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EXECUTIVE SUMMARY

A literature and industry search of GAC regeneration technologieshas been conducted in order

to assess the feasibility of implementing variousestablished and emerging technologies for

regeneration of the Board of Water Supply's (BWS's) spent granular activatedcarbon (GAC).

Both potential on-site methods and off-site methods were considered. Similarlyand concurrently,

a literatureand industry search of local disposal options for the spent GAC was also conducted. In

addition, and also concurrently, bench-scale chemicalGAC regeneration experiments have been

underway at theDniveiSity of Hawaii, WaterResources Research Center forover twelve month.s

under separatesponsorship. Multiple factors were considered for assessment of alternative

regeneration and disposal methods including regeneration efficiency, cost, degreeof development,

practicality/ease of use, environmental/regulatory issues/permits (emissions, waste residuals),

public acceptability, and compatibilitywith BWS operationslfacilities.

A greatdeal of literature was found and is summarized in this report. The report is organized

beginning with an introduction to the Pearl Harbor Aquiferpesticidecontamination, theGAC

contaetorcolumns that are in place, the characteristics of the spent GAC,and a brief overview of

the most common GAC regeneration techniques. Next, several on-site methods arereviewed

(organic and inorganicsolventchemical regeneration, supercritical fluid regeneration, thermal,

biological, photochemical, and electrochemical) whichcould be implemented at theexisting

wellhead sites either inside the contaetors (in situ) or directly adjacentto them (exsitu). The

reviewincludes development of hypothetical systemfacilities, detailedexamination of numerous

feasibility criteria, and generation of operating and constructioncost estimates. Next, two off-site

methods are reviewed (construction of a new local thermal regeneration facility. and useof a

mainland-based thermal regeneration contractor) and similar analysesperformed andcost estimates

prepared. Next, three different local disposal optionsare reviewed (landfilling, incineration, and

reuse as a constructionmaterial additive) and similaranalysesperformed andcost estimates

prepared. Finally, in the last chapter, all of the fmdings are summarized and highlighted, overall

.__comparisons.are.madeusing.ascoring.system.to.determine.thetopthree.altematives, and _

recommendations are made regarding the best path for continuation of this work.

Usinga weighted scoringsystem and a set of 13criteria, the top three altematives were

determined to be; 1) use of a mainland-basedthermal regeneration contractor, 2) on-site

inorganic/organic solventchemical regeneration, and 3) landfilling. Based upon annual operating

costs alone,the chemical regenerationalternative is the top choice. The estimated annual costsfor

the top three alternatives are $419,700/yr - mainlandcontractor, $366,lOO1yr -landfllling, and



S59,3OOIyr - chemical regeneration. It is important to notealso that only one of the top three

optionshas a none-zerocapitalconstruction cost (chemical regeneration - SI04,OOO), however, the

capital cost is so low that a newfacility could be constructed every yearandBWS could still save

money compared to the other top alternatives. The limitations of the alternatives scoring process

are discussed in the report. The costestimates for the mainland contractor andfor landfilling are

fairly finn, however, estimates for the chemicalregeneration alternative are based upon bench-scale

experimental results and largeextrapolation such that theyare much less finn. In spite of thisit

seemsjustifiedto say that research on the chemical regeneration method should continue since high

regeneration efficiencies appearto be highlyfeasible andthere appears to be potential fora

significant annualoperatingcost savings compared to the other methods.

Basedupon the findings of this literature and industry search, it is recommended thaton-site

chemical regeneration methods be furtherinvestigated in a step-wisemanner beginning with

laboratory minicolumn studies, followed by pilot-scale trials and fmally full-scale trials assuming

continued favorableresultsat eachstage. The additional research efforts should focus on the

following areas:

1. At thebench-scale: a) focus on determining thatnear-perfect desorption efficiency can be

equated to very high regeneration efficiency whenusingcombinations of organic and inorganic

chemical solvents, b) determine the numberof regeneration/reloading cycles which are feasible,

c) develop methods to recycle solventsand use the least possibleamount of fresh organic

solvents, d) try SCF CO2 at the bench-scale

2. At thepilot-scale: a) verify regeneration efficiencies with realistic scaleable volumes of

solvent, b) verify the number of feasible regeneration/reloading cycles, c) refine costestimates

basedon findings of (a) and (b)

3. At thefull-scale trials, the actual feasibility can be determined andthiscan be followed by

generation of the most accurate cost estimates for full system-wide implementation.
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1.0 Introduction

1 . 1 Aquifer Contamination

Thediscovery and characterization of the pesticide contamination of the Pearl Harbor

Aquiferin the 1970's and 1980's prompted treatment of water from the aquifer prior to

distribution. The pesticidescontaminating the aquifer, 1,2-dibromo-3-chloropropane

(DBCP), ethylenedibromide (EDB), and 1,2,3-trichloropropane (TCP), are present at low

concentrations; however, since their discovery, the concentrations detected have not

decreased. (tau and Mink, 1987). Instead, the concentrations of DBCP in the Mililani

wellshave increased from approximately 10-30 ngIL in 1985 to approximately 25-85 ng/L

in 1992 (Oki,et al., 1994). For the same years, the range ofTCP concentrations has

remained fairly stable at 1200-2400 ng/L. More recent data indicates that in mid-I996, the

concentrations at the Mililaniwells were 130-150 ng/L for DBCP and 2,500-4,000ng/L

for TCP. Inmid-I996, the concentrations at the Waipahu were about 40 ng/Lfor EDB;

and at the Kuniawells, the concentrations were 10-15 ngIL for DBCP and 700-800 ng/L

for TCP. The maximumcontaminant limits (MCLs) for these chemicals are 40 ng/L (EDB,

DBCP)and 800 ng/L (TCP). There is evidence that the contamination is spreadingrather

than subsiding (Lau, et al., 1995). Due to slow desorption and biodegradationrates in the

soil, modeling of groundwater transport indicates that the Mililani, Waipahu, and Kunia

wellswillcontinue to be contaminated with DBCP, EDB, and TCP for the foreseeable

future. In addition, severalother well fields in the area are contaminated with these

pesticides, however, their concentrations are, for now, below the MCLs.

1.2 Treatment Method

In order to protect the healthof water consumers, the Honolulu Board of Water Supply

(BWS) commenced treatment of waterfrom the Pearl Harbor aquifer at those locations with

the greatest contamination. Remediation of the aquifer is not feasible (and probably
--~-- - ---_ .._---- ------~-_._-----------

impossible) due to its depthand the extent of the contaminant plume. Granularactivated

carbon(GAC) is utilized to remove DBCP, EDB, and TCP from water pumpedout of the

aquiferprior to distribution. Adsorption onto GAC is an effective removal methodfor

manyorganic compounds including DBCP, EDB. TCP, and background natural dissolved

organic matter(NOM). With GAC treatment,DBCP, EDB, and TCP are removed to the

limitsof detection. All adsorbable organicspassed through a GAC column willcompete

for adsorption sites on the carbon. Generally, competition reduces the adsorptive capacity

for any individual compound, andoften the reductions are very significant(Jain and



Snoeyink, 1973). GAC is known to bean efficient method for removal of NOM as

evidenced by promotion of its usedfor removal of NOM from drinkingwater prior to

chlorination for prevention of trihalomethane formation (Cummings andSummers, 1994).

It has been hypothesized that background NOM is responsible for the observed carbon

usage rates in Hawaiiwhich havebeen nearly 10 times greaterthan expected (Oki, et al.,

1994). This has resulted in unexpectedly high operating costs. These costswere reported

to be$1.4 million for 1994(Lau and Mink, 1995), however, it is unclear whatcosts this

estimate included. More recent estimates place the annualcosts for carbon replacement at

approximately $354,000 per year. This cost estimate is calculated as shown inTable I

based upon data given in Leon-Guerrero et. al. (1994) and Kawata (1996).

Table 1 ~ Current GAC disposaVreplacement cost estimate

Component Unit Cost ($) - Annual Cost ($)

_GAC purchase and replacement 1,600 304,000

GAC analytical testing 49 9,300

GAC disposal 60 11,400

Labor 154 29,260

TOTAL 353,960

The BWScurrently operates contactors at five locations including Waipahu I (14

contactors,7 on-line), Waipahu 2 (4 contactors, 2 on-line), Kunia (8 contactors, 2 on

line), Mililani Mauka 1 (12 contactors, 6 on-line), and Mililani Nob Hill 3 (4contactors, 2

on-line). This gives a total of 42 contactors with 19 on-line. In addition, there are a total

of 46 additional contactors eitherin the designor planning stages for different wells in the

area. Eachcontactorhas a diameter of 12feet and is filled with 20,000lbsof carbon which

has a depthof approximately 10feet. The empty bed contacttime (EBCf) foreach of the
-------------- - --BWSccintact<>ts-is-approximately-4-minutes;--- ----~---- --------- -- --------- -------- -------

1 .3 Characteristics of Spent Carbon

Activated carbonhas beenwidely used to remove a rangeof organic Compounds from

both industrial and municipal wastewater. After the exhaustion of its adsorption capacity.

activated carbonmust be eitherreplaced with virgin carbon or regenerated. Inthe caseof

GAC. its high initial cost usually mandates regeneration. It has beenestimated thatthecost

of carbonregeneration (thermally) for a commercialGAC contractor. accounted for
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approximately 75% of the total operating and maintenancecost (EPA, 1973). Thus, a need

exists to develop an economical regeneration process that will suit the City andCounty of

Honolulu BWS.

Currently GAC is exhausted at a rate which requiresGAC replacement for allon-line

contactors approximately every 11 months. .Each contaetor contains 20,000 IbofGAC.

.Spent carbon contains adsorbed EDB, DBCP, TCP as well as NOM. The adsorbed

concentrations of the pesticidesare likely somewhat variable depending upon which

contactorthe spent GAC originates from. In addition, the adsorbed concentration of NOM

is unknown. Several analyses of spent GAC samples from BWS contactors have found

adsorbedconcentrations of approximately 1,500 nglg for EDB, 650 ng/g for DBCP, and

112,000ng/g for TCP. This means that each 20,000 Ib batch of spent carbon might

contain a total mass of pesticides of approximately 13.7,5.9. and 1,014 g of EDB, DBCP,

and TCP, respectively. Spent carbon also contains pore waterwhich is also important-for

some potential regeneration methods which may require its removal. In summary, because

there are 19on-line contactors,each year approximately 190tons of GAC mustbe

disposedof and replaced or regenerated. This spent GAC contains a total of roughly 0.57

Ib of EDB, 0.25 Ib of DBCP, and 42.4 Ib of TCP.

Regeneration of spent GAC means restoration of adsorption capacity which isdifferent

than desorption of target pesticides. The reason for this is the presence of NOM. The

NOM may adsorb into carbon pores,block carbon pores due to surfaceadsorption, and/or

causechanges in carbon surfacechemistry to adversely impact target compound

adsorption. Regeneration will therefore involve removal of pesticides as well asNOM and

perhaps restoration of surfacechemistry in order to achievesignificant restoration of

adsorption capacity and facilitate the possibility of multipleregeneration and loading cycles

(highly desirable),

- - ---- - - 1 . 4 ----Regeneration --Techniques ~ ~ _

The mostcommon regeneration technique used worldwide is thermal regeneration,

which includesthermal desorption followed by hot gas or steamreactivation. Adsorbates

are desorbed through volatilization and then oxidized at hightemperatures in an afterburner.

However, 5-10% of the carbon is usually lost through attrition, excessive burn-off, and

washoutduring each regeneration cycle (Guymont, 1980). Other methods of regeneration

havebeen studied in the literature. These includesolvent extraction andchemical

oxidation, supercritical fluidextraction, wet air and oxidation, andbiological extraction. Of

3



the possibilities listed, steam or hot gas regeneration, supercritical fluid extraction, andwet

oxidation can be very effective to remove a broad spectrumof organic compounds, but they

require high temperaturesand/orhigh pressures (Sontheimeret al. 1988). In contrast,

solvent extractions and advanced oxidation processes (AOPs) can be operatedat room

temperature and ambientconditions, and are very effective indestroying or mineralizing a

wide range of organic compounds (Liu 1996).

As indicated, there are several regeneration methodsavailable whichhave been studied

and aredocumented in the literature. To organize their evaluation and comparison, they

willbecategorized as on-site methods (at the well-headsite)andoff-sitemethods

(requiring removal from the site to be processedelsewhere). Local disposal alternatives

will alsobe reviewed. The important criteriathat will be considered includeregeneration

efficiency, cost, degree of development, practicality/ease of use, environmentaVregulatory

issues/permits (emissions, waste residuals), public acceptability, and compatibility with

BWSoperations/facilities.

2.0 Review of On-site Regeneration Method Technologies

2. 1 Chemical Regeneration Methods

Theliterature describing the useof chemicals to regenerate GACis reviewed inthe

following sections. The use of organic solvents includingorganic acids is reviewed first

(Section 2.1.1), followed by inorganic solvents (Section 2.1.2) andsupercritical fluids

(Section 2.1.3). These sectionsare followed by a brief review of the effects of NOM on

GACadsorption and regeneration (Section 2.1.4) which seemed to be important and fit in

herebetter than anywhereelse. Overall summariesof findings foreach of these sections

follow in Section 2.1.5. In this last section, tables are included to show the results from all

researchers together and assessments are made of the general potential of chemical

regeneration methods considering factors such as: efficiency, cost, degreeof development,

-- - ------ -- --- - -- -------practicality/ease-of-use,-environmentaVregulatoryj ssues/permits_(emissions,_waste _

residuals), public acceptability, andcompatibility with BWS operations/facilities.

2.1.1 Organic Solvents

The use of solventsfor desorption of chemicals from activated carbonhas been studied

extensively. The process involves passing a particularsolventthrough the spentcarbon,

whichis able to chemically desorb compounds thatwere removed duringwatertreatment

The solvent is thendrained fromthecarbonand treated (i,e, ultraviolet radiation,

..



ozonation, microbial degradation, neutralization, etc.) if required. Treatment 'of the solvent

would ideally destroy all the desorbed adsorbates and the solvent could then be recycled.

However, the recycling of the solvent may notbe feasible and in this case the goal would

then be to destroy or neutralize the solvent along with the desorbed adsorbates. The

regenerated carbon would thenbe flushed with water to remove residual solvent and then

be placed backon-line (or in stand-by mode until needed). This means that regeneration

could be performed in situ (no removal from the contaetor) assuming compatibility with

columnlinings and other piping andappurtenances. Typically, studies havebeen

performed for the desorption of aromatic compounds usinga variety of chemical solvents

in varying concentrations. In addition, studies at the University of Hawaii (UH) have been

performed for the desorption of EDB, DBCP, and TCP usingvarious chemicals. These

chemicals include acetone, methanol, formic acid, acetic acid, hydrochloric acidand

sodiumhydroxide, to name a few. Relatively successful results (> 80-90% regeneration

efficiency) havebeen reportedand this section reviews thesefindings.

Cooney, et al, (1983) conducted batch and fixed-bed experiments anddetermined that

methanol, dimethylfoimarnide (DMF), andacetone were the most efficient solvents of

nineteen testedin the desorption of phenol, a well-researched andrepresentative adsorbate

of industrial waste streams. The alcohol, amide, and ketonementioned abovepossess

complete miscibility with wateranddesorbed 70%, 90%, and86% of phenol from GAC in

batch experiments, respectively. In a second part of the experiments, Cooney, et aI.

evaluated the ability of the three solvents to be absorbedby 0.5g GAC. It wasfound that

GAC poorly absorbed methanol, while larger amountsof DMF and acetone were found

absorbed in the carbon (whenexposed to 400 mgILDMF and 1200 mgIL acetone).

Subsequent testing revealedthata water rinse of ambienttemperature would be adequate to

rinse the small amounts of absorbed methanol and that a hot water washor stearn stripping

mightbe moreefficient methods to desorb DMFor acetone from the GAC.

- ---- --- - -- ~ -----.---- - -Martin-and Ng-(1984)-experirnented with an-array oforganic and-inorganic regenerant --------------

chemicals including alcohols andchloromethanes and observed the effects of chemical

reactions between adsorbates andregenerants. 1be resultsof their bench-scale experiments

revealed thatorganic solvents with solubilizing abilities weremore effective overinorganic

chemicals withoxidizing abilities forregenerating GAC loaded with mono-substituted

benzenecompounds. Experiments alsorevealed that smallermolecular weights (e.g.,

regenerant < adsorbate) were more efficient in the regeneration of GAC; the smaller size of

the regenerant allowed deeperpenetration into the carbon pores. This revealed the
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significance of regenerant molecular weight to its regeneration efficiency; resultspresented

trends of higherregeneration efficiencies with lower regenerant molecular weights.

SrivastavaandTyagi (1995) investigated the regeneration and desorptioncapabilities of

activatedcarbon developed from fertilizer waste slurries. After preparation, the carbon

was exhausted with 2,4,6-trinitrophenol, 4-nitrophenol, 4-<:hlorophenol, and 1,3-
. ,

dihydroxybenzene and regenerated in 28 cycles. The use of acetic acid and acetoneas

regenerants weredetermined to be the bestand resulting regeneration efficiencieswere

comparable to each other(greater than 90%). Test results alsoshowed that using a 100%

concentration of regenerant (i.e., no dilution with water) produced the highest regeneration

efficiencies. Srivastava and Tyagi also observed that molecular weightplayed a significant

part in the use of organic regenerants; a lighter molecule has a higher potential to penetrate

and displace absorbates within the carbonpores. For inorganic regenerants such as flN03

and NaqH, molecular weight and size werenot important since effective regeneration

dependedsolelyon theeffective removal of products from chemical reactions between the

regenerant and theadsorbate (in other words these regenerants reacted with and modified or

destroyed the adsorbates to affect regeneration). After 28 cycles of exhaustion and

regeneration, thecarbon was found to retain 90% of its absorption capacity. This report

also alludes to thepossibility of recycling regenerants (freshregenerants are not necessarily

required each time).

Cannon,et al. (1996) tested the effectiveness of advanced oxidation (AO) regeneration

of GAC in a laboratory bench-scale setting. Advancedoxidation uses ozone (03) and its

associated highly reactive intermediates such as HO*, H02*, and organic radicals.

Cannon,et al. obtained regenerated 4 x 8 meshGAC from an aircraft panel manufacturing

facility, a furniture-fmishing facility, and an aircraftpaintingfacility, that were usedin the

removal of volatile organic chemicals (v"0Cs) from theair stream. Virgin GACs werealso

obtainedfrom thefirst two locations for comparison, and a similar virgin GAC was
- --- ----- - ---- --- ----- compared to-that fromthe third-Iocation:-Methyl-isobutyl-ketone-(MIBK)-was-themajor----- - --- ---

representative vee adsorbate. Cannon, et al., constructeda GACbed UV/ozone

regeneration system wherein GAC was spentby using an MIBK-nitrogen gas mixture at 60

mUmin at a temperature range of 200C through 2O<rC. With the help of a

thermogravimetric analyzer (TGA) thatmaintained the system temperature and took weight

measurements through all tests, Cannon, et aI. were able to achieve one year of continuous

operation,which included 500 to 1,000 loading-regeneration cycleseach day. Results

showedthat GACfrom the aircraftpanel facility lost 35% of itsmicroporevolumeand 17-
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35% of itsability to absorb MIBKas well as other VOCs such as methanol, benzene,ethyl

benzene, toluene, isopropanol, ethanol, and tetrachloroethylene. GAC obtained from the

furniture finishing facility lost 80%of its micropore volumeafter30 months of loading

regeneration cycles and 20 - 65% of VOCadsorption capacity was lost. Cannon, et aI.

attributed thissignificant loss to the fact that the regenerated GACused may have already

contained non-desorbable VOCS. GACobtained from the aircraft painting facility behaved

similarly to GAC from theaircraft panel manufacturing facility. In tests to determinethe

effectiveness of UV/olone regeneration process, it was found that UV10lone regeneration

wasmosteffective in the first inchof theGAC bed. MIBK removal of 83% occurred at the

UV/olone inletand removal percentages dropped to 33% at 1 inch, 25% at 2 inch, and

17% at bed depths greaterthan 2 inches.

Leng and Pinto (1996) conducted batch experiments on the mechanisms of chemical

regeneration of AC which showed that higher regeneration efficiencies can be attributed

primarily to the solubility of the adsorbate in the regenerant, the adsorption capacity and the

charge characteristics of the AC surface. Leng and Pinto used five types of regenerants

hydrochloric acid, formic acid, sodium hydroxide, sodium dodecyl sulfate (SDS), and

cetylrimethylammonium bromide (Cl'AB}-and four absorbates-phenol, aniline, benzoic

acid,and nitrobenzene for theirone-eycle experiments. It was observed that by controlling

pH andby adding micellar solutions of surfactants (SDS and crAB), the solubility of the

absorbates improved. The use of HCI, formic acid and NaGH solutions, however, proved

to be far more effective than the surfactants; HCI, formic acid and NaGH produced

efficiencies at least 30% greater than the surfactants. In fact, 5% HCI, 30% HCI, and

formic acidproduced regeneration efficiencies larger than99% indesorption of aniline.

Martin andNg (1987) studiedthe repeated regeneration of GACloaded with

nitrobenzene, Rhodamine B and burnie acids. Bench-scale, batch (flask) testing was

performed on approximately 150mgof GAC. In the first experiment, it was found that

~-- ~----------·_ - ----- after56 ·regeneration cycles,.GACloaded.withnitrobenzene.could_be_regenerate9 to_.2.t% oL__. __ ~. _

its virgin capacity with fresh, 100% formic acid and 89.5% virgin capacity with 100%

acetic acid. The experiment was performed with varyingconcentrations of each acid,

replacing regenerant at intervals. The best results, as previously noted, occurred with

100% acidconcentrations and withfresh regenerant Note: regenerant usedlrecycled was

nottreated priorto reuse, meaning thatnitrobenzene remained in the regenerant The

authors hypothesized that aqueous solutions (i.e., acid concentrations < 100%) did not

produce verygoodresults probably due to acid-water molecular bonds which hinder the

7



ability of the regenerant moleculesto penetrate the micropores of the carbon and displace

the nitrobenzene molecules.

A second experimentwas performed that studied the use of formic acid, acetic acid,

acetone, methanol andethanol as regenerants to desorb Rhodamine B (larger molecules

than nitrobenzene) from GAC. In this experiment, fresh regenerant was used for each

cycle, and a total of 15cycles were performed for each solvent. It was found that formic

acid and acetic acid gave the best results with regeneration efficiencies greater than 90%.

Acetone, methanol andethanol produced about the same results with regeneration

efficiencies around 80%. Chloroform and dichJoromethane were also used as regenerants

for only 6 cycles (due to health hazards associated with long term exposure to these

substances) and gave regeneration efficiencies greater than 90%. In a third experiment,

formic acid, acetic acid, acetone,methanol and ethanol were used to regenerate GAC

loaded with humic acid. It was found that poor regeneration efficiencies were obtained

with acetone, methanol and ethanol (less than 30%). However, formic acid and acetic acid

performed exceptionally, where 100% or greater efficiencies were obtained. The authors

hypothesized that the super-lOO% efficiencies were obtained possibly due to residual humic

acid in the pores of the regenerated carbon which induced greater humic acid adsorption.

This data indicates thatNOM can be removed during regeneration.

Martin and Ng (1985) investigated the use of several different compounds to regenerate

GAC loaded with 2-naphthol,2-methoxyphenol, 2-chlorophenol, o-cresol and 2

nitrophenol. All experiments performed were bench-scale, batch tests on approximately

ISO mg of GAC. In all cases, only I regeneration cycle was performed. The first

regenerant, boiling water, was found to generally be ineffective, except for the desorption

of 2-nitrophenol using a boiling time of 6 hours (-80% regenerationefficiency). Oxidizing

agents potassium permanganate(KMnO4' 10%), potassium dichromate r~Cr20" i 0%)

and sodium hypochlorite (NaOCI. 0.35%) in very low concentrations were found to be

~------:-:- ----- - -- ineffective-ihregeheratin! the spehrGAC.--Regeneration-efficiencies -of-less-thaIr35%-were--------- --

obtained. The authorshypothesizethat the use of oxidizing agents will increase the

concentration of surface oxides on the surface of the carbon, thus inhibiting adsorption.

This was borne out by the low regenerationefficiencies obtained.

Carboxylic acids. such as formic and acetic acid, were found to be somewhat effective,

dependingon the adsorbate-regenerant combination. For example, using acetic acid to

regenerateGAC loadedwith 2-naphthol resulted in a 92.7% regenerationefficiency.
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Carboxylic acids were found to be relatively effective in desorption of 2-naphthol and 2

nitrophenol, generally resulting in regeneration efficiencies greater than or around 70%.

Otheradsorbates were not so easily desorbed. It is believed thatthe molecular weight of

the regenerant playsan important role in desorption of the adsorbate. This is shown by the

decrease in regeneration efficiencies as the molecular weightof theregenerant increases.

This phenomena occurs because lowermolecular weight molecules can penetrate the

micropores of the carbon and displace the adsorbate. Amines n-propylamine,

ethanolamine, n-butylamine and triethylamine were used as regenerants. Thesecompounds

weregenerally ineffective except for the useof n-propylamine fordesorption of 2-naphthol

(83.1 % regeneration efficiency). In general, it was found that the lowermolecular weight

amines producedhigher regeneration efficiencies except for the case of ethanolamine. It is

believed that the hydroxide group in ethanolamine interferedwith theefficiency of the

amine as a regenerant.

A 10% hydrochloric acid (Ret) solution anda 6M sodium hydroxide solution were

usedas a regenerants in the next experiment. It was found that relatively low regeneration

efficiencies (typically less than 70%) were obtained. It is thought that the acidic conditions

createdby the hydrochloric acid solution encouraged adsorption of the phenols, thus

reducing the desorption of the adsorbate. It is also thought thatchemical reactions take

placebetween the phenol adsorbates andthesodium hydroxide solution, thusconverting

the phenols to their salts. The formation of the water-soluble sodium salts shouldhave

facilitated the desorption process. However, it is thought that interference by hydroxyl

ionsformed duringthe dissociation of the strong base may havecaused the low

regeneration efficiencies by adsorbing to activated carbon sites, thus reducing the sites

available for adsorption of the target phenol compounds. Later tests with lowersodium

hydroxide concentrations (1M & 3M)weremore effective, but theresults werenot shown

in this paper.

--------- -Cliloromellianeswereilie nexfca:tegory-6fsolvents-useato-regenerate-the-activateCl-- - - --- - --

carbon. Dichloromethane, chloroform andcarbon tetrachloride were tested.

Dichloromethane and chloroformperformed decentlywhen desorbing 2-naphthol (81.4%

and72.7%, respectively) and 2-nitrophenol (79.9% and 79.4%, respectively) from GAC.

Carbon tetrachloride producedpoor regeneration efficienciesfor alladsorbates. The

general trend, as seen with the use of carboxylic acids and amines, showed that increasing

chloromethane molecular weightscorrespond to decreases in regeneration efficiencies. It

wasalsonotedthat regeneration efficiencies weresensitive to thedifference in molecular
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size between the regenerant and adsorbate. The next experiment investigated the use of

acetone and benzene as the regenerant. Acetone produced relatively highregeneration

efficiencies when used to desorb 2-naphthol (85.4%) and 2-nitrophenol (81.1 %). Benzene

desorbed 2-naphthol moderately well (73.2%) from the GAC. These two solvents did not

performparticularly well for the other adsorbates. It is noteworthy, however, thatacetone

outperformedbenzene for all adsorbates. It is thought that the reason for this is the

difference in water solubilities between the two solvents. It is believed that residual

benzene adversely affected the adsorption of the target compoundsduring re-exhaustion of

the carbon.

The final experiment was performedwith the use of alcohols as the regenerants. These

were methanol, ethanol, l-propanol, 2-propanol, I-butanol and 2-butanol. Methanol,

ethanol and l-propanol producedregeneration efficienciesgreater than70% for the

regeneration of GAC exhausted with 2-naphthol. However, efficiencies of this magnitude

were not experienced with the remainingregenerantsand adsorbates. There wasalso no

observable correlationbetween the molecularweightsof the regenerant and their

regeneration efficiencies. Previous studies showed that the sameregenerants produced

veryhigh regenerationefficiencies with carbon exhausted withphenol (90-100%). No

explanation is given why the results differ. The authors (Martin and Ng, 1985) concluded

that the molecular weights and sizes of the regenerants to be usedare important factors in

the success of GAC regeneration by solvents. A marked correlation was observed between

decreasing molecular weightof the adsorbateand decreasing regeneration efficiencies.

Wherechemical reactions are not very likely to occur between regenerant and adsorbate,

physical displacementof the adsorbate molecule by the regenerant molecule governs the

process. Regenerantswith smallerparticlesize are able to penetrate into the micropores of

the carbon and displaceadsorbatemolecules, thus producinghigher regeneration

efficiencies. Many of the regenerants tested in this paper would not be practical because of

toxicity. These include the amines,chloromethanes and benzene.

Pahl et al. (1973) investigated the use of 10 different solvents to desorb phenol from

wet activated carbon. The solventsused were methanol,cyclohexane, acetonitrile,

cellosolve acetate, l,4-dioxane, tetrahydrofuran, dimethylformamide, dodecyl alcohol,

water and benzene. The procedureused is not a very practicalone,considering a modified

Sox.hlet extractor was usedas the regeneration/extraction apparatus. Results did notseem

very promising. The solventthat performedthe best was dirnethylformamide, which

produceda desorptionefficiency of approximately 27%. The restof the solvents had
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desorption efficiencies of less than 16%. The authors went on to discuss the

thermodynamics and chemical interactions of the process. These results do not agree with

others (Leng and Pinto, 1996;Cooney et. al, 1983)which have found that phenol could

be desorbedfrom GAC with high efficiency. The reason for this discrepancy is uncertain.

Narbaitz and Cen (1997) discussed the methods by which regeneration efficiencies are

calculated and their benefitsldisbenefits. They attempted to determine alternative methods

forobtainingregeneration efficiencies from experimental data The paper is very

inconclusive and indicates that the suggested method of choice would depend on the typeof

regeneration being studied. Each methoddiscussedhas its own problems such as

extensive experimentaleffort as well as the production of nonsensical values forcertain

situations. The paper presentsvery involved methods for determining efficiencies. The

paperpoints out that using differentmethods for computing regeneration efficiencies would

makedata obtained from previous studies inconsistent The utilityof this paperis that it

points out that there are many methodsto calculate regeneration efficiency and that these 

different methods are notequivalent. We have decided that the best method to determine

regeneration efficiency is to quantify (before and after regeneration) the massof adsorbate

adsorbed until breakthrough of 10%of influent concentration. The regeneration efficiency

is thencalculated as the 100%times the ratioof mass adsorbed after regeneration divided

by the mass adsorbed before regeneration. This requiresgeneration of breakthrough

curvesfrom minicolumntest which is timeconsuming. For quickerresults, wehave

decided to call the results of other experiments in which batchor other tests are conducted

to desorb compounds from spent carbon "desorption efficiencies."

Walton-Green (1997) performedbench-scale, batch desorption testson BWS's virgin

GAC artificially-loaded with the target pesticides DBCP, TCP and EDBin distilled water.

The chemical solvents used were 100% solutions of acetone,ethanol, methanol, 2

propanol, formic acid and acetic acid. It was found in the batchshake-flask experiments
---_. ,_. _ ._ ~---_ ._--- -----

----iliiiftlie oiil¥ regene ranftlian iid-not-desorn-- loo%-of the DBCP-present-on-the-GAC was--- - -------- -

formic acid.'which desorbed 86%. Formicacid and acetic aciddesorbed the highest

percentage ofTCP from the GAC (99.2%and 99.4%) while 2-propanol was the nextbest,

desorbing 68% of the compound. Aceticacidwas found to be the only regenerant thatdid

not desorb 100% of the EDB from the GAC.desorbing67.7'10 of the compound. The

author found that whenthe three pesticides-are present together on the artificially-loaded

GAC.formic acid and 2-propanolwere the two best solvents. The authoralsoperformed

desorption experimentsusing heated wateras the regenerant From the batch tests. it was
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found that the largest massof each pesticide was desorbed at a temperature of 300C with30

minutes exposure (highertemperatures and longerexposure to them were less effective). A

singlemini-column test was performed using a 50% methanol solution to desorb the

pesticides from the artificially-loaded GAC. It was found that 15.8% of the DBCP, 21.3%

of theTCP and 26.0% of the EDB was desorbed from the carbon over a periodof 5 hours,

utilizing approximately 3,000bedvolumes. These experiments were preliminary anddid

not use actual spentGAC whichmeans thattheeffects of NOM on regeneration were not

considered. Thesepreliminary experiments led to the designof the moredetailed

experiments described next.

Ewald & Uehara (1998) are currently examining the ability of organic and inorganic

chemicals to regenerate BWS's actual spentGAC exhausted which contains EDB,TCP,

DBCP, and NOM. Tests wereperformed in minicolumns using each individual chemical

regenerant in conjunction withdeionized water. The removal percentages showninTable2

wereachieved with 10bedvolumes of chemical and 10bedvolumes of water.

Table 2 • Pesticide desorption from spent BWS carbon using acids and bases

Pesticide Formic Acid Acetic Acid aci NaOH NaOH@500C

(concentrated) (concentrated) (concentrated) (3M) (3M)

EDB 99% 81% 74% 30% 3%

Tep 98% 71% 53% 37% 0%

DBCP 14% 48% 76% 45% 0%

Theabove results indicate that a largepercentage of the pesticides can beremoved from

the spentGACeven when adsorbedNOMis present. Tests were also performed using

combinations of chemicals that produced verj high removal percentages. Combinations of

formic acid/acetone, formic acidl2-propanol, HCVacetone and NaOHlacetone wereused

- - -----,------- ----either in-a-solvent/acid/solventor-acid/solvent/acid/solventorder;--All-combinatio05-- - --- --- - ---- - --

produced >99%removal efficiencies except for the removalofTCPwith a HCVacetooe

solvent/acid/solvent combination. TIle results indicate that regeneration of carbon

exhausted with the targetpesticides can be achieved with a high degree of success. More

experimentation will haveto be done in orderto determine theleast amount of chemicals

needed to obtain acceptable regeneration efficiencies, thereby optimizing theprocess by

minimizing regenerant chemical cost.
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In addition to the GAC regeneration experiments. tests are also beingperformed to

determine whether the waste products of chemical regeneration canbe biologically

degraded. Evidence wasfound that biological degradation is possible, but theexperiments

to thispointhave notbeen able to produce concrete proof. Results have notbeen

repeatable due to problems with the volatile natureof the contaminants. Thereis proofthat

biological degradation occurs, however, the extent to which thisoccurs is notcertain. A

method thathas not yetbeen studied in these experiments is thatof subjecting the waste

stream andbacteria to sulfate reducing conditions which werefound to be effective in

previous published research. Preliminary results obtained from these experiments indicate

thatchemical regeneration coupled with biological degradation of wastes is a viable method

for the regeneration of GAC. The task remains to determine acceptable conditions and

quantities, therefore optimizing the process for the specific needsof the BWS.

2.1.2 Inorganic Solvents

The use of inorganic chemicals as regenerants presents a promising technology.

Classified in this group are inorganic acids, bases and oxidants. The process is very

similarto thatof organic chemicals, wherethe GACcouldbe regenerated insitu (assuming

compatibility withcolumn linings and appurtenances). Someof these chemicals may

require special conditions, suchas an ideal operating temperature, that maynecessitate

additional precautions, and may even require the removal of GAC from thecontactors for

regeneration in a separate vessel (presumably on-sitenear thecontactors). Someof the

papers reviewed in the organic solventsection above (Section 2.1.1) included theuse of

inorganic solvents in theirreports, namely Cannon et al. (1996), Leng and Pinto(1996),

Martin andNg (1985) andSrivastava andTyagi (1995). The information was left in that

section in orderto maintain continuity within the paperreview. \

Gomez-Serrano, et al. (1997) investigated reactions of GAC withH2SO.. solutions. In

_ __ _____ __ ________theicben~b=_scale e~~rim@!S-'~pproxi.!!!ately-~_ g_of_GAC were used and contacted with50

mL ~SO.. solution for two hours. Concentrations variedbetween 25%. 50%,and 100%

H2S04 andwerebrought intocontact withGAC in a glass reactor through a glassfunnel.

. In analyses thatfollowed, theyfound that therewas a mass increase aftercontact with

H
2SO

... The ionicspecies HSO..· and sot were foundin the GAC pores and werenot

removed through oven-drying at 6O"C. This was attributed to thehighdensity of~SO .. as

well as its lowvaporpressure at 6O"C. These components were removed by low

temperature heating « 6QOC) and by washing withdistilled water. The oxidizing power of

~SO..' however, wassignificant in that it caused a lossof surface area within theGAC,
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especially in the micropore range. The use of H2S04 in this study was to determine its

reactivity with GAC. This study was also aimed at the possibility of recovery from the

carbon by a water stream. The use of H2S04 as a regenerant is likely favorable, however,

further tests mustbe conducted using varyingconcentrationsof H2S04, The significance

of thispaper for the purposes of this review is that concentrated H2S04 is unlikely to be

used due to its oxidation powerand its detrimental effect to the surfaceof GAC. Gomez

Serrano et al, found that using H2S04 as a regenerantcaused significant losses in the

amount of pore space in GAC.

Goto, et al. (1986) studied regeneration of GAC containingadsorbed phenol using

NaOH in cycled bench-scale experiments. Using approximately 6 mL (6 em') of GAC,

24-90 mUmin (0.4 to 1.5 cmls) of NaOH was passed down throughthe 30°C glass

columnat 39,000mgIL (1000mol/m'), The use of NaOH in the regeneration ofGAC

with adsorbed phenol wasof interestdue to the possibilityof the formation of sodium

phenoxide. In a parallel test usingan anion-exchange resin,Gotoet al. confirmed that the

formation of sodiumphenoxide prevented the use of NaOH as a sole regenerant for GAC.

Thetotal amount of sodium phenoxidedesorbedfrom theGAC was 70%of the adsorbed

phenol after the firstcycle,while it was almost 100% for the resin. Results of five

regeneration cyclesshowed a gradual, yet continual decrease in adsorption capacity of AC.

Afterfivecyclesof regeneration, the breakthrough volumedropped approximately 60% for

a ClCo ratioof 0.2. The adsorption capacity of GAC decreased from 70% in the first cycle

to58% in the second cycle,to 50% in the third cycle, to 47% in the fourth cycle, and to

43% in the fifthcycle (these values were calculatedfrom data provided in the paper). This

study wasconducted to determine the best methodfor removal of phenol from wastewater

with effective regeneration of GAC usingNaOH and resin. The results of the recovered

adsorptive capacities of GAC show promise in the use of NaOHas a regenerant due to its

relatively "low" loss of capacity, even after 5 cyclesof regeneration.

- - - - ---- iIellmann itaC(I9%) studied theuse-ofbasehydrolysis to regenerate GAC-exnauste(C-- --- -- 

with theexplosives hexahydro-l,3,5-trinitro-l,3,5-triazine (RDX) and octahydro-l,3,5,7

tetranitro-l,3,5,7-tetrazocine (HMX). These heterocyclic organiccompounds are

considered to be someof the most widely used highexplosives in nuclear and conventional

weaponry. Watercontaminated with theseexplosives was treated withGAC. However,

the exhausted carbon cannot be thermally regenerated due to theriskof detonation and

potential toxicby-product formation. Thus, the exhaustedcarbon has beentreated as a

hazardous waste. Alkaline (base) regeneration has been identified as a possible
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regeneration method pending further research. It has been determined that the endproducts

of RDX base hydrolysis are N02' , N2, NH3, N20, HCOO', CH20 and H2• Other research

has shown thatbasehydrolysis is a viable method for the regeneration of GAC loaded with

other compounds suchas propellants and pyrotechnics at temperatures ranging from 60 to

150°C. Directtreatment of watercontaminated with thesechemicals is notan economically

feasible option. By using GAC to concentrate the chemicals into a relatively small volume

matrixreduces the treatment costs significantly. The end products can theneasilybe

degraded in conventional wastewater treatment facilities with denitrification (anoxic)

capacityas performed by Chiouet al. 1997and Zoh et al. 1997 where over 90% of the

hydrolysis byproducts were biodegraded. Heilmannet al. (1996) experimented with

hydrolysis temperatures between 50 to 80°C and pH values of 11 and 12. It was found

that thehydrolysis of RDX and HMX becomes more rapidat higher pH values(pH=12)

and relatively high temperatures (80°C). Determination of thedestruction rate of RDXwas

determined by measuring N02- and HCOO-concentrations dueto therapiddestruction of

the compound which wouldnot allow analysis. Pseudo-first orderandsecondorder rate

kineticswere found to be excellentmodelsfor the alkalinehydrolysis of RDX and HMX.

It wasalsodetermined that no residual RDX could be extracted from theregenerated GAC

after hydrolysis in the bulk. liquid, suggesting that the alkaline hydrolysis method destroyed

all of the compound. In addition, the GAC was regenerated to 100% of its virgin capacity.

It is therefore concluded that alkaline hydrolysis of the highexplosive chemicals RDXand

HMX in the presence of 2-25 roM OH-I L and at temperatures over500C is a viable

regeneration method forexhausted GAC. These experiments were apparently conducted

with spiked deionized waterfor exhaustion of the GAC which means that any potential

effects of NOM on the process were not considered.

Current work being performed at the University of Hawaii Water Resources Research

Center laboratory suggests that the use of hydrochloric acid (HCI) for theregeneration of

GAC loaded with DBCP and TCP may be a viable method. It was found that 73%of the
--~---------- --~DBCP an(r53%of llie-TCP loaaea ontO-thecamon-was-desorbedby-HCl"at-room- - --- -- ----------- - --

temperature inconjunction with a deionized water rinse (Ewald andUehara, 1998).

Furtherresearch will be neededto determine whethermoreregeneration cyclescan be

performed andwhatkindof results can be obtained for thesesubsequent cycles.

2.1.3 Supercritical Fluids

SupercriticaI fluid extraction (SFE) is a relatively newmethod still in the developmental

stagefor use asan alternative regeneration methodof GAC. Commercial SFE instruments
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are currently on the market from several manufacturers (Hewlett Packard and others) for

extraction of organic compounds from small (several gram) solid samples such as soil.

These instruments are intended to replaceother more cumbersome, messy, and time

consuming procedures such as Soxlhet extraction. Supercritical fluids (SCF) are

substances that are heated and pressurized beyond their critical temperature and pressure.

The SFE method utilizes the high diffusivitiesof SCFs and their rapidsolubility changes,

which facilitate removal of solutes from soil samples or potentially GAC. The properties of

SCFsare easily altered by adjusting the applied temperature and pressure. The SCF's

solvating powers are similar to a liquid, while its diffusivity and viscosity are much like a

gas. SFE is currently in use for the extraction of caffeine from coffee,nicotine from

tobacco, and lipids from bones used as grafting material (phelps et al., 1996). The most

widely used SCF is carbon dioxide because of its relatively low critical pressure (72.9 atm)

and temperature (31.3°C). Carbon dioxide has shown positive resultsfor the extraction of

nonpolar and moderately polar compounds from GAC.

Modell et al. (1980) found that GAC exhausted with phenol (via artificially

contaminated or "spiked" distilled water)could be regeneratedup to over80%of its virgin

carbon capacityafter two cycles at bench-scale. Ensuing regeneration cycles(between 1

and 6 morecycles) showedthat thecarbon capacity remained relatively constant The

experiments were performedfor several temperatures (55,70 & 120°C) andpressures

(2200-2800 psig). Different types and masses of carbon (between 0.37 and 7.9 grams)

werestudiedand similar results were obtained. It was also found thatdesorption of phenol

by supercritical CO2 was rapid, where 90% of the adsorbate was removed within the first

hour anddesorption was complete within 3 hours. Experiments werealso performed for

desorption of aceticacid (a weakly adsorbing compound) and alachlor (a strongly

adsorbing compound). It was found that SCF CO2 was able to regenerate thecarbon

loaded withaceticacid to over 90% of its virgin capacity but wasonlyableto regenerate the

carbon loaded with alachlorto 50% of its virgincapacity. The authors suggest thatthe
-- --- --- - - ------ -- friCtion ofptienol-iireversibl)'-aasoroe-d-tc:ftlfeeatOOn is-dtie-tO-cnemicaroinding-ofttie - - -

phenol to high-energy sites on the surface of the carbon (surfaceoxides). Thesehigh

energy sites are thought to vary with the carbon type and are formed during the oxidative

activation of the carbon. For alachlor, the gradualdecrease incapacity of thecarbon

suggests a slow build-upof irreversible adsorption. This is due to eitheran activated

process wherechemisorption/reaction with swface sites occur,or a nonactivated process in

which the rate is limitedby mass transfer. In addition to the results andconclusions stated

above, the authorsalso includea brief description of the overall process. It is believed that
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the results presented by these authors represent a non-optimized extraction process and that

greater efficiencies are possible with method refinement (i.e. by the use of modifiers and

cosolvents).

DeFilippi et al. (1980) screened a group of pesticides (alachlor, atrazine, carbaryl,

pentachlorophenol, trifluralin, and diazinon), as well as phenol, to determine their

suitability for treatmentby GAC adsorption and supercritical CO2 regeneration. Alachlor

was selected as the compoundto be used for further examination, with atrazine as the

second option, based on the abilityof the GAC loaded (via "spiked" water) with these

compounds to be regenerated repeatedly by SCF CO2 and the low average GAC capacity

loss with each cycle at the bench-scale. It was found that all carbons screened experienced

30% or more pesticidecapacity loss following the first regeneration. However, alachlor

and atrazine both showeda stable workingcapacity in proceeding regeneration cycles (24

and 5 cycles total, respectively). This means that the carbon couldbe repeatedly used and

regenerated indefinitely. Using phenol as a model adsorbate (due to regeneration behavior

similar to that of the pesticides), it was determined that regeneration rateswere rapid

(approximately 30 minutes); at a temperatureof 1200C, the rate of desorption wasnot

affected by the presenceof water; the desorption rate increased with temperature andhigher

pressures (resulting in higher SCF CO2 density and improved regenerability).

Tan and Liou (1988) studiedthe bench-scale regeneration of 5.1 grams GAC exhausted

by water "spiked" withethyl acetateusing SCF CO2, A slight adsorption capacity drop

was observed betweeneach of the first three adsorption-desorption cycles. The 6

regeneration cycles thereafter showedthat 87% of the virgin carbon capacity wasobtained

as the working capacity. This means that the carbon could be repeatedly used and

regenerated indefinitely. It was also found that higher regeneration pressures (which

increasesSCFC02 densities) facilitated greater desorptionof ethylacetate. It wasalso

observed that increases in CO2 flow rate resulted in faster desorption rates. The authors
~----- - - - ---- - ~- - -w-erenoti6IetoaetermiDe-ageneraI nile-for-optimunH>petatingtemperatures-ana---------------- ----

pressures.

Tan and Liou (1989) studiedthe regeneration ofGAC loadedwithbothbenzene and

toluene (via gas stream)by SCF COr Approximately 5.1 grams of GAC was usedand the

experiment was performed at bench-scale. Adsorptioncapacities for bothbenzene and

toluene dropped 15%after the first regeneration cycle. then leveled off at approximately

80% of the virgincarboncapacityfor the 8 subsequentcycles. This means that thecarbon
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couldbe repeatedly used and regenerated indefinitely. It was concluded that the presence

of onecompound adsorbed on the GAC would not affect desorption of the second

compound, at leastwhen the compounds are benzeneand toluene. It was found thata

higher SCFCO2 density may enhancesolubility of the analyte, but higherviscosities may

havean adverse effecton diffusion rates. Both phenomena occurat higherapplied

pressures, thus the operating pressure must be fine-tuned in orderto obtain optimal SCF

properties.

Recasens et al. (1989)used the SCFCO2 regeneration data for ethyl acetate adsorbed to

GACfrom Tan & Liou (1988) to develop a desorption model. The desorption model

developed by the authors fit the experimental dataquite well. From thequalitative analysis

performed.It was suggested that a reasonable model should be basedon equilibrium

conditions at a desorption site and include external and intraparticle mass transfer. The

authors do not saywhether this modelwillbe useful in predicting desorption of other

compounds usingSCFCO2• Rather, theyused the data to determine whatneeds to be

included in a viable model and to checkwhether the model developed would givesimilar

results to the experimental data for one specific solute. Additional research using the

proposed mathematical model is needed to verify its utility for predicting desorption of

othercompounds and for multiple cycles.

Tomasko et al. (1993) investigated the regeneration of GACloaded with 2

chlorophenol and toluene via nitrogen gasstreambySCF CO2 at pilot scale. TheGAC

contaetor used was an 18" long, 3/8" OD stainless steel tube containing an unspecified

amount of carbon to treat a contaminated air stream. It was determined that96%of the

toluene couldbe desorbed from the GACwith SCF CO2 when all waterwas removed from

thecarbon and 85% of the toluene couldbe desorbed from the GACwhen water was still

present It washypothesized that waterhasa shielding effect for lowconcentrations of

toluene. The GAC loaded with2-chlorophenol was regenerated (did not indicate whether
----- -- -~----- - --- watei was-present)on-two separate trials -resulting man 85%-and-89%-removal:-It was------- -- -----

concluded thattypically 85% removal efficiencies could be expected when regenerating

GAC loaded with tolueneand 2-chlorophenol by SCF CO2• A separate experiment was

alsorunusing methanol as a cosolvent withthe SCF COr It wasfound that methanol did

notaiddesorption, rather it adsorbs ontothe carbonfrom the supercritica1 phase. The

authors suggest that experiments be run for theparticularadsorbate to be removed fromthe

GAC inorderto determine the regenerability of the carbon. A costestimate wasalso

performed (1991 prices) whichsuggestthat the capitalcost of building a fixed-site SCF
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CO2 facility witha capacity of regenerating 24 tons of GAC perday wouldbe

approximately $3.3 million. This estimate does not include thecost of equipment required

for steamgeneration, assuming that the plant is part of a larger industrial unit where stearn

is supplied at $1 .50 per 1000lb. and cooling water is suppliedat $1.00 per 10,000

gallons. The operating cost for this proposed facility wouldbe approximately $.106 per lb.

GAC regenerated assuming the plant runs 24 hours per day withone operatorper shift. It

is alsoassumed that there is a 0.5% loss rate of SCF CO2 (C02 recycled) and a price of

$0.04 for replacement.

Robertson and Lester(1995) performed experiments to determine the feasibility of

using SCF CO2 to regenerate GAC loaded with s-triazineherbicides at bench-scale. The

experiments were performed by immersing 4 grams of GAC in 5D-mL methanol "spiked"

with s-triazine standards. The authors first performed a Soxhletextraction of the s-triazine

herbicides using acetone, ethyl acetate and dichloromethane in orderto determine which

solvent wouldprobably work the best as a cosolvent in the SCFCO2 experiments. It was

determined that acetone yielded the best results with recovery ratesof 14.3% and 8% for

atrazine andsimazine, respectively. SCF CO2 experimentswere then performed withboth

a statically-modified method and a dynamically-modified method usinga relatively high

concentration (50 mol%) acetone solution as the modifier, sinceusingonly SCF CO2

resulted in poorrecoveries. The dynamically modified method performed the best, with>

90% recovery of s-triazine herbicides and> 70% recoveryof the breakdown products

related to theseherbicides. These results were obtained in a 3D-minute regeneration time. It

was also found that recoveries increase with increasingacetoneconcentrations. It was

suggested that the replacement of the s-triazine molecules by theacetone modifier on active

GAC sites is an important mechanism in desorption process, thus resulting in higher

recoveries. It is notgoodthat someacetone apparently remains in the GAC following their

procedure sinceit couldleach out in subsequent cyclesof the GACfor watertreatment.

This issuewas not addressed by the authors. The authors adda warning statement that
I

-- -- - - - - -- - ---------wherfaddifitracetofie~(jt-an)' mOOiller~-a-sufficient temperature a:ndpressurtfmustre -- ------

applied to the system in order to avoida two-phase system. Inother words, the

temperature andpressure mustbe higher than the critical temperature andpressure for

acetone, in order to havea single-phase SCF.

Chihara et al. (1997) investigated the adsorptionequilibrium and adsorption dynamics

ofGAC loadedwithorganic pollutants benzene, m-xylene, toluene, phenol, 1,2

dimethylnaphthalene, o-xylene andp-xylene. SCF CO2 was used to regenerate the GAC

19



sample (0.36 grams) loaded withorganics. Based on the adsorption equilibrium constants,

it was found that 1,2-dimethylnaphthalene was the hardest to desorb from the GAC while

benzene was the easiest. Trends were found that indicate higherSCF CO2 densities

(resulting from higher operating pressures) facilitate greaterdesorption of adsorbates from

the carbon. The authors also included an energy consumption comparison between SCF

CO2 regeneration and thermal regeneration. It was determined that 4.2 kJ are required per

gramof carbon to raise steam regeneration temperatures by 1()()()OK. This wascompared to

a totalof 0.44 kJ required per gram of carbon for SCF CO2 regeneration. Whencompared

on the basis that 1gramof steamor SCF CO2 is required to regenerate 1gram of carbon, it

can be seen that steam regeneration requires about ten times the amount of energy required

by SCF CO2, This energy comparison is not the same as a completecomparison of all the

operation and maintenance costsfor each methodwhich may give different results andwas

not considered by the authors.

2.1.4 Effects of NOM

Natural organic matter (NOM) is the name given to characterize organic material that is

typically found in natural waters such as that found in rivers, streams andgroundwater.

Manytimes, NOM is usedinterchangeably with background dissolved organic matter

(DOM). NOMcan be divided intohumicand nonhumic fractions. The humic fraction is

typically hydrophobic and is comprised of mainly humic and fulvic acid. The nonhumic

fraction is comprised of hydrophilic acids, labile proteins, lipids and carbohydrates. It is

generally believed thatNOM is the by-product of the decomposition of vegetative material

(Owen et al., 1995). The importance of NOM in potable water treatment is due to the

effects it has on theformation of disinfection by-products (DBP), biological regrowth in

the drinking water distribution system, color, tastes and odor. NOM has beenknown to .

exhibit a demandfor coagulants anddisinfectants as well as havinga potential to transport

metals andhydrophobic chemicals in the drinking water supply. These are the results of

~ ~ th~ iIill.1!t:!!~1'lO~thas..on tr~tment processes such as oxidation, coagulation, adsorption,
. ---~---------------------------~-----_._- - ._ -

disinfection and biological stabilization (Owen et al., 1995).

Historically, thehumic fraction of NOM has beentargeted as the main contributor to

problems involving potable water treatment Humicsubstances have been characterized

basedon organiccarbon content (dissolved organic carbon- DOC and total organic carbon

- TOC),by their ability to absorb ultraviolet light at a wavelength of 254 nanometers

(UV~ or for their trihalomethane formation potential (TIfMFP). Recently, more direct

waysof characterizing these compounds havebeen found. These include apparent .
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molecularweight (AMW) distribution andcomposition of acidic functional groups. The

significance of AMW characterization allows for the strategic planning of treatment

processessuch as optimized coagulation thatwill help to remove these potential

contaminants (Owenet al., 1995).

As stated above, thehumic fraction of NOM has been considered to be the main

contributor to drinking water quality problems. However, a study by Owen et ale (1995)

suggests that a significant amount of OBPs can be formed by thenonhumic fraction of

NOM and that the nonhumic fraction maybe responsible for a large proportion of

biodegradable organic carbon (BDOC) usually associated with thebacterial regrowth in

drinking water distribution systems. Their study utilized ozonation, coagulation and

activatedcarbon adsorption to remove NOM. It was found thatcoagulation removes

NOM, GAC adsorption preferentially removes the humic portion of NOM, and ozonation

transforms NOM intoby-products that mayor may not be moreproblematic. Alsoof

interest, it was foundthat in mostcases, the humic fraction wasresponsible for the

absorbence of UV lightandthat the reactivity of the nonhumic fraction is comparable to that

of the humic fraction. Thefirst is interesting since it indicates that previous work

performed using UV light to approximate the concentration of NOM mayhaveseverely

underestimated the amount present The second is important since it indicates that treatment

that removes the humic fraction of NOMmay notnecessarily be enough to prevent the

formation of OBPs. The study alsofound that the bromide ion passes through GAC

adsorption conservatively, thuscreating a high bromide to DOCratio due to the presence of

the nonhumic fraction of NOM present subsequent to adsorption. The authors indicate that

the presence of bromide ions andthe lowermolecular weight and nonhumic NOMfraction

may result in morerapid formation of trihalomethanes (fHM). It was concluded that the

largeconcentrations of bromide ions generally produced higherTHM yields and a higher

percentage of the brominated species.

- - -- ---- -- -- - - - - -- - ---------~---- -------- -

Jacangelo et. ale (1995) studied proeessei-for-removmg-NOM.-These-were- - - - --- ---- -- -----

coagulation, carbonadsorption andnanofiltration. The resultsof theGACadsorption

process were similarto the results foundby Owenset, ale (1995). The elevated presence

of bromide ion in theeffluent resulted in a higherbromideto TOC ratio as compared to that

found in the influent This favors the formation of brominated OBPs during chlorination.

The formation of these DBPs will be inevitable if theTOC is notremoved fromthe

effluent. It was found thatnanofiltration provides the best removal of NOM for the

processes studied.
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Withrespect toGAC adsorption, NOM has deleterious effectson the carbonutilization

rate (CUR) as well as the adsorption capacityof the carbon for the target pesticides or

synthetic organicchemicals (SOC). It is known that NOM competesdirectly withsacs .
for adsorption sites on the GAC. The mechanism involved is sometimes referred to as

preloading. Typically, NOM sorbs weakly to carbon as compared to SOCs. This results

in the initial adsorption of SOCs near the influent end of the carbonbed, whereas theNOM

continues to movedeeper into the bed. As the targetcompounds continue to adsorb and

move deeperinto the bed, their rate of adsorption decreases due to the reducednumber of

adsorption sites becauseof preloading of the NOM. This results in shorter run times

(fasterbreakthrough), requiring frequent replacement or regeneration. If, during

regeneration of the GAC, NOM is not removed, the numberof available adsorption sites

will remain reduced, thus reducing the carbon's capacity to adsorb the target compounds in

laterreloading cycles. Ideal regeneration of GAC woulddesorbthe NOM and thetarget

compounds, thus freeing all of the potential adsorption sites for the target compounds.

Matsui et. al. (1994) studied the influence NOM has on the removal efficiency of

pesticides by GAC. Since it is very hard to mathematically predict the effect NOM will

haveon the adsorption of pesticides, rapid small-scale columntests (RSSCfs) were

performed, As expected, it was found that preloading GAC withNOM had deleterious

effects on the removal efficiency of intermittently applied pesticides. Although the

adsorption capacity of the carbon for the pesticides was not exhausted, the removal

efficiency of the intermittently applied pesticides decreased proportionally to the amount of

NOM adsorbed to the GAC. It was determined that the removal ratecoefficient was a

function of the amount of NOMpreloadedonto the carbon. It was also found that the

breakthrough of continuously applied pesticides was related to the accumulation of NOM.

Nearly identical breakthrough curveswereobtained for both intermittently applied and

continuously appliedpesticides.

Hooper et. al. (1996) studiedthe effectof optimized coagulation on GAC performance.

The authors used RSSCTs for the experiment to determine NOM removal and DBP

precursor removal. It was found that increasing the levelof coagulation helpedreduce the

formation of DBPs, shownby the decreaseof DBP specific yield. In addition, the

increased alumdosages helped to enhancethe GAC performance by reducing influent TOC

concentrations and by decreasing influent pH. GAC run times were improved by

optimized coagulation two to three times overthe original conventional coagulation
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treatment prior to adsorption. The longerrun times resultedin a decrease of theCURby

about50%. However, optimized coagulation is not an inexpensive process. It is estimated

the amountof alum used for thisprocesswas betweenfour to ten times the amount used in

conventional coagulation processes. From the standpoint of removing NOMfrom influent

water in order to prevent excessive preloading of the GAC, optimized coagulation wouldbe

beneficial. This process tends to preferentially remove the humic fraction of NOM (which

is easily adsorbed by the GAC) as well as larger molecular compounds not easily removed

by carbon.

Lafranceet. al. (1991) investigated the effect of dissolved humic substances (humic and

fulvic acid) on the adsorption of organic substances onto GAC. The three pesticides tested

werealdicarb, lindane, and pentachlorophenol. It was determined that aldicarb adsorption

onto GAC was not affected by the presence of humic acid. Thiswas due to the fact that

aldicarb is highlysoluble in water and not likely to associate with the humic acid It was

alsofound that the binding affinity of pentachlorophenol was nearly two timeshigher than

thatof lindane in the presence of humicacid. This observation led the authors to

hypothesize that thearomatic characteristics of the pentachlorophenol molecule is what

causes the association with humic acid. Interestingly, the authors found that thepresence

of fulvic acid actually enhances the adsorption of pentachlorophenol. Also, the presence of

lindane actuallyenhances theadsorption kinetics and capacity of the GAC for humic acid.

Carteret. al. (1992) investigated the effects of DOM on theadsorption of

trichloroethylene (TCE) by GAC. As expected, it was found that DOMcompetes with the

TCE molecules for adsorption sites on the GAC. Considering that not all adsorption sites

on theGAC are of equal energy levels, the authors believethat DOM first occupies the

higher-energy sitessinceDOM bonding is thought to be relatively weak. This hypothesis

was made based upon therapid lossof capacityduring the start of pre-loading (adsorption

of DOM)which tends to drop offas time increases (indicating that the lower-energy sites

---areoemg-occupiea-ata much- slower rate)~The auiliors also tielieve-lliat-Ioss ofcamon

adsorptive capacity couldalsobedue to physical blockage of macropores by DOM

molecules.

Uhlet. al. (1996) investigated the use of a bioreactorpriorto theGAC adsorption

columns in order to remove some of the incoming DOM. 1be authors suggest thata

bioreactor be placed in series with the GACcolumns in orderto prevent pre-loading

(carbon fouling)of theGACbyeasily adsorbed DOM. It was found that bioreactors
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removed approximately 50% of the incoming DOM, thus extending the life of thecolumn.

This report shows a promising way to prevent carbon fouling, but may not be feasible in

the particular case of BWS's well-head treatment on Oahu. However, it is good to know

thatmethods have been tested thatmay help extend the life of the GAC since this

knowledge may be useful for future reference.

2.1.5 Assessment of Chemical Methods

2.1.5.1 Summary of Findings • Organic Solvents

There is quite a breadthof research thathas beenconductedusingorganic andinorganic

solvents for chemical regeneration of GAC as indicatedabove. Tables 2, 3, and 4

summarize the organic solvent regenerants and adsorbates of each study discussed in

Sections 2.1.1 and 2.1.2. The regeneration efficiencyand the numberof repetitions

(cycles) are also indicated. Thereare several important pointslfacts that standout from the

literature search as follows: 1) highdesorption efficiencies (> 80-90%) have been observed

at bench-scale for many different adsorbates and organic/inorganic solvents; 2) the

desorbent chemicals shouldhavea smaller molecular weight than the target adsorbates (this

allows the desorbent to penetrate the micropores of the carbonandphysically displace the

adsorbates); 3) the adsorbates shouldbe highly soluble in the desorbents; 4) the desorbents

should be highly or completely miscible with water5) in somecases, 90% adsorption

capacity has been retained after28 or even56 loading/regeneration cycles;6) acetic acid,

formic acid, acetone, and NaOHseem to be particularly gooddesorbents; 7) some

desorbents seem to work best when used at 100% concentration (undiluted) suchas

acetone, methanol, acetic and formic acids, whileothers can be dilutesuch as NaOH and

HCI; 8) regenerants used at 100% strength can be reused for multiple regenerations without

removal of desorbed adsorbates; 9) acetone, methanol, and ethanol did not desorb NOM

well, but formic and acetic acidcan remove 100%; 10) acetone mayadsorb to carbon more

than methanol; 11)EDB, DBCP, and TCP can be effectively desorbed from spentcarbon

- -------- - - -- --:-- -- - using-formic-acid;- acetic-acid,acetone;-2-propanol,NaOH,or-HGI-individualIy-and-- --- - --- --- -

especially effectively when used in various combinations.

The workdone in previous investigations mostly does notdeal with aliphatic

compounds (exceptfor the paperby Walton-Green, 1997 and the on-going workbyEwald

andUehara), the family of compounds to whichDBCP, EDB, andTCP belong. The

majority of the adsorbates studied are aromatic compounds, which generally arehard to

desorb fromGAC. From whathas beenpublished for aromatic compounds, it seems that
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usingthecorrect solventor combination of solvents could be a very efficient method of

regeneration ofGAC. The workof Walton-Green and that in progress by Ewald and

Uehara indicates that organic and inorganic solvents are able to desorb EDB, DBCP, and

TCP forGAC with high efficiency. Additional research is, however, necessary to

determine the best individual solvent or combination of solvents (including inorganics) for

regeneration of BWS's GAC, how much rinsing is required for regenerated GAC, and

how tobest deal with used regeneration fluids.

Thereviewed publications have generally used "spiked"or artificially contaminated

waterfor theirexperiments. The results obtained mightnot reflect theresults obtained

using natural water. This is due to the fact thatmost groundwaters contain background

NOMthat tends to foul the GAC and might even rendersomeof the adsorption sites

useless for re-exhaustion. This problem maybe alleviated by the useof formic or acetic

acid (discussed in the 1987paperby Martin andNg in which these solvents regenerated

activated carbon loadedwith humic acid to 100% virgin capacity). Again, however,

additional research is necessary to fully characterize the effects of NOM on organic solvent

regeneration efficiency. Another pointthat may need to be investigated would be the effect

of in-situ regeneration of GAC. In-situ GACwould containa high percentage of water,

even after tank draining. In research by Allen, et al. (1971), the authors investigated the

effectof retained waterwithin activated carbon pores on organic compound extraction by

means ofcomparing AC drying techniques. The use of dryingpriortoextraction enabled a

moreefficient extraction of organic compounds, due to an inhibitory effect of water on

thesecompounds. The purposefor drying AC was to remove as much water from AC

pores without altering the chemical composition of the organic compounds, which could

then beextracted moreefficiently. If required, drying mayor may notprove to be

problematic. Testsmust be conducted to determine the benefits of ACdrying and whether

the additional effort required is warranted.

- - -- -------- - - - ---------------- - - - - ---- ----
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Table 3 • Summary of literature results for organic solvent regeneration of GAC

Regenerant Adsorbate %RE Cycles Author

methanol ohenol 70 1 Cooney et al. (1983)
dimethvlformamide 90 1
acetone 86 1

formic acid phenol 91.5 1 Lena & Pinto (1996)
aniline 99.5 1
benzoic acid 75.7 1
nitrobenzene 11.8 1

formic acid nitrobenzene 91 56 Martin & No (1987)
acetic acid 89.5 56
formic acid Rhodamine B -95 15
acetic acid -95 15
acetone -80 15
methanol -80 15
ethanol -80 15
chloroform -95 6
dichloromethane -95 6
formic acid humic acids 153.3 6
acetic acid 135.5 6
acetone 0 3
methanol 11.6 3
ethanol 14 3

acetone EDB 100 1 Walton-Green (1997)
methanol 100 1
ethanol 100 1
2-prooanol 100 1
formic acid 100 1
acetic acid 67.7 1
acetone TCP 32 1
methanol 49 1
ethanol 21 1
2-propanol 68 1
formic acid 99.2 1
acetic acid 99.4 1
acetone DBCP 100 1
methanol 100 1
ethanol 100 1
2-propanol 100 1
formic acid 86 1 - - - -- -- -

acetic acid 100 1
50% methanol EDB 26 1

TCP 21.3 1
DBCP 15.8 1
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Table 3 • Continued

Regenerant Adsorbate · %RE Cycle Author
s

100% acetone 2,4,6-trinitrophenol 90 28 Srivastava & Tyagi
1(1995)

4-nitroohenol 82 26
4-chlorophenol 70 24
1 3-dihvdroxvbenzene 60 23

50% acetone 2,4 6-trin itroohenol 68 28
4-nitrophenol 52 26 .
4-chlorophenol "., .,A..... .. ...
1 3-dihvdroxvbenzene 50 23

25% acetone 2,4,6-trinitrophenol 50 28
4-nitrophenol 30 26
4-chloroohenol 34 24
1 3-dihvdroxvbenzene 40 23

100% methanol 2,4 6-trinitroohenol 90 28
4-nitroohenol 82 26
4-chlorophenol 58 24
1 3-dihvdroxvbenzene 52 23

50% methanol 2 4 6-trinitroohenol 54 28
4-nitroohenol 52 26
4-chlorophenol 46 24
1 3-dihvdroxvbenzene 34 23

25% methanol 2,4,6-trinitrophenol 34 28
4-nitrophenol 32 26
4-chloroohenol 36 24
1,3-dihvdroxvbenzene 26 23

100% acetic acid 2 4 6-trinitroohenol 94 28
4-nitrophenol 90 26
4-chloroohenol 64 23
1 3-dihvdroxvbenzene 44 23

50% acetic acid 2,4 6-trinitroohenol 50 28
4-nitroohenol 50 26
4-chloroohenol 56 23
1 3-dihvdroxvbenzene 36 23

25% acetic acid 2 4 6-trinitroohenol 40 28
4-nitroohenol 34 26
4-chloroohenol 34 23
1,3-dihvdroxvbenzene 26 23

methanor lohenol - - <16- - -1- Pahl-et-al:-(1973l- - -
cvclohexane <16 1
acetonitrile <16 1
cellosolve acetate .<16 1
14-dioxane <16 1
tetrahvdrofuran <16 1
dimethvlformamide 27 1
dodecvl alcohol <16 1
water <16 1
benzene <16 1
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Table 4 • Results for organic solvent regeneration of GAC by Martin and Ng (1984)

Regenerant
aniline phenol benzaldehyde nitrobenzene

33% Carboxvlic Acid Solutions
formic acid 46 .9
acetic acid 47.5
propionic acid 72.5
n-butvric acid 81 .1
iso-butyric acid 78 .7
n-valeric acid 84.8
iso-valerie acid 79.7
n-hexanoic acid 70 .5

50% formic acid 61.5
60% formic acid 70.5
80% formic acid 86
60% acetic acid 66.2
80% acetic acid 77.3

100% Carboxvlic Acid Solutions
formic acid 84 98.1 90.5 91 .8
acetic acid 72 99.1 91.8 87
propionic acid 79 99 .1 82.3 83 .6
n-butvric acid 78 97.2 93.9 81
iso-butyric acid 67 74 .1 59.9 77.5
n-valeric acid 46 74.1 74.8 84.8
iso-valerie acid 73 75 85 84.5
n-hexanoic acid 34 70.4 70.1 69.1

Combined Solutions
33% formic + 2% phosphoric 55
33% formic + 6% phosphoric 50.9
33% acetic + 2% phosphoric 64.5
33% acetic + 4% phosphoric 60 .3
33% acetic + 1% HCI 51.7
33% acetic + 3% HCI 50.7

33% acetone 52.3
100% acetone 26.4 93.6 63.9 85.7 .
100% benzene 12 60.2 55.6 74

Dichloromethane (CH2CI2)

20% 70 .6
25% 87.7
33% 93.2
100% 84 72.5 91.2 94.3

Chloroform (CHCb)

15% 79.8
30% 76.2
33% 87.4
100% 49 49.5 83.7 89.5
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Table 4 • Continued

Regenerant
aniline phenol benzaldehyde nitrobenzene

100% Amine Solutions
n-propvtarnlne 79.6 71.3 95 .9 93.6
ethanolamine 62.1 64 .8 62 .6 71.7
n-butvlamine 57.3 70.4 81.6 93.6
triethylamine 42.7 54.6 95 .9 90.6

100% Alcohol Solutions
methanol 90.7 97.2 73.5 85.8
ethanol 77.8 92.6 78.8 85
t-oroeancl 85.8 90.7 78 .1 85.4
2-propanol 68 .5 100 75 .1 81.1
1-butanol 75 94.4 76 .2 72.7
2-butanol 78.7 91.7 74.8 85.4

Table 5 • Summary of results for organic solvent regeneration of GAC by Martin
and Ng (1985)

Regenerant
2-naphthol 2-methoxyphenol 2-chlorophenol o-cresol 2-nitrophenol

Carboxvlic Acids
formic acid 67.7 32.9 47 .9 29.1 75.6
acetic acid 92.7 30.5 51.6 17.2 82.5
croniontc acid 84.1 27.5 51.1 31.3 80.6
n-butvric acid 79 .9 17.4 52.6 23.9 81.1
iso-butyric acid 73.2 13.2 50.9 20.9 71.9
n-valeric acid 70.7 16.2 47.2 5.2 73.7
iso-valerie acid 75 .6 12.6 41.8 -3.7 69.6
n-hexanoic acid 56.7 1.8 26.6 -11.9 41

Amines
n-propylamine 83.1 44 .4 54.3 43.6 42.6
ethanolamine 63.4 33.9 55.6 5.3 44.6
n-butvlamine 72.7 36.3 33.1 51.9 34.8
triethylamine 54.1 28.7 45 .1 -3 40.2

Chloromethanes
dichloromethane 81.4 45.5 55.3 43.3 79.9
chloroform 72.7 35.7 48.4 37.3 79.4
carbon tetrachloride 39.3 9.7 31.7 -4.5 34.3

acetone 85.4 44.2 55.7 42.9 81.1
benzene 73.2 22.7 41.8 1.5 55.3

Alcohols
methanol 79.1 37.4 50.6 25.4 67.7
ethanol 74.4 36.3 52.8 27.6 66.8
t-orocanol 71.5 42.1 34.6 65.4
z-erocancl 67 .5 30.4 53.7 10.4 63.6
1-butanol 64.5 37.4 56.2 20.1 68.2
2-butanol 63.4 33.9 66 11.9 63.1

29



2.1.5.2 Summary of Findings • Inorganic Solvents

Tables 5, 6, and 7 summarize the inorganic solvent regenerants and adsorbates of each

study discussed in Section 2.1.1 and 2.1 .2. The regeneration efficiency and the number of

repetitions (cycles) are also indicated. In addition to the findings described above for

organic solvents, several other important points/facts that stand out from the literature

search as follows: 1) high desorption efficiencies have been observed for Hel and NaOH

for a variety of adsorbates; 2) the desorption efficiencies are mostly lower than the organic

regenerants and are somewhat variable; 3) using NaOH, it may be possible to desorb 100%

of the adsorbates and to hydrolyze them into either easy-to-biodegrade byproducts or

byproducts requiring no further treatment; 4) NaOH and HCI can be used in adilute

solution rather than concentrated and are relatively inexpensive chemicals ; 5) H2S04 is

probably not a very promising solvent because it may reduce the capacity of GAC by

destroying micropores; 6) slightly elevated temperatures (50-80°C) may be required for

optimal use of NaOH; 7) oxidizing agents such as dichromate and hypochlorite as well as

nitric acid do not seem promising. The discussions in Section 2.1.5.1 above regarding the

fact that much of the existing research has been for aromatic compounds and has used

spiked distilled water rather than waters containing NOM are also applicable to the

inorganic regenerant findings. Also as mentioned above, the on-going work of Ewald and

Uehara has found that inorganic solvents work better when used in combination with

organic solvents. Additional research is needed to determine the best individual solvent or

combination of solvents for regeneration of BWS's GAC, how much rinsing is required

for regenerated GAC, whether elevated temperatures 'are required for NaOH or ambient will

suffice, and how to best deal with used regeneration fluids .

- - - - -- - - - - -- - --- - - - ------- - ---- - - - - - -- - - - - - ---- - - - ----- - ------ - - - - -- ---- - ----- -------.----~.._--- --_ ._._- -- -- _ .- ---- - ---
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Table 6 • Summary of literature results for inorganic solvent regeneration of GAC

Regenerant Adsorbate %RE Cycle Authors
s

HCI DBCP 73 1 Ewald (1998)
TCP 53 1

NaOH phenol 70 1 Goto et al. (1986)
phenol 58 2
phenol 50 3
ohenol 47 4
phenol 43 5

NaOH RDX 100 1 Heilmann et al. (1996)
HMX 100 1

5% HN03 (nitric acid) 2,4,6-trinitrophenol 70 26 Srivastava & Tyagi (1995)

4-nitroohenol 66 26
4-chlorophenol 38 24
1 3-dihyrdoxybenzene 36 23

3% HN03 2,4,6-trinitrophenol 60 26
4-nitrophenol 58 26
4-chloroohenol 24 24
1 3-dihvrdoxvbenzene 24 23

2% HN03 2 4 6-trinitroohenol 40 26
4-nitroohenol 42 26
4-chlorophenol 16 24
1,3-dihyrdoxvbenzene 18 23

6M NaOH 2,4 6-trinitroohenol 70 26
4-nitrophenol 70 25
4-chloroohenol 44 24
t .s-dlhvrdoxvbenzene 37 23

3M NaOH 2,4 ,6-trinitrophenol 76 26
4-nitroohenol 72 25
4-chlorophenol 51 24
1,3-dihyrdoxybenzene 40 23

30% HCI ohenol 12.9 1 t.enc & Pinto (1996)
aniline 99 .8 1
benzoic acid 22 1
nitrobenzene 11.8 1

0.5% NaOH phenol 69.3 1
aniline 34 .2 1
benzoic acid 78 1

~~ nitrobenzene Z.4 1
1% NaOH phenol 71 .9 1

aniline 34 .2 1
benzoic acid 78 1
nitrobenzene 7.4 1

4% NaOH phenol 71.3 1
aniline 33.1 1
benzoic acid 75.8 1
nitrobenzene 10.6 1
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Table 7 • Results for inorganic solvent regeneration of GAC by Martin and Ng (1984)

Regenerant
aniline phenol benzaldehyde nitrobenzene

Oxidizing Agents
10% KMnO. 37 41.3 28.9 -7.6
10% K2Cr20 7 0 38 36.2 -6.9
0.35% NaOCI 68 56 22.4 -7.4

AQueous Acid/Base
10% HCI 72.2 52.8 13 15.2
8M NaOH 29 44 ?2 .5 14.7

Table 8 • Results for inorganic solvent regeneration of GAC by Martin and Ng (1985)

Regenerant
2-naphthol 2-methoxyphenol 2-chlorophenol o-cresol 2-ntiroohenol

Oxidizina Aaents
10% KMnO. 26.2 6.6 1.2 11.3 20.6
10% ~Cr207 18.6 2.4 9.9 -7.5 17.6
0.35% NaOCI 35 8.4 6.2 -26.3 27.5

AQueous Acid/Base
10% HCI 35 22.2 28.4 -27.6 1.4
6M NaOH 66.1 26.3 36.4 5.2 72.4

2.1.5.3 Summary of Findings • Supercritical Fluids

The large volume of recent literature regarding SCF CO2 regeneration of GAC indicates

that it is an active research area on a currently "hot" extraction method and may be a

legitimate alternative to thermal regeneration and/or disposal of GAC. The literature shows

that a wide range of compounds can be desorbed with SCF CO2, Apparently there has not

been allY direct experimentation with the pesticides DBCP, FnBa.'1d TCP, and their

solubilities in SCF CO 2 are unknown. Considering aromatic compounds (such as those

-_. - . - - - - ------ studied-in-the -previous -literature)-generally-adsorb-strongly-to-GAC-as compared to-- - --- ._

aliphatic compounds (such as the target pesticides nBCP and TCP), this method of

regeneration should be feasible. These experiments, with the exception of the work

performed by Tomasko et al. (1993), were all performed at bench-scale. It is not known

how the results will tum out when pilot-scale testing is performed, however, similar results

would be expected. Finally, and probably the most important, is the fact that all these

experiments were performed on GAC that was loaded with spiked water or introduced as a

gas . Spiked water does not contain any of the background NOM that natural groundwater

would contain. The NOM reduces the capacity of the GAC by competing with the pesticide
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molecules for adsorption sites. If SCF CO2 is not able to desorb the NOM from theGAC,

a significant reduction in adsorption capacitycould be experienced. Literature regarding

desorption of NOM from GAC by SCF CO2 was not found, therefore assumptions cannot

be made regarding the adaptability of this method to BWS's spentGAC. However, the

existence of NOM adsorbed to the carbon is not expected to causeseriousproblems for

SCF regeneration. The literature also indicates that the separation of CO2 and desorbed

adsorbents is a very simple processrequiring a decreasein pressure and trappingof the

wastecompounds. The concentrated solutionof waste compounds can then be degraded

by eitherbiological degradation or ultraviolet photolysis if necessary.

Table 9 . Summary of literature results for supercritical fluid regeneration of GAC

Suoercritical Fluid Adsorbate %RE Cvcles Authors
CO2 phenol 88 2 Modell et al. (1980)

ohenol 86 3
phenol 84 4
phenol 82 5
acetic acid 94 7
alachlor 50 30

CO2 phenol 88 2 DeFilippi et al. (1980)
ohenol 86 3
ohenol 84 4
ohenol 82 5
carbarvl 29 3
alachlor 55 31
atrazine 55 7
diazinon 17 3

CO2 ethvl acetate 87 9 Tan & Liou 1988
CO2 benzene & toluene 80 9 Tan & Liou 1989

CO2 toluene 96 1 Tomasko et al. (1993)
toluene + water 85 1
2-chloroohenol 85 1
2-chlorophenol 89 1

CO2 s-triazine 90 1 Robertson & Lester (1995)

2.1.5.4 Summary of Findings > Effects of NOM

The references cited aboveon thesubjectof NOMare representative of the literature,

but onlytouch the tip of the subject of NOM. Manyotherreferences are available

regarding this subject. The references were only usedas an introduction to the character of

NOMand the problems associated withit as relatedto GACadsorption systems and their

regeneration. The effectsof NOMon chemical regeneration of GACwill have to be
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inferred however, since no literature eon this specific subject is known to exist. Any future

need to investigate the subject would require a thorough literature search in order to

determine the feasibility of some of the methods used to control NOM as it pertains to the

specific geographic area (Oahu, Hawaii) and the facilities available to the BWS. From the

current review, several pieces of information were uncovered which can be useful for the

feasibility of regenerating GAC. These include:

1. NOM competes with SOCs

2. GAC mostly removes the humic fraction of NOM .

3. UV254 is not a very effective method to measure NOM

4. NOM may occupy adsorption sites or just cause pore blockage

5. Lowering of pH may offset NOM fouling

6. Effective regeneration will require desorption of NOM - selection of method will be

determined by the ability to remove NOM

2.1.5.5 Description of system and compatibility with BWS operations

Assuming that chemical regeneration can effectively desorb the pesticides and the NOM

and that this can be repeated for several cycles, the question becomes "what would such a

system look like and how would it fit into the present BWS system/facilities?" The

following discussion will describe conceivable systems proceeding from the simplest (and

probably least costly) to the most complicated and costly. The chemical regeneration

system configuration and operating procedures will depend upon the chemical compatibility

of the regenerants with the contactor tank linings and whether or not elevated temperatures

or pressures are required. These criteria will determine whether or not the regeneration

process could be conducted in situ or whether the GAC would have to be removed from the

contactors and whether high pressure vessels and heating equipment would be required.

The existing GAC contactor tank. lining is manufactured by Wisconsin Protective

Coatings_CQIR._(WP_C~t~d issalled~Plasjte 4110." Discussions with the manu_f_ac_tu_rc-e,,---r _

(Arbour, 1998) indicate that the existing vinyl ester resin liner has excellent resistance to

organic and inorganic acids, oxidizing agents, salts, and a wide range of solvents. This

means that it can tolerate continuous exposure to many chemicals. WPCC also indicated

that the vinyl ester coating is a very tough, durable, and stable material which is extremely

difficult to remove once applied. They say that generally sand-blasting is required for

removal and that if someone wanted to use a chemical agent (something like a paint stripper

or a strong acid or a solvent), this would not be an effective way to remove the vinyl ester

coating. A strong acid or solvent may dissolve the coating if totally emersed in it for a long
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period of time (days, weeks, months, or years), but short exposure should have little, if

any, effect. The considered chemical regeneration scheme would result in short periods

(hours at the most) during which the coating would beexposed to the regenerant chemicals

and or elevated temperatures. WPCC has sent test coupons (1" by 5" carbon steel with the

Plasite 4110 applied) to UH for exposure testing with any solvents that we are interested

in. The WPCC literature indicates the temperature resistance of the coating is 380°F for

continuous exposure when dry with short excursions to 460°F acceptable. They also say

that wet temperature resistance depends upon concentration and reagent exposure.

WPCC also sent us the results of their chemical testing which indicate that they have

not tested Plasite 4110 for exposure to acetone, ethanol, methanol, or propanol. WPCC

has tested acetic acid at various concentrations and found that a 5% solution was not

harmful after 1 year, but a 25% solution caused coating failure after 4 months, and

concentrated formic acid was not tested. WPCC has tested formic acid at various

concentrations and found that a 2% solution was not harmful after 1 year, but a 20%

solution caused coating failure after 10 months, and concentrated formic acid was not

tested. WPCC has tested sulfuric acid at various concentrations and found that up to an

80% solution was not harmful after 1 year. WPCC has tested hydrochloric acid at various

concentrations and found that a 10% solution was not harmful after 1 year, but a 37%

solution caused coating failure after 8 months, and concentrated hydrochloric acid was not

tested. WPCC has tested sodium hydroxide at various concentrations and found that 10

50% solutions were not harmful after 1 year.

The products of reactions between certain solvents and the tank lining could also be

hazardous and could pose a health threat if these newly formed pollutants are not removed

from the tank prior to returning the filter into service (this could be determined with the test

coupons). The manufacturer produces other coatings such as "Plasite 4310" which would

. apparently tolerate any of the proposed acids, bases, or solvents. Unfortunately, these

other coatings are not approved by the FDA, EPA, and NSF for contact with drinking

water and therefore are not viable options. However, there are other manufacturers of

coatings which may be better and this could be researched later if deemed necessary.

Assuming that the lining in the BWS contaetors as well as the pipinglvalving system

would be able to withstand exposure to the chosen chemical regenerants, regeneration

could be performed in situ, therefore eliminating costs associated with removing the GAC

from the contactors. Figure 1 illustrates the general concept for a chemical regeneration
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system for in situ treatment. The system could possiblybe fabricated on a flat bed trailer,

thus allowingmobility betweenGAC treatmentfacilities. A chemical storage container,

typicallyprovidedby the chemical manufacturer, would be connectedto a Teflon pumping

system that would discharge the particularchemical into the top of the off-line contactor.

The chemical would then be drainedfrom the bottomof the contactorinto a holding

container. When enough of the fresh regenerant chemicals are pumped into the contactor

(the quantity to be determined from bench and pilot tests), the pumpingsystem wouldbe

re-routedto the holding/recycle container, thus reusingthe regeneral1t cherPicals. When

sufficientdesorption is attained (to be.determined duringpilot testing), the contaminated

regenerantchemicals will then be treated if necessary by biological degradation or physico-
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Figure 1- Concept schematic for simple in-situ chemical regeneration system
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chemical methods, either at a differentsite or on the trailer itself. The waste stream

treatment systemmayconsist of several additional tankslcontactors. The treated waste

streamcould thenbedischarged into the wastewatercollectionsystem for further

processing if needed. The regenerated column would then be thoroughly rinsed of

regenerants with well water (5 bedvolumes, perhaps) and then returned to serviceor placed

in standby mode. It may be possible that the target pesticidesEDB,DBCP, and TCP will

be transformed by the chosen solvent(s) into by-products that can be degraded by

conventional wastewater treatment systems. Testing must be done in order to see if this is

true and whether positive resultscan beobtained at ambient temperatures. Problemsmay

occur withcontactor materials due to the exceptionally lowlhigh pH values of the

regenerants and/or if elevated temperatures are required, but this hasyet to be seen.

If the contactor tank liner material is not compatible with thechosenregenerant

chemicals and a suitable replacement linercannotbefound, then theGAC will need to be

removed from the contactor tanks to be regenerated. Removal for "exsitu" treatment

wouldalso be required if elevated temperatures and/or pressures are required, such as in

the case of SCF CO2• For the case where ambienttemperatures are acceptable the system

could look something like that shown in Figure 2 which is verysimilar to the simple

system in Figure 1. Ifelevated solvent temperatures are required, a simple heating

apparatus could besufficient(see also Figure2). The treatment system that would be

required if SCF CO2 is the desired regeneration method wouldbe somewhat more

complicated and wouldrequire a pressure vessel, a boilerlheater andmany other high

pressure valves and controls (Figure 3).

The above described systems could becompatible with BWS operations if issues of

operating cycles, time, and space are considered. In tenns of operation cycles and timing,

current practicehas spent columns sittingoff-line for extendedtimeperiods (> 6 months)

.during which in situ or even ex situ treatment could beconducted. If chemical regeneration

can be completed for each contactorwithin2 to 3 weeks in a sequential fashion, then there

would be adequate time to regenerate all of the contactors during theirstand-by period. In

terms of space issues, it appears that chemical regeneration facilities couldbesized to

service one or twocontactsat-a-timeand set-upto be mobileby mounting them on a

medium-sized flat-bed trailer. A trailer-mounted systemcouldbe used at any of the well

sites and this would precludebuilding permits, etc. for permanent facilities. While there is

not tremendous spaceavailableat most of the well sites, thereis adequate space for

relatively largeequipment and trucksdue to existingactual andpotential service needs for
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A chemical regeneration treatment system would be compatible with BWS operations in

a fundamental sense in that current on-line operations would not be affected, because

chemicals would only be added to off-line contactors. This means that the existing high

quality of treated water would be preserved. This assumes that the chemically regenerated

contaetor columns could be thoroughly rinsed such that no residual chemicals are found in

treated water once contactors are returned to on-line service. Completely effective rinsing

is highly likely since only those chemicals which have little or no affinity for GAC would
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be chosen as regenerants. This means that the chosenchemicalscould be easily and

completely rinsed from the regenerated GAC. The issue of compatibility could also

consider the topicof "who" would operatepotential regeneration facilities. It is clear that

BWS is a waterpurveyor which for most US operations means an operatorof treatment

facilities rather thanjust a water pumper or waterbroker. BWS is not in the wastewater

treatment business, however, BWS business does include water treatment, water deliver,

systemmaintenance, and system construction. Most mainland waterpurveyors operate

sophisticated treatment plants with chemical storage facilities, treatment processes, and

byproduct (waste solids and wastewaters) treatment systems. Where necessary and

practical (i.e. Cincinnati, Ohio) waterutilities do operate complicated on-site thermal GAC

regeneration facilities. Therefore, it does not seemthat operating GAC regeneration

facilities wouldbe incompatible with BWS'smission to delivera high-quality, safe water

supplyto its customers. Even so, BWS could probably find a contractor willing to provide

chemical regeneration services if desired.

waste treatment

Disposal
to Sewer

Anaerobic Aerobic
Bioreactor Bioreactor

compressor

Figure 3- Concept schematic for ex-situ high-pressure SCF chemical regeneration
system
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2.1.5.6 Degree of development, practicality, and ease of use

Chemical regeneration has typically been performed at bench-scale using spiked

distilled water. There are a few exceptions where this technique has been tested at pilot

scale. However, there are no known full-scale chemical regeneration facilities. It is a valid

question to ask "why, if it is supposed to be feasible , aren't there any such facilities." This

could be because such a facility would not be appropriate on the mainland United States

where regional thermal regeneration is feasible (cost-effective). However, Hawaii's remote

location and relatively small GAC volume makes thermal regeneration too expensive and

may make chemical regeneration feasible. The volume of published laboratory research

regarding this technology is large and the degree of success described is extremely

encouraging. Greater than 90% regeneration efficiencies have been reported for a wide

variety of chemical solutes. In cases where multiple regenerations were performed, high

efficiencies were observed for 20 or more cycles in some cases. Therefore, chemical

regeneration must be considered a potentially viable emerging technology.

Because chemical regeneration is an emerging technology, adequate research and

development is needed including bench and pilot testing prior to field-scale trials in order to

elucidate as many potential problems as possible . This would allow BWS to avoid costly

mistakes and any risks to the public health of the customers. Thus, in terms of practicality,

it must be said that additional development is needed in order to create a practical chemical

regeneration system. Other practicality issues include availability of regenerant chemicals

which are available in bulk from several local companies such as VanWaters and Rogers

who currently sell all of the tested solvents to numerous local customers in various

industries; availability of process equipment which is not an issue because all equipment

needs are available from mainland suppliers with existing dealers on Oahu; availability of

qualified operations personnel which should not be an issue since the state has water and

wastewater operator certification programs and numerous training courses available from

_ _ ___ . the.State.Department.of.Health.iIn tenns .ofease.ofuse,.itis.nodoubtpossible.to.engineer- - - - 

the system outlined above (and shown in Figure 1,2, and 3) with control and monitoring

systems that would be no more difficult to operate and control than present systems used

by the BWS and other local facilities such as those operated by the Department of

Wastewater Management, H-Power, and numerous local private industrial facilities which

are operated continuously by locally available personnel. Theconceived facility could

probably be operated by one or two existing BWS personnel following some specialized

training.
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A full-scale chemical regeneration facility wouldbe a ground-breaking achievement for

BWS and the wholeU.S. water industry, which could be positive or negative, depending

upon how well the BWS'sand other public information systems function. BWS currently

has an excellent public information system in place which should be able to insure that most

publicity wouldbe positive.

2.1.5.7 Environmental issues, regulatory permits, and public
acceptability

Environmental issues: The environmental issues that should be consideredfor GAC

regeneration using a chemical method are the same as those considered in any

environmental impact study which includes potential impacts on air, water, soil, flora and

fauna, human health, as well as socio-economic issues. An environmental impact study

may be required for a newchemicalGAC regeneration facility if newpermanentfacilities

are to be constructed. Environmental issues are alsorelated to public acceptability (also

discussed separately below). Typically, the public will ask; will therebe new big ugly

structures?, extra traffic?, extra noise?, odors?, new risks suchas chemical

releases/explosions/fires, etc.? In general, it should be completely and entirely possible to

design theproposed chemical regeneration systemsuch that little, if any, adverse

environmental impacts wouldoccur. The proposed chemical regeneration system described

abovewould likely be designed such that regenerant chemicals are used in enclosed vessels

at all times to limitgeneration of odors which could travel off-site. The regeneration

systemwould be designed so that there wouldnot be any releases of chemicals to the air,

soil, groundwater, surface water, the ocean, the stormwater collection system, or

wastewater collection system. The systemshouldbe environmentally benign in that no

impacts to plants or animals couldbe anticipated, no significant extra noise, dust, or traffic

wouldbe generated, andpresumably no new permanent structures would be constructed.

If chemical storage facilities are to be constructed theywould be outfitted with spilIlIeak
- - - - -- - - -- - ----proteetion ancr aefection systems as-weII-as-flie -and-explosion C-6tittol systenK as-tequirea:- - ---

In terms of socio-economic issues, the proposedregeneration process should not adversely

affectproperty values near thecontactors andmay provide limited job creation if a

regeneration system operator or operatorsare addedto the BWS staff. Public health issues

are discussed below underpublic acceptability.

Regulatory permits: Permits may be required for the storage of someor all of the

potential chemical regenerants depending upon what quantities are to be stored and where
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(Department of Health, Fire Marshal). It should, however, be possible to limit chemical

storage to that which would fit on a mobile regeneration system flat-bed trailer which

would not fall under the same scrutiny as permanent, central chemical storage facilities.

Permits may be required if air emissions are anticipated (Department of Health, Clean Air

Branch, HAR 11-60), however, no emissions are anticipated. Permits may be required if

wastewater is to be released to the sewer system (C&C Honolulu, Department of

Wastewater Management, ROH 14-1.9). Permits maybe required if wastewater is to be

treated on-site as pretreatment to release to the sewer (Department of Health, Wastewater

Branch, HAR 11-62). It may be possible to hire a contractor for the treatment/disposal of

the generated liquid wastewater stream. If new structures are to be constructed at well-head

sites, building permits may be required (C&C Honolulu, Building Department), however,

no new structures are anticipated. An environmental impact study may be required if new

permanent facilities are to be constructed (State of Hawaii, implementation of 40 CFR

1500-1508), however, no new structures are anticipated.

Treatment and disposal of the contaminated regenerant chemical solvents and rinse

water is an important topic on which laboratory research efforts are currently underway. In

the literature, it has been shown that EDB, TCP, and DBCP are all biodegradable to

different degrees under a variety of conditions by different types of bacteria Under

anaerobic conditions, sulfate reducing bacteria degraded 30% of EDB and 82% of DBCP

(Bouwer and Wright, 1988). Also under anaerobic conditions, methanogenic bacteria

degraded 99% of EDB and 99% of DBCP (Bouwer and Wright, 1988) . Under anoxic

conditions, denitifying bacteria were only able to degrade 36% of EDB and 23% of DBCP

(Bouwer and Wright, 1988). Under aerobic conditions, methanotrophic bacteria were able

to degrade 97-100% ofTCP (Long et.al., 1993). Also under aerobic conditions, phenol

degrading bacteria were able to degrade 28-47% of TCP (Long et.al., 1993). Many of the

specific bacteria employed in these studies can utilize solvents and acids such as acetone,

propanol, methanol, acetic acid, and formic acid as their primary food source which

---degradIng -the pesticlOes.-Basect upon these findings, ins verflikelythat an effiCient

biological treatment system could be designed for treatment of the generated wastewater.

Wastewater discharges to the sewer in Honolulu are regulated by the "sewer ordinance"

which is contained in Revised Ordinances of Honolulu, Chapter 14. The most important

portion of this regulation is Section 14-1.9, Use of Public Sewers-Restrictions which

contains both general and specific limitations. The relevant general restrictions include the

restriction that discharges cannot cause "pass through or interference of the wastewater
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treatment plant" or cause the "treatment plant to violate its ... permit or ... water quality

standards." Some of the specific restrictions that may be applicable include pH restrictions

(it must be between 5.5 and 11.0),BOD restrictions (if BOD is greater than 200 mg/L, then

a surcharge shall be paid), and toxic pollutant restrictions which mention herbicides and

insecticides. The.ordinancemakes reference to the Clean Water Act, Section 307(a) for a

(not necessarily complete) list of toxic pollutants (40 CFR 400.15) which does not contain

EDB, DBCP, or TCP. However, the ordinance says that it is not allowed to have any such

compound present in sufficient quantity to cause interference with treatment processes,

cause a hazard to workers or others, or to cause a toxic effect in receiving waters. Based

upon this ordinance alone, it seems possible that pretreatment might be avoidable

technically. The reason for this is that the wastewater would be generated in areas serviced

by the Honouliuli wastewater treatmentplant which has at least partial biological treatment

and relatively large total treated flows (25 MGD) which would cause sufficient dilution to

prevent any potentialityfor adverse effects upon the treatment plant, its workers, or the

dischargereceiving waters. Whether pretreatment can or cannot be avoided is dependent

upon the interpretation of the Director of the Department of Wastewater Management

regarding the potential effects of such a discharge. If wastewaterpretreatment is

determined to be required, the sewer ordinance requires that the owner provide proper

maintenance.

Publicacceptability: Public acceptability will primarily be related to issues of costs

(will they increase?),health safety (is the process safe?), and potential or perceived impacts

of new facilities (addressed above under environmental). Since the idea of the regeneration

feasibility study is to reduce costs, any changes toward GAC regeneration would involve a

cost savings to BWS and no cost increase to customers. If there is no additional cost, the

public will likely be acceptingof a regeneration system at least on that basis. In terms of

health safety, the public may have concerns regarding any potential for the leaching of

residual regeneration chemicals from the regenerated GAC into the drinking water system.

-However~ li-rs-antiapatea that rinsing the regenerated carbon with water will eliminate any

such risk (this needs to be verified with further research). It is possible that rinse water

might have to be heated to a particular temperature in order to completelydesorb the

residualchemicalsfrom the regeneratedGAC. It is fully expected that residual chemicals

can be rinsed such that when the columns are returned to service, all chemicals will be

below applicable EPA Maximum ContaminantLimits (MCLs). The solvents which have

been investigated and appear promising (Ewald and Uehara, 1998) include methanol,

acetone, propanol, sodium hydroxide, hydrochloric acid, acetic acid, and formic acid. The
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State potable watersystem regulations (HAR 11-20)do not contain MCLs for any of these

solvents (andneither do the Federal rules; 40 CFR 141).

Public acceptability of any regeneration method would very likely dependon the

degree of information provided to the public. It is not clear that BWS would need to

inform the general public that their GAC is to be regenerated. BWS probably does not

currentlyvolunteer much information about what specific GAC is used, what quality it is,

where it comes from, and where it goes for disposal. If the communities affected are to be

informed, a well-planned information campaign would be required to fostercomplete

understanding the proposed regeneration method and any associated risks (realor

perceived).

2.1.5.8 Economics

The capital and operation/maintenance costs for a chemical regeneration scheme willbe

dependentupon the choice of solvent or solvents employed. The reasons for this include

the cost of the chemical itself, necessity of in-situ vs. ex-situ treatment, heating

requirements, as well as the necessary byproduct treatment scheme. The costs for bulk

quantities of several solvents used in the studies described in the literature review were

obtainedfrom Van Waters and Rogers Co. in Honolulu in March, 1998. The costs for the

chemicals aloneare high if large quantities of pure chemical are required as discussed next.

From the workof Walton-Green (1997), it was determinedthat formic acid at a 100%

strength was able to regenerate spent GAC relatively well (loo%, 99% and 86%

regeneration efficiencies for EDB, TCP and DBCP, respectively) in bench-scale, batch

testing. At a currentprice of $422.63 per 55 gallon barrel of 95%formic acid, and

assuming one bedvolume (8,500 gallons) is required per contaetor to regenerate the spent

GACand 19contactors areregenerated peryear(161,500 gallons per year), the total

chemicalcost to regenerate GAC using this method would be over$1.2 million per year.

---- - - ----- . - The·useof-acetic-acid.Iquoted-at $364.50-per-55 gallonbarrel) and2-propanol(quoted at- - -- - ----- ----

$292.88 per 55 gallonbarrel), organic chemicals that also produced relatively high

regeneration efficiencies, would be only slightly less costly at $1,(17 million and $860,000

per year.

Fromtheseestimates, it would seem the use of organicchemicals for the regeneration

of spent GAC wouldbe too costly to consider. However, when used in conjunction with

an inorganic acid (suchas HCI) or base (NaOH), the cost wouldverylikelybe
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considerably less. Using a combination of organic and inorganic chemicals (such as NaOH

and acetone or HCI and acetone) has been shown to produce promising results (Ewald,

1998). Bench-scale testing has to be performed in order to determine what regeneration

efficiencies can be attained for a cost effective price. This would require further

investigation to determine at what minimum bedvolume an organic chemical such as

acetone can produce acceptable results in conjunction with HCl or NaOH. These inorganic

chemicals are much less expensive than the organics.

Because the optimalsolvent(s) have not yet been determined, and it would be

impractical to develop costs for all potentially effective solvents, a single example cost

estimate has been prepared considering the use of NaOH which is reasonably priced. A

preliminary cost estimate for the use of NaOH, can be estimated using the work of

Heilmann et al. (1996) for the degradation of RDX as well as the work of Ewald (1998).

Heilmann et al. used approximately 22.9 pounds of NaOH to degrade 1 pound of RDX (20

mM OH"IL). This dosage probably was not optimized, but was shown to be effective.

Ewald used a 3 M solution which would be more costly, and therefore this number will be

used. A 3M solution of NaOH is equivalent to a 120 mgIL solution, or 0.001 pounds of

dry NaOH needed per gallon of water. From the dimensions of the BWS contactors, it

was determined that each contactor has a bedvolume of 8500 gallons, therefore, with 19

contactors requiring regeneration per year, a total of 162 pounds of dry NaOH would be

required per total bedvolume (161,500 gallons) of solution used. In other words, if it is

determined that 10 bedvolumes of 3M NaOH solution is required to regenerate the GAC, a

total of 1620 pounds of NaOH would be required each year. A recent quote (1998)

obtained from Van:Waters and Rogers in Honolulu found 50% NaOH solution in 55-gallon

drums as $146.20 per drum when 40 or more drums are purchased. Therefore, each barrel

of liquid NaOH would be equal to 340 pounds of dry NaOH. Thus, the total cost of

NaOH per year would be about $700 for 10 bedvolumes of 3M solution for each of the 19

contactors. In addition to the NaOH, H2S04 would also have to be purchased in order to
- - - --- -- -- ---- -~~utratize-thewaste-stream~ Sincethe-priceper pound of H;S~was-very similar to ili;tof ----.----

NaOH and assuming 1 H+ ion is needed to neutralize 1 OH- ion, it is assumed that sulfuric

acid cost would be $350 for the neutralization of the waste stream per year (Van Waters and

Rogers, 1998; $143.50 per 700 Ib drum). Therefore, a total chemical cost of $1,050 can

be assumed for this method. The work of Ewald and Uehara indicates that it may be

beneficial to use an organic solvent such as acetone in conjunction with the NaOH. If it is

assumed that 55 gallons per contaetor will be sufficient; this would equate to an additional

cost of $5,890 per year.
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Heilmann et al. (1996) used heated NaOH to degrade the RDX, and heating maybe

required for the BWS system for optimal performance. If it is assumed that 80°C will be

the target temperature and 20°Cis the temperature of the well water. It was determined that

108 Btu would be required to heat 1 pound of water. Therefore, for each contactor,7.66

million Btu would be required to raise the temperature of the well water. This converts to

2241.71 kWlhr, and assuming the cost for electricity is $0.10 per kWIhr, heating the water

required for each contactor would be $224.17. This adds-up to a heating cost of $3,360

per year. The used regeneration fluids wouldconstitute a wastewater stream that would

have to be disposed. If the NaOH solution hydrolyzes (destroys) the desorbed pesticides

(as was the case in the work of Heilman et. al. on RDX and HMX) then potentially no

additional wastewater treatmentsystem wouldbe requiredother thanneutralization

facilities. If, on the other hand, the desorbed pesticides are not destroyed, a waste

treatment system would be required. Work under-way by Ewaldand Uehara (1998)

indicates that a biological treatmentsystem consisting of an anaerobic reactorfollowed by

an aerobic reactor would be feasible to completelydegrade all of the desorbedpesticides.

This treated stream could then be disposed of into the sanitary sewer. Other non-biological

treatment systems such as ozonation, or ultraviolet radiation couldalso work, but would be

much more expensive to constructand operate than a biological treatment system. The

biological system would consist of two enclosed attached-growth columns, surge and

recycle tank, and a recirculation pump. Some additional minorchemical costs (nutrients)

would be incurred for a biological wastewatersystem (less than$5,000per year) as well as

pumping costs (assumed negligible).

Labor costs, assuming a total of 2,000 hours per year (one full-time personnel) at a rate

of $17 per hour, would equate to $34,000 per year. Assuming the cost of existing

analytical testing would increase, an additional$10,000 per year shouldbe added. This

would give a total annual operatingcost of approximately $48,500 per year (with heating).

-- --- - -- - - - - - Witfi-5iologicaI treatment (if recfuirea)~-llie annual operatingcostscoul<lincrease to

approximately $55,000 per year. These cost estimates are summarized in the Table 10.

The capital costs were then estimatedusing assumed values. It was assumedthat the

cost of an industrial boiler would be $20,000, the cost of the pumpswould be $5,000for

the main pump (Teflon) and $2,000 for the mixing pump. The pipingwas assumed to cost

a total of $10,000 and the chemicalcontainmentwas assumed to be providedby the

company from whom the chemicals will be purchased. This calculates out to $37,,000. It
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is assumed that installation costs would be 30% of the capital cost and the instrumentation

for the scheme would be another 30%. This would be another $22,200, equating to a total

capital cost of approximately $59,200. If acetone is used and/or a biological wastewater

treatment system is required, the anaerobic and aerobic columns would cost approximately

$10,000 each, a surge/recycle tank and recirculation pump would cost approximately

$3,000. With installation and instrumentation, the additional capital cost for biological

treatment could be $36,800. The total capital cost would then be $104,000 including

wastewater treatment. These estimated costs are shown in the Table 11.

Table 10 - Preliminary operating costs for a chemical GAC regeneration system

basic system with heat with acetone with biotreatment

Chemicals

NaOH 700 700 700 700

H2SO4 350 350 350 350

Acetone 5,890 5,890

Heating " 3,360 3,360 3,360

Biological 5,000

supplies

Analytical 10,000 10,000 10,000 10,000

Labor 34,000 34,000 34,000 34,000

TOTAL 45,050 48,410 54,300 59,300

Table 11 - Preliminary capital costs for a chemical GAC regeneration system

basic system with heat with acetone with biotreatment

Pumps

Teflon 5,000 5,000 10,000 10,000

mixing __________ .2,000___ _ ___ _2,000___ _2,000_ _ _ _-2,000

Piping 10,000 10,000 10,000 10,000

Boiler 20,000 20,000 20,000

Biological columns 20,000

Recycle tank. + pump 3,000

Installation (30%) 5,100 11,100 12,600 19,500

Instrumentation (30%) 5,100 11,100 12,600 19,500

TOTAL 27,200 59,200 67,200 104,000
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The capital costs for a SCF CO2 regeneration system would be much greater than the

above estimate for a NaOH-based system due to the need for external high pressure vessels

and equipment. The operating costs could be approximately the same, however,

maintenance and personnel requirements might equate to greater costs.

Tomasko et al. (1993) performed experiments at pilot scale, regenerating GAC with

SCF CO2, Included in their paper was a 1991 cost estimate for a full-scale SFE

regeneration facility. The capacity of the proposed plant was to be 24 tons of GAC per day

(operated 24 hours per day, all year) and carbon dioxide was to be recycled. In order to

make a cost estimate for such a facility on Oahu, it was assumed that 190 tons of GAC

would be regenerated in a period of 90 days each year (8 hours per day). This equates to a

capacity of about 2 tons per day and allows utilization of the Tomasko estimate scaled back

to 25% of the size they proposed. Their estimated costs were updated to 1997 values using

the construct cost index. Preliminary estimates of the operation costs and the capital costs

are given in Tables 12 and 13, respectively.

Table 12 - Preliminary operating costs for a SCF COl GAC regeneration system

Item Cost ($)

Make-up CO2 1,000

Operating labor 34,000

Utilities: Electricity 3,000

Utilities: Stearn 2,000

Operating supplies 3,000

Maintenance (7% of capita! cost) 40,000

Analytical 10,000

TOTAL DlREeT OPERATINGeOST PER YEAR 93,000

The direct capital cost for an SCF CO2 system is much greater than that for chemical

regeneration using other solvents, however, operating costs are somewhat competitive.

Some parts of the cost estimates are somewhat suspect (for example the maintenance costs)

and more detailed cost estimates may be warranted at a later date if simple bench-scale tests

are encouraging.
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Table 13 - Preliminary capital cost for a SCF CO2 GAC regeneration system

Equipment Item Cost ($)

Extraction vessels 100,000

Primary flash vessels 10,000

Reboiler for primary flash 15,000

Secondary flash vessel 3,000

Condenser 25,000

Refrigerated condensate loop 30,000

High pressure liquid pump 20,000

Heater for high pressure liquid 20,000

Secondary flash recycle compressor 25,000

After cooler 25,000

Blowdown recycle compressor 23,000

Unlisted equipment (35%) 104,000

Installation (30%) 90,000

Process control/instrumentation (30%) 90,000

TOTAL DIRECT CAPITAL COST 578,000

2.2 Review of Other On-Site Regeneration Methods

A variety of other references were found detailing research on processes that may be

suitable for on-site regeneration of GAC. All of these are emerging technologies that have

not been tested at full-scale. On-site methods other than organic, inorganic and

supercritical solvents include the use of heated water, biological degradation,

photochemical oxidation and electrochemical degradation. Still other methods are thought
----

to be under development (such as the use of microwave radiation), however, detailed

studies have not yet been published in the literature.

2.2.1 On-Site Thermal

As mentioned in the introduction (Section 1.4), thermal regeneration is the most

common GAC regeneration technique. That statement is true for the traditional conception

of thermal regeneration which involves thermal desorption in a kiln-type furnace device at
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high temperatures (650-850 'C) and generally atmospheric pressure. Another aspect of

thermal regeneration involves the use of water at high temperature and pressure in fully

enclosed pressure-vessels. The use of high temperature and pressure makes this a thermal

method, however, to date no full-scale operations have been documented. This section

reviews studies that were conducted using forms of water in combination of high

temperature and pressure. Facilities for this type of regeneration could potentially be

constructed to be mobile (trailer-mounted) and used on-site in an ex-situ manner (GAC

placed in batches into separate pressure vessels).

Bercic, et al. (1996) recovered approximately 95% virgin AC capacity after 4 cycles of

regeneration using hot water under pressure. Five to twelve grams of virgin carbon were

first exhausted with phenol and then repeatedly regenerated by pumping hot water

(T=180°C, 356 °F) at 25 bars (362 .6 psi) for 150 minutes through the experimental

column, after a heated oil bath to allow equilibrium to occur between the absorbed phenol

and carbon. Regeneration results were approximately 98.7%, 94.8%, and 94.5% after the

first, second, and third cycles, respectively. The authors also varied the temperature of the

water (110 < T < 180°C), but found that within this range, temperature had little effect on

capacity recovery.

Tamon and Okazaki (1996) investigated the desorption characteristics of 11 aromatic

compounds adsorbed to GAC. The compounds which were desorbed using heated

distilled water, included phenol, benzaldehyde, aniline, b-naphthol, p-nitroaniline, m

cresol, nitrobenzene, p-nitrophenol, p-cresol, p-nitrobenzoic acid and p-chlorophenol.

Although regeneration efficiencies were not studied (adsorption/desorption data are

presented in figures that are quite vague and difficult to read), the authors did discuss the

adsorption and desorption of these aromatic compounds in an aqueous solution. It was

determined that irreversible adsorption is very likely for electron donating aromatic groups

__}n a.I!~queous solution. It w~ also postulated that the opposite would hold true, that

aromatic compounds which accept electrons in an aqueous solution tend to have reversible

adsorption. This suggests that acids may be promising regenerants for carbon loaded with

these particular compounds.

Ding, et al. (1987), used wet air to regenerate (WAR, wet air regeneration) of PAC

loaded with biomass and phenanthrene, a polycyclic aromatic hydrocarbon found in

petroleum products and some wastewaters. The experimental apparatus used consisted of
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PAC cakes, not columns as in other research. Temperatures used in the regeneration were

200 - 250·C with pressures ranging from 4800 - 6900 kPa (700 - 1000 psi) . The WAR

technique would ideally not alter the surface of PAC and would only produce CO2, H20 ,

and other biodegradable compounds as its byproducts of regeneration. Carbon regenerated

by WAR produced only 12% of virgin carbon capacity compared to a carbon that was

regenerated through Soxhlet extraction, a method chosen by the authors to compare WAR

results. The virgin capacity recovered by Soxhlet extraction was 68% of virgin carbon.

with the surface of activated carbon; the capacity of PAC to absorb phenanthrene, p

nitrophenol, and other low molecular weight aromatic compounds were reduced when PAC

was regenerated by oxidation. Ding et al. speculated that the capacity loss could be due to

either a change in AC pore structure or production of oxygen-functional groups that lower

the capacity of AC to absorb the phenanthrene, p-nitrophenol, and other organic

compounds.

Mundale, et.al. (1991) conducted experiments similar to those of Ding et.al. using

WAR. This report is a study on the kinetics of the wet air oxidation (steam) method.

Experiments were performed to determine the ideal temperature and oxygen partial pressure

for the best rate of reaction. The paper sought to characterize the mass transport of 02 from

the gas to liquid phase, adsorbed phenol from the solid to liquid (film) phase or internal

diffusion, and the reaction between the phenol and 02 (oxidation). Unfortunately, no

desorption/regeneration efficiencies were given. It was found that this regeneration method

is best performed at temperatures less than 150·C and 02 partial pressures less than I MPa.

Umehara, et. al. (1983) conducted steam regeneration of GAC loaded with sodium

dodecylbenzene sulfonate (DBS). This report is a study on the use of steam to increase the

regeneration efficiency of thermal regeneration for carbon exhausted with DBS. Spent

_____ __ _ ___ _ _ ~(l!"l:)(lO_was flI~tth~rmallY_~g~!1~1].led «(i~~_yirgin~acit}' obtaineg)~__Th~~JlrQQID~'as _

then treated with steam. The stearn was able to restore the remaining capacity of the carbon

(100% virgin capacity). The phenomenon is interpreted as being the removal of residual

inorganic matter (taken as N~SO.J which dissolved into the aqueous DBS during

readsorption and that any cabonaceous residual had the same adsorption capacity of the

activated carbon. This study indicates that steam is an effective regenerant in combination

with thermal heating. It should be possible to extrapolate these results to mean that the use

of steam alone would have similar regeneration results.

51



2.2.2 Biological

Biological regeneration of GAC is a method which requires some description and

terminology definition. There are at least two different situations which can be described as

biological GAC regeneration. The first situation should be called "ex-situ bioregeneration"

and is that which is being investigated by UH researchers in which chemical desorption of

target compounds is followed by biological degradation of the desorption fluids (Ewald and

maintained in reactors outside and separate from the GAC contactors. This also means that

ex-situ bioregeneration must be performed on off-line GAC contactor columns. The

second situation should be called "in-situ bioregeneration" and is the process which is most

"commonly" described in the literature in which a permanent biological culture grows and

is maintained on the GAC surface and within the GAC pores inside the contactor. This

means that in-situ bioregeneration can be performed within on-line GAC contactor

columns. Facilities for either type of bioregeneration could potentially be constructed to be

mobile (trailer-mounted) and used on-site at the well-head treating spent GAC within the

existing GAC columns (either on-line or off-line).

The ex-situGAC bioregeneration process was described above (see Section 2.1.5.5)

and has not been extensively described in the literature. Figure 4 (very similar to Figures 1

and 2) shows two scenarios; one which has a closed loop (cell separation + solvent recycle

option) and one which has an open loop (disposal option). This process was conceived

specifically for treatment of contaminated drinking water. Only limited work has

apparently been conducted on biological regeneration of GAC used to treat drinking water.

The principal investigator has conducted previous research with a biological regeneration

treatment system very similar to the one proposed here for treatment of hexahydro-I,3 ,5

trinitro-I ,3,5-triazine (RDX) contaminated groundwater (Hesselman;et.al., 1992). The

____________ treatment§)'stem involved solJltion onto GAC followed by off-line biological regenerati()!1 _

of spent GAC. The RDX (an explosive) was desorbed from spent GAC by several

alternative methods including acid washing, caustic washing, solvent washing, or steam

washing. The most cost effective method involved using a solvent which also served as

the carbon and energy source for the biological degradation step. Because the use of

NaOH for base hydrolysis (destruction) of the RDX with concurrent desorption was found

to be highly effective during the course of experimentation, research into the complete loop

of bioregeneration (cell separation followed by solvent recycle) was not accomplished.
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Figure 4- Concept schematic for ex-situ bioregeneration showing open- and
closed-loop options

The in-situ GAC bioregeneration process has been investigated for many years in the

----.------ context oIcombining biologIcal treatment of wastewater and carbon adsorption. Many - -

investigators have elucidated the benefits of utilizing GAC or PAC within biological

reactors treating synthetic organic chemicals (SOCS) for treatment of industrial and

toxiclhazardous wastewaters (Kim, et. al., 1986; Schultz and Keinath, 1984; Holst, et. al.,

1991; Zhang, et.al., 1991; Nakhla and Suidan, 1995; Kupferle, et.al., 1995; Sison, et. al.,

1996). These investigators have found that the GAC acts as a buffer against biotoxicity

(due to high liquid-phase concentrations) by adsorbing the SOCSfrom the liquid waste.

The sacs then desorb at rates based upon the uptake rate of thebiological slime layer that
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develops on the surface of the GAC. The biofilm bacteria then degrade the desorbed

compounds and thereby facilitate additional desorption (a driving force). These combined

systems are well suited to treatment of wastewater streams but are probably not suitable for

drinking waters because any microorganisms and nutrients introduced to the drinking water

as required to affect treatment would subsequently have to be removed. Other investigators

have looked into off-line bioregeneration (also in the context of wastewater) to eliminate

some of the perceived disadvantages of the combined biological adsorbers (Goeddertz, et.

al., 1988; Wallis and Bolton, 1982). However, the off-line bioregeneration scheme

proposed by Goeddertz et. al. as well as Wallis and Bolton also involves introduction of a

biological culture directly into the GAC column and is therefore also generally not suitable

for drinking water applications. Because of these limitations, only two of these papers are

reviewed next.

Hutchinson and Robinson (1990a, 1990b) investigated bioregeneration of GAC loaded

with phenol and p-cresol. Their experiments were bench-scale, using a 20-liter bubble

column as the bioreactor during regeneration and varying carbon particle-sizes and masses

were used in a 5.08 em by 2 in. ill Pyrex glass column. It was found that there was a

large deterioration of GAC performance capacity after each bioregeneration cycle (six

cycles total) . It was also observed that an accumulation of biomass (bacterial fouling)

occurred in the bioregenerated GAC column, thus providing additional resistance to mass

transfer. This was evidenced by unacceptable deterioration in breakthrough performance.

The authors believe that complete regeneration of the carbon is not possible due to the

significant quantities of phenol and p-cresol that remain adsorbed. It was found that

desorption rates are limited since there was residual phenol present during the regeneration

cycles.

Abu-Salah et al. (1996) studied the microbial degradation of aromatic and polyaromatic

compounds (phenol, p-nitrophenol and phenanthrene) adsorbed onto powdered activated

carbon (pAC). The experiments were bench-scale batch studies that utilized 5 gil of PAC

per flask. It is believed that after the compound is sorbed by the PAC, it is then desorbed

at a lower concentration (which is not toxic to bacteria), undergoes diffusion, and then is

degraded by the bacteria. In this way, the PAC works as a modulator, protecting the

bacteria from exposure to toxic concentrations of the compound. The experiments show

that the degradation of phenol at concentrations of 300 to 1100 mgIL was quite rapid and at

about the same rate, regardless of concentration. The same was found for p-nitrophenol

(50-500 mgIL initial concentrations) and for phenanthrene (50-300 mg/L initial
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concentrations). Further experimentation on the performance of regenerated PACwas not

carried out. The calculation of a regeneration efficiency wouldbe irrelevant sinceconstant

regeneration by biodegradation of the contaminant occurs and is the desirable objective.

The report just points out that biodegradation is a viable option for the destruction of

aromatic and polyaromatic compounds. This may be useful when determining a method

for the destruction of DBCP, EDB and TCP after desorptionfrom GAC.

2.2.3 Photochemical

Liu et al. (1996) used photocatalytic oxidation in order to desorb trichloroethylene

(TCE) and p-dichlorobenzene (p-DCB)from spent carbon. The GAC was first

impregnated with platinized Ti02 photocatalyst. The impregnated carbonwas then loaded

with eachchemical and regenerated usingUV radiation. It was found that therewas a 30%

loss in adsorption capacityof TCE following 4 regeneration cycles for F-400carbon and

40% loss in adsorptioncapacity of TCE following 1 regeneration cycle for Ambersorb 563

carbon. A loss of adsorption capacity for p-DCB of greater than 50% was found after 3

regeneration cycles for the F-400carbon and an adsorption capacity loss of 15% was found

after 3 regeneration cycles for the Ambersorb 563 carbon. It was also found that nearly all

of the desorbed TCE and p-DCB was dechlorinated during the regeneration process for

both carbons. The authors concluded that no stableworkingcapacitycould be obtained

within theirparameters for the stronglyadsorbing compoundp-DCB for the F-400carbon

and the stableworking capacity for the Ambersorb 563 carbon is 20% of virgin capacity.

The authors also determined that the photocatalyst has no effecton the adsorption capacity

of the carbon and that the impregnated photocatalyst retains its activity for up to 4

regeneration cycles. Also, increased temperatures were much moreeffective in increasing

the rateof regeneration than increased UV light intensity.

2.2.4 Electrochemical

Narbaitz.ee.Cen(l994) investigated-the electrochemical-regeneration of GAG-loaded

with phenol. Several bench-scale batchexperiments were performed, varying theamount

of carbonused, the locationof the spent GAC, the current through the system, the

regeneration times, and the electrolyte concentrations. It was found that higher

regeneration efficiencies (approximately 85%) wereobtainedwhenthe spentGAC was

placedat the cathode,but therewas still residual phenol. When the spentGAC wasplaced

at the anode, regeneration efficiencies wereslightly lower (approximately 80%), but there

was nodetectable phenol residual. Increasing the current through the systemresulted in
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improved efficiencies, but in order to destroy all phenol desorbed, the current had .to be

significantly higher than the lowest current needed to obtain maximum regeneration
,

efficiency (93%). Longer regeneration times increased the destruction of phenol, though it

may not be feasible due to the energy required to do so. This suggests that there exists a

mass transfer limitation in the transport of phenol from the cathode to the anode, where

oxidation takes place. A I% sodium chloride (NaCl) solution was found to be the most

effective electrolyte (as compared to NaHC03, N~S04' and CH3COONa). The authors

varied the concentration of the NaCI solution and found that a 1% solution produced the

highest efficiencies. The authors also investigated subsequent regeneration cycles and

found that after the first cycle, the carbon was at 88% of its virgin capacity for the

adsorption of phenol. Each regeneration cycle thereafter exhibited about a 2% decrease in

capacity. Fouling of the anode due to oxidation of the phenol should affect the useful life,

but this was not discussed in the paper. It was also noted that the preliminary cost

estimates performed by the authors show that the energy requirements of electrothermal

regeneration w7re comparable to thermal regeneration. However, since electrothermal

regeneration produces negligible losses of GAC, it may be slightly less expensive than the

thermal regeneration method.

2.2.5 Assessment of Other On-Site Methods

Each of the "other" on-site regeneration methods are briefly assessed in this section.

As mentioned above, all of these processes are emerging technologies that have not been

tested at full-scale.

The use of heated and pressurized water/stearn seems to be a promising method of

regeneration. However, the heat and pressure requirements may make this method

unattractive. Theoretically, the byproducts of regeneration employing steam. or water are

carbon dioxide and water, which are innocuous to the environment. However, these

-----------byproducts are-the result-of-reactions-between oxygen-and-several-intermediate products:--If-- ---

less-than-complete oxidation occurs, the byproducts may include unknown and potentially

toxic compounds. In the reports reviewed, the process required removal of GAC from its

contaetor column, using water as a transport medium. The pressures and temperatures

employed would necessitate construction of special reaction vessels similar to that required

for SCF regeneration. These vessels may require building permits (special permits and

inspections are required for high-pressure boilers), air permits, and probably specially-

trained operators due to the pressures and temperatures involved. The construction of such
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a structure may be at a central location to all wells involved, prompting the employment of

dump trucks to haul the spent GAC from each site to the facility. Such a construction

project will also prompt public hearings and an environmental assessment. Alternatively, a

trailer-mounted system may be possible which would then service each well site as needed.

The system would look similar to that shown for SCF CO2 in figure 3. Testing would still

need to be conducted to determine the correct temperature, pressure, loading, and capacity

recovery of the specific spent GAC in Hawaii. Byproducts of oxidation would also need to

be determined, as there will likely be incomplete oxidation of the organic compounds

absorbed by the GAC. The byproducts, if any other than carbon dioxide and water, would

likely need to be biodegraded prior to disposal. Mostly low regeneration efficiencies were

observed for this method, which will therefore not be considered further.

Biological regeneration of spent GAC is another interesting technology. As mentioned

above, the in-situ variation is probably not feasible for a drinking water treatment operation

because of the presence of a bacterial culture in the GAC column. The presence of a viable

microbial culture capable of degrading the adsorbed pesticides would likely result in some

degree of sloughing of microbes which would enter the distribution system, since the BWS

does not disinfect water prior to delivery. This means that this method is not compatible

with current BWS operations. In order in incorporate in-situ bioregeneration, new

additional treatment processes such as filtration and disinfection would likely be required in

order to allay any health effects concerns. This would add to the cost substantially and

precludes further evaluation. The use of ex-situ bioregeneration is a different story. This

is the system described above in Section 2.1.5.5. As described in Sections 2.1.5 .5 

2.1.5 .8, this method (with or without solvent recycle) seems to be compatible with current

operations, feasible, environmentally friendly, and potentially cost effective.

Photochemical oxidation is a method that does not seem promising due to the relatively

large adsorption capacity loss and the initial process of impregnating the carbon prior to use
I

~-----------with-photocatalyst.- -In- the-only-paper-found-on-the topic -no stable -working capacity-could---- - - - ----- - -

be determined from the bench-scale testing . The costs of this method would be high due to

the need to use a non-standard GAC (impregnated with titanium) and to purchase, operate

and maintain the UV devices that would be required Electrochemical regeneration was

found to be relatively effective in the regeneration ofGAC at bench-scale. However, due

to large energy requirements (comparable to that of thermal regeneration), it will likely not

be feasible due to high operating costs (electricity). Also, the existence of literature about

this topic is limited indicating that it is still currently in an early stage of development.
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The general assessmentof the alternative on-site GAC regeneration methods discussed

in this section is that none currently warrant further investigation (except ex-situ

bioregeneration which is discussed in detail inSections 2.1.5.5 - 2.1.5.8). Therefore,

assessments of efficiency, cost, degree of development, practicality/ease of use,

environmental issues, regulatory issues/permits,public acceptability, and compatibility

with BWS operations and facilities are not made here.

3.0 Review of Orr-Site Regeneration Method Technologies

3. 1 Thermal Regeneration

3.1.1 General Considerations

As mentioned in the introduction (Section 1.4), thermal regeneration is the most

common GAC regeneration technique in the USA. Thermal regeneration generally includes,

two steps: pyrolysis and oxidation. hi pyrolysis, water within the spent carbon is

vaporized (as are volatile organic compounds) and nonvolatileorganic compounds that can

contain aromatic and unsaturated aliphatic compoundsare charred. Oxidation occurs in an

environmentof steam or CO2, most commonly in either a infra-red furnace, a multiple

hearth furnace, or a rotary-kiln furnace. The heat in the furnace volatilizes any remaining

compounds within the carbon pores. The pores, however, are slightly widened during the

procedure, thus leading to mass loss (typically 2-10%). This loss is most often replaced by

virgin GAC upon replacementof the carbon into the filtration columns. The hot off-gases

generated in the furnace are usually destroyed in an afterburnerwhich is followed by

various air pollution control devices (APCDs) includingscrubbers and baghouses or

electrostaticprecipitators (EPA, 1980).

Knappe, et al, (1992) found mat internally-loadedcalcium (Ca) acted as a combustion

catalyst-by increasing the amount of reactive sites on GAC. This resulted in large mass

- - ---- ----losses, reduction-of-micropore-volume-and surface area,-and-an-increase-in-macropore-- - - ---- ------- 

volume. The presence of Ca also increased the rate of mass loss by steam and CO2 in the

pyrolysis stages. This study illustrates the negativeeffect of adsorbed calcium on thermal

regeneration. An investigationof the amount of calcium adsorbed during operation of the

BWS contactors would be warranted if thermal regeneration is pursued further.

Cannon,et al. (1993) conducted research and found calcium to be the most catalytic of

naturally-occurring metals in groundwater. The occurrenceof this metal in the pores of

58



GAC poses a problem during regeneration. Uncontrolled catalytic reactions can lead to

higher GAC losses. In attempts to control catalytic reactions by calcium in GAC

regeneration, they tried acid-washing the spent GAC prior to regeneration. Their results

showed that acid-washed GAC contained 7-9% greater surface area, micropore volume,

and mesopore volume than the same GAC not acid-washed prior to thermal regeneration.

These findings, however, were outweighed by the longer regeneration times, higher

consumption of steam and CO2, higher capital expenses, stricter safety precautions, and

acid waste streams that would have to be disposed of properly. In both regeneration

methods, pyrolysis produced similar pore distributions on GAC; however, during

oxidation, acid-washed GAC showed an increase in micropores whereas non-washed GAC

showed an increase in macropores. Cannon, et al., interpreted this result as an indication

that steam and CO2 targeted different carbon sites during the oxidation stage. This study

further indicates the importance of adsorbed calcium and suggests that acid-washing is an

effective remedy.

Pilard, et al. (1996) also realized the effect of calcium as a highly-eatalytic element and

focused their research on the effect of naturally-occurring minerals and heavy metals such

as iron, manganese, copper, aluminum, calcium, chromium, nickel and lead on thermal

regeneration. They varied their regeneration methods by acid-washing spent GAC prior to

heating, acid-washing post-heated GAC, and heated GAC without acid-washing. Based

on their experiments, they recommended that GAC be acid-washed prior to heating in order

to lessen the catalytic reactions of adsorbed minerals on GAC during thermal regeneration.

This is yet another study which indicates the benefits of acid washing for thermal

regeneration.

Chihara et al. (1982) used sucrose-loaded PAC in bench-scale experiments involving 5

cycles of adsorption and regeneration. Toe 17.8-em apparatus held 0.2 g of PAC and each

cycle consisted of the loading of sucrose, drying at 285°P for 15 hours, then thermal

----- - -- - - - -- ---- regeneration at -l-,6 1O~F.- -Fourreactioh-tubes-were usedreachwith 'differentfurnacervrvvv": 

residence times. The procedure of thermal regeneration progressed as follows (after

drying):

1. Passage of 99.99% pure helium for 10 minutes to remove air;

2'. Lowering of the reaction tube into the furnace, helium flow for 10 minutes;

3. Heating of PAC at 1,61O°F;

4. Gasification of PAC in reaction tubes by helium-steam mixture at 0, 180, 360 and

600 seconds (tubes 1 through 4, respectively).
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Chihara et at. found in an earlier study that byusing this heating scheme (steps 1-3),

the sucrose decomposed to form a non-volatile residue of adsorbed carbon. This

significantly decreased AC adsorption capacity. The use of the helium-steam mixture

decreased the amount of the residual carbon; however, longer reaction times were also

found to decrease adsorption capacity due to loss of base activated carbon. The optimum

steam-reaction time for maximum capacity recovery was found to be 180 seconds,

recovering about 98.5% of initial capacity. In subsequent cycles, it was found that capacity

recovered dropped approximately 8% with each regeneration cycle (no exposure to steam).

However, a steam reaction time of 180 seconds produced the highest recovery of virgin

surface area (95%) after 5 cycles of regeneration compared to other reaction times of 0

seconds (88%), 360 seconds (90%), and 600 seconds (about 75%). This study indicates

that the use of steam during the oxidation stage of thermal regeneration is beneficial and that

the reaction time must be optimized during bench- and pilot-scale tests.

Sebastiani et al. (1994) conducted experiments to improve the thermal regeneration of

GAC used in an advanced sewage treatment process. Their bench-scale experiments

utilized 109 GAC and regeneration times varied from 5 through 25 minutes in a fluidized

bed furnace (approximately 5OD·C). They found that an acid-prewash (0.1 M HCl)

produced lower mass and volume losses (compared to un-washed) without sacrificing

adsorption capacity. The researchers also found that acid-washing helped increase the

micropore volume and surface area of the regenerated GAC. However, the increase in

micropore volume did not manifest as improved adsorption of DOC from the nitrified,

secondary effluent treated. Despite this finding, the benefits of acid-washing can be

applied to other applications wherein DOC or other naturally-occurring organic substances

are not present in high concentrations, such as groundwater purification. This is yet

another study which indicates the benefits of acid washing for thermal regeneration. Their

finding that adsorption capacity for DOC did not increase due to acid washing is relevant

~- -- -- - - - -- - - - -- - -- -- -- and-good news for the-BWS-case~ -This-means-that -acid~washing -priorto-thenn-al --- - -- -- -- --- - --- -

regeneration would not cause increased uptake of NOM which competes for active sites on

the GAC (no loss of capacity for EDB, DBCP, arid TCP).

Waer, et al. (1992) regenerated 12 x 16 mesh GAC loaded with methylene blue dye

(MB), a surrogate for NOM in bench-scale experiments. Three different regeneration

temperatures (650, 750, and 850·C) for 15- and 3D-minute periods were used along with

45- and 5-minute regeneration times at 750 and 850·C, respectively. Samples were
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analyzed for mass loss, volume loss, iodine number, p-nitrophenol capacity, and pore

volume distribution. Time and temperature did not affect volume losses; instead, volume

losses were caused by submicron particles that broke off the particle exterior, rather than

oxidation. Iodine numbers and p-nitrophenol capacity of regenerated GAC were similar to

those of virgin GAC, in cases of apparent density lower than virgin apparent density.

Micropore volume of the regenerated GAC remained consistent with virgin GAC. Volume

losses at 750·C were 1.58% at a IS-min regeneration time and 2.22% at 30 minutes of

regeneration. At 850·C, regeneration times of 5, 10 and 15 minutes lost approximately

2.15%, 2.17%, and 2.22% of virgin capacity, respectively. Because this experiment

utilized only one cycle of loading and regeneration, Waer, et al. recommended that future

studies be conducted using multiple regenerations. It was also observed that there is a

problem with using apparent density of GAC as a regeneration efficiency monitoring aid

because char left in micropores might lead to similar values in virgin and regenerated GAC

apparent densities. However, with char remaining in the micropores, adsorption of smaller

molecules is hindered and adsorption capacity is actually reduced. This study found that

850·C and IS-minutes regeneration-time were the best combination (highest capacity

recovery-l00%), and that shorter times and lower temperatures resulted in capacity losses.

They also found that longer regeneration-times caused increased capacity for large

molecules and the same or less capacity for smaller sorbates. This means that longer times

would be detrimental for BWS since they might cause an increase in adsorption capacity for

NOM and would not improve capacity for EDB, DBCP, and TCP.

Waer, et al. (1994), in a continuation of their 1992 study, researched the effects of

oxidants on the regeneration of GAC in bench-scale studies . The oxidants chosen were

steam and carbon dioxide. Results of these tests showed that carbon dioxide had little

effect on the rate of regeneration. Steam, however, influenced the regeneration rate; the

regeneration rate increased with an increased steam flow rate per unit mass of GAC.

Results showed an average of 2.5% loss of virgin capacity during pyrolysis and oxidation
- - - -_ ._ - - --~-- - _._- ----------_.__._ ------_._---- -------- ----~----- -----~----------- --- - - -----

using C02 and steam. The results indicated that using steam in the oxidation stage of

thermal regeneration causes a smaller adsorptive capacity loss versus using carbon dioxide

as the oxidant.

Mocho and LeCloirec (1996) investigated induction heating for thermal regeneration.

The stated advantages of using induction heating are high energy density, lower energy

consumption and good environmental conditions. The authors used wet spent GAC

employed in wastewater treatment which was then placed into a heating apparatus and the
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cyclic regeneration process was done in a nitrogen atmosphere of varying convection flow.

The electrical power and frequency remainedconstant at 2.4 kW and 263 kHz. Nitrogen

flow was zero during the first two cycles, and increased to 3.44 x 10-3 and 5.89 x 10-3 m3/s

for the third and fourth cycles, respectively. The authors found that 263 kHz was the best

frequency in that it provided a homogeneous heating of GAC. Desorptionefficiencies were

calculated by comparing the breakthrough curves betweencycles; however, thesecurves

were not presented in the paper. This paper is only useful to point out the possibility of

induction heating.

Armenter and Canto (1996) describe how the city of Barcelona (Spain) utilizes an on

site regeneration facility at the Sant Joan Despi TreatmentPlantfor its GAC, whichhas

been used since 1978 to treat water from the Llobregat Riverfor consumption. The

installation of GAC beds replacedrapid-sand filter beds due to the increasing deterioration

of river water quality. In order to efficiently replace spentcarbon, an on-site regeneration

facility was built to accommodate the 8-monthexhaustion period. The GAC is regenerated

in a 6-hearth furnace with a capacityof 8,000'kg/day. The average GAC lossesduring

regeneration over a 15-yearperiod were 8.2%. This particular thermal regeneration facility

also employs steam to oxidize organicmatter within the carbon. Unfortunately, additional

information on things such as costs, regeneration specifics, permit information, and air

pollution control equipment at this facility were not presented in the paper. This paper is

only useful to illustrate the long-term use of full-scale thermal regeneration outsidethe

USA.

VanVliet and Venter (1984) investigated the use of infrared thermal regeneration of

GAC. This method utilizes infrared radiation as the heat source. Optimum regeneration

criteria would be minimal enlargement of meso- and macropores as well as minimal loss of

micropore capacity. Althoughthe authors did not indicate whatcompound was loadedon

the GAC, it was found that optimumconditionsoccurredat 800·C for 10minutes to 850·C
- -_ .._-_..--_._---~. _------ --- - --- -- - ------- ,._- ---- - _ ._ .------ - - - ------ _ ._------.__. .,,--- - ------- - --------- ---_._- -_._.__._' - '-- -. '-

for 5 minutes. Temperatures in excess of 850·C caused excessive meso- and macropore

enlargementand diminishedthe micropore capacity to unacceptable levels. Longer

regeneration times at lower temperatures resulted in lower losses, but would not be feasible

due to the high energy requirements. This paper indicates that temperatures in excess of

850·C may be unacceptable.

The development of a thermal regeneration facility requires a detailedexperimental

investigation. As pointed out by Waer, et aI. (1992), the regeneration configuration
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(furnace type,oxidation mechanism, reaction times, etc.) is highly dependent on the type of

GAC used-lignite, coal-based, wood-based, etc. The results of a bench-scale laboratory

study wouldalso not be consistent with actual full-scaleequipment used in the field.

- Bench-scale studies reveal only time and temperature trends, while characteristics of larger

pilot- or full-scale models representactual conditions more accurately. There are several

large companies which design and/or manufacture thermal regeneration facilities (Shirco,

Marquess & Nell) which are capable of testingGAC samples and then designing the most

appropriate facility.

In summary, there are several importantpoints/facts that standout from the literature

search as follows: 1) thermal regeneration is a highly-developed, state-of-the-art technology

involvingdrying, pyrolysis, and oxidation; 2) high regeneration efficiencies (> 95%)are

routinely observedat full-scale operating facilities; 3) carbonattrition rates (losses) of 2

10% are common; 4) adsorbedcalcium acts a combustion catalyst during regeneration

causing increasedloss of micropore volume, loss of surfacearea, and increase of

macropore volume; 5) acid washingGAC before regeneration reduces catalytic reactions of

calcium and other adsorbed ions; 6) the use of steam during the oxidationstep causes a

smalleradsorptive capacity loss compared to carbon dioxide; 7) when using induction

heating, a frequency of 263 kHz may be optimal;-8) to properly designa full-scale thermal

regeneration facility, bench-scale followedby pilot-scale tests are required, and if possible~

full-scale tests are useful for design optimization.

3. 1.2 Local Thermal Facility

Construction of a local thermal regeneration facility on Oahu wouldeliminate the need

for GAC shipment to the mainlandfor regeneration. The local facility would be available

throughout the year for regeneration purposes; however, in general, incinerators are not

easily turnedon and off. Usually, incinerators run continuously and therefore it is likely

--- - --- - ---- - - - that-such-a facility-would-be operatedcontinuously-fora -periodofa-fewmonths-ofthe--- -- -- - - --.--- 

year. The rest of the time, it would be shut down. This plan is highly dependenton the

rate of carbonexhaustion and requires that spent carbonfromall contactors be regenerated

at approximately the same time each year. This may not be compatible withcurrent BWS

operations and practices.

Adams, et al. (1986) reviewed a regional reactivation plantin Manchester, New

Hampshire that intermittently regenerated GAC. Withina period of continuous operation

(June 1980- March 1981), the New Hampshire plant spenta totalof $0.32 per poundof
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GAC reactivated on site (1997 dollars) or a total of $587,109 per year. This cost includes

makeup carbon, labor for reactivation, transportation, laboratory, and administration, parts

and service, fuel, electrical power, water, laboratory supplies, depreciation, and overhead.

The construction costs of their facility are summarized in Table 14. This facility can

process approximately 6 tons of carbon per day (operated 24-hrs per day) which is

approximately the same size as would be needed for BWS (such a facility would operate

for approximately 32 days per year to regenerate 190 tons of spent GAC). Therefore these

costs may be a good approximation. An additional, potentially high-cost item not included

in the estimate below would be a piece of property on which to construct the facility (0.5 to

1.0 acres). Purchase of land may not be required if property could be leased at an

appropriate location or BWS had some appropriate land available.

Table 14 • Construction costs for thermal regeneration facility in New Hampshire.

ITEM COST (1997 $)

Carbon Reactivation Building $ 329,816

Fluid-bed system (500 lb/hr capacity)* $ 783,359

Carbon transport system (4 filters)* $ 174,429

Analytical equipment $ 55,817

Analytical supplies (glassware, gases, reagents) $ 5378

Contractual services (arch. & engr. fees for building design) $ 37,502

Personnel Costs (no overhead) $ 32,415

Virgin GAC for test filter $ 71,952

Material testing services $ 10,320

TOTAL s 1,485,989

* includes installation and equipment costs

_ _______ _ .. ~ _ _ ~d~_'__~~~_'_~~()_E~~~~~~~~e_~()_!1~~lil)'_~.!1~f~~__()X regi~Il~Lre~!!~~ti~~comp _~~<!tQ. __-r-

replacement with virgin GAC and on-site reactivation when the reactivation facility was

shared with three other New England water companies. Table 15 summarizes those

findings.

Construction of a thermal regeneration/reactivation facility on Oahu would warrant

extensive study in order to design an appropriate facility. This facility would require

several permits for construction as well as for operation. According to the Environmental

Protection Agency (EPA), thermal regeneration emits air polluted with volatiles that were
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stripped from the carbon and carbon monoxide formed in incomplete combustion. The

operation of a single- or multi-hearth furnace would warrant the construction of burners or

scrubbers to treat the air prior to release into the atmosphere. Based on data presented in

EPA (1980) and Friedman (1998) , energy requirements would be approximately

20,000,000,000 Btu per hour (fuel) or 58,000 kW-hr of electrical energy per year. The

cost of constructing such a facility would be approximately $1,270,000 (1997 dollars).

Costs for operation and maintenance per year would be approximately $606,000. Graphs

provided by the EPA helped estimate the costs of such a facility. These costs are based

upon the amount of carbon to be regenerated per day (12,000 Ibs) and the "facility"

consists of storage bins for the GAC, piping, conveyor systems, the furnace, and the

APCDs.

Table 15 - Cost comparison for virgin carbon, regional and local thermal r egenera t ion

Regional Virgin Carbon On-site

Reactivation Regeneration

Utility $/Ib (1997) $/Ib (1997) $/Ib (1997)

Connecticut 0.96 1.46 2.02

Danvers,MA 0.55 0.92 2.02

Lowell,MA 0.65 1.46 1.12

Liang, et al. (1996) conducted research into the issues involved in the siting of a GAC

regeneration facility in Southern California. They considered such issues as process

criteria, air quality effects , management of spent GAC, space constraints, costs , and public

acceptance. Criteria considered for the GAC process included the GAC system, treatment

objectives, adsorption process design, and regeneration furnaces. The GAC system,

water treatment objectives and adsorption process designs already exist with the current
• r

-~-_._- _.- .----------..-.--. ----------BWS-facilities-aIid-caD1Je--iised-tci-aeteiTIiine .wnelliei-atlierriiiI regeneratl'on-prant"woukfbe---'--- -----------..
a feasible GAC regeneration alternative. A basic requirement of a local regeneration plant

would bethe mode of transportation of the GAC from the contactors to storage bins on the

plant premises. While it would require trucking of the GAC from the individual treatment

facilities to a "centralized" plant location, conveying GAC between its containers would

most likely be by slurry for practicality. Liang et al., considered the addition of storage

bins in their evaluation for spent GAC, which would allow for regeneration system
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downtime, and virgincarbon, which would be used to balance the attrition rate of 5-15%

that existsbetweenhandling and thermal regeneration

The empty bed contacttime (EBef) and the carbon usage rate (CUR) affect the size of

the regeneration facility and cost. The design EBCf relates to the amount of GAC in the

contactors and therefore to the size and capital cost of the GAC adsorption system. The

CUR has a direct effecton the operations and maintenance(O&M) costs of the adsorption

and regeneration processes. The design CUR also affects the capacity and capitalcost of

the GAC regeneration furnaces. For the existing BWS contactors, the known EBCf is 4

minutes, the calculated CUR is 0.32 Ib/l ,000 gal, and the calculated GAC feed rate into the

furnace would be 12,700 Ib/day based on a flow of 1 mgd per BWS contactor, a

regeneration frequency of 12months, and operationof the regeneration furnace for 30

days/yr.

The regeneration furnace loading rate (GAC feed rate per unit area of furnace) reflects

upon the type of adsorbates being desorbed from the GAC. In Liang et al., this loading

rate was 100 Ib/ft2-d, an effective loading rate for NOM desorption. In applyingthis value

to the GAC feed rateobtained above, the local regeneration furnace wouldhave a total

furnace area of approximately 127 square feet. For thermal regeneration, fuel consumption

comprisesof a significant portion of O&M costs. As stated in Liang, et al. (1996) multiple

hearth furnaces require between 2,500 and 5,000 Btu/lb of GAC. Using the lowestvalue

of this range, a local facility may require up to 950 million Btu to regenerate the contents of

19contactors (20,000 Ibs * 19contactors = 380,000 Ibs). 950 millionBtu is equivalent to

278,160 kW-hr which at $O.lO/kW-hr adds up to a total electrical cost of $27,820/yr.

As with all incineration facilities, APCDsto control furnace exhaustgases are required

in orderto complywiththe National AmbientAir Quality Standards (NAAQS) andthe

Clean Air Act (CAA). Examples of APCDs includescrubbers, cyclones, electrostatic
- - - ---- - --_.--_ . -- - - - - - -- ----- ----- - - - - ----- _._------ - - --- _._- - ----- - ----- _ .__ ..- --- -- - - - ---- - - - - --- --- - --- -- --- - --- -- - ---- - - - - - - - ----- - -------

precipitators, and fabric filters. These devicescan also be augmented with other equipment

such as hoods, ducts, fans and coolers (Cooper and Alley, 1994). The arrangement and

choiceof APCDsare dependent upon the amountand type of particulate matterandgases

that are emitted fromthe furnace. Liang, et al. (1996) providedequationsthat wereused in

their studyto estimate the amountof carbon monoxide(from incomplete combustion of

fuel), particulate matter-PMI0(diameter< 10mm, from GAC attrition) and hydrocarbon

(from volatilized adsorbate and NOM) emissions. Based on the GAC feed rate above, the
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carbon monoxide emissions would be 30.9Ib/day, the PM 10 emissions would be 13.2

Ib/day, and the hydrocarbon emissions would be 79.4lb/day.

3 . 2 Mainland Thermal Facility

Currently, the Board of Water Supply is experimenting with the removal, shipment,

and regeneration of its GAC with Northwestern Carbon (NWC), a supplier and GAC

regeneration-provider located in Red Bluff, California NWC is regulated by the Division

of Drinking Water and Environmental Management in th.e Department of Health Services,

State of California. NWC uses the division's Policy #94-005, "Use of Reactivated Carbon

for Drinking Water Treatment." In their regeneration process, NWC utilizes a 70-foot

rotary kiln operated at 16000P (max 1800°F) with a 45-minute detention time. This stage

bums off the contaminants within the carbon pores. After the heated carbon passes

through a heated stearn atmosphere, the carbon is then cooled on conveyer belts as it travels

to a sizing station. Here, the reactivated carbon is screened to remove fines. This method

of regeneration typically loses 8-12% by volume of GAC. After sizing, the carbon is

placed into 1,000 lb sacks prior to shipping. This process takes a minimum of three weeks

due to shipping schedules. The time frame includes emptying of the GAC column through

the arrival of regenerated GAC in the islands.

According to Northwestern Carbon (Thorndyke, 1998), the cost to BWS for

regeneration services (complete) is $1.00 per lb. This cost includes carbon removal, pick

up, shipping, and replacement. The only additional cost would be for replacement of the

small fraction of lost carbon. Table 16 gives an operational cost estimate for this method

(assuming 19 contactors regenerated per year and 10 tons GAC per contactor). This

estimated cost is significantly greater than the estimated current cost ($353,960 per year).

There is no capital cost associated with this method since no new additional facilities are

required. This is a major advantage/benefit of this method.

NWC regenerates GAC from other facilities as well; however, NWC assures that each

facility receives its original GAC and not anyone else's. The use of segregated storage

areas for each client is the method that NWC uses to assure that switching of GAC between

clients is reduced. The benefit of contracting out to NWC for regeneration is that all

unloading, regenerating, and handling is done by NWC. The BWS also does not need to

worry about the maintaining the proper permits directly related to.regeneration. There may

be other vendors who would provide the same service as NWC (i.e. Calgon Carbon),
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however, their servicecharge would not likely be significantly lower than NWC, so further

investigation is not warranted at this time.

Table 16 - Operational cost estimate for off-site thermal regeneration of GAC

Component Unit Cost ($) AnnualCost ($)

GAC unloading, regeneration, shipping, reloading 2,000 380,000

GAC make-up with virgin carbon at rate of 10% 1,600 30,400

GAC analytical testing 49 9,300

GAC disposal 0 0

Labor 0 0

TOTAL 419,700

3.3 Other Off-Site Methods

There may exist otheroff-site methods that were not found in this literature review. It

is very likely that suchprocesses are beingdeveloped. For example, a facility that

regenerates exhausted GACusing the aforementioned chemical methods may be in the

design/construction process.

3.4 Assessment of Off-Site Methods

3.4.1 Description of System/Compatibility with BWS

The reviewof off-sitemethods found two differentpotential thermal regeneration

schemes; construction of a thermal regeneration facility in Hawaii, and use of a mainland

thermalregeneration contractor. The local thermal facility would be a largefacility with

many components including a building to house the equipment, a regeneration furnace,

carbon conveyance equipment, analytical equipment and supplies, control systems and

other items. This wouldbe a large construction project and wouldrequirefinding a proper
--- - -- ---- - -- ----slte-and-elilier-leasing or-purcllasillgtheproperty(perl1ai)sm-campbeHIiidustn-afPark) :- - -- --- -

The use of a newlocalthermal facility would require the sameprocedures used currently

for removal and dewatering of spent carbon as a slurry and transportof the GAC to the

new thermalfacility.

The mainland thermal regeneration contractor option wouldnot require construction of

any local facilities. The regeneration system wouldbe locatedon the mainland. The

regeneration process would be entirely orchestrated and carriedout by the contractor. The
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contractor would remove spent GAC from the contactors, dewater the GAC and package it

for shipment, deliver the GAC to the shipper for transport to the mainland, transport the

GAC to their mainland facility, regenerate the spent carbon in a clean furnace without

mixing it up or contaminating it with other spent GAC, ship the regenerated GAC back to

Hawaii, arrange for transport from the docks to the GAC contaetors, and reload the

contactors with regenerated GAC.

Either a local off-site thermal regeneration system or the use of a mainland regeneration

contractor would be highly compatible with the current BWS facilities (because no new

wellhead facilities are required) and BWS operations. The only area of current operations

that would be impacted is a one-time impact on the gradation of the GAC. Based upon the

findings ofNWC, the current gradation (12 X 40 mesh) is too small for effective

regeneration and a better gradation would be 8 X 30 mesh. This would necessitate a one

time complete change-out of the existing GAC with carbon conforming to the better mesh

range. In addition, due to shipping constraints, it would take at least three weeks turn

around time for NWC, and BWS may not be comfortable having two or more columns

siting idle and empty (in case of some emergency, there would be no back-up) for that

period. If this is the case, BWS may want to purchase extra carbon to refill the contactor

columns with either regenerated or virgin GAC which the spent GAC is being regenerated.

Other than this, these alternative methods would not have any impacts on current

operations. The current operation would have an impact on the design and operation of a

new local thermal facility. As stated above, incinerators are usually operated continuously.

It would not be practical, for example, to just operate an incinerator for one shift (8 hr/day),

rather it should be operated 24 hr/day . It is conceivable that the incinerator could be started

up twice per year and operate for about 20 days each time rather than only once per year for

about 32 days (the rest of the time it would be idle). This may be more compatible with

current BWS operations. It should be noted that operational costs, maintenance costs, and

repair costs will no doubt be significantly greater (perhaps double or more) for an
-~_.. _-_._- - - - - - --- -- ----- --- - ---~- ------'--- - -- ------_._- -- ---~--------_._--~- -- -- ---- ,------------------------_._~_._----_ .-

occasionally-operated incinerator than for a conventional continuously-operated incinerator.

3.4.2 Degree or DevelopmenUPracticalitylEase or Use

Thermal regeneration is the most highly developed and industry-accepted method for

regeneration of spent GAC. In terms of practicality. the use of a mainland regeneration

contractor who also handles pick-up, delivery, and reloading of the GAC is about the

easiest to use and most practical method which could possibly be conceived. In this

scenario, all operations issues, regulatory permits, employee issues, etc. are taken care of
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externally by the contractor. This high degree of simplicity cannot come without a cost,

however, since the contractor has cover all of these costs and also make a profit. Costs are

compared further below. The construction of a local thermal regeneration facility may not

be practical in economic terms if capital project funds are not available. In addition, a new

regeneration facility would require highly trained operators and would not be "easy" to use

because of the many high temperature devices/equipment required and the many

sophisticated monitoring and control systems that would also be required. A thermal

regeneration facility would have large maintenance requirements and analytical testing

requirements. However, these issues may be mute compared to the practicality of finding

an appropriate location which could be approved by state regulators and the general public.

The public is generally quite skeptical of the safety of incinerators and because public

hearings would be required for one or more of the permits that would be necessary, it may

be impossible to site a new incinerator anywhere in Hawaii.

3.4.3 EnvironmentaVRegulatory PermitslPubIic Acceptability

Environmental issues: There are not many major environmental issues associated with

the use of a mainland GAC regeneration contractor since the GAC would be exported from

Hawaii and any environmental concerns would be manifested at least 2,500 miles away

from Honolulu. This is an obvious advantage of this method. This could be looked at

(negatively) as exporting a Hawaii problem to impact citizens of another state who don't

have any say in the matter. However, it could also be said that the mainland incinerator is

currently being operated and will continue to operate anyway to process GAC from other

locations, even if GAC from Hawaii is not sent there.

J

The only major environmental issue associated with this method is that of the purity of

GAC as related to segregation of GAC at the mainland regeneration facility. There are

several potential issues/questions that are related to this issue. It seems obvious that the

BWS would like the mainland contractor to regenerate its own GAC and not mix it with

--- ---- - - --~-- -- - - -any other GAG of-unknown origin, since -the mainland facility would-no doubt- regenerate-------- - - 

spent carbon from multiple other uses (contaminated with all sorts of nasty things) without

discrimination. There is good reason to insist that BWS does not receive any regenerated

carbon from any other previous use because regeneration is almost always less than 100%

efficient and residual (irreversibly adsorbed) compounds or elements may later be leached

from the GAC into the water supply when the GAC is returned to service. This is not a

concern in the case of BWS's own spent GAC since all such compounds would be

naturally present in the Oahu water supply and by default must therefore be acceptable,
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however, "foreign"compounds and elements from someone else's GAC could degrade the

water supply. Intuitively, it seems that routine practices of GAC segregation at the

regeneration facility and adequate clean-out of the regenerationfurnace could not practically

prevent a small amount of contamination with "foreign" GAC (from equipment usedduring

transfer and loadingoperations, and especially within the furnace). Costly and impractical

practicescould be developed to completelyeliminate any chance of cross-contarnination.

However, routine good housekeeping practices should be sufficient to prevent significant

contamination. What, exactly is considered sufficient would be up to BWS and should be

included in any contractual agreement with a mainland contractor(even if site inspections or

other verification would be somewhat impractical).

The environmental issues that should be considered for GAC regeneration at a local

thermal facility are the same as those considered in any environmental impact studywhich

includes potential impacts on air, water, soil, flora and fauna, human health, as well as

socio-economic issues. An environmental impact study would definitely be required for a

new thermal GAC regeneration facility. Environmental issues are also related to public

acceptability (also discussedseparately below). In general, it should be completely

possible to design a new thermal regeneration facility such that little, if any, adverse

environmental impacts would occUr. Even though, technologically, this is the case,

incinerators are a tough sell to the public (discussed below) who will fear odors, unknown

"toxicemissions," etc. All incineratorsemit carbon dioxide and carbon monoxide, which

are greenhouse gases as well as oxides of nitrogen which are feedstock for smog. In

addition, a small amount of incompletely combusted pesticidesor degradation products

could be emitted, especially during inevitable incinerator failureand start-up/shut-down

modes. Incinerators alsoemit fine particulatematter. A new thermal regeneration facility

would also emit noiseon a 24-hr/day basis when in service, which depending upon

location, may be an importantenvironmental issue. Emissions for incinerators arehighly

regulated(see below)and techniquesexist to properly design air pollution control
--- ~---- - -- - --- --- e quipIfienrt6 aeal-withttieseemis-sions ana-effluenf staeICS foallowproperdilutioii oC-- ----- ----- -, -

emittedgases such that impacts are minimal/acceptable. In terms of socio-economic

issues, a new thermal regeneration facility should provide short-termjob creationduring

construction of the facility and limited long-termjob creation for regeneration facility

operators. Public health issues are discussed below under public acceptability.

Regulatorypermits: No regulatory permits should be required for the use of a mainland

GAC regeneration contractorsince no new activities would be conducted in Hawaii.
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Several permits studies would be required for construction and operation of a new thermal

regeneration facility. It is entirely conceivable that it would not be possible to obtain one or

more of these permits due to political pressure generated by public concerns. This would

mean that the facility could not be constructed. Because an environmental impact study

would be required (State of Hawaii, implementation of 40 CFR 1500-1508), it is likely that

voluminous input would be submitted from public, private, institutional, environmental,

and governmental entities during the required comment period. The most difficult permit to

obtain would probably be the air permit (Department of Health, Clean Air Branch, HAR

11-60)because a public meeting/hearing would be required. Permits may be requiredfor

the storage of chemicals (fuel) for the furnace depending upon what quantities are to be

stored and where (Department of Health, Fire Marshal). Permits may be required if

wastewater is to be treated on-site (Department of Health, Wastewater Branch, HAR 11

62) and/or released to the sewer system (C&C Honolulu, Department of Wastewater

Management, ROH 14-1.9), however, no wastewater streams and therefore no releasesare

anticipated. Since new structures would have to be constructed for a local thermal

regeneration facility, building permits would be required (C&C Honolulu, Building

Department), however, this permit generally does not require a public hearing and is

relatively easy to obtain.

Public acceptability: The use of a mainlandGAC regeneration contractor would likely

be acceptable to the public, however, it is not clear that the BWS would be required or

would deem it necessary to inform the public that a contractor would be used to regenerate

their GAC. Conversely, a very important aspect of the construction of a thermal

regeneration facility would be public acceptance. Public acceptancemust be sought and

obtained in order to avoid situations whereinnegative public reactioncould terminatea

technically-feasible project. Liang, et al. (1996) offered the following suggestions to avoid

public resistance, or the "not-in-my-backyard"(NIMBY) attitude:

------- -- ~- - --- ------ --1;-Public participation early-in-theprojectplanningsta~e-s;---- -- ------ -------------- --------- -----

2. Rapid dissemination of potentiallycontroversial information;

3. Presentation of information in an easily comprehensible format;

4. Subjectivity in risk judgments;

5. Risk judgments based on factors other than the degree of hazard;

6. Communications involving broad-basedgroups;

7. Ongoing relationships with elected officials; and

8.Strong cooperation between technicaland public affairs staff.
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Based upon mainland experiences in numerous localities, it is anticipated that the public

would be very concerned about a new incinerator facility on Oahu and would not be easily

swayed as to the importance and/or necessity of such a facility. As stated above, it may

simply not be possible to obtain public acceptance for a new thermal regeneration facility in

Hawaii. If such acceptance is needed, an exhaustive effort including public education,

solicitation of input , public meetings, and political consensus building would be required.

.Such an effort would likely involve the use of consultants and would be time consuming

and costly.

3.4.4 Economics

The economics of off-site regeneration are interesting. The use of a mainland

regeneration contractor has no associated capital cost. As described above, the estimated

cost of a new local thermal regeneration facility is approximately $1,500,000 excluding

purchase of land if required using the estimates from Adams et. al. (1986). Using the

charts from EPA (1980) the estimated cost is pretty close ($1,270,000) . This could mean

that these are pretty reasonable costs.

The operational cost of these two methods were also discussed above. The estimated

annual operating costs for the mainland contractor are $419,700. This equates to $1.105

per lb. The annual operating cost associated with regeneration in a local facility intuitively

should be no more than this and perhaps slightly less. The work of Adams et. al (1986)

described above indicated that there is a large range in the cost of regional regeneration

operations ($0.32 - $0.96 per lb). They also found that on-site thermal regeneration was

even more expensive ($1.12 - $2.02 per lb). Using the EPA charts, the annual cost comes

out to be $606,000 ($1.59 per lb). It seems that intuition may not be correct. The

estimated cost for NWC was $1.1051lb, and their actual costs must be at least 10% lower to

account for some profit. This means that the NWS cost for regeneration (which is a _
-- - - ---------- .- - _.._- _._-- --- .- -_ .- -- ----- - -- - --- -- -_._ - ------------ ------------ --------- ---

regional facility) is probably about $0.99Ilb which is at the high end of the range from

Adams et. al. The EPA estimate for on-site regeneration falls in the middle of the range

reported by Adams et. al. which means that it may be a decent estimate. This all indicates

that the operational cost of local thermal regeneration facility could be significantly greater

(44%) than the regeneration contractor option. Table 17 summarizes the annual operating

costs associated with the two off-site regeneration methods investigated.
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Table 17 - Operational cost estimates for off-site regeneration of GAC

Method Unit Cost ($/lb) Annual Cost ($)

Mainland contractor 2,000 419,700

Local facility 1,600 606,000

4.0 Review of Local Disposal Methods

As desc ribed above, current BWS practice involves local disposal of spent GAC at the

Waimanalo Gulch landfill. Previously, when the Hawaiian Cement kiln was in operation,

BWS contracted with them for combustion of their spent GAC. There are several options

available for disposal of spent GAC locally including landfilling, incineration, and one or

more potential uses as a building material. These methods involve disposal, either with or

without destruction of the GAC in the process. If one of these methods are used, BWS

must continue to purchase virgin GAC for complete replacement at approximately 11

month intervals. The estimated volume of spent GAC for disposal annually can be

computed as 10 tons per contaetor multiplied by 19on-line contaetors, which equates to

190 tons per year. This is a relatively small amount compared to the total amount of solid

waste generated on Oahu' each day (about 2,500 tons) most of which is incinerated at H

POWER (2,100 tons per day). Each of the local disposal methods will be discussed and

then the total costs of these methods (disposal plus replacement) will be compared.

4 . 1 Landfills

Landfilling (disposal by burial at regulated, sanitary facilities) is the most common

method for disposal of municipal, commercial, industrial, military, and hazardous waste in

the USA. This has become problematic in areas where open land space is unavailable or

expensive. Previously, there have been numerous landfills around the island of Oah~

operated by the County of Honolulu (29), private owners (7), and the military (15)
- - - - _ .-------- - -_. --._-- ,... - - _ .__ ._--_....- - - _._- - ---._- - - - - --- - ---------- - - -_._- -- ----- ----_.__."-- - - - -_._. ._.._--- ---_._----- -- - --_._--_..._---- -- --~------- ----- - -------_.__. - - -

(anonymous, 1988). Most of these landfills are now closed and most of the municipal

solid waste is currently incinerated at the H-POWER facility (see below) which has been in

operation since 1989. There are still severallandftlls in operation. Currently, the county

operates the Waimanalo Gulch and Kapaa landfills. The military operates landfills at

Barbers Point Naval Air Station and Kaneohe Marine Base. There is also a privately

owned landfill in Nanakuli which accepts only construction debris.
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Projections indicate that City and County of Honolulu landfill space will be expended

by the year 2006 (Hawaii State Department of Health, 1991). However, state and federal

laws require that all counties provide adequate means for disposal of solid waste in

perpetuity. Functionally, this means that there will always be landfill space available.

However, tipping fees will almost certainly increase as available landfill 'space is exhausted

and new facilities must be sited, designed and constructed. The method is an inexpensive

one, when considering just disposal cost which includes the cost of labor to remove GAC

from the contactors, mobilization and the disposal fee. According to the City and County

of Honolulu Refuse Collection and Disposal Rate Schedule (June 20, 1997), landfill

disposal fees are currently $60/ton. The same document specifies that the rates will

increase to $65.75/ton effective 711/98, and again to $72.25/ton effective on 7/1199. All of

these rates are subject to a "6% recycling surcharge" and state excise tax. This makes the

before-tax effective rates $63.60, $69.70, and $76.60/ton for current, 1998, and 1999

fees, respectively. Currently, the BWS is paying $63.60/ton to dispose of spent GAC at

the Waimanalo Gulch Landfill. Environmental and other issues are discussed below in

Section 4.4. The expected closure dates and tipping fees for the two military landfills have

not been determined due to the adequacy of the county facilities.

4.2 Incineration

Another method for local disposal of GAC is incineration. GAC is essentially pure

carbon and as such is a high-value fuel similar to coal. The heating value of coal ranges

from 6,000 to 15,000 Btullb (3,300-8,300 callg) of dry weight (perry et. aI., 1984). A

test was conducted at.the University of Hawaii to determine the calorific value of the BWS

carbon. In the bomb calorimeter test, the heating value was determined to be 7,020 callg

on a dry weight basis (Carpenter, 1996). The carbon should combust to yield energy at a

temperature of 1,800 - 1,900 OF (perry et. al., 1984). The thermal stability of the three

pesticides has been previously estimated by Taylor et. aI. (1990). In their studies they used

_________ _____________ ___a_vapor..phase.incinerator.Iafterbumerjwitha 2-second retention -timeand-estimated:the-- --- -- - --------------

temperature for 99% destruction ofEDB, DBCP, and TCP to be between 1,040 and

1,150°F. Slightly higher 'temperatures would be required for 99.9% or 99.99% destruction

efficiency.

Nationwide, incineration of wastes is viewed, perhaps incorrectly, with much

skepticism, distrust, and often outright disgust. In other parts of the world (Europe and

Japan), incinerators are much more commonplace and viewed as an acceptable and
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necessary high-technology which is safe. There are several incinerators located on the

Island of Oahu including two owned by the City and County of Honolulu, the H-POWER

facility, and the Hawaiian Cement kiln. In addition, there is a soil thermal desorption

facility on Oahu which is similar to an incinerator. Each of these facilities will be discussed

next.

The Honolulu Resource Recovery Venture (HRRV, also called H-POWER), will

accept BWS's spent GAC for incineration. H-POWER combusts appro ximately 2,100

tons per day of garbage in two boilers which generate steam and then electricity to supply

about 5% of Oahu's energy requirements. In this way, combustion at H-POWER could be

considered a form of recycling. The H-POWER facility has two boilers which operate at a

temperature of 1,950 to 2,050 OF and hold the waste in the combustion area for 30-45

minutes. At this temperature, the GAC will be completely combusted essentially behaving

like a high-value fuel. H-POWER treats air emissions with a dry lime scrubber and an

electrostatic precipitator. Fly ash and bottom ash are combined (10% of waste volume) and

solidified into large concrete blocks which are disposed at the Waimanalo Gulch landfill.

There are several requirements and fees that would be involved for disposal at H-POWER.

The requirement regarding acceptable water content for waste acceptance is the same as that

for the landfill which is that the material must pass the "paint filter test." This is not a

problem, since current practice conforms to this same requirement. At H-POWER, initial

costs would include approximately $1,000 for testing of the GAC material in order to

satisfy the Ogden Material Characterization Form (Anzai, 1998). If the material is deemed

acceptable for incineration, the cost for incineration at the proposed site would be $560/ton,

with a minimum fee of $268 per delivery. This is a high cost considering that municipal

and commercial refuse is accepted for $63.60/ton and the heat content of the GAC is so

favorable. Annual retesting (material characterization) of the spent GAC would likely be

required. These costs do not include the cost of labor for removal of spent carbon and

transport to the facility.
---~-- ---- ---_.- --- - _.- --- ~- -- - ---- - - - - - - - -- -- -- -_._---- --- - - - - -- - -- -~_ . __ ._-_.__ ._._--- _._- ---- -------- ------ -- -- - - -- ----- - -------- - _ .._---- - - ._~

Pacific Thermal Services (PTS) has also expressed an interest in disposing of the

exhausted carbon. PTS is a thermal desorption facility located in Kapolei which treats

petroleum contaminated soil and consists of a 42-ft long rotary kiln in which soil is heated

to 1,100 - 1,650°F without direct combustion. The soil contaminants are desorbed from

the soil and the hot gases enter a gas handling system consisting of a thermal oxidizer

(afterburner) operated at 1,200 - 1,800 OF, a heat exchanger to reduce temperatures and

then abaghouse to filter-out particulates. The PTS facility has a capacity of 33-40 tons/hr.
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The facility is not currently permitted to combust any material other than petroleum

contaminated soil. However, they expressed interest in obtaining DOH permission for a

trial bum at no cost to BWS. PTS has indicated that if trials prove successful and their air

pollution permit (Department of Health) can be amended or modified, they would be

willing to treat the spent GAC for $65-75/ton (Stephen, 1997). Thermal desorption would

not result in destruction of the GAC, because the temperatures are not high enough to cause

combustion, however, the carbon could not be recovered because it would be mixed with

soil. Currently the sterilized soil is given away as back-fill construction material or for use

as landfill soil cover material. There was, until recently, another thermal desorption facility

also located in Kapolei called Hawaiian Remediation and Recyclingwhich apparently has

gone out of business. These costs do not include the cost of labor for removal of spent

carbon and transport to the facility.

Hawaiian Cement (HC) previously operated a large cement kiln in Kapolei for

manufactureof clinker (which is crushed to make portland cement) which was shut down

in 1996 (Shin, 1997). When this facility was still in operation, BWS's spent carbon was

incineratedby HC for $1OO/ton. This cost does not include the cost of labor for removal of

spent carbon and transport to the facility. Cement kilns are often used for hazardous liquid

waste incineration in the USA. In a cement kiln, the waste GAC is mixed with limestone

and other feed materials which then reach 2,700 OF while the gases reach temperatures of

3,000 'F. At these temperatures, the carbon and all adsorbed materials would be

completelycombusted.

There are also incinerators at the Sand Island and Honouliuliwastewater treatment

facilities that may be able to dispose of the GAC for the BWS. These are multiple-hearth

furnaces used for combustion of dewatered sewage sludge. The Sand Island facility has

two furnaces (9-hearths each, 16.5-ft diameter each) with a total wet solids loading capacity

of about 9,000 Iblhr. The Honouliuli facility has one furnace (6-hearths, 18.75-ft
- - - - - -- ---diametet ywith-a-total-wen olids-loading-capatityo f aoour5,900 1oIhr .-- TypicaIly:-multiple.=---------- - ---

hearth furnaces have three heating zones; drying (800 to 1,400°F), combustion (1,400 to

1,7OO°F), and cooling (200 to 400°F). Usually, these furnaces also have an afterburner for

exhaust gases (1,400 to 1,500°Ffor 1-2 seconds) (WEF, 1992). Currently, CCH is not

operating their incinerators at either Sand Island or Honouliuli and dewatered sludge is

trucked to the Waimanalo Gulch landfill. Normally, when the incinerators are in service,

the residualash is trucked to the Waimanalo Gulch landfill. It is quite possible that the City

will never again restart the incinerators which were initially shut-down over 12 months ago
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because their air emission permits expired and new air pollution monitoring equipment was

installed. The City has been pursuing alternative sludge disposal alternatives for several

years with the idea of eliminating incineration due to the very high cost of operating and

maintaining the incinerators. The alternative was to be a sludge composting facility in

Kapolei which was abandoned in 1997 due to NIMBY concerns of adjacent facilities. If

these incinerators are brought back into service, they would be a favorable alternative

disposal site since they have adequate capacity to handle the small amount of spent GAC

generated by BWS and internal city department negotiations might lead to an agreement that

would result in no charge to BWS for the incineration service. Preliminary discussions

with the Department of Wastewater Management (DWM) seem to indicate that the

Department is not outright opposed to taking on incineration of BWS's GAC (Sprague,

1998), but their existing air permits would not allow immediate use of their incinerators

(only combustion of sewage sludges is permitted). DWM also indicated that there would

have to be some charge for incineration services to defray incurred costs which could be

similar to existing landfill disposal fees ($63.60/ton). Obtaining amendments to their air

pollution permits would entail time and some expense. DWM would be open to additional

discussions to further explore the feasibility of this alternative.

4.3 Construction Material Additive

Another method for local disposal would be to use the spent GAC as a filler in asphalt

or portland cement paving. The use of GAC in roadway construction as a base or sub-base

material was considered, but it probably would not be accepted by the public unless it is

somehow stabilized to ensure no desorption of pesticides. Also, it may not be desirable

due to its relatively small size and its brittle nature (Brandes, 1998). However, its use in

asphalt or portland cement paving may be a viable option. Both types of concrete are

manuf~('tured by !JliYing together cement (either a,phalt cement or portland cement each

made in a separate process) and fine aggregate and coarse aggregate (Mindess and Young,

--- -- - --- -- ---- -1981).J n either case,.the-spent GAC could be used.to.replace aportionof-thefine- - ---- - 

aggregate (Newtson, 1998). In the case of asphalt concrete, the mixture is prepared at

temperatures between 245 and 340°F (Asphalt Plant Manual, 1986) which would result in

at least partial thermal desorption (but not destruction) of the pesticides such that most of

the pesticides would probably remain in the finished asphalt (and any volatilized pesticides

would be emitted). Further desorption from the finished asphalt concrete mayor may not

be significant. Currently, such materials as old tires; waste plastics and glass are being

used in this manner (Newtson, 1998). This method of disposal may be quite inexpensive
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(or possibly free) since additional material would be provided to a roadway paving

company.

In the case of portland cement concrete, the spent GAC would be mixed in with the

aggregate and cement which is made from lime. There are current efforts nationwide to use

everything from shredded tires to crushed glass to shredded carpet to incinerator fly ash in

portland cement concrete admixtures (Ali and Greenwell, 1998). Although not specifically

mentioned in their article, activated carbon would very likely be suitable as an admixture

material to replace a portion of the aggregate fraction. This would probably give the new

concrete some new and improved properties. This would have to be tested and if found to

be useful, would likely be a disposal method with no cost (the cement plant would take It

for free). The pH inside concrete is very high (approximately 13)and under these

conditions, some or all of the pesticides may desorb from the GAC into the water phase

and then would probably volatilize during the curing process whenexcess water rises to the

surface of the concrete and vaporizes at temperatures of no greater than 120°F(Kosmatka

and Panarese, 1988). This would not be a desirable situation and additional research is

needed on this subject because it may not be correct. Alternatively, the pesticides in the

spend carbon might be fixed in the concrete based upon the fact that solidification in

concrete is the most common and accepted method for disposal of incineratorfly ash and

bottom ash from municipal refuse incinerators and the current practiceat H-POWER on

Oahu. Tests conducted by the CCH have found even when subjectedto tests designed to

simulate acid rain, nothing will leach out of the concrete (Jones, 1998).

The use of spent GAC as a concrete additive is not a completelypermanent solution,

since all construction materials have useful lifespansafter which they are demolished and

either disposed or recycled. For asphalt pavement, the useful life is relatively short (about

5-15 years) and recycling efforts are relatively common. Asphalt that is not recycled

typically is disposed in landfills. For portland cement pavement, the useful life is 30-50
- _._ ._- -- --- -- - -- - ,._- ---- -- _ ._ - - - - ----_._ .,, - -_. _ -- ---- - - - _ ._-._ .._-- '---- - ----- ---------------~---_.._---- ------- - _._'-_._ ---- - _._--- ---".__ ......_._ - -

years and recycling of demolished material is not currently widespread, but is becoming

more common. Unrecycled portland cement concrete also typically ends up in landfills.

No specific research could be found on the use of spent GAC in concrete, and therefore

there may not be a precedent for this option. This method must be considered an emerging

technology with good promise for which additional investigation should be initiated.
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4 .4 Assessment of Local Disposal Methods

Three local disposal methods were found and evaluated for BWS's spent GAC. Each

of these methods (landfilling, incineration, and use as a construction material) are briefly

assessed in this section. One common disadvantage of these disposal methods is the need

to purchase virgin carbon every time the existing GAC reaches the limits of tolerable

breakthrough.

4.4.1 Description of System/Compatibility with BWS

Each of the local disposal options involves use of a contractor to remove the spent GAC

from the contactors. This involves removing the spent carbon from the contactors by

adding water to produce a slurry and pumping the slurry into a dump truck. The water is

then decanted by tilting the bed of the truck through a filter, which retains the carbon fines,

and the filtered water is dumped into a storm sewer. The carbon is allowed to air dry as it

is being transported to the disposal site. Once at the disposal site, a fee will usually be paid

for the disposal service. This sequence of events is compatible with current BWS

operations and practices. Therefore, in terms of compatibility, all three methods should be

considered equal. The final outcome of the GAC, however, is quite different depending

upon which disposal site it is sent to. If sent to the landfill, the GAC will be buried in the

ground, where it will remain forever (breakdown is unlikely). If sent to an incinerator, the

GAC and adsorbed pesticides will be combusted into CO2 and water. The heat given off

would be recovered and converted into steam and then electricity if the GAC is sent to H

POWER, but only wasted if sent to any other local incinerator. If sent to a concrete

products company (asphalt or portland cement), the GAC will be recycled into concrete

roadways or other structures where it would remain until the useful life of the structure is

reached. All structures are eventually demolished and the demolition products are either

landfilled (most often) or reused.

4.4.2 Degree of DevelopmentlPracticality/Ease of Use
- - ~--- --- - - - -- ---- --- ---- - - --_._.._,---~- ---------- ---- -----_. --- - -_..__ . -_.- - - -- - ----- -- - - - ---- - - - -- - - -_ ._- ---- -- --~ --- - -- - -- -- - ----

Each of the local disposal alternatives (incineration, landfilling, and use as construction

material) should be considered easy to use. And, certainly landfilling (at county facilities)

and incineration (at H-POWER) should be considered very practical. In addition,

incineration at PTS should be considered somewhat practical. Incineration at DWM

incinerators or in the HC kiln cannot be considered practical at this time. Use of spent

GAC as a pavement additive requires further investigation, but should be considered

somewhat practical at this time . Incineration and landfilling must be considered very
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highly-developed methods becausethese technologies have been in use for many decades'

and are highly regulatedto insurehigh performance, Use of spent GAC as a pavement

additive is not a highlydeveloped technology in the USA and should beconsidered an

emerging technology whichseems promising.

4.4 .3 Environmental/Regulatory Permits/Public Acceptability

In general, environmental lawscontinue to impose more and more restrictionson all

types of waste material. In lightof this, nearly all industries, includingthe water treatment

industry, are finding it necessary to implement practices which recycle resources and

minimize waste products. T~o of the local disposal methods can involve recycling of

resources (incinerationand use as a construction material).

Landfills: In terms of environmental considerations, landfilling of spent GAC is

expected to beenvironmentally safeprovidedthat the landfill meetsall current state and

federal regulations for operation and closureof a sanitary landfill. The landfill operator is

responsible for compliance withthe applicable regulations, and a portion of the disposal

(tipping) fee is relatedto compliance activities. There are no permits requiredfor persons

or entities disposing of waste at a landfill. No adverse impacts to the air, soil, or water are

expected. Landfill disposal of spentGAC is a legal, viable method for local disposal of

spent GAC. However,even though it is legal, landfilling is not a desirable disposal option

whenever either incineration or recycling/reuse options are available. On Oahu, both of

these options may beavailable. Landfilling is not in-linewith city/county/statelfederal

policies which are directed toward recycling and reuse whereverfeasible. It appears that

there are several alternatives to landfilling of GAC. The general national trend is to divert

any waste away from landfills that is feasible. The BWS should be interestedin diverting

its spent GAC away fromthe landfill to extend the life of the landfillfor other wastes which

must be landfilled and cannotas easily be diverted for other disposaloptionsor for

recycling/reuse. Public acceptability of landfillingshould beconsidered good.

Incinerators: In termsof environmental considerations, incineration of spent GAC is

also expected to beenvironmentally safeprovided that the facility is permittedto combust

the spent GAC waste and the facility maintains compliancewith all provisions of their

permits. Again, the incinerator operator is responsible for obtaining the necessarypermits,

and maintaining the facility in compliance with applicable state and federal regulations.

Because incineratorsare very highly regulated, there must be a fee charged for this type of

disposal. The BWS wouldnotberequiredto obtain any permits for incinerationdisposal.
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However, only the H-POWERand HC incinerators currently have permits to allow

combustion of BWS's spent GAC and the HC facility is out of service. Each of the other

incineratorsdiscussed (PTS, Sand Island,Honouliuli) would be required to obtain permit

modifications in order to combust the spentGAC. All incinerators emit CO2 which is a so

called "greenhouse gas" that contributes to global warming. The global warming

phenomenon remains somewhatcontroversial, however, the US government has decided

that there is enoughevidenceof global warming to warrantparticipation in international

treaties to reduceemissions aimed at curtailing the phenomenon. Taking a holistic viewof

GAC incineration in light of global warming woulddictatethat additionalcombustionof

any kind should beavoided if possible.

The public acceptability of incineration is generally not high, even though the stateof

the-technology is such that it is a safe and legal disposalmethod. Even though each of the

incinerators consideredwould already be in operation for other purposes,.a proposal for

addition of spentGAC containing even a small amountof adsorbed pesticides into the

feedstock of a local incinerator would probably not be receivedwell by the general public.

The community near (downwind 00 anychosen incineration facility may object to the

emission of fumes that may potentially contain hazardous compounds, no matter how low

the concentrations of these compounds. No public notificationwould be required if the H

POWERfacility option were to beused, since their existingpermit would allow them to

accept the spent GAC. The samewouldbe true if the HC kiln were ever to be restarted.

For the other facilities, a public hearing and commentperiod would be required as part of

the air permitmodification process. Thiscould either derail the permit process or couldgo

un-noticed by the public (difficult to predict). In summary, public acceptability of

incineration at H-POWERshould be considered good, and at any other facility should be

consideredquestionable.

Construction material: In terms of environmental considerations, reuse of spent GACin
- - - - - - - ---co I'fstruction matenaIs-is expectecfto-oeenvrroiimentally safe~nowever~-tliis cannot fie- - --- - - --------

assureduntil additional research is conducted. If the spent GAC can be bound within

asphaltconcreteor portlandcement concrete, then the pesticides can beconsidered

immobilized. In the case of asphalt concrete, the manufacturing process would result in at

least partial thermal desorption andemission of volatilized pesticides. This would be an air

pollutionconcern,but wouldnot necessitate any specificpermits, In the case of portland

cement concrete, the manufacturing process wouldexpose the GAC to high pH conditions

under whichsomeor all of thepesticides may desorb from the GAC into the water phase
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and then wouldprobably volatilizeduring the curing process. This would be an air

pollution concern,but would not necessitate any specific permits. For either case, research

is required to determine whether any of these concerns are valid and if so whether any air

pollution permitsmightbe required. No specific research could be found on the use of

spent GAC in concrete, and therefore there may not be a precedentfor this option. There

are some issuesthat willbe of concern to the State Departmentof Health, including the fate

of pesticides during normal wear of the pavement or construction material (will it be .

released as cracks formor as the material is worn away to dust?). Also of concern will be

the fate of the adsorbed pesticides when the construction material reaches its useful life and

is eventually demolished and disposed. Currently, it seems that there would not be any

permits required to use the spent GAC as a construction additive material. The only criteria

wouldbe that the commercial concretemanufacturers and their clientswould have to be

convinced that usingspent GAC as a free additive would be beneficial or at least not

detrimental. Similarto the other disposalmethods, it is likely that someone other than the
,

generator(BWS)wouldbe the entity required to obtain and maintain any required permits,

The public may not be agreeable to the use of contaminated material in roadways, no matter

how stable thesecompounds are found to be (from additional research) within the media.

However, it is likely that there would not be any necessity to informthe general public of

this intended disposal method. Therefore,public acceptability is probably not an issue for

this option.

4.4.4 Economics

The operational costs of each of the local disposal options have been discussed above in

Sections (4.1 to 4.3). Each of these disposal options consists of three types of costs; a

disposal feelcharge, the cost of virginreplacementGAC, and the cost of labor for removal

and transport of spentcarbon and analytical work. The costs of virgincarbon and labor are

identical for each option and can be totaled assuming 190tons of virgin GAC/yr plus

$263/ton for removal, transport, and analytical work. These costs are combined with the
~---_· _---- ----- - -esilmate(rdisposafiees-to obtamtotal annualoperationaf costestiffiates--as-su~;i~~ -·- - --

Table 18.
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Table 18 - Summary of operational cost estimates for local disposal of GAC

Method Disposal Fee GAC Cost Other Costs Annual Cost
($/ton) ($/ton) ($/ton) ($/yr)

Landfilling 63.60 1,600 263 366,054

Incineration

H-POWER 560.00 1,600 263 460,370

PacificThermal Services 70.00 1,600 263 367,270

CCH 'Xlastewater Plants * ~'1 ~f\ 1 ~{\f\ ""'2 '2"" nC:AV..J .vv 1,VVV kV..J ..JVV,V..J'1'

Hawaiian Cement * 100.00 1,600 263 372,970

Construction material 0.00 ** 1,600 263 353,970

* thisoption not currently available, but may become availableagam In the future

** it is assumed that there would not be a disposal fee, however, this may not hold true

5.0 Discussion of Findings and Recommendations

The overallobjective of this study was to investigate the possibilitiesof various

established and emerging technologies for regeneration of spent GAC as well as available

local disposal options. A great deal of literaturewas found and summarized. The methods

were evaluatedbased upon criteria such as regeneration efficiency, cost, degree of

development, practicality/easeof use, environmental/regulatory issues/permits (emissions,

waste residuals), public acceptability, and compatibility with BWS operations/facilities.

The following sections summarize and highlightthese findings and attempt to narrow down

the manypossibilitiesto the best options. In addition, recommendations are made

regarding the best path for continuationof this work.

5.1 On-Site Method Findings

Tne literature and industry search found numerous references (42) related to thesubject

of on-siteregeneration of spent GAC. The on-site methods were grouped into chemical
------ -- .methods and other methodsv-Some ofthe-literature-ontheeffectsofNOM-was-also-- - - -- -- - - -·- -

reviewed (7 citations). The chemical methods discovered includedthe use of organic

solvents, inorganic solvents, and supercritical fluids. Use of either organic or inorganic

solvents could potentiallyoccur as an in-vessel (in situ) operation. The use of supercritical

CO2 as the solvent would necessitateex-situoperation, but presumably on-site at the

wellhead locations. For either of these typesof systems, a mobile trailer mountedfacility

that could be transported between the various well sites is envisioned as feasible. The other

on-sitemethods discovered includedon-site thermal,biological, photochemical, and
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electrochemical methods. Each of the on-site methods must be considered as emerging

technologies which require further research and development prior to full-scale

implementation. However, for the chemical regeneration methods, there exists ample

evidence of potential success at substantial cost savings to warrant vigorous pursuit of such

research. The other emerging technologies (on-site thermal, biological, photochemical, and

electrochemical) do not currently warrant further investigation due to various limitations

described in Section 2.2.5.

The use of a chemical method may eliminate unloading and transporting of GAC

because the regeneration could be conducted in situ with the help of relatively simple

equipment to convey the appropriate amount of solvent to the GAC contactor columns.

The optimum solvent, or system of solvents, however, must still be determined, as well as

the optimal concentrations (strengths). The solvents will have to be compatible with the

existing tank linings or possible replacement linings identified. Other considerations

regarding this in situ method include the volume of post rinse water needed prior to

returning the filters to service, and the maximum contaminant levels (MCLs) for residual

regenerant solvents appearing in the filtered water due to desorption after return to service.

The chosen solvents may also face requirements for permits for purchase and storage. The

manner in which the solvent is stored may fall under environmental regulation and the

construction for an appropriate storage building may be warranted. Residuals treatment

research is required to insure that there will be no impact of waste regenerant compounds

and desorbed. While there are several practical aspects of this method which need to be

researched, there do not seem to be any potentially critical roadblocks .

The main advantage of chemical regeneration is operating cost savings as compared to

existing operations (costs are discussed further below). Other advantages of chemical

methods include on-site (at well-head sites) operation, high regeneration efficiencies, the

possibility of multiple regeneration/reloading cycles, relative simplicity, good adaptability,

- - - ------- -- -- -- -cOh1p-atibility-with-current-operations;-and--16w e ner gy-ana maintenance requirements--:-Tlie-- - - -------

main disadvantages of chemical regeneration methods are that they have not been

demonstrated at full-scale (emerging technology), that many of the bench-scale results have

not investigated the effects of NOM on the process, and that there are waste streams

generated that must be disposed.
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The best case construction costs and annual operating costs for the on-site methods are

as follows:

Organic/inorganic chemical facility

Supercritical fluid facility

Capital cost ($)

104,000

578,000

Operating cost "($)

59,300

93,000

Each of these potential chemical regeneration methods have estimated operational costs

that are significantly lower than those currently incurred by BWS for disposal of spent

GAC by landfiIIing. However, they also each have an associated capital cost for

construction of necessary facilities.

5.2 Off-Site

The literature and industry search found numerous references (17) related to the subject

of off-site regeneration of spent GAC. The only off-site methods found were thermal

methods and these included either constructing a new local thermal regeneration facility or

using a mainland thermal regeneration contractor. The literature/industry search found

references which give insight into the regeneration efficiency, the need to conduct acid

prewashing when calcium deposits occur, and the potential construction and operating

costs of such facilities and services. The main advantages of the off-site methods are that

these methods are highly developed and accepted technologies for which full-scale

operations are in service to look at and learn from. Thermal methods offer high

regeneration efficiencies (the GAC is essentially re-made), high reliability, and

compatibility with BWS operations. In addition, the use of a mainland contractor has the

advantage that the BWS would not have to go into the GAC regeneration business and

could instead contract for this service and set the tenns of the contract to suite their needs

(this equates to adaptability as well as a desirable relinquishing of regulatory

responsibility). On the other hand, it is not clear that there is significant competition in the
- -- -- - - ------ --- - - - ------ -- -- ------- ------- ---- - - - - --- ------- ------- ~----- - - - - - - --- - - -~-------_. -- - - ---- -~--_. -- -- -- - ----_._~._---------- -- - ---- --~--_. -----

regeneration contractor industry which could possibly result in undesirable price inflation.

The main disadvantages of thermal methods are environmental, regulatory and economic.

The construction of a local thermal facility would be very costly and would have

environmental costs associated with air pollution. In addition, obtaining all of the

necessary permits for a new local facility would be challenging and time consuming at best,

and perhaps not feasible at worst
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The best case construction costs and annual operating costs for the off-site methods are

as follows:

New local thermal facility

Mainland contractor

Capital cost ($)

1,300,000

o

Operatin~ cost ($)

606,000

419,700

The operating costs of the off-site methods are all greater than those currently incurred

by BWS for disposal of spent GAC by landfilling.

5 . 3 Local Disposal

The literature and industry search found several references (17) related to the subject of

local disposal of spent GAC. The local disposal methods were grouped into three

categories; landfilling, incineration, and use as construct material . The literature/industry

search found information on available alternatives, feasibility of alternatives, and costs of

the disposal methods. The main advantages of the disposal methods are that these methods

are simple, compatible with existing operations, practical, easy to use, do not require BWS

to obtain any new permits, and do not involve any capital costs for facility construction.

Local disposal by landfilling is the status quo situation and therefore it is a proven and

workable alternative to GAC regeneration. Both landfilling and incineration are highly

developed and accepted technologies for which full-scale operations are currently in

service. The use of spent GAC as a construction material is an interesting idea and is more

environmentally friendly than landfilling or incineration since it is a form of recycling.

However, use as a construction material is an emerging technology which would require

further research before its true feasibility in Hawaii could be determined. The main

disadvantages of the local disposal methods are costs and environmental considerations.

Use of landfill space for spent GAC which could be either recycled or destroyed is not

optimal for the environment, but is considered environmentally safe. Incineration is

considered environmentally safe except in terms of contributing to global warming.

Considering only those options which are currently available, the best case construction

costs and annual operating costs for the local disposal methods are as follows:

Landfilling

Incineration

Construction material

Capital cost ($)

o
o
o

Operatin~ cost ($)

366,100

460,400

354,000
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These costs indicate that the current practiceof landfilling is the least cost option. Other

potential incineration options were reviewed that had costs whichcould be the same or only

slightly greater than the landfilling costs. However, these other incineration options are not

currently 100% feasible for various reasons discussed in Section4.2. The additional

research that would be required for use of spent GAC as a construction material does not

appear to be warranted based upon the only minimal potentialcost savings which could be

achieved ($12,000 per year compared to current practices).

5.4 Comparisons

In this section, comparisons between all of the alternatives are made. One convenient

method to do this is to construct an evaluation or rating chart based upon the discussions

presented above in sections 5.1 to 5.3. Such a chart has been constructed as Table 19.

There are perhaps many limitations to such a method, because there are many ways to

determine scores.

The table contains 13 differentcriteria and each criteria has been assigned a different

weight. The weights were assigned using the following logic; it was first assumed that the

most important criteria would be operating cost, so this was assigned a weight of 10; it was

next assumed that public acceptance was not a very important issue since in most cases, the

BWS would not have to inform the public anyway; it was then figured that all the other

criteria should fall somewherebetween these extremes;capitalcost is also quite important

(weight =8) but not as important as operatingcosts, since capital improvement moneys

come from a different pool of money than operating costs; regenera~ion efficiency is also

very important (weight=8) since that is the goal of the feasibility study; that compatibility

with operationsand facilities, degree of development, and regulations/permits are all quite

important (weight=7 each); practicality, environmental concerns, reliability and

adaptability are of middle importance (weight=5); byproductformation is somewhat more
--~._,--_ .-- -~-- ------ -_._ ... __..__ . _._._ ~- ._---- -- - ---------- _._-_._--- -------- ------ - _ ..•__._- ----- ------ --_._------ -- _ ..._-_._.._---- - -_._ ...._ ' _. _ - --- -

important than adaptabilitybut less so than degreeof development (weight =6); energy and

maintenance requirements (weight = 4) and operationskill requirements (weight = 3) were

of slightly less importance since skilled operatorscan always be found or trained, proper

maintenance is requiredof all facilities, and energy costs are includedin operations costs.

The last column of Table 19 indicates that the top three scoring alternatives are the

mainland thermal regeneration contractor (340 points), the on-site chemical regeneration

system (322 points), and landfill disposal (313 points). The fourth highest score was for
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incineration disposal (299 points) which wasquite close to the number three alternative.

The total possible score was 380 points, and therefore, the top fouralternatives scores

expressed as percentages were 89.5%, 84.7%, 82.4%, and 78.7%, respectively. This

rating approach is not perfectand the weights assigned to each criteria and the specific

scores in eachcategory could be argueduntil the end of the earth. However, if an overall

view is taken that the approach is probably somewhat reasonable for greatly narrowing

down the pool of alternatives, then it is probably safe to say that the top three scoring

alternatives are all goodcandidates for the bestmethodand thenfurther comparisonscan be

made. This process has selected the currentpractice (landfilling), the alternative method

which is currently beingpilot tested (mainland contractor) and the methodwhich we have

been researching at UH (chemical regeneration). This wouldseemto indicate that we are

on the correctpathand that it is worthwhile to pursue furtherthe inorganic/organic chemical

regenerationmethod. By way of furthercomparison, it is apparent that if costs alone are

examined, a verysimilarfinal list wouldbe generated. A majordifference in that case

would be that thechemical regeneration alternative wouldend up on top. It seemsjustified

to say that research on the chemical regeneration method shouldcontinue since there

appears to be potential for a significant annual operating cost savings compared to the other

methods.

Table 19 • Rating table for GAC regeneration methods as a function of various
criteria.

Criteria Regeneration Compatibility Operational Degree Environmental Regulatory
efficiency with operations practicality of concerns issues

and aOO development aOO
Options facilities ease of use permitting

weight 8 7 . 5 7 5 7
Chemical 5 5 fairly easy low (3) low (5) few (4)
(organic/inorganic) (4)

Chemical -SFE 5 3 3 low (3) low (5) 3
r\_ ...:._ .........-- ...1 A '1 '1 low '2\ 1~... ,10:\ '1vu-:uu;;; Uj~IJUat .,. J J IV," J J

Biological 4 0 0 low (2) low (5) few (4)

Photochemical 2 1 3 0 low(5) few (4)
. -Electrochemical--- ----4----- ---- - 3 -- - -- - ------ 3---- ·----0----- ----low (5) - - - ---few (4)--- -

Local thermal 5 5 difficult 5 minor (4) many (1)
facility (l)

Mainland contractor 5 5 easy (5) 5 low (5) none (5)

Landfill disoosal NA 5 easy (5) 5 minor (4) none (5)

Incinerator disposal NA 5 easy (5) 5 minor (4) none (5)

Construction NA 5 easy (5) low (2) some (3) none (5)
material disoosal

Note: 5 - Excellent 4 -Good 3 - Average 2 • Below average 1 - Poor

o-Inappropriate based on this criteria NA • not applicable
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Table 19 . Continued

Criteria Public Capital Operating Energy Operations Reliability Byproduct Total
acceptance cost cost and skill and formation

maintenance required adaptability score

Ootions requirements

weight I 8 10 4 3 5 6
Chemical 3 low (4) very low 4 3 5 some (3) 322
(organic/inorganic) (5)

Chemical -SFE 3 3 low (4) 4 3 5 less (4) 265
On-site thermal good (5) 3 low (4) .3 3 5 less (4) 267
Biological 0 none (5) NA 3 5 NA less (4) 190*
Photochemical 3 NA NA 2 2 NA more (2) 120*
Electrochemical 3 NA NA 2 2 NA more (2) 150*
Local thermal poor (1) very very high very high high (1) 3 5 213
facility high (l) (l) (l)

Mainland contractor 5 none (5) higher (2) 5 5 3 5 340
Landfill disposal . 3 none(5) existing 5 5 5 5 313

(3)

Incinerator disposal 4 none(5) higher (2) 5 5 4 5 299
Construction 3 none(5) 3 5 5 3 5 277
materialdisposal

Note: 5 - Excellent 4 - Good 3 - Average 2 - Below average 1 - Poor

o-Inappropriate based on this criteria

5.5 Recommendations

NA - not applicable

Based upon the findings of this literature and industry search, it is recommended that

on-site chemical regeneration methods be further investigated in a step-wise manner

beginning with laboratory minicolumn studies, followed by pilot-scale trials and finally

full-scale trials assuming continued favorable results at each stage. There is the potential

that this method could save considerable operating funds for the BWS compared to either

current disposal practices and the most favorable off-site method. The additional research
- - - - - --- -- ----- - -- --efforts-should-focus-on-the following-areas:--- - - -- - --- - - --- -- - - --- - --- - - --- --- - --------- --------

1.At the bench-scale: a) focus on determining that near-perfect desorption

efficiency can be equated to very high regeneration efficiency when using

combinations of organic and inorganic chemical solvents, b) determine the

number of regeneration/reloading cycles which are feasible, c) develop methods

to recycle solvents and use the least possible amount of fresh organic solvents,

d) try SCF CO2 at the bench-scale

90



2. At the pilot-scale: a) verify regeneration efficiencies with realistic scaleable

volumes of solvent, b) verify the number of feasible regeneration/reloading

cycles, c) refine cost estimates based on findings of (a) and (b)

3. At the full-scale trials, the actual feasibility can be determined and this can be

followed by generation of the most accurate cost estimates for full system-wide

implementation.
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