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Abstract 

The goal of the ANC control team is to design a system which will add alkalinity to AguaClara plants to maintain the pH within the ideal range for flocculation.  The current focus is to determine the cause of failure for the lime feeder which needs to provide effluent saturated with respect to calcium hydroxide for at least 24 hours.  This summer, we have begun testing the composition of two different brands of lime using a total organic carbon analyzer and a total volatile suspended solids test.  We have also begun work on a model of plant alkalinity.
 Introduction

Previous semester ANC Control teams have built and tested a simple tube settler lime feeder design and have been largely unsuccessful in achieving their goals.  A useful lime feeder should be able to produce effluent saturated with calcium hydroxide for at least a 24 hour period independently once the solid lime is added.  It should work under a range of flow rates which varies by up to a factor of ten.  Previous teams have seen the effluent pH drop prematurely under a variety of conditions, adjusting variables such as feeder flow rate, initial particle size distribution, distilled versus tap water, initial quantity of solid lime, tube settler diameter, and the time between fresh lime additions. Several hypotheses for failure were generated through these previous investigations.
First, particle size distribution is a very important aspect of the lime suspension for the rate of dissolution. The smaller the particle size, the higher the surface area to volume ratio and the more lime-water contact area is available for the calcium hydroxide to dissolve.  Therefore, the physical condition of lime when it is added seems to be an important parameter.  Well-mixed or blended lime slurries start out with a lower mean particle size and seem to perform better when added than dry powdered lime.  An important phenomenon is lime particle coalescence, which can be observed in flocculation of particles as well as the formation of large clumps on settling surfaces.  In addition, the smallest particles are the quickest to dissolve and most prone to being carried out with the effluent due to low settling velocity.  Overall, this result in a shift in the distribution towards larger particles, as in figure 1 and significantly decreases the available contact area for dissolution and is likely related to the reactor’s failure.

Figure 1. A basic illustration of the general shift in particle size distribution towards larger particles.

A second important idea from previous semesters is the hypothesis that due to the presence of carbonates in the source water and in the lime sample itself and the lower solubility of calcium carbonate, the particles are being coated in CaCO3 over the course of the experiment, which inhibits further dissolution of calcium hydroxide.  This may be thought of as a replacement reaction on the surface of the lime particle, as in Figure 2.
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Figure 2. Carbonate ions in solution may be replacing the hydroxide ions on the surface of the lime particles as they dissolve.  Because calcium carbonate is far less soluble than calcium hydroxide, this phenomenon would inhibit further dissolution.
The hypothesis of carbonates interfering with dissolution is particularly important if the team finds that the source of carbonates is in the lime itself, which may be partly CaCO3.  In this case, even if the low-alkalinity source waters in Honduras are virtually free of carbonates, this problem will be unavoidable as long as our lime feeder uses conventional lime.  The past semester’s ANC team recommended that the Honduran lime be analyzed to determine its composition.
The previous semester’s team did find that with a pulse input of fresh lime every six hours, the reactor with the 2.5cm tube settler could run continuously with a saturated effluent indefinitely.  The experiment was stopped after approximately ten days of successful operation.  For unknown reasons, the larger reactor with a 5cm tube settler did not perform well under the same conditions.  Results of the experiment can be found [here].  It will be important to determine the differences between having a fresh input of lime on relatively short time intervals and starting out with excess lime in the reactor for longer runs.

Literature Review
PAHO Publication Chemical Dosing Chapter (Drew)
The Pan American Health Organization’s publication on chemical dosing includes a section on continuous lime feeders (page 27) used to raise the alkalinity of the source water in a filtration plant.  They recommend static lime saturators which greatly reduce the amount of solid lime which reaches the main plant flow so that the process does not increase the turbidity of the filtered water or produce material deposits in the clear well.  Their design features an inverted cone or pyramid like structure with water entering at the bottom and flowing upwards through a lime slurry at a decreasing velocity.  Similar to our design, the lime is fed through a tube extending through the entire slurry which is open to the atmosphere at the top but the bottom of which is near the feeder entrance.  PAHO recommends adjusting the lime dose by varying the flow rate.  They also suggest using a hydrometer at the feeder entrance to measure flow rate and the amount of available lime in suspension.
The Effect of Additives on Lime Dissolution Rates (Roy)
The lime dissolution rate is the rate-controlling step for the lime dissolution process. Lime dissolution rate can be increased by lowering a solution’s pH.  At pH values less than 4, the dissolution rate is approximately proportional to the hydrogen ion concentration.  Crystal habit modifiers, mostly organic acids, significantly reduce crystal growth rate and particle size.  Several organic and inorganic additives were tested for their effect on lime solubility while in solution.  Among organic chemicals tested, sugar and phenol were the most effective in enhancing lime dissolution rate.  Sugar exerts the greatest influence on lime solubility. At 25 °C and 35% sugar concentration, Ca(OH)₂ solubility can reach its maximum of 10.1 g CaO/100 g H₂O, which is 100 times more than Ca(OH)₂ solubility in pure water.  The most prominent chemical tested was the inorganic chemical NH₄Cl. In its 20% by weight solution at 50 °C, the NH₄Cl solution increased the lime dissolution rate more than a hundred times compared with dissolution in pure water.
Alkalinity Addition Using Carbon Dioxide & Lime: Inexpensive Solution to a Historically Expensive Problem (Sang)
Alkalinity measures the ability of water to neutralize acids and plays an important role in maintaining water that minimizes corrosion.  Chemicals are added to low alkalinity water, but due to complications in costs and disproportionate pH increases, water treatment plants utilize various forms of carbonates in a carbon dioxide-lime system. Dissolved carbon dioxide adds carbonate while lime shifts the concentrations of carbonate species. This combination minimizes corrosion, increases solution buffering capacity, and does so at an optimal coagulation pH. Although this system relies on advanced technology and liquid carbon dioxide, other cheaper methods of incorporating the latter should be explored.
Alum and Lime-Alum removal of toxic and non-toxic phytoplankton (Anna) 

This article analyzed the different effects of alum and lime-alum treatment on the presence of toxic in some Egyptian fresh water bodies. After sampling nine 1L of the sample from the same body of water, three were treated with alum, another three were treated with lime-alum, one was treated with a mixture of alum and lime-alum and the rest were used as control. The results showed both alum and lime-alum affected the phosphate level of the river. The alum could not precipitate all the phosphate in the water nor coagulate bloom forming Cyanobacteria. It also showed that using the mixture of alum and lime-alum precipitated and coagulated all phytoplankton without releasing any other substances. More importantly, to account for the pH change in sample after the addition of lime-alum, extra alum was added to maintain the same pH level. This study is relevant to our current project in that it showed that the mixture of lime-alum and alum results in the best precipitation level thereby reducing the turbidity of the water.
Optimal Natural Organic Matter Removal From Low Turbidity Waters By Controlled pH Adjustment of Aluminum Coagulation (Rami) 
Even though this article treats of removal of NOM, it gives a very good insight on the role that pH plays to ensure efficient treatment. Data (corresponding to measures of absorbance and concentration of acid and soluble aluminum) was collected through a jar procedure based on three low turbidity water sources. They got as a result the optimum coagulation pH of two of these samples. They also stressed out the importance of the particulate nature of lime, and of the order by which acids were added to water
Detailed Task List
1) Determine composition of US and Honduran lime
The lime we use for experiments is a mixture of various chemicals, although we have been treating it as pure calcium hydroxide in past semesters.  It has been hypothesized that a significant component of the lime is calcium carbonate, which could contribute to the coating of calcium hydroxide particles and inhibit dissolution.  This would have significant implications for our results from last semester, particularly for the experiments that ran with distilled water.  The American lime package indicates that a minimum of 72% is calcium hydroxide, while a maximum of 1.12% of mass present is in the form of calcium carbonate, which potentially leaves a large portion of the mixture unknown.  Before we stop further research with lime, we should make efforts to determine whether there may be other chemicals present which would interfere with lime dissolution in any way.  This will likely require literature research and laboratory techniques to test for the presence of various chemicals.

For now, the team will try to determine the amount of calcium carbonate present in both the US agricultural lime and the lime from Honduras.  We will split into subteams to try to answer the question in the following ways:


- Do multiple ANC titrations for each


- Use the total carbon analyzer


- Run a volatile suspended solids test

2) Create MathCAD model for addition of alkalinity to plants in Honduras

The purpose of the MathCAD file will be to assess the feasibility of addition of lime for varying source water alkalinities and pH and alum additions. The model will take into account source water pH, source water alkalinity, a range of alum doses, and plant flow rate as inputs and will output the necessary dose of lime or other base, along with the mass of the chemical needed per day and flow rate of the feeder.

3) Improved pH probe setup

To make pH readings more accurate, we would like the probes to sit in still water to eliminate the effect of voltage carried by the water system in the lab.  To do this we will have the pH probe sitting in an isolated beaker with effluent dripping in from the top and an overflow running out of a spout.  Care will be taken to make sure that both the influent and the effluent of the beaker fall as distinct drips so that a voltage cannot be carried through the stream.  A stir bar will ensure that the effluent sample is constantly well-mixed, and we have a relatively small reservoir to minimize the lag in the pH readings which comes from mixing the most recent effluent with older effluent.  For a better understanding, and to make sure this fix is necessary, the team will research measuring the pH of flowing water.

4)  Run experiments
Once we determine the composition of the lime we can decide whether to proceed with one type of lime or the other.  Assuming for now that the Honduran lime is relatively pure calcium hydroxide, we will run an experiment with Honduran lime and distilled water and attempt to get saturated effluent for a 24-hour period.  If we fail at this, we will explore other options for adding alkalinity.

One proposed idea which may mitigate the problem of particle aggregation and maintain relatively small particle sizes is to increase the energy dissipation rate within the fluidized bed in an attempt to break up flocs.  Turbulent zones may be created by inserting a set of baffles into the vertical column.  The team will investigate whether there are geometries which would provide sufficient energy dissipation to break up aggregated particles under the low flow rate.  Care must be taken not to provide additional horizontal surfaces on which lime can settle.

The team will also further investigate the effects of different ways of preparing the lime slurry before adding it.  If we are successful in making the lime feeder perform, it will be important to know whether the lime needs to be added as a slurry rather than dry powder and whether blending the lime has a significant effect on performance.  This may be evaluated by qualitatively observing how the suspension changes after the addition of lime under the different preparation methods in order to get an idea of how quickly lime aggregates starting from a well-mixed slurry versus starting from dry powder.  In addition, we will be able to test the differences in overall lime feeder performance by seeing how the behavior of effluent pH varies between lime preparation methods.

If the team finds that the lime has a significant calcium carbonate component, it is possible that the problem can be fixed in the lab by heating the powder to burn off the carbonates.  We can run an experiment with the resulting sample to determine whether the carbonates component of the lime was the reason for failure.

5)  Research sodium carbonate and sodium bicarbonate

If we fail in making a working lime feeder, we will explore these two other bases which were proposed for adding alkalinity to Honduras plants.  The team will assess the economic and logistical feasibility of implementing sodium carbonate or sodium bicarbonate to add alkalinity to plants in Honduras.  If we find that these are not suitable solutions, we will explore other options such as alternative bases.

6) Plan evaluation of the system in Honduras

Design a test to be used in Honduras to see whether the addition of alkalinity improves plant performance.  Important indicators of flocculation performance may be the size of the flocs exiting the flocculator or the effluent turbidity of the entire plant.  If the increased alkalinity results in better flocculation and larger flocs, the particles will settle out more readily in the sedimentation tank and it should be reflected by the turbidity of the effluent.
Experimental Design


The purpose of the lime feeder is to increase the pH of water to 6.5 without using electricity. Low alkalinity is common within Honduran waters and interferes with aluminum hydroxide (alum) precipitation, which drives floc formation and plant performance. Alum reacts with the water in the following equation: 
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This process releases 6 hydrogen ions and increases the acidity so that the precipitation of alum becomes unfavorable as it leaves optimal pH conditions between 6.5 and 7.5. Thus, the lime feeder’s primary objective is to raise the alkalinity, or acid neutralizing capacity, of the water by continuously supplying saturated lime water at a pH of 12 into the entrance tank.


Previous ANC teams have experimented with various lime feeder designs before settling on an apparatus that places a slanted tube on top of a vertical one at a 22.5˚ angle which acts as a tube settler, with water running up through the tubes. The theory is that a bed of lime particles will remain in the lower segment and not be swept away with the effluent. Feeding lime into the system has been simplified through the addition of a vertical column to the top half of the reactor. The dimensions of this column have been designed to allow the team to feed lime into the running reactor with a minimum upflow fluid velocity and lost effluent. Added lime settles down into the fluidized bed of the lower segment.


Moreover, it should be noted that the top of the diagonal column has been left open to atmospheric pressure (Figure 1). This was to address the issues the team had with imbalances in fluid pressure between the lime feeder and the location of the pH probe. The slight design change allowed water to flow through the apparatus in a smoother rhythm, minimizing the risks of sudden changes in flow rate that would have caused too much of the added lime flow with the effluent. 

Experimental data is collected using the Process Controller software. Experiment variables are controlled and executed using the software, and the software provides automated data collection over a set time range (every 5 seconds, for example). The data is then recorded and analyzed in a Microsoft Excel spreadsheet. For experimental design, Process Controller can be used to control the speed of peristaltic pumps, regulate flow through solenoid valves, and measure quality parameters such as temperature, pressure, and dissolved oxygen. A pH probe is used to measure the pH of the lime-feeder effluent. The pH probe is also calibrated and controlled using Process Control. Data graphs are plotted and analyzed in Microsoft Excel. 

In order to ensure accurate pH readings, the pH probes are grounded to reduce the potential for high voltage fluctuations that throw off the data acquisition system. When no experiments are running, pH probes are placed in a pH 4 solution to avoid lime coating the pH probe membranes.
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Figure 3. This graph shows where different flocculation mechanisms occur with respect to pH and alum dose, as well as where Al(OH)+2 and Al(OH)4-1 form.  Our target pH range is between 6.5 and 7.5.
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Figure 4. The most recent experimental apparatus has a five-centimeter-diameter tube settler and is open to the atmosphere where the effluent leaves the reactor to prevent a siphon from forming and draining the apparatus.
Future Work

We are currently working on two experiments that will help us identify the carbon content of the Honduran and US limes. The first test is volatile suspended solids test, where lime samples are dried and then heated at 550˚C. This will give us a crude idea of the carbon content of the Honduran and US limes. The second one is Carbon Analysis using the Total Organic Carbon Analyzer. This will help us get a more accurate concentration of dissolved carbonates (inorganic carbon) in each of our two limes. A titration might also be an option if the TOC does not work or for identifying the relative contributions of both hydroxide and carbonate species to alkalinity. Based on these results, especially the content of Honduran lime, we will either try to come up with other hypotheses for what’s causing the reactor’s failure or design new experiments to run with lime.  We will likely do a test run with Honduran lime and distilled water in order to minimize carbonates and simulate the actual conditions from Honduras.

Team Roles and Expectations
Team Expectations:

- Everyone should spend about ten hours per week on the project and attend relevant team meetings on time.  Our meeting times are very flexible and some work can be done alone but let the team know when you won’t be available for normal work times.  In general, the team will meet on Mondays, Wednesdays, and Fridays at 1:30pm.
- Take an active role in the project.  The team will be most successful if everyone contributes what they can with respect to both effort and ideas.  Since no one has a solution to our problem, everyone’s ideas are important.
- It’s important that team members have a good understanding of the project as a whole as well as what the team is focused on at any given time.  We’ll waste potential for ideas and work will be less focused if people get lost.  It’s worth taking the time to stay educated and ask questions.  Work is also more satisfying if you know why you’re doing it, and we can spread work out more among different team members if everyone is on the same page.

Group Roles:


- Team leader: Drew

- Experimental set-up and clean-up

- Excel data analysis


- Checking longer experiments when the team isn’t meeting


- Mathcad calculations/models


- Wiki reports/writing


- Supplemental experiments such as titrations, TOC analyzer, etc.


- Literature research
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