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Foreword 

The U.S. Environmental Protection Agency is charged by Congress with protecting 
the Nation’s land, air, and water resources. Under a mandate of national environmental 
laws, the Agency strives to formulate and implement actions leading to a compatible balance 
between human activities and the ability of natural systems to support and nurture life. To 
meet this mandate, EPA’s research program is providing data and technical support for 
solving environmental problems today and building a science knowledge base necessary 
to manage our ecological resources wisely, understand how pollutants affect our health, and 
prevent or reduce environmental risks in the future. 

The National Risk Management Research Laboratory is the Agency’s center for 
investigation of technological and management approaches for preventing and reducing 
risks from pollution that threatens human health and the environment. The focus of the 
Laboratory’s research program is on methods and their cost-effectiveness for prevention 
and control of pollution to air, land, water, and subsurface resources; protection of water 
quality in public water systems; remediation of contaminated sites, sediments and ground 
water; prevention and control of indoor air pollution; and restoration of ecosystems. NRMRL 
collaborates with both public and private sector partners to foster technologies that reduce 
the cost of compliance and to anticipate emerging problems. NRMRL’s research provides 
solutions to environmental problems by: developing and promoting technologies that protect 
and improve the environment; advancing scientific and engineering information to support 
regulatory and policy decisions; and providing the technical support and information transfer 
to ensure implementation of environmental regulations and strategies at the national, state, 
and community levels. The goal of this research effort is to evaluate the effectiveness of 
various treatment processes for removing arsenic from residuals produced by arsenic 
removal drinking water treatment technologies. 

This publication has been produced as part of the Laboratory’s strategic long-term 
research plan. It is published and made available by EPA’s Office of Research and 
Development to assist the user community and to link researchers with their clients. 

E. Timothy Oppelt, Director 
National Risk Management Research Laboratory 
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Abstract 

The drinking water MCL was recently lowered from 0.05 mg/L to 0.01 mg/L. One concern was 
that a reduction in the TCLP arsenic limit in response to the drinking water MCL could be 
problematic with regard to disposal of solid residuals generated at arsenic removal facilities. 
This project focused on developing a short-list of arsenic removal options for residuals 
produced by ion exchange (Ion Ex), reverse osmosis (RO), nanofiltration (NF), activated 
alumina (AA), and iron removal processes. Both precipitation and adsorption processes were 
evaluated to assess their arsenic removal effectiveness. 

In precipitation tests, ferric chloride outperformed alum for removal of arsenic from residuals 
by sedimentation, generally resulting in arsenic removals of 88 to 99 percent. Arsenic removal 
from the high alkalinity ion exchange samples was poorer. The required iron-to-arsenic molar 
ratio for best removal of arsenic in these screening tests varied widely from 4:1 to 191:1, 
depending on residuals type, and best arsenic removal using ferric chloride typically occurred 
between pH 5.0 and 6.2. Polymer addition typically did not significantly improve arsenic 
removal using either coagulant. Supernatant total arsenic levels of 0.08 mg/L or lower were 
attained with ferric chloride precipitation for membrane concentrates and residuals from iron 
removal facilities compared to an in-stream arsenic limit of 0.05 mg/L in place in some states. 
Settling alone with no coagulant also effectively removed arsenic from iron removal facility 
residuals.  Even with ferric chloride dosages of 50 to 200 mg/L applied to ion exchange 
regenerants, supernatant arsenic levels after treatment were 1 to 18 mg/L. Required iron-to-
arsenic molar ratios developed in precipitation work could be used by utilities as guidelines 
for establishing coagulant dose needs to meet in-stream standards, and to develop preliminary 
treatment costs. 

Adsorption tests demonstrated the potential for different types of media and resins to remove 
arsenic from liquid residuals, but did not assess ultimate capacity. Overall, the iron-based 
granular ferric hydroxide media evaluated in testing outperformed the aluminum-based media 
and ion exchange resin for removal of arsenic. However, activated alumina and the iron-based 
media provided comparable arsenic removals of close to 100 percent with an empty bed 
contact time (EBCT) of 3-min for most of the membrane concentrates and the settled iron 
removal facility residuals. Removal of suspended solids was key to the success of adsorption 
for spent filter backwash water and clarifier flush residuals. Arsenic breakthrough occurred 
very rapidly for the ion exchange samples and for one RO concentrate, all of which had an 
alkalinity of more than 1,000 mg/L (as CaCO3).  This again suggests that alkalinity 
significantly interferes with adsorption of arsenic. Based on this work, use of adsorption media 
for treatment of arsenic-laden water plant residuals merits further exploration. 

Of all of the residuals streams tested, Ion Ex regenerants were the most difficult to treat using 
precipitation or adsorption. Disposal of supernatant streams resulting from treatment of 
arsenic-laden residuals from ion exchange plants could pose a major challenge. TCLP arsenic 
levels in all residuals generated in this work and in full-scale solid media samples were far 
below the regulatory limit of 5 mg/L, and in fact were below 0.5 mg/L. 
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1. Introduction 

1.1 Background 

On December 24, 1975, EPA issued the National Interim 
Primary Drinking Water Regulations. These regulations 
established a maximum contaminant level (MCL) for arsenic 
at 0.05 mg/L. Arsenic was designated as a priority for 
regulation under the Safe Drinking Water Act (SDWA) 
Amendments of 1986, and a decade later, under the SDWA 
Amendments of 1996, Congress required EPA to develop a 
revised arsenic regulation by January 2001. On June 22, 
2000, the USEPA published in the Federal Register a notice 
of proposed rulemaking to lower the arsenic MCL to 0.005 
mg/L, and on January 22, 2001, a final MCL of 0.01 mg/L 
was published. 

With reduced drinking water limits, the arsenic-laden 
residuals may also become a problem. Arsenic 
concentrations in residuals will increase as more arsenic is 
removed from raw water during treatment. Enhanced 
coagulation is one treatment technique for increasing 
removal of arsenic from raw water that will increase the 
arsenic content and quantity of residuals. Higher 
concentrations of arsenic in residuals will be of particular 
concern if regulatory arsenic limits in residuals are lowered 
in response to the new drinking water limit. For example, the 
toxicity characteristic leaching procedure (TCLP) arsenic 
limit is currently set at 5.0 mg/L, or 100 times the drinking 
water MCL of 0.05 mg/L. A proportional reduction would 
mean that the TCLP limit would drop to 1.0 mg/L. 

Arsenic in residuals can come from two major sources, the 
raw water and the treatment chemicals. Based on recent 
surveys by Frey and Edwards (1997), locations in the U.S. 
that are likely to have high raw water arsenic levels have 
been identified. Arsenic occurrence in groundwater systems 
is presented in Figure 1-1. The natural occurrence factor 
(NOF) is a descriptive variable used by the authors to 
differentiate arsenic occurrence patterns geographically. A 
ranking system was developed to assign qualitative NOF 
levels to individual states in that work. The American Water 
Works Service Company (AWWSC) conducted a study to 

evaluate the potential impact of contaminants including 
arsenic in treatment chemicals on sludge characteristics by 
analyzing treatment chemicals from several water treatment 
facilities (Dixon et al. 1988).  Results showed the presence 
of 108 to 122 mg As/kg in a ferric chloride solution, and 214 
to 270 mg As/kg in liquid alum. 

The handling and disposal of arsenic-laden residuals may be 
a problem because various handling and disposal methods 
may release arsenic back to the environment. Because 
arsenic removal is sensitive to both the pH of precipitation 
and the oxidation state, any process that changes pH or 
results in a reducing environment may release arsenic from 
the solid phase. These processes, including chemical 
conditioning during dewatering, storage and lagooning, and 
ultimate disposal options such as landfilling, land application, 
discharge to sewer, and coagulant recycle, may all 
contribute arsenic back to the environment. 

1.2 Literature Review 

A thorough review of the literature and a search of AWWA’s 
database, including the last ten years of American Water 
Works Association (AWWA) journals and conference 
proceedings, yielded relatively few published works that 
specifically address characteristics of residuals containing 
arsenic and removal of arsenic from those residuals. The 
search also included numerous AWWARF publications, 
three of which deal with residuals, and proceedings from the 
Inorganic Contaminants Workshop (February 2000) held in 
Albuquerque, New Mexico. Numerous publications dealing 
with treatment of drinking water to remove arsenic were 
found; however, limited information was available regarding 
characteristics of residuals produced by arsenic removal 
processes, or treatment of those residuals streams for 
removal of arsenic. 

In one residuals characterization effort conducted by NSF, 
and partially sponsored by EPA, residuals quality data from 
an arsenic removal facility were discussed (Bartley et al. 
1991). Cornwell et al. (1992) characterized water plant 
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Figure 1-1. Natural occurrence factors for arsenic in groundwater systems


residuals in terms of inorganic constituents such as arsenic 
and presented results of TCLP extractions. Those data, 
however, were not from plants designed to remove arsenic. 
Hathaway and Rubel (1987) and Clifford and Lin (1986) both 
reported results of Extraction Procedure (EP) toxicity tests 
performed on residuals containing arsenic. Three recent 
EPA publications (Wang et al., 2000; Fields et al., 2000; and 
Fields et al., 2000) present TCLP results for residuals 
collected at arsenic removal treatment facilities, and four 
additional recent publications—Chen et al. (1999), Clifford 
et al. (1999), Clifford et al. (1998), and Chwirka 
(1999)—address levels of arsenic in residuals. 

Bartley et al. (1991) characterized residuals produced at 
eight water treatment plants, including one arsenic removal 
plant, according to inorganic constituents, including arsenic. 
The 18-mgd arsenic-removal plant documented in that study 

includes an 8-mgd surface water train and a 10-mgd 
groundwater train that treats water from several wells, one 
of which is known to be contaminated with arsenic. Water 
from the contaminated well is treated with ferric sulfate and 
chlorine applied upstream of a contact tank, and water from 
the other wells is aerated and chlorinated. The 
aerated/chlorinated water is combined with the contact tank 
effluent and filtered. Finished water from the groundwater 
treatment train is combined with filtered water from the 
surface water treatment train. 

Supernatant from the contact basin in the arsenic removal 
process is recycled to the head of the surface water train, 
and contact basin solids, spent filter backwash water, etc., 
are routed to a wastewater holding tank, lagoons, and a 
temporary storage area. Arsenic levels in composite 
contact basin solids samples collected over a period of six 
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months averaged 5,880 mg/kg. Arsenic levels in TCLP 
extracts averaged just 0.016 mg/L, rendering the sludge non-
hazardous according to toxicity. 

Hathaway and Rubel (1987) described a dried sludge 
generated through precipitation of aluminum hydroxide from a 
spent activated alumina regeneration stream that easily 
passed the Extraction Procedure (EP) toxicity test in a pilot 
study on removal of arsenic from drinking water at the Fallon, 
NV Naval Air Station using activated alumina and ion 
exchange.  The EP toxicity test is essentially the precursor 
to the TCLP test. Under the EP toxicity test, a solid waste is 
adjusted to a pH of 5.0, modified if necessary to conform to 
particle size requirements, and placed in an extractor along 
with deionized water for a period of 24 hours. The extract from 
the waste is analyzed for a number of parameters, including 
arsenic. The toxicity criterion used to define a waste as 
hazardous under the Resource Conservation and Recovery 
Act (RCRA) was determined by the Extraction Procedure (EP) 
toxicity test prior to 1990, when that test was replaced by the 
TCLP test. A sludge in that study containing 1627 mg/kg of 
As yielded just 0.036 mg/L As in the extract. In another 
study, Clifford and Lin (1991) reported 0.6 mg/L As in a 
leachate produced by similar treatment of a spent alumina 
regenerant. 

Three major laboratory and field studies addressing key 
issues surrounding arsenic removal by ion exchange have 

Table 1-1. Results of TCLP tests from six utilities 

Sludge source Treatment method 

Reuse of spent regenerant was explored in the Albuquerque 
study, in which arsenic levels in the reused brine rose to 190 
mg/L (AWWA 1999). 

Wang et al. (2000) reported TCLP arsenic results for spent 
alumina ranging from <0.05 mg/L to 0.066 mg/L in a recently 
completed EPA research report. In another EPA research 
effort completed this year, Fields et al. (2000) reported TCLP 
arsenic levels of less than 0.05 mg/L at an iron removal 
facility.  Fields et al. (2000) reported arsenic TCLP 
concentrations of 0.30 mg/L or lower for residuals collected at 
two coagulation/filtration plants and one lime softening plant 
in a third research effort sponsored by EPA. TCLP arsenic 
levels in more than 30 sludge samples collected from 
dewatered sludge lagoons at the two coagulation plants 
ranged from below the detection limit to 0.3 mg/L. In 
dewatered residuals collected from the softening plant, TCLP 
arsenic concentrations were all below the detection limit of 
0.05 mg/L. 

Chen et al. (1999) reported TCLP results for arsenic residuals 
collected at six different utilities. Data are summarized in 
Table 1-1. The authors noted that the As levels in the TCLP 
extract of all but one residuals sample were well below the 
existing limit of 5.0 mg/L as well as much lower limits that 
could result if the TCLP limit is reduced in proportion to the 
drinking water MCL. The exception was the iron coagulation 
sludge from Utility O. Further, a WET extraction performed on 

Total As TCLP concentration 
(mg/kg dry solid) (mg/L) 

Utility F Lime softening 
Coagulation 

Utility G Lime softening 

Utility J Lime softening 

Utility L Alum coagulation 

Utility C Fe-Mn removal 

Utility O Iron coagulation 

6.9 0.0039 
2.4 0.0009 

14.8 0.002 

24.6 0.028 

NA 0.0093 

369 0.0444 

338 1.56 

Source: Chen et al. 1999. 
NA - Not Analyzed 

been conducted by Clifford and his colleagues at the following 
locations:  Hanford, CA (Clifford and Lin 1986); McFarland, CA 
(Ghurye, Clifford, et al. 1999); and Albuquerque, NM (Clifford, 
Ghurye, et al. 1997). In the Hanford work, the extract from 
dried sludges generated by treating spent ion-exchange 
regenerant using ferric or aluminum salts or lime contained 
1.5 mg/L arsenic when subjected to the EP toxicity test. 

that sludge using citric acid increased the As level in the 
extract by ten-fold. 

Clifford et al. (1998) addressed removal of arsenic from spent 
ion exchange brine containing 3,450 µg/L As using ferric 
hydroxide coagulation followed by filtration through a 0.22 µm 
filter. Ferric chloride dosages ranging from 1 to 50 moles 
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Fe/mol As in the brine were evaluated in that work, and pH 
was varied from 5.5 to 8.5. At a pH of 5.5, a molar ratio of 
20:1 was required to lower the As concentration by 99.5 
percent to 20 µg/L, consistent with the removal goal. At pH 
6.2, a molar ratio of 50:1 was required to attain similar results. 
Molar ratios of 20:1 and 50:1 are approximately equivalent to 
FeCl3 dosages of 150 to 375 mg/L. 

Table 1-2 provides a summary of example arsenic 
concentrations in water treatment residuals reported by 
Chwirka (1999). The residuals volumes and arsenic 
concentrations shown in the table for various types of 
residuals were calculated assuming a raw water arsenic 
content and arsenic removal for each treatment technology. 

Calculated arsenic concentrations in residuals volumes 
generated in each process shown in Table 1-2 ranged from 
0.098 mg/L for membrane technologies to approximately 10 
mg/L for activated alumina and ion exchange. On a dry 
weight basis, theoretical arsenic concentrations ranged from 
165 to more than 14,000 mg/kg. Actual arsenic 
concentrations would be site-specific. Based on the 
calculated arsenic levels, the author explored the feasibility of 
various disposal options. 

1.3 Project Objectives 

The primary objective of this project was to conduct laboratory 
evaluations to determine the effectiveness of various treatment 
options for removal of arsenic from residuals produced by 
arsenic removal treatment technologies. An assessment of 
disposal issues (e.g., hazardous, non-hazardous) associated 
with effective treatments was also a key part of the research 
effort. The approach followed to meet that objective included: 

1.	 Collection of residuals streams and/or solid media 
samples from nine different water treatment plants 

2.	 Treatment of liquid waste streams using precipitation 
and adsorption processes 

3.	 Performance of TCLP arsenic analyses on solid 
media samples and semi-liquid residuals fractions 
generated in precipitation tests 

Treatment performance was evaluated based on arsenic 
removal, and residual arsenic levels in precipitation test 
supernatant samples and adsorption column effluent streams. 

Table1-2. Summary of example residuals characteristics 

Volume of As concentration in Quantity of As concentration in 
residuals produced residuals volume solids produced solids 

Treatment technology (gal/MG) (mg/L) (lbs/MG) (mg/kg dry weight) 

Conventional coagulation 4,300 9.25 180 1,850 

Softening 9,600 4.2 2,000 165 

Ion exchange 4,000 10 23.4 14,250 

Activated alumina 4,200 9.52 23.4 (calculated) 14,250 (calculated) 

Iron oxide coated sand 21,000 1.9 23.4 (calculated) 14,250 (calculated) 

Nanofiltration/Reverse osmosis 664,000 0.098 NA NA 

Coagulation/Microfiltration 52,600 0.76 112.6 2,957 

Source:  Chwirka 1999. 
NA - Not Applicable 
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2. Experimental Procedures 

2.1 Introduction 

Three different types of water treatment plant residuals were 
evaluated during the project: liquid, semi-liquid, and solid 
waste.  Precipitation and adsorption removal techniques were 
evaluated for removal of arsenic from liquid and semi-liquid 
residuals collected at full-scale facilities and shipped to 
Environmental Engineering & Technology, Inc. (EE&T) in 
Newport News, VA for testing. Settled solids (semi-liquid 
residuals) generated from the precipitation tests were 
thickened to 6 to 8 percent and analyzed to determine the 
TCLP arsenic concentration. Only residuals from the iron 
removal facilities generated enough settled solids to perform 
TCLP analyses. 

TCLP tests were conducted on solid media waste from a full-
scale activated alumina plant and filter media collected at an 
iron-manganese removal facility. Ion exchange resin material 
used in this project was also evaluated with a TCLP analysis. 

2.2 Treatment Plant Residuals 

Residuals were collected from nine drinking water treatment 
plants.  The water treatment plant residuals evaluated were 
generated by the following treatment processes: 

• Ion exchange - 2 
• Activated alumina adsorption - 1 
• Iron-manganese removal - 2 
• Nanofiltration - 2 
• Reverse osmosis - 2 

A total of nine (9) samples were evaluated. Eight different 
liquid residuals samples were collected at various locations 
across the U.S. (see Figure 2-1) and delivered to EE&T for 
testing, and one liquid (AA regenerant) residuals stream was 
generated at EE&T’s process laboratory. A summary 
description of each liquid residuals stream is presented in 
Table 2-1 and a process schematic for each full-scale water 
treatment process used to generate these liquid residuals is 

shown in the following sections along with a brief description 
of each treatment process. 

2.2.1 Ion Exchange 
The ion exchange (Ion Ex) water treatment process is shown 
in Figure 2-2. Ion exchange resins are designed to selectively 
remove impurities from drinking water. A chloride-form strong-
base anion-exchange resin is used to remove arsenate 
(As(V)). The resin must be regenerated periodically using a 
brine solution to remove impurities that accumulate on the ion 
exchange resin. Regeneration steps include backwashing the 
resin and brine regeneration followed by a final rinse to remove 
the brine water. All three regeneration waste streams are 
typically blended together for final disposal. 

In testing conducted for this project, three different regenerant 
waste samples—backwash, brine, and rinse—were delivered 
to EE&T for testing in separate containers. For ion exchange 
(A), each stream was analyzed individually and the three 
waste streams were then blended together in equal portions 
(1:1:1) to form a composite ion exchange sample. The blend 
ratio was determined based on the sample volume that was 
supplied for testing. The composite sample was used for 
precipitation and adsorption testing. 

Ion exchange (B) regenerant samples were also collected 
from a full-scale WTP during a media regeneration cycle. The 
regenerant wastes included backwash water, brine, and rinse 
water in separate containers. After analysis of each individual 
sample, the regenerant streams were blended into a single 
composite sample for testing.  The blend was a 4:1:1 ratio of 
brine, backwash water, and rinse water, respectively. The 
blend ratio was determined based on the sample volume that 
was supplied for testing. The composite blend sample used 
for testing was also analyzed to characterize its quality. 

2.2.2 Activated Alumina 

A process schematic for a full-scale activated alumina water 
treatment system is also shown in Figure 2.2. The 
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Village of Morton, IL 

Kokomo, IN 

Fort Meyers, FL 

Palm Coast, FL 

Chesapeake, VA 

Newport News, VA 

Buxton, ME 

Unity, ME 

Contoocook, NH 

Figure 2-1. Location of full-scale treatment facilities providing residuals samples 

Table 2-1. Liquid-residuals sample description 

Sample ID Process description Liquid residuals sample description 

AA regenerant* Activated alumina adsorption Sample of activated alumina regenerant
 

SFBW (A) Fe-Mn removal system Spent filter backwash water
 

SFBW/ACF (B) Adsorption clarifier - Fe-Mn removal system Composite sample of spent filter backwash water
 

RO (A) Reverse osmosis
 

RO (B) Reverse osmosis
 

NF (A) Nanofiltration
 

NF (B) Nanofiltration
 

Ion Ex (A) Ion exchange
 

Ion Ex (B) Ion exchange
 

and adsorption clarifier flush 

Concentrate 

Concentrate 

Concentrate 

Concentrate 

Composite of ion exchange regenerant waste 
streams (brine, rinse, backwash) 

Composite of ion exchange regenerant waste 
streams (brine, rinse, backwash) 

*Sample was generated at EE&T, all other samples were generated by full-scale WTPs. 
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Figure 2-2. Schematic of ion exchange and activated alumina adsorption processes with regeneration 
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ALUMINA 

CHLORINE 

regenerant stream tested in this study was generated using 
the same procedure as for full-scale regeneration, but it was 
accomplished in the bench-scale contactor column. The 
procedure used for regeneration is described in the following 
paragraphs.  Regeneration of activated alumina includes the 
following sequence—backwashing, caustic soda 
regeneration, and final rinse for removal of the caustic 
regenerant solution. The waste product from each 
regeneration step is typically combined into a common 
waste product for disposal. 

The activated alumina (AA) regenerant used for testing was 
generated at EE&T’s process laboratory using a spent AA 
media from a full-scale water treatment plant that removes 
arsenic from drinking water. The procedure used for the 
bench-scale regeneration of the AA media included the 
following steps: 

1. Load AA media into the bench-scale test column 
2.	 Backwash media with 2.5 bed volumes (BV) of tap 

water 
3. Flush media with 3 BV of 4 percent caustic soda 
4. Rinse media with 10 BV of tap water 

5.	 Combine all three regenerant streams into a 
composite sample 

6. Adjust pH of sample to 7.0 using sulfuric acid 

This procedure was used to collect enough AA regenerant to 
perform precipitation testing. 

2.2.3 Membrane Filtration 
Membrane treatment processes generate two streams—a 
permeate (product water) and a concentrate (waste stream). 
The two membrane treatment system concentrate streams 
evaluated in this study were generated by reverse osmosis 
(RO) and nanofiltration (NF). Reverse osmosis and 
nanofiltration remove contaminants in the ionic and 
molecular size ranges from drinking water. Reverse 
osmosis is mainly used to remove salts from brackish water 
or sea water, and nanofiltration is used for softening fresh 
waters and for removal of disinfection byproduct precursors. 
Both processes, however, can be used for removal of trace 
inorganic contaminants. A process schematic for a typical 
membrane water treatment system is shown in Figure 2-3. 
Concentrate streams collected from two full-scale RO plants 
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and two full-scale nanofiltration drinking water treatment 
facilities were used in this study. 

Membrane concentrate samples (both RO and NF) were 
spiked with arsenic before conducting laboratory removal 
tests because they contained such low concentrations of 
the metal. Arsenic in the NF concentrates was measured at 
0.005 to 0.013 mg/L, while arsenic levels were below the 
detection limit in RO samples. 

Actual pilot data generated by EE&T during the preliminary 
design phase at RO(A) were examined to determine the 
concentration factor (from feed water to concentrate stream) 
for arsenic and other constituents. That factor was 5. A 
more conservative factor of 10 was applied, consistent with 
concentration factors for different membrane system 
recoveries described by Mickley et al. (1993) and tabulated 
in Table 2-2.  Based on a brackish RO system recovery of 
85 percent (which was documented in EE&T pilot work), a 
concentration factor of 5 to 10 would apply. Assuming a 
source water arsenic concentration of 0.05 mg/L (the 
arsenic MCL established in 1975), and applying a 
concentration factor of 10, a spike dose of 0.5 mg/L was 
selected for both RO concentrate streams. 

Table 2-2. Concentration factors for different 
membrane system recoveries 

Recovery Concentration 
(percent) factor 

50 2.0 

60 2.5 

70 3.33 

80 5.0 

90 10.0 
Source: Mickley et al. 1993. 

Typical system recoveries associated with nanofiltration 
system range from 75 to 90 percent (Mickley et al. 1993). 
The same conservative concentration factor of 10 was 
therefore applied. Assuming a source water arsenic level of 
0.05 mg/L, a spike dose of 0.5 mg/L was used. 

Brandhuber and Amy (2000) reported comparable rejection 
of As (V) by RO and NF membranes (>90 percent) in short-
term (~4-hr) experiments, depending on experimental 
condition.  The authors also found that As (III) was more 
difficult to reject than As (V) and that rejection in RO and NF 
systems averaged 67 and 32 percent, respectively. The 
objective in this work was not to evaluate the effectiveness 
of membranes for arsenic removal, however, but rather to 
determine a reasonable concentration factor to use in 
spiking membrane concentrate samples with arsenic for 

testing.  Arsenic (V) was used in spiking work for this 
project. 

2.2.4 Iron-Manganese Removal System 
A process schematic for a typical iron-manganese filtration 
system is shown in Figure 2-3. Feed water is passed 
through a greensand media bed for removal of oxidized iron 
and manganese following oxidant addition. Periodic 
backwashing  of the greensand media is required to remove 
excess iron and manganese, as well as other particulate 
contaminants removed from the feed water. Backwashing 
is accomplished by reversing the flow of water through the 
filter bed to flush out particulates. The backwash waste 
contains elevated concentrations of Fe and Mn as well as 
other contaminants. 

The spent filter backwash residuals stream and spent filter 
backwash water/adsorption clarifier flush blend (SFBW/ACF) 
evaluated in this project were collected at facilities that also 
have a clarification step for removal of solids prior to 
filtration.  SFBW/ACF (B) was shipped from a water 
treatment plant in the Midwestern U.S. that removes iron, 
manganese, and arsenic from groundwater using aeration, 
chlorination, clarification using an adsorption clarifier, and 
granular media filtration. Two separate samples were 
collected at the plant—spent filter backwash water and 
clarifier flush water. A raw characterization was conducted 
for both residuals streams (Appendix A), after which the two 
samples were blended (1:1) to obtain a composite sample 
for arsenic removal testing. The adsorption clarifier flush 
and spent filter backwash water are blended similarly for 
subsequent treatment and disposal at the full-scale facility. 

2.3 Experimental Design 

Various precipitation and adsorption arsenic removal 
processes were evaluated for each of the following types of 
liquid and semi-liquid residuals streams: 

• Activated alumina (AA) regenerant 
• Ion exchange (Ion Ex) regenerant 
• Nanofiltration (NF) concentrate 
• Reverse osmosis (RO) concentrate 
•	 Spent filter backwash from Fe/Mn removal plant and 

adsorption clarifier flush from Fe/Mn removal plant 

Limited volumes of residuals shipped from remote plant sites 
allowed for a rough screening of all of the treatment options 
shown in Figure 2-4, but not a determination of optimal 
conditions in each case. 

Precipitation tests were conducted using two different 
coagulants, alum and ferric chloride. Sulfuric acid, lime, and 
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Table 2-3. Liquid and semi-liquid residuals stream test matrix 
Analyses conducted on liquid fraction 

Treatment processes testedResiduals origin following treatment 

Activated alumina regenerant 

Ion exchange regenerant 

Nanofiltration concentrate 

Reverse osmosis concentrate 

Spent filter backwash water from Fe 
removal plant 

Blend of spent filter backwash water 
and adsorption clarifier flush from Fe 
removal plant 

FeCl3 precipitation 

Alum precipitation
 
FeCl3 precipitation
 
pH adjustment
 
Fe media adsorption
 
Activated alumina adsorption
 

Alum precipitation
 
FeCl3 precipitation
 
Fe media adsorption
 
Activated alumina adsorption
 
Modified alumina adsorption
 
Ion exchange
 

Alum precipitation
 
FeCl3 precipitation
 
pH adjustment
 
Fe media adsorption
 
Activated alumina adsorption
 

Gravity settling
 
Alum precipitation
 
FeCl3 precipitation
 
pH adjustment
 
Fe media adsorption
 
Activated alumina adsorption
 
Ion exchange
 

Gravity settling
 
Alum precipitation
 
FeCl3 precipitation
 
pH adjustment
 
Fe media adsorption
 
Activated alumina adsorption
 
Ion exchange
 

Total As and Fe
 

Total As and Al
 
Total As and Fe
 
Total As
 
Total As
 
Total As
 

Total As and Al
 
Total As and Fe
 
Total As
 
Total As
 
Total As
 
Total As
 

Total As and Al
 
Total As and Fe
 
Total As
 
Total As
 
Total As
 

Total As
 
Total As and Al
 
Total As and Fe
 
Total As
 
Total As
 
Total As
 
Total As
 

Total As
 
Total As and Al
 
Total As and Fe
 
Total As
 
Total As
 
Total As
 
Total As
 

sodium hydroxide were also used to adjust pH, when 
required. Two to four different types of adsorption 
media/exchange resins were evaluated for each untreated 
residuals stream (see Figure 2-4). The combination of 
treatment techniques used for individual waste samples was 
selected based on results of characterization tests which 
were used to identify potential interferences. For example, 
the effectiveness of ion exchange is reduced by common 
ions such as sulfate, which the resin sites prefer to arsenic 
(Ghurye et al. 1999). 

The general testing approach shown in Figure 2-4 was 
modified to eliminate some treatments for some waste 
streams as follows: 

1.	 Because sulfate levels were much greater than 250 
mg/L and TDS levels were much greater than 500 
mg/L, most wastes were not treated using ion 
exchange. 

2.	 Modified alumina media was provided near the end 
of the test program, so it could only be evaluated 
using the nanofiltration wastes. 

3.	 Only ferric chloride (FeCl3) precipitation tests were 
conducted on the activated alumina regenerant, 
because of its very high starting aluminum 
concentration. 

4.	 Gravity settling was added to the test matrix for the 
wastes containing relatively high concentrations of 
suspended solids. 
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2.4 Test Methods and Materials	 (corresponding to an overflow rate of 0.25 gpm/ft2), samples 
were collected for analysis. 

All laboratory treatment tests were conducted on site at
 
EE&T’s process laboratory. The test matrix presented in Precipitation tests were performed using each of the nine
 

Table 2-3 shows treatments tested for each residuals liquid residuals samples collected. The chemicals used to 

sample, along with samples analyzed. precipitate arsenic from the liquid residuals included alum, 
ferric chloride, two polymers, and lime. Required pH 

2.4.1 Precipitation Tests adjustments were made with either sulfuric acid or sodium 

Precipitation tests were evaluated using a standard jar test. hydroxide.  Lime and sodium hydroxide were applied in a
 

The jar test system consisted of a Phipps and Bird six- single test. The coagulant dose range selected was based
 

paddle stirrer with 2-L square Gator jars. Untreated liquid on preliminary screening tests for each residuals sample.
 

residuals samples were dosed with treatment chemicals and Qualitative screening tests were conducted by applying
 

mixed for 1 min. The mixing intensity or velocity gradient various coagulant dosages to 200-mL beakers containing
 

was  300 sec-1.  The coagulant chemicals applied during each liquid residuals stream, mixing for about 30 sec, and
 

rapid mixing included alum or ferric chloride, sometimes observing floc formation and settling. The coagulant dose
 

along with pH adjustment chemical and/or polymer to aid ranges used for alum and ferric chloride precipitation tests
 

settling.  In some cases, only a pH adjustment chemical was are shown in Figure 2-5.
 

added.  Rapid mixing was followed by 30 min of flocculation,
 
during which the mixing intensity was tapered over the 30- When sufficient quantities (approximately 100-mL) of settled
 

min period (40-30-15 sec-1).	 solids were generated during precipitation testing conducted 
in 2-L Gator jars, the solids were separated from the 

Following flocculation, the mixer was turned off to allow for 
supernatant and used for TCLP analysis. Supernatant 

settling of particulate matter. After 10 min of settling samples were analyzed for arsenic and either iron or 
aluminum depending on the use of ferric chloride or alum. 

FeCl3 

AA Regenerant Alum 

Ion Ex (A) 

Ion Ex (B) 

S
a

m
p

le
 I

D
 RO (A) 

RO (B) 

NF (A) 

NF (B) 

SFBW (A) 

SFBW/ACF (B) 

0 25 50 75 100 125 150 175 200 

Coagulant dose (mg/L) 

Figure 2-5. Coagulant dosage ranges used in precipitation tests 
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2.4.2 Adsorption Tests 
Four different adsorption/exchange media were used in 
testing: 

1. Iron-based adsorption media (Vertell 2000) 
2. Activated alumina (APYRON) 
3. Anion exchange resin (Ionac) 
4. Modified alumina (Solmetex) 

Table 2-4 shows some pertinent characteristics of the media 
and resins used in testing. 

Table 2-4. Arsenic removal media tested 

(Ghurye et al. 1999) on removal of arsenic and nitrate using 
ion exchange. The EBCT was also consistent with work 
conducted by Simms and Azizian (1997) on removal of 
arsenic by activated alumina. Those authors found that run 
length was linearly proportional to EBCT in the range of 3 to 
12 min using a 14 x 28 mesh AA sample, but preferred to 
operate in the 3- to 6-min EBCT range to minimize bed size 
and media quantities. 

In this project, EBCTs up to 6-min were evaluated for some 
residuals samples.  Samples were collected hourly over the 
6-hour test period and analyzed for total arsenic during all 
tests. The test set-up was the same for all media/resins. 

Media no. Media type Trade name Media properties 

1 Iron-based granular ferric hydroxide	 Vertell 2000 ---
Hawleys, UK 

2 Activated alumina	 APYRON Size = 0.3 to 1.4 mm
 
Aqua-Bind™ Modified AA UC <1.6
 

ES >0.6
 

3 Anion exchange resin Ionac ASBI P Strong base anion 
Chloride form 
Bead size = 0.3 to 1.2 mm 

4 Modified alumina Solmetex Corporation Size = 0.85 to 1.70 mm 
Metall:X 

The iron-based media, Vertell 2000, was an early variant of 
a granular ferric hydroxide media produced by Hawleys of 
the UK. Severn Trent Water in the UK evaluated this media 
and the granular ferric hydroxide media GEH, produced by 
GEH Wasserchemic Gmb/H&Co. of Germany. Treatment at 
the first UK arsenic treatment plant, commissioned in 1999, 
consists of adsorption onto GEH followed by disinfection. 
Prior to design of that facility, exhaustive pilot trials 
concentrated on treatment by adsorption, primarily with AA 
and granular ferric medias (Simms et al. 2000). The 
APYRON AA is an aluminum-based granular adsorption 
media designed to selectively remove both arsenic (V) and 
arsenic (III). The third material used in testing was a 
standard chloride-form anion exchange resin, while the 
fourth test media was a modified alumina that is used for 
removal of multivalent anionic metal species. 

Adsorption/exchange tests were conducted using a single 
2.2-cm diameter glass column filled with 90-mL of adsorption 
media.  Liquid residuals were pumped through the column at 
a rate of 30 mL/min using a peristaltic pump for a period of 
6 hours. The corresponding empty bed contact time (EBCT) 
was 3 min. Experimental set-up and EBCT times were 
consistent with work conducted by Ghurye and Clifford 

Adsorption tests in this work were not run to exhaustion 
because of the very limited quantities of liquid residuals 
provided for testing. 

2.4.3 Analytical Tests 

TCLP Tests 
TCLP extraction tests were conducted on solid-phase 
residuals received from operating arsenic removal plants 
and on thickened SFBW/ACF residuals generated in 
precipitation tests. The latter were actually semi-liquid 
samples separated from jar test liquid supernatant by 
concentrating them in a separatory funnel to approximately 
6 to 8 percent solids. Extractions were done in accordance 
with EPA Method 1311, as outlined in the Federal Register 
(1990), and analyses were conducted using EPA Method 
6010B. 

For solid residuals samples, the extraction fluid used was 
determined based on the pH of each sample by combining 5 
g of the sample with 96.5 mL of reagent water. This solution 
was vigorously stirred for 5 min using a magnetic stirrer. If 
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the pH was less than 5.0, an extraction fluid (#1) with a pH 
= 4.93 ± 0.05 was used. If the pH was greater than 5.0, 
then 3.5 mL of 1 N hydrochloric acid (HCL) was added to the 
solution, it was heated to 50ºC and then was held for 10 
min.  After the solution was cooled, if the resulting pH was 
less than 5.0, extraction fluid #1 was used. If the pH was 
greater than 5.0, an extraction fluid (#2) with a pH = 2.88 ± 
0.05 was used. 

The solid media samples plus a volume of extraction fluid 
equal to 20 times the weight of the sample were added to an 
extractor vessel, secured in a rotary agitation device and 
rotated at 30 ± 2 rpm for 18 ± 2 hrs. The extract was 
acidified with nitric acid to pH less than 2. An acid digestion 
was performed on the extract in preparation for arsenic 
analysis using EPA Method 6010B. 

The residuals samples generated in precipitation tests were 
thickened to 6 to 8 percent solids and filtered through a 
glass fiber filter in a pressure filter device. An extraction 
was performed on the solids (plus filter). The extract and 
filtrate were subsequently combined for arsenic analysis. 

Chemical Tests 
Bench-scale treatment tests conducted on the liquid 
residuals included two different chemical precipitation 
treatments and four adsorption/exchange technologies. 
Prior to conducting those arsenic removal tests, each liquid 
residuals sample was analyzed to determine total and 
dissolved arsenic content. Several other water quality 
parameters were also determined to characterize the 
samples. 

Table 2-5. Data quality objectives for key measurements 

Parameter Sample Method 

• pH 
• Alkalinity 
• Hardness 
• Conductivity 
• Total dissolved solids (TDS) 
• Total iron 
• Total manganese 
• Total aluminum (AA regenerant only) 
• Sulfate 

Three samples—SFBW/ACF (B), Ion Ex (A), and Ion Ex 
(B)—included more than one waste stream. SFBW/ACF (B) 
was a blend of adsorption clarifier flush water and spent filter 
backwash water. Both ion exchange regenerant samples 
included water from backwash, brine, and rinse cycles from 
regeneration.  Individual waste streams were combined into 
composites for testing at EE&T. These composite samples 
were also characterized using the same array of laboratory 
tests. 

2.4.4 Quality Assurance/Quality Control 
A Quality Assurance Project Plant (QAPP) was submitted to 
and approved by EPA in February 1999. The report 
summarized the data quality objectives for the analytical 
determinants for this project. The arsenic measurement was 
determined to be the most critical parameter because 
arsenic removal was used to compare treatment 
performance.  The other parameters that were considered 
key measurements were total iron, total manganese, total 
aluminum, and sulfate. The QA objectives set for these 
parameters are listed in Table 2-5. 

Project-specific quality assurance objectives were not 

Method Precision Accuracy 
detection limit (percent) (percent) 

TCLP As Semi-liquid EPA 6010B 0.002 mg/L ± 25 75 - 125 

Total and dissolved As Liquid EPA 200.7 0.002 mg/L ± 25 75 - 125 

Total Fe Liquid EPA 200.7 0.010 mg/L ± 25 75 - 125 

Total Mn Liquid EPA 200.7 0.005 mg/L ± 25 75 - 125 

Total Al Liquid EPA 200.7 0.050 mg/L ± 25 75 - 125 

Sulfate Liquid EPA 300.0A 0.350 mg/L ± 25 75 - 125 

The characterization tests conducted for each liquid established for the remaining water quality parameters 
residuals sample included the following laboratory evaluated for characterization of the various residuals 
parameters: streams, however, the test procedures used for analysis 

were either EPA or Standard Methods for the Examination 
• Total arsenic of Water and Wastewater approved methods. The specific 
• Dissolved arsenic 
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methods used for these water quality parameters are listed 
in Table 2-6. 

Table 2-6.	 Analysis methods summary for arsenic-
containing residuals 

Parameter Method 

Alkalinity SM 2320B 

pH SM 4500H+B 

Hardness (total) SM 2340C 

TDS SM 2540 C 

Conductivity SM 2510 B 
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