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Reverse osmosis (RO) membrane technology is widely used for producing high-quality drinking water. Yet RO
permeate is by itself acidic (pH = 5.5 to 6.0), unbuffered and has low mineral content, therefore post treatment i.
e., remineralization is mostly required. An ion exchange resin — bipolar membrane electrodialysis hybrid process
was developed for sustainable RO permeate remineralization. Fundamental phenomena in the recovery of cal-
cium and magnesium by ion exchange to remineralize reverse osmosis permeate were investigated. Sorption
equilibrium and mass transfer kinetics were investigated for weakly acidic (Amberlite IRC747, Amberlite
IRC748, Lewatit S8227) and strongly acidic (DOWEX Marathon MSC) cation exchange resins. Most suitable resin
for the remineralization process should have high selectivity for calcium and magnesium and low selectivity for
monovalent ions to avoid adding undesired ions to the remineralised water downstream as well as relatively fast
mass transfer kinetics. The isotherms were correlated with the stoichiometric ion exchange isotherm and the
Langmuir-Freundlich (Sips) isotherm. All resins showed high selectivity for ions with higher valence, but weakly
acidic cation exchange (WAC) resins showed significantly lower selectivity towards monovalent ions than the
strongly acidic cation exchange resin. The influence of each resin functional group, charge density and degree of
protonation was shown to have a major effect on the resin selectivity. Amberlite IRC748 had the lowest selec-
tivity (Knu4+/Na+ = 0.77 £ 0.19) and removal (46%) for ammonium in a single-component system. The mass
transfer rate was found to be controlled by intraparticle diffusion rather than film diffusion. Amberlite IRC748 is
recommended for use in a remineralization process where divalent ions are present because of its favourable
sorption and higher mass transfer kinetics (Ks = 8.65 =+ 0.58 x 10712, 7.95 + 0.38 x 10~'2 m?/s for calcium and
magnesium, respectively).

1. Introduction [3]. Therefore, a post-treatment process i.e., remineralization is needed

to adjust the water quality in the network.

The increasing demand for high-quality water, along with limited
water resources, motivates the need for innovative and sustainable
water purification methods. Reverse osmosis (RO) is considered the
leading membrane technology for the production of pure drinking water
[1]. RO use has been extended beyond seawater and brackish ground-
water desalination to, for example, dairy, pharmaceuticals, textile and
dyeing industries, etc. [2]. Paradoxically, reverse osmosis may have
created too clean drinking water, which by itself can be harmful to
piping distribution networks due to the extremely low mineral content
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Remineralization is a post-treatment process wherein mainly cal-
cium and magnesium concentration (water hardness) together with
carbonate/bicarbonate alkalinity of RO permeate is adjusted [4].
Remineralization is necessary to safeguard the integrity of the water
distribution system and comply with drinking water standards/regula-
tions [5]. Although the European Drinking Water Directive does not
mention a limit for water hardness, several EU countries have set reg-
ulations by law or technical guidelines for water hardness content [6].
For example, following the Dutch water quality standards (where this
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study is carried out), a minimum of 1.0 mM water hardness in water is
required [7]. Commonly applied remineralization methods are
blending, calcite dissociation and direct dosage of chemicals [8]. While,
blending untreated water with RO permeate of remineralization in-
volves less control over the final water quality, calcite dissociation and
direct dosage remineralization methods include either frequent change
of the calcite material or extra chemical use.

As an alternative approach to the commonly applied remineraliza-
tion processes, a sorption-membrane process hybrid based on Ion Ex-
change (IEX) and Bipolar Membrane Electrodialysis has been
investigated (Fig. 1) [9]. The process developed aims at the recovery of
hardness ions from source water for RO permeate remineralization.
First, anaerobic groundwater is fed to a cation exchange resin (CEX) for
the selective removal of divalent ions. Second, the softened feed water
enriched with singly charged ions enters the RO unit which then can
operate at much higher recoveries, due to the absence of scaling-forming
ions (calcium and magnesium). Third, RO retentate enriched with singly
charged ions is used for producing HCl and NaOH using BMED. Forth,
the BMED-produced acid stream (HCI) is used to regenerate the cation
exchange resin where the separation of monovalent/divalent ions oc-
curs. Finally, the CEX regenerant is passed through an anion exchange
resin (AEX)to avoid adding chloride to the reverse osmosis permeate, by
replacing C1~ with HCO3 and producing calcium and magnesium bi-
carbonate as the final remineralization process products. The ion ex-
change process is batch and sequential, i.e., the resin loading step is
followed by regeneration with the produced acid/base using the BMED
process.

In addition to calcium and magnesium, groundwater in the
Netherlands typically contains alkali metals (e.g. sodium, potassium)
and ammonium, in addition to, heavy metals such as iron and manga-
nese, and traces of heavy metals [10]. Each of these ions would have an
impact on the purity of the recovered calcium and magnesium. Other
heavy metals are usually present in very low concentrations such as zinc
and copper, etc. Iron and manganese are soluble under anaerobic
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conditions in the Fe?* and Mn?" form, however, under aerobic condi-
tions, they become unstable and form Fe3* and Mn®* hydroxide pre-
cipitates. The experiments in this research were done under aerobic
conditions since it was impractical to operate under anaerobic condi-
tions and hence the model water composition used was limited to
ammonium, potassium, calcium and magnesium ions. In real ground-
water, the heavy metal ions could affect the resin selectivity and hence
the actual remineralization process.

The effect of calcium and magnesium concentration in drinking
water on human health is much debated among researchers. While some
of them argue that calcium and magnesium deficiency can increase the
rate of several diseases, for instance, cerebrovascular and cardiovascular
diseases [11-14], others found no evidence for a significant relationship
between water hardness and cardiovascular mortality [15-17]. How-
ever, ions in water are often easier to be adsorbed by the human body
than when present in food, where they can be bound to other substances.
Therefore, a minimum concentration of these elements in drinking water
is desirable. A minimum concentration of water hardness of 20 — 30 mg/
L should have a positive impact on human health [5,18]. Yet, a more
significant reason for maintaining a minimum water hardness in water is
to have a buffering capacity to reduce the water network piping dete-
rioration potential [19]. Otherwise, RO permeate will be aggressive to
different pipe materials such as copper and asbestos/cement, resulting
in the leaching of copper/heavy metals and dissolving of the cement
pipes.

On the other hand, the presence of ammonium, as well as high levels
of potassium in drinking water, is undesirable. Ammonium can signifi-
cantly enhance the bacterial growth potential in the water distribution
network [20,21]. In addition, increased exposure to potassium could
lead to severe problems for people with kidney disease or other issues
such as diabetes and heart disease [22]. The Dutch water quality stan-
dards set a maximum limitation of 0.2 mg/L ammonium in water.
Therefore, ammonium and potassium content in the remineralization
stream should be as low as possible to avoid exceeding their limit in the
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Fig. 1. Reverse osmosis remineralization process scheme based on ion exchange resin and bipolar membrane electrodialysis. A cation exchange resin is used to
recover hardness ions from the groundwater to be used for RO permeate remineralization. Anion exchange resin is needed to convert chloride into bicarbonate and
hence avoid adding chloride downstream. Simultaneously, bipolar membrane electrodialysis is used to produce the required HCl and NaOH for cation and anion
exchange resins regeneration, using RO concentrate rich in NaCl. Both anion and cation exchange processes loading, and regeneration are batch and sequential.
(Anaerobic ground water pH (CEX feed) =~ RO feed = 7.20, pH of BMED produced HCI = 0, pH of BMED produced NaOH = 13, pH of CEX regenerant stream = 0, and

AER effluent stream during loading i.e., remineralization stream pH = 6-6.5).
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final remineralised water.

Ion exchange principles and materials are applied at analytical,
preparative and industrial scale [23]. Ion exchange chromatography is a
typical example of using ion exchange for quantitative analysis of ions
based on their affinity difference to an ion exchange resin. On the other
hand, preparative ion exchange chromatography is meant for the re-
covery of precious metals and high-value products in high purities,
especially in the pharmaceutical industry [24,25]. In water treatment,
ion exchange is mainly used for the selective removal of hardness ions in
a process called water softening [26]. The use of ion-exchange chro-
matography principles for large-scale ions recovery in drinking water
treatment applications, to the authors knowledge, is yet to be
investigated.

Since preparative ion-exchange chromatography is intended for the
separation and recovery of compounds in high purities from a stream
mixture, a selection of resin material with a high affinity for the desired
compound is extremely important. Ion exchange resins are insoluble
polymers that contain acidic or basic functional groups. Depending on
the solution pH, functional groups are completely (strongly acidic/
basic) or partially ionised (weakly acidic/basic). Weakly acidic (WAC)
resins are either ordinary (non-chelating) or chelating resins, depending
on the functional group ability to form complex bonding with counter-
ions. Strongly acidic (SAC) and WAC resins are usually used for the
removal of both monovalent and divalent ions, with varying levels of
selectivity. SAC resins usually exhibit a higher affinity for monovalent
ions compared to WAC resins. WAC ordinary resins are known to have a
higher selectivity for divalent ions compared to SAC resins [27].
Moreover, WAC chelating resins are often used in the removal of trace
ions and heavy metals [28,29]. Hoffmann and Martinola (1988) [26]
showed that WAC chelating resins, especially with iminodiacetic and
aminophosphonic groups can be used to efficiently remove calcium from
concentrated salt at very low concentrations of 50 ppb Ca®".

Based on the water quality requirements discussed earlier, the IEX
regenerant stream in the investigated remineralization process should
have a high content of calcium and magnesium and as low as possible
ammonium and potassium content. This is needed to avoid increasing
the concentration of the undesired ions such as ammonium and potas-
sium downstream and to reduce the bacterial growth potential enhanced
by ammonium presence. On the other hand, the cation resin should be
easily regenerated with HCl produced using the bipolar membrane.
Moreover, mass transfer kinetics should be fast to enable efficient use of
the entire ion exchange column. To comply with this requirement, a
cation exchange resin with a high sorption selectivity for Ca*" and Mg?*
and a low selectivity for NHf and K*, as well as fast mass transfer ki-
netics is required.

This work does not investigate the complete remineralization pro-
cess, yet it focuses on investigating the ion exchange equilibria and ki-
netics of Ca?*, Mg?*, NHZ and K* ions on several strongly and weakly
acidic (chelating and ordinary) cation exchange resins to select the most

Table 1
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promising resin regarding the water quality and the remineralization
process requirements. The interplay and trade-off of the complete
remineralization process will be investigated in another publication.

2. Materials and methods
2.1. Resins and chemicals

Four commercial cation exchange resins were tested in this study:
DOWEX Marathon MSC, Amberlite IRC747 and Amberlite IRC748 were
provided by DOW chemicals, the Netherlands, where Lewatit S 8227
was provided by LANXESS, Germany. The physical and chemical prop-
erties of the resins shown in Table 1 were measured according to pro-
tocols provided by the manufacturer, except for the working pH range
which was mentioned in the resins datasheets. DOWEX Marathon MSC
and Lewatit $8227 resins were supplied in the H' form, while Amberlite
IRC747 and IRC748 were supplied in the Na™ form. All resins were first
pre-treated and brought to the Na™ form for equal comparison. The
resins pre-treatment was necessary to remove any remaining impurities
from the manufacturing process that could interfere with the sorption
experiments. This was in particular the case of Amberlite IRC747&748
resins which have traces of sodium remaining after regeneration to the
Na™ form by the manufacturer. Following the manufacturer’s recom-
mendations, the resin pre-treatment was as follows: First of all, the resin
material was soaked in Ultra-pure Milli-Q water for 30 min. Then, it was
transferred to a glass column provided by GE Healthcare (XK 26/40)
whose inlet was adjusted to accommodate 4 mm tubing to operate at
flow rates up to 5.0 L/h. After that, 10 bed volumes (BVs) of 2.5 M HCl
acid were run through the resin, and later, 20 BVs of 1.0 M NaOH were
used to convert the resins into Na™ form. Finally, the wet resin material
was filtered with a 0.45 um syringe Whatman nylon membrane filter and
stored for later use. The resin was rinsed in between with 20 bed vol-
umes of demineralised water to remove the remaining solution of the
former step.

Ultra-pure Milli-Q water was used for solution preparation and
dilution. Analytical grade ammonium chloride, potassium chloride,
calcium chloride dihydrate, magnesium chloride hexahydrate, hydro-
chloric acid, and sodium hydroxide chemicals were purchased from
Merck (former Sigma-Aldrich) (Darmstadt, Germany).

2.2. Analysis of cations

A Metrohm ECO IC ion chromatography device equipped with a C6
cation exchange column was used for the analysis of NHf, Kt, Mg?*, and
Ca?* concentration in the collected samples using a 4 mM HNOj eluent
based on manufacturer recommendations. The pH of the samples and
the prepared solutions was measured using a glass electrode (AquaPro
9104APWP, Thermo Fisher Scientific). A Metrohm 805 Dosimat device
was used for solution titration.

Physical and chemical Characteristics of the resins used in this study. Values reported were measured according to protocols in the references provided except for the

pH range which was adopted from the resins manufacturer datasheet.

Ion exchange resin material DOWEX Marathon MSC Lewatit 8227 AMBERLITE IRC747 AMBERLITE IRC748
Resin type Strong Weak Weak chelating Weak chelating
Matrix Macroporous Macroporous Macroporous Macroporous
Functional group Sulfonic acid Carboxylic acid Aminophosphonic Iminodiacetic acid
Tonic form as shipped H" H" Na* Na*

Total bed capacity [eq/L] [30] 1.78 £ 0.12 3.76 £+ 0.01 2.19 + 0.06 1.42 + 0.01

Total dry capacity [meqv/g] [30] 5.25 + 0.35 11.61 + 0.02 7.12+0.18 4.79 + 0.03

Total wet capacity [meqv/g] [30] 2.51 +£ 0.17 4.26 + 0.01 2.11 £ 0.05 1.61 + 0.01
Apparent density [kg/m®] [31] 1188 1152 1107 1101

Material (Skeletal) density [kg/m3] [31] 1297 + 18 1302 + 12 1203 +£ 3 1165 + 10

Bulk density [kg/ms] [31] 793.7 793.7 757.6 735.3

Moisture retention capacity [%] [32] 52.20 £ 0.8 63.30 £ 0.1 70.40 £ 0.20 66.40 + 0.30
Mean particle size (Na* form) [um] [31] 565 +1 780 + 15 581 + 2 578 £5

PH range 0-14 5-14 5-14 5-14
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2.3. Anaerobic groundwater characterization

Table 2 shows the concentration of the most prevalent cations and
anions in a real anaerobic groundwater sample from the Oasen water
treatment plant at Kamerik, the Netherlands. A multi-component model
solution of similar cation composition and chloride anion was prepared
for sorption equilibrium and kinetics experiments. The model solution
was tested under aerobic conditions since it was practically difficult to
ensure anaerobic conditions in the lab.

2.4. Batch equilibrium experiments

Equilibrium sorption isotherms were obtained by a static method
using a solution contains a single electrolyte at a time, using KCl, NH4Cl,
CaCly-2H50, and MgCly-6H,0 analytical grade stock solutions pur-
chased from Merck (former Sigma-Aldrich) (Darmstadt, Germany). The
sorption isotherms were obtained using DOWEX Marathon MSC, Lewatit
$8227, Amberlite IRC747, and Amberlite IRC748 cation exchange resins
initially in Na™ form. Each experiment was done in triplicate and under
aerobic conditions at room temperature (approx. 22 °C). The volume of
the solution in each experiment was 100 mL and the solution concen-
tration was 10 meqv/L. The prepared solutions were contacted with
varied resin dosing amounts in glass bottles to obtain different data
points on the isotherm curve. The resin dose (theoretical removal per-
centage) is defined as the ratio between the charge equivalents in the
resin and the solution (initially) in the batch [33] (Eqn. (2.1)). The resin
dose was varied for all resins tested to a factor of 200% in the case of
monovalent ions sorption experiment and a factor of 1000% for the
divalent ions sorption experiments to achieve a plateau in the removal
curve. The actual air-dry resin amount used in each experiment can be
back calculated using the resin total wet capacity mentioned in Table 1
according to equation (2.1). Using a magnetic stirrer, the solutions were
stirred for 24 h at 180 rpms. After that, samples were collected and
filtered using 0.45 pm syringe Whatman nylon membrane filters.
Finally, the concentration of each of the ions sorbed by the resin was
determined by the difference between its concentrations in the initial
solution and at equilibrium, and taking into account the mass of the
resin. Moreover, the final solution pH was recorded.

Maq X Gm

Resin dose (%) = VxCo x
0 X Z

x 100 (2.1)

where my is the resin dry mass (g), V is the solution volume (L),q,, is the
resin dry capacity (meqv/g), Co is the initial solution concentration
(mmol/L) and g; is the ionic valence.

The sorption data were fitted using the mass action law which is
suitable for homogenous surfaces and by Langmuir-Freundlich (also
known as Sips model) model which is more suitable for heterogeneous
surfaces [34]. Several models have been used by other researchers to
describe the sorption equilibria in WAC chelating and non-chelating
resins [35,36]. The mass action law and Sips models have been used
in this study for simplicity. For all the equilibrium isotherm experiments
sodium ion was the counter ion initially in the solid phase. More details
about the isotherm models definition and derivation are provided in the
supplementary data. The molar selectivity coefficient (Kj ) resulting
from the mass action law fitting for different ions and resins investigated

Table 2
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is shown in the box plot Fig. 4. The Sips isotherm model parameters (Kj,
n) are reported in the supplementary data Tables (S1 and S2).

Using the mass action law, the ions equivalent fraction (n;) in the
solid phase as a function of its concentration in the solution phase (c;)
was defined as follows:

in the case of divalent/ monovalent ion exchange z4 =2&zp =1

3.1)

1

n,=1-— -
A =
K, pcy

1+

1—¢c,

in the case of monovalent/monovalent ion exchange 74 =zp =1

(3.2)

For Langmuir-Freundlich (Sip isotherm), the ion equivalent fraction
(Y) in the solid phase for both monovalent/monovalent and divalent/
monovalent ion exchange was calculated as follows:

y— X .1
TRax(i-r) T 1+ Ke,

(3.3)

Where ¢; = 2i¢i/cioe and n; = zn; /Ny, 24& 25 are ionic valences, K B
is dimensionless selectivity coefficient, c, is total solution concentra-
tion, n,, maximum exchange capacity, Y = ¢./qo and X = c./co, ¢ and g,
are ion concentrations in the solution and resin at equilibrium, respec-
tively. X is the equivalent ion fraction in the solution, ¢, and g, are the
initial solution concentration and the related equilibrium loading,
respectively. K and exponent n are Sips isotherm constants.

2.5. Kinetics experiments

Kinetics experiments were done for both Ca?" and Mg?* using
DOWEX Marathon MSC, Lewatit S 8227, Amberlite IRC747, and
Amberlite IRC748 resins initially in Na' form. The experiments were
done in triplicate at room temperature (approx. 22 °C). A 10 meqv/L
solution of Ca®" and Mg2+ was prepared, and a resin dose of 50 %
theoretical removal was chosen. Similar to equilibrium experiments,
100 mL of the prepared solution was used in each experiment. Samples
of 2 mL were taken during the experiment at different time intervals.
The samples were filtered on 0.45 pm syringe filters, and the calcium
and magnesium concentrations were determined afterwards. Finally,
the fractional uptake of ions was calculated based on equation 1.12 as
shown in the supplementary data. The fractional uptake vs time curves
were correlated with a kinetic model explained in the supplementary
data.

Anaerobic groundwater ionic composition from the Oasen water treatment plant at Kamerik, the Netherlands. A similar cations composition solution was prepared to
test multicomponent solution equilibrium and kinetics under aerobic conditions. (pH 22 7.20).

Cations Concentration (mM) Anions Concentration (mM) Heavy metals Concentration (mM)
Ca** 2.91 £ 0.20 HCO3 6.45 £ 0.50 Fe?" 0.14 £ 0.05

Na™ 2.20 £ 0.30 Cl™ 2.70 £ 0.50 Mn?* 0.01 + 0.006

Mgt 0.70 + 0.18 S0~ 0.43 + 0.06

NHj 0.18 = 0.03 F 0.007 + 0.001

Kt 0.14 + 0.001
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3. Results and discussion
3.1. Single component sorption equilibria

3.1.1. Effect of resin dose on ions removal

The effect of resin dose on the removal of NHZ, K™, Mg2+, and Ca®*
ions using Amberlite IRC747, Amberlite IRC748, Lewatit $8227, and
DOWEX Marathon MSC resins initially in Na* form was investigated.
Fig. 2 (a-d), shows a clear difference in the removal of monovalent (NHZ
and K") and divalent (Mg and Ca®") ions. Almost 100% removal of
Ca?* and Mg?* was achieved at approximately 100% resin dose (i.e., the
stoichiometric value), except for Mg2+ in the case of DOWEX Marathon
MSC (app. 200% resin dose). Complete removal of NHf and K™ was not
achieved even at a resin dose 10 times higher than the stoichiometric
value for all resins studied. This behaviour is attributed to the differ-
ences in the resins’ selectivity towards monovalent and divalent ions.
The resin selectivity is known to depend on ionic valence, ion hydration
radius, and functional groups of the resin [37]. Ions with higher ionic
valence have a lower ionic hydration radius and hence exhibit stronger
electrostatic interaction towards ion exchange resin functional groups.

This can be clearly seen in Fig. 2 a — d where calcium and magnesium
(divalent ions) had a significantly higher removal percentage at 100%
resin dose than ammonium and potassium (monovalent ions) for all
resins investigated. For ammonium, WAC resins had an average of ~
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46% removal which is lower than SAC resin DOWEX Marathon MSC
with 55% removal. A similar trend was found for potassium, WAC resins
had an average removal percentage of ~ 44%, compared to DOWEX
Marathon MSC at 58%. When further increasing the resin dose (up to
1000%), a removal plateau is reached where WAC resins still have less
NHj and K' removal than SAC resin. WAC resins showed a higher
magnesium removal at 100% resin dose (roughly 92%) than SAC resin
DOWEX MSC (87%). SAC and WAC resins had a similar calcium removal
of more than 90% at a 100% resin dose.

3.1.2. Sorption isotherms

The IEX regenerant in the investigated remineralization scheme must
be rich with hardness ions (calcium and magnesium) while having as
low as possible ammonium and potassium content. In the previous
section, resin dose versus ions removal curve was shown for each resin.
Yet, sorption isotherms can be used for the quantitative analysis of the
resins selectivity towards different components in the recovered ion-
exchange regenerant solution. Single component sorption isotherms
were constructed to evaluate the selectivity of the chosen cation ex-
change resins (Na*-form) towards, NHZ, K*, Mg?*, and Ca* ions. Fig. 3
(a-d) shows the resulting sorption isotherms of NHZ, K™, Mg?", and Ca?*
ions using Amberlite IRC747, Amberlite IRC748 and Lewatit S8227
weakly acidic (WAC) resins and DOWEX Marathon MSC strongly acidic
(SAC) resin initially in Na™ form.
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Fig. 2. Removal percentage at different resin doses for (a) NHZ, (b) K", (c) Mg?*, and (d) Ca®>* on Amberlite IRC747, Amberlite IRC748, Lewatit S 8227, and DOWEX
Marathon MSC resins respectively. Dashed lines are shown to guide the reader’s eye.
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Fig. 3. Sorption isotherms for (a) NH3, (b) K, (c) Mg2+, and (d) Ca®* on Amberlite IRC747, Amberlite IRC748, Lewatit S 8227, and DOWEX Marathon MSC resins
respectively. The continuous lines represent the mass action law fitting of the sorption data.

The resin maximum exchange capacity (n,) obtained by fitting cal-
cium and magnesium sorption data using the mass action law and Sips
isotherm was used in the calculation of the ions equivalent fraction in
the resin (n;, Y) in the dimensionless model instead of the total exchange
capacity. ny, is slightly lower than the total exchange capacity and is
dependent on the experimental conditions. Not all ion exchange sites are
accessible for the ion exchange process due to blockage of larger ions by
molecular sieve mechanism or being located in an inaccessible area in
the polymer matrix. Moreover, ion exchange is an equilibrium reaction,
therefore, a complete exhaustion of the resin’s total capacity is only
possible when the resin is contacted with a large excess of counter-ions.
This was not the case in the investigated sorption experiments.

The mass action law model (Fig. 3 a — d) and Sips model (supple-
mentary data Fig. S1, Tables S1 and S2) fit the sorption isotherm
experimental data well. Data points corresponding to low resin dose
(high equivalent ion fraction in solution) had the highest variability and
therefore the experimental data show somewhat lower values than ex-
pected. The Sips model shows a slightly better fitting for both calcium
and magnesium, especially at low ionic fraction compared to the mass
action law fitting. On the other hand, monovalent ions were better fitted
with the mass action law. It is noteworthy that the mass action law has
only a single adjustable parameter for each binary system whereas the
Sips isotherm has two. Therefore, the comparison of resins in terms of
selectivity is here based on the mass action law model.

In Fig. 4, the values of the estimated molar selectivity coefficients
clearly show the selectivity for calcium and magnesium over ammonium
and potassium for all resins investigated. This result was expected
because the resins prefer ions with higher valence (charge). However,
when comparing ions with similar charge, the resins studied vary in
their selectivity, especially in the case of monovalent ions. Amberlite
IRC748 shows unfavourable sorption for ammonium, whereas other
resins were slightly favourable. For potassium, only Marathon MSC
shows favourable selectivity compared to the WAC resins. In contrast,
Marathon MSC showed less favourable selectivity for magnesium than
other resins. All resins showed significant selectivity for calcium even at
a low solution ionic fraction.

The selectivity series for each ion according to the calculated molar
selectivity coefficient using the mass action law model (Fig. 4) was as
follows:

e NH} DOWEX Marathon MSC ~ Lewatit S 8227 ~ Amberlite IRC747
> Amberlite IRC748

o K" DOWEX Marathon MSC > Lewatit S 8227 ~ Amberlite IRC748 ~
Amberlite IRC747

o MgZ" Amberlite IRC748 ~ Amberlite IRC747 ~ Lewatit S 8227 >
DOWEX Marathon MSC

o Ca?" Amberlite IRC748 ~ Amberlite IRC747 ~ DOWEX Marathon
MSC ~ Lewatit S 8227
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Fig. 4. Box plot shows the average calculated mass action law fitting parameter molar selectivity coefficient Kf,,/n. Where the interquartile is + 1 the standard error
and the minimum and maximum values is + 3 the standard error. Amberlite IRC748 chelating WAC resin has the highest selectivity for both b) divalent ions, while
WAC resins have low selectivity for a) monovalent ions in where Amberlite IRC748 had the lowest selectivity for ammonium.

From a selectivity perspective, it can be concluded that Amberlite
IRC748 WAC chelating resin is the most suitable resin to be used in the
remineralization process presented previously since it has the lowest
selectivity for ammonium and the highest for calcium and magnesium,
which are the remineralization process requirements.

3.1.3. Discussion

The type of resin functional group, its degree of protonation and
charge density carried play a significant role in resin selectivity towards
the ions investigated. Fig. 5 shows the chemical structure of the func-
tional groups attached to the studied resins polymeric matrix. Amberlite
IRC747 and IRC748 are weakly acidic chelating resins with amino-
phosphonic and iminodiacetic acids functional groups, respectively
[28,38]. Lewatit S8227 is an ordinary (non-chelating) weakly acidic
resin with a carboxylic acid functional group on basis of crosslinked
polyacrylate acid [39]. DOWEX Marathon MSC is a strongly acidic resin
with a sulfonic acid group. In principle, ion exchange functional groups
exhibit electrostatic coulombic interaction towards ions [37]. However,
some resins, WAC resins, in particular, can have other interactions with
ions next to the electrostatic interaction that can affect negatively or
positively the selectivity towards different ions. In the case of Lewatit
§8227, a carboxylic acid group in presence of hydrogen participate in a
Brgnsted Lowry acid-base reaction [40]. Moreover, for chelating resins,
Amberlite IRC 747 and 748 with aminophosphonic and iminodiacetic
acids functional groups can provide an ion pair to form ligand coordi-
nation bonding in a Lewis acid-base interaction [41]. This explains the
high selectivity of WAC resins towards divalent ions which can form
such bonding and have stronger interaction with the resin functional
group.

The high selectivity of WAC resins for calcium and magnesium
compared to SAC resin can be further explained using the charge sepa-
ration distance theory [42]. SAC resins of a sulfonic group (DOWEX

OH*

0]
gm/ %OW P\— NH/\L—O‘H“'

o |

Amberlite IRC748
Iminodiacetic acid

Amberlite IRC747

Aminophosphonic acid

Marathon MSC) have less charge density (wet capacity) of functional
groups per unit volume (2.51 + 0.17 meqv/g) than WAC Lewatit S8227
(4.26 + 0.01 meqv/g) as can be seen in Table 1, i.e. more distance be-
tween neighbouring ion-exchange sites than the carboxylic acid func-
tional group in the WAC Lewatit S8227 resin [43]. As the charge density
increases, a shorter distance between the ion exchange groups develops,
which means, that a divalent ion with two charges forms a more stable
bonding, with less work and hence higher selectivity. Furthermore, the
specific interaction between the sulphonic group of the strongly acidic
cation exchange resin DOWEX MARATHON MSC and calcium would be
limited by the low solubility of CaSO3 (0.054 g/L at 25 °C [44]). This
means that the sulphonic group will act as a sink for calcium ions and
hence the resin selectivity towards calcium would be limited.

The variation in NHJ selectivity/removal between the resins studied
is strongly related to the ability of weakly acid-fixed groups to partici-
pate in protonation/deprotonation reactions. The generated hydroxyl
ions in this reaction are eliminated from the resin due to Donnan
exclusion. Therefore, the pH inside the cation exchange resin decreases
while the pH in the equilibrium solution increases and hence shifting the
equilibrium from NHZ to NH3(aq) (Fig. 6 a and b) [45]. The ability of the
resin charged fixed groups to participate in the protonation-
deprotonation reaction is determined by the pKa value, i.e., the con-
centration of the ionised H' ions at equilibrium in the solution. How-
ever, the amount of hydroxyl ions excluded is more dependent on the
concentration of fixed charges in the resin i.e., the resin capacity.
Despite that the wet capacity of the tested weakly acidic resins is varied
(Lewatit S8227 = 4.26 + 0.01 meqv/g, Amberlite IRC747 = 2.11 + 0.05
meqv/g, and Amberlite IRC748 = 1.61 + 0.01 meqv/g), the recorded
pH at equilibrium in the bulk for NHj sorption seems to be similar for
the three WAC resins investigated (Fig. 6a). Table 3 shows the pKa
values of the functional groups of Amberlite IRC747 [46], Amberlite
IRC748 [47 48] and Lewatit S8227 [49] resins. Chelating resins have

(e} 0 0
I \/
R/ \O’H* R/ \O'H“'
Lewatit S8227 DOWEX Marathon MSC

carboxylic acid Sulfonic acid

Fig. 5. Functional group chemical structure for chelating weakly acidic resins (Amberlite IRC748 & IRC747), non-chelating weakly acidic (Lewatit $8227) and

strongly acidic (DOWEX Marathon MSC) resins studied.
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Fig. 6. A) The increase in bulk solution pH due to the increase in the amount of the resin used, i.e., the amount of fixed resin charges due to the exclusion of hydroxyl
ions during WAC resins protonation-deprotonation reactions. Initial solution pH = 5.6. b) Ammonium/Ammonia equilibrium in water at 25 °C calculated according
to equations proposed by Emerson et al. (1975) [52]. Continuous lines are shown to guide the reader’s eye.

Table 3
Weakly acidic resins functional groups pKa values [46-49].

Resin Functional group pKa

Amberlite IRC747 Aminophosphonic acid pKa; =0.5-1.5

pKaz =5-6

pKaz =9.5-10.5
Amberlite IRC748 Iminodiacetic acid pKa; =1.73

pKa; = 2.73

pKaz = 9.89
Lewatit S 8227 Carboxylic acid 4.5

multiple pKa values compared to ordinary WAC ones due to the pro-
tonation potential of the N atom in the amine group [41,50].

Furthermore, WAC resins preferential sorption towards protons than
NHJ can be a reason behind the WAC resin low selectivity for NHJ. This
phenomenon was also seen in anion exchange resins where NH3 forms
inside the resin functional group as its internal solution pH is shifted to
the alkaline region compared to the external solution pH [51]. The in-
crease in the internal pH shifts the equilibrium from NHj towards un-
charged NHj(aq) (Fig. 6b), resulting in less NH4 removal and hence less
selectivity (Fig. 2a & 3a). The percentage of un-ionized ammonia based
on pH and temperature was calculated according to equations proposed
in literature [52,53]. Later the remaining NHJ concentration was
determined by subtracting the estimated NH3(,q) concentration from the
total ammonium content measured by ion chromatography.

Amberlite IRC748 shows a much lower selectivity to ammonium
compared to the other WAC resin as can be seen in Fig. 4a. This can be
explained by looking at the resin charge density. Amberlite IRC748 has
the lowest charge density (1.61 & 0.01 meqv/g) compared to the other
WAC resins Amberlite IRC747 and Lewatit S8227 (4.26 4+ 0.01 and 2.11
+ 0.05, respectively). The lower the charge density the lower the resin
selectivity towards the ion in the solution phase.

The sorption isotherms of the potassium using WAC resin are similar
to the sorption isotherms of ammonium. This can also be attributed to
the fact that WAC resins are more likely to participate in protonation-
deprotonation reactions, the exclusion of hydroxyl ions by Donnan
exclusion and the resin preferential sorption of protons. This implies less
selectivity resin selectivity for both potassium and ammonium as
explained earlier.

Amberlite IRC748 was used further in the remineralization process
since it showed the lowest selectivity towards ammonium and the
highest for calcium and magnesium, which complies with the selection

criteria defined earlier for an efficient remineralization process. Low
ammonium uptake is critical to the remineralization process to maintain
a low ammonium content in the drinking water stream and ergo cause
less bacterial growth potential [54].

3.2. Multi-component sorption equilibrium

The sorption equilibrium of a multi-component system using
Amberlite IRC748 (Na®™ form) with a similar composition to the
groundwater of Kamerik, the Netherlands (Table 2) was investigated. A
synthetic solution of 2.35, 0.14, 0.16, 0.61, 2.83 mM of Na™, NHZ, K,
Mg?", and Ca®" respectively was prepared and tested in aerobic con-
ditions. The multicomponent solution was then contacted with different
resin doses and the removal graph was made (Fig. 7). Although sodium
background seems to be high in the model solutions. Its effect is not
shown in Fig. 7, since the Amberlite IRC748 is initially in the Na™ form
and hence no removal is expected. Sodium concentration can only affect

100 ]
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Fig. 7. The removal vs resin dose percentage of multicomponent system
composed of NHJ, K*, Mg?*, and Ca®" ions with similar concentrations as a
real anaerobic groundwater sample provided by Oasen drink water company
(Kamerik, the Netherlands) using Amberlite IRC748 in the Na® form. The
experiment was done under aerobic conditions.
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the total solution ionic strength, yet the model solution is dilute and
hence the sorption of other ions forming the model solution is less
affected by the sodium ion.

Fig. 7 shows that Amberlite IRC748 removed calcium the most fol-
lowed by magnesium, ammonium and potassium. At 100 % resin dose,
calcium removal was ~ 97%, magnesium 92%, and ~ 6% removal was
observed for both ammonium and potassium. In the absence of divalent
ions, Amberlite IRC748 shows a similar removal percentage of ammo-
nium and potassium (55% at 300% resin dose) to the single component
case shown earlier (Fig. 2 (a & b)). In a single-component system,
Amberlite IRC748 showed the lowest selectivity for ammonium
compared to other resins tested, however, in the multicomponent system
(mixture) the resin selectivity appears to be entirely dominated by the
presence of the divalent ions as can be seen in Fig. 7. Divalent ions were
selectively removed in favour of the monovalent ions present.

3.3. Mass transfer kinetics

The mass transfer kinetics of calcium and magnesium ions using
Amberlite IRC747, Amberlite IRC748, Lewatit S8227 and DOWEX
Marathon MSC resins were studied. A resin dose of 50% theoretical
removal was used to avoid ending up at very low concentrations at
equilibrium and hence to improve the kinetic curve fitting accuracy. The
resin was contacted with 0.01 M initial calcium and magnesium salt
concentrations in batch experiments. The experiments continued until
no further changes in solution concentration were noticed. Later, the
fractional uptake vs time curves were constructed, and the exchange
kinetics were investigated to assess the limiting transport step in the ion
exchange process. Two main mass transfer limitations were defined: film
diffusion and intraparticle diffusion.

3.3.1. Effect of magnetic stirrer mixing speed

Amberlite IRC747 was used for the investigation of solution mixing
speed induced by a magnetic stirrer rotating at 180, 400, 600, and 800
rpms (Fig. 8). The Amberlite IRC748, Lewatit S8227 and DOWEX
Marathon MSC resins were only tested in laminar (180 rpms) and
transitional (800 rpms) regimes (Supplementary data — Fig. (S2)).
Magnetic stirring speeds were chosen to test both laminar and transi-
tional mixing regimes. The Reynolds number for each rotation speed was
calculated according to Halasz et al. (2007) [55] and shown in Table 4.
More details about the Reynolds calculation and flask/stirrer bar size
can be found in the supplementary data. A flow with a Reynolds number
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)
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k3]
©
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# ® 400rpm
A 600 rpm
001 = ¢ 800 rpm
0 5 10 15 20 25
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Fig. 8. Effect of stirrer rotation speed (rpms) on calcium fractional uptake in
time (min'/?) using Amberlite IRC747. Experiment done at room temperature
(22 °C), Cp = 10 meqv/L, my, = 0.34 g and Vo = 100 mL.
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Table 4

Calculated Reynolds number as a function of magnetic stirring
speed in rpms for single component batch kinetics experiments
using 0.01 eqv/L calcium on Amberlite IRC747 resin.

Stirring speed (rpm) Reynolds number

180 938

400 2077
600 3115
800 4154

less than ~ 10 to ~ 50 is considered laminar and a flow with more than
10,000 is turbulent, in between is a transitional flow regime [56,57].
The mixing speed is supposed to affect the thickness of the film boundary
layer developed around the resin bead. However, Fig. 8 shows that
calcium fractional uptake was independent of the mixing speed induced
by the magnetic stirrer rotation. Based on this, the mass transfer in
Amberlite IRC747 is unlikely film diffusion-controlled but rather intra-
particle diffusion controlled. Similar findings were obtained for the
other resins investigated (Supplementary data — Fig. (S2)).

3.3.2. Mass transfer diffusion limitation

The mass transfer kinetics for both calcium and magnesium for the
different studied resins were investigated. Fig. 9 a & b shows the
experimental data as fractional uptake. The kinetic data were correlated
using an intraparticle diffusion model based on the Nernst-Planck
equation (equations (3.4) to (3.7)). Similar relationships have been
used by Yoshida et al. (1985) [58] and Valverde et al. (2005) [59].

The resin particles were assumed to be spherical. The mean particle
size was used in the model and the size distribution was not considered.
Diffusion was assumed to occur in a (pseudo) homogeneous medium
even though some of the materials were macroporous. The principle of
electroneutrality applies and hence the summation of electric current
equals zero everywhere.

> 5li=0 (3.4)
J

where z; is ionic valence and J; is the diffusion flux (mol/mz/s) of species
j.

In absence of an external electric field, the flux is calculated using the
Nernst-Planck equation as:

dq; F o¢p
= —D;| L+ 79— — .
g ! <0r JrZ’q‘/RT 0r> (3.5

where D is diffusion coefficient (m?/s) of the jth ion, gj is the local
concentration of the ion in the resin particle (mol/kg), r is radial coor-
dinate (m), z; is the ion valence, F is Faraday’s constant = 96485.33 (C/
mol), R is gas constant = 8.314 (J.K’l.mol’l), and T is the temperature
(K).

The fluxes of different species are not independent but linked to each
other through the gradient in local electric potential (‘3—?) in the particle
and the electroneutrality/zero current requirement, which is given by
Eqn. (3.6).

07(/1 - RTE,'Z/DJ%J

- _ —J/ ) or 3.6
or FY,2%D;q; (3.6)

When the fluxes are solved from Egs. (3.4) to (3.6), the change in
local concentration is calculated from the differential material balance
for diffusion in a sphere.
dgj 1 0 .,

More details about the intraparticle diffusion model can be found in
the supplementary data.

All fractional uptake curves except that for DOWEX MARATHON
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Fig. 9. Ion exchange single component kinetics using 0.01 M a) calcium and b) magnesium concentration in the batch experiment. The resin fraction uptake was
fitted (connected line) using intraparticle mass transfer diffusion model based on Nernst-Planck equation.

MSC could be fitted quite well with the intraparticle diffusion model.
Fig. 9 a & b show a similar fractional uptake behaviour of the resins
tested for both calcium and magnesium. The experimental data in Fig. 9
a & b clearly show that Amberlite IRC748 had the fastest kinetics fol-
lowed by DOWEX MARATHON MSC, Amberlite IRC747 and Lewatit
$8227, respectively for both calcium and magnesium. This observation
matches the calculated intraparticle mass transfer coefficient shown in
Table 5, where Amberlite IRC748 had the fastest diffusion coefficient for
both calcium (8.65 + 0.58 x 10712 mz/s) and magnesium (7.95 + 0.38x
1072 m?%/s). The calcium and magnesium intraparticle diffusion coef-
ficient reported is a little bit smaller than what is reported by other re-
searchers [59]. This is mainly due to the assumption that has been made
in the model. The mass transfer area is overestimated by 1/resin porosity
since diffusion is assumed to occur in a homogeneous material.
Furthermore, the ions distance travelled is underestimated given pores
tortuosity was neglected. In addition, the resin surface area is under-
estimated since average particle diameter is used where resin has a size
distribution. All these factors affect the estimated ion diffusion
coefficients.

The variation in uptake rate can be attributed to several factors
discussed by Helfferich (1962) [37], including resin particle size and the
nature of the functional group and the selectivity of ion exchanger. The
observed uptake rate is inversely proportional to particle size squared.
By reducing the resin bead size, the time required to attain equilibrium is
significantly reduced and hence faster mass transfer kinetics are ach-
ieved. Furthermore, the intraparticle diffusion is slower for resins with
functional groups that associate with counter ions as, for instance,
chelating resins (Amberlite IRC747 & 748) forming Lewis-base inter-
action with counterions. In addition, the preferred ion would be taken
up at a faster rate and released at a slower rate which would result in
slower mass transfer kinetics.

Fig. 9 shows that Lewatit S8227 has the slowest fractional uptake in
the case of calcium as well as magnesium, while Amberlite IRC748 and
DOWEXMSC are the fastest. This observation can be purely attributed to

Table 5

Intraparticle mass transfer coefficient (Ks) and 95% confidence intervals for
calcium and magnesium kinetics using the studied resins. Calcium or magnesium
initial concentration = 0.01 M, stirring speed = 180 rpm.

Resin Calcium (10’12 mz/s) Magnesium (10’12 mz/s)
Amberlite IRC747 3.40 + 0.32 2.25+0.17
Amberlite IRC748 8.65 + 0.58 7.95 + 0.38
Lewatit $8227 3.40 + 0.53 3.08 + 0.39
DOWEX MARATHON MSC 5.45+1.3 3.78 £ 0.80

10

the variation in particle size shown in Table 1. The mean particle
diameter of Lewatit $8227 (780 £ 15 um) is higher than that of
Amberlite IRC748 and DOWEX MARATHON MSC (578 + 5 and 565 + 1
um) respectively. The diffusion time is proportionally dependent on the
particle diameter squared, and hence a shorter ion diffusion time is
achieved with a lower particle diameter. The resins particle size distri-
bution is provided in the supplementary data (Fig. S3). The effect of the
resin functional group or the resin selectivity on the calcium or mag-
nesium mass transfer rate can be seen for DOWEX MARATHON MSC and
Amberlite IRC 747. The chelating resin Amberlite IRC 747 has a slower
uptake than the non-chelating DOWEX MARATHON MSC. The higher
diffusion coefficient of Amberlite IRC748 may stem from its macropore
size distribution or swelling of the polymer network, but these could not
be quantified here.

3.3.3. Multi-component kinetics
A mixture of similar composition to the groundwater characteristics
shown in Table 2 was prepared and the mass transfer kinetics using
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Fig. 10. The fractional uptake of Mg>*, and Ca®* ions as part of a multicom-
ponent system with a similar composition to groundwater in Kamerik, the
Netherlands using Amberlite IRC748 in the Na* form. High error bar at initial
Mg*" fractional uptake might be due to an outlier measurement. Dashed lines
are shown to guide the reader’s eye.
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Amberlite IRC748 resin (Na* form) was determined. Fig. 10 shows the
resin fractional uptake of calcium and magnesium as a function of time.
As has been shown earlier in Fig. 7, at a resin dose of less than 100 %,
divalent ions dominate the Amberlite IRC748 resin selectivity and hence
the resin selectivity for monovalent ions such as ammonium and po-
tassium is negligible. The resin dose used in the mixture kinetic exper-
iment was 50% and, therefore, the ammonium and potassium were
hardly removed. Their fractional uptake (5.0% at maximum) is therefore
not shown in Fig. 10. In a mixture, calcium and magnesium show quite
similar mass transfer kinetics (Fig. 10), which was also the case when
their mass transfer kinetics were tested individually (Fig. 9 a&b). This
similarity in fractional uptake can be attributed to their nearly identical
diffusion coefficients and hydrated radii. The magnesium ionic hydrated
radius (4.28 A [60]) is slightly higher than calcium (4.12 A) and their
intraparticle diffusivities are shown in Table 5.

4. Conclusions

An ion exchange resin — bipolar membrane electrodialysis hybrid
process was designed for sustainable reverse osmosis permeate remi-
neralization. The remineralization process is necessary to increase the
RO permeate buffering capacity and mineral content, in particular,
hardness to comply with legal and guidelines requirements. Equilibria
and kinetics of selected cation exchange resins were investigated to
select the most promising resin based on defined remineralization
criteria. The selected resin must have a high selectivity for calcium and
magnesium and a low selectivity for ammonium and potassium.
Furthermore, high mass transfer kinetics are desirable to achieve
regeneration in a reasonable time.

Cation exchange resins with different functional groups including
chelating WAC resins (Amberlite IRC747 and IRC748), a non-chelating
WAC resin (Lewatit S8227) and a SAC resin (DOWEX MARATHON
MSC) were selected. In single-component equilibrium experiments, the
selected resins varied significantly in their selectivity towards mono-
valent (NHf, K") and divalent (Mg?" and Ca?") ions. Generally
speaking, all ion exchange resins investigated showed higher selectivity
for ions with higher ionic valence, whereas WAC resins exhibited less
selectivity and removal towards monovalent ions compared to SAC resin
DOWEX MARATHON MSC. Amberlite IRC748 showed an exceptionally
low removal (max 60%) and selectivity (Kipa/na = 0.77 + 0.19) for
ammonium compared to other WAC resins tested given low charge
density. However, in a multi-component system, the selectivity of the
Amberlite IRC748 resin was completely dominated by the presence of
the divalent ions calcium and magnesium, which is well known effect
considering the Donnan equilibrium theory where ions with higher
valence are sorbed preferentially. Therefore, all WAC resins tested are
expected to behave similarly in a multi-component system where the
selectivity for divalent ions prevails.

The mass transfer limitations in the cation exchange resins were
investigated in both single and multi-component kinetics batch experi-
ments. Cation exchange resins showed a similar fractional uptake under
laminar and transitional flow regimes, therefore, the ions mass transfer
limitation is unlikely film diffusion-controlled, but rather intraparticle
diffusion-controlled, since any boundary layer around a film would
reduce in size with higher flow rates/stirring speeds. A mass transfer
intraparticle kinetics model based on the Nernst-Planck equation was
used to fit the fractional uptake curves of the ion exchange resins.
Amberlite IRC748 had the fastest diffusion coefficient for both calcium
(8.65 £ 0.58 x 10712 rnz/s) and magnesium (7.95 + 0.38 x 10712 mz/s)
compared to other reins investigated. Calcium and magnesium intra-
particle mass transfer diffusion kinetics were quite similar in both single
and multi-component systems.

Out of the resins investigated, Amberlite IRC748 is recommended to
be used in the investigated remineralization process, although it showed
similar selectivity towards divalent and monovalent ions to other WAC
resins investigated in a multi-component system. Yet, based on single
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component sorption, Amberlite IRC748 had high selectivity for both
calcium and magnesium and low selectivity for ammonium and potas-
sium, which matches the remineralization process criteria defined
earlier. Furthermore, Amberlite IRC748 did show superior mass transfer
diffusion kinetics compared to the other resins investigated. Using
Amberlite IRC748 in the remineralization process will allow RO to
operate at high recoveries due to less scaling potential due to the diva-
lent ions absence. Furthermore, the recovered regenerant stream will be
rich with hardness ions required for RO permeate remineralization.
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