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THESIS ABSTRACT
ENGINEERED TREATMENT OF AS-LADEN REGENERATION BRINEROM ION

EXCHANGE PROCESSES

Thomas Riemann Steinwinder
Master of Science, May 11, 2006
(B.A., Vanderbilt University, 2004)
126 Typed Pages

Directed by Dongye Zhao

Arsenic @As) contamination of drinking water sources has beea of the most
challenging global environmental issues. In theité¢h States, the newly revised
maximum contaminant level (MCL) of 10 pg/L requith®usands of utilities to either
modify their existing treatment systems or adopi #es-removal technologies. While
ion exchange (IX) is one of the EPA approved bestilable technologies foAs
removal, IX processes generate large volume&ssdden regeneration brine due to lack
of As selectivity. The resultant liquid process wasteidgals require costly additional
treatment and disposal.

Addition of ferric chloride has been well-documehtend commonly used to
removeAs from aqueous solution via co-precipitation andoapison. Previous studies

have determined the optimal pH and Fe/As molao rir treating drinking water. In
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this study ferric chloride addition was investightes a cost-effective means to tréat
laden spent regeneration brine, where arsenic,atsulfbicarbonate, and chloride
concentrations (300 mg/L, 605 mg/L, 305 mg/L, addyl_, respectively) were orders of
magnitude greater than typical drinking water et levels. Batch tests revealed that
nearly 100% of thés in spent brine can be removed with a Fe/As maao of 2 at pH

6 and 7. Furthermore, column tests indicated thedted brine can be reused for
regenerating a polymeric ligand exchanger and né#0% of the resin’s capacity can
be recovered.

It has been estimated that millions of tonsAsfbearing sludge are annually
introduced as waste residuals from water treatmpmtesses. This study determined the
optimum conditions to yield the most stable proceaste residuals. The EPA TCLP and
California WET tests were employed to determinel¢aehabléAs in the brine treatment
residuals. When the brine was treated using aAsFaefolar ratio of 5 and 20, the
resultantAs-laden sludge easily passed the TCLP and WET r&spb¢ both with a
limit of 5 mg/L As. Addition of 90 mM calcium decreased leachafsdeby 80% while
adding 210 mM calcium increaséd leached by 60% suggesting an optimum range of
calcium addition for further stabilization of theatment residuals. Calcium addition to
the brine treatment process also decreased theiadlerosts by 18% and reduced the
mass of sludge produced by 20%. Furthermore, aadigg period of 98 days had
significant effects on extractabkes, increasing extractefls by 54% in residuals formed
at a Fe/As ratio of 5 while decreasing extradsdy 70% in residuals formed by Fe/As

of 10.
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INTRODUCTION

1.1 Arsenic Chemistry

Arsenic @s) is a naturally occurring element present in rodals, water, and
biota. Described as a metalloitls is the 3%' element on the periodic table and ranks
52"%in average concentration in the earth’s crust (Bm1985).Asis commonly found
in the natural environment in inorganic form asoaganion in two valence state&s(V)
(arsenate) oAs(lll) (arsenite). The ratio oAs(V) to A(lll) is a function of the pH and
redox conditions of the system (Masscheleyn etl@B1). Figures 1.1 and 1.2 show the

speciation oAs(V) andAs(l1l) respectively as a function of pH.
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Figure 1.2.Distribution of As(lll) as a function of pH. Figure from Ghimire et al.
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The equilibria for bothAs(V) and As(lll) are given in equations 1.1-1.6 along withithe
respective acid disassociation constants (O’'NEYQ0).

Arsenic acid, As(V)

H3ASO, + Ho0 > HoASO, + HiO' pK=2.20 (1.1
H,ASO, + H,0 — HASO,” + H30" pK=6.97 (1.2)
HASO,* + H,0 — AsO, + HsO" pK=11.53  (1.3)

Arsenous Acid, As(l11)

H3AsO; + H,0 < HoASO3 + HzO' pKa=9.22 (1.4)
H,ASOs + H,0 — HASOs® + Hz0" pK=12.13  (1.5)
HASOs” + H;0 <> AsOs* + Hz0" pK=13.4  (1.6)

The most thermodynamically stable compoundé&®in the natural water environment
(pH 6~8) are HAsO; for As(Ill) and H,AsO, or HAsSQ for As(V) (Smith et al., 1998).
As(V) is the more common species under oxidizing domts (Eh>200mV and pH 5-8)

making it the ubiquitous species in surface wai8msith et al., 1998).

1.2 Origin

Arsenic can be released into the environment thrdogth natural and human
activities. The common natural sourcesAsfinclude volcanic activity, erosion &s-
bearing sediments and rocks, and forest fires (E¥R1). The anthropogenic sources of
As are widespread and can be categorized as: ingdustryng, agriculture, and other
sources (Smith et al., 1998). Figure 1.3 showsAthase in the United States between
1910 and 1997 (Welch et al., 2000). In the pasged0s, lumber treatment has become a

major contributor tAAs use.
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Manufacture of ceramics, glass, electronics, pigsiecosmetics, fireworks, and
steel are some of the other major industrial usélis. Mining and smelting of Pb, Zn,
Cu, and Au ores act as a source siAsés a natural component of these ores. From the
19" century until recently, inorganic arsenic compaaiheve been a major component of
pesticides and herbicides used in agriculture. eO#mnthropogenic sources include fly

ash from coal burning, tannery wastes, and lunreatrnent (Smith et al, 1998).

1.3 Risk and Occurrence

As exposure is known to have adverse health effectlumans. Two major exposure
pathways are ingestion dks-containing food and consumption @fs-contaminated
drinking water (ATSDR, 2000). Cancer of the kidnéyngs, skin, bladder, nasal
passages, liver, and prostate has been linkechtpterm exposure to arsenic in drinking
water (EPA, 2001). In 1999, the National Rese&ohncil released a report concluding
that consumption drinking water contaminated with(even at low concentrations) has
harmful cardiovascular, neurological, reproductivespiratory, hepatic, hematological,
diabetic, and dermal effects (NRC, 2001). Everhstevels 10 pg/L the risk of death
due to lung and bladder cancer is 12 to 23 deahd@000 people (NRC, 2001).

As contamination of drinking water sources is widesgr throughout the world and
has been reported to have caussdoxicity problems in countries including the Umite
States, Germany, Chile, Argentina, the United Komgd Taiwan, India, and Bangladesh
(ATSDR, 2000). The United States Geological Surf@8GS) has estimated that 14%
of groundwater sources in the United States exbagdl As (Focazio et al., 1999), while
the EPA states that approximately 2% of the US [atjmn receives drinking water
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containing >10 p/LAs (Holm, 2002). The Natural Resources Defense Gbwaiso
estimates that 56 million people in the United &aire exposed to unsafe level&\sin

drinking water (Mushak, 2000).

1.4 Leqislation and Standards

The first legislative effort to minimize the harrgffects of water pollution occurred
in 1972 with the passing of the Federal Water RiolluControl Act Amendments which
later became known as the Clean Water Act. Cowofraksenic in drinking water began
in 1975 when the EPA established the first maxinnemtamination level (MCL) foAs
at 50 pg/L (EPA, 2000a). The Safe Drinking Watet As amended in 1996 required the
U.S. Environmental Protection Agency to issue a denking water standard faks. In
response to this risk concern, the U.S. EnvironaldPiiotection Agency (EPA) adopted a
maximum contaminant level (MCL) for arsenic of 1@/u (EPA, 2001b). The new
MCL became effective January 2006. To meet theensiringent drinking water

standards, existing treatment systems will haveetapgraded or new systems installed.

1.5 Removal Technologies

There are numerouss-removal technologies that have been developedneSw the
most commonly used methods include coagulation alim or ferric salts (Chwirka et
al., 2004; Ghurye et al., 2004; Clifford et al.,03Q Fan et al., 2003; Brandhuber and
Amy, 1998; McNeill and Edwards, 1997; Hering andhvigllech, 1996; Scott et al., 1995),
sorption using activated alumina (AA) (Wang et 2002), standard ion exchange resins
(IX) (Clifford, 1999), and reverse osmosis (RO) &R2002). Recently, one-time use

6



granular adsorptive media has gained much inter€tnular ferric hydroxide (GFH)
(Sperlich et al., 2005; Badruzzaman et al., 200deHawus et al., 1998), granular ferric
oxide (GFO) (Westerhoff et al., 2005; Manna et @003), and iron-coated sand
(Benjamin et al., 1996) are the common examplahisftype of media. The treatment
cost of these technologies increases in the fotigvarder: coagulation, AA, 1X, and RO
(Chen et al., 1999). While coagulation is the gasatechnology, it is very difficult to
meet the new MCL using this technology alone ang tadditional treatment such as
microfiltration is often required (Ghurye et alQ@). Other processes such as IX using
strong base anion exchange resins, AA adsorptioRQpbare less cost-competitive due to
lack of selectivity forAs, frequent regeneration requirements and produatiotarge
volumes ofAs-laden process residuals (EPA, 2000c). GFH and GFOrelatively
cheaper sorbents but because they are non-regenéralp may result in large volumes
of As-laden wastes, which will require additional handland disposal.

To aid utilities in achieving the new MCL, a numbar other technologies have
recently been explored, including coagulation withnocrystalline titanium dioxide
(Pena et al., 2005), zero-valent iron (Kober et24105; Leupin and Hug, 2005), polymer-
supported iron nanoparticles (Cumbal and Sengu@a5), iron oxide impregnated
activated carbon (Vaughan Jr. and Reed, 2005) emdhydrite crystallization process
(Richmond et al., 2004). However, these new tepies are in the developmental stage
and have not been tested in a wide range of conditi

One common method oAs removal for drinking water systems is standard ion
exchange (IX) (Clifford et al, 2003; Clifford, 1999 IX is considered a best available
technology (BAT) by the EPA for removal é&(V) (EPA, 2000a). While IX exhibits
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efficient As removal in many cases, the elevated occurrencerapeting anions such as
sulfate will greatly decrease the resin’s affinity arsenate (Clifford et al., 2003), thus
increasing the need for regeneration. Regeneradomaccount for a significant amount
of total process costs and results in Asladen waste brine that requires further
treatment. Minimizing the need for regenerationpsramount for an efficient IX

treatment process design.

1.6 Polymeric Ligand Exchange Technology

Recently, a novel technology for removiAg(V) from drinking water has been
developed at Auburn University. The unique ionhaxger, termed polymeric ligand
exchanger (PLE), was prepared by loading*Gons onto a chelating resin, DOW 3N,
and it was shown to be highly selective f&8(V) even in the presence of competing
anions such as sulfate, bicarbonate and chlorisgeetfal., 2005). Figure 1.4 depicts the

functionality of the PLE.
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Metal-loaded polymers such as the polymeric ligaxdhanger have recently
gained interest due to their ability to selectivegmove As and thus improve upon
standard IX technology (Dambies, 2004). Due temase selectivity, the PLE was able
to treat ~10 times more bed volumes (BVs) of wabt@antcommonly used strong base
anion exchange (SBA) resins (An et al., 2005).héligh the PLE has been shown to be
more efficient than common resins fés removal, like all IX resins it must be

regenerated with a brine solution resulting irAarconcentrated waste brine.

1.7 Brine Treatment and Residuals Production

Concentrated spent regeneration brine is commorteated by
precipitation/adsorption using either ferric orrmlaum salts (Clifford, 1999). Clifford
reported that a metal/As molar ratio of 20 was meglito achieve ams removal
efficiency of 98%. All solid residuals producearn the brine treatment process must
undergo leaching tests to determine their suitgbitir landfill disposal. The two most
common leaching tests are the EPA toxicity charatie leaching procedure (TCLP)
(EPA, 1992) and the California waste extractiont t84ET) (California Code of
Regulations, 1985). Both the TCLP and WET empbayaetion solutions of acetic and
citric acid respectively to determine the potentiaachable As in the disposal
environment. Failing the TCLP or WET will cause thastes to be deemed as hazardous
and may increase disposal costs up to 3-fold (Mstrag., 2001). The two major factors
affecting brine treatment process feasibility aasging the leaching tests and reducing
the volume of residuals produced. Frey et al. 8)%Stimated that residuals handling in
As-removal processes account for, on average, 12-8#%he total process costs.
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Therefore, producing a relatively small amount afhly stable sludge is extremely

desirable.

1.8 Objectives

The objective of this research was to design aniefit and cost effective process for
treating theAs-laden regeneration brine resulting from the polgmégand exchange
process. Batch tests conducted under differentditons and multiple leaching
procedures were employed to: (1) evaluate the @btoonditions for treatment of spent
regeneration brine using ferric chloride, (2) inmigate the reusability of treated brine, (3)
develop a brine treatment process that will maxanttze stability of the solidjs-laden
end product, and (4) increase the understandirigeoimechanisms that promote stability
in theAs-laden residual solid.

In order to determine the cost impacts of brinattreent, a full process design was
developed. A cost estimate was prepared baseli®udsign scheme. Costs estimates
for different brine treatment conditions were congoato determine the most cost

efficient treatment conditions.
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1.9 Organization

This thesis is organized according to guidelineiread in theGuide to Preparation
and Submission of Theses and Dissertations provided by the Auburn University Graduate
School. The publication style format was usede fi@sults of this research are presented
in chapters Il and IIl. Chapter IV contains a cestimate for the brine treatment. Finally,

chapter V summarizes the conclusions of this rebear
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[I. TREATMENT OF AS-LADEN REGENERATION BRINE

2.1 Introduction

The new maximum contaminant level #s in drinking water of 10 pg/L became
effective in January 2006 requiring the developmehtmany new and improved
technologies to help water utilities meet the neandard. Of the new technologies
studied metal-loaded polymers exhibit selectiveaesh of As species in drinking water
and improve upon many conventional techniques (Desnt2004). A novel metal-
loaded polymer resin foks(V) removal has been developed at Auburn Universithe
unique ion exchanger, termed polymeric ligand ergea (PLE), was prepared by
loading CG" ions onto a chelating resin, DOW 3N, and provebtedighly selective for
As(V) even in the presence of competing anions ssctuHate, bicarbonate and chloride
(An et al.,, 2005). Despite its obvious advantadhs, PLE like other ion exchange
processes results in a spent brine solution wigih ldoncentrations oAs and other co-
contaminants. Brine solutions used to regeneraerésin column will concentrate
contaminants and eventually become useless foneegton. While studies indicate that
direct reuse of regeneration brine increases thaezfcy of the IX process, the treatment
of the spent brine and reuse of the treated brasenlot been thoroughly investigated.

The addition of ferric chloride (Feglis a well documented technique used to

removeAs from solution via co-precipitation/adsorption. rit@ chloride addition has

13



been studied in depth for drinking water treatn{@n¢rce and Moore, 1982; Cheng et al.,
1994; Hering et al., 1996; McNeill and Edwards, 1.9&hurye et al., 2004), but less so
for the highAs concentrations and ionic strength present in biieatment. Co-anions

such as sulfate, bicarbonate, and chloride may hésdighly concentrated in spent
regeneration brine. Previous research has inaetigthe competitive effect of sulfate,
chloride, or carbonate in singular competitive sgadCadena, 1995; Holm, 2002; Radu
et al., 2005), but a thorough study of multiplen@entrated co-anions in ultra-saline
solution (as with IX brine) is not available. Wegplothesize that due to the high ionic
strength of the brine solution, optimal conditiatetermined for drinking water treatment
via ferric chloride will differ from those found fdorine treatment. Our objective is to
determine the optimal conditions for treatment pérg regeneration brine using ferric

chloride resulting in reusable brine.

2.2 Materials and Methods

2.2.1 Simulation of Spent Regeneration Brine

To conduct brine treatment experiments, spent egéion brine (SRB) was
simulated based on analysis of the spent brineaell from column tests performed on
a PLE resin. The brine was reused for regeneratifotine resin multiple times until
finally reaching its capacity. The average compasiof the spent brine was: As = 300
mg/L, SO% = 600 mg/L, HC@ = 305 mg/L, and NaCl = 4% (w/w) (or 24 g/L as)Cl
The average pH and ionic strength (I) of the sitedaspent brine was 9.3 and 1.8 M
respectively. One liter batches of the SRB werpared by adding analytical grade
sodium arsenate (MdAsO,-7H0), sodium sulfate (N&Q,), sodium bicarbonate

14



(NaHCQ), and sodium chloride (NaCl) to MilliQ deionizedater. All compounds were
purchased from Fisher Scientific except the sodansenate which was purchased from

Sigma-Aldrich.

2.2.2 Brine Treatment

Multiple batch experiments were performed to deteerthe optimal conditions
and process for brine treatment. Ferric chlorigisher Scientific) was used for arsenic
removal from the brine. First, the effect of diént ferric chloride (Feg) additions was
studied. Several 100 mL samples of SRB were segghiato 125 mL Nalgene HDPE
bottles. FeGlwas then added to the bottles at the Fe/As matar of O, 1, 2, 5, 10, 15,
20, 25, 30, and 40. Bottles were placed on ganxgmifor ~2 hours at 200 rpm. After the
mixing period, the precipitate was allowed to settbr ~1 hour. The pH of the
supernatant was determined using an Orion pH nm{atedel 520A), and the pH was
adjusted using 1 M sodium hydroxide (NaOH) or 1 Mitochloric acid (HCI) (Fisher
Scientific). After each addition of acid or basgdhes were again mixed and allowed to
settle. Finally, mixtures were allowed to age ¥@4 hours. Samples were centrifuged,
supernatant was removed, filtered with 0.45um gpridilter, and duplicates were
analyzed for arsenic using a Perkin-Elmer Graphitlenace AA.

Literature suggests that calcium addition to tleatnent process will reduce the
leachability ofAs from the solid residual (Parks, et al., 2003; Bodinel Brown, 1999;
Jing et al., 2003). Before considering the effélotd calcium had on the stability of the
residual we investigated the effects of calciumAs(V) removal from SRB. 100 mL
batch samples were prepared as in the metal séitiadexperiments. Calcium addition

15



experiments were performed with the Fe@katment process. Additions via calcium
hydroxide (Ca(OH) were made in two different Ca/Fe molar ratios and 0.5.
Supernatants were prepared as before and analyzaddontent.

The disposal conditions for treatment residuals wany widely and can change
with time. Residuals may be stored in holding pofadsperiods of time ranging from
days to years before disposal (Meng et al., 20@tkset al., 2003). Lagoons and
landfills may become anoxic, and the brine contane with sludge may vary. The
effect of pH on the treatment process was studietthé pH range ~3-11. Fe/As molar
ratios of 5 and 20 were used. pH was controlleth WN NaOH and 1N HCI. After a 2
day equilibration period, the final pH was recordad the supernatants prepared and
analyzed forAs content. 100 mL and 500 mL SRB batches were @ssted with a
Fe/As ratio of 5 and 10 respectively and allowedde in contact with the brine for 2, 20,
60, 200, and 300 days. Varying the aging periog reaeal if mechanisms with slower
kinetics actively affecfs mobilization.

Batch tests employing adsorption to pre-formed ifgmroxide for arsenate
removal were compared to those where coagulatiagh keC} was employed. Spent
regeneration brine was simulated in the same wayesously described except that no
arsenate compound was added. The SRB was theratspamto 100 mL samples and
placed in 125 mL HPDE Nalgene bottles. Ferric @ (FeC}) was then added to each
bottle in the Fe/As ratio of 5 (0.326g FeCl Bottles were placed on a gang mixer for 2
hours and then the precipitate was allowed toesédtl 1 hour. 5N NaOH was used to
adjust pH to > 5 allowing for precipitation of ferispecies. Bottles were again placed on
the mixer at low speed (~100 rpm) and then predgstallowed to settle. Using a
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dropper, approximately 2 mL of brine was removearfithe batch and placed in a plastic
cup containing 0.125 g sodium arsenate. The solwias then added back to the batch.
Another slow mixing period ensued followed by alsej period and pH adjustment. 10
batches were used to cover the pH range from 2tdAfter stable pH was achieved,
duplicates of the supernatant were removed arerddt using a 0.45 pm syringe filter.

Duplicates were then analyzed fss content using a Perkin Elmer Graphite furnace AA.

2.2.3 Brine Reuse

Three 500 mL batches of SRB were treated usingAasHatio of 15 and a pH of
6 for the first two batches and 9 for the last.eafed brine was removed and a 10 mL
sample and duplicate were analyzed f& content using a Perkin Elmer Graphite
Furnace AA. The pH of the treated brine was théjusted and the brine reused in a

column regeneration run of an exhausted PLE resin.

2.3 Results and Discussion

The results of this study are organized into twotieas. The first section
describes the optimal conditions for arsenic rerhfrean spent regeneration brine using
ferric chloride. The final section presents theufts from the use of treated brine in

regeneration column experiments with an exhaust&dresin.

2.3.1 Arsenic Removal from Spent Brine

Batch tests exploring the effects of both ferridcocke addition and pH on the
treatment process exhibited optimal ranges fovtr@ables tested. Figure 2.1 shows the
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% As removed as a function of pH and Fe/As molar rattd.pH 6 and 7, >99% oAs
was removed from the brine at Fe/Awlar ratios 2 — 40. At pH 9, > 99%s removal

was achieved at Fe/As > 10.

18



100 - —8 —8—@® @
95 A
|
[
= 90|
= l
o
S
F 851 —O— pH6
g() —®— pH7
Y
S 80 PR 9
75 -
70 ] ] ] ]
0 10 20 30 40

Fe/As Molar Ratio

Figure 2.1. As removed as a function of Fe additionA Fe/As molar ratio from 1-40
was used. Experiments were carried out at pH &nd,9. Initial Arsenate concentration

was ~300 mg/L. Initial sulfate, bicarbonate, antbiile concentrations were 600 mg/L,

305 mg/L, and 24 g/L respectively.
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Figure 2.lindicates an increase in removal with an increasee addition at a
constant pH. Cheng et al. (1994) observed the deend in jar tests where Fe@as
added to raw water containing an influés{V/) concentration of 17-20 pug/L. Although
the initial concentration oAs(V) in our batch tests is four orders of magnitypteater
(~300,000 pg/L) the same trend is observed. Theevation can be attributed to
increased availability of Fe for co-precipitationdaincreased number of surface sites on
ferric precipitates facilitating the adsorptionAsV).

The decrease in removal efficiency at pH 9 indedieat removal is both a
function of available sorbent and pH. The pristp@nt of zero charge for fresh ferric
hydroxide is 7.9 — 8.2 (Dzombak and Morel, 199®e can expect the isoelectric point
in these batch tests to be lower due to aging @fféhric hydroxide and extremely high
ionic strength (~2 M). Solution pH will also affettte removal efficiency by changing
the electrostatic state of the competing anionh siscsulfate and bicarbonate.

Figure 2.2 compares the pH effect in the range &tl#e/As 5 and 20. Greater
than 95%As removal was achieved using a Fe/As of 5 withingHerange of 3 — 6.5. In
contrast, using a Fe/As ratio of 20, >9%%removal was achieved across the entire pH
range. These results suggest that there is amalptH range (3 ~ 7) foAs removal
from the spent brine, but an increase in Ee@dition will allow for effectiveAs removal
outside of this optimal range. Although removabHt< 3 was not tested in this research,
it has been shown thais(V) removal at many Fe/As molar ratios will decreas

significantly at pH < 3 (Wang et al., 2003).
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Figure 2.2.Effect of pH on Asremoval. FeCk additions were 3.25 g/L (Fe/As 5) and

12.96 g/L (Fe/As 20). pH was adjusted using 1NdNaOH.
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The observed optimal pH range in these experimemgsees with those
determined by Hering et al. (1996) #s(V) removal from drinking using Fegaddition.
Hering et al. (1996) observed 1084(V) removal between pH 4 ~ 7.5 after which the
removal efficiency decreased sharply. This shagrehse is also observed in figure 2.2
and is attributed to a surface charge reversaherfdrric hydroxide precipitate. As pH
increases above the isoelectric point, the surffo®mes more negative (Dzombak and
Morel, 1990) and electrostatic repulsion A anions begins to ensue. Although the
initial conditions differ As(V)=20 pg/L and FeGl 4.9 mg/L), the concurring
observations between Hering (1996) and this studicate that the mechanisms that
control removal at lowAs concentrations and low ionic strength also preiwraimore
extreme conditions.

Studies have shown that the addition of'Ciato the treatment process will
increase the removal efficiency at higher pH bjaitcalcium arsenate formation (Bothe
and Brown, 1999) or shielding the more negativdasear charge. Parks et al. (2003)
concluded that enhanced removal in the presen€efdfis a result of Ca neutralizing the
more negative surface charge of ferric hydroxidkigher pH and/or adsorption of €a
forming a ‘bridge’ to enhance electrostatic intéi@ats with As anions. Dzombak and
Morel represent this calcium effect in the folloggimanner (1990).

FeOH + Ca?* « FeOHCa?" (2.2)

At pH > 7, theAs(V) species present in aqueous solution will be BA&s thus
electrostatic interactions between the ferric hyate and arsenate anion will occur due

to the Ca intermediary.
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While calcium addition aids removal in the uppét ange (Bothe and Brown,
1999; Parks, 2003) it was tested for any adverisetsfin the optimal pH range fés
removal (3 - 7). Figure 2.3 indicates that theitold of Ca to the treatment process will

not affect the removal efficiency at pH 6.
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Addition of Ca to the Fe treatment process in tla¢-€ ratios of 0, 0.5, and 1.5 showed
no change in the removal efficiency A$ from the brine solution. Ca effect on the
leachability of process residuals will be discudseer (chapter Il1).

One very important factor of the treatment proabsd must be investigated is
treatment residence time. What is the optimalqgokethat the treated brine should be left
in contact with the ferric precipitates? It hasmeshown that co-precipitation and
adsorption ofAs(V) onto ferric hydroxides is a kinetically fastgmess (Dzombak and
Morel, 1990). However, the kinetically fast eqoilum times for this process have
recently been called into question (Zhao and Stamf@001; Zhang and Selim, 2005).
Figure 2.4 shows thAs remaining in the brine after treatment for diff@rg@eriods of
time. Both sets of batch tests indicate that agsés has not stabilized even after 300
days. In both cases, the optimal removal occurseean the treatment process, < 20

days for the 100 mL tests and < 60 days for therBDQests.
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Figure 2.4.As removal over time.As remaining in solution after 2, 20, 60, 200, an@ 30
days of aging in treatment batch tests. Filledlesg and open circles represent batch tests
using Fe/As 5 and 10 respectively. pH ranged féom7 and 5.5 — 6.3 for Fe/As of 5 and
10 respectively. Note, standard deviation of digiés for Fe/As of 10 are so small that

error bars are not visible.
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There were slight variations in pH (5.5~7) in figu2.4. While pH has been
shown to effect removal efficiency, there is noretation between slight pH variations
and changes iAs removal shown in figure 2.4. Zhao and StanfoP(0{) report similar
fluctuations in aqueouds and phosphate concentrations. The authors desaritew
concept of surface precipitation as a dynamic m®ceFirst, non-exchangeabis is
adsorbed to the ferric hydroxide surface as statler-sphere complexes. Next, Fe in
solution will adsorb to the newly complexed negalyvcharged surface éfs anions. As
the soluble Fe drops, equilibrium is lost and mBesdissolves from ferric hydroxide.
This process continues until an amorphous pret#gpavelops on the ferric hydroxide
surface (Zhao and Stanforth, 2001). A dynamic @secsuch as this could potentially
account for the results in figure 2.4 but furtherdées are necessary to determine why
equilibrium was not reached after 300 days. Theselts indicate that the residence time
of the brine in the treatment process may be aroitapt factor in achieving optimum
removal.

Ferric chloride additions were made to brine contej noAs, thenAs was added
after ferric precipitates had formed allowing sudaadsorption to act as the primary
removal mechanism. Removal efficiency at differ@ht was compared to removal
profiles for ferric chloride addition to a typicAk-containing brine at different pH. Both
removal profiles were determined using Fe/As mo#io of 5 (figure 2.5). Greater
removal efficiency was observed for ferric chloridédition than adsorption onto pre-
formed ferric hydroxide where the Fe/As molar rativere identical. Figure 2.5
indicates a consistent range difference betweeorgptisn and ferric chloride addition for
As removed in the pH range 6 ~ 12. This enhanced vaimefficiency (up to 40%)
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observed for ferric chloride addition #s-containing brine suggests that a mechanism

supplementing surface adsorption is aidindsremoval when ferric chloride is added.
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Figure 2.5. ComparingAs removal by in situ and pre-formed ferric hydroxide.

Solution pH is varied from 3 ~ 1Zerric chloride addition in a Fe/As molar ratiosof

was used.
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These results can be explained by the occurreneghafr a supplemental removal
mechanism(s) such as precipitation of a Fe-As spemi enhanced adsorption. In order
to test the first hypothesis x-ray diffraction (XRRidas employed on a powdered sample
formed by the addition of Fegin the molar ratio of 15. Figure 2.6 shows theults of

the XRD analysis.
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Figure 2.6. XRD analysis of process residualsResiduals were formed at Fe/As molar

ratio of 15 and pH 6.
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The peaks observed in figure 2.6 are halite (Na@ich is a secondary mineral
formed during the drying process. No crystallipeses are observed other than halite
suggesting that the iron precipitates are highlym@omous. Therefore, based on these
XRD data, it seems that precipitation of ferriceanate species is not a mechanism aiding
in the removal ofAs from the brine.

The second hypothesis of enhanced adsorption wastigated by Ghurye et al.
(2004) when the authors observed a similar trendewgtudying iron coagulation with
drinking water. The authors suggested that dunngjtu formation of ferric hydroxides,
there are more available sites for adsorption a&xipitated particles first begin to
agglomerate. Pre-formed ferric hydroxide wouldydmhve available adsorption sites on
the surface of the particles (Ghurye et al., 2004he primary particles of ferric
hydroxide are approximately 5 nm in diameter (Riohohet al., 2004). Arsenate anions
in the brine rapidly adsorb to the surface of teei¢ hydroxide particles. As a larger
precipitate forms the inclusion @&s and other co-anions within the crystal structure
prevent the development of well-ordered crystdiimg thus the precipitate remains
amorphous as suggested by figure 2.6 (Jessen 20@b). Figure 2.7 is a representative
diagram of this hypothesis indicating that inclusiof anions into the agglomerating

precipitates may account for the enhanced remdfialemcy observed in figure 2.5.
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These results and discussion lead to the condubkat coagulation with Fegis
more efficient for removinghs(V) from brine solution than adsorption onto prerfied
ferric hydroxide as has been previously concludgghrding treatment of drinking water
(Cheng et al., 1994; Hering et al., 1999; Ghuryalet2004). The optimal pH for the
treatment process is 3 — 6.5 and ~100% removal eaachieved using a Fe/As molar

ratio as low as 2.

2.3.2 Treated Brine Reuse

Treatment of spent regeneration brine in a cdscete manner that produces a
stable As-laden residual can become even more efficienhéf treated brine can be
reused. Upon removal of thas-laden precipitate, pH of the three treated brine
supernatants were adjusted (table 2.3). The ttehtnes were then reused for a
regeneration run of an exhausted PLE column. Taldeshows the compositions of the
three batches of treated brine and the correspgnégeneration efficiency when it was

used for regeneration of a PLE resin at pH 9 or 10.

34



Table 2.1 Properties of three treated brines.pH adjustments were made with NaOH

IN.
Batch # Treatment pH Remaining As | Adjusted pH | % PLE
in Treated Capacity
Brine (ug/L) Recovery
1 9 130 9.0 68
2 6 20 9.0 86
3 6 45 10 100
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Table 2.lindicates that the presence of 130 pgdremaining in the treated brine
inhibits the recovery of the arsenate capacitydyg) only 68% recovery capacity after
34 bed volumes (BVs). When the concentratioA®femaining in the brine is reduced
to 20 pg/L, theAs(V) capacity recovery increases to 86%, also iB84. When the pH
of the treated brine is increased to 10, ~100% efrésin capacity was recoveréagure
2.13 shows nearly all arsenate capacity was reedugsing ~ 18 BVs of the treated spent
brine initially containing 45 pg/lAs (An et al., 2005). The treated brine also contained
30 g/L CI, sulfate, and bicarbonate. Note that due to amidiaf FeC4, chloride was

increased by ~25%, which favors the subsequent eegion efficiency.
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Figure 2.8. Elution histories of regeneration of eixausted PLE using treated brine.
Batch 1, 2, and 3, achieved 68%, 86%, and 100%sbn capacity recovery respectively.
The specific contents of each batch are availabtable 2.3. Note: The sharp dips in

batch 3 data have not been repeatable and potgmthied to experimental or analytical

error.
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The ability to reuse the brine had two main adages: (1) decreased the overall
process costs (discussed in chapter 1V), and deetdghe amount of potentially
hazardous treatment waste residuals. Reusingaaed brine reduces the total brine
used by 50% on a yearly basis which decreasesthettosts of making the brine (NaCl

costs) and the costs of treating the brine (Fad Ca(OH,) costs).

2.4 Conclusions

The results of this research reveal that multipdeameters affect the optimal
conditions for brine treatment. The few availastedies regarding brine treatment with
ferric chloride seem to overestimate the Fe adutineeded efficiently remove brine.
Clifford (1999) reported that a Fe/As molar ratib I8 was needed to reduce as
concentration of 90 mg/L to less than 1.5 mg/L. fdend that an initial concentration of
300 mg/LAs could be reduced to <1 mg/L using a Fe/As of grab. Although efficient
removal could be achieved at low Fe additions #saults were very sensitive to pH at
Fe/As < 5. Furthermore, 100% removal was achiatg@H 6, 7, and 9 at Fe/As 10 and
greater, making additions in the Fe/As molar rgteater than 20 costly and inefficient.

An optimal pH of 3 ~ 6.5 was observed fs removal from the spent brine. This
optimal range is similar to the one determine byitget al. (1996) for drinking water
treatment. Using a high FeQuch as Fe/As 20 allowed for 100% removal actospH
range 3 — 10, indicating that increased Fe adduitidecrease the pH sensitivity.

It is clear that ferric chloride addition is a muctore efficient means to remove
high concentrations ofs from spent brine. While adsorption onto prefornfedic
hydroxide did achieve 100% removal at low pH, therage operating pH of the brine
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treatment process is circum neutral where adsar@tione was inefficient. For example,
at pH ~7 addition of ferric chloride achieved 20%eaer removal efficiency than

adsorption. We propose that this enhanced remeffaliency is due to increased

available surface area as primary precipitates fammed resulting in inclusion the

inclusion of anions into the precipitate mass asiggas agglomerate. This mechanism
was first hypothesized by Ghurye et al. (2004) wsiemlar results were observed during
coagulation studies for removidg(V) from drinking water.

Finally, treated brine could be reused to recov@% of resin capacity during
regeneration. The most optimal pH for treatedéreuse is 10. Also, the successfully
reused treated brine contained 45 pg/L residsahdicating that 100% removal ék is
not entirely necessary for successful reuse. Retigeeated brine reduces amount of

waste produced and reduces costs (chapter 1V).
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[1l. MINIMIZING ARSENIC LEACHABILITY FROM TREATMENT PROCESS

WASTE RESIDUALS

3.1 Introduction

Arsenic removal technology research recently egpeed an increased interest
caused by the newly implemented maximum contamiteudl (MCL) of 10 pg/LAs.
Studies have indicated that new techniques sucbrasular ferric adsorptive media
(Driehaus, 2004), enhanced coagulation (Ghurye4R@hd metal-loaded ion exchange
resins (Dambies, 2004; An et al., 2005) providetii@ removal of aqueouss below the
new MCL under a variety of initial raw water condits and co-contaminant
concentrations. The focus on Arsenic treatmenbis shifting downstream to the waste
products such as spent adsorptive media, bringriezd residuals, anfis-laden residuals
from coagulation processes.

Recent literature indicates that there is a need fudher study the
interactions/reactions that occur with treatmesideals in their disposed environments
such as landfills and lagoons. Current methodgesting the leachability of drinking
water treatment residuals are in question. Ghosih €2004) argued that the commonly
used EPA Toxicity Characteristic Leaching Proced{Ir€LP) does not simulate true
landfill conditions. Furthermore, the authors segfgd that the TCLP underestimates the

leachableAs from solid residuals under certain common landfidinditions such as
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alkaline pH and low redox potential (Ghosh, 2004he presence of calcium has been
shown to further immobilizés at high pH (Parks et al., 2003; Bothe and Brovg99).
Jing et al. (2005) studied the leachability of tneant adsorbents such as, granular ferric
hydroxide (GFH) and granular ferric oxide (GFO)dabserved that leaching A6 was
lowest at pH 5-7. Due to the widespread use oaid the recent successes of metal-
loaded polymer technology f@&s removal, we believe that similar stability pro§ilare
necessary for disposal A6-laden solids from treatment of spent regeneratiame.

Currently, the waste residuals from water treatmgmicesses are subject to
leaching tests such as the EPA toxicity charadierlsaching procedure (TCLP) and
waste extraction test (WET) in California. Thesadhing tests determine if the waste is
characterized as non-hazardous. The currentfiantioth the TCLP and WET is 5 mg/L
As in the extraction fluid. Historically this limits set at 100 times the MCL. A
subsequent tightening of the TCLP and WET limitgesponse to the new MCL will
cause facilities to consider treatment technoldgy hot only removeas, but also results
in a low volume and stable waste residual.

Ferric hydroxides are known to undergo significaimtictural changes over time
as the crystal structure releases water in ordesctoeve a more thermodynamically
stable state (Dzombak and Morel, 1990). New fengdroxide is amorphous, porous,
and has a high surface area (Sorensen et al., .20003 metastable in this form and
eventually morphs into a more ordered crystallimecsure, usually goethite, hematite, or
magnetite (Sorensen et al., 2000). The more dliygtdorms have a decreased bonding
site density and may release sorbed anions (DixitHering, 2003). Understanding how
these changes will affeés mobility is critical.
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Our objectives were to: (1) develop a brine treainprocess that will maximize
the stability of the solidAs-laden waste product; (2) determine the effectgnigion As
leachability from waste residuals; and (3) revda® tmechanisms that govern As

leachability in the disposal environment.

3.2 Methods

Spent regeneration brine (SRB) was prepared inséimee manner discussed in
chapter Il. Brine was treated using ferric chleridddition under different conditions
outlined below. Resulting precipitates were aiedror oven-dried, crushed with a

mortar and pestle, and subjected to either the TRILWRET leaching procedures.

3.2.1 Leaching Tests

Three tests were used to ass&skachability and thus relative stability of ths

laden solid residual: The TCLP, TCLP-ext (extendedy WET.

1) TCLP was preformed according to EPA method 131hrief, 1 g of
solid sample and 20 mL of TCLP fluid #1 were placedo
scintillation vials. TCLP fluid #1 was made by augl5.7 mL glacial
CH3CH,OOH and 64.3 mL of 1 N NaOH to 500 mL DI water and
diluting to 1 L with DI water. The final pH of theolution was
4.93+0.05 (EPA, 1992). The vials were placed onead-over-end
mixer and mixed for 18% hours to allow for extraction equilibrium.

2) TCLP-ext was preformed by modifying EPA method 13l this
case, the extraction period of this procedure wadified from 184
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hours to 301 hours. The extraction period was extended ieféort
to reach equilibrium between sample and extradtiod.

3) WET was performed following the method prescribeg the
California Department of Health Services (SOP Nb0)9 In brief, a
citrate buffer extraction solution was prepared gmaged with
nitrogen gas. The 0.2 M citrate solution was pregpay dissolving
42.0 g monohydrate citric acid in 950 mL of DI watelThe solution
was titrated to pH 5 with 50% NaOH and diluted tb With DI water
(California Code of Regulations, 1985). WET sauatiwas purged
with nitrogen gas for 30 minutes to simulate anxam@nvironment.
Dry As-laden sludge samples were placed in 25 mL satith vials.
The sample to extraction solutions ratio was 1119 éample to 10 mL
solution). All samples were prepared by the samoequlure with
duplicates and an extraction period of 48 houresmé& headspace was
left in the scintillation vials. The WET is reped to be a more
stringent test with ferric hydroxide residuals hesm the citric acid
solution is a stronger complexing agent than thd.H Gcetic acid
solution and because WET extraction is carried iouan anoxic
environment.

The EPA method 3050B was used to determine thé EsaandAs content of the
treatment residuals. The method consists of aigdstion with repeated additions of
nitric acid (HNQ) and hydrogen peroxide £§B,). Digestates were diluted and analyzed
using a Perkin Elmer GF-AA.
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3.2.2 Iron and Calcium Effect

The effect ofFe and Ca addition on the leachabilityAsfwas studied using 500
mL batch tests. Larger batch tests were useddardo produce ample precipitates for
multiple leaching tests. Fe was added to SRB enR#&As molar ratio of 5, 10, 15, and
20. The resulting precipitates were dried and @uihed with a mortar and pestle.
Leaching tests (section 3.2.1) were performed terdene the leachablas under each
condition. Calcium hydroxide was added to the E&@htment process, where Fe/As 15
was used, in the amounts of 0, 30, 90, 150, anch#ICCa.

The optimal conditions of the treatmewis(removal) process do not necessarily
correspond to the conditions minimizings leaching from the ferric hydroxide
precipitate. Using a Fe/As 10, 500 mL batch expents were performed where the pH
of the treatment process was 3.6, 6.3, 9.4, antl. 1Zhe effect of pH on leachabkes

was determined by the WET.

3.2.3 Wet Aging

500 mL samples of SRB were placed in 1 L Nalgenddso Fed in the Fe/As
molar ratio of 10 was then added to each bottlee Bottles were placed on a gang mixer
for 2 hours and allowed to settle for 1 hour. pbkvadjusted to ~6.5 using 5.0 N NaOH.
Bottles were mixed again and allowed to settlem@as were placed in a hood at 25° C
and allowed to age for 2, 20, 60, 200, and 300 .datsthe end of the aging period the
treated brine pH was recorded and ~10 mL (plus daig) of treated brine were removed
for analysis. The remaining treated brine was needoand the sludge was moved to a
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200 mL bottle. The 1 L bottle was washed with dabb@ mL of treated brine and the
solution added to the new bottle. The samples wexe centrifuged at 2000 rpm for 10
minutes. The supernatant was removed and the eslalligwed to air dry for 14 days.
After drying period, WET was performed on the resild to determine relative stability.
After a 14 day air-dry period, samples were allowedontinue dry aging in an open-air

laboratory environment.

3.2.4 Dry Aging

Batch tests were prepared using Fe/As molar ratfds, 10, 15, and 20. Also
batches with Fe/As 15 containing 30, 90, 150, ah@ @M C&" were prepared. These
Ca-addition batches were made using Ca¢OlH was adjusted to ~6 using 5 N NaOH.
The mixtures were aged for 5 days. After the ‘vegfing period, two 10 mL samples of
the supernatant were removed and analyzed for Astaising a Perkin EImer GF-AA.
The rest of the supernatant was removed. Remapregpitates were transferred to 250
mL bottles and centrifuged. Finally, precipitatesre placed in a hood at ~25° C and
allowed to air dry. It was determined by weighititge samples daily that the Fe-
precipitates reached a drying equilibrium afterddfs. Precipitates were then pulverized
with a mortar and pestle. Leaching tests wereopeeéd to determine the leachalie

after air drying periods of 14, 42, 70, and 98 days

3.2.5 Temperature Effects

The affects of oven drying ofs leaching were investigated. Fe/As molar ratios
of 10 and 20 were used to prepare residuals. Fhegs adjusted to ~6 and precipitates
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were allowed to settle and ‘wet’ age for ~5 dayslldwing the removal of the treated
brine, the precipitates were centrifuged, transfiio aluminum foil trays, and dried in
an oven at 105° C. After 6 hours the dried préaips were pulverized with a mortar and
pestle and returned to the oven. WET was apptiedtried residuals after 1, 20, and 40
days of aging in the oven. In order have a contest from the same batch test,
approximately 2 g of wet sludge was removed fromrésiduals before being placed in
the oven. This removed portion was allowed today for 20 days and tested with the
WET. ComparingAs leaching in an air-dried and oven-dried samplerafihe same
amount of time and from the same batch will aidetermining the factors controllirfs

mobility.

3.3 Results and Discussion

3.3.1 Stabilizing Process Waste Residuals

As environmental regulations become increasingingent, the cost for handling
and disposal of water treatment process waste uasids becoming an increasingly
important issue. For the PLE-based technology tovibble, the volume of the final
process waste that leaves the plant must be smadlltlae As leachability must be
minimal. Determining the proper amount of adsotlwenprecipitant necessary for
removal may be quite different from the amount mexl to ensure a stable and
disposable end product.

Figures 3.1 and 3.iddicate that as amount of Fe added to the tredtprecess
increases, the stability of the waste residual alsceases. In figure 3.1, increasing the
Fe/As molar ratio from 5 to 15 results in a 96%rdase in thé\s leached by the WET
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(675.2 mg/L and 21.2 mg/L at Fe/As 5 and 15 respalg). Increasing the Fe/As to 20
results in 4.85 mg/lAs extracted which passes the WET limit of 5 mg/L Asr Figure
3.2 shows a similar trend with the TCLP test whesduals formed even at relatively

lower Fe additions (Fe/As of 5) easily pass the Pdimit also 5 mg/LAs.
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Figure 3.1.Extracted As by WET at different Fe/As molar ratio. Bars represent mean
of duplicate Waste Extraction Tests indicating Agacted at Fe/As of 5, 10, 15, and 20.
Error bars indicate standard deviation of duplicasts. The sludge was air dried for 14

days before WET was employed.
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Figure 3.2. ExtractedAs by the TCLP-ext at different Fe/As molar ratio. Error bars

indicate standard deviation of duplicate tests.

49



At a Fe/As of 5 the TCLP-ext resulted in ~0.7 mgk extracted. When
compared to the 675 mg/As extracted with the WET, it is evident that the WETa
much more stringent extraction procedure and tbezefs used for the duration of this
study as a means to compare the different paramietsfudge stabilization.

As previously mentioned, calcium has been repaitedecrease the mobility of
As(V) from ferric media (Bothe and Brown, 1999; Pasksal., 2003; Jing et al., 2003;
Jing et al., 2005). Calcium as Ca(Qk)as added at 0, 30, 90, 150, and 210 mM Ca to
the treatment process where an Fe/As of 15 was uSegdre 3.3 shows that Ca addition
of 30 mM decreases leachabls by 80 and 41% in the TCLP and TCLP-ext
respectively. Figure 3.4 exhibits that the additod Ca, in a particular range, will further
stabilize the ferric residual according to the @ahia WET. Addition of 90 mmol/L Ca
(6.66 g/L Ca(OH)) decreases the leachable Arsenic by 80%. Furthrernmusing 90
mmol/L of Ca reduces the leachability so that the solid usdigasses the WET test limit

of 5 mg/LAs.

50



50
Em TCLP Wet Aging: 5 days
[ TCLP-ext Treatment pH: ~6
40 1 Fe/As: 15 T
.
S T
3
— 30 -
go! I |
g
O
©
£ 201 |
L
)
<
10 A
N [

0 50 100 150 200
Ca addition (mmol/L)

Figure 3.3. Calcium effect on extractableAs by TCLP and TCLP-ext. Ca additions

were 0, 30, 90, 150, and 210 mM. Fe/As was fixetbg9.73 g/L FeG).
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Figure 3.4. Calcium effect on extractabléAs by WET. Calcium was added at 0, 30,

90, 150, and 210 mM via Ca(OH)'he Fe/As used for treatment was 15.
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All calcium addition batch experiments were perfechusing a treatment pH of
5.6 — 6.5. The previously discussed mechanisns;ritbed by Parks et al. (2003) that
increase the removal efficiency at high pH will ibactive at circum neutral pH levels
(i.e. neutralizing a more negative surface chargd)e pH environment of these tests is
slightly acidic, yet decreased leachability is aleed with Ca addition in a certain range.
This optimal Ca addition is followed by an increaseextractableAs as Ca addition
increases. This further stabilization at sub redytH (Ca addition: 30 — 90 mM) may be
a function of how the Ca is added to the treatnpeotess. Parks et al. (2003) added Ca
via lime to mixtures containing pre-formed ferrigdnoxide residuals. It was found that
the addition of lime decreaséd leachability in the WET at pH > 11 (Parks et 2003).
The authors did not observe a decrease in leachal@decircum neutral pH. In contrast,
we observed a decrease in leach&sl@/VET) of 80% when Ca was added 90 mM at pH
6.4. However, when 210 mM Ca were added extraetAblincreased by 40% from
samples where no Ca was added. The main differamceur procedure and the
procedure used by Parks was that Ca(Okjs added simultaneously with FeCWe
propose that the observed optimum range of incdeatmbility of the ferric hydroxide
was not a surface mechanism as observed in Pagts (@003) but a result of available
Ca during primary precipitation of the ferric spesciduring the treatment process. We
investigated three hypotheses potentially explairtive observed optimal range of Ca
reducingAs leachability: water content will reduo&s leached, formation of calcium
arsenate or some other new precipitate may incrtabdity, and calcium may react with

citrate in the WET reducing the effective strengtlthe extraction solution.
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If water content retained after air drying increasé¢ Ca addition of 90 mM, the
effective amount of residual in the extractionst t@dl be reduced thus reducing the
potential As leached. Residuals were considered “dry” oncduniher change in mass
was observed during air drying. On average, thiatpgas achieved in 10 — 12 days. In
order to determine the water content of these wedsd they were air dried for 14 days,
weighed, and then placed in an oven at 105° C aidhed again after 6, 48, and 240
hours. No significant change in mass was obseafted the first 6 hours of oven drying.
Table 3.1 exhibits the water content (mass bagif)eosamples used in the Ca addition
experiments. Table 3.1 indicates that water cdnt@reases as Ca addition increases

and does not correlate to the optimal rangasiteachability observed in figure 3.4.
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Table 3.1 Water content Mass removed after oven drying at 105° C.

Sample FelAs Ca Addition (mM) Water Content (%)
17-200 15 0 7.52

Cal 15 30 9.99

Ca2 15 90 12.57

Ca3 15 150 12.59

Ca4d 15 210 14.76
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XRD was employed on a powdered sample formed biyedAs molar ratio of 15
and Ca addition of 90 mM (6.67 g/L Ca(QMH) In figure 3.5 the distinct peaks are due to
halite (NaCl) which was a secondary mineral forngleding drying. No peaks above
background noise indicate the crystalline structofeferric or calcium minerals.
Therefore, we cannot conclude that the formatiocadium precipitates are decreasing

leachableAs in the observed optimal range.
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Figure 3.5. XRD results of residuals formed with Feand Ca addition. Fe/As molar

ratio was 15 and Ca addition was 90 mM (Ca(©OH$.67 g/L).
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Our final hypothesis is that Ca enhances staldi@gause of its interactions with
the extraction solutions of the TCLP and WET. Aitelprecipitate was formed during
the WET for samples treated with Ca additions (&g8.6). However, no such precipitate
was noticed forming in the TCLP test. Spectroscopiudies are necessary to
characterize the white precipitate formed duringg WAET, but preliminary investigations
using visualMINTEQ for chemical equilibrium modadirof this situation suggests that
both calcium citrate (CaHEI;O(COO%-4H0) and calcium arsenate ({{asOy),) may

be forming.
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Figure 3.6. Photograph of solid residuals after WET Sample on left had no Ca
addition while calcium was added as 90 mM Ca (@/&7/Ca(OH)) to the sample on
right. Note the yellow-white precipitate presamnthie sample on right but not on left.

Most of the extraction solution has been removedaiffalysis from the two vials.
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Citrate is a triprotic acid and its speciatiorb&sed on the following pKa values,
3.1, 4.8, and 6.4. (Dean, 1992). The pH of the VB&[Ttion is adjusted to 5 therefore we
can assume the citrate will be present agH$O(COOY*. Citrate in this form will
complex with F&" and C4&" by the following reactions (Dean, 1992):

Fe* + HC3Hs0(CO0)5” «» FEHC3HsO(CO0);"  log Ksp= 12.5 (3.1)

Ca”* + HC3HsO(CO0)s* «» CaHC3HsO(CO0)z°  log Ksp = 4.68 (3.2)
The reaction equilibrium constants sgivalues) indicate that citrate will more readily
complex with F&, but this can only occur if Béis available. We propose that the Ca
addition to the treatment process forms solublefasar precipitates on the ferric
hydroxide allowing it to be more available for dikgion and complexation during the
WET. Calcium, in effect, dilutes the extractionwmy of the WET solution by
complexing with the citrate. This mechanism magoant for the decrease IAs
leachability at Ca addition 30 — 90 mM.

As Ca addition is increased (150 — 210 mM) moexiableAs was observed.
Using mass balance it was determined that Ca ¢otesti2 and 8% of the total weight of
the solid formed at additions of 90 and 210 mM eesipely. In general, Ca precipitates
are more soluble than Fe precipitates (Paktunt,e2@03). It is possible that increasing
the total amount of Ca in the solid formed wouldre@ase the solubility of the residual
thus releasing mor&s during extraction tests. This explanation isclfyihypothesis and
more studies of these Ca-supplemented residualsienessary to understand the true
mechanisms governirngs extractability.

Solution pH greatly affects th&s solubility in the disposal environment. Both
very acidic and alkaline pH tends to decrease treentration ofAs sorbed to ferric
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hydroxide and oxide precipitates (Dzombak and Mdt8B0; Hering et al., 1999; Parks
et al., 2003; Ghosh et al., 2004; Jing et al., 200®revious experiments have indicated
that pH 3 ~ 7 is the optimal range #s(V) removal from the brine solution (figu&?2).
Here, the effect of treatment pH &g leachability was explored. Ond&e removal is
achieved, the treated brine is removed from the-peecipitate and prepared for reuse.
The residuals are air-dried in most cases and sispm landfills barring that they are
characterized as non-hazardous. In many casafidteresiduals are reintroduced to an
agueous environment in the landfill as leachateemto contact with the disposéd-
laden residuals. The following results describevhbe treatment pH of the brine-
precipitate mixture will affect the leachability 86 determined by the WET. Residuals
exhibited decreasefs leachability as the treatment pH was increasaduré 3.7shows
that increasing the treatment pH will decrease Akdeached from the air-dried solid
residuals during WET. These results are countatimé because it has been shown that
as pH increases desorptionAs from ferric hydroxide surface will also increastatks

et al., 2003; Jing et al., 2005).
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Figure 3.7. As extracted by WET at different treatnent pH. pH 3.6, 6.3, 9.4, and
12.1 were used during brine treatment with a F@fAK). Right-hand y-axis shows pH

measured at the completion of WET.
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It should be noted that treatment pH will be qult#erent from the pH of the
mixture during the WET extraction procedure. Theqgd the WET extraction fluid is set
at 5. The right-hand y-axis in figure 3.7 shows gH at the end of the WET. This pH
will control sorption and dissolution during thetection process. Table 3.2 shows the
pH of the batch mixture during treatment with Fe&ld the final pH of the mixture after
the WET fluid was mixed with the dried sludge f& Hours. Clarifying the relationship
between the treatment pH and pH during leachintg &gl aid utilities in determining
the optimal pH for their processes promoting thestnstable residual.

Acid digestion of the residuals using the EPA mdtlBO50B revealed that the
total As present in the residuals formed at four diffeq@dtwas about the same for each
dried sample, ~30 mg/g (28-33 mg/g). The four sampere formed using the same
Fe/As molar ratio of 10. Measuring the tofasland Fe as well as the WET extracted
and Fe concentrations revealed that increasingokh®f the treatment mixture before
drying the residual decreased both the extractAbland Fe. This positive correlation
between increaseds and Fe at lower pH suggests that &wseleachability in this pH
range (4.5 ~ 6.0) was controlled by Fe oxyhydroxasolution (complexing with citric
acid) rather than desorption. Furthermore, thalfipH of WET procedures never
increased above the isoelectric point for ferriadroxide which also indicates that
desorption may not be a major factor. Figure Bdcates that the extracted fraction of
both As and Fe decrease with increasing pH. The extra&sedaction shows an 85%
decrease when the treatment pH is increased fr8no®.4 (WET pH 4.8 to 6.0) while

extracted Fe fraction shows a 35% decrease.
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Table 3.2. Comparison of Extracted As and Fe at fferent pH. Note the low mass

balance for residual treated at pH 12.1.

Treatment Dry Final WET WET Mass
pH Aging WET Extracted As | Extracted Fe/ | Balance on
(days) pH Total As Total Fe As (%)
(3050B) (3050B)
3.6 10 4.48 0.25 0.73 96.6
6.3 10 4.81 0.21 0.63 95.0
9.4 10 5.99 0.03 0.41 99.7
12.1 10 6.07 0.02 0.25 51.0
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Figure 3.8. Comparing extracted fraction ofAs and Fe. Mass extracted is shown as
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These results suggest that the iron precipitaeesnare stable during the WET
when treated at a higher pH. This is a produt¢hefpH changes that occur during the
WET. Although the final pH of the WET proceduresre close in range (4.48-6.07,;
table 3.2) we observe that the two samples witlr@-have decreased leachability.
These results coincide with observations of Jing).g2005) who concluded, after
examiningAs desorption from five different adsorbents, tAadesorption is a minimum

atpHS5to 7.

3.3.2 Aging Effect

Many drinking water treatment facilities use ferctdoride (FeGJ) coagulation to
remove (or reduce)s from source water. It is estimated that thesiias will produce
millions of tons of As-bearing residuals annually (Frey, 1998). Thesaduals are
commonly placed in large holding ponds for accuthmaand dewatering, and often
reside for multiple years before being disposedr(@let al., 2001). Investigating hokg
will behave while these slurries age is importaotrf both an environmental health and
process design standpoint. If aging increa&ssmobility then the sludge may be
characterized as a hazardous waste, greatly inogetnansport and disposal costs.

Understanding aging effect on brine treatmentdiess is even more important
because the residuals are commonly more concemhtthgs drinking water treatment
residuals. Meng et al. (2001) reportésiconcentrations in sludge from drinking water
treatment plants 0.6 to 1.5 mg/g. Brine treatmeammonly produces residuals

containing 25-35 mg/dAs concentrations. Figure 3.9 indicates that leaching as
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measured by the WET decreases with increased aging0% decrease in extractéd

was observed between 2 and 300 days of aging.
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Figure 3.9. Effect of batch aging on extractabléds. Note that all unfilled triangles
denote the extractess after a total of 300 days. Samples aged for idiffetimes in situ

(as specified on x-axis) but were allowed to camimging in open air conditions
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In order to determine if there is a differencewssn aging in situ (‘wet’ aging)
and dry aging in an open air environment, the redglwere kept in open plastic trays
after their initial WET. Therefore, at then end 30 days, all residuals had aged for
approximately 300 days (i.e. wet aging + dry agn800 days). The WET was again
employed on the samples at this point and the teaé shown as the unfilled triangles
in figure 3.9. We observed a flattening of thepslandicating that all samples have
approximately the sams leachability after 300 days regardless of fractbmvet to dry
aging. These results suggest that aging in gemeal important factor iAs leaching,
but the relative wet and/or dry aging is less digant.

It is well documented in literature that the irased aging time increasés
adsorption onto iron containing soils and mediaRélly et al., 2001; Zhang and Selim,
2005) and decreasdss desorption (Lin and Puls, 2000). Over tiAs anions must
develop more stable complexes with the ferric hydi® particle. Zhao and Stanforth
(2001) studied arsenate and phosphate competds@ ption and concluded that primary
adsorbedAs is non-exchangeable while exchangeaseesides in an amorphous surface
precipitate. It is probable that over times diffuses from this surface precipitate to
internal bonding sites forming more stable innehesp complexes that decrease
desorption as well as extractabie

Figure 3.10 shows changes in extractaddewith respect to dry aging period.
Samples at Fe/As of 10, 15, and 20 all exhibit elesed extractablas with time as
described in figure 3.1. In contrast, residualsmied with a Fe/As of 5 exhibit the

extractableAs increasing by approximately 30% between 14 anda#38 aging.
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Figure 3.10. ExtractableAs at different dry aging periods and Fe/As.Fe/As of 5, 10,

15, and 20 were used.
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All conditions were controlled where the only difénce was Fe addition.
Richmond et al. (2004) reported a novel idea ofsmering supersaturation ratios (S)
along with pH and Fe/As for observidg removal. Supersaturation is described by the

following equation (Richmond et al. (2004):

S=— (3.1)

Where, c is the concentration of the solute andscthe equilibrium solubility of the
solute. The authors reported that decreasing upersaturation ratio will increase the
order of crystallinity in the ferric hydroxide cerfihydrite (Richmond et a., 2004). Many
researchers have determined that increased orderysfallinity in ferric hydroxides
results in more mobil@s (Dixit and Hering, 2003; Jessen et al., 2005)s firobable that
due to the lower Fe addition in the sample withedA5 5, the supersaturation ratio was
lower than the samples with higher Fe additionbusl a more ordered ferric hydroxide
may have been formed, as suggested by Richmondcamihued to crystallize with
time, resulting in the increase extractabdtfigure 3.10).

In contrast to residuals formed with different &eaidition, residuals formed with
Ca additions exhibit no consistent relationshipMeein aging time anfs extracted by

the WET (figure 3.11).
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Figure 3.11. Effect of Dry Aging on residuals treatd with calcium.
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In many instances contaminant-laden residualhea¢ treated to dry sludge and
reduce volume for disposal. It has been widelyoregal that transformations in ferric
hydroxides and oxides occur under increased termperéSorensen et al, 2000; Martinez
et al., 2001). In order to test these effectsesiduals formed during brine treatment
samples formed at Fe/As 10 and 20 were placed van to dry age at 105° C. WET
was applied to the samples after 1 and 20 dayguré&i3.12 indicates that at both Fe/As
10 and 20, there is significant increase in exataletAs when the sample is aged at 105°
C. Residuals formed at both molar ratios exhibtigite as much extractabks after
aging for 20 days. The is the complete oppositeentation from figure 3.9 where

extractableAs decreases with time at Fe/As 10.
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Sorensen et al. (2000) studied changes in fegrirdxides induced by heat and
aging. Increased temperature causes the trangfomu ferric hydroxide to an ordered
structure to occur more rapidly. This transformatmay take years to occur in strong
salt matrices such as IX brine and at room temperatSorensen et al., 2000). The
conflicting results in figure 3.9 and 3.12 indicatieat crystal transformations are
occurring in the heated samples thus decreasirfgceusite densities for bonding and
increasing theAs extractable by the WET. Samples aged at room ¢eatyre are not
undergoing such changes (or changes are much 3lanerextractablés is decreasing

with time asAs diffuses into the more porous, amorphous predgita

3.4 Conclusions and Implications

Increasing Fe addition resulted in decreadgtkachability in both the TCLP and
WET. All samples tested passed the TCLP whilequired treatment with a Fe/As of 20
to pass the WET. However, addition of 90 mM Cdher decreased the extractable
and allowed for the passing of the WET. It wasficored that addition of Ca to the
treatment process increased the residual stakihile having nearly no added effect on
removal efficiency.

Optimal pH range for decreasims leachability is a function of the procedure
being used to determine leachability (California WHCLP, etc.). For instance, while
literature indicates that desorption is minimunpldt5 — 7 (Jing et al., 2005), we observe
an extraction minimum when treatment is performeggH9 — 12. This is because of the

buffering capacity of citrate. A treatment pH o492 correlates to a pH of 5 — 6 during
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the WET. Hence, understanding pH changes durichiaeg procedures is paramount in
determining the process design resulting in noratdimus residuals.

In general the results of the aging experimentscatd that changes occurring
within the crystal structure of ferric hydroxidesvie a major impact on the extractahke
as determined by the WET. If the change to a madered structure can be impeded or
slowed therAs extractability (leachability) will continue to dease a#s in the transient
surface coatings diffuse to a more internal andlstdonding site over time. High
concentration of anions as with IX brine and foreizption inclusion will impede the
recrystallization process providing an amorphousidehydroxide with higher surface
area and higher reactivity (Jessen et al., 20@8&mples in figure 3.9 and 3.10 (Fe/As 10
— 20) indicate that this can be achieved with tessl formed from brine treatment.
Increased stability was observed for up to 98 dagsre 3.10). However, heat and low
supersaturation will increase the rate of recriigtlon causingAs to become more
mobile (Sorensen et al., 2000; Richmond et al. A20Residuals formed at Fe/As 5 in
figure 3.10 and samples in 3.12 exhibit this ocence.

These results suggest that while heat treating beybeneficial in reducing
volume for disposal, the residuals are likely thibk decreased performance in leaching
tests such as the TCLP and WET over time. Alsalewtsing a Fe/As of 5 for treatment
of the simulated regeneration brine can be usedats the TCLPAs leaching will
increase over time due to internal changes of éstduals. Therefore, Fe/As ratios
increasing the supersaturation ratio should beidered to impede recrystallization of

ferric hydroxides. Lastly, while the addition ofadn a certain range significantly
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increased the stability of the residuals, no deficbnclusions can be made regarding the
effect aging on these Ca-bearing residuals.

In order for this research to benefit the drinkiagter industry it is necessary to
organize these results into a metric integratirgdptimal conditions for brine treatment,
brine reuse (chapter Il), and stabilizing residualsapter 1lI). Table 3.3 denotes the

optimal pH and Fe dose for each part of the treatipecess.
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Table 3.3. Optimal pH and Fe/As. Note that optimal ranges will vary when calcium is

added to the treatment process.

As Removal | Residual Stability | Brine Resuse
Optimal Treatment pH
e 3-7 9-12 10
e >7 (with calcium) (for WET)
(Parks et al,
2004)

Optimal Fe/As molar ratio

>2 e 20 (no calcium) Function of As removal

* 15 (calcium)

e <15 (calcium +
increased pH)
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Along with the optimal conditions (table 3.3), eébr main relationships were
expounded upon for brine treatment. Many of thret&tionships have been previously
observed for treatment of drinking water (Chenglgt1994; Hering et al., 1996; Parks et
al., 2003). The three important relationshipsaaéollows:

1. Fel/As increase = Removal increase = process ougase
2. Calcium increase = removal pH increase = stabitityease = Fe/As
decrease = cost decrease
3. Treating at a pH 10 will require pH adjustment for brine reuse stco
increase
These three relationships, in addition to the ogkioonditions in table 3.3, are organized
into the options diagram below. Each option ispdeimented by the results from the
specific test (WET or TCLP) to indicate the nondmalous nature of the residuals
developed in each set of conditions. It shouldhbted that ‘Option 3’ does not have
supplemental WET results. This option is basedhendbservation that increasing the
treatment pH will further increase stability (aadioig to WET). Also, the results for the
TCLP option were 0.7 mg/As, while the limit for the TCLP is 5 mg/As. It is probable
that using a much lower Fe/As will suffice to p#ss TCLP, especially under the optimal

conditions previously discussed.
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costs relationship. As removal from the brineacleoption was >99%.
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IV. COST IMPLICATIONS OF BRINE TREATMENT

4.1 Introduction

The waste streams associated with differsstemoval techniques may be very
expensive to handle, transport, and dispose. éral (1998) reported that handling and
disposal of process wastes on average makes uB4%-of the total process costs. The
toxicity of the waste will also affect the disposalsts. Treatment residuals failing the
TCLP or WET (both with a limit of 5 mg/IAs) will be deemed a hazardous waste and
may increase the disposal cost up to four timesn@viet al., 2001). Spent regeneration
brine from IX processes is considered a hazardoastevand must be further treated.
Chemical additives such as FeQlan be added to remowks from the brine via
precipitation/adsorption (Clifford, 1999). Fe@l the proper concentration can foAs-
laden precipitates that will pass the leachingstdsit these additives can also be
expensive and greatly increase process costs. Mdities may add cheap stabilizers to
the residuals such as lime or cement to decrasssaching (Jing et al., 2003; Jing et al.,
2005), but this will greatly increase the amountsbidge produced thus increasing
disposal costs. Palfy et al. (1999) had to add of gement to every 1 g dis-laden
sludge in order to meet leachability standardsspbsal costs are determined on a ‘per

ton’ basis so reducing the mass produced is ddsirdbis evident that determining the
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conditions balancing the costs of chemical addstives leachability in residuals, and
volume of sludge produced is paramount for an iefficbrine treatment process.

The objectives of this study were to determinertiast cost efficient conditions
of brine treatment for passing both the WET and PCLPrevious results (chapter Ill)
revealed that simultaneous addition of Fe&id Ca(OH) will decrease leachabls in
both the WET and TCLP. Cost effects of addingiaafcto the treatment process will

also be determined.

4.2 Methods

The volume of brine produced from a polymeric lidaxchange process using a
5-year design and design flow of 0.1 MGD was deteech Resin properties, influent
water conditionsAs breakthrough behavior, and regeneration conditwere all based
on experimental conditions used in An et al. (200Specific description of parameters
used is provided in appendix A. Brine was assuiteetie reused five times before
becoming spent. Feghdditions of Fe/As 5 and 20 were used to passT@ieP and
WET respectively. As concluded in chapter lll, GB{), in the amount of 6.67 g/L
added with FeGlin the Fe/As of 15 will also pass the WET. Thetceffects of this
scenario were also determined. The amount of NaQid wused to adjust treatment
process to a pH of 6 for all Fe and Ca additio#d| pricing for industrial quantity

chemicals came from Spectrum Chemical Companyw.spectrumchemical.com

Sludge production was determined based on 500180dmL batch tests. The
amount of sludge produced (g/L) was extrapolatechf6.1 MGD process with a 5-year
design plan.
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4.3 Results

The costs of the main brine treatment compoundd ugre: FeGl- 16.62 $/kg;
NaOH — 5.41 $/kg; Ca(OH)- 3.91 $/kg. Calcium hydroxide addition will résin a
basic solution and require an addition of HCI (3B%oweight) to adjust pH to 6. Costs
for technical grade HCl are 1.51 $/L. Table 4diéates the quantity of additives needed
to pass the TCLP and the WET. Table 4.2 indicHiescost of the chemical additions
used for each situation. It costs about 75% lessmsts the TCLP than the WET based on
the chemical additives used. The addition of catcihydroxide (6.67 g/L) to the
treatment process reduces the costs of passinyVeE by 18%. Adding Ca in the
optimal amount allowed for the reduction of FgQihich is the most costly chemical

additive, by 25%.
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Table 4.1. Quantity of chemical additives for brinegtreatment.

Leaching FelAs Volume Brine FeCl; NaOH Ca(OH),
Test Treated (L) (kglyr) (kglyr) (kglyr)
(5-year design) *HCI (L/yr)
TCLP 5 177,490.4 772.8 120.7 0
WET 20 177,490.4 3091.2 482.8 0
WET (Ca) | 15 177,490.4 2318.4 *3106.1 236.8

Table 4.2.Estimated yearly costs of chemical additives5-year design was used.

Leaching Test| FeCls ($/yr) NaOH ($/yr) Ca(OH); ($/yr) | Total ($/yr)
*HCI (L/yr)

TCLP 12843.94 653.00 0.00 13496.93

WET 51375.74 2611.95 0.00 53987.69

WET (Ca) 38531.81 *4690.18 925.89 44147.89
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Chemical addition is not the only factor contribgt to the cost of brine
treatment. Disposal of the waste residuals pradlwaa potentially be the most costly
part of the whole water treatment process (Freal.etl998). Disposal costs are based on
the mass of waste produced, therefore the totdbslair-dry weight, kg) to be disposed
in a year were calculated in table 4.3. As expkctath increasing Fe addition the
amount of sludge produced also increased. In ashtit was observed that the addition
of Ca (at constant Fe/As) decreased the mass dgelproduced. Addition of 90 mM Ca
reduced the final mass of sludge produced by ~20%ese results are counterintuitive
since the mass of total additions (Fe + Ca) in@@asn order to investigate these results
a total analysis was performed on all contaminamd additions made for a 100 mL
batch treated with no Ca and one with 90 mM Ca7(g/& Ca(OH)). Fe/As molar ratio
was kept constant at 15. Figure 4.1 exhibits trgrdoution each component made to the

dried residual.
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Table 4.3. Sludge production from brine treatment. Sludge disposed column is an

estimate based on 0.1 MGD design flow and 5-yesigdeplan.

Sample FelAs Ca Sludge produced Sludge
(molar ratio) (mM) (g/L) disposed
(kalyr)

5 5 0 6.6 234.4
10 10 0 11.2 397.7
15 15 0 15.2 539.8
20 20 0 18.6 660.5
Cal 15 30 13.8 490.1
Caz2 15 90 12.0 427.6
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Mass Distribution (Fe/As 15)
600
S |
r 500 \ \\x Chloride
& & \ D Bicarbonate
§ 400 B Sulfate
c 300 | H Arsenic
g O Calcium
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S
= 100 -
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Figure 4.1. Mass distribution of components in sa residuals. Ca additions were 0
and 90 mM by Ca(OH) Fe addition in both batches was 3.35 ¢g/L via IgeC
Contaminant initial concentrations were? €80.38 g/L, S& - 600 mg/L, HC@ - 305

mg/L.
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Figure 4.1 indicates that in both batches equaH&);” andAs were retained in
the precipitates. The residuals formed with thieigan addition contained less ‘Gind
SO which contributed to the reduction in mass producé should be noted that only
about 8% of the total Ca added to the treatmenthbatas included in the solid
precipitate. These results do not consider watassnsodium, or secondary minerals

produced during drying and therefore do not accéumthe total 20% difference in mass.

4.4 Conclusion

The costs of chemical additives to pass the TCeP7&#6 less than those required
to pass the WET. The addition of 90 mM Ca decieéise chemical costs of passing the
WET by 18%. This cost decrease is due to the temuwof FeC} necessary for
achieving a leachablas level of 5 mg/L. Furthermore, calcium additioncoEases the
mass of sludge produced 20% thereby reducing disposts by an equal amount. One
component contributing to the decrease in massugexstl with Ca addition was less
removal of sulfate and chloride from the brine.isTiesearch reveals that careful control
of treatment process conditions and the additio@afOH) to the process will increase
the efficiency of brine treatment, stability of threatment residuals, and decrease the

overall process costs for utilities.
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V. CONCLUSIONS

5.1 Summary of Conclusions

The treatment of spent regeneration brine byderhioride was optimized at pH
and Fe additions similar to drinking water treatineifhe most efficient removal was
achieved in the pH range 3 — 64 removal increased with Fe addition and nearly 100%
removal was observed using a Fe/As molar ratio.ofFdr Fe/As of 5 and pH > 6, it
appearsAs was removed by both direct precipitation via reecEeCh with arsenate and
by adsorption to the ferric hydroxide particles.heTdual mechanisms resulted in
significantly increased removal efficiency (up %) over adsorption onto pre-formed
ferric hydroxide. Calcium addition to the treatrhprocess at pH 6 had nearly no effect
onAsremoval.

When reused for regenerating Asrselective resin, the treated brine (at pH 10)
was able to recover nearly 100% of the resin’s ci&ypa While our results indicated the
important role of pH in brine reuse, more columpernments should be performed with
treated brine to further elucidate the range ofda@mms where successful reuse of treated
brine is possible.

Both TCLP and WET indicated that increased Fe tamdigreatly decreased
leachableAs. The resultant waste sludge can easily pass @lePTwhen brine was

treated at a Fe/As molar ratio of 5, and can gasSMET when treated at an Fe/As of 20

89



both at a treatment pH of 6. Adjusting the treatir®atches to alkaline pH shifted the
pH of the WET extraction solution to 5 — 7 wheradeableAs was found to be at a
minimum. Furthermore, the addition of calcium ag@H), in the range of 30 — 90 mM
Ca consistently decreasés leachability based on the WET, but this effect Wess
conspicuous with the TCLP test. Increasing theigal addition to 150 — 210 mM
resulted in an increase in leachaBkeindicating an optimal calcium addition of 90 mM.
We propose that available calcium in smaller quisti(1-2% of sludge mass) will
reduceAs leaching by complexing with citrate. On the othand, continuing to increase
calcium addition will result in a more soluble shedincreasing the leachabkss.
Spectroscopic studies should be employed to teshifpothesis hopefully revealing the
mechanisms governing the observed calcium effect.

Increased dry aging of 98 days resulted in deecedssachablé\s by 78% when
the brine was treated with an Fe/As of 10. Theogfp effect was observed at a Fe/As
of 5, where leachablas was increased by 54% after 98 days dry aging. ofposite
trends are potentially due to the degree of criysiiyl in the ferric hydroxide and its
susceptibility to dehydration over time. While thiect of crystallinity onAs mobility
has been documented in previous studies, furthertsgscopic analysis is necessary to
confirm its effect in our research. No distincteet of aging was observed in residuals
containing calcium additions. Oven drying at 105°was shown to doublés
leachability in residuals formed at both Fe/As 6fdind 20 as aging time was increased
from 1 to 20 days. However, even after 20 dayagifig at 105° C, residuals aged for 20

days at 25° C exhibited 25% more extract@ldat both Fe/As 10 and 20.
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This study reveals that the optimal conditiongréat spent brine for reuse and for
the TCLP compliance are a Fe/As of 5 and pH offe WET indicated that the lowest
leachableAs was found in residuals formed with an Fe/As of @&(OH) additions of 90
mM as Ca, and a treatment pH of 6 — 10. Also,gasing dry aging period for residuals
formed at Fe/As 10 will also enhance the stabdityhe residuals.

It was found that using a Ca(OHfddition of 90 mM as Ca not only decreased
leachableAs in the WET but also decreased overall processscoEmploying calcium
addition with ferric chloride to pass the WET dexe the costs of chemical additives by
18%. Furthermore, the mass of sludge produce@%s [2ss when calcium hydroxide is

used in the process.

5.2 Recommendations

This research has shown that the brine treatmeateps can be controlled to
enhance both treatment and cost efficiency. Oadlifigs potentially benefit utilities
around the country that employ IX fés-removal, handléAs-bearing residuals, or use
the WET to characterize their waste residualss fecommended for utilities treatidg-
laden brines to include simultaneous addition afCGE4), and Fed in the concentrations
of 90 mM Ca and a Fe/As molar ratio of 15. Tregtime brines in this manner will allow
for the successful reuse of treated brines, inexkagbility of waste residuals, decreased

mass of sludge produced, and decreased processotdsine treatment.
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APPENDIX

COST ESTIMATE OF DOW 3N-CU TREATMENT PROCESS

Introduction

Polymeric ligand exchange (PLE) is a new ion ergeatechnology allowing for
the selective removal of arsenate from drinkingewah the presence of high sulfate
concentrations (An et al., 2005). As with any neshnology, capital and operating costs
will ultimately determine the PLE feasibility. Aabic cost estimate was prepared at three
different design flow rates of 0.1, 1.0, and 5.0dnw¢here the As/sulfate aqueous phase

concentrations ratio remained the same.

Methods

Resin Properties

Before attempting to quantify the amount of maieriused in the treatment
process it was first necessary to obtain intripsagperties of the PLE resin such as total
removal capacity, regeneration capacity and optiwakking conditions. These
properties were determined by experimental coluestst(An et al., 2005). Using an
estimated bed contact time (EBCT) of 4.1 minuté&§) BBV of influent water could be
treated. The influent contaminant concentratioesewAs = 94 pg/L, SO42- = 40 mg/L,

HCO3- = 30.5 mg/L, and CI- = 46.1 mg/L. 100% remgvof the resin capacity could be
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achieved using ~20 BVs of 4% NaCl brine (40 g/L NaClThe EBCT for the
regeneration was 22.2 minutes. The expected Bfeeticcording to DOW Chemical for
DOW 3N and XUS resins is 8-10 years. Using thesm®itions a process design was

completed.

Design

The volume of resin required was determined ushey design flowrate and
EBCT. 50% of the total volume was added to accéomthe lifespan in a 5-year design
plan. Once the volume of resin needed for a sipefidw rate was determined the
column was determined based on the following degigrameters (Clifford, 1999):
column height must be double resin bed-height tmawt for 100% potential expansion
of resin, diameter-to-height ratio must stay witthe range 0.2:1 — 2:1. Process designs
for all flow rates were based on a 2 column design.

Using the experimentally determined flow rate, tinge per exhaustion cycle was
calculated which allowed for the determination lué £xhaustion cycles needed per year
(and 5-year) period. Also, assuming that the reg®ion brine can be reused 5 times
before treatment process, the number of brinertresat cycles was also calculated for 1-
year and 5-year periods. The number of brine synkeded per 5-year period allowed
for the calculation of total brine volume required.

Using the total water volume treated, resin volwsed, and brine volume used in
a 5-year period; the amount of additives (NaOH, Na@ FeCJ) were calculated. Batch
tests provided the concentrations of additives seay for optimal pH, salinity, and
coagulant addition (for brine treatment).
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Cost data
Column costs were calculated using the equati8r2&8*(volume resin (gdlf’

(EPA, 2000b). Resin costs were based on quotes tihe DOW chemical company for
DOW 3N resin. 10% was added to the costs accayfdincopper loading. Costs for a
brine treatment tank (non-corrosive), brine storeg, pipes, and valves were based on
qguotes from ModuTank, Inc. Labor hours were caltad using the following equation
(EPA, 2000b): Labor (hrs) = #weeks*(3*#exhaustigicles). #weeks and #exhaustion
cycles are on a per l-year of 5-year period. 3$28s used for labor costs (EPA,
2000b). All costs given in non-2005 dollars wemnwerted to 2005 dollars using
conversion factors (Sahr, 2005). All chemical &ddi costs were obtained from

Spectrum Chemical Company.

Results and Conclusions

The results of the cost estimate and design schere presented primarily in
tabulated form. A cost summary is provided forheaesign scenario as well as a
breakdown of individual components used in thewdatons. The summary reveals that
influent As concentrations will greatly affect costs. Costs pOOO gallons treated are
$0.82 and $0.51 for 0.1 mgd systems with influsnof 94 and 30 pg/L respectively.

The ability to reuse the treated brine greatly dased brine treatment costs by
reducing the amount of NaCl needed on a yearlysias~50%. In an effort to make this

cost estimate applicable, the design schemes wewelaped to pass the TCLP.
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Therefore a Fe/As molar ratio of 5 was used. Téesons for choosing this ratio are

explained in chapter Ill.
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Table A.1. Cost estimate summary.Costs are given for different flow rates in dadla

per 1000 gallons treated. These data are basadbegrear design.

Flow rate (mgd) Influent As (ug/L) | Influent SO~ Cost per 1000 gal
(mg/L) ($/1000 gal treated)

0.1 94 40 0.82

0.1 30 13 0.51

1.0 30 13 0.34

5.0 47 20 0.67

Table A.2. Resin base costs.

Resin Cost ($/f)
Standard SBA Resin 140
DOW 3N 175
DOW 3N-Cu 193
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Design Scenarios

100,000 gpd

Influent:

As =94 pg/L
SO% = 40 mg/L
HCOs; = 30.5 mg/L
ClI'=46.1 mg/L

Treatment Capacity (experimental) = 5500 BV

Flowrate = 100,000 gpd

Table A.3. Cost summary and annual requirements at00,000 gpd.

Cost per 1000 gal treated $0.83 per 1000 gall@aed
Annual Cost Total (5-year Design) $30176.59

Total Capital Costs $37204.95

1%'year Operational Costs $30883.59

Annual Requirement

5-year Design Period

Exhaustion Cycles

24

117

Volume of Resin
(gallons / ft3)

313.2 gal / 38.06 ft

427.08 gal / 57.09 %t

Brine Treatment Cycles 5 23
Volume Water Treated (gal)36500000 182500000
Volume Brine Used (gal) 21404 46888
NaCl (kg) 3240.6 7098.8
NaOH (kg) 131 603.5
FeCI3 (kg) 840 3864
Labor (hours)* 124 611

* Determined using formula:
Reference: EPA, 2000

Labor Hrs = #Weeks ##Xhaustion cycles).
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Table A.4. Component summary for 100,000 gpd.

Component Cost Per Reference Costs Annual Cost
unit (Capital=total) (5-year
(Op=annual) Design)
Capital Costs
DOW 3N 175 ft DOW Chemical
DOW 3N Cu 192.5 ft Add 10% 10989.83 2198.35
XUS 300 ft DOW Chemical
Columns 3864.5 column EPA, 2000 7735.12 1547.03
*2-column Design
Brine Treatment | 11590 ModuTank Inc. 11590 2318
Tank
Brine Tank 6000 6000 1200
Pipes and Valves 890 ModuTank Inc. 890 178
Operational Costs
FeClI3 16.62 kg spectrumchemical.com  13960.8 12843.9
NaOH 5.41 kg spectrumchemical.com  708.71 653.00
Ca(OH)2 3.91 kg spectrumchemical.com
NacCl 3.8 kg spectrumchemical.com  12314.28 5395.10
Labor 31.45 | hour EPA, 2000 3899.8 3843.19

# EPA, 2000 gives $28/hr for small systems. Caosiverto 2005 dollars using
conversion factor 1.123.
Reference: Sahr, 2005.
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100,000 gpd (As = 30ug/L)

Influent:

As =30 pg/L
SO =13 mg/L
HCOs; =10.2 mg/L
ClI'= 15.4 mg/L

Treatment Capacity (estimation based on exp. cgpacil6500 BV

Flowrate = 100,000 gpd

Table A.5. Cost summary and annual requirements fol00,000 gpd with low As.

Cost per 1000 gal treated $0.51 per 1000 gall@aed
Annual Cost Total (5-year Design) $18450.29

Total Capital Costs $37204.95

1%'year Operational Costs $13187.62

Annual Requirement

5-year Design Period

Exhaustion Cycles

8

39

Volume of Resin
(gallons / ft3)

313.2 gal / 38.06 ft

427.08 gal / 57.09 %t

Brine Treatment Cycles 2 8

Volume Water Treated (gal)36500000 182500000
Volume Brine Used (gal) 13666.7 54666.7
NaCl (kg) 2069.2 8276.6
NaOH (kg) 26.3 105

FeCI3 (kg) 168.0 672.0
Labor (hours)* 76 377

* Determined using formula:
Reference: EPA, 2000

Labor Hrs = #Weeks #Xhaustion cycles).
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Table A.6. Component summary for 100,000 gpd witholw As.

Component Cost Per Reference Costs Annual Cost
unit (Capital=total) (5-year
(Op=annual) Design)
Capital Costs
DOW 3N 175 ft DOW Chemical
DOW 3N Cu 192.5 ft Add 10% 10989.83 2198.35
XUS 300 ft DOW Chemical
Columns 3864.56 column EPA, 2000 7735.12 1547.03
*2-column Design
Brine 11590 ModuTank Inc. 11590 2318
Treatment
Tank
Brine Tank 6000 6000 1200
Pipes and 890 178
Valves 890 ModuTank Inc.
Operational Costs
FeCk 16.62 kg spectrumchemical.com  2792.16 2233.75
NaOH 5.41 kg spectrumchemical.com  142.30 113.61
Ca(OH) 3.91 kg spectrumchemical.com
NacCl 3.8 kg spectrumchemical.com  7862.96 6290.22
Labor 31.45 hour EPA, 2000 2390.2 2371.33
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1 mgd (As=30ug/L)

Influent:

As =30 pg/L
SO =13 mg/L
HCOs; =10.2 mg/L
Cl'=15.4 mg/L

Treatment Capacity (estimation based on exp. cgpacil6500 BV
Flowrate = 1.0 million gallons per day (1 mgd)

Table A.7. Cost summary and annual requirements fofl. mgd at low As.

Cost per 100 gal treated $0.34 per 1000 gallordede
Annual Cost Total (5-year Design) $121807.44

Total Capital Costs $165315.92

1%'year Operational Costs $112018.67

Annual Requirement

5-year Design Period

Exhaustion Cycles

8

39

Volume of Resin
(gallons / ff)

2847.22 1 380.6

4270.83/570.9

Brine Treatment Cycles

2

8

Volume Water Treated (ga

)365000000 (365 million)

1825000000 (1.8 billio

=

Volume Brine Used (gal)

136666.7

546666.7

NaCl (kg) 20691.3 82765.3
NaOH (kg) 262.4 1049.6
FeCk (kg) 1779.9 6719.5
Labor (hours)* 76 377

* Determined using formula: Labor Hrs = #Weeks ##haustion cycles).

Reference: EPA, 2000
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Table A.8. Component summary for 1 mgd low As.

Component Cost Per Reference Costs Annual Cost
unit (Capital=total) (5-year
(Op=annual) Design)
Capital Costs
DOW 3N 175 ft DOW Chemical
DOW 3N Cu 192.5 ft Add 10% 109898.25 21979.65
XUS 300 ft DOW Chemical
Columns 3864.56 column EPA, 2000 36937.67 7387.54
*2-column Design
Brine 11590 ModuTank Inc. 11590 2318
Treatment
Tank
Brine Tank 6000 6000 1200
Pipes and 890 178
Valves 890 ModuTank Inc.
Operational Costs

FeCk 16.62 kg spectrumchemical.com  29581.94 22335.618
NaOH 5.41 kg spectrumchemical.com  1419.59 1135.67
Ca(OH) 3.91 kg spectrumchemical.com
NacCl 3.8 kg spectrumchemical.com  78626.94 62901.63
Labor 31.45 hour EPA, 2000 2390.2 2371.33
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5 mqgd (As = 47ug/l)

Influent:

As =47 pg/L
SO =20 mg/L
HCOs; =15.3 mg/L
Cl'=23.1 mg/L

Treatment Capacity (estimation based on exp. cgpacil6500 BV
Flowrate = 5.0 million gallons per day (5 mgd)

Table A.9. Cost summary and annual requirements fob mgd.

Cost per 1000 gal treated

$0.67 per 1000 gall@aded

Annual Cost total (5-year) Design

$1,227,165.58

Total Capital Costs

$502,083.44

1%'year Operational Costs

$812,480.41

Annual Requirement

5-year Design Period

Exhaustion Cycles

12

59

Volume of Resin
(gallons / ff)

14236.11/1902.97

21354.2 / 2854.45

Brine Treatment Cycles

3

12

Volume Water Treated (ga

)1825000000 (1.83 billion)

9125000000 (9.13 billiot

Volume Brine Used (gal)

1025000

4100000

NaCl (kg) 155185 620740
NaOH (kg) 1968 7872
FeCk (kg) 12598.94 50395.77
Labor (hours)* 87 435

* Determined using formula: Labor Hrs = #Weeks ##haustion cycles).

Reference: EPA, 2000
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Table A.10. Component summary for 5 mgd.

Component| Cost Per Reference Costs Annual Cost

unit (Capital=total) (5-year

(Op=annual) Design)
Capital Costs
DOW 3N 175 ft DOW Chemical
DOW 3N 192.5 ff Add 10% 366321.73 549481.63
Cu
XUS 300 ft DOW Chemical
Columns 3864.56 column EPA, 2000 110171.71 22034.35
*2-column Design
Brine 13000 ModuTank Inc. 13000 2600
Treatment **estimate
Tank
Brine Tank | 11590 11590 2318
Pipes and 1000 200
Valves 1000 ModuTank Inc.**
Operational Costs

FeCk 16.62 kg spectrumchemical.com  209394.38 167515.54
NaOH 5.41 kg spectrumchemical.com  10646.88 8517.51
Ca(OH) 3.91 kg spectrumchemical.com
NacCl 3.8 kg spectrumchemical.com 589703 471762.4
Labor 31.45 hour EPA, 2000 2736.15 2736.15

112



