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ABSTRACT

In drinking water treatment plants, the removal of natural organic matter (NOM) is an
essential aim to improve the final water quality and to reduce the formation of disinfection
by-products. The objective of the present study was to compare the performance of different
macroporous anion exchange resins (AERs) with regard to their NOM removal under drink-
ing waters conditions. NOM removal at neutral pH was assessed by measuring the decrease
of the dissolved organic carbon concentration in equilibrium experiments. Further, the fic-
tive component approach (adsorption analysis) was applied to describe the competitive
adsorption equilibria of the complex NOM system. Due to their relevance for fixed-bed
filter design, breakthrough curves (BTCs) were measured and modelled by the homoge-
neous surface diffusion model with the linear driving force approach for surface diffusion
combined with the ideal adsorbed solution theory for competitive adsorption. These model
approaches, well known from activated carbon adsorption, were used in the present study
to describe NOM adsorption onto AERs. The required mass transfer coefficients were
obtained by empirical correlations. The applicability of the BTC model was verified with
the experimental data of NOM uptake onto one selected AER.
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1. Introduction

Natural organic matter (NOM) occurs in all raw
water sources used for drinking water production.
NOM is a complex mixture of organic materials such
as biopolymers, humic substances, building blocks,
low molecular weight (LMW) neutrals and LMW
acids. The removal of NOM is one of the main aims

*Corresponding author.

in drinking water treatment, since it can cause (i)
colour, taste and odour problems, (ii) formation of
carcinogenic halogenated disinfection by-products
(DBPs) after disinfection with chlorine and (iii) bacte-
rial re-growth in the water distribution system (e.g.
[1-3]).

Treatment processes used to remove NOM include
enhanced coagulation and nanofiltration as well as
adsorption onto activated carbon, anion exchangers,
activated alumina and ferric hydroxide (e.g. [2,4-8]).
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Results from previous study indicate that anion
exchange treatment is a very effective method for
NOM removal from raw drinking water [9]. It was
found that anion exchange resins (AERs) have the
potential to adsorb more hydrophilic, charged NOM
components which are not strongly removed by con-
ventional techniques like enhanced coagulation [4].
Thus, if AERs are used in combination with conven-
tional methods, it can offer another opportunity to
reduce DBP formation by removing a broader variety
of precursors [10].

Hence, the purpose of this study was to evaluate
NOM uptake (measured as dissolved organic carbon;
DOCQC) of different macroporous AERs at neutral pH
conditions, which are typical for drinking water
treatment. The AERs selected for the study differ
especially in their functional groups (tertiary wvs.
quaternary amines) and matrix material (polystyrene
vs. polyacrylic resins). The use of different AERs
provides an option to identify possible interactions
between NOM components and the AERs as well as
the mechanism which determine the removal effi-
ciency. This study includes the estimation of equilib-
rium and kinetic parameters of NOM adsorption
and subsequently the prediction of breakthrough
curves (BTCs). For BTC modelling, the fictive com-
ponent approach (adsorption analysis) by Johannsen
and Worch [11] was applied to describe the compet-
itive adsorption equilibria of the complex NOM sys-
tem. Further, the homogeneous surface diffusion
model with the linear driving force (LDF) approach
for surface diffusion [12,13] combined with the ideal
adsorbed solution theory (IAST) for competitive
adsorption were used to predict NOM uptake in
fixed-bed AER columns at neutral pH. The applica-
bility of the BTC model, originally developed for
activated carbon adsorption, to describe the adsorp-
tion onto AER was verified by a fixed-bed filter
experiment, where the NOM uptake onto one
selected AER was measured.

2. Theory

In the present work, the LDF model, the IAST and
the adsorption analysis were applied to evaluate NOM
uptake performance of different AERs at neutral pH.

2.1. LDF model

The LDF model can be used to describe the
adsorption processes in fixed-bed adsorbers. In this
model, the mass balance equation can be written as
follows (Eq. (1)):
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where vr is the linear filter velocity (m/s), c is the con-
centration in the fluid phase (mg/L), z is the vertical
travel distance within the adsorber (m), ¢p is the bed
porosity (-), t is the time (s), pp is the bed density
(g/L) and 7 is the mean adsorbent loading of the solid
phase (mg/g).

The adsorption kinetics is described by simplified
mass transport equations based on the LDF approach
proposed by Glueckauf [12]. The rate of film diffusion
is given by Eq. (2) and the intraparticle (solid) diffu-
sion, which includes pore and surface diffusion, is
expressed in Eq. (3):

dg  kravr

a = 05 (C - Cs) 2
dg . ksavg

q = K- =7 (4= 4) ®)

where krayr is the volumetric film mass transfer coef-
ficient (s™"), ¢, is the concentration at the outer solid
particle surface (mg/L), k¢ is the intraparticle mass
transfer coefficient (s™'), which can be further sepa-
rated into a mass transfer coefficient ks (im/s) and a
volume-related surface area ayg (m™ ') like shown in
Eq. 3) and g, is the adsorbent loading at the outer
particle surface (mg/g).

In the case of single solute adsorption, the Freund-
lich isotherm is applied to link concentration and
loading at the outer particle surface by following Eq.

4):

qs = Kr(cs)" 4)

where Kr ((mg/g)/(mg/L)") and n (-) are the
parameters of the Freundlich isotherm.

For application of the LDF model, Eqgs. (1)-(4) are
written in dimensionless form and are solved by
numerical calculations (finite difference method) [13].

In the case of multi-solute adsorption, the Freund-
lich isotherm has to be substituted by a competitive
adsorption model.

2.2. IAST

The IAST is widely accepted as standard method
for modelling the competitive adsorption. It allows pre-
dicting competitive adsorption equilibria on the basis
of single-solute adsorption data. If the single-solute
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equilibrium data of the mixture components are
described by the Freundlich isotherm, the following set
of Egs. (5)—(7) can be derived from the IAST [13]:

N N c
Zz,:zi’:l ®)

N -1
qr = [Z ' } 6)

qi =Zi-qr @)

where z; is the adsorbed phase mol fraction (-), ¢ is
the spreading pressure term (—) and gr is the total
amount adsorbed (mg/g).

The IAST can be integrated into fixed-bed and
batch adsorber models. The use of the IAST in BTC
modelling was described, for instance by Worch
[14,15] for the LDF model. For applying the IAST in a
batch adsorber system, the basic Egs. (5)—(7) have to
be combined with a material balance for each compo-
nent [13]. The material balance for component i is
given by Eq. (8):

._VL(C. ¢) = Vi
Qz—mA 0,i Z_VR‘,DB

(coi —ci) €))

where V| is the volume of the liquid phase (L), m, is
the adsorbent mass (g), ¢y, is the initial concentration
(mg/L) and Vy is the reactor volume (L).

2.3. Adsorption analysis

BTC modelling for multi-solute systems requires
the knowledge of the concentrations and isotherm
parameters of all components. However, NOM is not
a defined mixture. Therefore, the concentrations and
the isotherm parameters of the different NOM frac-
tions cannot be directly derived from DOC isotherm
measurement. Applying the liquid chromatography—
organic carbon detection (LC-OCD) analysis for each
equilibrium experiment could be an option. Another,
less expensive, method, which is used in the present
work, is to apply a fictive (or hypothetical) component
approach, the so-called adsorption analysis, after Sont-
heimer et al. [16] and Johannsen and Worch [11]. The
principle of adsorption analysis consists in defining
NOM fractions (mostly 3-5) with different adsorption
performances characterized by individual Freundlich
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isotherm parameters (Kp and n). For simplification, n
is normally held constant and only different Ky values
are used to characterize the graduation of the adsorp-
tion strength. Further, a search routine based on the
IAST is used to find that concentration distribution of
the NOM fractions allows the best fitting of the experi-
mental data of the DOC isotherm. As a result, the
NOM is formally transformed to a “known” system
for which the IAST can be applied in further fixed-bed
or batch adsorber modelling.

2.4. Parameter estimation

To determine equilibrium data, the bottle-point
(batch) method can be applied. The time required to
reach equilibrium is typically between some hours
and some weeks and has to be ascertained in
preliminary kinetic studies. After the equilibrium is
established, the adsorbed mass can be calculated using
the material balance equation for batch adsorption
processes (Eq. (8)).

The film and intraparticle mass transfer coeffi-
cients, required for BTC modelling, can be predicted
by empirical correlations.

The volumetric film diffusion mass transfer coeffi-
cient, kpayr (s 1) can be obtained from the dimension-
less Reynolds (Re) and Schmidt (Sc) numbers by
empirical correlations. Here, the correlation after
Wilson and Geankoplis [17] was used (Eq. (9)). First,
the dimensionless Sherwood number (Sh) is calculated
by using Egs. (9)-(11) and subsequently the film mass
transfer, kr (m/s) is found from the definition of Sh by
Eq. (12) as follows:

Sh =1.09 - &, - Re'”® - Sc!/®  (for 0.0016 < ezRe <55
and 950 <Sc <70, 000) 9)

The dimensionless numbers are defined as:

Re — 2£- 4P (10)
&gV
v
ke -dp
Sh = D, (12)

where dp is the particle diameter (m), Dy, is the liquid
phase diffusion coefficient (m?/s) and v is the
kinematic viscosity (m?/s).
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The required liquid phase diffusion coefficient D;,
(m?/s) is either known from the literature or can be
obtained by the empirical correlation given by Worch
[18] as follows (Eq. (13)):

~14
where T is the temperature (K), # is the dynamic vis-
cosity (Pas) and M is the molecular mass of the solute
(g/mol).

The intraparticle mass transfer coefficient k (s™)
can be predicted by an empirical correlation after Hess
[19] using Eq. (14):

Co(a)

(14)

ki=a+b

where 2=3x10"°s"! and b=3.215x10""* (mL)/(mgs)
are empirical parameters, cy) is the total concentra-
tion of all adsorbable NOM fractions expressed as
DOC (mg/L) and rp is the particle radius (m).

3. Materials and methods
3.1. Anionic exchange resins

Four fresh macroporous AERs were used to study
the NOM uptake from pre-treated water at neutral
pH. The AERs were selected in order to cover a broad
range in matrix material and functional groups

(Table 1). AERs were applied in their hydroxide form.
Resin characteristics were obtained from product data
sheets of the manufacturers. The total volume (anion
exchange) capacity (TVC in mol eq/L) of an AER,
which is the sum of functional groups present on the
resin material per volume, was calculated from the
experimental sulphate BTC (up to c/cop=1) by applica-
tion of the integral mass balance equation for real
BTCs. Sulphate BTCs were obtained from fixed-bed
studies with 0.01 M Na,SO, from KMF. The solution
was prepared with Millipore water (conductivity <1
uS/cm, pH=>5.8 and total organic carbon (TOC) <
50 ug/L) obtained from a Millipore ultrapure water
system (Elix/Milli-Q Academics). The effluents were
analysed by titration measurements with 0.02M HCI
as titration solution and bromothymol blue as
indicator (both from Merck). The detection limit was
determined to be 0.0015M. The evaluation of the TVC
was based on three column experiments for each
resin. The relative standard deviation of the TVC
values was determined to be about 2.9%.

The cleaning procedure of the resins was opti-
mized to minimize organic leachables from the AERs
in the batch and column experiments. The method is
reported in Piirschel et al. [20]. In brief: washing with
Millipore water (conductivity <1 pS/cm, pH=>5.8 and
TOC <50 pg/L), threefold shaking (1h) with 0.IN
NaOH (500 mL for 100 mL resin), treatment in a soxh-
let reactor first with methanol, second with acetonitril
(each for 24 h), washing with Millipore water and rins-
ing with 1N NaOH (400 mL for 100 mL resin), 14N
HCI (300mL for 100mL resin) and again twice with

Table 1
Properties of the selected macroporous AERs
Resin type
Weak and medium base AERs Strong base AERs
Parameters IRA96 AP246" IRA900° A860°
Functional group Tertiary Tertiary /quaternary Quaternary amine, Quaternary amine,
amine amine, type I type I type I
Matrix material Polystyrene Polyacrylic Polystyrene Polyacrylic
Water content (%) 57-63 60-65 58-64 66-72
TVC—pH 6 (mol eq/L) 0.10 £ 0.01 0.39 +0.01 0.62 +0.02 0.63 +£0.07
pe (g/L) 670 710 700 700
eg () 0.362 0.343 0.343 0.352
dp (mm) 0.73 0.47 0.735 0.725
rp (mm) 0.365 0.235 0.3675 0.3625

Note: AERs =anion exchange resins; NOM = natural organic matter; TVC =total volume (anion exchange) capacity (median value +
measurement uncertainty after student ¢-distribution); pg =bed density; ¢g = bed porosity; dp = particle diameter; rp = particle radius.

“Rohm and Haas, France S.A.S., Chauny Cedex, France.
bBayer AG, Leverkusen, Germany.
‘Purolite, Bala Cynwyd, USA.
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1N NaOH (each step with 4 BV/h) and final washing
with Millipore water. All AERs were stored in
Millipore water.

Several methods were compared to find the best
way to dose accurately small quantities of resin with-
out loss of TVC as a consequence of drying processes.
It was found that preparation methods for anion
exchangers from other authors, like vacuum filtration
and storing in a desiccator for 24 h [21] or desiccation
in vacuum at 325K for 24 h [22], could not be applied
for the AERs without a significant loss of TVC. There-
fore, the Millipore water, in which the AERs were
stored, was merely decanted before the resins were
weighted. It was estimated by three parallel measure-
ments for each AER that 1.00+0.02g wet resin is
equal to 1.11 + 0.05mL resin volume, which is herein
after referred to as reactor volume Vx.

3.2. Test water

The water used in the experiments was obtained
from a water treatment plant in Boxberg, Germany
(Vattenfall Europe Generation AG). The raw water, a
mixture from the rivers Schwarze Schops and Spree,
was treated by coagulation (Al(SO4); and coagulant
aid on polyacrylamide basis), neutralization/precipita-
tion (Ca(OH),) and filtration (multi-layer filter contain-
ing anthracite and silica sand). This pre-treatment
procedure is able to reduce the DOC concentration
significantly depending on the NOM content and com-
position of the raw water [23,24]. The test water was
collected after passing the pre-treatment and was kept
at 5°C to prevent bacterial growth until use in experi-
ments. The DOC, the composition of the NOM frac-
tions as well as pH, conductivity, ion and SiO,
concentrations of the test water are given in Table 2.
Analytical methods are described in the next section
(section 3.3).

The relatively high DOC concentration of the pre-
treated water (4.08 mg/L) emphasizes the need of an
enhanced NOM removal.

The pH of the water after pre-treatment was
neutral (pH ~ 7). Under neutral pH condition, NOM
has a medium charge density due to the partial depro-
tonation of their acidic functional groups [7]. Thus,
NOM uptake could occur by anion exchange, mainly
onto strong base AERs with their quaternary amines,
as well as by ion dipole and/or van der Waals interac-
tion onto all AERs [4]. Further, hydrophobic NOM
components could be adsorbed by z—r stacking and/
or hydrophobic interactions onto the hydrophobic
matrix of the resin, primarily onto polystyrene mate-
rial [8,25]. Additionally, high sulphate and hydrogen
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Table 2
Characterization of pre-treated water
Parameters Values
DOC (ug/L) 4,083
HOC (ug/L) 465
Biopolymers (ug/L) 49
Humic substances (ug/L) 2,231
Building blocks (ug/L) 872
LMW neutrals (ug/L) 458
LMW acids (ug/L) 9
pH &) 7.01
Conductivity (uS/cm) 570
Ca®* (mg/L) 83.8
Mg?" (mg/L) 14.0
Na* (mg/L) 19.1
K" (mg/L) 6.55
ClI" (mg/L) 29.6
NOj; (mg/L) 15.9
SO;™ (mg/L) 167
HCO; (mg/L) 274.50
SiO, (mg/L) 9.85

Note: DOC =dissolved organic carbon;
organic carbon; LMW =low molecular weight.

HOC = hydrophobic

carbonate concentrations were estimated in the test
water. These ions could compete with weaker adsorb-
able NOM for polar anion exchange sites and there-
fore limit the NOM removal [26].

3.3. Analyses

NOM was measured as DOC using a TOC ana-
lyser multi-N/C UV HS (Analytik Jena AG), based on
wet chemical oxidation with an oxidation agent
(sodium peroxodisulphate) and ultraviolet irradiation
with subsequent infrared detection of the formed CO,.
Each sample was measured twice. The two-sample
standard deviation was about 1.4%.

Advanced NOM characterization was carried out
using LC-OCD following the method of Huber et al.
[27]. The analyser was equipped with a chromato-
graphic column (250 x 20 mm, TSK HW 50S, 3000 theo-
retical plates, Toso), which allows the separation of
DOC into fractions depending on their molecular size
(biopolymers, humic substances, building blocks,
LMW neutrals and LMW acids). Prior to chromato-
graphic separation, samples were filtered (0.45 um PES
filter, Sartorius). The fraction that remained on the
chromatography column is calculated from the
material balance and assigned to hydrophobic organic
carbon (HOC). Organic carbon detection (OCD) was
performed in a thin-film reactor with subsequent
infrared detection. OCD calibration was based on
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potassium hydrogen phthalate. LC-OCD measurement
of the test water sample was carried out by DOC
Labour Dr Huber (Karlsruhe, Germany).

The pH was measured by a pH meter WTW pH
340 using a Sentix 41lelectrode, the conductivity by a
conductivity meter WTW cond. 340 using a TetraCon
325electrode. Ion and SiO, analyses were performed
in the analytical laboratory of the water treatment
plant in Boxberg. Cation concentrations (Ca**, Mg**,
Na* and K") were determined by inductively coupled
plasma—optical emission spectrometry analysis
(Optima 3300 DV, Perkin-Elmer), whereas anion con-
centrations (Cl~, NO;,S0;") were measured by ion
chromatography analysis (Dionex ICS-1100, Thermo
Scientific). The SiO, content in the water sample was
investigated by photometric measurement (Lasa 100,
Dr Lange).

3.4. Breakthrough curve measurement

The fixed-bed adsorption experiment was carried
out in a glass column with an inside diameter of
1.0cm. The column was filled with 5mL of freshly
regenerated and rinsed AER IRA96. Test water after
pre-treatment (pH 7) was fed to the top of the column
at a constant flow rate of 75mL/h (equal to 0.96 m/h)
regulated by a constant-speed tubing pump (IPC,
Ismatec). The effluent samples were collected once per
hour and NOM was measured as DOC. The overall
error of a single concentration point in the BTCs was
about 9.9%.

3.5. Parameter estimation for BTC modelling

In the present study, the software LDF 2.9
(© E. Worch, 2009) was applied for BTC modelling.
The software is based on the LDF model and allows
to consider competitive adsorption. For BTC model-
ling, equilibrium data as well as kinetic parameters of
the NOM fractions are required. To characterize the
NOM system, the fictive component approach
(adsorption analysis) after Sontheimer et al. [16] and
Johannsen and Worch [11] was used (see section 2.3).
As a result of the adsorption analysis, the concentra-
tions of the different NOM fractions (characterized by
different Freundlich parameters) are obtained.

The DOC adsorption equilibrium data required for
the adsorption analysis were received from batch
experiments with constant solution volume (1.0 L) and
varying AER resin volume and mass, respectively (Vg
of 11, 27.5, 55, 110, 220, 330, 440 and 550 mL related to
my of about 8, 19, 38, 76, 153, 229, 306, 382 mg). The
flasks were shaken at room temperature with 200 rpm
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for 7 d, which proved in preliminary kinetic studies to
be a sufficient time. After this contact time, the sam-
ples were decanted to separate the NOM solutions
from the AERs. Next, concentration of NOM was mea-
sured as DOC. To validate the results, equilibrium
experiments have been carried out twice. The two-
sample standard deviation of one measurement was
about 2.0%.

For the adsorption analysis, the Freundlich
parameter n was set to be 0.5 for all adsorbable NOM
fractions, whereas the Ky values were defined to be 0
(mg/g)/(mg/L)" for the non-adsorbable NOM fraction
and 5, 20 and 80 (mg/g)/(mg/L)" for the weakly,
moderately and strongly adsorbable NOM fractions,
respectively. A search routine in the software AdsAna
1.4 (© E. Worch 2009) based on the IAST was used to
find the concentration distribution of the NOM frac-
tions which allows the best fitting of the experimental
DOC equilibrium isotherm data.

Film and intraparticle mass transfer coefficients
(kpaygr and ki, respectively) for the NOM fractions
were obtained by the empirical correlations given in
Eqgs. (9)-(14). The kpmyg values were calculated with a
linear filter velocity of 0.95m/h (equal to 75mL/h)
and a medium NOM molecular mass of 1,000 g/mol.
For all adsorbable fractions, the same kpayg and kg
values were used.

4. Results and discussion

The experimental and calculated equilibrium data
for NOM uptake (measured as DOC) from the pre-
treated water onto four different macroporous AERs
at neutral pH are shown in Fig. 1.

Table 3 summarizes the related concentration
distributions found from the adsorption analysis of
the different AERs.

As can be seen in Fig. 1, the definition of four
fictive NOM fractions with the Freundlich parameters
given in Table 3 allows describing the DOC iso-
therms in satisfactory quality for all studied AERs.
Furthermore, the calculated initial concentrations of
the different NOM fractions (cy;) vary between the
different AERs.

The NOM adsorption behaviour characterized by
the adsorption analysis can be taken as a quality mea-
sure in respect of the strength of the adsorption. The
more the fictive component concentration distribution
is shifted to the stronger adsorbable NOM fraction,
the better NOM is adsorbed on the AER.

For all AERs, a relatively high fraction of non-
adsorbable NOM was found (about 50%). The absolute
concentrations of the non-adsorbable fraction differ
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Fig. 1. Experimental equilibrium data and calculated adsorption analysis results for NOM uptake (measured as DOC)
from pre-treated water onto four different macroporous AERs (co =4.08 mg/L DOC, pH 7).

Table 3
Adsorption analysis results of NOM uptake from pre-treated water onto four macroporous AERs (cy =4.08 mg/L DOC,
pH7)

Resin type

Weak and

medium base Strong base

AERs AERs

IRA96 AP246 IRA900 A860
NOM fraction Adsorption behaviour Kr ((mg/g)/(mg/L)") n (=) co,i (mg/L DOC)
1 Non-adsorbable 0 - 1.94 2.33 2.02 2.27
2 Weakly adsorbable 5 0.5 0.54 0.29 0.11 0.59
3 Moderately adsorbable 20 0.5 1.22 0.71 0.67 0.45
4 Strongly adsorbable 80 0.5 0.37 0.75 1.28 0.76

Note: ¢g ;= calculated initial concentration of the NOM fraction i; mean percentage errors: 1.31% (IRA96), 1.29% (AP246), 2.49% (IRA900)

and 0.98% (A860).

only slightly. A slightly lower amount of the
non-adsorbable NOM fraction was found for polysty-
rene resins IRA96 and IRA900 (cp; =1.94 and 2.02 mg/L
DOCQ) than for polyacrylic resins AP246 and A860 (c
=2.33 and 2.27 mg/L DOC).

In the case of polyacrylic medium and strong base
AERs AP246 and A860, the concentrations of the
strongly adsorbed fraction are approximately the same
(co,4=0.75 and 0.76 mg/L DOC), whereas for AP246 a
higher concentration of the moderately adsorbed
fraction was found (cp3=0.71 vs. 0.45mg/L DOC).

Consequently, AP246 shows a slightly better NOM
uptake than A860.

In the case of polystyrene weak base AER IRA96, a
larger fraction of NOM is moderately adsorbed (cos=
1.22mg/L DOC), but only a small amount of NOM is
strongly adsorbed (cp4=0.37mg/L DOC). In contrast,
the polystyrene strong base AER IRA900 shows the
best adsorption performances because most of the
adsorbable NOM is strongly adsorbed (cp4=1.28 mg/L
DOC) and the concentration of the weakly adsorbed
NOM is very small (cpp=0.11 mg/L DOC).
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These results prove that under neutral conditions
the medium and strong base resins AP246, IRA900 and
A860 have higher overall NOM capacities and that a
higher amount of NOM is strongly adsorbed in
comparison to the weak base resin IRA96. This could be
explained by the quaternary amines of the medium and
strong base AERs, which act as anion acceptors
enabling strongly polar/ionic interactions with hydro-
philic organics, whereas the tertiary amines of the weak
base AER are in uncharged form and less polar/ionic
interactions occur. This outcome is in accordance with
results from earlier studies (e.g. [2,4,7,28,29]), in which
polar/ionic interactions between quaternary amine
functional groups and NOM adsorbates were also
proposed as the most important uptake mechanism
under neutral pH conditions.

The differences between IRA900 on the one-hand
side and AP246 and A860 on the other side could be
explained by the different polymer composition of the
AERs and the possibility of further interactions with
specific NOM components. It can be assumed that
humic substances, building blocks and LMW acids are
preferentially removed by polar/ionic interaction
between NOM acids/acidic components and the qua-
ternary amines of the medium and strong base resins.
In contrast, the NOM fractions of HOC, biopolymers
and LMW neutrals could be primarily removed by
physical adsorption (z— stacking and/or hydrophobic
interactions). As a consequence, the more hydrophobic
polystyrene AERs are able to remove a higher amount
of the HOC and hydrophobic neutrals fractions by
physical adsorption than the polyacrylic resins [30,31].
In contrast, AERs with polyacrylic structure tend to be
more hydrophilic and they have a more open struc-
ture and higher water content [7]. Thus, they exhibit
enforced removal of larger molecules, like biopoly-
mers, than the polystyrene ones [7,29].

In the present study, the fraction of hydrophobic/
neutral organic compounds in the pre-treated water
was significantly higher than the fraction of larger
molecules like biopolymers (see Table 2). Conse-
quently, the polystyrene strong base AER IRA900 with
its more hydrophobic character is more efficient in
overall NOM removal than the polyacrylic medium
and strong base AERs AP246 and A860 with their
more hydrophilic character.

As a result, it can be concluded that the combina-
tion of polystyrene matrix and quaternary amino
groups provides the best condition for a high overall
removal of different NOM fractions.

Additionally to the adsorption analysis results,
kinetic parameters are needed for BTC modelling. For
the NOM uptake from pre-treated water on four
different AERs, the volumetric film and intraparticle
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(solid) mass transfer coefficients (kpayr and k%) were
calculated by empirical correlations after Wilson and
Geankoplis [17] and Hess [19] for M =1,000 g/mol, v
=0.96m/h and c¢;=4.08 mg/L DOC. Both estimated
mass transfer coefficients are given in Table 4.

The kpayg and k¢ values for NOM adsorption at
neutral pH were found to be in the range 0.05-0.12s™"
and 3.4-4.0 x 10°s™", respectively.

Fig. 2 depicts the modelled BTCs for the NOM
uptake from pre-treated water onto IRA96, AP246,
IRA900 and A860 together with the experimental BTC
for IRA96.

For AER IRA96, it could be proved that the
prediction of the NOM breakthrough by the LDF
model on the basis of an adsorption analysis is suc-
cessful (see Fig. 2). Obviously, the applied BTC model
as well as the fictive component approach, both
originally developed for activated carbon adsorption,
can also be applied to NOM uptake on AERs. More-
over, the empirical correlation for estimating the
intraparticle (solid) diffusion coefficient of NOM can
also be extended to NOM adsorption on AERs.

The predicted breakthrough behaviour reflects the
results of the adsorption analysis. For all AERs, an
instantaneous breakthrough is predicted, according to
the existence of a non-adsorbable fraction. The poly-
styrene weak base AER IRA96, for which a very low
amount of NOM was characterized by the adsorption
analysis as strongly adsorbable, shows the fastest
breakthrough (90% after a throughput of 15,000 BV).
In contrast, in the polystyrene strong base AER
IRA900 where the highest fraction of NOM is strongly
adsorbed, the breakthrough concentrations increase
much slower (70% breakthrough after 15,000 BV). The
BTCs of the polyacrylic weak and medium base AERs
AP246 and A860 did not differ very much; they are
located between those of IRA96 and IRA900.

In sum, at neutral pH conditions, the polystyrene
strong base AER IRA900 removed the highest amount
of the strongly adsorbable NOM fraction and shows
the highest overall NOM capacity.

Table 4

krayg and k3 values for NOM uptake from pre-treated water
(pH 7) onto four macroporous AERs (M =1,000g/mol,
vp=0.96 m/h, cy=4.08 mg/L DOC)

Resin type

Weak and medium Strong base AERs,

base AERs type I
Parameters IRA96 AP246 IRA900 A860
krayg s 05x107'  12x107' 0.6x107"  0.6x107"
ki s7h) 35x107° 4.0x107° 35x10° 34x107°
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Fig. 2. BTCs for NOM concentrations (measured as DOC) from pre-treated water onto four AERs (experimentally (Exp)
determined and/or calculated by the LDF model with NOM fractions obtained by adsorption analysis; BV =input solu-
tion volume related to reactor volume; cy=4.08 mg/L DOC, pH 7).

5. Conclusions

o In the present work, the adsorption behaviour
of NOM on different AERs was studied at neu-
tral pH. The DOC isotherms could be described
successfully by the adsorption analysis based on
the assumption of four NOM fractions with dif-
ferent adsorption strengths.

The results of the adsorption analysis (concen-
trations and Freundlich parameters of the fictive
components) together with empirically esti-
mated film and intraparticle (solid) mass trans-
fer coefficients could be used to predict BTCs of
the NOM adsorption onto different AERs by the
LDF model for competitive adsorption.

The applicability of the BTC prediction model
was verified with the experimentally deter-
mined BTC for NOM uptake onto AER IRA96.
It could be shown that the modelling approach
(adsorption analysis in combination with the
LDF model), originally developed for activated
carbon adsorption, can be also used as tool to
evaluate and predict the NOM uptake in AER
fixed-bed filters.

For the studied pre-treated water, higher overall
NOM uptake capacities at neutral pH were
found for medium and strong base AERs
AP246, IRA900 and A860 than for the weak
base AER IRA96. This could be explained by the
positively charged quaternary amines of the
medium and strong base AERs that allow
polar/ionic interactions with the hydrophilic
NOM fractions, whereas the tertiary amines of
the weak AER are mainly in uncharged form
and should be less able to perform polar/ionic
interactions under neutral pH conditions. For

strong base AERs, an enforced NOM capacity
was estimated for the polystyrene resin IRA900
than for the polyacrylic resin A860, most proba-
bly due to an improved uptake of hydrophobic/
neutral NOM components onto the polystyrene
matrix by =z stacking and/or hydrophobic
interactions and low impact of size exclusion
limitation due to NOM composition in the pre-
treated water sample.

In view of these results, the application of poly-
styrene strong base AERs is an option to remove
specific NOM fractions, especially the HOC, low
to medium molecular size biopolymers as well
as the LMW neutrals, from water in drinking
water treatment plants.

In future studies, regeneration experiments
should be carried out for all AERs to study their
specific fouling character.

List of symbols

a

ayr
b

c

Cs

— empirical parameter (s™')

— volume-related surface area (m™)

— empirical parameter (m?L)/(mgs)

— concentration in the fluid phase (mg/L)

— concentration at the outer solid particle
surface (mg/L)

— inlet concentration (mg/L)

— total concentration of all adsorbable NOM
fractions (mg/L)

— liquid film diffusion coefficient (m?/s)

— particle diameter (m)

— parameter of the Freundlich isotherm (mg/g)/
(mg/L)"

— film mass transfer (m/s)

— volumetric film mass transfer coefficient (s™")

— mass transfer coefficient (m/s)
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kg — intraparticle mass transfer coefficient (s™')

M — molecular mass of the solute (g/mol)

My — adsorbent mass (g)

n — exponent of the Freundlich isotherm (-)

q — equilibrium adsorbent loading corresponding
to c (mg/g)

s — adsorbent loading at the outer particle surface
(mg/g)

qr — total amount adsorbed (mg/g)

q — mean adsorbent loading of the solid phase
(mg/g)

Re — Reynolds number (-)

p — particle radius (m)

Sc — Schmidt number (-)

Sh — Sherwood number (-)

T — temperature (K)

t — time (s)

Vi — volume of the liquid phase (L)

Vz — reactor volume (L)

UF — linear filter velocity (m/s)

z — vertical travel distance within the adsorber
(m)

zZ; — adsorbed phase mol fraction (-)

£B — bed porosity (-)

n — dynamic viscosity (Pa-s)

PB — bed density (g/L)

v — kinematic viscosity (m?/s)

Q — spreading pressure term (-)
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