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Introduction

De Watergroep is the largest drinking water utility in Flanders, Belgium, serving over 3.2 million
customers in 180 Flemish communities via a 32460 km network of pipes. In 2018, 25% of its
produced drinking water originated from surface water, from which over 9.3 million m3 was
produced at water treatment works (WTW) De Blankaart in Diksmuide, Belgium.

In 2011, De Watergroep started investigating ion exchange (IEX) followed by coagulation and
flotation for natural organic matter (NOM) removal at WTW Kluizen, another drinking water
treatment plant using surface water as its source, located close to Ghent. It was found that by
introducing IEX the water quality could be improved both in terms of NOM concentration and
ionic composition, while at the same time the coagulant demand could be reduced by 75%
which effectively compensates the investment costs of the IEX unit. Based on these results, it
was decided to evaluate the feasibility of combining IEX and coagulation at WTW De Blankaart
as well. This feasibility study was performed as part of the DOC2C’s project. Reference is
sometimes made to the WTW Kluizen case to illustrate the importance of the raw water quality
with respect to the feasibility.

Natural organic matter is a comprehensive parameter for different organic substances
originating from decaying floral and faunal matter. NOM is found in every natural water,
however its composition and concentration can show a wide variety depending on the origin
of the water and seasonal influences. The total mixture of NOM is often determined as total
organic carbon (TOC) or non-purgeable organic carbon (NPOC), while the dissolved fraction
is generally determined after 0.45 um filtration and measured as dissolved organic carbon
(DOC), or UV absorbance at 254 nm. NOM removal is paramount to drinking water treatment,
as its presence is not only easily recognized visually by a yellow water color, it also has a
detrimental impact on the biological stability of drinking water, it is a precursor for disinfection
byproduct formation, and it has a negative impact on most downstream treatment processes.
For the latter reason, NOM removal preferably takes place as early as possible in the water
treatment train, and it is in this respect that De Watergroep investigates the combination of IEX
with coagulation for NOM removal. The premise is that by applying IEX, a large fraction of
NOM can be removed prior to the coagulation step, thereby reducing the chemicals demand
of the coagulation process while improving the quality of the treated water. This premise was
formulated based on previous research performed at WTW Kluizen.

Background

Description of source water

WTW De Blankaart is located in the Western part of Flanders, Belgium, close to the city of
Diksmuide (Figure 1). The raw water from De Blankaart originates for around 80% from the
IJzer river and around 20% is overflow of the nearby lake at the Blankaart nature reserve
(which is fed by small surrounding channels and streams). A 60 ha reservoir with a capacity of
3 million m3 is filled mainly during autumn, winter and spring.
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The raw water in the reservoir is characterized by a high NOM content (12.2 mg NPOC/L) and
a high alkalinity (207 mg/L HCOy3), along with relatively high chloride (117 mg CI/L) and sulfate
(87 mg SO4%/L) concentrations (Table 1). Due to the eutrophic nature of the raw water, algae
blooms occur frequently in the reservoir.
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Figure 1. Location of WTW De Blankaart in West Flanders and the surrounding drinking water
protection area.
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Table 1. Average composition of the raw water at WTW De Blankaart during the test period.

Parameter Unit Average Median 5% percentile 95% percentile
NPOC mg/L 12.2 11.3 9.4 16.4
UV2s4 m 24.0 23.9 19.7 28.7
Turbidity NTU 4.1 3.5 1.0 8.6
Conductivity puS/cm 823 813 693 1046
CIr mg/L 117 112 84 179
SO4* mg/L 87 88 76 98
NOs mg/L 10 5 0 27
Na* mg/L 75 70 55 117
Ca?* mg/L 69 72 41 98
Mg?* mg/L 17 17 15 19
HCOz mg/L 207 212 135 283
mmol/L 3.4 3.5 2.2 4.6
PO mg/L 0.37 0.31 0.08 1.04
Total chlorophyll  pg/L 20 8.1 1.8 63
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Description of treatment processes

The conventional drinking water treatment train at WTW De Blankaart is shown in Figure 2.
Firstly, the raw water flows over a biological trickling filter where oxidation of ammonia occurs.
Then, the suspended solids and DOC are removed by coagulation with ferric iron at a pH of 6,
after which floc separation occurs through decantation in a sludge blanket clarifier. After
decantation, the pH is adjusted back to 7 and remaining turbidity, iron and manganese are
removed in rapid sand filters. Granular activated carbon filters remove traces of organic
micropollutants, and finally the water is post-chlorinated before it is distributed in the region.

FeCl,, H,50, NzOH NaOCl

nitrification coagulathn & ra.pld s.and GAC filtration disinfection
decantation filtration

Figure 2. Process flow diagram of the conventional drinking water treatment at WTW De
Blankaart.

The combination of a high NOM content and high alkalinity in the water results in a high
chemical demand for coagulation in order to achieve adequate NOM and turbidity removal,
with ferric iron doses above 20 mg Fe/L combined with acidification with H,SO4 to pH 6.
Because at WTW Kluizen research at a semi-industrial scale showed that a combination of
IEX and coagulation/flotation could decrease the coagulant demand by 75% while at the same
time the product water quality could be improved, this concept was also evaluated at WTW De
Blankaart at a semi-industrial scale.

Description of ion exchange and coaqulation/flotation for NOM removal
The semi-industrial pilot plant consists of a high rate ion exchange system with on-site spent
brine treatment, and a coagulation/flotation unit.

In Figure 3, the process of the semi-industrial pilot installation is shown, and in Figure 4, detail
images are provided of different units of the plant. Raw reservoir water (see Table 1) is first
screened with a 1 mm screen to remove coarse particles and is then acidified with 10 mg/L
H.SO, to prevent CaCOs; scaling of the IEX resin. It is subsequently fed to the IEX contactor
(Figure 3.A and Figure 4.A) at the bottom at a flow of 50 — 58 m3/h. A distribution system
consisting of 48 downwards directed nozzles distributes the water over the surface area of the
IEX contactor (Figure 4.B). The contactor contains 1670 L of a macroporous polyacrylic strong
basic anion exchange resin (Purolite® PPA860S), which is fluidized due to the upward motion
of the water. The applied hydraulic loading rate of 17.3 — 20.1 m/h) ensures that the resin
remains inside the contactor, while suspended solids in the feed water are still washed out with
the water leaving the contactor at the top (Figure 4.C).

Periodically, a small fraction of the resin is extracted from the IEX contactor using an air-lift
pump, and transferred into an external regeneration vessel (Figure 3.D and Figure 4.D). In this
regeneration vessel, the resin is regenerated by contacting it with 1 bed volume (BV) of brine
for 10 minutes, and subsequently, the brine is displaced using tap water. Finally, the resin is
resuspended and added back to the contactor. The effective resin dose, i.e. the volume of
resin regenerated per volume of raw water treated, can be varied by changing the volume of
transferred resin in the regeneration vessel and/or the frequency of regeneration cycles. The
maximum effective resin dose that can be applied in the pilot plant is equal to 2 ML egenerated

resin/ Lwater-
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Because De Watergroep aims at operating the IEX process without discharge of liquid waste
streams, the IEX spent brine is treated on-site by removing the NOM using coagulation (with
FeCl; and Magnafloc® LT22S DWI, a cationic polyacrylamide flocculant) at a pH of 4 (Figure
3.E). The sludge is dewatered using a filter press (Figure 3.F), after which the filtrate is
conditioned with NaOH to a pH of 6.2 and NaCl to a conductivity of 140 mS/cm before it is
reused as brine in the regeneration process. The recirculation of spent brine as fresh brine
implies that only a maximum of 1 BV of spent brine can be collected for 1 BV of brine dosed,
and no rinsing can be applied - the water that is added after dosing of the brine serves only as
displacement water. Due to improper plug flow conditions, front broadening and mixing effects
during regeneration, part of the eluting NaCl is not captured in the spent brine and ends up in
the drinking water. In addition, coagulation and filter pressing removes a high fraction of the
NOM present in the spent brine, but does not result in substantial sulfate removal. Hence,
sulfate (originating from the surface water) accumulates in the brine solution. The IEX effluent
is coagulated (Figure 3.B and Figure 4.E) using ferric iron at pH 6.5 — 7.1. Subsequently,
flocculation takes place in two flocculation tanks in series with a total contact time of 11 — 15
min, after which the flocs are separated by means of dissolved air flotation (Figure 3.C and
Figure 4.E). The flotation unit is operated at a net hydraulic loading rate of 19 — 26 m/h in the
separation zone. The saturated water is produced at a pressure of 5.5 bar, and dosed to the
water with pneumatically adjustable nozzles at recycle ratios of 0.06 — 0.10 Lsatrated water/ Linfluent.
The treated water is removed from the bottom of the separation zone through perforated pipes.
The sludge blanket formed at the top of the separation zone is periodically removed by
increasing the water level in the flotation unit, allowing the sludge to overflow into a sludge
gutter.
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Figure 3. lllustration of the IEX — coagulation/flotation semi-industrial plant at WTW De
Blankaart, with A: IEX contactor, B: coagulation, C: flotation, D: external regeneration vessel,
E: spent brine coagulation, and F: filter press.
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Figure 4. Detail images of the semi-industrial plant, with A: IEX contéctor, B: distribution system
in IEX contactor, C: IEX effluent overflow weirs, D: external regeneration vessel, and E:
coagulation/flotation.

Process evaluations

NOM removal results from bench-scale experiments

IEX bench-scale experiments

Different IEX reactor configurations can be applied for NOM removal from water, amongst
which suspended ion exchange, fluidized bed ion exchange, and a high rate ion exchange
system. Even though the latter system is the only one applied at semi-industrial scale in the
DOC2C'’s project, these three different systems were evaluated at small scale in this project.
The results from these small scale experiments will be described in this paragraph.

Single contact jar tests for a suspended ion exchange system

The efficiency of the IEX process for NOM removal can be easily assessed by performing
single contact jar tests, in which different resin concentrations are applied to feed water, and
samples are taken at different contact times. Results of such an experiment are shown in
Figure 5, depicting the residual UVas4 nm absorbance and NPOC concentration as a function of
the CT-value (i.e., the product of the contact time and the applied resin dose). It is clear that a
higher resin dose and/or a higher contact time result in better NOM removal. At first, there is a
steep decline of the residual UV2s4 nm absorbance and the NPOC concentration, followed by a
slower decrease as the CT-value increases. The fact that the UV2s4 nm absorbance decreases
stronger than the NPOC concentration indicates that chromophoric NOM (i.e. with high specific
UV absorbance) is preferentially removed with IEX.
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Figure 5. Single contact jar tests — influence of CT-value (product of resin dose and contact
time) on UV254 nm absorbance and NPOC.

These single contact jar tests provide useful information on the residual NOM content that can
be obtained with suspended IEX systems. For the raw water of WTW De Blankaart, UV2s54 nm
and NPOC residuals as low as 3.5 m?* and 3.1 mg/L can be obtained at a CT-value of 0.9
Lresin/Lwater*min (determined with a feed water of 21.4 m™ and 9.7 mg/L). Jar experiments,
however, are no good representation for fluidized bed systems such as a carousel fluidized
bed IEX system or a high rate IEX system.

Carousel fluidized bed IEX system

The NOM removal which can be obtained with a fluidized bed system, where the resin remains
inside the contactor and regeneration is performed inside the contactor itself, can be assessed
by establishing breakthrough curves using small fluidized bed columns. In order to minimize
the variation in effluent water quality, multiple fluidized bed IEX columns can be placed in
parallel, forming a carousel configuration. The columns are regenerated each in turn, resulting
in each column having a different run time, and the effluents of the other columns are mixed.
Such a carousel system was simulated on a small scale using a transparent column with 10
cm diameter containing a resin bed of 25 cm (in rest). The fluidized bed IEX column was
operated at an empty bed contact time (EBCT) of 1.18 minutes (i.e. a hydraulic loading rate of
12.7 m/h). The UV2s4 nm absorbance and NPOC obtained as a function of the amount of bed
volumes treated, was averaged over 13 breakthrough experiments, and is presented in Figure
6.A. In the beginning of the breakthrough curve, a short decrease in NOM concentration is
observed. This is attributed to the inability of rinsing the resin in a zero liquid discharge plant
(see Paragraph 3), resulting in traces of NOM remaining inside the resin bed after
regeneration. These will be flushed out with the first bed volumes of feed water upon starting
the breakthrough run. After that, the UV2s4 nm absorbance and NPOC concentration increase
rapidly as a function of the amount of bed volumes treated until around 250 BV. After that, the
increase is much slower. It is likely that the period of rapid increase (30 — 250 BV) coincides
with primary exchange (NOM for CI on the resin), while from 250 BV on secondary exchange
(NOM for previously sorbed SO4? on the resin) takes the upper hand. By integrating the data
from Figure 6.A over different ranges (from 0 to X BV), and expressing the average removal in
function of the run time (X BV), the water quality of a carousel configuration can be modeled.
This is presented in Figure 6.B. It is clear that shorter run times result in better NOM removal,
especially in the shorter run time range (until approximately 500 BV, which is a lag time effect
of the greater NOM removal during primary exchange (0 — 250 BV)). After 500 BV, the obtained
water quality of the modeled carousel system remains relatively constant.
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Note that the obtained water quality is also dependent on the empty bed contact time
(determined by the bed height and hydraulic loading rate), as a higher empty bed contact time
will favor secondary exchange. From these fluidized bed IEX column experiments it is clear
that shorter run times result in a better NOM removal. However, these small scale column
breakthrough results are no perfect representation of the behavior of a high rate IEX system.
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Figure 6. Fluidized bed breakthrough experiments — influence of run time on water quality, with
A: average effluent UVas4 nm absorbance and NPOC of 13 breakthrough curves and B: UVas4
nm absorbance and NPOC modeled for a carousel system.

High rate fluidized bed IEX system with external regeneration
In this paragraph, the high rate fluidized bed IEX contactor from the semi-industrial pilot plant
at WTW De Blankaart will be simulated as accurately as possible on a small scale.

As mentioned, the carousel fluidized bed system as described in Paragraph 4.1.1.2 is not a
perfect representation for a high rate fluidized bed IEX system with a single contactor, from
which a small part of the resin is periodically extracted, regenerated in an external regeneration
vessel, and then reintroduced into the contactor (the latter system is currently in place at WTW
De Blankaart (Paragraph 3)). The main difference between both IEX reactor configurations is
that due to the regeneration system in the latter, the IEX resin inside the contactor is in fact a
mixture of different resin fractions each having a different age. Since the IEX resin inside the
contactor is completely mixed, during extraction and transfer of loaded resin a small part of
recently regenerated resin is also extracted. Likewise, a part of the transferred resin mixture
will be relatively old resin. This resin age distribution is illustrated in Figure 7-A for two resin
doses at the semi-industrial pilot plant containing a total of 1670 L resin. The median resin age
(based on 50% of the total resin volume) is 326 BV or 653 BV for resin doses of 2 mL/L and 1
mL/L, respectively. In a carousel type IEX system on the other hand, the resin age is half of
the total run time of the columns. Note that these values can only serve to make a rough
comparison between both IEX systems, as the exchange activity of the different resin age
fractions is not normally distributed in neither of these IEX systems (i.e. a ‘fresh’ resin fraction
(e.g. 0 — 50 BV) has a higher exchange activity than an ‘older’ resin fraction (e.g. 450 — 500
BV)). Also the resin age mixture is different between both systems.

The resin age distribution is also dependent on the total resin volume inside the contactor, as
illustrated in Figure 7-B for three different resin volumes and a resin dose of 2 mL/L. Raising
the total resin volume from 835 L to 1670 L to 3340 L will increase the median resin age from
153 BV to 326 BV to 673 BV.
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Figure 7. Distribution of resin age in contactor, for A: resin doses of 1 mL/L and 2 mL/L at a
total resin volume for 1670 L, and B: total resin volumes of 835 L, 1670 L and 3340 L at a resin
dose of 2 mLJ/L.

A high rate fluidized bed IEX system cannot easily be simulated on a small scale. An attempt
was made by recording a breakthrough curve in a small column operating at the same
hydraulic load as the full scale contactor. The observed NOM removal in the breakthrough
curve was discretized and expressed in NOM removal per unit of resin bed height. Integrating
the product of the resin age distribution in the high rate IEX contactor (in units of resin bed
height) with the measured NOM removal per unit of resin height was supposed to result in the
potential NOM removal in a high rate IEX contactor. However, this approach is not valid for
molecules that are measured as bulk parameters as is the case for NOM. The observed NOM
removal in the small scale column breakthrough will be largely due to removal of easily
removable NOM because the feed water is continuously refreshed, whereas in a high rate IEX
contactor these NOM fractions will be depleted already in the first layers of the fluidized resin
bed. Since each NOM molecule can only be removed once, the other resin layers will thus
have to remove NOM fractions that are slightly less amenable to IEX, and that were not
targeted in the small scale column breakthrough. As such, the potential NOM removal
determined in this way is in fact an overestimation of the real NOM removal that will be
observed in the high rate IEX contactor. Probably a better approach would be to conduct the
column experiment at the same empty bed contact time as applied in full scale and discretizing
the resin volume in the full scale contactor as fractions of the total volume based on resin age.
By integrating the product of resin fraction with the measured NOM removal in the small scale
experiment for each resin age, a more realistic estimation of the total removal efficiency will be
obtained. By doing this for different resin volumes (and hence, different EBCTS), the impact of
changing the resin volume in the full scale plant on NOM removal efficiency can be assessed.
These experiments and calculations are the subject of ongoing research.

IEX — coagulation bench-scale experiments

In order to investigate NOM removal with a combination of IEX and coagulation at bench scale,
samples were taken from small scale fluidized bed IEX breakthrough experiments, and
coagulation jar tests were performed. It was chosen to evaluate the IEX step by means of a
carousel fluidized bed type system rather than a high rate fluidized bed IEX system due to the
former being a more simple setup than the latter. The fluidized bed IEX column was operated
with a bed height of 25 cm and an EBCT of 1.18 minutes (i.e. a hydraulic loading rate of 12.7
m/h), and IEX run times of 500 BV and 250 BV were evaluated. Samples were taken at different
times during the IEX breakthrough experiment and mixed to mimic the water quality which
would be obtained by a carousel system.
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Subsequently coagulation was performed in a series of jars, using different coagulant
conditions (in terms of coagulation pH and ferric iron dose). Compared to the industrial scale
coagulation/decantation unit, these bench scale coagulation tests were carried out at relatively
moderate coagulant doses, i.e. at higher pH and with a lower ferric iron dose, as the objective
of this research is to achieve a similar or better NOM removal efficiency by introducing IEX as
a pretreatment step, while at the same time decreasing the overall chemicals demand of the
treatment. The results of the obtained water quality are presented in Figure 8.
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Figure 8. Water qualities obtained after carousel fluidized bed IEX — coagulation tests at bench
scale, and in standalone (industrial scale) coagulation/decantation serving as reference.

A combination of a carousel IEX system operating at a regeneration frequency of 500 BV and
a subsequent coagulation at pH 6.7 — 7.1 with relatively moderate ferric iron doses of 12 — 20
mg/L results in a similar NOM removal as obtained with standalone coagulation at pH 6.0 using
ferric iron doses of 27 — 40 mg/L, with residual UV2s4 nm absorbances of 5.7 m* and 5.8 m™*
and residual NPOC concentrations of 4.1 mg/L and 4.0 mg/L, respectively (Figure 8).
Increasing the NOM removal in the IEX step by reducing the runtime to 250 BV while
coagulating with 12 mg/L ferric iron at pH 7.1 will further increase the overall NOM removal to
a residual 3.9 m™* UV2s4nm absorbance and 3.4 mg/L NPOC, and coagulating at pH 6.5 with 12
mg/L ferric iron after an IEX carousel of 250 BV will decrease the residual NOM content to 3.6
m™* UVass nm absorbance and 3.2 mg/L NPOC. It is clear that a carousel IEX followed by
coagulation can indeed improve the overall NOM removal while reducing the coagulant dose,
compared to standalone coagulation at WTW De Blankaart, indicating that combining IEX and
coagulation can indeed result in a lower NOM content of the treated water while saving on
coagulant expenses.

Results from pilot-scale experiments
In this paragraph, the results obtained with the high rate fluidized bed IEX system and
coagulation/flotation unit at a semi-industrial scale (see Paragraph 3) are described.
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Evaluation of NOM removal with IEX and coagulation/flotation at WTW De Blankaart

The semi-industrial scale plant was run for approximately two years, from January 2016 until
mid-November 2017. The UV2s4nm absorbance and NPOC concentration of the raw water, after
IEX, and after IEX with subsequent coagulation/flotation are presented in Figure 9. As a
reference, the water quality obtained using standalone coagulation/decantation in the industrial
scale plant is also presented. Note that the coagulant doses at the semi-industrial scale
coagulation/flotation plant were lower (10 — 15 mg/L ferric iron and 10 — 40 mg/L sulfuric acid
resulting in a coagulation pH of 6.5 — 7.1) compared to those at the industrial scale
coagulation/decantation plant (23 — 45 mg/L Fe and 0 — 109 mg/L sulfuric acid resulting in a
coagulation pH of 6.0), as the original goal of the research project is to reduce the coagulant
dose by introducing an IEX step as a pretreatment to coagulation.

Itis clear that the combination of a high rate fluidized bed IEX system at resin doses of 0.5 to
2 mL/L with coagulation/flotation using 10 to 15 mg/L Fe at pH of 6.5 — 7.1 could not improve
the NOM removal compared to standalone coagulation/decantation, as both the UVass nm
absorbance (Figure 9.A) and NPOC concentration (Figure 9.B) after IEX followed by
coagulation/flotation is higher than after standalone coagulation/decantation.

In Table 2, a summary of the achieved water quality and NOM removal efficiencies is given for
different resin doses. In winter and spring, the IEX process resulted in a UV2s4 nm absorbance
reduction of 54% to 64% and an NPOC reduction of 37% to 45%, depending on the resin dose.
In summer and autumn, on the other hand, algae blooms were observed in the reservoir, the
NPOC concentration of the raw water increased drastically (peaking at 30 mg NPOCI/L in
September 2017) and the NOM removal efficiency of the IEX process decreased (see Figure
9). The effect of algae blooms on the IEX system will be described in Paragraph 4.2.6.1. As
expected, higher resin doses result in a higher NOM removal (Table 2), although the observed
gains are rather modest considering the resin doses were doubled. This is in agreement with
the observation from Paragraph 4.1.1.2, where a carousel system indicated that especially in
the lower bed volume range a more substantial improvement in water quality can be expected,
while from 500 BV on the gains were relatively low (likely due to secondary exchange taking
the upper hand).

In winter and spring when the IEX plant was performing well (i.e. without stratification — see
also Paragraph 4.2.6.1), the subsequent coagulation step reduced the NOM content further,
albeit only slightly (Table 2). These results represent the removal with low coagulant doses,
however during two periods the coagulation pH was decreased to 6 to assess the importance
of the coagulation pH after IEX pretreatment. No significant improvement on the NOM removal
was found, indicating that in order to improve the NOM removal in the subsequent coagulation
step, the ferric dose might be more essential than the coagulation pH. The results also indicate
that a large portion of the NOM which is amenable to removal with coagulation was already
removed with IEX.
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Figure 9. Water quality throughout the semi-industrial IEX — coagulation/flotation plant, and
comparison with standalone coagulation/decantation, with A: UV2ss nm absorbance and B:
NPOC concentration.
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Table 2. Average water quality and NOM removal after IEX, IEX — coagulation/flotation, or
standalone coagulation/decantation treatment at WTW De Blankaart, in winter and spring.

IEX resin dose
05mL/L  1mL/L 2 mL/L -

Achieved water quality and removal
IEX UVas4 absorbance (m?) 9.9 9.0 7.3

UVas4 nm removal (%) 54 56 64

NPOC (mg C/L) 6.4 5.9 5.2

NPOC removal (%) 37 41 45
IEX — UV absorbance (m?) 8.2 7.4 7.1
coagulation/ = UV2s4nm removal (%) 58 63 66
flotation NPOC (mg C/L) 5.1 4.8 4.8

NPOC removal (%) 47 50 50
standalone UVas4 absorbance (m?) 5.9
coagulation/ = UVass4nm removal (%) 73
decantation A NPOC (mg C/L) 4.0
(reference) NPOC removal (%) 61

Comparison of NOM removal between WTW De Blankaart and WTW Kluizen

The results from the semi-industrial IEX — coagulation/flotation plant at WTW De Blankaart are
much less positive than the results previously obtained at WTW Kluizen (see Paragraph 1).
However, this can be explained by more competition of sulfate at WTW De Blankaart, as well
as a higher NOM removal in standalone coagulation at De Blankaart as elaborated below.

At WTW Kluizen, industrial scale (standalone) coagulation is performed with polyaluminium
chloride at pH 7.6, whereas at WTW De Blankaart it is performed with ferric iron at pH 6.0
creating much more favorable conditions for NOM removal compared to WTW Kluizen (73%
UVa2ss nm absorbance removal and 61% NPOC removal at industrial scale coagulation in De
Blankaart, versus 50% UV2s4 nm absorbance removal and 41% NPOC removal at industrial
scale coagulation in Kluizen). Hence, it is more difficult to match or improve the NOM removal
efficiency of the reference scenario at WTW De Blankaart than at WTW Kluizen.

To achieve the same NOM removal efficiency by means of IEX at the two treatment sites, a
much higher resin dose is required at Blankaart compared to Kluizen. In the semi-industrial
plant at Kluizen, the IEX step removed 59% of UVa2s4 nm absorbance and 43% of NPOC at a
resin dose of only 0.45 mL/L, while for De Blankaart it can be estimated that this removal would
be obtained at a resin dose of around 1.5 mL/L (Table 2). In this respect it must be mentioned
that the EBCT time in Kluizen was slightly lower than the EBCT at the Blankaart (1.53 versus
1.73 minutes). This difference in performance can likely be explained by the lower sulfate
concentration in the raw water of WTW Kluizen (58 mg SO.?/L), resulting in less competition
and a higher contribution of primary exchange at Kluizen.

lonic balances of the high rate IEX process at WTW De Blankaart

As mentioned, other anions present in the feed water of an IEX system will compete with the
target NOM for the exchange sites on the resin, depending on their relative affinity. In Table 3,
the ionic composition of the IEX influent and IEX effluent are given for the different resin doses
tested in this research. It is clear that a substantial amount of exchange was attributed to
sulfate and bicarbonate, which is a direct result of the high mineral content of the feed water
(Table 1). Indeed, when the ratio of NPOC to inorganic anions is low, it can be expected that
a large part of the exchange activity will be attributable to the competing anions.
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The increase in chloride corresponds to 8.3 mg CI/L, 18.2 mg CI/L and 33.0 mg CI/L for resin
doses of 0.5 mL/L, 1 mL/L and 2 mL/L.

Table 3. lonic balances of the IEX process for different resin doses in the IEX process at WTW
De Blankaart.

IEX influent 1EX effluent | Agex Aex

(mg/L) (mg/L) (mg/L) (meq/L)
Resin dose 0.5 mL/L
Cr 94.9 103.2 8.3 0.23
SO.* 102.1° 95.0 -7.1 -0.15
NOs" 25.0 24.8 -0.2 0.00
HCOgs 252" 245 -7 -0.11
NPOC 10.2 6.4 38  -004"
Anion balance™ -0.07
Resin dose 1 mL/L
Cl 89.9 108.1 18.2 0.51
SO4* 99.4" 85.5 -14.0 -0.29
NOs 24.3 23.7 -0.6 -0.01
HCOgz 240" 233 -7 -0.12
NPOC 10.4 5.9 -45  -0.057
Anion balance™ 0.05
Resin dose 2 mL/L
Crl 93.2 126.2 33.0 0.93
SO4* 109.2" 73.1 -36.1 -0.75
NO3 23.2 22.7 -0.5 -0.01
HCOg3 229" 213 -17 -0.27
NPOC 9.7 5.4 44 004"
Anion balance™ -0.15

Including the 9.8 mg/L SO.% increase due to acidification to prevent resin scaling.

Assuming an 11 mg/L HCO3 decrease due to the acidification to prevent resin scaling.

™ Assuming a charge density of 10 meg/g NPOC!.

"™ The anion balances represent the shortage (negative) or surplus (positive) amount of
chloride equivalents measured after IEX, and were calculated by subtracting the sum of
exchangeable anion equivalents (SO4*, NOz, HCO3z and NPOC) from the increase in CI-
equivalents attributable to exchange.

*k

The ionic balances are not completely conclusive, likely due to the presented data being
averages of longer periods of time. The exchange share which could be attributed to NPOC
removal was calculating as the ratio of NPOC removal over the sum of all exchanged ions (i.e.
S0O.%, NOz, HCOs and NPOC) on equivalent basis. As such, the share which could be
attributed to NPOC removal was found to be 12.8%, 9.8% and 4.1% for resin doses of 0.5

1 Dempsey, B.A. & O’Melia, C.R. (1983). Proton and calcium complexation of four fulvic acids fractions. In
Aquatic and Terrestrial Humic Materials, ed. R.F. Christman & E.T. Gjessing, pp. 239-273. Ann Arbor, MI: Ann
Arbor Science.
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mL/L, 1 mL/L and 2 mL/L, respectively. It is clear that at higher resin doses a lower share of
the exchange activity is attributed to the target NOM, which is directly linked to the resin age
distribution in the high rate fluidized bed IEX contactor. At a higher resin age (or low resin
dose), secondary exchange will be promoted, and a substantial part of the NOM removal will
be due to exchange for e.g. sulfate resulting in a lower net sulfate removal from the feed water.
On the other hand, a lower resin dose in the IEX system under investigation also removes a
lower amount of NPOC from the feed water.

These results imply that by stimulating the IEX system towards secondary exchange (thus by
increasing the average resin age through e.g. increasing the total volume of resin inside the
contactor, or by decreasing the hydraulic surface loading), the NOM removal can be increased
without vastly increasing the release of chloride ions. On the other hand, there will be practical
limitations to the maximum total resin volume and the minimum hydraulic surface loading to
be applied, as the former determines the fluidization degree and the height of the contactor,
while the latter should be high enough to ensure washing out of suspended solids and algal
matter to prevent resin stratification (see Paragraph 4.2.6.1). In addition, a higher bed height
in the contactor will be accompanied by less mixing of the resin bed, therefore an increased
risk on stratification. Active mixing of the resin bed (e.g. using a mixer or through continuous
resin extraction and reintroduction) could reduce this risk, however this was not tested in this
project.

Implications of zero liquid discharge to the ionic balances of the IEX process at WTW De
Blankaart

As mentioned in Paragraph 3, De Watergroep operates the IEX process without disposal of
liquid waste streams, meaning a maximum of 1 BV of spent brine can be collected for 1 BV of
brine dosed. Since NOM removal is the main objective of the ion exchange process, the
collected spent brine has always been as high in NOM as possible in the pilot plant. As a result,
the other parts of the eluting stream are added back to the main drinking water line, resulting
in a substantial loss of salt. This is illustrated in Figure 10: while the majority of NOM is collected
in the spent brine, a total of 21.5 g Cl'/Lresin Will be added into the drinking water stream. This
has serious implications for the chloride levels of the treated water, especially at higher resin
doses, as this chloride loss corresponds to an increase of 43 mg CI/L water at a resin dose of
2 mL/L. Additionally, an equivalent amount of sodium will be added to the drinking water.

The ionic balance of the high rate IEX system (taking into account loss of salt during
regeneration) can then be calculated by adding these quantified losses (21.5 g Cl/Lresin, and
an equivalent 13.9 g Na*/Lresin) to the values from Table 3. In addition, after regeneration all
desorbed ions are present in Na*-form (e.g. Na>SO4 and NaNOs3). Only small amounts of these
salts are removed during spent brine coagulation through the pore water of the filter cakes,
while the majority will eventually end up back in the main drinking water treatment stream
during next regeneration cycles. The removal of ions via the filter cake was accounted for
based on an analysis of the filter cake (see Paragraph 5.2.1). Bicarbonate is assumed to be
removed completely from the spent brine, due to acidification to pH 4. These additions to the
ionic balance of the IEX system (taking into account on-site spent brine treatment) are
presented in Table 4, only for a resin dose of 2 mL/L.
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Figure 10. Regeneration profile of IEX resin, with collection of 1 BV of spent brine based on
NOM elution.

Table 4. lonic balances of the IEX contactor and IEX system (taking into account the
implications of on-site spent brine treatment) at WTW De Blankaart for a resin dose of 2 mL/L,
with collection of 1 BV of spent brine based on NOM elution.

Raw water | INfluent IEX Effluent IEX FEfQ”em
contactor contactor system

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

Na* S7.7 57.7 57.7 101.6
Cr 93.2 93.2 126.2 169.1
SO4* 99.4 109.2 73.1 106.4
NO3z 23.2 23.2 22.7 23.0
HCOs 240 229" 213 213
NPOC 9.7 9.7 5.4 6.0

Including the 9.8 mg/L SO4* increase due to acidification to prevent resin scaling.
™ Assuming an 11 mg/L HCOg3 decrease due to the acidification to prevent resin scaling.
lonic composition for a combination of IEX and coagulation/flotation, and comparison to
standalone coagulation/decantation
In Table 5, the ionic composition of the treated water after IEX (at a resin dose of 2 mL/L) and
coagulation/flotation (at a coagulant dose of 16 mg Fe/L and by adjusting the pH to 6.5 with
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H,SO.) is presented. A comparison is made to standalone coagulation/decantation from the
industrial treatment line, described in Paragraph 2.2 (coagulation at pH 6.0 with 34 mg Fe/l).
For both treatment scenarios, also the subsequent conditioning step with NaOH to pH 7.0
(before rapid sand filtration) was taken into account, as coagulating at lower pH will be
accompanied with a higher NaOH consumption.

Table 5. lonic balances of IEX — coagulation/flotation treatment (with collection of 1 BV of spent
brine based on NOM elution) and standalone coagulation/decantation treatment at WTW De
Blankaart.

Raw Effluent Effluent . IEX - Effluent _ standal_one
IEX coagulation/flotation/ coagulation/decantation/

water system conditioning conditioning
(mg/L) (mgiL) (mg/L) (mg/L)

Na* 57.7 101.6 121.1 89.0

Cl 93.2 169.1 199.6 158.0

S0 994 106.4 127.0 149.4

NOs 23.2 23.0 23.0 23.2

HCOs @ 240 213 190 195

NPOC 9.7 6.0 4.8 4.0

As can be seen from Table 5, the ionic composition of the water is very different for both
treatment scenarios. IEX combined with coagulation/flotation results in higher sodium and
chloride concentrations in the treated water compared to standalone coagulation/decantation,
which is due to the loss of salt occurring during regeneration and the addition of uncoagulated
anions in their Na* form as mentioned in Paragraph 4.2.4. For the latter reason, the final Na*
concentration after standalone coagulation/decantation is lower than for the IEX —
coagulation/flotation scenario, despite the higher NaOH demand for adjusting the water pH
from 6.0 to 7.0. On the other hand, the SO4% concentration of the treated water is lower in the
scenario comprising IEX, due to a higher coagulation pH of 6.5 compared to standalone
coagulation (i.e. less H2SO4 is consumed due to milder coagulation conditions).

Taking into account the varying quality of the raw water (Table 1), the increase in chloride from
IEX — coagulation/flotation is unacceptable, as the drinking water standard is 250 mg CI/L.
Therefore, research was conducted on minimization of the CI- loss (see Paragraph 4.3).

Practical difficulties encountered during the pilot study

Effect of algae blooms in the raw water reservoir on IEX — coagulation/flotation

As mentioned in Paragraph 4.2.1, in summer and autumn algae blooms in the reservoir
occurred, resulting in elevated NPOC concentrations in the raw water (see Figure 9). This
strong increase in NPOC could be attributed to particulate algal matter, since filtration over 30
pm reduced the NPOC concentration with approximately 51%, and the UV2s4 nm absorbance
analysis (measured after 0.45 pm filtration) did not show a proportionally increasing trend
(merely a rise from 20 m™ to 27 m™). The period of algae bloom in September 2016 resulted
in biofouling of the IEX resin in the fluidized bed contactor and stratification of the resin bed.
This was confirmed by measuring the UV2s: nm and NPOC load on the resin at different heights
inside the contactor (data not shown). When algae adhere to the resin beads, their bulk density
decreases, which results in migration of bio-fouled resin beads towards the top of the resin
bed, and ultimately stratification.
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Because the extraction point of loaded resin and re-introduction point of regenerated resin are
both situated at the bottom of the IEX contactor part of the resin bed was not withdrawn
anymore for regeneration, staying inside the contactor and ultimately losing its exchange
activity. This is reflected in the rising residual UV2s4nm absorbance in September 2016. In 2017,
despite a much more severe algae bloom, this behavior was not noticed anymore: while the
NPOC concentration increased, the UV2s4 nm removal remained relatively constant. Two factors
that may have contributed to the absence of stratification are the application of a higher resin
dose (2 mL/L for summer 2017 compared to 1 mL/L for summer 2016) and an increased
hydraulic loading rate in 2017 (20.1 m/h) compared to 2016 (17.3 m/h)), increasing the
probability that algal matter would wash out from the contactor before significant biofouling
would occur. These results indicate that during algae bloom periods, it is paramount to avoid
the occurrence of stratification in order to maintain a high NOM removal efficiency. Stratification
could be reduced by extracting the loaded resin from the contactor from the top of the fluidized
resin bed, however this is challenging due to design reasons: the resin concentration in a
fluidized bed contactor is most constant at the bottom, meaning extraction of a fixed amount
of resin can easily be programmed based on elapsed time when extraction is performed from
the bottom. As mentioned in Paragraph 4.2.3, active mixing of the resin bed could also reduce
the risk of stratification, however this was not tested in this project.

During the periods of algae blooms (summer and autumn in Figure 9), the reduced NOM
removal during IEX is compensated by the subsequent coagulation/flotation step, indicating
that coagulation/flotation at the applied coagulation conditions is a more robust process than
IEX during algae blooms.

Accumulation of SO4* in the brine — spent brine loop

After NOM removal from the spent brine, the filter press filtrate is conditioned and reused as
brine in the regeneration process. As a result, dissolved ions which are not removed by
coagulation, such as Na»>SO4, will accumulate in the brine — spent brine loop. While no
significant deterioration of the NOM removal from the feed water was found due to sulphate
accumulation in the brine, a practical difficulty was encountered with decreasing temperature
of the water. In January 2017 the temperature of the raw water dropped to 3°C, which resulted
in precipitation of Na>SQO, into large crystals and blockage of the spent brine piping. This
problem was encountered again in December 2017. This event led to temporary shutdowns of
the semi-industrial scale plant. To mitigate this problem, heating of the spent brine — brine loop
should be implemented, however another solution could be to limit the accumulation of
sulphate in the brine (see Paragraph 4.3).

Optimized spent brine collection during IEX resin regeneration

The loss of CI during regeneration can, evidently, be minimized through shifting the collection
of 1 BV of spent brine based on the elution of NOM to the elution of CI. This is shown in Figure
11. However, in this scenario only around 58% of all eluting NOM will be collected in the 1 BV
of CI" rich spent brine. The precedingly eluting NOM therefore also needs to be collected in a
second spent brine fraction, to avoid its direct addition to the drinking water. This extra fraction
is rich in Na;SO., as sulphate is the first major anion to elute during regeneration. The
advantages of this scenario are that both the CI" loss and NOM loss are minimized, while also
the accumulation of sulphate in the brine — spent brine loop will be reduced and precipitation
of Na;SO, at low temperatures is less likely to occur. The major downside is that dual
coagulation and filter pressing equipment is required to enable separate treatment of these
two spent brine fractions.
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The CI rich spent brine fraction will, after coagulation with FeCls, be recirculated to be reused
as brine, whereas the SO4? rich spent brine fraction can be added back into the drinking water
stream after NOM removal (e.g. through coagulation with Fex(SO4)s to avoid an additional rise
in chloride). In such a scenario, the ionic balances will change as shown in Table 6. Note that
to date, this alternative spent brine collection method has not been tested yet on a pilot scale.
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Figure 11. Regeneration profile of IEX resin, with collection of 1 BV of spent brine based on
ClI" elution.

Table 6. lonic balances of IEX — coagulation/flotation treatment (with collection of 1 BV of spent
brine based on CI elution preceded by 0.82 BV of SO4*-rich spent brine) and standalone
coagulation/decantation treatment at WTW De Blankaart.

Raw Effluent Effluent O EX - Effluent _ standal_one
IEX coagulation/flotation/  coagulation/decantation/

water system conditioning conditioning
(mg/L)  (mg/L) (mglL) (mg/L)

Na* 57.7 81.6 101.2 89.0

Cl 93.2 136.9 167.3 158.0

SO4* 994 1129 133.4 149.4

NOz 23.2 23.0 23.0 23.2

HCOz 240 213 190 195

NPOC 9.7 5.6 4.5 4.0
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Through adjusting the spent brine collection method, the final chloride concentration can be
decreased from 199.6 mg/L to 167.3 mg/L, however this is still higher compared to standalone
coagulation/decantation. To decrease the final chloride concentration even further, the
average resin age in the IEX contactor would need to be increased (e.g. through increasing
the total resin volume in the IEX contactor), therefore stimulating NOM removal through
secondary exchange (as was also mentioned in Paragraph 4.2.3), which ultimately could result
in lower resin doses being required. The effect of different total resin volumes could not be
evaluated on a pilot scale within the DOC2C'’s project, because the height of the IEX contactor
and the fluidization degree of the resin did not allow for larger resin volumes to be tested.

Feasibility assessment

Water quality and reliability

As already mentioned, the treatment scenario IEX — coagulation/flotation was evaluated at
WTW De Blankaart based on previous results from WTW Kluizen. Where this combination of
technologies improved the overall water quality at WTW Kluizen in terms of NOM and mineral
content compared to standalone coagulation/flotation, at WTW De Blankaart this was not the
case. IEX resin doses of 0.5 to 2.0 mL/L combined with coagulation/flotation using 10 to 15 mg
Fe/L at a pH of 6.5 to 7.1 did not allow to achieve a similar NOM removal efficiency as the one
obtained by standalone coagulation/decantation at WTW De Blankaart (using 23 to 45 mg
Fe/L at a coagulation pH of 6.0). In winter and spring, the IEX process could be operated in a
stable manner, achieving removal efficiencies of 54% to 64% UV2s4 nm absorbance and 37% to
45% NPOC, depending on the resin dose. After subsequent coagulation/flotation, NPOC
residuals of 4.8 to 5.1 mg/L were found in the semi-industrial scale plant (where the spent brine
is collected based on NOM elution). When two spent brine fractions would be collected (i.e. a
sulfate rich fraction and a chloride rich fraction), the residual NPOC concentration would be
around 4.5 mg/L. Regardless, these residual concentrations are higher than those of the
reference treatment (i.e. standalone coagulation/decantation — 4.0 mg NPOC/L).

The mineral composition of the treated water is unacceptable when 1 BV of spent brine is
collected based on NOM elution, especially for CI- as its final concentration will exceed the
water standard when the raw water chloride concentration is higher than 143 mg/L. This occurs
yearly in autumn due to minimal rainfall in the catchment area. When two spent brine fractions
would be collected, the residual CI- concentration is expected to be 167.3 mg/L. Although
acceptable, this is still slightly higher compared to standalone coagulation/decantation.

Moreover, in summer and autumn algae blooms can result in stratification of the IEX resin bed,
decreasing its overall performance. Strategies to mitigate this problem include increasing the
hydraulic loading rate and increasing the resin dose, which was successfully evaluated in 2017.
Being a well-established technology, also in this study the coagulation/flotation process was
judged to be overall very robust. Moreover, during periods of decreased IEX performance, the
coagulation/flotation process could compensate for the lower NOM removal in IEX.

Based on these results, and contrary to WTW Kluizen, it is unlikely that IEX -
coagulation/flotation will be implemented at WTW De Blankaart. This is mostly due to the fact
that the reference water quality (i.e. the water quality obtained after standalone coagulation) is
significantly different for both WTWs. With a much higher NOM removal in the reference
treatment at WTW De Blankaart compared to WTW Kluizen (due to higher chemical doses), it
is more difficult to achieve the same NOM residuals with the IEX — coagulation treatment
concept.
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Still, improvements both in NOM removal and the minimization of CI- increase could be
obtained, mainly by increasing the total resin volume inside the IEX contactor. This is the
subject of further research.

Waste flows

IEX process waste flows

IEX results in a spent brine, rich in anions removed from the feed water (mostly NOM, SO4?,
and HCOg3), as well as the active component of the brine itself (CI). Since the resin
regeneration is carried out with NaCl, all these anions are present in Na* form. As mentioned,
the spent brine was treated on-site by means of coagulation with FeCls, flocculation with
Magnafloc® LT22S DWI, and dewatering using a filter press. The filtrate was conditioned with
NaOH to pH 6.2, and NaCl was added until a conductivity of 140 mS/cm, after which it was
reused as brine for IEX resin regeneration. The filter cake cannot be used on-site and is
considered a waste product.

The average composition of the spent brine and brine is given in Figure 12 for resin doses of
1 mL/L (left) and 2 mL/L (right). HCOs" is not included in this figure due to analytical constraints.
Doubling the resin dose resulted in a decrease of the average NPOC concentration in the
spent brine from 4.49 g NPOC/L to 2.67 g NPOC/L. This was accompanied by a decrease from
0.62 g NPOCI/L to 0.35 g NPOCI/L in the brine. The sulfate and chloride concentrations did not
change much by increasing the resin dose. These results confirm that secondary exchange
plays an important role, especially at relatively high resin ages (i.e. at lower resin doses).
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Figure 12. Average composition of the spent brine and brine for resin doses of 1 mL/L (left)
and 2 mL/L (right), error bars indicate the 10% and 90% percentiles.

The coagulation of the spent brine was optimized using bench scale jar tests in terms of
coagulation pH, Fe dose, flocculant dose and flocculant type, for the spent brine obtained at a
resin dose of 2 mL/L (collection based on NOM elution). The optimum coagulation pH was
found to be pH 4, while the optimal coagulant dose was found to be 2 g Fe/L. Out of seven
flocculant types tested (FO4115, FO4140, FO4190, FO4290, FA920 (each part of the
FLOPAM™ SEP product line of SNF), Superfloc® N-100 PWG (Kemira), and Magnafloc®
LT22S DWI (BASF)), optimum turbidity removal and sludge filtration results were found for
Magnafloc® LT22S DWI at a concentration of 75 mg/L.
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The spent brine treatment process was evaluated to be generally reliable and robust. Only
when the temperature of the water dropped below 3°C, problems were encountered with
precipitation of Na>SOs in the spent brine pipes. This problem can be mitigated by heating the
spent brine — brine circuit during such cold conditions, however it is also possible that this
problem will not occur anymore when adjusting the collection method of the spent brine is
adjusted as described in Paragraph 4.3. The latter is yet to be evaluated.

The filter cake, of which the composition is given in Table 7, is a waste product that cannot be
used on-site and needs to be disposed of. As can be seen in Table 7, the salt content of the
filter cake is relatively high, with around 27% of the dry solids content being sodium, sulfate
and chloride. Within the scope of this project, the filter cake was sent free of cost for use in
anaerobic digesters as a sulfide binding agent, as is also the current practice for non-saline
filter cakes rich in iron (e.g. originating from coagulation processes in drinking water). It is
projected that this means of filter cake use can be continued if the IEX process would be
implemented on a full scale.

Table 7. Composition of the filter cake, originating from spent brine treatment.
Parameter Concentration in filter cake
Dry solids 29.9% (m/m)
Ash content  56.2% of DS

VSS 42.1% of DS
Iron 180 g/kg DS
Sodium 85 g/kg DS
Nitrate <9 mg/kg DS
Sulphate 130 g/kg DS
Chloride 52 g/kg DS

Coagulation of the NOM from the IEX spent brine irreversibly entraps the NOM in ferric iron
flocs. Even though the final filter cake can still be used in a meaningful way, a more sustainable
approach to spent brine treatment would be to separate the NOM from the salts in a way that
also the NOM can be applied as a resource. Within the DOC2C'’s project, De Watergroep has
conducted research on this subject in cooperation with PWN Technologies, for which reference
is made to the feasibility study entitled ‘Feasibility of DOC-laden ion exchange brine treatment
at the Andijk Il WTW, the Netherlands’.

Coagulation/flotation waste flows

The coagulation/flotation process results in a similar filter cake (albeit non saline) as the one
originating from the IEX spent brine treatment. As is common practice, this filter cake can be
applied as a sulfide binding agent in anaerobic digesters at no cost.

Cost analysis
The consumption of chemicals, required working hours of staff, energy consumption and waste

stream production and the associated costs are estimated for the IEX — coagulation/flotation
scenario and the standalone coagulation/flotation scenario (see Table 8). The chemicals
consumption of the standalone coagulation/flotation process is assumed to be identical to the
chemicals consumption of the current full scale coagulation/decantation plant. This is likely an
overestimation, as the coagulant dose is sometimes increased drastically to keep the sludge
blanket from rising, and this will be no longer required when the flocs are removed by means
of flotation.
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For the scenario comprising IEX, it was assumed that two spent brine fractions would be
collected (as illustrated in Paragraph 4.3), of which the sulphate rich fraction (0.82 BV) would
be treated with Fe>(SO4)s and the chloride rich fraction (1 BV) would be treated with FeCls
before being recirculated for use as brine. A required coagulant dose of 1.5 g Fe/L was
assumed for both the sulphate rich and the chloride rich spent brines.

The chemical expenditure of the IEX process (1.92 €cent/m?) is amply compensated by the
reduced chemical consumption of the subsequent coagulation process (3.23 €cent/m? in
comparison to 7.05 €cent/m?® for standalone coagulation). However, this saving is cancelled
out by the estimated staff expenses related to the IEX process. Even though the latter
expenditure is difficult to estimate, treatment of the spent brine will require additional staff
efforts. Moreover, IEX is still an emerging technology for drinking water production on an
industrial scale, whereas coagulation/flotation is a well-established technology. For these
reasons, the staff efforts are thought to be considerably higher in the IEX — coagulation/flotation
scenario. Still, with 7.43 €cent/m?3, the total operational expenditure was slightly lower for the
scenario comprising IEX in comparison to standalone coagulation/flotation (8.00 €cent/m3).

Table 8. Estimated chemical consumption, staff efforts, energy consumption and waste stream
production, and associated operational expenditure.

IEX - , .
coagulation/flotation coagulation/flotation
resin dose 2 mL/L
16 mg Fel/L, pH 6.5 23-45 mg Fe/L, pH 6
Consumption OPEX Consumption OPEX
(€cent/m?3) (€cent/m?3)
Chemicals IEX
Resin Purolite® PPA860S 0.001 mL/L 0.81
H>SO4 13 mg/L 0.16
FeCls 3 mg Fe/L 0.21
Fex(S04)3 25mg Fe/L 0.39
NaOH 2.3 mg/L 0.11
Magnafloc® LT22S DWI 0.15 mg/L 0.06
NaCl 23.5 mg/L 0.19
Chemicals coagulation/flotation
FeCls 16 mg Fe/L 1.13 32mgFe/L 2.25
H2SO4 21 mg/L 0.26 59 mg/L 0.72
NaOH 34 mg/L 1.58 76 mg/L 3.52
Ca(OH): sludge treatment 16 mg/L 0.26 32 mg/L 0.52
Polymer sludge treatment 0.043mg/L  0.02 0.083 mg/L  0.03
Staff expenses
Operator 1500 h/yr 0.84 600 h/yr 0.33
Graduate 1500 hlyr 1.06 600 h/yr 0.42
Master 300 htyr 0.24 150 hlyr 0.12
Energy
Total dynamic head 3.5 m Hx0 0.14 2 m Hx0 0.08
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Waste streams

Filter cakes IEX 0.072kg/m3 0
Filter cakes s ,
coagulation/flotation 0.24 kg/m 0 0.48 kg/m 0

The capital expenditure of the IEX process was estimated at 6.7 M€ for six parallel high rate
IEX fluidized bed systems and a maximum production capacity of 48000 ms3/d. This
corresponds to a capital expenditure of 4.74 €cent/m?® assuming a depreciation period of 20
years at a yearly interest rate of 3% and an annual production of 9.5 Mm? drinking water. The
capital expenditure of the coagulation/flotation process is equal in both scenarios. As such, the
total production cost of the IEX — coagulation/flotation scenario is estimated to be 4.17 €cent/m?
higher compared to standalone coagulation/flotation.

Chemicals consumption and environmental impact

In this paragraph, the consumption of chemicals and the environmental impact of both
treatment scenarios in WTW De Blankaart and WTW Kiluizen is discussed. A distinction is
made between coagulant used in the drinking water treatment line, and the total consumption
of chemicals.

e The coagulant demand in the drinking water treatment line is a quantitative measure

for one of the main objectives of the study, i.e. reducing the consumption of coagulant
by introducing IEX. This parameter comprises the active component of the coagulant
(in mg Fe/L or mg Al/L) used in the coagulation/flotation step (either after IEX or as
single treatment technology), as well as coagulant demand for treatment of IEX spent
brine fractions that are added back into the drinking water line. It is assumed that at
WTW De Blankaart two spent brine fractions will be collected, therefore the required
coagulant for treatment of the sulfate-rich spent brine fraction is taken into account,
whereas coagulant for chloride-rich spent brine fraction treatment is not included (as
this stream will be recirculated for use as brine, and therefore falls outside of the
drinking water line). For WTW Kiluizen the coagulant consumption for spent brine
treatment is not included as only one spent brine fraction is collected and reused as
brine here.
At De Blankaart, the coagulant demand in the drinking water treatment line is 42%
lower when applying IEX — coagulation/flotation treatment (18.5 mg Fe/L) compared to
only coagulation/flotation (32 mg Fe/L). At Kluizen, the coagulant demand in the
drinking water treatment line is reduced with 75% by introducing IEX (from 11 mg Al/L
to 2.8 mg Al/L).

e The total consumption of chemicals comprises all chemicals being used in all process

units on a mass basis, including counter-ions for coagulants. This comparison provides
a more holistic view on the consumption of chemicals.
The total chemical consumption at De Blankaart is 174 mg/L in the IEX —
coagulation/flotation scenario, compared to 260 mg/L with standalone coagulation,
which corresponds to a 33% reduction. At Kluizen, the total chemical consumption
could be reduced from 86.3 mg/L to 51 mg/L (41%).

These differences are mainly due to the target NOM removal being higher at De Blankaart, as
was already mentioned in Paragraph 4.2.2. As a result, the coagulant dose cannot be
decreased as much as was the case at Kluizen.
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Similar observations can be made for the total sludge production, since the vast majority of
sludge originates from the coagulant being dosed. In De Blankaart, the sludge production is
around 35% lower in the IEX — coagulation/flotation scenario (0.31 kg/m®) compared to the
sludge production with only coagulation (0.48 kg/m3), whereas in Kluizen the sludge production
was reduced by 53% (from 0.25 kg/m3 in standalone coagulation to 0.12 kg/m?3 by introducing
IEX).

It is also worth mentioning that in the treatment systems under consideration, the water loss is
negligible, as the only loss of water is via the pore water of the filter cakes.

System integration and footprint
The IEX system under consideration at WTW De Blankaart comprises the following units:
- 6 IEX contactors (300 m?)
- Regeneration (250 m?):
o 6 regeneration systems
o 2 salt storage silos and equipment for producing and storing saturated brine
o 2 buffers for brine storage
o 2 buffers for sulfate-rich spent brine storage and 2 buffers for chloride-rich spent
brines
- Spent brine treatment (1200 m?):
o 2 coagulation reactors
o Polymer production/dissolution equipment
o 2 membrane filter presses
o 2 buffers for filtrate storage
o 2 filter cake storage places.
The total footprint of the IEX system is estimated to be 1750 m2.
The coagulation/flotation system being designed at this moment for WTW De Blankaart
consists of:
- Coagulation and flotation (600 m2):
o 3 coagulation — flotation units with a surface area of 16.5 x 6.0 m
o 2 saturators with a diameter of 1.7 m
o Compressors and saturation pumps
- Sludge treatment (400 m2):
o 2 sludge buffers with a capacity of 100 m3 each
o A sludge thickener 11 m in diameter
o 2 membrane filter presses for sludge dewatering
o Sludge conditioning with polymer and Ca(OH)-
- Storage and dosing units for H.SO4, FeClz and NaOH (300 m?).
The total footprint of the coagulation/flotation system is estimated to be 1300 mz.

Summary of feasibility and specific results
In this paragraph, the major conclusions and specific results are summarized in bullet points.
e The fluidized bed IEX system was judged to be generally reliable. Only during algae
bloom events a risk of resin bed stratification occurs, which results in a decreased NOM
removal in the IEX process. This was mitigated by increasing the resin dose (from 1 to
2 mL/L in this study) and the hydraulic loading rate (from 17.3 to 20.1 m/h in this study).
Active mixing of the resin bed is expected to reduce stratification.
e The subsequent coagulation/flotation compensated for the lower NOM removal
efficiency observed for the IEX process during algae blooms and was judged to be very
reliable.
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o On-site treatment of the IEX spent brine by means of coagulation was judged to be
technologically and economically feasible, and was generally reliable. Only when the
temperature of the water drops below 3°C, precipitation of Na-SO4 occurred, blocking
pipes of the spent brine treatment system. It is expected that this problem will not occur
anymore if two spent brine fractions are collected. Else, this should be mitigated by
heating up the spent brine — brine loop during such cold events.

¢ At WTW De Blankaart, the NOM removal obtained by the IEX — coagulation/flotation
treatment scenario was low compared to standalone coagulation. This is due to (i) the
optimal coagulation conditions applied in the standalone coagulation process, resulting
in very high NOM removal, and (ii) the high sulfate content of the raw reservoir water.
IEX — coagulation/flotation is a feasible treatment scenario where competition with
sulfate is lower, and where the reference NOM removal is lower, as is the case for
WTW Kluizen.

e The mineral content of the treated water is slightly different for both treatment
scenarios. In IEX — coagulation/flotation, coagulation is performed at higher pH
resulting in a lower SO4> content of the treated water. The Na* and CI- concentrations
however are slightly higher due to the zero liquid discharge constraint.

¢ In the drinking water line at WTW De Blankaart, 42% less coagulant is used in the IEX
— coagulation/flotation treatment compared to standalone coagulation, whereas in
WTW Kiluizen 75% less coagulant was required with IEX. The difference between both
WTWs is largely explained by the higher NOM removal in the reference line in De
Blankaart, which does not allow to decrease the coagulant dose as much.

o Tied to the lower chemical consumption, around 35% less sludge is produced in the
treatment scenario comprising IEX at WTW De Blankaart.

e The operational costs of IEX — coagulation/flotation treatment are estimated to be 7.43
€cent/m® for WTW De Blankaart. In comparison, standalone coagulation/flotation
amounts to 8.00 €cent/m3. The capital expenditure of the IEX system is estimated to
be 4.76 €cent/m3. As such, the decrease in operational expenditure does not cover the
additional investment costs of the IEX system at WTW De Blankaart, whereas this was
the case at WTW Kluizen. This difference between both WTWs is explained by the
higher required resin dose at De Blankaart, the limited decrease in chemical demand
of the subsequent coagulation process, but also the use of different chemicals in
coagulation: in WTW Kluizen, a reduction of the more expensive polyaluminiumchloride
coagulant consumption resulted in a vast OPEX decrease, whereas in WTW De
Blankaart coagulation is performed with cheaper ferric chloride.

Note that the above numbers are specific for the case at WTW De Blankaart with the high rate
IEX contactor and the operating conditions evaluated within the DOC2C’s project. It is
expected that the NOM removal during IEX can still be improved by changing the total resin
volume in the high rate fluidized bed IEX contactor. Unfortunately, the dimensions of the pilot
contactor did not allow to evaluate a higher resin volume in the IEX contactor within the
DOC2C’s project. Applying a higher resin volume will also have an impact on the mineral
composition of the treated water, the chemical consumption, the sludge production, and the
cost analysis of the IEX system.
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Cross border and global dissemination
Dissemination of results

The results of the pilot testing at De Blankaart were disseminated at the following events:
- Workshops DOC2C’s:

O

1%t observer workshop, 21 September 2016, PWN Technologies, WTW Andijk
lll, Andijk, The Netherlands. DOC removal by fluidized ion exchange and
coagulation-flotation. Oral presentation.

2" observer workshop, 5 October 2017, De Watergroep, WTW Kluizen,
Evergem, Belgium. Combining fluidized IEX and coagulation/flotation for NOM
removal. Oral presentation.

3" observer workshop, 6 November 2018, South West Water, WTW Mayflower,
Plymouth, United Kingdom. Optimization of IEX resin regeneration in a zero
liquid discharge drinking water treatment plant. Oral presentation.

4" observer workshop, 26 June 2019, Université de Lille, Lilliad Learning Center
Innovation, Lille, France. Optimization of IEX resin regeneration in a zero liquid
discharge drinking water treatment plant. Oral presentation.

4" observer workshop, 26 June 2019, Université de Lille, Lilliad Learning Center
Innovation, Lille, France. Combining ion exchange and coagulation/flotation for
enhanced NOM removal in drinking water treatment. Poster presentation.

5" observer workshop, 6 November 2019, PWN Technologies, WTW Andijk III,
Andijk, The Netherlands. Feasibility of ion exchange with coagulation for
enhanced DOC removal at WTW De Blankaart, Belgium. Oral presentation.

- International conferences:

@)

IWA World Water Congress & Exhibition 2018, 17 September 2018, Tokyo Big
Sight, Tokyo, Japan. Combining ion exchange and coagulation/flotation for
enhanced natural organic matter removal in drinking water treatment. Oral
presentation.

IWA Specialist Conference on Natural Organic Matter in Water 2019, 8 October
2019, Hitotsubashi Hall, Tokyo, Japan. Regeneration of ion exchange resin
used for NOM removal in zero liquid discharge drinking water treatment plants.
Oral presentation.

- Local events and symposia:
o TNAV Academia Meets Industry, 5 December 2016, Eeklo, Belgium. DOC2C'’s

— Interregionale samenwerking voor innovatieve drinkwatervoorziening. Oral
presentation.

Belgisch Nederlands Watersymposium, 30 November 2016, Van der Valk,
Eindhoven, The Netherlands. DOC2C’s — Interregionale samenwerking voor
innovatieve drinkwatervoorziening. Pitch presentation.

TNAV Academia Meets Industry, 6 December 2018, Leuven, Belgium.
Treatment of the brine waste stream of an anion exchanger used for DOC
removal. Oral presentation.

At the beginning of 2020, a presentation will also be given at KWR, a Dutch research institute,
for process engineers from all of the 10 Dutch drinking water companies.

Incorporation of small-to-medium sized entities (SMES)

De Watergroep actively participated in the technology providers meeting that was organized
at Aquatech, Amsterdam, on 1 November 2017. However, this did not result in SMEs testing
their technologies at the De Blankaart pilot plant within the framework of DOC2C'’s. A
collaboration is currently in preparation, but the testing will take place in 2020.
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Technology transfer

At De Blankaart, a full scale coagulation/flotation plant will be constructed. The design of this
plant, which is currently being finalized, will benefit to a large extent from the experimental
results obtained within the DOC2C'’s project. Construction works will start in 2021.

At WTW Kiluizen, a full scale ion exchange — coagulation/flotation plant will be constructed.
The design will be based on the experimental results obtained at WTW Kluizen and WTW De
Blankaart. Construction works will start in 2023.
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Outputs for Project Specific Objective:
Increase technological innovation for DOC removal in drinking water production

Project Outputs Project Specific Results Achievements
1 Feasibility studies | Widespread dissemination of project research feasibility | Achieved (see previous dissemination
based on pilot plant | results to observers, DOC2Cs area, and globally to any | discussion)
operational findings | interested entity, including less or non-scientific water
industry professionals

Increased knowledge base on the applicability of the tested | The feasibility study, presentations by PP3
technologies, leading to reduction of overall R&D costs for | about their study, presentations on the project
water treatment webpage, together create a knowledge base
from which others can learn and start their
own evaluation. The R&D efforts and lessons
learned of the DOC2Cs project help other
utilities plan and design for future installations,
thereby reducing their potential R&D costs.

Introduction and consideration of advanced technology | lon exchange has traditionally been used for
applications in areas of low technological performance target inorganic ions in water treatment. It is
relatively new for ion exchange to be
considered for DOC removal, and the
increased concentrations and changes in
character of DOC has meant that utilities are
looking for other solutions. The low-tech
conventional treatment work well for a
baseline DOC removal, and at most utilities it
has been enhanced or optimized to its full
extent. Now, IEX is an option, and this study
showcases the benefits, and how this utility
investigated it for their own treatment plant.

28 /32
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Increased and more rapid introduction of the new | Pilot-testing is a routine way of providing a
technologies where feasible, leading to more efficiencies in | concept in water treatment. With long-term
water treatment and better water quality testing, many seasons of water quality were
evaluated and the challenges and waste
streams identified. The combination of ion
exchange and coagulation can yield improved
DOC removal, which may be necessary for
many utilities. The R&D efforts of this study
can foster a more rapid uptake of IEX, in
combination with  coagulation perhaps,
because other utilities have a head-start in
their knowledge base by learning about this
work.

2 New validated | Innovative integrated techniques validated on a range of | IEX was tested on reservoir waters in Belgium
innovative water sources
technologies for | Reliable, future-proof drinking water quality Testing of ion exchange on a pilot- scale gives
drinking water confidence that the full-scale installation
treatment would perform well. Issues with performance
developed/designed or design can be identified in the demo-scale
by partners and implemented.

Significant reduction (ca. 30%) in formation of disinfection | The formation of disinfection by-products
by-products (DBP) can be assessed by the residual
organic matter content in the treated water, as
there is a correlation between both
parameters. After IEX — coagulation or after
coagulation treatment, the organic matter
content was reduced with 13% NPOC and
38% UVass at WTW Kluizen, but no improved
organic matter removal was found at WTW De
Blankaart. The DBP formation will therefore
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be lower at Kluizen but not at De Blankaart by
applying IEX.

Lower ecotoxicity, better public health Not tested/applicable

50 to 90% reduction in chemicals use (half or less |In the drinking water line at WTW De
coagulants dosing and pH conditioning, lower | Blankaart, 42% less coagulant is used in the
mineralisation) IEX — coagulation/flotation  treatment
compared to standalone coagulation,
whereas in WTW Kluizen 75% less coagulant
was required with IEX.

Sludge formation reduced at least by half Around 35% less sludge is produced in the
treatment scenario comprising IEX at WTW
De Blankaart.

Reduction in energy use of various steps Adding ion exchange does not reduce energy
in the two water plant scenarios tests.
Desalinated brine as raw material for agricultural purposes | Some collaboration on brine treatment was
performed with PWNT (see webpage papers;
and brine reuse feasibility study).
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Outputs for Project Specific Objective:
Rapid, large scale uptake of technological innovation through cross-border open testing facilit

Project Outputs Project Specific Results Achievements
3 Innovations from | In order to promote the innovative power of | The innovation of using IEX with coagulation for
technology technology providers, the partners open their | improved DOC removal was tested at two sites.

providers tested in | facilities to test new relevant technologies for DOC | See discussion in feasibility study.
the pilot facility of | removal. Tests will range from bench scale to

the partners integrated pilot scale. The results are difficult to
predict at this stage, but they will aim at:
¢ Reduced energy consumption e Not applicable (IEX is an added process to
achieve better DOC removal)
o Reduced chemicals use e In the drinking water line at WTW De
Blankaart, 42% less coagulant is used in the
IEX — coagulation/flotation treatment

compared to standalone coagulation,
whereas in WTW Kluizen 75% less
coagulant was required with IEX.

e Reduced by-product formation e With improved DOC removal, Iless
disinfection byproduct formation would
occur (not shown in this feasibility study;
however Lille University studied this — see
paper on project webpage)

¢ Reduced waste e Around 35% less sludge is produced in the
treatment scenario comprising IEX at WTW
De Blankaart.

e Better water quality e Depending on the raw water and case,
additional DOC removal can be achieved by
the ion exchange with coagulation, resulting
in better finished water quality;
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This output will also speed up market introduction for | The results of this study can serve as a basis for
new water technologies. other utilities to consider ion exchange for their
current or future water treatment facilities. Having
pilot-scale examples of the technology in use gives
confidence and speeds up the implementation by
others into the water industry.
4 Water  samples | Demonstration of the latest technical innovations on | Not applicable
from different end- | different sources of surface water shall:
users tested in the e guide other water utilities to adopt the most e Not applicable
pilot facility of the suitable treatment, leading to rapid transition
partners to high technology and expansion of the
adequate infrastructure for water production
e speed up market introduction for the new e Not applicable
water technologies
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