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A B S T R A C T

Glyphosate (GLY) and its main metabolite, aminomethylphosphonic acid (AMPA), are highly polar, anionic 
micropollutants frequently detected in surface and groundwater, posing threats to the environment and human 
health. This study investigates the removal of GLY and AMPA by a commercially available magnetic ion ex
change resin (MIEX) and explains how adsorption kinetics and solution chemistry govern the process under 
environmentally relevant conditions. MIEX is compared with polymer-based spherical activated carbon (PBSAC), 
a high-capacity adsorbent with a fundamentally different removal mechanism. Batch experiments under varying 
MIEX doses, initial contaminant concentrations, pH, and ionic strengths provided insights into the removal of 
GLY and AMPA. A MIEX dose of 10 mL/L achieved removal of 91 ± 3% for GLY and 79 ± 5% for AMPA from an 
initial concentration of 1 μg/L. Although PBSAC exhibited higher equilibrium adsorption capacities, MIEX 
provided rapid uptake through readily accessible ion-exchange sites. Adsorption saturation was not approached 
within the investigated concentration range, and the adsorption isotherm showed near-linear behavior, indi
cating that adsorption capacity was not the limiting factor. Adsorption performance depended strongly on pH 
and ionic strength, with the highest removal at pH 4–10. Increasing ionic strength markedly reduced adsorption 
kinetics, particularly for GLY, supporting an electrostatically-controlled and reversible ion-exchange mechanism. 
The results demonstrate that, under environmentally relevant conditions, the performance of MIEX toward GLY 
and AMPA is governed more strongly by adsorption kinetics, solution chemistry, and the accessibility of ion- 
exchange sites than by equilibrium adsorption capacity and highlight the importance of kinetic considerations 
for short-contact water treatment.

1. Introduction

1.1. Water contamination by glyphosate

Glyphosate (GLY) was first synthesized in 1950. In 1974, U.S. 
Environmental Protection Agency (EPA) permitted the use of GLY in the 
USA under the trade name Roundup, developed by Monsanto (USA), 
while European regulatory approval was granted in 2002 [1]. Since its 
introduction, GLY has been extensively used worldwide, raising major 
concerns about the potential environmental, animal, and human health 
implications. Numerous studies (in vitro, in animals, and even in 
humans) have reported divergent and sometimes contradictory findings 
regarding its toxicity [1,2]. A notable breakthrough in the ongoing 
debate was the retraction, in late 2025, of a widely cited study evalu
ating the human health risks of GLY exposure, which had previously 

concluded no significant carcinogenic, reproductive, or endocrine risks 
associated with GLY or Roundup [3]. The article was withdrawn by the 
journal due to concerns regarding academic integrity and the credibility 
of the reported findings [4]. Contamination of water by GLY and its main 
metabolite, aminomethylphosphonic acid (AMPA) is predominantly 
linked to agricultural runoff [5]. However, municipal wastewater dis
charges and household phosphonate use have also been identified as 
significant sources of GLY and AMPA in aquatic environment [6]. GLY 
and AMPA are detected worldwide at a broad concentration range (0.2 
to 370 μg/L) in groundwater and surface water [7,8]. In Europe, re
ported concentrations reach up to 57 μg/L, while typical concentrations 
detected in Germany are 1.35 μg/L of AMPA and 0.55 μg/L for GLY [6].

The EU Drinking Water Directive sets a parametric value of 0.1 μg/L 
for individual pesticides, including GLY and AMPA, and 0.5 μg/L for the 
total concentration of all pesticides and relevant metabolites in drinking 
water [9]. Ongoing concerns over the environmental persistence and 
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potential health risks associated with GLY remain. In the absence of a 
qualified majority agreement among EU Member States, the European 
Commission renewed the approval of GLY as an active substance in plant 
protection products within the European Union under stricter condi
tions, until 2033 [10,11]. This makes the issue of removing herbicides 
from water even more important, although preventing the entry of such 
contaminants into waterways would be a more cost-effective strategy.

Despite increasing efforts to remove GLY and AMPA from water, 
important questions remain regarding the applicability of different 
treatment technologies. The following sections provide the necessary 
context by reviewing GLY and AMPA properties, available removal 
technologies, the principles of ion exchange, and the applications and 
interactions of magnetic ion exchange resins with GLY and AMPA.

1.2. GLY and AMPA properties

The GLY molecule is small, with a hydrodynamic diameter of 0.62 
nm [12] and a molecular weight of 169 g/mol [13–16], while AMPA is 
even smaller. GLY contains strongly polar functional groups (amine, 
carboxyl, and phosphonate moieties), which enable hydrogen bonding 
and ionic interactions. Thus, GLY is highly polar and strongly hydro
philic, which has implications for challenging removal from water and 
demanding analytical detection.

Both GLY and AMPA have ionizable functional groups, which un
dergo stepwise deprotonation depending on pH. Under environmentally 
relevant pH of 6–8, the carboxyl and phosphonate groups of GLY are 
largely deprotonated, while the amine group remains protonated, 
resulting in a net negative charge [17] (Fig. 7). The pH-dependent 
speciation of GLY and AMPA is illustrated in Fig. 6, and the chemical 
properties are listed in Table 1.

1.3. Methods for GLY and AMPA removal

In soils, GLY degradation is driven by microorganisms through C–N 
bond cleavage, forming AMPA and glyoxylate, or through C–P bond 
cleavage to sarcosine and inorganic phosphate (a pathway considered to 
be of limited environmental relevance) [21]. AMPA requires the C–P 
lyase enzyme for further degradation [21] and is generally more 
persistent in the environment than GLY [6]. Since other GLY metabolites 
degrade faster than AMPA, the AMPA pathway appears to be predomi
nant [21]. Abiotic degradation of GLY can occur via hydrolysis, 
photolysis (ultraviolet radiation), and chemolysis (peroxide and mineral 
oxidation) [22,23]; however, these processes are generally slower than 
biodegradation [22]. Under abiotic conditions, GLY degradation may 
occur through cleavage of either the C–N bond (yielding AMPA), the C–P 

bond, or simultaneously, depending on the reaction environment and 
conditions. The former pathway may be kinetically and thermodynam
ically favored [23].

Multiple treatment technologies in conventional water treatment can 
reduce the load of GLY and AMPA, but removal differs markedly [24]
and is often insufficient to reach the EU guideline value for individual 
pesticides (0.1 μg/L) [20]. Coagulation, acting as a pretreatment step in 
drinking water preparation, may contribute to the removal of GLY and 
AMPA via complexation with coagulants and adsorption/co- 
precipitation. However, efficiency strongly depends on coagulant type 
and dose, as well as raw water properties such as pH, natural organic 
matter (NOM) composition, particle concentration, and hardness 
[24,25]. Slow sand filtration can provide partial removal of GLY/AMPA 
through adsorption and biodegradation, while its performance is influ
enced by operational conditions, time since last cleaning, and temper
ature [25]. Chlorination can remove GLY and AMPA [26] at 
concentrations and times typical for water treatment facilities [25]. 
Ozonation, as part of the disinfection stage of water treatment, is re
ported to be highly effective for GLY and AMPA degradation, but de
pends on the ozone concentration and pH [24,25]. Chemical and 
photodegradation [27–29], as well as advanced oxidation processes 
(AOPs) [30], have been investigated for the removal of GLY; however, 
toxic by-products can be generated [16,25]. Membrane technology, 
particularly nanofiltration (NF), is a promising chemical-free technique 
[31]. NF removes 70–80% of GLY and AMPA from a 50 μg/L solution at 
25 bar [31], which is energy-consuming and generates a concentrate 
that require further treatment.

Adsorption is a relatively low-cost, low-footprint, chemical-free 
technology. It is a well-established technology, simple operation, no 
transformation by-product formation with possible adsorbent regener
ation [32]. Activated carbon (AC) is available in various forms, such as 
granular AC [25], industrial residues [33], biochar [34], resins [35], and 
modified AC [36]. Removal of 60–80% of GLY from an original con
centration of 30 μg/L has been reported [25]. Polymer-based spherical 
AC (PBSAC) combines high surface area (1600–2100 m2/g) with high 
pore volume (0.6–1.3 cm3/g), uniform spherical shape, and controlled 
characteristics (pore size distribution) [37]. Energy-intensive regener
ation, slow adsorption kinetics, and lower selectivity reduce its appli
cability [38].

List of abbreviations

AC activated carbon
AMPA aminomethylphosphonic acid
AOP advanced oxidation process
DOC dissolved organic carbon
EPA Environmental Protection Agency
EU European Union
GLY glyphosate, N-(phosphonomethyl)glycine
IX ion exchange
LOD limit of detection
MIEX® magnetic ion exchange resin
NF nanofiltration
NOM natural organic matter
PBSAC polymer-based spherical activated carbon
PFAS per- and polyfluoroalkyl substances
UV ultraviolet

Table 1 
Chemical properties of GLY and AMPA.

GLY 
N-(phosphonomethyl) 
glycine

AMPA 
aminomethylphosphonic 
acid

Molecular formula C3H8NO5P CH6NO3P
Structural formula

Molecular weight, g/ 
mol

169.07 [13–16] 111.04 [13]

Solubility in water at 
25 ◦C, g/L

12 [13,15,18] 50 [13]

pKa values 0.8, 2.6, 5.6, 
10.6

[13,16] 1.8, 5.4, 10.2 [13]

Density, g/mL 0.5 [16,19] ND
Polarity high [13] high [13]
H-donors/acceptors 4/6 [13] 3/4 [13]
Hydrodynamic 

diameter, nm
0.62 [12] 0.49 [12]

Log Kow − 2.9 to − 4.1 [13,16] - 2.2 [13]
Dipole moment, D 7.5 

9.7
[14]
[19]

ND

pH (1% solution in 
water)

2.5 [16,19] ND

Max level in EU, μg/L 0.1 [20] 0.1 [20]

ND - no data available.

M. Krajewska et al.                                                                                                                                                                                                                             Journal of Water Process Engineering 93 (2026) 110868 

2 



Although AC is widely applied for micropollutant (MPs) removal 
from water, its performance toward small, hydrophilic, and charged 
compounds is often limited and may be further compromised by organic 
matter competing for sorption sites and blocking the microporous 
structure. As GLY is a typical example of such challenging micro
pollutants, in theory, highly efficient removal by PBSAC would not be 
expected. Nevertheless, 0.5 g/L PBSAC achieved >95% GLY removal 
from the initial concentration of 1 μg/L. [13] As discussed in the 
following section, ion exchange (IX) resins have been proposed as an 
alternative to AC [38], particularly for charged GLY and AMPA.

1.4. Principles and functioning of ion-exchange resins

IX resins are cross-linked polymeric materials functionalized with 
fixed charged groups that enable reversible ion exchange in aqueous 
solution [39]. A brief overview of ion-exchange resin classification is 
provided in Section 1.1 of the Supporting Information. Strong-base 
anion exchangers, such as MIEX (magnetic ion exchange resin) with 
quaternary ammonium groups, remain fully ionized over a wide pH 
range and therefore effectively interact with negatively charged species 
[39,40]. The IX properties of materials arise from the electrostatic in
teractions between fixed charged groups on the polymeric matrix and 
mobile counter-ions. When a resin is in contact with an aqueous me
dium, the resin counter-ions become mobile and can be reversibly 
exchanged with ions of the same charge from the surrounding medium. 
Simultaneously, co-ions of the same charge as the resin are partially 
excluded due to electrostatic repulsion. This phenomenon is known as 
the Donnan exclusion [41]. At high ionic strength, the Donnan potential 
is reduced (due to charge screening), and thus selectivity decreases. The 
IX process is competitive and reversible, and depends on the solution 
pH, ionic strength, and the affinity of the ionized solute compared to the 
background ions [42]. IX resins are considered for micropollutants 
removal due to their ability to selectively capture charged species 
through electrostatic interactions and secondary interactions with 
polymer matrix (hydrogen bonding, van der Waals, polar, and π-π in
teractions) [43]. In aqueous environments, the resin swells upon water 
uptake, increasing the internal pore accessibility and exposing internal 
IX sites [44]. This structural expansion facilitates interactions with hy
drated ions (like GLY− and AMPA− ), enhancing their removal.

1.5. MIEX application in water treatment

MIEX® (Magnetic Ion EXchange resin) was developed as a com
mercial product for NOM removal in water treatment to avoid the for
mation of disinfection by-products [45,46]. As a strong anion-exchange 
resin, MIEX contains fixed covalently bound quaternary ammonium 
groups (with trimethylamine groups), which provide the permanent 
positive charge over a wide pH range [44].

MIEX features much smaller beads (180–250 μm [44]) than con
ventional IX resins such as Dowex 21 K XLT (300–1200 μm) [47] and 
Amberlite IRA 400 (300–800 μm) [48], resulting in a higher surface area 
(approx. 21.5 m2/g [44,49,50]) and faster adsorption kinetics compared 
to traditional anion exchange resins [51]. Unlike conventional IX resins, 
MIEX contains a magnetic component (iron oxide) within its polymeric 
structure [52]. This magnetic component allows the beads to agglom
erate and settle easily, improving their separation from treated water 
[46]. In water treatment, MIEX is typically applied in a slurry contactor 
configuration, where resin beads are mixed with water. Continuous 
mixing reduces the thickness of the boundary layer and enhances 
external mass transfer. As a result, film diffusion limitations are signif
icantly less pronounced than those in conventional fixed-bed configu
rations. In large-scale applications, MIEX is operated in completely 
mixed reactors or fluidized systems (such as dual-stage reactor, high- 
rate reactor, fluidized IX, suspended IX reactor with mechanical mix
ing, or a hydraulic labyrinth mixing) [53,54], as a continuous-flow 
process. In such systems, the majority of the resin is continuously 

recycled, while a portion is periodically withdrawn for regeneration 
[46]. Following contact, the resin is efficiently separated through 
magnetically enhanced settling and returned to the contactor [46,55]. In 
full-scale systems, MIEX is typically operated with hydraulic retention 
times of 10–30 min, in specific cases extended to 45–60 min [44,46]. 
The efficiency of NOM removal is governed by the resin dose and 
saturation, which are regulated through the balance between the stream 
of regenerated resin supplied to the reactor and the stream of saturated 
resin withdrawn from the reactor [53]. Typical MIEX doses in water 
treatment vary from 5-10 mL/L [56] to 5–20 mL/L [57]. However, the 
required dose and contact time depend on the quality of the water 
matrix and target contaminants [56]. Regeneration of saturated MIEX is 
achieved via simple ion-exchange process using NaCl brine, in which 
sorbed anions are exchanged for chloride ions at the quaternary 
ammonium sites [49]. The NaCl concentration commonly used for 
regeneration is 10–15% (w/w) [58], corresponding to approximately 
1.8–2.8 M (1800–2800 mM) NaCl.

Previous studies have shown that MIEX preferentially removes low- 
and medium-molecular-weight organic compounds, particularly in the 
range of 0.5–1.5 kDa [51], while exhibiting limited effectiveness toward 
high and very high-molecular-weight (>50 kDa) and colloidal dissolved 
organic matter of microbial origin due to size exclusion within the pores 
[59]. Gao et al. investigated the removal of perfluoroalkyl and poly
fluoroalkyl substances (PFAS) using MIEX Gold, which exhibited high 
removal (90% from an initial concentration of 1500 μg/L) for hydro
phobic PFAS [60]. All the above suggest that small, negatively charged 
molecules such as GLY and AMPA are especially well suited for removal 
by MIEX due to their rapid diffusion and efficient access to IX sites. 
However, the applicability of MIEX for GLY and AMPA removal and its 
performance relative to PBSAC have not yet been systematically eval
uated. Therefore, the present study compares both adsorbents under 
environmentally relevant conditions.

1.6. GLY/AMPA interactions with magnetic ion exchange resins

Several interactions are anticipated between GLY/AMPA and MIEX, 
depending on the distance between solute and resin surface or functional 
groups (Fig. 1), including electrostatic interaction, ion exchange, 
hydrogen bonding, van der Waals interactions, and interactions with 
iron oxide. GLY/AMPA is attracted to the resin via electrostatic in
teractions, while retention is primarily governed by ion exchange be
tween phosphonate and carboxyl groups and quaternary ammonium 
sites (with trimethylamine groups). Electrostatic attraction occurs 
mainly in the pH > 5.6, where GLY and AMPA carry a net negative 
charge and coexist with the permanently positively charged MIEX. This 
interaction can act over relatively long distances (~10 nm under very 
low ionic strength and ~ 3 nm at 10 mM NaCl as the basic conditions 
used in this study), depending on the Debye length [61]. Its magnitude is 

Fig. 1. Possible interactions of GLY with MIEX.
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governed by the charge and charge density of both the surface and the 
adsorbate, as well as the solution ionic strength. Ion exchange is trig
gered when GLY and AMPA approach the quaternary ammonium sites 
(N+), resulting in the release of Cl− . Ion exchange between the quater
nary ammonium group and GLY/AMPA dominates under conditions 
where the solutes are ionized, and the resin is in the functional pH range. 
At neutral pH, the phosphonate group of GLY/AMPA is the most reactive 
toward ion exchange with MIEX due to the stronger negative charge and 
predominant deprotonation, followed by the carboxyl group. Under 
neutral conditions, the amino group remains protonated and positively 
charged, not contributing to anion exchange. Hydrogen bonding (at very 
short distances <1 nm) may occur between the amino group –NH, 
carbonyl group –C=O or hydroxyl group –OH on MIEX [62] and hy
droxyl group –OH, amino group –NH2 or phosphonate group -PO3

2− on 
GLY. However, because the polymer matrix of MIEX is relatively less 
hydrophilic compared to GLY/AMPA, hydrogen bonding formation may 
be limited to the hydration shell surrounding GLY/AMPA, whose 
structure is pH-dependent. Van der Waals forces (at very short distances 
<1 nm) may occur between the methyl group –CH3, carbonyl group 
–C=O, or aromatic rings on the polymethacrylate–divinylbenzene ma
trix of MIEX [62] and methylene groups -CH2- of GLY. No π stacking can 
take place since there is no aromatic ring in the GLY molecule [63].

The primary role of iron oxide incorporated in the polymer matrix of 
MIEX is to facilitate the separation of the resin from the solution after the 
resin loading [46]. Interactions of GLY/AMPA with the magnetic iron 
oxide component (maghemite γ-Fe2O3) [44] may occur, but such in
teractions are expected to be insignificant. MIEX is a macroporous IX 
resin with a bead size of 180–250 μm, with iron oxide particles dispersed 
within the polymer matrix [45,62]. Even though the magnetic compo
nent constitutes 20–25% w/w of the MIEX bead [64], the interaction 
between the magnetic components and GLY is expected to occur only 
near the bead surface or pore openings and therefore involve only a 
limited accessible surface area. Consequently, any direct interaction 
between GLY and the magnetic component is considered to be minimal 
compared to ion exchange by the quaternary ammonium sites. Santos 
et al. [65] suggest an affinity between ferric compound (α-γ-Fe2O3) and 
the phosphonic group of GLY. According to Park et al. [66], the basic 
mechanism of GLY removal from water by the magnetic component (in 
that case, it was Fe3O4 nanoparticles with a significantly larger surface 
area) is the covalent coupling of organic molecules onto inorganic oxide 
surfaces. The formation of metal–oxygen–phosphorus (M–O–P) bonds 
proceeds rapidly at ambient temperature [66]. Identification and char
acterization of interactions governing the adsorption are fundamental 
for optimizing the operating conditions of the separation process [67].

Beyond dominant electrostatic interaction via quaternary ammo
nium group and complementary physical adsorption, the MIEX matrix 
further facilitates GLY removal [68]. The hydrophilic polyacrylate 
backbone promotes interactions with strongly hydrophilic GLY, 
enhancing diffusion into the resin beads and rapid access to the IX sites 
[69]. Moreover, the small hydrodynamic diameter of GLY (0.62 nm) 
allows the penetration into the macroporous structure (pore size of tens 
of nanometers), facilitating access to functional groups. These properties 
make MIEX a promising material for GLY removal.

Although PBSAC can effectively remove GLY and AMPA from water 
[13], its performance is limited by slow intraparticle diffusion within its 
porous structure. In contrast, MIEX provides readily accessible IX sites 
and operates via a fundamentally different uptake mechanism. The 
following research questions are addressed in this study: (i) How does 
the adsorption by MIEX compare with that of PBSAC, a high-capacity 
adsorbent with fundamentally different working characteristics? (ii) 
How do adsorption kinetics and accessibility of ion-exchange sites 
govern the removal of GLY and AMPA by MIEX? (iii) To what extent do 
operational conditions and solution chemistry control the adsorption on 
MIEX? The novelty of this study lies in demonstrating that under envi
ronmentally relevant conditions, the performance of MIEX toward GLY 
and AMPA is governed more strongly by kinetic accessibility of IX sites 

and solution chemistry than by equilibrium adsorption capacity itself.

2. Materials and methods

2.1. Structure, properties, and performance of MIEX compared with 
PBSAC

MIEX bead matrix is made of moderately cross-linked macroporous 
methacrylate [46], while the main functional groups on the resin surface 
are positive quaternary ammonium [64]. MIEX beads create a slurry of 
quaternized copolymer mixture (60–100%) in water (<40%) [70,71]. 
MIEX® DOC and Gold were provided by IXOM WATERCARE, USA.

Table 2 lists the properties of both resins and provides a comparison 
with the selected AC adsorbent, PBSAC, provided by Blücher, Germany. 
MIEX Gold has the same bead dimensions and total IX capacity as MIEX 
DOC, but a larger surface area and a rougher surface, as shown by 
scanning electron microscopy micrographs [44,52,78], resulting in 
greater spacing between exchange groups and better accessibility of 
functional groups with less steric hindrance from organic molecules 
[79]. The batch uniformity of MIEX is presented in Figs. S1 and S2.

The specific physical form of MIEX requires storage and operation as 
a suspension to maintain the product quality. Consequently, unlike AC 
materials, the MIEX dose is conventionally expressed in volumetric units 
rather than as dry mass. Although determination of the dry mass is 
possible under controlled laboratory conditions, it is impractical in 
technological applications [44]. The dried MIEX mass was determined 
to be 250 mg/mL (details of the calculations are provided in SI) [44]. 
Therefore, MIEX doses are reported in volumetric units throughout this 
study, while the corresponding dry mass equivalents are provided to 
facilitate comparison with PBSAC and are shown in Table S9.

2.2. Chemicals and solution chemistry

The background electrolyte was prepared as a mixture of 5 mM 
NaHCO3 (dissolved from powder of 99.7% purity, VWR, Germany) and 
50 mM NaCl (dissolved from powder of 99.5% purity, Thermo Fisher 

Table 2 
Selected properties of MIEX® DOC and Gold compared with PBSAC properties.

MIEX resins® (DOC/Gold) PBSAC 200 μm

Appearance Brown opaque 
beads, porous and 
smooth surface

[45] Black, uniform, 
spherical 
particles

Form
90% (v/v) slurry in 
watera Dry granules

Application 
range

pH 3–10a Tested in 2–12 [13]

BET surface 
area, m2/g

21.47 [44,49,50,72] 1436 [13]

Magnetic 
content 20–25% (w/w) [64] N/A

Mean particle 
size, μm

150–180 
180–250a [45,62] 200 [73]

Main 
functional 
group

Quaternary 
ammonium [64,74]

Oxygen- 
containing 
groups 5%

IX capacity, 
meq/mL

DOC: 0.4–0.5 
DOC: 0.52 
Gold: 0.4–0.55

[64,75]
[76]
[64,75]

N/A

Average pore 
size, nm

5.87 
27.48

[50]
[62] 1.3 [73]

Polymer
Macroporous poly 
methacrylate/ 
divinyl benzene

[75]
Polymer 
carbonized in 
manufacturing

Surface 
charge

Positive in pH 
3–11, decreasing 
above pH 6

[52,77] Insignificant net 
surface charge

[13]

N/A – not applicable.
a provided by manufacturer.
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Scientific, USA) in Milli-Q water. For each experiment, the background 
solution was diluted to obtain a concentration of 1 mM NaHCO3 and 10 
mM NaCl. Powders of GLY (98%) and AMPA (99%) were from Sigma- 
Aldrich, USA. A mixed stock solution containing both herbicides was 
prepared by dissolving GLY and AMPA powder in Milli-Q water at a 
concentration of 100 mg/L of each compound (primary stock solution). 
The primary stock solution was diluted with Milli-Q water to obtain a 
solution of 100 μg/L, which was further used with background elec
trolyte to prepare the desired concentration of GLY and AMPA in the 
feed solution. In most experiments, the feed solution contained 1 μg/L 
GLY and 1 μg/L AMPA. In other cases, the specific values were given. 
The feed solution had a conductivity of approximately 1400 μS/cm and a 
pH of 8.1 ± 0.1, unless otherwise indicated. The chemical properties of 
GLY and AMPA are listed in Table 1. The GLY and AMPA speciation was 
described previously [13] and is presented in the background of Fig. 6. 
To evaluate the performance of MIEX at varying pH (pH 2, 4, 6, 8, 10, 
11, and 12), the stock solution was adjusted to the desired pH levels 
using different volumes of 1 M HCl (prepared from 37% HCl solution 
from Roth, Germany) or 1 M NaOH (prepared by dissolving the NaOH 
pellets (purity ≥99%) from Merck, Germany). For experiments at 
various ionic strengths, an appropriate volume of 100 g/L NaCl (purity 
99.5%, Thermo Fisher Scientific, USA) was added to 1 mM NaHCO3 to 
obtain 1, 2, 5, 10, 15, and 20 g/L NaCl solutions.

2.3. GLY and AMPA static adsorption on MIEX compared with PBSAC

Although MIEX is typically operated in continuous resin contact and 
recirculation with regeneration of a fraction of the resin [44,46], batch 
experiments are used to determine equilibrium time, adsorption ca
pacity, and kinetics under controlled conditions, providing insights for 
scale-up [54]. Static adsorption experiments were conducted in batch 
mode by contacting resin with MP-containing water. The method is 
illustrated in Fig. S3. The kinetics of GLY and AMPA removal by MIEX 
DOC (batch 16–3572) and Gold (batch 16-2562D) were determined, 
uptake by adsorption quantified, and equilibrium evaluated. Before the 
experiment, fresh MIEX resin beads were rinsed ten times with MilliQ 
water to remove the residual manufacturing solution [45]. The resin was 
allowed to settle for 5 min in a 5 mL or 12 mL syringe (depending on the 
targeted dose), and the desired volumes of suspension were measured. 
Varying MIEX volumes corresponding to the desired concentrations 
(0.5–25 mL/L) of solid material were further transferred into conical 
flasks already containing GLY and AMPA.

Due to the magnetic properties of the adsorbent, a magnet was used 
to accelerate the settling. After dosing MIEX, the incubator shaker 
Innova 43R (New Brunswick, USA) was set to keep a constant temper
ature of 20 ◦C at a shaking speed of 260 rpm for 26 h of the experiment. 
MIEX-free supernatant samples (1.5 mL) were collected using a pipette 
(100–1000 μL, Eppendorf, Germany) at specific intervals (0, 2, 5, 10, 15, 
30, 45 min, and 1, 3, 5, 7, 9, 24, and 26 h), stored in brown glass vials, 
and refrigerated at 4 ◦C until analyzed. The adsorption performance of 
MIEX and PBSAC toward GLY and AMPA was evaluated under identical 
batch conditions, following the same sampling scheme and analysis. The 
methodology for static adsorption experiments with PBSAC (used here 
for performance comparison) was analogous and was described previ
ously [13]. Both adsorbents were tested at the same dosage of 0.5 g/L 
(equivalent to 2 mL/L for MIEX; Fig. 3) and at their respective critical 
doses of 2.5 g/L (10 mL/L) for MIEX and 1 g/L for PBSAC (Fig. S6), 
corresponding to the lowest doses beyond which removal no longer 
increased substantially. The removal and specific mass adsorbed were 
calculated for both materials, and data were fitted to pseudo-first-order 
and pseudo-second-order models to compare adsorption kinetics. The 
film mass transfer coefficient (kf) and surface diffusion coefficient (Ds) 
were estimated for GLY and AMPA adsorbed by MIEX and PBSAC at a 
0.5 g/L dose (equivalent to 2 mL/L for MIEX), following the method
ology presented previously [80], and are presented in Table S6. The 
maximum adsorbed mass monolayer on PBSAC and the maximum IX 

capacity for MIEX were further calculated (Table S7).

2.4. Analytical methods

The pH and conductivity were measured using a Universal Multi- 
Parameter Portable pH/Cond 3320 (WTW, Germany). GLY and AMPA 
concentrations were quantified by liquid chromatography with tandem 
mass spectrometry (LC-MS/MS) manufactured by PerkinElmer, USA, 
comprising an ultra-high-performance liquid chromatograph (LX50) 
with a Q-Sight 420 triple-quadrupole mass spectrometer. A non- 
derivatization-stage method was used to measure GLY/AMPA concen
tration in water, reducing analytical errors [13]. The limit of detection 
(LOD) for LC-MS/MS analysis was determined at 10 ng/L. The detailed 
methodology is described in a previous study [13] and Table S1. The 
calibration is shown in Fig. S4.

2.5. Calculations and data analysis

The adsorption parameters, kinetic models with assumptions, and 
adsorption isotherm models used are listed in Table S2. Equations used 
to calculate electrolyte-dependent parameters (ionic strength and Debye 
length) are presented in Table S3. The error analysis is provided in 
Table S4. Results of five independent experiments are presented in 
Fig. S5 for experimental repeatability. The experimental data were 
fitted using OriginPro 2024 software (Origin Lab Corporation, USA). 
Pseudo-first and pseudo-second-order kinetics models were applied to 
analyze the interactions between adsorbate (GLY/AMPA) and adsorbent 
(MIEX) and fit to Henry, Langmuir, and Freundlich adsorption models.

3. Results and discussion

3.1. MIEX performance for GLY and AMPA removal

To verify whether MIEX is capable of removing GLY and AMPA from 
the solution, initial experiments were conducted using MIEX DOC and 
MIEX Gold resins at a dose of 10 mL/L under environmentally relevant 
GLY/AMPA concentration of 1 μg/L (Fig. 2).

Both MIEX DOC and Gold demonstrated substantial removal of GLY 
and AMPA from the solution. The removal values for AMPA were 79 ±
5% and 62 ± 7% for MIEX DOC and Gold, respectively, while the cor
responding values for GLY were 91 ± 3% and 80 ± 4%. Removal of both 
GLY and AMPA increased rapidly during the first 2 h of contact with the 
adsorption steady-state reached within 4 h for GLY and AMPA on MIEX 
DOC and Gold. Removal of AMPA was consistently lower than that of 
GLY (Fig. S14). However, for AMPA, MIEX DOC performs 17% better 
than MIEX Gold. As the structure of the resin matrix and the spatial 
distribution of functional groups may affect adsorption and ion ex
change kinetics [81], the structural differences between MIEX DOC and 
Gold may also influence the adsorption of small molecules such as GLY 
and AMPA. As GLY and AMPA are small (hydrodynamic diameter of 
0.62 and 0.49 nm, respectively), the steric hindrance is much smaller 
than NOM (of heterogeneous size fractions from humics of ~1 kDa (and 
diameter < 2 nm) to biopolymers with molecular weight of >10 kDa 
[82]). Since MIEX DOC offers higher local charge density and electro
static potential, it may enhance the adsorption of micropollutant mol
ecules, and thus higher removal is expected.

As presented in Fig. 2, AMPA interacts more efficiently with closely 
packed ion-exchange sites of MIEX DOC. In contrast, for larger mole
cules (such as NOM), the higher surface area of MIEX Gold is advanta
geous, as it appears to reduce steric hindrance and improve adsorption 
[44,78]. Superior removal by MIEX DOC compared to Gold has also been 
reported for small emerging organic contaminants with molecular 
weights <300 g/mol, including simazine, bisphenol A, and carbamaz
epine [79].
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3.2. Comparison of PBSAC and MIEX for removal of GLY and AMPA

To assess the adsorption behavior of MIEX, its performance was 
examined in relation to a high-capacity PBSAC [13], under identical 
experimental conditions at equal dose of 0.5 g/L, which is 2 mL/L of 
MIEX (Fig. 3). Because PBSAC and MIEX rely on fundamentally different 
mechanisms, their comparison provides insight into the relative 

importance of adsorption capacity and the accessibility of adsorption 
sites. At the same applied dose, both MIEX DOC and PBSAC effectively 
removed GLY and AMPA, although PBSAC achieved higher adsorbed 
masses. Specifically, MIEX removed 70 ± 5% of GLY and 22 ± 11% of 
AMPA, while PBSAC achieved removal of 95 ± 10% and 55 ± 15% for 
GLY and AMPA, respectively. For MIEX, the concentration of both 
analytes reached a plateau rapidly, indicating that adsorption likely 

Fig. 2. GLY and AMPA removal (R, %) by MIEX DOC (A) and MIEX Gold (B) in time (MIEX dose 10 mL/L, initial GLY and AMPA concentration 1 μg/L, 1 mM 
NaHCO3, 10 mM NaCl, 20 ◦C, 260 rpm, pH 8.1 ± 0.1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 3. Comparison of AMPA and GLY (A-B) concentration (c, μg/L), (C-D) removal (R, %), and (E-F) specific mass adsorbed (qads, μg/g) by PBSAC 200 μm adapted 
from Trinh and Schäfer (2023) [13] and MIEX DOC in time (adsorbent doses 0.5 g/L, initial GLY and AMPA concentration 1 μg/L, 1 mM NaHCO3, 10 mM NaCl, 
20 ◦C, 260 rpm, pH 8.1 ± 0.1). Dashed and solid curves in the bottom row are the best fits according to the first and second-order kinetic models, respectively.
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occurred predominantly at readily accessible exchange sites, which is 
characteristic of ion-exchange interactions. For PBSAC, the equilibrium 
was not reached within this contact time, which can be attributed to the 
intraparticle diffusion within the porous structure of AC, which needs 
more time to reach equilibrium. Thus, direct comparison of equilibrium 
parameters alone does not fully express their adsorption behavior and 
fitting the kinetic models were conducted [83]. Both pseudo-first and 
pseudo-second-order models mathematically fit the adsorption data of 
GLY and AMPA on MIEX (Table S5).

However, the pseudo-first model is more physically reasonable and 
better represents the mechanism for GLY and AMPA adsorption on 
MIEX. The pseudo-first-order model assumes that the adsorption rate is 
proportional to the number of unoccupied sorption sites [83], which is 
consistent with the electrostatic interactions and ion exchange govern
ing GLY/AMPA removal on MIEX. In this system, adsorption is primarily 
governed by mass transfer, specifically the transport of adsorbate to the 
MIEX surface. In contrast, the pseudo-second-order model is often 
interpreted as surface-reaction-controlled or chemisorption-type 
adsorption [83], which is less consistent with the predominantly elec
trostatic ion-exchange interactions expected for these anionic com
pounds on MIEX. The second-order kinetic model was previously 
reported to better characterize the adsorption of GLY and AMPA on 
PBSAC [13]. Although MIEX exhibited lower equilibrium adsorbed mass 
than PBSAC (Table S5), it showed a higher apparent first-order rate 
constant for GLY adsorption (5.57 ± 0.39 1/h to 2.04 ± 0.63 1/h for 
PBSAC), indicating a more rapid approach to steady state. For GLY, 
PBSAC showed a slightly higher adsorbed mass at equilibrium (qe=1.62 

± 0.09 μg/g, based on pseudo-second-order fitting) compared to MIEX 
(qe=1.22 ± 0.02 μg/g, based on pseudo-first order fitting). For AMPA, 
PBSAC exhibited approximately three times higher qe than MIEX 
(qe=1.08 ± 0.06 vs. 0.31 ± 0.03 μg/g, respectively), while both adsor
bents showed comparable apparent adsorption rates. High equilibrium 
capacities reduce adsorbent demand, but adsorption kinetics and the 
accessibility of adsorption sites may become equally important under 
short-contact operating.

The rapid uptake of GLY by MIEX is consistent with the initial 
adsorption at readily accessible IX sites with limited diffusion con
straints. This is reflected by the higher initial adsorption rate (r0) and 
film mass transfer coefficient (kf) of MIEX compared with PBSAC 
(Table S6 and section 4.1 of SI), indicating faster mass transfer during 
the early stages of adsorption [80]. In contrast, slightly higher surface 
diffusion coefficients (Ds) for PBSAC suggest more effective adsorbate 
migration within porous structure after the initial adsorption step. 
Together with the much higher internal surface area of PBSAC, this is 
consistent with continued adsorption during the later stages of the 
process. Thus, PBSAC continues to accumulate adsorbate over time, 
leading to higher equilibrium capacities, whereas MIEX benefits from 
rapid uptake at readily accessible sites. Despite its lower theoretical 
adsorption capacity, MIEX exhibited considerably higher utilization of 
the available adsorption sites under the tested conditions (Table S7), 
suggesting that readily accessible IX sites are used more efficiently than 
the extensive internal porosity of PBSAC.

Although PBSAC 200 μm exhibits a BET (Brunauer–Emmett–Teller) 
surface area approximately 70 times higher than that of MIEX DOC 
(1436 m2/g [13] and 21.5 m2/g [44,49,50,72], respectively), the sizes 
of the adsorbent beads are comparable (200 μm for PBSAC and 180 μm 
for MIEX). Therefore, the difference in surface area arises predominantly 
from the large internal porosity of PBSAC. This indicates that a large 
number of the adsorption sites in PBSAC are located within micropores, 
which may not be fully accessible to GLY and AMPA due to diffusion 
limitations and steric constraints. In contrast, MIEX provides fewer but 
more readily accessible IX sites. To investigate how these differences 
translate into practical operation, both adsorbents were evaluated at 
their critical doses (10 mL/L equal to 2.5 g/L of MIEX and 1 g/L of 
PBSAC), defined as the lowest adsorbent doses beyond which no 

substantial increase in removal is observed (Fig. S6). Under these con
ditions, after 26 h, MIEX achieved slightly higher AMPA removal (80 ±
5%) than PBSAC (62 ± 10%). Notably, adsorption on PBSAC was still 
progressing after 26 h, indicating that equilibrium had not yet been 
reached. These observations demonstrate that equilibrium adsorption 
capacity alone does not fully determine practical performance and 
highlight the importance of adsorption site accessibility and contact 
time.

3.3. Enhancement of GLY and AMPA removal at varying MIEX dose

In the magnetic anion exchange processes, the resin dose and contact 
time are the primary parameters whose relationship has been utilized in 
reactor design [44]. The experiments with varying MIEX doses were 
conducted for both MIEX types, and the results are presented in Fig. 4. 
The experimental parameters (pH and conductivity) and GLY/AMPA 
concentration over time are presented in Table S8 and Fig. S7.

With increasing MIEX dose, corresponding to a larger amount of 
readily accessible ion-exchange sites, GLY and AMPA removal improved 
up to 10 mL/L, reaching 91 ± 3%. Further increasing the dose above 10 
mL/L resulted in only marginal improvements in removal. Even at 25 
mL/L, removal increased only to 94 ± 2% by approx. 3%. For MIEX 
Gold, the removal increased from 77 ± 4% for GLY and 42 ± 9% for 
AMPA at a dose of 5 mL/L to 94 ± 2% for GLY and 89 ± 4% for AMPA at 
25 mL/L. The GLY removal is 20% higher than AMPA for doses up to 5 
mL/L, and the difference decreases in higher adsorbent doses, being 
equal at 25 mL/L.

Theoretical calculations (Table S9) revealed that the number of 
available IX sites substantially exceeded the number of GLY and AMPA 
molecules even at the lowest resin doses. Therefore, the limited removal 
observed at low doses (0.5–1 mL/L) cannot be attributed to exhaustion 
of IX sites. Moreover, the apparent first-order rate constants (k1), which 
describe the rate at which adsorption approaches equilibrium, increased 
markedly with increasing resin dose (Table S10), consistent with 
improved accessibility of exchange sites at higher resin doses. This effect 
was most pronounced up to 15 mL/L, beyond which no consistent in
crease in the k1 was noted and only marginal improvements in removal 
were observed. These observations suggest that adsorption performance 
at environmentally relevant concentrations is governed primarily by 
kinetic accessibility rather than by the total number of exchange sites.

The critical MIEX dose of 10 mL/L, was used for further experiments. 
This value falls within the amount of MIEX resin typically used in water 
treatment [56,57]. The hydraulic retention time in full-scale reactors 
typically ranges from 10 to 60 min [44,46]. Batch experiments with 
magnetic IX resins usually last approximately 60 min [44]. For GLY, the 
steady-state adsorption reached after 2 h suggests that MIEX perfor
mance in practical applications occurs under kinetically influenced 
rather than adsorption equilibrium.

3.4. MIEX effectiveness at elevated initial GLY and AMPA concentrations

To evaluate whether adsorption capacity may limit MIEX perfor
mance, GLY and AMPA removal was investigated over a wide range of 
initial GLY and AMPA concentrations (0.1–1000 μg/L). The results for 
MIEX DOC and Gold are shown in Fig. 5. The experimental parameters 
(pH and conductivity) and the GLY and AMPA concentrations over time 
are presented in Table S11 and Fig. S8.

The performance of MIEX depends on the concentrations of GLY and 
AMPA in solution. Removal of GLY remained close to 90% in the entire 
concentration range tested. However, removal of AMPA at both resin 
types decreases significantly with initial herbicide concentration, 
reaching only 20% and 10% for MIEX DOC and Gold, respectively, at 
1000 μg/L. Guideline values for GLY were reached only when the initial 
concentration was ≤1 μg/L.

Stoichiometrically, there are 350 times more IX sites than micro
pollutant molecules at 1000 μg/L of GLY and AMPA, suggesting that 
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exhaustion of the overall adsorption capacity is unlikely to limit GLY/ 
AMPA removal by MIEX. Adsorption isotherms (Fig. S9 and Table S12) 
revealed distinct concentration-dependent adsorption behavior for GLY 
and AMPA. GLY showed a near-linear concentration dependence, with a 
Freundlich exponent close to unity (1/nF = 0.95 ± 0.02), indicating 
near-Henry behavior over the investigated concentration range. The 
linear Henry model represents the limiting case in which adsorption is 
proportional to solute concentration, typically associated with low 
adsorbate coverage [84]. The Freundlich model, an empirical equation 
without a strict mechanistic interpretation, is commonly associated with 
adsorption on heterogeneous surfaces and may also describe multilayer 
adsorption [85]. When the Freundlich exponent is close to or equal to 1, 
the equation reduces to the linear Henry isotherm and implies early- 
stage adsorption. Therefore, the Freundlich fit is used here as an 
empirical description of concentration-dependent uptake and is not 
interpreted as evidence of multilayer adsorption. In contrast, even when 
it is not evident in the log-scale graph, the adsorbed mass AMPA 
increased toward a maximum; this adsorption pattern is evident as the 
removal decreased from 90 to 20% with increasing initial concentration 
from 1 to 1000 μg/L. This ‘decay’ pattern was better described by the 
Langmuir model, indicating a stronger tendency toward site-limited 
uptake. The Langmuir model yielded a finite apparent maximum 
adsorption capacity for AMPA of 133 ± 12 μg/g. This model assumes 
monolayer adsorption and no interactions between adsorbate molecules 
[85], making it conceptually well suited to describing ion-exchange 

processes [40]. These observations, together with the large stoichio
metric excess of IX sites and the very low utilization of the theoretical 
ion-exchange capacity, indicate that even at concentrations several or
ders of magnitude above environmentally relevant levels, MIEX operates 
far below its theoretical capacity for GLY and AMPA. Therefore, MIEX 
performance under practical conditions is more likely to be influenced 
by adsorption kinetics, solution chemistry, and the accessibility of 
effective IX sites rather than on exhaustion of the overall ion-exchange 
capacity.

3.5. Role of pH in GLY and AMPA removal by MIEX

To investigate the ability of MIEX to remove GLY and AMPA across 
pH outside the typical range of natural waters, adsorption experiments 
were conducted at pH from 2 to 12. The results are presented in Fig. 6
and Fig. S10, and the corresponding experimental parameters (pH and 
conductivity) are provided in Table S13.

The MIEX effectiveness at various pH generally depends on the 
combined effects of: changes in GLY/AMPA speciation and MIEX surface 
charge, increased competition from hydroxide ions for ion-exchange 
sites, and enhanced molecular hydration that weakens electrostatic in
teractions. At the acidic pH of 2, GLY removal is low since the net mo
lecular charge of GLY approaches 0 under these conditions, which 
reduces electrostatic interactions and hampers the ion exchange (Fig. 7). 
The ion exchange may be partially inhibited by the excess chloride ions 

Fig. 4. GLY and AMPA (A-B) concentration (c, μg/L), (C-D) removal (R, %), and (E-F) specific mass adsorbed (qads, μg/g) as a function of MIEX DOC and MIEX Gold 
dose after 26 h of exposure (initial GLY and AMPA concentration 1 μg/L, 1 mM NaHCO3, 10 mM NaCl, 20 ◦C, 260 rpm, pH 8.1 ± 0.1). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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originating from pH adjustment with HCl [86] (the ionic strength of the 
solution was 29 mmol/L). The enhancement in removal was noted at pH 
above 2.6, when the carboxylic groups of GLY become negatively 
charged. At pH > 8, the removal of GLY and AMPA decreases with 
increasing pH. This effect is more pronounced for AMPA since the 
overall adsorbed mass is lower for AMPA than for GLY. The hydration 
layer around GLY and AMPA is thicker and denser at higher pH [87], 
which requires water molecules to be displaced before contact with the 
resin surface.

As the pH increases from 4 to 6, the phosphonate group of GLY/ 
AMPA becomes deprotonated, resulting in more negative groups for 
interaction (electrostatic, ion exchange). However, the increase of pH 
from 6 to 12 decreases the GLY charge from − 2 to − 3 and AMPA from 
− 1 to − 2, leading to enhancement of the hydration layer around GLY 
and AMPA molecules. The denser hydration layer inhibits the interac
tion of GLY/AMPA with the functional groups of the IX resin, thereby 
reducing the removal. In addition, more hydroxide ions in higher pH 
solutions also increase the competition for ion-exchange sites on the 
MIEX surface, interfering with the interaction of GLY and AMPA.

At pH 12 (ionic strength 36 mmol/L), the measured AMPA concen
tration is surprisingly high – close to or even higher than the initial 
AMPA concentration in the solution (Fig. S10), and simultaneously, the 
GLY concentration remains low. Since phosphonates are reported to be 
most stable in the pH range of 3–9 [88], the elevated pH may raise 
concerns regarding the potential alkaline hydrolysis of GLY to AMPA 
through C–N bond cleavage. The possibility of GLY degradation to 
AMPA at high pH was then excluded by experiments with an AMPA-free 

stock solution at pH 12 (Fig. S11), where no AMPA was observed in the 
26-h static adsorption process at 20 ◦C. Other degradation pathways 
solely due to the highly alkaline conditions are even less probable, as the 
C–P bond in GLY is highly stable and resistant to strong acid and strong 
base hydrolysis [23]. Thus, generating other degradation products at 
extreme pH values is unlikely under the experimental conditions 
applied. It must be emphasized that the resin used in the experiment was 
pristine (not previously exposed to GLY or AMPA) and therefore the 
observed high concentration of AMPA cannot originate from the 
desorption of the previously adsorbed AMPA.

The pH dependence of GLY and AMPA adsorption highlights the 
pivotal role of electrostatic interactions in governing IX on MIEX. These 
interactions are modulated by both the speciation of the micropollutants 
and their hydration.

3.6. GLY and AMPA removal at increased ionic strength

GLY and AMPA exhibit pH-dependent net charge, and their removal 
is primarily governed by electrostatic interactions. Consequently, 
increased ionic strength (I) in the solution can shield electrostatic in
teractions and inhibit effective ion exchange. Thus, it is essential to 
investigate if MIEX can still effectively remove GLY and AMPA in high- 
ionic-strength waters (Fig. 8). The role of ionic strength was investigated 
across salinities ranging from freshwater and slightly mineralized 
drinking-water sources (<1 g/L NaCl) to equivalent of brackish waters 
(20 g/L NaCl) [89]. The experimental parameters (pH and conductivity) 
and concentration of GLY and AMPA over time in various NaCl 

Fig. 5. GLY and AMPA (A-B) concentration (c, μg/L), (C-D) removal (R, %), and (E-F) specific mass adsorbed (qads, μg/g) by MIEX DOC (A) and MIEX Gold (B) at 
various GLY and AMPA initial concentration (MIEX dose 10 mL/L, 1 mM NaHCO3, 10 mM NaCl, 20 ◦C, 260 rpm, pH 8.1 ± 0.1). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. GLY and AMPA (A-B) concentration (c, μg/L), (C-D) removal (R, %), and (E-F) specific mass adsorbed (qads, μg/g) on MIEX DOC and MIEX Gold in various pH 
after 26 h of experiment. The background curves in C-D show the calculated distribution of the predominant protonation species of GLY and AMPA in the corre
sponding water matrix, obtained using Visual MINTEQ software (v 3.1, KTH, Sweden) [13] (MIEX dose 10 mL/L, initial GLY and AMPA concentration 1 μg/L, 1 mM 
NaHCO3, 10 mM NaCl, 20 ◦C, 260 rpm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Ion-dipole interaction of GLY and MIEX in various pH with GLY pKa values indicated; insets: scheme of replacing chloride anions with negatively charged GLY 
molecules on the active sites of MIEX. The relative scale between the size of MIEX bead and GLY is not maintained; graphic is intended solely to illustrate the 
interaction mechanism.
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concentrations are presented in Table S14 and Fig. S12.
The removal of GLY and AMPA by MIEX was strongly influenced by 

ionic strength of the solution, with AMPA exhibiting greater sensitivity 
than GLY. At low salinity (0.58 g/L NaCl, I = 11 mmol/L), the removal of 
both compounds exceeded 80%. However, increasing NaCl concentra
tion above 1 g/L NaCl (I = 18 mmol/L), resulted in the significant drop 
of the AMPA removal to 55%, whereas GLY removal remained at 
65–80% for 5–20 g/L NaCl. Increasing ionic strength compresses the 
electrical double layer around the positively charged MIEX surface, 
reducing the Debye length (λD) and limiting the effective range of 
electrostatic interactions to approximately or below 1 nm at moderate to 
high salinities (Fig. S13). As a result, the long-range electrostatic 
attraction between GLY− /AMPA− and positively charged MIEX is 
screened. The limited changes in removal observed at moderate to high 
salinities suggest that ion exchange remains the dominant retention 
mechanism, while short-range interactions (van der Waals interactions 
and H-bonding) may contribute increasingly under these conditions.

Kinetic parameters of GLY/AMPA adsorption at varying NaCl con
centrations are provided in Table S15 and Fig. 9. The apparent first- 
order rate constants decreased with increasing ionic strength, particu
larly for GLY. Together with the observed reduction in removal effi
ciency, these findings are consistent with a predominantly reversible 
ion-exchange mechanism.

Consequently, concentrated electrolyte solutions may facilitate 
desorption and resin regeneration, which is advantageous for high- 
throughput treatment systems with frequent regeneration cycles. The 

increase in NaCl concentration enhances the competitive exchange by 
background chloride ions. The anion-exchange equilibrium is shifted 
toward Cl− , allowing these counter-ions to more easily displace the 
target GLY− and AMPA− species from the resin. Because equilibrium 
even at high ionic strength was achieved in a short time (Fig. S12), the 
decrease in the GLY/AMPA removal should be attributed primarily to 
competitive exchange and changes in IX selectivity rather than a kinetic 
limitations. Irreversible covalent complexation appears to be negligible 

Fig. 8. AMPA and GLY (A-B) concentration, (C-D) removal (R, %), and (E-F) specific mass adsorbed (qads, μg/g) by MIEX DOC at various NaCl concentration (MIEX 
DOC dose 10 mL/L, initial GLY and AMPA concentration 1 μg/L, 1 mM NaHCO3, 0–20 g/L NaCl, 20 ◦C, 260 rpm).

Fig. 9. Apparent first-order rate constant (k1) for GLY and AMPA adsorption on 
MIEX DOC as a function of ionic strength (I) within 26 h of the experiment.
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in this case. A decrease in micropollutant removal by MIEX with 
increasing salt concentration was observed in a study on PFAS removal 
by Gao et al. [60]. Short-chain PFAS (perfluorobutanoic acid, PFBA), 
containing four carbon atoms (compared to three in GLY), showed a 
significant 43% reduction in removal with increasing NaCl concentra
tion. The effect of cations has proven to be minor, with the observed 
competition attributed mainly to chloride ions competing with anionic 
species for active sites on the resin surface.

In this study, the relatively high GLY removal at 20 g/L NaCl in
dicates an intrinsic selectivity of MIEX toward GLY as a larger and 
multivalent anion, which is characteristic of strong-base anion ex
changers, compared to monovalent anions such as chloride. The inter
action of MIEX DOC with multivalent anions was ranked in the study by 
Yang et al., with monovalent ions (Cl− ) at the lowest and divalent ions at 
the highest [90]. Although the ion exchange remains the dominant 
mechanism, the contribution from secondary interactions within the 
polymeric matrix (such as van der Waals forces or H-bonding) cannot be 
entirely excluded.

3.7. Interpretation of GLY/AMPA adsorption on MIEX

Taken together, the results obtained under varying solution chem
istry and adsorption conditions provide a coherent picture of the phys
icochemical interactions governing GLY and AMPA removal by MIEX. 
The observed adsorption behavior can be rationalized by the interplay 
between electrostatic interactions, ion exchange, molecular speciation, 
and hydration, which together determine the accessibility and affinity of 
GLY and AMPA toward the resin.

In aqueous systems, GLY/AMPA molecules are transported from the 
bulk toward MIEX (i) and diffuse through the boundary layer around the 
MIEX bead (ii). Then GLY/AMPA diffuses inward through the pores of 
MIEX to IX sites (iii). When GLY approaches the MIEX surface, electro
static attraction (considered a long-range force) facilitates its transport 
and brings negatively charged GLY into the vicinity of the positively 
charged MIEX surface, thereby enabling ion exchange (iv). Once GLY is 
within the molecular contact range, complementary short-range in
teractions (<1 nm), such as hydrogen bonding and van der Waals in
teractions, may contribute to the adsorption of GLY and AMPA. 
Following the ion exchange, the exchanged ions diffuse outward 
through the pores toward the surface (v), and then diffuse through the 
liquid film or boundary layer (vi) to finally move into the bulk (vii). In a 
stirred batch process, the overall rate is controlled by (ii) film diffusion 
and (iii) pore diffusion [91].

The removal of ionic herbicide bentazone by MIEX has been inves
tigated previously, with ion exchange identified as the primary removal 
mechanism [18]. Bentazone occurs predominantly as an anion above its 
pKa of 3.3 and, unlike GLY, has a hydrophobic aromatic moiety. The 
presence of a hydrophobic aromatic moiety may promote additional 
interactions with the resin matrix, which has been suggested to 
contribute to the higher sorption capacity of MIEX for bentazone 
compared to GLY [18]. Another ionizable herbicide, 2,4-dichlorophe
noxyacetic acid, is a small molecule with an aromatic moiety whose 
removal from water was attributed primarily to ion exchange in
teractions enhanced by adsorption to the resin matrix [92]. In contrast 
to bentazone and 2,4-dichlorophenoxyacetic acid, which contain hy
drophobic aromatic moieties, GLY is a highly polar molecule that exists 
predominantly as a multi-charged anion under environmentally relevant 
pH conditions. The resulting strong hydration and lack of hydrophobic 
domains limit additional adsorption interactions with MIEX and make 
GLY more challenging to remove from water.

Specific and non-specific interactions with MIEX have previously 
been reported for the steroid hormone micropollutant estrone [43]. 
Below its pKa of 10.4, predominantly neutral and polar estrone can be 
removed by MIEX primarily through the physical interactions (van der 
Waals forces and hydrogen bonding) with the polyacrylate MIEX matrix, 
resulting in a moderate removal of 40% from the initial concentrations 

up to 500 ng/L. At pH above 10.4, when estrone is predominantly 
negatively charged, removal by MIEX increased to 70% due to the 
dominant ion exchange mechanism in these conditions. This example 
demonstrates that even in the absence of electrostatic attraction, phys
ical interactions with the resin matrix can contribute substantially to 
micropollutant removal.

The MIEX resin regeneration is carried out in the desorption process 
using 10–12% w/w NaCl [46,56]. In high chloride concentration, ions 
sorbed to the quaternary ammonium site are substituted for chloride 
ions, which exhibit a strong affinity for the exchange site. The concen
tration of 100 g/L NaCl typically used for MIEX resin regeneration 
would provide a much stronger chemical driving force (and significantly 
larger molar excess of Cl− over GLY− ) than 20 g/L used in the experi
ments. The observed sensitivity of adsorption kinetics and removal ef
ficiency to ionic strength is consistent with the regeneration strategy 
employed for MIEX. Performing the laboratory-scale tests of the regen
eration effectiveness of the IX resin over a limited number of cycles and 
extrapolating the results to the larger-scale installations should be 
interpreted with caution.

It can be expected that MIEX may, to some extent, retain GLY and 
AMPA within the polymeric matrix through non-ion-exchange in
teractions (electrostatic interactions, H-bonding, van der Waals in
teractions). These fractions may not be fully removed during the 
regeneration in NaCl, leading to gradual accumulation within the resin 
and potential release upon changes in solution conditions [43].

IX resins have been previously applied for the removal of micro
pollutants from wastewater, but within the concentration range of 
micropollutants present in drinking water, the number of reports is 
lower [38]. The present study, conducted in well-defined synthetic 
matrices, provides a foundation for understanding the removal of GLY 
and AMPA by the MIEX resin. However, further investigations in natural 
water matrices are necessary, as interactions with organic matter and 
competing ions are expected to significantly influence the real-world 
performance of MIEX toward GLY and AMPA.

4. Conclusions

MIEX could remove GLY and AMPA at environmentally relevant 
concentrations, with 10 mL/L identified as the critical resin dose, which 
is comparable to doses used in full-scale water treatment. However, the 
EU guideline for individual herbicide (100 ng/L) was not achieved. 
Further optimization of the MIEX dose and operating conditions may 
improve GLY and AMPA removal. Alternatively, MIEX could be inte
grated into a hybrid treatment process, for example with membrane 
filtration, and the potential of such an approach to further reduce GLY 
and AMPA concentrations toward the ng/L range could be investigated. 
The findings indicate that GLY and AMPA removal by MIEX is primarily 
controlled by electrostatically driven ion exchange and the accessibility 
of ion-exchange sites. Solution chemistry strongly influences the affinity 
of GLY and AMPA toward MIEX. Enhanced performance was observed at 
pH 4–10 and low ionic strength, resulting from the combined influence 
of GLY/AMPA speciation, electrostatic screening, competition from 
background ions for IX sites, and molecular hydration. While electro
static interactions dominate the removal process, secondary interactions 
within the polymeric matrix, including van der Waals forces and 
hydrogen bonding, may also contribute. Adsorption kinetics and the 
accessibility of exchange sites were found to play a major role in 
determining performance, indicating that equilibrium adsorption ca
pacity alone may not provide a sufficient basis for evaluating adsorbents 
intended for short-contact applications (such as inline slurry contactors 
or hybrid systems with filtration membranes).

The results demonstrate that MIEX is a promising option for removal 
of environmentally relevant concentrations of GLY and AMPA from low- 
salinity waters, where electrostatic interactions remain effective and 
competition from background ions is limited, offering operational ad
vantages such as rapid adsorption and suitability for slurry-phase 
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operation with magnetic separation. The relatively straightforward 
regeneration of the resin further supports the applicability of MIEX in 
cyclic treatment-regeneration processes such as completely mixed or 
fluidized bed reactor systems. The knowledge gained from the static 
adsorption experiments forms a basis for translating laboratory findings 
into practical applications and enables meaningful comparison of 
adsorption performance across different adsorbents.
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[12] P.B. Trinh, A.I. Schäfer, Removal of glyphosate (GLY) and aminomethylphosphonic 
acid (AMPA) by ultrafiltration with permeate-side polymer-based spherical 
activated carbon (UF–PBSAC), Water Res. 250 (2024) 121021, https://doi.org/ 
10.1016/j.watres.2023.121021.
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from water by ion exchange – a review, Chemosphere 192 (2018) 90–104, https:// 
doi.org/10.1016/j.chemosphere.2017.10.101.

[43] P.A. Neale, M. Mastrup, T. Borgmann, A.I. Schäfer, Sorption of micropollutant 
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