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ABSTRACT 

 

The main objective of this project was to determine the suitability of lime sludge, a lime 

softening by-product from water treatment plants, for flue gas desulfurization in Illinois 

coal-fired power plants. Specifically, the project involved a detailed characterization of 

chemical, mineralogical, and physical properties and evaluation of reactivity of lime 

sludge collected from selected Illinois water treatment plants. The project had three main 

tasks. In Task 1, we collected lime sludge samples form 35 water treatment plants and 

analyzed each sample for its chemical, mineralogical, and physical properties. In Tasks 2 

and 3, we measured the reactivity of selected sludge with respect to sulfur oxide capture 

using Titration and thermogravimetric analysis (TGA) methods. The results showed that 

lime sludge consists primarily of calcium carbonate (mostly > 80 weight percent CaCO3). 

Calcium carbonate polymorph aragonite is the dominant mineral composition in a few 

lime sludge samples studied. Other major component includes magnesium carbonate 

(MgCO3), which ranges between 2 to 15 percent and primarily occurs as solid solution 

within calcite. Total carbonate content is more than 90 percent in most samples collected 

and reached 95% or higher in more than half of the samples studied. As with calcium 

carbonate, both magnesium carbonate and aragonite are highly soluble in dilute acids, an 

important property for desulfurization process. Lime sludge is also characterized by small 

particle size (mostly around 15 µm or less) and high surface area (4.5-11 m
2
/g). Both 

titration tests and TGA tests data indicate that lime sludge are highly reactive compared 

to dolomite and dolomitic limestone. In contrast to dolomite and dolomitic limestone, 

MgCO3 in lime sludge does not have a negative effect on reactivity because MgCO3 

contribution is not from the less reactive dolomite source. The results of this study, 

coupled with other studies from Kansas and Iowa, suggest that lime sludge can be very 

effective in capturing SO2. The high reactivity is attributed to its naturally fine particle 

size, high porosity, and large surface area. Lime sludge provides an excellent source of 

sorbent for wet flue gas desulfurization systems. Utilization of lime sludge for 

desulfurization could eliminate or reduce the need for limestone, especially in central and 

northeastern Illinois where high-calcium limestone deposits are generally absent or rare.  



2 
 

EXECUTIVE SUMMARY 

 

Flue-gas desulfurization (FGD) systems are important in controlling SO2 emission, and 

installation of these units in coal-fired power plants have accelerated in recent years. Our 

earlier studies supported by the Illinois Clean Coal Institute (ICCI) showed that high-

quality limestones were not very common in central and northern Illinois and were nearly 

absent in the northeastern part of the state (Lasemi et al., 2004, 2005, 2008, 2011). The 

results of these investigations have identified a need for additional sorbent sources, 

especially in central and northeastern Illinois. Lime sludge (lime slurry waste or lime 

softening residue), a by-product waste from lime softening water treatment plants, can 

provide a highly reactive, low-cost sorbent that could reduce or even replace the need for 

limestone for desulfurization in some areas.  Any strategy that leads to reducing 

operational costs will encourage investment in the existing and new coal-fired power 

generating stations.  

 

The main objective of this project was to determine the suitability of lime sludge for FGD 

systems in Illinois coal-fired power plants. Specifically, the project had three main tasks. 

Task 1 involved a detailed characterization of physical, mineralogical, and chemical 

properties. In Task 2 and 3 we evaluated the reactivity of lime sludge from selected water 

treatment plants in Illinois using thermogravimetric analysis (TGA) and titration 

methods. Results of this study, coupled with other studies from Kansas and Iowa, indicate 

that lime sludge is a highly suitable material for capturing SO2 from flue gas of coal-fired 

power plants. Lime sludge has a high reactivity, which is attributed to a naturally fine 

particle size, high porosity, and large surface area.  

 

This study showed that lime sludge is characterized by a very fine particle size, mostly 

averaging less than 15 µm. Particle sizes are, however, quite variable but rarely reach 

greater than 30 microns in diameter. Scanning electron microscopy (SEM) showed that 

actual crystal particle size of lime sludge is much smaller. The reason for larger particle 

size determined with laser particle size analyzer used in this study is for the most part due 

to aggregation of carbonate crystals into larger particles. Lime sludge also has a large 

surface area, ranging between 4.5-11 m2/g, which is much larger than that of limestone 

(mostly less than 2 m
2
/g), even those ground to -325 mesh, the particle size-range 

generally used in WFGD systems. 

 

Lime sludge ranges in color from white, light gray, pale yellow, or a pale brown as 

perceived by the eye in a Munsell color chart. The color is for the most part related to 

source of water used in treatment plants. If the source is groundwater then the sludge 

tends to be very light gray to white. The light color also correlates with higher purity of 

the sludge. In plants where surface water is used, the sludge tends to be darker and 

generally somewhat less pure. 

 

Data from both thermogravimetric analysis (TGA) and acid titration tests indicate that 

lime sludge are highly reactive compared to dolomite and even some limestone. For 

titration test, a pH-stat auto-titration technique based on a ASTM test method (ASTM 

C:1318-95) was used to investigate the dissolution performance of lime sludge, limestone 
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and dolomite  at a controlled pH value. The results showed that lime sludge reactivity has 

a weak to no correlation with MgO content as shown in figure below. This is in contrast 

to titration results from limestone and dolomite in which there is a strong negative 

correlation between reactivity (acid neutralizing capacity) and MgO content. The reason 

for the higher reactivity of lime sludge, regardless of MgO content, is that MgCO3 

contribution in lime sludge is not from the much less reactive dolomite source in 

dolomitic limestones and dolomites. We believe that MgCO3 in lime sludge occurs as 

solid solution within calcite lattice without significantly altering calcite structure. Our 

results showed that magnesium carbonate in solid solution with calcite not only does not 

reduce calcite reactivity but it may even enhance it.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Each year a large amount of lime sludge is produced in the United States and in Illinois 

from water treatment plants that use lime softening to reduce calcium and magnesium 

hardness from the source water. Only a small portion of the lime sludge is used for pH 

control in agriculture, while a significant amount ends up in landfills. Lime sludge 

consists of up to 97 weight percent calcium and magnesium carbonate. Because of this 

high soluble carbonate content and its very fine particle size as well as high surface area, 

lime sludge can serve as an excellent source of sorbent for wet flue gas desulfurization 

systems. Utilization of lime sludge as a sulfur oxide scrubbing agent provides several 

major cost-saving advantages: 1) the material is very fine, with an average particle size 

ranging between 8 and 20 microns in diameter. As a result, the material can be used as is, 

thus eliminating additional energy cost associated with grinding, and 2) lime sludge is a 

waste material that may be available at no cost except for the cost incurred for removal 

and transportation. This can reduce, or possibly eliminate, the need for limestone 

sorbents; especially in areas where limestone deposits are generally unavailable.  By 

using lime softening residue for sulfur scrubbing, the total savings to the coal-fired power 

generating industry can be substantial. 

 

Correlation between neutralizing capacity and MgO content in 

limestone/dolomitic limestone/dolomite and lime sludge. 
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OBJECTIVES 
 

The overall objective of the proposed project was to evaluate the quality of lime sludge, a 

by-product of lime softening from Illinois‘ water treatment plants, that could replace or 

supplement limestone in wet flue gas desulfurization (WFGD) systems of coal-fired 

power plants. Lime sludge is waste material that is available at no cost except for the cost 

incurred for removal and transportation.  

 

To meet environmental requirements, coal-fired power plants need to have access to 

affordable reserves of sorbents locally and at a low cost. Grinding of scrubber stone to a 

particle size range appropriate for flue gas desulfurization (FGD) units requires an 

enormous amount of energy. When added to the capital cost of grinding equipment it 

becomes almost too cost prohibitive for the power plant industry to install state of the art 

scrubber systems needed for removing sulfur and capturing other pollutants such as 

mercury. Lime softening residues can provide affordable sorbents for the scrubber 

systems of coal-fired power plants. This could save the power-generating industry 

millions of dollars and promote increased utilization of Illinois coal. 
 

There is limited information published showing potential for the use of lime sludge as a 

reagent for SOx removal in coal combustion flue gas. Results of limited studies in Kansas 

and Iowa suggest that lime sludge is very effective in capturing SO2 due to a high 

carbonate content and naturally fine particle size, high porosity, and large surface area. If 

proven, this highly desirable sorbent could eliminate or reduce the need for limestone, 

especially in central and northeastern Illinois where high-calcium limestone deposits are 

generally rare.  

 

Because lime softening practices and methods vary at various water treatment plants, 

there could also be variations in composition and physical properties of lime sludge from 

different sources that need to be evaluated. The main objectives of the proposed research 

were, thus to 1) determine the physical, mineralogical, chemical properties of lime sludge 

from water treatment plants in Illinois that may be suitable for FGD systems; and 2) 

conduct laboratory experiments to determine reactivity of lime sludge from selected 

number of water treatment plants with respect to sulfur capture. Results from this project 

will complement those from earlier ICCI-funded studies by expanding the database on 

scrubber stone resources in Illinois (Lasemi et al., 2004; 2005, 2008, 2011). 

 

Technical approaches to achieve the project objectives were as follows:  

 

Task 1 – Inventory and characterization of lime sludge: – The main objectives of this 

task were to 1) inventory and sample lime sludge and, if possible, quantify the 

volume/weight of sludge produced at each lime-softening water treatment plant; 2) 

characterized lime sludge sampled chemically (major, minor and trace element 

constituents); mineralogically (calcite, dolomite, clay minerals, quartz, etc.); and 

petrographically. For petrographic analysis, we used scanning electron microscopy and 

energy dispersive x-ray (SEM-EDX) methods to determine relationships between 

petrographic properties, major element composition, and reactivities; and 3) determine 

surface area, particle size, porosity, moisture content, and insoluble residue for a selected 
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number of samples collected.  

 

Task 2 – Measurements of relative reactivity under FGD conditions: under this task, 

we determined the acid dissolution rate of limestone samples as an indicator of limestone 

reactivity with respect to sulfur capture. We used a pH-stat auto-titration technique based 

on a ASTM test method (ASTM C:1318-95) to investigate the dissolution performance of 

lime sludge and limestone at a controlled pH value. We tested 28 lime sludge, 4 

limestone, 2 dolomite and one dolomitic limestone samples for this test for comparison 

and correlated the results with the properties determined under Task 1.  

 

Task 3 – Measurements of relative reactivity using TGA: This task involved 

subjecting representative lime sludge samples collected under Task 1 to calcination and 

sulfation experiments to evaluate reactivities and calcium utilization efficiencies. The 

samples were tested using a thermogravimetric analysis (TGA) instrument to evaluate 

their performances of dehydration (dewatering) and sulfation reaction with SO2 and 

compared the results with those from several limestone and dolomite samples.  

 

The overall goal of this project was about sustainable utilization of our resources; 

converting lime residue waste from water treatment plants into a potentially effective 

FGD sorbent that is normally disposed in landfills. Delivering this low-cost Illinois 

resource (lime sludge) to the electric utilities will enhance the marketability of another 

Illinois resource (coal) and eliminate or reduce the need for limestone sorbent in some 

area, thus contributing to resource conservation. 

Lime sludge production: Lime (CaO) added to water for removing Ca and Mg ions (top 

left); lime slurry (mainly CaCO3) are deposited in sedimentation lagoons (top right); and 

finally, lime sludge are removed and processed after dewatering (bottom photos).   
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INTRODUCTION AND BACKGROUND 

 

Limestone-based desulfurization technologies in coal-fired power plants are proven 

means of meeting the clean air standards. As a result, there has been an increased demand 

for high-purity limestone to remove gaseous sulfur oxides from coal-fired power plants in 

recent years. Although Illinois has abundant limestone resources (e.g., Krey and Lamar, 

1925; Goodwin and Baxter, 1981; Goodwin, 1983; Mikulic, 1990; Lasemi et al., 2004, 

2005, 2011), limestone suitable for desulfurization is not readily available throughout the 

state. In general, near-surface high-calcium limestone is rare in the northern part of the 

state and nearly absent in northeastern Illinois, where most of the population resides. 

High-calcium limestone resource is also limited in the central part of the state, and what 

is available is not of highest quality required for wet flue gas desulfurization systems. 

Therefore, high-quality limestone must be transported from distance sources at a high 

cost. The cost of transporting limestone by truck is so great that at 30 to 50 miles from 

the mine, the delivered price of the FGD-suitable limestone nearly doubles (Bhagwat, 

2000). 

 

Grinding limestone to an appropriate particle size for use in FGD units requires 

significant energy and a major capital investment in grinding equipment (Rogers et al., 

1999; Srivastava, 2000).  For Illinois coal to sustain its current market position, it is 

necessary to ensure that the total cost of generating electricity from Illinois coal is 

minimized. An essential part of the strategy to ensure that Illinois coal will remain in 

demand is, among other measures, to minimize the delivered cost of limestone or identify 

cheaply available local sources that require little preparation such as grinding. 

 

A potential sorbent resource that could provide a relatively inexpensive and highly 

effective scrubbing efficiency is lime sludge, a by-product of water softening at some 

water treatment plants. Lime sludge could replace or supplement the limestone needed 

for desulfurization, especially in areas where limestone resources are scarce.  

 

There are very few published reports on the use of lime sludge for desulfurization. Test 

trials of the sludge in two power plants in Iowa and Kansas showed a significant 

efficiency of the material in capturing SOx from the flue gas of coal-fired power plants. 

There are two reasons for the limited use of this potentially valuable resource. First, many 

in the coal-fired power plant industry are not aware of the availability of these resources. 

Second, the quality of these resources may be quite variable, depending on the method of 

water softening employed. As a result, there is a general lack of information on the 

quality and quantity of these residues; their chemical, mineralogical, and physical 

properties are poorly known, and their suitability as scrubbing agents in FGD units in 

Illinois have not been previously investigated. 

 

For limestone, previous studies carried out at the Illinois State Geological Survey (ISGS) 

and elsewhere have shown that numerous factors affect the reactivity during 

desulfurization (e.g., Borgwardt and Harvey, 1972; Harvey et al., 1974). These studies 

along with the results of recently funded ICCI projects (Lasemi et al., 2004, 2005, 2008, 

2011) demonstrated that limestones with certain physical properties, such as softness, low 
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abrasion resistance, high water absorption capacity, and low specific gravity generally 

were highly reactive to sulfur oxides. The softest, finest-grained limestones had 

significantly higher reactivity indices for SO2 than hard, but relatively fine crystalline 

limestone, even though the latter had the highest purity. Similarly, CaCO3 content, pore 

size and volume, particle size, surface area and composition can affect the suitability of 

lime softening residue for flue gas desulfurization. Because of high CaCO3 content, very 

fine particle size, and high pore volume and surface area, lime sludge residues tend to 

have a high reactivity with respect to sulfur capture (Shannon et al., 1997).  

 

Water treatment plants use lime or calcium oxide (CaO) to soften water that contains high 

concentrations of Ca and Mg ions. The by-product of lime softening process is a calcium 

carbonate-rich residue a limited amount of which is used for pH control in agriculture but 

mostly disposed into municipal sewer systems or sent to landfill.  There are currently 

over 60 lime softening water treatment plants in Illinois (Fig. 1). 

 

To soften the water, lime is reacted with water first to form calcium hydroxide (Ca(OH)2) 

which then reacts with Ca and Mg, the two common ions contributing to water hardness. 

Addition of hydrated lime (Ca(OH)2), which provides hydroxyl ions (OH), raises the pH 

to about 10 or 11, a condition favorable for carbonate precipitation. Calcium carbonate 

and to a lesser degree magnesium hydroxide are precipitated according to the following 

reactions, resulting in the removal of Ca and Mg ions (Langelier, 1936; Baker et al., 

2005): 

 

Ca(OH)2 + Ca
2+

 + 2HCO3      2CaCO3(s) + 2H2O 

 

Magnesium can be removed at pH values above 11: 

 

Ca(OH)2 + Mg
2+

 + 2HCO3       Mg(OH)2 + CaCO3(s) + H2O 

 

The lime softening process produces a residual called lime sludge, which mainly consists 

of calcium carbonate (CaCO3) that may comprise up to 97 percent of the residue by 

weight (Goodwin et al., 1982; Che et al., 1988; Shannon et al., 1997; Baker et al., 2005; 

this study). Magnesium hydroxide may also precipitate during the lime softening process. 

Magnesium hydroxide content of lime sludge in other studies has been found to be 

generally between 2 and 3 weight percent. We did not detect any magnesium hydroxide 

in lime sludge we have studied but found magnesium carbonate to be present in many of 

the samples, most likely in solid solution form within calcite. 

 

Goodwin et al. (1982) suggested that lime sludge, because of high calcium content, 

moderate magnesium content, and fine particle size gradation, could be ideal for use in 

flue gas sulfur scrubbers. More recent studies in Kansas and Iowa (Shannon et al., 1997; 

Baker et al., 2005) concluded that lime-softening sludge was much more effective in 

capturing SOx from coal-fired power plants than even the highest quality limestone (95% 

or better CaCO3 content). This was attributed mainly to naturally fine particle size and 

thus, very large surface area of the lime softening residue. 
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Figure 1. Location of lime softening water treatment plants and coal-burning fire plants.  
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EXPERIMENTAL PROCEDURES 

 
Grab samples of lime sludge from 35 representative Illinois water treatment plants that 

used lime softening process were collected and characterized for this study. The general 

location of the water treatment plants from which lime sludge samples were collected for 

this study is shown in Figure 1. The samples were characterized for physical. 

mineralogical and chemical properties. Lime sludge samples were also characterized 

petrographically using scanning electron microscopy and energy dispersive x-ray (SEM-

EDX) to determine relationships between petrographic properties, major element 

composition, and reactivities. In addition, porosity, surface area, particle size, insoluble 

residue, moisture content, and other relevant properties were determined for a selected 

number of samples collected.  

 

Physical Properties 

Twenty eight samples were subjected to particle size analysis using a Laser Scattering 

Particle Size Analyzer (Horiba Instruments Incorporated, LA-300) in the Department of 

Agricultural and Biological Engineering at the University of Illinois, Urbana-Champaign. 

This analyzer measures the size distribution of particles suspended in liquid by angular 

light scattering techniques. The unit consists of a pre-treatment section and a sample cell 

chamber containing the flow cell. The sample is dispersed in the pre-treatment section 

and the sample carrying liquid is circulated by the centrifugal circulation pump; the laser 

beam emitted from a laser diode is then dispersed and scattered by the particles in the 

flow cell. The intensity of the scattered light from the laser is converted into electrical 

signals, which are then used to calculate the size distribution of the particles. The system 

is connected to a personal computer to set the conditions for measuring, retrieving, and 

displaying data. It can measure particle sizes ranging from 0.1 to 600 µm. 

 

Surface area and pore size distribution of limestone and dried sludge samples were 

determined from adsorption isotherms of nitrogen from relative pressure (P/P0) of 10
-3

 to 

1 at 77K using a Micromeritics Gemini VII instrument. Samples were degassed in 

vacuum for 1 hour at 200° C prior to nitrogen adsorption. Surface area (SABET) was 

calculated from the linear range of the Brauner-Emmett-Teller (BET) equation from the 

relative pressure of 0.03 to 0.3.  Pore size (volume) distribution of selected samples was 

determined from nitrogen isotherms employing the BJH (Barrett, Joyner, Halenda) 

method and using Hasley thickness curve. Total pore volume (Vtotal) was calculated from 

the adsorbed volume of nitrogen near the saturation point (P/P0 = 0.99). Surface area and 

pore size distribution was conducted at the Applied Research Laboratory at the ISGS. 

 

Moisture content and insoluble residue were determined using methods outlined in 

ASTM D2216-05 Standard Methods and Harrison (1993). Color readings were taken 

with a HunterLab Miniscan XE Plus Colorimeter. The instrument duplicates how our 

eyes see color, measuring the product in numerical values to correlate what is seen.  A 

Munsell Color chart reading also provided to clearly convey what color is seen in 

standard terms. The Environmental Scanning Electron Microscope (ESEM) images and 

energy-dispersive x-ray spectroscopy (EDX) readings were taken with a Philips XL30 

ESEM-FEG at the Beckman Institute for Advanced Science and Technology at the 
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University of Illinois.  

 

Chemical and Mineralogical Analysis 

Mineralogical analyses were performed at the Illinois State Geological Survey (ISGS) by 

x-ray diffraction (XRD) methods within the Bedrock Geology and Industrial Minerals 

Section. For the XRD procedure, the samples were micronized in a McCrone® 

micronizing mill with deionized water for 10 minutes. Then they were transferred to a 

50-mL centrifuge tube. The tubes were placed in a centrifuge for 20 minutes at 2000 rpm. 

The clear supernatant was poured off and the remaining material dried overnight in a low 

temperature oven. This remaining sample was mixed lightly with a mortar and pestle and 

then packed into an end-loading sample holder as a random powder bulk-pack. The 

random bulk-pack was analyzed with a Scintag® XDS2000 machine. Step-scanned data 

was collected from 2° to 60° 2θ with a fixed time of 5 seconds per 0.05°2θ for each 

sample. All resulting traces were analyzed using the semi-quantitative data reduction 

software from Materials Data Inc. (MDI) known as Jade+®. 

 

Each peak on the 2Ɵ x-axis of an XRD trace corresponds to a reflection from an 

individual lattice plane in a crystalline material. Using Jade+® we were able to determine 

the minerals present based on peaks matched to a database of known standards. We were 

then able to use peak intensities to make semi-quantitative determinations of the relative 

abundances of each mineral present in a sample. However, mineral detectability, 

identification and quantification are all dependent on factors such as the complexity of 

the bulk powder sample, individual crystallinity (or lack thereof) for each mineral 

present, and the accuracy of the instrument performing the analysis. While there can be 

detections of minor phases to a minimal 1 weight percent of the suite of minerals present, 

it is not always prudent to rely on the quantification of such a small amount. Samples can 

often vary in homogeneity, the amount of amorphous material or even have solid solution 

variations throughout a sample making a ±3% range in mineral composition in a sample a 

realistic variation to consider. Various peaks of minerals can also overlap, which again 

can cause semi-quantitative percentages to shift slightly for the minerals present.  

However, combining qualitative analysis of the XRD traces with semi-quantitative 

analysis, XRD can provide a clear picture of the minerals present in the sample and their 

relative amounts. See Appendix B for example XRD traces. 

  

A fusion XRF whole rock package, Activation Laboratories Ltd, Ontario, Canada 

(Actlab) WRA-XRF Code 4c option, was used to determine the concentrations of 

elements in the samples. Elements determined (reported as oxides) include silicon (Si), 

aluminum (Al), iron (Fe), potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), 

titanium (Ti), phosphorus (P), manganese (Mn), vanadium(V) and chromium (Cr).  

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) was used to analyze for trace 

elements using Actlab‘s Ultratrace 1-ICP-MS option. For more detailed information on 

methods used for these analyses refer to Activation Laboratory web site at 

www.actlabs.com. 
 

http://www.actlabs.com/
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Figure 2. Schematic diagram of the limestone reactivity test. (1) Autotitrator, (2) HCl bottle, 

(3) pH probe wire, (4) HCl titrant line, (5) electrode wire, (6) stirrer, (7) reactor, (8) water bath. 

Experimental Procedures 

The reactivity of the lime sludge for wet FGD was determined by measuring the 

dissolution rate and the neutralizing capacity of the samples at acid conditions (ASTM, 

Designation: C1318-95). Limestone reactivity is generally determined by the speed at 

which the limestone dissolves in a solution. Factors such as the pH of the solution can 

affect reactivity (Radian International LLC, 1996). Sulfuric acid or hydrochloric acid can 

be used to measure the reactivity of the limestone instead of gaseous SO2, as the reaction 

mechanism is comparable to that in wet FGD systems equipped with air oxidation of 

sulfite. Similar procedure was used to determine the reactivity of lime softening residues. 

There are two methods to measure the reactivity of lime sludge for wet FGD application: 

1) measuring the dissolution rate of lime sludge at a constant pH (Shih et al., 2000), and 

2) measuring the pH-time derivative during neutralization (Ahlbeck et al., 1993, 1995).  

 

The first method is to compare the dissolution rate of lime softening residue from 

different sources based on the acid addition volume – time curve at a certain pH using a 

linear regression. The dissolution rate constant can be obtained by employing mass 

transfer and solution-reaction models. A shrinking core behavior is assumed for the 

dissolution process of the lime sludge. The second method, which was used for this 

project, is based on the sequential titration of acid by adding measured amounts of an 

acid to the lime softening residue slurry and monitoring the decrease in the pH-time curve 

as the acid is added. Once the pH reaches a constant value, the next batch of acid (equal 

amount in each addition) is introduced to the solution. An overall reactivity constant can 

be calculated for each titration step from the derivative of the sequential pH–time curve.  

 

The schematic of the automated experimental test system currently used to measure 

reactivity is shown in Figure 1. To prepare lime sludge slurry, 2.5 g of an as-received 

sample was first added to 200 mL of de-ionized water. Then the slurry was preheated at 

50 
◦
C for 5 minutes. Titration was conducted at a constant pH of 6 by the auto-addition of 

a 1 M HCl solution. The slurry was titrated at 50 
◦
C for 60 minutes while being stirred at 

300 rpm. 
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RESULTS AND DISCUSSION 

 
Task 1 – Inventory and Characterization of Lime Sludge 

For this Task, 36 Illinois water treatment plants that produce lime softening residue were 

visited to collect grab samples of lime sludge for physical, mineralogical and chemical 

characterization. Sludge from an additional non-lime softening plant was also samples 

and characterized for comparison. 

 

Physical properties – All lime sludge samples we investigated in this study are naturally 

very fine with more than 95 percent passing a 325-mesh sieve. Average particle size for 

the Illinois lime sludge we have studied ranges between 7.6 and 21.5 µm. However, 

average particle size in majority of the samples is less than 15 µm (Fig. 3). For more 

detailed particle size data see Appendix E.  

 

Lime sludge also has a very high porosity. Because of the high porosity and small particle 

size, lime sludge also has high surface area compared to finely ground limestone and 

dolomite. Lime sludge surface area ranges between 4 and 15 m
2
/g (Table 1; Fig. 4). In 

contrast, the surface area of limestone and dolomite that were ground to pass 325 mesh 

sieve, the size reportedly used in most WFGD scrubbers, is much less, ranging between 

0.67 and 3.62 m
2
/g but mostly less than 2 m

2
/g (Table 1; Fig. 4). See Appendix F for 

details on surface area, pore size, and pore volume. 

 

Prior to disposal, lime sludge is sent to sedimentation lagoons as slurry containing more 

than 80% water. Once the lagoons are filled, the sludge remains in the lagoons long 

enough to dehydrate for removal. The moisture content of partially dewatered sludge 

samples is shown in Table 1. Variation in moisture content reflects the sludge resident 

time in the lagoons. Several water treatment plants (Chester, Moline, and East Alton) 

dispose the slurry into the city sewer system, and thus the moisture contents for those 

samples are not shown. 

 

Except for a few samples, insoluble residues, determined by dissolving the samples in 

dilute hydrochloric acid, is quite low (Table 1). This suggests that lime sludge for the 

most part consists of pure soluble carbonates. Colorimeter data show that many samples 

are very close to white as perceived by the eye (Table 2). The color of sludge correlates 

well with the purity in terms of carbonate content and the source of drinking water. Water 

from groundwater sources tends to form very light and pure lime sludge; whereas lime 

sludge from the treatment of surface waters (rivers and lakes) tends to be light gray, pale 

yellow, or pale brown. 

 

Scanning electron microscopy (SEM) shows that lime sludge is made up of very fine 

crystals, some of which have well-developed crystal faces (Fig. 5). Many crystals are, 

however, less well developed possibly due to rapid precipitation. SEM also shows that 

crystal diameters are much smaller in most cases than the particle size measured in the 

lab with particle size analyzer. We believe this to be due to clustering of crystals into 

larger aggregates. Both SEM and pore volume data further prove the very finely 

crystalline and porous nature of these materials. Small crystal size and high porosity 
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contribute to the high surface area measured for lime sludge samples (Table 1). 

 

 Table 1. Particle size, BET surface area, moisture content, and insoluble residue. 

 
IR*: acid insoluble residue 

**: dolomite 

Lime Sludge Limestone/ 

Dolomite 

Surface area 

(m
2
/g) 

Particle Size 

(µm) 

Moisture 

% 

IR* 

% 

Aurora  5.98 10.31±6.60 66.1 0.90 
Rantoul  9.80 10.26±5.72 62.1 0.00 
Champaign   7.97 9.92±4.78 65.7 0.00 
Sullivan  11.10 12.96±8.51 57.1 0.00 
Elgin  5.94 13.79±8.58 46.1 1.83 
West Chicago  8.20 18.03±11.74 47.3 0.91 
Springfield  4.40 10.75±17.77 77.0 0.91 
Bloomington   4.10 21.19±9.17 39.5 0.00 
Normal  9.87 14.34±16.60 60.8 0.96 
Mattoon  11.20 11.32±7.26 71.0 5.94 
Clear Water  6.10 19.74±14.32 49.1 0.00 
Charleston  4.90 13.18±8.88 65.5 0.00 
Effingham   11.21 14.28±8.09 62.0 2.83 
Holland  14.86 8.72±4.97 77.8 1.94 
Kankakee  6.50 9.08±5.67 76.8 3.96 
Montgomery  8.10 15.75±9.41 48.9 0.00 
Wilmington  6.70 12.55±8.27 77.7 3.92 
Danville  9.90 13.55±7.97 53.9 1.90 
Moline   21.45±11.59  3.81 
Clinton   10.40±5.86 65.4 0.97 
Taylorville   11.14±4.93 29.3 3.77 
Forsyth   12.41±8.29 40.1 0.00 
Decatur    17.94±16.41 75.6 3.85 
East Alton   14.05±7.52  0.93 
Hartford   11.57±7.49 58.3 1.98 
Nutwood   7.61±4.37 64.8 0.00 
Collinsville   9.47±4.93 37.3 0.00 
Dupo  

 

 9.18±4.69 59.5 0.00 
Chester   11.66±7.50  17.60 
Longcreek    18.7  
Jacksonville    75.9  
ADM WTP    66.9  
Curran-Gardner    65.0  
Macomb    81.5  
Quincy    67.4  
 SYCQ-1** 2.04    
 JQ-3 3.62    
 TRQ-2 1.16    
 TRQ-4 2.58    
 HTN-2D 1.22    
 QNC-2 1.07    
 BRKQ-1 0.67    
 Brickey 0.78    
 Nokomis 1.83    
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Table 2. Colorimeter data, color Munsell, and mineralogy (determined with XRD). XRD 

results are semi-quantitative, which tends to overestimate mineral percentages. XRF data 

shown in Table 3 gives a better estimate of potential minerals present.  

Lime Sludge L*Value a*Value b*Value Munsell 
Calcite

% 

Aragonite

% 

Quartz

% 

Aurora 78.45 -1.07 10.07 N 8 white 98 0 2 

Rantoul 92.94 0.71 8.12 N 8.5 white 99 0 1 

1 

1 

2 

1 

2 

1 

3 

Champaign  92.50 0.67 4.82 2.5Y 9.5/1 white 99 0 1 

Sullivan 91.71 0.69 5.84 2.5Y 9.5/1 white 6 93 1 

Elgin 80.99 0.90 13.63 N 8.5 white 98 0 2 

West Chicago 92.03 0.54 3.40 2.5Y 9.5/1 white 6 93 1 

Springfield 69.33 -0.92 3.01 7/N light gray 98 0 2 

Bloomington  89.92 -0.14 3.76 2.5Y 9.5/2 very pale yellow 99 0 1 

Normal 91.52 1.00 6.21 N 9.5 white 97 0 3 

Mattoon 70.72 -0.89 10.99 8/N white 98 0 2 

Clear Water 92.43 1.10 9.89 2.5Y 9.5/1 white 8 91 1 

Charleston 85.80 0.06 14.34 2.5Y 9/1 white 99 0 1 

Effingham  67.66 0.27 13.61 7/N light gray 98 0 2 

Holland 87.32 -0.19 11.58 2.5Y 9.5/1 white 99 0 1 

Kankakee 78.61 1.31 13.87 2.5Y 8.5/1 white 97 0 3 

Montgomery 95.29 1.21 4.82 N 9.5 white 2 97 1 

Wilmington 74.47 1.13 13.10 2.5Y 8/1 white 97 0 3 

Danville 72.52 0.12 10.38 7/N light gray 97 0 3 

Moline 69.91 1.59 14.89 2.5Y 7/3 pale brown 96 0 4 

Clinton 90.67 1.23 11.87 2.5Y 9/1 white 98 0 2 

Taylorville 71.87 -0.20 3.68 Gley 1 6/N gray 98 0 2 

Forsyth 91.66 1.39 10.25 2.5Y 9.5/1 white 12 85 2 

Decatur  67.94 -0.11 4.47 6/N gray 98 0 2 

Chester 68.02 3.42 21.50 2.5Y 7/3 pale brown 84 0 16 

East Alton 77.99 6.06 25.51 10YR 8/4 very pale brown 99 0 1 

Hartford 84.74 4.99 23.90 10YR 9/2 pale orange 

yellow 

98 0 2 

Nutwood 94.86 0.89 7.74 N 9.5 white 99 0 1 

Collinsville 95.61 0.70 5.66 N 9.5 white 97 0 3 

Dupo 83.23 5.07 24.59 10YR 8/4 very pale brown 99 0 1 

Longcreek 92.88 0.93 8.55 2.5Y 9.5/1 white 33 66 1 

Jacksonville 86.52 0.70 8.67 10YR 9/1 white 98 0 2 

ADM WTP 74.60 1.49 9.66 2.5Y 8.5/1 white 95 0 5 

Curran-

Gardner 

94.31 1.44 7.15 2.5Y 9.5/1 white 99 0 1 

Macomb 77.28 -0.32 7.73 Gley 1 8/N white 98 0 2 

Quincy 81.62 2.86 16.07 2.5Y 9.5/1 white 99 0 1 

L*: 100 = pure white; 0.0 = pure black 

a*: + = red; - = blue 

b*: + = yellow; - = blue 
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Figure 3. Mean particle size of lime sludge measured using a Laser Scattering Particle 

Size Analyzer. 

Figure 4. Surface area measured for lime sludge, limestone and a dolomite. Limestone 

and dolomite samples were ground to – 325 mesh (44 µm). 



16 
 

B A 

C D 

E F 

Figure 5. SEM photomicrographs of representative lime sludge samples studied. A, B, and C 

are calcitic lime sludge and D, E, and F are aragonitic lime sludge. Aragonite is a calcium 

carbonate polymorph similar in composition (CaCO3) to calcite but with different crystal 

morphology. As can be seen in these photomicrographs, crystals in the calcitic sludge are 

mainly blocky, some with well-developed rhombohedron and scalenohedron morphologies. 

Aragonitic sludge, on the other hand, mainly consists of finely crystalline, needle-shaped to 

acicular crystal habits. 
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Lime sludge mineralogy – X-ray diffraction (XRD) results from lime sludge often 

showed the samples to consist primarily of calcite or aragonite, both calcium carbonate 

(CaCO3) polymorphs. The only other mineral present in some samples was quartz (SiO2), 

showing minor peaks on XRD traces. Traces often consisted of a strong peak at or near 

29.4˚2Ɵ with shifts in the peak moving to as high as 29.5˚2Ɵ, indicative of a very pure 

calcite, with possible magnesium substitution in the crystal lattice in some samples 

causing broadening of the peak and a shift in peak position. Most traces only 

demonstrated other secondary calcite peaks as prominent peaks on the trace (Fig. 6 and 

Appendix B).  The samples that reflected aragonite in an XRD trace were Sullivan, West 

Chicago, Clear Water, Montgomery, Forsyth and Longcreek. Some of these samples 

were nearly entirely aragonite, while others had a mixture of calcite and aragonite. 

Differences in mineral composition most likely occur because of various interactions 

with magnesium in the unique water conditions (pH, temperature, etc.) of each water 

treatment plant (Glover and Sippel 1967).  

 

 

 

 

 

 

 

 

Figure 6. Comparison of three lime softening sludge samples. Two (green trace line, Sullivan 

and blue trace line, West Chicago) are ‗atypical‘ and show aragonite and calcite peaks.  The 

bottom red trace line (Rantoul) is typical of most samples collected, appearing to be a rather 

pure calcite sample. 
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Chemical properties – Major (XRF) and trace element (ICP-MS) data are shown in 

Tables 3 and Appendix A. Geochemical data give a more accurate picture of composition 

and purity of the lime sludge samples we have studied.  

 

A shown in Table 3 and Figure 7, CaO is the dominant oxide present in the lime sludge 

studied. Magnesium oxide is the next dominant oxide with some SiO2 also present in 

some samples. Minor amounts of Al2O3, Fe2O3, and MnO are also present in all samples. 

There is a strong positive correlation between the combined value of SiO2, Al2O3, Fe2O3, 

and MnO and insoluble residue content (Fig. 8), suggesting that these oxides for the most 

part occur as insoluble compounds. In contrast, the value of SiO2, Al2O3, Fe2O3, and 

MnO combined is negatively correlated with CaO plus MgO content (Fig. 9), suggesting 

soluble nature of the Ca and Mg compounds.  
  

Calculated CaCO3 and MgCO3 contents, based on XRF CaO and MgO, are shown in 

Figure 10, and total carbonate (CaCO3+MgCO3) content is shown in Figure 11. We 

believe that Mg occurs primarily in the form of Mg carbonate. XRD data suggest that 

these magnesium carbonates primarily occur as solid solution within calcite lattice. This 

interpretation is supported by XRF data.  CaCO3 and MgCO3 contents are negatively 

correlated, indicating that as substitution of calcium by magnesium increases, the amount 

of calcium (or CaO) decreases. In addition, strong correlation between acid insoluble 

residue and combined SiO2, Al2O3, Fe2O3, and MnO (Fig 8), further indicates that these 

oxides are not generally in soluble carbonate forms. On the other hand, there is an inverse 

relationship between the amount of insoluble residues and total CaO and MgO contents, 

suggesting that these oxides are in soluble form, primarily as CaCO3-MgCO3 mixture. 

 

Figure 7. Major oxides in lime sludge studied. 
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Table 3. X-ray fluorescence (XRF) data for major elements. CaCO3 and MgCO3 contents were calculated from Cao and MgO. Total 

carbonates = CaCO3 and MgCO3.
Samples SiO2 

% 

Al2O3 

% 

Fe2O3(T) 

% 

MnO 

% 

MgO 

% 

CaO 

% 

Na2O 

% 

K2O 

% 

TiO2 

% 

P2O5 

% 

LOI 

% 

Total 

% 

CaCO3 

% 

MgCO3 

% 

Total 

Carbonates% 

Aurora 2.07 0.19 0.97 0.02 5.58 44.85 0.07 0.04 0.01 0.1 44.98 98.87 80.06 11.67 91.73 

Rantoul 1.46 0.34 0.4 0.01 4.2 47.06 0.06 0.02 0.01 0.13 43.73 97.41 84.00 8.78 92.78 

Champaign 1.48 0.08 0.43 0.006 5.61 47.19 0.06 < 0.01 < 0.01 0.07 43.54 98.46 84.23 11.73 95.96 

Sullivan 1.31 0.08 0.72 0.025 2.62 50.6 0.01 < 0.01 < 0.01 0.04 44.49 99.91 90.32 5.48 95.80 

Elgin 1.68 0.81 0.27 0.075 6.67 43.27 0.05 0.04 0.01 0.05 45.94 98.86 77.24 13.95 91.18 

West Chicago 1.3 0.23 0.13 0.005 3.61 47.95 0.06 < 0.01 < 0.01 < 0.01 44.63 97.91 85.59 7.55 93.14 

Springfield 2.29 0.29 1.24 0.078 4.89 42.62 0.02 0.05 0.01 0.2 43.06 94.75 76.08 10.22 86.30 

Bloomington 0.48 0.08 0.13 0.008 2.02 50.78 < 0.01 0.01 < 0.01 0.04 44.01 97.53 90.64 4.22 94.87 

Normal 3.23 0.28 0.52 0.041 7.08 44.72 0.08 0.01 0.01 0.06 43.7 99.74 79.83 14.80 94.63 

Mattoon 4.44 1.97 0.5 0.252 5.86 41.42 0.05 0.15 0.04 0.26 44.01 98.96 73.93 12.25 86.19 

Clear Water 1.16 0.06 0.13 0.029 2.11 50.23 0.13 < 0.01 < 0.01 0.03 44.51 98.39 89.66 4.41 94.07 

Charleston 0.63 0.52 0.14 0.029 4.76 43.91 0.01 0.01 < 0.01 0.04 45.55 95.63 78.38 9.95 88.33 

Effingham 2.99 2.05 0.43 0.075 5.38 42.93 0.02 0.02 0.06 0.08 45.46 99.5 76.63 11.25 87.88 

Holland 1.55 2.11 0.18 0.096 5.77 44.14 0.01 0.01 0.02 0.19 45.48 99.56 78.79 12.07 90.85 

Kankakee 3.19 0.69 0.88 0.032 5.11 46.7 0.02 0.08 0.05 0.05 42.72 99.52 83.36 10.69 94.04 

Montgomery 1.53 0.28 0.17 0.006 3.81 49.6 0.02 0.01 0.03 0.01 43.73 99.20 88.54 7.97 96.50 

Wilmington 4.41 1.02 2.03 0.033 5.76 43.84 0.06 0.03 0.07 0.08 42.4 99.72 78.25 12.04 90.30 

Danville 3.02 0.48 0.96 0.021 5.6 46 0.04 0.01 0.04 0.08 43.82 100.1 82.11 11.71 93.82 

Moline 5.02 0.94 1.15 0.032 4.96 44.22 0.06 0.07 0.06 0.1 44.19 100.79 78.93 10.37 89.30 

Clinton 1.22 0.22 0.47 0.008 4.43 47.99 0.02 0.01 0.02 0.12 44.61 99.12 85.66 9.26 94.93 

Taylorville 3.37 2.57 0.22 0.022 4.16 45.6 0.04 0.01 0.04 0.06 43.03 99.13 81.40 8.70 90.09 

Forsyth 1.26 0.08 0.65 0.101 4.13 48.72 0.03 0.01 0.02 0.04 44.56 99.60 86.97 8.64 95.60 

Decatur 2.28 1.57 0.29 0.043 4.86 45.99 0.03 0.01 0.04 0.16 44.86 100.09 82.09 10.16 92.25 

Chester 15.42 2.86 2.15 0.066 1.6 40.36 0.28 0.4 0.15 0.15 36.57 99.99 72.04 3.35 75.39 

East Alton 1.16 0.12 1.57 0.233 1.03 52.18 0.04 0.01 0.02 0.11 43.22 99.69 93.14 2.15 95.30 

Hartford 1.76 0.47 2.57 0.103 1.61 49.73 0.06 0.02 0.02 0.12 43.5 99.96 88.77 3.37 92.13 

Nutwood 1.12 0.17 0.47 0.139 3.05 51.08 0.03 0.01 0.02 0.03 44.12 100.2 91.18 6.38 97.56 

Collinsville 1.77 0.33 0.23 0.105 3.3 50.24 0.04 0.01 0.02 0.05 43.69 99.79 89.68 6.90 96.58 

Dupo 1.67 0.17 1.83 0.191 2.09 50.24 0.03 0.01 0.02 0.17 43.35 99.77 89.68 4.37 94.05 
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Figure 8. Correlation between insoluble residue and combined values of SiO2, 

Al2O3, Fe2O3, and MnO. 

Figure 9. Correlation between CaO+MgO and combined values of SiO2, Al2O3, 

Fe2O3, and MnO. 



21 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We believe that MgO occurs as MgCO3 (magnesium carbonate) in the lime sludge 

samples we have studied. Another evidence suggesting MgO occurrence as carbonate 

comes from the loss on ignition (LOI) data. LOI value is assumed to be primarily from 

CO2 released from carbonate phases. This assumption is valid as the amount of organic 

matter in these samples is very low. Water bound within the CaCO3 mineral structure has 

also been shown to be very low (Shannon et al., 1977). 

 

The remaining value of LOI in the sludge after the amount of CO2 in CaCO3 (calculated 

from CaO) subtracted from total LOI, has a strong positive correlation with MgCO3 (Fig 

12), suggesting that Mg primarily occurs in the form of Mg Carbonate.  

Figure 10. Calcium and magnesium carbonates in lime sludge samples.  

Figure 11. Total carbonate content (CaCO3+MgCO3) in lime sludge samples.  
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XRD data, however, shows that MgCO3 does not occur as a separate mineral phase. This 

could be either because MgCO3 is present as an amorphous phase, thus not detected by 

XRD, or it occurs in solid solution within calcite lattice as we suspect.  

 

If we focus on the pure calcite samples, we can develop a clear picture of the impact of 

the magnesium on composition of carbonates in samples from different water treatment 

plants. There were sometimes small shifts in the k-alpha calcite peak from the 29.4˚ 2Ɵ 

position, and sometimes the peaks became a bit broader. This structural variability in the 

calcite crystals is most likely related to the amount of magnesium content in the system 

where the crystals are precipitated. Unit cell dimensions are impacted by the amount of 

magnesium that is substituted into the lattice (Falini et al 1998). The diffraction pattern 

demonstrates this by shifting the peaks from the 29.4˚ 2Ɵ position, reflecting a change in 

the crystal structure from that of what a pure calcite would reflect (Fig. 13). The 

magnesium reduces the unit cell dimensions, which changes the diffraction angle. The 

magnesium is incorporated into calcite via solid solution. This solid solution impacts the 

structure of the calcites from each site uniquely based on the amount of magnesium 

substitution that has occurred in the calcites from each site. 

Figure 12. Correlation between MgO and LOI that remains after subtracting the 

amount of CO2 in CaCO3. Strong correlation suggests that MgO in lime sludge is 

most likely in the form of MgCO3. 
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It should be noted that MgCO3 like CaCO3 is acid soluble; this is an important property 

for desulfurization reactions in FGD systems. This is in contrast to double carbonate 

Dolomite MgCa(CO3)2, which because of its totally different crystal structure from 

calcite or magnesium calcite, is not very reactive and thus a poor sorbent for 

desulfurization in FGD systems. Solubility of calcite, magnesium calcite (or high-

magnesium calcite), and aragonite are essentially the same in acidic environments, and 

this solubility is much higher than that of a dolomite or dolomitic limestone.  

 

Task 2 – Measurements of Relative Reactivity under FGD Conditions:  
The accurate estimation of limestone reactivity is important because it is a necessary 

parameter in the modeling and design of a wet FGD system. Limestone reactivity is a 

direct measure of how the limestone will produce dissolved carbonates, and react with the 

acid resulting from the dissolution of sulfur dioxide (SO2) into water (Brown et al., 

2010). Because limestone does not react directly with SO2, but instead reacts with the 

protons released from its absorption, any acid may be used as a neutralizing agent. ASTM 

developed a standard test method for determination of total neutralizing capability and 

Figure 13.  XRD trace from Danville lime sludge. Red dashed lines are the coordinates of the 

actual sample peaks. Overlays of a standard calcite (solid blue line) and a standard magnesium 

calcite (solid green line) are provided for reference. The shift in Danville peak is attributed to the 

presence of MgCO3 solid solution within lime sludge calcite structure.  
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dissolved calcium and magnesium oxide in lime for wet FGD systems (ASTM C:1318-

95). In this study, a similar procedure was used to determine the reactivity of lime sludge 

and limestone and assess their relative performance for the scrubbing of SO2 from the 

flue gas. 

 

A pH-stat auto-titration technique based on a ASTM test method (ASTM C:1318-95) was 

used to investigate the dissolution performance of lime sludge and limestone at a 

controlled pH value. The dissolution rate or reactivity of 28 lime sludge and 4 limestone, 

2 dolomite, and one dolomitic limestone samples were tested. 

 

To prepare lime sludge slurry, 2.5 g of an as-received sample was first dissolved in 200 

mL of de-ionized water. Then the slurry was preheated at 50 
◦
C for 5 minutes. Titration 

was conducted at a constant pH of 6 by the auto-addition of a 1 M HCl solution. The 

slurry was titrated at 50 
◦
C for 60 minutes while being stirred at 300 rpm.  

 

In the testing of limestone and dolomite samples, similar steps used for lime sludge 

samples were employed. Note that the as-received limestone samples were ground and 

sieved and a size fraction of less than 325 mesh (44 µm) was used for the titration test. 

 

Data analysis – During the titration, both calcite and dolomite react with the acid. The 

overall reactions are:  

  

 

 

 

The instant dissolution rate of calcium or magnesium in limestone and lime sludge can be 

determined by the volumetric addition rate of the HCl solution, 
 

 

 

 

 

where C and V are the molar concentration and added volume of HCl solution, 

respectively.  

 

Similarly, an average dissolution rate of calcium or magnesium, i.e., the fraction of 

dissolution over a certain titration period of time, can be expressed as follows:   

 

 

 

 

 

 

where Wo is the initial weight of limestone or lime sludge in slurry, and XCaO and X MgO 

are the CaO and MgO contents in limestone or lime sludge, respectively. 

 

) 40 / 56 / ( 

2 

0 MgO CaO 

HCl 

X X W 

t 

V C 

rate n Dissolutio 
 

 

 

 



25 
 

The neutralizing capacity of limestone and lime sludge is also a useful parameter for 

assessing their overall capacity for reacting with the acid. It can be calculated according 

to the following definition,  

 

 

 

 

 

Dissolution rate and neutralizing capacity – The titration curves obtained for 28 lime 

sludge samples are shown in Figure 14. The shapes of titration curves for all the samples 

are similar. For the comparison purpose, the titration curves for the limestone and 

dolomite samples investigated are also shown in Figure 14. The reactivity of lime sludge 

samples was much greater than that of dolomite. Also, some lime sludge samples showed 

more pronounced reactivities than those of limestone samples. For example, the lime 

sludge sample collected from Normal, IL area revealed the most significant reactivity 

among all the lime sludge and limestone and dolomite samples.  

 

Based on the titration curves shown in Figure 14, the dissolution rates and neutralizing 

capacities were calculated for all the lime sludge and limestone/dolomite samples (Table 

4). The Ca and Mg dissolution rates of the 28 lime sludge samples ranged from 22.38% 

to 48.73% after 60 minutes. The neutralizing capacities of the samples ranged from 4.28 

to 9.5 mol H
+
/kg lime sludge. However, for the 7 limestone and dolomite samples, their 

Ca and Mg dissolution rates and the neutralizing capacities ranged from 13.47% to 

38.89% and 2.84 to 7.52 mol H
+
/ Kg lime, respectively. The dissolution rate and 

neutralizing capacity positively correlated to each other for the samples with comparable 

purity of Ca and Mg. For example, among the 28 lime sludge samples, the Normal, IL 

samples showed the fastest dissolution rate and neutralizing capacity while the East Alton 

sample showed the lowest. In regard to limestone samples, JQ-3 showed the highest 

dissolution rate and neutralizing capacity while TUSQ-1, a dolomite, showed the lowest.  
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Figure 14. Comparison of titration results for lime sludge, limestone and dolomite samples. 

Although reactivity of lime sludge samples, measured in terms of volume of acid added, is quite 

variable, lime sludge is as reactive or more reactive than limestone. However, reactivity of lime 

sludge is significantly higher than dolomite.   
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Table 4. Dissolution rate and neutralizing capacity of lime sludge and limestone samples 

measured at 10, 30 and 60 minutes (the samples highlighted yellow are limestone or 

dolomite samples).  

 

 

Correlation with sample properties – The acid neutralizing capacities was plotted with 

respect to the MgO% content of the lime sludge and limestone samples (Fig. 15). The 

results show that acid neutralizing capacities of lime sludge has a weak to no correlation 

with MgO content. This is in contrast to acid neutralizing capacities of limestone and 

dolomite in which there is a strong negative correlation between reactivity (acid 

neutralizing capacity) and MgO content. The reason for the higher reactivity of lime 

sludge, regardless of MgO content, is that MgCO3 contribution in lime sludge is not from 

the much less reactive dolomite source as is in dolomitic limestones and dolomites (see 

Appendix C for a more detailed discussion of reactivities obtained by titration method). 

 

Sample CaO % MgO % Added volume of acid (ml) Dissolution fraction of Ca & Mg(%)rate of Ca and Mg (%) Acid- neutralizing capacity (molH/Kg adsorbent)

10 30 60 10 30 60 10 30 60

4543- Aurora  44.85 5.58 9.0866 14.3950 19.1890 19.3252 30.6149 40.8106 3.6347 5.7580 7.6756

4544- Rantoul 47.06 4.20 7.9625 12.8050 17.0765 16.8454 27.0903 36.1271 3.1850 5.1220 6.8306

4545- Champaign 47.19 5.61 9.7600 15.3975 20.6440 19.8589 31.3298 42.0051 3.9040 6.1590 8.2576

4546- Sullivan 50.60 2.62 9.2024 13.7200 18.2515 18.9922 28.3158 37.6680 3.6810 5.4880 7.3006

4547- Elgin 43.27 6.67 7.6575 13.3050 18.4090 16.3025 28.3257 39.1919 3.0630 5.3220 7.3636

4548- W. Chicago 47.95 3.61 7.7450 12.6525 16.7940 16.3656 26.7353 35.4865 3.0980 5.0610 6.7176

4549- Springfield 42.62 4.89 9.3850 14.7075 19.6540 21.2492 33.3004 44.5002 3.7540 5.8830 7.8616

4550- Lake Bloomington 50.78 2.02 3.5250 8.1699 12.3610 7.3646 17.0688 25.8251 1.4100 3.2679 4.9444

4551- Normal 44.72 7.08 11.6175 17.8025 23.7740 23.8168 36.4966 48.7386 4.6470 7.1210 9.5096

4553- City of mattoon 41.42 5.86 5.4075 8.9725 12.3400 12.2046 20.2506 27.8510 2.1630 3.5890 4.9360

4554- Clear Water 50.23 2.11 5.9300 10.1374 13.6415 12.4880 21.3482 28.7276 2.3720 4.0549 5.4566

4555- Charleston 43.91 4.76 8.1100 12.4800 16.9490 17.9602 27.6379 37.5349 3.2440 4.9920 6.7796

4556- Effingham 42.93 5.38 5.0550 9.1248 12.4940 11.2195 20.2523 27.7303 2.0220 3.6499 4.9976

4558- Holland 44.14 5.77 5.2825 8.7698 12.2945 11.3302 18.8099 26.3699 2.1130 3.5079 4.9178

4562- Kankakee 46.70 5.11 9.7925 15.2075 20.2615 20.3653 31.6270 42.1378 3.9170 6.0830 8.1046

4563- Montgomery 49.60 3.81 7.3150 13.7175 18.9865 14.9139 27.9674 38.7099 2.9260 5.4870 7.5946

4564- Wilmington 43.84 5.76 7.7325 14.0200 19.1490 16.6854 30.2528 41.3203 3.0930 5.6080 7.6596

4565- Danville 46.00 5.60 6.0850 11.1910 15.5252 12.6582 23.2799 32.2961 2.4340 4.4764 6.2101

4569- Moline 44.22 4.96 6.6425 10.6700 13.9120 14.5407 23.3570 30.4539 2.6570 4.2680 5.5648

4570- Clinton 47.99 4.43 8.3075 12.8250 17.3140 17.1693 26.5058 35.7833 3.3230 5.1300 6.9256

4571- Taylorville 45.60 4.16 6.4100 11.1325 15.9815 13.9608 24.2463 34.8072 2.5640 4.4530 6.3926

4572- Forsyth 48.72 4.13 9.3475 14.6825 19.7815 19.2087 30.1721 40.6504 3.7390 5.8730 7.9126

4573- Decatur 45.99 4.86 4.7300 10.0050 14.6540 10.0345 21.2251 31.0878 1.8920 4.0020 5.8616

4575- East Alton 52.18 1.03 3.5200 7.2749 10.7170 7.3522 15.1949 22.3845 1.4080 2.9099 4.2868

4576- Hartford 49.73 1.61 6.5083 10.3016 14.4743 14.0223 22.1948 31.1851 2.6033 4.1206 5.7897

4577- Nutwood 51.08 3.05 7.7750 12.8250 18.0865 15.7326 25.9512 36.5978 3.1100 5.1300 7.2346

4578- Collinsville 50.24 3.30 8.5633 12.4883 16.4947 17.4826 25.4957 33.6749 3.4253 4.9953 6.5979

4579- Dupo 50.24 2.09 8.1150 12.9367 18.0060 17.0951 27.2525 37.9316 3.2460 5.1747 7.2024

Ameren Bricky's Quarry 2012 53.40 0.08 6.4550 9.8874 13.9340 13.5102 20.6941 29.1637 2.5820 3.9549 5.5736

SYCQ-1 31.44 18.13 3.2775 5.2274 7.3498 6.4602 10.3036 14.4870 1.3110 2.0910 2.9399

TRQ-4 54.15 0.20 7.3424 10.6250 14.5390 15.1084 21.8629 29.9167 2.9370 4.2500 5.8156

TUSQ-1 28.88 21.54 3.1000 5.1549 7.1023 5.8812 9.7796 13.4741 1.2400 2.0620 2.8409

JQ-3 53.34 0.61 9.5848 13.8430 18.8223 19.8085 28.6086 38.8992 3.8339 5.5372 7.5289

NOKOMIS 51.13 0.56 7.6024 12.2200 17.8015 16.4015 26.3636 38.4052 3.0410 4.8880 7.1206

ASHQ-1 35.18 8.60 5.7075 8.5274 11.2525 13.5375 20.2258 26.6895 2.2830 3.4109 4.5010
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Task 3 – Measurements of Relative Reactivity Using Thermogravimetric Analysis 

(TGA) 

 

Representative lime sludge samples collected under Task 1 also were subjected to 

calcination and sulfation experiments to evaluate reactivities under simulated FBC 

conditions. To test reactivities, as-received sludge samples were tested in a 

thermogravimetric analysis (TGA) instrument to evaluate their performances of 

dehydration (dewatering) and sulfation reaction with SO2. TGA test was conducted by 

Hazen Research Inc., Golden, Colorado. 

 

Hazen used one of our limestone samples that had been sized to pass 44 µm (325 mesh), 

Figure 15. Correlation between neutralizing capacity and MgO content. Note strong negative 

correlation between the amount of MgO and neutralizing capacity for limestone-dolomitic 

limestone-dolomite. Limestone samples (4 red diamonds on the left) have the lowest MgO and 

highest neutralizing capacity (and thus highest reactivity). The 2 dolomite samples (red 

diamonds on the far right) have the highest MgO values and lowest neutralizing capacities. The 

red diamond in the middle is a dolomitic limestone with an intermediate MgO value and 

neutralizing capacity. Here MgO content is sourced from dolomite, which naturally has a very 

low reactivity. This relationship is in contrast to that seen in lime sludge samples. There is only 

a week correlation to slightly positive correlation between MgO content and neutralizing 

capacity of lime sludge samples (blue diamonds), suggesting that Mg in lime sludge are in the 

form of soluble compounds. 
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the size that might be used in some flue gas desulfurization applications, for comparison. 

The intent was to compare the response of lime sludge samples (with a natural particle 

size of less than 20 µm) with the limestone (at 44 µm).  
 

Sulfur dioxide adsorption – The composition of the samples by x-ray fluorescence 

(XRF) analysis are summarized in Table 5. The samples were subjected to Hazen‘s 

standard SO2 adsorption evaluation by TGA. For this procedure, each sample was first 

passed through a 200-mesh screen (to break up lumps) and then weighed in a platinum 

pan, which was suspended on the end of a horizontal quartz balance beam. The sample 

was positioned within a quartz tube that was inside a furnace assembly. The atmosphere 

within the quartz tube was continuously purged with a dry gas mixture containing about 

5% O2, 14% CO2, and 81% N2, and the sample was heated rapidly to about 870°C and 

held at that temperature for the duration of the test. 

 

As the sample temperature approached the preset limit temperature (870°C), the 

carbonates (primarily CaCO3 and MgCO3) decomposed to oxides. When the sample 

weight had stabilized after reaching the limit temperature, anhydrous SO2 was metered to 

the purging gas (at about 3 vol%) to measure the weight and rate of gain due to sulfate 

formation. The results were recorded on a thermogram to give a graphic representation of 

the sorbent‘s characteristics. The initial weight gain is typically rapid and likely due to 

surface reaction, whereas the subsequently slower weight gain is likely due to diffusion 

of SO2 into the grain structure of the particles. The calculation spreadsheets and a copy of 

each TGA thermogram are included in Appendix D for reference.  

 

A calculated usage value (lb sorbent/lb S) was determined for the samples from the 

measured weight gain during the initial 10 min of SO2 adsorption. The TGA reactivity 

results are summarized in Table 6. The calculated usage value is used only for 

comparison. 

 

Sorbent utilization – A second method of evaluation (sorbent utilization) was used to 

compare the samples for effectiveness at capturing SO2 from a gas stream. In this 

analysis, a sorbent utilization value was determined by comparing the final sulfated 

weight with the theoretical sulfated weight. The TGA data and analytical results were 

both used in the calculations.  

 

Table 6 summarizes the results of the analyses that were conducted on these candidate 

sorbent samples. The table includes the calculated CaCO3 and MgCO3 contents based on 

XRF results and summarizes the TGA and sorbent utilization data. The results indicate 

that the samples are essentially equal as adsorbers of SO2.  
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Table 5.  Sample Composition 

Na = analysis not available 

N-A = Nokomis-Ameren 

LOI = loss on ignition 

 

 

 

 

 

Component 

4162 

JQ-3 

Limestone 

4268 

SYCQ-1D 

Dolomite 

4544 

Rantoul 

4545 

Champaign 

4546 

Sullivan 

4549 

Springfield 

4551 

Normal 

CaO 

MgO 

Al2O3 

Fe2O3 

SiO2 

53.3 

0.61 

0.78 

0.15 

1.11 

31.4 

18.1 

0.96 

0.32 

1.96 

47.1 

4.2 

0.34 

0.4 

1.46 

47.2 

5.61 

0.08 

0.43 

1.48 

50.6 

2.62 

0.08 

0.72 

1.31 

42.6 

4.89 

0.29 

1.24 

2.29 

44.7 

7.08 

0.28 

0.52 

3.23 

MnO2 

K2O 

TiO2 

Cr2O3 

0.01 

0.08 

0.07 

na 

0.03 

0.1 

0.07 

na 

0.01 

0.02 

0.01 

<0.01 

0.006 

<0.01 

<0.01 

<0.01 

0.025 

<0.01 

<0.01 

<0.01 

0.078 

0.05 

0.01 

<0.01 

0.041 

0.01 

0.01 

<0.01 

P2O5 

V2O5 

LOI 

Total 

na 

na 

42.1 

98.3 

0.06 

na 

46.8 

99.8 

0.13 

<0.003 

43.7 

97.4 

0.07 

<0.003 

43.5 

98.5 

0.04 

<0.003 

44.5 

99.9 

0.2 

<0.003 

43.1 

94.8 

0.06 

<0.003 

43.7 

99.7 

        

Component 

4547 

Elgin 

4550 

Bloomington 

4563 

Montgomer

y 

4562 

Kankakee 

4575 

East Alton 

4577 

Nutwood 

N-A 

Limestone 

CaO 

MgO 

Al2O3 

Fe2O3 

SiO2 

43.3 

6.61 

0.81 

0.27 

1.68 

50.8 

2.02 

0.08 

0.13 

0.48 

49.6 

3.81 

0.28 

0.17 

1.53 

46.7 

5.11 

0.69 

0.88 

3.19 

52.2 

1.03 

0.12 

1.57 

1.16 

51.1 

3.05 

0.17 

0.47 

1.12 

50.2 

1.46 

0.7 

1.34 

2.31 

MnO2 

K2O 

TiO2 

Cr2O3 

0.08 

0.04 

0.01 

<0.01 

0.01 

0.01 

<0.01 

<0.01 

0.01 

0.01 

0.03 

0.01 

0.032 

0.08 

0.05 

<0.01 

0.233 

0.01 

0.02 

<0.01 

0.139 

0.01 

0.02 

<0.01 

0.09 

0.15 

<0.01 

na 

P2O5 

V2O5 

LOI 

Total 

<0.01 

<0.00

3 

45.9 

98.9 

0.04 

<0.003 

44.0 

97.5 

0.01 

<0.003 

43.7 

99.2 

0.05 

<0.003 

42.7 

99.5 

0.11 

<0.003 

43.2 

99.7 

0.03 

<0.003 

44.1 

100.2 

0.06 

na 

42.0 

98.3 
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Table 6.  Summary of Sorbent Evaluation 

Sample 
Ca as 

CaCO3, % 

Mg as 

MgCO3, % 

TGA 

Wt Loss, % 

Sorbent Evaluation 

Utilization, % 
Usage,  

lb sorbent/lb S 

4162 JQ-3 Limestone 95.2 1.28 42.7 90.8 4.1 

4268 SYCQ-1D Dolomite 56.1 37.9 46.0 72.0 4.6 

4544 Rantoul 84.0 8.8 43.7 95.7 3.7 

4545 Champaign 84.3 11.7 44.0 92.7 3.6 

4546 Sullivan 90.4 5.5 44.0 95.8 3.6 

4549 Springfield 76.1 10.2 40.3 85.8 4.5 

4551 Normal 79.9 14.8 44.1 92.0 3.7 

4562 Kankakee 83.4 10.7 42.3 86.7 4.2 

4575 East Alton 93.2 2.2 43.1 92.8 4.0 

4577 Nutwood 91.2 6.4 43.7 93.0 3.7 

4547 Elgin 77.3 14.0 44.9 92.6 3.9 

4550 Bloomington 90.7 4.22 44.2 84.7 4.6 

4563 Montgomery 88.6 7.94 43.0 84.0 4.2 

Nokomis-Ameren Limestone 89.6 3.1 42.6 83.9 4.6 

 

Sorbent evaluation data from TGA analysis show that dolomite has the lowest Ca 

utilization value compared to lime sludge and limestone samples (Table 6).  Calcium 

utilization (Table 6) for most lime sludge samples are higher than even the high-calcium 

limestone (e.g., 4162 JQ-3) that has been reported to be the most reactive limestone used 

in FGD systems in Illinois coal-fired power plants.  

 

Sorbent usage calculated from TGA data is inversely correlated with calcium utilization 

(Fig. 16), indicating less sorbent is needed if samples with high Ca utilization are used for 

desulfurization process. Sorbent usage is also negatively correlated with surface area 

(Fig. 17); that is, the higher the surface area, the less the sample needed for 

desulfurization. As expected, calcium utilization is, however, positively correlated with 

surface area (Fig. 18).  

 

 

 

 

 

 

Figure 16. Correlation between 

sorbent utilization (or Ca 

utilization) and sorbent usage. 

Dark blue = lime sludge; light 

blue circle = limestone; red 

diamond = dolomite. 
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Figure 18. Correlation between Ca utilization (sorbent utilization) and 

surface area. Dark blue = lime sludge; red = limestone and dolomite. 

Dolomite has the lowest surface area and and also lowest Ca utilization 

values. 

Figure 17. Correlation between sorbent usage and surface area. Dark Blue 

= lime sludge; Red = limestone and dolomite. 
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 CONCLUSION AND RECOMMENDATIONS 

 

This study has revealed that significant amounts of lime softening residue are produced at 

a number of Illinois water treatment plants. Currently, a significant amount of these 

residues, however, remain unused or are disposed in municipal sewer systems or 

landfills. The sludge has a significant amount of free water, but with time most of the 

moisture is lost in storage lagoons. It has been found that dredged lime sludge from 

lagoons (3.5 years old) were about 80 percent solid by weight (Shannon et al., 1977; 

Baker et al., 2005). Water treatment plants often have thousands of tons of lime sludge 

stockpiled waiting for use or for later disposal. They often pay for drying, loading, and 

transporting the sludge to landfills plus tipping fees. The cost for the water treatment 

plants can be quite high, reaching more than $50 per ton of sludge processed and 

removed. These residues could easily provide an effective and cheap sorbent for 

desulfurization. The lime softening practice is a very economical method and would not 

be replaced by another treatment method (Baker et al., 2005). Therefore, lime sludge 

residual will be available at these plants for the foreseeable future. 

 

In 1982, Goodwin et al. conducted a State-wide study of the availability of lime sludge in 

Illinois for agricultural and industrial use. They reported that lime softening of public 

water supplies was taking place at 29 surface water and 38 groundwater processing 

locations. It was estimated that Illinois produced about 316,090 dry tons of lime sludge 

per year (Karr, 1989). About 125,000 tons of sludge is currently being generated each 

year from only ten treatment plants located in Aurora, Champaign-Urbana, Charleston, 

Elgin, Eureka, Jacksonville, Kankakee, Mattoon, Normal, and Taylorville. Considering 

the lime sludge stock piled in lagoons at these plants, this amount is much higher. A more 

detailed inventory of the total amount of lime sludge currently available was beyond the 

scope of this study and needs further investigation. 

 

The near absence of scrubber quality limestone in northeastern Illinois makes the lime 

softening residual even more attractive as a source of sorbent for desulfurization in coal-

fired power plants. These residues also have the advantage of already being naturally 

very fine, which means that there is no cost for the energy required to pulverize the 

sorbent. 

 

This study showed that lime sludge samples we have studied from Illinois water 

treatment plants are calcium carbonate-dominated residues. Total carbonate content 

(CaCO3+MgCO3) of most lime sludge samples were greater than 90 weight percent. In 

more than half of the samples we studied, the total carbonate content reached 95 weight 

percent or higher. Aragonite, a calcium carbonate polymorph, is also present and 

constitutes the dominant mineralogy of a few lime sludge samples. Both calcite and 

aragonite are highly soluble in acidic environments, and the presence of MgCO3 does not 

appear to hinder the acid solubility of lime sludge. Certain compounds, such as 

magnesium carbonates, iron oxides, and other trace and major elements may increase or 

decrease the ability of limestone to capture sulfur oxides and remove other pollutants 

during the desulfurization process (Boynton, 1980, p. 122). For example, even small 

amounts of dolomite, clay minerals, and quartz diminish a stone‘s usefulness for FGD 
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scrubbing (Shaffer and Sadowski, 1999). In wet FGD systems, limestones with just 5-

10% MgCO3 appear to be significantly less reactive than purer limestones, and reactivity 

further suffers as the MgCO3 content increases to the level of a dolomite at 35-42% 

MgCO3 (Lasemi et al., 2004). Magnesium carbonate does not occur as a separate mineral 

phase in lime sludge but rather in solid solution within calcite lattice. As a result, the 

presence of MgCO3 does not appear to reduce calcite solubility. This is in contrast to 

dolomite, a double carbonate, CaMg(CO3)2, with totally different structure and much 

reduced reactivity. In dolomitic sorbents, contribution of MgCO3 from the less soluble 

dolomite significantly reduces reactivity with respect to SO2 in FGD significantly.  

 

Other studies have also reported that the reactivity of the lime softening residues may be 

increased by the presence of small amounts (2 to 3 weight percent) of soluble magnesium 

compounds commonly precipitated along with CaCO3 during the lime softening process 

(Shannon et al., 1997; Baker et al., 2005). In some cases, chemical additives are used to 

enhance sorbent dissolution and utilization in FGD systems, providing more dissolved 

alkalinity for reaction with SO2. Soluble magnesium compounds (oxides or carbonates) 

can also have similar effect by adding alkalinity to the solution. Thus, the soluble 

magnesium carbonates as we have found in the Illinois lime sludge samples during this 

study could help improve the efficiency of these materials for desulfurization whether 

these are used alone or as a supplement to limestone sorbents (Shannon et al., 1997). 

 

Laboratory tests have shown lime sludge to be nonhazardous waste material. Goodwin et 

al. (1982) applied the U.S. Extraction Procedure to lime sludge samples collected in 

Champaign County. These leaching tests demonstrated that lime sludge could be 

classified as a nonhazardous waste on the basis of the solution concentration of As, Ba, 

Cd, Pb, and/or Se. The samples were also extracted using the ASTM-A Extraction 

Procedure. These extractions showed that potentially toxic trace elements remain 

relatively insoluble and that the leachate solution from the lime slurry remains alkaline or 

near neutral in pH. 

 

In rare cases, where the source of water is from deep wells, such as in northeastern 

Illinois, some radium compounds may coprecipitate with lime sludge. Further studies are 

needed to verify the presence and extent of radium in lime sludge produced at those 

plants. Illinois EPA routinely monitors radium concentration in lime sludge and radium 

data can be obtained from water treatment plants and/or EPA. It appears that radium 

could be an issue in only a limited number of lime sludge producing plants. 

 

Maher et al. (1993) mixed lime sludge and class F fly ash and investigated the 

engineering properties. They used various ratios of lime sludge and fly ash. Leachate 

study of the consolidated mixture had effectively fixated metals. A significant finding of 

this study was that, based on permeability results and leach test results, these mixtures 

could be used as a landfill liner or cap material. They also found that the material was a 

good engineered fill (Baker et al., 2005). Therefore, in addition to use a sorbent for sulfur 

scrubbing, lime sludge can also be mixed with fly ash to provide stable raw material for 

construction purposes. Lime sludge-fly ash mixture for construction purposes in Illinois 

needs to be investigated. 
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