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Enhanced Phosphate Removal from Water Using Iron-Nanoparticle Impregnated

Ion Exchange Resin (FerrIX A33E): Batch and Column Studies

Abstract

The release of phosphate into water bodies promotes eutrophication and disrupts water
treatment processes, highlighting the need for efficient phosphate removal technologies in
water systems. This study examines the performance of FerrIX A33E, an iron nanoparticle-
impregnated strong-base anion exchange resin, for phosphate removal in water using batch and
fixed-bed column ion exchange experiments. The Freundlich equation fitted the isotherm data
well (R*>0.999), with the coefficients Ky = 3.621 (mg P)*8%L%21% gl and 1/n = 0.2195. Batch
kinetic data were analysed using first-order reversible, Elovich, and particle diffusion models
at varying mixing speeds, with the first-order reversible and Elovich models providing the best
description of the experimental results. A dual mechanism for phosphate removal with FerrIX
A33E involving ion exchange and sorption/complexation with iron oxides was suggested. To
understand the effects of key operational parameters on column breakthrough curves (bed
height, inlet concentration, and flowrate), conventional models including Bohart-Adams,
Thomas and Clark models in conjunction with newly developed models B-A n order and fractal
models were used to describe the experimental data. The B-A n order and fractal models were
found most suitable due to the asymmetric nature of the breakthrough curves. The resin was
successfully regenerated using 5% sodium chloride solution and repeated ion
exchange/regeneration cycles did not significantly affect the average resin capacity. This study
provides data useful for process design and demonstrates that nanoparticle iron impregnated
ion exchange resin could offer a sustainable method to address the phosphate challenge in the
aquatic environment.

Key words: Phosphates, phosphorus, ion exchange, Freundlich, fractal model, FerrIX A33E
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1 Introduction

Elevated phosphate concentrations in surface waters promote excessive growth of algae and
aquatic plants, thereby disrupting the ecological balance of aquatic environments (Bol et al.,
2018, Wang et al., 2024). Excessive plant and algal growth can deplete dissolved oxygen in
water bodies, adversely affecting aquatic life and degrading the overall ecological status of the
ecosystem (Environment Agency, 2025). In England, for example, phosphorus is the number
one reason for water bodies not achieving good ecological status (Environment Agency, 2019).
With the ever more stringent legislations being introduced globally, such as the European
Water Framework Directory (WFD), to control phosphates discharge into the aquatic
environment, the removal of phosphates is an essential area of water research. The major
sources of phosphate in surface water are agricultural activities, urbanization, and discharges
from wastewater treatment plants (Carpenter et al., 1998, Bol et al., 2018, Environment
Agency, 2025). Phosphate compounds can also originate from industrial processes, such as in
the energy sector where they are added to boilers to control or inhibit scaling. However, their
presence can interfere with ion exchange operations by reducing the selectivity of columns for
target anions, such as reactive silica in boiler water. These phosphates can accumulate in boiler
sludge blowdowns (Shokri and Sanavi Fard, 2023) and ultimately enter the environment
through wastewater discharge. Consequently, phosphate removal from water is important not
only for controlling eutrophication but also for improving efficiency and selectivity in certain
industrial processes.

Various physical, chemical, and biological methods have been explored for phosphate removal
from water, including membrane filtration, chemical precipitation, adsorption, and ion
exchange (Ownby et al., 2021, Manawi et al., 2022, Thistleton et al., 2002, Zhang et al., 2023,

Flores et al., 2026, Wang et al., 2024). Chemical dosing methods for phosphorus removal can
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be costly, as achieving the stringent discharge standards, typically below 1 mg P/L, requires
substantial quantities of treatment chemicals. On the other hand, adsorption-based technologies
have been widely investigated for phosphate removal from water due to their simplicity,
effectiveness, and potential for regeneration (Usman et al., 2022, Awual, 2019). Driven by the
dual objectives of mitigating eutrophication and enabling the reuse of recovered phosphorus as
a valuable resource, a wide range of adsorbents have been developed to remove and recover
phosphates from wastewater. For instance, biochar, particularly when modified with metals
such as Fe, Al, or Mg, offers a low-cost and sustainable option, achieving phosphate uptake
capacities in the range of 5-30 mg P/g while enabling resource recovery (Ma et al., 2025, Luo
etal., 2023, Lu et al., 2023, Yao et al., 2011). Layered double hydroxides (LDHs) exhibit high
phosphate affinity through anion exchange and surface complexation, with reported capacities
often reaching 50 mg P/g depending on metal composition and synthesis method (Goh et al.,
2008, Das et al., 20006, Flores et al., 2026, Li et al., 2016). Metal oxides and hydroxides, such
as iron, aluminium, and zirconium oxides, are among the most effective phosphate adsorbents
due to their ability to form strong inner-sphere complexes with phosphate. However, their
adsorption performance is often highly pH-dependent, and practical challenges remain in
immobilising these fine particles into mechanically stable forms suitable for fixed-bed or
column ion-exchange applications (Zhang et al., 2009, Wang et al., 2024, Liu et al., 2018).
Despite their promise, variability in reported capacities and limited understanding of adsorption
mechanisms under realistic water matrices highlight the need for systematic evaluation and
improved modelling of these materials.

Ion exchange is a well-established technology in water treatment, and with recent
developments, its efficiency for phosphate removal has been improved using newly developed
ion exchangers such as ferric oxide nanoparticles infused resin. The advantages of ion

exchange are its robustness and simple operation, while it could be easily integrated within a
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wastewater treatment as a tertiary treatment or a polisher to remove phosphates. It is also
advantageous since it produces no-excess sludge and as being reversible, the removed
phosphorus could be directly recovered and processed into useful products, such as struvite for
slow-release fertilisers (Yan et al., 2025). Moreover, the impregnation of the resin with ferric
oxide nanoparticles to produce a hybrid anion exchanger increases its selectivity towards
phosphate ions and its overall exchange capacity (Nur et al., 2014a, Yoon et al., 2014, Cross et
al., 2009). Several studies have demonstrated that hybrid anion exchangers exhibit high
selectivity for phosphate even in the presence of commonly encountered anions such as
sulphate, chloride, and bicarbonate (Blaney et al., 2007, Martin et al., 2013, Sendrowski and
Boyer, 2013). Importantly, phosphate uptake has been shown to be largely insensitive to
sulphate concentration, which is typically the dominant competing anion in conventional ion-
exchange processes. Reported phosphate-sulphate separation factors exceeding two orders of
magnitude indicate a strong preferential affinity for phosphate over sulphate on these materials
(Blaney et al., 2007).

FerrIX A33E (Purolite) is a strong-base anion exchange resin composed of a highly porous
polystyrene matrix cross-linked with divinylbenzene and functionalised with positively
charged quaternary ammonium groups. Originally developed for arsenic removal (PUROLITE,
2021), the resin incorporates iron oxide nanoparticles that impart high affinity for oxyanions;
however, its application for phosphate removal has received relatively limited investigation.
Moreover, the few studies that have investigated FerrIX A33E for phosphate removal report
notable discrepancies in its capacity (Section 3.2 of this study) and regeneration performance,
while the influence of operating conditions on resin uptake properties and column performance
has not been thoroughly examined (Nur et al., 2014a, Foster et al., 2025, Bektas et al., 2021,
Korkmaz et al., 2023). Batch experiments by Nur et al. (2014a) reported maximum phosphate

uptake capacity of approximately 48 mg P/g resin, while fixed-bed column modelling in Nur
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et al. (2014b) indicated lower dynamic capacities that depended on bed height for a given inlet
concentration. More recent work by Foster et al. (2025) showed that when regeneration
efficiency and multi-cycle operation are considered, the effective capacity decreased from ~1.9
to ~1 mg P/mL (~2.6 to 1.4 mg P/g). These numerical discrepancies highlight the need to more
rigorously establish the intrinsic phosphate removal capacity of FerrIX A33E under well-
defined conditions. Furthermore, existing modelling efforts for fixed-bed phosphate removal
appear limited, as the commonly applied models did not adequately capture the observed
breakthrough behaviour, potentially leading to inaccurate predictions for scale-up. In
particular, studies by (Nur et al., 2014a, Nur et al., 2014b) show clearly asymmetric
breakthrough curves, which challenges the validity of conventional models that assume
symmetrical breakthrough behaviour. This suggests that alternative modelling approaches
capable of accounting for breakthrough asymmetry should be evaluated. In addition, systematic
kinetic studies on phosphate uptake by FerrIX A33E are absent, and equilibrium data have been
interpreted solely using the Langmuir isotherm without comparison to other models, such as
the Freundlich isotherm, which better accounts for surface heterogeneity expected in hybrid
iron oxide-impregnated resins. Given the growing interest in phosphate removal and recovery,
there is a clear need for more robust kinetic, equilibrium, and dynamic models to accurately
describe sorption processes and support reliable process design and scale-up of FerrIX A33E
resin.

Therefore, this study evaluated the removal of phosphate by FerrIX A33E focusing on sorption
capacity and kinetics, and breakthrough experiments in batch and fixed-bed modes,
respectively. Common and newly adapted mathematical models were used to predict the
isotherms, exchange kinetics, and column breakthrough curves. The results reported in this
study enhance understanding of the performance of FerrIX A33E for phosphate removal and

provide useful information for design and scaling up of the process.
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2  Materials and methods

2.1 Chemicals

Analytical grade sodium phosphate monobasic monohydrate (NaH2PO4.H>O) powder (Acros
Organics, UK) and sodium chloride (Sigma Aldrich, UK) were used to prepare aqueous
solutions in Milli Pore filtered water (MilliQ RiOs-DI 3UV). Phosphate stock solutions at
varying concentrations (6.5-66.67 mg P/L) representing low and high phosphate concentrations
were prepared. The ion exchange resin was FerrIX A33E (Purolite, USA), which is a type II
hybrid strong base anion exchange resin containing a blend of hydrated iron oxide
nanoparticles and highly porous polystyrene cross-linked with divinylbenzene polymer. The
resin has quaternary ammonium positively charged functional groups with chloride being the
counter ions. Other characteristics of the ion exchange resin used in this study are shown in
Table 1 according to the manufacturer’s information sheet (PUROLITE, 2021) or determined

in this study.

2.2 lon exchange resin characterisation

The total capacity of FerrIX A33E resin was determined using the pH titration technique.
Briefly, several samples, each containing 0.5 g of resin, which was initially treated with 1M
NaOH to convert it into the OH™ form, were placed in 50 mL flasks and mixed with successively
increasing volumes of HCI solution (0.1 M). Deionized water was added to keep the ratio of
solid to liquid constant (1:100 w/v). The pH was measured after equilibration over 24 hours.
Neutralization of the obtained acid or base solution was made, and the titration curve was
plotted as pH of the solution vs the amount of titrant added (meq HCl/g of resin). The total

capacity was determined at the point where the titration curve sharply increased.
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Particle size measurements were conducted by passing the resin through sieves with pores in
the range of 0.42 to 4 mm. Images of the resin particles were also taken using a Zeiss Primotech
light microscope to confirm their sizes and shapes. The nitrogen adsorption/desorption at 77K
was used to determine the surface area and the pore properties of the resin (Nova 2000e,
Quantachrome Instruments, Boyton Beach, FL, USA). The Brunauer-Emmett-Teller (BET)
model was used to determine the surface area, while the Barrett-Joyner-Halenda (BJH) model
was used for pore size properties. Samples were degassed at 110°C with a vacuum pump for 3
hours to remove impurities such as water and were weighed before and after the degassing

Process.

Table 1. Characteristics of ion exchange resin FerrlX A33E (Purolite, USA)

Polymer matrix Polystyrene crosslinked with divinylbenzene
Ionic Form Cr

Appearance Brown spherical beads

Particle size range 300-1200 pm

Bulk Density 0.74 g/cm®

pH limits 4.5-8.5

Temperature limit 80 °C

2.3 Isotherm and kinetics studies

The isotherm experiments were carried out at room temperature (20+£2°C) using aqueous
samples (40 mL) placed in 50mL-plastic sample tubes and agitated for 24 h using a 12-position
rotating mixer (Stuart SB3 rotator) set at 40 rpm. The initial phosphate concentration was 20
mg P/L and the resin dose varied in the range 0.25 to 6.25 g/L. Phosphate uptake onto the resin
was calculated by Equation (1), which was derived from mass balances over the liquid and
resin phases assuming that any change in phosphate mass in the liquid phase was due to the

resin uptake only.
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% (Co - Ce) (1)
mx

Ge =V
where: g.is the phosphate uptake onto the resin (mg P/g), V is the volume of solution (L), Cop
and C. are the initial and equilibrium concentrations (mg P/L) respectively, and mx is the mass

of the ion exchange resin (g).

Figure 1(a) shows the schematic layout of the set-up used for the kinetic experiments. The
kinetic experiments were carried out using 500 mL solutions at a resin dose of 3.75 g/L and
initial phosphate concentration of 16.67 mg P/L. The solutions were mixed using a six-paddle
mixer (W1 flocculation test unit) set at different impeller speeds (50-150 rpm). Samples
(~1mL) were collected and analysed for phosphate concentration using a microwave plasma
atomic emission spectrometer (Agilent 4200 MP-AES). Samples were collected at regular time

intervals and solution volume change due to sampling was considered in the calculation.

2.4 Column breakthrough

Dynamic semi-batch column ion exchange experiments were carried out using an ion exchange
experimental rig (CE300, G.U.N.T, Germany); its layout is shown in Figure 1(b). The column
internal diameter was 21.2 mm and the maximum column height was 40 cm. After thorough
washing, the resin was added to the column under saturated water conditions to avoid air being
trapped in the bed. The column was run in a down-flow mode and samples at the column exit
were collected at regular intervals of time, analysed for phosphorous concentrations, and the
results were used to plot the breakthrough curves (i.e. x,3=C/Cy versus time). The range of
variables used in the experiments were: flowrates (30-120 mL/min), bed height (5-10 cm), and

influent concentrations (16-67 mg P/L).
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2.5 Regeneration

The regeneration of the phosphate-saturated ion exchange was studied by flowing a 5% sodium
chloride solution in the semi-batch column at a regenerant flow rate of 30 mL/min. The
exchange/regeneration cycles were repeated 3 times for the same resin to evaluate the effect of
resin reuse on phosphate exchange capacity. The data collected were presented as breakthrough
curves of chloride ions during regeneration. The breakthrough curves were integrated to
determine the amounts of chloride exchanged by the resin. The concentration of chloride was
analysed using an ion chromatograph (Thermo Scientific Dionex Integrion HPIC) fitted with a
Dionex IonPac AS29-Fast-4um analytical column and a Dionex IonPac AGI3A-5pm guard
column. The eluent used was Dionex AS14A (8.0 mM sodium carbonate, 1.0mM sodium
bicarbonate) with a set flowrate of 0.5 mL/min. The chloride solutions were diluted before

analysis, so to not saturate the detector.

6-paddles mixer with
adjustable mixing

speeds\ L n u | 1

Stirring rod —p

Reactor containing 1
phosphate and ion > -
exchange resin Yol

/
Paddle 4
g

Figure 1: Schematic diagrams of (a) kinetics experiments, (b) fixed-bed column studies: 1 -

collecting tank, 2 — diaphragm pump, 3 — Anion exchange column, 4 — waste tank, F —

flowmeter.
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232 3 Results and discussion

233 3.1 Resin characterisation

234 3.1.1 Particle size

235  The particle size distribution of the dry FerrIX A33E resin was determined by passing a
236  representative sample through a series of standard sieves. Figure 2(a) shows the percent of the
237 sample retained by the specified sieves. The data indicates a particle size range of
238  approximately 0.3 to 1.8 mm, which aligns well with the specifications provided by the
239  manufacturer (Table 1). The uniformity coefficient of the resin, dso/dio, was found equal to
240  1.36, indicating that the resin particles have uniform sizes and uniform shape as observed by

241 the microscopic images (Figure 2(b)).
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243

244 Figure 2. (a) FerrlX A33E resin particle size distribution; (b) microscopic image of the ion
245  exchange particles: example of two sizes, (c) cryogenic nitrogen adsorption/desorption

246  isotherms on FerriX A33E resin
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3.1.2 Surface area and pore volume

The BET results show that FerrIX resin has a surface area of 66.4 m?/g, which is comparable
to that reported by Thompson et al. (2021) for FerrIX (63.0 m?/g), but considerably larger than
other gel resins such as MERCK 104767 (25.0 m?/g) (Mestri et al., 2023). The cryogenic
nitrogen adsorption-desorption isotherm exhibited a Type H3 hysteresis loop (Figure 2(c)),
indicative of a weak adsorbate-adsorbent interactions and associated with multimolecular
adsorption (Thommes et al., 2015). The hysteresis observed in Figure 2(c) suggests desorption
from large pores governed by cavitation-controlled evaporation, a behaviour characteristic of
non-rigid aggregates of plate-like particles and the presence of meso- to microporous
structures, as commonly found in mesoporous zeolites and clays. In addition, analysis using
the BJH method yielded a pore volume of 0.119 ¢cm?/g and an average pore diameter of 3.28

nm, confirming that FerrIX possesses a predominantly mesoporous structure.

3.1.3  Total capacity and suitability for phosphates removal

The total exchange capacity of the FerrIX A33E resin was experimentally determined using
the pH titration method. Because ion exchange resins are essentially insoluble in acidic and
alkaline solutions, they can reach equilibrium during acid-base titration, allowing the total
capacity to be quantified from the titration response. Initially, the solution of FerrIX A33E
exhibited a high pH (~12) due to the resin being in the hydroxide form. Upon addition of
hydrochloric acid, the hydroxide ions on the surface of the resin were gradually replaced by
the chloride ions, resulting in a slow decrease in pH, as described by Eq (2). Once all the
exchangeable hydroxide ions were fully displaced, further addition of acid caused a sharp drop
in pH due to the presence of excess free acid. This rapid pH decrease, from approximately 11
to 3, occurred around a clear inflection point corresponding to the equivalence point, where the

moles of added acid equated the total ion exchange capacity of the resin. Based on this analysis,

12
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the total exchange capacity of FerrIX A33E was determined to be 1.2 meq HCl/g resin (or 0.9
eq/L), which compares to other macroporous polystyrene anionic resins such as Purolites A500

(1.15 eq/L) and A510 (1.2 eq/L).

R—O0H+ HClL > R—_Cl+ H,0 2)

Although FerrIX™ A33E was originally developed for arsenic removal, it is also suitable for
phosphate removal because both arsenate and phosphate share very similar chemical
characteristics and binding mechanisms. On one hand, phosphate (PO4*) and arsenate (AsO4™
) are structurally analogous tetrahedral oxyanions with comparable charge, size, and pKa
values (phosphates: pKa; = 2.12, pKay = 7.21, pKaz = 12.44; Arsenate: pKa; = 2.22, pKax =
6.98, pKaz = 11.53), leading to similar sorption behaviour in water. On the other hand, FerrIX
A33E is a hybrid strong-base anion quaternary ammonium exchange resin impregnated with
hydrous iron oxide (HIO) nanoparticles, which provide highly specific surface sites for
complexation with oxyanions. Although the quaternary ammonium groups facilitate
conventional anion exchange, phosphate removal is dominated by strong ligand exchange
reactions between phosphate ions and surface hydroxyl groups on the embedded iron oxide
(Acelas et al., 2015, Almasri et al., 2019). This mechanism is identical to that responsible for
arsenate binding (Dudek and Kotodynska, 2022, Gonzalez-Pech et al., 2022) and explains the
resin’s high affinity for phosphate. Therefore, we refer to the mechanism as “sorption” to
reflect that phosphate uptake by FerrIX A33E is neither purely ion exchange nor purely
adsorption. In addition, the polymeric matrix enhances mass transfer and mechanical stability
compared to granular iron oxides alone, making FerrIX A33E effective in fixed-bed columns.
Consequently, the physicochemical similarities between arsenate and phosphate, combined
with the dual ion-exchange and iron-oxide adsorption functionality of FerrIX A33E, make it

well suited for phosphate removal despite its original design focus on arsenic.
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3.2 Batch isotherm results

Sorption equilibrium isotherms were determined to quantify the uptake capacity of FerrIX
A300E resin for phosphates. The experimental data were fitted using several isotherm models,
including Langmuir, Freundlich, Dubinin-Radushkevich, and Redlich-Peterson. Application of
these models provides insight not only into the exchange capacity but also into the underlaying
resin properties and ion exchange mechanisms governing phosphate uptake. A summary of the
equations and parameters of the models used is presented in Table 2 and the results of model
fitting of the experimental data are shown on Figure 3. The uptake results show that the capacity
of FerrIX A33E is around 6.5 mg P/g resin, which is comparable to other similar resins such
as the HAIX (~6 mg P/g resin) (Guida et al., 2021).

According to Figure 3 and Table 2, only the Freundlich and Redlich-Peterson models exhibited
good fitting of the experimental data. The Freundlich model assumes that adsorption takes
place on a heterogenous surface and can be of multilayer while the Redlich-Peterson isotherm

is a compromise of the Langmuir and Freundlich isotherms.

Several studies have investigated phosphate removal using ion exchange resins, and the
corresponding equilibrium isotherm parameters reported in the literature are summarised in
Table 3. Overall, the Freundlich isotherm provides the best fit for most of the resins examined,
suggesting that phosphate uptake occurs on energetically heterogeneous surfaces rather than
through ideal monolayer adsorption. This behaviour is consistent with the complex pore

structures and varied functional groups present in commercial ion exchange resins.

As illustrated in Figure S1, substantial differences in phosphate uptake capacity are observed
among the resins studied. Lewatit Monoplus M 600 and Purolite A200E exhibit notably higher

capacities compared to the other materials, whereas AMBERLITE HPR9200 shows the lowest
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phosphate uptake, with FerrIX A33E displaying intermediate performance. Despite all
materials being classified as strong-base anion exchange resins, these pronounced
discrepancies highlight that phosphate removal efficiency cannot be attributed solely to
functional group type. Instead, variations in resin structure, including polymer matrix
composition, porosity, degree of cross-linking, and accessibility of exchange sites, are likely
to play a critical role in governing phosphate sorption behaviour (Wang et al., 2023, Yin et al.,

2024, Marin et al., 2024).

A comparison of the isotherm obtained in this study with those reported in previous
investigations using FerrIX A33E reveals both agreement and notable discrepancies. The
isotherm derived in the present work shows good consistency with that reported by Li et al.
(2020), indicating comparable phosphate uptake behaviour under similar experimental
conditions. In contrast, the isotherm reported by Nur et al. (2014a) exhibits substantially higher
sorption capacities than those observed in both this study and that of Li et al. (2020). Given
that key experimental conditions, such as the initial phosphate concentration range, solution
pH, solid-to-liquid ratio, temperature, and equilibrium time, are broadly comparable across the
studies, the observed divergence is more likely attributable to differences in resin pre-treatment
procedures, particle size distribution, and the analytical methods used for phosphate
quantification and concentration calculations. Additionally, variations in data interpretation
and isotherm fitting approaches may have contributed to the higher apparent capacities reported
by Nur et al. (2014a). These observations highlight the sensitivity of phosphate isotherm
parameters of FerrIX A33E to experimental design and the importance of standardised testing

conditions when comparing sorption capacities across studies.
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Table 2. Isotherm model equations and their parameters for phosphate sorption onto FerrIX

A33E resin
Model Equation Parameter Value
Langmuir qmKLCe K; (L/mg P) 1.480 3)
Te=11K,.C
L*e gm (mg P/g) 6.362
R? 0.991
Freundlich X C% Ky (mg'""n L /g) 3.621 4)
q =
¢ e n () 4556
R? 0.999
Dubinin-Radushkevich Je = qmexp (—fe?) B (mol?/kJ?) 9.5x10% (5)
1 m P/ 6
£ = RTIn(1+ ) gm (mg P/g) 5.71 (6)
e R? 0.979
Redlich-Peterson 0 = KRC, Kr (L/mg P) 1.9 10 (7
= —0°
1 + aRCeﬁ ar (Lﬂ/mgﬁ) 52 % 103
£ 0.781
R’ 0.999
. -k -
- e
©
o X  Experimental data
g Langmuir
o Freundlich
Dubinin-Radushkevich
Redlich-Peterson
10 15 20
C.(mg P/L)

Figure 3. Isotherm models for the sorption of phosphate onto FerrlX A33E resin (T=20°C)
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Table 3: Comparison of isotherm parameters obtained in this study with previous studies for
phosphate removal

Resin Model Parameters” R? Reference

Lewatit Monoplus M 600 Langmuir On=9.49 0.84 (Bektas et al.,
K =153 2021)

Lewatit Monoplus M 600 Freundlich | Kr=5.70 0.94 (Bektas et al.,
1/n=0.565 2021)

Purolite A200E Langmuir On=53.045 0.82 (Korkmaz et al.,
K1 =0.2678 ) 2023)

Purolite A200E Freundlich | Kr=18.439 0.99 (Korkmaz et al.,
1/n=0.2365 ' 2023)

AMBERLITE HPR9200 Langmuir On=13.16 0.98 (Li et al., 2020)
K. =1.10

AMBERLITE HPR9200 Freundlich | Kr=1.12 0.99 (Li et al., 2020)
1/n = 0.694

FerrIX 33E Langmuir On=17.69 0.99 (Li et al., 2020)
Kr=1729

FerrIX 33E Freundlich | Kr=3.76 0.99 (Li et al., 2020)
1/n=0.226

FerrIX A33E Langmuir On=35.4 0.95 (Nur et al., 2014a)
K =0.22

FerrIX A33E Freundlich | Kr=6.07 0.95 (Nur et al., 2014a)
1/n=0.64

FerrIX A33E Freundlich 11/?; ; ngé’ 5 0.99 This study

*: The above parameters assume that C. is in mg P/L and ¢, is in mg P/g resin.

Based on the isotherm analysis, which was best described by the Freundlich model, the sorption
mechanism appears to be non-ideal and deviates from classical monolayer ion exchange
behaviour, indicating heterogeneous surface interactions and multiple binding sites. This could
be attributed to the presence of iron oxide nanoparticles embedded within the FerrIX A33E
resin structure. The results suggest that phosphate removal is not governed solely by
conventional ion exchange but rather involves additional uptake mechanisms. Indeed, previous
studies have demonstrated that ion exchange may account for only a minor fraction (~10%) of
the overall phosphate removal capacity of ferric nanoparticle-embedded media, with up to 90%
of uptake attributed to adsorption onto the ferric component of the resin (Martin et al., 2013).

Phosphate adsorption via strong surface complexation on iron oxide nanoparticles, driven by
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the high ligand affinity of phosphate for iron, therefore represents a dominant and critical
removal mechanism (Smith et al., 2008, Spiteri et al., 2008). Accordingly, phosphate removal
by FerrIX A33E is governed by a dual mechanism, involving conventional anion exchange at
the quaternary ammonium group ([NR4]") alongside selective sorption and surface
complexation on the hydrated ferric oxide sites (FeOH) embedded within the resin matrix.
Within the pH range of the study (6 to 8), the phosphate species are H2POs™ and HPO4* (Fig
S2 — Supplementary Information). Equations 8 and 9 describe the exchange of the phosphate
species with the quaternary amine groups of the resin while Equations 10 and 11 describe the
sorption/complexation with ferric particles. Since the point of zero charge (PZC) of hydrated
iron oxides is around 7.9 (Ownby et al., 2021), pH plays an important role regarding the
interaction between phosphates and the iron oxides. Therefore, lower pH values than PZC=7.9,
which is typical in water treatment, favours phosphates removal from water while higher pH
than 7.9 deprotonates the iron oxides to FeO™ favouring the release of phosphates into solution.
Figure 4 provides a schematic showing the dual mechanisms for phosphates removal by ion
exchange and sorption/complexation in ferric oxides of both monovalent and divalent

phosphate ions (i.e. Ho2PO4” and HPO4%).

-NR4"CI" + H2PO4™ > -NR4.H2PO4 + CI (8)
2(-NR4"CI") + HPO4** <> (-NR4)2.HPO4 + 2CI° )
(EFeOH,") + HoPO4™ «> (=FeOH:").H2PO;4 (10)
2(=FeOH,") + HPO4* < (2(=FeOH,")).HPO4 (11)
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Figure 4. Dual mechanisms for phosphate removal by FerrlX A33E (ion exchange with the

counter ions and adsorption/complexation with iron oxides).

3.3 Kinetics of phosphate uptake

In batch studies, kinetic experiments help determining the contact time required to reach
equilibrium (Helfferich, 1995, Slater, 1991). High-speed mixing generates intense turbulence
around the resin particles, reducing external liquid-film mass transfer resistance and shifting
the rate-limiting step of mass transfer toward intraparticle diffusion. Accordingly, the kinetics
of phosphate removal by FerrIX A33E were tested at different mixing speeds and analysed
using several kinetic models, including the first-order reversible, Elovich, and particle diffusion

models. The governing equations for these models are summarised in Table 4.
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Table 4. Kinetic models used to describe phosphate sorption onto FerrlX A33E

Model Equation

Elovich 0 = (%) In(ab) + (%) In () (12)

First-order In[1-U(t)] = —kt (13)
reversible () = Cao — Cy (14)
CAo - CAe

Particle diffusion U@ = [1 - exp(r(fy ()T + fo(@)7 + fo(@)T)]2 1)
D,.t (16)
T = 2
1 (17)
—— =—-0.570 — 0.430%775

fi(@) ¢
! = 0.260 + 7.82 (18)

L@ ool
(@) = —-0.165—-0.117« (19)

The kinetic experiments showed that equilibrium was achieved within approximately 50
minutes under high-speed mixing (150 rpm), whereas more than 90 minutes were required to
reach equilibrium at low-speed mixing (30 rpm), as illustrated in Figure 5. Fitting of the
experimental data to the kinetic models (Figure 5) indicates that the reversible first-order and
particle diffusion models provide the best representation of the data under high-speed mixing
conditions, whereas the Elovich model is more suitable at low mixing speeds. These findings
suggest that mixing speed strongly influences both the kinetics and the dominant mass transfer
mechanisms. In ion exchange systems, the rate-controlling step is typically governed by
resistance in the external liquid film, intraparticle diffusion, or a combination of both. As
mixing speed increases, the thickness of the mass transfer film surrounding the resin particles
decreases, enhancing film diffusion and shifting the rate-limiting step toward intraparticle

diffusion. This transition explains why the particle diffusion model provides a good fit to the
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experimental data at high mixing speed (Figure 5a). At low mixing speed (Figure 5b), the first-
order model adequately describes the initial uptake phase (t<30 min), consistent with the linear
rate model associated with external film diffusion control (Brandani, 2021). It should be noted
that, in addition to mixing speed, film diffusion commonly dominates the rate-determining step
when the solute concentration in the liquid phase is low or when the resin possesses a high
exchange capacity. Overall, the kinetic data at low mixing speed were best described by the
Elovich equation, a model widely used to represent activated chemisorption processes (Aharoni
and Tompkins, 1970, Juang and Chen, 1997). The Elovich model assumes that the sorption rate
decreases exponentially with time as surface coverage increases, reflecting the progressive
occupation of energetically heterogeneous sites. The good agreement between the Elovich
model and the experimental data further supports the involvement of chemical interactions in
phosphate uptake by FerrIX A33E, consistent with sorption on a heterogeneous surface as

demonstrated by the isotherm analysis and the proposed removal mechanisms (Figure 4).

6 1 5 -
(a)
X X X
5 -
4 -
4 -
— ® 3
2, ] a
a )
a0
x E
= . & 27
oy X Experimental data X Experimental data
Elvolich model Elvolich model
1 == First order reversible model ! = First order reversible model
Particle diffusion model Particle diffusion model
0 T T T T ] 0 T T T T
0 30 60 90 120 150 0 30 60 90 120
Time (min) Time (min)

Figure 5. Kinetic models for the sorption of phosphate onto FerrlX A33E resin at different

mixing speeds (a) 150 rpm, (b) 30 rpm
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3.4 Column Breakthrough results

3.4.1 Breakthrough models

The successful design of an ion exchange column requires precise prediction of contaminant
breakthrough during operation (Chittoo and Sutherland, 2020, Cheng and Knappe, 2024).
Accordingly, phosphate uptake by the FerrIX A33E resin was studied under fixed-bed column
conditions, and the results are presented as breakthrough curves. These curves plot the
normalised phosphate concentration in the effluent, expressed as the ratio of effluent (C) to
influent (Cp) concentration (x, = C/Cy) versus time (). The factors investigated for their impact
on the breakthrough behaviour included bed height, influent flow rate, and the phosphate
concentration of the feed solution (Cp). The resulting breakthrough curves were then analysed
using several models, including the Bohart-Adams, Thomas, Clark and two modified Bohart-
Adams variants: the n-order and fractal B-A models respectively (Hu et al., 2021, Bibiano-
Cruz et al., 2016, Mestri et al., 2023). A summary of the equations governing these

breakthrough curve models is given in Table 5.

Table 5. Mathematical models used to describe the breakthrough curves

Model Equation
Bohart-Adams Ce e’ (20)
(BAM) Co (eﬁ -1+ eT)

_ kpappqoZ (1 - 5)
v €

B

Z
T= kBACO (t—;)

Thomas (TM) (Co ) krnqaasm (21
In (=2—-1)=—228  _ krCot
n C, 0 Thlo
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Clark (CM) 1 (22)

Ct _ ( 1 )n—l
Co \1+Ade1t

n—1 23
A:(C‘;ll—1>e”b (23)
Cb_

B-A n Order (n- 1 24
n Order (n Ce 171 + nagt-re 1+ (n — Dkyagcy™ tx]n-1 (24)
BAM) Co fido™ “Co 1+ (n— Dkya™ Lept

1

1 n

1 n-1
B [1 + (n— 1)kna0”_1c0t]
B-A Fractal (f- 1 - 25
ractal ( C, - (1 1 thA,Otl hCO) (25)
BAM) Co (kpaoth
0 exp (%aox) + exp (1T1h kBA,Otl_hCO) -1
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Figure 6. Breakthrough curves measured at different flow rates (a) 30 mL/min (b) 60 mL/min

and (c) 90 mL/min (bed height = 5cm, Co= 33.3 mg P/L; x» = C/Cp)

Figure 6a-c shows the breakthrough curves measured at different flowrates (30, 60, and 90
mL/min), whilst the bed height and inlet concentration were kept constant at S5cm and 33.3 mg
P/L, respectively. As anticipated, the breakthrough occurred earlier when the flowrate was high
due to the low contact time between the fluid and the resin particles. As shown in Figure 6 and

at the lowest flowrate (30 mL/min), the breakthrough occurred at ~30 minutes (Figure 6a)
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whilst when the flowrate was increased to 60 and 90 mL/min, the breakthroughs occurred
almost instantly (Figure 6b & c). At the flowrate of 30 mL/min, all the five mathematical
models described well the first half of the experimental data (i.e. x < ~0.5), but diverged at the
endpoint of the breakthrough (Figure 6a). At high flow rates, Figure 6b-c shows that the BAM,
TM, and CM models initially provide a reasonable fit to the experimental data but deviate
significantly near the tail of the breakthrough curves, with the CM model showing the poorest
agreement. In contrast, the n-order and fractal BAM models consistently offered the best fit to
the experimental data across all flow rates tested. Table S1 (Supplementary Information) shows
the parameters calculated for each model. As shown in Table S1 (Experiments 1-3), increasing
the flow rate resulted in higher mass transfer rate constants across all models, consistent with
previous findings that external film resistance plays a significant role in controlling the rate of
phosphate uptake. Table S1 (Experiments 1-3) further indicates that flow rate also influenced
the resin capacity (go), likely due to phosphate ions passing through the column too rapidly to

achieve full contact with the resin particles.

3.4.3 Effect of inlet phosphate concentration
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Figure 7. Breakthrough curves at different inlet concentrations (5cm bed depth and 60

mL/min) (a) 16.7 mg P/L (b) 33.3 mg P/L and (c) 66.7 mg P/L

Figure 7 shows the breakthrough curves at different inlet phosphate concentrations (16.7, 33.3,
and 66.7 mg P/L), while the bed height and flowrate were set at 5 cm and 60 mL/min,
respectively. According to Figure 7, the breakthrough occurred earlier when the inlet phosphate
concentration was high, which is consistent with other studies (Nur et al., 2014a). Figure 7a

illustrates that all models showed good agreement with the experimental data at the lowest
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phosphate concentration. However, as the influent phosphate concentration increased, most
models deviated from the experimental results, with the exception of the n-order BAM (n-
BAM) and fractal BAM (- BAM) models, which maintained strong predictive accuracy, as
reflected in their corresponding R? values (Table S1). This behaviour arises because the BAM,
TM, and CM models are primarly suited for symmetrical breakthrough curves, whereas the n-
BAM and f-BAM models can accurately capture the asymmetry observed in the breakthrough
curves, as seen in Figures 7b and 7c. Additionally, both the Bohart-Adams and Thomas models
assume that the surface reaction is the rate-limiting step, meaning that the constants k7, and k4s
do not represent the intrinsic rate of the process. Significant deviations between model
predictions and experimental data can therefore arise when particle diffusion, rather than
surface reaction, controls the overall rate (Chu, 2010). Consequently, the observed kinetics
likely result from the combined effects of surface reaction and intraparticle diffusion (Chu,
2010). The limitation of the Clark model is related to the assumption that the mass-transfer
coefficient is constant, which may not be suitable for a heterogeneous diffusion limited process
(Hu et al., 2020). At the highest phosphate concentration, the f-BAM model outperformed all
other models, demonstrating its superior ability to describe phosphate uptake by FerrIX A33E
across the full range of concentrations studied. This highlights the robsutness of the f-BAM
model for representing the phosphate-FerrIX A33E system, particularly due to its capacity to
account for diffusion-limited processes and surface heterogeneity. Table S1 (Experiments 2, 4,
and 5) summarises the f-BAM parameters calculated for the different influent concentrations.
A notable feature of the f-BAM model is that its rate coefficient, kg4 (expressed as kgi=kpaot "
, with 0 < & < 1), incorporates a temporal “memory” effect and therefore is not constant over

time (Kopelman, 1988).
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Figure 8. Breakthrough curves at 10 cm bed hight and: (a) 30 mL/min, 33.3 mg P/L (b) 60

mL/min, 33.3 mg P/L (c) 120 mL/min, 33.3 mg P/L, (d) 60 mL/min, 16.7 mg P/L, and (e) 60

mL/min, 66.7 mg P/L

To evaluate the effect of bed height, experiments at a bed height twice that used previously (i.e.
10 cm) were carried out at different flow rates and different inlet concentrations (Figure 8). As
can be observed when comparing the breakthrough results shown in Figure 8 (a,b,c) vs Figure
6 (a,b,c) (i.e. constant inlet phosphate concentration and variable flow rate), the doubling of
the bed height resulted in significant increase in breakthrough time (#). For example, at a flow
rate of 30 mL/min, 7, increased from 30 min to 120 min as the bed height increased from 5 to
10 cm. Similarly, for experiments carried out at constant flow rate but variable inlet
concentration, the increase of bed height also increased #, (Figure 7(a,b,c) vs Figure 8(d,b,e))
and Table S1. Calculation of the difference in the values of 7, at 10 cm and 5 cm bed heights
(Atp) shows that Af, is inversely proportional to the flow rate and to the inlet phosphate

concentration with slopes of -1.47 min/(mL/min) and -0.24 min/(mg P/L).

The breakthrough curves for a bed height of 10 cm were also modelled, with the results

presented in Figure 8. Overall, the figure demonstrates that at the greatest bed height, deviations
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between the model predictions and experimental data were less pronounced compared to those
observed at the smaller bed height. Nevertheless, the quality of the model fits was still
influenced by variations in influent concentration and flow rate, similar to the trends observed
for the shorter bed. Figure 8(d, b, ¢) shows that while all models fitted well the experimental
data during the initial phase of the breakthrough curves, the BAM, CM, and TM models
diverged near the curve tails, approaching equlibrium. Both the n-BAM and f-BAM models
provided a strong fit across the entire breakthrough profile, though the n-BAM model exhibited
a slight departure from the experimental data compared to f-BAM. These results further
demonstrate that the f-BAM model consistently offers the most accurate representation of the

experimental data, even at increased bed heights.

Overall, the BAM, CM, and TM models perfromed poorly under conditions of high phosphate
concentrations, elevated flow rates, or low bed heights, largely due to the asymmetrical shape
of the resulting breakthrough curves. In contrast, the fit of all models improved markedly when
the bed height was increased from 5 cm to 10 cm. The asymmetry observed in the breakthrough
curves may arise from variations in sorption mechanisms, surface heterogeneity, shifts in the
rate-limiting step, and non-uniform flow distribution within the column. Consequently, the n-
BAM and f-BAM models provided the best fits of the experimental data, as they account for
both the dynamic behaviour and the asymmetric nature of the breakthrough curves. The
dynamic model f-BAM outperformed n-BAM, owing to the time-dependency of its rate
coefficient, and was therefore considered the most suitable model for decsribing the

breakthrough curves of phosphate uptake by FerrIX A33E resin.
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Figure 9. (a) Breakthrough curve for resin regeneration using a 5% sodium chloride solution
(symbols represent experimental data; the solid red line denotes the f~-BAM model fit with the
parameters: h = 0.271; kgao= 0.035 L.mg.min""!; agp= 965.4 mg P/L), (b) effect of repeated

regeneration

To avoid the use of acids, a 5% sodium chloride solution was used as the regenerant at a flow
rate of 30 mL/min. The resin bed length was 10 cm. Following the initial sorption run with
virgin resin, the sorption-regeneration cycle was repeated three times. Each sorption cycle was
conducted using an influent phosphate concentration of 100 mg P/L at a flow rate of 60
mL/min. Figure 9(a) shows that chloride breakthrough occurred at around 5 minutes, while
complete resin regeneration was achieved at about 10 minutes. The experimental data are well
described by the f-BAM model, demonstrating excellent agreement between measured and

predicted behaviour (Figure 9(a)).
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For any loading or regeneration breakthrough curve, the average resin composition along the
bed and the total resin capacity can be estimated by integrating the area above the breakthrough

curve (Slater, 1991).

Figure 9(b) presents the evolution of resin capacity, calculated by integrating the breakthrough
curves, over successive regeneration cycles. Notably, the average capacity after the first
regeneration (Figure 9(b)) is slightly higher than that of the virgin resin, suggesting that initial
operation may activate or expose additional sorption sites, thereby enhancing the effective
capacity of the resin. The first and the second regeneration runs show very similar capacities,
but after the third regeneration cycle, the average resin capacity slightly decreased by ~14%,
though it remained within the experimental error of the resin capacity (Figure 9(b) error bars).
This finding suggests that Ferr[X A33E is a promising material for both the effective removal
and potential recovery of phosphates from water. Its dual functionality supports not only
compliance with stringent discharge regulations but also aligns with circular economy
principles. By mitigating phosphate-induced eutrophication, the resin offers a sustainable
approach to protecting aquatic ecosystems against the adverse environmental effects of

excessive nutrient enrichment.

Conclusions

This study demonstrated that FerrIX A33E is effective for the removal of phosphates from
water. Both ion exchange and removal via sorption or complex formation with iron oxide
nanoparticles were suggested as key mechanisms governing phosphate uptake by Ferr[X A33E.
Isotherm analysis showed that the Redlich-Peterson and Freundlich models provided a superior
fit to the experimental data compared with the Langmuir and Dubinin-Radushkevich models,

indicating a heterogeneous resin surface. This heterogeneity is likely associated with the
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presence of iron-based ionogenic groups and multiple reactive sites contributing to phosphate

binding.

The kinetic studies revealed that mixing speed influences the mechanisms governing phosphate
uptake by FerrIX A33E resin. The Elovich model adequately described the kinetic
experimental data across all mixing speeds, indicating the involvement of chemisorption on a
heterogeneous surface, whereas the particle diffusion model provided a good fit only at high
mixing speeds, where intraparticle diffusion became the dominant rate-limiting step. The
breakthrough curve analysis from the dynamic column experiments showed that models
capable of describing asymmetric breakthrough curves, namely the n-order Bohart-Adams and
fractal Bohart-Adams models, provided superior fits to the experimental data. These models
consistently outperformed the conventional Bohart-Adams, Thomas, and Clark models, which
are inherently limited to symmetric breakthrough curves and therefore failed to accurately

capture the observed column behaviour.

Repeated use of the FerrIX A33E resin did not result in a significant loss of phosphate uptake
capacity, indicating good stability and reusability. These findings suggest that FerrIX A33E
has strong potential as a sustainable option for phosphate removal and recovery, particularly if
its performance is confirmed at larger scales and under realistic conditions using real

wastewater effluents.

Supplementary Information The online version contains supplementary material available

at XXXX.
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865  Table S1. Fitting parameters obtained from different breakthrough models
Conditions Bohart-Adams Thomas Model Clark Model B-A n order B-A fractal
Exp. Co Q Z(cm) kea Jo R? kth Jdo R? A r R2 kn ao n(-) R? kea ao h R?
(mgL?) | (mLmin?) (mkg*s?) | (mgg?) (Lmg*min?) | (mgg?) () (min?) (L"mg™min | (mgL?) (Lmga | (mg ()
1) min(- LY
1))
1 100.00 30.00 5.00 0.0111 246 0.96 5.03x 105 14.443 | 096 | 28509.71 | 0.1206 | 097 | 652x10* | 2.48x10° | 1.0 | 097 | 067 | 2.42 0 0.96
2 100.00 60.00 5.00 0.0118 314 0.97 3.71x 10* 2096 | 090 | 24302 | 0.1336 | 095 | 1.17x10° | 2.02x10% | 1.4 | 094 | 132 | 295 | 0.265 | 0.97
3 100.00 90.00 5.00 0.0129 348 0.92 7.32x 10* 18.778 | 095 | 115170 | 0.1697 | 0.87 | 891x107 | 250x108 | 1.4 | 089 | 138 | 273 | 0239 | 0.92
4 200.00 60.00 5.00 0.0097 266 0.89 439x 104 17694 | 079 | 621.02 | 01944 | 066 | 1.90x107 | 1.39x10° | 1.5 | 0.84 | 143 | 1.87 | 0425 | 0.88
5 50.00 60.00 5.00 0.0110 25.4 0.83 7.78 x 10 14272 | 098 | 212834 | 0074 | 0.95 65.6 544x105 | 13 | 096 | 342 | 1.76 | 0269 | 0.90
6 100.00 60.00 10.00 0.0071 37.0 0.91 4.02x 10 22.125 | 096 | 83366.35 | 0.0846 | 0.87 65.6 319x105 | 12 | 089 | 279 [ 229 | 0347 | 089
7 100.00 30.00 10.00 0.0048 39.9 0.94 2.02x 10 23.480 | 097 | 134597.7 | 0.044 | 0.93 65.6 223x102 | 12 [ 093 | 384 [217] 0443 | 094
2
8 100.00 120.00 10.00 0.0119 355 0.92 7.10x 10 16.274 | 097 | 152431 | 0.1106 | 0.96 65.6 6.90x10° | 13 | 090 | 159 | 237 | 0189 | 092
9 200.00 60.00 10.00 0.0037 62.0 0.91 1.96 x 10 37.774 | 099 | 17410.00 | 0.0733 | 0.92 65.6 581x10° | 1.2 | 094 | 145 [ 379 | 0349 [ 0.92
10 50.00 60.00 10.00 0.0066 46.9 0.99 2.14x10* 31.709 | 0.97 | 29851.79 | 0.0297 | 0.99 65.6 5.01x10° | 12 | 099 | 052 | 462 ] 0075 | 0.99
866
867
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