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Abstract: High levels of manganese (Mn) are known to occur in ground waters and
some organic-rich surface waters, and are sometimes in a form (e.g.
organically-bound) that is difficult to remove during conventional drinking water
treatment. In this study the potential benefits of combining permanganate and chlorine
prior to coagulation for Mn removal have been investigated, with particular reference
to an organic-rich surface water (river Bajiang, China). The respective roles and
potential synergy of permanganate and chlorine when applied together were
considered by comparing the removal of Mn with the chemicals together and
separately, using samples of river water and model organic-Mn solutions (humic acid
and EDTA). In addition, the significance of the order of NaClO and KMnO, dosing,
and the influence of coagulant dose have been evaluated. The results have shown that
the combination of the two chemicals is beneficial and synergistic. For river water
containing 0.22 mg/L Mn, a dose of 1.76 mg/L NaClO reduced half dose of the
permanganate required to achieve the drinking water target concentration of 0.05
mg/L Mn. The addition of chlorine appears to enhance the release of bound-Mn and
the subsequent conversion of Mn(ll) to insoluble Mn(IV). The mechanisms
responsible are believed to involve chlorine-assisted autocatalytic Mn oxidation and

MnOy recycling.

Keywords: drinking water treatment; manganese removal; oxidation; potassium

permanganate; sodium hypochlorite; coagulation

Page 2 of 33



Page 3 of 33

25

30

35

40

RSC Advances

1 Introduction

Manganese concentrations in drinking water that exceed the current
recommended maximum value of 0.05 mg/L (EU and USEPA Secondary Maximum
Contaminant Level) can create problems for consumers leading to complaints about
plumbing fixtures and laundry staining, discoloured water, and taste and odour *. Also
manganese exposure produces dopamine neuron degeneration and movement
abnormalities 2. High levels of manganese are known to occur in ground waters and
organic-rich surface waters, such as the river Bajiang (Huadu District, Guangzhou,
China), where the Mn concentration is typically 0.2-0.3 mg/L, and sometimes higher.
The form of the Mn in such waters, whether inorganic or organically-bound, depends
on its origin and the general water quality. Thus, in surface waters with a high
concentration of organic matter the Mn may be organically-complexed and its
behaviour depends on the type and concentration of the associated organic substances
3. Organically-complexed Mn is very stable, and difficult to remove during
conventional drinking water treatment. The high concentration of Mn in the river
Bajiang at near pH 8 is a good example, which is the basis for the research study
reported here.

In general, the literature describes various methods for removing Mn during
drinking water treatment that have been studied and applied based on
adsorption/filtration, biological treatment and chemical oxidation. With the former,
some materials have been found to have a significant capability for Mn-adsorption

4

such as Moringaoleifera seeds and oxidized multiwalled carbon nanotubes
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(MWCNTSs) °. Also, Mn(Il) ions can be removed effectively by filtration with
modified clinoptilolite (nearly 100%) ° and with low cost crushed dolomite ’.
Recently, the use of synthesized polyvinyl alcohol/ 3-mercaptopropyltriethoxysilane/
tetraethoxysilane hybrid materials has been shown to be effective for the removal of
Mn ions by adsorption &.

Biological Mn(Il) removal has been the subject of a number of studies in recent
years °, and particularly by bio-filtration processes °. Soluble manganese can be
removed from water by biological processes involving manganese-oxidizing bacteria,
either in situ, or in sand filters **. A variety of full- and pilot-scale biological filters
have been used for combined or simultaneous biological removal of Mn, Fe and NH,"
12 The bio-filtration can achieve Mn removal without the use of chemical agents and
under natural pH conditions **. The fungus on the media can accumulate the oxidized

Mn species **

, and backwash process may remove fungus and decrease the
transformation of Mn(ll) to MnO..

In comparison to the previous methods, chemical oxidation provides a rapid and
practically convenient method (without changing the structure of water plant) for
manganese removal and the application of potassium permanganate oxidation (at 6.5<
pH< 8.5) followed by flocculation, settling and filtration is a common treatment
scheme *°, especially for large-scale water treatment plants *°. The insoluble products
of permanganate reduction and Mn(lIl) oxidation are Mn(lll) and Mn(IV) oxides,

MnO(s)*’, and these can have a catalytic effect on the adsorption and removal of

soluble Mn(ll) from influent waters *®. Also the manganese can be removed by
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ozonation and by impregnated activated carbon coated by permanganate
However, where Mn(Il) is present in relatively high concentrations, and/or in a
complexed form, large doses of permanganate may be required which may lead to
residual Mn concentrations that exceed the regulated level in treated waters.
Alternatively, the use of chlorine combined with the catalytic action of MnOx(s)
oxides can assist Mn(Il) removal by oxidizing adsorbed Mn(I1) to more stable MNnOy(s)
2! 'While the removal of various levels of iron and manganese (higher than 80%) from
lake water has been reported to be high using an in-line pre-chlorination step %.
Various studies (e.g. %) have shown that the oxidation of dissolved manganese
(Mn(I1)) during chlorination is a relatively slow process which may lead to high
residual Mn(ll) in treated drinking waters (although the rate may be enhanced in
bromide-containing waters).

To-date, no previously reported studies have considered the potential advantages
of combining permanganate and chlorine to enhance the removal efficiency of Mn.
Thus, in this study the performance and mechanisms of combining permanganate
oxidation with pre-chlorination for Mn removal are investigated, with particular focus
on the problem of Mn in organic-rich surface water sources, as represented by the
case of the river Bajiang. Pre-chlorination of surface waters is often used as a means
of reducing ammonia and for other treatment benefits at doses that do not cause
significant halogenated by-product formation, but by itself chlorination is unable to

oxidize Mn effectively at pH<9 . Thus, the respective roles and potential synergy of

permanganate and chlorine are considered in this study by comparing the removal of
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Mn with the chemicals together and separately, focusing on samples of river Bajiang
and model organic-Mn solutions (humic acid and EDTA). The results have shown that
the combination of the two chemicals is beneficial and synergistic and this is

90 described in detail as follows.

2 Materials and methods

2.1 Chemicals and test solutions

Polyaluminum chloride (PACI, 1.5 basicity) was used as the coagulant in this
study, purchased from Guangzhou Jiequan, China. Stock KMnO, was prepared as
1000 mg/L; stock NaCIO was prepared as 1000 mg/L every day and was considered

95  stable for one day.

A bulk sample of raw water (as experimental water here) was obtained from the
river Bajiang, Guangzhou, China, and stored at 4 °C during the period of laboratory
testing. Samples were allowed to come to room temperature prior to experiments.
Relevant values of the raw water quality are as follows: Mn 0.2240.03 mg/L, Fe

100  0.0340.01 mg/L, TOC 6.530.4 mg/L, Trihalomethanes (THMs) formation potential
1.5440.28 mg/L, Turbidity 14.3#1.5 NTU, colour 30%2 °H, pH 7.8420.13, NH;"-N
1.1540.12 mg/L, alkalinity 148423 mg/L (calculated as CaCQOg3). There was little
bromide in the water (below 10 ug/L, the detection limit of bromide concentration by
lon Chromatography).

105 For the tests involving the preparation of solutions of EDTA-Mn and humic

acid-Mn, an appropriate quantity of either EDTA (Ethylenediaminetetraacetic acid,
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Sigma, USA) or humic acid (HA, sodium salt, Aldrich, USA) was added to deionised
(DI) water to give a concentration of 5 mg/L to represent the complexion of Mn(Il)
with EDTA and humic acid (it is confirmed in section 3.5 that there is little complex
between HA and Mn** and there is complex between EDTA and Mn**); neutral pH
was obtained by the addition of 5 mM NaHCOj3 and by adding NaOH or HCI.
Subsequently, 1 mg/L Mn** (as MnCl,) was added to the respective solutions and
mixed continuously for 24 h, which was used as model waters for exploring
mechanism (the molar ratio of EDTA and Mn?* was near 1:1, which is stoichiometry
of the EDTA-Mn complexes). EDTA was chosen here as it had been found in raw
water supplies %, and it can represent the organic matter, which can complex with the

Mn in the water. The model water was used in section 3.5 only.

2.2 Treatment experiments

The treatment process for Mn, as well as other contaminants, employed two 0.5
L/h mini-pilot scale water plants in parallel (Figure S1, only one was demonstrated),
which comprised mixing tanks, flocculation tanks, a sedimentation tank, and a sand
filtration column, in order to simulate the real water treatment plant. NaClO (0~4.4
mg/L), KMnO,4 (0~5 mg/L) and PACI (dosed at 7.2 mg/L, except where otherwise
stated) were continuously added to the raw water via the mixing tanks, and the mode
of addition of oxidants (together or separately) was varied as part of the study. The
rapid mix speed was 200 rpm (180 s™) in the mixing tanks each with a hydraulic

retention time (HRT) of 1 min, and 50 rpm (23 s™) in the three flocculation tanks,
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each with a HRT of 5 min. Subsequently the coagulated water passed into the
sedimentation tank for flocs to settle (HRT 15 min) and then to the sand filtration
column (sand size: 0.5 mm-0.8 mm) with a 5 min real HRT (pore volume in the sand
tank divided by the flow rate). The total HRT of the system was 40 min, and each
experiment was conducted for 2 h to ensure the results were representative of the
process performance.

Following the tests with the raw water additional tests were carried out with
solutions of EDTA-Mn and humic acid-Mn using the same mini-pilot scale system
(Section 3.5). Each solution was prepared as described in section 2.1. All treatment

tests were carried out for three replicates at 2542 <C.

2.3 Analytical methods

Turbidity was determined by a WTW TURB555IR turbidimeter. Residual
manganese and aluminum after sand filtration were measured by inductivity coupled
plasma optical emission spectrometry (ICP-OES, Optima 7300 DV, PerkinElmer,
USA). Dissolved organic carbon (DOC) was determined with a total organic carbon
(TOC) analyzer (TOC-Vcpy, Shimadzu, Japan). The colour in the water was measured
by the chromium - cobalt colorimetry method, and the UV-visible absorbance
(between 190 nm and 800 nm, by pre-experiment) of 0.45 pm filtered solutions was
determined by spectrophotometry (U-3010, Hitachi High Technologies Co., Japan).
Active chlorine was determined by spectrophotometry using

N,N-diethyl-1,4-phenylenediamine (DPD). The concentration of KMnO, was
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measured through visible absorbance at 535 nm %.

3 Results

A first series of tests were undertaken to establish the effect of permanganate
treatment on Mn removal, with and without the addition of NaClO, for a range of
NaClO and KMnO, doses. For these tests the coagulation dosage of PACI, 7.2 mg/L,
was chosen to be the same as the dosage used at the Bajiang water treatment plant
(and confirmed in the mini-pilot scale tests — section 3.4). No pH correction was
made, so the solution pH decreased slightly from 7.9 to 7.5 after PACI addition.
Subsequent tests were carried out to consider the significance of the order of NaClO
and KMnO, addition, and the influence of coagulant dose. In order to provide further
insight into the reaction mechanism, further tests were conducted using model
Mn-organic solutions corresponding to weak and strong ligands in section 3.5

(Mn-humic acid and Mn-EDTA respectively).

3.1 Effect of NaClO dose on the removal of Mn

The effect of different dosages of NaCIO (0~4.4 mg/L) on the removal of Mn was
explored with an applied KMnO, dosage of either 0 or 1.5 mg/L (Figure 1). In these
tests, after NaClO and KMnO, were added simultaneously, PACI was added to the
solution 1 min later. In the absence of both NaCIO and KMnO, there was no
measurable change in the Mn concentration indicating that coagulation had no impact

on the inorganic and organic species of Mn presenting, although part of organic matter
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was removed (35%). This is consistent with other work which reported that Mn-bound
organic matter was of low molecular (MW) weight substances (MW<2000) ', as
larger MW organic matter was much easier to be removed by coagulation process.
With the addition of NaClO alone (no KMnQO,) there was a minor (0~15%),
increasing reduction in Mn with increasing NaClO dose (Figure 1) indicating some
release and oxidation of organically-bound Mn. However, with the addition of 1.5
mg/L KMnQ, the effluent Mn concentration (0.035 ~ 0.115 mg/L) was much lower
than without KMnQO,4 (0.18 ~ 0.22 mg/L) for all NaCIO doses. When NaClO doses
equal or lower than 0.44 mg/L, no synergistic effect is observed at these conditions
and the reduction of dissolved Mn(I1) being mainly due to KMnQ,. This result may be
because of the reaction of NH4"-N and NaClO (k~10* M™ s28 at pH 7). After that, it
can be seen that the reduction in effluent Mn concentration increased substantially up
to a NaClO dose of 1.76 mg/L (50% higher removal) with 1.5 mg/L KMnQO,, which

meant that there was synergetic effect for NaClO and KMnOs,.

Figure 1

3.2 Effect of KMnO, dose on the removal of Mn

The influence of KMnO, dose on the removal of Mn was investigated both
without, and with, NaCIO (0 mg/L or 1.76 mg/L, respectively) (Figure 2). For the
former case, the theoretical, stoichiometric molar ratio for the oxidation of free Mn**
to MnO, by permanganate is 3: 2 (Mn®": KMnO,), which means that a minimum

10
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KMnO, dose of 0.42 mg/L would be required to remove all Mn?* in the raw water if
the Mn(Il) was freely available (unbound). It can be seen in Figure 2 that the
reduction in Mn(Il) concentration was only about 10% for a KMnO, dose of 0.42
mg/L with nearly 0 mg/L residual KMnO,. Since the reactivity of non-complex Mn?*
with permanganate is much greater (k~10° M s%%) than permanganate with organic
substrates (k<10 M 5%, the low Mn removal from the raw water at a low, but
stoichiometric, KMnQO, dose (~ 0.5 mg/L) is consistent with the Mn being present in
an organically-bound form. No detected residual KMnO, further confirmed this result.
At higher doses of KMnQ, it is assumed that there is greater reactivity with the
organic matter, some of which is related to the severing of Mn-organic bonds, thereby
leading to a greater removal of Mn. Thus, a KMnO, dose of 3 mg/L achieved a
residual Mn concentration (after coagulation/filtration) of 0.05 mg/L, representing a
reduction of ~77%.

For the tests with NaClO the dose of 1.76 mg/L was chosen since this
corresponded to the practical optimal concentration found in the previous tests that
achieved a low level of Mn with 1.5 mg/L KMnQ, (see Figure 1). This is illustrated by
the much higher dosage of KMnO, needed to meet the current water quality
regulation for Mn of 0.05 mg/L, if no NaClO is added, compared to that with NaCIO
(nearly two times). Whether NaCIO was present or not, the effluent concentration of
Mn decreased to lower than 0.05 mg/L as the dosage of KMnO, increased up to 5
mg/L. However, the effluent Mn concentration was much lower (0.02 ~0.05 mg/L less)

for the combination of KMnO,4 with 1.76 mg/L NaClO than without NaClO. Clearly,

11
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these results show the benefit of combining NaCIO with KMnO, on the overall
reduction of Mn, and there appeared to be a synergistic effect between the two
chemicals (maximum at approximately 1.5 mg/L KMnO,4/1.76 mg/L NaClO doses)
which will be discussed in section 4. Furthermore, although there was little further
reduction in Mn at KMnO, doses > 3 mg/L, indicating that a fraction of the
organic-complexed Mn cannot be removed (or because of the presence of unfiltered
colloidal MnQ), the effluent concentration of Mn was lower at all KMnO, doses with

the combined NaClO/KMnO, compared to KMnO, alone.

Figure 2

3.3 Effect of chemical dosing sequence on the removal of Mn

In these tests a comparison was made between the dosing arrangement used
previously (i.e. NaClO was added before, together and later than KMnQy, followed by
PACI added 1 min later) (Table S1), on the removal of Mn. The results showed that
when NaClO and KMnO, were added together before PACI, the effluent Mn
concentration for all KMnO, dosages was much lower (around 50%) than the other
two arrangements of adding two oxidants separately, especially delaying the KMnQ,
addition (after NaCIO) (Figure 3a). It can be seen from Figure 3a that the mixed
dosing arrangement enabled the required Mn maximum concentration (0.05 mg/L) to
be achieved with 1.5 mg/L KMnQO,, whereas for the KMnO4-NaCIlO arrangement it

needs 2.0 mg/L and for NaClIO-KMnQO, arrangement even the highest KMnO, dose of

12
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2.5 mg/L could not achieve an effluent Mn concentration<0.05 mg/L.

A similar trend of behavior was found for solution colour (Figure 3b). The colour
arises from the presence of dissolved organic substances, some of which are
associated with Mn. It was clear that the co-addition of NaClIO and KMnO, prior to
coagulation was much more effective (10%~30%) in reducing the colour than adding
two oxidants separately before PACI coagulation, suggesting a greater oxidation effect.
However, the removal by adding KMnO,4 and then NaClO was much close to the one
by adding KMnO, and NaClO together, as the residual Mn concentration of these two
arrangements was same. Nano-MnOy particles formed after adding KMnQO, to the raw
water and aggregation between these nanoparticles may occur, which would decrease
the catalysis of NaClO when NaClO was added later. This will be discussed

subsequently.

Figure 3

3.4 Effect of PACI dosage on the removal of Mn

The coagulation process is of major importance for the separation and removal of
colloidal MnOy(s) particles formed by the pre-oxidation. The influence of PACI dose
on the treatment performance, in terms of the effluent Mn concentration and turbidity
after settling and filtration, is shown in Figure 4. As expected, dose regions
corresponding to no-, low- and high-coagulation were evident which are characteristic
of ‘sweep flocculation” by insoluble Al-hydrolysis species. High coagulation

13
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efficiency was observed for PACI doses >4.8 mg/L and high dose of PACI induced
higher removal of Mn, such as 7.2 mg/L, which is applied at full-scale water plant.
The result meant the addition of permanganate could form nano-colloidal particles
with Mn(l1) in the water *, and the coagulation process is of great importance on the
removal of these new formed MnOy particles. A close relationship was evident
between residual Mn and turbidity which confirmed that the residual Mn was in the

form of colloidal particles.

Figure 4

3.5 Model Mn-organic solutions

In order to further examine the nature of the reactions between KMnO, and
organically-bound Mn, with and without NaClO, model Mn-organic solutions
corresponding to weak and strong complexes (Mn-humic acid and Mn-EDTA
respectively) were considered. For the case of Mn-humic acid, Figure 5a shows the
removal of Mn by KMnO, oxidation and PACI coagulation. The dose of KMnO, was
varied from 0 to 3.84 mg/L and the PACI dose was maintained at an optimal value of
2.7 mg/L (see Figure 5b). In the absence of KMnO4 (0 mg/L) there was no measurable
change in the Mn concentration (1 mg/L) despite good coagulation of the humic
material (great decrease of UVys4 value, which is in line with humic concentration),
indicating that the humic acid had little complexed Mn(ll) during the preparation of

the model water. With the addition of KMnQO, the concentration of residual Mn

14

Page 14 of 33



Page 15 of 33

270

275

280

285

RSC Advances

reduced systematically with increasing KMnO, dose and was almost zero at a KMnOy,
dose of 1.92 mg/L (Figure 5a), corresponding almost exactly with the theoretical dose
required for the oxidation of free Mn** to MnO, by permanganate. This is consistent
with the much faster reaction of permanganate with Mn®* than with organic substrates,
as mentioned previously. Coagulation is needed to separate the MnO, formed by the
permanganate, as shown in Figure 5b (i.e. no Mn removal at 0 mg/L PACI), and a
PACI dose of 2.70 mg/L was found to be the optimal dose.

At KMnO, doses greater than 1.92 mg/L, the excess permanganate (i.e.
[KMnO4]- 1.92 mg/L) is unavailable to react with the humic acid in solution quickly.
This leads to high residual Mn concentration with increasing KMnO, dose, when it
was higher than 1.92 mg/L. The equivalent of ~40% of the Mn from the excess
permanganate was not removed at a KMnO, dose of 3.84 mg/L (Figure 5a).

In contrast, free Mn(11) ions readily complex with EDTA *, and the respective
reactions of Mn-EDTA with 1 mg/L NaClO and 1.92 mg/L KMnOQ,, separately and
together, and with coagulation (at different PACI dosages) are shown in Figure 5c.
With NaCIO alone (1 mg/L), there was virtually no removal of Mn. KMnQO, can
oxidize/react with EDTA, but the kinetics are very slow ** and no significant oxidation
was detectible in 60 min (Figure S2a). A significant reaction was evident with KMnQ,
which achieved a reduction in Mn that was approximately 65% of the total Mn in
solution (2 mg/L; from 1 mg/L Mn as EDTA-complexed Mn and 1 mg/L Mn as added
KMnQO,) with around 7 mg/L PACI (Figure 5c). Thus, the results indicate the

capability of KMnQ, to attack the EDTA-Mn bond and release the Mn from the

15
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EDTA complex. However, the combination of NaClO and KMnO, produced a degree
of Mn removal that was much greater than with KMnQO, alone (Figure 5c¢). From the
relative changes in residual Mn it is clear that the addition of NaClO provides a
synergistic benefit to the KMnO, reaction. Since the addition of NaCIO had no
significant impact on the oxidation of EDTA by KMnQ, (See Figure S2b), it can be
concluded that the synergistic effect must be related to the severing of the Mn-EDTA

bond.

Figure 5

Information of the variation of KMnO,4 and MnOy was obtained from UV-visible
spectroscopy of the reactions, as summarized in Figure 6. Changes in the UV-visible
light absorbance of solutions were followed for reaction times up to 1h. As indicated
previously, there was no evidence of any reaction between EDTA-Mn and NaCIlO
alone over 1 h (Figure 6a). However, for the reaction between EDTA-Mn and KMnQ,
alone, or KMnO, with NaClO, broad spectra (200 — 600 nm) were evident
representing the combined absorbance of KMnO, (around 535 nm) and colloidal
MnOy (around 330 nm) (Figures 6b and 6c, respectively) 3*. As a reference, the
spectrum for MnO, was produced by the Mn?*/KMnO, reaction which indicated an
absorbance peak at 300-400 nm, as shown in Figure 6d; this peak is consistent with
other studies of MnO, % ®. It is clear that the extent of MnO, produced and KMnO,

decreased in the reactions with KMnQO, alone or NaClO and KMnOQO, together, which

16
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were time dependent (Figures 6b and 6c¢) and rapid, with significant changes
occurring after only 1 min. However, the relative rate of reaction in the two cases was
different. This can be seen by comparing Figure 6b with Figure 6¢, which shows that
the absorbance spectrum for the NaClIO and KMnQ, together at 10 min was the same
as that for the KMnQO, alone at 30 min, and similarly at 15 min and 60 min,
respectively. These results demonstrate that the reaction was much faster for NaCIO
and KMnO, together than KMnQO, alone, and Figure 6d clearly shows the relative
superiority of NaClO and KMnQ, after 15 min oxidation, particularly in terms of the

MnO; peak.

Figure 6

4 Discussions

The removal of manganese from surface and ground waters is often a requirement
during drinking water treatment in order to meet national water quality regulations. In
cases where the manganese speciation is either inorganic or bound to low molecular
weight organic matter, the Mn is poorly removed by conventional coagulation and
filtration processes, and for the river Bajiang this has led to a long period of
non-compliance with the water treatment objective of achieving Mn< 0.05 mg/L.
Pre-treatment with chlorine is capable of oxidizing Mn(ll) but is not efficient at pH<9
(k~6.4x10"* M s at pH 8 *) and elevated chloride doses may lead to undesirable

levels of halogenated by-product compounds. In contrast, permanganate has been
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shown to be an effective oxidant in circumneutral conditions and in this study a
relatively high KMnO,4 dose of 3 mg/L, prior to coagulation and filtration, was able to
achieve 0.05 mg/L Mn in the treated water from the original river water concentration
of 0.22 mg/L Mn. However, with a simultaneous dose of chlorine (1.76 mg/L) the
permanganate dose required was approximately halved (1.5 mg/L) and the
combination of the two chemicals appeared to be synergistic. A similar behavior was
found for the model solution containing the Mn-EDTA complex. The results showed
that the combination of chlorine and permanganate was more effective than
permanganate alone in separating the Mn from the complex.

Three possible reasons for the advantageous and synergistic combination of
chlorine and permanganate in the treatment of organically-bound Mn are proposed as
follows:

(i) Reduction in permanganate oxidation demand by chlorine;
(ii) Recycling of permanganate by chlorine oxidation of MnO;
(iif) Enhanced autocatalytic process of Mn oxidation/precipitation *'.

The first of these effects is that chlorine, as a co-oxidant, can lower the
permanganate oxidation demand of the water leading to a relatively greater KMnOQO,
concentration available to react with the Mn species, both for releasing the bound Mn
and for oxidizing the Mn to solid phase MnOy. Given the estimated oxidation strength
(reduction potential) of chlorine under the test conditions (Eocj-/ci- ~ +1.27V, pH 7.8),
it is expected that some degree of general solute oxidation occurs, including the

release of bound Mn as indicated in Figure 1. Thus, the two chemical oxidants

18
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(chloride and KMnQ,) can be considered as complementary. However, the marked
difference in treatment performance observed in this study when the chlorine was
added either together with, or prior to, the KMnQO, (Figure 3) showed that other
reaction phenomena are also involved.

The second reason for the beneficial effect of chlorine is the possible in-situ
recycling of MnOy ions by the chlorine oxidation of MnO; (viz. MnOy(s) + 40H™ —
MnQ, + 2H,0 + 3¢’), with the latter formed by KMnO, reduction via solute oxidation
reactions (MnOs—MnQO;). Thermodynamically, this is feasible since the reduction
potential of hypochlorite in the solution conditions (Eoci-ic- ~ +1.27V, pH 7.8)
exceeds the oxidation potential of MnO; (Emnoz 7 Mnos ~ -0.99V, pH 7.8), but the
kinetics of the reaction are unclear. If the kinetics of the recycling of MnO, ions were
favourable then this would enhance the MnO, concentration during the reaction
period (while sufficient chlorine is present) giving two benefits: a greater release of
bound-Mn and conversion of the released Mn®* to MnOx(s).

The third effect relates to the Mn autocatalysis process whereby Mn?* ions
released from organo-Mn compounds readily adsorb on the surfaces of in-situ formed
Mn oxide surfaces (MnOy(s)) where they subsequently oxidize to MnO,. The
presence of chlorine in solution greatly enhances the rate at which the adsorbed Mn(Il)
can be oxidized to Mn(IV) (‘heterogeneous oxidation’), and this in turn accelerates
the further adsorption of Mn(l1) ***" because of the increased quantity, and surface
area of MnO,. Therefore, the new formed MnO, nanoparticles with NaCIO can

remove more Mn(ll) in the raw water as it had greater surface area when KMnO,4 was
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added together with NaCIO (Figure 3).

Both the second and third effects correspond to the observed synergistic behavior
since they depend on the formation of MnOy(s), which is only poorly formed by
chlorine alone. The magnitude of the synergy will be dependent on the concentration
and duration of chlorine present during the reactions, as demonstrated by the poorer
performance observed when chlorine was added in advance of permanganate (Figure
3), where chlorine consumption by reactive substrates in solution leads to a lower
chlorine concentration than when it is added simultaneously with permanganate. The
greater reduction of solution colour when permanganate and chlorine were added
simultaneously may be explained by a greater oxidation because of the maintenance
of higher permanganate concentrations through the effect of in-situ recycling of
MnQ,  ions by the chlorine. In addition, the greater reduction of colour may be due to
enhanced adsorption of organic chromophores on to MnOy(s), and the more efficient

removal of the MnOy(s) by the coagulation/filtration.

5 Conclusions

In this study the potential benefits of combining permanganate and chlorine prior
to coagulation for Mn removal have been investigated, with particular focus on the
problem of organically-bound Mn. The principal conclusions care as follows:

e The simultaneous addition of NaClIO and KMnO, enhanced the overall

removal of Mn compared to KMnQ, alone.
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e The sequence of NaClO and KMnO, addition was found to affect overall the
Mn reduction; simultaneous addition of the chemicals was superior to adding NaClO

before KMnOQ,.

e Whilst KMnO, is able to break Mn-organic bonds, the combination of

NaClO and KMnQO,4 was found to enhance this effect synergistically.

e The greater performance of combined NaCIO and KMnO, is believed to
occur via mechanisms involving chlorine-assisted autocatalytic Mn oxidation and

MnQ,  recycling.
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Captions

Figure 1 The effect of sodium hypochlorite dosage on the effluent manganese
concentration in Bajiang river water (NaCIO and KMnO,4 were added simultaneously

1 min prior to 7.2 mg/L PACI).

Figure 2 The effect of potassium permanganate dosage on the effluent concentration
of manganese with and without sodium hypochlorite (1.76 mg/L) in Bajiang river

water (NaClO and KMnO, were added simultaneously 1 min prior to 7.2 mg/L PACI).

Figure 3 The effect of changing the point of potassium permanganate and sodium
hypochlorite addition on the removal of manganese (a) and solution colour (b) in
Bajiang river water (The dosage of NaCIO was 1.76 mg/L and PACI was 7.2 mg/L;

KMnO,4 was added before, together or later than NaClO).

Figure 4 Effect of PACI dosage on the effluent concentration of manganese and
turbidity in Bajiang river water (1.76 mg/L NaClO and 1.5 mg/L KMnO, were added

simultaneously 1 min prior to PACI).

Figure 5 Effect of KMnO, oxidation and coagulation process on the removal of 1
mg/L Mn*" associated with either humic acid or EDTA at pH 7 in model waters: a)
humic-Mn oxidized by different KMnO, dosages and coagulated by 2.7 mg/L PACI; b)

humic-Mn oxidized by 1.92 mg/L KMnO,4and coagulated by different PACI dosages;
26

Page 26 of 33



Page 27 of 33

RSC Advances

c) EDTA-Mn oxidized by 1 mg/L NaClO and 1.92 mg/L KMnO, separately and
together, and coagulated by different PACI dosages (humic acid and EDTA were both

5 mg/L).

Figure 6 Effect of different oxidant combinations on the EDTA-Mn solution as
indicated by UV/visible absorption in model waters (same reaction conditions as
Figure 5, but without coagulant and finished in bottled experiment): a) NaCIlO; b)
KMnOs; ¢) NaCIO+KMnO4; d) EDTA-Mn or Mn?*with different oxidant

combinations after 15 min.
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Figure 1 The effect of sodium hypochlorite dosage on the effluent manganese
concentration in Bajiang river water (NaClO and KMnO, were added simultaneously
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Figure 2 The effect of potassium permanganate dosage on the effluent concentration
of manganese with and without sodium hypochlorite (1.76 mg/L) in Bajiang river
water (NaClO and KMnO, were added simultaneously 1 min prior to 7.2 mg/L PACI).
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Figure 3 The effect of changing the point of potassium permanganate and sodium
hypochlorite addition on the removal of manganese (a) and solution colour (b) in
Bajiang river water (The dosage of NaClO was 1.76 mg/L and PACI was 7.2 mg/L;
KMnO, was added before, together or later than NaClO).
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Figure 4 Effect of PACI dosage on the effluent concentration of manganese and
turbidity in Bajiang river water (1.76 mg/L NaClO and 1.5 mg/L KMnO, were added

simultaneously 1 min prior to PACI).
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Figure 5 Effect of KMnQO, oxidation and coagulation process on the removal of 1
mg/L Mn** associated with either humic acid or EDTA at pH 7 in model waters: a)
humic-Mn oxidized by different KMnO, dosages and coagulated by 2.7 mg/L PACI; b)
humic-Mn oxidized by 1.92 mg/L KMnO4and coagulated by different PACI dosages;
c) EDTA-Mn oxidized by 1 mg/L NaClO and 1.92 mg/L KMnO, separately and
together, and coagulated by different PACI dosages (humic acid and EDTA were both

5 mg/L).
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Figure 6 Effect of different oxidant combinations on the EDTA-Mn solution as
indicated by UV/visible absorption in model waters (same reaction conditions as
Figure 5, but without coagulant and finished in bottled experiment): a) NaClO; b)

KMnOy; ¢) NaClO+KMnOy; d) EDTA-Mn or Mn?* with different oxidant
combinations after 15 min.
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