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FOREWORD 
 
The Awwa Research Foundation is a nonprofit corporation that is dedicated to the 
implementation of a research effort to help utilities respond to regulatory requirements 
and traditional high-priority concerns of the drinking water community. 
 
The Arsenic Water Technology Partnership (AWTP) program is a partnership between 
AwwaRF, Sandia National Laboratories (SNL) and WERC, a Consortium for 
Environmental Education and Technology Development at New Mexico State University 
that is funded by DOE and the Awa Research Foundation.  The goal of the program is to 
provide drinking water utilities, particularly those serving small and rural communities, 
with cost-effective solutions for complying with the new 10 ppb arsenic MCL.  This goal 
is being met by accomplishing three tasks:  1) bench-scale research to minimize 
operating, energy and waste disposal costs; 2) demonstration of technologies in a range of 
water chemistries, geographic locales, and system sizes; and 3) cost effectiveness 
evaluations of these technologies and education, training, and technology transfer. 
 
The AWTP program is designed to bring new and innovative technologies developed at 
the laboratory and bench-scale to full-scale implementation and to provide performance 
and economic information under actual operating conditions.  Technology transfer of 
research and demonstration results will provide stakeholders with the information 
necessary to make sound decisions on cost-effective arsenic treatment. 
 
AwwaRF participates in the overall management of the program, helps to facilitate the 
program’s oversight committees, and administer the laboratory/bench-scale studies.  SNL 
conducts the pilot-scale demonstrations and WERC oversees the education, training, 
economic analysis, and outreach activities associated with this program. 
 
 
Walter J. Bishop    Robert Renner 
Chair, Board of Trustees   Executive Director 
Awwa Research Foundation   Awwa Research Foundation 
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EXECUTIVE SUMMARY 
 

The Toxicity Characteristic Leaching Procedure (TCLP) is the currently accepted 
method for arsenic residual assessment (although some areas have adopted the California 
Waste Extraction Test, WET). However, a growing body of research and observation 
indicates the TCLP and WET may significantly underestimate the leaching of arsenic 
from water treatment residuals and that their subsequent disposal in non-hazardous 
landfills may create later environmental concerns. Consequently, many utilities are in the 
unenviable position that they must meet the new arsenic drinking water MCL by 
removing arsenic from their water, while not being assured of an environmentally benign 
means to dispose of the residuals that will be generated. Many of the most effective 
arsenic removal technologies may only be economically and environmentally appropriate 
if reliable and easily implemented means of stabilizing the arsenic-bearing solid residuals 
(ABSR) are developed. This report describes the proof-of-concept work undertaken on 
two technologies that stabilize ABSR and mitigate later arsenic release under non-
hazardous landfill disposal conditions. The first technology, polymer encapsulation, is 
potentially applicable to the full range of ABSR expected from current removal 
processes. The second technology, crystallization or engineered aging, would be 
applicable to the high capacity residuals generated by processes using iron precipitation. 
The technical approach employed was to identify the key independent parameters 
dictating successful residual stabilization and evaluate the stability of the treated residuals 
using both conventional (TCLP and CA-WET) and more application specific (actual 
landfill leachate based) performance tests. The project tasks were performed at bench-
scale for this phase of work, but included stabilization tests of field-generated residuals. 

Polymeric encapsulation is designed to encase ABSR in an organic, polymer-
based matrix that creates a thin mixed polymer (primarily epoxy plus rubber) film around 
the residual particles. The film is specifically formulated to be impermeable to water, 
stronger and more flexible than the media, and impervious to aggressive water 
compositions (e.g., high or low pH, high TDS and organic matter, low redox potential). 
This minimizes the arsenic leaching under a wide range of final disposal conditions, but 
most importantly under non-hazardous, municipal solid waste (MSW) landfill conditions. 
The only alternative encapsulation technology is cement encapsulation and its 
performance was compared to the polymeric method in this project. Salt (NaNO3) 
encapsulation trials established that if the rate of water loss from the polymer is retarded 
(as in a high humidity environment) its subsequent performance is not degraded and that 
post-curing heat treatment did not significantly improve performance. It was found that 
the effective diffusivities of salt from cement encapsulated samples were over 3 orders of 
magnitude faster than from their polymer counterparts.  ABSR encapsulation trials used 
field-generated residuals of GFH (distributed by U.S. Filter, Inc.), E33 (Bayoxide SORB 
33 distributed by Severn Trent, Inc.), and AAFS (Alcan, Inc.) that were loaded with 
additional arsenic to provide the most challenging ABSR case. These trials showed that 
the TCLP extracted less arsenic than the Toxicity Characteristic (TC) Limit (5.0 mg/L) 
for all encapsulated and unencapsulated samples. In comparison, the WET and a 
synthetic landfill leachate extracted more than the TC for all unencapsulated and cement 
encapsulated samples, but equal or less than the limit for all polymer encapsulated 
samples. The maximum residual loading (on a w/w basis) was typically 15% with a high 
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of 25% for cement, while polymer loadings were greater than 60%. If polymer samples 
were initially cast, rather than crushed, to meet the 2.9mm sieve size for the WET, the 
arsenic leaching was reduced by over ten-fold. Scale-up analysis on polymer 
encapsulation indicated it is feasible using off-the-shelf reagents and equipment, the 
equipment could be modularized on a mobile unit, and it would be cost effective 
compared to consignment of residuals to hazardous waste disposal. It was found that 
cement encapsulation was unsuitable for ABSR stabilization for the conditions tested. As 
a consequence of these results, it is recommended that follow-on work be undertaken to 
bring the polymeric encapsulation process to the point where it would be ready and 
attractive for commercialization. Phase II work should focus on optimization of the 
polymeric encapsulation process, scale-up to pilot field tests, expansion of applicability, 
and verification of polymer wasteform performance under fully biotic landfill conditions. 

The crystallization research focused on developing a means to “remineralize” or 
crystallize arsenic into a stable mineralogic form. This is a particularly attractive 
stabilization route as it generates a natural solid phase (thus, likely reducing unexpected 
environmental side effects), which would exhibit the very slow arsenic leaching of many 
natural mineralogic phases (e.g., pharmacosiderite). Although work was continued 
throughout the project’s duration, the effort was unsuccessful in identifying a robust, 
reproducible route to incorporate arsenic in an iron-based, crystalline mineral. 
Consequently it was concluded that this stabilization technology is not ready for 
commercialization studies. Despite this disappointing result, many utilities will generate 
amorphous ferric hydroxide (AFH) type arsenic residuals. This is true of those that use 
iron salts (typically FeCl3 or Fe2(SO4)3) to implement coagulation assisted 
(micro)filtration or to treat the concentrate liquid residuals of ion exchange or membrane 
processes. Thus, the impact of AFH aging on arsenic retention is still of interest to the 
water treatment community and the studies to evaluate the rate of aging and the impact of 
the aging conditions (iron:arsenic ratio and incubation temperature) on arsenic retention 
are still relevant. It was observed that the rate of crystallization increases strongly as a 
function of the aging environment pH and less strongly as a function of its temperature. 
For instance, the first order rate constant is greater than 10-fold higher for pH 10 than 7 
aging. The rate trials also showed that the concentration of arsenic and iron extracted by 
weak HCl decreased during aging to less than 10% of its initial value. Single parameter, 
batch leaching studies indicated that pH is the most important parameter dictating arsenic 
desorption from both aged and fresh AFH. The sulfate and natural organic matter 
concentration and the ionic strength of the leaching solution changed the equilibrium 
arsenic desorption by less than 3% over the full range of likely environmental conditions. 
Trials evaluating AFH response to various standard and non-standard leaching protocols 
showed that the TCLP extracts the least arsenic of all the tests utilized and that the TCLP 
was the only protocol that would classify AFH as a non-hazardous waste. The WET 
extracted the most arsenic of all protocols from both fresh and aged AFH and extracted 
more than 200 times more than the TCLP. Biotic simulated landfill tests showed fresh 
AFH released 80% of its bound arsenic in the first year and that the leachate from the 
simulated landfill exceeded the TC for the first 200 days of operation. Scale-up analysis 
of crystallization indicated the technology is economically attractive, if future research 
can identify a robust, reproducible route for iron/arsenic mineralization using the 
approach of the present work. 
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Batch Comparative Leach Tests 
 
 A variety of standard and non-standard leach tests are available and each interrogates a 
different aspect of the leaching behavior of the residual on which they are applied. The TCLP is 
the national standard to assess whether a residual is categorized as hazardous or non-hazardous. 
In California the WET replaces the TCLP as the determinant of the hazard classification. If the 
TCLP or WET acetic or citric acid leaching solutions are replaced with an actual MSW landfill 
leachate, then a closer approximation to the leaching conditions of a non-hazardous MSW 
landfill are achieved. (Due to the short-term, batch nature of these tests, the microbial activity, 
aging and residence time aspects of a landfill cannot be mimicked.) However, because actual 
landfill leachates vary greatly in composition, their use in leaching tests does allow 
standardization, so there is reason to formulate a synthetic landfill leachate solution that more 
closely approximates the composition of an actual leachate, yet has a reproducible and standard 
composition. A weak HCl leaching test is an accepted means to assess the degree of crystallinity 
and stability of a solid that may transition between amorphous and crystalline mineralogic 
phases. Finally, a purified water leaching test indicates the inherent solubility of the solid and the 
partitioning of the arsenic between solid and solution that might be expected to occur where 
precipitation is the primary source of water in contact with the residual. As expected these 
various tests caused widely variant degrees of leaching by both the fresh and aged AFH (Figure 
6.13). 

Figure 6.13  Concentration of arsenic leached from fresh (-F) and aged (-A) AFH by various 
leaching protocols: Toxicity Characteristic Leaching Procedure (TCLP), weak hydrochloric acid 
(HCl), actual landfill leachate (LL), purified water (MQ), synthetic landfill leachate (SL) and 
Waste Extraction Test (WET). 
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 For the AFH residual, the California WET induces the strongest arsenic desorption (735 
mg/L), while the TCLP induces the weakest (2.5 mg/L). The primary difference is the nature of 
the leaching reagent, which is acetic acid for the TCLP and citric acid for the WET. Citrate is a 
very strong complexing ligand for iron, whereas acetate has little coordination binding with iron. 
It is expected that the citrate complexes much of the iron which composes the solid AFH on 
which the arsenic is bound and consequently mobilized the arsenic into solution. This is 
supported by measured dissolved iron concentrations of 4160 mg/L and 0.407 mg/L for the WET 
and TCLP, respectively. It is also notable that for these two standard tests, which are used to 
determine whether the residual is designated hazardous or non-hazardous, provide significantly 
differing assessments. The TCLP leaching of fresh AFH is below the TC limit of 5.0 mg/L, 
meaning this result would be suitable for non-hazardous disposal. However, the WET results 
(735 and 659 mg/L for fresh and aged, respectively) and the TCLP result for the aged AFH (7.0 
mg/L ) indicate that the AFH residual both before and after aging should be disposed as a 
hazardous waste. In fact, the only test of all of those conducted, which classifies the fresh AFH 
as non-hazardous, is the TCLP. 
 Interestingly, exposure to purified water leaches more arsenic from AFH than actual 
landfill leachate, weak HCl or the TCLP. The results indicate that unless a strong chelating agent 
for iron, such as citrate, is present as in the WET and synthetic leachate cases, purified water is 
the most aggressive leaching environment. The concentration of citrate in both the WET and 
synthetic leachate solutions is identical. Thus it seems that if the citrate is present in combination 
with other organics and/or at a higher pH, the impact of its presence diminishes.  
 There is no common correlation across all the tests between the arsenic leached and 
whether or not the AFH had aged. For the WET, synthetic leachate, and weak HCl tests, the aged 
AFH leached less arsenic than the fresh AFH. For the purified water, TCLP and actual landfill 
leachate tests, the fresh leached more than the aged AFH. However, for no test was the 
difference in leaching between the aged and fresh residual greater than a factor of 3. 
 
Simulated Landfill Column Tests 
 
 The simulated landfill column test of the fresh AFH provides the most important results 
in terms of managing AFH residuals. In the course of a year’s operation, about 75% of the 
arsenic originally loaded into the column on the AFH had leached and about 80% of the iron had 
leached (Figure 6.14).  Over 66% of the arsenic leached from the column in the first 120 days 
after the simulated disposal began. Although the rate of leaching of both arsenic and iron are 
rapid, they are not completely correlated. For the first 50 days, the cumulative fraction of iron 
and arsenic match, whereas soon after that the rate of iron leaching slows while the arsenic 
leaching rate does not. Thus, by day 119 when 66% of the arsenic has been leached, only about 
48% of the iron has mobilized. For the balance of the test after 120 days, the arsenic leaching 
rate slowed considerably, while the iron rate continued unabated. As a consequence, by about 
day 300 the cumulative iron leached surpassed the cumulative arsenic leached (Figure 6.14).   
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 Most of the arsenic measured in the effluent from the column is not in the dissolved 
phase (as defined operationally by filtration through a 0.45 μm filter). Figure 6.15 shows the 
total arsenic concentration in comparison to the concentration of dissolved arsenic in the effluent. 
During the period between about 50 and 200 days, the majority of arsenic leaving the column 
was associated with particles with the ratio of particulate to dissolved arsenic reaching more than 
10:1 for days 70 through 100. This disparity is particularly significant when considered in light 
of the fact that the standard batch leaching tests, TCLP and WET, measure only the dissolved 
fraction, while the bulk of arsenic leaching from AFH is via particulate transport. In addition, the 
arsenic concentration leaving the column for the first 240 days never decreases below 5 mg/L, 
which is the arsenic TC limit set for designation as a hazardous waste. During the early period of 
column operation, the particulate arsenic mobilization correlates with the particulate iron 
mobilization (Figure 6.16). This suggests that much of the arsenic mobilization is due to 
adsorption onto the particulate iron that is leaving the column as suspended solids. This 
association seems particularly plausible since the time (about day 200) when the majority of iron 
leaving the column switches from being particulate to dissolved is also the about the same time 
as when the majority of arsenic leaving the column changes from being particulate to dissolved. 
In the later stages of column operation (after about day 240), the correlation between particulate 
iron and arsenic seems to become weaker. In this period the fraction of particulate to total iron 
remains near 50%, whereas the fraction of particulate-associated to total arsenic averages only 
about 30%. The oxidation potential (ORP) of the effluent remained less than –100mV throughout 
this period indicating that it is likely the dissolved arsenic is in the more reduced and mobile 
As(III) state rather than the As(V) oxidation state in which it was loaded onto the AFH.  
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Figure 6.14  Cumulative fraction of arsenic and iron mobilized from a simulated 
landfill column over the first year of operation. 
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Figure 6.15 Arsenic concentration, total and dissolved, in the effluent of the landfill 
simulation column loaded with fresh AFH. 
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simulation column loaded with fresh AFH. 
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CHAPTER 7 

SCALE-UP ANALYSIS AND ECONOMICS 
 

This chapter presents the application of encapsulation and crystallization/aging at a full-
scale arsenic treatment facility.  The approach for implementation at a full-scale treatment 
facility was developed based on the findings of bench-scale testing.   Conceptual-level capital 
and operations and maintenance (O&M) costs are summarized.  Since pilot- or field-scale 
demonstration of the technologies are necessary (prior to full-scale implementation), this chapter 
provides some preliminary information on pilot/field demonstration of the technologies.   

 
ENCAPSULATION 
 

The encapsulation process stabilizes the spent granular residuals from arsenic adsorption 
processes.  As described in the earlier chapters, encapsulation is by addition of a blended resin to 
the arsenic-laden granular media, which after curing, significantly reduces the leaching of 
arsenic.  The bench-scale testing has identified the following as the key steps for encapsulation: 

• Add polystyrene butadiene (PSB) at a ratio of 1:1 with epoxy resin. 
• Add DETA at a ratio of 1:10 DETA to epoxy resin. 
• Mix the epoxy compounds (PSB, epoxy resin, and DETA) prior to media addition. 
• Add spent media to the polymer compounds at a dry weight (excluding water weight) 

ratio of 6:4 or greater. 
• Cure the epoxy-media mixture for 28-30 days at ambient temperature and humidity. 

 
Full-Scale Encapsulation System 

 
Since the disposable adsorption media used for arsenic treatment (e.g., GFH, E-33, AA) 

provide long run lengths (12 months or more for iron-based media and 6 month or more for AA), 
encapsulation of the spent media from a full-scale treatment facility will not be needed more than 
about twice-a-year.  The full-scale encapsulation discussion is developed assuming that in the 
future there will be service providers (or media manufacturers) that would either (i) haul the 
spent granular media offsite for encapsulation or (ii) use a mobile system to encapsulate the 
spent media on-site.  In these scenarios, the water purveyors would pay the service provider the 
costs for materials and labor to perform encapsulation.   

The epoxy resin that was tested in bench-scale (EpoKwick, Buehler, Ltd., Lake Bluff, IL) 
is only available in small quantities (batches of 1 gallon).  Since the full-scale system requires 
larger quantities of epoxy resin, an alternative resin of similar characteristics (SikaDur 35 Hi 
Mod LV by Sika Corporation, Lyndhurst, NJ) was identified for the full-scale use.   

A line schematic of full-scale encapsulation process is shown in Figure 7.1. The polymer 
precursors are pre-mixed by passage through static mixers before metered introduction into the 
primary mixing/extrusion tank. The spent media is then added to the hopper and homogenized 
with the polymer precursor mixture using a multi-propeller, overhead electrical mixer that can be 
inserted into and retracted from the tank.  Use of mixer will allow effective mixing of large 
quantities of granular media and the epoxy compounds.  The mixing/extrusion vessel is a conical 
bottom tank with a sealable lid. After loading and mixing, the tank will be sealed and 
compressed air to about 40 psi applied in the headspace to start extrusion through the outlet in 
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the tank’s conical bottom. The viscous mixture will be extruded onto a transportable formwork 
that is moved under the nozzle during the process. Simultaneously, a side stream of size reduced 
(via a smaller nozzle) pre-cure mixture will be extruded for leach testing. The conical tank will 
be lined with replaceable plastic liners, which will be replaced with each batch. All equipment 
and reagents used are available commercially off-the-shelf and cost projections to full-scale 
would be refined, based on pilot-scale tests. After curing, the side-stream extruded samples of 
encapsulated media will be sent to an EPA certified laboratory for TCLP or California WET test 
analysis prior to disposal to a landfill.  The entire encapsulation system could be mounted on a 
flat-bed trailer for transport to/from the utility site or, if the utility’s rate of production warrants, 
located as a permanent, on-site installation. The key components of an off-site or mobile 
encapsulation system are shown in Table 7.1.   
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Static Mixers 
Hopper Lid, Closed During  
Pressurized Extrusion.

Retractable Overhead Mixer 

Sampling Port 

Forklift to Curing Area 

Cured Encapsulated Media  
to Landfill. 

Epoxy Batching System 

Transportable Formwork 

Spent Media

Figure 7.1  Schematic of components of mobile encapsulation system. 
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Table 7.1  Key components of an on-site or mobile encapsulation system 
 

COMPONENT DESCRIPTION 
Front-End Loader To load the media into spent-media hopper (not shown in figure) prior 

to transport into mixing tank. 
Spent-Media Hopper Dispenses spent media at the desired rate onto a conveyor belt (not 

shown in figure) leading to the mixing tank. 
Spent Media 
Conveyor 

Conveys media dispensed from the spent-media hopper to the mixing 
tank. 

Retractable, 
Overhead Mixer 

Mixer shall be suitable to mix the spent media, PSB, epoxy, and 
DETA into a homogeneous mixture.  The mixer shall be able to rotate 
into position in the mixing tank to allow vertical mixing and then 
rotate out of position to allow tank lid to be closed.   

Encapsulating 
Polymer Pumps 

Pumps should be capable of pumping at a pressure and velocity to 
ensure mixing across a static mixer. 

Static Mixer To adequately mix epoxy compounds prior to dispensing the mixed 
product into the mixing tank. 

Mixing Tank The combination mixing and extrusion tank would be lined with a 
replaceable plastic liner. The tank lid would be sealable to allow 
pressurization, after mixing, for extrusion of homogenized contents. 

Formwork The formwork shall be pre-fabricated from wood or an alternative 
material.  The formwork should have design that would allow for 
conveniently moving the encapsulated media to the landfill. 

Electrical Panel or 
Power Generation 

The trailer shall have an electrical panel suitable of being energized at 
the site or have a generator suitable of powering all the equipment 
required for the encapsulation process. 

 
 
  
Costs for Full-Scale Encapsulation 
 

Conceptual level capital and O&M costs were developed for encapsulating spent granular 
media from a one million gallon per day (MGD) arsenic treatment facility.  The key assumptions 
used in developing the concept-level costs are: 

• The existing treatment site has the ability to remove the media from the adsorption 
vessels and dewater it.  Although, water may not hinder the encapsulation process (i.e., 
the curing of the epoxy), it is suggested that the media be reduced to 60% or less water 
content.  For places with dry, warm weather (e.g., AZ), the spent media can be air dried 
by placing it on a drying pad in a well-ventilated area. 

• Due to the large volume of spent media (estimated at 9 cubic yards for 2.5 minutes empty 
bed contact time), the full-scale system will encapsulate the media in a batch manner (in 
2-3 batches) using a 4-10 cubic yard mixing/extrusion tank.  The lining of the tank may 
be replaced after each event. 
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Table 7.2 has a summary of itemized capital cost opinion for the encapsulation system.  
The capital cost opinion for the full-scale system was developed by obtaining quotations for key 
equipment and applying a contingency of 25% to account for items not captured in the key 
equipment.  The conceptual costs developed are referred to as Level 4 costs according to the 
American Association of Cost Engineering (AACE).  The Level 4 cost opinions have an error 
range of -50% to +30%.  The capital cost opinion shown in Table 7.2 will be incurred by the 
service provider to build a central or mobile encapsulation system.  The service provider would 
in-turn charge the water purveyors a fee for encapsulation to recover the capital cost.   
 
 

Table 7.2  Capital cost for an off-site or mobile encapsulation system 
 

DESCRIPTION QUANTITY UNITS UNIT COST TOTAL COST 
Front-End Loader 1 each $12,000 $12,000 
Hopper 1 each $15,000 $15,000 
Conveyor 10 feet $1,000 $10,000 
Mixing/Extrusion Tank 1 each $40,000 $40,000 
Heavy-Duty, Retractable 
Overhead Mixer 

1 each $25,000 $25,000 

Polymer Pumps 3 each $2,500 $7,500 
Static Mixers 2 each $2,000 $4,000 
Air Compressor 1 each $10,000 $10,000 
Power Generators 2 each $10,000 $20,000 
Epoxy Batching Machine 2 each $5,000 $10,000 
Concrete Pad and Shade 
Structure or Flatbed Truck 

1 cubic yard $150,000 $150,000 

Subtotal ($) $304,000 
Contingency (25%) $76,000 

Capital Cost ($) $380,000 
 
 

 
 
The costs that a water utility would incur to encapsulate spent granular media from a 1 

million gallon per day (MGD) treatment site are summarized in Table 7.3.  The costs shown in 
Table 7.3 include the service provider fee, all consumables (chemicals, supplies) and labor 
required to conduct encapsulation and disposal to landfill.   

The total cost of $130,000 (~ $535/ft3 media treated) to encapsulate and dispose spent 
media from a 1 MGD treatment system is a small fee to pay for a utility to reduce its risks from 
future disintegration of media and leaching of arsenic under the aggressive conditions of the 
landfills.   
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Table 7.3  Cost for a water utility to encapsulate granular media  

(From a 1 MGD treatment system assuming 2.5 minutes empty bed contact time and 75 
pounds/cubic feet for density of media) 

 
DESCRIPTION QUANTITY UNITS UNIT COST TOTAL COST 

Service Provider Fee 
Service Provider Fee1 1 lump sum $50,000 $50,000 

Labor 
Utility Operator for 
Coordination 

40 hours $80 $3,200 

Supplies 
Polyurethane Mixing Tank 
Liners 

3 each $15,000 $45,000 

Disposable Wooden Forms 35 each $ 100 $3,500 
Chemicals 

Epoxy Resin 180 gallons $50 $ 9,000 
Rubber 16,250 pounds $ 1.10 $ 18,000 
Cross-linking Agent 175 pounds $ 2.25 $400 

Laboratory 
TCLP or California WET 2 sample $ 125 $250 

Cost for Encapsulation of Spent Media for a Water Utility $130,000 
1Service provider fee includes the capital cost recovery charge, cost for hauling the media off-
site or bringing the equipment to the site, labor and incidental charges 
 
 
Pilot-Scale Demonstration of Encapsulation  

 
Pilot-scale and additional demonstration studies are necessary to fill-in the following data 

gaps that have not been addressed by bench-scale testing. 
• Effect of Aging of Media:  Granular adsorption medias have large capacity for arsenic 

adsorption.  The granular media will be in use in full-scale systems for extended periods 
of time (in the order of months/years).  During this period, some granular iron media may 
transform from one phase to another phase (for example, 2-line ferrihydrite in granular 
iron media is known to age to 6-line ferrihydrite followed by further transformation to 
goethite and hematite).  Bench-scale results observed on fresh, granular and amorphous 
media need to be verified on aged media from full-scale operating treatment systems.   

• Effectiveness on Previously Un-tested Media and Conditions: The bench-scale 
experiments were conducted using GFH, E-33, and AA-FS adsorption media loaded with 
arsenic at field sites and subsequently augmented with additional, laboratory-loaded 
arsenic. Even though the iron media represented by the GFH, E-33, and AA-FS utilized is 
representative of the most common type of adsorption media expected to be used in 
arsenic removal installations, the effectiveness of the encapsulation process should be 
tested on other types of solid arsenic residuals such iron sludges and titanium oxide, 
aluminum oxide, zirconium and lanthanum sorbents. In addition, natural waters may 
contain elevated concentrations of particulate matter, anions like phosphate, silica, sulfate 
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and nitrate, organic matter and microorganisms.  Although the Phase I work utilized 
field-generated samples of media, Phase II should extend this to include field generated 
samples from sites with particularly complex and problematic water compositions.  The 
effect of high levels of other water constituents on the adsorption media in terms of 
effectiveness of encapsulation would need to be investigated.   

• Mixing/ Homogeneity:  In the bench-scale system, small batches of resin, PSB and DETA 
were effectively mixed with the media. Uniform mixing of resin compounds and the 
media is critical to achieve structural integrity as well as chemical stability of the 
encapsulated matrix (Rengifo et al. 2004).  In a full-scale application, uniform mixing of 
polyceram agents and the media will be more challenging. The G value of the overhead 
mixer needs to be carefully adjusted in order to ensure uniform mixing.  Also, the relative 
proportions of the encapsulating agents may need to be modified, considering 
lining/deposition of the resin compounds on the mixer walls/blades. 

• Landfill Disposal of Encapsulated Media:  Bench-scale results have shown that the 
encapsulated residuals leach much less arsenic than unstabilized spent residuals.  
However, once encapsulated, the stability of the binding agent itself needs to be tested 
under landfill conditions.  Encapsulated wastes formed in pilot-scale evaluation should be 
tested under aggressive landfill leaching conditions to ensure the stability of the matrix 
under extreme conditions. 

 
Full-scale encapsulation processes can be replicated at a pilot-scale level.  The key steps 

for pilot-scale demonstration of encapsulation process include: 
• Obtain three to five cubic feet of spent granular media from an existing arsenic treatment 

facility.  
• Allow media to dry under ambient atmospheric conditions.  This may take a few weeks 

depending on the climate conditions (i.e., temperature, rain, humidity). 
• Construct curing formworks using plywood.  
• Using a hand-held, electric mixer, mix the PSB, epoxy resin and DETA in a 5-gallon 

bucket by adding them according to the proportions described. 
• Add the epoxy mix to a plastic-lined, 30-gal tank on a drum-tip mount.  
• Place two cubic feet of the dried media in the tank, and mix with the hand-held, electric 

drum mixer. 
• Mix until the contents are completely homogenized. 
• Place the curing forms beneath the drum-tip and slowly pour the mixture into the curing 

formwork.  Take small, sub-samples during pouring for later testing 
• Allow twenty-eight to thirty days for the encapsulated media to fully cure.   
• After curing, subject samples to TCLP, CA-WET and other alternative leach tests. 

 
The above steps can be repeated by replacing polyurethane liners for the mixing tank.  

Costs associated with performing the pilot-scale encapsulation study are shown in Table 7.4.  
The total cost for pilot-scale demonstration of encapsulation is $64,000. 
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Table 7.4  Estimate for pilot-scale demonstration of encapsulation 
 

DESCRIPTION QUANTITY UNITS UNIT COST TOTAL COST 
Field Equipment 

Mixing tank (HDPE) 1 Each $1000 $2,000
Hand-held Mixer + 
Propeller Mixing Shaft 

1 Each $500 $1000

Plywood 4 Sheets $25 $100
Shovel 1 Each $50 $50
Epoxy 4 Gal $50 $200
Rubber 300 Pounds $1.10 $330
Cross-linking Agent 4 Pounds $2.25 $50
Field Labor 40 Hours $ 105.00 $ 4,200

Laboratory Testing 
TCLP or CA WET Test 10 Samples $ 125.00 $1250

Labor 
Pilot Test Plan 30 Hours $125 $3,800
Pilot Test Coordination 100 Hours $125 $12,500
Conducting Pilot Test 120 hours $125 $15,000
Data Collection and 
Processing 

60 hours $125 $7,500

Pilot Report 100 hours $125 $12,500
Travel and Incidental Charges 

Project Team Trips 6 trips $500 $3,000
Incidental Charges 1 lump sum $1,000 $1,000

Total Cost ($) $64,000
 
 
CRYSTALLIZATION/AGING 
 

The crystallization process is intended for arsenic treatment processes that generate a 
liquid residual with elevated arsenic concentrations.  In the proposed process, an iron coagulant 
(ferric chloride) is added and the pH is raised to 7 to adsorb/precipitate dissolved arsenic along 
with ferric hydroxide floc.  The arsenic-laden iron sludge will be then dewatered and cured; the 
sludge will be allowed to form a crystalline structure analogous through a natural crystallization 
process into a more leach resistant mineralogic phase. Bench-scale testing has confirmed that the 
rate of aging and the final crystallized product is a function of pH, temperature, relative humidity 
and arsenic concentration (in the concentrated brine solution and in the subsequently formed iron 
sludge).   

Preliminary results from bench-scale testing show that the crystallization of sludges by 
aging of precipitates may not necessarily lead to a more stable solid phase in terms of arsenic 
leaching. Further research is necessary to confirm that crystallization would in fact reduce 
arsenic leaching from solids.  If future research shows that crystallization does not reduce arsenic 
leaching then the sludge/precipitate can be encapsulated using procedures described earlier. 
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This section describes the approach that water systems could use to implement 
crystallization at a full-scale treatment plant, assuming that future research shows significantly 
lower arsenic leaching from crystallized residuals compared to un-crystallized residuals.   
 
Full-Scale Crystallization System 
 

The crystallization process will need additional equipment at an existing treatment 
facility.  Figure 7.2 illustrates how full-scale spent brine crystallization may occur.  Spent brine 
from the existing brine storage tank will be dosed with ferric chloride at a iron to arsenic molar 
ratio of 20 to 1 (or alternative preferable ratio as further research dictates).  The ferric chloride 
will be mixed thoroughly using a rapid mix with the brine solution and then sodium hydroxide or 
potassium hydroxide added to raise the pH to 7 and precipitate the iron and arsenic.  The arsenic-
laden floc will be allowed to settle in a sedimentation tank.  The supernatant from the 
sedimentation tank will be filtered using granular media such as anthracite and disposed of to the 
sewer (note that there will be a very low arsenic concentration in the supernatant water).  The 
sludge from the sedimentation tank will be processed using a centrifuge to achieve the required 
sludge to water content.  The centrate from the centrifuge process will also be disposed of to the 
sewer.   The sludge from the centrifuge will be conveyed into crystallization trays.  The 
crystallization trays will be placed in a temperature/humidity controlled environmental chamber 
until the sludge is crystallized (it may take approximately 30 days for crystallization to occur).   
 
Costs for Full-Scale Crystallization 
 

Conceptual level capital and O&M costs were developed for crystallization of arsenic-laden 
residuals from a 1 MGD ion exchange arsenic treatment facility.  The key assumptions used in 
developing the concept-level costs are that: 

• Regeneration of a 1 MGD ion exchange system would generate about 20,000 gallons of 
spent brine (assuming approximately 10-12 bed volumes of combined spent brine and 
rinse waters for a system with 2.5 minute empty bed contact time). 

• The existing facility has adequate storage for storing the spent regenerant from one 
regeneration cycle.  The existing facility also has the ability to pump the spent regenerant 
for subsequent processing. 

• The existing facility has land available to locate a small (40 gpm or less) package 
coagulation, sedimentation, filtration system.  The purpose of the package system is to 
thoroughly mix the coagulant and caustic to form arsenic-laden iron hydroxide precipitate 
and filter the brine prior to disposal/re-use.  A fraction of the filtered, spent brine can be 
re-used by recycling it to the brine tank.  The filtered, spent brine has fairly high 
concentration of sodium and chloride, low concentrations of arsenic and high 
concentrations of other anions such as sulfate.  The presence of sulfate may interfere with 
the regeneration process. 

• The existing facility has land available to locate a small (10 gpm or less) centrifuge and a 
temperature/humidity controlled storage system.  The purpose of the centrifuge is to 
generate a solid residual of desired consistency. 

• The purpose of humidity/temperature controlled storage system is to store the solid 
residual from the centrifuge at the desired humidity/temperature for the desired time 
period (~30 days) for crystallization to occur.   
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• The humidity/temperature controlled storage system will be sized to contain solids that 
are generated over the duration of crystallization time period.   
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Figure 7.2  Full-scale crystallization process 
 

 
 

Table 7.5 summarizes the itemized capital cost opinion for the crystallization system.  
The capital cost opinion for the full-scale system was developed by obtaining quotations for key 
equipment and applying a contingency of 25% to account for items not captured in the key 
equipment.  The conceptual costs developed are referred to as Level 4 costs according to the 
American Association of Cost Engineering (AACE).  The Level 4 cost opinions have an error 
range of -50% to +30%.  The capital cost opinion shown in Table 7.5 is for implementing 
crystallization to process the spent brine from a 1 MGD ion exchange treatment system. 

The annual O&M costs for the crystallization system are summarized in Table 7.6. The 
costs shown in Table 7.6 include all consumables (chemicals, supplies) and labor required to 
conduct crystallization.   
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Table 7.5  Capital cost for crystallization of spent brine from  
a 1 MGD ion exchange treatment system 

 
DESCRIPTION QUANTITY UNITS UNIT COST TOTAL COST 
Packaged CF System 1 Each $ 100,000 $100,000 
Conical Solids Tanks 2 Each $2,500 $5,000 
Centrifuge 1 Each $50,000 $50,000 
Environmental Chamber 1 Each $50,000 $ 50,000 
Piping and Valving -- lump sum $5,000 $5,000 
Concrete Pad and  
Shade Structure 

-- lump sum $100,000 $100,000 

Subtotal ($) $ 310,000 
Contingency (25%) $ 80,000 

Capital Cost ($) $390,000 
 
 

Table 7.6  Annual O&M cost for crystallization of spent brine from  
a 1 MGD ion exchange treatment system 

  
DESCRIPTION QUANTITY UNITS UNIT COST TOTAL COST 

Labor 
Utility Operator Time 500 hours $80 $40,000 

Chemicals 
Ferric Chloride 10 barrels $100 $1,000 

Laboratory Analysis 
TCLP or California WET 24 sample $125 $3,000 

Power 
Electricity 100,000 kWh $ 0.06 $6,000 

Maintenance 
Equipment Maintenance -- lump sum $10,000 $10,000 

Annual Cost for Crystallization $60,000 
 
 
Pilot-Scale Demonstration of Crystallization 
 

Pilot-scale testing of crystallization should be performed only after proving that 
crystallized solids leach less arsenic than un-crystallized solids.  The full-scale crystallization 
process described above can be replicated at a pilot-scale level.  The pilot-scale process will 
require processing of a significant amount of arsenic-laden brine in order to generate a suitable 
amount of dewatered sludge.  In a pilot-scale system, the mixing of coagulant and caustic can be 
accomplished in a 5-gallon bucket using a blender.  The precipitated solids can be consolidated 
using bag filters of 1 micron pore size.  The solids can be dried to the desired consistency and 
then put in the temperature/humidity-controlled chamber for crystallization to occur.  The cost 
for pilot testing is dependent on the number of tests performed.  A flow-through pilot system 
would be more expensive than conducting batch pilot tests. 
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CHAPTER 8 

CONCLUSIONS AND RESEARCH RECOMMENDATIONS 
 

POLYMERIC STABILIZATION 
 
 The level of arsenic leaching from spent arsenic sorbents is of concern, despite their 
classification as non-hazardous waste based on TCLP evaluation. Polymeric encapsulation of 
arsenic-bearing solid residuals reduces arsenic leaching to below toxicity characteristic limits 
under all testing conditions evaluated and its performance is superior to the only current 
alternative encapsulation technology, cement stabilization. Based on bench-scale and initial 
scale-up evaluations, polymeric encapsulation of spent arsenic sorbents can be implemented with 
conventional equipment and reagents, can be applied under a broad range of conditions, and is 
economically preferable to hazardous waste consignment or alternative stabilization processes. 
The specific research results on which these summary conclusions are based follow. 

• Salt encapsulation trials demonstrated that: 
o Post-curing the polymer with heat does not significantly improve its leach 

resistance. 
o Retarded drying of the polymer does not significantly decrease its leach 

resistance. 
o Very slow curing and drying of the polymer increased the encased salt’s effective 

diffusivity, yet a mechanically viable wasteform still evolved. 
o Contaminant migration from encapsulated samples is a diffusion-controlled 

process. 
o Omission of the surfactant (Span 80), a relatively expensive reagent, did not 

significantly decrease the leach resistance. 
o The effective diffusivities (rate of leaching) of salt from cement encapsulated 

samples were much higher (over 3 orders of magnitude) than from polymeric 
encapsulate counterparts. 

• Arsenic-bearing residual encapsulation trials demonstrated that: 
o The TCLP extracted less than the toxicity characteristic (TC) limit for all samples, 

both unencapsulated and encapsulated. The WET extracted more than the TC for 
all unencapsulated and cement encapsulated samples, while it leached equal or 
less than the TC for all polymer encapsulated samples. Note that all residuals 
were initially loaded with arsenic to concentrations in the upper range of expected 
application loadings (aqueous equilibrium concentrations of 6.5, 8.6 and 1.0 mg/L 
for GFH, E-33 and AAFS, respectively) for the express purpose of presenting the 
encapsulation technology with the most challenging loading conditions. 

o The cement encapsulated samples leached more arsenic than their unencapsulated 
analogs using the WET. 

o The maximum residuals loading (% dry weight of residual in final wasteform) for 
cement encapsulation was typically 15% with a high of 25%, while polymeric 
encapsulation loadings were greater than 60% in all cases. 

o The residual media is encapsulated within the polymer matrix with layers of 
polymer “skin” separating individual media grains.  
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o The polymer is more fracture resistant than the media. Size reduction of a 
polymer sample by crushing preferentially creates fracture surfaces through 
residual media grains, thus exposing previously protected surfaces to leaching. 

o Cement encapsulation is unsuitable for solid residuals stabilization for the 
conditions tested. 

• The scale-up analysis showed that: 
o Polymeric encapsulation of spent, solid sorbents is feasible using commercially 

available equipment and reagents. 
o The equipment for polymeric encapsulation could be mounted as a mobile unit, 

which could be transported to and from a utility site to address the infrequent 
(about once a year) need to process sorbent residuals. 

o Polymeric encapsulation is estimated to be more cost effective than consignment 
of residuals to hazardous waste disposal. 

 
CRYSTALLIZATION/AGING 
 
 Development of a crystallization process for stabilization of arsenic-bearing, amorphous 
ferric hydroxide (AFH) sludges has not yet reached the proof-of-concept stage. Although work 
was continued throughout the project’s duration, the effort was unsuccessful in identifying a 
robust, reproducible route to incorporate arsenic in the mineralogic structure of an iron-based 
phase such as pharmacosiderite. Consequently it is concluded that this stabilization technology is 
not ready for Phase II, commercialization studies. However, the studies completed did 
demonstrate that the natural aging of AFH impacts its arsenic retention capacity, that 
unstabilized AFH will release arsenic at levels sufficient to raise considerable concern (despite 
passing the TCLP test for non-hazardous classification), and that AFH will rapidly release its 
bound arsenic under mixed solid waste landfill conditions. The specific research results on which 
these summary conclusions are based follow. 

• Kinetic studies of AFH crystallization and aging demonstrated that: 
o The rate of crystallization increases significantly with increasing pH and, to a 

lesser extent, with increasing temperature of the aging environment. 
o The concentration of both iron and arsenic extracted by weak HCl decreased 

during aging with the final concentrations less than 10% of the initial 
concentrations. 

o AFH with iron to arsenic ratios less than 5.7:1 exhibited retarded or negligible 
goethite formation and greater total arsenic extraction by weak HCl. 

• The batch parametric studies on fresh and aged AFH showed that: 
o The pH of the leaching solution is the most important single parameter (of those 

studied) determining arsenic leaching from both fresh and aged AFH. 
o Arsenic desorption from aged AFH is insensitive to variations in SO4

2-, NOM, 
and ionic strength, whereas fresh AFH shows an initial increase in desorption. 
However, in all cases the fractional increase in desorption was less than 3% for all 
aqueous compositions studied. 

• The batch comparative leaching tests on fresh and aged AFH showed that: 
o The TCLP extracts the least arsenic among all leaching solutions tested. 
o The TCLP is the only test that would classify the fresh AFH as a non-hazardous 

waste. 
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o The WET extracts the greatest arsenic mass of all the leaching solutions tested. 
o The presence of a strong iron chelator, such as citrate, greatly increases the 

arsenic extracted from both fresh and aged AFH. 
o The fresh AFH does not consistently leach more (or less) arsenic than the aged 

AFH in the seven leaching tests evaluated. 
o The difference between the arsenic leached from the fresh versus aged AFH by a 

single test is less than a factor of 3, while the difference in arsenic leached by 
different tests is greater than a factor of 200. 

• The evaluation of fresh AFH leaching from a simulated, biotic landfill showed that: 
o The arsenic is rapidly released (80% in one year) under MSW landfill conditions. 
o The arsenic is predominantly released via particulate transport, which is not 

accounted for in present batch leaching protocols. 
o Iron release from fresh AFH is also rapid under landfill conditions, but does not 

provide the sole explanation for the arsenic release. 
o Unencapsulated AFH leaches a higher concentration of arsenic than its TC limit 

for over 200 days and greater than the TCLP extracted concentration for the full 
duration of the trial completed (over one year). 

• The scale-up analysis of crystallization indicates that the crystallization process is likely 
to be economically attractive if future research can identify a robust, reproducible process 
for iron/arsenic remineralization along the lines of the present work. However, the 
crystallization technology requires additional, proof-of-concept level research before it 
would ready for development to commercialization.  At the present level of development 
crystallization as a means to mitigate arsenic leaching from AFH residuals is not 
practically feasible, because a process that reproducibly and simply generates a 
crystalline structure incorporating arsenic in the matrix has not been identified. In 
addition, the research indicates that the natural solid restructuring and crystallization 
(a.k.a. aging) of AFH that occurs decreases its arsenic sorption capacity and consequently 
may increase the mass of easily leached arsenic. 

 
RESEARCH RECOMMENDATIONS  
 
 This research demonstrated that the polymeric encapsulation significantly out performed 
the only reported alternative, cement stabilization, with respect to both residual loading capacity 
(greater than 3-fold increase) and leach resistance. The economic analysis indicates that 
polymeric stabilization is cheaper than hazardous waste disposal of the ABSR and that the cost 
should be able to be further reduced with process and component optimization. 
It is recommended that work be undertaken to bring the polymeric encapsulation process to the 
point where it would be ready and attractive for commercialization. Research should focus on 
optimization of the polymeric encapsulation process, scale-up to pilot level field tests, expansion 
of applicability, and long-term verification of polymer wasteform performance under biotic 
landfill conditions. The research recommendations are to: 
 
1) Develop a pre-cure process strategy that successfully addresses standard leaching test size 

reduction criteria without jeopardizing full-scale waste form viability. 
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2) Optimize, characterize, and test loading capacities for a broader range of potential ABSR 
obtained from pilot or full-scale systems. AFH sludges should be specifically included in this 
evaluation. 

3) Evaluate polymerically encapsulated ABSR under aggressive mixed solid waste landfill 
conditions.  

4) Complete a process scale-up model and conduct the attendant field evaluation study that is 
necessary prior to full-scale employment of the encapsulation technology. 

 
 Efforts to develop a viable crystallization technology for stabilizing AFH residuals was 
only partially successful although all research tasks were completed. Natural and engineered 
aging of the arsenic-bearing amorphous ferric hydroxide (AFH) sludges resulting from 
detoxification of brines and concentrates demonstrated that mineralogic phase transformations 
did occur and the rate of transformation and final phase identity was primarily a function of pH, 
incubation temperature and arsenic to iron ratio in the original sludge. Further it was 
demonstrated that arsenic (and iron) leaching was impacted by the mineralogic transformations 
observed. However, a robust process was not demonstrated by which a final mineralogic phase 
could be reproducibly generated that incorporated the arsenic in the crystalline mineral structure 
and, consequently, significantly decreased its leachability. The research team still believes a 
viable crystallization process will be developed, however additional work involving a wider 
range of sludge additives (e.g., potassium, calcium and carbonate) and possible crystal seeding of 
incubating sludges is required before proof-of-concept is achieved.  
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CHAPTER 9 
RECOMMENDATIONS TO UTILITIES 

 
 

The Toxicity Characteristic Leaching Procedure (TCLP) is the currently accepted method 
for assessing arsenic residuals in all states except California, which employs the alternative, 
Waste Extraction Test (WET). Nearly all arsenic-bearing solid residuals (ABSR) pass the TCLP 
and some the WET. Therefore, they are deemed acceptable for non-hazardous waste landfill 
disposal. However, if leachate from a mixed solid waste (MSW) landfill is substituted for the 
acetic acid or citric acid solution of the TCLP or WET, respectively, the arsenic leached from 
both iron and alumina based ABSR may be considerably increased. This finding is being 
increasingly supported by work conducted by this project research team as well as researchers in 
other laboratories and suggests that ABSR will release arsenic at much faster rates than expected 
if disposed in MSW landfills. Since the utility removing the arsenic from the drinking water is 
the waste (residual) generator, then it will carry, at least, some of the liability for the subsequent 
safe disposal of the waste (even if it passes current regulatory requirements). The rate at which 
an untreated ABSR will leach arsenic in a MSW landfill environment is a function of a number 
of factors including the type of ABSR, the moisture content and water ingress rate in the landfill, 
the nature of co-disposed waste, and the temperature. In addition, the impact of ABSR on the 
concentration of arsenic in the leachate evolving from the landfill is also dependent on several 
factors including the arsenic concentration in the leachate from other sources (i.e., CCA treated 
timber, pesticides, soil cover) and the landfill management practices (i.e., waste segregation, 
liners, water ingress control).  

At present there is not a consensus within the scientific and regulatory communities as to 
the degree of risk of environmental contamination posed by the current policy allowing disposal 
of ABSR in non-hazardous landfills.  However there is general consensus that the TCLP does 
significantly underpredict the arsenic leaching expected under MSW landfill conditions and the 
results presented in this project substantiate this conclusion. Considerable research has been 
recently published and is on-going to quantify the behavior and impact of ABSR disposed in 
landfills and to model the arsenic’s fate and transport if it is released from ABSR in a landfill. 
However, this current uncertainty leaves water utilities in a difficult position in which they may 
be required to remove arsenic from their drinking water source and consequently generate and 
dispose of arsenic bearing residuals, yet not fully know the extent to which these residuals may 
or may not contribute to subsequent environmental contamination. It is beyond the scope and 
objectives of this project to further review the growing research literature and the additional 
research needs regarding arsenic leaching from various types of residuals under landfill and other 
disposal conditions as more in-depth presentation requires quantitative discussion of the various 
factors controlling the rate and impact of arsenic leaching from ABSR. However, from an 
implications to utilities perspective, more research is critically needed (including concurrent 
close and rapid collaboration between water providers, regulators and researchers) before the 
impact of ABSR non-hazardous landfill disposal is quantified and, equally importantly, before an 
appropriate, practical protocol is available to assess ABSR leaching. The work in this project 
investigated two innovative means to treat ABSR prior to disposal so as to mitigate the arsenic 
leaching rate and overcome the current uncertainty as to the advisability of MSW landfilling of 
ABSR. The objective was to develop through the proof-of-concept phase an economically viable 
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means for ABSR generators to stabilize their ABSR so that non-hazardous landfilling would not 
pose a concern. 

This research demonstrated that polymeric encapsulation of ABSR significantly out 
performed the only reported alternative encapsulation technique, cement stabilization, with 
respect to both residual loading capacity (greater than 3-fold increase) and leach resistance. The 
economic analysis indicates that polymeric stabilization is cheaper than hazardous waste disposal 
of the ABSR and that the cost should be able to be further reduced with process and component 
optimization. Before the polymeric encapsulation technology is commercialized it must be tested 
under simulated (and to the degree possible, actual) landfill conditions, optimized with respect to 
loading and processing so as to further improve its economic viability, and evaluated for 
additional ABSR types. It is expected that this second phase development to commercialization 
would require approximately 18 months with suitable funding. 
  The project effort to develop a viable crystallization technology for stabilizing AFH 
residuals was only partially successful although all research tasks were completed. Natural and 
engineered aging of the arsenic-bearing amorphous ferric hydroxide (AFH) sludges resulting 
from detoxification of brines and concentrates demonstrated that mineralogic phase 
transformations did occur and the rate of transformation and final phase identity was primarily a 
function of pH, incubation temperature and arsenic to iron ratio in the original sludge. Further it 
was demonstrated that arsenic (and iron) leaching was impacted by the mineralogic 
transformations observed. However, a robust process was not demonstrated by which a final 
mineralogic phase could be reproducibly generated that incorporated the arsenic in the crystalline 
mineral structure and, consequently, significantly decreased its leachability. Considerable 
additional work involving a wider range of sludge additives (e.g., potassium, calcium and 
carbonate) and possible crystal seeding of incubating sludges is required before proof-of-concept 
is achieved. This work did demonstrate that AFH sludges will naturally age and, as a 
consequence, their arsenic retention capacity changes although the magnitude of change is 
typically less than a factor of three. This suggests that after disposal of such residuals the 
strength of arsenic retention will change simply as a consequence of the aging of the media, yet 
this change may be either positive or negative depending on the pH and conditions of the aging 
environment.  
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