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Abstract Laboratory and full-scale experiments were conducted for enhancing the coagulation of stabilised
surface waters with high organic content by permanganate preoxidation. It was indicated that permanganate
preoxidation enhanced both the processes of coagulation and filtration of selected surface waters, River
Songhua water, Qitaihe Reservoir water and Ba Reservoir water. Permanganate preoxidation is especially
effective for enhancing the coagulation of very stable surface waters with relatively high organic content.
Experimental results showed that the manganese dioxide produced in situ during permanganate preoxidation
played an important role in enhancing the coagulation and filtration processes. The experimental results
suggested that manganese dioxide may adsorb naturally occurring organic materials through surface
bonding to form bigger particulates, thus increasing the floc density and improving the removal of organic
particulates and possibly the inorganic fine particles. Manganese dioxide was shown to adsorb humic acid
and enhance its removal by filtration.
Keywords Enhanced coagulation; flocculation; oxidation; manganese dioxide; permanganate; preoxidation.

Introduction
Particle stabilisation by NOM

The conventional water treatment process, coagulation-sedimentation-filtration-
disinfection, has been used as the principal process in China for many years. However,
because of the earth erosion and water pollution problems, there is a tendency towards
increase in turbidity and organic content in raw waters. This has caused some difficulty for
water treatment.

Coagulation plays an important part in the conventional water treatment process.
Traditionally, the coagulation process is described in terms of the destabilisation of col-
loids initially present in a water supply. These colloids may include organic and inorganic
particulates. Recent investigations showed that naturally occurring organic materials
(NOM), particularly the pool of dissolved organic carbon, caused strong stabilisation of
inorganic particulates in water. It was reported (O’Melia, 1987) that in the presence of nat-
urally occurring organic materials the coagulation kinetics of inorganic particulates mainly
depended on the characteristics and the concentration of natural organics, rather than inor-
ganic particulates themselves. Jekel (1986) reported that adsorbed with humic acid on the
surface, SiO2 particles increased the stability one-fold, or the collision efficiency decreased
one-fold; the stability is further increased with the increase of humic acid concentration and
with the decrease of pH. It was believed that this phenomenon was due to the surface hydro-
gen bonding of nondissociated acidic groups by the humic acids on SiO2, whilst Gibbs
(1983) believed that the increased stability of inorganic colloids by organic materials was
due to the organic coating formed on the surface of inorganic colloids, causing steric hin-
drance and repulsive action between the colloidal particles, in which the organic material
may act as dispersion agents, among inorganic particulates. The much higher surface
charge on naturally occurring organics than on clay particles is believed to be the principal
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reason for the stabilisation of inorganic colloids by naturally occurring materials (Edzwald,
1993).

As a result of the stabilisation effect, the flocculant dosages are much increased in the
case of high organic content. Narkis and Rebhun (1975) dispersed the clay particles or clays
coated with naturally occurring organic materials into humic and fulvic acid solutions, then
coagulated with positively charged polyelectrolyte. It was found that the polyelectrolyte
reacted firstly with the humic and fulvic acids, only after polyelectrolyte dosages were
increased high enough to neutralise the negative charges on the surface of humic and fulvic
acids did polyelectrolyte exhibit a bridging effect between the particulates. Yao and Yan
(1989) observed that when the fulvic acid concentration in the clay suspension was
increased by 3 mg/L (as TOC), the alum dosage needed was increased to 5.3 times to desta-
bilise the suspension; and if the increase of fulvic acid concentration was 7 mg/L (as TOC),
the alum dosages had to be 10.2 times as much to cause the stabilisation. This experimental
result is close to that assumed by Edzwald (1993) based on the comparison of surface
charges of fulvic acid and clays in the water. It was also shown (Edzwald, 1993) that the
turbidity (30 NTU), low alkalinity (<50 mg/L/CaCO3), but high DOC content (20 mg/L)
was several times higher than the case of a surface water with high turbidity (670 NTU), but
moderate hardness (150 mg/L CaCO3), and low DOC content (3 mg/L). These experimen-
tal results clearly showed that the presence of organic materials is one key factor affecting
the destabilisation of clay particles in waters.

Preoxidation

Prechlorination. One of the principal methods for improving the coagulation and filtration
processes is preoxidation. It is generally aimed at destroying the organic coating on the sur-
face of particles, or destabilisation effect of algae species on the colloidal particles. The
earliest use of preoxidation to aid the coagulation may be the prechlorination process. It
was effective in many cases where the organic or ammonia contents were relatively high.
However, prechlorination leads to the formation of a range of harmful chlorination by-
products, and it is progressively restricted in most countries.

Preozonation. To find out an alternative method of preoxidation, much of the recent work
has been conducted to evaluate ozone preoxidation as an aid to coagulation, flocculation,
and filtration. It has been shown that at very low ozone dosages preozonation improved the
removal of turbidity by coagulation (Jekel, 1983). Preozonation at a dosage of 1.8 mg/L
was shown to reduce the residual turbidity in an in-line direct filtration process
(Petrusevski et al., 1995). Edwards et al. (1993) expected the preozonation would have an
adverse effect on organic matter removal at ozone doses greater than 0.7 mg per mg TOC,
but enhanced removal could occur if relatively high concentrations of volatile organic mat-
ter were present; preozonation also hindered the removal of turbidity and increased the con-
centration of residual coagulant metals at low coagulant doses. It was reported (Chang and
Singer, 1991) that the optimal effect for destabilising suspensions was obtained with an
ozone dose of 0.4-0.8 mg/L for hardness to TOC ratios exceeding 25. Generally, preoxida-
tion has been reported to either hinder or has no effect on DOC removal by coagulation
(Reckhow and Singer, 1984; Edwards and Benjamin, 1991; Edwards et al., 1993), but the
nature of DOC was shown to have changed due to the clear decrease of the colour and ultra-
violet absorbance (Chang and Singer, 1991). However, Tobiason et al. (1993) reported that
preozonation caused a two-fold increase in raw water AOC and has little effect on raw
water DOC. More coagulant was reported (Lefebvre, 1990) to achieve a maximum DOC
removal at an ozone dose of 0.5 mg O3/mg-C in comparison to the case without pre-
ozonation. Becker and O’Melia (1995) reported that deterioration of DOC removal by
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preozonation was principally due to the formation of lower molecular weight organic
materials. In contrast, preozonation was found to be more effective for biomass removal
than prechlorination (Preis et al., 1991). It was also found (Petrusevski et al., 1995) that
preozonation improved the particle removal efficiency in direct filtration and the optimal
ozone dosage was 1.8 mg/L. It was reported that ozonation of waters containing bromide
led to the formation of bromate and also enhanced the formation of brominated disinfection
by-products, at a level suspected of being hazardous to health (Glaze et al., 1993).

Permanganate preoxidation. Permanganate has long been used to remove iron and man-
ganese from ground water, to control taste and odour, in particular of algal origin. It has also
been used as a disinfectant and an algicide. However, permanganate has received relatively
little attention to date in comparison to ozone, partly because of its perceived relative infe-
rior oxidation strength to ozone and also concern about residual manganese. Nevertheless,
a few recent studies have indicated significant treatment improvements through the appli-
cation of potassium permanganate. It was shown (Ma and Li, 1993; Ma et al., 1997) that
permanganate preoxidation obviously enhanced the coagulation of several kinds of surface
waters, with substantial reduction in the settled turbidity. The quality of filtered water was
also substantially improved by permanganate preoxidation through a jar test (Ma and Li,
1993) and an in-line direct filtration process (Petrusevski et al., 1995). It was demonstrated
that permanganate preoxidation reduced the THMFP for some surface waters (Singer et al.,
1980), for some typical THM precursors (Ma and Graham, 1996) and also reduced the for-
mation of chlorophenols in the chlorine-disinfection process (Ma and Li, 1994).
Permanganate preoxidation was shown to be effective for the removal of acrylamide, a by-
product resulting from the use of polyacrylamide (Ma et al., 1994a,b) and other organic
pollutants (Ma and Li, 1991). Permanganate preoxidation was shown to have caused sub-
stantial reduction in mutagenic activities in filtered and disinfected waters (Li and Ma,
1992).

In comparison to the existing special processes for treating waters with high organic
content such as ozonation, ozone/activated carbon, activated carbon processes etc., which
normally require high cost, permanganate preoxidation has the advantages of low cost,
easy operation and maintenance. It may be an economic method to enhance the convention-
al water treatment process on occasions with limited funds for capital investment.

Objectives of the study. In this paper, the authors will further study the effectiveness of per-
manganate preoxidation in improving the coagulation of surface waters through laboratory
and full-scale investigations.

Methods
Laboratory jar test

In a previous investigation (Ma and Li, 1993), it was found that permanganate preoxidation
of a river water with turbidity around 200 NTU, Colour 20 NTU, pergamanate index 9-13
mg/L, caused parallel reduction in the residual turbidity of settled water at alum dosages
between 20-70 mg/L, while for a water with very low turbidity and low organic content,
permanganate preoxidation increased slightly the turbidity of the settled water though it
reduced the filtered turbidity (Ma et al., 1997). This suggests that the effect of perman-
ganate preoxidation may depend on the matrix of water to be treated. It is likely that per-
manganate oxidation is more effective under conditions of relatively high organic content
and turbidity.

In order to have a deeper understanding of the mechanism of permanganate preoxidation
to enhance the coagulation of surface waters, a laboratory study was further conducted with
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standard jar tests. Surface waters with high organic content were obtained either by spiking
humic acid into River Songhua water or from several real surface waters with high organic
content (Qitaihe Reservoir water, Ba Reservoir water etc.). The experiment was carried out
with a Six-Beaker Jar Test Apparatus. A carefully calculated amount of permanganate
solution was injected into each beaker shortly (less than 5 min) before the addition of floc-
culant. After fast stirring for 0.5 min at 300 rpm, followed by slow stirring for 5 min at 35
rpm, the water was allowed to stand quiescently for 15 min. The supernatant was siphoned
at 2 cm below the water surface, the residual turbidity and some other parameters were then
determined. When necessary, the supernatant of each sample was further filtered through a
filter paper (with pore size 2-4 µm) in order to evaluate the effect of permanganate preoxi-
dation on the quality of filtered water.

Full-scale investigation

Full scale investigations were conducted in several water treatment plants. Comparison
tests were made with and without permanganate preoxidation. One of them is the Fourth
Water Treatment Plant of Harbin, which uses River Songhua as its raw water. Normally the
turbidity of the raw water in the summer is much higher than in the winter. This plant used
the conventional water treatment process (coagulation-sedimentation-filtration process),
in which PAC was used as a flocculant. Having mixed with the flocculant, the water coagu-
lated with a hydraulic flocculator and then settled in an inclined tube sedimentation tank,
and filtered with no-valve hydraulic automatic filter, followed by chlorine-disinfection
before entering into the distribution network. The output of this plant is 40 000 m3/d. In
winter, River Songhua is covered with ice, thus the raw water quality is very stable. The
second site of full-scale study is Qitaihe water treatment plant, which uses a reservoir as the
source of its raw water. Since the reservoir receives the water from a large mountainous
area, the humic acid content in the water is relatively high. The capacity of this water treat-
ment plant is 5000 m3/d, which employs conventional water treatment processes. The third
site of full scale study is the Ba reservoir water treatment plant, which uses Ba reservoir as
the source of its raw water. Ba Reservoir is a shallow reservoir and contaminated by the
municipal wastewater. The water treated by this plant was not for drinking purposes, only
for industrial use. The capacity of this water treatment plant is 100 000m3/d. Typical raw
water quality of these water treatment plants is shown in Table 1.

Table 1 Typical raw water quality in the full-scale studies

Turbidity Colour pH Alkalinity Permanganate

(NTU) (CU) (mg/L) Index (Mg/L)

River Songhua 30-250 20-60 7.2-7.3 75-85 7-12
Qitaihe Reservoir 40-70 25-40 7.5-7.7 106-120 20-22
Ba Reservoir 40-50 40-45 8.5-8.7 742.8 30-35

Fe Mn Total hardness Total solid Sulfate

(mg/L) (mg/L) (mgCaCO3/L) (mg/L) (mg/L)

River Songhua 0.52 0.1-0.2 72-90 156 28
Qitaihe Reservoir 0.3-1.2 <0.1 30-40 190
Ba Reservoir 0.12 0.15 215.2 950 125

Experimental results
Laboratory study

Previous investigation (Ma and Li, 1993) showed that the optimum flocculant dosage to
achieve the lowest residual turbidity was not changed after permanganate addition, though
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there was a consistent reduction in turbidity with the increase of permanganate dosages. It
suggests that permanganate preoxidation will possibly not change substantially the surface
charge of colloidal particles in water. It is possible that manganese dioxide produced in situ,
which has strong adsorption properties, may adsorb the organic particulates through hydro-
gen bonding and play a bridging role between the particulates.

Figure 1 shows the settled and filtered turbidity with respect to permanganate dose in the
coagulation of River Songhua water (raw water turbidity 237 NTU; pH 7.2; permanganate
index 11 mg/L). This raw water is characterised by relatively high turbidity and organic
content. It is shown that permanganate preoxidation caused near linear reduction in the set-
tled turbidity as permanganate dosage increased up to 1.5 mg/L. Higher dose of perman-
ganate did not achieve further reduction in turbidity. In the case of filtered water, great
reduction in turbidity was observed at low permanganate dosages (≤1.0 mg/L), and further
increasing permanganate dose up to 4 mg/L achieved slightly additional reduction in tur-
bidity. The results of this study indicated that permanganate preoxidation is effective in
enhancing the coagulation of this surface water.

Figure 1 Effect of permanganate preoxidation on the settled and filtered turbidity of River Songhua water.
Raw water turbidity 237 NTU; pH 7.2; hardness 90 mg/L (CaCO3); colour 20 CU; temperature 15±1°C;
CODMn 11 mg/L; alum dose 30 mg/L.

It is expected that permanganate preoxidation may be more effective in the coagulation of
surface waters with higher organic content. In order to verify this expectation, a synthetic
water was prepared by spiking 5 mg/L humic acid (from Japan Heavy Industry Inc., with a
E4/E6 value of 4.882) into River Songhua raw water to increase its organic content. The set-
tled and filtered turbidity of this synthetic water was shown in Figure 2. It is seen that in the
presence of humic acid, the colloids in River Songhua water is very much stabilised, the
settled turbidity is very high (Figure 2a). Even though the addition of permanganate caused
a near linear reduction in settled turbidity with respect to the increase of permanganate
dosages, the extent of reduction is very limited. Great reduction in the filtered turbidity was
observed after permanganate preoxidation (Figure 2b). Interestingly, the highest reduc-
tions of residual turbidity were also achieved at low permanganate dosages (≤1.0 mg/L),
higher dose of permanganate caused additional reduction in filtered turbidity, but extent of
reduction was decreased.

Since prechlorination has been used as a traditional method to improve coagulation, the
effectiveness of prechlorination in comparison to permanganate preoxidation was also
evaluated with the synthetic water prepared by spiking 5 mg/L humic acid into River
Songhua water, under the same experimental conditions as shown above. The chlorine
stock solution was prepared by neutralising a commercial sodium hypochlorite aqueous
solution (Tanjing Chemical Reagent Plant) with hydrochloric acid to pH 7.0. The effect of
prechlorination on the settled and filtered turbidity is shown in Figure 3. It is demonstrated
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that at low chlorine dosages (for example 0.5 mg/L), prechlorination slightly decreased the
settled and filtered turbidity. However, higher dose of chlorine resulted in steady increase
in both the settled and the filtered turbidity. It is expected that higher dose of chlorine may
change the polarity of organic materials in water, making them more hydrophilic. In this
experiment, permanganate preoxidation had a much higher effectiveness than prechlorina-
tion in enhancing the coagulation and the filtration of this water.

The effectiveness of permanganate preoxidation to aid the coagulation of surface waters
depends on many factors and the mechanics may be very complex. However, it is expected
that the manganese dioxide produced in situ during permanganate preoxidation may have a
very important role in enhancing the coagulation and the filtration of surface water, even if
some other mechanisms such as destroying organic coating on the surface of inorganic col-
loidal particles by oxidation may exist in the process of permanganate preoxidation. Since
the newly formed manganese dioxide has very strong adsorption ability, it may adsorb
organic materials through hydrogen bonding, serving as a nucleus for further formation of
bigger flocs, thus increasing the gravity of the organic particulates. In order to verify this
hypothesis, a further test was conducted with humic acid solution.

A humic acid solution (5 mg/L) was divided into two parts. One part was directly filtered
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Figure 2 Effect of permanganate preoxidation on the settled and filtered turbidity of synthetic water with
high organic content (spiking 5 mg/L HA into River Songhua raw water). River Songhua raw water quality:
turbidity 237 NTU; pH 7.2; hardness 90 mg/L CaCO3; colour 20 CU; temperature 15±1°C; CODMn

11mg/L; alum 30 mg/L.

Figure 3 Effect of prechlorination on the settled and filtered turbidity of synthetic water with high organic
content (by spiking 5 mg/L HA into River Songhua water). River Songhua Raw water quality: turbidity 237
NTU; pH 7.2; hardness 90 mg/LCaCO3; colour 20CU; temperature 15±1°C; CODMn 11 mg/L; alum 
30 mg/L.
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with a sintered glass filter (pore size 2-3µm); the other part was filtered with the sintered
glass filter after it was oxidised by permanganate (3 mg/L). Manganese dioxide was pro-
duced after permanganate preoxidation. The visible light adsorption spectrum of the fil-
tered humic acid solution with and without permanganate preoxidation was shown in
Figure 4a. It is shown that the absorbance of the filtered humic acid solution, which was
subjected to permanganate preoxidation, increased to a certain extent through the entire
visible light range. This is apparently caused by the penetration of manganese dioxide
through the filter. It suggests that as soon as manganese dioxide is formed during perman-
ganate preoxidation, it may be adsorbed immediately on the surface of humic acid, forming
a highly dispersed stable colloidal solution, and may combine only with difficulty. Thus the
newly formed very fine manganese dioxide precipitates may be carried through the filter by
humic acid down to the filtered water. It is interesting to note that in the presence of a very
small amount of alum (Al2(SO4)3.18 H2O), the absorbance of filtered humic acid solution
with permanganate preoxidation is substantially lower than the case without permanganate
preoxidation (see fig. 4b). This phenomenon indicates that the manganese dioxide formed
in situ has enhanced the removal of humic acid. The manganese dioxide together with the
adsorbed humic acid was intercepted on the sintered glass filter. In consequence, it is
expected that during the coagulation process, manganese dioxide formed in situ may inter-
act with aquatic organic materials to form an organic-manganese dioxide complex, which
may embed very small inorganic and organic particulates and thus increase their sedimen-
tation rate, and also increases their removal efficiency by the filtration process.

Figure 4 Visible light spectra of filtered humic acid solution with and without permanganate preoxidation
(filter pore size: 2-4 µm).

When the humic acid was pretreated with a newly formed manganese dioxide, which was
prepared by reduction of permanganate with divalent manganese, the absorbance of the fil-
tered humic acid solution was reduced (see Figure 5), no matter whether or not alum was
added before filtration. It is clear that the preformed manganese dioxide also has adsorption
ability for humic acid. Since preformed manganese dioxide has relatively bigger size than
that formed in situ during permanganate preoxidation, it could be removed by sintered glass
filter together with the humic acid adsorbed on its surface, even in the absence of alum.

The enhanced coagulation of a real surface water with very high organic content
(Qitaihe reservoir water) was further studied by jar tests. Various doses of PAC were added
in the water with and without permanganate preoxidation. After 30s rapid mixing at
200rpm, the water was stirred at 35 rpm for 15min, then settled for 30min. The results of the
jar tests are shown in Figure 6(a). It was found that permanganate preoxidation obviously
enhanced the coagulation of this surface water with much reduction in the residual turbidi-
ty of the settled water. It is seem that at a very small dose of permanganate (0.5mg/L as
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KMnO4), there was much reduction in the residual turbidity of the settled water. Though
further increasing the dose of permanganate caused additional reduction in the residual tur-
bidity, the extent of reduction is relatively small compared to the initial dose of 0.5mg/L. It
is seen from Figure 6(a) that the optimum dose range of PAC was wider than without per-
manganate preoxidation. This means that the variation of coagulant dose has less impact on
the residual turbidity of the settled water. It suggests that the treatment will be more stable
when the water is pretreated with permanganate.

Full-scale investigations

Figure 6b shows the results of a full-scale study conducted at Qitaihe water treatment plant.
It is clear that the residual turbidity of the settled waters is lower than the train not subjected
to permanganate preoxidation. Permanganate preoxidation is very effective in aiding the
coagulation of this surface water. It should be noted that the residual turbidities of the full-
scale plant operation are higher than those from the jar tests, indicating that the water treat-
ment system needs to be improved. The normal design parameters of conventional water
treatment systems are not very suitable for the waters with high organic content, the flocs
are not easy to settle because of their very low density.

Figure 6 Enhanced coagulation of Qitaihe Reservoir water: (a) results of jar tests (temperature 14°C, pH
7.4, raw water turbidity 40 NTU); (b) results of full scale study (temperature 15°C, pH7.5, raw water turbidity
56NTU).

Figure 7(a) shows the variation of the residual turbidity in a full-scale experiment, carried
out in Harbin water treatment plant in February 1992. During this period, the turbidity in
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Figure 5 Visible light spectra of filtered humic acid solution with and without the pretreatment by
manganese dioxide (filter pore size: 2–4 µm).
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the raw water was around 20 NTU. The raw water quality is very stable throughout the
experiment (turbidity 19-21 NTU; colour 70-72 and permanganate index 5.23-5.46 mg/L).
It is shown in Figure 7(a) that a small amount of permanganate obviously enhanced the
coagulation of River Songhua water, with obvious reduction in the settled turbidity
(approximately 2-3 NTU reduction). Further increase of permanganate dosage from 0.5
mg/L to 1.0 mg/L did not achieve additional reduction in the settled turbidity. After stop-
ping the addition of permanganate, the settled turbidity went up to the original level
(around 7 NTU). This demonstrated that permanganate preoxidation is very effective in
enhancing the coagulation of River Songhua water. Figure 7(b) shows the results of an
experiment conducted in Harbin water treatment plant in November 1992. During the
period of conducting the experiment, the raw water turbidity ranged from 12-16 NTU. It
was seen that both the quality of the settled and the filtered waters were clearly improved
after the addition of permanganate.

Figure 7 Full-scale study of permanganate preoxidation to enhance the coagulation of River Songhua
water: (a) conducted in February 1992; (b) conducted in November 1992.

Table 2 shows the quality of the raw water and the treated water in the experiment conduct-
ed in February 1992. Since the river was covered with ice during the period of this experi-
ment, the raw water quality was very stable. It can be seen that the quality of filtered water
is obviously improved, with obvious reduction in filtered turbidity, colour and perman-
ganate index. The residual manganese (Total Mn) in the filtered water is also lower than the
case without permanganate preoxidation. In a previous study (Ma et al., 1997), it was
shown that the coagulation pH had a strong influence on the residual manganese in the
water in permanganate preoxidation in the filtered water. However, at pH values over 5.5,
which is commonly employed in water treatment practice, the residual manganese concen-
tration in the filtered water is very low. The results of this full-scale experiment are consis-
tent with those observed in the previous study.

Table 2 Effect of permanganate preoxidation on the quality of filtered water

Samples Turbidity Colour pH CODMn NH4+ TotalMN

(NTU) (mgPt/L) (mg/L) (mg/L) (mg/L)

Raw water 20.3 70.7 7.1 5.36 1.0 0.13
No KMnO4 3 17 6.9 3.10 0.9 0.10
KMnO4(0.5 mg/L) 1.9 13 6.9 2.2 1.1 0.08

Figure 8 shows the full-scale study conducted at Ba Reservoir water treatment plant. The
experiment was conducted in winter, during which the raw water was stable. This water is
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very difficult to treat and the residual turbidity was normally high when only PAC was
used. It can be observed from Figure 8 that after the addition of permanganate (2mg/L)
there appeared gradual reduction of the residual turbidity of the settled water. However,
after permanganate addition was stopped the residual turbidity of the settled water
increased immediately. This experiment further demonstrated the effectiveness of perman-
ganate preoxidation in enhancing the coagulation of the surface waters with high organic
content.

Figure 8 Full-scale study of enhanced coagulation of Ba Reservoir water by permanganate preoxidation.

Conclusions
Laboratory and full-scale experiments were conducted for enhancing the coagulation of
stabilised surface waters with high organic content by permanganate preoxidation. It was
indicated that permanganate preoxidation enhanced both the processes of coagulation and
filtration of selected surface waters, River Songhua water, Qitaihe Reservoir water and Ba
reservoir water. Permanganate preoxidation is especially effective for enhancing the coag-
ulation of very stable surface waters with relatively high organic content. Preliminary com-
parative simulation tests demonstrated that permanganate preoxidation is much more
effective than prechlorination in enhancing the coagulation of the surface water with high
organic content. Experimental results showed that the manganese dioxide produced in situ
during permanganate preoxidation played an important role in enhancing the coagulation
and filtration processes. The experimental results suggested that manganese dioxide may
adsorb naturally occurring organic materials through surface bonding to form bigger par-
ticulates, thus increasing the floc density and improving the removal of organic particulates
and possibly the inorganic fine particles. Manganese dioxide was shown to adsorb humic
acid and enhance its removal by filtration. Full-scale operation results indicated that the
residual total manganese concentration in the filtered water can be controlled down to
acceptable levels, as long as permanganate is not overdosed.
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