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oo L ABSTRACT 3. .

T This thesis examined the loading ddﬁtribution of tr1-

-

halomethanes and total organic carbon within pilot scale' s

granular activated carbon (GAC) contactors @eceiving finished

'drink1ng waber and operating in the downflow ggde. Three

arbons orlginating ffbm different sources we ‘ used for ®

3.thls comparlson. i bServed column load1ngs weré co ared to
. LY

/
hlsotherms, ~and results pred1cted pusing the Polany1—Manes
N '
adsorptlon potentlﬁl theory. As-well, Load1ngs~were eval- - /
* uated as a funct1on of carbon partlcle sxze.'f” T ‘ .

7 S1gn1f1cantly hlgher load1ngs of trlhalomethanes and/ f

T

total organlc carbon were found in the upper 20% of the GAC--
‘ beds’ Isotherms successfully pred1cted full bed depth '

tr1halomethane loadlngs for _two_ of the carbons but under-

estlmated load1ngs in the top 20%. Total organ1c carbon

: breakthrough curves exh1b1ted ‘the expected three dlst1nct

-
“

. Q.
’phas s of. adsorptlon, namely 1mmed1ate 1ow level leakage, a

fregul ofderly breakthrough, and a pséudo steady—state

r\
plateau.~4For .ll/carbons loadlngs were hlghest ‘in tﬁé top

one-thlrd of the bed.’ Slow adsorpt1on ‘as opposed to blolog—
-

’fcal act1v1ty appeared to be the governlng removal mechan1sm.

L)

o A replacement of the top 20% of the* carbon in one - of the . )
< -4 TN e
-beds resulted in enhanced adsorptlon of both trlhalomethanes

and total organic carbon.- e o .ot

A d1reot relatlonship was found to exlst between

-~

. partlcle size and adsorptlon capac1ty for trlhalomethanes

. , . .
4 - R Cor 4 I : .- — —_

‘.\\ : < ’ v ° ‘i'y
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}

:and total organic carbon in stratified g!ds.' Based U SRR
A! with' a'

- nass. transf?r 'zone ‘evaluations, shallow beds (<§BQF

'column,loadlng.results.

wpredominantly small grain size (0. 60-1. 18 mm) should be

pt%mal for removing trihalomethanes using the carbons

4 .

tested.' The Polanyi- Manes adsorption potential theory,

*

which, presents data in the. form of isotherms, was useful in
qxplain1ng the dependence of adsorpt1on capacity on influent
concentratlon, but was unable to predict pntferential

N L 4

adsorption among trlhalomethanes when: compared to acbual
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\
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. .~ 1. INTRODUCTION _, - ' '
N Potable water for the“citles of Reglna and: Moose Jaw,

Saskatchewan, Canada \is drawn from Buffalo Pound Lake. Thls

\
n. P .

is a shallow praxrle lake wh1ch often has Righ Eotal organlc
carbon concentratlons 1n t e summer per1od, and blooms of
,b1d2 green algae“ This cond?tlon has led to severe taste

and odour problems in the finlshed water during most summers.

Present treatment at Buffalo Pound qon51sts of .addition

,of potasslum permanganate (only during algae blooma), pre-
.chlorination past the breakp01nt, coagulat1on w1th aluminum
:sulphate and an an1onic polymer coagulatant aid, flocculatlon .
)and sedlmentatlon 1n upflow Graver-type clarlflers equlpped
~with plastlc tube settlers, pH adjustment with soda ash, and
. mixed media rapld grav1ty flltratlon.' Capacity at the
Buffalo Pound plant is 136‘?L/day. C) |

. Under averaqs summer. conditlons the plant normally
produces a finished, water with low turbidity (0.2 — 0.4, NTU)
‘ and cgngr (<5 Pt/CLLHnltS), but a high threshold odour .
number (5 - 15), fa1rly h1gh total organ1c carbon 1evels
(4 - 8 mg/L) and appreq1ab1e trlhalomethanes (80'— 150
ug/L)

Attempts to flnd a method of treatment ‘for trace organlc

-

=substanCes ‘and the desirablllty of a broad spectrum removal

°

process for pest1c1des and algae tox1ns, led to extended in-
house studies of granular act1vated carbon (GAC) in the 1ate

'1970 s. Subsequently, a consultant S study in 1980 examlned

> ’ . : - Q o

Tl
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many different treatment alternatives and condluded ‘that GAC
ontactors after full treatment were the best solution for
the taste and odour problem (CH2M/H111, 1980). However, the

occurrence or removal of spec1fic organic compounds in the

o

water was not addressed. ' ‘
Durlng the summer and: fall of 1982 research was con-
.ducted at the Buffalo Pound Water Treatment Plant to examine
the removal of trihalomethanes from finished water using
p1lot scale GAC columns (Andrews et al., 1983) Focusing on
,the d15tr1but1on of volatile organics in a single pilot
column, this work served as background to more detailed

research presented in this thesis. The latest study

.conducted during the spr1ng and summe r of 1984 specifically

examined the loadings of tr1halomethanes and total orgh

Carbon infpilot.scale GAC columns which differed in ca

-1

type and depth.



- .2, LITERATURE REVIEW ° ’

2.1 USE OF GAC IN WATER TREATMENT
L S

Activated carbon is finding increased use in drinking
water treatment. while historically it has. been“used for

taste. and odour control, it has more recently been employed

~

_ for removal of specific organic contaminants..

McCreary and Snoeyink (1977) diSCussed‘the major
advantages of u51ng powdered activated carbon (PAC) for
controlling .odour and colour derived orqanics., Granular
activated carbon (GAC) was also congldeged as a treatment .
alternative s1nce it was able to remove organic substances on

ira continuing basis. When u5ed in a column or bed
configuration GAC permitted higher adsorptive capa01t1es to
‘be achieved and easier process control than PAC. . NS
Objectives of using carbon filtration at the Kralingen
treatment plant. in Rotterdam, The Netherlahds included
protection against occa51onal pollutants and toxic sub—
. stances, removal of substances produced by chlorination, and
removal of ‘assimilable organic matter1 produced by ozonation
(neijers et al}’ 1979). Schalekamp (1979) reported that the
“ need for GAC filtratlon 'at the Laké waterworks in Switzerland

—— W

was a. result of phenol spills thatlcontaiminated water

L

-

1Assimilable organic matter is produced when ozonation '_ e
tially oxidizes natural and anthropogenic compounds‘
ma ng them more susceptible to biological metabolism
(Glaze, 1983). 4 ) (
. . : A

o S 5
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residuals.

4

Removal of purgeable halogerated orgnic compounds krom.
groundwater using GAC wias reported by ‘Wood and DeMarco.

(1979). 1In this study it was discovered that the most

e¢onomical use of GAC was on finished water. uThe installa-

tiyn of carbon at this p01nt in the treatment system was not -
wit 0ut prdblemg'however. All free_chlorlne added upstreamo

was removed“by th;‘GAC which necessitated rechlorination.

prlor to final d1scharge.

« oo - -

Recently there has been an 1ncreased awareness of the.
health signifigance of organic contam1natlon. 'A report by
DeMarco and Miller (1985) cites long term problems caused byA

carc1nogens, mutagens and teratogens as primary .focal p01nts.

‘ Gas Chromatography using a flame ionization detector (GC/FID)

organics. DeMarco and Miller (1985) noted that the use of

cap1llary column_profllewaere_found useful in interpreting

the overall ability of GAC to remove a wide spectrum of

this analytical method at a Cincinnati water® treatment plant

-
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P ’

- .
’

revealed'the occurrence of at: least two peaks {n larger

concentrations in the effluent ‘than in the influent. This

result indicated that despite the removal benefits of GAC,

/

desorption of substances may ogcur durlng a decrease in the
influent concentrationv- organic. halogen data (designated by

the OX measurement collected in ;Qi\;ame study) showed that

.

GAC reduced OX concentrations but vaYiations in effectiveness
occurred during changing influént conditions.

'vanQPUffelen (1983) stated that activated carbon is

-
k]

generally\considered the best means for removing organic

contaminants which cause toxicity and mutagenicity in-

drinking water. He stated that proving the ef fectiveness of
‘-activated carbon is difficult however, smce there & no

reasonably qU1ck me thod for\measuring the tox1c1ty of the
[}

substance belng treated. The Ames test, which measures the

~ability of a histidine~dependent stra1n-of bacteria to

revert toahistidine—independence_appeared to offer good
possibilities in determining mutagenicity.. Specific degails‘
~concerning\this have presented by Kruithof and Meijers
.(1983) They initiated investigations to aetempt to develop
operational guidelines for GAC based upon the tox1c1ty of
"finished water. Activated carbon in granular form has. '

-

prdven to be more effectivevthan «powdered carbon for the -

removal - of chronic toxxc1ty and mutageruc1ty (van Puffelen,‘
1983). ThlS author also stated that the remoual of organic
contaminants which cause chronic tox1cit¥rand mutagenicity
are the pr jmary obJe&tive of activated carbon -in The

. 1 .
Netherlands.‘ : : A v , .
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The American National Academy of Science (NAS) has |

published a review of the use of activated carbon for
drinking wateﬁ'tfeatment (suffet, 1980). " The report outlined

six ma}orsareas of importance concerning the use‘of GAC as

follows:, '
¢ -

+ The "adsorption gfficiency of granular activated

[}

carbon
\

+ The microbial activity on GAC .

-

+ The production of nonbiological substanc?s hy or

o
within the GAC bed . -

®

+ The regeneration of GAC
The adsorption efficency of other ads orbents
+ Apnalytical methods to monitor adsorbent unit

processess in water treatment.

In sections that follow, several:of these areas will'be
examlned 1n detail to prov1de a background for research work
conducted at the Buffalo Pound water treatment‘plant.

suffet (1980) e%}ted a compilatibn of information
concerning chemicals of known he;lth risks. .His summary of

known or suspected organic chemical carcinogens found in

drinking water appears in Table 2.1l.

EFFICIENCY OF GAC FOR QhRIOUS‘?YPES OF ORGANICS‘

% : R ~

2.2:1 .Biologically—DerivedzOdoug
i ] . ' ) .
A review of information concerning GAC field

installations suggests that odour breakthrphghp probably of -

- . S . ‘ <
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: biological origin will follow breakthrough,of general.
'organic compounds (Mcer£?§ and bnoeyink 1977). Ppilot scale
studies by Foreyth et al. (1982) demonStrated similar results
using thre;‘differeut types of CAC. McCreary and Snoeyink
(1977) noted that the removal of odour can be successful for

years whereas chloroform removal as indicated by ¢hloroform®

i

extracted f rom thefactual carbon may last only a few weeks.

Pilot plantveualuations conducted using GAC at the
Amsterdam Municipal Waterworks in The Netherlands found
that tasteé and odour causing compounds were removed

_effectively by all of the carbon brands tested (Kruithof et

al. 1983). There was however, con51derable difference in

"the removal of total organic matter among the carbons.

Ford (1973) evaluated the use of GAC for biologically -

derived taste and odour removal in a GAC pressure filter.

Results were 3uﬁmari;ed chronologically as: |

* A pe?iod of et-least four months when even intense
tastes are completely.removed.

+ A middle phase of about eighteen months when taste

removad , although partial; is still effective in
preventlng consumer complalnts.

. A final period when taste removal is st111 taking

o

place, but where peaks of taste activity will produce

$
breakthrough. and consumer complaints.

Laboratory experimeﬁts to examine the adsorption of

¢

biolbgical, causative agents of earthy-musty odours were
, i -

reportéd by Herzing et al. (1969). Geosmin and 2-

< i
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‘ isoborneol were found to be strongly adsorbed by GAC

lw"\"’

\ e

,e the presence bf backgr0und!natura1 organlc matter.
. i '

‘ ‘1 . ' ‘1‘1{ . N

T e

2 2. 2 Baloforms o f_ S
éa‘ In water treatmqpt practlse, small amounts of halogen-v

J.‘

subst1tuted sxngle carbon compounds may be produced as a

.
pow 1]

',51de réact;dn of dls fect1bn of waters coﬂtalnlng natural‘

humlc substances., The AWWA (1982 described a generallzed

% SRS N S o
reactlon for the productlon of tr]halomethanes:_ ‘
\ vf;' .)' ) ‘_ \‘ ;"'Lg - * s .. '\-
fﬂcmﬂ“dtTa'“r:;*” - v '
- . -jp S NI G ) S e _
RN ‘ Precursors s ' .
Free Other :
: o (Humlc ‘substances), —~>,Tr1halomethanes + : :
Chlorlne and Brom1de>'"‘ : Byproducts
'{’._ Regulatlons governlng trlhalomethanes are ‘usually

concerned w1th the arlthmetlc“su# of the 1nd1v1dual compounds

P ‘

o Thus "Total Tr1halomethanes" (TT?M) 1nclude chloroform,

."' )

bromodlchloromethane, d1bromo¢hloromethane, and bromoform. aﬁ??

, [ R :
Factors c1ted as 1nfluenc1ng the{generallzed reaction

.lnclude:'waa*ﬁE,“7ﬁir.;*¢"' :ﬂﬁﬁ, R 'k'
Txme T e -
e Temperature :”;' ! QJ *W;P

e Bromlde and 1od1de concentratlon

'/pH# ”'-R ~rd' - TR e a
S Concentratlon of precursors,; o "

Ce Chlorxne dose and type (free og comblned)

A complete d1scus51on of the effect of each of these factors

' may be found elsewhere (awwa 1 1982).



: Rook (1976) 1nvest1gated¥é%nd1t10ns for haloform
.formatlon and dlscussed the applmkatlon of experlmental data
to practlcal water treatment. A mlxture of CHoCl oy . CCly,

vCHC13,.and CHBr3 was contlnuously fed 1§to identical 3m |
deep GAC columns wh1ch varied only in contact time. .
‘Concentratlons of 1nd1v1dual compoun%s were 1n the range of
2~ 4 mg/L. When us1ng a 12 minute contact time, breakthrough
occurred after 22 days for CHBr3, after fJurteen days for_,
CCly; after seven days for CHC13, and after two davs for ,
CH,Cl,. '
In a report on'pilot scale studies, Yohe et al. (1981)

‘noted that chloroform comprlsed 79 to 94 percent of the
1nstataneous TTHM measured at a Phlladelphlaéwater treatm;nt
2p1ant. Sharp breakthrough of chloroform and chloroform |
*precursors was noted 1mmed1ately follow1ng startup in columns
,_of l/m/GAC bed depth Influent chloroform levels ranged |

S

from 71 to 176 pg/L, averaglng 102 ug/L over the 14- week
'.study perlod Exhaustlon was not observed to occur unt1l
‘approxlmately 9 weeks after startup. Cumulat1ve mass ‘
'loadlngs dlsplay;d a levelllng trend as exhaustlon was |
2approached (Yohe et al., 1981- Calro et al. 1979) In
51m11ar studles by Wood and DeMarco (1979) a contlnuous low'
. level passage of chloroform was noted prlor to major break-
nﬁthrough at 28 days. Th1s study uUlllzed 1.5 m carbon bed
depths and a contact tlme of 12 5 m1nutes.,$~; - |

Bromodlchloromethane has ‘been found to be more strongly

Vadsbrbed!than»chloroform_1n pllot~scale-stud1es (USEPA,



i

-

1980) In thlS study breakthrough and exhaustion occurred
after 15 and 45—days respect1ve1y. Slmllar p01nts for

chloroform were reached after 8 and 23 days.

Calro et ag. (1979) evaluated the performance of carbon

mass loadlngs. Comparlng dlfferent modes of
9 . v
operatlon, chloroform removal was 20% hlgher in a contactor

on the ba51s o

than 1n a f1lter adsorber (where ex1st1ng sand fllters were.

;modlfled to accept 'GAC med1a) The carbon in’ both columns

-was F11trasotr‘b® 300 In the same study, a carbon w1th ;

v —

smaller gra1n 51ze (Flltrasorb® 400) was found to be more‘

- effective in remov1ng the mass loading of chloroformithan a

» larger carbon (F11trasorb® 300) when both were operated in a

51m11ar contactor mode.' Forsyth et al. (1982) rev1ewed

' chloroform cumulatlve mass loadlngs and found that loadlngs

©in the range of 0.42 to 1.6 mg/g of GAC would be expected at

@

was presented by the USEPA (1980)% Expressed on a per gram

-respectlvely.a , .

column exhaustion. = ’ . o

An examlnatlon ofimass loading w1th respect to depth .

=

.o; GAC basis chloroform loadlngs 1ncreased with depth

whereas bromod1chloromethane loadfhgs d1d not appear to

change 51gn1f1cantly. Average chloroform and bromodichloro-

‘methane influent concentrations were 67 ug/L and 47 ug/L

» [ 4
2.2. 3 Hemoval of Precursors

Removal of precursors of THM were examlned by sampllng

humlc substances from three geographloally dlfgerent areas

’



o

'study

fiizy

of Massachusetts (Joyce et al. 1984). Various’molecular

[

~weight fractions of fulvic acid from soil ag} water were

analyzed for carbon and chlorinated to produce THM. .The

sults 1nd1cated that. the molecular welght (MW)

’

d1str1bution of fulv1c acids can be an 1mportant factor\in e
precursor removal. ’ _ | ‘N - ’
McCreary and Snoey1nk (1977) stated that actlvated
arbon can reduce the level of total organic matter in

water..Removal of orﬁgnlc matter is part1cular11y important

“-in appllcat1ons where the g&rpose of the carbon is- to reduce

_the 1eve1 of haloform precursors. -Yee and Snoey1nk (1980)

‘stated that the performance of a carbon bed for adsorblng

humic substances in waterhdepended prlmarlly on three,
factors- ‘
"+ The type of’ humlc substance
'+ The characterlstlcs of the carbon | L E

. Pretreatment processes

: Agtlvated carbon adsorptlon of commerc1a1 humlc and

.fulv1c ac1d extracted from peat was: evaluated in work
‘presented by Lee and Snoey1nk ( ..). In this study, mass

: transfer coeff1c1ents obtalned from batch k1net1c tests were

‘used in mathematlcal models to predlct the performance of

act1vated carbon in columns.” Carbon characterlst1cs-
evaluated 1nc1uded ‘the type of ‘raw mater1al, surface area,

total pore volume, and pore 51ze dlstr1but10n. Pretreatment'

was limited to studying the effect of coagulation with alum .

prior to adsorpthn.‘



. ‘

' Edzwald (1984) demonstrated the use of surrogate
'parameters and indirect measures of THM precursors. uv
.adsorbance measured at 245 nm//as found useful in estimating

Q? purgeable TOC (NPT@C) and TTHMFP (TTHM formation

N

potential ‘an 1ndication ‘of precursors) concentrations of raw
waters and in monitoring both pilot and full scale plant

Aperformance.< This method of fers potent1a1 as .a rapid easy,
, @ , 4 .
and inexpen31ve measuremene tool.

2.3 FACTORS AFFECTING ORGANICS REHOVAL'BY ACTIVATED CARBON

X .
Lee et al. (1981) examined factors wh1ch 11m1ted the

leffectiveness of carbon adsorption processes in remov1ng

.h%pic substanges and other types of organ1c matter fr
¥ Pl

natural waters. GAC pore size distribution ‘was found Lo be

a key facto; affect1ng t.he adsorption process. ‘Pore volumes

A
in pores with a radius“less than 7»x 1079 m were”foupd to be

well- correlated to the adsorptidn capac1ty for hum1c and,

peat fulv1c acids hav1ng a Mw 1ess than 1000 A, srmllar

av ¢ .

relationship exlsted between pore volumes w1th a radius 1ess
than 40 x 10‘9 m andefu1v1c ac1ds hav1ng a ‘MW more than

50 800, -
iThe'rate of uptake of a given’ type of fulv1c acid was

-

‘examined by Lee and Snoeyink (1980) Lower MW fractions

-3

achieved hlgher rates than the higher Mw fractlog;,-The
S N
.presence of small amounts of higher Mw fractions controlled

‘the uptake rate of unfractionated peat fulv1c acid. ‘.Webatfn

“

13
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5 o _ . | . . o x ,
et al. (}983) reported the dependence of adsorption on pH,
initial concentration of humié material, carbon dosage and '
fparticle-éize, and levels of ya;io‘p inorganic ibns in
Qolution. fhe‘findings f;bm.their.study are\Fregenteq‘in
Table 2.2. . <! |

ZOgﬁfSki and Féust_§1978) investigated the_influence of
var{bu5»operating parémeteré oh-tpe remaval ofuphenols&f;om |

water by fixed GAC beds. Results'indicated‘that the height

f the mass transfer zone varied directly with:

. 4 N

. An‘increése in the linear velocity of the fluid

- An increase in the size of the adsorbenk, especially

-

for»particle’sizes greaﬁer‘than 0.65%mm'

- pH wﬁeq'the value exceeded the pK, value of.the
adsorbate ,' | | |

The rate 6f.movgmentaof the mass-transfé: zone was-

indepehdent of ;he‘pﬁrticie size and depth-éf the_adsorbént

within the contacﬁor. The type of édgorbent;'initialv

' éééorﬁate éénéentration, lineaf‘Velocity;vand pH values

‘ above ‘the pKa‘for thevadéorbate were found to influence
‘éignificantly the raEe'of'sdsorbent‘Ltirizétion.

— ) §

2.4 PRETREATMENT EFFECTS ON ADSORPTION PROCESSES

‘ Summaries fegarding the'effectS‘bf various.pretreatment'

mékhpdsmare»presented elsewherek(sﬁifet‘198 ; MéCreary and

or toicarbon

ion ofuadsorb@blé organic
- o

Snoeyink,(1977). =In;genera1,'treatment

* adsorption is directed to, the reduc
a - ., —
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‘matter. Lowering theﬁorganic conéegtgptioﬁw%%@UCes”the tate

of column exhaustion and corresponding GAC ,regeneration

2

frequency, decreases competitive adporption, and lovers
demand for disinfectant that could form ugdesirable end .
products (Suffet, 1980) Characteristics of organic

compounds may also be altered thus making them more amenable

r

to removal by b1olqgical act1v1ty in carbon beds (McCreary
] - .
and Snoeyink 1977) ‘ 0 SO

2.4, 1 Chemical Coagulation

Water treatment plants employing activated carbon g
usually_pretreat the water by ghemical ‘coagulation with %
metal salts for'turbidity or by:lime—soda softening for the
rem va@ of hardness. . Randtke and Jepson (1981) carried out
co‘gulation experiments ‘to explore, the removal mechanisms,
‘for various=dtgan1cs. These results aided in “the selection.
of chemical dosages and coagulation conditions for subseqdent
experiments designed to investigate changes in_the adsorptive

-

capac1ty of.activated carbon for TOC. A pH of 6.0 was

. selected for the maJority of experiments based upon prev1ous

investigations. Lower values of pH did not 51gnificantly
'1ncrease removal Organic substances 1nclud1ng humic and

-~ - o

fulvic acids from five sources were found to be effective Vi
removed by coagulation ‘using alum or ferric sulfate.-:Ths
predominant removal mechanism was the precipitation of .

insoluble organ1c*i aluminum complexes. Significant

increases in the adsorptive capacity of remaining TOC were

16



1

evident following this, type of pretreatment. The remoyal of
]

either. strongly or weakly adsorbing)organic molecules was

not'preferentially inflhenced by either coagulation or

3

' softening. i .

'Semnens and Field (1980)75tated that the most’ impdortant
'variables.influencing organiés'renoval by alum were alum
\dose‘and pH. The study cpncluded'that optimum conditions
for organics removal differed from optimum conditions for
-turbidity removal. Organics removals 1ncreased when alum
"dosages exceeded .those normally used for turbldlty ‘removal.
. Similar findings were reported by Kavanaugh (1978) during
investlgatlons of modified coagulat1on techniques. '

Kavanaugh (1977) presented data concerning the effect

of fron?pretreatment on carbon adsorption. Results 1nd1cated

that coagulation with iron may reduce the adsorption capacity

"of carbon for tannic acid. Pore blockage was the main
. I , - :
_reason stated for Ehisvbehavior. R -

" Research conducted by Yee and Snoeyink (1980)

-5

Qe@ﬂmstrated that the serv1ce ‘time of a carbon bed could be

extended significantly when humic substances were partlally

removed by alum coagulat1on before carbon adsorptlon. b

1
-

EFlndlngs of 1sotherm studies u51ng F11trasorb® 400 matched
results of Folumn studies and 1nd1cated.thet adsorption of -
fulvic acid could'be inoreaked three times using(elum
coagulation over that obtalnable without pretreatment.
“Application of a computer model developed by Cr1ttenden and

v

Weber (1978) provided ev1dence,that the model could

17
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accurately describe theiadsorptionAOE,peab:fulvic acid
remaining after coagulation in column experiments. The
Buffalo PFund water treatment plant employs the use of
coagulation with alum and an anionic polymer. This treat-
ment step could provide beneflts to subsequent carbon
adsorption by reduc1ng 1nf1uent cgncentratlons of humic
substances and thereby increas1ng bed service time.

2.4.2 /Chlorine and Chlorlne Dioxide

L4

%McCreary and Snoeyink (1977) suggested that prechlorin-
Qtlon may enhance adsorpt1on of partitular substances by
rendering them more insoluble.’ However, a reuiew of the ¢
11terature by Suffet (1980) 1ndlcated that removal of

organics, via blodegradatlon due to mlcroblal growth on GAC

-

‘may be hampered by prechlorination. Also identified was the

need for further research to 1dent1fy the end products of

reactions between ‘activated carbon and chlorlne or chlorine
-~

dioxide. Using a computer model Suldan;et al. (1977)

1

fnvestigatéd the effect of pH'and'temperature on the reaction
: between=free chlorine and activated carbon in batch and

packed bed reactors. The model was based upon both surface

v __

reaction and S%re diffusion as rate limiting steps and

accounted for the reducﬁlon in reaction rate ow1ng to the

bu11dup of reactlon products on the carbon surface. The s

-~

effect of the presence of organlc compounds on the rate of

izuptake of free chlorine was not determlned 51nce the research

0

‘evaluated only pure solutions. Phe rate of uptake of free



chlorine was consid)red difficult to evaluate because of the

wide variety of organic compounds and the possibility of

n

‘"free chlorind/reacting with adsorbed and nonadsorbed
organics. ‘ - . J
A system using pre- and post—chlorination was compared

to one using pre-chlorine diox1de and post- chlorine disin-

¥

fectign in a study by Lykins and DeMarco (1983) Chlorine
dioxide wys found to be an%effective disinfectant as well as

allowing 30-40¢% reduttion in THM precursors as indicated

-
by a measure of TTHM format)on after 3 days of storage."Up

to 80% of the remaining precursors were removed by . subsequent
GAC_treatment. This removal value was sightly higher than
- for prechlorinated water, but bed exhaUstion times were

found to be similar. -
- - v‘*, R
McCreary and Snoeyink (1981) applied a solution con-

taining chlorine and humic substances pértially reacted

.

wffh chlorine to a GAC columh. No additional chloroform or

Tox1! spec1es were found to be - formed from unreacted humic

t .

acid which sugggsted that the chlorine residdal had been
chemically reacted by the GAC. A TOX mass balance confirmed

this observation since no additional mass of organochlorine
s 2\
compoynds was produced ’ Results of this'type are significant

since these compounds @re usually cons1dered a. potent1a1

" health risk and are often re51stant to biological

S

degradation.

g
L d

lpotal organic Halogen (TOX) is a measure of organ1cally
- bound halogen. :

19



2.4.3

)

: Ricete; al. (1978) presented'an excellent review on the

status of ozonation prior to GAC., The review focused on
R \

current European trends 1nvolving the use of ozone in water
.treatment.plants. Use of ozonation before GAC treatment

eliminated the need for breakpoint chlorination and allowed
v ) i _

ammonia to be‘removed biologically. A pilot scale evaluation

of ozone-GAC combinations for THM precursor removal hds been

described by Glaze et al (1983). Low doses of ozone alone

7

were found to be @neffective for reducing THM precursor (5-
15% reduction of THMFP). However, for ozonated water

followed by GAC treatment, removals of TOC continued. long
® . _

after ;imes obtained using GAC only: Data indicated that
‘bacteria plaée counts incréased upon passing ozqnated Wwater
through the GAC columne. This suggested that biomass
accumulations could not be attributed onmly to flltratlon
effeots but rather to a proliferation ‘of several species of
-bacteria since effluent total plate counts fluctuated
.1nstead of con51stently 1ncrea51ng ylth time. Glaze (1983)
'noted ‘'in summary that ozonation partlally oxldlzes natupal

and anthropogenlc cbmpounds which makes_ them more suscept1ble

-

to b1010g1ca1 metabollsm on GAC f1lters. DlGlanQ (1983)

- A

cites possible dlsadvantages of using preozonatlon including

‘the reduced adsorbab111ty of organic matter when measured by
TOC or UV absorbance. A reasonable explanatie;‘is the
Hb.production of more polar byproducts which- tend to be less
adsorbable. | " R y

20



 d , .
Snoeyink (1983) suggested that the use of ozonation

prior to GAC adsorption results in bjological oxidation on
the\carbon thus minimizing problems with biological slimes

in distribution systems.

2.5 BIOLOGICAL ACTIVITY IN GAG BEDS
A comprehensive discussion of biological processes in
GAC filters was presented by van der Kooij (1983). The ¢
' following process parameters were determined as having soﬁg\\
influence on the colony counts observed fn GAC filtrates:

I

+ Empty=-bed-contact time and®apparent linear velocity

’

- Running time

. Backwashing

@
. Water comp051t10n (as determlned by type of“raw water
. and extent of pretreatment) and temperature . Cj/
A}
» . Pl

. Filter material (including carbe?’type and depth)
9 van der Kooij states that heterotrbpﬁ{e microorganisms
adsorb organic compounds and utilize them partly for syﬁthe—
sizing new cell‘materialt(assimilation)\and partly to meet\ Y
the'ehérgy needs of‘the;cell (dissimiiétion). :% Teasure of
oxygen consumption in relation to removal of dissolved
organic carbon (DOC) and.chemicel §x§gen demand éan serve as
a heasure of the biological activity in GAC filters.

onlOglcal activated carbon (BAC), is sustained by the

deliberate 1ntroduct}on -of dlssolved oxygen yo maintain

aerobicity of hacteria just before water enters GAC beds
. £ 2 . . .



(Rice et el.,\1978). The source of the oxygen may be from
the ‘direct addition of oxygen or ozonation. The foliowinq '
advantages oé using preozonation followed by GAC adsorption
k;ere presented by Rice, et al., (}978):
- More effective removal (up to 200%) of dissolved
organics from solution by the BAC;
. Increased oapacity of the cerqon to remove ofganics
(by a factor of about 10); .
+ Increased operating life of the carbon columns b?fore
having to be regenerated (up to 3 years), especially
gjlhe GAC can be kept free of halogenated organics,
- + Biological conversion of ammonia 'in the GAC columns;
- Use of less ozoneifor removing a given amount of
;organice than using ozonation alone (BAC is cost-

@

. . . . . ©
effective over ozonation in removing dissolved

e -
organic carbon); and
T . - 8

3;Fi1trates from BAC columns in drlnking water plants
can be treated with smallvquantltles (0.1-0.5 mg/1)
" 'of chlorine or chlerine ledee, whlchsproduces
‘drinking water of acceptable bacterial quelity (zero
. fecal coliforms) and_prov}degfa'residual dasinfectant
for distribution systems. | , .
"The preceedlng are maximum advantages and are not
always achieved: Neukrug et “al. ('1984) evaluated the effec-
tiveness of ozone-GAC in a Philadelphia conventional water

treatment process., Long ozone-water contact t1mes and high

~gas-to-11qu1d ratios were required to achleve desired

- ?
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-;ox1dat1on and d1s1nfect10n. 'TOC removal follOWing»preozonaft’
s .
thon dlsplayed an increase in GAC performance only after '

Vv

long service t1mes (exceedlng 100 days). Breakthrough of *
volatlle halogengted organ1cs occurred earller for ozone GAC
;;Systems than for GAC alone possibly because of low molecular

: weld;t organycs produced by ozonat1on c0mpet1ng more

—_strongly for av&llable adsorptlon 51tes.

S
ot

BT D1G1ano (1983) stated that b10degradat1on increases in
'1mportance as the adsorptlve capac1ty of the GAC becomes
»exhausted.g‘At thls t1me substrate‘concentratlons begln‘to'

lbu11d 1n the flu1d phase adJacent to the bil f11m in the -

carbon partlcles. The movement of blodegra
’downflow bed is shown in Flgure 2 1. Typlcal breakthrough
curves w1th and without blodegradatlon appear 1n Flgure 2 2.

Ia treatment studles of the Delaware Rlver, four

TG e .

parameters were used to determ1ne the mlcroblologlcal

L

j‘quallty of a\ffc system (Ca1ro et al., 1979) 'These 1ncluded
,~the membrane fllter togal collform test, standard plate } ‘

Lcount test, btpchemlcal 1dent1fleat10n of bacterla, and

VoL

'fscanning electron mlcgoicopy. The maJor purpose was to s

‘ determlne the levels of collforms and bacterla 1n the

gadsorber effluents and changps 1n these levels over €%me.

. )

',Bacterlal levels in the\effluents were found to decrease and
o ,

'7_level off only after th populat1on in the adsorber had

iy

become establlshed and eached a pseudo steady—state 51tua-

L tlon.] Tﬁe most predom;nant bacter1a were 1dent1f1ed as'

Qbelong1ng . to the genus Pseudomonas.ﬁ 4
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Figure 2.1 Depicxioh of Three Zones of Adtivity-fg,Activated Carbon
" . Adsorbers When Microbial Activity is Sigpificant

At Time 1, microbial activity has not developed because the substrate.
concentration external to the carbon. particles is still low. : At Tinfe 2,
biodegradation is ingreased in the upper. region where substrate is avail-
‘able.” The exhausted zone below will soon become bio-active; the .adsorp-
tion zone has been forced .lower in the bed as exhaustion occurs., At
Time ‘3, breakthrough of organic compounds, due to. exhaustion of adsorp-
“tion capacity, begins. Breakthrough will not be complete because the
biodegradation zone will increase and account for a €inal steady-state -
‘removal condition. 3 : . ,
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A report by the AWWA (1981) suggested that more'research
~under controlled conditions must acCompany laboratory,

pilot, and full scale tests &o provide a deeper understanding

<t

of m1crob1alzact1v1ty before des1gn recommendatlons can be

. made.

2.6 MONITORING GAC BEDS:
| R |

-Appropriate onitoring’ technlques must be applled to
ensure good organ1c removals and to ! 1nd1cate the qual1ty of -
water produced., The need for regeneratlon or replacement of

" a GAC bed may also be determ1ned by monitoring for a partic-

?

ular compound or group of compounds (McCreary and Snoeylnk

1977) Threshold odour commonly used as a ionltorlng,

parameter may. prove 1nadequate in descr1 total orgénic

@x;
removal. For instance, breaktgyough of TOC has been found

.to occur much earller than thr7éhold odour in pilot pJant
0 O N
studies (Forsyth et al., 1982). McCrearky and Snoey1nk

(1977) suggested that. the parameters of COD, TOC uv inten—

s1ty 1n the range of 240 255 nm and fluorescence 1nten31ty
could be used as 1nd1cators of total organlc content. The
easiest- measurements to make, absorbance and fluorescence,
-however were observed .to have drawbacks s1nce the processes
used to remove organlcs wille selectlvely remove certain
fractlons of organlcs changlng the UV absorbance orxthed'
fluorescence to TOC ratlo.~ Edzwald et al. (1984) 1n a |

¢

~discussion of the use of surrogate parameters suggested that

f



UV absorbance was excellent for estimating full scale’ waterf
treatmént plant concentratlons of non-purgeable TOC (NPTOC)
;and THM precursors. Despitevthe varylng treatment condl-
tions of pi?bt plant studles, UV (254 nm) absorbance was
é&ound to b%’useful for pred1ct1ng NPTOC and TTHMFP."

A study by Krulthof et al. (1983) used uv. (254 rm)

-~

absorptlon to evaluate pllOt plant studles in Amsterdam. To
' reduce: d1sp1acement of substances already adsorbed and |
*guarantee adsorptlon of tox1c substancesﬂlt was 5uggested
‘that a certaln re51dua1 capacity (e. g. 20% UV. extlnctlon) be .
malntalned on the carbon f11ters. o : : o
A review of analytlcal methods used to mon1tor adsorbent
unit processes emphas1zed the need to monitor the var1ab111ty
‘of influent organlc compounds (Suffet, 1980) Mon1tor1ng of
zlnfluent spec1es type and concentratlon would a551st 1n the:
assessment of compet1t1ve and re—equlllbratlon effects noted
'p'effluents. Chromatographlc profiles of‘lnfluents and
: effluents could be used to evaluate treatment performance
‘EOIIOW1ng GCsMS conflrmatlon analyses- . GC analys1s may then
be - used alone where. defined concentration limits for pollu-
tants’ have been establlshed B - ’.»"L‘;;
| Suffet (1980) noted the need for acqu1r1ng 1nformat1on
regardlng the mutual reductlon in adsorption capaélty for
COmpetlng organlcs in multlcomponent mlxtures encountered in
dr1nk1ng water treatment He suggested that pilot studles

would be necessary to conflrm the relative. order of break-

- through of each.contaminant.and‘to assess\the 1mportance.of



28

displacement eﬁfetts caused.hgta\variable.influent'concen—'~
tration and competitive adsorptionr. In recent studies,
(summers and Roberts, 1983f>chloroform has been used as a
conseryative 1nd1cator of the behavior of organic contamin-
‘ants in GAE beds contalnlng F11trasorb° 300 Chloroform

breakthrough and saturatlon wag found to occur earh1er than
spe01f1c orcanlc or collectlve parameters. Monitor1ng the .
removal of chloroform may therefore provide reasonable ‘
‘assurance that other hazardous compounds have been removed
as well. ‘
Alben‘and shplrt (1933) examined distribution profiles
for var1ous volatlle organ1cs and organlc ac1ds on GAC using
. four pilot columns-operated 1n ser1es. From the proflres it
\was p0551b1e to constructla case hlstory for GAC saturat10n~v
and evaluate chromatographlc dlsplacement within the pllot l
scale bed. Although localized depletlon of chloroform was
;oted at the %plet of the system after 26 weeks of operatlon,
other compounds 1ess volat1le than chloroform were n%ted to
be'concentrated 1n this same region. Results presented in
Figure 2.3 show qumulative adsorptlon proflles of TTHM wh1ch

&8

were found: to closely resemble - chloro orm trénds. . U31ng '
thls proﬁlle it was - possibf; to ver1fy the actual occurrence//*
of chloroform dlsplacement. ‘ ' v . : r

Monitoring ports spaced at 1ntervals of 120 cm along
Athe bed depth prov1ded ev1dence for TTHM dlsplacemenf‘but

the effluent's response to fluctuatlons in influent THM

.8
levels was obscured. Samp11ng ports spaced 20 cm apart were
'

)
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&
‘recommended for detailed dynamlc THM adsorption studies. To
establish breakthrough curves, corresponding distributionﬂ
profiles and_subsequent evidence for displacement, ‘weekly
sampling was suggested: as a minlmum.—

The pilot study at the Buffalo k@hnd water treatment
plant 1ncorporated these suggestlons 1n the orlg1nal design.
Monltorlng ports were installed at 10 cm intervals along GAC

" bed depths’ and most analyses were conducted bi- weekly.\

30"



3. RESEARCH OBJECTIVES

As is evident from the literature review, granular

activated carbon is well known as an effective means of

\

reducing the concentrations of volatlle organlcs and tdtal

organic carbon in dr1nk1ng Jater. A deeper understandlng of.

loading characteristics of these COmpounds in pllot scale

GAC columns and an examination of predictive theorles would

. aid in the development and operat1on of & full scale system.,

The study conducted at Buffalo Pound had five main

. o

obJectives

1.&

~To determlne the loading d1str1but1on of trlhalomethanes

and TOC in pllot—scale GAC columns of varying depths

and carbon tYpe.d This was accomplished by monitoring

liquid phase concentrat1ons of sampllng ports spaced at
10 cm intervals of bed depth.

To assess the effectlveness of a partial bed replacew'

ment on specif1c compound removal efflclency and loading
. )

7characterlst1cs..

;To evaluate the effect of carbon gra1n size'in GAC

4

beds on. trlhalomethane and TOC adsorptlon.
To determlne the usefulness of adsorptlon isotherms fn

pred1ct1ng column loadlng behav1or. ;= . oy

©

by applying the Polanyl-Manes adsorptlon theory to
compare’ actual adsorption occurr1ng in 1sotherm ‘and-
column tests to that predicted‘for single compounds in
pure water. | |

3 S
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3.1 BXPERIHENTAL"PLAN - | g
The 88 day‘studi conducted during the summer of 1984~
was divided into three main phases (Table 3. 1), ~In all
three phases samples of plant finished water (column -
influent) and mon1tor1ng-port effluents were routinely
collectedl' These samples:formed the Basis for evaluatxon of
all pilot scale GAC‘exper1mentat1on.

§ Phase' 1 (61 days) - . ' B .

<

Phase 1 examlned column 1nfluent and monltorlng port
effluent characterlstlcs of Eolumns A, B, Ca, CA+CB, and- S,

‘This portion ofathe study allowed the performance of 3

carbon types and vary1ng bed depths to be directly compared
under.ldentlcal operatlng‘cond1t1ons. Initially. Ports 1 and

3 were monltored ‘more frequently than pPorts 5, 10, and 15 to

I

enable collectlon of deta11ed breakthrough data in the uppr

! L)
column segments. : : S

\

B Phase 2 (27 days)

. ' -
) o

In Phase 2 the top 31 .cm of carbon was replaced with -

_V1rg1n carbon in. Column CA. Thls replacement occurred after

TTHM removal eff1c1enc1es had decreased to 30% when measured
. .
as column effluentt(Port 15). The entire 30 cm bed ob
4 - ,
Column S was replaced to-provide a parallel comparison. No

changes were made to Columns A or B which cont1nued to

provide comparat1ve data.

9
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Phase 3 (88 days)

phase 3 involved conducting isotherm teé§rs where time .

L4
permitted. Additional isotherm analyses were conducted
- : . (' .
following the completion of Phasei/ﬁ~and 2. " -



C T

»

Table 3.1 Experimental Desigh Phases

.

¥

Duration \Activity

-

L T

Objectives

‘{

Columns A, B, CA+CB,
and Column S ’

- Collection and _

' .analysis of influen
, and intermediate port
effluent samples
|

PHASE 2 27 days - - Carbon replacement in
‘ Columns CA and S

- Continued parallel
operation of Columns
A and B .

. - Collectiop and -
analysis bf influent
and intermediaee port

E effluent  samples

PHASE 3 88 days . - Isotherm experiments// (3), (4), (5)

- Grain size distribu-’
v tion analyses

ﬁhASE 1 61 days , - Parallel/operation at

(1)

(2), (3)

34
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4. EXPERIMENTAL METHODS AND PROCEDURES

.

4.1 ADSORPTION- ISOTHERMS
9
N

The carbqg used in isotherms was from the identical lot
»

used in the pilot scale columns. A general consensus points

' L .
to the use of pulVerized or powdered carbon for, batch
P ‘

~isotherm eiperiments using GAC (Arbuckle, 1980; Focﬁtam and

Dobbé, 1980; Singer et al., 1980; USEPA, 1979). The Ue of
pulverized material minimizes variations in results due to

particle size an?’alfows equilibrium to be achieved faster.

For isotherm tests the carbon was pulverized using an Oster

blender at maximum speed fo
a e

Vary1ng carbon dosages fro@ 0.01 g/L - 0. 02 g/L and
0.05 g/L - 0.5 g/L were welghed into 500 mL and 150 mL

bottles respectlvely. FolloW1ng this, 2&0 mL ang 6.7 mL of

4 g .
distilled water which had been passed=througl/ a Gelman I

+ water purifier was added to the 150 mL and 500 mL bottles

respectively. The carbon was then allowed to wet for a—

period of 42 - 66-hours. Upon filling each bottle w1th

column Enfluent, sufficient sodium th;osulfate was added to

destfoy up;td 6vmg/L of ﬁ;ee'chlor?ne. After»filling with

sample sucg that no head space was réma} ing, the bottles ¥
§%‘l‘asticls:crew éap,

were covered with an aluminum foil seal ,*

and a fuxther'parafilm seal on the outside of the cap.

N

Youssefi and Faust (1980) have suggested adging‘a“phosphate

buffer to maintain pH at a given value. This was not done

35 )
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in this study since previous studies (Andrews et al.. 1983)
had shown that initial pH values of 7 0 had varied only
slightlygin test samples, typically 0.1 pH unit, ‘Immediately
after filling the bottles a samble of column influent was
ahalyzed for THM and pH.  All bottles were agitated for a
period of 24 hours using a Labcpnco roller apparatus. ‘The‘
¢4 hour equilibration time was based upon?equipment limita-

-

t1ons and previous k1net1c investxgations by Andrews et al.

11983) which had shown that equilibrium *for the major THMs
was reached after 6 hours when using 30 x 40 mesh size GAC.

Results obtained by Yosse and Faust (1980) were in close

agreement. Wheﬁ\u51ng

. ¢
times range from 2 hour

ized GAC, stated equ111bratlon
tman and. Dobbs, 1980) to 4 to

7 days (Crittenden and Hahd;]1983) " The comblnatlontof a
minimum 42 hdur wetting period followed by 24 of equilibra-
' - . , .

‘tion was felt to address these requirements satisfactorily.
. Following ;he agitation period, GC analyses were
conducted on the control, followed by the bottle contalning

the hlghest carbon dosage. The analyses contlnued in order

of decreasing carbon dosage, to minimize any effecti|ff 5"

o -

extendipg the contact period past 24 hours.

~

4.1.1 Freund11ch Adsorption Isotherm -
The Freundlrch equatlon is generally usedvln water and

waste water. This equatlon has been applied successfully by

others (e.g. Y0useff1, 1980) where GAC was the adsorbent, |

'under similar 1nf1uent concentrat1ons. The general' form of
' 7



'theyequation‘isr

[

* i
W= Keel/” | .
. . |
where: - Cq = amount_of organlc compound 1n untreated solutlon.
C¢ = amount of organlc compound in treated solutlon
. X =Cy-C -
" o o £ . ‘ p
M = weight of adsorbent. - s X
R . i
K = empirical constant v
ih = empirical constant

Estlmates of K and n.were obtalned bi:ﬁlottlng Log

vs Log Cf and applying least squares to the follow1ng form

Q‘ | Nt

of the equatlon-

Log -ﬁ Log K + 1/n Log cf
TR ' - _
The structure of: the Freundllch model. ensures a hlgh

correlatlon between estlmates of K and n - i, e. one para-

meter can be varled to compensate for a chapgb in the other -

/

and g1v@ the same predlcted value.‘ For thrs reason,.K,
values shoﬁld not’ be compared/mlthout consrder1ng the corre-

spondlng n values. Although experlmental deszgns\

)L

obtainlng prec1se 1nd1v1dua1 parameter estlmates (e g. Huckq?
1984) can be readlly applled ‘to 1sotherm parameter est1ma—

,tlon, thls was out51de the. scope “of . the study.
“B

Results from batch 1sotherm tests cannot be used £o

assess the affects of dynamlc operatlng cond1t1o§§§up0n
T
adsorptlon.\ However, as - suggested by. Perrlch (1981) properly

| desxgned 1sotherm experlments may prov1de estrmates of.

.

—
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-'Carbon:oapacities and associated exhaustion rates
" '». Degrees of removal based on desdred eﬁfluent -
.obieotivesh " , t 732& .
-'Preferentig; adsorptlon of component groups
.+ Comparisons of alternatlve carbons

b When the Freundllch 1sotherm is. applled to a set of

data, he constants K representlng the X/M 1nteroept, and

.slope (l/n) may be used to descrlbe adsorptlon characterls-"

tlcs.V The K value represents the maxlmum capa01t1 of the

carbon (expressed.as the weight of compound adsorbed per
S ) ? _ ars

if
i -

uhit weéight of carbon) for a compound at a given initial
o . . ‘ .

i

"138

g ¥ ’ L .
céncentratlon C ~ A high & value indicates a large capacity..

§

The: slope of the 1sotherm (l/n) 1nd1cates the effect of con~-

a%iisotherm whlch appears cﬁmvex to the ordlnate is favour-

~ able wherea9~a concave 1sothenn is unfavourable. The

L S W— 4

ex rémes ‘of these éases are horlzontal and vertlcal lines

“representing inflnlte‘and zero-adsorbablllty respectfully.

* ’ _

4.2 PILOT SCALE GAC COLUMNS R

The pllOt columns used in this study were 2.4 m long by

15 cm 1n51de dlameter (Flgure 4. 1) The columns were ofﬁPVC

',

material chosen for ease;of‘handl1ng and,avallab111tyz
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 Typical Pilot Scale Column



Studles by Kreff et al. (1981) suggest that pilot scale

columns constructed of PVC have an ins1gn1f1cant effect on -

levels of purgeable volatlle organic compounds. Each of

~three identical columns (A, B, anﬂ CA) were fllled to a

depth of 153 cm witth fresh carbon (Table 4/1) A fourth

column de51gnated "Ca":was connected in ser1es to recexve

i
“ B T
i

. é) 25
the effluent of’Cdggm:gE&*, This cojumn was filled to the ’
g i A . _

.same depth as the mthers w1th the same carbon as in

' Column CA -'A fifth column which wasvconsiderably shorter

Y

‘than the others (bed depth 31 cm) was desxgnated "S" This

. column, served as an 1solated shallow bed allowing dlrect

adsorptlon comparison§ to be made to the top portion of a

K deeper bed (Column CA). After allow1ng the carbon to wet:

for a‘period'Of‘Z4 hours, the“columns were backwashed, s

levelled at approxlmately 153 cm -and placed 1hto service.

The flowrate of flnlshed plant chlorlnated water toﬁﬁ

: each column was malnta1ned at 3.5 mm/s which approx1mated

‘normal ‘sand fllter throughput in summer month® and was the
de51gn flow rate of the full scale GAC contactors.' This

flogfprovided an empty béd.contact time of 7.3 m%hutes for

L. 3

‘Columns A, B, CA, CB,-and 1;5‘minutes for Column S.' Stain-

less steel sampl1ng‘p6rts, 7.5 mm ID prOJectlng 5 cm 1nto

.‘the column were prov1ded at 10 cm 1ntervals down. the side of

the column~ stalnless steel screens .were incorporated into
the ports. Ports des1gnated as #1 and #3 represent bed
depths of lQ cm and 31 cm respectxvely.i Effluent samples -

fox Columns A, B, CA and CB were collected near the bottom
. .

40,
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" . o |
.of the bed from ports designated Al5, B15, CALS and CB13
respectively. ' Plant finished water from the samevsourggN;;T\'
column 1nf1uent served as backwash water. The backwash
‘procedure lasted. approx1matply 10 m1nutes~w1th\flowrates
varylng between. 3.6 mm/s. and 10.8 mm/s. Samples of backwash
-efflqgnt were collected routinely for visual exam1nat1on to
determine the type of matter present.‘ At day 61 of the

study period the top 31 tm of carbon was removed from‘
Columns_CA and S and replaced with fresh GAC}to observe the-
effects of_a‘20% bed replacement. It should be noted that

this replacement represented the entire bed in Column 9

d.3L‘A5AL¥TlCAL o - . \\;//,/

4.3.1 Trihalomethanes (THM)

Chloroform; bromodichloromethane, and,dibromochloro—
methane concentratlons were determlned by gas chromatography
on a Hewlett Packard 5840A un1t equipped with an electron
Vcapture detector follow1ng a method described by Nlcholson
‘et al. (1977). Sample volumes of 5 mlcrollters were 1ntro—
| duced by direct. aqueous 1n3ect10n (DAI) into'a 1.8 m by
6 mm in.) glass coluMﬂ, packed w1th Chromosorb 101. A . \
carr1er gas mlxture of 5% methane in argon was used at a
flowrate of 32 2 mL/mln. The des1gn of thls study requ1red
.that a .large number of samples be analyzed dally on a routine
e

‘bas1s. Thls precluded use/of the more time consumlng

purge-and trap method and d1ctated use of the .DAI method.. - {
, : s B -
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The DAI method may yield concentrations slightly higher - -than

o

the purge-and trap method because of its measuremd&t of both
actual -and potential trihalomethanes (Boyce and Hornig,~-l -

1983). However, in the context of this study, an- 1ncrease

]

of'this type was not‘considered significant-since ‘most

reSults were used for comparative purposesf‘».

4 3 2 ﬁgtal Organic Carbon . L S . Lo
Total organlc carbon concentratlons were obtained from ‘

a correlatlon with UV absorbance, as'descrlbed by Edzwald et
A ]

al. (1984). Using a Beckman model 910 spectrop}ﬂ Qmeter UV w g
absorbance was measured at 254 nm @plng all c h length,

\ \ :
on samples prev1ously filtered through 0.45 um filter.

. TOC concentrations were then read from a cal'bration curve

relating UV adsorbance to the theoretical T contained in a

set of pota551um hydrogen phthalate standa ds prepared with
‘distilled water (Appendix A). It was reco nized that the
same set of standards would produce 'a TOC |of approximately
1.2 mg/L hlgher when analyzed us1ng a Bec man hodelZQlSB

total,carbon analyzer. Thls'increase was$ attributable to ©

TOC in the distilled water blanﬂ!

- 4.3.3 Standard Plate COunt

' Standard‘plate counts were conducted accordlng to>

-,

the Heterotrophie.Plate Count megh outlined in Standard

i

Methods for the Examination of Water and Wastewater (APHA,

AWWA, WBCF, 1981).



4.3.4 Free and Combined Ch10rine v
Free chlorine residuals were measured on a Wa}lace and
T1ernan Amperometrlc titrator at pH 7.= A Fisher Model 397

chlorine titrator was useJ to measure .combined chlorine

»

residuals at pH 4. . o , ' o
oy N ‘ : ' ./\

°

4.4 DATA ANALYSIS L P ‘ \ '

\\ ' . . ' ol
4.4.1 Computer program GAC7 * :

In order, to 51mp11ﬁy data analy31s, all data points for
monltored compounds were 1nput to the computer program GAG
(Append1x B) ' This program was wrltten speciflcally for the

-Buffalo Pound GAC pilot study but may easily be adapted for -
. use w1th any GAC study employing the use of column type
contactors. Common deﬁrgn;yarrables 1hclud1ng column .ﬁ
diameter, monltdringfport spacing, carbon density, flowrate,
and division of bed depth by segﬁénts.may'easily be'adjuSted
as i:ZBtgvariables. An Osbornetl portable computer:was used,

to £ litate both on-site data input in addition to'office

_outpUt and data'analysis.!'The program was cap;BTe‘of per;-0

forming the_folloying manlpulations'for each pilot column:
-“Tabulate input data. |

P Calculate percent removal of a given compound at'each‘

mon1tor1ng port._ | |

- Calculate accumulated segment 1oad1%'s’ (mg) between

designated monltorlng ports based upon liquid phase

concentrations.
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»
--Calculate aooumolatedke;oﬁentaloadings (mg/g‘pAC)
‘between desionated monitoring ports.
C - Eabulate test dyration for each monitoring port. ,
-'Galculate breakthrough times for each segmeof using
,11near extrapolation.
- calculate total adsorbed (g).for each segment.
- Calculate percentage of total aoso:bed by each -
' segment. |
- Calculate the average‘influent conoentfation‘(ug/L).
- Caloulaté the total amount of'each:comp0und entering
the coluﬁn during-the test period.
All calculations could be updated on a day to day basis

2

as ney data were 1nput to the program.

4.4.1.1 Breakthrough Calculations - Seg@ent Basis

" Each eegmen;_was'sonsidered as a diStinct,:Segafate
area in the column. To calculate breakthrough in'a parti-"
' cular.segmént the ioflheht concentration (effluent concen-
tration from thed segment aoove)’was oompared to the effluent
of the segment being evaluated. Since both leQelsvwere Ny
constantly rieing; the breakthroegh ;alue (days)uwas defined |
as the time when 2% of the'segment,influent conceneration
:appeared in the segment effluent. ﬂWhile this defioitioh‘isi
somewhat arbltrary, ‘the” 2% value typlcally represented the
'detectlon 11m1t for most compounds. In cases whefe the f1rst
‘ data p01nt was, not obtalned at day zero, an 1n1t1a1 concen=-

tration of zero was assumed and projected to the first



' -

. \ .
value. Breakthrbugh :ENes calculated prior to the first

data point were based on these linear extrapolations.

rs

4.4.1.2 Breakthrough Calculations - Total Column Bed
) [ . N
'Depth d

IR I -

For purpgses of examingng the entire column, breakthrough

-was defined as the! time when the'effluent concentration
he [ ]

monltored at the lowest port reached 2% of theé column

,-‘.; Y

influent vatue. Thus, a column was v1ewed as one large
segment (Ports 0f15).

o

’/’({‘ I
i

4.4. 1 3. Accumulated Segment Loadlng Calculat1ons

‘Loadings’ at apparent exhaust1on were calculated by
d1v1d1ng the net welght of a compound dep051ted in a segment
by the weight of carbon in that segment . Loadlngs were
calculatedﬂfor each sampling interval and summed over the 88
day operating period. Thus a value of 1.39 mg/g forféhlorof
form in segment 0-1 would represent the difference‘bétween
the column 1nfluent concentratlon and the concentratlon at
.Port 1 mu1t1p11ed by the flow to the column and d1v1ded by
the welght of the. carbon between the top of the column and'.
Port_l.s For segments which had not reached apparent exhaus-
tion duriné the test, an extrapolated amount deposited after
the end’of;the test was obtained by graphical integration.
Methods used to determirie both apparent exhaustion and

.extrapolated apparent exhaustion are discussed in section

4,82, L o (\ -
‘ A ' 2 £ 3

46
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<,

'Y
Loadings are thus based on differences in liquid phase
concentrations and were not actually measured. Calculations
"4
assume ,no generation of THMs within the column.
‘ v . }

4.4.2‘ Apparent Exhaustion and Extrapolated Loading

v
The time to reach exhaustion or “saturatlon as defined

by some workers is usually assumed to occurnwhen the effluent

Calculations - ' -
¢ -/

4
concentration reach?f some preselected fraction/gf/the

‘influent concentration. In cases where the influent concen—
A
tratlon is Eixed, a plot of effluert data usually resembles
an S-shaped curve which asymptotlcally approaches the

.influent concentration. Infa dynamlc situation su%p as a

‘'water treatment lant, e 1nf1uent concentratlon of a
particular compound will usually vary constantly and may
tend to follow seasonal trends. As a result, the'classical

S-shaped effluent concentration may 'not be obtained. Since

s -

adsorption is an equ111br1um process an increase or decrease
in adsorption capac1ty will result from a respectlve increase
or decrease,in influent concentration. The Jer "apparent_
exhaustion” is therefore used as an‘operational definition,
representing a point where the-effluent,concentration has
either reached or parallels the average influent concentra—
- tion under varying 1nf1uent c nditlons. Apparent exhaustion .

‘may therefore be used as an operat10nal guide to define the

active life-of a GAC bed.
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: °
linear least squares regression formula to the series of

Apparent thaustion times were determined by applying a
concentration Hata poiﬁts extending upward from bre&ﬁthrough
to a point where they either intersected the average influént

\
concentration or a plateau formed by & lévelling of effluent

?M :
concentration values. Successive data points were enterm? I
into. the regression formula until a maximum correlation was
“achleved. " The slope of the line was calculated.and used to
construct a line originating at breakthrough,j Apparent
exhaustioh was "denotedvas the@oint where this line int:ar— . :
sected an aéepage concentration.line. Extrapolated appatant
exhapstipn times are denoted in cases when actual exhaustion
was not aphieved durihg,the test‘p?riod. For these cases
tha ayaragé influent concentration obtained duripg the test
period was assumed to continué until apparent exhaustion hasﬁf‘

been reached.

4;4.3 Graphical Data Presentation

In, order to éimplify data presentation, data points
wereaplotted on a segment ha51o with ﬁfspect to t1me for
each column (unless otherw1se .stated). Plots have usually
been divided in such a way that the upper portion of the bed
may be reviewed in detail. To this end, segments 0-1 and 1l--.
3 are plotted on a‘sepdgaté'graph. 'segments 0-5, 5=10, and

10-15 are plotted together to illustrate adsorptive:%ehaviour

" of the three “main" column segmerts.



5. PRESENTATION AND DISCUSSION OF RESULTS

1 . . -

N

In the following section, Columps A and B will be

4
LN

compared in detail with respect to the removal anc
[

distribution of trihalomethanes and TOC. Specific results

conderning brOmodiehloromethane and dibrqmpchloromethane may
~be found in Aﬁpendicies C and D, respectfully. Comparisons

will be drawn at both epparent exhaustion and at the end of
the test period. ‘Ae well, importantnepser?ations wil
presentee as'ﬁhey occurfed ﬁuring the 88-day opérating
eriod. Results concerning’ Column EA @ill also be.eiscqssed
but to a lesser degree. Tte purpose this &olumn was to

evaluate the: effect of a partial be¢ replacement on o

adsorption characteristics.
< i -~ ' ' k] '
Concentration plots for individual compoupds. illustrate
‘a

t he breakthrough %nd apparent, exhaustlon characterlsths{'_”:?d

~-."‘h~

when evaluated on both a cummulatlve and segment basis.

. g -

Accumulated loadlngs expresseu per gram of GAC aldow.*

comparlsons among carbons of varylng den51t1es, an& sérvaﬂas

m!»

1nd1v1dua1 compounds.

A

charapterlstlcs of

- ' ’ . ‘
not be discussed in the text but are presented

phrboses in Appendix K.

‘-:;,.»lsnx-:-nee
v
N
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5.1 TRIHALOMETHANES

5.1.1 TOTAL TRIHALOMETHANES =

- * . ) o
-
% ( o
' .

"5.1.1.1 Column A e
Influent, effluent, and intermediate port adsorpt ion

;data appear in Table 5.1 and Figures 5.1 and 5.2, Thee
influent concentration during the 88-day study period-
averaged 92.2 ug)L showing an increasing trend. Break-
thfough~at ports 1, 3, 5 and 10 occurred at days 0.1, 0.2,
0;%, and 1{1,.respect1ve1y.u At Port 15, breakthrough did not
occur until ddy »3.5, corresponding to 2,654 bed volumes
(B.V;). Apparent exhaustieQ in the lowest segment. of the
column isegment 10 - 15) occufred at’day 77 (15,100 B.V.).

»

The adsorptive capacity, expressed in mg/g GAC apparent

-

at exhaustion was the hlghest in segment 0-1 at 2. 97 mg/g
GAC (Figure 5.3). Segment 1-3¥ 1m%gd1ately below d1splayedﬁa
much lower loadlng at 1.70 mg/gﬁGAC Considering the column

as three equal segments (0 5, 5-10 and 10-15) the hlghest

1oad1ng (2 23 mg/g GAC} at apparent exhaustlon occurred in °

’

segment 5—10. Loadlngs obtained at the end of the test

period increased in all segments as a direct result of the.

©

1ncrea51ng 1nf1uent cbncentratyas
Extrapolations used to calculate apparent exhaust1on
¢
~ assumed an aVeraged‘constant influent concentration. This

allowed direct comparisons regarding loadings to be made

, _ !
among various bed segments. In actual water treatment plant
' - - )

50
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: operatlon'the 1nfluent concentratlon dk*a partlcular compound
Qay. follow seasonal trends. An example of this behavior|is
the 1ncrea31ng TTHM influent trend noted in Flgures 5. 1 and
| ‘Immedlately follow1ng startupu loadlng of the v1rg1nb
fcarbon in the upﬁer most segments appears very rapid (F1gure
5.3. Once a levell1ng,'albe1t moderately 1ncreas1ng trend

. had been estab11shed (days 14 to 40, Flgure 5.1) a 51m11ar
levellng trend decreased rate of loading was noted in: segment
0—1 load1ng presented in Figure 5.3. (AppZ?Znt exhaustlon

\ immed{ately follows. this perlod’for segments 0-1 and 1-3.)

. - . , .. - - .
As .the influent concentratlon 1ncreases dramatically-from ¢

day 45 ‘to the end of the study perlod the loading in segment.

0-1 1ncreased The loadlng in segment 1-3 dlsplayed an’

53

f ".,

1ncteése followed by a decrease, “while the 1oad1ng in segment

*

*
0-5 showed a slow increase with t1me and. appeared 1nh1b1ted

rﬁ, . re

to respond d1rectly. The slow 1oabl trend of segment 0- 5'

~ -w "y, .

tls accompan1edgby the: 1ncrease 1n a'sorptlve capac1ty of
u*segment 5-10 follow1ng day 34- of the study perlod.q The"
'mdistance between -the accumulat d loadlng llnestf segments s

- 5-10 and 10- 15 increased w1th an 1ncrea31ng 1nfluent concen-
A\

tratlon due to the hlgh adsorptlve ab111ty of the mlddle

'segment. . S ST |

‘ ; _ v . .
'On a more locallzed scale, once ;;}arent exhaust1on has

»

been reached for Ports Al and A3 (Flgure 5.1), the TTHM

f\v‘_,

levels at these d??ths roughly paralleled the fluctuatlons -

in the influent.

At,Ports AS, AlG and AlS plateaus are
‘. Pl X .
, .
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o IR T A D '
reached neaq‘the end of the study period as the influent

*
"

concentration ‘leveled off *

A

. "Of. particular 1mportance is the unusually high adsorp—

\
-tive capac1ty of segment 0-1. In thlS seg)ent 7% of the

4

¢ota1 bed depth adsorbed 16% of the TTHM e ter1ng ‘the column -
’*) . . a
ét,the ‘end of the test;perlodu ~ %

(3

5 L 1 2 001umn B o R

k™
¥

«1The adsorpt1ve capac1ty of Column B in general was
hlghgr th#§-§hat of Column A as shown by data .in Table 5.1.
With" the&gxceptlon of segment 10 15 all breakthrough values
were: hlgher than for Column A.  If sampllng frequency had
been ;ncreased in the ‘early per1od of operatlon, this break—"

through value may have also been lower..

LN ,vx B .

ot %oncentretlon and accumulation proflles (Flgures 5. 4, -‘r‘

) 5.57 and 5. ﬁ) generally appear similar to those for Column An

A,n,

but show h1gherfremovals.’ The predom1nantly high adsorptlég

capaclty of segment 55 10 prev1ously seen in Column ‘A was

o
‘not - readlly apparent 1n Column B (Figure 5 6) Thls may

‘-partly be attrlbuted to the h1gher ‘adsorptive capac1ty -of

@
....

7 »

‘?The effect of an* increase in. influent concentratloh on’

_.segment loadlng ig shown in Flgure 5.5 and 5. 6.' As influent
” concentratlon 1ncreased in the. latter half -of the study
”'period, segment 0-1 adsorptlon 1ncreased whereas segment 1-
-3-showed an almost proportlonal decrease~1§ loading rate.

.3

pSincefsegments 5710 and 10-15 did not reach apparent
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‘exhaustion untll near or after the end of the study period

" there appears litfle if any 1nfluence of upper segments on
1ower segment adsorptive capacity. |

| ‘ . At the end of the 88 day test period 39% of the
adsotptiqn taking place in the column occurred in the top

il

33% (ségment 0-5).

-

5.1.2 CHLOROFORM ' '
5. 1.2.1 Colu-n A

Results fOr the adsorptlon of chloroform appear in
Table 5.2 and Flgures 5 7, 5.8, and 5.9. The chloroform
concentrat1on durlng the 88 day 'study per1od averaged 54.1
’ug/L and‘dlsplayed a_sharply increasing trend towards the
latter half. This compound was the major contributor to
TTHM, account1ng for 59% of. the total concentratlon. As a
result, concentrat1on and accumulation profiles were very
31m1lar to those for TTHM.

The effect of chang1ng influent concentrat1on o@%the
adso;ptlve‘behav1or of column segments is shown 1n1
Figure 5. 9 Segment 5-10 displayed an increasing rate of
"accumulatlon 1mmed1ately follow1ng an apparent exhaustive
1evell1ng trend in segment 0-5._ This occurred dur1ng a

per1od of low 1ncrease in the in luent concentratlons

vmeasured both as influent to the column, and influent to

58

n~segment 5= 10 (effluent of segment 0 5). A rapld 1ncrease,;n*

these concentratlons following day 55 of the study period

'"caused an 1ncrea51ng rate of accumulatlon in. segment 0-5 and
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' pigure 5.9 Chloroform Accumulated in Column A
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¢orresponding decrease in the loading rate of sdgment 5-10.

The constant loading pattern of bottom segment (10-15)
indicated that as for TTHM, it was relatively immune to
fluctuations in loading rates of upper segments and adsorbed
at a rate proportional to the eft}uent concentration of the
'segment above. . |
~ . ‘ _ .o
Because of a lack of data initially foellowing startup
‘an apparentIQXhaustion value could not be obtained for
segment 0-1: However, end of test 1pading;data (Table_Slf)
reveal that segnent 0-1 was capable of adsorbing more than
2.5 times the amount adsorbed in any other segment when
‘expressed on a per gram GAC‘basisx
The effect of an increasing column influent trend
following day: 45 is noted in the increased loading capacity
of segment 0-5. At apparent exhaustlon (day 51) 0.72 mg/g
GAC had been’ accumulated in this segment 1n contrast to the
1.13 mg/g GAC adsorbed at the end of the 88 day test perlod
: . :
5.1.2.2 - Column B

‘ All breakthrough values ‘expressed as days were lower

than for TTHM (Table 5.2), but generally sllghtly hlgher;

62

than the results of Column A, This indicates that cnloroform

was more readily adsorbed by CoTumn B. Concentration and

acgumulation proflles appear in F1gures 5 10, 5.11, and 5. 12.

T&
Segment 5 -10 reached the hlghest loadlng of the three
x\_ i
major segaents at both apparent exhausﬁaon and tHe ‘end of

the test per1od. Loadlng in segment 0-1 was approxxmately
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' 2 tlmes*values found in any other S gment when comparlng end

7

of test results.. Segment 1- 3 exhlblted an uncharacter-A..t\k

ilstlcally low accumulatlon vafbe of 0. 68 mg/g GAC and 0.79 k-i
. ‘g,

.mg/g GAC at the end oE test. and apparent exhaust1on ~

i

his: 1nd1cated a decreaSe in the adsorptlvev

' respectlvely

K

capaC1ty durln the latter half of the study perlod?

‘Of the three maJor segments, a contlnued 1ncrease in ¥;
A Y X

‘adsorptivé capac1ty wasﬁgoéed 1n segment 5 lO follow1ng

v

,apparentuexhaustlon 1n segment 0-5 at day 41. Segment 10- 15

'd1splayed a cbnstant 1ncrea51ng trend as noted earller in'

Ty T

, TTHM results for th1s column.} Also, as for TTHM, apparent
v b 3

exhaustion was not reached untal day 97 of operatlon. This
hd

‘ <
extrapolated value exceeded the 88 day study perlod and
- ¥ ;
”'that approx1mately equal 1oad1ngs may occur in both

".segmen- s" 5= 10 and 30-15. o S 2

The decrease noted in adsorptlve capac1ty\of segment
::1 -3 follow1ng an 1ncrease in ﬁnfluent concentratlons sugg\s‘
f.that chloroform may be compeﬁltlvely dlsplaced in upper

: segments of bhls GAC %ed., S1nce chloroform appears less~~*r
. . P
i-strongly‘adsorbed than TTHM 1n general, competltlon from one -
’ € ( ; -

vpor more of,the other const1tuent compound'~ wouldvseem llkely,

i Th1s phenomona w111 be addressed‘ln greater deta11 in

. L Pas T v B

hlspus51ons of the Polanyl Manes adsorptlon theory,
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5. 1 3 coupanrson,‘g‘:rmu nsnoan BY- coumu‘s A, B, AND CA

In total, three «carbon post contactors of equal depth"
‘mere operated in parallel durlng the 88 day. study perlod
.Results from Columns A and B were d1scussed in prev1ous

t

'sectlons. .Columns ca, CB, and S dlffered 1n elther depth

and/or operatlng cond1t1ons and thereﬁote could not be R
df?ectly compared for the full study per;od. o ‘ “,ﬁ*“
: : Q. "' j_‘i ‘
&Spec1a1 txeatment of data perta1n1ng to C umn_ QE@ e ¢ #a

serles Columns CA and CB was requ1red These oolumns were
. ) N ,. . Q
»'used to- study both the effects of a part1a1 carbon replace—
A3 ¥ . &
: ment after l days of operat1on, and the'effect of . an”

e

‘extended b d depth As a prerequ151te to ‘this dlSCUSSlon,

LN

results fr m these columns w1ll be brlefly compared to“

and ‘B.. Results coLlected from columns prlor to

thesrepla&emgﬁ} of caﬂhqe 4 n’ Coiumns CA and S are presented
in Figure 5. 13 and Ap :ndlx E.. . j ,{

'$ S
The TTHM load1ng 1n S

ment 0- l of Column ca was
s1m111ar1y proportloned but sl1ghtly higher than e1ther
f Column A or B."In segment “0-5 the overall loadlng was'- ;l

:Ah1ghest in Column B. Load1ngs 1n segments 5= 10 and 10 15 .

\were 31m11ar but d1ffered from the 1nverse relat1onsh1ﬁé

-

between d th and load1ng noted 1n Columns A and B e
. ;% d a

%
Chlgroform, the majdr eompongnt of TTHM, foll

o

is1m11ar loadlng pattern as expected.. stults ’or,bromodi-
.J‘% '

chloromethane and dlbromochlormethane w

e

:k'but are presented ‘in Appendlx E." ,
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In summary, TTHM were removed more efﬁectively in’
upper, segments and less effectlvely 1n loaer segments of “w
Column CA than either Columns‘A or B. It was for this
reason and based on prev1ous pllot studles (Forsyth et al.,
Andrews et al., 1983) that Filtrasorb 300Q (Column CA) was
chosen for detalled bed replacement studies.

»
5.1. 4 Partial GAC Bed Replacement Evaluation{b TTBH

Columns CA and S were operated in. parallel to assess

the: effects of a parcxal bed replacement and of backwashing

Y

0-3) was removed ffrgm Columns CA ‘and''s, and replaced with

fresh GAC“ “Phiy represented/zo% andelggz of the.carbon
.resent 1n'col mris’ CA and S respectlvely and permltted

explorlng the p0551b111ty of 1ncrea51ng bed life w1U1Q>'y a

partial bed replacement. . i A
Concentratlon proflles for Columns CA and S are/shown
_1n Flgures 5. 14 end 5 15 respect1ve1y.» La;ge decreases 12’
4TTHM concentratlons are noted 1mmed1ate1y folldw1ng the
tcarbon replacement, as expected. i p .' o f .» Jt. '
A compan1son tf accumulated TTHM at Ports“CAl, CA3, Sl,
and S3 appears 1n Flgure 5. 16 After backwashlng at day 66
agpumulatlon prof1les of segments CA O—lyand s 0-1 appear ',
aroughly parallel (Flgure 5 16) . The 31m11ar loading capacity

seen 1n Column CA: ';gests that carbon be1ng displa‘bd from

lower'bed segments . .upper bed segments dur1ng backwashing
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was not exhausted. Had this not been- the caSe,\capac1ty b %f

- o i

’would be expected to decrease. Bed stratlflcatlonwwas

visibly noticeable ‘and’ con51stent with flndxngs by“hlben and

"?‘1.'(

¢Shpirt (1981) The existence of smaller dlameter part1cles

in the CA 0-1 segment would cause “an 1ncrease in adsorptivgr

i

@capaciby as suggested by Weber (1972).

G
1~‘::v4~‘,
i

Pr1or to the carbon r””f£d£ment segment ] 0 1

‘accumulated only.68% asfmuch TTHM as the correspondlng CA 0— )
1 segment. Segment S 1- 3 accumulated 60% as much as segment

CA 1- 3 These values 1llustrate thg\qghanced adsorpt1on

\

éﬁ@fect in upper segments of backwa Ng attrlbutable to bed

'u

P
Stratlflcatlon. Higher adsorptlve capacr&y would be expected

1n ‘the upper segments of qge deeper bed¢CA, due to. the
A ]

‘1ncreased ava‘iglablhty of unexhausted small pargles. . An .

Py

&, Fy
article

+

eva%uatlon of. load1ngs vs depth’ %s a functipen o

size distrlbutlon is . presented in sect1on 5.3.
Immediately follow1ng the Carbon replacement a. sudden

increase in the raxe of: accumulatlon is ev1dent bgi;he

'increased adsorption proflle slope in both Columns'fA, and s

‘with the exceptlon of segment CA 0-1 (F1gure 5 16). At the

- N
¥

end of the test perlod (27 daysbl terb.segments s 0-1 and S
0-3' represented 86% and 106% res ectxvely of the>amount

CA 0~ '3 after the meplace-

.qaccumulateda1n segment CA 0 -1. a

>\
. Y-
ment. ‘The 1ncrease 1n these p rcentage values suggests that'°@

'fthe carbon dlsplaced by backw shingvinto the upper segments
L K s » .
_of Column CA dur1ng later bed life’ is cau51ng %?reductlon 1n'

capac1ty; Thls effect was probably a result of partrally

'

" exhausted partlcles. : l‘ t .
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s:SPe potentlathbf an‘increasbngdinfluent concentrationk
to se increased loadings was examined by comparing cummus
1at1ve TTHM loadings (segment 1-15) fq\ Co umns ‘A, B; 'and CA .
on the same graph - (Eigure 5.17). Adsorptive capacities in

Columns A and B appear to be unaffected by the increasing

1nfluent ETHM trend foL*ow1hg day 63 of operation. _On a

[ 3

. ore locallzed scale, cummulatlve TTHM loadlngs for segments
é;nd 1~3?1n Columns A and B are presented in Figures 5.3

=-‘ 94‘0.3'3*.,

and 5 6. Nb cOncentration effect is noted ﬁor segment 1- 3

R s
~in elther column, however segment 0- 1 does;wxhlbit!a slight
- #

u%wg
10ad;ng rate 1ncrease gn both columns Pbllow1ng day 63. f%
may therefore be assumed ﬂhat the llnear 1ncrease 1n TTHM
loadlng of column CA follow1ng carbon replacement was a

digget X s

segment O™l

ult of the new unused capac1ty except pOSSlbly 1n

‘where concentratlon may,lmduce a small«capaclty
increase. o o | L S
. ~Total, 1oad1ngs in Columns A,VB, and CAa are~shown in
Table 5.3a at da; 59 (1mmed1ately before the replacemént) ‘
| at the end of ‘the ‘study per1od. Column- A bed loadlng o
)/:iireased 493 follow1ng the. replacement comvared‘to 30% and f:

49% 1ncreases in Columns A and B wh1ch d1d not receive new

@arbon. ' Prior to the replaeement Columns A and ca removed

s!.glar amountslof TTHMs.' The 19% 1ncreas 1n loadxng

capa01ty of Column CA in etcess of Column A may therefore be

attrlbuted to the 20% bed replacement. Column B dlsplayed ?U
. '3
no signs of reachxng exhaustlon’and on a concentratlon bas1s

. l‘ ‘. Yo
removed more 'TTHM than either Column A or. CA.‘ R
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) Table 5 3 Trihalomethane Segment Loadings (mg/g GAC) Columns
A, B, CA, and S (Before and After Bed Replacement)

(a) Column A, B, and CA ;e

oK _ .
“;* i v Loading (mg/g) - Total Column
- *  Column A Columqﬁg *  Column CA
Prior to Partialf . ¥
Bed Replacement : ! . - T
(Column CQ? ‘ 1.69 .7 1475 - 1.41
End of Study o 2.19 ©2.63 2.10

% Increase . ' 30% 50% L 49%

i

v

(b) Column CA and S

@,

Loading (mg/g) ¥ segment 0-3

Column S Column'CA ,
’ . . \ N 4 - ¢
Prior to Partial Bed ] _ s
Replacement (Column CA) - 1.95 v 3.07
End of Study . 3,40 4.57 A
; . : .

% Increase- . : ' 748 “ 494



The total bed depth loading of Column S ds compared to .
the Column CA segment 0-3, represem&lﬁg the same amgunt of
carbon, in Table 5.3b. An absolute increase. in Column S }
loading capaéitg of 25% was observed abovelthat attained in
Column CA. This‘lncrease_illustrates the decrease ln_ .
capacity resultin; from bagkweshing‘partially exhausted
‘carbon into uppef‘segmentS‘in Column CA. : ' _ .

. . . o ?
* 5.1, 5 Removalvof TTHM by Deep Beds;-“ColqpnsvCA+C%/5::>««
”bThe series combﬁhatlon of Columns CA+CB allowed adsorp—l
‘ tion of TTHM to pe stud1ed in a bed depth totalllng 286 cmtuQ
Agtual carbon depth in Column CB measured 153 cm from top toy
bottom (same as Column CA) but was monlt‘the lowest |
port (Port 13), representlng a bed depth ad cmh. .

Results prof111;g TTHM accuﬁulatlon 1n‘COIUMns CA and " | %
CB are-. shown 'in F1gure 5. 18 | At the end of the 'test pexigd
loadings of 2.10 mg/g GAC and 1.16 gng/g GAC were present in
Columns CA and CB, respectlyely The effect of the ,20%
caisyn~replacement in Column CA. at day 61 1; noted as an
'1ncrease in slope of the Column CA-accumulatlon curve "and

‘decrease in slope of - Column CB accumulat1on curve. These

ed capac1ty was increased,

.consequently a decraased loading ra The assumption‘that

i
this behavior occurred prlor to complete apparent "exhaustion

of the? Column Cta or CB.was confirmed by the positive

slope noted. 1n both accumulatlon proflles. ,
ﬁ v - e



when Columns CA and CB ark viewed as one single bed,
depth %86 cm, the highest loadings prior to the end df,the”w
study period occurred in' the upper half of the bed as
.expected. . Ah observation of this type however must be
viewed with some caution when making comparisons to a single
deep bed as opposed towa series situation.as in thie ease.
For instance, if particle size distribution fould be shown
. to directly 1nfluence adsorptlve capacity then an actual
.one—plece bed hay attain a deeper zone 6§)given particle
size as opposed to two serles beds. The extent of strati=-
f1cat10n would of course be a function of backwash veloc1ty
In series beds fines from the second bed cannot be backwashed
to the top of the f1rst~bed where the highest influent

h iﬂ" .

concentragion exists., «*

5.2 TOTAL ORGANIC CARBON
*
' Total organlc carbon (TOC) data Jld not exh1b1t the
.3
characterlstlc breakthroqgh curveskq§ted for tr1ha10methanes.

Instead three well’ deflned phases of adsorptlon exlsted.;

These phases, ‘as 1dent1f1ed by McGuire et al. (1983) are:

t o -~

(1) 1mmed1atq low level leakage, (2) a reqular orderly ”
‘

breakthrough and (3) a pseudo steady-state plateau.- Two .

slow adsorption k1net1cs (Maloney et al., 1983)

EEE N 7
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., To assist in evaluating apparent exhaustion and br k-

)
v

:thréugh values, an average concentration was calculated fcr g

“',

the plateau section of each indivldual breakthrough cirve.

This concentrat1on represents the average steady— state

LI

influent concentration to the column segment 1mmediately %;

below. Apparent exhaustion was_ calculated as the time whe1

a linear approximat1on to the breakthrough curve 1ntersecq‘l

'vthe steady state concentration. By projecting the lxnear'

.j g

extrapolation back to a point where concentratlon would

. .

equal zero, breakthrpugh was found in most’ ‘vases to occur
imgediately following startup. Breakthrough values noted in
Table§ 5. ;Q S.S’and 5.6 are those calculated hy the computer
'prOgram‘b£b7 ° These values, always exceed zero since the
program uses a straight line extrapolatlon assumlng that
concentrétlon equals zero at time zerd. Thus, loadings
.,cglculated by~ the program may be slightly hlgher than actuzé._,

kil

5.2.1 Co
TOC. ddsorption data appear in - Table 5.4 and Figures

5.19, 5.20, and 5.21. The average influent concentration

!

was 3,6° mg/ show1ng a sl1ght decreasing trend durlng the

.,

‘1

"latter'half of the study period. p1st1nct plateau;_are_séeﬁ

. fer all the segments, inéluding'minorgsegments 0~1 and 1-3
“t the top"of the ‘éolumn. v Brea,kthrough most llkely oécurs
!sry seon after startugﬁﬁkiglgpgehce cf daég a stra1gﬁ£ ltne

*e%@rap lation has been d%eh&whlch may overesémmate in early

~étages 1guree 5.19' and 5.20) . .

. - T
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Figure 5;19 TOC in Finished Water and Removal by
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In. general, effluenG concentrat1ons at e h of the ,',Sﬂ;s,

—r
.

segments paralleled the 1nfluent concentration.f At apparen&

N

exhaué%lon the hlghest loadlng of 140 mg/g GAC was obtaiped - '

N

an segment 0-1. Plots of accumulated TOC (Flgure 5 21)
G"' ‘ - N

suggest that segment 0-5 has "a ‘much h;gher capacxty to‘;d
remove TOC than e1ther segments 5- 10° or 10 15 . f"f o .f\"

When the mass of TOC adsorbed at apparent'exhaustiop is

compared to: the mass at‘the end of the test (Table 5 4) over Ch

one ~half of\the amount removed at- the. end of the test may be\;
N ’ e
attrlbuted to ezther b1ologleal act1V1ty oF slow adsorption.
L4 . H
In- an‘attempt to deflne “the- actual mechanlsm govern;ng

TOC reduct1on, 100 mL of 4N NaOH was added to the column at
day 61 of the study perlod This solug1on Was~slowly drawn

-~

through the column over a 10 15 m1nute period and produced a

pH of ll 12 in the effluent.. Samples collected 1 .week later ;

v

SN
showed ‘a reductlon in standard plate counts from 480 000 *.-  ~

g

unlts/mL to 98'000.un1ts/mL.' ThlS reductlon in bacterxa
concentratlon had only a ‘mihor" effect ‘on the removal

eff1c1ency of TOC (F1gures 5 19 and 5. 20) The decrease in.

'

ﬂope in some segments of Flgure 5 21~follow1ng day 61

appears to ‘result from a comblnatlon of bacter1al reductlon'

.-A; \ ~

and a decreas%ng TOC 1nfluent concentratlon. The proposed

TOC reduct1on for this carbbn follow1ng apparent exhaustlon.V

~.n.g

appears to be slow adsorptlon as, opposed to b1olog1ca1 : N

\

e . o v

activ1ty.‘ : S .

BN o S . i s .



| Column B TOG adaerption data appear in Table S 5 and“

'Figures 5h22, 5 23, and 5 24, Distinct plateaus follbw1ng
. - A - e
‘apparent dkhaustion are noted in Figure 5 23 but\are spaced o

Y

’muéh closer together vertically than those for Column A."
dThis indicates that less TOC removal occurred followlng

L. sy R .
apparent exhaust1on than’ noted 1n Cdlumn A, Loading results s

/I

-

shown fh Tab}e 5.5 and Figure 5 24'conf1rm this observation.‘

ffluent concentration trends for segments 0 1- and lr3

'were errathc (Figure 5 22) and did ‘not reflect 'rends in the

;influent concentration until very near the end o} the study

*

period ‘ Apparent exhaustion could not be def1ned for segment

0- l since no trend was def1 ed by the concentrat'om data e
A . f - . B
profile. :
’ P S ‘
Examination of the three major segments at appareht ~]'

.exhaustion shows that ‘both the highest accumulated amount

}

and loading occurred in segment 0 5.. The magnitude of the v

- © B 4

floading in this segment becomes readily apparent fsom Figure .
5. 24; Segments 5 10 and 10 15. contrlbuted very little to

the removal of TOC., I xfact segment 10 15 was found. to have}
. m‘}fmv

'accumulated no. TOC di:Q“?$he first 69 days of operationh"

,,ii\r
_At both apparent exhaustioh and at the end of the test
'period the mass oﬁ TOC adsorbed was. found to vary 1nversely

with column depth As prev1ously noted for Column AL »" >
N .

' Treatment ‘with NaOH' at day 61 did not«appear to affect -
, ‘ . U
‘bacteria concentration or TOC removal.‘ The proposed TOC

Sy
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removal mechanism following apparent exhauatfon would be K
slow adeorption -as noted for Column A but ocouring at a much
"lower rate.- oy
égﬁ L ,l >
5.2 3 Colunn chw »

. Column CA adsorpti‘n‘profiles may be compared'

. T 3 L T
JAﬁand ‘B at apparentrex
“exhaustion "‘ot:curred pr
.CA) at~day 61, Adsorp

'on_data appedr in Table 5.6 and

Figures 5. 25 and 5 26" rVery distinct'plateaus are Seen for-
the period extending from apparent exhaustion untll the
carbon replacement at day 61. o : p o
Accumulated TOC plots (Figure S. 27) show that segment
"0-1 accumulated the highest amount of TOC both before and )
_after the replacement. At apparent exhaustion ¢day 23) the
Mloading for segment 0- 1 (177 mg/g GAC) was more than two
times-that achieved by thempext highest segment (0-5)."
Loading behavio; with respect to depth in-~ the three major
-‘segments paralleled the 1nVer§e trend notedkprev1ously 1n(
both Columns A and B but with a much hlgher loadjings in
csegment 0-1. A-comparison of Column A,‘B, and CA segment -

’ 16ad1ngs is shéwn 1n Figure 5.28. - End-of-test 1oad1ngs for
Column CA should not be directly compar1ed due to a part1al
bed replacement at day 61 At apparent exhaustion Column A-

"achieved mhe highest 1oadings in the three major segments,

;followed by Columns CAyand ‘B IGSpectively.“

r to the caqgon replacement (Cplumn ’
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Detailed bacterial analyses conducted at day 82 are _”l
- ‘ ~ ‘ ' . ‘l

presEnted in Table 5.7.
For the threé major segments (0-5, 5-10, 10-15) To¢ .

. . .
loadings were compared to bacteria counts (Table 5.7) to

) determine if a relationship existed’ Major‘segmeot loadinge

at apoarent exhaustion were subtracted from accumulated

—

loadings at day 83 to eliminate the fraction of TOC readily
adsorbed by the carbon and plotted vs bacteria counts |
.obtained at day 82. The 1inear result suggested that. TOC

removal following apparent exhaustion was a result of

»

biological activity. However, it should be noted that the

‘periodlunder consideration did include a 20% bed replacement.

13

This may cause loadings to be higher than in a bed without
the additi@b of virgin carbon but should not dfastlcally
_alter the relationship. _Compamison to .Columns A and B was

not poss1ble since detalled bacterial analyses had not been

- -
. .
"

conducted on tpese columns.
P

-

5.2.4 Ppartial GAC Bed Replacement Evaluation - TOC

\

As discuesed earlier in section 5.1.4 a replacement of
segment 0-3 carbon in Columns CA and S was performed to
assess effeCts on removal efficiencies. Concentration

“ p;oflles for Column €A were shown in F1gures 5.25, 5.26,

.and 5.27. As noted for TTHM, large decreases in TOC effluent
. concentratlon followed the carbon replacement at day 61.

-Conoentratfoh profiles for Column S are shown in Figure 5.29.
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TOC accumulated in column segments CA 0 1. CA l 3, o
0-1 and S 1-3 is -shown 1n-Figure 5 30 ‘ Column CA d1splayed
R
onsistently hlgher loadlngs than‘tolumn S at Segments 0-1

_and,133~ D1vetgence in accumulatlon proflles between Columns 0
CA and S is likely due to unexﬁausted carbon belng forceg

1nto upper segments of Column CA following backwash Thls
.o [
effect 1s more prom1nent in segment 0 1 suggestlng that the

-~

smallest size partlcles have the most 51gn1f1cant effect on, T

.
e Y

adSOrption as noted in TTHM dlscuss1ons.- o j”-”‘,.};f“ff*}

R: day 59, 1mmed1ate1y pr1or to the replacement, Column ’

S accumulated 68%(ani-73% as much TOC as Column CA\when

measured at segments 0 1 and 1 3 respectlvely. fC

at’ the endvof the test per1od show that segment s

continued to remove a 51mllar amount (56%T’whereas
»
1- 3 now - acqnunted for 123% of Column Cﬁiaccumulatl'

the repkgrement.v ThlS suggests that t carbon back ashedfdﬁgl

into the upper segments of Column ca had a lower reJuvenatlng *
effect in segment 1-3 when c0mpared to segment 0- 1":§§g}n N

T

the enhanced adsorptlve effect of the smaller size partlclesA’ .
’ o . v . ‘agg

(segment 0-1) is ev1dent.‘,‘ IR e S !

Lo N . ‘ . S o
SO L BT R : S S

_

5 2 5 Renoval of TOC by Deep Beds - Columns CA+CB

™ Adsorptlon data for serles Columns CA+CB-are shown 1n\
[}

;'Flgure 5. 31 Column ca reached apparent exhaustlon ‘at day
- \ .
. .8

38 (Flgure 5 26) Th1s po1nt 1s also dep1cted by the
decreased rate of increase of the accumulat1on curve (Flgure

o

5. 31) at approx1mately the same t1me. From thls p01nt to
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ST B Tl O T OOk S S e 1
. . . .

the endgof’thefstudy“periodacCumulationpresulting.from ‘
hiological degradation and/orlslow‘adsorptign'remaineQ';;
";COnstant., - 'p" L : f? ‘if' T |
3 The change'in slope of'the Column CB accumulation éurvé

indicating apparent exhaustion is less noticeable 51nce the

. a
~

influent concentration to this column was always lower as a-

’result of continued removal by Column CA. ollow1ng apparent
exhaustion in Column A, divergence of Xhe two curves suggests

that the removal mechanisms are more effective in the first

of the two series contactors.‘i‘ S , o .
5. 2 6 Prediction of Segment Adsorption Equ111br1um ‘S&j :
; ' . ,*1:

Capactty USIHQ Piﬁpt Studies

Breakthrough data may be used to predict TOC adsorptlon‘

capacity according using a me t hod described by Roberts and'

Summers (1982). -The formula derived was.of .the form,,

- ~

Lqe = 0.01 Ce0°53

baqsorption capacity of GAC (g TOC/g,GAC) -

£
=
o
2]
o
Q
(0]
"

equilibrium concentration at steagy.state_

0
.m'
U]

Al

(mg/L.TOC)

. .
. [x]
\ i K

v This ﬁapatlon describes the relationship of* adsorpt1on’
capacity at steady state to the steady state equilibrium
COncentration when plotted 1n the Freundlich 1sotherm form |

a

‘as qe VS\Ce.h The}numerical‘coeff1c1ent and exponent were



SN trlu ﬁ‘ﬁzf“,;, L e it S
deriyed ugihg'many -carbon tYpés ‘and TOC concentrations " °

ranging from 1 mg/L to ‘6 mg/L.

o . Adsorptaon data fro@ Co}umns A, B, and CA are present;d
3
using thls'form in"Figure' 5.32. These data differ from

those analyzed by Roberts ‘and Summers (1982) in that _the,

1oad1ngs (qe) represent segments at different depths rather \‘

: than a complete column., The‘slope (1:63) 1s somewhat steeperv“

than predlcted by the equatxon and indlcates tﬁat adsorption'

-

in a segmented column is more"ens1t ve - to concentration
¢ . ’ ' /
(Fochtman and, Dobbs, 1980) An'xnter pt.value of 0. 017 fs

! roughly an order “of’ magnltude less than predicted indicating

Y

a lower adsorptlon capac1ty in general for’ the carbons used
in this study. Data points numbered accordxng to column

‘segment designation suggest that loWer column regions will o

- b
\

| adsorb lower amounts of. TOC as a result of. lower Ce levels.

As expected this observatlon is consistent with loading data
_ N _
prev1ously S o .

¢

presente

Dat representhg Column A most closely coinc1ded to

“the_regression line. For the Buffalo Pound TOC matrlx this

-

carbon would be. most useful 1nvpred1ct}ng the adsorptive -

Z\behavi r of others. The general eguation would be,defined

as:

. ’ .o . . ' ' P
e . " . .

v

Qg = 0.0017 Ccgl-63
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5 3 EFFBCTS OF GRAIN SIZE DIST@IBUTION ON TTHH AND TOC

~

: ADSORPTION . » -

Size classification oﬁ-particles in a GAC adsorber bed "

Has been reported by Alben and Shpirt (1981,‘19h3{2-:1n

1]

these-studies the .smallest particles were present at the top

¢ ' ¥

\'of;the‘beﬁ‘$hereas.1arger‘particles were deposited.in lower

»

segments. -This classical nature..of distribution caused by

backwashing and its effects .on adsorption have been reviewed

by others (Neely and Isacoff, 1982; Weber, 1972; Weber et

99

e TR RS T L e TR 4
. L N

P} . o - . . . :
al., 1983). 1In theory the adsorption'capacity of a nonporous

‘adsorbent varies with ‘the inverse of the particle diameter

(wéber 1972) In GAC bed studies adsorption rates have been

e
‘found to decrease with increasing particle size, resulting

a

‘in distprtion of the mass transfer zone (MTZ) (Neely and

-

| Isacoff, 1982). ’ N

Experlments by Zogorsk1 and Faust (1978) evaluated GAC
columns conta1n1ng various carbon particle sizes. These

studles revealed that the rate of movement ofﬁﬁhe mass

'transfer zone u51ng 2,4~ d1chlorophenol as the adsorbant was -

. result of différent rates of adsorption onto the various

1ndependent of the size of the adsorbenw. However, ‘the

relative steepness of the breakthrough curve was ‘a direct

~

-

siieskof activated carbon. The larger thefcarbon.sige, the -

Stoadef'khe'breakthrough'éurve;-.Similar_studies conducted

by-Roseéne et al. (1980) compared bréakthrough profiles of

A

«£hloroform at‘influert concentrations of approximately



v

‘ eiisted~between‘16adings at " appl

, A 1 [

‘ .

'200 ug/L using coarse and fine GAC" (Figure 5 33) A much'

' broader breakthrough curve was obtained with the coarse
’ S

carbon.indicating slower kinetics and a wider mass transfer
. . . N I . . . . ,. . . .
zone, \. N _ N .. . ~ o7

Grain;size?distributipn.data for carbon samples
textractedtfrom Cclumns A}‘B; and CA atiPcrts 1; 3; 5, 10,
and 15 followingll4 Wéekjgff dperatipn appear-in'FidLres .
. . a relationehip {

5.34, 5.35, and 5,36, TO dete
haustion and bart1cle

size distributlon an SPSSX mult1-le'stepwise regre551on

‘routine was, applled (Norus1s, or Column CA only,

" TTHM loadings were calculated 1mmed1ately prgq; to the

partial bed replacement. The percentages of carbon retained

!

@ﬁetween giVen‘U;S. standard sleve sizes were used as the

v

\ . . B
independent variables. TOC and TTHM ‘served as dependent

“variables. For example, the TOC :loadings measured .in

segments 0-1, 1-3,‘0{5, 5-10, and 105l5-were regressed ‘upon
the percentage by-weignt of . carbon particles in the >5£}‘
(4 - 14

.sieve size range from samples collected at Ports 1, 3

-

10, and 15" This procedure was repeated for all size ranges. '

“- -

The impcrtance of a part1cular gra1n size is reflected by

the relatlve correlaklon between the dependent and
ﬂ
independent variables; "The F test at a = 0 05 was applled

to interpret regression s1gnxf1cance.
v'\. -~ R ! : »

- -
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Pigure 5.33 Chloroform Removal - Bfféét‘of Particle
.., Size ,

(Source: Rosene et al., 1980)
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- Table 5.8. For Column A a strong positive correlation was

/
+

5.3.1 TTHM Adaoqﬁiion ‘;)

e

A study by Mullins et al. (1980) suggests that TTHM -
ad;Qrption capacity at equilibrium should not be greatly
influenced by particle size siﬁce TTHM are small molecules
and would'have access té most pores, Howéver, b;oader
breakthrou%h cdrves and higher mass trans%er zones mdy Pg\
obtained from larger particles as opposed to smaller
‘particles. _ |

Correlation results relating TTHM loadings to the
percentage material in.é g}ven'éize range are shown in
establisheé fof sleve sizes less than 30. A negative corre-
lation for ghe larger grain sizes suggestd an inverse
relationship between grain size and TTHy loadings. Siﬁ;lar

results exist for Column B with one exception, A positive

corrtlation extended to the largér grain sizes found in: the
. \ ] ‘

'sieve range 30-16.

-

Column .CA correlations increased directly with g;aiﬁ

size in the sieve size range of 50-30. The trend reversed

B

for mesh sizes greater than 16/ w very strong correlation

-

for the mesh siie range 30-16 suggests that this size may be

&

preferred-for‘TTHM.adsorptioﬁ.

5.3.2 TOC Adsorpiion

4

" Weber et al. (1983) examined the effect of carbon a

particle size on equilibrium capacity. Using humic acid,
.o 5 P

increaseés were observed in capacity for smaller .size
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‘:particles. P0591ble rgasons for this effett include:the JRR
abllity of smaller part1cles to more closely approach a true
equilibrium and a larger portlon of avallable pore volume.

RN

Correlation results obtalned from column stud1es a pearﬁ

lin Table—5 8. Columns a and CA d1sp1ay the’ expected

C orrelatlon patterns. Positive correlatlons exlst for t,e
’smaller gﬂaln 51zes, negative correlatlons ex1st for the

larger graln 51zes.

- No general trend in correlatlon was found for Column 'B.
Negative correlatlons ex1sted for 51eve s1zes both larger
qn

,_and smaller than the 30—16 range._ The hrg'

: S
stvcorrelatlon;“

S
o

of 0 922 was detérmlned for the 3 16 51eve rang but was not
’ e [
51gn1f1cant at. the a =0, 05 level. : “ »% .

|
- For purposes of constructlng a regress1on equatlon

1

’vrelatlng carbon capacxty to part1cle size,’ the fractlon of
material’ present at a g1ven depth 1n &Qits1eve range 30 16‘

“would be‘most useful as‘shown by the F statistic. ‘ .

5.3.3 TTHH'and TOC Segment Adsorption as g{Function of;ann
) : ) - - ‘ v‘;

w

Particle D1ameter J
TTHM and .ToC segment lpadlngs may also be related to

mean partlcle dlameter. ToO determine if a relatlonshlp of"

=th;s ‘type existed, a welghted\mean part1cle dlameter, d, was
4 R

‘calculated for each column segment.' First a ggometrlc mean:

jpartlcle dlameter, ds was calculdted for each of the adJacent

s1eve 51zes accordlng to the ﬂbllow1ng equatlon}
‘ 4 .



-

)
bdl = ieve opening that material passes . ) n
dy = 51eve opening that materrz} is retained on .

" The four geometric mean particle diameters were then

multiplied the corresponding weight retained for each

- pair of adjacent sieves. A weighted mean particle diameter,
dw wasjobtained for each column'segment as~follows:
dy .= % weight:retained_50—36‘sieue idg_sb—Bd)'+
3 weight retained 304167sieve:(55-30416) +rrl
.ﬁ‘ . %,%eight retained 16-8 sieve (dg 16-8) +

% weight retained 8-4 ggeve (d 8-4) "

Segment loadLngs were then examined as a function of

weighted mean particle diameter, surface area of a spherical

- -

particle, and volume as representeq by dy+ dwz; and d

PN

w3- A linear least squares regre351on routine, MINITAB :

.(Univer51ty of Alberta, 1981) was apglied and a “a = 0 05‘

| confidence interval calculated for each coeff1c1ent. Results
.are’presented:in,Table 5.9,

(H

',‘5331 TTHM

T Column CA was the only column tigéisplay regression

_—,\\’; .

coeff1c1ents that were‘51gnif1cantly fferent from ‘zero.

The- strongest correlation for dw suggests that a reduction
‘,1n particle diameter, rather than surface area or volume"

w1ll have the most 1nf1uence on TTHM adsorption. Partiole

N
N

'5volume as represented by d 2 was the only other 31gnificant

"variable.t The lack of_a,direct relationship to particle



&

l \110‘ ’

Table 5.0 Relativa Correlation’ of Dependent variables TOC
and TTHM to Weighted Mean Particle Dianetar

kN

" Column A

T0C ~ .
RN o - t
Independent Regression ‘Correlatioh C.I. at
Variable Coefficient Coefficient - a = 0.05
3, -682.1 0.921 * 346.8
d,2 ~399.8 0.913 t 227.1
@ . ow . . .
dy3 . =-331.0 0.919 ¥ 18101
n . ‘

"TTHM

Independent . Regression Correlation C.I. at
Variable Coefficient Coefficient a = 0.05
i, -7.21 0.559 11,76
* 3,2 ~4.09 0.520 * 7.23
d,s. -3.45 0.541 '+ . 5.83
Column B .

- 'ToC. - | |
Iﬁdepzndént Regression Correlation ; C.I. at_. .
Variable Coefficient Coefficient, a = 0. 05

3y -121.8 0.628 + 285, g
3,2  -35.3 d 616 ° + 84,7
3,3 SN e13.4 10.600 *33.3
TTHM - ‘ e
-Independent Regréssion "1 lcorrelation - ‘c.I. at
._Variable | Coefficient. _Coefficient « = 0.0%
dy T +1.08 S 0.220 1 i 373
- « =0.30 o.167 - - 1.23
a3 ~0.11 S o0.1200 . to0:s53
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‘Table 5.9 cont'd. - A i

» Column CA ’ s . " )

‘toc - ' ® .
Indepepdent Regfession - co elation \ C.I. at .
‘Varigble ' qufffcient Coefficient — - »a=>‘0.05 .

aw" ’ -150.9 . . - 0.883. t 101.0,

IR -L o =414 0.804 ro4a

dy3 -18.5 - 0.707 o217,

TTHM ( | ' ' "

Indeperdent’ .Regresskion Jcorrelation C.1. at
Variable ' Coefficient . Coefficient - o = 0,05

dy - 138  0.876, t0.95
3,2 |  20.43 . 0.793 Tt 0.40
a3 © -0.17 |  0.695, " - + 0.20
ray - |



ﬂky

“ “ 1 , | . ‘:‘ ~. » . . _ 112 .

- .
[l

.size for. the other“@olumns supports Mullins et al., (1980)
\’lh -

findings that TTHM adsorption is not greatly dependent upon

-

_particle size. , N

5.3.3.2 TOC |
| Signi can& inverse relationships were observed for ‘ ~
variables +d,2, and’ 3,3 in Column A and dy and 4,2 in
Columnpa.' As for TTHM,‘Column B continued to diSplayrno
“direct xelationship%A The availability of a greater amount \‘
or available pore volume as characterized by a decreasing
particle diameter appearsdto Be‘tbefgoverning variable in
TdC adsorption. The apparent'higher’functionality for'
particle diameter ‘as opposed to particle surface area or
volume may in part be explained by the narrower range of

7;~a .\.' 4

numerical values prior to being squared or cubed

* 5,4 EVALYUATION OF HASQ,TRANSFER ZQNE CONCEPTS
. Cee ' . ] : <. ) L -'.a

LS
, . ~

_ 5.4 1 General

Removal of a partlcular adsorbable component

.,_. - —

‘ conceptually OCCurS in ‘a band within a GAC column.' This

band or wavefront is called the mass transfer zone (MTZ) A

0 'Vﬂ

detailed explanation of this concept is presented elsewhere
Q(Perrich, 1981, Chermlsinoff, 1978; Neely and Isacoff,
1982)0" - L : ’ . R 4l ' -

- Upon startup of a columnh type contacter, the concen- -

"~ tration of a compound entering the column decreases to a ’
> . - : . v ' = .



-

» - &+

very low or undétectable level within the MTz.x‘w”"w

period of continuous Operation the carbon at the top end of v

&

..the MTZ reaches its equilibrium capacity for the adsorbate.

Immediately following,vthe\MTz begins to move dgwnward

~ [

through the bed. When the leading edge of thetMTz reaches

the effluent end of the'bed, the compound will be‘obserued.

in small but increasing concentrations, denoted as break-"
throygh. E:;ntuallywthe effluent concentration will appfﬁach

or reach the 1nfluent ooncentration as the bpd reaches

A
H

exhaustion. Minimlzation of the MTZ length is desirable in
bcolumn operations 31nce the capac1ty of the carbon for a
particular compound increases asithe'length of'theqMTZ
decreases. The rate of movement of the MT2 1s 1mportant
lzince it ?ndicates the rate at which the bed w1ll be

exhausted This is ultlmately dependent upon the affinity

L d

of ‘the adsorbate for. the adsorbent, but~w1ll be influenced

2
by operational parameters such as flowrate.

The ability of stratified beds to cause distortion 1n‘
mass transfer zones was noted by Neeley and Isacoff T11982).
This dlstortlon resulted from adsorptlon rates which’ varied
inversely’wfth particle size. 'Perricml(4981) suggests that

: i _ {

a»choice of carbon . with a smaller mean particle diameter

P

(MPD) is usually accompanied by a reduction in the mass

’transﬁer zone and 1mproved utilization of . the carbon.

Carbons with MPDs ranging between 0.8 and 1. 7 mm (approximate

..

51eve range 3061&) were suggested as a good compromise

between m1n1mum MTZ,values and good hydraulic.characteristics{
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n“

Particles with‘lower MPDs may resﬁlt infhifher head losses

4

and an ‘increased backwash frequency.

v

An equation presented by Perrich (1981) to calculate

‘the height of the MTZ is defined by : L
A R o

MT2 = L(tg = tp)/tg

L4

| S}

“height of mass transfer zone (cm)

Where: MTZ

L Length of carbon bed (cm) ‘ .

tg Bréakthrough time (days)

‘ts = Saturation (exhaustlon) t1me (days)

T

‘h‘ﬁ-’ '
‘ This equat1on was combLned with an equation presented

\

by Neeley and Isacoff- (1982) defin1ng ‘the rate of mobvement
of the adsorptlon front, to describe columnjhehav1or in this

study. .. The rate ofvmovement of the mass transfer zone is

- -
1

" defined by: .

4 7
Y MTZ , ' ' .
v ST TE - ) o . ) '

S I v~ ‘

Where: ' _§“=‘Speed of adsorption front (cm/dayﬁ

MTZ = Height' of mass transfer zone (cm)

tg = Saturation (exhaustion) time (days)

tb éfbreakthrdugh time (days)

Zogoreki and'Faust (1978)"examinedhthg'effect’of )
_~particle size on the helght of MTZ and its rate of movement
The rate of ‘movement for columns of 51m11ar depth was found
to be - independent of the size of the adsorbent and bed

'depth. MTZ height however dlsplayed an inverse- relat10nsh1p,

#



to paftigie size for éizés less than 0.65 mm and a small,

but direct relationship to bed depth.’ - o

~ &

~

5.4.2 Comparison of Columns A and B

A sumqary~of MTZ characteristics for Columns A and B is

preeented in Tables 3!10 apd 5.11.

S If the rate of MTZ movement is assumed.to be independent

Lol

of bed;deptH férLColumns A and B qhen particle size may be

" hiewed as the gove'rning variable. In both Columng A and .B

r

:‘thé‘MTZ height varied directly with coiumnvdepth for most
trihalomethanes. This obserwation however must be viewe% in
conjunction with particie size distribution. & higheﬁ
'pquenta;é of shaller diameter particles was found'in the

upper segments of both colhmﬁé. "These sﬁaller particles

‘likely havé a greater-effect on re@uetion of MTZ height than
column depth because of more répid adsorption.
Competitive adSOrption may also be a factor in govern-

1ng MTZ height (Perrich (1981)) states that more strongly'

adsorbed compounds may dlsplace weaker compounds and force

them to readsorb at 1ower bed depths. This would result .in

lan extension of the weaker component MTZ as would movement
. "‘ﬁ, T 4
with time. For both Columns A and B dibromochloromethane

consisteritly exhibited. the lowest MTz height followed by.
bromodichlormethanéh,chloroform ahd TTHM especially in lower
depths. This observation is con51stent with results

Y 0’

pfesehted by_Mull1ns et al. (1981) and suggests that

_dibromochloromgthane would be the most strongly adsorbed .
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competitor. The rate of MTZ movement followed a similar
. trend to MTZ height, and may also be 1nfluenceo by this

factor. Strength of adsorption appears to vary inversely

¥

with the rate of MTZ movement,

[y

" shallow beds (<51 cm) with a predominant gréin size in

the range of 0.60-1.18 mm should oresent the best character-
'istics for reducing concentrations of TTHM. The short
height and low rate of MTZ movement in che top 51 cm conflrms

the high affinity of TTHM for the cérbons tested.
_ | \ | §
'5.5 EVALUATION OF ISOTHERM DATA o
e ’
5.5.loisother- Results
"Isotherm results for the three carbons used in pilzfvy ~
studies appear in Figures 5.37 to 5.41, Table 5.124 and

‘Appendix F. . Freundlich constantgjf and 1/n were obtalned

. L]
using linear least squares., K values for Norit® Row 0.8

(Column A) and Witco® 950 (Column §) are_simiiar in magnitude

for CHClj3, CHClz, and CHClBr. The increasing magnitude'of

D

the respective K values for €HCl3, CHCl;Br, gnd CHClBr2 N

o

indicate the cepacity'of the carbon to adsorb each of these
TTHM components. From theselresults éHClzBr will be adsorbed
to a much higher degree than CHCl3, with éHClBrz adsorbed to
a higher degree than either of the others. It is important
to note that'tnf relative order is hot-gpecific to one

.‘\

carbon (for similar molecyles). Similar results were

R

obtained in a study by Youssefi aﬁ% Faust (1980). Larger K
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values obtained' for Column B indicate that €his column would

remove trihalomethanes most effect

_Filtrasorb® 300 (Column ). displayed Towér K values;

for CHCl3, CHCl3Br, ang CHClBr2 than either the Nor1t° or
‘Witeo®) carbons. K values-~for TTHM exhibited the same

relative magnitude relationship between the carbons as the

4

"substituent compounds; The actual K value for TTHM fell
somewhere between CHCl3 and CHClérzivalues for all three of
the carbohs. Lower values for--relative adsorbability (1/n)

- _
combined.with high adsorptive capacities (K) suggest that

.

W1tco° 950 would remove TTHM components most effectively

TOC adsorption characterlstics followed a- 51m11ar trend

-as npted\ﬁor.TTHM.‘ 1/n values greater than one are

?
F

consistent with findings by Lee and Snoeyin;_(1980l‘

similar carbons using humic acids. Of the. three
tested the Norit® brénd’Would be ma;t ef fective
removed followed by F~- 300® and WitcoQ %@0 respectively.
. _ _ .

. O . . N
5,5 2 Comparlson of Isotherm and\Column Results “

BN

A comparison of loadlngs obtained from isotherm and
column studies is presented in F1gures 5. 42 to 5. 46 and
Appendix G. Such a comparison allows the yserulness of
isothemm_résultsuin pred1ct1ng column behavior to be

~evaluated. Loading'data is complete for Columns A and B

:since apparent exhaustion either'occurred>within the study

E ™~

period or could be extrapolated for each of the column‘

segments.f Complete data could not be obtained for Column CA



124

CHLORQFORM SEGMENT LOADINGS
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DIBROMOCHLOROMETHANE SEGMENT LOADINGS
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. n
since the carbon replacement at day 61 occurred prior to
lower segment apparent eghaustion. Loadings calculated by
extrapolation for these segmentsjwould be meaningless since
the effect of‘the replacement on loading behavior could not
be‘adCurater defined.. | {3

-f Column A displayed{an e§tremely good agreement between
trihalomethane isotherm data and loading data obtained for
segments_ofs and 0-15. in! addition, ‘the dibromochloromethane
isotherm ioading was COnsistent with segment 0-1 as was TTHM
for segment 0- 3,‘ Actual segment loadings ranged'from 1.5 to
1.7 times 1sotherm values for CHC12Br and TTHM at segment
0-1. These cannot be explalned-by 51mple adsorption thetryik
and may be a result of the small grain size present at the
1nfluent end of the column._ Loadings which \)ceeded 1sotherm
pred1ct10ns were also detected at m1d-column ‘(segment 5-10)
for, TTHM and substltuent components.,

~

For. Column B segment 1-3. provided the best correlation

v

between Chloroform and TTHM 1sotherms and'column loadln@r i

,data: Segmqn£i~i~3 and 10-15 prov1ded the best correlation

&

-

for bromodichlormethane and d1bromochloromehtane
respectlvely% Almost all other column segments: dlsplayed

loading values higher than predlcted by isotherms. For ali

"compounds except CHClBr2 ‘the highest loadings occurred in

segment 0- 1 followed by segment 10 15. Loadings. for this

component varied inversely-w1th depth for the three maJor ?_

[ 4

4segments (0 5, 5-10, and 10 15) suggesting that it competed

‘most effectlvely in the top one-thlrd of the bed or that
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‘exhiustion ﬁad not'really dccutred in lower segme
Bromodichloromethane was,dbserved to aecumulate to the
d%eatest extent. in the lowest major segment (10;15)
. Chloroform loadings were higher and approximately equally
distributed in the lo ;r segments (5-10 and 10-15). -
. TOC column loadings were not well cor;elated_to;iSotherm'
data for either Column A or B. ' In general the loadings
predicted by isotHe rm's- describe the behavior of mid fo lower
column depths. Biological action may in part egplain the
higher apparent removal capacity of the top one-third
(segment 0-5)., '

As.neted earliet,_Column CA loading data is.limited for
most.compoundS'to‘only”the uppermost segments.as 5 :esult p}
the carton'replacemeﬁt at day 61. Chlorof?rm however was
observed to have_exheusted tne adsontivevcaﬁaCity.of the
entire carben ted‘prior4to day 61. Isothern resultsncould
be used to predict the capac1ty of segment 0- 5 but over—
-estimated lower bed capacity. Both CHC1l3 and CHClzBr;;
fhttained higher loadings than predicted by isotherms in
segment 0-1. A decrease in column.loading ofiefmoet 50% was
noted in the segment 1-3 immediatelyﬂbelow.‘ | ‘

Dibromochloromethane loading in segment 0-1 wasjless
than 50% of the amount estimated using isothemms. A higher
'loading would have been_e;éected.assuming a K value very‘
close~to_tnat-obtained ﬁor chloroform.

) \.The,loading petternlfot TOC in Cdlunn CA‘varied
i%@eg;ely‘with depth in the three major eegments?(O-S, 5-10,



" %

;and 10-15). "Isotherd studies were found oseful in predicting
mid-column loadings (degment 5—10).. As observed for’C01umn
A, the highest TOC 1oadind; were obtained in the uppermost A~
segnent (0~1). As pefo;e, the inability of‘isotherm"dgta
to'pred%gt the total column loading (segment b—lS) may be

attrlbuted to blological degradation of TOC prlor to observeﬁ

) e RS

apparent exha%:tlon&} : .
Pk : ‘ :
f*’ e - . J .
5.6 COMPEAITIVE ADSbRProN - FILTRASORB® 300

_ ' Competitive adsorption effects for Filtrasorb® 300

(Column CA) ﬁ%y be‘examined‘by construction of wavefront
profiles as shown in Figure 5.47. ©Only trinelomethanes'

will be diScuSsed using the PolanyifMenes adsorption theorﬂ

o

[y

'explalned ;n Appendix_ H.
| The scale on the vertical. ax1s (Flgure 5. 47) repkesents
the average concentration dur1ng the study perlod before the

carbon replacement ‘ Thls value mey be obtained for each }

compound by prOJectlng the t1p of éach cufve hor1zontally,
and ’adlng the value_dlrectly.' The x-intercept represents

the days until greakthrough while the vertical projection of

. the tip of each curve rgprésents the days to apparent
\
- ekhaustion. 'These values -are also shown in brackets "above

each ~individual curve. CurJes of this type may be _

.-constructed for. var;ous depths in. the column since data was
collected at five monlto ng ports. ‘Data for cﬁloroﬁorm is
‘ presented for all‘flve segments.. Bromodichloromethane and

i
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Figure 5.47 Adsorption Wavefront vas Defined by

Breakthrough and Apparent Exhaustion -

Column CA
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dibromochloromethane data is limited however, since epparont

y’
exhaustion was observed in .only the upper segﬁents prior to

the carbon replacement.
Of the three compounds, chloroform competes least‘

effectively as shown Ry its earlier breakthrgugh and apparenJ

-

exhaustion times. Bromodi¢hloromethane and dibromochloro-
' méthane experience more effective competition as shown by

the displacemeht of their wavefronh’ to the right.

) *

a .

5.7 APPLICATION OF THE POLANYI—HBNES ADSORPTION THEORY -~
J .

COMPARISON OF THEORETICAL AND ACTUAL ADSORPTION

The Polanyi-Manes theory was used to qualitatiVel}

compare actual adsorption occurring in isotherm and column

-

tests to that predicted for]pureowater} Calculated adsorp-
tive capacities for pure solutlone cannot be rigorously

applied tq m1xed solutions without exper1menta1 verification.

¢

However, a qualitative discussion w1ll 111ustrate the order

of magnitude of competitive effects and indicate whether

upper segment values exceed their expected pure water ~
capacities.
First, the theoretical pure water adéorptioq curves for"

» B . N . * Ean)

bromodicthromethane and dibromochloromethane wefe " .
A3 . -

constructed us1ng the same procedure as for chloroform in
- Figure Hl.‘ For both compounds, the scale factor is greater

t unity so the predicted curves appear above the butane¢

5

,gaE curve. All three curves. (Figures 5.48,‘5.49 and 5;50)
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Figure 5.48 Polanyi Adsorption Potentiai Curve for-

Chloroform -
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‘were extended an order of magnltude lower than Figure Hl‘~wﬂmf"4

51m11ar extension was . made in the USEPA study JUSEPA. 1980)

a

The Polany1 Manes theory,‘bexng con51stent with

~

‘ convent1onal 1sotherm theory p;edlcts for a. given compound

B
bﬂ%t adsorptlon capac1ty will" 1ncrease as concentration.'

N

increases. " This. relatloﬁﬁhlp may be 1llustrated by

: con51der1ng that the e/4 6V value is 1nversely proportlonal
to‘the logarlthm of the 1nf1uent concentratlon.'.For the .
slope of the predlcted adsorpt1on curves glven (Figure 5.48 .

- to F1gure 5 50), a decrease in e/4 6V w111 be 1nterpreted by
1 an 1ncrease in adsorptlve capac1ty (cc/lOO g). Thls theory

thus prov1des a reasonable e«planatlgn for the- 1ncrease 1n,

e

¥

adsorptlye column capaclty noted ?urlng a,rise in chlorofoni)
W 1nfluent COncentratlon as\dlscusqed in section 5 l 2. 1.,

ex

be calculated er each 1sotherm data p01nt (Appendlx I) and K

plotted (Flgure 5351) For example, a chloroform equ1l1br1um

70 ug/L (Table Fl) y1elds a correspondlng

flue of 19 52 ‘ For this absc1ssa, Flgure 5 48
predlcts -that 0 543 cc w1ll be adsorbed per 100 g of carbon.d
‘The actual adsorptlon per 100 g of GAC was 0. 0684 cc ork

12, 6% of the predlcted value.
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The low percentage‘of predfcted values for all threes

compounds shows the effect of competition ‘on adsorptive

capac1ty.Q All compounds displayed a decrease in percentage
wlth.increasrng carbon dose. These results are consistent
'with the Polanyi—Manes theory which sta\eshthat adsorptive
capacity decréases with equ1libr1um concentration._

" When percentage ofvtheor't?gal‘adsorption values are -

! ‘-?,4‘ v

hcompared among the threé “uﬁtudied,\chloroform

competes most . strongly as eVident.by the high values for
acutal/predicted load1ngs. Bromodichloromethane *and
.dlbromochloromethane follow respectfully. The Freundlich
?nsoth%fm constant "K" dlscussed ear11er in section 5.5.1

ated that chloroform would be adsorbed to a lesser

t than bromod1chloromethane. Thls result now-

In the(follow1ng sectlon column load1ngs are
“'eﬁzmlned to determlne 1f Polanyl—Manes theOryAmay be used as
_a predlctlve tool. - .
: o e s L s
5.7. i‘ Colunn\Loadlng Data l H;' E '\é.

Loading capac1t1es predlcted by the Polanyi Manes
theory are compared to actual column ;esults ‘in Appendlx J
- and plotted in Figure 5.52. Slmllar decreases are observed
from chloroform and bromodlchloromethane when. going from
‘segmeht 0‘1 to segment 1- 3., It 1s 51gnif1cant that |

' chloroform loadlng in- the top one-thlrd of the column

’(segment 0-5) shOwed-the highest p?rcentage of the o
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_theoretical value, this being especially true in segments O~
1 and 1-3. Pércencages 1n~the mid and lower colunn depths

were approximateiy 50% low

than segment 0-5 and displayed
" no significant trends. ‘

~ [y

At average influent. oncentrations,'the Polanyi—Manes
theory pred1cts that bromo 1chloromethane will be adsorbed
‘té a higher degree than chloroform. ’Actual”column°loading
Tdata show ‘that the opp091te was true. Therefore,.in the
multlcomponent system encountered in practice chloroform is
a stgong competitor for adsorption Sltés. This is espec1ally
ev1dent in upper column segmentsfwhere liquid phase concen-
‘tratlpns are h1gh and carbon: particle sizes are small.

mue to the low percentage of predicted values observed -
'ffog the three maJor trihalomethanes competition may indeed .
' be the result of adsorptlon of other dlssolved organic

matter, 1nclud1ng other halogenatedjorganlcﬁcompounds. .

.
?



6. SUMMARY

N ) . : _ . o

Granular activated carbon has been proven as an '
effective treatment measure to reduce concentrations;of
volat11e°organics and total‘organic carbon in drinking waters
Previous pilot scale GAC pilot studies conducted at the |
Buffalo Pound Water Treatment’ Plant, Saskatchewan, Canada~
have shown that TTHM, exh1b1t the hlghest loadlngs in the.
’uppermost pqrtions -of both fresh and extended serv1ce downi
.flow beds. Providlng a deeper understandlng of THM and TOC
1oading character1stics comblned with an exam1nat10n of

-

various predictive theories were the major obyect1ves of‘;l_

research presented in this thesis.

" An examinati¥on of the effects/gz three.different
Acarbon types on the load1ng characterlstlcs'of THM and TOC was
c8nducted u51ng p1lot scale columns operated in parallel.
Results 111ustrating competltlve loadlng eﬁfects and depen—
dence upon partlcle size were explained us1ng adsorption
‘isotherms, particle size aistribution_anaIYses, and_the o
1Polanyi Ménes adsorptlon potentlal theory.'p _

<
A direct relat1onsh1p ‘'was found to %rlst between
particle-51ze and adsorpthn aff%nlty for THM and_TOC'1nj
stratified beds. -'Based upon mas.transfer zone evaluations,

shallow beds (<51 cm) with‘a predominant grain size in.the

kngnge of 0. 60 - 1 18 mm should present the best character-

istics. for reducing TTHM when us1ng the cfﬁ

i o

«similar influent cenditlons. These results would aid in the

_'development and operatlon of ‘a full scale treatment system.
’ ' Iv

140
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7f' COhCLUéIONS
TTHMUrenovals,most‘closely.followed theipattetn defined
by chlonoform, éhe‘major conponént. ALoadings were

highest 'in segment 0-1- which represe ted 7% of the

total bed depth ' / | |
TOC breakthrough curves Lxhibited three well def i'ned (
phases,o. adsorption. For all columns, oadings were
highest'ih the top one-third of‘the bed with signif-

icant removal taking place in segment 0-1.

A 20% bEé\replacement resulted in. enhanced adsorption

. of both THM and TOC. Slgnlficant increases in removal -

efficiency and loadings were evident in segments 0-1-
. _ acd! > |

‘and 1-3.

3 .

Based ‘upon MTZ evaluatlohs* shallow beds (<51 cm) with

a predom1nant graln size‘Th the range of 0.60-1.18 mm
A ]

.~ should present the best characterlstlcs for reduc1ng

TTHM using the carbons tested.

A d1rect relatlonshlp was found to exist between

8

partlcle size d15tr1but1on and adsorp:}on afflnity for

THM and TOC in stratifxed beds., The fractidn of
maﬁerlal ptesent at a g1ven depth w1th a 0,60~ 1 18 mm

dlameter most .strongly 1nfluences loadlng capacity for

‘FlltrasorbO 300 carbon» . ‘ \. - .

Adsorptlon of THM in 153 cm. bed depths was vegclose

to values pred1cted by 1sotherms for Norit° 0.8 and

-~

Witco® 950 carbons. However, in upper column segments

141
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(0-1 and 1-3) actual adsorption exd@bdeé‘isotherm

predictipnsg' TdC column. loadings could not be predicted

¥

well by isotherms. Upper segment loadings appéar“w

higher in column tests as'a résult of biologiéal

degrada;ion. ‘ * ‘\

Th; ?olagyi—Manes adsorptién'potential ﬁheory was
unablé té prediét preferential adsorption among THMs
observed in the columns. |

EY
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" 2%0 REM LPwi_ENGTH BETWEEN PORTS,CM

S30 REM

380 DIM SUMB(J0.6)

423 1FCOLUMNS»“ALL" THEN 428
:47% IF COLNO1$~ >COLUMNS THEN. 360

. 430 FOR Iw1 TO 32

APPBNDIX B v -

Bl . cOnputer Program GAC?7 nsed ‘to Calculate Adsorption

C Results for _pilot ‘Scale GAC Columns .

o LT U : + T / ’ .
10 PRINT "lltlllttttlttllllittllttlllllltlllllllltll" . ff-“j

20 PRINT "ACTIVATED CARBON ADSORPTION. CALCULATXONS“
30 PRINT "FOR PILOT SCALE GAC COLUMNS." . . :
3% PRINT "tatt::t:xt::z:txt:t:x:xxa::-:a:::nn:t:x::su L . e
40 REM . e e

%0 REM “?RDGRAH—NR!TTEN av: R. C.ANDRENS FER.11 1983* L iy .

&0 PRINT: PRINTIPRINT : Lo N

70 REM. "THIS.-PROGRAM CALCULATES LDADINGS FOR & " VI ’
80 REM “SPECIFIC -PARAMETER EXPRESSED AS BOTH GRAHS .
90 REM “AND HXLL!GRAHS/GRAH OF GAC.* )

100 REM : v

© 1,10 REM “THE PROGRAH ﬁLSO CALCULATES % REHOVAL ON"'
“lZO REM “A TIME BASIR."

130 ::a»“'l‘lll'ltl!ll'l!l!ll!ltlllﬁlll!!t!llllll‘t"

1%0 REN»VARIABLE LIsT . ETI. ' -

160 REM - : S ) ) ’

170 REM TVPE-CARBON TYPE N : .
180 REM AIC=AVERAGE INFLUENT CONCENTRATION DURING SPECIFIED TIME PERIOD

190 - REM - FLOWSFLOWRATE TO COLUMN, $1000 L/DAY

_ 200 REM COLNO=COLUMN DESIGNATION. : ) . !

210 REM. DENSITYSCARBON DENSITY,KG/M3 L

220 REM PORTDEPTHDEPTH. OF CARBON BETWEEN PORTS.CM ’ ) .
230 REM PARAM=ANALYTICAL PARAMETER . o, ,

240 REM. DAYS=DAYS. FROM START OF TEST : . L

260 REM COLDIA=COLUMN DIAMETER, CM S oW

270 REM SEGDEPTH=SEGMENT DEPTH.CM

. 280 ‘REM —999 INDICATES DATA NOT . CDLLECTED ) . B, 0t

290 PORTDEPTH®»10,2 . R ﬂ4
300 REM ~46é6 INDICATES YHE END oF A PARTXCULAR SET OF oara

. 'Z10 COLD1A®1S.2 . ] lk'; . B

40 OPTION BASE 1
=30 DIM B(3I2,8) -
360 DIM SUM(30,7)>
=4S DIM SUMTOT(30) ‘ o . R : -
370 DIM SUMBBB(30,4) e - _ ‘ e

320 FLOW=S, 43 "j
¥

—~
1

T2 DIM SUMBBBB(&) . - . “

T84 DIM SUMBB (&) ‘ ’ C o

390 DIM SUMA(30) * Y

400 DIM BB(30, b)abtﬂ €30, 7);oxn A(SO 6)tDIM o«so»:oxn SEG(B) 1DIM sﬁurunu(a;xotw
MDAYS (8) o

402 PRINT “SELECT Pananerea ‘BY CHOOSING CORRESPOND ING NUHBER:“tPRXNT:PRINT:PFINT
SPC(6) “ (1) CHLOROFORM™1PRINT SPC(&), *(2) BROMODICH.

LOROMETHANE" 1 PRINT SPC(&) “1(3) D!BROHOCHLOROHETHANE"IPRINT:PRINT

405 INPUT “SELECT PARAMETER";CHOICE =~ U A

- 407 IF CHOICE-L\IHEN FILES="CHCLS. DAT"

‘408 IF CHOICE=2 THEN FILES=“CHCLZBR.DAT" ; - ’
409 1k CHOICE=S THEN F!LE!-'CHCLBR <DAT" L .
410 OPEN *1",01;FILES

412 PRINTIPRINT ‘ '
41% INPUT *SELECT COLUMN (A,B,C,S on ALL)”:COLUMN".
415 IF COLUMNS="ALL“ THEN 4;9 : '

417 1IF COLUMNS="AY OR COLUMNS="B" QR COLunNs-"c“ ok COLUMNS="8% THEN 17 =

- 418 PRINT:PRINT. “INVALID COLUMN ENTRY, MUST BE A,B,(,S,0R ALLYIPRINTIGOTO 415

419 PRINTIPRINT:1PRINT “SEARCHING FILES"tFRINT . -. )
420 - INPUTH1, coLNox-,coLnozt PARANS TYPES, osnsxtv oaxg 4 -
422 PRINT COLNO1S T gl Ty

428 'IF COLNOiss"S" THEN 454 .~ . °

-
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‘@ ) INPUTHL, B(l. 1), B(I, D), 5(1,3) B(I, &), B(I 5),3(! &).B(l 7)
B(1,8)eB(I,7)
450 !l B(l 1)--111. THEN 480"
3 NEXT 1 : oo .
' TOP ‘ B . '*‘. . "t, AN
4 FOR Iwg TO 32
e QSQ_ PUT. #1,B(I, 1), B(l.‘),B(L,S) B(I 4) B, 5) B(l bl ‘!g .- .~

;457 I B(I, x:--x:x THEN 2600
NexT 1 L
ame stop ot
"440 INBUT #1,A,B,£,D,E,F, G : s
45 IF h<>-xx: TMEN 460
470, 420 - '
480 L’ﬂ NT "!lllltlll!lill!tlll’li!tlllll!lltllll!ttllttllltt!lll'll!ll!tl!t!!tl
ll!!l!t!glll" .
490 LPRINT A
500 LPRINY = .
S10 LPRINY TAB(4) “DATA ANALYSIS' FpR “PARAMS L
%20 LPRINT " . .
530 LPR!NT&TAB(xS) “ COLGMN ”CDLNO!' A
40 LPRINT; : : . »
550 LPRINTTAB(S) “C TYPE: “TYPES :
60 LPRINT{VAB(S) e DENSITY: “DENSITY" KG/M3" C
Ws70 LPRINT T8 (S) “DAYE OF OFERATION: “DAYS
.380 LPRINT .. . (¥ - i :
%90 LPRINT . : ,
-, 400 LPRINT °. '
470 LtglNT‘?kA ,
© 680 C A
490 FOR Jai TO 8 _
700 FOR' I=1 TO 32 o e
710 1F B(1,J)h-666 THEN 740 :
20-1IF (3) *2°THEN HDAYS(J)-B(I 1) o
730 NEXT T . . .
740 Did)wl%1 3 :

e

7%0 NEXT J T ' e ’ oA

/760 LPRIAT TAR(33) .*CONCENTRATION' (Micrograms/L)"
770 LPRINT TAN{13) "~ - - = ==
780. LPRINT TAB(42) "PORT NUMBER® - ‘ e, - s
790 LPRINT TAB(24) * ‘ .
800 LPRINT SPC(4) -"DAYS" SPC (D) "INFLUENT“ SE(7 COLNOS" 1" SPC(9): CULNOs"'" sFC
{9) "COLNOS*S" 'SPC (#) coLnos«;q" SPC(8) COLNOs" 13"
810 LPRINT TAB(24) “___: "
. .820 FOR" Tmt’ TRLD(# -
@30 LPRINT USING "#auseen, we iB (I, 1);3«: 380, 3);5(: 4);5(1 5).9(1 6 1BL.T)
840 NEXT I i :
950 R!N lltll!titlttltlttll!!lllll!l!‘lll‘l!llitttt!ltl!ll!ll!l!!ttltt!tit‘ltxtl
860 REM QHIS PART OF THE PROGRAM CALCULATES BREAKTHROUGH (DAYS)
870 FOR J=3 ru b4 . . ‘ v
890 OLO=O = ©w .. o . : v . . ‘
895 OLDVALUE=D L S, ' .
/%00 FOR Is=t TO D(D) : _ )
910, IF B(1,J)%50 AND (B(I,3)<¢,028B(1,2) OR B(I,2)=-999) THEN OLDVALUE=B (L, J) :OLD

BT, 1), o T 5

917. 1F-B(1,299-999 THEN 940 o . -
920 (1,37 : T .
930 1 3,0288¢1;2) THEN 9%0- *

940 .

948

‘950 NOWsB.(1,)3: ?
960_SLDP!-(lﬂi,J)-OLDVALUE)/(NOH-OLD)
970 BRKTHRU (3= ((,0238(1,2) ) /SLORE) +0LD
980 NEXT J - | 2
990" REM - C EERLERNE

’
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1000 REM lt!ﬂ'!"*!!tl}ltltltltllllltllll!!llltlltlilllt!!lll!lll!llﬁlt!ll‘ltllu .
Y ,

L010.REM ~ - - ‘ _ .
1020 REM TH1S PART QF THE PROGRAH CALCULATES LOADINGS '
1030 REM | _
1040 REM - - . S
1020 0LD=0 .
1060 FOR- 1wy 0 Dt“)
1070 OLD=I
1080 IF B(I, )--999 THEN 1110
. 1090 SUHTDT(I)-B(I 2 2(B(1, 1) -B41, 1))IFLON .
1100 sun-sunrortz)ssovo 1180 ‘ t
‘1110 NEXT I ‘ ' ’
"1120 REM «
1130 REM SUMTOT (I)=INDIVIDUAL' LDADING FOR EACH TIME PERIOD : .
1140 REM SUM=ACCUMULATED TOTAL (MILLIGRAMS)
1150 REM OLD=QLD VALUE FOR I
1160 REM NOWsNEW VALUE FOR T :
1170 REM B
1180 REM . ’ ’
1190 NOW=0 .
1200 ROR I=QLD+1 TO D(2)
1210, NOWs!. : b
1220°IF B(1.2)=-999 THEN 1240
1230, SUMTOT (1) = (B (NQW, 2)+B(DLD.¢))/ % (B(NOW, 1)-B(0OLD, 1)) XFLOW ‘ -
1240 DOLD=NOW .
1250 SUM=SUM+SUMTOT (D) ‘ N
© 1260 NEXT I ) . ‘ : : C
1270 AIC=(SUM/ ¢ (B(OLD, 1) ¥ (FLOW) )) '
- 1280 HASS-(((3.1416)i(COLDIA/‘)“’!PORTDEPTH)/lOOD)xDENSITY
1290, SEG (3) =1 $MASS o
1300 SEG (4) =24MASS ' : . f
1310 8EG (3) =SIMASS .
1320 SEG (6) =SsMASS o »
1330 SEG (7) m%xMASS »
1331 SEG (8) =158MASS :
1332 FOR Jel TO S
1334 FOR I=1 TO 20 o : ,
1336 A(l,J) =0 - . - v . :
1338 NEXT I e
1339 NEXT J ’ . . .
1340 NOW=0 - ' ) . W
1372 FOR Y=1.TO 5 - o
1374 FOR 1=1 TO D(Y+2)
1375 SUMB(1,Y)=0.
1376 sunasscx,vx-o
1377 .NEXT I .
1378 NEXT Y , . :
1379 1=01Y=ByJ=0 . ‘ - o ,
1380 FOR J=Z. 70 8 . : N
1390 Ysv+i 7 : : o : : . ‘
~1400. SUMBB (Y) %0 » . o - . s
1410 SUMBBEB (V) =0 o . ‘ - T o~
1415 PAST=0 : . : '
1417 UPTOZERQTOT=0
1420 FOR I=3 TO D(J)
1430 NOW=sL
1440 IF I>1 fTHEN 1540 -
1450 IF JaS{OR J»8 THEN Km=2 ELSE Kmd=1
1460. IF B(I,Y¥)=~999 aND B(1,K)>0 AND, PAST=O THEN UPTOZEROTQT=B(I, K)IB(I 1) 4FLOW)
FAST=11GOTO 150
1470 1F 'BUI,J)==999 AND B(I,K) >0 AND PAST>0 THEN UPTOZERO= ({ (B (1,K) +B(PABT, k) ), 2
®(B(I, 1)-B(PAST, l))!FLON:UPTOZERDTOT-UPTOZEROTOT+UP! ' \
DZERD:PAST-I:GOTO xsos : : ' ' =
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"1‘80 iF B(1, Jf--é?"AND (1,K)=) THEN PABT=] ! .

1490 lﬁg.(l,J)-O AND B (1) K)ro AND. FAST>O THEN GOTO 1325 ot

.. 1495 IF 8(1,0)w>0 AND.B(I,K)>0 AND PAST=>Q AND BRKTHRU(J) >0 THEN 13 6 -
1496 f"J(I.J’->O AND B(l K)->0 AND PA! >0 THEN 1827 )

4508 [@let ..
1510 NOWsT Coms S - A
1513 IF 1=D(J) THEN 1630 :

1820 50TD 14%0 - '

1528 All, Y)-UPTDZEROTOT+(((B(I K)+B(PAST K))/2 )-B(I J))‘(B(I.l)—B(PABT,l))tFLDN:

‘GOTO 1600

1826 [ IF (Jm4 OR J=é OR J=7) THEN A(I Y)s(((B(I, K)/“ll(B(I 1)- BRKTHRU(R)))—((B\I.

3 /2)8(BLT, 1)-3RKTHRU(J)’))tFLONlGDTD 1600

C1%R7 AlL, Y)-(!(I Ky=-(B(1,J)/2))38BL1, 1)'FLO“|GOTD 1600

- 1610 SUMBB(Y)=SUMBB(Y)+BB(I,Y)- - =

1540 IF (B(1,J)=-999) GOTO: 1640

1250 [F (J=S OR J=8) AND (B(I,J)<>-999) THEN- GOTO 1280,

1560 IF (B(1,J-1)=-999) OR (B(I,J= 1) ==656) THEN 1640 ,
1570 KmJ-116OTQ 1590 R e N
12680 K=2 :

¢

1590 A(I, Y)-(((B(NDN K)#B(QLD K))/“)-((B(NON J)+B(OLD J))/“))l(B(NDW 1) ~B(OLD. 1)

ysFLOW . .
1600 BB(I,Y)=A(],Y) /SEG(I)

161% SUMB(1,Y)=SUMBB(Y) ,

1620 SUMBBBB (Y) aSUMBBBB(Y) +A(1,Y)

1625 SUMBBBI(1, Y)#SUMBBEB(Y)

1630 OLDeNOW Ty

1640 NEXT I S .

1630 NEXT J T : . .

1660 FOR J=% TO 7 ‘. ' . %, .
1670 FOR I=1 TO D(J) ' S ‘ : -

14680 IF B(1,J)=-999 OR B(I.Z)--999 OR B(I,J)=-4b66 THEN 1498

1690 C(1,d)m((B(I,2)=B(L,d))/B(I,2))%1001G0TO 1700
1698 C(1,J)m=-999 _
1709 NEXT. I S -

1710 NEXT J ' s

1720 REM BB (1, Y)=SEGMENT LOADING (Milligrams/G GAC)

T 1730 REM C(I,J)-FERCENT REHOVAL BASED UPON INDIVIDUAL DATA VALUES AS COMPARED

INFLUENT

‘1780 REM.

17%0 LPRINT . ,

1760 LRRINT ~

1770 LPRINT ~ : : _

1780 LPRINT . - - - E
1790 LPRINT TAB(Z%) "PERCENT REMOVAL (%) " . - 3
1800 LPRINT TAB(13) * ;

TO

1810 LPRINT TAB(42) "PORT NUMBER" ) o o o
1820 LPRINT TAB(Z4) * e :

1830 LPRINT SPC(&) "DAYS" SPC(2) *INFLUENT" SPEL(7) COLNDS"1" SPC(9) COLNOS"I"

C(9) COLNOS*S" SPC(8) 'COLNOS" 10" SPC(8) COLNOs"1S"

18%0 ERRINT TAB(24) * : o o e "

mso FOR-1=1 TO D(2) ~ :

1: is;u; USING " HNneane, aw-;a(x 1381, z):cu,..);cu arycil, 5);«:(1 ancn
1 3

1880. LPRINT - St
1890 L PRINT . . o ‘ :
1900 UPRINT R , o
1910 LPRINT TAB(31) "ACCUMULATED SEGMENT LOADING (Milligrams)® :
1920 LPRINT TAB(13) R - : : Ly

SF

7y

1930 LPRINT TAB(48) GMENT" . ' o s 4

1940 LPRINT TAB(24). "<ilcaiPpmon-. ‘ .z n )
1930 LPRINT §PC(&) *DAYS“ SPC(2) “INFLU »srbun ~o-1" spcm g=3h SPC(7)
s* 8PC(7) “3-1Q* SPC(S)] " 10-15" SPC(&) ¥ : ‘
1960 LPRINT TAB(24) ,

1970 FOR. 1=l TO D(2) .. o LS

e o

- N A . Thw o a T “
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1980 LPRINT USING "#HASS#®.##" (B(I1,1)31B(1,2).1SUMBBB(1,1) sSUMBBB(1,2) {SUMBBE (1,

.3SUMBBB (I, 47|SUHBBB(I 5)|SUHBBB(I &)

1990 NEXT I (™.

2000 LPRINT \ \

2010 LPRINT . J

2020 LPRINT “TOPAL LOADING (mg) "\usxno “n»nouuu.un";sunaaaa(x)usunaaea«~>|suns
999(3).eunsaaa(4>;sunaaaa(5).sunaaaate:“ ég

2030 LPRING

2040 LPRINT “DAYS OF MONITORING usxuﬁ{ﬂﬂuﬁouuo 00";HDAVS(¢):MDAVS(4):MDavs<¢;
1MDAYS (&) s MDAYS (7) 3 MDAYS (8) . '
20%0. SUMTOTAL=O , e P
2040 FOR Y#3 70 S S '

2076° sunrorAL-sunTnTAL+sunBaas(V)

2080 NEXT Y-

2090 FOR Y=1 TO S

2100 PRCNT(Y)-(SUMBBBB(Y)/SUHTOTAL)!!OO o .

2110 NEXT ¥, :

2120 LFRINT ot :

2130 LPRINT . *f . : ‘

2140 LPRINT : Cw _— :

2150 LPRINT TAB(24) "ACCUMULATED SEGHMENT LOADING (Milligrams/G GAC)"

2140 LPRINT TAB(14) *____. o o

2170 LPRINT TAB(4%) “SEGMENT"
2180 LPRINT TAB(24) "___ . : "
2190 LPRINT SPC(6) “"DAYS" SPC(2y '“INFLUENT" SPC(&) "O=-1" SPC(7) “1-3" SPC(7) "0-
5"3PC(7) "S=-10" SPC(J) "10-13" SPC(&) "0-13"
2200 LPRINT TAB(24) " "

‘*210 FOR 1=1 TO D«2) L

2220 LPRINT USING “HN##NN®. 48" ;B(T, 1);5(1..);sunh(1 1) $SUMB (1, 2) 1SUMB (1.3) 1 SUMB ¢

1,4) 3SUMB (I, %) ;SUMB (1, 6) . . ‘,’ 5 A
2230 NEXT I .
2240 LPRINT
2250 LPRINT :
2260 LPRINT “TOTAL LOADING" : : : :
2270 LPRINT - (mg/G GAC) L USING "WHeaNNn. w8 SUMBE (1) 1 SUMBE (2) t SUMBE ( T)
}SUMBB (4) 3 SUMBB (3) s SUMBB (&) : . . :
2290 LPRINT

2290 LPRINT "DAYS OF MONITORING “ USING "#H##4#H. ##" 3 MDAYS (3) tMDAYS (4) 1MDAYS « )

;HDAYS(&))HDAYS(?);HDAYS(S)!LPRINTiLPRXNTtLPRINT
2300 LPRINT " =

2310 LPRINT TAB(ZO) “COLUMN “COLNOt'" "PARAMS" ADSORPTION SUMMARY":
2320 LPRINT * :

Eiia'tﬁﬁiﬁ?'?boar" SPC(2) " SEGMENT" SPC(2) "SEGMENT" SPC(&) “TEST" SPC(7) "BREAKT
HROUGH" SPC(&) "TOTAL" SPC(7)° "% OF TOTAL" _ .

2340 LPRINT TAB(18) "DEPTH" SPC(%) "DURATION", SPC(22) “ADSORBED" 3PC(4) “ADSORBE
D", , ] - S

2350 LPRINT TAB(la) “lca) " SPC(7) " (DAYS)" SPC(9) " (DAYS) "SPC(10) " ()" SPC(1)
"y . : 0
2360  LPRINT *

v

3370 LPRINT SPC(2) -"1" SPC(&) "0-1" SRC(S) "10.2"SPC(2) USING "H4wes#N.#® °

. $MDAYS(3); BRKTHRU(3)3; SUMBBBB (1) /10003PRCNT (1)

2380 LPRINT SPC(2) "3" SPC(&) "1-3" SPC(%) "30.6" SPC(2), USING “Meswaus.ww  °
3 MDAYS ¢4) 3 BRKTHRU (4) ; SUMBEBB (2) /148 ; PRCNT (2) p
2390 LPRINT SPC(2) "3" SPCil&) "o-S"RBPC(%)- "S1.0" SPC(2) usxus CHRNNNRD, 9 "
3 MDAYS (%) 3 BRKTHRU (S) ; EUMBEBB (3) /10003 PRENT(3)
2400 LPRINT SPC(1) "10" SPC(S) “S=10"'S8PC(%) "S1.0" SPC(2) USING "Sananas, o4

“y HDAYS(&);BRKTHRU(&)|SUHBBBB(4)/lOOO;PRCNT(4) - o L
2410 LPRINT SPC(1) "1%% SPC(4) "10-i5" SPC(%) "S1.0" SPC(2) USING "“NANNNGN. ##

"3 MDAYS(7)3BRKTHRU (7) ; BUMBBBB () /10003 PRCNT (%)

s S

238



2420 LPRINT ™ _ \ . . —
= . :

430 LPRINT

'2440 LPRINT "AVERAGE INFLUENT CONCENTRATIDN! "AIC"Micrograme/L"

. 2860 NEXT I o . . - o

-~

2480 LPRINT "TOTAL NTERING COLUMN DURING TEST: "SUM" mQ"

2460 LPRINT " TOTAL TEBT QURATION "DAYS " DAYS"ILPRINT1LPRINT £

2442 LPRINT ".l"lliil.l'!ll!!‘!illll!lt‘lt"lt!ltllllllllltlllltiliitllt!!‘llﬂ(
EXBRRAABERARNL . )

2464 IF CULUHN.-"ALL" THEN 420 .

2468 GOTO 405 - ' ' o

2600 LPRINTILPRINT(LPRINT1LPRINT1LPRINT LPRINT
2610 LPRINT ‘illl!i!!illll!l!llltttllttltlt!l!ltltl!!l!tlttﬁlll!tt!i!i!llltlllll
2EBEESEBRRELR"

2620 LPRINT _ ' :

2630 LPRINT :

2640 LPRINT TAB(4) "DATA ANALYSIS FOR “PARAMS . ' .

2680 LPRINT . e .

2660 LPRINT TAB(10) “COLUMNS “COLNO1$ "- AND " COLNO2S
2470 LPRINT : R :

2480 LPRINT TAB(S) “CARBON TYPE: “TYPES :
2690 LPRINT TAB(S) “CARBON DENSITY: "DENSITY" KG/M3" . : .
2700 LPRINT TAB(S) “DAYS OF OPERATION: “DAYS .

2710 LPRIN : . .

2720 LPRINT . : .

2730 LPRINT : '

2800 LPRINT
2810 C=0
2820 FOR J=i TO & : :
2830 FOR I=1 TO 32. ‘ : -
2840 IF B(1,J)w-646 THEN 2870 L '
2830 1IF (J))n .THEN HDAVB(J)-B(I 1)

[

2870 D(J)=~1 . ‘ . : :
2880 NEXT J ) I -
2890 LPRINT TAB(33) “CONCENTRATION (Micrograms/L)" _ :

2900 LPRINT TAB(13) " . . . .
/2910 LPRINT TAB(42) "PORT NUMBER" '

2920 LPRINT TAB(24) * "

2930 LPRINT SPC(&) "DAYS8" SPC(2) "INFLUENT" SPC(&6) COLNOis"1" SFC(B) CDLNOl‘"’“
SPC(8) COLNOZ$"A1S" SPC(&) COLNO;‘"B!S“ :

2940 LPRINT TAB(24) * AJL y

" 29%0 FOR I=} TO (1) o v
2940 LPRINT USING “NSSahane. 00“;8(1 t);B(l, Y3B(I, 3);8(! 4):B(1,%5;B(1,4)
2970 NEXT 1
2980 REH llltlt!!!tllltltllilltltlllillttttl!lttttll!txlittt!t!tlll!tttt!t!xtlxl
| I
2990 Rtﬂ THIS PART QF THS‘PRDGRAN CALCULATES BREAKTHRQUGH (DAYS) ’
2000 FOR Ju3 TO 3 - .
3010 NOW=O , : :
ozo OLD=0

'SXQO BRKTHRU(J)-(( 023B8(1,2)) /SLOPE) +OLD

033 OLDVALUE=O N
'030 FOR 'Isi TO D(J) .
3040 IF B(I,J)=>0 AND (BC(I,J)<.028B(1,2) OR B(I,&)--999) THEN OLDVALUE=B(I, J):OL
D=R(I,{) .
3048 IF B¢1,2)=-999 THEN 3070
3030 IF B(1,J)=-999 THEN 2070
3040 IF B(1,J)m=>,028B(1,2) THEN 3080

3070 NEXT .1
307% - naxtuau«a»--999:eoro 3110 . ' S .
3080 NOW=B(I,1) _ o ¥

3090. SLOPE-(B(I J)—OLDVALUE)/(NDW-OLD)

G

i,

%
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" 2430

3640
3650

- 3460

346462
T664
Th60
670

3680

34690

3700
3710°

FOR J=3 TO &
Yay+)
SUMBB(Y) =0
SUMBEBB (V) =D
PAST=0 -
UPTOZERQTOT=0
COUNT=O . &
FOR l=1 TO. B(J)
NOWsI

1F 11 THEN'! 379
IF Jus THEN K2
IF B(l,J)=~999

O

lPABT-XIGOTO 3790 "

t3720 1F B(I, 3)=~599 AND BE‘ K) >0 AND PAST)O THEN'UPTGZERO-((B(I K)+B(PAST k) ) /2
s(B(I, 1)-B(PA8T 1)) FLOW1 UPTOZEROTOT=UP TOZERDT
'OZERQIPASTlIlGOTD 3730 .
IF B(l,J)m=999 AND B(I,K)=0 THEN PAGT=l s
IF B(1,J)=0 AND B(I, K)>0 AND PAST¥D. THEN GOTOC O
IF B(1,J)=>0 AND B(I K)>0 AND PABT=>0 AND BRKTHRU(J)AD THEN 2781
IF. B(1,J)>0 AND B(I K)-)O ﬁND PAST')O THEN 3782

3730
3740

T 3748

3747

z7%0

3760
3770
377S
3780
GQTo
3781

Inl+t

NOWs=1

IF IaD(J) THEN
GOTO 3700

Al Y)-UPTDZERQTDT#(((B(l,K)fB(PAST K))/Z)-B(I J))I(B(l 1 -B(PAST, 1))!FLON|

3850

. IF (J=4 QR Jlé) THEN -A(I, Y)-(((B(I K)/Z)t(B(l 1)-BRKTHRU(K)))-((B%I Jy/2) .
B(1, 1)-BRKTHRU(J))))IFLDNIGOTO 3830
vo782 A(l,Y)=(B(I,K)=(B(1,J:/2))4B(1,1)RFLOW:GOTO 3850

9
ELSQ*K-J 1

-AND i%l 1K) >0 AND PAST-O THEN UPTDZEROTOTQB(X.*)!B(I 1) 4FLOW

9900

3790 1IF. (B(I J)--999) GOTO 3890 -

3800 IF (J-S) AND (B(1,J)<>=999) THEN GOTO 3830
3810 IF (B(1,J-1)<0) OR

3820

3830 ’ .
3840 A(l V)-(((B(Nou K)#B(DLD K))/‘h-((B(NON J)+B(OLD,J)) /2)) (B (NOW, 1) ~B(OLD, 1/ -

K-J-llGOTD 3840

) 3FLOW -

38%0

3860
3865
3870

3973

3880
z8v0
900

" 3910-

3920

3930

3940
3930
3933
3960
3970
3978
3980
3990
4000
4010

BB(I,Y)=A(L,Y)/
sunaa<v>-sunaat
SUMB(1, Y)=SUMBB
SUMBBBB (V) mSUMB
SUMBBB (I, Y) aSUM
QLD=NOW

NEXT I

_NEXT J

FOR J=3 TO & -
FOR I=1 TO D(J)

SEG(J)
Y)+BB(I,Y)
)
BBB(Y)+A(1,Y)
BBBEB(Y)

IF J=é THEN 3955

IF 'B(l,J)==999

ctI, J)-((B(l 2)-B(1,3))/B(1, 2))!100!50T0 ’960

IF B(I $)=0 AND

IF B(I1,J)==999 OR B

C(I,J)m~999
NEXT I
NEXT J

REM BB (1,Y) wSEGMENT LOADING (Milligrams/G GAC)
REM C«I, J)-PERCENT REMOQVAL BASED UPON INDIVIDUAL DATA VALUES, A8 COHPARED TO

INFLUENT

4020
4030

4040

4050
4060
4070

REM

LPRINT

LPRINT

LPRINT

LPRINT

LPRINT TAB(3I)

THEN 3978

(B(I,J=1)<0) THEN I890

.

B(I}J)<-0 THEN C(1,J)=100160TQ 3990

e 3

“PERCENT REMOVAL (%) "

4

s

-

1,5)=-999 OR B(l 3)m0 THEN 3978
ctr, J)-((B(I S)-B(1I, J))/B(I 5))!100:50T0 ’980

oy

¢

N



4080 LPRINT TAB(13) - - %’ "
4090 LPRINT TAB(42) "PORT NUMBER" - ‘ “

4100 LPRINT TAB(24) * " .
4110_LPRINT BPC(4) “DAYS" SPC(2) *INFLUENT" spc(e) coluoxs"x" 8PC(8) COLND1s"Z"

8PC (@) COLNO2$“ALS" SPC(4). COLNO2$"B13™ ,

4120 LPRINT TAB(24) "~=-u ‘ " -
4130 FOR Iwi TO D(2)

4140 LPRINT USING “#adunnn, uo";a< 1)38(1, 2);¢(1,3);C(x 4)3CI, B 1C(L. &
4150 NEXT I

4160 LPRINT

4170 LPRINT : N .

4180 LPRINT , oo . /

4190 LPRINT TAB(31) "ACCUMULATED SEGMENT LOADING (Milligrame)" /

4200 LPR!NT TAB(13) » ’ ; - "

4210 LP! !NT TAB(45) "SEGMENT" o :
" 4220 LPR TAB(24) - et

4270 LPRINT 8PC(&) “"DAYS" SPC(2) "“INFLUENT" SPC(4) "(8)0~1" SPCt4) "(5)1 -3" GPC¢
3) "(CA)O=1%" SPC(2) *(CB)O-13" _ : /
4240 LPRINT -TAB(24) * : . e r "
4250 FOR Is1 TO D(2) /

4260 LPRINT USING “#N#ews®. 98" B(I,1)1B(I, ;);sunaaatx xx.sunaaa(l,.)xsunaas(x.J>

18UMBBB (I, 4) [

270 NEXT I - : : ; )

4280 LPRINT - -

4290 LPRINT . .

4300. LPRINT “TOTAL LOADING (aq) " USING “"e8#Ne8a, 98" SUMBBBB (1) ; SUMBBEB (2) 1 SUME
‘8BB (3) ; SUMBBBB (4) : ' oL _ ,
4310 LPRINT . .

4320 LPRINT "DAYS OF MONITORING * USING "aonuooz.no";noAVS(s);nonvs<4>;noavs<s>
JMDAYS (&) - ! . :

4330 SUMTOTAL=0 &

4340 FOR Y=1 TO 2 . kN ' .

-

- 43%0 SUMTOTAL=SUMTOTAL 4SUMBSBB(Y) ~ .
4360 NEXT. Y . “
4370 FOR Y=t TO 2

4380 PRCNT(Y)-(SUHBBBB(Y)ISUHTDTAL)I&OO‘
4390 NEXT Y

4400 SUMTOTAL =0

4410 FOR Y=3 TO 4 -

4420 SUMTOTAL=SUMTOTAL+SUMBBBB(Y)

4430 NEXT Y

4440 FOR Y=3 TO 4. . ,

44%0 RRCNT (V)= (SUMBBBB(Y) /SUMTOTAL) $100

4460 NEXT Y . : N .
4470 LARINTILPRINT1LRRINT \
4480 LPRINT TAB(24) "ACCUMULATED SEGMENT LOADING . (Milliqrnml/G GAC) *
4490 LPRINT TAB(14) * "
4300 LPRINT, TAB(45) "SEGMENT"

4510 LFRINY TAB(24) * z UL ’
4520 LPRIYSF SPC(4) "DAYS" SPC(2) “INFLUENT® SPC14) "(8)0-1" SPC(4) "(S)1-3" SPC(
3) “(CAId=18"8PC(2) * (CB)O-13¥ i ST o . .

4530 LPRINT TAB(24) * . e : : "

4540 FOR I=1 TO D(2) { ‘

:33? LPRINT USING "##aaues,ne";B(I, 1);5(:,:»;suna(: 1)} SUMB(T,2)3 SUMB (I,3) j SUME (

»

4%40 NEXT I . )

4570 LPRINT - - - - )

4380 LPRINT - Coe ' 5

4590 LPRINT *TOTAL LOADING" . . )
4500 LPRINT * (mg/G GAD) ® USING "#####N%, #8";SUMBB (1) ; SUMBB (2) § SUMBB (3)
$8UMBB(4) y ) . o o . ’
4410 LPRINTILPRINT : : .

4420 LPRINT “DAYS OF MONITORING * USING "####s®#. ##";MDAYS (3) ;MDAYS (&) ; MDAYS (S)
}MDAYS (6)-1 LPRINT 1 LPRINTILPRINT .

- f




4

AL o - 0 oase

4630 LPRINT

3840 LPRINT TAB(Z0) "COLUMN B,CA AND CB “ PARAMS" ADSORPTION SUMMARY"
4630 LPRINT . ‘

b
[ . i hd

4560° LPRINT “PDRT" SPC(2)" SEGMENT" SPC(Z)"SEGHENT“ 8PC (&) "TEBT" SPC(M “BREAKT
HROUGH" §PC (&) “TOTAL" SPC(7) “% OF TOTAL"

. 4670 LPRINT TAB(18) “DEPTH" SPC(S) "DURATION" BPC( "ADSORBED" SFC(6) \"ADBOREE

D!l \
4pBO LFRINT TAB(18) “(cm) " SPC(7) “(DAYS)" SPC(Y) "(DAYS)"SPC(10) " (q) " SPCI1D)
WIIER e
"-,'o LPRINT =
"

4700 LPRINT 8PC(1) "S1* SPC(&) "O-1" SPC(S) “10.2"SPC(2) USING “WHSNNHN. #8
"JMDAYS(3)3 BRKTHRU(3); SUMBBBBI(1)/10003PRCNT (1) .

4710 LPRINT SPC(1) “S3" SPC(4) “1-3" SPC(3) “30.6" SPC(Z) UBING . "NNANNNN. B8

"y MDAV8(4)|BRKTHhU(‘)|BUHBBBB(2)/1000|PRCNT(2) oo
4720 LPRINT “CA1%" SPC(4) "O=1%" SPC(S) "51.0" SPC(2) USING "#HsNeeN, 46 "
nnavs(s)|BRKTHRU(5);sunasas«:;/1ooo|PRCNT(3) )
* 4730 LPRINT “CB13" .SPC(&) "0=13" SPC(5) "S1.0" SPC(2) USING "#Nsntee.#s “y
HDAYB(&);BRKTHRU(&);SUHBBBB(4)/1000;PR T(A) .

4730 LPRINT *

" . Ve

4730 LPRINT ’ ’
4760 LPRINT "AVERAGE INFLUENT CONCENTRATION (COLUMNS §,CA): "ALIC(2)"Micrograms/L
" N ~ .

-

4770 LPRINT "TOTAL ENTERING COLUMNS (S AND CA) DURING TEST: "SUMM(I)" mg"

4773 LPRINT :

4780 LPRINT "AVERAGE INFLUENT CONCENTRATION (COLUMN CB): "AIC(S)"Htcroqrumch‘

478% LPRINT "TOTAL ENTERING COLUMN CB DURING TEST; "SUMM(S)" mg"

4787 LPRINT ’ :

4790 LPRINT "TOTAL TEST DURATION “DAYS " DAYS"iLPRINT:iLPRINT s
4791 LPRINT "tttttlttxtttxxltttttt:ttt:lttt;tt:ttttttllttttttata;xtt:x;u;:;«ula:
FEREEARXNBRER"

4792 GOTO 405

4795 END



‘B2
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AN

150 &

Computer Program used to Load Data 1nto Main Ptogta-

GAC? Including Sample Data

&

: so C‘.u "
100 DPEN "O",#1, "CHCL3ADAT"

200 READ CDLNO!‘,COLNDZ‘ PARAMS, TYPES, DENSITY DAYS

2%0 PRINT COLNO1s .
300 PRINT#I1, COLNOIOC‘CDLND”!C‘PARAHCC‘TYPE‘C‘DENSXTY DAYS
400 READ A, B.C D,E,F,G
SOO-PRINT“! A, B, C D E F,G
400 IF A<>-lll THEN 400

700 READ COLNO1$,COLNO2$,PARAMS, TYPES, DENSITY, DAYS
800 PRINT #1, COLNDI‘CCCOLNO20C3PARAH!C$TYPE$CSDENSITY,DAYS

900 READ A,B,C,D,E,F,G .

1000
1010
‘1020
1030
1040
'10%0
1060
1070
1080
1090
1100
1110

PRINT #1,A,8,C,D,E,F,G

IF A()-lll THEN 9Q0

READ COLNO1s,COLNO2S, PARAMS, TYPES, DENSITY, DAYS
PRINT #1, CDLNOl‘CCCOLNO2OC!PARAM!C‘?YPE!C!DENSITV
READ A,B,C,D,E,F,G
PRINT ot A,B,C,D,E,F,B

IF A<>=111 THEN 1040 ot

READ COLNOis,COLNO2S, PARAMS, TYFES, DENSITY DAYS

PRINT #1, COLNO1'C!COLNOZOCSPARAM!C!TYPElCiDENSITY DAYS
READ A,B,C,D,E,F
PRINT 01 A,B,C,D,E,F

1F A(?-lll THEN 1090

1120 CLOSE #1

10000

10010
10020
.%0030
0040
100850
10060

10070.

10080
0090
0100

10110
10120
10130
10140
10150
10160
10170
\ 10180
10190
10300
10210
- 10220
10230
0240
102%0
10260
10270

10280 .
10290

DATA A, ,CHLOROFORM,NORIT ROW 0.8, 3%S, aa
DATA o,-999,-999,-999,-999,-999,-999 :
DATA 3,49.52,30.62,20. oa,-qqq,-evq,-qqq
DATA &,44.27,369,24.13,~999, -99%,1.48
DATA 13,33.1,35.16,31. 34,994} -999, , 47
DATA 14,36.57,-999,-999,29.87,13.31.3.11
DATA 24,4%.77,47.1,-999,-999,~999,15.79
DATA 27,52 11,-999,-999,46.43,30.98,19. 93
DATA 31,43, 68, 44} 52, 42. 51 , ~999, -999, 25. 12
DATA 34,43. 19,-999.-999 4%,39,35.71,26.3
DATA-39,4%.18,4%. 18, 44. 39, -999, -999, 31. 9‘
DATA 41,47.94,-999, -999, 44.02, 37. 87,33.89
DATA 4%, V5. 07,%1.07,47. oa,-999,-999,¢e.7
DATA 48,51, 93,-999,1999 48,%4,4%.1,39.83
DATA 49,56,.45,-999,-999, -999,&999,—999
DATA 52,55.82,53.36,-999,-999, -999, 44,52
gATA 5,51, 43,-999 -9#9,50.4,50.4.44.72-
ATA 29, 95.94.49.27) 46. 4,-999, ~999, 46.39

DATA 62,55 61,-999 999, 49,69, 46. 89 47.81

DATA &3,%8.49,-99
DATA 46,58.91,53

,=999,-999;-999,-999
2,5%%5.03,~999, -999,%0. 19
DATA 69,59.66,/999, ~999,%56.07,55.99,53.32
DATA 70,61.9%5,-999,-999, -999,-999 -999 -
DATA 74,82.31,7%.48,74.89,-999,-999,63.79
DATA 76,77 77,-999,-999 67.71,62.83,81.41
nAan.o.77.22,72.25,-999,57.9,-999,59.53
DATA 83,83.02,-999, -999,48.96, 63.75,40. 41
DATA 84,7%.6,-999,-999, -999, <599, 999
DATA 87,75.18,74.64,49.75,~999, =999, 58, 24
DATA 88, 76. e.~eae,-eee 86.92,60.83,%56.32

IOSDQ_DAIA__AAbf_ébé,—666,-666,-666,—666,-666

10302
10305

10309

10310
10320
10330
10340

DATA -111,~111,-111,-111,~111,-111,~111
DATA B,,CHLOROFORM,WITCO 9%0,49%,88
DATA 0,-999,-999,-999, 999, -999, ~999
DATA ,3,49.52,21.09,11.84,-999, -999, -999
DATA. &,44.27,37,78, 18, =999, -999, ~999
DATA 13,33.1, ;‘453.25 16,999, -999, 6. 58
DATA 14;36;57,-?99,~999,19.39,9.37,7.57

6AYS



10750 DATA
10360 DATA
10370 DATA
10380 DATA
10390 DATA
10400 DATA
10410 DATA
10420 DATA
10430 DATA

10440 $BTA

104%0 DATA

10460 DATA
10470 DATA
10480 DATA
10490 DATA
10530 DATA
10510 DATA
10520 DATA
10530 DATA
10540 DATA
10550 DATA
10560 DATA
10570 DATA
10580 DATA
1090 DATA
4, 10892 DATA
"1 0600 DATA
10410 DA

310620, DA
104630 DATA
‘10640 DATA
10650 ‘DATA
C106604DAT
"10670+DATA,
10480 DATA
1069 DATA
10700, DATA

10710 DRTA 181,

# -
N b
24,45%.77,44.81,-999,~-999,-999, 11,07
27,%2. —999 -999,37.13,16.46,10.89
31:43.68,51. 99 46. 18, -999,~999, 12, &7
34,43, 19,-999,-999 42.64,23.73,12.02
39,43.19,45.5[45.5,45.93,-999,15.59
41,47.94,-999,-999,45,.%6,27.17, 15. 53
4%,52.07,50.57,%1, 48, -999, =999, 18, 0%
48,%1.98,-599,-999, 45, 14, 34.8%, 19,42
49,%6. 4%, -999, -999,0-999, ~999, -999
$2,55.82,%1.9,54.4,-999, 999,21, 3%
5%,51,48,-999,-999,5%.7,41476,25. 44
59,53.94,51.78,55. 24, -999, -999, 29.07
62,%5,61,~999, -999, 53. 94,43, 76, 32. 19
63,58, 39, ~999, ~999 , =999, -99, ~999
66,58, 91,-999,%7.82,-999,-999,31.43
69,%9.66,~999, 999, -999,49.27,35.1%
70,61.9%, 999, -999, ~999, -399, ~99
74,82.31,-999,80.94,-999,-999, 44.47
76,77. 7n(3999k;999 72.43,63.83,45.35
80, 7%,22,7113,~999, -999,~999, 47. 23
81,8 02,-#99,—999 71.5%,61.7,46.39
e4,‘ . 65999 -9 9,-999, 399, <999
87,7%: 18,7%. 3 3,09, =999, =399, 49, 1%
88; 7&.6 ugbb —0&6 66.88,61.33,47.31-
2666, -4 —eba,-aee,-eba,-aeb,—eeb
—111,-;11 ~11t,-111,-111,-111,-111
c,,cﬁLoﬂosoan FILTRASORB 300,420,886
0, 9q§,-§99,-999 -995, -999, -999
3, 4%.5,.16 5.5.84, ~999, ~999, -999

Ny

8,44.27,29.96,16.93,-999,-999,-999 . -

15#33 4'34 45,26.48,-999,-999,0

14,3§.57,~999,-999,23. 14, %40 G

‘24, 49,77, 45, 06, 999, <999 4-999 J15. 3
27, S‘.xx.-qu -999,40.23,30.57, -999
3; 43, 66w 47, 1%%.93.-—499 —999‘,26 15
o4 43}13,-9 + =999, 4Q. 1,u7-u7,90.u6>
39, 45t 18, 45, 98,45. 4,,—999.-999,e2 71
47, 94*—999.-999 41.72,39.84,3%5.63

1070 Daqusd‘sz.o7 45,39,47. 39'-¢9b =999, 39. 45

19730 DATA
10740 DATA

10793 DA¥ay§§ ,55.82,51.68;44.31, %

19760 ‘DA
10770 DAT

48, 51.98, -999, ~999, 44. 99‘44 1,40.2%
49, 56. 4%, -999, -999,-99§la999,-99q
99,-999,39. 16
31, 48,7999,-999, 47. 81, 46. 64, 4143
59,57, 94,584,037, 50,94, -999, ~999, 42.93

10780 PATAZ AE, =, b1, -999, -999, 47. 8T, 46, 94, 42. 93

10790, DAtp
10800 DATH,

43, %8. 49,-999, 18. 35, ~999, -999, 50. 28
64, 58.91,%2. 61,42.8%,-999, 999, 30, 74

710810 DATA*69,59 66,—999 1999 45.23,40. BZ,eB . 31

110820 DATA
£0830 PATA
" 10BAO DATA
10850 BATA
08460 DATA

.70, 51, 94, ~999, 53 bs.—999 =999, -999

74,82.31,7%, 85, 70;‘2,-999,-999 44:8}
"2, 77. 77,~999.—999 62.7%,%0.94;%7.19
B0, 77.22,72. 68, 66.09,-999, ~999, 48, 48
‘g3, 83, oz,—vvb -999,67.96,%58.62, 46. 65

70 DATA 64,75 6,-999,-999, 2999, -999, -9§9
- DATA. 87,75. 18, 49. 13, 49.21,-999, -999, 48. 94
_,88,7& b, —bbb, -bbb,b62.15,%59.19, 48,73

bbb, ~bbb, bbb, ~bbb, ~bbb, bbb, bbb
~Iti,-111,-414,-111,-111,-111,-111
§,C,CHLOROFORM, FILTRASORB 300, 420,88

A 0,-999, ~999,.-699, <999, 959"
. 3,49.52,32.02, 22. 7%, -999, -999

6;44.27,33.33,27.31,—999,—999

161"



- ‘419950 .DATA l.:a, e P B .;S“MNO 6\.1,(). —999 e
» 10980 DATA. 14,36.37,38. 34,32, 45,0,-999"
10970  DATA 24,45.77,42.%6,38.17,15.3,0

‘10980 -DATA 27,%2. 11,-999 47.‘2,-999 =999

£0990 DATA31,'43, 48,41, 35, 44.78,24.15, 1. a1 .

" 11000 .DATA 34,49.16,-999,~99?,30 5, 2. %8
‘11018 DATA 39,45. 18, 46 B81,44,06;32 71 ‘4, B2
v‘11020 DATA 41,47.94,44, 64,484,765, 35.635,6.34

11030 DATA 45,52, 07,486. 69,47, 5&,09 4%5,10.17-

u-11040 DRTA:48,51. 98, 48.73,50,06,40.25,9.23

11050 DATA' 49.u6 4%, 999, -599 , —925,-799
11060° DATA 52,55, 82,uu.28 54,4 ,,9 16,14.51

+ 11070 DATA_55,51.48,-999,-999,41.63,16.57
11080 DATA" 59,53: 94, 57.43,u¢.1,,4‘49_qa4 07
11090 DATA 62,55, bl,-??? ~999,42. 93, 27.93".
11100 DATA_ag,sa.49,-999g-999,e 28,2273

11110 DATA 46,5%8.91,%50.36,38
11120 onra;av 9. b6, 53507, 86,43, 38.31,26. 74
11130 DATA 7Q. 61 95, $999,/50. 9,-999.~999 '

Y41140° DATn}74 82.31,77.72,73.72,44.81,35.2 7”,
11150, DATA 76, 77.77474.01,69.21,47.19,32.57 °

‘11160 DATA 80,77.22,72.51,70.72,48.48,34.25

- 11170° DATA ‘83, 83,02, 78. 56, 75.1,46.65, 35. 65 ..,

‘* 11180 DATA  84,75. &, -999,-999 «999,-999
11190 DATA 87,75. 18,71.93,74.43,48,94, 35. 6

111200 DATA*BB 6.6, ~tbb, 74. 43,48.73,37.29..
11210 DATA —666.rbéb.-&éé;—bbb.-béé.—666

L M2 DATA'—111,—111,—111,—x11,-111,—111

B N AN

'08;30.74;24.29" " '

v

-



illl.ll'lllllllllli‘lllltlllll'llillllIll"lll‘lllll‘lllltillillllll.llllill.llllllll -
' L

.

vy PORT NUMBER
'DAYS  INFLUENT, 1 3 L 107 13
0,00  =999.00 ~ =999,00 ~999,00 <999,00 -999.00 -199.00"
3.00  , 49.32 ,  30.42 20,06 ~999,00 ° <999,00 -999,00
6.00 44,27 . 36.09 5 00, > ~999,00 ‘140
13,00 733,10 35,16 00:  ~9%9.00 . ‘0.47
14,00 ‘36,57 999,00 T3 3t
24,00 . 43,77 Ty 47.10 © «999,00 13,79
27.00 ¢ 52.11 . 999,00 30,98 19.93
* 33,00 . 43,48 . 44,52 -999.00 2%.12
; 34,00 43,18 =9v9,00 - 26,38
39..00 4%.18 4%, 18 “999, 00 31.92
“4: o0 47.94 . =999,00 . 37.87 33.89
5.00 o 07 £1.07 <999.00 36.70
t 4n.oo 198  ~999.00, 45,10 3v.83
49, oo, | 86,45 . =999,00" - ~999,06  -999.00
© 82, £5.82 53.36 ~999, 00 44,52
t.,s.,.oo U BLAR C 4999.00 50.40 44,72
¥ 59,00 53{«; 49,27 -999, 00 46.39
$2.00 %.41" =999.00 46.89 47.01"
63,00 .7 ..9.49 =999, 00 -999.00° ~999,00
9 . . =999, 00 80,49
B 999, 00, 55.99 $3.32
-5999, =999.00  <999,00
754 - =959,00°. 3,79
* =999, T 42,83 61,41
72, | -999.00° 59,53
, 85.00 33.’62 . 43,75 60.41
BALOO ) . 75,60 | =999,00 " . =999,00
87,007 " 75,16 {. 54 -~ 69,73 =999,00  ~999,00 56.24
<00 76.60 6.00 . =666.00" o, 92 - 40,83 " 858,32
. o -
. AN
: PERCENT n:noﬁq,» : ﬁgl
% -“"“""'—. ry -
o POR
. DAYS INFLUENT 1 LR 18
0, 00 -"v 00 . =999, 0 ~999.00° ' ~999,00 999, 00
49,52, 3817 9,49 -969,00 -999,00
48,27 18,48 4%.49 ' -999,00 Y 96 kb
TU33010° 0 ~es 22 /532, -99%.00. - ~199.00 99,58
. ;. 36.%7 - <999,00 . =999,00 . .18,32- :. 63.60 91,50
CAS.77 ATVl ~99K 00 . -199 00 - =999:00 - 43,50
‘82,11 =999.Q0 ., ~999.00 . - 10,90 - ' .40.5% .78
: 43.68°. '2.48 - =999.00 - =999.00 42,497
34,00 . 43,18 ;00 17,30, 38.93
~ 39,00 45,107 K% ~9%9.00%, 29.3%
" '43.00 A7.94 y 214017 29.31
©A3,00 . 32,07 v -nv.oo - 39,82
;48,00 51.98 . ] ) L 13424 .
49,00 - %6.4% ~999,00;  -999,00" ~999.00
182,00 - ©83,82 -999.00 - ~999,00 999,00
. 58,00 81,48 =99%,00 . 230, 12,10
'89.00 - - 53,94 10,277 =999,00'  ~999,00 .
62,00 : “999, 00 10,48 15,48
. 43,00 ~999.00.  =99K00 = =994,00:
€.00 . . 5B.91. '$.59° <99%.00 . -999.00
69.00 . %9, 66 -999, $0 6.02} 6 1Y
S 20,007 . 41,98 re
74,60
76. 00
80,60
83,00
94,00
7,00 ; ) 7422 ' <999,00 . ~999.00
89,00 . 76.40 0.00__ 0.00 12,68 . U20.59° - 26,48
N v £l . N PR I S
[ N L ] N :

DATA MALVSXS FOR WLORDFORM

" coLum &

- CARBON TYPEY NORET, ROW 0.8 -
CARBON DENSITY1 :ss xsm:
DAYS OF, optsnnom

[ -

' L
CONCENTRATION (Micrograms/L)




~ . - -
TQYAL- LOADING mg)  *

.. -DAYS

0.00
.00

6,00’

13. 00
14,00
24,00
27.00
31,00

34,00 -

39,00

"

ACCUMULATED SEGMENT LOADING (Milligrams) o

-\

"DAvVS OF MONITORING

§

DAYS

‘0,00
3.00

| 4,00

13,00

14,00, -
24,00 -

27,00

31,00
36,00 "

37,00
41.00

48,00
48,00 -

49,00

$2.00°

55,00
- 29,00

74,00

80.00
83.00
84,00

87.00

28,00

T

i |
» SEGMENT
mrL:JENf 01 -3 -3 i 85+10" 10-13 “0~18
v = - .
0,00 0,00 C0,0¢. . . 0.,00 $.¢ 0,00
59,33 86,33 - 6.0 0,00, 0,00 * b.oo:
780,71 270,43 . . 0,00 0,00 " - 0.G0 . ‘1423.43
o 897.45 71,43 0.00 0.00 10.00 282,07
-0, 00 0.00° 1450.7% . 431,76 391.6% | 3042. 16
795.84 0,00 0,00 ' 0,00 0,00 - 4770.90
‘) 9, 00 0,00  2089,31 - 1765.72 114883 ' 279,06
L}9%: ] 754, 44 8v7,39 \ 0,00 0,00 .. 0,00 TB32.13
< o,4%,18 0,00 0,00 2%, B0 .2245.07 . (533.%6°  6121.34
4%. 186 736,13 918,43 | 0.00 . 0. 0,00, &6531.20
0,00 0.00 2188.12 ' 2547,03 1787.83 - 6480.04
752, 48 996.91 . - 0,00 10.00. - 0.00 - 7000, 72
0.00 0.00  2378.13 2730.34  1964,27 225. 69
... 0,00 ©.0.000 0,0 0,007 0,00 . 0.0
81p. 48 000 © 0, 9,00, 0.00  7481.30
’ 0,00 0,00 - 24y3,97 . 2795884 . 2173..14 . 7428.94
53.94 954,49  1183.09° . 40,00 0,087 0,00 7784.92 '
2%, 61 0,00 0,00  2347,49. 2849,7% 2 W :
. 29,49 C 09,00 0,00 - 0,00 " o oot 0,00 BROH —
S8R, 91 1159.73 0 1187.53 0.0Q 3.00 0,00, B8090,47
9. 64 0,00 0,00  2728,90 2904, 49 2297.32  8213.%59 . .
- 61.9% .00 0,00 0,00 - 0,08 0,00 0,00
/82,31 1437,03°  11%6.57 0,00 0,00 0.00 - 8332.30
gt 0.00 0,00 . 2989,2 2999.30 2375.34  8742.40
97722 '1426.83 0,00 IPOT.60° 5,00, 0,00 9113.55
83,02 0.00 0.Q0 298,55, S191,77° D4b6.14 © 9443.00
75. 6 0.00 0,00 .0,00 0,00 0,00 0,00
7s. 16, 1Mi.84. 1327.78 0.00 - 0,00 0:00 9874,09
76,60 6,00 0.00 .  3717,01 3345.73  2373.09 9978.52
1731,44.7 1327,78  3717,01  3345,73 -2:7:.09@%75.52
', 87,00 87.00 £8.00 - . BBLOV

88, 650 88. 00

' ACCUMULATED SESMENT LOADING (Milligrams/G GAC)

YOTAL LOADING
(#Q/G GAC)

. s E “SEGRENT L, Y,
INFILUENT 0xly 1-3 058 3-10 1o~is 1 - o-1% .-
ey . 4
<999, Q0 0.00 0.00 . 0,00 5,00 0,00 * 6.00 .
. 49,52 ., 0.8S 0,07 "0.00 0,00 - 0.00.  .0.00 :
44,270 .- 1,19 . 0,21 0.00 0.00. 7 0.00 - . 0.14
. 33,10 1.37° 0.43. 0,00 0,00 0.Q0 ' 0.29,
< 36.%770.  0.00 0.0 9,50 : 0, 0,31
43,77 1,21 0.00 '0,.00 0.48 -
C82.41. -, 0,00 " 0,00 ‘0,64 0.54
0.6% 0.00° 0.59 .
0.00 . d.86b 0.82°
0.70 0.00 0.46
Q.00 . 0.67 Y 0.68
0.76 0,00 © 0,71
0.Q0 0,71 L 0.73
0,00 0,00 0..00
0.00° Q.00 : a.76 )
9.00 0.73 PR 7% £ AT
0.90 0.00 0.7%
0. 007 0.78 s 0,80 .
0.00 0,00 S 6.60 o
0.88 6.00 0,82 &
0.00 0.83 0.83.7°
0.00.. 0. 00 0,00
0. 84 0.00 ‘0.87°
0.00 0.91 0,89
0.00 6.97 0.92
0,08 1,03 - 0,96 .
0.00 d. 00 . 0.00 -
1.01 0.00 1.00 o
0.00 1137 1,01
. . \,
2.6k 1201 1.3 192" 0.78 1,01
' @7.00." . @7.00"

. 'DAYS OF .MONITORING

Soa

8. 00 [ 88,00




""COLUMN A CHLORGFORM ADSORPTION BUMMARY.

Lo, i - -
EGMENT TEST % OF TOTAL

PORT  SEGMENT SEGMS BREAK THROUGH TOTAL

X » DEPTH .  DURATION ‘ ADSOREBED ADSOKBED

’ tem) 7 * {DAYS) (DAYS) Qr - L3

1 o1 1673 83758 TS " “1733 TR

3 1-3, w.8" 87,00 Csas L nss 13.78
-5 0-3 8i.0 @8.00 "7 0,34 PR TI .87

LI N L . R

to, 5-10 1.0 _em00 - 077 . 3.38 34,73

T 10-18 =80 88.00 .o - 3.9 , - 12,97 26,70
. . . . , - . . B
N S

AVERAGE’XNFLUENT CONCENTRATION: 54,0481 Microgeems/L ' ' e
TOTAL ENTERING COLUMN DURING TEST1,,25921,5 mg -
TOTAL TEST DURATION 88 QAYVS: Ry SR R

siessasisndsnsnes




.

‘...-uo-so-‘oo--bn-ou.ullnbluuauull|llllllulill!lll!llllll'lllllltllllt;tllllllll

DATA ANALYEIS FOR CHLOROFORM

.., oMl e S U
k  CARBON TYPP: Witco %20 ¢ ¢ ot . g
CARBON DENSITY: 49% KG/M3
5DAYE OF OPERATION:. 88 . . S Ce

pAvs

0.00 "

. 59.00
62.00
43.00
bb.

69,00
70.%0
'74.00

76.060 ..

'80.00
83.00

© B4.00 -

,87.00

88.00

Tt

/‘

19.93

>

L
PORT NUHEET
Lo )
INFLUENT 1 3 T8 19 [
: |
~999./00 /<399.00  -999.00. --999.00 | -999,00 = -G99.00
y *11.84 . 999,00 | ~999.00  -999,00 . °
18.00°  ~999.00 | =999.00. -999.00 N
(25,16 . =999.00 .| +999,00 6.50 3
- ~999,00 18,39 | 9437 . 7.67
. 5999.00 -999.00 - |-999,Q0 11,07, ‘
~999.00  *,37.13 | 16,48 10,89
46.18  -999.00 999,00 12,67
- . ~999.00 . 4Z,64 | 23.73 . 12.02
N 45,50 45.98  +999.00 15.49
~99900 - 45.% < 27,17 15,33
51.48  -999,00 , -qw 00 18.08
A48, 18 34,83 (19,62
=999.00 . -999.00 * 599,00
o ~599.00 21.3%5
] ‘41,76 25.46 .
: 76 ~999,00 " 29.07
55,61 ° ~999.00 © 43,74 32.19
_58.49 -999.00 100 q?oo . #999,00 ,
50.91  -999,00 31,43 .
E9.86 - 999200 .oq’t 49,27 35.13 .
61,95 =999.00 999,00 .=999.00 ;M-
82.31 . <999.00 0 -R99.00 T i N
77.77. . '-999.00 72,43 ‘ss 83 gﬁ,};ﬁ: -
77.28° | 71.30, «999.00 v‘z.:s S
83.02  -499,00 5 LeLTD ;
75.60  =999,00 ~999,00 -9 0
75. 19 75510 +999,00 - 15
76.60  -6b66.00; ~664.00 46,88 61.33 - A7.31 1
oy v
A
¢ .
! . 'PERCENT REMOVAL %)
PORT NUMBER ¢ '
INFLUENT: © 1 3 Vs 10 s
-999.00 ~999.00 = =999.00 -999,00 . =999.Q0 -999.00 .
49.92 87.41 78,09 -999.00 ~999.00 = ~-999.00 5o
4,27 $7.325 . 59,34 -999,00 - -999.00 - -9V9.00
33.10 1.72 - 23,99 -999,00  -999.00 80,12
36.%7 0 +999.00. ~999.00 49,71 74,387 79,03
45,77 2.10 - =999.00 - ~999.00 . ~999,00 75,81
T 82,10 ~999.00, -999:00 28,75 . 68,37 . .79.10
43148 -19.00. ~5.72 , 7999.00 -999.00 170,99
A3:18° 999000 . =999.00 . 71,25 - 43,04 72.16
45,18 0,93 7 1 =071 =-1,77  =999.00. 65,27 .
47.94 - +999,00 9900 4.9 43,32 . 47,81 i
52,07 2.69. 1.13 . -999,00 -9992.00° . 65.34
53, -999,00 . =999,00 135.16 32,93 62.25
84748 }999.00 . -999,00 - -999.00 ' £999.00 -999.00
~oete2 )/ 7,02 0 2058 <999.0f 99.00 . b1.7%
51,487 ~999.00.  =999.00 - -8,20 19.88 ' 50,954
©.83.98 4,00 . =2,41 .-999.00 -999,00 . 44,11
8,61 <999,.00 ~$99.00 ‘3,00 21,31 42,11
58.49  ~999.00  =999.00 - -999.00 - =999,00 - .-=999,00
58,91 . ~999.00 1.88 - -999.00 -999. .00 45,63
g9, 6k 999,00 <+ '<999,00. - <99%.00° 17,42 41,08
, 81.93 . 999,00 . 999,00 <999.00° ~999,00 -999,00
B2.310 <99%,00° 1.4k -99R00 . 999,00 45,97
T -999.Q0 - =999.00 .97 17092 41,69
177.22 .. .. 7.7 <999,00 ~999.00 = «999,00 38,84
83.02  ~999.00 ~999.00 - ' 13.82 -25.48 44,12
~73.60 .=999.00 . ~999.00 =999,00. +999,00 . «999,00
CYS.18 - =0.46 - 2,78 - 999,00 - ~999.00 34,82
7460 0.00 0.00 12,469 38.24




t

.

®

N - - L V] ~
T . . '
. \ " "
' ! ’ o
. /
.. xj" ACCUMULATED SEGMENT LOADING (Milligrams)
: . . SEGMENT .
e e ; . -
DAYS . INFLUENT 0-1 -3, 0=y < 3+10 10-1% 0-13,
0,00 =999.00 . 0.00 0.00 ",00 0.00 0.00 0.00
.00 49,52 637,24 75.62 0,00 0.00
6.00 44:27 1004, 46 231,19 ‘0,00 110,00
13,00 33.10  1329.88 £38.33 0.00 0,00
14,00 36.57 0,00 ¢+ 0,00 2088, 71 344,11
24.00 45.77 - 1375.74 " 0.0 0.00 ,0.00
27,00 52,11 0,60 0,0 263,41 1395.17
31.00 43,68 1235.73 1204.31 0,00,
34,00 43,18 0.00 0,00, IPSTY, AS
39.00- 45,18  1045.44  1332.93 . 38%5.91 .
41,00 47,94 0,00 0,00 WeE464, 852
45,00 52,07  1063.30  1319.6 0. 00
48,00 51,98 0.00 0,00 + 3740.39
49.00 Sh. 48 0.00" 0.00
82,00 7. S5.82 1166.48 1304.647
23,00 781,48 o 0.00 - OO
£9.00  .53.94 ‘?:.u 1149.9%
62,00 s5.61  # 0,00 0,00
63,00 . 58,49 9,00 ¢ 0,00 .
q 66,00  “4=8.91 0.00 0,00
69,00 .66 e GO oo
70,00 . .95 V00, 0,00
74.00 - B2.31 0,00 0,00
76,00° 77.77 0,00 0.00 12727.%0
80,00, 77.22  1743,04 0.00 13407,.80 °
83.00 . . 83,02 0,00 0.00 139%52,40 .
84.00 L7%5.80 0.00 * 0,00 0.00
87.00 . 75,18 1831.87 1061, 1456335, 40
, 88,00 78. 60 0,00 0.00 14786, 10
.T_D'}AL LOADING “timng) 18%1.67  1061.,60° 4 489..‘38 14786.10
DAYS OF MONITORING 87.90 87.00 89,00 ‘ne.ﬂo-
> \ ) N 4 - . o :
“ [ J . R ] . . . 1 A
. ) 'ACCUMULATED SEGMENT LOADING (Mi1ligrame/G GAC)
o Y. N : . -
; 8EGMENT .
DAYS INFLUENT ~ 0-1 -3 ©TTe=8 5-10, 10-15 0-13
0,00 , -999.00 0.40 . 0,00 - 0.00 0.00 0. 00
- 3.00 49,52 - 0.70 . 0,04 0,00 .0 00
6.00 44,27 1,10 . 0.13 . 0700 .00
13.00 33,10 1,48 0,30 0,00 0. 00
W 14.00 6,87 0,90 0.00 0,46 0.0
24,00 . 48,77 1450 0,00, 0,00 ‘0:00
:.27.00 52.11° {0.00 - 0.00 0,710 . 0.300 .
©31.00 43,48 '1.3% -0.46 0.00: 0.00°
. 34,00 ' a3t .00, 0.00 0.78 0.47°¢
T 39,00 a0 R TEY ) 10,73 0.78 20400
41,00 a Oy 0.00" 0.70 0.63
4%.00. 52.07 1.160 = 0.72- 0.00 0,00
48,00 ] 0,00 0.00 0.82 0.74;
- 49,00 0.00 0:00 0.00 0,00
. $2.00 1.27 0.68 0.00 0.00
€5.00,, 51,48 000" 0,00, ©.83 ‘0. 84
59.00"". 3. 94 1.40 0,827 0,00 ‘0.00 0.00
; . 0.82 oS’ 0.40
20,00, 9.00 0.00
0.0 "~ 0,00 0,00
* 0,00 0200, 0.71
0.00 §.00 0.00
10,00 0.00 0.00
0.08 1.10° Q.04
L 0.000 7 2 0,00, 0.00"
- 20,98 1,18 0.98
0,00 » 000 0.00, -
0,00 .00 0.00
1,01 1.22 1.07
. e R ' I
TO0TAL LOADING : P H coE .
g /G GACY S 1.01 1.22 1,07 YT I
DAYE OF MONITDRING - 88.00°, ' 89,00 - - 8R.00 - 68,00

v
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[ -0 . , .
P . A y
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R ;
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i A ' "
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, A A 4
. ;e
. N e, ' N oo . " cLT :
ein . . v ’ ‘ . - o
) p ° COLUMN & CHLOROFORM ADSORPYION SU : : T
i . ot i :
PORT  'BEBMENT SEGMENT . TEBT- . BREAKTHROUGH “FATAL % OF TOTAL . v
. : P . DEPTH "DURATION = ° ! ADSOREBED ABSORBED )
tcm) {UUcDAYRY 4. o (DAVED (q)- 33} ‘
Do . N " . e § » h .
; ; - . . . .
o BT I8 F N @7.00" 3,14 "T85 : Y
: Sy : i - e, i
3 =3 . 0.6 . 87,00 - 0.28 - 1.06. n ..
) o= s1.0 88,00 - TV 4862, ‘ o
10 s-10 1.0 08.00 L109 S.6l° . M
’ N S . o N .
1S 10-1% €1.0 88,00 . a3 4.90, ¢
.
. h T £
AVERAGE INFLUENT CONCENTRATION: ’Sl.ulel"gtcrogru\u\.
 TOTAL ENTERING COLUMN DURING TESTs IS921.5 ag . R
*,JOTAL TEST DURATION 88 DAYS . .
- - - T . . ! ' .
L . . =
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2 nam ANALYS1S Hﬁ CHLOROFORN
cOLURNE
CARBON TYPE)

CARBON DENBITY1
DAYS ‘OF. OFERAT10N)

*

FILTRABORE 300°
420 KG/MY-

1

-CONCENTRATION (Micrograms/L)
-

. PORT NUMBER
SRR C] 1% 18
"Tl§99.00 =999, BR; . 994,00  ~949.00
T g 84 =999,00" ; Se90i06  -999.00
16,93 -999,00 .| “n99,00 -999,00
26,48  -999,00  <999,00 ,0.00
. -999,00¢ 23,14 9,43 o.gx .
24.00 48,77 3 “999.00  =999.00 »999.00.,  13.
27.00 82,11 - ~99 -999,00 40, :.*. 30,857 -999.00
31.00 43,48 47..u 43,93 . ~999.00.  =99%.00 26,18
34,00 43.18 -999.00  ~999.00 a0, 166, Jugy 97 30,96 -
39,00 45,8 45,98 45,43 -999,00  ~999,00 32.,71
41,00 47.94  -999,00 -999,00 41272 So.ga s a3 @
v 485,00 52.07 48,39 47,39, ., 999,00 - =999,00 .48
¢ S1.98  -§99.00 - ~999. 004" 44.99 44,10 40.23
; 56,45 -899.00 +999.00 =999,00 -999.00 -799.00
52,00 & ss.02 81,85 44,31 -999.008. -999.00 3916
55,00 51,48 ~999.00. ~999,00 a7, 46,64 41,43
£9.00 53,94 ° . 50,94 =999,00 { -999.00 ¢  42.93
' 62,00, 856 -999.00 - | 47.8% 4b.%4 42,93
T W 18,35 '<999.00 -999.00 . 30,28
‘58.91 42,85  ~999.00 - -999,00°  30.74 -
. 89,66 =999, 00 45,23 40,62 38,31
1.8 $3.03  ~999.00 =999.00.. -999,00
82.31 70.27  ~999.00 -999.00 44,81
3277 -999.00 . 42.7% 50,94, . A7.19
66,09 . 999,00 ~999.00 ! 46,48
-999.00  47.94 58,42 45.85 -
=999.00 3 -999.00 ~-999.00. ' ~999.00
k. B . 69.21  =999.00 . -999,00 48,94
76,480 ~666.00 bbb, 00 62.14 ;. %9.1%  4&.73
Ed
PERCENT REMOVAL (X}
.
PORT NUMBER
DAYS  INFLUENT . s 1o 15,
10400 -999.00 . ~999,00 ~999.00, ' -999.00 400 ~999,00
3.00  49.%2 64,88 88,21 -999,00 -~#49,00 999,00
© 6.00° 44,27 32.32 61.76 ~999.00° -999.00 -999.00
13.60° ~ 33,10 4,08 " 19,40 . +999.00 999,00 . 100,00
14,00 36,97, ‘ . 3672 74,14 100,00
.00 45,77 -999.00 - -999.00 66,57
27.00 52,11 . 22,80 41,34 -999,00
31,00 43.68 et . =999.00 - -§99.00 40.13
34.00 43,8 +999.00 -999,00 7.13. -e12.99 29.23
39.00° 4%, 18 -1.77 =0.58, 999,00 -999,00 27:60
41.00 47,94 =999.00 ~999,00 . 12.97 ‘. 15,90 25. 68
48,00° ,.%2.07 12,83 8.99  -999.00' -999,00 24,24
48,00 © %1.99  -999.00 =999.00. 13,66 | 1%5.16 22.57 '
. ° #9.00 S6.45 . ~999.00 -999,00 ¢ . -699.00 -m.oo ~999,00
> 52.00° " us.82 7.47 2062 - -999.00 - ~8¥9,00 29.68%
B0 55,00 + 81,48 . -999.00 -999.00 ° ¢ 7.13 °9.40 19.52
$9,00 53,94, -0.17 . Z.36 999,00, -999.00 20. 4t
62.00 5,81 . -999.00 0 -999,60 - 13.95° - 18,59 22.80
43,00 %9.49 -999.00 ‘ 48.83 "  -999.00 -999.00 48.23
N.oo 22.91 - 10,869 27,26  =999.00 -999,00°  47.B3
9. 85 . ~999.00M -~999,00 24.19 31.%0  3%.79
7d% 00 '61.95:  <999.00 14,40 . -999,00 -999.00 -999,00
74,00 u 33 7.8% Ta.08  “999.00 999,00 43,56
76400 7577 ¢ 999,00  ~999:00 19,31 #T 34.50- 39,32
80, 00' 77 22° 5.88 14,41  «999.,00 ~999.00 . 37,22
L 83.00 83.92 . ~499.00  =999.,00 . 18,14 29.3¢ - 43.081
a4, 00, 75,60 =999, 30 . =999.00 . <999,00 = ~999,00 . -Dw 09
v @7.00. 7%.18 . a.08" 7.94  -999.00 ~999.00 ° “34.90
88.00 -  76.60 10,20, 0,00 - 18.83 22,73+ 36.38

*
*
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. ACCUMULATED BEGMENT LOADING (Milligrams) . R
. » R
) SEGHMENT .
% - 4 £
DAYS mnauzm 05 1-3 0-5 5-10. 10-18 0-18. Y
00 ~999,00 6.00 0.00 ° 0,00 © 0.00 0.0  -0.00
.00 o 49,828 w74.76 . 47.13 0.00 0.00 0.00 0.do iy
6.00 &% ' 280.61 0.00 9.00, 0.00  1423.43 -
13.00 190 677,57 0,00 0.00  0.00 30%2.22 .
14,00 0.00 1907.30 522,27  332.80 ' 3242.07 -«
24.00 - 0,00 0.00 0.00 0.00  5068.91
2Y.00 (0070 0,00 »2804.11 134943 0.00  4515.80
3t.00 20 #1230.29 70,0 0.00 0.00  5984.31
24,00 00 23 3089.47  1%81.97  1229.68  4230.99
39,00 129,27 13 0,06 4372.84
41100 o 1443.71 , 4707.89 *
0.00 979,62 . - L
1597, 43 7178. 69
0.00 0,00

0.00 . 7488.14
1770.27 ~ 770649
0.00 ~ 7938.04
1946,14  8129.71
~0.00 B241.14
0.00. 8702,04

69.00 2070.51  9104.87 . -~
,70.00 . 0.00 0.00 : :
74,00 . 6.00  9%08.70 .
76,00 - 2189.92  10279.70
do. 00 0.00 10926.30 .
. izo: .as -2489.78  11458.60 o >
. 0,00 0.00 0.00° 0.00 - .
. 2304702 0.00 . 0.00 0,00 ,12141.00

0.00 8%04.78 2776 12 2795.39 12268.%0

. . . ‘
. e . L
TO¥A- LOAD KNG~ 228867 '-sqe 02 5904.78  2776.12 2795.39 12288.%0
- . . e - -+
oavh &F nonx{roanﬁz‘ - - 87.00 87.00 . ©8.00 88,00 88,00 " 68.00 '
. » = - s Y
. . ’ . N L H |
.’ - . . Ty
ACCUMULATED SEGMENT LOADING (Milligrams/G GAC) - ! '
SEGMENT © ’ v
- . . v .
-1 1=3 -3 S-10 . i0~1% o-13 . ,
70,00 0.00 @.00 0,00 10,00 0,00 " . t
W 040 870, 0.08 0.00 . ,0.00 0.00 - 0.00
o7 . o.18 0.09 0,00, . 0,00 . ° 0.14, *
168 0744 ‘0,00 0,00 0,00 0.26 4 .
Q.00 €00 00,49 0013 0.09 - . 0.28
7 .« Ni.Bs 10,08 0,00 0,00, - 0,00 | 0.43
Wil T Q. o0dm 0.00 . 0.72 - 0.35 10,00 0.34 . - s
Tov 158 e e 79 0.00 6.00 - 0,00 0.51 -
. 0.00, @00 0.79 & O0.41 0.32 v 0.53
1,487 *, 0.8% . 0.00 . 0.00 0,00 L0.56 "
o,w‘ * 49,00 T 0.84 . 0,43 ., 0.37 0.358 ™
™ L 0.88 * 0,00 0.00 . 0.00 0,60 .
+9.00 - . .00 . 0,91, 0,44 . 0,41 0.62 S L
yy 900 - 00007 1 0.00 . 0.00 0.00 0.00 R .
b) 1,84 ' 0.90° © 0,00 0,00 . 0,00 0.64 B .
© o800 D 0,00 0,98 > Q.AS ¢ 0,48 Q.46 - ~
1.9a 1.03 0400 . 0.00 0,00 | 0.68 -
0.00 0,00 . 1.01 0.48 o.% 0.70
. 43.00 €0.49 - 0.00 0.00 *0.00 * 0.00 0.00 Q.71
Y Y. 8. 91 2.1 1,19 0.00 0.00 0,00 0.7% S
69,00 /59.46 0.0 v 0,00 - 1.12 0,49 0% c.7ar @
1 70700 ,,px.#s ;0,00 - 0,00 0.00 0.00 0,00 0. 00 .
. 74,00 82.31 - 2.4% 1.40 ©0,00 . 0.00 0,00 0.85
76.00 77.77 0.90 0. 00 1.27 0.57 0.5 .0.88 -
ao.oo/ 77.22 0 2.48 ¢ 1.53 0,00 .00 0.00 0, 94
83.00 83.02 0.00 + 0,00 1,42 ‘0,67 0.64 . 0.98
84,00, 75,40 , 0.0 0.00 0.00 - 0,00 0.00 0.00
87,00 - 75.18 2.94° 1,41 0.00 0.00 0,00 . 1,04 . R
@8.00 75 60 . 0.00° ©.00 1.82 0.7 0.72 1.08 ) - e
TOTAL LOADING S e ’ .
(.9/6 8ac) 2.94 1.5 1,52 7 0.7t - 0.72 . 1,03

. DAYS 0‘ nonnpaxm T @7.00; " 07.00 98,00 ° 88,00 . 88,00 ~88.00 ¥ .
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. COUURN C CHUBROFORN ADSORPT ION SURMARY ;
 FORY TeaT BREAKTHROUGH TGTAL % OF TOTAL
. . DURATION . i ADEOKBED ADSORBED
4 (DAYE) (DAYS) [{-H }3]
1 L 87,00, S 0,18 2.2% 19w
3 1-3 6.6 82,00 . 0,51 . 2.5 W 21B4,
H 0-3 1.0 86.00 © 0.44 5.9 51,43
= 1o 5-10 si.0 88.00 .08 T 2.8 24.19,
15 10-13 1.0 .-eg.00 18,40 C 280 4,24 -~

’

AVERAGE INFLUENT CONCENTRATION: ..')‘él chr‘::qraml/l. . . . .
TOWAL ENTERING COLUMN DURING TESTe I%5921.5 mg ¢ : .
TOTAL TEST DURATION 88 DAYS ~ . . )
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DATA ANALYSIS FOR CHLOROFORM

COLUMNE 8 AND

<

CARBON TYPE) FILTRASORD 300

CARBON DENBITY: 420 KG/M3 it
DAYS OF OFERATION: @8
) *
LAY
N CONGENTRATION (Micrograms/L)
PORT NUMBER
DAYS INFLUENT U+ cALS a3
. gg -499,00 -999,00 -999.00 -999, gg ~#93.00
& 49,52 2,02 22,78 -999, -999,00  *
A u:.' 44,27 3.31 -999.00 -999,00
* 13700 33,10 s B3.89 0,00 -999.00
14,00 7 36,57 ¥38.34 0,00 "=999,00
24,00 45.77 42,56 38.17 = 1%.30 0,00
27,00 52,11  -999,00 - _47.22 _ =999,00 ~-999,00
" ®1,00 43,68 41,38, . 44,78 26,15 . 1.81
34.00 43048 -999,00 999,00 30,56 2.%0
39,00 45,10 445,08 44,06 22,71 4.52
| 41,00 47,94 44,864 44,76 ‘35,463 4.34
.., 43,00 52.07 4. 69 47.5%6 39.45 19.17
, " 48,00 1,90, 48,73 50,06 40.35 9.23
49,00 |, .,%6.45 999,00 <99%.00 =999.00 =999.00
2,00 ™~ §S.82 93.28 54,45 39.16 14.51
8%, 00 31,48 -999.00 ~999.Q0 41,63 16.57
39.0Q 53,94 57,53 . 83.19 42,93 21,07
62, 25.61  -999.00  ~999,00 42,93 27.93
6300 %8.49 "-999.00 999.00 30,20 22.73
86.00 50.91 %0.%6 35.08 30.78 24,29
59,00 59,66 $3,07 46,43 38.31 26,70
70,00, 61,95 ~999,00 50.90° $999.00 -999.00
74,00 . 2,31 77.72 73,72 44,81 3%.20
76,00 77.77° 74,01 69.21 47.19 32.57
! 80,00 77.22 72.%1 70,72 48.48 34,25
83,00 63.02  78.56 ...25.10 46,563 38,65 %
84,00 75.60 <999.00 «999.00 -999,00 -999,00,
87.00 7%.18 71.93 74,43 468.94 35,60
88.00 76,60  ~666(00 74.43 48,73 37.29
<
- PERCENT REMOVAL (%)
> i PORY NUMBER &
DAYS INFLUENT 81 83 - -~ CAIS cB13
0,00/ =999.00 =999,00 ~999.00 . -999.00 =-999,00
3. 49.52 33.34 4,06 -999.00 <%99.00
8,00 - 44,27 74,76 38,51 -999,00 999,00
33.10 -g8.43 7.40 100.00 . 10Q.00
36,57 -4,84 T 9,90 160.00 100,00
45,77 7.01 - 14,60 66,57 _ 100.00
2,110 ~999,00 9.38 . -999.00 -999.00
43,68 5.33 -2.52 40. 75 93,08
43.18 -999,00 -999.00 29,33 91.%6
45,10 ~3.81 2.48 27.60 . 86.18
47,98 6,08 6.63 23.48 82.24
32,07 10.33 8.66 24,24 78,22
- %3.99 6.25 5.69 22,57 77.07
S6.45 -999,00 -999.00 -999,00 ~999,00°
55.82 ° 0.97 2.48 29.83 42.95.
1,48  ~R9%.00  ~999.00 19,13 63,2
53,94 ~6.bb 1.39° 20.41 - 20,92
S8, 81  ~999,00 -999.00 22.80 34,94
B $0.49 <999.00 ' <999,00 48,23 24.9,
58.91 14,51 % 40,4 A7.82° 20.
- 59,66 11,08 22. 18 '33.794 30,31
$1.93  -999,0Q. Y, -999.00 -999,00
92.31 %.%8 10. 4. 48.86 21,43
77.77 39,32 30,98
. 77,22 33,22 29.33
: ; 83,02 's.nx 23,50
73. ~pi%00 «999.00
73.E§ 34,90 27.2%
89.00 7. 36.38
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Y
i ' kR
* ¢ ACCUMULATED SEGMENT LOADING (Milligrams)
SEOMENT
DAYS INFLUENT (90-1 ($)1-3  (CMY-13 (CBIO-13
0,00 ~999,00 0.00 0. 00 .00 0.00 .
3.00 49,32 . 347,09 7%.78 .00 0.00 . / N
6.00" 44,27 760, 5% 200, 61 . 0.00 0.00 ' .
13.00 33,10 934,39 415,02  3082,22 0,00
14,00 36.97 23,97 443,90 3242,07 * 0,00
24.00 45.77°  %63.21 710,49 S060.91 416,93 .
27,00 82.11 0,00 0,00 0,00 19,00 4
31.00 43.68 1066.88 720.90  S984.31  1173.04 \
34.00 43.18 9,00 0.00 ~ #230.99  1600.77 -
39.00 43,18 1084.14 713.98 4872.04  2344.09
41,00 47,94 093,24 720,31 4707.8%  2079.34
45.00 32,07 1187.88 717.82 479.42 3317.77
49,00 81,99  1258.40 499,53 7178.49 31072
4900 %6, 45 0,00 0,00 o, 0,00 ¢
£2.00 55,82  1299,72 694,08 7408.14 ° 4417,53
3. 00 91.48 . 0,00 W00 ' 7704.86-  4823.90
9,00 53.94 1241,54 792,70 7932.23  3335.33 .
42,00 8%, 61 0,00 0.00  $125.90 3436, b6
63,00 %0, 49 0.00 0.00 9237.32 ¢ S698.11 .
66,00 39.91 - 1336.13  1166.93  GM¥8,.23  B50812.56
49,00, 59,66 1459.92 ° 1346.13 .. 9103,08  3%0.20
70,900 61,95 0,00 0.00 O, 0,00
74.00 82.31  1612.25  1491.12  9904,88 4249.32
76,00 77.77  14%7,7%  1339,08 10273,90  4361.30
. 80, 00 77.22  17%0.08  1610,91 1092280 4495.84
83, 00 83.02 1825.,04 1653,03 114534 902,10
84,00 75. 40 0.00 0,00 0. 0.00 . : i
87.00 75.18  1909.08  1664.29 xz:;a.‘g L7167, 43
€8. 00 76,60 0.00 0.00 12204, 72364.93 -
S
TATAL LOADING (mg) 1909.08  1664,29 12284.70  7234.93
DAYS OF MONITORING 87.00 88.00 ' 8@.00 86.00 .
. "’ ’
& ¥ N
L d - . -
ACCUMULATED SEGMENT LOADING (Milliqrams/G GAC)
M SEGMENT o . .
DAYS INFLUENT (810-1 (871-3  (CAYO=15 (CBYO=13 X
. i - .
0.00 ¢+ -999,00 0.00 0,00 0,00 0,00 : .
3.00 49,32 10,70 0.0% 0.00 0.00
' 6,00 44,27 1.00 0.13 0.00 0.00 : 0
13.00 33.10 1.20 0.27 0.26 0,00 B ) -
14,00 36.57 1.19 0.29 - 0.20 0,00 w .
24,00 43.77, 1.24 0.48 0.43 0.04 . )
27,00 32.11 6.00 0,00 - 0,00 0,00
31,00 43,40 1.37 0.47 0.51 7 0.312 : .
34.00 43,18 0.09 0.00 0.33 0,16
39.00 4s. 18 1.3 [ 7Y 0.5 0.23 . . .
41,00 & R PR LN 0.47 0,30 0.27
45.gg~ é.qv 1.53 ' o.4e 0,460 0.33 } ’
48, 00 51.98 1.62 . 0,45 0.42° ' 0.30 -
49,00 5,45 .00 0.00 0.00 0.00
$2.00 £5.82 1.67 0.43 0.64 0,44
$5.00 51,46 0,00 0.00 .- 0.6 Q.48
$9,00 - S3.94 1,60 0.91, 0.68 ;. 0.38 " 1
'62.00 8s.61 0,00 0.00 0.70 9.5
63,00 %8, 49 [ 0,00 . 0.7 0,56 .
66.00 8.91 . 1 R 0.7% - 0.73 o.%s ) Y Y
69,00 39,66 1580 0.07 0.78 0.%9
70,00 61.9% 0. 20 0.00 0.00 0,00 : i '
74.00 82.34 2.07 0.96 0.85 0. 62 - : R
76.00 77.77 2.13 0.99 0.88 063 "
80.00 77.22 2.28 1.04 0.94 0.66 ’
83,00 % 83,02 2.35" 1.06 0.98 . 0.68 - )
83,00 - 73,60 0,00 . 0.00 0.00 0,00 B .
@7.00 75.18 2.46 Y 1.07 1,04 0. 71, n
88.00 76.60 0.00 0,00 1.08 . 0.72 - oo
- . > ey - . . * Ly
: . P BN . ‘"‘».' . R & - e
¥ 1oraL LoADING . o . e PR
(mg/G GAC) 2. 46 1,07, 1o 0.72 ,

. . PR
DAYR NF MNNTTARTNG a7z, on ad ~n . .
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COLBHN 8,CA AND CP CHLOROFORM. ADSORPTION BUMMARY
PORT  GEOMENT  BEGMENT TEST ln:mmadugn TOTAL % OF TOTAL
DERTH DURAT [ON ADSORBED ADBORBED
{cm) (DAYS) (DAYS) [T1) ; t4)
4 . -
9 0=} 10,2 97.00 0.09 | \{Q 93,43
. 1Y "
83 13 30. 6 8, 00 4 0.13 [ 46,57
3] 0-1% %1.0 80.00 14.60 12,78 82,94
cs3 6-13 %1.0 0. 00 Z6.02 7.23 37.06
. , J ) .
AVERAGE INFLUENY: EATRATION. (COLUMNS B,CA): 54,0481 Micrograms/L
TOTAL ENTERING (8 AND CA) DURING TEST: 25921.8 mg
L3 s . .
AVERAGE INFLUENT NTRATION (COLUMN C8)1 - 28,2839 Micrograms/L .
TOTAL ENTERING C CB DURING TEST) 133%0.6 mg

ToTAL TEST aum\nog 88 DAYS
» d , P
nuuutuuuu;:nunuuunuuunuulugununn'uuui:;nluuunnu
> . . : . 9
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anonomcnmnongrms ADSORPTION K

COLUHN~A AND COLUMN B

Cl 'Column A < ‘
4€eilgwing ehioroform,nbromodichloromethane was the
'second largest contributor to TTHM‘witn an average influent
-eoncentration of 30.8 ug/L. Resnits are presented in Table
Cl and Figures Cl, C2, and C3. in‘general this compedhd.
dispiayed apparent exha&stfon times that“exceeded both‘
chloroform and TTHM. At_exhaustien}‘the highest loading of
lflﬁ»mg/g GAC occurred in segment 5~10.-,The increasing |
1 adiné trend of segment S-IDl(Figure‘C3) followinhg day 42
'gilps explaintthe_increasing trené of TTHM in segment 5-10
(Figure 5.3).\ Following apbarent'exhaustion in the top ene—
,third of the bed (segment 0-5), segmemt 5-10 predides the
greatest con rithlon to bromodlchloromethane removal
. However, a adsorptlve loadlng of 1.06 mg/g GAC at segment
0 l‘was onLy sllghtly lower. The,khlat1ve segment 1oading
: pattern at apparent exhaustlon 1s con51stent w1th‘end -of-
test data. Therefore, an 1ncrea51ng 1nf1uent trend dte not
» N

51gn1f1cant1y affect the pattern of relat1 e segment loadxng»

“'fo'; "ris !'Qachl‘)g adsorbed com90und o Y
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o Colunn

Bromodichloromethane apparent exhaustlon data (Table

Cl) drsplay values higher than for ‘any other compound/

column combinatxon. Thls 1ndicates very strong adsorptlon.

-4

At both apparent exhaustion and end of the test perxod, very

high loadings of 2.31 mg/g GAC and 3. 51 mg/g GAC respectlvely

‘were. achleved. The stgong compet1t1ve nature of thlsl f‘

- compound 1s read ly a parent.

’

Concentratlon and 1oad1ng profrles appear in Figures - - [

.

. | N
the three maJor seq.Fnts varaed 1nversely with column depth
.
- ag expected since exhaust1on was only observed in segment 0-

.C4, Qé\band .C6. At the end of the test perlod loadings of

5.‘ Loadlngs calculated at extrapolated apparent exhaust1on ‘///
for the three ma;or,gggments 1nd1cate that the h1ghest

loadings w1ll eventually occur in segment 10-15. These

results should be viewed w1th cautlon however since the

‘ A
extrapolated apparent exhaustlon perlod far exceeded the

¥

actual test period. .
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Dml(oupcﬂmﬁoumuam ADSORPTION
¢ - COLUMN A AND COLUMN B

)
.7~

.

‘D1 - Columh A ,'

Dibromoohlormethane was second ohly to bromodichloro-
methane'in iterAC adsorption affinity as measured by |
operatrng time to apparent exhaustioh (Table Dl) Cbnoen—
tratloh and load1ng profiles appear in Figures Dl, D2, apd '

D3.

., o~

'The’influent-coneentration did not d{splay the ingreas-
-ing trend shown by, TTHM or other TTHM contributors.' In.

ca
‘Contrast, the concentrat1on for this m1nor contrlbutor

" \
averaglng onlyﬂi 5 ug/L increased for days 0 -34, 1evelled

from days 34 74, and anallyvdecreased from days 74- 88.

Thls pattern appeared to d1rect1y 1nf1uence the loadlng in

]

N
segment 1—3=(F1gure D3). Immedlately follow1ng apparent

.

exhaustlon ‘at day 29 9 segment 1-3 displayed a declining

-

4

‘Toadlng cond1t10n 1nd1cat1ng dlsplacement for the remalner

of thé test period1ﬁhereas sggment 0-1 above, appeared to
\ \

parallel 1nfluent trendss\\\

'A% examination of the three major segments (Figure- D2)

.~

'shows that follow1ng apparent exhaustlon (day 42. 3) the
segment 0- -5 concentratlon profxle varxed dlrectly with tHe
.lnfluent concentratlon, lower 'segments appeared to largely .
damp‘tpls effect. In general, the load1ng of these three

182 o
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M . N " . \
. e,
( o ’ ‘ .
segments 1s consistent with TTHM and all contribut;::r“‘mh\w:aw'

Fl

dLsplaying the highest 1oading 1n segment §=- 10 at apparent

exhaustion. '

D2  Column B o oo - l;
:Data'regardianteﬁoval of dtbromochlorOmethane by .

Column B appear in Table D1 and Figures D4, D5, and D6.
: Apparent exhaustion was not reached by any'of-the three
major segments during‘the 88 day study period. |

R In contrast to Column A, a negative rate oﬁ accumulation
occurred after day 50 in segment 0-1 whereas a positlve
accumulatlon was present in segment 1-3 throughout ‘the study
| period. This indicates less successful competition in the )
uppermost segment. <On the basis of mg/ghGAC loadings,'yery
little difference was noted‘among segments'ofl, 1-3, or 0-5:¢
at the end'of the testi(Table'Dl). Ségments 5-10 and 10-i5
displayed loadlngs which decreased witf column depth, both

at the end of the test_and at apparent exhaust1on.

-Dibromochloromethane as elther more readlly adsorbable.in —

~the upper one—thlrd o the column or else extrapolated

es did not truly repfgsent lower*mm~

»,

apparent exhaustlon va'

segment behav1or.
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TABDE Bl Tr1halomethane segmqnt loadlngs (mg/g GAC)

L3

-~

APPBNDIX E

_ e “_ Columns A, B, CA, CB, and S (Days 0—55)
qTTHM: Lo
SR ) Column
R . T . :
"Segment. ‘- A B - L CA, - - CB ]
L, 0-1 - 3.13 3.93 . /¢¢ 299 -9 3.03
1-3 1.64 2.34 e 2127 - 1.35¢
0-5 1.62 2.50 2,29 1 =" -
5-10 . 1.95 1.71 ~o0.80 . - -
110-15 " 1.16 0.73 o685 o= -
o 0=15 1.63 ¢ -« 1.76 1.36 . - -
. 0-13 - - s 0.66 -
yChlgrdformE‘“ o .
L o Column »
“segment .- A B ca CB , S
T 01 1,33 1.55  .1.88 ~ 1.64
1-3, 0.83 " 0.71 .« 0,96 - 0.47
- 0-5 0.73 0.97 0.96: - -
5-10 0.85" 0.98 0.45 - -
10-15 0.66 0.56 0.46 - -
0-15 . 0.77. 0.82 0.66 - -
0-13 . - e ~. 0 448 -
Brémddichiofomethéne: R
: . Column
 Segm ment, A + B o CcA CB " s
0-1 1.14 2,64 . 1.97 - 1.19
“1-3 . 0.62 1.12 1.12 - 0.71
0-5 ' L 0.72 1.37 4  1.08 - -
‘5210 0.83 - 0.42 0.33 - - -
10-15 0.40 - 0:16 L 0.32 - -
_.,0,15» : 0.67 0.65 0.56 - - <
S 0-13 - - , - 0.17 -
' Dibrombchloroﬁéthane;@
: o ' i Column \
Segment ‘A B ca CB s
Co0-1 ‘0.25 . 0.62° 0.30 -, - 0.18
1-3 . 0.15. 0.43 0.45 - 0.17
0-5 . . 0,27 . 0.44 .. 0.36 ' = -
S 5-10 0.24 . 0.13 £0.13 - -
10-15 " 0,09 . -.0.01 '0.01 - -
0-18 +  0.19 -, 0.19 - 0.16 - -
0-13 o =» - 0.04 -
189 .



APPENDIX F
Tablé F1 .. Isothérm Data

.y -

Norit® 'Row 0.8 , ” o < S

Carbon‘ Chloréfbrm xéromodichlotmethané Dibroﬁbchlorémethane
-added . Cl » C,. ' ' :

(@]

£ | - £ . f

(g/L) ' (ug/L) (ug/L) ) (ug/L)
0. 004." _54 0 . .. 28.1 7.4

.+ 0,01 - 48.4 23,5 . 5.5

0,02 41.1 | 18.1 3.9
0.05 - 31.2 w1042 1.9
S.0s10 0 21.1 R Y 1.0
Q@20 . 9.6 - 3L LD
0,50 -~ 7.2 . 1.2 LD

LD - less than detection 11m1t‘,y

L

° e @

Witco® 950 R

Carbon Chloroform BrOmodlchlormethane Dibromochloromethane’

addeg ‘Cf - : . Cf- ; Cf -~
(g/L) - twg/L) T (ug/L) (ug/L)
.- 0:00 . -,53.4 ' . 29.6 ., 8.0
0.01 ~ 48.8 21.8 5.6
0.02 -  43.4.~ 17.3 . 3.7
0.05 ° 29.5 - 8.0 1.2
0.10 17.6 . ‘3.6, 0.5
0.20 . 9.5 ' 1.3 LD
0.50" g 8.1 ‘ 1.4 . , LD
“a . . /
LD = less than detect1on 1imit o _ //
Il, . . ‘ . V ‘ . ” . // ‘
:Flltrasorb® 300 R ' e, L
Carbon - Cthroform Bromodlehlonnethane Dibfomdcﬁlofomeﬁhane.
added /' C L s C - cC o
- | £ \ Cf RN
(g/m) | wa/my (uQ/L) g/
0.00 - 51.9 - 26.7 - 8.7
-0,01 ¢ 41,7 ' 15.6 - : . 5.0
- 0.02 40,4 - S 16.5 S : %3%
085 337, . 11.0 SR 3
0,10 24,3 6.5 c 241
+0.20 S 14,9 o 3.1 . LD’
—~0.50 8.1 . 2.4 LD
LD - less than detectlon 11m1t ,
1 .o

190 ’ . Lo : ® .
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_. APPENDiX H

“BSDANYI-MAYNES ADSORPTION THEORY

The'PolanyieManes adsorption potential theory was.used

in this study to predlct adsorptlon from pure water for
trlhalomethanes.- Observed loadings were compared to pre--
d1cted values and. provided an 1nd1cat}on of the extent of
.competltlon. Only qualltatlve comparlsons\§ere/made, because
of the d1ff1culty of extrapolatlng pure solytion capac1t1es

-~

to mlxed solutlons (w1thout experlmental ver1f1cat1on)

The Polany1 theory has prev1ously been applied to
adsorptlon of ofganlc substances from solutlons by . actlvated |
carbon (Arbuckle, 1982). Manes and Hofer (1969) descrlbe a
method by wh1ch relatlve adsorptlve potentlals may be pre—
dicted from the refractive 1ndex of a substance. Thls

_theory'has been'expand d by Wohleber and ManeS‘(197la,_

1971b) to encompass partially mlscible and m1501ble organic .

~11qu1ds. A complete 1scuss1on outllnlng 11m1tatlons of

t23§ theory and its ppllcatlon to compounds of intérest in
drinkind water may:b found elsewhere (Manes, 1980; USEPA
.1980)-. Important'a vantages and limitations are noted

below: ' ‘

Advantages: a -

~+ The Polany’-based approach to characterization of

194
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jhan customary methods including surfacs area, pore

.,

size dlstribution, and 1odine Hnmber.'

v

/ « The Polanyi model would be expected to be more stable
‘to variation in ekperimental cond1t1ons than the oo

-- Langmuir-base& model because it does not assume ,

~

uniform adsorptive energy ove?Lthe entlre carbon

~,

sdrface. o N - .

N 4 . Interactlons between.solute and solvent and between

,

different sdﬂutes in solution are reflected 1n the
LY

* i

efforts‘Jf solubilities which are included in

- 'caiculations}
‘E&mitations} )
s The-assumption'that all carbon pores are accessible
to the adsorbate'may notvbe completely true due to
ﬂf i the 1nfluence of molecular 51ev1ng. o
. ?he model is essentlally llmlted to’ London-force

. - dlspers1on, however adsofption%pf a wlde variety of

f"’wsf‘solutes from water solutlon‘has been described vlthout

kil

DAL
;J?:ﬂ§~' reference(to'any action of surface groups.

Jn the present context, the Polany1 theory w1ll be used to
pred1ct the theoret1ca1 adsorptlon capacity of GAC for v
chloroform, bromodlchloromethane, and d1bromochloromethan;.

5 To determine the theoret1cal value for‘adsorptlon of a
-wsubstance on GAC a curve must be prepared by modlfylng an Q
adsorptlon 1sotherm for’ butane on GAC. -The butane isotherm
used in. th1s study was supplled by the Calgon Corporatlon

(USEPA, 1980) and‘applles.to F1ltrasorb°.400, The GAC used .
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in this infestigation was FiltrasoibdeOO: indications were
" i

’

obtained that ad rptlon on Flltrasorbo 300 would ‘be approxi-

mately 15 percent less than on, FiltrasorbO 400 (Rosene, -
1983). - Lo . ‘
. ) ‘o ‘

The theorétical adsorption isotherm for a‘gaseous
substanoe other ﬁhan butane is obtained by multlplylng the
butane isotherm py a, scale factor, ys+ This factor is
‘defined és the ratio of polarizability of ﬁhe suoétance,

pS, to Ehe,polafizability“of butane, pQ; i.e.
§ . .
: ~ _ : .

) Y-S

'ﬁﬂtk
.

The scale factor for a liquid substahcé adsorbed from

another liquid nfay be defined as.Ysl where: "

o - "
9

S
sl = ﬁs - 0,206

The factor 0.206 represents a tonstant for adsorption

from water.
For example, the calculéted scale factor, yg)r for
chloroform adsorbed from w ter '#s 0.93. By multiplying the

\\P01nts defining the adsor tior 1sotherm for butane gas by .

/

this value a new curve is obtalned (Flgure Hl). This ‘curve
\ / i

1nd1cates the cc of chloroﬁorm that w1ll be absorbed from’

.

pure water per 100 grams of f‘lltrasorbo 400.

r

The absc1ssa of Flgure ‘Hl is defined as follows:

\\\ R - .C . "
. : =T 1o =8

: iy - v 09T .
wheré: e = thevoriving fonoe

a
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V = molar volume; cc/mole (80 0 for cﬁloroform)

©

- - T = absolute temperature (295° for this''study)

CS‘=_solubility-of the substance in water, g/100 cec

o
.
I
’

« (0.82 fo;'chlorofdrm)

‘ c = ooncentration of'thé/edbstance‘in the column
influent water, g7100 cc f'

To predlct the 1oad1ng of chloroform on Filtrasorb®, 400 V ‘

in pure Water at a given equ111brium concentratlon,, e

abscissa is calculated " and the ordinate read off th&,;
For example, for an equillbrlum concentratlon of 47.7 ug/L,
the abscissa 1n Flgure H1 is 19.31 and the predlcted Loadlng'

in pure water is 0.57 cc/100 gjcerbon.



199

a : . : o .
T ey
- - * - = o ) ‘ ) yl ’ z
o— . ‘31wl udy3aoszep moraq sem (3D) uorjeIzUsOUCD UNTAQTITMEE - @ -
. 7 S : . ] N [ . N . g
- - a1 8°0 06C°0 ¥200°0 9°¢C 0€Z*0 6500°0 05°0
-- ‘ -— . a1 vel 80¥°0 6500°0 - 6°¢ LIE*0 +  ¥Z10°0 0Z°0
, . | o . -
£€0°0 « AL L2000°0 (A4 . Sssbv°0 LOLO®0 S*'v Siv°o S8L0°0 oL°o
B * : —— c‘ . ‘ e ’
LT == ’ a1 A4 00L"°0 9610°0 .0°S ¢ s8v o ypeoro ) S0°0 ,,
. 6°0 8800°0 L'g » 018°0 . ¥SZ0°0 zeL . LPS°0 - LBEO'O 20°0"
B ! : . a ’ .L-
1°0 6v100°0  €°L 09,70 ¥$50°0 9Tl EVS°0 ¥890°0 10°0
(s) ' (booiL/22) (boot/22) (%) (BooL/22) (bo0L/22) - (%) (booL/22) (bootL/22) (1/b)
poloTPeid PaIdTped Ten3oy pe3oTIpaad PO3IOTPIAd’  [enaIdy po3oTPald Pa3oTPRid Tefizoy PopPY
: Ten3oy ) 2, Ten3dV . $ Ten3dy A uoqied
auPY}3WOIOTYIOWOIQTq ce aueyl awolo Yo Tpowioag . WIOJOIOTYD. . . s
‘ o - SbuTpeo] ~ )
N,

i

©  s3NSeY WINROSL (I9Iem BINJ) PIIRIPIId PuUR PIAIIBqD I ITTRL

~ ’ ‘e -



200

, ‘ . . -
- \\ juawadse1dad uOQaE¥d 81033q paydeal 3ou juasuwbas 3o :oﬁumrmzxm (1)

* 65001/22 0¥°0 a93em aand woliF coﬁwmmOmom.UwaDwkum

05°02° . T OA9TY/?
1/6" g+, :°DUOD 3JUSNTIUT SURYJSWOIOTYD0WOIQTIP abeasay -
; : .,mtoﬁ\uo 00°1 @ 1@3em a@and woay uoraidaospe paildIpaid
s 1) O o _ T . A9°p/3
1/6" g-Q€ :°OuOD JUINTIUT duURYIIWOIOTY2Tpouoaq obeaaay
- 6001/°2 29°0 . 193em aand woaj uoridaospe paldipaad
. 0T°6T * ! . A9 /3
1/6n 1°vs ¢ -5u0D juan[jul wiojoaolyd> abeasay
-— (N . -- (1) T°¢L vv0'0 © - ST-0
= (1) -~ s'v . 8700 ST-0T =+
-- : (1) - ‘ (1) 9°¥ 620°0 01-§
g g S16°0 C-- (1) L°8 ¥S0° 0y )
5'v ~gfo"0 . 9°¢ 9€0°0 026 950°0 €-1
£°¢ €100 - 8L gL0'0 - £°LT - LOT"D " 1-0
o (%) . (Boo1/59) (%) (Pbo01/°9) (%) (bo0o1/29°) jueubasg
pa232o1paagd “. 1en3joy ‘pa3oiIpailg Ten3oy pailo1peadg [en3oV .
$+ Ten3dv - 3 Tenaov $+ Ten3idv¥
suryjawoJoyoowoaxqra - ayeyjaswoaofyd1powoad wIo0JoaoIyd

sbuipeo]

»
’ - H
’

S1TNSay umm{o) (I93eM 2Ind) pPaIdIPaad pue vwthmno. 1rc 31qel

£ XIAN3addav : : :

~



APPENDIX K’

HEADLOSS AND,CHLORINE ADSORPTION RESULTS

——

s

As part of a separate study by Andrews (1984), -headloss
,and both free and_combined chlorine were monitored for
Columns A, B,'and CA. : \

v
<

K1 = HEADLOSS

. Following ihttial startup headloss measurements were
taken 2-3 times weekly. Backwashing was conducted at
approx1mately 7 day intervals. During the first 55 days of
the study perlod Column CA developed the highest heaQ&oss |
‘between backwash ¢ycles (Figure Kl). For_;he period of 55
to 7Q'days'headlosses rehained similar'ter the 3 columhs
with Column CA exhibiting decreasing values. As the &nd of
‘the test perlod approached there was a’ rever51ng of the
trend seen during the f1rst half w1th both Columns A and B
now exh1b1t1ng headloss values greater than CA, while Column
CA‘continued a deereasmg trend. . * .

Bxcluding ;:itial startdp'values, maximumlieadlosses

encountered during the study period were 2.7 psi, 2.3 psi
°t

agd 2 7 psi for Colqmns A, B and CA respectlvely.

Backwashing prov1ded an. effectlve\means for decrea31ng 7

-
headless with valpee obta}ned'1nme¢1ately after backwashing

. ’

201 ‘
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vaveraging p,7 931, 0 7 psi and 0, 5 p51 for Columns A, B, ‘and

1.

I‘CA respectlvely."

'f A large amount of flnes were present 1n the Column A

backwash water from the 901nt of 1n1t1a1 startup to a’ perlod
+ b
'extend1ng approxlmately 50 days 1nto the study.
- RN A
Bmcept for a small amount of flnes noted in Column CA

-

-

‘backwash water after ah operatlon perlod of 68 daysu no

'apprec1able amount of flnes were present an eltber Column B tlf

,or ca backwash water.‘ As noted 1n %rev1ous studles by
£orsyth et al (1982) Operatlonal d1ff1cult1es weré not.
expected w1th runs extendlng up to 4 weeks between back-
_{washes. Thls may be attrlbuted to the warm summer /; “ﬁd¢
temperatures whlch do not cauSeeproblems such as a1r b1nd1ng
and alum_post flocculatlon, commonly experlenced durlng fall

and w1nter.

Lo | # SRR .-; ‘
'K2 . FREE AND COMBINED CHLORINE L |
L All three of the carbon columns were found to be'

1.effect1ve in. the removal of" free chlor1ne. Concentratlons

measured at Port 1 (10 cm bed depth) are shown 1n Flgure K2.

B Even at thls shallow bed depth removals exceeded-80% unt11 f

vthe very end of the‘ study perlod Chlo‘rlne levels measured
: - ‘([ ‘/‘
at Port 3 (31 cm bed depth) dld not exceed the detectlonv('

el ., . P

's11m1t of 0 mg/L.n None of the columns dlsplayed removals :,

/

f:that were s1gn1f1cantly dlfferenb from the others. Column

frfCA achleved sl1ght1y better removals ﬁurlng the flrst 61

o
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’days’of the sthdytperiod,‘with éolumn'B showing the best
removals from this polnt to the end of the .study ‘peridd.

‘Influent free chlorlne levels averaged approxlmately 1.10

,mg/L, w1th a sr1ght decrea31ng trend apparent durlng the

‘latter part of the study perlod.

Comblned chlorlne wag not as effectlvely removed as the
free chlorine in any of the three columns. The influent
oncentratlon averaged 0.28 mg/L durlng the study perlod

displaylng no significant trend. With the, exceptlon of one
A

;data po1nt, Co1umn C& achieved the hlghest removal at Port 1

~—

‘throughout the study (Flgure K3) : No measurable penetratlon N

N
.
AN
\

of cbmblned chlorlne was noted at depths below Port 3 untll A

the f1nal week of the study. Up to this p01nt, erratlc \

- -

levels were noted at Port 3, borderlng.on the detectlon

limit. o .
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