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ABSTRACT

Natural organic matter (NOM) in drinking water causes esthetic concerns such as odor,
taste, and color and is responsible for the disinfection byproducts formation during drink-
ing water production. The goal of this study was to determine the efficiency of macroporous
polyacrylic ion exchange resins for the removal of NOM as a function of empty bed contact
time (EBCT), bed expansion, and regeneration procedure. Two resins were examined: the
coarse Purolite®PPA860S and the fine Purofine®PFA860 resin. The tests showed that both
resins are suitable for NOM removal. The reduction in particle size (beads of the fine resin
were 18% smaller than those of the coarse one) of the fine resin had little effect on NOM
removal, although the exchange capacity of the fine resin after regeneration was 12% higher
than that of the coarse resin after multiple regenerations. The influence of SO2�

4 (due to the
re-use of the regenerating solution) was examined on the basis of a regeneration solution
with only SO2�

4 . The test results showed no reduction in NOM removal during prolonged
operation. Finally, it was concluded that the EBCT can be significantly reduced as increas-
ing the flow velocity from 15 to 20 m/h did not result in a significant reduction in NOM
removal efficiency.

Keywords: Ion exchange; Natural organic matter; Drinking water production; Humic acids;
HPSEC; Spectral changes

1. Introduction

Each type of water naturally contains an amount
of natural organic matter (NOM), at a concentration of
about 0.2–10 mg/l [1]. NOM can be either autochtho-
nous from natural aquatic processes, or coming from
external sources such as land run-off. Autochthonous
NOM typically includes metabolites and decomposi-
tion products of algae, bacteria, and other micro-
organisms. Organic material from external sources

originates from leaching of soil and degradation of
external organic material. The complexity of NOM is
large, knowing that many factors can influence and
characterize NOM such as the soil composition,
weather conditions, climate, vegetation, and animal
and human activities [2]. NOM can be further divided
into the humic (hydrophobic)—and non-humic (hy-
drophilic) fraction [3]. The humic components consist
mainly of fulvic and humic acids and represent about
50–65% of the dissolved organic material in surface
waters [4].
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NOM by itself is harmless to humans. However,
the presence of NOM during drinking water produc-
tion results in odor, taste, and color problems and
leads to formation of harmful byproducts and
regrowth of micro-organisms in the distribution
system [5]. NOM may form bonds with heavy metals
such as Cu, Pb, and Hg, or heavy organic compounds
such as PCBs (polychlorinated biphenyls), DDT
(insecticide C14H9Cl5), and PAHs (polycyclic aromatic
hydrocarbons) [5]. NOM in drinking water also affects
the biological stability. Biodegradable NOM stimulates
the growth of micro-organisms. Insufficient removal of
NOM may give rise to decreased biological stability of
the water and regrowth of micro-organisms [6].

Certain NOM fractions can have a strong influence
on the water treatment processes. Activated carbon fil-
tration is adversely affected by preferential adsorption
of NOM and blockage of the macropores. During the
coagulation/flocculation process, NOM forms com-
plexes with iron and aluminum salts, leading to
higher required doses of these coagulants and greater
sludge production. In the presence of NOM during
oxidation processes, potential formation of disinfection
byproducts (DBPs) occurs [5]. During ozonation,
unwanted assimilable organic carbon may be formed
[5]. Upon addition of chlorine, trihalomethanes (THM)
and halogenated acetic acids can occur [4].

The removal of NOM is therefore an important step
during drinking water production. One of the tech-
niques that can be used is ion exchange. Strongly basic
anion resins are used for this purpose. These resins
exchange their chlorides with negatively charged
NOM. Besides NOM, also inorganic ions (such as SO2�

4 ,
CO2�

3 ) are removed [7]. The ion exchange process is
reversible, which enables the reuse of the resins after
regeneration. During regeneration, the resin is con-
verted back into the chloride form, and NOM is
removed with the regeneration solution. This regenera-
tion solution is usually NaCl solution, because of its
low cost and relatively inert behavior. Also, other salts,
such as NaHCO3 can be applied [8].

The optimization of NOM removal by means of
ion exchange has been a subject of intense research for
the last 10 years. Low NOM levels are required in
order to use less chemicals in the downstream pro-
cessing steps such coagulation/flocculation. For a case
study, the largest water production center (WPC) of
the Flemish drinking water company “De Water-
groep” in Kluizen [9,10] is taken. The current treat-
ment line (constructed in 2007) removes NOM using
coagulation/flocculation with polyaluminum chloride
(PAC) and subsequent flotation. By 2018, an ion
exchange system placed before the coagulation/floc-
culation unit will support the possible capacity

increase to 45,000 m/d. In preparation for this, it is
necessary to optimize the ion exchange process for the
removal of NOM.

There are several aspects to play a role in such
optimization such as for example the type of resin.
Macroporous resins have a higher degree of cross-link-
ing, making them less prone to swelling. In addition,
they have larger pores than gel resins, which promote
the removal of the larger NOM molecules. Bolto et al.
[11], for example, compared the incorporation of NOM
with a larger molecular weight (MW) by a macrop-
orous resin with a gel resin. Because of the more open
structure of the macroporous resin, the NOM was
absorbed much faster by the macroporous resin. The
MW of the NOM also has a strong impact on the
removal efficiency. Phetrak et al. [12] investigated raw
water that contained NOM with MW of 700–4,000 Da.
Especially, NOM greater than 1,000 Da was removed
by the resin that could achieve this removal in shorter
time because of the macroporous structure and small
particle size. Smaller NOM (<1,000 Da) remains in the
water after treatment [12]. NOM with a larger MW can
further prevent ion exchange by clogging the pores of
the resin surface. For example, NOM with MW greater
than 5,000 Da was poorly removed by the macro-por-
ous resin MIEX® [13]. A smaller particle size further
results in a larger specific surface area and in that way
a larger exchange surface. This results in a higher
exchange capacity or in other words in a faster
removal of NOM [14,15]. As such, resins with smaller
particle sizes can remove NOM fractions with low to
medium MW efficiently, but then again prove less
effective for removing NOM with large MW. Resins
with smaller particle sizes have a less open structure,
hence reducing the penetration of larger NOM frac-
tions. In this way, there is less NOM present in the
resin particle itself compared to larger particles.
Together with the shorter diffusion paths of small resin
particle, this results in a better resistance to fouling,
and a better exchange of ions [16]. Nguyen et al. [10]
finally illustrate the impact of the empty bed contact
time (EBCT) on the dissolved organic carbon (DOC)
removal with the MIEX® resin. When increasing the
flow rate (and therefore lowering the EBCT), there is a
decrease of the NOM removal. Hongve et al. [17] con-
cluded from the experiments with a strong anionic
resin that NOM with a low MW and high charge den-
sity is easily removed. Larger molecules penetrate less
efficiently inside the resin and are thus less removed
by the resin. A larger EBCT is thus required in order
to remove these larger molecules. Finally, there is the
bed expansion. Resins expand more if they have a
smaller particle size and as the temperature is low [18].
With increasing operation time, the density and
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particle size of the resin increase, resulting in a
decrease of the bed height (and thus the bed expan-
sion). The increased density and particle sizes are the
result of the increase in the amount of NOM on the
particle [18].

It is thus clear that several factors play a role in
the optimization of the ion exchange process for the
removal of NOM. The characterization of NOM was
done on the basis of various parameters: DOC,
UV-absorption coefficient at 254 nm (UVA254), specific
ultraviolet absorbance (SUVA (=UVA254/DOC)), and
size exclusion measurements. This study compares the
efficiency of two resins with different particle sizes for
the removal of NOM as a function of EBCT, bed
expansion, and regeneration during pilot-scale opera-
tion. The decrease in the capacity of the resins
overtime was taken into account. Also the impact of
ion exchange on NOM characteristics was studied
based on multiple measurements.

2. Materials and methods

2.1. Applied resins

The tested resins were the coarse Purolite®PPA860S
resin and the fine Purofine®PF860 resin, which will be
referred to as the coarse resin and the fine resin,
respectively. Both resins are type-1 polyacrylic anion
resins. These anion resins contain a quaternary
ammonium group in which Cl− ions are bound. The
properties are listed in Table 1. These types were
chosen based on preliminary research conducted at the
WPC [30] and due to their relatively low cost.

2.2. Experimental pilot set-up

The influence of resin type and bead size, EBCT,
bed expansion, and regeneration on the efficiency of
the process was investigated by characterizing the
effluent NOM, measuring the bed height and conduct-
ing capacity measurements.

The experiments took place in an open cylindrical
column (diameter: 10 cm) (described previously by
Verdickt et al. [19]) at a maximum flow rate of 200 l/h
(25.5 m/h). The column contained 2 l resin. The col-
umn is fed at the bottom through a dispenser, while
the effluent left the column at the top by means of an
overflow system. Controlled valves make it possible to
incorporate automatic sampling.

The average composition of the influent during
tests with fine and coarse resin is presented in Table 2.
A nominal flow rate of 120 l/h (15.3 m/h; 60 s EBCT)
was applied for all experiments, except for an experi-
ment during which the effect of flow velocity was
tested.

Batch regeneration of the total resin content was
performed every 1,500 bed volumes (BVs, 3,000 l)
which implied that operation of the column was
stopped during regeneration. The total amount of
resin is regenerated, while in the envisioned continu-
ous full-scale installation this is only 3–4%. For
regeneration, the column was drained after which
1 BV (2 l) of regeneration brine was added on top of
the column and collected at the bottom. After having
rinsed the resin with 4 l of water, operation was
resumed. A brine solution (pH 6.2 and DOC concen-
tration of 500 mg C/l) of 1 eq/l Cl− and 0.3 eq/l SO2�

4

was used for all experiments. Also the effect of
regeneration with a pure SO2�

4 solution (1.3 eq/l) was
investigated, as during full-scale application the
regeneration solution is reused and as such SO2�

4 can
be expected to accumulate in the brine.

The experimental period between two regenera-
tions is called a run. On average, runs lasted 24 h. A
(full) test cycle consists of several consecutive runs
and starts with the introduction of fresh resin. First
three stabilizing runs are carried out without measure-
ments. In the first runs, the difference in NOM
removal between runs is large, because of the use of
fresh resin. After three stabilizing runs, the measure-
ments of different runs become similar and can be
considered reliable. In a run, nine samples are taken
at different bed volumes (0, 20, 50, 100, 200, 300, 600,
900, 1,200, and 1,500 BV) using automatically con-
trolled valves.

2.3. Overview of the performed measurements

2.3.1. Direct and derived measurements during column
experiments

The HPSEC analysis was performed with an Agi-
lent HPLC (Agilent 1100 series) with fluorescence and
diode-array detector (DAD). DAD measures a spec-
trum at 200–400 nm with a resolution of 1 nm. A Sho-
dex Protein KW-802.5 column with pre-column was
used for the separation. The mobile phase was 10
times diluted in 0.02-M phosphate buffer (K2HPO4

and K2PO4) with a pH of 6.8. In order to avoid solvent
peaks, a buffer solution with the same concentration
as the mobile phase was added to each sample [20].

The UV–Vis spectrophotometer (Shimadzu
UV-1601) measured a broad spectrum (200–800 nm)
with a resolution of 0.5 nm from the different samples.
The Hach single-beam UV/Vis spectrometer DR5000
was used to measure onsite the absorbance at 254 nm
(UVA254).

From the UV–Vis spectra, Differential absorbance
spectra (DAS) were calculated. DAS is defined as the
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difference between the influent absorbance spectrum
and the spectrum after several bed volumes. If the
DAS is divided by the differential absorbance at the
wavelength at which the DAS reaches its maximum,
then a normalized DAS is obtained.

Furthermore, from the UV–Vis spectra and the
HPSEC chromatograms the absorbance slope index
(ASI) is determined. The ASI is calculated on the basis
of the following Eq. (1) [20,21].

ASI ¼ 0:56
UVA254 �UVA272

UVA220 �UVA230

� �
(1)

The DOC was measured according to the ISO
8245:1999 procedure. The specific UVA254 (SUVA) was
calculated by dividing the average UVA254 values by
the average DOC values. High SUVA values (>4) indi-
cate hydrophobic, aromatic compounds while low
SUVA values (<3) on the other hand indicate more
hydrophilic components [3].

The conductivity was measured with a WTW
(Xylem brand) conductivity meter. The ions Cl− and
SO2�

4 were measured during the column test by ion
chromatography according to the ISO 10304-1:2007
procedure. For the resin characterization, other
methods were used as indicated below.

2.3.2. Resin characterization

The bed expansion is easily measured by a ruler as
the column is transparent. For the determination of
the exchange capacity of both fresh and used resin,
the quality control test method for a strong anion
resins from the manufacturer (Purolite) was used. The
capacity determination begins with the reaction of
25-ml resin (resin density of 1.08 g/ml) for 60 min
with 1% NaNO3. A burette with a filter at the bottom
is used for this in order to pass 1 l NaNO3-solution at
a constant speed through 25 ml of resin. This results
in 1 l effluent.

An initial titration with 0.1 M HCl in 100 ml efflu-
ent, to which 3 drops of bromocresol green indicator
(pH transition range 3.8–5.4) is added, is carried out
for the determination of the concentration of CO2�

3

(eq/l).
For the determination of the Cl− concentration

(eq/l), 100-ml effluent is acidified and then neutral-
ized with NaCO3. For the titration with 0.1-M AgNO3,
a K2CrO4 indicator is used. Also a blank sample is
titrated to correct for possible measurement errors.

The SulfaVer® 4 method using a colorimeter (Hach
DR890) was used for the measurement of the concen-
tration of SO2�

4 (mg/l). For the conversion to eq/l, the

SO2�
4 concentration is divided by 48 mg/eq (molar

mass of 96 (g/mol), wherein 1 mol is equal to 2 eq).
After the measurements, the capacity of 25 ml resin

can be calculated according to Eq. (2):

Capacity
eq

l

� �
¼ cðCO2�

3 Þ eq

l

� �
þ c Cl�ð Þ eq

l

� �

þ cðSO2�
4 Þ eq

l

� �
(2)

In order to normalize the resin capacity, the measured
capacity is divided by the resin volume (25 ml).

The maximal NOM removal of a resin can be
determined by stirring 50 ml of fresh resin in 1 l of
raw influent for 24 h. The evolution of UVA254 as a
function of time is measured.

The particle size of the resins was examined by
laser diffraction on the Mastersizer 2000 (Malvern).
With the measured data, equivalent average sizes
that take into account the average surface or the
average volume of the particles were calculated.
Depending on the application, other equivalent
diameters can be used. The most common are the
Sauter mean diameter (D[2,3]) and the De Brouckere
mean diameter (D[3,4]). The Sauter mean diameter
is surface-related and is used in cases where, for
example, reactivity and solubility are important. The
De Brouckere mean diameter is volume-related and
represents the volume that a given number of parti-
cles occupy [22].

3. Results and discussion

3.1. Resin properties

The specified average diameters of the two resins
used are compared with the measurement results. The
resin particle sizes specified by the manufacturer were
740 ± 110 μm (coarse resin) and 570 ± 50 μm (fine
resin). The measured particle sizes are quite similar
(Table 1). The relative difference in particle size (fine
resin compared to the coarser resin) is 18%.

The two resins have, according to manufacturer a
density of 1.08 g/ml and an approximate bulk density
of 680–730 g/l. The density of both dried (at 100˚C for
24 h) and wet resin was measured. The measured
density of the dried resin corresponds to the specified
density. In this study, the density of the wet resin is
important, as this is the density of the resin during
the process. The density of the wet resin of the fine
resin was 1.04 ± 0.12 g/ml while for the coarse resin
this was 1.16 ± 0.06 g/ml.

A distinction is made between the porosity of the
resin during operation and the initial porosity (p0).
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First, p0 is determined theoretically by assuming that
the particle size remains the same in wet or dry condi-
tions and it therefore becomes possible to set the
porosity of the dry resin equal to the porosity of a
(wet) resin. The initial porosity of the resin can be
calculated based on Eq. (3), if the bulk density and
density are known:

p0 ¼ 1� Bulk density g
l

� �
Density

g

l

� � (3)

For both resins with density of 1.08 g/ml and an aver-
age bulk density of 705 g/l, this yields an initial
porosity of at 0.347 which is lower than the porosity
of 0.42 reported for sand filtration [23].

The reported total capacity of both fine and coarse
resins is 0.8 eq/l. The measured value for both resins
is 0.9 eq/l which corresponds to the specified value
(Table 1).

3.2. Evolution of chloride and sulfate ions and conductivity

During the ion exchange process, Cl− ions are
released and not only NOM, but also inorganic ions
such as SO2�

4 and CO2�
3 (present in the water) will be

exchanged. The anion resin has a larger affinity for
SO2�

4 than for NOM.
The removal of DOC and SO2�

4 as a function of the
number of bed volumes is presented in Fig. 1 for the
coarse resin. For the other resin, the results were
similar. The EBCT of the test was 60 s. The DOC con-
centration of the influent averages 10.6 ± 0.8 mg/l. The
SO2�

4 concentration of the influent was 71.5 ± 2.1 mg/l.
The conductivity of the influent was 555 ± 16 mS/cm.
The Cl− concentration was 47 ± 3 mg/l.

Initially, almost all the SO2�
4 ions were removed

(94%), while DOC removal was on average 61%. From
600 bed volumes onwards, almost no SO2�

4 ions were
removed. The DOC removal maintains a fairly con-
stant value at an average of 44%. As such, saturation
for DOC removal is not yet reached. The negative
removal of SO2�

4 after sufficient bed volumes indicates
the exchange of SO2�

4 for NOM by the resin.
In order to understand Fig. 1, the amount of DOC

removed, SO2�
4 removed, and Cl− released are

expressed in absolute values (meq/l). For this, all con-
centrations were recalculated to equivalents per liter.
This is straightforward for SO2�

4 and Cl−, while for the
number of equivalents per g DOC, the value proposed
by Boyer and Singer [24] was used (0.010-eq/g DOC
at pH 7). The resulting concentrations are presented in
Fig. 2. Initially, (up to 200 bed volumes) more than
sufficient Cl− is released in comparison with theT
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removed DOC and SO2�
4 . After 20 bed volumes, for

example, 4.1-meq/l Cl− is released and 0.07 meq/l
DOC and 1.4 meq/l SO2�

4 are removed. For higher
bed volumes (from 600 bed volumes onwards) on

average 0.08-meq/l Cl− are released, while 0.05 meq/l
DOC is removed and on average of 0.07-meq/l SO2�

4

is released.
For the other resin similar results were obtained.

Table 2
Average influent composition during tests with fine and coarse resin (± indicates the standard deviation)

Variable Average value (tests with fine resin) Average value (tests with coarse resin)

DOC 9.3 ± 0.9 mg/l 10.6 ± 0.8 mg/l
UVA254 22.6 ± 2.2 1/m 26.1 ± 2.3 1/m
SUVA 2.4 ± 0.3 l/mg m 2.5 ± 0.3 l/mg m
SO2�

4 65 ± 14.1 mg/l 71.5 ± 2.1 mg/l
Cl− 50 ± 3 mg/l 47 ± 3 mg/l
Conductivity 552 ± 4 μS/cm 555 ± 16 μS/cm
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Fig. 1. Relative evolution of DOC, sulfate, chloride and conductivity as function of the number of bed volumes during
ion exchange with the coarse resin.

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 200 400 600 800 1000 1200 1400 1600

C
on

ce
nt

ra
tio

n 
(m

eq
/l)

Treated water volume (BV)

DOC Sulphate Chloride

Fig. 2. Removed DOC and SO2�
4 and released Cl− expressed as equivalent concentration (meq/l) (data for the coarse

resin).

13902 W.T.M. Audenaert et al. / Desalination and Water Treatment 57 (2016) 13897–13908



3.3. Influence of resin particle size on NOM removal

The influence of the particle size was examined by
comparing the behavior of both resins at an EBCT of
60 s. No large difference in terms of DOC removal
was noticed between two resins.

At higher bed volumes (300–1,500 BV), where a con-
tinuous process is approximated, the DOC removal of
the fine resin is on average 8.7% lower than the coarse
resin. The results for the same resin exhibit relatively
large variations, due to among other things the lower
affinity for certain ions (Fig. 3). The initial DOC concen-
tration of the influent for the coarse-resin was on aver-
age 10.6 ± 0.8 mg/l, and for the fine resin 9.3 ± 0.9 mg/l.

At low bed volumes, the resins remove on average
83% UV254. The UVA254 of the influent was 26.1
± 2.3 1/m for the coarse resin and 22.6 ± 2.2 1/m for
the fine resin. The average removal of the fine resin is
5% higher than the coarse resin. From 300 bed vol-
umes onwards, the removals decrease to 57–65% (fine
resin) and 62–72% (coarse resin) (Fig. 3). It should be
noted that the maximum possible UVA254-removal of
both resins, measured during a laboratory batch test,
is 93%. A complete removal of UVA254 is therefore not
possible with these resins.

Further, it was checked if a relation exists between
UVA254 and DOC removal (ΔUVA254 (%) and ΔDOC
(%)) in the effluent. The data given in Fig. 3 resulted
in a linear relation between both measurements. For
the coarse resin this relations becomes: ΔDOC = 1.35
ΔUVA254 −39.21 (R2 = 0.95), while for the fine resin
this relation becomes: ΔDOC = 1.41 ΔUVA254 −54.94
(R2 = 0.88). Such a relation could enable the online
control of DOC removal by the surrogate parameter
UV254 [20,25,26].

The influent had SUVA values of 2.5 ± 0.3 l/mg m
(coarse resin) and 2.4 ± 0.3 l/mg m (fine resin) (Fig. 3).
The SUVA removal in this study fluctuates around an
average value of 47.1 ± 11.2% for fine resin and 31.1
± 13.1% for coarse resin.

3.4. Influence of regeneration on resin capacity

After several regeneration cycles, it is expected that
the resin capacity will decrease because of the
irreversible sorption of NOM and wear of the resin.
During operation of the column a regeneration with a
Cl−/SO2�

4 solution (ratio Cl−/SO2�
4 = ±3) was per-

formed after ±7 runs. The capacity of each resin was
measured after the last (7th) regeneration. This value is
compared with the fresh resin capacity (Table 1). The
concentration of Cl− in the regeneration solution was
1 eq/l (resulting in a total ionic (Cl− and SO2�

4 ) strength
of 1.3-eq/l. The capacity of the regenerated coarse resin
decreased by 40% (to 0.53-eq/l), while for the fine resin
the capacity decreased by 28% (to 0.63 eq/l).

Also the influence of regeneration with a pure
SO2�

4 was performed. During full-scale application, the
regeneration solution is reused and as such an
increase in SO2�

4 concentration can be expected. There-
fore, it is interesting to see the effect of such an
increase. Tests were carried out on the column (in
which the entire amount of the resin was regenerated)
with an EBCT of 60 s. The DOC removal of the resin
regenerated with a pure SO2�

4 solution is initially simi-
lar (after 300 bed volumes) to the DOC removal by
the resin regenerated with a the Cl−/SO2�

4 solution
(data not shown). Also the UVA254 removal is similar
after 300 bed volumes. From 300 bed volumes
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onwards, the removal of DOC and UVA254 remains
fairly constant. As such, it can be concluded that in a
continuous process, where only 3–4% of the resin is
regenerated, that the regeneration ratio will have little
impact on the NOM removal efficiency.

3.5. Evolution of spectral properties and molecular size of
the NOM

3.5.1. UVA- and DAS spectra

UVA-spectra of the effluent of the column, oper-
ated with an EBCT of 60 s were recorded for both
resins. Both the fine and the coarse resin showed a
similar pattern, with increase in UVA254 values when
the number of bed volumes increased. In Fig. 4, the
results for the fine resin are demonstrated.

NOM gives rise to the formation of DBPs during
the oxidation process (e.g. chlorination, ozonation).

The prediction of the potential formation of DBPs can
be based on various parameters such as the normal-
ized DAS or DAS at wavelengths around 272 nm.
Experiments by Korshin et al. [27,28] in chlorinated
water showed that the DAS at this wavelength is
strongly related with DBPs [27–29].

The DAS were calculated based on the change in
UV–Vis-spectra before and after ion exchange by sub-
tracting the spectra of the effluent from the spectrum
of the influent. The NOM components that are not
removed are not considered in this spectral profile.
The DAS is normalized by dividing the DAS by the
DAS-value at the peak wavelength. The peak wave-
length was 239 nm (coarse resin) and 240 nm (fine
resin). With increasing number of bed volumes, the
normalized DAS curves are shifted to the right (Fig. 4,
only results from the fine resin are shown).

Prior to 300 BVs, these curves did not coincide
which means that the shape of the UV–Vis spectra
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changed as function of volume treated. Compared to
absorption at 240 nm, removal efficiency at lower
wavelengths (<240 nm) decreased, while the removal
of moieties absorbing at higher wavelengths
(>240 nm) slightly increased. This indicates that dur-
ing the early stage of treatment, interactions between
NOM and the resins were different and more NOM
moieties could be removed.

3.5.2. Size exclusion chromatography

The HPSEC chromatograms with absorbance at
254 nm give the distribution of apparent MW of NOM
in the influent and the treated water (Fig. 5). The
influent contains NOM with a MW ranging between
1,400 and 4,000 Da. The largest peak is ±3,083 Da,
smaller peaks are visible at 1,175 and 2,200 Da. The
location and corresponding absorbance of these peaks

or distribution of MW is similar to other surface
waters in literature [12–21]. In analogy with the
UV–Vis spectra, for both resins a distinction can
clearly be made between the measurements up to
300 BVs and the measurements at prolonged treat-
ment. During the initial phase, NOM between 1,500
and 2,500 Da was more removed than at higher BVs.

The decreased removal of lower MW NOM moi-
eties becomes even more clear when the as the relative
absorbance decreases. Pore blocking by larger mole-
cules during the course of the treatment might have
contributed to this result. Although the coarse resin
was expected to have a more open structure, similar
results were obtained with both resins.

From the HPSEC results, ASI can be calculated
[20,21]. The ASI is, as the DAS, related to the amount
of reactive (aromatic) NOM and is as such related
with the potential formation of DBPs [20,21]. In Fig. 6,
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the calculated ASI (for measurements with the fine
resin) are depicted. In the range between 1,500 and
3,000 Da, a constant ASI with values ranging from 0 to
0.5 was obtained. Outside this region, the ASI varied
significantly (data not shown).

3.6. Bed expansion

The bed expansion of the fine and coarse resins
was measured and assessed. The theoretical bed
expansion increases in proportion to the flow rate of
the water (Fig. 7). The measurements of the bed
expansion were at 8˚C. For flow velocities less than
13 m/h, the measured expansion curves coincide for
the fine and coarse resins. Probably, the resins are
insufficiently fluidized at these lower flow rates. At

higher flow rates, up to 17.8 m/h, the fine resin
expands up to 30% more than the coarse resin.

A theoretical expansion curve can be calculated
using the model of Ergun [30]. This model calculates
the porosity of a fluidized bed on the basis of the
pressure gradient of the bed which is caused by
the mass of the resin beads on the one hand and the
buoyancy force on the other hand [31]. The compar-
ison makes it possible to calculate the porosity of the
resin implicitly (Eq. 4) [31,32].

p3

ð1� pÞ0:8 ¼ 130
v1:2

g

m0:8

d1:8p

qw
qp�qw

(4)

With p is the porosity, m is the viscosity of the water
(1,004 × 10−6 m2/s), v is the flow velocity (m/s), ρW is
the density of the water (1,000 kg/m), g is the
acceleration of gravity (9.81 m/s2), dp is the particle
size of the resin (573 μm), and ρp is the density of the
resin (1,080 kg/m).

With the calculated porosity (p) of the resin during
the ion exchange process, the expansion factor (E) [28]
can be calculated by Eq. (5).

E ¼ L

L0
¼ 1� p0

1� p
(5)

With L is the bed height (m), L0 is the initial bed
height (m), p0 is the initial porosity, and p is the poros-
ity. The model of Ergun is only valid for Reynolds
number between 5 and 100 [31]. This condition is only
fulfilled at a flow rate of 0.09 m/h or a flow velocity
of 11 m/h (with Re ≈ 5.2), which is close to the opera-
tional conditions of the column.
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For the initially derived initial porosity (=0.347, see
above), the model of Ergun did not match the experi-
mental data; by fitting the model to the data the initial
porosities were estimated. A p0 of, respectively, 0.65
and 0.68 for the fine and coarse resin is found. The
difference with the above derived initial porosity is
remarkable and probably the p0 values are indeed
lower, due to the effect of other factors such as the
density of the resin which increases during the
process.

When extrapolating the model of Ergun to a full-
scale application in which a flow velocity of 20 m/h
and an initial resin height of 0.5 m would be applied,
it becomes clear that the envisioned full-scale plant
will have to have a minimum height of 3.5 m.

3.7. Influence of EBCT on NOM removal

The EBCT was varied by allowing the flow rate to
vary in the column (up to 160 l/h or 20.4 m/h).
Increasing the flow rate leads to a decreased EBCT.
Four runs were carried out with the fine resin at
15.3 m/h (performed twice), 11.5, and 7.6 m/h. This
corresponds to EBCTs of 60, 80, and 120 s, respec-
tively. The influent UVA254 amounted to 22.9 ± 1.9 1/
m and the influent concentration of DOC was 9.1
± 0.6 mg/l. The obtained results show no clear relation
between the residence time and the removal of
UVA254 and DOC. Possibly, there is only a little differ-
ence in bed expansion.

Identical tests were conducted with the coarse
resin, but that at higher flow rates: 15.3, 17.8, and
20.4 m/h. This results in EBCTs of 60, 51, and 45 s.
The influent DOC was 10.8 ± 0.6 mg/l and the influent
UVA254 was 26.4 ± 1.6 1/m. The removal of UVA254

and DOC was quite similar at different flow rates. An
increase of the flow rate by 33%, for example, leads to
a slight decrease in UVA254 removal of on average of
1.2%, while the DOC removal decreased by 0.6%. For
a 15% increase in flow rate (17.8–20.4 m/h), this
decrease is an average of 0.16% for UVA254 and 3.3%
for DOC removal.

These obtained results are similar to the earlier tests
[19]. The EBCT may thus, as mentioned above, be
reduced by increasing the flow rate. The minimum
influence of the flow rate on the NOM removal will
not always be valid. A maximum or threshold flow
rate, at which the removal efficiency decreases signifi-
cantly, will have to be determined. In addition, the
increase of the flow rate will also be limited by the
expansion of the resin. Too large expansion leads to an
increased pressure drop and a too large resin loss. This
latter may be solved by installing a higher column.

4. Conclusion

Two Purolite resins for the removal of NOM from
drinking water were compared. NOM removal effi-
ciency was studied as function of EBCT, bed expansion,
and regeneration during pilot-scale operation. NOM
was characterized based on multiple measurements.

Although the resins differed 18% in size, no signifi-
cant difference in NOM removal was observed. The
exchange capacity of the fine resin (after multiple
runs) after regeneration is 12% higher than the coarse
resin. The HPSEC results show a similar NOM
removal as function of apparent MW. Flow velocity
(i.e. EBCT) did not influence the NOM removal signifi-
cantly within the range of 15–20 m/h. This allows for
increasing the flow rate without a major deterioration
of the NOM removal, especially since the expansion of
the two resins is not a limiting factor.

The SO2�
4 /Cl− ratio of the regenerating solution

has little influence on the NOM removal efficiency.
The accumulation of SO2�

4 by the reuse of the regener-
ating solution does not impede the process.

Although the removal results for both resins were
similar, the fine resin was the preferred resin in this
case because there are indications for a longer life of
the fine resin.
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