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Absract

In the chlor-alkali industry, membrane cell technology requires a significantly purer raw brine than other methods. 
Further developments of ion exchange for aluminum removal have been required. Several chelating ion exchange 
resins have been characterized and their Al-binding properties compared. Total binding capacities, breakthrough 
curves were determined, the effects of pH, temperature, feed brine composition, and column geometry were inves-
tigated. Aminomethylphosphonic acid functionalized resins were found to be effective, achieving effluent Al concen-
trations below 0.01 ppm. At a flow rate of 30 bed volumes per hour and an inlet Al content of 0.5 ppm, a cycle time 
of up to one month can be achieved. The optimal binding pH is 2.5–3.0, and temperature increase enhances binding 
efficiency. 
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Összefoglalás 

A klór-alkáli iparban a korábban elterjedt higanykatódos elektrolízist napjainkra a környezetbarátabb és gazdaságo-
sabb, jelenleg a klórgyártás legjobb elérhető technológiájának (BAT) minősülő membráncellás módszer váltotta fel. 
Ezen technológia azonban jóval tisztább, fémszennyezőket (jellemzően Mg, Ca, Sr, Ba, Al, Fe) legfeljebb ppb (mil-
liárdodrész, tömegre vetítve) nagyságrendben tartalmazó sólevet igényel. Míg az alkáliföldfémek eltávolításával szá-
mos szerző foglalkozott, az alumínium eltávolítása további fejlesztéseket igényelt. Munkánkban ezen fém ioncserés 
eltávolításának kísérleti és szimulációs vizsgálatával foglalkoztunk.

Kísérleteinkhez több különböző gyártótól származó, különböző funkciós csoportokkal rendelkező ioncserélő 
gyantákat használtunk, melyeket karakterizáltuk. Vizsgáltuk az egyes gyanták teljes Al-megkötő kapacitását, és annak 
pH-függését is. Ez alapján az aminometilfoszfonsav funkciós csoportú gyanták Al-megkötő kapacitása 0,65–0,71 
mol/L (nedves, Na+ formájú gyanta halmaztérfogatára vonatkoztatva), az optimális pH 2,5–3,0. Ezen tartomány 
jelentősen eltér az alkáliföldfémek iminodiacetát gyantával történő megkötésének optimális pH-tartományától, így a 
két megkötési cél egyazon oszlopban, kevert gyantaággyal nem valósítható meg, az alumínium eltávolításához külön 
ioncserélő oszlop szükséges.
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A jellemző üzemi körülményeket jól modellező folyamatos megkötési kísérleteket is végeztünk, vizsgálva a hőmér-
séklet, az oszlopgeometria, a belépő sólé-összetétel és a gyanta telítettségi fokának hatását. Az eltávolítási hatékony-
ság a hőmérséklet emelésével jelentősen javult, a klór-alkáli iparban jellemző 60 °C hőmérsékleten 0,01 ppm alatti 
végső Al-koncentráció is elérhető volt. A BAT-beli kilépő Al-koncentrációlimitet figyelembe véve 50% feletti kapaci-
táskihasználás is megvalósítható volt. A gyantaágy geometriájának és a további jellemző fémszennyezők jelenlétének 
nem volt jelentős hatása.

Az ioncsere folyamatát a Homogén Felületi Diffúzió Modellje (HSDM) alkalmazásával is vizsgáltuk, kísérleti ada-
taink alapul vételével. A szimuláció során a méretnövelés megvalósíthatónak bizonyult, 30 BV/h sóléáram (30-szoros 
gyantaágy-térfogatnak megfelelő sólé átáramlása óránként) és 0,5 ppm belépő Al-koncentráció mellett akár 1 hóna-
pos ciklusidő is elérhető volt. Vizsgáltuk a sóléáram, a belépő Al-tartalom, a gyanta mennyiségének és a gyantaágy 
geometriájának hatását is, felvéve áttörési görbéket, izoplánokat és izokronokat. Ez alapján a rendszer áttörése a be-
lépő Al-tartalom időszakos megemelkedésekor sem következik be jelentősen korábban, a gyantaágy geometriájának 
nincs jelentős hatása, és az eltávolítás még 60 BV/h térfogatáramnál is hatékony, azonban rövidebb ciklusidő mellett.

Eredményeinket felhasználva Magyarország klór-alkáli iparágának vezető vállalata, a BorsodChem Zrt. új, 13 m3 
aminometilfoszfonsav csoportú gyantát tartalmazó ioncserélő oszlopot telepített mindkét membráncellás üzemébe, 
melyek megfelelő üzembiztonsággal üzemelnek.

Kulcsszavak: klór-alkáli ipar, alumínium, ioncsere, sólé, tisztítás

Introduction

The industrial production of chlorine is generally based 
on the electrolysis of sodium chloride (NaCl) solution, 
which yields hydrogen gas and sodium hydroxide 
(NaOH) solution as co-products (Fauvarque 1996). 
These are all essential raw materials in the chemical in-
dustry (Stringer–Johnston 2001), with wide-ranging 
applications such as PVC production, polyurethane 
synthesis (Ding et al. 2013), ammonia synthesis 
(Humphreys–Lan–Tao 2021), petroleum refining, and 
the manufacture of cleaning agents (Brée et al. 2020). 
Mercury cell electrolysis was previously widespread; 
however, due to the environmental hazards associated 
with mercury use (Ogunbiyi et al. 2021; Sola et al. 2020), 
this technology has been phased out in most countries in 
accordance with the Minamata Convention (Feng et al. 
2022; Minamata Convention on Mercury 2021; Selin et 
al. 2018), and has been largely replaced by membrane 
cell electrolysis. This latter is now considered the Best 
Available Technique (BAT) for chlorine production, of-
fering both economic and ecological advantages over 
mercury and diaphragm cell methods (European Com-
mission 2014; Margallo et al. 2016; Pátzay–Tungler–
Mika 2011).

Nonetheless, an important engineering challenge has 
emerged: membrane cell technology requires a signifi-
cantly purer brine as feedstock, with metal contaminants 
present only in the parts-per-billion (ppb, by mass) 
range. The combined concentration of Ca and Mg must 
not exceed 20 ppb; for Sr, the limit is 40 ppb; for Ba, 50 
ppb (if the sulfate concentration exceeds 6 g/L); for Fe, 
1 ppm; for Ni, 10 ppb; for other heavy metals, 100 ppb; 
and for aluminum, likewise 100 ppb. However, under 
conditions of full membrane utilization, some mem-
brane manufacturers may specify even stricter limits 
(European Commission 2014; Schmittinger et al. 2012).

Even at sub-mg/kg concentrations, metallic impuri-
ties – particularly aluminum – can severely damage the 

cell membranes. This leads to reduced lifespan of  
the costly electrolysis membranes, contamination of  
the products (e.g., brine permeation contaminates the 
NaOH, while increased oxygen evolution due to unde-
sired side reaction contaminates the chlorine gas), and 
an increase in specific energy consumption (European 
Commission 2014; Ramírez–Cisternas–Kraslawski 2017). 
In addition, damage to the membrane is also detrimental 
to operational safety. Therefore, appropriate brine purifi-
cation is of critical importance from both economic and 
sustainability perspectives.

The typical concentrations of metallic impurities in sea 
salt are as follows: 1.1–1.3 wt% Ca, 3.6–4.1 wt% Mg, 
230–250 ppm Sr, 0.5–0.7 ppm Ba, 10–30 ppb Al, 0.1 
ppm Fe, and 80–90 ppm Si (Anthoni 2006; Hydes 1979; 
Le Bihan et al. 2003; Millero et al. 2008). By contrast, 
rock salt typically contains significantly higher levels of 
aluminum – up to 93 ppm – and iron – up to 157 ppm – 
contamination compared to sea salt. Although the con-
tent of alkaline earth metals is generally lower in rock 
salt, these species still represent the primary impurities in 
this case (Binega 2006; Titler–Curry 2011).

During purification, poorly soluble hydroxide or car-
bonate salts are formed under alkaline conditions from 
Fe3+, Ca2+, and Mg2+ ions. These precipitates can then be 
removed by sedimentation and filtration. The rest of 
metal ions are typically removed by ion exchange. At this 
final stage of the purification process, achieving the BAT 
threshold values becomes critically important (European 
Commission 2014).

Among the metallic impurities to be removed, alu-
minum – classified as an amphoteric metal – exhibits the 
most complex solution chemistry (Hem–Roberson 1967; 
Rubin–Hayden, 1973). The literature on aluminum so-
lution chemistry in concentrated saline environments is 
limited.

Aluminum exhibits extremely low solubility in neutral 
solutions, with a solubility minimum at approximately 
pH 6 under ambient conditions (Rubin–Hayden, 1973). 

Unauthenticated | Downloaded 05/21/26 08:57 AM UTC



3Scientia et Securitas 	 2025

Al removal  of  br ine by ion exchange

Moving away from this pH in either direction results in 
an increase in solubility. The poor solubility of aluminum 
around pH 6 constitutes an important design constraint 
and limiting factor in ion exchange experiments, as the 
formation of precipitates must be avoided.

Most publications and patents in related fields focus 
on the removal of water hardness–causing ions (Ca2+, 
Mg2+), as well as Ba2+, Sr2+, Fe3+, Mn2+, and various heavy 
metals by ion exchange (Blokhin–Murashkin–Mikhay-
lenko 2021; Chidambaran–Bisht–Raina 2014; European 
Commission 2020; Kiefer–Höll 2001; Kurkinen– 
Virolainen–Sainio 2021; Marcin–Sage 2017; Namana et 
al. 2024; Wallace 2015, 2021). For this purpose, weakly 
or strongly acidic cation exchange resins or chelating res-
ins are typically employed. Regeneration is generally per-
formed using acids, most commonly hydrochloric acid. 
Alkali is used only for post-regeneration neutralization 
or to convert the resin into its sodium form. In contrast, 
Li and co-workers (Li et al. 2016) applied a strongly 
acidic resin with sulfonic acid functional groups (Puro-
lite C145), where Al3+ ions are used to displace the less 
selectively bound (Cséfalvay et al. 2012) divalent alkaline 
earth metal ions during the regeneration phase. 

According to US Patent 10,954,150 B2 (Wallace 
2021) and 2015/077,727 A1 (Wallace 2015), an ion ex-
change resin of the Amberlite IRC-747 type, bearing 
aminophosphonic acid functional groups, can be used to 
remove alkaline earth metal ions under mildly basic con-
ditions (pH 8–9). The applicability of this resin is also 
mentioned as an example in US Patent 9,719,179 B2 
(Marcin–Sage 2017). According to manufacturer rec-
ommendations, iminodiacetic resins (see structure in 
Figure 1) are commonly used for the purification of 
brine solutions in membrane cell electrolysis, targeting 
Ca2+, Mg2+, Ba2+, Sr2+, and Fe3+ impurities. This is explic-
itly stated in the technical datasheet of the Lewatit 
MonoPlus TP 208 resin. However, this resin is not 
explicitly recommended for the removal of Al3+ ions 
(LANXESS Deutschland GmbH 2024). Furthermore, 
industrial experience and previous measurements by 
BorsodChem Ltd. have demonstrated that operation in 
compliance with BAT limit values is reliably achieved for 
alkaline earth metals and iron employing iminodiacetic 
resin, without further development (Tamás 2021).

Numerous ion exchange procedures for aluminum 
binding are reported. However, in many cases, the aim 
was not to achieve the lowest possible final aluminum 
concentration, but rather to separate and concentrate 
aluminum as completely as possible. Therefore, the re-
ported efficiencies are often not relevant to our case. Das 
and Pobi (1991) used an ion exchange resin functional-
ized with N-benzoylphenylhydroxylamine, with an opti-
mal pH of 2.5. Wong and Dudeney (1991) applied a 
strongly acidic (sulfonate-functionalized) cation ex-
change resin (Amberlite IR 120) to remove aluminum, 
with binding enhanced by the presence of ammonia. 

However, the aluminum concentration in the solution 
did not drop below 260 mg/L. 

Petrie et al. (1984) employed a strongly basic anion 
exchange resin in the chloride form (Amberlite IRA400) 
for aluminum removal from dialysis fluids at near-neutral 
pH. The resin was used in a mixed bed with cation ex-
change resin, enabling aluminum removal and water sof-
tening in a single technological unit. The anion exchange 
resin was regenerated using concentrated sodium chlo-
ride solution. Although the method was highly effective 
for aluminum removal, even achieving BAT-compliant 
final concentrations (as low as 5.1 μg/L in the most fa-
vorable case), this method could not be considered in 
our case, as the solution to be treated already contains 
concentrated sodium chloride. Horton and Thomason 
(1956) also used a strongly basic anion exchange resin 
(Dowex 1, chloride form). 

Nye et al. (1961) utilized montmorillonite and kaolin-
ite, materials with ion exchange properties, to remove 
aluminum. Costa, Silva and Vieira (2021) investigated 
aluminum removal using residual biomass obtained dur-
ing alginate extraction from S. filipendula brown algae as 
a biosorbent. The material acted via cation exchange and 
primarily contained carboxylic acid, sulfonic acid, and 
amino functional groups.

Virolainen et al. (2021) employed an ion exchange 
resin functionalized with aminomethylphosphonic acid 
groups (structure shown in Figure 1; Lewatit TP260) for 
the removal of Al3+, Fe3+, Mn2+, and Cu2+ from solutions 
obtained from the leaching of lithium-ion batteries. 
Compared with iminodiacetate, sulfonic acid, and car-
boxylic acid functionalized resins, this method proved 
highly effective for aluminum removal at 60 °C, with an 
optimal pH of 3. However, the initial aluminum concen-
tration in their study was 1.3 g/L – three orders of mag-
nitude higher than the starting concentration in our 
brine solution and four to five orders of magnitude 
above the target limit – thus, direct conclusions are dif-
ficult to draw.

Aminomethylphosphonic acid is a multivalent organic 
acid with pKa values of 1.45, 5.4, and 11.0. In the first 
two steps, the hydrogen atoms of the OH groups bond-
ed to the phosphorus are released, followed by the pro-
ton that contributes to the partial positive charge on the 
nitrogen atom. In chelation, the non-bonding electron 
pairs on the oxygen ligands attached to phosphorus are 
involved (Sraidi et al. 2024). 

Figure 1 The structure of aminomethylphosphonic acid and iminodiace-
tic acid. The connection to the polymer that forms the support 
of the resin is marked R

Source: Own work
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In addition to the aforementioned aluminum remov-
al, ion exchange resins functionalized with aminometh-
ylphosphonic acid groups can be employed for a variety 
of other purification purposes, for example removal of 
F– ions (Popat–Anand–Dasare 1994), Li+ ions (Çiçek–
Yilmaz–Arar 2018, Recepoğlu 2024), Cu2+, Ni2+, Cd2+, 
Zn2+, Co2+ ions (Kiefer–Höll 2001), and rare earth ele-
ments (Sraidi et al. 2024). It was found that the pres-
ence of Al3+ ions negatively affected the binding of rare 
earth elements when using Lewatit TP260, suggesting 
that aluminum binds more favorably than the studied 
rare earth metals (Hérès et al. 2018). Hermassi et al. 
(2021) also investigated the binding of rare earth ele-
ments and aluminum using Lewatit TP260 under acidic 
conditions. Contrary to the results of previously men-
tioned authors, for Al3+ ions, starting from a concentra-
tion of 375 mg/L, the observed binding was minimal, 
with only 7% removal efficiency.

None of the identified patents deal with aluminum re-
moval using ion exchange resins functionalized with 
aminomethylphosphonic or iminodiacetic acid groups. 
However, two patents (Jie–Yonggao 2021a, 2021b) in-
vestigate aluminum removal by ion exchange using 
strongly acidic cation exchange resins in a highly similar 
way. During the sorption phase, a flow rate of 1–5 bed 
volumes per hour (BV/h) is applied – this unit is com-
monly used in ion exchange operations and expresses the 
hourly volume of liquid passed through the resin bed 
relative to the bed volume. The aluminum content in the 
effluent is below 5 mg/L. The resins are regenerated us-
ing 3–10 wt% sulfuric acid solution. Similar procedure is 
applied in U.S. Patent No. US 2023/0,050,044 A1 
(Liu et al. 2023).

Ultimately, we decided to employ both iminodiacetate 
and aminomethylphosphonic acid functionalized resins.

Detailed simulation of ion exchange processes requires 
specialized software. In the scientific literature, examples 
can be found for the use of programs such as Aspen Ad-
sorption (Gallindo et al. 2021; Mc Lein Roger et al. 2023) 
and Aspen Chromatography (Venkatesan–Wankat 
2011), as well as custom-developed, theoretically well-
founded code created by researchers themselves (Franco 
et al. 2013; Ma et al. 2019; Vo–Shallcross 2003). 

Gallindo et al. (2021) studied the removal of Zn2+ ions 
using a zeolite-based ion exchange process and the 
Aspen Adsorption software. Required input data includ-
ed Langmuir constants describing the sorption process, 
porosity data, particle diameter and pore volume of the 
adsorbent, as well as solution density and viscosity. They 
used the ELECNRTL (eNRTL) thermodynamic model, 
which is also suitable for describing concentrated saline 
solutions (Chen et al. 1982; Chen–Evans 1986; García et 
al. 2019; Fengmin et al. 2018; Hossain–Bhattacharia–
Chen 2016; Hossain et al. 2018; Kirkes–Saravi–Chen 
2021; Song–Chen 2009; Wang et al. 2022). The sorption 
process was modeled using an interfacial mass transfer 
model, and intraparticle mass transport was described by 

diffusion. Venkatesan and Wankat (2011) simulated sea-
water softening by ion exchange using Aspen Chroma-
tography. Among the required inputs were solution 
density and viscosity, resin particle density and capacity, 
Ca/Na and Mg/Na selectivity coefficients, porosity val-
ues, axial dispersion coefficients, and mass transfer coef-
ficients. The simulation involved a few simplifications: 
constant pressure and flow rate along the column, con-
stant selectivity coefficient, and neglect of axial disper-
sion and other potential non-ideal effects.

Ma et al. (2019) investigated the removal of Ni2+ ions 
from wastewater by an iminodiacetate-functionalized 
resin in a mixed ionic form (partially H+ and partially Na+ 
form) using a custom-developed simulation program. 
The program describes the intraparticle processes using 
the Homogeneous Surface Diffusion Model (HSDM). 
They found that the HSDM is highly suitable for par-
tially replacing costly pilot-scale experiments when ap-
plying chelating resins in fixed-bed configurations, sig-
nificantly reducing the time required during process 
design. The model is based on a mechanism in which 
adsorption occurs on the outer surface of spherical resin 
beads, followed by diffusion into the interior of the res-
in. According to the model, the driving force for mass 
transfer through the external film on the resin bead sur-
face is the linear concentration gradient. The program 
first solves the partial differential equations describing 
intraparticle diffusion for the resin phase using the 
Crank–Nicolson algorithm, which is based on the finite 
difference method. Based on experimentally provided 
Langmuir constants used as input parameters, it then 
calculates the surface liquid-phase concentration, fol-
lowed by solving the partial differential equations for the 
liquid phase. The simulation operates with three run-
ning indices: radial position within the resin bead, col-
umn height, and time. During the computation, the in-
ternal diffusion coefficient of the resin particles is 
optimized – that is, the simulation runs until the calcu-
lated results match the experimental data as closely as 
possible, by minimizing the sum of squared errors (SSE). 
Ultimately, this study was chosen as the basis for devel-
oping our own simulation program.

The investigations were conducted in a real industrial 
environment in cooperation with BorsodChem Ltd., 
Hungary’s leading chlorine manufacturer, thereby al-
lowing the possibility for laboratory findings to be im-
plemented on an industrial scale. During problem assess-
ment, it was identified that the most critical issue in the 
company’s case was the aluminum content of the brine, 
which, at the beginning of the project, deviated the most 
from the BAT reference values. A key novelty of the pre-
sent research lies in the fact that, while other authors 
have typically focused exclusively on the removal of alka-
line earth metal ions, special emphasis has been placed 
on the removal of aluminum ions from concentrated salt 
solutions by us. 
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Experimental methods

The following chemicals were supplied by VWR Interna-
tional: eriochrome cyanine R (ECR, pure), calmagite 
(indicator grade), ethylene glycol-bis(β-aminoethyl 
ether)-N,N,N′,N′-tetraacetic acid (EGTA, ≥98.5%), 
3-(N-morpholino)propanesulfonic acid (MOPS, ultra 
pure – >98.5%), NaCl (99.9%), CaCl2 ∙ 2 H2O  
(97.0–103%), MgSO4 ∙ 7 H2O (>99.5%), FeCl3 ∙ 6 H2O 
(99.0–102%), ammonia solution (analytical grade),  
solid aluminum (99.8%), cetyltrimethylammonium  
bromide (CTAB, >99%), hydrochloric acid solution  
(analytical grade), NaOH (98.0%), formic acid (≥99%), 
acetic acid (99.9%), and sodium acetate trihydrate  
(CH3COONa ∙ 3H2O, 100.0%). The ion exchange res-
ins were obtained from suppliers of the Chlorine Plant of 
BorsodChem Ltd. All chemicals were used without fur-
ther purification.

In addition, brine purified using the current industrial 
technology of BorsodChem Ltd. was used; its composi-
tion was determined prior to application. In the follow-
ing sections, solutions prepared from laboratory-grade 
reagents will be referred to as Model 1, while solutions 
based on the above-mentioned industrially purified con-
centrated brine and laboratory-grade stock solutions  
and buffer solutions will be referred to as Model 2.  
The aluminum stock solution was prepared by dissolving 
solid metallic aluminum in hydrochloric acid. Other 
stock solutions were prepared by the dissolution of 
CaCl2 ∙ 2 H2O, MgSO4 ∙ 7 H2O or FeCl3 ∙ 6 H2O in 
water. Distilled water was produced by us. 

Spectrophotometric measurements were performed 
using an Analytikjena Specord® 210 Plus ultraviolet-
visible (UV-VIS) spectrophotometer (Jena, Germany; 
absorbance measurement accuracy: 0.0001). During the 
experiments, pH and temperature were measured using 
a Mettler Toledo FiveEasy instrument (Columbus, 
Ohio, USA; measurement accuracy: ±0.01 for pH and 
±0.1 °C for temperature). Mass measurements were 
conducted using a Sartorius Quintix224-1 CEU analyti-
cal balance (Göttingen, Germany; accuracy: 0.1 mg). 
Temperature control was achieved using a Julabo  
MV-4/KUE thermostat (Seelbach, Germany; accuracy: 
0.1 °C). The specific surface area of the ion exchange 
resins was determined using a Quantachrome Autosorb 
iQ gas adsorption analyzer, while the dynamic viscosity 
of concentrated NaCl solutions was measured using a 
Brookfield Metek DVNext viscometer. 

Characterization of ion exchange resins

The characterization of individual ion exchange resins  
– namely the collection and determination of their most 
important physical and chemical properties – is essential 
for interpreting the results of experiments. Furthermore, 
certain parameters are also required as input for mode-
ling and simulation. Some data were obtained from the 

manufacturers’ datasheets, while others were determined 
by measurements or calculated from manufacturer data. 
Detailed descriptions are provided in the Appendix.

Investigation of resin capacity, effect of pH

The experimentally tested resins were as follows:
•	 �Resin with aminomethylphosphonic acid functional 

groups from an Asian manufacturer
•	 �Resin with aminomethylphosphonic acid functional 

groups from a European manufacturer
•	 �Resin with iminodiacetate functional groups from an 

Asian manufacturer
•	 �Resin with iminodiacetate functional groups from a 

European manufacturer
During the capacity tests, 10 mL of resin (previously 

regenerated twice using the following sequence: rinse 
with water, regeneration with 6.0 wt% aqueous HCl so-
lution, rinse with water, regeneration with 5.2 wt% aque-
ous NaOH solution, rinse with water) was mixed in 200 
g of 25 wt% Model 1 NaCl solution at room tempera-
ture using a shaker. Aluminum was added to the solution 
using an AlCl3 stock solution, and the residual aluminum 
content in the solution was periodically measured using 
our developed photometric method (Csorba et al. 2023, 
2024). When the aluminum concentration dropped near 
the detection limit, further amount of the aluminum 
stock solution was added. Once the aluminum concen-
tration in the solution stabilized, the amount bound to 
the resin was calculated using a mass balance equation, 
from which the resin capacity was derived.

When dosing the aluminum stock solution, care was 
taken to ensure that the resulting aluminum concentra-
tion in solution remained below its solubility limit, to 
avoid counting any precipitated aluminum as sorbed alu-
minum. To achieve this, previous solubility studies 
served as a reference. The pH-dependence of capacity 
was examined in brine solutions adjusted to various pH 
values. For pH adjustment, hydrochloric acid was used 
up to pH 2, a formic acid–sodium formate buffer be-
tween pH 2 and 4, ammonia–ammonium chloride buff-
er at pH 9 and 10, and NaOH solution at pH 11. The 
pH was continuously monitored and adjusted as needed.

Unfortunately, no capacity measurements could be 
performed near neutral pH, as the low solubility of alu-
minum would have required either hundreds of kilo-
grams of brine to saturate the expected capacity, or – in 
the case of using smaller brine volumes – saturation of 
the 10 mL resin volume would have required several 
hundred dosing steps.

Static kinetic investigation of metal ion sorption 
by ion exchange

The time course of the sorption process was investigated 
using batch-shaking experiments. For this purpose, the 
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resins were saturated to varying degrees (based on their 
measured capacities) using calculated amounts of alu-
minum stock solution, in a manner similar to that used 
in the capacity measurements. The saturation process 
was continued until at least 99% of the added aluminum 
– based on our photometric analysis – was bound by the 
resin. The resins were then contacted with fresh 25 wt% 
Model 1 NaCl solution containing 1 ppm aluminum. 
Samples were taken at defined time intervals, and the 
residual aluminum concentration in solution was meas-
ured. The pH was adjusted to 3 by formic acid–sodium 
formate buffer, which had previously been identified as 
optimal in the capacity tests.

These experiments were primarily conducted at room 
temperature. However, in the most promising cases, the 
experiments were also repeated at 60 °C. Under indus-
trial conditions, the residence time of brine in ion ex-
change columns is typically in the order of a few min-
utes. Therefore, our aim was to reduce the aluminum 
content to below 0.05 ppm within a few – ideally no 
more than 10–20 – minutes even at room temperature.

For resins with iminodiacetate functional groups, the 
experiment was also performed for magnesium binding, 
using iminodiacetic resins from two different manufac-
turers. In these tests, fully regenerated resins were used, 
and the effect of pH was studied over the range of pH 3 
to pH 9 using formic acid–sodium formate buffer at pH 
3, acetic acid–sodium acetate buffer at pH 5, MOPS–
NaOH buffer at pH 6, 7 and 8, and ammonia–ammo-
nium chloride buffer at pH 9. The residual magnesium 
content in solution was determined using our adapted 
photometric method.

For the determination of reaction rate constants over-
all mass transfer coefficients, the results of experimental 
series conducted at both room temperature and 60 °C 
were used, specifically those in which the resin was ini-
tially unsaturated. The physicochemical and mathemati-
cal background of the mass transfer coefficient determi-
nation is described in detail in the Appendix. The 
calculations are based on the transport equation describ-
ing component transfer.

Dynamic investigation of Al3+ ion sorption  
by ion exchange

In the time-consuming dynamic sorption experiments, 
aminomethylphosphonic acid functionalized resins were 
used, previously identified as optimal in the preceding 
sections, under their optimal pH (2.5–3). Temperatures 
ranged from 20 to 80 °C. Prior to entering the resin 
bed, the brine was passed through a heat exchanger, and 
the resin column itself was thermostated accordingly.

During the experiments, the aluminum concentration 
of the Model 2 brine was adjusted to 0.5 ppm. This so-
lution was then continuously passed through a 30 mL 
resin bed at a flow rate of 30 BV/h, a value matching 

current industrial practice. Decreasing this flow rate 
would only be possible through major investment (e.g., 
larger columns), while increasing it is neither necessary 
nor justified.

The resin was pre-regenerated before each run. In 
some cases, it was preloaded with aluminum to various 
degrees of saturation (as also applied in the kinetic stud-
ies), in order to observe the outlet aluminum concentra-
tion at different levels of saturation – effectively record-
ing simplified breakthrough curves. The steady-state 
aluminum concentration in the effluent was determined 
using our developed photometric method.

Under these operational parameters, full saturation 
breakthrough tests could not be carried out due to prac-
tical constraints. Considering the resin capacity, the inlet 
flow rate, and the aluminum concentration of the feed,  
a single full experiment would require approximately 
1,000 hours – equivalent to about half a year assuming 
8-hour workdays. Performing such experiments with 
significantly higher inlet concentrations would be unjus-
tified, as they would not reflect the parameters encoun-
tered in chlor-alkali industry practice.

In addition, the effect of column geometry was also 
investigated. The experimental conditions remained as 
described above, with the exception that 25 mL of resin 
was used and the columns were replaced between runs 
to vary the height-to-diameter ratio while keeping the 
resin volume constant.

Furthermore, at 60 °C and 40% saturation, the effect 
of the presence of other metal impurities (1.5 ppm Fe, 
5 ppm Mg, and/or 300 ppm Ca) on aluminum sorption 
efficiency was examined. Such contamination could oc-
cur under industrial conditions if the ion exchange col-
umns upstream of the aluminum removal stage are not 
functioning properly.

Assuming that equilibrium is approximately estab-
lished between the resin phase and the solution phase 
during flow, the obtained results can be used to deter-
mine the constants of adsorption isotherms that describe 
ion exchange as an adsorption process. During each dy-
namic sorption run, the saturation level of the resin 
phase changes only slightly (by at most a few tenths of a 
percent), thus the resin phase concentration can be re-
garded as constant. The solution-phase concentration 
was measured directly. However, in order to apply ad-
sorption isotherms, the concentrations must be convert-
ed: for the resin phase to mol/kg (based on wet, H+ 
form resin particle volume), and for the solution phase 
to mol/dm³. These conversions are based on the charac-
terization data obtained for the ion exchange resins.

Several types of isotherms are described in the litera-
ture (Kiefer–Höll, 2001; Ma et al. 2019). Among them, 
the BET isotherm was deemed unsuitable for describing 
the equilibrium relationship in this case, since multilayer 
adsorption is not expected due to the ion exchange 
mechanism. Instead, the applicability of the Langmuir 
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isotherm and its modified forms were tested. The gen-
eral form of the Langmuir isotherm is as follows (Cséfal-
vay et al. 2012: 825):
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Here, 𝑞𝑞 denotes the instantaneous aluminum concentration in the resin phase, 𝑞𝑞max represents the total aluminum-
binding capacity of the resin, 𝑐𝑐 is the aluminum concentration in the brine that is in equilibrium with the resin, and 
K is the equilibrium constant of the binding reaction. 

Here, q denotes the instantaneous aluminum concen-
tration in the resin phase, qmax represents the total alu-
minum-binding capacity of the resin, c is the aluminum 
concentration in the brine that is in equilibrium with the 
resin, and K is the equilibrium constant of the binding 
reaction.

In their ion exchange studies, Ma and co-workers 
identified the Redlich–Peterson isotherm as the most 
suitable model (Ma et al. 2019). This isotherm can be 
described using an equation structurally similar to the 
Langmuir isotherm:
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In addition to the equilibrium constant, the selectivity and the distribution coefficients are also calculated. The 
selectivity coefficient is described by the following equation (Cséfalvay et al. 2012: 375): 
 
𝑇𝑇 = 𝑦𝑦∙(1−𝑥𝑥)

𝑥𝑥∙(1−𝑦𝑦), 
 
where y is the equivalent fraction of aluminum in the resin phase, and x is the equivalent fraction in the liquid 
phase. The distribution coefficient is defined as the ratio of the aluminum concentration in the resin phase to that 
in the liquid phase, both expressed in mol/dm3.  
The selectivity and the distribution coefficients at 20 and 60 °C are calculated for data points where the aluminum 
concentration measured in the brine exceeded the detection limit, and then averaged. 

Analytical methods 

The aluminum content was determined using our developed spectrophotometric method (Csorba et al. 2023, 
2024). As the complexing reagent, a 0.08000 wt% ECR solution adjusted to pH 2.9 with acetic acid was applied. 
This solution was prepared by weighing a known amount of solid ECR, dissolving it in water while adjusting the 
pH to 2.9 by adding acetic acid dropwise, and then diluting the solution with distilled water to the desired final 
concentration. To enhance the absorbance peak, CTAB in a 0.546 wt% solution was added, which was also 
prepared by weight. The buffers, included in the CTAB-containing solution, consisted of 35.8 wt% sodium acetate 
trihydrate (CH3COONa ∙ 3H2O) and 2.37 wt% acetic acid. 
The measurement procedure was as follows: 

• Added ECR solution to the sample in a mass ratio of 1:6 (reagent to sample). 
• Added CTAB-containing buffer solution to the system in a mass ratio of 1:3 based on the initial sample 

mass. 
• Measured the absorbance of the sample 15–90 minutes after mixing. Using the dilution factor and the 

calibration curve prepared for the specific salt concentration of the sample, the dissolved aluminum 
concentration could be determined. 

A spectrophotometric method suitable for magnesium determination was developed by adapting the method of 
Ingman and Ringbom (1966) to high-salt matrices, using calmagite and EGTA. For the photometric measurement, 
the pH of a 10.0 g brine sample was adjusted to 12.2–12.3 using NaOH solution, and the total mass was brought 
to 11.0 g with distilled water to ensure consistent dilution across all samples and calibration standards. Then, 1.0 g 
of 0.001 M EGTA solution was added to mask any calcium content, followed by 1.0 g of 0.0025 M calmagite 
solution. EGTA and calmagite were also added to the blank sample, as both reagents influenced absorbance even 
in the absence of calcium. Absorbance was measured after a 30-minute waiting period, and the concentration was 
calculated using the calibration curve recorded in the 0.03–1 ppm Mg concentration range, together with the 
applied dilution mass ratio. 
In our experience, the calmagite solution has very poor stability and loses its effectiveness within 24 hours, even 
when stored in a refrigerator. Therefore, it is advisable to prepare a fresh calmagite solution and corresponding 
calibration curve each day before starting measurements. 

Results and discussion 

Characterization of ion exchange resins 

A number of parameters related to the aminomethylphosphonic ion exchange resins were required. These data are 
listed in Table 1. Some of them were available from the manufacturers’ technical datasheets. Additional parameters 
calculated based on these data, and further missing parameters were determined experimentally, according to the 
Appendix. 
 
Table 1 | Data for aminomethylphosphonic acid functional group resins 

Data from the manufacturers’ datasheets European 
manufacturer 

Asian 
manufacturer 
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where y is the equivalent fraction of aluminum in the 
resin phase, and x is the equivalent fraction in the liquid 
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of the aluminum concentration in the resin phase to that 
in the liquid phase, both expressed in mol/dm3. 

The selectivity and the distribution coefficients at 20 
and 60 °C are calculated for data points where the alu-
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2024). As the complexing reagent, a 0.08000 wt% ECR 
solution adjusted to pH 2.9 with acetic acid was applied. 
This solution was prepared by weighing a known amount 
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luting the solution with distilled water to the desired fi-
nal concentration. To enhance the absorbance peak, 
CTAB in a 0.546 wt% solution was added, which was 
also prepared by weight. The buffers, included in the 
CTAB-containing solution, consisted of 35.8 wt% sodi-
um acetate trihydrate (CH3COONa ∙ 3H2O) and 
2.37 wt% acetic acid.

The measurement procedure was as follows:
•	 �Added ECR solution to the sample in a mass ratio of 

1:6 (reagent to sample).

•	 �Added CTAB-containing buffer solution to the sys-
tem in a mass ratio of 1:3 based on the initial sample 
mass.

•	 �Measured the absorbance of the sample 15–90 min-
utes after mixing. Using the dilution factor and the 
calibration curve prepared for the specific salt concen-
tration of the sample, the dissolved aluminum concen-
tration could be determined.
A spectrophotometric method suitable for magnesium 

determination was developed by adapting the method of 
Ingman and Ringbom (1966) to high-salt matrices, us-
ing calmagite and EGTA. For the photometric measure-
ment, the pH of a 10.0 g brine sample was adjusted to 
12.2–12.3 using NaOH solution, and the total mass was 
brought to 11.0 g with distilled water to ensure consist-
ent dilution across all samples and calibration standards. 
Then, 1.0 g of 0.001 M EGTA solution was added to 
mask any calcium content, followed by 1.0 g of 0.0025 M 
calmagite solution. EGTA and calmagite were also add-
ed to the blank sample, as both reagents influenced ab-
sorbance even in the absence of calcium. Absorbance 
was measured after a 30-minute waiting period, and the 
concentration was calculated using the calibration curve 
recorded in the 0.03–1 ppm Mg concentration range, 
together with the applied dilution mass ratio.

In our experience, the calmagite solution has very 
poor stability and loses its effectiveness within 24 hours, 
even when stored in a refrigerator. Therefore, it is advis-
able to prepare a fresh calmagite solution and corre-
sponding calibration curve each day before starting 
measurements.

Results and discussion

Characterization of ion exchange resins

A number of parameters related to the aminomethyl-
phosphonic ion exchange resins were required. These 
data are listed in Table 1. Some of them were available 
from the manufacturers’ technical datasheets. Additional 
parameters calculated based on these data, and further 
missing parameters were determined experimentally, ac-
cording to the Appendix.

Based on Table 1, it can be observed that the ion ex-
change resins with aminomethylphosphonic acid func-
tional groups, originating from two different suppliers, 
are largely similar; however, significant differences were 
found in average particle size and uniformity coefficient. 
The resin from the European supplier exhibited a mark-
edly smaller average particle size and a more homogene-
ous size distribution, as indicated by a uniformity coef-
ficient close to 1. The uniformity coefficient is defined as 
the ratio of the particle diameters at which 60% and 10% 
of the sample mass is finer. 
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Comparison of the aluminum binding capacity 
of ion exchange resins, effect of pH

The Al-binding capacity values measured for the amino-
methylphosphonic acid functional group resins from 
various manufacturers are presented in Table 2, while the 
capacities determined for iminodiacetate functional 
group resins are shown in Table 3.

It was observed that the Al-binding capacity of amino-
methylphosphonic resins significantly exceeded that of 

Table 1 Data for aminomethylphosphonic acid functional group resins

Data from the manufacturers’ datasheets European manufacturer Asian manufacturer

Effective size / mm 0.55–0,6 0.4–1.25

Bulk density, wet, Na+ form (ρbulk) / kg/m3 720 750

Particle density, wet, Na+ form (ρparticle) / kg/m3 1180 1170

Moisture content / wt% 58–62 55–65

Average particle diameter, wet, Na+ form / mm 0.63

Uniformity coefficient <1.1

Data derived by calculation from manufacturers’ datasheets European manufacturer Asian manufacturer

External porosity (εout) 0.39 0.36

Pore volume, wet, Na+ form (Vpore) / cm3/g 0.60 0.60

Internal porosity (εin) 0.71 0.70

Solid density, Na+ form (ρtrue) / kg/m3 1620 1570

Data obtained from laboratory measurements European manufacturer Asian manufacturer

Particle density, wet, H+ form (ρ'particle) / kg/m3 1420 1460

Solid density, H+ form (ρ'true) / kg/m3 2440 2540

Average particle diameter, wet, H+ form / mm 0.58 0.91

Average particle diameter, dry, H+ form / mm 0.43 0.67

Average particle diameter, wet, Na+ form / mm 0.99

Pore volume, wet, H+ form (V'pore) / cm3/g 0.50 0.48

Volume reduction during Na+ → H+ conversion / % 20 23

Specific surface area by volume of resin bed, wet, H+ form / m2/m3 1.55 ∙ 107 1.45 ∙ 107

Specific surface area by weight of resin, wet, H+ form / m2/g 17.8 15.5

Source: Own work

Table 2 Total Al-binding capacity of aminomethylphosphonic acid re-
sins at different pHs (mol Al / 1 L wet resin in Na+ form)

pH European manufacturer Asian manufacturer

1.0 0.67 mol/L 0.67 mol/L

2.0 0.53 mol/L 0.56 mol/L

2.5 0.65 mol/L 0.71 mol/L

3.0 0.66 mol/L 0.70 mol/L

3.5 0.65 mol/L 0.66 mol/L

Without buffer 0.26 mol/L 0.26 mol/L

9.0 0.10 mol/L 0.09 mol/L

10.0 0.05 mol/L 0.04 mol/L

11.0 0.02 mol/L 0.01 mol/L

Source: Own work

Table 3 Total Al-binding capacity of iminodiacetic acid resins at diffe-
rent pHs (mol Al / 1 L wet resin in Na+ form)

pH European manufacturer Asian manufacturer

2.5 0.28 mol/L 0.27 mol/L

3.5 0.40 mol/L 0.37 mol/L

9.0 0.005 mol/L 0.004 mol/L

11.0 0.02 mol/L 0.03 mol/L

Source: Own work

iminodiacetic resins – by nearly a factor of two – and 
showed a pronounced dependence on pH. Consequent-
ly, maintaining a stable and appropriate pH was found to 
be of critical importance both during experimental pro-
cedures and for potential industrial application. When 
the resin is in the H+ form, acidification occurs during 
metal ion binding; conversely, when in the Na+ form, 
alkalization takes place due to strongly basic hydrolysis 
reactions.

The results indicated that the capacity of aminometh-
ylphosphonic acid resins reached a maximum within the 
pH range of 2.5 to 3. Furthermore, no significant differ-
ence in capacity was observed between the two manufac-
turers’ products. In the case of iminodiacetic resins, the 
optimal pH appeared to be somewhat higher; however, 
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fewer experiments were conducted with these materials 
due to their lower binding capacity, which made them 
less promising for aluminum removal.

Based on the data presented in Table 2 and Table 3, it 
was also concluded that efficient operation of a mixed-
bed resin system for the simultaneous removal of alkaline 
earth metal ions and aluminum is not feasible. This is 
due to the substantial difference in optimal pH: the imi-
nodiacetate resin currently used for alkaline earth metal 
removal performs best at pH 7–9, which is markedly dif-
ferent from the optimal pH identified for aluminum re-
moval with any of the resins investigated. As a result, the 
use of a dedicated ion exchange column for aluminum 
removal was considered necessary, with careful pH ad-
justment required prior to treatment.

Static kinetic study of metal ion binding by ion 
exchange

Static batch-shaking experiments were conducted at the 
previously determined optimal pH of 3, using an initial 
aluminum concentration of 1 ppm in Model 1 brine and 

varying degrees of resin saturation. The resulting kinetic 
data for the aminomethylphosphonic resins are present-
ed in Figure 2, while the corresponding results for imi-
nodiacetate resins are shown in Figure 3.

According to Figure 2, the behavior of the amino-
methylphosphonic acid functionalized resins was found 
to be similar, although the resin from the European sup-
plier demonstrated slightly higher efficiency. It was also 
observed that up to approximately 2% saturation, the 
aluminum-binding affinity of both resins remained near-
ly constant. However, at 3% saturation, the binding rate 
decreased considerably. Furthermore, at 20% saturation, 
the target residual aluminum concentration of 0.05 ppm 
could no longer be achieved in 5 hours with either resin, 
and therefore no further experiments were carried out 
beyond this point. Nonetheless, even a 2% utilization 
rate would represent an improvement over current in-
dustrial practice.

In the case of the two iminodiacetate functional group 
resins, Figure 3 shows that their performance remained 
largely unchanged between 0% and 1% capacity utiliza-
tion. However, at 2.5% saturation, aluminum binding 

Figure 2 Investigation of the aluminum-binding affinity of aminomethylphosphonic resins from a European (left: A, C) and an Asian (right: B, D) manufactu-
rer as a function of time and resin saturation. (The legend indicates the degree of saturation at the time of dosing the Al stock solution; complete 
binding under the experimental conditions corresponded to approximately a 0.1% increase in saturation.) 

Source: Own work
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became significantly slower. As the residual aluminum 
content was already approximately 0.1 ppm after 20 
minutes at only 1% saturation, the use of these resins 
beyond this point is not recommended.

It can therefore be concluded that, from the perspec-
tive of aluminum binding kinetics, the aminomethyl-
phosphonic acid resins exhibit superior performance. 
Given that both their total aluminum-binding capacity 
(see Table 2 and Table 3) and their effectively utilizable 
fraction are higher, these resins offer a significant advan-
tage for aluminum removal. For these resins, reaction 
rate constants and liquid-side overall mass transfer coef-
ficients were also determined, as described in the Appen-
dix. Curve fitting results are also provided in the Appen-
dix. Based on these fittings, it was confirmed that the 
pseudo-first-order kinetic model accurately describes the 
experimental data, with correlation coefficients (R2) near 
0.99 in all cases.

The liquid-side overall mass transfer coefficients calcu-
lated using the reaction rate constants obtained from 
curve fitting are presented in Table 4. It should be noted 
that in some cases, and within certain simulation soft-

ware (e.g., Aspen), the applied βF value may incorporate 
the specific surface area, a (in this context, defined rela-
tive to the total volume of the system in batch experi-
ments, and thus differing from the value given in Table 
1), or even the resin volume ratio (1–εout), i.e., the ratio 
of resin volume to total volume. For this reason, the val-
ues of a ∙ βL and (a ∙ βL)/(1–εout) are also provided. 

It is important to emphasize that the βF values report-
ed here can be considered more or less constant (al-
though they may still be influenced by mixing condi-
tions). However, the values of a ∙ βL and (a ∙ βL)/(1–εout) 
are dependent on specific experimental or operational 
setups. In the simulations, it was assumed that the βL 
values obtained under intensive shaking conditions ade-
quately approximate the liquid-side overall mass transfer 
coefficients within the resin bed.

The data show that the overall mass transfer coeffi-
cient for the resin from the European supplier is higher 
than that of the resin from the Asian manufacturer. This 
indicates a kinetic advantage of the European resin, cor-
roborating the conclusions drawn from Figure 2. This 
difference cannot be attributed to total binding capacity, 

Figure 3 Investigation of the aluminum-binding affinity of iminodiacetate resins from a European (left: A, C) and an Asian (right: B, D) manufacturer as a 
function of time and resin saturation. (The legend indicates the degree of saturation at the time of dosing the Al stock solution; complete binding 
under the experimental conditions corresponded to approximately a 0.2% increase in saturation.) 

Source: Own work
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as the resin from the Asian supplier has slightly higher 
capacity. The more favorable kinetic behavior may in-
stead be explained by the more uniform, monodisperse 
particle size distribution of the European resin – consist-
ent with the manufacturer’s claims. The uniformity coef-
ficient of this resin was below 1.1, a finding supported by 
our scanning electron microscopy-based particle size 
measurements. Specifically, the standard deviation of 20 
particle diameters was found to be 0.018 mm for the 
European resin, compared to 0.12 mm for the Asian 
resin.

Similar kinetic experiments were also conducted for 
magnesium. The Mg-binding affinity of the unsaturated 
resins was examined in a manner analogous to the proce-
dure used for aluminum, but at various pH values. The 
results are presented in Figure 4.

Based on the data in Figure 4, it can be concluded that 
neutral to mildly alkaline pH conditions are favorable for 
magnesium binding in the case of both iminodiacetate 
resins. Acidic conditions below pH 6 should be particu-
larly avoided, as under such circumstances, neither resin 
was able to reduce the Mg content of the contacting 

solution below 0.25 ppm within 3 hours. The optimum 
pH was found to be pH 8 for the resin from the Asian 
manufacturer and pH 7 for the resin from the European 
manufacturer. At pH values above the optimum, only a 
slight decrease in binding efficiency was observed for 
both resins.

The figures also indicate that, under optimal pH con-
ditions, a contact time of 5–10 minutes is sufficient to 
reduce the Mg concentration from 1 ppm to below 0.05 
ppm. 

This measurement further confirms that a dedicated 
ion exchange column is required for aluminum removal. 
Due to the significantly higher concentration of alkaline 
earth metal ions in brine, the use of the iminodiacetate 
resin is recommended as the first step in the purification 
process, followed by the aluminum removal column. 
This configuration is also favorable in terms of chemical 
consumption for pH adjustment. The unit operation 
preceding ion exchange is the sedimentation (and filtra-
tion) unit, where our previous studies (Csorba et al. 
2025) have shown the optimal pH to be around 11. The 
process following ion exchange is the electrolyzer cell, 
where an acidic pH of approximately 2 is preferred to 
minimize the solubility of chlorine gas generated in the 
solution.

Accordingly, if the iminodiacetate-functionalized resin 
is used immediately after sedimentation, followed by the 
aminomethylphosphonic acid-functionalized resin, the 
initially alkaline pH can be gradually decreased in multi-
ple steps. This is significantly more advantageous from 
the perspective of chemical consumption than if the or-
der of the ion exchange columns were reversed, which 
would require adjusting the pH from 11 to 3, then to 
7–8, and finally to 2. 

Figure 4 Evaluation of the Mg-binding affinity of iminodiacetate-functionalized resins from a European (left: A) and an Asian (right: B) manufacturer using 
initially unsaturated resins at an initial Mg concentration of 1 ppm. Under the given experimental conditions, the complete binding of 1 ppm Mg 
corresponds to approximately 0.3% of the total capacity of the resin. A Mg concentration marked as “0” on the figure indicates values below the 
photometric detection limit, i.e., below 0.03 ppm 

Source: Own work

Table 4 Mass transfer coefficients determined for the different amino-
methylphosphonic ion exchange resins

European manufacturer Asian manufacturer

20 °C 60 °C 20 °C 60 °C

k / s–1 4.99 ∙ 10–3 9.96 ∙ 10–3 3.09 ∙ 10–3 7.91 ∙ 10–3

βL/ ms–1 3.85 ∙ 10–9 7.92 ∙ 10–9 2.66 ∙ 10–9 7.29 ∙ 10–9

a ∙ βL/ s–1 3.13 ∙ 10–3 6.67 ∙ 10–3 1.95 ∙ 10–3 5.50 ∙ 10–3

𝒂𝒂∙𝛃𝛃𝐋𝐋
𝟏𝟏−𝛆𝛆𝐨𝐨𝐨𝐨𝐨𝐨

 / s-1 0.0976 0.201 0.0602 0.165

Source: Own work
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Dynamic investigation of aluminum binding, 
breakthrough curves

The temperature dependence of Al-binding efficiency 
and the effect of column geometry were investigated for 
aminomethylphosphonic resins under continuous opera-
tion, using a feed solution with an Al concentration of 
0.5 ppm. The results are presented in Figure 5 and Fig-
ure 6. For the breakthrough curves, the following logis-
tic function was fitted to the measurement data points 
(Hu et al. 2022):

13 
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Accordingly, if the iminodiacetate-functionalized resin is used immediately after sedimentation, followed by the 
aminomethylphosphonic acid-functionalized resin, the initially alkaline pH can be gradually decreased in multiple 
steps. This is significantly more advantageous from the perspective of chemical consumption than if the order of 
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The temperature dependence of Al-binding efficiency and the effect of column geometry were investigated for 
aminomethylphosphonic resins under continuous operation, using a feed solution with an Al concentration of 0.5 
ppm. The results are presented in Figure 5 and Figure 6. For the breakthrough curves, the following logistic 
function was fitted to the measurement data points (Hu et al. 2022): 
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where c is the instantaneous Al content in the outlet flow, c0 is the Al content in the inlet flow, K is fitting constant, 
S is the instantaneous saturation ratio, and S50 is the saturation ratio associated with the outlet concentration of c0/2 
(determined by linear interpolation from neighbouring data points). 

 
Figure 5 | Effect of temperature and degree of saturation on the Al-binding capacity of aminomethylphosphonic 
ion exchange resins, left (A) for the European producer and right (B) for the Asian producer. The dashed line is 

used only to guide the eye, while the solid line indicates the fit according to the logistic function 
Source: Own work 

 

where c is the instantaneous Al content in the outlet 
flow, c0 is the Al content in the inlet flow, K is fitting 
constant, S is the instantaneous saturation ratio, and S50 
is the saturation ratio associated with the outlet concen-
tration of c0/2 (determined by linear interpolation from 
neighbouring data points).

According to Figure 5, the efficiency of aluminum re-
moval increases markedly with rising temperature for 
both the European and Asian aminomethylphosphonic 
acid-based resins. This is evident from the fact that at 
higher temperature, at given degree of resin saturation, 
the aluminum concentration in the effluent is lower, and 
a higher saturation level corresponds to a given concen-
tration limit. In the figure, a concentration limit of 0.05 
ppm was arbitrarily chosen; in practice, the applicable 
threshold depends on the operating load of the electrol-
ysis plant, and varies between 0.01 and 0.1 ppm.

The data also indicate that the ion exchange resin 
from the European manufacturer, which has a more uni-
form particle size distribution, performs more favorably 
than the reference product from the Asian supplier. For 

instance, at 60 °C, up to 50% of the resin capacity can be 
utilized before the effluent aluminum concentration 
reaches 0.05 ppm, compared to only 25% in the case of 
the Asian resin. Nevertheless, this latter value still ex-
ceeds the current capacity utilization of several electroly-
sis plants.

Increasing resin utilization would result in less fre-
quent regeneration cycles, thereby reducing water, 
chemical, and energy consumption, leading to opera-
tional cost savings and delivering important environ-
mental benefits in terms of resource conservation.

Under full-capacity operation of the electrolysis unit, 
the performance gap between the two resins becomes 
even more pronounced. The European resin allows for 
25% and 30% capacity utilization at an Al concentration 

Figure 5 Effect of temperature and degree of saturation on the Al-binding capacity of aminomethylphosphonic ion exchange resins, left (A) for the European 
producer and right (B) for the Asian producer. The dashed line is used only to guide the eye, while the solid line indicates the fit according to the 
logistic function

Source: Own work

Figure 6 Effect of column geometry on the aluminum binding perfor-
mance of aminomethylphosphonic ion exchange resins at 40% 
resin saturation

Source: Own work
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threshold of 0.01 ppm when operated at 60 °C and 
80 °C, respectively. In contrast, the Asian reference resin 
only allows 5–10% utilization under the same conditions. 
Operation at or below 40 °C should be strongly avoided 
for both resins. As shown in Figure 5, the logistic func-
tion does not describe the results well in some cases, sug-
gesting that there may be a discrepancy between the 
binding sites, for example due to space inhibition.

According to Figure 6, the geometry of the ion ex-
change column has no significant effect on the opera-
tional efficiency of aminomethylphosphonic acid-func-
tionalized resins. Therefore, column design can be 
optimized based on other criteria, such as available space, 
cost, or pumpability.

At a 40% resin saturation level and 60 °C, the effect of 
additional metal contaminants on the aluminum binding 
efficiency was also investigated. The results indicate that 
when the feed brine contained 0.5 ppm Al along with 
300 ppm Ca and 5 ppm Mg, no decrease in aluminum 
binding efficiency was observed. The same result was ob-
tained when 1.5 ppm Fe was also present in the feed. 
This phenomenon may be related to the general valence 
selectivity of ion exchange processes, which typically fa-
vor ions with higher charge states (Cséfalvay et al. 2012). 
However, it should be noted that the resin exhibited dis-
coloration (browning) due to Fe-containing deposits. 
Based on previous operational experience, such iron-
based coatings may gradually accumulate over months 
or years, forming a layer that cannot be removed by re-
generation, ultimately considering the resin ineffective. 
In this regard, both the Asian reference resin and the 
European resin with identical functional groups showed 
similar behavior.

The adsorption isotherm describing aluminum bind-
ing onto aminomethylphosphonic acid resins was also 
determined, along with its parameters. Fitting the exper-
imental equilibrium data to the Redlich–Peterson iso-
therm model did not converge reliably. Consequently, 
the constant b in the isotherm equation was fixed at a 
value of 1, yielding the Langmuir isotherm (in the publi-
cation Ma et al. (2019), on which our simulation is based, 
b = 0.97 was optimal). In this case, the fit converged suc-
cessfully, and the coefficient of determination (R2) ranged 
between 0.93 and 0.98 across different conditions.

The average values of the K'/K ratio obtained from fit-
ting at various temperatures (20 °C, 40 °C, 60 °C, 
80 °C) were 0.979 mol/kg for the European resin and 
0.943 mol/kg for the Asian resin. These values are in 
good agreement with the measured capacities of the res-
ins, which were 0.94 mol/kg and 0.99 mol/kg, respec-
tively.

Fitting was also performed using the Langmuir equa-
tion in the form (Cséfalvay et al. 2012: 825): 
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Detailed simulation of ion exchange based on the Homogeneous Surface Diffusion Model (HSDM) using the 
Crank-Nicolson algorithm 

Basis of the simulation program 

The simulation program was developed based on the Homogeneous Surface Diffusion Model (HSDM), following 
the methodology of Ma et al. (2019) (for details, see the Introduction section). The model was subsequently 
validated using literature data (Ma et al 2019), implemented using our own experimental data, with initial 
simulations conducted under laboratory conditions at 60 °C, using data obtained from both the European and the 
Asian manufacturers’ aminomethylphosphonic acid-functionalized ion exchange resins. For the simulations, 
parameters corresponding to 60 °C – such as Langmuir constants and mass transfer coefficients – were applied. 
The results are presented in Figure 7. 
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Detailed simulation of ion exchange based on 
the Homogeneous Surface Diffusion Model 
(HSDM) using the Crank-Nicolson algorithm

Basis of the simulation program

The simulation program was developed based on the 
Homogeneous Surface Diffusion Model (HSDM), fol-
lowing the methodology of Ma et al. (2019) (for details, 
see the Introduction section). The model was subse-
quently validated using literature data (Ma et al 2019), 
implemented using our own experimental data, with ini-
tial simulations conducted under laboratory conditions 
at 60 °C, using data obtained from both the European 
and the Asian manufacturers’ aminomethylphosphonic 
acid-functionalized ion exchange resins. For the simula-
tions, parameters corresponding to 60 °C – such as 
Langmuir constants and mass transfer coefficients – were 
applied. The results are presented in Figure 7.

Based on Figure 7, it can be concluded that the simu-
lation results are consistent with the experimental data, 
as breakthrough occurs within the expected time range. 
If the ion exchange resin were capable of binding the 
entire 0.5 ppm inlet Al content, full saturation would 
occur after approximately 1,000 hours, or 42 days. Ac-
cording to the measurements, the resin from the Euro-
pean manufacturer allows for 70% capacity utilization 
under uniform saturation and a 0.1 ppm outlet concen-
tration limit, while the resin from the Asian manufac-
turer allows for 40%, which corresponds to 20–30 days 
of operation. According to the simulation, breakthrough 
occurs between days 28 and 32, which is in agreement 
with the anticipated range.

It is important to note that in the experiments, the ion 
exchange resin was statically pre-saturated to various 
fractions of full capacity, and this partially loaded resin 

was then used in the dynamic experiments. Therefore, 
the Al concentration profile in the resin within the resin 
bed along the column length can be approximated as a 
near-constant function. Compared to the isochrones 
shown in Figure 7, this may lead to slightly earlier break-
through, as the rear section of the resin bed is already in 
a more saturated state. Conversely, if the rear section 
were in a less saturated state (compensated by a more 
heavily loaded front section), it could still bind alu-
minum ions that pass through the initial zone.

Additionally, the breakthrough may appear delayed 
relative to the 20–30 day estimate because that estimate 
assumes 100% binding efficiency until breakthrough. In 
reality, efficiency begins to decline (to 80–90%) prior to 
breakthrough, meaning only 80–90% of the incoming 
aluminum is retained by the resin, resulting in slower 
overall saturation. This confirms that the results ob-
tained through simulation are realistic.

Figure 7 also illustrates how the resin bed gradually 
becomes saturated during dynamic operation, and how 
the internal concentration profile propagates through 
the resin bed over time. The effect of resin bed length 
can also be inferred from the figure: if the resin bed were 
shortened – for example, to 4 cm – breakthrough would 
occur earlier, around 3 weeks (slightly later for the Euro-
pean resin, slightly earlier for the Asian one).

The simulation also confirms the superior perfor-
mance of the European resin: at a given position, the 
isoplanes show that the same concentration is reached 
later compared to the Asian resin (the isoplanes for the 
Asian resin are shifted forward), and at a given time, the 
isochrones indicate lower concentrations for the Euro-
pean resin (its isochrones lag behind those of the Asian 
resin).

Following this, upscaling to industrial dimensions was 
simulated. Keeping the relative flow rate constant at 30 

Figure 7 Results of the simulation based on the HSDM, carried out using data from dynamic laboratory experiments performed at 60 °C with an inlet Al 
concentration of 0.5 ppm: isoplanes (left: A) and isochrones (right: B). The breakthrough point – defined as the time when the outlet Al concentra-
tion exceeds the threshold of 0.1 ppm – is marked with an asterisk (*) 

Source: Own work
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BV/h, with an inlet Al concentration of 0.5 ppm and a 
temperature of 60 °C, the resin bed was expanded to a 
size representative of industrial practice – approximately 
2.5 m in diameter and height – with the absolute flow 
rate adjusted accordingly. The results of the scaled-up 
simulation are shown in Figure 8.

Figure 7 and Figure 8 show a high degree of similarity; 
neither the isoplanes nor the isochrones changed signifi-
cantly as a result of the scale-up, nor did the break-
through time. Based on this, it can be concluded that, 
according to the simulation, scaling up to industrial di-
mensions is feasible.

Figure 8 Results of the simulation based on the HSDM for industrial-scale ion exchange at 60 °C and with an inlet Al concentration of 0.5 ppm: isoplanes  
(left: A) and isochrones (right: B). The breakthrough point – defined as the time when the outlet Al concentration exceeds the threshold of 0.1 ppm – 
is marked with an asterisk (*) 

Source: Own work

Figure 9 Simulation results based on the HSDM under industrial-scale ion exchange conditions at 60 °C and an inlet Al concentration of 0.5 ppm: the effect 
of resin volume and resin bed column geometry on breakthrough curves at a brine flow rate of 30 BV/h (A, B, C), and the effect of the relative 
brine flow rate (D) 

Source: Own work
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Sensitivity analyses

Using the simulation under industrial conditions, several 
sensitivity analyses were also performed. An investiga-
tion of resin particle size indicated that smaller particles 
enable slightly more efficient removal. However, the dif-
ference identified in the simulation was not significant. It 
should be noted, though, that this result was obtained 
while keeping all other parameters (such as mass transfer 
coefficients and Langmuir constants) unchanged, where-
as in reality, particle size may also affect these parame-
ters. Therefore, a greater impact on removal efficiency 
could be expected indirectly.

The effect of column geometry was also found to be 
negligible, which confirms the experimental results. 
However, the relative flow rate (with respect to resin vol-
ume), the quantity of resin, and the inlet aluminum con-
centration of the brine had a significant effect on the 
breakthrough curves, isochrones and isoplanes, and thus 
on the overall removal efficiency. The results of these 
sensitivity analyses are shown in Figure 9 and Figure 10.

According to Figure 9, keeping all other parameters 
constant, as the flow rate increases, breakthrough occurs 
earlier. This is unsurprising, as a higher brine flow leads 

to faster saturation of the ion exchange resin. Neverthe-
less, it can be concluded that even at a flow rate of 60 
BV/h, the resin is still capable of adequately purifying 
the brine until saturation, indicating that sufficient resi-
dence time is available to ensure binding.

For the resin from the European manufacturer, break-
through occurs on day 65 at 15 BV/h, on day 32 at 30 
BV/h, and at the very beginning of day 16 at 60 BV/h. 
For the resin from the Asian manufacturer, these values 
are day 58, day 28, and day 14, respectively.

Figure 9 also shows that there is a linear relationship 
between the amount (volume) of resin and the break-
through time, if all other parameters are kept constant. 
This is in line with expectations. It is also apparent that 
the effect of increasing resin volume is practically the 
same whether the cross-sectional area of the column is 
increased by doubling the diameter (thus quadrupling 
the area) or the height is increased fourfold. This is clear-
ly visible in the top two graphs of Figure 9, which show 
nearly identical breakthrough curves in both cases. Simi-
lar results were obtained when the resin volume was re-
duced by either method. This outcome is also consistent 
with the earlier findings concerning the effect of column 
geometry.

Figure 10 Simulation results based on the HSDM under industrial-scale ion exchange conditions at 60 °C: the effect of inlet brine Al concentration on isoplanes 
(A, C) and isochrones (B, D) at inlet Al concentrations of 0.25 ppm (A, B) and 1 ppm (C, D) 

Source: Own work
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According to Figure 10 (and, for comparison, Figure 
8, which was generated using the original inlet Al con-
centration of 0.5 ppm), the results concerning the effect 
of inlet Al concentration align with the initial expecta-
tions: higher inlet concentrations lead to earlier satura-
tion and, consequently, earlier breakthrough. However, 
upon doubling the inlet Al concentration, breakthrough 
did not occur in half the time, but considerably later. For 
the resin from the European manufacturer, break-
through occurred on day 36 at an inlet concentration of 
0.25 ppm, on day 32 at 0.5 ppm, and on day 29 at 1.0 
ppm. For the resin from the Asian manufacturer, these 
values were day 32, day 28, and day 26, respectively.

This phenomenon may be attributed to kinetic fac-
tors. At higher inlet Al concentrations, the driving force 
for mass transfer increases – the difference between the 
instantaneous Al concentration in the liquid phase and 
the equilibrium concentration corresponding to the ac-
tual saturation state of the resin. Accordingly, with a 
higher inlet Al concentration, the aluminum content in 
the solution decreases more steeply along the initial sec-
tion of the column. For instance, at 1.0 ppm inlet con-
centration, after one week of operation, the Al concen-
tration of 0.5 ppm (corresponding to the reference case) 
is already reached at a column height of around 0.5 me-
ters (slightly earlier for the European resin and slightly 
later for the Asian resin). Thus, this concentration level 
is achieved within the first fifth of the column, leaving 
the remaining four-fifths available for further reduction 
of the Al content below 0.5 ppm.

This result is highly favorable from an operational per-
spective: a temporary increase in inlet Al concentration is 
not expected to cause significantly earlier breakthrough. 
Therefore, even if the resin bed is exposed to brine with 
elevated Al concentrations for a limited period, the dura-
tion of an individual operational cycle will not be sub-
stantially reduced. 

Conclusion

In the chlor-alkali industry, the most modern, environ-
mentally friendly, and energy-efficient technology is the 
membrane cell method. However, this process requires 
significantly purer brine compared to previous technolo-
gies. The removal of alkaline earth metals was already 
well established, but further improvements were needed 
for aluminum.

Ion exchange methods for the removal of residual Al3+ 
ions after the precipitation, sedimentation and filtration 
process were investigated. Several ion exchange resins 
were characterized. Aminomethylphosphonic resins are 
effective for Al removal, the optimal pH interval is 2.5–
3.0. This is substantially different from the weakly alka-
line pH optimal for alkaline earth metal binding using 
iminodiacetic resins, necessitating a separate ion ex-
change column against aluminum. Simultaneous remov-
al using mixed resin bed is therefore not feasible. Among 

the examined resins from various manufacturers, capaci-
ty utilization above 50% is achievable while keeping the 
0.1 ppm Al content limit needed for membrane technol-
ogy. This extended cycle time reduces the fluctuations of 
aluminum concentration (since the column spends less 
time in regeneration phase) and leads to cost savings by 
lowering chemical consumption, 

Furthermore, simulations of the brine purification 
process were also conducted. The ion exchange process 
was simulated in detail using a self-made program based 
on the homogeneous surface diffusion model (HSDM), 
examining the effects of flow rate, brine composition, 
bed geometry and resin quantity, including industrial 
scaling. The resulting breakthrough curves, isoplanes, 
and isochrones were consistent with our experimental 
results. Based on the simulation, the ion exchange sys-
tem can also effectively handle fluctuations in the alu-
minum content of the inlet brine as well as in the volume 
flow rate.

Based on our work, BorsodChem Ltd. has installed one 
additional ion exchange column containing aminometh-
ylphosphonic acid functionalized resin – dedicated spe-
cifically for aluminum removal – in both membrane cell 
units. These columns are filled with 13 m3 of resin, and 
the brine solution at 60 °C flows continuously through 
them at a rate of 30 BV/h. According to operational 
experience, the column has proven to be effective in re-
moving aluminum to levels in accordance with BAT lim-
its, contributing to the safe operation of the technology. 
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Appendix

Characterization methods of ion exchange resins

The following parameters can be calculated based on the 
manufacturer’s technical datasheets:
–	� External porosity (the ratio of the volume between 

resin particles to the total volume occupied by the 
resin bed):
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Appendix 

Characterization methods of ion exchange resins 

The following parameters can be calculated based on the manufacturer’s technical datasheets: 
- External porosity (the ratio of the volume between resin particles to the total volume occupied by the resin 

bed): 
-  

εout = 1 − ρbulk
ρparticle

  

 
- Pore volume of wet resin in the Na+ form (𝑉𝑉pore, the volume inside resin particles per unit mass of resin): 

Since the pores of resins delivered in wet form are filled with water, the average pore volume of both resins 
is 0.6 cm3/g based on moisture content, assuming the density of water is ρwater = 1 g/cm3. 

- Internal porosity: 
-  

εin = 𝑉𝑉pore ∙ ρparticle  
 

- Solid density of the resin matrix in Na+ form (ρtrue). The density of the resin particles in the wet state and 
their internal porosity (filled with water) are available, which allows for the following equation to be written: 

-  
ρparticle ∙ 𝑉𝑉particle = ρwater ∙ εin ∙ 𝑉𝑉particle + ρtrue ∙ (1 − εin) ∙ 𝑉𝑉particle  
 
Expressed in terms of: 
 
ρtrue = ρparticle−ρwater∙εin

1−εin
  

 
Certain parameters could only be determined by experimental measurements. These included the following: 
- Volume reduction during Na+ → H+ conversion: In this case, the manufacturer only provided an upper limit, 

but the actual conversion may be partial under pH 3 conditions based on the acid dissociation constants of 
aminomethylphosphonic acid (Sraidi et al. 2024). To determine this, 10 mL of ion exchange resin in the Na+ 
form (converted by shaking in NaOH solution) was shaken for one day in a pH 3 brine (25 wt% NaCl solution 
buffered to pH 3 with formic acid–sodium formate buffer), corresponding to the conditions of our pH 
optimization experiments. The resin volume was then measured. 

- Average particle size (diameter) in the dry, H+ form: The resin converted to the H+ form as described above 
was dried, and the diameters of 20 individual resin beads were measured by electron microscopy and 
averaged. 

- Average particle size (diameter) in the wet, H+ form: For the European resin, the average particle size of wet 
resin beads in the Na+ form was provided by the manufacturer. It was assumed that the relative volumetric 
reduction of a single resin bead (considered spherical) was equal to the volume reduction of the resin bed. 
Since the volume of similar objects scales with the cube of the similarity ratio, the change in bead diameter 
could be calculated based on the measured volume change, allowing the average bead diameter in the H+ 
form to be estimated. For the Asian resin, it was assumed that the ratio between wet and dry bead diameters 
was the same as that of the European competitor. Using this ratio and the measured dry bead diameter, the 
wet bead diameter was calculated. 

- Average particle size (diameter) in the wet, Na+ form: This value was provided by the European 
manufacturer. For the Asian product, it was calculated using the previously determined wet H+ form bead 
diameter and the similarity ratio derived from the measured volume change during Na+ → H+ conversion. 

- Particle density of wet resin in the H+ form (ρ′particle): Based on the resin capacity, the external porosity and 
the initially known particle density of wet resin in the Na+ form, the final mass of a known volume (1 dm3) 
of resin after replacing Na+ ions with H+ ions could be estimated from the difference in mass. The final 
volume of 1 dm3 Na+ form resin after conversion to the H+ form could also be calculated from the measured 
volume change. The ratio of final mass to final volume yielded the particle density in the H+ form. 

- Solid density of the resin matrix in the H+ form (ρ′true): Assuming that the internal porosity does not depend 
on the ionic form of the resin, the solid density was calculated analogously to the method used for the Na+ 
form, based on the particle density and internal porosity: 

-  
ρ′true = ρ′particle−ρwater∙εin

1−εin
  

 

–	� Pore volume of wet resin in the Na+ form (Vpore, the 
volume inside resin particles per unit mass of resin): 
Since the pores of resins delivered in wet form are 
filled with water, the average pore volume of both res-
ins is 0.6 cm3/g based on moisture content, assuming 
the density of water is ρwater = 1 g/cm3.

–	 Internal porosity:
εin = Vpore ∙ ρparticle

–	� Solid density of the resin matrix in Na+ form (ρtrue). 
The density of the resin particles in the wet state and 
their internal porosity (filled with water) are available, 
which allows for the following equation to be written:
ρparticle ∙ Vparticle = ρwater ∙ εin ∙ Vparticle + ρtrue ∙ (1–εin) ∙ Vparticle 

Expressed in terms of:
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The following parameters can be calculated based on the manufacturer’s technical datasheets: 
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their internal porosity (filled with water) are available, which allows for the following equation to be written: 
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ρtrue = ρparticle−ρwater∙εin

1−εin
  

 
Certain parameters could only be determined by experimental measurements. These included the following: 
- Volume reduction during Na+ → H+ conversion: In this case, the manufacturer only provided an upper limit, 

but the actual conversion may be partial under pH 3 conditions based on the acid dissociation constants of 
aminomethylphosphonic acid (Sraidi et al. 2024). To determine this, 10 mL of ion exchange resin in the Na+ 
form (converted by shaking in NaOH solution) was shaken for one day in a pH 3 brine (25 wt% NaCl solution 
buffered to pH 3 with formic acid–sodium formate buffer), corresponding to the conditions of our pH 
optimization experiments. The resin volume was then measured. 

- Average particle size (diameter) in the dry, H+ form: The resin converted to the H+ form as described above 
was dried, and the diameters of 20 individual resin beads were measured by electron microscopy and 
averaged. 

- Average particle size (diameter) in the wet, H+ form: For the European resin, the average particle size of wet 
resin beads in the Na+ form was provided by the manufacturer. It was assumed that the relative volumetric 
reduction of a single resin bead (considered spherical) was equal to the volume reduction of the resin bed. 
Since the volume of similar objects scales with the cube of the similarity ratio, the change in bead diameter 
could be calculated based on the measured volume change, allowing the average bead diameter in the H+ 
form to be estimated. For the Asian resin, it was assumed that the ratio between wet and dry bead diameters 
was the same as that of the European competitor. Using this ratio and the measured dry bead diameter, the 
wet bead diameter was calculated. 

- Average particle size (diameter) in the wet, Na+ form: This value was provided by the European 
manufacturer. For the Asian product, it was calculated using the previously determined wet H+ form bead 
diameter and the similarity ratio derived from the measured volume change during Na+ → H+ conversion. 

- Particle density of wet resin in the H+ form (ρ′particle): Based on the resin capacity, the external porosity and 
the initially known particle density of wet resin in the Na+ form, the final mass of a known volume (1 dm3) 
of resin after replacing Na+ ions with H+ ions could be estimated from the difference in mass. The final 
volume of 1 dm3 Na+ form resin after conversion to the H+ form could also be calculated from the measured 
volume change. The ratio of final mass to final volume yielded the particle density in the H+ form. 

- Solid density of the resin matrix in the H+ form (ρ′true): Assuming that the internal porosity does not depend 
on the ionic form of the resin, the solid density was calculated analogously to the method used for the Na+ 
form, based on the particle density and internal porosity: 
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Certain parameters could only be determined by experi-
mental measurements. These included the following:
–	� Volume reduction during Na+ → H+ conversion: In 

this case, the manufacturer only provided an upper 
limit, but the actual conversion may be partial under 
pH 3 conditions based on the acid dissociation con-
stants of aminomethylphosphonic acid (Sraidi et al. 
2024). To determine this, 10 mL of ion exchange 
resin in the Na+ form (converted by shaking in NaOH 
solution) was shaken for one day in a pH 3 brine (25 
wt% NaCl solution buffered to pH 3 with formic acid–
sodium formate buffer), corresponding to the condi-
tions of our pH optimization experiments. The resin 
volume was then measured.

–	� Average particle size (diameter) in the dry, H+ form: 
The resin converted to the H+ form as described above 
was dried, and the diameters of 20 individual resin 
beads were measured by electron microscopy and av-
eraged.

–	� Average particle size (diameter) in the wet, H+ form: 
For the European resin, the average particle size of 
wet resin beads in the Na+ form was provided by the 
manufacturer. It was assumed that the relative volu-
metric reduction of a single resin bead (considered 
spherical) was equal to the volume reduction of the 
resin bed. Since the volume of similar objects scales 
with the cube of the similarity ratio, the change in 
bead diameter could be calculated based on the meas-
ured volume change, allowing the average bead diam-
eter in the H+ form to be estimated. For the Asian 
resin, it was assumed that the ratio between wet and 
dry bead diameters was the same as that of the Euro-
pean competitor. Using this ratio and the measured 
dry bead diameter, the wet bead diameter was calcu-
lated.

–	� Average particle size (diameter) in the wet, Na+ form: 
This value was provided by the European manufac-
turer. For the Asian product, it was calculated using 
the previously determined wet H+ form bead diameter 
and the similarity ratio derived from the measured vol-
ume change during Na+ → H+ conversion.

–	� Particle density of wet resin in the H+ form (ρ'particle): 
Based on the resin capacity, the external porosity and 
the initially known particle density of wet resin in the 
Na+ form, the final mass of a known volume (1 dm3) 
of resin after replacing Na+ ions with H+ ions could be 
estimated from the difference in mass. The final vol-
ume of 1 dm3 Na+ form resin after conversion to the 
H+ form could also be calculated from the measured 
volume change. The ratio of final mass to final volume 
yielded the particle density in the H+ form.

–	� Solid density of the resin matrix in the H+ form (ρ'true): 
Assuming that the internal porosity does not depend 
on the ionic form of the resin, the solid density was 
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calculated analogously to the method used for the Na+ 
form, based on the particle density and internal poros-
ity:
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The following parameters can be calculated based on the manufacturer’s technical datasheets: 
- External porosity (the ratio of the volume between resin particles to the total volume occupied by the resin 

bed): 
-  

εout = 1 − ρbulk
ρparticle

  

 
- Pore volume of wet resin in the Na+ form (𝑉𝑉pore, the volume inside resin particles per unit mass of resin): 

Since the pores of resins delivered in wet form are filled with water, the average pore volume of both resins 
is 0.6 cm3/g based on moisture content, assuming the density of water is ρwater = 1 g/cm3. 

- Internal porosity: 
-  

εin = 𝑉𝑉pore ∙ ρparticle  
 

- Solid density of the resin matrix in Na+ form (ρtrue). The density of the resin particles in the wet state and 
their internal porosity (filled with water) are available, which allows for the following equation to be written: 

-  
ρparticle ∙ 𝑉𝑉particle = ρwater ∙ εin ∙ 𝑉𝑉particle + ρtrue ∙ (1 − εin) ∙ 𝑉𝑉particle  
 
Expressed in terms of: 
 
ρtrue = ρparticle−ρwater∙εin

1−εin
  

 
Certain parameters could only be determined by experimental measurements. These included the following: 
- Volume reduction during Na+ → H+ conversion: In this case, the manufacturer only provided an upper limit, 

but the actual conversion may be partial under pH 3 conditions based on the acid dissociation constants of 
aminomethylphosphonic acid (Sraidi et al. 2024). To determine this, 10 mL of ion exchange resin in the Na+ 
form (converted by shaking in NaOH solution) was shaken for one day in a pH 3 brine (25 wt% NaCl solution 
buffered to pH 3 with formic acid–sodium formate buffer), corresponding to the conditions of our pH 
optimization experiments. The resin volume was then measured. 

- Average particle size (diameter) in the dry, H+ form: The resin converted to the H+ form as described above 
was dried, and the diameters of 20 individual resin beads were measured by electron microscopy and 
averaged. 

- Average particle size (diameter) in the wet, H+ form: For the European resin, the average particle size of wet 
resin beads in the Na+ form was provided by the manufacturer. It was assumed that the relative volumetric 
reduction of a single resin bead (considered spherical) was equal to the volume reduction of the resin bed. 
Since the volume of similar objects scales with the cube of the similarity ratio, the change in bead diameter 
could be calculated based on the measured volume change, allowing the average bead diameter in the H+ 
form to be estimated. For the Asian resin, it was assumed that the ratio between wet and dry bead diameters 
was the same as that of the European competitor. Using this ratio and the measured dry bead diameter, the 
wet bead diameter was calculated. 

- Average particle size (diameter) in the wet, Na+ form: This value was provided by the European 
manufacturer. For the Asian product, it was calculated using the previously determined wet H+ form bead 
diameter and the similarity ratio derived from the measured volume change during Na+ → H+ conversion. 

- Particle density of wet resin in the H+ form (ρ′particle): Based on the resin capacity, the external porosity and 
the initially known particle density of wet resin in the Na+ form, the final mass of a known volume (1 dm3) 
of resin after replacing Na+ ions with H+ ions could be estimated from the difference in mass. The final 
volume of 1 dm3 Na+ form resin after conversion to the H+ form could also be calculated from the measured 
volume change. The ratio of final mass to final volume yielded the particle density in the H+ form. 

- Solid density of the resin matrix in the H+ form (ρ′true): Assuming that the internal porosity does not depend 
on the ionic form of the resin, the solid density was calculated analogously to the method used for the Na+ 
form, based on the particle density and internal porosity: 

-  
ρ′true = ρ′particle−ρwater∙εin

1−εin
  

 –	 Pore volume of wet resin in the H+ form:
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- Pore volume of wet resin in the H+ form: 
-  

𝑉𝑉′pore =
εin

ρ′particle
  

 
- Specific surface area: The specific surface area was determined for the dry resin (previously converted to the 

H+ form) using gas adsorption measurements and the BET method, expressed in m2/g. Based on the diameter 
of a dry resin bead, its volume was calculated, and using the solid density of the resin, the mass of a single 
dry bead was obtained (assuming that the dry resin contains only the polymer matrix and air, with the mass 
of air being negligible). Multiplying this mass by the specific surface area (in m2/g) yielded the surface area 
of a single dry resin bead. The average diameters of the dry and wet resin beads in the H+ form allowed for 
the calculation of a similarity ratio between the two states. Since surface area scales with the square of this 
ratio, the surface area of a single wet H+ form resin bead was calculated accordingly. The average volume of 
a wet H+ form bead and the external porosity of the resin bed were then used to determine the bed volume 
corresponding to a single resin bead. Dividing the surface area of a single wet resin bead by this volume 
yielded the specific surface area of the resin with respect to bed volume, expressed in m2/m3. Alternatively, 
if the specific surface area is required relative to the mass of the wet H+ form resin, it can be calculated as the 
ratio of the bead surface area to its mass (obtained from the product of its volume and density in the wet H+ 
form). 

Determination of the liquid-side overall mass transfer coefficient  

The mass transfer is described by the following differential equations (Cséfalvay et al. 2012: 390): 
 
(1 − εout) ∙

𝑑𝑑𝑞̅𝑞Al
𝑑𝑑𝑑𝑑 = 𝑎𝑎βL ∙ (𝑐𝑐Al − 𝑐𝑐∗(𝑞̅𝑞Al)) = 𝑎𝑎βR ∙ (𝑞𝑞∗(𝑐𝑐Al) − 𝑞̅𝑞Al), where  

 
- εout: While typically referring to the external porosity of the resin bed, in this case, it represents the volume 

fraction of the liquid phase. This value accounts for the volume contraction between the Na+ and H+ forms 
of the resin, and also the fact that even in the initial 10 mL resin bed volume, a portion of the volume was 
occupied by liquid due to porosity. 

- 𝑞̅𝑞Al: Instantaneous average concentration of aluminum in the resin phase, expressed in mol/dm3. 
- 𝑡𝑡: Time elapsed since the resin was added and shaking of the mixture was initiated. 
- 𝑎𝑎: Specific surface area of the resin. It is traditionally expressed relative to the volume of the resin bed 

(m2/m3), but in the case of batch (shaking) experiments, it is expressed relative to the total volume of the 
reaction mixture. 

- βL: Liquid-side overall mass transfer coefficient, expressed in m/s. 
- 𝑐𝑐Al: Instantaneous concentration of aluminum in the liquid phase, expressed in mol/dm3. 
- 𝑐𝑐∗(𝑞̅𝑞Al): Equilibrium aluminum concentration in the liquid phase that is in equilibrium with the instantaneous 

average composition of the resin phase, expressed in mol/dm3. 
- βR: Resin-side overall mass transfer coefficient expressed in m/s. 
- 𝑞𝑞∗(𝑐𝑐Al): Equilibrium aluminum concentration in the resin phase that is in equilibrium with the instantaneous 

average composition of the liquid phase, expressed in mol/dm3. 
Before solving the differential equation, the following assumptions and simplifications were made: 
- Given that the total amount of aluminum in the liquid phase would only saturate approximately 0.1% of the 

total exchange capacity of the resin (based on our capacity measurements), the variation in the aluminum 
concentration in the resin phase can be considered negligible from the perspective of the driving force. 
Therefore, 𝑞̅𝑞Al can be assumed to be effectively zero throughout the process in terms of its influence on the 
driving force (but the formula of the derivative is of course not constant). Consequently, the equilibrium 
liquid-phase concentration 𝑐𝑐∗(𝑞̅𝑞Al), corresponding to this nearly zero resin-phase concentration, remains 
below the detection limit of both our photometric method and the ICP-AES measurements, and is therefore 
also taken to be zero.  

- The liquid-phase aluminum concentration 𝑐𝑐Al at each time point is directly calculated from the measured 
values (in ppm) using the molar mass of aluminum and the density of the solution. Based on the principle of 
mass conservation for aluminum ions, this enables calculation of 𝑞̅𝑞Al in the resin phase. 

- The liquid-side overall mass transfer coefficient βL can be determined more directly than the resin-side 
coefficient. Since 𝑐𝑐∗(𝑞̅𝑞Al) is assumed to be zero, the expression for βL depends only on the time-dependent 
concentration profiles in each phase. Moreover, since the concentration of binding sites on the resin remains 
essentially constant (as only about 0.1% of them react during the process), the sorption kinetics can be treated 
as pseudo-first-order. (In contrast, calculation of the resin-side mass transfer coefficient βR would require the 
time dependence of 𝑞𝑞∗(𝑐𝑐Al), which would need to be derived from the measured values of 𝑐𝑐Al and our 

 
–	� Specific surface area: The specific surface area was de-

termined for the dry resin (previously converted to 
the H+ form) using gas adsorption measurements and 
the BET method, expressed in m2/g. Based on the 
diameter of a dry resin bead, its volume was calculat-
ed, and using the solid density of the resin, the mass of 
a single dry bead was obtained (assuming that the dry 
resin contains only the polymer matrix and air, with 
the mass of air being negligible). Multiplying this mass 
by the specific surface area (in m2/g) yielded the sur-
face area of a single dry resin bead. The average diam-
eters of the dry and wet resin beads in the H+ form 
allowed for the calculation of a similarity ratio between 
the two states. Since surface area scales with the square 
of this ratio, the surface area of a single wet H+ form 
resin bead was calculated accordingly. The average 
volume of a wet H+ form bead and the external poros-
ity of the resin bed were then used to determine the 
bed volume corresponding to a single resin bead. Di-
viding the surface area of a single wet resin bead by 
this volume yielded the specific surface area of the 
resin with respect to bed volume, expressed in m2/m3. 
Alternatively, if the specific surface area is required 
relative to the mass of the wet H+ form resin, it can be 
calculated as the ratio of the bead surface area to its 
mass (obtained from the product of its volume and 
density in the wet H+ form).

Determination of the liquid-side overall mass 
transfer coefficient 

The mass transfer is described by the following differen-
tial equations (Cséfalvay et al. 2012: 390):
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- Pore volume of wet resin in the H+ form: 
-  

𝑉𝑉′pore =
εin

ρ′particle
  

 
- Specific surface area: The specific surface area was determined for the dry resin (previously converted to the 

H+ form) using gas adsorption measurements and the BET method, expressed in m2/g. Based on the diameter 
of a dry resin bead, its volume was calculated, and using the solid density of the resin, the mass of a single 
dry bead was obtained (assuming that the dry resin contains only the polymer matrix and air, with the mass 
of air being negligible). Multiplying this mass by the specific surface area (in m2/g) yielded the surface area 
of a single dry resin bead. The average diameters of the dry and wet resin beads in the H+ form allowed for 
the calculation of a similarity ratio between the two states. Since surface area scales with the square of this 
ratio, the surface area of a single wet H+ form resin bead was calculated accordingly. The average volume of 
a wet H+ form bead and the external porosity of the resin bed were then used to determine the bed volume 
corresponding to a single resin bead. Dividing the surface area of a single wet resin bead by this volume 
yielded the specific surface area of the resin with respect to bed volume, expressed in m2/m3. Alternatively, 
if the specific surface area is required relative to the mass of the wet H+ form resin, it can be calculated as the 
ratio of the bead surface area to its mass (obtained from the product of its volume and density in the wet H+ 
form). 

Determination of the liquid-side overall mass transfer coefficient  

The mass transfer is described by the following differential equations (Cséfalvay et al. 2012: 390): 
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- εout: While typically referring to the external porosity of the resin bed, in this case, it represents the volume 

fraction of the liquid phase. This value accounts for the volume contraction between the Na+ and H+ forms 
of the resin, and also the fact that even in the initial 10 mL resin bed volume, a portion of the volume was 
occupied by liquid due to porosity. 

- 𝑞̅𝑞Al: Instantaneous average concentration of aluminum in the resin phase, expressed in mol/dm3. 
- 𝑡𝑡: Time elapsed since the resin was added and shaking of the mixture was initiated. 
- 𝑎𝑎: Specific surface area of the resin. It is traditionally expressed relative to the volume of the resin bed 

(m2/m3), but in the case of batch (shaking) experiments, it is expressed relative to the total volume of the 
reaction mixture. 
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- 𝑐𝑐∗(𝑞̅𝑞Al): Equilibrium aluminum concentration in the liquid phase that is in equilibrium with the instantaneous 
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- βR: Resin-side overall mass transfer coefficient expressed in m/s. 
- 𝑞𝑞∗(𝑐𝑐Al): Equilibrium aluminum concentration in the resin phase that is in equilibrium with the instantaneous 

average composition of the liquid phase, expressed in mol/dm3. 
Before solving the differential equation, the following assumptions and simplifications were made: 
- Given that the total amount of aluminum in the liquid phase would only saturate approximately 0.1% of the 

total exchange capacity of the resin (based on our capacity measurements), the variation in the aluminum 
concentration in the resin phase can be considered negligible from the perspective of the driving force. 
Therefore, 𝑞̅𝑞Al can be assumed to be effectively zero throughout the process in terms of its influence on the 
driving force (but the formula of the derivative is of course not constant). Consequently, the equilibrium 
liquid-phase concentration 𝑐𝑐∗(𝑞̅𝑞Al), corresponding to this nearly zero resin-phase concentration, remains 
below the detection limit of both our photometric method and the ICP-AES measurements, and is therefore 
also taken to be zero.  

- The liquid-phase aluminum concentration 𝑐𝑐Al at each time point is directly calculated from the measured 
values (in ppm) using the molar mass of aluminum and the density of the solution. Based on the principle of 
mass conservation for aluminum ions, this enables calculation of 𝑞̅𝑞Al in the resin phase. 

- The liquid-side overall mass transfer coefficient βL can be determined more directly than the resin-side 
coefficient. Since 𝑐𝑐∗(𝑞̅𝑞Al) is assumed to be zero, the expression for βL depends only on the time-dependent 
concentration profiles in each phase. Moreover, since the concentration of binding sites on the resin remains 
essentially constant (as only about 0.1% of them react during the process), the sorption kinetics can be treated 
as pseudo-first-order. (In contrast, calculation of the resin-side mass transfer coefficient βR would require the 
time dependence of 𝑞𝑞∗(𝑐𝑐Al), which would need to be derived from the measured values of 𝑐𝑐Al and our 
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- Specific surface area: The specific surface area was determined for the dry resin (previously converted to the 

H+ form) using gas adsorption measurements and the BET method, expressed in m2/g. Based on the diameter 
of a dry resin bead, its volume was calculated, and using the solid density of the resin, the mass of a single 
dry bead was obtained (assuming that the dry resin contains only the polymer matrix and air, with the mass 
of air being negligible). Multiplying this mass by the specific surface area (in m2/g) yielded the surface area 
of a single dry resin bead. The average diameters of the dry and wet resin beads in the H+ form allowed for 
the calculation of a similarity ratio between the two states. Since surface area scales with the square of this 
ratio, the surface area of a single wet H+ form resin bead was calculated accordingly. The average volume of 
a wet H+ form bead and the external porosity of the resin bed were then used to determine the bed volume 
corresponding to a single resin bead. Dividing the surface area of a single wet resin bead by this volume 
yielded the specific surface area of the resin with respect to bed volume, expressed in m2/m3. Alternatively, 
if the specific surface area is required relative to the mass of the wet H+ form resin, it can be calculated as the 
ratio of the bead surface area to its mass (obtained from the product of its volume and density in the wet H+ 
form). 

Determination of the liquid-side overall mass transfer coefficient  

The mass transfer is described by the following differential equations (Cséfalvay et al. 2012: 390): 
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- εout: While typically referring to the external porosity of the resin bed, in this case, it represents the volume 

fraction of the liquid phase. This value accounts for the volume contraction between the Na+ and H+ forms 
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(m2/m3), but in the case of batch (shaking) experi-
ments, it is expressed relative to the total volume of 
the reaction mixture.

–	� βL: Liquid-side overall mass transfer coefficient, ex-
pressed in m/s.

–	� cAl: Instantaneous concentration of aluminum in the 
liquid phase, expressed in mol/dm3.

–	� c*(q
_

Al): Equilibrium aluminum concentration in the 
liquid phase that is in equilibrium with the instantane-
ous average composition of the resin phase, expressed 
in mol/dm3.

–	� βR: Resin-side overall mass transfer coefficient ex-
pressed in m/s.

–	� q*(cAl): Equilibrium aluminum concentration in the 
resin phase that is in equilibrium with the instantane-
ous average composition of the liquid phase, expressed 
in mol/dm3.
Before solving the differential equation, the following 

assumptions and simplifications were made:
–	� Given that the total amount of aluminum in the liquid 

phase would only saturate approximately 0.1% of the 
total exchange capacity of the resin (based on our ca-
pacity measurements), the variation in the aluminum 
concentration in the resin phase can be considered 
negligible from the perspective of the driving force. 
Therefore, q

_
Al can be assumed to be effectively zero 

throughout the process in terms of its influence on the 
driving force (but the formula of the derivative is of 
course not constant). Consequently, the equilibrium 
liquid-phase concentration c*(q

_
Al), corresponding to 

this nearly zero resin-phase concentration, remains 
below the detection limit of both our photometric 
method and the ICP-AES measurements, and is there-
fore also taken to be zero. 

–	� The liquid-phase aluminum concentration cA1 at each 
time point is directly calculated from the measured 
values (in ppm) using the molar mass of aluminum 
and the density of the solution. Based on the principle 
of mass conservation for aluminum ions, this enables 
calculation of q

_
Al in the resin phase.

–	� The liquid-side overall mass transfer coefficient βL can 
be determined more directly than the resin-side coef-
ficient. Since c*(q

_
Al) is assumed to be zero, the expres-

sion for βL depends only on the time-dependent con-
centration profiles in each phase. Moreover, since the 
concentration of binding sites on the resin remains 
essentially constant (as only about 0.1% of them react 
during the process), the sorption kinetics can be treat-
ed as pseudo-first-order. (In contrast, calculation of 
the resin-side mass transfer coefficient βR would re-
quire the time dependence of q*(cAl), which would 
need to be derived from the measured values of cAl and 
our equilibrium data. However, identifying a suitable 
functional form for this dependence would require a 

Unauthenticated | Downloaded 05/21/26 08:57 AM UTC



2025	 Scientia et Securitas22

Csorba et  a l .

significantly more complex analysis.) Thus, the follow-
ing appropriate kinetic equation can be fitted directly 
to the measured data: 
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Here, k denotes the rate constant (1/s), 𝑐𝑐0,Al is the initial aluminum concentration in the liquid phase, and 
𝑞̅𝑞tot,Al is the final aluminum concentration in the resin phase. 

Since the concentration functions described above are differentiable and integrable, the differential equation can 
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where C is the constant of integration. 
The value of C can be determined from the initial condition: 
At 𝑡𝑡 = 0, 𝑞̅𝑞Al = 0 (the resin is initially fully regenerated), hence 
 
𝐶𝐶 = 1

𝑘𝑘.  
 
Substituting this back into the equation: 
 
𝑞̅𝑞Al = 𝑎𝑎βL

1−εout
∙ 𝑐𝑐0,Al ∙ 1−𝑒𝑒−𝑘𝑘𝑘𝑘
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Comparing this with the previous form: 
 
𝑞̅𝑞Al = 𝑎𝑎βL
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allows us to express the liquid-side overall mass transfer coefficient as: 
 
βL = 𝑞̅𝑞tot,Al

𝑐𝑐0,Al
∙ 1−εout

𝑎𝑎 ∙ 𝑘𝑘  

 
Based on this equation, the liquid-side overall mass transfer coefficient (βL) can be calculated. The fitted kinetic 
curves are shown in Figure A1. 
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where C is the constant of integration.

The value of C can be determined from the initial con-
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Al = 0 (the resin is initially fully regenerated), 
hence
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Substituting this back into the equation:
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be solved. To do this, the variables are separated as follows: 
 
(1 − εout) ∙ 𝑑𝑑𝑞̅𝑞Al

𝑑𝑑𝑑𝑑 = 𝑎𝑎βL ∙ (𝑐𝑐0,Al ∙ 𝑒𝑒−𝑘𝑘𝑘𝑘 − 0)  
(1 − εout) ∙  𝑑𝑑𝑞̅𝑞Al =  𝑎𝑎βL𝑐𝑐0,Al ∙ 𝑒𝑒−𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑  
 
By integrating both sides and factoring out constant terms: 
 
(1 − εout) ∙ ∫ 1  𝑑𝑑𝑞̅𝑞Al = 𝑎𝑎βL𝑐𝑐0,Al ∫ 𝑒𝑒−𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑  

(1 − εout)𝑞̅𝑞Al = 𝑎𝑎βL𝑐𝑐0,Al ∙ (− 𝑒𝑒−𝑘𝑘𝑘𝑘

𝑘𝑘 + 𝐶𝐶), 
 
where C is the constant of integration. 
The value of C can be determined from the initial condition: 
At 𝑡𝑡 = 0, 𝑞̅𝑞Al = 0 (the resin is initially fully regenerated), hence 
 
𝐶𝐶 = 1

𝑘𝑘.  
 
Substituting this back into the equation: 
 
𝑞̅𝑞Al = 𝑎𝑎βL

1−εout
∙ 𝑐𝑐0,Al ∙ 1−𝑒𝑒−𝑘𝑘𝑘𝑘

𝑘𝑘   
 
Comparing this with the previous form: 
 
𝑞̅𝑞Al = 𝑎𝑎βL

1−εout
∙ 𝑐𝑐0,Al ∙ 1−𝑒𝑒−𝑘𝑘𝑘𝑘

𝑘𝑘 = 𝑞̅𝑞tot,Al ∙ (1 − 𝑒𝑒−𝑘𝑘𝑘𝑘)  
 
allows us to express the liquid-side overall mass transfer coefficient as: 
 
βL = 𝑞̅𝑞tot,Al

𝑐𝑐0,Al
∙ 1−εout

𝑎𝑎 ∙ 𝑘𝑘  

 
Based on this equation, the liquid-side overall mass transfer coefficient (βL) can be calculated. The fitted kinetic 
curves are shown in Figure A1. 
Based on this equation, the liquid-side overall mass 

transfer coefficient (βL) can be calculated. The fitted ki-
netic curves are shown in Figure A1.

Figure A1 Fitting of pseudo-first-order kinetic curves to the experimental data points for the aminomethylphosphonic acid functionalized resin from the 
European (left: A, C) and the Asian (right: B, D) manufacturer at 20 °C (top: A, B) and 60 °C (bottom: C, D) 

Source: Own work
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Figure A1 | Fitting of pseudo-first-order kinetic curves to the experimental data points for the 

aminomethylphosphonic acid functionalized resin from the European (left: A, C) and the Asian (right: B, D) 
manufacturer at 20 °C (top: A, B) and 60 °C (bottom: C, D)  

Source: Own work 

Description of the ion exchange binding reaction using the Langmuir isotherm – curve fitting to 
experimental data 

The appropriate curve fittings were performed for the Langmuir isotherm equation: 
 
𝑞𝑞 = 𝑞𝑞max∙𝐾𝐾∙𝑐𝑐

1+𝐾𝐾∙𝑐𝑐   
 
where q and c are the equilibrium concentrations of aluminum in the resin phase and liquid phase, respectively; 
𝑞𝑞max is the maximum binding capacity of the resin; and K is the equilibrium constant describing the binding 
reaction, serving as a fitting parameter. The fitted curves are shown in Figure A2. 

Figure A2 Langmuir isotherm curve fitting to the experimental data points for the European (left: A, C) and Asian (right: B, D) aminomethylphosphonic acid 
functionalized resins at 20 °C (top: A, B) and 60 °C (bottom: C, D) 

Source: Own work

where q and c are the equilibrium concentrations of alu-
minum in the resin phase and liquid phase, respectively;  
qmax is the maximum binding capacity of the resin; and K 
is the equilibrium constant describing the binding reac-
tion, serving as a fitting parameter. The fitted curves are 
shown in Figure A2.
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