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I. INTRODUCTION 

Then God said, "Let the waters team with shoals of 

living creatures •.. " and so it was (1). Years later, 

thousands of newly synthesized organic compounds, some of 

them toxic, are annually released into the aquatic environ-

ment. Many of those creatures, that served and still serve 

as man's richest diet, are now endangered. The probl~~ is 

known as water pollution. It may become, if not solved, 

one of man's most dangerous enemies. 

Since the turn of the century, industry has been the 

major source of water pollution. Phenol is one of the more 

toxic pollutants. Concentrations of this chemical may 

result in fish kills, in contamination of the flesh of 

fish that decreases their value as a source of food and 

in impairment of water supplies (2) . It is lethal to many 

constituents of the flora and fauna of the aquatic world. 

Until recently, it was hard for man to believe that 

an ecosystem that is unhealthy would not be healthful 

for humans (3). Phenol not only affects the fish, it also 

affects the fisherman. According to all reports on toxic 

materials, phenol is a dangerous, deadly poison for man. 

Oral uptake of 1.5 grams is lethal ( 4) • Death has re-

sulted from its absorption through skin of 64 in 2 a area . 
Human symptoms related to phenol toxicity are available 

l 
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in all books on hazardous chemicals (4,5). Do the above 

facts imply that phenol has to be banned from the market? 

The answer is NO. Pnencl i~ used in the manufacture 

of various resins, disinfectants, plastics, and pharmaceuti-

cals, products that are essential t~ today's society. Man 

doesn't have to stop manufacturing a chemical that is help-

ing in his survival. However, it is the duty of man to 

find a solution to treat efficiently the industrial waste-

water that is contaminated with such chemical. 

Treatment of industrial wastewater started growing in 

the early 1960's. The United States, Germany, and England 

initiated the use of granular activated carbon to remove 

organic contaminants from wastewaters (6). This chemical 

process is known as adsorption and actually is widely used 

throughout industry. 

1'.ctivated carbon columns have long been used to treat 

phenolic wastes and other toxic organic compounds encoun-

tered i~ wastewaters. However, once these columns are ex-

hausted, the activated carbon must be regenerated or 

replaced. The regeneration techniques used in the indus-

try are often cumbersome and costly. The most commonly 

used one is the off-site thermal regeneration (7). Pro-

blems such as transportation and attrition (10-15% by 

weight of the carbon is lost during the burn out) are 

associated with this process. The biological regeneration 
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technique of activated carbon, however, is an in situ 

process expected to overcorne the above mentioned problems. 

The theory behind this new technology is still vague. 

For this reason, and for economic reasons, biological 

processes are still rare. Until 1970, little is reported 

on applications of appropriate methods to the biological 

degradation of toxic chemical and/or biochemical wastes 

(3). Now, for economic reasons, treatment of wastewater 

using microorganisms is flourishing. Some of these mi-

crobes are phenol degraders. As one TV commercial would 

put it, "Let the bug do the cleaning." 

One biological treatment of wastewater that is receiv-

ing wide attention in industry uses the fluidized bed tech-

nology. The basic concept of this process consists of 

passing wastewater through a fluidized bed of granular or 

powdered particles. Appropriate biological microorganisms 

are added to the bed to degrade specific contaminants. The 

purpose of the particles is to provide an enormous surf ace 

area for microbial growth (9). On a laboratory scale, sand, 

coal, and activated carbon are used as support media (10). 

This thesis will be concerned with: 

1) The extent to which an activated carbon fluidized 

bed, treating phenol, could be bioregeneratec. 

2) The evaluation of the performance of treating 

phenolic artificial wastewater in: 
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a) the presence of activated carbon 

b) the absence of activated carbon. 



II. LITEP.ATUP.E FEVIEW 

A. Activated Carbon-Phenol System 

Activated carbon, as well as the activated carbon-

phenol system, are widely investigated in the literature. 

In the early 1970's, Bartell and Miller (11) were interested 

in the chemistry of adsorption by activated carbon and ex-

amined the adsorption of electrolytes by activated carbon. 

Later, Boehm (12), Garten and Weiss (13), Snoeyink and 

Weber (14), Mattson and colleagues (15) discussed the struc-

tural and surface characteristics of activated carbon. The 

complexities of the structure and the surface of this ma-

terial are responsible for the diversity of sorptive reac-

tion mechanisms for organic compounds of interest in water 

and wastewater treatments. This section will be mainly 

concerned with: 

1. The chemistry of active carbon and phenol. 

2. The theory of adsorptio~ and the adsorption iso-

therms. 

3. The factors affecting phenol adsorptior. on active 

carbon. 

4. The regeneration of spent activated carbon. 

5 
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1. The Chemistry of Active Carbon and Phenol 

a. Structure and Surface Properties of Active Carbon 

The sorptive behavior ~f activated carbon depends on 

its structure and surface propertie3. Active carbon is 

composed cf microcrystallites. Each microcrystallite con-

sists of a stack of graphitic planes. Wi~~in a plane, sigma 

(cr) bonds join each carbon atom to the three adjacent ones. 

In addition, the fourth electron of the atom participates 

in a Pi (n) bond. It is likely that part of the carbon 

within a microcrystallite is highly disordered, thus devia-

ting from the ideal graphite structure. Highly reactive 

free valences (free radical-sites) are located at the edges 

of the graphitic planes. It is probably these free radical 

carbon atoms, in conjunction with van der Waals forces which 

serve to bind the microcrystallite into a rigid unit (16). 

Active carbon is a porous material. It possesses a 

high surface-area per unit weight (up to 1000 m2 of surface-

area/g). Its porosity results from the burn out of the non-

carbon impurities, located between the microcrystallites 

during the activation process. This is achieved by exposing 

the raw materials such as coal and coke to oxidizing gases 

(0 2 , co 2 , H20) at temperatures 2bove 200°C. The result is 

an extensive heterogeneous surface. Zarifyanz and col-

leagues (17), Blyholden and Eyring (18), and many others 
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(19, 20) investigated the reacticn cf carbon with oxygen 

at different temperatures and under various atmospheres. 

As a result of the oxidation process, a diversity of 

functional groups form on the edges of the microcrystallites. 

This diversity in functional groups is due to the high re-

activity of the free valences and the variety of substances 

used in the preparation of such carbons. Not all of these 

groups have been characterized. The few that have been 

identified (21) are proving very important in the waste 

water treatment application. The groups most often sug-

gested are carboxyl groups (I), phenolic hydroxyl groups 

(II) and quinone-type carbonyl groups (III) . Slightly less 

often there are suggestions of ether, peroxide, and ester 

groups: in the forms of normal (IV) and fluorescein-like 

lactones (V) (cyclic esters) carboxylic acid anhydrides 

(VI) and the cyclic peroxide (VII). 

~ 
(I) 

() 

li c 
'-----oH 

() 
" 

--~() 
Ii I 

/~. I :\ 
~v 

! 

~()"--
: :Y' ;I H 
I !I 

/"---"-./ 
I 

~) 

(II) 

(IV) 

(III) 



~ () I ! ~. 

""0--.,/' "' ti i 0 

~r~< 
.;:) u (VI) 

8 

\):""" 
C-(.) . l 

I 
C-0 

(VII) 

Certainly, the presence of oxygen-containing functional 

groups on the surf ace of carbon markedly affects the ad-

sorption of certain compounds. Beebe and co-workers (22) 

and Wright (23) studied the adsorption of a variety of 

* organic materials en two different carbons, Graphon and 

** Spheron (24). They observed significant differences in 

the nature and degree of adsorption of those materials on 

the two carbons. They suggested that these differences in 

adsorption characteristics are due mainly to differences in 

the amount of chemisorbed oxygen on the carbons during the 

oxidation process. 

Mattson, Mark and Weber (25) studied the surface reac-

tion of phenol and activated carbon using infrared internal 

reflectance. They found that carbonyl type functional 

groups on the carbon surface interact with the sorbed phenol. 

* Graphon: Trademark by Graphite Metallizing Corp., for 
a group of graphite and resin materials that exhibit ex-
tremely high chemical inertness. 

** Spheron: Trademark, by Cabot Corp., for pelleted 
channel carbon blacks for rubber. 
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Coughlin and colleagues ( 26, 27) investigated the importance 

of the nature of the oxygen-containing functional groups on 

phenol adsorption by carbon in c.queous systems. They found 

that a carbon that has been extensively oxidized adsorbs 

less than one that has r:ot. The surface of an active carbon 

was extensively oxidized with ammonium persulfate (NH 4 ) 2s 2o8 

in order to increase the quantity of acidic oxygen on the 

surface. The capacity of the carbon for adsorption of phenol 

was reduced by a factor of eight on a weight basis and by 

a factor of four on a surface area basis. However, the 

original capacity was partially restored by treatment of 

the surface with a reducing agent or vacuum outgassing at 

elevated temperature. 

Bartell and Miller {28) / Garten and Weiss (29) / and 

Snoeyink and Weber (30) found U1at oxygen functional groups 

play a significant role in the sorption of strong acids. 

Activated carbon has negatively charged sites on its 

surface. Phenols are fairly acidic and, therefore, they 

have an affinity to the negatively charged surface of the 

activated carbon. The affinity of phenols to the activated 

carbon and its uptake by this later is termed adsorption. 

2. The Theory of Adsorption and 
the Adsorption Isotherm 

a. Adsorption Theorv 

The adsorption process consists of two steps: the first 
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step is the migration of molecules from the solution to the 

solid surface. The second step is the attachment (adher-

ence) of these molecule3 t:o the ;,;olid surface by chemical 

and physical bonds. The molecules J.re called adsorbate 

and the solid is called adso£bent. The adsorbate and the 

adsorbent interact in different ways. If the interaction 

is very strong and irreversible then chemical adsorption 

or chemisorption is said to have occurred. (This is the 

process that occurs when oxygen-containing groups are ad-

sorbed on the surface of the carbon during the oxidation 

process.) On the other hand, if the interaction is weak 

as is characteristic of bonds formed by van der Waals 

forces, then physical adsorption is said to have occurred 

(23). This latter adsorption is reversible and it is the 

one that occurs most frequently when removing phenols from 

wastewaters by activated carbon. 

In practice, for economic reasons, activated carbon 

is the most effective adsorbent used in wastewater treat-

ment for the removal of non-polar materials such as phenol. 

Activated carbon is an inexpensive material and can adsorb 

many non-polar materials that are found in wastewaters. 

Activated carbon differs from silicon gel in that it doesn't 

attract polar materials such as water. According to Mulli-

gan and Fox (10), the primary driving forces for adsorp-

tion are a combination of the hydrophobic (water disliking) 



nature of the solutes (adsorbate) in the wastewater and 

the affinity of the solute for the solid (adsorption). 

The second driving force is due tc a combination of elec-

trostatic attraction, physical adsorption, and chemisorp-

tion. Electrostatic forces occur when sorbate molecules 

carry a net charge and are attracted to surface sites of 

opposite charge. Most adsorption phenomena 3.re cor.'\binations 

of the above three types. One can directly relate solute 

solubility in water to its hydrophobic behavior. Dissolved 

organics with low solubility are most readily adsorbed. 

Since solubiJ.ity decreases with increasing molecular weight 

within a given class of chemicals, high-molecular weight 

organic molecules of homologous type adsorb preferentially. 

For example, adsorption increases in the order: formic, 

acetic, propionic, and butyric acids. As mentioned earlier, 

adsorption of non-polar molecules is favored over polar 

molecules. Thus, non-polar, high molecular weight contami-

nants such as benzene are easily removed from wastewater; 

low molecular weight polar organics such as methanol are 

poorly removed from wastewater by adsorption. The fact that 

benzene adsorbs better than phenol implies that the hydroxyl 

group cf the phenol molecule is not the determining factor 

in the adsorption of phenol on activated carbon. 

The hydroxyl group, however, affects the electrophilic 

nature cf the ring. Drago (32) showed that phenol fvrms 
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strong donor-acceptor complexes with oxygen containing 

groups and that these aromatic compounds adsorb on active 

carbon by a donor-acceptor complex mechanism involving 

carbonyl oxygens of the carbon surf ace acting as the elec-

tron donor and the aromatic ring of the solute surface 

acting as the acceptor. This implies that the aromatic 

ring is the determining factor in the adsorption of aro-

ma tics. In the case of phenol, the hydroxyl group de-

creases the electrophilic nature of the ring, making it 

less adsorptive than benzene. The rule relating adsorp-

tion to molecular weight or molecular size doesn't apply 

infinitely. It has a lower and an upper limit. It only 

applies to organic molecules of three or more carbon 

atoms. The molecule may become so large that pore diffu-

sion to the vast internal surface area of activated carbon 

is inhibited. 

Due to adsorption, there is an accumulation of materials 

at the liquid-solid interface that is used in wastewater 

treatment. Dissolved materials tend to either accumulate 

at an interface or to disperse away from it depending on 

their relative strength of attraction for themselves or for 

the solvent (as mentioned earlier, non-polar molecules are 

hydrophobic and therefore tend to migrate toward the inter-

face). Two significant results of this accumulation are con-

sidered. The first one is the lowering of the surface 
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tension of the solvent (33). It can be shown from thermo-

dynamic considerations that if surface tension decreases 

upon addition of solute, the solute will tend to migrate 

toward a solid surface where it can be adsorbed. Heat is 

released; adsorption is an exothermic process. The second 

result is the concentration of the dissolved material in 

close proximity to the sorbent surface. This latter result 

is important because the rate of adsorption is proportional 

to the concentration of the sorbate. This proportionality 

of rate of adsorption to concentration of sorbate is the 

subject of the next subsection. 

b. Adsorption Isotherms 

Adsorption processes are described by the equilibrium 

isotherms they follow. These isotherms are simply relation-

ships between the quantity of adsorbate that can be ad-

sorbed by a given weight of activated carbon and the concen-

tration of sorbate remai!1ing in solution at equilibrium at 

a constant temperature (isothermal). Experimental deter-

mination of an isotherm is usually accomplished by contact-

ing weighed amounts of carbon with a given volume of liquid 

of known initial sorbate concentration. The system is 

allowee to come to equilibrium at a selected temperature and 

the final liquid-phase sorbate concentration is measured. Let 

X be the weight of organic adsorbed, and M be the weight of 
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carbon used in the adsorption of the organic compound. If 

X/M represents the quantity adsorbed per unit weight of car-

bon and Ce the equilibrium conc8Ltration, then an isotherm 

for a pure sorbate such as phenol will take the form of the 

curve in Figure 1. 

Most equilibria data follow one of three commonly used 

models: The Brunauer, Emmett, Teller (BET) isotherm; the 

Langmuir isotherm; or the Freundlich isotherm. Both BET 

and Langmuir isotherms are based on theoretical develop-

ments while the Freundlich isotherm is an empirical rela-

tionship. The BET isotherm is based on the concept of 

multiple-layer adsorption, i.e., multiple layers of mater-

ials being adsorbed on the surface, while the Langmuir model 

assumes that only a single (mono) layer can be adsorbed. In 

practice, the Freundlich isotherm is the form of choice for 

activated carbon. 

The equation describing the Freundlich isotherm has 

been derived from empirical considerations and has the form: 

X = KC l/n 
M e 

where X/M = amount adsorbed per unit weight of activated 

carbon 

C = equilibrium concentration of adsorbate in solu-e 
tion after adsorption 

K,n = empirical constants. 
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Figure 1. Isotherm for phenol. 
(T. J. Mulligan, and R. D. Fox, Chem. 
Eng./Deskbook Issue/p. 49, October 18, 
1976). 
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To facilitate determination of model validity and the values 

of the coefficients K and n, the Freundlich isotherm is 

plotted on log-log paper. A straight line whose slope is 

l/n and whose intercept is K, is expected from the plot. 

Typical Freundlich isotherm constants are reported in 

reference 6. For phenol, K is found to be equal to 24 mg/g 

while l/n has a value of 0.271. 

Theoretical carbon demand can be obtained by using the 

following equation (6). 

where Y = weight of carbon required per unit volume of con-

taminated liquid 

Co = Influent concentration (ppm) 

X/Mco = maximum amount of contaminant adsorbed per unit 

weight of carbon when the carbon is in equilibrium 

with the untreated contaminant concentration. 

Figure 1 shows that the adsorption isotherm for phenol 

on carbon usually shows two clear plateaus. Each plateau 

fits a Freundlich type equation with different constants. 

This indicates that two different processes are taking 

place, one at low concentrations and one at high concen-

trations of solute (26, 34). To explain these observations, 

Giles and co-workers (35) suggested that the second step 
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(second plateau) of the isotherm i~vclved an uncovering of 

part of the surface (an increase in available surface), 

followed by readsorption of the phenol molecules in a dif-

ferent orientation. They also suggested that this re-

orientation involved a change from a flat (with respect to 

the aromatic ring of the phenol) configuration to an end-on 

configuration where the hydroxyl group is directed away 

from the carbon surface. 

Physical adsorption is primarily responsible for 

removal of organic contaminants and the process itself is 

reversible; therefore, one would expect that all the mole-

cules that have been adsorbed under a set of conditions can 

be recovered under the same set of conditions through a 

desorption process. Snoeyink and co-workers (16) studied 

the degree of reversibility of the sorption reaction for 

phenol on active carbon. Their procedure consists of 

contacting a known weight of already loaded activated car-

ban (the activated carbon was brought to equilibriu..~ with 
-3 a 5 x 10 mole per liter solution of phenol in distilled 

water) wit..~ distilled water. The carbon is then allowed 

to re-equilibrate with the new solution. After equi-

libriu.~ is achieved, the solution concentration, C is e 
measured. Similar to what has been done during the adsorp-

tion process, the values of X/M have been determined and 

plotted versus c e' Their results indicate a definite 
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hysteresis effect in the desorption of the phenol. Snoeyink 

and colleagues (16) suggest thc.t an irreversible chemical 

reaction that results in the breakdown of phenol occurs 

after the phenol is sorbed from solu~ion by the active car-

bon. This supports the hypothesis that the adsorption 

process is a combination of three forces: electrostatic, 

physical adsorption, and chemisorptiono 

3. Factors Affecting Phenol Adsorption 
on Active Carbon 

In the previous subsection the adsorption theory and 

the adsorption isotherm were discussed. Let us now look 

at the major factors that affect adsorption. Factors such 

as temperature, pH, size of raolecules, salts and acids play 

an important role in the adsorption of phenol or other 

organics on activated carbon. 

a. Effects of Temperature 

Equilibrium studies of phenol sorption on activated car-

bon were performed at different temperatures by Snoeyink and 

co-workers (16). Their results show that adsorption de-

creases with increasing temperature. This is consistent with 

the fact that adsorption is an exottermic reaction. 

b. Effects of pH 

Isothe~s for sorption of phenol at pH values of 2.0, 

5.6, 7.5, and 10.6 are given by Snoeyink and co-workers {16). 
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Adsorption increases as the pH increases. Once the pH ap-

preaches the pKa value of phenol, i.e., 9.89, a drop in 

adsorption is observed. 'I'he reason i.s that the principle 

adsorbing species above this pH is most likely anionic. 

Ions adsorb less than the neutral species. 

c. Effects of Size 

The effect of the size of sorbate on adsorption has 

been discussed earlier. For organic molecules of the same 

chemical class, adsorption on activated carbon increases 

with increasing molecular size. This rule is adversely 

affected when the di~~eter of the organic ~olecule approaches 

the diameter of the micropc::::-(~s , 

d. Effects of Inorganic Salts on Acid Adsorption 

Steenberg (36) found that the nature cf the inorganic 

salt present in the adsorption system could significantly 

affect the extent of acid uptake. He studied the effect of 

different salts (KSCN, KI, KBr, NaCl, KCl, Na 2so 4 ) on acid 

adsorption. He noted that the order of the anion effect on 

the adsorption capacity of protons on active carbon was 

SCN > I > N0 3 > Br - 2-
> cl > so~ . 

"" 
Snoeyink and Weber 

(37) studied the HCl - NaCl system. They found an increase 

in acid adsorption on activated carbon upon increase in the 

salt concentration. The same effect was exhibited when 

they worked on the P-nitro phenol-NaCl and phenol-NaCl 
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systems. Their result is important when dealing with a 

basic solution of phenol that has a pH equal to the pKa 

value (pKa = 9.89). Phenol is mostly in the ionic form at 

that pH, resulting in poor adsorption. The high salt concen-

tration may counteract this effect of adsorption at high 

pH by increasing the degree of ion pairing of the cation 

with the phenol anion. No significant differences in ad-

sorption capacity of carbon were noted when they repeated 

the same work at pH 2.0 (16). 

e. Competitive Adsorption of Organics with Acids 

Experiments done by Steenberg (36) and others (38, 39) 

show that adsorbed acid is easily desorbed o~ addition 

of organic materials such as phenol, arylalcohol, toluene, 

picric acid, and methylene blue. These types of materials 

have the capability to desorb anions. Upon addition of the 

organic material, the anion is competitively desorbed. 

4. The Regeneration of Spent Activated Carbon 

Once exhausted, activated carbon can be regenerated 

in several fashions. Regeneration techniques are chosen 

on an economical basis. Some of the current practices in 

activated carbon regeneration are classified into two major 

classes, the destructive and the nondestructive regenera-

tion. For the destructive reger.eration, about 10-15% by 

weight of the activated carbon is lost due to attrition. 
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a. Destructive Regeneration of Activated Carbon 

i. Thermal regeneration techniques for granular 
activated carbon 

Thermal regeneration is accomplished by passing the 

exhausted carbon through a furnace. Dryin~ using preheated 

air, takes place in the first step followed by pyrolysis 

and oxidation in an oxygen-starved atmosphere. The purpose 

of controlling the oxygen is to minimize the oxidation of 

the carbon itself. Finally, the sorbate (the contaminant) 

is oxidized; either becoming part of the activated carbon 

or being driven off as oxidized gaseous end products (10) • 

Monstre furnaces are often used for this purpose. These 

are multiple-hearth furnaces. They consist of a cylindrical 

refractory-lined steel shell containing several hearths 

and a central rotating shaft -'.:o which rabble arms are at-

tached (7) • This technique is economical only for big treat-

ment plants. It is not used for small treatment plants. 

ii. Thermal regeneration technique for powdered 
activated carbon 

Two techniques are developed for this carbon. These 

techniques also work for the granular carbon. 

a. Shirco's electric furnace. Heat for regenera-

tion, in this case, is provided by infrared radiation from 

quartz or silicone carbide heating elements (38). The 

Shirco furnace is attractive for small industrial wastewater 

treatment plants. 
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s. Wet oxidation. In this process, a slurry of car-

bon is mixed with air pressurizec to about 800 psi. The 

resulting stream then passes th~ough neat exchangers and a 

heated reaction vessel, where oxidation takes place at 

about 450 to 500°F. Wet oxidation has many advantages on 

other thermal regeneration techniques. It costs less. The 

slurry is regenerated wi~~out dewatering (7). The carbon 

loss is less than 7% by weight (recall that 10-15% by weight 

of the carbon is lost in most thermal regeneration tech-

niques). Also, the oxidation step is self-supporting, i.e., 

no fuel is needed. The wet oxidation process is also known 

as the Zimmerman process (2). 

iii. Fluid-Bed Work 

The carbon i's regenerated. by blowing a hot gas through 

it. The carbon is fluidized by the gas stream creating an 

expanded bed. The advantages of th.is technique over the 

multi-hearth furnace technique are: (1) no internal moving 

parts, so the cost on maintenance is low; (2) the heat trans-

fer between the gas and the carbon particles is excellent 

due to the high area of contact (this results in low fuel 

outlays); and (3) the equipment is less bulky--it costs less 

and occupies less space. All fluidized-bed units in use 

today have been, so far, designed to regenerate granular 

activated carbon. The powdered-carbon particles can easily 

be entrained by the hot gas used for reactivation. To 
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increase the contact ti.P1e betwe~n the particles and the gas. 

Nichols Engineering are using a fluidized bed of sand and 

carbon particles. This will allow the sand to blow out 

first, giving spent carbon more time to reactivate. 

b. Nondestructive Regeneration Techniques 

There are three general types of nondestructive regene-

ration in use nowadays: pH change, solvent, and steam. 

i. Regeneration by use of pH change. 

This procedure is commonly used in the recovery of 

phenols and cresol from wastewater streams. The organic 

chemical is primarily ionized, then adsorbed as a free acid 

or base. It is then recovered from the adsorbent as the 

ionized salt by using an alkaline or acidic regeneration 

stream. The pH chang_e technique can be used only for organic 

chemicals whose adsorption on activated carbon is affected 

by change in pH. As mentioned earlier, the adsorption of 

phenol on activated carbon is affected by pH change. 

ii. Solvent reaeneration. 

Activated carbon can be regenerated by using a solvent 

phase to desorb the organic chemicals. The only requirement 

is that the organics to be removed be soluble in the solvent. 

iii. Steam regeneration. 

Steam regeneration of activated carbon is also a pos-

sible technique. In this case, the increased temperature 
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changes the equilibrium conditions and the sorbate moves 

into the gas liquid phase from t:te solid phase (31). We 

have already mentioned that adsorption decreases with in-

creasing temperatures. 

iv. Biological regeneration. 

Biological regeneration consists of on-site reactiva-

tion of the exhausted active carbon using microorganisms. 

Rodman and Shunney (40) treated textile dye waste using 

activated carbon. The carbon was initially contacted for 

2-1/2 hours with dye (contamination process), then re-

generated by feeding, for 6 hours, the carbon bed with a 

bacterial culture (regeneration process). This cycle was 

repeated on and on; however, the authors did not mention 

anything about the role of the bacteria remaining in the 

bed once the regeneration process was over. The pilot plant 

used for this work consisted of a bed of activated carbon 

as supporting medium, and an aerobic culture reservoir used 

to feed the bed during the regeneration process. The waste-

water was fed to the bed in a downflow made during the con-

tamination cycle. Hence, the column was operated in a 

packed bed mode. During the regeneration cycle, the bac-

teria were fed to the bed in an upflow mode. The adsorbent 

bed was then fluidized. 

In the first contamination process, the rate of COD 

removal T • .;er.t down from approximately J.00 95 to 30%, then 
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went up to 40%. After 6 hours of bicregeneration, the rate 

of COD removal went up to 70%, then dropped to 40% at the 

end of the contamination process. When the bioregeneration 

cycle was increased to 12 hours instead of 6 hours, an 

increase in re~oval efficiency was observed. 

c. Options in Handling Exhausted Activated Carbon 

According to Rizzo and Shephe.rd ( 6) , there are four 

options in handling exhausted carbon. The first one is to 

throw away the carbon once exhausted and use virgin carbon 

for each batch. It can be economical on a small scale. 

The second option is offsite reactivation. In this case 

the exhausted carbon is transported to another plant where 

reactivation occurs. The company opting on offsite regenera-

tion doesn't have to deal with all the burden associated 

with the operation of an onsite reactivation furnace. The 

third option is the onsite reactivation where the technique 

used has to be close to the treatment plant. No transpor-

tation fees are required for that option. Maintenance may 

be the only problem. The fourth option is to arrange for a 

service company that does the whole job at an offsite loca-

tion. All those options are chosen on an economical basis. 

B. Microbiology and the Treatment of 

Phenol from Wastewaters 

Factors such as temperature and pH affect both physical 

and biological processes for removal of wastewater 
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contaminants. Factors such as dissolved oxygen (only in 

the case of aerobes) , substrate concentration, microbial 

ecology, and metabolic produ.cts are important variables in 

biological processes. In view of the importance of bio-

logical treatment the following re?icw is restricted to: 

1. The fundamentals of wastewater microbiology. 

2. Effects of substrate concentration, temperature, 

pH, and contaminants on the growth of the microorganisms. 

3. Microorganisms important in the treatment of 

wastewaters with special emphasis on the phenol metabo-

lizing microbes. 

4. Biochemistry of phenol metabolism. 

1. The Fundamentals of Wastewater Microbiology 

a. Bacteria 

Bacteria are industrially important because they can 

be used to accumulate both intermediate and end products 

(41) . They are also important in wastewater treatment be-

cause they can often metabolize organic materials and some 

undesirable minerals (31, 2). Bacteria that utilize or-

ganic materials as a source of energy and carbon are called 

heterotrophs. Those species that oxidize reduced inorganic 

compounds (such as NH 3) for energy and can use co~ as their 
"' 

carbon source are known as autctrophs. Both types are of 

interest to the wastewater engineer in the sense that the 
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majority of toxic compounds encountered in waters are either 

organic or inorganic. 

b. Viruses 

Viruses are important in wastewater treatment in the 

sense that the sanitary engineer has to keep them under 

control. This is usually done by chlorination and proper 

disposal of the plant effluent (2, 31, 41). 

c. Fungi 

In wastewater engineering some species of yeast are 

heterotrophs a.nd are involved in re.rnoval of organic com-

pounds from wastewater streams. Although most fungi are 

strict aerobes, yeasts are capable of both aerobic and 

anaerobic growth (2, 31, 41). 

d. Protozoa 

Protozoa function in removing bacteria and particulate 

organic matter from wastewaters (2, 31, 41). 

e. Growth Media for Microorganisms 

The basic microbial growth requirements are a source 

of energy, a source of carbon, a source of nitrogen and, 

finally, a source of minerals. As mentioned earlier, hetero-

trophs utilize organic materials as a source of energy and 

carbon while autotrophs oxidize reduced inorganic compounds 

(such as so4 ) for energy and use co 2 as their carbon source. 
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The formulation of a favorable medium for a certain micro-

organism is not a simple prcbl~~. Aiba and colleagues (41) 

tabulated the range of concentrations of some inorganic 

constituents found in bacteria, fu~gi 1 and yeast. From 

their table, one can conclude that phosphorous, potassiUJ.~, 

sulphur, and magnesium are major components in microorgan-

isms. An understanding of the composition of the cell also 

helps in the formulation of a medium. 

Porges and colleagues (42) developed a commonly used 

formulation for the cell. The formula is c5H7o 2N. Pauling 

and co-workers (43) took phosphorous into account and de-

rived the following formula c42H100N11o 13P. These elements 

have to be found in any growth medium and in the right 

amount. Shortage of any could affect growth. Water is the 

major component of cells. In a bacterial cell, for example, 

80% of its weight is water while 20% is dry material, of 

which 90% is organic and 10% is inorganic. The density 
3 (31) of wet bacteria is nearly always close to 1.1 g/cm . 

Different media for growth of microorganisms exist in 

the literature. Ralston and Vela (44) suggest the follow-

ing medium to detect phenol-degrading bacteria: HaHC0 3 

(0.125 g/2), KH 2Po 4 (0.1 g/2), NH 4cl (0.07 g/2), Na 2Si0 

(0.02 g/2), Feso 4 · 7 H20 (0.01 g/t), MnC1 2 · 4 H2 0 

(0.007 g/1), znso 4 · 7 H20 (0.0015 g/2), Bacto Vitamin-Free 

Casamino Acids (0.01 g/2). The pH value is adjusted to 
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8.0 with 1 N NaOH. Drew and Pal (45) proposed another medium 

to grow phenol degrading bacteria or yeast. Their medium 

has been used in our experimental work. It consists of 

Na 2HP04 (0.2 g/1), NH 4Cl (0.12 g/1), cuso4 · 5 H2o 

(0.001 g/1), Feso 4 • 7 H2o (0.006 g/1), Mgso 4 · 7 H2o 

(0.01 g/1), Znso4 • 7 H2o (0.006 g/1), tap water (200 mt), 

Casamino Acids (0.01 g/1), Yeast Extract (0.06 g/1), 

the final pH is adjusted with 1 N HCl to 7.0. Sands and 

colleagues (46) formulated a medium capable of detecting 

fluorescent pseudomonads, a class of phenol biodegraders. 

The medium contains mineral salts, pectin, proteose-peptose, 

the antibiotics novobiscin, penicillin, and cycloheximide. 

f. Metabolism of Microorganisms 

In general metabolism is divided into two parts: 

catabolism, the breakdown of organic materials; and anabolism, 

the synthesis of molecules needed by the cell. For example, 

carbohydrate molecules are metabolized in the following ways 

(31, 41) 

i. Aerobic carbohydrate metabolism 

The molecule is first converted to Acetyl Coenzyme A 

through the glycolytic pathway. The energy released through 

the oxidation reactions is stored as the reduced coenzyme 

of nicotinamide adenine dinucleotide {NADH + H+) . The acetyl 
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Co A is then degraded to carbon dioxide through the tri-

carboxylic acid cycle on the Krebs cycle (TCA cycle) . 

The energy released during the precess is stored as the 
+ reduced coenzyme NADH + il , the reduced prothetic group 

flavin adenine dinucleotice (FADH 2) a.nd the phosphate ester 

bonds of butanosine triphosphate (GTP) which can be directly 

* converted to adenosine triphosphate (ATP). Finally 
-1-

NADH + H' and FADH~ are oxidized through the electron 
L. 

transport system which involves oxygen as a terminal exo-

genous electron acceptor. The energy available as the 

result of the reactions of the TCA cycle and the electron 

transport chain is 215 kcal/mole of acetyle Co A. Part of 

this released energy is trapped by the cell in the form of 

ATP, the rest is lost as heat. 

ii. Anaerobic carbohydrate metabolism 

In this case, the carbohydrate molecule is converted 

to acids and alcohols excreted into the environment. Stokes 

and others (47, 48) determined the range of anaerobic fer-

mentation products produced by a bacteria such as Escherichia 

coli. They found that ethanol, acetic acid, lactic acid, 

carbon dioxide and hydrogen gas are major end products of 

the fermentation of glucose by E. coli. 

* ATP: Adenosine triphosphate is a high energy phos-
phate bond. 
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Many facultative bacteria, u~der anaerobic conditions, 
- -have the ability to utilize nitrate (N0 3 ) or sulfate (so 4 ) 

as an electron acceptor instead of oxygen. The end pro-

ducts are nitrite (No;) or hydrogen sulfide (H 2S) instead 

of H20. 

2. Factors Affecting the Growth of Microorganisms 

Factors such as substrate concentration, temperature, 

pH, and contaminants influence the growth of microorgan-

isms. 

a. Substrate Concentration 

The Michaelis-Menten (41) model for enzyme kinetics 

relates the reaction rate to the substrate concentration. 

The equation is 

where: 

v = 
v s max 
K + S m 

v = reaction rate or the change in product 

concentration with time 

S = substrate concentration 

V = maximum reaction rate max 
K =Michaelis' constant m 

Monod (41) proposed an empirical equation, based on the 

Michaelis-Menten type of relationship, that relates specific 
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growth rate to the concentration cf the growth-limiting 

substrate. This equation is: 

where: 

11 = ,.. 
)l s max 
K s + s 

µ = specific growth rate 

Jlmax = maximum specific growth rate 

Ks = saturation constant, corresponds to a value 
f llmax 

0 )l = ~ 
S = concentration of growth limiting substrate 

Powell (49) and others (50) have proposed an extension of 

the Monad model that includes consideration of maintenance-

energy requirements, transport limitations, and multiple-

product formation. The equation has the form 

where: kd = microorganism decay coefficient. 

Other models that describe microbial growth are described 

by Hultman (51), Andrews and colleagues (52), Gaudy and 

co-workers (53), and Deindoerfer (54). 

b. Temperature 

Temperature plays an important role in the growth of 
\ 

microorganisras. The rate of bacterial growth roughly 

doubles with every 10°C rise in temperature until some 

limiting temperature is reached (2) . In wastewater treatment 
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studies, the equation used to describe growth in relation 

to temperature is: 

where: 

Rg-= Rg(20)lf!T- 20 

Rg = rate of growth at 20°C 

~ = constant = 1.0-1.15 

Microorganisms can be classified according to the tem-

perature range in which they function best. Some microbes 

may be thermophilic, such as lactobacilli, cullulose di-

gesters, and methane producers. They can grow at tempera-

tures as high as 70°C (2). Other organisms grow best at 

very low temperatures (-2 to 30°C) and, as such, are known 

as psychrcphylic. Prasad and Jones (55) found that some 

psychrophilic bacteria were able to degrade nitrogen-

containing organics at both 2°C and 20°C. They concluded 

that psychrophilic bacteria may be effective in waste treat-

ment at lower temperatures. Mesophiles are microorganisms 

that grow best in the range of 25°C to 35°C. The thermo-

philic organisms have the advantage that contaminants usu-

ally grow better at lower temperatures, and thus the growth 

cf competing cultures is likely to be retarded at higher 

temperatures. In situations like this, the biodegrader 

can effectively degrade a toxic compound with few competing 

species. 
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c. .£!! 
The pH of a medium is very important in the growth of 

microorganisms. Some organisms can tolerate extremes of 

pH. Yeast and lactobacilli can grew easily at pH 4.5; many 

fungi are able to tolerate highl:;.r acidic media (pH = 2. O). 

As with the thermophilic organisms, microorganisms that 

tolerate low pH offer the advantage that growth of con-

taminants is not likely to occur. As such, they are impor-

tant in waste treatment in the sense that the biodegrader 

that can survive a pH of 2.0 could effectively degrade a 

toxic compound with few other microorganisms competing for 

the available substrates. Although pH optimum for microbial 

growth is usually narrowly defined, Hall (56) states that 

the ammonia-oxidizing bacteria grow independently of pH in 

the range of 7 to 9. 

d. Mixed Cultures 

Mixed microbial organisms have the advantage of adapting 

themselves to changing conditions. A change in any variable 

that affects growth of microorganisms would possibly change 

the growth rate of species making up the culture, increas-

ing some and decreasing others. The strength of the mixed 

culture is that metabolism of the waste materials continues 

and may overcome any change in environmental conditions 

{ 31) . 
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3. Microorganisms Important in the Treatment of 
Wastewaters with Special Emphasis on the 

Phenol Metabolizi~g Microbes 

a. Microbial Degradation of Chemicals 

Wastewaters are rich in microorganisms and thousands 

of different species have been isolated. Some of the 

microbes are able to degrade chemical compounds that are 

hazardous to the aquatic environment. Stern and Gasner 

(57) found that ozonated lignin was partially biodegraded 

by strains of the yeast Candida utilis. The efficiency of 

lignin biodegradation was influenced by the degree of ioni-

zation. Spencer and colleagues (58) isolated yeasts that 

were capable of degrading up to 39% of the pulp waste resin 

acids in amended kraft mill effluent. Bellamy (59) found 

that thermophilic actinomycetes were able to decompose cel-

lulose waste into single cell protein. Levina and col-

leagues (60) were able to grow Candida strains on organic 

acids found in waste streams. Kalisz (61) observed that the 

nitrogen removed from a wastewater stream was proportional 

to the dry weight of algae. He also found that phosphorus 

removal exceeded the level expected in relation to algal 

dry weight. Methanogenic bacteria were also found to be 

part of the wastewater population (62). Ammonia-oxidizing 

bacteria are common in activated sludge. Hall (56) stated 

that their maximuin growth rate became independent of pH in 

the range of 7 to 9 but did vary according to wastewater 
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composition. Mohan and Li (63) were able to reduce nitrate 

(No;) and nitrite (NO~) to molecular nitrogen (N 2 ). Willets 

(64) observed that bacillus strai<ls could be induced to de-

grade alkylbenzene sulfonate (ABS). He demonstrated that 

the metabolism of ABS isomeres was eased if the alkyl side 

chain of the molecule was degraded before destruction of the 

aromatic nucleus. Jones and colleagues (65) demonstrated 

that ultraviolet irradiated polyethylene and polypropylene 

but not polystyrene could be degraded by wastewater micro-

organisms. Giulet and co-workers (66) proved that poly-

styrene-vinyl ketone copolymers could be biodegraded with 

microbial populations in activated sludge. 

b. Phenol Metabolizing Microbes 

In the previous section, we lcoked at some microorganisms 

that are able to biodegrade few of the chemicals found in 

wastewater streams. In this section, we will review some 

of the phenol metabolizing microbes that are useful in the 

biological treatment of phenolic wastewaters. Fluorescent 

pseudomanas (67) (Pseudomonas aeruginosa, Pseudomonas outida 

and Pseudornonas fluorescens) are the most extensively studied 

phenol degrading bacteria. They are also able to biodegrade 

other organics such as benzoate. Radhaksishnan and Ray (68) 

report2d that Bacillus cereus (another phenol biodegrader) 

could consume more phenol per unit weight of cell mass under 

conditions of nitrogen deficiency than nitrogen sufficiency. 
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Phenobac (69), a product of Polybac Corporation, is a 

freeze-dried, biochemical complex which is readily disper-

sible in wastewater. It contains adapted mutant bacteria 

and a wide spectrum of biochemical accelerators. This com-

bination of ingredients rapidly degrades phenol and various 

hydrocarbons and chemical intermediates not readily broken 

down by naturally existing microbiological populations. 

Drew and Pal (45) isolated RS17 (a yeast) and CP6A (a 

bacteria) from a sewage treatment stream. Both micro-

organisms were able to degrade phenols. 

4. Biochemistry of Phenol Metabolism 

The biochemistry of aromatic compound metabolism has 

been widely investigated in the literature. Dagley and co-

workers (70) have shown that microorganisms can decompose 

phenol and substituted phenols through the meta-cleavage 

pathway shown in Figure 2 (67). Catechol, an intermediate, 

occurs not only in the metabolism of phenol but also in the 

metabolism of many other aromatic compounds. Benzoate, for 

example, is cleaved via that same intermediate through an-

other pathway known as the ortho cleavage pathway, shown in 

Figure 3 (67). Davies and Evans (71) suggested that the 

cleavage of catechol by two different pathways is deter-

mined by the aromatic catechol precursor with which the 

organism is grown. That is to say that the meta cleavage 
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pathway is induced after growth of the microorganism with 

phenol, and the ortho cl·:ava~re po.ti!way is induced after its 

growth with benzoate. Feist and H2gemen (67) observed that 

various alkyl derivatives of ca~echol, derived from substi-

tuted phenolic compounds, are catabolized through the meta 

pathway. Catechol is only one of a number of intermediates 

metabolizable via the meta pathway. The ortho pathway, 

however, see.ms to be quite specific for catechol. Kemp and 

Hegeman (72) and Ornston and Stanier (73) observed that cate-

chol 1,2-oxygenase is induced by cisp cis-muconate and not 

benzoate. The formation of cis, cis-muconate was also the 

inducer of most enzymes of the ortho cleavage pathway. In 

the meta cleavage pathway, the enzymes were induced by the 

primary substrate. 

Most of the products of phenol metabolism are acidic 

in nature. Products such as formate, pyruvate, and 4-hydroxy 

2-ketovalerate have been reported to be metabolized by phenol 

biodegraders such as Pseudomonas EUtida (44). A lowering 

in the pH of the medium in which the microorganisms were 

grown was detected. 

c. Processes Used in the Biological 
Treatment of Wastewaters 

Among the processes used in the biological treatment of 

phenols and other toxic organics from wastewaters are: 
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1. The activated sludge system (suspended growth 

system) . 

2. The fixed growth system including trickling filter 

and rotating biological contactor systems. 

3. The fluidized bed technology. 

In the following section, I will review these systems and 

the innovations brought to them since their invention. 

1. Activated Sludge System 

In 1914, Ardern and Lockett (2) developed a process 

known as activated sludge. The process consists of growing a 

mass of microorganisms capable of aerobically decomposing 

waste materials found in wastewater streams. Schroeder (31) 

describes the process as consisting of an aeration tank in 

which aerobic microbes are mixed with wastewater. The cells 

are then physically separated in a sedimentation tank. 

The settled culture (sludge) is finally recycled to the main 

reactor tank. Ford and Tischler (74) refer to this process 

as a suspended-growth system and rate it as one of the most 

"popular high rate systems'' used in the industry to treat 

toxic organics from wastewaters. 

The activated-sludge process has been modified over the 

last six decades. Initially, it was designed as a nominal 

plug flow system. The organic load was later found not to 

be evened. Concentration gradients existed along the reactor 
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affecting the biological activity of the microorganisms 

(75). During the early 1950's, Busch and McKinney (76) 

worked on the completely mixed activated sludge process 

where the "incoming wastes are completely mixed through-

out the entire aeration tank." According to Ford and col-

leagues (74), this process is highly flexible. It allows 

adjustments in waste load variations and provides a measure 

of organic-load equalization. When compared to the conven-

tional activated sludge system (nominal plug flow system) , 

the completely mixed process was found to be more eff ici-

ent. Gould (77), in 1959, worked on an inexpensive way 

to improve the efficiency of the pre-1950's wastewater 

treatment plants. Those plants used activated sludge pro-

cesses designed as nominal plug flow systems. Gould's 

idea was to split the influent waste stream and introduce 

it at different points along the aerated reactor. The re-

sults were satisfactory. He was able to approach the be-

havior of a continuous stirred tank reactor (CSTR) • 

In the late 1960's, more attention was given to the 

pure-oxygen activated sludge systems where oxygen, rather 

than air, was introduced into the aerated tank. The Union 

Carbide Unox process is currently the most commonly used 

pure-oxygen system. The process consists of a series of 

concurrent gas-liquid contacting stages in a sealed aera-

tion tank. In each section, homogeneity is achieved by 



43 

mechanical mixing. As such, the entire system approaches 

complete mixing (78). The major advantage of the pure-oxyga~ 

activated sludge system over the conventionally air-aerated 

process is that the sludge settling rate is high. Hurnenick 

and Ball (79) attribute this larger and more advantageous 

settling to lower shearing rates between the cells and the 

fluid. Other advantages are given by Mulligan and Fox (28). 

Lower land requirements, the ability to supply oxygen at 

high rates, increased self-neutralization of highly alka-

line wastes further contribute to the success of the process. 

One other version of the activated sludge process is 

the contact stabilization system. The microorganisms are 

briefly contacted with the wastewater, "then separated and 

finally reaerated to degrade sorbed organics" (74) . This 

modified activated sludge ~rocess has proved to be very 

efficient in the removal of suspended and colloidal or-

ganics from industrial wastes. Schroeder (31) in his book 

on water and wastewater treatment discusses another modifi-

cation of the activated sludge process known as the extended 

aeration process. According to the author, the process 

consists of minimizing the cell washing rate from the sys-

tem (i.e., increase the mean residence time of the cells in 

the bioreactor) . 

One final suspended growth process worth mentioning 

is the aerated lagoon. According to Schroeder (31), the 
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term "lagoon" is used to cover a wide variety of systems, 

the simplest of which is nothing mere than a holding basin 

with air supplied to the bacteria. It is similar to the 

activated sludge process with no recycle stream (31). Ford 

and Tischler (74) remark that the aerated lagoon system can 

approach or equal the organic removal capability of an 

activated sludge process under suitable environmental fac-

tors in the plant location. 

Many investigators worked on the development of models 

for design and operation of activated sludge. Rarnanathan 

and Gaudy (80) derived a model in which the recycle cell 

concentration was chosen as the system design constant. The 

validity of this model was later investigated by Gaudy and 

Srinivasaraghaves (53). They found that it was suitable for 

the heterogeneous populations of the activated sludge pro-

cess. They also observed that the classical model, derived 

by Herbert (81) for pure cultures, was not valid for an 

activated sludge system when the recycle cell concentration 

factor (the ratio of sludge concentration in the recycle 

to sludge concentration in the reactor) was selected as the 

system constant. McKinney (82) derived models for complete 

mixing in activated sludge systems. He tested the validity 

of his models by collecting data from three different plants 

where activated sludge processes were used to treat water. 

One of those plants uses the Unox process version of acti-

vated sludge. 
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In the mid 1970's, studies on the addition of acti-

vated carbon to an activated slujge system were made. 

Muller (83) found that the performance of an activated 

sludge process can be improved when powdered activated car-

bon is added to aeration tanks of suspended growth systems. 

Perrotti and Redman (84) have shown that addition of acti-

vated carbon to an activated sludge unit treating a glucose-

phenol mixture improved organic matter removal performance. 

They performed their work on a laboratory scale activated 

sludge unit and partially attributed the high performance 

of the system to the ability of carbon to remove the phenol 

from the syste.'11, 11 thus reducing the inhibitory effect of 

high phenol concentrations on bacterial growth." Adams (85) 

reported a 25% increase in COD removal and 20% in BOD re-

moval when powdered acti,r2.ted car~on was added to a full 

scale activated sludge plant treating a petrochemical waste. 

Ferguson (86) indicated that addition of powdered activated 

carbon to activated-sludge systems provides exceptional 

resistance to shock loading by trichlorophenol, presumably 

due to "the larger reservoir of carbon carried in the mixed 

liqueur suspended sludge (MLSS)" (11). Giusti (87) de-

scribes a process known as the Aimpro Wet-Air Oxidation-

Biophysical treatment process. It has been successful in 

treating cyanide, acrylonitrile and pesticide wastes. The 

first step consists of breaking down the large and cyclic 
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molecules by wet-air oxidation (this process has been 

described earlier) . The sma:ler molecules obtained are 

now more amenable to the biological t~eatment system that 

follows. Activated carbon is added to the biological treat-

ment part to adsorb those substances that have passed wet-

air oxidation. In other words, the activated carbon serves 

as a 11 toxic sink" for those large molecules inert to wet-

air oxidation. The final step of the process consists of 

reactivatir-g the carbon and returning it to the aeration 

tank. Carbon makeup is added continuously. 

2. Fixed Growth Systems 

The two most important fixed-film biological processes 

are the trickling filter and the rotating biological con-

tactors. 

a. The Trickling Filter 

The trickling filter (74, 10, 31, 2) entered into ope-

ration in 1893 in England. The current process utilizes a 

packed bed of rocks or some synthetic medium like plastic 

on which cell growth occurs. Wastewater is sprayed over 

the bed and allowed to contact the biological slime. Oxy-

gen and organic matter diffuse into the slime film where 

consumption of organic components occurs. End products 

counterdiffuse back out of the film and appear in the 
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underdrain system. The effluent str8am contains some spent 

cells along with the tr~ated water. 

Schroeder (31) observed that the organic uptake was 

expected to increase as the thickness of the biological 

film increases up to a certain value. Atkinson (88) found 

that the optimum biological film thickness for maximum or-

ganic uptake was in the range of 70 to 100 µm. Schroeder 

(31), Metcalf and Eddy (2) reported that the effect of 

the hydraulic shear on the slime became greater as the 

thickness of the biological film increased and thus a maxi-

mum thickness was associated with a given flow rate. They 

also observed that the increase in the biological layer 

prevented the organic material or oxygen from reaching 

the microorganisms near the supporting medium surface. As 

a result of having no external organic source available 

and no oxygen, the microorganisms near this interface 

entered into an endogeneous phase of growth and turned to 

anaerobic metabolism. 

Due to the anaerobic conditio~s under which the slime 

close to the medium is subjected, gas (H 2s and possibly 

(CH 4 ) and organic acids would be expected to be produced and 

could cause pieces of slime to slough off by pushing the 

slime away from the medium or by decreasing the local pH 

and killing the lower layer of cells. A more probable situa-

tion is starvation (endogeneous phase) of the lower levels 
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of cells as the slime becomes thicker. In this phase, the 

microorganisms lose their ability to cling to the supporting 

medium surface. The liqu~d then washes the slime off the 

medium and a new slime layer will start to grow. This 

phenomenon of losing the slime iayer is called sloughing 

and is primarily a function of the organic and hydraulic 

loading of the filter. 

Atkinson and co-workers (89, 90) developed a model that 

would describe the interaction between the biological film 

layer and the organic material being degraded. They assumed 

that the concentration of the organic material was indepen-

dent of time. The model they obtained is: 

- R = 0 

where D is the constant of diffusion and R is the reaction 

rate in the slime layer. R can be represented by a Monod 

type equation. 

b. The Rotating Biological Contactor (RBC) 

According to Mulligan and Fox (10), the rotating disk 

process operates as a fixed-film biological reactor. Large 

diameter plastic disks support the biological slime. The 

disks are mounted on a shaft and rotated slowly. The bottom 

one-fourth to one-third of the rotating disks is immersed 

in a basin containing the wastewater. Rotation brings the 
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biological film into contact wiu1 the wastewater for re-

moval of organic matter. Rotation also provides a means 

of aeration by exposing the cells and the film of entrained 

wastewater to the air. Durir..g t!J.e process there is some 

air entrainment into the basin. 

Ford and Tischler (74) state that the continuous shear-

ing cf the fixed biomass as the disks pass through the 

water prevents accumulation of inactive material. In that 

sense, the thickness of the biological film is being con-

trolled. This on and off exposure of the slime makes the 

overall oxygen transfer throughout the biomass more eff ici-

ent. The oxygen transfer rate coefficients are higher than 

those obtained on trickling filters (31). 

Schroeder (31) remarks that conceptually RBC units are 

similar to trickling filters and t1-,at removal rate expres-

sions for this process should be similar to those developed 

for trickling filters. Some of the advantages over suspended 

growth systems are lower energy requirements, low mainten-

ance and stable operation. 

3. Fluidized Beds 

According to Squires (91) "fluidized bed" is a unit 

operation where a fluid is brought into contact with a 

granular solid. The fluid can be either liquid, gas, or a 

mixture of a gas and liquid. Kunii and Levenspiel (25) 

define fluidization as 11 the operation by which fine solids 
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are transformed into a fluid-like state through contact with 

a gas or liquid." The key advan-.:age in using the fluidized 

bed technique in bioreactors is the enormous surf ace area 

provided by the particles, allowing greater specific reac-

tion rates. Jeris and colleagues (9) report a surface 

f d ~ 3300 2; 3 ~ ' 1 area o san OL m rn OL reac~or vo ume. Another ad-

vantage is the ease with which one can periodically remove 

some of the particles and add fresh ones. This partial 

replenishment of the fluidized bed helps in maintaining its 

high reactivity. The fluidized bed technique is an ex-

tremely high-rate process which corrbines the best features 

of activated sludge and trickling filtration (9). 

In the literature, two types of fluidized beds have 

been investigated: the tapered fluidized bed and the con-

stant cross-sectional fluidized bed. Scott and Hancher 

( 9 2) described tb.e tapered bed as an "inverted truncated 

cone." Both types had been used as bioreactors. Some of 

the features that differentiate a tapered bed from the more 

conventional one are: i) the gradual increase of the cross-

section of the column allows the bed to accom.modate a wide 

range of flow rates without loss of bed material. This is 

due to the fact that the velocity of the fluid decreases 

with increasing reactor height; ii) it was also found that 

at fluidization, the pressure drop across the bed decreases 

with increasing fluid velocity (92). In the case of the 



constant cross-sectional column, the pressure drop main-

tains a constant value as the velocity increases. All of 

the models used for the conventional fluidized bed can be 

applied to an infinitesimal height of the tapered bed. 

Carbon beds and biological f lui<lizeG beds have been used 

in treating wastewater. 

a. Carbon Beds 

Carbon bed adsorption systems consist of columns loaded 

with granular activated carbon. Flow can either be down 

(fixed-bed operation) or up (expanded-bed operation). 

One has to inspect the breakthrough curve to choose between 

a single fixed bed and a countercurrent configuration. The 

breakthrough curve is that part of the curve between the 

appearance of traces of impurity in the effluent stream and 

the point where the column effluent concentration is the 

same as the influent. The breakpoint occurs when the con-

centration in the effluent stream exceeds the treatment 

objective. According to ~izzo and Shepherd (6), it is 

advisable to use fixed bed, ~onstaged systems when the slope 

of the breakthrough curve is very steep. In other words, 

when short contact time col'.:r'.',ns are needed, fixed-bed, 

nonsta;ed systems are favored. Countercurrent systems are 

used when the slope cf the breakthrough curve is gradual 

or the contact time needed is long. Fifteen minutes of 

contact between the water treated and the carbon is 



considered short while sixty minutes is considered long. 

A loading rate of 2.5 gal/min/ft2 of bed cross-section is 

considered typical of carbon adsorbers (10). 

Various configurations cf fluidized beds have been 

considered on an industrial scale for economical treatment 

of waste streru~s. The parallel configuration consists of 

a number of columns placed in parallel with each receiving 

the same feed. The effluents from each column are coIDbined 

to form a composite product. Startup of units is stag-

gered to ensure that each is at a different level of carbon 

exhaustion. When a column reaches equilibrium with the ef-

fluent stream, as evidenced by breakthrough of sorbate, 

the carbon in the column is replaced by virgin or regener-

ated carbon. 

The lead column in a configuration where the beds are 

arranged in series, can be easily removed from operation as 

soon as its carbon is exhausted. The next column will be-

come the lead column and the new one brought to replace the 

exhausted column will be placed at the end of the line. 

The effluent from the last column of a properly designed 

system will still be of high quality at the time the lead 

column becomes saturated (6, 10). 

The pulsed-bed column (10) is similar in concept to 

columns in series. One single column is employed instead 

of multiple columns. The syste~ is designed so that bottom 
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removal of spent carbon 2.~1d top addi ti.on of fresh carbon 

is easy to achieve. Removal of small amounts of carbon 

in periodic pulses lead to c. "h:!..gh degree of saturation of 

the carbon with a minimum carbon in-..entory." 

Two parameters must be specified for design of acti-

vated carbon adsorption systalTls. ~here are the equilibrium 

capacity of the carbon {isotherm) and the rate of adsorp-

tion of the sorbate. Allen and colleagues {93) fitted data 

obtained from a liquid-phase adsorption system to an em-

pirical equation. They were able to use that equation to 

study a wide range of plant design and operation variables. 

Rizzo and Shepherd (6) have studied the economies of carbon-

bed systems. 

b. Biological Fluidized Beds 

In this systam, the wastewater passes upward through 

the column partially filled with particles. The result is 

an expanded bed. Like the trickling filter, biological mass 

grows on the medium surface. Attached cells help in the 

consumption of the waste as it passes. This system has 

been tested on a laboratory scale. Sand, coal, and acti-

vated carbon have been used as support media (10). 

Jeris and colleagues (9) used sand as a medium in a 

constant cross-section fluidized bed. They successfully 

demonstrated that fluidized bed technology can be used for 

removal of carbonaceous BOD (biochemical oxygen demand) and 
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ni trogeneous compounds from wast8·water. Their work was per-

formed with a moderate s:..ze pilot fc..cility of 150 to 300 

m3/d (40000 to 80000 gpd). With s~ch a facility, they ob-

tained 93% BOD removal in 16 min, 99% NH 3-N removal in 11 

min, and ~9% N0 3-N removal in less than 6.5 min. They 

also concluded that fluidized bed technology requires less 

than 5 percent of the reactor space required for conven-

tional treatment and therefore this technique should be 

significantly less expensive than conventional treatment 

technology based on the savings in space and rapid time 

for treatment. 

Ecolotrol, Inc. (94) used constant cross-sectional 

columns, filled with fine-grained media coated with bacteria 

to study the treatment of wastewaters by fluidized bed 

technology. The company reported 90% BOD, 99% NH 3-N ar.d 

99% No 3-N removals for a reaction time of less than one 

hour. They also reported that the land area required when 

using this technology is reduced from conventional require-

ments by approximately 80 percent. 

At Oak Ridge National Laboratory, Holladay and col-

leagues (95) studied the biodegradation of phenolic waste 

liquors in a continuous stirred-tank bioreactor (CSTBR) , 

a three-phase (air, liquor, and coal particles coated with 

bacteria) packed bed bioreactor (PBBR) , and a three-phase 

fluidized bed bioreactor (FBBR) . The FBBR consisted of a 
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tapered column with coal particles used as supporting 

medium. The best perfor~ance was achieved by the FBBR. 

With this system they obtai~ed the highest degradation 

rates and lowest retention times of the other bioreactors. 

Under a volumetric flow rate of 1330 m£/hr and a reten-

tion time of 2.17 hours, 99% conversion of 750 mg/£ phenol 

feed was observed. The PBBR and the FBBR proved to be re~ 

sistant to system perturbations. According to the same 

authors, the chief disadvantage of the FBBR was its in-

ability to effectively convert any compound requiring long 

retention times. The CSTBR has proved to be more competi-

tive for compounds requiring long retention times. 

Rodman and Shunnay (40) treated textile dye waste 

using activated carbon. When the carbon was exhausted, the 

bed was then inoculated with bacteria. The result was a 

partial regeneration of the carbon. The reactivated bed 

was ready to further remove dye from a wastewater stream. 

However, the authors did not mention anything about the role 

of the bacteria left in the bed once the regeneration pro-

cess was over. The pilot plant used for their work consisted 

of a bed of activated carbon as medium and an aerobic 

biological culture reservoir used to feed the bed during 

the regeneration process. 

Eckenfelder and colleagues (96) compared the perfcr-

mance of sterile, aerobic and anaerobic columns. They 



found that for a biologically resistant waste, the break-

through curves for the sterile and the aerobic columns were 

similar. For a less resistant waste, the performance of 

the aerobic column was superior. Anaerobic columns were 

found to be inferior to either the sterile or the aerobic 

columns. "This was attributed to rapid coverage of the car-

bon surface with anaerobic film." Friedman and colleagues 

(97) later confirmed that an aerobic column was more ef-

ficient in TOC (Total Organic Carbon) ren1oval than a simi-

lar column operated anaerobically. In their work, 78% of 

TOC was removed in the aerobic column while the anaerobic 

one was able to achieve a 66% of TOC removal. Anaerobic 

columns are used for pretreatment of high strength indus-

trial wastes including high-temperature wastes. 



III. EXPERIM.E~J'rATION 

A. Experimental Equipment 

The equipment used in carrying out the fluidized bed 

experimental work is shown in Figure 4. Letters in paren-

theses in the following text refer to Figure 4. 

1. The Tapered Column 

The tapered column for the fluidized bed bioreactor 

was a donation from Oak Ridge National Laboratory (Dr. S. E. 

Shumate, III, ORNL, Oak Ridge, Tennessee). The column was 

constructed from Pyrex glass using a carbon mandrel. Its 

diameter increased from 2.5 cm at the bottom to 7.6 cm at 

the top. It was 107 cm long and had an angle of taper of 

1.37°. 

2. The Air-Liquid Contactor 

The contactor consisted of an air sparger and a 5 cm 

diameter stainless steel cylindrical case tapered at both 

ends (refer to Fig. 4). The air sparger was made of a 

rubber pipet bulb (2 m£) pierced with holes. Air was sup-

plied from the line air source, passed through glass fiber 

filters, then blown through the sparger into the central 

part of the case where it contacted the recycled liquid 
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stream. A peristaltic pu:-rp with va::riable speed was used to 

recycle the liquid. 

3. The Subsidiary Column 

The subsidiary column consisted of a 5 cm diameter 

Pyrex glass tube with a side-arm made of the same material. 

A pH p::robe was introduced into the sidearm. The liquid 

level in this column was controlled by a 3/8" standtube 

(LC). The standtube was an extension of the product line 

introduced into the column (refer to Fig. 4). 

4. The Recycle Loop 

The recycle loop was that portion of the system that 

included the tapered-bioreactor-bed, the subsidiary column 

and all of the connections in between. Mixing in the tapered-

bioreactor-bed was achieved by aeration and by continuous 

recycle of the fluid being treated. 

5. The Feed Line 

This line consisted of two feed tanks, and a medium 

breaker. The main feed tank had a volume of 200 liters. 

The artificial wastewater was prepared in that tank and 

then passed up to a second constant head tank of 1 liter 

volume. The bed was then fed by gravity. The medium 
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breaker was designed to keep the microorganism from back-

con tai'T1inating the feed tar.ks. 

6. Other Features 

A thermocouple and a di.ssol ved oxygen probe were intro-

duced into the bed through the top head plate covering the 

tapered column. A third hole (H3) in the same plate was 

used to introduce the activated carbon particles into the 

bed. H3 was also used to add antifoam and base to control 

the pH of the medium. Air outlets from the tapered column 

and the subsidiary column were continuously sampled for 

co 2 and o2 analysis. All probes and sensors were con-

nected to a master panel where values of the different vari-

ables were read. Further, the panel was interfaced to a 

PDP 11/40, where the values '"7ere logged as a function of 

time. 

B. Materials 

1. Organism 

The bacterium used in this study was isolated in our 

laboratories, It was known as CP6A, a phenol biodegrader. 

It had been obtained from a wastewater stream in a Roanoke 

sewage treatment plant. Stock cultures were maintained on 

basal agar medium slants and stored at 4°C. 
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2. Chemicals 

Liquefied phenol was purchased from Fischer Scientific 

Company, Fair Lawn, New .Jersey. Dow-Corning antifoam A 

compound was obtained from Dow-Corning Corporation, Midland, 

Michigan. Yeast extract and casamino acid were purchased 

from Difeo Laboratories, Detroit, Michigan and nutrient 

broth was obtained from Division Becton Dickinson and Com-

pany, Cockeysville, Maryland. Activated carbon (Nuchar 

WV-G, 12x40 mesh) was donated by Westvaco Chemical Division, 

Carbon Department, Covington, Virginia. 

c. Methods 

1. Mixing Characteristics of the Recycle Loop 

The mixing state of the system under a recycle flow 

rate of 2.7 i/min and an air =iow rate of 5.7 i/min was 

determined in two pulse response experiments. 

a. Response to a Pulse Input at H3 

The loop was filled with 5.8 liters of distilled 

water. The recycle pump and the air line were turned on. 

Liquefied phenol was used as a tracer. A few drops of 

that chemical were introduced into the bed from port H3. 

Samples were intermittently withdrawn through the product 
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* line, then analyzed with a Varian Techtron model 635 

UV-VIS Spectrophotometer. Their optical densities were 

measured at 270 nm. 

b. Response to a Pulse Input at FP (the feed port) 

The tracer was injected into the bed through port FP. 

The procedure followed was similar to that presented in part 

a (Methods, subsection 1). 

2. Residence Time Distribution (RTD) 

The RTD curve was determined to further characterize 

the loop-reactor. The loop was filled with 5.8 liters dis-

tilled water. The main feed tank was filled with 10 gallons 

of distilled water. Liquefied phenol was added to the 

tank. The continuous process was started by turning on the 

recycle pumps, the air flow, the feed pump, the feed and 

the product lines. The feed flow rate was adjusted to 

1.36 i/hr. Samples were taken from the effluent stream and 

analyzed in the same way as in a and b of the previous sec-

tion. 

3. Growth Curve for CP6A on Nutrient Broth 

Eight grams of nutrient broth for 1 liter of water 

were autoclaved for 20 minutes at 135°C. Phenol was then 

* The level controller, LC (refer to Fig. 4) was taken 
out of the system during this study. 
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added to bring its concentration iz;. the medium to 100 mg/£. 

The purpose of adding phenol was to acclimate the micro-

organism to the biodegradation of phenol. Incubation was 

carried out in 250 mQ, Erlenmeyer flasks in a Psychrotherm 

Incubatcr Shaker (New Brunswick Scientific Company) at 

28°C and 250 rpm. Klett reading of the medium turbidity 

was taken intermittently using a Klett-Summerson Photoelec-

tric Colorimeter (Klett Mfg. Co.). The time needed for the 

cell growth rate to reach the logarithmic (log) phase was 

then determined. 

4. Activated Carbon 

Activated carbon particles from a 12 x 40 mesh stock 

were sieved through a 20 mesh sieve and collected on a 

30 mesh sieve. The resulting 20 x 30 mesh size particles 

were washed three times in distilled water to remove 

carbon fines. They were then dried at 125°C and finally 

steam autoclaved for 30 minutes at 135°C. The purpose of 

sterilizing the carbon before its use was to minimize the 

preeence of contaminants in the bioreactor. 

5. Medium 

The medium used during the biocegradation study was 

that of Drew and Pal (45). The composition was as follows: 

Na 2HP0 4 (0.2 g/i), NH 4Cl (0.12 g/i), Cuso 4 · 5 H2o 
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(0.001 g/9.), Feso4 (0.0033 g/i), :~gso 4 · 7 H2o (0.01 g/t), 

znso1 • 7 H2o (0.003 g/t), tap water (200 m/t), Casamino 

acid (0.01 g/t), yeast extract (0.06 g/t). The final pH 

was 7.3. 

6. Inoculum 

CP6A was grown aseptically on a solution of nutrient 

broth (8 g/i) containing 100 ppm of phenol for 12 hours, 

the time needed for the cell growth rate to reach the log 

phase as determined in subsection 3 of "Methods" section. 

The cells were collected by centrifugation of the turbid 

solution and decantation of the supernatant. Sterile water 

was then used to resuspend the cells and, as such, the cells 

were ready to be injected into the bed. 

7. Phenol Biodegradaticn by CP6A in the 
~.bsence of the Active Carbon 

The purpose of this first run was to test the equip-

ment built for this work. The loops were filled with 5.89. 

of sterile medium (Methods, subsection 5). The initial 

phenol concentration of the medium was 23 mg/t. The inocu-

lum (Methods, subsection 6) was then injected into the loop 

through port H3. The air flow rate and the recycle flow 

rate were respectively set at 2.7 i/min and 5.7 1/min. The 

temperature range under which this experiment was performed 
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was 27-31°C. San1ples were inter;:nit"':.ently withdrawn through 

the product line and assayed for phenol concentration in 

the medium. During this experiment,. the instrument panel 

was interfaced to a PDP 11/40 whsre values of variables 

such as temperature, pH, air flow rate, dissolved oxygen, 

% co2 in the gas phase and % o2 in the gas phase were logged 

as a function of time and then displayed as a computer out-

put. 

8. Bioregeneration of Activated Carbon Study 

The procedure used in this study consisted of four 

phases. Some steps in the procedure were executed asepti-

cally to minimi.ze contaminant survival in the medium and 

to insure the CP6A culture a good environment for its 

growth. 

a. Phase I: Loading of Activated Carbon Batchwise 

The loop was filled with 5.8£ of sterile medium 

(Methods, subsection 5) containing phenol. The initial 

concentration of phenol in the mediw~ during each of the 

four runs performed in this work is shown in Table I. The 

high starting phenol concentration would help in minimiz-

ing the presence cf contaminants in the medium (phenol is 

toxic to most microorganisms) . Fifty-five grams of 20 x 30 

mesh activated carbon (Methods, subsection 4) were added 
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Table I 

Starting Phenol Concentration for Each of 

Run No. 

l 

2 

3 

4 

The Four Runs 

Initial phenol 
concentration, mg/£ 

22 

1334 

965 

1230 
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to the phenolic medium in the column during runs 2, 3, and 

4. The recycle flow rate and the ai~ flow rate were respec-

tively set at 2.7 £/min and 5.7 £/min. The temperature 

range under which the three runs were performed was 27-31°C. 

Under these conditions, the activated carbon bed expanded 

f . . ' . 1 1 - 74 3 ..... L:. 1 f 680 3 rom an ini~ia vo ume or cm ~o a Ilna_ one o cm . 

Samples were intermittently withdrawn from the bed through 

the product line. When the concentration of phenol in the 

medium approached the equilibrium concentration Ce pre-

dieted by the Freundlich isotherm (Appendix C) , the adsor-

bent was then considered exhausted. The activated carbon 

was loaded and Phase I was over. 

b. Phase II: Growth Phase, Biodegradation of 
Phenol Batchwise 

The inoculum (Methods, subsection 6), was injected 

into the bed. Samples were intermittently withdrawn from 

the bed through the product line. Due to technical problems, 

the data on co 2 evolution was impossible to obtain in Runs 

2 and 4 (Run 3 failed). In Run 2, the pH change with time 

was determined. However, in Run 4, the pH was held in the 

range 6.9 to 7.1. Phase II was considered over when the 

concentration of phenol in the medium reached approximately 

5 ppm. 



68 

c. Phase III: Continuous Process 

Now that a biomass buildup was achieved (Phase II) 

little concern about contaminants was given. The main 

feed tank was filled wiL~ 50 liters of nonsterile medium 

(Methods, subsection 5) containing 20 mg/1 of phenol. The 

feed and the product lines were turned on. The feed flow 

rate was adjusted to 1.16 1/hr. The residence time was cal-

culated to be approximtely 5.8/1.16 ~ 5 hours. The first 

sample to be analyzed was taken 5 hours after the start of 

the continuous process, so that any phenol degradation de-

tected in the effluent stream would be mostly attributed to 

bacterial action and not to dilution. Due to technical 

problems, the continuous process failed in Runs 2 and 3. 

d. Phase IV: Desorption Study 

Samples of activated carbon were withdrawn from the bed 

at the end of the experiment. Each of these samples was 

transferred to a 250 m1 Erlenmeyer flask filled with 50 mt 

of phenol-distilled water solution. The concentration of 

phenol in the solution was equal to the equilibrium Ce 

reached during Phase I for that particular run. The flasks 

were then shaken at 28°C and 250 rpm in a Psychrotherm In-

cubator Shaker (New Brunswick Scientific Company) . The 

concentration of phenol in the solution was determined 

after three hours incubation. The solution was then 
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decanted. The flasks with the activated carbon samples 

were dried in a 100°C oven for 2 hours. The dry sample was 

then weighed. 

9. Preparation of the Sample Prior to GC Analysis 

Samples of 3 mi each were collected in test tubes, then 

transferred to 5 m£ plastic syringes. The sample was then 

filtered through a 0.22 µm millipore filter (Millipore Cor-

poration) to prevent any powdered activated carbon or any 

microorganism from entering the gas chromatograph. The 

technique also prevented the microorganism from reacting 

with the phenol in the sample. The cell-free, carbon-free 

sample was then placed in an ice bath to minimize any 

enzymatic reaction. Prior to its injection into the gas 

chromatograph, the sample was taken from the ice bath and 

warmed in a room ta~perature bath. 

10. Gas Chromatography 

Phenol was assayed by flame ionization gas chromato-

graphy. A Perkin Elmer model 3920 gas chromatograph was 

used. The carrier gas was helium at 20 psig pressure at the 

tank's regulator and a flow rate of 2.0 (32 m£/min) as 

registered in the chromatograph's rotarneter. The flame 

ionization detector, the column and the injection port tem-

perature were respectively set at 185°C, 144°C, and 200°C. 



IV. RESULTS AND DISCUSSION 

This section is mainly concerned with presentation and 

discussion of the results of the experimental procedures 

outlined in the previous section. Performance of the air-

liquid contactor of the experimental equipment (Fig. 4) 

will also be reported. 

A. Performance of the Air-Liquid Contactor 

The air-liquid contactor generated air bubbles of 

1/16" to 1/4" diameter under a recycle flow rate of 2.7 

X./min and an air flow rate of 5.7 £/min (STP). No slug-

ging was seen, i.e., no air bubbles of diameter greater 

than half the column diameter were observed. The value of 

the volumetric coefficient, kLa, under the above condi-

tions was not determined in the study. Such data would 

have helped in the evaluation of the aeration system. 

B. Mixing Study 

Mixing studies were undertaken to determine the fluid 

dynamic characteristics of the fluidized bed reactor. The 

study involved addition of a tracer (phenol) and determina-

tion of mixing parameters as described in Section III 

(Methods, subsection 1). 
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The ti~e needed for the tracer to homogeneously dis-

perse throughout the reactor loop was 255 seconds. This 

result is obtained from the two .:-esponse curves shown in 

Figure 5 (point C) . Curve 1 ( 6.) is the response curve to 

a pulse input at port H3 (top headplace of the tapered 

column) while curve 2 ( O) is the response curve to a pulse 

input at FP (feeding port to the loop, refer to Fig. 4). 

The steep slope (segment ab) of curve l suggests that plug 

flow is occurring bet·wTeen port H 3 and port A (sampling 

* port at the product line, refer to Fig. 4). This type of 

flow means that practically no mixing occurs in that portion 

of the reactor loop. The smooth slope of curve 2, how-

ever, suggests a well mixed region between FP and H3. 

The tracer study, so far performed: leads to the conclu-

sion that the reactor loop behaves as a hybrid of stirred 

tank reactor and plug flow reactor when operating under a 

recycle flow rate of 2. 7 .? .. /min and an air flow rate of 

5.7 x./:nin. 

C. Residence Time Distribution (RTD) Studv 

This study was undertaken to determine the residence 

time distribution (RTD) of the elements of fluid in the 

* The level controller (LC) was taken out of the system 
during the study. 
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reactor. RTD curves provide all the information necessary 

to calculate a correct conversior. for first order kinetics. 

Since no successful continuous process was achieved 

during this work, it was impossible to make use of these 

results for conversion study. However, the data obtained 

are helpful in further cha~acterizing the fluidized bed 

when operating at a recycle flow rate of 2.7 t/min, an 

air flow rate of 5.7 2-/min and a feed flow rate of 1.36 

£/hr. The tracer used was phenol. 

Figure 6 is a plot of J(t) (the fraction of the total 

molecules that have the residence time range t) versus t. 

From this plot, t , the mean residence time was calculated m 

to be equal to 4.26 hours (tm is represented by the shaded 

area of Fig. 6). The value of tm obtained from the ratio 

v/Q (the reaction volume over the volumetric feed flow 

rate) was also 4.26 hours. 

Figure 7 shows a plot of J(t) vs t/t . The response m 
data obtained here, were interpreted by use of the <lisper-

sion model, 

(~~) _ (..£.) = 1/2 [1 - err(l/2;'~LL 
F step CF step 

1 - t/t .J m) 

where A/A~ = absor~ance in the product stream at time t ... 

over the absorbance in the feed stream. 

= effective diffusivity 
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u = axial velocity 

L = effective length of reactor 

t = time 

t = mean residence time = ~Q = m 

1 f SdJ(e) 
0 

UL 
~ = inverse of the Peclet number 
DL 

D_ 
~ The value of the Peclet number UL was found to be 0.04. 

Levenspiel's (100) correlation for a turbulent fluid flowing 

in a pipe shows that a value of 0.2 - 0.3 is what one would 
D expect for the Peclet nUlT'be4 Ud (d is diameter of the pipe 

or the reactor in Levenspiel's correlation). If we assume 

that the ratio of the reactor diameter to its length,d/L, 

is 1/50, then for the turbulent flow in a pipe, the range 

that one would expect for the Peclet nUIT'ber D/UL is 0.004 

to 0.006. The value of 0.04 obtained during the study 

implies that under the operating conditions, the mixing 

state in the reactor loop was approximately 10 times more 

than in a turbulent regime plug flow reactor of similar di-

mensions. This value also confirms the hybrid behavior re-

ported during the mixing study of the reactor loop when 

operating under the same conditions. 

D. Growth Curve fer CP6A on Nutrient Broth 
Containing 100 mg/1 of phenol 

This experiment was undertaken to determine the time 

needed for CP6A to reach the log phase in a nutrient broth 
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medium containing 100 rng/t of phenol. Once the log phase 

was reached, the inoculum was prepared as described in 

Section III (Methods, subsection 6), to be later trans-

f erred to the fluidized bed for the purpose of phenol 

biodegradation. The growth curve is shown in Figure 8. 

At the incubation temperature of 28°C and an initial 

pH of 7.2, the doubling time (t2 ) was found to be 1.67 

hours, the maximum specific growth rate (umax) was, there-
-1 fore, estimated to be 0.4 hr . The log phase started 

after 10 hours of incubation and lasted for about 3 hours. 

The inoculum was transferred from the shaker flask to the 

bed 12 hours after the start of incubation. 

E. Phenol Biodearadation by CP6A in the Absence 

of Active Carbon--A Fermentation Process 

This experiment was undertaken to test the equipment 

built and sketched in Figure 4. The medium breaker in the 

feed line was not installed during this first run. Its 

absence from the system led to the failure of the continu-

ous process due to back contamination. The starting phenol 

concentration in the main feed tank was 10 mg/z. Ten hours 

later, the concentration of phenol in the same tank was un-

detectable by GC analysis (less than l mg/Z). The heat 

and the smell obser'\:ed when the head plate covering the 

feed tank was removed, suggested that bacteria were growing 
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on the nutrients available in that vessel. At the small 

feed flow rate ( l. 46 £/hr in a l/2" tu.be) it was possible 

for the microorganism to travel ~pstream from the loop 

reactor to the constant head tank, and from there to the 

main feed tank. The addition of the medium breaker elimi-

nated this problem. The partial success of the continuous 

process of Run 4 (Results and Discussion, subsection 5) was 

attributed to this change in the design of the feed line. 

The batch process was running smoothly as shown by 

the res~lts printed on the computer output (Appendix A). 

The plots of the six variables (air flow rate, % o2 

evolved, % co 2 evolved, dissolved oxygen, pH, temperature) 

monitored during this fermentation were presented in Ap-

pendix B. The average volumetric air flow rate was 

5.7 £/min at STP (Fig. Al). The% o2 evolved during the 

first five hours was stabilized at 21% (Fig. A2). The 

sporadic behavior shown during the late hours was attri-

buted to a wiring probl~~ in the control panel. The pH 

drop (Fig. A3) observed two hours after the start of the 

batch process was expected. Ralston and Vela (44) found 

that most of the products of phenol metabolism were acidic 

in nature. Products such as formate, pyruvate and 

4-hydroxy-2-ketovalerate had been reported to be metabolized 

by phenol biodegraders such as Pseudomonas putida (67). 

Drew and Pal (45) reported a lowering in pH when RS17 (a 
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yeast) was grown on a phenolic T:edium. 

The data on dissolved oxygen (Fig. A4) show rapid drops 

in the oxygen content of the mediu.~. This was the result 

of turning off the air flow for pericds of one minute. The 

drop (an average of 20% per minute) was related to the rate 

of oxygen uptake by the bacteria. The higher the rate (the 

change in the dissolved ox:ygen content with time) the greater.· 

the cell mass concentration in the medium and/or net meta-

bolic activity. Although the cell mass concentration for 

this drop in dissolved oxygen was not measured, the tur-

bidity of the medium observed indicated that a healthy 

aerobic culture was behind the relatively high oxygen up-

take. (The initial concentration of phenol in the medium 

was only 23 mg/i; based on this, one would not expect a 

very high cell mass concentraticn.) 

The percent in co 2 evolved during the run (Fig. A5) 

raised from 0.05% to 0.13% and then dropped to 0.12% at 

the end (the ambient level of co 2 was 0.03%). The increase 

was an indication of bacterial activity. The decrease was 

attributed to the fact that the culture was entering the 

stationary growth phase. Because the cell mass concentra-

tion was not determined, it was impossible to perform a 

complete mass balance on the system using the co 2 data. 

The variation in temperature, attributed to the en-

vironment and to the bacterial activity, during the eight-

hour period (Fig. A6) could be represented by a 
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sinusoidal function. The average temperature was 30°C. 

From the plot, it was i~possible ~c determine the tempera-

ture change due to bacterial grow~h only (a biological 

oxidation reaction is always accorr,panied with heat evolu-

tion; in a sense, it is an exothermic reaction). The tem-

perature rise related to bacterial activity could be deter-

mined only if the temperature rises in the environment 

during the period of the experiment were known. 

The results on the phenol biodegradation by CP6A 

during the first run (batchwise) were simultaneously shown 

with the variations in % co 2 evolved (Fig. 9) and with the 

variations in pH (Fig. 10). The data as presented reveal 

that during the first two hours, the rate of phenol dis-

appearance (Table II) , as well as the rate of pH change 

and the rate of % co 2 evolved, were low. This observation 

was attributed to a small bacterial activity. The cells 

did not begin metabolizing nutrients immediately on contact 

but needed time to adjust to the new environment. This lag 

in bacterial activity is still not understood. Schroeder 

(31) mentions that the initial slow bacterial activity is 

probably due to the fact that a number of enzyme systems 

needed for biodegradation of the chemicals making the new 

medium must first be synthesized. 

The plots on both Figures 9 and 10 also suggest that 

the maximum rates in co 2 evolution, pH change, and phenol 
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Table II 

Rate of Phenol Biodegradation (Batchwise) 

in the Abser.ce of Active Carbon for: 

Rate, b.C/ !::. t 
rng/9./hr 

Run 1 

C = (Cl+ c2)/2 
rng/t 

1 21.5 

12 15.0 

3.5 6.0 

< 1 < 1.0 

Note: These rates were obtained using the data 
plotted on Figure 9. 
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degradation occurred at about 2.7 hcurs after inoculation 

of the medium. This led to t.ne cQnclu.sion that the bac-

teria was undergoing a lcge,.=i thmic srr::wth in its popula-

tion. The rate of pher.ol biodegradation at that particular 

time was 12 + 2 mg/£/hr at a concentration of 15 mg/.Q. 

(Table II). 

During the last hour (hour 6 to hour 7 in Fig. 9), the 

% co 2 evolved went down from 0.13 to 0.12, suggesting a de-

crease in the rate of culture metabolism. The concentration 

of phenol in the medium was dropping to less th.:m 1 mg/.2. 

(Table B4, Appendix B) (The GC used can detect concentra-

tions down to 1 mg/£). This implied that the phenol in 

the medium was a limiting !1utrient. Its complete metabo-

lism would stop growth. However, nothing could be inferred 

on the limiting role of t!1e other :rntrients in the medium. 

F. Bioregeneration of Activated Carbon Studv 

Bioregeneration of activated carbon studies were per-

formed to determine the extent to which an activated carbon 

bed could possibly be regenerated. These studies involved 

the four phases described in Section III, subsection 7. 

1 ..... Phase I: Loading of the Activated Carbon 
Bed in the Batch Mode 

The adsorption kinetics for runs 2, 3, 4 of phenol on 

20 x 30 mesh activated carbon were shown in Figure 11. 



87 

I 
6. 
(\ 

~ 
900 r I 

'-.. 
(J°I 

I \ s 
s:: 

600 \~ 0 
·rl 
.j.J 
id 
!-1 
.j.J 
~ \I (]) 
0 I \ 
i::: 
0 \ \ u 300 

\ " \ " \ 
,, 

"' --... -' ...... --... ~ --.J I 

0 
0 l 2 3 4 

Time, hrs 

Figure 11. Adsorption of phenol on 20 x 30 mesh 
activated carbon (Phase I) for: 
( 6 ) Run 2 , { D ) Run 3 , ( 0 ) Run 4 • 



8 0 
•.) 

The average rate of phenol adsorption after four hours, 

for all three runs, was C.6 mg/1/h~ as reported in Table 

III. This rate was small enough to assume that the ad-

sorption process for this carbon si.ze was over, that the 

ca.rbon was almost at equilibrium with the medium. This 

assLunption was based on the results reported by Fichte 

(Aopendix C) • He studied the adsorption kinetics of phenol 

on 20 x 30 mesh activated carbon at 28°C. Interpretation 

of his data (Appendix C) showed that the capacity of the 

carbon reached 95% of the equilibriuin ca.paci ty in four 

hours. An increase of only 3% in adsorption by the car-

bon was observed during the next fourteen hours. 

2. Phase II: The Biodegradation of Phenol Batchwise 

The results on the biodegradation of phenol in the 

batch process for runs 2 and 4 are plotted in Figure 12. 

The data as shown reveal that during the first hour, for 

both runs, the rate of phenol disappearance was low (also 

:refer to Table IV) • This was attributed to c.. low bacterial 

activity. As mentioned earlier (Results and Discussion 

section, subsection 4) , a number of enzyme S~istems had to 

be synthesized before the bacteria would start its phenol 

metabolism. 

During the subsequent hours, the rate of phenol bio-

degradation was at its maximum (an average value of 
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Table III 

Average Rate of Phenol Adsorption on 20 x 30 Mesh Activated 
Carbon During Phase I, for Runs 2, 3, 4 

Rate, 6C/6t 
mg/2/hr 

3000 

3000 

3000 

10 

8 

0.4 - 0. 8 

Time (hrs) 

0.1 

0.16 

0.2 

2~0 

3.0 

4.0 
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Rate of Phenol Biodegradation (Batchwise) in 

the Presence of Active Carbon for: 

Rate, 6C/6t 
mg/t/hr 

8 

10 

21.3 

25 

26 

24 

Rate, 6C/6t 
rng/2/hr 

6.5 

16 

26 

30 

R.un 2 

Run 4 

c = (Cl + c2 )/2 
mg/2 

158 

152 

133 

108 

51 

20 

C = (Cl + c2)/2 
mg/£ 

136 

124 

95 

< 40 

Note: These rates were obtained using the data 
plotted on Figure 13. 



26 mg/1/hr at C < 108 mg/f for Run 2 and C < 95 for Run 4) 

as shown in Table IV. At a medium concentration of 15 mg 

of phenol per liter, this average value (26 mg/1/hr) would 

represent an increase of 110% over, the rate of phenol re-

moval in the absence of activated carbon ( 12 :!: 2 mg/ Q./hr) • 

Adams (85) reported 25% increase in COD removal and 20% 

increase in BOD removal when powdered activated carbon was 

added to an activated sludge system. Perrotti and Rodman 

(84) attributed this improvement in the syste.m performance 

to the ability of carbon to remove phenol. The inhibitory 

effect of high phenol concentration on bacterial growth 

was, as such, reduced. Ferguson (86), however, found that 

the activated carbon added to the activated sludge system 

provided exceptional resistance to shock-loading by tri-

chlorophenol. An important factor is keeping the culture 

exposed to a "homogeneous" medium. 'Ihe concentration of 

trichlorophenol in the medium would not change drastically. 

A rapid increase in the concentration might inhibit the ac-

tivity of the culture. 

The above arguments might be acceptable for a continu-

cus process where a variation in the influent stream organic 

concentraticn was probable. In the case of the batch pro-

cess perfcrmed during this study, these explanations might 

be of trivial importance. The starting concentrations of 

phenol j_n the medium (after loading the carbon) were not 
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high enough to be significantly inhibitory (139 mg/1 fer 

Run 4, 162 mg/X. for Run 2) • This a.ssu."llption was based on 

studies made in our laboratories (45). The bacteria 

(CP6 A) was able to grow on a concentration of phenol as 

high as 800 mg/X.. This led us to the conclusion that some 

explanation, other than the ones proposed by Ferguson, 

Perrotti and Rodman, should be formulated. The adsorption-

desorption (later in this section, we will show that acti-

vated carbon loaded with phenol desorbs when in contact with 

a bacterial culture) reaction might be the key factor. The 

performance of the system in the presence of an inert mater-

ial (coal and sand) as supporting medium would firmly confirm 

this point. A higher performance in the presence of an 

inert material would be attributed to the ability of the 

bacteria to attach to the particle. It was reported that 

bacteria could grow on sand (9) and coal (95). In our 

laboratoriesr we never observed growth of bacteria on acti-

vated carbon particles. A lower performance in the pres-

ence of an inert material would be mainly due to the 

adsorption-desorption reaction of the activated carbon. 

The indrease in performance (110%) due to the addition 

of activated carbon, obtained during this study, was super-

ior to the ones (20% for BOD, 25% for COD) reported by 

Adams (85). The fluidized bed technique adopted during 

this work might have partly contributed to this difference. 
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Jeris and colleagues (9) describe~ this technique as an 

extremely high rate pro::::ess, a cor:J::in2tion of the best fea-

tures of activated sludge (the precess adopted by Adams) 

and trickling- filtration. 'I'his su:;gested that fl uidiza-

tion technology would give a higher performance than either 

process (activated carbon or trickling filtration). The 

second contribution might be attributed to the medi'.lln it-

self. The phenolic solution prepared was absolutely void 

of particulates. The presence of those particles, as in 

the case of Adams' sewage, would probably block some of 

the pores of the active carbon, resulting in a lower surface 

area available for adsorption (99). In other words, the 

adsorptive capacity of the carbon would decrease, an ipso 

facto reduction in the system's efficiency. A batch pro-

cess (this work) would be considered more efficient than 

continuous process (Adams 1 work). Other possibilities the 

author was not aware 0£ could be factors in this discrepancy 

in performance (i.e., 110% vs. 25%). 

In Run 2 (Fig. 13), between hour 5 and hour 6, the 

rate of biodegradation dropped to approximately zero. A 

glance at the pH profile suggested that a pH of about 5 or 

below might have inhibited the activity of CP6A (the bac-

teria used in this study) . A low pH was also known to 

decrease the rate of adsorption of phenol on activated 

carbon \16). In the case where the r~te of phenol 
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Fig~re 13. Variation with time of both the phenol 
concentration ( D. ) and the pH ( D ) during 
Phase II (phenol biodegradation, batch-
wise, in the presence of active carbon) 
for Run 2. (-----) Addition of base 
(1 N KOH) • 
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disappearance was governed by adsorption and biological 

degradation, a pH decrease would be expected to negatively 

affect the overall reaction. In Run 4 (Fig. 12), the pH 

was kept in the range of 7.0. No such discontinuity in 

bacterial activity was observed. This implied that a pH 

control would be necessa=y to keep the system working. 

Because of the complexity of the problem, it would be 

hard to draw a firm conclusion on the role of pH on the 

adsorption-biodegradation reaction. No optimization work 

was performed on pH and other variables (temperature, dis-

solved oxygen, etc.) for the system CP6A-activated carbon-

phenol in a tapered fluidized bed. 

3. Phase III: The Continuous Process 

The continuous process failed in Run 2 due to a tech-

ni,.:::al failure in the pumping system. In Run 4 / however, 

the feed line was turned on for 12 hours. The feed flow 

rate was set to 1.16 1/hr. The concent~ation of phenol 

in the influent stream was 20 mg/.':.. The data obtained 

during this phase are plotted in Figure 14. During the 

eight hours following the batch process (hour 6 to hour 14) / 

no data points were collected. The phenol degradation then 

detected, in the effluent stream, could be assumed to be 

due to bacterial action and not to dilution (at the end of 

the batch process, for Run 4, the concentration of phenol 
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in the medium was 8 mg/i, coDparsd tc 20 mg/! in the feed 

streru-n. The mean res id•::-nce -t:.ime for a feed flow rate of 

1.16 i/hr would be 5 hours. Phencl deg~adation detected in 

the effluent stream eight hours after the start of the con-

tinuous process would then be attrib~ted to bacterial 

degradation and not to dilution.) 

The conversion of phenol over the four-hour period 

(hour 14 to hour 18) was greater than 95%. (See Appendix 

C for a sample calculation.) Because the rubber tubing in 

the peristaltic pump wore down during operation and became 

unreliable after 24 hours continuous use, a complete break-

through curve was impossible to achieve. During this con-

tinuous portion of Run 4, the medium breaker installed on 

the feed line proved to be useful. The microorganism was 

not able to travel upstream from the loop reactor to the 

constant head tank as observed during Run 1 (Results and 

Discussions section, Subsection 4). 

4. Phase IV: Extent of Bioregeneration 

The bioregeneration study was performed during Runs 2, 

and 4. The results are presented in Table V. During Run 2, 

26% of the carbon capacity available for adsorption was re-

generated (Appendix C shows a sample calculation) . This 

was achieved 8 hours after the incubation of the bed (at 

the end of the batch process of Phase II). However, the 
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Table V 

Percent of the Total Activated Carbon (20 x 30 Mesh) 

Capacity that has been Bioregenerated 
During Runs 2, 4 

Run Time (hrs) 

2 8 

4 18 

% of the 
total capacity 
bioregenerated 

26 

67 
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extent to which the active carbon bed was bioregenerated 

during Run 4 was 67%. The time of bacterial exposure to 

the bed was 18 hours (at the end of the continuous process) • 

The phenol feed flow rate and the mean residence time were 

respectively equal to 23.2 mg/£ and 5 hours. 

The procedure followed during this study consisted of 

transferring a sample of wet activated carbon from the bed 

to a 250 m£ Erlenmeyer flask filled with 50 m£ of phenol-

distilled water solution (Methods, Subsection 8, part d). 

This suggested that some traces of bacteria might have been 

entrained with the activated carbon sample. The chances 

that the bacteria degraded some of the phenol in the flask, 

where the bioregeneration study was undertaken, were slim. 

The distilled water (deionized water is void of inorganics 

and organics) used as a medium would hinder the activity 

of the microorganism for at least three hours (the time the 

study was performed) . This would rule out any bacterial 

action during this last phase. The ruling out of this 

biological reaction would. validate the above results. 

In the literature, biological regeneration of acti-

vated carbon had rarely been investigated. Rodman and 

Shunney (40) reported some data on the bioregeneration of 

an activated carbon bed in a pilot plant treating textile 

dye waste. Analysis of their results showed that 50% of 

the bed was bioregenerated during the first cycle (each 
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cycle consisted of loading the carbon with dye for 2-1/2 

hours continuous flow, then regenerating it by feeding 

the carbon bed with a bacterial culture for 6 hours; later, 

the regeneration time was extended to 12 hours). During 

the loading process, kir.etics on the percentage of COD 

removal went through a minimum (the curve depicted a drop 

from 80% removal of COD to 30%, then went up to 40%). Work 

on adsorption kinetics of phenol on activated carbon (Fichte, 

Appendix C) showed that the percentage of phenol removal with 

time was described by a decaying exponential function. 

Neretnicks (98) found similar results when he studied the 

adsorption kinetics of different chemicals on active carbon. 

The parabolic type behavior reported by Rodman and 

Shunney might be attributed to bacterial action. The lack 

of a medium breaker on the line connecting the culture 

reservoir and the active carbon bed could be responsible 

for a bacterial leak from the growth tank to the bed during 

the early ,hours. This bacterial action during the loading 

of the carbon would explain the observed increase in per-

centage removal of COD. This explanation would then invali-

date the conclusions on bioregeneration reported by the 

authors. 

Because of the complexity of the problem, it would be 

hard to define the factors that govern the time-% capacity 
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bioregeneration relationship (Table V shows an increasing 

relationship) . The only firm conclusion that one could 

deduce from this study was that activated carbon could be 

bioregenerated in situ. 



V. CONCLUSION 

As a result of this study on biological regeneration 

of activated carbon, the following conclusions were made: 

1. The addition of activated carbon to the system of 

phenol and bacteria increased its ability to remove phenol. 

2. On-site biological regeneration of activated carbon 

was successful. 
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VI. RECOMMENDATIONS 

The following are recom:~endations for use as a guide 

for further study: 

1. Aeration. Characterization of the sparger should 

be done. The volumetric coefficient, kLa' should be deter-

mined for different air flow rates, different recycle flow 

rates. In the case of continuous processes the feed flow 

rate should be considered. This study should be performed 

in the presence of activated carbon. 

2. Residence time distribution (RTD). Characteriza-

tion of the reactor should be performed. RTD curves at 

different air flow rates, recycle flow rates and feed flow 

rates should be determined. 

3. Performance of system when an inert material is 

used as supporting medium. A fermentation run, in the 

presence of an inert material such as sand or coal, should 

be undertaken. The comparison of this system with the 

activated carbon system would help in specifying the role 

of activated carbon in treating wastewaters. 

4. Determination of cell concentration in the presence 

of activated carbon or in ~~e presence of an inert material. 

Cell concentration in the medium is impossible to determine 

using the available techniques (Klett reading, etc.). The 

cells are not homogeneously spread in the whole loop reactor. 

104 



105 

They usually gather in the bed region. A criterion to 

determine cell concentraticn in the medium would be the 

% co 2 evolved from the system. A calibration curve relat-

ing the % co 2 evolved to cell concentration could be deter-

mined in the absence of supporting filedia. 

5. Material balance. Once recommendation 4 is done, 

a carbon balance on the system would be easier to perform 

and is recoITmended. 

6. System modeling. Modeling of the system is also 

recommended. 
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The variables invclvee during this first run are: 

Variable Figure Variable 
Number Number Name 

1 Al Air flow rate 

2 A2 % 02 evolved 

3 A3 pH 

4 A4 Dissolved oxygen 

5 AS % co 2 evolved 

6 A6 Temperature 
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Table Bl 

Mixing Studies 

Recycle flow rate= 2.7 2/min 

Air flow rate = 5.7 2/min 

A = Absorbance at 270 nm 

Reactor volume = 5.8 2 

Tracer = phenol 

AF = Equilibrium absor-
bance at 270 nm 

Response data to a pulse input at: 

Port H3 Port FP 
Time 

(sec.) A A/AF A A/AF 

30 0 0 0 0 

45 0 0 0 0 

60 0.01 0.015 0 0 

90 0.83 1.25 0.01 0.016 

120 0.70 1.06 

150 0.60 0.91 0.32 0.52 

165 0.50 0.82 

180 0.59 0.90 

210 0.64 0.97 0.58 0.94 

240 0.66 1 

270 0.66 1 

AF=0.66 ~ = 0. 58 
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'Table B2 

Response Data to a Step Input in the Feed 

Residence Time Distrib~tion Study 

Recycle flow rate= 2.7 £/min Reactor volume= 5.8 £ 

Air flow rate = 5.7 £/min 

Feed flow rate 

Time 
(Min. ) 

0 
30 
60 

120 
180 
210 
240 
270 

300 
360 
420 

= 1.36 9-/hr 

A 

0 
0.01 
0.017 
0.05 
0.14 
0.23 
0.36 
0.49 
0.60 
0.78 
0.84 

Tracer = Phenol 

J(t) =A/~ 

0 
0.011 
0.02 
0.06 
0.16 
0.26 
0.41 
0.56 
0.69 
0.90 
0.97 

t rn 

0 
0.12 
0.23 
0.47 
0.70 
0.82 
0.94 
1.06 
1.17 
1.41 
1.64 

The mean residence time, t = 4.26 hours m 



Time 
(min.) 

0 

45 

110 

200 

270 

350 

420 

480 

510 
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Table B3 

Growth of CP6A on Nutrient Broth 

Containing 100 mg/t of Phenol 

Klett 
Reading 

36 

34 

35 

34 

34 

34 

36 

39 

Time 
(min.) 

540 

570 

620 

670 

720 

745 

77 5 

805 

835 

Klett 
Reading 

40 

49 

65 

95 

128 

144 

153 

162 

167 
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•rable B4 

Phenol Biodegradation by CP6A in the Absence 

of Active Carbon (Run 1) 

Recycle flow rate= 2.7 £/min 

Air flow rate 

Time 
(hr.) 

0 

2.13 

3.16 

6.00 

7.08 

= 5.7 t/min 
Reactor volume= 5. 8 t 

Phenol concentration 
+ .95 confidence 
-interval, mg/£ 

23 + 2.0 -

20.4 + 2.0 -
10.3 + 1.5 -

1.4 + 1.5 -
<l + -
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Table BS 

pH, % co 2 Evolved versus Time During the Phenol 

Biodegradation by CP6A in the Absence of 

Time 
(Hr.) 

0 

1 

2 

3 

4 

5 

6 

7 

-Ambient 

Active Carbon 

pH 

7.30 0.05 

7.30 0.06 

7.30 0.07 

7.20 0.09 

7.10 0.12 

7.10 0.13 

7.10 0.13 

7.10 0.12 

level for co 2 is .03% 

Note: The data was collected from the computer 
output obtained during Run 1. 



1 '"',.., -"-I 

Table B6 

Bioregeneration of Activated Carbon Studies. 

Adsorption of Phenol on 20x30 Mesh Activated 

Carbon for Runs 2, 3, 4 (Phase I) 

Recycle flow rate= 2.7 i/min 

Air flow rate = 5.7 i/min 

Reactor volume = 5. 8 Q, 

Weight of the Acti-
vated Carbon Bed 

= 55 g 

Phenol concentration, mg/£ 
Time 
(Hr.) 

0 

0.25 

0.50 

1. 00 

1. 50 

2.50 

3.00 

3.50 

4.00 

Run 2 

1334 

990 

370 

251 

234 

202 

183 

162 

Run 3 Run 4 

965 1230 

69 5 960 

70 165 

60 150 

57 137 
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Table B7 

Bioregeneration of Activated Carbon Studies. Phenol 

Biodegradation in the Presence of Active Carbon for 

Run 2 (Phase II) . The pH Variation During 

This Run is Also Tabulated 

Recycle flow rate= 2.7 £/min Reactor volume= 5.8 1 

Air flow rate = 5.7 £/min Weight of the Activated 
Carbon Bed = 55 g 

Time 
(Hr.) 

0 
1 

1. 5 
2.0 
2.50 

3.0 
3.83 

4.83 
5.75 
6.33 
6.83 

7.20 

8.16 

Phenol Concentration 
+ .95 confidence 
-interval, mg/1 

162 

154 
149 

117 
98 
66 
66 

lN KOH was added 
37 + 2.0 

lN KOH was added 

--------- Pump broke down 

4.0 + 1. 5 -

pH 

7.22 
7.11 
7.00 
6.96 
6.87 

6.64 
5.84 
4.89 
6.36 
5.30 
6.27 

----------
5.20 
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?able BS 

Bioregeneration of Activated Carbon Studies. Phenol 

Biodegradation in the Presence of Active Carbon for 

Run 4 (Phase II). The pH was Kept in the Range 

6.8 - 7.1 by Adding lN KOH 

Recycle flow rate= 2.7 t/min 

Air flow rate = 5.7 t/min 

Time 
(Hr.) 

0 

1. 08 

2.16 

3.67 

5.83 

Reactor volume= 5.8t 

Weight of the Activated 
Carbon Bed = 55 g 

Phenol concentration 
+ .95 confidence 
-interval, mg/t 

139.2 

132.0 

115.0 

76 

9.4 + 1.5 
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Table B9 

Bioregeneration of Activated Carbon Studies. 

Phenol Biodegradation in the Continuous 

Process of Run 4 (Phase III) 

Recycle flow rate = 2.7 £/min Reactor volume = 5 . 8 Q, 

Air flow rate = 5.7 2/min Weight of the activated 
carbon bed = 55 g 

Feed flow rate = 1.16 2/hr 

Time 
(Hr.) 

0 

2 

4 

Phenol concentration~ mg/£ 

Influent 
stream 

20 

20 

20 

Effluent 
stream 

<l 

<l 

<l 



Sample 
number 
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Table BlO 

Bioregeneration of Activated Carbon Studies. 

Desorption Studies (Phase IV) 

for Runs 2, 4 

Weight of the 
activated carbon 

sample, g 

Initial 
concentration 
of phenol in 

solution, mg/i 

Final concentra-
tion of phenol 
in the solution 

+ .95 confidence 
-interval, mg/i 

--------------------------- Run 2 ---------------------------

1 

2 

1.838 

1.609 

250 

250 

51 + 2.0 

54 + 2.0 

--------------------------- Run 4 ---------------------------

1 

2 

.358 

.687 

140 3.7 + 1.5 

140 2.7 + 1.5 
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Sample Calculations 

This section contains examples of calculations made 

in the course of this investigation. 

Calculation of the percent of the total activated 

carbon (20 x 30 mesh) capacity that has been bioregenerated 

during Runs 2, 4. 

A certain amount (m, in grams) of activated carbon 

was transferred from the bed to a 50 mt solution of 

phenol and distilled water (the concentration of phenol 

in the solution varied from one run to the other.) . The 

procedure followed to calculate the extent to which the 

activated carbon was bioregenerated consisted of 6 steps. 

Step 1. The amount (Xs) of phenol adsorbed from the 50 mt 

solution, by the sample of activated carbon that has been 

transferred (m) was: 

where 

c. 
l 

= amount of phenol adsorbed from the solution 
by m, mg. 

= initial concentration of phenol in the solu-
tion, mg/i. 

= final concentration of phenol in the solution, 
mg/£. 
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Step 2. __ .._ 

The total phenol content (X~) of the activated carbon 
'-

sample (m) was then: 

where 

x = x + x 
.t t s 0 

Xt = total phenol content of the sample m, mg. 

= phenol content of the sample when transferred 
from the bed, i.e., before the contact of the 
sample with the 50 mt solution of phenol and 
distilled water. 

The value of Xt was obtained by using the Freundlich iso-

therm relation reported by Dr. Fichte (Appendix D). 

where 

Step 3 

or X = rnu:"C 1/ n t '- F 

m = mass of the activated carbon sample transferred 
from the bed to the 50 mt solution of phenol 
and distilled water, g. 

K and n = constants. 

The initial phenol content of the sample (X0 ) when 

transferred from the bed was therefore: 

= XJ... - X .... s 
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Step 4 

The initial phenol content of one gram of activated 

carbon sample that has been transferred from the bed was: 

Step 5 

= KCFl/n 
m 

(o.os, (c. _ c ) 
m ' i F 

The phenol content of one gram of activated carbon 

inside the bed, at the end of the loading process, just 

before the inoculation of the bed (Phase I of the bio-

regeneration study) was: 

where 

Step 6 

x = M 

x phenol content of Of activated carbon, fVi = one gram 
rng/g 

v = Volume of the mediurn, Q, 

M = Mass of the activated carbon bed 

C5 =Starting phenol concentration of the medium, 
mg/£ 

Ce= Final phenol concentration of the medium, mg/£ 

The percent of the activated carbon capacity that has 

been bioregenerated was: 

[{ (X0 /m) - (X/M) }/(X/~l)J x 100 
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During Run 4, the following data were collected during the 

bioregeneration study (table, Appendix A) • 

m = • 358 g M = 55 g 

c. = l. 
140 mg/i v = 5.8 9., 

CF = 3.7 mg/2 cs = 1230 mg/Q. 

K = 41.34 Ce = 139 mg/Q. 

n = 4.26 

XJ.11~ = 41.34 (3.7) • 234 - (~3~~) (140 - 3.7) = 37.00 mg/g 

x 
M = 5.8(1230 - 139) 

55 = 115 mg/g 

% of the activated carbon capacity 
that has been bioregenerated = 67% 

Calculation of the percent of phenol biodegraded durina 

the Continuous Process of Run 4 

c ""f - c. f 
The percent of phenol biodegraded = ( eL in x 100 

ceff 

where c ~f = concentration of phenol in the effluent e:i: strean1, mg/2 

c . .&:: = concentration of phenol in the influent l.nL stream, mg/Q. 

during Run 4 (table 1 Appendix ) , ceff = 20 mg/2 

C. f < 1 mg/ Q, in 
and the percent of phenol biodegraded > ( 20 2; 1 ) x 100 = 95% 



MEMO TO: Dr. S. Drew 
Mr. S. Atieh 
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FROM: P. Fichte, Dept. of Chem. Eng., VPI & SU 

DATE: August 15, 1977 

SUBJECT: Analysis of Isothermal Kinetic and Equilibrium 
Data for Adsorption of Phenol on 20 x 30 Mesh 
Activated carbon at 28.0°C, 

A. Adsorption Kinetics 

A 1.07084 gm sample of activated carbon ("Nuchar" 
20 x 30 mesh) was placed in a 250 ml Erlenmeyer Flask 
and allowed to come to thermal equilibrium at 28°C. 
100 ml of 1000 ppm phenol solution, also at 28°C, was 
added to the flask, which was then placed in a rotary 
shaker set to operate at 200 rpm. A timer (Precision 
Scientific) was actuated immediately after the phenol 
solution had been added to the flask. 

1-rnl samples of the solution being shaken were removed 
with filtering, using a syringe-filter (SXGS 013 OS 
0.22 µm, Swinnex-13 by Millipore, Inc.) combination, 
every 5 minutes for one hour, every 10 minutes during 
the next hour, every 20 minutes during the following 
80 minutes, and at increasingly longer intervals during 
the subsequent days. A final sample was removed after 
approximately 86 hours. 19 samples were taken in all. 

The samples were analyzed with a Perkin-Elmer Gas 
Chromatograph (Model 3920) employing Flame Ionization 
Detector. Residual phenol concentrations were deter-
mined by comparing mean peak heights with a calibra-
tion curve. The amount of phenol removed by the 
activated carbon for each sample (mg phenol per gram 
of activated carbon) was calculated, and the values 
obtained [;, where X. =mass phenol removed, in mg, and 
M = mass of activated carbon = 1.07084 gm] plotted 
against various functions of time in minutes. 

A reasonably good straight line fit was obtained up to 
the time that the adsorbed phenol had reached 90% of 
its calculated equilibrium value (after 50 minutes) 
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when the mass of adsorbed phenol per gm of activated 
carbon plotted against the square root of the time 
(see attached Table Cl) . 

x ,---The shape of the M vs. -I t curve is similar to that of 
diffusion into a hollow sphere or hollow cylinder with 
the surf ace maintained at a constant concentration 
(Crank, pp. 82, 83, 98, 99) .l Such a linear square foot 
relationship indicates a diffusion-controlled reaction 
(Crank, op. cit., and p. 37). 

Present GC-phenol calibration indicate that the concen-
tration of residual phenol are known to + 10% (although 
the individual sample mean precision is by and large 
within a standard deviation of + 5%) . 

B. Adsorption Isotherm 

15 samples ot activated carbon, ranging in mass from 
3.07678 gm to 0.42206 g were placed in separate 250 ml 
Erlenmeyer Flasks and equilibrated to 28°C. To each 
flask was added 100 ml of 1000 ppm phenol solution at 
28°C. The flasks were shaken at 200 rpm in a rotary 
shaker for 7 days at 28°C. Eight of these systems, 
spanning the range of sample weight, were analyzed for 
residual phenol concentration in the supernatant, using 
the Perkin-Elmer Gas Chromatograph with FID attachment. 
The g for each of the sa~ples was calculated and plotted 
in both the Langmuir and Freundlich Isotherm modes. Ex-
cellent linearity was obtained with the Freundlich plot 
up to and including a residual phenol concentration of 
150 ppm (the lowest concentration was 2.5 ppm). After 
that the plot became horizontal, as if to indicate a 
saturation phenomenon. The equation for the linear sec-
tion was of the form: 

x =KC l/n x = Kelln 
M F M 

where K = 
and n = 

(Isotherm 

41.23 
4.26 

II) 

Results from a prior preliminary set of adsorption 
equilibrium experiment (also at 28°C) fell within the 
scatter of the present results, and also exhibited a 
saturation phenomenon (Isotherm I). 

lThe Mathematics of Diffusion, Clarendon Press, 2nd ed., 
1975. 
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Table Cl 
x Conversion of Kinetic Data to M vs t(min) 

t (min) x(~) 
M g 

5 29.88 
10 53.70 
19 68.36 
30 76.58 
40 79.66 
50 81.11 
60 83.49 
70 83.80 
80 84.67 
90 85.26 

100 85.63 
110 86.19 
120 86.37 
230 86.47 
340 87.22 

1140 89.18 
2945 89.56 
4110 90.68 
5180 90.77 
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Introduction 

The peak height technique was adopted to assay phenol 

solutions during this study. This technique requires that: 

1. The calibration curve be fully obtained for each 

GC (gas chromatograph) run. 

2. The chromatogram shapes be all similar. 

The error generated by neglecting the first requirement 

will be discussed in this appendix. For this purpose, the 

following was undertaken: 

1. A calibration curve was obtained using the peak 

height technique. This curve was then compared to two pre-

vious calibration curves determined in a similar way. 

2. A calibration curve was obtained using the internal 

standard technique (ethylene glycol was used as internal 

standard, 150 µ£ of 11080 mg/£ of ethylene glycol was added 

to 7 m£ of each of the phenol solutions to be analyzed) • 

3. Two unknown solutions were determined using each 

of the calibration curves obtained from each technique (peak 

height technique and internal standard technique) . 

The gas chromatograph used during this study was a 

Perkin Elmer GC (model 3920) . The specificaticns of the 

column were as follows: 



Column material 

Length 

Support 

Mesh range 

Liquid phase 

Weight percent 
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SS 

5' 

Chrcrnoscrb W 

60-80 

10% FFA:? 

10 

During the assay of phenol solutions (peak height tech-

nique), the flame ionization detector, the column, and the 

injection port temperatures were respectively set at 

185°C + 2°C, 144°C, and 200°C ~ 2°C. During the assay of 

phenol-ethylene glycol solutions (internal standard tech-

nique), the flame ionization detector, the column, and the 

injection port temperatures were respectively set at 

185°C + 2°C, 160°C and 200°C + 2°C. The carrier gas was 

helium, at a 20 psig pressure at the tank's regulatorr andd 

at a flow rate of 2.0 (32 mi/min) as registered in the 

chromatograph's rotameter. 

Results and Discussions 

1. Peak height technique 

Table Dl shows the results of three calibration curves 

obtained at three different GC runs. Set No. 1 and 2 were 

performed last year (1977) / set No. 3 was performed in June, 

1978. Figure Dl compares the results obtained during set 

No. 3 to the results of set No. 1. The solid line represents 

the relation between those two sets. The dashed line 



Phenol 
concentration 

mg/t 

1 

5 

10 

20 
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Table Dl 

Results for Three Calibration Curves 

Perf orrned at Different Times 

Peak height 

Set No. 1 Set N.o. 2 Set No. 3 

10.3 12.4 10 

48.7 46 

83 83.8 89 

223 177 193 
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represents the relation one will expec~ if the GC response 

is reproducible for each of its runs. Comparison of those 

two lines gives us an idea. about the error generated when 

the first requirement mer:tioned previously is neglected 

(Table D2). This table also compares set No. 2 to set 

No. 3. Figure D2 is a plot of set No. 2 versus set No. 3. 

Table D2 shows an error of 20% when assaying a phenol con·-

centration of 1 mg/.i at two different times. also shows 

a 13% error when assaying a phenol concentration of 20 mg/.i. 

The inconsistency in the error at different concentrations 

is clear (20% at 1 mg/.i, 7% at 15 mg/.i, etc.). This sug-

gests that the first requirement (calibration curve for 

each GC run) be applied for each GC run. 

Table D3 displays the mean peak height for set No. 1 

and No. 2 versus the neak heiaht for set No. 3 at differ-.. .. 
ent concentrations. The error generated comparing those two 

sets is less than the one shown in Table 02. This suggests 

that neglecting the first requirement will generate less 

error if the standard curve is a combination of two sets of 

calibration curves taken at different GC runs. Figure D3 

confirms this suggestion (the slopes of the solid line and 

the dashed line are respectively .96 and 1.0. The slopes in 

Figures Dl and D2 are respectively .85, 1.11 for the solid 

lines and 1.0 for the dashed lines. 
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Table D2 

Comparison of the Peak Heights Cbtain2d for Set No. 3 (h 3 ) 

to the Peak. Heights Obtained fo::· Sets 1 and :2 (h1 and h 2 ) 

Phenol 
concentration 

mg/ _Q, 

1 

5 

10 

20 

3% 20% 

5.8% 

7% '/% 

13% 9% 
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Table DJ 

Comparison of the Peak Heights Obtained for Set No. 3 

(h 3) to the Average Peak Heights of Sets 1 and 2. 

Phenol 
concentration 

mg/i 

1 

5 

10 

20 

14% 

6% 

6.7% 

3.6% 
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The error generated by ~eglecting the first requirement 

is expected to be even less if tt:•= standard curve combines 

three sets of calibration data. Figu~e D4 shows the stan-

dard curve one will obtain when tha three sets of data 

(Table Dl) are considered as one set. The conclusions 

drawn during the biological regeneration of activated carbon 

study are at phenol concentrations of SO mg/t and less. One 

will expect that the standard curve of Figure D4 can be used 

to determine the experimental data (phenol concentrations) 

obtained in this thesis, wi t..11 an error of less than 10%. 

Table D4 displays the mean height, the standard deviation, 

and the relative error of the three sets of data. 

2. unknown determination 

The calibration data as well as the unknown data for 

the peak height technique and the internal standard tech-

nique are tabulated in Tables DS and D6. Figure DS is a 

plot of the peak height versus the concentration of phenol. 

The solid line is generated using the circular points ( 0) . 

The solid points (e) represent the two unknowns. Figures 

D6 and D7 are, respectively, a plot of the relative peak 

height hn/h~G versus phenol concentration and the relative 
• !:., 

weight of peak areas W_/W~~ versus phenol concentration . 
.t' ~\J 

The solid points represent the unknowns. Table D7 tells 

us how accurately one can determine the actual concentrations 
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Tei.ble !).:), 

-Mean Height (h), Standard Deviation (cr), and 

Relative Error (o~) of Sets 1, 2, and 3 

Phenol 
concentration 

mg/X-

l 

i:: _, 

10 

20 

.c 

h a 

lU.9 1.3 

47.4 1.90 

85.3 3.25 

197.7 23.4 

0 r 

11% 

4% 

4% 

10% 
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Table DS 

Calibration Data Using the Peak Height Technique 

Phenol 
concentration Peak Peak 

mg/i 
.J.. 

h . h""'* heigl1t" .eig t:. 

, 10 9. 7 J. 

5 46 44.8 

10 89 88 

15 138 135 

20 193 188 

25 238 2 3 :2 

Unknown A 118 115 

Un.known B 59 57.2 

* The volume of the sample generating thos•2 peaks 
is 2. 0 µ 9, • 

** The volume of the sample generating those peaks 
is 1.95 µL 
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'I' a.b l e D 6 

Calibration Data Using the Inter~al Standard Technique. 

The Internal Standard Chosen was Ethylene Glycol. 

Pf1enol 
concentrat.io:l. 

mg/£ 
Relative peak 

1... • h. i /h u8lCT1. -CS 1 ll .. .,...,,... 
~ ¢ .C.,IJ 

Relative weight 
.c , r J ;r.-0 L peaKs. ~¢ ~EG 

5 .152 .139 

10 .42 .34 

15 .71 .49 

20 .96 .70 

Unknown A .60 .42 

Un.known B .197 .179 

height of the peak generated by the phenol in the 
sample over the height of the peak generated by 
ethylene glycol. 

= weight of the area under the peak generated by the 
phenol in the sample over the weight of the area 
under the peak generated by ethylene glycol. 
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Table D7 

Determination of the Unkncwn Cc,ncentrations by use of 

the Peak Height Technique and the Internal 

Technique 

Peak height 

Relative 
height 

Relative 
weight 

* 

Standard Technique 

Unknown (mg/ !l ) 
A B 

12.5 6.30 

13.2 5.81 

12.6 6.00 

The actual value for: A is 12.5 mg/!l. 

B is 6.25 mg/!l. 

% off from the 
actual value* 

A B 

0 0.8 

5.6 7.0 

0.8 4.0 

Note: Graduated cylinders were used in the preparation of 
the unknown solutions. A 5% error might have been 
generated. 
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of the unknowns, by use o~ the differsnt techniques. It 

can be seen that the peak height technique is quite accur-

ate. The internal standard technisue gives better results 

when using the relative weight of peaks instead of the. 

relative height. The difference in accuracy between the 

peak height technique and the relative weight technique may 

not be significant because of the technique used in pre-

paring the unknowns (graduated cylinders were used in the 

preparation of the unknown solutions and an error of 5% 

might have been easily generated) . 

3. Internal standard technique versus 
peak height technique 

A plot of hp/hEG' Wp/WEG versus peak height (set No. 3) 

is shown in Figure D8. The internal standard technique has 

the following advantages. 

a. Only one standard curve is needed. This curve 

does not have to be repeated for each GC run. 

b. The vol~~e of the samples injected doesn 1 t have to 

be the same. 

Those two advantages make the internal standard tech-

nique superior to the height technique. 

5. Final note 

Butanol, hexanol, heptanol, glycol were tried as inter-

nal standards to assay phenol solutions. They proved to be 
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unacceptable because of their high vapor pressures. 

p-nitrophenol failed to be a good internal standard because 

of its pKa. The q value of its dissociation constant is 

7.2 which is very close to the pH of the phenol solution we 

are dealing with. One expects the p-nitrophenol to dis-

sociate, something to be prevented, when dealing with 

internal standards. 
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BIOLOGICAL REGE1:-iEI·?.;'rIO£J OF ACTIVATED CARBON 

by 

Sabah A. Ati2h 

(ABSTRACT) 

A bioreactor using a tapered fluidized bed was built, 

characterized and tested. The test consisted of biologi-

cally removing phenol from an artificial wastewater in the 

absence of activated carbon. The data collected during 

this fermentation were logged on a PDP 11/40 minicomputer. 

Variables such as oxygen and carbon aioxide percent by 

volume evolved, the dissolved oxygen concentration, tempera-

ture, pH and volumetric air flow rate were monitored. The 

rate of phenol disappearance was also determined. 

This system was then used to study the biological re-

generation of activated carbon. The bioregeneration study 

showed that up to 67% of the activated carbon adsorptive 

capacity could be recovered. It also proved that the rate 

of phenol biodegradation was higher in the presence of 

activated carbon than in its absence. 
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