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ABSTRACT 

Large volumes of mercury contaminated aqueous and solid wastes are stored on Department of Energy's (DOE'S) 
sites. These mixed wastes contain sufficient radioactivity and mercury that they need to be handled both under the 
Atomic Energy Act and the Resource Conservation and Recovery Act. The removal of the volatile mercury from 
the aqueous waste is needed before potential water evaporation and thermal treatments are implemented. 
Vitrification and plasma hearth technologies are being tested at DOE facilities as thermal treatment methods for 
solid mixed waste. Since mercury is highly volatile, treatment methods such as mercury leaching must be 
developed as pretreatment methods for mercury-contaminated solid mixed wastes. 

Laboratory work has been performed in order to investigate the possibility of using inexpensive sulfur-impregnated 
activated carbon beads for mercury removal from aqueous waste. Laboratory studies have shown that mercury can 
be removed to levels below current Environmental Protection Agency toxic characteristic level (0.2 m a ) .  When 
comparing the use of inexpensive carbon beads to a more expensive ion exchanger, the carbon beads had favorable 
process economics; however, further testing and economic analysis are required before making final conclusions. 

Clean, synthetic soil material was artificially contaminated with 20,000 m a g  total mercury (Hg) prior to treatment 
in laboratory bench-scale experiments. The resulting surrogate waste was treated with KIA, solutions at 
concentrations in the range of 0.33 M W 0 . 0 3 3  M I2 to 2.5 M KI /0.25 M I, at temperatures of 25,40, and 55°C. It 
was observed that KVI, leaching solutions could effectively reduce the mercury concentration in soil by as much as 
99.8%. It was also demonstrated that the mercury removal efficiency achieved with WI, leaching was 
independent of mercury speciation or initial mercury concentration. 

A second series of laboratory bench-scale experiments was conducted with fluorescent bulbs dosed with small 
amounts of Hgo to simulate mercury contaminated mixed waste glass. The following leaching solutions were used to 
treat the prepared glass: NaOCI, KVI,, HCl, HN03. NaBr, NaBr + acid to pH 2, NaCI, and NaCl + acid to pH 2. 
The three most effective agents for leaching mercury from the crushed fluorescent bulbs were KIA?, NaOC1, and 
NaBr + acid, which removed 98.8, 98.1, and 57.5% of the dosed mercury respectively. 

INTRODUCTION 

This goal of this project was to develop treatment processes for the removal of mercury from mixed waste. 
Processes that are applicable to aqueous waste include sulfur-impregnated activated carbon, ion exchange resins, 
and ion exchange membranes. To help focus development activities on realistic process variables, target wastes 
were selected from the U.S. Department of Energy (DOE) mixed waste inventory. The inventoried wastes were 
evaluated based on seven criteria ranging from waste characteristics to regulatory drivers. The aqueous target waste 
selected was the Idaho Chemical Processing Plant (ICPP) sodium-bearing acid waste. The solid target wastes 
selected consisted of soils/sediments stored at the Oak Ridge Y-12 Site and crushed fluorescent tubes/lamps found 
at all DOE sites. 

MERCURY REMOVAL FROM LIQUID MIXED WASTE 

The specific objective of the laboratory studies was to investigate the ability of sulfur impregnated activated carbon 
to remove mercury from acid solutions. The effect of pH, absorbent to liquid ratio, mass transfer versus kinetic 
control, competing ions, and mercury bead loading on the adsorption was studied. In addition, the absorbent 



capacity was determined in batch tests. After completion of the batch test, column studies were performed to 
investigate design parameters. 

Methods 

Two types of surrogate wastes were used in this study. The first was a simple solution of mercuric nitrate [Hg(NO,),] 
prepared from either 1,000 or 10,000 mgiL National Institute of Standards and Technology standards diluted with 
deionized waster. In some cases, crystalline Hg(N03), was directly dissolved in deionized water. The acidity of the 
surrogate waste was adjusted with HN03 or sodium hydroxide (NaOH) to achieve the desired pH. The second 
surrogate waste, which simulates the sodium-bearing liquid waste, was prepared based on a formulation obtained for 
the ICPP waste. The average acidity [fl-om nitric acid (HNO,)] of the ICPP waste was 1.4 M. The mercury levels were 
in the range of 100 to 860 mg/L (as Hg23 with an average value of 476 m a .  

Sulfur-impregnated granular activated carbon was obtained from Nucon International, Inc. (Columbus, OH). The 
pellets had a diameter of 3 mm and a length of 3 to 8 mm. The Technical Data Sheet obtained from the pellet 
manufacturer listed the sulfur content to be 13% and the mercury capacity to be 85% of the theoretical value. This 
translates to a “real” capacity of 0.71 g mercury per g beads. 

Jar mill studies were conducted using a US Stoneware (Mahwah, NJ) variable-speed jar mill using one-liter 
Pyrex@ glass bottles as jars. Column studies were performed in Kontes (Vineland, NJ) liquid chromatography 
columns. The columns had a diameter of 48 mm and the length could be varied by adjustable plunger-type end 
caps. The feed was supplied to the bottom of the column with a variable speedflow Masterflex@ pump (Cole 
Parmer Instrument Co., Niles, IL). All surfaces, except for pump tubing, in contact with the liquid were glass or 
Teflon@. 

Mercury concentration in the aqueous solutions was measured using an 1 1 OOB atomic absorption spectrometer 
(Perkin-Elmer, Nonvalk, CT) equipped with a cold vapor injection system (Model FIAS 400, Perkin-Elmer) and 
automatic sampler (Model AS 90, Perkin-Elmer). Argon was used as gas carrier and 3% (v/v) hydrochloric acid 
(HCl) was used as liquid carrier. The reducing agent was 1.1% (w/v) stannous chloride (SnCl,) in 3% HCl. 
Typically, 4 mL of the aqueous sample was filtered through a filter and 1 mL of the filtrate was diluted with 4 mL 
preservative solution [0.1% (w/v) potassium dichromate (K2Cr207) in 5% (v/v) €€NO3]. Dilution of the preserved 
sample was made by stepwise dilution with preservative solution to a final Hg concentration in the range of 1 to 20 
ppb. Standards were prepared by stepwise dilution with preservative solution from a lOOO-mg/L primary standard 
to final concentrations of 1. 10. and 20 ppb. 

Results and Discussion 

The initial batch experiments were carried out in a jar mill in which Mefsorb pellets were contacted with an acidic 
solution containing mercuric nitrate. Tests were made to investigate the effects ofjar mill speed on the uptake rate of 
mercury from 100 mL solution at pH 2. Jar mill speeds tested were 1 1,22, and 38 rpm with an excess of pellets (5 g). 
The Mersorb pellets were capable of reducing mercury concentrations to <0.2 m a .  The initial mercury uptake rate 
followed fM-order kinetic behavior (which was expected) as described by the equation: 

log[Hg2*] = -0.4343kt + constant (1) 

where k is the apparent reaction rate and t is the time. Based on the result of the initial experiments, it was 
determined that a jar mill speed of around 22 rpm would be used for the remainder of the study to avoid external (to 
the pellets) mass transfer limiting conditions. 

The effect of pH on mercury uptake was investigated for three initial pH levels @H 2,3, and 4) using 100 mL of a 10 
mg/L mercuric nitrate solution and 5 g Mersorb pellets. Mercury levels decreased to < O S  mg/L in 30 minutes contact 
time and the overall mercury uptake was approximately the same for each of the pH conditions studied. 

Mersorb saturation loading (or capacity) at a low and neutral pH was evaluated at various mercury and adsorbent 



concentrations. The measured saturation loading at pH 2 was on average 0.04 g mercury/g dry pellets, At pH 8,  the 
loading increased to 0.12 g/g. This corresponds to a capacity of 5.6% and 16.9% of the theoretical capacity 
respectively. 

Surrogate waste (to simulate ICPP waste) was prepared from a waste description obtained from Idaho National 
Engineering Laboratory (INEL). The mercury uptake from 100 mL solution was monitored for the ICPP surrogate 
waste and for a well-defined mercuric nitrate solution using two IiquidlMersorb ratios (1 00:0.9 and 100:0.5 mL/g). 
Compared to the mercuric nitrate solution, the mercury loading on the beads was reduced by 50% when the ICPP 
surrogate waste was used (see Fig. 1). This was not unexpected because the ICPP surrogate waste contained competing 
ions such as iron, lead, cadmium, and nickel. 

PLACE FIG. 1. HERE 

Largescale separation of mercury from solutions would most likely be accomplished by passing the contaminated 
stream through columns packed with Mersorb pellets. A small laboratory column was designed and constructed to 
obtain mass transfer data and mercury capacity for columns. The column length (and thus the amount of pellets) 
could be adjusted and the solution was pumped through the bed by a variablespeed pump. 

An absorption column in operation has three distinctive zones; (1) the saturated zone which is close to the feed inlet; 
(2) the mass transfer zone (or absorption zone), in which active absorption of the solute occurs; and (3) the 
unsaturated zone, which is essentially fiee from the solute and the absorbent has its original absorption capacity. 
The mass transfer zone is mobile during the course of the operation and is positioned at the inlet of the column at 
star-up and moves toward the outlet with time. The length of the mass transfer zone is dependent upon the fluid 
flow and absorption kinetics. The mass transfer zone length is calculated from breakthrough curves (obtained by 
monitoring effluent concentration during continuous coIumn operation). Typically, absorption columns are 
designed to operate until 5% breakthrough is noticed in the effluent. In general, the shorter the mass transfer zone 
length, the more efficiently the absorption column is used. 

An initial column experiment was carried out with a bed depth of about 2.54 cm. The feed solution concentration 
was 1090 mgL mercury and had a pH of 2. The feed flow rate of 7 mL/min was a factor of ten lower than typical 
process flow rates but was chosen as a conservative fxst attempt. The first fraction of effluent, consisting of 6.5 bed 
volumes, had a mercury concentration of 222 mg/L, indicating immediate breakthrough. This also indicates that the 
length of the mass transfer zone was longer than the total length of the column. 

To improve mercury removal and to find the mass transfer zone length, a second column experiment was performed 
with bed depth of 7.62 cm under the similar conditions as mentioned above. Based on the results from this 
experiment, it was concluded that the mass transfer zone length was approximately 6.2 cm at a liquid superficial 
velocity [(volumetric feed rate/(cross-sectional column area)] of 0.0068 mmh. A mass balance on this test showed 
that at exhaustion the column had reached 5.8% of the theoretical mercury capacity, which is consistent with the 
results of the jar mill tests at this pH. As previously reported, the capacity increases with solution pH. This result 
may be used to design large-scale columns operating at similar liquid superficial velocities. The initial effluent that 
exited the column contained 20 mg/L Hg, which is 100 times higher than the Environmental Protection Agency's 
(EPA's) limit (0.2 m a ) .  The column length was subsequently increased (to 12.6 cm) in the next experiment, 
which resulted in a ten-fold decrease in the initial effluent concentration from the column. The results of the three 
experiments are shown in Fig. 2. 

PLACE FIG. 2. HERE 

EPAs toxic characteristic level (0.2 mgL) was reached in a column test with a bed length of 56.5 cm. This column 
experiment worked so well that it was shut down after 127 bed volumes of feed (350 mg/L, pH 3) had passed 
through the column. The effluent at shut-down contained 0.025 mg/L mercury. A variety of liquid superficial 
velocities were tested throughout the experiment with essentially no change in the effluent concentration. A mass 
balance over the column indicated that 45 g mercury was absorbed in the column. This corresponds to 11% of the 
theoretical capacity, which compares well with the other data collected. 



Process economics will be much more favorable for Mersorb when applied for solutions at the higher pH. Even at 
the lower pH, Mersorb may be competitive with ion exchange resins. This may be illustrated by comparing sorbent 
costs with a typical ion exchanger (Duolite GT-73) used for mercury removal. Mersorb costs of the order of $3/lb, 
and even when loaded to only 3 percent of theoretical capacity the cost for Mersorb is about $0.28 per gram of 
mercury absorbed. Duolite GT-73 costs about $17 per liter with a capacity of about 30 grams of mercury per liter 
of resin’. This gives a cost for Duolite GT-73 of about $0.56 per gram of mercury absorbed. It is assumed that 
neither sorbent is regenerated. A complete economic analysis would consider many other process costs, but the 
sorbent costs cited here indicate that Mersorb may well find some applications for DOE mixed wastes. 

MERCURY REMOVAL FROM SOLID MIXED WASTES 

The focus of this research was to evaluate chemical leaching as a technique to treat soils and glass contaminated 
with either elemental mercury (Hg’) or a combination of several mercury species including Hg’, mercuric oxide 
(HgO), mercuric sulfide (HgS), and mercuric chloride (HgCl,). Potassium iodidehodhe (KVI,) solution was 
investigated as chemical leaching agents for contaminated soils, and in addition to KUI, solution, several halide 
solutions and dilute acids were evaluated as leaching agents for glass wastes. 

For a leaching solution to be effective, it must be capable of both solubilizing the solid mercury compounds and of 
forming mercury complexes that will remain in solution, making separation from the treated solids possible. 
Halides, including bromide (Br-), chloride (Cl-), and iodide (I-), have been shown to form soluble complexes with 
mercury (11) species. According to chemical data, halogen ions such as I-, Br-, and C1‘ have large formation 
constants (Kr> with mercury and low oxidation potentials, thus allowing the formation of stable mercury-halide 
complexes. 

Researchers at General Electric Company (GE) have developed a mercury removal process in which I, is used to 
oxidize mercury to the 2+ state and KI is used as a source of I-. When KIA2 leaching solutions are applied to a 
mercury contaminated solid, the various solid mercury species are transformed to the soluble complex Hg12-4 
according to the following reactions’: 

Hgo + I, = HgI, (2) 

Hgl, + 2 I- = Hg12-4 

HgO + H20 + 4 I- = HgI’, + 2 OH- 

(3) 

(4) 

HgS + I, + 2 I- = HgI”4 f S ( 5 )  

A review of the literature suggested that halide solutions and some acids should be effective leaching agents for the 
mercury contaminated glass. Radian Corporation (Oak Ridge, TN) conducted a soil treatability study in 1992 with 
several leaching agents, such as ammonium hydroxide, sodium hypochlorite (NaOCl), bromic acid (HBr), KVI, 
thiourea, acetic acid, ethylenediaminetetraacetic acid (EDTA), synthetic acid rain, and deionized water. It was 
reported that KVI,, HBr, and NaOCl were the most effective in leaching mercury-contaminated soils. Because Kvl, 
and NaOCl were found to be effective in leaching mercury from soil, it was to decided to evaluate their 
effectiveness on glass waste. Sodium bromide (NaBr) was evaluated as a leaching agent instead of HBr to avoid the 
hazard associated with HBr. Wang and co-workers used sodium chloride (NaCl) to remove mercury from 
freshwater sediments’. NaCl was evaluated in this study because, if it were found to be applicable, its use on a 
larger scale would be very cost effective. Because both Br- and C1- form complexes primarily with Hg2+, adjustment 
of pH to a value of 2 was investigated as a means to improve the leaching efficiency of the NaBr and NaCl 
solutions. Also, dilute nitric acid (HNO,) and hydrochloric acid (HCl) solutions were investigated because it is well 
known that most forms of mercury are soluble in these acids. 

Method8 



For the soil leaching experiments, the EPA synthetic soil material was contaminated by adding measured amounts 
of Hg', HgS, or HgO to aliquots of 10 g soil in 125-mL Erlenmeyer flasks. In all of the experiments, the 
pretreatment total mercury concentration was 20,000 mgkg. Surrogate radionuclides CeO, and CsCl 
(approximately 0.025 g of each) were also added to the soil in some of the experiments. The flasks were capped 
after mercury addition and agitated for 24 h at 40°C on a rotational shaker to allow the soil and the mercury to 
equilibrate. 

Deionized water and reagent-grade KI and 1, were used to prepare KVI, solutions at least 12 h prior to soil 
treatment. Thirty milliliters of leaching solution was added to each flask containing soil to be treated. pH-adjusted 
deionized water was added to control flasks instead of KIA, leaching solution. A blank consisting of surrogate soil 
without added Hg was also treated with the KVI, leaching solution. The flasks containing soil and leaching solution 
were either capped or covered with parafilm (depending on treatment temperature) and placed in preheated 
environmental shaking chambers (Lab-line Instruments, Inc., Melrose Park, IL). 

After the 4-h reaction time had elapsed, the contents of the flasks were vacuum filtered through 0.45-pm membrane 
filters. The residuals remaining in the flask and the filter cake were washed with an additional 30 mL of deionized 
water. The volume of the supernatant and wash water were measured, and the liquids were combined in 80 mL 
glass sample jars. The filter and filter cake were returned to the Erlenmeyer flask for digestion. All samples were 
stored at room temperature in glass containers prior to analysis. 

For glass leaching experiments, 30.5 cm long by 2 cm diameter (8 Watt) GE fluorescent bulbs were used. The 
following leaching solutions were used to treat the prepared glass: NaOCl, KI/I,, HC1, HNO,, NaBr, NaBr + acid to 
pH 2, NaCl, and NaCl + acid to pH 2. The fluorescent bulbs were prepared for leaching by first removing the 
aluminum end-cap with pliers and then breaking the glass into small pieces (less than 1.3 em) inside a sealed plastic 
bag. The broken glass and phosphor material were then weighed and transferred to an Erlenmeyer flask for 
treatment. The average mass of crushed glass in each flask was 24 g f 0.9 g. A small amount of Hg' was added to 
the glass in each flask to achieve mercury contamination levels similar to those found in larger bulbs, such as those 
used at DOE facilities. The target mercury contamination level was 250 mgkg Hg'. After glass contamination, 
approximately 75 mL of prepared leaching solution was added to each flask. Blank and control samples were also 
prepared. The flasks were then covered and placed on the rotational shakers. All of the glass treatment experiments 
were conducted at room temperature (25OC). 

Results and Discussion 

The results of the mercury leaching studies, from contaminated soil and glass are summarized in Figures 3 and 4. 
These mercury removal percentages presented may reflect more than one mercury removal mechanism, including 
the aqueous solubilization of the mercury compounds and the chemical leaching of mercury with KVI, or other 
leaching solutions. Because the overall removal of mercury from solid mixed waste was of most interest in this 
study, the reporting of these combined removal efficiencies were deemed appropriate. Control studies in which 
mercury-contaminated soils were leached with deionized water instead of KVI, leaching solution revealed that less 
than 1% of the mercury was removed as a result of the aqueous solubilization of the mercury. 

PLACE FIG. 3 HERE 

PLACE FIG. 4 HERE 

The KI/I, leaching solutions were able to reduce the mercury concentration in the contaminated soil by as much as 
99%. It was observed that KIA, leaching is applicable to multiple forms of mercury including Hg', HgO, HgS, and 
HgCI,, and that treatment efficiency is independent of temperature for the KIA2 leach solution concentrations 
evaluated. The experiments conducted with the surrogate radionuclides revealed that CeO,, which was a surrogate 
for uranium, did not solubilize and remained with the solids following treatment. Cesium, in contrast, was found in 
both the solid and liquid phases following treatment. 



Of the eight different leaching solutions evaluated for the crushed fluorescent bulbs, only three, 1.0/0.1 M KIA2, 0.8 
M NaOC1, and 0.5 M NaBr $. acetic acid, were able to remove any mercury from the glass. The percentages of 
removal reported were calculated using the mass of mercury added to the glass and the measured mercury 
concentration in the glass after treatment. Of the three treatments that worked for the crushed glass, KUI, removed 
the greatest amount of mercury and resulted in the lowest Hgo residual concentration. NaOCl was almost as 
effective as the KI/12, but the NaBr + acid removed less Hgo than the either KVI, or NaOCl. The post-treatment Hg 
concentration in the glass treated with either KIA, or NaOCl was both less than 10 m a g .  The lower Hgo residuals 
were probably obtained with glass compared with soils because of the much lower initial mercury concentration and 
the simplicity of the glass matrix. 

CONCLUSIONS 

Based on the bench-scale laboratory experiments the following conclusions have been reached: 

1. Sulfur-impregnated, activated, carbon pellets (Mersorb) can be used to remove mercury (Hg2’) to below EPA’s 
toxic characteristic level (0.2 mg/L). 
2. Mersorb works under acid conditions (pH 2) but its capacity is reduced by approximately 50% compared with 
neutral conditions. 
3. Competing ions present in the target waste stream reduced the Mersorb capacity by 50%. 
4. Mersorb appears to be economical compared with leading ion exchange resin, 
5. KVI, leaching solution can be used to remove up to 99% of Hg in contaminated soil and glass. 
6. KVI, leaching solution worked well with several mercury species, including Hgo, HgO, HgS, and HgCl,. 
7. KVI, leaching solution worked well with a wide variety of initial mercury concentrations. 
8. Radionuclide surrogate studies suggested that uranium will not partition into KVI, leaching solutions. Cesium 
may partition into the KVI, leaching solution because of the high solubility of cesium salts. 
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FIGURE CAPTIONS: 

Fig. I .  Mercury loading of 0.5 g of pellets using various simulated wastes. 
Fig. 2. Effect of column length on mercury removal. 
Fig. 3. KV12 leaching of mercury-contaminated EPA synthetic soil. 
Fig. 4. Mercury removal fkom crushed glass contaminated with Hg’. (Data for treatment with NaCl, NaCl + acid, 
NaBr, dilute HCI, and dilute HNO, are not shown; no mercury removal was observed for these solutions.) 
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