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SUPPLEMENTARY MATERIAL 

 

Text S1. Main features of the tested sorbents. 

 

Commercial HAIX polymeric resin LayneRT 

LayneRT is a commercial HAIX (SolmeteX, Massachusetts, USA) manly used for arsenic (As) 

removal from WW. It consists of a strong base anionic ion-exchange polymeric resin (namely a 

polystyrene-divinylbenzene macroporous polymer functionalized with quaternary ammonium active 

sites) that supports a dispersion of ferric oxide nanoparticles, the actual active sites for P adsorption.  

In this work, HAIX LayneRT was used as a benchmark as its high performance was already assessed 

in a previous work (Pinelli et al., 2022). It shows an iron content of 75-90 mg as Fe/gresin, a bulk 

density of 790-840 g/L and its ion-exchange capacity is assessed to be 1 meq/L. 

 

 

 

Layered Double Hydroxides (LDH) 

Layered double hydroxides (LDH) are a class of ionic solids characterized by a layered structure with 

the generic layer sequence [AcB-Z-AcB]n, where “c” represents layers of metal cations, “A” and “B” 

are layers of hydroxide anions, and “Z” are layers of other anions and neutral molecules (such as 

water). Lateral offsets between the layers may result in longer repeating periods. The intercalated 

anions (Z) are weakly bound, often exchangeable, this last feature makes LDH a interest material for 

ion adsorption from WW. Two different kinds of LDH materials have been tested for P adsorption in 

this work: commercial Mg:Al hydrotalcites and Mg:Fe pyroaurite.  

 

 

Commercial Hydrotalcites – Pural 50 and Pural 70 by SasolRT 

Hydrotalcites, whose name is derived from its resemblance with talc and its high-water content, 

belong to the class of Layered Double Hydroxides (LDH). The mineral, most stable, hydrotalcite has 

characterized by the general formula Mg6Al2CO3(OH)16·4H2O (Mg/Al ratio equal to three). Multiple 

structures containing loosely bound carbonate ions exist and the atomic ratio between the bivalent 

(Me2+) and trivalent (Me3+) cation may vary on a specific range of values depending on the actual 

ionic radii differences between the two (Cavani et al., 1991). Hydrotalcites Pural is a commercial 

material by SasolRT and is available in two variants, named Pural 50 and Pural 70. These two materials 

primarily differ in their chemical composition and certain physical properties. Pural 50 is composed 

of 50% magnesium oxide (MgO) and 50% aluminum oxide (Al2O3), while Pural 70 has a composition 

of 70% MgO and 30% Al2O3. Both variants contain a carbon percentage ranging from 0.5% to 3%, 
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and the maximum levels of silica (SiO2) and iron oxide (Fe2O3) are 350 ppm and 200 ppm, 

respectively. Additionally, impurities of sodium (Na), calcium (Ca), and titanium (Ti) are present in 

maximum quantities of 50 ppm each. From a physical properties’ perspective, Pural 50 has a specific 

surface area of 2.9 m²/g, while Pural 70's specific surface area is slightly lower at 13 m²/g. Both 

materials have a pore volume of 0.2 ml/g. However, the bulk density varies: Pural 50 has a bulk 

density ranging from 450 to 650 g/l, whereas for Pural 70 it ranges from 350 to 550 g/l. 

Both materials have been tested as shipped (uncalcined Pural 50 and Pural 70) or after thermal 

treatment at 500°C for 5h (calcined Pural 50 and Pural 70). 

 

 

 

Modified Pural 70 with Fe2O3 

Addition tests were made using an ad-hoc prepared Fe2O3 supported over calcined Pural P70, this 

way trying to increase the adsorption capacity and selectivity towards phosphates. Incipient wetness 

impregnation (IWI), also known as capillary impregnation or dry impregnation, is a widely used 

technique for heterogeneous catalyst synthesis. The active metal precursor is typically dissolved in 

an aqueous or organic solution and then the solution is added dropwise to sorbent (or catalyst support) 

in a volume corresponding to the estimated pore volume of the solid. The solution is drawn into the 

pores by capillary action. Then, the impregnated sorbent can be dried up and calcined to remove the 

volatile components of the solution and deposit the metal on the sorbent surface. The active metal 

precursor used for the impregnation on Pural 70 hydrotalcite was a metal solution containing 5% wt. 

of Fe2O3. The impregnated sorbent was dried for 1-2 hours at 90°C and then calcined at 2°C/min until 

450°C for 5 hours. The calcinated material was pelletized using Specac pelletizer at 1.3 tonn cm-2 

pressure. The pelletized material obtained was in circular disk space, which was then broken manually 

and sieved to the desired particle size range (0.355-0.710 mm) for the continuous flow tests in the lab 

scale and pilot adsorption column. 

 

Pyroaurite 

Pyroaurite is a hydrotalcite-like material based on Mg and Fe characterized by the general formula 

Mg6Fe2(OH)16[CO3]·4H2O, in which iron replaces aluminum in the hydrotalcite structure.  

Pyroaurite has been synthesized by co-precipitation of the metal hydroxides at controlled pH and 

temperature, a procedure typically used for hydrotalcite synthesis. The co-precipitation procedure 

was chosen due to its simplicity in procedural methods. The chosen Mg:Fe atomic ratio of three is 

the stoichiometric one for the hydrotalcites and was chosen to guarantee the formation of a pyroaurite 

pure phase.   

In particular, a solution of magnesium nitrate (Mg(NO3)2·6H2O) and iron nitrate Fe(NO3)3·9H2O in 

a molar ratio of 3:1, with cations concentration 1 mol/L in distilled water, was slowly added dropwise 

at 50°C under vigorous stirring to a solution containing an excess sodium carbonate (Na2CO3·10H2O, 

1.2 M concentration in distilled water) compared to the stoichiometric amount required for the 

formation of the hydrotalcite. The pH of the system was monitored using Amel Instrument 380 and 

kept at 10.5 by adding 3M NaOH. After the precipitation of the pyroaurite, the solid was aged for 1 

hour, then filtered and washed with 2 liters of distilled water at 40°C to remove the nitrates (NO3⁻) 

from the precipitated solid paste and finally dried overnight at 110°C to obtain the desired pyroaurite 

sample. Part of the solid was then calcined with a temperature ramp of 5°C/min up to 450°C for 5 

hours to promote the thermal degradation of the structure, with a concomitant evolution of both water 

and CO2 allowing to obtain a porous mixed-metal oxide structure of Mg and Fe (Mg/Fe/O with a 

Mg/Fe atomic ratio of 3). Both the dried and calcined materials were pelletized using Specac pelletiser 

at 1.3 tonn cm-2, crushed and sieved to the desired particle size range (0.355-0.710 mm). 

 

 



Granular iron hydroxide: FerroSorp® plus 

FerroSorp® Plus is a commercial granular iron (Ⅲ) hydroxide material (a by-product of wastewater 

treatment) sold by HeGO Biotec, Germany. Because of its chemical activity, iron (III) hydroxide is 

well suited for the binding of arsenate, phosphate, or sulfide ions in wastewater. Heavy metal ion 

binding is known to facilitate a combination of adsorption and fixation inside the crystal lattice of 

ferric hydroxide. Furthermore, there is the possibility of adsorption of organic wastewater 

constituents that is relatively unspecific. The following simplified equations explain the chemical 

interactions of phosphate, arsenate, and hydrogen sulfide with ferric hydroxide: 

 𝑓𝑒𝑟𝑟𝑖𝑐 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 ∶   Fe(OH)3 + H3PO4 → FePO4 + 3H2O  

 𝑓𝑒𝑟𝑟𝑖𝑐 𝑎𝑟𝑒𝑠𝑛𝑎𝑡𝑒 ∶  Fe(OH)3 + H3AsO4 → FeAsO4 + 3H2O  

 𝑓𝑒𝑟𝑟𝑖𝑐 𝑠𝑢𝑙𝑝ℎ𝑖𝑑𝑒 ∶  2Fe(OH)3 + 3H2 S → 2Fe2 S3 + 6H2O  

 

 

  



Text S2. Isotherm tests: experimental details, model description and best fitting procedure. 

 

The resin concentration was maintained constant at 1 gdry resin L-1, the liquid volume was set to 0.1 L. 

For each point of the isotherms conducted with WWTP effluent, the desired P initial concentration 

was reached by mixing 100 mL of effluent with 0.005-1 mL aliquots of different K2HPO4/KH2PO4 

solutions, so as to maintain the effect of dilution of the competing anions at negligible levels (<1%). 

In each added solution, the K2HPO4:KH2PO4 ratio was equal to 1:2, in order to maintain the solution 

pH at 6.8. These solutions were designed so as to attain a total P concentration equal to 9 g L-1 (for 

the solution added to the medium-low concentration points of the isotherms) or 90 g L-1 (for the 

solution added to the high concentration points of the isotherms). 

The glass vials were placed in a rotatory shaker (200 rpm, 22°C) for 6 h, to reach the equilibrium 

condition. The duration of the experiment was defined based on the outcome of the above-described 

kinetic tests. The P equilibrium concentration in the solid phase, CS,eq was determined as: 

𝐶𝑆,𝑒𝑞 =
(𝐶𝐿,0 − 𝐶𝐿,𝑒𝑞) ∙ 𝑉𝐿

𝑚𝑆
                                                                          

where: mS is the mass of the dry sorbent, CL,0 and CL,eq the initial and final PO4-P concentration in the 

liquid phase and VL the liquid volume. The tests were performed in triplicates and the 95% confidence 

intervals associated to CS,eq were calculated from the standard deviation of the mean values. 

Experimental isotherms were fitted by means of the Langmuir and Freundlich models. 

Langmuir  𝐶𝑆,𝑒𝑞,𝑖 =
𝐶𝑆,𝑖 

∞  ∙  𝐶𝐿,𝑒𝑞,𝑖
1

𝐾𝑒𝑞,𝑖
 + 𝐶𝐿,𝑒𝑞,𝑖

       

Freundlich  𝐶𝑆,𝑒𝑞,𝑖 = 𝐾𝐹,𝑖 ∙ 𝐶
𝐿,𝑒𝑞,𝑖

1
𝑛𝑖⁄

      

 

where: CS,eq,i (gi  gdry resin
-1 ) and CL,eq,i (gi L

-1 ) indicate respectively the amount of sorbed i-compound 

per unit mass of adsorbent and the i-compound concentration in the liquid phase at equilibrium; CS,i
∞
  

(gi gdry resin
-1) the maximum amount sorbed per unit mass of adsorbent, corresponding to a complete 

monolayer on the adsorbent surface; Keq,i (Lpore volume mgi 
-1) the constant related to the affinity between 

the binding sites and the i-compound; KF,i (mgi
1-1/n L1/n gdry resin

-1) the sorption capacity in the 

Freundlich model; 1/ni (-) the sorption intensity in the Freundlich model. 

The model parameters were estimated by non-linear least squares regression of the calculated the i-

compound solid phase concentrations (CS,eq,calc,i) to the corresponding experimental values (CS,eq,i). 

The best-fitting model was selected based on the correlation coefficient R2, defined so as to take into 

account the number of model parameters: 
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where N indicates the number of experimental tests in the studied isotherm, and P the number of 

model parameters. 

 

  



Text S3. Fluid dynamic characterization of the packed columns. 

 

To evaluate the packing quality and the fluid dynamic behavior of the packed bed, a frontal analysis 

experimental test was carried out after each packing procedure. A 0.5 M NaOH solution was fed from 

the top of the column at a superficial velocity of 2.4 m h-1. At the column outlet, the electrical 

conductivity (EC) was measured with a CO11 conductivity probe (VWR, Radnor, Pennsylvania, 

USA). The packing quality was evaluated by means of two approaches based on the analysis of the 

retention times distribution curve (RTD) obtained by calculating point by point the derivative of the 

sigmoidal experimental curve of normalized EC versus time provided by the fluid-dynamic test. The 

first approach is based on the Theoretical Plate Model: the number of theoretical plates Ntp can be 

evaluated as: 

𝑁𝑡𝑝 = 5.54 ∙ (𝑡𝑅/𝑤1/2)2 

 

where tR indicates the retention time of the RTD curve and w1/2 is width at half-height. The height 

equivalent to a theoretical plate (HETP) can then be calculated as L/Ntp, where L indicates the column 

length. A high-quality column packing is characterized by a value of HETP/dp < 3, where dp indicates 

the average size of the packing particles. The second approach is based on the asymmetry factor (As), 

defined as the ratio between the leading and tailing semi-width of the peak at 10% of the peak height, 

and representing the peak deviation from a Gaussian curve. Its value should be as close as possible 

to 1. The frontal analysis data were also utilized to estimate the effective porosity (e) and longitudinal 

dispersivity (L) of the resin packed bed. The former parameter was evaluated directly from the RTD 

curve, whereas the latter was estimated by best-fit of the experimental outlet concentrations with a 1-

D convection-dispersion model:  

𝛿𝑖 ∙
𝜕𝐶𝐿,𝑖

𝜕𝑡
= −𝑣𝑖𝑛𝑡 ∙

𝜕𝐶𝐿,𝑖

𝜕𝑧
+ 𝐷𝑒𝑞 ∙

𝜕2𝐶𝐿,𝑖

𝜕𝑧2
 

 

In the equation above the retardation factor 𝛿𝑖, equal to 1 + 𝐾𝑒𝑞,𝑖 ∙ 𝜌𝑏/𝜀 was set to 1 due to the absence 

of NaOH adsorption, the interstitial velocity vint was calculated as Q/(St ·εresin) for the resin bed, and 

the equivalent diffusion coefficient Deq was approximately expressed as aL,resin vint,resin.  

 

 

Text S4. Indicators for the assessment of adsorption performance. 

 

Adsorption performance was assessed by means of the following indicators, calculated at the 1 mgP 

L-1 breakpoint (BP), unless otherwise indicated in the main article. More information can be found in 

(Frascari et al., 2016). 

 

𝐵𝑉 𝑜𝑓 𝑀𝑊𝑊 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 =
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑊𝑊 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑎𝑡 𝐵𝑃

𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐵𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒
 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 =
𝑃 𝑚𝑎𝑠𝑠 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝐵𝑃

𝑃 𝑚𝑎𝑠𝑠 𝑓𝑒𝑑 𝑎𝑡 𝐵𝑃
 

𝑆𝑜𝑟𝑏𝑒𝑛𝑡 𝑢𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑃 𝑚𝑎𝑠𝑠 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝐵𝑃

𝑃 𝑚𝑎𝑠𝑠 𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑏𝑒𝑑 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
 

𝑃 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑂𝐶) =  
 𝑃 𝑚𝑎𝑠𝑠 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑟𝑏𝑒𝑛𝑡
 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑃 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑦𝑖𝑒𝑙𝑑 =
𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃

𝑓𝑒𝑑 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃
 



 

Text S5. Simulation of adsorption breakthrough curves with the Thomas model. 

The P adsorption breakthrough curves were simulated, both for the lab-scale and pilot plant tests, by 

means of the Thomas model (Thomas, 1944): 

𝐶𝐿(𝑥, 𝑡) =
𝐶𝐿,0

1 + 𝑒
[𝐶𝑆,𝑒𝑞 ∙𝑚 ∙ 

𝑥
𝐿

 − 𝐶𝐿,0 ∙𝑄 ∙𝑡+ 𝐶𝐿,0 ∙𝐵𝑉 ∙𝜀 ∙
𝑥
𝐿

 ∙
𝐾𝑇ℎ

𝑄 ]
            

where CL (x,t) and CL,0 (mgP L-1) are respectively the P liquid-phase concentrations at height x (m) in 

the column at time t (h) and the average concentration fed to the column during the test, m (gdry) the 

mass of dry resin packed in the column, x (m) the zeolite bed height in a generic point of the column, 

L (m) the maximum zeolite bed height (0.60 m), Q (L h-1) the flowrate fed to the column, BV (L) the 

resin bed volume, ε (-) the effective porosity of the packed bed, CS,eq (mgP gdry resin
-1) the resin capacity 

at saturation (i.e. in equilibrium with CL,0) and KTh (L h-1 mg-1) the Thomas rate constant. The best-

fitting values of CS,eq and KTh were estimated using the Solver add-in in Microsoft Excel, using for 

the other parameters input values derived from experimental measurements or from elaboration of 

the fluid-dynamic tests. 

 

 



Table S1. Main features of the tested sorbents. 

Character

istic 

un

its 

HAIX 

LayneR

T 

Pural 

50 

Calcine

d Pural 

50 

Pural 

70 

Calcine

d Pural 

70 

Calcined 

Fe2O3-

Pural 70 

Pyroau

rite 

Calcin

ed 

pyroau

rite 

FerroSorp 

Plus 

Supplier --   Layne Sasol  Sasol Sasol Sasol  

Sasol + 

impregna

tion by 

Universit

y of 

Bologna 

Produced 

internally at 

University of 

Bologna 

 HeGO 

Biotec 

Structure --  polymer LDH 
 Mg/Al/

O 
LDH 

Mg/Al/

O  

Mg/Al/O

+ Fe2O3  
LDH 

Mg/Fe/

O  
Fe(OH)3 

Treatment --  

Impregna

tion with 

iron 

nanoparti

cles 

Dried 

overni

ght 

Calcina

tion 

450°C 

5h 

Dried 

overni

ght 

Calcina

tion 

450°C 

5h 

Impregn

ation of 

P70 and 

calcinati

on 

Dried 

overnig

ht 

Calcina

tion 

450°C 

5h 

None  

Me3+  -- a Al Al Al Al  a  Fe Fe a  

Mg/Me3+ 

ratio 
--   a 1.3 1.3 2.95  a  a 3 3  a 

Specific 

surface 

area 

m2 

g-1 
b 2.9 11 13 8.7  73 44 63 b  

Bulk 

density 

g 

dry 

sorb

ent 

L
-1 

790-840 
 450-

650 
 b 350–

500 
 b   b  

570-

670 
  b  660 

Particle 

diameter  

μ
m 

690  b b   b 
355-

710  
 b  

 355-

710 

355-

710 
  b 

a Not applicable 

b Not available 

 

  



Table S2. Comparison of the maximum adsorption capacities of various adsorbent reported in 

literature. 

Adsorbent P adsorption 

capacity at 

infinite conc. in 

the liquid phase 

(mg g-1) 

Range of P 

liquid phase 

concentration 

at equilibrium 

(mg L-1) 

Liquid Media Type References 

Calcined Pyroaurite 26.1 0 - 14 Real WWTP effluent This study 

Calcined Pyroaurite 78.0 0 - 35 Phosphate synthetic solution (Sun et al., 2013) 

Calcined waste eggshells 
31.7 

0 - 112 
Phosphate synthetic solution 

(Panagiotou et al., 

2018) 

Zr-loaded Ca-

montmorillonite 
22.4 0 - 45 Phosphate synthetic solution (Zou et al., 2020) 

Thermally treated 

concrete 
7.03 0 - 300 Phosphate synthetic solution (Kang et al., 2017) 

Iron oxide-coated GACs 10.8 0 - 90 Phosphate synthetic solution (Kumar et al., 2017) 

Zr-modified corn straw 29.3 0 - 30 Phosphate synthetic solution (Hu et al., 2020) 

Calcium Aluminate CaH10 79.4 0-90 Phosphate synthetic solution (Cheng et al., 2023) 

Zr/MgFe-LDH 58.6 0-50 Phosphate synthetic solution (Nuryadin et al., 2021) 

Ca-Fe 2:1 LDH 47.7 
0 - 20 Phosphate synthetic solution 

(Ashekuzzaman and 

Jiang, 2014) 

Mg-Al 2:1 LDH 76.1 0 - 70 Phosphate synthetic solution (Zhang et al., 2019) 

Mg-Al 3:1 LDH 98.3 0 - 40 Phosphate synthetic solution (Liu et al., 2019) 

Mg-Al 4:1 LDH 0.28 0 - 3 Phosphate synthetic solution (Halajnia et al., 2013) 

Zn-Fe 2:1 LDH 36.0 0 - 120 Phosphate synthetic solution (Gupta et al., 2020) 

 

 

 

Table S3. Parameters obtained from the fluid-dynamic characterization of the lab-scale and the pilot-

scale columns packed with calcined pyroaurite. 

Parameter Units Lab scale Pilot scale 

Bed height m 0.20 0.60 

EBCT min 5 5 

vs m h-1 2.4 7.2 

As -- 3.2 2.4 

HETP mm 20 17 

HETP/dp -- 37 33 

 

 

 

 

 



 

Figure S1. Comparison of the experimental curves obtained in the frontal analysis tests (step change 

in concentration) carried out to characterize the fluid dynamic behavior of the lab-scale 20-cm column 

(blue) and the 60-cm column placed in the pilot-plant (orange). 

  

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.00 1.00 2.00 3.00 4.00 5.00

C
L
/C

L
,0

(-
)

BVs (--)

F curve - Lab-scale plant

F curve - Pilot-plant



 

Figure S2. P adsorption breakthrough curves obtained with i) calcined pyroaurite in the 20-cm 

column fed with Falconara WWTP effluent (BT6 – red circles), ii) calcined pyroaurite in the 60-cm 

column fed with Bologna WWTP effluent (BT7 – green triangles), and iii) LayneRT in the 94-cm 

column fed with Bologna WWTP effluent (blue squares). 

 

 

 

Figure S3. LayneRT breakthrough desorption curves in the pilot-scale 94-cm column fed with 

Bologna WWTP effluent spiked at 7 mgP L-1. 
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Figure S4. XRD diffractograms of hydrotalcite Pural 70 (red), hydrotalcite Pural 50 (orange) and 

synthesized virgin pyroaurite (blue). The reference patterns are shown as vertical line for hydrotalcites 

(red lines, PDF Ref. Code: 00-014-0191) and virgin pyroaurite (blue lines, PDF Ref. Code: 00-024-

1110).  
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