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Abstract
The reason of low mineral content in source water is that it originates in the poor soluble mineral geological structures. There are more areas with very soft low-mineralized water in Slovakia. The aim of this work was to study and intensify the recarbonization process. Half-calcined dolomite in combination with carbon dioxide constitutes a chemistry of applied method. The advantages of fluidized bed reactor contributed also significantly to the process efficiency. Continuous input of carbon dioxide into fluidised bed recarbonization reactor resulted in an increase in the recarbonization rate about one order of magnitude compared with the process in his absence. Very good fit of experimental data for hydrodynamic characteristics of fluidised bed was obtained using simple model based on Richardson and Zaki expansion equation. The first order model describes a kinetic data from recarbonization process with a good accuracy. Higher recarbonization rates were observed with smaller particles of half-calcined dolomite. 
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1. Introduction

Drinking water, regardless to its source, is usually subject to one or more of a variety of treatment processes aimed at improving its safety and quality. These processes are selected according to the source water quality and the constituents and contaminants that require removal.

According to the World Health Organization, roles of magnesium and calcium in drinking water and their potential contribution and benefits for health are very considerable.1 It is certain that drinking water mineralization will continue to attract considerable attention and debate, because the production of potable water has become a global concern; for many communities, projected population growth and demand exceed conventional available water resources. Water shortages have plagued many communities, and humans have long searched for a solution to Earth's deficient fresh water supplies.2-6 
Recarbonization is water treatment to increase its calcium and magnesium content applied to enhance the quality of drinking water with very low level of minerals contained. Calcium and magnesium are necessary for human health. In addition to this, serious problems of very soft water are its corrosive and aggressive impacts. Water with a very low total hardness is unstable and unbuffered. 7-10
There are various methods for increasing mineral content in drinking water, each of these offering advantages and encountering drawbacks. Carbonates and carbon dioxide utilization is considered as one of the most popular hardening techniques in drinking water technology these days. By penetrating soft water through a limestone bed with a certain flow rate, calcium and bicarbonate ions are gradually introduced to the water through the dissolution process of the calcite grains in the filter bed. With certain benefits in both economic and technical aspects, limestone contactor is gaining more attentions in the drinking water industry.11-12
However, disadvantage of calcite dissolution processes is that they naturally do not result in the addition of Mg2+ ions to treated water. On the other hand, Mg2+ ions are very much welcome in drinking water for both quality and human health reasons. Recent studies indicate that they may prevent atherosclerosis, obstetric-gynecologic pathologies: premenstrual syndrome, climacterium, post-menopausal osteoporosis.13-16
Carbonates and carbon dioxide utilization is considered as one of the most popular remineralizing techniques in drinking water technology. The main advantage of this process is enrichment water with both elements.
The main aim of the work was to study enhancement of treated water with calcium and magnesium. Half-calcinated dolomite in combination with carbon dioxide was used as donor of deficient micronutrients. Fluidised bed reactor was used with the aim to maintain homogeneous conditions, increase interface surface area and increase recarbonization process rate and performance. Hydraulic characteristics of fluidised bed and influence of water and carbon dioxide flows and reaction time on the recarbonization processes were studied. 

2. Theoretical
2.1 Chemistry of investigated process 

Experiments aimed at increasing of Ca2+ and Mg2+ in water were carried out in lab-scale fluidized-bed reactor. This technique offers potential for high reaction surface area, reaction rate. Despite of these advantages, fluidised bed is relatively rarely used in drinking water treatment, thus represents a new approach in drinking water industry.
Half-calcined dolomite, also called half-burnt dolomite (MgO.CaCO3), was used as recarbonization agent in this study. The advantage of this material is supply both minerals, i.e. magnesium and calcium ions in comparison to other materials, e.g. limestone or lime. This feature of the process is important for human health and for water stability. 

Half-calcined dolomite and CO2 react with water as follows:

MgO + 2 CO2 + H2O → Mg(HCO3)2





(1)


CaCO3 + CO2 + H2O → Ca(HCO3)2





(2)
Half-calcined dolomite is usually used for deacidification of water with a high content of natural carbon dioxide. It is a special alkaline mass made of dolomite, which is a mixture of about 50% CaCO3 and 50% MgCO3. When calcined at 650-800° C, magnesium carbonate was decomposed to MgO and CaCO3 remains intact during calcination. The result is porous MgO.CaCO3 mixture which reacts with carbon dioxide approximately three times faster than marble.7 
2.2 Hydraulics of fluidised bed reactor

The threshold velocity of fluidised bed can be determined based on experimental dependence of pressure loss on superficial velocity flow. The pressure loss drops when the threshold velocity has been stabilized to a constant value.17
One of partial goals of this work was to verify a simple model for description of hydrodynamics of the recarbonization fluidised bed reactor. The overall bed voidage is given by:
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where
SYMBOL 101 \f "Symbol" is fluidised bed porosity, dimensionless


Vp - the total volume of particles of fluidised bed, L3

A - the bed cross-sectional area, L2
 
h - the overal fluidised bed height, L.

The Richardson and Zaki Correlation18 is widely used to describe the expansion of fluidised bed:
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where w is superficial velocity, L.T-1  


ut - particle terminal velocity, L.T-1 


n  - bed expansion index, dimensionless

From Eqs. (1) and (2) after arrangement, the following relation can be derived:
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2.3 Water saturation with calcium and magnesium
The first order equation was used to describe kinetics of recarbonization process:
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where Ct is Ca2+ + Mg2+ concentration [mmol.L-1] in reaction time t, 

Cekv - equilibrium concentration value/s  for Ca2+ and/or Mg2+ content [mmol.L-1],


dc  - dissolution coefficient for Ca2+ and/or Mg2+ ions [T-1],


t    - reaction time of recarbonization process [T].

Integration of Eqn. (6) between the boundary values of C = C0 and t = 0 and t = t and for the case that C0 = 0 yields: 


Ct = Cekv (1-e (-dc) t)






 (7)
3. Materials and methods
3.1 Samples of treated water

Recarbonization experiments were carried out with demineralised water which was used as model drinking/treated water. The aim was to investigate recarbonization of water with very low mineralization. Preliminary experiments with different hardening agents were carried out also with a real drinking water. Performing of experimental measurements with real drinking water with low calcium and magnesium contend are intended in the near future.
3.2 Half-calcined dolomite
Half-calcined dolomite, also called half-burnt dolomite (MgO.CaCO3), was used as recarbonization material in this study. The advantage of this material is providing both minerals, i.e. magnesium and calcium ions in comparison to other materials, such as limestone or lime. This feature is important for human health improvement and water stability. 

Experimental measurements were performed with two fractions of half-calcined dolomite particles, i.e. sieve fractions in the ranges 0.7 – 1.0 mm and 1.0 - 1.25 mm. Half-calcined dolomite by fy. KAS Malé Kršteňany (Slovak Republic) was used in our study.
The density 2440.7 kgm-3 of half-calcinated particles was determined by pycnometric method.19 The metal content in an aqueous extract from half-burnt dolomite was determined by accredited laboratory VÚSAPL Nitra, Slovakia and the values are summarised in Table 1.


Table 1. The metal content (mg /L) in an aqueous extract half burnt dolomite. 

	Metal elements
	Concentrations (mgL-1)

	Arsenic (As)
	< 0.02

	Cadmium (Cd)
	< 0.003

	Argentum (Ag)
	< 0.01

	Copper (Cu)
	< 0.01

	Lead (Pb)
	0.011 ± 0.003

	Barium (Ba)
	< 0.01

	Chrome (Cr)
	< 0.01

	Nickel (Ni)
	< 0.01

	Iron (Fe)
	< 0.05

	Manganese (Mn)
	< 0.01

	Magnesium (Mg)
	10.7 ± 1.6

	Calcium (Ca)
	1.62 ± 0.35


Due to the low content of heavy metals it can be assumed that when releasing the target elements from half-calcined dolomite there is no significant release of other heavy metals, which would cause impairment of the quality of the treated water.

Use of such material is governed by STN EN 1017/AC (2008). This European Standard is applicable to half calcined-dolomite which is used in water treatment for drinking water STN EN 1017/AC (2008) - Chemicals used for treatment of water intended for human consumption - Half-calcined dolomite.20
Specific surface area and specific pore volume of half-calcined dolomite were measured by Sorptomatic 1900 (Thermo Fisher Scientific Inc, USA). The results are summarised in Table 2.

Table 2. Results of Sorptomatic measurements.
	Fraction
	0.70 – 1.00 mm
	1.00 – 1.25 mm

	Sample mass
	0.6552 g
	0.5000 g

	Specific surface area
	13.3937 m2g-1
	9.8996 m2g-1

	Pore specific volume
	0.0588 cm3g-1
	0.0113 cm3g-1


3.3 Experimental equipment

Experimental measurements aimed at increasing (Ca2+ + Mg2+) contents in treated water were carried out in lab-scale fluidized-bed recarbonization reactor (FBRR). Schematic as well as picture of designed, constructed and tested FBRR are shown in Fig. 1. Fluidised bed technique provides potential for reaction surface area and volumetric reaction rate increases and represents a novel approach in drinking water industry. 
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Figure 1. Scheme of lab-scale equipment of FBRR.
(1- treated water inlet, 2 – external recirculation, 3 - pump, 4 - reactor with fluidized bed, 5 - settling and storage tank, 6 - inlet of CO2, 7 - flow meter)

The glass reactor with a cross-sectional area of 19.6 cm2 was used for experimental measurements. The height of the reactor is 90 cm. The reactor was fed with the fraction of half-calcined dolomite at the beginning of the experiment. FBRR was operated in batch mode with regard to solid phase and in continuously flow mode with regard to treated water and carbon dioxide. Treated water was accumulated in storing vessel and recirculated into FBRR. Such operational mode was selected with the aim to prepare a certain volume of treated water enhanced with calcium and magnesium content and potentially use such enriched water for enhancement of untreated soft water with target micronutrients by mixing of relevant amounts of treated and untreated water.  
 

3.4 Analytical methods and procedures

Recarbonization process was investigated performing chemical analysis focussing mainly on monitoring conductivity, ANC4.5 (acid neutralizing capacity), BNC8,3 (base neutralizing capacity) Ca2++Mg2+, Ca2+, Mg2+, pH. Conductivity was measured by conductometer WTW Multi 3420. Concentrations of calcium and magnesium ions were determined by complexometric method with indicator Eriochrome Black T. Chelatometric determination of calcium was carried out with EDTA using murexid as indicator (from pink to violet). The content of magnesium was calculated from the results of determination of total content of Ca2++Mg2+ and chelatometric determination of calcium. ANC4.5 value was determined by titration of water samples against HCl having a concentration of 0.1 mol.L-1 using Methyl Orange as indicator. BNC8,3 value was determined by titration of water samples using titrant of NaOH of concentration 0.1 mol.L-1 using phenoftalein as an indicator.21 pH was measured by pH - meter JENWAY 3510.
3.5 Processing of experimental data

The parameter values of applied models (Eqs. (1) to (3), (5)) were calculated by the grid search optimization procedure.22 The residual sum of squares (
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) between the observed and calculated values of fluidized bed expansion given by the model, divided by its number of degrees of freedom ( (the number of observations less the number of parameters estimated) was used as the objective function.

4. Results and discussion 

4.1 Hydraulics of fluidised bed reactor

The values of treshold fluidization velocity for both fractions of half calcined dolomite were determined experimentally. The value wp = 0.011 m.s-1 was obtained for the particles fraction from 0.7 to 1.0 mm based on evaluation of experimental pressure drop dependencies on superficial velocity.23 Likewise, the value wp = 0.0147 m.s-1 was evaluated for particles fraction from 1.0 to 1.25 mm. Measurements of threshold fluidization velocity values in the laboratory FBRR were performed. The values of treshold fluidization velocity were applied as reference values for kinetic measurements. 
 The value of the expansion index ´n´ was obtained by fitting experimental data of bed voidage calculated from fluidised bed height measured at various superficial velocity values. Parameter values of (Eqn. 4) were obtained by nonlinear optimizing grid search method.22 The value of bed expansion index ´n´ 2.96 was found by evaluation of experimental data. 
4.2 Selection of recarbonization material


Before performing recarbozation experiments the selection of the most convenient recarbonization material, i.e. donor/source of calcium and magnesiun was done. Dolomite, half-calcined dolomite, and calcite were tested as potential materials. Particles fraction 2.0 – 4.0 mm for each tested material, demineralised water (demi.w) and real untreated water (untreat.w) sample with very low total hardness (0.3 mmol.l-1) were used. The results of enhancement of water samples with calcium and magnesium content (Cekv) for individual materials and water samples during 60 minutes contact time are summarised in Table 3. Homogenization of suspensions was maintained by shaking. Parameter values of Eqn. (5) were obtained by nonlinear optimizing grid search method.22 In the case of real raw water samples the objective function was modified by adding initial value of (Ca2+ + Mg2+) content. Time dependencies of experimental and calculated (Eqn. 7) Cekv, values i.e. (Ca2+ + Mg2+) contents for performed experiments are illustrated in Figure 3.
From Table 3 and Figure 2 is obvious that the best results were obtained with half-calcined dolomite. The (Ca2+ + Mg2+) enhancement rate of raw water was higher by 33% in comparison with recarbonization of demineralised water.  

Table 3.  Kinetic and stoichiometric parameter values (D - dolomite; 

HFCD – half - calcined dolomite; C - calcite).
	Exp.
	Cekv (mgL-1(
	dc (min-1(
	
[image: image7.wmf]2

XY

r

(min-1(

	HFCD + untreat.w.
	1.2
	0.009
	0.9575

	HFCD + demi.w.
	0.7
	0.014
	0.9904

	D + untreat.w.
	0.7
	0.003
	0.9003

	D + demi.w.
	0.3
	0.006
	0.9047

	C + demi.w.
	0.1
	0.040
	0.9692
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Figure 2. Time dependencies of (Ca2+ + Mg2+) content with using different recarbonization agents – experimental values (points) and calculated values (lines).
4.3 Recarbonization process in fixed bed and fluidised bed reactors

The next measurements of increasing (Ca2+ + Mg2+) levels in water were performed in fixed bed and fluidized bed reactors. The particles of half-burnt dolomite (fraction from 0.7 to 1.0 mm) were used to increase the Ca2+ and Mg2+ content in demineralised water.
The highest enhancement with target elements was observed within 30 minutes for the processes in both reactors. The velocity of (Ca2+ + Mg2+) concentration increase in FBRR was two times higher compared to fixed bed reactor (Table 4).   

Observed maximum concentration of (Ca2+ + Mg2+) in fluidized bed reactor was twofold higher than in fixed bed reactor (Fig. 4). It obvious that fluidized bed reactor offers higher potential to intensification of recarbonization process.

Table 4.  Kinetic and stoichiometric parameter values. 
	Exp.
	Cekv (mgL-1(
	dc (min-1(
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	fixed bed
	0.4
	0.032
	0.9768

	fludized bed
	0.7
	0.060
	0.9999
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Figure 3. Time dependencies of total hardness increase with half-calcined dolomite in fix bed reactor and in fluidized bed reactor - experimental values (points) and calculated values (lines). 

4.4 Recarbonization experiments in fluidised bed reactor
Recarbonization experiments were carried out:

· with two different fractions of half-calcinated dolomite, i.e. 0.7 - 1.0 and  1.0 - 1.25,  
· at two different water flow velocities (threshold velocity and about three times of the threshold value),
· with and without carbon dioxide supply (QCO2 = 0 or 0.9 l.min-1).
The first set of measurements was performed with the particles fraction of half-burnt dolomite from 0.7 to 1.0 mm.  Experiments were carried out in FBRR at threshold velocity (wp = 0.011 ms-1) and at velocity 0.039 ms-1. These measurements were carried out without supply of CO2.  
Experimental and calculated time dependencies of (Ca2+ + Mg2+) ions in treated water are ploted in Fig. 4. Eqn. (7) was used to fit expereimental data. The values of parameters (Cekv, dc) and correlation coefficient (
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Figure 4. Time dependencies of (Ca2+ + Mg2+) content during recarbonisation experiments in FBRR (QCO2 = 0 l.min-1)
 (♦) w1 = 0.011 ms-1 (▲)  w2 = 0.039 ms-1 - experimental values (points) and calculated values (lines). 

Table 5. Kinetic and stoichiometric parameter values.
 (wCO2 = 0 l.min-1 and wCO2 = 0.09 l.min-1 )
	QCO2 = 0 l.min-1

	w (ms-1(
	Cekv (mgL-1(
	dc (min-1(
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	0.011
	1.0
	0.0168
	0.9845

	0.039
	0.9
	0.0095
	0.9915

	QCO2 = 0,09 l.min-1

	w (ms-1(
	Cekv (mgL-1(
	dc (min-1(
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	0.011
	87.1
	0.0007
	0.9959

	0.039
	88.1
	0.0010
	0.9870


Very close calculated concentration values are obvious from Fig. 4 and Table 5, slightly higher value of dissolution rate and higher dynamics of the process can be concluded for lower superficial velocity, as expected (higher retention time). However, the differences between results of both measurements are relatively low. Relatively low values of calculated concentration values for both experiments can be attributed to the process limitation with the absence of CO2. 
The second set of measurements was performed at similar conditions to previous experimental set. The main difference was that the supply of CO2 (0.09 l.min-1) was maintained when performing these measurements. 
Experimental and calculated time dependencies of (Ca2+ + Mg2+) ions in treated water  are ploted in Fig. 5. Likewise to previous experimental set, equation (7) was used to fit experimental data.  The values of parameters (Cekv, dc) and correlation coefficient (
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Figure 5. Time dependencies of (Ca2+ + Mg2+) content during recarbonisation experiments in FBRR (QCO2 = 0.09 l.min-1)
(♦) w1 = 0.011 ms-1 (▲) w2 = 0.039 ms-1 - experimental values (points) and calculated values (lines). 

Significantly higher values of experimental values were measured at the equal reaction times in this set in comparison to results obtained in the first experimental set (Fig. 4).
The next set of measurements was performed with the particles fraction from 1.0 to 1.25 mm at threshold fluidised velocity and maintaining the CO2 supply 0.09 l.min-1. 
Experimental and calculated time dependencies of c (Ca2++Mg2+) ions for both fractions are ploted in Fig. 6. Similarly to previous experimental sets, Eqn. (7) was used to describe experimental data. The values of parameters (Cekv, dc) and correlation coefficient (
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Figure 6. Time dependencies of c (Ca2+ + Mg2+) content during recarbonisation experiments in FBRR (QCO2 = 0.09 l.min-1) - experimental values (points) and calculated values (lines). 

Table 6. Kinetic and stoichiometric parameter values.
	Fraction (mm(
	Cekv (mgL-1(
	dc (min-1(
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	0.70 – 1.00 
	87.1
	0.0007
	0.9959

	1.00 – 1.25 
	108.5
	0.0003
	0.9974


Higher dynamics of enhancement was observed with lower particles (higher specific surface), as expected. On the other hand, higher value of equilibrium concentration were calculated (Eqn. 7) for higher fraction.

Based on the results presented, and taking into account the experience with the operation recarbonization fluidised bed reactor with two different fractions, we have decided to pursue further research with the larger particles.

5. Conclusion

Preliminary results of recarbonization of treated water in fluidised bed reactor are presented. Basic physical and chemical characteristics of half-burned dolomite were measured. Recarbonization experiments were carried out with two half-burned particle fractions, at two different velocity flows and both in the presence and absence of carbon dioxide. 

Utilization of half-calcined dolomite for recarbonization significantly increased the level of (Ca2+ + Mg2+) ions in treated water. Maximum concentration of (Ca2+ + Mg2+) ions in fluidized bed reactor was twofold higher than in fixed bed reactor. Maximum recarbonization rate in fluidized bed reactor was two times higher than in fixed bed reactor.

Very good fit of experimental data for hydrodynamic characteristics of fluidised bed was obtained using simple model based on Richardson and Zaki expansion equation. The first order model describes a kinetic data from recarbonization process with a good accuracy. Significant influence of carbon dioxide on process performance resulted from the work. Higher rate of recarbonization process was observed with smaller particles fraction. On the other hand, higher calculated values of equilibrium concentration follow from experiment carried out with the bigger particles fraction.

Based on the results presented, and taking into account the experience of the operation recarbonization fluidised bed reactor with two different fractions, we have decided to pursue further research with the larger particles.
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