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ABSTRACT

A specifically designed pilot plant facility located at the Mount Pleasant Water Treatment
Plant in South Australia was used to investigate the efficiencies of several drinking water
treatment processes, including (1) magnetic ion exchange (MIEX) as a pretreatment followed
by conventional coagulation treatment, (2) conventional coagulation at pilot the plant alone,
(3) MIEX followed by microfiltration (MF), and (4) MF alone. Dissolved organic matter
(DOM) removal efficiency of the treatment processes and more importantly the treated water
quality was assessed using dissolved organic carbon (DOC) measurement and together with
the changes in the chromophoric organics character based on their molecular weight profiles
determined by high-performance size exclusion chromatography (HPSEC) were also reported.
Cluster analyses (CAs) were performed using the HPSEC peak area (after separated by peak
fitting), and supported by DOC, UV absorbance at 254 nm, and SUVA in order to compare
treatment efficiencies of these technologies. It was a novel way of applying CA as a data min-
ing tool to interpret and assess DOM removal results. From the results of these CA, it was
found that the MIEX process provided consistent treatment performance and highest removal
of DOM, as well as removal of a broad range of molecular weight organics. In comparison
coagulation with alum tended to remove the high molecular weight (>1000 Da) compounds.
This statistical approach provided improved understanding of the performances of the treat-
ment processes, investigated at a molecular level, for the removal of DOM.

Keywords: Natural organic matter; Dissolved organic matter; Magnetic ion exchange resin;
High-performance size exclusion chromatography; Cluster analyses
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1. Introduction

Surface waters used for drinking purposes can vary
seasonally throughout the year and treatment
engineers need to respond to these changes to ensure

*Corresponding author.

selection of the optimum treatment option for safe
drinking water supply. Water quality is impacted by a
wide range of factors including suspended solids
measured as turbidity, the presence of any synthetic
organic compounds, and natural organic matter
(NOM). NOM consists of a complex mixture of organic
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compounds resulting from decaying flora, microbes,
and aquatic organisms. Change in source water quality
for drinking water supply is an important issue and
the potential effects of climate cycling and change have
been increasingly reported [1]. Several methods have
been proposed to assess potential changes in water
quality due to climate effects [2,3]. In recent years,
there has been a focus on improving treatment pro-
cesses for removal of NOM and for development of
advanced analytical techniques to better assess NOM
removal with treatment [4-6].

Conventional treatment comprising coagulation/
flocculation/sedimentation and filtration is one of the
most widely used methods to remove NOM. Broad
research has been undertaken to increase the extent of
NOM removal by conventional coagulation, including
the use of increased coagulant doses and selecting the
pH, which is referred to as enhanced coagulation [7-
11]. A more recent technology developed specially for
NOM removal is the magnetic ion exchange resin—dis-
solved organic carbon (MIEX-DOC) treatment process
[12,13]. This resin incorporates magnetic iron oxide
particles within its core. Its small resin beads facilitate
the fast reaction while the magnetic portion allows sep-
aration and recycling of the resin during continuous
processing. A number of studies have been reported
on the efficiency of MIEX process for NOM removal in
source water [14,15] and also some more detailed labo-
ratory-scale evaluations to compare the effectiveness of
the MIEX process with conventional or enhanced coag-
ulation for rapid removal of NOM in drinking water
[16,17]. There were also few case studies to compare
pilot plant or full-scale MIEX treatment with coagula-
tion against water quality variations [18-22]. Generally,
MIEX has found to remove a broader range of molecu-
lar weight organic components and conventional coag-
ulation with alum can only remove the high molecular
weight portion [15,18].

Ultraviolet and fluorescence spectroscopy, solid
state '’C nuclear magnetic resonance spectroscopy,
elemental analysis (e.g. DOC), and pyrolysis gas
chromatography mass spectrometry are examples of
techniques that have been used to characterize the
NOM in a wide range of surface waters, before and
after treatment for drinking purposes [10,23,24]. Each
technique has its own benefits including simplicity or
molecular-level characterization and disadvantages
such as sample preparation and complex interpreta-
tion of results. High-performance size exclusion chro-
matography (HPSEC) is an informative technique
that can be readily used for characterization of the
NOM [25,26] based on its molecular size distribution
profile. Reported benefits of using HPSEC including
minimal sample preparation, small sample size and
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provides reliable information on the molecular weight
distribution of organics. There were also specific
applications of the technique to characterize NOM by
determining and comparing their HPSEC molecular
profiles before and after MIEX or conventional coagu-
lation treatment [27-29]. In this method, higher
molecular weight organic compounds elute faster
than smaller molecular weight compounds because of
their overall lower transport into the stationary
phase. Hence, the larger-sized compounds preferen-
tially move through macropores of the stationary
phase material. Recently, a peak fitting procedure to
resolve overlapping peaks of HPSEC chromatographs
has been reported [5,30]. This peak fitting procedure
was developed in order to predict NOM removal by
conventional coagulation.

Most previous studies reported were short term
and lacking long-term information about molecular
weight profiles of organics caused by seasonal water
quality and treatment changes, and also the use of sta-
tistical approaches for NOM removal with special
type of clustering to assess different treatment perfor-
mances have not been fully explored. The objective of
this case study was to use cluster analyses (CAs) as a
data mining approach to assess UV absorbing, chro-
mophoric NOM removal, and to evaluate removal in
terms of treatment performance including (1) MIEX
alone, (2) coagulation alone, (3) MIEX combines with
conventional coagulation, (4) MIEX with microfiltra-
tion (MIEX-MF at plant scale), (5) MF alone, and (6)
MIEX MF at pilot scale. HPSEC analyses of raw water
organics and those remaining after treatment were
conducted in order to assess the performances of sev-
eral treatment options for drinking water supply. A
peak fitting technique was used to resolve peaks of
HPSEC chromatograms of dissolved organic matter
(DOM) in raw and treated waters for each of the
above treatment options to facilitate assessment of
their relative efficiencies for DOM removal. Data of
resolved peaks, DOC, UV absorbance at 254nm, and
SUVA were evaluated using CAs in order to further
assess treatment performances.

2. Materials and methods
2.1. Water treatment methods

Raw and treated water quality data was acquired
from pilot plant studies performed at an established
MIEX treatment plant (Mt Pleasant WTP, South Aus-
tralia) that incorporates coagulation, flocculation, sedi-
mentation, and rapid filtration [6]. The treatment
processes included (1) MIEX alone, (2) conventional
treatment (alum coagulation, flocculation, settling, and
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Fig. 1. Schematic of treatment trains. MIEX Coag-S1 at Mt Pleasant water treatment plant (WTP) consisting of MIEX
followed by conventional treatment utilizing coagulation, flocculation, sedimentation, and rapid filtration; conventional
treatment pilot plant consisting of coagulation, flocculation, sedimentation, and rapid filtration; MIEX-MF-treated water
sourced from S1 at Mt pleasant WTP or microfiltration pilot plant followed by passage through submerged
microfiltration membrane plant referred to as S2 and pilot plant, respectively; raw MF-raw water followed by passage
through submerged microfiltration membrane in pilot plant [6].

filtration) alone (pilot scale), (3) MIEX with
conventional treatment, S1 (stream 1 full-scale plant
operation), (4) MIEX with MF, S2 (stream 2 full-scale
plant operation), (5) MF (pilot scale), and (6) MIEX
with MF (pilot scale) (see Fig. 1).

For conventional treatment, alum dose of 40mg/L
was used at pH 6.4-6.8. MIEX was applied with the
aim of maintaining a resin dose at or above 10mL/L
for 10 min contact time. The actual resin doses varied
between 8 and 16mL/L over this study period. The
resin was recirculated in a continuous process with
10% removed for regeneration using sodium chloride.
Fresh-regenerated resin was reverted constantly to the
resin contact tank to keep a constant resin dose while
regeneration was undertaken separately on a batch
process as essential. Virgin makeup resin was added
on an infrequent basis to compensate for resin lost
due to attrition. Another treatment train incorporates
MIEX followed by submerged microfiltration (CMF-5)
with  polyvinylidenefluoride (PVDF) membranes
(MIEX MF) that have a nominal pore size of 0.04 pm.
MIEX MF was used to enable comparison of MF with
coagulation treatment that is established at the
full-scale plant.

However, the MF pilot plant was also used to
provide the evaluation of MF with and without
MIEX pretreatment to ensure operational conditions
were the same for both operating systems but in this
paper, it can be viewed as creating another treated
water quality for the CA study. The MF pilot plant
comprised of a single module CMF-S membrane, the
same type as used in the Mt. Pleasant full-scale
WTP.

2.2. Quantification and characterization of DOM

2.2.1. High-performance size exclusion chromatography
(HPSEC)

Apparent molecular weight (AMW) distribution
profiles of organics in water samples were
determined on a monthly basis using HPSEC with
UV detection at 260nm. This was done after filtration
of water samples through 0.22 um, mixed cellulose
esters (nonsterile) prerinsed membranes supplied by
MicroAnalytix Pty Ltd. Membranes were rinsed two
times with 5mL of Milli Q water and prerinsed with
samples (5mL) before filtration. Separation of organ-
ics was performed with a Shodex KW 802.5 column
(Shoko Co. Ltd., Japan) with a 0.02M phosphate buf-
fer solution (pH 6.8, ionic strength adjusted to 0.1M
with sodium chloride) as the mobile phase. Flow rate
and injection volume were maintained at 1mL/min
and absorbance was measured in terms of absor-
bance units and calibration was performed using
polystyrene sulfonate (PSS) standards of 35, 18, 8§,
and 4.6 kDa.

2.2.2. Dissolved organic carbon and UV absorbance

Samples for DOC and UV,s4 analyses were filtered
through 0.45pm, mixed cellulose esters (nonsterile)
prerinsed membranes supplied by MicroAnalytix Pty
Ltd. (same pretreatment procedures as stated previ-
ously). The UV absorbance at 254nm was measured
using a UV/Vis spectrophotometer (Model 918, GBC
Scientific Equipment Ltd., Australia), with 1cm quartz
cell and DOC was measured using a Total Organic
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Carbon Analyzer (Sievers 820, GE Analytical Instru-
ments, USA). SUVA values were determined by the
following formula:

UV254 (Cl’I‘l_1 )

Raw water DOC ranged (3.0-5.5mg/L), UV, (0.061-
0.281cm™"), SUVA (1.8-5.1m 'mg 'L™"), and turbid-
ity (2029 NTU) measured by Hach ratio turbidimeter
throughout this study period. This sample set pro-
vided a good case study to observe the variations and
assessment between different treatment processes for
NOM removal.

2.3. Analyses of HPSEC data
2.3.1. Peak fitting approach

A commercially available software, Peak fit (Ver-
sion 4, Systat Software Inc.), was used to resolve over-
lapped peaks of HPSEC chromatograms. The first step
was determination of optimum peak fitting parame-
ters, such as peak type and fitting method [5,28]. The
second step involved analyses of the chromatograms
of raw and treated water samples in each month. The
peak areas under each chromatogram were subse-
quently determined by the above peak fitting soft-
ware.

2.3.2. Cluster analyses

To investigate comparisons between these treat-
ment trains, hierarchical agglomerative tree joining
(dendrogram), and k-mean cluster (CA) analyses were
performed using Euclidean distances as a measure of
similarity. Statistical software STASTICA 10 for Win-
dows was used for these analyses. CA was used to
search for groupings among different treatment pro-
cesses based upon their performances to remove
DOM. Analyzed parameters were sorted into groups,
or cluster (tree joining), so that the degree of associa-
tion between members of the same clusters (k-mean)
could be investigated. The Euclidean distance between
two or more groups gives a measure of similarity or
difference between the groups. The general formula
(Euclidean distance, d) is detailed below:

d= \/(xz—x1)2 + (yz—yl)z (1)

x; and y,; are the x, y coordinates of the first point, x,
and y, are the x, y coordinates of the second point,
and d is the distance between two points.
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Fig. 2. Apparent molecular weight distributions of UV
absorbing (260nm) organics present in raw and treated
waters (MF: microfiltration, Conv Coag: conventional
coagulation, MIEX: magnetic ion-exchange resin) for
August 2005.

This can be extended to any number of potential
data populations with any number of variables describ-
ing each population and multidimensional space.

3. Results and discussion
3.1. Molecular weight profiles

An example of HPSEC chromatograms of organics
present in raw water and following treatment meth-
ods previously detailed is shown in Fig. 2.

MF removed a very minimum DOC from raw
water and consequently the resulting molecular profile
distribution was similar to that of the raw water. Max-
imum removals of UV absorbing DOM measured
occurred with combined treatment by MIEX and con-
ventional coagulation. From visual inspection of the
chromatographs (Fig. 2), it is apparent that high
molecular weight organics (>1000Da) were readily
removed by conventional coagulation treatment while
MIEX alone removed a broad range of DOM includ-
ing molecular weight compounds below 700 Da. These
results were also in agreement with the findings from
a study by Humbert et al. [15] and Kaewsuk and Seo
[31], where it was found that MIEX removed NOM
over a molecular weight range of 400-2000Da. It is
also cleared from Fig. 2 that MIEX alone removed
NOM having molecular weight ranged from 500 to
700Da. Improved removal is observed when MIEX
combined with MF and removed those organics hav-
ing molecular size larger than 0.04 um. Coagulant dose
for conventional treatment and virgin resin dose was
kept constant throughout this study period.

The performances of the five treatment methods
can be evaluated from HPSEC chromatographs as
shown in Fig. 2, including by quantification and com-
parison of total peak areas, i.e. through integration of
the curves. However, the assessment of specific peak
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Fig. 3. Resolution of chromatograph data to distinct peaks using Peak fit Software for raw water and water treated by the

four processes (August 2005).

removals is semi-quantitative where these are
unresolved and may be estimated from peak heights
where peaks are distinct. The aim of this study was to
improve the understanding of removal of organic com-
ponents based upon molecular weights by fitting of
peaks to the HPSEC chromatographs. To then further
investigate the relative treatment performances CA
was conducted to establish similarities and differences
between the treatment methods. In broad-scale com-

parison, clear differences would be expected between
treatment by MIEX alone and MIEX combined with
MF and conventional coagulation, as evidenced from
Fig. 2. However, when comparing combined methods
such as MIEX with coagulation and MIEX with MF,
differences between these and with MIEX alone may
be less apparent. In this study, monthly data from
August 2005 to December 2006 was tested by CA to
compare the various treatment methods.
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3.2. Peak fitting of HPSEC data

For resolution of the HPSEC peaks, optimization
options (referred to as Log Normal-4 Area and Refine
Shape) available in the Peak fit software were applied
which provide fits with R* values of 0.96+0.03. Num-
bers of peaks selected were based on the presence of
peak shoulder and peak apex. Using this peak fitting
procedure, it is clear that HPSEC chromatographic
data can be resolved into a number of peaks and opti-
mized to minimize deviation of data from actual data,
where R? is maximum. Fig. 3 shows examples of
resolved peaks of the HPSEC chromatogram for each
treatment process. Eight peaks were resolved for the
raw water and these can be associated with the chemi-
cal groups of organometallic colloids, biological resi-
dues, high molecular weight humic substances, low
molecular weight humics, building blocks, low molec-
ular weight acids, and nitrogen containing aromatics
[5]. However, in this paper, the emphasis is the peak
area of these peaks can be used to assess NOM
removal rather than identifying individual com-
pounds. These raw water and following treatment
peaks 1-4, representing the high molecular weight
components were able to be removed some or all of
the various treatment methods investigated. With
advanced treatment, MIEX with coagulation, all four
peaks (1-4) were able to be removed.

3.3. Peak areas

Peak fitting was undertaken for all HPSEC chro-
matograms acquired of samples collected monthly for
each treatment method over the period of 17 months.
Total areas (integration of UV absorbance data for

Table 1
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each peak) in arbitrary units (AUs) were calculated
and are shown in Table 1. By peak fitting and integra-
tion of the various peaks, there is capacity to differen-
tiate between various similar removal efficiencies e.g.
between raw and treated waters, based on total and
individual peak areas. The variation in treatment
performances indicated the presence of different
components of DOM in raw and treated water due to
changes in water quality with time.

3.4. Cluster analyses

CA is the generic term applied for a wide variety
of statistical procedures that can be used to identify
homogeneous groups within heterogeneous data. An
objective of this study was to identify similarities and
differences between the treatments methods investi-
gated based on treated water quality and treatment
efficiency. Data was analyzed using tree joining (den-
drogram) and k-mean CAs. Total areas of the peaks of
raw and treated waters after peak fitting were calcu-
lated and hierarchical agglomerative (tree joining) CA
was performed for each data set.

When CA was applied, the dendrogram showed
three major clusters identified as C (combination of A
and B merged into this cluster), D, and E (Fig. 4). As
expected, there were clear differences between MF,
coagulation, and MIEX. Nonetheless, this technique
enabled assessment of differences between apparently
similar treatment options, i.e. those incorporating MIEX.

The two closest cluster populations (MIEX alone
and MIEX-MF PP) were joined together to form a sin-
gle new cluster population A in Fig. 4. This means
MIEX alone and combined with MF preferentially

Total resolved peak areas after peak fitting for entire study period (raw compared with treated water after each

treatment process)

Study period Raw water MIEX Conv coag PP S1 MIEX conv coag S2 MIEX MF Raw MF PP MIEX MF PP
August-05 0.575 0.153  0.311 0.098 0.135 0.567 0.153
September-05  0.506 0.095  0.270 0.078 0.113 0.633 0.108
October-05 0.453 0.086  0.184 0.077 0.051 0.405 0.092
November-05 0.579 0.103  0.282 0.095 0.115 0.569 0.161
December-05  0.890 0.080  0.521 0.083 0.208 0.374 0.097
January-06 0.811 0.097  0.376 0.100 0.165 0.837 0.099
February-06 0.659 0.101  0.371 0.100 0.145 0.835 0.101
April-06 0.696 0.117 0473 0.081 0.122 0.703 0.118
June-06 0.378 0.097  0.251 0.073 0.133 0.575 0.072
August-06 0.468 0.055  0.259 0.061 0.127 0.325 0.082
October-06 0.443 0.084  0.196 0.139 0.116 0.453 0.090
December-06  0.452 0.080  0.316 0.078 0.134 0.452 0.090

Note: Peak area in arbitrary unit (A.U.).
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Euclidean distance matrix and formation of clusters for the various water qualities (before and after treatment) based on
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HPSEC peak areas in which two closest cluster populations are indicated by bold values
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remove DOM larger than 40 nm (membrane pore size
0.04 um) in diameter. This statement also confirmed
from Fig. 2 where MIEX combined with MF and
MIEX alone removed broad range of organics. The
distances to each of the remaining clusters were then
calculated as the average from the new cluster to each
of the remaining ones, as shown in Table 2. This pro-
cess was continued until there are only two final clus-
ter populations. Each of the columns in Table 2
represents a distinct cluster population and rows
show the treatment variable which characterized each
population. The distances between the populations
were calculated using Eq. (2) shown below:

d = Zf:l (.X'i — y,')z (2)

where k=7 for the seven variables from raw water to
MIEX MF PP. The distance d, is the distance between
any two populations, e.g. raw water and MIEX.

It is clear that the closest distance is between MIEX
alone and MIEX MF, with a Euclidian distance of
0.0007 and these two cluster populations were com-
bined, referred to as Cluster A.

The distance between Clusters A and S1 MIEX
Conv Coag (0.0010) was then used to produce Cluster
B (Table 2). Cluster C was formed by the combination
of Cluster B and S2 MIEX MF (0.0019). The Euclidean
distance between Cluster C and Conv Coag PP was
0.0077, producing Cluster D, and the distance between
Clusters D and E was 0.0132. Cluster E was produced
from the raw water and MF (0.0061).

3.4.1. k-Means cluster

Fig. 5 shows clustering of means of peak areas for
organics of treated waters by MIEX, conventional
coagulation, and MF over time (from August 2005 to
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Fig. 4. Dendrogram showing three distinct Clusters C (A
and B), D, and E for water qualities before and after
treatment based on total peak areas.
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Fig. 5. Clustering of peak areas of organics in waters
following treatment by (1) MF, (2) MIEX, and (3)
conventional coagulation.

December 2006). It was determined that processes
with MIEX showed similar treatment efficiencies
throughout the study, based on removal of NOM and
were therefore combined. The means of overall peak
areas generated by MIEX treatment processes were
very similar to each other so they were combined to
formed a cluster (Cluster 2). Similarly, the efficiency
of conventional treatment based on peak area reduc-
tions was entirely different to other treatment meth-
ods and therefore, formed a separate cluster (Cluster
3). Microfiltration performance for removal of NOM
was of minimum effect and therefore similar to raw
water throughout this study. This resulted in genera-
tion of similar peak area means and accordingly these
two clustered together (Cluster 1).

3.5. NOM character during the study period

CAs were also applied to data of DOC, UVjs4, and
SUVA to further investigate treatment trends over the
study period. This was done as, although HPSEC is
informative at a molecular level, when used with UV
detection (at 260nm), only a fraction of the organic
matter is quantified. Assessment based on DOC
provides for broader assessment in that it includes the
non-UV absorbing compounds, though this generic
measurement provides no information of the
character of the organics, unless other information is
concurrently acquired, e.g. UV absorbance for SUVA
determination. Fig. 6(a—c) shows dendrograms and
Fig. 6(d—f) shows k-mean clustering over time for
DOC, UV, and SUVA, respectively, for the various
water qualities before and after treatment.

The results from these analyses were similar to the
application of the peak fitted data, in that there was
most similarity between MIEX MF and MIEX Conv
Coag, and these then being of similarity to Conv Coag
and MIEX alone. All these treatments were distinct to
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MF as would be expected. Interestingly, MIEX with
MF or Conv Coag showed closer similarity to Conv
Coag than to MIEX alone.

Specific UV absorbance (SUVA) was used to
characterize organics over the period of study with
respect to the extent of conjugation and aromaticity of
organics in both raw and treated waters. The higher
molecular weight humic acids have SUVA values
between 3m 'mg 'L™! and 5m 'mg 'L, whereas
the medium molecular weight compounds such as
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fulvic acids have a SUVA value around
2m 'mg 'L [32].

Clustering of data shown in Fig. 6(d—f) is detailed
in Table 3. It can be seen that from these data, MIEX
with an associated treatment showed consistent clus-
tering (Cluster 3) and with least values for residual
DOC and UV and SUVA values after treatment
throughout the study period. These results correlate
with previous studies of MIEX performance for DOC
and UV abs removal [6,14,15]. However, for UV
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Fig. 6. Dendrograms and k-mean clusters for (a) DOC, (b) UV abs, and (c) SUVA.
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Table 3
Distribution of treatment processes after CAs
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DOC removal (mgL™")

UV abs removal at 254 nm

SUVA (m 'mg 'L

G G G G G Gs G G G
Raw Conv treatment S1 MIEX conv Raw Conv treat S1 MIEX conv Raw MIEX S1 MIEX conv
Pr coag Pr coag coag
Raw MF  MIEX Stream 2 MIEX Raw MF PP S2 MIEX MF Raw MF S2 MIEX MF
PP MF PP
MIEX MF PP MIEX MF PP MIEX MF PP
MIEX Conv treatment
PP
absorbance (and SUVA) data, the distinct treatment of combined with conventional or microfiltration

coagulation, also clustered with MIEX and associated
treatments. MIEX alone clustered separately (Cluster
2) indicating distinct effects from this with the two
other MIEX treatment methods (with coagulation and
MF). The data indicated that temporal effects likely to
be from seasonal effects on water quality impacted on
the efficiencies of Clusters 1 and 2 treatments but not
on those of Cluster 3. This infers that the MIEX treat-
ment with associated MF or coagulation provided for
the most consistent and highest level of treated water
quality, based on residual chromophoric organics.

It is clear from CAs (tree joining and k-mean) of
HPSEC-UV peak fitting, DOC, UV,s4 and SUVA data
that MIEX alone and its combined treatment processes
produced better treated water quality throughout the
study period as compared to the conventional treat-
ment and microfiltration. Although, including other
more advanced NOM characterization technique can
be useful and always there has been an argument
regarding HPSEC-UV excluded the fractions of DOM
that contain single-carbon bond (nonUVy4 absorbing
DOM) but this case study described the additional
information and interpretation can be obtained from
simple and cost-effective characterization technique
such as HPSEC-UV.

4. Conclusions

A new way of statistical approach to present the
NOM removal provided the better understanding of
this long-term study. In this study, we examined
changes in the character of most of the chromophoric
NOM in both raw and treated waters based on their
molecular weight profiles determined by HPSEC. This
provided improved information on the removal effi-
ciencies of processes involving MIEX alone and in
combination with conventional treatment and microfil-
tration. Treatment incorporating MIEX alone and

resulted in higher percentage removals of organics
represented by all fitted HPSEC peak areas. Cluster
analysis was applied to HPSEC peak fitted areas of
both raw and treated waters as well as for DOC,
UVys4, and SUVA data. From these analyses, it was
found that strong associations exist between MIEX
alone and MIEX combined with other treatment pro-
cesses. Moreover MIEX combined with coagulation
showing the highest NOM removal (below 700Da
MW). MIEX alone still removed the majority of NOM
and by comparison alum coagulation tended to
remove the high molecular weight (>1000Da) com-
pounds only. The NOM characterization techniques
and novel statistical approaches reported here used
for assessment of water treatment efficiencies should
provide further benefit to operations engineers for
optimum selection of the treatment process for most
of the chromophoric NOM removal, under varying
water quality conditions.

Symbols

(x1, y1) — coordinates of the first point
(x2, y2) — coordinates of the second point
d — distance between two points
> — summation
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