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1. INTRODUCTION 

Aqueous organ ic  ma t te r  i s  c u r r e n t l y  a  major  concern t o  the  water t reatment  

i n d u s t r y .  Recent s tud ies  have shown t h a t ,  i n  a d d i t i o n  t o  compounds t h a t  cause 

c o l o r  and odor, t h e r e  a r e  p o t e n t i a l l y  t o x i c  and/or carc inogen ic  compounds 

present  i n  water  supp l ies .  The USEPA (1978) has proposed t h e  establ ishment  o f  

a  maxirr~urn contaminant 1  eve1 (MCL) f o r  t o t a l  tri ha1 omethanes i n  d r i n k i n g  water 

and t h e  requi rement  o f  g ranu la r  a c t i v a t e d  carbon (GAC) t reatment  f o r  t he  removal 

o f  i n d u s t r i a l l y - d e r i v e d  organ ic  contaminants. Many fundamental quest ions remain 

concerning t h e  a p p l i c a t i o n  o f  GAC f o r  t h i s  purpose, e s p e c i a l l y  because GAC has 

r a r e l y  been used f o r  t h e  t reatment  o f  water  supp l ies  i n  t h i s  way. 

S tud ies  have shown t h a t  t h e  predominant type o f  o rgan ic  ma t te r  p resent  i n  

water i s  humic substances. According t o  Schn i t ze r  and Khan (1972), these 

m a t e r i a l  s  r e s u l t  f rom decay processes and m i c r o b i o l o g i c a l  a c t i v i t y  i n  s o i  1  and 

water.  The presence o f  humic substances n o t  o n l y  poses an a e s t h e t i c  nuisance 

( c o l o r ) ,  b u t  a1 so presents a  h e a l t h  hazard when c h l o r i n a t e d .  Humic substances 

r e a c t  r e a d i l y  w i t h  c h l o r i n e  t o  y i e l d  ha1 oforms (predominant ly  chloroform) when 

raw water and d r i n k i n g  water a re  c h l o r i n a t e d  (Rook, 1974; Symons -- e t  a1 . , 1975). 

Hu~nic substances a l s o  i n t e r f e r e  w i t h  a c t i v a t e d  carbon used i n  the  removal of 

s p e c i f i c  organics o f  concern. Humic substances may assoc ia te  w i t h  pes t i c i des ,  

ph tha la tes ,  n i t rogen-con ta in ing  organ ic  compounds, and heavy metals  t o  form 

compl exes (Schni t z e r  and Khan, 1972 ; Stevenson, 1979) . 
I n  o rde r  t o  so lve  the  problem posed by haloform fo rma t ion  from humic 

substances, t h r e e  major  approaches have been s tud ied .  The f i r s t  i s  t h e  reduc t i on  

of haloform concent ra t ions  a f t e r  t h e i r  formation, us ing  processes such as adsorp- 

t i o n  on powdered o r  g ranu la r  a c t i v a t e d  carbon, ozonat ion, and ae ra t i on .  The 

second approach i s  t he  p reven t i on  o f  haloform format ion by us ing  d i s i n f e c t a n t s  



other than chlorine,  such as ozone, chlorine dioxide, and chloramines. The 

l a s t  approach, the removal of humic substances before chlorination, involves 

using processes such as coagul ation-sedimentati on-fi 1 t ra t ion  , and adsorption 

on powdered and granular activated carbon. The l a s t  approach was studied in 

th i s  research. 

Coagulation-sedimentation i s  conventionally operated t o  remove substances 

causing turb id i ty ,  color,  and hardness in water supplies. Likewise, coagulation- 

sedimentation can remove organics, both part iculate  and soluble, from water. 

Granul a r  activated carbon (GAC) adsorption i s primari 1 y used to  remove di ssol ved 

organic substances. Since many organic compounds, including the s l  ight ly  

soluble pesticides,  polynucl ear aromatic hydrocarbons, phenol s ,  and other 

aromatic compounds generally present in t race concentrations are  very strongly 

adsorbed, whereas humic substances are  l e s s  strongly adsorbed (Symons e t  a l . ,  

1975; McCreary and Snoeyink, 1976), the removal of humic substances will 

1 i kel y control regeneration frequency. 

The use of coagulation before activated carbon adsorption i s  an important 

process. Coagulation can remove some organic matter, b u t  the extent of removal 

by coagulation may be insuff ic ient  i n  some cases. Foll owing water cl ari ' f ication, 

activated carbon treatment i s  required to  reduce the organic content of some 

water supplies to a desirably low level .  Optimum coagulation should reduce 

the loading of organic matter to the carbon, thereby reducing the frequency of 

carbon regeneration. I t  i s  therefore necessary to  consider how the coagulation 

process influences the a b i l i t y  of activated carbon to  remove organics. 

The objective of th i s  study was to  evaluate the important charac ter i s t ics  

of activated carbon for  the adsorption of humic substances from water, and to 

show the importance of the chemical and physical parameters involved in th i s  
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adsorp t ion  process. The e f f e c t  of chemical coagu la t ion  before  carbon adsorp- 

t i o n  f o r  removal o f  humic substances was a l s o  i nves t iga ted ,  because most water 

t reatment  p l a n t s  t h a t  use a c t i v a t e d  carbon a l s o  use coagulat ion.  Emphasis was 

a1 so g iven t o  f i n d i n g  an easy-to-measure parameter t o  i n d i c a t e  t h e  chloroform 

formation p o t e n t i a l  o f  humic substances i n  water.  Using data determined i n  

the  l a b o r a t o r y  i n v e s t i g a t i o n ,  a v e r i f i e d  mathematical model was app l i ed  t o  

determine the  breakthrough curves f o r  t h e  humic substances removal by carbon 

beds. The model p r e d i c t i o n s  prov ide  a d d i t i o n a l  i n fo rma t ion  about the 

performance o f  carbon adsorbers w i t h o u t  t h e  need f o r  experimental s tud ies .  



2. REVIEW OF LITERATURE ON THE REMOVAL OF HUMIC 
SUBSTANCES BY COAGULATION AND ADSORPTION 

Humic substances i n  water a re  most f r e q u e n t l y  removed by the  coagu la t ion  

and adsorp t ion  processes. Metal s a l t s  and g o l y e l e c t r o l y t e s  are used as 

coagulants i n  t h e  coagu la t ion  process, w h i l e  powdered carbon, g ranu la r  carbon, 

and res ins  can be used as adsorbents f o r  t he  adsorp t ion  process. Coagulat ion 

w i t h  metal s a l t s  and GAC adsorpt ion,  which a re  the  pr imary  i n t e r e s t s  of t h i s  

research, a re  discussed i n  t h i s  sec t ion .  

2.1 Coagulat ion 

Humic substances, which c o n s t i t u t e  the  major  o rgan ic  f r a c t i o n s  of na tu ra l  

water, can be removed by t h e  chemical coagu la t i on  process. Both Kavanaugh 

(1978) and Semmens -- e t  a1 . (1979) have reviewed i n  d e t a i l  t h e  c h a r a c t e r i s t i c s  o f  

coagu la t i on  i n  con junc t i on  w i t h  sedimentat ion and f i l t r a t i o n .  They repo r ted  

t h a t  the types of o rgan ic  ma t te r  and coagulant,  t he  dosage o f  coagulant,  and 

pH of t he  s o l u t i o n  are  impor tan t  f a c t o r s  i n  the  removal o f  organic ma t te r  by 

the  chemical coagu la t i on  process. The ex ten t  o f  removal depends on the  type of 

organic ma t te r  p resent  i n  the  water.  As reviewed by Kavanaugh (1978), t he  

removal percentages f o r  humic a c i d  were between 60% and 90%. Removals of 

between 10% and 60% have been repo r ted  f o r  f u l v i c  ac id ,  which i s  considered a 

predominant c o n s t i t u e n t  o f  hu~nic substances i n  n a t u r a l  water.  Removal gercent- 

ages o f  the  n a t u r a l  o rgan ic  ma t te r  i n  water  are sorr~ewhat s i m i l a r  t o  those 

obta ined w i t h  f u l v i c  ac id .  Resul ts  of a p i l o t - s c a l e  s tudy o f  Ohio R iver  water 

t reatment  showed t h a t  60% o f  the  nonpurgeable t o t a l  o rgan ic  carbon (NPTOC) was 

removed, whereas approximate ly  30% o f  NPTOC was removed i n  63 water t reatment  

p l a n t s  surveyed i n  t h e  Nat iona l  Organics Reconnaissance Survey f o r  Halogenated 

Organics (NQRS). I n  t he  Federal Republ ic o f  Germany, 25% t o  40% removal of 



d isso l ved  organ ic  carbon (DOC) frorn su r face  waters o f  t h e  Rhine R ive r  and o f  

severa l  A1 p i n e  1  akes was repor ted .  

S e l e c t i v e  removal o f  ha loform precursors by coagu la t i on  i s  a l s o  o f  

i n t e r e s t .  Table 1  presents t h e  r e s u l t s  o f  t he  percent  o f  r e d u c t i o n  i n  terms o f  

t o t a l  o rgan i c  carbon (TOC) and ch lo ro fo rm fo rmat ion  p o t e n t i a l  (CFP) f rom 

severa l  researchers.  The r e d u c t i o n  percentages f o r  ha lo fo rm precursors  f rom 

n a t u r a l  waters and peat  f u l  v i c  a c i d  were h ighe r  than reduc t i on  percentages f o r  

TOC. On t h e  o t h e r  hand, a  subs tan t i a l  amount o f  TOC o f  peat  humic a c i d  was 

removed, b u t  t h e  removal o f  ha lo fo rm precursors  was n o t  as g r e a t  as t h e  removal 

of TOC. However, t h e  se l  e c t i  ve removal o f  ha1 oform precursors  by coagul a t i o n  

does n o t  occur  everywhere. Kavanaugh (1978) d i d  n o t  observe t h i s  s e l e c t i v e  

removal by coagu la t i on  i n  t h e  s tudy o f  su r face  water  i n  C a l i f o r n i a .  He repo r ted  

a  l i n e a r  r e l a t i o n s h i p  between the  concent ra t ions  o f  TOC and haloform format ion 

p o t e n t i a l  f o r  t h i s  source o f  water  a f t e r  coagu la t i on  w i t h  alum and f e r r i c  

c h l o r i d e .  Kavanaugh's da ta  i n d i c a t e d  t h a t  t h e r e  was no s e l e c t i v e  removal o f  

ha1 oform precursors  by coagu la t ion .  

2.2 Carbon Adsorpt ion 

The rerr~oval o f  t~umic substances f rom water  by a c t i v a t e d  carbon adso rp t i on  

has been o f  i n t e r e s t  t o  many researchers r e c e n t l y .  Several  f a c t o r s  may a f f e c t  

t he  performance o f  a  carbon bed f o r  adsorb ing humic substances i n  water.  I n  

general ,  t h e  t ype  o f  humic substances, t h e  c h a r a c t e r i s t i c s  of t h e  carbon, and 

t h e  pre t rea tment  processes a re  t h e  most impor tan t  f a c t o r s .  

2.2.1 E f fec t  of Types o f  Humic Substances 

McCreary and Snoeyink (1979) s tud ied  the  e f f e c t  o f  types o f  humic 

substances on t h e  adso rp t i on  by a c t i v a t e d  carbon f rom bo th  l e a f  and s o i l  

e x t r a c t s ,  f rom w e l l  water,  and from a  commerc ia l ly  a v a i l a b l e  humic ac id .  



Table 1.  Reduct ion Percentages f o r  To ta l  Organic Carbon (TOC) 
and Chloroform Formation P o t e n t i a l  (CFP) 
by Coagul a ti on Process 

Sampl e 
Reduction, % 
TOC CFP Reference 

Natura l  Water 40 60 Young and Singer  (1  977) 

Natura l  Water 3 4 6 1 01 i ver  and Lawrence (1  979) 

Peat F u l v i c  Acid 22 70 Babcock and Singer  ( 1  979) 

Peat Humic Acid 86 7 0 Babcock and Singer  (1979) 



C . 
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i 
They found t h a t  the adsorption proper t ies  o f  the humic substances from 

i 
I 

1 d i f fe ren t  sources var ied widely. The need f o r  on-s i te  p i l o t  studies t o  deter-  

' i 'mine adsorbabi 1 i t y  of humic substances f o r  a p a r t i c u l a r  l oca t i on  was emphasized 
1, 

i n  t h e i r  work. Other research invo lv ing  the study o f  humic substances removal 

i I I 

by ac t i va ted  carbon was car r ied  out  by the group under the leadership o f  

Professor Weber a t  the Un ivew i ty  o f  Michigan. Commercially ava i lab le  humic 

ac i d  from the A ld r i ch  Chemical Company was the on ly  source of humic ac id  i n  

[ 
t h e i r  studies. Consequently, t h e i r  conclusions are drawn from the use of only 

one type o f  mater ia l .  

Other factors found t o  be important inc lude the phosphate concentrat ion 

of the buffer so lu t ion  and the pH o f  the so lu t ion.  McCreary and Snoeyink (1979) 

found t h a t  a h igher phosphate concentrat ion i n  a water sample y ie lded  a higher 

adsorption capaci ty fo r  carbon. The pH e f f e c t  was a1 so not iced by Weber e t  a1 . 
(1978) and McCreary and Snoeyink (1979). A decrease o f  pH i n  so lu t ion  rendered 

humic substances less soluble and more r e a d i l y  adsorbed on ac t i va ted  carbon. 

However, t h i  s group o f  researchers used d i f f e r e n t  ana l y t i ca l  techniques 

t o  determine humic substances. Weber -- e t  a l .  (1978) used u l t r a v i o l e t  absorbance 

w i t h  a wavelength o f  250 nm, wh i le  Snoeyink e t  a l .  (1977) and McCreary and 

Snoeyink (1979) used fluorescence i n t e n s i t y  w i t h  an e x c i t a t i o n  wavelength of 

365 nm and an emission wavelength o f  415 nm. According t o  Snoeyink e t  a1 . (1977), 

the adsorpt ion cha rac te r i s t i c s  o f  the humic substances are a lso  dependent on 

the method o f  analysis used t o  quan t i f y  them. They found t h a t  the species t h a t  

f luoresce the most, and adsorb the best  are the  f r ac t i ons  w i t h  a lower molecular 

weight, whereas u l t r a v i o l e t  adsorbing species do no t  adsorb as we l l  as the 

f luoresc ing species. Because there i s  no ana l y t i ca l  method t h a t  can d i r e c t l y  

measure the concentrat ion o f  humic substances i n  water, an ana ly t i ca l  method 



must be c a r e f u l l y  s e l e c t e d  i n  t h e  s tudy  of  hurnic substances removal by 

a c t i v a t e d  carbon. 

2.2.2 E f f e c t  of Types o f  Carbon 

F i v e  c h a r a c t e r i s t i c s  o f  carbon a r e  impo r tan t  i n  t h e  adso rp t i on  of o rgan i c  

molecules f r om s o l u t i o n .  Zogorsk i  (1975) rev iewed severa l  a r t i c l e s  i n  t h e  

l i t e r a t u r e  and suggested t h a t  these  f ac to r s  a r e  ( 1 )  p a r t i c l e  s i z e ,  ( 2 )  su r f ace  

area, (3 )  chemisorbed oxygen, ( 4 )  hardness and u n i f o r m i t y ,  and (5 )  pore  s t r u c -  

t u re .  These a d s o r p t i v e  c h a r a c t e r i s t i c s  o f  carbon depend upon t h e  source 

m a t e r i a l  of  t h e  carbon and t h e  a c t i v a t i o n  process. 

For  hurr~ic substances removal from water,  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  

concern ing t h e  importance o f  t h e  c h a r a c t e r i s t i c s  o f  carbon. I n  t h e  s tudy  of 

commercial humic a c i d  adso rp t i on  by carbon, Weber -- e t  a l .  (1977) t e s t e d  f ou r  

d i f f e r e n t  carbons and se lec ted  F-400 carbon f o r  t h e i r  s tudy .  F-400 carbon 

was chosen because i t  had b e t t e r  adso rp t i on  r a t e s  and c a p a c i t i e s  and had more 

r e s i s t a n c e  t o  ab ras ion  t han  t h e  o t h e r  carbons. Snoeyink e t  a1 . (1977) used 

two b i tuminous  carbons, F-200 and F-400, t o  eva lua te  t h e  a d s o r b a b i l i t y  of 

commercial humic a c i d  f r om water .  The F-400 carbon, which has a l a r g e r  

average pore  s i z e  and more su r f ace  area than  F-200, showed a much h i g h e r  

c a p a c i t y  f o r  humic a c i d  i n  t h e  i so the rm t e s t s .  I n  another  s tudy  o f  Snoeyink 

e t  a1 . (1978), f i v e  d i f f e r e n t  a c t i v a t e d  carbons were s tud ied .  It was found -- 

t h a t  t h e  F-400 carbon performed s l i g h t l y  b e t t e r  than t h e  WV-G carbon, and 

t h a t  t h e  l i g n i t e  carbon HD-4000 had a c a p a c i t y  v e r y  c l o s e  t o  t h a t  of t h e  F-400 

and WV-G carbons. The F-200 and W V - w  carbons d i d  n o t  adsorb as w e l l  as t h e  

o t h e r  t h r e e  carbons. I n  t h e  s tudy  of  t h e  e f f e c t  o f  p a r t i c l e  s i z e  of carbon 

on t h e  a d s o r p t i o n  o f  humic substances i n  water ,  Weber -- e t  a1 . (1978) found 

t h a t  t h e  r a t e  of adso rp t i on  of commercial humic a c i d  was i n v e r s e l y  r e l a t e d  

t o  t h e  p a r t i c l e  s i ze .  



On the  adso rp t i on  o f  o rgan ic  ma t te r  i n  n a t u r a l  water ,  Sontheimer and Maier 

(1972) c a r r i e d  o u t  an ex tens ive  e v a l u a t i o n  of t e n  d i f f e r e n t  a c t i v a t e d  carbons t o  

determine t h e i r  a d s o r b a b i l i t y  o f  o rgan i c  ma t te r  f r om the  R ive r  Rhine. T h i s  r i v e r  

i s  h i g h l y  po l  1  uted, and 42% of  i t s  o rgan ic  con ten t  i s  humic substances (Rook, 

1974). Sontheimer and Maier found t h a t  n e i t h e r  t h e  phenol number nor  t h e  

Brunauer-Emmett-Tel 1  e r  (BET) sur face  area c o u l d  p rov ide  an i n d i c a t i o n  o f  carbon 

e f fec t i veness  f o r  o r g a n i c  removal f rom t h e  Rhine. I t  i s  of i n t e r e s t  t o  know 

whether s i m i l a r  r e s u l t s  w i l l  be ob ta ined i n  t h e  s tudy  of  humic substances. 

2.2.3 Performance o f  P i l o t -  and Fu l l -Sca le  Carbon Beds 

A p i l o t  p l a n t  f o r  e l i m i n a t i n g  ha lo fo rm precursors  has been eva lua ted  by the  

USEPA (1975) . T h i s  p i l o t  p l a n t  was equipped w i t h  a  30 i n c h  GAC f i l t e r  operated 

2  a t  2 gpm/ft  t o  t r e a t  raw Ohio R i v e r  water .  It was shown t h a t  measurable amounts 

o f  ch lo ro fo rm were be ing  de tec ted  a f t e r  c h l o r i n a t i o n  o f  t h e  e f f l u e n t  a f t e r  3 t o  4 

weeks o f  opera t ion .  For  a  50% ha1 oform fo rma t i on  p o t e n t i a l  breakthrough, t he  

l i f e t i m e  f o r  t h e  GAC f i l t e r  was o n l y  10 weeks. I t  i s  obvious t h a t  t h e  adsorp t ion  

capac i t y  o f  g ranu la r  a c t i v a t e d  carbon i s  1  i m i  ted.  

The performance o f  a  f u l l - s c a l e  GAC bed i n  t he  a c t u a l  p l a n t  ope ra t i on  has 

been repor ted .  W i  1  son (1  960) i n v e s t i g a t e d  t h e  removal o f  f u l v i c  ac ids  f rom water  

by a  carbon bed. Hydrogen perox ide  was added t o  t h i s  water  before carbon adsorp- 

t i o n  f o r  t he  purpose o f  o x i d i z i n g  the  f u l v i c  ac ids .  Wilson found t h a t ,  f o r  a  

50% breakthrough o f  -2  mg/l o f  f u l v i c  ac id ,  t h e  s e r v i c e  t ime  f o r  t he  carbon bed 

2  was 3  months a t  a  f l o w  r a t e  of 3 gpm/f t  . The removal e f f i c i e n c y  decreased very  

r a p i d l y ,  f rom an i n i t i a l  100% t o  about 20%. He suggested t h a t  t h e  pore exc lus ion  

of t h e  o rgan i c  molecules migh t  cause t h i s  sharp decrease o f  adsorp t ion .  These 

l a r g e  o rgan i c  molecules cou ld  be excluded, because t h e  average pore s i z e  o f  the  

carbon was sma l l e r  than t h e  s i z e  o f  o rgan i c  molecules. 



I n  t h e  N a t i o n a l  Organics  Reconnaissance Survey f o r  Halogenated Organics ,  I 

Symons and coworkers (1975) a l s o  eva lua ted  t h e  e f f e c t i v e n e s s  o f  GAC as a  conbina-  
, 

t i o n  f i l t r a t i o n - a d s o r p t i o n  medium t o  t r e a t  s u r f a c e  wa te r  and c h l o r i n a t e d  raw 
? 

wa te r  i n  e i g h t  wa te r  t r ea tmen t  p l a n t s .  They found t h a t  t h e  average n o n v o l a t i l e  , 

,TOC removal was n o t  much h i g h e r  t han  30% f o r  those  carbon beds t h a t  had been i n  
i 

s e r v i c e  f o r  severa l  months. Fresh 1  i g n i  te-based and coa l  -based rep1 acement 

a c t i v a t e d  carbons i n  d i f f e r e n t  p l a n t s  showed a  marked improvement i n  e f f i c i e n c y .  

The r e s u l t s  o f  t h r e e  s t u d i e s  o f  wa te r  t r e a t m e n t  p l a n t s  were r e p o r t e d  i n  t h e  

I n t e r i m  Treatment  Guide (1978) .  I t  was found t h a t  t h e  removal  o f  t r i ha l ome thane  

p recu rso rs  by a d s o r p t i o n  on GAC was v a r i a b l e  and s i t e  s p e c i f i c .  I t  was a l s o  

r e p o r t e d  t h a t  l o n g e r  empty bed c o n t a c t  t i m e  and l owe r  i n f l u e n t  t r i ha l ome thane  

f o r m a t i o n  p o t e n t i a l  i nc reased  t h e  l i f e t i m e  o f  a  carbon bed. 

2 .3  Coagu la t i on  Fo l lowed by Adso rp t i on  

The above 1  i t e r a t u r e  r e v i e w  i 11 u s t r a t e s  t h e  1  i m i  t e d  e f f e c t i v e n e s s  o f  t h e  

c o a g u l a t i o n  and carbon a d s o r p t i o n  processes f o r  t h e  removal o f  humic substances 

~ n d  o rgan i c  m a t t e r  f rorn n a t u r a l  wa te r .  The humic substances t h a t  cause ha lo form 

f o r m a t i o n  can be removed i n  some cases by a  p r o p e r l y  opera ted  c o a g u l a t i o n -  

s e d i m e n t a t i o n - f i l t r a t i o n  process. However, t h e  removal e f f i c i e n c y  o f  o r g a n i c  

m a t t e r  f r o m  n a t u r a l  wa te r  i s  g e n e r a l l y  l owe r .  Fresh GAC removes humic substances 

e f f e c t i v e l y  j u s t  a f t e r  s t a r t i n g  b u t  becomes l e s s  e f f e c t i v e  a f t e r  a  few months. 

Ope ra t i ng  t h e  wa te r  t r e a t m e n t  process t o  remove as much o r g a n i c  m a t t e r  as p o s s i b l e  

by c o a g u l a t i o n  and t hen  u s i n g  carbon a d s o r p t i o n  shou ld  r e s u l t  i n  a  l owe r  o v e r a l l  i 

t r ea tmen t  c o s t  than  i f  t h e  c o a g u l a t i o n  process i s  n o t  o p t i m i z e d  f o r  o r g a n i c  , 
! 
1 

removal .  
i 



Sonthei~ner  and Maier (1972) eva lua ted  t h e  adsorbabi 1  i ty  o f  o rgan ic  ma t te r  

f rom Rhine R ive r  water by GAC a f t e r  c l a r i f i c a t i o n  w i t h  aluminum s u l f a t e  and 

f e r r i c  c h l o r i d e .  Th i s  water  was bank f i l t e r e d  and d i r e c t l y  passed i n t o  t h e  GAC 

w i t h o u t  p r i o r  ozonat ion.  They found b e t t e r  adso rp t i on  when aluminum s u l f a t e  was 

used as t h e  coagulant.  Un fo r tuna te l y ,  t h e r e  was no c o n t r o l  sample i n  t h e i r  s tudy;  

consequent ly,  no comparison of  t h e  adso rp t i on  capac i t y  can be made be fore  and 

a f t e r  a1 uminum s u l  f a te  coagulat ion.  However, f o r  t h e  bank fi 1 t r a t e  f o l  1  owed by 

ozonat ion be fo re  GAC, t he  coagu la t i on  us ing  bo th  aluminum s u l f a t e  and f e r r i c  

c h l o r i d e  s i g n i f i c a n t l y  increased t h e  adsorbabi 1  i ty  o f  these organ ics  f o r  carbon. 

S i m i l a r l y ,  t he  adso rp t i on  capac i t y  o f  t h e  organ ics  i n  t h e  samples coagulated-  

w i t h  aluminum s u l f a t e  was h i g h e r  than f o r  those i n  samples coagulated w i t h  

, f e r r i c  c h l o r i d e .  Nevertheless, Sontheimer and Maier  d i d  n o t  eva lua te  how t h e  

adso rp t i on  c a p a c i t y  w i  11 change f o r  t h e  organ ic  ma t te r  n o t  removed by coagu la t i on .  

The coagu la t i on  process can a l s o  reduce t h e  adso rp t i on  c a p a c i t y  o f  carbon 

f o r  some organ ic  molecules. Kavanagh (1977) presented da ta  f o r  t a n r ~ i c  a c i d  

removal u s i n g  a combinat ion o f  i r o n  coagu la t i on  and carbon adsorp t ion .  It was 

found t h a t  coagu la t i on  w i t h  i r o n  re ta rded  the  adso rp t i on  o f  t a n n i c  a c i d  by 

carbon. He suggested t h a t  pore  blockage was t h e  main reason f o r  t h e  slow and 

poor uptake. 

I n  p i l o t  p l a n t  systems, d i f f e r e n t  e f f e c t s  o f  p recoagu la t i on  on carbon 

adso rp t i on  have been repo r ted  i n  t h e  I n t e r i m  Treatment Guide (1978).  Love e t  a l .  -- 
(1976) found the  GAC bed was o n l y  i n i t i a l l y  e f f e c t i v e  f o r  removing coagulated, 

s e t t l e d ,  u n d i s i n f e c t e d  Ohio R ive r  water .  On t h e  o t h e r  hand, a s i m i l a r  s tudy  o f  

t h e  Merrimac R ive r  c a r r i e d  o u t  by S y l v i a  (1978) a t  t h e  Lawrence Experiment 

S t a t i o n  i n  Lawrence, MA, showed d i f f e r e n t  r e s u l t s .  The Merrimac R i v e r  rece ived 

cons iderab le  i n d u s t r i a l  contaminat ion i n  t he  area upstream f rom t h e  study s i t e .  



Haloform precursors  i n  t h i s  r i v e r  were o n l y  s l i g h t l y  reduced through coagu la t i on  

and t h e  s e t t l i n g  processes. However, these t r e a t e d  organ ics  were e f f e c t i v e l y  

removed f o r  a  l ong  p e r i o d  of t ime by g r a n u l a r  a c t i v a t e d  carbon adsorp t ion .  

2.4 Summary 

The l i t e r a t u r e  rev iew of t h e  removal o f  humic substances and o the r  o rgan ic  

ma t te r  from water  i n d i c a t e s  t h a t  each d i f f e r e n t  source o f  humic substances 

behaves d i f f e r e n t l y .  Coagulat ion may e f f e c t i v e l y  remove some o f  the  organ ic  

ma t te r ,  b u t  t h e  e x t e n t  of removal depends g r e a t l y  upon t h e  type  o f  humic sub- 

stances. An a c t i v a t e d  carbon bed rrlay remove ha lo fo rm precursors  w e l l  i n i t i a l l y ,  

b u t  t h e  removal e f f i c i e n c y  decreases sha rp l y  s h o r t l y  a f t e r  s ta r t -up .  The 

performance o f  coagu la t i on  fo l l owed  by adso rp t i on  a l s o  v a r i e s  w i t h  t he  l o c a t i o n .  

I n  sorne cases, coagu la t i on  be fore  adso rp t i on  may r e s u l t  i n  improv ing carbon 

adso rp t i on  e f f i c i e n c y .  Therefore, t h e r e  i s  a  need f o r  o n - s i t e  p i l o t  s tud ies  

f o r  each i n d i v i d u a l  water  source. The research r e p o r t e d  i n  t h i s  t h e s i s  i s  

o r i e n t e d  toward making such p i l o t  t e s t s  more economical and e f f e c t i v e .  The 

approach which i s  developed enables one t o  use simp1 e  bench-scale experiments . 

and a  mathematical model t o  p r e d i c t  t h e  r e s u l t s  o f  p i l o t  t e s t s .  Based on 

these p r e d i c t i o n s ,  t he  p i l o t  p l a n t  can be designed and operated t o  v e r i f y  

t h e  model. Consequently, t h e  da ta  ob ta ined from the  p i l o t  p l a n t  s tudy  should 

enable t h e  design o f  a  more e f f e c t i v e  f u l l - s c a l e  water t rea tment  p l a n t .  



3. SCOPE OF STUDY 

The scope of t h e  study was es tab l ished t o  achieve the  o b j e c t i v e  g iven 

i n  Sect ion  1. Ac t iva ted carbon adsorp t ion  o f  commercial humic and f u l v i c  a c i d  

ex t rac ted  from peat  was s tud ied i n  t h e  present  work. Commercial humic a c i d  

was se lec ted so t h a t  t h e  r e s u l t s  from t h i s  study can be compared w i t h  previous 

works of Snoeyink -- e t  a l .  (1977 and 1978). Peat f u l v i c  a c i d  was se lec ted 

because: (1)  f u l v i c  a c i d  i s  a predominant o rgan ic  i n  n a t u r a l  water, and (2 )  

1 i t t l e  carbon adsorp t ion  research us ing  peat f u l v i c  a c i d  i s  ava i l ab le .  

D i f f e ren t  types o f  commercially a v a i l a b l e  granu lar  a c t i v a t e d  carbons 

were used t o  make the  r e s u l t s  more p r a c t i c a l  f o r  t h e  water t reatment  i ndus t ry .  

These a c t i v a t e d  carbons were made from var ious  raw m a t e r i a l s  and prov ide a 

range of values f o r  parameters such as surface area, t o t a l  pore volume, and 

pore s i z e  d i s t r i b u t i o n .  Thus t h e  importance o f  these c h a r a c t e r i s t i c s  of 

a c t i v a t e d  carbon r e l a t i v e  t o  t h e  adsorp t ion  o f  humic substances can be 

evaluated. 

Adsorpt ion isotherm s tud ies  were conducted t o  evaluate t h e  e f f e c t  o f  pH, 

p a r t i c l e  s i z e  o f  carbons, the  molecular  weight  o f  t h e  humic substances, as 

we l l  as adsorp t ion  f o l l o w i n g  coagu la t ion  was studied.  The e f f e c t  o f  so lub le  

alum on adsorp t ion  was a l s o  determined. 

The k i n e t i c s  o f  adsorp t ion  o f  humic substances were evaluated as a 

f u n c t i o n  o f  a c t i v a t e d  carbon p a r t i c l e  s i z e  and t h e  molecular  weight o f  t h e  

humic substances. The e f f e c t  o f  coagu la t ion  w i t h  alum before  adsorp t ion  on 

t n e  r a t e  o f  adsorp t ion  was a l s o  i nves t iga ted .  The mass t r a n s f e r  c o e f f i c i e n t s  

obta ined from these batch k i n e t i c  t e s t s  were then used i n  t h e  mathematical 

model t o  p r e d i c t  t h e  performance o f  a c t i v a t e d  carbon i n  columns. 



A mathematical model was used t o  s imu la te  t he  breakthrough curves f o r  

humic substances removal by a carbon bed. Column experiments w i t h  d i f f e r e n t  

humic substances, a long w i t h  va r i ous  h y d r a u l i c  load ing ,  were subsequent ly 

conducted t o  v e r i f y  t he  model p r e d i c t i o n s .  P r e d i c t i o n s  o f  t h e  performance 

o f  d i f f e r e n t  a c t i v a t e d  carbon beds w i t h  humic substances w i t h  and w i t h o u t  

coagu la t i on  were made. Moreover, t h e  e f f e c t s  o f  t h e  d i f f e r e n t  i n f l u e n t  

concen t ra t i on  and empty bed con tac t  t ime  on t h e  behavior  o f  t h e  carbon bed 

were a1 so p red i c ted .  
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4. MATERIALS AND METHODS 

4.1 Ma te r ia l s  

4.1 . I  Humi c  Substances 

Humic substances from d i f f e r e n t  sources were prepared f o r  t h i s  study. 

These sources i n c l  uded a  comnerc ia l l y  avai  1  ab le  humic a c i d  ( P f a l  t z  and Bauer, 

Inc. , Stanford, CT) and humic and f u l v i c  ac ids  ex t rac ted  from podzol s o i l  

(Spodosol ) and peat  (H is toso l  ) . To f u r t h e r  p u r i f y  t h e  commercial humic ac id ,  

i t  was d i sso lved  i n  1.5% NaOH, cent r i fuged,  a c i d i f i e d  t o  pH 1  w i t h  HC1 t o  

p r e c i p i t a t e  the  humic acid, washed t o  remove ch lo r ide ,  and then f reeze-dr ied.  

The podzol s o i l ,  which was obta ined from an area south o f  B e l l a i r e ,  Michigan, 

was on t o p  o f  B hor izon a t  a  depth o f  between 12 and 22 inches i n  a  zone 

de f ined  as HIRM. The s o i l  i s  p o o r l y  d ra ined and sandy w i t h  a  s t r o n g l y  

cemented, reddish-brown subsoi 1  . The peat was obta ined from the  Houghton muck 

farm o f  Michigan S ta te  U n i v e r s i t y  a t  East Lansing. Th is  abandoned p l o t  i s  a 

we1 1  decomposed f i e l d  t h a t  has n o t  been f e r t i  1  i zed  f o r  about 10 years. The 

peat sample, located on t h e  Oal zone a t  a  depth o f  up t o  9  inches i s  described 

as a  b lack  sap r i c  ma te r ia l  w i t h  about 5% f i b e r  and w i t h  a  trace-rubbed, weak 

coarse subangular b locky  s t ruc tu re .  The s o i l  i s  n e u t r a l ,  w i t h  an abrupt  

smooth boundary. The f i b e r s  were taken o u t  by screening p r i o r  t o  the  ex t rac -  

t i o n .  The e x t r a c t i o n  o f  humic m a t e r i a l s  from podzol s o i l  and peat fo l lowed 

the  procedure out1 i ned  by Snoeyink -- e t  a1 . (1977), b u t  w i t h  some mod i f i ca t i ons  

suggested by D r .  Stevenson, Department o f  Agronomy, U n i v e r s i t y  o f  I l l i n o i s .  

F igure  1  g ives  t h e  d e t a i l s  o f  t he  e x t r a c t i o n  procedure. The humic ac ids i n  

the  podzol s o i l  and peat  were ex t rac ted  w i t h  0.1 Y K4P207 and were recovered 

by p r e c i p i t a t i o n  w i t h  HC1. Fo l lowing c e n t r i f u g a t i o n ,  the  res idue was washed 

f r e e  o f  a c i d  and was f reeze-dr ied.  The f u l v i c  ac ids  were recovered a f t e r  



S o i l  o r  peat 

C e l u t e  
Acid wash w i t h  r~ Lower molecular  weight  

0.1 N H C I  f u l v i c  a c i d  

Ex t rac t  w i t h  0.1 M 
K P O  a t p H 7  
4 2 7 ,  

f 
Cent r i  fuge c D i scard the res i due 

I 
Adjus t  pH t o  1 

w i t h  H C I  

C Prec i p i t a  t e  
Cent r i fuge 

I 
+ 

t 
Adsorb on XAD-8 

res i n  

E lu te  w i t h  NaOH 

Adjus t  pH t o  7 
w i t h  H C I  

C 

Humic a c i d  s o l u t i o n  

Wash and ' f reeze-dry 

t 
Humic a c i d  

Pass through 
c a t i o n  exchange res i n 

Freeze-dry 

1. 
F u l v i c  ac id  

I 
Sal t - f r e e  
F u l v i c  ac id  

F igure  1. The E x t r a c t i o n  Procedures o f  S o i l  and Peat. 
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Table 2. Assignments o f  Absorpt ion Bands f o r  Hurnic Substances 

Wave number, cm-' Assignment 

0-H s t r e t c h i n g  (H20, COOH) 

A1 i p h a t i c  C-H s t r e t c h i n g  (carbohydrates) 

0-H s t r e t c h i n g  o f  COOH 

C=O s t r e t c h i n g  o f  COOH and ketones 

Aromatic C=C, s t r o n g l y  H-bonded 
C=O o f  conjugated ketones (quinones) 

OH deformation and C-s t re tch ing of 
phenol' ic OH, C-H deformation of CH2 
and CH3 groups, COO' ant isymmetr ic 
s t r e t c h i n g  

C-0 s t r e t c h i n g  and OH deformation of 
COOH, C-0 s t r e t c h i n g  o f  a r y l  ethers 

C-0 s t r e t c h i n g  o f  polysaccharide 
o r  polysaccharide-1 i ke substance 

I r o n  



t reatment ,  whereas peat  f u l v i c  a c i d  i n  curve D was sub jec ted  t o  c a t i o n  exchange 

r e s i n  t reatment .  The c a t i o n  exchange r e s i n  removed a l l  t he  s a l t s  (main ly  Na 

and K)  and conver ted t h i s  peat  f u l v i c  a c i d  t o  t he  H form, there fo re  p r o v i d i n g  

a  h igher  adsorp t ion  band a t  1740 cm-I. The a p p l i c a t i o n  o f  t h e  c a t i o n  exchange 

r e s i n  seemed t o  recover  s a l t - f r e e  peat  f u l v i c  ac id .  However, t h i s  peat  f u l v i c  

a c i d  w i t h  c a t i o n  exchange r e s i n  t rea tment  was found t o  produce a  low pH 

s o l u t i o n  when d i sso l ved  i n  water.  Therefore, pH adjustment w i t h  NaOH was 

necessary t o  b r i n g  t h i s  s o l u t i o n  t o  n e u t r a l  o r  des i red  pH values. The a d d i t i o n  

o f  NaOH w i l l  n o t  o n l y  i n t roduce  more Na i o n s  t o  t h e  s o l u t i o n ,  b u t  w i l l  a l s o  

p o s s i b l y  conver t  t h i s  f u l v i c  a c i d  t o  Na f u l v i c  ac id ,  which was the  product  

w i t h o u t  c a t i o n  exchange r e s i n  t reatment .  I t  was t h e r e f o r e  decided t o  use the  

peat  f u l v i c  a c i d  w i t h o u t  c a t i o n  exchange r e s i n  t rea tment  f o r  t h i s  e n t i r e  

research. 

The elemental  ana l ys i s  o f  t h e  hurnic and f u l v i c  ac ids  i s  g iven  i n  Table 3. 

The values agree w i t h  prev ious research i n d i c a t i n g  t h a t  f u l v i c  ac ids  gene ra l l y  

have lower carbon b u t  h ighe r  oxygen contents than humic ac ids .  The range o f  

t he  carbon and oxygen contents f o r  peat  humic substance i s  h ighe r  than f o r  s o i l  

humic substance. The i r o n  conten t  o f  hurnic ac ids  was found t o  be h ighe r  than 

the  f u l v i c  ac ids .  Th i s  f i n d i n g  i s  i n  agreement w i t h  t he  r e s u l t s  o f  Babcock 

and Singer  (1979). However, i t  was a l s o  n o t i c e d  t h a t  t h e  i r o n  contents f o r  

humic and f u l v i c  a c i d s  were bo th  h ighe r  than f o r  t h e i r  samples. The aluminum 

conten t  i s  i n  t h e  range o f  0.02 t o  0.11% f o r  a l l  samples. 

To o b t a i n  d i f f e r e n t  mo lecu la r  we igh t  f r a c t i o n s  o f  humic substances, an 

Amicon s t i r r e d  c e l l  (Amicon Co., Lex ington,  MA) was used. The Amicon D i a f l o  

F i l t e r s  o f  UM2, UM10, and XM50 were used w i t h  molecular  we igh t  c u t - o f f s  o f  

1,000, 10,000, and 50,000, r e s p e c t i v e l y .  The concen t ra t i on  o f  each molecular  

weight  f r a c t i o n  was measured by TOC. 
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Humic substance s o l u t i o n s  f o r  adsorp t ion  s tud ies  were prepared from a 

s tock  so lu t i on .  Stock s o l u t i o n s  were prepared by weighing appropr ia te  amounts 

o f  t h e  f reeze-dr ied humic substances and d isso lved them i n  adequate volumes 

o f  deionized d i s t i l l e d  water. The f u l v i c  a c i d  d i sso lved  more e a s i l y  i n  water 

than humic acid, b u t  o n l y  a couple o f  p e l l e t s  o f  NaOH was necessary t o  d i sso lve  

the  humic ac id .  A l l  the  stock so lu t i ons  were s tored i n  a r e f r i g e r a t e d  chamber 

a t  a constant  temperature o f  5OC. Stock so lu t i ons  were warmed up t o  room 

temperature and d i l u t e d  w i t h  approp r ia te  amounts o f  deionized d i s t i l l e d  water 

be fore  each experiment. A s u i t a b l e  amount o f  t h e  phosphate b u f f e r  i n  the  form 

o f  sodium phosphate d i b a s i c  anhydrous (Na2HP04) was in t roduced i n t o  the  s o l u t i o n  

and maintained a t  I Q - ~ M  concentrat ion.  The pH o f  t h e  s o l u t i o n  was then ad jus ted 

w i t h  NaOH and HC1. I n  most cases, t h e  pH was maintained a t  6 unless s ta ted  

otherwise. 

For t h e  s tud ies  o f  alum coagu la t ion  fo l lowed by adsorpt ion,  peat f u l v i c  

a c i d  s o l u t i o n  f rcm a s tock  s o l u t i o n  was d i l u t e d  w i t h  deionized d i s t i l l e d  water 

t o  a concent ra t ion  of 70 mg/l as TOC. Coagulat ion was done by adding 50 mg/l of 

alum f rom a s tock  s o l u t i o n  t o  a peat f u l v i c  a c i d  s o l u t i o n  and a d j u s t i n g  t h e  

pH t o  6. A standard j a r  t e s t  was then c a r r i e d  o u t  f o r  t he  coagu la t ion  

experiment. The supernatant a l i q u o t s  were f i l t e r e d  through 0.45 pm M i l l i p o r e  

HA f i l t e r  paper (Mi 11 i p o r e  Co., Bedford, MA). Th is  s o l u t i o n  was then d i l u t e d  

w i t h  deionized d i s t i l l e d  water t o  a des i red  TOC value f o r  adsorp t ion  s tud ies .  

4.1.2 Coagulant 

Alum i s  t h e  most popular  coagulant used f o r  water  treatment. Although 

i t  has been contended t h a t  f e r r i c  s u l f a t e  has advantages over aluminum s u l f a t e  

f o r  rerr~oval o f  c o l o r  substances from water (S ing ley  e t  a1 . , 1965), t h e  l a t t e r  

coagulant i s  w ide ly  and success fu l l y  used. I n  t h i s  research, aluminum su l fa te  



( A n a l y t i c a l  grade, Ma l l i nck rod t ,  Inc. ,  S t .  Louis ,  MO) was used as t h e  o n l y  
I 

i coagulant.  

4.1.3 Ac t i va ted  Carbons 

I n  order  t o  b e t t e r  understand t h e  adsorp t ion  phenomena o f  t h e  humic 

substances, several  d i f f e r e n t  a c t i v a t e d  carbons were se lec ted  f o r  t h i s  s tudy.  

A c t i v a t e d  carbons made from a v a r i e t y  of raw m a t e r i a l s  such as bi tuminous coal , j 
l i g n i t e ,  petroleum res idue,  and wood have d i f f e r e n t  p r o p e r t i e s .  Table 4 g ives  

I 
I 
I 

t h e  sur face area and pore volume o f  these a c t i v a t e d  carbons. The BET n i t r o g e n  

2 su r face  area ranged between 575 and 1422 m /g, t h e  pore surface area measured 

1. by mercury i n t r u s i o n s  f rom 20 p s i a  t o  60,000 p s i a  was between 99 and 778 m 2 /g. 

, No c o r r e l a t i o n  was found between BET and pore sur face area. The WV-B and 

WV-DC carbons both  had a l a r g e  pore volume and a h i g h e r  sur face area. The 

HD-3000 carbon had a l a r g e  pore volume w i t h  a smal l e r  sur face area, and thus 

had a l a r g e  q u a n t i t y  o f  macropores. The F-400, WV-G, and WV-L carbons had 

a moderate pore volume and a moderate sur face area. The WV-W, WV-H, and 

Witcarb carbons were t h e  oppos i te  o f  t h e  HO-3000 carbons: they  had a l a r g e  

sur face area b u t  a smal l  pore volume i n d i c a t i n g  a l a r g e  volume of micropores. 

The pore volume f o r  Hg and t o t a l  i s  a l s o  g iven i n  Table 4. The volume 

of rrlercury displacement a t  a maximum pressure o f  60,000 p s i a  g ives  t h e  macro- 

pore vo l  umes; t h e  volu~i ie f i  1 l e d  by n i t r o g e n  g ives  t h e  micropore volumes. By 

I 
I addi ng t h e  successive vo l  u~ne increments measured by mercury p e n e t r a t i o n  t o  
I 

the  pore v o l ~ ~ m e  occu'pied by n i t rogen,  the  pore s i z e  d i s t r i b u t i o n  and t o t a l  

5 "  pore volume may be obtained. The t o t a l  pore volume (pores < 10 A r a d i u s )  

I ranged between 0.599 and 1.865 cc/g. F igures 3 and 4 g i v e  the  pore s i z e  
? 
1 

d i s t r i b u t i o n s  o f  these carbons. These analyses were prov ided by Carborundun 

Company (Niagara F a l l s ,  NY). F igure  3 presents t h e  pore s i z e  d i s t r i b u t i o n  f o r  

t h e  var ious  carbons. Three types o f  pore s i z e  d i s t r i b u t i o n  among these carbons 



Table 4. Surface Area and Pore Volume o f  Selected Act iva ted Carbons* 

Surface area, Pore volume, 
m2/ g cc/g 

Ac t i va ted  carbon Manufacturer Raw ma t e r  i a 1 BET Pore H g Tota l  

F-400 (< 14) Calgon Corp. Bituminous coal  1,228 366 0.625 1.108 

F-400 (20 x 30) Calgon Corp. B i  tuminous coal  1,075 309 0.643 1.071 

F-400 (40 x 60) Calgon Corp. B i  tuminous coal  1,155 433 0.847 1.235 

HD-3000 (20 x 40) I C I  America Inc .  L i g n i t e  coal  57 5 99 0.787 0.975 

W i  tcarb-940 (14 x 20) W i  t co  Chemical Corp. Pe t ro l  eum-based coke 950 106 0.208 0.599 

WV-B (20 x 35) Westvaco B i  tuminous coal 1,422 778 1.290 1.865 

WV-DC (20 x 35) Westvaco Wood-based coal 1,115 621 1.230 1.764 

WV-G (20 x 40) Westvaco Bituminous coal 1,020 238 0.398 0.814 

WV-H ( 8  x 16) Wes tvaco Bituminous coal 910 133 0.251 0.610 

WV-L (20 x 30) Wes tvaco Bituminous coal  976 188 0.420 0.818 

W V - W  (20 x 40) Wes tvaao B i  tumi nous coal 86 1 154 0.281 0.612 

* Data of surface area and pore s i ze  d i s t r i b u t i o n  were analyzed by Carborundum Company 
(Niagara Fa l l s ,  NY). 
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were observed. Accord ing t o  t h e  c l a s s i f i c a t i o n  o f  Dub in in  (1  966), pores w i t h  
0 0 

r a d i i  l a r g e r  than 1,000 A a r e  macropores, pore r a d i i  sma l l e r  than 20 A a r e  
0 0 

micropores, and pores between 20 A and 1,000 A a r e  t r a n s i t i o n a l  pores. The 

WV-By WV-DC, and HD-3000 carbons had predominant ly  macropores. The F-400, 

WV-G, and WV-L were carbons w i t h  a wide spectrum o f  pore s i z e s  b u t  predominant ly  

t r a n s i t i o n a l  pores; and t h e  WV-H, WV-W, and W i  t c a r b  carbons had predominant ly  

micropores. The n a t u r e  of t h e  raw m a t e r i a l ,  t h e  i m p u r i t i e s  i n  it, and t h e  

a c t i v a t i o n  processes w i l l  p rov ide  a c t i v a t e d  carbons w i t h  d i f f e r e n t  pore s i z e  

d i s t r i b u t i o n s .  F igu re  4 shows t h e  pore  s i z e  d i s t r i b u t i o n s  o f  carbons w i t h  

d i f f e r e n t  p a r t i c l e  s izes .  It i s  l i k e l y  t h a t  no s i g n i f i c a n t  d i f f e r e n c e  of pore 

s i z e  d i s t r i b u t i o n  i s  presented among these d i f f e r e n t  p a r t i c l e  s i zes .  The 

ground and s ieved F-400 (60 x 80) p rov ides  a s l i g h t l y  lower pore volume 

compared w i t h  t h a t  o f  carbons o f  o t h e r  s izes .  

Most of t h e  carbons were s ieved t o  y i e l d  a p a r t i c l e  s i z e  of 20 x 40 mesh, 

which represented t h e  most abundant p a r t i c l e  s i z e  o f  t h e  commerc ia l ly  a v a i l a b l e  

carbons. The Wi tcarb  and WV-H have l a r g e r  g ra ined carbons; t he re fo re ,  mesh 

s i zes  o f  14 x 20 and 8 x 16 were se lec ted .  The carbons were then washed w i t h  

de ion ized  water  t o  remove f i n e s  and i m p u r i t i e s  and r i n s e d  w i t h  de ion ized  

d i s t i l l e d  water, f o l l owed  by d r y i n g  a t  110°C o v e r n i g h t  t o  evaporate a l l  t he  

mois tu re  and v o l a t i l e  organics.  

Granular  a c t i v a t e d  carbon (GAC) was used f o r  t he  ba tch  r a t e  and column 

experiments, whereas powdered GAC was used f o r  t h e  iso therm s tud ies .  The 

powdered GAC was prepared by p u l v e r i z i n g  g ranu la r  carbons f o r  3 minutes, 

us ing  a Tekmar m i l  1 (Tekmar Co., C i n c i n n a t i ,  OH). The powdered carbon i n  

t h e  iso therm sampl es was removed by f i  1 t e r i  ng w i t h  a 0.45 pm M i  11 i pore HA 

f i l t e r  paper, f o l l owed  by c e n t r i f u g i n g  a t  7,500 rpm f o r  20 minutes t o  remove 



carbon f ines  l e s s  than 0.45 pm. Several types o f  f i l t e r  papers were tes ted  

and t h e  0.45 pm M i l l i p o r e  HA f i l t e r  paper was chosen. This type o f  f i l t e r  

paper was ab le  t o  remove carbon f i n e s  and d i d  no t  cause i n t e r f e r e n c e  f o r  

ana lys is  o f  humic substances. 

4.2 A n a l y t i c a l  Methods 

Samples f o r  i n f r a r e d  spectra were prepared us ing  the  KBr pel l e t  method. 

The procedures f o r  t h i s  method a re  described we1 1 i n  the  Perkin-Elmer (Perk in-  

Elmer Co. , Norwal k, CT) b u l l  e t i  n. Freeze-dried humi c substances were d r i e d  i n  

a vacuurn oven a t  40°C overnight ,  approximately 1 mg o f  t h e  sample was ground 

w i t h  300 mg o f  K B r  powder, and t h i s  m ix tu re  was then pressed a t  an e levated 

pressure i n t o  a small  d isc .  Precautions as g iven by Stevenson (1979) were 

a1 so taken t o  e l  iminate mois ture  i n te r fe rence .  Th is  KBr d i s c  was then . 

analyzed using a Beckman Model 260 doubl e-beam spectrophotometer (Beckrnan 

Instruments, Inc.,  Ful l e r t o n ,  CA) . I 

The f luorescence measurements were taken us ing a Turner model 110 

f luorometer  w i t h  an e x c i t a t i o n  wavelength o f  365 nm, and an emission wavelength 

o f  415 nm us ing  a 1 cm l i g h t  path (Turner Associates, Palo A1 to ,  CA) . Fluores- 

cence scans were obta ined w i t h  a Perkin-Elmer model 204 scanning spectro-  

f luorometer .  UVIVis absorbance measurements were made us ing a Beckman Acta 

I11 spectrophotometer. The wavelengths f o r  q u a n t i t a t i v e  ana lys i s  o f  t h e  humic 

and f u l v i c  ac ids  were 420 nm and 300 nm, respec t i ve l y .  The t o t a l  organic 

carbons were measured by a Dohrmann DC 50154 TOC Analyzer (Envi rotech Co., 

Santa Clara, CA) . Aluminum was determined using a Perkin-Elmer model 370 

atorr~i c  absorp t ion  spectrophotometer. 

A modi f ied  1 i qu id -1  i q u i d  e x t r a c t i o n  method f o r  t he  ana lys i s  o f  ch loro form 

concent ra t ion  was developed f o r  t h i s  research. Th is  a n a l y t i c a l  technique was 



found t o  be accurate and reproduci  b l e  a t  a d e t e c t i o n  1 i m i  t of 10 p g / l .  It has 
I 

1 been used by several  o the r  researchers i n  t h e  Department of C i v i l  Engineering 

I a t  t h e  U n i v e r s i t y  of I 1  1 i n o i s ,  and has been shown t o  be p rec i se  and fas t .  The 

d e t a i l s  o f  t h i s  a n a l y t i c a l  method are g iven i n  Appendix A. 

4.3 Experimental Techniques 

4.3.1 Coagulat ion Experiments 

Standard j a r  t e s t s  were used f o r  t he  coagu la t ion  experiments. The optimum 

cond i t i ons  f o r  coagu la t ion  were i nves t iga ted .  The samples were mixed r a p i d l y  

l a t  100 rpm f o r  5 min fo l lowed by a slow mix a t  30 rpm f o r  20 min on a j a r  t e s t  

machine. The samples were a l lowed t o  stand overn ight ,  a f t e r  which t ime super- 
I 

na tan t  a l i q u o t s  were f i l t e r e d  through 0.45 pm M i l l i p o r e  HA f i l t e r  paper and 

I analyzed f o r  TOC. Resul ts  o f  t h i s  p r e l i m i n a r y  study i n d i c a t e d  t h a t  t h e  optimum 
\ 

pH f o r  t h e  coagu la t ion  of commercial humic a c i d  was between 5 t o  6, w h i l e  a 

much wider  range o f  pH values between 5 t o  8 was found f o r  peat f u l v i c  ac id.  

A t  pH 6, the  optimum dosages o f  alum f o r  5 mg/l o f  commercial humic a c i d  and 

o f  peat  f u l v i c  a c i d  are  50 rr~g/l and 20 mg/l , respec t i ve l y .  S i m i l a r  r e s u l t s  

f o r  t h e  optimum pH f o r  a l ~ ~ m  coagu la t ion  were repor ted  by Kavanaugh (1978) and 

Semmens e t  a1 . (1979). 

4.3.2 Adsorpt ion Isotherm Experiments 

The adsorpt ion isotherm t e s t s  used we1 1 es tab l  ished techniques. These 

t e s t s  cons is ted  o f  mix ing  known concent ra t ions  o f  humic substance s o l u t i o n  and 

weighted amounts o f  se lec ted powdered GAC. The sample b o t t l e s  were placed on 

a r o t a r y  shaker, which provided e x c e l l e n t  mix ing  a t  a r o t a t i o n  speed o f  about 

25 rpm. A f t e r  t he  samples reached equ i l i b r i um,  they were f i l t e r e d  w i t h  a 

I 
I 0.45 pm M i l l i p o r e  f i l t e r  and the  f i l t r a t e  was analyzed. The t ime t o  reach 



e q u i l i b r i u m  i s  g iven i n  Sect ion 6.2. 

4.3.3 Batch Rate Experiments 

Batch r a t e  t e s t s  were conducted i n  a  4 - l i t e r  reac to r .  A va r iac -con t ro l l ed  

s t i r r e r  operated a t  approximately 1,200 rpm provided good mix ing cond i t ions  . 
The power i n p u t  t o  the  s t i r r e r  was as l a r g e  as poss ib le  w i thou t  causing 

vor tex ing o r  carbon p a r t i c l e  breakup. The i n i t i a l  concent ra t ion  of the  humic 

substances and concentrat ions a t  d i f f e r e n t  t ime i n t e r v a l s  a f t e r  a d d i t i o n  o f  

known amounts o f  g ranu lar  a c t i v a t e d  carbon t o  the  r e a c t o r  were measured. A 

t ime i n t e r v a l  was used t h a t  would prov ide s u f f i c i e n t  data f o r  the  determinat ion 

o f  f i l m  t r a n s f e r  and sur face d i f f u s i o n  c o e f f i c i e n t s  by the batch reac to r  model. 

4.3.4 Column Experiments 

The column t e s t s  used a  labora tory-sca le  g lass column t h a t  contained 

known amounts o f  GAC o f  un i fo rm s ize.  The p a r t i c l e  s i z e  was the same as t h a t  

used i n  t h e  batch r a t e  t e s t s .  To avoid wa l l  e f f e c t s ,  a  c a r e f u l  s e l e c t i o n  of 

column diameter was chosen. Pre l iminary  study o f  the  s e l e c t i o n  o f  column 

diameter f o r  a  p a r t i c l e  s i z e  o f  20 x  40 mesh ind ica ted  t h a t  w a l l  e f f e c t s  were 

observed when t h e  column diameter was 1.0 cm. The s e l e c t i o n  o f  a  3.0 cm 

column diameter was s a t i s f a c t o r y  f o r  avo id ing w a l l  e f f e c t s .  The f l o w  r a t e  

and t h e  bed leng th  o f  t h e  carbon column were a l so  invest iga ted.  A combination 

2  o f  0.78 gpm/ft  f l o w  r a t e  and 24.0 cm bed leng th  gave a  good breakthrough 

curve. This hyd rau l i c  load ing was equal t o  7.5 min empty bed con tac t  t ime 

(EBCT). The column was operated i n  an upf low packed-bed mode. The humic 

substance s o l u t i o n  was s tored i n  a  4 5 - l i t e r  g lass carboy and then app l ied  t o  

2  the column a t  a  constant  f l o w  r a t e  of 0.78 gpm/ft  . The e f f l u e n t  from the 

column was analyzed t o  e s t a b l i s h  a  breakthrough curve. 



5. MODELING 

Adsorption of dissolved organic substances frorn d i lu te  aqueous sol utions by 

a porous adsorbent such as activated carbon involves several sequential and 

parallel  transport and reaction phenomena. These steps are:  the transport of the 

adsorbate through a l iquid boundary layer surrounding the exter ior  of the adsor- 

bent, the diffusion of the adsorbate within the pores of the adsorbent, and the 

adsorption of the solute  on the in te r io r  surfaces of the pore and capi l lary 

spaces of the adsorbent. 

A model incorporating mathematical descriptions of the following phenomena, 

as reported by Crittenden and Weber (1978a), was used in th i s  study: ( 1 )  film 

transfer  resistance to mass transfer ( i  . e . ,  the 1 inear driving force) ;  ( 2 )  local 

adsorption equilibrium adjacent to  the carbon surface; (3 )  surface diffusion as 

the predominant in t rapar t ic le  mass t ransfer  process (predicated on comparative 

analysis of parallel  mechanisms for  pore solute f lux ) .  An i l l u s t r a t ion  of the 

model mechanisms i s  presented in Figure 5. Crittenden and Weber verified the i r  

model by comparing the predicted breakthrough curves of experimental data of 

adsorbates that  had different  control 1 ing mass t ransfer  resistances.  Further- 

more, they showed that  the controlling mass t ransfer  resistances can be deter- 

mined from the Sherwood number. A Sherwood number greater than 50 indicates tha t  

surface diffusion resistance i s  controlling the ra te  of adsorption. On the other 

hand, a Sherwood number less than 1 indicates tha t  film transfer  resistance i s  

control 1 ing the rate  of adsorption. 

Although humic substances are  considered as a heterogeneous mixture of 

mol ecul es,  they range in molecular weight from several hundred to perhaps more 

than 300,000. Humic substances were treated as a single solute in the model. 





5.1 Batch Reactor Model 

Development o f  t he  batch r e a c t o r  model was based on t h e  framework of t h e  

column model developed by C r i  t tenden and Weber (1  978a ,b) . The mathemati c 

equations invo lved i n  t h i s  model a r e  presented here. A mass balance on the  

l iqu id-phase i s  g iven by t h i s  equation: 

3 i n  which, C = l iqu id-phase concent ra t ion  (MIL ) 

Cs = l iqu id-phase concent ra t ion  adjacent  t o  the p a r t i c l e  surface 

Do = dosage o f  carbon ( M / L ~ )  

kf = f i l m  t r a n s f e r  c o e f f i c i e n t  ( L / t )  

R = adsorbent rad ius  ( L )  

t = t ime  ( t )  

3 
Pa = adsorbent dens i t y  t h a t  inc ludes pore volume (M/L ) 

The i n i t i a l  c o n d i t i o n  f o r  t he  l iqu id-phase mate r ia l  balance i s :  

C = C o a t t = O  

i n  which, Co = i n i t i a l  bu l k  concent ra t ion  (M/L". 

The sol id-phase mate r ia l  balance f o r  t h e  mass t r a n s p o r t  w i t h i n  the  adsorbent 

p a r t i c l e  i s :  



2 i n  which, Ds = su r f ace  d i f f u s i o n  c o e f f i c i e n t  ( L  / t )  

q  = s o l  id-phase c o n c e n t r a t i o n  (M/M) 

r = r a d i a l  c o o r d i n a t e  ( L )  

The boundary c o n d i t i o n s  necessary f o r  t h e  s o l u t i o n  o f  equa t i on  3 are:  

Equat ion 5 s t a t e s  t h a t  t h e  r a t e  o f  mass t r a n s f e r  th rough  t h e  s u r f a c e  f i l m  i s  equal 

t o  t h e  r a t e  o f  change o f  t h e  average su r f ace  concen t ra t i on  i n s i d e  t h e  p a r t i c l e .  

The i n i t i a l  c o n d i t i o n  f o r  t h e  s o l  id-phase m a t e r i a l  balance i s :  

q  = 0 a t  t = 0 and f o r  O z r i R  (6) 

To complete t h e  s o l u t i o n  o f  t h e  model, t h e  F r e u n d l i c h  a d s o r p t i o n  equat ion  i s  used 

t o  coup le  equa t ions  1 and 3. 

5.2 Column +lode1 

The model developed by C r i t t e n d e n  and Weber (1978a, b )  was used i n  t h i s  s tudy .  

Model equa t ions  t h a t  r e s u l t  f rom a so l id -phase  m a t e r i a l  ba lance i n  a  f i x e d  bed 

and i t s  r e s p e c t i v e  boundary and i n i t i a l  c o n d i t i o n s  a r e  t h e  same as those  f o r  t h e  

ba tch  r e a c t o r  model. The l i q u i d - p h a s e  m a t e r i a l  balance i s  p resen ted  as, 

i n  which, v  = i n t e r s t i t i a l  v e l o c i t y  ( L / t )  

z = l o n g i t u d i n a l  a d s o r p t i o n  bed coo rd ina te  ( L )  



E = f r a c t i o n  o f  v o l r ~ m e t r i c  space unoccupied by the  adsorbent o r  v o i d  

f r a c t i o n  

The boundary cond i t i on  necessary f o r  t he  s o l u t i o n  o f  equat ion 7 i s :  

C = Co( t )  a t  t 2 0 and z = 0 

The i n i t i a l  c o n d i t i o n  i s  g iven as, 

The Freund l lch  adsorp t ion  isotherm i s  used t o  couple t h e  sol id-phase and f ixed-  

bed mass balance equations 3  and 7. 

5 . 3  Orthogonal Co l l oca t ion  and F i n i t e  D i f f e rence  Methods 

D i f f e r e n t i a l  equations i nvo lved  i n  t h e  models were solved by C r i  t tenden 

and Weber (1  978a, b) us ing a f i n i t e  d i f f e r e n c e  technique. F i n i t e  d i f ference 

techniques convert  these d i f f e r e n t i a l  equations t o  a1 gebra ic  equations t h a t  a re  

solved on a computer. The f i n i t e  d i f ference techniques are  discussed by Mathews 

and Weber (1976) and Cr i t tenden (1976). The disadvantage o f  t h i s  technique i s  

the  model ' s  l a c k  o f  s t a b i l i t y .  An opt imized combination o f  numbers of t ime, 

rad ius ,  and bed steps has t o  be se lec ted by t r i a l - a n d - e r r o r  f o r  each d i f f e r e n t  

column ana lys i s .  It i s  q u i t e  d i f f i c u l t  t o  ob ta in  such a combinat ion f o r  these 

th ree  parameters. 

Orthogonal c o l l o c a t i o n  has been shown t o  be more e f f i c i e n t  and accurate 

than t h e  f i n i  t e  d i f f e r e n c e  techniques (Finalyson, 1972; Cr i t tenden e t  a1 ., 1979). 

Thacker and C r i  t tenden (personal communication) appl i e d  t h e  techniques of o r tho-  

gonal c o l l o c a t i o n  t o  solve the  model equations i n  batch and column adsorbers. I n  

t h i s  method, t h e  a x i a l  and r a d i a l  d e r i v a t i v e s  are  approximated by s p e c i f i e d  t r i a l  



functions having coefficients adjusted so that the substitution of the trial 

function into the differential equations results in zero error at specified 

grid or collocation points. Orthogonal collocation was compared with 

analytical solutions to check its accuracy and stability, and excellent 

comparisons were obtained. Therefore, both batch reactor and column models 

were solved using orthogonal collocation. 

5.4 Parameter Estimation 

The adsorption isotherm constants, surface diffusion coefficiert, and 

column film transfer coefficient must be determined independently of column 

experiments. The column model can only be verified by comparing model 

predictions with experimental data. 

5.4.1 Isotherm Constants 

The Freundlich isotherm equation is generally used for heterogeneous 

surface systems such as activated carbon.. The equation is as follows: 

in which, Ce = equilibrium concentration in solution 

K = Freundlich constant which relates to adsorption capacity 

l/n= Freundlich constant which relates to adsorption intensity 

9 e = equi 1 i brium surfqce concentration 

By taking the logarithmic form of equation 10, one arrives at a straight line 

with a slope of l/n and an intercept of K at Ce = 1. The slope and intercept 

of this adsorption isotherm were estimated by linear regression. 



I 

5.4.2 Sur face D i f f u s i o n  C o e f f i c i e n t  
> 

1 
i Sur face d i f f u s i o n  c o e f f i c i e n t  was determined us ing ba tch  r e a c t o r  s tud ies .  

Experimental concen t ra t i  on-tirne data were compared w i t h  model p r e d i c t i o n s ,  and 
I 
1 

t he  bes t  s t a t i s t i c a l  f i t  was used t o  determine t h e  mass t r a n s f e r  parameters. 

I A1 though f i l m  t r a n s f e r  and surface d i f f u s i o n  c o e f f i c i e n t s  were ob ta ined 

s imul taneously from batch  r e a c t o r  data by  a  model developed by Mathews and Weber 
:. 1 . .  . 

. . : j  

. .. . ,  (1976), i t  i s  q u i t e  d i f f i c u l t  and expensive t o  apply a  model w i t h  two unknown 

I parameters. DiGiano (1969) and Letterman (1 974) had n o t i c e d  t h a t  t h e  r a t e  of 

s o l u t e  uptake i s  c o n t r o l l e d  by f i l m  d i f f u s i o n  i n  t he  i n i t i a l  stages and by p a r t i c l e  

I d i f f u s i o n  i n  t h e  1  a t t e r  stages. Assuming the  sur face concen t ra t i on  was negl  i g i b l  e  
1 .  

f o r  t h e  i n i t i a l  per iod ,  equat ion 1  can be rearranged and i n t e g r a t e d  t o  g i v e  t h e  
1 
1 
I f o l l o w i n g  equat ion:  

0 The va lue  o f  kf can be est imated by p l o t t i n g  En (r) versus t. S t r i c t l y  speaking, 

1 t h i s  equat ion i s  v a l i d  o n l y  a t  t ime  t=O, where t h e  su r face  concen t ra t i on  i s  zero. 

I Mathews and Weber (1976) i n v e s t i g a t e d  the  e f f e c t  o f  i n t r a p a r t i c l e  d i f f u s i o n  on 
J 

t h e  i n i t i a l  adsorp t ion  r a t e .  For a  lower va lue  o f  t he  f i l m  t r a n s f e r  c o e f f i c i e n t  

(5  x cm/sec), i n i t i a l  r a t e s  a re  n o t  s i g n i f i c a n t l y  a f f e c t e d  by d i f f u s i o n  w i t h i n  

the  p a r t i c l e .  However, f o r  a  l a r g e  value of f i l m  t r a n s f e r  c o e f f i c i e n t s  (1.5 x  l o - '  
I 
1 cm/sec), t h e  use of  i n i t i a l  r a t e  data beyond t h e  f i r s t  few minutes would r e s u l t  i n  

1 l a r g e  e r r o r s  i n  computing values f o r  kf .  
J 

A  ba tch  r a t e  s tudy  us ing  commercial humic a c i d  s o l u t i o n  w i t h  F-400 (60 x 80) 

1 a c t i v a t e d  carbon i n  a  15-2 r e a c t o r  was conducted t o  determine t h e  f i l m  t r a n s f e r  
1 

Co and su r face  d i f f u s i o n  c o e f f i c i e n t s .  The l i n e a r  r e l a t i o n s h i p  f o r  a  p l o t  o f  En (r) 
I 
J versus t holds up. t o  a  p e r i o d  o f  2 hours. The es t ima t ion  o f  the  f i l m  t r a n s f e r  



c o e f f i c i e n t  from t h e  i n i t i a l  r a t e  da ta  g i ves  a  va lue  o f  6.14 x  cm/sec. 

The f i l m  t r a n s f e r  c o e f f i c i e n t  determined us ing  t h e  b a t c h  model was 6.5 x  l o m 5  

cmlsec. By comparing t h e  film t r a n s f e r  c o e f f i c i e n t  o b t a i n e d  f rom t h e  i n i t i a l  

0 s l ope  method and t h e  ba t ch  model, t h e  va lue  determined by p l o t t i n g  i n  

versus t i s  acceptable.  

The f i l m  t r a n s f e r  and su r f ace  d i f f u s i o n  c o e f f i c i e n t s  were determined t o  be 

2  6.5 x  cm/sec and 6.0 x  10'12 cm /sec f o r  t h i s  ba t ch  r e a c t o r  model. Weber 

e t  a l .  (1978) s t u d i e d  t h e  adso rp t i on  of  c o m e r c i a l  humic a c i d  f rom t h e  A l d r i c h  -- 
- 4  

Chemical Co., I nc .  (Milwaukee, W I )  and ob ta i ned  va lues f o r  k f  and Ds of  1.3 x 10' 

2  cm/sec and 3.2 x  10- I '  cm /sec, r e s p e c t i v e l y .  S ince  t h e  va lue  o f  f i l m  t r a n s f e r  

c o e f f i c i e n t s  can be v a r i e d  w i t h  t h e  c o n d i t i o n s  o f  m ix ing ,  no  comparison o f  t h i s  

va l  ue i s  made. However,. t h e  d isc repancy  between t h e  va lues o f  sur face d i f f u s i o n  

c o e f f i c i e n t  may be due t o  t h e  f a c t  t h a t  t h e i r  ba t ch  r a t e  da ta  were c o l l e c t e d  f o r  

o n l y  12 hours,  which may n o t  be a s u f f i c i e n t l y  l o n g  d u r a t i o n  t o  a c c u r a t e l y  e s t i -  

mate t h e  su r f ace  d i f f u s i o n  c o e f f i c i n e t .  

5.4.3 S t a t i s t i c a l  A n a l y s i s  o f  Batch Sur face  D i f f u s i o n  C o e f f i c i e n t  

An e v a l u a t i ~ n  o f  t h e  accuracy o f  sur face d i f f u s i o n  c o e f f i c i e n t s  was needed 

f o r  t h e  column p r e d i c t i o n s .  Th i s  e v a l u a t i o n  was conducted by us ing  a  conf idence 

i n t e r v a l  concept,  as g i ven  by Draper and Smith (1966) .  The f o l l o w i n g  equa t i on  

was used t o  i n d i c a t e  t h e  da ta  s c a t t e r  assoc ia ted  w i t h  t h e  ba t ch  r e a c t o r  model. 

I n  which, F = F d i s t r i b u t i o n  w i t h  p  and wAp degrees o f  freedom 

n  = number o f  da ta  p o i n t s  

P = number o f  parameters 

S(O) = a l l o w a b l e  var iance  

s(;) = minimum o f  va r i ance  



F igu re  6 d i sp lays  t h e  sample d e v i a t i o n  w i t h  d i f f e r e n t  values of  t h e  f i l m  
i 
j . t r a n s f e r  and surface d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  batch r e a c t o r  model by f i t t i n g  

I 

i data ob ta ined from comnercial humic a c i d  and WV-G carbon. The square r o o t  of the  
I 

sum o f  t h e  d i f f e r e n c e  between ac tua l  and p r e d i c t e d  da ta  d i v i d e d  by t h e  number o f  

I data  p o i n t s  g ives  t h e  sample dev ia t i on .  The minimum sample d e v i a t i o n  occurs a t  

t h e  p o i n t  where t h e  value o f  k f  and Ds i s  1.50 x  cm/sec and 2.10 x  lo- ' '  
I 
I cm 2  /sec, r e s p e c t i v e l y .  The minimum sample d e v i a t i o n  i s  0.0231; t h e  90%,95%,and 

I 
99% confidence regions a re  presented i n  F igure  6. Values o f  d i f f e r e n t  sample 

I 
d e v i a t i o n s  o f  0.03 and 0.04 are  a l s o  g iven i n  t h i s  f i g u r e .  The shape o f  these 

I 
i contours i n d i c a t e s  t h a t  t he  value o f  k f  i s  n o t  determined as  accu ra te l y  

as Ds. Th i s  can be exp la ined by  examining t h e  va lue  o f  t h e  Sherwood number: 
: 
i range o f  t h e  Sherwood number i s  f rom 99 t o  1744. Such a  h i g h  Sherwood number 

I i n d i c a t e s  t h a t  sur face d i f f u s i o n  res i s tance  i s  a  predominant f a c t o r  i n  adsorbing 
I 

humic substances. However, t h e  shape of  these contours can be open o r  c losed 

j e l l i p s e s  depending on t h e  experimental  data. With 95% confidence, t h e  Ds can 

va ry  from 1.75 x  10- I  t o  2.55 x 10" cm2/sec i n  t h i s  case. 

I 
I 

5.4.4 Column F i l m  Trans fer  C o e f f i c i e n t  

1 The f i l m  t r a n s f e r  c o e f f i c i e n t  was determined us ing  a  c o r r e l  a t i o n  developed 

I by Wi l l iamson e t  a l .  (1963). Th is  c o r r e l a t i o n  was found t o  be s a t i s f a c t o r y  i n  
I 

t h e  p r e d i c t i o n s  o f  carbon adsorp t ion  of  phenol, p-bromophenol , p-to1 uene s u l  fo- 

I 

I nate, and dodecyl benzene sulfonate, as repo r ted  by Cr i t t enden  and Weber 

(1978a, b)  . The c o r r e l a t i o n  equat ion i s  as f o l  lows: 
1 
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i n  which, D  = diameter o f  t h e  p a r t i c l e  

Di = l i q u i d  d i f f u s i v i t y  

kf c  = f i l m  t r a n s f e r  c o e f f i c i e n t  o f  t h e  column 

Re = Reynold. '~ number 

Sc = Schrnidt number 

V s  = s u p e r f i c i a l  v e l o c i t y  

pi = l i q u i d  v i s c o s i t y  

pi = 'densi ty  o f  l i q u i d  

Th is  c o r r e l a t i o n  equat ion requ i res  an est imate o f  t he  f r e e  l i q u i d  d i f f u s i v i t y  

o f  humic substances. Since no in fo rmat ion  was a v a i l a b l e  i n  the  l i t e r a t u r e  on the  

f r e e  l i q u i d  d i f f u s i v i t y  o f  humic substances, an est imate o f  t h i s  value was made. 

Several methods were used t o  c a l c u l a t e  the  f r e e  1  i q u i d  d i f f u s i v i t y :  

(1 )  Arbuckle, 1978; ( 2 )  Wilke and Chang . 1955; ( 3 )  Polson, 1950. The est imated 

f r e e  1  i q u i d  d i f f u s i v i t i e s  from t h e  above th ree  c o r r e l a t i o n s  were in t roduced t o  the  

W i  11 iamson c o r r e l a t i o n  t o  determine the  column f i l m  t r a n s f e r  coe f f i c i en t .  For a  

t y p i c a l  column experiment o f  commercial humic a c i d  adsorbed by F-400 (60 x 80) 

carbon, t h e  average p a r t i c l e  diameter i s  0.021 cm, the  f low r a t e  i s  4.6 mi/min, 

and t h e  column diameter i s  1.0 cm. The p o r o s i t y  of t h e  colurr~n i s  ca l cu la ted  as 

0.41, the  s u p e r f i c i a l  v e l o c i t y  as 9.762 x cm/sec, and t h e  Reynold's number 

as 0.558. Therefore, t h e  corresponding values of col l~mn f i l m  t r a n s f e r  c o e f f i c i e n t s  

f o r  t h e  above th ree  methods were 1  ,163 x lom3,  3.170 x 1  o - ~ ,  and 1.479 x 1  o - ~  

cm/sec. The column f i l m  t r a n s f e r  c o e f f i c i e n t  determined by the  b e s t  f i t  of model 

p r e d i c t i o n  t o  experimental data was 1.0 x  1 0 ' ~  cm/sec. Both values o f  the  column 

f i l m  t r a n s f e r  c o e f f i c i e n t s  ca l cu la ted  from Arbuck le 's  and Polson's methods are  



close t o  the  value determined from t h e  model ana lys is .  Consequently, the  e s t i -  

mation of humic substance 1 i q u i d  d i f f u s i v i t y  by the  Arbuckle 's  and Polson's 

methods a r e  adequate for  use i n  t h i s  study. 



6. RESULTS AND DISCUSSION 

6.1 Eva luat ion  of D i f fe rent  A n a l y t i c a l  Methods t o  I n d i c a t e  
the  Chloroform Formation P o t e n t i a l  o f  Humic Substances 

Fluorescence i n t e n s i t y ,  u l  t r a v i o l  e t / v i  s i  b l  e (UV/Vi s)  absorp t ion  and t o t a l  

organic carbon (TOC) a r e  the  th ree  parameters most o f t e n  used t o  determine the  

concent ra t ion  o f  humic substances i n  water.  Since humic substances are 

precursors o f  tri ha1 omethanes, these th ree  a n a l y t i c a l  methods were c o r r e l a t e d  

w i t h  t h e  ch l  oroform format ion  p o t e n t i a l  (CFP) o f  humic substances. The s u i  t a -  

b i l  i t y  o f  us ing  these a n a l y t i c a l  methods i n  t h e  s tud ies  o f  alum coagu la t ion  

and carbon adsorp t ion  o f  humic substances i n  water was a l so  examined. 

6.1.1 Comparison o f  F l  horescence I n t e n s i t y  and U l  t r a v i o l  e t / V i  s i  b l  e 
Absorpt ion w i t h  To ta l  Organic Carbon Measurements . 

Table 5 presents a c o r r e l a t i o n  o f  TOC w i t h  f luorescence i n t e n s i t y  

o f  a commercial humic a c i d  s o l u t i o n  before and a f t e r  carbon adsorpt ion.  

Fluorescence i n t e n s i t i e s  were measured us ing  an e x c i t a t i o n  wavelength of 

365 nm, an emission wavelength o f  415 nm, and a path o f  1 cm, as descr ibed 

by McCreary and Snoeyink (1979). As shown i n  Table 5, p r e f e r e n t i a l  adsorp t ion  

of humic a c i d  species t h a t  f l uo resce  occurred when a c t i v a t e d  carbon was 

in t roduced i n t o  the  s o l u t i o n .  The f luorescence i n t e n s i t y  per mg/L TOC was 

s i g n i f i c a n t l y  l e s s  f o r  t he  s o l u t i o n  e q u i l i b r a t e d  w i t h  carbon than f o r  t he  

s o l u t i o n  t h a t  was no t  dosed w i t h  carbon. F igure  7 shows t h e  f luorescence 

spectra o f  humic a c i d  s o l u t i o n  before and a f t e r  carbon treatment. These 

f luorescence scans were obta ined by e x c i t i n g  t h e  samples a t  365 nm and 

scanning the emission wavelengths from 300 t o  700 nm. As t h i s  f i g u r e  shows, 

t h e  f luorescence emission peak s h i f t e d  when carbon was added t o  the  humic 

ac id  so lu t i on .  Th is  s h i f t  may be caused by the  p r e f e r e n t i a l  absorp t ion  



Table 5. C o r r e l a t i o n  of TOC w i t h  Fluorescence I n t e n s i t y  
of Comnercial Humic Ac id  S o l u t i o n  

TOC, Fluorescence F l  uorescence i n t e n s i t y  
Sample* mg/R i n t e n s i t y  per  mg/R TOC 

* Samples A and C were commercial humic. a c i d  s o l u t i o n s  
w i thou t  carbon adsorpt ion,  sample B was obta ined by 
e q u i l  i braat ing  10 mg o f  a c t i v a t e d  carbon F-400 w i t h  
100 mR o f  sample A, and sample C was d i l u t e d  from 
sample A t o  the  same TOC of sample B. 



E x c i t a t i o n  

Before Carbon Adsorption 

A f t e r  Carbon Adsorption 
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Figure 7 .  Fluorescence Spectra o f  a Commercial Humic Acid 
before  and a f t e r  Carbon Adsorption. 



o f  f r a c t i o n s  of humic a c i d  t h a t  f l uo resce .  

There was a  ve ry  good c o r r e l a t i o n  of UV o r  V i s  l i g h t  absorbance 

w i t h  TOC, as shown i n  F igure  8. L i n e  B was obta ined frorn peat  f u l v i c  a c i d  

s o l u t i o n  dosed w i t h  d i f f e r e n t  amounts o f  alum. The o the r  1  i nes  a re  p l o t s  

of d i f f e r e n t  humic substances a f t e r  passage through d i f f e r e n t  a c t i v a t e d  

carbon beds. The s p e c i f i c  wavelength f o r  commercial humic a c i d  was 420 nm, 

whereas i t  was 330 nm f o r  peat  f u l v i c  a c i d  and peat  f u l v i c  a c i d  remain ing 

a f t e r  coagu la t i on  w i t h  alum. The c o r r e l a t i o n  c o e f f i c i e n t  f o r  these l i n e a r  

regress ion  analyses v a r i e d  from 0.994 t o  0.999, which i n d i c a t e d  a  good 

l i n e a r  r e l a t i o n s h i p  between UV o r  V is  l i g h t  absorbance and TOC. Since 

samples f o r  t h i s  c o r r e l a t i o n  were analyzed a f t e r  a1 um coagu la t ion  and/or 

adsorpt ion,  t h e r e  i s  p robab ly  no p r e f e r e n t i a l  coagu la t i on  o r  adsorp t ion  

o f  f r a c t i o n s  o f  humic substances t h a t  absorb UV o r  V i s  l i g h t .  

6.1.2 To ta l  Organic Carbon and Chloroform Formation P o t e n t i a l  

The da ta  f rom t h e  NORS s tudy  by Symons -- e t  a l .  (1975) i n d i c a t e  t h a t  

ch lo ro form i s  t h e  major  component o f  t h e  tri ha1 omethanes found a t  water 

t rea tment  p l a n t s .  Since o n l y  ch lo ro fo rm was formed when t h e  humic 

substances used i n  t h i s  s tudy were c h l o r i n a t e d  (no Br- o r  I -  was present) ,  

an ex tens ive  i n v e s t i g a t i o n  o f  t he  r e l a t i o n s h i p  between TOC and CFP was 

conducted. To eva lua te  the  s u i t a b i l i t y  o f  these analyses f o r  t h e  carbon 

adsorp t ion  s tud ies ,  d i f f e r e n t  humic substances were dosed w i t h  var ious  

amounts o f  F-4C0 carbon. The carbon was removed by f i l t e r i n g  w i t h  0.45 pm 

M i l  l i p o r e  fi 1 t e r  paper; t he  water samples were then analyzed f o r  both TOC 

and CFP. The CFP was obta ined by c h l o r i n a t i o n  w i t h  10 mg/R f r e e  c h l o r i n e  

as C12 f o r  48 hours a t  a  cons tant  temperature o f  20°C and a  pH o f  6. 



UV or Vis Absorbance 

Figure 8. The C o r r e l a t i o n  o f  UV o r  V is  Absorbance w i t h  TOC Measurement. 
A. Humic Ac id  from P f a l t z  and Bauer w i t h  Carbon Adsorption; 
B. Peat F u l v i c  Ac id  w i t h  Alum Coagulation; C.  Peat F u l v i c  
Ac id  w i t h  Carbon Adsorpt ion; D. Peat F u l v i c  Acid a f t e r  
Coagulat ion w i t h  Albm and Followed by Carbon Adsorpt ion 
(A = 330 and 420 nm f o r  Ful v i c  and Humic Acids, Respect ive ly ) .  



As shown i n  F igu re  9, t h e  CFP o f  commercial humic ac id ,  pea t  f u l v i c  ac i d ,  

and pea t  f u l v i c  a c i d  rema in ing  a f t e r  c o a g u l a t i o n  w i t h  alum inc reased  

l i n e a r l y  w i t h  TOC. T h i s  l i n e a r  r e l a t i o n s h i p  a l s o  e x i s t s  f o r  peat  humic 

a c i d  as r e p o r t e d  by B a b c o c ~  and S inger  (1979),  and f o r  t h e  o rgan i cs  i n  

wate r  samples taken th roughout  t h e  c o u n t r y  (Symons -- e t  a l . ,  1975) .  

The ch lo ro fo rm y i e l d  pe r  mg TOC was es t ima ted  from t h e  s l ope  of t h e  

1  i n e  i n  F igu re  9; t h e  r e s u l t s  a r e  t a b u l a t e d  i n  Table 6. The commercial 

humic a c i d  f rom P f a l  t z  and Bauer had t h e  K i  ghest  c h l o r o f o r m  y i e l  d, whereas 

pea t  f u l v i c  a c i d  rema in ing  a f t e r  c o a g u l a t i o n  w i t h  alum had t h e  l o w e s t  

ch lo ro fo rm y i e l d .  The c h l o r o f o r m  y i e l d  da ta  o f  Snoeyink - -  e t  a1 . (1977),  

which were es t ima ted  u s i n g  t h e  same procedure, a r e  a1 so presented i n  Table 6. 

A s i m i l a r  c h l o r o f o r m  y i e l d  o f  commercial humic a c i d  was ob ta ined  i n  bo th  

s tud ies ,  a l t hough  d i f f e r e n t  t rea tments  o f  commercial humic a c i d  were used. 

Hurnic a c i d  rema in ing  a f t e r  carbon t r ea tmen t  was used i n  t h i s  s tudy,  whereas 

humic a c i d  w i t h o u t  carbon t r ea tmen t  was used i n  t h e  Snoeyink s tudy .  By 

comparing t h e  c h l o r o f o r m  y i e l d s  o f  pea t  f u l v i c  a c i d  be fo re  and a f t e r  alum 

c o a g u l a t i o n  i n  Tab1 e  6, we found a  l owe r  ch lo ro fo rm  y i e l d  o f  t h e  pea t  f u l v i c  

a c i d  f r a c t i o n  rema in ing  a f t e r  coagu la t i on .  S i m i l a r  r e s u l t s  w i t h  pea t  f u l  v i c  

a c i d  were c a l c u l a t e d  f rom t h e  da ta  o f  Babcock and S inger  ( 1  979).  They a l s o  

r e p o r t e d  t h a t  a  r e d u c t i o n  i n  y i e l d  was found f o r  pea t  humic ac id .  I t  thus 

appears t h a t  alum c o a g u l a t i o n  s e l e c t i v e l y  removes f r a c t i o n s  o f  humic 

substances t h a t  have t h e  g r e a t e s t  p o t e n t i a l  f o r  c h l o r o f o r m  fo rma t i on .  

6.2 Adso rp t i on  E q u i l i b r i u m  S tud ies  

6.2.1 P r e l i m i n a r y  S tud ies  

One o f  t h e  problems assoc ia ted  w i t h  t h e  s tudy  of humic substance 

adso rp t i on  by a c t i v a t e d  carbon i s  t h e  slow e q u i l i b r a t i o n .  I n  an i n i t i a l  



Total Organic Carbon, m g N  

Figure 9. The Cor re la t ion  between Total  Organic Carbon and Chloroform 
Formation Po ten t ia l  f o r  Various Humic Substances. 
A. Humic Acid from P f a l t z  and Bauer; B. Peat F u l v i c  Acid; 
C. Peat Fu l v i c  Acid Remaining a f t e r  Coagulation w i t h  Alunr. 



Table 6. Chloroform Formation P o t e n t i a l  o f  
D i f f e r e n t  Sources o f  Humic Substances 

Y i e l d  o f  chloroform* 
mg CnC13/mg TOC, % 

Humic substance A B C 

Commercial humic a c i d  8.50 8.40 N A 

Peat f u l v i c  a c i d  4.67 N A 3.85 

Peat f u l v i c  a c i d  
remaining a f t e r  
coagu la t ion  w i t h  a1 um 3.58 N A 1.28 

* Data i n  column A were obta ined i n  t h i s  study, data i n  
column B were repor ted  by Snoeyink -- e t  a1 . (1977) f o r  
96 hours r e a c t i o n  t ime a t  pH 7, da ta  i n  column C were 
c a l c u l a t e d  from the  r e s u l t s  o f  Babcock and Singer (1979) 
f o r  48 hours r e a c t i o n  t ime a t  pH 6.5. 

NA i n d i c a t e s  data a re  n o t  ava i l ab le .  



study,  t h e  TOC concen t ra t i on  o f  hunic substances i n  c o n t a c t  w i t h  a c t i v a t e d  

carbon was moni tored over  a  l o n g  pe r i od  o f  t ime.  Th is  s tudy  was conducted 

u s i n g  commercial humic a c i d  s o l u t i o n  w i t h  se lec ted  GACs. The percentage o f  

concen t ra t i on  remain ing as a  f u n c t i o n  o f  t ime  i s  shown i n  F igure  10. 

Apparent ly  a t  l e a s t  two months are  r e q u i r e d  t o  reach e q u i l i b r i u m .  The 

d i f f u s i o n  o f  such l a r g e  and heterogeneous organ ic  molecules i n t o  t h e  sma l l e r  

pores o f  carbon i s  v e r y  slow. Several problems are  caused by t h i s  slow 

adso rp t i on  process, i n c l u d i n g  t h e  t i m e  r e q u i r e d  f o r  each experiment, and 

abras ion  o f  t h e  carbon p a r t i c l e  when a g i t a t e d  i n  t he  r e a c t i o n  b o t t l e  f o r  

such a  l o n g  p e r i o d  o f  t ime.  The carbon f i n e s  t h a t  a r e  generated w i l l  

i n t e r f e r e  w i t h  t h e  a n a l y s i s  o f  humic substances. 

I t  i s  g e n e r a l l y  agreed t h a t  decreasing t h e  s i z e  of t h e  carbon 

p a r t i c l e s  enhances t h e  r a t e  o f  uptake o f  o rgan ics  i n  water .  A s tudy  was 

t h e r e f o r e  conducted t o  eva lua te  t h e  adso rp t i on  o f  commercial humic a c i d  

on powdered GAC. Selected GACs were p u l v e r i z e d  and were used f o r  t h e  

t ime-dependent s tud ies .  F igure  11 shows t h e  percentage TOC o f  humic 

substances remain ing i n  s o l u t i o n  w i t h  respec t  t o  t ime.  The t i m e  r e q u i r e d  

f o r  commercial humic a c i d  t o  e q u i l i b r a t e  w i t h  a l l  t h e  se lec ted  powdered GACs 

was o n l y  5 days compared w i t h  60 days f o r  GAC. I so therm s tud ies  were then 

conducted u s i n g  GP,C and powdered GAC t o  determined whether p u l v e r i z a t i o n  

a f f e c t s  i t s  adso rp t i on  capac i ty .  F igure 12 shows t h e  commercial humic a c i d  

i so therm data. No s i g n i f i c a n t  d i f f e r e n c e  between F-400 GAC and powdered GAC 

was observed. However, t h e  adsorp t ion  data f o r  WV-H carbon i n d i c a t e d  a  

poss ib le  s l i g h t  d i f f e r e n c e .  Because of t h e  r e s u l t s  of t h e  comparison 

between GAC and powdered GAC, powdered GAC was used f o r  a l l  isotherms.  

No a t temp t  was made t o  e l i m i n a t e  b i o l o g i c a l  growth f rom t h e  adso rp t i on  

t e s t  sys tems . This  e n t i  r e  s tudy  was conducted under n o n s t e r i  1  e  c o n d i t i o n s  . 
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3 Weeks Samp l e  
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pH = 6 .0  

PO4 = 0.001 M 
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Equi l ib r ium Concentrat ion,  mg/d 

Figure 13. Isotherm for Commercial Humic Acid Adsorbed by Powdered 
GAC F-400 with Different Equilibration Times. 
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Figure 14. R e p r o d u c i b i l i t y  o f  Isotherm f o r  Commercial 
Humic Acid Adsorbed by Powdered GAC WV-H. 



and carbons w i t h  a  wide spectrum o f  pore  s i zes ,  F-400, WV-G, and WV-L. 

Commercial ly a v a i l a b l e  humic a c i d  and pea t  f u l v i c  a c i d  were used as 

d i f f e r e n t  types o f  humic substances. S ince humic substance i s  a  he te ro -  

geneous m i x t u r e  , d i f f e r e n t  mol ecu l  a r  w e i g h t  f r a c t i o n s  o f  pea t  f u l  v i c  a c i d  

were a1 so examined. A c o r r e l a t i o n  o f  a d s o r p t i o n  c a p a c i t y  o f  humi c  substances 

t o  volume o f  pores o f  a  g i ven  s i z e  was then  made. I n  a d d i t i o n ,  t h e  e f f e c t  o f  

alum c o a g u l a t i o n  p re t rea tmen t  on carbon a d s o r p t i o n  o f  pea t  f u l v i c  a c i d  was 

i n v e s t i g a t e d .  

a .  Type of  Hurnic Substances and Type o f  Carbon 

The a d s o r p t i o n  i so therms f o r  two d i f f e r e n t  humic substances 

adsorbed by d i f f e r e n t  a c t i v a t e d  carbons a r e  presented i n  F igures  15 and 16. 

F i gu re  15 g i v e s  t h e  a d s o r p t i o n  i so therms f o r  commercial humic a c i d .  

Freundl i c h  i s o t h e r m  cons tan t s  f o r  these  da ta ,  n i t r o g e n  s u r f a c e  area and 

t o t a l  po re  volume o f  s e l e c t e d  carbons a re  presented i n  Table 7. The 

adso rp t i on  i so therms a l l  have a  s l o p e  g r e a t e r  t han  one. T h i s  s teeper  s l ope  

i n d i c a t e s  t h a t  a d s o r p t i o n  i s  b e t t e r  a t  h i g h  concen t ra t i ons  than  a t  low 

concen t ra t i ons .  T h i s  f i n d i n g  i s  c o n s i s t e n t  w i t h  t h e  he te rogene i t y  o f  t h e  

humic m a t e r i a l  . WV-B carbon has t h e  h i g h e s t  c a p a c i t y  f o r  commercial humi c 

ac i d ,  f o l l o w e d  by  WV-DC and HD-3000 carbons. The carbons w i t h  t h e  s m a l l e r  

pores, WV-W,  WV-H, and Witcarb-940, have t h e  l o w e s t  c a p a c i t y .  WV-L and 

WV-G w i t h  a lmos t  i d e n t i c a l  pore s i z e  d i s t r i b u t i o n  have a  v e r y  s i m i l a r  

a d s o r p t i o n  i so therm.  The sequence f o r  t h e  su r f ace  concen t ra t i on ,  f rom 

h i g h e s t  t o  l owes t ,  eva lua ted  a t  an e q u i l i b r i u m  c o n c e n t r a t i o n  o f  1  .0 mg/R 

o f  TOC, i s  as f o l l o w s :  ( 1 )  WV-B, ( 2 )  HD-3000, ( 3 )  WV-DC, ( 4 )  WV-G, ( 5 )  F-400, 

( 6 )  WV-L, ( 7 )  WV-W,  ( 8 )  Witcarb-940, ( 9 )  WV-H, and (10) F-200. 



Equi l i b r  i um Concent r a t  ion ,  mg/t 

Figure 15. Adsorption Isotherms for Commercial Humic Acid. 





Table 7. Ni t rogen Surface Area and Tota l  Pore Volume o f  Selected Carbons 
and Freundl ich Adsorption Constants f o r  Commercial Humic Acid 

Freundl ich constant Cor re la t ion  
Ni t rogen s r f ace  Tota l  pore c o e f f i c i e n t ,  

Act iva ted carbon area, my/g vo l  umef cc/g K 1 /n r 2  

WV-B (20 x 35) 

WV-DC (20 x 35) 

HD-3000 (20 x 40) 

WV-G (20 x 40) 

F-400 (20 x 30) 

WV-L (20 x 30) 

WV-W (20 x 40) 

Witcarb-940 (14 x 20) 

F-200 (60 x 80) 

WV-H (8 x 16) 

* Volume o f  pores less than l o 5  radius. 



5 "  By comparing the  values o f  t o t a l  pore volume (< 10 A r a d i u s ) ,  

as g iven i n  Table 7, w i t h  the  capac i t y  a t  1  mg/R TOC, i t  can be seen t h a t  

t he  carbons w i t h  the  l a r g e r  pore volume have the  h igher  c a p a c i t i e s  f o r  

commercial humic ac id.  However, no s a t i s f a c t o r y  c o r r e l a t i o n  can be found 

when t h e  capac i t y  da ta  a re  compared w i t h  the  sur face areas o f  the  carbons. 

2 The HD-3000 carbon has t h e  l e a s t  surface area, 575 m /g, b u t  i t s  capac i t y  

f o r  commercial humic a c i d  i s  cons iderab ly  h igher  than n e a r l y  a1 1  the  o the r  

carbons. WV-B has the  l a r g e s t  t o t a l  pore volume and sur face area, and i t  

shows the  bes t  performance. It i s  ev iden t  t h a t  the  n i t r o g e n  sur face area 

o f  carbon cannot g i v e  a  s a t i s f a c t o r y  measure o f  adsorp t ion  capac i t y  o f  

l a r g e  molecules such as humic ac id.  

F igu re  16 presents the  isotherms f o r  peat f u l v i c  ac id .  The adsorp t ion  

isotherms f o r  a l l  the  carbons had a  smal le r  s lope than the  slopes o f  the  

commercial humic a c i d  isotherms. A l l  t h e  carbons except t he  Witcarb-940 

carbon had a  h igher  adsorp t ion  capac i t y  over the  e n t i r e  range o f  concentra- 

t i o n .  The sequence o f  the  adsorp t ion  capac i t y  a t  an e q u i l i b r i u m  concentra- 

t i o n  of 1.0 mg/R of TOC was s l i g h t l y  d i f f e r e n t  from t h a t  f o r  the  commercial 

humic ac id :  (1 )  HD-3000, (2)  F-400, (3 )  WV-B, (4)  WV-L, (5 )  WV-G, ( 6 )  WV-DC, 

(7)  WV-W, (8) WV-H, and ( 9 )  Witcarb-940. 

I t  was s u r p r i s i n g  t o  no te  t h a t  t he  adsorp t ion  capac i t y  o f  t he  WV-B 

carbon was l e s s  than- t he  F-400 carbon, and t h e  adsorp t ion  capac i t y  o f  WV-DC 

was l e s s  than the  WV-L and WV-G carbons. The WV-B and WV-DC carbons have 

very l a r g e  pore volu~nes and sur face areas, and t h e i r  capac i t y  f o r  peat  

f u l v i c  and humic ac ids  should be h igher  than those o f  the  o the r  carbons. 

A  c a r e f u l  examinat ion o f  t he  na tu re  o f  WV-B and WV-DC carbons shows t h a t  

they have a  d i f f e r e n t  sur face chemist ry .  When these carbons a re  in t roduced 



i n t o  deionized d i s t i l l e d  water, t h e  pH values o f  t h e  s o l u t i o n  decrease. 

When the  o t h e r  carbons were s i m i l a r l y  tested, the  pH o f  t he  deionized 

d i s t i l l e d  water increased. Thus WV-B and WV-DC carbon absorb hydroxide 

ions  and a r e  c l a s s i f i e d  as L-carbons, w h i l e  t h e  o t h e r  carbons adsorb a c i d  

and are c a l l e d  H-carbons (Steenberg, 1944). The adsorp t ion  of l e s s  f u l v i c  

a c i d  by the  L-carbons may be a t t r i b u t a b l e  t o  t h e  h igher  a c i d i t y  of f u l v i c  

a c i d  as compared w i t h  humic a c i d  (Stevenson, 1979), b u t  f u r t h e r  research 

i s  needed t o  e s t a b l i s h  t h i s .  Despi te the  r e s u l t s  obta ined by the  WV-B 

and WV-DC carbons, t h e  same t rends o f  increased adsorp t ion  capac i t y  w i t h  

increased t o t a l  pore volume were observed f o r  peat f u l v i c  ac id.  

Four experiments were conducted t o  determine the  i n f l u e n c e  of the  s i z e  

of the a c t i v a t e d  carbon p a r t i c l e  on t h e  adsorpt ion o f  commercial humic acid. 

I n  these experiments t h e  i n i t i a l  concent ra t ion  o f  t he  humic a c i d  so lu t i on ,  

dosage o f  F-400 carbon, and pH ( =  6) were kept  constant  w h i l e  t h e  carbon s i z e  

was v a r i e d  from < I 4  t o  60 x 80 mesh s ize.  These carbons were pu lve r i zed  and 

used i n  t h i s  study. The r e s u l t s  o f  these experiments are  presented i n  F igure  

17. As shown, t h e  p a r t i c l e  s i z e  o f  t he  carbon s i g n i f i c a n t l y  in f luenced t h e  

amount o f  commercial humic a c i d  adsorbed. The adsorp t ion  capac i ty ,  evaluated 

a t  an e q u i l i b r i u m  concent ra t ion  o f  1.0 mg/!L TOC, was h igher  f o r  t h e  smal ler  

p a r t i c l e  s i z e  (40 x 60 mesh) than f o r  t he  l a r g e r  p a r t i c l e  s izes  (20 x 30 mesh 

and < 14 mesh). The 6 0 x 8 0  mesh could n o t  be obtained by s i e v i n g  the  1 2 x 4 0  

mesh s ize,  as cou ld  the  o the r  f r a c t i o n s ,  so the  GAC as received from t h e  

manufacturer was ground i n  a blender and s ieved t o  prov ide  a 6 0 x 8 0  mesh f r a c -  

t i o n .  It i s  poss ib le  t h a t  t h i s  f r a c t i o n  may have had a combinat ion o f  h i g h l y  

a c t i v a t e d  small  p a r t i c l e s  and l e s s  a c t i v a t e d  1 arge p a r t i c l e s .  The adsorpt ion 

isotherm o f  t h i s  6 0 x 8 0  mesh carbon (shown i n  F igure  17) i n d i c a t e s  t h a t  i t  
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prov ides  an adsorp t ion  capac i t y  s i m i l a r  t o  t h e  o t h e r  meshes o f  20 x 30 

and < 14 f r a c t i o n s .  However, t h e  f r a c t i o n  of 60 x 80 carbon p a r t i c l e s  may 

have a much h igher  adsorp t ion  capac i t y  if a d i f f e r e n t  c rush ing  procedure 

were t o  be used. 

b. D i f f e r e n t  pH 

The adsorp t ion  isotherms o f  peat  f u l  v i c  and commercial humic ac ids  

a t  several  pH values a re  presented i n  F igures 18 and 19. The HD-3000 and 

WV-H carbons were se lec ted  because these two carbons represent  t h e  extreme 

c h a r a c t e r i s t i c s  o f  sur face area and pore s i z e  d i s t r i b u t i o n .  The adsorp t ion  

capac i t y  o f  HD-3003 and WV-H f o r  peat  f u l v i c  a c i d  increased as pH decreased. 

Simi 1 a r  r e s u l  t s  were found f o r  commercial humic ac id .  These observa t ions  

o f  peat f u l v i c  a c i d  and commercial humic a c i d  are  s i m i l a r  t o  t h e  r e s u l t s  

ob ta ined by Snoeyink e t  a1 . (1977 and 1978) and Weber -- e t  a1 . (1978). 

When t h e  r e s u l t s  ob ta ined by Snoeyink -- e t  a1 . and those f rom t h i s  

s tudy  were combined, t h e  increased adsorp t ion  capac i t y  o f  carbon a t  

decreased pH was found t o  be t r u e  f o r  d i f f e r e n t  sources of humic substance 

over  a pH range o f  3.0 t o  11.0. These d i f f e r e n t  humic substances i nc lude  

commercial humic ac id,  peat and s o i l  f u l v i c  ac id,  and organ ic  ma t te r  i n  

w e l l  water from t h e  Department o f  C i v i l  Engineering a t  t h e  U n i v e r s i t y  o f  

I l l i n o i s .  

A steady increase i n  t h e  ex ten t  o f  adsorp t ion  w i t h  decreasing pH 

value was found f o r  f u l v i c  a c i d  s o l u t i o n s .  Th i s  i s  ev iden t  i n  t h e  case of 

s o i l  f u l v i c  a c i d  adsorbed by F-400 carbon as repo r ted  by Snoeyink -- e t  a l .  

(1977) and peat  f u l v i c  a c i d  adsorbed by HD-3000 and WV-H carbons i n  t h i s  

study. However, i n  t he  study o f  commercial humic ac id,  as shown i n  
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Figure  18. E f f e c t s  o f  pH on the  Adsorp t ion  o f  Peat F u l v i c  A c i d  
by D i f f e r e n t  A c t i v a t e d  Carbons. 
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F igu re  19, t h e  gradual inc rease o f  adso rp t i on  w i t h  decreasing pH was o n l y  

observed f o r  t h e  HD-3000 carbon. No d i f f e r e n c e  was noted between isotherms 

o f  WV-H carbon a t  pH 7.3 and 9.7. I n  t h e i r  s tudy w i t h  F-400 carbon, 

Snoeyink -- e t  a l .  (1978) i n d i c a t e d  no s i g n i f i c a n t  d i f f e r e n c e  between t h e  

isotherms a t  pH 3.0 and 7.0, b u t  a  s i g n i f i c a n t  d i f f e r e n c e  was found between 

the  isotherms a t  pH 7.0 and 10.8. 

A p o s s i b l e  exp lana t i on  f o r  t h e  d i f f e r e n t  pH e f f e c t s  on t h e  adsorp t ion  

o f  humic ac ids  i s  r e l a t e d  t o  t h e  molecu la r  s i z e  o f  humic a c i d  a t  d i f f e r e n t  

pH values and t h e  pore  s i z e  d i s t r i b u t i o n s  o f  carbon. A t  an a c i d i c  pH value,  

humic a c i d  i s  p ro tonated  and more hydrophobic.  However, i t  aggregates a t  a  

lower pH. The format ion o f  aggregates o f  humic a c i d  a t  a  lower  pH va lue  of 

3.0 was observed when t h e  s o l u t i o n  was f i l t e r e d  w i t h  a 0.45 vm M i l l  i p o r e  

f i l t e r  paper. A l a r g e  f r a c t i o n  o f  humic a c i d  molecules was r e t a i n e d  on t h e  

paper. A t  an a1 k a l i n e  pH v a l r ~ e ,  t h e  humic a c i d  i s  d i s s o c i a t e d  and l e s s  

hydrophobic. No aggregat ion was observed f o r  a h i g h  pH va lue  of 9.7. The 

observa t ion  o f  aggregate fo rma t i on  a t  a  lower pH va lue  i s  o f  i n t e r e s t  when 

one examines t h e  e f f e c t  o f  pore s i z e  d i s t r i b u t i o n  o f  carbon on t h e  adso rp t i on  

o f  humic ac id .  For  t h e  HD-3000 carbon, t h e  inc rease o f  mo lecu la r  s i z e  of 

humic a c i d  a t  a  low pH d i d  n o t  a l t e r  t h e  steady inc rease o f  i t s  adso rp t i on  

capac i t y  w i t h  decreasing pH. Th i s  la rge-pore  carbon was s t i l l  ab le  t o  

adsorb the  l a r g e r  microaggregates o f  humic a c i d  a t  an a c i d i c  pH. However, 

f o r  t he  F-400 carbon, t h e  e f f e c t  of t h e  increased p a r t i c l e  s i z e  o f  humic 

a c i d  a t  a  lower pH was more pronounced. Th i s  carbon w i t h  i t s  wide spectrum 

of pore s izes  does n o t  p rov ide  pores l a r g e  enough f o r  t h e  l a r g e r  mo lecu la r  

s i z e  of humic a c i d  when i t  has a lower pH value. Therefore,  i t s  isotherms 

a t  pH 3.0 and 7.0 had i n s i g n i f i c a n t  d i f ferences i n  adso rp t i on  c a p a c i t y .  



The small-pore WV-H carbon e s s e n t i a l l y  does n o t  have adequate pores f o r  

humic acid; therefore,  a change i n  pH values showed no e f f e c t  on the 

adsorpt ion capac i ty  o f  the WV-H carbon. 

c. D i f fe ren t  Molecular Weight Frac t ions  o f  Humic Substances 

The isotherms f o r  d i f f e r e n t  molecular  weight f r a c t i o n s  of peat f u l v i c  

a c i d  are presented i n  Figures 20 and 21. F igure 20 shows the  adsorpt ion 

isotherms f o r  a f r a c t i o n  o f  l e s s  than 1,000 molecular weight, w h i l e  F igure  

21 shows the  isotherms f o r  a f r a c t i o n  o f  more than 50,000 molecular weight. 

As i l l u s t r a t e d  i n  Figures 20 and 21, the h igher molecular weight f r a c t i o n  

was less  adsorbed than the  lower f r a c t i o n .  S i m i l a r  r e s u l t s  were observed 

f o r  l e a f  f u l v i c  a c i d  by Snoeyink -- e t  a1 . (1977) and f o r  s o i l  humic substances 

by McCreary and Snoeyink (1979). 

The capaci ty  o f  d i f f e r e n t  a c t i v a t e d  carbons f o r  the  molecular weight 

f r a c t i o n s  depended upon pore s ize.  The lower molecular weight f r a c t i o n  was 

adsorbed b e t t e r  than t h e  h igher  f r a c t i o n  by the F-400 ac t i va ted  carbon 

because i t  has more su r face  area i n  pores accessib le t o  t h i s  f rac t ion .  

As shown i n  F igure  3, the  Witcarb-940 carbon has more o f  i t s  surface 
0 

area i n  pores w i t h  a rad ius  o f  less  than 100 A than the WV-H carbon has. 

Because the  Witcarb-940 carbon adsorbed more o f  t h i s  lower molecular weight  

f r a c t i o n  than d i d  t h e  WV-H carbon, i t  appears t h a t  pores w i t h  a rad ius  o f  
0 

l ess  than 100 A are  a v a i l a b l e  t o  t h i s  f r a c t i o n  even though these carbons 

have approx i~nate ly  the same t o t a l  pore volume and sur face area. 

The higher molecular weight f r a c t i o n  was adsorbed b e t t e r  by HD-3000 

than by F-400. This f i n d i n g  i s  cons is tent  w i t h  the  l a r g e r  amount o f  sur face 

area i n  pores accessib le t o  t h i s  f r a c t i o n  by HD-3000. However, pore s i z e  
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F igu re  20. Adsorp t ion  Isotherm f o r  Lower Mo lecu la r  Weight 
F r a c t i o n  ( <  1,000 MW) o f  Peat F u l v i c  Acid.  
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comparisons alone do n o t  a l l ow  one t o  p r e d i c t  capac i ty  because WV-DC w i t h  

i t s  very  l a r g e  volulrie o f  l a r g e  pores (see Figure 3) d i d  n o t  absorb t h i s  

f r a c t i o n  b e t t e r  than t h e  HD-3000. Th is  s i t u a t i o n  i s  poss ib l y  due t o  the  

f a c t  t h a t  WV-DC carbon i s  an L-carbon, which adsorbs hydroxide ions, w h i l e  

HD-3000 i s  an H-carbon, which adsorbs hydrogen ions. 

Isotherms f o r  t h e  h igher  molecular  weight  peat f u l v i c  ac id  adsorbed 

by F-400 and WV-G carbons a l s o  show the  importance o f  pore s i z e  d i s t r i b u t i o n .  

As shown i n  F igure  3, t h e  F-400 carbon has more o f  i t s  sur face area a v a i l a b l e  
0 

i n  l a r g e r  pores ( >  100 A r a d i u s )  than the  WV-G carbon, a1 though both of these 

2 carbons have sur face areas i n  excess of 1,000 m / g ,  as g iven i n  Table 5. 

This comparison i n d i c a t e s  t h a t  t h e  pore s i z e  d i s t r i b u t i o n  f o r  pores l a r g e r  

than 100 are  probably t h e  s p e c i f i c  s i t e s  f o r  adsorp t ion  o f  these h igher  

molecular  weight  f r a c t i o n s .  

It i s  a l s o  o f  i n t e r e s t  t o  compare the  adsorp t ion  isotherms o f  the  

HD-3000 carbon w i t h  unf rac t ionated,  lower and h igher  molecular  weight  peat  

f u l v i c  acids, shown i n  F igure  22. The adsorp t ion  capac i t y  o f  t he  lower 

molecular  weight  f r a c t i o n  was much higher than t h a t  o f  t h e  o thers .  There 

i s  no s i g n i f i c a n t  d i f f e r e n c e  o f  adsorp t ion  capac i t y  between t h e  unfrac- 

t i ona ted  and h igher  molecular  weight  peat f u l v i c  ac ids.  As i l l u s t r a t e d  

i n  Table 8, o n l y  9% o f  t h e  f u l v i c  a c i d  i s  l a r g e r  than 50,000 molecular  

weight, whereas 39 percent  i s  l e s s  than 1,000 molecular  weight.  The 

presence o f  small amounts o f  t he  h igher  molecular  weight  f r a c t i o n  c o n t r o l s  

the  adsorp t ion  capac i t y  o f  t h e  un f rac t i ona ted  peat f u l v i c  a c i d  by t h e  HD-3000 

carbon. Th is  f i n d i n g  can be expla ined e i t h e r  by the  pore blockage phenomenon 

o r  by the  assoc ia t i on  o f  t he  lower f r a c t i o n  w i t h  the  l a r g e r  f r a c t i o n  i n  the  
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Figure 22. Isotherms f o r  Different Molecular Weight Fractions 
and Unfractionated Peat Ful v ic  Acid 
Adsorbed by HD-3000 Carbon. 





unf rac t ionated mixture.  A1 though the  HD-3000 carbon has pore sur face area 

accessib le t o  the  lower molecular  weight f r a c t i o n  as shown i n  Figure 22, 

these pores may be blocked by the  l a r g e r  molecular  weight  f r a c t i o n  t h a t  

occupied macropores of the  carbon. However, t he  assoc ia t i on  of t he  lower 

f r a c t i o n  w i t h  t h e  l a r g e r  f r a c t i o n  i n  the  un f rac t i ona ted  m ix tu re  i s  probably 

a b e t t e r  explanat ion.  

The lower molecular  weight f r a c t i o n  may r e s u l t  from t h e  breaking of 

hydrogen bond between the  s t r u c t u r e  of humic substance by the  process o f  

molecular  f r a c t i o n a t i o n  under a pressure o f  50 p s i  o f  n i t rogen.  Although 

t h i s  1 ower molecular  weight  f r a c t i o n  can be adsorbed by carbon much b e t t e r  

than t h e  o t h e r  f r a c t i o n s ,  t h i s  f r a c t i o n  can associate w i t h  the  l a r g e r  

f r a c t i o n  i n  t h e  un f rac t i ona ted  mixture.  A s i m i l a r  phenomenon has been 

observed when humic substances a re  separated by gel  f i l t r a t i o n  (Stevenson, 

personal communication). Therefore, t he  adsorp t ion  capac i ty  o f  un f rac-  

t i o n a t e d  peat f u l v i c  a c i d  and the  h igher  molecular  weight f r a c t i o n  are 

s i m i l a r .  

d. C o r r e l a t i o n  w i t h  Adsorpt ion Capacity 

Resul ts  o f  t h e  above s tud ies  q u a l i t a t i v e l y  i n d i c a t e  t h a t  t he  adsorp t ion  

of humic substances from water depends on the  pore s i z e  d i s t r i b u t i o n  o f  

carbon, and t h a t  t h e  adsorpt ion was no t  r e l a t e d  t o  the  t o t a l  n i t r o g e n  

sur face area o f  carbon b u t  t o  the  sur face area i n  pores access ib le  t o  t h e  

adsorbate. Fur ther  analyses of t he  data were then conducted t o  ob ta in  a 

b e t t e r  i n d i c a t i o n  o f  t h e  pore s izes  o f  importance f o r  each type o f  adsorbate. 

Juhola (1977) has c o r r e l a t e d  t h e  i o d i n e  number w i t h  the  t o t a l  sur face area 

o f  t h e  carbon and the  molasses number w i t h  t h e  sur face area o f  t he  pores 



0 

l a r g e r  than 28 A d iameter .  The iod ine  number i s  t h e  amount of  i o d i n e  adsorbed 

i n  mg/g of carbon from a s tandard  KI-I2 s o l u t i o n  when t h e  f i n a l  equ i l i b r ium 

concen t r a t i on  is 0.02 N .  The molasses  number is  t h e  d e c o l o r i z i n g  c a p a c i t y  of  

the tes t  carbon re1 a t i v e  t o  the d e c o l o r i z i n g  c a p a c i t y  o f  a  s t anda rd  carbon. 

By a  s i m i l a r  approach, the pare  volume wi th in  a  c e r t a i n  range o f  pore r a d i i  

was p l o t t e d  a s  a  f u n c t i o n  o f  the adso rp t ion  c o n s t a n t  K f o r  each humic 

subs tance ,  where K i s  the c a p a c i t y  a t  an equ i l i b r ium concen t r a t i on  of  1  mg/k. 

This  procedure was r epea t ed  f o r  d i f f e r e n t  ranges o f  pore r a d i i  u n t i l  a  

s t a t i s t i c a l l y  s i g n i f i c a n t  s t r a i g h t  l i n e  was ob ta ined .  As shown i n  Figure 23, 

the adso rp t ion  c o n s t a n t s  o f  commercial humic a c i d ,  pea t  f u l v i c  a c i d  (unf rac-  

t i o n a t e d ) ,  and pea t  f u l v i c  a c i d  (> 50,000 MW) c o r r e l a t e d  we1 1 w i t h  the pore 
0 0 

volume between pore r a d l i  o f  100 A and 500 A. The adso rp t ion  c o n s t a n t  o f  

pea t  f u l v i c  a c i d  (< 1,000 MW) c o r r e l a t e d  well  w i t h  the pore volume i n  pore 
0 

r a d i i  l e s s  than 70 A and d i d  no t  c o r r e l a t e  w i t h  the pore volume between pore 
0 0 

r a d i i  o f  100 A and 500 A. The c o r r e l a t i o n  c o e f f i c i e n t s  f o r  the f i t s  shown 

i n  F igure  23  were 0.972 t o  0.998. None of  t h e  adso rp t ion  c o n s t a n t s  c o r r e l a t e d  ' 

w i t h  the s u r f a c e  a r e a  of carbons.  

These p l o t s  of  the c o r r e l a t i o n  o f  pore volume w i t h i n  a  c e r t a i n  range 

of  pore  r a d i i  f o r  d i f f e r e n t  a c t i v a t e d  carbons w i t h  adso rp t ion  c o n s t a n t  K 
0 0 

sugges t  t h a t  i t  was the p o r t i o n  o f  the pore volume between 100 A t o  500 A 

t h a t  ,was involved i n  the abso rp t ion  o f  commercial humic a c i d ,  pea t  f u l v i c  

a c i d ,  and the h igher  molecular  weight  f r a c t i o n  (> 50,000 MW) o f  pea t  f u l v i c  

ac id .  The adso rp t ion  s i tes  f o r  t h e  lower molecular  weight  f r a c t i o n  

(< 1,000 MW) of  p e a t  f u l  v i  c  a c i d  were 1 oca ted  where t h e  pore volume of 
0 

pore r a d i i  were l e s s  than 70 A. 
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6.2.3 A1 urn Coagulat ior~ Followed by Adsorpt ion 

Pre l  i m i  nary s tud ies  on t h e  coagu la t ion  o f  cornrr~ercial hu~i i ic  and peat 

f u l v i c  ac ids  w i t h  alum i n d i c a t e d  t h a t  98% o f  these two humic substances 

were removed a t  t h e  optimum cond i t ions .  The optimum cond i t i ons  were found 

a t  a pH value of 6.0 and an alum dosage o f  50 mg/R and 20 mg/R f o r  humic 

and f u l v i c  ac ids  a t  an i n i t i a l  concent ra t ion  o f  5 mg/k TOC. 

To study t h e  alum coagu la t ion  fol lowed by carbon adsorpt ion,  peat  

f u l v i c  a c i d  s o l u t i o n  from a stock s o l u t i o n  was d i l u t e d  w i t h  deionized 

d i s t i l l e d  water t o  a concent ra t ion  o f  70 mg/R as TOC. Coagulat ion was 

conducted by adding 50 mg/R o f  alum from a s tock  s o l u t i o n  t o  the  s o l u t i o n  

and a d j u s t i n g  t h e  pH t o  6.0. The samples were a l lowed t o  stand overn ight .  

Approximately 57 mg/R o f  f u l  v i c  a c i d  remained i n  s o l u t i o n  a f t e r  coagulat ion,  

p rov id ing  a stock s o l u t i o n  o f  coagulated f u l v i c  a c i d  f o r  use i n  subsequent 

experiments. 

The adsorp t ion  isotherms o f  peat f u l v i c  a c i d  remaining a f t e r  coagu la t ion  

w i t h  alum a r e  presented i n  F igure  24. Removal o f  t h i s  f u l v i c  a c i d  by carbon 

was s i g n i f i c a n t l y  h igher  than the  f u l v i c  a c i d  w i thou t  alum pretreatment .  

When the  r e s u l t s  o f  peat  f u l  v i c  a c i d  before  and a f t e r  alum coagu la t ion  were 

compared, as shown i n  Figures 16 and 24, t h e  capac i t y  o f  a c t i v a t e d  carbon f o r  

peat f u l v i c  a c i d  had n e a r l y  t r i p l e d  a f t e r  alum coagulat ion.  S i m i l a r  r e s u l t s  

of increased adsorp t ion  capac i ty  a f t e r  alum coagu la t ion  were observed by 

Sontheimer and Maier (1972) and Scheidtmann e t  a l .  (1973). I n  t h e i r  s tudies,  

t h e  Rhi ne R ive r  water was bank-f i 1 tered,  ozonated, coagul a ted , and f o l  1 owed 

by carbon adsorpt ion.  A1 though d i f f e r e n t  organic ma t te r  was present  i n  

t h e i r  s tudies,  r e s u l t s  obta ined f rom both  s tud ies  i n d i c a t e  t h a t  alum p r e t r e a t -  

ment can enhance the  a d s o r b a l i t y  o f  organics by carbon o r  remove nonadsorbable 

organics. 





Since approximately 450 pg/R o f  aluminum was detected by atomic 

absorpt ion spectrophotometr ic ana lys i s  of t h e  s o l u t i o n  o f  peat  f u l v i c  a c i d  

remaining a f t e r  coagu la t ion  w i t h  alum, i t  i s  o f  i n t e r e s t  t o  evaluate t h e  

e f f e c t  of t h e  presence o f  so lub le  aluminurn on adsorp t ion .  The so lub le  

aluminum i s  t h e  aluminum remaining i n  t h e  s o l u t i o n  a f t e r  f i l t e r i n g  w i t h  

0.45 pm M i l l i p o r e  f i l t e r  paper. A sarnple of peat f u l v i c  a c i d  from t h e  stock 

s o l u t i ~ n  was d i l u t e d  t o  t h e  des i red  TOC value of 5.0 mg/R. Alum (70 pg/R A l )  

was then added t o  t h i s  so lu t i on .  Adsorpt ion isotherms f o r  t h i s  s o l u t i o n  w i t h  

d i f f e r e n t  a c t i v a t e d  carbons a re  g iven i n  F igure  25. The order  o f  adsorp t ion  

capac i ty  f o r  d i f f e r e n t  carbons was t h e  same as the  o rde r  fo l lowed f o r  peat  

f u l v i c  a c i d  remain ing a f t e r  coagu la t ion  w i t h  alum. Table 9 g ives  a  summary 

o f  t he  Freund l ich  constants f o r  peat f u l v i c  ac id  w i t h  var ious concentrat ions 

o f  so lub le  aluminum. The concent ra t ion  o f  aluminum i n  s o l u t i o n  remaining 

a f t e r  coagu la t ion  w i t h  alum, w i t h  alum added, and the  c o n t r o l  were 450 pg/R, 

70 pg/R and 0.1 1 pg/R, respec t i ve l y .  I n  a1 1  cases except WV-H carbon, t h e  

Freundl i c h  constant  K increased as a1 umi num concent ra t ion  increased. The 

adsorp t ion  capac i t y  o f  WV-H decreased when so lub le  alum was added t o  t h e  

so lu t i on ,  bu t  i t  i n c r e a s e d i n t h e  case o f  peat f u l v i c  a c i d  remaining a f t e r  

coagul a t i on .  

To determine whether any p o r t i o n  o f  t he  capac i t y  f o r  f u l v i c  a c i d  

remaining a f t e r  coagu la t ion  cou ld  be a t t r i b u t e d  t o  removal o f  weakly adsorbed 

species by coagulat ion,  450 pg/R A1 was added t o  a  f u l v i c  a c i d  s o l u t i o n .  The 

HD-3000 isotherm was then determined. Th is  isotherm was e s s e n t i a l l y  t h e  same 

as f o r  f u l v i c  a c i d  w i t h  70 pg/R A1 added, and s i g n i f i c a n t l y  l e s s  than (approxi- 

mately  35 percent)  t h e  isotherm f o r  f u l v i c  a c i d  remaining a f t e r  coagu la t ion  

conta in ing  450 pg/R A l .  These r e s u l t s  show t h a t  alum coagu la t ion  removes 





Table 9. Freundl ich Constants of Peat Fu l v i c  Acid w i t h  
Various Concentrations o f  Soluble Aluminum 

Peat f u l v i c  ac i d  

Coagulated w i t h  alum, Alum added, Control , 
453 pg/R o f  AR 70 pg/R o f  AR 0.11 pg/R o f  AR 

Adsorbent K* 1 /n K* 1 /n K* 1 /n 

WW-G 15.12 0.624 6.54 0.919 3.29 0.565 

WW-W 5.91 1.006 2.00 1.322 1.91 0.532 

WV-H 2.54 1.254 0.56 1.892 1.23 0.696 

* K i s  the adsorption capaci ty a t  an equ i l i b r i um  concentrat ion o f  1 mg/R. 



some of t h e  weakly- o r  non-adsorbable organ ic  substances from f u l v i c  a c i d  
1 

so lu t i on .  

Attempts were made t o  p i n p o i n t  a  reasonable exp lanat ion  fo r  t h e  increase 
I 

i n  adsorp t ion  capac i t y  when so lub le  A1 i s  added t o  f u l v i c  a c i d  so lu t i on .  

One exp lana t ion  i s  t h a t  t h e  molecular  s i z e  o f  peat  f u l v i c  a c i d  decreases when 

s o l ~ ~ b l e  alum i s  present;  another i s  t h a t  t he  a f f i n i t y  o f  peat  f u l v i c  a c i d  f o r  
I 

t h e  carbon increases when so lub le  a1 um i s  in t roduced.  Molecular  weight  

f r a c t i o n a t i o n  was used t o  evaluate t h e  molecular  s i z e  d i s t r i b u t i o n .  Table 10 
1 
1 . g ives  the  r e s u l t s  o f  molecular  weight  f r a c t i o n a t i o n  o f  peat  f u l v i c  acid, peat 

I f u l v i c  a c i d  remaining a f t e r  coagu la t ion  w i t h  alum, and peat f u l v i c  a c i d  

con ta in ing  s o l u b l e  alum. The molecular  weight  o f  peat  f u l v i c  a c i d  became 

l a r g e r  a f t e r  coagu la t ion  w i t h  alum, and a f t e r  so lub le  alum was added. No 

s i g n i f i c a n t  d i f f e r e n c e  was observed i n  t h e  molecular  weight f r a c t i o n a t i o n s  

between peat  f u l v i c  a c i d  a f t e r  coagu la t ion  w i t h  alum and w i t h  f u l v i c  a c i d  and 

a f t e r  s o l u b l e  alum was added. The r e s u l t s  o f  t h i s  molecular  weight  f rac t i ona -  

t i o n  make i t  q u i t e  ev ident  t h a t  t h e  chemical change o f  t he  humic substances 

was t h e  main reason f o r  t h e  enhancement o f  t h e i r  adsorbabi l  i t y  by carbon. 

The r e s u l t s  were s i m i l a r  t o  those from the study o f  pH e f f e c t  on t h e  adsorp- 

t i o n  o f  ac id .  The f u l v i c  ac id  molecule becomes l a r g e r  owing t o  aggregation 

1 o f  molecules as repor ted  by Black and Christman (1963). Higher adsorp t ion  
1 

capac i t y  a t  low pH was found i n  t h e  present  s tudy  and by McCreary and 

i 
I Snoeyink (1979). 

4 
I 
! 6.3 Adsorpt ion K i n e t i c  Studies 

The uptake of humic substances by f o u r  d i f f e r e n t  a c t i v a t e d  carbons was 
1 
i measured under s i m i l a r  experimental cond i t ions .  The HD-3000, F-400, WV-G, 

1 and WV-W were used as the  adsorbents f o r  t h i s  study. The F-400 p a r t i c l e  s i z e  



Table 10. Molecular  Weight F r a c t i o n a t i o n  o f  Peat  F u l v i c  Acids (Percent ,  TOC) 

Peat f u l v i c  ac id  remaining Peat f u l v i c  ac id  added Molecular weight Peat f u l v i c  ac id  
a f t e r  coagulation w i th  alum wi th  soluble alum 



was 20 x 30 U.S. Standard Mesh, and the  o thers  were 20 x 40 U.S. Standard 

Mesh. Other c h a r a c t e r i s t i c s  o f  the  adsorbents and adsorbates were a l so  

evaluated, i n c l u d i n g  d i f f e r e n t  sources o f  humic substances, carbon p a r t i c l e  

s izes ,  d i f f e r e n t  molecular  weight  f r a c t i o n s ,  and humic substance remaining 

a f t e r  coagu la t ion  w i  t h  a1 um. 

6.3.1 Type of Humic Substances and Type o f  Carbon 

Peat f u l v i c  a c i d  adsorp t ion  k i n e t i c  data a re  shown i n  F igure  26. 

HD-3000 and F-400 carbons adsorbed s l i g h t l y  f a s t e r  than WV-G and W V - W .  The 

adsorp t ion  capac i t y  o f  HD-3000 and F-400 was a l s o  s l i g h t l y  h igher than t h e  

capac i ty  o f  WV-G and WV-W, as shown by the  r e s u l t s  o f  the  adsorp t ion  isotherm 

study. The cont inuous curves i n  F igure  26 represent  the  best  f i t  o f  t h e  batch 

r e a c t o r  model. I n  the  study o f  commercial humic ac id,  t he  o rde r  i n  the  r a t e  

o f  uptake by the F-400, HD-3000, WV-G, and W V - W  carbons was the  same as the  

order  observed f o r  peat f u l v i c  ac id.  TOC removal f o r  peat f u l v i c  a c i d  was 

o n l y  20% t o  30%. These percentages were s l i g h t l y  l ess  than those f o r  commer- 

c i a l  humic ac id ,  which had 30% t o  40% removal. I n  add i t i on ,  t he  d i f f e r e n c e  i n  

t h e  uptake o f  peat f u l v i c  a c i d  by var ious carbons was no t  as g rea t  as the  

d i f f e r e n c e  i n  t h e  uptake o f  commercial humic ac id.  

The ef fects of t h e  carbon p a r t i c l e  s i z e  on the  adsorp t ion  k i n e t i c s  o f  

commercial humic a c i d  a re  shown i n  Figure 27. Two d i f f e r e n t  p a r t i c l e  s izes  

of F-400, 20 x 30 mesh and 40 x 60 mesh, were used. The r a t e  o f  adsorp t ion  

o f  humic a c i d  increased as the  s i z e  o f  the  carbon decreased. S i m i l a r  r e s u l t s  

were repor ted  by Weber -- e t  a l .  (1978). As shown i n  F igure  4, t he  40 x 60 mesh 
0 

carbon had a l a r g e r  pore volume i n  pores w i t h  r a d i i  o f  20 t o  1,000 A than the 

20 x 30 mesh carbon. The 40 x 60 mesh carbon a l s o  had a h igher  capac i ty ,  as 

shown i n  F igure  17. Both f a c t o r s  could c o n t r i b u t e  t o  the  f a s t e r  r a t e  of humic 
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a c i d  uptake by t h e  sma l l e r  p a r t i c l e  s i ze .  The two cont inuous curves i n  

F igure  27 represent  t h e  bes t  f i t  of t h e  mathematical model t o  t h e  experimental  

data. Th i s  ba tch  r e a c t o r  model descr ibes t h e  r a t e  o f  humic a c i d  uptake by 

F-400 w i t h  d i f f e r e n t  p a r t i c l e  s i zes .  

6.3.2 D i f f e r e n t  Molecular  Weight F rac t i ons  o f  Humic Substances 

S i g n i f i c a n t  d i f ferences i n  t h e  r a t e  o f  uptake o f  d i f f e r e n t  molecular  

weight  f r a c t i o n s  of peat  f u l  v i c  ac ids  (<  1,000 and > 50,000 MW) were observed 

and are  presented i n  F igures  28 and 29. The uptake r a t e  o f  t he  lower molecular  

weight  f r a c t i o n  was much h ighe r  than t h e  r a t e  f o r  t h e  h ighe r  f r a c t i o n .  The 

r e s i d u a l  TOC f o r  t h e  lower  f r a c t i o n  was from 10% t o  30% o f  t he  i n i t i a l  concen- 

t r a t i o n  of 4.03 mglR TOC, w h i l e  f o r  t h e  h ighe r  f r a c t i o n  t h e  r e s i d u a l  TOC was 

i n  the  range o f  60% t o  80% o f  4.58 mg/R i n i t i a l  TOC concent ra t ion .  I n  bo th  

cases, t h e  o r d e r  o f  t h e  r a t e  o f  uptake o f  these two molecular  weight  f r a c t i o n s  

by d i f f e r e n t  a c t i v a t e d  carbons was s i m i l a r .  The F-400 carbon performed the  

best, f o l l owed  by WV-G and HD-3000. The WV-W carbon adsorbed much more 

s l o w l y  and adsorbed l e s s  than t h e  o t h e r  carbons. The cont inuous curves i n  . 

Figures 28 and 29 a re  t h e  bes t  f i t s  o f  t h e  mathematical model. 

Resul ts  o f  t h e  above experiments a r e  i n t e r e s t i n g  when one compares 

them w i t h  t h e  uptake o f  u n f r a c t i o n a t e d  peat  f u l v i c  ac id .  The r a t e  of 

adsorp t ion  of t h e  u n f r a c t i o n a t e d  m a t e r i a l  was s i m i l a r  t o  t h e  r a t e  o f  t h e  

h ighe r  molecular  we igh t  f r a c t i o n .  As i l l u s t r a t e d  i n  Table 8, o n l y  9% o f  

t h e  f u l v i c  a c i d  i s  l a r g e r  than 50,000 molecular  weight,  whereas 39% i s  l e s s  

than 1,000 molecu lar  weight.  It can be seen t h a t  t h e  presence o f  small 

amounts o f  t he  h ighe r  molecu lar  weight  f r a c t i o n  c o n t r o l s  t h e  r a t e  o f  uptake 

o f  u n f r a c t i o n a t e d  peat  f u l v i c  a c i d  by a c t i v a t e d  carbon. 
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6.3.3 A1 um Coagulat ion Fol lowed by Adsorpt ion 

Rate data f o r  peat f u l v i c  a c i d  adsorp t ion  a f t e r  coagu la t ion  w i t h  alum 

are presented i n  F igure  30. The cont inuous curves are  the  best  f i t  o f  t he  

batch r e a c t o r  model. Comparison o f  t he  data i n  F igures 26 and 30 shows t h a t  

coagu la t ion  w i t h  alum enhances the  uptake r a t e  o f  peat f u l v i c  ac id .  Peat 

f u l v i c  a c i d  remaining a f t e r  coagu la t ion  w i t h  alum was adsorbed a t  a fas te r  

r a t e  and i n  g rea te r  amounts. For a f i xed  dose o f  carbon, t h e  percentages o f  

TOC remaining i n  s o l u t i o n  were much lower than f o r  peat f u l v i c  a c i d  remaining 

a f t e r  coagu la t ion  w i t h  alum. For t h i s  type o f  f u l v i c  a c i d  t h e  r a t e  o f  uptake 

by the  F-400 carbon was t h e  best,  fo l lowed by HD-3000 and WV-G, which had 

almost i d e n t i c a l  uptake ra tes .  The WV-W carbon had the  slowest adsorp t ion  

k i n e t i c s  and the  lowest  capac i ty .  By comparing t h e  r a t e s  o f  uptake o f  peat 

f u l  v i c  a c i d  before  and a f t e r  a1 urn coagulat ion,  one can see h a t  t h e  r a t e  of up- 

take by these carbons i s  g rea te r  than f o r  peat  f u l v i c  a c i d  w i t h o u t  coagulat ion.  

The F-400 carbon provides t h e  h ighest  adsorp t ion  capac i t y  f o r  peat f u l v i c  

a c i d  w i t h o u t  coagu la t ion  (as shown i n  F igure  26) and a l s o  has the  best  uptake 

o f  t h i s  f u l v i c  a c i d  remaining a f t e r  coagulat ion.  

6.3.4 The Re la t i onsh ip  between Surface D i f f u s i o n  C o e f f i c i e n t  
and Adsorpt ion Capacity 

The f i l m  t r a n s f e r  and sur face d i f f u s i o n  c o e f f i c i e n t s  can be determined 

from the  best  f i t  o f  t he  mathematical model t o  the  experimental data f o r  

uptake r a t e .  The data f o r  commercial humic acid, peat f u l v i c  ac id,  h igher  

and lower molecular  f r a c t i o n s  (> 50,000 and < 1,000 MW) o f  peat f u l v i c  acids, 

and peat f u l v i c  a c i d  remaining a f t e r  coagu la t ion  w i t h  alum were evaluated f o r  

t h e  re1 a t i o n s h i  p between the  surface d i f f u s i o n  c o e f f i c i e n t  and t h e  Freundl i ch 

adsorp t ion  constant  K. 
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Table 11 presents the  adsorp t ion  constant  K and the  sur face d i f f u s i o n  

c o e f f i c i e n t  of d i f f e r e n t  humi c substances adsorbed by var ious  ac t i va ted  

carbons. The surface d i f f u s i o n  c o e f f i c i e n t  decreased as t h e  adsorp t ion  

constant  K increased f o r  t h e  cases o f  peat  f u l v i c  a c i d  and peat  f u l v i c  a c i d  

(<  1,000 MW). A s i m i l a r  decrease i n  sur face d i f f u s i o n  c o e f f i c i e n t  w i t h  an 

increase i n  sur face coverage o f  benzaldehyde on Amber l i te  p a r t i c l e s  was found 

by Komiyama and Smith (1974). This inverse c o r r e l a t i o n  o f  humic substances 

may be r e l a t e d  t o  t h e  tendency o f  t h e  humic m a t e r i a l s  t o  f o m  aggregates on 

the  carbon surface. The ex ten t  o f  aggregat ion would increase as surface 

coverage increased, and t h e  r a t e  o f  passage o f  molecules over the  surface 

would be slowed by i nco rpo ra t i on  o f  molecules i n t o  and re lease from these 

aggregates. However, t he  sur face d i f f u s i o n  c o e f f i c i e n t  o n l y  v a r i e d  from 1.3 

2 t o  6.0 x 10-I '  cm /sec, and a wider  range o f  d i f f u s i o n  c o e f f i c i e n t s  correspond- 

i n g  t o  a wider  range of sur face coverages i s  needed t o  con f i rm  t h i s  r e s u l t .  

6.4 Adsorpt ion Column Studies 

Column s tud ies  were essen t ia l  t o  evaluate whether the  adsorp t ion  effec- 

t i veness o f  t h e  carbons could be observed i n  the  columns as w e l l  as determined 

from t h e  isotherm s tud ies .  Experimental column runs and mathematical model 

p r e d i c t i o n s  a re  presented i n  t h e  sec t i on  t h a t  f o l l ows .  The mathematical model 

p r e d i c t i o n s  a r e  a l s o  v e r i f i e d  w i t h  the  ac tua l  experimental runs.  

6.4.1 Type o f  Humic Substances and Type o f  Carbon 

The breakthrough curves f o r  d i f f e r e n t  humic substances adsorbed by the  

WV-G carbon a re  shown i n  F igu re  31. Both column runs were kept  a t  t h e  same 

2 
empty bed con tac t  t ime of 7.50 minutes w i t h  a f l o w  r a t e  o f  0.78 gpm/f t  . The 

diameter and leng th  o f  t h e  column were 3.0 cm and 24 cm, r e s p e c t i v e l y .  
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The i n f l u e n t  concen t ra t i on  f o r  humic a c i d  was 4.92 mg/R TOC which was h ighe r  

than the concen t ra t i on  of 3.56 mglR TOC f o r  peat  f u l v i c  ac id .  D i f f e ren t  amounts 

o f  carbon were used f o r  these two d i f f e r e n t  humic substances, namely, 45.26 

grams carbon f o r  commercial humic a c i d  and 61.55 grams carbon f o r  f u l v i c  ac id .  

Because d i f f e r e n t  i n f l u e n t  concent ra t ions  and amounts o f  carbon were used, t h e  

performance o f  t he  WV-G carbon on the  adsorp t ion  o f  bo th  commercial humic and 

peat  f u l v i c  ac ids  was o n l y  s l i g h t l y  d i f f e r e n t .  However, t h e  major  purpose o f  

t h e  t e s t  was t o  v e r i f y  t he  model p r e d i c t i o n s ,  n o t  t o  eva lua te  carbon performance. 

The s o l i d  l i n e s  i n  F igure  31 a r e  breakthrough curves p r e d i c t e d  f rom t h e  

model. A  s l i g h t  d e v i a t i o n  o f  t h e  p r e d i c t e d  data f rom the  exper imenta l  da ta  

was observed. I n  F igu re  31 t h e  e f f l u e n t  concen t ra t i on  i s  expressed by t h e  

r a t i o  o f  e f f l u e n t  concen t ra t i on  C t o  i n f l u e n t  concen t ra t i on  Co. The t i m e  i s  

expressed as mass throughput,  which i s  de f i ned  as t h e  mass o f  t he  s o l u t e  f e d  

t o  t h e  column d i v i d e d  by t h e  e q u i l i b r i u m  capac i t y  o f  t h e  adsorbent i n  t h e  

column. When t h e  q u a n t i t y  o f  s o l u t e  f ed  t o  t h e  adsorber i s  equal t o  t h e  

e q u i l i b r i u m  c a p a c i t y  o f  t h e  adsorber, t h e  throughput  equals  1  .O. As shown i n  

F igu re  31, t h e  va lue o f  throughput  i s  o n l y  Q.4, w h i l e  t h e  e f f l u e n t  frorn t h e  

column reaches approx imate ly  80% o f  t h e  i n f l  uent  concent ra t ion .  Th is  suggests 

t h a t  slow r a t e s  o f  uptake o f  bo th  humic and f u l v i c  ac ids  by WV-G carbon. 

Column runs f o r  peat  f u l v i c  a c i d  adsorbed by d i f f e r e n t  a c t i v a t e d  carbons 

were conducted under t h e  same c o n d i t i o n s  w i t h  an empty bed con tac t  t i m e  o f  

2  
7.50 minutes and a  f l o w  r a t e  o f  0.78 gpm/ft  ; t h e  r e s u l t s  a re  presented i n  

F igu re  32. Since t h e  bed volume fo r  these d i f f e r e n t  carbons was f i x e d  a t  t he  

same empty bed con tac t  t i m e  o f  7.50 min, t he  amount o f  carbon packed i n t o  a  

f ixed-volume bed v a r i e d  w i t h  t h e  t ype  o f  carbon. Only 44.97 grams o f  HD-3000 

were used, whereas 61.55 and 65.74 grams o f  WV-G and W V - W  were used. 
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The p r e d i c t e d  breakthrough curves a r e  presented i n  F igure  32. Although 

some dev ia t i ons  between the  p red i c ted  data and the  experimental  da ta  ex i s ted ,  

t he  model p r e d i c t i o n s  were abl  e  t o  descr ibe  the  r e l a t i v e  adsorp t ion  e f f i c i e n c y  

o f  each carbon. A  poss ib le  exp lanat ion  f o r  t h e  d i f f e r e n c e  between ac tua l  and 

p red i c ted  e f f l uen t  concent ra t ions  i s  t h e  ex is tence o f  a  h igher  sur face 

d i f f u s i o n  c o e f f i c i e n t  i n  t h e  batch r e a c t o r  as compared t o  the  column r e a c t o r .  

As discussed above, t he  surface d i f f u s i o n  c o e f f i c i e n t  o f  humic substances was 

i n v e r s e l y  r e l a t e d  t o  t h e  surface coverage o f  t he  carbon. A  lower sur face 

coverage i s  expected i n  the batch experiment because t h e  i n i t i a l  concen t ra t i on  

(equal t o  t he  column i n f l u e n t  concent ra t ion)  decreased w i t h  t ime; thus the  

column tended t o  e q u i l i b r a t e  a t  a  h igher  s o l u t i o n  concen t ra t i on  than the  batch 

reac to r .  As shown i n  Sect ion  6.4.3b, a  change i n  sur face d i f f u s i o n  c o e f f i c i e n t  

o f  25 t o  50 percent  w i l l  make a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  predic.ted curve - 
enough t o  g i v e  good correspondence between ac tua l  and p r e d i c t e d  column data. 

Fu r the r  research i n  t h i s  area should be d i r e c t e d  toward determin ing the  sur face 

d i f u s s i o n  c o e f f i c i e n t  as a  f u n c t i o n  o f  sur face coverage. 

6.4.2 Alum Coagulat ion Followed by Adsorpt ion 

Breakthrough curves f o r  peat  f u l v i c  a c i d  be fore  and a f t e r  alum coagu la t ion  

and adsorbed by WV-W carbon a r e  shown i n  F igure  33. These two column runs were 

conducted us ing  the  same amount o f  carbon and the same opera t i ng  cond i t i ons .  

The i n f l u e n t  concent ra t ion  was 4.52 mg/R TOC f o r  f u l v i c  a c i d  remaining a f t e r  

coagu' lat ion and 3.56 mg/R TOC f o r  f u l v i c  a c i d  w i t h o u t  coagu la t ion .  Despi te the  

s l i g h t l y  d i f f e r e n t  i n f l u e n t  concentrat ions,  a  s i g n i f i c a n t  d i f f e r e n c e  i n  t he  

adsorp t ion  o f  these two f u l v i c  ac ids  was observed. Th i s  f i n d i n g  i s  i n  agree- 

ment w i t h  the  r e s u l t s  o f  adsorp t ion  isotherm s tud ies .  Based on the  isotherm 

tes ts ,  t he  adsorp t ion  capac i t y  f o r  peat  f u l v i c  a c i d  remaining a f t e r  alum 
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coagu la t ion  was th ree  t imes the  capac i t y  o f  peat f u l v i c  a c i d  w i t h o u t  

coagulat ion.  S i m i l a r l y ,  t h e  adsorp t ion  capac i t y  o f  the  carbon bed f o r  t h e  

former s o l u t e  was 2.16 t imes the  capac i t y  o f  t he  l a t t e r  s o l u t e  f o r  30 hours 

opera t ion .  The t o t a l  adsorp t ion  capac i t y  was evaluated by i n t e g r a t i n g  the  

area occupied between the  i n f l u e n t  l i n e  and the  breakthrough curve. Thus the  

f i n d i n g s  of t he  iso therm s tud ies  matched the  r e s u l t s  o f  the  column s tud ies .  

To t e s t  the  model 's  a b i l i t y  t o  accu ra te l y  p r e d i c t  e f f l u e n t  concen t ra t i on  

o f  peat  f u l v i c  a c i d  remain ing a f t e r  alum coagu la t ion ,  t h e  p r e d i c t e d  curve was 

generated. The agreement between t h e  experimental  da ta  and the  p r e d i c t e d  

curve i n d i c a t e s  t n a t  t h e  model i s  ab le  t o  descr ibe  t h e  adsorp t ion  of peat 

f u l v i c  a c i d  remain ing a f t e r  coagu la t ion  i n  t he  column experiment. 

6.4.3 The A p p l i c a t i o n  o f  t he  Mathematical Model 

The matherrlatical model was v e r i f i e d  i n  t h e  prev ious s e c t i o n  by comparing 

the  column model p r e d i c t i o n s  w i t h  e x p e r i ~ n e r ~ t a l  data. The model was ab le  t o  

descr ibe the  performance o f  carbon columns b u t  some d e v i a t i o n  between the  

experimental  da ta  and t h e  p r e d i c t e d  curve was found. Therefore, surface 

d i f f u s i o n  c o e f f i c i e n t s  determined from batch r e a c t o r  experiments were compared 

t o  those determined f rom the  column data. The v a r i a t i o n  i n  h y d r a u l i c  load ing  

and bed l e n g t h  was a l s o  taken i n t o  cons idera t ion .  F i n a l l y ,  the  s e n s i t i v i t y  

o f  the model t o  adso rp t i on  isotherm constants and mass t r a n s f e r  c o e f f i c i e n t s  

i s  discussed i n  the  s e c t i o n  t h a t  f o l l o w s .  

a. Model V e r i f i c a t i o n  

Table 12 l i s t s  t he  respec t i ve  values o f  sur face d i f f u s i o n  c o e f f i c i e n t s  

determined from batch  and column models f o r  two d i f f e r e n t  humic substances 

adsorbed by va r ious  a c t i v a t e d  carbons. Commercial humic and peat  f u l v i c  



Table 12. Comparison o f  Surface D i f f us i on  Coef f i c ien ts  f o r  D i f f e r e n t  Humic Substances 
and Various Act ivated Carbons Obtained from Batch and Column Models 

Sol u te  Adsorbent Mode l 2 
c o e f f i c i e n t ,  cm /sec 

A B C 

Batch 5.0 x 10 
-12 6.0 x 1 0 - l 2  7.2 x 10-12 

a 
Co~rulie rc  i a l humi c ac i d  F-400 (60 x 80) Co l umn 5.2 x 10 7.0 x 10-12 9.5 x 10 

-12 -12 

Co l umn 8.0 x 10.0 x 10-12 12.5 x 1 0 - l 2  

WV-G (20 x 40) I .a 10 
- 1  1 

Cornr~~er-cia1 humic ac i d  Batch 2.1 x 2.4 x 10"' , 
- 1  1 0 

1.4 x 10-I 
- 1 1  , 

Co l ulnn 1.7 x 10 2.0 x 10 

Peat f u l v i c  ac id  WV-G (20 x 40) Batch 2.0 x 1 0 - I '  3.5 x 4.2 x lo- ' . '  
Col umn 2.25 x lo-". 2.5 x l o - ' '  2.8 x l o - ' '  

Peat f u l v i c  ac i d  W V - W  (20 x 40) Batch 4.2 x l o - ' '  5.4 x 6.5 x lo - "  
3.5 x 4.0 x l o - ' '  

- 1  1 
Column 4 . 7  x I 0  

A ,  B, and C express the lower region o f  95% confidence, best f i t ,  and h igher  region 
o f  95% confidence, respect ive ly .  
a Column runs w i  t h  ecnpty bed contact  time o f  6.93 min. 
b Column runs w i t h  empty bed contact  t ime o f  2.21 min. 
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ac ids  were used f o r  t h i s  comparison. The sur face d i f f u s i o n  c o e f f i c i e n t s  were 

determined independently us ing  data from the batch r a t e  and column s tud ies .  

As presented i n  Table 12, the  surface d i f f us ion  c o e f f i c i e n t s  obta ined by the  

best  f i t s  w i t h  both batch and column models are  f a i r l y  c lose.  These c o e f f i -  

c i e n t s  obta ined from t h e  batch and column models had an over lapping 95% 

confidence reg ion  (except  f o r  column data designated by foo tno te  b) . Conse- 

quent ly ,  t he  sur face d i f f u s i o n  c o e f f i c i e n t  determined f rom batch r a t e  s tud ies  

can be used i n  t h e  model p red ic t i ons .  

I n  con t ras t ,  Weber -- e t  a1 . (1978) s tud ied  the  model i n g  o f  the  humic a c i d  

adsorpt ion by a c t i v a t e d  carbon and found values o f  sur face d i f f u s i o n  c o e f f i -  

c i e n t s  w i t h  a d i f ference of one order  of magnitude were between batch and 

column models. They suggested t h a t  t he  b i o l o g i c a l  e f f e c t  may e x p l a i n  t h i s  

d i f f e rence .  It i s  poss ib le  t h a t  b i o l o g i c a l  e f f e c t s  were s i g n i f i c a n t  i n  the  

10-day column runs which they conducted because a d i f f e r e n t  type o f  humic 

substance was used. 

The leng th  o f  t h e  adsorber and f l o w  r a t e s  are o the r  impor tant  f a c t o r s  

t h a t  must be v e r i f i e d  f o r  t h i s  column model. Two se ts  o f  experimental column - 

data were c o l l e c t e d  from a 1.0 cm diameter column under d i f f e r e n t  cond i t i ons .  

Run A was operated w i t h  a bed leng th  o f  18 cm and a f l o w  r a t e  o f  10.83 mg/min 

2 (2.35 gpm/ft  ) ;  run  B was conducted w i t h  a longer  bed leng th  o f  24 cm and 

2 a slower f l o w  r a t e  o f  4.60 mg/min (1.44 gpm/ft  ) .  The corresponding empty 

bed con tac t  t ime f o r  runs A and B was 2.21 and 6.83 min, respec t i ve l y .  

F igure 34 compares experimental column data w i  t h  model p r e d i c t i o n s  f o r  

commercial hu~nic a c i d  s o l u t i o n  and F-400 (60 x 80) a c t i v a t e d  carbon. The 

do t ted  1 ines  represent  t h e  best  fit of t h e  column model ; the so l  i d  1 ines  

were obta ined from the p r e d i c t i o n s  of t he  column model. Few d i f f e rences  



Ef f luent  Concentration , C/Co 



were observed between the  model p r e d i c t i o n s  and t h e  exper imenta l  data. 

b. S e n s i t i v i t y  Analyses 

Model s e n s i t i v i t y  t o  t he  F reund l i ch  a d s o r p t i o r ~  cons tan t  K i s  shown f o r  

peat  f u l v i c  a c i d  i n  F igu re  35. The c e n t e r  l i n e  represents  the  breakthrough 

curve us ing  a  K va lue  o f  3.29 mg/g and a  F reund l i ch  adso rp t i on  cons tan t  l / n  

o f  0.5653 determined f rom t h e  iso therm data. The l i n e s  above and below t h e  

c e n t e r  l i n e  rep resen t  t he  p r e d i c t e d  breakthrough curves w i t h  - +25% v a r i a t i o n  

o f  K. The s e n s i t i v i t y  o f  t h e  model t o  the  cons tan t  l / n  f o r  peat  f u l v i c  a c i d  

i s  presented i n  F igu re  36. The p r e d i c t e d  curves a re  n o t  as s e n s i t i v e  t o  l / n  

as t o  K. 

The e f f e c t  o f  v a r i a t i o n  i n  t h e  f i l m  t r a n s f e r  c o e f f i c i e n t  on t h e  

breakthrough curves i s  shown i n  F igure  37 f o r  peat  f u l v i c  ac id .  Again, t he  

f i l m  t r a n s f e r  c o e f f i c i e n t  i s  n o t  very  s e n s i t i v e  because the  Sherwood number 

i s  h igh.  The h ighe r  t he  Sherwood number, t h e  l e s s  impor tan t  t he  f i l m  t r a n s f e r  

c o e f f i c i e n t .  I n i t i a l l y  t h e  model i s  more s e n s i t i v e  because t h e  f i l m  t r a n s f e r  

res i s tance  i s  c o n t r o l i n g  t h e  mass t r a n s f e r .  The e f f e c t  o f  the  sur face  d i f f u -  . 

s i o n  c o e f f i c i e n t  i s  shown i n  F igu re  38. The i n i t i a l  column run  i s  n o t  

a f f e c t e d  s i g n i f i c a n t l y  by t h e  v a r i a t i o n  i n  t he  sur face  d i f f u s i o n  c o e f f i c i e n t .  

S u b s t a n t i a l l y  d i f f e r e n t  p r e d i c t e d  curves cou ld  r e s u l t  f rom a  l o n g e r  run .  

S i m i l a r  r e s u l t s  f rom t h e  model 's  s e n s i t i v i t y  t o  peat  f u l v i c  a c i d  remain ing 

a f t e r  coagul a t i  on w i t h  a1 um were a1 so observed. 

c. Model P r e d i c t i o n s  

The breakthrough curves f o r  peat  f u l v i c  a c i d  adsorbed on d i f f e r e n t  

a c t i v a t e d  carbons a re  shown i n  F igu re  39. These p r e d i c t e d  curves were 
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generated us ing  an i n i t i a l  concen t ra t i on  o f  3.56 mg/R TOC and 150 grams 

o f  carbon. The f low r a t e  and colurr~n l e n g t h  were v a r i e d  t o  ma in ta in  t h e  

same empty bed con tac t  t ime (EBCT) of  18.85 min. The su r face  d i f f u s i o n  

c o e f f i c i e n t  of each carbon was ob ta ined f rom t h e  batch r e a c t o r  study, and 

the  column f i l m  t r a n s f e r  c o e f f i c i e n t  was determined f rom t h e  equat ion  

proposed by W i l l  iamson -- e t  a1 . (1963).  HD-3000, F-400, and WV-G performed 

b e t t e r  than t h e  W V - W  carbon, which has a  f a s t e r  breakthrough curve than 

the o t h e r  carbons. For a  p a r t i c u l a r  t r ea tmen t  o b j e c t i v e  w i t h  100 p g / ~  

ch loroform format ion p o t e n t i a l  (CFP) , t h e  e f f l u e n t s  o f  these carbon beds 

should n o t  exceed 2.20 mg/R TOC, accord ing t o  c o r r e l a t i o n  o f  TOC and CFP 

shown i n  F igu re  9. Using t h e  l i n e  drawn f o r  e f f l u e n t  concen t ra t i on  a t  

0.62 (corresponding t o  a  TOC o f  2.20 mg/R) i n  F igure  39, one can see t h a t  

the  s e r v i c e  t imes f o r  WV-W,  WV-G, F-400, and HD-3000 carbon beds are  1.69, 

2.88, 3.38, and 3.72 days. The t o t a l  amount o f  water  t r e a t e d  per  gram o f  

carbon corresponding t o  t h e  above s e r v i c e  t imes i s  0.33, 0.61, 0.91, and 

1.07 l i t e r s .  When o n l y  t he  capac i t y  i s  considered, HD-3000 i s  the  b e s t  

carbon f o r  t r e a t i n g  peat  f u l  v i c  ac id .  

Since alum coagu la t i on  o f  peat  f u l v i c  a c i d  p r i o r  t o  carbon adsorp t ion  

was found t o  enhance t h e  adso rp t i on  capac i t y  o f  carbon a lmost  t h ree fo ld ,  

i t  i s  o f  i n t e r e s t  t o  p r e d i c t  column performance under t h i s  c o n d i t i o n .  

F igu re  40 g i ves  t h e  p r e d i c t e d  breakthrough curves f o r  peat  f u l v i c  a c i d  

remaining a f t e r  coagu la t ion  w i t h  alum. These p r e d i c t e d  curves a r e  generated 

us ing  an i n f l u e n t  concen t ra t i on  o f  3.56 mg/R as TOC o f  peat  f u l v i c  a c i d  

remaining a f t e r  alum coagu la t i on  and 18.85 min EBCT w i t h  t he  same ope ra t i ng  

cond i t i ons  descr ibed above. A no tab le  d i f f e r e n c e  i n  t h e  p r e d i c t e d  break- 
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through curves presented i n  F igure  40 i s  the  se rv i ce  t ime f o r  a l l  f o u r  

carbons. For the  same t reatment  o b j e c t i v e  of 100 pg/R CFP, the carbon bed 

e f f l u e n t s  should n o t  exceed 2.75 mglR TOC because pea t  f u l v i c  a c i d  remaining 

a f t e r  coagu la t ion  w i t h  alum has a lower CFP. With t h i s  1 i m i t ,  t he  se rv i ce  

times f o r  WV-W,  HD-3000, WV-G, and F-400 were 38, 40, 59.4, and 61.4 days, 

respec t i ve l y .  O f  these f o u r  carbons, F-400 and WV-G per form t h e  best .  

HD-3000 has a sharper breakthrough curve than the  o the r  carbons. The 

performance o f  t h i s  peat  f u l  v i c  a c i d  remain ing a f t e r  coagu la t ion  w i t h  a1 urn 

on t h e  carbon beds a l so  corresponds somewhat w i t h  r e s u l t s  f rom the adsorp t ion  

isotherms. I n  t h e  isotherm study, t h e  sur face concent ra t ions  o f  carbon a t  

an e q u i l  i b r i u m  concent ra t ion  o f  3.56 mglR TOC f o r  F-400, HD-3000, WV-G, and 

WV-W a r e  42.5, 35.0, 33.0, and 20.15 mglg, respec t i ve l y .  Although the  

sur face concent ra t ions  f o r  HD-3000 and WV-G a re  s i m i l a r ,  t he  p red ic ted  

breakthrough curves f o r  these two carbons a re  d i f f e r e n t  because WV-G carbon 

has a l a r g e r  sur face d i f f u s i o n  c o e f f i c i e n t  than HD-3000 carbon. The sur face 

2 
d i f f u s i o n  c o e f f i c i e n t  was 2.0 and 1.6 x lo- ' '  cm /sec fo r  WV-G and HD-3000, . 

r e s p e c t i v e l y  . 
I t  i s  o f  i n t e r e s t  t o  compare t h e  p red ic ted  breakthrough curves f o r  peat 

f u l v i c  a c i d  before  and a f t e r  coagulat ion.  As shown i n  Figures 39 and 40, 

the  major d i f f e r e n c e  between peat  f u l v i c  a c i d  before  and a f t e r  coagu la t ion  

i s  the  se rv i ce  t ime o f  the  carbon bed. For the  same i n f l u e n t  concent ra t ion  

and t reatment  ob jec t i ve ,  the  se rv i ce  t ime before the  regenerat ion o f  carbon 

bed f o r  f u l v i c  a c i d  w i t h o u t  coagu la t ion  pretreatment  v a r i e s  from 1.69 t o  

3.72 days, whereas f o r  f u l v i c  a c i d  remaining a f t e r  coagu la t ion  the  t ime 

va r ies  from 38 t o  61.4 days. A s i g n i f i c a n t  increase i n  the  se rv i ce  t ime o f  



t he  carbon bed r e s u l t e d  from the  con junc t i ve  use o f  carbon adsorpt ion and 

coagul a t i o n .  

To evaluate t h e  e f fec t  o f  empty bed con tac t  t ime (EBCT) on humic 

substance removal by the  a c t i v a t e d  carbon bed, several  model p red ic t i ons  

2  were made us ing a  f i x e d  f l o w  r a t e  o f  0.78 gpm/ft  and var ious  bed lengths  

from 12 t o  240 cm. Thus t h e  con tac t  t imes were between 3.77 and 75.4 min. 

The p red ic ted  breakthrough curves f o r  peat f u l v i c  a c i d  adsorbed by WV-G 

carbon w i t h  var ious  EBCTs a re  presented i n  F igure 41. The longer  EBCT of 

t h e  column, the  b e t t e r  t h e  performance. D i f f u s i o n  o f  such l a r g e  molecules 

i n s i d e  t h e  carbon p a r t i c l e  takes a  l ong  time. The sur face d i f f u s i o n  

c o e f f i c i e n t  o f  humic substances w i t h i n  t h e  carbon p a r t i c l e  i s  of t h e  order  

2  
of l o - "  cm isec ,  which i s  an extremely small  number compared w i t h  the  o ther  

organics repor ted  by C r i  t tenden and Weber (1 978a ,b) . For a  t reatment  

o b j e c t i v e  o f  100 pg/R CFP o f  e f f l u e n t ,  t h e  se rv i ce  t imes f o r  EBCTs of 3.77, 

7.54, 11.3, 15.1, 18.9, 37.7 and 75.4 min are 2.4, 14, 33, 58, 82, 255, and 

720 hours, respec t i ve l y .  Therefore, each doub l ing  o f  EBCT r e s u l t e d  i n  a  

g rea te r  increase than doubl ing the  opera t ing  times o f  t he  carbon beds. 

The e f f e c t  o f  EBCT on t h e  removal o f  humic substances remaining a f t e r  

coagu la t ion  i s  more pronounced. Under t h e  same cond i t i ons  as fo r  peat 

f u l v i c  a c i d  w i t h o u t  coagulat ion,  t h e  p red ic ted  breakthrough curves f o r  

peat  f u l  v i c  a c i d  remaining a f t e r  alum coagu la t ion  were determined and were 

p l o t t e d  i n  F igure  42. For a  t reatment  o b j e c t i v e  o f  100 pg/R CFP o f  e f f l u e n t ,  

t he  se rv i ce  times f o r  EBCTs o f  3.77 and 7.54 min a re  169 and 465 hours. 

A g r e a t  d i f f e r e n c e  i n  t h e  a b i l i t y  t o  t r e a t  more peat f u l v i c  a c i d  remaining 

a f t e r  coagu la t ion  was no t i ced  f o r  t he  f i r s t  doubl ing of EBCT. 



Influent Concentration = 3.56 mg/. TOC 
pH = 6.0 
PO: = Io-~M 

Throughput 
F igure  41. Predic ted  Breakthrough Curves o f  Peat  F u l v i c  Acid Adsorbed 

by WV-G Carbon w i t h  Various Empty Bed Contact Times (min) .  
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For d i f f e r e n t  i n f l u e n t  concentrat ions,  p red i c ted  breakthrough curves 

were generated us ing  a  3  cm diameter ( I D )  and 60 cm long  WV-G carbon bed 

2  w i t h  a  0.78 gpm/ft f low r a t e  and an EBCT o f  18.85 min. The i n f l u e n t  

concent ra t ion  was v a r i e d  f rom 1.0 t o  20 mg/R TOC. Both t h e  column f i l m  

t r a n s f e r  and surface d i f f u s i o n  c o e f f i c i e n t s  were assumed t o  be 2  x  

2  cmlsec and 2.5 x  10.'' cm /sec, r e s p e c t i v e l y .  F igure  43 g ives  these 

breakthrough curves, t h e  shape of which changes w i t h  t h e  i n f l u e n t  concen- 

t r a t i  on. The h igher  t h e  i n f l u e n t  concent ra t ion ,  t h e  sharper t h e  breakthrough 

curve. For a  50% breakthrough o f  i n f l u e n t  TOC, t h e  se rv i ce  t imes f o r  a  

carbon bed c o n t a i n i n g  WV-G a re  26, 58, and 109 hours f o r  i n f l u e n t  TOC values 

of 8.0, 4.0, and 2.0 mg/R. Thus the  s e r v i c e  t ime o f  t h e  carbon bed was 

doubled f o r  each 50% reduc t i on  of  i n f l u e n t  concent ra t ion .  However, t h i s  

p r e d i c t i o n  i s  o n l y  v a l i d  f o r  cons tant  column f i l m  t r a n s f e r  and sur face 

d i f f u s i o n  c o e f f i c i e n t s  o f  a1 1  d i f f e r e n t  i n i t i a l  concent ra t ions .  As discussed 

i n  t h e  adsorp t ion  k i n e t i c  sect ion,  t he  sur face d i f f u s i o n  c o e f f i c i e n t  o f  h u ~ r ~ i c  

substances may depend on the  sur face concen t ra t i on  on t h e  carbon. With an 

increased i n i t i a l  concent ra t ion ,  t h e  sur face l oad ing  on t h e  carbon i s  

expected t o  be h igher ,  thus l e a d i n g  t o  a  decrease o f  the  sur face d i f f u s i o n  

c o e f f i c i e n t .  A  h ighe r  e f f l u e n t  concen t ra t i on  w i l l  be observed consequently, 

because o f  t h e  decrease i n  t h e  surface d i f f u s i o n  c o e f f i c i e n t  a t  h igher  

i n f l u e n t  concent ra t ions .  

The s e r v i c e  t ime o f  a  carbon bed can be extended s i g n i f i c a n t l y  when 

humic substances a re  p a r t i a l l y  removed by alum coagulat ions be fore  carbon 

adsorpt ion.  For an i n f l u e n t  concent ra t ion  o f  3.56 mg/R TOC peat  f u l v i c  ac id ,  

a  3  x  60 cm carbon column con ta in ing  150 grams o f  F-400 carbon operated a t  
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a  f l o w  r a t e  of 0.78 gpm/ftL (EBCT = 18.85 min) was used f o r  model p red i c t i ons .  

Pred ic ted  s e r v i c e  t imes f o r  O%, lo%, and 20% removal by alum coagu la t ion  are  

0.1, 3.2, and 6.0 months. Therefore, a  s i g n i f i c a n t  improvement i n  t h e  carbon 

bed adsorp t ion  can r e s u l t  f rom a  p a r t i a l  removal o f  humic substances by alum 

coagul a t i o n .  



7. ENGINEERING S I G N I F I C A N C E  

This study has demonstrated a simple procedure fo r  evaluating the 

removal of humic substances by the process of carbon adsorption. The procedure 

includes bench-scale adsorption isotherm and ra t e  studies and the application 

of a mathematical model to  predict the performance of a pilot-scale carbon 

bed. Data obtained from the model predictions can be useful in designing a 

pi1 ot-scale carbon bed. Since the behavior of each different  humic substance 

varies w i t h  the source, a pilot-scale carbon bed i s  needed fo r  each different  

water treatment plant location. On the basis of resul t s  obtained from pi lot-  

scale s tudies ,  ful l -scale  carbon beds for  individual water treatment plants 

can be effect ively designed and economical 1 y operated. 

The conjunctive use of coagulation and carbon adsorption i s  also a very 

important process i n  considering the removal of humic substances from water. 

This study found a s ignif icant  increase i n  isotherm capacity and ra t e  of 

adsorption of peat fulvic  acid remaining a f t e r  alum coagulation. Based on 

the resul t s  of model prediction, a longer time between regeneration of a 

carbon bed could be achieved fo r  a given treatment objective. By a similar 

approach, a pi lot-sczle  plant can be s e t  up  f o r  each individual water t rea t -  

rnent plant to  evaluate the sui tabi l  i ty of the conjunction of these two 

processes. The coagulation and carbon adsorption processes of a fu l l  -scale 

water treatment plant can be optimized f o r  humic substance, using findings 

from a pilot-scale study. In th i s  way, the overall cost  of water treatment 

may be reduced. 



8. CONCLUSIONS 

Based on t h e  r e s u l t s  o f  t h i s  study, t h e  f o l l o w i n g  conclus ions may be 

drawn : 

(1  ) Both u l  t r a v i o l e t / v i s i  b l e  adsorp t ion  and t o t a l  o rgan ic  carbon 

measurement can be used t o  i n d i c a t e  the ch lo ro form fo rma t ion  

p o t e n t i a l  of humic substances i n  t h e  processes o f  chemical 

coagu la t ion  and a c t i v a t e d  carbon adsorpt ion.  

( 2 )  D i f f e r e n t  adso rp t i on  isotherms were found f o r  commercial humic and 

peat  fu1 v i c  ac ids.  An unfavorable adsorp t ion  iso therm was found 

f o r  commercial humic ac id .  A favo rab le  adso rp t i on  iso therm was 

observed f o r  peat  f u l v i c  ac id .  

(3) A decrease o f  s o l u t i o n  pH, p a r t i c l e  s i z e  o f  carbon, molecular  we igh t  

of t he  humic substance, and an increase o f  s o l u b l e  alum were a l l  

found t o  increase t h e  adsorp t ion  capac i ty .  
0 

( 4 )  Pore volumes o f  100 t o  500 A rad ius  c o r r e l a t e d  we1 1 w i t h  the  

adsorp t ion  capac i t y  o f  a c t i v a t e d  carbon f o r  humic substances. 

(5) Based on the  same amount o f  carbon, the l i g n i t e  base a c t i v a t e d  

carbon, which has a l a r g e  volume o f  macropores i n  a column, adsorbed 

humic substances before  coagu la t ion  b e t t e r  than the o the r  a c t i v a t e d  

carbons. 

(6) The con junc t i ve  use o f  alum coagu la t ion  and carbon adsorp t ion  

improved the  adsorp t ion  e f f i c i e n c y  o f  carbon w i t h  respect  t o  

adsorp t ion  iso therm and column performance. 

( 7 )  Based on the  same amount o f  carbon i n  a column, t h e  bi tuminous base 

a c t i v a t e d  carbons w i t h  a wide spectrum o f  pore s i zes  adsorbed humic 

substances remain ing a f t e r  coagu la t ion  b e t t e r  than the  o the r  carbons. 



(8) The appl ication of a mathematical model described by Cri ttenden 

and Weber (1978a, b) was successful . The model parameter estimation 

technique gave sat isfactory resul t s  and the model was sa t i s fac to r i ly  

verified. I t  was then possible to  predict the performance of carbon 

adsorbers for  humic substance adsorption. 

(9) This mathematical model was found to be sensi t ive to values of 

adsorption capacity of activated carbon and the surface diffusion 

coefficient of humic substance inside the adsorbent par t ic le .  

(10) The empty bed contact time of the carbon column was one of the 

major factors tha t  influenced the time t o  saturation by humic 

substances. The longer the empty bed contact time, the bet ter  the 

performance of the column. 

( 1  1 ) The influent concentration of humic substances was another 

important factor.  The lower the influent concentration, the 

longer the carbon bed can serve for  a given TOC eff luent .  However, 

the breakthrough curves for  lower influent concentrations were 

f l a t t e r  than the higher infl  uent concentrations. Consequently, 

the u t i l iza t ion  of the carbon bed appeared less  e f f i c i en t  when 

lower influent concentrations were introduced. 
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