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One of the most significant long-term trends affecting the future vitality of the petroleum industry is the 
public's concerns about the environment, health and safety. Recognizing this trend, API member 
companies have developed a positive, forward-looking strategy called STEP: Strategies for Today's 
Environmental Partnership. This initiative aims to build understanding and credibility with stakeholders by 
continually improving our industry's environmental, health and safety performance; documenting 
performance; and communicating with the public. 

API ENVIRONMENTAL MISSION AND GUIDING ENVIRONMENTAL PRINCIPLES 

The members of the American Petroleum Institute are dedicated to continuous efforts to improve the 
compatibility of our operations with the environment while economically developing energy resources and 
supplying high quality products and services to consumers. We recognize our responsibility to work with 
the public, the government, and others to develop and to use natural resources in an environmentally 
sound manner while protecting the health and safety of our employees and the public. To meet these 
responsibilities, API members pledge to manage our businesses according to the following principles using 
sound science to prioritize risks and to implement cost-effective management practices: 

4 To recognize and to respond to community concerns about our raw materials, products and 
operations. 

4 To operate our plants and facilities, and to handle our raw materials and products in a manner 
that protects the environment, and the safety and health of our employees and the public. 

4 To make safety, health and environmental considerations a priority in our planning, and our 
development of new products and processes. 

9 To advise promptly, appropriate officials, employees, customers and the public of information 
on significant industry-related safety, health and environmental hazards, and to recommend 
protective measures. 

9 To counsel customers, transporters and others in the safe use, transportation and disposal of 
our raw materials, products and waste materials. 

9 To economically develop and produce natural resources and to conserve those resources by 
using energy efficiently. 

9 To extend knowledge by conducting or supporting research on the safety, health and 
environmental effects of our raw materials, products, processes and waste materials. 

9 To commit to reduce overall emission and waste generation. 

9 To work with others to resolve problems created by handling and disposal of hazardous 
substances from our operations. 

9 To participate with government and others in creating responsible laws, regulations and 
standards to safeguard the community, workplace and environment. 

9 To promote these principies and practices by sharing experiences and offering assistance to 
others who produce, handle, use, transport or dispose of similar raw materials, petroleum 
products and wastes. 
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FOREWORD 

API PUBLICATIONS NECESSARILY ADDRESS PROBLEMS OF A GENERAL 
NATURE. WITH RESPECT TO PARTICULAR CIRCUMSTANCES, LOCAL, STATE, 
AND FEDERAL LAWS AND REGULATIONS SHOULD BE REVIEWED. 

API IS NOT UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS, W A C -  
TURERS, OR SUPPLIERS TO WARN AND PROPERLY TRAIN AND EQUIP THEIR '. 
EMPLOYEES, AND OTHERS EXPOSED, CONCERNING HEALTH AND SAFETY 
RISKS AND PRECAUTIONS, NOR UNDERTAKING "ER OBLIGATIONS UNDER 
LOCAL, STATE, OR FEDERAL LAWS. 

NOTHING CONTAINED IN ANY API PUBLICATION IS TO BE CONSTRUED AS 
GRANTING ANY RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE MANU- 
FACTURE, SALE, OR USE OF ANY METHOD, APPARATUS, OR PRODUCT COV- 
ERED BY LETïERS PATENT. NEITHER SHOULD ANYTHING CONTAINED IN 

ITY FOR INFRINGEMENT OF LEITERS P A m .  
THE PUBLICATION BE CONSTRUED AS INSURING ANYONE AGAINST LIABIL- 

All rights reserved. No parr of this work may be reproduced, stored in a retrieval system or transmitted by any 
mans.  electronic, mechanical, photocopying, recording, or otherwise. without prior written permission from the 

pubiishei: Contact the publisher. APl Publishing Services, 1220 L Srreer. N. W, Washington, D. C. 20005. 

Copyright Q 1997 American Petroleum Institute 
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PREFACE 

The American Petroleum Institute (APO, through its Marketing Terminal Effluent Task 

Force, has been conducting a multi-year research program to evaluate and idenw 

practical and environmentally sound technology options for handling and treating waters 

generated at petroleum product disttibution terminals. The results of this program axe 

intended to provide industry and regulatory agencies with technical information to make 

informed decisions on appropriate alternatives for individual teminal facilities. 

The Task Force has sponsored and published a significant amount of work in prior years 

on handling and treating terminal waters. The work contained in this report focuses on 

higher volume, low Contamination waters, including those containing an oxygenated 

compound used in motor gasoline, namely methyl tert-butyl ether (MTBE). In this study, 

low contamination terminal waters, mostiy groundwater, containing benzene, toluene, 

ethylbenzene and xylene (BTEX) and MTBE were tested in three pilot sized units-two 

biological systems and one chemical oxidation system-at a terminal. The results of the 

pilot test work showed that all systems were able to remove at least 95% of the MTBE 

and BTEX in the feed waters at the few ppm level (0.5-10 mg/L) to low effluent 

concentrations, less than 100 ppb. 

The study concluded that any of the three systems could be applied to a terminal, if 

needed. The choice of a particular type of technology, a fluidized bed biological reactor 

(FBBR), an activated sludge type biological treatment system, or a combined ultraviolet 

light (VV) and hydrogen peroxide (H202) chemical oxidation system would depend on a 

life-cycle economics evaluation, expected time span needed for treatment (temporary vs. 

permanent treatment or remediation project), specific wastewater contamination, and 

operating staff capabilities at the individual terminal. 

Prior studies sponsored by the Task Force have shown that operations and water 

characteristics at distnbution terminals can vary significantly, as do regulatory 
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requirements in different geographical jurisdictions. Hence, it is recommended that 

terminal operators or engineers carefully review the terminai water characteristics and 
regulatory requirements for each facility before designing or installing treatment 

equipment. Also, other options such as pretreatment and discharge of waters to Publically 

Owned Treatment Works (POTWs), use of packaged, mobile units for temporary 

treatment needs, and integration of treatment with other existing petroleum or chemical 

facilities should be considered versus installation of equipment at the terminais. Other 

technologies, such as activated carbon adsorption and heated water/air stripping, should 

also be considered in addition to the treatment technologies tested in this research 

program. 

The Task Force greatly acknowledges and appreciates the fine work performed by Shell 

Development Company, Houston, Texas in conducting this comprehensive and 

challenging technical study. In particular, we appreciate the dedication and expertise of 
Drs. W.T. Tang and P.T. Sun in completing this work. 
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ABSTRACT 

A ploddemonstration study was conducted on three treatment technologies-the fluidized 

bed biological reactor (FBBR) process, the activated sludge process incorporated with 

iron flocculation, and the ultraviolet light-hydrogen peroxide (UV-H202) process-to 

evaluate their effectiveness in the treatment of petroleum marketing terminal wastewater 

contaminated with methyl tert-butyl ether (MTBE). Contaminated groundwater was the 

primary constituent of the wastewater, which contained 3 to 4 mg/L of benzene, toluene, 

xylenes, and ethylbenzene (BTEX). MTBE in the wastewater varied from 0.5 to 10 m a .  

Ali three technologies were shown to consistentïy remove BTEX (>99%) from this 

wastewater. Consequently, the study focused on the MTBE degradation kinetics. For the 

FBBR process, a start-up period of 3 to 4 weeks was necessary to build up sufficient 

MTBE degraders to exhibit effective MTBE biodegradation. Removal of MTBE to less 

than 100 pgL was demonstrated in the FBBR for a MTBE volumetric loading rate of up 

to 40 mg per liter of reactor volume per day. 

For the activated sludge process, incorporation of iron flocculation in the process 

enhanced the retention of biomass and ailowed the system to sustain excellent MTBE 

biodegradation at a hydraulic detention time of three (3) hours. An effluent of less than 

100 pgL MTBE was achieved in the activated sludge system at a MTBE loading rate of 

10 mg per liter of reactor volume per day. 

The UV-H202 process was capable of degrading MTBE under high MTBE loading rates: 

using a photoreactor equipped with three 10-kW W lamps, less than 100 pg/L MTBE in 

the effluent was achieved for a MTBE loading rate of 4800 mg/Uday. There was only a 

small reduction in the total organic carbon through the W-H202 process, indicating that 

the organics were not completely oxidized to C a .  In the presence of ferrous iron in the 

wastewater, lowering the pH to 3.5 enhanced the degradation efficiency of the üV-H202 
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process by increasing the hydroxyl radical generation through Fenton’s reaction, and 

eliminated hydroxyl radical scavengers (carbonatebicarbonate ions). 

In summary, this study demonstrated that all three technologies can be applied at 

petroleum marketing terminals for the treatment of MTBE contaminated wastewater. 

Process selection depends on various factors, such as the wastewater flow, MTBE 

concentration in-and-out of the process, the concentrations of other relevant compounds 

in the wastewater, the estimated life span of the treatment required and the availability of 

competent operating man-power at the site. 

In general, for the feed conditions evaluated, none of the technologies, when applied 

alone, will consistently and reliably meet effluent limits below about 100 pgiL. Some of 

the technologies exhibit significant operability concerns, especially slow response to 

upsets. In addition, development of cost data was not included in the scope of this study, 

thus no conclusions were drawn about the practicaiity of these technologies. Future 
application of these technologies for MTBE removal will have to take these factors into 

consideration. 

_. 
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EXECUTIVE SUMMARY 

The wastewater generated in a petroleum marketing terminai can generally be divided into two 

categories: the high-concentration-low-flow tank water bottoms and the low-concentration-high- 

flow contaminated groundwater and runoff. These wastewaters are contaminated with different 

levels of gasoline components including benzene, toluene, ethylbenzene, and xylenes (BTEX); 

gasoline additives such as methyl tert-butyl ether (MTBE); and inorganics. MTBE is added to 

gasoline as an oxygenate to reduce automobile tailpipe emission of carbon monoxide and 

hydrocarbons. MTBE has been shown to be more soluble in water, less strippable, less 

adsorbable, and more difficult to biodegrade than BTEX, and presents a significant challenge 

fiom a wastewater treatment standpoint. 

This project investigates the feasibility of different treatment technologies for removal of BTEX 

and MTE3E in low-concentration-high-flow marketing terminal wastewaters. Treatment 

technologies for MTBE removal include activated carbon adsorption, steam stripping, air 

stripping with and without off-gas control, air stripping at elevated temperature, biological 

processes, and advanced oxidation processes. Among these treatment technologies, much 

information has been available for the activated carbon adsorption and air stripping processes. 

This current study focuses on evaluating the effectiveness of MTBE removal in two biological 

processes-the fluidized bed biological reactor (FBBR) process and the activated sludge process, 

and a chemical process-the W-H202 process. 

The study was conducted at a petroleum product marketing terminai. Contaminated groundwater 

for that terminal made up the primary component of the wastewater used in the study. The 

wastewater contained about 3-4 mg/L BTEX and 0.5 mg/L MTBE. Additional MTBE was in 

some cases injected into the feed to vary the influent feed MTBE concentration. 

In the FBBR study a 190-gallon reactor was used. It was filled with fluidized granular carbon 

particles on which bacteria could grow. The FBBR required a long startup time to build up a 

sufficient population of the MTBE degraders to exhibit effective MTBE biodegradation even 
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with an initial inoculation of a large quantity of the MTBE degrading mixed culture. The very 

slow buildup of the MTBE degrading bacteria in the FBBR was believed to result from the iron 

interference and the low temperature of the groundwater. Iron hydroxide deposited on carbon 

particles tended to flocculate the biomass. As the iron flocs sloughed off of carbon particles and 

elutriated out of the FBBR, loss of biomass from the FBBR resulted, thus slowing down the 

attachment of the culture. However, once the MTBE degraders were retained in the FBBR, the 

FBBR exhibited consistent MTBE removal and excellent stability against process upset. in lieu 

of the long startup time under field conditions, pre-immobilization of a large population of 

MTBE degraders onto the carbon particles before startup could be a viable alternative to ensure 

the success of the FBBR process for MTBE treatment. 

This study demonstrated that removal of MTBE to less than 100 pgL in the FBBR effluent could 

be achieved with a MTBE loading rate of approximately 40 mg MTBE/L-reactor/day. It is likely 

that the FBBR can handle higher MTBE loadings if sufilCient time is allowed for the FBBR to 

accumulate enough of an MTBE degrader population. 

In the activated sludge process, incorporation of iron flocculation in the activated sludge 

operation helped retain the MTBE degraders in the system. As a result, very good MTBE 

degradation and effluent quality can be achieved in the activated sludge system even at an 

influent biochemical oxygen demand (BOD) concentration as low as 11 m a .  The removal of 

MTBE in the activated sludge system was largely due to biodegradation. Loss of MTBE through 

volatilization was determined to be oniy 0.5 to 9% of the influent MTBE loading. Based on the 

test data, an effluent of less than 100 pg/L MTBE could be achieved with a MTBE loading rate 

of less than 1 O mg/day/l-reactor. This loading rate was considered a conservative value for 

sizing the MTBE biodegradation capacity in an activated sludge system. Overall, the activated 

sludge system does not possess as high a biomass concentration as the FBBR, and therefore 

requires a larger reactor to handle the same MTBE loading. The activated sludge system was 

also more prone to process upset than the attached film process used in the FBBR, and recovered 

at a slower pace. However, the activated sludge process could be started up (or re-started) rather 
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easily as compared to the FBBR, which was shown to be delayed by low temperature and iron 

interference. 

The UV-H202 process was capable of effectively degrading MTBE and other gasoline 

hydrocarbons under high MTBE and organic loading rates. Using a photoreactor equipped with 

three 1 O-kW W lamps, less than 1 O0 pg/L MTBE in the effluent could be achieved for a MTBE 

loading rate of up to 4800 ma-reactorlday. The hydraulic retention time used in the study 

ranged fiom 3 to 8 minutes. Despite its high degradation rate, there was only a small reduction in 

the total organic carbon through the W-H202 process, indicating that most of the organic 

contaminants were not oxidized to COZ. The by-products were likely to be alcohols, aldehydes 

and ketones. The aquatic toxicity of the treated effluent from the W-H202 process was not 

addressed in this study, but should be carefully examined when choosing this technology. 

The contaminated groundwater contained naîurally occurring soluble iron. The soluble iron 

would compete with the target organic compounds for hydroxyl radicals rendering the process 

less effective. In addition, once iron was oxidized, it formed iron hydroxide flocs which 

adsorbed and scattered the W light. Fouling of the W lamp quartz sheath by iron deposition 

could also occur. Therefore, presence of iron in the feed water would significantly reduce the 

degradation efficiency of the W-H202 process under neutral pH condition, and the W-H202 

process should incorporate an iron removal pretreatment step. However, if the pH of the feed 

water was lowered to 3.5 or less, the generation of hydroxyl radicals through Fenton’s reaction 

was increased and the hydroxyl radical scavengers such as bicarbonate and carbonate were 

eliminated. As a result, the overall degradation efficiency of the W-H202 process was 

significantly increased. The degradation of organic contaminants in the W-H202 process 

involves complex chain reactions, of which most of the kinetic information is not known. 

Prediction of the reaction results will be difficult, and laboratory andlor pilot testing is strongly 

recommended before selecting the process and sizing of the equipment. 
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This study provided some engineering design data, such as &O (energy consumed for 90% 

reduction of a targeted compound) and H202 consumption under different operating conditions, 

which may be used in the first-pass screening process for process selection. 

In addition to the technologies considered in this study, several groundwater treatment techniques 

have been used to remove MTBE. They are carbon adsorption, steam stripping, and air stripping 

with and without heating the water (off gas control may or may not be required). Which 

technique to use for a specific wastewater treatment case depends on the following factors: water 

flow, MTBE concentration, MTBE discharge limit, off gas clean up requirement, other 

components in the wastewater (such as total organic concentration andor iron content), the 

estimated duration of the treatment project, the variation of MTBE concentration during the 

pump-and-treat process, the available time for startup, and the availability of man power on-site. 

The treatment technology selection is a very complicated process and should be dealt with on a 

case-by-case basis. Nevertheless, general guidance can be provided based on knowledge gained 

from the study and from past experience. The following figure provides a screening guide for 

treatment technology selection based on cost and limitations of each process. The idormation 

provided in this figure is fiom general working knowledge and experience, and should not be 

used as a design tool. 
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Section 1 

INTRODUCTION 

The wastewater generated in a petroleum marketing terminal can generally be divided into 

two categories: the high-concentration-low-flow tank water bottoms and the low- 

concentration-high-flow contaminated groundwater and runoff. These wastewaters are 

contaminated with different levels of gasoline components including benzene, toluene, and 

xylenes; gasoline additives such as methyl tea-butyl ether (MTBE); and inorganics. 

MTBE is added to gasoline as an oxygenate to help reduce automobile tailpipe emission of 

carbon monoxide and hydrocarbons. Among the organic contaminants, MTBE presents 

the greatest technical challenge from a treatment standpoint. 

The use of MTBE in gasoline blending has increkd significantly because of the recent 

mandate by the Clean Air Act Amendments of 1993 to increase the oxygenate content in 

gasoline products. MTBE has a moderately high solubility in water, approximately 50,000 

mgL at 25 OC. Consequently, high levels of MTBE are often detected in wastewater or 

runoff water that has been in contact with gasoline products. For example, the MTBE 

concentration in tank bottoms is in the range of several thousand mg/L. In groundwater 

or runoff water contaminated with gasoline, MTBE at the level of several hundred mg/L 

has been detected. 

Current regulation on MTBE concentration in gasoline contaminated wastewater from 

marketing terminais varies with location. The office of Water of the Environmental 

Protection Agency is currently developing a drinking water health advisory for MTBE in 

drinking water. Several states have set guidelines to regulate MTBE concentration in the 

groundwater discharge permit, ranging from 50 to 1000 pg/L. In some states, even 

though MTBE may not be regulated in the discharge permit for treated terminal 

wastewater, a discharge limit on the total volatile organic concentration (VOC) is usually 

specified at 100 pg/L. Since MTBE is detected in the VOC measurement, and since it is 
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more difficult to remove than the other components from gasoline contaminated water, 

MTBE is essentially the governing factor regulated under this blanket VOC h i t .  

MI’S Marketing Terminal Effluent Task Force has sponsored extensive research on the 

treatment of low-volume-high-concentration tank water bottoms (Voung et al., 1993). 

Although the treatment processes evaluated have been successful in meeting certain 

treatment goals, these treatment processes cannot be readily adapted to the treatment of 

the high-volume-low-strength wastewaters, particularly when the wastewater contains 

MTBE. In 1991, API conducted another study to evaluate cost-effective, alternative 

treatment technologies for reducing the concentrations of MTBE and methanol in 

groundwater ( N I ,  1991). The study evaluated five technologies: air stripping (with off- 

gas carbon adsorption or off-gas incineration), steam stripping, diffused aeration, 

biological treatment, and UV-catalyzed oxidation. Cost estimates showed that UV- 

catalyzed oxidation, air stripping with off-gas incineration, and air stripping with off-gas 

carbon adsorption were the most cost-effective of the MTBE treatment technologies 

considered. Most of the data used in this report were denved using some laboratory 

evaluations and theoretical calculation. Although a biological katment option was 

evaluated, it was judged to be one of the most expensive options, in part because 

conservative design parameters were used. 

Biodegradation of MTBE has since been demonstrated to be feasible, and hence, the API 

Marketing Terminal Effluent Task Force sponsored this current project to conduct field 

demonstration research to evaluate both biological and non-biological MTBE treatment 

processes for high-volume-low-concentration marketing terminal wastewaters. The 

biological treatment processes evaluated in this study included the fluidized bed biological 

process and the activated sludge process. The UV-hydrogen peroxide process was the 

non-biological process tested in this study. This study focuses primarily on assessing the 

capacity and the effectiveness of the biological and UV-peroxide processes on MTBE 

removal under different processing and operating conditions. The data obtained from this 
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study would provide guidelines on the selection and design of an appropriate MTBE 
treatment system. 

This report documents, in separate sections, the experience and data acquired from the 

field tests of both the biological and non-biological treatment processes. Extensive 

literature review on various treatment technologies applicable to MTBE degradation has 

been provided in previously published API reports and will not be repeated here. 

However, relevant new literature information is included for discussion when appropriate. 
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SECTION 2 

FLUIDIZED BED BIOLOGICAL PROCESSES 

A. Introduction 

Salanitro et al. (1994) fust isolated a mixed culture that could degrade MTBE as sole 

carbon source. In their experiments, biodegradation of MTBE was clearly observed in an 

activated sludge process employing a mixed culture and receiving multiple organic 

substrates, including MTBE. They observed a few interesting characteristics of the mixed 

culture: (1) The MTBE degraders had a slow growth rate, and the MTBE biodegradation 

activity in the activated sludge system deteriorated if the sludge age was less than 30 days. 

(2) The MTBE biodegradation in an activated sludge system appeared to be susceptible to 

external disturbances, occasionally, the biodegradation efficiency of MTBE partially 

deteriorated for reasons not identified. (3) A pure culture of MTBE degrader could not 

be isolated. Since the MTBE biodegradation in this study was carried out using a mixed 

culture and multiple organic substrates, it was speculated that MTBE biodegradation 

might result from Co-metabolism. 

For the biological treatment of MTBE to be a viable process, the vulnerability of the 

MTBE degraders to the external disturbances needs to be further diminished. An attached 

film biological process appears to be a potentially superior alternative to the activated 

sludge process. An attached film biological process fmes the microbial cells onto solid 

carriers in a biological reactor. This process is capable of retaining a stable microbial 

population at a significantiy higher cell concentration than the activated sludge process. 

The attached film process can thus improve both the operating stability and the 

biodegradation efficiency of the process on the basis of unit reactor volume. The 

configurations of an attached film biological process can be a packed bed biological 

reactor (including trickling filter), a fluidized bed biological reactor (FBBR), and a 

completely mixed reactor with solid carriers submerged and mixed in the reactor. 
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Tang and Wilcox (1 993) used a laboratory-scale FBBR to address the operating stability 

and Co-metabolism question encountered previously. In their study, the MTBE degraders 

were immobilized onto carbon particles in the FBBR to stabilize the MTBE degrader 

population in the reactor, and MTBE was used as the sole carbon source. MTBE 

biodegradation was clearly demonstrated without the presence of other organic 

compounds. This study also showed that MTBE could be consistently biodegraded to 

very low levels under well-controlled laboratory conditions (less than 20 pg/L). The 

study by Tang and Wilcox (1 993) demonstrated some promising features of using the 

attached film biological processes for the practical treatment of MTBE contaminated 

wastewater. This current project intends to investigate the feasibility and performance of 

the attached film biological processes to the treatment of MTBE contaminated wastewater 

in petroleum product distribution terminals. 

B. Review of the Results of MTBE Biodegradation From Previous Studies 

Salanitro et al. (1 994) first isolated a mixed bacterial consortium capable of degrading 

MTBE. The consortium was developed fiom seed microorganisms originating in a 

chemical plant biotreater sludge. It consisted of several bacterial species including 

coryneform-like species and species of Pseudomonas and Achrornobacter. Through the 

study of the degradation of radiolabeled MTBE, (CH&O-C’4H,, they demonstrated that 

40% of the MTBE biodegraded and was released as COZ, 40% was incorporated in cell 

mass, and the remaining 20% was present in solution as unbiodegraded MTBE or 

intermediate metabolites. The mixed culture was capable of degrading ethyl tertiary butyl 

ether, tertiary butyl formate, and tertiary butyl alcohol, in addition to MTBE. Very high 
nitrification activity was observed in the culture. However, addition of ammonium salt 

did not enhance MTBE biodegradation, suggesting that the initial cleavage of MTBE was 

not related to the ammonium-oxygenase system. The culture was maintained at a sludge 

age of 70 days during the study. When the sludge age was less than 50 days, loss of 

partial MTBE degradation activity was observed. 
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Sun et al. (1 994) studied the kinetics of MTBE biodegradation in an activated sludge 

system. They observed the susceptibility of the mixed culture to external stresses such as 

anaerobic condition and sudden change in feed concentration, and its recovery was very 

slow after these upsets. A Monod type of kinetics was fitted to the data: 

where: rs" = 
CI, = 
x =  

s =  
Yg = 

K , =  

substrate utilization rate, mg MTBE/L day 
maximum microorganism growth rate, day -' 
microorganism concentration, mg mixed liquor volatile suspended 
solids (MLVSS)/L 
substrate concentration, mg MTBEL 
true biomass yield, mg h4LVSShg MTBE 
half saturation constant, mg MTBE/L 

The biokinetic and stoichiometric parameters were determined: p,,, = 0.2 day-' (maximum 

growth rate); Ks = 0.05 to 0.45 mg/L (the haif saturation constant) ; and Y, = 1.76 mg 

MLVSS/mg MTBE (true biomass yield due to substrate removal). Based on these 

parameters and taking into account a design safety factor of 2, a minimum sludge age in 

the range of 20 to 30 days was suggested. The actual experimental data showed that a 

minimum sludge age of 25 days was required to achieve greater than 95% MTBE 

biodegradation. As the sludge age was reduced to less than 25 days, MTBE 

biodegradation deteriorated very rapidly. Biodegradation of MTBE was totally lost when 

the sludge age was reduced to 5 days. 

Tang and Wilcox (1 993) conducted an extensive study on MTBE biodegradation in a 

laboratory scale FBBR seeded with the mixed culture isolated by Salanitro et al. (1 994). 

They investigated the effects of the following process and operating variables on MTBE 

biodegradation in a FBBR: carbon particle size, presence of other carbon sources in 

addition to MTBE in the feed, recycle ratio, oxygen requirements, and temperature. Their 

study showed that MTBE could be biodegraded consistently to less than 100 pg/L under 

the conditions of a loading of 1 O0 mg MTBE/day/L-FBBR and a hydraulic retention time 

of 50 minutes (both the loading and hydraulic retention time, HRT, were based on the 
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total FBBR reactor volume). The MTBE biodegradation effectiveness was the same for 

the FBBR with MTBE as the sole carbon source or with the presence of either methanol 

or benzene in the feed at a weight ratio to MTBE of 4: 1.  The MTBE biodegradation 

appeared to be very sensitive to oxygen supply. As the dissolved oxygen concentration 

was reduced to less than 1.5 mgL due to either the reduced oxygenation or increased 

competition for oxygen by ammonia nitrification, deterioration in the MTBE 

biodegradation was observed. If the depletion of oxygen lasted for only a short time, the 

M.TBE biodegradation activity could be rapidly restored as soon as the dissolved oxygen 

at the exit was raised above 1.5 mg/L. The average ratio of oxygen consumption to 

MTBE biodegradation was about 2-3 mg Oz/mg MTBE. 

The FBBR using a smaller carbon particle (300 pm) as carrier size did exhibit consistently 

lower effluent MTBE concentration than did the one with a large carbon particle size (600 

pm) under the same feed and operating conditions. The Merence, however, was not 

significant. Thus, the overall MTBE removal in FBBRs using different sizes of carbon 

particles was essentially the same. The MTBE degraders required a long adaptation time 

when the FBBR was switched from room temperature (23 O C )  to a colder condition 

(1 7 OC). The effluent MTBE concentration increased immediately after the temperature 

shock. It took the FBBR about 2 weeks to return to the same MTBE biodegradation 

efficiency that existed prior to the temperature shock. 

Based on these laboratory MTBE biodegradation results, the fluidized bed biological 

process appears to be a promising treatment technology for MTBE contaminated 

wastewater. This project was sponsored to fUrther investigate the feasibility of this 

process under field conditions. The following sections describe the experimental setup 

and the results of the field-scale FBBR study. 
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C. Experimental Setup 

Descri~tion ofthe Field FBBR SetUr, The simplified flow diagram of the pilot scale 

treatment system is shown in Figure 2-1. It consisted of a feed preparation skid, a skid- 

mounted fluidized bed biological reactor system, an effluent surge tank, a sand filter and a 

carbon bed adsorber. The feed preparation skid was simply a pump and a piping network 

designed to provide the flexibility to direct the feed flow to different treatment units and to 

allow the injection of additional organics into the feed. Since the groundwater well pump 

produced enough discharge pressure to push the feed through the influent skid to the 

FBBR, the pump in the Muent skid was not used. Two sections of the pipes on the 

Muent skid were installed with an in-line mixer to provide necessary mixing when 

concentrated MTBE solution was dosed into the feed. 

The effluent surge tank had a volume of 80 gallons. The water in the effluent surge tank 

was pumped to the sand filter and the carbon adsorber before it was discharged to the 

sewer. The carbon adsorber was installed to remove any residual organic compounds that 

were not degraded in the FBBR so that the treatment system at the marketing teqninal 

would not be impacted by the pilot test. The sand filter protected the carbon adsorber 

from plugging with biomass and iron flocs. It was also used to obtain field data for sand 

filter sizing in similar applications. The sand filter was 12 inches in diameter and 54 inches 

in height. The filter media included sand and anthracite. 

A wastewater treatment laboratory trailer was installed on site next to the pilot scale test 

unit to provide analytical support. The trailer was equipped with Photovac portable gas 

chromatography for analysis of volatile organic compounds, CEM LabWave 

MoisturdSolids Analyzer and Muffle Furnace for measurements of total and volatile 

suspended solids, and other general water quality analytical equipment such as pH meter, 

balance, etc. 
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The pilot scale fluidized bed biological reactor system consisted of an air separation unit 

for oxygen production, an oxygen saturation unit, and the fluidized bed reactor column 

(Figure 2-2). The air separation unit was comprised of a compressor and a pressure 

swing adsorber (PSA). The pressure swing adsorber utilized two molecular sieve columns 

operated alternatively under about 100 psig to separate air into oxygen and nitrogen. The 

nitrogen gas was bled off to the ambient, while the oxygen (approximately 95% purity) 

was stored in an oxygen storage tank. 

The release of oxygen to the wastewater was controlled by an adaptive controller that 

manipulated the oxygen feed rate through a control valve according to the deviation of the 

dissolved oxygen concentration in the FBBR effluent from the set point. When the 

oxygen control valve was ope4 oxygen was mixed with the incoming wastewater through 

an eductor that effectively dispersed and dissolved oxygen in the wastewater. The 

oxygen-water mixture entered the oxygen saturation tank through a draft tube. Any gas 

not dissolved in the wastewater would rise to the top of the saturation tank and form a 

gaseous space @e., a big gaseous bubble). The residual oxygen in the gaseous space was 

continuously recycled back to the eductor to mix with the wastewater for further 

dissolution. 

The 95% purity oxygen gas contained nitrogen and argon. These gases would slowly 

accumulate in the gaseous bubble on top of the oxygen saturation tank. When the gaseous 

bubble grew over a certain size such that the liquid level in the tank was suppressed to a 

preset level, the level probe instailed in the tank sent out a signal to the controller which 

opened up a control valve to vent off the gases accumulated in the saturation tank. The 

amount of gas thus released was very small and so was the emission of the organic 

compounds from the vent gas. This oxygen saturation system, therefore, very effectively 

utilized the oxygen. A dissolved oxygen concentration of 35 mg/L in the saturation tank 

could be obtained at its maximum design flow rate, 30 gpm. The oxygen saturation tank 

was grounded to eliminate the source of electrostatic ignition in case there was free 

product accumulated on the liquid surface in the saturation tank. 

2-6 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



~ 

S T D - A P I / P E T R O  PUBL 4 b 5 5 - E N G L  1797 0732270 Ob03170 4’79 = 

The fluidized bed column was 20 inches in diameter and 15 feet in height. The exit of the 

column was located at 14 feet fiom the column base. The working volume of the FBBR 
was thus approximately 200 gallons. The recycle port was located at 1 foot below the 

column exit. Both the feed and recycle merged before the intake of the reactor pump 

which delivered a constant 30 gpm flow. The recycle rate was therefore automatically 

adjusted according to the feed rate. Both the recycle and feed first passed through the 

oxygen saturation tank to saturate the water with oxygen before they entered the FBBR 
column. The feed could also bypass the oxygen saturation tank to merge with the recycle 

right before the FBBR column. This option was implemented in case of free product 

accumulation in the saturation tank. 

W¿zstmater Characteristics The chemical composition of the feed, a contaminated 

groundwater, is shown in Tables 2-1 and 2-2. It was high in hardness and alkalinity, 

approximately 600 and 400 mgL, respectively. The iron concentration in the feed water 

was about 1 O m a .  The wastewater was relatively low in organics: toluene was the 

highest in concentration among the typical hydrocarbon contaminants from gasoline. The 

polynuclear aromatic hydrocarbons were mostly below the detection limit (1 pg/L). 

During the field test, concentrated MTBE solution was dosed into the feed to evaluate the 

biodegradation efficiency of the biological system at different influent MTBE 

concentrations. Therefore, the concentration of MTBE in the feed varied with 

experimental conditions. This water also contained some level of di-isopropyl ether which 

was specific to this location. 

Because the feed wastewater was deficient in nitrogen and phosphorus, a mixture of urea 

and diammonium phosphate was added to the feed to supplement the nitrogen and 

phosphorus requirements for biological growth. The nitrogen and phosphorus nutrients 

were dosed at a rate to give the nitrogen and phosphorus concentrations in the feed the 

relationship of COD:N:P= 1005: 1. 
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&aZvtical Procedures During the field experiments, several parameters were monitored 

at a predetermined interval. Table 2-3 summarizes the monitoring parameters and 

frequency. The volatile organic compounds were analyzed using purge-and-trap gas 

chromatography. The quantification limits for the volatile components benzene, toluene, 

xylenes, ethyl benzene, MTBE and DIPE were 1 p a .  The general water quality 

parameters such as Biological Oxygen Demand (BOD), Chemical Oxygen Demand 

(COD), cations, anions, nitrogen, etc. were analyzed according to the StantkzrdMethodS 

(1 985). The heavy metals were analyzed using graphite hrnace atomic absorption 

spectrometry (GFAA). The polynuclear aromatic hydrocarbons were analyzed based on 

EPA Method 625 @PA 1982). 

D. Results and Discussion 

FBBR 23tartl.U’ 

The key to the success of the fluidized bed biological reactor process is to imobilize a 

high concentration of MTBE degraders onto carbon particles. The following startup 

procedure was therefore intended to provide a favorable environment to maximize the 

retention of the MTBE degrading mixture on the carbon particles. Before the startup, the 

adsorption isotherm of the carbon particles for MTBE was determined. At the startup, 

360 Ibs of carbon particles were loaded into the FBBR. Feed wastewater was then 

pumped through the FBBR to wash out the carbon fines. After the fines were removed, 

the feed wastewater was stopped, and the FBBR was converted to batch recycle mode. 

MTBE was then dosed into the FBBR to allow the carbon particles to adsorb MTBE. 

The amount of MTBE dosed was determined based on the MTBE adsorption isotherm 

data, the total carbon weight, and the MTBE concentration in the feed wastewater. The 

intent was to make the equilibrium MTBE concentration in the recycling water 

approximately the same as that in the feed wastewater. The reasons to pre-equilibrate 

carbon particles with MTBE are two fold: (i) create, through adsorption, an MTBE rich 

microenvironment on the carbon surface, encouraging the attachment of MTBE 
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degraders; and (2) exhaust the carbon so that once the FBBR was converted to 

continuous operation, any reduction of MTBE in the FBBR would indicate the 

biodegradation of MTBE. 

M e r  MTBE was dosed to the FBBR in recycling mode and the MTBE concentration in 

the water reached about 250 p a ,  10 gallons of the MTBE degrading mixed culture with 

a mixed liquor volatile suspended solids (MLVSS) of 3000 mg/L were inoculated to the 

FBBR. This MTBE degrading mixed culture was maintained in the laboratory with 

MTBE as the sole carbon source. The FBBR was again lefi in recycle mode overnight to 

allow ample time for the bacterial species to attach to carbon surface. Due to the severe 

winter condition, the temperature of the water dropped to about 4 "C in the morning. The 

FBBR was then converted to continuous operation and started to receive 6 gprn of feed 

wastewater. The reactor temperature was about 15 "C under the continuous operation 

condition. The degradation data of benzene, MTBE, and DIPE during the startup period 

are shown in Figures 2-3 to 2-5. 

As shown in Figure 2-3, benzene started to break through after 3 days of operation. 

However, the biodegradation of benzene started to take off in the same period, and the 

effluent benzene concentration was rapidly reduced to below the detection limit thereafter. 

The biodegradation of toluene, xylenes and ethyl benzene was very similar to that of 

benzene and is not shown here. 

Despite the effort to pre-equilibrate the carbon with about 200 pg/L MTBE, adsorption of 

feed MTBE occurred after the continuous operation of the FBBR commenced. This 

adsorption was due to the fluctuation of the influent MTBE concentration between 200 

and 450 pg/L. The difference between the influent and effluent MTBE concentrations 

during the first 20 days was believed to be mainly attributable to adsorption. The influent 

and effluent MTBE concentrations fiom the 20th to 30th days were essentially the same, 

indicating minimal biodegradation activity. Additional MTBE degraders were inoculated 

to the FBBR on Day-34 and Day-40. The feed rate was also reduced fiom 6 gpm to 
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2 gpm on Day-33. There was evidence of MTBE reduction immediately after the seeding 

of the MTBE degraders in both cases. The effluent MTBE concentration, however, 

slowly increased afterwards, suggesting that some MTBE degraders were not retained in 

the system. Two weeks &er the last re-seeding, the FBBR started to display a more 

consistent removal of MTBE. The MTBE removal, however, was in the range of 25- 

50%. The effluent MTBE concentration appeared to level off at about 200 p a .  The 

performance of DIPE biodegradation in the FBBR during the startup paralleled that of 

MTBE. The removal of DIPE during the first 25 days was attributed primarily to 

adsorption. After approximately 30 days of operation, the effluent DIPE concentration 

was slowly reduced to about 300 @L, and stabilized around that level without further 

improvement. 

The removal of both MTBE and DIPE during the startup phase at best was oniy 50 to 

60%. M e r  biodegradation activity started, both the effluent MTBE and DIPE 

concentrations stayed at the 200-300 pg/L level without firther declination. This is 

unusual, compared with the previous laboratory study which showed that greater than 

95% of removal could be easily achieved once the MTBE biodegradation activity started 

to take off in the FBBR. 

The results of the first two months of field study showed that an expedient startup and 

establishment of the FBBR to effectively remove MTBE under low initial MTBE 
concentration conditions was not satisfactory, especiaily during the cold weather, This 
run was thus terminated, and another startup with modification in the immobilization 

procedure was attempted. 

Second SîarNp 

Two factors might be related to the very low MTBE biodegradation activity in the ñrst 

startup: (1) the carbon was equilibrated with only 200 pg/L MTBE concentration in the 

solution, which may not have created a sufficiently enriched micro-environment to 
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encourage effective attachment of most MTBE degraders on the carbon surface; and 

(2) the temperature of the water dropped to 4 "C during the batch recycle operating right 

after inoculation. It is not known whether this low temperature has a significantly adverse 

impact on the attachment of MTBE degraders. 

Since the startup occurred during winter and the FBBR was not equipped to heat the 

water, the problem associated with low temperature during the attachment phase could 

not be resolved. During the second startup, MTBE was dosed so that at equilibrium the 

carbon was equilibrated with approximately 5 mg/L MTBE in the recycle water. The 

FBBR was subsequently inoculated with 1 O gallons of the same MTBE degrading mixed 

culture with a MLVSS of 2000 m a .  The lower MLVSS of the mixed culture was due to 

depletion of the culture stock. After inoculation, the FBBR was operated again in batch 

recycle mode. The temperature again dropped to approximately 2 O C  after which the 

FBBR was fed with 1 gpm of feed wastewater. 

Figure 2-6 shows the influent and effluent MTBE concentrations after the inoculation. 

Since the carbon was pre-equilibrated with 5 mg/L MTBE and since the infiuent MTBE 

concentration was less than 1 mg&, desorption of MTBE from carbon occurred once the 

wastewater was fed through the FBBR The desorption lasted for about 50 days after 

which the effluent MTBE concentration continued to drop until it stabilized at 1 O0 to 150 

pg/L. The difference between the influent and effluent MTBE concentration was 

definitely due to biodegradation. However, as also observed in the first startup, the 

effluent MTBE concentration was not fùrther reduced to a very low level as did other 

easily biodegradable organic substrates (benzene, for example), suggesting that the 

MTBE biodegradation in the FBBR might be limited by either kinetics or other unknown 

factors. These questions will be addressed later in this report. 

DIPE biodegradation data during the second startup are shown in Figure 2-7. As a result 

of carbon adsorption, DIPE was not detected in the effluent initially. Breakthrough of 

DIPE occurred after approximately 15 days of FBBR operation. The effluent DIPE 
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concentration did not rise significantly after breakthrough due to the concomitant removal 

of DIPE by biodegradation. The effluent DIPE concentration was eventually stabilized at 

approximately 50-70 &L. The DIPE removal across the FBBR was greater than 80% as 

compared with 30-50% in the first startup. 

Figures 2-8 and 2-9 show the biodegradation of benzene and toluene in the FBBR. Both 

the effluent benzene and toluene concentrations were below the detection limit (1 pgL) 

most of the time. The influent toluene concentration fluctuated sigdìcantly between the 

30th and 50th days of operation due to the variabiiity of groundwater characteristics. The 

effluent toluene concentration, however, was not impacted, showing the stability to the 

FBBR against feed concentration variation. The biodegradation behavior of xylenes and 

ethyl benzene was similar to those of toluene, and was not shown here. The raw data for 

the second startup were tabulated in the Appendix. 

Effects of Loading on the Peflormance of FBBR Biodegradation 

Once the biodegradation of MTBE was established in the FBBR, the focus of the test 

program was to establish the MTBE biodegradation capacity of the FBBR by gradually 

increasing the MTBE loading @e., by varying feed flow rate and MTBE concentration). 

The loading to the FBBR was changed according to the following sequence: The feed 

rate was first raised stepwise fiom 1 gpm to 2 gpm and finaUy to 3.5 gpm without dosing 

MTBE in the feed. Each of these test conditions lasted for 3 to 5 weeks. The hydraulic 

retention times corresponding to the feed rates of 1,2, and 3.5 gpm were 3.17, 1.58, and 

0.9 hours, respectively. 

Subsequently, the innuent MTBE concentration was increased fkom 400 pg/L to 1.1 mg/L 

while maintaining the feed rate at 3.5 gpm. Later, the Muent MTBE concentration was 

W e r  raised to 10 mg/L. During the last period, the field study of MTBE degradation in 

the UV-H202 process was carried out. Frequent shut down of the groundwater well was 

encountered due to overproduction of groundwater. The fiequent shut down did not 
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adversely impact the UV-H202 test since it was not operated 24 hours continuously. 

However, it did introduce significant perturbation to the FBBR and it is doubtful that 

there was sufficient time to allow the FBBR to stabilize at a pseudo-steady state 'for the 

last loading condition. The data gathered in this period (i.e., 3 gpm and 10 mg/L Muent 

MTBE concentration) are included in this report since they shed some light on the 

response of the FBBR to fiequent perturbation in concentration shocks. However, the 

data are not interpreted due to the entangled effects of adsorption and biodegradation in 

transient states. The following sections present the results gathered under different 

loading conditions. 

Figure 2- 1 O shows the chronological data of MTBE biodegradation in the FBBR under 3 

different flow rate conditions. After one month's operation under 1 gpm, MTBE was 

reduced fiom 400 to about 100 p a .  The average MTBE removal was 64%. As the 

flow rate was increased to 2 gpm, the effluent MTBE concentration was slightly increased 

and the average MTBE removal dropped marginaliy to 63%. At 3.5 gpm, the effluent 

MTBE concentration increased to about 200 pgL, and the decrease of MTBE removal 

was more obvious, from 63% to 52%. 

The net MTBE removal rate, however, increased with increasing MTBE loading (or feed 

flow rate) despite the deterioration of effluent quality @e., higher effluent MTBE 

concentration). Theoretically, as the net MTBE removal rate increases, the rate of the 

MTBE degrader population growth should also increase, leading to accelerated MTBE 

biodegradation. However, within the 3-4 weeks of operation for each flow condition, the 

improvement in the effluent MTBE concentration with time was not obvious. The results 

suggest that the growth or the retention of the newly proliferated MTBE degraders might 

be impeded in the FBBR by some factors yet to be identified; it is also possible that the 

growth rate of the MTBE degrading culture was so low that these short period runs might 

be too short to allow the FBBR to display its full capacity. 
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The biodegradation of benzene, on the other hand, was not affected at all by the increase 

in the benzene loading. In all three flow conditions, essentially ail the benzene was 

removed: the effluent benzene concentration was below the detection limits (Figure 2-1 1). 

The biodegradation of D P E  in the FBBR was very similar to that of MTBE (Figure 2- 

12), and the effluent DIPE concentration increased and the overall DIPE removal 

decreased with increasing feed flow rate. The removal of DIPE was averaged at 90%, 

77%, and 57% for the 1,2 and 3.5 gpm conditions, respectively. The influent 

concentrations of MTBE and DIPE were about the same under these test conditions. The 

DIPE removal in the FBBR was significantly higher than MTBE, indicating that DIPE was 

more biodegradable than MTBE. 

Starting June 2, 1994, concentrated MTBE solution was injected into the feed to raise the 

influent MTBE concentration to about 1 m a ,  representing an MTBE loading increase of 

125%. There was no deterioration of effluent MTBE concentration immediately &er the 

increase in the loading, due mainly to carbon adsorption. By the end of June, 1994, the 

effluent MTBE concentration slightly decreased with time. The increase in biodegradation 

rate suggests that there might be an increase, though at a very slow pace, in the population 

of MTBE degraders in the system. 

As mentioned previously, well overproduction problems were encounered in mid-July. 

The well water flow rate fluctuated significantly with time. Figure 2- 13 shows that there 

were significant fluctuations in the influent MTBE concentration due to erratic feed flow 

rate. It is difñcult to segregate the effects of adsorption &om biodegradation under such 

circumstances. Therefore, MTBE removal after mid-July might not be completely 

attributed to biodegradation. However, the plot of MTBE removal with time from June to 

mid-July (the middle plot in Figure 2- 13) revealed a clear trend of continuous 

improvement in MTBE biodegradation with time. 

During July 2 to July 8, the MTBE injection pump failed. The influent MTBE 

concentration dropped to the original 400-500 pgL level. The effluent MTBE 
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concentration during that period was reduced to less than 30 pg/L as compared with the 

greater than 100 pg/L level previously measured. Similar phenomena were observed again 

on July 23 and August 3. These data strongly indicate that the growth and retention of the 

MTBE degraders in the FBBR did occur. However, the growth proceeded at a 

significantly slower rate than that expected from the MTBE biodegradation kinetics 

information obtained in the laboratory. 

Figure 2-14 shows the biodegradation of DIPE in the FBBR after MTBE injection to the 

feed. Note that this set of data was the continuation of those of the last condition in 

Figure 2-1 1 (i.e., 3.5 gpm) since the Muent DIPE concentration was maintained at the 

same level. The effluent DIPE concentration remained constant for a month after the feed 

flow rate was changed to 3.5 gpm, and slowly declined with time afterwards. The decline 

in the effluent DIPE concentration accelerated at the beginning of July with the effluent 

DIPE concentration reduced to less than 10 pg/L. 

Figure 2- 15 shows the benzene biodegradation data in the FBBR during June 2 to August 

10. Biodegradation of toluene, xylenes, and ethyl benzene was similar to benzene in that 

they were consistently degraded to less than 1 pg/L under all test conditions. 

Eflecís of Low Temperature and Iron on MTBE Biodegradation in the FBBR 

As previously discussed, it was a surprise that it took the field FBBR a significantly longer 

time than the laboratory units to achieve the desirable MTBE removal. The major 

differences between the laboratory and the field unit include the following: (1) The 

laboratory unit used 300 to 600 pm carbon particles as compared with the field FBBR 
which used 1.2 mm carbon particles. The particles in the field and the laboratory units 

obviously experienced different fluid shear, which might affect the attachment and 

retention of MTBE degraders on particle surface. (2) The laboratory unit was operated 

at 22 OC, while the water temperature in the field unit was between 14 O C  in the winter 

and 17 O C  in the summer. (3) The existing field FBBR data showed no effects of iron on 
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the biodegradation of the aromatic hydrocarbons. The potential impact of iron was 

therefore not investigated in the previous laboratory FBBR study on MTBE 

biodegradation. However, MTBE degraders had exhibited some unusual behavior such as 

susceptibility to environmental stresses. The potential iron interference with the 

attachment and retention of MTBE degraders should not be arbitrarily ruled out without 

further investigation. 

A laboratory FBBR study was therefore initiated to evaluate the three factors described 

above. The study used three FBBR columns. Each column was 1 inch in diameter and 5 

feet in height. Column 1 (designated as LFBBR-1) was loaded with 160 grams of carbon 

particles with an average size of 1.2 mm. Columns 2 and 3 (LFBBR-2 and 3) each used 

100 grams of carbon particles with an average size of 0.75 mm. All three LFBBRs 

therefore had the same total external surface m a  onto which the microbial cells could 

attach. The carbon particles in LFBBR- 1 and those in LFBBR-2 and 3 were from 

different carbon vendors: LFBBR-1 used the same carbon particles as the field unit, while 

the carbon particles used in LFBBR-2 and 3 were the same as those used in the previous 

laboratory study (Tang and Wilcox,l993). LFBBR-1 and LFBBR-2 were operated at 22 

OC, while LFBBR-3 was operated at 15 O C .  

The initial phase of this study was to investigate the effects of particle size and operating 

temperature. Later, ferrous sulfate was injected in the feed to study the effects of iron. 

To simulate the fluid-particle shear condition in the field FBBR unit, the recycle rate for ail 

three LFBBRs was 300 d m i n ,  which gave the same superficial upward liquid velocity as 

that in the field FBBR unit. All the carbon particles had been equilibrated with the 

intended influent MTBE concentration, approximately 400 pg/L, before the MTBE 

degrading mixed culture was seeded. Two hundred milliiiters of MTBE degrading mixed 

culture with a MLVSS of 1950 m g L  was seeded to each of the LFBBRs. 

The results of the laboratory study are summarized in Figure 2-16. MTBE biodegradation 

started almost immediately after seeding in LFBBR-1 and 2. The effluent MTBE 
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concentration was reduced consistently to below 20 pg/L and 10 pg/L for LFBBR-1 and 

2, respectively. Since LFBBR-1 and 2 were operated under the same conditions except 

for îhe,particle size and source, it is clear that those differences were not the cause for the 

significantly slower MTBE biodegradation in the field FBBR. However, it is interesting to 

note that the effluent quality of LFESBR-2 was consistently better than that of LFBBR-1, 

indicating effects of particle property could not be totally discounted. 

The MTBE degraders seemed to require a long adaptation phase when subjected to low 

temperature shock as occurred in LFBBR-3. Very little MTBE biodegradation was 

observed within the first 20 days after the culture was seeded at 15 O C .  MTBE 

biodegradation eventuaily took off after that, and achieved an even better effluent quality 

than LFBBR-1 after 2 months of operation. In comparison, for a FBBR which had an 

already established stable population of the W E  degraders, the MTBE degradation 

deteriorated slightly when subjected to the same magnitude of temperature shock, but 

regained complete adaptation after 2 weeks (Tang and Wilcox, 1993). Therefore, it 

appears that the low temperature shock affected strongly the immobilization of the MTBE 

degraders onto carbon particles and their subsequent growth and development. This result 

also impiies that if the carbon can be pre-immobilized with sufficient population of MTBE 

degraders, the startup of the FBBR for M'IBE treatment can be greatly accelerated over 

what has been experienced in this field study. 

Ferrous sulfate was injected at a concentration of 10 mgL at the entrance of the LFBBR- 

2 column, to evaluate the effects of iron on MTBE biodegradation in the FBBR. After 

approximately 1 week of ferrous sulfate injection, the majority of the carbon particles were 

covered with reddish iron flocs. As shown in Figure 2-16, the effluent quality of LFBBR- 

2 was not impacted after continuous injection of ferrous sulfate for 1 month. It appears 

that once the MTBE degraders have been established on the carbon surface, the presence 

of iron and coverage of iron flocs on the carbon surface do not adversely affect the MTBE 

biodegradation in the FBBR. 
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On about Day-90, the influent MTBE concentration was increased from 500 pg/L to 4 

mg/L for two purposes: (1) Additional growth and retention of the MTBE degraders 

would be needed to handle the extra MTBE loading. Therefore, this test allowed the 

effects of iron to be evaluated under conditions similar to the startup period. (2) The test 

would also provide a better controlled condition for observation of the effect of 

concentration shock on the MTBE biodegradation under a lower temperature, 15 O C .  

Figure 2-1 6 shows that all three LFBBRs were adversely impacted by the concentration 

shock. Shortly after the shock, the effluent MTBE concentration in LFBBR- 1 increased 

sharply to about 1 mg/L. It then stabilized at the 1 mg/L level for about 1 month, and 

improved slowly with time afterwards. At the time this test was terminated, the effluent 

MTBE concentration in LFBBR-1 had been reduced to less than 400 &L. 

The effluent MTBE concentration in LFBBR-2, which was dosed with ferrous sulfate, 

increased drastically to 2 m a ,  and started to decrease at a very slow pace thereafter. 

The effluent MTBE concentration in LFBBR-2, which was consistently lower than that of 

LFBBR- 1 before concentration shock, was significantly higher than LFBBR-1 throughout 

the concentration shock test. 

For LFBBR-3 operated at 15 OC, the effluent MTBE concentration increased immediately 

after the concentration shock and maintained at a level very close to the influent 

concentration. The difference between the influent and effluent concentrations after the 

concentration shock was only slightly greater than that maintained before the shock, 

indicating that the magnitude of MTBE biodegradation remained about the same. Judging 

from the previous data that showed LFBBR-3 required three times longer than LFBBR- 1 

and 2 to achieve desirable MTBE biodegradation during the startup phase and that it took 

LFBBR- 1 about 1.5 months after this concentration shock to display effective MTBE 

biodegradation, significant improvement in MTBE biodegradation in LFBBR-3 was not 

anticipated within 4 to 6 months. The laboratory tests were terminated at the conclusion 

of the field project. 
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Table 2-4 shows the total suspended solids (TSS) and volatile suspended solids ( V S S )  in 

the effluents of the three LFBBRs. The TSS in the effluent of LFBBR-2, which was 

dosed with 10 mg/L ferrous sulfate, was significantly higher than that in the effluent of 

LFBBR-1 and 3, primarily due to the iron flocs elutriated out of the unit. The VSS in the 

effluent of LFBBR-2 was also higher than LFBBR-1 and 3, suggesting that some biomass 

might be lost together with iron flocs fiom the system. It is possible that the biomass 

enmeshed with iron flocs on the carbon particle surface. Upon particle-particle collision 

or fluid shear, iron flocs were sloughed off of the particle surface, and were elutriated out 

of this LFBBR. It is possible that the loss of MTBE degraders with iron flocs might also 

occur in the field unit such that the increase in the MTBE degrader population in the 

FBBR was significantly delayed and hence partidy contributed to the slow progress of 

MTBE biodegradation observed in the field unit. 

Polishing of the Field FBBR Effluent 

M e r  a prolonged operation of the field FBBR, sloughing of biofilm from the carbon 

particles can occur particularly if the organic loading is high. Occasionally high total 

suspended solids (TSS) resulting fiom the dislodging of the biomass from the FBBR thus 

can occur in the effluent. in some cases, carbon adsorbers may be used downstream of the 

FBBR to ensure complete compliance of the discharge. Both of these two conditions 

require a polishing step following the FBBR to remove TSS and to prolong the operation 

of carbon adsorbers. During this study, two test runs of a sand filter were conducted to 

evaluate its performance as a polishing process for the FBBR effluent. The results are 

tabulated in Tables 2-5 and 2-6. 

In the sand filter tests, the FBBR effluent was gravity-drained to a surge tank before it was 

pumped to the sand filter. The first test run was operated at a flow rate of 2 gpm and the 

second run at about 3.2 gpm. The sand filter had a cross-sectional area of 0.785 fi . 
2 

Therefore, the filtration flux was 2.55 and 4 gpmlft', respectively for Runs #1 and 2. 
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In Run #1, the TSS coming out of the FBBR were in the range of 8 to 10 mg/L. The 

constituents of the suspended solids were about 2 mg/L of biomass measured in terms of 

VSS and about 2-3 mgL of iron (equivalent to 4-6 mgL iron hydroxide). Approximately 

half of the iron in the FBBR effluent was in the soluble or non-filterable form. The filter 

was operated continuously for the 34-day period without backwash. The loading of solids 

increased dramatically at the end of the run, primarily due to the dislodging of solids 

adhered to the wall of the surge tank. The pressure of the sand filter increased to 20 psi 

around Day-34, the sand filter was shutdown for backwash. Throughout Run #1, the 

effluent TSS concentration had been maintained close to zero. 

The TSS in the FBBR effluent in Run #2 were approximately 20 mg/L, significantly higher 

than that in Run #1. This is primarily due to higher organic loading into the FBBR as 

evidenced from the VSS data in Run #2. Interestingly, the iron in the FBBR effluent was 

primarily non-filterable iron since the concentration of the total iron was about the same as 

that of soluble iron. The pressure in the sand filter increased rapidly after 11 days of 

operation at 4 gpdft  . The sand filter was shut down for backwash after 2 weeks of 

operation. 

2 

The total suspended solids loading to the sand filter before back wash were 10-1 1 lbs for 

both runs. The results of the sand filter test runs show that excellent effluent quality can 

be achieved with a sand filter operated under a solid loading of 10 to 20 mgL and a 

filtration rate of 2 to 4 gpdft’. The backwash frequency under such operating conditions 

is fiom 10 to 30 days. 

The MTBE Biodegradation Capacity of the FBBR 

Figure 2- 17 summarizes the relationship between the infiuent MTBE loading and effluent 

MTBE concentration for all the MTBE biodegradation data obtained in the pilot FBBR 

study. It appears that the FBBR could achieve the desirable < 100 pgL effluent MTBE 

concentration under a loading of up to 40 mg/day/L FBBR. This loading is substantially 
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lower than the 1 O0 mg/day/L demonstrated in the laboratory study by Tang and Wilcox 

(1 993). The difference in the maximum MTBE loading rate between the laboratory and 

the field unit could be attributed to the slow growth of the MTBE degraders at low 

temperature and the iron interference encountered in the field unit. Given sufficient time 

for the field unit to fully adapt to the low temperature and iron condition, there is no 

obvious reason why the field unit would not deliver the desirable effluent MTBE quaiity 

at a loading rate similar to that of the laboratory units. 

E. Conclusions 

1. Iron interference with the retention and accumulation of the MTBE degrader biomass 
on carbon particles should be further investigated. Iron interference together with low 
temperature of groundwater may have delayed the growth of the MTBE degrader 
population in the FBBR. 

. 2. In lieu of the long startup time under the field conditions, pre-immobilization of a 
large population of MTBE degraders onto the carbon particles before startup could be 
a viable alternative to ensure the success of the FBBR process for MTBE treatment. 

3. Once the MTBE degraders are retained in the FBBR, the FBBR exhibited consistent 
MTBE removal and excellent stability against process upset. 

4. Ln this pilot study, an effluent of less than 100 &I., MTBE could be achieved with a 
MTBE loading rate of approximately 40 mg MTBEILfday. It is likely that the FBBR 
can handle even higher MTBE loading if sufficient time is allowed for the FBBR to 
accumulate enough MTBE degrader population. 
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Table 2- 1. Chemical Characteristics of the Feed Wastewater 
Single Sample Taken During Planing Phase 

TSS 
TDS 

IANAL4YTIC I concentration I 

18 
1758 

PARAMETEM I (m&) 
GENERAL 1 

Conductivity (pnho/cm) 
S a d e  

I BOD I 9 I 

3100 
BDL (< 1 mdL1 

I 

O&G (Gravimetric) I BDL(<5mg/L) 

Ammonia N 
Nitrate N 
TKN 
Total iron 
Soluble Iron 
AlkaliIli@ (aS cac03) 
Hardness (as Caco3) 
PH 

BDL (< 1 m@L) 
BDL (< 1 m a )  

0.3 
9 
7 

430 
635 
7.2 

Toluene 1.396 
Xylenes 0.307 . 

I 

DIPE I 0.483 
METALS 

I Benzene I 0.68 I 

I 0.302 I 

I Arsenic I 0.018 I 

I 0.01 1 I 

IOTBER CATIONS & ANIONS I 
Chloride I 270 I 

i Phosphate I -=1 I 
Note: BDL - below detection limit 
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Naphthalene 
Acenaphîhylene 
Acenaphthene 
Fluorene 
Phenanîhrene 
Anîhracene 

Table 2-2. Contents of Polynuclear Aromatic Hydrocarbons in the Wastewater 

4 
< 1  
< 1  
< 1  
< 1  
< 1  

Fluoranîhene I < 1  1 

< 1  

Dibemía hhmthracene 
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Table 2-3. Monitoring Parameters for the Characterization of the Feed and the Treated 
Effluent 

ANALYTIC 
PARAMETERS 

Inñuent Effluent 
(mgn) (mgn) 

COD 
TOC 
O&G (Gravimetric) 
TSS I 2lweek I 2lweek 

I 2ltest conditions I 2/test conditions 

2lweek Uweek 
2lweek 2lweek 

TDS 

Sulfide 
Cyanide 

I i lweek I Ilweek I I Conductivity 
initial sample 
initiai sample 

Total Kjehdel Nitrogen (TKN) 
Total Iron 
Soluble Iron 
Aikaliniîy (as Caco3) 
Hardness (as Caco3) 
PH 

Ammonia N I 2íweek I 2lweek 
Nitrate N 2lweek 2lweek 

initial sample initiai sGnpie 
daily daily 
daily daily 

2fmonth 2lmonth 
2lmonth 2lmonth 

daily daily 

Benzene 
Toluene 
Xylenes 
MTBE 
DIPE 

daily daily 
daily daily 
daily daily 
daily daily 
daily daily 

Note: This single sample was collected during the planning phase. 

Carbon Bed Height 1 2lweek 
Dissolved Oxygen (DO) daily 

2-24 
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Run Days 
60 
87 
106 
114 
126 
i 40 
143 
158 
172 

Table 2-4. Comparison of the TSS and the VSS in the Effluent of the LFBBRs After the 
Injection of Fez(SO4)3 into LFBBR-2 

LFBBR- 1 Effluent LFBBR-2 Effluent LFBBR-3 Effluent 
TSS (mglL) VSS (mgk) TSS (mg&) VSS (mg/L) TSS ( m a )  VSS (mgL) 

2 1 1 1  3 4 - 0  
3 2 17 5 3 1 
2 1 6 2 4 - 0  
O 1 17 3 2 - 0  
1 1 10 2 2 - 0  
2 - 0  12 3 3 1 
3 - 0  8 1 5 2 
3 1 1 1  3 O 2 
4 2 14 3 4 1 
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Table 2-5. Sand Filter Operation Data - Test Run ## 1 

(Days) (gpm) @si) Inlet Outlet Inlet Outlet Inlet Outlet 
o 1  2 O 8 O 2 O 2.1 O 

Inlet Outlet 
1 O 

8 1  0 1  2 1  0 1  1.8 I 0 1  1 I o  
7 1  0 1  2 1  0 1  1.6 I 0 1  1 I o  

Run 

1 - 1 - 1 - 1  I I 

8 1  0 1  2 1  0 1  2.2 1 0 1  1 I o  

Flow Press. TSS(mg/L) VSS(m@) 1 TotalFe(mg/L) SolubleFe(mg/L) 

6 1  0 1  2 1  0 1  2 1  0 1  1.2 I O 
0 1  2 1  0 1  1.3 I 0 1  1.2 I O 

1.5 I 1 
0 1  2 1  0 1  1.2 I O 
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Table 2-6. Sand Filter Operation Data - Test Run #2 

. . . . . . . 
::i:::ü:i::::] 3.2 6 11 O 6 O 3.4 6.8 2.5 5.4 
my::. 

6 o 3.5 O 2.6 2.1 
... ... ::::?:$:?::i] 3.1 6 15 0 ......* 

:::::$z::::j3.2] . . . . . . . 26 32 0 8 O 3.4 1 3.2 O 
;:::?E3::::! . . . . . . . 3.08 35 24 O 9 O 3.6 1 3 O 
:!:i:%%:::] . . . . . . . . 3.1 1 35 23 O 11  O 3.6 1 3 0.2 

. . . . . . . 
b . . . . . . . 
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Section 3 

ACTIVATED SLUDGE SYSTEM 

A. Introduction 

The activated sludge process is the most widely used biological wastewater treatment 

process. It is a relatively straightforward and cost-effective process in both operation and 

maintenance. These features are important for a treatment system to be deployed at 

marketing distribution terminais which normaily are not staffed with skilled wastewater 

treatment personnel. The conventional activated sludge system, however, does not work 

well for wastewater containing very low organic concentrations such as those in this study 

because the biomass loss from the clarifier can exceed the biomass generated from the 

process. 

The operating range of the activated sludge system, however, can be extended to the 

lower organic concentration conditions by some modifications. Two examples are the 

recently developed membrane biological process and the activated sludge with iron- 

assisted flocculation. The former replaces the conventional clariñer with a membrane 

filtration system to control the effluent clarity and to concentrate and recycle biomass back 

to the aeration process. The latter uses naturaüy occumng iron or involves the addition of 

ferric chloride to enhance the settlability and retention of biomass through the formation of 

denser iron-biomass flocs. 

The membrane biological reactor system has a wider operating range than the iron- 

flocculated activated sludge process because the effluent quality can be easily controlled 

by selecting the membrane with a desirable pore size. However, it also requires 

significantly more maintenance due to loss in filtration capacity with operating time. In 

this project, the iron flocculated activated sludge was selected because it is relatively 

simple and the feed water contained adequate levels of naturally occurring iron for this 

application. 
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B. Experimental Setup 

The activate sludge pilot plant system consisted of an equalization tank, a biotreater (an 
aeration vessel), a clarifier, and a return sludge pumping system (Figure 3-1). The 
equalization tank had a volume of 80 gallons which served partidy as an oil-water 
separator. The biotreater was 12 inches in diameter and 6 feet in height. The actual 
working volume was about 27.5 gailons. The biotreater was equipped with a motor- 
driven agitator with two propellers located at 1 ft and 3 fi intervals fi-om the bottom of the 
reactor. The agitator provided the required mixing to avoid excess aeration. Air was 
sparged through four stone-diffiisers into the biotreater. The aeration rate was from 4 to 
8 standard cubic feet per hour (0. The liquid flow rate used in this study ranged fiom 
100 ml/min to 600 d m i n .  The hydraulic retention times operated in this study therefore 
ranged fiom 3 to 18 hours. The clarifier had a diameter of 12 inches and a total height of 
40 inches. It had an 18-inch high conical bottom. The thickened sludge was recycled 
back to the biotreater at about 1 gpm. Urea and diammonium phosphate were used as the 

N and P nutrients, and were fed into the biotreater feed at a predetermined ratio of 
COD:N:P=100:5: 1 for all test conditions. 

C. Experimental Plan 

The objectives of this study are: (1) to ver@ that the activated sludge system, with the 
enhanced flocculation by iron hydroxide, can be used for the treatment of MTBE- 
contaminated wastewater under very low organic concentration conditions; (2) to 
evaluate the performance and the limitations of the activated sludge system for removal of 

MTBE and other organic contaminants; and (3) to gain practical operating experience of 

such a system and to understand its operatiodmaintenance requirements. The 
experimental plan was therefore arranged to start the system with wastewater containing a 

very low level of organic contaminants (including MTBE), and increase the loading by 
either raising the feed rate or concentration once the steady state was achieved. Table 3-1 

describes the experimental conditions of this study. The operating temperatures were 
different for different runs due to the change in ambient temperature with the seasons. 

3-2 
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D. Results and Discussion 

Operating Data 

Run a The activated sludge system was seeded with 1 O gailons of MTBE-degrading 

mixed culture (MLVSS about 1000 mgL) isolated by Salanitro et al. (1994). The mixed 

culture had been acclimated to MTBE prior to the seeding. Therefore, MTBE 

biodegradation began almost immediately &er seeding. It should be emphasized based on 

past experience that without the acclimated MTBE degrading mixed culture, very little 

MTBE biodegradation activity could be realized. 

Run 1 was intended to evaluate the performance of the activated sludge system under very 

low organic loading conditions4 mg of total degradable organics per liter of aeration 

volume per day. The biodegradation of ethers, MTBE and DEE, and BTEX is plotted in 

Figures 3-2 to 3-4. The performance data and other ancillary monitoring and operating 

data are included in the Appendix. Except for an upset on Day-29 and Day-30 due to 

plugging in the return sludge line, the effluent concentrations of benzene, toluene, xylenes, 

and ethyl benzene were mostly below the detection limit. Discounting the data during the 

upset period, the effluent MTBE and DPE concentrations were 15 and 8 pg/L in average, 

respectively. The effluent MTBE concentration did exhibit more fluctuation than other 

VOC compounds. This is consistent with the previous observation that MTBE 

degradation in an activated sludge tended to be more vulnerable to operational upset. 

When subjected to an operational upset, the pace of recovery for MTBE biodegradation 

was also the slowest among the volatile organic compounds monitored. 

Regarding MTBE removal by volatilization due to long hydraulic retention time (HRT) 

and slow biodegradation rate, the off-gas measurement from the reactor showed that the 

average MTBE concentration in the off gas was 0.25 ppmv. The removal of MTBE by 

stripping based on this off gas MTBE concentration amounted to approximately 4% of the 

3 -3 
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total mass of MTBE input to the treatment system. Therefore, it is clear that the majority 

of MTBE removal in the activated sludge system resulted from biodegradation. 

Overall, this test run demonstrated that the activated sludge system could consistently and 

effectively remove MTBE under extremely low organic loading conditions (FM ratio of 

0.005 g VOC/g MLVSS-day and an influent BOD concentration as low as 11 mg/L). 

- Run 2 In Run-2, the feed flow rate was doubled from 100 mlímin to 200 mYmin. The 

average total VOC loading to the system was increased to 1.45 giday. The effluent 

MTBE and DIPE concentrations were elevated due to this hydraulic shock loading for 

about 2 weeks. The activated sludge system gained complete adaptation thereafter: The 

effluent MTBE and DIPE concentrations were in a majority of cases less than 20 and 10 

pgL, respectively (Figure 3-5). 

The increase in the feed flow rate by twofold, however, did not impact the biodegradation 

of benzene, toluene, xylenes, and ethyl benzene (Figures 3-6 and 3-7). On Day- 14, there 

was a change in groundwater characteristics. Toluene and xylenes concentrations started 

to increase significantly. Trace oil sheen was present in the groundwater to the feed tank. 
The effluent benzene and toluene concentrations on that day were more than 10 pgL due 

to the change in the feed characteristics. The effluent benzene and toluene concentrations 

returned to less than 1 pg/L immediately even though the influent concentration of toluene 

increased by 3 to 5 fold. The influent total xylene concentration also increased from 340 

pg/L to 920 pg/L on average. No deterioration of xylene biodegradation was observed. 

- Run 3 In Run-3, the feed flow rate was again increased from 200 to 300 mumin. in the 

meantime, the influent MTBE concentration was also raised from 360 to 1260 pgL by 

spiking the groundwater with pure MTBE. The results are shown in Figures 3-8 to 3-10. 

The activated sludge system appeared to adapt to the shock loading at a faster pace than 

in Run-2, probably due to increase in MTBE degrader population and warmer 

temperature. Within a week, the effluent MTBE concentration was reduced from 150 

3-4 
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pg/L to less than 15 p a .  Twice during this run the effluent MTBE concentration 

increased above the 190 pg/L level. No abnormality in operation had been observed 

during these two occasions, and these unexpected fluctuations in MTBE biodegradation 

could not be explained. During the run, the effluent DIPE concentration remained less 

than 1 O pgíL, even immediately after the feed rate increase. 

- Run 4 In Run-4, the feed flow rate was further raised fiom 300 to 600 drnin.  Starting 

at Day 8, the response of the FBBR to high influent MTBE concentration (approximately 

10 mg/L) was tested. Since the activated sludge system shared the same feed as the 

FBBR, the influent MTBE concentration to the activated sludge system was increased to 

the same level. The periods before and after the increase in the influent MTBE 

concentration were designated as Run 4A and Run 4B, respectively, to distinguish the 

drastic difference in the total MTBE loading between these two conditions. 

In Run 4 4  immediately following the increase in the influent flow rate and reducing the 

hydraulic retention time (HRT) fiom 5.8 to 2.9 hours, the effluent MTBE concentration 

was only slight elevated fiom less than 10 pg/L to about 35 pgL, indicating that the 

activated sludge system had accumulated considerable quantity of MTBE degraders to 

rapidly respond to shock loading. 

In Run 4B, the influent MTBE concentration was increased by about 10 fold. The MTBE 

removal in the activated sludge system dropped fiom more than 93% to about 70%. The 

total mass of MTBE removed by biodegradation, however, increased by approximately a 

factor of 10, fiom about 600 mg/day to 6000 mglday after the shock loading. 

Interestingly, the DIPE removal was affected by the sharp increase in the influent MTBE 

concentration and net MTBE removal, implying possible competition between the 

biodegradation of MTBE and DIPE for the same resources. 

The biodegradation of benzene, toluene, xylenes, and ethyl benzene remained unaffected 

by the increase in feed flow rate and influent MTBE loading. The project was terminated 

3 -5 
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before the system had sufficient time to increase the number of MTBE and DEE 

degraders. The effluent MTBE and DIPE concentrations and removals should improve 

with time, and the data in Run 4B should not be used to draw any conclusions on the 

limitation of the system’s MTBE degradation capacity. 

Sludge Characteristics As mentioned in the introduction section, one unique feature of 

the current process was the use of iron hydroxide flocculation to enhance the settlability 

and therefore the retention of the biosludge at very low organic loading conditions. The 

enhanced settlability of the biosludge by the iron hydroxide in this study was evidenced 

fiom Figure 3-15 which shows that sludge volume index (SVI) rapidly dropped fiom 

about 200 at the beginning of the test to less than 30. 

Iron readily flocculated the biosludge as soon as the biotreater was started up. Iron 

accounted for about 8% of the total suspended solids within 2 days of operation. The iron 

content in the biosludge then increased slowly with operation, and leveled off at about 

25% of the total suspended solids due to sludge wasting (Figure 3-16). 

Loss of MTBE via Stnppirtg 

Since MTBE was not completely degraded to a non-detectable level, some portion of the 

MTBE in the feed was expected to be lost through stripping. The biotreater used in this 

study had a liquid height of 57 inches, which allowed a good contact time between the gas 

bubbles and the liquid phase. Equilibration of organic compounds between the gas phase 

and the liquid phase was thus possible. 

During the pilot study, the off-gas fiom the biotreater was monitored occasionally with a 

portable GC. The measured off-gas MTBE data were thus plotted in Figure 3-1 7 against 

the calculated gaseous MTBE concentrations in equilibrium with the effluent liquid. From 

the plot, it is evidenced that MTBE in the off-gas of the biotreater closely approached 

3-6 
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equilibrium relation might be unique to the current biotreater configuration and operation. 

For other biotreaters, such emissions can be predicted knowing the overall mass transfer 

coefficient of the system. 

Since MTBE in the off-gas was approximately in equilibrium with the effluent liquid 

MTBE concentration, the emission of MTBE from the biotreater could be calculated 

knowing the aeration rate, MTBE's Henry's constant at the operating temperature, and 

the effluent MTBE concentration. Figure 3- 18 shows the relative quantity of MTBE 

removal via stripping and biodegradation expressed as averaged values for each run. As 

described in the previous sections, the effluent MTBE concentrations in these four runs 

were at similar levels, Le., 20 to 80 pgL. Consequently, the percentage of MTBE 

removed by biodegradation was higher for the runs with a higher MTBE feed 

concentration, and conversely, the percentage of MTBE removal due to stripping became 

greater for the runs with a lower MTBE loading. 

In general, stripping accounted for less than 9% of the total MTBE removal, and greater 

than 87% of MTBE removal was achieved through biodegradation in this activated 

sludge pilot system. Significant lower stripping can be achieved for a full-scale 

groundwater activated sludge system with better oxygen transfer characteristics. 

First Order MTBE Biodegradation Rate Constants 

Under steady state condition, the mass balance of MTBE across the biotreater is given as: 

where 
QL = liquid flow rate 
QB = aeration rate 
C" = influent MTBE concentration 
C = effluent MTBE concentration 
H = Henry's law constant of MTBE 

3-7 
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R = universal gas constant 
T = temperature 
VR= biotreater volume 
X = mixed liquor suspended solids (MLSS) 
KI= frst order biodegradation rate constant 
6 = V R / Q ~  = hydraulic retention time 

Since the effluent concentration was low in the pilot test, the biodegradation could be 

approximated as a first order reaction as depicted in the last term of the above equation. 

The first order biodegradation rate constant for a specific substrate in an activated sludge 

system treating multiple organic substrates, however, is not an intrinsic kinetic parameter. 

It varies with the population of the degraders for that specific substrate in the mixed 

culture and the composition of the wastewater. Based on Equation (3-1), given the 

biomass concentration, Henry’s law constant, the influent and the effluent MTBE 

concentration, the first order biodegradation rate constant for MTBE, KI, can be readily 

obtained by least square fitting of the experimental data obtained under steady state 

operation: 

Minimize (Ccd - subject to Ki 2 O (3-2) 

where C, is the steady state effluent MTBE concentration chta and Cci is given as: 
ri in 

(3-3) 

Figures 3-19 and 3-20 are given as examples for comparison of the effluent MTBE 

concentration of the experimental data with those calculated by Equation (3-3) using the 

fitted KI value. in general, there is good agreement between the experimental and the 

calculated effluent MTBE concentration. 

A similar approach was used to obtain the first order biodegradation rate constant for 

DIPE. Table 3- 2 summarizes the KI values for both MTBE and DIPE under the 

operating conditions conducted in this pilot study. The KI value varied from 1 to 6 L/g- 

3-8 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



S T D - A P I / P E T R O  PUBL Lib55-ENGL 1797 = 0732290 Ob032Lb 313 W 

VSS-hr for MTBE, and from 2.3 to 4.3 L/g-VSS-hr for DIPE. The KI values for both 

MTBE and DIPE appeared to increase as the pilot study progressed because of the slow 

increase in the degrader population for these two compounds as a result of the increase in 

their loading. However, no definite correlation couid be established between the KI 

values and the loading of MTBE and DIPE or their concentration relative to the total feed 

organic level. 

MTBE Biodegradation Capacity of the Activated Sludge System 

Figure 3-19 plots the effluent concentration against the MTBE loading per unit volume of 

the reactor from all the data collected from this study. Based on this figure, the effluent 

MTBE concentration of less than 1 O0 pg/L can be consistently achieved in the activated 

sludge process for a MTBE loading of less than 1 O mg/day/l reactor. This information, 

together with the range of HRT, sludge concentration and sludge age used in this study, 

can be used to roughly size the activated sludge system for treating MTBE contaminated 

wastewater with contaminant compositions similar to that encountered in this study. 

However, as discussed previously, the poorer MTBE biodegradation performance under 

the high loading conditions in this study was primarily due to insufficient time for the 

activated sludge system to fully adapt to the high loading conditions. Therefore, using the 

maximum loading of 1 O mg/day/L to determine the MTBE biodegradation capacity 

presents a conservative approach. Alternatively, the size of the biotreater can be designed 

based on simulation of a biotreater model using the first order MTBE biodegradation rate 

constant obtained from this study. 

E. Conclusions 

1. Iron flocculation helps retain the biomass in the activated sludge system. As a result, 
very good MTBE degradation and effluent quality can be achieved in the activated 
sludge system even at an influent BOD concentration as low as 11 mg/L and a F/M 
ratio of 0.005 g VOC/g MLVSS-day. 

3-9 
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2. In this pilot study, an effluent of less than 100 &L MTBE could be achieved with a 
MTBE loading rate of less than 1 O mg/day/L reactor. This loading rate is considered a 
conservative number to determine the MTBE biodegradation capacity in an activated 
sludge system. Overall, the activated sludge system does not possess as high a 
biomass concentration as the FBBR, and therefore requires a larger reactor to handle 
the same MTBE loading. 

3. Loss of MTBE through volatilization ranged from less than 0.5% to 9% of the total 
influent MTBE loading. Under higher MTBE loading conditions, the MTBE 
biodegradation rate was higher, and thus the contribution of volatilization to MTBE 
removal was reduced. 

4. The activated sludge system was more prone to process upset than the attached film 
process such as the FBBR, and recovered at a slower pace. However, the activated 
sludge process could be started up (or re-startup) rather easily as compared to the 
FBBR. 
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Table 3- 1. Operating Plan For the Activated Sludge System With the Iron-Enhanced 
Flocculation For the Treatment Of MTBE Contaminated Wastewater 

Operoting Conditions Run- 1 Run-2 Run-3 Run-4A R m 4 B  

Flow Rate (mYmin) 
Hydraulic Retention Time (brs) 
Sludge Retention Time (days) 
Air Flow Rate (SCFH) 
F/M (g V W g  MLVSS-day) 
MLSS (mg/L) 
MLVSS (mgL) 
PH 
Dissolved Oxygen (m@) 
Temperature (C) 

Avg. Influent MTBE bg/L) 
Avg. Influent BTEX ((U&) 
Avg. Influent VOC (bg/L)* 
Avg. Influent COD (m&) 
Influent BOD (m&) 
Influent Alkalinity 

100 
17.2 
64 
6 

0.005 
1524 
1192 
7.3 
8 
17 

427 
3479 
4347 
34 
11 

450 

200 
8.1 
40 
4 

0.01 1 
2579 
1309 
7.3 
8 
17 

357 
4303 
5035 
41 
18 

430 

300 
5.8 
40 
4 

0.012 
2972 
1592 
7.2 
8 
20 

1263 
2828 
4469 

38 
10 

420 

600 
2.9 
40 
4 

0.020 
3310 
1742 
7.3 
8 
21 

748 
3132 
4270 

35 
13 

420 

600 
2.9 
40 
4 

0.057 
3310 
i 742 
7.3 
8 
21 

9605 
2880 
12875 

51 
13 

420 

* The average VOC is the sum of BTEX, DIPE and MTBE. 

Table 3-2. First Order Biodegradation Rate Constants for MTBE and DIPE 

3-1 1 
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Section 4 

MTBE DEGRADATION IN THE UV-H202 PROCESS 

A. Introduction 

A plethora of studies have shown that the hydroxyl radical (HO.) can oxidize most 

organic substances. For example, the hydroxyl radical was found to be a key oxidant of 

hydrocarbons in the troposphere (Atkinson, 1986; Kenley et al., 1978). It has also been 

used to oxidize various aromatic hydrocarbon contaminants in aqueous phase such as in 

ozonolysis (Hoigne and Bader, 1979). Because of its highly reactive nature, the hydroxyl 

radical can be a potential oxidant for refractory organic compounds which are not readily 

destroyed by other treatment processes. As discussed in the previous sections, although 

MTBE is demonstrated to be biodegradable, its biodegradation rate is sigdicmtly lower 

than that of benzene, toluene, and xylenes. The processes which generate highly reactive 

hydroxyl radicais may therefore provide a good aiternative for treatment of MTBE. 

There are several processes that generate hydroxyl radicals as a means to remove organic 

contaminants in aqueous phase: reaction of ozone with hydrogen peroxide, hydroxide- 

catalyzed decomposition of ozone, photolysis of hydrogen peroxide by ultraviolet 

radiation, and the Fenton reaction. Among these processes, ozone-H202 and hydroxide- 

ozone processes have been tested in either laboratory scale or pilot scale for the treatment 

of MTBE contaminated water (Tang and Wilcox, 1990). Therefore, this study only 

focused on evaluating the effectiveness of MTBE degradation in the W-H202 and Fenton 

reaction. In the following sections, the literature data and the basic mechanisms related to 

the generation and reaction of hydroxyl radicals are first reviewed. Data gathered from 

the field tests are then presented. Finally, the approach to design and implement the W- 

H202 process in the field is discussed. 
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B. Literature Review 

A hydroxyl radical can be generated by four different mechanisms: hydroxide catalyzed 

decomposition of ozone, reaction of ozone with hydrogen peroxide, photolysis of 

hydrogen peroxide, and ferrous iron catalyzed decomposition of hydrogen peroxide, also 

known as Fenton reaction. The mechanisms of hydroxyl radical generation are relevant to 

their effectiveness on the degradation of organic compounds. Generally speaking, W 

irradiation is more effective in producing the hydroxyl radicd than the other three 

mechanisms as will be seen from the reaction pathways reviewed below. 

Hy&oxyl Raàìcal Generation via Reaction of Ozone wìîh HZ02 or wìîh Hyrlrcucide Ions 

Hydroxyl radicals can be generated by reacting ozone with H202. They can also be 

generated by hydroxide-catalyzed decomposition of ozone. The decomposition of ozone 

catalyzed by hydroxide ion and by hydrogen peroxide shares some common reactions. 

The following chain reactions have been proposed to explain the mechanism of the 

hydroxyl radical production via ozone-peroxide reaction or hydroxide catalyzed ozone 

decomposition (Staehelin and Hoigne, 1982). 

Initiation: 

Propagation: 

HO; + HO20 + HO. + O H  + 02 

HO3 + HO. + 0 2  

4-2 
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The net equation for hydroxyl radical formation is: 

Both the 0-0 and O-H bonds of the %O, molecule absorb UV light. H202 exhibits 

continuous absorption of UV radiation with decreasing wavelength. Therefore, H,O, can 

dissociate by absorbing W light. Under acidic and neutral conditions, the primary 

photolysis of 50, by UV light at 254 nm produces hydroxyl radicals (i.e., 2 moles of 

hydroxyl radical generated per mole of HZOZ photolyzed) . The molar absorption 

coefficient of &O2 is 18.6 L/mol-cm. The hydroxyl radical may then react with €&O, to 

generate HO,. and O,, resulting in further decomposition of &O2 (Ogata et al., 1983). 

Initiation: 40, + 2 HO. 

Propagation: HO. + %O2-+ 40 + HO,. 

Termination: 

HO2. + &O2 + &O + O, + HO* 

2 HO. -+ 40, 

2 HO,. + H20, + O, 

2HO. + 2H02. + 2 4 0 ,  + O, 

The photolysis of H,O, eventually leads to the formation of oxygen and water. 

40, + 40 + 1/20, 

4-3 
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Nicole et al. (1 990) showed that if the irradiation reactor had a non-reflecting wall or high 

values of intenial optical density, the photolysis rate of %O2 obeys the zero order kinetics 

with respect to &O2 concentration; the rate of %O2 photolysis, however, can be 

described by an apparent first order kinetics with respect to H,O, concentration in the 

case of low values of optical density. 

Under alkaline conditions, however, ozone is generated in the photolysis of H202 via a 

transient ozonide. 

O + 0, + O,‘ 
O’ + HO,- + O,-+ OH 
O,’+ 0,- + &O+ O, + HO, + O H  

where O and HO,’ are the basic forms of the hydroxyl radical, HO., and H202, 

respectively. 

The ozone generated will decompose to water and oxygen upon reaction with excess 

&O,- 

O, + H,O, + H,O + 2 0, 

Fenton’s Reactions 

Fenton (1 894) was the first to report that ferrous salts promoted the oxidation of organic 

compounds by H202. Such a combination of H202 with a ferrous salt, now known as 

“Fenton’s reagent,” has since been demonstrated to be an effective oxidant for a wide 

variety of organic compounds. Past studies have shown that Fenton’s reaction, i.e., the 

iron-catalyzed decomposition of H202, proceeds via a free radical chain process with 
hydroxyl radical as one of the intermediates. The chain reactions can be described by the 

following steps: 

4-4 
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&O2+ Fe2' + Fe3' + HO'+ HO. 

HO. + Fe2+ + Fe3+ + O K  

HOp + Fe3' + Fe2' + 0 2  + K' 

HO. + H202 + H20 + HOZ* 

In the presence of organic compounds, the hydroxyl radicals react with the organic 

substrates to produce organic fiee radicais, which can undergo further degradation, 

dimerization, oxidation by Fe'3, or reduction by Fe". 

HO. + RH + 40 + R. 

R. + Fe3' + Fe" + Product 

R. + Fe2' + Fe3' + Product 

2 R. + Product 

R. + FeZ+ + H' + RH + Fe3' + Product 

As seen fiom the above equations, Fe'' is rapidly consumed by H202, but can be 

regenerated fiom Fe3' to d o w  the chain reactions to continue without continuous supply 

of Fe". Since Fe3' can form iron hydroxide precipitates under neutral to alkaline 

conditions, removing iron fiom the solution and thus prohibiting regeneration of Fe", the 

Fenton reaction is often carried out under acidic conditions, or by using iron chelated to 

ligands to maintain Fe ions in soluble form. The ligands commonly used to complex Fe3' 

include oxalate and citrate. Zepp et al. (1 992) showed that the Fe3' complexed by the 

ligands can be reverted to Fe2+ by photo-reduction at wavelength of 436 nm. This 

suggests that Fenton reaction can be used to destroy organic compounds under non-acidic 

conditions with the appropriate choice of ligands and sunlight irradiation. 

4-5 
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Degradation Pathways of MTBE and Aromatics 

The degradation of organic compounds by the hydroxyl free radicals proceeds via two 

major pathways: hydrogen atom abstraction from the C-H bonds and addition of free 

radicals to 7t bonds. For MTBE, hydrogen abstraction is the major reaction mechanism. 

The hydroxyl free radical can abstract a hydrogen atom from the methyl group of either 

the methoxy group or the tertiary butyl group. The organic free radicals thus formed are 

further subjected to addition of peroxy free radicais or oxygen molecules, resulting in the 

generation of either tertiary butyl formate (TBF) or 2-methoxy 2-methyl propanal (MMP), 

as shown in Figure 4-1. These two intermediate products can be further degraded to 

formaldehyde, acetone, and COZ. 

The pathways were proposed by Japar et al. (1 990) for OH-initiated atmospheric 

oxidation of MTBE. The same mechanisms are equally valid in the aqueous phase. 

Indeed, one of the by-products, tertiary butyl formate, was identified,by mass 

spectroscopy in the effluent of the W-H202 process for treatment of MTBE 
contaminated water (Bear et al., 1989). 

The degradation mechanisms of aromatic compounds by hydroxyl free radical attack can 

be illustrated by toluene degradation (Figure 4-2). Both the hydrogen abstraction and free 

radical addition mechanisms are responsible for the breakdown or transformation of 

toluene molecules. Hydrogen abstraction from the methyl group of toluene leads to the 

formation of benzaldehyde, while addition of the hydroxyl free radical to the benzene ring 

leads to the formation of phenol, diphenyl, and various smaiier aldehydes or ketones fiom 

the scission of the benzene ring (Walling and Johnson, 1975) 
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Kinetics of Hydroxyl Free Radical Reactions 

Hydroxyl free radical has a very high oxidative potential, only second to fluorine among all 
oxidants. Therefore, it is highly reactive towards many compounds. Table 4-1 

summarizes the second order reaction rate constants for the reactions of the hydroxyl 

radical with some organic and inorganic solutes commonly found in water treatment 

processes. As seen in the table, the rate constants of the reaction between the hydroxyl 

free radical and the aromatic compounds are very high. Among the inorganic ions, 

carbonate and ferrous iron are slightly less reactive with the hydroxyl radical than the 

aromatic compounds. However, if the wastewater to be treated contains high alkalinity 
and iron concentrations, they will compete with the organic contaminants for the hydroxyl 

radical, hence reducing the degradation effectiveness of organic contaminants. The 

reaction rate constant between MTBE and the hydroxyl radical was determined using the 

relative rate method (Tang and Wilcox, 1990). In the relative rate method, MTBE and 

benzene reacted with hydroxyl radicals generated from ozonation of H202 solution in a 

completely mixed reactor. Since the reaction rate constant of benzene is known, the 

reaction rate of MTBE can be determined based on the extent of MTBE degradation 

relative to that of benzene. The second-order reaction rate constant of MTBE was 

determined to be O. 15 of the reaction rate constant of benzene (Table 4-2). 

C. Experimental Setup 

The Pilot Scale W-H202 Process Unit 

Figure 4-3 shows the process diagram of the pilot üV-H2@ process unit. Wastewater 

(primarily contaminated groundwater) was first pumped into a 200-gallon mixing tank to 

mix with 35% H202 solution to oxidize ferrous iron to ferric iron. The peroxide was 

dosed to give the desired concentration for the UV-H202 reaction. Such a peroxide 

concentration was more than sufficient to completely oxidize the ferrous iron in the 

incoming wastewater. Anionic polymeric flocculant (acrylamide/acrylate aqueous 
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solution) was also dosed into the mixing tank to flocculate femc hydroxide particles to 

enhance the downstream iron removal. Sodium hydroxide and sulfùric acid were used in 

conjunction with a pH controller to maintain a desired pH in the feed wastewater. The pH 

in the wastewater fed to the UV reactor was maintained at 7.0 except for the tests where 

pH effects were evaluated. MTBE and toluene were sometimes added in the mixing tank 

to study the effects of MTBE and other organic concentrations on the MTBE removal by 

the W-H202 process. 

As mentioned earlier, ferrous iron would compete with organic compounds for hydroxyl 

radicals. In addition, once the iron is oxidized, it forms iron hydroxide flocs that can foul 

the W lamp quartz and absorb and scatter W light. The presence of iron in the feed 

water would therefore reduce the degradation efficiency of the UV-H202 process under 

neutral or alkaline pH conditions. Consequently, a sand ñlter was installed in this process 

to remove flocculated iron hydroxide from the feed water. The sand filter was 24 inches 

in diameter and 54 inches in height. Sand was used as the sole medium for the sand filter. 

The actual height of sand was approximately 30 inches. The sand filter was not sized for 

continuous operation. It was backwashed daily. The iron concentration in the sand filter 

effluent was generally less than 0.5 mg/L. 

The sand filter effluent was then pumped into the photoreactor unit. Figure 4-4 displays 

the simplified schematic diagram of the photoreactor unit. The photoreactor unit 

consisted of three W chambers connected in series. Each UV chamber had a working 

volume of 10 gallons, and was equipped with a 10 kilowatt W lamp. Each W chamber 

also had its own sampling port for withdrawing the effluent sample, thus allowing the 

degradation efficiency of each chamber to be evaluated separately. The treated effluent of 

the W photoreactor was pumped through an activated carbon bed to remove any residual 

organics in the treated water. 

Fouling of the Quartz Sleeve of the UVLamm The W photoreactor system was 

operated in the daytime only. M e r  completion of the daily experimental runs, the system 

4-8 
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was cleaned with utility water and drained. The residual heat fiom the UV lamps dried 

the UV chambers in the night. Due to the high dissolved solids and calcium contents in 

the utility water, mineral salt residues were thus left coated on the quartz surface of the 

W lamps. After approximately 3 weeks of operation, it was noticed from the data that 

the degradation efficiency of the W-H202 unit had deteriorated. A portion of the data 

reported in this study was collected when the degradation efficiency of the photoreactor 

unit had deteriorated due to fouling on the quartz sleeves. These data are reported with a 

note indicating the fouling conditions. It should be recognized that the fouling does not 

affect the validity of the data and the conclusion derived from them since the tests were 

conducted to compare the effects of a given process variable by maintaining all other 

operating conditions the same. The W chambers were subsequently washed with 1% 

H2SO4 solution for an hour, and then rinsed with utility water. After the cleaning 

process, the W photoreactor regained its degradation effectiveness. Thereafter, the clean 

water was left in the chambers after the cleaning process to prevent mineral coating on 

the quartz sheaths of the W lamps. 

Anafvticaf Methods The organic concentrations were determined using purge and trap 

gas chromatography. The quantification limits for BTEX, MTBE, and DPE were 1 pg/L. 

H202 and iron concentrations were determined based on calorimetric methods using 

CHEMetrics@ kits. 

D. Results and Discussion 

The major process variables that impact the MTBE degradation efficiency of the W- 

H202 process include W irradiation intensity, H202 dosage, MTBE concentration, 

concentration of other organic compounds, alkalinity, iron concentration, pH, and 

hydraulic retention time. The W irradiation intensity will be fixed once the equipment is 

selected. The wastewater used for this study contained very high alkalinity, up to 400 

mg/L. Alkalinity had adverse effects on the UV-H202 process. However, the high 

alkalinity in the wastewater might be desirable from the viewpoint that the results and the 

4-9 
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related conclusions derived fiom the study would tend to be conservative. In addition, 

lowering the alkalinity requires subjecting the wastewater to a softening process or to pH 

adjustment accompanied by stripping of COI. Either process would significantly 'change 

the feed wastewater characteristics. Therefore, no efforts were made to study the effects 

of the W irradiation intensity and alkalinity. However, the effects of the other process 

variables mentioned above on the MTBE degradation effectiveness of the W-H202 

process were evaluated. 

In the following sections, the results of the effects of each process variable on the 

degradation efficiency of organics are discussed in a qualitative manner. Because of the 

complexity of the hydroxyl radical reactions in this process, definite, quantitative relations 

among the degradation effectiveness and the process variables have been difficult to 

obtain. However, some quantitative information from the pilot study data is presented in 
the last section. 

Direct Photolysis of Organic Contaminants 

The spectral energy of W irradiation is in the range of 400 to 600 kJ/mole, while the 

bond energy levels of the aliphatic and aromatic C-H bonds are in the range of 360 to 450 

kl/mole. Therefore, the organic contaminants in the aqueous phase may undergo direct 

photolysis upon UV irradiation. The contribution of direct photolysis (i.e., irradiation 

with W alone without the assistance of HzOZ) to the degradation of organic contaminants 

in the UV-H202 process should be understood first before the degradation effectiveness of 

the process can be properly assessed. One test run was thus conducted to assess the 

decomposition of the hydrocarbons and ethers in the wastewater subject to W irradiation 

without H202 in the test equipment. The test results are summarized in Table 4-3. It 

appears that the substituted benzenes, including toluene, p,m,o-xylenes, and ethyl benzene, 

were photolyzed at faster rates than benzene, MIBE, and DEE. These results are 

consistent with the observations that benzene was more photo-stable than aliphatic 

hydrocarbons at the wavelength of 254 nm, and that bond rupture in the alkyl group of 
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alkyl benzene occurred even at 254 nm wavelength. Rupture of the ether bond in aliphatic 

ethers requires short wavelength irradiation, < 200 nm (Wells, 1972). The test equipment 

was low in the irradiation wavelength below 200 nm. Therefore, the lack of degradation 

of MTBE and DIPE by direct photolysis can be expected. 

The photolysis of H202 by W irradiation produces hydroxyl radicals as the initial chain 

reaction product, and eventually leads to the formation of oxygen and water. The 

sequences of the photolysis reactions have been described previously. According to 

Nicole et al. we attempted to extract al. (1 990), the kinetics of H202 photodegradation 

follows a first order reaction with respect to H202 concentration under the conditions of 

low (1) optical density and (2) reflection on the internal wall of the photochemical reactor. 

These two conditions apply to the test equipment and the characteristics of the wastewater 

tested in this study. The kinetic expression for the photodegradation of HzO2 according to 

Nicole et al. (1 990) is: 

where E = molar extinaion coefficient of compound at the wavelength 2. (L mol-' an-') 
@ = quantum yield for photolysis of compound at the wavelength h 
d = opticai path length of light (cm) 
T = reflection coefficient (values varied with materiai of Constniction of the 

wail of the photoreactor) 
Po = incident photonic flux (Einstein s.') 
V = volume of irradiated solution 

For a given photoreactor and W lamp, the coefficients E, Qi, r, PO, and d are fixed. 

Therefore, Equation (4-1) can be expressed as 

4-1 1 
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The flow pattern of liquid through the photoreactor in this study can be approximated as 

plug flow. Therefore, the kinetic constant, hob, of H202 photolysis could be determined 

by the following equation: 

where z is the hydraulic retention time of the photoreactor. Figure 4-5 shows the result of 

one H202 photodegradation test in which water containing only H202 was subject to UV 

irradiation in the photoreactor under neutral conditions. The value of k,,hot. was 

determined to be 0.39 min". The values of kph.t. extracted from the H202 degradation 

data collected during this study in the presence of organic contaminants varied from 0.21 

to 0.62 min-' with the average of 0.38 min-' (Figure 4-6), which is in good agreement with 

the 0.39 min-' determined from the H202 solution. Therefore, once the value of kph.t. is 
determined from a H202 solution for a W lamp, it can be used to predict the consumption 

of H 2 0 2  under other test conditions. Note that the k,,hob was the apparent disappearance 

rate constant of H202 concentration. It may reflect directly the kinetics of hydroxyl radical 

production. 

Effects of H202 

Increasing H202 dosage increases the generation of hydroxyl radicals, and therefore 

enhances the degradation of organic contaminants in the wastewater. Two tests were 

conducted to evaluate the effects of H202: The first test did not inject MTBE into the feed 

wastewater, while the feed wastewater in the 2nd test was dosed with about 2 mgL 

MTE3E. The results are tabulated in Tables 4-4,and 4-S. It is obvious from these results 

that the higher the H202 dosage, the higher the degradation efficiency for all the organic 

compounds in both tests. Low H2& dosage has m obvious impact on the degradation of 

MTBE and DIPE as evidenced in the test with a lower influent MTBE concentration: 

MTBE removal increased from 40% to 94% as the initial H202 concentration was 
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increased from 24 to 110 m a .  (Table 4-4). A similar effect was observed for DIPE also. 

The degradation rates of BTEX by hydroxyl radicals are significantly higher than those of 

the ethers. Thus, the removal of BTEX was less sensitive to the initiai H202 

concentration. 

In the test with a higher influent MTBE concentration, the effects of H202 dosage on the 

degradation of MTBE and DIPE were less significant than those observed in the first test 

(Table 4-5). The photodegradation of H202 in the test with the lower influent MTBE 

concentration was low compared with that in the test with the higher influent MTBE 

concentration. Consequently, the results of the former showed significantly lower 

degradation efficiency for every compound despite a lower organic loading. The pH and 

the iron concentration in both tests were almost identical, and the two tests were 

conducted oniy 16 hours apart. The test dosed with 2 mg/L MTBE had a higher level of 

other organic contaminants, particularly toluene. This indicates that the characteristics of 

the groundwater might have fluctuated between these two tests. It is not known whether 

the changes in the groundwater characteristics might have contributed to the deterioration 

in the degradation efficiency in the first test. 

Eflects of Other Organic Compounds on MTBE Degradation 

Because of their very high reactivity and low selectivity, the hydroxyl radicals, once 

generated, rapidly react with other compounds or with each other. So in these reactors 

the concentration of fiee radicals is very low. For the target organic compounds to be 

effectively degraded, they have to compete with each other for the trace-level, short-life 

hydroxyl radicals. Therefore, the degradation efficiency of a specific compound in the 

UV-H202 process depends not only on its reaction rate constant with the hydroxyl radical, 

but also on the number of molecular species existing in the system, their concentrations, 

and their reaction rates with the hydroxyl radicals. 
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Quantification of the effects of other organic compounds on the degradation efficiency of 

the target compound is oniy possible when the fate of the hydroxyl radicals and the kinetic 

constants of all the reactions are known. Since very littie such irfomtion is available, 

two tests were conducted to shed some light on these interaction effects. 

In these two tests, the concentration of toluene varied. The results are tabulated in Tables 

4-6 and 4-7. The results of Table 4-6 were obtained when the UV quartz sheath was 

fouled as evidenced from the low photolysis efficiency of H202. Both results showed 

similar trends: As the concentration of toluene increased, the degradation of MTBE, 

DIPE and benzene were more significantly deteriorated. The extent of deterioration in 

the degradation efficiency of these three compounds did not appear to correlate with their 

reaction rate constant with hydroxyl radicals, or with their concentration. Interestingly, 

the degradation of p,m-xylene, o-xylene, and ethyl benzene was not affected, even though 

their concentrations were significantly different. These results suggest that the 

degradation of organic contaminants in the W-H202 process cannot be fùlly explained or 

quantified simply based on the initial reaction constants of these compounds with hydroxyl 

radicais. 

H202 is photolyzed airnost completely to hydroxyl radical under acidic, neutral and slightly 

alkaline conditions (Ogata et al. , 1983). Above pH 9, however, ozone may be generated 

from photolysis of H202 (Landi and Heidt, 1969). Therefore, photolysis of H202 is not 

v e y  sensitive to pH between pH 3 and 9. However, lowering pH shifts the equilibrium 

between HCOi and Coi2, i.e., converting more Coi2  to HCOi. Both HCOi and Coi2 

are scavengers for hydroxyl radicals. The reaction rate of hydroxyl radical with Coi2 is at 

least one order of magnitude higher than that of hydroxyl radical with HCO;. Therefore, 

lowering the pH can significantly enhance the degradation efficiency of organic 

compounds in the W-H202 process by reducing the scavenge fúnction from C03'*, 
particularly for wastewater with an alkalinity of approximately 400 m a ,  such as used in 
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this study. In addition to reduction of C03’2-HC03. scavengers, potential contribution 

fiom Fenton’s reaction to the degradation of organic compounds can be sisnifiCant at low 

pH with the presence of both soluble iron and H202 as discussed in the previous section. ‘ 

Table 4-8 summarizes the results of the pH effects on the degradation of organic 

compounds in the W-H202 process. Four pH conditions, pH 3.5, 5.5, 7.0, and 9.5, were 

evaluated in the test. A pH controller was used to control the desirable pH values in the 

mixing tank using either HzS04 or NaOH. It should be noted that this set of tests was 

conducted during the time when the W quartz sheath had been fouled as was found out 

later fiom the low H202 photolysis efficiency (to be discussed below). The degradation 

rates of the organic compounds had therefore deteriorated at the time of the test. 

However, these results are still valid for evaluating the relative effects of pH. 

As shown in Table 4-8, while the injection rate of H202 into the mixing tank was 

maintained the same for these four test conditions, the concentration of H202 was 

significantly lower at pH 9.5 than under neutral and acidic conditions. It seems that the 

decomposition of Hz02 was accelerated at higher pH. The rate of H202 photolysis in the 

UV photoreactor, on the other hand, appeared to be slightly slower at pH 9.5 as compared 

with that at neutral or acidic conditions: the pseudo first order rate constants of H202 

photolysis were calculated to be 0.064, O. 104, 0.078, O. 106 min-’, respectively. These rate 

constants were significantly lower than those reported in the “Photolysis of H20; section, 

indicating the fouling of the W quartz sheath. As a matter of fact, the W quartz sheath 

was cleaned after these tests. As the pH was lowered, the oxidation and subsequent 

flocculation and removal of Fe by sand filter was somewhat retarded. The soluble iron 

concentrations were < 0.5, 1, 2.4, and 5 mg/L at pH 9.5, 7.0, 5.5, and 3.5, respectively. 

The higher soluble Fe concentration at low pH, however, would promote Fenton’s 

reaction, thus benefiting the overall removal of the organics. 

The degradation of all the organic compounds in the W-H202 process increased with 

decreasing pH, with the pH effects most obvious for MTBE and DIPE. Figures 4-7 and 
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4-8 plot the fraction of MTBE and toluene removal against the hydraulic retention time in 

the photoreactor in the semi-logarithmic scale. The slopes of the lines in these two figures 

represent the pseudo first order reaction rate constants of MTBE and toluene degradation. 

It is seen that the MTBE and toluene degradation rates increased slightly with decreasing 

pH between pH 9.5 and 5.5, which could be attributed to the reduction of CO;* 
concentration with pH. The degradation rates of MTBE and toluene increased 

significantly as the pH was lowered to pH 3.5. The disproportionately higher degradation 

rates at pH 3.5 are believed to be assisted by Fenton’s reaction in addition to the 

elimination of C03.*-HCO3. scavengers. The contribution of Fenton’s reaction to the 

degradation of organic compounds is evidenced fiom the significant reduction in all the 

organic compounds even in the mixing tank before W irradiation. 

Eflects of Iron and Low pH 

To M e r  assess the impact of iron on the degradation of organic compounds at low pH, 

three additional tests were conducted. The test conditions are: ( I )  pH 7.0 with sand 

filter in operation; (2) pH 3.5 with sand filter in operation; and (3) pH 3.5 without passing 

the wastewater through the sand filter. The sand filter removed a portion of the soluble 

iron, probably via surface adsorption and surface catalyzed oxidation, such that the iron 

concentration into the photoreactor under test condition (2) was slightly lower than that 

under the test condition (3). In all three tests, the wastewater was dosed with MTBE and 

toluene to make their concentration in the feed approximately 2.5 mg/L and 10 m a ,  

respectively. The test results are summarized in Table 4-9. 

Due to the very high toluene concentration dosed into the mixing tank, the hydroxyl 

radicals generated fiom the Fenton reaction appeared to be mostly consumed by toluene 

as evidenced from the sigoificant reduction of toluene concentration in the mixing tank 

between pH 7 and pH 3.5 conditions. Xylenes and ethylbenzene were also reduced by the 

Fenton reaction in the mixing tank, while the reduction in MTBE, DIPE and benzene were 

not signiticant. As seen from Table 4-9, there was slight enhancement, though not very 
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significant, in the degradation rates for all organic compounds at higher soluble iron 

concentration. This improvement is more clearly seen from Figure 4-9 as the curve 

representing the conditions of 6 mg/L Fe and pH 3.5 had a steeper slope than that 

representing pH 3.5 and 3 mg/L Fe, 

Effects of Iron Hydroxide Particulate 

The presence of iron hydroxide solids in the wastewater can retard the penetration of W 

light through the photoreactor. The effects of iron hydroxide solids on the degradation 

efficiency of the W-H202 process were also evaluated in this study. In this set of tests, 

iron from the groundwater was oxidized and flocculated into iron hydroxide flocs in the 

mixing tank. The wastewater was then either passed through the sand filter to remove the 

iron hydroxide flocs or directly fed to the UV photoreactor. The results were summarized 

in Table 4- 1 O. As expected, the presence of 7 mg/L of iron hydroxide particulate 

significantly deteriorated the degradation effectiveness of the UV-H202 process, 

particularly for MTBE and DIPE. Oxidation of iron followed by flocculation and filtration 

are therefore necessary pretreatment steps for the effective usage of the üV-H202 process 

if it is to be operated under neutral or alkaline conditions. Note that these two tests were 

carried out during the time when the UV quartz sheath was fouled, and therefore achieved 

smaller overall degradation efficiency. 

Total Organic Carbon Reduction in the W-HZOZ Process 

In some of the tests, the total organic carbon (TOC) in the influent and the effluent was 

monitored. These results together with the TOC of VOC data in the influent and effluent 

are shown in Table 4-1 1. The “TOC of V O C  is the TOC content of the total volatile 

organic compounds calculated by summing the concentrations of BTEX, MTBE, and 

DIPE. As displayed in the table, the reduction in TOC was in most cases smaller than the 

reduction of TOC resulting from removal of BTEX, MTBE, and DIPE. The results 
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indicate that the UV-H202 process oniy partially oxidizes BTEX, MTBE, and DIPE to 

some intermediates, probably aldehydes and ketones, and not to COZ. The effects of the 

by-products fiom the W-H202 process on the aquatic toxicity are unknown and should 

be carefilly examined before selecting this process for treatment. 

Degradation Capabìlìty of the W-H202 Pilot Unit 

Figure 4-10 plotted the effluent MTBE concentration against the MTBE loading to the 

UV-H202 pilot unit. The hydraulic retention time for all the data shown in this figure 

ranged fiom 3 to 6 minutes. The data collected under the W lamp quartz sheath fouling 

conditions and under pH test conditions are excluded. In most cases, an effluent MTBE 
concentration below 1 O0 pg/L could be achieved. As mentioned before, the degradation 

of MTBE and other organics was significantly impacted when high toluene concentration, 

greater than 10 mgL, was dosed in the feed. The figure showed that an effluent MTBE 
concentration of less than 1 O0 pg/L was achievable in the pilot W-H202 unit under an 

MTBE loading of 2000 to 4300 mg/l/day, depending on the concentration of other 

organic compounds. 

Photoreactor Sizìng 

Theoretically, a reactor model can be constructed to predict the performance of the W- 

H202 process if the following information is known: the kinetics of HZ02 decomposition 

and of the subsequent hydroxyl radical generation related to the W lamp used, the 

kinetics of the reaction of the hydroxyl radicals with the target species and with the 

reaction intermediates, and the kinetics of the reaction between the hydroxyl radical and 

the impurities in the wastewater. For the treatment of wastewater involving multiple 

organic contaminants and complex chain reactions, ,only partial kinetic information is 

available. Therefore, the construction of a complete reactor model for the W-H202 

process has been very difficult. 
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Lacking a comprehensive reactor model, sizing of the photoreactor for a specific 

wastewater has been conventionaiiy approached by sending samples of wastewater to the 

vendors for test, and extrapolating the test data for design. One of the rational 

engineering design bases used by the vendors for the photoreactor sizing was the specific 

energy requirement for 90% degradation, &. E90 is the energy input for a specific UV 

lamp required to reduce the concentration of the target compound by one order of 

magnitude per unit volume of the wastewater @e., kWh/lOOO gavlog [Cfit/Cfm~J), where 

Cfit and Cfmi are the initial and final concentrations of the specific compound subjected to 

the W-H202 degradation). can be easily calculated based on the following equations: 

For batch process: 

For continuous process: 

(4-4) 
P t, .lo00 

v log(C, / C,) E90 = 

where P = poweroftheWlampinkW 
& = reactiontime,hr 
V = volume of liquid processed in the batch 
Q = flowrate,gal/hr 

Thus, the value of 

sample. The total energy required to achieve the desirable removal for each compound 

can then be determined based on its & value, its initial and target treated concentration, 

and the wastewater flow rate. The photoreactor lamp and the size of the reactor are then 

determined based on the compound which demands the highest energy input per unit 

hydraulic retention time to achieve the desired removal. A safety factor is usually 

incorporated in the ñnal design. 

is determined for each compound of interest in the wastewater 

Due to the complex chain reactions between the hydroxyl radicals and various organic and 

inorganic compounds, the degradation of a specific compound by the UV-peroxide 
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process is strongly affected by the chemical characteristics of the wastewater. In addition, 

different UV lamps fiom different vendors may have different energy output at different 

wavelengths, resulting in different efficiency of H202 photolysis. Therefore, t h e ' k  value 

for a specific compound will vary with the composition of the wastewater and the W 

lamp used. In the following section, the EW value extracted fiom the data obtained from 

this study was compiled to provide a general picture of how the E90 values for the ethers 

and BTEX are affected by the wastewater composition. Note that the test data under the 

UV lamp quartz sheath fouling conditions have been excluded fiom this analysis. 

Significantly higher b values will result if the UV lamp quartz sheath is dirty or the 

turbidity or opaqueness of the wastewater is high. The data obtained under low or high 

pH were not used in the EM calculation either. These EM values compiled below may 

potentially be used in the first pass screening process for treatment process selection. 

The b values for MTBE under different test conditions were plotted against the total 

VOC concentration and against the molar ratio of total VOC to MTBE in the feed 

(Figures 4-1 1 and 4-12). The total VOC is the sum of benzene, toluene, xylenes, ethyl 

benzene, MTBE and DiPE. Under conditions where no one single compound dominated 

in its concentration in the feed, the for MTBE varied from 20 to 80 kW1000 gal and 

was averaged at approximately 40 kWh/lOOO gal. In a series of tests in which toluene 

concentration in the influent was sigdicantly higher than the rest of the organic 

contaminants, the 

and 4-12, although the Ew for MTBE fluctuated with test conditions, there were no 

obvious effects of the total organic Concentration and the molecular ratio of other organic 

compounds to MTBE on Ew. Similar phenomena were observed for DIPE and BTEX. 

Examples of & for toluene and DIPE were given in Figures 4-13 to 4-1 6. Similar plots 

for 

for MTBE was drastically increased. As shown in both Figures 4-1 1 

for benzene, xylenes, and ethyl benzene are included in the Appendix. 

Signtficantly higher values of EN for compounds including toluene were also obtained 

under the high influent toluene concentration test conditions. Examination of the 

photolysis of H202 under these test conditions showed that the decomposition rate of 
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€3202 was not affected. Therefore, the higher EN values could not be due to deficiency in 

hydroxyl radicals. It is speculated that some of the intermediates fiom the reaction of 

toluene and hydroxyl radical might act as hydroxyl radical scavengers so that the 

degradation of all the organic compounds was strongly retarded. 

Table 4-12 summarizes the range and average of 

obtained in this study. As previously discussed, the reaction between hydroxyl radicals 

and organic contaminants is complex. The 

conditions, wastewater characteristics, and the W lamp used, as evidenced from the 

variation EM shown in the table. The 

for MTBE, DIPE and BTEX 

values therefore vary signúicantly with test 

information should be used with caution. 

h r n p l e  of Using the ESO Information for Sizing the UV Photoreactor 

As previously discussed, the complexity of the hydroxyl radical chain reactions and the 

variation in the W lamp characteristics make the prediction of the performance of the 

W-HzOz process very difñcult. Therefore, if one decides to choose this process to 

decontaminate wastewater, a pilot test of the performance of the equipment is highly 

recommended. At least, samples should be taken and submitted to the vendor for batch 

testing. The batch test tends to give better degradation results than the continuous 

process, probably due to more uniform exposure of the wastewater to the UV irradiation. 

Therefore, a larger safety factor should be considered. The following example shows 

how the 

(including the power of the W lamp). 

values can be used for the first pass screening of the size of the photoreactor 

Example: One marketing terminal in X company is required to treat its wastewater before 

discharge. The wastewater contains 10 mg/L MTBE, 30 mg/L toluene, and 5 mg/L 

benzene. The discharge limits are 100 pgk MTBE and 1 Fi.g/L for both benzene and 

toluene. What sizes of the W reactor and lamp should be used to treat the water to meet 

the discharge limit? 

4-2 1 
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Assume the W reactor will be supplied by the same vendor from this study. Based on 

Table 4-12, the average E90 for MTBE, benzene, and toluene are: 36,27, and 20 

k W l  O00 gal, respectively. 

Based on Equation (4-2), the total energy input required to degrade the organic 

compounds to discharge limits is: 

For MTBE: 
P = [36*1800*log(10000/100)]/1000=129 kW 

For benzene: 

P = [27*1800*1og(5000/1)]/1000=179 kW 

For toluene: 

P = [20* 1800*1og(10000/1)]/1000=144 kW 

Therefore, the total energy input fiom the W lamps should be more than 180 kW 
multiplied by a safety factor. Equation 4-1 does not provide any guidance on selecting the 

hydraulic retention time. In general, a hydraulic retention time of 5 to 10 minutes should 

be appropriate for BTEX and MTBE. 

Optimum HZ02 Dosage 

It was shown previously that the higher the hydrogen peroxide dosage, the more the 

organic compounds are degraded. However, at higher H202 dosages, not ail H202 is 

decomposed, and it has been reported that residual H202 can cause aquatic toxicity. In 

many cases, the residual H202 concentration has to be removed using either activated 

carbon or reductants such as bisulfite. Consequently, indiscriminant use of high dosage of 

H202 not oniy is expensive but also demands more operating supervision. On the other 

hand, due to the lack of selectivity of the hydroxyl radicals, generation of excess hydroxyl 

radicals is necessary in order for the target species, which react more slowly with the 

hydroxyl radicals, to be degraded to the desired level. Therefore, the optimum H202 
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dosage is the minimum H202 concentration at which the target compounds can be 

removed to the desired level. Such an optimum H202 concentration will vary with the 

composition of the contaminants, the concentration of hydroxyl radical scavengers present 

in the wastewater, the W lamp, and the liquid hydraulic retention time in the 

photoreactor. Lacking a validated model for the W-H202 process, the optimum € 3 2 0 2  

dosage could not be predicted. Alternatively, the relationship between the H202 dosage 

and the performance of the W-H202 process on the degradation of MTBE and BTEX 
was extracted tiom the field test. 

Figures 4-17 to 4-1 9 plot the effluent concentration of MTBE, benzene, and toluene 

against the molar ratio of H202 to total VOC. The total VOC is the sum of MTBE, DIPE, 
benzene, toluene, xylenes, and ethylbenzene. As seen fiom Figure 4-1 7, for a 

B202]/[VOC] molar ratio greater than 20, an effluent MTBE concentration of less than 

1 O0 pg/L was achieved in most cases. At a molar ratio of V202]/[VOC] greater than 20, 

the effluent concentrations of benzene and toluene were less than 10 pg/L (Figures 4-1 8 

and 4-19). It appears that for this specific UV equipment, a B202]/[VOC] molar ratio of 

20 to 40 would be adequate for achieving the desirable degradation of MTBE and BTEX. 
Note that during the whole field test, an effluent concentration of less than 1 vg/L benzene 

was not consistently achieved in this W-Hz02 process. This is probably due to the fact 

that as the contaminant concentration was reduced to a very low level (1-10 pg/L) during 

the W-H202 process, its further reduction might be retarded due to the competition from 

other organic species and hydroxyl radical scavengers for the hydroxyl radicals. As a 

result, a carbon bed polishing unit might be needed to ensure a consistent compliance with 

less than 1 pg/L of benzene in the effluent. Alternatively, using a larger safety factor in 

sizing the photoreactor is recommended if no polishing unit is to be installed. 

As discussed in the section of “Photolysis of H2Oi’ the photolysis rate (or consumption 

rate) of H202 for a specific W reactor was insensitive to the organic contaminants at low 

concentrations. Therefore, once the dosage or concentration of H202 is determined fiom 
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the above approach, Equation (4-3) with the pertinent km02 can be used to calculate the 

consumption and residual concentration of H202. 

E. Conclusions 

1. The W-H202 process was demonstrated to be capable of effectively degrading 
MTBE and other gasoline hydrocarbons under high MTBE and organic loading rates. 
Using a photoreactor equipped with a 30 kW W lamp, less than 100 pg/L MTBE in 
the effluent could be achieved for treating a wastewater with a MTl3E loading up 
to 4300 mg/l/day. The hydraulic retention time under these conditions ranged 
from 3 to 6 minutes. 

2. There is little reduction in the total organic carbon through the UV-H202 process. The 
by-products are likely to be aldehydes and ketones. The aquatic toxicity issue of the 
treated effluent fiom the W-H202 process was not addressed in this study, but should 
be carefully examined when choosing this technology. 

3. Iron present in the wastewater would deteriorate the degradation efficiency of the 
UV-H202 process under neutral and alkaline pH conditions because ferrous iron 
competes with organic compounds for hydroxyl radicals and ferric iron hydroxide flocs 
might foul the W lamp quartz sheath and block UV light. Therefore, the UV-H202 
process should incorporate an iron removal pretreatment step. However, if the pH 
was lowered to 3.5, presence of iron would increase hydroxyl radical generation 
through Fenton's reaction, and sigoificantiy increase the overd degradation efficiency 
of the W-H202 process. 

4. The degradation of organic contaminants in the UV-H202 process involves complex 
chain reactions, of which most of the kinetic information is not known. Prediction of 
the reaction results will be difficult, and laboratory and/or pilot testing is strongly 
recommended before selection of the process and sizing of the equipment. This study 
provided some engineering design data such as EW and Hz02 consumption under 
different operating conditions which may be used in the first pass screen process for 
process selection. 
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Table 4-1. The Kinetic Constants for the Reaction of Hydroxyl Radicais with Organic and 
Inorganic Solutes in Aqueous So)utions (From: F. Rose and A. Rose, 1977) 

Reaction 

.OH+OH + H202 

.OH + HO2 -+ H20 + O2 

.OH+ HCO3- + H20 + CO3- 

or HCO3 + OH- 

.OH + F&+ + Fe3+ + OH- 

.OH + H202 + HO2 + H20 

7 
0.4 
3 

3.7 

7 
3 

0.8 
0.46 - 6.75 

6.5 
8.4 
-I 

11.6 

0.4 
0.8 
1 
2 

3.5 
4.5 

3 
6 
7 

8.4 

k (M-1s-1) 

4 - 5 . 5 ~ 1 0 ~  
6 x  lo9 
6 x  lo9 

3 x lo9 
1.5 x 1O1O 
1.4 x 1O1O 

5.2 109 

7.1 109 

1 107 
1.5 107 

3.6 - 7.9 107 
2 - 4.7 x 108 

1 . 7 ~  109 
1.2 109 
2.3 109 

5 109 
5 109 

3.4x 109 
1.2 107 
4.5 107 

1.7 - 2.6 x lo7 
6.5 x lo-’ 
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*OH + o-xylene + product 

Table 4- 1. The Kinetic Constants for the Reaction of Hydroxyl Radicais with Organic and 
Inorganic Solutes in Aqueous Solutions (From: F. Rose and A. Rose, 1977) 
(Continued) 

Reaction 

*OH + + ? 

*OH + HSO,- + SO,- + 30 

.OH + c6f4 -+ Product 
(Benzene) 

*OH + C6HsCH3 + product 
(Toluene) 

~ 

.OH + m-xylene + product 
~ ~ 

*OH + p-xylene -+ product 

7 
3.85 - 4.0 

- 
9.0- 12.3 

7 

1 
2 
3 

6 - 7  
9 

10.5 

k (M-W) 

< 1.2x 107 
2.2 x 107 

<5x106 
7.9x 105 

0.69 - 1.6 x lo6 

0.74 - 2.3 x lo9 
5.4 x 109 

3.3 - 6.3 109 
5 x 109 

3.2 x 109 
6.8 x lo9 

3.0 x i09 
6.8 x lo9 

6.7x 109 

7.5 x 109 

7.0 x 109 
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Benzene 
Influent Effluent 
0.846 0.171 
0.995 0.063 
3.521 1.572 

Table 4-2. Reaction Rate Constants of MTBE, Toluene, and m-Xylene Determined by 
the Relative Rate Constant Method (Tang and Wilcox, 1990) 

MTBE 
Influent Effluent KJKb 

0.513 0.316 0.158 
0.534 0.16 0.157 
2.133 1.811 0.143 

Benzene rn-X y iene 
Infiuent Effluent Muent Effluent KJKb 
0.382 0.03 0.209 0.015 1.098 
1.121 0.206 0.61 1 0.111 1.01 

, 2.32 0.635 1.264 0.352 0.976 

I Benzene l Toluene 1 I 1 Influent I Effluent I Muent I Effluent I K J K b  I 
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Table 4-3. Photodegradation of Organic Compounds by UV Irradiation in the Test 
Pho toreactor 

nfiuent 

e p - 1  Effluent 

a n p 2  Effluent 

m p - 3  Effluent 

MTBE Benzene I 
cooc. Conc. 

@ g L )  Removal @a) Removal 

3710 0.00% 400 0.00% 

3680 0.81% 300 25.00% 

3590 3.23% 300 25.00% 
1 I I 

3370 I 9.16% I 270 132.50% 

I I pa-Xylene Toluene 
I 

cooc. Conc. 

@ g L )  Removal @&) Removal 

1150 76.48% 91.22% 
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Table 4-4. Effects of H2Ch Concentration on the Degradation of Organic Compounds in 
the UV-H& Process - Low Influent MTBE Concentration - 

429 
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Table 4-5. Effects of H202 Concentration on the Degradation of Organic Compounds in 
the W - H ~ O Z  Process - Higher Muent MTBE Concentration 

Influent 1820 1980 1940 320 330 340 

Lamp-1 910 1070 740 140 140 79 
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Table 4-6. Effects of Influent Toluene Concentration on the Degradation of MTBE and 
Other Volatile Organic Compounds in the W-H202 Process - Test #1 

M u e n t  370 320 290 370 320 290 

Lamp1 140 89 84 140 89 84 

h W - 2  55 28 24 55 28 24 
t 

Lamp3 24 13 7 27 13 7 

Removal 93.5 1 % 95.94% 97.59% 92.70% 95.94% 97.59% 

Run-1 I Run-2 I Run-3 I Run-1 I Run-2 I Run-3 
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Muent 200 220 170 90 110 88 

Lamp-1 61 92 29 60 80 67 

b P 2  21 40 4 40 66 , 4 5  

Table 4-7. Effects of Muent Toluene Concentration on the Degradation of MTBE and 
Other Volatile Organic Compounds in the UV-H& Process - Test #2 

Lamp-3 9 9 < 1  20 35 21 

Removal 95.50% 95.91 8 99.71% 77.78% 68.18% 76.14% 

I Run-1 I Run-2 I Run-3 I Run-1 I Run-2 1 Run-3 
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Table 4-8. Effects of pH on the Degradation of Organic Compounds in the UV-H2& 
Process 

Toluene Q@L) 

I 

IRemovai I 56.25% i 93.06% i 96.23% i 96.43% i 89.76% i 96.50% i 98.44% i >99.79% 1 

Removal 

I I 
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Table 4-9. Effects of pH and Soluble Iron Concentrations on the Degradation of Organic 
Compounds in the üV-H202 Process 
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Table 4-10. Effects of Iron Hydroxide Rocs on the Degradation of Organic Compounds 
in the W-H202 Process 

Lamp-3 < 1  25 20 30 
Removal >99.64% 86.84% 58.33% 45.45% 

Benzene WgL) ToluGe @gL) 
FedmgiL Fe=7mgL F d m g L  Fe=7mgL 

Influent 790 1010 3510 42Ao ~- 

h P - 1  240 580 900 2210 
56 360 170 1330 

-Lamp-2 9 210 8 75 
Lamp-3 1 71 < 1  31 
pemovai 99.81% 89.71% 99.74% 88.08% 

Ethylbenzene @gL) H24 @gL) 
Fe=Omg/L F e 7 m g L  Fe=OmgL Fe=7m@ 

influent 140 190 48 55 
Lamp-1 39 110 46 48 

I I I 1 

Lamp-2 I 8 I 63 I 32 I 36 I 
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Table 4-1 1. Total Organic Carbon Reduction in the üV-H202 Process 

Run Conditions 
Preliminary Test, GW, H202 
Preliminary Test, GW, H202 
Preliminary Test, GW, H202 
HRT, 10 gpm, 10 ppm M 
HRT, 5 gpm, 10 ppm M 
HRT, 10 gpm, i0 ppm M 
HRT, 10 gpm, 20 ppm M 
HRT, 10 gpm, 20 ppm M 
Performance Test after Acid Wash 
Performance Test after Acid Wash 
Performance Test after Acid Wash 
To1 + MTBE - 12 mg/L 
Effect of Toluene 
Efict of Toluene 
Effect of Toluene 
Effect of pH and Iron 
Effect of pH and Iron 
Effect of pH and iron 
Base Run, Without HzOz 

Components 
MTBE 
DIPE 
Benzene 
Toluene 
o-Xylene 
p,m-X ylene 
Ethyl Benzene 

- 
Flow 
Rate 

10 
10 
10 
10 
5 
10 
10 
10 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

gpm: 

- 

LOW 

20 
7 
5 
6 
11 
6 
11 

TOC 

Inf Eff Rmvd 
( m m  

High Average 
79 36 
62 31 
41 27 
38 20 
45 26 
60 20 
51 23 

12 16 -4 
22 19 3 
27 26 1 
15 12 3 
17 9 8 
21 18 3 
22 19 3 
24 21 3 
19 17 2 
18 14 4 
16 9 7 
23 13 10 
25 22 3 
36 33 3 
15 15 O 
24 25 -1 
17 11 6 
20 13 7 
20 17 3 

Inf Ëff Rmvd 
3.355 0.004 
2.706 0.012 
2.665 0.013 
5.853 0.103 
4.302 0.014 
5.295 0.591 
9.020 2.087 
9.883 2.405 
5.899 0.004 
5.568 0.033 
9.184 0.007 
i 1.403 0.016 
17.208 1.545 
20.087 4.015 
8.306 0.113 
12.715 0.835 
4.071 0.050 
3.981 0.017 
9.036 3.934 J 

3 
3 
3 
6 
4 
5 
7 
7 
6 
6 
9 
11 
16 
16 
8 
12 
4 
4 
C 

Table 4-12. The Range and Average of &o for MTBE, DIPE, and BTEX 

I (kWh/lOOO gaV90% compound degradation) 
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Figure 4-1. Hypothetical pathways of MTBE degradation by hydroxyl free radical chain 
reactions 
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FLUIDIZED BED BIOLOGICAL PROCESS 
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Table A2-1. Monitoring data for the fluidized bed biological process 

Influent Emuent Inñuent Effluent Influent Fluidmaon Bed 
Influent Effluent TEMP Temp DO DO Flow Flow Height 

Date PH PH C C PPM PPM GPM GPM FT 

13.5 7.8 m 4  I 

m/94 

2/4/94 
2/5/94 
2/6/94 
.2/7/94 

2/8/94 
2/9/94 
2/10/94 

2/11/94 
2/12/94 

2/13/94 

2/14/94 
2/15/94 

2/16/94 

2/17/94 

u1 8/94 
2/19/94 

2/20/94 
2/21/94 

mm4 
2/23/94 
2/24/94 
2/25l94 
3/2/94 
3/3/94 
3/4/94 
3/5/94 

3/6/94 
3/7/94 
3/8/94 
3/9/94 
3/10/94 
311 1/94 
31 12/94 
3/13/94 
3/14/94 
311 5/94 
31 1 6/94 
31 1 7/94 
31 18/94 

6.56 
6.6 
6.8 
6.7 
6.49 
6.77 
6.58 
6.78 
6.66 
6.89 
6.78 
6.78 
6.57 
6.78 
6.78 
6.77 
d a  
d a  
d a  
d a  
d a  
6.7 1 
6.66 
6.68 
6.7 
6.66 
6.68 
6.73 
d a  
d a  
6.71 
6.77 
6.76 
6.78 
6.8 
6.8 
6.8 
6.8 
6.78 
6.8 
6.8 1 

6.78 
6.74 
6.59 
6.66 
6.69 
6.85 
6.77 
6.78 
6.88 
7.01 
6.78 
6.78 
6.67 
6.48 
6.5 
6.54 
6.56 
6.48 
6.49 
6.55 
6.61 
6.58 
6.65 
6.56 
6.65 
6.64 
6.62 
6.6 
6.78 
6.88 
6.81 
6.74 
6.68 
6.9 
7.01 
6.87 
6.77 
6.81 
6.71 
6.77 
6.54 

14.6 
14.7 
15 

14.8 
15.2 
15.4 
14.2 
13.4 
13.8 
14.6 
15.2 
12.9 
13.4 
15.9 
14.6 
14.8 
d a  
d a  
d a  
d a  
d a  
14.8 
15.1 
14.5 
14.7 
14.8 
14.3 
14.8 
d a  
d a  
16.8 
14.8 
14.8 
14.8 
14.5 
14.9 
14.6 
14.5 
14.2 
14.9 
14.9 

14.6 
14.6 
14.7 
15.4 
15.7 
14.3 
11.8 
9 

13.5 
14.8 
13.4 
13.2 
14.4 
14.6 
14.7 
15.6 
17.1 
18.1 
i 7.2 
14.5 
14.6 
14.8 
14.7 
15.6 
15.4 
15.6 
16.7 
18 

16.8 
17.1 
i 6.7 
15 

14.3 
13.9 
13.8 
16.2 
16.5 
14.2 
11.9 
12.9 

6.2 
6.6 
6.5 
6.2 
5.5 
6.1 
6.8 
6.6 
6.7 
6.4 
6.6 
5.9 
6.5 
6.4 
6.4 
d a  
d a  
d a  
d a  
d a  
6 
6 

6.4 
6.7 
6.8 
6.8 
7.3 
d a  
d a  
6.8 
7.2 
6.9 
6.7 
6.6 
6.9 
7.3 
7 

7.1 
6.3 
7.1 

A- 1 

4 
4 

3.9 
4.1 
3.9 
4.1 
4.2 
4 

3.7 
3.5 
3.9 
4 

4.1 
4 
4 
4 
4 

3.4 
4 
4 
4 
4 
4 
4 

3.4 
4.1 
3.6 
3.3 
4 

4.3 
3.7 
4.1 
3.5 
3.7 
4.1 
3.7 
3.9 
3.7 
3.8 
3.9 
3.9 

0.9 31 7.5 
0.9 
1.1 
1 
1 

0.9 
0.9 
0.9 
1.3 
1.3 
1.4 
I .3 
1.3 
1.2 
0.9 
0.9 
0.9 
O 
O 
O 
O 

0.8 
0.9 
O .9 
0.9 
0.9 
1.1 
1.1 
O 
O 
1.4 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.1 
1.1 
1 

1.1 

31.8 
31.8 
30.5 
30.6 
30.6 
30.6 
31.9 
31 

30.9 
30.3 
30.3 
30.3 
30.7 
30.1 
30. i 
26.8 
26.8 
27.9 
26.5 
29 

30.1 
30.1 
30.1 
30.1 
30. i 
30.1 
30.1 
17.8 
18.9 
25.6 
29.2 
29.2 
29.2 
29 2 
29.4 
29.6 
29.4 
29.2 
30.1 
30 

7.5 
7.5 
7.5 
7.5 

7.5 

7.5 
7.5 

7.5 

7.75 

7.75 

7.75 

7.75 

6.75 

7.3 

7.75 

7.75 

8 

8 
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Table A2- 1. Monitoring data for the fluidized bed biological process (Continued) 

influent Emueat Influent Emuent influent Fluidiution Bed 
Influent Emuent TEMP Temp DO DO Flow Flow Height 

Date PH PH C C PPM PPM GPM GPM Fr 
3/19/94 6.82 6.78 
3/20194 d a  d a  
3/21/94 6.9 6.65 
3/22/94 6.82 6.78 
3/23/94 6.79 6.88 
3/24/94 6.78 6.9 
3/25/94 6.78 6.89 
3/26/94 6.74 6.89 
3/27/94 6.89 6.88 
3/28/94 6.88 6.79 
3/29/94 6.68 6.69 
3/30/94 d a  d a  
3/31/94 d a  d a  
4/1/94 7.03 6.82 
4/2/94 No influent flow 
4/3/94 No influent flow 
4/4/94 No Influent flow 

4/7/94 6.78 7.11 
4/8/94 6.68 7.01 
4/9/94 6.78 6.89 
4110194 6.89 6.71 
4/11/94 6.89 6.65 
4/12/94 6.88 6.69 
4/13/94 6.89 7.01 

14.5 
d a  
13.5 
14.6 
14.3 
14.5 
14.6 
14.6 
14.6 
14.5 
14.8 
d a  
d a  
15.8 

14.5 
14.7 
14.8 
14.6 
14.8 
14.9 
13.8 

4/14/94 No influent flow; pipe damaged 
4/15/94 6.87 
4/16/94 6.88 
4/17/94 6.85 
4/18/94 6.78 
4/19/94 6.87 
4/20/94 6.89 
4/21/94 6.92 
4/22/94 6.91 
4123194 6.99 
4/24/94 6.98 
4/25/94 6.99 
4/26/94 7.01 
4/27/94 6.98 
4/28/94 6.97 
4/29/94 6.92 
4130194 7.06 

7.12 
7 23  
7.43 
7.45 
7.23 
7.2 1 
7.14 
7.01 
7.1 1 
7.09 
6.69 
6.96 
6.89 
6.74 
6.66 
6.75 

14.7 
14.7 
14.7 
14.4 
14.8 
14.5 
14.6 
14.8 
14.3 
14.4 
14.5 
14.5 
14.4 
14.4 
14.5 
14.5 

12.3 
d a  
15.8 
16.1 
15.6 
16.7 
16.4 
15.6 
15.8 
16.1 
15.6 
d a  
d a  
16.8 

17.6 
13.8 
15.6 
15.4 
15.5 
15.8 
i 7.6 

19.5 
20.4 
22.5 
20 

20.5 
19.6 
18.9 
17.6 
19.9 
23.2 
20.6 
18.6 
21.2 
17.1 
15.7 
16.4 

6.4 
d a  
7 

7.1 
6.6 
6.8 
7.4 
7.2 
7.1 
7 

6.8 
7 

6.9 
5.9 

7.5 
7.4 
6.8 
7.2 
6.5 
6.7 

6.8 
6.8 
6.7 
7.2 
6.9 
6.8 
6.4 
6.5 
6.7 
6.7 
6.6 
6.5 
8 

8.2 
8.4 
8 

A-2 

3.7 
d a  
3.9 
3.8 
4.1 
3.3 
3.8 
3.9 
4.1 
3.8 
3.7 
3.8 
4 

4.1 

4 
3.8 
3.7 
3.9 
3.8 
4.1 
3.8 

4 
4 

3.4 
4 

3.7 
3.5 
4 

3.8 
4 

3.9 
3.7 
4 

3.8 
3.8 
3.9 
4.1 

d a  
1 
1 

1.1 
1.1 
1 

1.2 
1 

1.2 
1 

1.4 
1.2 
1.1 

1.4 
1.5 
1 

0.9 
0.9 
1 
1 

1.1 
1 

1.2 
1.1 
1 
1 

1.1 
1.1 
1 
1 
1 
2 
2 

2.2 
2 
2 

d a  
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 

30 
30 

30.1 
30.1 
30.1 
30.1 
30 

30 
30 
30 
30 
30 
30 
30 

29.5 
30 
30 
30 
30 

30.8 
30.7 
30.8 
30.2 

8 
d a  

8 

8 

8 

8.25 

8.5 

8.5 

8.7 
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Table A2-1. Monitoring data for the fluidized bed biological process (Continued) 

Influent EMuent Influent Emuent Influent Fluidization Bed 
Influent Effluent TEMP Temp DO DO Flow Flow Height 

Date PH PH C C PPM PPM GPM GPM FT 
5/1/94 7.1 6.77 14.7 
5/2/94 7.08 
5/3/94 7.01 
5/4/94 6.89 
5/5/94 6.99 
5/6/94 6,87 
517194 6.89 
5/8/94 6.91 
5/9/94 6.91 
5/10/94 6.88 
5/11/94 6.87 
5/12/94 6.89 
5/13/94 6.89 
5/15/94 6.89 
5/16/94 6.92 
5/17/94 6.89 
5118194 6.92 
5/19/94 6.89 
Y20194 6.91 
5/21/94 6.89 
5/22/94 6.81 
5/23/94 8.89 
5/24/94 6.88 
5/25/94 6.89 
5/26/94 6.87 
5/27/94 6.88 
5130194 6.88 
5/31/94 6.89 
6/1/94 6.89 
6/2/94 6.91 
6/3/94 6.89 
6/4/94 6.89 
6/5/94 6.92 
6/6/94 6.89 
6/7/94 6.91 
6/8/94 6.98 
6/9/94 6.89 
6110194 6.92 
6/11/94 6.89 
6/12/94 6.91 
6/13/94 7.01 
6/14/94 7.01 

7.01 
6.68 
6.69 
6.66 
6.78 
6.8 
6.8 
6.8 
6.8 
6.8 
6.77 
6.78 
6.77 
6.89 
6.81 
6.79 
6.88 
6.75 
6.8 1 
6.82 
6.79 
6.82 
6.89 
6.93 
6.92 
6.97 
7.09 
7.03 
7.02 
6.94 
7.04 
7 .O2 
7.1 
6.99 
6.98 
6.89 
6.89 
6.78 
6.87 
6.79 
6.89 

14.6 
14.5 
14.6 
14.7 
14.8 
14.5 
14.4 
14.1 
14.1 
14.4 
14.5 
13.7 
14.3 
14.3 
14.1 
14.4 
14.4 
14.5 
14.5 
14.3 
14.1 
14.2 
14.1 
14.5 
14.3 
14.1 
14.3 
14.3 
14.5 
14.1 
14.3 
14.2 
14.3 
14.2 
14.5 
14.3 
14.3 
14.2 
14.3 
14.2 
14.4 

16.5 
16.4 
16.8 
17.5 
17.8 
17.6 
17.9 
17.6 
17.6 
17.5 
17.8 
17.7 
17.6 
18.2 
17.9 
16.8 
16.4 
16.4 
15.5 
16.1 
15.9 
15.9 
16.1 
16.5 
16.7 
17.2 
16.8 
16.7 
17.8 
16.5 
16.7 
16.8 
17 

16.6 
18.9 
16.5 
17.8 
17.4 
17.7 
17.6 
17.6 
18.1 

8.2 
8.7 
8.1 
8 

7.8 
8.1 
8.1 
8.2 
8.5 
8.3 
8.4 
7.8 
7.9 
8.5 
8.7 
9.2 
9.3 
10.1 
9.3 
9.5 
10.3 
10.3 
10.9 
10.8 
11.2 
10.5 
12.3 
13.4 
14.2 
12.3 
13.2 
11.9 
10.9 
11.5 
12.3 
11.4 
12.2 
10.5 
11.4 
12.1 
14.4 
14.1 

A-3 

3.9 
4.2 
3.9 
3.8 
4 

3.8 
3.6 
4 

4.1 
4 

3.9 
3.6 
3.6 
4 
4 

3.7 
3.2 
3.6 
4 
4 

3.8 
4 

3.8 
3.9 
4 

3.8 
4 

3,7 
3.8 
3.8 
3.7 
3.8 
3.9 
3.8 
3.8 
3.8 
4 

3.9 
3.7 
3.6 
4.2 
4.1 

2.1 
1.8 
2 

2.1 
2 
2 
2 
2 
2 
2 
2 
2 

3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.3 
3 -4 
3.6 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.4 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.4 

30.2 
30.5 
30 
30 

30.1 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 

9 

9 

9.25 

9.5 

9.75 

9.8 

9.8 

9.8 

10 

10 

10 
9.75 
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Table A2-1. Monitoring &ta for the fluidized bed biological process (Continued) 

influent Emuent Influent Emuent Influent Fluidization Bed 
Influent Eífïuent TEMP Temp DO DO Flow Flow Height 

Date PH PH C C PPM PPM GPM GPM Fr 

6/16/94 7.09 
6/17/94 7.01 
6/18/94 6.98 
6/19/94 7.01 
600194 7.01 

' 6/21/94 6.95 
6/22/94 6.98 
6/23/94 6.89 
6/24/94 7.01 
6/25/94 6.99 
6/26/94 7.02 
6/27/94 7.11 
6/28/94 7.02 
6/29/94 6.93 
6130194 6.78 
7/5/94 6.88 
7/6/94 7.02 
7/7/94 6.96 
7/8/94 6.89 
7/9/94 6.93 
7110194 6.93 
7/11/94 7.02 
7/12/94 7.01 
7/13/94 7.1 
7/14/94 6.9 
7/15/94 7.01 
7/16/94 6.93 
7/17/94 6.89 
7/18/94 6.93 
7/19/94 6.89 
700194 6.93 
7/21/94 6.89 
7/24/94 7.01 
7/25/94 6.92 
7/26/94 7.02 
7/27/94 7.03 
7/28/94 6.9 
7/29/94 6.93 
7/31/94 7.05 
8/1/94 7.05 
8/2/94 6.89 

6.66 
7.02 
6.98 
6.89 
6.89 
6.88 
6.94 
7.02 
7.1 1 
7.05 
7.03 
6.89 
6.88 
6.92 
6.63 
6.93 
6.94 
6.9 
6.78 
6.87 
6.9 
6.89 
6.89 
6.89 
6.9 
6.95 
6.78 
6.89 
7.2 
7.01 
6.89 
6.88 
6.89 
6.9 
6.9 
6.78 
6.92 
6.89 
6.97 
6.89 
6.88 

14.3 
14.2 
14.3 
13.9 
14.3 
14.8 
14.5 
14.4 
14.6 
14.5 
14.5 
14.3 
14.4 
14.2 
14.5 
14.2 
14.4 
14.5 
14.1 
14.1 
14.3 
14.2 
14.4 
14.2 
14.3 
14.2 
14.9 
14.9 
14.8 
15 

14.9 
14.8 
14.7 
15 
15 

14.7 
15.1 
14.8 
14.6 
14.6 
14.8 

~ 

18.6 
17.8 
17.6 
17.8 
17.8 
17.9 
17.8 
17.6 
18 

17.6 
17.7 
16.9 
17.5 
i 7.2 
17.8 
17.1 
17.6 
17.6 
17.8 
18 

18.7 
18.7 
18.8 
17.9 
18.7 
17.8 
17.6 
18.6 
18.6 
18.9 
17.9 
17.9 
18.6 
17.8 
18 

18.6 
18.7 
18.9 
18.7 
16.8 
17.5 
17.3 

12.6 
12.2 
11.8 
11.1 
11.1 
9.9 
i 0.6 
12.2 
10.8 
9.8 
11.2 
10.8 
11.3 
10.9 
11.4 
10.6 
10.6 
11 

11.2 
11.5 
12.1 
12.4 
12.3 
10.9 
11.4 
12.1 
12.2 
12.5 
12.4 
11.2 
11.5 
13.2 
12.5 
10.4 
12.1 
12.4 
13.4 
13.4 
12.1 
11.5 
11.6 
11.4 

A 4  

3.8 3.4 
3.7 
4.2 
3.8 
4 

3.9 
3.9 
3.9 
4 

3.7 
3.6 
4 

3.5 
3.7 
3.8 
4 

3.4 
3.4 
4 

3.8 
4 

4.2 
3.7 
3.2 
4 

4.1 
3.7 
4 
4 

3.8 
3.6 
3.6 
3.3 
4 
4 
4 
4 

3.6 
3.7 
3.8 
3.9 
3.6 

3.5 
3.6 
3.4 
3.5 
3.5 
3.5 
3.5 
3.7 
3.6 
3.5 
3.5 
3.5 
3.4 
3.5 
3.3 
3.5 
3.4 
3.5 
3.5 
3.5 
3.5 
3.6 
3.4 
3.5 
3.5 
3.6 
3.5 
3.5 
3.4 
3.6 
3.6 
3.4 
3.6 
3.6 
3.6 
3.5 
3.6 
3.5 
3.6 
3.7 
3.5 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
32 
30 
30 
30 
32 
31 
31 
30 
31 
30 
31 

30.9 
30 

30.9 
30.9 
30.9 
30.9 
30.9 
29.9 
30 
30 
30 
30 
30 
30 
30 
30 

10 

10 

10.25 

10.25 

10.25 

9.5 

9.5 

10 

10 

10 
10 

10.25 

10.3 
10.25 

10.25 

10.25 
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Table A2-1. Monitoring data for the fluidized bed biological process (Continued) 

Influent Emuent Influent Emuent Influent Fluidization Bed 
Influent Emuent TEMP Temp DO DO Flow Flow Height 

Date PH PH C C PPM PPM GPM GPM FT 
8/3/94 6.91 6.95 14.8 18.3 12.4 3.8 3.5 30 
8/4/94 7.01 6.89 14.4 17.8 14.3 3.8 3.5 30 
8/5/94 6.93 6.89 14.6 18.7 14.4 3.7 3.5 30 10.5 
8/6/94 6.89 6.89 14.8 18.9 14.5 3.6 3.5 30 
8/7/94 6.95 6.93 14.5 19.1 14.5 4 3.5 30 
8/8/94 6.94 6.95 14.7 17.9 14.7 3.5 3.5 30 

. 8/9/94 7.03 7.04 14.6 18.9 17.6 3.5 3.5 30 
8/10/94 7.05 7.04 14.8 18.5 16.8 3.6 3.5 30 10 
8/11/94 7.02 6.89 15.1 18.5 17.8 3.6 3.5 30 

A-5 
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Table A2-2. Monitoring data of the fluidized bed biological process - COD, "3, NO3, 
and P O 4  data 

Influent EMuent Influent Emuent EMuent Efïluent EMuent 

Date (m@) (m@) (m@) (mg/L) (mgn) (mg/L) (m@) 
COD-t COD-t COD4 COD-s NH3 NO3 PO4 

m 9 4  
2/3/94 
2/4/94 

2/6/94 

2/7/94 

2/8/94 
2/9B4 

2/10/94 

2/16/94 
2/17/94 
2/18/94 

2/19/94 

u20/94 

u21194 

2/22/94 
2 n 3 M  
u24/94 
3/2/94 
3/3/94 
314194 
3/5/94 

3/6/94 

3/8/94 
3/9/94 
3110194 
311 1/94 
3/12/94 
3/13/94 
3/14/94 
311 5/94 
31 1 6/94 
31 1 7/94 
311 8/94 
3/19/94 
3/20/94 
3/2 1/94 
3/22/94 
3/23/94 
3/24/94 

3/7/94 

66 
55 
65 
63 
58 
59 
49 
48 
45 
43 
d a  
d a  
d a  
d a  
d a  

20.98 
21.21 

33 
32 
32 
33 
d a  
d a  
38 
52 
38 
38 
d a  
d a  
43 
39 
40 
35 
34 
33 
32 
34 
45 
33 
32 

35 
31 
38 
49 
30 
33 
34 
33 
d a  
d a  
d a  
rúa 
38 
36 
34 
34 
32 
21 
22 
22 
23 
39 
23 
15 
39 
23 
22 
d a  
d a  
17 
19 
18 
21 
17 
19 
18 
19 
21 
12 
15 

45 
48 
59 
58 
52 
55 
42 
44 
38 
38 
d a  
d a  
d a  
d a  
d a  
45 
43 
28 
28 
29 
30 
d a  
d a  
36 
47 
32 
36 
d a  
d a  
38 
36 
32 
32 
32 
31 
30 
29 
28 
26 
25 

32 
25 
35 
30 
24 
26 
27 
26 
d a  
d a  
d a  
d a  
27 
26 
26 
26 
24 
19 
19 
20 
21 
36 
29 
8 

29 
21 
19 
d a  
d a  
12 
16 
17 
21 
15 
14 
13 
14 
15 
11 
13 

0.5 
< 0.5 
d a  

< 0.5 
< 0.5 
< 0.5 
< 0.5 

0.5 
d a  
d a  
d a  
d a  

< 0.5 
< 0.5 
< 0.5 
< 0.5 
d a  

< 0.5 
< 0.5 
< 0.5 
< 0.5 
< 0.5 
< 0.5 
< 0.5 
< 0.5 
< 0.5 
1.2 
1.4 
1.3 
1.2 
0.8 
1.2 
1.3 
1.3 
1.3 
2 
1 
1 
1 

0.9 

-~ 

< 0.1 
< 0.1 
d a  

< 0.1 
< 0.1 
< 0.1 
< 0.1 
< 0.1 
d a  
d a  
d a  
d a  

<0.1 
CO.1 
< 0.1 
< 0.1 
d a  

< 0.1 
<0.1 
< 0.1 
< 0.1 
< 0.1 
< 0.1 
< 0.1 
<0.1 
< 0.1 
< 0.1 
0.2 
0.2 

< 0.1 
0.2 
0.2 

CO.1 
<0.1 
<0.1 
< 0.1 
< 0.1 
< 0.1 
< 0.1 
0.5 

< 0.5 
< 0.5 
d a  

< 0.5 
< 0.5 
< 0.5 
< 0.5 
< 0.5 
d a  
d a  
d a  
d a  

< 0.5 
< 0.5 
< 0.5 
< 0.5 
d a  

< 0.5 
< 0.5 
< 0.5 
< 0.5 
< 0.5 
< 0.5 
< 0.5 

4 
4 
4 
4 
3 
2 
3 
2 
2 
2 
2 
2 

2.4 
2.6 
2.3 
2 
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Table A2-2. Monitoring data of the fluidized bed biological process - COD, "3, NO3, 
and PO4 data (Continued) 

Influent Effluent Influent Effluent Effluent Effluent Effluent 
COD-t COD-t COD-s COD-s "3 NO3 PO4 

Date @fi) tmgn) tm#U tmgn> (mfi) 

3/25/94 
3/26/94 
3/27/94 
3/28/94 
3/29/94 
3130194 
4/ 1 /94 
4/8/94 
4/9/94 
411 0194 
411 1/94 
4/12/94 
411 5/94 
411 6/94 
4/ 1 7/94 
41 1 8/94 
4/ 1 9/94 
4/20/94 
4/2 1 194 
4/22/94 
4/24/94 
4/25/94 
4/26/94 
4/28/94 
4/29/94 
4130194 
5/1/94 
5/2/94 
5/3/94 
5/4/94 
5/5/94 
5/6/94 
5/8/94 
5/9/94 

51 1 0194 
511 1/94 
5/12/94 
5/13/94 
5/15/94 

34 
32 
31 
36 
35 
45 
44 
d a  
d a  
d a  
43 
d a  
33 
d a  
d a  
45 
44 
42 
41 
d a  
39 
38 
42 
d a  
d a  
d a  
d a  
33 
34 
32 
35 
29 
35 
37 
36 
38 
38 
d a  
d a  

16 
15 
14 
i6 
19 
19 
12 
d a  
d a  
d a  
28 
d a  
28 
da 
d a  
2s 
22 
21 
16 
d a  
21 
26 
18 
d a  
d a  
d a  
d a  
14 
14 
16 
13 
15 
18 
21 
19 
19 
21 
d a  
d a  

26 
27 
28 
32 
28 
41 
59 
d a  
d a  
d a  
32 
d a  
30 
d a  
d a  
34 
35 
35 
31 
d a  
39 
36 
34 
d a  
d a  
d a  
d a  
32 
31 
29 
32 
27 
30 
29 
32 
32 
31 
d a  
d a  

A-7 

~ 

12 
I l  
12 
6 
14 
14 
9 

d a  
d a  
d a  
26 
d a  
25 
d a  
d a  
22 
21 
21 
14 
d a  
21 
19 
i6 
d a  
d a  
d a  
d a  
13 
14 
14 
12 
10 
16 
18 
19 
17 
18 
d a  
d a  

0.8 
1.2 
1 
1 
1 
O 
O 
2 

2.5 
4.1 
3.7 
3.5 
4.6 
4.6 
4.7 
5.8 
6.8 
6.3 
5.4 
4.8 
4.6 
4.2 

O 
6 

6.5 
20 
7.5 
6.6 
4 

5.3 
4.5 
3.6 

O 
3 
4 
10 
9 
7 
4 

c 0.1 2.1 
c 0.1 
< 0.1 
0.4 
O .4 
O. 1 
0.5 
0.2 
o .2 
0.2 
0.2 
0.3 
O .4 
0.5 
0.6 
0.8 
2 
5 
7 
7 
6 
15 
18 
1 
4 
3 
3 
6 
3 
4 
3 
1 
3 
6 
6 
7 
4 
5 
5 

2.1 
2.2 
2.6 
2 
2 

d a  
2 

2.6 
3.6 
3.6 
3.6 
5 
4 
5 
5 
4 
4 

4.6 
4.6 
3 
4 
2 

d a  
d a  
d a  
3.5 
3 
3 
3 
3 

2.6 
0.5 
3.4 
4 

3.5 
3 

4.5 
3 
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Table A2-2. Monitoring data of the fluidized bed biological process - COD, "3, NO3, 
and PO4 data (Continued) 

Influent Emuent Influent EMuent EMuent Effluent Effluent 

Date (m@) (mg/L) (m@) (m&) (m&) (m@) 
COD-t COD-t COD-s COD+ "3 NO3 PO4 

511 6/94 
51 17/94 
511 8/94 
511 9/94 
5/20/94 
5/2 1 194 
5/22/94 
5/23/94 
5/24/94 
5/25/94 
5/26/94 
5/27/94 
513 1/94 
61 1 194 
6/2/94 
6/3/94 
6/5/94 
6/6/94 
6/7/94 
6/8/94 
6/9/94 
611 0194 
611 1/94 
61 12/94 
61 13/94 
61 14/94 
6/ 1 5/94 
611 6/94 
61 1 7/94 
61 1 8/94 
61 1 9/94 
6/20/94 
6/2 1/94 
6/22/94 
6/23/94 
6/24/94 
6/25/94 
6/26/94 
6/27/94 

33 
46 
45 
53 
51 
d a  
d a  
32 
33 
31 
33 
31 
43 
42 
42 
44 
d a  
76 
74 
67 
66 
68 
d a  
d a  
49 
55 
52 
66 
72 

nia 
d a  
67 
66 
65 
46 
68 
d a  
d a  
56 

16 
21 
24 
23 
22 
nia 
d a  
12 
14 
15 
14 
14 
16 
15 
14 
14 
d a  
36 
34 
35 
39 
27 
d a  
d a  
42 
31 
28 
27 
26 
nia 
d a  
25 
24 
26 
22 
32 
d a  
d a  
29 

28 
40 
42 
44 
43 
d a  
d a  
29 
31 
29 
32 
29 
38 
39 
36 
38 
d a  
72 
72 
62 
63 
56 
d a  
d a  
48 
50 
48 
58 
58 
d a  
d a  
56 
55 
54 
56 
55 
d a  
d a  
45 

15 
19 
17 
18 
18 
d a  
d a  
I I  
13 
13 
15 
14 
14 
14 
12 
13 
d a  
27 
34 
35 
24 
20 
d a  
d a  
21 
26 
24 
24 
21 
nia 
d a  
21 
21 
21 
21 
21 
d a  
d a  
24 

5 
4.5 
5.2 
5.6 
5.4 
4.3 
3.2 
5.4 
4.3 
5 

4.4 
3.6 
4.5 
5 

4.6 
5 

3.4 
4 

4.3 
4 

4.3 
4 

4.5 
4 
2 
3 
3 
3 
2 
O 
O 
O 
O 
O 
O 
3 
3 

0.4 
O 

. 6  
5.2 
5.3 
5.6 
7.8 
4.5 
6.7 
7.6 
5.6 
6 
6 
7 
5 
5 
5 
5 
3 
6 
6 
6 
5 
6 
4 
5 
6 
4 
4 
10 
28 
25 
25 
30 
24 
24 
15 
12 
6 
16 
7 

4 
4.5 
4.7 
6.7 
6.2 
3.6 
3.4 
3.4 
2.5 
3 

2.5 
3 
3 
3 
3 
3 

2.6 
2.4 
3 
3 
3 
3 
3 
4 
3 
4 
5 
4 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
3 

A-8 
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Table Aî-2. Monitoring data of the fluidized bed biological process - COD, "3, NO3, 
and PO4 data (Continued) 

Influent EMuent Influent Effluent Effluent EMuent Effluent 
COD-t COD-t COBS CO& "3 NO3 PO4 

Date (mí&) (m&) (m&) (mg/L) 

O 7 3 CI? 
LL 6/28/94 

6/29/94 
6130194 
7/5/94 
7/6/94 
7/7/94 
7/8/94 
7/9/94 

71 10194 
711 1/94 
71 12/94 
71 13/94 
7/14/94 
7/15/94 
71 16/94 
711 7/94 
71 18/94 
711 9/94 
7/20/94 
7/21/94 
7/25/94 
7/26/94 
7/27/94 
7/29/94 
713 1/94 
8/1/94 
8/2/94 
8/3/94 
8/4/94 
8/5/94 
8/6/94 
8/7/94 
8/8/94 
8/9/94 
81 1 Of94 

55 
57 
49 
d a  
52 
d a  
d a  
d a  
d a  
44 
45 
70 
67 
66 
65 
45 
47 
54 
55 
51 
47 
49 
56 
d a  
d a  
d a  
55 
d a  
nia 
56 
d a  
d a  
67 
d a  
66 

28 
26 
26 
d a  
26 
nia 
nia 
d a  
nia 
13 
13 
35 
45 
23 
25 
22 
23 
28 
27 
26 
31 
31 
35 
d a  
d a  
d a  
32 
d a  
d a  
26 
d a  
d a  
33 
d a  
32 

47 
44 
42 
d a  
45 
d a  
d a  
d a  
d a  
38 
34 
61 
66 
54 
56 
37 
38 
53 
52 
48 
44 
35 
43 
d a  
d a  
d a  
50 
d a  
d a  
50 
d a  
d a  
65 
d a  
58 

21 
29 
d a  
22 
d a  
d a  
d a  
d a  
8 
7 
25 
24 
61 
26 
27 
30 
21 
25 
21 
28 
24 
25 
d a  
d a  
d a  
26 
d a  
d a  
19 
d a  
d a  
28 
d a  
29 

O 
0.2 
O 
O 
O 

2.4 
3.3 
4 
2 
3 
4 
4 
2 
3 
2 
5 
5 
3 
6 
5 
3 
2 
2 
O 
O 
O 
O 
O 
O 

d a  
d a  
1.5 
d a  
2 

9 
1 
3 
4 
1 
3 
5 
5 
5 
5 
7 
9 
10 
8 
6 
5 
7 
O 
8 

21 
12 
7 
6 
O 
4 
4 
7 
7 
9 

d a  
d a  
5 

d a  
3.5 

3 
0.5 
2 
2 
2 
3 
3 
3 
3 
3 
5 
4 

3.4 
3 
4 
2 
7 
6 
3 
5 
4 
3 

3.4 
3 
4 
4 
3 
6 
4 

d a  
rúa 
4 

d a  
4 
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Table A2-2. Monitoring data of the fluidized bed biological process - Total Fe, Soluble 
Fe, and Suspended Solids 

Influent Effluent Influent Effluent Effluent Effluent 
Fe-t Fe-t Fe-s F e s  Tss vss 

Date (m@) (m*) (mg&) (ma) 
2/2/94 

2/3/94 

24/94 
U6194 
27/94 
2/8/94 
2/9/94 
210194 
216/94 
2/11/94 
2/18/94 
u19/94 
u20/94 
2n1m 
m 4  
u23194 
2/24/94 
3/2/94 
3/3/94 
3/4/94 
3/5/94 

3/6/94 
3/7/94 
3/8/94 
3/9/94 
3/ 1 0194 
311 1/94 
3/12/94 
3/13/94 
3/14/94 
311 5/94 
311 6/94 
3/ 1 7/94 
31 1 8/94 
3/ 19/94 
3/20/94 
3/21/94 
3/22/94 
3/23/94 
3/24/94 

8.6 
8.8 
9 

8.7 
8.7 
8.5 
8.6 
8.6 
8.9 
8.6 
d a  
d a  
d a  
d a  
d a  
9.1 
8.7 
8 
8 

8. i 
7.8 
d a  
d a  
7.8 
8 

7.9 
8.2 
8.1 
8.1 
8.1 
6.9 
6.9 
7.2 
7.2 
7.8 
7.2 
7.3 
6.9 
7.2 
7.2 

1 
1.2 
d a  
0.8 
0.8 

0.85 
1 

0.9 
d a  
d a  
d a  
d a  
1 
I 

O .4 
0.4 
d a  
2.1 

1 
1.1 
1.1 
1.1 
2.6 
2.3 
2 
1.5 
1 
1 

1.5 
1.1 
1 

1.1 
1.2 
1.4 
1.5 
2 

2.1 
1.8 
1.9 
2.2 

6.8 
7 

7.9 
6.6 
6.7 
6.8 
6 
6 
7 

6.7 
d a  
d a  
d a  
d a  
d a  
6.8 
6.6 
6.7 
6.7 
6.6 
6.9 
d a  
d a  
5.9 
5.8 
5.8 
6 
6 

5.8 
6.2 
5.9 
5.4 
6.4 
6.6 
6.9 
6.8 
6.9 
6.4 
6.5 
6.6 

0.7 
0.8 
d a  
0.3 
0.4 
0.4 
0.6 
0.5 
d a  
d a  
d a  
d a  
0.2 
0.2 
0.1 
o. 1 
d a  
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.3 
0.2 
o .2 
o. 1 
o. 1 
0.2 
0.2 
0.2 
0.3 
0.4 
0.6 
1 

d a  
1.1 
1.5 
1.2 
1.5 

d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
da 
d a  
d a  
d a  
d a  
nia 
d a  
d a  
d a  
d a  
d a  
d a  
d a  

d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
nia 
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
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Table A2-2. Monitoring data of the fluidized bed biological process - Total Fe, Soluble 
Fe, and Suspended Solids (Continued) 

Influent EMuent Influent Effluent EMuent EMuent 
Fe-t F&t F e s  Fe-s TSS vss 

Date (m@) (mglL) (mglL) (mfi) (ma) 
3/25/94 
3/26/94 
3/27/94 
3/28/94 
3/29/94 
3130194 
4/ 1 194 
4/8/94 
4/9/94 
41 1 O194 
41 1 1 194 
41 12/94 
41 1 5/94 
4/ 1 6/94 
41 1 7/94 
411 8/94 
41 1 9/94 
4/20/94 
4/2 1 194 
4/22/94 
4/24/94 
4/25/94 
4/26/94 
4/2 8f 94 
4/29/94 
4130f94 
5f 1 194 
5/2/94 
5/3/94 
5/4/94 
5/5/94 
5/6/94 
5/8/94 
5/9/94 

51 1 0194 
511 1/94 
51 12/94 
5/13/94 
511 5/94 

7.5 
7.1 
7 

7.4 
7.2 
7.2 
7.5 
7.6 
7.4 
7.3 
7.2 
7.2 
7.8 
7.8 
7.6 
7.6 
7.6 
7.8 
7.8 
8 

8.1 
7.7 
7.6 
7.6 
7.8 
7.6 
7.4 
7.7 
7.8 
7.8 
8 

8.2 
8.3 
8.1 
7.9 
7.8 
7.9 
8.1 
8.1 

2.5 6.7 
2.1 
2 
1.8 
2.1 
1 
1 

0.5 
1.5 
2.1 
2.1 
2 
1.5 
1.5 
i .6 
1.7 
1.4 
1.6 
2 
1.2 
1.3 
1.4 
2 
1.8 
1.6 
1.2 
1.2 
1.6 
1.3 
1.4 
1.4 
1.4 
1.8 
1.7 
1.9 
1.9 
1.7 
2.1 
1.7 

6.7 
6.8 
6.5 
6.4 
6.6 
7 

6.9 
6.9 
6.8 
6.8 
6.8 
6.9 
6.9 
6.8 
6.9 
6.9 
6.8 
7 

7.6 
7.7 
7.5 
7.4 
7.4 
7.4 
7.4 
7.2 
7.5 
7.7 
7.7 
7.6 
7.7 
7.5 
7.6 
7.4 
7.5 
7.6 
7.5 
7.6 

1.2 
1.3 
1.4 
1.2 
1.5 
0.6 
0.5 
0.3 
0.5 
0.5 
0.6 
0.7 
1 
1 
1 
1 
1 
1 

0.8 
0.6 
0.8 
0.8 
1.3 
0.6 
0.6 
0.6 
0.6 
0.8 
0.8 
0.8 
0.6 
0.8 
O .9 
0.9 
1.1 
1.3 
1.3 
1.5 
1.6 

d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
da 
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
O 
O 
1 
O 
2 

d a  
d a  
d a  
d a  
d a  
O 

d a  

d a  
d a  
d a  
d a  
d a  
d a  
da 
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  
d a  

O 
O 
O 
O 
O 

d a  
d a  
d a  
d a  
d a  

O 
d a  

A-11 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



STD-API/PETRO PUBL Lib55-ENdL 1177 E 073229I l  OLO331L 712 

Table A2-2. Monitoring data of the fluidized bed biological process - Total Fe, Soluble 
Fe, and Suspended Solids (Continued) 

511 7/94 
51 1 8/94 
51 1 9/94 
5120194 
512 1 194 
5/22/94 
5/23/94 
5/24/94 
5/25/94 
5/26/94 
5/27/94 
513 1 194 
61 1 194 
6/2/94 
6/3/94 
6/5/94 
6/6/94 
6/7/94 
6/8/94 
6/9/94 
611 0194 
61 1 1/94 
61 1 2/94 
611 3/94 
6/ 14/94 
61 1 5/94 
61 i 6/94 
61 1 7/94 
6/ 1 8/94 
61 1 9/94 
600194 
6/2 1 194 
6/22/94 
6/23/94 
6/24/94 
6/25/94 
6/26/94 
6/27/94 
6/2 8/94 

8.3 
8.4 
8.4 
8.5 
8.1 
8 
7.9 
8.2 
8.3 
8. i 
7.9 
7.9 
8.2 
8.1 
8 
7.9 
7.8 
8.1 
8 
7.9 
7.9 
8 
8.2 
8.1 
8.2 
8.3 
8.4 
8.1 
8 
8 
8.4 
8.5 
8.7 
7.9 
7.8 
7.7 
7.8 
7.8 
8 
8 

2.1 
1.7 
2.8 
2.2 
1.7 
1.5 
1.9 
2 
1.6 
1.8 
1.7 
1.8 
2 
2.1 
1.8 
1.8 
1.8 
1.8 
2.2 
2.3 
2.6 
2.2 
2.3 
2.6 
3.1 
2.6 
2.4 
2.3 
2.6 
2.1 
2.1 
2.4 
2 
2.1 
2.5 
2.2 
2.1 
2.5 
5.8 
6.8 

7.7 
7.9 
7.8 
7.6 
7.5 
7.6 
7.8 
7.6 
7.7 
7.8 
7.7 
7.7 
7.8 
7.7 
7.8 
7.7 
7.6 
7.7 
7.8 
7.8 
7.8 
7.8 
7.6 
7.9 
7.9 
7.9 
8 
7.7 
7.8 
7.8 
7.6 
7.6 
7.6 
7.5 
7.5 
7.4 
7.4 
7.8 
7.7 
7.8 

Influent Effluent Influent Effluent Effluent Effluent 
Fe-t Fe-t Fe-s Fe-s m VSS 

Date (m@) (m@) (m@) (m@) (mgW 
511 6/94 1.4 

1.6 
1.4 
1.2 
1.3 
1.5 
1.6 
1.5 
1.6 
1.5 
1.5 
1.4 
1.7 
1.6 
1.6 
1.6 
1.6 
1.4 
1.3 
1.2 
1.3 
1.3 
1.5 
1.3 

1 
1.3 
1 
1.2 
1 
1.7 
1.7 
1.6 
1.7 
1.5 
1.5 
1.5 
1.5 
2 
1.4 
1.4 

d a  
d a  
4 

d a  
3 

d a  
d a  
8 
8 
8 
8 
1 1  
1 1  
8 
8 
8 
8 
10 
7 
8 
6 
8 
9 
10 
9 
35 
8 
6 
7 
8 
7 
6 
6 
7 
8 
7 
6 
7 
33 
45 

d a  
d a  
2 

d a  
1 

d a  
d a  
2 
2 
2 
2 
3 
1 
2 
2 
2 
2 
3 
2 
1 
1 
2 
1 
2 
2 
15 
4 
2 
2 
1 
2 
1 
2 
1 
2 
2 
2 
1 
14 
19 
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Table A2-2. Monitoring data of the fluidized bed biological process - Total Fe, Soluble 
Fe, and Suspended Solids (Continued) 

Influent Emuent Influent Effluent Effluent Effluent 
Fe-t Fe-t Fes  Fe-s Tss VSS 

Date (mgn) ( m a )  (mg/L) (mg/L) (mp/L) 

6/29/94 
613 O194 
7/5/94 
7/6/94 
7/7/94 
7/8/94 
7/9/94 

71 1 0194 
711 1/94 
711 2/94 
711 3/94 
711 4/94 
711 5/94 
711 6/94 
711 7/94 
711 8/94 
71 1 9/94 
700194 
7/2 1 194 
7/25/94 
7/26/94 
7/27/94 
7/29/94 
713 1 194 
81 i I94 
8/2/94 
8/3/94 
8/4/94 
8/5/94 
8/6/94 
8/7/94 
8/8/94 
8/9/94 
8/1 0194 

7.8 
8 

7.9 
7.9 
8 

8.2 
8.2 
7.8 
7.9 
8.2 
8 

7.6 
8 
8 

7.6 
7.5 
7.7 
7.8 
7.9 
7.9 
8.2 
8.1 
7.9 
7.5 
7.6 
7.7 
7.8 
7.8 
d a  
d a  
7.7 
d a  
7.8 

8.6 
1.2 
4 

3.5 
3.4 
3.6 
3.4 
4.3 
4 

3.4 
4.2 
4.2 
3.5 
1.9 
2.7 
2.8 
2.6 
3.2 
3.4 
2.1 
2.6 
2.6 
3 

3.4 
4.3 
4.3 
3.3 
3.2 
4.5 
d a  
d a  
3.3 
d a  
3.7 

7.9 1.7 
7 

7.9 
7.9 
7.9 
7.7 
7.8 
7.8 
7.8 
7.6 
7.7 
7.9 
7.4 
7.5 
7.3 
7.7 
7.4 
6.9 
6.9 
7.5 
7.2 
7.7 
7.8 
7.9 
7.3 
7 

7.7 
7.7 
7.7 
d a  
d a  
7.5 
d a  
7.6 

0.6 
2.6 
2.6 
2.6 
2.3 
2.3 
2.4 
2.5 
2 

2.1 
2.1 
2.7 
1.8 
1.7 
2.1 
2.2 
1.8 
1.7 
1.4 
1.5 
2.2 
2.8 
2.6 
3.5 
3.7 
3.3 
3.2 
3.3 
d a  
d a  
2.9 
d a  
3 

77 
d a  
d a  
d a  
d a  
d a  
d a  
6 
5 
4 
3 
3 
4 
6 
4 
6 
8 
8 
10 
21 
15 
21 
32 
23 
9 
11 
12 
6 
7 
11 
14 
14 
11 
10 

43 
d a  
d a  
d a  
d a  
d a  
d a  
4 
2 
1 
1 
1 
2 
2 
2 
2 
2 
4 
6 
9 
10 
9 
8 
11 
4 
2 
2 
2 
2 
6 
6 
6 
6 
7 
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Section 3 Appendices 

THE ACTIVATED SLUDGE PROCESS 
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Table A3- 1. Performance data of the activated sludge system for MTBE biodegradation 
-Run1 
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Table A3-2. Performance data of the activated sludge system for MTBE biodegradation 
-Run2 
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Table A3-3. Performance data of the activated sludge system for MTBE biodegradation 
-Run3 
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Table A3-4. Performance data of the activated sludge system for MTBE biodegradation 
-Run4 

22 #NIA 3870 #NIA 85 
23 #NIA 3890 #NIA 86 
24 8380 3430 420 59 
26 7850 5910 180 190 

#NIA < 1 #NIA < i  #NIA < 1 #NIA < 1 
#NIA < 1 #NIA < 1 #NIA < 1 #NIA < 1 
700 2 1400 2 90 < 1 346 < I  
290 < i  510 < 1  31 < 1  152 € 1  

A-20 
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Table A3-5. Monitoring data of the activated sludge system for MTBE biodegradation 
-Run1  

O 
1 
2 
'3 
4 
5 
6 
7 
8 
9 
10 
12 
13 
14 
15 
i 6  
17 
18 
19 
20 
21 
22 
23 
29 
30 
31 
32 
33 
34 
35 
37 
38 
39 
40 
41 
42 
43 
44 

6.77 7.56 14.8 17.8 
6.76 7.7 14.8 17.5 
6.88 7.72 14.8 17.5 
6.8 7.75 14.5 17.2 
6.9 8.01 15.2 18.7 
6.79 8.41 15.3 19 
6.81 7.6 14.9 15.2 
6.69 7.2 14.8 19.1 
6.81 7.64 14.5 16.4 
7.01 7.43 14.9 17.6 
6.89 7.29 14.5 15.4 
6.9 5.98 13.5 18.6 
6.82 6.3 14.6 18.3 
6.79 6.4 14.3 18.2 
6.78 6.87 14.5 18.3 
6.78 6.9 14.6 18.5 
6.74 7.01 14.6 16.2 
6.89 6.79 14.6 17.3 
6.88 6.81 14.5 18.9 
6.68 6.81 14.8 14.9 

14.4 16.8 
14.7 18.4 

7.04 7.15 14.7 18.6 
6.7 7.22 14.5 15.4 
6.68 6.89 14.7 14.7 
6.78 6.76 14.8 17.1 
6.89 6.76 14.6 17.1 
6.89 6.89 14.8 17.1 
6.88 6.56 14.9 17.1 
6.89 6.4 14.5 16.1 
6.87 7.3 14.7 15.7 
6.88 7.12 14.3 16.4 
6.85 7.3 13.9 16.1 
7.01 7.33 14.7 16.1 
7.01 7.05 14.5 15.7 
6.99 7.12 14.5 15.5 
6.92 6.99 14.5 15.4 
7.01 6.96 14.6 15.1 

9.2 
9 
9 

8.9 
9 

11.6 
9.1 
9 
9 

8.9 
9.5 
8.7 
8.8 
8.5 
8.4 
8.6 
8.3 
8.4 
8.6 
8.2 
8.9 
9.2 
8.7 
6.4 
2.5 
3.4 
3.5 
3.6 
3.5 
3.8 
8.4 
7.6 
6.7 
6.5 
6.5 
5.6 
5.4 
6.3 

5.6 
4.9 
5.6 
5.4 
5.1 
4.8 
6.6 
6.4 
5.2 
4.6 
4.5 
2.3 
2.6 
3.4 
3.5. 
3.3 
3.6 
2.4 
3.1 
1.9 
2.7 
6 

4.2 
1.4 
0.8 
0.8 
0.7 
0.7 
0.5 
0.8 
4.5 
4.4 
4.3 
4.1 
4.4 
4.4 
4.1 
2.1 

0.2 
0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 
0.2 

0.2 

0.2 

0.2 

0.2 
0.2 

O2 
0.2 
0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 
0.2 

0.2 

0.2 

0.2 
0.2 

0.2 

0.2 
0.2 

0.2 
0.2 

0.2 
0.2 

0.2 

1 O00 

1 O00 
1 O00 

1 O00 
I O00 
1 O00 
1 O00 
1 O00 

47 
32 
36 

37 
35 
33 
32 
30 

29 
28 
25 
24 
23 
23 
22 
32 
28 
21 

51 

33 

32 

31 
30 

32 
35 
35 
31 

9 
7 
8 

8 
9 
14 
8 
8 

8 
9 
8 
6 
7 
8 
8 
8 
8 
10 

36 

12 

10 

15 
19 

23 
21 
21 
16 

7.9 
8.2 
8.1 

8.2 
7.6 
6.5 
6.5 
6.6 
7.2 
7.6 
7.3 
6.9 
7.2 
7.2 
7.7 
7.2 
7.2 
7.2 
7.2 
7.1 
6.6 
7.6 

7.2 
7.4 
7.3 
7.2 
7.2 

7.8 
7.8 
7.7 
7.7 
8.1 
7.8 
7.8 
8 

2.3 
1 
1 

0.4 
1.9 
2.1 
1.6 
1.4 
1.6 
2 

2.4 
2 

2.1 
2.1 
2.2 
2.6 
2.4 
2.1 
2.6 
2.1 
1.8 
1.8 

1.6 
1.7 
1.7 
2.1 
1.7 

2 
2.4 
2.5 
2 

2.5 
2.6 
2.4 
2.4 

A-2 1 
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Table A3-6. Monitoring data of the activated sludge system for MTBE biodegradation 
-Run2 

Temp Sludge Sludge Total Fe 
PH DO COD 

Time INF EFF INF EFF Aeratir Clarifier Reeyc1e Waste INF EFF INF EFF 

(days) ( C l  ( C l  (mpn) (mgn) (gpm) (mgn)  (w!m (mgn)  (mgW 
O 7.01 7.14 14.3 16.7 7 3.4 0.2 1000 7.8 2.1 
1 7.1 7.34 14.3 16.8 
2 7.1 7.56 14.5 16.9 
3 7.03 7.53 14.6 16.2 
4 7.01 7.01 14.5 17.1 
5 6.87 7.12 14.4 17 
6 6.89 7.41 14.4 16.6 
7 6.89 7.44 14.5 17.2 
8 7.01 7.51 14.3 18.9 
9 6.98 7.45 14.6 17.6 
10 6.89 7.46 14.5 15.8 
11 6.88 7.46 14.6 15.8 
12 6.87 7.57 14.6 15.9 
13 6.89 7.34 14.7 16.3 
14 6.89 7.43 14.5 16.8 
15 6.91 7.44 14.4 16.4 
16 6.91 7.35 14.1 16.3 
17 6.88 7.45 14.1 16.6 
18 6.87 7.43 14.4 16.3 
19 6.89 7.45 14.5 16.7 
20 6.89 7.4 14.3 16.4 
22 6.95 7.12 14.1 17.4 
23 7.01 7.34 14.2 17.6 
24 6.89 7.32 14.2 17.3 
25 6.89 7.06 14.5 17.6 
26 6.93 7.44 14.5 17.7 
27 6.95 7.21 14.5 17.5 
28 6.95 7.17 14.7 18 
29 6.98 7.13 14.6 16.7 
30 6.95 7.23 14.4 18.2 
31 7.03 7.26 14.5 17.6 
32 7.01 7.33 14.7 17.5 
33 7.01 7.17 14.6 18.4 
34 6.92 7.24 14.5 17.5 
37 6.89 7.22 14.2 17 
38 6.87 7.21 14.2 17.4 

6.7 
6.9 
5.6 
7.2 
9.1 
8.2 
8.2 
8.9 
8.8 
8.5 
8.3 
8.6 
8.8 
8.2 
6.6 
7.6 
7.5 
8.2 
8.4 
8.4 
6.8 
7.4 
8.2 
8.5 
8.7 
8.5 
8.3 
8.5 
8.6 
8.5 
8.4 
8.3 
8 

8.3 
8.3 

4.5 
4.5 
3.2 
3.2 
4.1 
4.8 
6.6 
6.2 
6 

5.4 
5.1 
5.1 
5.1 
4.9 
4.8 
5.4 
5.2 
4.3 
5 

4.6 
4.7 
4.3 
4.6 
5.6 
4.8 
4.7 
4 

4.3 
4.6 
4.5 
4.6 
4.5 
4.3 
4.7 
4.6 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

1 O00 
1 O00 
1 O00 
1000 
1 O00 
1 O00 
1 O00 

1 O00 
1 O00 
1 O00 
1 O00 
1 O00 
1 O00 
1 O00 
1 O00 
1 O00 
1 O00 
1 O00 
1 O00 
1 O00 
1 O00 
1 O00 

O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 

41 
31 

27 
25 
25 
26 
24 

31 
30 
34 
30 

32 
43 
41 
40 
38 

34 
31 
29 
33 
29 

35 

20 
18 

11 
12 
15 
12 
12 

10 
9 
10 
10 

10 
13 
14 
14 
12 

11 
12 
12 
10 
11 

13 

7.8 
7.8 
7.9 

7.8 
7.4 
7.8 
7.6 
7.7 
7.8 
7.8 
8 

8.2 
8.2 
8.4 
7.8 
8 

7.8 
7.9 

7.8 
8.5 
8.5 
8.4 
8.3 
8.2 
8.5 
8.1 
8 

7.9 
8.2 
8.3 
8.1 

8.1 

2.1 
2.1 
2.4 

3.8 
2 
2 

1.8 
2 
2 

2.1 
1.8 
1.6 
2.1 
2 
1.9 
1.9 
2.1 
2.1 

2.2 
2.3 
2.3 
2.1 
2.1 
2 

2.2 
2.4 
2.5 
2 

2.2 
2.1 
1.9 

2.1 
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Table A3-7. Monitoring data of the activated sludge system for MTBE biodegradation 
-Run3 

) 
O 7.08 7.47 14.6 17.8 8.9 
1 7.01 6.98 14.2 19 8.7 
2 7.01 6.84 14.3 17.7 8.6 
3 7.03 6.44 14.4 17.9 8.1 
4 7.04 6.89 14.6 17.9 8 
5 7.01 7.06 14.4 18.6 8 
6 6.93 6.62 15 21.2 7.6 
7 7.04 7.01 14.6 20.6 8.6 
8 7.01 7.4 14.4 21.3 8.4 
9 7.03 7.11 14.6 20.2 8.6 
10 7.01 7.25 14.7 19.8 8 
11 7.02 7.15 14.7 19.9 7.3 
12 7.02 7.13 14.8 22.8 7.6 
13 7.03 6.89 I5 21.3 7.7 
i4 6.98 7.05 14.3 20.2 7.6 
15 7.02 7.06 14.7 19.8 8.2 
16 7.11 7.22 14.7 19.8 7.6 
17 7.05 7.3 14.8 20.2 6.9 
18 7.04 7.12 14.8 20.4 6.9 
19 7.11 7.15 14.7 19.9 7.7 
20 7.02 7.5 14.8 19.8 7.4 
21 6.98 7.21 14.6 21.2 7.4 
27 6.89 6.97 15.2 23.2 6.5 
28 6.93 7.03 15.1 23.4 5.4 

4 
3.5 
4 

3.3 
4.3 
4.4 
4 

4.3 
4.4 
4.6 
4.2 
4.3 
4.3 
4.2 
4.3 
4 

3.8 
3.4 
3.5 
2.7 
3.6 
4.2 
3.2 
3.4 

0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 

I100 
660 
660 
660 
500 
500 
250 
250 
250 
250 
550 
550 
1000 
800 
800 
800 
800 
800 
800 
660 
660 
660 
1500 
1500 

62 14 8.2 2.2 
64 12 7.8 2.5 
62 15 7.9 2 

7.6 2.6 
7.9 2.4 

38 17 8.1 2.2 
37 19 8.3 3 
40 21 8.4 2.4 
51 15 7.9 2.6 
58 19 8.2 2.9 

8 3.5 
8.1 3 

56 15 8.5 2.6 
57 15 8.5 2.1 
56 15 8 3.2 
55 15 7.7 3 
56 15 7.9 3 

7.8 3.2 
7.8 3-2 

48 11 7.8 3 
51 12 7.8 2.7 
56 14 7.9 2.5 

8.2 4.4 
42 12 8 4.7 
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Table A3-8. Monitoring data of the activated sludge system for MTBE biodegradation 
-Run4 

1 7.07 7.2 14.6 18 8.2 5.3 0.25 
2 7.02 7.18 14.5 18.1 8.1 5.2 . 0.25 
3 7.01 7.06 14.5 18.4 7.6 4.2 0.25 
4 6.98 7.3 15.1 18.4 7.4 4.2 0.25 
5 6.79 7.31 14.5 18.3 6.7 4.4 0.25 
6 6.89 7.09 14.8 18.5 6.9 4.5 0.25 
7 6.99 7.15 14.6 19.3 6.9 3.9 0.25 
8 7.01 7.24 14.5 19.7 6.5 3.7 0.25 
9 7.03 7.45 13.7 20.8 7.4 4.3 0.25 
14 6.89 7.34 14.5 22.3 8.8 4.5 0.5 
15 6.9 7.23 15 23.2 8.8 4.6 0.5 
16 6.9 7.43 15 23.2 8.7 4.6 0.5 
20 6.89 7.21 15.4 21.1 8.7 6 0.5 
21 6.89 7.21 15.5 23.2 9.8 6 0.5 
22 6.9 7.32 14.2 21.2 9.8 5.6 0.5 
23 6.92 7.32 14.3 17.6 10.2 5.6 0.5 
24 6.97 7.45 15.3 16.6 8.9 5.7 0.5 
25 6.8 7.23 14.3 17.1 8.8 5.5 0.5 

1250 54 21 7.7 3.3 
1250 7.8 3.2 
i 150 7.8 4.5 . 
1140 45 18 8 6.5 
1100 
1100 
1100 50 28 7.7 5.6 
1100 
1140 61 26 7.8 4.5 
1210 
1100 
1100 
1 O00 
1100 
I100 
1100 
1100 
1100 
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Section 4 Appendices 

THE UV43202 PROCESS 
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Figure A4-2. The effects of total VOC concentration in the feed on the bo for benzene 
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Figure A4-5. "he effects of molar ratio of total VOC to p,m-xylene in the feed on 
the EW of p,m-xylene 
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Figure A4-6. The effects of total VOC concentration in the feed on the bo for 
p,m-xylene 
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Figure A4-7. The effects of molar ratio of total VOC to o-xylene in the feed on 
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Figure A4-8. The effects of total VOC concentration in the feed on the &O for o-xylene 
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Figure A4- 1 1. Relation between the effluent p,m-xylene and the molar ratio of 
[H2Oz]/[Total VOC] 

2 f 
W 

e 
O ._ 

t l  e 

u 
E 
E 

E W - 
I O 

IO00 

100 

10 

1 

o. I 

c 

5 
E w 

0.001 

. 
. 

L .-. 8 . . 
e 

e 

O 10 20 30 40 50 60 70 80 90 100 

[H202]/[Total VOC] (moldmole) 
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