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B

Powdered act1vatéd tarbon (PAC) lf added at water tregtmenti

plants to 1mprove the aesthetlc quallty of water,-malnly b{.

-

~

_ adsorptlon of the taste and. odour c€151ng compounds. Su;cess'w
1n\controlllng the. taste and odour eplsodes w1th PAC is de-

’pendent on the compos1tlon of the water,ion the condltxons'
!

under whxch PAC must adsorb and on the type of PAC appl1ed

~The most effecglve PAC w1ll possess a hlgh adsorptlve capa- . -

,c1ty for thezma?orhsy of brgan1%§ of concern. In thls study,
. the exlstlmi tests for the evaluat1on of PAC are examlned
and compared to adsorptlon is¥therm tests u51ng surrogate

~compounds, to determlne anfapproprlate ba51s fongAC selec-

‘a
-

tion. ' S LT

LR - N

Slx PAC samples were selected on the basxs of thelr io-

_dlne numbd&f the1r adsorpt1ve capac1ty for tannlc ac1d and

thelr particle 51ze dlstrlbutlon. Slngle solute: adsorpt1on;

) 1sotherm tests,§u51ng phenol mesitylene and.total organic

carbon (TOC3 'as well as phenol in river water 1sothermsf

»

were performed to compare,the PACs and the adsorptlon tests.

¢

k) A’ , .’, : ." A ’ v'o
Trends 1n the results allowed d general cla551f1catlon

-of the . PACs 1nto two groups, accordlng to th ir capac1ty to
)

adsorb high or low molecular welght compounds. It. was found
)

that the capac1ty to adsorb phenol can be measured by the

RS mod1§1ed phenol value test us1ng ‘a Qower 1n1t1af concentra-

'tlon of - phenol and r1ver water as the background matrix did

v »



'u' ) ‘ a - T [ v Yy “ : \
_not change the gradlng of t}‘PACs. The tannm value test . \'

"

can g1ve an 1nd1cat10n of ‘the capacnty to adsorb TOC and
AN

hum1c substances. PACs w1th a hlgh capac1ty for tahnmc acid

adsorbed less phenol in the ‘presénce of TOC than other RACs.
y

. A compar1son of ‘the me51tylene 1sotherm and the phenol 1so~~

therms»showed the p0551b111ty of a-spec;flc 1nteract1on be-g

r o . N . iy
l‘bj twéen phenol ’and PACs with the appropriate surface
B chemlstr | | S
Y- ‘ . P
T N : Con51der1ng the var1ab111ty in the raw water/éontent

L]

o and the 1ncomplete 1dent1f1catgon 'of ‘the compounds~ which’
! _cause the taste and odoun, the evaluat1on of PACs cannot bé

. based on the speq1frc problem cau51ng compounds .+ A- test1nglf
| protocol which_ makes use\\f the 1od1ne number test the mo-

d1f1ed phenol value and tannin value isotherms, supplemented

by a _me51tylene adsorption  test, ‘EE recommended at this

time.~ . ' A o
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a o 1. INTRODUCTIONY A .

In mun1c1pal water treatment plants, ponered actlvated car-—

bon (PAC) is commonly’ added to the water to a551st in the
'control of seasonal taste and odour eplsodes PAC can be ap-

.. plied, dry or in a slurxy, at variopus treatment stages be -

{ore fllttatlon' generally, when large doses of PAC 'are

required, ~addition 1is made at the mixing ba51n- small

o

amounts can also be applied at the filter 1nfluent. on aver-

age, dosages of 0.25 to 60 mg/L are added to treat surfacew 

'waters. PAC has~been used to adsorb organlc compounds of

¥

mib1ologlcal orlgLny such as algae andiba;lerial metabolites, .

‘2,

f anthropogenlc orag1n 'such as hydrocarbons fromtstrea;

1ndustr1al pollutlon and occa51onal 0il spllls, and

’ /

na urally occurr1ng organlcs, such as humlc substances in an

””V.attempt ‘to neduce thg THM: formatlon potentlal (AWWA, 1976) .
ffAlthough AC . is ' extensively . used because of  its

.;non specificity in adsorption, i"'t‘s oper‘ational flexibility,

~

its low initiai capital .costs'“and the » absence of

-

by- products,vlts performance has been foungbto vary widely "

dependlng o_~the problem-cau51ng organrcs, the plant treat-'

ment.'shemey_the condltlons under which adsorption occurs

4

and the type of PAC used ‘ _ _ .

. . . K
G ’

3

At the C1ty of Edmonton Water Treatment Plantd’ control“
| procedures of the often highly offensive taste and odour oc-
currences conszst of ox1datlon_w1th-chlor1ne dioxide in°®com-~

‘bination'with adsorption with PAC. When cohditions require

Y . . -
. N 4

- (

b



4 -
.

the addition of PAC (street or watershed runoff high turbi-

dity and colour, taste and odour in the treated water, oil -
' ' ) & .
spills), a dosuge of 5. to 20 mg/L is applied at the rapid ’

mixingdunit, concurrently with alum, chlorine dloxlde\fnd
ammonia (Murdoch:']985).'bnly limitéd.SUccess'in reducing
the taste_and'bdour ‘in the treated water las been achieved
in the past '(Walker .et al .1986). During the spring runof f
‘of 1986, increasing the chlorine dioxide dose did not redUcei*q_,
the odour; however, PAC addition was found“usefulfin adsorb—

1ng the odour causing c6mpounds in the street runoff,'con;
»® -~

51st1ng mainly of hydrocarbons (Hrudey, 1986) In an. attempt'n

to -improve ?n their taste and odour.control performance, the
¢

selection of a more eff1c1ent PAC is now sought _
= . . ' ' » I g _ v '
< The objective of this research was thus to determine
‘the appropriate selection criteria which would ehsure the '~
. 4 e
purchase of a  PAC w1th a high potegtial for removal by-

~s

adsorption oicthermajority f organics of concern.

In order«<to achieve this objective, the main approach
n. . : 4- < - d ) ' P ‘ : )
was to examine the existing tests for PAC and evaluate them

* by a comparison.with isotherm adsorptionwtests using:chosen
,‘surrogate compounds. The latter tests -can then supersede'or

supplement the standard tests in. a suggested Efstlng proto-

Bry e~ b
.

.col.



-~ v
The reseatch plan was to’ first conduct a review of the’

literature on the .adsorption of organics on activated carbon

and on tne existing eva!hat1on procedures for PAC From a
'l1st of compounds whlch had been detected in the raw yater
durlng taste and odour-occurrences in Edmonton, a surrogate

chemlcal was selected on the basis f representatlveness of

a group of compounds and analytlcal feasab111ty in a testing

1 .

.procedure, An adsorptlon test procedure using thlS selected.
: . ) . » '

surrogate compound, at conditions which apprOXimate the ac-
., * : :

\;jﬁtual conditions-at tHe ‘water treatment plants, was then. pre-
) . . - L ; - . . [ 2 .
pared% All the- available’® PACs were tested by dppropriaté

-standard test procedures in order to obtain a prellmlnary_

assessment of their adsorptlon capac1ty for both hlgh and
© low molecular weight compounds. Selected PACs were then

] * Py . . i
~efurther evaliated by additional standgrditests and for~thear

adsorption capacity for the surrogate compounds. By compari-
:© son. S5F the)latter'with the standard. test results;the validi—

ty and usefulness of the ex1st1ng testing procedures were

‘assessed. A test1ng protocol which takes 1nto account the

e

established procedures, the extent of the knowledge of - the

complex raw water content and the need for a PAC which can

N . 2 : Ay

"adsoﬂb a wide range-of compounds could then be suggested.

2 * ~r—
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v 2+ LITERATURE REVIEW
tTheicomplex nature of activated carbon comblned w1th the he-
terogeneity qf water supplles brlngs about a broad range of

‘application p0551b111t1es for PAC 1n the 'water. treatment

| : .
field. All. organlcs can adsorb to a certain . extent -under

certain conditions, on act1vated carbon. An overview of the -
state of the art of organics adsorpt1on on. activated carbon
. N ° ’ B ! N /
»

was the,firSt step .in the determination'of an appropriate

‘basis for the, evaantion and purchase ‘of' PAC for water

'-treatment This l1terature review covers the upda;e know-

ledge of: 'the nature and characterlstlcs of)actlvated carbon,

.

the factors wh1ch 1nfluence the adsorptlon of organics on

ol

actlvated carbon, a few examples of PAC appllcatlons and fi-.

‘nally, thefqylstlng'iestiny procedures devised to compare

:.PACS. ,‘ >

2.1 Manufa\“une and Description:of Activated Carbon

Activated’ carbon is produced ﬁrom carbonaceous raw ma-
‘ - l'\ Q

terlals such as bituminous’ cﬂel,‘llgnktﬁ, ant WOOd,'pe?fb“
leum base resrdues and pulp mlil wastesl )
‘ = ‘/.~ . , “ '.‘*~v'. ‘. f>

'Typically, activated carbon prépared fofwwater treat-
A

' ment appllcatlons is manufactured by "thermal" methods.,That

is, the raw material is slowly heated rn the absence of air

~

(pyroly51sY'to a-temperature usually‘below-GOO C. The car-

bonlsatlon re51due called char, coke or amorphpus carbon is

then actlvated ‘with an ox1d121ng agent  such as steam or

0
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.’

surface oxides such as' carboxylic,

r. .- .t . ’ y
, o

. . . . A ) N
carbon dioxide at 500 to. 900°C. Pottions of the char are

P A i

ox1d1zed and’ released as gaseous oxides, ‘forming- hollbw

-

pores. This actlvatlon proceSSfcan be carefully conttolled

to produce a well-deflned'pore.system (Holden,-1982, Faust

- " v ' .

and Aly; 1983). L | St o,

The ‘resulting structure.’is -composed of fused .hexagonal
u , re.1s ‘ : Shex:

rings of carbon atoms,‘cailedfmicrocrystailites, grouped in"

thin- pIanes stacked one der the other. This" arrangément

hqveveﬁ, is qu1te assymetrlc and showsY numerous hollow
t& .

o
pores. Chemically bonded elements such as’ oxygen, hydrogen

and sulfur, arranged 1nto functlonal gronps or heterocycllc

;."\

' rlng systems, mark thg edges of. the microcrystallites and

interconnect the basal ‘planes (Snoeylnk and Weber,_ 1§67-

‘Faust -and Aly, 1983) Dependlng -on the temperature and type“

of ox{dlz1ng gas_ used in the actlvatlon process, two types

I

N

of surface oxide functional groups ca2>be present. Acidic

groups, are' developed at low tsgperatures,(200~to 400°C).

Basic .surface oxides such as carbonyl groups requirg higher
ST ey . ‘. ey
temperatures (800 to 1000°C). for tyelr formatlon (Cookson,
_ hs

1975) Activated carbon contains’an exten51ve network of‘

3

1nter10r pores. Macropores (dlameter 1agger than 600wto 1000

A) wh1ch are - formed dur1ng carbonlsatuon, resemble large ca-'

’

p1lla ies from wh1ch mesopores (100 to 600 A dlameter) andr

micropores (diameter up to '100 A) branch out. The mlcro-
) - 4] ’
pores, created by the act1vat1on process, account for the

o a

actic and phenolic.

-
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‘very large internal ‘surface area, characteristic of acti-

fvatEd carbon (weber, 1972; McGuire and SufEEt, 1978; Holden,

1982; Faust and Aly, 1983).
e

L4 . .
2.2 Adsorption Process .

3

The surface chem1stry and pore structure of actlvated

rcarbon make 1t an 1deal adsorbent for the‘numerous organice " /

contamlnants in water. Its complexxty also brlngs about a

L)

d1ver51ty of adsorptlve reactlon mechanlsms v

.

K . \ . .

AdSorption can - be deScribéd a's the’'process where ions
r

or molecules are extracted Ptom solutlon and concentrated at

IH

the surface of a sol1d or adsorbeqt (in the case of adsorp—‘
/0

a tion ¢f a liquid on a SOlld).; Adsorptiﬁpnj 1s favoured ;f.

there is. chemlcal 1ncompat1b111ty between Ehe solute and the .

.ces,

solvent and if the solute has an aff1n1ty for the adsorbent

<

o

-
-

‘According tofWeher (1972), three"EYpes'of adsorption

are generally recognized: physical, chemical and exchange

) - _ , » )
adsorp ion.'Physical-adsorption ‘is due to Van der Waals for-

tween the adsorbent’ and the adsorbate molecules. It is.
a £ lly reVerSLble process, not site- Spec1f1c.and usuallx
predomlnant at lowuztemperatures. Chepiéal adsorption ' in-

volves the formation pf true Shemicalgbonding‘between the

adsorbate and‘the solid at specific sites. It is anmifreverf

'51ble reactlon, which’ perm1ts no transmlgratloh at the sur-

face. Exchange adsorptlon involves “the electrostatlc

-
- ~

e T \
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" groups.

¢
Y

attractxon of ions to charged 51tes'at the surface of the
carbon.;For most cases, all three types of adsorption can

occlir. Organics can also adsorb on carbon by specific in-
.k"_‘ ' : ’ '

‘terac;lons between 'structurql, elements such as functional

4 . ‘
.

’ o ) o ) ,
Adsorption of ‘a molecule “from solution proceed§ in
three stepé--1- film diffusion which corresponds to(the

tranqurb of the solute from the bulk of the solution to the

vwsurface of the carbon; 2= pore dlffus1on, where the solute

moves within -the pores of the carbonr 3- adsorptlon-on an
available site on the 1nter1or surface of a pore, 'In batch
processes, where a h1gh degree of agltatlon is maintained,

pore diffusion is the limiting $tep (Weber, 1972).

-
.

2.3 Factors Affecting Activated Carbon Adsorption
2. 3 1 Characterxstxcs of Act1vated Carbonb
¢
The observed adsorptlon behav1our og actlvated carbon
is partly the result of: rts 1nternal surface a;ea, 1ts pore

B .
size dlstrlbutlon, its particle size and its|surface chemis-

atry. S - »

B - i ..' : » 7 ‘ ‘

Surface Area
Actzvated carbon's h1gh adsorpt1ve capacity is mainly due to
its large internal surface area, orq more, prec1sely, its

accessible surface area, the area ava1lable for sorption
v .
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of a given compound. Most of the are3 is provided by the mi-
) . ) \ ’ " .
pores, where most of thd adsorptlkn sites are located., In

‘V_ gené.al, the carbon loading (amou?é adsorbed per unit mass

c$r€$n) iquréater_the finer and |more porous the€ adsorbent
’%;éf’ 1972). This is true only fo a certain extent howev-
fsf e ééébrption of larger molefules can be significantly
! .fgkwif the large surface- area is caused by a pre-
of very émall pores. (McGuire and Suffet, 1978).
Pore Size Distribution

.The pore gize distribution has a signifigant effect on both

*

the capacity and rate of adsorption. Although most adsorp-
tionseites are'Located on micropore walls, a sufficient num-
“ber of macropores and mesopores is neéesséry to permit rapid
diffusidn~gf the's;JUte to those sites, thus increasing the
adsorption rate, and to accoym?date all molécula; sizes of
‘ adsorbable organic compounds (Weber, 1972; McGuire And Sﬁf-

-—

fet, 1978).
y Tﬁis'is also suggested Py Bornetf (1980) who, in his
Astudy of xhe;adsorption of polyaromatic hydrocarbons (PAH),
. found thet the rate of adsorption decreased as the mole;ulér“
weight of the PAHs increased. He saw a dependence of the
adsorﬁééon rate on the avqilability of pores which can ac-

commodate the RQ?’S Stericrconfigufation.



‘commercial humic acid.

1

In a stuéy‘éf humic and fulvic acid adsorption, Lee et
al. (1981) concluded that the pore size distribution was an -
important parameter in determ1n1ng the carbon's cqpac1ty for
humic substances. Their ¢onciusion was based on good cofge--
lations obtained between adsorptlon capac1ty and pore volume
in pores smaller than a certaln radius.

This was confirmed in an extensive study by Weber et
al. (1983). Adsorption tests of eommepeial fulvlc acid on

L4 ¥

three activated carbons showed 'that the adsorption capacity

"was greatest for the carbon with a predeipant pore radius

larger than 1000 ;.- )

: 3 : S
Similarly,.tbe results .of Herzing et al. (1977) indi-
cated that the activated carbon with the lafger average pore

size and with more surface area had a higher capacity for
N PR » . <

Particle Size C
In generaB adsorpt1ve C?pac1ty is relatlvely rndependent of

partlcle size since the surface area prov1d1ng adsorptlon
sites is internal. While this is geherally true, smaller
éarticles obtaipe& by the gquhing offgrenular carbon eﬁj
poses pores‘hhich miéht not have been'otherwise acressible
(Weber, 1972). If granular ana‘powdered carbons are com="
pared, PAC "(90% of particles smaller than 0.15 pm) has more

surface availability per unit;\weight'.tarbon, than GAC
Lo , o g ’

» P .

VAL
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(particle size between 0.6 and 2.4 mm) (Cini et af., 1981.) .

k)

o

Weber et al. 1983\\found that the adsorption cépacity
for fulvic *and humlc acid increased the smaller the particle
size. 'This oBservation can be explaxned by the slower'rate,

of adsorptlon through larger carbon particles. .Earlier work
© - . )

by Peel  and Benedek (1980) suggested that phenbi and
o- chlorophpnol isotherms were independent of part1cle size,

" They argued that if enough time is prov1ded for equxllbrluh

to ‘be reached, phe adsorption sites jin th@fsmall pores of

R

lafge carbon p‘fﬁiclesfwill evéntually be filled.

Su:face Chemistry

7/

» < . . .
The adsorption ‘of specific compounds frém dilute soluytions
is influenced by the surface chemistry of activated carbdn.
It is agreed that-surface oxides impart polarity to acti-

vated carbon and pérmit‘ préferéntial adsorbtion of polafc
compounds. Howéver,l these jsurface “functional grdps cag
hinder the adsorption of most organics fduna in watér. Water
molecules will attach to theég sites at \the edge of the

pores by‘a strong hydrogen bond, thus restricting access to

.

the ﬁbres and reducing’ the number of adsorption .sites (Snoe-

yink and Weber, 1967; Cougﬁlin and Ezra, .1968).
' 7

.

Giusti et al. (1974) showed that an incxease in surface

-oxides reduded the ultlmate adsorption capac1ty of actlvated
4

carbon for alcohols, kebones, aldehydes, esters ‘and organic

]
[

.
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acids. ' ..

Acidic surface oxides were found to hinder the adsorp-

tion of anionic adsorbates, aromatics such as phenol and re-_
. A

o . o .
lated nitrophenols, non-polar aliphatics such as decane,”and '.

humic.substénces (Coughlin and Ezra, 1968; Cooksbn, 1975

; McCreary'and Snoeyink, 1980). An excessive amount of acidic

L3
v

surface oxides can be formed by gontacting ac\ifated carbon

with chlofine (@ookson, 1975).

The presence of basic surface oxides can improve

~adsorption of acids and aromatics, particularly when there
are substitutions 1in  the ring. A "donor-acceptor complex
forms where the electrons are provided by the carbonyl

oxygen on.  the carben and the electron acceptor f the

aromatic ring (Cookson, 1975).

It can therefore be seen that changes in pH will affect

the nature of the activated carbon's surface chemistry and

cangequently cause variations in its adsorption capacity.
2.3.2 Properties of the Adsorbate and Conditions of'the'So— o

lution
. A - e
The extent and rate of ;;Zorption on activated carbon -

also depends on the properties of thq adsorbase and on the

conditions under wh@c@_adsorption #ill occur. Correlations

between adsorption capacity and the properties of individual

-
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, J
compounds such as'éolubility, molecular size and weight,
functicnal groups and polarity have been tdund. Temperature,

pH and competition effects,in'relatively simple systems have
- L4

also been delt with. Many of these factors®aYe interrelated.

Sbl(ubility i

Solﬁbility is the most important. property affecting adsorp-
tion capacity. A highly soluble compound will not be easily
adsorbed dué to- the presence of a strong sélute-éolvent bond

- which must be broken .before adsorption can take place

(Webeg, 1972).

_Giusti et-al. (1§74) studied 10 classes of compounds
,ané found that.the aroﬁatics exhibited the greatest amenabi-
lity to ad§orption betause of their relatively low solubili-
ties 1in aqueous solution and 7 beonding to the aromatic

surface of acwivated carbon,

Polarity .

The polarity of organics aféects their amenability to

adsorption becguse it influencés their. solubility in water,

In general, adsorptiom decreases with increasing polarity
. ~

(Weber, 1972; Giusti et al., 1974). Activatg& carbon pro-

duced for wated tr ent should beionly slightly polar, or

less polar tham’ water,

o increase the affinity of the ma-
jority 'of organics in pater for the adsorbent rather than

the solvent (water).



" . Molecular Size

The s12e of a molecule 1s 1mportant 1n PAC agpl1catlons be-
. N 4

cause *a higher rate of adsqrptlon can be’ expected w1th a
small adsorbate s1nce_;t has access to more~pores more ra-
pidly' ThlS is- in agreement ‘with McCreary and - Snoeylnk

_(1980) who suggested that fUlVlC acid can. move more “rapidly
! ¢
in the pores than the larger humlc acids. ThlS explalns why

large molecules such as the hlgher molecular welght fractlon

of humic substances dd‘not seem to be adsorbed to the sameb.
"extent as low molecular welght fractlons, with 51m11ar con- -

tact't1mes°(McCreary-and~Snoey1n§, 1980; Lee et al ‘1981;'

Weber et al., 1983). - ol -
’ o

1

‘A size echusion phenoéjnon‘canlhowever restrict. large
molecules”from;small micropéres. Summers and Roberts (-1983)
normalized3ad50rption«capaCity results;wi;h.respect to_the

accessible surface area and found a similarity of adsorption

. aff1n1ty 'among %%l chromolecular ~organic. matter 4wéigh€i
. ‘ X - < ' v

S

' fractlons

. Oon the' other .hand "a general tendency -of increased;
:adsorptlon capac1ty w1th an 1ncrease inm molecular welght was
~ found for 93 petrochemlcals (G1ust1 vﬁt al., 1974) ‘and
daromatics”(Al-Bahranl and Martln, 197&‘ El- D1b and Badawy,
f1979)= This effect is explalned partly by the decrease in

solubllxty as the molecular we1ght of compounds in a ser1es

. A
1ncreases and by stronger Van der Waals forces duegto_thegé.

s
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1979). s

‘It has .been repeatedly found th@t for structurally simple.

wastewaters and concluded that more adsorpt'

- Y

. larger surface area they ‘act upon (Martin and 'Al—Bahrani,

v .
Degree of.- Ionization and pH

icompounds, charged spec1es adsorb less than Peutral spec1es. :

Snoeylnk et al. (1969) examlned the adsorptlon of phenol and

nqtvzrophenol. "They - observed a reduction in adsorptlon of

phenol at a pH above its pKa. It was explairied by the ’repul-
sive forces between the,'anionic phwjﬁ/ the negat_iveiy
charged ~arbon ‘sur‘»"f,ace and between the /phenol molecules
theéms = lvs: - o - ‘k |

i -

R Martin and Iwugo (1982) studled organlcs tyfﬁcal of

v

in the pH range which 1nduces the most und). soc1ated mole-
€

cul_es pH affects adsorption of ionized spec1

,nifi(:antly because of the 'strong adsorptz.-on -of the H and

OH' 1on9 (Martin end'ﬁA'erahranvl, 1978;'Mart1n and Iwugo,

‘1978) “According' to Faust “and Aly (1983), the adsorption

characteristics of weak organic ac%ids follow a general pet-'

tern. Although. both undi,ssocia'ted and ionized forms of a
cpecies can qe %so‘fbé\d; the  undissociated ‘molecule . is

edsorbed more strongly. At e pH g'r‘eater than - the pKe_,' the

adsorptlon capac1ty is greatly reduced As .the  pH is lo-

wered the adsorption vcapac:Lty .increases. The rate of in-,

: - S » . S &

crease starts to decrease however, after reaching the. pKa.
Y \ . .. 5 S .

on is achibved -

ite.sig-"

e
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At pH values much lower than the pKa,”adsorptlon capacity

can decrease due‘to the compet1t1ve 1nteract10n between the

hydronium ion and the ~carbom -surface (negative surface

chagge). , oy

- For complex molecules such as hum1c substances,'the ef-
“.fect of pH is d1ff1cu1t to predlct Weber et al. (1983) ex-
- plained improved adsorptlon‘ of humic acid. at low pH by
fcon51der1ng the humic acid as a mixture of compounds with
'

weakly ac1d1c fung{i::al grOUps whlchkwere mostly ‘uncharged

‘at low pH, therefore ore_adsorbablg.

AN

Boeniné ét al. (1980)'and Mc;rearf and queyihk (1980)
observed increased,adsorE:ioh éf humic substances Jithvde-
creasing pH. o . - )

‘Thé effect of pH depends also on the surface chem%stry

of the activated carbon. SimpLy‘Stated, if acidic surface
oxides are present at the eage of the pores;‘an increase.in
pH car® reduce the pore blockage. If thq”cérbéﬂ has an overr-
“%ll‘n;éatiQe'chargeL then dgcfeaéing the pH will neutralize
the carboﬁ ahafinéréase ;he adsorption capacity for typical
polluténts by ‘increasing the access to more shrface area f;f‘

adsorptien.

' Temperature ' ) R )
Faust and Aly’(1983) state that since the adsorption process

\
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is spontaneous and there isnalways a decrease in ent}opy as
.a solute is .adsorbed, the process must always be exothermic.
A reduction in the equilibrium adsorptdon capacity’ﬁs thus

~ . ~ ‘ i . v .
expected with increasing temperatures. However, usual :tempe-~

3

rature varlatlons of the ,water do not affect the extent of

adsorptlon 51gn1f1cantly (Weber 1972)..

The rate of adsorptxon is dependent on temperature and
follows the Arrhenius equatlon The kinetics of adsorptlon
are mc:éftapid at higher temperatures (Dedtick,and‘Beckmenny
.967; Weber, 1972). | o
Qompetitidn Effect~ @ "
The adsorptiong behavioutw of organic' contaminants in a
,mixed—sblute,system such as rawAwater cannot be predicted
based on the general trends descfibed in the previdus bara-
graphs. Numergus stud1eSVhave éonfxrmed that the presence of‘
other solutes competing for adsorptlon 51tes depresses the:
.rate and capacity for; adsorptlon of 1nd;v1dua1 - compounds
" (Weber and Morris, 1964-~her2ing et aﬁ,, 1977; Giustt et
al., 1974; Martin and Al- Bahrapi, 1977; El-Dib et al., 1978;
'El—Dib~end Badawy, 1979 Smlth and Weber 1985). In sumnary,l
‘the 1nh1b1t10n of adsorptlon is a factor of the relative mo—.
lecular elzes of the molecules, the relat1ve adsorpt1on af-
fihitiégﬂ the relative concentratlon of the solutes and the

4

dnumber of solutes (Weber ‘and Morris, 1964).
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: n a study of bi- solute systems of ‘low molecular weight
aromatics (Martan and Al- Bah;ani, 1979), fg out of 4 systems
g,showed that the higher molecular weight compound was more
ofavourably adsorbed due to a higher affinity of the larger

‘ molecule to the carbon surface. This study also re@ealed

‘that compounds with 51m11ar'adsorbability in single-solute'

solutions did not have similar‘capacities in bi-solute- solu-
. Ty ° ’
tions. o :
v g : ‘ . e
) v K . _
In a previous paper, Martin and Al-Bahrani (1977), stu-

-~
o

dying ®he same compounds{’foum& that the less effectively

i

adsofbed the compound, the more adversely it was affected by

competitive adsorption. They alsohshowed.that'the.effect of

competition became more .pronounced with an increase in the
‘ ’ ) L ;

number < :o0lutes.
: < N

- .
H

* However, Weber and Morris (1964) measured-a combined

-

rate of removal of all organlc matter (in" bi- solute systems)

'3
greater than the rate of either solute in a 'single- solute

L

system due, to an ’1ncrease in ‘overall diffu51on. pressyre,

t i

‘caused by a higher initial concentration. ¢

9

Morg importantly for water treatmenty. and as expected,

the presence of dlssolved orgaﬁic matter, generally in high

» '

concentration relative to the organic contaminants of con-

cern, has a negative impact on the adsorption ofppptentially_

. ’ R . ' . . . : ‘o
hazardous organics. This was suggested by Weber-and Morris

. N . M -
. . N : ¢ o

s



(f964) for'the adsorption of taste and odour causing com-

Ne . . .
pounds and ver1f1ed by Her21ng et al. (1977) for -the adsorp-

t;on of geosﬂln . and MIB (2- methyllisoborneol).. The.

compet;tion efﬂect varies however with the class of com-
pounds. The least impact was observed for ‘the benzenoid com-

pounds represented by .p-dichlorobenzene, naphthalene and

phenoi in ‘the study byQSmith and:Weber‘(1985 Théxuplso

:noted that certain organic pollutants can assocxate w1th~

humlc substances and exh b1t dlfferent adsorptive character—

istics’ than théy would in the1r absence.

Effect of Alum . T
~Addition of PAC prior to*coagulation to take advantage of
the rapid mixing and sedimentation contact time may also re-

Y ,
. duce the carbon's adsorption capacity and rate.

vy

Gauntlett and Packham (1973) in comparing the adsorp--

tiqn rate of chlorophewob in the presence of 20 mg/L,alum

and without, with a PAC dosage of 10 mg/L ‘have suggested

thaﬁ the observed reductlon in adsorptlon rate was due to

the coatlng of the carbon particlé with the alum floc.
\ < ’ : - . N
Silearly,.at the East Baz_Municipal Utility District,

—

PAC (5 to 30 mg/L) was found relatively ineffective in re-
moVing THMs and TOC. Carns and Stinson (1978) hypothesized”.

.that maybe the PAC part1cle served as a nuclei .for floccula--

tion in the presence of alum (17 mg/L). The floc growth on
g .
vE - . B . -8
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the pa;tdcle;may have shielded the c:<§§hr}rom the dissolved
organics. ‘ ' 4

" ‘ C . N - .

Cini- et al. (1981) generallgfd “thats thé concurrent use

~of coagulants and PAC reduces the adsorptlon capac1ty of PAC.

because* of the, greater .quantity of organic material and,the

. competitive-effect. g :

©

N

‘However, contrary to expectatlons, a recent study by

Lalezary et al. (198&) presented data 1nd1cat1ng no\detrl-

mental effects of alum and polymer addltlon on the adsorp-’

tion of taste and odour caus1ng compounds (1nclud1ng geosmln

<2

and MIB), In the1r experlments, PAC dosages up to 20 mg/L

were contacted for thee hours w1th 100 ng/L of Selected

taste and odoPr causing compounds,'ln the presence of 10

]

mg/L alum, .mg/L chlor1ne and 1 mg/L polymer.

]

2 4 PAC Applxcat1ons

’ R N -

Powdered activated carbon has been applled at mun1c1pal

Ea

water treatment plants s1nce' 1930. Bench-scale and

full-scale experiments conducted‘by Spalding at' the New Mil-

’

ford Treatment;Plant°ln‘New,JérSey, demonstrated that small
amounts of pulverized "activated char” added w{th‘t;e alum
coagulation process could remove odours due to nﬁcrodrgahb
n1sms, phenol1c substances and. the "ordinary od0r4producing

substances . preséﬁt 1n surface water" (Spalding, 1930) By

the end of 1931 about 150 water treatment plants had trled‘

-
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‘;Cbuld be sdccessful in removing phenols and excess chlorine”

gr"lth elthe( chemlcal oxldatlon, granu%er actlvated carbon or

1

. | ‘ - 20

/

"PAC and in 1941, 1200 plants reported using it to control

i R I Y

taste and odour” occurren¢es. . /

w N .

. R
[ ‘ \ -
. .

pEérlierd'experiments with granular 'activated carbop
. : '

. . . : A s .
units fhad been ‘initiated in_1928 by Baylis who prdved they

¢

¢
B

(fromvéuperchlorination) 'The’first full-scale GAC filters

‘for mﬁniczpal water treatmentwln the United States were in-

N

stalled 1n Bay Clty” M1chlgan in(1930, follow1ng the Buccess

-

of 51m;1ar units at the Hamm Water.Works in Germany in 1929

. @ . . . >
(Hassler, 1941)%* ' R 1

A 1976 American Water Works Association (AWWA) survey

U
- h

‘of.municigal water treatment blants in the WPnited ‘States

Rip
s

showed that 25% of respondent% used PAC 6hly,'toicohtrol or-

ganic contaminants, an addltlonal 8% used PAC in cohbxnatlon

both, for ﬂﬁe same purpose (AWWA 1977).

L

. v P SRR

' Additlon of actlvated carbon at water treatment plants~

in Canada and the USA has been found useful in the removal

L3
og taste and Alr cau51ng compounds i}d{ as geosmin " and

YII'B,{H’{M pre .. ., 0C and trace orgénii—cvs (AWWA, 1976).
However, su - e . ~uecing the organic éontent by PAC ad-

dition depenc- < many factors, not the leést, the .cause of

[
»

the problem‘anc i1« overall treatment scheime at the plant. -
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2.4.1 Case Studies
Case studies_ of fdll—scale,( pilot plant-scale and

bench- scale experlments or %xper1ences with PAC are descri-

.-

bed to 1llustrate the varlety of PAC appllcatlons a%nmunl-

—

c1pal water treatment plants.

- LS
Lalezary;et al. (1985) ‘reported pilot plapt studies to
' / . T
optimize the adsorption by PAC of geosmin and

Z—methyLisobovneoi (MIB), compounds produced from actinomy-

cetes and algae, and known to causd earthy and musty odours
at low concentration ;evels. The PAC, Calgon=W?H, was ap-
fplied concurtently' with _alum, a cationic polyeledtrolyte,
chlorine and aqua ammonia (chloramlnatlon) +Four carbon do-

‘sages were studied: 5, 10, 15 and 23 mg/L. d%esults indicate

that an initial concentration of up to 66 ng/L of each qeos-

e

min and MIB could be réduced to 2 and 7 ng/L, respeotively,

with a PAC,dose of 10 mg/L. At mote typical concentration

levels, 22 ng/L*of eaeh compound, similar residual concen—‘
trations could be obtarned with a PAC dose of 5 mg/L Howev—-?

‘er, they found that the presence of chlorine afs%duals

’ . -

reduced PAC adsorptlon, partlcularly when low PAC dosages

were applied. ﬁW1th a 150 ng/L 1n1t1al solutlon and 5 mg/L

PAC, removals dropped ﬁrom 51% to~26% for MIB and from 82%:

naturaELbackg:ound organics caused an even more significant

. decrease in adsorptlon bapac1ty partlcularly at low PAC do-

>

sages. An increase in PAC dosage appeared to compensate for

S .

n

'to 51% for geosmln, when 2 mg/L chlorine -was present.*The‘



v . C 22

the comgetition effect. One hour contgct time was‘provided

for adsorption.\Trials with longer retention times (4 hours)

indicated that slightly better® removals were obtained.for

low carbon doses.
«
. _

Tuoi‘periods of unacpeptébie taste and odour in the
drinking Qéte} o#curred in.Philadelphig dufing 1985 (ﬁurlin-
game et ai., 1985). The«§ausg of the sédond sccurrence was
traced -to the presence_oi a bed of glue-gpéen algae in -the-

rSchuy1kill River’, producing high levels Of geosmin. A taste

“and odour. control program based ,on instrumental and sensory

@

analfyses permitted efficient management of the episodes at

the Belmont Pian;. Concentratidms of geosmin up to 100 ng/L
.

wére detested in the river. The strategy to redyce the con-

~centration |, the' target level set at _30 ng/L iAcluded

treatment with PAC and the application ’point of chlorine™

moved forward; chanégs in intake pumpjﬁg, dilution ofxwater
t;eated at. the plant withrgthér waters in‘thé distr}bugion
sgst m an@ source confrol. The PAC, Calgon WPH,'dpsgd from 6
to K; ﬁé/L, was féd.at the répi@'mix. Ahalyi}s of the ef-
fluent sthgd ﬁhat,12 m@/L PAC added at the same time as
‘dﬁldriné reduced the geosmin concentration by an_avgrage'of
43%, while'an ap;lication oé 42 mg/L4PAC prior to.chlorina-_
tion adsorbed 73% ggosﬁin (73 gg)L po.20 ng/L). Taking into

account the hydraulic modiff{at%pns, up to 84% reduction was

achieved. .
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Singley et al. (1979) described the results of a plgﬁt

*

scale studyeto evaluate the effectiveness of various dosages
‘ ‘ vt
of PAC to remove synthetic organics from a. well field water

\ .
supply in North Miami Beach. Dosages of 7.5, 15 and 30 mg/L
N . , . \ ’
of the PAC 'Hydrddarco B were fed at the well field , thus
permitting -2 hours contact time. Their results show that THM

 precursors were removed much move efficiently than THMS. Vo--

L

\

latile hélogepateq'aliphatic oi;znics showed only a Slight

decrease in concentration. with sage, while excellenf\re-

movals of ngsfvolatile synthetic’ organics was achieved: less

than 5 ug/L remained, after contacting 44‘ug/L.with 15 mg/L.
€@ ¢

PAC. The TOC concentratiodlyas only reduced from '1¥ .to 10

mg/L, but moving the chlorinatioh}point‘to the recarbonation

[
A

unit improved TOC édsorption: with 7.1 mg/L PAC,‘TOC was re- -

duced from 12.6 mg/L to 4.4 mg/b. Influent ;nd effluent or-.
ganics were éhgntmoniﬁored Qith a constanx'additioq of 7.1

" 'mg/L PAg. It was ohsérééd that volatile organics wereAnot
b?ing removed while the non-voléfile organics were, reduced
by 95%. - - .

' — ) : % \ ‘ ’ ' -
- ‘ , X v . . p. :
Part of a ben;hiscaﬁé study of.éxiét;ng tfeatment pro-

cesses, repo;ted by Argaman et.al. (1984), inveétigat;d the
addition of PAC (Nucﬁar SA)f The analysi%_ihclgdéd colour,
TOC and the THM)formation tpotential (THMSP). Largé concen-
trafioné of PAC (10,000 mg{ﬁ) vere reQﬁ?fed'td reduéé';he .
co%our to 20 Co-Pt units (raw wété;§ 350 Co—PEhunits),.the

TOC coﬁcentrqtion to 3 mg/L (from 48 mg/L) and the THMFP to
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-265" ug/L (%rom 1,295 uq/L)l When the PAC was added to
treated water, a dosage of 10,000 mg/L was 'still necessary
to achievé a water gquality closer to the recomwended maximum h
contaminant level (MCL) for colour (15 Co-Pt uniﬂé)”and THM
(100 ug/L). A more typ1£\l carbon dosage of 50 mg/L achieved

only 14, 3% reductjon in colour and 25% reduction in TOC.

-

2.5 P;rformanc;,E&aiuation of PAC , 7
The evaluation of comme;diél PACs for gprchas1ng and
subgequent quality control has beap a prohl : since thé be-
ginning of PAC addiﬁion'fdrhhater‘treatment to reduce tastes
and odours. Knowledge of the adsofption.process, bf\ghe fac-

tors influencing it[ and of models for the prediction Jof or-
o~

~ganics Tremoval by adsorption, i's now much more deyeloped.

4

However, applications:of this- knowledge to the problem of

-

selecting the best PAC for watet treatment is li

i

L '
"In the past 20 years, a few researchers have lagked

in%o comparisons of activated carbons with respecy’ to th¥ir
surface properties and adsorption capagity‘for sp Qig}é cpm-
poundﬁ. The effects of the surface chemistry (Giusd et al.:
1974; Snoeyink et al.t 1969{, ﬁhe'pore siﬁe.disﬁributioﬂ
. (Boening et al., 1980) and the total surface area (Lee et
7al., 1981; McCreary,and.Snoeyjnk,1977) on the adsorption ca-
pacity have been meﬁ£ioﬁed. Hdweve; Weber (1985) summarized

the obvious conclusion in stating that the order of relative

effectiveness of PACs will-change from compeund to compound.
‘ . » . T .
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' e
Therefore, it is not 8urprising that municipal utilities
. _

.

. must still make Jdecisions for PAC selection and purchase

_based on standard tests devised more than 50 years ago.
, !

. ‘l, ) “
Activated carbon manufactyrers use a variety of tests

and parameters to demonstrate the applicabili€y of their

carbons. The most common. parameters are'the apparent dgnsi-

ty, thé particle size distribufion and .tHe ash.and moisture

~

content. The total surface area, the total pore volume or
. the pore volume distri%utionlappear rarely,in PAC specifica-

tions since -their measurement require somewhat sophisticated

>~

equipment. Instead, manufacturers provide standard test val-
ues to give an indication 6f the structure of the PAC and

mainly to show the adsorption capacity of PACs for a,certain

type of compounds. The iodine numper and the modified ghenol
value tests are recommended by the AWWA Standard for BAC,

therefore are always included in commercial PAC literature.

-

Other tests such as the molasses number, the decolourizing

-

index and the methylene blue adsorption test, remnants of
the specifications for decolourizing earbons, are sometimes

included. The tanninf value test is considered optional by
. . ‘ P
KAWWA and is not generally provided. The threshold edour test

s~ . e
is Mot used as a purchase criteria but rather for monitoring

purposes. The -above-listed tests are described in the fol-

>

lowing subsections.

-

N
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2.5.1 lodinelNumber
The iodine number is defined as the“amount of iodine-
adsorbed per gram carbon when the residual iodine solution
normality is 0.02N. It is a sihgle-point adsorption test,
that is, only one dosage of cardon is contacted with the
aqueous iodine-potassium iodide soluti8n. Iodine is aésorbed
.v%ry'strongly as free iodine or potassium tfi-ioéide (Sig-
worth, a§72). . - .
3 -Chaney et al. (1923), in their work on the nature of
‘éctive carbon and their search for quantitative criteria of
the adsorétive(ﬁapagity} found that the iodine number (#hich

LA . . ¢ . ’ l \
- they. tegm the activity of <carbon) <could replace the

time-consuming determination of retentivity ValUn%

s -

. ! -
ter, criteria had been q5§i:ed from the tube tests developed

‘as specifications for gas mask carbons. Reteptivity was de-

The lat-

fined as the weight of adsorbed gas not desorbéd after pas-
sing air over the carbon. A high}?‘ active carbon could
adsorb 90% of the 0.2N iodine-potassium iodide solution din 3

- minutes. . o ( 

\
- Chamberlain and/Buckley”(1925gmggg§§d red a .procedure
based on the removal of ioaine from solutida and measurement
_ -4 _
of .the residual iodine by a 5o0dium thiosulféte titration, as
more aécurate than éhe other tests (dye tests) in the deter-

- mination of the decolourizing capacity of carbons. The test

they describe is in fact better zgyan the test currently



W

applled They used a range ‘of carbon dosages (0. 05 to .0 g.

,~PAC) thex only used the carbon fractlon pa351ng a #300 mesh

sieve, they ran a blank and the mlxture was agltated for 3

[ m1nutes rather than 30 seconds.
0
/\ . . 4- .
~  ~+  An iodine value test is described in the Food Chemical
" Codex  (1981). Measurement of ‘the mass of iodine adsorbed by
: : . . - N ) . B )
100 g of "test substance" is,used“as an indicator of unsa- ' .-

turation.

Accordlng to Klpllng 11967) the adsorption of iodine

from agueous pota551um 16d1de solutlons has' been measured by

2

many authors tO'determlne the surface area of porous’ carbons

and espec1e11y to follow changes in surface area. as the sur-

face chem1stry of carbon is modlfled.

-

Juhola correlated the iodine number with the 'surface
. : ) : . : e
.area of carbon pores larger ‘than 10 A (small micropores) -

(Lee et al., 1981). B o , A

"Ca.:The”carbon manufacturer,'Westvaco,‘claims-that‘avhigh
iodine’number_expresses a large surface area for adsorption.
A 3rule of thumb exists which states that 1 mg iodine

i jradsorbed eorresponds,'to}d'm2 surface area,as measured by the
BET methédhjthe Brunauer,'Emmett and.Teller method is based.

. on the adé@rptidn'of a monolayer of nitrogen'gas3.
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The 1od1ne number 1s now widely accepted as a “broad

spectrum” generallpurpose test to screen out’ carbons for wa-

¥
ter purification (Hassler, 1974).

-

~2.5.2 Phenol Value

The phenol value test measures the capacity of.an acti-

-———

vated carbon for phenol, a low m%lecular ‘weight aromatic

&£

compound (M.W.: 94.1), at a residual concentration of .10

ug/L. The phenol \’ue stands for the concentration of car-:

" phenol value test.

bon requ1red to achieve 90% reductlon in phenol concentra-
tion.
4
The phenol value test was\recdmmended in the early days

of PAC applications “or water treatment as a est of the .

adsorption efficiency of PAC for taste and odourﬁf%ﬁpval and

as a criteria .in purchasing specifications (AWWA, 1938).
There was however an ongoing discussion between the advo-

cates of the threshold odour test and the defendergzdf the -

" In 1937, Besozzi and Vaughn, in reporting the Hammond,

Y

Indiana experience with PAC, dec1ded the phenol value test

was the best known method to date to evaluateaPAC for taste

)
\‘

and”odour refioval, and used 1t as the sole criteria in thelr’

g

PAC purc afse spec1f1cat10ns. They con31dered the phenol val-

ue to be 2 measure of the act1v1ty of a carbon’ and its. abl-

lity tp adsorb odour,

e -
2
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be .caused by’phenoi or phenolic

29

o . - —

Braidech (Besozzi and Vaughn, 1937) .agreed that the
phenol test could be used as quality control criteria, but

it couId not take into account the variety ‘in quality and

intensity of the tastes and odours encountered. It should

thus be supplemented by the threshdld odour test.

]
g

Helbig (1938) described the perceived weaknesses of the

test. Heumentionedwthe fact t{at tastes ‘and odours may not

compounds;wthe adsorption of

odour does not always éorrespond to ‘the adsorption of

. phenol; the contact time for the test is longer than actual

plant conditions and the test solution has a low odour in-
tensity.

Billings (1938) : was concerned that since taste and
odour varied locally, the test may not be practical if the
best " phenol value carbon does not designate the carbon which ’
removes the most odour.

Sigworth (1939) advised that the phenol value’not be
con51dered as 1nd1cat1ve of ‘the eff1c1ency of carbons in’ re-

moving odours §rom water.

Although Welch (1939) agreed therexwasﬁno definite re-
lationship between the phenol value and the” ability to re-

move taste and odour, it was still the best ghemical method

- of determining the inherent activity of aqtivated carbon and
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-

could serve as a "measure of the extent to which activation
has been carried, insofar asgility to remove phenol™.
N

- It is reported by Sontheimer (1979) that in 1955;‘in

Germany, the criteria to select grades of carbon for taste

5

and odour rémoval was a good phenol vaiue. The é‘jbons thus

@
chosen had only small pores and a gmall surface ayea. Howev-

er in later years, as the demand on the carhpn chqued new

.types of carbons with higher activity and surface area had

to be used. A 1972 study by Sontheimer and Maier found fhat

)

' the phenol value was not a good indicatibn‘of effectiveness

for the adsorption of total organié matter (measured”bx uv

at 240 nm)_(ﬁbCreary and Snoeyink, 1977). )

<

The AWWA standard specifications for PAC released in

'951 contained both the phenol value test\ and. the threshold

odour test. The phenol value test was later modified to re-
duce the test run t1me and because it was found to be sensi-
tive to 1nterferences in the lab. In the 1978,AWWA Standard,

R

the modified phenol value test uses .an initial phenol con-

~ centration of 200 mg/L.

p)

, 2.5.3 ThresholdaOdéur Test

The perfofmanceﬂof carbons in the removal of taste and

- odour causing comppgfds qantbe>deﬁermined by the threshold

<:Q_dour test..A Ehreshold odour number (TON), the dilutiqn of

test water with.odour free water at which the odour is just
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detectable, is measured by a train€d panel for‘a predeter- .

mined range of carbon dosages.

" The fes; was recommended. by the AWWA in its report on
: - 2 (

_the specifications and tesfs'fép PAC in 193@} to supplement"

the phenol value test, onLthe grohnds that the test is cap-
¢ : ‘

~able of practical application in the control:of taste and

odour and «in the»evaluatidn_of’tompetitive'carbons._‘
{ This opinion was not shared by Besozzi and Vaughn
(1937).whovargﬁed that due to the great.variabiliﬁy of water

quality, a'thresho;d-odouf test run at the time of purchase

‘may not be indicative of the performance of the tested .car-

bon later during the‘yéar. The§ also mentioned that the test
could not be written in a contracy as a quality control or
purchase criteria. However the t st;was'fouhd very useful to

monitor the performance of PAC and to determine carbon do-

sages, at the water treatment plant.

Helbig (1939) also realized thét a 'similar TON may be
caused by very different concentrations of odour causing

ﬁAa fix%d.

—

compounds. Therefore, an édsorption éggt based o©

residual TON could not be used to compare PACS.

However Helbig (1938), Welch‘(1939) and.sigworth (1939)w

. o -
considered that( since the actual water to be treated was

tested, for .the removal of oddgfgrrathe; than-a sngggqte
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organic compound, the threshold odour test gave a true eval-
uation of "’ PAC performance and had a much greater value than
the phenol test. | ’ ., %

The threshold odouF)test 1s now 1ncluded in the 1978
AWWA Standard for PAC although it is not con51dered a suffx—

ciently reproduc1ble index of the performance of carbons.

T
’

2.5.4 Tannin Value

The tannin %alue is defined as the dosage'of‘actiwatedw

:carbon-required to reduce a standard 20 mg/L tannic acid so-

lution to 2 mg/L (90% reduction).

This test is'performed to evaluate the performance of

activated carbons in remov1ng large molecules such as the

naturally occuvrlng organ1cs found in river water (tana1ns,=

llgnlns and mostly humic and fulv1c ‘ac1ds) Tannic acid

(gallotannic acid, "CuHg,0,,) is the commerc1ally available

' substitu§e~for tannin used in this adsorptlon test. It is

not known how similar they are. The  test is described by

AWWA in its Standard for PAC (1978); but no minimum reQuire~w

N ! . X ' . . k
ment for. the tannin value has been set. It 1s considered op-
o : ’ ’ ) Lo

tioQal;

2.5.5 Molasses Number, Value and Decolorizing Index

In this test,‘the adsorption of blackstrap molasses,

the heavy, hiéhly'coloured effluent from the refining of

-—

ES
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" ‘tained by a standard carbon. It is caltulated from the ratio

o

molasses adsorption capacity of a’c : to that of a stand-
ard carbon times 10, It is obtafned from a standard curve of

. ' C . 33
cane éﬁédk, is measured. It was devised by the sugar indus-
tr§ to evaluate decolourizing activated carbons for their

- : 2\
treatment process. Its function can be extended to" measure

for a wide range of applications. :

Three variations of the test exist: the molasses num-

ber, the molasses value and the molasses decolorizing index.

The molasses number is the mass of carbon required to reduce

the colour of a2 molasses solution to the same value as ob-

’

of optical densities:of tﬁe_;esidual filtrates. The molaésés

- value is similar to the molasses nhumber. It is obtained_ by

compariﬁg the adsorption of\gsiasses by(the carbon testéd

and .the adsorption of a standard molasses .solution by a

standard carbon. The‘décolorizing index is the ratio of the

>

optical density versus the,decolorizing index of a standard

carbon (USEPA, 1973). L

4

2.5.6 Methylene Bluefgdsqrpfion -0 ' ]

’

The methYléne blué number is the mass of methylene blué

(C,H,gN,C1S 2 M.W.:a: 319.9) adsorbed by 1 g of PAC at a resi-

dual concentration of 1 mg/L. This test was'also invented to
A ‘

screen decoloufizing carbons. Testing for the adsorption of

the dye methylene: blue is now performed to determine the

-~

.

. the adsorptiop capacity for high molecular weight cpmpdunds,ﬁ~ﬁ
N u ) . R /

T

N
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capacity of'activ?ted c

3

arbons for"larger molecules.
S 2
L Y

34
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3. EXPERIMENTAL PRQCEDURES

3.1 Introduction

o~ The major suppliers and manhfacturegs»of activated car-
bon produgts were contacted by letter to obtain the typical
M I S . .

characteristic¢cs of the powdered activated carbons they pro-
duce (or supply) and a small sample for testing. Seven com-
panies replied and 12 samples of PAC were received (see

Table 3.1). The.complete addresses of thesemmanufacturers

v

‘and their suppliers are listed in Appendix 1. The specificaF

S~

\\\\tions and‘typical properties of thé available PACs, as given

\

by the mahufaotorers,'are compiled in Appendix 2. *

e
PR

Eleven samplesAwere initially tested to verify their
fspecifitations and to determine whichﬁPAC would be stndied
further. The twelfth; Cecarbon PAC 200 is typically applied
to treat dry cleaning and metal.plating effluents rather
than forfdrinking waterotreatment..ConSequently; it was not'
included in the screening The PAC samples were.screened on
" the basis gf their particle size dlstrlbdtlon?% thé??ica-
'pac1ty to adsorb low molecular we1ght compounds and larger

¢

\or more complex molecules Accordlngly,,th' standard tests:

part1cle size analy51s, 1od1ne number and tann n value, were

chosen, The methods, apparatus and reagents for these tests

are described in section 3.3. N
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Table 3.1 List of PACs receive

36

"MANUFACTURER

PAC
' 7

.-

' Westvaco Chemical Division

Calgon. Carbon Corporation

>

»

,

Huéky Charcoal Sales Inc.

American Norit-

Norit Activated Carbon

Atochem Inc. Ceca Division

Transpacific Carbon Co.

\

Aqua Nuchar

Aqua Pac

- WPH

WPL

Watercarb

Water¢arb Plus

Darco .,S-51

Hydrodarco B

Norit W-20

r

PAC 20B

" PAC 200

L

WTC

o
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From this preliminary screening step, six PACs were select-

ed.'They were tested for the adsorption of phenol, mesity-
I ' :
lene 'and total organic carbon (TOC). The - phenol tests

‘included an isotherm test at a high initial concentration -

*

the modified phenol value test - and two isotherm tests at a
lower initial copcentrati&h (10 mg/L), one in deionized wa-
ter, the other in riveér water. The second stage of testing

is described in section 3.4. Some characteristics and pro-
\

“perties of tHe compounds used for screening and testing are.

&

compiled in Table 3.2.

-

3.2 General Procedures

For all tests, the solutions were prepared with freshly

deionized water. A Milli-Q™ Méter»sy§tem deionizes and re-'
ves ©O ics from the_on-line distilled water. The system
! ) Y S
‘consists of an activated carbon cartridge, two ion exchange ’

cartridges'and a Organex-Q carf}idge (n@xed-bed resins and

- 4 kY
activated carbon) placed in series. A GC/MS analysis of a

_ > . .
direct injection of the Milli>Q™ water.did not r eal the

: . » _
presence of any organics. - ,
_ Satbid : i~ -
. A

. SR GRS I .
Chemicals used in thé\xéllowing experi ts pere all

L R

reagent-grade or.better. Methanol (Fisher,99.9%), the sol-
vent used for the Eﬁeparation of the mesitylene stock solu-
tion, was éither triply distilled thréugﬁ. a;‘O.é m
. -distillation coldmn or doubly distilLed thfbugh a. ' m long-

column., Its qﬁality was checked using a gas chrofiatograph

v )
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.dish, then dried at 14

' o \ | / 39
a flame ionization detector (GC-FID) under the cohdi-

ns set for mesitylene analysis.

| | <

All glassware and ‘Teflon was -washed (dishwasher) in

distilled water, rinsed with deionized water: oven-dried for

~

a few hours and brought to rodmﬁtempeﬁature prior to use.

Glass barhoyé‘and:bump.tubing.wgre”repeatedly rinsed. with
distilled water and distilled methanol, then given a final

rinse with deionized water.

-3.3'Screening

{ S
3.3.1 Particle Size Analysis

The.star')dérd method to determine the particle size dis-
tribution of granular activated.carbons (AWWA B604-74), the

dry sieve analysis, was followédf

g

=

Between 100 g of each PAC was weighed in.a tared

for‘at least 3 hours, cooled in a

[y

dessicator and reweighed to ‘calculate the moisture content

: \
of the sample. ‘

o

A

This exactiy weighed amount of dry sample qu placed on
a stack of 3 preweighed sieves énd a‘pay; mesh sizes 100,
200 and 325 (mesh opéningé 149 um, 74 im énd:44 um, respec-
fivgly)( §overed and sieved ysing an electricaily; driven

sieve &haker with &n automatic timer set at .10 minutes

S - . e , : ] %k



[ - L ¢

o ‘ - § i

. i

* ‘ | 40

' o)
, tPascall Eng.). The sieves and .bottom pan were then°/re- ! ‘Qﬁi;;
. : ' . '} RS
_weighed, LA T
. . ey AT
q s . o o, ‘Al
s - ) . U

i -l ‘ * ' »‘ !

. #(ﬁ‘x JO' .n"u&,..“'_‘ .
The percent mass of carbon pa551ng each: 51e¢3 ka& %El—‘ o

culated from the mass rétained on each sieve and’botbomapan .
u~ ‘ '
\ ‘ , ) . _ .

—~ -

The carbon fractions passing the 325 mesh and the frac-
tions retained on the 32?;fesh were dried again and stored
separately in air-tight gl ss vials with Teflon liners, kept

e N bl

in the dark. ’ ) Y

3.3.2 lodine Nﬁmber Test : -
The pt,‘ocedure fkor the i‘od‘ine‘ number test iwesc’ibgd;'
in the AWWA B600-78 Standard. ‘* -
. . » | .',- B
In this method, 6 to 7 g of each PAC was dried at 140°C !
®for at least three hours and cooled ’in a dessicator.

A
o

) L]
An iodin solutiom —05M iodﬁeg (Iz; Fishe;,Laboratory" ¥
grade) and 0.115M potassium iodide (KI; Fisher,Certified

s

ACS), “was standardized by titrating against 0.!N sodium

thiosulfate (Na,S,0,.5H;0;. Fisher,Certified ACS). The sodium
thiosulfate was standafdized beforehand against O0.1N potas- .
‘sium bi-iodate (KH(I0,)Y; Fisher,purified).

For each PAC, three Erlenmeyer flasks, containing a

weighed-in amount of “carbon -(between 1 and 2 g) were

C
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prepared. Td each flask, 10 mL of 5% by weight‘hydrochlorle

acid {HC1l) was added to wet and ac1d1fy the carbon The con-

tent of the flasks was allowed to b01l "for 30 seconds and

~cooled't0'room tempera;ure.“ .100 mk aliguct of the ‘stand-

‘-

‘ardized 1od1ne sdlutfon was pipetted' in each flask. The

s~

o , . i ;
of thé standardized initial iodine solution, the amount of

_=iodine adsorbed was determined.

3, 3 3 Tann1n Value Test

tests. The pH of7 the buffe:

flasks were stoppe%ed and v1gourously shaken by hand for- ex?

Lactly 3Q‘seconds.-The ‘content was then immediately gravity

filtered (Whatman #2 filter paper), discardingvthe first}25

mL. The flltrate was mixed, 50 mL pipetted in an Erlenmey&r

¢

flask and titrated with. standardlzed sodlum thlosulfate,;us—i

ing starch as the end point indicator, until the" blue colourn

,

just disappeared. From the titration, the residual iodine

it
2

filtrate normality was calculated, and using the normality

A jar test procedure descrlged in.- the .Al
Standard was performed for the tannln value test

A
. :(r;:

hFirst a 15 L batch of 20 mg/LNtannlc ac1d (gallotannlc”déif;*;s'

dibasic ‘(NazHPOfa
.078M) was“prepared, ‘a lp‘ ume ‘sufficient to run 3 jar

phoris

wadjdsted to 6.5 w1th phos—’l
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For each ‘test, six 1 L square jars’were filled with 800
mL tannic acid solution, measured wlth a graduated,cyliqder,
and placed - on a paddle stlrrer. Five dosaoes of‘Mas re-
ceived" PAC, ranglng from 50 to 400 mg/L, were accurately
welghed in alumlnum foil pans and- poured 1nto the jars. The
51xth jar, the blank, contalned the tannic ac1d solut1on
only. The carbon/tann1c ac1d solution mixture was mixed at

100 rpp~ for 1 hour. Approximately 200 mL_was then vacuum

filtered through a 0.45 um cellulosic membrane filter (Mi-

cron Sep), discarding the first 25 mL. The filtrate was
transferred to a labelled 250'mb glass screw-cap bottle for

analysis.

The residual tannic ac1d concentratlon was determlned

by measurlng the absorbance at a- wigel;ngth of 275 nm, with
a UV-v151ble spectrOﬂhotometer (Pye Unicam SP8 400). A
» standard curve of tannlc acid in the phosphate buffer solu—
tion was ‘prepared to cover the concentratronhrangeAZ to 20
mg/L. A plot of thls cal;bratlon curve 1is shown in'Appendix

¢

3. The instrument was zeroed w1th the buffer solutlon
. . R % ‘
This procedure was followed for the eleven PAC .samples.
The test was repeated for the carbons which adsorbea less
than 90% of the initial tannic ac1d\solutlon. However, in

these repeat eXperlments, the\range.of dpsages was anreased

e

. 'y
to ensure that a 2 mg/L: re51dual tannlc ac1d concentration

‘was achleveda The dosaqes%were deterlned on” the ba51s of

M 13
: ‘f’. R 3 L
& , . . - . .
) . .

c e

AR

e,
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the results of the first experiment.

3.4 Testing

, 3.4.1-Seléction of Testing Compounds

. o , \ v |
From the -screening test results, six PACs were selected

(according to a rationale described in section 4.2.4) which

,_uould”be studied further for. thelr capacity for adsorption

" Alberta. They were: hexadecane and

‘of specific organlc compounds To determine which water con-

taminants would serve as the testing compounds, the 1986
GC/MS analyses,of Rossdale and E.L.Smith raw water samples,

taken when spring'and'street,runoff were 'in effec;g;and pre-

vious lists of compounds deteéected in the raw water, provided

by the City of'Edmonton, were examined mpounds were

agreed upon by the City of Edmonton -

:University of
./ ’

Yibén%ene; orga-

‘nics typical of ‘street runoff, and ben

bc?dvand an alde-

‘hde such as 1sobutyraldehyde, 2-methylbutyraidehyde‘ or

@

‘isovaleraldehyde, which were found 1n river.and‘treated%wa—.

ter during upstream runoff.

To test carbons using a mixture of these tompounds was

‘ considered impracrical ‘Complex and time-consuming anélyt&-

'cal procedures would be regquired to gquantify, accurately the

amount of each of these compounds adsorbed per mass PAC be—

.cause of their wide range of solub111y and volatlllty. To

& \ .

;‘éé“fac111tate*the analytical procedure and keeping in mind the
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basic requlrement for a good testing prtocol s1mp11c1ty,

t
it was -decided to run s1ngle solute. 1sotherm experlments.

The aldéhydes, which afe thought to ‘be- présent. in
treatéd water during spring runoff, wvere considered toéo vo-
‘latile (boiling = point of  isobutyraldehyde: ‘Ek.5°c[
2—méthylbutyraldehyde: 92°C).. The adsorption of benzoic -acid
is neéligible. At pH 7.0, with an initial céncehtra£idn:of

. 10 ug/L, more than 100,000 mg/L PAC is required to reduce
chis.cohééngration to 1 ug/L (Dopbs and Cohen, 1980). Mor--
_eo&er, adsorption of benéoic acid (pKa: 4.2) decrea;es with
flncrea51ng PH. Hexadecani, as most 1long cﬁained a;kanés,'fs
sparlngly ‘solubli water. Thé aromatic hydrocargdn‘1,3,5
trlmqthylben'zenewsitylen}) is more so'lﬁ‘ble_ than heavier
alkanes (solubility: 20ng/L in water)’and less volatile;
(b.p.: f65°C)fthan lower mélecular weight alkylbenzenes such

E
as, toluene//r xylene An aqueous 1nject10n can be easily:

analyzed for by GC-FID ;lth a short retentlon time. ThlS is
an important ¢on51deratlon when a large number of sampleéh
'must be processed. Therefore, 1,3,5 triméthylbenzene ‘was
chosen to tegt‘thé six PACs. o A
. _ : -

An 1n1t1al concentration: of 10 mg/L wd's selected be-
cause it is ﬁhg lowest coﬁéentration whieh can be used to
achieve residﬁal concentréﬁioms (after adsorption) above the
.limit of deteﬁminatibﬁ (0.1fvmg/L X 5) of. the. GC-FID by
direct aqQueous injécﬁion. This limit could be feduced to 5

AN .
N .

0,
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to 10 ug/L by ueing a liquid-liquid extraction procedure to

concentrate the samples. However/ it K would orfily bring the

- minimum initial concentration down to 5 mg/L (calculated

.

e

with: PAC dosage: 175 mg/L, K=0.17, 1/6:0.19). Analysis by
direct aqueous injection on a capillary GC ‘was retained as
the most .practical wmethod particularly to determine the
concentration of a }ar@e number of samples.

>

It was also dec1ded ‘gompare the carbonslfor their
adsorption of phenol as measured bylwthe modified phenolul
valueftegtiuphenol compounds are present in the raa water as
isomers of ethylphenol:and methylphenol. To learn it,the
initial-solute concentration has an important' effect on the -
grading or adsorption behav1our of the PACs, the modifiedb
“phenol test was also run at a lower 1n1t1al ‘concentration of
10. mg/L.,This would also serve the purpose of comparing di-
rectly the adiprption of phenol and the adsorption of mesi-
tylene, and 1nd1rectly, the adsorption of me51tylene with
the standard modified phenol value test. Adsorption of
phenol in riuer.waterﬁwas measured:to'obtain'an indication

of the effect of a complex background matrix on the adsorp-

tion of phenol by variodus PACs.»An experiment to cdmpare the

“adsorption capacity of \PACs for mesitylene in river~water

could not be performed because it was gp{&p0551ble to make

“direct aqueous 1njections of river water unto the capillary

&

column.. '
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Finally, adsorption isothefm tests using river water
only were performed to test the PACs for their capacity to

adsorb.humic substances.

e

o— | -
3.4.2 Modified Phenol Value Test : \ ‘
Methods for this test are éresented in-the AWWA B600-78

Standard. A simple procedure wés followed, described belpw.

One ‘litre sodium phosphate~dibasié stock buffer (0.73M)

-

was prepared ahd the pH adjusted to 6.5 with phosphoric

acid. From this stock buffer, a. single-strength buffer solu-
tion-(1é.5% by volume) was made-up. The 200 mg/L test phenol °
solution was pre?ared from a 1000_hg/L stock phenol-solution

(Fisher,Laboratory grade) . in deionized water and the

: single—stgength buffer.

— ‘ . N ) e
v | |
 Approximately 1.5 g of each of the six selécted PACs
3 } 13 B R
was dried at 140°C for three hours or more and cooled in a
dessicator. Five dosages of each PAC, 1.5 to 3.5 g/L, were
weighed directly in 160 mL septum bottles, which were then

covered until fill-up.

A 100,mL aliquot of the‘test phenoi solution was pi-

petted'in-éach of the five bottles containihgjcafbon and

-into an empty bottle (blank). The bottles 5e;é sealed with

Teflon-lined septa and crimped-on aluminum caps.
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The bottles were mixed in a. custom-built rotary tumbler

at 25%pm for 30 minutes in a temperature controlled room

(20°C). Their content was then gravity filtered through'a

glass microfiber filter (Whatman GF-934 AH, 1.5um,- 150 mm

diam.), discarding the first 25 mL, and Stofing the filtrate’

in 250 mL glass screw-cap bottles. 4
. ) » .. . 3 Q 3 v 1
The residual phenol concentration was determined by
measuring the ab*bfbance at 270 nm with. a Pye-Unicam
UV-Visible spectrophotometer (SP8-400). The instrument was
3 . B .

zeroed with a bgﬁfer solution (10% by volume of the stock
buf fery

made-up for the preparation of standards. The cali-

bration curve, covering the concentration range 20 to 200

mg/L, is included in Appendix 3.

3.4.3 Phenol Adsorption Isotherms
The procedure for the phenol isotherms at low initial
concentration was similar to thgdmpdified phenol value test

method. However, modifications were -required, considering

. the relative importance of losses and the rate of adsorption

in this concentration range.

Two sets of éxpefiments were conduétedﬁAphenol adsorp-

\ - ;
tion isotherms in deionized water, and phenoLAisotherwé in
riQer'water. The riyer water was taken %%om thé raw Watef
intake\ét the Rqssdale Water.T:eafment Plant on Februafy’27,

1987. The_total organic carbon content (TOC)'bf the filtered

"

o
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river water wés f,8 mg/L, the inorganic carbon content (IC)
. _— . ' / :

was 29 mg/L. - . o

Adsorption of Phenol in Deionized Water

: “
overnight and cooled in & dessicator. Carbon dosages of 25

prproximatgly 2.5 g of eé;y/PAC sgmple'was dried at 105°G
to 500'mg/L were ;hosen, based on the éxpected‘adsdrption of
\bhenol (Dobbs and Cohen, 1980),‘to result in a residual con-
cénffatibnvraﬁge of 0.5 to 10 mg/L. These seven carbon do—.
sages were weighed directly inté 160 ml dry septum bottles.
. :
A potassium phoééhate'dibasié (K,HPO,; Fishér,Certified
ACS) stock buffer solution (0.73M), pH adjusted to 6.5 with
phosphoric acid, was made;up. From this stock buffer,
Single-sirength (12.5% by volume) and standard (10% by‘vQ~
lume) buffer soiutions weré prepared. 100 mL of 1000 mg/L
stock phenol solution. in deioﬁized\x?ter was pipetted‘in ap-
proximaﬁely 10 L single—strength buffer solution, contained -
ina 20 L graduéted gléss carboy. The content wasbmiked on é
large stirriﬁg plate '(Thermix Stirring Hop{ Plate quel
610T).
The septum béttles were filled with no headspace by
pumping the test phenol solution through carefully rinsgﬁ
45§§on tubing (class VI, S-SO-HL), Therbottlebfill-Ub set-up
is shown in Figuféw3.1;.As the bottles were filled, the car-
bon was wetted by swirling around the first mLs of solution.
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- ' y
Overflow of the <carbon/solution mixture was carefully

T\

avoided to prevent carbon loss. The batch of phenol solution -

- »

. was mixed continuously during bottle fill-up. Ten litres of

4 ¥

solution was sufficient to fill each of the eight bottles

for the six PACs tested. Seven bottles cuntained carbon and
. ra LI - S N

one bottle was left blank (te§t solution only).

» : .
The bottles were sealed with Teglon—;inéd septa and

crimped-on aluminum caps. They were then placed in a rotary

tumbler at 20°C and mixed at, 25 rpm for 5.7 days. A longer

‘mixing time was selected to ensure that a state of equili*

brium was reached between ‘the carbon and the phenol in solu-

tion. -

5

o = . .
After mixing, the content of the bottles was immediate-

ly centrifuged. Glass centrifuge tubes (50 mL) were filled
with no headspace and centrifuged for 15 minutes (setting 5

on an IEC‘Ceptrifuge model CL).

The supernatant was analﬁged by a 2 uL direct aqueous

injection into a gas chromatograph with a flame ionization.

detector (Hewlétt—Packard HP 5730A; 1% SP-1000 on Carbopack

B glass Iumn). The temperature of the oven was maintained

at 195°C; e detector and injector temperatures were set at

250°C.,The gas flows were: hydrogen, 30 mL/min;cnitrggen, 20

kmL/min; air, 240 mL/min. The concentration of the samples

was measured in duplicate and the average used for analysis.

Q
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A complete sét of isotherm data (six PACs) was analyzed at .
once} The GC was calibrated beforehand, over the range 0.5
‘to 16 mg/L, using standards prepared with the stock phenol
soluéion énd the‘ standard .buffe; 'solution. The, standards
were analyzed in duplicate or triplicate. The_calibragiqn
curve is preéented in Appendix 3. hd
. ;
Adsorption of Phenol in ffiver Water

This set of adsorpticon experiments was run similarly to the

phenol adsorption isotherms in deionized water.

Using dried as-received carbon, seven dosages, 25 to

500 ‘mg/L, were'weighed directly into éhe septum bottles,

The réw‘ water was ‘slowly pumped through an ng-line
glass micro fiber filter (Whatman GF/C, 1.2 um, 42.5 mm_
»diam.)%to remove the suspended solids. It yas next filtered
thfough a cellulose nitrate membrane filter (MFS, type WCN,'
0.45 um, 47 mm diam.) to remove smaller particles, particu-
lafly bacteria, and stored into glass carboYsAat 5°C.

) P )

’ A 100 mL aliqho% of 1000 mg/L stock phenol solution was
pipetted in approximately 10 L of filtered river Qa;er,‘pre-
';viously bfought tb room temperatfire’. No buffer was added.
The solution was miied on the sti¥ring plate and ﬁhe bottles

filled exactly as for the phenol in deiofiized water expéri-

ment. Mixing, centrifuging and sample ahglysis were
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3

performed- as described in subsection "Adsorption of phénol

el - . X -
+in deionized water". 3’

. /_\

3.4.4 Mesitqu%} Adserption Isotherms
| The fraction piﬁﬁfng the 325 mesh sieve and retained on
the 400 mesh sieve ;fterv}o minutes of shaking on -a sieve
shéker, was used for this test to eliminate any effectvdue
to'particle size. This fréétign was washed with deionized
water, centrifuged at 2300 rpm for 30 minutes and dried at

105°C for ‘94 hours. After cooling in a dessicator, it was

stored in 40 mL vials with Teflon liners in.the dark.

I

—_—

~ 15 L of buffe

Y0 mg/L mesitylene (Fisher Certified)
was prepared by addMgg 150 mL of 1000 mg/L stock mesitylene
solution in distillkd methanol and 15 mL 1M K,HPO,-0. 16M

KH,PO, stock buffer solution to approximately 15 L delonized

‘yater, The pH was adjusted to 8.0 by adding diluted NaOH. A

pH of 8.0 was chosen to simulate conditions at the Rossdale
Water Treatment Plant. The\sgivffbn was mixed for 45 minutes

-

on a large stirring plate.

Nine carbon dbsages of 5 to 75 mg/L were weighed on
alum}num foil pans and poured into 1 L screw-cap bottles
with Tefion liners. The dosabes Qere chosen so that a resi-
dual concentration range of 0,5 té 10 g/L Qould result, by

estimating the adsorption for mesitylene. Since édsqrption

parameters for this compound were not available, the

4 .

Nk
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adsorptxon capacxty for p- xylene (K 0. 085 1/n=0r19a Dobbs & .

L
|

Cohéﬁ 1980) was doulrled and the - resulting pérameters used
for the estimate «(K=0.17, 1/h=0.19)2 S
The test solution was'contained‘in a qfaduated\glass
-carboy and kept contiﬁUously mixed during boFtle‘fill-up.
The solution was rapidly éumped in thé bottles, Botties weré
. filled té‘th; top to.miniﬁize ﬁeadspacé but carefully:avoid—.
ing overflow to 'prézent carbonv‘lossm Twelve bottles were
filled for:each PAC tested: nine bottles containing éhe car-

bon doséges and three blanks, taken at regular interval (1%t

liter,’7th liter, 12" liter).

Theﬁﬂbdttles were sealed with Teflon tape around the

imlze:lpsses durgf% ﬁ%}lng They were then placed
.i_'_ .' m

wh'mbier ﬂﬁﬁe FJ%Pfe A.9 in Appendlx
B ; [ £ :;:;; ' :

gﬁglgerated ré?m”(5°GQ temﬁgyature of the

. A,%“’.

at@fthe RO‘s‘sdal‘ ;a?later

H
y £
i oy

¥~and rotated

ment Plan

The mqmbler was spe-

ew*cap bottles. When m1x1ng

'ht @r for ‘a m1n1mum of ezght hours.

o (3
: L

oo S T

r‘.': ’ K8 o

ass centﬁlfuge tubes (50 mL) were filled Wlth no

4
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Imnediately fomlowing centrifugationf 3 uL of the su-
.pernatant was injected directly into a GC-FID (HP 5890) for
analysis. T{é GC housed a 30 m fused silica capillary column
(DB-1, 0.25 mm). The conditions on the GC were as follows:
‘gas 516ws: hydrogen, 30 mL/min; nitrogen, 25 mL/min; helium
1.5 mL/min aqg air, 7325 mL/min. A spiit ratio of approxima-
telj 7:1 was maintained. The temperature progrém was: 3
-minute hold at 35°C, 5°C/min temperature increase to 65°C and
*20°C/min increade to 75°C to remove all water. @ .

A calibration curve was prepared over the ©oncentration
range 0.2 to 11.0 mg/L to vérify the linearity of the
det;c-tor's response (see Ayix 3)'.‘Aqueoﬁs standards were

o3 .
made-up -from a standard st solution f 1100 mg/L me®ity-

" » lene in ﬁriply‘distilled methanol. The stock solution's con-
) # :

-

centration was limited by the insolpbilit; of mesitylene.

Each day of analysis, the calibration was repeated with two

or three freshf§ prepared agueous standards, analyzéd in duJW

L 5

plicate, to adjust the response factor. The agqueous stan-
dards could only be used within one hour or less of

preparation time due to volatilization losses.

6 LY
'The testing procedure described wag checked to deter-

mine if significant losses ocaured. The séquence of verifi-

cation steps and their results are.explained in Appendix 4.

>
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3 4.5 TOC Adsorpt1on Isotherms<

The washed and dried carbon fractlon pa551ng the 325~

mesh s1eve but retained on the 400 mesh 51eve, of each of

\

. the six PACS was used in this experiment. Nine carbun do-

'Sages, 15 to 1000 ‘mg/L, ‘were welghed on- alumhnum foil pans

and pogred into 1 L screw- cap bottles.

Rlver w%ter taken at the raw water intake of . Rossdale

Water Treatment Plant  on March 8 1986, during spring‘

¥ ’ﬂ’

~runoff, served as the testihg solution; Approx1mately 80 L

5

were‘transferred into a 100 L polyethylene cyllndr?cal~hon—w-

'»talner. A polyethylene paddle (190 mm x 100 mm ) attached to
a sta1nless steel rod was placed in. the contalner. A stlrrer

_lrotated it-at 100 rpm to neep the water” completely mlxed No

*
buffef\solut1on ‘was added to the water.

. ) -. R - o " .» . . . ’
A pump recircul#ed the; water continuously through
. . . . 2

_Tygod(tubing.-To fill /up a. bo;tle,‘a'three-way valve was. -

'ﬁerruptlng ,water circulatﬂﬁn. The

bottleg were filled. d\the rim, taking care to-avoid losses

T‘c_Jf carbon by everflow,. For each PAC, the t;;gg?bottle ‘filled

was- a blank, 1i.e., contalned river water only, . ‘then nine

bottles containing ‘' the preWE1ghed carbon dosages-'were

‘filled. all,60, bottles‘were/ggaced in a rotary tuﬁbler at

5°C and mixed-at(zs rpm for six days. B o
' B T : : RS .

“
..
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1? ‘ | After mixing; the content of the bottles was settled.
for two hours then gravity filtered through glass micro fi-

y (Whatman GF-934 AH#. The filftate was collected into 15
- S .o .

B Teflon-lined vials and storédgi}/ége“ﬁﬁéil analysis.

f//{J The total orgégic cOﬁtent (TbC{ of the samplés was mea-
sured using a‘DohrmaHn DC-80 Carbon Analyzer equipped with a
' 200 Infrareleas Analyzer. Tﬁe TOC was éalchlated:_
the difference bétweén:tﬁe totélvcarbon (TC).anddthe
inorganic carbon (IC). Each sample was analyzed in dupli-
cate. The‘iéstrument wés.calibrated by repeated 1 mL injeé-
t;ons of 10 mg/L potassium hydrogen phthalate. |
o .. '
. B
. e



S o e 4. RESULTS

4,1 Adsorption Isotherms
Most of the results from the screening‘and'testing of -

_the PACs are plotted as adSorption!;sothermst An isotberm is

- a graphrof the distribution‘of the solute between the liquid

phase (solution) and the solid phase (activated carbon), at

IS

equilibrium and at a constant temperature..

relationship between the carbon loading and th
3 . . . ‘

equilibriu
concentration. The loading achieved on aé&b5

icular tarb

=

X ¥ 1s the amount of solutetadsorbed oer unit;aass carbon, or
| the condentrat}on of soiute adsorbed per carbonddosagea'The?
solute concentration renafning in solution at the end of an
adsorption isotherm experiment is termed thé eqhilibrium
concentratlon if it is thought with confidence; that a
‘state of dynamlc equ111br1um has been reached in the adsorp—
zlon process The more general expre551on4 re51dual concenf
ftratlon, i's used 'when the contqct t1me between the actlvated
@%& ‘"carbon andvthe solutlon 1s shorter than would be thought

[ 2 :t v’ . R ‘

necessary to reach equilibrium.
‘Q“ . ’ L )
Although two classical models exist for'fitting adsorp-
tion isotherm data. the Freundllch and Langmu1r equatlons,
the Freundllch model is more commonly u;ed for water treat-
ment appllcatlons and was used to f1t the data in this stuQ

dy Thé Freundllch o*‘van Bemmelen equatlon states that the

adsorptlve c§$§c1tyvof'an adsorbent is a“functlon, although

e ¢ ' ' . 57
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not directly, of the equilibrium concentratibn'(see Table

4.1). It is based on the assumptlons that only a 51ngle lay-

er of solute can be adsorbed on the surface of the adsorbent

:: and that™ no transmlgratlon of the adsorbate odkurs in the

plane Qf the surface The Freundllch equation 13 ae spec1al
. case of the Langmu1r e uatlon where the constan% K ‘takes
into account .the hetefogeneous surface: energles‘ (K‘ =
RTnbe“va where b 'is a Langmuir constant related toﬁthe net
energy of'adsorption) Although the bas1c assumptlons used
to derive the equatlon are seldom ‘met in watex treatment
the equatlon offers a good means of representlng the adsorp-
.tlon equ111br1um (Weber 1972) o ‘ fﬁl |
For plotting; ghe equatlon 1s.11nearlzed by tak1ng«the

logarlthm of both 51des of the equatuon. The constants. K and

1/n are designated as the Freundlich parameters and. ftl—‘

'58"

mated from the regre551on line fltted to the data. K has

1‘,

. been used as an 1nd1cator of the adsorptlon capac1ty of a

carbon for a glven compound and 1/n as an 1nd1cator of the

adsorptlon 1nten51ty or the effect 'of concentration on capai

)

city. | ‘ .

el

«}"T
. .
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H]
x .
(@]
o
~
3

Qe

v - where: q, = —j

where: C,: initial solute concentration
C.: equilibriuh solute concentrati&h
M: carbon dosagé : .
qei carbon loading |

K, -1/n: constants, Freundlich parameters

e

A e
v 'jé »
Linearized form: ~
N\ '
.log g, = log K +u% log C,
where: log K: ordinate intercept
1/n: ‘slope _
. 3 v,} A}
w s -
L 4
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4.2 S¢reening Results

i ] e -

4;2.1 Particle Size Analysis ' lglwﬁ%

' ' aY!
Ten PAC samples were s1eved tgédete¥m1ne he1r particle
size distribution. Due to the small Sample‘éj;v1ded e
manufactufer; the carbon Nor1t W~ 20 ‘was not analyzed For
each activated carbon, the percent mass pa551ng the consecu;

tive sieves of mesh size 100, 200° and 325 and the' total

losses are compiled in Table 4, 2

Losses ranged between 0.2 and 3.3%.‘Most\losses were

incurred by leaks between the sieves during the sieve sha-

king.

Only five PAC samples satlsfled the particle size dis-

trlbutlon recommended by AWWA. However, Aqua Nuchar's par-

ticle size distribution could be considered satisfactory

since the percent fraction passing the 325 sieve is only

2.6% lower than 90% and”2.3% carbon was lost during the pro-

cedure. The size distribution of PACs Watercarb Plus, Darco

§-51, Pac 20B and WTC shggest slightly boarser.carbons.

N N

The water content of the PAC samples ranged from 0.7 ﬁo
10%. Only the Mtvaco carbons, Aqua Nuchar and Aqua Pac did -

not meet the recommended maxlmum m01sture content of 8%

’ | B
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4.2.2 lodine Number Test

All PAC‘samples were tested in triplicate éor their io-
dine number. The average iodine number and its. 95% confi-
deﬁce interval, baéed on the standard deviation of the
replicates, are compiled in Table 4.3. The confidence limité
for the carbons Aqualvéc and WTC wereICalculated usingvthe
mean variance of all the results,. This was d;ne because,{of
the threé replicate titrations, only one reéulted in é resi-
dual filtfate normality within the limits required to apply
an apprqpriafe correction factor. In Figure 4.1, the carbon’s
ére graded in order of decreasing iodine number-- The lines
represeht the 95%7confidence interval in which the iodine- -
‘number lieé. As a refefence, tﬁé"AWWA‘recommended‘mihimum of

500 mg/g is shown.

iodine.numbers ranged from 385 to 875 mg/g; The Norit
carbons - (Darco S$S-51, Norit W-20 and Hydrodarco B) show the
lowest adsorption capacity for ‘iodine. The .two grades of
) PAqé mghufactured by Calgon (WPH°and VPL) have élmbst idﬁﬁ:éx'
tical iodine numbers. It is also interesting to note that
WTC, the PAC used at the Edmonton Water Treatment Plan;s'in
previous years?ldisplays'the lowest iodine number; much be-

low the AWWA recommended minimum value.

4.2.3 Tannin Value Test
The tannic acid isotherm data was fitted to the Freund-

lich model using a linear regression analysis, from which
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. .
)
: .
Table ‘4.3 Iodine number
PAC Iodine number 95%'confidence'limits,,i
 (mg/g) a ' |

Aqua Nuchar ' 842 : : (833, 851)
Aqua Pac . 634 ‘ (623, 645)
WPH | 770 (759, -781)

©weL | 780 — . (776, 784)
Watercarb 625 — | (606, é44)
Watércapb Plus 675 _ . (668, 682)
Darco S$-51 i 579 ' (564, 594)
Hydroda:éo B 460 ‘ u(451, 469)
Norit W-20 . 526 | (518, 534)
PAC 208 875 o (822, 928)
wre @g@ﬁ :385 | (374, 396)

S . o
i
o2
g’
ek - -
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AW WA RECOMMENDED
MINIMUM

PAC 208 ;
AQ.U‘A NUCHAR -
WPL

WPH 1

WATERCARB PLUS

WATERCARS 1
DARCO s-sI« —_—

.NO_RIT W =20 -
HYDI!ODARCO-—B* -

|
|
I
|
I
I
I
I
I
|
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AQUA PAC , | _
I
|
I
|
I
I —
I
I
|
I

wTiC 1 —

MAARSARILAS SLALE A AL SLELE L AL AL AU SLA AL SLELSLEMSLEL SR AL S S SMALELALALEL RO Trrrrrrrey A

300 400 500 600 700~ 800 900
|IODINE NUMBER ( mg/g )

Figure 4.1 Iodine number .and 95% confidence interval
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the constaﬁté'K and 1/n were eStimated. These parameters,
theif 95% coﬁfidence in&erval,las‘well as a regression coef-
ficient (R?), are tabul®ed for eathAcarbon in‘Table 4.4.
Ranges of cafbon ?osages varied for each carbon}“depénding
on the expected tannin value. All .carbons were initially
tested with a dosage range of ‘50 to, 400 mg/L (Figure 4.2).
For the PACs for which a 400 mg/L dosage was insuffitient to
achieve thé' 2 mg/L tannic acid residual concentration, an
: . .
ad%itional isothérm test was run with higher carbon dosages
(Figure 4.3). To determinez the tannins value, the carbon
loading at a residual concentration of 2 mg/L was predicﬁed
from' the regression line. The calculatéd tannin values, with

their 95% prediction 'interval, are compiled in Table 4.5.
) Tt

L

" In general,'if can be noted that these PACs, designed
for water treatment, do not adsorb tannic acid well% The
adsorption capacity (as measured at 1 mg/L residual concen-
tration) ranges fer 0.01 to O.QS'mg tannic acid adsorbed
per mg carbon. Of stated differently, 275 mg/L of the best
PAC for tannic acid adsorpgjon (Darco S-51) was reQuiréd to
remove 90% of tannic acid in solution:- With 50 mg/L, the
most tannic acid adsorbed was 29%. The preliminary Fannin
value tests §how a wide differénce in extent of adsorption
of tannicmacid with identical dosages .of PAC./A dosage of
400 mg/L WTC adsorbe§ 44.5% of a 20 mg/L tannic acid solu-
tion thle the saﬁe doségé‘of Darco S:Sﬁ adsorbed 96.8%. The

carbons Hydrodarco B, Darco S$-51 and Agua Nuchar which can
' ¢
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tion capacity for tannic ac1d isﬂ.not. 51gnlflcant . (95%

»‘

1mar1zec 1n Table 4.6. From the eleven

 dily ellmlnated :aS‘jus

¥
=character1stﬁﬁs were much lower than could be obtalned from_

) B :
- of tannlc\9c1d were achleveE@ AUV

R oy

be considered :§Uivalent exh1b1t the most capacxty for tanh

nic acid. The carbon WPL has the'same adsorptlon capac1ty as

the higher grade WPH A grading of the f1ve other PACs can-

not be dlst1ngulshed sunce the dlfference 1n thﬁgr adsorp-‘

9

cOnfidence‘level) The results from the’lsotherm tests w1th,‘

the carbon Pac 20B did not f1t the Freundllch equatlon

\& ~
5

e B R

4 2. Qljale%.on Bf &PACS for, Further Testl.ng o

From %he results of the partlcle 51ze analy51s, iodine

'n

number and tann1n value tests, s1x PACs were tg be chosen

for further »1sotherm experlments. _These results‘ aFe sum-

* o

;PACS,‘three were rea-

1f‘ WTC ‘(Transpacific lCarhon) Although it was the, carboni

C . ~
lower than the AWWA Standard° a very hlgh tannln value; “an

1nadequate partlcle 51ze dlstrlbutlon.'

2- Norit W-ZO)(Nbrlt). ThlS PAC wijteliminatedlmainly be-
N

herlands and a small,
y .
uff1c1ent sample was sh1pped for test1ng, 1ts 1od1ne n'um-

causeiﬂit is manufactured‘in the

»

"fﬁé Pac gtiq ceeagbgn)g Although it adsorbs 1od1ne very well
S - i Pl

A,.

»
»

,uélne hu@@er, it was e11m1nated because. it

’used at éhe Pity of Edmonton " 'S Water Treatmegt Plants,Aitst

: » :
- the other available PACs. That is: an 1od1ne‘1§;ber much

w,bea 1s very low- et low dpsages (50 mg/L), verymlow loadrngs,
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'adserbs very little tannic acid; it contains a higher frac-

' “tion of larger~particles than is considered acceptable by
the AWWA Standard.

.
O e
3

The best adsorption of small compounds, as tehtatiVer'

characterized. by the iodine number, was achieved with Aqua
v ' . % ’

Nuchar. The;best'adsorption of larger compounds,. here mea-

sured by the. tannln value &est . was obtained with Darco

S- 51/ These carbons were/thus chosen for further analysis.

| The two Calgon PACs,,WPH and. WPL have very similar'g arac-

'terlstxos accordlng to these’ three tests Instead oﬁ'

“ing one or “thé other, 1t was dec1ded t;

‘test both ‘to compare
[their cost—effectiveness. Two more PACs ere then eliminated
for the following‘reasohs.

4- Watercarb Plus (HuSky) Comparison of fhe Husky PACs, Wa-

'tercarb aqg Watercarb Plus, 1nd1cated that while they adSorb”

‘iodine equally, Watercarb Plus has an unsatlsfactory/par-

ticle size distr ution and, at low dosages (50 mg/L), it

adsorbs less tannic iq than Wateticarb. o A%

S-JAqua’Pac (Westvaoov. Of the two’ PACeremalnlng, Hydrodar-

- co B and Aqua Pac, the latter was eliminated because. it0

adsorbs tannic acid poorly; it has an average iodine number

while Hydrodarco B, would be a PAC representative'of low io-
" dine number. |

T

~In summary, the carboﬁt Aqua“”ﬁuchar, WPH WPL' Wat'er-

gcarb, Darco S-51 and'Hydrodarco,Bw:ere chosen ‘to, be tested
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further. They are representative of a wide range of availa-
ble iodine numbers (460 to 842 mg/g) and tannin values (275
to 107Q mg/L). One has a below-standard iodinefnumber,(Hy—.

ﬂdrodaroo B); one PAC has a ‘high tannin value (Watercarb);

- /
one carbon does not satlsfy the standard for partlcle size

dlStrlbUtlon (Darco S- 51)

@)

. N .
L . - [}

4.3 Testing Results

"

- 4.3.1 Modified éhenolﬂvague‘Test & ' : < .

The phenol adsorptlon 1sother@s performed to determlne

the mod1f1ed gifienol® value are shown in Flgure 4.4. The iso-

[
therm parameter estlmates are - complled in Table -4.7. ‘The

a

'carbon loadlngs were Calculated and plotted as storqu

per PAC Homever, to permrt a comparlson\ei\t e phenol‘

-

‘adsorpvlon capac1ty w1thxnhe fépfﬁlqy for other compounds, K

o values in mg/mg are also 1ncluded Slm1larly to the- tannln

k S §

value test, the modlfledl?menol value is calculated using a -

v h .

loading (at 10% re51dual : centratlon) predlcted from the'

regression line oﬁ_the isotherm (see Table 4.8).

..'7‘ ’
. . . . L . ;
’ e, : ' o Y- TR L
' N . N 3 - m??“‘ﬂ P ‘_:,;
. - i .

. A
The PACs Watercarb WPL .and WPH adsorbed phenpl equalrb

*

well ‘The PACs Aqua,Nuchar; Daroo S-51 and Hydrodarco B,‘
" which -had shoun the most capaoity'for tannic’acid did not{'
Leemove phenol to the same’ extent.,The 1sotherm llnes are all,?u

nearly parallel (1/n‘ 0. 15 to 0. 28), over ‘the rande of res¥- B

> »
dual concentratlons, 1nd1cat1ng that the PACs can}bé graged
-~ ST S S

¢ } b
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Figure 4.4 Modified phenol. value test - isotherms-)
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on the basis of the "one point estimate: the modified phenol

value,

4;3 2 Phenol Isotherms in Deiotlzed Water

-

" The J‘Eond set of phenol isotherms were performe

g‘%}bhs

an an1t1al concentration of 7 to 9 mg/L The grading of the#

L

PACs tested.was similar to the gradlnp obtalned with the mo-

Lo

d1f1ed phenol value test, as- shown3 in Flgure 4 5 and in

Table 4.9. No~ 51gnlf1cant differf nce in capac1ty was mea-
sured for. the PACs Watercarb wﬁﬁ and WPL. These carbons

.

.achieved better phenol pemovals thanbAqua Nuchar, Darco S-51
and Hydrodarco B. The PAC Adha~Nq§haﬁ‘pre5ented a very stéep
.slope (0.65), indicating a.rapidVQécrease in capacity with
'decreasing soiute ooncent:ations.'Tne adsorption capacities,
measured .by K, were‘sinila; to the oapaoity‘valuesiobtained

with the modified'phenol‘Value procedure. B

-
.

L3

4.3.3 Phenol Isotherms ianiver_Wateq

. The phenol in river ‘water isotherms are shown in Figure
4.6. Curvature of the‘isotherm lines was obserVed‘at high

solute concentrations, whlch 1nd1cates a "lowered adsorption

-

‘capacity for ‘phenol at low carbon dosages. This ‘is due to .

..4

etition, from the dlssolyed organlcs in the river

vater matrix, for the .limited number of avVd#ilable adsorption

R

e . . »



&

78

b .
4
. w
S .
ﬁ.W,.‘u - . . s
&
| I x.r‘. N
£8°0 ($€°0'80°0) ® '12°0 (SE°0‘EL70) 120 | 820°0 " 1g-§ odieg
16°0 (9€°0°%1°0) >  S2'0 (9z @fLl'@)  Ll'Q §20°0 g 0o1epoipAH
06°0 (22°0°50°0) €100 .,.W,,Sh.m%o@..ov Y €570 G50°0 qieaiajeym’
- - - f..., .n.;. ’ ’ '
L8°0 (0°1'0£°0) G9°0 - (81°0°10°0) S0°0 120°0 leyonN enby
S6°0 ($2°0'0(°0) LL°0 “(¥5°0°9£°0) vP0 8500 ‘ TdM
L6°0 (92°0°71°0) 6170 (v7°0°2€°0)  BE'0 -+ 150°0  Ham
TeAIa3UT © {eazajur (TA6w %) (Bu/bi) .
*Juod %66 u/i *Juod %66 R . MO .
g _ " ovd
¢ siajaweied wiayjlosi] -//\\ . -
i v . W

S1TNS31 193EBM PIZIUOISP UT SWIaYIOST [oudYyg m.¢wwﬁn@&

= \

B

a

—im



[
o

PR

ABY

LOADING ( % / mg/L )

O

-

‘- C,57-9mg/L

*| {PAC DOSAGES: 25 - 200 mg/L
TEMPERATURE: 20°C; pH: 6.5
MIXING TIME; 5.7 days~

1Oo _| IMIXING SPEED: 25 rpm
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Figure 4.5 Phenol isotherms in deionized
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tests., :S =% ,

S e " 81
- '} :, 2 )
re plottedyaccordlng to the linear-

Although the results

ized freundlich equa? »he Jon- 11neim 1sotherms could not

ll

be characte;ized'b‘ reundllch parameters A comparlson

*

of the PACs was thi !sed on thé dlfference between their

carbon loadings a ®h dosage level. A reference frequency
distribution was*pared to determine if dlfferenca,s ‘be-

tween adsorption capacrp;es were .significant, usimg a 90% -

N ' | ‘ L ‘
"confidence level. In order to _draw this distribution, it was

assumed that the mean Variance of the Eiver water isotherm.
results was identical to the mean variance ‘ofr the phenol in
deionized weter isotherms. The latter was the weigheé meaﬁ
of five deionized water isotherm variances,-which were found
to be cpnsisﬁent, This assu@ption was based on thé'ﬁect that4
an identical: experimental proeedure was follghedlvfor both
1 -
. »et low PAC dosages, fhe grading wae clearly- Watercarb,
WPL, WPH, Aqua Nuchar, Darco 5- 51 ana Hydrodarco B, based on
the sxgnlflcant dlffe:ences (90% level) in thel; adsorptive

capac1t1es. ‘At higher dosages, the same grading as with the
u .

‘medlf{ed phenol value test and the phenol in delonlzed watef

experiment% was obtalned ,Mhere the .PACS Watercarb, WPt and

WPH dlsplayed eqU1va1ent adsorptlon capac1t1es for phenol.

" o . N P s
‘“m r & - “ ._4 . o . Bt . - 1,:,‘ PR rv’%;),; LA L? &* "',
L) LA Y

, . v Pt \-/ ‘&“ v

Vo
<4 . - e [y

. " The isotherms»in both watef matrices were'supefngesed

for e€ach PAC tested, as- shown in Figures 4.7 to 4.12. A co

parison of the ,isotherms, based on “the difference

e
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PAC: ADUA NUCHAR | . . : 1 R
O.W.:Clz9.0mg/LipH:ies | .0 . T “ : B

’
-
N

0y

f:., {| - oosaces: 25 = 200 mg L .
. e RN - . 1
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PAC: HYDRODARCO B ~ - R s

v N

ﬁmg/L{Fﬁ: 6.5 [ L
. DOSAGES: 25 - 200.mg/L| - B S

OW.7C. =
L]

R,W, :‘C°= 7.6 mg/L; pH: 7.8

Al

_DOSAGES: S0 - 500 mg/L| .

o L -
11 L S— e
/{ [PAc:0ARCO S- sf T . R
; _}(;: DWmC-?Smg/L pH: 6.5 | e ) .
j‘;"_ E § oosqices 25 ~ zoo mg/L : T A
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Figure 4,11 Darco S-51 - Phenol isotherms
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loadingseat each‘dosage'levelg indicated that* forkeach-PAC,f

the obserVed decrease in ¢apacity for phenol 1n river water

“is- 51gn151cant at low dosages. ThlS reduct&on'@n capac1ty

was larger for Aqua Nuchar, Hydrodarco ‘B and Darco S~51 the

Ld

PACs whlch dlsplayed a better potentlal for adsorption of

tannic aq1d At hlgher dosages, "the competltlon effect in-a-

duced .a s1gn1f1cant decrease. in capac1§y for Hydrodarco B

1

only Superlor pﬂenob removal 1n rxver water, -observed for' L

'

four out of_iax carbons was not conflrmed Statlst1cally, as N

the dr&ferences between the loadlngs were not cons1stent1y
51g#af1cant. The dlscrepancy can however be caused . by the
dlffesence in pH “of the tesg solutlo%%. v s \\\\

PN
‘ . v‘

R 3 4 Mesrtylene Isotherms S R
: ' N . . ‘;-t
Results of the adsorpt1on of mes1tylene on the sxx car-

-

bons tested are complled in Table 4. 10 and plotted 1n Fi-

gurés 4,13, Measured 1n1t1al concentratlons of mes1tylene‘

varled from 7. 0 to 9. 6 mg/L therefore normallzed 1sotherms
vere plottedﬂfor direct comparlson. F1gure)4 13 shows the

data points used to calculate the regression line,- while all
¢

the*data po1nts are present 1n‘the 1nd1v1dual 1sotherms in
Appendlx 7 .- . . : ‘ff«' .

. . , . .. L o *
: . 27 o . .
; (i . 5 N .
—_—— > " . .
0 » i . -
. .y N .

. Me51tylene was found to be more adsorbable than phenol,

an expected result due to its lower - SOlUblllty. Calgon WPL

K

and WPH showed 1dent1cal capac1t1es for. me51tylene. They re-‘,l

t

tmoved mes;tylene much‘better than the four other*carbons,

e Y ’ . B N

: 25 :
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e 4. 3 S TOC Isotherms

display1ng constantly h1gh carbon 10adings. Watercarb»whxch

2B s

presented the bebt capac1ty for phenol adsorbed me51tyleK?
: s

tp the same “¢xtent as Aqua Nuchar and the Norit carbons.
. /,“’f h L [

. - .o : B .
e - . ta a2 - 'fh a

. . . . "
,-_/"'—_\ ’ ' : "o : ! -

“ - The - results from the TOC’lsotherm experlments did not

R

fit the Freundllch,\nop the Langmu1r, nor a modlflqd Freund-~

' L4
11ch model which- takes into account the_non adsorbable frac-

~

-data_p01nts. - ~

G

tion (Kaastrup eﬂ' al., -1984).. However, to 111ustrate the
,

otentlal for TOQ adsor t1on, th cent TOC adsorbed ver-
® Peiom iy PR ,

]
'sus the ddsage 1s plotted 1n4£19ure 4, 14 .

N .. .
. “
S . . - . T Fd »

At low dosages, the carbons Aqua Nuchar and Hydrodarco

.

B adsorbed the most ‘TOC. Agaln iZf_PACs WPH . and WPL dlsplay—

ed very s;mllar adsorptxon .capac\ty. Watercarb adsorbed TOC

the least. These results follow the tanhlc ac1d adsorpt1on e

test results. No more than\fe% TOC' was removed w1th PAC do-

/ .
sages of 100 mg/E or less..Dosages of 1000 mg/L were not

suff1c1ent td remove all TOC QA non adsorbable fract1on

rang1ng from «¢% to 12% of the’TOC present (average concen- .

tratlon' 8 6 ‘mg/L) Mas est1mated from the hlgh PAC dosages

K . o .
{ o N I .
. . A .. b}
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'5.1.1 lodine Number'

“ 5. DISCUSSION.
v, '. ' o D ' N
5.1 Discussion of Results

‘

] ] . -
The iodine-number tesﬁ!is carried‘out as a one point,

.1sothenm. The a.-unt of 1od1ne aasorbed per mass carbon is

dosage of acffuated carbdj Sl ’,t1cal 1sotherm. slope
(carbon loading per iodine * solution concentration) is then
assumed for each activated carbon tested to éstimate the

capac1ty at a flxed res1duél concentratlon. Slnce the deri- .

i vatlon of the 1od1ne number is based on the assumptlon that
the act1Vai‘d carbons tested are equally affected by the so-

lut1bn concentratlon, 'in the 1n1t1a1 to re51dua1 concentra:

Y

txon range, 1t must be used with care. Also, sincéA'the

‘effect of concentration on adsorpt1on capac1ty is not takenr

into account, information,such.as the adsorptlon»behav1our

of individual carbons for iodine or any- other groups of com-

1}

,pounds, cannot be 1nferred from the result of this test. The..

-
~

iodine number test glves only the carbon s capac1ty for io-

d1ne at .a’ hlgh initial concentrat1on /

. ) . N
~ o X
u . A

Hoﬁever,'the“test can prohide,an estimate of the spe-

cific surface'afea‘for adsorption of iodlﬁe; if the carbon

4

is completely saturated w1th iodine, _ that is, if a complete

monolayer is formed and if the carbon loadzng-is constant



. - . ‘ /\ "
and max1hym pver the concentrgt1on range prasant, and if it

nls‘assumed that a second ‘layer .is’ not formed (Lanqmuxr mo-=
del) (K1p11ng, 1967; Weber, 1972), W1th the knowledge of the
‘molecular area of iodine and. of the or1entat1on of . the mole-
ﬂcule as it is ‘adsorbed on the carbon surface, the'act1ve
surfaoe‘area can be oomputedr Therefore, the surface area
~available for iodfne.adsorption\per gram carhon is directly
related to the amount of iodine adsorhed per gram oarbon, if‘
the conditions above-méntioned are met.

\ $
. The valldlty of the 1od1ne number test thus depgnds on

numerous assumptlons which were not verified, to my -know-

-

ledge, for activated carbons as'they are produced"now.

The execution of the test itself also brings about two
weaknesses which‘could be mod;fied that is: the mixing time
and the carbon wettlng The purpose of ‘$he latter is to‘
homogenxze ‘the surface chemlstry of the apt1vated carbén,
*However, the effect of contacting the carbon with hydrb—-
chloric acid prfor to adsorption can—dfffer froh one carbon
to another. Mixing the carbon with the iodine solution’ for
only 30 sec0nds may not constitute é sufficient contact time

. to form a complete monolayer of the adsorbate on the porous

surface of the carbons.

The prec1s1on of the procedure is dependent ma1nly on:

,,,\

the t1trat10ns performed to - normai1ze the reagents and to

/



92 .

. . g ’ C N N o
. i - : . e
‘. 7 IR R . . L
o .\ A . B ~ .

e measure the solutipn normalxty. Triplicate 'easurements of

) Ao
‘the iodine nymber fof each carbon rgsulte in relative

tandard devxat1ons of 0 22 to 2.4%. o | et
o Py

4 : M . .

S}
The 1od1ne numben réthlts will be compared to the orga—

of °
nics adSorpt;bn tests performed in th;s study, to examine
t < y

? .any p0551blé correlatxon wh1ch could allow us to confirm or .
‘ ' ¢* . .
-dzgprp\&the initial evaluatlon of the test. . a
v / (8]

'5.1.2'Tannin*ve}ue - o | T N
-According- to the tannin ’velue test results (Figure.

4. 33; lthev'activated carbons designed tor' water treatment .

have a limited adsorptlon capacity for the high molecular

welght compound tannlc acid.

The-.structure].of tannic ‘acid ké;llotannic ~skid:
»penta m~dlgalloyl glucose, M.W.: 1701.24) is similar to that
of tanmin, which is an amorphous substance found in parts of
" trees and'shrubs iKingzett“s: 1966-’M1a11 s, 1981) But it
‘1s d1ff1cult ‘to determine Lf tannic aC1d possesses charac-
" ter1st1cs common to the group of polymerlc organlc ac1ds_f—
known as the humic substances (humic ana fulvic acid), whlch
oo not include tann1ns $Thurman, 1985). The exact structure
of Squatic humic sﬂbstances is unknown and probably continu-
ously changing; their,molecular weight can_ranée from 500 to
~5000.'The\commerciel substitutes for humic ano;ﬁuluic acid
*have oeen.Shownvto'be significantly different (besed on C

.



e

I > . . - i.~ '93,
‘ - - a

NMR sbectra) from the humic'substahces.isolatod from streamh

and goils” (Malcolm and McCarthy,‘1986;. Therefore it is not

possible to assess the validity of tne‘uée of tannie acid as

a substitute dompound f§¥ humic substances in adsorption

? .
tests, based‘'on a knowledge of these organics. '

Analy51s of the resplts of the tannin value test shows

»

~that the adsorptzon of tannic acid follows- the Freundllch
isotherm model well except for the carbon PAC 20B. Losses in
precis@on can be caused by‘diféerenoes in amount of carbon
weigbed and carbon contacted witn the 501ution; inaccurgte

measurement of the volume of solution; presence of carben on

4

the paddles; errors in the absorbance measurement, and in

f

calibration of the spectrophotometer.

5.1.3 Adsorption of Phenol - g S

- The modified Shenol’value test K really only states the
‘o . ©

. ) . . : .
adsorption capac¢ity of activated carbons for phenol, under

the specific conditions of the test NpH, temperature, high

3

‘initial concentration) Extending the results of the modi-
'fled phenol value test to the adsorptlon of low lolecular

weight compounds which cause taste and odour, as»1s often

suggested in the commerc1a1 activated carbon 11terature, is

premature. Furthermore, 1t 1s not possxble to extend the af--'

¢
f1n1ty of carbons for phenol to phenolic compounds in gener-

al:. solvent solute 1nteract1ons and solute carbon .

interactions can differ. Accordlng to Al- Bahran1 and Martln
/ ¢



-

-~

(1978), the'intréductioq of a CH,, OCH,, C’l,-Cl-{g o:kNCg group

to ‘the phenol molecule hinders the formation of the hydrogen

bond betﬁeen the hydroxyl groyp and'water, thus rqsultinghin

better adso;ptioﬁ‘of‘the related phenolic compounds. The. ef-

fect of the carbon's surface chemistry.on the adsorption of

phenol and p;nitrophenoi was recognized by Snoeyibk et al.

' (1969). They noticed significantly »better- adsorption -of

phenol on a coal base carbon than on a coconut shell cérbon[
although it had a smaller $urfa&e area. This affinity was

not found for p-nitrophenol.

-

Good confidence in the estimated modified phenol value

is justified by the narrow. 95% prediction intenval (Table

’- ' ) X . i
4.8). The test uses a high phenol concentration, therefore

\

losses due to volatilization are ;Elatively\inéignificant.
The calibration of the spectrophotometer also yielded a re-

gression line with a coefficient of 99.9%.
5 .

N

~ ' Correspondence between the grading of the'PACS'by the

modified phenol value test and by the iodine number test is

limited. For example, the iodine number did not suggest the

superior adsorption capacity, of Watercarb for phenol.

~

P

&

A comparison of the modified phenel value test with fhe-

phenol isotherm test at' a lower jffitial concentration shovs
that a.similar grading of the PALs is~obtained (see ﬁigﬁres

4.4 and ¢.5). However, due to m¢re important variatiqns'in

. - . : ~

Y 4
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. alopé, the carbons are not as easily graded as with th;?;b-
dified phenol value test. On the other hand, difterencei in
the adsorptxon behaV1our of the qarbons tested are more Qx-
s1bl¢. ?hg“EAC«Aqua Nuchar‘exhxblted-much lower carbon load-

ings at lower equilibrium concentrations. This is not
) L]

LY
Py -

‘advantageous since it means that high dosages of Aqua Nuchar
are rsquired to adghieve significant reductions in phenol
‘concentration. The low efficiency of this carbon was not de-

tected with the standara'phenol adsorption test.

-

*

Consequent ta the 10wer phencl concentration ﬁsed

,r

losses by volat111zat10n and- in the" précedure are more szg-
nificant. The phenol concentratlon in the blanks varied by
8% (relative standard deviation). A list of the sources of
errors would include: losses of phenol incurred éuring_mix-
ing and £fill-up procedurés; losses .of carbon uﬁon,bottlé
fill—up; GC calibration; variatfqns’in'the_detgctor‘s res-
‘ponse and in the integration ofvthé peaks area counts due to

variapions in peak®shape.

- *
-

A further modification of the phenol test was the use
of ‘river water as the background for adsorption, with phenol
at anlinitiél concentration of épproxﬂﬂ!!ely 7 mg/L. The na-
tural alkalinit& of the water was relied Spon to act as a
buffer. The pH of the phenol solution was 7.8, a pH in the
range of_valﬁes expected'in~the‘raw water at- the point of

PAC addition at the Rossdale Watef Treatment Plant. The



pounds~1n water. ' T

' resultlng phenol 1sotherms can be explalned by the effeﬂt of

' pH and of compet1t1on from the organlc and 1norgan1c com—“

L]
/xi,‘

. S o Lo . .
/ v.“ ! . . - - . N ! )
N . « r
. . @'
! N
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In the pH range 6 to‘8,\phenol is mostly neutral (pKa:

(.

- 9 9) Above a.pH of 10 thh adsorptlon of phenol 1s expected

- to decrease because 1t is mostlf anionic and" as such repul—

" adsorption is hi

"hfnder'“adsor

srve ‘forces between 'the‘ negat1vely ‘charged carbon eand h

-

phenol, and between the phenol molecules themselves, willf

T

e

—

‘ etséi (1969) ‘that at.a pH lower than 7. 5, the bdsorpt1on'

' decreased w1th pH.,This occnrrence was. explalned partly by

?'an alteratlon of the nature of th"e carbon ~surface by the

[

s;rong ac1d used to adjust~the.pH and by the competltlon.

I

from the - hydrogen)lons for the‘carbonyl oxygen s;tes.71n

thls study, the results of the adsorptlon tests show better

phenol adsorptlon in r;vel’water than in delonlzed water for"

,Tfour out of 51x PACs (see Flgures 4; 7 to 4 12) The free hg—

'a;drogen 1ons present at pH 6 5 1n the phenol in delonlzed wa—

'Nwever, would depend on. the Burface cbem1stry of each acti-

vated carbon..A carbon Whlch possesses a large fract1on of

'"}carbonyl oxygeﬁs 1e. w 1ch is more negat1vely charged w1ll'5

Lt - R S [N

fter experlment poss1bly competed for the adsorptlon S1tesy
“,fcarbgnyl funct1onal groups) whlch are also Sought by the

phenol molecules. Therefore{ better adsorptlon was obta1nedf.

e

- at. pH 7 85 than at pH 6 0. The “extent of this. pH effect ho-"j

e

A4

PN

Alon. At a pH below 10 the capac1ty for/f

(--&
Howeverr 1t was observed by Snoeylnhl
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*adsorb less at a higher: pH than a less anionéc Carbonﬂf
. X\ - . ) g /

o L e \/_

Although it dld\nOt contaln mUCh TOC the 71ver water

had a negatlve effect on. the adsorptron of phe

1arly at - “low PAC dosages. Th1s competltlon elfect was com-

‘,pensated by h1gher doéages and maybe by the pH effect for

“'the PACs WPH WPL Watercarb Aqua Nuchar and Darco s-51,

- 1of&ty was brought- about ma1n1y by thelr flat slopes whlch'J

but not for Hydrodarco .B. The competlifén effect 1mportant

it

at low PAC dosagesf was. more 51gn1fycant for the carbons

wh1ch showed grea&er adsorption capaglty for taﬁnlc ac1d and

TOCt -These carbons can accomodﬂté the larger molecular

welght orqpnlcs in the r1ver water and thus, the passage of-

4

the small phenol molecules to the spec1f1c adsorptlon 51tes,

~

can be 11m1ted or obstructed From thls observed trend Qne

could conclude that the appllcat1on of a PAC whlch adsorbs

/ A
result ‘in lower remova)s by adsorpt1on of- the 1ow molecular

we;ght;compounds. // - -'L\'
A / s " s » .‘ ) . . ) -
©5.1.4 Adsorﬁ&ion/ﬁf Mesitylene . = o

' The adsorptlon tESt for me51ty1ene d1d not fesult in a

““¢lear gradlng of the PACs, such as the one obta1ned from the'

phenol 1sotherms. However, the Calgon PACs d15t1ngu1shed

themsélves fﬁhn the four other carbons. Thelr large super-

$

1nd1cate more eff1c1ent carbons, ,1e., carbons whlch can

<

‘Vf‘malntarn~a relatlvely constant load1ng as the equ111br1umr

: ¢ ; e o &
SN L Vo

a

fél particu-. .

N

‘tannlc ac1d well” (low tannln value) to the raw water would L
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‘concentration in solution 1s decreased.

‘v{bglven to t

‘lary column ylelded sharp”peakf ea51ly 1ntegrated SOmefﬂ

.eontamlnatlon of the column was present as unexpected peaks

\ . .
. . Py .
. . S . o

Lower regre551on coeff1c1ent values (Rz'\o 2t to 0.92)

N3

Wf;nd1cate that the. regre5510n u51ng the Freuhdlich model does

not explain all the variafce in the results. The relative
- . N . v . .

standard deviatlon*of—the concentration in the blanks was

_12%.a "Phe error can be dé‘ to the relatlve’VoI“tlllty and

lower SOlUblllty of me51tylene. Also, much lower PAC dosages

®

were tested due to the expected superlor adsorbab111ty of,‘

C o

me51tylene. Consequently, more error can be Just1f1ed in the
carbon welghing part of the propedure. ThlS was tentatrwely

compensatedtbydh 'ng large bottles wh1ch would permlt\the

use of a mo

<«

prepared standards. On the other hand the use of a capll—

_appeared when standards vere 1n3ected. These peaks were*re-

.

latlvely 1ncon51stant appeared u1 all organlc -free water

samples,from varlous s!v%ces, and vere not detected in the

»
nd1st1lled methanolv. Analysis on a purge and trap GC- FID d1d

not reveal the presence of any organlcsrllt was. therefore. .

'-,assumed that- they were being slowly eluted from the column

“with the mes1tylene peaks; 1n3ect1ons were then repeated.~ e

G

when water was the solvent These peaks 1nterferred at. tlmes

\

Y <

.

nageablefmass of carbon, Lower confldence 1sg~l

callbrat1on due -to the 1nstab111ty of the

%

’
-
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L1m1tatlons “fo the .isotherm Procedqure must- also be.

acknowledged. In order to minimize losses, all unessential’

transfer steps" were eliminated. ‘After adsorptlon and centrx- +

fugatlon, thé supernatant was not tranﬁferred into: a stor%ge
) ‘n—“bottle; rather, 1t was 1mmed1ately analyzed d1rectly from

the centringe.tubes; This does not permlt any flex1bdl1ty
: L o - iy SRR
s£or the quantitative analysis and requires that only one PAC
N \ . . . ‘ ‘ ‘ ‘ . . \l

be tested at a time,

Mesitylene is more‘easily‘adsorbed than phenel in de-

WionHZedéwater, as shown by a comparison,of their K walues.
This. is . partly due‘ to meeitylene‘s loyer solubflity, thus.
its greater aff1n1ty for carﬁon than for water, but also due
to phenol s hydroxyl group Whlch can form a strong hydrogen
bond with water. However, the. capac1ty for me51tylene rapld-,

" ly decreases with decrea51ng equ1l1br1um conéentrat1on, ex-

-

v ’ v

cept for WPH and WPL., ... - ,

. Ty " B
. . . 5 ) M | 3
- - — oo " o ? . ~. ' “’
LN - I \ '
- B 3 » . -

oL Y A comparison .of the two tests must take into account

. the differenceg in test conditions. Mes;tylene was advan- C

—~

_taged by the lower . temperature of the expe§1ment The pH
(8.0)

may not have affected the .adsorption of. mesztylene,
‘1t is not ionic, however, the adsorptlon of phenol at
8. 0 maykhave been ‘more complete.
. L e o B
e .Tﬁe moetfobvious_obeervation from this comparison is
the. lowz adsorptiOn capaiitY“uof Watercarb for 'mesityfene,

’
N ) ’ . . L3 . .
. . . - SN . . . ) ’
. , . S : : S 1
. . .
. . . \ .
. R . |
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‘\COmpared‘ to phenol. 1t Skems that Watercarb, has a surface
chemistry which is favourable £ the specific adsorption of

phehol bw an electron acceptor donor complex, but not forj

° less polar;aromatlcs, as 1nd1cated by me51g§lene. If one was
QS base the selectlon of PACs on the adsorpt1on of phenol
Watercarb would have been the first ch01ce. HOWever, a cri-

. ter1a based on mes1t§1ene adsorpt1on shows Wateﬂ@arb to be .

equ1valent to the Nor1t PACs. It is therefore p0551b1e to

?

\dgf‘see the efﬁect of evaluatlng the performance of PACs on the
‘@dsorpt1on of only one compound Selectlon of a PAC w1th a

_ partlcular a 1n Lty for that compound and an average adsorp-
t1on performancg fﬁr other compounds is. p0551ble. However, a’

comparlson of the béhav1our of the other carbons show a 51m-

0.’ @
ilar gradlmg as. obtalned w1th the phenol tests.

B

o M ® . “ ‘ . . ¢ ' . .
i It iq/also ¢nteresting to note that th: adsorption “of

mesitylene at’ high: load1ngs corresponds to the gradlng ob-

2

\,
talned w1th the 1od1ne numhér test

U ‘,.:'J .> ' o o ‘ -~ n,.',,,'m" N
5.1.5 Adsorption of TOC '
_ o ,

L SN ¢ . ! . L S ) . '.o
The major fraction of TOC consists of Eumic 8ubstances=

~ [

(malnly fulv1c ac1d) & the compos1t10n of which is: hlghly

&

Q"varlable (Schnltzer and Khan, 1972° Thurman, 1985) The TOC

adsorpt1on test _was meant to measure the extent to Wthh )

_PACs.can adsorb the humic substancesa S . o

¢ j00 L
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L_set of exper1ments. Thhreforeu flocculatlon of part;culatg

‘a

-~

N {

‘matter. and coagulated dzssolved organlcs, as wall as some

'1\

blodeqéadatlon may have occured durlng the 6. days mexing

rd

period, wh1ch will have changed the c0mp051t10n of the wa-

.

ter. Measurement of the TOC content w1th a TOC analyzer, 1s“

based on the assumptlon that all organlc carbon has beem
oxidized when the inorganic carbon. is measured Human error.
is also 1nvolved wlth manual 1nject1ons and 1nstrument cali-

-

bration. The TOC isotherm results f1tted poorly the Freund—

‘lich’ model used to analyze the other exper1menta1 results'

it was thus difficult to.interpret and compare’ them.

¢

:
S : - “

Nonw1thstand1ng the uncerta1nt1es with the TOC iso-

N

therms, it can still be(consygered for discbssion‘purpoSes,

v

that the TOC was representat)ve of the humic substances,

possibly mere-so than™ tannlc acid. Alsof the tannic acid .

1isotherm\par meter K anq the tannin value both follow a simf

ilar gradlng as obta1ned for the TOC adSOrptfon test.vThe'

N }
gradrng is he same when TOC is compafled viit,h thg b gher
i Y ‘. "’ ,' \o L

load1ngs of tannlc ac1d The tannlc aC1d fest.can ¢herefore

> . [ ] V
Untfiltered,. 3*months 0ld river water .was used ih thxs~

5
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1:%'Co;clusions o o
< . . . | . ‘ : :
éompa:ison;of PACs 2 : ‘ .
"“calgon's WPH and WPL ' have eouivaient'agsorptjon‘capaci-
ties fot allﬁcombounds testedQ ! } ¢ -
AquasNuchar (Westvaco) displayed 1ow‘adsorption;ef£i-

ciency for phenol mesityiene'and'TOC“~ ‘ " R

Watercarb (Husky) has ‘an afflnlty for phenol "?f" o '

Darco S -51 and Hydrodarco B (Norit) have low adsorptlon

~

' capacxtles for- phenol mes1tylene and 1od1ne but‘supe;-

- . .-

.1or capac1ty for TOC and tann1c acid.

,
>
- . L - ¢
v ' ) A . N )
) 5

»

.

A J

wComparison of Adsbrption Tests . °

The iodine number test cah give an indication ‘of the

.avallable surface area; for’ the adsorpt1on of 1od1ne. It

o “ A

',does not take 1nto account the effect of concentrat1on,'

on capaclty nor spéc1f1c adsorgtlon mechan1sms,-there-d
,fore it cannot replace~a complete adsorptlon test for
_spec1f1c 1ow molecular we1ght o?gan1c compounds. he
‘grad1ng of the carbons obtained. with thjis test WaquE‘,
peated‘onri witn the mesityléne adsorption tggt-at high
loadings. However 1t d1d genefally conf1rm the trend ob-
served wlth thé phenol and mesltylene tests, that WPH,
.WPL,_Aqua Nuchar’ aneratercarb have better adsorptlon'

»
P\capac1t1es for low moleculaf we1ght compounds than Darco

s

'$-51 and Hydrodarco B, - ' ,' -

A phenol adsorpt1on test cannot be used as the sole

3 : . ' .

v
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basis for the selection oﬁ a* PAC because of the possibi-

l1ty of a spec1f1c interaction of phenol with-‘he carbon

surface. The modified phenol value test can be used to.

show -the affinity of carbpns-for phenol only. A 'test

with a lower initial‘concentrati%p does provide more in-

 formation' on the ®&dsorption behaviour of carbons for .

LN 1 } .
phenol, however, the degree of inaccuracy in the test

1 v

) : I ) '

Comparison of the adsbrption‘ of mesitylene w1th the

, -
. adsorptlon of phenpl revealed the ‘differences in adsorp-
* _
tlon behav1our of PACs’ -w1th respect ' polar1ty

o~

~suspendab111ty and f11terab1l1ty.

Although the test procedure could bé made more flexlble

. in its executlon,‘lt should be 1ntegrated 1nto a tempo—

~

\
" rary PAC selection protocol in order tOjsupplement_the-

Do
W Sy
phengl adsorptzon test. o Pﬂ
I

x;;o a»

On the ba51s o; the 11m1ted TOC adsorpt1on results, the

tannln value test~glves an 1nd1cat1on of the adsorptlon

\ —

capac1ty for TOC and humlc substances. Accprdlng to the

-phenol in river water adsorptaon’?sotherms it can be

‘used to: assess the extent of the" 1mpact of the presence

L3 o

of TOC on the adsor tlon of lower molecular welght orga-*

n1c,s.

*

4',m&sions'wi%h respect to the effect of .particle size dlsj

q -

' tribUtlonion aasorptipn capacity. The particle sizé and

_ }
den51ty of an actlvated carbon w1ll mainl¥y affect its

>

L]
¢ R

¥ . .

&

. \ ’ .
d dldvnot-allow the drawing of ¢onclu-
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.essary to cons1der the followlng elements,

5.2 Testing Protocol oo \ - .

i \ A \ -
#*  The objéEtive of a testing fAd selection protocol for

commercial PACs is to determine yhich PACs possess the most

A - o
appropriate characteristics for the adsorption of the-ma-

2’

-jority of organics of concern in the raw water and to select

the most gost—effectivb PAC. Lo

. .
] 4 .

‘A i) v tor * hY . !)“ » . ‘
I'n order to estahlish thls testing protocol, it is nec-
. .
- the o,ganlc and 1norgan1c compOS1t1on of the raw water,

and the verlab111ty 1n its content. Con

- the knowLe&ge of the organic compounds which should be

- ndsorbed. ‘the taste and‘bdour causing compounds and pos-
sﬁbly the precursors to odorous compopnds. )
- the«condltlons under which PAC must adsorb those orga—

/ nzcs,'partlcularly. the operatlonal parameters and the

presence of compet1ng spec1es. : T

- the select1on of surrogate test1ng compounds whlch can

gqve an indication of the adsorption capac1ty of PAC for
the organics which may cause taste and odour .

- the degree of.inéo:matioh on PAC peffe;ﬁance expecthn
from the test1ng protocol | |
- - the analyt1cal procedures and .time per1od avallable ta
evaluate the PAC samples. . - = . . : «
- the - va11d1ty and usefulness of- the ex1st1ng} standard
| tests and parameters devised to characterlze the PACs.

’

-  the extension of . the testing prqtocol to the




-,establishment of purchasing and quality control criter-
ia.: | .
?

The testing protocol w1ll thus have to ‘pake intofaccount the

current state of ;knovwledge and character1zat10n f the water

N
v,

to be treated, aq‘ an awareness of the multipl 1nteractlon9

of the adsorpthylprocess in a complex vater matrix.

hs;‘t in decreased aesthetlc quallty of
‘the dr1nk1ng water° éhe_stree% runoff, at the first major
~ snow melt, bélngs a high load of alkanes and some aromatics
from the storm sewer dishargesg fhe upstream runoff, which
can occur almost c0ncurrently to the street runoff and also
.later in the,sprxng when the upstream reServo1rs are opened
dlscharges'yater laden with humic substances and some s;m~
pler,carboxylic-acids. Odorous micrdbietic byproducts, such
-as geosmin and MIB, can also be presentsin this type of

runoff, althougﬁ their presence‘hasfnot been confirmed. Dur-

ing each &bisode, PAC is added to the raw wéter~in an at-

\

v y .
tempt to remove some. of . the taste and’ odour causing
PR . ‘ i

- compounds or the precursors to the odorous compounds which
) o M SN

may be formed later in the process. The organic'content of

. the raw water and . the treated water at the peak of_;he 1986 -

spring fhnoff, both urban and upstream, has been partially

analyzed and compounds%&dent1f1ed by GC/MS.* Types of com-

fpounds which may be causing the\joul tastes and odours have

S 108
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been suggested from a cibssi cation of customer complaints.

~

They are: hydrocarbons, ch “uted~Qhenols,.chloramineSoand

~algae or bacter1al metabol1tes,JWalker et al., 1986). Clas-

sifrcation of the odolrs on\ the basis of thelr Probable ori-
gin, biological | (humici‘ 'substances, metabolites),
anthropogenlc (hydrocarbons) -and from dlslnfectlon with oxi-
dants, has been valldated in 1986. ~However,'confirmatlon of
the exact tauses of taste and odour occurrences has not been‘
achleved w;th a suff1c1enr’degree of certa1nty anr1atlons
in the character and 1nten51ty of the odour of boch\the raw
“and drinking water over the sprlng«runoff perzod and from
year to year ‘indicate that. the taste and odour occurrences
are caused by a varled group of compouﬁﬁs and can be the Eé\\
sult of synerglstlc 1nteract1ons. Therefore, con51der1ng the
lack of knowledge of the origin of the taste and odour in
the water, it is not p0551ble to ekaluate PACs ¢n "the ba51s
of their capaC1ty QO’a%sorb the spec1f1c taste and odour‘
causing compounds. - ' | . |
The taste and odour causing coﬁpounds are thought to-be
mainly present at trace levels in afcomplex mixture ‘of orga-
nics;'the major part of ;hfch cdhsists(of nmcromolecules

<

such as humic substances, proteins, polysaccharidef and hy:

—

droph1l1c acids (Thurman, 1985)., Therefore, their adgorption
‘is hlndered by competlng moleculeé which -althéugh they~do

not: neceSSar11y adsorb to the same extentvas the low molecu-

lar weﬂght compounds, can block the access-toxthe adsorpt1on

-

-t
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sites. PAC is 'added concurrently with alum and chlorine
dioxide, thus reducing further ?ts\ adsorption efficiency.:
The extent oOf the compet1t10n due to the background organxcsw

will:vary as the quallty of the raw water changes, and will

affect each compound dlfferently Therefh{e the adsorption
performance of a° PAC for a spec1f1c compound in the river

water ,matriﬁ may vary with the raw water content. Thus, com-

'

paring the adsorption capacity of PACs using the river water

-at the t;me of PAC selectlon may result in a performance

— -

which d;£$ers from the adsorptlon capacity at spring time,

. ¢ C
The mixing time and speed during the coagulation step, -~

] A

as well as the total contacy time of ' the PAC with the orga-

" nics may also influence the extent of -adsorption of particu-

lar'compounds. In a bench-scale testing procedure, baskd on

* .

bottle point adsorption isotherms or jar-test procedures, a

Ha

state of equilibrium is sought by 1ncrea51ng the contact

‘time. ‘However at the plant, under’ the actual condltaons,'

- —

- adsorption of some’compounds with a slower rate of adsorp--

»

‘tion ma'y be limited, even though this is not measured 'in an

isotherm test. Therefore, a bench-scale testing protocod

"

whrich. 51mulates closely the plant conditions may not result

in the selectlon of the ideal PAC because of the variability

-

A

of the water content with time and;the possible effect of

the pracess ,parameters such as mixing speed,‘contact time
. r4 : N . ’
and presence of. added chemicals. . *

A —- ' : 7 ~
-~ - LN
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Since specific taste and‘odour éausing compounds cannot
be used in the testing protq¢olﬂ surrogafe :;mpounds must bé
chosen which ca: proQide an indication of the potential for
adsérption of the, tested PACs. The limitations on any
adsofptiqn tests stemming. from the variability of the river
water\apd the influence of interactions within the water ma-
-~  trix on the adSOrptlgh process, must be takeq into account
as the'surrogate compounds are chosen and their édsorptlon
results analyzed. Selection of the testing compounds can be
baéedhon the svgéesteQ"sources_of tasté and odgur'occur—
rences and on the water analyses of previous years, -but
mainly, respité of adsorption tests ﬁust provide a general
guidance to;ardg the overall potential capacity of a PAC. As
generalizations _cahnot be :eadilf made'.with respect to
adsorption, onli a few characteristics can be derived; main-
ly: indications ‘of its pore size distribution, its Eurface
area .and its surfaée chemistry. In this study, the adsorp-
tlon of iodine, phénol and mesitylene, tannic acid and TOC,
was analyzed. The extremes of molecular 51zes were tested
“thus revea}lng thg‘range of molecular sizes the PACs can ac-

R

commodate fer adsorption. An indication of the surface area

. ‘
for the non—sp%ci{i; adsorption of‘ﬂflow molecdf&r weighﬁ
compound was providéd'bywthe ibdine tesf. A éombarison of

. the phenol and mesitylene adsorption isotherms "allowed a

,digferentiation.qf the PACs based on-their'interaction; with
ionic species. However, an g&ﬁehéion of thé-results to pre-

. * ( . .
dict the adsorption behaviour for other compounds was not
>0

. . [

[
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made, other than to say that carbons can be categorized on
the basis of their cagz;f%y to adsorh low molecular weight
or high'molecular weight compounds apd that trgﬁhs vere de-
tected which may be thought to apply to other compounds: An,
example of this last statement would be the PAC AQua Nuchqr.
which repég?ealy indicated low efficiency as the equilibriug
concentration decreased. Therefore, unless the testing pro-

tocol is based on-the specific adsorption of the compounds

to be removed, it can only give information on the physical

‘characteristics of the activated carbons.

't is clear that more tests can be dévised to examine
£he adsorption of mor%)gpmpounds, thus- confirming. or impro-
ving the evaluation 6f a PAC. The formulation of additional
tests is however governed by analytical proéedures reguired

. to generate the results. For ekgmpie, in this.study, the me-
:xs{tylene adsorption isotherm e#perimen&s were run. to compare
the PACs and to verify the results obtained by the.phenol
and iodine. test. The test was devised weighiné simplicity of
procedure and quickhess of analysis against quality and va-
iidity of the results. It would seem more appropriate to
tesé'the,PACs for the adsorption of mesitylene at the con-
ceniggtion level at which it is found in the vater, sihce
extrapolation- of isothgrm ?ata“is not'i‘récommendedvproce-
dure. Howeveér, since the,éxact'adsbrption behaviour will not
be reﬁ;oduced in a bdttle-poini”ex eriment, ang coiceqtra-

-~

tion procedures are time-consu ntroduce additional
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"rp»f'sources of error, a hlgher concentratlon level was prefer-

rable. Also, measures had to be taken to 11m1t the losses by

“ I B

;have requ;red spec1al apparatus where the solutlon 1s never

'ble 1n small laboratorles.‘The chosen compound ‘must- also be

relat1vely' soluble 1n water at the concentratlons testeds

The batch solutlon of mesztyleﬁe, whlch has a solublllty of'

.‘approxlmately 20 mg/L in’ water, had to be prepared from a
L .. : D‘o

stock solutlon 1n methanol The resultlng methanol content."

Sy

kr,talned by the phenol and, 1od}ne tests, it/cah st1ll be im-

proved More compounds: should be con51dered Whlch can eitheg

K}

'replace me51ty1eneror supplement-the adsorptlon:test.

«

“ﬁé R

¥ g T S, ’
( -The tests included,ln the AWWA Standard for PAC and thek”

vtests performed by carbon manufacturers to character1ze

5

therr products, must not be dlsmxssed as useless because

L4 i “Pr

';they do not test for spec1f1c compounds found in the water

nto be treated Untll the express purpose of PAC addltlon st

deflned standard tests wlll be.used Thelr usefulnegs re—:‘

3

.md "51des ‘in thelr 51mple analytlcal procedures whlch is: 1mpor-5

fztant when a large number of samples must be tested in 'a'

“short testlng t1me. However 1nherent to their 51mp11c1ty,f

Lo

volat1lxzatlon of me51ty1ene A more volatlle compound wouldr~

@contacted w1th the atmosphere. Such apparatus is not avalla—'

of the solutlon was 1% by volume, a COncentrétlon wh1ch mayj
have hlndered the adsorptlon of me51tylene. Although the
test procedure for the adsorptlon of me51tylene resulted in

satlsfactory 1sotherms wh1ch conflrmed the general trend Obfl.
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are assumpt1ons whlch must b;»wéighed in the analysis of . the

;esults. For example, the adsorpt}on of iod1ne 1s based qn a

5‘ﬁ,constant 1sotherm ‘slope for all carbons tested The extent

w

"to wh1ch thls assumed slope differs from the actual ‘slope

governs t%e error 1n the test. Also, the tests are performed_

under SpeCIflc cond1t1ons which do not COrrespond to the

condltlons at a ‘water treatment plant: emperature, "pH,

: ® O S . . .
presence of competing species, degree of ‘mixing ‘and contact

" time can differ significantly. Nonetheless,iperformang the .

standard tests ‘to evaluate'PACs will reveal majot trends

suah as. the capac1ty of a group of carbons for the adsorp-f

tlon of humic substa - es or more polar low. molecular welgpt
l compounds. In otuer e;rds,.sﬁandaid\test criteria allow the

purcﬁasér to'distinguish categoriles of carbons, to screen

"K'out PACs whlch may not have the capabllltles requ1red andy

reta1n a shorter llSt of PACs wh1ch can’ be reduced further

on the basis of c05t. Moreover, as the standard tests are -

’ro&{fnely performed by the manufacturer, they are easily: 1n-r

cluded in purchase spec1f1catlons of bidding ‘documents and

1n purchase contracts as cr1terla for quallty control

Yoo
In summary, with the limited knowledge of ,the raw water

-C%Pp051tlon and of the compounds whlcw\j;:se the “taste ‘and

¢
odour in the treated water, a testing otocol whlch in-

/cludes the adsorptlon of spec1f1c problem causing compounds'
_cannot be dev1sed.~Furthermore, the adsorption tests using

surrogate compounds‘,can only provide 1nd1cat;9ns.,o£. the

I A \ ) . . ' R

A
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general adsorptlon capac1ty of carbqns rather than predlct
'the actual. adsorptmn behav1our in the r1ver water m;:rlx.
1f the expectatzbns from the testlng protocol are thus re-
'v1sed the usefulness of the standard tests axgd other ‘simple™
adsorptlon tests more easa.ly acknowledged Therefore, at
kthe present "tlme, a testlng protocol wh1ch Stlll makes - use,
bof the standard tests devised for this purpose . is c0n31dered

approprlate because no su_ff1c1ent1y determinative replace-

ment can be devised with the information available.

3



. K 6 GENERAL PROCEDUREIFOR PAC SELECTLON
Until PACS can be tested for the spec1f1c compounds'wh1ch

)
are known £o be present in the raw water\and cau51ng taste .

and odour 1n the drlnklng water, surrogate compounds md%t be
~used in. the test1ng protocol The AWWA Standard for PAC has
frecommended the 1od1ne number test and the modgfled phenol
~value test to assess the quallty of PACs for water treat‘
ment, partlcularly taste and odour control Although it is
known that these tests do not prOV1de a complete evalhatlon

of PACs, and thEII llmltatlons have been describad, the1r

fusefulness has also been shown From the &dsorptlon tests_

performed in.this study, the add1t1on of tannic acid and me-
sitylene adsorption testsgto the AWWA testing protocol can
'provlde'supplementary information on the;adsorpgionrbehav-
‘iour of PACs..In fact, more surrogate compounds.could be
-chosen to further complete the evaluatlon of a PAC. However,
it must not be forgotten that an absolute assessment of the
performance of‘aa PAC cannot be obtalned from bench-scale
adsorptlon tests andvthat.there is limited time to evaluate
" the samples provided in tenders. x : . 2
fﬁib . The criteria chosen - to screenvPAC samples,lOr to be
7 prowided as minimum requirements in the bidding documents,
should be based on the type oﬁ.organios expected to cause
the taste and odour problem. The minimum valués suggested»in

" the AWWA Standard are based on the general assumptlon that a’

PAC . whlch can adsorb 1od1ne and phenol well is preferable,

— —
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since it is geneé?lly thought that.tagte and odour causing
&ompounds are low. molecular welght ‘compounds preéent at'
trace level in the water. On this ba51s, the adsorpt1onﬁof_

tannic acid is t as important and should not.be used-as a

screenihg. craterla. A PAC whlch has a good tann1n value does |

.not usually suggest good capacity for lower molecular welght

&

'compounds. Therefore, the minimurm values suggested by AWWA

are recommended for screening.ﬁ

In the course of the tenders eualuaé%on, the carbon

-

samples whlch meet the m1n1mum requ1rements should be ‘tested

®

for their 1od1ne number and for ‘their q?pac1ty to adsorb

phenol 'me51tylene and tannic ac1d The‘analy51s of the re-.

sults should be based on the complete 1sotherm obtamned '
rather than on a 51ngle p01nt estimate such as the suggested:

modified phenol val . oo tannin value. In,addltlon to being

&

a ‘better representation of the adsorption capacity, it per-

»

& . . C e T ’
mits a verification of the quality of the results amd'of the’

rahge of'dosages used. To,select ‘a PAC with a higher poten-

~ L

,,txal for. adsorpt1on of low molecular welght compoynds, the

1od1ne number should exceed 600 mg/g The carbon wh1ch shows '

'good adsorptxon capac1ty for both phenol and mes1tylene, and ¢

‘whlchodoes not adsorb tannic ac;d well should be consldered.

In general, PACs which display steepiisothermpslopes, thus

indicating low -adsorption efficiency with respéct to‘dosage,‘

a

should be avoided ‘If more _than one.PhC is adequate, the

fingl selectlon should be made on - .the basis of cost

, . . SN



i . . . - . . LN,
" N ‘. - . . X ’ . N
. .

A ’

l ; - \
In the advent th

capackty for TOC “(or UV absorbance) is considered more ap-

propriate, for example, if the upstrean\ cunoff, br1ng1ng

‘high loads of colour and huml. substances which could ‘be

ered.more troublesome, then the taanC<ac1d test. should’ be

giVen more weight in the analysis. In fact, if PAC is added

for e sole’ purpose of adsorbing TOC,‘then the PAC with the

con51deratlon of the other test resultg”éelectlon of a PAC
‘with giod adsorptlon capaclty for tann1c acid would virtual-

“Iy exclude PACs w1th high capac1t1es for phenol iodine and

- PKC Whlch has a hxgher adsorptzon

. partlally handled by actlvated carbon adsorpt1on, is consid-

hlghest capac1ty for tannlc acid should be sglected without °

me51tylene, accordlng 'to the trends observed #n this study. °

.

verlfylng the cdnsistency of batches and thereﬁore be based

on' the partlgle size distribution, the’ den51ty and iodine

number only. However, monitoring the_performance"ofrthe PAC

-during'treatment<based on the reductiqn1in odour ﬁs impor-

tant/;o ensure that an approprlate PAC was chosen and to

help in future ad]ustments to the seLectlon protocol

-

Qual1ty control of the PAC purchased should be aimed at’

v

1 4

\‘ o L ’ N -1i5‘.
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" 7. SUMMARY AND CONCLUSIONS: =
‘A review of the l1terature on the adsorption of orggnics 1n

water on activated carbon - has shown ‘that the adsorption rate

v

and capac1ty dEpends on the 1nternal surface area the pore

6 °

“91ze distribution,. the particle size and the presence of.

Ll
oxygen containing functional groups. on the,sur?%cé of the

Y

carbon. The properties and characterlstlcs of the 1nd1v1dual

~

compounds such as their 'solubility, polarity, molecular size,

N >

and . degree of .ionization, although significant cin

AY

' singlp-solute adsorption systems, are only of relativs im- -

' portance when dealing with a complex matrix such as river

v
,

watﬁr The competition effect from the’ large number, of ° com-

popnds present 1n the water as well as from thé chemicals

a

added for water treatment suéh as coagulants and. oxidants,
? v

-will affect the adsorption behav1our of selected“compounds.

\
polar activated carbons and ionic species.

]

. Powdered activatedfcarbon has been applied_at a . large

number of'iater treathent plants in an attempt to control
taste and pdour occurrences, due to biological and man- nade
causes, as well as to reduce colour and the THM formatlon
potential. The variations in performance froq one plant ‘to

another depend on the type of organics to\¢e adsorbed on

- the water matrix and on the type of PAC used. .

ST

Alsoyithe water pH will. infl ence the interaction: between

-
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-‘PACs foﬁ“Water treatd@nt have been devised from the tests on

>

»

decolouraz1ng carbons /in the sugat 1ndus}ry. The: i d1ne num—

ber test “the’ mod1f1ed phenol value ‘test and the thneshold

odour gest are the most common. However, their approprlate-‘

ness fo: the assessmed} of PACs for taste and odour control

has long been ‘a subject of dlscussiOW\ o )

v

-

S To determing{an appropriate'seleetion criteria, eleven'
@ ’ S
PAC samples jere tested for their pacticle .size distribu--

§
t10n,»the1r 1od1ne nUmber and their adsorptlon capac1ty for

tannAC\ac1d Of those,051x samples were selected and tested
| ' ‘a

- further for their adsorption capac1ty for phenol me51ty1ene
and TOC, 1h an attempt to verlfy if standard tests can re-

.placé full fledged adsorptlon 1sotherm tests with chosen

'S

surrogate oompoundsabnder more valid cond1t1qns.’The results
19 a

¢

of the testing can begsummarlzed=as follows:: »
- The PACs tested can  be broadly c1a551f1ed into two

groups: thg-PACs whlczﬂgpn adsorh hlgh molecular‘we1ght

compounds, as measured by TOQ and tannic acid; and the L

PACs which adsorb better«the lowér molecular welght com-y

pounds such .as phenol me51tylene and 1od1ne.-

- 7Based on the phenol adecrption test, the grad1ng of the *

"PACs dqld nog'chaig\e v e, ritial. concentratlon in the
adsorptionﬁ test reduced From 200 mg/L to 10 mg/L
' 4 o .
‘. o L
phenol . : L

Thé standard . tests which currently serve vo'evaluate,

- .The gradxng of the PaCs : .1 not.“change as. rivkr wvater

'/,

[

g
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" was used as the background matrix rather than deionized

,‘water‘ in the phenol adsorption tests.
- The béckgfound organics reduced the adSqrptioh capacity

for phenol. This negative effect was compénsatéd by
. : ) L ] 3

higher PAC dosages. _ A .
- ., The PACs which have a higher adsorpti°?;Capacifx“for

tannic acid and TOC were more negatively affected‘by the
. ) ] - . .
pnesence of river water, when measuring phenol adsorp-

’ ' . / ‘. v

tion. ) ) 0/ . : ' /v'.
- A comparison of the mesitylene adsorption isotherms and

the phenol adsorption isotherms showed that the PAC Wa-
. s .,' . \
s tercarb may have a particular affinity for phenol, .due

L

. to its surface chemistry.

-  The meéipy%éne adsorpfion fes£ results. demonstrated the

éignifiéant supe;iorityﬂbf tbe PAQs WPH and WPL4 '
- ,The‘standaéd ‘tannin valué“test‘and the TOC ;dSOrption"f
! ~ test yielded similar gradingé“of;gﬁc performance.

.
-
-

'From an analysis of the results, the following conc¥u-

'. . : . . L0 i
jlans'were>drawn; C . . .
If a PAC with a large fraction of micropores is re-

‘quired, 'the iodine number test should be=u5qd,to screen

N ~- v . .
out the PACs which do not have a large»integnal‘sprﬂace

b
L
area, , o

- eince the phenol adsorption.tests'at 1ower?{nitia1 con-

‘ B "centratigp,yielded similar gradings of PACS as obtaih;d
;? with the modified:phenol value test,.the latter should
- ’ 1
o ) - ¢ . . .-

a o &

y . oo - L *
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- . be used to evaluate PACS with reSbect'to their adaorp— ~ .

' >

~tion capacity for phenol. .

A, PAC chosen to adsorb preferentially lbw moldcular

weioht compounds s%ouid no;\display a }ﬁgh capacity fdrf“

tannic ‘acid or TOC.

\

- The evaluat1on of PACs cannot be- based on the adsorpt1on
capac1ty for -one compound only The phenol adsorpt1on
test alone or in cdmblnatmn w1th th%-lodme number test
is insufficient to select Jn appropriate PAC.” A ser1es

~of adsorption tests covering a wider range of Compounda

can better display the adsorption trgnds and chafacter—,
. ; =T ;

ize the PACs. However, the selettion of these compounds

4r' ¥ -

should not only befbased'%n their validity @s surrogate

4 . h g Y M N . ) N
s ¢ompounds, but also on the analytical procedures availa-
1Y . ’ N )

ble to quantify them. e

F]

- ' The mesitylene adsorption test can supplement the "stand- -

ard, tests by providisg additional information on .the

/

adsgrption'of a non-pplar aromatic hydrocarbon..

- A testing protocol-whicﬁfmakes use of/the AWWA stgndard
‘ S : !
- tests, supple?ented>by the mesitylene adsorption test is
¥
srecommendéd ‘f(the Lause ofkthe taste and odour epi-,

sodes tms not been determlned as 1is the case at the'”
):.
Edmontg’ Water Treatment Plants.

F) i
- The evaluataon of the éACs §hould be done on the bas1s

’

\ of "the complete adsorption isotherms. rathed ‘than one
- ‘" A Te—

.polnt est1mates shch as the tannln (value Of the modified
phenolivalue. . }. _ Y .', '

«
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The testing protocol, as performed in this study can be

»

further improved 'In~the'modified phenol value test;‘the ad-

/
d1tlon of a buffer solutlon which brlngs the' pH more clOSely
to the requ1red test pH wodﬁd e11m1nate the need for a 1arqe

‘Volume of concentrated ac1d.-In_the mes{tylene‘adsorpt1on

-
’i

. ' : E \
" i . » » ‘ B » . ’ .
such’a manner as to minimize the contact with the latmosphere
. B |

and consequent losses by volatilization. A teflon” lid,

floating/on the surface of the solution as it ‘is mixed and

pumped out to flll bottles, could be. added to j? appropri-

at&ly cut carboy. v
A e
Finally, the selection of a PAC would"begﬁuooeeéfully
completed w1th a mon1tor1ng program to eva%uate its perfor-
mance durigg treatment of low quallty raw waterf with res-
pedt  to the reduction in odour,_ volatile organics,

extractable hydrocerbons, UV absotbance or TOC. Confirmation

that' an appropriate PAC was chaseén would then be achieved.:

E ' ‘ ’ ) /

S \

test, the test solution could be prepared and contained in

L 0 f K - 155 e
o o ' “
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8. RECOMMENDATIONS FOR FURTHER RESEARCH
The. characterization and quantifiqagibn oﬁ‘;he~organic
content oﬁ»thetraw watér and the treated water must be
compieted; The major’;auses'of the taste and Qddur oc--
) currenceé'must be deferminéd to a greater extent in or-
der to define moré preciSer the compounds which the PAC
is applied to_removb. - o ' |
ﬁhen tﬁg organics‘dausing the taste and odou}.fn'thé raw
wéter have been identified, a specfgic adsorption test
using this or these compéumdg ‘should be devis\é} using
the raw water as tﬁe backgroundvmatrix. _ ’
The effect of the presence of alum and chloripe dioxide
at’ the PAt contact point shoﬁld be ihwvestigated. Alter-
hative éequences of treatment prdcessesﬁshould be con-
sidered if it is found that PAC\dan improve the taste

. T an i
and odour control performance significantly.

- 1

The effeét of solute concentration on the adsorption ca-
‘paqity, at the PAC désage; used, could be further as-
séssed, to determine if»‘differeﬁces between PACs
observed at mg/L concentration levels exist also .at ﬁge
.ug/L and ng/L’}evels. |
‘The appropriate PAC dosages. should be deté;mined Ey
monitoring the threshold “ddour number during taste and
odour occurrences. The maximal S;actiéai. dosage which

‘can be applied without serious reduction in filter per-

formance, should .be evaluated for -the PAC currently

-
4

‘ 121 o |

used.
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son of their performances could be done.

‘—j” ) .‘ ’ 122
e <4 ' .

. ] .
Improvements to the contacting method could also be In-

/ e e . . )
vestigated and the possibility of increasing the contact

. ’ . -
time by adding the PAC ahead of the rapid mixing. At the
& .

Rossdale Water Treatmeht Planf, since PAC is added at

difterent points for the plants #1, 2 and 3, a compari4
]

\

Since two types of spring runoff are distinguished’ in

Edmonton, it may be appropriate to try two different
PACs\with-characteristics more favourabie to the- adsorp-
tion of the type of organicé present at ‘each epigole.
This would only be justified after'a-complete‘chara-
Eﬁfzigffion of the water has confi?mgd the origin of the
taste and ‘odour problems. It may be desirable to add PAC
,to assi;t thg‘coagulation-flocculation process in the
removal of the humic substances present in ghe upstream

rupoff.
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APPENDIX 3, Calibrrt’if;l Curves

Tannic acid calibration curve (UV.spectréphotometejgyz

N \
“PHenol calibration curve (UV speé¢trophotometer)

Mesitylene calibration curve (GC-FID)

Phenol cdlibration curve(GC-FID)
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A.4 VERI#‘ICATION QF THE MESITYLENE ADSORPTION TEST PRéCEﬁDURE

The test for the -adsorption of 1,3,5 trimethylbenzene
(mesigylehe) had to take into atgount the relatively high
vblaéility’and low solubility qf the compound.»ln order ﬁo
check 1if any losses occurred during the ﬁixing of the ini-
tiai solﬁtion, the bottle fill-up, the_hixiné in theltﬁm-
bler,.ﬁhé carbon remsval'procedure or during any transfer .
step,iblank-runs of each.iSo}ated steps were performed. Ini-
tially, both meSitylene and ﬁ-x?lene wére checked because it

was not yet determlnedowhlchicompound would be used to test

e [
the carbons; p-x jene. is mor'e soluble in water although also

more volatile than me51tylene.

A.4.1 Determinatidn of losses during mixing in the rota'ry‘~

tumbler

Stock!solutions of‘mesiﬁylene and p-xylene (1000 mg/L)
were prepafed in distilled metﬁanoi Eighteen bottles vere
fillgé with 1 L deionized water. Nine bottles were splked
w;th 10 mL stock mesitylené‘ solution and 51m11ar1y- nine

0bottles were_spi&ed_with 10 mL stock p-xylene solution. Each
bottle was sealed with Teflon tape_arouﬁd the cabé and mixed
bf hand. Eight bottles of each éompound were placed iﬁ the
mixer, whlle the concentration ‘of the ninth was measy;ed im-

#pdiately by QC FID, to determine the initial concentratlon...

A two-point calibration was completed beforehand. The

v .
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#

¢concentration of the bottles pzaced in the mixér was mea-

sured at two- days 1ntervals, two bottles of each compound
removed each time. Daily, the GC was rapidly recalgbrated.
Variations in concentration were observed due to the rapid

calibration performed However, no decreasing trend was de-

‘tected (see Table A.4. 1)’ o //} | -

A.4.2 Determinatioh of IossesAduring bottle £ill-up -

. &
N

*A 20 nglass“carboy was filled with approximately 15
litres of deioniteq water spiked with'iSO mL 1000‘mg/Lkstock
‘solution of p-xylene. The carboy was closed to:the atmos;
phere uith a rubber stopper.»fte solution yas‘then pumpedxf
into 1 L botties; Three 1 L samples were taken every four
littes aud their contentratiou analyied by'GC-FID (Exp.I)
This experlment was then repeated with the stopper t1lted so‘
to maintain atmospherlc pressure. If the container is kept'
‘closed, a vacyum is createo as  the solutioniis pumped out,
which can modify the gas-liquid eguilibrium of the sdlution.
A larger magnetic stirrer was also USed to improve the mix-
‘ing (Exp 2) The results of these two exper1ments indicate
that the modlflcatlons brought - about 1mproved the consisten-
cy.oftthe measured concentrations (see}&able A.4.2). Me51ty~
'lene waS»then tested as with EXxp.2, but with a mixing time
of 45 minutes to ensure that homogeneity of the solutlon was
achieved @'ﬁe results show a 2% relative standard dev1atxonr

between the concentrat1ons_of the samples.,Thls error would
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be picked-yp in the isotherm experiment with- the three

blanks t n at interval during bottle fill-up. '

S o \

A.4.3 Determination of losses during filtration

<

Tbé initial procedurelinciuded filtrat}on as a means to
remove the carbon particles from the water. In'this experi- .
ment, to verify if lqss:; were 1n£ﬁfred dur1ng flltratxon,
six bottlés were'fillea with 1 L water then spiked with 10
mL 1000 mg/L p-xylene. The bottles were inverted .by hand 20 ..
’tlmes. One: bottle was analyzed by GC-FID 1n duplicate to de-
‘termlne the initial concentration. The otper,bottles were
f1ltered through glass fiber f11ter (Whatman 934 AH) and a
15 mLﬂtlltrate sample collected. ‘To determine if the fiiter
media adsorbed some of the solute, f{ve 'volumes of filtrate,
were discarded: 0 mL, %O mL, 100 th 200 mL and 500 mL.

aQ
These volumes were roughly measured with a graduated beaker.

The results of this exper}ment with p*xylene an6 with mesi-
tflene are compiléd in Téble A.4.3. For each ¢ompound, no
ﬁrend vas detected. However, concentration#k 6f mesi;ylene'
were‘Signifiéantly lover tﬁan for p-xylene. Althbugh a 100
mL discard volume resulted in the lowqét‘iosses, it was ar-
gued tﬁat,lqsses by volatilization of tﬂé compounds could:
not bezgontrolleq when filtfation was perfofmed, since they

were a function of the,duration of exposure to the atmos-

phere.
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Table:A,4.é Losses during bottle fill-up
Sémple | Concentration Std. dev.
~ ‘ / (mg/L) L (%)
‘Exp.1 p-xylene 7.6 ' \J
. ‘ 6.1 12
7.6
Exp.2-p-xylene 8.9 o
: | 8.6 2.8.
8.9 ‘
9.2
v . .‘2
“mesitylene 9.8
' 9.6 2.1
10.0,
Table A.4.3 Losses during filtration
. ?
S ‘ Filtrate Concentration " Loss
Sample discarded (mg/L) (%)
. , + (ml) : ' ‘
'p-xyiene blank _3 | 6.6
p-xylene ‘ 0 | 6.3 4.5
‘ : ' 50 - 5.8 12
100 : 6.4 3.1
200 - ' 6.1 7.6
500 5.5 17
mesitylene blank 9.2
e o : . . & .
‘mesitylene 0 6.9 25
s 50 6.9 25
100 7.5 19
200 ‘ 6.9 - - 25
500 6.6 , 28

S



A, 4.4 Determination of losses durlng centrifugation

X

.

| 3
“ -

As an alternative to filtratio?, centrifugation of the

mixture to remove the carbon par!:lc-les,' was investigated.

" The 1osses 1ncurred durlng the centrlfugatzon step ‘were mea-

sured- One lltre samples‘b& 10 mg/h mesitylene were prepared

from a 12 L batch of de1on1zed water sp1ked with mes1ty1ene.
The initial concentration (area count) of each bottle was
datermined by GC-FID. 50 mL centrifuga tubes were then:
filied with the samples, until they ove;flo:; to minimize

, e ‘ . \
headspace. The screw cap tubes were centrifuged for 20

minutes and then rapidlypanalyzed to determine the residual

concentraticn. The results are shown in Table A.4.4. Ini-

tialli} the ~oncentration in the tube prior tQ'centrifuga-

tion was measu;éd to check es occured by pouring the

J
solution in the tubes (samples

nd. 2). However, togsimul—
ate more closely the actual procedure, a‘recpvery check was
performed by measuring anly the concentration after centri-
fugation (samples 3 to 8) Recoveries rangéd from 83. 1% to

99.7%, compared with 72 to 80% with the filtration proceﬂ

_dyre. | ‘ t‘“// | “
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APPENDIX 5. Raw Data
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" % _ particle fize analysis o

; »
- ., lodine number test

R I
Tannic acid initial isotherms:

- Tannic acid rebeaﬁziSOtherms .

-  Modified bhenol value isotherms

- * Phenol in aeionizeé water isotherms

- Phenol in river water isptherméﬁ. \
- Mesitylene isotherms

. - TOC isotherms \\
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Tablq A.5.3 Tannié:écid initial {sqtherms

PAC" -+ - . " Dosage’ ; . Residual conc.

(mg/L) . mg/L) A’N%\

Aqua Nuchar . 0 ' - 19.9 Lo
: . : 50. 1 ' 14,9 ‘

100 . 10.6 ¥y

200 A . . 4,48 : L3

© 300 0 : 1.70 e

401 | - 0.79 ' : o

Agua Pac . o -0 ‘ , 20.0 *

- * 50.1 - ' . 18.8 : R

b 100 - .o 17.8. ‘ I
201 15,8 -
300 C 14,7 o
400 , : 11.8 L

WPH R 0 - . 20.0
5 A | 50.0 | 17.3
o . ' : 101 . © 14.5
S AR 200 - ‘ 9.56
. 301 © 6.16
400 , 3.37

WPL o 0 - T 20.2

K ~ 50.0 | ‘ . 17.5
101 - 15.0 .
200 o _ 10.1
301 Co 7017
401 , . 3.55 -

Watercarb - b - o - 19.5 =
R ) 53.3 . - . - 18.1- S SR
— "s 0‘10‘3 7 . 16.9 : ©
.o 071200 L 14.3
s 302 - . 12,0
400 -, .- . . Y 9.75

. .a‘.

Watercarb Plis, . D o 2t
A .\‘ ‘ v , - o 50 8 . . ‘ 19.4
R’ Ul R //”—\101 B CO17.T -
g W S 202 o 14,5
7 S . 301 . o 11.86
o - - e 8. 89_

Q
o
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Table A.5.3 Tannic acid initial isotherms, continued

PAC. . Dosages - Residual conc.-
‘ (mg/L) : ' (mg/L)
" Darco S-51 . : 0 x 20.2
s 50.5 o 14.7
100 10.2
201 . 3.69
300 . ' - " 1.26
401 - ~0.64
Hydrodarco B = - 0 ' : 20.2
: 50.0 \ © 14,2
. 101 9.06
! 200 - 3.42
301 1.90
400 | , ' 1.67
Norit 'W-20 ‘ 0 . 20.1 L
: 50.1 h 18.9 %
100 : : 16.9 =~ -.
201 . 13.7
300 - 10.2
- 401 » . 7.56
WTC 0 - 20.0
: ' 50.2 ‘ , o 19.1
101 .7, ‘ 17.5
201 . : 15.3
3005 Lo - 13.0
iy 1
PAC 20B R ¢ | 20.1
- *'50.5 . e 19.6
101 Y 18.4
201 - 16.5
300 . : 14,2
401 . , 12.1



R AT TR A W TR L P D e TV T T O LY R TR T D R S R T R T e T T AT A A S B T T R L R

Table A.5.4 Tannic acid repeat isotherms
,1“?,
L i r——
PAC Dosages . Régjdudl conc,
' (mg/L) o My (mEAL)
Aqua Pac 0 190 ~}i ;
250 5148 L S
501 29,63 '
750 5,86
. 1000 . 3.45
1500 1.58
WPH 0 .19.6
2101 14,5
201 9.70
= 299 6.21
| 401 3.57
501 2.24
WPL 0 19.3
- 100 14.5
201 9.68
300 5.96
400 3.30
501 1,97
_Watercarb 0 20.0
2517 14.6
501 8.35 -
750 4.21
- 1000 ~1.90
1500 0.76
Watercarb Plus. 0 20.2
‘ ' 100 17.3
201 14.4
350 9.78
500 7.04
750 2.34
Norit W-20 0 19.6
100 16.4
251 . 11.3
500 5.05
R T 2.24
) "1000 1.63
- ’ “'Ox”,“ij

£5 _q
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Table A.5.4 Tannic acid repeat isotherms, continued
‘ ‘ ‘ . ' Xr'.)

/

PAC . . Dosages - Residual conc.
(mg/L) (mg/L)

WTC: ' 0o 19.6
‘ 250 13.8
500 : . 9.26
753 1 : 4.98
1000 . 2.93
1250 . 1.92
PAC 20B 0 . 19,8
o : 102 = . 18.2
250 ) . "14.7'~ 3]
500 ' 9.46
752 . 5.84
1000 o ' 4,16
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Table A.5.5 Modified phenol value isotherms

189

PAC Dosages Residual conc.
' ~ (g/L) (mg/L) -

WPH - ' 0 200
' 1.53 43.3

2.00 23.5

2.56. 10.3

2.98 6.08

3.50 3.01

WPL: - : 0 200
o : 1.54 . 42,3
1.98° 22.2

2.51 10.0

3.05 4,71

- 3.56 3.01

.Aqua Nuchar .0 200
‘ . 1.60 69.8

2.02 . 48.8

2.51 - 32.6

3.00 21.9

3.45 15.4

" Watercarb ' 0 200

) ©1.50 45.4° -

2.08 16.1

2.56 7.20
3.00 4,25

3.51 2.56

Hydrodarco B 0 - 200
L _ . 1.48 112

2.09 77.1

2.49 59.7
3.02 41,2

3.49 29.9

Darco S-51 - - .0 . 200
' = g 1.48 - 89.5
2.09 57.7

: 2.50 418

2.96 27.5

3.49 17.8




Table A.5.6 Phenol in deionized water isothgrms

EJ

160

PAC

3

?

@97

Dosages Residual conc.
(mg/L)" (mg/L)
WPH | 0 - 8.5, .
’ 25.0 | © 6.7
51.8 ‘ 4.8
76.2 3.5
101 - 2.3
150 - 1.1,
202 o 0.28:
, 501 , ND
WPL 0 8.7
25.0 5.7
50.0 , 4.7
77. 5 : : - 3.2
102 . . : 2.2
152 0.77
201 ’ : 0.13 )
502 .. , ND !
AQua Nuchar 0 9.0
- 24.4 6.9
52.5 : - 5.9
, 80.6 5.0
. 101 * , 4.1
149 2.9
205 : , 2.0
501 - . ND
Watercarb 0 ‘ 7.4
‘ 25.6 , . 5.5
53. 140 3.9
g0. &%, 2.2
100 : 1.8
149 : ' 0.27
208 . ~ ND
- 504 S ' ND
M{u
'ND: Not detected g@{&
AL
gw.
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Table A.5.6 Phenol in deionized water isoéhefms, cbntﬁnued.

PAC - ~ Dosages Re'sidual conc.
- (mg/L) , ‘ (mg/L)
Hydrodarco B. - 0 8.2
\ 24.4 7.1 ;
’ J . 52,5 5.9
' 78.4 5.1
106 4.4
151 2.9
200 2.0
504 ND
* Darco S-51 : 0 . 7.5 75
r 30.0 6.3
, 50.6 5.3
. 75.6 4.8
¥ . 102 3.8
" 145 2.5
217 1.3
497 ND

N
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Table A.5.7 Phenol in river water isotherms

wi
7

PAC Dosages ‘. Residual conc.
(mg/1) @ (mg/L)
WPH : ; 0- 5.5
25.0 6.1
52.5 4.0
75.0 . 2.5
101 .0.94
149 - 0.37
222 ND
504 L ND
WPL 0 7.1
25.6 . 5a0
53.7 : : 4.2
77.5 \ 2.0
100 1.2 .
- 153 . 0.24
201 0.13
505 ' ND
Aqua Nuchar 0 , 5.9
: 26.9 © 6.8
48.7 4.9
81.2 3.7
108 2.7
151 NM
202 0.95
496 70,31
Watercarb ‘ ' 0 . 6.8
' ' 25.6 o 5.5
49.4 3.2
75.0 - L2.4
. 100 0.96
154 T . ND
208 : 0.09
502 ‘ ND

ND: not detected ) _
NM: not measured; overflow during fill-up



r/—‘w

- 163

Table A.5.7 Phenol in river water isotherms, continued

g N
PAC ‘ Dosages Residual conc.
. (mg/L) (mg/L)
Hydrodarco B. - 0  ? 7.6
' 26.2 . 7.9
’ 58.1 7.1
s [ . s 8006 6.2
> . 158 3.5 P
201. 2.7
501 0.42
j \
Darcé S-51 . Q 7.2
S 28,1 7.3
52.5 6.3
86.9 4.6
106 4.8
) 161 2.7
¢ ! 207 \. 1.7
\ ‘ 507 0.16
& — :
g, //
//
! -
{ ¢
R | ¢



PAC fDosagé&_ 'y Res1dual conc.

~(mg/L) ™A 0 - (mg/L)

WPH | 0

WPL | 0

‘
A}

5
1'»

4

9

7

9 .
2.

8

0

95

Aqua Nuchar | 0

)

T

w
CpoNnvWwWE o ~J o

ND: not detected ' ’ -
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Tgble A.5.8 Mesitylene

wy

isotherms, continued

165

4
‘.'w‘ Jl ” . " ¢
PAC ) Doéages Residual conc.
(mg/L) (mg/L)
Watercarb . 0 ~ 9.6
- . v L4 ) 5..17 9-0
9,77 7.3
”15.0 6.1
19.9 5.6
B ) 2502 ° 5‘.91»
* 29.9 4.9
’ 40.3 3.9 .
‘ 50.1 . 3.0
75.0 1.3
Hydrodarco B . 0 7.6
4.70 6:6
10.3 6.2
! 15.6 5.3
20.4 . 4.7 ‘
25.2 . 4.3 o
30.0 3.9
“ 39.9 2.9
50.2 .2.2
5 ‘ 75.2 - 1.2
“ v . . . or ] :
, Darco s-51 | 0 . 8.2
. : , “ 5.08 7.6
1 10. 1 ¢ 6.7
< 15.1 5.8
20.2 ' 5.2
° L] E 4.8
' 00 w7 4.4
: 40.7 3.1
\ ” 502 2.5 ®
' 75.2 0.96
% ‘\ 3’
4 «

C>
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Table A.5.9

- S

-

e

TOC isotherms

$

Dosages - . Residual conc.

; ’;/ﬁ'(mg/L) S (mg/L)

»

WPL

o s .A'qu‘a’ N{.}gh'ax: o

0

1%1 
25,2

34.9

- 50,0
74.9

*100

250
© 500
11000

0

35,0
49.9
- 74.9

- 250
500

15.0

25.0

35,1
50.3 -
7500

100
. 250

15,0
25.0°

1000

-, 500 B

~
.

Qo
[+)

Ve ‘ .. :
S WOmWO W~

WO NN ® NN GO D ~d~)
e e !

D
. ©

o O\ UL O
JNROYS0 000 WoW NN

—
O,
N

.« e @

O




Table A,5.9 Tocfgégthérms, continued -

.
L B
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“ PAC cou . ;ﬂ Dosages 'Residual conc
‘ £ , (mg/L) R ‘ (mg/L)

Watergarb R 0 - L 7.7

: ad L 15.1 R L0703

' S - . 25.3 | C7.3
v | - . 35,2 © 7.5
L . . “ 50,1 .

. a 75.0 -

&

\O

\D

\.D
~weeon ]

e

da\b\

L. R Snui

e ,&oo R

v - .
ggydrodarco B. ~ .
.2 T _ S : ‘14 9 -

- 25,1
.- v /34.9
x . 4ab.8
o +.75,0.
99.9 -
v 250
500
-~ 1000 -

3

TN RS OIOG

.‘D. . - . .8

WEOH WO IWEmaUl OO

" Darco'§-51°. - . 0
£ q‘ P : i ) " A 14.9 . .
AT P S, - Zee 3 :
iﬁﬁ- -4~*'ff ' ‘jggm
L 50,1,
.+ 75.0
99.9
250 "
500 y
1000

" ®. e s

W R I AL 3 0100\ 0

L

4

s

PG
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. APPENDIX 6. Calculations
?articleVSize distribution
Iodine number
Tannine value .

Modified phenol value
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A.6 CALCULATIONS
A.6.1. Part1cle size. d1str1but1on o ﬁ&\ :
s : .(Wgt ¥ Wgt,,. + Wgt,)
% Wgt passing #100 sieve = , ZW_ Hat 2 Sopan’ x 100
. : : ‘ » Itiotal ’ ' ‘
K o (Wgta,: + Wgt., )
% Wgt passing #200 sieve = ’ vgst g aa 100
( 9ttiocal
'
| Wat _ .
% Wgt pa551ng #325 sieve= W_?_E_—— x 100
) - N9C o1 - .
L (w tfof.sample befpre sigvin§ - Wat, .. ) - .
Xloss = —— i e * ———= %, 100
. _ - 9t torat SN ‘ g
- o :
oM ‘t \ ; e
swhere: Wgt,;: weight retained on #325 sieve
WGt 00t weiéht retained on #200 sieve
' Wgt,,,: weight retained on #100 sieve
. .
Wgt,,,: weight retained on pan ‘
;‘Wgtﬁtu:'totakkwgight”retained on all‘§ieves
Sample Calculatlons.
PAC Aqua Nuchar4
% Wgt pa551ng #100 sieve = '} . 7~ J
(0.3 + 11,3 + 82.2) - ‘
~— ',93J8;" = x A0O = 100 %
% Wgt pa551ng #200 51eve = _
'(113+82 2) N R
93.8 x 100 99,7 % . . » .
."' " ‘y’; ! A ‘. . | . . .
_%~Wgt’passing #325 sieve = R g S .
,82 2 : _ s -y o *¢£* o




- - S ,,/5 _— 1'7,0

%;Loss.‘f--(*%'oge- 093'8) x 100 = 2.39 %



A.G.Z‘;odine'humben

lodine numbef: Mass of iodige adsorbed per gram actlvated
’ ) carbon at a; 551dual iodine concentrat1on
of 0.02N.
. ‘ . i ». : ‘._‘,;' A . . .
General equation: - : e - : R
~ 'E % X '

“T - \' ‘
Iodine number = fgglgg_%%%fffg- X Correctxon Factor% -

"'%A g
i) & - i s 1od1ne - Residual mass iodipe
M mass PAC \ 4&“%‘
Ipit'*gJi - ;Jgaine = N,_x Vi x. E.Wgt. | S

Re51dua ass'iqdine =N, x V; X'E,Wgt,

. : “ ' | M ' '.‘
-where: N, standard iodine SOlUthﬂ normal1ty (eq/L) '
o Na,5,0; normality x._mLs Na,S,0, used

° i, T 25_mU’ioaine titrated
Nr; residual 1od1ne flltrate normallty éeq/L)
Na,S,0;, normality 'x mL$ Na,S; Ogused
= 50 mL Todine tltrated
: Ve volume 1od1ne contacted' 100 "
. wW o A - ) s
- E:th.. iodlne equ1valent wexght 126 91 g/eq
_ A ARSI . ; , : -
- m N b .
ii) A: c#rection Factor = g*%%ﬁ-' _
. ' N . 3 . B .‘ Nr . . :A o “ | \‘
where: m: slope of an assumed isotherm line, con#bant. T
)

Values for the correction factor need not be calculaéed‘
‘they are compiled in the AWWA B600-78 Standard.
- - . . C e .

. \ . - o 8 . K e . ._«q;‘ . ‘»% ‘s L ,
. . K ¢ 2
PR L oo
B , ' . . . ' . ‘ .



Bk L T T T R o ‘
, i . I | RN ! a :
. Equat1on presented in the AWWA Standard' R
qéf . g'"’ P
v + Ilodine numbera % X A _;»' : '-?¢”7 o a o
g (N, X 12 693 - 4@ 2 x N2 X 126 93) x mL Na,S,0, used
2 M Wgt of sample Q) | - :
Vgl . v ‘ - ' ' , \
where: A: correctlon factbt! , S
e function- oE the re51dua1 f1ltqate norma*’ty
’ : N,: normallty of mdme solut-& %n R o e
e - ‘ 4 Ag + o /ﬂ
3 N,: normallty of thlosulfate SOIUtIOHEw-:* e HQ' -

- Re51dual f11trate normallty = = ; 50 mL . jw,4,.l‘*;ﬁ%{q

e

i
» P Wi S w o
i £t ' v
e T

vRearketﬁlpg and developlng thls equatlon'v

X126, 93x100 mL)-(N,x ml Na,S;0, x126. 93x110 mL )

. S
A wgt of sample x 50 mL"

o _ {initial mass jodine = residual mass mod1nel o
4 < L 9 RAC . ”

»

-

notes: 1) In t A.equatxons, an equ1valent .
o weigh '126.9% was used for iodine
S imsteadWof 156.905. ‘

v

oo - o R
= - 2) A factor of 2.2 (110 mL/50 mL) was used
rather than 2.0 (100, mL/50mL) . - .

Sample CalculatlorﬁAWWA e_quatlon) - g “!" SPURN
PAC: Aqua Nuchar " S , I A

£y *

3.
(0 0996 X 12693)-(2. 2 x 0, 106 X 126 93)x 12 56 mL
1. 010 g _ ‘. - ;& L

o™
4.

Res1dua1 flltrate ﬁbrmallty 0»106N5§,%%_§§_m; =0, 0266N -

L N "» ; . v c(, -Q% :v‘. - : . r

. From Table 1 in the AWWA B600~78 Qtandard. a oo (Wﬂf .
Vfor a re51dual flltrate of 0. 0266N A=0. 9563\ S v

', & Iod1ne-number = 884 x 0 9563 = 845 mg/g

o . —.
\ P . Mo T . e . : | [

"o

.884 'rr'\g/g_'




PAC:_Aque Nuchar -

A.6.3. Tannin value

Tannin value. Dosage of actlvated carbon required to
reduce a 20 'mg/L tanmc acid solut1on§

‘v

. ,71;. to 2 mq/L R .
. \\\ “'\\tﬁ !, . s ’ o . ' '.3"' s N
' (C ~‘Ce) S ‘
Carbon loadlng .=»—‘-TT__——
g ‘ (C, = 2 mg/l) ‘ .
‘ where. et carbon .loading determined from
S the isotherm regression line (mg/mg)
th initial tannic acid concentratlon
TR gﬁ, determmned from blark (mg/L)
" ;‘Q: reg&dullhtannlc agid concsntrat1on (mm/h@ g
. B .&"4 da PR , K
- S M: “carbom’ dosage: tann1n value (mg/L) ;
@ . + ’

&

9 ' . . . .
‘ /Samplewcalculatlons:4

isotherm equation: log q. = 10g(0.0521) + 0.254 log Céﬁ_

at C, = 2 m'g/L,f log q, = -1.21

o

Ta Qin'value: M. = (19. 9 mq<L1-2a)mq/£) = 290'mg/L,

a

.;'j: 6:’3% ’#* ifé bl“:-

s TS

L

tow
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A.6.4. Modified phenol value

Modified phenol value: Dosage of activated carbon required
S to achieve a 90 % removal of phenol
from a 200 mg/L solution. .

-] !

| (c, - ¢, ’
% Carbon loading = % g, = —— x 10

M

o Modifi M- oo 90 % ;
&~ Modified phen9l value: M = g 3. at % C, = 10 % -,

G

N

‘ : . N . :‘,,[ .

‘where: C,: residual phen‘! concentration: (mg/L¥
’ ' e . ‘ T
% C. =g x 100 . o 8

- o 0.4

- C,: initial phenol concentration = &

determined from blank (mg/L)
T % g,: carbon ioading determined from

the isotherm regression*lingu(%/q9/L)

" M: carbon dosage: modifiéd phenoi value (g/L)

2

Sample calcidations:

*PAC: Agua Nuchar

‘Isotherm eQuatiéﬁ; log q, = 199(25.6) + 0..223-log‘.¢e

at Ce = 10 %4' log q, = 1.63 . Y ‘ .
AT 90 % o
& Modified phenol value: .M = z =.2,10 g/L

| -1e¢ ph 2 " log '(1.63) - I

" N v M
. P o . . 4
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‘APPENDIX 7. Mesitylene Individual Isotherms
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] Pac: aqua NUCHAR N
c,=8.5 mg/L - ’ ‘ T : 8 .
—~ - oy R
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APPENDIX 8. Selection Procedure for PAC in Edmontqsi
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[

L

i ment Plants in February 1987, The pAC was selected on. ‘the "

‘Q

sity, partlcle 'size 'distribution," iodine number,; '/
modrfled phenol value’ and tannxn value, o /
- uc S . y

w

‘the - ranger‘of‘ standard ctest values expected pfor water

Edmonton 1s.summarlzed in thls Append;x. . ) ' “-

S : o e 180

“A. 8 SELECTION PROCEDURE FOR BAC AT THE EDMONTON WATER
TRE)\TMENT bLANTs 'FEBRUARY- 1987

7 L
¥, . 1 2
. ~ . N S .
-r . .
St L . ) : |
a

The Clty of Edmonton purchased 650 tonnes -of powdered

:

acblvated carbon for the Rossdale and E. L,Smlth Water Treat- -

ba51s of\\he AWW@ speC1f1cat10ns and 1ts'"evaluated prlce

The selectlon and purchase procedur% used by the C1ty Qf

¢

-® . B . | . ‘_' H

Flrstly, the acceptable tenders had to include:

- an aff1dav1t of compllance w1th tHe  AWWA “B600- 78 Stan—'

‘dard for PAC; . ; } : o f'U’O

.

»

- a reference sample with ayce:%;fled test report which -

shows ccmpliance with thé requirements.of the specifica-

L3

tions, on the basis of: moisture corftent, apparent den-

-. an acceptance letté{ for the sampl1ng procedures 1
. J : . _ :

. . : : . ot E

. - o , o /

The reference *samples ‘were tested and the\R§Cq ﬁhich~
Ly

<

satisfied th minimum requirements =prov1ded in thé AWWA

‘

B600 78 Standard were evaluated u51ng a 51mple algopfthm.iin

thlS formula,‘thefPACs are graded by comparlsen/to chosen

optlma standard test values.vIn addltlon, a' webght factor"

has been a551gned to each standard test. The . upper 11m1t of

P -
/

4
/

S

i - : - . — -

iy
v



o

"

-treatment "PACS was used as the opt1mum value for compar1son

% and g/adlng For the iodine- number test the mod1f1ed phenol

o,

o

value test ‘and the tannin value'test these upper‘ﬂlmlts.g’
correspond to;lOOO mg/g, 2 0 g/L and 500 mg/L, reSpectlvely._

Thex"welght factors" were chosen on the assumptlon-that PAC

‘-tls applled to adsorb low moletulan\welght compounds There?.

-fore, .more welght was a551gned to the 1od1ne number and mo-v-
d1f1éd phenol value than»dn ‘the tannin value "The resultang

"evaluat1on {actor" was calculated as follows: *

.
.

< Iodine number -

-_Evaluation Factorj= 0.4 x - — .+

1000
T ' . : 2.0
' . 0.5 Mod1f1ed phenol value *
' 0.1, x 200 .
-7+ % -Tannin - value
o ( A . :
=The highest evaluation factors were considered for selec-
. t1on Lo o : . |
, g ST

The evaluated prlce was then determlned as follows.

M . . . 7" ) [
\ - ) . N o . )

: _ Bid unit»prici ($/ton) ‘ :
Evaluated pr1ce‘;_ .Exiluationffactort | v *

K L. ‘l/
’

‘The bid with the’ lowest evaluated pricefwas selected.

>

Withfeach load delivered-from a.fresh.batch ‘the vendor -

" had to supply a certlflcaie of - analy51s fhdlcatlng that the

. PAC was of equal quallty to ‘the reference sample prov1ded

‘e ‘.

w1th the tender documents; To control the quallty of the ma: ‘f

‘,terlal delivered, the City of.Edmonth sampled the shlpments



‘C

-t ldf PAC‘%nd'vélified_their compliaﬁge

"

"

to the AWWA Stan

éard.‘\

O 4
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APPENDIX 9. Diagram of Rotary Tumbler ° S
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