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... 
The adsoiption of residual organic molecules gene­

rated durin~ the metabolic activity of bacteria was investigated. 

At first a number of potential adsorbants .and ion 
, , 

exchange resins were selected with different qverage'pore .. 
··diameters and specific surface areas. 

The adsorption (removal) capacity of these materials .. 
was evaiuated through the determination of their adsorption 

isotherms on a residual organics solution, obtained from an 

activated sludge reactor, that operated with Phenol as a 

substrate. 

On the basis of these isotherms Filtrasorb 400, an 

\activa,ted Carbon with 35Ao average porle diameter and 1200' m2/g 

specific surface area, w~s selected as the best adsorbant. 

Subsequently a fluidized bed biological reactor was used to \ , '., 
, . 

study the direct adso~tion of the residual organics produced 

by the blofilms on the Filtrasorb 400 particles suppor~ing the 
, , 

growth. A phe~61 solutiqn was fed to the reactor and differen~ { 
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Oxygen to Phenol ratios were applied. 

The adsorption of the residual organic molecules 

generated by the biological growth in a fluidized bed 

biological reactqr proved feasible and independent of the 

Oxyge~ to Phenol ratio applied. The Phenol Femoval effi-

ciency of the reactor was ,determined by the Oxygen supplied. • 
The removal.reached'lOO% whenever residual Oxygen was present 

in the effluent of the reactor (no )xygen limitation). 

Specific reaction rates higher- than the ones 

reported in the literture were observed. 

The removal of the residual organics resulted in ..-
a stable effluent pH. -. 

The monitoring of the height of the expanded bed 

that developed biological growth is a parameter that 

can be usea to monitor the total volume of biolog~cal fil~' 
. \ 

in the reactor. A volume yield factor can also be calculated. 
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CHAPTER 1 

1. INTRODUCTION ) 
The treatment of the waste products of our society 

has been established as a vital necessity . 
.I 

It is a matter of survival for humanity to realize 

that the quality of our environment cannot be altered without 

affecting our well-being and ultimately our existence. There 

have already been cases where the ecological 'balance has been 

upset, or cas~s which have pro~d ~atal consequences (e.g. 

Minimata, Japan). , 
I 

A few decades ago, conventional biological treatment 

of aqueous wastes was conside~ed satisfactory. The envir­

onmental researchbof the last'd~c~de/however, has clearly shown 

that hio-treatment ~lone, is 

physical-chemical operations 

biological treatment 

Addition of alum and 

insufficient. As a result, 

een integrated in the 

er to improve its efficiency. 

as coagulating and 

flocculating agents is beco . g quite common now and there 

are many recent tertiary usi~g activated 
; 

carbon adsorption. There ar "aiso pure Physical-phemical 

Treatment installations that tilize operations like coag~lation 

sedimentation and adsorption "wi thoutlt a biological step in 
I" 

between. They show a lot of advantages like high removal 

1 

,I 
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efficiencies, and resistance to shock loadings, but they also 

require more sophisticated equipment and higher operating 

cost. 

Our increasing awareness of the environmental 

problems, their complexity and interrelationships lead, ~d 

\~ill probably continue to lead, to stricter standards for 
" 

effluent quality. In order to meet the new requirements 'of 

treatment efficiency, and comply with the strict present and 

future standards we have to restudy our processes. We .. 
can either modify and optimize them, or if necessary, develop 

new and more efficient ones. 

The present work was organized and carried out with 

this general framework in mind. Not all the organic molecules 

can be degraded biologically. In a waste stream there are 

usually constituents that are partially or completely nOn-

degradable by the microbial population of a specif~c treatment 

plant. There are also organic compouqds generated as by-

products of the ba~terial metabolism. All these compounds 

escape in the effluent of the bio-treatment plant as residual 

organics and impair its quality. Therefore, biological 

treatment alone is incomplete. 
!" 

On the other hand adsorpt1on 

J 

can handle organic compounds regardless of their biodegradability 

but adsorption columns exhaust, very fast "'hen a waste ri~h 

in organics is applied. ,Adsorption itself can remove IIdissolved" .. 
pollutants by adsorbing them on the active sites of t~ 
adsorbi.ng particles. 



3 

Adsorption and biological oxidation if used simul-

taneously can give a very high treatment efficiency. The 

biodegradable portion of the organic, load will be removed by 
'to I 

the biological -mass and the 'residual organics will be 

\ adsorbed by the adsorb ant • 

Such a treatment scheme is already being used when-

ever adsorption columns polish secondary effluents. The 

,presen~e of biodegrad~le organic molecules and nutrients 

in : secondary effluents have bee~ observed to stimulate 

biological growth on the particles of the adsorbant inside 

the adsorption columns. By encouraging this, biological 

activity through the supply of COCygen ~d micronutrients 

a biological population in the form of biofilms d~S .. 

around the adsorbant ~ticles. Thus the two steps of 

biological and adsorption treatment are expected to occur 

simultaneously, in a one-step process. For suqh a process 
.J 

it is very important to study the adsorption of the residual 

organics so that. the best adsorbants can be select~d for 

their removal. It is also important to monitor the biological 
, 

growth since it ,is responsible for the removal of a big part 

of the T.O.C. applied, ~d its control is imperative ~or the 
. -' 

proper functioning of such a process. / 

The o:bjectiv~ of the'" present work is to sel:; the 

bes.t adsorbant for tne removal of the residual organl.c 

molecules generated during the biologi~al oxidation of a 

\ 
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was te, and' se cond, the evaluation of the residual T. o. C. 

removal efficiency of this process through pilot plant runs . 

.. 

". 

i , 
i 

" i 
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CHAPTER 2 

2.1.1 Adsorption Theory 

Adsorption can be described as the concentration of 

a particular component of a bulk solution on a surface that 

con2acts the solution, as a separate phase. The material' 

that forms the surface area is named the adsorbant, and the 

'--... ...--,/ particular component that adsorbs 

ad!?orbate. 

is called the 

/ 

Adsorption is a molecular migration phenomenon. 

Due to the attraction forces that exist between the adsorbant 

• and the adsorbate, molecules of the adsorbate migrate "to the 

interface and they slowly form 'a film on the adsorbant's surface. 

This film can be unimolecular or multimolecular depending on 
\ 

the tpec~fic conditions. J. 

Adsorption is therefore a function of the surface 
, 

area of the adsorbant. Porous solids usuaIly make the best 

adsorbants. The surface area of porous solids can be separated 

.into, two different categories: I 
I 

the exte"rnal surface area that can be viewed " i) 

as plane i 

ii) . the curved surface area that consists of 

the surface of thi walls '.qf the po~es an,d the 

interstices. Almost 99 per cent of the to/tal "true" 

surface area belonqs to the internal surfaca area 

(for mO,st adsorbants) . 

5 

\ 
\ 
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It is obvious therefore that the porosi~y of an adsorbant- and 

the parameters related to this property are of major 
I 

importance. Mathematically adsorption can be described by 

tll'e fbliowing Gibbs adsorption equation: 

r. 6~· 
l • 

(1) 
t=l 

where G0..6 =the interfacial tensioIJ between 'the 

adsorbant and the solution 

r i. :_ the surface, conc~ntration of the 
~ I 

compon en t i 

~ L ;;: the Chemi cal poten ti al 0 f i 

/' 
For a binary solution at equilibrium the Gibbs-Duhem eq.uations 

, give: 

j,.2 

L Nt. dPL = 0 
t.J. 

.or (2 ) 

or (2a) 

( 2b) 

) 

o 
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wpere N. = the mole fraction of the component i 
1-

in the solutio,n. 

Equation 2 simply states that the net'change of the free 

en thalpy, at equilibri urn, is zero 

Combining equation 1 with equation 2 we have: 

(3 ) 

7 

.~ 

~ ,~: ~ 
is the concentration of component 2 that '~ 

would exist on the surf,ace of the bulk solution, if no ' 
. . 

adso!ption had taken place, the term: 

e. 
is the surface enrichment.( f2 ) for component 2. 

where 

r'\ 
-----'--_ ~ I ) 

p.1 :-- standard' cjYendcal poteI\tial of 
, \ 

compone~t' i 

(4) 

'0 

(5 ) 

Q l activity of component 1- in the bulk 

solution 

\ 

I 
j 
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Then, 

'., 
( Sa) 

01-, • 

and equat10n (3) can be written: 

or 

e 
r'2 -

d(R TIn a.t) 

or 

or, approximately, assuming that the activity coefficient:f=i 

where 

~( RT 
d 60.6 ' ) 

d C~ 
(6) 

C2 - concentration of component 2 in the 

bulk solution. 

This is the Gibbs adsorption equation that reveals the 

thermodynamical na~re of the adsorPtion phenomena. 

Indeed increase of the r: term necessitates a decrease 

of the value of the term d 6ab)" This behaviour means 

dC2 

) 



that the adsorption phenomena favour the decrease of 

the interfacial tension of a system. The interfacial tension 

of a system, in turn,is a measure of the free surface ~nergy 

of the system, therefore, adsorption favors the de~rease of 

the free interfacial energ~ of a system, and consequently, 

adsorption is a spontaneous thermodynamic phenomenon. 

A number of researchers have verified experimentally the 

Gibbs adsorption equation (Chen, 1977; Skou1ikidis, 1971). 

Two different types ~f adsorption phenomena can be considered, 

the physical adsorption and the chemical adsorption or 

chemisoq)tion. 

a) Physical AdsoEetion 

This type of adsorption occurs as the result of 

Van der Waals attraction forces between the adsorbate 

and the adsorbant. The adsorbed molecules are not 

fixed'on specific sites and are free to undergo 

~~onal motion at the surface of the adsorbant. 

This type of adsorption is reversible and is charac-

terized by heats of adsorpt~on below 20K cal/mol 

and multiple adsorbed layers. 

b) Chemical Adsorption 

Chemi~al adsorption,is the result of strong 

chemical bond forces among the adsorbant and the 

adsorbate molecules. The adsorbed molecules are 

" 



.~. 

fixed on specific sites. The heats of adsorption 

are more than 20 Kcal/mol due to the high energy 

bonds. This form of adsorption is very rarely 

reversible and is usually associated with a 

monoJ'ayer formation by the ad'sorbate on the 

adsorbants surface. 

10 

In actual cases it is very di~ficult to distinguish be-
", 

tween the different kinds of adsorption' since both may occur 

simultaneously and therefore they give heats of adsorption 

that do not allow a positive classification by themselves. 

In the cases of multilayer adsorption the first 

molar layer is usually considered to be chemisorbed 

'\ 
(Skoulikidis, ,1967) . 

The exact mechanism of the adsorption phenomenon 

is neither simple nor very clear. o 

--\, 
None of the surface filling or the pore filling 

mechanisms, that have been proposed a long time ago, can 

describe the phenomenon completely. 

A new mechanism, the concentration and adsorption 
'> 

mechanism (Chen, 1969) that is based on the surface curvature 

is a more accurate description of the adsorption phenomena. 

According to this mechanism, for each system there is a 

range of pore diameters within which the phase separation 

occurs, in a series of a concentration - precipitation processes. 

f 
f 

.,.. 



For the range: 

3.3 L Did L 6.1 

where D Adsorbates average molecular diameter 

d pore diameter. 

the solution inside the pores concentrates and becomes super-

saturated and precipi tation of. the adsorbate in the pore 

occurs. 

For Did ratios outside the above range precipitation 

does not occur and an equilibrium is established by means of 

adsorption between the concentrated s.olution ahd the pore 

walls" Fig.2.l gives a schematic diagram of a pore on an 

adsorbant particle as given by Davis et al (1972). 

2.1.2 Behavior of an Adsorption System 

The short expl~ation of adsorption that was given 

in the previous paragraph 'made clea'r the fact that adsorption 

phenomena result in a "r~distribution of the adsoroate between 

the adsorbants surface area and the bulk solution. There is 

an equiliQrium concentration of adsorbate between the solution 

and adsorbant phaseS. The mathematical correlation between 

those two quan ti ties, .at a constant temperature is the 
.J 

equation that describes this equilibrium and is called 

adsorption isotherm. 

A lot of work has been done in order to ~entifY 
the equation that describes in general the adsorption 

) 



" 

.AlfO 
~1ioO+---o.Q~Q'b11 
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isotherms. Therefore there are many eral' mathematical 

formulations available. litera~urE. 

obey the various form~li, due;t0 the diversity and 

complexity of adsorption phe~omena. The usual adsorption 

isotherms have been classified by Brunaue~ Emett, Teller 

into five types of adsorption isotherms. This is commonly 

known as the B.E.T. classification.\ The five types of 

adsorption isotherms are given in (Fig. 2.2). Each one 

of them corresponds to special adsorption mechanism. More 

details on each mechanism can be found in literature 

(Chen, 1969, Skoulikidis, 1967). 

The Langmuir and Freundlich models are the 

important ones and can be linearized easily. The table 

that follows gives the mathematical formulation for the 

three most common adsorption isotherms equations. 

• J 

o 
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TABLE 2.1 

Adsorption Isotherm Models in a Liguid-solid System 

-
Model Equation Assumptions 

.-
Langmuir -, .-<- 1) Limiting adsorption load-

(1918) ing Qo refers to monolayer 
bC-lt formation 

7 

Q = Q o 1 + bC· 2) adsorbant Homogeneous 
surface 

3) No lateral interaction 
, 

among adsorbed molecules 

-
Freundlich 1) Exponential dis tribution 

(1926) lin of surface sites energies 
Q=K C). 

B.E.T. 1) Langmuir assumptions 2,3 
(1938) 

, 
Q S·C* 2) Multilayer forma~ion 

Q = !Cs-C'''[l+[a-I) (C'Y Cs )] 3) The heats of adsorption of 
the 2nd, 3d, . . . nth lay~rs 
are eqt:al 

Where: Qo,b,K,n,B,C" are constants.C*is the equilibrium concentration 
of the solution after adsorption.Q is the loading of the adsorbate 
on the adsorbant. 

2.2, Parameters Influencing Adsorytion 

~dsorption as a thermodynamic phenomenon is influenced 

by a number of parameters that relate to the bond be,tween 

adsorbant and adsorbate as well ~s their individua~ properties 

ei ther by themselves or in the' adsorp tion system. 

Temperature is a very important parameter that 

l 
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t 

influences the phenomenon in many ways, e.g., increasing 

temperature, increases the kinetic ·energy of the molecules as 

well as the entropy of the system and xherefore weakens the 

bonds between the adsorbant and. the adsorbate molecules. In 

other words, temperature increase is unfavorable for the 
, ' 

phenomenon. The temperature changes influence the solvation 

of the'solut: (adsorbate) by the solvent" and since the overall 

phenomenon is isually exothermic, increase of the temperature 

decreases the adsorption capacity. The rate of adsorption 

is favored by te~erature increases, because it results in 
, . 

~ 

a decrease of the solution viscosity and an increase in the 

mobility of the molecules of the adsorbate. 

Another important par~meter is: the solubili ty of '. 

the adsorbate in the bulk solution. The more soluble the 

adsorbate, the more ~t will prefer the solution over the 

adsorbant. Solubility is a function of the nature of the 

adsorb~te. The mo~e ~yophobic the adsorbate is, the less 
. ,~ 

soluble it is and therefore, the more adsorbable it 

becomes. ,Th~s correlation between lyophobic nature and 

adsorption is known as'LUndelius rule. Weber (l972) has 

pointed out tha~ many systems exist that do ,not obey the 
. 

above rule. According to the concentration ad~orption • 

mechanism it can be also seen that low solubility favours 

adsorption. Indee,d, low .sol~ility re'sults in a qHicker 
. ' 

and e-asier increase in the concen'tration of the solution 
,-

inside the pores. Therefore, saturation-precipitation 
." 

f 
j 

. 
1 
4 
·t 
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I 
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occurs more easily and, the whole phenomenon is favored. 

The polarity ,9f the adsorbed molecules influences 

adsorption as well. Solubility and sclvated radius are 

functions of polarity, and they both affect ads~rption 

significantly. 
........ 

A polar adsorbant w~ll prefer the more 

polar~hase and vice-versa. This is a generally followed 

rule in nature. 

Another property of interes't is the molecular 

radius uf the adso~bate. It affects the solvated radius' 

of the molecule and hence its -adsorption and diffusi.vity. 

For molecules belonging to one specific class of chemical 

compounds (Weber-Morris, 1964) it has been.noticed that 

the overall rate of adsorption decreases as the m?lecular 

radius increases. The adsorption capacity behaves in a 

more. complex way as a function of molecular size 

(Weber, 1971, Benedek, 1974). There is not any definite 

" 

res ul t on the effect 0 f . on the ads orption 

pheno~non although has been done in 

this domaine. 

On the other -hand~ the particle siz~ -of the adso~b.ant 

affects th~ rate ana capa~ity of adsorption. The smaller 

particle' siz~ results in (a) sh6r~er pore lengths and (b) 

greater nU$er of pores acce'ssible -to the .adsorbate fr. 

molecules. In the case of pore diffusion 'controlled. 
, . 

adsorption, all these factors affect favorably aBd 

I 

t 
'\ , 
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signrficantly the rate of adsorption and capacity of 

p.dsorban ts. Smaller particle size also results in larger 

external surface areas. 

Finally the true surface area and the pore vo~ume 

are two of the most important parameters that influence the 
<I 

practical application of the adsorption phenomenon. It is 

actually the pore size distribution along with the specific 

surface area and specific pore volume that determines the 

applicability of a material as an adsorbant in a specific 

case (Chen, 1969, aened$, 1974, Weber, 1971) . 

High specific s.urface areas and favorable pore 

size distribution result in high adsorption capacities . 
.. 

It.is ea~ily understood why the pore si~e distribution and 

the ~pecific surface area are important parame·ters if we 

consider that only a ,narrow range of pore sizes are 

effecti ve in the adsorption process',. according to the 

adsorption-concentration mechanism (Ch;en, 1969) that was' 

briefly described in ~ection 2.1.1. 

Along ,.'Ii th the' ~ove descril?ed parameters some 

others. play a role in the adsorption phenomena. They are 

parameters that are relate~ to the qualities and the nature 

of the surface of the adsorbing .material. 

". It is obvious 'therefore that' adsorption i~ a very 
\) 
complicated phenomenon influenced by a large number of. 

parameters. This explains the difficulties in deriving the 

, . 
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proper mathema ti cal formulations for the general desc'ription 

of the adsorption isotherms., ·as well as the difficulties 

of applying successfully adsorp~ion to industrial processes. 

2.3 Th~ Biological Degradation of Organic Substances 

Bl.oloqical waste treatment processes involve ',< 

the u~ilization of the pollutants existing 1n a waste 

stream by a variety of living organisms. Because 

the wastewaters are normally non-sterile,there is with the feed 

a constant input of organisms that maintain the diversity 

f h . l' ....1 d . ' o t e popu atLon. ThlS dlverslty lS a vantageous Slnce 

it permits the utilization of wide v'arieties of pollutants 
. , 

that are available as substrates to the different species of 

microorganisms existing in th~ treatment systems. Most of 

the active organisr.s in a biological treatment reactor ~re 

bacteria. 

Bacteria can-directly metabolize only organic 

substances whose molecules are small enough to be transported 

through the cell membrane pores. Particulate or colloidal 

dimension matter has to b9 treated ~irst b~ exoenzymes that 

'cleave it by h~drolysis to smaller fractions. There are 

also some dissolv~d single molec~les that may require 

extracellular ,enzymatic treatment prior to transportation 

in the cell ~utilization. 

It is 'Obvious that this extra€ellular a~ti vUy. 

provides one more difficulty in the sequence of steps for 
~~ 

( 

J 

Q 



/ 

20 

} 

.) 

the substrate utilizatio~, and may introduoe in some cases 

a rate limiting step. Bacteria of ~nterest in the waste 

treatment systems, are in general heterotrophic. This 

means that they require organic mol~cules in order to 

derive their energy and basic building blocks for their 

cellular constituents. In any process, natural selection 

will gradually select the most efficient species in 

utilizing a specific waste. 

In g~J raI, bacterial action can be represe'nted 

by the fOII~i~~ qualitative eq~tion~ 

Substrate cells ,electron ~mo e cells + eGa + reduced elect~on , acceptors, n u€rlen t5 acceptors 

During l?acterial Jlletabolism, organic moleCUles are oxidized 

in order to provide energy to the cell.' The cell using 

organic carbon atoms as the basic building block, plus the 

energy furnished by the oxidation pro~ synthesizes new 
\ 

cellular material necessaFY for growth and multiplication. 
1 

Along with the organic substrates bacteria also 
) 

need a terminal electron acceptor I .for the energy production 

(oxidation) cycle. The kind of terminal oxidan t used is . 

a very .important Characteristic of their function. OPepending 

on whether they cart u?e ')xygen, or not I ' as" the terminal electron 

acceptor they are named respecti v~ly aey6b'ic or Cl:nae:robi? .. 

Between :the two extrerres there are a lot of bacterial . 

.... 
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species that can grow with or without the presence of 0xygen 

and are n'amed facuJ.tati ve bacteria .. 

In addition to the 9rganic substrate and the 

terminal electron acceptor, a large number of chemical 

elements are required for the support of the bacterial' life. 

These elements, necessary low concentrations, are called 

micro nutrien~ Some of 

following (Howe, 1970): 

ones are the 

N, P, K, Na, Ca, Mg, Mn, Fe, S, Zn, Cu, Co, etc. 

Most of the metallic elements are usually present 

in the. carriage water in sufficient quantities and therefore 

they do not imp'ose any . growth l~mi tation. Nitrogen and 

Phosphorus, though I' need special attention bec'1use they are 

-:not always available in sufficient quanti ties. Their 

presence is necessary in amourrts· related to the net cell 

growth. The requirements of N and P are'usually expressed 

in the. form of ratios of the organic carbon content of the 

waste over the required N or P. These ratios are expressed 

as "BODS:N. and BODS:~ respectively. Ratios of 17:1 to 32:1 
,." 

have been ci ted for N and 90: 1 to 150: 1 for P (Bush, 1971). 

In general, the fo:tl?wing ratios have been accepte.d widely 
• < 

in practice as adequate: • 
~ 

BO~5:N:P = lOO:S~l 
It should be noted here that maximum cell synthesis nutrients 

" \ 

reg uiremen ts differ max:kedly. from nutrients requirements 

.j 

I 
"j 
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i 
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needed in a continuous reaction at less than maximum synthesis 

rate. Nutrient deficiency results in a rate limitation of 

the treatment process since the oxidation rate becom~s 

dependant on nutxient concentration. 

Finally along with all the above requirements, 

parameters like the temperature, the pHI the mixing or the 
, 

uniformity of distribution of the food to the microorganisms 

are very important for a bio-system since they determine " 

-.J the physiologicai state of the system and ultimately the 
" ';' 

efficiency as a treatment ~ystem, examined from the 

engineering point of view. 

2.4 Nature 'of the Residual Organics of Biological Treatment 

Bacteria during the process of biological degra-
. 

dation of 'the different organic molecules produce additional 
• 

biomass(bacteria) and generate a wide variety of metabolic 

,by-products. 

There is a balance between the synthesis and energy 

production cycles that depend on, the environmental conditions 

of growth. This equilibri~m may move towards one or the 

other cycle I but both of them always co-exis t'." This means 

that the by-products of the bacterial metabolism are always 

generated l and the only condition that may change is the 

.rate of their production, and possibly their relative 

composition depending on the physiological state of 

> 

\ 
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the cells. 

Therefore, within a system that uses biological 
, 

oxidation in order'to treat a certain waste, we will observe 

the removal (partial or complete) of the biodegradable 
~ 

organics, the generation of the metabolic by-products and, 

the produ~tion of new 'biomass. Any organic molecules 

that can not be metabolized by the active cells of the 

system, will remain in polution as ~iorefractory molecules 

and they will be found in the effluent of the plant. 

T.Q.C. 

Figure 2.3 gives a qualitative representation of 

Influent 

Generated 
Existing L-~ ______________________ ~ ______ ~ __ 

Time 

Refractories 

Fig.2.3 Qualitative Presentation of Biological TOC Removal 
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the removal of T.O.C. (Total Organ~c Carbon) during 

biological treatment. Recently a strong inter~st has been 

expressed on the nature and identity of the residual 

organics after biological treatment of wastes as: 

i) They may prove to be toxi~i 

ii) Their presence acts QS a limitation in meeting 

the low T.O.C. effluent requirements. 

At this point·, a distinction has to be made between the 

meaning of the terms biodegradable and biodegraded organic 

molecule. A compound is biodegradable When it can be broken 

down via intermediate metaboli,tes by a microorganism or a 

group of them to CO 2 and H20. A compound may be biodegradable 
,. 

but may have not been biodegraded in a particular system to 
") 

which it has been subjected. There is a variety of 
'\ 

possible reasons for this phenomenon (Painter, 1972), for 

example: if the appropriate organisms are not present 

in the proper concentration or in the absence of necessary 

co-factors or presence of inhibitors, a very poor treatment 

efficiency will result. Hydraulic deficiency, the 

assymptotic 'nature of removal kinetics or the sequential 

removal of some compounds can also result to the incomplete 

oxidation of a chemical compound that is found consequently 

present in the effluent of the plant as a residual organic 

compound. 
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,Some microbiologists are of the belief that 

every organic molecule is biodegradable provided it is 

exposed to the properly acclimated biota, under the 

proper condi tion of pH, temperature, concentration, 

co-factors, etc. Experience has proven that the organic 

compounds can be classified into three categorie5 

(Thorn and Agg, 1975): 

a) Easily Biodegraded Substances 

In this group we find organic molecules like 

acetic acid, butyric acid, g,lycerol, lactic acid or u['ea. 

In general, these compounds are simple in structure 

containing, C, N, 0 only and can be utilized by the. 

microorganisms in both the energy 

synthesis cycles., 

production and the .---~~, 
/~ b) Resistant Substances 

Molecules like D.D.T. or E.D.T.A. and branched 

A.B.S. belong to this category. Most, but not all of the 
~ 

compounds of this group are toxic. (Thorn, 1971) 

c) Substances that can be Removed Provided Suitable 

Acclimatiz'ation ,'can be Achieved 

Organic molecules like linear A.B.S., methanol, 

toluene, 'thiourea belong to this [group. The ~climatization 

of microorganisms to th~ utilization of Orga;i~~CUles 
of this group can be achieved by applying to them init~ 

a low, constant, concen,tration of the c;mPounds,: and by ~ \ 
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increasing slowly this concentration later. It is important ., ,- , 

to note that the supply of the compound has to be kept 

constant since fluctuations of either the rate of supply 

or the concentration, can prevent adequate acclimatization. 

In a treatment plant there is usually a large 

number of different substances entering with the carriage 

water, and they may' belong' 'to any of the above":mentioned 

three categories. Therefore the residual organics that the 

plant will have present in its effluent can be generated 

by any of the mentioned mechanisms. Thus they m~y be 

by-products of the cell metabolism, or intermediate 

compounds in the process of bi.ological oxidation or even 

the compound itself, if' for one reason or another it by-

passes the t'reatment system. 

Chudoba tl al in 1969 came to the conclusion that 

on the average the C.O. D. of a secondary effluent' 'treating 

biodegradable organics was 0.75% of the C.O.D. of the 

iry1i~t. Therefore every bi~degr~~le compound gives 

rise to non-bi~degradable ,molecules~ Using s~wage from 

Prague, Chudoba et al have shown that secohdary effluent 

had an average of 15% of the C.O.D. value present i~ t~ 
influent. According to their previous work, 14.25% of the 

biorefractory matter was originallY present in .the Se\"age. 

f' On the ~ther hand, Rick~t an~ Hunter (1971), using the 

average oxidation number ot the carbon of several 

... 
\ . 

..... (' 



compounds concluded that the resi~~al organics were 

predominantly of treatment origin. Both research groups 

27 

although they dis~greed on the origin o£ the biorefractories, 

verified the existence of refractories in secondary effluentn. 

The diversity and complexity of origin of residual 

organics result in a wide diversity of chemical compositions. 
~ 

Because most of the residual organics exist in low 

Goncentrations it is necessary to use very sensitive 

analyt~cal techniques I for their qualit~tive and quantitative 
I 

determinations. Separation techniques for the separation 

of the different groups of o~ganic molecules 'have been 

applied td 
! 

assure zero interference among different 

molecules that coexist in solution. Work done at WPRL 

(Painter, 1972) on secondary effluents using a dialysis 

membrane for a gross separation, detected different groups 

of organic compounds (Table 2.2) as well as some individual 

molecules (Table 2.3). 

Similar work in ~srael (Rebhun-Manka, 1974) on 

secondary effluents again, revealed £he presence of similar 
- . 

grou~s ' of organics but in different relative concent~ations. 

The residual organics are considered by Rebhun and Manka: 

as well as by other researchers as -the factors tba~are 

responsible for undesirable qualitie~ in" water bodies, 

as colour '0 odor or taste. Spec:i,.al attention has been 

given to the so-called "humic substances". The analogy 
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TABLE 2.2 

Composition of an Ultrafiltered Effluent from a Percolating 
Filter Treating Domestic Waste (Painter, 1973) 

Constituent 

Carbohydrates 

Amino acids 

Volatile acids 

Non voiatile acids 

Neutral volatile compounds 

Steroids 

Tannins lignins 

Anionic detergents 

Non jonic detergents 

Optical brightners 

Organo chlorine compounds 

Non-dialysable 

Polysaccharides 

Proteins 

Total Allocated 

Proportion of Total C.O.D. 

4.0 

0.2 

4.6 

5.4 

11. 8 

3.1 

0.8 

5.1 

3.2 

1.6 

0.5 

<0.001 

4.0 

1.7 

41.5 



TABLE 2.3 

Compounds Positively Identified 

In Secondary Sewage Effluent 

29 

(Painter I .1973) 

Compounds 

Glucose 

Fructoze 

Manoze 

Allulose 

Xyloze 

Raffinose 

Formic Acid 

Acetic Acid 

Propionic Acid 

auturic Acid 

Iso-Butpric Acid 

Iso-Valeric·Acid 

Caproic Acid 

Uric Acid 

Pyrene 

Perylene 10 hydro carbons in "all 
Benzpyrene 

D.D.T. 

B. H. c. 
Dieldrin 

concentration 
(mg/l) 

2 - 50 

10 

20 

5 

10 

10 

50 

10 

10 

1 

0.1 each 

( 

I 

~ 

1 
I , 
J • 

"I 
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1 
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4 
1 
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" 

between the condition of humus formation in nature and those 

in a b~ological waste treatment plant led to the assumption 

that a considerable part of the residual organics consists 

of humic type compounds.' Analysis performed on secondary 

effluents supported the assumption as the data of Table 2.4 

shows-. Also the datp. of chemical analysis of effluents 

shown on Table 2.5 (Bunch-Barth-Ettinger, 1961) present 
- . 

the same groups of organics like proteins carbohydrates 

lignins etc. It must be noted t~ough that the term humic acids 
, 

covers a large group of still unidentifjpn m~leculc3. 

A different form of analysis '(Hun~er et all 

classified (Table 2.6) the ether soluble organics of a 

secondary effluent according to their ionic charge. 

is impoxtant to note that 54% of the, total organics 

consisted of acidic substances. 

The importance of the ionic fraction of the 

residual' organics can be ~een by the curves shown on 
, 

It 

Fig'ure 2.4 (Helfqdtt-Hunter-Rickert, 1970) where, it is 

opvious tpat the application o~ an ion exchange technique 
I 

can remove -a ~i9-nificant portion of the C.O. D. thus V 

improving the quality of the effluent. 

A more sensitive separation technique using 
. . . 

high resolution ion exchange chromatography and ultra-' 
. . 

vidlet (U. V.) analysis was. applied by Katz et al (1972) to 

secondary effluents. 

J 
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Fig.2.4 Residual organics Removal by Adsorption or Exchange 
(Helfgott et al. 1970) 

TABLE 2.4 

Organic Compunds in Secondary Effluents (Rebhun & Manka 1971) 

Constituent % df COD 

Carbohydrates 13.7 

I>roteins 2;8.' 4 

Anionic Surfactants 11.3 

Tailins -' ~ignins 1.5 

Humic Substances 36.6 

Ether extractables 8.5 

• 
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',' TABLE 2.5 

Organic Co~pounds :~ ";;2ondary Effluents (Bunch et al 1960) 

Compound Percent of Total C.O.D. 

Ether Extractables 

i. Organic Acids 
ii .. Neutr.al ( 

.iii. Others .\ ' 
" 

.I?rote:ins 

6-.5 

2.7 
0.8 

Carbohydrates & P61ysacchatide~ 

NO~~Simple Sugars 

Tannins - Lignins 

Anionic Detergents 

Unidentified . 

) 

Av~rage C •. O. D; 100 mg/l 

TABLE 2.6 

Total: 10 

10 

5 

5 

10 

65 

Ethyl-Ether Solllble Colloidal Organics 

In Secondary E·ffluent (Helfgott et al 1970) 

Compound 

Acids 

.' Bases 
Amphoteri cs 

Neutrals 

Concentration 

(mg/l) 

10.7 

2.1 

1..1 

5.6 

% Total Cone. 

54 

11 

6 
29 .' 

/ 
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The results of this research correspond well with 
I.' b . . the results glven y Manka et al, who ldentified the same 

sugars as indi vi'dual molecules in Is,rael in secondary 

effluent. 

The application of high resolution gas chroma-
• 

tograph~ along with mass spectrometry is the latest, mos't 

sophisticated anp sensitive analytical technique in the 

identification of residual organics. A large number of 

individual residual organic molecules have been identified 

by this technique (Manka ~ aI, 1974). Tables 2.7 and 

2.8 summarize' the results .of these analyses and there is 

good qualitative correlation with the result~ of other 
'. 

resear'chers . 

. Finally a rec~nt effort to clarify the residual 

or~ics according to their Apparent Molecular Weight 

(~) through gel per~eation (Sachdevlet aI, 1976).provided 

the data shown on Table 2.9, where a distribution over a 

wide range of AMW values can be seen. . . 
Looking again at the data, the liter~ture has 

supplied on the identity of the residual organics., we can 

see that among the organics cited, groups of compounds ~able 2.10) 

such as carbohydrates or proteins, a variety of other soluble 

organic compounds' are ahTay.s present along with a large 

number of un~de.ntified on~s. (A significant part· of the 

. T •. O.C. consists of acidic components.) The apparent 

.. 
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TABLE 2.7 

Characterization of Ether Extractables In Secondary 

Effluent By GC-MS In Israel {Manka et aI, 1974) 

Fatty Acids 

Nonanoic Acid 

Decanoic jl.cid 

Undecanoic Acid 

Dodecanoic Acid' 

Tetradecanoic Acid 

Pentadecanoic Acid 

,Palmi tic Acid 

Stearic Acid 

No unsaturated'acids have b'een identified in the 

secon4ary effluents. The presence of molecules 

with even numbers of carbon at~~ are considered 

.. as a -product of the bacter.ial oxidation of . 
unsaturated acids during the treatment . 

Hydrocarbons 

- . Alkanes 

Alkyl Benzenes 

Isopropyl Benzene 

. / 
r 

Dodecyl Benzene 

Higher Aromatics I 

(19 compounds) 

. , 

Napthalene"Methyl Napthalene, Diphenyl,. Di~henyl ( 
Methane, Dioctylpthalate, Phenol, ~riethyl Phosphate 

j 
.l 
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TABLE 2.8 \ 
Distribution of Organic Groups'in Secondary Effluents 

(Manka et ~l, 1970) 

% of Total C.O.D. 

Organic Group High Rate Trick[ng 
Filter Municipal 

Stabile 
Pond 

Extended 
Aeration 

Proteins 21.6 21.1 

CarbQhydrates 5.9 7.8 

Tannins Lignins 1 .. 3 2.1 

Anionic Detergents 16.6 12.2 

Ether Extractables 13.4 11.9 

Fulv?'c Aci,d 25.4 26.6 
j 

Humic Aci"'d 12.5 14.7 

Hymathomelanic Acid 7.7, 6.7 

TABLE 2.9 

AMW Distribution of Organics in Secondary Eff1uent 

(Sachdev et a1, I 1976) 

Lake Geor9:e Effluent Clifton Knolls 

AMW Range % of T.O'.C. AMW Ran~e % 

700 37~V 700 

430 33.7 310 

117 7.1 100 

Not Defineq. 1..3 Not Defined 

Not Defined 6.7 Not Define~ 

1500 20.4 1500 

1200 17.4 750 

5000 20.4 5000 , 
Total 92.6 

• 

23.1 

4.6 

1.0 

16.0 

16.3 

24.0 

6.1 

4.8 

Effluent 

of T.O.C. 

41.5 

31.6 

6.3 

14.6 

i.~ 
28.8 

12.7 

28.8 

95.6 

r 
• 

., 

I , 
! 

j 
f 
I 

I 
J 
I , 
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TABLE 2.10 ~ 

(, 

Common Groups of Organic Compounds Identified in Secondary Effluents 

Painter 1973 Rebhun-Manka Manka et a1 Bunch et a1 
Organic Group % T.O.C. 1971 % C:O.D. 1970 % C.O.D. '1961 % C.'S. D. 

Carbohydra tes· 4.0 11.5 .:l5 • 1 2.5 

a Organic Acids 10.2 40.3 45.8 6.5 

0.8 1.7 1.4 5 .. Tannins - Lignins 

Anfonic Detergents 5.1 13.9 44.8 10 

Proteins 1.7 22.3 14.9 10 

Po1ysac'charides 4.0 --' . 2.5 
, 

I. 

~ 
, ., 

... 

.. ' .... = 1f'i9teet$ftt¥n.""t1'kt~fd#tdl>1r,.t.Se+VfhW"'t!."'Y>¥,C""4,M-.""--~~*''''''' -:"-_A.~~t .,~<-- ... --... -.... - ... ~ .... ~ -~ ............. -~---. 
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molecular weights of the residual organic molecules are 

distributed over a wide range of values. 

Provided the proper adsoObant is selected, these , 
groups of compounds are removable from the solution. Highly 

soluble ionic species could also be removed by an ion 

exchange resin. 

Some tedious research is still necessary to reveal 

to us the identity of the constituents of the secondary 

effluents. The significance of this subject is great in 

view of the inevitab~e recycling of the waste waters and 

the pre~ence.of toxic compounds such as organochlorine 

compounds, D.D.T and benzpyrene among the residual 

organics. / 

:~5 Biological Degradation of Phenol 

Phenol is an organic compound that 'consists of 

an aromatic ring and a hydroxyl group with the following 

configuration. @OH 
It can be ionized, and it is an easily biodegradable 

molecule. 

rapidly and 

and harmful 

in a 'number 

o • 
It is toxic to bacteria, but acclimatization occurs 

I 
eas1ly". It is- a strong poison for human beings 

even(on skin contact. It is a c~mm~ pollutant~" • 

of in~ustrial effluents and the current limit ~ 
of its concentration iri f.inal eff;luents in Ontario is 

.' , 
\ 
'. 
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20 p.p.b. 

The metabolism of Phenol 'can follow a number of 

eli fferent ways I depending upon the enzymes that ca talyze 

the reactions. The first step in the oxidation process 

is (McLaren, 1963) the insertion of an extra hydroxyl group 

in the ortho position. The extra oxygen alters the 

electronic structure and destabilizes the otherwise stable 

benzene ring. A fission process occurs that cleaves the 

formed catechol ring. This fission can be catalyzed by 

different enzymes and therefore can follow different 

pathways. Two of the possible ways are given below. 

a) Qrtho-Cleavage 

CeOOH 

~ eOOH 
-

8:~:H --.. _o~C:: ---
b) 

__ b Cpz+ HaO 
Meta Cl~avage 

rSCOOH 

~ C=o 

H-CH-COOH 

HJH-COOH 
to 

-J 

O C
HCO~~H 

O"()H ± 0 6 .. ~ OH ====::::::-a \ 

\{)H OOH 
__ I HCOH + 

~ CHO CHO 

OIOH~ 
" OH OCHO C~H =OCHO. Ofi ____ N~H. O~N 

, ./ OH ~O / C02H 

--" .. , 

_-0- CO~. -t- IlcP 

( . 



39 

It is clear that along the pbssible degradation pathways 

there are a lot of intermediate organi~s of acidic nature. 

2.6 Simultaneous Adsorption and· Biological Oxidation 

The use of activated carbon to improve water 

quality is now well established. A great number of contact 

systems have been developed for treating potable water and 

waste water. The volume of literature that has been gathered 

around this subject is voluminous, yet there are still a lot . . 
of aspects of the adsorption phenomenon that have to be 

\ 
clarified (see sectio~ 2.1.1 and 2.1.2)by additiQrial researcn. 

Originally, the adsorption or filtration systems 

were designed and were thought to be functioning exclusively 

as physical-chemical systems. Research in the past 

decade 1 however, proved that active biological. growth exists 

inside the contact columns most of the time , depending on 

the conditions inside the contact colprnns, and the nature 

of the waste. 
! . 

2.6.1 Observation on Biologisal Activity in Operating Columns 

In 1952 a study .on rapid sand filters treating 

secondary effluents (Pettet et aI, 1952) revealed a 3.3 to 

3.7 mg/l drop of the dissolved oxygen ~evel across the same 

beds indicating that active biological ~,xisted within 

the sand beds. 

1 
l 

I 
: . , 



The growth of bacteria in contact columns was 

verified again by Ghosh et al (l967) in a study on the 

removal of iron from ground waters, where extensive 

40 

back\.,ashing and even chlorination of their influent could 

not eliminate the biologi.cal activity from the filters. 

Similar situation'was experienced at the Pomona 

sewage treatment plant (Directo et aI, 1974), during the 

27 months of the pilot plant scale experiment performea' ~. 

there. The high concentration of soluble organics applied 

_to the activated carbon particles stimulated. biological 

growth wjthin the a~orption columns. This activity 

resulted in enhanced organics removal, since organics 
, , 

were being removed by biological oxidation and adsorption 

as well •. The biological growth could not be eliminated 
. . 

by backwashing or even by chlorinatiQn of the influent. 

Successful c9nt~ol of the biological sufides production 

-. 

was achieved by the addition of nitrates which are preferred 

. I 
over sulfates\as terminal electron acceptors by the bacteria. 

··A study on the effect of low temperature. on organic 

removal and denitriftcation in A.C. columns' treating 

domestic waste water (Maqsood~Ben~gek, 1974) showed 
. ' . 

extensive bacterial activity in the. carbon beds at low 

and high. temperatures. ~nhancement of the adsorption 

capacity of the colu~s was observed as well due to 

microbial degradation. 

, , 
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An approach to the util'ization of biological activity 

on A.C. was attempted by Rodman et al (1971). The A.C. treating 

dye wastes,after exhaust~c;>n was I1regenerated" in a separate 

reactor by an acclimatized aerobic biological cultu~e,that 

• was kept in suspension in,a separate reactor. The carbon 

was then put again in adsorption columns. Biological activity 

continued inside the adsorption columns as well,since the 
~ . 

carbon particles were seeded with bacteria acclimatized to the 

use of the waste. 

In general the concentration 'of the substrates on 'the 

adsorption particles create an environment that is beneficial for 

biological growth (Johnsbn et al,1966). With this basic idea 
• 

i~ mind,research has been conducted towards the addition of pow-

dered activated carbon in the m~ed l~quor of activated sludge 

treatment plants. Recent reports, on this subject (Wei & LeClair 

1974, ~hlberg & Rupke,1974) were encouraging but not conclusive. 

In ,recent years leI America and Du Pon~ de Neyrnour have experi~ 

mented with the addition of powdered*activated carbon to the 

mixed liquor of activate? sludge plants ( Flynn,1975 ) .Du 

Pont has recently star~ed up a plant based on this princi9le 

in their Deepwate~ ,Ne~ Jersey,plant. Zi~pro has been -.. , 

?romoting wet oxidation treatment for the ~cornbined carbon 

biomass sludge as carbon regeneratio'n process, and several p.lants 

are in'various stages of_90mpletion. 

2.6.2. Rates of Biological Activity 

Jeris et al (1974)"'op~rated a'denitrification 

\ 
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fluidized bed biological reactor with encouraging results. 

Their fluidized b~d' demonstrated. th~ capacity to handle 

very high hydraul~c and nitrogen loadings with 

correspondingly low detention til'1es.. Denitrification rates 

up to 424 lb/day /1000ft3 of reactor were experienced. The major 

operational problem was the control of the biological growth 

that results in continueq bed expansion and finally bed 

wash out. 

Similar behaviour was ~xperienced by Jennings 

(1974) in a fluidized bed-biological reactor utilizing 

gl~cose as substrate. Again, high degradation ~ates were 
. . 

experienced, and the major operational problem was the 

co~trol of the bacterial growth. Due to increasing growth 

on the A.C. particles, the bed kept expandi~9 and washed 

out of the contact columns. 

In the work by'Maqsood (1975) the specific 

reaction rate for the biological activty ranged between 

6.53 X lO-lOg T.o.e./s cm2 at 250 C to 3~94 X 10-10 g 

o 

The specific biological reaction rate for 

the Pomona P~C~T. plant mentioned in section 2.6.1, has been 

calculated by. Peei (1975) to be 6.9 X 10-10 9 T.O.C.~ cm2 . 

In the same publication by Peel (1975), the specific 

reaction rate for the Ew~ng-Lawrence, N. J.; bio-adsorption 

study, has been calculated to be ~qual to 4.99 X 10-10 g 

.1 
.I 

f 

I 
'f 

I 



T.O.C./s 2 cm • 

Recent parallel studies (Holladay et al, 1975)" 

of a CSTR~packed bed b~oreactor and a fluiqized bed 

biological reacto~ trea~ing a phenol waste proved'that 

" the three phase fluidized bed biological reactor had the 

highest degradation rates and the shortest retention 
t 

times of all. Degradati~n rate of up to 8:6 g T.O.C./day/ 

reactor volume for 99% removal at 260 mg/l influent,phenol 

I 
C. 

concentration were experienced. The control of the biological 
\ 

9r9wth and resulting bed expansion was achieved by continuous 

external regeneration of part of the bed. Residual T.O.'C. 
. . 

escaped in the effluent and resulted in unstable effluent 

pH. 

In all the above studies, actfvated carbon had 

been used as column packing material. Table 2.11 summarizes 

the above information. In the waste treatment processes 

the use of biological, oxidation along with adsorption ~s 

capable of forming a high remov~l efficiency system, 

since each process is supplementing the other towards a 

high quality effluent. The adsorbant particles concentrate 
, J 

the substrates and adsorb the by-products (hopefully) of the 
, , 

metabolism of the biological' film that develops around 

them. At the same time·, the biological population removes 

the biodegradable ,soluble organico, of the waste t?at ''''9ura 

otherwise exhaust the adsorbant faste'r. This l~ads to 

higher rates and longer adsorbant life (Holladay et aI, 1976). 

~ 
1 
; 

t , 
I 
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TABLE 2. 11 

Reaction Rates Reported in Literature 

Column Parameter 
Researcher Packins Material Used 

. 

Jeris et al (1974 ) 'Activated Carbon Tptal Nitrogen 
-

. 

Maqsood (1975 ) Act~vated Carbon T.O.C. 
. 

" 

" 
Pe~1 (1975 ) Acti vated car1?on~, T.O.C. 

. 
.. 

, 

" . Ho1l:aday'et al (1976) Coal . T.O.C. 

D 

Reaction 
Rate 

425 Ib/day/lOOOft3 

of Reactor-Volume 

-10 6.53 X 10 g/s cm 2 

at 25 0 C 

3.94 X 10- 10 gls cm2 

, at ,Soc 

'6.9 X 10- 10 g/s cm2 

(Pomona) 

-10 4.99 X 10 g/s cm 2 

(Ewing Lawrence) 

8.6 g/day/reactor vol 
• 

.z:,. 

"'" 
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2.7 Quantitative Monitoring of Gr~ith 
i 

. 
The as~imilat~on of organic carbon by bacteria re-

~ults in the growth of the thickness of the biological film 
\ 

around the 'adsorbant particles and thereby increases the 

overall diameter of the particles. At the same time, the 

al?p~rent sp.ecific gravity of the particles decrease and the 

bed expands'>. 

Knowledge of ~e y~eld of bacterial volume is 

critical for proper engineering of fluidized Qed'b~ological 

reactors". The parameter that is rel~ted to the overall 

hydraulically effectiv~ volume of the biological growth is 

,·'the height of the expanded fluidized bed (L t) . e 

-/ D " p 

Biofilm 

~-;r----AC particle 

Fig.2.5 Fluidized Bed Particle' 

\ 
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The following assumptions are necessary for the deve-

lopment of a system of equations that can provide an estimation 

of the tot~l hydraulically effective volume of·the biological 

growth around the bed particles. . . 

(II) 

(~II) 

The v.irgin carbon partic~es are spherical, rigid 

. 'and uniform wi,th diameter Dp 

The carbon particles that have developetl biological 

film around them, also behave like rigid uniform 
, -I 

spheres wi th diameter· Dp e' 

. • h "'~. th' . f 71 , th 1 th f th b d and T e grow ~s un~ orm a ong e eng 0 e e 

has a' constant densi,ty (Hol'laday et aI, 1976 

The following equations hold: 
Q 

·U ~ -A-- (7) 

Where U= Superficial velocity 
Q =Flow rate " 
A=Cross sectional,area of flow 

U 
. U r -:-;:re. ;.:::.. .. ~ 

, e 
( 8) 

. Where Uf= Fluidization velocity 
6i=Porosity of expanded bed at time t 

A force balance in a £1uidized l8'ed can be used to'relate .. 

the bed void fracti~~ to particle and: fluid properties.Particulate 

fluidization is assumed 

+ 1.75 
.' (9a) 

In most cases (Foust et al,1964., Leva,!969 ) and in the 

present case ,th~\second term of equation 9a is neglected over the 
• 

first term and the equation is written as follows; 

J 

f, 

" 
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Where: 

150 }.l- U E~ 
3 

I t 
- E.e 

.. 

, -Ps = Average particle densi ty 

p. = V:(scoSity o~ liq.uid phase 

p ,= Density of liquid phase 

Combining eq~ations 7 - 9 we have: 

t 3 r ) _ 2-
Q r ee (Ps -p 9 Dp 
A. I-E~ 150 p-

It 

A mass balance for the expanded bed ·gives 

_,3 

L~ A (1- E~) = N ".. De 
6 
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(9) 

(lO) 

(11) 

Wh~re: N = Number of carbon particles with 

develo~ed growth 

t 
Le =.Length of expanded bed, with growth 

The number of carbon particles can be calculated as 

e'quation 12 shows: 

(12) 



I, 

Where: M = Total mass of virgin carbon' that 

participates in growth. . . 

Combining equations 10-11 we have:' 

I 6 L~A - N-rr tp3 JO 

-.9:.... = L 6 L~ A {~~_ pIg ~2 
150 p-A NTT IT' 3 , P 

6 L~ A 

~ Where: 
, 

Ps = is the apparent density of the 

particles that have developed 
" 

biological film around them. 

I 
The new ps of the particles can be expressed as: 

48 

(lOa) 

,mass of carbon 
( + mass of biofilm or (13a) 

total· vol urne 

p;= (l3b) 

Where: Pc. =- Virgin carbon wetted particle d,ensi ty 

(1. 35 g/~m3) 

Biomass: Pb = Assumed equal to 1 g/~m 3 

or 

. . 



p~ =, 

I f's - i = 

Combining lOa and 13 we have 

Q 
-= 

A 

9 0.35 Op3 
150 P. 

[ 

2 2 Jo.3_3 
Q .36 L~ A N II P. I 50 

" . 0.35D p A 9 

49 

or 

( 13) 

or (lOb) 

(lOc} 

Let ~. be equal to the left term of equation lOc 

above •. 

(14) 

Then lOc can be written again as follows: , . 
_3 -~ t; 0 

N 1T Dp +.(1 Op - 6.Le A ::: 
(15) 

Equa t~on 15 qi ves the 
-'I 
Dp. as a function of time using ~s 

variable the L~ values. 

Knowing the Op values We can calculate the total piomass 

volUme around the particles as equation 1'6 shows: 

. ~3 -~) 
V = N TI l De - Dp : ~ 

6 
(16) 

f 
, 

\ 
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Equation14 can be rewritten as follows: 
l' 

'Co 0."33 
. ~ -. 21.57 ( Q Lt N I ' 

Where we have sUbstituted 

P- =0.9510- 2 stokes (24 0 C) 

Dp =0.1548 cm 

A =80.12 cm2 

9 =981' cm/sec 2' 

50 

( 14a) 

Simultaneous solution of the three equations gives the 

average particle diameter of the bed particles,' including 
~ 

'the developed biological film, as wall as the total volume 
~ 

of this growth. 

.- . 
The simultaneous numerical solution of the three eq\.latl.ons 

has been' done through the use of the simple computer program 

that is given in Appendix A. 

• 



CHAPTER 3 

EXPERIMEN~AL MEr_HODS 
c,,-...-,,::::> 

The experimental part of the' present work· has been 

divided into two parts; the batch tests and the continuous 

tests. 

The batch tests were performed in an effort to 

determine the best of a number of different adsorbants 

that would remove the residual organics resulting from the 

biological oxidation of Phenol. The continuous tests were 

performed in order to examine the direct.adsorption. of the 

bio-residuals on tge selected adsorbant. 

3.l Batch Tests 

3.1.1 Materials 

Adsorbants 

A number of different ad~orbants and ion exchange 

resins were used for the batch tests. Activated Alumina Alcoa 

F-l, Arnberlites XAD-4, XAD-7, XAD-8, WRL 200A ion exchange 

resin, IRA 458 ion exchange resin", and activated carbons 

Special A and Filtrasorb 400 were tested. 

The table th~t ~Ollows giVeS~a bii t' summary of . , 
most important properties. More ails are given their in 

App~ndix B. 

51 
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Adsorbants 

F-l' Acti va ted 

-Alumina 

XAD-4 

XAO-.1 

XAD-8 

F-400 

Activated 

Alumina 

Special A 

Activated 

Carbon 

WRL 200 A 

o i.e. Resin 
" 

IRA 458 

i.e. ReJSin 

r 

" 

Table 3.1 
~ 

P'roperties of Adsorbants Tested 

Spec. Surf. _ Pore 

Supplier Are~ m2/g Volume 

'. 

/' 

Alcoa· 210 0.25 ml/g 

Avg Pore 

Diameter 

40 

Rohill Haas 450 o .50 rnl/rnl 50 

Rohrn Haas URO 0.50 rnl/ml 80 

Rohm !/Haas 140 250 

-1 

Calgon 1200 0.94 rnl/g 35 

.91 0.33 ml/g 75 

.~ 

WRL 

Rohrn Haas 

Specific Total Exchange Ionic 

Gravity g/cm3 Capacity mg/g. Form 

3.3 

1.08 

1.24 

1. 23 

0.35 eq /1 Anionic 

1.25 mg/ml Anionic 

1STZ*«t OOWn't'i"h''''''''''''''''Q-eq C QQ.. "'1'&)&1" .,.". .... '., d ;..,. ... ¥r~ .... -- • • b "',.,...._ ... --~-...- ..... ,_ .. ' .. rt ... _ ..... __ ----
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3. 1 .2 EquipJren t 

1) Activated Sludge Reactor . 
The activated sludge reactor had a volume of 20 1, 

and a sludge age of 20 days. Phenol was fed once a day at 

C:N:P ration of 100:5:1. The reaGtor was reseeded every week 

with 1 1 of return sludge from the Dundas Sewage Treatment 

Plant, and it was situated in a constant temperature room at 

24 oC; 

The aeration system consisted of a number of 

diffusers at the boutom of the rectangular reactor. 

2) Buchler Rotating Flash Evaporator (Model PTFE, 16N) 

The r~sidual organics selution taken out of the 

reactor described above, 

rot~ting flash evaporator. 

was concentrated in a Buchler 

3} High Speed Lourde LRA 200 Centrifuge 

~ q ~'The G ,value 'could be adjusted to any desired '. . 
l

,t 1 4 \ " . ' 
~e.1 up to 311 0 G. The ,tiJre of cen~.rifugation can also 

be sele cted and '~et. 

4) Sartorious Membrane Filbers (I 11306) 

Cellulose membrane fi1,ters lO. 4Sp) wer~ used to 
" \ . ., 

,define the upper limitl of so1uQ1e organics in -the present 
\ -

; / . 
~.~ experimental 'work . 



5) Spectrophotometer 

Bausch and Lomb Spectronic 20 spectrophotometer 

was used for the direct colorimetric analysis of Phenol 

at 'A ::: 510~111 

6). Beckman 915, Carbon Analyser 

54 

_~~eckman Model ~15 T.9.C~ analyser was used for 

the de~ermination of the Total Organic Carbon of the ~~nles 
I) ,..-"\.. 

'!r-. ' " 
(T.O.C.). It is equiped with separate channels for th~ ~ 

determination of Tot~l 'Carbon (T.C) and of Inorganic C~rbon (~.C).A 

20 f- sample yolume was injected in each of the chsmnel,s .of 

the carbon analyser for the aetermination of the T.C. and 

"r .C .. c~mc~~ation respectively. 
~~. ,. .. 

\ 

7) Oscillating Constant Temperature 'Shakers (RSCO-2156) 

Shakers manufactured 'by Research Specialties, 

equiped with a water bath temper~ture control were used for 

the adsorption ~tudies. Each shaker can accommodate eighteen, 

250 mI, Erlenmeyer flasks. The mixing conditions can also 

be! adjusted by changing the oscillation sp~ed. 

8) 
, 

pH Meter ' .' \ )0 

\ 
A Fisher AccumetiModel 

~ , 

\ 
230'oH/ION meter was used for - , , 

, , 

all pH det~rminations • The same' instrument along with a 
, 

,specific ion e~ectrode was a+so used during the c~ntinu~us 

runs, tor the' determinatiGns of s~lfide conc~ntrations. , , 

" 

" 
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3.1.3" Procedures 

a) Resi,dual Organics S~lutio~reparat~on 
First a mixed liquor sample was withdrawn from the 

activated sludge ~eactor. The samele was analysed for 
..... ~. 

Phenol according to Standard ~ethods (1971) . Since Phenol was 

. still present in the solution, t.ile sample was kept aerated 
~ 

separately and the Phenol concentration was moniuored. . 

When the Phenol concentration dropped to zero, the mixed 

liquor sample was 'centrif'u~d at 10000 G for 20 minutes 
, 

to separate most of the bacteria. 

The supernataht of the centrifugation was 

filtered through 0.45 ~ ISartorius membrane filters. Each 

filter before use was washed with 250 ml of distilled, 

deionized water: and the first- 20 m 1 ~f filtrate were 
! 

discarded. This way, no change in the composition of the 

solution occurred, due to either l~aching of organics from 

the filters or adsorption of organics on the filters 

(Hal.s,' 1974) . , 

After the filtration, 'the Phenol concentration of 

thetiiltr~te ~as 'cqecked agai~ and then "the Total Organic 

Carbon of the filtrkte was determined by the use of the 

Beckman Carbon Analyse·r. The T .• O.C. of the sample was 

usually low (around 18 ~g/l) .and it uas decided to increase. 

this concentration to improve the accuracy' of the isotherm 

tests through the use of the rotating flask evaporator. 

. , , 

y' 
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Low temperature and reduced' pressure (3St>C and,.~ 50 torr) 
. - . 

were applied resulting in a minimum alteration of the 

chemical composition of the solution (Brownstein and Murphy, 

1972). During the increase of the concentration, no 

.precipi tate was formed. The ini tial pH~ of the residual 

organics solution was 3 and because the continuous runs 
o 

would be performed at neutral pH, the residual organics 
" 

solution was neutrali~ed with NaOH~ During the neutralization 
\ 

a precipitate was formed, and the T.O.C. dropped" 30%. It 

was decided to perform two·sets of batch tests, orte on the 

original acidic pH and one after neutralization filtration 

and reconcentration. o· The 'solutions were stored at 4 C. 

b) Adsorbants Preparation 

Each adsorb an t was washed according 

to the' instructions provided by the manufacturer. Aqsolu~e 

methanol was used for the Amberlites and distilled water 

f or the activated carbons. 

, ' 

c) Isotherm 'Tests 

Erlenmeyer flasks of 250 ml volume ,along with 

rubber stoppers were used for the, isothenn determinations. 

Each flask co~tained'a different we~ght of the adsorbant 
," , 

and 50 ml of the so'lution carry:ing the residual organics .. 
. ~~ 

A bla~k qontaining only 50 ml of the residual organics 

solution'was included each time to determine every possible 



biological~ctivity or unusual reaction that might result 

in the removal of organic carbon from the solution. 

Another (in some cases, more than one) blank 

sample containing a known weight of the ·adsorbant and 50 ml 

of distilled water was used to determine any organic carbon 

that might leach out of the adsorbant to the solution. 

Whenever the later phenomenon was encoun'tered, 

a linear correction was used to correct 'the equili~rium 
I 

concentration of the organic carbon in the solution after 

adsorption. 

A 26-hour,shaking t~me was used for all the 

batch studies. Kinetic control through duplicate sainples 

proved that equilibrium had been reached, as no further 
, I 

change in I concentration was observed after 48 hours of 

shaking. 

At the end of the 26 hour period, the flasks 

were taken off the shakers an~ the content of each flask 

was fil~ered through a 0.45 ~ Sartorius membrane. Each 

filter before use was washed wit~ 250 ml of distilled 

deionized water in order to eliminate the leaching 

organic carbon. The first '20 ml of the filtrate were 

discarded and the rest was col.lected inside 50 ,~l test 

tubes. Each tuDe was immediately sealed with parafi~m 

and stored at 4°C. 
c ' 

All the analytical methods are based en 

Standard Methods (1971). 

" 

,-

I
; ~ 

'I , 
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3.2 Continuous Tests 

3.2.1 Materials 

The following materials were used: 

a} Activated Carbon 

Filtrasorb 400 was sieved and the -12 +14 mesh 

fraction was retained. This was done in an effort to have 

in terms of size, as uniform a population of carbon particles 

as possible. The uniformity of the carbon particles,was also 

verified by fluidizing the bed with dilution water ~nd by retaining 

in the reactor only the particles that remained below the bed-water 

i,nterface: 
b) Phenol 

Liquified Phenol of reagent grade as supplied by 

the Fisher Co., was used. 

c) Nutri~nts 

Ammonium Chloride and'Potassium Phosphate 'salts . . 

were used as Nitrogen and Phosphorus sources. The nutrients 

solution was added to the 350 1 covered feed tank. The nutrients 

ratio used was 

C N: p. -= ·100 5 1 

d) Ga~eous O~gen 

Oxygen supplied by Liquid Air ~n.cylinders.was u~ed 

to adjust the D.O. level of the {nfluent. 

f' 
f. 

, f 
.) 

'" \ 

\ 
1 
1 
; 

" 

f 
I 
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I 
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3. 2 .2 Equiprnen t 

3.2.2.1 Pilot Plant Sch~rnatics 

The schematics 0'£ the pilot plant are presented 

in Fig~re 3.1. It can be seen that after mixing hot and 

COIg" tap water to desired temperature" the dilution water 
"-

passes' through an Actiyated Carbon (Filtrasorb 400) column 

and goes to the o~erflow tank .. The D.O. is adjusted an~ 

the dilution water is s~nt by the main pump ·to the in-line 

rni'xer, where it mixes with the concentrated feed solution. 

T~e resul tipg "waste'" is supp~iep t? the reactors. Twd 

metering pumps could supply chemicals to the overflow tank. 

Another metering pump was supplying the concentrate.d fee" ' 

solution. ( 

More details on the structure of the pilot plant 

are available in Appendix D. 

3.2.2.2 Instruments 

. A numb~r of different instruments were used dUring 

the cours€;! of the continuolJs run~, either to morii,tor some 

parameters or to perfo:.:rn analysis. Again, the Beckman Carbon 

Analyser" the Spe"ctrophotorne.ter Spectronic 20, the Fish~t 

Accumet 230 pH/IOt'{ ~ter', and the fil tration systeIll~ th'at 
. . 

were described in 3.1.2 were used' during the, c0urse of 

the continuous tests. The following instruments were also 

usea ~uring this part of the work. 
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1) YSI 51 Dissolved Oxygen Meter 

Utilizing a probe that is actually a galvanic cell, 

this 01 °. met~r gives directly the D.O. concentration of a 

solution in mg/l'. I t was calibrated wi th air saturated 

distilled water samples of,known( temperature, and therefore 

of ~.O. concentrations'. 

2) YSI 43-TD Telethermometer 

~ased on a thermocouple.this,telethermometer gives 

the temperature directly in degrees'Centigrade or Farhenheit. 

3) Di.lution Water Pump 

A Flotec RS-PI continuous rated, self-priming pump 

was used to. SupRly the dilution water. The flow rate of the 

pump can be adjusted within a wide range of ·values and ~he 

flow deli.vered is satis factorily cons tant. 

4) Concentra~ed Feed Pump 
i 

An American Pumps, piston metering pump was used 

to supply the concentrated Phenol solut,ion to an in-line 

mixer where it was diluted by 'the dilution wate~ to create 

the waste' of the desired strength. 

5) . Sulfide Specific Ion Electrode 

An oi:-:t,on "44:"16A specific ion elect;,ode, coupled 

with an Orion 9802-~O double jun¢tion reference electrode 

were 'used to monitor the presence of sulfide anions (S2) 

in 'the effluent of the system. 
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The presence of sulfide was used as the 

parameter that would indicate the ,presence of anaerobic 

conditions in' the column. The s~lection of sulfide 

was ,made on the basis of its easy, accurate and reliable 

detection, and its po~itive association with the anaerobic 

activit¥ of bacteria. , 

7) ARO Back 'Pressure Regulat9r 

. The ARO 2.1528-200 pack pressure regulator was 

used at the outlet of the system, so that the whole system 

would always tie under positive pressure with respect to the 
" 

atmospheric pressure. This assured good flow through the 

sampling valves, regardless of the head losses through the 

bed or the filters. 

8) Perplex 10200 Peristaltic Pump 

Manufactured by L.K~B., it is a fixed flow rate 

pump '(2 ml" min-I), that delivers con.s~stent volume of' 

liquids for long periodsof operation. It was used to 

supply the sulfite concentrated solution for the control 
. ' 

of the concentration of the D.O. of the waste, before it 

was ,pumped in the reactors. 

9) Siqrnamotor AL-4E40, ~inetic Clamp' Pumg 

This is a variable .flow r~te (0-35 ml rnin-~) 

, metering pump that was used to supply the CoCl? solution 
\.. ~ -

which acted as a 'catalyst in' the sulfite to sulf~te 
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oxidation reaction that controlled the D.O. of the waste 

stream going in the reactor. 

10) Phillips PH 8.010, Two Channel Re~order 
\ 

This is a two channel recorder with 

variable' voltage scale. 

11) ~lectrolytic Respirometer 

Designed and made in the Chemical En9'ineering. 

~aboratories, it utilizes external recorders to 'register 

the time the electrolytic device produces qxygen to 

compensate the c~nsumption inside' the 800 ml flask. 

A magnetic stirrer assures the uniformity and mixing of 

the environment inside the respirometer flask. 

3.2.3 Procedure 

After adj ustrnent ,of the flow rates of the pumps 

,and the 'pr~paration of the concentrated feed solution, a 
\ , 

known mass of F-400 was put ~n .~e r~actors: 

Six liters C?f mixed liquor wi.thdrawn from the 
.' ' , ' 

.... activated siudge pilot plant, containfng bacteria 

acclimated to Phenol were left to settle. 'The supe~atant 

was remove'd since it contained residual T.O.C. thqt w'ould 

exhaust the A.'C." of the ~ed before the run would start • .. 
The settled bacte~ia were resuspend~d"ih dil?tion water, 

and the system was put into a closed loop operation, 
~ 

with this bacteria suspension for 15 minutes. Oxygen was 

supplied during this' time. 

" 

, 
, 
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The actual run commenced immediately afte~· the 

seeding period. During the run sa~les of the influent 

and e·ffluent we~e withdrawn for analysis. The flO\'1 rates 
) , 

were moni tored every few hours.. The D.O. consumption was 

also monitored. Each sample was immediately filtered 

through a 0.45 P ,membrane filter. 
tt. 

The sa.mples were 

analysed for pH, : Phenol concentration,T.C concentration 
I 

and I.C. concentration. The height of the expanded bed 

(at the run flow rate) was also registered. 

Th~ determination of the concentration of 

Phenol in th~ effluent of the reactor by the direct photo-

metric method, and the determination of the T.O.C~ value 

of ~e same sample by the carbon analyser, allow the 

detection by difference of organics other than Phenol 

present in the effluent. 

Seven continuous runs and a blank run were 
. 

executed, at various Oxygen to. Phenol rat·ios. The first 

three runs were executeQ at low Oxygen to Phenol ratios 

and the last: fou:r:- at high ratiqs. At the end of each of 

the last four runs, samples of the activated carbon that 

had formed the fluidized. bed were withdrqwn. The Phenol 

adsorption isotherm on this sample.was determined. 

Comparison of this isofhe~ with the Phenol adsorption 

isotherm of virgin F-400 indicates whether other material 

had been adsorbed by the A. C. , At jthe same ·tim~" a 
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respirometer study was performed on the spent carbo,n of the 
\ 

fl uidized bed, to determine whether any biodegradabl,e 

organics were present on the A.C. Before performing the Lsotherrns, 

the excess biological growth was removed from the carbon 

particles'. The excess growth was sheared off the carbon p~rticles 

by bubbling air in a suspension of bed particles in reactor 

effluent,and decanting. Mercuric Chloride (HgCle) at a con­

centration of 33 mg/l was added to the adsorption flas~s(Hals, 

1975} to insure suppression of biological activity. The 

use'of HgCl2 was preferred over th~ use of heat,because Phenol 

is volatile and it may desorb from the activated carbon particles 

at elevated temperat.ures. 

The exact dry weight of the carbon in the adsorption 

flasks was determined the same way as for XAD-4 during the 

batch tests (Appendi~ B) . 

Additional information on the continuous runs 
" 

is given in Appendix D. Appendix C gives details on the ana-

lyticql methods applied. 



CHAPTER 4 

RESULTS -- DISCUSSION 

4.1 Batch T.ests 

The results are summarized in Table 4.1.0 and are 

presented in detail in Appendix B. Table 4.1. 0 presents the 

equilibrium concentration (Ceq rng/l) at zero loading 

(q = 0 rng/g), as well 

20 rng/l. 

as the loadings at a C of 10 mg/l and eq 

i 

Filtrasorb 400, an act~yated carbon with a 

specific surface area of 1200 rn2/g not only exhibited 

loadings at least one order of magnitude higher than the 

other adsorbants, but also reduced the equilibrium 

concentration at q =, 0 mg/g to zero mg/l T.O.C. {Fig. 4.1.1) 

The high removal capacity of this adsorbant is due to 

the large specific surface area', and the low residual 
1 

concentration is due to a favourable pore size distribution 

as well as to a surf~ce heterogeneity that favor the 

adsorption of the different residual organics. 

Filtrasorb 400.was therefore the adsqrb~t that was selected 

for the second part of the present work, the continuous. 

runs. The 'Phenol adsorption isotherm of the selected 
, 

adsorbant was determined as well (Fig. 4.1.2). 

All the other adsorbants showed a poorer behavior 

as can be seen· in ~able 4.1.0.Indeed, they 3howed high 

residual concen trations an~ low' loadil).gs. 

65 . 



TABLE 4.1. 0 

Comparison of Ceq and q Values 'for the Adsorbants Tested 

Ceq at q at 
. 

q at 
Adsorbants q= 0 (rng/l) Ceq = 10 (mg/i) Ceq = 20 mg/l 

XAO-4 23* 0* 0* . 
XAD-7 12, 5* 0, 0* 0.4, 1.2* , . 
XAO-8 -" 29* 0* 0* 

.... 
IRA 458 

, 
30, 15* 0, 0* 0, 0.6* 

A12e3 F-l 10, 8* 0, 0.8* 1.5, 1.3* 

WRL 200A 18 0 0.4 . 
Special A 1 5 6 . 
Filtrasorb 

. 
4'00 J1 37 60 -

, , 

Star values .re~er to the original pH=3. Non star values 

to pH:;::6.7: 

Ceq is the Total Organic Carhon (T. o. e,) concentration of the 

solution after establishment of the equili~riurn. 
c • 

q is the loading of adsorbate per unit mass of adsorbant 

(rng/g) . 

o 

. 
~ 

l( 
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( Amberlites XAD-4 and XAD-8 present unfavourable 

-isotherms . The low dipole moment of XAD-4 is mainly 

responsible for this poor adsorptive behavior, since it 

does not favor'the removal of soluble polar species that 

obviously (see section 2.4}predominate in terms ofT~.C contribution. 

The very low specific surface area an~ the large 

average pore diameter of XAD-8 are responsible for the poor 

adsorptive behavior. 

These two amber1ites were not tested in ~ neutral 

pH ~ange due to their poor apparent.adsorptive potential. , 

XAD-;-7 presented a poor adsorptive capacity as 

''1ell. Activated Alumina F-1 did not reduce t:he equi~~brium 

concentration below 8-10 mg/l T.O.C. (Fig.4.1.3)For this 

particular adsorbant, an acid-base neutra1izati0n reaction ... -

can be the remova1.mechanism. This is supported by the 

_ fact that Al20.3 is an amphoteric molecule that, forms 

Aluminum Hydroxide. In the presence qf water it hydrates: 

A120 3 + 3H20 - fAl (ba) 3 .... 

. 
This molecule can. act as a base in the presence of acids, 

with three ionizable OR .~roups, or as an acid ·(H3A103>. in 

the presence oE bases. Due to the hi.gh affinity of the 
~ 

Activated Alumina for water. the hydratidn and 

therefore the convetsi9n of the oxide to hydr,oxide 

of , at ~east r the surface of the p~rticles used in' the 

t 

" 
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adsorPtion studies is probable. This ,means that a very 

alkaline surface area contacted the solution of residual 

organics with the potential of precipitating by -reaction 

organic. anions on the Alumina particles. 

The pH of t~e blank Alumina samples (9.2 to 9.6) 

as well as ~e pH ~change of the solution after contact 

with A~uffiina F-l support this idea. (Appendix B.) 

Although a large part 0; residual T.O:C. has 

been identified as originating from acidic components (see section 

2.4 ), both . -an,ion exchange resins: IRA 458 and 

WRL '200A, exhibi~ed very poor removals with high 

equilibrium residual concentrations at q = q. Tltis is 

probably due to unfavorable distribution factors and 

exchange coefficients among the fixed anions on the 

resins and the co~~erions in the r~sidual organics 
, . 

sot'ution. 

Special A, an ac~ivated carbon with 75 AO 

average pore diameter exhibited poor ~mova~ too; 'The 
. 2 

~ery low specific surface area (91 m /g) is mainly 
, . 

responsible for th~s behavior. At q = 0 the equilibri~ . 

concentration was about f mg/l T.O.C • 
'C> ( • 

T.h.e effect of the' PH of the solution on the 

isotherm .was not.. ~'signi£icant. 

, . 
. . 
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CONTINUOUS RUNS ~SULTS 

4.2.1 General Comments 

4.2.1.1 Parameter Selection 

Table 4.2.1 gives an overall presentation of the 

seven continuous runs that were executed 'and gives the 

average values of the main parameters that characterize 

them. 

Average influent Phenol concentration is some-

what ~ifferent fo~ each 'of the seven runs, yet they can 

be grouped into three concentration ranges: ,50-56 mg/l, 

15-18 mg/l and 34-35 mg/l ,with at least two continuous 

runs in each,condentration, range. 

The 50-56 rng/l range of influent Phenol concentration 

,was used in the first 'con,tinuous' runs. The 'selection was 
~ 

based on the fact that the response of the system to the. 

influent Phenol concentration ~as still unknown, and such' a . 
value w.ould indicate the need' for stronqer or weaker waste • 

• 
The need to mon.l toi:;' Oxygen consUmption necessi tated pre-

dissolving ':OJ~ygen in the· feed instead o~ direct addition 
• I 

to the reactor of gas~ous Oxygen. The use· ,of D. o. in turn , . 
. ' 

limits the Oxygen supply ratio. The results of Run i 1 
. . 

(R1), an early t)~ial run, indicated that: 

/ 

, 
; , ' 
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(a) The Dissolved Oxygen' leve~ in the influent should 

be increased, above'the equilibrium value at the 

operating temper~tu~e (24oC). Such an ~ncrease . , . 
would increase the Oxygen (in) to Phenol (in) ratio 

without the need for very low influent Phenol 

concentration. Such an increase had to be done 

through the use of pure gaseoqs Oxygen and a 
. 

special. system that insured Oxygen dissolution. 

(Appendix D1) 

(b) Good biological growth could not'be aChieve4 in 

reactor ~ due mainly to Oxygen limitation. 

fore the second reactor was eliminated. 

There-

(c) The lensth of each con~ihuous run depends on the 
height of the reactor availabl~ to the fluidized 

bed for expansion. the ~eight'available.to the 

fluidized bed in the first reactor was insufficient. 
, 

I. Thus It was decided to use less activated carbon (Lo) 
. 

in each run, increase the column length'by two feet 

and reduce the flow of the ~aste. 

'/--'c' (d) A precipitate, b,?lie\7ed t<;> be a c;alcium-Phospn,ate, 

was o'bser'v.ed· in the .. feed lines. 'The high concentration 

of nutrients, at the ratios of : 

" . , , ," . ) 



j 
1 

C : 'N P :::. 100 : 20 : 5 

was chosen mainly to insure Duffering. In view of 

the precipitate formation, however, this ratio 

wa\ reduced to 

~ '~:. N : P - 100 ': 5 : 1 

in a~ordance with biological'requirements (see 
) 

..... _ .. ~e-eion 2.3) • The s~sequent runs relied on .the 

,I, natural buffering capacity of dilutio~ tap 

wate'r (alkalinity = 100 mg/1 as .CaCO~ ) 
I' . " i 

~) (stumm & Morg~n ,1970)\ 
I) 

The frequent'feed interr~ptions during Rl due to 

prec'ipi tate formation practically limited its use 

to the indications noted above. No further process-

ing of the acquired d'ata was feasib,le. " .. 

The l~vel of diss?lved oxygen supply rangec;1 from ' 

severe Oxygen defi,ciency (R3 anaerobic conditions) 

to.oXY,gen in excess. of the required (RS). Dissolved 

oxygen' c9ncentra.tions bel~w the equilibrium valu~ 
. " 

were achieved (R3) by adding stoichiometrically to 

the dilut~on water Sodium Sulfite. The ,reaction is: 
'. 

2-
~03 + 

2-
!02 ~ s.04 I 

~ 

~, \r ~ 
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Table 4.2.1 

Main Parameters of Continuous Runs, 

~ 

'" Phenolin TOC in DO in Carbon 
0 

mgLl / rns/i nis/l mass-g· L -em 
; 

56 43 11. 5 1727 57.0 

56 43 1-0 -14.4 1246 10.5 

50' .37 18-4.5 835 10.3 

15 11.5 17-27· 8"00 13.8 

18 12 26-38 8QO 13.5 

35 27 42 802 13.5 

34 26 39-45 800' 13.5 .. 
,~ 

'--

'" 

.. 

.. 
Q -1/min 

2.5 

2.5 

2 

2 

2 

2 

2 

• 

Superficial 
Velocity 

em/min. 

30. B 

30. B 

24.7l 
" 

24:7, 

24.7 

24.7 

24.7 

.....s 
tv 
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'The addition of COCl2 to the lev~l of 1 mg/l was necessary 

to accelerate the ki~etics of the abtove reaction, and 
,.. 

to assure constant level of dissolved Oxygen supply. 

Each continuous run was stopped wpen the fluidized 

bed had exp~ded more than the available height inside 
" ,,'''-

the r~actor, and started washing out along:with the . , 

effluent. The wash-out phenomenon resulted from the 

increase of biological film thickness around the 

activa~ carbon pa'rticles, which resulted in a decrease 

of ~he average particle depsi~y. Uence the degree of 
I 

fluidization, or apparertt bed height, increased, until 

~e column height was reached and wash out occurred. ~ 

Tables 0.2.1 to 0.2.7 in Appendix D2'sumrna~ize the 

main volume of data accumulated during the continuous runs. 

4.2.,1.2 The Use of 82- as a P.arameterO for the Detection 

of Anaerobic Acti vi tx ' 

" ... ' Analysi.s of influent and effluent' samples of R3 revealed 
III .... • A 

a drop of co2+ concentration across the fluidized. bed (Fig. 

4.2.l).:~Oth.~dsorption of Co2t ~n,act~v~ted' carbo~ ~Netzer-
" , 

Norman , 1972). ~d b'ioiogical ~ulfide precf~itations of heavy . 
~, 

metals in anqerobic columns .(Maruyama~~, 1974) have been .... 
'f' 

reported i~ the literature. 

. ~ 

.... ' 



a 

Fig.4;2.1 C02+ Copcentration Variation ~ith Time. Run' 3 
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Samples of bed particles (0.8g) were digested with 

50 ml of concentrated HCl, and the filtrate was analyzed 

2+ 2- . 2+ 2- ab for Co and S . On the average 40 mg/l Co and save 

the range of the specific probe (O,IM)were detected. These 

d t h h h · h .,. f C 2+ a a support t e ypot eS1S t at preClpltatlon 0 0 by 

biologically generated sulfide, occurred inside the 

biological films. The precipitation of CoS explains the 

fact that S2- was not detected in third run's effluent 

despite the fact that as early as t : 80 hrs, the bidlogical 

growth macroscopically had changed to the characteristic 

black colour of anaerobic growth 'and the influent D.O. 

was reduced to 4.5 ppm. Sulfide,therefore, cannot be 

considered as a reliable parameter for the detection of 
o 

anaerob~c biological activity inside a contact column in 

the presence of heavy metals. 

4.2.2 Fate&of Residual Organics 

Table 4.2 .. 2 compares the effluen~ s organic carbon 

concentration (T.O.C.) and organic carbon from Ph~nol (o.c~P;). 

A difference between T.O.C. and O.C.P. indicates'~jhe 

presence of residual organics. 

The effluent T.O.C. and O.C.P. as shown in Table 4.2.2 

correspond within the experimental accuracy (Appendix C) 

of analytical methods applied. 



Table 4.2.2 

Effluent Parameters for Residual Organics Detection 

Average Average Average Average Residual 
Phenol Out O.C.P. Olt T.O.C. OUt Organic Carbon 

Run it Irq/I IlXJ!1 reg!,l rrg/l 

1 33 25 25 None Detected 

2 45 34 34 None Detected 

3 43 33 33 None Detect.ed. 

4 5 4 4 None Detecte:1 

5 4 3 3 None Detected 

6 16 12 12 None Detected 

7 13 10 10 None Detected 

~ 

IJ~ 

Average 
pH of 

Influent 

7.8 

-7.5 

7.4 

7.4 
.,:.-

7.4 

7.S 

7.S 

Average 
pH of 

Effluent 

7.8 

7.5 

7.4 

7.4 

7.4 

7.S 

7.5 

-...J 
0\ 
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The numbers shown in Table \.2.2 are the closest integers 

(as shown in Appendix C, experimental accuracy is ± I mg/l) 

to the calculated average values. The residual organic 

molecules produced during the metabolic activity of the 

biota therefore had been adsorbed by the activated carbon 

particles that supported the growth. This is supported 

also by the work of Holladay et al (1976) who degraded 

Phenol in a fluidized coal bed bioreactor and observed 

the residual non-Phenol T.O.C. in the effluent,and pH 

instability. Both these facts indicate that residual 

organics were formed in their system and therefore are 

probably formed in the present system. 

In the, present system, the substitution of an activated 

carbon for coal explains the lack of these compounds in the 

effluent. The pH stability experienced in the present work ~ 

(Table4.2.2lis also attributed to the adsorption of 

residual organic molecules. 

The presence of residual organics on the activated 

carbort particles was also verified indirectly through Phenol 
. 

adsorption isotherms performed on the spent carbon showing 
, 

biological growth. Samples of spent carbon were withdrawn 

. at the end of the run. Details on the determination of the 

adsorption isotherms on the spent activated carbon particles 

, 

I 
i 



are available in Appendix 04. These isotherms are grafi-

cally presented in Appendix 04 in Fi~. 04.1 to 0.4.4. 

All the isotherms showed Phenol loadings lower than the 

loadings of the virgin activated carbon,thus supporting 

the hypothesis that part of the adsorption capacity of 

the activated carbon had been exhausted by the residual 

organics. The data f~om R4 and RS are the most indicative 

o~es,a~ nO.biodegr~dab~e organics (Phenol) were detectetl 

on the. spent activated carbon (no Oxygen consumption 

. "' 
in the respirometer,see Appendix D2) ,yet lower Phenol ~. 

loadings were observed through the isotherms. The same 
, 

applies for R6 and R7 where ,the Phenol being adsorbed 

on the carbon particles by the end of .each run, (verified 

by the respirome~er and the Phenol mass balances) ,plus 

78 

the Phel10l i.ha't was upt.aken during the isotherm determinati on, 

resulted\'n t~tal Phenol loadings 
\ 

virgin car~~. 
some\~·:,a t lq:we r than th(> 

\ .. .".. 

The behavior of Phenol, T.O.C. and O.C.P. and 

D.O. (Dissolved Oj~ygcn consumption) with time is presented 

separately for each run in Appendix D.2 and in Figures 

D.2.1 tQ;r.D.2.7. 

The adsorption of residual organics was not 

affected by the level of Dissolved Oxygen available to 

biologiqal growth. Figure 4.2.2 refers to R3 where after t~66 hrs 

.j 

--...... ; 

I 
I 

I 
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anaerobic conditions prevailed (Table 0.2.3). Figure 4:2.3" . . 
refers to Run 5 lw~ere Oxygen ,in exces~ of th~. required 

was supplied (Table 0.205)0 Eoth figures show' very good 

correlat~on of ToO.C. (out; and OoCoP o (out) values, and, 
~ 

therefore, indicate equally good residual organics removal 

reg~rdless of the level of the Dissolved Oxygen supply. 

. Analysis of the feed dilution water showed that no 

detectable T.O.C. was contributed aue to pre-treatment, 

see section 3.2.1) by it, and th9~efore ~~ did not 

interfere with the results. 

At the end of seventh run the .supply of Phenol was 

stopped and the run was continued with only water and 

DoO~ as feed. No organic carbon was' detected in the 

effluent as shown in Table A.202.Thus adsorbed residual 

organics are either he ld irreve~sibly, ~ or their desbrption 

is below the detactable concentration limit. The Dissolved 

Oxygen consumption was probably due to the biological 

oxidation of previously adsorbed Phenol and to the endogenous 

respiration (autooxidation) of the decl~nin<.? biomas.s. 

Soon after the Phenol supply was stopped, the bed started 

contracting, thus showing a decrease in the average particle 

diameter, or biofilm thickness. Below a bed height of 

120 cm, chanelling appeared in the reactor. Th~ particles 

adhered together, the biom~s~ serving as the adhesive 

;. 
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Table 4.2.<3 .. 
Desorption Control Run 

D.O.' . D.O. Phenol Phenol O.C.P. 
Tirre In Out In OUt In 
Hrs. ~ ~ rrg/l rrg/1 rrg/1 

29.5 41 11.5 0 0 0 

27. . 41 14. 0 0 0 

19.7 38.3 18.6 0 0 0 

22. 39 17 .. 0 0 0 

'19. 39 20. 0 0 0 

16. 39 23. 0 0 0 

.. ' 

.. 

i (.~""lKowefl"J'"'' "' ... "' ........... _~ ... _._..:.-.....---. • .M.; ••••• , .• '_~ ... ~.. , 
" . -, ... 

O.C.P. T.O.C. 
OUt In 
rrg/l rrg/1 

a a 

() 0 

a 0 

0 0 

0 0 
). 

0 0 

_. 

T.O.C. 
OUt 
rrg/1 

0 

() 

0 

1 

. 
0 

0 

iI 

0 pH 
In 

7.3 

7.3 

. 7.3 

7.3 

7.3 

7.3 

. 
" 

pH 
OUt 

7.3 

7 .. 3 

7.3 

7.3 

7.3 

7.3 

• -..I;w ... r.,.J>~~"""""';-;~-

D.O. 
~rrg/1 

29.5 

. 27. 

19.7 

22. 

19. 

16. 

'it ".~ 

-~ 
Terp. 

Dc 

24 

24 

24 

24 

24 

24 

oo~ 

o 

--0.. 

<. 

~-k'i-,.~ _ .. ~-w. ~ '-~L 



Ie 

R. 

-60 

40 
"-
C'. 
E 

C). 
U 

20 

o 

(> 
~ig.4.2.2 Effluent T.O.C. and O.C.P. Variation with Time. Run 3 

• OS POUT 

" X iOC OUi 

c 
( 

, 

/--4~ 
~ -

~ 

......,D 

2[_ 4,..; 50 o o-----~c:.O _. --'bC 12(; 

TIME ( hrs { r' 

~ 

.... 

co 
I-' 

~~~~$?rlii:+''o?:c~ ..... d',!"'~rtll.s .. tI\o\o~.-IIr!.lrJo .....-..~_ .... oIh .. )',."'; Qow. .... ~ ............ ~ It .. --- .. ~-. .. .... ""~~ .. * - -_ ... 'IiI' ...... _ ... ~ ...... _~ __ .. ~.:._~-. __ ...... _~~~ 



" , 

~. 
--.J 

Fig.4;2.3 

..l.c 

8· 

6:) .. 

4:> 

-'20, .... 

I ' 

~/ 
• 'l~ 

Ef'fluent T.O.C". 'and O.C.P. Variation 'with·Time , Run 5 

~ 

o OC pour 
x TOC OUT 

<;) 

\ 
~. 

, ~--~~- ~~ 

"r~r" 

I 
"\ 

(J . '--.- - 2~ 4G- 60 ~80 -~ -'OF 100 120 ,140 100 lEO 
• ! 

I .. (. 

" 
~ .. 

TIME.{ hrs ) 

-> 

.. 

OJ 
j\l, 

", 



83 

medium, a~d the fluidized state of the bed ceased to exist. 

At that point the control run was discontinued. 

" 
4.2.3 Fate of Removed Phenol 

4.2.3~1 Phenol Mass BaYances .. 
, ' 

Mass balances for Phenol, across the reactor, are 

3urnmari zed- in Tab18 <i, 2.4. 1'hey ("lave the follo\ojing CJ.cncra 1 

form: 

(TOTAL PHEN,OL IN) - (TOTAL PHE~JOL OUT) - (TOTAL ACCUHULNfED PHENOL) 

+ (TOTA:" I3IOm':GPAm:O PHENOL) 
• 

, . 
Total'Phenol in and OUC, were calculated by using the 

average concentration and the absolu~e time between two 

samplings in the following way: 

(TOTAL PHENOL) (IN OR OUT) = FLOH X TIHE X AVERl\GE CONCEN'l'AATION 
;. (IN OR OUT) 

w. (' 

The use of the~ average concentration between t\ojO samplinss 

probably in troduces an error as we do not know the eXgct ~ 
.. 

tehavior of concentration in between the two samp~ings:, 
.:-

This approximation would be possibl~ to avoid only if 
. , 

there were on ll.ne analytical equipment" moni toring continously 
, I 

in and out Phenol cOl'l.centrations. Such an eXI?erimental s~t-up 

was n?D. possible dU,Fing °the pres'en t work. 
. .,. 

I .... 

< 

f 
! 

l 
( 
i 

) 



Total 
Run Removed 

ijumber Phenol(g) 

.. 
2 1:24.4 

3· ;1.27 

4 . 160 

'5 151 

6 236 

7 180 

".~ 

!l 

, Tab Ie 4. 2 ~ 4 

Phenol Mass Balances 

Tota"l Phenol ( g) 
Total Adsorbed on Part 

Biodegraded of Bed with Growth 
Phenol (g) .(by difference) 

113.2 10.2 

86.9 40.2 ' 

160 0 

151 0 

189 47 

152 28 

, 
~ 

~ 

~ 

"-.... 
" 

Total Phenol (g) 
Adsorbed on Part 

of Bed with Growth 
. (by Respirometer) 

/" " 

-- . 

o 

o 

42 

~ 22.3 

'"\ 

" 

co 
~ 

I 

. ~ . 
• ~1i!~~ .w~ .. ¥~,."j{S%sP1~itir;tp;fJ;Ul,;tsklrbotlft"M··.a:w~"1-" - ~- -- ~--"'''''''~~(''~'-4'?e. ""iI~~~~~t"bA'~.J..~~w,.t~"",~~~""'~~i-.. l"Jw.""'''''~.'''''~~f~'''ol'I.''':,·.~''''·'''' ~~1Jh"., ~fli'ft,~#~,··,:+ 
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The biodegraded mass of Phenol was evaluated through 
jJ • 

the Oxygen consumption values neglecting endogenous respiration 

(see section 4.2.3.1). I t was assumed that since.... Phenol 

is an easiIy and completely biodegradable molecule, the 

Oxygen requirement for its biodegradation in the reactor 

is equal to the plateau of the BOD curve (Busch, 1971 

Hals , 1974). This equivalent is 1.7 mg Oxygen per mg of 
~ 

biologically degra~ed Phenol (Hals " 1974). ' 

Calculation of removed ~nd biodegraded Phenol, alrQwed 

by difference the evaluation of adsorbed (accumulated) 

Phenol ~nside the r~actor. The ,accumulated Phenol amounts 

were checked (for 'the last 4 runs) through respirometer 

studies, on the spent carbon. Details of the respirometer' 

studies are available in_Appendix D2. " As part of the bed 

did not develop biological growth (Appendix D3) the values 

.} of a'ccumulated Phenoi given in .Table 4.2.4 refer to the part 

of the beQ that aeveloped growth. Details on the evaluation ., 
of the mass balances are available J.n Appendix D'2). 

As Table,4.2.4 shows, the part of t~ bed that_developed 
...... . 

biological growth was by the end of the run 
• 

biologically "rege:nerated" in ,terms of adsorbed Phenol. 
;. 

The results of the mass balances indicate that 'whenever the 

system was not oxygen limited (R4 and R5) the bioxidation 

J 

. ': 

< ,-



~. \ 
(' 

- . 
rate of Phenol was higher than the supply rate of substrate. 

'. That is why by the end of R4 and R5 the effluent 

. ~oncentration of', Phenol was ze ro, and Phenol that was 
I 

/ previously adsorbed (before the establishment of 
~ , 
~ ~iQlogical activity) during' the first hours of operation 

.~d been biodegraded as well. The above results point 

out the fact that (in the.case of no Oxygen or nutrient 

limitation) the adsorption capacity of the bed support 

medium can be considered available to the residual 

organics without comPetition from the substrate. 

4.2.3.2 Mechanisms of Phenol Removal 
o 

Figures D.2.8 to 0.2.14 in Appendix D2 present 

graphical'ly the perc~nt removal of Phenol as a function 
. 

of time, for each one of the continuous runs. All, 

removal curves present a common characteristic.. The 
! 

removal a~ the 'beginning of each run is 100%. It 
\ 

starts dropping quickly, reaches a minim~m value, 

and then starts increasing again, depending on tBe 

level of available Dissolved Oxygen. 

" 
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/ I 

This common behavior of removal values leads to the 

hypothesis that two distinct mecha~~ms of Phenol removal 

operate in the reactor: 
t4 

(a)' during the first hours of operation, while 

biological growth has not developed yet inside 

the reactor, -removal is due to the adsorption of 
. 

Phenol on ~ctivated carbon. There~ore, the part 

of the removal curve that refers to the first hours 

of operation, is in the form of an adsorption break-
9 

through,curve. This rrechanism explains the complete 

(100%) Phenol removal observed at the beginning of 

all rUhs. 

(b) As Phenol breaks through the be,d, the biological/ 

~ population ,of the reactor starts developing on the 

activated carbon particles and sta~ts utilizing 

Phenol as a subs trate. Biologi cal ,removal of Phono 1 
",' , 

takes place,. 'the rate of growth Qf the biological 

population, and consequently the rate of biological 

degradation of Phenol, aepen~ on the level of ter~inal 
A 

electron aC,ceptor available (D.O.). Whenever Dissolved 

Oxygen was not l~miting (R5), biological oxidation 
<c 

replaced adsorption, in a short period of time, and a 

low minimum removal value, (as the ones observed in .' ' 

. . 

I 
I 
4 

1 
t 

t • 

I 
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all other runs: R2, R4, R6, R7} 

On the other hand in the case of 
\ . 

condftions were imposed, removal due to bioxidation 

remained very low, proportional to the level of 

Dissolved Oxygen available~ and overall Phenol 
r 'I 

re~oval niver increased during the run. Phenol 

removal observed at the later stages of each run, was 

.believe~/to be the result of biological oxidation. 

This hy othesis is also supported by the followi~g 
,-

facts: " 

(i) Phenol removed during the late stages of each 

run was prop(9rtional to the Dissolve,d Oxygen 

consumption. This proportionali ty is exp·ressed 
, 

by the ratio (6.0.C.P.)/ ( 6D.0.) = K, \vhich 

is aPi?roximdlcly ,co:'1slan:' 'w"ith respect to tirr'3. 

Values of K versus tin~ a~e plotted in "Figures D2.9 

a 

D2.14 in Appendix D2. Figure 4.1.6 that follows is 
1 . , 

simultaneous plotting of K values for all 

continuous nms except the anaerobic run R3. 

rigures 4.2.4 and 4.2.5 that follow are two samples 

ot cumulative ~lots of cumulative removeo 1.0.C 

per gram'of carbon versus cumulative applied T.O.C . .' . 

per gram of carbon.The slope of the curve is the 

Iverage T.O.C removal.Figure 4.2.4 refers to R3 

(Oxygen limited} and it can be seen that the _ 

• 

j. 

i 
t 



Fig.4.2.4.- Cumulative Plotting of Removed Versus Applied TOC . Run 3 
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Fig· 4.2.6 Simultaneous Plotting of ~OCP / L:-.DO=Kfor all Continuous Runs 
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quick e~tablishment of good growth results 

in a change of removal during the run, and 
\ 

Ismooth transition from adsorptive (high) 
" 

\ 

removal to biological 
'. 

(low) removal. Such 

change is not observed in other runs due 

mainly ~o higher biological removal rates. 

Additional plots for the rest of the runs 

are available in Appendi» D2 (Fig. D2.lS to 

Fig. D2.18). The data of the cumulativ~ 

curves are summarized in Table D.2.13 in 
" 

Appendix D.2. The constant value of the 

92 

ratio (6.0.C.P.) / (LD.O.):: K is significant 
J 

as it also indicates that the endogenous 

respiration rate of t.he bioloaical mass, in - ," 

state of dynarlic gro',..rth, co.n be, as 
................... 

" 

an 

approximation, neglected. 

Normally, Oxygen requirements are'described 

by the. fol1.owi'ng equation: 

dCS 
a I ~ 1- b I X Cb 

dt 

tvhere dC0 2/dt::: rate of Oxygen consumption 

dCs/dt ::: rate of substrate removal 

Cb = con cen tration of biomass 
J 

Rewri ting equation 17 wi th the symbols used 

in the continuous runs, 'we obtain: 

( 17) 



600 
.6t 

= ~I X 

But: 

60.C.P. 
~D.O. 

l\D. O. 
~t 

1 
K 

60.C.P •. + 
6t 

x .6.0:C.P. 
;6. t 

h'X Cb , 

or 

Combining equations 18 and :!O. 

a I = 11/K 

b ' '- 0 

4.2.4 Bio~e.action Rates 

<' 
I 

93 

( 18) 

(19) 

(20) 

(2l~ 

(22) 

Table 4.25that follows summarizes the observed bio-

reaction rates in terms of speCi!tiC • o. C. removal .rates. 

The last part of each run when b' ogical growth was well 

developed and pseudo steady state w s reached, has been used . 
for the~calculations. Comparing tpe values of Table 4_5?with 

rates reported"in liter.ature (see sect~on __ ~)-~see that 

the T.O.C. removal rates experienced during the present work 
i , 

are at least one order of magnitud~ higher. These higher rates 
,. 

are probably due to the easily bio,pegrqdabl,e low molecular .. 
',;eight substrate, as well as the supply of O,'ygen, Hhich \vdS 

(' 
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" 

Run' Run (hrs) 

2 132.5-161 

3 112: 5-140 

4 122.-137 

5 71-93 

""" "-
6 70-89 , 

" , 

'7 63;..69 

.,. 

,1 
Table 4·2.5 

'" 

Specific TOC Removal Rates During Pseudo 
Steady State for Continuous Runs 

Tota~bon Surfac~ TOC Removed in 
Area wi~ G~owth (cm ) Time Pg;;.iod (s) 

r 
1004C 29.4 

9407 1. 26 

9542 21. 6 

9542 44.0 

18952 38.9 

19853 12.6 

* Anaerobic Conditions. 

/ 

~ 

~) 
Specific 

Bioreaction Ra~e 
9 -rOC I s. em 

2.8 X 10- B 

1. 3 X 10- 9 * 

4.2 X 10- 8 

5.8 X 10- 8 

3.0 X 10- 8 

5.0 X 10- 8 

\0 
~ 
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very low in other studies reported in literature. In support 

of the above hypothesis comes the'fact that R3'that was 

severely Oxygen limited, presented specific T.O.C. removal 

rate one order of magnitude lower 'than the other runs. 

The highest bioreaction rate was experienced at the 

highest Oxygen (in) to Phenol -<in) ratio (R4), and the 

minimum bioreaction rate was experienced at the lowest 

Oxygen (in) to Phenol <in) ratio applied. (R3) 

4.2.5 Biological Growth 

4.2.5.1- General Comments 

The main volume of data that refer to biological 

growth are tabulated in Tables D3. 1 to D3 . .1 :in Appendix D~ 

They present the expanded bed heig~t (of the part of the ~~ 
t ' 

that developed biOlogical growth), Le, the average particle 

diamete'r, Dp; and the total hydraulically effective volume 
J t 

of biomass/MA, as a function of time .. Only Le is a measured 
_I 

parameter. Dp and MA have Qeen calculated according to the 
, 

method presented in section' 2. 7 

Figures D3.2 and D3.5 show that the rate ot increase 
.. 

of biological film diameter in R5 where a higher Oxygen (in) 

to Phenol (in) ratiQ wa$ applied, is higher than the rate of 

increase of Op of R2 where a very low ratio was applied. ' 

Therefore the rate of grbwth is affected; as ~xpected, by-the 

, 
,-
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level of Dissolved Oxygen available to the biological 

popula tio~. 

~.During R2 at't=l?O hrst(Figure D3.2), t~e fluidized 
, 

bed started contracti~9' a~though all influent parameters 

were at the same 'leve~ as before. This behavior was ~ 

experienced again in R3 at t =:: 66 hrs (Figure D3.3) when' the 

D.O. was reduced with the intention of turning the system 

anaerobi c. Based on R3, the response of ~iologi cal grOioJth 

experienced in R2 is interpreted as a~re~ult of Oxygen ~ef­

iciency and its effect on the density of the biological 

fi 1m. l'11hat is why an increase of the Disso,lved Oxygen level 

in R2 (t~l20.2 hrs) resulted in an immediate short' expan~ion 

of the fluidized bed followed by th~ higher~ of bed 

expansion. Increase of the b~d expansion rate with increase 

of Oxygen (in) to Phenol (in) ratio was also experienced in 

R4 at t. = 120 hrs (Figure D3. 4) . The immedIate response ()f 

the volume of the biological mass to' the~change of the 

Di3so1ved Oxygen (in) concent:ration supports the hypothesis 
~ 

of a change of density of the biological film according to 

the environmental conditions to which i,t is subjected; that. 

hypo~hesis has al~o bee~ suggested by others, ~.g. Hollada~ 
. , 

e t . a 1. (19 76) • "J . 
4: 2.5.2 Quanti tati va E\ral ua.tion of Biologi cal Growth 

7 
Direct evaluation of the exact dry mass of biological 

f , 

<, • 
" 

--~-.~-~) 
\ ' 
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" 
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I 
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growth inside a fluidized bed bio'logical reactor is 
P . 

complicated when activated carbon is the supporting 

medium (Holladay et aI, 1976). 

The tec~nique developed in the present work based 

on a number of assumptions listed in Section 2.7, can, 

-- .. provide a satisfactory evaluation of the average particle 
. . 

diameter of the fluidized bed (including the biological 
~ 

'~ilm) and consequently the total hydraulically effective 

volume of biological gro\vth. The accuracy of the calculated 

Dp values c'an be ve'rified in the following two ,,,ay's: 

i) 

ii) 

-, 
Dp value~ calculated at t = 0, wheh no biological 

films have yet developed on'the activated carbon 

-- particles, should be equal to Dp (average diameter 

" 

of virgin carbo'n particle). 
-, , 
Dp ~valuated through th~ use of the system o£ 

-'/ 

equations for time t, can be checked wi th Dp 

diameters measured on photographs of bed particles 

withdrawn from the reactor at time t. The pictures 

presented in Appendix D3 show particl~s withdrawn 

from the reactor, at the end of each run. , 

Table 4; 2.6' follows and summarizes the cornpar:i,son 0.£ OP values, 

calculated at t = 0, wi th Dp .. and 
-I 

--I • 

compares Dp values ~alculated 

for the end of each run wi th, Dp values rneal?u:(ed from 
P. • 

( 
I 

I 
t./ 
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") 

Run 
.,.../ 

1 

2 

3 

4 

5 

6 

L. 7 

-' 

Calculated 

Calculated 
~' (ern) 

t = 0 

0.20 
)I 

0.19 

0.19 

• 0.21 

' 0.21 

0.21 
1-

0.20 

, * 

Table 4.2.6 

and IIActual" 
-I 
Dp Values 

Actual Calculated 
'""'- rP/Ll> Dp 5p (em) 

(em) (t=O) End of Run 
"~ 

0.1545 1.,25 0.32 
" 

0.1545' 1.18 0.54 

0.1545 ~ 1.18 0.52 

0.1545 1.30 ' 0.55 

0.1545 1.30 0.55 

0.1545 1.30 0.45 

Er.1545 1.25 0,43 

Aver~ge of the diarreters ShCMO in 

Photographs J-n Awen9Ax D. 3. 
$!.l . ,~ 

98 

Actual * " 
qlp (em) 

frxm pictures 
-I -, 

!?P/9?p 
• 

0.4(} 1.35 

,) 

0.51 l.08 

0.49 1.il ' 

0.48 0.94 
, 
0.43 l.00 

** Biological film nO,t stained ( hard to be seen clearly) . 
'", 

I 

** 

t 

1 
" • 
,-• · 
;., 

, 
" 
,-

f 
} 
! 
! 

I 
' 'i 

J , , 

• 

\ 

I 
,J 
• ~ 
~ , 
f · 
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respective photographs. 

4.2.? 3 Evaluation of Volume Yield , 

By plotting the cumulative removed 'f.O.C. per gram .. 

of activated carbon with growth (,6'T.O.C.) / (g; A.C 

versus the cumulative increase in the total hydraulically 
, ¢ 

effe~tive volume of biomass per gram of activated , 
carbon with growth, (b.,.MA) / (g A.C ), a volume y~eld 

factor can be evaluated. 

" 
Figures D3.8 to D3.,13 in Appendix D3 present the 

relation, ambng 6T.O.C / g A.C. (g/g) ar:td ,-,MA/ ~ A.C. 

3' • 
(cm /g); Table D3J8 summarizes the plotted data. The 

data points on the graph can b~ separated into two 

distinc~ groups. The first group of data (at low 

values of both parameters) include the effect of 
, . 

adsorpt~~n on ~T.O.C / g ~.C and since good bio­

logical growth had not been'established yet,' MA / g A.C 

is low. The slope of the line that 'fits thp. fi."rst 

group of data is very low. The second group of data, 

clearly distinguished by their sl~pe, refer to the 

later ~tages of each run, when pseudo steady state' 

.) 

.~. 

j 



was accomplished. The slope (N) of the (straight) 

line that. fi ts these points expresses the rat~o: 
~ 

w = (.:..MA / 9 A. r:;; / (6T.0.C / g A.C ) 

w =-(6MA) / (6T.0.C) 

or 

. 3 
The llni ts of \V are cm /~ and I': expre;;ses the 

increase in the hydraulically effecti.Ve volume 

of biomass (cm~), per gram of biologically 

removed (Section 4.2.3) T.O.C. 

100 

..... 
?J 

Table 4.2,7sununarizes \<J values for the cbntinuous runs. 

'The vol t.nTt2 yield was not determined for R3, as the 

severo ~xygen limitation resulted in low T.O.C. 

removal and growth. 

Table 4.2 .. 7 

'0 

Volume Yield Values Observed During Continuous Rur.s 

Run 2 3 4 5 6 7 

' .. . - --
W 

3 
(ern / g) . 0.8 1..3 2.0 2.1 2.9 

DO (IN) mg/l j' 11.5 4.5 27 38 42 . 45 

\ 
, 

i 
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Variation of W values foll6ws, as can,be seen inTa-

ble 4.2.7 the variation of influent Dissolved '",'xygen 

concentration. ~ graphic representation of the above 

correlation is presented in Figure 4.~.7. 

_1he hypothesis ~hat the'variation of W values is a 

result of influent uissolved Oxygen concentration 

variation is also supported by the.observed effect of 

influent Dissolved Oxygen concentration on the density of 

the bioloaical film (see section 4.2.5.1 ). 

The vofUme yield values are independant of the T.O.C 

• 
oxidized as the slope of the curve that re~resents the 

value of W,for each run,is constant( withiQ ~he range 

studied) .Caiculated W'values fall within the 

range of values from O. 8 to 2.9 em3 /g. 
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CHAPTER 5 

Conclusions & Reco~mendations 

The following conclusions can be derived from the 

present work: 

1) Activated carbon appears to be the best adsorbant 

available for the adsorption of bioresidual organics. 

The use of the proper adsorbant as the growth support 

medium in a fluidized bed biological reactor, results 

in the removal of the residual T.O.C. that is generated 

by the active microbial population of the reactor. 

The adsorption of the residual organic molecules did 

not exhibit dependence on the ~ygen to Phenol ratio 

applied. 

3) The .specific reaction rate was approximately 
o 

10-8 g T.O.C./ s cm2 in this study. This value is an 

order of magnitude higher than values reported 

. in literature. 

4) It is possible to evaluate the average diameter of 

the particles of a flu~dized bed biological reactor, 

and/therefore/the total volume of biological films 

'", 
by monltoring the height of the expanded bed in 

the rep.Qtor. The evaluated volume yield factor is affec'ted 

by the quantity of Oxygen supplied and does not deper.d on 
-

the T.O.C oxidized.The calculated W values fall in the 

103 
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range of 0.8 to 2.9 

5) Sulfide is not always a reliable parameter for the 

detection of the presence of anaerobic activity in 
~ 

~ fluidized bed biolo~\cal reactor since it can be 

precipitated inside the biological f~lm by heavy 

metals present in the waste. 

It is recommended that further research on the same 

subject should be conducted with a system d~signed for continuous 

regeneratioQ of part of the bed. This will enable longer runs 

that will allow time for the establishrrent of real steadv state (.'()nditions. 

The use of a number of different substrates (si~ple 

and complex) is suggested as well. The study of removal rates 

can be investigated by supplying Oxygen (air) in gaseous form 

in a three phase reactor. 

) 
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APPENDIX A 

Numerical Solution of the Equation of Section 2.7 

The system of the three equations used for the 

calculation of the average particl~ diameter of the 

fluidized bed and the total volume of the biological growth 

around them, as a function of the expansion of the bed and 

ultimatelyas a. function of time, has been solved by tria~ 

and error, with the help of ? computer program'. Equation 

9 is a third order equation and its solution is obtained thrcugh 

the use of the Newton Raphson method. 
. 

The meth,od locates the root of the equation given 

a initial guess, by successive approximations. Given an 

agproximation Xk of the root, a closer approximation 

X~ 1 can be calculated as follows: 

Ox 
}: I 

I . 

It is understood that the derivative of the equation,f(x), 

.to be solved, must be expressed analytically. 

,) 

Fig. A.I eXplains hoYl 'the method operates in order 

t? locate the root of an equation f (x) = o. , 

" /' 
Ce~tain conQitions have to be satisfied so that the 

'. 

Newton Raphson method will converge and therefon;-'Mill locate' 
c r-

" , 

105 
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r, 
the root of the equation. 

a) f'(x)=O 

b') f' (x) must now change sign within the 

region we are working 

c) x' n b f (a) :f(b) 0 , f (a) :< I b - a 
, nar 

f(b) ~I b - a· 

f' (b) 0 

,. 



I . 
" 

f(xl 

I C' 
I 

I 
I 

f(x( 1t--- -------- ---
I 

I 
I 
I 

I 
I 
I 
I 
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Fig.A.l The Newton Raph~on Method for Numerical Solution of Equations 

;' 

o 

'-
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These condi tion-s simply make sure that the 

equation, at th~ range we are ,looking for a root, is 

monotonous and crosses the X axis. 
(, 

The method is very fast, simple'and efficient. 

The prog~run that was used is the following: 

PRCGaAH TST (IhPUT,OUTPUT,TAPE5=I~FUT,TAPE6=OUiPUT) 
KEAL lE!HA,LAHOA, HPI . . 
QU=33.3,j 
NPI=~" ':;':;u 0 
DVC==O.15Lt5 

~~A6~5;1fidi LE 
100 FORH~T(F E.2) , 

. L ANDA= 21. S7¥ ( (QU'-"NPI'" (LE~"'·2. 0) ) ...... 0.33) 
OP=O.3 ' 

60 DPNEH=DP-(((NPI¥3.14·(OP+"'3.0»+tLAMDA~(OP··l.33»-(6.O"'LE+8J.12» 
+/«9.42~NPI¥(OF··2.0»+(1.33¥LAHOA+(OP++O.33)})} 
IF (A9S(OP-OPNEH) '.LE.O. (OC0001) GO ,TO 20 ' 
DP=DFNEH 
GO TO oil ' 

20 ~RrTE(6 30) I CP , 
3D FORNAT(lHO, I~, 3HOP=, FtO.4) 

HA=NPI+O. 5236"" «DP""'" 3. ii) -OVC .... 3. G> 
W R IT E ( 6 , it u) t1.A 

40 FORHAT(lHC,3HHA=, F 10.4) 
50 CONTINUE ' 

STOP 
2:I1C 

The QU, NPI and DO statements change in each run 

according to the conditions of the run. The data.-shown in 

this program are from run 3 

QU:: Flow rate of the waste ~n It/sec 

I 

'\ 

NPI -= NuIDber of A. C. - par,ticles with a 'bio,logical filnr around them 

DVC = Average diameter of virg~n l\. C. particles (em} 

- ~ 
DP eo D'p 

3' 
MA =- Total volume 'of. the, biological 'gro'1th in cm 
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APPENDIX B 

,Additional Data and Information on tl;le Batch Tests 
J 

I 

Adsorbants Charadteristics 
\ 

A number of different adsorbants and ion exchange 

resins were used fQr the batch tests. A brief desc'ripticm "of 

each one is given below, and their important characteristics 

are given ,in separate tables. 

1. Activated Alumina: Alcoa F-l 

It is an inorganic adsorbant with.very good 
~ 

physical properties especia'lly resis tance to attrition. 

This ia'tter property is desirable for fluidized beds because 
, , 

it diminishes the losses due to the generation 'of fines by 

att,ri tion. It is ~ strong adsorbant' of water (Alcoa Tech , 

Bulletin) and has been already ptudied as an adsorbant for 

removal of phosphates. (qangoli-Thodos, ,1973-74) . Table B.l 
su~arizes its impor.tant properties. 

2. Amberlites 

They are synthetic 'polymetic adsorbants rn~nu­

factured 'by the Rhom-Haas Company, and they are available 

with, different dipole moments, average pore ,diameters and 

speci fi:C surface areas. Amberli tes XAD':'°4,' XAO-7, XAD- 8, 

'were selected in 'a series of increasing dipole moment and 

average pore diameter. 

, ,.. 

, 109 

\ 
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Table Bl 

~lumina Properties (Alcoa Technical Paper :1:10, 196'0) 

( 
~ ~ 

Chemical Analysis (%) 

~~ ° 92· 2 3, 

Na2 0 

Fe 20 3 

Si02 

Loss of.Ignition 11000C 

rhysical Properties 

Form 

'2 
Surface area m /~ 

Bulk placed 

Buik loose 

Specifi'c gravi ty 'g/cm3 

C~ushing strength 
') 

,Pore volume ml/g 
• 

Average pore diameter A
O 

I 

0.5 -0.12 

0.09 

6.8 

Granular Opaque 

, 0 

. 
210 

55 

59 

3.3 

55 

0.25 

40 

c 

" 
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i ) . Ambe r 1 i te XAD- 4 

It is a polymeric adsorbant in the form of white 

insoluble beads. It is.a complet~ly- non-ionic and hydrophobic 

polymer with macroreticular.structure and aromatic surface 

nature. I't is a polystyrene type polymoo- wit};} mesh size 

20 X 50. The most important physical-chemical characteristics 

of XAD-4 are given on ~able B2. 

ii) Arnber1ite XAD-7. 

·Is ~lso a polymeric adsorbant made of acrylic 

ester with a more. hydrophi~ic natur~ than XAD-4. It has a 

.macroreticular PQJ;osity and an aliphatic l].ature of surface. 

Thel -dipole moment'is higher than XAD-4 as well as its 
I ' ' 

average pore siz~ diameter (Tabie B-2)J 

iii) Amberlite XAD-8 

. It is' a macroreticular polymeric adsorbant made 

of acrylic este·r. It has the same dipole moment as k,AD-'7 

but a considerably large~ average po~e size dia~eter' 

'(Table, B2) •. . . 

The' pore size distribution OI the thr~e_Amber-

.li tes' used, as, deterIJ1ined by Mercuxy porosimetry is given 
1 

on Fig. Bl (Howe,' 1972). 

3) Cellulose Ion Exchange 'Resin '(WRL-lO OA) 

It is anionic exchan~e 
, 

based cellulose an reSl.n on 

w'ith structure that resembles thin wood flakes ,of approximately 

, ' 

'L-) 
r' 
) 

.. 
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-> 

c 
Property 

, Form' 

Aver9,ge pa~ticle ,'diameter 

True wet density 

SC,a-le total density 

Bulk density 

Porosity of particles 

Specific surface area* 

Average pore diameter*, 
,} , 

DfP.Ole moment 

~rosity % of'volume* 
<:. 

Table B2 

XAD-4 

'Hard opaque beads 

0.30-0.45 mm 
'3 

1.. 02g/cm 
, 3 

L08g/cm 

39lb/ft3 

0.50-0. ,55 nil/ml, 
2' 

750m /g 

SOAo 

0'.3 

51 

0~~ 

* Value determined on. dry amberlite. 

~ 

XAD-7 

Harp opaque ,beads 

0.30-0.45 mrn 
. 3 

1. OSg/cm 
, 3 

1. 24g/cm 

4~lb{~r3 
, l 

0.50-0. 55' ml/ml 

450 ril
2/g 

80Ao 

L8 

55 

o 

(Rhom-Haas Technical Bulletin i l4l~ Bulletins on each amberlite) 

Q 

" ,: 

~ 

J 

XAD-8 

Hard opaque beads 

0.30-0.45 rom 

3 1..07g/cm 

'.< 

1. 23g/cm 3 

43lb/ft3 

__ 'f'" __ 

. 2 
140 m /g 

250Ao 

L8 

52 

.-. 
t-' 
N 

-", 

~ 
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Fig.B.l POR'E DISTRIBUTioNS OF SOME AMBERLITE ADSORBENTS 

(90,000 A') 
9.0 

. AS DE.:TERMINED BY MERCURY INTRUSION 
", 

( 10,000 A,) 
1.0 

PORE DIAMETER (MICRONS) 
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4mm
2 

surface area. It has bee~ manufactured for the removal 

of the humic type cOQ'\pounds. Its exchange 'capaci ty is 0.35 

eq/l. Ad~~~information on this resin is given.in 

. Table ,B6. ~ 

4. lRA-458 ·Ion Exchange Resin 

Manufactured by the same com~any that provides 

the' Amberlites,it is a strongly basic anion exchange re~in. 

It is available in the chloride form, although a number of 

unknown other an~ons exist on the virgin resin due ,to the 

fact that durihg its production procedure, the resin is 

washed with tap water rich in anions. 
r . , 

The manufacturer supplies additional information 
~ , 

on this ion exchange resin (Rohm Haas Technical Bulletin)' 

the most important of which'is listed in Table B3 . 

. , 

\ 

\' 

\ 
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Table B3 

'\ 

Properties of lRA-458 Ion Exchange Resin 

Ion form available 

'Appqre~t wet density (g/cm3 ) 

True 'wet density (g/cm
3

) 

E~fecti.ve -sjze (rom) 
. ! 

pH range I 

Maximum operating temp. (oF) 

Total exchange capaci,ty 

Swelling % 

Structure / 

Table B4 

Mainly ~de 
0.72 

1. 08 

0.'40-0.51 

0-14 

100 0 (OH) 170
0 

(el) 

1. 25 

10-15 (Cr-: OH-) 

Acrylic, non hydrophobic 

"S'pecial A" Activated Carbon Properties (Rankin) 

Base material 

Pore volume 

Specific surface area 

Average pore diamet~r 

Form 

Clay and baked carbon surface , 

0.331 cm3/g 

90.9 m2/g 

74.9 AO 

. -Granular 

Good mechanical strength 
.... ~~T 

, . 

, . 
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"Special A" Activated' Carbon 

This form of activated carbon is not available . ., 
commercially yet, and has been synthesized for a previous 

study (Rankin, ,19/5). The important characteristic of 

this activateq carbon in its higher mechanical strength 

and therefore its resistance to losses by attrition. 

It has a very low specific surface area ( Table . 

B. 4) •. The pore size distribution of Special A is given 

in comparison with the pore size distribution of Filtrasorb 

400 in Fig. B2. 

Filtrasorb 400, Activated Carbon 

The specific~tioQp of'this widely used activated 
, 0 

carbon are summarized in Table BS. The pore sizes of this 

carbon are distributed j..h a narrow range and it has shown 

very good loaqings in a number of applications. The high 

specific surface area must be noted in contrast to the specific 

surface' area of Specia'l A. 

Residual Organics SolutioQ 

It ~as obtained from a 20 1 , activated sludge 

reactor that was operated· at 24°C, utilizing Phenol as the 

only carbon source. The reactor h,ad been running fbr 4 

months before the samples for the experimental work were 
~ 

withdrawn. The sludge age was about 20 days. The 
. , 

reactor was op~rated in a semi-batch form. The re·actor was 

" 

o 
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Table B5 

"Fi1trasorb 400" Activated Carbon Properties (P.Rankin,1975) 

"d 

Raw material source 

Pore. volume 

Average pore diameter 

Specific surface a~~a (nitrogen) 

% Ash 
Iodine number 

Molasses index 

Form 

Table B6 

Coal 

'0.44 cm3/9 

35Ao 

1050-1200 m2/g 

8.5% max. 

1100 

Granular 

WRL-200 Ion Exchange Resin Properties (WRL Information Bu1le'tin 

~: Anionic exchange on a cellulose matrix 

Properties: Able to take up humic acids and, high 
molecular weight anions 

) Capacity: 30g. humic acids/ 1 

Capacity: 30g DBS/l 

Capaci ty,: 30g Azeodyes/l 

Ion exchange capacity: 0.35 eq /1 

Volume weight: 0.24 kg/I 

Recommended flow rate: 5-10 bed volumes/hr 
, , 

Elution: by 5% Na2C0
3 

NaOH or NaCl 

::> 1976 

.' 
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Fig.B.2 Overall Pore Volume. Distribution for Activated Carbons Us~d 
(P.Rankin,1975) . 

to ~ J 

1.6 . 

·Pore 
VolumQ 

1.0 
(C.c/g) 

0.6 

0.4 . 

0.2 

. , 

Pore Radius (A) 
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reseedeQ with return sludge from a municipal sewage treatment 

plant every week. 

/' 

( 

\ 

; 
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B.2 Adsorbants Preparation 
. {. 

(a) Arnberlites 

These polymeric adsO.rl::ants were regenerated before 

their use for adsorption studies, according ·to the 

instructions provided by the manufacturer. Absolute 

methanol was used as the solvent for this purpose, and the. 

methanol was ,after the regeneration I eluted with 

water. The removal of methanol was done in successive 

batch washings,with distilled deionized water, with the 

help of a magnetic stirrer. 

Amberlite XAD-7, XAD-8, and the ion exchange 

resin lRA-458, were then dried under vacuum at 30 0e in 

the rotary flash evaporator 50 that no thermal damage 

would occur to ad50rbant~ '~ue to high drying temperatures, 

and also the exact dry mass of' each adsarbant,in each 

~lask during the adsorption 'studies would be known. Because 

of the quick rehydration of the above adsorbants, along 

with the small quantities df hydrating 

-
water, and . the relatively large sample volumes (50 ml) , 

the cli.an~e in volume of the samples during th'1 adsorption 

studies was heg.lected. '! . 
I 

Special care was taken with XAD-4 as its highly 

hydrophobic nature· makes. rehydration difficult. The XAD-4 

particles after regeneration with methanol) then remained 

for' 15 minutes in absolute methanol. This methanol is 



o 

then slowly eluted with distilled water. The complete 

elution o~ methanol was monitored ,through the T.O.C. of 

the elution water~ 

(b) WRA-200A, 'Ion Exchange Resin 

121 

It was available in regenerated form and hydrated 

fprm also. ,The same procedure as the one for XAD-4 was 

followed for the preparation of the samples for its is,otherm 

determination. This ion exchange resin was also used at the 

particle size provided by the manufacturer. That is to say, 

smail thin flakes of about 4 mrn2 surface area. 

" 

. (c) . "i ' , 
Actl.vated AlwnJ.na: , Alcoa F-l 

/ 
Due to the high adsprpti'on capaci ty for w~ter, o£ 

this adsorbant ,(ALCOA T.paper 10) that resulted ~n' a complete 

distortion of the results during the first two efforts to 

determine its adsorption isotherm, it was decided to use - . , 

the adsorban't in a hydrated form.' 

The Alumina particl~s were first reduced in size, 

and the -200+ 400 mesh fraction was retained. Then the 

F-I alumina was regenerated in the same way ~at activated 

carbon was' regenera'ted. .Then it was boiled for 30 minutes 

with distilled water. The supernatant. after the end of 

the.30 minutes was ~ec~ted and the process was repeated 

once again. At the end of the second boiling, the 

slurry was left t9 settle. 

Subsequently, it was filtered so that most of 



, . ; 

r 

... ,'. 

! 

the water was removed. The same proc~dure .as tpe one 

followed for XAP-4 and WRL-200~ ion exchange resin was 

used for the preparation ~f samples of A1 20 3 ' F-l for. 

its isotherm determination. (Appendix B3.) 

(d) Activated CarboQs Filtrasorb 400, Special A 

The activated carbons were available in a 

pulverized form. The -200 + '400 mesh size was kept and 

it was regenerated according to the stand~rd procedures. 

That is to say, boiling the carbon. with distilled water 

for'30 minutes. Let is settle/decant the supernatant, • 

and repeat the same process. At the erld of· the second 
I 

boiling the carbon slurry was settled and the resul~ing 

cake was put ~n a 103°C oven ~here it was left to dry 

for 48 hours. 

The XAD-7, XAO-8, IRA-458, Special A and· 

Filtrasorb 400, regenerated dry adsorbants were kept in 
) 

a desicat~.and were brought to room tempe ature before 

they were used. , 

" 
B.3 Determination of D for the Iso 

I, 
During the batch adsorption tests some of the' 

122 

aqsorb~ts, for the reasons explained in' this appendix ~ 

before, were used in thei~ hydrated form. This means that 

the e~act wet weight of "'the adsorbant in each flask was un­

known. Since the exaot dry weight of the adsor~ant is 

( 
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necessary for the calculation of the loadings, the water 

content of these adsorbants had to be determined. 

This determination was done by taking exact 

known weights of the wet adsorban±s,desiccating it at l030 C, 

for 24 hours and meas~ring the weight loss, that was 

obviously 'the water that had evaporated. The weight loss 
, . 

was then exp,ressed as per cent of the initial weight. 

Because it takes a period of ti~e to weigh all 

the samples, that are necessary for an isotherm deter-

mination, arid quring that time the adsorbant loses some 

of its moistu;re to the environment, th'e samples were taken 

at the beg~nning, the middle and the end of the sample ' 

weighirg ~rocedure. The average of these determinations 
') 

was used to describe the water content of the wet 

adsorbant that was inside the flasks. 

XAb- 4 becaus~ of'its,hydroppobic nature 

presented a wider differ~nce between the first'" and the last ' 
v' 

,water content determination samples. 

The results are presented in the form of a table { . 
that gives (Table B.?) the wet.weight, the dry weight and 

the'water cont~nt'as a per cent of t~e dry mass of the 

adsorbant. 

" 
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Table B.7 

Water Content Determination of Sarrp1es Used in Isotherms 

Wet H20 as % 
·Wet &- Dry & Weight Dry . Weight of Dry Average 

Adsorbant COntainer (g) COntainer (g) COntainer('<;J ) , .,(g) Weight< g) of H2<) (g) Weight of % 

I • 

3.0857 2.4787, 1.3624 1.7233' 1.1163 0.6070 54.5 

~O3' 2.9367 2.3714 1.3618 1.5749 1.0096 0.5653 56.0 54.5 

F~l 
3.0031 2.4342 1.3651 1.638'0 1,0691 0.5689 53.2 J> 

PH ACidic 
3.8306 2.9650 1.3684 2.4622 1.5966 0.8656 54.2 

2.7145 . 2.0722 1.3681 1.3464 0.7041 0.6423 91.0 

XAD-4 . 2.3390 1.8770 1.3630 0.9760 0.5140 0.4620 89.9 89.5 

1.9170 1.8770 1.3696 ·0.5566 0.2965 - 0.2602 . 87.8 
..... 

Al203 2.2720 1.9335 1. 3676 0~9Q44 0.5654 0.3390 59.9 

3.8540 2.9250 1.3626' 2.4914 1.5624 0.9290 59.9 59.5 . 
PH Neutral 2.4695 2.06Q5 1.3691 l.1004 0.6914 0.4090 59.2 

1.9067 1.4783 1.3623 0.5444 0.1160 0·4284 369.3 
I-' 

WRL 200A 1.7042 1.4462 1.3723 0.3319 0~0739 ~ 0.2580 349.1 358.0· ~. 

2.1510 
... 

1.5330 1.3600 0.7910 0.1730 0.6180 357.0 
• 

!. I . 



, 
1 

B.4 'Batch 

~he tables that fpllow ( Table B.B to Table B.f~ 
, . 

p'resent the main volume of data that' was accumulated 

during the b~h te/~~s.weights shown on the Tables are in 

gram~,volumes are in em 3 • 

to B.Il . 

The respective isotherms follow on Figures B.3 
-' I,J 

", 
" 

125 
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Table B.9 
,-

F' 400, Phenol Adsorption lsothenn Data 

< _ y EqtP.1. 
(rrg/l) 

Weight of Weight Mass T.O.C. Msorbed pH . No. of Flask and :of Empty of Ad- TC Ie 'lOC Concen- . Phenol Vol • Mass of Loading 
Sarrp1e' 'Adsorbant Flask sorb3.nt Peak Peak Peak tration ?-gui1 ~ 'ml Organics' rrg/g Before After, 

1 73.9779 73.9727 0.0052 39 1 38 
---

66.5 ,87 50 0.68 132 6.B '6.8 
2 74 .. 0341 73.9838 0.0503 8 1 ·7 ' 10 13 50 4.37 87 6.B 6.8 

'3 77.6070 77.1036 0.5034-· 3 1 1 a 0 50 5.02 10 . 6.8 6.8 
4 75.6992 74.6287 1.0705 3 I' 1 0 0 50 5.02 , 5 6.8 6.8 
5 82.1.565 79.7637 2.392B 3 1· , 1 a 0 50 5.02 2 '6.8 6.8 . \ 

6 18.4230 78.2230 0.2000 > 3 1 1 0 0 50 5.02 25 6~8 6.8 
7 79.1252 79.1018 0.0234 22 1 21 36.5 48 50 2.65 113 6.8 6.8 
8 73.5455 72.9803 0.5652 3 1 1 .Q 0 50 5.02 "9 6.8 6.8 

'7:3.1450 
.. 

9 74.8292 1.6848 2 1 0 0 0 50 6.8' 7.0 (Blank) 
! 

77.3525 77.2346 0.1179 1 10 2 0 0 0 50 6.8 6.9 (Blank) 
. 

S 
11 0 45 L 43 77 100 50 ,6.8 6.8 (Blank) 

I-' 

~ 

.. ""'I- , ..... ..,.' ~ .!to ... .It.. )1r.V ;~., I" ~ ........ ~,~.4~~,. .-17 .... F'<"l • .: ".,..,1>{. ""'"'~'"'l"'~'~ t**,",,"~~~~~"'~_,,", 
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Table B,9 

Al203, Residual Organics Adsorption Isothenn Data 

Equi1. 
(rrg/l) 

Weight of Weight Mass T.O.C. Adsorbed 
No., of Flask ~d of EHq:>ty of Ad-!I'C Ie T.O.-C. COncen- Mass of Loading 
Sarrple Adsorbant Flask sorbant Peak Peak Peak ,tration ,~ 0sani?$ .E9L9. 

.. 
1 77.6305 77.3760 0.16 12 2 

2 75.4846 73.3428 1.35 10 1 

3 89.7333 ' 79.1010 ' 6.69, 13 3 

~ 46.5104 '76.8251 12.38 14 2 

5 '. 57.2933 77.0746 6.30 13 9 
(Blank) 

6 21 1 
(Blank) 

~ 

'T 

'-, 15 

8 

"7 

6 

3 

19 

if 

(....,-

24 

12 

11 

9 
'., -

4 

30' 

SO ~ 0.30 0\"1.9 

50 0.90 0.7 

50 0.95 0.2 
, ' 

50 1.10 0.1 

50 

50 

"I 

pH Colour 
, 

Before After Bef. Aft. --

'6.7 6.8 -;-

. 
6.7 7.2 

6.7 8.6 

6.7 '2.2 -1-

, 
6.7 9.6 

6.7 6.7 ~ 

(" 

J--I 
N 
-..,J 

,---

\ 



.. 

Weight of 
No. of Flask and 
Sarrp],e Adsol:bant 

1 

2 

3 

4 

5 

6 

7 

8 

9 
,(Blank) 

10' • 
(Blank) 

11 
(Blank) 

12 
(Blank) 

---
" 73.1538 

78.'4347 
" 

73.2142 

71.866Q 

74.1933 

75.6345 

71. 5495 

77.4057 

83.2379 

73.9609 

72.5488 

,~ 

" 

,-

\ 

Weight 
of Enpty 
Flask 

73.J..462 

7R • .1n44 

71.13B7 

71.7flc}4 

73.8977 

75.1236 
7(\ k<hQ . - :.r'" - '-

7F../.ORQ 

R3.~3~~-

7.1. ~7~1 

72.0316 

~~ 

,1, 

Table B.IO 

F-400, Residual Organics Adsorpi;ion Isotherm Data 

Equil •. 
(rrgl-l) 

Mass ~IC' . ']XX: 
T.O.C. 'Adsorbed 

of Ad- TC Concen- Mass of Wadin . 9 
sorbant Peak Peak Peak tratJ..on - Vo'l. orgamcs ng/g -
0.0076 16 1 14 22 50 0.50 66 
'0.0303 10 1 8 12 50' 1.00 33 
0.0755 5 1 3 4 50 1.40 18.5 
0,.0966 5 I 3 4 50 L40 15 
0.295'6 3 1 1 1 50 1.55 0.5 
0.5109. 4 2 ·1 1 50 L.55 3 
0.9125 4 3 " ".---0 0 50 1.60 1.7 
1.1958 4 3 . 0 0 50 1.60 1.4 
0.0056 1 0 0 0 50 -

.0.0828 1 0' 0 0 50 
__ ..:or-;- ~, 

0.5172 1 0 o . 0 50 

22 1 20 32 50 '-

j"' 

pH Colour 

Before After Bef. Aft. 

6.3 6.5 

6.3 6.7 

6.3 7.0 + 
6.3 7.1 .... 
6.3 7.3 

6.3 7.3 ..:. 

6.3 7.3 ~ 

./' 
6.3 7.3 -
6.0 7.3 

6.2"-- 7.2 

6.7 7.2 --~ ... 

\ 

6.3 6.3' 'r f- , 
~ . 

!.!o, 
N; 
(0 

d 
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Table B.ll 
XAD-4, Resid~l organics, Adsorption Isothenu Data 

Equi1. 
(nq/l) 

Weight of Weight, Mass T.O.C. . Adsorbed pH Colour 
No. of Flask and of Erpty of Ad- 'lC Ie 'ICX:: Concen- Mass of Loading '; 
Sample Adsorbant Flask . sorbant Peak Peak Peak tration Vol. organics rrg/g Before After Bef. Aft. ----, 

,," 
.~ 

i () 76.6196 74.5558 1,09 ~ 21 0.5 16 24 50 Q.47 Q.43 3.0 3.0 + .~ .." ... , 
2 84.1046 83.2481 O-.,~~ , 21 Q.5 17 25 50 0.43 0.96 3.0 3.0 \. 
3~ 80.5220 74.2892 3.29 ' 23 0.5 ~l5 22.5 50 0.55 0.16 3.0 3.1 t 
4 81.5702 74.0940 3.~4 ~4 0.5 16 24 50 0.47 . 0.i2 3.0 3.1 1- .... 
5 88.3965 85.0931 1. 74 22 0.5 16 24 50 .0.47 .0.27 3.0 3.0 + -
6 .85.1051 75.2912 5.1,8 26' -0.5 15 \23 50 0.52 0.'10 3.0 . 3.2 + . 
7 79.8699 74.Q613 2.64 21 0.5 14 20.5 50 0.65 0.25 3.0 3.1 + 

-8 91. 9521 78.860r· ~.9~ 30 . 0.5 17 25 50 0.43 0.06 3.0 3'.4 + 
9 97.0327 - 81.482 . -8.21 32 0.5 18. 25.5 50 0.42 0.05 3.0 .3.6 + . ' 

6 
, 

10 82.8072 78..4045 2.J2 0.5, 3 3 50 6.5 6.5 (Blank) , 
11 . 85.7919 81.3006 4.49 9 0.5 6 8 50 6.5 6.5 (Blank)' 

!2 76.7676 76.2635 0.50 3 0.5 0 0 50 6.5 6.5 (Blank) 
. , 

13 26 0.5 23 33.5 50 ""-- 3.0 3.0 t 4-J (Blank) I-' 
IV 
\.0 

:. 
~,,-
~, 

" 
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TobIe B.12 
r"r-~ 

XAD-7 I Residual Organics Adsorption Isotherm Data 
Equil. 

() (rrg/l) 
Weight of Weight Mass T.O.C. Adsorbed pH 

'. No. of Flas!c and of Enpty of Ad- > 'rC Ie >~ COncen- Mass of wading 
Sanple -~AdSorbant FI.a.sk . sOrbant Peak Peak Peak tration VaL ~anics rrg/g Before After Bef. Aft. -

1 88.6649 78.4653 10:18 32.5 0.5 6 9 50 1.22 0.12 2.9 5.4 ~ 

2 78.4893 73.3439 5.14 25 0.5 10 14.9 50 0.95 0.18 2.9 4.3 ... .:.. 

3 79.5564 76.5010 3.05 22 0.5 16 23 50 0.52 0.17 2.9 /3.5 
4 82.9600 80.4932 2.47 21 0.5 12 17.5 50 0.80 0 • .32 2.9 3.4 
5 79.0139 77.0727 '1.94 20 0.5 13 18 50 . 0.77 0.40 / 2.9 3.3 -r 
6 > 78.9518 77.4352 1.52 20 0.5, 14 19 c 50 0.72 0.48 . 2.9 3.1 .. 
7 7~.3290 ~~674 0.96 19 0.5 14 19 50 0.72 0;76 2.9 3.0 ~ 

8 77.0774 ,76.6196 0.46 20 0.5 16 ~ 50 0.52 1.14 2.9 2.9 . 
9 75.8038 > 75.6253 0.18 21 0.5 18 26 50 0.37 2.08 2.9 2.9 + 

10 77.7032 76.8261 0.88 5 0.5 2 2 50 
{Blank) 

11 77'.5356 77 .3756 0.16 2J: 0.5 18 26 50 0.375 23.4 2.9 2.9 (Blank) '\f 12 26 0.5 23 33.5 2.9 2.9 (Blank). 

1-1 
w 
0 

.. 
~ 



Table B.13 

XAD-8 Residual 'Organics Adsorption Isotherm Data , I 

Fqu.il. 
(mgll) 

.. T.O.C. Msorbed pH COlour ·Wel.ght of .. Wel.ght Mass CO Mass of Loading 
No •. of Flask and of Enpty of Ad- ;::eak p~ p~ tra~ Vol. Organics rrgJg. Before After Bef. Aft. 
s~ Msorbant Flask sorbaht r 

1 74.0526 73.8832 0.20 24 0.5 21 30 50 0.15 0.75 2.9 2.9 

2 82.5922 82.0942 0.50 23 _ 0.5 20 29 50 0.20 0.40 ~ 2.9 3.0 

3 77.8898 76.7930 1.10 23 0.5 20 29 SO 0.20 0.18 2.9 3.1 

4 82:5219 79.7597 2.76 23 0.5 20 29 50 0.20' 0.07 2.9 3.2. 

5 84.1710 82.6206 1.55 23 0.5 20 29 50 0.20 0.13 2.9 3.1 _ \_ 

6 24.2536 82.0502 2.20 '23 0.5 20' 29 50 0.20 0.09 2.9 3.2 ~ 
7 85.1600 80.9922 4.17 23 0.5 20. 29 50 0.20 0.05 2.9 3.5 ~ 
8 84.9641 71.9795 12.98 24 0.5 20 30 50 0.15 0.01 2.9 5.5 
9 74.8257 73.1382 1.69 3 1 0 0 50 6.6 6.5 

(Blank) 

10 80.3830 80.2546 0.13 4 1.2 0 0 50 6.6 6.6 
(Blank) 

11 26 0.5 23 33 50 I 2.9 2.9 + + (Blank) I 

'-
I I-' 

l. 

W 
I-' 



Table B.14 

IRA-458, Residual Organics Adsorption Isothenn Data 

Equil. 
(nqll) 

Weight of Weight Mass T.O.C. Adsorbed 
No. of Flask and of' Empty of Ad- TC Ie 'JXX:! COncen-- Mass of Loading 
"Sample Adsorbant. Flask sorbant peak Peak Peak tration Vol. Organics .rrgjg 

1 73.5150 73.2742 0.24 21 0.5 18 26 25 Q.19 0.79 
,2 74.6562 74.0066 0.65 17 0.5 14 20 25 0.34 0-.52 

3 74.9376 73'.9867 0.95 ·14.5 0.5 11.5 16 25 0.44 0.116 
4 77.6626 76.3279 1. 33 ·2.5 0.5 0 .• 0 25 

(Blank) 

5 73.60460 71.8691 1. 73 13.5 0.5 10.5 15 25 0.46 0.27 
6 -74.9077 .:r2.1725 2.73 14 0:5 11 15.5 25 0.45 0.16 
7 76.8119 73.0494 3.73 14 0.5 11 15.5 25 0.45 0.12 
8 89.6515 83.2980 6.35 15 0.5 12 17 25 0.41 0.06 
9 - 26 0.5 23 33.5 25 

(Blank) 

.. 

/'-

pH 

Before 

3.1 

3.1 

3.1 

. 6.7 

3.1 

3.1 

3.1 

3.1 

3.1 

After 

3.5 

4.1 

4.8 

5.5 

6.1 

6.5 
- . a·;:) 
6.4 

3.1 

Colour 

Bef. Aft. 
--,.--

I-' 
W 
N 

• 
.. ~ 
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I 

Ta.b~ B.1S 

?J.203,. Resi~1 organics M~rption lSO~ Data 

~ ~15 
V?eight of Weight , Mass T.O. C A:daqrOed 

No. of Flask and' ,of Enpty of Ad- TC·1 Ie '1'OC' Concen- Mass of Loading 
Sanp1e Aclsorbant Flask ' sorbant ~. Peak Peak tration Vol. Organics rrgLg 

1 100.9426 74.0076 17.72 32 10 4 5 - 50 1.42 0.08 
:2 95.7526 72.19~2 15.50 30 , 9 5 7 50 1.32 0.08 ' . . 
3, 91.4047 78.19~3 . 8.69 22 5.5 6 8 50 1.27 0.15 

/' 

4 81.9113 73. 7939 \~ 5.27 18 4 6 8 50 1~27 0.24 
5 81.,6336 74:5675 4.65 17 3 7 10 SO 1.17 0.25 
6 '. 83.6774' 78.0704 . 3.69 16 2.5 7 10 50 1:17 0.31 
7 78.3640 73.2014 3.39 16 4..5 6 8 50 1.27 0.37 
8 72.5176 69.0369 2.29 13 2.5 6 8 50 1. 27 0.55 
9 75.9863 73.9844 1.32 13 2.5 7 10 50 1.17 0.89 

10 79'.7230 78.763'5 0.63 16 2.5 11 16 50 Q.87 1.38 
11 76.3886 72.2550 2.69 

(Blank) 
20 13 3 4 50 

<> 

12 -- 26 0 23 . 33.5 50 
(Blank) 

" 

pH 

Before After 

2.9 9.6 

2.8 9.5 

2.9 9.2 

2.9 9.0 
' 2.9 8.9 

2.9 8.8 

2.9 8.5 

2.9 8.2 

2.9 7.4 

2.9 6.7 

7 9.2 

2.9 2.9 

COlour 

Bef. 

+ 
.\ 

.! 

, 

1-

.J. 

'r 
+-

+ 

t 

Aft. 

+ 

+ 

+ 
-l 

\, 

, 
r 

'\ 

.l 

+ 

~ 
w 
w 

" . 
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.Fig.B.3 Residual Organics Adsorption Isotherm for XAD-4 at pH=3. 

2.C . , L 
.0 

~ 

'" 
1.5' 

\ 

(j'I 

'- .... 
-' 

0'" 
E 

I ,,--,:,:-".' .. 
(9 

10 Z . , 

~ I 
0 
« 
.0 
~ 

0.5 
I • 

• flit ., " L • 
20 

II 
30 

I-' 

I 

10 
lO.C ) 

w 

0 
eq (mg/I 

~ 

f.j 



>:) 

.:;r ;" 

Fig.B.4 Residual Or9anics Adsorption Isotherm fo~ XAD-7 at pH=3. 
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Fig".B.5 Residual Organics Adsorption Isotherm for XAD-8 at pH=3 . 

" 2.C 

J.~ 

C' ", 
0' .,.. 
E 

0 I. Z -
J 

,. f' 0 
• <-

(,) 
--1 

0.5 
I • 

I-' 

• r- w 
• 0\ 

1 ._ I 
10 20 C~q (m<J/1 T.O.C 

() 

. . 
-'.J> •• ", ~;", , .. , .... II·~ ......... ;, ••• ".$ ..••.• .:.lU •••• Sl,tl"'\lt."i.,""v""'i. __ ."'~~~~gtl~~~ .. 'A\!.'*w~· 

~ - " I '1"R'~:1\'(,"'I"~,tf" 



Fig.B.6 Resi9ual Organics Adsorption Isotherm for IRA 458· at pH=3. 
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~ - ,Fig.B.7 Residual Organics Adsorption Isotherm for A120 3 at !H=3 
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'$. .- . 

Weight of Weight 
No. of Flask and of Enpty 
~le' AdSol:bant Flask 

1 76.8634. 76.7614 

2 73.2855 72.2514 
." "' __ J 

a - 82.5652 77.3660 

4- 87.5267 79.7645 ' 

5 74.0211 73.8830 
(Blank) 

'6 84.690'1 82.0487 
(Blank) 

7. 
(Blank) 

: 
.> 

Table B .• 16 
-. 

XAD-7, Residual 0rgan'ics AdSo~t,i,on Isothenn Data (pH 6.7) 
. . B;tuil. 

(mg/l) ~ 

Mass ·T.O.C. Adsorbed 
of Ad- '1C 'Ie 'lOC Concen- Mass of Loading . pH . 

sorbant ~ 'Peak Peak txr,tion Y2.h Organics ~ Before After 
. - .{ 

0:10 i9 2 15 23 - 50 0.35 . 3.5 6.7 6.7 

1.03 20 2 15 23 50 0.35 0.34 6.7 6.B 
\i. 

5.20 16 3 10 . 15 50 0.75 0.14 6.7 6.9 

7.76 . 14 3 8 12 50 0.90 0.12 6.7 7.0, 
~ 

0.14 3.5 0.5 2 3 50' -- 6.7 7.0 

2.64 10.S 4 6' 9 50 6.7- 7.3 

21 1 1~ 30 50 6.7 6.7 

;-

tT 

-', -

Colour 

Bet. 

4-, 

.j-

+ 

-1 

...\.. 

Aft • 

.. 

~ 

I-' 
W 
\0 
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Table B.17' 

IRA-458, Resjpual Organics Msoiption Isothel:rit Data (pH "6.7) . 
E:Jui1. 

Weight of Weight Mass 
(m:r/1) 
T.O.C. Adsorbed COlour 

No. of Flask: and of Eltpty , of Ad ... 'R: Ie 'l'OC Concerr Mass of' loading pH 0 

Semple Adsorbant Flask sorbant peak· 'Peak Peak 

1 82.7175 '82.6149 0.10 22' 2, 19 

2 .72.9990 71.9738 1.02 20 2 19 

3 83.1912 76.50:27 6,69 19 2 18 

4- 83.6644 
c 

80.4862 3".18 18 2 17 

5' 76.5569 74.~267 2.23- 2 0 1 
(Blank)· 

6 77.9931 77 .4350 0.56 1 .0 0' 
(13lank) 

.7 21 . 1 19 
(Blank) 

." 

.,. 

--

tration Vol. Organics rrs/g 

~O 50 0, '0 

30 50 0 0 
'~ ... 
1'9 50 0 .. 05 0.007 

28 50 0.10- .0.-03 

1 50 

0 50 

30 50 

~re After 

6.7 7 

6.7 7.3 

6.7 7.5 '. 

6.7· . 7.5 

6.7 5 

6.7 4.7 

6.7 6.7 

Bef. 

-. 

.;.. 

~ 

Aft. 

". 
.. 

.' 

~ 
~ 
o 

~ 

'. 

oJ 'r{i~d "' .... ,-<'~,-- ,"r ~N)-.·"".~"'" ~""{n,. .. -.fi,_"r "'4'L;";;"~ .. ~ o1~r..it~~f"'~ • ... "ei&ld_;(MO'if'O"Wfi>tW .. ,it'tat&:~~';~i(~~~lrl!' 
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T~le B.1S 

WRL-200A, Residual Organics Adsorption Isotherm Data 6.7) .. 
B;ruil. 

", (mgJ:Q) 
Weight of" Weight Mass T.O.C. Adsorbed Colour 

No. of Flask and of Enpty of Ad- : 'It: ' Ie T ... O~C. " Concen- Mass of Ioading 
Semple Msomant Flask sorbant Peak Peak peak tration VOl. Organics rrg/g Before "After Bef. Aft. 

r B1.SB77 81.4970 0.02 22 4 'IB 28 " 50 0.15 7.5 6.7 6.7 .: 

2 89.2844 80.0405' 0.05 22 1 1B 2B 50 0.15 5. 6.7 6.8 .1 ..!. 

3 84.8470 83.1536 0.37 25 3 17 27 50 0.20 0.6 6."7 7.3 4-
4 72.9893 

, 
76.1141 0.68 " 28, " 5 16 '25 50 0.30 0.5 6.7 7.6 ..:.. 

5 79.6547 7.4.4580 1.14 ' 39 6 14 22 50 0.45 0".4 6.1 7.8 
6 86 ... 8795 . 78.8405 1.76' 35 9 12 19 50 0.60 0.3 6.7 8.0 .. !- ''- .1 

7. 78.1216 
(Blank) 

7.7 .9136 0.05 4 1 2 3 50 6.7 7.6 

8 77.5686 75.8740 0.37 7 2 4 6 50 - 6.7 8.6 (Blank) 

9 85.950g 80.9145 LI0 17 6 10 IS 50 6.7~ lank) 

10, 82.3267 76.6394 1.24 16 6 9 
(Blank) l~ 50 . 6.7 9 

11 22 
(Blank) 

1 20 31 50 6.7 6.7 
I-' .. .z:,. 
I-' 

~~"%:~~~~~~/!"~'$J,;;..c.r~J:c"'~'~";,~f..;-':"'~.~'~';""·J\,..'''t:.llJr .. ~", ... t..f"',1- ~~ ~~1'».-l·\I''',.A", ,J" .. ~ •• .,' .. " j ~,,~~ .,~ ..... , 
-- ~, . " 



TabJ..e B.19 

Special A, ReSidual Organics hlsorPtion Isotherm Data ( 
Ecjui1. 

6.7) 

,Weight -of Weight ·Mass 
(ng/1) 

Adsorbed T.O.C. COlour 
No.' of Flask arrl of ~ty of Ad-' 'Ie Ie 'ItX: Concen- Mass of loading " 

" Sarcp1e Adsorbant ,.Flask , sor~t Peak ,Peak Peak tration Vol. Organics rrgJg Before After Bef. Aft. 

1 72.4712 78.4661 0.0051 23 1 21 31' 50 0 0 6.5 6.7 -\ 
.... 

,2 78.0788 78.0685 0.010"3 22 1 20 31 50 0 0 6.5 6.8 ~ .0-

3 73.8~l). 73.7918",0.0593 19 3 15 23 50' 0.40 6.7 6.5 . 7.4 '\ 

4 7~ .. 8619 78'.7619 0.1000 16 3 12 19 . ~50 0.60 6.0 6.5 7.6 + 
5 77.1946 77.1142 . 0.0804 18 3 14 22 50 0.45 5.6 '6.5 7.5 .~4 

6 73.3893 73.186'8 0.2025 15 4 10 15 59 0.75 3.7 6.5 7.8 l' " -
7 ~72.78e4 72..1889 ' 0:5995 i4 . 7 6 9 50 1.10 1.8 6.5 8.1 ~ 

8 75.6090 74.5663 1.0427 16 8 5 8 50 1.15 1.1 6.5 8.2 -+ 7" 
9 79.7526 78.6566 1.6660 17 10 6 9 50 1.10 0.7' 6.5 8~3 ,+ .. 

.10 77.4446 77.4322 ' 0.0124 3 1 1 1 50 L5 0.9 6.5 7.9 ... 
. 11 81.0505 80.9877 0.0628 3 2' 0 ,0 . 50 6.7 8.7 .:., 

(B~) 

'12 74.8320 74.7~39 0.1081 3 2 0 0 50 . - 6.2 8.9 ,~ 

(B}.ank) 

13 7.7.5026 ,76.5014 1.0012 9 8 O· (j 50 6.2 8.8 ..:. 
, . 

(Blank) 

14 22 1 20 31 50 6.5 6.5 -! !I 

(Blank)' ~ 

"I 
..... 

~ 
~ 

: t-..l 

" 
f . -

, ' > 

" 

: .. 'rr-~?i~""'i(l!!·'·'. ",,~,.'..t ..... ~ iitfsm$~~~.#fV~Fi~WZ:VV= .,"""",,'dr'gea**,i. :-a - ... rIo!tit!"¢1ti=-:'~r*rf~?tiif.>i,_WI\:,{~tAA;..a.,,#~m;~ '5'"¢"'J;~ttt¢'_iI 
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APPENDIX C 

Analytical Determinations Conunents 

A number of different parameters were used i'n the 

process of data accumulation and automatic or serni-aut~atic 

W· 
involved in the effort of ~heir rneasusment. 

of these method~ resulted :n a ~~er f 

difficul ties, that sometimes required considerable '~ 

procedures were 

T~) app~ication 

and effort to be eli~na~ed: 

1. T.O.G. Measurements 

These measurements were done by the use of the _J 

Beckman carbon analyser '(B. I?> • Caiibration of the 
. , 

instruments is. ne'ces'sary so thC!-t the peak readings can 

'be converte4 to concentration of orgartic'carbo~ in mg 1-1 

Therefore a numbe~.of reference standards have to .be 

prepared. The standards were prepared by dilution to 

. desired levels of a l~OO' mgjl . Phenol solut~on.. The 

dilution of. the concentrated.Phenol solution was executed 

in lOOml volumetric flasks, 

the refer~nce' s~~"~rd~ was , , 
~ 

so that the concentration of 

known ~xactlY. 

The peak readings of the instrument resulting 

from the Total Car~on channel, are plotted on the X axis 
• , 

and the relative T.btal Organic Carbon concentration in , 

147 
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m,g/l is plotted ,on the' Y ~s. curve is 

very sensitive to the accuracy the reference standards 

are preparea with. 

'-~ High purity,liquified Phenol. was used to p~epare 

the initial concentrate'd solution. Because OT the 

volatile nature of the liquified Phenol, the transfer of 

the liquifiea P.hepol from the 100mi beaker ~here it was 

weighe¢l to 'the·2] volumetric flask had to be done 
, 

very quickly. The rate of evaporation of the liguified 

Phenol could be followed by the slow change of the fourth 
• l "; 

digit (mg.10-~) of the weight the Mettler balance 'was 

giving, whenever the sample was staying for a while on' 

the balan~s weighing tray. About i of ~he total'water 

necessary for the make up of the ~oncentrated s'ohI~ion was 

at first us~d to dis'solve completely the Phenol, and then, 

more water ~as adde¢l up to' the i i l'ine of the volume'tric 

flask. This ~ay the reduction in the volume of the 

solution due to t~e solvat~on of the Phenoi~c molecules 

by the wate~'molec~les ~d not a~fec~ the ~t(o~ 
soluti9n. , U of tlie 

A second 'calibration curve is ,necessary for the 

inorganic carbon chanhel. A known exact. weigh't of dry 
( , 

Na2C03,was dilut~d to form one lite~of concentrated 

<,100 ppm) solution. Usir:tg 100 ml volumetric flasks', 

lower concentrated iporganic carbon reference standards 

were prepared. The reading of each standard by the 

1/ 

I' 

.... ... 
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c 
T~tal Carbon and the ~norganic Carbon channels were recorded , 

and they were plotted to form the second calibration curve. 
, , 

On the X axis we have the peak reading of the !norganic 

Carbon, and on the Y-axis the peak reading of the Total 
, • tA' 

Carbon' channel. This way, the Inorganic'Carbon channel 

reading can be converted to equivalent T9tal Carbon units. 

and, the peak reading of the T.O. carbon of a sample , 
can be ~alculated by' :\m!trac~ion. Using ,t~en the first 

. r 

curve we convert the Total Organi.c CarQon peak reading 

to Tot'al Organic Carbon concentration (fIl9/l '. 

Precision and accuracy 6f the T.O.C. de~ermination 

depend on the ,linearity and accuracy of the calibration . 
curves, as well as on some other parameters. The sample' 

volume has peen fou~n'd t~ affect the output 9f the 

,instrument significantly. DUring the time of the pr~sent 

work, 20 ul volume of sample was inj~cted in the'carbon 
I 

ana~yser channels, each time a determination was executed. 

A difference of 2 or 3 units could result from ,a m~nor 
ch'ange in the 20 1-11 volume. There fore, . it was found to J::?e . 

very significant} for the precision of the arialysis, to 
. 

i~ject each time,exactly the same volume Qf sample. 

The~ Total C arbon channel was found to be much. 'more 

sensitive to ~~le volume vari~tions than the I~organic 

C arbqn, channel. ., 



( 

lSO 

~nother paramete~ that influenced the output of the 

analyser' drastically was the ,way the sample was injected in 

nel. If the sample was injected wi~ two different 

the peak reading of the sample that was in;¢cted 

the lower speed was always 50-70% of the peak reading 

of the sample that was injected faster. r 

'A third parameter that was found to affect the 

results of the carbon analyser was ,the time the iniection 
, , 

syringe was left at the injection position, a~though the 

sample had already ~een injected in. The time must be at 

least,S ~econds, to allow the carrier oxygen gas to ca~ry 

~long' the pro9-ucts_,of combustion of the sample, :without 

any interuption of the flow. A 10 'secon'd time was used , 

in all T.O.C. determinations. 

The complete warm up and stabilization of the 

infrared detection unit and th~ record~r were found to be 

necessary for the -accuracy and repeatability of the 

readil),gs. The T. C. and I •. C. tubes ~ere qN permanently 
, ' ' 

so their steady state functioning was ensure'd. 

The gain used was always the same, since it was 

found that the' behavior of the instrument changes when 
/) 

the gain is changed. Hi other words I a cOIllPlete reca .... 

libration is necessary each time ~e'gain changes. 

~ ... .. 
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The inst.rument has to be left on for 'about 30 

minutes to reach steady state as can be seen by the 

stability of the base line, before any sainple is injected 

in any of the channels. A shorter period. of time is 

necessary also.to be allowed for the stabilization of the 

base line when we switch. from the Total Carbon channel to 

the Inorganic Carbon channel or vice ver~a. 

It is very importan~ to allow.the recorder to 

return to its base.line between sample injections, in order 

to assure repeatability of peak readings. The injection'of' 

the st.anda~ must be performed' periodicaliy to make sure 

-t:hat the calibration· curves ra;re stili' valid for the 

determinations unger way. It must be noted here that the 
. . 

Na2C03 standards have to be prepareo fre~h each t~me 

because they quickly ch~nge their concentration due to the 
presence of CO

2 
in the air, and the CO - c62

- - HCO-2 3,.3 

equilibrium • 

. A read;ing is accepted only when it is rep~ated 

twice. ~ 

It is very important to clean the injectiQn syringe 
l ' , 

between every injection; esp~cially when the expected 

concentration of T.O.C. are low, because a minor interference 

can result to a high relative error., It can be seen from 

the 

the 

informat~ed above 'that the precis·ion as well as 

accuracy,r, of det~~minations tlirough the carbon analyser 

., 
'1 
.~ 
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are subjected to a large number of parameters, but if 

p~operly executed, the results are precise. The accuracy 
" 

of the deter~nations can also be assured to a great extent, 

as the results of the present work showed~ An accuracy of 

':1 mg/l T.O.C. can be considered as, app,licab+e to the 

results, mainly due to the fact that a graphic representation 

of the calibration curve is necessary, and the· peak readings 

are converted to concentrations gr?lphical'ly as well. (Hals , 1974) 
~'"' 

2. Phenol Measurements 

The direct colorimetric determination of Phenol that 
t 

~ \ 

was applied, is 'simple in execution and reliable. ' A calibration 

of the spectrophotometer is necessary. The prb~ess of the' 

preparation of the standards was the same as for the carbon 

analyser. Again the aC'curacy of the 'concentration of the 
. , 

standards is necessary to assure a linear calibration curve. 

The method itself has an' accura9Y 'of ~l mgtl (Standard 

Methods I"971 this accuracy can be greatly redu~ed 

'if the reading of the spe'ctrophotometer is more than 0.2 
","-#'j 

absorbance units. Rea~ings below 'that level are more reliable 
\ 

due to greater validity of B~erls law in dilute solution~ 

. The s.ensi ti vi ty of the method was also reduced 
" 

significantly at concent~ations'resulting to readings 
l 

below p •. 01. 

" ;~ 

I 
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The frtstrument had to be warmed up .for at least 

30 minutes before amy reading could.be taken, as the 

dri fting of the zero setting wi thin -the first half-hour 

of 'operation proved. 

Multiple analysis of the same samples revealed 

that the precision of the results -lies between~l mg/l 

and:'2 mg/l , - depending on the ari thrnetic value of t·he 

reading and its relative position on the adsorbance 

scale. It is -qui te possible that, a digi tal spectrop~oto-

153 

d result in a much higher precision and accuracy. 

t..! 
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APPENDIX 0 

Additional Information on Continuous Runs 

0.1 Additional Information on Pilot Plant Structure 
'and Operation 

/ 

They are made of ,plexiglass, 4 inCh inside diameter 

tubes'. Each col~ consists of three parts. T~e lower part' 

is the flow distribution system:, It is 6 inches long, 

4 inch 1.0. plexiglass tube, equ,ipped with a draining valve 

~t the bottom. The flow of the waste comes ,in this part, 

fro~ the side, ~out 2 inches above the bottom through a 

l inch nominal diameter stainle,ss steel pipe. This pipe, 

goes alo~g the diameter of the cro~s section of the 4 inch 

tube. The end of the pipe 1s plug9~d, and ~ holes of 1/8 

incn diamet~r are drilled alo~g its length poin~ing 

downwards (Fig. 0.1). The fl9w of the waste goes in,the 

flow distribution part through -these 5, ,holes and is there­

fore distributed along the diamet~r of the cr09s section of 

'~e 4, inch tube. The flow is directed towards the bottom 

where it reflec~n'd spreads'over the cross section of the 

4 inch tube. Cera~c saddle~ used as tower packin~ material 
" 

fill the flow distribution part, resulting'in an even better 
, " 

distribution of the waste' floW,. 
" 

The second part.that lies' on top of the flow 

distribution system.is the main (fluidized bed) repctor. 
'. £ 

It is 8' 10 II long with 4 inch' 1. D. r-t consists of two 
, , 
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parts that are connected wi th 'flange~ and O-rings.. Between 

th_~ r'IIo~ dfstribution system and the main reactor there i~ a 

plexiglass bed support plate that bears a system 6f holes" 

in order to allow the flow to move free and uniformely up into 

the main reactor. The holes are unifoimely distributed over 

the surface of the bed support plate. Their diameter is 

approxim~tely 5'mm. 

A 50 mesh stainless screen exists between the 
, , 

support p'late and the bed particles and does. not allow th~ 

small bed particles, to go through the support plate holes, 

in the flow distribution system. 

'The third part is .the top of the reactor. It is 

:~ade of a 4 inch diarnete~ plexiglass rod that has been 

machined inside, ip;the form of a cone, that'decreases 

gradually the diame,ter from 4 inches to ! inch f~o~ 

cross section diameter~ In addition, thi~ part does not 
, 

a~low the retention of gas in the' reactor and therefore , 

'the formation of gas'pockets that disturb the flow doesn't 

oc.cur ... (Picture 3 in ~l?pendix ,D. 3) 

7 -"I,," Aft7r each reactor,. a filtering system exists that, 

retains the part~cles of· the bed that may be washed out. 
o 

The filters are' made of 50 mes,h .stainless steel scr,een, 

an,d their' ,existence prevents the plugging by washed out 

bea particles, of the. inlet of the second ·re'actor and of 

the back pressure regulator,that exists after the second' 

reactor. 

, ' 
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.The filtering systems ~re made of P.v.c. Th~ outer 

shell is· cylindrical in shape, 12 inches tall and 8 inches ., 

in diameter. Inside the shell th~re is the filter itself, 

which is cylindrical, a·length of 8 inches and a diameter 

of 4 inches. The flow 'comes in the outer' shell through 

the· side tangentially (Fig. D,.2) and after passing through 

the filter~ goes out through the~~ter of the top part 

f}J 

of. the filtering system. The filtering systems are equiped 

wi th a ! inch drain ,. valve and since the top can be 

remov~d, then the filter can be taken out to be cleaned 

whenever excessive growth results in a pressure build-up. 

A fine t~e of 1/64 'inch outside diameter "installed as 

Fig~ D.2 shows, bleeds the gas - whenever used - that 

accumulates at the top part of the shell into the flow 

of· the waste, past the filtering sy~tem. Whenever gas 

bubbles ~ere present in the flow the gas was accumulating 

inside the 'outer shell 'o~ the filter's', at the top, part 

of it, and beyond a certain volwne accwnulated-, a slug of 

gas was released to the flow, that w~s going through the 

second ~eactor in the form of a big gas cup upsetting 

the bed and wasqing out a part of it. The above mentioned 

,fine tube was always rel~asing the existing gas in fine 

bubbles in to the flow that did. not obtitruct the l10rrnal 

operation of the bed. 

The 'supply of 02 at desired flow rates and in 

. ' 
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~ 
the form of small bubbles to the waste flow was possible 

by the use of an orifice (Fig. D.3)~ The orifice results 

to a maximum contraction of flow cross section and there-

fore a maximum increase in the flow veloci ty ~ut 1 I 

pipe diameter downstream from the orifice. At t~(.~~ 
a fine needle i,s releasj ng 02 at the desired flow rate. The 

, oxygen gas is sheared o~! the needle by the high velocity 

'flow in the form of small\ .. bubbles that are uniformely 

distributed in the waste flow. 

The dilution water that was used for the making 

up of'the waste stream, was withdrawn from Hamilton's 

municipal water supply ~ystem. The temperature of this 

water, which is taken from Lake Ontario is I around the 

winter season, about 60 C and was adjusted in temperature 

to 24°C, by mixing it with high temperature (55 0 C) water 

supplied py the University facilities. The free residua'! 

chlorine as well as some of the organics of the dilution 

waterwere : remove d by an activated ca~bon packed bed. 

~he bed was 6 feet tall.and 6 inches in, diameter,. it was 

packed with Filtrasorb 400, - 12 +14 mesh particl~ size 

acti vated .carbon, anq was operating down flow by gravi ty. 

D~chlorinated water was then directe~ to 

159 

a 30 gallon overflow tank for the control of the Dissolved 

ntration. Whenever a D.O. concentration higher 

than was necessary, pU,re gaseous 
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. . 
Oxygen, was· dispersed finely In the tank resulting in an 

" 
increase of the D.O. concehtrat~on •. 

Dissdlveq Oxygen concentration lower than the 
• ,,$ 

equitibrium ones wer~ ach~eved by the use of Na2C03 

soiution that react~ with the Dissolved Oxygen to form 

sulfate. 
\ 

. 

Kinetic tJsts of the D.O. reduction rate ,by 
I 

addi,!=,iC?n of sulfij:e made clear that for the specific system 
, . . 

thpt. w~s being 'operated, ,the detention·time of the 
( " f 

30 gallon tan.k w~s not enough because the rea.ct~on rate 

161 

J ' , f 2+ . 
.... I was 'slow, and rio :. was neces!3a~ to be 'present a$ a 

catalY,st for 

.. 

the reaction' (Benedek,Bennet & Ho, 
2+ 

. '2.- , Co ' 
SO' + 1. ° _. .. S04' 3 2 2 . . 

1~74) 

A variabl~ sI;>eed mtxer prc>vi.ded the neces'sary, mixing 
, . I' 

'conditions, and the D.O. level was' continuously-monitored 
" , . 

." . 
by a D.O. probe; connected to a D.O. meter. 

. . 
. Due to i 1:s tOJ(ici t~:, .the Na2So

3 
sOluti'on }-las' supplied' 

, . 
at,the ~xact stoichi0metric quantities for the de~ired D.O. 

• j. I. 

re~uctio~, so that· nc:, excess sulfite would" pe leift. in 'the , . 
£low to go in the reactors art~ affeqt ,the biological growth. 

, , 

.The dilution water with the adjuste~ D.O. 
. ., 

90ncen~ration 'was ~en ,taken by the Flotec-pump ~o be mix~d 
.. .. , 

wi~ the'condentr~ted Phenol solution, and to ma~e up the 
. 

,des1red stxeng.th waste that was subsequ~ntly ariven in the . .' 
~eactors. 

",. 

'. 
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For the piping, where liquid 'was flowing, ! inch 
. 

hi'gh densi'ty polyethylene ~ubing was used, along wi th 

nylon fittings. For the gqS flow', and the 'concentrated 

Phen01 solution, '1 inch high dens.i ty polyethylene tubing 

with-nylon fittings ~ere used also. 

All the samples before any analysis, (except D.O. 

determinations) were filtered through '0.45 P. membrane 
" 

filter. Each filter was washed before use with '250 ml of 
~ 

distilled deionized water, and the· firs't 20 ml of the 

fi~tr~te'were discarded. T.his way ~6 change in the T.O.C. 

concentration ,of the~filtrate resulted due to either 

adsorption or desorption of\<:>ganics by the fi\lter. All 
. \ 

\ 

samples ,were filtered immediately after they w~:e 
, , 

withdrawn so that tne biological activity would not 

change tpeir characteristics. In cases where it was 

necessary to s,tore the, sample fqr 'a, short period, they 

were kept' in darkniass at 4 °c "insid~ a thermostatically < 

controll~d refrigerator. , , 

" 

" . ' 

" 

'\ 

, ,r 
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D.2 Additional Data on Continuous Runs 

The main volume of th.e accUmulated data during the 

continuous runs is presented in Tables D2.l to D2.7. 

Run'l: 

" Due to the frequent feed interr~ptions, 'no Phenol 

ma~s balance was done for Run 1. 

, " 

Run 2: 

The'table that follows summarizes the'Phenol mass , 

bal,ance for, Run 2. The average of the beginning and end , , . 
,concentrations :are used for ea.ch, time period. 

, ' 

,TABLE D. 2.0 

Phenol Balance Run # 2 

. 
Biodegraded Time Phenol In Phepol Out 

~ 

l'j Hrs (9) (g) Phenol ' (g). 

.' 

0 -. 1,7 153~ 0 .; 18.7 
} . 17 - 41.5. ; 194.8 222.2 . . 130 

41. 5 - 51. 5 79.5 75.7· .. l 
51. 5 65 107.3 78.8 J 171 

65 - 126 522.0 471.2 1 • 
126 - 132.5 4,8.7 46.,8 J 57.6 .,. 

132.5 - 138 '36.1 31.4 
r 

138 ':- 15'6 148.0 " 124.2 29.0 . 
156 - 161 42.,0 . 36.4 6.5 

r 

1331.4 1105.4 113.2 
" 

t " 'k) 

, 

. ~ 
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Thus; 112.5 g is equal to the ~ass of unaccounted 

,and therefore accumulated Phenol o~ the c~~bon. 
~ 

Gi ven that the total A. C. existing in the .reactor was, 

1246 9 and that the 'lower 21 em of the 38 cm of the bed 

did not develop growth (Appendix D~3) then: 

(27/38) X 1246 : 885 g 

of activated carbon of , the bed having developed no biological 

growth on them, remained in equilibrium with the influent 

concentration of Phenol (56 mg/g,as per Table ,4.1:2).i 

'accordi,ng Fig. 4.2 

885g X 115~' 
g 

\ 

.I 
this paft of th~ bed is , 

.. 
':'3 

X 10' 3-
mg 

,. 

.. 
102 g 

The remaining 10.5 9 were adsorbed on the rest 

part of tbe ,bed (361, g) , that had develpped b,io19gi,cal 

growth. The resu1t~ng average loading' on this·part 
r 
\ 

is therefore: 
J, 

10500 ~g Phenol / 36£ 9 A;C. 29' mg/g • 

).' 

.. 

" 

" 

" 

" 

/ \ 
I 

I 



"-~-' 

. 
. Time 
,(HrS) 

4.5 
12.7 

40.5 
66 .. 5 

}6'.Q 
'8~i -.--
102 

.116-
1~6 

.45 
.27 

4(}.5 
66.5 
70 
89 . 
102 

.'1],6 -
,126 

~ 

" t,. 

c 

-D.O. 
In, Out 
- (mg/1) , 

',Pheno1 ' 
In out 

(mg/l) 

11.2 ,4.5 71 
11~'S . 3.4 56 
12~4 2.7 o· 
1~.0 1:2 43-
11. 0 1. 6 , .-60 

_- 11. 5 1. 6 48 
11.6 3.0 0 
11.6 ·1.7 57' 
11.6 1.6 63 

4.5 l:~6 
3.4' L,O 
2.7 1.1· 
1:2 0.9 
1.6 1.,1 
1;6 0.9 
3.e '2.6 
1: 7 1. 6 

- r.6 1.4 

28 
~5 
1p . 
31 
40 
43 

·11 
0

43 
52 

" 

'28 
35 
15 
'31' 
40 

:43 
11 
43 
52 

o 
o 
o 

15 . 
2 
8 

12' 
19 
24 

q, 

~' 

RaOCIVed 
%- ' 

Phenol 

60.6 
32 

,28 
32.5 
11 

'24 
18 

100 
100 

- 100 
97 
95 
81 
8~. 
51 
62 

','" 

: 

.Tab1e D 2.1 

Run ff 1, Reactor i I, Da~ 

O.C.P. .T.O.C. 
In out In Out 

(reg/I) 

54.4 21.5 55 , ., 
42.9' 29.0" 42 
o . '11,,-5-- 0 

32.9 23'.7 32 
46' 30.1 46 
36.8' 32.8 32 

Wi .4 .'0 
43 32.9' 42 
4.2 39.8 44 

(mg/l) , -

18 
30 
12 
22 

·29 
33 
8 

32 
,39 

Rea~tor 1; 1 

21.5 
29.4· 
11.5 
23.7 
30.6 
32.8 
8.4 

32:9 
39.8 

o 
o 
o 
1.1 
1.5 
6~0 

13.0 
14.5 
18.4 

18 
30 

. 12 
22 
29 
29 
,8 

29 
37 

0' 
o 

'0 
1 
2 

31 
9 

35 
40 

, -2 
·S mV. 

In ~ OUt 

-268 
-268 . 
-268 
-268 
-268' 
-268 
-268 
-268 
-268 

-268 
-268 
-268 
-268 
-268 
'-268 
-268 

: -268 
-268 

-268 
-268 
-268 
-268 
-268 
-268 
-268 
-268 
.... 268 

-268 ' 
-268 
-268 
-268 
-,268 
-268 
-,268 
-268 
-268 

't# 
~ 

" C> ... 

pH T~ • 
In OUt CC 

8'.5' 
8.5 
8.1 

.8'.2 
'Z.8 
7.7 
7.2 , 

"7.9 
. 7.6 

8.; 
8.5 
8.1 
7.8 , 
7.8 
7.7 
7:8 
7.9 
7.6 

! 

'I 
, ! 

8.5 
8.5 
8.1 
7.8 
7.8 
7.7 
7.8 
7.9, 
7.6 

8.5 ' 
8.5 
8.1, 
7.7 
7.7 
7.7 
7.8 
8.0 
7.7 

24 
24 
24 
24 
24 
24 
24 
24 
24 

'24 ' 
24 
24 
2:4 
24 
24 
24 

, 24 
24 

6n.o. 60.C.P. 
mg/l ::"T .O.C~ , 

6.7 
8.1 
9.8 

10.8 
-10 

9.9 
8.6 
9.9 

10·0 

2.9' 
2.4 
9.6 
0,3 
O.~ 
0.2, 
0.4 
0.1 
0.2 

J 

5.5 
1.5 

0.9 
1. 7· 
0.4 

1.0 
0.5 

_ Q = 2.5 It/min. , 
4727g of F-400 in ~ctor f 1 ard 2500g in Reactor # 2 

.... 
C\ 
U1 

~ 



I 
I ' ~,' " .. 

,of>' 

t>. 

, , 

I 
Time, 0.0:' Phenol ' Raroved 

. (Hrs) 'In ' 'oUt" In . Out i: 

, ,~ (trg/l)""":' -(119/1)- ,Pheno)~ 

; 

',IS . , 13.4 0.1 '50 ' 0 100 
17' ·13.1 6.0 ',50' 21 58 
17.5 ' , 9,.5 ,4. 6' ' 52 43 17 
21.5' 10.0 2.4 '57 5'3 7 
51.5 ' 9.8 ·1.6 50' 49 2 
53 10.3. l.~. 53' . 51 3. 
65 , 10.+ ·1.0 56 51 9 
72 " 10.0 ·0.7. 56 51 9 
17 JO.O. 0,.7 56 51 9 

·89 .. 9.8 0.3 .56 52 ·9 
97 9.8 ~~0.3 58 54' .7 

, 135 9.9 . 0'.-3· 58 52 10 
126 '" 52 10 ~ •. 9 0.4 "" 5~ . 
132.5 14.4' '0.9 : S2 45 13 

, ',138 14.4 
~ 

·56' 48 14 0.5 
150 . 14:4 O.S 55 45 18 
1~6. 15.0 '0.5 54 46" 15 

!l§l 15.0· 0.5 58 51 12 

I . 
. . 
~ 

t' .. 

:' 

" 

,~ 

Table D 2.2 i 
c 

Run, # 2, Data 

, O,C~·P. • T.O.C. 
In' o..tt ' In out 

(ng/l) - (mj/1) -

38 0 ~38 o . 
38 16 37 16 

. 40 32 38 31 
43 ~O 44 40 
38, 37 38 . 3f5' 

.. 40 39 40 39 
'~3 39 4'3' 37 
43 39 43 38 
43 39 44 39 
43 40 45 41 
44 . 41 44' . 39 
44 40 . 45 39 
44 40 '·45 41 
40. 34 41 36 > 

43 36 43 35 . 
'42 34 ' 42 34 

. ~35 41 41 36 
44 39 44 40 

Q = 2.5,ltjmin • 

124g of F-400 qsed 

-2 
S mV 

In Q.lt 
PH 

Ln ' OUt 
Tanp. 

OC ---

-268 -268 7.7 7.7 24 
-268 -268 .' 7.7 7.7 24 
-268 ' -268 7.6 .7.5 24 
-268 -268 7.6 7.5 24 
-268 -268 7.7' 7.6 24 
-268 -268 7.6 7.6 24 
-268 -268 . ].6 7.6 24 
-268 ':'268 7.6 7.6 24 
-268 ":'268 7.5 7.5 24 
-268 -268 =7.4 7.4 24 
-268 -268 7.4 7.4 24 
-268 -:268 7.4 7.4' . 24 
-268 -268 7.4 7.4' 24 
-.268 -26'8 7.5 7.4 24 
-268 -268 7.4 7.'3 24 
-268 -268 7.5 7.4 .24 

'" -268 -268 . 7.4. 7.4 24 
-268 -268 7'.4 .7.4 24 

t.D.O. LO.C.P. 
!E9Ll ::: if:6:c-: 

4.3 8.8 
7.1 ·3.1 
4.9 1.6 
7.6 0.5 
8.2 0.12 

'8.5 0.2' 
9.1 0.4 
9.3 . 0~4 

. 9.3 ' 0.4 
9.5 0.3 
9.5 0.4 
9.6 . 0.5 
9.5 0.5 

13.5 0.4 
13.9 0.5 
13.9 0 .. 6 
14.5 0.4 
14.5 Q.4 

I-' 
m 
m 

IJ 

.... ~\ __ .............. to .. "II'- .... ~ " ~ • ,(. ~..., '''' ,.' '-,' ~" ... " .... ~~,:"" L'''« ..... _ ~ 1.', ............... 'r,),o ........ '1-~_,4.0~ .i ~ ......... '--.... ~ "-- \''''~ __ \'''''~'~'''''' .-' ..... , •••• .....:...~* ... _ ........ ,..,;"'1 ....... "'" ........... ..,'0\' OL' ~.,'"'-_ • -4 _ All'...,. ~~ , .. '-~ _--.... , ~ ...... ~~'""'~ ~~ ..... -,~ ....... - _ •• >1. ,r'\.".·h ....... "', • ~ 1.". ..... ~ .... -•••• ~ ....... ~ " ........ ~ •• '>/0"'" 
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, ' 

i,'l 
'. a 

" 
Tab1e,D' 2.3 

RQn f 3, Data 

. ., 'l. -2 TE!l1D~ j :~.O. Co ,2+ T~ D.p. Pheool ReroVed O.C.p. T.O~C. S °mV pH 
(Hrs.} 'In Out In Out % In Out ,In Out In Out In Out OC 5Ll In OUt 

-:Tng/l) -;-(m:;/l) - 0, ~J'herol.., - (m:;/l) --ng/l) eng/I} 

5 1.7.8' 13.8 .50 a laO 38 0 38 0 ' -268 -268 6~8 6.8 24 4.0 0 0 
.17 0 17 .. 8 2.1 '50: 40 20 ' 38 30 39 29 '-268 -268 6.8 6.8 24 15.6 0 0 

. 27, ' J.8.4. 7:5 42 32 24· 32 24 32 24 -268 -268 '6.8 6.8 24 10.9 0 0 
41 .. 5 18.4 2,.5 40 39 2.5 .31 30 31 29, ~268 -268 6.9 7.0 24 15.9 0 o . 

','45.5'. 18.3 2 .. 4" 41 39 5 ~1 30 31 30 -268 -268 7:0 7.0 24 fs.9 0 0 
--. ·46. 5' 17.8 ·1.7 4:J. ; ,..35 14 31 27' - 32 28 -268 -268 7.0 7.0 24 16.1 0 0 . 

-51.5 17.6 . 1.7, 44 ' ~9 11 34 30 35 30 -268 -268 7.0 7.1 24 - 15.9 0 0 
55 9.0' .0.5 44 39 11 34 30 34 32 -268 -268 7.0 7.0 24 8.5 0 0 
66 ' '8.6 . ,0.2 4~ , 40 12 34 30 " 35 . 30 -268 ~268 ,7.0 7.0 024 8.4 0 0 
68 A,. 5 O~2 45 40 15 - 35 30 35 29 -268 -268 7.0 6.9 24 4.5 0, 0 

. 70.5 4.5 9.2 '46 46 0, 35'- 35 35 3S -268 -268 7.0 7.0 24 4.3 0.25 0.21 
7fj " 4.6 ,a.? '51 050 2 39" 39. " 40 ' , 38' =-268 -26B 7.0 7.1 24 4.3 0.25 0.22 

',87 4.,4 0.1 47 46 2 35. 35 34 36 -268 -268 7.0 7~0 24 4.3 0.32 0.29 
~ 98.5' 4.5 '. 0~0. 2~ ~2 ~1 2 3'9 39 39 4Q -268 -268 7.0 7.0 24 4.3 0.26 0.25 

112.5 '4.5 0.2 65 63 1.5 ~8 48 48 47 -268 -268 7.2'7:2 24 4.3 0 0.25 0.24 
123 . °4.~ 0.1 64, 63 0 50 048 50 49 -268 -268 7.2'7.2 . 24 4.3 0.23'0.22 
140 .. 3 .. 0 . .0.3 66 6.5 1.5 50 50 5Q 51 -268 -268 7.3 7.3 24 2.7 9.29 0.22 

-. 
, , 

Q = 2 1t/ffiin. 
,. 

: 

835g of'F:-400 used . , 
I-' 

~ 

'" " -..J 

.\: , 

c:.: 

. 
, c ., 
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., f ~ 

:{ 

, » 

<l 
.I> Table,D 2.{ 

RUn '# 4,' Data 

Tim; D.O~ Phenol RaroVed O.C.P. T.O.C. pH .6.0.0. Temp. I ~·S·P. 
~ 

(Rrs.) In' Out, In ' OUt % In OUt In Out In Out ~ OC : 6D.D.0. 
- (n-q/l) - ~- (iIrj/l>'-- Pherol - (ng/1) ~ -, (rrg/l) --- ~- --- , ' 

" .. ,... 
: 

'5 16.-0 14.0 15 1 93 11.5 12 7.4 7.4 2.0 24 
10 -16.0, 13;2·' 15 7 . '53 . 11.5 5 12 . 5 7.4 7.4 2.8 24 2.3 
·~O.s" - 16:0 6: 8," :L 7 '13 23 13 10 12 9 7.4 7.4 9'.2 24 0.3 
25.5 16.0 . 6;2; 16 14 12 12 e... 11 12 11 7.4 7.4 . 9.8 24 0.1 
~i9 ' 18 •. 5 6~6 'l~ 1 53 ·11.5 5 12 6 7.4 ' 7.4- ,11.9 24· 0.5 
35 '. r'19 0 8.~ .15 6 . ~O 11.5 4.5 12 .;, 5 7.4 7.4' 10.8 24 0.6 ." . . . 
45'" . 18.6 7.2 16 7 56 12 5 12 5 7.4 7.4 11.4 24 0.6 
S5 1a.5 6".5 15 .. 5 67. 11.5 4 12 4 7.4-. 7.4 ' 12.0 24 0.5 

:61 . " "i6~0 .4'~'5. .15' 8' 47 11.5 6 12 6 7.3 7.3 li.S 24 0.5' 
10 : 10.·2 L1 -14 9 '-.36 11 7 11 7 7.4 7.3 9.1 24 .0.4 
74 

, 

24.5' 5.3- 15 4 ,73 11:5 . 3 12 3 7.4 7.4 '19.2 24 . 0.4 
83 .27.0', ,3. 3' 17 3 82 13 2 12 2 7.3 7.J. 23.7 24- 0.5 
94 ... 10;6 0 '16 10 60 12 8, 11 9 7.4 ·7.4 ' 10.6 24 0.4 

• 99 27.0 : 4~1 16 II 
3 81 ·12 2 12 2 7.4 7.5 22.9 24 0.4 

·-.iOS· . 19.5- 1.0 - 15 3 80' ll.S ,2 'II 2 7.4 7.4 18.5 24 0.5 
1::2? 22 .. 0 2.5 14 0 100 11 0 "'11 0 7.4 .7.4 19.5 24 0.5 
125 27.~ 2.3" 15 0- lOO 12 0 12 0 7.4 . '7.4 25.5 '24. 0.5 
·132 ' 

,-

2.5 14 100 11 o· 12 7.4 7.4 27.3 . 24 0.4 29.8 0 0 
1~7 . 29'~O 2.0. 16 0 100 12. o ' 12 0 7.4 7.4 ,27.0 24 0.4 .... 

. . m 
00 

Q= 2 1tjrnin. 
<- 800 g of F-400 Used 

• 
~liI U."~lnll'iII'" lUI l1'"iI.U·if •• lh·.",.;lJ6"I"r ~, ... ,y f.r.;"' ..... Woe:'4l";;~.~ -(",1:111:, ... ' .... "of'" ~i'iI'~If:,,*'#M»d'i' "rPM' _1 r 1etMiii1~'-;"3~¥1'.1r;'f~;r:~~l-40..s;.l~'1 



t 

I 
" . 

."' . - ~ -." . . 
• .. or •• 

" 

y ~ • ... ,f _ • j
, ' ". . 

I' ' .. 
, . - . - -

T:ime 
(firs) 

. p.O.' , " 

-. 

. , '5 

, 15~'5 

20 

26 

35 
:,46 

52 

6~ , 

71 

In ,out 
'-. (rrq/I)-

'16 .. 5 1~.5 

19,.5 16.0 

19.0 2:D' 

26.3 .' 3.0 
. 

" 

26.0 3.? 
26.0 2.6 

26'.0 2.6 
2p.O 0.6 

. 36.0 '3.0 . 

" 

" Table 0 2.5 
p 

Run i 5, Data 

Phenol Removed O.C.P. T.O.C; 
In. OUt % In Out In Out 
-, '(mYl) _.I:'~1 ______ - (m:r/l) _. (rrg/1) 

18 1 94 12 1 12 1 

28 11.5 94 21 9 21 .10 

18 11~ '94 12 9 13 9 . , / . 
18 =1-2 94 12 9 12 9 

18 j :,/'- 84 14.5' 2 '15 4 

18, 2 89 14 ' 15 14 2 
19 , 2' 89' 14 15 ,13 2 

18 5 72 14 4 15 4 
, 

17' 0 ·100. 13 C- 15 1 

77 38.2 13.0'· 18 , a , 100 ' 14 a 15 a 
, 87 ,., 40 .. 2 0.3 30 4.5 85 23 3 24 3 

93 '38.0 .. ,1."5 18 , .0 100 14 . q 14 1 

Q -:: 2 1t/min. 
t1J 800 g of' F-400 Userl 

~ 

pH 
In Out 

7.1 7.1 ' 

7.3 7.2 

7.3 7.3 

7.3 7.3 

7.4 7.3, 

7.4 7.4 

7.4 7;4 

7.4 7.3' 

7.2 7.2 

7.2 7.2 

7.2 7.2 

7.2 7.2 

-, 

Temp. ":\0.0., 
CC ,.!!9L1. 

24 a 
24 3.5 

24 17 

24 . 23:8 

24 22.8' 

24 23.,4 

24 23.4 

24 25.4 

24 33" 
24 ,36.9 
24 . 39.9 

24 36.5 

• 

.:"O.C.P. ---
~O.O. 

3.4 

.o.i 
,0.1 

0.5 

0.1 

0.1 

0.4 

0.4 

0.4 

0.5 

0.4 

.... 
0\ 
\0 



~- ;- 0.0. Phenol;. Re:rove:l 
(~~) In ~ In Out % 

(lTg/I} - (trg/l) __ ,~heI'X?1 , 

12 14.2 9.2 ·35'· 5 • 86 
18 ~. 44.0 13.5 35 9 74' 

" 
24.5: 48.6\ . 3:4 35 7 80 

36 30.1 9.6 35 22 37 

42 44.,() 13.2 3'8 21 45 

48 . 44.0 1'0.1' 46 24 . 48 . 
: .59' '.42.2 2.2 52 22 58 

. ~ 

'64 . 42.0 . 3.2 . 35 . . 18 -49 . . 
. 70 '42.0 1.4 37 17 54 

75 42.0 0.8 35 l~ 57 

,85 ili.2 0.3 ., 39 16 '59 

89; 42 .. 0 0.4 '35 J 11 '. -69 
o· 

e _ 'r 

Q 

Table D .2.6 

R!m # 6, Data 

. O.C.P. T.O.C. ..;::l 

In OUt In OUt - Cnq/lr - (rrg/l) --

27 4 27 4, 

·27 7 ~8," 7 

27· 5 27 5 

27 17 27 1~ 

29 16 29 16 

3S 18 34 .18 

40 ,17 40 17 

27 14 27 15 

28 13 28 13 

21 11 28 12 

'30 12 30 12 

27 8 28 9 

. Q"= 2 Itfini,n. 

802 9 of F-400 Used. . 

pH 
In-

7.5 

7.5 

7.5. 

7.5 

7.5 

7~5 

7.5' 

7.5 

7.5, 

7.5 

7.5 

7.5 

," 

, 
t·~ 
-~ 

OUt -

7.5 

7.4 

7·5· 
'7.5 

7.5, 

7.4 

7.4 

7.5 

7.5 

7.4 

7.5 

7.5 

..$ 

,~D.O • Te'\l>&. - O.C.P. 
~ OC ~--:- .0.0 

5.0 24 4.6 

30.5 24 0.6 

45.-2 24 0.5 

20.5 24 0.5 

30.8 24 0.4 

33.9 24 0.5' 

40.0 24' 0.6 

38.8 24' I 0,3 

40.6 24 0.4 

41.2 24 0.4 

41.9 24. 0.4 

41.6 24 0.4 

.~ , 

.... 
-...J 
P 



~ 

- . . , 

Time . D.O. ,Phelx>1 . 
CHrs) '. In out In· out 

- (nq/l) --:-: - (m;J/l) -. 
-
~ 

12 35.8- 16 34 8 

18.5 .28.2 27 37 -9 
" 22 36.4 . 4 33 11 

35.5 . 36 .. 4 24 .. 34 19. 

39.5 38.8 '25 35 15 

44 ' 36.1 . 1..6 32 16 . . .. . 
49' 43-.2 . 1.·2 '31 . 18 

. 63 39.3 .o.i 34 15 

67 45.0 , 0.'4 . 4Q. 11 
.. 69 .44.8 0.2 33 12 
~ .. 
. ' 

; .. 

'--

h 

. .... 

Table D :C. 7 

Run if 7, Data. 

Rem;Ned O.C.P. T.O.C. 
'-% In OUt In 

cPherx:>l __ ._.-. (rrg/l) - (ng/l) 

77 26 6 . 25 

76 . 28 '7 28 

67 25 .8 .24 

44 26 • 15 . 26 

57 27 11 27 

50 25 12 25 

42 ·24 14 25 

54 26 11 26 

72 30 8 30 

64 25 9 25 

Q = 2 It/rnin. 

800 g of'F-400 Used 

-z 

' pH 
out { In--- Out 

6 7.5 7.4 

.8 7.5 7.5 

9 7.5 7.5 

16 7.5 7.5 

11 7.5' 7.4 

13 7.5 7.5 

.14 7.5 7.5 

12 7.5 7.5 

9 1.5 7.5 

10 7.5 .- 7.5 

L~.O.· 

!!9Ll 

19.8 

35.5 

32.4 

32.0 . 

36.3 

34.5 

42 

:}9.1 

44.6 

44.6 

... 
TeItJ). ~O.C.P. 

OC 60.0. 

24 1.0 

24 0.6 

24 0.5 

24 0 .• 3 

24 0.4 

24 0.4 

24 0.2 

24 0.4 
24 0.5 

24 : 0.4 

~ 

..... 
-..,J ..... 

• Io,_rt. 1'''' ' .... 'iffll .. ~ i"i~' lA .... ·l,.-:I~(..,..." ........ -
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Run 3:, 

A Phenol mass balance across the reactor for 

Run 3 in Table 0.2.8 follows: 

TABLE 0.2.8 

Phenol Balance Run # 3 

Time 
hrs, 

Phenol In 
(g) 

Phenol Out Bi'odegraded 

0-5 

5 - 17 
i 

17 - 27 

27' - 46.'5 

46.5 - '6tJ··\·' , .~,.. 

68 - 70. s· " 
70.5 98.5 

98.5 - 140 

TOTAL 

Balance: 

102 ' 

,5;>.2 

96 

113.5 

13.3 

166.3 

3~3. 7 

870.5 

(~) 

0 

28.8 

43 .. 2 

86.6 

103.2 

12.9 
'" 109.0 

318.7 

702.4 
.. 

81.2 g (accumulated Phenol). 

Phenol 

1.4 
13.4' 

7.8 
' , 
J 42~ L 

1 
t 
I 

J 22.2 
-.---
86. g' 

The lower 11 em of the fluidized bed did not develop 

biological growth and therefore remained in equilibrium with 
, , 

~the influents Phenol concentration of 50 mg/l. 
: 

\ 
) 

• 

( g) 



," 

J 

:1.73 

The adsorbed Phenol, on this part of the bed is 

therefore equal to: 
/~ 

{ 1"1/26.5 )X 835 - 115 41000 rng / = 
" 

(835 9 = total mass of A.C. in the reactor) 
~ 

The remaLning' 40~~ g of Phenol were adsorbed on 

the part of the bed that had developed biological growth. 

The "resulting loadin.~ on 'this 'second part of the bed is 

equal to: 

40.200 / [(26.5-11 / 26.5)' ~35] = 82 mg/g 

Run 4: 
o 

The supplied Oxygen during thi~ run was mo~e than 

the stoichiometrically necessary: as cap be seen by the 

fact th.at D.O. exi.s'ted in the effluent. -~ 

Oxygen limitation existed throughout the 

There fore no 

run. 

The removal beh'aved as in the previous runs. 

After the ini tia1 adsorption phase, ?io"'oxidation t.ook over 

and the removal reached' 100% by the, enq of the rWl (bed 

wash out). 

This time the Pheno~ isotherm of the spent ca~bon 

Q was dete'rmin,ed:' ,(Appendi~ D~ 4). '";I'he' activated "carbah 

" 

" \ " 

, < 

" 
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particles of the bed exhibited an ads~rptionrisotherm 
.d 

.174 

similar to the one of the vfr~in carbon, with.l~er loadi~gs, 

indicating that almost all Phenol was biodeg~aded rather 
. 

than being adsorbed. 

A Phenol maSs balance across the reactor for 

Run ~ 4 is summarized in Table 0.2.9. 

TABLE D.2.9 

Phenol Balance Run i 4 

Time Phenol In 
(g) 

Phenol Out Biodegraded' 
hrs. . . (g) Phenol (g) 

o - 10 4 1 

10 - 25.5 22 12 

25.5 - 70 38 37 

70 - 137 - 16 110 

-. TOTAL 263 

/1 
• 80 160 

The accumulated (adsorbed) Phenol is according to 

Table D.2 •. ~ : 23 g. 
, .. ~ . . 

Gi ven. tliat 11' em of th,e 25'.5 em of· the 

bed did not develop growth, th~1 '~emained in. e~uilibri~~ 

o 

the influent Phenol concentra.tion. of 1~ mg/l •. ' There-' 

e, the'respec~ive~mass of ~henol a?sorbed on this part 

, ' 

.. 

" 

-:,-'1 .. 



\ 

(11/25.5)X 800 g - 85 ~ X 
g 

10-~ \;.. 29 g 
mg 
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Therefore the part of the bed that develQped growth 

is Phenol free, by the end of the run. 

9 gr. of wet spent carbon was placed in a respiro-

meter. 

way as 

The ~quivalent dry mass was evaluated in the same 

for the WRL 2000A samples (Appendix ~ng, ' 
3.08 g. There was aO.02 mV deflection recorder, 

indicating some Oxygen consumption 

was O. 2 ~ the total time of Oxyg production is: 

o • 02 X, 64. 48 :: 1. 29 min. o~ 

mg oxygen 

which can be attributed to endogenous respiration of the 
~ 

\ 

bacteria attached on the spent activated carbon sample 

used. 

Run 5: 

No Oxygen limitation was experienced during this 

run. Consequently, a very fast expansion (growth) rate 

of the bed was experienced and washed out which started 

only 95 hours of operation'. 

" 

'-
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The determination'of the Phenpl adsorption isotherm 

of the bed's carbon, at the end of the run, (Appendix C) • 

indicates loadings close to the .ones of the virgin carbon 

but lower, as the residual organics adsorption limits 

the Phenol adsorption capacity of the carbon. 

A 0.05 mV deflection of the recorder of the 

respirometer indicates a minor Oxygen consumption which 

is the endogenous respiration of the bacteria of the seed_ 

It also shows that there were no biodegradable molecules 

adsorbed on the carbon particles of the active part of the 

bed, because ot,her.wise they would have exerted posi ti ve 

Oxygen demand. 

Table D. 2.10 

Phenol Mass Balance Run i 5 

Time Phenol In Phenol Out Biodegraded 
hrs. (g) ( g) Phenol (g) 

o - 26 56 33 12 

26 63 80 19 64 

63 - 93 72 '0 75 

--.. TOTAL ,218 52 lSi' . 
The Phenol mass balance across the'reactor 

(Table 0.2.10) indicates that the amount accumulated in 

the rea,ctor is 15 9'. 

" 
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~ that 

bed did not d~velop 

8 cm of the 25.5 of the activated carbon 

growth and remained in equilibrium with 

the influent 18 mg/l Phenol concentration: 

(8/ 25.5 )X 800 g -- 251 g 

-3 
251 9 X 85 mg X 10 ,.;g.. = ¥. 3 

g (1I1~ 

• 

( us in 9 Pig. 4 . L 2 ) 

21.3 9 Phenol werecadsorbed on this part of the bed. There-
I 

·fore, the rest of the particles that had developed"" biological . . 
growth, were Phenol free. The fact that there is a difference 

among the total accumulated Phenol given by Table D.2.10 and 

'" the 21.3 9 calculated above has to be viewed in the context 

. ..-:;" 
of the average values used .for the mass 9alan~s. The 

\{,/-

same comment applies to all the Pheno+ mass balances caculated 

for the continuous runs. 

Run 6: 

Oxygen limi tation wa.s experienced during Run 6. That 

is w~y~ the removal of the Phenol did not reach 100%, although 

pseudo steady state was reached in the reactor, as we can see ( 

from the eEJ;luent's DO and Phenol concentrations (Pig - D2. 6.A ) . l: 

The adsorption isotherm of the spent cafbon that 
! 

had formed the active fluidized bed showed (Appendix D.4) 

reduced Phenol loadings. Th~s fact can be interpret~d 

as the effect of .residual organics and Phenol that existed 



~ 

, 
r 
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on the activated carbon particles, by the end of the run. 

Total,loadings are. used for the plotting of tile 

isotherms. Total lo~ding is the sum of the loading result- ~5 
ing from Phenol uptake during the isotherm determination, pl~ --... 

" 

the load~ng resulting from the previously (during the run) 

adsorbed Phenol, as deternined through the mass balances. 

Table D.3.11 below summarizes a Phenol mass balance 

across the reactor, and indicates a total accumulation of 

62 g of Phenol. 0 

Table D.2.ll 

Phenol Mass Balance Run # 6 

Tirre Phenol In Phenol Out Biodegraded 
hrs. (9) (2) Phenol (9) 

~ 

o - 12 50 3 4 

12 - 24.5 53 6 ii5 
24.5 - 36 48 i6 21 . 

36 - 42 27 15 11 

42 48 30 16 14 

48 59 65 31 29 

59 - 64 26 121 14 

64 85 93 43 62 

85 89 18 7. 12 

TOTAL 410 159 189 

As 4.5 em at the bottom pf the bed did not develop 

any growth and they'are therefore i~ equilibrium with the 

influent Phenol concentration. In other words: 

. , 



j 

r 

( 4 • .5 / 25.5 ) X 800 = 144 9 

of A.C. are in equilibrium with 35 mg/l Phenol and they 

have adsorbed (Fig. 4.1. 2) . 

144 X 106 = 15.000 mg 

The remaining 47 9 are adsorbed on the carbon particles 

that developed growth and they result to an ')3verage 

-loading of: 

47.000 / (800 - 144) ::: 72 mg/g. 

The total deflection of the recorder during the 

respirometer study was? ' mV which is equivalent to a total 

time of oxygen production: 

2.1 X 65.45 min ,~ 138. q min 
mV 

Given that the current was 0.205 A the produced Oxygen, 

was 

0.205 X 1,38.9 X~4'.97·= l334mg O'xygen 

... 

.. 

The equivalent mass of Phenol is (assuming total oxidation 

af\d Oxygen demand equal to the Diological Oxygen D'emand) 

141. 6mg :::: 83.3 mg Phenol 
1.7 'mg/mg 

, 

Since the dry mass of carbon in the respirometer was 1.3 g 

the resulting loading is: 

83.3 'mg Phenol / 1. 3 g carbon == 64 mg/g , 

" 

f 
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Therefore the total accumulated Phenol in the active part 

of the bed is: 

64 ~ X ( 800 - 144 ) g 
9 

Run 7: 
. 

42 9 

180 

Table D.2.12 below summarizes the Phenol mass balance 
-

for the seventh run. The· total. accumulation of Phenol accord-

ing to the mass balance i~ 41 g. 

Since 4 em of the bed 'did not ,develop growth 
--

remained in equilibrium with the 34 mg/l ~nfluent Phenol 

concentration; thus having a9sorbed 

(4 / 25.5)~800 XI06 XlO- 3 == 13.3 9 

The remaining 27.
0

7 9 were adsorbed on the acEi ve part of the 

bed resulting to an'a~erage loading of: 

27'.71,)3/( 800 p 144) ::: 42· mg/g 

The total deflection pf the re.corder during the respirpmeter , 

study was 1-.77 mV and the, current O.2lA,. Th.e produced O~gen 

therefore was: , 

(1.77 ,X 65.45) X 0.2 X 4.97 == 115.4 mg Oxy'gen 

Given that 2,0 g 'of ~pent' (dry) carbon were used, the 

eq~ loading is: 
, 1> 

1 1 S. 4 J 1. '7 .,/' 67. 9 "mg Phenol .... . . . . 

67.9 / 2.0 - '34 mg/g 

, 
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Therefore the accumulated Phenol in the active part of the 

bed \vas: 

34 X( 800 1·44 ) X 10- 3 - 22 • 3 g 

, g 
which corresponds well wit~he value the mass balance 

evaluated. 
I 

The existence of adsorbe~ Phenol on the spent 

activated carbon, resuited to total loadings lower 

than the loa~ng,e~ibited by virgin Filtrasorb 400 

as shown on Figure 4..1.2.It is th,e same phenomenon as q» 
, I 

the one eXt:'.erienced during the isotherm determination of 
, 

th,e speJJt carbon of Run 6 (Fig. 0.4.3),. 

r 

Table D.2.12 

Phenol Hass Balance Run # 7 

Time 
hrs. 

P.hen,ol ,In Phenol Out Biodegraded 

:0 - 18.5 

18.5 - 22 

22 - 35.5 

35.5 - 44 

44 63 

63 67 

67, - 69 

TOTAL f , 
I 1 

" 

(g) 

80 

15 

54 " 

46 \ 
\ 

74 

18 I 
9 

296 
./ 

(<J ) Phenol (g) 

10 15 

4 9 

25 31 

17 . 20 
, 

38 55 

6 l2 

3'" . 10 

:103 152 

~ 

v:I 
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Table D2.13 

Cumulati ve AEElied Versus Cumulative ,Removed TOC Data '-

'. "'--
',--

Time Time Appliecl Cumulative Removed Cumulative 
Run Period (hrs) TOC (g) Applied TOC Toe (g) Removed TOC 

0-fl27.5 /27.5 156. T 156.7 24.9 94.9 
27.5-51.5 24 133 .. 2 289.9 15·, 112.9 
51.5-72 21.5~ 129.1 419.5 12.3' 125.2 

( 2 72-89 17 112.2 531. 7 12.7 137.9 
89-113.5 24.5 165.~ 6.9 7 .1 ··18.4 156.3 
113.5-126 '12.5 84.4 781. 5 9.4 16'5. 7 
126,..1

0
61 35 220.5 100.2 31. 5 197.2 

,.;, . 
0-17 17 79.5 79.5 51.0 5i 
17-51.5 34.5 136.6 216.1 37.3 88.3 
51.5-66 14.5 60.9 277 6.9 95.2 

3 6~-.70. 5 21.5 18.9 295.9 2.2 97.4 .. 
70.5-98.5 28 117.6 413.5 0 97.4 
98.5-140 41. 5 244.0 657.5 10.0, 107.4 

0-10 10 r4.4 14.4 11. 4 11:4 
10-i5.5 ,15.5 22.3 36'. 7 3. 7 15.1 
25.5-55 29.5 42.5 79.2 24.8 39.9 

4 55-70 15 21.6 100.8 9.0 '48.9 
.70-83 13 , 18.7 119.5 14.1 63:0 
83-105 22 29.0 148.5 18,.5 81. 5 
105:...137 32 46.1 194.6 46'.1 127. Q 

, 
..... 

~ 

i-

'p 
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Table D2.13 
, 
.! 

( 
-, 

Time Time T.O.C. T.O.C. T.O.C. T.O.C . 
Run Period . " (.hrs) In ( g) In (g) ( g) (g) 

0-5 7.2 7.2 7.2 7.2 7.2 
5-15.5 21. 4' 28.6 28.6. 13.9 21.1 

5 15.5-26 18.9 47".5 47.5 7.6 28.7 
26-63 57.7 105.2 105.2 40.0 68.7 
63-77 23.5 128.7 128.7 20.2 88.9 
77-:93 34.6 163.3 163.3 32.6 121 ~ 5 

0-12 12 38.9 38.9 36.0 36 
12-24.5 12.5 42.0 80.9 34.5 70.5 

6 " 24.5-42 17.5 58.8 139.7 33.6 104.1 
42-64 22 87.1 226:8 44.9 149.0 
64-75 11 37;0 263.8 19. 8 168.8 
75-.. 89 14 48.7 312.5 30.1 198.9 

0-12 12 36 36.0 31. 7 31. 7 
12-22 10 31. 2 • "67.2 21.6 53.3 
22-35.5 13.5 40.5 107.7 .. 22.7 76.0 

7 35.5-44.5 9 28.1 135.8 14.0 90.0 
44.5-49 4.5 13.5 149.3 5.9 95.9 
49-63 14 42.0 191.·3 20.2 116.1 
63-69 6 19.4 210. 7 . 11. 5 127.6 . 

\. 

\ 
/ 
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D.3 Additional Information on Average Particle Size 

and Biological Growth 

207 

-:-- A number of pictures taken during the 'course of 

the continuous runs, show/le~"""rlY the c'arbon' part~cles~ 

to· the fact that'the\aerObic growth has' a very light 

beige colour, and is transparent, .the carbon particles 

as well as' the biolog'ical film that has developed around 

them can be seen clearly ana distinctly. There is a 

'p'icture (#. 1) showing the . middle' p~r.t of the bed where the 

well-developed prolific growth is obvious, and t~ree'more. 

showing the t"op (# 2, # 3) of the bed and the bottom of ' 

the bed ( # 4). The presence of a clear distinct interfa~e 

at the top of'the bed shows that ,the selec~ed narrow 

, ~ particle, size 'that formed tpe fluidiz~d 'bed resulted to a ·C 

uniform be~avior that ~asted through all continous runs. 

, . 

In picture # 2, the ~~ucture' of the top of the column 

th a~ was 'de~ribed i~arag r ~ph B. 2. 2 can 'a so be seen . 
. , 

Picture # 4 shows'a pheno~enon was observed 

during_t~e 'co,!~se, of a'l} tne continuous runs.. It shows the 
, . 

interface that ~evelopedbetween t parts ,of the bed, the 

upper one that developed pr,olif' c biological growth and the' 

lower part that never did de lop due .to the effect of the .I 

I 



! · · -, · 

>,:' 

f 

~ 

,~ 
'. 

. 
j 
I · , 

hig~ velocity hydraulic jets of ' waste coming 'in through 

the bed support plate.' The flow pattern was different 

in the two regions. The part that had no growth was under 
, ~ 

6 ' 

the state of in.tensi ve imbueing w!'lile plug flow condi ti'ons 
. ' , 

dominated ~he biologically active part of the fluidized 

bed. The resulting attrition a~ong the bed particles 

in the b~Pk mixing zones, pre~entsithe development of 

growth on the parti~les as well as on tne're~ctor walls 
''I! -

while in the plug flow zone,' above, the growth is active 

and abUndant. 

• Due to the fact that illumination 9f the reactor 
, . 

208 '0 

from behind was impossible and due 'to the cylindrical surface 

of the reactor and the resulting .optical 'ef'fect, a large 

number of pictures were takeo, and the ones pres~nted he~e 

are the 

logical 

most clea~ repres.entative. 

Sa1ranin wa~ decided to be used to stain the bio~ 

growth aroun~ the carbon particles so tha~ pictures 
, 

of. the biological fitms could be taken.~ ,AS can b~ seen from 

the pictures that follow there is' sati.sfact,ory agre~ment 

between the average particle diameter we can read on pictures 

and the values the ~quations (2.7~ predict. A~l the pictures 
, 

have been taken at the end pf each run. Table 4.5·summarizes 
I 

the above comparisons. 

. ' ... ; -I... • • ........ .... •• ~ 'If'~, • 

" 

." 



2.09 

I 

" : 

1 

\ , 

'., 

," 



l 
! 
~ 
I 
I 
I 

\ 
\. 
·1 -... 

r 

.. 

t ~. Top in~erface of expanded 

2.lU 

~ 
/ 

(/ 
( ~ ~ 

I 
\ -" 



211 

-

Picture" '3. Top .interface of e~anded bed. Run 2 
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Picture' 5. Particles showing biological growth .. End of Run 
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Table 0.3.1 

Run # 1, Reactor #" 1 

Ca1qulated Particle Size and Biomass V01um.e , 

/~ 

Bed Height 
/" 

Time with Growth Dr? MA 
hrs. (crn) (cm) (cm3 ) 

,. 

50.5 57 o.~u~ 1445' 

60.5 78.5 0.228 ' 2424 

64 86 0.235 \ 2762 

68 91.5 0.241 300,8 
0 69 93 0.242 3075 

71.5 98 0. 246 3298 
• 

74 100 0.248 3387 

75 108 0.252 3631 

76 105.5 0.254, 3741 

82 134 0.273 4883 

83. 138 0.276 5057 

'85 14'7 0. 281 5447 

86.5 153 0.285 5707 

87 155 0 .. 286 5793 . 

88 158 0.288 5923 

93 169 0.294 6396 

94.5 186 0.304 7123 

104.5 198 0.31) 76.34. () 

106.5 216 0.318 8396 

107.5 216.5 
.. 

0.319 8417. 
~ 

111 218 ' 0.319 8481 

114 226 0.323 88H 
., 

\;'1 

Total Mass of Ca;r-pon in 'Reactor 2077 g 

" . ( 
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J t 
~ Table 1)..3.2 
; 

f. Run '# 2, Reactor: # 1 

Calculated Particle Si.ze and Biomass Volume 

Bed Heigl)t 
- I with Growth Time Dp MA 

(em) hrs. (em) (cm3) 
J 

~ , 1 

j.-
t 10.5 4.5 0.I94 256 
f- 11 17 0.197 279 
~ 12 29 0.203 325 ~ 
l' 

14.5 0.215 . 42 440 
~ 16 43.5 0.222 509 .. . ' 17 47 0.226 554 

21 52 Z. 0.242- 734 
22 53.5 0.245 778 
47.5 66 0.313 1884 
51-.5 68 0.321 2053 
56 70 . 

. 0.329 2243 ~ 

65 73 0.345 2618. 

( 67 73.5 0.,348 2701 
73.5 .75.5 0.358 . 2970 'J 

74.5 78 0~360 3093 
76.5 78.5 0.363 4651 
lIS .8~. 5 '0.412 4890 

.". 

121 91.5 0.419 5.444 
135 9 7.5 0.433' , 5119 

. 142 ) 102 0.440 5818 
; 

144.5 103.5 0.443 6404 ". 

t 
! 

I 
159.5 115 0:456 6190 v 

:/ 
~-' 

154 118.5 ,0.451 6033 
150 119 0.447 4929 
122 120 0.420 4~9 

I ],.22, 121 0.423 5 48 
121 121.5 0.446 5955, 

it, 148 127 0.493 8;.59 
I ~O5 13.8 ' 0.513 9224 
t 
t 230~5 144 0.540 10a03 

I Total Mass of Carbon in Re?ctor ,1246 g, 

:,1 
'I 

"1.

1 .. 
, " 

, , 

H~ 
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Table D. 3. 3 

Run # 3, Reactor '# 1 

Calculated Particle Size -and Biomass Volume 

Bed Height 
-I 

Time with Growth Dp MA 
. hrs. ( ern) ( ern) {em3} '. 

, 
5.5 10.3 0.199 279 

17.5 14 0.220 455 

27.5 23.5 0.259 899 

42 66.5 0.359 2808 

47 87 0.391 3686 

48 95 0.402 4024 

51.5 97.i5 .0.405 , 4130 

53.0 127 0.440 5361 

56.5 151 0.465 6319 

67' 190.5 0.~99 7911 

67.5 196 0.504 8172 

69 192 0.501 8011 

70 190 0.499 79~1 

71.5 .189 0.498 7890 

77.5 182 0.493 7608 

89.5 183 0.493 7649 

94 189 0.498 7890 0 
- . 

. ':.:..'" ~ 

95.5 190.5 ' 0.500 7951 
• 

99.5 198 0.506 8252 
-. 

11;3. 5 20.4.5 o 511 8513 

<. 115.5 210 0.515 8733 -
119.5 211 0.'516 8792 

122.5 215.5 0.519 89;32 

136.5 216.5 0.520 8992 

Total Mass of Carbo';\. in Reactor 835 9 
.~ 
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I Table D. 3.4 
" " 

Run # 4, Reactor' # 1 , 
\ 

Calculated Particle Size and Biomass Volume 

Bed Height - ". 

. Time wit1\i Growth Dp MA 
hrs. (em) (em) (cm3) -- .' 

5 13.8 0.215 447 . 
10 14.0 6.218 447 

20.5 .' 14.8 0.219 456 

25.5 ~ 
0.223 494 

29 0.229 551 

35 18.0 0.231 575 

55 19.5 0.237, 646 . 

·61 22.0 0.244 716 

70 25.0 0.253 833 

74 30.5 0.263 972 

83 45.0 0.280 122S 
t' 94 68.0 0.317 1879 

'\" 
96 72.0 0.361 2892 

99 78.0 0.36B 3066 
"" 101 85.0 0.377 33?5 

105 106.5 0.387 3626 

118' 114.0 
'" 

0 .. 416 4511 

122 136~5 0.,425 '4857 

123 139.5 0.449 5717 

129 172.0 0.452 59-=!2 

132 242.5 0.483 7260 

137 265.5 0.537 10]16 

Total Mass of .C,arbon in Reactor 800 g 



Time 
hrs. 

6 

16 

20.5 

27 

39 

47 

50,.5 

53 

64 

72 

79 

88 

93.5 

I 

I 

'223 

Table D. 3.5 

Run # 5, Reactor # 1 , 

Calculated Particle Size and Biomass Volume 

Bed Height , -, 
with Growth Dp MA 

(em) (em) Cem3) 

.. 13'.5 0.215 4:;2 

13.6 0.217 437 

14.7 0.223 490 

14.B 0.223 495 

19.5 0.244 -< 717 

29.5 0.278 1179 

35.5 0.294 1452 

42.0 0.310 17~·5 

87. O. 0.390 3712 

133.0 ::>.446 56:.2 

180.0 ).490. 75£:7 

229.0 ),528 95fi6 

273.0 ).558 11]10 
"" 

Total Mass of CarbQn in Reactor : BOO g 



\ 

224 

Table D. 3.6 . .. 
Run # 6, Reactor'# 1 " 

Calculated Particle Size and Biomass Volume 

Bed Height 
Dp' Time i'lith Growth MA 

hrs. (em) 
~ 

(em) (em3) 

5 13.5 0.2).4 432 

60 47.5 0.260 1840 

61 49.5' 0.263 1933 

63.5 53.5· 0.270 2118 

65. 5 60.0 0.280 2417 

68 68.0 0.291 2783 '-- .-r--
~ 

71 81.0 " 
, 0.3()8 3312 

r 

76 104.5 0.334 4423 

86 147.5 0.372 6310 

87 233.5 '0.429 9986 
... 

90 267.5 0.448 11413 

91 276.5 , 0.453 11789 

-, 

( ? 
? 

f 
Total Mass of Carbon in Reactor 800 9 

~ 
I , . 

, 

i 
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\ 
~" 

Table D.,3.7 

Run # 7, Reactor # 1 

Calculated Particle Size and Biomass Volume 

Bed Height 
--I 

Time with Growth Dp MA 
7 hrs. (em) (em) (cm3 ) 

12 13.5 0.200 373 

18 15.0 0.208 
---

446 , 

22 ~ 

16.2 0.213 504 

35.5 44.4 0.292 1815 

39 62.5 0.326 2628 
, 

44 98.0 0.175 4183 

48.5 125.0 0.405 5341 

62.5 191.5 O.iOO 8207 

66 243.0 0.404 8571 

67 ~.5 0.428 10397 

; 
f 
" i I .. 
t Total Mass of Carbon in Reactor 800 9 t 
{ '~ 
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'fCC 'lex::: 
Run Time Period Time +Il out 

# Used Hrs. rrg/l ~. 

0-17.5 17 .5 38· 16 
17.5 -.51. 5 34 40 38 
51.5 - 71" 25.5 42 38 

2 77 - 97 20 44 40 
97 - 126w '29 45 ' 40 
126 - 138 12 43 35 
138 - 150 12 43 35 

o - 17 17 . 39 14 
17 - 45.5 28.5 32 28 
45.5 - 55 9.5 33 30 

3 55 - 68 13 35 30 
68 - 76 8 36 34 
76 - 98..5 22.5 38 38 

.98.5 - 112.5 14 44 44 
112.5 - 140 27.5 49 49 

o - 20.5 2Q.5 12 5 
" 20.5 - 29. 8.5 12 9 

4 29 -, 55 26 12 5 
55 - 70 15 12 6 
70 - 105 35 

. '12 3 
105 - 13 27 12 0 

_ .. __ 0/"""" .... -~.-

Table D.3.8 

Volume Yield Evaluation Data 

\ 
.:;-. 

6TCC Cumulative 
Flow 6'l'CC 6TO: ___ per_ g_~f_~ per g of 
1/hr ~. ~ Bed Carron Bed Carron 

150 22 58 16.0 102 16.0 102 

150 2 10 2.8 102 18.8 102 
150 4 15 4.1 102 22.9 102 
150 4 12 3.3 102 26.2 10~ 
150 5 22 6.1 102 32.3 '102 150 8 14 3.9 102 36.2 102 150 8 14 3.9 102 40.1 10 

120 25 51 10.4 102 10.4 102 

120 4 14 2.9 102 13.3 102 

120 3 3 0.6 102 13.9 102 

120 5- 8 1.6 102 15.5 102 

120 3 3 0.6 102 16.1 102 

120 0 0 0 16.1 10
2 

120 0 0 0 16.1 2 102 . 
120 0 .0 0 16.1 10 

120 7 17 2 2 3.7 102 3.7 -l02 
120 3 3 0.6 102 4.3 102 120 7 2,2 4.8 102 9.1 102 120 6 11 2.4 102 11.5 10 
120 9 ,38 8.3 102 "19.8 102 

120 12 39 8.7 10 28.5 102 

6MA 
L1MA per g of 
em3 Bed Carron 

304 0.8 
1493 4.1 
1040 2.8 

830 2.2 
255 0.6 

1442 4.0 
469 1.3 

198 0.4 
2740 5.5 
?673 5.4 
~170 4.4 
-346 ... 0.7 

396 0.8 
346 0.7 
198 0.4 

96 0.2 
95 0.2 

189 0:4 
3708 6.6 
5564 9.7 

Curmilative 
2.MA per g 
Bed Carbon 

0.8 
4.9 
7.7 • 
9.9 

10.5 
14.5 
15.E 

0.4 
5.S 

n. :: 
15.7 
1S.r 
15. £ 
16.: 
16.~ 

0.2 
0.4 
o.r 
7.~ 

17.1 

IV 
W 
W 



TCC TCC 
Run Time Period Time in out Flaw 

# Used " Hrs. !!:9L1. ~ 1,1hr 
'-

o - 15.5 15.5 11 4 120 
15.5 - 26 10.5 15 9 120 

5 26 - 63 37 15 4 120· 
63 - 77 14 15 2 120 
77 - 99.5 . 16.5 IS 1 120 

o - 12 12 27 2 120 
12 - 24'.5 12.5 27 '5 120 

6 24.5 - 42 17 .5 ' 28 13 120 
, 42 - 59 17 34 17 120 

59 - 75 16 31 14 120 
75 - 89 14 29 12 120 ", 

\ 

o - 12 12 25 3 120 
12 - 22 10 26 8 120 

7 22 - 44 22 ,26 12 120 
44 - 63 19 25 13 120 
63 - 67 4 27 10 120 

D 

Table D.3.8 

Vol~ Yield Evaluation Data 

6'II:X: Cumulative 
f\ 'I\X .f\'I'OC per g of ~TCC per g of 

!!9fl. ....<L. Be1 Carron Bed Carbon 

7 13 2.4 102 2.4 102 

6 8 1.5 102 3.9 102 

11 49 8.9 102 12.8 102 

13 22 4.0 102 16.8 102 

17 33.6 6.1 102 22.9 102 

25 36 5.5 102 5.5 102 

22 33 5.0 102 
10.5 102 

15 32 . 4.8 102 15.3 102 

17 35 5.3 102 20.6 102 

17 33 5.0 10
2 

25.6 102 

17 29 4.4 i02 30.0 102 

22 32 
'2 

4.8 102 4.8 ' 102 18 22 3.3 102 8.1 102 

14 37 5.6 102 13.7 102 

12 27 4.1 102 17.8 102 

17 8 1.2 10 19.0 102 

MA 
! Mh per g of 
an3 Bed Carbon 

5 
57 0.1 

3035 5.5 
3500 6.4 
4284 7.8 

174 0.2 
311 0.4 
436 0.6 
500 0.7 

2360 3.5' 
5805 10.1 

70 0.1 
131 0.2 

3679 5.7 
4521 6.9 
2480 3.8 

Cumulative 
,~MA per g 

Bed Carbon 

0.1 
5.6 

12'.0 
19.8 

0.2 
0.6 
1.2 
1.9 
5.4 

15.5 

0.1 
0.3 
6.0 

12.9 
16.7 

tv 
W 
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Table D. 4. 1 

Spen,t Carbon, Phenpl Adsorption Isotherm, Run 4 
; 

( 

r a . 
" \ ~ 

Ceq Phenol 
Flask F lask+-A. C. Volume Phenol Adsorbed Dry AC Loading 

No. (g) Flask (g) m1 mg/l mg (g) mg/g 

1 77.4157 77.3982 60 58 0.84 0.0068 123.5 ;:. 

2 78.0084 77.9509 60 40 1. 92 0.0223 86.1 H 
Ul 

3 75.3111 75.9509 60 12 3.6 0.0607 59.3 0 
rt' 

4 75.1542 60 2 4.2 0.1106 38.0 ::r 
ro 

5 73.9298 60 0 4.32 0.1763 24.5 ~ 
Ul 

6 78.2628 60 0 4.32 0.6117 7. 1 

7 ' Bla Phenol 60 72 

AC 
Blank 72.0710 71. 8084 60 0 0.1024 

.. / \ 

Water-Content of Carbon for Isotherm Determination 

Sample I Sample II 

Wet Weight of Carbon (g) ,0.1964 0.5171 
) 

N Dry Weight of Carbon (g) 0.0760 0.2001 "'" ..... 
.,. H20 Content % of W~t Carbon 61. 3 61. 3 

"/ 



Table D. 4.2 
'/ 

Spent'Carbon, Phenol.Adsorption Isotherm, Run 5 

.--...., 
( 

\ .""'\ Ceq \ 

Flask Flask AC Dry AC Ad~orljance Phenol ( ~ Volume '-- ..... 
No. Flask (g) ( g) (g) ( 1:00 ) mg/l !!SLl ml 

I 74.6720 74.6909 0.0074 0.110 63 16 55 . . 
2 78.1032 78.1558 0.·0208 0.072 44 35 55 

3 78.9664 79.1078 0.0558 Ot 022 7 72 "55 

4 71.8917 72.-1582 0.1053 0.010 a 79 55 

5 72.1795 73.1774 0.3912 0.010 0 79 55 

6 72.1377 73.5532 1. 4155 0.010 0 79 55 

7 Phenol blank 0.118 79 55 
n 

" AC 
Blank 77.3688 77.5303 0.0482 0.010 

_7 b 55 

Water Content of Carbon for Isotherm Determination 

Sam12le I Sample II 

Wet Weight of Carbon ( g) 0.2838 0.7542 

Dry Weight of Carbon (g) 0.1121 0.2982 

H20 Content % of Wet Carbon 60.5 60.5 

,~ 

~ 

( 

Adsorbed 
Phenol 

----~g----

0.88 

1. 95 

3.96 

4.35 

-,---4.''35 

. --. 

,-) 

Loading 
__ mg/g __ 

119 . 

N 
.to. 
N 

92.5 

70.9< 

4l. 

4.3 

3 • 



'" 

'.' , 

Flask Flask lAC 
No. (g) 

1 74.3775 

2 81.6012 

3 80.551"'7 ~/ 

4 .~ 79 .0893 

----5 83.375.7 

AC 
\, 

Blank 75.8984' 

Phenol 
Blank ') 

it 

, '" 

.",,~- Table D.4.3 
J 

Spent Carbon, Phenol Adsorption Isotherm, Run 6 

Ceq Adsorbed 
Dry AC Phenol .6.C Volume Phenol 

Flask ( 9:) (9: ) m9:~l ~ ml ms 
I 

74.3566 0.0079 65 5 60 0.3 

81.5216 0.0302 45 25 60 1.5 

79.7866 0~2907 5 65 60 3.9 

78.7940 0.1133 25 45 . 60 2.7 

83.1877 0.0714 30 40 
, 60 ~.4 

. 
75.6634 o . 0 890 0 

-:> 70 
\ 
I 

/ 

Water Content of Carbon for Isotherm Determination 

\j. Sample I Sample II 

Wet Weight of 'Carbon (g) 0.8862 0.6860 

Dry Weight of Carbon (g) 0.3335 0.2599 

H20 Content % of Wet Carbon 62 62 

" 

• 

Loading 
mSLS 

39 

49 

13 

24 

34 

N 
~ 

w 

Total 

LoaditS 

110 

121 

85 

96 

106 

~ 



,J 

Flask 
No. 

1 

2 

3 

4 

5 

Phenol 
Blank 

Carbon 
Blank 

<, 

, 

Table D. 4. 4 'I 

Spent Carbon, Phenol Adsorption Isotherm, Run 7 

Ceq Adsorbed 
Flask! AC Dry AC Phenol ~C Phenol Volume Loading 

(g) Flask (g) (g) mg/l mg/l mg_ ml mg/g 

76.7879 '76.7678 0.0074 66 9 0.54 60 73 

76.8853 76.-8449 O. 0 ~50 62 13 0.78 60 52 

73.5780 73.4323 o . 0539 44 31 1. 86 60 34 
~.., 77. 9602 ~ .... --~. 77.5848 

() 

0.1389 18 57 3.42 60 24 

78.4506 77.3633 o • 4023 6 67 4.14 60 10 

75 60 

69.5716 69.2882 0.2834 3 60 

"t 
Water Content 'of Carbqn for Isotherm Determination 

Sample I Samp,1e II 

Wet_Weight of Carbon (g) .: 0:4938 0.9232 
/ 

Dry Weight of Carbon (g) 0.1811 0.3416 \_--_/ 

H20 Content % of Wet Carbon 63 /63 
Total loading is the loading that results be~ause of idsorption during the isotherm de 
termination plus the loading of Phenol existing of th~~~>the end of the run, as 
determined in Appendix D2 through Phenol mass balances. -

~-.- ..... , 

, 

~~ .. 

\ 

\ 
I 

N 
of>, 

.b 

Total 
Lo~_ding 

115 

94 

76 

66 

52 

-i. 
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APPENDIX E 

Abbreviations 

Angstrom 

Eq~al to'lO-8 centimeters or 10- 10, meters 

A.C Activated Carbon 

°c Degrees Celsius or Centigrade 

cm Centimeter. Equal to 10- 2 m. 

cc Cubi~ Centimeter, cm3 

D.O. Dissolved Oxygen 

g Gram, 'I t is a mass unit and can also be 

hr (s) 

FO 

IC 

kg 

1 

p. 

m 

mg 

ul , 

ml 

,rnm 

meq 

written as g (SJ) 

Hour(s) 

Degress Fahrenheit 

Inorganic Carbon 

Kilogram, equal to 1000 g. 

Liter, equal to l03 cm3 

-6 Micron, equal to 10 m. 

Meter, Unit of length (S.I 

Milligram, equal ~~ 10~3g. 

Microliter, equal to ~0-6 I. 

Milliliter, equal to 10~3 1. 

-3 Millimeter, equal to 10 m. 

-3 Unit of mass equal 10 , gram equivalent 

'''hich is the aPP':lrent weight of an 

electrolyte multiplied by the ionic charge 

24.9 



... 

p.s.i. 

Peak 

q 

. T. C. 

T.O.C. 

ft 

% 

ID 

OD 

Ceq. 

Co 

O.C.P. 

R 

,. 

Pounds per square inch. Unit of pressure 

(British Units ~ystem) 

The reading of the peak the Carbon Analyser 

recorder gives for a certain sample. It is 

expressed in arbitrary units of the recorders 

chart. -~ 

Loading of an ,adsorbant. It is the mass of 

adsorbate adsorbed per unit mass of adsorbant. 

It is· expressed in terms of mg of adsorba~e 

per gram of ads,orbant. 

Total Carbon content of a ~ample, organic 

and inorganic. 

Total Organic Carbon of a sample (elemental) 

Number 

Percent 

Inside Diameter of tube-pipe 

Outside Diameter of type or pipe­

Equilibrium Concentration after adsorption 

Initial concentration 

250 

Organic Carbon content 0f Ehenol. concentration. 

Con tinuous Run 
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