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1 INTRODUCTION
1.1 Project Overview and Report Synopsis

The objective of this research project is the examination of the major factors gov-
erning the efficiency of removal of iron and manganese from water supplies. This objec-
tive has been met through a multi-faceted study involving the following major
componens:

« review of problems created by iron and manganese in Australian water supplies with
particular reference to selected water sources;

+ review of methods used for removal of iron and manganese from water supplies;

+ detailed laboratory studies of the critical processes of Fe(II) and Mn(II) oxidation, iron
and manganese oxide aggregation (coagulation/flocculation) and particle removal by
filtration.

The process studies indicated above have been undertaken under both simple, idea-
lised conditions (i.e. using well characterised particulate oxides and relatively simple sol-
ution conditions) and under conditions more typical of a water treatment plant. The latter
studies have been undertaken for the most part using the waters of Mardi Dam in the New
South Wales shire of Wyong.

In this report, the reviews of problems caused by iron and manganese and the
methods available for the removal of these elements from water supplies are documented
in the main body of the report. Particularly extensive studies have been undertaken of the
aggregation of colloidal oxides and methods used and results of studies undertaken under
relatively simple, well defined conditions are given in Appendix 1.

1.2 Iron and Manganese in Australian Water Supplies

Both manganese (Mn) and iron (Fe) cause serious problems in potable and indus-
trial water systems when present in excessive concentrations. While there is no evidence
that the presence of manganese and iron in drinking waters is detrimental to human
health, these substances generate extensive "dirty water” problems on oxidation from the
soluble reduced forms to the particulate oxidized states. Manganese is often particularly
troublesome due to the slow rate of oxygen or chlorine induced oxidation and the necess-
ity for use of more powerful oxidants within the treatment plant. On entering the distribu-
tion system, manganese accumulates as a black oxide coating and biofilm and causes



consumer complaints when it sloughs off during periods of high water usage or change in
the water disinfection practice. Such water is aesthetically unacceptable and causes irre-
versible staining of washing, equipment, manufactured goods and swimming pools.

Manganese and iron related problems have become a significant water quality issue
to water supply authorities throughout Australia including South Australia (Thomas,
1985; Cooper, 1989), Victoria (Lowther and Evans, 1980; Earp et al., 1985; Phey and Phi-
lips, 1989), the Gold Coast and Pine Rivers Shire of Queensland (Sly, 1987; Sly et al,
1989a) and in the urban regions north and south of Sydney in New South Wales (Ireland,
1986; Waite et al., 1989a). However, it should be recognized that the problem is not
unique to Australia with, for example, roughly 40 percent of public water supplies in the
United States exceeding recommended levels of iron and/or manganese (AWWA, 1987).



2 RAW WATER QUALITY

2.1 Iren and Manganese in Stored Waters

Manganese and iron problems in many instances have been attributed to the extrac-
tion of hypolimnetic waters from thermally stratified reservoirs - particularly in the case
of relatively productive waters where sedimenting organic detritus provides an adequate
food source for oxygen-consuming organisms. The low oxygen conditions encourage
reductive dissolution of iron and manganese oxides present in bottom and suspended sedi-
ments with subsequent release to the water column. While Fe(II) so produced may oxidize
and reprecipitate relatively quickly on reaching oxygenated waters (depending on pH and
extent of organic complexation), the slow rate of oxidation of Mn(II) under such condi-
tions typically ensures maintenance of elevated concentrations of manganese within the
hypolimnion for a considerable time. Some idea of the relative rates of (auto)oxidation of
Fe(II) and Mn(If) at various pH can be obtained from Figure 2.1. For both iron and man-
ganese, the rates of oxidation of the reduced species (by oxygen) has a squared
dependency on the hydroxyl ion concentration [OH'] however at any given pH, the
oxidation rates for Fe(I) and Mn(II} differ markedly. Thus, as can be seen from Figure
2.1, at pH 6.9 the half-time for oxidation of Fe(Il) is on the order of minutes while even at
pH 9.0, hours are needed before the concentration of manganese is reduced by half.

The residence time of manganese in the water column is dependent on the activity
of manganese oxidizing bacteria and on the rate of adsorption onto suspended particles.
At pH > 7 the adsorption rate of Mn(II) onto natural suspended solids is greater than its
rate of oxidation. The suspended solids consist predominantly of inorganic colloids such
as clays and hydrous metal oxides, organic colloidal matter and living microorganisms
(Kawashima et al., 1988). At pH 6 to 8 the biological oxidation of Mn(II} to hydrous man-
ganese oxide solids proceeds more rapidly than any non-biological reaction. In waters
containing low levels of oxygen, the residence time for Mn(II) undergoing a
microbiological conversion to the solid phase has been estimated to be on the order of a
few days (Emerson et al., 1982). '

Reduced Mn(IT) does not bind strongly to either common inorganic ligands or natu-
ral organic matter and is typically present in the reduced state as the aquated manganous
ion, Mn**(aq). Only in the presence of high concentrations of organic matter does organic
complexation of Mn(II) become significant (Chiswell and Zaw, 1989). Any oxidized
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Figure 2.1. Oxidation kinetics of Fe(II) and Mn(lI) by oxygen in aqueous solutions (after
Stumm and Morgan, 1981).



manganese present will almost certainly be in the particulate Mn(II1,1V) oxyhydroxide
form since hydrolysis (and subsequently precipitation) readily outcompetes complexation
of Mn(IlI) or Mn(IV) by organic or inorganic ligands.

The situation for iron is a little more complex. Providing the residence time of
waters in the reservoir of interest is relatively long (on the order of days) and some oxy-
gen is present, then any Fe(II) should oxidize substantially. The product of oxidation is
likely to be a particulate oxyhydroxide (and most likely the amorphous ferrihydrite)
though ferric iron interacts strongly with organic ligands (including natural organics such
as fulvic and humic acids) and a portion may reside in a soluble, organically bound form
(Waite and Morel, 1984). Any iron remaining in the reduced state would most likely be
present as Fe**(aq) or weak Fe(Il)-organic complexes or a mixture of both (Waite and
Morel, 1984). Of course, organic compounds will have an effect in influencing the aggre-
gation behaviour of both particulate iron and manganese oxides since these negatively
charged compounds will adsorb to the oxyhydroxide surfaces. It is to be expected that the
adsorption of natural organics to these typically colloidal substances will add stability and
" lower the tendency for particulate iron and manganese to aggregate and settle out of the
water column. Such effects are likely to be of considerable importance in the low ionic
strength waters typical of many Australian water supply reservoirs.

The dramatic impact of periodic seasonal thermal stratification of a reservoir on
concentrations of dissolved oxygen iron through the water column is clearly seen in
results for Cataract Reservoir (south of Sydney) shown in Figures 2.2-2.4. Concentrations
of this redox-active element climb dramatically once the hypolimnetic waters become sig-
nificantly oxygen-depleted. (Similar behaviour is expected for manganese). Further
details on the concentration and forms of iron and manganese in impounded waters are
provided by Chiswel! and coworkers (Chiswell and Zaw, 1989; Chiswell, 1990).

The use of multi-level inlet towers may enable selective extraction of oxygenated
epilimnetic waters but such waters, particularly during the summer months, often support
high algal populations. In addition, at the onset of winter turnover, high iron and manga-
nese content bottom waters are likely to be mixed with surface waters resulting in a sig-
nificant reduction in the quality of water entering the treatment plant. Such behaviour
following winter turnover is well documented in the results for Mardi Dam, the Wyong
Shire water supply reservoir, shown in Table 2.1 (Waite et al., 1989a).
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Figure 2.4. Time-series presentation of total iron concentration at various depths in Cata-
ract Reservoir (south of Sydney) over an extended period (Data courtesy of Sydney
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Table 2.1
Typical values of selected water quality parameters
for near-surface waters of Mardi dam during
summer (stratified) and winter (soon after turnover)

Summer Winter
Apparent colour (Hz units) 40 55
Turbidity (NTU) 25 35
Iron (ug L) 600 1300
Manganese (ug L") 85 200

2.2 Effect of Artificial Aeration on Iron and Manganese

As indicated above, the seasonal thermal stratification of surface water storages can
have a profound effect on the quality of water over the depth of the storage. Artificial
destratification is the process of adding energy to a water body to break down existing
stratification, or more usually, to prevent the onset of stratification. By artificially pre-
venting stratification, oxygen supply to the bottom waters of a storage can be maintained
and thus prevent the release of iron and manganese from the sediments.

Acration/destratification is 2 management technique which has been widely used
internationally (Raman and Arbuckle, 1989) and in Australia (Brown,1986; Chiswell and
Zaw, 1990) to effect beneficial changes in the thermal, chemical and biochemical status of
both man-made and naturally occurring water storages. The method is now recognized as
an effective way of minimizing the release of iron and manganese from sediments and is
being used increasingly in Australian reservoirs for water quality improvement purposes
(Loos, 1987). Oxygen saturations maintained at above 5% throughout the water column
are claimed to be sufficient to prevent high concentrations of iron and manganese devel-
oping (Bowles et al., 1979). Two additional benefits of the introduction of artificial des-
tratification are the maintenance of uniform water quality within the reservoir throughout
the year, and the maintenance of maximum residence time of water within the reservoir.
Sufficient residence time is required to ensure complete formation of particulate forms of
iron and manganese which may subsequently sediment out of the water column (Waite et
al., 1989hb).
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3 TREATMENT OPTIONS FOR IRON AND MANGANESE REMOVAL

3.1 Overview

Obviously, it is not always possible to ensure that iron and manganese concentra-
tions in raw waters are below the levels recommended for drinking waters and, in such
instances, removal methods must be implemented within the treatment plant. Common
methods of treatment involve the oxidation of soluble Fe(Il) and Mn(II) to insoluble
Fe(OI) and Mn(IIL,IV) using relatively powerful oxidants such as chlorine, chlorine diox-
ide, potassium permanganate or ozone, Oxidation is then followed typically by removal of
the iron and manganese precipitates by filtration, sometimes preceded by flocculation and,
in some instances, sedimentation. Another treatment technique is to sequester Fe and Mn
by the nearly simultaneous addition of sodium silicate and chiorine (Robinson et al,,

1987; Robinson and Ronk, 1988) or by the addition of polyphosphates. Other treatment
methods include ion exchange and the use of special filter media such as manganese
greensand that catalyzes oxidation and removal.

In Australia, oxidation-precipitation-filtration treatment procedures are used in the
majority of cases and most of the ensuing discussion focusses on such systems. The alter-
native methods presented above are being used increasingly widely in Europe and North
America, especially by small water systems (AWWA, 1987, Viraraghavan et al., 1987),
but have been used only sporadically here. For example, silicate addition has been suc-
cessfully used for iron stabilization in the Wagga Wagga region in New South Wales
(Baker, 1986) and a manganese greensand system has been implemented at the Petrie
Water Treatment Plant in the Pine Rivers Shire in Queensland.

In most Australian treatment plants in which some method of iron and manganese
control is implemented, the raw waters entering the plant are monitored at regular inter-
vals (and in some cases continuously) for iron and manganese concentrations. Type and
quantity of oxidant used is typically determined by the levels observed. In most cases,
colorimetric methods of analysis are used with the phenanthroline method for iron
(APHA Method 315A; APHA, 1980) and the persulphate method for manganese (APHA
Method 319B; APHA, 1980) most common. It should be noted that the currently adopted
standard colorimetric methods, particularly for manganese, may lead to significant over-
estimation of concentrations present and caution in data interpretation must be exercised.
Improved colorimetric methods for manganese (such as the porphyrin method) (Ishii et
al., 1982; Aldridge et al., 1989) and relatively inexpensive atomic absorption instruments
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are now available and consideration should be given to their use by water authorities con-
cerned with iron and manganese. Additionally, the water treatment method adopted will
be dependent on the form of the element present and analytical techniques that provide
information on chemical speciation must be adopted.

3.2 Oxidation

As discussed above, both iron and manganese may be present in source waters in
their soluble +II oxidation states and, as such, require an oxidation step to bring themto a
particulate (more easily removable) form. Ferrous iron is relatively easy to oxidise and
does so relatively rapidly in the presence of mild oxidizing agents (oxygen, chlorine) at
pH’s over 7 (the autooxidation rate exhibits a squared dependency on hydroxyl ion con-
centration). However, pH’s > 10 are required for the oxygen induced oxidation of Mn(II)
to occur at timescales short enough to be of interest. Such pH increases are not feasible in
the treatment plant. Rather, it is typical that more powerful oxidants are added to speed up
the oxidation step.

Four reagents have been commercially used for the oxidation of dissolved Mn(II) to
particulate oxide form prior to removal via coagulation and filtration, namely, chlorine,
potassium permanganate, chlorine dioxide and ozone. The standard potentials of these
oxidants, are as follows (Weast, 1977):

0,+2H +e =0, +H,0 207V
MnO, + 4H" + 3e” = MnO, + 2H,0 1.68V
ClO,+H'+e =HCLO, 127V
HCIO + H" + 2¢" = CI' + H,0 149V

Comparison of the standard potcntlals of these redox processes with those of the iron and
manganese redox reactions of interest; i.e.

MnO,(s) + 4H* + 2¢ = Mn?* + 2H,0 123V
Fe(OH),(am) + 3H' + & =Fe?* + 31,0 . 095V

indicates that each of these oxidants should indeed induce the formation of the solid
manganese and iron oxyhydroxides (interestingly, and as indicated by the redox potentials
given above, ozone can induce the further oxidation of MnO, to soluble permanganate}. A
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more quantitative estimate of the driving force for these redox processes requires more
careful analysis of these processes under the conditions (particularly of pH and reactant
concentrations) of interest.

In addition to the oxidation of Fe(II) and Mn(IT) (if present), the addition of oxidants
such as ozone, chlorine and potassium permanganate will also induce the oxidation of
organic compounds present in the source waters. Such oxidation is likely to be only par-
tial (i.e. not proceed completely to CO, and H,0) and may:

» result in an increase in the effectiveness of the coagulation and filtration processes.

« result in the formation of troublesome organic compounds. For example, the ozonation
process produces easily assimilable low-molecular-weight organic compounds (AOQC)
which can enhance regrowth of microorganisms in the water reticulation system. Like-
wise, the chlorination process causes the formation of halogenated organic compounds
which are sometimes referred to as total halogenated methane compounds (THM) or
adsorbable organic halogen (TOX) (Kruithof et al., 1989). The health implications of
the use of such oxidants are discussed further in Section 3.2.5.

More detailed discussion of the positive and negative aspects of the use of these
reagents for iron and manganese removal is given below,

3.2.1 Chlorine

Chlorine (through the active oxidizing agent, hypochlorous acid) is effective in
enhancing the oxidation of ferrous iron to easily removable particulate form but the
soluble manganous ion is much more resistant to chlorine-induced oxidation. The rate
of oxidation of Mn(II) by chlorine (NaOCI) at different pH values is shown in Figure
3.1 and indicates that even at pH 8.5 the oxidation process still takes 40 minutes to
come to completion (Khoe and Waite, 1989). Given that Australian raw waters are
typically in the neutral to slightly acidic pH range, extended (and typically unreasona-
bly long) contact times within the treatment plant prior to the final filtration step are
needed to ensure complete oxidation of any Mn(II) present if chlorine is used for this
task. The odour problems associated with excessive chlorine dosing and the increasing
concern over the formation of trihalomethanes through pre-chlorination of raw waters
high in organic content also mitigate against the use of this oxidant.
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Figure 3.1. Oxidation of manganous ion by excess hypochlorous acid at various pH. For

comparative purposes, the oxidation of Mn* by excesss potassium permanganate is
also shown. ' '
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The lack of effectiveness of chlorine in the oxidation of Mn(II) is exemplified
through results obtained at the Wyong Shire water treatment plant, The results of
analyses for filterable (<0.22 um) manganese concentrations in raw, flocculated and
filtered flocculated-water at this plant are shown in Figure 3.2. The Input water was
chlorinated before the addition of alum and polyelectrolyte. It appears that there was
not enough time for significant chlorine-induced oxidation to occur with a resultant
inability of the alum flocs to scavenge the filterable manganese. The assumption that
the <0.22 pm fraction of manganese is dissolved rather than fine colloidal appcars
most consistent with the available data (15). In contrast to manganese, the filterable (<
0.22 um) iron in the dam water was efficiently removed by the flocculation process
(Figure 3.3). It is presumed that the filterable (< 0.22 pm) iron fraction had already
been oxidised to the particulate ferric state (either in the dam or in the pre-chlorination
step) by the time of alum addition.

Wong (1984) documented similar findings using chlorination followed by dual
media (anthracite-sand) filtration. It was shown that prechlorination is effective in oxi-
dising manganese if a pH of greater than 8.5 is maintained. It was also reported that
there was a dramatic difference between the use of NaOH and Ca(OH), as the
pH-correcting agent. When the latter was used, manganese levels in the filter effluent
were reduced from 2 mg L™ to below 0.05 mg L™, The effectiveness of manganese
removal has been attributed to the neutralisation of surface charge by the specific
adsorption of Ca® ions. The fact that MnO, adsorbs Ca?* (and other cations such as
Mg** and Zn*) is well documented. Posselt et al. (1968) and Jenkins and Engeset
(1975) have shown that Ca® uptake does reduce the net charge of colloidal MnQ, and
that this reduction in charge leads in turn to destabilisation of the colloid. They also
observed that monovalent ions such as Na* had no significant influence on the coagu-
lation of MnQO, within the range of concentrations of interest. Similar effects of Ca**
addition have been reported by Jenkins et al. (1984).

The use of chlorine as the preferred oxidant for Mn(II) has also been reported by
Bratby (1988) for a water treatment plant in Brazil, In this case, because the optimal
PH for manganese removal (pH > 8.5-9.0) was so much higher than the optimal pH for
colour and turbidity removal (near neutral pH), the pH was raised through lime addi-
tion after addition of coagulant (FeCl,). In this way, effective removal of colour and
turbidity was achieved at the lower pH while efficient oxidation and aggregation of
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manganese was achieved at the higher pH. Presumably, the rate of desorption of
organic and particulate contaminants (i.e. those contributing to colour and turbidity
problems) from the iron oxide flocs at the higher pH was relatively slow.

3.2.2 Potassium permanganate

Potassium permanganate has long been recognised as an effective reagent for
oxidation of a broad range of impurities commonly found in natural waters. It now has
wide acceptance in water treatment practice for taste and odour control and the oxida-
tion and subsequent removal of reduced forms of iron and manganese (Ficek, 1978;
Loos, 1987).

Based on reaction stoichiometry; i.e.
3Mn* + 2MnO, + 2H,0 — 5Mn0, + 4H*
3Fe** + MnQ, + 7H,0 — 3Fe(OH), + MnO, + 5H*

1.92 mg KMnQ, is required to oxidize 1 mg of Mn* and 0.94 mg KMnQ, will oxidise
1 mg of Fe™. In actual practice, the required amount of potassium permanganate dose
is normally less than the stoichiometrically predicted amount because of the ability of
the freshly formed oxyhydroxides to heterogeneously catalyse further oxidation.
Potassium permanganate is also effective in rapidly oxidizing many naturally occurr-
ing organic compounds thus an excess over the stoichiometric amount required to oxi-
dize the manganous ion in raw water must be used. Indeed, Knocke et al. (1987) found
“that when the TOC was <3 mg L, the required permanganate dosage was typically
less than 10-20% above the stoichiometric requirement (1.92 mg of KMnQO, per mg of
Mn*"). When the TOC was 8 mg L' essentially no manganese oxidation was observed
until nearly 1.5 mg L' of permanganate was added. 1.5 mg/L of permanganate were
required to oxidize 8 mg/L TOC before any significant manganese oxidation occurred.

In comparison with Mn(II) oxidation by oxygen or chlorine, the rate of oxidation
of Mn(Il) by permanganate is rapid. The rate of the redox process is pH dependent
and decreases on decreasing the pH. At pH 5 and 2 mg/L of Mn*" and MnQ,, com-
Plete oxidation is observed after about 10 minutes. The required reaction time at pH 6
is approximately complete in about half this time (Ficek, 1978; see also Figure 3.1).
Reaction rates with organic compounds are significantly slower than with Mn*".

For example, Colthurst and Singer (1982) studied the rate of oxidation of aquatic
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fulvic acid (1.9 mg L) by an excess concentration of KMnO, (8.0 mg L"), About 1
mg L' of KMnQ, was consumed in 50 minutes - a rate significantly slower than
expected for the oxidation of Mn(II} under equivalent conditions.

Concern over "overdosing” of potassium permanganate has been expressed by
some water treatment plant operators with the resultant production of "pink" water,
This concern highlights the need for more detailed information on the conjunctive
demands for permanganate by raw water constituents. In addition, relatively simple
"residual” potassium permanganate monitors based on the electrochemical detection
of permanganate are now available and consideration should be given by the water
authorities to their purchase or construction for the purpose of dose control (possibly
in a feedback mode).

3.2.3 Chlorine dioxide

ClO, is a greenish-yellow gas which is soluble in water (0.3-1%). It is volatile
and can be easily stripped from solution by vigorous aeration. The ClO, vapour will
explode under the slightest shock (eg water hammer) if it is present at concentrations
greater than 10%. Because it is sensitive to temperature and pressure it cannot be
shipped in bulk and must be generated on site. One method of generation is from the
reaction of NaClQ, solution and chlorine. ClO, decays within six hours to form ClO,
(48%), ClO5" (22%) and CI' (28%). The measurement of the residual ions is difficult.
There are as yet no test kits for chlorine dioxide. In addition, an excessive level of
chlorine dioxide in potable water has an adverse health effect which is similar to that
of nitrate. The USEPA limits the total concentration of ClO,, ClO, and ClO, present
in potable water to < 1.0 mg L (Pascoe and Loos, 1990):

The following advantages of ClO, have been documented by Pascoe and Loos(
1990):

« aids coagulation;

* does not form THM’s and forms less TOX (total organic halides) than CL. It
reduces the formation of THMs by any subsequent chlorination;

+ effective disinfectant (even against Giardia cysts);
» oxidises tastes and odour compounds better than Cl,;

*  produces less aldehydes and ketones than O, and is currently about one-quarter the
cost of O;;
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+ anumber of companies in Australia can offer reliable equipment for ClO, dosing.

Carlson et al. (1987), however, showed that ClO,, as a preoxidant by itself, is not
effective in removing Mn(II) when the TOC in the water is 2 5 mg L™ (at pH 6.3). In
water with significant TOC levels, permanganate can be used in conjunction with
Cl0, to oxidise Mn(II) without forming THM’s. However, chlorine dioxide causes
permanganate to persist in the Mn(VII) state, even at low pH (6.3) and a high TOC
concentration (5 mg L!). Permanganate alone was found effective for oxidising
Mn(II) even with TOC at 5 mg L and at pH 6.3. Knocke et al.(1987) reached the
same conclusion concerning the use of ClO, as a preoxidant for manganese. But their
reason for the unsuitability of CIO, for high TOC waters was the regulatory limits for
ClO, dosage (in USA 0.5-2.0 mg L because of health concerns related to the pres-
ence of chlorite and chlorate in water).

3.2.4 Ozone

Ozone has been used extensively in the oxidative removal of iron and manga-
nese from groundwaters. A number of case specififc examples are given below:

+  Weissenhorn (1984) reported on the use of ozone for iron and manganese removal
in a water treatment plant in Dusseldorf, Switzerland. The removal of up to 0.5 mg
L' manganese and 0.1 mg L™ iron is effected with the use of ozone at a concentra-
tion of 1.5 to 2.5 mg L, depending on the raw water quality, followed by filtration
through a bed of granular activated carbon (GAC) and sand filter. Apart from the
removal of particulate matter and the AOX, the GAC filter also reduces permanga-
nate ions {produced by excess ozone).to insoluble manganese dioxide.

» Stoebner and Rollag (1985) used ozone to treat a municipal ground water supply at
Brookings, South Dakota in order to reduce iron, manganese and THM formation.
The ground water has iron concentrations in the range 4 to 5 mg L* and manga-
nese in the range of 0.6 to 0.7 mg L. The total THM concentration in the KMnO,
treated, filtered and chlorinated water was normally 32 ppb. It was found that at
ozone dosages of 2 mg L™ or greater and a detention time of >5 min, essentially all
of the iron was oxidised. For manganese, the required dosage, at 5 min detention
time or greater, was 4 mg L. Increasing the ozone dosage above 4 mg L™* did not
improve the extent of iron and manganese oxidation. In fact, the use of ozone dos-
ages > 4 mg L produced pinkish water due to the oxidation of manganese to per-
manganate.
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Stoebner and Rollag (1985) further found that ozone-formed iron and manganese
flocs are more difficult to filter (using anthracite filter) than are oxygen-formed
flocs. They recommended the use of fine sand (20 mesh) filter to remove the
ozone-oxidised particles, Total THM’s produced was reduced from 26 to 15 pPpb -
by ozonation,

In a study on the effect of ozonation on the removal of iron from a ground water,
Cromley and O’Connor (1985) investigated the effectiveness of ozone in alleviat-
ing the problem of interference by organics in the water. Organic compounds inter-
fere in the removal of iron from ground water by peptizing the ferric hydroxide
flocs, forming complexes with ferric ions, or by reducing ferric ion to ferrous.
They found that ozonation resulted in more rapid oxidation of ferrous ions than
aeration. Furthermore, it resulted in the destruction of some but not all of the TOC.
They found that, given unlimited reaction time (> 30 minutes), aeration of the
water actually gave better removal of iron than in the case of treatment with ozone.
They hypothesized that the incomplete destruction of the TOC by ozone actually
enhanced the extent of organic interference of the residual organics by increasing
the number of carboxylic functional groups. This led to an increase in the extent of
formation of soluble ferric-carboxylate complexes.

The question of effect of ozonation on the removal of iron and manganese from

surface waters has also been addressed by some authors. For example;

Yapijakis (1986) has shown that high quality water for small communities can be
obtained by using a process consisting of ozonation followed by diatomaceous
carth filtration. However, it was considered that the particulate ferric oxide result-
ing from ferrous iron oxidation was more gelatinous than produced by air oxida-
tion with a resultant reduction in filter run times due to increased tendency of the
filter to block.

Weng et al. (1986) report on a five year pilot plant study in New Jersey in which
coagulation, ozonation and direct filtration were used to produce a finished water
of high quality. It was concluded that use of ozone would reduce the amount of
alum needed thus reducing the amount of sludge produced. Despite the addition of
0zone, a significant portion of the soluble, reduced manganese present in the
source waters passed through the plant and was removed (with varying degrees of
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success) by the depth filters. Ageing of the filters was found to improve the
removal efficiency as was continual regeneration of the manganese oxide coating
through application of a slight residual of chlorine at the filter.

The results of a number of bench-scale studies aimed at clarifying the nature of
the interactions and processes operating in these complex systems have also been
reported in the literature. For example:

* Chédal (1984) reported that the solution pH required for metal hydroxide precipita-
tion is reduced by the use of ozone. This is caused by the increase in the oxidation
potential of the solution as a result of ozonation. Furthermore, ozone can break
down the metal-organic complexes which also leads to the elimination of these
metals from solution. The latter was demonstrated by the action of ozone on
EDTA-Mn complexes: the manganese concentration in the solution was reduced
(precipitated and removed from solution) from 2750 ppb to 275 ppb in ten minutes
with an ozone concentration of 1 mg L™

» The kinetics of oxidation of iron(II) and manganese(Il) by ozone has been studied
by Abukhudair et al.(1989) and observed to follow zero order kinetics. The reac-
tion rate constant for iron(II) at pH 6 and an ozone dosage of 1.96 mg L' and
initial iron(II) concentrations of 4, 3, 2, 1 mg L"* are 0.49, 0.41, 0.372 and 0.352
mg L"'min" (the rate constant is reported to decrease with the increase in ozone
dosage per initial concentration of ferrous ions; further research work is warranted
to confirm this). The rate constant for manganese(II) at initial Mn(II) of 4 mg L,
ozone dosage of 1.96 mg L, and pH values of 6 and 7 are: 0.29 and 0.31 mg L."
min™. If the order of the oxidation reaction is zero as reported here, then the deten-
tion time required is proportional to the initial iron(II) and manganese(II) concen-
trations.

~+ Paillard e al. (1989) investigated the removal of iron and manganese with ozona-
tion in the presence of humic substances. The studies were carried out using syn-
thetic water, with and without the spiking of humic material, and raw water
obtained from the Moulin-Papon (France) dam. They found that while iron was
easily removed (even without an oxidation step), ozonation (1 mg L) at a pH of
nearly 8.4 did not succesfully remove manganese unless a significant amount of
alkalinity (120 to 130 mg L' as CaCO,) was added before the
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oxidation-coagulation-filtration stage. The presence of humic substances was also
found to increase the ozone dosage required to well above the stoichiometric level
(0.87 g Oy/g Mn™).

Some insight into the role of alkalinity in the removal of manganese can be gained
by considering the oxidation process in more detail. The oxidation reaction of
ozone can occur via two different pathways (Stachelin and Hoigne, 1985):

) A direct oxidation reaction by molecular ozone. Ozone molecules react
with specific sites of organic compounds containing aromatic, unsaturated
aliphatic or nitrogen groups;

(i)  An indirect oxidation reaction by radical species (such as OH, 02'-,' HO,)
produced by the decomposition of ozone in water. The production of these
radical species is enhanced at high pH (i.e. high [OH]).

Tn most cases, these two reaction pathways coexist, their relative contributions
depending on the characteristics of the water. The oxidation of manganese is
favoured by the second reaction pathway. Thus, manganese oxidation will be
favoured over the oxidation of organic materials under sotution conditions favour-
ing the second pathway. The pH increase that would presumably accompany an
alkalinity increase should thus lead to an enhancement in oxidation of Mn(Ii)
(Paillard et al., 1989a).

In addition to the effect of increase in pH, the added calcium ions present (if lime
is used) should improve the aggregation and flocculation of the colloidal manga-
nese oxides produced in the oxidation step.

3.2.5 Adverse effects of oxidant use

Although the oxidants themselves do not pose risks of adverse health effects at
the concentration levels commonly found in the treated waters, concerns have been
reported regarding the health effects of their by-products. These can be present as
modified oxidant molecules or partially oxidised organic substances. '

Kruithof ez al. (1989) investigated the effects of ozonation on humic substances
in water. Ozonation converts humic material to low-molecular-weight biodegradable
compounds which are more easily assimilated by microorganisms. If these are not
removed, they can promote microbial infestation in the reticulation system. Other
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residuals produced by ozonation which may have toxicological significance are alde-
hydes. However, the health effects significance of these compounds has not been
determined (US EPA, 1989).

The reaction of chlorine with organic substances produces three major groups of
chlorination by-products: trihalomethanes, chlorinated acetic acids, and haloacetoni-
triles. To date, three THMs have been implicated as carcinogens in animals: chloro-
form, chlorodibromomethane, and bromodichloromethane (US EPA, 1989).

The use of pure chlorine dioxide for primary disinfection and manganese oxida-
tion purposes does not form THMs. However, its use is complicated by the toxicologi-
cal effects of the by-products, chlorite and chlorate which produce
methemoglobinemia (as in cases of poisoning by nitrites) (US EPA, 1989), The limit
recommended by the US National Research Council was 0.21 mg L™, However, a
recent report produced by the Office of Drinking Water USEPA stated that this figure
should be modified to 0.06 mg L™ in order to take into account children’s hlgher sensi-
tivity to oxidants than adults (US EPA, 1989).

3.3 Coagulation/Flocculation

As implied above, in addition to the requirement for oxidation of Mn(II) and Fe(II)
to insoluble particulate species, the oxides so formed must be large enough to either sedi-
ment efficiently or, in the absence of a sedimentation stage, be trapped on the filter media
being used. The susceptibility of the oxide particles to aggregate will be particularly
dependent upon net surface charge - a characteristic that is very dependent on the nature
of the particles, the presence of specifically adsorbed species (such as natural organic
compounds) and solution conditions and which may be manipulated typically through the
addition of coagulants and coagulant aids. For example, over the pH range of practical
interest for water treatment operations (5 < pH < 11), manganese oxides produced either
by bacterial or permanganate-induced oxidation exhibit a net negative surface charge and
are thus susceptible to destabilization by cationic additives. The pH at which the surface
charge is zero (pH,,.) is around 2-3 for manganese oxides and 7-9 for iron oxides. Thus,
in most instances, at the pH typically used in most water treatment plants (6-9), iron
oxides are expected to possess low surface charge compared to manganese oxides and
thus aggregate more readily. |

As outlined in Chapter 1, two approaches to investigation of aggregation processes
have been adopted here:
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investigation of optimal treatment plant conditions for aggregation of manganese
oxides has been undertaken using waters from the Wyong Shire’s Mardi Dam. (Par-
ticular attention has been given in these studies to manganese rather than iron removal
because of the ease of removal of iron from these waters). Selected results of these
studies are discussed below. Further details of these studies may be found elsewhere
(Waite et al., 1989a).

fundamental studies of the factors controlling rate of aggregation and size of aggre-
gated oxides. While preliminary aggregation studies were conducted on manganese
oxides (Stubbings et al., 1987), the most useful results were obtained on iron oxides of
relatively well defined morphology. The results of these studies are reported in some
detail in Appendix 1. As indicated in Appendix 1, our ability to describe the
dependency of aggregate size on solution conditions for relatively simple systems is
adequate but considerably more work is required in understanding the interactions in
more complex systems typical of the water treatment plant.

3.3.1 Choice of coagulant and coagulant aid

Alum is the most common coagulant used in Australian water treatment plants
and appears to be an effective agent for assistance of the aggregation of manganese
oxides - most likely through interaction of polycationic aluminium hydroxy species
with the negatively charged manganese particles (Posselt et al., 1968). Polymerised
aluminium coagulants (such as polyaluminium chloride, PAC) have also been used
extensively in the US and are attractive because of the significant reduction in amount
of Al-containing siudge produced but their use has been limited in Australia. Given

‘the continuing documentation of relationships between the presence of aluminivm in

drinking waters and the incidence of Alzheimer’s disease (Martyn et al., 1989) and the
relatively narrow optimal pH operating range for aluminium coagulants, increasing
consideration is being given to the use of ferric-based coagulants. In addition, some
consideration for the purpose of iron and (particularly) manganese removal has been
given to liquid cationic coagulants such as Superfloc C573 (a low molecular weight
polyamine marketed by Cyanimid) and Ultrion (produced by Nalco and marketed by
Catoleum).

During the course of this study, investigations of the type and quantity of coagu-
lant and coagulant aid required to optimize manganese and colour removal from Mardi
Dam waters were undertaken. Samples of Mardi Dam water which had been stored in
oxygen-impermeable bags at 4°C were used for these laboratory investigations. As
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indicated in Table 3.1, these waters were of low turbidity. These waters were also of
low hardness (ca. 25 mg CaCO,/L) and low alkalinity (ca. 16 mg CaCO,/L). Given the
relatively low concentration of manganese in these samples, dissolved manganese (as
MnCl,) was added in some instances. Potassium permanganate was also typically
added 15 minutes prior to alum dosing ensuring complete formation of oxidized, parti-
culate manganese. In all cases, the sample was stirred (125 rpm) for one minute after
addition of chemical oxidant, left standing for about five minutes, dosed with
coagulant and coagulant aid (flocculant), stirred (125 rpm) again for one minute, and
slowly stirred (at 25 rpm) for 20 minutes before being filtered using memebranes of 3
micron pore size.

Studies were initiated with alum and the flocculant LT20 - the chemicals recom-
mended at the design stage and used routinely in the treatment process. The experi-
menial results shown in Table 3.1 indicate that an alum dose of 10 mg/L and a
polymer (LT20) dose of 0.1 mg/L are the minimum concentrations required to ensure
formation of good sized flocs in 20 minutes or less (the residence time in the cell
above the sand filter is estimated to be < ca. 20 minutes). While it is recognized that
the optimum alum dose with respect to filter run time may be less than 10 mg/L, these
dosages have been used in most of the work reported here.

The addition of both non-ionic and cationic polymeric coagulant aids (LT20 -
nonionic; LT22, LT24 - cationic) was found to increase the size of flocs with 2 mm
and 4mm flocs formed in the absence and presence of polymers respectively but does
not appear to significantly improve manganese or colour removal. A slight increase in
the manganese removal efficiency (from 85% to 90%) was observed on increasing cal-
cium concentration from 5 to 40 mg/L. Similar increases in manganese removal effi-
ciency with increased Ca** concentration have previously been reported (Jenkins et al.,
1984) and presumably reflect the ability of the divalent calcium ion to destabilize the
negatively-charged manganese oxide particles,

More significant effects are observed on altering the primary coagulant. The
manganese removal efficiencies with the liquid cationic coagulants Ultrion and Super-
floc C573 are compared with those obtained using alum in Table 3.2. Best results are
obtained using Ultrion at an uneconomical concentration of 16 mg/L followed by alum
(10 mg/L) + LT20 (0.1 mg/L). (Note that the dosage of alum is expressed as mg of
alum salt per L while that for Ultrion is mg of liquid per L). Doubling the alum dose to
20 mg/L does not increase its manganese removal capability.
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Raw Water Alum Dose LT20 Dose Rapid Mix Flocculation

pH Turb,NTU mg/L mg/L pm sec pm min Floc Size
6.95 0.7 2 0.1 125 80 25 20 nil
6.95 0.7 6 01 125 80 25 20 nil
6.95 07 10 0.1 125 80 25 20 E (2 mm)
6.95 0.7 14 0.1 125 80 25 20 F (3 mm)
6.95 0.7 18 0.1 125 80 25 20 G (4 mm)
6.95 0.7 22 0.1 125 80 25 20 G (4 mm)
6.92 0.6 8 0.1 125 80 25 20 A (0.5 mm)
6.92 0.6 10 0.1 125 80 25 20 F (3 mm)
692 06 12 0.1 125 80 25 20 G (4 mm)
6.92 06 14 0.1 125 80 25 20 G (4 mm)
6.92 04 8 0.2 125 80 25 20 B (0.8 mm)
6.92 04 10 0.2 125 80 25 20 F (3 mm)
6.92 0.4 12 0.2 125 8o 25 20 F{(3mm)
6.92 04 14 02 125 80 25 20 G (+ mm)
692 0.4 8 0.02 125 80 25 20 A (0.5 mm)
6.92 04 10 0.02 125 80 25 20 C (1 mm)
6.92 04 12 0.02 125 80 25 20 E (2 mm)
6.92 04 14 0.02 125 80 25 20 F @4 mm)
6.86 04 8 0.05 125 a0 25 20 A (0.5 mm)
6.86 04 10 0.05 125 80 25 20 C (1 mm)
6.86 04 12 0.05 125 80 25 20 E (1 mm)

6.86 04 14 0.05 125 80 25 20 F (4 mm)

The nurbidity in the flocculated and filtered (2.5 jum) water was about 0.2 NTU {nephelometric turbidity
unit}.
LT20 is a Magnaftoc non-ionic flocculant

Table 3.1. Results from preliminary flocculation experiments on raw waters from Mardi
Dam using various doses of alum and Magnafloc LT20.
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Table 3.2. Effect of different coagulants and coagulant/flocculant combinations on floc
size and efficiency of removal of manganese and colour from Mardi Dam waters.

Mn-spiked Waier Added Chemicals, mg/L Floceulation Filtered Water®
pH  Absorb-  Total® Coag. Floce, pH? Floc  ResidualMn  Absorb-
ance Mn ppb Size ppb % ance
69 0228 351.0 alum, 10.0 LT20,0.1 6.4 c 249 7.1 0.012
69 0228 351.0 alum, 20.0 LT20,0.1 6.3 G 4.1 97 0.010
6.9 0228 351.0 alum, 20.0 LTz4,0.1 6.3 G 361 103 0.009
6.9 0.228 351.0 Ca, 1000 alum, 10.0 LT20,0.1 6.4 D 330 9.4 0.012

6.9 0.210 369.0 alum, 10.0 C573,0.1 6.5 D 3.8 100 0012
6.9 0.210 369.0 C573, 200 6.6 <A 1850 500 0.049
6.9 0.210 369.0 alum, 10.0  Ulmion, 0.1 6.5 B 376 102 0014
6.9 0.210 369.0 Ultrion, 20.0 6.6 F 262- 11 0.010
6.7 214 367.0 Ultrion, 8.0 6.6 Nil
6.7 214 367.0 Ultrion, 12.0 6.6 Nil
6.7 214 367.0 Ultrion, 16.0 6.6 D 17.5 48 012
6.7 214 367.0 Ultrion, 28.0 6.6 F 7.7 48 010
6.7 214 367.0 Ulrion, 36.0 6.6 F

220 60 .010

? Raw water samples were spiked with MnClz 1o give an additional (nominal) 200 ppb Mn. KMnO4 was added at 137 ppb Mn (nominal).
Sometimes samples were adjusted using an appropriate 2mount of sulphuric acid or sodium carbonate solution.
© Using 3 um membrane fiter.
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3.3.2 Effect of pH

The results of a laboratory study on the effect of flocculation pH on the effi-
ciency of removal of particulate manganese from raw water samples from Wyong are
shown in Figure 3.4. Potassium permanganate was added to the water sample 10
minutes before the addition of alum. The results indicate that increasing the floccula-
tion pH has the effect of improving the removal of particulate manganese. At the same
time, it has the effect of decreasing the colour removal efficiency. Maximum colour
removal is obtained at flocculation pH values <6.5, while maximum Mn removal is
obtained at pH >6.5. Water in the flocculation tanks at the Wyong Shire Water Treat-
ment Plant is usually maintained at about the optimal pH for combined colour and
manganese removal with values in the range 6to 6.5.

3.3.3 Effect of organics

Naturally ocurring organic compounds (humic and fulvic acids) have been
reported to significantly increase the amount of primary coagulant required for opti-
mal performance of the flocculation process (Narkis and Rebhun, 1983). Indeed, Bur-
sill et al. (1985) reported that for South Australian waters with high organic contents
(5-25 mg/L), the nature and concentration of these compounds are generally the most
important factors determining the chemical requirements for flocculation. These
investigators obtained a linear relationship between the dissolved organic carbon con-
centration and the alum dose required for optimum floc formation and attributed the
increase in required alum dose to preferential reaction of the coagulant with the humic
materials. Amy et al. (1989) indicate that the formation of both dissolved and precipi-
tated aluminium-organic entities may indeed consume coagulant. In addition, it is
possible that the formation of an organic coating on the particles to be removed with
an associated increase in surface charge (and thence neutralisation requirement) could
also result in increased consumption of coagulant. Dempsey (1989) also notes that
organic compounds may coat the freshly formed aluminium hydroxide particles thus
rendering them more stable.

In addition, and perhaps most importantly, natural organic matter may adsorb to
the colloidal iron and manganese oxides generated in the oxidation process. Such
“adsorption will impart a negative charge to the particles, possibly resuiting in
increased stability (with the concomitant effect that destabilization may require larger



31

Q.06 100
0.04 4180 ®
A 0
b f
8 L
0 0.03 4160 !
r n
b |
a "
& 002 a0 |
c a
2] |
001 [ ] 20 M
n
0 1 | ! ] t 1 0
4.5 6 65 6 6.5 7 7.5 B

pH

“——resldual colour —F+ residual Mn

Figure 3.4. Effect of flocculation pH on removal of manganese and colour (as measured
by absorbance at 416 nm). Laboratory-based investigation using raw water from

Wyong Shire water treatment plant,
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concentrations of coagulant). The increase in charge on particles nucleating within the
water treatment plant (i.e. on addition of oxidant) may also result in the generation of
smaller sized particles.

Investigations in which aliquots of Mardi Dam waters were spiked with varying
concentrations of fulvic acid indicated that even at a low concentration of 1 mg/L
(which is equivalent to a DOC of approximately 0.5 mg/L), alom dosing had to be
doubled for flocculation to occur (Table 3.3).

Table 3.3
Effect of fulvic acid addition on floc size and manganese removal
efficiency using raw water to the Wyong Shire water treatment plant.

Filtered Water”
Fulvic acid® Alum Floc size ~ Abs Mn Fe Al
mg L mg L} mm ppb ppb ppb
0.0 10.0 4 0.007
1.0 10.0 none
2.0 10.0 none
0.0 20.0 4 0008 56 12 75
1.0 20.0 4 0007 60 17 104
2.0 20.0 4 0008 62 21 16.1
4.0 20.0 1 0016 60 25 270

a Added to raw water of 28.7 ppb Mn, 0.07 Absorbance (Abs).
b Using 3 um membrane filter

Although the concentrations of metals (Mn, Fe and Al) shown in Table 3.3 are
not high, the observed increase in the metal concentrations in the filtered water as the
concentration of added fulvic acid increases may indicate significant complexation of
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these metals by fulvic acid. Alternatively, it could also indicate a fulvic acid-induced
increase in charge on the oxide particles preventing them from aggregating to larger
filterable particles.

The addition of strong oxidants such as potassium permanganate or ozone may
degrade a significant portion of the organic matter present thus lowering the require-
ment somewhat for coagulant. While cost is the obvious limiting factor, more con-
sideration should be given to the use of these agents in place of chlorine for the
combined purpose of organics and manganese control, particularly in view of the
inefficiency of the oxidation of Mn(II) by chlorine and the increasing awareness of
problems associated with trihalomethanes in potable waters.

3.4 Filtration

The optimal water treatment process will be dependent to a large extent on the size
and concentration of particles in the raw water and three types of treatment are typically
considered; (1) Contact filtration, in which destabilizing chemicals are added to the raw
water and the destabilized suspension is applied to the filters without further processing;
(2) direct filtration, in which the destabilized suspension is flocculated to accomplish pat-
ticle growth prior to filtration; and (3) conventional treatment, in which destabilization,
flocculation and sedimentation precede filtration.

The boundaries between areas in which specific process configurations dominate
with respect to minimizing costs are shown in Figure 3.5 as functions of the mass concen-
tration of particles in the raw water (mng/L) and the size (volume average diameter, um) of
the particles in that water (after Wiesner, 1985). Note that, in this analysis, the
destabilizing chemicals are considered to contribute minimal solid volume to the water
being treated. Direct filtration has two distinct areas of application. In the lower region
(small particles and low concentrations), flocculation provides sufficient particle growth
to reduce the head loss caused by smail particles. In the upper region, flocculation again
permits higher filtration rates by reducing the head loss caused by the particles applied to
the filter. Contact filtration is optimal at very low particle concentrations. This is because
excessively long flocculation periods are needed to produce particle aggregation in such
dilute suspensions. When conventional filtration is optimal, sedimentation is required to
remove particles prior to filtration. Particles are removed at less cost by adding settling
tanks than by building larger filters in this region.
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Figure 3.5. Optimal water treatment configuration as a function of raw water characteris-
tics (particle size and concentration). Shaded areas correspond to dlrect filtration ¢ as

optimal configuration (after Wiesner, 1985).
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O’Melia (1985) notes that it is also useful to describe filtration as favourable or
unfavourable, depending upon solution chemistry and the surface characteristics of the
suspended particles and the filter media. In favourable filtration, there are no repulsive
interactions as suspended particles reach the surface of the filter media, This could arise,
for example, when the particles and the collectors have opposite charges, as in the filtra-
tion of positively charged ferric hydroxide by negatively charged sand at a pH of 6. In
unfavourable filtration, a net repulsive interaction between particles and collector will
effect attachment substantially. This could arise, for example, when the suspended par-
ticles and the collector have similar charges, as in the filtration of many clays by clean

sand at a pH of 7.

Direct filtration plants, in conjunction with pre-oxidation processes, have been suc-
cessfully used for the removal of iron and manganese in many locations (e.g. Waite et al,,
1989a; Bratby, 1988) though operating conditions suitable for the removal of colour and
turbidity to acceptable levels may not always be optimal for removal of iron and (particu-
larly) manganese. Consider, for example, the results of studies conducted at the Wyong .
water treatment plant. Excessively short filter run times were observed due to clogging of
filter pores and surface mat formation. The Wyong treatment plant contains six filters
which, for most of the plant lifetime, have incorporated deep beds of uniform dual media
consisting of 375 mm of 0.55 mm diameter sand topped with 900 mm of 1.25 mm diam-
eter anthracite. The design filtration rate for these filters is 3.9 L/s/m’ but, due to the high
water demand (particularly during the summer months), and the shorter than expected run
times for filters when operating at their design filtration rate, frequently operate at signifi-
cantly higher rates - a situation which accelerates head loss.

The short filter run times experienced at Wyong prompted engineers to recommend
the increase in diameter of anthracite particles in one of the filter units to 1.75 mm. Such a
change would be expected to increase filter run times but, because of the decrease in sur-
face area and the increase in pore size, could result in lower trapping efficiency for par-
ticles such as manganese, iron and aluminium oxides. To test this possibility, sampling
and subsequent analysis of the effluent of the filters was carried out following filter
backwashing and was continued at frequent intervals for a period of up to 8 hours.

The results of these studies are shown in Figures 3.6 - 3.8. The initial poor quality of
treated waters following backwashing is a common feature of many water treatment
plants and is a function of both the composition of the water remaining in the filter at the
end of backwashing and of the influent water quality (Francois and van Haute, 1985).



36

3 B!

S0+ #———t Sand filter No. 1 i

E O -msommnen @ Sond filter Nu. 8 i

= B0k G —e -0 Sond filtar NO,2 3
o T F Mer——--—# Sond filter Na.3 ’j
N :
@ 7.0 F 2
2 ] i
= i
5 2
. E
<
z 3
- E]
¥ 3
.: E
c H
s 3
g 3
= 3
%

3
0. G 2.0 4.0 6.0 8.0 10.0

Fittration time Choura)

Figure 3.6. Manganese concentrations in the effluents of mixed media (anthracite and
sand) filters of Wyong Shire water treatment plant as a function of filtration time
following backwashing. Filter No.1 contained 1.75 mm diameter anthracite while all

other filters contained 1.25 mm anthracite.
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Figure 3.7. Iron concentrations in the effluents of mixed media (anthracite and sand)
filters of Wyong Shire water treatment plant as a function of filtration time follow-
ing backwashing. Filter No.1 contained 1.75 mm diameter anthracite while all other

filters contained 1.25 mm anthracite.



38

400.0 rzeessrgeeees S R — S — S S—
g
w00 l» +——+ Sand Filter No. |
| Oemmmmemoe s a Sond Filter NHa, & ]
- 4 Q———-—- -0 Sond filter No. 2 1
e Mo-——--—n Sand filrter No. 3 )
< o300.0 - 3
< ]
s i
= 2500}k ]
w
E 200.0 | A
[T
o 4 ]
= P ]
e 150.0 - ; y
£ ) -]
E i ]
: . g
< 1800 | 4§ A
-] N J
& F e ] -
S0.0 n
0.0 Lovwadiabansadissnseleon e ans osscas TP TP
0.0 2.1 5.0 6.0 8.0 10.0

Filtration time (hours])

Figure 3.8. Aluminium concentrations in the effluents of mixed media (anthracite and

sand) filters of Wyong Shire water treatment plant as a function of filtration time
following backwashing. Filter No.1 contained 1,75 mm diameter anthracite while all

other filters contained 1.25 mm anthracite.
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The subsequent period of improvement (of about two hours duration), or filter ripening,
has been related to the accumulation of influent particles within the pores of the media,
resulting in Increased capture of additional particles (O’Melia, 1985).

It is clear from Figure 3.6 that a change to the larger diameter anthracite does result
in lower removal efficiencies for manganese (but not for iron or aluminium). In fact, once
filter operation stabilised following backwashing, total manganese concentrations from
Filter No. 1 (that possessing the larger diameter anthracite) were, on average, 27% higher
than effluent concentrations from filters with the smaller anthracite particles (the percen-
tage increase is significantly higher during the first two hours following backwashing). A
similar study conducted on another occassion indicated a 55% increase in manganese
concentration through the coarser media (though, in all cases studied, the effluent manga-
nese concentrations were maintained below the target level of 20 ppb).

The importance of aging of the filter media and, in particular, the development of a
manganese oxide coating has been stressed by Knocke et al. (1988) who carried out a
laboratory-based study to evaluate the extent of soluble manganese removal by manga-
nese oxide-coated anthracite and sand filter media. Filter column experiments using both
new anthracite and sand as well as oxide-coated media obtained from full-scale water
treatment plants were undertaken, Most pre-used media were found to have significant
oxide coating, with typical extractable manganese contents of 2-5 mg Mn/g of media. In
the absence of an applied oxidant, virgin sand or coal media had no significant Mn®
removal capacity. In contrast, the efficiency of manganese removal by pre-used media
was found to be governed by the filter influent pH (=8.8) and the concéntration of the
surface MnQ, and its oxidation state.

Knocke ez al. (1988) also reported that when prechlorination of the filter influent
was carried out, effective manganese removal was observed when the pH was 6.1 or
greater. They noted that >98% of the manganese in the prechlorinated filter influent water
was still in the dissolved Mn* form, The sorptive removal capacity by the MnQ, coating
on the filter media was thought to be mostly responsible for the manganese removal. Dis-
solved chlorine increases the oxidation state of the MnO, coating which, in turn, imprdves
its manganese adsorption capacity. The removal mechanism observed when stronger
oxidants (permanganate, ozone) were used was different than when chlorine was utilised.
In these cases, the oxidation of Mn?*" occurred almost immediately after the addition of
oxidant. The filter media, thus, functioned as a collector for colloidal manganese oxides.
This hypothesis was substantiated by the observed recovery of manganese during the
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back-washing operation. When chlorine was used as an oxidant, very little of manganese
was recovered. On the other hand, when stronger oxidants were used, the manganese
recovery was much higher, indicative of the release of previously entrapped colloidal

manganese oxide particles.

It should be noted that our ability to describe the capture efficiency of colloidal par-
ticles such as those of iron and manganese oxides on deep bed filters is not particularly
strong. The attachment and subsequent removal of a suspended particle at the solid-liquid
interface presented by a deep-bed filter is controlled by the surface properties of the par-
ticles to be removed and the filter medium (Chang and Vigneswaran, 1990). However,
Elimelech and O’Melia (1989, 1990) have found that the classical
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloid stability breaks down
when attempting to describe the capture of colloidal particles on a filter medium and indi-
cate that further work on the interfacial electrodynamics of interaction, coupling of elec-
trodynamics and hydrodynamics and the possible effects of surface roughness and particle
structure on particle capture 1s urgently needed. :

3.5 Sequestration

Dart (1983) stated that, according to a 1970 survey assessment of filtration plants in
the State of Nebraska, many plants failed to remove contaminants down to the 0.3 mg L?
iron and 0.05 mg L™ manganese recommended standards. One of the common causes of
the failures was that tht; raw water iron already combined with naturally occurring silica
and thus would not fully precipitate. ' ;

The fact that silica can prevent iron precipitation has therefore been used as a water
treatment process, The procedure of injecting sodium silicate at the point of rapid oxida-
tion of the ferrous to ferric iron has been described by Dart (1983) as a cost-effective
sequestering method. It should be noted, however, that the presence of elevated stabilised
iron and manganese in a water supply can still create problems if conditions in the dis-
tribution sysfem permit breakdown of the sequestered material (e.g. long-term stagnation
zones in a distribution system). Four sequestration procedures have been found practical
for water treatment in Ontario. The use of sodium hexametaphosphate (or polyphosphate),
sodium silicate or hydrogen peroxide (manganese only) have been suggested as sequester-
ing agents. The choice of sequestration option is determined by:

. the concentration of iron or manganese (not to be greater than 2 to 3 mg L;
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. the ease of oxidising of each contaminant: waters with easily oxidisable contamin-
ants can be treated with silicate, while those with slow to oxidise are treated with

polyphosphate;

. sequestration control of iron and manganese is not recommended for waters which
tend to support biological growth; the addition of polyphosphate may aid bioclogical
fouling if phosphate is actually the limiting nutrient for growths.

Manganese is less controllable by sequestration treatment than iron (Robinson and
Ronk, 1987). These authors studied the sequestering of manganese by the nearly simulta-
neous additions of sodium silicate and sodium hypochlorite. Under conditions of close-to-
neutral pH and 150-250 mg L of alkalinity (as CaCQ,), 1 to 2 mg L™ of manganese
could be sequestered for up to one day,
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4RETICULATION SYSTEM

A major consequence of excessive iron and manganese concentrations entering the dis-
tribution system is the accumulation of a coating containing high concentrations of manga-
nese, iron, aluminium, calcium, silica and organic matter. The deposition of manganese may
occur by physicochemical processes and/or as a manganese depositing biofilm by microbial
processes. Physicochemical deposition occurs in water distribution areas with sufficient
chlorination {such as those near the water treatment plant) when manganese concentrations
continuosly exceed 0.02 mg L for a few days. Manganese depositing biofilm develops in
areas of the water reticulation system with insufficient residual chlorine to control microbial
growth (Sly et al., 1989). The microorganisms may be actively involved in the deposition of
manganese through oxidation of Mn(II). Such "biological manganese oxidation" in the water
distribution system appears to be caused by the presence of a Hyphomicrobium-like bacter-
ium Pedomicrobium manganicum and a Metallogenium-like bacterium in attached biofilms.
Further details of the various types of distribution system biofilms and thé conditions under
which they arise is given in publications by Sly and coworkers (Sly, 1987; Sly et aI, 1988a).

Scouring of manganese oxide coatings is typically initiated by sudden increases in flow
rate (Phey and Philips, 1989). Once detachment occurs the passage of these coatings through
the distribution system would very likely cause abrasive shearing of other biofilm. Penetra-
tion of chlorine into an area of the distribution system insufficiently chlorinated to control
biofilm growth, or a change in the water disinfection practice (from chlorination to
chloramination) will also cause detachment of manganese-depositing biofilm (Cooper, 1989).
In well established biofilm, sloughing will probably be confined to the outer layer of actively

growing microorganisms,

As indicated earlier, Sly and coworkers (Sly, 1987; Sly et al., 1988a) found that dirty-
water complaints were registered in the Gold Coast region once manganese levels in the dis-
tribution system exceeded 0.02 mg/L.. In light of this, Sly recommended that manganese
levels entering the distribution system do not continuously exceed 0.01 mg/L. Sly also
recommended that chlorination (or chlorine dioxide) levels in a water distribution system
with potential manganese problems should be maintained at a level sufficient to control the
growth of manganese-depositing biofilm gavhilc minimizing the formation of manganese oxide
coating. The WHO recommended range of 0.2-0.5 mg L' chlorine is adequate (Sly et al.,

1988b).
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5 CONCLUSIONS AND RECOMMENDATIONS

"Dirty water” problems associated with the presence of high concentrations of iron and,
in particular, manganese in potable waters appear to be occurring increasingly frequently in
Australia with consumer complaints arising when manganese and iron rich biofilms slough
off water distribution pipelines. Indeed, it is apparent that a large number of distribution sys-
tems throughout Australia constitute significant reservoirs of manganese (and iron) rich
deposits which, at some stage in the future (under the impact of increased flows, increased
inputs of these oxide forming elements or simply through the slow, gradual buildup of
deposits) will begin releasing these troublesome materials to consumers.

While the maintenance of moderate, uniform chlorine residuals throughout the distribu-
tion system is essential in controlling biofilm growth, effective long-term management
requires that concentrations of manganese and iron entering the distribution system be
minimized. Both management of raw water source and optimization of treatment plant pro-
cedures for the removal of manganese and iron will be necessary in most cases to achieve this
objective. Optimal procedures of reservoir and reticulation system management and treatment
plant operation for the removal of these elements is very much case specific and requires an
understanding of the chemical, biological and engineering aspects of the problem.

A number of more specific conclusions and associated recommendations have been
formulated through this project and are documented below:

+ Manganese and iron problems in most instances have been attributed to the extraction of
~ hypolimnetic waters from thermally stratified reservoirs. While the implementation of

artificial destratification within water supply reservoirs as a means of overcoming this
problem is strongly supported, it is considered that greater understanding of the timescale
of oxidation and sedimentation within fully mixed reservoirs is needed. Only when this
information is available will it be possible to realistically assess the iron and manganese
loads that can be placed on the reservoir and, concomitantly, the limits that should be
placed on iron and manganese concentrations in source waters;

» Inmost Australian treatment plants in which some method of iron and manganese control
is implemented, the raw waters entering the plant are monitored at regular intervals (and
in some cases continuously) for iron and manganese concentrations. However, the cur-
réntly adopted standard colorimetric methods, particularly for manganese, may lead to
significant overestimation of concentrations present and caution in data interpretation
must be exercised. Improved colorimetric methods for manganese (such as the porphyrin
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consideration should be given to their use by water authorities concerned with iron and
manganese. Additionally, the water treatment method adopted will be dependent on the
form of the element present and analytical techniques that provide information on chemi-
cal speciation must be adopted.

oxygen or chlorine are satisfacory oxidants for Fe(II), more powerful oxidants are
required for the oxidation of Mn(Il). The use of potassium permanganate is recommended
for the oxidation of Mn(II), though the increasingly widespread use of ozone in water
treatment suggests that the dynamics of interaction of this reagent with manganese be
further Investigated. '

In addition o the requirement for oxidation of Mn(Il) and Fe(II) to insoluble particulate
species, the oxides so formed INust aggregate to sizes large enough to either sediment effi-
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+ Following the recommendation of Sly and coworkers (Sly, 1987; Sly et al., 1989b) it is
suggested that manganese levels entering the distribution system sould not continuously
exceed 0.01 mg/L. We also strongly endorse the recommendation that chlorination levels
in a water distribution system with potential manganese problems should be maintained at
a level sufficient to control the growth of manganese-depositing biofilm while minimizing
the formation of manganese oxide coating.
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7 APPENDICES
7.1 Appendix 1: Kinetics of Aggregation of Colloidal Iron Oxides

INTRODUCTION

The aggregation kinetics of fine particles has been an area of prime interest in col-
loid science for many years, with important implications for problems relating to air and
water pollution control, as well as for a wide variety of natural and commercial processes.
The study of colloidal aggregation phenomena has been made easier with the advent of
new instruments based on techniques utilizing the availability of large capacity, high
speed computers. One of these techniques, Photon Correlation Spectroscopy (PCS), has
been used in the present work to measure the change in particle size distribution with time
and hence to study the aggregation kinetics of haematite particles. Previous work which
used PCS for the measurement of particle size in aggregating systems concentrated on the
initial stages of aggregation in which single particles combine to form doublets (1). In this
work, however, long times are considered so that multiplets are also formed. The aggrega-
tion results obtained from the light scattering experiments are compared with the predic-
tions of a theoretically derived model in which Smoluchowski’s kinetic equation (2) has
been modified using a rate constant determined from the repulsion and attraction energies
and account is taken of the nature of packing within the aggregate structure.

PCS THEORY

: Photon Correlation Spectroscopy has been used to measure the diffusion coefficient
of colloidal particles in suspensions. The hydrodynamic radius can be determined from
the diffusion coefficient as has been discussed in several excellent reviews (3,4). PCS
determines particle size from the fluctuations in scattered intensity that occur over very
short time intervals. The time dependence of this fluctuating intensity is governed by the
random thermal or Brownian motion of the particles, expressed as the diffusion coeffi-
cient. The data required for particle size analysis by PCS are values of the intensity
(photocount), [{t), at some arbitrary time, t, and at some later time, /(¢ 4+ 1), where T is the
difference in time between the two counts. From these two photocounts, the autocorrela-
tion function, C(z}, is computed as the product of the two intensities,

C(t)=<I(1).I{t +7) >, and the normalised autocorrelation function is given by

s . . .
g’ = i;%%‘—? . The first order autocorrelation function, g '(7), is related to the norma-

lised autocorrelation function by | g ()| 2= gi(v)~-1.

For monosized particles, g (%) can be written as a single exponential function decay-
ing to an infinite time value,

lg'(®)| =exp(-T7) [y

where I' = DQ2 The translational z-averaged diffusion coefficient of the pa:ﬁcle, D, is
related to the hydrodynamic radius, R,, by the Stokes-Einstein equation,

kT

=GR, (2]
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where kg is Boltzmann’s constant, T is the absolute temperature, 1 is the viscosity of the
surrounding medium. Q is the magnitude of the scattering vector, defined as
4nn . (O
= ——sin| -~ 3
Q== (2 (3
where n is the refractive index of the medium, 6 is the scattering angle, and A is the inci-

dent wavelength of the light measured in vacuum. In practice, samples are typically poly-
disperse and this necessitates the use of a correlation function which is a distribution of

exponential time constants,
'@ = [ GOexp-Toar o
0

where G(I) is the normalized distribution in I space. There are three main approaches to
analysis of PCS data: method of cumulants, fit to a known distribution function, and
inversion of the Laplace transform (5). The approach used in this study is the method of
cumulants (6), in which the right hand side of Eq. [4] is expanded in a series about the

mean, I':
2 %} - :
|g'(@)] =exp(-Tw) (1 +—-£+ ) - 15

and can be analysed to give the values of T, Ho.

Brown and Pusey (7) showed that a well defined averaged diffusion coefficient
(z-average diffusion coefficient),

I XNMMD, '
' SNM? L6

Z=

where N, is the number of particles i, M; is the mass of a particle i, and D, is the diffusion

cocfficient of i, was appropriate for small particles of diameter less than (‘1%) and which

exhibit negligible angular dependence on scattering, The diffusion coefficient may also be
related to hydrodynamic size of the particle by using the Stokes-Einstein equation (Eq.

[2D.

THE THEORETICAL MODEL

If a number of moving particles are confined within a certain volume of liquid, they
may or may not collide with each other, depending on their number concentration and/or
mutual affinity (repulsion/attraction), Assuming that they do collide, they may or may not
adhere permanently to each other depending, again, on their mutual affinity and/or on the
agitation characteristics of the medium. Here, only the case of irreversible adhesion of
colliding particles will be considered, In this case, the agglomerate growth process can be
described by a series of "reactions’ of the type:

n,--{—nir--%n,-,rJf . . [7]
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where n;, n; and n;; are the number concentration of the 'reactants’ and *product’ respect-
ively. Following the analogy to chemical reactions, a rate constant, k;, for the aggregation
can be defined as:

dn, _ dn_,- —k 81
dr dr 0 L#]
for dn,
i#j i ksnn, [8a]
for L dn; 1
i=] " = -ikgn,-nj _ [8b]

where 1 = i4j, tis time and Eq.[8a,b] give the rate of formation of aggregates 1. However,
there is also a rate of *consumption’ of aggregates 1 as "reactions’ to form aggregates of
higher order are occuring simultaneously. The balance of these "reactions’ is the classical
Smoluchowski kinetic equation (8):

dn[ 1 i-1 =
& 5;=1.E:—;kﬁninj ~h .'E'l s ' Bl

Equation {9] can be numerically integrated to give the variation of the number of aggre-
gates | with time, provided that a suitable expression for ky (and ky) is used.

Brownian aggregation (rapid aggregation)

If the particles are indifferent to each other and sufficiently small to have negligible
settling velocity, the only mechanism promoting collision between them is Brownian
motion. In this case, the rate constant can be based on Fick’s first law with the coefficient
of diffusivity estimated from the Stokes - Einstein equation. The result can be written as
(see 8):

2,71 1 "
‘3'('):*—3; (—+;;)(r,-+rj)  [10]

ry

where 7, r; are the radii of the aggregates. For a monodisperse system (r; = r;), the rapid

rate constant is reduced to

8k, T
and the Smoluchowski kinetic equation (eqn. 9) becomes,
dn, 1 -1 =
A ; no— . 12].
d 29, l,jz=t-;n'n’ ke i>;:1 & (12]

The above equation can be solved analytically (8), and in general the concentration of the
I* aggregates can be represented by, .
{-1

1 )
I’ID(E k(,.)t no)

= —-—-—~———(1 +%k(,)mo)m [13]
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where n, is the initial particle concentration.

In many practical cases, however, the rate of aggregation is retarded by the presence
of repulsive forces between the particles and the rate given by equation [10] grossly over-
estimates the aggregates growth.

Slow aggiregation

To account for the retardation in the rate of aggregation, a correction factor, known
as the stability ratio, is defined as (1): '

kl"(r)
Wy=po 14

where ki, is given by equation [10] and k; is the corrected rate constant, to be used in
equation [)9]. The stability ratio can be determined by an expression derived by Fiichs (9),

that can be written as: '
Vr)
» C€XP -’F'

V[/’U:(r‘.-i—rj)J;+ ———-——-——rz dr [15]
where r is the distance between the center of aggregates and V(r) the total interactive
energy between the pair of aggregates. The total interactive energy is given by:

Vi(r} =Vir) +V,(r) [16]

where Vi(r) is the repulsive and V(1) the attractive energy of interaction, respectively,

The repulsive energy of interaction

The following expression, derived by Hogg, Healy and Fuerstenau (10) was used
here:

TEERNT
ntr

{Cy, + ) In{1 +exp(kH)} +(y; —,) In{1 — exp(~xH)}} [17]

VR(H) =

where Vi(r) is given in Joules, H is the distance between the surface of the particles in
meters (H=r-1j-1,), & is the permittivity of vacuum, &, is the relative dielectric constant of

the medium (g, = 78.54 for water at 25°C),\y; is the surface potential of particle i (taken
here to be identical to the zeta potential) and x is the Debye-Hiickel parameter given by:

1
2Ce?2 }
€= (eoe,kgT J 18

where z is the valence of the ionic species in solution, C the ionic concentration and e the
electronic charge. : -

The attractive energy of interaction

For particles carrying like charges, the attraction between aggregates can be assumed
to be due to Van der Waals forces. In terms of energy, the expression for the interaction
between two aggregates of radius r, and r, is (11);
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2
V()= A{ e S +21n{—2ﬂyi}} [19]
12{x%+xy +x x*+xy+x+y X4xy+x+y

. H r.
where A is the Hamaker constant and x =,y =-.
]

i
Determination of the Hamaker constant is not a simple task. Its value depends on the
composition of the aggregates and on the composition of the medium in which the par-
ticles are suspended. An approximate expression for estimating the effective Hamaker
constant between two particles of a material, 2, embedded in a medium, 1, is (11):

1 1

2
Ay = (A 151 —AEZ) _ [20]

where A,, and A, represent the Hamaker constant of the particle and medium, respect-
ively. Difficulty in using eqn.[20] arises because values of A are scarcely found in the

literature and, in the case of water, reported values vary from 3.3 x 10"~ 6.4 x 1077
(see 12),

In this work, the Hamaker constant was estimated experimentally utilizing a tech-
nique suggested by Barringer et al (13), which assumes irreversible transformation of
singlets to doublets in the initial stages of aggregation (see Appendix).

Correlations for aggregate size

For the complete prediction of aggregate growth with time, it is necessary to
attribute a size to the assembly of particles that constitutes each aggregate. If it is assumed
that the aggregated particles meld together to form a single spherical particle containing
the complete mass at the same density as the original colloid. The spherical equivalent
volume for an aggregate of n primary particles (V,) is given by:

V,=nV, [21]

where V, is the volume of a primary particle in the dispersion. This means that the spheri-
cal equivalent radius is determined by:
1

r,=n’r [22)

where 1, is the radius of a primary particle. However, this concept is not supported by
electron micrographs of aggregates which show that the structure of aggregates consists
of quite distinct primary particles and retain their own individual shapes whilst in contact.
Two different approaches were considered here:

(i) It was assumed that the growing aggregate did not change its packing structure with
size. In this case, the spherical equivalent radius, 1,, of an aggregate composed of n
singlets can be represented by:

3
r, = (%) n (23]
where f, the packing factor, is the ratio between the volume of the n singlets and the total
volume of the aggregate which was taken as constant with aggregation time,
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(i1) A fractal geometry for the growing aggregate was assumed. In this case, by definition,
an aggregate of mass M contained within a radius R about its center can be described by

(14):
MoR* [24]

where d is the fractal dimension of the aggregate of value less than 3. If the primary par-
ticles remain intact upon aggregation, then the mass of an aggregate is proportional to the
number of the primary particles, n, within it. Hence, the spherical radius of an aggregate
composed of n particles is,

1

o,
ry=n'r A [25].

It is worth noting that this assumption results in a decreasing packing density as the aggre-
gate grows.

The theoretical average size of the aggregates is then estimated using the mass mean
size equation,

Zfri
Zfrl

where f; is the number distribution of aggregates with i particles.

[26].

r=

EXPERIMENTAL

Preparation of haematite

Samples of uniformly sized, approximately spherical haematite particles were pre-
pared by forced hydrolysis of an homogeneous iron salt solution under strictly controlled
conditions, as described by Matijevic and Scheiner (15) and slightly modified by Penners
and Koopal (16). Details of the procedure are given elsewhere (17). Haematite samples
were prepared and diluted to two different concentrations, 3.9 x 10* M and 1.95 x 10*M.
These concentrations correspond to 4.5 x 10" particles/litre and 2.25 x 10" particles/litre
assuming the presence of singlets only.

The regularity and sphericity of the particles is evident from a typical electromicro-
graph of the prepared haematite (see Figure 1).

Particle Size Analysis

The particle size distributions of the aggregating particles were measured with the
Malvern 4700 PCS system, utilizing 2 15 mW, 633 nm He-Ne laser. Two independent
correlations were used to relate the intensity of the light scattered by each size population
to its mass: the Rayleigh-Gans theory (18,19) and the more rigorous Mie theory (20) in
which the refractive index of the particles and absorption function are taken into account.
Both procedures were found to give comparable results. Figure 2 shows the particle size
distribution of the haematite samples with a z-averaged diameter of approximately 100nm
and a polydispersity index of 0.18.

Zela potential measurements
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The zeta potential of the particles was measured with the Malvern Zetasizer Ilc sys-
tem, which uses a 5 mW, 633nm He-Ne laser as light source. With this equipment, the
particle scattered light is correlated to its electropheretic mobility, as an alternating
electric potential with a known frequency is applied across the measurement cell. The par-
ticle zeta potential was then deduced from the measured electropheretic mobility using
existing theory (21).

Aggregation experiments

Two sets of aggregation experiments were conducted, each using one of the pre-

pared particle concentrations:4.5 x 10" and 2.25 x 10" particles/litre. In each set of
experiments, several tests were performed with addition of a salt (KCl) to the
agglomerating suspension. The salt concentrations ranged from 5 to 300mM. For each
given salt concentration, the experimental test consisted of the measurement of particle
size distribution versus time. The agglomeration was carried out in the sample reservoir of
the particle sizer, so that size distributions were determined every 2-3 minutes without
disturbing the process, the total experiment lasting up to 1 hour,

RESULTS and DISCUSSION

The result from the Malvern 4700 gives a z-average diameter, a polydispersity
index, and intensity, mass and number weighted size distributions (see Fig. 2). The
number distribution can be related to the hydrodynamic size using equation [26], and
hence, the model aggregate size can be reasonably estimated from number distribution
using equation [26].

Figures 3 and 4 show the variation of the measured aggregate size with time for the
initial particle concentrations of 4.5 x 10" and 2.25 x 10" particles/litre, respectively. It
can be seen that, in both cases, aggregate growth is extremely sensitive to salt concentra-
tion in the range between 20 and 50 mM., This is typical behaviour for aggregation of hae-
matite, as the salt reduces the repulsive forces originating in the particle electrical double
layers (see 22). The growth behaviour can be divided into three regions in each of which
there is no strong dependence on particle concentration: for salt concentration below
30mM, the repulsive forces predominate and no growth occurs; concentrations between
30 and 50 mM show an increasing particle growth rate with salt concentration as the
repulsion barrier is increasingly counterbalanced; above 50mM, with no repulsive forces,
rapid coagulation takes place and particle growth becomes independent of salt concentra-
tion. Under the conditions used here, the critical coagulation concentration, at which
repulsive forces are counterbalanced by Hamaker attractions, was found to be 40mM and
43 mM of KCl (see Fig. A1, A2) for the particle concentrations of Fig. 3 and 4, respect-
ively. These values were used to estimate the Hamaker constant for the two sets of experi-

ments, and were computed to be 2.43 x 1077 and 2.37 x 1072/, respectively (see
Appendix). If these results are used in eqn. [20], together with the reported value of

1.52 x 10™°J for the Hamaker constant of Haematite in vacuum (23), the resulting
Hamaker constant for water is 5.4 x 10%/, which is well within the range of values found
in the literature (see 12,22).
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From the experimental conditions described above, theoretical curves were gener-
ated by numerical integration of the equations described in the "Theoretical Model” sec-
tion. The computational method utilized was the Runge-Kutta-Gear routine and all the
required physical constants were either supplied (i.e. 1, kg, T, etc.) or measured (i.e. zeta

potential, Hamaker constant) with the exception of parameters defining the aggregate
structure (i.e, packing factor f or fractal dimension dg).

Consider firstly the use of a constant packing factor to define aggregate structure.
The packing factor for regularly packed spheres is of the order of 0.7 (0.74 for Face Cen-
tered Cubic packing and 0.68 for Body Centered Cubic packing) (24). When such a value
is used in the model calculations here, good correspondence between model and
experiment is obtained (see Figure 5) under conditions where the aggregate size is small
and an assumption of close packing likely to be reasonable (i.e at low salt concentration
where the rate of aggregation is slow and at early times in systems forced to aggregate
more rapidly through higher salt additions). However, a model incorporating a constant
packing factor is clearly inappropriate for the rapidly aggregating system at later times
where such a model is observed to grossly underpredict agglomerate size (Figure 5). In
this case, a model incorporating increasing porosity with Increasing size (a property char-
acterictic of a fractal structure} might be expected to provide better correspondence with
observation.

An estimate of the fractal dimension appropriate to the rapidly a;ggrcgatil}g case (i.e
salt concentrations greater than the critical coagulation) can be obtained by non linear
least square curve fitting of the aggregate size versus time dependency since, under these-

]

conditions R~ (25). The fractal dimension estimated from the curve fitting is 2.3 + 0.1,

Before using this fractal dimension in computation of aggregate size (and subsequent
comparison with measured hydrodynamic size), it should be recognized that the dimen-
sion computed through Equation 25 is the radius of gyration (R,) - a radius somewhat less
than the outer radius (Ry) of an equivalent sphere (26). The hydrodynamic radius (R,)
obtained experimentally is also expected to be less than the outer radius for agpgregates
with density less than a solid sphere, but is not necessarily identical to the radius of gyra-
tion (R,). In fact, the relationship between R, and R, is dependent on the nature of pack-

R
ing. For example, Chen and Meakin (27,28) obtained values for R—" of 0.875 and 0.97 for
£
R
simulated clusters with d=1.78 and 2.1 respectively. For a solid sphere (dg=3), the }i
]

ratio becomes '\N -;- ) For de = 2.3 as found here, the radius of gyration and the hydrody-

namic radius would be expected to be very similar and indeed the comparison of theoreti-
cal curves with experimental data (S0mM KCI) in Figure 5 is good.

As introduced earlier, the apparent success of a fractal dimension in describing the
rapid aggregation data suggests that, under these conditions, the aggregates become looser
(less dense) as their size increases. This tendency can be quantified by equating equations
(23] and [25], resulting in

enG) 271,
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(f'is used instead of f to avoid confusion with the constant packing factor used above).
Equation [27] states that, for a fixed dg, f” decreases with n, the number of particles in the
aggregate. The variation of f” with n, for dg=2.3 is shown graphically in Figure 6. It can be
seen that for few particles, the value of f is consistent with the packing factor of regularly
packed spheres (i.e. f* = 0.7 ) but decreases as n increases.

The fractal dimension of 2.3 obtained here under rapid aggregation conditions (no
repulsion barrier) is only slightly less than the value of 2.5 expected for aggregates grow-
ing via particle cluster diffusion limited aggregation (DLA) (29,30). In DLA, clusters
grow purely from monomers, which approach the cluster with a random-walk trajectory.
The random-walk nature of the approaching monomer favours growth on the extremities
of the cluster, and thus, open, ramified geometries develop. Cluster-cluster aggregation
(CA) is a variation of DLA where clusters grow from existing clusters as well as from
monomers (31). In CA, dg is reduced substantially because two fractals are extremely
unlikely to penetrate without contact, Fractal dimensions on the order of 1,75 are to be
expected where cluster-cluster aggregation is the dominant mechanism (32,33).

It can be seen from Figure 5 that an assumption of fractal dimension of 2.3 for the
"low salt" case (30mM KCl) where aggregation is slow also gives close correspondence
between computed and measured aggregate size. This is to be expected since, as men-
tioned above, a fractal structure for aggregates of small size {low particle numbers) is
essentially identical to a regularly packed structure. It should also be noted that, under
these conditions, the calculated aggregate size is relatively insensitive to the magnitude of

dg.

Measured and calculated aggregate sizes as functions of time for several salt con-
centrations and haematite concentrations of 4.5 x 10" and 2.25 x 10" particles/litre are
shown in Figures 7 and 8 respectively. As discussed above, close correspondence between
measured sizes and sizes calculated assuming a fractal dimension of 2.3 is observed both
at salt concentrations above the critical coagulation concentrations (where aggregation is
essentially a diffusion limited process) and at salt concentrations of sufficient magnitude
to prevent significant aggregation occuring. However, in the intermediate region (salt con-
centration of 40mM in Fig. 7 and 30mM in Fig. 8), the sizes predicted with d; are signifi-
cantly larger than the experimentally measured sizes. It is implied from such an
observation that the aggregate structure in this salinity region would be more
appropriately described by a larger fractal dimension (i.e. more closely packed). Such an
implication appears reasonable since, under the conditions determining intermediate (and
slow) aggregation rates, the repulsion barrier is significant and the probability of sticking
is low. The aggregating clusters will thus have the opportunity to explore a large number
of possible structural configurations leading to some interpenetration and thus denser
aggregates i.e. higher fractal dimension). Further details on the variation in fractal dimen-
sion with rate of aggregation of haematite are presented elsewhere (34).

It should be recognized that, in calculating the stability ratio (i.. in computation of
repulsive and attractive forces), a solid particle with an equivalent spherical size account-
ing for the fractal nature of the aggregate is assumed. For low salt concentration, the
number of primary particles in the aggregates is low and these particles are closely
packed. As discussed above, the deduced fractal dimension of 2.3 would also give a
packed structure for aggregates containing a small number of particles. This suggests that
use of an equivalent spherical size in calculating the stability ratio under these conditions
is reasonable. For high salt concentrations, the aggregates are more loosely packed and .
contain large numbers of primary particles. Use of an equivalent sphere in computation of
repulsive and attractive forces under these conditions might be expected to generate devi-
ations between observed and predicted results. However, at these salt concentrations, the
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effect of repulsive force is not significant; the aggregation is mainly due to diffusion. It is
only in the intermediate regime where the repulsive force is still significant, but the aggre-
gates are not closely packed, that description of the encounter of objects with fractal char-
acter using equations derived for the estimation of interactive forces between spherical
particles may introduce some errors. :

CON CLUSIONS

In this work, the kinetics of growth of hacmatlte has been detemnncd by direct
measurement of aggregate size utilizing Photon Correlation Spectroscopy. Growth tests
were performed by varying the ionic strength of the medium and the effect observed was
typical: slow agglomeration for small salt concentration (up to 30mM of KC1); transition
region for KCI concentration between 30 and 50mM, and rapid aggregation for salt con-
cenfration above 50mM. A theoretical model, derived from the Smoluchowski equation
modified to account for the repulsion and attraction energies during aggregation and for
the packing characteristics of the aggregate, was developed and compared with the experi-
mental results, The resulting comparisons indicate that the aggregates have a fractal struc-
ture with their packing becoming looser as their size increases. A fractal dimension of 2.3
yields aggregate sizes that correspond closely to measured sizes for salt concentrations
greater than the critical coagulation concentration (i.e. in the rapid aggregation region).
This value is slightly less than expected for particle-cluster diffusion limited aggregation
(DLA) and suggests that a combination of DLA and cluster-cluster aggregation (CA) is
occuring. Not surprisingly, use of dz=2.3 in the region of intermediate aggregation kin-
etics results in over prediction of aggregate sizes. Closer packing (larger dp) is to be
expected in this region of retarded aggregation because of the opportunity for interacting
aggregates to find lower energy interpenetrated structures.
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APPENDIX

The rate of aggregation in the initial stage of aggregation assuming irreversible
transformation of singlets to doublets can be written as,
dn,

— = —kn? [A1.

If the fraction of singlets converted is equal to x, fraction of doublets formed is %x, and

the total remaining fraction is 1 — %x with respect to initial total number of particles. The
average size at certain x can be expressed according to Eq, [26] as,
( l-x )R4 +( 172x 4
=12 S0 T h-12e )02
= [A2],

R= 1-x Y,3 12 Y53
1-172x J 1 1-1izx 12
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where R, is the size of singlet, and R, is the size of doublet. R, can then be related to R,,
R,=¢ xR, [A3],

where ¢ is a constant. By rearranging and simplifying Eq. [A2], x becomes
R ""Rl_
xX= _
(A-12/R — (1 - 112f)R,

If it is assumed that x — 0 as ¢t — 0 plotting x versus time would give k,n, as the slope at
t—0.

After obtaining k, from the slope, the stability ratio (W) curve, i.e. plot of In(W) vs
In(salt concentration) can be drawn, which then will give the critical coagulation concen-
tration (the experimental results for this work are plotted in Fig. A1,A2). At critical
coagulation concentration, the total interaction energy and its first derivative are zero.

Therefore, the total interaction energy (Vy), for y; = y; =y, becomes:

(A4d].

REGERT LT
Vi) = " 201 4 exp(-rc)
. , ,
_A : y . _ y +21n{_2£i£y_fx_}=0[A5]
12" x%+xy+x x*+xy+x+y XHxy+x+y

and its first derivative,

Vi) megpny o ~xexp(—xH)
ari rtr, I +exp(-xH)

x ¥ 1
_A('r?“LE*E){Z(xZHy +x)-y 2 +xy+x +y)+y} AT

12 @ +xy +x) (c+xy +x+y) '
By solving equations {A6] and [A7] simultaneously, the effective Hamaker constant can
be obtained. For the first set of data, the effective Hamaker constant was 2.43 x 1077,
while the second set of data gave 2.37 x 107%%J.
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.Figure 1. Representative Transimission Electron Micrograph. (TEM) of haematite par-
ticles.
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Figure 2. Typical result obtained from Malvern 4700 Photon Correlation Spectrometer.
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Figure 3. The aggregation curves of haematite particles (4.5 x 10" particles/liter) with
different salt concentrations.
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Figure 4. The aggregation curves of haematite particles (2.25 x 10" particles/liter) with
different salt concentrations.
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Figure 5. Comparison of constant packing and fractal structure models for slow (30mM
KCl) and rapid (50mM KCl) aggregation.
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Figure 6. The variation of the packing factor with increasing number of particles, n, in the

fractal structure.
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Figure 7. Comparison of the fractal structure model with the experimental data for par-
ticle concentration of 4.5 x 10" particles/liter.
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Figure 8. Comparison of the fractal structure model with the experimental data for par-
ticle concentration of 2.25 x 10" particles/liter.






