

the pH, with the hlgher redurtxon orcurrmg at pH 7.0, - Co.
. Further improvement of the model is also possxble, elther through an

épproprlate transformatlon of the observatlons, or by applymg The

‘modelhng technique around the optlmum. The latter is of mgmﬁcance

v

from an Operatlonal point of view, smce durmg normal oPeratlon it is very

‘ pn_hkely that changes in the aluminum and polymer&nyntratlons would_ .

be of fhe magnitude‘étudied in this work.

‘ Flnally, a pomt should be made about the measurement of the
. ¢ :
removal The concept of "removal" usually depends on the separatxon of

the solid from the hqu1d phase. In this work membrane filters with a pore

Slze of 0.10 pm were employed. It has been shown in Chapter 4 that

fllters “with d1fferent pore sizes may have d1fferent Separatmg

efficiencies. On th@ other hand, deep-bed filters used in water treatment

.pl,ants'ldo not necessarily behave like the membrane filters.in t.ne lab.’
N Nevertheless, the procedures and’ideas presented in this chapter should '
-provide guidan(_;é for the opt}imization of the removal of f_urlvic acid using

"polymers in full scale operation with deep-bed filters.

.-

72 CONCLUS’lONS

L ]
The followmg concluﬁB‘ns can be drawn from this’ work

.~ The removal by filtration of fulvic aCld w1th aluminum and nomon:r

v

. polyacrylamide was successfully model]ed by a quadratjc polynomlal

’
based ona three-level factorial de51gn. For experlmental reglons of .

practlcal s:gmfxcance the error between observed and pred:cted

values was less than five percent.’
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The aluntinum concentration had the most significant effect on the .

removal, pH was the next mogt significant and the polymer.

-’

\w

-

‘ concentration was the least significant for the pH raw-lo to-

80, S o

The pr.eséng:e of .th.'e polymer at :concentrations_be;l}ow 0.1 mg/L

facilitated the removal. The effect of the polymer was more '

g .

“significant at pH 7.0 tf\én at pH 8.0 and at lower alumfhum

. concentrations. '

Concentrations of polym_er'around 1.0omg/L resulted in

restabilization of the particles and subseque_n-tly in deterjoration of

~ the removals. The particle restabilization was more .significant at

pH 7.0 than at pH 8.0. Particle restabilization has also been

observed by Edzwald et al. (1977). l - -

_The combined cost of the chemicals (alum and polymer) was

" minimum at a polymer dosage of 0.1 mg/L for the entire pH range

studied. The optimum aluminum concentratior, however, was a

function of the pH; _

"~ The combined cost of the chemicals at pH 7.0 was approximately

half of the cost at pH 8.0 f(_or the'same degree of removal.

Under optimum removal conditions, wath respect to the polymer and

aluminum concentrations, an overall reduction in the cost of the

“chemicals of up to 50 percent was estimated as compared to-the

‘ L/_/ cost in the’absence of the polymer for the.same high level of -

removal. This reduction depended on the. pH, with the higher
reduction.occurring at pH 7.0.

1
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CHAPTER EIGHT ~ - e
. . - ° .. ‘ (
\/ v E S * . v £ f . '
AN INVESTIGATION OF THE nACTORs AFFECTI GTHE ¢
L// REMOVAL OF FULV[C ACID FROM WATER BY .
. ' B

Ay UM AND POLYMERS o
- In the prevlio fte'ct of nonionicpolyacrylamide on
the removal o_f fulvic " aluminom was elucidatedtl There has been
no effort to optimize t L lymer properties, such as the molar mass and
the degree of hydrolysis.- [.n"practice, the application of polymers. in le_ater
treatment is contingent upon their cornmercial availability rather than a
thorough exammanon of their propertles L | } r_r-

Th:s Chapter atlempts fo clarify the effect that the molar mass and

the degree of hydrolys:s of polxacrylamlde have on the removal of folwc

'-ac1d from water. in the presence of alumlnurn %’hls is done in gélat1on to

various experl-ment condmons with regards to the pH the polymer =
dosage and the concentrition of calcxum present in the watef. The five
varlables (calcmm concentratlon, polymer degree of hydrolysxs, polymer
molar mass, pH and polymer dosage) were stuched in accordance to%a 2°~

‘. ] Resolution V fractlonal' factorral e)gp.erimental de_s1gn (Box and Hunter,

1961 b). In the-%selution V design no fmain effector tw'o-factor

_ mteractlon 1s confounded with any other main effect or two-facto\/

e . y ,
" --  interactions. In this work it was assumed that three - (or more) factor
mteractlons were negllgxble and therl'tefore unconfounded estimates of the

_mam effects and , &

o

A



B
- the two-factor interactions could be obtained.

8.1. RESULTS AND DISCUSSION

.- . 5- -
The design matfix. of the 2 l experlmental des:gn is shown in Table

8.1. The defmmg relatlon of this demgn is given by 1= 1231;5 The versions
Aof the flf‘th variable (plus or minus) are equal to the product of the.
versnons of the other four variables. All the m,_aln| e_ffects;are, 'the‘reforé,
confounded with four-factor interac':tionsl, w_hile‘ all two—fa__ctor- '

~ interactions are confounded with the Althree‘-f_actor in_teractions; It tnree
and four-factor ihteractions are neg‘ligible,.then one can estimate 'the
a\;ferag'e, t'h'ejﬁ.ve..n".nain effects and the ten two-factor interactions with

the sixteen runs of the design. Each effect equals one eightn of the

summation of the response values with eacHyalue being multiplied with

~ the corresponding sign in.the cdlumn of the effect The ave age is a-‘mean'.

value of the response The response was the percentage of fulv1c acnd

_ that was. removed as determj by the residue obtamed by flltratlon
The estlmates .of the efMRcts al\ong w:th _the confoundmg patterns are

presented in Table 8.2. The magnitude of each effect mdlcates its

' relatwe SIgnlflcance in the process. The effect of. pH for mstance, wnth

a value |, :-16 85 is more sugmfxcant than the effect of polymer

-k,

concentration 15' = 0.55." The sign of each;estimated &ffect is also very

-im'porfanf. It indicates which level of the variable affects the response

e

more. In the case of pH, the negative sign_shows thet the low setting of -

~ pH (pH =7) yielded higher removals than the high setting of pH (pH = 8).
To assess the significance of the effects, an estimate of the

standard error is required. This is equwalent to the F/q}are root of the

. variance of the effect The varlance can be obthmed bin(Box-et al 1978)

s



TABLE 8.1 ° Design

[N,

matrix of the study and observed removals

4

s
. . . . c ) Removal
X 1 2 3 4.5 12 13 14 15 23 24 25-34 35 45 after
‘ o filtration
- z
B . 7’
1-% + + + + +?"+? o+ o+ &+ + 80.9
2+ + - -+ - =+ - - + .. 94.3
3 0+ + =+ =+ =+ = = %‘ - - 83.0
B B S T T T T - 96.0
5 4- 4 4 - }/ O - - 83.0
. ’ ‘l) ‘
6 + - + -+ -+ = 4+ - 4 = - 96.0
. : A .
7 + - -+ 4+ - - + + + - - + B3.6
. TR ' ' . Lo
B +:.- - <" = - - - = + % + + 86.0-
g - + o+ 4+ - o 4 + o4 = - 7l.d
10 - + + = A - 92.5
NI - 4 - 4+ 4 - 4 = = Do + 74.0
{*s | -- N
12 - +o- - - - + + % - - - + 93.1
13 =~ S Byt o o m = e ol v/ 72.2
- hy . '
14 - - + - - 4+ = o4 ‘g” + et o+ 92.5
15 - - - 4+ - + 4+ - 4+ o+ - ¢ - 72.5
16 - - - - 4+ + + + <+ oy - - 94.6
" ‘
. . 4
L
1

-



-Variable ‘ Confoﬁ'ﬁding paﬁtern ) Effect
. »
‘ ’ . Nl l . . +

Average. - . 1i—> average+§(12345)- lI = 85.95 T p.12
Calcium conc. o lp=»1 4 2345 1, = 6.3 To.24
DOH L. ly=32 o+ 1345 1y = -0.7

M ‘ 13- 3 +'1245 . . 13 ="-1.3

" . ’ ‘ . N - I N .

pH ) 14->4 +71235 L 14 = -16.85 -
* Polymer -conc. A lgm>5 4 1234 S 1g = 0.55

Ca x DOH T 1= 12 + 345 1,, = -0.4

Ca x MM 173->13 + 245 1) = 0.2 ‘
-Ca x pH . ~l,,->14 + 235 1 = 3.9 -, -
‘ *, 14 B ‘_ 14.

Y a : — 5 234 . ' =

Cg X Folymc?('\ . 115 > 15 + 234 ) - 115 =0.5,

DOH x MM - oo 1237->23 + 145 - 1,3 = -0.55
DOM x pH lyg=>24 + 135 - . 1, ='0.1

DOH x Polymer 195——>_25 + 134 1.,5 = -0,05

MM x ph T ly4->34 + 125 133 = -0.2

MM x Polymer 135—->35 + 124 .135 = ~0.35

pll x Polymer 1,g->45 + 123 145 = -0.25

-
7 t
5
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] 2
V (effect) =4 /N

where N = number of runs
| U'Q:the variance of the observations
An estimate of dzcan be obtained by performing repeat runs, usually at
the centre pomt of the de51gn In the present work, this was practxcally
1mpo,ss1ble, smce no polymer with molar mass at the intermediate level of
those of the two polymers was commercially available and it(;\production_

in the lab was deemed unfeasible relative to the résearch-objectives.

- Therefore, the repeat runs were performed at one of the experimental

points of the design matrix. In order to ensure that the estimated

variance did not have a conservative value, the repeat runs were done at a

point wh@e the reproducxblhty was considered to be relatwely small The

: experimental run 7 (Table 8.1) was selected as such. This run was done at

pH 8 where, for the aluminum concer.ntration used, the removal was not
@Lé' to 100 percent.” The six replicate'runs gave f_he following removals-
(in percentages): 83.0, 83.0, 83.9, 83.6, 8.2, 83.0. The reported value of
83.6 for run 7 in}'able 2 is the averaée.o_f these six values. An estimaté

of the variance can, then, be calculated from (Box et al, 1978):

- . .
1 - 2 T
=3 Z { Yi<Y; )] | ( 2 )
i=1 S | _
where s2 = an estimate of the variance T -
y, =the rema\}al values, and ’ g
?i = the average removal of the six runs

Substituting in Eq. (2), an estimate of the variance equal to 0.231 was
obtained. From Eq. (1) the variance of the effect was, then, calculated
and was found to be 0.05775. Tht::-zjefore, the standard errb_r of each effect

was 0.24. The standard error of the a;rérage was half that, ie. 0.12,
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Tllese two values are shown in Table 8.2. 'Most of the effect estimates
" dre differelnt fyom zero. The cdntribution of a variable, however, whose
effect appeared to be different from zero, 1s not necessarily very large
The effect of the polymer concentratlon for mstance, has a value l

0.5.5. Eventhoqgh it is larger than the standard error, 0‘.24\its
E:ontrlbutio.n to the removal is not very large. One way rp distinguish the
most irnportal‘lt effects is to plot these on rlorr'_nel .probabili‘ty paper
(Daniel, 1976; Box et al, 1978).- All effects that are srﬁall can be
explamed as random noise, followmg a normal d15tr1but1?~rl On normal
probablllty paper these effects would then, appear on a straight line.

Any effects w1th a sxgmflcant contrlbutlon would not be on the l1ne The
plot of the effects is shown in Flgure 8.1. .There are thrée éffects that
- are Iocated away from the lme, 1, = -16.85, 114‘ 3.9 and l]- 6.3, while =
-1.3 lies close to the line but not on it We conclude, therefore, that the
most-significant fraction that affected the removal of fulvic acid from .
vl'ater with aluminum and polyrhers'were the pH, the calcium
_‘ concentration, the-interacjclon between pH and calcium, and rhe polymer
molar mass.

“ lhe effect of pH has been adequately described in the litera_\ture '
. (Edzwald, 1979;>'ﬂa\l_land Packham, 1965). Although in this section the ——
lowest pH employed was 7.0, the optimum pH for most efficient removal
has been found between 5 and 6. The pH affects both the ionization of ‘{'
the functional groups on the fulvic or-hu-mic molecules and the hydrolysis
"of the aluminum iddp. Increased ioriizati\on of the fulvic functional grpups
resultg in lower alu_rninum efficiencies -or, in o_ther words, it requires
“higher aluminum c__lbsages for effective coagula.ti'on.. |

The pr_e'sen_ce‘of calcium in the standard test water was also very |

. significant, as was concluded above. In this study, however, that the pH

-
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".was also a vanable the effect of.calcmm should be s-tudled in connectlon
w:th the pH Th:s is mdlcated by the sngmflcantly large value of the -- |
mteractmn effect Tyg = 39 This means that the presence of calciu
1nfluences the removal of. fulvic ac1d with aluminum and its 1nfluence
depends on’ the pH ‘ Both the caIcium main effect and the pH - calcium

A
‘/ v
tnteractjon are pos:twe Thls 1nd1cates that higher removals were \‘\0

. u
obtamed at 40 mg/L calcmm (hlgher cf:turn level) than at 4 mg/L (lgv

> " alcxum level) for both pH levels. The'effect of the calcium, however, _ - .
. . 4 .
' T was dlfferent at gii(zgrom that at pH 8. An estimate of the difference
may be obtamec!i by c n51der1ng the average removals which were ?

« achleved at’ pH 7 and 3 for the two calcium levels, This may be done by V\
. e -

T ’ T
bIockmg the ex@nmental de51gn ‘The average removals from runs 1,3, 5

RSN
and 7, and 9, 11 13 and 15 characterize the effect of calcium at gH 8 for

- < .
40 mg/L and l& mg/L calc:um}‘respectwely, while the avera/'e removals )

-

from runs 2 4 6 and &, and 10, 12, 14, and ycharacten?e the effect of
the same ca1c1um levels/a,t H‘D? The presence of 40 mg/L ca1c1um at pH

8 resulted in an mcrease in removal by 1"2 percentage points, wh1le at

y H ? thlS incredse amounted to anly 2.4 percenta & points. Therefore, the *

S

\beneflmal effect of caIcnum was four times a e at pH 8 as at pH 7. Y
- " \_, . s_'l
-- This estlmate, however, is an approx1mate one, since blocking of a 2

Resolutmn V destgn Lsnot possxble(mthout associating one or more main

effects or two factor 1nteractlons wnth the bloci\v%rlables In the above

N{\, est1matlon, th:s does not constitute a seﬁrus error, because the effect of

-~

the calcmm and the pH are far more’ mgnhlcant than the eﬁect of any S

| S | R N
other variable. - S : S -
. - .. 'I .
The beneflmal role of calcium is in agreement thh the findings by

Randtke and Jepsen (1981). They found that at pH 6 the addition of ",
o AR
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calcium chloride in the water r'esulted in lower alum requirements for: e
-~

effective removals of peat fulﬁc ac1d A similar effect has also- been '

" .

demonstrated for ferric sulfate a coagulant with a chermcal behawor
similar to alum (Mauldmg and Harrls, 1968) It was found that the
presenc/o{ calcnurn mcreased the effecttveness of coPr removal and ° = T

extended the pH range of good coagulatlon to hlgher pH values.

The role of calcium seems to be two fold: first, it can interdet~""

- oy

’ ' " ’ - ) N . . R f . !
directly with the fulvic (or hUmicl molecules, and second it can interact _@J
\R3 R . 1~ -

with the aluminum—‘_fﬂulvic acid -particles Dempsey (1981) has shown that

the calcrum fulvic acid lnteractlon was strong enough to neutrallze over

50 percdﬂof the fulvxc acid charge, whrle fhe extent of assocratlon L | RV
between calcium and fulvnc acid 1ncreased w1th mcreasmg pH for the. ._ B

most fulv1c ac1d fractlons On the other hand hlgh levels of calcmm can

coagulate the coIIo;dal parttcles that are formed from the mteracgon , r:. T o
between alumlnumt and iulvnc acid. }n the abSence of alumlnum no
rern.oval of the orgamc matter has been observed w1th the calc:um alone
at and around neutral pH (Mauldmg and Harns! 1968 Shaplro, 1964). " The

~ .

larger mteractlon between calc:um and tulvic acxd at hlgher pH and the

. coagulatlon of the nucro-colloldalpartlcles (assoc1ated wrth reduced o Q

'

- at pH 7. Thts-.rs alsa an mdlcatxon that-the rembval of- fulvxc ac1d w1th

*

removals) may explam the more mgmfxcant'ole of calcmm at pH 38 than;v

alummum would be larger in hard waters. than in"soft waters.

4

The polymer propertles had a smaller efféct on the removal than d:d

. the pH and the calcmm concentratlon Of the polymer properties the

molar mass was more srgmflcant than the degree of hydrolysrs The

polymer w1th the molar mass of 5 to 6 mllhon was more effectn’e than ‘

that of 13 mtlhon as 1nd1catesl "by the negative est:mated effect 1 = v, 3’"\\‘—/’_-“‘

. : : EEEETER YPIRN
e 0t o : - e

N ‘ . ‘_“"h | ‘? ) -
n . ) ' Y . "'1""‘-."\-’
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The low effect of the polymer charge, as charactenzed by the degree of
—hydrolysm, may be attrlbuted to the interaction of the polymer thh the
. alummum fulvic acid colloidal parncles and not with the fulvic acxd

molecules.. The same reason was also used-tp explain the 1ncre_ased
remova£§ after filtration observed in lthe'presence of the polynﬁer' i

(Chapter 5). - -
8.2. CONCLUSIONS . -

Those that confirm previous results: .

. A.combination of aluminum and polyacrylamide can be used to
remove fulvic acid from werer.- ThlS agrees with the fi_nding_s of

Edzwald and coworkers.

New conclusions: . o L, .

2. The applicability of a 1.6-experirhent, fract_ibnél factoriel

experimental design eould efficie'ntlyl re;olve the effect on re'mo‘val'
e of fulvic acid of the-variables pH, céleiurn concentration; polymer

cor‘gentrati.o_n, polymer molar mass and degree of hydrolysis.l

3.  For.a fixed concentration of fulvic acid and allilminum dosag'e rhe
most significant effects were the pH, wthe'calcium'r;o'ncentration., ‘
the effect of the calcium-pH in?eracti_pn and-the polymer rﬁoiar o
mass. "l'he effect of the pH lwae larger at pH 7, the lowest pH used,

than at pl—l‘g. - .o ~ SRR

&4, The presence of calcxum mcreased the efficiency of the alumlnum-
~

polymer combingtion to remove fulvic acid from water. This is in-
L , agreement with the findings‘;of Randtke and Jepsen (.1.98;)/ The
- " . * p ;
eff:‘t-of calcium was more sighgfcant at pH 8 than a PR 7.

3. The'polymer’ molar”mass was the most important of t e polym r.,f'-’
— .

\.,-

proPertles, althougﬁ its effect was le&s*mgmflcant than that of the
\'&\ ¢

. "“N{‘{“ BB |
- . ' __\—\\ » ‘ﬁ‘),\?

>

.3
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._‘pH or the calcium. The most effective molar mass was around 5
mikign.~ |

-_For the experimental conditions of the research, all second order’
interactions between the pH, thé célgium concentratio-n, the‘pblymer -
d:osage, the polymer molar mass and the polymer 'degree of b
hydro.lyé'is were negligible, with the excep,t-ion pf the inté!'_-ac'tiion'-

between the pH and the calcium concentration.’

*u

-
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CHAPTER NINE:* L f‘\

-

ar

#  CONCLUSIONS AND RECOMMENDATIONS
. -~ . ~

9.1 - CONCLUSIONS

o

The conclusmns of the research are as follows - -
1 . The effnc:ency of aluminum coagulants to remove fulvic acnd from
' \l;fater after filtration depended on the pore size of the membrane ¢
filter. Differences in the removal of up to 80 percent were C
observed between ftlteré with pO([ sizes 0.45 ym and 0.10 pm with
the latter bemg in general more fflClent Partial clogging of the
filter pores | resulted in 1mproved separation of the flocs from the
1ifuid phase in the case of 0.45 pnr filters. Because th;s effect is so
51gn1f1ca i care should be taken in 1nterpret1ng data where removal
has been measured on the filtrate through membranes or f;lters of
~ pore 51zes greater than 0.10 pm?
2. The removal of f-ul;ric_ acid with alumlnum salts was a stror\g
func,:t/igy‘:;of. the pH and the aluminurn dosage. Complete rembvals by.
._‘ iiltratioMeved at the lowést pH used (pH-6.0) and for the
highest aldminum eoneentration (0,5 x 1072 M) for both aldminum
chloridg and aldminurn sulfate. Al:though the optimym pH range as
reppt-f\e}[ib_ .

side"‘the experimental region in this work, the removals obtained .

Hall and Packham (1965) (optimum pH 4.5 - 6.0) is

a4

in this'work at pH 6 agree within 5 percent with the removals \

" reported by Edzwald (1979) and Dempsey et al (1984).

ﬁ./ ) ' #
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3. Both alunilnum sulfate (alum) and aluminum chlo‘ride demonstrated

51mllar eff1c1enc1es in* removmg fulvic ac1d from water after

.@ | N “ flltratlon for the pH range 6.0 to 8.0. Bersﬂlon (1983) 1n |’115 study
: of the removal of TQC from natural water, found at pH 6.0 about 2
'percent_difference in remoral between alum and alu_minJm chlo_ric[e |
and he reported that-at higher pH the two aluminum salts behaved
- -similarly. ‘Thus, this work _agrees with Berslll on (1983). (Th‘eo
‘Maulding and Harris (1968) study contrastlng ferris chlortde w1th .
‘\ ferric sulfate: concluded that the presence of sulfate had a
' detnmental effect on the color removal by ferrlc coagulatlon Thelr

work, however, was done at pH 3 to 4, Hence, they were studymg a.

rdlfferent system and used a different pH range Therefore, their

. -conclusmn that the chlorlde s%s more effectlve a coagulant - o
. -‘_should not be’ pertinent to this work ). | | |
T 4, - The removal of fulv1c aC1d after settlmg was always smaller than B .
- the removal after flltratlon Removals hlgher than SO/percent were " ‘

- only obtalned for the hlghest aluminum dosage (0 BX.LQ_ M), Sogme
- 3

dlfferences exlsted in the settlmg of the flocs for the twqalumlnum

.salts for an alummum concentratlon of 0. 5 X lO M. Partial -

staEilization of the particles was postulated to have taken place Y
| "between'pHJ an_d—é in the- presence of tlhe sulfate ion. “ |

) 5 : _The turhidity_oj t_he treated unsettleg solution depended on the . | . ' j

-F
1]

aluminum concentration'and the:pH. The fulvic acid remaining in

solution after filtration was found to correlate with the turbidity

before settling- follo'wing an exponential decay model. No
51gn1f1cant differences were obsérvad in the exponential decay

models derlved in the case of alum and. alummum(gtlorlde. -
> ! . ;

! - 7 l. ' ' , : ' o
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accepted statistical tests, such as the F-test.
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~

The presence of the nonionic polyacrylamide enhanced both the ‘
=, settling -of the flocs and the removal after filtration. The maximum

~increase in theTemoval after settling was around %0 removal

percentages while the maximum increase in the removal after

filtration was as high as 95 removal percentages. This increase in

the removal due to the presence of nor_lion"ic polyacrylamide is in

- . | S
- general.agreement with the findings by Edzwald et al (1977). Th/e!.

improvement in the removal after filtration was more significant'at

i‘ntermediate aluminum concent'rations (0.71 x 10” M) and it wti_}

attributed to the flocculatlon of the mlcro-collomjal plttcles which,

in the absence of the polymer, passed through the pores of the

. A mathematlcal model was developed to quantltatlvely describe the

effe%he pH the aluminum concentration and the polyrﬁer

COﬁcentratlon on the removal Otf, fulwc acxd The model was based

-

on the 1dea that for a sm@ll expenmental {or 0peratmg) reg1on the °

- response surface could be adequately modelled w1th a quadratlc

equatlon with respect to the varlables. Further 1mpr0vement of- the

, model was also p0551b1e after an appropnate transformatxon of the

) observatrons. The adequacy of the model along w1th the statlstlcal

.evaluatxon of tHe proces?es was easily checked,.by performmg well

)

. . o S -
Because the-model was empirical, both the removal after filtration

and the removal after -gennng were mOdeICa" The r€moval afte;

settl'i.ng was characterized by larger non-lihearities as well as

' 'sma'ller r_eprodhcibility as compared to the removal after filtration.

a o w

‘{_. _.‘ ) * . . s

-
¢
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9. A concenfr_ation of nonionicjglyac?y.l.amid'e of 0.1 mg/L had the
‘max:mum effect on the removal of fnlw.c acid wnth alummum after
1Itrat10n The effect of the polymer addl‘tlon was more sngmfxcant
‘at BH 7.0 than at pH & 0 and at lower alummum concentratlons
Polyrner concentrations larger than 0.1 mg/L resulted in
restabilization :of ‘the micro-colloidal particles and consequently in
deterioration of tne_removale. The particle restabilization was also .
mofe signifit.:-ant at pH 7.0 thén at pH 8.0. The résults by Edzwald
et'al (1977) also suggest some partlcle restab111zat|on at polymer
levels higher than the optlmum. . o
10, At the o@mum d_osage-of nonionic polyacrylamide of 0.1 mg/L the
eombined cost of chemicals for effecti-ve remo\ral was minimal.
Under opt‘i.mum conditions an ov‘erall redection in the combined cog;t' -
‘of- chemicals of up 'te 50 percent was eetime'ted as co.mpared to the . .
coet in the ab.eence of polymer. The cost reduction was also higtﬂer
at ‘pH 7.0 than at pH éO |
I1. . An inv.estigation of factors that aff'erct'th‘e removel of fulvic ‘acid
with aluminum after f.iltration'in‘dicate‘d that the calciuﬁ present in
> the fulvic water had a larger effect on the removal than the |
' polymer prloperties.‘ increese'd removals were obeerved in the
* presence of calcmm, whlle the 1mprovement was more rsxgmflcant at
- pH 8.0 than at pH 7.0. Among the polymer prppernes, the molar
mass was more important than the degree of hyfjrolysis. 'I'he most

effective molar mass was around 5 niillion,

v
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.The followmg suggestlons are recommended for future research ' Y

A study of the effect of catxomc polymer in the presence of

alum:num and comparlson with the nonionic and amomc polyrners

4

-Optlmlzatmn of the removal in the presence of the’ catxonlc

) polyme_r,_ which zan mt_eract dlre‘ctiy w:th_the_ful,v;c rnatenal_.

IA study of the turbidit'y before settling - removaf after filtration =

correlanon. An mvestlgatlon of the exlstence of the correlation and

explanatlon of the exponentlal decay model D'eee the same
correlatmn hold m-.the presence of polymer or for various fulvic acid
c"oncentra.tio‘ns'?_

A more tho;-ough.‘investi;g_et'ienef.._the etfect’of calcium on the
removal of fulv‘ic‘aeid with’ aluminum. . Can we opnmlzp/ﬁbe-/
removal by addmg calc1um and alummum together‘? . .
Optl'rmzatlon of a water treatment .syst_ern using th_r.ee criteria:
r_erhovel‘o'f fulvic acid,"remcévai of .t_urbid'_ity.ér'\d sludge production.

Modelling of each of these qeantities will be done by the response g

-surface method.

¢
B
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APPENDIX |

HYDROLYSIS OF POLYACRYLAMIDE -

The preparation of anionic polyacrylamlde by hydro]yzmg nonionic
polyacrylamlde can be represented by the followmg reaction
-c—c—_ + NaOH = -C-C- # Na* + nu
[ : ‘ 1
c=0 R C=0
. -

K_/'-'d NH .. o

3

2. . .
' 'Dunng the hydroly51s, the -l'\'H2 group 1&subst1tuted w1th a -OH group at -

alkalme pH The reaction can be rnomtored by measurmg the amount of
ammonia released. The degree .Of- hydroly51s is defined as the, mass o_f
monomer units hydrolyzed divided by the total rn_ase of the polymer,' and it
. is usually expressed_as a percentage o
The hydrolymg was performed in’ the apparatus shown in Flgure A. l
‘The e*«:perlmental proredure was sxmllar to that followed by Huck (1977)

r . .
Some minor modifications were made, pr1mar1lv in the amount of polymer

used, in order‘ to speed up dissolution and to-ensure that no polymer was -
lost dur1ng the transfer of the viscous polymer solutlon lOO mL of lg/L
nonionic polymer solution was transferred to flask A and its temperature
was ralsed to 50 C. Durmg the entlre process ultrapure mtrogen gas was
bubbled through to inhibit any degradafzon of the. polymer chams caused
by oxygen at this elevated temperature 50 mL of 0.01'N hydrochlortc

acid solution was placed in flask B. The hydrolysrs reaction stafted when
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FIGURE A.1  Apparatus for the hydrolysis of the polymer
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50 mL of 0.01 N sodium hydroxide solution was added to flask A. The

M . - - ! * *
ammonia produced was #riven out of the polymer solution by the nitrogen

’
[

gas and it was trapped into the hydrochlofic acid solution in-flask B. The

-

amount of ammonia released could be quantitétivtﬂv analyzed by
v
measurmg the change in the normality of the hvdroch]onciacxd solution.

When the desired degree of hydrolysis had been postulated to be reached,
the reaction was stopped by immersing flask A in iced water. The

polymer was p'récipitated by the slow addition of propano! up to a total*

volume of IL, while the hydrochloric acid solution was titrated to pH 7.0

in order to determine the ne'w normality of the solution and subsequently .

the premse degree of hydroly51s. The duration of the hvdroly51s reaction

was quite large. For the desired degree of hydrolysis of 25 percent, the

duratxon of the reaction was approximately 16h. Despite the care taken to
keep all experimental conditions consistent, the results of the hydrolysis
reaction were not Very-r_eproduci.ble. This was attributec.i to the |
i\gtetogenei;cy of the hydrolysis reaction. Poor repro?.lcibilitv was also a
problem with prevrious.studies that used similar schemes of h_ydr.olysis |
(Benéaek et al, 1976; Huck, 1977}« Getting the exact degree of hydrolysis

Al

dcpended on developing the expericncJ and by trial ahd erfor.

‘e
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APPENDIX 2 -

EXPERIMENTAL DATA -

A2.1 FILTRATION STUDY ' - R '

Leaching of UV-conmtributing organics |

mL of distilled Absorbance ; !
water .

0.45 L 0.10 - N\

25 0.012 0.012 ©.005 Q.006 0.006 0.004 0.004 0.002

50 0.005 0.003 0.00L 0.005 0.002-0.002 Q.000 0.001
75 0.000 0.000 0.00C ©.002 0.002 0.000 0.000 0.000
100 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000
125 0.000 0.000 ©.000 0.0600 0.000 0.000 0.000 0.000
150 0.000 0.000 0.000 0.000 0.00Q 0.000 0.000 0.000
200 - 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
250 o 0.000 0.000 0.000 0.000 0.000

.000 0.000 0.000

Absorbance of untreated fulvie acid solution
Fulvic acid concentration= 10.0 mg/L

mL of fulvic Absorbance

water
0.45 C . 0.10
10 0.340 0.340 0.343 0,347 0.332 0.348 0.347 0.352
20 0.370 0.366 0.368 0.370 0.371 0.368 0.369 0.371
40 . 0.372 0.367 0.368 0.369 0.37) 0.367 0.367 0.375
. 60 0.372 0.369 0.369 0.368 0.369 0.370 0.371 0.369
80 0.373 0.370.0.372 0.370 0.367 0.368 0.365 0.372
/7 100 0.371 0.370 0.371.0.368 0.369 0.366 0.366 0.366
125 - -.0.372 0.369 0.368 0.367 0.369 0.368 0.368 0.366
150 0.369 0.365 0.367 0.368 0O

.368 0.366 0.366 0.368
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Absorbance of untreated fulvic acid solution
Fulvic acid concentration = 25.0 mg/L

‘'mL of fulvic ‘
Absorbance

water .
. 0.45 ) 0.10
. 10 0.758 0.746 0.754 0.767 0.778 0.774 0.773 0.783
- 4 20 0.856 0.85Q 0.846 0.849 0.858 0.849 0.851 0.851
) 40 0.863 0.855 0.850 0.859 0.856 0.856 0.853 0.855
60 0.879 0.85% 0.855 0.857 0.855 0.855 (0.854 0.856
80 0.864 0.859 0.858 01856 0.853 0.856 0.856 0.855
100 0.861 0.858 0.855 0.855 0.853 0.856 0.854 0.855 }
, : 125 0.859 0.858 0.858 0.854 0.861 0.858 0.856 0.856
- ' 150 0.862 :0.857 0£.855 0.859 0.856 0.855 .0.858 0.853
. i . -
Absorbance of the filtrate of aluminum-treated fulvic solutioa
Aluminum ‘concentration = 0.5x1073 M .. pH = 5.96
mL of : )
filtrate Absorbanwce e . ‘ )
- 0.45 .00 - o
1o 0.010 0.008 0.000 0.008 0.008 0.001 N
. : 20 0.000 =-0.002 -0.002 0.000 0.000 0.00Q 3y \ﬂ;’(/
40 .0.001 -0.005 -0.003 .0.004 0.004 -0.003 . '
.. 60, '0.000 0.000 -0.006 . - 0.000 0.001 -0.001 C
. 80 0.002 0.002 0.002 O.OOdJ—O.OOZ 0.000 T
100 - _ 0.000 0.000 0.000 °-0.005N0.000- 0.000 .
, +25 ' 0.001 0.000 .0.00L - 0.001 0.002 0.005
0

150 . '0.001 -0.003 0.00L .001 -0.003 -0.005

- : ' . " »
Absorbance of the filtrate of aluminum-treated fulwic solution

Aluminum concentration = 0.5x1073.M pH = 8.13
.éTitiﬁte Absorbance
' 0.45 ' 0.10
10 0.239.0.258 0.267 0.058 0.060 0.055 - . ,
.20 . 0.109 0.290 0.296 - 0.042 0.041 0.038 et
40 0.045 0.266 0.292 _0.041 0.036 0.032 -
60 0.040 0.115 0.239 °0.038 0:030 0.032 .
B0 . 0.040 0.060°0.085 0.038 0.030 0.036 oo
100 0.042 0.04) 0.048 0.038 0.028 0.032 . = '
¥S5. . 0.041 0.038 0.041 0.036 0.030 0.030

150 0.040 0,037 0.042 0.038 0.030 0.027

.



Absorbange of fhe filtrate of aluminum-treated fulvic solution

-Alumipum concéntration = 0.71x10-4 M PH = 6.02

mL, of Absorbance

filtrate - .

4 0.45 0.10
10 0.020 0.020 0.025 0.036 0.025 0.028 0.029
20 0.035 0.038 0.068 0.078 0.024 0.025 0,032
40 0.134 0.024 0.167 0.178 0.021 0.023 0.022 \
60 0.120 0.018 0.197 0.194 4.021 ©0.022 0.022
8O T 0:049 0.020 0.166 0.145 0.023 0.024 0.024
100, 0.019 0.021 0.060 0.081 0.017 0.019 0.020
125 0.017 0.016 0.031 0.027 0.019 0.021 0.022
150 0.017 0.018 0.024 0.021 0.020 0

.019 0.024

" Absorbance of the filtrate of aluminum-treated fulvic solution

Aluminum concentration = 0.71x10~4 pH = 7.97
?L of ‘ A’b sorban c e
filtrate
L 0.45 i . 0.10
10 0.311 0.320 0.315 0.261 0.271 0.265
200 . 0.356 0.352 0.350 0.318 0.322 0.320
40 0.360 0.357 0.356 ° 0.343 '0.338 0.339 .. R
60 . .0.359 0.359 0.358 0.351 0.34Y7 0.345 ¢
8O 0.359 0.360 0.358 0.347 0.349 0.346 ‘
‘100 - 0.359 0.353 0.360 0.344 0.349 0.345
125 0.364.0.362 0.358 . 0.345 0.344.0.344
« 150 - 0.364.0.3ﬁf 0.359  0.343.0.340 0.345"

1

Absorbance of.the filtrate of aluminuﬁ—freated fulvic solution .

Aluminum concentration = 1072 M R pH = 6.04
.wL D: "Absorbanc e
. filtrate . ! -
. 0.45 . < 0.10 e
10 0.337 0.339 0.353  0.35) 0.348 0.339
20 © 0.371 0.372 0.369 - 0.371 0.369 0.363
40 - 0.377 0.369 0.370 0.369 0.369 0.367
60 - 0.371 0.369 0.373 0.369 0.366 0.366
80 0.374 0.371 0.372 0.367 0.368.0.367
100" " 0.373 0.369 0.368  0.369 0.367 0.365.
. 125 ~0.370 0.372 0.370  0.366 0.370 0.369

150 Q.369 0.370 0.375. 0.369 0.367 0.369 "

L ]

-
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FULVIC ACID REMAINING IN SOLUTION AFTER TREATMENT WITH ALUMINUM

A

F3

ALUMINUM SQOURCE : AlCl3

Aluminum concentration = 0.5x10-3 M ‘ T

pH  FA-0.45 FA-0;§0 FA-20min Turbidity

WE 4~ 5O

.56 0.30 0730 10.00 -

.96 0.00 - 0.00 . 8.71 4.0

.49 Q.00 0.00. 0.69 5.8

.82 0.16 0.10 1.22 5.9

.99 (.28 0.16 1.96 5.7 '
.51 0.22 0.20 2.52 -

.72 0.21 0.21 2.72 4.6

.05 0.42 0.41 - -

.13 0.89 ‘0.74 9.73 4.1

€

Aluminum concentration = 0.31x10f3 M

1

pH FA-0.45 FA-0.10 FA-20min Turbidity ' .

6.01

0.01 ., . -
6.55 0.20 2:81 | .
6.96 0.42  4.34 - —
0.30 4.38 o *
0.21 - 4.71 - .
0.09- - 4.82 _
7.51 0.80 6.11 :
7.98 1.43 -
5

Aluminum concentration.= 1073y

pH  FA-0.45 FA-0.10 FA~20min Turbidity

6.04. 09.39 '9.28 10.0

. 0.4
6.54 ° 9.57  9.57 = .10.0 0.4
6.97 9.68  9.66 10.0° 0.4
7.62 9.88 . 9,73 10.0 0.4
8.09 }0.00 10.00 ~  10.0 0.4




/

Aluminum concentration
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0.186x1073 M

pH FA-0.45 FA-0.10 FA-20min Turbidity
6.05 0.05 0.02 10.00
6.26 0.17 0.07 10.0 4.1
6.49 ' .11 6.48 - -
6£.59 % 0.18 ' 0.16 5.63 4.3
6.78 0.18 + 0.18 8.27 4.9
- 7.01 0.23 0.22 . 8.49 -
: 0.599
0.49
0.58
7.16 0.37 0.38 8.76 5.1
7:49 0.98 9.40 -
7.70 1.68 1.41 9,79 2.9
8.02 3.04 9.96 -
8.59 - 9.01 6.42 10.00 0.9

Alumirnum concentration
>

0.71x1074 M

FA-20min

pH  FA-0.45 FA—O.;O Turbidity
6.02 0.23 0.24 9,22 4.9
6.55 7.44 1.13 ¢ 10.00 3.0
6.95 9.97 1.95 . 10.00 2.2
"7.28 0.00 3.34 .10.00 1.6
7.97 9.84 9.27 10.00 1.2
8.29 9.70 - B.65 0.8

10.00




ALUMINUM SOURCE
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: Alum

Aluminum concentration = 0.5x1073 M

FA-20min Turbidity

pH  FA-0.45 FA-0.10

6.05 0.03 0.00 3.93 9.1
6.45 0.04 0.04 6.36 9.6
6.72 0.08 0.08 6.72 8.6
6.99 - 0.10 3.40 -,
7.12 0.12 0.12 2,36 6.2
7.39 0.14 0.14 2%3g T574
7.52 ~\\\§ 0.22 4.02 - .
7.95 0.54 0.50 9.20 . 5.4

Aluminum concentration = 0.31x1073 M .

PH

FA-0.45 FA-0.10 FA~20min Turbidity
" . ) Ll : \
6.00 0.01 A
6.55 0.04 7.20
7.01 0.14 - 6.62
0.18 £ 7.00 e
0.21 7.19 - :3\
' 0.28 7.49 , \\
7.55 0.48 8.51 SN
7.98 - . o

1.19

Aluminum concentrd®ten

»

= 0.188x10-3 M

PH Pn-g:fi-g?fo.1o

FA-20min | ..Turbidity

6.05
6.32
6.49
6.64
7.04

©7.50
8.01
8.19

o
o)
3

0
0

0.
0.
0.

0

0
o
o
2
2

.05
.08
o8

22
.46

08 -

.56

.59
.57
.00
.76

10.00 5.1
'6.63 5.1
7.77 - ~
8.87 5.2
8.39 5.0

. 10.00 4.9
10,007 -

“10.00 5.1

e



Aluminum concentration = 0.71x10"4

pH  FA-0.45 FA-0.10 FA-20min * Turbidity

© 6.05 0.44 0.23 9.69 4,2
6.55 9.63 . 0.77 10.00 2.9
6.96 10.00 "2.02 9,98 2.0
7.45 . 10.00 8.75 ° . 10.00 1.4 |
7.99  10.00 9.34  410.00 0.9
8.28 10.00 . 9.89 10.00 0.7

: ) *
Aluminum concentration = 1072 i~
pH  FA-0.45 FA-0.10  FA-20min  Turbidity
5.52 9.19 - 9.12 9.81 0.4
5.95 9,50 9.44 . 9.80 ° 0.4.

"6.53. 9.80 9.75 - 9.87 0.4
6.95  9.84 9.85 9,98 0.4
7.53° 10.00 .. %9.98 .  10.00 © 0.3
8.02 10.00  10.00 10.00 -
8.26° .10.00 110.00 L1000 -




186 ¢

P
*A2.3 FULVIC ACID REMAINING IN SOLUTION AFTER TREAT&ENT WITH

¥ ALUMINUM AND POLYMER

. + ALUMINUM .SOURCE : ALUM ONLY

. ALUMINUM CONCENTRATION = 0.5x10-3 M

~

éolymer concentration = 0.001 mg/z?
pH FA~0.45 FA-0.10 FA-20miff
-7.12 ’ . 0.15 .
7.40 - 0.20 n— .
N
7.92 ~ - 0.s5 L e

Poiymer'cbnqentra;iéh = 0.0l mg/L

‘v PH  FA-0.45 FA-0.10 FA-20min

.6 .08 o.oo\ 0.00 3.10
6.49 . 0.00 "0.00 5.17 +° - ,
6.69 . 0.00 Q.00 3.67 ¢ '
7.16  0.02 0.00 ° 2.27 v
7.50 0,10 . 0.10 2.09 . ° ‘
8.03 0.63 - - 0M8 9.75 - ",
3 .
. . .

Polymer concentratlon = 0, l mg/L

pi FA-Q:45 FA 0.10 FA-20min

6.03 .0.00 o.oo 2.96

6.55 , 0.00 - 0.00 ? 3.19
6.80 = 0.00 ' ' .0.00 . 2.09
7.16 © .0.00 .- 0.00 ~1.85
7.55  0.00 ~ ' 0.00 ° 1.48
8.03 © 0.51 ' 0.36 - 9.84 N
PR ! -
1
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RLUMINUM CONCENTRATION = 0.188%10-3 M

Polymer concentration = 0.001 mg/L

pH- FA-0.45 - FA-0.10 FA-20min -

6.12 0.00 "0.00 - 8.78
6.57  0.00 0.00 7.71
6.89  0.04 0.01 8:50
7.16. 0.14 0.11 8.80
7.58 _ 0.84 0.27 9.65

. 7.85  2.98 0.98 9.74

Pokymer concentration = 0.0l mg/L

pH  FA-0.45 FA-0.10 FA-20min

6.05 _ 0.00  0.00 6.90

6.55 0.00 - 0.00 8.44
6.89 © 0.12. 0.16 ~  8.83
7.10 0.17 0.0 - 8.24 -
7.60 . 0.81 . 0.60 9.61
" : 0.60 '

0.80

0.70

0.50

0.40

0.50

7.97  2.05 0.84" 9.64

.t

Polymer concentration = 0.1 mg/L

pH FA-0.45 | FA-0.10 FA-20min -

1 5.70 0.00 0.00 ., . 9.83"
6.0l 0.00 - 0.00 5.51°
6.53 0.01 °  0.00 5.:82
7.06 0.05 0.03 .  3.95
7.66  D.44 0.37 "9.93.
7.95 1.22 1.07 ~  9.88

8,33 5.15 4.27 10.00




188

Pyl ' .

Polymer concentration = 1.0 mg/L

pll  FA-0.45 FA-0.10 FA-20min Turbidity'

7 .45 0.79- . 1734 5.2
7.53 ' 0.77 10.00 -.3.8
2.5

8.04 - 1.8 - 9.87

——

ALUMINUM CONCENTRATION

0.115x1073 M

Polymer concentration = 0.0l mg/L
pi  FA-0.45 FA»0.10 FA-20min Turbidity
. A
7.08 ' 0.92 7.42 3.7
7.48 ' . 1.76 -. 3.2
7.98 3.30 - 1.6

Polymer concentration = 0.1 mg/L

pH  "FA-0.45 FA-0.10  FA-20min Turbidity

7.03 0.41 9.26"
7.47 1.09 10.00.
' 1.10
0.80
1.00
-1.30
1.00,
- 1.20 .
7.98 3.93 -
8.15 y 5.64 10.00

3.8
3.1

—
&=
'

Polymer concentration = 1.0 mg/L

)

pH. FA-0.45 FA-0.10 FA-20min Tuchbidity

7.02 . 0.7 8.36 ' 3.
7.45 1.18°  9.94 - 3.
7.98 . 3.32 10.00 L.

o,




ALUMINUM CONCENTRATION
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1l

0.71x10~4

M

Polymer cdnggﬁ ration

S

-

|

pH

FA-~0L45

FA-0.10

FA-20min

.14
.38

.50
.28

M~~~ o,

.68
.07

VW VYN O

.21
.84
.75
.65
.82
;79

VWSO OO

.50
.58
.05
.40

.oa\\
.28

9.35
9474

0.001 mg/L

."‘ o

2.89 ..~

9.99
10.00
10.00

Pdlymer'concentration = 0.01 mg/L

PH  FA-0.45 FA-0.10. FA-20min -

5.79

-6.34

6.72
6.98
7.23
7.49
7.90

0.04
0.57
3.83
6.79
9.45

D.62 &

9.94

0.0L

~.0.12

1.50

. 3.68
'5.84

5.88
9.26

9.32 -

L 92.57 -
9.85
9.90°
9.93

10.00.

s

Polymer concentration

\

= 0.lfh§/L

‘pH FA~0.45

W

. 6.03
6.94
7:257

7.50°
7.75

-« B.O0S

0,08
‘0.5%9
2,51

5.73

7.58 .-
- 8,25 -
.A 8'-3.2.‘

8.11

.0.10
.0.61
S2.16
3.87°
T 3,27
5.78 ..
7.28

8.20.

J—:Vﬁigiql;flﬂ
©9.91

9.96 |
9.98
. ‘10.00.

‘i,fﬁg;yhe:

v
Ve

e i

cdncentration

=-1,p;mgfyﬁ

T 100000

FA-0.10 =FA—20min' .

10,00 -

3 A

-
e
-
B4
e
LR
2
At
-

PH. 'FA-0145 . FA-0:10 _FA-20minl‘-Tu;pi

1.8
3.2

16.00

.10.00 . * -

7.46 - o . 5.
7.95 i 5.08 10.00. "~ .

B

aley .
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ALUMINUM CONCENTRATION

i

1072 M

Pelymer concentration 0.1 mg/1L,

"pH  FA-0.45 FA-0.10 FA-20min-

5.65 .
6.06
6.58
6.99
7.50 .
7.97

7 - 9.16 . 9.73
2. .93 ° 9.88.
" 9.51 . 10.00
S 9.63 7 10.60
- 9.73.  Yo.00 - v
.88 9.85 10.00

W00 W wWw
03 ~J) QL tn s o

we,
i

ALUMINUM CONCENTRATION = 0.0 M L

Polymer concéntgqtion‘g 0.Y mg/L -

o pH . FA=0.10 - 4 . - .l
.‘ ,‘. ' ) _' - L ’ Y B FEN
6.09° 10.00 . R B
. +6.98 +.'9.99 ~ SEATI o
©7.43  10.00. ‘:

T
s

N " .‘ :{i:' R : R ‘
© PILTER CONDITIONING BY PRE-FILTRATION OF THE POLYMER SOLUTION

o

. t

:-‘Aiumihum.concéntration = 0.71xl0‘4‘m E

. Polymer concenﬁration‘in'the jars- = 0.0 hg/L

TPl FA-0.45 FA-0.10

657 -~ 9.06 _ ©0.1% ,
7.09  10.00 "3.27 .

'7.46 9.92 . 8.23 .. BRI
-7.92° 9.83 - -9.50 : L.

1
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A2.4 RESULTS OF THE FﬁACTIONAL FACTORIAL EXPERIMENTAL DESIGN -

FULVIC ACID REMAINING IN SOLUTION

Run Fulvic Acid ' _l
Number Conéent;atiom v -
1 1.91
2 0.57 '
. 3 1.70
4 0.40 _
5 1.70
6 0.40 ‘ - *
7 1.70
7. S 1.61
7 1.64
7 1,64
7 1.58
7 1.70
8 . 0.40
9 : 2.90
10 0.75
11 2.60.
L, 12 0.69
13 2,78
: 14 . 0.75
\ 15 2.75
16 , - 0.54
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APPENDIX 3

CALIBRATION OF THE SPECTROPHOTOMETER AT 254 nm

T

0.250

T

0.200

T

0.170G

LB

L 1 —te i 1 'l Il i

1 2 3 4 5 6 7 8 9
' FULVIC ACID CONCENTRATION,mg/L

10
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APPENDIX 4

A eNIA 4

pH MEASUREMENTS ' 1

A list of the pH electrodes tested is given below :

No TYPE OF ELECTRODE MANUFACTURER CATALOG No JUNCTION

1 Glass/Reference pair FISHER 13-639-3 -
. . : ' 13-639-51 porous ceramic

2 Combination,Glass body FISHER ~ 13-639-91 porous ceramic
solution-filled C
3 Combination,polymer  FISHER - 13-639-97 —u—
body,solution-filled o o

-4 Combination,flat sur-' 'CORNING 476216 —u’
face,solution-filled .

5 Combination,polymer ORION 91-05 ‘porous plastic
body,gel~filled | 2 . ]

6 Combination,polymer  FISHER 13-639-104 porous plastic
body,gel-filled . - . '

7 . Combination Ross | ORION . 81-02 porous ceramic

¢

A problem associated with the measurement of the

4

PH was caused by
the release of co, from solution due to carbonate equiliﬁrium.When the
response of £he'ele¢tfode was Slow,the pH of the solution was ihcréasing

with;time.slow electrode response was the result of partially clogged

junction due to KCl deposition.The electrode used was No 1l.Its selection

*

was based on the ability to clean the porous junction faster and more

efficiently.The reference electrode is a calomel reference.

+
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APPENDIX 5

ERROR ANALYSIS

For the statistical components of this thesis,the errors have
been evaluated by the replicate runs and this information was used

inherent%y in the statistical tests that discriminate between ran-

.

dom error and significant effects of the variables.

A list of the variability of the.measurements for the variables

of this work is compiled below:

4
1

VARIABLE . . REPRODUCIBILITY . :

L} '
. . : u EY
pH 0.02 pH units’ . -
Absorbance . 0.002
Turbidity " 0.1 NTU

Removal after _ - .
- filtration ~ 4 removal percentage points .

Removal after

settling . . 10 reﬁoval percehtage points,
J . o .
Al dosage or - ' - o .
" polymer dosage Very ‘high,due to accurate measurement of

the weight or volunme






