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ABSTRACT

Dissolved organic carbon (DOC) and bromide (Br’) are principal precursors in the formation of
halogenated disinfection by-products resulting from chlorination of drinking water. Their
effective removal from water represents, thus, one of the main challenges faced by drinking
water treatment plants worldwide. The objective of this study was to evaluate the performance
of a pilot-scale hybrid system based on the patented magnetic ion-exchange resin (MIEX)
combined with ultrafiltration (UF) in the removal of DOC and Br from water. Two different
doses of MIEX (1 mL/L and 3 mL/L) were applied and compared. Samples of feed water, UF
permeate and tank solution were regularly collected to assess the system performance in terms
of removal of DOC and Br. DOC was characterised by high-performance size-exclusion
chromatography (HPSEC) and 3D- fluorescence excitation-emission matrix (FEEM) to identify
which organic fractions were preferentially removed by the MIEX/UF process. Results

demonstrated that the hybrid MIEX/UF system was able to remove DOC and Br™ from water.



The evolution and extent of these removals depended on the MIEX dose applied, with
percentage removals clearly increasing when the MIEX dose was increased from 1 mL/L to 3
mL/L. MIEX exhibited higher affinity toward DOC than toward Br. Saturation of MIEX
toward Br” was achieved short after the start of the experiment, while removal of DOC persisted
until the end of the experiment. Fractionation of DOC by HPSEC indicated that the highest
molecular weight fraction was mainly removed by size-exclusion by the UF membrane, while
lower molecular weight fractions seemed to be better removed by ion-exchange on the MIEX
resin. FEEM analysis revealed a poor affinity of MIEX toward microbial by-products, whereas

fulvic and humic acid-like material were the most retained by MIEX.
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1. INTRODUCTION

Dissolved organic carbon (DOC) and bromide (Br) are principal precursors of
halogenated disinfection by-products resulting from chlorination of drinking water [1]. The
need for efficiently removing DOC and Br  has prompted drinking water treatment plants
(DWTPs) to explore novel technical approaches that outperform conventional treatments (such
as coagulation/flocculation, sand filtration or activated carbon adsorption) [2-4].

One of such approaches is the filtration by membranes. Microfiltration (MF) and
ultrafiltration (UF) membranes can effectively remove particles, colloids and bacteria at low
transmembrane pressures (not exceeding 2 bar), but are poorly effective at removing DOC and
ions such as Br™ due to their relatively large membrane pore sizes [5,6]. The removal of DOC
and ions can be attained by using denser membranes such as nanofiltration (NF) and reverse
osmosis (RO) membranes, but at expenses of applying high transmembrane pressures.

A significant drawback of the application of membrane technology, regardless the type

of membrane used is membrane fouling with the subsequent reduction of the hydraulic



permeability of the membrane [5]. DOC is acknowledged to be a main foulant even for MF and
UF membranes, which can be fouled by organic substances through sieving effects and sorption
on/in the membrane [6,7]. Thus, removal of DOC prior to a membrane step is usually necessary
to alleviate membrane fouling.

Another approach to remove DOC is the application of an anion exchange resin (AER),
taking advantage that most organic compounds in natural waters are in ionic form [4,8]. An
AER that is receiving particular attention is the patented MIEX marketed by Orica Watercare.
When in contact with it, negatively charged DOC is removed by exchanging with the mobile
counterion on active sites on the MIEX surface (usually CI), resulting in a reduction in the
DOC concentration and a small increase in CI” concentration in the treated water [9,10]. MIEX
differs from conventional AER by two unique properties: it is produced in the form of micro-
sized beads (~180 pum, i.e. 2-5 times smaller than conventional resins) and it incorporates
magnetic iron oxide within its core. The small size of the beads provides a high surface area that
facilitates rapid exchange between DOC and CI" [9-11], whereas the magnetic iron oxide within
its core allows the beads to agglomerate into larger, fast-settling particles facilitating separation
and recycling of the resin in a continuous process [2,5,12]. Due to these properties, MIEX resin
is designed to be used either in a slurry contactor or in a fluidized bed, unlike larger, traditional
AER commonly operated in packed beds [12]. In addition to DOC, MIEX has been reported to
also exchange other anions from water such as Br™ [13].

The MIEX resin only removes part of DOC from water but does not remove turbidity,
which needs to be removed (together with any resin beads that might be carried away from the
system) by some form of treatment, e.g. by UF membranes. This combination gives rise to the
hybrid MIEX/UF system, whereby water is first contacted with the MIEX resin and then the
slurry MIEX/water is filtered through the UF membrane, which retains the loaded MIEX beads
and turbidity. The premise of such an approach is that the hybrid system benefits from the
enhanced removal of DOC by MIEX that would not be retained by UF alone [14], the removal
of turbidity (and part of DOC) by UF not retained by MIEX alone and, according to some

studies, the prevention of UF membrane fouling by DOC sorption onto the membrane [15].



Moreover, since fouling has recently been reported to be worsened by upstream oxidation
processes (e.g. ozonation) commonly applied in DWTP [16], it is likely that MIEX would serve
as a more desirable upstream treatment unit than oxidation.

Like with any treatment targeting DOC, characterisation of DOC by novel techniques
such as high-performance size-exclusion chromatography (HPSEC) and fluorescence
spectroscopy providing the 3-D fluorescence excitation-emission matrix (FEEM) has attracted
the attention of researchers working with MIEX. Nevertheless, there are still some discrepancies
on how physicochemical properties of DOC affects its removal by MIEX [9,10]. As outlined by
Mergen and co-workers, “the current opinion with regard to the types or organic material
preferentially removed by the [MIEX] resin is unclear” and, therefore, “there is a strong need
for further research into the types of organic material that can be removed by the [MIEX] resin”
[17].

There is relatively abundant research on MIEX for the removal of DOC from natural
water. However, and although full-scale application of MIEX resin is intended for use in a
continuous-flow process, most of the published studies have been carried out on a batch basis
following either the single-loading procedure or, in an attempt to better mimic a continuous-
flow mode, multiple-loading procedure [3,8,12,15]. To get insight into the behaviour of DOC
fractions, some of these studies have applied HPSEC and/or FEEM [4,7,18,19]. Some others
have included Br as target solute to be removed together with DOC, but often at relatively low
concentrations of both Br” and SO4*, which is a competitor for the MIEX exchangeable sites
[13,20,21]. While these batch studies provide useful information on the capabilities of MIEX
resin to remove DOC (and to a lesser degree Br) their results cannot always be extrapolated to
continuous-flow systems. Published studies based on continuous-flow systems can be found in
the scientific literature [11,12,22-24] and, of these, some have characterised DOC by means of
HPSEC [11,12,22] but to our knowledge none with FEEM. Finally, even less studies exist on
hybrid systems based on MIEX/UF (or MF). Of these, some focus on the treatment of

secondary- and tertiary- wastewater effluents that exhibit different organic composition and



treatability from surface water [14,25], and fewer on surface water [2,5]. Again, some of these
studies characterise DOC by HPSEC but not by FEEM.

The objective of this study was to evaluate the performance of a continuous-flow hybrid
MIEX/UF system in the removal of DOC and Br from sand-filtered surface water under two
doses of MIEX (1 and 3 mL/L). DOC was characterised by HPSEC and FEEM to identify
which organic fractions were preferentially removed by each of the two steps (MIEX and UF)

of the hybrid system.

2. MATERIALS AND METHODS

2.1. Feed water characteristics

The water fed to the hybrid MIEX/UF system consisted of coagulated with Alx(SO4)s
and then sand-filtered water from the DWTP of Sant Joan Despi (Barcelona, Spain). The
average composition of this water is given in Table 1. As mentioned above DOC and Br™ are of
particular concern in many DWTP as they are main precursors of disinfectant by-products and,
for this reason, were the target species in this study. Their concentrations were 3.0 mg/L and
0.62 mg/L, respectively. The measured specific UVAss4 absorbance (SUVA), which is defined

as the ratio of UV Ass4 to DOC, was 3.1 L/(mg-m).



Table 1: Average composition of the feedwater to be treated by the hybrid MIEX/UF system

Parameter Units Concentration
pH - 7.6
DOC mg/L 3.0
Br mg/L 0.62
suspended solids mg/L 0.4
turbidity NTU 1.76
alkalinity mg CaCOs/L 231
Cr mg/L 266
Na* mg/L 155
K" mg/L 28
Ca*" mg/L 104
Mg* mg/L 29
SO4* mg/L 171
NOy mg/L 15
I mg/L 0.06
SUVA L/(mg-m) 3.1

2.2. Experimental set-up

The pilot-scale hybrid MIEX/UF system, mounted on a skid with rollers for convenient
mobility around the DWTP, was composed of a 40-L stirred tank containing the MIEX resin

followed by a UF module (Fig 1).



pressure

ressure gauge ermeate

pgau;e UF module P

feed water (1 + 1+ ¢+ t 1)

(sand-filtered water
from a DWTP)

5

stirred tank

Base + acid
(feed + MIEX) Naclo
- J
e

cleaning tanks

Figure 1. Schematic diagram of the pilot-scale hybrid MIEX/UF system.

The feed water was introduced at a flow rate of 10 L/h into the tank where it entered in
contact with the MIEX resin. Virgin MIEX resin (in the form of MIEX-CI, i.e. in which CI" was
the mobile counter-ion) was received from Orica America as water slurry. Two different doses
of MIEX (1 mL/L and 3 mL/L) were applied in the tank and compared. These MIEX doses
corresponded to doses commonly used in practice for the treatment of drinking water [9,19].
Because the contact time provided by the stirred tank (ca. 4 h) was much longer than the
detention time specified by the MIEX manufacturer (ca. 30 min) [12], the exchange within the
tank was considered to be non time-controlled. The tank was continuously agitated to ensure
uniformity of DOC and Br™ concentration.

The water/resin slurry was then pumped at a flow rate of 30 L/h into a UFC MS5-type
(X-Flow) UF module containing 100 1-m long and 0.8-mm-diameter hollow fibres
corresponding to a filtration surface equal to 0.25 m* (and a permeate flux of about 40 L/(m*-h).
The UF polyethersulfone membranes (nominal MWCO of 100 kDa) operated in an inside-out
cross-flow filtration mode. The retentate containing the MIEX beads was recirculated (approx.
20 L/h) into the feed tank while the permeate stream (approx. 10 L/h) was collected in a storage

vessel. Because the MIEX resin was not continuously regenerated during the experiment, its ion



exchange capacity (and the permeate quality) was expected to decrease with time. At approx.
2.0-2.5 hr intervals, 20-s hydraulic backwashes with permeate (occasionally enhanced with
NaOH+NaClO and HCI) were applied to remove any foulant from the membrane. Appropriate
combinations of valve positions allowed select the direction of the transmembrane flux during
filtration cycles and backwashes episodes.

Samples of feed water, stirred tank solution and UF permeate were regularly collected
to assess the system performance in terms of removal of DOC and Br. For the experiment
carried out with a MIEX dose of 3 mL/L, composite samples for the feed stream, tank solution
and permeate (each made of 5 samples collected at different times) were analysed by HPSEC

and FEEM to get insight into the DOC fractions behaviour.

2.3. Analytical techniques

Water samples for DOC and Br™ analysis were filtered through pre-rinsed 0.45 pm and
0.22 um syringe filters, respectively. DOC was measured using a TOC analyser (TOC
Shimadzu Model V CPH) and Br” was determined by ion chromatography (Dionex ICS-1000).

Fractionation of DOC in 0.45 pum filtered samples was performed by high-performance
size-exclusion chromatography (HPSEC) and fluorescence spectroscopy.

HPSEC analysis was carried out using a Toyopearl TSK HW-50S column coupled to
on-line ultraviolet, organic carbon and organic nitrogen detectors. Such system separates DOC
fractions according to their hydrodynamic molecular size. Table 2 gives details on the time

elution, molecular weight (MW) and constituents of each fraction [26].



Table 2: Chromatographic fractions of DOC as determined by the HPSEC technique.

DOC fraction Abbreviation Time (min) MW (g/mol) Constituents within fraction
Biopolymers BP 31.0 >20000 Polysaccharides, proteins
Humic substances HS 45.3 ~1000 Fulvic and humic acids
Building blocks BB 49.2 300-500 Breakdown products of humics
Low molecular weight neutrals LMWN 52.4 <350 Alcohols, aldehydes, ketones,
Low molecular weight acids LMWA 57.3 <350 sugars and amino acids

Three-dimensional fluorescence excitation-emission matrix (FEEM) spectra were
collected on a LS55 Perkin Elmer fluorescence spectrophotometer using a 1 cm path length
quartz cuvette. Fluorescence intensities were measured at excitation wavelengths (Aex) of 225-
515 nm in 10 nm increments and emission wavelengths (Aem) of 230-650 nm in 10 nm
increments, using a scan speed of 600 nm/s. The slit widths on excitation and emission modes
were both set at 5 nm. The photomultiplier tube voltage was set to 750 V. MilliQ water was run
as blank and its FEEM was subtracted from the sample FEEM in order to reduce the influence
of Raman scattering. The fluorescence intensities were normalised by dividing them with the
Raman-scatter peaks of the blank.

The FEEMs were divided into five regions (Region I to Region V) according to Chen
[27]. Table 3 gives details on the excitation and emission ranges and constituents of each region

[27].

Table 3: FEEM fractions of DOC as determined by FEEM spectroscopy.

DOC region Excitation range (nm) Emission range (nm) Component type

Region I 0-250 180-320 Aromatic protein-like DOC-I
Region II 0-250 320-370 Aromatic protein-like DOC- 11
Region III 0-250 370-570 Fulvic acid-like DOC

Region IV 250-350 180-370 Microbial by-product-like DOC
Region V 250-420 370-400 Humic acid-like DOC




3. RESULTS AND DISCUSSION

3.1. DOC and Br removal

Feed water showed average DOC and Br concentrations of 3.0 mg/L and 0.62 mg/L,

respectively, over the course of the study (Fig 2a and b). Results showed that the hybrid

MIEX/UF system was able to remove DOC and Br™ (Fig 2¢ and d). However, the evolution and

extent of these removals depended on the MIEX dose.
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Figure 2: Evolution of a) inlet DOC and Br™ concentration, b) DOC and Br” removal by the
hybrid MIEX/UF system and ¢) DOC and Br” mass accumulated on the MIEX resin.
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At a MIEX dose of 1 mL/L, initial removals of 32% and 16% were observed for DOC
and Br’, respectively (Fig 2c¢). The removal of DOC persisted over the whole duration of the
experiment, while Br" removal ceased 3 hr after the start of the experiment, suggesting
saturation of MIEX toward Br™ and that any fresh Br™ entered into the system remained in water.
Even a release of Br from MIEX was observed after 5 hr of experiment, probably due to a
displacement of Br' by DOC and/other anions whose exchange onto the MIEX is more
favourable. In fact, higher affinity of MIEX toward DOC (and other anions such as SO*) than
toward Br- has been reported [20].

At a MIEX dose of 3 mL/L, the system achieved higher and more persistent DOC and
Br removals (Fig 2d). The initial DOC removal was 55%, and it maintained stabilized at
averaged 46% over the experiment, indicating that MIEX was able to decrease DOC
concentration without reaching saturation yet. Br” was initially removed at a percentage of 37%,
but after approx. 8 hr the removal decreased to zero indicating MIEX saturation toward Br.
Again, the release of Br” from MIEX at 12 hr may be due to an increase of the concentration of
competitive species (e.g. DOC or SO4%) in feed water that can exchange with Br", which is
plausible as Llobregat river is characterised by a high (and sometimes fluctuating) content of
ions. Competition between Br™ and other anions clearly needs more research.

The removal of DOC and Br- was accompanied in both cases by a release of ions CI’
(data no shown), confirming the anion exchange between aqueous DOC and Br- and MIEX-
phase CI".

It is important to note that these results demonstrated that the hybrid MIEX/UF system,
regardless the MIEX dose applied, presented consistent DOC removals (32-46%) much higher
than UF alone (<5%), as found in bench- and full-scale previous studies in the DWTP of Sant
Joan Despi [6].

The results showed that the DOC removal clearly increased when the MIEX dose was
increased from 1 to 3 mL/L. This expected finding is consistent with many published studies. In
fact, the MIEX dose, together with the SUV A value, has been reported to critically affect DOC

removal by MIEX. In general, higher MIEX doses and SUVA values lead to higher DOC
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removal [10,12,15,21]. The dependence of DOC removal upon MIEX dose and SUVA has been
summarised and graphically illustrated by Boyer and Singer [12] (Figure 3). The DOC removal
values obtained in this study have also been plotted in Figure 3, and it can be seen that they
broadly match the general trend depicted by Boyer and Singer [12]. Little discrepancies were
likely due to differences in system configuration (i.e. batch vs continuous operation modes),
DOC physicochemical chacteristics (i.e. nature of organic fractions that constitute DOC), or

concentration of other anions such as sulphate that may interfere with DOC removal.
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Figure 3: Dependence of the DOC removal upon the MIEX dose and the SUVA value of
the treated water with the DOC removal values obtained in this study also plotted in the figure

(modified from Boyer and Singer [17]).

Indeed, another parameter that has been found to strongly affect DOC removal is
sulphate concentration. This is so because MIEX exhibits high selectivity for sulphate, and
therefore elevated sulphate concentrations inhibit DOC removal due to the competitive nature of
anion exchange. Figure 4 plots DOC removals by MIEX on a wide range of sulphate
concentrations reported by published studies. The competition effect between sulphate and
DOC for available active exchange sites on the MIEX resin is clearly noticeable. Again, the

DOC removal values obtained in this study have also been plotted. It is worth noting that the
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tested sulphate concentrations by the previous studies were generally lower than the one tested
here, with only one study focusing on the effect of sulphate at high concentrations [28]. The
DOC removal percentages again matched the general trend, with slight discrepancies likely

coming from differences in water qualities (e.g. SUVA values) or MIEX doses (see legend).
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Figure 4: Dependence of the DOC removal by MIEX upon the sulphate concentration.

Competition effects for available active exchange sites on the MIEX resin also applies
for Br removal. As shown in Figure 2, MIEX was found to be able to remove Br, and the
removal increased when the MIEX dose was increased from 1 to 3 mL/L. This finding, again,
agrees with previous studies [19]. However, because Br is commonly accompanied in natural
waters by DOC and sulphate at very much higher concentrations, together with the fact that
MIEX offer higher affinity toward DOC and sulphate than toward Br’, Br" removal by MIEX is
often low (<25% at background sulphate concentration of 10 mg/L or more) [12] or marginal
[13,28]. In the present study, it is apparent that the relative high sulphate concentration (171
mg/L) strongly hinders the exchange of Br  on the exchangeable sites of the MIEX, provoking

even a release of already exchanged/MIEX-phase Br" by DOC and/or SO4*.
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3.2. DOC and Br  masses loaded onto MIEX

in,t

The total DOC amount entered and exited the hybrid system at any time (qp,. and

out,t

dpoc- fespectively) can be calculated from the feed and permeate flow rates (Qg.4 and Q

permeate’

respectively) and their DOC concentrations (c})OC’feed and C})OC,permeate’ respectively) as follows:

in,t

t
_ o .
4poc=eed f CpOC feed At
0

t

out,t __ X t .

qDOC_Qpermeate J— CDOC,permeate dt
0

The difference between these amounts is the amount of DOC accumulated within the

system at any time (q2ea™"), either dissolved in the water (qhos") or loaded onto the MIEX

resin (qgcl)EcX‘t). Because the solution in the tank was periodically analysed for DOC, the total

amount of DOC dissolved at any time can be calculated:

diss,t __ t
dpoc = Vtank * Cpoc tank

where Viany is the volume of the tank and cpoc tank the DOC concentration in the tank at any

time. By substracting this amount from ancggm’t, the DOC loaded onto the resin can be
calculated:

MIEX,t _ _accum,t diss,t

dpoc = Y9poc  ~ Ypoc

Similar calculations can be done for quantifying the mass of Br- loaded onto the resin at

any time (qll\;IrIEX’t ). Figure 2¢ and 2f shows qll\)/[(I)ECX't and qll\;[r[EX't calculated through the mass-

balance described above for both MIEX doses.
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The figure shows that ql\g(l)%x’t kept increasing with time for both doses, indicating that

the MIEX resin was not saturated yet and still offered some capacity of retaining DOC. This

was consistent with the continuous removal of DOC (Figure 2¢ and 2d). qlg(l)ECX’t by the end of

the experiment was ca. 202 mg and 258 mg DOC for doses 1 mL/L and 3 mL/L, respectively. In

MIEX,t

I MIEXt
contrast qg,

, which was much lower than qpg¢ ", kept invariable at the late stage of the
experiment (at around 4 and 26 mg for doses 1 mL/L and 3 mL/L) indicating that MIEX was
saturated toward Br".

Very few data on DOC masses loaded on MIEX exist in the literature. The values
obtained in this study were in the same order of magnitude of that reported by Nguyen et al.
[24] from batch tests with synthetic water in contact with a dose of MIEX of 1 mL/L

(qlgcl)%x=4.1 mg/mL).

3.3. DOC characterisation using HPSEC

Figure 2 showed that, under both MIEX doses, DOC was removed since the very
beginning of the experiment, but also that there was always a fraction of DOC that was not
exchanged onto MIEX and permeated the UF membranes.

Comparison of HPSEC chromatograms between feed water and UF permeate (Fig Sa
and b) showed that the whole hybrid system basically removed low-MW fractions (reduced
peaks for BB and LMWN) and high-MW fractions (BP). On the other hand, mid-MW fractions
(HS) were less removed. Comparison against the chromatogram for the solution in the tank with
MIEX suggested that the removal mechanisms for these fractions were different.

The removal mechanism for BP seemed to be not via ion-exchange onto MIEX (BP
remained in solution when in contact with MIEX as highlighted by the large peak in Fig 5c) but
via size exclusion by the UF membrane. This is in accordance with previous works reporting
poor removals of high MW compounds by MIEX [12] but moderate or high removals of high

MW compounds by UF [6,7]. The poor removal by MIEX of high MW compounds is likely due
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to the fact that these compounds (mainly polysaccharides, proteins — see Table 2) tend to be
uncharged and are therefore unlikely to have a strong affinity for exchange onto an anion
exchange resin such as MIEX [17,22]. The moderate or high removals of high MW compounds
by UF is in agreement with the results reported by Humbert et al. [7], who found that foulants
retained on a UF membrane receiving a MIEX-treated water “mainly corresponded to high MW

DOM of microbial origins (i.e. mixture of polysaccharides, amino sugars and proteins).
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Figure 5: HPSEC chromatograms for feed water, UF permeate and tank solution.

Contrarily to BP, the lower MW fractions BB and LMWA seemed to be better removed
by ion-exchange onto MIEX, as highlighted by their decreased peaks in the tank solution (Fig
5c¢), but not by the UF membrane (little differences in their peaks were observed between the
tank solution and the UF permeate). This finding agreed with the preferential removal of low
MW fractions by MIEX [5,7,12,14] attributed to the fact that low MW compounds are more
enriched in negatively charged species such as carboxylic acids [22]. The poor retention of low
MW compounds by UF membranes has also been widely reported in the literature [6,7].

Although the pattern on preference of MIEX toward low-MW compounds observed in
this study were consistent with many previous published studies, opposite trends have also been

reported. For instance, Singer et al. [23] observed that “removal increased in effectiveness as the
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nominal molecular weight of the NOM increased” and attributed this pattern to differences in
hydrophobicity of the organic fractions, since “larger MW DOC species corresponded to
hydrophobic organic acids [...] whereas the smaller molecular weight fractions was associated
with hydrophilic species”. Focusing on a MW range of 700-4000 Da, Phetrak et al. [18]
reported that “aromatic DOM greater than 1600 Da was completely removed by MIEX [...] by
the fact that the macroporosity, small resin size and iron oxide content of MIEX provided
greater DOM accessibility and more solid-liquid interfaces, resulting in a more rapid removal of
aromatic DOM greater 1600 Da” while “aromatic DOM smaller than 1000 Da remained after
[MIEX] treatment”. As it has been highlighted “there is [still] a strong need for further research

into the types of organic material that can be removed by the [MIEX] resin” [17].

3.4. DOC characterisation using FEEM

The FEEM spectra of feed water, UF permeate and tank solution (+MIEX) are depicted
in Figure 6 showing labelled areas for each region (from I to VI) described in the Materials and
Methods section. Note that the scale is different for the UF permeate. Table 4 provides the
values of the fluorescence intensity of each peak (in arbitrary fluorescence units), which give

estimates of the relative concentrations of each component.

Table 4: Values of the fluorescence intensity of each peak (in arbitrary fluorescence units) for

the feed water, UF permeate and the tank solution (+MIEX).

Region Component type Peak intensity (AU)

Feed water =~ UF permeate  Tank solution (+MIEX)

II Aromatic protein-like DOC-II 15.3 4.7 11.1
I Fulvic acid-like DOC 6.1 1.7 2.5
v Microbial by-product-like DOC 4.6 2.0 4.8
v Humic acid-like DOC 43 1.1 24
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Comparison of FEEMs between feed water (Fig 6a) and UF permeate (Fig 6b) reflected
a substantial reduction of all four fluorescence peaks across the whole hybrid system. The
reduction percentages were: 69% (for region II), 72% (for region III), 57% (for region 1V), 74%
(for region V). Humic and fulvic acid-like substances were, thus, the classes of organic
substances most retained by the hybrid system, closely followed by proteinaceous material,

while microbial by-products were less retained.
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Figure 6: FEEM contour plots for a) feed water, b) UF permeate and c) tank solution (+MIEX)
(note that the scale is different for the UF permeate).

Contrasting HPSEC and FEEM techniques, it can be observed that they showed
similarities and differences. For instance, moderate retention of microbial by-products would be
in accordance with the moderate removal of fraction BP (associated to microbial by-products)
shown in HPSEC chromatograms of the same samples (Figure 5). However, an apparent
discrepancy between both techniques is that the fraction termed “humic substances” (HS) in
HPSEC was poorly removed by the hybrid MIEX/UF system while fluorescence peak in region
V in FEEM (associated to “humic acid-like DOC) was appreciably reduced. It must be stressed
that concordance between fractions from HPSEC and regions from FEEM must be regarded
with caution for at least three reasons: first, characterisations based on MW and fluorescence do
not lead to unequivocally corresponding fractions; second, limits between MW for the different
HPSEC fractions and between Aem/Aex for the different FEEM regions are not precisely defined;

18



and third, it is unknown which fraction of the total DOC gives response to fluorescence
analysis. Difficulties in comparing HPSEC fractions and FEEM regions are also reported by
Henderson et al. [30], who reported that “proteinaceous material [...] might have a range of
sizes from 20 to 150 kDa [...] or might be present as a LMW amino acid”. How HPSEC and
FEEM complement each other arises as a field of research.

Comparison of FEEMs between feed water (Fig 6a) and tank solution (+MIEX) (Fig 6¢)
showed lowered fluorescence intensity peaks by 28% (for region II), 59% (for region III), and
44% (for region V) revealing a preference of MIEX toward fulvic and humic acid-like material.
The intensity of peak in region IV in the tank solution was even higher (+4%) than that in feed
solution, indicating a poor affinity of MIEX toward microbial by-products. This, together with
the relatively high retention of microbial by-products by UF, resulted in their accumulation
within the tank. This finding is consistent with the HPSEC chromatograms shown in Figure 5,
whereby fraction BP appeared to be accumulated into the tank.

Because HPSEC defines DOC fractions according to their hydrodynamic molecular size
while FEEM according to their fluorescence properties, it can then be concluded that MIEX
showed more affinity toward humic and fulvic substances and their breakdown products, in
particular those with low MW and exhibiting fluorescence. On the other hand, the UF
membrane seemed to preferentially remove organic substances with high MW and again
exhibiting fluorescence.

Findings on NOM removal by MIEX are in partial agreement with published studies on
treatment of surface water by MIEX (under similar doses) monitored by FEEM with the spectra
division proposed by Chen et al. [27]. It must be noted that comparison between studies may be
difficult because the position of observed peaks within a region do not always coincide exactly,
indicating that different organic matter might be compared between studies. In agreement with
the present study, Phetrak et al. [18] also observed, with a MIEX dose of 2 mL/L, greater
reductions in peak intensities for regions III and V (51-77%) than for regions I, II and IV
(<30%). They attributed the higher removal of regions III and V to the fact that fulvic and

humic-like compounds are negatively charged at the current pH and thus can be easily removed
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by ion exchange mechanism. Apell and Boyer [4] also reported a lowered peak (by 76%) for
region V and for region IV when it appeared in some samples, but any other peak is reported. In
contrast, Xu et al. [19], with a MIEX dose of 1 mL/L, did not find higher reductions of the
peaks corresponding to fulvic and humic substances. These sparse results in literature sources
make evident that more research on DOC characterisation, and in particular on complementary

between different characterisation techniques, in MIEX-assisted treatments is needed.

4. CONCLUSIONS

This study demonstrated that the hybrid MIEX/UF system was able to remove DOC and
Br’, with percentage removals clearly higher when the MIEX dose was increased from 1 mL/L
to 3 mL/L. MIEX exhibited higher affinity toward DOC than toward Br, with initial DOC
removals of 32% and 55% for both MIEX doses, against 16% and 37% for Br". Saturation of
MIEX toward Br” was achieved short after the start of the experiment, while removal of DOC

persisted until the end of the experiment. The mass of DOC loaded onto the MIEX resin

(ql\g(])ECX't) by the end of the experiment was ca. 202 mg and 258 mg DOC for doses 1 mL/L and

3 mL/L, respectively, while qll\;[r[EX't was around 4 and 26 mg for doses 1 mL/L and 3 mL/L,

respectively. The removal mechanism by the hybrid system MIEX/UF was different for each
DOC fraction as analysed by HPSEC. The high MW (and poorly negatively charged) fraction
BP was mainly removed by size exclusion by the UF membrane, while lower MW fractions
(more enriched in negatively charged species) such as BB and LMWA were better removed by
ion-exchange onto MIEX. FEEM analysis revealed a poor affinity of MIEX toward microbial
by-products (which can be associated with BP), which is consistent with HPSEC results,
whereas fulvic and humic acid-like material were the most retained by MIEX. It can then be
concluded that MIEX showed more affinity toward humic and fulvic substances and their

breakdown products, in particular those with low MW and exhibiting fluorescence. On the other
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hand, the UF membrane seemed to preferentially remove organic substances with high MW and
again exhibiting fluorescence. The hybrid MIEX/UF system removed DOC (by 32-46%) more
efficiently than UF alone (<5%), demonstrating the benefits of combining ion-exchange and UF
processes. The reason of this lies in the fact that a wider spectrum of organic compounds can be
removed by the sum of both processes than by one alone. Finally, since fouling has recently
been reported to be worsened by upstream oxidation processes (e.g. ozonation) commonly
applied in DWTP [16], it is likely that MIEX would serve as a more desirable upstream

treatment unit than oxidation.

LIST OF SYMBOLS AND ACRONYMS

AER: anion exchange resin

BB: building blocks

BP: biopolymers

Choc feeq: DOC concentration in feed at any time (mg/L)

C]t)OC,permeate: DOC concentration in permeate at any time (mg/L)

Choc tank: DOC concentration in the tank at any time (mg/L)

DOC: dissolved organic carbon

DWTP: drinking water treatment plant

FEEM: fluorescence excitation emission matrix

HPSEC: high-performance size-exclusion chromatography
HS: humic substances

LMWA: low molecular weight acids

LMWN: low molecular weight neutrals

MF: microfiltration

MIEX: magnetic ion exchange
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MW: molecular weight
NF: nanofiltration
Qfeeq: feed flow rate (L/s)

Qpermeate: permeate flow rate (L/s)

int

dpoc: total DOC amount entered the hybrid system at any time (mg)

outt |

dpoc : total DOC amount exited the hybrid system at any time (mg)

q5se™": DOC amount accumulated within the hybrid system at any time (mg)

q%iésé‘t: DOC amount dissolved in water (mg)

qgcl)EcX‘t: DOC amount loaded onto the MIEX resin (mg)

qg[rIEX‘t: Br  amount loaded onto the MIEX resin (mg)

RO: reverse osmosis
UF: ultrafiltration

Viank: volume of the tank (L)
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