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Introduction

Calcium carbonate is one of industry's most important extenders of white pigments because of its excellent brightness, its abundance, economy, and low environmental footprint. Besides Kaolin or Clay, which is another extender used in some geographies such as in North America (e.g. Murray 1991), it is widely used to optimize the performance of the most important white pigment, i.e. Titanium dioxide, in a variety of applications (e.g. Balfour 1990).

Especially in the paper industry but also in paints and plastics CaCO3 is employed in large quantities. The paper industry triggered the use of slurries, i.e. aqueous dispersions instead of powder products due to handling reasons (e.g. Dauzère-Pérès et al. 2007). The use of slurry enabled fast up-and unloading of trucks, rail wagons, and ships and contributed to the golden age of the paper industry in the seventies and eighties of the last century. On the other hand, it asked for high-performance dispersing systems which enable a high solids content, minimizing the amount of water for cost of transport reasons, while still showing acceptable rheological behavior for pumping (e.g. Lamarch et al. 1983). The dispersing agents are typically polyacrylic acids with selected chain length distribution and optimized neutralization degree of the carboxylic groups with suitable counterions such as sodium.

The use of slurries introduced also new challenges to the industry like sedimentation (e.g. Scott 1968), shear thickening problems (e.g. Xu 2003), and biological contamination (Guthrie and Ashworth 2002), to name a few phenomena which were already known for other dispersions in the paint industry. The issue of pH stability is not obvious because the presence of a large surplus of CaCO3 would suggest a huge buffer capacity. To stay away from the point where CaCO3 becomes unstable, i.e. CO2 forms and the HCO3 -1 ion, such dispersions are typically brought to a pH > 8 mostly by the use of NaOH. Despite that, in praxis, it is common that under many long-term storage circumstances a steady drop of pH is observed. Often it is attended with an unpleasant smell which hints at microbial activity. A remedy was sought in the use of biocides and oxidizing agents for quick fixes, with the drawback that they also attacked the dispersing system. A better understanding of the white slurries microbiome was brought by advances in modern biochemical analytics technologies like 16srRNA (nextgeneration) sequencing and mass spectrometry (DiMaiuta et al., Schwarzentruber et al., Glaubitz et al.) These enabled tailormade strategies to control microbial growth is minimizing the use of toxic chemistry.

The observed pH drop is attributed to the specialized microbes which feed on the polymeric dispersion agents used for the physical stabilization of the slurries and also on the traces of fossil organic carbon, nitrogen, etc. from the natural heritage of CaCO3 as sediments of marine organisms (Glaubitz, unpublished). Their acidic metabolites can induce said pH drop to the point where CaCO3 becomes unstable. While at high alkalinity, only a few species may survive, as soon as the pH drops, more and more microorganisms are enabled to become active and thereby speed up the pH drop. This is the reason why a stable buffering of the aqueous white pigment dispersion in the alkaline range is of great importance. Especially for applications in paints, this becomes crucially important. The buffering system should fulfill several requirements.

• Not increasing the initial pH ≥ 11,5 for security and product labeling reasons.

• Not increasing the ionic load in the aqueous phase substantially, because of detrimental interactions with the COO-groups of the dispersing agent inducing flocculation (Chang 2013). This limits especially the use of sodium and potassium compounds.

• Not bringing color to the white slurry, which disables the use of many metal hydroxides.

• Not releasing odors, which renders many nitrogen compounds undesirable, especially ammonia and many amines (e.g. Amoore & Forester 1973).

• Not being toxic or connected to environmental worries and being economically viable for the industry.

Among the remaining candidates, Zinc oxide is a prime option, recognized as such as early as in the forties of the last century in the technical bulleting of the New Jersey Zink company (Nelson 1940). This publication was the trigger for our study aiming for a comparison of chemical in silico modelling with selected experiments to verify the simulations.

Zinc oxide in thin layers finds use as a buffer in recent work covering solar cells and other electronic devices (Kołodziejczak-Radzimska & Jesionowski 2014). The zinc buffering effects are also studied in living cells where it seems to play a crucial role (Espitia et al. 2012).

Another material that matches most of the criteria above is lithium carbonate. An aqueous solution has a pH in the desirable range, it is colorless, odorless, and non-toxic. In addition, the solubility of its compounds is lower than for the heavier alkali-metals like sodium or potassium.

In this study, computer modelling has been used, involving the software PHREEQC in We contrast ZnO to carbonates and hydroxides of sodium, lithium, magnesium, aluminum, and a range of amines that are commercially offered to buffer colloidal systems.

We also employ mixtures of ZnO with suitable compounds from the alkaline group, i.e. Lithium salts. Li helps to raise the pH into the right domain and ZnO brings a buffering effect.

To mimic the bacterial metabolites, we chose lactic-, citric-and acetic acid as typical acidifiers to examine the buffer capacities and the resulting pH evolution of different mixtures. We are not aware of any comparable study in industrial dispersions, probably because "simple" inorganic textbook chemistry is not very attractive to researchers, although we think it is of high practical interest for the industry.

Theory

Since CO2 is omnipresent in the atmosphere, all water bodies in contact with the atmosphere will dissolve some CO2, which induces acidification due to the formation of carbonic acid. Natural waters which diffuse through organic matter like forest soil are therefore able to dissolve substantial amounts of ions from the earth alkali group which are present in many natural stones and soils, causing what is known as water hardness in form of dissolved bicarbonate, HCO3 -. A suspension of fine particles of CaCO3 in pure water will always equilibrate with the surrounding atmosphere into a balance of dissolved species. The interplay with CO2 influences the solubilities of most metal oxides, hydroxides, and carbonates.

Lithium is ideal to be used in aqueous pH stabilization because of the less harsh action compared to sodium and potassium. An aqueous system saturated in lithium carbonate is controlled in pH by the dissolution reaction of solid lithium carbonate to form lithium and bicarbonate ions (reaction 1). After complete dissolution of the solid lithium carbonate, the control of the pH by this reaction cannot be maintained and the reaction of bicarbonate to water and carbon dioxide is controlling the pH (reaction 2). While the aqueous reaction of lithium carbonate (reaction 1) increases the bicarbonate concentration in the solution, the reaction of bicarbonate to water and carbon dioxide is decreasing its concentration (reaction 2).

Li2CO3 + H + → 2 Li + + HCO3 - (1) 2 H + + HCO3 -→ H2O + CO2 (2) 
In an aqueous system saturated in zinc oxide, the pH is also controlled by the zinc oxide dissolution reaction (reaction 3). This theoretical reaction will have an intermediate step of zinc hydroxide formation in reality, which does not affect the overall buffer reaction of zinc oxide. If an aqueous solution is saturated in zinc carbonate instead of zinc oxide, the dissolution reaction of this is controlling the pH (reaction 4).

ZnO + 2 H + → Zn 2+ + H2O

(3)

ZnCO3 + 2 H + → Zn 2+ + H2O + CO2 (4)
If both lithium carbonate and zinc oxide are saturated in an aqueous solution the control of the pH is influenced by interactions between the systems described above. This is caused by the formation of zinc carbonate from zinc oxide (reaction 5).

ZnO + HCO3 -+ H + → ZnCO3 + H2O (5)
This reaction is triggered by a sufficient concentration of bicarbonate in the solution. The bicarbonate concentration in a lithium carbonate-containing system is controlled by its dissolution reaction (reaction 1). If no other controls on the bicarbonate concentration are present (e.g. degassing) the reaction can lead to concentrations of bicarbonate high enough to trigger the zinc carbonate formation (reaction 5). In this case, the overall control of the pH is maintained by a reaction of lithium carbonate and zinc oxide to zinc carbonate (reaction 6).

Li2CO3 + ZnO + 2 H + → ZnCO3 + 2 Li + + H2O (6)
In a real system, the reactions above are connected to more equilibria depending on the phases present in the system. In high solid suspensions, other solids or other components might have a significant impact on the equilibrium state of the reactions through their components dissolved in the aqueous phase or an associated gas phase. Therefore, the effect concerning equilibriums associated with the reactions above and related properties such as the pH or pH buffer, have to be investigated in more detail for the specific suspensions of interest.

Simulations

Better insight into the equilibriums of a calcium carbonate slurry was achieved by have been added in equilibrium with defined maximum amounts of pure phases to investigate their influence on the pH of the aqueous solution. The system is in addition also influenced by gaseous components, which have been taken into account using four different approaches.

The simplest approach does not allow any removal of any component from the aqueous-solid system even if an equilibrium is supersaturated. The second approach defines the atmospheric CO2 fugacity as an equilibrium phase with the exchange of CO2 from and to the atmosphere to maintain the equilibrium during the complete simulation. The third approach removes CO2 from the aqueous-solid system only to prevent supersaturation of undiluted CO2. This simulates the evolution of an undiluted gas phase not taking any volume or pressure changes into account. A further approach including the explicit simulation of a gas-phase was only applied to a subset of systems and allows for an investigation of the influence of a closed system including changes in pressure at fixed volumetric suspension/gas-ratios of 100, 500, and 1000 ml gas-phase per kg of water.

The pH buffer effect was simulated by the stepwise addition of hydrochloric, lactate, acetic, and citric acid to the suspension defined by the method described above. For every step, the full set of equilibria was calculated and the results were investigated for aqueous composition (including speciation and pH), saturation of solid components included in the database, the concentrations of the supersaturated solids, and the composition and properties of gas-phase components.

Experimental

Experiments on the pH buffer properties were done in a closed 1 L glass reactor temperature controlled at 23°C. The reactor was filled with 1400 g of CaCO3 slurry. The slurry consisted of premixed 30 wt% untreated Omyafilm 753 (Omya AG) and 70 wt% deionized water. The additive under investigation was added to the slurry in the reactor. The additives used were samples of carbonate (dried at 120°C for 12 h), ZnO, and 2-Amino-2methyl-1-propanol (all supplied by Sigma Aldrich). The reactor was overhead stirred at 300 rpm and a check-valve for overpressure release was installed. Hydrochloric acid (diluted from Hydrochloric acid 36% Suprapur®) at 10 wt% concentration was pumped into the reactor using a tubing pump at a speed of 0.25 g/min. During the whole experiment, the pH was recorded every 5 seconds using a Mettler Toledo SevenExcellence® with InLab® Science Pro-ISM electrode.

Results Simulations

The results of the simulations show differences between the investigated pH-buffer systems beginning at the first equilibration without any acid addition. Zinc oxide and alumina hydroxide do not show any influence compared to the pure calcium carbonate reference system, while the other investigated buffer systems increase the starting pH significantly (see Fig. 1). The starting pH differs not only on the composition of the buffer but also depending on the degassing model used. The closed system approach and the approach to degassing only undiluted CO2 give identical results at this step since no gaseous CO2 evolves. In contrast, the results differ for a system in equilibrium with atmospheric CO2. These systems show systematically a lower starting pH due to the uptake of CO2 from the atmosphere.

After acid addition is started, significant differences in the evolution of the pH can be seen, depending on the additive and the degassing model used (see Fig. 2). If the system is in equilibrium with atmospheric CO2, the reference systems only comprising calcite, and the systems comprising alumina hydroxide, in addition, are showing a steep decrease in pH right after acid addition initiates. The additive shows no significant buffer effect. In contrast, systems comprising other additives such as zinc oxide, lithium carbonate, sodium hydroxide and a combination of lithium carbonate, and zinc oxide, only show a slight decrease in pH for a significant amount of acid added. They are buffering the pH.

If the system is only allowed to degas CO2 at saturation or if no gas-phase interaction is taken into account the evolution of the pH for the pure calcium carbonate system and the system comprising alumina hydroxide differs not in shape, but the pH values buffered are shifted to lower levels. In contrast, the system comprising sodium hydroxide shows a shift in pH to higher values compared to the system in equilibrium with atmospheric CO2. If organic amines are used to control the pH a nearly constant pH is observed only after an initial drop in pH. The same is true for a system comprising zinc oxide, lithium carbonate, or a combination of both.

But while all other systems show one sharp drop in pH after the buffer system is consumed, the combination of lithium carbonate and zinc oxide shows a more complex evolution, if only degassing of pure CO2 or no degassing is allowed. After a slight decrease in pH during the initial addition of acid, a constant pH develops around a value of 9.5. This plateau is constant during the further addition of acid, depending on the composition of the additive. The amount of acid which can be added without a further significant drop in pH is at a maximum at an equal molar amount of lithium carbonate and zinc oxide and is less for other compositions with a minimum at pure zinc oxide or lithium carbonate. This plateau shows the effect of equation 6, where equilibrium shows a pH buffered in a reaction comprising both lithium carbonate and zinc oxide (see Fig. 3). The result of the reaction can also be seen in the concentration of the solid phases in the simulations. The buffer controls the pH until all lithium carbonate is consumed and zinc carbonate is formed.

The influence of the type of acid added to the system is rather small if strong monovalent acids are used. In contrast, if trivalent citric acid is used, not only is the amount needed for a sharp decrease in pH is one Third, but also the overall shape changes if the system is in equilibrium with atmospheric CO2. The drop in pH after the buffer described above is less steep in these systems, while the initial decrease in the calcium carbonate only, the alumina hydroxide, and the zinc oxide comprising systems are steeper.

The beneficial effect of the combination of lithium carbonate and zinc oxide can also be seen if an explicit treatment of the gas phase in a closed system is simulated. The general trend of the evolution of the pH during acid addition is for all gas-phase volumes very similar to the simulations done with fixed gas fugacity limits. But the evolution of the pressure evolved differs between the simulations (see Fig. 4). While acid addition to a pure calcium carbonate system immediately leads to a significant increase in pressure, a system comprising a combination of lithium carbonate and zinc oxide shows a significant increase only after the pH buffer equilibrium described above is consumed. In all cases, the increase of the pressure is strongly dependent on the volume of the gas used in the simulations. The lower the gas volumes the steeper is the increase in pressure in all cases.

Experimental Results

Experiments on the pH buffer capacity have been conducted to verify the results of the modeling. The experiments conducted with a pure calcium carbonate suspension dropped in pH quickly after the addition of acid started and reached a stable buffer pH above pH 6 for the experiments with airflow and a pH below 6 for the experiments in the semi-closed system (see Fig. 5). In contrast, the other experiments comprising mixtures of zinc oxide, lithium carbonate, and sodium carbonate, and suspensions containing AMP do not show a strong drop in pH immediately after acid addition but reach a first pH buffer between 9 and 11 in both the experiments within a semi-closed system and the experiments with airflow. A strong decrease in pH starts after further addition of acid and the pH then drops to a pH above 6, which remains constant for the remaining experiment. These results confirm the presence of a pH buffer in the present mixtures of zinc oxide with lithium or sodium carbonate.

Discussion

The results of the modeling and the results of the experiments show a good agreement in general. Both demonstrate that a suspension of calcium carbonate will strongly drop in pH if acid is introduced. If a combination of zinc oxide with alkali-carbonates is introduced into the slurry the pH is buffered at a much higher value (between 9 and 11) for a prolonged amount of acid added to the system.

But the experimental setup differs in some details from the scenario included in the models. The addition of acid into the suspension in the experiment included a dilution with water, which could not be avoided for practical reasons. This differs from the scenario during the application. The acid introduced into a suspension during storage is often the product of microbial activity (Guthrie and Ashworth 2002), which is not associated with a dilution of the suspension. To reproduce open and closed systems during an experiment also some deviation from the application scenario and the associated model could not be avoided. The open system in the experiments was mimicked by a constant airflow through the suspension to speed up equilibration with air. Because the addition to a calcium carbonate suspension leads to the release of CO2 a mechanism for pressure control was needed during the experiments for practical reasons. This was achieved by a check valve to get a semi-closed system, where gas can only go out of the reaction chamber but cannot enter. This of course differs significantly from an application scenario in a closed system, like a closed bucket of paint (e.g.

Berendsen 1989).

A limited set of theoretical models for sodium carbonate combined with zinc oxide have been calculated with some adjustments in the simulation parameters for comparison of experimental results and theoretical model. It can be seen that slight adjustments on how the equilibration with the atmosphere is treated before the addition of acid started, do not change the shape of the pH curve and only slightly changes the position of the buffers in terms of pH, but it affects the buffer capacity significantly (see Fig. 6). If this is compared to the experimental results it can be seen that the analyzed buffer capacity is in-between both scenarios covering the realistic range of pre-experiment gas equilibration. The position of the buffer in terms of pH is less stable at higher pH values for the experiment compared to the model. This implies that the model predicts the general shape of the buffer system reasonably well, even if the exact position of the buffer regarding the pH and the buffer capacity deviates.

In general, the modeling and the experiments show that a combination of zinc oxide with an alkali carbonate provides a buffer system as described above. The usage of such a system has some general advantages compared to other buffer systems, such as hydroxides or amines. Hydroxides like sodium hydroxide also provide a pH buffer, but this is characterized by a very high buffered pH, which is disadvantageous in terms of the safety during production and use, as well as for the stability of other additives used in suspended mineral formulations (Eggeman 2011). In contrast amines, like AMP, show similar performance in buffer capacity and buffered pH, but they are volatile (Hartono 2013), not odorless, and degrade over time (Wang & Jens 2012). In contrast, inorganic buffer systems are stable over unlimited timescales, if no acid is introduced. Another related important feature is that the mineralbased buffer system is colorless, and the use of zinc oxide, which comprises a high refractive index, is even beneficial for brightness (Kołodziejczak-Radzimska & Jesionowski 2014). In addition, most of the other additives are liquids and are not as easy to handle as a powder.

Conclusion

Calcium carbonate is one of the industry's most important white raw materials and is often used and stored in form of an aqueous suspension or dispersion for which pH stabilization is essential. The addition of a combination of zinc oxide and alkali-, preferably Lithium carbonate could be used as a buffer system for such dispersions. It provides a pH buffer in a favorable range for typical applications and a buffer capacity similar to organic buffer systems already in use. In contrast to organic buffer systems, the Zn/Li-based buffers are odor-and colorless, long-term stable, and less harmful to health. 
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 5 Fig. 5 Experimental evolution of pH during acid addition