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Softening of drinking water by the pellet reactor - effects of influent water composition on calcium 

carbonate pellet characteristics 

Camilla Tanga, Mathilde Jørgensen Hedegaarda, Laure Lopatob, Hans-Jørgen Albrechtsena*  

aDepartment of Environmental Engineering, Technical University of Denmark, Bygningstorvet 115, 2800 

Kgs. Lyngby, Denmark. (*Corresponding author, e-mail: catang@env.dtu.dk)  

bHOFOR, Great Copenhagen Utility, Ørestads Boulevard 35, 2300 København S, Denmark.  

Abstract 
Pellet softening of drinking water can provide aesthetic, socioeconomic and environmental benefits in 

areas with hard water. Calcium carbonate pellets are the main by-product from pellet softening and their 

characteristics determine their reuse potentials. We characterized pellets from a pilot-scale pellet reactor 

treating 16 water types at 8 Danish drinking water treatment plants to investigate the variations in pellet 

characteristics and how they depend on the influent water composition. The pellets consisted of up to 100 

% calcium as calcium carbonate, but contained often also impurities such as strontium, magnesium, iron 

and sodium each contributing with up to 1.3 % of the pellet mass. Other elements, including heavy metals, 

accounted for less than 0.04 % of the pellet mass. The quartz sand seeding material contributed with up to 

15 % of the pellet mass and can be a barrier for pellet reuse. Therefore, replacing this with calcium 

carbonate (limestone) seeding material increases the pellet purity. Modelling the chemical speciation 

indicated that elements not forming carbonates (e.g. potassium and magnesium), are only incorporated 

into pellets to a limited extent. The concentrations of strontium, magnesium, manganese, iron and nickel in 

the pellets had a strong positive correlation with the influent water concentration. Consequently, the pellet 

purity increases if the concentration of these elements is reduced in the water before softening by other 

treatment technologies. Potassium, arsenic and zinc showed no or only a weak correlation. The pellets 

precipitated as calcite, and had a reactivity of ≤ 25.7 % and a specific surface area of ≤ 0.32 m2/g, which 

limits the potential reuse in agriculture. The pellet mineralogy was independent of the investigated range 

of influent water quality and seeding materials. Including pellet quality when designing the softening 
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process can improve pellet reuse, ultimately leading to a more environmentally sustainable drinking water 

supply.  

Keywords: Calcite, calcium carbonate, chemical water treatment, residuals management, by-product reuse, 

drinking water treatment
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1 Introduction 

It is increasingly important for water utility companies to ensure an environmentally sustainable drinking 

water production and distribution, while the produced water still meets regulatory guidelines in a cost-

effective manner (Marques et al., 2015). In areas with high water hardness, centralised drinking water 

softening can reduce the consumption of soap, detergents and other household chemicals and increase the 

service life and energy efficiency of e.g. kettles, coffee machines and other household appliances due to a 

reduction in calcium carbonate (CaCO3) scaling. Godskesen et al. (2012) concluded that centralised 

softening became environmentally beneficial at a softening depth (i.e. hardness reduction) of 0.2 mmol/L 

(1.2 °dH, deutsche Härte) in the city of Copenhagen. Similarly, van der Bruggen et al. (2009) found a 

socioeconomic break-even at a softening depth of 0.5 mmol/L (2.8 °dH) in Belgium. Consequently, 

centralised softening can provide aesthetic, socioeconomic and environmental benefits at a sufficiently 

high softening depth.  

Water softening technologies include e.g. lime softening, pellet softening, ion exchange and membrane 

filtration (World Health Organization, 2011). Pellet softening is used in e.g. the Netherlands, Belgium and 

Sweden (Sydvatten, 2016; van Dijk and Wilms, 1991), and is currently being implemented for the first time 

in Denmark (HOFOR, 2017). In pellet softening the drinking water is treated in a fluidized bed reactor 

(upflow) where a chemical base (typically sodium hydroxide or calcium hydroxide) and a seeding material 

(typically quartz sand, garnet sand or CaCO3, limestone) are dosed (Figure 1). The pH increase initiates 

CaCO3 precipitation onto the seeding material, thereby forming pellets. As the pellets grow, they gravitate 

towards the bottom of the reactor where they are removed, and new seeding material is added (van Dijk 

and Wilms, 1991). Pellets are the main by-product from the softening process and by identifying reuse 

applications, they potentially represent a resource rather than being a waste product promoting circular 

economy.  
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In Sweden, pellets are used to increase pH in acidified lakes (Sydvatten, 2016), while in Belgium they are 

used for soil amendment in agriculture (van der Bruggen et al., 2009), substituting commercial limestone 

products otherwise mined from sedimentary rocks. In the Netherlands, pellets are recycled as e.g. an 

ingredient in carpet production, sand substitute in concrete production, and garden fertilizer, but today 

pellets are also increasingly crushed into finer particles and reused as seeding material in the softening 

process (Aqua Minerals, 2016, 2015). 

Pellet characteristics determine the technical feasibility of reuse applications. The influent water to the 

pellet reactor contains a number of elements that can precipitate with CaCO3 as impurities and their 

presence may be a barrier for pellet reuse. For instance, the iron concentration may not be too high if 

pellets are to substitute commercial CaCO3 products in the glass industry, whereas too much magnesium 

can limit the use in the production of Portland cement (Oates, 1998). In agriculture, the reactivity 

(determining how fast the pellets dissolve) should typically exceed 70 % for commercial calcite products 

when measured by the Sauerbeck & Rietz method (DLG, 2010; Sauerbeck and Rietz, 1985). Finally, 

impurities such as zinc, copper, cadmium, nickel and arsenic may be a barrier for use in e.g. agriculture, due 

to their toxicity (Mudhoo et al., 2012). The influent water composition also affects the physical properties 

of pellets since foreign ions can influence the polymorphic form (e.g. calcite versus aragonite) of the CaCO3 

crystals (Waly et al., 2012), which can influence the pellet reuse potentials as well. Phosphate and iron can 

cause crystallization of undesired porous, ‘fluffy’ pellets, which break easily against the reactor walls 

(Ruhland and Jekel, 2004; van Dijk and Wilms, 1991). On the contrary, precipitation of the less stable 

aragonite polymorph is promoted in the industrial production of Precipitated Calcium Carbonate (PCC) and 

is used in high sales value markets such as paper coating, plastic and rubber production (Park et al., 2008).  

In a traditional groundwater treatment plant with aeration and rapid sand filtration, pellet softening can be 

implemented before aeration as well as before or after rapid sand filtration. Other design parameters 

include the choices of chemical base, seeding material, reactor shape and upwards water velocity (van Dijk 
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and Wilms, 1991). Despite extensive research on optimization of the softening process with respect to 

water quality (e.g. van Eekeren et al., 1994; van Schagen et al., 2008a, 2008b), optimization of pellets has 

got only little attention. Hammes et al. (2011) characterized the mineralogy of pellets in a study 

investigating bacterial colonization in pellet reactors, whereas Schetters et al. (2015) compared the 

efficiency of softening with garnet sand and crushed pellets as seeding material. However, none of the 

studies considered how the influent water composition and seeding material affect pellet characteristics.  

The objectives of this study were: (1) to investigate the variations in pellet characteristics in pilot-scale 

experiments softening 16 water types at 8 Danish drinking water treatment plants (DWTPs); (2) to 

investigate how pellet characteristics depend on the influent water composition. In addition, we 

investigated how two types of seeding material, quartz sand and limestone, affect the pellet mineralogy. As 

a result, pellet quality and reuse can be considered when designing the softening process in a DWTP, 

ultimately promoting environmentally sustainable reuse of pellets in markets with high sales value.  

2 Methods 

2.1 Pilot-scale investigations 

A pilot-scale pellet reactor was constructed for the investigations and set up at 8 Danish DWTPs treating 16 

types of groundwater including raw groundwater, and water after aeration and rapid sand filtration (Table 

1, Larsen et al., (2016)). The influent water hardness varied from 3.2 mmol/L (17.9 °dH) to 6.1 mmol/L (34.1 

°dH). The pilot-scale reactor had an inner diameter of 9.9 cm and a height of 6.7 m. It was operated with a 

water flowrate of 0.6 m3/h, which corresponds to an upwards velocity of 76 m/h. This is in line with full-

scale pellet reactors, which are typically operated with upwards velocities ranging from 60 to 100 m/h 

(Kiwa N.V., 2003). At Lindved DWTP the reactor was operated at 0.27 m3/h (34 m/h) due to a high fraction 

of fine particles in the quartz sand seeding material (0.3-0.6 mm, Saint-Gobain Weber), which is lower than 

the typical operating velocities for full-scale pellet reactors. Due to this, the pellet bed may not have been 
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completely fluidized at Lindved DWTP. Sodium hydroxide (NaOH) is commonly applied as chemical base in 

full-scale pellet reactors (Kiwa N.V., 2003) and NaOH 27.65 % was used as chemical base in all pilot-scale 

investigations. NaOH was dosed through a single silicone pipe. In full-scale installations different systems 

are used for dosing NaOH for ensuring proper mixing of NaOH and the influent water (Kiwa N.V., 2003). 

Due to the small diameter of the pilot-scale reactor a single dosing point was assumed to be sufficient to 

ensure complete mixing of NaOH and water. The NaOH dosage was 112 to 210 mg/L depending on the 

initial water hardness; the effluent pH was between 8.5 and 9.2. The pellet reactor was started up with new 

seeding material and without pellets every time a new pilot-scale test was initiated. Over time CaCO3 

precipitated onto the seeding material, forming pellets. Due to continuous removal of pellets, addition of 

new seeding material and the upwards flow conditions inside the reactor the pellets got stratified in the 

reactor over time, with decreasing pellet diameter with increasing reactor height (van Schagen et al., 

2008b). The largest pellets were withdrawn from the bottom of the reactor 4-5 times each week and new 

seeding material was manually added to the top 1-2 times each week in order to maintain a fluidized bed 

height under 6 m and a pellet size of 1.0 - 1.2 mm. Quartz sand (Dansand 29 (0.18 - 0.50 mm), 33 (0.18 - 

0.71 mm) or 40 (0.25 - 0.71 mm) from Dansand, or ‘oven-dried quartz sand’ (‘ovntørret kvartssand’, 0.3 - 

0.6 mm) from Saint-Gobain Weber) was used as seeding material in all investigations, except at 

Frederiksberg DWTP where limestone (Lhoist 0.3-0.6 mm) was used in 3 investigations.  

All the investigated DWTPs treat groundwater in a process train with aeration and rapid sand filtration, 

except at Thorsbro DWTP where the Solhøj well field has a naturally low concentration of iron (< 10 µg/L), 

manganese (< 1 µg/L) and ammonium (< 5 µg/L), so the water is only aerated. Therefore, the quality of the 

aerated water from the Solhøj well field was categorized as ‘after filtration’ (Table 1). At Frederiksberg 

DWTP a pilot-scale air stripper was installed to remove chlorinated contaminants as part of another 

investigation. Pellet softening was conducted without stripping, after stripping of raw groundwater, and 

after stripping of treated filtrate (Table 1). At Lindved DWTP the inlet pipe to the pellet reactor had an 
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opening as part of another investigation exposing the water to oxygen. Consequently, the influent water 

quality was categorized as after aeration (Table 1).  

Four pellet samples from full-scale pellet reactors in the Netherlands were included in the analyses of pellet 

mineralogy and reactivity. These samples represented drinking water production from surface water and 

groundwater, 3 types of seeding material and softening with NaOH and Ca(OH)2 (Table 2).  

2.2 Chemical composition of pellets and water 

Each pellet sample (0.5 g) was dissolved by microwave assisted acid digestion using the US EPA method 

3051A (US EPA, 2007) with 9 mL 65 % nitric acid (HNO3) and 3 mL hydrochloric acid (HCl). The seeding 

material of quartz sand did not dissolve. Seven pellet samples from Brøndbyvester and Marbjerg DWTPs 

were also partially dissolved in 0.5 M HCl at 10 °C for 24 h during which 25.6 to 25.9 % of the pellet mass 

dissolved. 

Inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7000x) was used to quantify lithium (Li), 

sodium (Na), magnesium (Mg), aluminium (Al), phosphorus (P), potassium (K), chromium (Cr), manganese 

(Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), strontium (Sr), cadmium (Cd), 

lead (Pb), tin (Sn) and thallium (Tl) in the solute. Calcium (Ca) was quantified with inductively coupled 

plasma optical emission spectroscopy (ICP-OES, Varian MPX Axial), except for the pellet samples from Lejre, 

Thorsbro and Marbjerg (Brokilde well field) DWTPs which were analysed with ICP-MS.  

Water was sampled in the influent and effluent of the pellet reactor, and was preserved with HNO3 and 

stored at 5 °C until analysis. Ca, Mg and Na were quantified using ICP-OES, whereas the remaining elements 

were quantified by ICP-MS. Water samples from Marbjerg, Lejre and Thorsbro DTWPs were analysed by a 

commercial laboratory (Eurofins) using ICP-MS (ISO 17294m).  

To investigate pellet formation during start-up of the pellet reactor and to ensure that the chemical 

composition of the analysed pellets represented the final by-products from long-term operation, the 
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chemical composition of pellets was analysed during pellet formation from initiation of the pellet reactor 

until the withdrawn pellets had reached their final diameter. Pellets from Søndersø DWTP were sampled 

and analysed with 2 or 3 days interval after the reactor start-up and until the reactor had been operating 

for 27 days. 

2.2.1 Statistics 

A D’Agostino-Pearson test was used to test if the pellet concentrations were normally distributed. The 

correlation between the influent water composition and pellet concentration was investigated using a 

Pearson’s correlation coefficient for normally distributed data only and linear regression models were fitted 

for strongly correlated data. Since impurities were not expected in pellets unless present in the influent 

water, the linear regression model was fitted through the origin. Outliers were not removed prior to linear 

regression. The correlation between influent water composition and pellet concentration was tested with a 

Spearman’s rank coefficient for data that were not normally distributed. 

2.2.2 Chemical speciation  

The chemical speciation in the water phase inside the reactor was modelled for Dalum DWTP using the 

software PHREEQC version 3.4.0-12927 (Parkhurst and Appelo, 2013). The chemical speciation in the 

bottom part of the reactor was modelled using the influent water composition. pH was calculated to 9.8 

based on the addition of 126 mg NaOH/L to the influent water quality with an initial pH of 7.3 and an initial 

alkalinity of 6.1 mmol/L. In the upper part of the reactor it was modelled using the effluent water quality 

and pH (8.9). The influent water was raw groundwater without any content of free oxygen. 

2.2.3 Influence of seeding material 

The mass of the pellet samples included the seeding material, but since the quartz sand seeding material 

did not dissolve during sample preparation and it was not included in the ICP-MS and ICP-OES analyses, 

which adds some uncertainty to the calculated concentrations. To investigate this, undissolved seeding 

material from the pellet samples ‘Brokilde’, ‘Lejre’, ‘Solhøj’ and ‘Havdrup’ were dried and weighed. In 

general the seeding material constituted less than 2.5 % of the total pellet mass. The pellets from ‘Brokilde’ 
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were smaller, and as a result the seeding material constituted 15 % of the pellet mass, leading to a 

decreased accuracy when comparing the quantified concentrations in pellet samples from different DWTPs. 

Future studies should quantify the seeding material after sample preparation to adjust concentrations for 

the mass of the seeding material. Since the limestone seeding material dissolved during sample 

preparation, the quantified concentrations in these pellets may have been affected if the seeding material 

contained impurities.  

2.3 Particle size distribution, reactivity, mineralogy and specific surface area 

The pellet particle size distribution was determined by sieve analyses (DIN ISO 3310-1, mesh sizes: 0.5 mm, 

0.71 mm, 0.85 mm, 1.00 mm, 1.18 mm, 1.40 mm, 1.70 mm and 2.00 mm) for the samples DalumRW, 

DalumAF, Brøndbyvester, Søndersø, Lejre, Regnemark, FrederiksbergRW, sand, Havdrup, FrederiksbergAF, AIR, 

FrederiksbergRW, AIR and FrederiksbergRW, lime. The cumulative percentage passing through the sieves was 

plotted against the sieve mesh size and the 10 % fractile (D10), the median particle size (D50) and 60 % 

fractile (D60) were read from the graphs. The uniformity coefficient (UC) was calculated as the ratio 

between D60 and D10. The specific surface area of pellets was quantified with the Brunauer-Emmett-Teller 

(BET) method using a Micrometric Gemini III 2375 Surface Area Analyzer. Dried sample (2 g) was degassed 

with nitrogen gas for at least 4 hours (FlowPrep 060) to remove air and excess humidity from the sample. 

The pellet mineralogy was determined with X-ray diffraction (XRD) using a Philips PW 1830 XRD Generator, 

a Philips PW 1050/25 monochromator, a Philips PW 1710 diffractometer and a Philips PW 2273/20 Cu-X-ray 

tube. The sample was powdered (< 50 µm) in an agate mortar, filled into a sample holder cavity and the 

diffractive pattern was measured with Cu Kα radiation scanning from 2° to 65° 2θ with a velocity of 0.1°/2 s. 

The XRD patterns were interpreted by comparison to known patterns of calcite, aragonite, vaterite, 

manganoan calcite, magnesian calcite, dolomite and quartz. Pellets were withdrawn from 1, 3, 4, 5 and 5.7 

m depth at Dalum DWTP. The pellets were fitted in a resin and bisected. Images with Scanning Electron 

Microscopy (SEM, FEI QUANTA 200) were taken of the pellet bisects with backscatter electrons. The pellet 
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reactivity was quantified by the Sauerbeck & Rietz method using a pH-stat titration with HCl at pH 2.0 for 

10 min (Sauerbeck and Rietz, 1985) by the laboratory of the limestone supplier Faxe Kalk A/S.  

3 Results and discussion 

3.1 Chemical composition of pellets during start-up of reactor 

During start-up of the pilot-scale pellet reactor at Søndersø DWTP, the concentration of Ca in the pellets 

increased with increasing pellet size since the mass of the seeding material constituted decreasingly less of 

the total mass as the layer of precipitated CaCO3 increased. The concentrations of 8 elements were 

expressed as function of the Ca concentration showing their development with increasing pellet size as well 

as their development over time (Figure 2). The concentrations of the other elements were below the limit 

of quantification. The concentrations of Na, Mg, Sr, Fe, P, Mn and Zn increased constantly with increasing 

Ca content, suggesting that these elements precipitated together with CaCO3 (Figure 2). On contrary, the Al 

concentration decreased with increasing Ca content indicating that Al was not incorporated into the crystal 

lattice of CaCO3 to the same degree as the other elements or that Al was present in the seeding material. 

After approximately 16 days of operation, pellets had reached their final diameter (D50 = 1.1 mm, Table 5), 

and the concentrations of both Ca and foreign elements did not change further (Figure 2). Due to the 

development in concentration over time, the concentrations in pellets may be either under- or 

overestimated if pellets are sampled and analysed before reaching their final diameter. In practice, the rate 

of pellet growth, and thereby when the concentrations in pellets are constant, depends on e.g. the initial 

hardness and softening depth. Consequently, to represent the chemical composition during long-term 

operation, pellets should reach their final diameter before their chemical composition is analysed. 

Therefore, the chemical composition of pellets reported in the following is based on several samples 

collected after the pellets had their final diameter or the last withdrawn pellet sample.  
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3.2 Chemical composition of pellets at final pellet diameter 

Between the different locations and water qualities, the pellets appeared visually different in terms of 

particle size and colour, ranging from bright white to rusty red (Figure 3). The darkest pellets were from 

softening after aeration, whereas the brightest white pellets were from softening after rapid sand filtration. 

The chemical composition of pellets can determine the technical feasibility of reuse applications and the 

results should be compared to relevant guideline concentrations. However, the guideline concentrations 

vary depending on national legislation or which specific company or industry that may reuse the pellets.  

In addition to a complete dissolution of the pellets, the chemical composition was analysed by only partially 

dissolving pellets to investigate if the composition of the outer part of the pellets, predominantly formed in 

the bottom of the reactor, vary from the overall composition. However, due to too few samples these 

investigations did not yield any clear conclusions (Supplementary material A).  

3.2.1 Pellet mass balance 

To verify that all relevant elements were included in the ICP-MS and ICP-OES analyses, a mass balance of 

the chemical composition of pellets was established for the samples ‘Brokilde’, ‘Lejre’, ‘Havdrup’ and 

‘Solhøj’ (Figure 4). It was assumed that all Ca was precipitated as CaCO3 as reported in literature (van Dijk 

and Wilms, 1991) and the mass of the seeding material (quartz sand) was included. Other elements (e.g. Fe 

and Mn) may have precipitated as carbonates (FeCO3 or MnCO3) in the pellets, but since the concentrations 

of these elements were relatively low compared to Ca, a conversion of their concentrations to precipitation 

products would have only limited effect on the overall mass balance. 

The mass balance accounted for 98 to 104 % of the total pellet mass indicating that all the major elements 

with a relevant contribution to the total pellet mass were quantified (Figure 4). The Ca concentrations were 

highest (319,000 - 442,000 mg/kg, Table 3), resulting in CaCO3 representing 88.3 to 100.0 % of the total 

pellet mass. Sr, Mg, Fe and Na contributed with 0.0012 - 1.3 % of the total pellet mass, whereas the sum of 

Mn, P, K, Zn, Al, Ni, Cu, Li, Cr, Sn, Pb, As and Cd (grouped as ‘others’ in Figure 4) contributed to less than 
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0.04 % of the total pellet mass. Nevertheless, these elements may still be relevant to include when 

analysing pellets, since metals such as As, Ni and Zn can limit the reuse even at low concentrations due to 

their toxicity. The pellets furthermore contained the seeding material (quartz sand) which constituted up to 

15 % of the pellet mass (Figure 4). Replacing quartz sand as seeding material with CaCO3 from crushed 

pellets or quarry limestone increases the CaCO3 purity of pellets and the number of potential reuse 

applications for pellets within e.g. glass production (Aqua Minerals, 2016). The required NaOH dosage was 

not affected by substituting quartz sand with limestone at Frederiksberg DWTP, which is in agreement with 

literature (Schetters et al., 2015). 

3.2.2 Variations in chemical composition of pellets 

The concentrations of the elements varied among the pellet samples from different DWTPs (Table 3). The 

observed variation in Ca concentrations may be due to differences in pellet diameter and the relative mass 

of the seeding material. The Ca concentration was lowest (319,000 mg/kg) in pellets from Lindved DWTP, 

which also had the highest standard deviation (52,000 mg/kg). Even though the pilot-scale pellet reactor 

was operating for 44 days at Lindved DWTP, the large standard deviation on the Ca concentration indicates 

that the fluidized bed did not stabilize within this period, which may be because pellets were not 

completely fluidized (Section 2.1). Consequently, the particle size distribution was not analysed for these 

pellets, but they visually appeared to be relatively smaller compared to other samples (Figure 3). 

The concentrations in pellets varied most for Fe and Mn (Table 3). Fe and Mn are oxidized during aeration 

and removed during rapid sand filtration in the DWTPs (de Moel et al., 2006), resulting in lower influent 

concentrations to the pellet reactor when pellet softening was conducted after rapid sand filtration than 

before aeration. At Dalum DWTP and Frederiksberg DWTP the pilot-scale reactor treated both raw 

groundwater and water after rapid sand filtration. The iron concentration in pellets was 2,200 - 8,700 

mg/kg and manganese was 220 - 980 mg/kg when softening raw groundwater before aeration. Iron 

decreased to 26 – 100 mg/kg and manganese to 1.0 - 80 mg/kg when softening was after rapid sand 

filtration (Table 3). 
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Concentrations of Sr (1,600 - 13,000 mg/kg) and Mg (2,700 - 4,700 mg/kg) were relatively high in the pellets 

from all DWTPs and varied only little with the placement of softening in the water treatment train (Table 3), 

since neither Sr nor Mg is removed by rapid sand filtration (O’Donnell et al., 2016). The concentrations of P, 

K, Zn, Al, Ni, Cu and Li were relatively low (< 200 mg/kg) and were not influenced by the placement of 

softening in the treatment train, whereas Cr, Sn, Pb, As, Tl and Cd were below the quantification limit in the 

majority of the samples (Table 3).  

3.3 Chemical composition of pellets dependency on water chemistry  
If the chemical composition of pellets correlates with the influent water chemistry, it is possible to predict 

the concentration of an element in pellets based on the influent water concentration. It was not possible to 

test for a correlation for Al, Cu, P, Li, Cr, Sn, Pb, Tl and Cd because either the concentrations were below the 

detection limit or the number of measurements was too low (Table 3, Supplementary material B). Na was 

added to the reactor from both the influent water and as NaOH in the softening process and was not 

considered in the analysis.  

A D’Agostino-Pearson test confirmed that the pellet concentrations of Mg and Sr were normally 

distributed. Hence a Pearson’s correlation coefficient (R2) between the concentration og Mg and Sr in the 

influent water and in the pellets was quantified and linear regression models were fitted to the data (Figure 

5). For Mg R2 was 0.339, showing that the concentration of Mg in the pellets could not be described as a 

linear function of the influent water concentration. The removal of Mg from the water during pellet 

softening ranged from 0 to 12 % of the influent water concentration, and Mg was hence only incorporated 

to a limited extent in the pellets compared to the other elements (Table 4). Mg is removed similarly in 

Dutch full-scale pellet reactors (Kiwa N.V., 2003). A linear regression model was fitted for Sr with R2 = 0.812 

indicating that 81 % of the variance in the pellet concentration can be described from the influent water 

concentration (Figure 5). The calculated slope was 2.25, meaning that 1 µg Sr/L in the influent water results 

in 2.25 mg Sr/kg in pellets. Consequently, it is possible to predict the concentration of Sr in pellets before 

pellet softening is implemented by analysing the influent water concentration of Sr.  
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The correlations of Fe, Mn, Zn, K, As and Ni were tested with a Spearman’s rank correlation coefficient, r. 

The concentrations of Fe, Mn and Ni in the pellets correlated strongly with the influent water composition. 

The correlation between the water and pellet concentrations of Fe and Mn and the results from Section 

3.2.2 show that by softening after rapid sand filtration, the concentrations of Fe and Mn in pellets can be 

reduced, which may result in improved possibilities for reuse. 

For As and K the pellet concentrations did not correlate with the influent water concentration, and for Zn 

only a weak correlation was found. The removal of As during lime softening is reported to be greatly 

affected by pH (Choong et al., 2007); However, it was not possible to identify any trend for As in this study. 

3.4 Chemical speciation and precipitation with CaCO3 
The chemical speciation of elements in the water phase in the bottom and top of the pilot-scale reactor 

was modelled to investigate how the chemical speciation varied with the height of the reactor (Figure 1). 

The concentrations of different elements and pH are highest in the bottom of the reactor where influent 

water and NaOH enters the reactor, and CaCO3 has not precipitated yet; the lowest pH and concentrations 

are in the top of the reactor (de Moel et al., 2006). Due to the small reactor diameter (9.9 cm), NaOH was 

assumed to completely mix with the influent water. The chemical speciation of the elements was 

furthermore compared to their removal from the water to investigate if the chemical speciation can predict 

which elements precipitate as impurities in pellets. When CaCO3 precipitates it may precipitate with 

elements forming solid-solutions consisting of a mixture of minerals (Merkel and Planer-Friedrich, 2005). 

Consequently, elements must be available as carbonates for solid-solution formation with CaCO3 to occur.  

The speciation modelling revealed that K and As did not form carbonates which is in agreement with the 

limited removal from the water (0 - 4 %, Table 4), and with the fact that K and As in pellets did not correlate 

with the influent water concentrations (Section 3.3). The chemical speciation of the other elements varied 

with the height of the reactor. Pb, Ni, and Zn had a higher tendency of carbonate formation in the top of 

the reactor compared to the bottom. Conversely, Ca, Mg, Fe, Cu and Sr primarily formed carbonates in the 
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bottom of the reactor, indicating more precipitation in the bottom of the reactor, at higher pH. This is in 

line with findings in Hammes et al. (2011). Ni, Fe, Mn, Mg and Sr had a strong correlation between the 

influent water composition and the concentration in pellets (Section 3.3), but a difference in where in the 

pellet reactor the tendency for carbonate formation was highest. This indicates that the removal of these 

elements in the pellet reactor occurs at different pH conditions over the height of the reactor. 

There was no observed trend between a high degree of carbonate formation and a high removal of specific 

elements from the water. For instance, CaCO3 constituted 39 % of Ca in the bottom of the reactor and was 

removed by 81 %, whereas FeCO3 accounted for 86 % of Fe and was removed by 83 %. Likewise, Mg was 

present as MgCO3, but was only removed by 0 - 12 %. The PHREEQC model used in this study only included 

pure minerals and hence neglected the effects from solid-solution formation. Furthermore, the PHREEQC 

model did not include sorption processes and kinetics, which may also affect the removal of elements from 

the water (Merkel and Planer-Friedrich, 2005). Consequently, the chemical speciation modelling could 

predict which elements form carbonates and can potentially be incorporated into pellets, whereas the 

removal of elements was more complex and should be accessed based on chemical analyses of pellets or 

with more advanced water quality modelling. 

3.5 Reactivity, mineralogy and specific surface area 

3.5.1 Reactivity and specific surface area  

The pellet reactivity is important for pellets to be reused for soil amendment in agriculture. The pellet 

reactivity is related to the specific surface area and pellet size (Kiil et al., 1999), which were also quantified. 

The pellet reactivity was 7.39 - 25.7 % (Table 5), which is low compared to commercial calcite products for 

agricultural soil amendment where the reactivity often exceeds 70 % in Denmark (DLG, 2010). The 

reactivity of the 4 Dutch pellet samples from full-scale pellet softening was 9.60 - 22.1 %. Therefore, the 

results from the pilot-scale investigations were in line with full-scale pellet softening with other operating 
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conditions than the investigated including surface water treatment, Ca(OH)2 as chemical base and garnet 

sand as seeding material.  

The pellet median diameter (D50) was 0.88 - 1.60 mm and the uniformity coefficient (UC) was 1.09 - 1.94 

indicating that pellets were uniform in size. The pellet diameters were within the range observed in e.g 

Dutch full-scale pellet reactors (0.8 - 1.2 mm) (Kiwa N.V., 2003), except the samples from Brøndbyvester 

(1.60 mm), Regnemark (1.32 mm) and Havdrup (1.25 mm). The specific surface area of the pellets was 

measured to be 0.0010 - 0.32 m2/g (Table 5), however, since the quantification limit was 1.43 m2/g for 

calcite and 0.33 m2/g for quartz, these results were uncertain. Consequently, it was not possible to 

investigate the correlation between specific surface area, reactivity and pellet diameter. Nonetheless, the 

specific surface areas below the quantification limit indicate that the pellets have a low porosity. Materials 

with a low specific surface area have fewer sites for reaction thereby decreasing the reactivity (Kiil et al., 

1999), which may explain the low reactivity compared to commercial limestone products. The low 

reactivity and specific surface area of pellets may be a limitation for reuse as soil amendment in agriculture; 

although, this is currently being investigated further in the Netherlands (Aqua Minerals, 2015).  

3.5.2 Mineralogy 

The polymorph form of pellets was investigated by the pellet mineralogy, since this affects the physical 

characteristics of pellets and hence reuse potentials. All pellets crystallized as calcite during the pilot-scale 

experiments despite different influent water quality and seeding material (Table 5). Thus, the conversion of 

Ca to CaCO3 in the mass balance was valid (Section 3.2.1) and similar to findings in literature (Hammes et 

al., 2011). In addition to calcite, quartz was detected in all pellets with a quartz sand seeding material. The 

4 samples from full-scale pellet reactors also consisted of calcite indicating that the results were 

representative of full-scale pellet softening (Table 5). The SEM images of pellet bisects show that the calcite 

layer on the seeding material increased with increasing reactor depth (Figure 6), which reflects the 

expected stratification of pellets (van Schagen et al., 2008b). A weak signal from quartz was detected in the 
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samples FrederiksbergAF,AIR and FrederiksbergRW,AIR, which may be from impurities in the limestone seeding 

material. The limestone seeding material did not affect the mineralogy of the precipitated CaCO3, but did 

increase the pellet purity by avoiding the quartz sand impurity.  

Fe2+ concentrations exceeding 4 mg/L and phosphate concentrations exceeding 1 mg/L can interfere with 

the crystallization resulting in porous, ‘fluffy’ pellets (Ruhland and Jekel, 2004; van Dijk and Wilms, 1991). 

At the investigated DTWPs the Fe concentrations were below 4 mg/L, with 3.8 mg/L as the highest 

concentration (Frederiksberg DWTP). The phosphate concentrations were less than 0.1 mg/L, and as 

expected no porous pellets were formed. Hammes et al. (2011) reported a more porous crystalline 

structure in the inner part of the pellets indicating that the crystallization in the upper part of the reactor 

varied from the lower part. This was explained by bacteria colonization in the upper part of the reactor 

where pH is more favourable for microbial growth. Such difference in mineralogy was not observed in this 

study (Figure 6), which may be explained by the experimental setup e.g. water was treated by ozonation 

prior to pellet softening promoting bacteriological growth in the study of Hammes et al. (2011). 

In contrast to the chemical composition of pellets, the mineralogy of pellets did not vary between the 

DWTPs within the range of investigated influent water composition and seeding materials. Precipitation 

into aragonite instead of calcite could result in a higher sales value of pellets and can be promoted by e.g. 

addition of magnesium and organic additives (Park et al., 2008). However, this was beyond the scope of the 

present study since it may not be suitable for drinking water production.  

4 Practical implications 

Pellet characteristics affect the technical feasibility of the pellet reuse applications. However, from an 

economic and environmental point of view, the choice of reuse application also depends on e.g. the pellet 

sales value, which material the pellets substitute, transportation distances and the further processing of 

pellets. These aspects should be taken into account when designing pellet reuse.  
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Modifying the design of the pellet softening process and where it is applied in the water treatment train 

would not only affect pellet characteristics, but also the overall water treatment process. As a result, 

optimizing the quality of pellets may compromise the overall feasibility of the water treatment process. 

Softening before aeration results in higher concentrations of Fe and Mn in pellets compared to after rapid 

sand filtration, which can be a disadvantage for pellet reuse; however, the removal of Fe and Mn from the 

water reduces the loads on the following rapid sand filtration, which can be favourable from an operational 

point of view (van Dijk and Wilms, 1991). In the same way, the placement of pellet softening after rapid 

sand filtration is favourable from a pellet reuse point of view since the pellets contain less impurities, but 

requires an additional filtration step to remove potential CaCO3 carry-over from the softening process (van 

Dijk and Wilms, 1991). In addition, several of the elements analysed in this study, e.g. As and Ni, have toxic 

effects and are regulated in drinking water legislation (de Moel et al., 2006). It may be beneficial from a 

water quality perspective to remove these elements from the water by incorporation into pellets, even 

though that may limit the possibilities for pellet reuse.  

Due to the complexity in the examples given above, the optimal design of the pellet softening process may 

vary, depending on e.g. the abstracted water quality and the existing water treatment process. Therefore 

many different process designs are observed for full-scale pellet softening (Kiwa N.V., 2003). Including 

pellet reuse in the design phase of the softening process may promote a more cost-effective and 

environmentally sustainable design of the overall water treatment process.  

5 Conclusions 

The characteristics of CaCO3 pellets from pilot-scale pellet softening were investigated at 8 Danish DWTPs. 

The chemical composition of pellets varied with both the influent water quality and the investigated quartz 

sand and limestone seeding materials, and it was concluded that:  

 Ca was the most abundant element in pellets comprising up to 100 % of the pellet mass as CaCO3. 

In addition, a number of elements precipitated together with CaCO3 as impurities affecting the 
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reuse potentials of the pellets. Especially Sr, Mg, Fe and Na contributed most and each constituted 

0.0012 to 1.3 % of the pellet mass. The sum of the remaining elements contributed to less than 

0.04 % of the pellet mass. The pellets also consisted of the seeding material accounting for 1 -15 % 

of the pellet mass depending on the pellet size. Replacing quartz sand seeding material with 

limestone increases the pellet purity. 

 The Fe concentration in pellets was 26 - 9,200 mg/kg and the Mn concentration was 0.5 - 980 

mg/kg. Softening after rapid sand filtration resulted in the lowest concentrations of Fe and Mn 

hence increasing the pellet purity. The concentrations of Fe, Mn, Mg, Sr and Ni in the pellets 

correlated strongly with the influent water concentrations. Sr can furthermore be predicted in 

pellets from the influent water concentration using a linear regression model. The concentrations 

of K, As and Zn had no or only a weak correlation with the influent water chemistry.  

 The precipitation of elements with CaCO3 was associated with great complexity. Modelling the 

chemical speciation showed that K and As did not form carbonates and consequently did not 

precipitate with CaCO3. Other elements forming carbonates were incorporated into CaCO3 to 

varying degrees with removals from water ranging from 7 to 83 %.  

 All pellets crystallised as calcite with a relatively low reactivity of 7.39 - 25.7 % and a specific surface 

area of < DL - 0.32 m2/g. The reactivity and specific surface area did not vary with influent water 

composition and the investigated seeding material, and were in line with full-scale pellet softening 

in the Netherlands.  

The pellet purity, and thereby reuse potentials, can be improved when designing the softening process. 

This can be achieved by reducing the concentrations of elements that precipitate as impurities in the pellets 

prior to pellet softening and using a limestone seeding material. This can allow for optimization with 

respect to both water quality and reuse of pellets, ultimately increasing the sustainability and economic 

feasibility of the softening process. 
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Tables 
 

Table 1: Pellets samples and the operating conditions for each pilot-scale investigation. AF: After filtration, RW: Raw 

water, AIR: After air stripper. Quartz: With quartz sand seeding material. Lime: With limestone seeding material.  

DWTP Water type 

Duration of 

experiment 

Implementation in treatment 

train Seeding material 

 Sample ID  [d] 
Before 

aeration 

After 

aeration 

After 

filtration 
Quartz 

Limestone 

Marbjerg Marbjerg 451a X - - X - 

 Brokilde 451a X - - X - 

Brøndbyvester Brøndbyvester  16 X - - X - 

 BrøndbyvesterAF  4 - - X X - 

 Regnemark 14 - - X X - 

Søndersø Søndersø 27 X - - X - 

Lejre Lejre 32 X - - X - 

Thorsbro Solhøj 23 - - (X)b X - 

 Havdrup 29 X - - X - 

Dalum DalumRW  65 X - - X - 

 DalumAF  24 - - X X - 

Lindved Lindved 44 - (X)c - X - 

Frederiksberg FrederiksbergRW,sand  21 X - - X - 

 FrederiksbergRW,lime  6 X - - - X 

 FrederiksbergAF,AIR 10 - - X - X 

 FrederiksbergRW,AIR 6 - X - - X 

a During the time period both water from Marbjerg and Brokilde were treated. The pilot-scale reactor did 

not operate for the entire time period.  
b Water quality from the Solhøj well field after air stripping resembles the water quality after filtration 
c The raw water was partially aerated before pellet softening  
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Table 2: Pellet samples from full-scale softening at Dutch DWTPs included in the study, which are produced from 

different water types and with different operating conditions of the softening process.  

DWTP 

Sample ID 

Water source Softening chemical Implementation in 

treatment train 

Seeding material 

Seppe Groundwater  Ca(OH)2 After aeration Limestone 

Weesperkarspel Surface water NaOH After filtration Limestone 

de Beitel Groundwater NaOH After aeration Garnet sand 

Hoogeveen Groundwater Ca(OH)2 After pre-filtration Quartz sand 
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Table 3: Chemical composition of pellets from Danish pilot scale investigations including number of samples, mean and standard deviation (SD). NM indicates not 

measured. – indicates not relevant (only a single measurement or all below limit of detection). n indicates the number of samples. If n is not stated, the analysis is from a 

single sample. All concentrations are in mg/kg.  

  

Ca Sr Mg Fe Na Mn P K Zn Al Ni Cu Li Cr Sn Pb As Tl Cd 

Marbjerg Mean 373,000 4,400 4,600 1,300 1,500 93 91 100 17 28 5.1 1.2 NM 0.4 <0,03 <0,02 <0.1 0.04 0.1 

n = 5  SD  9,300 120 450 130 100 6 6 11 1.1 11 0.6 1.2 - 0.2 - - - 0.06 0.0 

Brokilde - 353,000 4,700 3,700 5,400 1,000 93 55 34 20 29 3.1 < 0.8 0.8 < 0.05 NM < 0.1 < 0.4 < 1.0 < 0.1 

Brøndby  Mean 378,000 4,100 4,200 3,900 1,700 84 180 100 63 <0.7 36 0.54 NM <0.29 0.2 0.7 <0.51 <0.044 <0.21 

n = 4 SD  15,000 59 270 100 150 4 40 5 8 - 2 0.01 - - 0.1 0.5 - - - 

BrøndbyvesterAF  - 403,000 6,900 4,700 19 1,600 3.1 150 100 130 <0.7 14 <0.36 - <0.29 0.2 0.4 <0.51 0.1 <0.21 

Regnemark Mean 393,000 8,200 4,000 24 1,300 0.5 120 < 94 110 <0.7 0.9 0.4 NM <0.29 1.1 1.4 <0.51 <0.044 <0.21 

n = 4 SD  10,500 240 200 11 130 0.2 1.0 - 14 - 0.6 0.3 NM - 1.7 1.8 - - - 

Søndersø Mean 395,000 3,900 2,700 9,200 1,400 280 130 150 14 22 0.5 <0.28 NM <0.15 <0.16 <0.18 <0.19 <0.04 <0.06 

n = 7 SD  11,600 130 60 310 130 12 6 140 2.2 7 0.4 - NM - - - - - - 

Lejre - 400,000 13,000 3,900 3,900 1,400 240 64 30 3.5 < 24 2.8 1.2 1.9 0 NM < 0.1 < 0.4 < 1.0 < 0.1 

Solhøj - 383,000 1,900 3,500 12 1,200 0.5 19 31 92 < 24 15 12 0.6 < 0.05 NM 0.3 < 0.4 < 1.0 < 0.1 

Havdrup - 384,000 6,200 4,600 650 1,400 98 14 36 22 < 24 6.2 < 0.8 1.0 0.3 NM < 0.1 < 0.4 < 1.0 < 0.1 

DalumRW  Mean 395,000 1,600 3,600 2,200 1,600 980 160 100 < 3.4 28 3.7 0.3 1.6 1.2 < 0.18 0.1 0.1 < 0.21 < 0,01 

n = 3 SD 7,800 47 100 38 27 20 9 12 - 6 0.1 0.0 0.1 0.0 - 0.0 0.0 - - 

DalumAF  Mean 394,000 1,600 3,600 26 1,400 1.0 < 55 130 30 20 4.3 4.6 1.4 1.3 < 0.18 0.2 0.3 < 0.21 0.01 

n = 4 SD 11,000 42 76 3 100 0.1 - 4 2 3 0.2 2.1 0.0 0.1 - 0.0 0.0 - 0.0 

Lindved Mean 319,000 2,800 3,400 1,600 900 530 60 < 74 16 34 2.8 0.6 1.3 < 0.99 < 0.18 0.2 1.1 < 0.21 0.02 

n = 4 SD 52,000 470 280 120 49 100 4 - 3 17 0.4 0.2 0.1 - - 0.0 0.1 - 0.01 

FrederiksbergRW,sand  - 378,000 7,000 3,800 8,700 1,700 220 87 35 80 14 10 0.2 NM 0.4 NM 0.1 0.2 0.1 0.03 

FrederiksbergRW,lime  - 390,000 6,300 3,900 7,800 1,500 240 71 46 82 21 10 0.3 NM 0.3 NM 0.8 0.2 0.2 0.1 

FrederiksbergAF,AIR - 428,000 4,800 3,600 100 1,100 80 56 62 130 21 12 0.6 NM 0.1 NM 0.7 0.3 0.1 0.1 

FrederiksbergRW,AIR - 442,000 5,200 4,100 1,900 1,200 210 70 53 59 22 12 0.2 NM 0.3 NM 0.6 1.0 0.1 0.04 
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Table 4: Chemical speciation of elements (main species) in the bottom of the reactor (pH = 9.8) and in the top of the 

reactor (pH = 8.9). The removal of elements from water at Dalum DWTP is included together with the range of removals 

from all DWTPs in brackets. Carbonates are highlighted in bold.  

Element Speciation [%] 

Bottom of reactor 

Speciation [%] 

top of reactor 

Removal from water 

[%] 

Ca Ca2+ 60  Ca2+ 92 81 (78-87 ) 

 

CaCO3 39  CaCO3 6 

 Mg Mg2+ 72  Mg2+ 95 7 0-12 ) 

 

MgCO3 26  MgCO3 3 

 Fe FeCO3 86  FeCO3 47 83 (28-96 ) 

 

Fe2+ 8  Fe2+ 42 

 

 

FeOH+ 4  FeHCO3
+ 8 

 K K+ 100  K+ 100 4 (0-4 ) 

Sr Sr2+ 82  Sr2+ 96 61 (59-67 ) 

 

SrCO3 17  SrCO3 2 

 Zn Zn(CO3)2
2- 83  Zn(CO3)2

2- 52 48 (48-93 ) 

 

Zn(OH)2 13  ZnCO3 27 

 

 

ZnCO3 4  Zn(OH)2 17 

 Ni Ni(CO3)2
2- 66  NiCO3 86 49 (3-79 )  

 

NiCO3 34  Ni(CO3)2
2- 14 

 Cu CuCO3 58  Cu(OH)2 97 0 (0-74 ) 

 Cu(OH)2 27 CuCO3 3  

 CuHCO3
+ 9    

Pb Pb(CO3)2
2- 73  PbCO3 80 16 (0-71) 

 

PbCO3 26  Pb(CO3)2
2- 18 

 

 

Pb(OH)2 1    

 As H2AsO3
- 76  H3AsO3 73 0 (0 ) 

 H3AsO3 24  H2AsO3
- 27  
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Table 5: Reactivity, median particle size (D50), uniformity coefficient, specific surface area ± standard deviation and 

mineralogy of pellets from pilot-scale investigations. < DL indicates below instrument detection limit.  

Sample ID 
Reactivity D50 

Uniformity 

Coefficient 
Specific surface area Mineralogy 

 [] [mm] [-] [m2/g]  

DalumRW 7.39 1.15 1.22 0.0029 ± 0.0008 NM 

de Beitel 9.60 NM NM < DL Calcite 

DalumAF 10.6 0.98 1.49 0.0021 ± 0.0000 NM 

Brøndbyvester 10.7 1.60 1.20 0.043 ± 0.003 Calcite + quartz 

Brokilde 11.2 NM NM 0.050 ± 0.008 Calcite + quartz 

Søndersø 11.3 1.1 1.26 < DL Calcite + quartz 

Lindved 11.8 NM NM 0.18 ± 0.007 NM 

Solhøj 14.7 1.3 1.29 0.13 ± 0.005 Calcite + quartz 

Lejre 15.1 1.18 1.09 0.022 ± 0.01 Calcite + quartz 

Regnemark 15.8 1.32 1.17 < DL NM 

Hoogeveen 15.9 NM NM < DL Calcite + quartz 

Marbjerg 16.6 NM NM 0.023 ± 0.007 Calcite + quartz 

Seppe 17.4 NM NM 0.0018 Calcite 

FrederiksbergRW,sand
a 17.7 1.18 1.18 0.0005 Calcite + quartz 

Havdrup 20.2 1.25 1.13 0.016± 0.009 Calcite + quartz 

Weesperkarspel 22.1 NM NM < DL Calcite 

FrederiksbergAF,AIR 23.0 0.90 1.94 0.0066 ± 0.0006 Calcite + quartz trace 

FrederiksbergRW,AIR 23.3 0.88 1.29 0.32 ± 0.007 Calcite + quartz trace 

FrederiksbergRW,lime
a 25.7 1.18 1.20 0.0010 Calcite 

a Only one replicate detected and hence no standard deviation 

NM indicates not measured. 
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Figures 

 

Figure 1: Conceptual figure of a pellet reactor. pH is highest in the bottom part of the reactor where the chemical base is 

dosed.  
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Figure 2: Concentration of sodium, magnesium, iron and strontium (a) and aluminium, phosphorus, manganese and zinc 

(b) in pellets as a function of pellet growth represented by the calcium concentration at Søndersø DWTP. 
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Figure 3: Pellet samples from Regnemark (after filtration), Dalum (after filtration) and Lindved (after aeration) appear 

visually different in terms of colour and particle size.  
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Figure 4: Composition of pellets including the seeding material (SiO2) expressed as a percentage of the total mass. The 

Ca concentration was converted to CaCO3. ‘Others’ is the sum of Mn, P, K, Zn, Al, Ni, Cu, Li, Cr, Sn, Pb, As and Cd 

concentrations.  
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Figure 5: Correlation and linear regression analysis between the influent water concentration and the concentration 

measured in pellets. R2 is the Pearson’s correlation coefficient for normally distributed data and r is the Spearman rank 

correlation coefficient for the remaining data.* indicates a weak correlation and *** indicates a strong correlation.  
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Figure 6: SEM of pellets from Dalum DWTP over the depth of the pellet reactor. A) 1 m below the water table, B) 3 m, C) 

4 m, D) 5 m, E) 5.7 m, 10 cm from the reactor bottom.  
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Graphical Abstract 
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Highlights  
 

 Better understanding of pellet characteristics can improve their reuse potentials 

 The chemical composition of the pellets from pilot-scale investigations varied  

 Sr, Fe, Mg, Mn and Ni in pellets correlated with the influent water concentration 

 Softening after rapid sand filtration results in higher pellet purity for Mn and Fe  

 XRD analysis showed that all the investigated pellets crystallised as calcite 
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