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ABSTRACT 

The objective of the study was to determine optimum parameters for 

the operation of an innovative process train used ·in the treatment of 

coke-oven wastewater. The treatment process train. consisted of a contact­

stabilization activated sludge system with powdered activated carbon (PAC) 

addition, followed by activated sludge nitrification, followed by denitri­

fication in an anoxic filter. The control and operating parameters ~valuated 

during the study were: (a) the average mixed-liquor PAC concentration main­

tained in the contact~stabilization system, (b) the soli~s retention time 

practiced ih the contact-stabilization system, and (c) the hydraulic 

detention time maintained in the contact aeration tank. 

Three identical treatment process trains were constru~ted and employed 

in this study. The coke-oven wastewater used for this inves~igation was 

fed to the treatment units at 30 percent strength. At that dilution, the 

wastewater had average concentrations of chemical oxygen demand, dissolved 

organic carbon, ammonia-nitrogen, cyanide and thiocyanate of 1,240, 365, 

995, 630 and 345, respectively. 

The first part of the study was devoted to determining the interactions 

between the mixed liquor PAC concentration and the solids retention time in 

the contact-stabilization tanks .. To achieve this end, average mixed liquor 

PAC concentrations of 0, 980 and 1,960 mg/i were maintained in the contact­

stabilization system, while the performance of the system at contact-

stabilization solids retention times of 10, 20 and 30 day was evaluated at 

each carbon level. The general finding of this part of the study was that 

optimum overall system performance is attainable when the highest sludge 

age (30 day) and highest mixed liquor PAC concentration were practiced. 
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During the second phase of the study, all three systems were operated 

at a 30 day sol ids retention time while different detention times of 1, 

2/3 and l/3 day were evaluated in the contact tank. PAC addition rates 

were maintained at the former levels and, consequently, reduced contact 

times entailed higher mixed liquor carbon concentrations. Once again, 

the system receiving the highest PAC addition rate of PAC exhibited the 

best overall performance. This system exhibited no deterioration in 

process performance as a result of decreased contact detention time. 
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I - INTRODUCTION 

The conversion of coal to synthetic fuels has been regarded as a 

promising technology for the production of the gaseous and liquid fuels 

needed to supplement dwindling reserves of petroleum and natural gas. 

Several coal conversion technologies have been proposed, tested and demon­

strated to varying degrees. These processes differ in the size, degree of 

dryness and type of coal utilized, the operating temperature of the process, 

stream and feed gas requirements, and the mode of transport and mixing of 

the reactor contents. The wastewaters generated from coal conversion pro­

cesses may exhibit significant differences in the individual strengths of 

the various constituents, however, these wastewaters invariably have the 

same constituent compounds. 

The objective of this research project was to determine the effectiveness 

of an innovative process stream in the treatment of coal conversion wastewater. 

The treatment system consisted in series of a contact-stabilization activated 

sludge process, a nitrification activated sludge process, and an anoxic 

denitrification columnar reactor. Provisions for powdered activated carbon 

addition to the contact aeration tank were also made. Several process variables 

and their effects on treatment efficiency were studied. These variables were: 

(a) the mixed liquor powdered activated carbon concentration in the contact­

stabilization system; (b) the fresh powdered activated carbon addition rate; 

(c) the solids retention time or sludge age maintained in the contact­

stabilization system; and (d) the detention time in the contact aeration tank. 

The coal conversion wastewater used in the study was a coke-oven battery waste 

characterized by exceedingly high levels of cyanide, thiocyanate, and ammonia, 

and rather low levels of phenols. 
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II - REVIEW OF THE LITERATURE 

A. Introduction 

The aqueous by-products of coal conversion processes refer to the 

condensables present in the raw gas stream. These condensables are 

generally tars, light oils, water and other volatile materials removed 

from the coal during the carbonization process. The gas stream is washed 

with a spray of recycle gas liquor to condense wastes, light oil, tar, and 

to remove ~ntrained dust. 

Coal conversion wastewaters have been characterized by .their alarmingly 

high concentrations of phenols (200-6,000 mg/1) and ammonia (2,500-11,000 mQ/1), 

as well as the presence of appreciable concentrations of biologically inhibitory 

agents such as thiocyanate (21-200 mg/1) and cyanide (0.1-50 mg/1) (11,33,61). 

Singer et al. (61) subdivided the organic constituents of coal conversion pro­

cesses into six distinct groups (a) monohydric phenols, (b) dihydric phenols, 

(c) po1ycyclic hydroxy compounds, (d) monocyclic N-aromatics, (e) polycyclic 

N-aromatics, and (f) aliphatic acids. Phenol represents the major oxygen 

demanding organic compound, accounting for 28 to 46 percent of the chemical 

oxygen demand (COD) of coal gasification wastewater (61). 

Coal gasification is a relatively new technolo~y in the United States 

and knowledge of.the fate of the various orqanic and inorganic constituents 

present in th~ wastewater is limited to results of bench scale treatability 

studies. Due to the similarity between coking and coal gasification waste­

waters, however, much of the coke plant wastewater treatment technology 

should be applicable to the treatment of coal gasification wastewater (46). 
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B. Current Practice in the Treatment of Coal Conversion Wastewater 

A number of processes are available for the treatment of phenol and 

ammonia bearing coal conversion wastewaters. Solvent extraction of phenolics, 

ammonia stripping, incin~~ation, adsorption, biological oxidation, chemical 

oxidation, distillation, reverse osmosis, and deep well injection have been 

suggested as the feasible alternatives for the total or partial treatment of 

coal conversion wastewater. The most widely used treatment scheme for coking 

wastewaters consists of ammonia removal followed by biological dephenolization 

(14). Many of·the aforementioned treatment schemes are either limited in use 

or are less economical than biological treatment. Because ·of this, ammonia 

stripping and.biological treatment will be the focus of this section. 

1. Ammonia Removal 

The high concentration of ammonia tuoal conversion wastewaters is a 

result of the high partial pressure of carbon dioxide in the product gases 

and the high solubility of ammonia in water. Ammonia is commonly removed 

from coal conversion wastewaters by steam stripping. The fraction of total 

ammonia that can be stripped without pH adjustment is called "free ammonia" 

and is defined: (alkalinity-NH3)/NH; where concentrations are expressed as 

equivalents per liter (30). 

The removal of ammonia from coal conversion wastewater by stripping is 

usually necessary prior to biological treatment. Ammonia concentrations of 

3,200-4,000 mgjl were found to be inhibitory to the activated sludge process 

for carbonaceous biological oxidation (30). Luthy et al. ("33) reported that 

ammonia stripping may be utilized to reduce the total ammonia concentrations 

present in coal gasification wastewaters from 5,150 mg/1 down to 330-580 mg/1. 
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Biological oxidation followed ammonia stripping and resulted in further 

ammonia reductions of 58 to 91 percent. Stamoudis and Luthy (63) treated 

wastes from two high BTU coal gasification pilot plants; one was of the 

HYGAS steam-oxygen type while the other was a slagging fixed-bed gasifier . 

. The ammonia levels were reduced via stripping from 3,700 mg/1 to 148 mg/1 

and from 5,200 mg/1 to 471 mg/1, respectively. Subsequent biological 

oxidation nitrified 32 percent of the residual ammonia in the full strength 

HYGAS waste and 89 percent of the residual ammonia present in the slagging, 

fixed~bed gasifier wastewater when that waste was treated at 33 percent 

s tl"eng th. 

2. Removal of Phenols 

Due to the high concentration of phenolic compounds present in some 

coal conversion wastewaters, recovery of phenol by solvent extraction may 

be economically feasible. The phenol recovered may be sold as a commodity 

or used as a fuel. The phenol removed would also reduce the organtc loading 

to a biological treatment facility, thus lowering the cost of biological 

oxidation. Shock loads may also be reduced as a result of solvent extraction 

of the wastewater. 

Luthy (30) and Luthy et al. (34) found that.the organic matter remaining 

in coal gasification wastewater after solvent extraction was no more refrac­

tory to biological oxidation than what is present in the raw ammonia stripped 

wastewater. Furthermore, the presence of phenol and other organic acids may 

interfere with the ammonia stripping process (15) .. 

The prevalent process for phenol recovery in the United States is con­

tinuous countercurrent liquid-liquid extraction. The phenols are recovered 

by mixing the waste with solvent. The solvent extracts the phenols and some 
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of the other organic compounds. The wastewater-solvent mixture is separated 

and the solvent is distilled, which releases the phenolics for recovery 

while the solvent is recycled back to the extraction steps. Commonly used 

organic solvents are di-isopropyl ether (DIPE) in the phenosolvan process, 

toluene, n-butyl acetate (NBA) and methylisobutyl ketone (MIBK). Luthy et al. 

(34) reported reductions in TOC, COD, and BOD of 82, 88, and 89 percent, 

respectively, for MIBK solvent extracted Grand Forks Energy Technology Center 

slagging fixed-bed gasifier condensate using a five-step batch extraction 

sequence with clean solvent at each step and a 15:1 water to solvent ratio 

per step. 

3. Biological Oxidation 

The activated sludge~process is the most widely used technology for the 

treatment of coal conversion wastewaters. This treatment process generally 

results in good reductions in COD and thiocyanate and very low effluent 

levels of phenols. However, long hydraulic detention times are usually 

necessary for adequate treatment and a considerable portion of the influent 

COD persists in the effluent. 

Combined treatment of coke plant ammonia still wastewater and domestic 

sewage has been in practice since the advent of the activated sludge process. 

Mohlman (39) concluded that combined influent phenol concentrations of 30 to 

40 mg/1 were acceptable for the activated sludge process. Rudolfs (53) 

found that biological treatment of coke plant wastes with dilution factors 

of about 200 in a municipal activated sludge plant resulted in satisfactory 

removals of phenols and thiocyanate. Two cooperative studies between Gary 

(Indiana) Sewage Commission and the United States Steel Company have been 
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reported. (37,40). Mathews (37) reported that with a dilution factor of 

40 to 1 and an influent phenol concentration of about 20 ppm, the plant 

effluent contained only a few ppb of phenols. In a subsequent studyi 

Muller (40) found that for a nine hour hydraulic detention ·time in the 

aeration basin and a one percent contribution of ammonia still liquor to 

the influent wastewater, the removal of phenols was essentially complete. 

Kostenbader and Flecksteiner (27) conducted a treatability study on 

weak ammonia liquor (W/\L) produced .:1t the Bethlehem Steel Plant us·iuLJ L111:;! 

activated sludge process. A full .scale activated sludge plant received an 

average of li~,UUU gpd of WAL at. an average hydraulic detention time of 

2-3 days. The average phenol load to the plant was 1 ,300 lb/day. The 

phenol concentration in the clarifier effluent remainded under 0.1 mg/1 

and BOD removal efficiency ranged from 85 to 95 percent during 2.5 years 

of operation. The thiocyanate oxidation efficiency ranged from 20 to 99 

percent and averaqed 70 percent during the samR pRriorl of operation. 

Barker and Thompson (5) reported on a one year pilot plant study on 

the bio"Jogical rcmov.:1l of ca1ftbon and nitrogen compounds rr·un1 cuke f.Jldrlt 

wastes. The pilot plant consisted of two completely mixed activated sludge 

units in series. The first tank was used for organic carbon removal while 

the second unit was devoted to nitrificat"ion. A one day hydrnulic:: rlP.tP.nt.ion 

time was used for each unit and the flow rate to the system was set at 1 gpm. 

The treatment system was operated for 40 days. During this period the 

influent COD, phenol and thiocyanate concentrations were 3,000 mg/1, 570 mg/1 

and 310 mg/1, respectively, with resulting removal efficiencies of 76, 99, 

and 10 percent, respectively. The second stage nitrification tank was f~d a 

mixture of diluted first stage effluent and a supplemental ammonia solution. 
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Under these conditions 75 to 90 percent of the ammon·ia was nitrified. System 

upsets and the short term of operation of the process prevented the develop­

ment of cultures capable of effective cyanide and thiocyanate oxidation. 

Ganczarczyk and Elion (14) reported on the extended aeration activated 

sludge treatment of a coke plant effluent at Dominion Foundries and Steel 

Limited (DOFASCO) in Hamilton, Ontario. After equilization and stripping 

the wastewater was fed to a single-stage activated sludge treatment plant. 

Phenol removal averaged 99 percent for influent phenol concentrations ranging 

between 2.9 and 288 mg/1 and an aeration detention time of 13.8 hours. The 

activated sludge system was operated at a sludge age of 41.4 days with solids 

wastage being totally over the effluent weir. Upon doubling the aeration 

detention time the phenol removal efficiency increased to 99.3 percent with 

the sludge age remaining essentially constant at 41.3 days. Thiocyanate 

removal was roughly 50 percent. In spite of the high sludge age and elevated 

reactor temperature nitrification did not occur. 

Adams et al. (3)' conducted laboratory studies on the biological treatment 

of two coke plantwastes. The wastewater from plant A contained average BOD, 

ammonia, phenol, and cyanide concentrations of 4,140 mg/1·, 143 mg/1, 1,160 mg/1 

and 4.5 mg/1, respectively. Three identical activated sludge units were 

operated on plant A wastewaters using detention times of 6.6 days, 2.6 days 

~nd 1.8 days, respectively. The mixed liquor was maintained at roughly 

2,500 mg/1 in each of the three aeration tanks. Removal efficiencies for 

ROn, ammonia, phenol, and cyanide .were 96.7, -3.5, 85.7 and 82.6 percent, 

respectively for the 6.6 day hydraulic detention time unit .. The 2.6 day 

·hydraulic detention time unit yielded removal efficiencies for the above 

parameters of 97.6, 10.5, 84.6 and 79.8 percent, respectively, while a 
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detention time of 1.8 days resulted in removal efficiencies of 88.9, 21 .7, 

76.8 and 70.9 percent, respectively. The wastewater from plant B contained 

average BOO, ammonia, phenol and cyanide concentrations of 2,050 mg/1, 

110 mg/1, 430 mg/1 and 3 mg/1, respectively. This wastewater was treated 

in two activated sludge units using hydraulic detention times of 4.1 and 

2.2 days and a mixed liquor concentration of 2,400 mg/1 was maintained in 

each unit. Removal efficiencies for BOD, ammonia, phenol., and cyanide for 

the Pla.nt opera.ted a.t a. 4,1 da.v hvdra.ulic detention time were 96.5, -101.8. 

>99.9 and 80.3 percent, respectively. Slightly lower removal efficiencies 

were observed for the plant operated at a hydraulic detention time of 2.2 

days. Removal efficiencies for BOD, ammonia, phenol and cyanide in this 

plant were 93.7, -60.0, 99.9, and 78.7 percent, respectively. The increase 

in ammonia concentrations after treatment can be attributed to the ammonia 

formedas an end product of the oxidation of thiocyanate and cyanide. 

Luthy and Jones (31) reported on the biological oxidation of an 

undiluted coke plant effluen·t. The COD, phenol, ammonia, cyanide, and 

thiocyanate content of the waste ran~ed from 3,880-4,600 mq/1, 750-1,010 mg/1, 

35-92 mg/1, 3.2-4.4 mg/i, and 280-554 mg/1, respectively. Seven identical 

reactors were operated at sludge ages ranging from 10 to 40 days and hydraulic 

detention times of 2.7 to 9.2 days. Phenol removal efficiencies were con­

sistently greater than 99 percent for all systems while thiocyanate removal 

efficiencies ranged from 90 to 99 percent. Cyanide, on the other hand, was 

onlj slightly removed. Nitrification occurred only in the reactor operated 

at the extreme levels of a 40 day sludge age and a 9.2 day hydraulic retention 

time. The authors concluded that a well managed activated sludge treatment 

plant operated at a 40 day sludge age and a 9.2 day hydraulic detention time 
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could treat an undiluted coke plant waste and produce an effluent that 

approaches best available technology (BAT). 
j 

Johnson et al. (22) and Neufeld et al. (42) conduct~d treatability 

studies on the condensate from a synthane coal gasification pilot plant 

processing Montana and Illinois coals at a rate of 40 lb/hr. Bench scale 

treatment tests consisting of oil and grease removal, ammonia, and hydrogen 

sulfide stripping, biological oxidation and adsorption with by-product 

recovery were performed. Oil and tar removal was achieved using alum 

dosages of 150 mg/1 in the pH range of 2-5. Ammonia was effectively 

stripped to levels below 500 mg/1 at a pH of 11. ·Bio-oxidation studies 

on full-strength stripped wastewater and stripped wastewater dfluted to 

15 percent of the original strength were performed. The authors found 

that dilution to 15 percent of original strength permitted the treatment 

of the synthane process wastewater using a hydraulic retention time of 

1 day and a sludge age of 10 days. Under these operating conditions phenol, 

TOC, and COD removal efficiencies of 95, 70, and 70 percent were respectively 

obtai ned. 

Reap et al. (50) reported on a similar study using the wastewater 

generated during coal liquifaction with the H-Coal Process. The unstripped 

wastewater was characterized_by COD, phenol, ammonia and sulfide concentra-

tions of 88,660, 6,800, 14,400 and 29,300 mg/1, respectively. After ammonia 

and hydrogen sulfide stripping, however, the COD of the waste fell to approx­

imately 28,000 mg/1 due to removal of the sulfide. The wastewater was sub­

sequently diluted to 12.5 percent strength prior to treatment in an activated 

sludge type process using a hydraulic detention time of 4.5 days. 

Luthy and Tallon {35) evaluated the biological treatability of HYGAS 

coal gasification process condensate at full strength and at 50 percent 
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dilution. These authors concluded that pretreatment for reduction of 

alkalinity was necessary to prevent upward pH fluctuations due to carbon 

dioxide stripping during biological treatment. Ammonia stripping was also 

found to be necessary prior to biological oxidation. This study demonstrated 

that at detention times of 2 and 3 days and sludge ages ranging between 10 

and 40 days, it was possible to remove 80 percent of the COD, 99 percent of 

the phenol and 85 percent of the thiocyanate using the 50 percent diluted 

waste. However, the full strength wastewater resisted biologi~~l trP~tment. 

Sack (55) reported on the treatability with the activated sludge process 

of ammonia stripred wastewater generated from a low BTU, elevated pressure, 

fluidized-bed, Wellman-Galusha gasifier. The author stated that the waste­

water was treatable at 38 percent strength using detention times of 0.9 and 

1.45 days and sludge ages of 14 to 18 days. Sack (55) also observed that 

the addition of powdered activated carbon (PAC) at a level that results in 

a mixed liquor PAC concentration of 6,000 mg/1 produced a 75 percent TOC 

removal. Only 5~ percent TOC remo~al was obtained from a parallel reactor 

operated without PAC addition. The additional TOC removed by the PAC 

activated sludge. process amounted to 1.01 g TOC/g of PAC added .. This was 

a much higher removal level than attributable to adsorption as observed 

from adsorption isotherm studies. One possible explanation of this phenomenon 

is that the PAC served to sequester some i nhi bi tory compounds th11c; c;timr.1l ati ng 

the biological activity within the treatment process. 

Luthy et ul. (JJ) conducLt!d activated sludge treatabn i ty studies on 

the effluent from a slagging fixed-bed coal gasification pilot plant operated 

by the Grand Forks Energy Technology Center of the Department of Energy. 

Their findings reinforced previous work in which ammonia-stripped was~ewater 

was processed reliably at 33 percent strength. It should be pointed out, 

however, that even at this dilution the organic content of the waste, which 
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averaged 8,380 mg/1 COD, was reportedly the highest treated for this tyre 

of wastewater. In a continuing study, Luthy and coworkers (34) evaluated 

the treatability of the same wastewater after that water had been pretreated: 

Phenols were removed by solvent extraction with methylisobutyl ketone and 

the ammonia was steam stripped. The solvent extracted and ammonia stripped 

wastewater was treated with activated sludge and PAC-activated sludge using 

aeration times of 12.6 and 11.7 days and sludge ages of 30 and 20 days, 

respectively. This study revealed that the solvent extracted and ammonia­

stripped wastewater did not require dilution prior to biological treatment. 

Also, solvent extraction resulted in lower COD, TOC and color for both of 

the systems. 

The relatively unstable operation reported for activated sludge systems 

during the treatment of coal conversion wastewaters can be explained by the 

presence of certain organic and inorganic compounds in the wastewater. 

Thiocyanate, cyanide, ammonia and phenol are all usually found in coal 

conversion wastewater at various concentrations. All of these compounds 

exhibit toxic effects at certain concentrations and may cause severe inhi­

bition of the activated sludge process. Thiocyanate, which is poorly degraded 

in aerobic biological treatment, exhibits a noticeable inhibitory effect on 

the aerobic degradation of phenol (69). While cyanide, thiocyanate and phenol 

have been observed to inhibit nitrification even at hydraulic detention times 

and sludge ages exceeding 6 dayi and 41 days, respectively (14,56). 

Juntgen and Klein (23) presented data on the coinhibition of phenol, 

thiocyanate and ammonia during the aerobic treatment of coke oven and coal 

gasification wastewaters. Phenol degradation was inhibited by concentrations 

of ammonia, thiocyanate and sulfide in excess of 1,700, 250, and 25 mg/1, 

respectively. Thiocyanate degradation was completely halted at ammonia, 
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thiosulfate, and phenol levels of 1,000, 100, and 25 mg/1, respectively. 

Nitrification, on the other hand, was inhibited at levels of phenol, 

thiocyanate,· and cyanide as low as 50, 10 and 10 mg/1 •. respectively. 

The treatment of coal conversion wastewater with the extended aeration 

activated sludge process has, in general, proven to be an effective treat­

ment process resulting in acceptable effluent concentrations of phenol, COD 

and organic carbon. Removal efficiencies of ammonia, cyanidP. and thio­

cyanate have not been satisfactory in most instances. however. ExtrP.mP.ly 

long hydraulic detention times in aeration basins are a common feature of 

most of these systems as they seem to be required for stable operation of 

the reactors. Johnson et al. (22) and Neufeld et al. (42) utilized an 

aeration time of 1 day with resulting COD and TOC removal efficiencies of 

70 percent, while Reap et al. (50) used hydraulic detention times exceeding 

4 days for wastewater strengths of only 12.5 percent. Luthy and Tallon (35) 

employed aeration times of 2 and 3 days, while in subsequent studies, Luthy 

and coworkers (33,34) used aeration times of approximately 10 days. This 

apparent need for excessive aeration times to obtain acceptable effluent 

quality emphasizes the urgency for the development of a less energy 

intensive process for the purification of coal conversion wastewaters. 

C. Activated Carbon in Aerobic Oiologicnl Treatment 

Pure cultures may, in some instances, possess the potential for 

purifying wastewaters containing inhibitory compounds, such as phenols, at 

·a faster rate than mixed cultures. However, the feasibility of such a treat­

ment mode is unlikely. When faced with fluctuating concentrations of toxic 

and inhibitory substanc~s. physical processes, such as activatP.d rarhon 

adsorption, may be assimilated into the biological system in order to 

stabilize the process and reduce the large volume of the aeration tank 
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otherwise needed to dilute the fluctuations. This is especially true when 

the toxic or inhibitory agents have a strong affinity for the activated 

carbon surface. 

In wastewater treatment, the adsorption stage has generally been regarded 

as a separate columnar phase of treatment designed to polish the effluent from 

the secondary biological processes. It was only recently that researchers 

have started appreciating the benefits realized from the combination of the 

two processes in one single reactor configuration. This has been accomplished 

through the addition of powdered activated carbon (PAC) to the activated 

sludge process (51). Zobell (70) and Heukelekian and Heller (19) noted that 

·the presence of solid surfaces enhanced the physiological activity of bacteria, 

while King and Verma (25) also reported on the increased rate of degradation 

of organic matter in the presence of solid surfaces. 

The addition of powdered activated carbon to activated sludge has been 

practiced for several years (1,57). Researchers have cited a number of 

benefits gained by the addition of PAC to the activated sludge system when 

the performance data are compared to those obtained from the activated sludge 

system alone. These benefits include an increase in the removal of soluble 

organics as well as an enhancement of process stability. DeWalle and Chian (9) 

summarized the benefits achieved through the addition of powdered activated 

carbon to the activated sludge process as being: 

1. Increased stability against toxic organic shock loads; 

2. Removal of color and odor; 

3. Reduction of oxygen demand load on receiving water; 

4. Lowered residual effluent toxicity to fish; 

5. Reduction of foaming in aerator; 



6. 

7. 

8. 

9. 

Increased 

Increased 

Increased 

Reductfon 

14 

stability against heavy metal shock loads; 

capacity of sludge dewatering un1 ts; 

c:apacity of secondary clarifiers; and 

in effluent suspended sol ids. 

As detailed above, the presence of PAC in activated sludge results in 

a number of distinct advantages. Generally, however, improving the effluent 

water quality beyond the capabilities of conventional biological treatment 

·and enhancing the treatability of wastewaters that, otherwise, inhibit or 

toxify biological treatment systems are the primary objectives of the 

uti'lization of PAC in secondary b1ological treatment. 

Nayor and Sylvester (41) subjected a continuous culture of f. coli to 

phenol pulse concentrations of 1 to 1,000 mg/1 and monitored the transient 

behavior. No significant change in total organic carbon (TOC) or MLSS was 

noted for an impulse of 100 mg/1 phenol, however, a noticeable decrease in 

MLSS and increase in TOC was observed for impulse concentrations of 500 and 

1,000 mg/1. The same procedures were again repeated, however, in this 

instance~ powdered activated carbon was added with the phenol. No enhance­

ment of biological growth was observed, however, although a definite increase 

in the efficiency of the reactor in removing TOC was noted. 

Sundstrom et al. (68) conducted experiments using PAC addition to acti­

vated sludge units that have been acclimated to glucose. When the glucose 

concentration of the influent was step changed from 750 to 1,500 m~/1 and a 

carbon dose of 110 mg/1 was applied, the steady state TOC concentrat1on 

decreased from 65 to 12 mg/1. However, the continuous addition of carbon 

had no significant effect on the reactor performance. Impulses of phenol 

were also added to the reactors. When 500 mg/1 and 1,000 mg/1 impulses of 
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phenol were added to the reactor, the TOC concentration increased and the 

MLSS concentration decreased. Simultaneous impulses of powdered activated 

carbon and phenol were also added to the reactors. When a 1,000 mg/1 

impulse of phenol and a 2,000 mg/1 carbon impulse were introduced into the 

reactor, the TOC concentration increased from 35 mg/1 to 60 mg/1. A similar 

experiment without carbon addition resulted in TOC concentration increases 

of 45 mg/1 to 325 mg/1 . 

Adams (1) monitored the performance of a municipal wastewater plant 

that received 70 percent of its flow from an industrial textile dyeing and 

finishing mill. Powdered activated carbon was added at a concentration of 

900 mg/1 while the average influent BOD was 150 mg/1. The addition of PAC 

significantly stabilized the effluent quality and increased average BOD 

r_emoval s from 72 to 89 percent. 

Ferguson, Keay, Merrill and Benedict (10) utilized the PAC biological 

contact stabilization process to determine the benefits of PAC addition to 

the biological process in terms of effluent quality and overall hydraulic 

retention time. A PAC concentration of 150 mg/1 was sufficient to stabilize 

the.biological process during toxic shock loadings of trichlorophenol. Heavy 

metal uptake was also noted in the presence of PAC. The addition of powdered 

activated carbon resulted in enhanced sludge settling properties and allowed 

for the operation of the system under reduced aeration detention times and 

lower sludge recycle ratios. 

Grieves (17) reported on the results of a pilot plant study at the 

Amoco refinery in Texas City, Texas. The existing activated sludge plant 

was treating a waste having a phenol concentration of 3.95 mg/1 and achieving 

a pheriol removal efficiency of 99.5 percent or an effluent phenol concentration 
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of 0.019 mg/1. The addition of only 25 and 50 mg/1 powdered activated 

carbon resulted in a reduction of the effluent phenolics to 0.006 and 

0.002 mg/1, respectively. 

While the benefits realized from the addition of PAC to a biological 

process have been clearly demonstrated, the basic fundamentals of the 

physico-biological phenomenon remain somewhat controversial. Most data 

to date suggest that much more is involved than simple biological oxidation 

diiU ~hys ica 1 ad5o1·pti on. The acti vatcd carbon J.nd b1omass s 1mul tancow:;.ly 

physically and biologically remove degradable and adsorbable compounds. 

The two operations have been described as being synergistic (12). 

Scaramelli and DiGiano (57) conducted a treatability study on a primary 

effluent from the municipal treatment plant at Amherst, Massachusetts using 

the PAC activated sludge process. The following conclusions were made: 

a) Biological growth was not enhanced by the addition of PAC and improved 

substrate removal was totally due to adsorption. b) There was no significant 

increase in oxygen uptake rates when PAC was added to the activated sludge 

system. 

Hals and Benedek (18) explored the same topic, and arrived at a similar 

conclusion to that of Scaramelli and DiGiano (57). They postulated that the 

additional decrease in TOC was a result of physical adsorption onto the 

activated carbon surface. On the other hand, Kalinske (24) indicated that 

an increase in COD removal ·was a result of enhanced biological uptake in the 

presence of PAC. These conclusions were based on higher oxygen uptake rates 

and some increases in MLSS. 

Robertaccio (52) investigated the treatment of three substrates; phenol, 

isopropyl alcohol and acetic acid with the PAC activated sludge process. 
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The selected substrates varied quite significantly with respect to adsorb-

ability and biodegradability. It was found that the presence of PAC only 

slightly enhanced the removal of the relatively nonadsorbable acetic acid, 

whereas quite significant incremental reductions in phenol and isopropyl 

alcohol were obs~rved. Again, using phenol .as the substrate, Robertaccio 

(52) also concluded that the degree of enhancement in substrate removal is 

related to the carbon concentration in the system. 

Koppe et al. (26) studies the fate of a slowly degradable substrate, 

pentaerythrital in the activated sludge process. Increased removal and a 

more rapid acclimation were observed when a single and initial dose of PAC 

was added to the system at a concentration of 30,000 mg/1. 

These observations certainly reveal the complexity of this synergistic 

biological-physical process. Perhaps it is even more complex than it 

appears. Perotti ·et al. (49) postulate that there are four distinct pro-

cesses occurring -in the PAC activated sludge system that must be considered. 

1. Adsorption on the surface of the activated carbon; 

2. Biological adsorption and degradation - the spent carbon along 

with adsorbed pollutants settles with the sludge; 

3. Activation of the carbon by biological action. The microorganisms 

present around the carbon desorb, degrade and digest the pollutants, 

thereby reactivating the surface sites for further adsorption; and 
I 

4. Improved solids settling in the final clarifier gives lower BOD 

and suspende.d solids in the effluent. 

A review of the pertinent literature revealed that the activation of 

the carbon surface by biological action; otherwise known as biological regen­

eration, is still a somewhat controversial topic. Initial studies in this 
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direction revealed that the presence of PAC in activated sludge enhanced 

the bio-oxidation activity. Further research was promulgated towards the 

investigation of the purification of the difficult to trea.t dye wastewate·r 

in a PAC activated sludge process. Enhanced activity, based on color 

reduction, was also evident. 

DeWalle and Chian (9) used batch PAC activated sludge units and columns 

of activated carbon to investigate the biological regeneration of the carbon 

surface. The batch units resulted in an increase in the apparent maximum 

adsorptive capacity as the cell residence time was increased. They postu­

lated that since the biomass concentration to PAC concentration ratio 

increases with increasing cell residence time, a more effective regeneration 

of the carbon surface can occur. The columns of activated carbon, on the 

other hand, showed a d~crease in the maximum adsorptive capacity. It was 

concluded that biological processes are responsible for this phenomenon. 

A study aimed at understanding the mechanisms of the PACT proce~s was 

conducted by Shultz and Keinath (59). Activated sludge reactors with carbon 

addition and with phenol serving as the sole organic carbon source were used. 

Radiotracers of phenol were injected into the reactor vessel~ in order to 

monitor the fate of phenol in the treatment system. Several interesting 

conclusions were found. The authors concluded that PAC addition had no 

significant impact on the rate of 14co; evolution of acclimated PACT and 
L 

biomass cultures. All of the phenol initially adsorbed eventually desorbed 

from the PAC surface. Bioregeneration did occur in these systems. It was 

also concluded that the controlling mechanism for bioregeneration was 

desorption due to the fact that the phenol adsorption was completely reversible. 
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Studies on the adsorption-desorption characteristics of metabolic end 

products (MEP) excreted by the bacteria in the PACT culture were also 

conducted. These experiments supported the hypothesis that desorption 

is the principal mechanism of bioregeneration of PACT systems. The 

authors agreed that studies should be conducted on a nonreversible, 

biodegradable substrate to substantiate this hypothesis. 

Perotti and Rodman (48) studied the catalytic effect of activated 

carbon on an aerobic bio-oxidation treatment process using phenol and 

glucose as substrates. As previous research had shown, the presence of 

activated carbon enhanced the aerobic activity and sustained a high bio-

uxidaLiur1 1eve1. The fo11ow1ng hypothesis was pr~sented: The surface 

area of activated carbon. as much as 100 m2;g, is composed of micropores 

with diameters on the order of 10-1,000 angstrom units. Bacterial cells 

characteristically have diameters larger than 1,000 angstrom. units. 

Biological desorption, as a result of bacteria migration, is therefore, 

probably limited due to the size relationship. The microbes do, however, 

have· the capability of producing digestive enzymes, approximately 10 angstrom 

units in diameter, which could diffuse through the porous carbon structure. 

By.way of an enzyme-substrate complex, the substrate or organic material i·s 

desorbed and degraded bioligically. · 
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III - MATERIALS AND METHODS 

A. The Experimental Apparatus 

Three i denti ca 1 treatment sys ten1s were cons true ted for the study. 

Each system consisted of a: 

i. contact aeration tank, 

ii. stabilization aeration tank, 

iii. clarifier serving the contact-stabilization aeration tank, 

iv. nitrification aeration tank, 

v. clarifier serving the nitrification aeration tank, 

vi. sump and overflow box, and 

vii. denitrification contact column. 

1 . Aeration Tanks 

The contact, stabilization, and nitrification aeration tanks were 

constructed using 0.25 inch (0.635 em) thick Plexiglas plate. Each aeration 

tank was fabricated as a rectangular parallelepiped having a 12 inch (30.48cm) 

per side square base and a height of 23 inch (58.42 em) (see Figur'e 1). Two 

0.25 inch (0.625 em) Plexiglas plates were inserted in the parallelepiped in 

order to form an aeration volume having the shape of an inverted triangular 

prism. This particular shape was needed in order to maintain a reasonable 

depth of water within the tank when lower contact volumes were desired. An 

additional benefit of this shape was better mixing characteristics within the 

renctor. To allow for the attainment of different aerHtion volumes within 

the tank, each tank was fitted with five 1.0 inch (2.54 em) NPT Swagelok tube 

fittings (Crawford Fitting Company, Solon, OH) at levels of 7, 9-7/8, 14, 

17-l/8, and 19-3/4 inch (17.78, 25.08, 35.56, 43.50, 50.16 em) from the bottom 

of the tank (see Figure 2). Each tank was also equipped with a 0.75 inch 
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(1.90 em) NPT Swagelok tube fitting drain port located 2 inch (5.08 em) from 

the base of the tank and a 0.25 inch (.64 em) NPT Swagelok tube fitting 

located 1.25 inch (3.18 em) from the bottom which served as an inlet port 

for. a 5/16 inch (0.794 em) OD plastic tube diffuser. 

The contact aeration tanks were also equipped with a 0.5 inch (1 .27 em) 

NPT Swagelok tube fitting for the raw wastewater influent line, a 0.25 inch 

(.635 em) NPT Swagelok tube fitting for the powdered activated carbon feed 

line and a 1.0 inch (2.54 em) NPT Swagelok tube fitting for the stabilized 

sludge return line. These three fittings were located at 4.5, 6.5, and 

2.5 inch (11.43, 16.5, 6.35 em) from the bottom, respectively. The stabili­

zation and nitrification aeration tanks were provided with 0.75 inch (1 .90 em) 

NPT Swagelok tube fittings situated 2.5 inch (6.35 mm) from the bottom of the 

tank which functioned as sludge feed ports. The nitrification aeration tanks 

had an additional 0.75 inch (1.90 em) Swagelok tube fitting positioned 5.0 inch 

(12.70 em) from the bottom of the tank which served as the inlet port for the 

supernatant from the contact-stabilization clarifier (see Figure 2). 

2. Clarifiers 

Two identical clarifiers were constructed for use in each of the three 

experimental appar~tuses; one served the ~ontact-stabilization process while 

the other served the nitrification stage of the units. The main body of each 

clarifier was constructed of a 40.0 inch (1.016 m) long, 8 inch (20.32 em) OD, 

0.25 inch (6.35 mm) thick Plexiglas tube (see Figure 3). Mixed liquor was 

introduced into each clarifier through an 18 inch (45.72 em) long, 2.25 inch 

(5.72 em) OD, 0.125 inch (0.317 em) thick Plexiglas tube supported in the 

center of the clarifier. An inverted cone structure was machined from eight 

1 inch (2.54 em) Plexiglas plates and placed on the base of each clarifier. 
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The inner walls of the cone structure had a slope of 3.56:1. The inverted 

cone structure along with a mechanical sludge scraping device rotatinq at 

one revolution per minute provided the collection and concentration of 

biological sludge at the base of the clarifier prior to sludge recycle. 

The overflow weir structure was constructed of a 6.5 inch (16.51 em) 00, 

0.25 inch (6.35 mm) thick Plexiglas tube section 1.5 inch (3.81 em) in 

length. The top part of the· weir was bevelled to provide a ~harp water 

contact. The inner wall of the clarifier tube and the outer wall of the 

weir tube were joined by a 0.25 inch thick Plexiglas plate to provide an 

effluent collection channel. The supernatant from the clarifier was with­

drawn through a 0.75 inch (9.05 mm) NPT opening positioned flush with the 

effluent channel bottom while the concentrated biological sludge was 

.withdrawn through another 0.75 inch (9.05 mm) NPT opening positioned at 

the center of the inverted cone structure at the base of the clarifier (see 

Figure 3). 

3. Denitrification Feed Sumps 

The effluent from every nitrification clarifier was collected in a 

sump with an overflow weir and the corresponding denitrification column 

was fed from this sump at a flow rate which was set lower than the clarifier 

effluent. The purpose of the sump was to ensure the maintenance of anoxic 

conditions in the denitrification column. The sump provided a water seal 

between the clarifier and the denitrification column. The sump also provided 

a reservoir volume of 4 l of nitrified effluent (see Fi9ure 4). 

Each sump was constructed of 0.25 inch (6.35 em) thick Plexiglas plate. 

The square base of the sump was 8.0 inch (20.32 em) on the side while the 

height was 12.0 inch (30.48 em). An 8.0 inch (20.32 em) square 0.25 inch 

(6.35 mm) thick Plexiglas plate was used to divide each sump into two 
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compartments. One compartment served to receive the nitrified effluent and 

a 0.5 inch (12.70 em) NPT Swagelok tube fitting was placed at the outer wall 

of this compartment to provide the feed to the denitrification column. The 

other compartment served to receive the excess of nitrified effluent and a 

1.0 inch (2.35 em) NPT fitting was used to conduct this excess flow to·a 

drain. 

4. Denitrification Columns 

Each denitrification filter consisted of a water jacketed column. The 

48 inch (121 .92 em) inner tube was constructed usin9 a 4.5 inch (11 .43 em) 

OD, 0.25 inch (6.35 mm) thick Plexiglas tube (see Figure 5). A 0.5 inch 

(1.27 em) thick flange, 6.5 inch (16.51 em) in diameter was attached to each 

end of the tube. These two flanges served to connect the main body of a 

column to the influent and effluent structures. A 45.0 inch (114.3 em) long 

water jacket was constructed to surround the main body of the column using a 

6.0 inch (15.24 em) 00, 0.25 inch (6.35 mm) thick Plexiglas tube. The -

influent header (see Figure 5) was constructed using a 6.38 inch (16.19 em) 

long inner tube section. An inverted cone structure, machined from ten 0.5 

inch (1 .27 em) thick Plexiglas plates, was used to provide better distribution 

of the influent flow. A 0.5 inch (1.27 em) thick flange, identical to the 

one attached to the inner tube provided the means for joining of the influent 

header to the main column. A similar header was used for the effluent struc­

ture of the column. The influent, effluent, and gas withdrawal ports were 

all 0.5 inch (1 .27 em) NPT Swagelok tube fittings. The gas collection. system 

for each column consisted of a 6.5 l gas buret, two leveling bottles and a 

sampling port. The gas burets were used for monitoring the volumetric gas 

production rate. 
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The biological support media consisted of 550 number 1 polypropylene 

intralox saddles (Norton Co., Rolling Meadows, IL). These saddles had a 

surface area of 21.38 ft2 (1 .99m2) yielding a specific surface area of 

63 ft2/ft3 (206.7 m2;m3) excluding the column wall surface. The porosity 

of the packed bed was 0.92. The empty bed volume of the reactor was 

648.7 in3 (10.63 l). 

B. The Powdered Activated Carbon 

Several powdered activated carbons were considered for use in this 

study. Four carbons were screened for their adsorptive capacities with 

the coke-oven wastewater. These were Nuchar SA-15, PX-21, Aqua-Nuchar, 

and Calgon RB Pulverized. Four identical isotherm experiments were con-

ducted using each of the powdered activated carbons and 100% strength coke-

oven waste. The COD isotherms are shown in Figure 6. As the data indicate 

the Amoco PX-21 carbon was superior. Unfortunately, this carbon is not 

commercially available, therefore, the Calgon RB Pulverized was selected 

for use in this study. 

C. The Coke-Oven Wastewater 

The coke-oven wastewater used in this study was obtained from a steel 

mill in batches of twelve 55-gallon drums. The first batch of wastewater 

was used to acclimate the systems while subsequent batches were used. in 

operating the three experimental units during the data collection phase of 

the study. Analysis of these wastewaters revealed that the cyanide and 

thiocyanate concentrations were higher than what has been reported in the 

literature while the phenols were present at much lower levels. The char-

acteristics of the three batches of the full strength coke-oven wastewater 

are shown in Table 1. 
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Figure 6. Adsorption Isotherms of Four Pmvdered Activated Carbons 



31 

Table 1 

Characteristics of the Full-Strength Coke Oven Wastewaters 

Concentration Con centra t ion Concentration 
Parameter Batch 1 Batch 2 Batch 3 

pH 9.3 9.3 9.2 

Alkulinity, mg/i as caco3 5,000-5,333 5,000-5,500 5,000-5,500 

COD, mg/i 5,500-5,835 5,050 3,960-5,025 

DOC, mg/i 1,700-1,800 1,270-1,554 1 ,035-1,250 

Ammonia, mg/R. as N 3,720-3,850 5,020 3,155-3,825 

Nitrate, mg/R. as N <2 <2 <2 

Nitrite, mg/i as N <2 . <2 <2 

Cyanide, mg/R. 800-1,000 2,660 2,170-2,150 

Thiocyanate, mg/R. 800-1,000 1 '727 1 ,400 

Phenol, mg/i 400 362 127 

a-Cresol, mg/i 41 38 7 

m and p-Cresol, mg/i 91 62 12 

2,4-Dimethylphenol, mg/i 0.6 1.7 
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D. System Operation 

1. Operating Hydraulics 

The various unit processes of each experimental apparatus were connected 

together as shown schematically in Figure 7. The feed wastewater was placed 

in a 50 l polyethylene reservoir and fed to the contact aeration tank at the 

feed rate of 13.2 l/day using a model 7565-10 console Masterflex drive and a 

7015-00 pump head (Cole Parmer Instrument Co., Chicago, IL). A oowdered 

activated carbon slurry in deionized water was prepared in a 10 I glass 

reservoir and the suspension maintained using a Fisher Dyna-Mix Stirrer 

(Fisher Scientific Co., Chicago, IL). The contents of this reservoir were 

pumped into the contact tank at a rate of 2.3 l/day using a 7543-02 low rpm 

fixed speed Masterflex drive and a 7016-20 pump head. The overflow from the 

contact aeration tank was gravity fed to the contact-stabilization clarifier 

through a 0.75 inch (19.05 mm) ID Tygon tube. The clarifier underflow was 

pumped to the stabilization tank using a model 7545-10 variable speed Master­

flex drive and a 7018-00 pump head. The overflow from the stabilization tank 

was gravity fed to the contact aeration tank through a 0.75 inch (19.05 mm) 

ID Tygon tube. The supernatant from the contact-stabilization clarifier was 

fed to the nitrification aeration tank using a 0.5 inch (1 .27 em) 10 Tygon 

tube, while the overflow from this aeration tank was fed to the nitrification 

clarifier through a 0.75 inch (19.05 mm) ID Tygon tube. Sludge return from 

the nitrification clarifier to the aeration tank was carried out using a 

model 7545-10 variable speed Masterflex drive and a 7018-00 pump head. 

Sodium carbonate was pumped from a reservoir to the nitrification aeration 

tank using a model 7565-10 console Masterflex drive and a 7013-00 pump head. 
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The 4 N sodium carbonate solution was used to main~in the pH in the nitri­

fication aeration tank at approximately 7.5. The supernatant from the 

nitrification clarifier was fed to the denitrification sump. A model 7543-02 

fixed speed Masterflex drive and 7018-20 pump head were used to feed the 

denitrification column at a rate of 10.9 !/day. Methanol was also pumped 

into the denitrification column using a 7543-02 fixed speed Masterflex drive 

and a 7013-20 pump head. 

The air supply for all the aeration tijrJ~~ was obtainerl from~ rPntr~l 

air compressor. Before introducing the air into the tanks, the air was 

humidified by bubbling through pressurized tanks containing water. lh1s 

minimized water losses due to evaporation in the aeration tanks. 

The unit processes, pumps; and reservoirs for every treatment apparatus 

were mounted on a unistrut structure in order to facilitate operation, main­

tenance, and level adjustment for gravity flow to occur. · 

?. Acclimation Phase 

The first batch of coke-oven wastewater was used to acclimate the three 

treatment systems and to develop base-line conditions for the operation. 

The three aeration tanks and the denitrificiation column of each system were 

seeded with mixed liquor from the Champaign Sewage Treatment Plant. Powdered 

~ctivated carbon (PAC) was also added to t~e contact and stabilization tanks. 

All three units were operated in an identical manner maintaining a 30 day 

solids retention time in the contact-stabilization system and a 40 day sludge 

age in the nitrification system. After several attempts to use a h1gher 

percent strength of wastewater, it was determined that the maximum wastewater 

feed strength for which stable operating conditions were attainable was 
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34 percent. After dilution with the PAC slurry the effective influent waste 

was 28.95 percent. The PAC slurry was fed to all systems at a strength of 

193 mg/l of the 28.95 percent strength wastewater. 

During the period extending between days 268 and 300 of continuous 

operation, the three experimental systems were gradually acclimated to a 

new batch of wastewater. This acclimation phase was terminated on day 300. 

On day 300 the contents of all three contact aeration tanks were mixed 

together and distributed evenly between the three systems. This procedure 

was repeated for the stabilization and nitrification aeration tanks. 

3. System Operation for the 10, 20, and 30 Day Sludge Age Studies 

After the acclimation period, the contact-stabilization portion of each 

treatment system was operated at a 10 day sludge age. The nitrification 

portion of each system was maintained at a 40 day sludge age. The volume 

of each contact and stabilization aeration tank was fixed at 15.81 l while 

the nitrification tank volume was maintained at 20.14 l. The coke-oven 

wastewater was prepared for feeding into the systems at a strength of 35.5 

percent. Concentrated hydrochloric acid was also added to lower the pH. 

This alleviated the problem of ammonia stripping occurring in the contact­

stabilization portion of the treatment system. The feed reservoir was also 

supplemented with the nutrients MgC1 2·6H2o, Fec1 3 and KH 2Po4 at concentra­

tions of 10, 8, and 156 mg/l, respectively. Powdered activated carbon 

slurries containing 0, 1,350, and 2,700 mg/l were respectively fed to the 

contact aeration tank of each of the three systems at a flow rate of 

2.3 l/day. The diluted wastewater and PAC slurry flows resulted in a waste­

water strength of 30.23 percent and PAC addition rates of 0, 200, and 400 

mg/l of combined feed, respectively. The mixed liquor powdered activated 

carbon (MLPAC) concentrations were 0, 980, and 1,960 mg/l, respectively. 
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The resulting hydraulic retention time in the contact aeration tanks was 

1.02 days, while the sludge return rate of the stabilization tanks was 

maintained at 8.93 l/day thus resulting in a stabilization period of 1.77 

days. The hydraulic detention time in the nitrification tank was set at 

1.3 days, however, due to caustic addition for pH control, the effective 

detention time was 1.2 days. The solids retention times in the various 

systems was maintained by manual wasting twice daily. The mass of solids 

wasterl w11c; r.nmp11tP.cl hased on the me9surement of the total suspended 

solids in the three aeration tanks and the two clar-iri~r· ~rrluent~. 

The 10 t.lay solids 1·etention time study was ended on day 375 and all 

contact-stabilization systems were converted to a 20 day solids retention 

time operation. All operating procedures were 1dentica1 to the 10 day 

sludge age studies except for carbon addition rate and sludge wasting. 

In order to maintain the same MLPAC concentrations in the contact­

stabilization portion of the treatment system, the PAC slurry was reduced 

to 0, 675, and 1,350 mg/l. This alteration in PAC slurry concentration 

changed the PAC addition r·<:ttes to 0, 100, and 200 mg/l of combined feed, 

respectively. The solids detention time in the nitrification aeration 

tank was maintained at 40 days. Sludge was wasted manually once per day. 

MLPAC concentrations were maintained at 0, 980, and 1,960 mg/l. The 

20 day solids retention time phase of operation was conducted from day 

376 to day 466. 

The riext solids t·etention t1me studied was 30 days. Once again the 

only operating parameters changed were the PAC addition rates and the mass 

of sludge wasted. The same MLPAC concentrations of 0, 980, and 1,960 mg/l 

were maintained by changing the PAC slurry concentrations to 0, 450, and 
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900 mg/l, respectively. This change resulted in PAC addition rates of 0, 

67, and 133 mg/l, respectively. The nitrification tank solids detention 

time was maintained at 40 days. The appropriate volume of sludge was wasted 

from each system on a daily basis. The 30 day solids detention time operating 

phase was conducted between days 478 and 590. 

4. Variable Contact Time System Operation 

After the three solids detention time studies of the contact-stabilization 

portion of the treatment system were completed, the effect of hydraulic con­

tact time was studied. Contact times of l, 2/3, and l/3 day were easily 

attainable with the variable levels in the contact aeration tank. The solids 

retention time for each of these contact times was maintained at 30 days. 

The operating procedure for the 1 day contact time was the 30 day solids 

retention time discussed earlier. Since we were only interested in the 

contact-stabilization portion of the treatment system, the nitrification 

and denitrification portions were dismantled when the 2/3 day hydraulic 

detention time study was under way. The contact tank volume was reduced 

from 15 l to 10 l resulting in a hydraulic detention time of approximately 

2/3 of a day. Carbon addition rates of 0, 67, and 133 mg/l were resp~~-

tively maintained thrn1Jgho11t the duration of the study. Sludge was also 

wasted in the usual manner. The 2/3 day contact time operating phase was 

carried out between days 603 and 680. 

In order to facilitate a l/3 day contact time, the contact tank volume 

was reduced from 10 l to 5 l. The carbon addition rates of 0, 67, and. 

133 mg/l, were respectively maintained. This operating phase was conducted 

between days 681 and 726. 
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E. Sampling and Data Collection 

Sample collection and analysis was done on a weekly basis for all 

phases of operation except for the 30 day sludge age study, where samples 

were collected every ten days. Equal volumes of influent were withdrawn 

from all feed reservoirs and combined. Contact clarifier effluent samples 

and riitrification clarifier effluent samples were withdrawn directly from 

the respective clarifier. Stabilization tank samples were withdrawn from 

the stabi1izJtion aeration tenk. The fi11dl effluent from the denitrifica­

tion column was collected from the effluent flow in nrner not to disturb 

the anoxic conditions within the column. All samples were centrifuged and 

then filtered throuqh 0,45 urn membrane filtAr. ThP filtered ~amples were 

then stored in a refrigerator at 2°C. Solids samples were taken bi-weekly 

from the aeration tanks and clarifier effluents in order to control sludge 

age more accurately. These samples were also stored at 2°C. 

Tt1e weekly or ten day samp.les were analyzed for chemical oxygen demand 

(COD), dissolved organic carbon (DOC), cyanide, thiocyanate, ammonia, nitrate, 

and nitrite. Total and volatil~ suspended solids (TSS ~nd VSS) analyse~ were 

performed on the unfiltered samples bi-weekly. Gas composition was also 

performed once a week. 

Upon completion of an operating phase, larger samples were taken for 

more complete analysis. In addition to the above analyses, organic nitrogen, 

oxygen uptake, and sludge sett'Jing rates were performed on the aeration tank 

samples. Color and GC analyses were performed on the filtered samples. 

Daily data acquisition included flow rates, denitrification column gas 

production, and the pH in the aeration tanks. 
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F. Analytical Methods 

l. pH. All pH measurements were made with a Beckman 3500 digital 

pH meter using a combination electrode. 

2. Chemical Oxygen Demand. The COD of each samples was determined 

by the dichromate reflux method outlined in Section 508A of Standard Methods 

(62). Nitrite interference was eliminated by the addition of 20 g/t of 

sulfamic acid to the standard di~hromate solution. 

3. Dissolved Organic Carbon. The DOC was determined with a carbon 

analyzer (Envirotech/Dohrmann Model DC-80). Samples were acidified to pH 

of 2 with phosphoric acid and purged with nitrogen gas to remove carbon 

dioxide. 

4. Cyanide. The cyanide (CN-) concentration of each sample was deter­

mined by the total cyanide after distillation method followed by titrimetric 

quantification as outlined in Sections 412A, B, and C of Standard Methods (62). 

Pretreatment of samples included precipitation of sulfide with Cd(N03)2·4H2o 
followed by lime addition for alkalinity removal. The pretreated sample was 

then filtered through 0.45 ~m millipore membrane filter as described by 

Luthy et al. (29). 

5. Thiocyanate. The thiocyanate (SCN-) concentration of each sample 

was determined by the copper-pyridine colorimetric method adopted from· Kruse 

and Mellon {71}, Danchich and Boltz {72), and Standard Methods (62). 

6. Ammonia. The ammonia concentration of each sample was determined 

by the distillation-titrimetric method outlined in Sections 417A and D of 

Standard Methods. 

7. Nitrate. The nitrate (N03) concentration was determined by the 

chromatropic acid-colorimetric method outlined in Section 419E of Standard 

Methods (62). Samples were diluted with distilled water to eliminate color 

interference and to achieve a concentration in the 0 to 5 mg/t range. 
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8. Nitrite. The concentration of nitrite (N02) was determined by 

the colorimetric method described in Section 420 of Standard Methods (62). 

Once again samples were diluted with distilled water to eliminate color 

interference and to achieve concentrations in the proper range. 

9. Suspended Solids. The total and volatile suspended solids content 

of each sample were determined by the procedure outlined in .Sections 209G 

and D of Standard Methods (62). 

10. Ga~ Anal y:a ·j~. Thw rri tr·OSJ~HI ~;unt~nt of the gaa produced from each 

denitrification column was determined by means of gas chromatography us in~ 

a Fisher gas partitioner (Model 1200, Fisher Scientific Co., Chicago, IL). 

Helium was the carrier gas and samples were collected in a 500 ul gas tight 

syringe. 

11. Color Analysis. A comparative color analysis was performed on 

the contact clarifier effluent and the nitrification clarifier effluent at 

the end of each study. The spectrophotometric method outlined in Section 

4088 of Standard Methods was used. A Beckman Acta™ III scanning spectrometer 

and 10 ordinates were used. 

12. Organic Nitrogen. The organic nitrogen content of the aeration 

'tank samples was determined by the Kjeldahl method outlined in Section 421 

of Standard Methods (62). Organic nitrogen was run on the total sample and 

the supernatant and the difference was the organic nitrogen of the solids. 

13. Phenols. PhP.nol, o, m, nnd p-r.rP.snls r.oncentrations were deter­

mined by gas chromatography. Acid fraction extraction followed by gas 

chromatographic separation using an 8 ft long 2 mm I~ column packed with 

10 percent SP 2100 on 80/100 Supelcoport. 
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14. Alkalinity. Alkalinity concentrations were determined by the 

method described in Section 403 of Standard Methods (62). 
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IV- RESULTS AND DISCUSSION 

A. Phase One 

During the first phase of the study, which extended between day 305 

and day 375 of operation, the solids retention time in the contact­

stabilization portion of each of the three treatment systems was maintained 

at 10 days. Solids samples were taken biweekly and sludge was wasted from 

the stabilization tank twice daily. The mixed liquor powdered activated 

carbon (MLPAC) concentration averaged over the contact and stabilization 

aeration tanks was maintained at 0, 980, and 1,960 mg/1 for systems 1, 2, 

and 3, respectively. The solids retention time in the nitrification 

aeration tank was maintained at 40 days with daily sludge wastage. 

1. Chemical Oxygen Demand and Dissolved Organic Carbon 

The performance of the three treatment systems relative to reduction 

of chemical oxygen demand (COD) is shown in Figures 8-10, while the corre­

sponding data relative to dissolved organic carbon (DOC) are shown in 

Figures 11-13. The data appearing for the period extending between day 305. 

and day 375 represent the 10 day sludge age study, The numerical values of 

these two parameters averaged over the last 42 days of operation are given 

in Tables 2 and 3. The effluent from the contact-stabilization portion of 

these two parameters averaged over the 1ast 42 days of operation are given 

in Tables 2 and 3. The effluent from the contact-stabilization portion of 

the treatment system receiving no powdered activated carbon {PAC) was con­

sistently lower in COD and DOC than the corresponding effluents from both 

systems receiving PAC. These results are surprising since the addition of 

PAC was anti ci pa ted to result in improved eff'l uent qua 1 ity. The poorer 
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Table 2 

Perfonnance of Treatment System in Reduci n1 COO 

0 mq/~ MLPAC System 980 mq/t MLPAC System 

ac = 10 D;;y 9:. = 20 Day ac = 30 Day Be = 10 Day Be = 20 Day a_ = 30 Day ac = 1 o Day Be = 20 Day Be = 30 Day 
COD(mq/t) :oD(mq/l) COD(mg/l) COD(mq/l) _g>Q!E!9f&_ :oD(~ -~0!.(!!'.9{{ . .)_ _fQQi!!!9 t.rL ...f.®_{!"-9/lL 

1 nfl uent 1,350(103) :1,204( 77) 1 ,165(12) 1,350(103) 1,204(77) I ,165(12) 1,350( 103) 1,204(77) 1 ,165(12) 

Contact Clarifier 406(55) 304(63) 415( 15) 495(20) 306{10) 165{ 15) 500( 19) 356(33) 
~ 

152( 14) ~ 

Effluent *69 .. 93% 74 .75'(, 64.35% 63.41% 74.58:t 85.841: 62.96:.: 70.4n 86 .9s·: 

Stabilization Tank 298( 56) 310(75) 399(25) 512(23) 25il(28) 159(6) 517(19) 348(32) 133( 15) 
77-93% 74.25% 65.75% 62.07% 77.74% 86.35% 61 .70% 71.10;:: ee. sa.: 

IIi tri fication 199(70) 205(63) 177(46) 278(65) 188(69) 120(6) 233(57) 148(36) 77(14) 
Clarifier Effluent 85.26% 82.97% 84 .Bl% 79 .41% 81 .56% 89.70% 82.74% 87.70'.£ 93.39:<: 

Quantity in· parentheses represents standard deviation. 

Percent removal. 

r 
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Table 3 

Performan.:e of Treatment Systems in Re:lucing DOC 

___ ----.:.0---'=!!Jf.l Mi,_P_II_C~_s tc!.::.." __ _ 980 !!!.!!li 1-:LPAC st-stc~1 a ,960 mq/f M~PAC S)•Stclll 

e.: = 10 IDay 8c = 20 Day ec = 30 D.,y 8c = 10 Day 8c = 20 Dar ec = 3C Oay 8c " 10 Jay ac = 20 Day 8c = 30 Day 

OOC(mgt.i) [l)C(mg/<'} · DOC(mg.LQ_ CDC (;~'!!LQ_ _!l_Q.I~J!'!9f:fL _QQfJ~L _I!J.f._C_i,_gCL_· _D_D_~.(~,9LS_L _.Q.~_ln1_9/f)._ 

I nfl Lent 385(1!:) 355(15) 353(2) 385(15) 355(15) 353( 2) 3:5( 15) 355(15) 353(2) 
(.11 
0 

Contact Clarifier 90( 13) 77(12) 111 (8) 97(8) 68(7) 49( I) ES(S) 69(5) 40(7) 
Effluent •76.62:c 78.31% 68.731 74. Jl% 80.841 36.12::1: 7E.81li 80. 56~- 8U.G7":. 

Stabilization Tank 61 (1¢) 7 ~( 14) 111(2) 89(12) 52(8) 41( s.) SC(4) 57(16) 31 (1) 
84.16%: 19.72% 68.73% 76.31:1: 85.35% E:8. 38~ 1E .62% 83.94Z 91 .22% 

tlitrification 40(4) 55(11) 62(10) 53(13) 41 ( 7) 40(4D ill ( 12: 32( 11) 29(3) 
Clarifier Effluent 91 . 17%. 34.51% 82.44% 66.23% 88.45% E8.67~ 3!USX - 90.98X 3' .78.~ 

) Quantity in pa,-entt.eses r~pres=r~t; standa;-d deviatioru. 

Percent reu10va I. 
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performance of the contact-stabilization portion of the two systems receiving 

PAC may be due to competition for substrate between the activated carbon and 

the biomas~. This competition for substrate may result in lower biomass con­

centrations in the reactors and limited bioregeneration of the PAC in the 

stabilization tanks. This limited biological activity that was observed for 

the systems receiving PAC becomes evident when the performance of the stabi­

lization tanks of the three systems is evaluated relative to DOC and COD 

removal as given in Tables 2 and 3. The stabilization tank of the 0 mg/1 

MLPAC system accounted for the removal of 0.96 and 0.26 gram per day of 

aqueous phase DOC and COD, respectively, whereas no net reduction in these 

parameters was observed in the stabilization tanks of the other two units. 

The superior performance of the treatment system receiving no PAC was 

also reflected in the COD and DOC concentrations in.the nitrification 

clarifier effluent. The reduced ~rganic load on the nitrification aeration 

tank improved the organics removal performance of that portion of the treat­

ment system. Again, the system receiving no PAC exhibited superior total 

COD and DOC reduction. 

Upon ~loser examination of Figures 8-13 we find that the contact­

clarifier effluents from the systems receiving PAC, altho.uqh higher in COD 

and DOC concentrations, were somewhat more stable than the system receiving 

no PAC. The PAC addition to these systems appeared to provide more stable 

operation of the contact-stabilization units. Furthermore, PAC addition 

seemed tri alleviate foaming in the aeration tanks. Foaming represented a 

severe problem in the aeration tanks of the unit receiving no PAC. 

2. Ammonia, Cyanide, and Thiocyanate 

The ammonia, cyanide, and thiocyanate profiles across the three treat­

ment systems are shown in Figures 14-22. The data that pertain to this phase 
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of the study are given between day 305 and day 375 and the numerical values 

of these parameters averaged over the last 42 days of operations are shown 

in Tables 4-6. The fate of these three constituents are discussed simul­

taneously due to the fact that ammonia is released as a result of the 

oxidation of cyanide and thiocyanate. 

The three treatment systems exhibited a slight decrease in ammonia in 

the contact-stabilization portion of the treatment systems. However, as 

shown in Table 7, the concentration of nitrite and nitrate nitrogen in the 

effluent from the contact-stabilization portion of the treatment systems 

was consistently lower than 10 mg/1, indicating that the reduction in 

ammonia was primarily due to ammonia utilization by synthesis and to a 

much lesser extent to stripping (the pH in the contact and stabilization 

aeration tanks was maintained between 7.6 and 8.4). The reduction in 

ammonia in the contact-stabilization portion of the 0 mg/1 MLPAC system 

was slightly lower than the removals observed in the other two units. 

This difference may be due to the fact that reductions in cyanide and 

thiocyanate were much higher in the 0 mg/1 MLPAC system, and consequently, 

ammonia released during the oxidation of these compounds contributed to 

an increase in the overall ammonia concentration. 

When the principal nitrogen containing compounds are expressed in 

terms of their equivalent nitrogen concentration (Table 7), the 0 mg/1 MLPAC 

system shows the highest reduction in total nitrogen when compared to the 

other systems. This may be attributed to the fact that more nitrogen was 

utilized for cell synthesis in the 0 mg/1 PAC system since higher reductions 

in organic matter and no removal of organics by adsorption were possible in 

this sys tern. -



Table 4 

Perfonnance of T.rea-:ment Systems in Reolucing NH
3

-.'l 

InflLent 

Cont<ct Clarifier 
Effl Ul'nl 

~tJb·l ization Tank 

Ni tr· ficJtion 
Glorifier £ffluen1 

0 ng/~ MLPAC ;xstem 

8 = 
( 

10 Lay 8c = 20 oa, 8c = 30 'Day 

.tU3-N(~ NI!:J·N~j_~- !:!'.! 
3
.:!iliu L I .t) 

1,035(~) 1,030(42) 920( <()) 

I ,006(2':) 991(31) 845(~5) 
• 2.80l 3.79% 8.15~ 

1,046(60 976( 32)· 748(~9) 
-1 .06~< 5.24% 18. wx 

14(~: 57(2 ) 19(;) 
98.6~::: 94.46% 97.9::% 

:-Quantity in p< ·enti1eses npre~.en~s stand;rrd deviation. 

Percent remov< I. 

980 mg/ t M·cPAC S •s.tem 

8c = iO Day 8c = 20 Da! 8c = 301 Day 
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3

- "mc·/.t) !:!.!.!3.:.:!(.!!19/fl !:!'.! 3.:!:!!.!!!u' rl. 
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5.m: 9.42X 15.11:1. 
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9T.39% 97.34% 99 .E9~ 

,_9_~_..!''9[(_!-l~!'~Y~ .. !~~"----
•8. 

c = 10 Day 8 
·C 

= 20 Day 8c = 30 Day . 

.!:l!!).:......(.!!i_g_.:.u !'!!3-~/l)- !.1!!3:!~(!!~/t) 

1 ,(35(63) 1,030(42). 920(20) 

~54(4":) 937( 37) 329(32) 
:O:BH 9.03X 9 .89;~ 

~ 

~49(2;) 936(24} :301(63) N 

!;.3.1'1. 9.-iJ:. 12. 93'!. 

27(23) 75( 18) 3( 1) 
~7 .39', 92.72'l'. 99.67% 



Table 5 

Performance of Treatment Systems in Reducing Cyanide 

C• mg/ t MLPAC. S~stem 980 mg[t MLPAC S~~teni 1 ,960 mg(e MLPAC S~s tem-

8c = Hl Day 8c = 20 Day ac = 30 Day 8c = 10 Day. 8c = 20 Day 8c = 30 Day a c = 10 Day 8c = 20 Day ec. = 30 Day 

...Q[J.!!!:J& ..sD~& CN-(mg&_ ....fN-(mg/Q_ ....f!!}~ ....f.Un.!9ilL ~/J'L ~J•'.'9.l!'_L _QfJ!!l.!l/lL 

lnflu~nt 658( 32) 657(30) 574(23) 65ll(32) 657(30). m(2j) 651!(32) G57(30) .574(23) 

Contdct Clar:fier 204(66) 166(20) 146(22) 428(32) 179(46) 8(5) 450(41) 255(13) :J(8) 
Effluent *69.00% 74.73% 74.56% 34.95% i2. 75% 98.60% 31 .61"! 61.19•); 98. 43~ 

Stdbilizdtion Tank 18( 12) -149(11) 132(3). 422( 35) 10!!(56) 5(2) 
97.26X 77.32% 77.00%· 35.87% (;3.561: 99 . 1 3:t 

397(~-5) 223(6) 6(4) C'l 
39.6n 66.06'!. 99.13"t w 

Iii trificatior 14[8) 41 (12) 22(19) 89(22) 42( 11) 6(1) 69(25) 28( 17) 6(1) 
Clar; ficr (ffluent 97 .en 93.76% 96.17% 86.47:t 93 .61'1. -98.95% 89.51% 95. 74·;; 98. 95X 

Quantity in parentheses represents standard deviation. 

Percent rcmo~.J 1. 



Table 6 

Perfonna1ce of T·eatrrent Systems in Recucir.g Thio~.~oanate 

0 01~/ i MU'AC Sls tem 980 mg_'i M'_P~oC S~·stcm 1 .9~/f MLPAC Sy5tem 

8 = 10 Dey 13c = 2•) Cay Be = ::.o Day· Be = 10 Day •3c = 21 Day 8c = 30 Day ec = 10 Day 8c = 20 Day 8c = 30 Day 

_ii=!EJ!rl:lltl ~~]~_gill SCN-(mg[i) ~~'9l!L ~fN-=.i~!JLf_L _sc.~-_(!~!!LU ..S.!=i! ~(!'!!JLU ?.CI(.(~'D/J'L ~~!:Cl~JJ:)_ 

l nfl uent 41~:(6) 321 (34) 3C6(3) 429(7) 321 (34) Dli(3) 423( 7) 321 {34) 306{3) 

Contact Clarifier 1E::(52) 109l42) 187\17) 409(35) 166(29) 3~{7) 42){15) 242(34) 39(30) 
Effluent ·s~ 5e/. 66.C4:t 3&.39I 4.66% 4E. 2:J't 83.23':, 0.702 24.611. 87 .zs·.: 

0'1 
~tabilizdtion T.:ak ::CI(l2; 111(63'1 256{31) 392(35) 12e(44) 13( 25) 442(20) 236(23) 19{1"1) ~ 

9; 72':. 65.!21: a.34% 3.62% 60.12% ~4 .12:t -3.27'1, 26. 48'.\; 93. 7S::. 

ni tri ficdtion ;z( 11 :' 116a99) 3{3) 190(57) 6~-(52) 3(3) 148(59) 81 ( 39) 7{9) 
Clarifier Effl~ent 9~- .6::-:t 63 .E6'l 99.02% 55.71$ 79. ;5x !19.02% 6!:.42% 74. 77Z 94.4~% 

Quantity in ~arcathe;es -;pre~.cnts ~tandard deviation. 

?ercent -emCJ·.a 1. 



Table 7 

Perfonnanc:e· of Treatment Systems in Reducing Nitrogen Contc.ining Compounds, 9c = 10 Day 

0 mg/1 MLPAC System 980 OIQ[l MLP:IC ·S~s trm 1960 mg[l MLPAC S~stem 
Total Tota 1 Total 

N~rN CN-N SCN-N NO -N NO~-N N NH -N CN-N SCN-N r~~rN t~~-N N :~iN CN-N SCN-N NO -N NO -N N 
11 !!!.9[1 ~ ~- mg.7t'._ !!l9.LL ~ ~ ~ f. i !!!9L.L !!!ill. !!!9LL ~ ~ !!!9LL 

Influent 1,035 354 99 1,488 1 ,035 354 104 1 ,493 1,035 354 103 1 ,492 

Contact Clarifier 0,006 110 44 30 5 1,168 981 230 99 1,312 954 242 103 1,300 0\ 

Effluent Ul 

Stabilization Tank 1,046 10 7 7 45 1,115 g75 227 95 2 7 1,306 949 214 107 2 1,273 

Nitrification 15 8 4 1,045 13 1,085 29 52 50 900 60 ' 1 ,090 29 40 39 941 31 1 ,080 
Clarifier Effluent 
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The removal of cyanide and thiocyanate in the contact-stabilization 

portion of the 0 mg/1 MLPAC system was superior to the two units receiving 

PAC. The 0 mg/1 MLPAC system was twice as effective in removing cyanide as 

either of the other two units. Very _little thiocyanate reduction occurred 

in either of the 980 mg/1 and 1,960 mg/1 MLPAC systems, while roughly 55 

percent removal of thiocyanate occurred· in the contact-stabilization portion 

of the 0 mg/1 MLPAC unit. 

All three nitrifir.:~tinn t.nnks res1Jlted in ammonia removal efficiencies 

exceeding 97 percent. The nitrate-nitrogen concentration in the 0 mg/1 MLPAC 

system was notlteably h1gher than the cum:errLrdLiull i11 Ll1e other two units. 

The effluent from the nitrification clarifier in the no PAC system was 

consistently more fully nitrified. 

Substantial reductions in cyanide and thiocyanate occurred in all of 

the nitrification aeration tanks. The systems receiving carbon exhibited 

additional reductions in cyanide by roughly 50 percent in the nitrification 

aeration tanks. Thiocyanate reduction in the two systems receiving PAC also 

occurred primarily in the nitrification aeration t.anks. The 0 mg/1 MLPAC 

system experienced the highest overall efficiencies with respect to both 

cyanide and thiocyanate reduction. An interesting observation from the 

systems receiving PAC was that the relatively high concentrations of both 

cyanide and thiocyanate did not seem to noticeably inhibit nitrification 

as has been frequently reported in the literature (23). 

3. Suspended Solids 

The suspended solids profiles for the various aeration tanks and 

clarifier effluents are shown in Figures 23-25. The numerical values of 

the solids concentrations averaged over the final 42 days of operation are 
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shown in Table 8. The powdered activated carbon concentrition values were 

calculated using the feed levels, the solids concentration, and the hydraulic 

retention time data. In making these calculations it was assumed that the 

solids composition in the contact and stabilization tanks of every system was 

the same. Additionally, it was also assumed that the PAC fraction in the 

solids escaping clarification was the same as that in the mixed liquor. 

Consequently, it was estimated that appreciable concentrations of PAC per­

sisted in the nitrification tanks of the two systems receiving PAC although 

no direct PAC addition to these tanks was practiced. 

Upon examination of Figures ~3-25, it becomes apparent that the suliJs 

concentrations in the contact and stabilization aeration tanks were fairly 

stable for all systems while the nitrification aeration tanks exhibited more 

variation in solids concentration. This can be explained by the sensitivity 

of the nitrifying organisms to pH. A slight variation in pH may cause a 

change in the biomass concentration. Furthermore, the nitrification tanks 

were operated using a very long sludge age of 40 days. Because of this 

~xtended sludge age, it is expected that stable operating conditions are 

only attainable after long feeding periods. 

The yield coefficients for the various aeration tanks are shown in 

Table 9. These values were calculated from the total suspended solids 

present in each tank averaged over the final 42 days of operation of this 

phase of the study. The mass of total suspeneded solids in the contact and 

stabilization tanks were summed together and then d1v1ded by the sludge age 

in order to compute the mass of solids produced per day. The mass of COD 

consumed per day was then computed and the total solids yield, Y, was the 

ratio of mass of solids produced per day over the mass of COD reduced per 

day. This procedure was satisfactory for the 0 mg/1 MLPAC system, but some 



Table 8 

Suspended Solids Concentration in Treatment S.Vstcms, Qc = 10 Day 

0 m!Jl i MLPAC S:il! tem 980 mgLi MLPAC S~stem l....i§.O_.!:l!Jll.J:!.i:PA~_j}'_s te~ 

TSS( mg/ C)1 VSS(mg/i) % vss TSS(mg/i) VSS(mg/i) % vss Pf\C (m~/ R) TSS(mg/f) VSS(m~/f) 'i VSS PAC (mg/ e) 
------- ----- ---- ---- ------· ----- ---···-·- ------·-

Contact Tank 349(79) 326( 27) 93.41 855(156) 442(130) ~1 .70 614 1,541 (134) 4?4(81). 30.76 1 ,365 

Stabilization Tank 931(128) 848(92) 91.08 1,874(562) 926(309) 49.41 1,346 2.887(553) 1, 130( 101) 39.14 2,557 

Nitrification Tank 3,013(256) 1_,723(31~) 57.48 3,412(488) 2,892(253) &4.76 1,150 3,066(445) 2,260(340) 73.71 1 ,691 "'--__, 
Cortact Clarifier 41 (25) 52(20) 37 62(25) 55 

Effluent 

Nitrification 52(20) 71(22) 24 80(27) 44 
Clarifier Effluent 

( ) Quantity in parentheses represents st<ndard deviation. 
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modifications in the calculations had to be exercised in applying this 

procedure to the systems receiving PAC. For the 980 mg/1 MLPAC and the 

1,960 mg/1 MLPAC system the effect of carbon in the system had to be 

dealt with. Once again the total mass of solids in the contact and 

stabilization tanks was computed and this mass was divided by the sludge 

age. The mass of carbon introduced daily into the system was substracted 

from the total daily mass of solids produced in order to account for the 

carbon in the system. The·yield obtained from this procedure was thought 

to be more usable in terms of system evaluation. A deficiency of this 

procedure, however, is the fact that the mass of PAC may increase upon 

addition to the system due to adsorption of organic matter. This is not 

believed to constitute a major discrepancy because the primary organic 

constituents of this wastewater, cyanide and thiocyanate, are nonadsorbable. 

The yield in the nitrification aeration tanks was computed similarly 

except both COD reduction and ammonia conversion to nitrate had to be 

formulated. The COD in grams per day was computed similarly to the method 

used in the calculation on the contact-stabilization portion of the system 

while the ammonia reduction was calculated differently. The difference 

between the total nitrogen in the forms of ammonia-nitrogen, cyanide­

nitrogen, and thiocyanate nitrogen entering into the nitrification tank 

and the total nitrogen out of the tank determined the total ammonia reduc­

tion across the system. All three forms of nitrogen had to be accounted 

for due to the production of ammonia by the oxidation of cyanide ann thio­

cyanate. The total nitrogen removed in g/day was then multiplied by a 

conversion factor of 4.57 and added to the COD removed in g/day in order 

to represent the oxygen demand satisfied in the aeration tank. The effects 
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of carbon carry over on the nitrification tank was also accounted for. 

The daily influx of PAC mass into the nitrification tank was substracted 

from the total solids produced per day. 

The yields found in Table 9 indicate that the amount of solids produced 

increased with increasing carbon addition rates in the contact-stabilization 

portion of the treatment system. The amount.of sludge handled and ultimately 

disposed of was greatest for the 1,960 mg/1 MLPAC system. The nitrification 

cell yield values however, indicate that less sludge was produced from the 

systems receiving carbon. This difference in mass of solids produced is not 

as pronounced in the nitrification aeration tanks, as it was in the contact­

stabilization tanks, however. 

4. Denitrification of Nitrite and Nitrate 

The performance of the denitrification columns is shown in Table 10. 

The concentrations of the nitrite-nitrogen and nitrate-nitrogen were altered 

from the nitrification clarifier concentrations due to dilution by the 

methanol fed into the denitrification column. As Table 10 indicates, greater 

than 97 percent of the nitrate-nitrogen and nitrite-nitrogen into the columns 

was converted to nitrogen gas for -all three systems. The COD of the denitri­

fication column effluents was consistently higher than the influent to these 

columns indicating that the rate of denitrification was most probably not 

limited by the availability of organic carbon. 

5. Pheno 1 i c Compounds 

The coke-oven wastewater employed in this study was characterized by 

a lower than usual content of phenolic compounds and considerably higher 

than expected concentrations of cyanide and thiocyanate. The data in 

Table 11 represent the steady-state. fate of phenol, 0, m, and p-cresol, and 

2,4-dimethyl phenol in the treatment systems. All three treatment systems 
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Perfonna nce of the Ocnitrif1catlon Columns 
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resulted in excellent removal efficiencies for the phenolic compounds, and 

no detectable concentration of any of these compounds was found in the 

effluents from the three nitrification tanks. 

B. Phase Two 

After the first phase of the study was completed the solids retention 

time in the contact-stabilization portion of each system was increased to 

20 days. Solids samples were taken biweekly and sludge was wasted once per 

day. The average MLPAC concentration in the contact and stabilization 

aeration tanks was maintained at 0, 980, and 1,960 mg/1 for systems 1, 2, 

nnrl ~. rPspP.r.tively. The solids retention time in the nitrification aera­

tion tanks was not altered, thus remaining at 40 days with daily sludge 

wastage. 

1. Chemical Oxygen Demand and Dissolved Organic Carbon 

The performance of the three treatment systems relative to reduction 

in COD is shown in Figures 8-10, while the corresponding data-relative to 

DOC are shown in Figures 11-13. The data that describe this phase of the 

study appear between day 376 and day 466 in the pertinent figures. The 

numerical values of these t\110 parameters averaged over the last 21 days 

of operation are shown in Tables 2 and 3. The effluents from the contact­

stabilization portion of the 0 mg/1 MLPAC and the 980 mg/1 MLPAC systems 

exhibited relatively the same level of performance in terms of COD reduc­

tion, while the 1,960 mg/1 MLPAC system resulted in slightly lower COD 

r~duction. Some discrepancy occurs, however, when removal efficiencies in 

terms of DOC and COD are compared. The DOC data in Table 3 indicate that 

the 980 mg/1 MLPAC and 1,960 mg/1 MLPAC systems exhibited slightly better 

performance than the 0 mg/1 MLPAC counterpart. All systems were very close 
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in COD and DOC reduction and for all practical purposes achieved the same 

level of performance. ~~hen the 20 day sludge age data are compared with 

the results of the 10 day sludge age studies. it becomes npparent that the 

performance of all three systems relative to COD and DOC reduction had 

improved considerably with increased sludge age. The systems receiving 

carbon showed the most substantial increase in COD and DOC removal 

efficiencies. 

lhe 'level of performance in reducing COD iimJ DOC cuncentrat1ons in the 

nitrification aeration tank was noticeably higher in thP. 1,960 mg/1 MLPAC 

system as compared to the other two units. An additional 17 percent of 

the COD was removed in the 1.960 mg/1 MLPAC system while only an additional 

6-8 percent of the COD was removed in the nitrification aeration tanks of 

the other two systems. The same observation also applies to DOt reduction 

in the nitrification aeration tanks of the three systems, These results 

indicate that the performance of the overall treatment scheme of the 

1,960 mg/1 MLPAC ~ystem was superior nver the 0 mg/1 MLPAC and 980 mg/1 

MLPAC systems. 

When. thP ?n rlrty sludge age COD and DOC data fo1· the ni Lri r·icdl'lun 

portion of the systems are compared to the data from the 10 day sludge 

dye, we f1nd that the systems receiving carbon improved in COD and DOC 

reduction while the 0 mg/1 MLPAC exhibited a deterioration in overall 

IJer·formance. 

The systems receiving PAC experienced somewhat more stable operating 

characteristics when compared to the 0 mg/1 MLPAC systems. The COD and 

noc rrofil es for the systems t'eceivi r1g PAC t.l id not fluctuate as much as 

those for the 0 mg/1 system. This phenomena is evident in both the 

contact-stabilization and nitrification portions of the treatment scheme. 
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2. Ammonia, Cyanide, and Thiocyanate 

The ammonia, cyanide, and thiocyanate profiles across the three 

treatment systems are shown in Figures 14-22 for the period extending 

between days 376 and 466 of operation. The numerical values of these 

parameters averaged over·the last 21 days of operation are shown in 

Tables 4-6. Once again, a loss of nitrogen.occurred in the contact­

stabilization portion of each qf the three treatment systems as pointed 

out in Table 12. Roughly the same amount of nitrogen loss was exhibited 

in all three treatment systems. This loss in nitrogen is approximately 

one and a half times the mass of nitrogen that was not accounted for in 

the liquid phase of the 10 day sludge age study. An increase in sludge 

age will usually result in decreased net synthesis and, consequently, 

less nitrogen utilization for qrowth. However, the yields for all three 

systems increased during this phase of the study suggesting that increased 

biomass synthesis may ·be responsible for the increased nitrogen loss 

(Table 9). 

The amount of nitrification occurring in the contact and stabilization 

aeration tanks increased slightly during the 20 day sludge age phase of the 

study as compared to the degree of nitrification experienced during the pre­

vious phase of operation. The total nitrate-nitrogen and nitrite-nitrogen 

concentration in the contact clarifier effluent ranged from 12 mg/1 for the 

0 mg/1 MLPAC system to 58 mg/1 in the 1 ,960 mg/1 MLPAC system. The majority 

of the oxidized nitrogen was found to be in the form of nitrite-nitrogen, 

however, thus suggesting inhibited nitrification. 

The reduction in cyanide and thiocyanate in the contact-stabilization 

portion of the 0 mg/1 MLPAC system remained greater than the reduction 

observed in the systems receiving activated carbon. The removal of cyanide 



Table 12 

Performance of Treatment ~-ys terns in R~ducing Nitrogen Cootaining CC•IOJOUnds, Qc 2·) Day 

0 mQ,' l MLPAC S~-s tem 980 mgLl f1.PAC ~stem 1,950 n!9L_L!:!.l,f~~tem 
Total ·Tot~l Total 

NErN cr ·N S•:N-N NOr'N NOrN N NH -N CN-N SCN-N NO -N NO~-N N NH -N Ci-HI SCN-N NOrN NO -N II 
~ mc,'l r:IJ!.f_. !!!ill_ !!!!ILL mg/l mg~l mg/i mg/l mgft ~ !!!2LL '!!9f.L 1!!9!1 __ l'lfJ/!,_ !"9.L ~·gh_ F!19/L 

Influent 1 ,030 3~1 1] - 1,451 1,1130 354 77 1,461 1,030 354 77 1 ,461 
(X) 

Contact Clarifier 991 '~ 26 f- 14 1,128 959 96 40 5 17 1,117 937 137 58 15 43 ].,190 0 
[f:luent 

Stabilization Tank 976 ;so 27 2' 65 1,169 ·B3 58 31 14 48 1,084 936 120 57 24 64 1,201 

Nitrification 92 ~ 30 54:: 415 1.104 29 25 17 730 307 1.1{)8 81 lE 22 946 10 1 ,075 
Cl~rifier Effluent 
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achieved in the 0 mg/1 NLPAC system was 2 and 13 percent over the 980 mg/1 

MLPAC systems and 1,960 mg/1 MLPAC system, respectively. All systems 

exhibited increased effectiveness in treating cyanide and thiocyanate 

when compared to the 10 day sludge age study. The systems receiving PAC 

experienced a two-fold increase in the cyanide removal efficiency. The 

thiocyanate removal efficiency, on the other hand, increased from 5 to 

48 percent, and 1 to 25 percent for the 980 mg/1 MLPAC and 1,960 mg/1 MLPAC 

systems, respectively. 

All three nitrification aeration tanks achieved ammonia removal effi­

ciencies in excess of 92 percent. The 980 mg/1 MLPAC system experienced the 

highest level of performance at 97 percent removal while the other two units 

achieved between 92 and 94 percent removal efficiencies. Once again, the 

two units that received PAC in the contact aeration tank operated at a 

somewhat more stable condition than the 0 mg/1 MLPAC system. Upon examining 

Table 1·2 we find a considerable portion of the nitrified effluent is in the 

ni tri te:-nitrogen form in the 0 mg/l MLPAC and 980 mg/1 MLPAC sys terns, whi 1 e 

almost all the ammonia nitrogen in the 1,960 mg/1 MLPAC system was converted 

to nitrate-nitrogen. 

Substantial reduction of cyanide occurred in all three nitrification 

aeration tanks. The 1,960 mg/1 MLPAC system exhibited the greatest additional 

reduction in cyanide concentration over.what was oxidized in the contact­

stabilization system, while the 0 mg/1 and 980 mg/1 MLPAC systems exhibited 

similar patterns of cyanide reduction. However, these removal levels were 

slightly less than those observed in the 1,960 mg/1 MLPAC system. Thio­

cyanate removal varied quite extensively between the three systems. Vir­

tually no thiocyanate red~ction occurred in the 0 mg/1 MLPAC system nitri­

fication aeration tank, while the majority of thiocyanate reduction in the 
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1,960 mg/1 MLPAC system occurred in the nitrification aeration tank. The 

980 mg/1 system experienced the greatest overall removal efficiency of 

thiocyanate. 

When the cyanide and thiocyanate reduction profiles of the 20 day 

solids retention time studies are compared to the profiles obtained from 

the 10 day solids retention time studies, .we find that all systems improved 

substantially in reducing these compounds in the contact-stabilization por­

tion of the treatment systems. The reduction of cyanide and thiocyanate in 

the nitrification aeration tanks of the systems receiving carbon also 

improved with increasing sludge age, however, the 0 mg/1 MLPAC system 

exhibited a deterioration in performance relative to reducing these param­

eters when the sludge age in the contact-stabilization units was increased 

to 20 days. An interesting phenomenon occurred in the systems receiving 

PAC with regards to thiocyanate and cyanide removal; the tank where the 

major reduction in these compounds occurred shifted from the nitrification 

aeration tank to the contact and stabilization tanks when the sludge age 

was increased to 20 days. 

3. Suspended Solids 

The suspended solids profiles obtained for the various aeration tanks 

during the 20 day sludge age study are shown in Figures 23-25 in the period 

between'day 376 and day 466 of operation. The numerical values of these 

par-ameters averaged over the last 21 days of operation are shown in Tahle 13. 

It is apparent from figures 24-26 that the solids concentrations in the con­

tact and stabilization aeration tanks increased shortly after the solids 

retention time was increased. A new level of solids concentration was 

achieved and the systems remained at that new level. The contact­

stabilization aeration tanks of the systems receiving PAC exhibited more 



Table 13 

Suspended Solids Concentration in Treatment Systems, ~c = 20 Day 

0 mg/i MLPAC System 980 mg[i MLPAC S~·s tern 1,960 mg/i MLPAC Slstem 
TSS{mg/i) VSS(mg/i) % 'ISS TSS{mg/i) VSS{mg/i) % vss PAC{ms/i) TSS{mg/i) VSS{mg/l) % vss PAC{mg/t) 

Contact Tank 1,108{136) 981{ 12B) 88.54 2,325{287) 1,459{181) 62.75 6iO 3,342{717) 1,736(532) 51 .94 1,467 

Stabilization Tank 2,321{485) 2,07::{425) 89.31 4,791{1061) 3,111 {647) €4.93 l,3::o 5,586{990) 3,342(678) 59.83 2,453 
(X) 

Nitrification Tank 3. 548{ 337) 2. 301 { 190) 64.85 4,593{368) 4,006(315) E-7 .22 8f2 5,014(315) 4 ,285(83) 85.46 560 w 

Contact Clarifier 58(14) 5c-(17) 86.16 104(22) 86{23) B3.32 ::8 82(23) 63(1Q) 76.06 36 
Ef fl ucnt 

Nitrification 
Clarifier (fflue~t 59(14) 3E:(l3) 63.47 102(29) 63{17) 61 .84 83(32) 49(18) 59.18 

) Quantity in parentheses represent! standard deviation. 
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deviation from this level than the 0 mg/1 MLPAC counterpart. The amount 

of solids escaping clarification increased with the decreased carbon addi­

tion rates. Insufficient information is available to explain this obser­

vation, however, a major effect of the increase in the solids escaping the 

contact-stabilization system is an increase in the level of PAC in the 

nitrification tanks of the systems receiving PAC. 

When the soli rls rrofi 1 pc; fnr t.hP 10 ;mci ?0 dny sludgP. nQP. s t.udi P.S nrP. 

~nmrnrPd, wP find thnt thP. n mg/1 MLPAC ~xp~rienced mor~ stable operating 

characteristics while the 980 mg/1 MLPAC and 1,960 mg/1 MLPAC systems 

deteriorated somewhat in reactor operating characteristics. When the 20 

day sludge age was completed, however, these reactors exhibited a noticeable 

improvement in performance stability. 

The cell yields for the 20 day solids retention time study are shown 

in Table 9. These values were calculated in the same manner as stated 

earlier for the 10 day sludge age study except, in this case, the ammonia 

oxidized in the contact-stabilization portion of the treatment systems was 

included in the oxygen demand balance because of the substantial conversion 

o! ammonia that took place in these units during this phase of the study. 

Ammonia conversion was computed in terms of mass of nitrogen produced in 

the form of nitrate-nitrogen and nitrite-nitrogen. The cell yield in the 

contact and stabilization aeration tanks of the 0 mg/1 MLPAC systems was 

roughly one half the cell yield obtained for the systems receiving PAC 

while the nitrification units of all three systems exhibited essentially 

identical cell yields. The increased solids handling needed for the 

systems operating at the 20 day sludge age may be a direct result of the 

increases in COD and ammonia reduction that were experienced durin9 this 

phase. 
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4. Denitrification of Nitrate and Nitrite 

The performance of the denitrification columns is shown in Table 10. 

The 0 mg/1 MLPAC system and the 980 mg/1 MLPAC system exhibited a substan­

tial loss in denitrification efficiency while the 1,960 mg/1 MLPAC system 

experienced relatively the same performance as was obtained during the 

10 day sludge age study. Organic carbon limitation was not the cause for 

the deterioration in the 0 mg/1 MLPAC and 980 mg/1 MLPAC system due to the 

fact that the COD of the denitrification column effluent was consistently 

greater than the COD of the nitrification clarifier effluent. The most 

probable cause for the loss in reactor performance is the amount of nitrite­

nitrogen entering the denitrification column. The nitrite-nitrogen concen­

tration in the nitrification clarifier effluent increased in the 20 day 

solids retention time study due to incomplete nitrification of ammonia to 

nitrate. The biomass present in the denitrification column was previously 

acclimated to an influent of primarily nitrate-nitrogen .. When the column 

was fed substantial concentrations of nitrite-nitrogen decreased conversion 

efficiencies resulted. 

5. Phenolic Compounds 

The fate of the various phenolic compounds across the treatment system 

is shown in Table 14. The increase in the influent concentration of phenols 

did not have any adverse effect on reactor performance. The level of 

phenolics present in all of the contact aeration tanks decreased sharply 

whe11 cuiii!Jared to the 10 day sludge age study. The stabl I ization aeration 

tanks of these units on the other hand, contained barely detectable levels 

of phenols. Overall removal efficiency of the phenolic compounds increased 



T~ble 14 

Perfomance of Treatment Systrm in Reducin-~ Phenols, ec = 2") days 

0 r:~g.'t MLPAC System 980 mg/t MLPI\C Sys te-11 1,960 m~/f. MLPAC System 

~~ I nfl..tent C-) Cl3r1 fier- Stab. ·~ank Nit. Clarifier:: C-S C1ari fier Stab. Tank Nit. Clarifie· C-$ Clarifier Stab. Tank IIi t. Cla.-ifie~ 

Phenol (mg/i) n •>..05 0.15 < OL 0.09 0.02 c OL 0.11 0.10 < OL 

a-Cresol {:n~/r} 3.02 •>.13 0.12 < OL 0.19 0.14 ·c OL 0.01 < OL < DL 

m & p-Cres:>l (rug/f) 5.30 il'.30 0.12 < OL • 0.05 
(X) 

< OL < OL 0.07 0.02 < OL ~ 

2,4 Oimethylphrnol 
(rrr~!f) 0. 56 0<.01 < IL < OL < OL < OL < OL < DL < DL < ol 

• c OL = b~1ow detection limit 
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with increasing sludge age. The results suggest that the role of carbon 

in the removal of phenol is less important than the diversity of culture 

obtained by increasing sludge age due to the fact that less fresh carbon 

was added to the systems when operating at a 20 day sludge age. Virtually 

complete phenol removal occurred across all the treatment systems. The 

concentrations of the various phenolic compounds were below detection 

limits in all three nitrification clarifier effluents. 

C. Phase Three 

Following the 20 day sludge age study the contact-stabilization units 

in each of the systems were converted to a 30 day solids retention time 

operation. Sol1d samples were taken biweekly and daily sludge wastage was 

practiced. Samples were taken every ten days instead of the weekly sampling 

that was practiced during the two other sludge age studies. The average 

MLPAC concentration in the contact and stabilization aeration tanks was 

maintained at 0, 980, and 1,960 mg/1 for Systems 1, 2, and 3, respectively. 

The solids retention time in the nitrification aeration tank was maintained 

at 40 days with daily sludge wastage. All other operating conditions were 

maintained the same as during the two other sludge age studies. 

1. Chemical Oxygen Demand and Dissolved Organic Carbon 

The performance of the treatment systems relative to COD reduction is 

shown in Figures 8-10. The data pertinent to this phase of the study appear 

between day 487 and day 580 of operation. The corresponding DOC data are 

shown in Figures 11-13. The numerical values of these two parameters 

averaged over the final 20 days of operation are given in Tables 2 and 3. 

The contact-stabilization portion of the 980 mg/1 MLPAC system and the 

1,960 mg/1 MLPAC system achieved relatively the same level of performance 

in COD reduction. The 0 mg/1 MLPAC system, on the other hand, experienced 
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COD removal efficiencies far below the values found for the systems 

receiving carbon. The steady-state COD in the contact clarifier effluent 

from the 0 mg/1 MLPAC system was about 2.5 times greater than the corre­

sponding concentration found in the contact clarifiers of the 9HO mg/1 

MLPAC and 1,960 mg/1 MLPAC systems. When the DOC effluent concentrations 

from the contact-stabilization portions of the three treatment systems are 

compared the same relationship holds. The COD and DOC concentrations in 

the stabilization aeration tank were found to be similar to the concentra­

tions of these parameters present in the corresponding contact aeration 

tunk for each of .the three units. 

A comparison between· the 20 and 30 day sludge age studies revealed a 

substantial increase in the removal efficiency of COD and DOC in the 

contact-stabilization portion of the two units receiving PAC, while the 

0 mg/1 MLPAC system exhibited a decrease in the removal efficiency of 

these p~rameters when the sludge age was increased. Close examination 

of the COD and DOC concentration levels leaving the contact tank of the 

0 mg/1 MLPAC system reveals a slow but steady deterioration in effluent 

quality with time. This observation is reinforced by the fact that the 

solids concentration in the contact and stabilization tanks remained 

relatively the same instead of increasing in response to the increased 

slud$le age. ·The cyanide and thiocyanate levels present in the contact­

stabilization effluent from the 0 mg/1 MLPAC system decreased in response 

to the 1ncrea~c 1n ~ludgc age. These lev~ls, however, were much higher 

than those obtained from the two systems receiving PAC during the 30 day 

sludge age study (Tables 5 and 6). The mechanism of cyanide and thio­

cyanate inhibition may be directly related to the sludge age of the reactor. 
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Another explanation for this may be due to the presence of another nonde­

gradable but adsorbable toxin that tends to accumulate in the reactor when 

the sludge age is increased. 

The 1 ,960 mg/1 MLPAC system exhibited the highest level of removal 

in COD and DOC across the contact-stabilization portion of the treatment 

system. The COD removal efficiency for this unit was approximately 87 per­

cent while the DOC removal efficiency was found to be almost 89 percent. 

The contact-stabilization portion of the 1,960 mg/1 MLPAC system was found 

to be most effective in reducing organic matter when operated at a solids 
/ 

retention time of 30 days. In fact, this unit out performed all other 

combinations of sludge age and MLPAC concentrations tested. 

Further COD and DOC reductions occurred in all three of the nitrifica-

tion aeration tanks. The 0 mg/1 MLPAC nitrification system experienced the 

highest additional removal of COD and DOC mass of the three units while the 

1,960 mg/1 MLPAC system resulted in the best overall effluent quality in 

terms of COD and DOC. Slightly over 93 percent total COD removal occurred 

in the entire treatment scheme of the 1,960 mg/1 MLPAC system while 85 and 

90 percent removal efficiencies were achieved in the 0 mg/1 MLPAC and 

980 mg/1 MLPAC systems, respectively. All systems experienced improved 

COD and DOC removal in the nitrification aeration tanks. 

The two systems receiving PAC exhibited more stability in COD and DOC 

reduction when compared to the 0 mg/1 MLPAC system, although all systems 

showed a decrease in stability when compared to the 20 day sludge age study. 

The reason for this behavior may be due to the variability in the influent 

COD and DOC concentrations fed to the system during this phase of the study. 
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This variability in wastewater characteristics may be attributed to the 

fact that the wastewater supply was about to be exhausted around that time 

and the bottom of the barrel samples exhibited increased fluctuations. 

2. Ammonia, Cyanide, and Thiocyanate 

The ammonia, cyanide, and thiocyanate profiles across the treatment 

systems are shown in Figures 14-22. The data pertaining to this phase of 

the study appear between day 487 and day 580 in thesP. fioures. The corre­

sponding numP.rir.lll va1L1wl!i of thc~c palonmeters C!Vt!f'd\.!P.d nv~r the final 

20 days of operation are reported in Tables 4-6. 

As ~x~er1enc~d dur1ng the 10 and 20 day sludge age studies, a loss of 

nitrogen occurred in the contact-stabilization portion of all the treat­

ment systems when these units were operated at a 30 day solids retention 

time (Table 15). The system receiving no PAC exhibited the least amount 

of nitrogen loss while the 980 mg/1 MLPAC and 1,960 mg/1 MLPAC systems 

were similar to each other in nitrogP.n loss in the contact-stabil-ization 

portion of the treatment system. 

The amount of ammonia oxidized in the contact-stabilization portion 

of the 980 mg/1 MLPAC and 1 ,960 mg/1 MLPAC systems increased ~harnly when 

the sludge age in these systems was increased to 30 days. The 0 mg/1 MLPAC 

~ystem, hOWever. showed no change in cyanide:> reduction, while the thio­

cyanate reduction efficiency in this unit worsened when the sludge age was 

increased to 30 days. The concentration of cyanide amJ thiocyanate in the 

effluents from the contact clarifiers of the systems receiving carbon were 

consistently below 10 and 40 mg/1, respectively, during the 30 day sludge 

age study. These removal efficiencies of cyanide and thiocyanate seem to 

be higher than any reported in the literature for similar wastewaters. 



Table 15 

Performance of Treatment Systems in Reducing Nitrogen Containing Compounds, gc = 30 Day 

0 mgll MLPAC S~stem 980 mg/l MLPAC S•stem 1,960 mg/f. MLPAC Sn!_~m. 
Total Total Total 

NH -N CN-N SCN-N NO -N NO -N N NHrN CN-N Scti-N NO -N NO -N N NllrN CN-N Sctl-11 · IIOrN rmrll II 

~ mg/l ~ mgh mgh mg/l !!!!ILL ~ ~ ~ mq~l i!W..L ~_.L rnq.'t !!!9LL ~_.L ~-r- !!.19LL 
Influent 920 309 74 1,303 920 309 74 1,303 920 309 74 1,303 

Contact Clarifier 845 79 45 43 92 1,104 839 4 9 65 22 939 829 9 37 61 941 
Effluent \0 ...... 

Stabilizati•On Tank 748 72 62 56 49 987 781 3 4 80 0 868 801 3 45 105 959 

Nitrification 21 13 925 45 1,005 3 934 0 939 3 ;:1 2 938 0 946 
Clarifier Effluent 
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The performance of the 980 mg/1 MLPAC and 1,960 mg/1 MLPAC contact-

stabilization systems were virtually identical in removal of cyanide and 

thiocyanate. 

All nitrification units consistently exhibited greater than 97 percent 

ammonia removal efficiencies. The 980 mg/1 MLPAC system and the 1,960 mg/1 

MLPAC system achieved almost complete nitrification with only 1 mg/1 and 

3 mg/1 of ammonia-nitrogen persisting in the respective nitrification 

clnrifiPr pffliiPnts. The 0 mg/1 MLP/\C GyGtcm; on the other hbnJ, .Yil;!hl~c.l 

effluent ammonia-nitrogen concentrations of approximately 20 mg/1. Com­

!Jlete ux1dat1on of ammoma to nitrate occurred in the systems receiving 

activated carbon, where as roughly 45 mg/1 of nitrite-nitrogen persisted 

in the nitrification tank of the 0 mg/1 MLPAC system. 

The concentration of cyanide in the nitrification aeration tank of 

the 980 mg/1 MLPAC and 1,960 mg/1 MLPAC systems was virtually the same as 

the concentration leaving the contact-stabilization units of these two 

systems. Thiocyanate, on the other hand, was further reduced in the nitri-

fication aeration tanks of the systems receiving carbon. The concentration 

of cyanide and thiocyanate present in the effluents of all three nitrifica-
' 

tion clarifiers were very similar (Table 6). All units yielded effluent 

cyanide levels of below 2? mg/1 while effluent thiocyanate concP.ntr~tions 

were consistently bP.low 10 mg/1. 

The stability of pP.rformance of the nitrification aeration tank of the 

1,9GO mg/1 MLPAC system 1n oxidizing ammonia was found to be superior, during 

the 30 day sludqe age study, to the 0 mg/1 MLPAC and 980 mg/1 MLPAC systems. 

The 980 mg/1 MLPAC system experienced an upset in pH earl.v in the 30 day 

sludge age study, the effect of this was only temporary as the ammonia­

nitrogen decreased to its previous level within the next 10 days. The 
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0 mg/1 MLPAC system exhibited the least stability in terms of ammonia 

reduction. The same relationship applies to cyanide and thiocyanate 

removal efficiencies in the three systems as shown in Figures 17-22. 

3. Suspended Solids 

The suspended solids profiles of the contact-stabilization, and 

nitrification aeration tanks of the various units are shown in Figures 

23-25. The numerical values of these parameters averaged over the final 

20 days of operation are shown in Table 16. The contact aeration tanks 

of all three systems showed somewhat unstable operating conditions due 

to the fluctuations in influent DOC concentration. The effect of this 

fluctuation in influent composition was even more pronounced on the 

stabilization aeration tanks of the three systems. For the most part, 

stable solids concentrations in the contact and stabilization aeration 

tanks were achieved several weeks before the 30 day sludge age study 

was completed. The average solids concentration in the contact and 

stabilization aeration tanks of the 980 mg/1 MLPAC system dropped slightly 

while the 0 mg/1 MLPAC system and the 1,960 mg/1 MLPAC system remained 

relatively the same when the sludge age was increased. 

This lack of increase in the aeration tank solids when the sludge 

age was increased to 30 days was totally unexpected and could only be 

explained by assuming very high endogenous decay rates of the biomass. 

It is feasible that at a slud~e age of 30 days, the net rate of microbial 

decay neutralized the biomass buildup effect of the increased solids 

retention time. 

The solids yield data for the 30 day sludge age study are sho~tm in 

Table 9. Nitrification occurring in the contact-stabilization and aeration 

tank was included in these calculations. A sharp decrease in solids yield 



Table 16 

:;uspended Solids Coocen':rat ion in Treatrnen-: Sys terns, ~c = 30 O!}o 

0 m~..t ML.'AC S;t; tern 980 rng,l.t MLPAC S~s-:ern 960 rngll_~PAC SYJ.ten 

TSS(IIlg/l) 'JSS(rng'l) % vss . TSS(rr9/l• VSS(rng/.t) % 155 PAC(orgi.t) T5~(rng/t) VSS(mg/t) ~ vss PAC(rng/t) 
----- -- ----

Contact Tank 1 ,08<: ( 201] 957(156) 88.45 1,822(3111 1,120(246) 61.47 &2:' 2.7~f.(28~) 1,339(334) 47.89 1,228 

~tabilization Til!lk 2,431:(34.!) 2,104(2:!10) 86.58 3,878(2931 ·2,172(245) 56.01 l,D3 6,1:1 (432) 3,197(453) 52.14 2 ,6S2. 

~:itrification Tank 2,9a: ( 141:: 1 ,662( 135] 56.92 3, 759(3971 2,93.9(332) 7.3.19 a:n 4,5:0(373) 2,765(214) 60.50 7(18 

Contact Clarifier 
Effluent !:!-(15) 38(2) 69.10 83111) 61(15) 73: .. 41 27 ~4(21) 51(14) 68.83 23 

'Nitrification 
Clarifier Effl•ent <'9 (5) 12(2) 40.14 37115) 20(6) 53.66 ~'!(41) 36(20) ~·0.99 

Quantity in parenUrses -epresents standard· deviation. 
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was exhibited for the contact-stabilization portion of all three treatment 

systems. These values were the lowest experienced for all three sludge 

ages studied. The solids yield from the nitrification aeration tanks of 

the 0 mg/1 MLPAC and the 980 mg/1 MLPAC systems remained relatively the 

same as the value reported for the 20 day sludge age. The solids yield 

of the 1,960 mg/1 MLPAC system, on the other hand, exhibited a noticeable 

increase during the 30 day sludge age study. The solids yield data obtained 

during the 30 day sludge age study are very encouraging in that the lowest 

mass of sludge to be disposed of coincided with operating conditions that 

resulted in the best performance of all units. The amount of money saved 

by the lower cost of sludge disposal may offset the increased cost of 

aeration associated with the increased sludge age. Furthermore, the 30 

day sludge age study corresponds to the smallest mass of fresh powdered 

activated carbon addition to the system. Thus additional savings are 

possible if this operating mode is practiced. 

4. Denitrification of Nitrite and Nitrate 

The performance of the denitrification columns· for the 30 day solids 

retention time study are shown in Table 10. The denitrification columns 

of all three systems converted all of the incoming nitrate-nitrogen and 

nitrite-nitrogen to nitrogen gas. The incomplete denitrification experi­

enced during the 20 day mean cell residence time study did not persist 

during the 30 day sludge age study. The absence or decreased level of 

nitrite-nitrogen in the denitrificcttiun column 1nfluent was most probably 

the reason for the complete denitrification observed during this phase of 

the study. 
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5. Phenolic Compounds 

The fate of the various phenolic compounds across the treatment systems 

is not given here due to the fact that gas chromatographic analysis of the 

steady-state samples showed virtually no phenolic compounds fn any of the 

treatment units. The influent concentration of the various phenolic com­

pound was the same as that reported for the 20 day sludge age. The organic 

solvent with which the aqueous samples were extracted had to be concentrated 

t.n n grPnt. P.Xt.P.nt in ordP.r to obtain any response on the· gas chromatograph. 

At such a concentration level, background noise and interference due to 

impurities and handling made it impossible to obtain any meaningful data. 

Therefore, for all practical purposes the removal of phenolic compounds 

was complete for all systems operated at a 30 day solids retention time. 

D. Color and Foaming 

At the end of each sludge age experiment color analysis was performed 

on the contact-stabilization clarifier effluent of each system as outlined 

in Section II. The results of this particular analysis are presented in 

Figure 26. The filtered contact clarifier effluent purity, 1n percent, 1s 

plotted versus the PAC addition rate. The parameter purity is a measure 

of clarity of a liquid with distilled water having a purity of 0 percent. 

The PAC addition rate varied with solids retention time in the contact­

stabilization section in order to keep the MLPAC concentration of each 

system constant throughout the entire study. The PAC addition rates shown 

in Figure 26 represent the actual PAC mass fed to the contact tank when 

this mass is normalized to the combined flow of the coke-oven wastewater 

and the PAC slurry. 
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Close examination of the data in Figure 26 reveals that best effluent 

quality in terms of color removal corresponds to the highest addition rate 

of PAC. In fact. if the percent purity reduction is normalized to the PAC 

addition rate and the resulting data are plotted versus the contact­

stabilization effluent purity, an almost linear relationship results. 

This observation suggests that color removal is virtually totally due to 

adsorption of color causing compounds onto the PAC. At this junction an 

important question arises as to whether it is more economical to add PAC 

to the biological system or whether color removal may be more economically 

achieved by passing the final effluent through a granular activated carbon 

adsorption column. If such an economic analysis is considered. other 

advantages attributable to PAC addition to the contact aeration tank must 

be considered. Some of these advantages pertain to improved COD, DOC, 

ammonia, cyanide and thiocyanate removal. 

A severe foaming problem was encountered in all the aeration tanks of 

the 0 mg/1 MLPAC system. The nitrification unit of this system exhibited 

a 1 esser degree of foami n~ than did the contact and stabilization aeration 

tanks. The 0 mg/1 MLPAC unit exhibited the worst foaming problem during 

the 10 nay sludge age operating period, while the problem was less severe 

as the sludge age of the contact-stabilization system was increased. Both 

systems receiving PAC exhibited minimal foam buildup regardless of the 

solids retention time maintained in the contact-stabilization units. No 

anti-foam agents were used to control foaming. The inverted triangular 

prism configuration of the aeration tank was observed to allow for the 

formation of a stable foam level at which foam breakup equalled foam 

formation. 
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E. Sludge Settleability Studies 

Zone settling velocity determinations were performed on sludge samples 

obtained from all aeration tanks at the end of every sludge age experiment. 

For every sludge sample, the zone settling velocity of that sludqe was 

determined for a minimum of three sludge suspended solids concentrations. 

These tests were performed in 1 liter graduated cylinders that were raked 

with a stirring device rotating at 1 rpm. The zone settling data are given 

in Tables 17-19. 

The zone settling velocity data given in Tables 17-19 were plotted 

versus total suspended solids concentration using logarithmic scales. 

Analysis of the resulting curves revealed that for each of the MLPAC con­

centrations studied, the settleability of the suspended sol ids in the 

contact-stabilization aeration tanks deteriorated with increasing sludge 

age. This observation cannot be attributed to the fractional PAC content 

of sludge solids since the same observation held true for. the 0 mg/1 MLPAC 

system. 

Another general observation was that PAC addition resulted in a marked 

increase in zone settling velocity when samples that were collected at one 

sludge age were compared. Furthermore, slud9e samples obtained from the 

1,960 mg/1 MLPAC system did not settle faster than samples obtained from 

the 980 mg/1 MLPAC system. This observation suggests that a moderate PAC 

content is sufficient to improve sludge settleability. 

The zone settling velocity curves for all the nitrification tank sludges 

were very similar to one nnnthP.r. This is not surprisin~ since all these 

systems were operated at one value of sludge age namely 40 day. It is 

important to note, however, that nitrification tank sludges were gelatinous 

in nature and they settled much slower than the granular sludge obtained 

from the contact and stabilization aeration tanks. 



Table 17 

lontac:t Aeration Tan~ Siud~e Zone Settling Velccity D.tta 

llc = 10 Day () c = 20 Day· Qc = 30 Day 

0 m·l/t 11LPAC seo mg/t MLP.\C 1 , 960 m,/£. HLPAC 0 rr.g/i ML'AC 980 mg/i MLPAC 1,960 mg/l ~u·Ac 0 nq(f. MLFAC 980 mg/1' 1·1LPAC 1,960 mg/C ~1LPAC 
Sd;npl r: R _s.~~~ S,lstem S•s tern S,lstem S~s tem S~sten ~ .J:!.f!!..__ __ 512__~ System 

1. *(5,551 ;2.66.) (39,670;3.48) ( 34 ,85(1 ;2. 26) ( 13,541 ;0.5o; ( 30.741; 1.48) (56,422;0.7;) (~ .~92;0.:3) ( 30,407 ;0. 75) [25,110;0.87) 

2 (4,900;2.86) (28,568;6.241 (25,12S;4.12) (12,703;0.75; (26,489;1.83) '(47 ,<:42;0.9.3) (8,071 ;O.fl) (23,424;1.05) 1( 20,496; 1 .27) 

3 (4,142;3.5') (19 ,687; 10.6 ~) 06. 70C•; 7 .06) ( 10, 777; 1.16: ( 20.294; 2 .60) ( 36,761 ; 1. 2;) (5,551 ;O.E6) (19,076;1.46) ·\17 ,263; 1.85) 

(2,67U;5.0~') (12,685; 14.2~') :8,994; 1.3Bl ( 17 ,319; 3.08) ( 28,682; 2. 3') (5.~1D;l.~l) ( 16,407; 1.88) ( 14 • 58'1 ; 2 . 16) 

5 :6.729; 1.86) (15,319;3.72) (24.765;3.5') (1,''5:1;1.18) (13,025;2.36) .: 12,737;2.81) 

6 :5, 703;2.4~1 (12,199;4.94) ( 16.466 ;4. 81) (3.9&5;2.42) ( 10,449 ;3.46) ·: 10 • 008 ; 3 . 60) 

:4,237;3.60) (9,941 ;7.00) (13,831;7.34} ( 2 '1!0~ ; 4. 40) (7 ,699; 5. 27) (7,551;5.!30) 

8 :2,924;5.58) (6,886;10.66) (9,225;10.01:)• (2,05ll ;5.E8) (4,949;8.41) ( 5. 224; 9. 26) 

•( The pair of nu·roers beb1een pue~theses repre~.ent the total ~us~ended solids concentration e>.press.~d! il ng/i. and the corresponding zone 
settling velocity expressed in m:h. 

..... 
C> 
0 



0 lll<J/f ~ILPAC 
~JE~~).c_!!. _____ .SY~.l."~'---

*(6,907; 1.14) 

2 (5,172;1.74)" 

5 

6 

8 

( 3,486; 3.0') 

( l,i43;6. H) 

'\ = 10 Day 

980 mg/C. MLPAC 
___ Sy _ _H.Q!<'..__ 

(45,062;2.23) 

( 32,820; 3.60) 

(22,640;6.45) 

(13,G45;9.88) 

Table. 18 

Stabilization Aeration Tank Sludge Zone Settling Velocity Data 

gc = 20 Day 

l,S60 mg/t MLPAC 0 mg/t fiLPAC 980 mg/t MLPAC 1 , 960 mg/ f. IMLPAC 
__jystem _sy~ __ S:t~ __jystem 

(~-1.407;0.84) (10,017;0.77) (39,647;0.58) (50 ,972 ;0. 37) 

(:;3,568;1. 74) (8, 165; 1.06) ( 32,889 ;0. 76) (43,244;0 65) 

(22,218;3.71) (7,011;1.22) ( 26,895; 1- 12) ( 35,174; 1 11) 

(- 3,637;6.48} (5,922;1.65) (22,964;1.57] (29,873;1 27) 

( 5,025.;2.02) (19,199;2.14} (25,381; 1 73) 

(4,059;3.17) (15,1E;2.67:• (19,670;2 78) 

(3,085;3.50) (13,786;4.75). ( 13,320;3 50) 

(2,475;4.04) ( 9.19 ~; 7- 56) (8,880;7 16) 

gc = 30 Day 

0 mq/ t 11LPAC 980 mg/ t I·II.PAC 1, 960 m~/ t 11LPAC 
_Sy2_~--'~''--- __ S.:t~_l_e!!!..__ _ __ sy_!;_t.f~~-

(9,068;0.21) (26,805;0.63) (29,504;0.65) 

(7,754;0.4fl) ( 21 • 386 ;0. 9 5) (25,00R;0.99) 

(6,220;1.13) (17,331 ;1.52) ( 20 ,975; 1.42) 

(5,263;1.28) (14,068;2.02) ( 1) ,136; 1. 77) 

(4,373;1.96) ( 11,771 ;2.41) ( 1 ~-. 34 7; 2. 30) 

(3,559;£'.34) (8,949;3.79) (12,212;3.14) 

(2,703;4.33) (6,339;5.62) (S ,220;5.00) 

( 1 ,890 ;i .44) (4,360;8.22) (6,678;7.07) 

*( The ~air of numbers between paren::heses represent the total suspended solids concentratio~ expressed .in mg/1', and the corresponding zone 
scttiing -,elocity <:xpressed in m/h. 

_, 
0 



Table 19 

Ni ~rification .1\eration Ta•k Sludge Zone Settling VrlocHy Data 

0 mg/C ~1LP3C 980 mg1! MLFAC 1,960 WJ/t MLPAC 
Sample il __ Sy_s_~£!'~- __ SY.~ _____iy~ 

2 

3 

5 

6 

8 

*(18,407;0-30) (23,336;0.47) (30,933;0.27) 

(13,256;0-59) (2'J,<R4; 1.1>2) ( 27 .6~3 ;0 .67) 

(7,937;1.71) (11,4-53;2.38) (15,535;1.28) 

( 3;766;4_75) (5,8:l7;6.!:7) (10,.136;2.68) 

( 3,4-38;9 .::6) (S,6H;5.30) 

9c =· 20 Day 

0 mg/ t t-LPAt 980 rng/t MLPAC 1,960 mg/t ~LPAC 
_ ._s~~- ____2.xs tem __ __ ~y_sle_!!_ __ 

!(13,996;D.24) (15,816;0.54) (15,506;0.19) 

!(l1,032;D.39) (12,765;0.95) (11,517;0.39) 

(9 .291 ;D.61) _( 10,899; 1. 20) ( 9,8-10 ;0. 53) 

(7,838;0.H) (9,142;1.73) (a,818;0.3o) 

(6,068;1.2:.!) (8,366;2.11) (7,360;0.~0) 

(5,013;1.7'} (6,292;4.o'1) (6,0l6;U9) 

(3,919;2.7;j (4,773;8.10) (4,5~2;2.39) 

(2,695;4.81)) (3,430;9.80) (2 ,930;4.55) 

9c = 30 Day 

0 nr:,/ t MtPAC 980 mg/f. MLPAC 1 ,960 mg/~ 1,960 
--=-~y_s~~.!;'ll_ __ -- ___ _2y~!.c!'.'- _·_. ___ Sy_s_t~~'----~ 

( 1-),971 ;0.22) (21,550;0.17) ( 15 ,907;0. 53j 

0,377;11.38) ( 18,2~1 ;0 .40) (13,030;0.92} 

(7.~·45;11.72) (1s.m;o.69l (11,227;1.20) 

(5,€-31 ;11.92) (12,697;1.13) (9,356; 1.54) 

(5,l87;1.34) (10,310;1.76) ( 7 ,268;<· .07) 

(4.~·13;1.98) (8,286;3.04) (6,166;3.12) 

(3,t37;3.29) (4,998;5.0E) (4,678;t.54) 

(2.352;,.90) (3,225;6.85) (3,218;6.28). 

•( The pair of nuo1ber.; t:Etween parenthes:s represent the to!al ;uspended solids concentntion expressed ··n m3/f, and .the correspcnding zone 
settling lo'E'locity e~pressec: in m/h. 

_, 
0 
N 
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F. Contact Aeration Detention Time Studies 

After the 30 day solids retention time study was completed, the effect 

of varying the contact aeration detention time on the performance of the 

contact-stabilization portion of the treatment system was studied. The 

contact-stabilization data generated from the 30 day sludge age study were 

used to represent the performance of the system when a 1 day contact period 

was used. Two other contact detention times of 2/3 day and l/3 day were 

also studied. To maintain these new contact detention times, the contact 

aeration volume was simply reduced from 15.81 liters to 10 liters Yielding 

a contact aeration detention time of approximately 16 hours. The 8 hour 

contact aeration detention time was achieved by further reducing the liquid 

volume of the contact tank to 5 liters. The sludge age throughout the 

duration of this study was maintained ~t 30 days. Solids wastage was 

practiced once daily. The PAC carbon addition rates were 0, 67, and 133 

mg/1 for systems 1, 2, and 3, respectively. These carbon addition rates 

were the same as those employed in the 30 day sludge age, one day contact 

aeration time study. The MLPAC concentrations in the aeration tanks 

increased from the levels used during the 1 day contact aeration detention 

time study due to the changes in the volume of the contact tank. The 

steady-state MLPAC concentrations are given in Tables 20-22. 

The nitrification units of the three systems were disconnected once 

the 2/3 day contact aeration time study was underway. The objective of 

this study was to determine the effect of the contact aeration time on 

the performance of the contact-stabilization portion of the treatment 

system. 



Table 20 

Suspenoed Solids Ce>ncentration in Treatment Syste"ns, Qc = 3C l)ay, Q = 1 Day 

0 m~'l PAC S~stem 6? mgfl PAC :S~sterr 133 m5JJ l_fll_~·s te!'l_ 

TSS(ng/t) V~-S{mg/~) % vss TSS{mg,'l) VSS(mg/l) % vss PJIC(mg/L) TSS(mg/l) · VSS{111g./ e) .% vss PAC(mg/.?) 
---- ------ -----

Co1tact Tank 1,082 20i} 957{15f) 88.45 1,822(3' 1) 1,120{246) 61 Jfl 62: 2,796(284) 1,339(334) 47.89 1,228 

St~bi1iz~tion Tank 2,43J:343) ~.104(24C•) 86.58 :!,878(2~3) . 2,172(245) 56.(1 1 ,33:: 6,131(432} 3,197{~53) 52,14 2,692 

Contact Clarifier ~ 
Effl u~nt zs:sl 12(2) 40.14 37.1) 20(6) 53.€6 71(41) 36(20) 50.99 Cl 

~ 

) Quantity I~ parenthes~s reJ:re;ents st.andard dev'iation. 



Tab\e 21 

Suspended Solids Concentration 1n TreatJnent S.ystems,.·gc = 30 Oay, 9 = 2/3 Day 

Contact Tank 

Stabilization lank 

Contact Clarifier 
Hfl ucnt 

0 mgLf PAC S~stem 

TSS(mg/t) IJSS(mg/t) 

1 ,527( 79) 1,420(69) 

2,148(401) 1,962(348) 

62(15) 61 (17) 

% VSS. TSS(mg/t) 

92.99 2,863(588) 

91.34 4,335(522) 

98.38 37(7) 

Quantit~ in parentheses represents standard deviation. 

67 mg{t PAC S~stem 

VSS(mg/t) % vss PA:(mg/t) TSS(mg/() 
----

2,325(472) 81.21 915 3,963(298) 

2,868(195) 66.16 1 ,385 7 ,444(910)' 

33(5) 89.19 76(35) 

133__!:!9/( PAC S.1_5_!~-:---

'ISS(mg/.e.} % VSS PAC(rng/f) 
---
2,555(114) 64.47 1 ,564'. 

5,194(170) 69.77 2,938 

63(28) 82.89 

...... 
0 
01 



Table 22 

Su~pendetl S·llids Con•:e11tration in Treatment ~ystems, Qc = 30 C•ay, g = '/3 Day 

Contact Tank 

St•bi1ization Tan~ 

Contact Ci~rifier 
[ff1 uenc. 

!j7 mgt.t PAC Systm. ____ _ 

TSS(mg/t) VSS(mg/~.) % VSS TSS(mg;.t) VSS(mg/.t) % YSS PAC(mg,..t) 

1,533(16£)· 1,408(15') 91.85 Z..912(359) 2,22G(141) 76.~ 96l 

2,e48(102) 2.~80(86: 90.59 5,010(6.1) 3,689(.44) 73.1!1 1,65~ 

43(13) 37(10: 86.05 59CS:• 4S(3) 76.Z7 

) Qua11tity in parentheses rep:-esents stc:ndard devia:bn. 

TS~(n9/l) 

4,5S2)70) 

7 ,4(7: 1359) 

•n> 

133 _m_gJ.I...f!\D_lliem 

VSS(mg/e) % vss PAC(mg/L) 
----
3,037(1156) 66.14 2,03E 

4,931 (242) 66.57 3,284 

72(7) 91.14 
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l. Chemical Oxygen Demand and Dissolved Organic Carbon 

The performance data of the three treatment systems relative to COD 

and DOC reduction are shown in Figures 27-32. The numerical values of 

these parameters averaged over several weeks of stable operating conditions 

are given in Table 23. 

When the contact aeration detention time was reduced from l day to 

2/3 day the 0 mg/1 PAC system showed a considerable reduction in COD and 

DOC removal efficiency. The COD of the influent increased significantly 

when the contact aeration time was changed due to an error in wastewater 

dilution. The effect of this shock load was most pronounced on the 0 mg/1 

PAC system. The contact clarifier effluent COD and DOC concentrations from 

this system increased sharply when the shock load was introduced. When the 

error in wastewater dilution was corrected, however, the performance of the 

0 mg/1 PAC system improved. The final level of system performance, however, 

was considerably poorer than that found when the system was operated at the 

l day contact detention time. The systems receivin9 PAC, on the other hand, 

experienced only slight decreases in COD and DOC reduction as a result of 

the shock loading period. After the feed wastewater strength was corrected, 

both systems recovered rapidly and finally settled at COD and DOC rPmoval 

efficiencies that were only slightly lower than the corresponding removal 

efficiencies obtained during the l day contact aeration time study. The 

67 mg/1 PAC and 133 rng/1 systems were found to handle the shock loading 

condition and the change in the contact detention time more effectively 

than the system receiving no PAC. 

When the detention time in the contact aeratinn tank was further 

reduced to l/3 day the systems receiving PAC exhibited only slight decreases 
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in their COD and DOC removal efficiencies. The 0 mg/1 PAC system, on the 

other hand, showed a surprising increase in its ability to reduce COD and 

DOC. The performance of this system in terms of COD and DOC reduction was 

the highest found for the three 0 mg/1 PAC contact detention times studied. 

Unfortunately, due to time limitation and to the exhaustion of the coke­

oven wastewater supply, the study was terminated at the conclusion of the 

8 hour contact detention time study experiments. No definite reasons for 

the sudden improvement in the performance. of the 0 mg/1 PAC system are 

available at present. However, close examination of the operating data 

seems to suggest the possibility of microbial stimulation during the shock 

loading period. 

The COD and DOC removal efficienci~s exhibited by the 67 mg/1 and 

133 mg/1 PAC systems were substantially higher than the corresponding 

removal efficiencies obtained from the system receiving no PAC. The oper­

ating characteristics of the PAC receiving systems were also more stable 

than those observed for the 0 mg/1 PAC unit. 

2. Ammonia, Cyanide, and.Thiocyanate 

The ammonia, cyanide, and thiocyanate profiles across the three treat­

ment systems obtained during the contact aeration time studies are shown in 

Figures 33-41. The net degree of ammonia reduction obtained in the three 

systems were minimal as is obvious from Figures 33-35. The numerical values 

of the cyanide and thiocyanate concentrations entering and leaving the 

treatment systems were averaged over periods of stable operation and are 

given in Table 24. 
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Table 24 

Effect of Contact Detention Time on Cyanide and Thiocyanate RedUction, Qc = 30 Day 

0 mg[ i PAC Sl'S tem 67 mg/i PAC S~stem 133 mq!J_..f.~C_,~J_te!"_ ------- ...... _____ 
g = 1 Day Q = 2/3 Oily Q =. 1/3 Day .g =·1 Day g = 2/3 Day Q = l/3 Day Q = I Day 9 = 2/3 Day g = 1/3. Day 

- SCN- - SCN- .. -·· ··--··-- ··-···· 
Ctl SCN w CN CN SCN CN SCN :N SCN CN SCN Cll scu Ctl SC11 

.J1'9l.L ...!!!9.LL ....!!!9LL ...!!!9.LL ~ ....!!!9.LL ~ ...!!!9.LL ...!E!J!..L ...!!::'JI.L ...!E5J!..1_ ~ ...!!!9.LL ....!!!9LL ....!!!9LL _...!1'.9/_l_ .!'~~/_f_ . "'-~/.f 

Influent 574(23) 306(3) 405(52) 296(27) 421( 46) 308(23) 574(23) 306(3) 405(52) 296(27) 4121(46) 308(23) 574(23) 306(3) 405(52) 296(27) 421 (4&) 30P.(23)~ 

Contact C~arifier 146(22) 187( 17) 269(31) 297(36) 19(13) . 43(30) 8(5) 36(7) 11 (B) 24(24) 18(9) 40(6) 9(8) 39(30) 28( 13) 77(46.) 23(12) 52(9) (J'1 
E ff1uent 74 .56"!'. 38.89% 33.58% -0.34% 95.48'£ 86.04% 98.6D'l'. 88.23% 97.28'% 91.89% 95.721. 87 .Ol:t 98 .43l 37.25:l 93.091. 73.99::: 94.54;: 83.12 

Stabil i rer Tank 132(3) 256(31) 221 (70)· 309(14) 6(6) 6(4) 5(2) 18(25) 5(1) 4(3) 3(1) 4(4) 6(4) 19( 11) 5(1) 3(3) 4(2) 7(9) 
11 .oo;; 16.34% ·45.43% -4.39% 98.56% 98.05% 99.13% 94.12% 98.76~ 98.65~ ~ 19. 29% 98.70% 99 .13;, 93.79% 98.76% 98. 99~ 99 .o5:: 97.73 

-:>Lantity in parentheses represents standard deviat;on. 

PE-rcent removal. · 
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The effect of decreasing the contact detention time on the reduction 

of cyanide and thiocyanate is similar to the effects observed on the COD 

and DOC reduction efficiencies. The 0 mg/1 PAC system experienced a sub­

stantial decrease in the.cyanide removal efficiency when the contact time 

was decreased to 16 hours. The effect of the shock load period on the 

cyanide removal efficiency of the 0 mg/1 PAC system was very pronounced. 

The concentration of cyanide in the effluent from that system increased 

almost instantaneously to approximately the feed levels. However, when 

the influent concentration of cyanide was lowered, the system began to 

recover. The effects of both the shock load and change in contact deten­

tion time were even more severe when evaluated in terms of thiocyanate 

reduction. There was virtually no thiocyanate oxidation in the 0 mg/1 PAC 

system during the whole duration of the 16 hour contact detention time 

study. The systems exhibited only mild decreases in their cyanide and 

thiocyanate removal efficiency when the contact detention time was reduced 

from 1 day down to 2/3 day. 

Further reduction in the contact detention time to l/3 day seemed to 

have little effect on the removal efficiency of cyanide and thiocyanate 

in the 67 mg/1 PAC and 133 mg/1 PAC systems. However, the improved per­

form~nce of the 0 mg/1 PAC system that was observed when the contact 

aeration detention time was reduced to 1/3 day is not explainable. 

3. Su~ ~emleu Su 1 'ills 

The concentrations of suspended solids maintained in the aeration tanks 

were averaged over several weeks of stable operating conditions for the 1, 

2/3, and l/3 day contact aeration time. These averaged values are given 

in Tables 20-22. An increase in solids concentration was observed in the 
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contact aeration tanks of all systems when the contact aeration detention 

time was decreased. This increased concentration of suspended solids is 

a direct result of the decrease in the total aeration volume of each system. 

Suspended solids were regularly monitored in order to permit strict sludge 

age control. 
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V - SUMMARY AND CONCLUSIONS 

Coal conversion wastewaters have traditionally been treated using the 

extended aeration activated s·ludge process. This treatment process is 

usually very energy intensive due to the use of lengthy aeration detention 

times and excessively lo~g solids retention times. The powdered activated 

carbon contact-stabilization process was proposed as-an alternative treat-

ment system designed to reduce thP. total aeration detention time and r~sult 

in better effluent quality. 

Three identical treatment process train3 were constructed. Each syst~nt 

consisted of a contact aeration tank that received the coke-oven wastewater 

flow, a powdered activated carbon (PAC) slurry, and the return sludoe from 

the stabi"iization tank. The effluent from the contact tank was clarified 

in a settling tank. The .underflow from the settling tank was returned to 

the stabilization tank while the clarified effluent was gravity fed to a 

nitrification activated sludge system. The nitrified effluent was 

subsequently fed to an anoxic methanol-fed denitrification column. 

The effectiveness of the three systems in treating coke-oven wastewater 

was evaluated using 30 percent strength wastewater. At that dilution, the 

average concentrations of chemical oxygen demand (COD), dissolved organic 

carbon (DOC), ammonia-nitrogen, cyanide and thiocyanate were 1.240. 365. 

995, 630, and 345 mg/1. respectively. 

During thr first pe1ftiod of study ttt~. Lhr·ee treatment systems were 

acclimated to the coke-oven wastewater. These units were subsequently 

used to determine the effect on treatment efficiency of the solids reten­

tion time and the mi~ed liquor powdered activated carbon (MLPAC) concen- , 

tration maintained in the contact stabilization portion of each system. 
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During this evaluation hydraulic detention times in the contact, stabili­

zation, and nitrification aeration tanks were maintained constant at 1 .02, 

1.77 and 1.2 days, respectively. The hydraulic detention time in the 

stabilization tank was computed using the sludge return flow.rate. MLPAC 

levels of 0, 980 and 1,960 mg/1 were maintained in the contact-stabilization 

portion of the respective units throughout this part of the study, while 

solids retention times of 10, 20 and 30 days were tested in each of the 

units. The nitrification systems were all maintained at 40 day solids 

retention times. 

The system receiving no PAC exhibited its best performance at the 

10 day solids retention time, while its poorest performance was obtained 

during the 30 day solids retention time study. This phenomenon suggested 

that some inhibitory and poorly or nondegradable material present in the· 

wastewater must have accumulated in the contact-stabilization system. Con­

sequently, increased solids retention time resulted in a buildup of con­

centration of the toxin, and hence poorer performance resulted. The per­

formance of the 1 ,960 mg/1 MLPAC system, ·on the other hand, improved markedly 

with increasing solids retention time. This observation suggests that the 

toxin discussed earlier must be adsorbable on PAC a~d thus improved 

performance was possible when the solids retention time was increased. 

In summary, the best overall treatment efficiency was obtained from 

the 1,960 mg/1 MLPAC system when this unit was operated at the 30 day 

solids retention time. The performance of this unit was judged superior 

in terms of COD, DOC, ammonia, cyanide and thiocyanate removal efficiency, 

as well as with respect to system or performance stability. It is inter­

esting to note that th~ .fresh PAC addition rate to this system that was 
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needed to maintain a MLPAC concentration of 1,960 during the 30 day solids 

retention time study was less than the rates required when lower solids 

retention times were maintained in this system. This observation suggests 

that as long as a minimum PAC addition level which sufficiently adsorbed 

the toxins was employed, the benefits reaped from increased sludge age 

outweighed those associated with the availability of higher adsorptive 

capacities. 

Outing the latter part ot the project period, the effect of the 

detention time maintained in the contact aeration tank on the performance 

of the contact-stabilization system was evaluated. Contact detention 

times of 1 day, 2/3 day and l/3 day were tested while the solids retention 

times in the three systems were maintained at 30 days. Reducing the 

hydraulic detention time in the contact aeration tanks from 1 day to 2/3 

qnd 1/3 day did not adversely affect the performance of the two contact­

stabilization systems receiving PAC. However, this reduced contact aera­

tion volume appeared to induce. increased instability in the performance of 

the unit receiving no PAC. It is significant that reducing the contact 

retention time to l/3 the original value did not si~nificantly chan~e the 

performance of the systems. Optimization of this section of the system 

will result in the biggest advantage of this process since the contact 

aeration tank handles a larger flow volume than the stabilization aeration 

tank. Further reduction in the contact detention time may be possible 

since there was no real change in effluent quality when the detention time 

was reduced to l/3 day. 
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