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. SUMMARY

Title of the project: Biodegradation of Organic Pollutants Originating from
Phamaceutical industry

Number of the project: SI/JOR/94/802

This project was carried out jointly by three international consultants, namely, Dr.
Istvan Balogh, Dr. Douglas DeFord, and Dr. Fahar Merchant (Team Leader)

The objectives of this mission were to demonstrate to the host laboratory
(Environmental Research Centre ["ERC"] at the Royal Scientific Society of Jordan
["RSST), key technical approaches necessary for launching a successful project for
biological treatment of organic poliutants. This involved, strain isolation and
enrichment techniques, genetic improvement of existing strains, entrapment of
bacterial cells, set-up and operation of bioreactor, and conceptual design of waste
treatment bioreactors and a pilot scale facility.

Based on these activities and in combination with site visits to two pharmaceutical
tacilities (Dar-al-Dawa and Hikma), the Sahab Wastewater Treatment Plant, and the
capabilities of the host organization, recommendations have been presented for
continued development of the program at RSS and a proposal for longer term
capability enhancement.

With the rapid growth in the pharmaceutical industry in Jordan and continued stress on
water resources in the region, use of biotechnological approaches to water treatment
will form the basis for sustained deveiopment in the area. The enthusiasm and desire
of RSS and the local govemnment to support and stimulate industry forms an important
launching pad to take this project to prominence, not only in Jordan, but also in the
Middle East.

By estab!:shing a strong infrastructure in biological treatment of organic comporinds in
Jordan, we believe that RSS will be able to rapidly transfer this know-how and
expertise to industry, as they have successfully done with other technica! projects. This
infrastructure will essentially be composed of additional manpower, upgraded
laboratory facilities and a state of the art mobile pilot plant for biodegradation of waste
streams. The spin-off benefits are expected to result in further technical enhancement
in the area of fermentation technology and bioprocessing in general. It is therefore
possible that such a capability enhancement will also stimulate the biotechnology
industry in Jordan. More importantly, this capability would benefit soil and groundwater
remediation programs.




ll. INTRODUCTION

The pharmaceutical sector in Jordan is rapidly emerging as key sector of the
Jordanian economy. As the largest exporter of pharmaceutical products in the Arab
world, it is generating income and improving their of balance of trade. However,
sustained development also necessitates concurrent development of appropriate
infrastructure and capabilities to treat hazardous wastes generated by the
pharmaceutical industry.

Biotechnology provides an opportunity for complete biodegradation of these wastes to
CO, and H50. in recent years, biotechnology is moving into its third, and possibly the
most important domain. After the biopharmaceutical and agri-food applications of
biotechnology. the protection and restoration of the environment could become a
priority goal of the life sciences. Biotechnology is certainly not the only technology to
keep the environment clean, but it is an essential one, and its importance, in synergy
with other tools, is growing rapidly.

The long tern market potential for environmental biotechnologies is vast. It is expected
to grow from $40 billion in the early 1990’s to approximately $75 billion by the vear
2000 in the OECD countries alone. Therefore, its impact on industrial growth and
employmert could be significant.

The current opportunities for prevention, treatment, measurement and remediation of
environmental damage can be attributed to the relative cost-efficiencies of biological
clean up methods as compared to traditional chemical and physical methods. Several
useful technologies have been developed in the industrial world and it is likely that
these may be easily adapted in Jordan where ambient temperatures result in more
rapid biological reaction rates.

In Jordan chlorophenols and other phenols have been found to common pollutants in
effluent streams from pharmaceutical and other industries. These compounds are
detrimental to aquatic and human life, and to tne environment in general. The potential
for environmental damage in arid countries such as Jordan can be even more severe,
due to the lack of water as a diluting agent. At present such hazardous wastes are
collected in barrels prior to disposal in liquid dump sites. Any attempt to develop novel
bioprocesses for complete degradation of such hazardous organic compounds would
fuel further economic growth in the region.




lll. OBJECTIVES

The Environmental Research Centre (“ERC") of the Royal Scientific Society (“RSS") is
the premier research organizatior: in Jordan that can potentially establish a local base
of expertise to tackle growing environmental ccncems in the country. RSS indicated its
desire to assist the pharmaceutical sector in their waste treatment problems. In order tc
effectively do so, it requested the United Nations Industrial Development Orgarization
(*UNIDO") to nrovide high level advice for the design of a pilot scale facility for the
biodegradation of phenol and chlorophienols as representative organic pollutants from
the pharmaceutical industry.

Following the meetings of the individual consultants with UNIDO and RSS responsible
personnel, the original objectives cf the project were modified to take into account the
existing laboratory facilities available and the limited time available for field activities.
Consequently, the revised cbyectives of this mission were as follows:

. Assess the pharmmaceuticai industry in Jorc¢an and their environmental concemns

. Evaluate existing waste treatment capabilities and provide recommendations to
address any deficiencies

. Select bacterial strain(s) for biodegradation of phenoi and chliorophenols

. Advise on set up of a program for strain maintenance and improvement

. Provide laboratory scale strategies for performing biodegradation studies

. Assist in the design of a pilot scale facility for biodegradation studies

. Prepare a technical report on the work delivered

. Submit recommendations for future action in order to estabilish in-house

capability in biodegradation of hazardous wastes.

The above objectives and deliverables are schematically represented in Figure 1.




Figure 1: Establishing a Pilot Scale Capability at RSS for Biodegradation
of Hazardous Wastes
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IV. SITUATION ANALYSIS

1IV.1 THE PHARMACEUTICAL INDUSTRY IN JORDAN

The Jordanian Government aspires to establish a regional centre for industrial
development and foreign investment in order to not only satisfy .acal needs but also to
be able to compete with other industries in foreign markets. Joidan is centrally located
among the Middle Eastemn countries on the one side and is on the crossroads to
Europe and the Far East, on the other.

However, due to lack of significant natural resources, Jordan's ability to set up heavy

industries is limited. Industrial growth will therefore arise from significant growth in:

value added light industries such as computer software, electronics, and
phamaceuticals. The infrastructure to support such growth appears to be in place and
is further enhanced by a well educated work force.

In order to stimulate manufacture of human and veterinary medicines, the companies

are exempt from custom duties and taxes on:

- Raw materials used in the pharmaceutical manufacturing
- Capital equipment used for manufacture and filling of pharmaceuticals
- Supplies and materials used for packaging fimi hed pharmaceuticals

Through government support and incentives, the pharmaceutical industry in Jordan
has achieved the following:

- provided local consumers with affordable pharmaceuticals

- created employment opportunities for skilled personnel

- generated opportunities for technology transfer

- stimulated the supplies and service sector and other related industries, and
- provided the country with significant export revenues.

The industry has established a good reputation in the local and international markets.
For instance, in 1992 alone, capital investment in the pharmaceutical sector exceeced
$60 million and over 30 companies were known to be involved in the human and
veterinary health care sector. These increases were largely attributed to increase in
local health care expenditures, growth in population, and increased export demand.

From 1988 to 1992, the export revenues from sales of pharmaceutical products
increased from $27 million to over $80 million of which 90% was aue to human
pharmaceuticals and the remainder for veterinary products. The majority of the exports
are directed to other neighbouring Arab countries.

-
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Increased growth and revenues in the pharmaceutical sector has therefore stimulated
investment in research and development. For instance, local companies have initiated
clinical :rials, developed new drug formulations and established joint venture
manufacturing projects with other countries such as, Portugal, Yemen, and the United
States of America. Some of the major Jordanian exporters of human and veterinary

pharmaceuticals are listed in the Table 1.

Table 1: Profile of major exporters of human and veterinary
pharmaceuticals as of 1992

i Company Name Major | Examples of ‘Number Total Revenues :
| Activity : Products of in SUS
Stati. (%Export) .
Arab Centre for . Human analgesics, $4.8 milion |
Pharmaceuticals and Chemicals: medicines, antibiotics, (94%) '
i gelatin steroids, empty
i_capsules : _caprules, etc. 2u0
Dar al Dawa Developmentand i  Humen | antibiotics, CNS, $17.2 million |
investment Co. Ltd. : medicines : cardiovascular, (63%) i
; diabetes drugs, :
S : antihistamines, etc. 400 _
| Hikma Pharmaceuticals Human : Antirheumatics, $24.6 million
‘ medicines : analgesics, muscie (82%)
i relaxants, steroids, :
! ) i vitamins. etc. 470 .
f The Arab Pharmaceutical  Human  :Anti-inflammatery, $33 million (81%)-
! Manufacturing Company  medicines & :antacids, diuretics.
veterinary antiasthmatics,
e e o OTUGS enzymes, etc. 1,200
ITha Jordanian Pharmacsutical . Humsan Antiuicers, ACE $5 million (6C%)
! Manufacturing Co. {td. medicines inhibitors,
i . antihelmintics,
e e e __antibacterials, etc. 140
| The United Pharmaceutical Human : Cardiovascular, $17.2 million
| Manufacturing Co. Ltd. medicines : CNS, obstetric, Gl (10%)
drugs, lipid
Totals of Five Ditferent " Veterinary Vitamins, $17.5 million
i Companies Specializing in products antibiotics, (69%)
; Veterinary Products ; anticoccidals, feed
Other Pharmaceutical Related Miscellaneous ;| Diagnostic kits, $ 7.2 million
Industries products : syringes, gels, (48%)
i . wound dressings,
e e COMABINGTS, Ot 404
; Combined Totals Human and | Drugs, $126.5 million
| ‘Veterinary :diagnostics, and (65%)
Medicines: supplies 3,291
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1V.2 ENVIRONMENTAL CONCERNS FOR DEVELOPMENT OF A
SUSTAINABLE PHARMACEUTICAL INCUSTRY IN JORDAN

In the face of increasing severity of environmental damage, seen during this century,
there has been a growing awareness on the part of public and government
organizations that actions are needed to maintain and restore environmental quality.
While waste minimization and waste recycling programmes are being instituted in the
pharmaceutical sectc:, new technologies are needed to aid in sustaining industrial
development and environmental quality. This is especially true in arid regions of the
world where water is a precious commodity. Jordan's desire to develop a thriving
pharmaceutical industry will therefore also require paralle! development of strategic
capabilities in phamaceutical waste treatment and management.

As shown in Table 1, the pharmaceutical industry in Jordan is not a homogeneous
industry producing one type of product but a set of interconnecting industries. The
basic sub-divisions are:

- Research and Development Sector
- Primary Manufacturing Sector
- Secondary Manufacturing Sector

Associated with each of these is a whole array of other manufacturers that produce
solvents, raw materials, packaging materials, vials, needles, etc., which we shall call
the “Support industry™.

Since the end products of the pharmaceutical industry are are often small in volume
and weight, a vast majority of the materials of the industry ends up as waste. The three
main sectors listed above can be placed in the order of “wastefuiness” as represented
by the approximate percentage of raw materials entering against the product leaving
the factory gate as shown below:

. Research and Development = 99% of raw materials ending up as waste
. Primary Manufacturing = 60% ¢. raw materials ending up as waste
. Secondary Manufacturing = 30% of raw materials ending up as waste

Obviously, these figures are not accurate for all situations, but are presented here to
rank the threc sectors.

R&D does not have any real ‘products’ except ideas. However, R&D pilot plants do
produce some products in the form of clinical trial material or small samples, but this is
small in comparison to the overall quantity of material consumed. Generally, one can
say that every raw material entering an R&D facility leaves as waste. The major waste
from R&D activities is dirty effluent water resulting from a variety of laboratory
operations. This in tum gets contaminated with solvents, chemicals, drug entities, and
drug by-products.
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The main purpose of primary manufacturing is the production of bulk active ingredients
and these may be produced in tonnage quantities. These operations are usually
associated with considerable use of organic solvents during chemical synthesis or
water from fermentation processes. The disposai of waste solvent is largely dictated by
its price and secondly, by the hazard that it may represent.

In secondary manufacturing, active components, excepients and packaging materials
are converted to dosage form pharmaceuticals. The waste generated here includes
off-spec product, contaminated packaging and lesser quantities of solvents and
chemicals. In parenteral manufacturing, consicerable quantities of water are used for
washing and water for injection {WFl) which in tum produces large amounts of “waste
water”. Cleaning agents may also contaminate this water.

in Jordan, the majority of the pharmaceutical industry is based on secondary
manufacturing and the support industry. More recently, however, pharmaceutical
companies such as Dar-al-Dawa and Hikma, are also carrying out primary
manufacturing activities and to a smaller extent, new drug or formulation development
research. Due to the large scale of primary and secondary manutacturing operations,
the quantities of waste water generated can therefore be quite significant.

In countries such as Jordan, water is a scarce matarial and therefore its efficient
treatment, recovery or reuse is not an option but an essential requirement for
sustained development of the pharmaceutical industry. One approach that is receiving
increased attention by regulatory agencies, private sector, and government, is the use
of novel biotechnologies for hazardous waste treatment. The Royal Scientific Society
of Jordan is pro actively seeking assistance to establish this capability in Jordan, so
that future growth of the young Jordanian pharmaceutical industry is not impeded by
regulatory compliance or potential environmental problems in the future.

IV.3 THE ROYAL SCIENTIFIC SOCIETY

The Royal Scientific Society (“RSS") was established in 1570 as a research and
development institution to work in the areas related to industrial growth in Jordan. The
attractive campus which occupies 342,000 m?2 of land, incorporating 28,700 m2 of
laboratories and administration buildings, is adjacent to the University of Jordan. The
budget of RSS is derived from contract revenues from technical services and
consultations, research contracts, and an annual grant from the Govemment of Jordan.
It also receives grants and donations from local institutions and technical assistance
from industrialized countries as well as from regional and international organizations.
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The objectives of RSS are as follows:

. Conduct scientific R&D work related to the development process in Jordan with
special emphasis to the industrial sector

. Disseminate scientific aws.reness

] Provide technical consulting and services to the public and private sectors

. Develop scientific and technical corporation with similar institutions in the Arab

world and intemnationally.
RSS consists of seven technical centres, namely:

Environmental Research Centre ("ERC’)
Industrial Chemistry Centre

information and Computer Software Centre
Building Research Centre

Renewable Energy Research Centre
Electronic Services and Training Centre
Mechanical Design and Technology Centre

Further details on RSS including its structure, organization, collaborations and
financial statement are included in Annex 1.

IV.3.1 The Environmental Research Cenire (“ERC")

The ERC has a staff of 44 of which 30 are University graduates and 20 have higher
degrees. The Director of ERC (Mr. Ayman Hassan) manages the operations of three
divisions within ERC, namely:

- Water and Soil Division (Head: Mr. Raid Khashman)
- Ecology Division (Head: Dr. Ali El-Karmi)
- Air Poliution Division (Head: Dr. Jasseen Khayyat)

The ERC has conducted several studies on the quality of water in Jordan in
collaboration with other govemment organizations. These studies identified bacterial
coniamination in water wells in remote areas. The Ecology Division recently
completed a study to examine the impact, efficiency and advantages of using a solar
disinfection method which uses natural UV-radiation to disinfect potable water. The
results demonstrated the usefulness of this technology for producing disinfected
drinking water and a large scale study is underway (in collaboration with a German
Technical Agency) to evaluate the economic feasibility of UV-treatment.
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This technology is also being applied to evaluate the treatment of pollutants commonly
found in the effluents of pharmaceutical, paint and other industries. The abundance of
solar energy in Jordan prompted the Ecology Division of ERC to investigate the
possibility of using photocatalytic oxidation process which uses natural UV-radiation
combined with titanium dioxide to treat organic poliutants. Titanium dioxide activated
by light in the UV-range has the ability to oxidise organic solutes. Studies with this
technology are at early stages of development and may be a usetul strategy for
pretreatment of hazardous wastes prior to biodegradation.

Activities are aiso in progress to develop an efficient process for biological troatment of
olive oil-mill effluent streams using an Upflow Anaerobic Siudge Blanket {“UASB")
reactor.

In addition to the above, ERC is invoived in many environmental R&D projects. A list of
these activities and other projects carried out by ERC are presented in Annex 2. The
Ecology Division, under the leadership of Dr. EIKarmi, is essentially responsible for
establishing capabilities in biodegradation of hazardous wastes. The research and
technical personne! involved with this program are listed in Annex 3.

From the above information and our observations it is apparent that ERC is a premier
research centre in Jordan actively engaged in development and commercialization of
novel waste treatment technologies. Its reputation and stature in the Arab worid would
therefore make it an ideal location for developing a capabi'ity in biotechnological
approaches for treatment of hazardous wastes generatred by the pharmaceutical and
other industries in Jordan. The need to establish a strong capability in this area
becomes apparent when reading some pages of a recent report on Industrial Pollution
in Jordan (See Annex 4).
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V. FIELD ACTIVITIES IN JORDAN

The field experts appointed by UNIDO were stationed at RSS in Amman and hosted
by the Ecology Division of ERC for a pericd of approximately three weeks commencing
October 8, 1994. The activities reported in this section were carried out in close
consultation and collaboration with the staft of the Ecology Division. All laboratory
activities, field trips and technical projects were performed as a result of their active
participation. What follows in the subsequent sections is a summary of field activities
accomplished during our brief stay in Amman. Laboratory and technical assistance
was provided by Mr. Ali El Omari, Mrs. Lana Khamees, and Mr. Mohamed Abu Zaki.
Additional technical and administrative support was provided by Dr. Ali EIKarmi and
Mr. Hamed Ajarmeh

V.1 VISITS TO PHARMACEUTICAL POLLUTION SOURCES AND
WASTE TREATMENT FACILITIES

As mentioned earlier, there are seven major pharmaceutical facteries in Jordan. After
inquiries and preliminary review of the difterent facilities, it was decided that the three
largest factories should be touted in order to survey their current waste treatment
capabilities, obtain information on their effluent streams and also to collect sludge
samples. The factories identified for the tours were:

- Hikma Pharma Group
- Arab Drug Company
- Dar Al Dawa.

All tours were arranged and organized through personal connections of RSS
researchers. Collection of the samples was coordinated through meetings with the
management of the factories and waste water plants.

The Arab Drug Company did not allow us to tour their factory or even provide a sludge
sample. Instead of the Arab Drug Company, arrangements were then made to tour the
Sahab Wastewater Treatment Plant.

The quantities of waste generated by the above pharmaceutical companies are
summarised in Table 2. The waste water analysis data for the Arab Drug Company
and Dar-al-Dawa are presented in Table 3.

The managers at both factories that we visited (i.e. Hikma and Dar al Dawa) denied
any pollution by chlorinated phenols (both factories deal aiso with chemical synthesis).
There were some other contradictions in the information they provided. Overall we
found that their small waste-water treatment plants were not of the best design, and the
waste-water and sludge treatment seemed to be unsatisfactory.




Table 2:

Quantities of Waste Generated in Select Jordanian
Pharmaceutical Companies

Pharmaceutical Solid Wastewater
Facility Waste {m3/day)
Dar-al-Dawa All recycled 25
Hikma Pharma Not available k]
Arab Drug Company Not available 125

Table 3: Characteristics of Wastewater from Dar-al-Dawa and Arab Drug

Company

Characteristics| Dar-al-Daws Arab Drug
Company
H 6 8.24
Conductivity Not available 1,225 us/em
TDS 900 mo/L 1,044 mg/t. |
TSS 220 mg/L 204 mg/L
BOD 1,720 _mght 658 mg/L
00 )] 4,870 mg/l 1,136 mg/t
Fe Not available 2.4 mgit
NH4 18 _mg/l Not available
ABS 32 mg/L Not available
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v.1.1 Hikma Pharma Group

The factory of Hikma Pharma Group is situated in the western part of Amman. It has
been dealing with the production of human pharmaceuticais since 1965. The majority
of the activity since then has been to carry out secondary manufacturing which
essentially involved formulation, finishing and packaging of imported bulk drug
substances. More recently (i.e. since 2arly 1994) the company has been engaged in
primary manufacturing to produce active compounds by chemical synthesis. At
present, the Hikma Pharma Group exports 90 % of its products to Middle Eastem
countries. Further details on Hikma's operations and wastewater characteristics are
provided in Annex 5.

The factory generates two different liquid effluent streams. The first an1 smaller stream
is generated from primary manufacturing activities associated with the chemical
synthesis plant. The daily discharge rate from this source is approximately Sm3.

This effluent stream has a high solvent content and is collected in two 10m3 concrete
pits. The major organic solvents and chemicals found in this effluent stream are as
follows: ‘

- Acetone (trace quantities)

- Dimethylformamide (up tc 40%)
- Methylenechloride

- Acetonitrile

- Triethanolamine salts

According to the information provided by the technical management, the high solvent
effluent is disposed off (somewhere) after combining it with solvents generated from
various other laboratories in the factory. The management of this company realises
that this is nct an ideal way to handle their waste. It therefore plans to invest in a smali
solvent recovery plant in order to reduce the solvent contents of the effluent stream
and also to reduce operating costs by recovery and reuse of the expensive solvents.

The second and much larger effluent stream {output of 36 m3/day) is generated by
secondary manufacturing activities at the formulating plants. The majority of this
wastewater is treated in 2 100 m3 aerated concrete tank. The pit has four sections and
a separate section serves as a clarifier pit. The plant has not instituted a pH control
strategy, nor can any signs of sludge treatment be found. However, the size of the pit
(providing a retention time of almost 3 days) and the aeration level of this system
seems to be adequate.
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It should be noted that the factory formulates modified cephalosporins such as
cephalexine and cephadoxine. The effluent is likely to contain a lot of these antibiotics
and the sludge could be a potential source of several cephalosporin resistant
microbes. Therefore, the sludge shouid be treated and used with special care and
preventive measures should be put in place in order to avoid leakage into the
communal wastewater system.

Two samples were taken at Hikma Pharma Group; one from the effluent of the
chemical synthesis plant and the other from a biological treatment pit.

V.1 -

The Dar Al-Dawa factory is located at the South Western part of Amman. The factor;
carries out primary manufacturing activities associated with chemical synthesis of
several medicines. A detailed list of these medicines was not made available.

According to the information provided by the technical leader of the plant, the effluent
stream only contains small amounts of the following chemicals:

- Ethanol
Methanol
Chloroform, and
- Acetic acid

in view of the fact that the plant generates waste streams from both, chemical synthetic
activities and from formulation lines, the claimed low levels of solvent generation (in
terms of composition and quantity) seems to be unusually low.

Effluent is generated at a rate of 35 m3/day which collects in a 200 m3 covered
container. It was not possible to withdraw samiples from the deep covered container.
However, a sample was later taken when the liquid was pumped out from the tank.
The sludge was obtained by centrifugation of the sample (3000 rpm for 20 minutes). A
wastewater analysis data sheet is provided in Annex 6.

The company was also in the construction phase of a biological treatment facility. This
included four open 10 m3 agitated and aerated carbon steel vessels which are
planned to be used as aerobic bioreactors. For sludge thickening a large perforated
stainless steel tray with a surface area of 10 m2 will be installed. Based on the current
stage of construction it seems that more than 80 % of the sludge water content will
seep into the soil from the perforated sedimentation tray.
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v W reatm Plant

The Sahab Wastewater Treatment Plant ("SWTP") , which is owned by the Jordan
Industrial State Corporation, is situated in the Sahab industrial region which is
approximately 10 km South of Amman’s city limits. This regior consists of a
congiomerate of several industrial plants producing a total of 80C-1000 m3 of
wastewater per day. The effluents are not treated at the point of discharge in any of the
factories. Waste treatment is therefore left entirely up to the SWTP.

Considering the large diversity of *the factories (e.g. detergents, paints, dyes,
cosmetics, etc.) and their disregard tor discharging poliuted effluents, the SWTP
encounters daily and dramatic changes in the quality and vclume of the incoming
effluent. Approximately 200 m3,day of communal waste-water (which is treated
together with the industrial effluents) probably helps in stabilizing this process.

The volume of the three aeration pits is 1000 m3. Based on the quantity of waste water
treated, these aeration pits provide a retention time of only one day, which is not
sufficient and this in tum could lead to potential problems associated with overloading.
The design of the aeration pits hdicate that they may also function as clarifiers. if the
760 m3 pretreatment pit, with its function of buffering and neutralization, could be used
with proper aeration and mixing, it would help in coping with the usual problems of
overioading.

The mixing is performed by two small blowers, but the pattern of the surface bubbles
indicates that aeration is not sufficient. The performance of this pit could be improved
by installing better air spargers which provide homogeneous air distribution along the
bottom of the pit. Frequent and regular dissolved oxygen and pH measurements using
portable equipment would be necessary for betier monitoring and controtl of the
process. In order to minimize deviations in pH associated with changes in the
characteristics of wastewater being processed, installation of a pH control system is
recommended. This could be accomplished by erecting Ca(OH), sludge addition

equipment which could be used for both, the pretreatment pits and the aeration pits.

The average COD value loaded is 2400 mg/L and the final effluent of the plant has a
150-180 mg/L COD level. Western standards require these levels to be less then 100
mg/L. The sludge is stored and thickened in large concrete pits. After being partially
dried, the sludge is transported to dumping sites. The final effluent from the plant is
used for irrigation. A sample of the thickened sludge was taken from the SWTP for
further laboratory studies at RSS, as described later.
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V.2 ENRICHMENT AND SELECTION OF MiCROBES
V.2.1 Intr i

Isolation of indigenous microbial strains from local waste generation and treatment
sites can be of great advantage. Having been in contact with the waste stream,
surviving microbial populations may have adapted to the toxic compounds (such as
chlorinated phenois and organic solvents) present in the wastewater. It is also likely,
that the sludge of industrial effluents provides a good selection environment for
microbial populations capable of metabolism and degradation of such waste products.
Furthermore, mixed microbial strains thriving in the sludge of the contaminated
wastewater ysually have better degrading capabilities than a pure culture of a single
strain. This is due to the fact that day to day changes in the composition of wastewater
does occur and a mixed pogpulation of microbial species would be in & better position
to adapt to variations in the quality of the waste stream.

Pure culture strains do provide excelient supplementary support for certain hazardous
waste streams or well defined waste streams containing known contaminants with
minimal deviation in the composition of the waste stream. However, in some instances
these strains are difficult to obtain from research laboratories. Furthermore, these
strains may not demonstrate the same level of activity under real conditions when
compared to well designed and controlied conditions generally available in a
laboratory setting. A recommended list of pure strains and their respective sources
have been listed in Annex 7, and may be acquired by RSS for future research.

In this study, a strain selection program from sludge samples (collected from different
waste sites discussed earlier) was therefoie initiated at the RSS. It should also be
mentioned, that with the exception of the Arab Drug company, sludge samp'es were
made available by other organizations. Managers at Hikma and Dar al Dawa
Pharmaceutical plants (which carry out manufacturing operations by chemical
synthesis) indicated that chlorinated phencls were not used or generated in their
facilities and was therefore not 2 component in their waste stream.

Evaiuation of strain improvement methods was carried out using UV light as the the
mutagen since the recommended mutagen, nitrosoguanidine (NTG), was not available
at RSS. Nevertheless, selection using NTG was explained in detai! including the
hazardous nature of this compound and its safe handling procedures. The 1JV method
could only be demonstrated by using a Pseudomonas aeruginosa strain which was
available at ERC. The short duration of this mission did not provide us with adequate
time to identify and obtain additional strains from the enrichment and selection
experiments described in the next section.

Sample collection was coordinated through meetings with the management of the two
pharmaceutical factories and the wastewater treatment plant. This part of the project
was carried out under the supervision of Dr. Balogh.
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As described below, a total of four siudge samples were used for the selection
experiment:

Sample Source Label
Hikma Pharma Group H1, H2
Dar Al Dawa D
Sahab Wastewater Treatment Plant S

The sample originating from Dar Al Dawa was an effluent sample taken from the
wastewater storage tank. This sample was centrifuged {3000 rpm, 20 minutes) in order
to obtain sludge. The other samples were taken directly from wastewater sludge.
which contained an enormously large variety of microbial species. The enrichment
method described below is designed to select for chlorophenol ("CP") degrading
microbes. Thus, this method would increase the probability of selecting for CP
degrading bacteria. It does so by giving an advantage to the bacteria which have CP
degrading characteristics (or are at least tolerant to CP) and repressing the growth oi
other strains.

From each sample, 0.2 g of sludge was added to pre-sterilized flasks containing 20 ml
of Chlorophenol Enrichmerit (CPE) Media, labelled as CPE1, CPE2 and CPE3 (see
Annex 8 for a description of media composition). The media composition was varied
by adding diff2rent amounts of peptone and yeast extract. The reason for varying these
compounds was that targeted microbes may have special requirements. In this
particular experiment, no microbial growth could be observed in the absence of
peptone and yeast extract. Each of the CPE1, CPE2 and CPE3 media were also
supplemented with phenol and chilorinated phenols (after sterilization).

The compounds tested were as foliows:

phenol
2-chloro-5-methyiphenol
pentachlorophenol
4-chloro-2-methylphenol, and
2. 4-dichlorophenol.
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The final concentration of all these compounds was 106 mg/L. Prior to addition to the
CPE1, CPEZ and CPE3 media, the above listed organic compounds were first
dissolved in 1.0 ml of methanol. In many cases microbes have been known to require
co-substrates during the degradation of highly toxic and stable compounds. In this
case, phenol was used as a co-substrate. Methanol was used for dissolving crystals of
the CP and phenol. The role of the CaCO; in the media was to prevent low pH

conditions caused by generation of CO2 and hydrochioric acid.

The inoculated flasks were shaken at gpproximately 250 RPM ftor four days by using
small benchtop shakers at room temperature. The shakers were borrowed from the
water laboratory and were stopped for 30 minutes, once every day in order to prevent
the motors from buming out because of the heat generated. It was therefore not
possible to incubate the shake flasks at the optimal 30 °C.

After four days of incubation, new flasks were started from the first set by inoculating
them with 0.5 mi of broth. The new series of flasks contained the same CPEt, CPE2
and CPE3 media. The newly inoculated flasks were also shaken under similar
conditions for four days.

Culture enrichment was determined by microscopic examination of methylene blue
stained samples and also by measuring the optical density ("O.D.") at 600 nm against
a distilled water blank after dilution with 0.2N HCI (in order to dissolve the CaCO3;

suspended in the media).

Table 4: Results of microscopic observation

| Sample | CPE1_Medium CPE2 Medium CPE3 Medium |

| Hikma1 (H1) . Nogrowth ' No growth . No growth

_ Wikma2 (H2) | Nogrowth __ Nogrowth | No growth |
: Dar al Dawa (D)}! Poor growth | No growth ' Poo: growth i
. Sahab (S, | Dense growth . _Poor_growth . Dense gromhj

Table 5: Results of OD measurements at 600nm

, T .
Sample CPE1 Medium: CPE2 Modium;CPE: Medium
; .

| Hikma 1 (H1) 0.12 0.172 5 0.14

i | 1
! Hikma 2 (H2) | 0.138 ‘ 0.166 | 0.102 :
DaralDewa (D),  0.08 |  0.224 0.192 |

Sahab (S) | 0.262 i 0.22 0.294




22

The above results demonstrate that this enrichment method can be used successfully
to cuitivate CP resistant species. This selection method could not be completed due to
lack of time available for the project. Nevertheless, the proper methods were
demonstrated to the staff in order for them to carry out further selection experiments
with these and other future sludge samples.

V222  Furher Selection on Agar Plates

Based on OD measurements the five most promising flasks (D/CPE2, D/CPE3,
S/CPE1, S/ICPE2 and S/CPE3) were used for further selection experiments.

Agar plates were inoculated with 0.3 ml of each sample. The composition of the solid
medium was identical to the CP3 medium, supplemented by the same amount of
phenol, CP and 2% agar. The agar plates were incubated for four days in a 37°C
incubator. After the incubation period all the plates were fully covered by microbes.
However, the growth did not seem to be complete.

Plating was repeated with diluted samples of S/CPE1 and S/CPE3 flasks in order to
obtain single colonies. The dilutions used were 1:100, 1:1000, 1:10000 and 1:100000.
These plates were incubated for a longer time (one week) in order to obtain an
adequate colony-size for subsequent inoculation of the nutrient slant agar tubes. In the
case of insufficient growth, piating could be repeated using nutrient agar medium.
Additional on-site activity with this phase of the project could not be completed due to
time restrictions. What follows is a description of additional work recommended to the
laboratory.

v.2.3 Additional Recommended Activities

The colonies that appear on the plates should be streaked onto slant nutrient agar
media. The selected strains should be then maintaine by restreaking them onto new
slant nutrient agar tubes at a frequency of twice a year. These tubes should then be
incubated at 30°C for three days. It is recommended that at least three (preferably
more) slants from each distinguishing colony are inoculated. Two (or more) slants
should be used for the purpose of strain maintenance (master culture). One (or more)
slant(s) should be used as working cultures.

The working seed slants should be made using nutrient agar supplemented with 0.5%
glucose. The presence of glucose provides a quick and intensive growth which is
useful when using them to inoculate flask cultures. The master culture should be
regularly validated at least once a year by streaking them on several agar plates
containing different concentrations of CP.
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After completion of the selection process using the above method, the selected strains
should be identified by studying their morphological and biochemical characteristics.

The CP degrading capacity of the different isolates also should be checked by
measuring the residual CP concentration after the shaking process. Following these
standard inoculation and culturing process enables one to interpret the results more
accurately and to validate the CP degrading abilities of the isolated strains.

V.2.4 Fr ryi f radin rai

Once RSS obtains a benchtop freeze dryer, the selected strains should be freeze
dried in order to ensure their lcng term storage and safe maintenance.

For the purpose of freeze drying, cells should be harvested from slant agar test tubes
after incubation for at ieast three days. In the case of spore forming microbes,
incubation should be extended until sporulated cells are obtained. The rationale for
using maturated cells for freeze drying is that active, "young®, muttiplying cells tend to
be more sensitive and therefore their survival rate during the lyophilization tends to be
low.

Cells from one slant agar can be harvested by resuspending them in 5 m! of sterile
water followed by centrifugation at 3000 rpm for 30 minutes. The sedimented cells
should then be resuspended in 2 ml of 25% diluted sterile milk. The suspension is
then transferred into a lyophilization tube and connected to the freeze dryer. All steps
prior to freeze drying should be carried out under sterile conditions. Thus, sterile
pipettes, centrifuge tubes, and lyophilization tubes should be used, and all operations
should be performed on a clean bench (laminar flow hood). After freeze drying is
completed (based on the methods recommended by manufacturer) the tubes should
be sealed and then stored in a refrigerator.

Sterile milk is usually employed to protect microbial cells from freeze damage. This is
carried out by diluting 25 m! of milk to 100 ml with water. The diluted milk should then
be maintained in a 100°C water bath for 30 minutes in order to kill vegetative cells.
The treated milk is then stored for one day at room temperature. This period enables
germination of all surviving spores. After this, a 10 minute autoclaving ansures sterility
since all viable spores would have been in a vegetative state prior to autoclaving.
Conventional sterilisation methods cause the milk to be burnt and is therefore
undesirable.

For further details a short manual describing the principles and techniques of freeze
drying is enclosed in Annex 9.
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V.3 GENETIC IMPROVEMENT OF MICROBES

V.3.1 Introduction

Properties of a microbial species can always be altered or improved by genetic
manipulation in combination with proper selection methods. In this case, the objective
would be to increase CP degrading capabilities of the desired strain.

During the mission it was not possible to genetically improve the selected strains since
the results from the microbial selection experiments were obtained towards the end of
the working period. Therefore a demonstration on genetic improvement methods was
carried out using an available strain of Pseudomonas aeruginosa (ATCC 9027). The
demonstrated method can be applied later by the microbiology staff using any
potentially useful strain.

V.3.2 Experimental Methods and Resuits

A freeze dried preparation of the P, aeruginosa strain was suspended in starile water
and 0.3 mL of this preparation was spread on nutrient agar (Oxoid, code: CM1, with 2
% of agar) plates. One dish was placed in a 37°C incubator without any treatment and
this was used as the control. Other plates were were irradiated by UV light for difterent
durations of exposure (i.e.: 1, 5, 30, 180, or 600 seconds).

Exposure was performed by using a UV lamp which was originally used for evaluation
of thin-layer chromatograms in the Chemistry Department of RSS. The dark lamp
cover was removed in order to increase the intensity of irradiation. The device had an
sutput of 2x6 W and the plates were placed at a distance of 4 cm from the UV source.
Irradiation was carried out in a temporary dark manipulation chamber, and the
irradiated plates were then covered by aluminium foil in order to prevent photo-
reactivation.

The UV-treated dishes were then incubated together with the control plate for four
days at 37°C. Observetion of the plates after the four day incubation pericd showed
that the control dish contained round colonies, approximately 3 mm in diameter. The
first irradiated dish (UV exposure of 1 second) contained 0.1 mm sized colonies which
had not shown any further growth after the first day. These irradiated colonies were
therefore lethal mutants which are able to survive for only some generations.The
second irradiated plate (5 second exposure) had a similar response. However, all
remaining dishes were clear.
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One would have expected substantial growth on the surface of the control plate. But
this was not the case indicating that the origir.al freeze dried culture was not in good
condition. Apparently, the freeze dried tube was opened on July 1994, and was
thereafter stored by covering it with paraffin foil. It is likely thai moisture was taken up
by the lyophilized granules and slow damage of the living cells had occuited. New
plates were therefore inoculated with a suspension made by using a new siant agar
which had been previously started from the freeze dried tube.

In the second set of experiments, the intensity of the irradiation was decreased. This
was achieved by increasing the irradiation distance (between the ' V-source and
plate) from 4 cm to 40 cm by instaliing a temporary stand for the UV lamp. Since there
is a quadratic relationship between irradiation intensity and distanze, a 1(-fold
increase in distance results in a 100-fold decrease in UV intensity. The duration of
irradiation were the same as those in the first experiment.

The first and second dishes (1 and S secoid exposure, respectively} were covered
completely. The third dish (30 second exposure) contained 50 coionies of nomal size.
The last two dishes (180 and 600 second exposure) contained three colonies each.
On the basis of these results, a more suitable duration for irradiation is estirmated to be
15 seconds.

Having optimized the irradiation conditions, it was decided that the property to be
improved in this demonstration will be the cultures increased tolerance to phenol.
Thus, the P._aerugingsa strain was inoculated by streaking on nutrient agar dishes
supplemented with phenol. The final phenol concentration (in g/L) in the plates was
0.01, 0.05, 0.1, 0.5, 1.0, and 2.0. The purpose of this experiment was to determine the
lowest non-tolerable concentration of phenol in the agar medium.

After three days of incubation at 37°C, the growth on the first two plates (phenol
concentration of 0.01 and 0.05 g/1) was normal. The growth on the third piate (C.1 g/)
was repressed (the presence of the microbes at the traces of the streak could only just
be observed). There was no growth detected on the higher concentrated dishes.

In order to select tolerable mutants, the remaining 0.0' g/l and 0.05 g/l phenol
containing dishes were inoculated with a P._aeruginosa cell suspension, and UV-
irradiated for 15 seconds at a distance of 40 cm. On the second day of incubation it
was observed that there was no growth on the dishes containing 0.05 g/| phenol.
There were two dishes made with 0.01 g/I pheno! concentration. One of them
contained a very vague, nearly continuous, blanket of microbes. The second one
contained a couple of small colonies which had overgrown the slight bianket. This
indicated that the colonies were new mutants with a higher phenol tolerance in
comparison with the original strain.
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V.3.3 Additionai mmen Activiti

The above method was performed only for the purpose of demonstration and this
simple procedure was chosen due to the short duration of the mission. The duration
and distance of irradiation should be further optimized. Additiocnally, viable cell counts
should be measured pre- and post-irradiation. Viable cell numbers should be
determined by preparing decimai dilutions with sterile water and plating the diluted
suspensions on agar dishes. In the case of irradiated samples the procedure should
be carried out in a dark chamber, and the plates immediately covered by aluminium
foil.

Irradiation can also be carried out using a 10 mL cell suspension in an empty plate.
The cell suspension can be prepared by inoculating 20 ml of culture broth with a
loopfu: of microbes from slant agar. The 20 ml of inoculated medium should be shaken
(259 rpm, 30°C) ovemight in a 250 m! flask. This method provides cells that are in an
exponential growth phase and these cells tend to be very sensitive to mutagens.
Exponentially growing cells have their DNA in an *unpacked"® stage and consequently
has a higher probability of partial damage caused by the mutagen. The cells should be
separated by centrifugation (3000 rpm, 20 minutes), and resuspended in sterile water
prior to mutagen treatment.

The irradiation conditions should be modified so that 99 to 99.9% lethality is achieved.
In the case of UV treatment this high lethality rate was found to be necessary for
obtaining a relatively high number of mutants among the survivors.

The preferred method for mutagenesis wouid be to use nitrosoguanidine (“NTG"),
which is considered to be one of the most potent mutagens. Unfortunately NTG was
not available at RSS and it was not possible to obtain it during the mission. In order to
safely use this mutagen, a detailed explanation was provided to the staff and
emphasis was placed on hazards associated with the use of NTG (see Annex 10).

A brief explanation was also given about the possibility of improving the facultative
anaerobic bacteria being used to treat olive oil mill waste water using an Upflow
Anaerobic Siudge Blanket (UASB) reactor. This waste stream is known to contain
some toxic compounds which are not readily tolerated by the mixed culture of the
reactor. In order to improve the performance of these bacteria, the mutation program
described above may aiso be used with some degree of success. The procedures
would have to be adapted to include the lowest intolerable concentration of the toxic
component(s) present in the waste stream.

A shoit seminar on fermentation technology, biotechnology and waste treatment was
presented at the ERC by Dr. Balogh. An abstract of this presentation, written by Dr.
Balogh, is provided in Annex 11.
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V.4 SETUP AND OPERATION OF A CONTINUOUS IMMOBILIZED CELL
BIOREACTOR FOR TREATMENT OF PHENOLIC COMPOUNDS

V.4 r i

Upon arriving at RSS it was determined that the Ecology Laboratory did not posses
any fermentation equipment in order to carry out controlled pure culture optimization
studies as pianned for this particular part of the project. Laboratory scale production of
bacterial species for subsequent biodegradation studies of hazardous compounds is
therefore not possible at pre~=2nt. This would therefore limit the Division’s ability to gain
experience in the area of fermentation technology which is absolutely essential if RSS
is to pursue with pilot scale biodegradation studies. A basic manual describing the
principles of fermenter set-up and operation has therefore been provided in Annex 12.

For the purpose of the visit, it was decided to demonstrate strategies for
biodegradation of hazardous organic compounds. As an example, we therefore chose
pentachloropheno! (‘PCP~) as the test compound for biodegradation and utilised the
same Pseudomonas strain used in experiments described earlier. As a bioreactor, an
approximately 8L plexiglass vessel was configured with an intemal draft tube and a
fritted glass aeration tube. When inocuiated with immobilized bacteria, the reactor
would then operate as a circulating bed bioreactor which is a hybrid of the fluidized
bed and air-lift designs. Experimental design and approaches were therefore
developed based on this reactor configuration and adapted according to available
resources, supplies and equipment. There were no pH and dissolved oxygen meters
and controllers for this study.

The purpose of immobilization is to ensure a continuous process without fear of culture
washout. Culture washout in continuous processes especially, when dealing with
feedstreams containing toxic compounds, can be a major problem. However, by
immobilizing cells on support surfaces or entrapment in polymeric matrices, the cells
have an opportunity to adjust to intermittent changes in the composition of the feed
stream. Furthermore, immobilization ensures extremely high cell densities of the
desired microbial population in the bioreactor and therefore increased biodegradation
rates.

\'A ' ri ) ¢
i Strain
A strain of Pseydomonas species used in earlier studies described above was

used for these experiments.
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Biomass Growth

A loopful of the bacterial culture was inoculated in 100 mL of ovemnight growth
medium (OGM). The inoculated cultures were incubated overnight at room
temperature by shaking at approximately 200 RPM. The composition of OGM,
was as follows:

Nutrient broth (see composition below) 13gL
Caicium Carbonate 1gl
Glucose 5gL
Nutrient broth was supplied by: NenTech Ltd., Brixworth, Northants, UK.
Nutrient broth composition: Yeast Extract 1.5gL
Peptone 50gL
NaCl 509l
Beef Extract 159l

Agar Immobilization Method

Autoclave 1.0L of 15 g/l agar and cool to 45°C. Mix 200mL of culture broth and
pump the mixture through a pipette tip. Let the agar-cell slurry drop into a chilled
water bath containing a magnetic stirrer. Adjust flow rate and height so that near
spherical particles are formed. Let the beads harden for 30 minutes and wash
the beads with cold tap water.

This procedure was attempted but did not work due to flow rates of the high
throughput peristaltic pump. Lower flow rates necessary for forming single drops
was not possible as a smaller sized pump was not available. Additionally, due
to the low concentration of agar used in this experiment, gel formation was also
not possible as the agar dissolved when added to the cool water.

In future, any attempt to entrap cells in polymeric gels will require a low flow
pump or a large scale droplet generator if the same pump is used.

Due to difficulties associated with sphere agar bead generation, agar/cell slurry
mixture (approximately 500mL) was poured on a tray and allowed to gel
overnight. The gel was cut into approximately 1.0 cm squares (width
approximately 0.5 cm) and placed in bench scale three phase fluidized bed
bioreactor. The agar particles were suspended in 2L of non-sterile OGM
overight to enhance further bacterial growth in the agar gel.

The contents of the reactor were then drained using a sieve and washed with
several volumes of water. The agar particles were reintroduced in the reactor
and 5L of Biodegradation media ("BDG media”) was added.




29

The composition of the BDG media was as follows:

KHoPO4 0.17 g/L
KoHPO, 0.65 gL
NaNO; 059l
MgSO0,.7H,0 0.1gL
FeS0,.7H0 5.6 mgL

(A 10x concentrated stock solution was prepared and diluted before use. Thus
500mL of conc BDG stock was made up to 5L using tap water.)

iv.  Bioreactor Setup and Operation

Fill the bioreactor with 800 mi. of the remaining fermentation broth (OGM), and
add the agar beads. Make up to approximately 5L volume using concentrated
BDG media and water. Do not add any PCP at this stage. Set up bioreactor with
constant aeration and allow cells to grow ovemight. The transparent gel should
begin to look opaque and whiter as cells grow in the gel. Normally this would be
best carried out with proper pH and dissolved oxygen control and under optimal
temperature for bacterial growth.

Any future plexiglass reactors built at RSS should be placed in a controlled
environment or be jacketed. After 24 to 48 hours of growth (Gepending on the
bacteria used}, the growth media may be drained and replaced with BDG media
and PCP (initial concentration of 10 mg/L). A sample of the media should be
taken after PCP addition and monitored at least once every day for residual
PCP levels. Once, PCP concentration drops by 80% of its initial level, BDG
media supplemented with 10 mg/L. PCP can be fed on a continuous basis.

As the bioreactor shows improved adaptation and consumption rates of PCP,
the concentration of PCP in the feed may be increased and the reactor operated
at higher throughputs. The process may run smoothly for several months with
the right bacterial strain.

V.4.3 Bioreactor Design

Use of a circulating bed or fluidized bed bioreactor provides some advantages
especially if the waste stream contains particulate matter or the process has high
oxygen requirements or excessive metabolic heat generation. Packed bed bioreactors
would tend to plug with particulate matter causing high pressure drops and reactor
shut down. Also oxygen transfer and heat removal efficiencies are quite low with
packed bed bioreactors.
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Furthermore, since fluidized reactors are generally well mixed, in continuous
operations, the concentration of the toxic component “seen” by the microorganism is
much lower then that in the feed stream. In packed bed and trickling bed reactors, due
to the plug fiow behaviour, the immobilized cells will experience higher concentrations
of the toxic compound. Packed bed and trickle bed reactors have low energy
requirements and much more easier to maintain.

V.4.4 Additional Recommended Activities

As discussed earlier, the agar method was not suitable tor preparing small spherical
immobilization beads. Prefe:tred matrices for entrapment of bacteria in whole cells
would be to use alginate or carrageenan as immobilization agents.

In the case of alginate, aqueous 4% solution of sodium alginate is prepared. This is
then mixed with an equal volume of an ovemight shake flask culture of the bacteria in
growth media. The alginate-cell mixture is then extruded through a 22 gauge needle
by using a peristaitic pump. Individual dropiets are then allowed to fall in a chilled
solution of calcium chloride (40g/L). Spherical calcium alginate beads will form
immediately upon contact . Let gelation complete for an hour or so before charging the
reactor with the spherical beads.

Unfortunately, neither sodium alginate or carrageenan were available in Amman
during our stay. This material can be readily purchased from Sigma or other chemical
supply companies. It would be a good idea for RSS to repeat the experiment using a
better immobilization matrix and combine that with a long term biodegradation study
as described above.

An alternate to polysaccharide gels is to use porous so'id particles and immobilize the
cells on the surface by hydrostatic interaction. More recently, material such as
polyurethane foam has been used quite successfully. An outline of the various
immobilization strategies and bioreactor design issues have been outlined in the
attached articles (see Annex 14). Additional details on PCP degradation and
immobilization techniques may be obtained from recommended literature and
publications listed in the literature search and bibliographic list included in Annex 14.
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V.5 DESIGN OF PILOT SCALE PRETREATMENT SYSTEM AND
BIOREACTORS FOR DEGRADATION OF PHARMACEUTICAL WASTES

V.5.1 Design of Pretreatment Syst

There are several well known physico-chemical methods that may be used in
combination with the biological process. Development of the most suitable
combination of pretreatment technology and biodegradation will depend on the type
and characteristics of the waste stream. It will therefore be essential for ERC to identify
the optimal combination of technologies. As mentioned earlier, ERC has established
the necessary expertise on the development of UV-irradiation as a means to disinfect
water. It is likely that similar technology may be used to pretreat hazardous waste
streams from the phamaceutical industry, prior to the biodegradation step.

If this route is further pursued at ERC, then design features of a UV-irradiation system
shown in Figure 2, may be used to construct a pilot scale facility at the RSS. This
would have to be located in close proximity to the biodegradation pilot plant.

The UV-system shown in Figure 2 consists of a concave surface with a parabolic
vertical section which concentrate large quantities of light (wide spectrum) & heat on a
100 mm diameter glass tubing. The concave parabolic reflection surface is divided
into six sections, each one may be 1.5 m wide & 2.5 m long so the total length of the
photolysis pretreatment pilot system is 15 m long. The six sections are set in a steel
structure. Each concave parabolic mirror can be vertically adjusted as an independent
unit and the set of six sections can be adjusted horizontally. This would provide two
degrees of freedom in order to adjust for maximum light reflection on the glass tubing.

Capital expense for installing a photolysis pretreament unit is expected to be high.
However, one would expect that with adequate pretreatment, the demand on microbial
degradation will not be severe and complete biodegradation may be accomplished
using smaller bioreactors.

Vv i r i i lant

It is suggested that up to three different types of biodegradation systems be considered
for ERC. This would include:

. A compact continuous fluidized bed bioreactor
A continuous packed bed bioreactor
. A continuous trickling bed bioreactor.



2nrd OEQREE

OF FREEDOM

ADJUSMENT
T USiNG A CIeoLAR

HEAVY DUTY
H TH
GLASS TUBNG RAIL ON THE OROUND
18 m LONG & J00 mm O1A.

THIS 18 THE MAXMUM .
OIAMETER IN OROER : cmcu‘iﬁi —_—
TO AVOID TURB'DITY ‘ MONO-
e ke Ao
OF LIGHY OLMA.  THE CONCAVE
RESIDENCE  pommacons
DENCE  HORIZONTALLY. mEQREE
AEFLECTION MIRROR ELEMENT NUMBER -12hn ) FREEOOM:
BUN RAYS: 16m ADJUSTMENT
VISIBLE, UV, 1A - X o ALONQ THE AX]S
AD ) 4 v
TRACES OF _,J_“

]
ap.rx
RAYS

- aTRUCTURES
12131418 VERTICAL IN LINE SET
ADJUSTMENT OVER THE RAILE

N>

ARE £ET ONE AFTER THE OTHER
TUBING AXIS N ORDER TO BUILD A 18 m LONO
CONCAVE REFLECTION MIRAOR UEVICE
FLAT PIECES EACH 8TRUCYURE CAN BE
3710 8 mm THICK ADJUSTED INDEPENDENTLY
“EM (é;.m‘ﬂ 10 THE PLANE OF THE UN
EACH ONE WITH BY TWO () DEGREES OF FAEENOW
A RAIN DRAINAGE
GROOVE.

== CON ¢ THE 81X (8) CONCAVE STAUCTURES
- GLASS

LIGHT
19 THE SAME
AS REFLECTION 81X (8) ALUMINUM THESE TWO (2) DEGREES OF FREEDOM
ANGLE ,Hucwngs SET THE AXIS ALONO THE OLASS
WITH A CONCAVE TUBING ON THE PLANE BUALT
PARABOLIC BY THE DISTANCE TRAVELLED AY
rgﬁ‘&?&o THE SUN DURING DAYLIGHT
1+{ ANGLES FOR MAXIMUM LIGHT REFLECTION R
SHOWN FFFICIENCY

.
EACH INDIVIDUAL

Mo TR
a é_gmm LONG A% A QUIDE TO SET THE AXIS OF THF OLASS TUBING

WITH THE PLANE OF THE SUN MADE DURING (18

MOTION T IS NECESSART TO HAVE A
ME TEOROLOGY DEVICE IN ORDER 10
FIND-OUT THE ROUTE & THE ANOLE OF

THE PARABOLA (defivtion) : THE PATH OF THE SUN ON THE SXY

Let MN be @ given line and F @ given point which does not lie on MN. o TO PERFORM A RIGHT 8YSTEM SETTING

Through and'pt:lu" ; ZIM plane determined by MN and F. draw a line

o

ek et the lngeh e ¥ e iha lngth of 0 30 mant FP UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION (UNIDO)4

is e PARABO ENVIRONMENTAL RESEARCH CENTRE, ROYAL SCIENTIFIC SOCIETY OF JORDAN
PROJECT #: SI/JOR/94/802

AN
I
N /7T




33

A continuous high solids retention algal pond may also be considered if suitable
strains and in-house expertise in alga! culture and maintenance was established. For
now we shall consider this to only be an option.

The packed bed and trickling bed could essentiaily be the same unit, but would only
differ with respect to the type of packing material used and the direction of flow (flow by
gravity for tnickling bed bioreactor). In each of the three cases, the design is intended to
allow easy transportation of the bioreactors to the source of waste stream. Once
optimal conditions have been determined, the data couid then be used for design of a
commercial scale unit. For special waste streams and .3&D activities, the bioreactors
could be used at the ERC pilot plant which is currently used to store equipment and for
occasional experimental work.

Vv i i r

The fiuidized bed bioreactor {see Figure 3) should be mounted on an aluminium frame
in order to save weight and ease transportation. The compiete system would include
plastic feed and receiving tanks. The packing or immobilization matrix used in the
fiuidized bed could be sand (sieved from 0.3 to 0.9 mm), wood chips fragmented to 1
mm, styrofoam fragmented to 1 mm, plastic pieces graded to 1 mm or any other
suitable material depending on the adsorbtion capacity of the support and the property
oi the microorganisms. Altematively, bacteria! entrapment in alginate gels may also be
evaluated. The material of construction of the bioreactor could be plexiglass. RSS has
well established capabilities to build such units in-house.

V.54 i Pack nd Trickling Filter Bior s

The packed bed bioreactor (Figure 4) may be filled with one of many inert supports for
microbial immobilization. This would include coal, stones, or plastic “U" shaped pieces
with an optimal size that would not result in significant pressure drops across the bed.
Uniike the fluidized bed system, aerobic processes in packed bed reactors would
require a separate aeration chamber to saturate the wvaste stream with oxygen prior to
the biodegradation step.

Enhanced oxygen transfer occurs by recirculating the broth, with a centrifugal pump,
through the oxygen transfer chamber. As above, the unit may be readily constructed at
RSS using plexiglass. Dissolved oxygen, pH and foam controls should be performed
in the oxygen transfer chamber. This bioreactor can also be transformed into a trickling
filker bioreactor (Figure 5) by installing a diffuser plate cn the top and changing the
direction of the feed flow. Due to potential compressioi problems, immobilization of
microbes in polysaccharide gels, such as alginate is not recommended when using
the packed bed or trickling filter bioreactor configuration. All bioreactors should also be
equipped with glass wool filters for inlet and exhaust air, as designed in Figure 6.
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FIG. 4: General View of a Packed Bed Bioreactor
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RG. 5: GENERAL V:EW OF A CONTINUOUS
TRICKLING FILTER BIOREACTOR
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The high retention time algal pond (Figure 7) could be 6 m long and 1.5 m wide, with
a trapezoidal section and built with concrete. At 1 meter intervals 2 screen is installed
with a mesh smaller than that of the algae. The bottom of the pond could measure 0.5
m wide and 0.5 m deep. On this basis, the pumping rate of the untreated wastewater
in the pond should be 0.5 litre per minute in order to obtain a hydraulic retention time
of 100 hrs (around 4 days). The design of the system is such that every section of the
pond is an independent bioreactor which is inoculated with the desired algae.

The solids are retained by the screen where the biological degradation reaction takes
place. The screens should be cieaned two times a day with a flat rubber wiper in order
to prevent blocking-up of the screen. in the event an algal pond is established then it
will be necessary to maintain an algae collection at ERC (with at least 15 species
known to degrade organic compounds) and acquire appropriate skills for aigal culture.
For further details on design and operation of the algal pond, reter to Figures 7 and 8.

V.5.6 inoculation of Bioreactors

It is necessary to immobilize the microorganisms over the surface of the solid
materials, for the fluidized bad, packed bed, and the trickling filter bioreactors. For this
operation it is necessary to prepare a liquid inoculum by using the appropriate
microorganisme, depending on the type of wastewater effluent being treated. The
microbia!l strain would be grown to optimal levels in the laboratory or pilot scale
fermenter depending on the scale of operation.

The fluidized bed or packed bed bioreactor has to be inoculated with free
microorganisms and with a seed of material already covered by microorganisms. At
the beginning of this operation, the bioreactors have to be operational and without any
microorganism so that it can be inoculated with mobile (free) microorganisms plus a
small seed of support material already covered by microorganisms.

The method of inoculating the bioreactors is to apply a thin layer of seeded material
(<1 cm) over a screen (see Figure 9). By recirculating a cell suspension for 24 to 48
through the bed material, cell attachment and growth occurs until most of the particle
surface (sand or polyurethane foam) is covered by microorganisms.

For the high retention time aigal continuous pilot pond, each sector of the pond should
be inoculated with 10 litres of harvested algae previously grown in a fermenter using
the wastewater effluent as the liquid medium. Then the pond can begin its continuous
operation.




FIG. 7: GENERAL VIEW OF AHIGH RETENTION TIME ALGAE CONTINUOS PILOT POND
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FIG. 8: Schematic Diagram Showing a Screen Filter (To Prevent Algal Washout)
of a Continucus Flow Algal Pond
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Adjacent to the ERC main building and across from the Ecology Laboratory, RSS also
has a high head pilot plant building with basic utilities. This building is currently under
used and we believe that it is ideal for establishing a state-of-the-art biotechnology
pilot plant for fermentation and hazardous waste biodegradation work.

Figure 10 provides a conceptual layout for a pilot scale facility for batch production of
pure cultures required for specific biodegradation activity and a couple of bicreactors
to be used for treatment of hazardous wastes. The full design specifications of these
units can only be provided once lab scale processes have been developed and kinetic
parameters determined. At present we have assumed that only one half of the pilot
plant will be available for biodegradation studies. An in-situ sterilizable 150L
fermenter, a fiuidized bed bioreactor, and a packed bed bioreactor (convertible to
trickle bed configuration) are the key unit operations here. The pilot plant would be
supported by appropriate utilities for steam, water for cooling, process water,
compressed air, and electrical outlets. The bioreactors would be installed in such a
way that they wouid be mobile and could be relocated adjacent to any pharmaceutica!
facility that may wish to evaluate the feasibility of the biological treatment process.

The data generated from these pilot studies would then enable potential end-users of
the technology with realistic scale-up and engineering data for design of a commercial
scale biodegradation facility.

The fermenter in the pilot plant could also be used to grow biomass for subsequent
application in soil bioremediation studies. This would however require additional unit
operations for biomass recovery (e.g continuous centrifuge) and a spray drier for long
term biomass storage.

If additional space were made available at the pilot plant, these unit operation could
be accommodated and perhaps an even larger scale fermenter installed. This would
establish a semi-manufacturing capability whereby biomass produced at RSS could
be used for subsequent sale to industry and/or export to other countries.




FIG. 10: CONCEPTUAL DESIGN OF A FULL FLEDGED MULTI-PURPOSE PILOT
PLANT FOR FERMENTATION AND BIOLOGICAL WASTE TREATMENT
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Vi. RECOMMENDATIONS

Vi.{ RECOMMENDED EQUIPMENT LIST FOR IMMEDIATE PURCHASE
TO ESTABLISH ESSENTIAL CAPABILITY

Following detailed evaluation of the laboratory facilities at ERC and discussions with
the members of the Ecology Division, the items listed below were recommended for
mmediate purchase. The selection was limited by available funds up to a maximum of
$15,000 US. This purchase will not by any means meet the long term needs of ERC.
Therefore, a detailed proposal outlining the needs of ERC (including equipment
needs) to establish a full fledged capability has been included as part of this report.
Longer term capital needs have to be fulfilled if ERC is to estabiish a fully fledged
capability as outlined in the next section.

The key items recommended for purchase and their estimated costs are listed below.
Further details on price breakdown, including the names of suppliers, model numbers,
specifications, and copies of brochures have been included in Annex 14.

1.  Bench Scale Fermentor and Basic Controls

Applikon 2L fermentor (autoclavable) with top drive unit $5,400.00
Antifoam, pH and dissoived oxygen sensors + cables (Ingoid) $1,665.00
Acid, base, and antifoam pumps + rotameter with solenoid
for dissolved oxygen control $1,215.00
Antifoam, pH and dissolved cxygen controllers $1,800.00
TOTAL FERMENTOR PACKAGE (SUS) $10,080.00
2. Il Fr
Edwards Micromodulyo Freeze Dryer $2,100.00
Edwards (E2M2) Vacuum Pump $1,300.00
Secondary Drying manifolds for up to 48 Ampules $520.00
5 mL Ampules for Culture Drying and Storage (200/case) $420.00
TOTAL FREEZE DRYER PACKAGE ($US) $4,340.00
TOTAL EQUIPMENT PURCHASE (SUS) $14,420,00

The above equipment purchase will enable ERC staff to initiate purchase and/or
isolation of suitable strains capable of phenol and chlorophenol degradation and
subsequently store them for future use. Furthermore, purchase of a bench top
fermentor and associated controls will enable them to develop their skills in
fermentation technology, optimize conditions for microbial growth and biodegradation,
and also to use the control units with their laboratory scale waste treatmant bioreactor.
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The above equipment will enable ERC to initiate a viable program, but it will not be
able to sustain long term capability enhancement.

Please note that all of the above prices are in US currency. Quote from freeze dryer
supplier (Edwards) was in Canadian currency and was converted to US$ using the
current exchange rate. Fermentor quote is in US$ and includes a 10% discount
offered by the manufacturer. Also note that the attached quotes provided by the
suppliers includes several other optional accessories. Only items that are immediately
needed have been included to initiate experimental work. These upgrades and
optional equipment may be purchased at a later date. Both suppliers aiso have
European distributors and representation in the Middle East. Quotes were also
collected from several other manufacturers, but due to their higher price and lack of
suitable features, they were not pursued further.

V1.2 LONG TERM CAPABILITY BUILDING

The long term strategy for establishing capability can be segmented into the following
areas:

Vi2.1 Personnel

The work on degradation oi hazardcus wastes is being carried out by the Ecology
Division of ERC under the headship of Dr Ali EIKarmi. He is assisted by 5 in-line staft
members, of which 4 are researchers with one technician (see Annex 3 for list of
personnel involved in project and their background). It is anticipated that they will be
seeking an additional researcher. Based on their individua! backgrounds, the
researchers have a good mix of engineering and microbiology expertise. In the event
a pilot plant is established and lab-scale fermenter/bioreactor capability is in place. the
group will need io add at least 3 additional technicians and pilot plant operators to
assist the researchers

Vi2.2 Capital

The cost of capital iteris are estimates based on catalogue prices and recent phone
quotes from various suppliers. A contingency factor of 20% has been added to include
the additional cost of shipping, duties and taxes. The cost of local labour for instatlation
and commission of large capital tems has not been included. It is also recommended
that the program, if implemented, include an annual cost of 10% of capital cost for
establishing a parts inventory and equipment maintenance costs.
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al Laboratory Facilities

The existing laboratory is not adequately equipped for extensive R&D in the area of
fermentation technology and biodegradation process optimization. Although the
support services from other labs are excelient, these are largely in the areas of
analytical chemistry. Table 6 provides a list of equipment and supplies that need to be
purchased if this project is to be aggressively pursued. Reference has already been
made for purchase of bench top fermentor and freeze dryer. Specific laboratory
equipment and supplies have been identified in Table 6.

Pilot P

There is currently very little capital equipment at ERC for setting up a pilot plant. The
building is well suited for the purpose and we believe that with some utility upgrades,
the pilot plant could serve its purpose well. However, the biggest bottieneck here will
be the purchase, installation and commission of the equipment. The capital items
needed for the pilot plant are also listed in the Table 6.

We anticipate that piexiglass biodegradation reactors will be built on-site with
extensive in-house expertise at RSS. The cost of establishing a UV-Pretreatment
reactor and the algal pond has not been included. Similarly the additional cost of
purchase of a vehicle for transporting the mobile bioreactor(s) to the intended site has
not been included.
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Table 6: Recommended Equipment and Supplies List at the Ecology Division of
RSS for Capability Enhancement in Biodegradation of Hazardous Wastes

EQUIPMENT (Laboratory =  SPECIFICATIONS : QUA . COST . TOTAL 'SUPPLIES :PRIORITY:
L; Pilot Plant = P) INTIT! PER - COST - (S)OR : HiGH (H),
. Y | UNIT | ($SUS) . CAPITAL MED (M),
| (SUS) | o (€) LOW (L)
Airflow meters (1) : 0-10L/min 2 ! 250: 500 C ! H
: Immersion circulator for bench | 22-95 C, analogue ! ; ; ; M
scale biorsactor (L) : 1! 10001 1000. Cc
13 - M N
-Oft-Gas Analyser (P) i CO2 analysis, portable 1 i 4000 4000! C L
Weighing balance (P) ! Industrial 0-150 Kg 1 1 1000 1000 c | M
‘ Constant termperature shaker (L) | Banch top model with M
refrigeration unit 1 10000 10000 C
| Platas (L) i Disposable 500 s H
‘Test Tubes (L) Disposable, various szes 500 S H
Pipeties (1) Disposable - 1000 S H
' Media botties (L) | Glass, various sizes 1000 S H
| Centrifuge tubes and bottles (L) | dispossble, various szes | 500 s H
: GC Analyser, supplies (L) varioys columns L
; 1000 S
: Personal Curmputer (L & P) | Pentium or 486 DX-2, fully ™
: i loaded 2 4000 8000 C
{ Computer scientific software Wordprocessing,spreadshe i { V]
H(UP) ot, data acquisition, process '
.!  contro!_etc 2 2000 3 S |
: Computer interface hardware (P) | Miscellaneous 1! 2000 2000 c i M
' Liquid dispensers (L) | various sizes 8 250 2000/ s V]
: Bench top fermentor (L) i 2L siza, auteciavable + i i H
é | agitator 1 6000 s000! C i
pH meter with controller (L &P) | Chemcadet 3 500 15000, C | H
, DO meter with controller (L & P) | Cole parmer 3 | 1000 0000 C | H
. pH probes (L & P) ,autoclavable + accesories | 3 | 250 7500 S H
{ DO probes (L & P) | autociavable + accesories | 3 | 500/ 1500 S H
| Fermentor parts and supplies (L) : miscellansous accesories 1 10001 1000 [ , H
| Foam sensor and controlier (L& | Cole Pasmer ' i ! ; H
1P) { 3 ) 500[ 1500/ C L
i Acid, base and antifoam pumps | Low flow rate peristaltic ! 'T i : H
‘for bench scale fermenter and | l ; § r
i pilot scale bioreactor (L& P) | 9 | 500 4500 c
[ In-line air filter holders for i Autoclavable T ! ; H '
| mleVexhaust gases for small i 3
{ scals fermenter (L & P) 12 50 600 S | .
Inist and exhaust gas filters for | 10 inch cantridge with holder ; H
pilot scale bioreacors (P) 4 | 500 2000 s {
Plastic Piping and fittings for pilot| High density polyethylene or ‘ i H
plant connections (P) polvpropyiene 2000 S _i
Freeze dryer (L) Lab-scale, bench top unit 1 4500 4500 c L
Vacuum purmp for freeze dryer (L) Duai stage, belt driven 1 1200 c L
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Table 6: Recommended Equipment and Supplies List at the Ecology Division of
RSS for Capability Enhancement in Biodegradation of Hazardous Wastes

EQUIPMENT (Lsboratory = ; SPECIFICATIONS , QUA, COST - TOTAL SUPPLIES ! PRIORITY:
L; Pilot Plaat = P) |  NTIT, PER ' COST | (S)OR | HIGH (H),
. Y [ UNIT . (SUS) ., CAPITAL | MED (M),
‘ , (sUS) L (€) | Low ()
Fume hood for piot ptant (P) ! Ductiess or portable unit withi 1 ! 5000: 5000! c i M '
Samgile bottles (L & P) | Various sizes ; 5 1000 s | H |
Glass beakers (L) | Various sizes ) ! 500! s i H
Mutthazard glove box (L)  Designad for handling i g g ‘ L
| potentialiy toxic compounds! 1 | 15000 15000 C
Microcentrituge (L) ! Small 1 10 2 mL samples 1 | 3000 3000 c M
. Microcentrifue tubes (L) ' ! 300 s M
. Hot plates and magnetic stirrers | bench scale | ™
L 2 ! 500 1000 c
UV Lamp with UV tube (L) 1 !r 400 400 C H
: Fibre optic level sensors and Fo~ ieed control in plot scale : M
.conroller (L) broreactors 2 | 1000 2000, C
: Mixers (P) Pilot scale, heavy duty, with | | : H
. | variable speed drive 2 1 1200 2400| c
i Ovens for dry weight Table top ! § | | M
 drying (L) . 2 500! 3000! 5
- Submersble housings for pH and | plastic | : [ ; i H
DO probes (L) i L 4 100} 400! i
Miscellaneous Plastic Ware and | Autoctavable bags, beakers, '; ! ! E H
: Supphies (L&P) jugs. bottles, carboys with | i . : 3
' and withou tubulation, | ! ! | ;
tubes, comtainers, funnels, ; ! | ! ! i
cylinders, buckets, hand | i ? : | -
' pumps, racks, ties, tension | | i ;
I tool, vials, trays, etc . ! ! 4000 s j
Feed pumps (P) , Peristaltic, variable speed ;| 2 | 1000/ 2000° c i H
Tubing (L & P) - Silicone and Tygon ; H i 2000 S ' H
Safety apparel (gown, boots, | For pilot plant operations | , | H !
‘hood, glasses, stc) [P} i { | a 10001 ] j
Storage for hazardous materials ' lab use E | | | H ;
L) ; i1 v 600! 600 c {
Storage unit for hazardous l plant use ! ! , H ]
 materials (P) ! . 1 | 2000 2000 ¢
Shower and Wash station (P) | Plant use 1 600 600 C H
Reference books and resource | | H
materials (L & P) \ | 2000 0! S
, Autoclave (L) | Wall mounted L1 1 15000 15000/ c M
: Steam Generator (L) ' Lab autoclave L8 2000 2000 c M
' Steam Generator (P) | Pilot Plant R 5000! 5000 c H
| Plexigiass Bioreactors (P) ! Pilot Plant, 100L scale | 2 5000 10000 c H
 Spargers (P) | Aeration of Pilot Bioreactors | 3 500 1000 c H
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RSS for Capability Enhancement in Biodegradation of Hazardous Wastes

EQUIPMENT (Laborstory = . SPECIFICATIONS | QUA' COST | TOTAL |SUPPLIES :PRIORITY:
L; Pilot Plant = P) | 'NTIT| PER '@ COST (S) OR }meu(u).
! I Y | UNIT | (SUS) | CAPITAL | MED (W,
b (SUS) | (C) ! LOW (L)
Laboratory drying rack (L) o1 100: 100 c n M
“Tachometer (P) i Optical E 500 500! c M
' Maobile Cylindrical Feed tanks (P) | Pilot Plant, 200L 4 400! 1600 c i H
: Waste Storage Tank (P) i Pilot Plant wastes, 10000 1 2700 2700 c ,“ H
: Mobile Skids (P) | For Mounting Bioreactors 2 2000} 4000 c H
{ Pilot Scale fermentor (P) $ 150L, fully equipped 1 150000 150000 < M
1 UF System tor Cell harvest (P) | Holow Fibre Cantridga M
' System, Disposable 1 10000 10000 C
! Spray Dryer (P) Piot Scale, Evaporation L
i Rate of 20Lhe 1 30000 30000 c
. Thermocouples and meters (P) | for vioreactors 2 300 500 C H
: Glassware Washer (1) Undercounter dormnestic unit 1 600 600 o4 M
' Process chemicals {P) Various nutrients 10600 H
;'leonm chemicals (L) Nutrients and reagents 2060 H
i immobilization materials (L ! Alginate, foam, H
1&P) | carrageenan, silica, etc 1300
‘Mutagens (L) ! Various chemicals 200 5 H
| Anflow meters (P) *10-100L/min 2 500 1000 (] H
‘Total % ! 360550
'Add Contingency @ 20% i 72110,
!Spare parts and supplies for i ' :
'an additional year (@ 10% of i i ;
Total) a ! 36055 -

‘GRAND TOTAL

!

| 468715

———t
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Vil. EXPLANATORY NOTES

Royal Scientific Society

Environmental Research Centre
Up-fiow anaerobic sludge-blanket (bioreactor)
chlorinated phenol enrichment (media)
chlorinated phenol

American Type Culture Collection
nitrosoguanidine (Mutagen compound)
ultraviolet

optical density

electric conductivity

biological oxygen demand

chemical oxygen demand

total suspended solid

total dissolved solid

alkyl benzene sulphonate
pentachlorophenol

biodegradation media

ovemight growth media
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ANNEX 1:Organizational Structure of the Royal
Scientific Society
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General Information

The Royal Scientific Society was established in 1970 as a research and
development institution to work in fields related to the development
process in Jordan.

- RSS is a national institution enjoying financial and ad-
ministrative independence.
RSS became one of the scientific and technologica! centres of the
Higher Council for Science and Technology, as from October
1987.
RSS is administered by a president, a vice-president, and direc-
tors of centres and departments.
RSS started its activities at offices of the Central Bank of Jor-
dan. It then moved to a rented building in Amman before ac-
quiring its present permanent site at Jubaiha, near Amman,
which it occupied in February 1972.
The area of the permanent site is 342,000 square metres.
The buildings and laboratories cover a floor area of 28,700
square metres.
The budget of RSS is ucrived from self-generated revenues from
technical services and consulcations, research contracts, an an-
nual grant from the Government of Jordan, grants and dona-
tions from local institutions, and technical assistance from a
nur:ber of industrial countries as well as from regional and in-
ternational organizations.
RSS consists of the following:

. Computer Technology, Training, and Industrial Studies Centre
Renewable Energy Research Centre

. Centre for International Studies

. Industrial Chemistry Research Centre

. Mechanical Design and Technology Centre

. Building Research Centre

. Electronic Services and Training Centre

. Environmental Research Centre

. Administration Department




. Financial Department
. President’s Office

RSS cooperates with a number of research institutions, univer-
sities, organizations, councils, centres and establishments at the
Arab regional and international levels through agreements,
memoranda of understanding and contract research and studies.
RSS is a member of several Arab, regional and international
unions, federations, councils, associations, organizations and
societies.
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President’s Office

Administration Department

Financial Department

Executive Committee

Computer Technology, Training,
and Industrial Studies Centre

Centre for International
Studies

Industrial Chemistry Centre

Mechanical Design & Technology
Centre

Building Research Centre

The Higher Council for Science
& Technology

President of the Royal Scientific Society

Organizational Chart of RSS

Electronic Services & Training
Centre

Environmental Research Centre

Renewable Energy Research
Centre

Vice-President

Princess Sumaya University
College for Technology




Employees, Their Specializations and Departments

Departmest or Centre

President's Office

Mechanical Design and Technology
Centre

Industcial Chemistry Centre

Eavironmental Research Centre

Building Research Centre

Elecironic Services and Training Centre

Rencwable Energy Research Centre

Computer Technology, Training and
Industrial Studies Centre

Princess Sumaya University College for
Technology

. Administrative Department

Financial Depantment

. Ceatre for Iniernational Studies

TOTAL
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University Graduate Employees of RSS in 1993

Ph.D B mamsc. B oiploma [JB.AB.Sc.
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Aims and Functions

et m—
e—

Aims

The Royal Scientific Society aims at conducting scientific and
technological research and development work related to the
development process in Jordan with special attention to industrial
research and services. It also aims at disseminating awareness in the
scientific and technological fields and at providing specialized
technical consultations and services to the public and private sectors.
It seeks to develop scientific and technological cooperation with
similar institutions within the Arab world and internationally.

Functions

1 . Carrying out studies and conducting applied scientific research
re’ated to industry in particular and to the various areas of
development in general.

. Conducting economic and technical feasibility and analytical
studies with regard to development projects which fall within the
Society’s scope of interest.

Carrying out studies and research in the field of vocational and
industrial education and producing books and publications in
support of training and the industrialization process.

Conducting research on a contract basis with institutions within
Jordan and abroad.

. Carrying out joint research with scientific, production-orientec
and service institutions at the national, Arab and international
levels.

Conducting research and development work leading to the pro-
duction of prototypes for possible application in industry.
Developing its laboratories, providing them with up-to-date
equipment and orienting them towards serving the objectives of
scientific and technological research and the needs of the public
and private sectors.

. Carrying out tests and experimental work on materials as well as
on finished and intermediate goods and providing related
technical consultations to the users.
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. Contributing to the solution of technical problems facing various

organizations, particularly industrial establishments.

. Cooperating with agencies concerned with the establishment of

national technical standards and specifications and providing
technical services which would facilitate their application and
ensure proper quality control of goods and materials.

. Attracting qualified Jordanian and Arab personnel and pro-

viding them with favourable working conditions.

. Upgrading human capabilities and technical skills through the

provision of distinctive training opportunities.

Producing books and other publications in the area of science
and technology which contribute to the effective dissemination
of scientific and technological concepts.

. Preparing and servicing information systems in addition to pro-
cessing, programming and implementing computer systems.

. Contributing to the transfer and adaptation of technology and
selecting appropriate technologies related to the Society’s scope
and field of expertise.

Cooperating in science and technology with local, Arab and
other orzanizations for the purpose of exchanging information
and expertise and conducting joint research.

Developing the instruments of scientific and technological
management and the methods of setting up national science and
technology policies and providing consultations in this regard at
the national and Arab levels.

Contributing to the development of the Arab region through
providing technical service and consultation and creating oppor-
tunities for specialized technical training.




Balance Sheet
31/12/1993
(Before Auditing)

ASSETS

December 3)

1993

1992

1D

JD

LIABILITIES

December 31

1993

1992

D

D

Current Assets:

Cash on hand and at banks

Accounts receivable

Raw materials, spare parts and supplies
Other Assets

Total Current Assels

{nvestment in Equity Securities-net of pro-
vision of JD 66,250 for the decline in market
value for the year 1993 (21,250 for 1992)

Endowment fund at the Industrie!
Development Bank

Fixed Assets:

L.and and improvements
Buildings and improvements
Machinery, furniture and fixtures

Less’ accumulated depreciation
Net book value of Fixed Assets
TOTAL ASSETS

925,747
667,099
411,213
258,706

797,622
721,190
429,243
199,584

2,262,968

2,147,639

239,131

229,693

2,411,810

2,411,810

6,897,327
3,647,528
11,141,907

6,897,327
3,567,793
10,238,197

21,676,759
7,430,690

20,703,517
6,937,212

14,256,069

13,766,305

19,169,975

18,555,447

Curren: Liabilities:

Accounts payable

Accrued expenses and deposits

Unearned revenue

Current portion of long-term loans
Provision for staff indemnities and vacation
pay

Total Current Liabilities

Long-term loans

ACCUMULATED FUND:
Accumulated Fund-beginning of year
Net surplus for the year

Accumulated fund-end of year

TOTAL LIABILITIES AND AC-
CUMULATED FUND

360,870
541,122
346,838
363,492

1,205,468

226,687
272,021
611,307
319,914

1,087,580

2,817,790

2,537,479

1,413,234

1,723,094

14,294,874
664,077

11,983,343
2,311,531

14,938,951

14,294,874

19,169,975

18,555,447
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RSS Cooperation Relations
with Arab and International
Organizations and Institutions

——— e ——
———

RSS is connected with a good numbér of Arab and international
organizaiions and institutions through:

a. Agreements or protocols of cooperation with the follow-
ing institutions:

The National Institution for Scientific Research/Tunisia.

Islamic Foundation for Science, Technology and Development
(IFSTAD)/Kingdom of Saudi Arabia.

Academy of Scientific Research and Technology/Egypt.

King Abdul Aziz City for Science and Technology/Kingdom of
Saudi Arabia.

Renewable Energy Development Centre (Centre de Développe-
ment des Energies Renouvables)/ Morocco.

Scientific and Technical Research Council of Turkey
(TUBITAK)/ Turkey.

The Academy of Sciences of the Russian Federation.

National Technical Information Service/USA.

Courcil of Scientific and Industrial Research/India.

Council of Scientific and Industrial Research/Pakistan.
Friedrich Ebert Stiftung/Germany.

German Agency for Technical Cooperation (GTZ)/ Germany.
Cambridge Applied Nutrition, Toxicology and Biosciences
Group (CANTAB)/ United Kingdom.

Polish Academy of Sciences/ Poland.

Scottish Development Agency/ United Kingdom.

Bahrain Centre for Research and Studies/ Bahrain.

International Development Research Centre (IDRC)/ Canada.
United Nations Development Programme (UNDP).

Swiss Federal Laboratories for Materials Testing and Research
(EMPA)/ Switzerland.
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Economic and Social Commission for Western Asia (ESCWA).
Islamic Educational, Scientific and Cultural Organization
(ISESCO).

Centre for Caucasian Affairs Studies/ Grozny, Chechen
Republic.

The Institute for Social and Economic Policy in the Middle East,
John F. Kennedy School of Government, Harvard University/
Cambridge/ Massachusetts, U.S.A.

The Islamic Academy of Sciences/ Jordan.

Arab Union of the Manufacturers of Pharmaceutical and
Medical Appliances/ Amman.

b. Membership in the following organizations:

Federation of Arab Scientific Research Councils/ Iraq.

World ‘Association of Industrial and Technological Research
Organization (WAITRO)/ Denmark.

International Council of Scientific Unions (ICSU)/ France.
International Foundation of Science (1FS)/ Sweden.
international Association for Housing Science/ USA.

The International Federation of Institutes for Advanced Studies
(IFiAS)/ Canada.

International Measurement Confederation (IMEKO)/ Hungary.
UNESCO/ Regional Office for Science and Technology for the
Arab States (ROSTAS).

UNESCOY/ latergovernmental Informatics Programme (IIP).
Asian Energy Institute (AEI)/ New Delhi.

Arab Union for Cement and Building Materials/Syria.
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ANNEX 2: RECENT ACTIVITIES OF THE
ENVIRONMENT RESEARCH CENTRE
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Environment and Public Safety Sector

e ——

a. Research and Development and Studies

. Evaluation of the efficiency of utilizing solar radiation for the
treatment of organic pollutants using a photocatalytic oxidation
process (1992-1993).

. Monitoring of water quality in King Talal Dam (1980-1994).

. The national project for.monitoring water quality in Jordan
(1986-1993).

. Study of Assamra waste stabilization ponds project (1986-1994).

. Socio-economic and environmental study of King Talal Reser-
voir Region (1991-1994).

. Environmental and socio-economic study of olive oil mills waste
treatment and disposai (1993-1996).

. Assessment of pollution by pesticides residues in Jordan.

. Industrial wastewater treatment plants projects and others
(1991-1993).

Industrial pollution control project (1992-1993).

Preliminary study to identify cement constituents in ambient
dust at Fuheis area (1993-1994).

Air pollution monitoring at Rusaifa, Fuheis, Hashimiyeh and

_ downtown Amman (1992-1993).

b. Technical Services and Consultations

As per the agreements which RSS concluded with the Agaba Region
Authority, RSS provided several specialized technical consultations
on studies carried out by international experts on Aqaba coastal
resources, environmental management, and Aqaba marine park. RSS
also signed a number of agreements with private firms operating or
due to operate in Aqaba region with the purpose of protecting the en-
vironment in this region.

In 1993, RSS provided technical consultations and prepared periodic
reports vis-a-vis the performance of waste water treatment plants,
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designing new plants, and control of the compatibility of water
discharged from factories with the Jordanian standards. RSS carried
out studies related to solving the problems of industrial waste water,
and designing treatment nlants suitable for a number of Jordanian
industries. RSS rendered about (75) technical consultations for local
and foreign parties, and conducted about (18000) variant laboratory
tests for governmental departments, private companies and in-
dividuals.

(1500) tests on quantitative and qualitative measurements or
radionuclide on food,

(4400) personal dosimetry tests for (1100) workers in various
fields of application of ionizing radiation,

(100) environmental dosimetry tests for 12 locations in Jordan,
(50) tests on quantitative and qualitative radionuclides in water
samples,

(40) tests on quantitative and qualitative radionuclides in en-
vironmental samples,

(6) calibrations of portable radiation measuring equipment,

(1) agreement for personal radiation monitoring with Royal
Medical Services,

(2) technical consultations in ihe field of radiation protection.

RSS participated in the provision of technical consultations through
the following committees:

The Consultative Committee for Nuclear Energy,

The Radiation Protection Commission,

Permanent Licensing Committee in the Field of lonizing Radia-
tion,

Food Hygiene and Safety Commitiee Regarding Radio Nuclide
Contamination.

Procurement of Radioactive Sources for Medical Radiotherapy
Committee.

¢. Standards and Specifications

RSS participated with other concerned sides in drafting Jordan En-
vironment Act. RSS also contributed to putting instructions related to
the safe handling cf asbestos, took part in the formulation of pro-
posed standrrds in several fields of environment, and proposes
specifications for treated wastewater and its reuse.
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d. Training

RSS carried oui different training activities this year such as training
of technicians from various institutions on conducting tests related to
environment. RSS also participated in different seminars, con-
ferences, and technical committees related to environment. RSS also
dispatched a number of its employees on training courses abroad. A
paper on ‘‘Wastewater Management and Sanitation Policies in Jor-
dan’’ was submitted to a seminar held in Turkey and organized by the
European Institute of Water.

RSS also participated in the following activities:

One scientific visit in the field of industrial application of radia-
tion and radio:sotopes to Poland and India,

Participaton in the coordination meeting on quality assurances
and harmonization cf aralytical measurements in the Middle
East and preparing a technical paper on Jordan’s activities in this
field, .

Participation in planning and preparedness for nuclear
emergency and radiation accidents workshop, and preparing an
emergency plan for Gamma Radiographic Accident,

Lecturing on ionizing radiation and their benefits and risks on
our daily life at Epascopal Cultural Centre.
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ANNEX 3: PROJECT PERSONNEL AT THE
ECOLOGY DIVISION OF RSS
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Division Head: Dr. Ali ElKarmi
Ph.D. Bioengineering (1987)
Texas A&M University

Researcher: Mr. Hamed Ajarmeh
M.S. Environmental Engineering (1992)
Jordan University

Researcher: Mrs. Mona Hindeya
M.S. Microbiclogy (1989)
Jordan University

Researcher: Mr. Ali Omari
B.S. Biology/Microbiology (1984)
Yarmouk University (Jordan)

Researcher: Mrs. Lana Khames
B.S. Biology/Microbiology (1989)
Kuwait University

Technician: Mr. Mohamed Abu Zaki
Secondary School Certificate

Vacant Position for Reseurcher with a Ph.D in Microbiology.
This position was previously held by Dr. Bayan Abu Ghazateh (Ph.D. Microbiology.
1990: 'Jniversity of London).

Support Staff:

Additional support staff from Water Analysis Lab and Sr.-.ialized Equipment Lab is
also available upon request. The Ecology Division therefore has access to up to 14
additional technicians in these two support labs.
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ANNEX 4: EXAMPLES OF INDUSTRIAL
POLLUTION IN JCRDAN
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Industrial Pollution Control Project, Jordan
Project Component No. 2: Industrial Wastewaler Pregeatment

*  The beavy metals concentration in the KTR cffluents are within
standard Limits for irrigation use.

*  Most heavy metals concentrations in the KTR sediments are similar
to the content of metal in normal Jordanian soil

6.8 Discharge of Effluents to the Wadis

The responsibility for managing the control of industrial wastes acd ef-
flueats is not clearly defined today. Municipalities are involved if an aca-
dent happens or when citizeas voice their concern about odours or nui-
sances, such as dumping of wastes or efflucats. Intervention by the Public
Safety Commiftee happeas whea accidents occur that result in injuries or
lnss of life. Some industries are located near popuiated areas, while ethzre
arc located in open land where & dry wadi serves as a convenieat means
for wastewater disposal

A number of industries in the study area are not served with sewer con-
section and others are located outside municipal boundaries. This situ-
ation makes it difficult for some industries to manage their effluents in aa
environmentally acceptable and cost-effective way.

In practice, bowever, several industries are allowed, by the respective
municipality, to discharge untreated efflucuts onto a common wastewater
disposal site in Wadi Sakkar, east of Ruseifa. Other industrics are allowed
to tanker their wastewater to sewage intake stations at Ain Gazal or
Zarqa. Sowme discharge their wastewater 3t undisclosed locations without
permissios.

The uncontrollzd siting of isdustry bas resulted in some serious pollucos
preblems. Toe following rwo examples illustrate this.
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Industrial Pollution Coatrol Project, Jordan
Project Component No. 2: Industrial Wastewater Pretreatment

(1) The Pepsi Cola Pool

This is a large pool of water (estimated volume in 1993 was 200,000
w’), which collects every winter. It is a result of the mining activity of
the Jordan Phaspbate Mining Company in Ruseifa. Large amounts of
fine silt material were discharged into a small wadi in that area, and it
blocked the narural flow of rain water every winter. The Pepsi Cola
Company, which is located nearby, started to discharge wastewater
into this wadi. It has been estimated that the Pepsi Cola Company
discharged about 200 m® of wastewater every day. A large pool was
created from the impoundment of efflucats and rain water. A
Palestinian refuges camp was in 1967 located close to the pool, and
sorme blocks of bouses were also built in the area

The pool is known as the Peps Pool although the company was con-
pected to the sewers in late 1990 and does ot any longer discharge
efflueats to the pool. The water in the pool was stagnant and the local
people used to dump all sorts of garbage into the pool. This resulted
in the water in the pool becoming septic and dirty. Children from the
refugee camps used to play in the area and some of them drowned in
the pool.

The Ammas Municipality decided to empty the pool in the summer
of 1993 by pumpiag the water from the ponl over the mound of carth
to the downstream side of the wadi. All kinds of rubbish and odd
objects started appearing as the bottom of the pool became exposed.
Among these objects were two live Katuosha rockets, many rusted
Kalashnikov automatic rifles (these are believed to bave bee= dumped
these after the 1970 civil war in Jordas), and bundreds of used car
tires. The dirty water in the pool may bave polluted the grousd water
in the area. The impact of the pool water on the eaviroament, bas not
been studied by any agency.
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Industrial Pollution Control Project, Jordan
Project Component No. I: Industrial Wastewater Pretreatment

(2) Wadi Sakkar Pond

This is a wadi to the scutheast of Ruseifa. The wadi flow has been
blocked by a large amount of earth disposed there by the Jordan
Phosphate Mining Company. During winter, rain water is collected
there every year. Industries, that are not allowed to connect 1o sewers,
are given permission by the Ammas Municpality to dispose ibeir
wastewater in the pond. This has resulted in large quantities of waste
and polluted water being coliected in the pond.

The pond is located behind mountains and is oot acsessible to the
public. It is located in an area where the Phosphate Company has
some ground water wells. It is possible that water may infiltrate froo
the poad 10 the water aquifers below and thus pollute the ground
water. Nobody monitors the area for possible ground water pallution,
and wastewater discharged into the pond is not monitored.

The cases of the Pepsi Pool and the Wadi Sakkar Poad are the result of
industrial activities taking placs in the area. The Jordan Phospbate Mizizg
Co bas besn mining in this area for =orz than forty years, and bas aban-
doned large exhausted quarry areas. This bas resulied io many negauve
impacts os the landscape around Ruseifa and, in particular, it has dis-
nurbed the aatural flow of rais and flood water. Also, the Ammas Munic-
pality bas permitted various industries to discharge thewr polluted eMlueats
into the excavations that resulted froz the pbhosphate mines. No precau-
tane have becs iaxen to safeguard agamast polluuon of surface or grousd
water io this area as a result of this type of uncontrolled wastewater dis-
posal.
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Industrial Wastewater Characteristics. Organic, Noa-Toxic
Polluiion. Flow and Pollutant Load

No| Industn [Proorms] Pree | Dacharge] Anshas | DOD I COD | TSS | TIS
wase- | treatment »
water®
adiday Lgdey | Lp-dar | kg dav | kg dmn
Aver.
. 1 Jardas 3300 Mech. | Imgason | IPCP 143 460 39 s
Pevolesn
Refinery WAJ M8 | S32 { 136 {12
6 | Jordan Papr| 600 Bl | Imgamen| PCP & 136 6 )1
and
- Carddosrd N _wAJ 14 | 277 110 ) 1080
? Eagic % Mach. Scwer IPCcP 9 153 44 119
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howse WA/ $249 | 20330} 1614 | 3974
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Watey Co. WAJ 3} 337 }- 219- 2446
10 Arsh 36 Chem. Sewer PCP 36 15 35 sté
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15 The 310 Bl Sewer rcp 31 | 8 82 { W
ICA Semn
cd : wal | . . . -
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Co WAJS 13 26 9 |17
b | Arsbean 33 No Sewer PP M 43 1o M
Trade and Samn
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pe Sordan 1o Neo Sewer [ a4 7 17 63 ”n
Brewwn Servrn.
Co WAJ 28 2 ss 68
25 Unued 6 1hol Sewer [ 4 37 | XJ 14 u
Factoney Samn
Co WAJ 18 37 ©37 6 5
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ecreas Samn
Co WAJ - - . -
27 Hiking Par. 16 No New er rCp k3 G i 1
maccuicaly Samrs
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Jordanan Semny
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ANNEX 5: OPERATIONS AND WASTEWATER
CHARACTERISTICS OF HIKMA PHARMA
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Industrial Pallution Control Project, Jordan
Project Component No. 2: Industrial Wastewater Pretreatment Requirements

35 Enterprise no. 27: Hikma Pharma Group

35.1 Production

Hikma Pbarmaceuticals in Amman bas 2 pbarmaceutical as well asa
chemical production. The two differeat factories are located in the same
area, but this report oaly deals with the pharmaceutical produciion. There
are appr 300 employees.

The pharmaceutical production includes S0 different products of which
" many exist in several varieties thus making the total sumber of products
close to 200. The production can be divided into tablets, mixtures (syrups)
and suppositories.

Production of tablets:

Mixing of raw materials (chemicals)
Werting with water and/or alcohal

Prying (drying cupboard or fluid bed dryer)
Granulating of dry material

Mixing in V-shape mixer

Production of tablets is iablet-machines
Packing of tablets '

Storage of packed tablets

0N O AW

Production of mixtures:
1. Mixieg of raw materials (chemicals)

Filling of mixtures into bortles and containers
Packing
Storage of packed mixtures

LR

Productinn of suppositaries:
1. Melting of wax

2. Mixing of wax and raw materials (cbemicals)
3. Filling

4. Cooling

5. Cuting

o P..cking

5

Storage of packed products
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35.1.1 Comsumption of Water

The consumplion of water in the pharmaceutical production is difficult to
estimate because the Company oaly bas Gigures for the total coasumption
of water for the two factories. Total consumption is estimated, by the
Company, as 36 m?¥/day. It is furthermore estimated that 10-15 m¥/day is
used as process water in the pharmaceutical plant. In the production,
water is used for washing the machines, the production equipment and
geoeral cleaning of the buildings.

Most of the water is supplied by the municipal network, but 12 m¥/dayis
supplied by tankers and stored in two underground tanks.

"35.12 Consumption of Chemicals

More than 200 different chemicals are used for production of the pbarma-
ceutical products. A computer programme is controlling the storage, and
registering all movements to and from the storage. A list of the chemical
consumption was not readily available and the Consultant therefore made
the assymption that the consumption of chemical is reflected in the size of
the storage. Emphasis was therefore given to those chemicals which were
stored in large quantities. Below are listed all chemicals which where
stored in quantities of more than 1,000 kg.

Acdi-50t (cros carmellose)
AJeohol 95%

Alcohol. adsolute

Alcohot. isopropyl
Amgp:ciilin tnhydrate powder
Acroul 20D

Awcei PH 101

Cloanihn

1206 FD&C Blue no.t

1311 FD&C Blue no.2
Sicoprarm Brown Lake

1673 Erothrosin

1150 Dispersed Pink

Allura red FD&C red 80.40
11929 Carmousin

14031 Quinoline Yellow

1509 Tanrazine

135: FD&C Yeliow no.é
12116 FD&C Yellow no 6. Iske
12248 Quinohine Yellow. lake
Denrose Anhdrows
Expiowsd

Hepann sod:um sheep onps
Laciose

Maaniiol O
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Peaicillia V pouassiuem
Parsceamal Mic
Propyleac giycol
Potassium Gtrate
Sucrsiphate

Sodium chloride
Trisodiem citraie dibydrats
Sodiem bydroxide
Starch pousto

Sogar

Tak finc powder

Trichloroethyleae
Witepsol E7S
Wiepsol HI2

The [ist dearly includes some main groups of chemicals. Different akeo-
bols are used for wetting the mixed chemicals in the production of tablets
and different carbohydrates are used for coating the tablets and for the
mixtures. A variety of differeat colouring chemicals are used for final
dressing of tablets.

35.2 Present Wastewater Disposal

3521 Preseat Wastewater Practice

Process wastewater is primarily proauced in the tablet production when
the machines and auxhary equipment are washed a: the end of a baich
production Residual chemicals from the machines are collected in drums
as is the first rinse water. These drums are disposed of as chemical waste.
Further washing water is led to the sewer.

Tanks, pipes and auxiliary equipment from the production of mixtures and
ointment are cleaned with water which is led directly to the sewer system
afterwards.

35.2.2 Wastewater Cosuol by [PCP and Others

Ia February, March aad August 1993, the IPCP bas sampled and analyzed
the wastewater {rom the pbarmaceutical production (August sample
wcluded beavy metals oaly). Tae tested wastewater is supposed to include

botb process and saaitary wastewater. No flow measurement was avail-
able.

A 'ocal consultascey firm Yas collected sampies oi the wastewater in >ep-
tember-October 1993. The results are presented below because they give a
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valuable supplemeat for evaluating the wastewater problems at Hikma
Pbarmaceuticals.

Table 35.1 Results from IPCP wastewater control in February and March.

Localicy wnn | 2mn | 6me | 1609 | Dt
Limiz
pH &1 s 587 s00 | ssos
COD. mgt 130 5350 240 5210 2,100
BODS. mgh “ | 8% 1860 3,620 800
TSS. mg/l s 120 20 sas 1100
Turvidity, NTU 1ns 152 ns 150 130
EC. pShm 40 1.000 s s .

IPCP bas furthermore analyzed for heavy metals in one sample from
August 1993, where only zinc is presest in significant concentration (1.4
mg/l). Phosphorus and nitroges were analyzed in the same sample, but the
concentrations were below pormal sanitary wastewater.

Table 352 Results from Jordanian control program in September-Octo-

ber 1993
Localicy COD. mgt BODS, mg/t l TSS. mgh TDS. mgA
No.l: Tosewer 940-8 350 32022 86-500 ‘ 480-905
Nol Labd ! ns0116m , 9544w | psaz0 | si010m
No3: Syrupline | 1040 | 63163 I ossass | soasao
No4: Wash etc. 1,640-46.000 b 813-5300 } 105-710 ! 440-12 500
NoS: Penicillin 230-,980 l 135830 | 45-170 ] 490-1530

No.l: Tots! wastewster gowng (o the sever

No.2: Wastenster {rom laborstory

Nol: Wastewsnicr from syrup (murture) Loes, oveas aad (oilews

Nod:  Wasicwater (rom posder snd cosuiag room with washing activities
NodS: Wastewater from pemiailin factory

The samples were collected {rom the total combined wastewater flow 1o
sewer and from differeat rman-boles with wastewater from vasious parts of
the production. The samples were taken on § different days. There are no
flow measusements, and the sampling period is oot specified.

The results io table 35.1 a0d 35.2 show that most of the wastewater
exceeds the discharge limits, and quite significandy so. High coatents of
orgaaic marter result in ugh values of COD and BOD. The TSS is aigh
but only periodically exceeds the Limit. pH is low and sometimes below the




79

ANNEX 6: WASTEWATER ANALYSIS DATA SHEET
FROM DAR-AL-DAWA
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Chemical 3snd Physical _Charactaristics of a
Wastewater Sample from Dar Al-Dawa

Characreristic " Value

200 i730 mz/L.
COD 2370 myg/L
TSS 220 mg/L
DS 90C mgiL
NH: 13 - mg/L
ABS 32 mg/L

tH 6
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ANNEX 7:RECOMMENDED LIST OF MICROBIAL
STRAINS FOR FUTURE STUDIES
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LIST OF STRAINS

(-recommended for the purpose of degradation of organic chemical
compounds)

Sphingomonas paucimobilis ATCC-29837
Nitrosomonas europaéa ) ATCC-25978
Pseudomonas putida ATCC-1172
Pseudomonas cepacie ATCC-254156
Alcaligenes eutropus ATCC-17697
ﬁavobacterium sp. ATCC-53874
Paeudomonas pickettii ATCC-2751

Phanerochaete chrysosporium ATCC-24725
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ANNEX 8: COMPOSITION OF CHLOROPHENOL
ENRICHMENT MEDIA
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The composition of the CPE medium:

(e/1)

CPE1l CPE2 CPE3
CaCo03 10 10 10
{NH4)2504 2 : 2 2
KH2P0O4 0.05 0.05 0.05
CaCl2 041 01 R
MgS04 0.1 01 04
FeS04 0.01 0.01 0.01
ZnS04 0.005 0.005 0.005
CuS04 0.005 0.005 0.005
NiSO4 0.005 0.005 0.005

Piridoxine (B6 0.0005 0.0005 0.0005
Nicotinic acid (€.0005 0.0005 0.0005
Thiamine (B1) 0.0005 0.0005 0.0005
Yeast extract 0.005 0.05
Peptone (casein) 0.005 0.05

ceo
oo

pPH=7.0 adjusted by 10 % HC]

The trace elements and vitamins were diszolved separately in a 10x
concentrated basic soluticn and this solution (in 10 %) was added to
the main part >f the medium priocr to steril'sation.
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ANNEX 9:FREEZE DRYING PRINCIPLES AND
METHODS MANUAL




AN INTRODUCTION TO
FERMENTATION METHGDS AND
EQUIPMENT

Fermentation is the intrinsic capability of a microorganism to
perform complex chemical transformations upon organic
compounds by means of metabolic activity and the action of
enzymes. The process was used in the production of food and
drink thousands of years before the existence of
microorganisms was established. Today, fermentation refers to
any controlled microbial action undertaken to produce
commercially useful products.

Applications of fermentation have grown well beyond the
traditional area such as the manufacture of alcoholic beverages,
cheese, solvents, and pharmaceuticals. The need to fully
understand the metabolism of living cells, coupled with
spectacular results from the artificial manipulation of genetic
material in bacteria, yeast and mammalian cells, have made
fermentation the subject of intensive research in the last 10
years. To aid researchers in meeting the growing potential of
fermentation techioiogy, instrument manufacturers have
developed modular fermentation systems that are compact,

- automated, and compatible with accessory monitoring and
controlling devices.




BENCH-TOP FERMENTERS

A fermenter is a bioreactor designed to provide optimal
conditions for the controlled growth of microorganisms. This is
accomplished by regulating agitation, temperature, and aeration
of the fermentation broth. Accessory process control sensors
and instrumentation may be v~ 1 to measure additional growth
parameters such as pH and dissolved oxygen concentration,
allowing the fermentation process to be monitored and
controlled with greater precision.

The simplest type of research fermenter is a bench-top model. it
is a closed vessel with a volume capacity ranging from 1-20
liters. To function as an eftective research tool, the bench-top
fermenter must provide reproducible data and ideally, feature
design characteristics facilii..ling scale-up to larger volume
production. Results obtained from self-styled or "homemade”
fermenters are difficult to duplicate on a large scale, rendering
most processes developed in such units of little if any,
commrcial worth. Shake flask technelogy, bearing little physical
resemblance to pilot or production sca'e fermentaiion vessels, is
limited by its inability to incorporate yield optimizing
instrumentation.

The maintenance of aseptic operating conditions is an important
criterion for judging the research value of a bench-top
fermenter. As with larger units, bench-top bioreactors must be
designed and operated to minimize opportunities for invasion by
unwanted organisms. Most products sought through
fermentation are synthesized in pure culture ty a selected strain
of species. When a contaminating organism invades the culture,
it competes fcr avaitable nutrients and can {atally interfere with
the metabol.c activity of the desired organism. It can also
produce substances of its own that are difficult to separate from
the product. In order to avoid contamination, all materials that
come in contact with the fermentation broth should be
noncorrosive, nontoxic, and able to withstand repeated
autoclaving.

The noncorrosive materials commonty used in vessel
construction are borosilicate glass and stainlsss steel. For
research and educational purposes, glass v:ssels provide the
advantage of allowing fermentation to be viewed in progress.
The vessels of larger pilot-scale fermenters are generally
constructed of stainless steel and ar2 jacketed and pressure-
coded so the equipment can be safely steam sterilized in-situ.
Vessel headplates should also be made of stainless steel and
incorporate positive-sealing penetrations that -will maintain their
integ-ity followed by repeated autoclaving and chemical attack.
These penetrations facilitate air inlet and exhaust as well as
allowing for liquid additions, aseptic sampling, and the
installation of process measuring electrodec.
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OPERATION
Agitaticn

Subsequent to the sterilization of the vesse! assembly and
nutrient medium, the fermenter is aseptically inoculated, usually
through a resealable septum or addition port, with a measured
quantity of the desired organism. Vessel contents are mixed by a
centrally rotating shaft supporting several adjustable impellers.
This motor-driven shaft can be magnetically or mechanically
coupled, and either top or bottom mounted. in a mechanically
coupled system, the shaft penetrates the vessel headplate,
creating the need for a contamination preventing mechanical
seal. As such mechanical seals can fail unexpectedly if not
properly maintained, they are frequently a source of
contamination. A solution to this problem has been the
development of high-torque, magnetically coupled agitation
systems which eliminate the need for mechanical szals, as they
do not penetrate the headplate. A motor-driven rotating magnet
powers the magnet bearing agitation shaft, without a physical
connection. Superior agitation systems incorporate advanced
electronic feedback speed control technology, which enables
maintenance of the desired re.te, usually ranging to about 1250
RPM, despite viscosity changes.

The mixing action of the img ellers makes nutrients and
dissolved oxygen more uniformly available to the individual
microbes, in addition to dispersing metabolic waste products.
The impeller designs traditionally employed are thz Rushton
type six bladed turbine which typically supplies the best mixing
and aerating characteristics, while marine blades produce
significantly less shear stress, and are extensively used in
mammalian and plant ce'l culturing applications.

The addition of baffles to the culture vessel increases the
uniformity of turbulence, and adds 0 tne efficiency of dissolved
oxygen fransfer in aerobic fermentation. Bat!les extend inward
from the sides of the vessel and act as stationary obstructions to
tn2 flow of its contents. They are ohen adjustable, allowing
wptimization of the turbulence patterns created, eliminating the
inefficient aerating characteristics of vo~*ex mixing.




Temperature Control

Microorganisms characteristically experience optimal growth
within narrow temperature ranges. Therefore, the fermenter must
provide an accurate, reproducible means of temperature control.
In bench-top research units, temperature inay be accurately
controlied by proportioral temperature control circuitry in
conjunction with a cartridge heater, heat exchanger for cooling,
and temperature sensing probe, with data registered on a digital
display. In larger systems, temperature conditioned iluid (usually
water) may be circulated through an external jacket enveloping
the walls of the fermenter vessel. A temperature range of
approximately 5¢ C above water supply temperature, to 60°C
with an accuracy of */-259C is generally sufficieni for the
culturing of most organisms. Higher wattage heaters or
recirculating cooling devices can be adapted for applications
requiring stricter conditions.

Aeration

Fermentations may be performed under either aercdic or
anaerobic conditions, depending upon whether celis being
cultured require the presence or absence of oxygen for growth.
in aerobic fermentations, sterile air must be supplied to the
culture vessel.

Sterilized air filters are employed to remove organ‘sms and
particulates greater than 0.2 micron in size, from the incoming
air supply, An exhaust vent filter prevents back-in infection of
the vessel contents, and the escape or organisms into the
laboratory or production environment. This is especially
important when working with pathogens or genetically
engineered organisms. The volume of air entering the vessel is
metered by a variable area flowmeter. The sterile air supply is
introrjuced to the vessei contents through orifices in either
nozzie type or sintered stainless steel spargers. Agitation
impellers break up resultant air bubbles and distribute dissolved
oxygen throughout the culture.

Anaerobic conditions may be established by eliminating or
disconnecting the air supply and introducing a nitrogen gas
overlay. Alternaiive gasses may also be introduced to the
system.
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PROCESS TYPES

Fermeniation can be classified as either batch or continuous
flow.

Batch Fermentation

Batch fermer:tation begins as a single starter-culture which is
grown for a defined period of time and terminated when the
concentration of the desired product reaches a comparatively
high level. Vessel contents are then harvested, usually by
filtration or centrifugation, and the desired product isolated,
purified, and concentrated.

The advantages of batch fermentation are several:
e The system is relatively inexpensive.

¢ The equipment is less complicated because growth of the
cells is a process separate from harvesting of the product.

¢ Moderate amounts of different products can be obtained
using the same equipment (although cleaning and
sterilization are required between applications).

® As the fermentation time is usually short, preventing
contamination within the system is less difficult than with
the longer times generally required for continuous-flow
fermentations. ‘

Continuous-Flow Fermentation

Continuous-flow fermentation is an invaluable method for
growing large numbers of cells economically, and exploring
microbial form, function and population dynamics. it required a
steady-state environment in which sterile nutrient medium is fed
to the culture at a continuous rate, while effluent containing the
desired products is withdrawn and collected at a similar rate.
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On the research scale, continuous culturing can be
economically performed via a fermentation system featuring an
overfiow sidearm culture vessel (FIGURE 1). In this way, a
peristaltic pump is required only for nutrient addition, while
culture volume is maintained at a given level, with product
containing fluid exiting the sidearm. Fresh nutrient medium
int:odvced to the system should be added well below the level
of the sidearm or product withdrawal tube, to prevent waste, and
snouid be directed through a drip-tube providing a break in the
mediura flow path, to prevent growback of microorganisms into
the feed line. Alternatively, peristaltic pumps may be employed
for both nutrient addition and product harvesting (FIGURE 2).

The growth rate of cells cultured is dependent upon the medium
formulation and the rate at which fresh medium is added. By
maripulating these factors, the chemical composition of the cells
can be altered. This makes continuous-flow fermentation useful
in the study of cell physiology and in the determination of
optimal conditions for a given process. The method is exacting,
however, because of the necessity of (1) achieving and
maintaining the steady-state conditions required for optimal
growth and productivity, and (2) difficulty encountered in
ensuring the continued sterility of the system during prolonged
use.

Nonetheless, continuous-flow fermentation allows more efficient
use of the fermenter than batch fermentation. Cleaning and
sterilizing cycles are reduced in nrumber, and harvesting takes
place as a product is manufactured. Ideally, continuous
fermentations should be conducted under conditions that inhibit
further cell growth once optimum cell population density is
reached, but still permit production of the desired product to
continue. As a practical matter, growth is controlled commonly
by limiting the availability of an essential nutrient




PARAMETERS OF GROWTH AND
THEIR MONITORING

The Growth Curve

Fermentations typically follow the growth curve shown in Figure
3. Mathematically, such a graph is known as a sigmoid or S-
shaped curve. At the beginning, there is a “lag” phase permitting
the cells to recover from sudden dilution in the fermentation
vessel. This is followed by a "log” phase characterized by the
doubling of cells at a rate determined by each cell type (this is a
general rule for both bacterial and mammalian cells). However,
because cells growing in a common environment have inhibitory
effects on one another, the log phase of growth slows to a
stationary phase. The cycle concludes with a log "death” phase.

Growth Goals

The maintenance of stationary phase is the goal of many
fermentations. in others, however, maximum harvesting of the
desired product requires maintenance of the log phase. The
latter is typical in continuous-flow fermentations; the former may
be characteristic of either batch or continuous-flow
fermentations. If a cell culture is not diluted or does not have
growth medium continually replaced, the final log “death” phase
will be entered.

Measuring Growth

To measure growth, the fermenter must be designed to facilitate
aseptic sampling of the culture during any phase of growth. The
efficiency of agitation, the location of the sampling port, and the
method of sample withdrawal will determine how representative
each sample is. Cell density can be measured either by counting
the number of cells in each sample or by centrifuging the
sample and measuring the size of the resultant pellet of matesial.
As an alternative, the supernatant can be analyzed for the
amount of desired prodi <t, the decrease of a particular nutrient
or raw malteyial, or even the change in pH, dissolved oxygen, or
turbidity.




81940 Yyimoun 113D 183|dA ) ¢ 9.nBiy

HivVag

07

AHVYNOILYLS

o




Process Control

To maximize productivity during a fermentation, the physical and
chemical environment inside the reaction vessel must be
centrolled within precise limits. In addition to the regulation of
the primary process growth parameters (agitation, temperature,
aeration), in order to generate reproducible results and data that
can be reliably extrapolated into scale-up values, accessory
process control instrumentation may be used to measure
additional growth parameters, allowing the fermentation process
to be monitored and analyzed with greater precision. Commonly,
these parameters include pH and redox potential, foaming and
dissolved oxygen concentration.

pH and Redox Potential

Any change in pH concentration. which can be altered by
metabolizing nutrients, must be corrected to prevent organisms
from terminating themselves and /or disrupting fermentation
kinetics. Automatic pH control instrumentation is available to
maintain selected optimal pH values through appropriate
additions of corrective acid or base reagents. Steriliznble
combinration reference and measuring electrodes, selectively
permeable to hydrogen ions, are routinely used in monitoring Ph
values. These values are converted by the probe into electrical
signals via electrolytic soiution, which are compared to pre-
selected high and low setpoints, in the control unit. Sterile
corrective reagents are introduced to the fermentation by means
of associated peristaltic metering pumps which are
automatically activated upon violation of a setpoint limit. Timers
facilitate the adjustment of pump dosages and delay intervals,
enabling the conservation of reagents, and minimizing
overshoot. A continuous strip chart recording provides useful
data pertaining to process characteristics.

The oxidation-reduction potential (redor) may be determined
with electrodes and instrumentation similar to those used to
measure pH. Typically, a sterilizable platinum combination
electrode is used, and measurement is in millivolts. The redox
potential of a fermentation broth can be controlled by adding
chemical agents such as ascorbic acid, sodium thioglycolate
and other reducing agents, or by sparging with nitrogen gas.




Dissolved Oxygen

A determination of dissolved oxygen concentration is useful in
understanding mass transfer mechanisms in a fermentation
process. In an aerobic fermentation, if the biochemical rate of
oxygen utilization is great, the dissolved-oxygen level will tend
toward zero and oxygen wilt become the rate-limiting factor for
the fermentation. Theretore, it is essential that sufficient oxygen
be supplied in an amount characteristic to the specific process.

Dissolved o:.ygen monitoring equipment is available, consisting
of a sensing electrode which converts the ievel of oxygen in the
sample into a proportional electrical signal, and an amplifier
containing conditioning circuitry. Oxygen which is present in the
sample diffuses through a membrane in the sensor, where it is
reduced. This membrane is permeable to oxygen, but
impermeable to proteins and ions which can interfere with
measurement of oxygen. Commercially available oxygen
sensors function either on galvanic or polarographic principals
of operation

In a polarographic electrode, a cathodic electrode of a noble
metal, usually platinum, is charged with a fixed polarization
voltage with repsect to a silver reference anode in an
appropriate electrolytic solution. The galvanic electrode does
not require external voltage for the reduction of oxygen, as it
generates its own electrochemical voltage, sufficient for
spontaneous reduction.

A dissolved oxygen control module may be obtained which
interfaces with the aeration and agitation systems of the basic
fermenter. Control is provided upon either one or both of these
parameters in conjunction, to maintain desired concentration of
dissolved oxygen.




Foaming

During fermentation, excessive foaming can develop as a result
of agitation and aeration rates, and the chemical nature of media
constituents. If unchecked, this foaming can lead to infection of
the culture through backflow and wetting of the air filtering
material. In addition, the presence of a foam layer is a barrier to
effective oxygen transfer. Fcaming can be controlied chemically
through the action of nontoxic antifoam reagents (usually
silicone-based), that reduce the surface tension at the air-liquid
interface. Such chemical antifcams can be automatically
introduced into the fermentation vessel by means of a chemical
antifoam control device, incorporating an adjustable foam
sensing probe and an associated peristaltic metering pump.
Upon contact with foam, the probe generates an electrical signal
which activates the peristaltic pump to dispense a suitable
chemical foam Suppressing reagent into the vessel. When the
foam level subsides and falls beneath the probe tip, the circuit is
broken and pump operation ceases. Adjustable, electronic
process timers enable the determination of the length of the
antifoam additional cycle, and the interval of delay between
doses. Probe sensitivity is also usually adjustable to eliminate
responses due to erroneous signals generated from occasional
splashing. The level of foam can also be controlled mechanically
by high-speed impellers or centrifugal devices that physically
break up the foam by dispersing it against the walls of the
fermenter.




Scale-Up Considerations

In general, fermentation equipment may be categorized on the
basis of volume capacity as Laboratory (1-20 liter), Pilot (43-250
liter) and Production (500 liter and larger). To be effective as a
research or educational tool, it is a key requirement for bench-
top laboratory fermentation apparatus to approximate the
physical characteristics ot larger systems to facilitate scale-up to
increased volume levels. Scale-up is esseniially defined as the
combination of techniques used in transferring a fermentation
process developed on the 1ab scale 1o these larger volumes. The
research fermenter should be designed 1o refiect generally
accepted fermentation engineering standards with respect to
vessel assembly and component conliguration and relative
proportionality, which may effect control parameters. Scale-up
involves the study and exploration ol the effects of scale on the
various fermentation parameters, both physical and biological,
such as mass transfer, mixing, heat transfer and the metabolic
responses of microorganisms. In many caseg scale-up requires
going back down to a smaller scale to obtain additional data.
The number of volume stages incorporated within the scale-up
procedures is generally dependent upon time constraints,
capitol invested and operating cost limitations, therefore it is
usually necessary to assess the effects of scale through
extensive experimentation in a shorl period of time. These
requirements are often met by incorporating a series of
instrumented bench-top units in paralle!, and Iater a fully
instrumented pilot plant study.




ANNEX 10: USE OF NITROSOGUANIDINE AS A
MUTAGEN
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MUTAGEN TREATMENT WITH NTG

The effectiveness of NTG is much higher than UV treatment or
treatment by using other types of mutagens. Usually. even in the
case of very low lethalities the 30-40 X of the survivants are
mutants. The preparation of cell suspension is the same as
described in the case of UV treatment. The cell suspension is to
be made by inoculating .0 ml of bouillon with a loopful of microbes
from slant agar. The 20 ml of inoculated medium should be shaken
{250 rpm. 30 oC) overnight in a8 250 ml flask. The cells should be
separated prior to treatment by centrifugation (3000 rpm. 20
minutes). The centrifuged cells are to be suspended directly in the
NTG golution (instead of the sterile water).

The NTG solution should be made by measuring the weight of one
NTG crystal in a small glass centrifuge tubke. The solution is made
by adding a 0.01 phosphate buffer (pH=6.0). The volume of the
buffer deperds upon the weight of the crystal. and the soluticn
should have a concentration between 300 - 500 microgram/ ml. The
NTG is not an easily dissolving compound. which is why the stopped
centifuge tube should be shaken very carefully until complete
dissolution

The cells suspended with the NTG solution should be incubated feor
30 minutes at 30 oC. After this incubation period has passed. the
suspension 3should be cleaned from the NTG by centrifugation and
resuspension by using sterile water. The suspended cells can be
transferred to any kind of selective agar medium.

In this case the let..ality should be adjusted to approximately 30
%. in order to obtain a high number of mutants. In the case of NT75
the higher lethality is followed by the generation of multipliad
mutants amecng the surviving c2lls. and the accumulation =f thesa
genetic mistakes ‘can cause 32veral difficulties during the
aprlication of such strains.

The handling of the NTG should be cara2fu). forexample avoid
contact with skin., inhalation sr swallowing because of its strong
carcinogenic properties. The coempound dces not sublimate into thez
air but it can explode if exposed to high temperatures.




ANNEX 11: ABSTRACT OF LECTURE PRESENTED
BY DR. BALOGH




SUMMARY OF LECTURE PRESENTED BY DR. ISTVAN BALOGH

TITLE: FERMENTATION TECHNOLOGY, STRAIN IMPROVEMENT AND
BIOREACTORS

The RSS has no tradition in the field of biotechnology. Therefore the aim of giving this
lecture is to provide basic information about the production systems connected with
microbiology. It was emphasized during the lecture that the main principles of the
waste degradation technology are the same.

For the purpose of introduction, the meaning of the word "fermentation® was explained,
mentioning the two implemented part of it as the fermentation software (strain,
technology) and the fermaniation hardware (equipment). The strains and technologies
are patented but the processes are usually kept in secret. The equipment (including
the bioreactors, piping arrangements, accessories, and downstream facilities) is a
crucial part of the know-how. In wider terms the operation know-how is also an
important part of the technology insofar as it has a fundamental effect on the
fermentation results.

The traditional fermentation processes were listed that is, the production of several
fermented foods and drinks, like the sour dairies’ cheese, yoghourt, kefir, koumis,
soybean sauce, koji, beer, arak, brandy, wine, sake, sour cabbage and cucumber,
sour fish etc.

The main principles o! pharmaceutical fermentation technoiogy were shown. The
several fermentation products were listed with a brief explanaticn: antibiotics, vitamins,
amino acids, organic acids, citric acid, products created by means of "genetic surgery”,
solvents, biodegradable polymers, po'ysaccharide and products made by
bioconversions.

The rough connection between the amount of the markated product and the market
price was demonstrated using the examples of citric acid and daunomycin. The
possibility of reaching extra profit was explained by mentioning the R+D work
corceming the hyaluronic acid production by fermentation technology. There are not
only technical problems with this because of the extremely high viscosity of the
accumulated product but with the licensing as well (due to the fact that the production
strain is the Streptococcus zooepidemious which has hemolytic properties). The strain
was obtained from bovine mucous membranes.

The productive industrial strain is the basic component of the fermentation software.
The mutation and selection methods were explained in detail by introducing the
genealogy of a Corynebacterium glutamicum strain having approximately 140 g/l i-
lysine production capacity.
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The basic principles of the fermentation technology were explained (the composition
of the fermentation media, the temperature, the pH and oxygen supply). The
fermentation media should foliow the chemical composition of the bred biomass
together with the product generated during the process. The chemical composition of
the microbes were shown and the main nutrient sources used in industry were
introduced. The oxygen is one of the nutrients of main importance in the case of
aerobic fermentations. The majcrity of the scaling-up and engineering tasks is
connected with reaching the required level of oxygen mass transfer rate required by
the process in the large scale bioreactor. The importance of medium optimisation was
emphasized, and the roles of pH and temperature were explained in connection with
the effects of pH and temperature on the enzymatic reactions.

A short explanation was given on the basic principles of batch technology, the feed-
batch, and continuous fermentation technology. The role of catabolite repression was
demonstrated by showing the effect of different carbon source concentrations on
batch fermentation technology. It was shown that the relevance of the catabolite
repression is also valid in the case of biodegradation processes.

Additionally the operational know-how was introduced by mentioning some exampies
and showing the crucial importance of it.

The basic part of the fermentation hardware is the bioreactor. The main parts of the
fermentor were introduced by explaining their functions. The requirements of sterile
processes were explained, and the special accessories responsible for the
maintenance of sterility were described. It was shown that the arrangement of piping
has a great effect on performance and levels of sterility.

it was mentioned that, except in recent decades waste-water treatment plants were
designed by civil engineers. The equipment was made of concrete; the usual
arrangement being a fiat type pit with an (at least) 1:5 height-width ratio. The traditional
waste-water treatment basins are insufficient in terms of both their aeration level, and
mixing capacities. The design is usually made by neglecting nearly all the relevant
perspectives of industrial microbiology.

The principles of the traditional waste-water treatment plant were demonstrated by
introducing a well designed 1500 m3/day plant (Annex-12, page 44). The volume of
the pit segments are S00 m3, 2000 m3, 350 m3 and 150 m3. The internal recycling
volume of the aaration pit is 24-36000 m3/day, the recycling voiume from the second
to the first pit is 4-7000 m3/day. The amount of retumed sludge from the clarifier is 930
m3/day. The aeration rate of the aeration pit is 3500-3750 Nm3/h. The COD content of
the final effluent is 60, the NH3- nitrogen content is 6.7 mg/l. (The loaded COD is 2900
mg/l, and the NH3-nitrogen concentration is 700 mg/l.) The purpose of the extremely
high liquid recycling rates is to compensate for the insufficient mixing capacities of the
system.
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Some advanced industrial biodegradation equipment was shown like the "UNOX®
system, the "BIOHOCH" at BAYER Ag. (Germany) and other bioreactor systems
produced also by the German “UHDE® company at SANDOZ (Switzerland) and at
ZIMPRO ENVIRONMENTAL Inc. (USA) and at NALCO CHEMICAL Ag. (Germany).
Generally these reactors were designed by calcuiating the requirements of the
biological processes. The additional novelty of the UHDE equipment is the application
of a fluid-bed bioreactor packed with activated carbon. The role of the activated carbon
is the fixation of microbes and the chemical ahsorgtion of the chemicals to be
degraded. It should be mentioned that the first such bioreactor was originally designed
for chemical absorption and for batchwise regeneration of the activated carbon. The
operation personnel observed that in the case of a postponing of the regeneration
period the “absorption® capacity was not decreased. This means that the settled/mixed
culture of microbes had started to decompose the organic wastes.




THE STRUCTURE OF A TRADITIONAL BIOLOGICAL TREATMENT PLANT
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. Schematic of air stripper, bioreactor, 2ad sampling sys-
tem. 1, glass wool packing; 2, rotaneter; 3, downcomer for air kft
reactor; 4, sintered stecl spargiog stoaes; S, sampling-and-addition
tube; 6, reactor air outlet sampling Line; 7, reactor air inlet sampling
Ene; 8, cosubstrate feed tube; 9, reactor air outlet; 10, vacuum pump
for sampling system.

waTER

Schemauc diagram of a trickling air biofilter with pH
control and water recirculaton. For details, see the text.

V3 EF oot

PaC{*act°] [-A

wofese,
Diagram of the column. Section A contained composite | €82 P A
sediments [rom the saturated one: section B and C sediments were
from unsaturated zones. Sidec purts were for sampling sediments and R
pore waters. V1 to -3, valves: CB1. column feed water carboy, CB2, puiy
collection carboy; AB. Teflon ¢as hay: CV. check valve, Pl to -3, pore =
warar sampling ports: [F and EF. infuent and efluent sampling ports, V2 g Wt
respectively; PP, penstaltic pump. Lurge solid circles, sediment sam-
pling pors.
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ANNEX 12:FERMENTATION PRINCIPLES AND
METHODS MANUAL
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INTRODUCTION TO THE FREEZE DRYING METHOD
The method of drying biologicals by sublimation of ice in a vacuum
has been known for over {ifty years, when Shackell {1909) applied
vacuum pumps to his experiments to accelerate the process, but it
wasn't until shortly before the Second World War that primitive
designs of laboratory freeze dryers were made commercially
available. During this war, much attention was given to the
development of equipment and techniques for the purpose of
supplying enormous quantities of dried blood plasma and penicillin
to the Armed Forces. By the end of the war, the technique had
become accepted as one of the most perfect methods of preserving
biological materials.

What is Freeze Drying?

The freeze drying technique itself is similar to ordinary vacuum
distillation, but with one very essential difference: the material tobe
dried must be solidly frozen before being subjected to a very low
absolute pressure (high vacuum) and a controlied heatinput. Under
these conditions the water content (in the form of an ice matrix) is
selectively removed via sublimation, i.e. — ice transforms directly to
vapor, by-passing the intermediary liquid phase. The key to
understanding the excellent retention of the essential character-
istics of afreeze dried material lies in the fact that the solid particles
of the materials are locked into this matrix during the entire
dehydration and car.not interact. Often the only requirement for
long term storage of such a material is the ability of the container to
prevent the re-entry of moisture into the sample.

The Freeze Drying System Is a Kinetic System.

From beginning to end, a constantly changing state of unbalance
must exist between the product ice and the system pressure/
temperature conditions. The migration of water vapor from the
productice interface occurs only if this state of unbalancdexists and
the producticeis ata higher energy level than the rest of the system.
Freeze drying equipment is designed to present an isolated set of
controlled conditions effecting and maintaining the optimum
temperature pressure differences for a given product and thereby
drying the product in the least amount of time. The limit of
unbalanceis determined by the maximum amount of heat which can
be applied to the product without causing a change from the solid to
the liquid state, or “melt back”. This may occur even though the
chamber pressure is low since the product dries from the surface
closest to the area of lowest pressure. This surface is called the ice
interface. The arrangement of the dry, solid particles above this
interface uifers resistance to the vapors released from below raising
the product pressure/temperature. To avoid “melt back”, heat
energy applied to the product must not exceed the rate at which
water vapor leaves the product. Another limit is the rate at which
heat energy applied to the product ice (and carried away by the
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migrating vapors) is "emoved by the condenser refreigeration
system. Only by maintaining a low condensei tamperature can one
hope to trap the vapors as ice particles and eifectively remove them
from the system, greatly reducing and simplifying the vacuum
pumping requirement. Air, other non-condensable molecules
within the chamber, as well as mechanical restrictions located
between the product ice and the condenser, will otfer additional
resistance to the movement of vapors migrating toward the
condenser.

Four Conditions are Essential for Freeze Drying.

Information on the application of this kinetic principle for a variety of
materials tells us that although each product may demand different
handling techniques, there are four conditions which are essential
to practical freeze drying technique. It is also necessary that these
conditions are met in the following order: (1) The product must be
solidly frozen below its eutectic point. (2) A condensing surface
must be provided lower than -40° C. (3) The system mustbe capable
of evacuation to an absolute pressure of between 5 and 25 microns
of Hg. (4) A source of heat input to the product, controlled between
-40° C and +65° C, must be employed to drive the water from the
solid to the vapor state (Heat of Sublimation).

_
Air molecules and other
non-condensables evacuated

Product Vapor Low Temperature
Collected as ice Condenser

lmefface

Product fce

Vacuum Chamber Heat Input

The physical arrangement of equipment designed to satisfy these
conditions varies widely from small laboratory bench set ups with a




drying capacity of one liter or less to the fuli scale production

equipment necessary for pharmaceutical or food freeze drying
cperations.

TEMPERATURE Vs VAPOR PRESSURE
MM (Hg)

Table 1  Vapor Pressure/Temperature Chart I

(1) Product Pre-freezing.

The basic reason for pre-freezing a product is to lock its solid
particles firmly into position, so that moisture can be sublimed, and
physical and chemical reactions cannot take place. Samples
resulting from the combination of several organic or inorganic
compounds in the liquid state generally exhibit more than one
eutectic as freezing occurs. Each product considered for freeze
drying should, therefore, be examined for its lowest eutectic pcint,
thatis, the minimum freezing point for the total product. If the lowest
eutectic point is not determined, the product may appear to be
frozen, when in facta small percentage may yet bein the liquid state.
This small volume of liquid will cause the solids in suspension to
react, spoiling the resulits of the dehydration. On the other hand
freezing the product too far below its lowest eutectic is unnecessary




and poor practice economically. Efficient rates of sublimation are
obtained by the maintenance of a vapor pressure differential
between product ice and condenser Ice: Table 1 shows that the
pressure iin mm of Hg for ice collecting on a condenser with a
temperature of -40° C is .096 mm (96 microns). If a sample with its
lowest eutectic at -4° C is frozen to a temperature of -30° C, the
initial vapor pressure of the sample ice would be .286 mm Hg (286
microns). The resulting vapor pressure ditferential would be 286
less 96 or 190 microns. If this same product ware frozen to -10° C,
the differential pressure would be 1853 microns, greatly increz sing
the initial sublimation rate.

{2) The Condenser.

It is important that the condenser be placed in the direct path of
migrating vapors. As vapor molecules leave the product ice, they
migrate toward the low pressure areas in the system; first the area
just above the product ice, then to the localized low pressure area
surrounding the condenser. On contacting the condenser,
migrating vapors give up their heat energy, turn to ice, and are
effectively removed from the system. Air and other non-
condensable molecules emitted from the product pass the
condenser and are evacuated by the vacuum pump.

When selecting equipment, consider the work to be done and the
range of eutectic points likely to be encountered. Most products can
be dried efficiently with condenser temperatures between -40° C
and -60° C.

Looking again at Table 1, you can see that vapor pressure drops
rapidly with decreasing temperatures below 0° C. but very small
changes in pressure result after -60° C. Unless working regularly
with extremely low product eutectics, it is unnecessary in terms of
equipment complexity, cost and energy expenditure to specify
refrigeration systems providing condensing temperatures far in
excess of the -60° C range, since neither drying speed nor final
dryness will be materially influenced.

There are, however, certain solvents and acids that cannot be
trapped at normal condenser temperatures. If these are
encountered in large quantities a cascaded refrigeration system
providing temperatures in the range of -90° C may be necessary. If
the amounts are small, a secondary trap (condenser) can be placed
in the vacuum line. Liquid nitrogen secondary traps provide
condenser temperatures to -195° C, dry ice to -78° C. These smail
secondary traps do their trapping during the initial portion of the
run. They can then be valved out of the system as the main
condenser collects the remaining ice.
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Equally important as low temperature is the way the condenser is
designed. its mechanical configuration, what it’s made of, its surface
area, and how it is placed in the system.

Condenser designs fall into two categories, internal or remote, both
offering special advantages to the particular application. Two
variations of remote condensers and one variation of an internal
condenser are shown in the illustration. Remote condensers are
housed in a vacuum chamber separate from the product chamber,
and may be isolated from the product by means of a high vacuum
valve. The condenser can thus be defrosted while the product
chamber is re-loaded and the next product batch frozen. Internal
condensers are housed in the product chamber. They eliminate the
cost of a second vacuum chamber and piovide the least possible
mechanical restriction (pressure drop! between product and
condenser. Therefore, they are unmatched for efficiency and cost
effectiveness.

Small research dryers can use inexpensive and efficient coaxial coil
condensers. Refrigerant runs through a capillary tube in the center,
then returns inside the outer wall of the coil. These are convenientin
units under 5 liters and may be quickly defrosted using warm water
or by allowing a natural room temperature defrost.

The wrapped cylinder becomes more efficient for mid-size dryers.
The smooth sided cylinder is easily cleaned, and allows the ice
“plug” to slide out as soon as it breaks free using a hot gas defrost
cycle.

The tube type condenser offers outstanding design flexibility and
presents a 360° cold surface along its entire length. it can be placed
easily and eificiently in either a remote or internal chamber to
provide generous condensing ability, and has excellent
characteristics and flexibility with regard to internal refrigerant flow.

Whether remote or internal, condensers should be constructed of
stainless steel, since acids trapped during drying are concentrated




and extremely corrosive. Plastic coatings have beer. tried but they
have been found to soften, chip, or peel away. Stainless is hard,
corrosion resistant, can be sterilized with gas, washed with steam,
and even scrubbed down with stainless steel wool if necessary. For
the same reasons, stainless is preferred for drying chambers and
- shelves, burnished smooth to discourage lodging of particulate
matter.

(3) High Yacuum.

The purpose of the vacuum system Is to evacuate non-condensable
gasses from the chamber, creating the vacuum necessary for
efficient sublim_tion. This effectively reduces the resistance to the
flow of water vapors migrating from product tc the condenser. The
absence of air in the system also prevents oxidation during drying.
The pump should be capable of dropping the pressure within an
unloaded drying chamber from atmosphere to 25 microns or less.
Ultimate vacuum on an unloaded sysiem should be at least 5
microns.

Whe> on-the-shelf pre-freezing is provided in the dryer, a pump
capa%le of evacuating the system to a low pressure of 5 to 50
microns within 15 to 30 minutes is sufficient, since the product
cannot thaw on the cold shelves. Considerably larger pumping
capacities will be necessary if no cooling is provided. In this case,
pump-down time should not exceed S minutes. Substantial
economies are realized with smaller vacuum pumps used in
conjunction with dryers equipped with refrigerated shelves.
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(4) Controlled Heat to Product.

Heat is applied to the product ice to initiate and accelerate the
migration of water vapors from the product toward the condenser.
The application of heat 'o the product supplies the necessary
energy 1o drive off these vapors raising the temperature of the
product (an amount correspoading to the increase in vapor
pressure at the ice interface). in the beginning of the cycle, the total
volume of the product is frozen and will accept a high heat setting.
Later when a portion of the product is dry and offering resistance to
the vapors released from below, a lower heat setting is desirable to
avoid “melt back”. In the final portion of the drying cycle, a higher
setting may again be desired to drive off any remaining bound
molecules. Therefore, it is necessary that heat supplied to the
product be controlled. For very sensitive materials, a system that
can alternately apply both heat and refrigeration may be required. in
order to dry a wide variety of products, the rang. of contro! should
be between -40° C and +65° C.

Since the most important variable during the freeze drying process
is product temperature, it should be continuously indicated,
recorded, and directly or indirectly controlled: (1) Direct control —
sensing product temperature and adding heat below the control
point and refrigerating above the control point — has limitations due
to the nature of real heat transfer systems where the thermal lag or
overshoot can cause excessive cycling. A single point is sensed
throughout. the entire product. (2) Indgirect control — shelf
temperature sensing and control utilizing time temperature
programs to produce the desired product temperature — is the most
practical control procedure. While the method presupposes
experience with the product, it is an averaging rather than single
point approach. The high degree of run-to-run uniformity obtained
is paramount to the production unit.

PROCUCT TEMPERATURE CONTROLLER

RESISTIVITY
CONTROLLER

SHELF HEAT
CONTROLLER




Resistivity recording and control, another form of indirect control,
provides complete information on product eutectic temperatures.
Based on that information, heat is supplied above a safe rosistivity
set point (and refrigeration provided below the set point) to maintain
settings just as with direct product temperature control. Whiie the
disadvantages of discreet point-sensing and thermal overshoot are
present, theinformation gained caii be of great value in determining
optimum drying programs.
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TYPICAL DRYING CYCLE

The curves plotted show a typical sublimator drying cycle. In this
case milk was chosen as a representative product. Values for
vacuum, shelf temperature, product temperature, and condenser
temperature are plotted as they reflect equipment performance. The
first part of the curve {up to hour 2'%) indicated product and shelf
temperature as the product load was frozen on the drying chamber
shelves. Actual freeze drying was not initiated until the product
temperature had reached -40° C.

After the drying cycle began and the shelf heating system reached
its control setting of +30° C, the refrigerated condenser stabilized «t
a temperature at which it could absorb the thermal loading of the
condensing water vapor. Correspondingly, system vacuum also
rose slightly and stabilized. The straight line nature of product,
condenser and vacuum recordings (hours 4 through 14) indicates a
product with relatively unrestricted vapor passage above the ice
interface as the interface recedes.
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As the product finished drying (hours 14 through 24) the productice
sublimated and the product began to experience sensible heat gain
due to continued shelf heat input. Since the condenser was
condensing a decreasing amount of water vapor it began todropin
temperature seeking a new thermal balance. The system vacuum
followed as the refrigerated vapor condenser “pumped” to lower
pressure. Primary drying of thé product was indicated as the
product temperature paral'sled shelf temperature (hours 23 to 24).

With many products a secondary phase of drying would now begin,
lasting usually from 2 to 24 hours, tc remove additional bound water
molecules from the product. The extent to which secondary drying
Is necessary varies widely due to individual product properties and
particular end point moisture requirements.

REFERENCES
Freeze Drying and Advanced Food Technology. Edited by S.A.
Goldbith, L. Reynold, W.W. Rothmayr. Academic Press, 1975.

Advances in Freeze-drying. Edited by L. Rey. 1966 Hermann. 115
Boulevard Saint-Germain, Paris VI.

Freeze Drying of Foods. C Judson King. CRC Press, 1971.

Biological Applications of Freezing and Drying. Edited by R.J.C
Harris. Academic Press, 1954.




ANNEX 13: EQUIPMENT QUOTATIONS AND
SPECIFICATIONS




118

@Oppm@m’

DEPENDABLE INSTRUMENTS

FAX MESSAGE FROM APPLIKON, INC.

Fermentagen FAX #:403-430-0106

Dy, V. Merchant

FROM: Fritz Klappinger

DATE:

March 13, 1995 PAGES:1

PLEASE REPLY TO OUR FAX # (415) 578-8836 OR CALL US AT (415) 578-1396 IF
YOU SHOULD REQUIRE ANY ASSISTANCB

FE R AN XN E W X B 4 W A R A N & B & N & N & N b B &

FAX MESSAGE # F-SF0024

SUBJECT. 2 Liter Fermesnter Syviem

Dear Dr. Merchant,
Below are ball park. prices for 8 2L fermentor, as specified. The system includes all components
necessary for operation.

% 2Literfermentor, basic unit - $ 6,000

Ve AF, pH, DO sensors and cables (Ingold) - $ 1850

e 3 pumps, Rotameter w. :olenoid valve - $ 1350

v AF, pH & DO controllers (B&C) - $ 2000

x> Biocontroller 1030 (AF, pH, DO) - $ 8750

We will give you a 10% discount if you decide to purchase a system.
Plocasc give me a call if you have further questions.

Sincerely

=,

F. Kleppmger

3-13-1995 82:39PM 415 578 8836

P'al
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&> EDWARDS Edwards Hgh Vacuum
A divizion of BOC Canada Limisad
3375 North Service Rd, Units B2,83
Burlington, Ont. L7N 3G2
Telophone :  905-338-0119
1-800-387-4078
Facsimie : 005-845-4024
QUOTATION No. 4362-7 DATE: 21-Mar9S$
erchant YOUR REF:
mon, Abarta FHONE NO: 403-436-0574
al FAX NO: 4034300106
xy ] “Description TAmonnt [Tom ]

We ars pleased to provide you with the followiag quotation:

1 )Bdwerds Micromodulyo Fraezs Dryer
Eoaturas

High Capecity-1.5kg

Soall

. Rootprint

»  Ulimate low temperatare of -50° C

e  Pull fanction protectios vis resdy/overioad indicstor

e High qualky standards to meet all Evropesn and U.S. Stndards
L ]

Part Number F105-04-000 $2,963.00 $2,963.00

1 |Edwards Model E2M2, direct drive, rotary vanc, two-stage vacuum pump.
Dispiacement 2 cfm (57 m)), Ulttmets Vacuum (partial pressure) 10 -4 sober,
Peatores

Advanced oil lubrication - ensurcs relisble cunning even st high gus loads
Vacoum systems protected from ofl and air suck-back

Eagy-0-fit eccessorias protect ths envirenment and the pump

Low noise levels and minimum vibeation

Direct drive for c-mpactaess and excellont operator protection

Basy maimenmce with canverient service kits and international customer support

C/W NW2S$ fnlst flangs, NW2S ventering ring and o'ring, (exera 15mm 0.4, nozyls is
supplied for fulet), 1 Smm o.4. exbsust aozzle, initial oil charge, end 173 b.p, meror for
operation &t 115/230v, 1ph, S0/60Hz.

Paxt Number A160-01-981 $1,845.00 $1,345.00

1 |Spin Freczer 96 thet Utitizes the evaporative technique for freezing mazerial in smpoules.

A low power motor with an independant power supply drives carrier plazos which are
interchangesble depending upon umpoule size. The vacuwrn chamber is made from unspsrent
scrylic msxcrial. A programmsble timer prevents spinner overrun aficy freezing.

Motar, 110V,1ph,S0/60Hz; Spesd: 760 rev/min (spprox)

Araponlas{m! capacity): 36 (0.5), 30 (1.0), 24 (2.5), 36 (4.0) 12 (5.0)

Part Namber F056-33-000 L $2935.00]  $2,935.00
D D S N
SUBJECT TO TERMS AND CONDITIONS
lﬂ'l‘.s: GEE - ﬁ an: P
Sales Tax- BExm
Freight- P.0.B. Buriington Brian Duncan R.T.- Inside Technical Sales

3-21-1995 @1:47PM 416 845 4924 P.01
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Y EDWARDS Echwards High Vacuum
A divisio of BOC Canada Limted
33786 North Secrvics Rd, Units B2 .82
Burington, Ont. L7N 3G2
Telephone : 905-33¢-8119
1-800-3874076
Facaimie : 905-845-4024
QUOTATION No. 4362-7 DATE: 21-Man-93
Tohent ~YOUR REFt
aagen
uam, Albecln FHONE NO: 4034360574
Gl FAX NO: 4034 0106
ny]  Description [Amouat [Tomd ]

1 |Secondary Drying Manifold. A A8 ampoule capacity for secandary drying and scaling of
smponses norraally pre-froaca end dried in the spin froezet (F056-37-000). Two dessicant

txys we aleo supplied.

Purt Nutober F029-64-000 $731.00 $731.00
1 |Ampoules, 2.5mi. (500/ot) -

Part Number HO14-30-092 $1,071.00 $1,071.00
1 jArapoules, 5.0ml (200/30¢)

Part Numbaer H-014-30-083 $552.00 355200

1 |EMF10 Of] Mist Piker for trapping exbsust vaporss from rotary vane vacuum pump.
C/W of) filter eloment, odour filtar elament, 3/4 inch BSP to NW2S adspter,
NW2S3 osutering ring with o'ring snd NW25 clamp. Part Number A462:26-000 $307.00 $307.00

We truxt this is the informastioa you require, If we can be of any further aasistance pleass do not
hesitzie t0 coatact our office.

Cs. B4 Kols Technical S8alss-Westorn Region

Please Note: Delivery, 2-3 weeks, subject to canfirmatioo.

g

— SUBJEICT AND TTTONS N
~ Teams: Cash- 30 Days |
Sales Tax- Extrs
Preight- F.0.B. Builir ztom Brian Duncan R.T.- Inside Technical Sales

3-21-1995 ©1:48PN 416 845 4924 P.a2
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A_COMPILATION OF RELEVANT REFERENCES IN THE AREA OF STRAIN SELECTION,
BIOREACTOR DESIGN AND PROCESS DEVELOPMENT FOR BIODEGRADATION OF
PHENOLS. CHLOROPHENOLS AND OTHER PERSISTENT ORGANIC POLLUTANTS

Chemical Engineering Abstract
Concept 1:BIODEGRAD? AND CHLOROPHENOL?

Regulation of chlioro- and methylphenol degradation in Comamonas testosteroni JHS5.

AUTHOR: Hopp, J.; Hollender, J.; Dott, W.

CORPORATE SOURCE: Tech. Univ. BerlinFachgebiet Hygiene13353 BerinGermany

Applied and Environmental Microbiology, Volume: 60, Issue: 7, Page(s): 2330-2338

ABSTRACT: C. testosteroni JH5 was isolated from a mixed bacterial culture enriched on different
chioro- and methyiphenols. The strain compietely mineralized a modure consisting of 4-chiorophenol
(4-CP) and 4-methyiphenol (4-MP). Mineralization of 4-CP and that of 4-MP occurred successively and
were accompanied by diauxic growth, whereas 4-CP and 2-methylphenol were mineralized
simultaneously. Neither a reversible enzyme inhibition nor potential toxic intermediates caused the
observed diauxie. it is suggested that the successive degradation of 4-CP and 4-MP was reguiated at
the leve! of transcription. C. testosteroni JH5 contained a meta-cleaving enzyme when pregrown on
4CP and the isomeric monomethyiphenols. !nactivation of this enzyme in the presence of 3-
chiorocatechol was observed.

Isolation and characterization of a pentachlorophenol- degrading bacterium.

AUTHOR: Gestel, Y. P. C. M. van; Breure, A. M_; Andel, J. G. van

CORPORATE SOURCE: Natl. inst. Public Health Environ. ProtectionLab. Waste Materials Emissions3720
BA BilthovenNetherlands

BIOTECHNOLOGY °'94: ICHEME SYMPOSIUM, , Page(s): 119-121

ABSTRACT: A versatile chlorophenol-degrading strain was isolated from aerobic enrichment cultures
degrading pentachlorophenol (PCP). The isolated, strain P5, was tentatively placed in the genus
Flavobacterium and was capable of degrading a broad range of polychlorinated phenols: PCP, all
isomers of tetrachlorophenol, 5 isomers of trichlorophenol, and some dichiorophenols. Some of these
chiorophenols can be utilized as source of m:bon and energy Stram P5 was ab{e to rmnerallze PCP uwp
to concentrahons of 1 mM. X : ;

Role of mycelium and extracellular protein in the biodegradation of 2.,4.6-
trichlorophenol by Phanerochaete chrysosporium.

AUTHOR: Armentante, P. M.; Pal, N.; Lewandowski, G.

CORPORATE SOURCE: New Jersey Inst. Technol.Dep. Chem. Eng. Chem. Environ. Sci. Newark, NJ
07102-1982USA

Applied and Environmental Microbiology,Volume: 60, Issue: 6,: pp: 1711-1718
ABSTRACT: In experiments with P. chrysosporium mycelial suspensionthe degradation cf 2,4,6-
trichlorophenol (2,4,6-TCP) occuired in the absence of ligninase. Chloride ion was recovered in nearly
stochiometric amounts at the end of the process. The microorganism did not retain its degradation ab lity
for more than 6 days under substrate-deficient conditions. Neither the mycelium nor the extraceliular
protein alone could degrade 2,4,6-TCP; both were required for complete degradation to occur. In
experiments in which 2,4,6-TCP was exposed to the culture supematant separated from its mycelium,
negligible degradation was obtained and no chloride ion recovered. In experiments performed with
washed mycelium separated from its supematant, no degradation took place until the mycelium release
additional extracellular prctein 5 to 6 h into the incubation. Additions of washed mycelium to active
cultures produced an increase in the rate of degradation in comespondence with the protein release.
Additions of culture supematants containing a high concentration of extracellular protein fo active
cultures produced an increase in the rate of 2,4,6-degradation.




immobilization of Phanerochasete chrysosporium on porous polyurethane particles with
application to biodegradation of 2-chlorophenol.

AUTHOR: Wang, X_; Ruckenstein, E. State Univ. New YorkBuffalo NYUSA

BIOTECHNOLOGY TECHNIQUES, Volume: 8, Issue: 5, Page(s): 339-344

ABSTRACT: The authors describe the immobilization of the white rot fungus Phanerochaete
chrysosporium on porous polyurethane carmriers. The immobilized organism showed high lignin
peroxidase activity and enhanced 2-chlorophenol degradation, compared to free pellets or fungus
immobikized on other supports.

Production of lignin peroxidase by Phanerochaete chrysosporium immobilized on
porous poly(styrene-divinylbenzene) carrier, and its application to the degrading of 2-
chiorophenol.

AUTHOR: Ruckenstein, E.; Wang, X.-B., State Univ. of New YorkBuffalo NYUSA

BIOTECHNOLOGY AND BIOENGINEERING, Volume: 44, Issue: 1, Page(s):79-86
ABSTRACT: The white rot fungus Phanerochaete chrysosporum was immobilized on a new carrier,
porous poly(styrene-divinybenzene), prepared by the concentrated emuision polymerization method.
High lignin peroxidase activity was obtained in both batch and repeated batch shake cultures. Better
results were obtained with spore inoculation for immobiization than with small myceliial peflets. When used
as a biocatalyst for the degradation of 2-chlorophenol, the activity of immobilized spores was higher
than of free and immobilized pellets.

Adsorption and biodegradation of pentachlorophenol by polyurethane-immobilized
Flavobacterium.

AUTHOR: Hu, Z.-C_; Korus, R.A_; Levinson, W.E_; Crawford, R.L., 1daho Univ Moscow IDUSA
ENVIRONMENTAL SCIENCE & TECHNOLOGY, Volume: 28, Issue: 3, Page(s):491-496
ABSTRACT: Actively growing Flavobacterium sp. was important in avoiding lag times, ard
pentachlorophenol (PCP) removal was enhanced by the presence of utilizable compounds such as
glucose and sodium glutamate. Adsorption of PCP on the polyurethane foam (PUF) matrix was a simple
procedure, and effectively removes PCP from comaminated water and reduces PCP toxicity. The
dynamic bed reactor was shown to be appropriate for this process.

Pentachlorophenol degradation by Pseudomonas aeruginosa.

AUTHOR: Rajakumar, S. S.; Premalatha, A

CORPORATE SOURCE: Central Leather Res. inst.Bacterioiogy Lab Madras-600 020 india

WORLD JOURNAL OF MICROBIOLOGY AND BIOTECHNOLOGY,Vol:10,(3), pp334-337
ABSTRACT: Five Pseudomonas species were tested for abiity to degrade pentachiorophenol
(PCP). P. aeruginosa compietely degraded PCP up to 800 mg/L in 6 d with glucose as cosubstrate.
With 1000 mg PCPA, 53% was degraded. Ammonium salts were better at enhancing degradation than
organic nitrogen sources and shake-cultures promoted PCP degradation compared with surface
cultures. Degradation was maximal at pH 7.6-8.0 and at 30-37.degree.C. Only PCP induced
enzymes that degraded PCP and chloramphenicol inhibited this process.

Solid-phase treatment of a pentachlorophenol-contaminated soil using lignin-
degrading fungi.

AUTHOR: Lamar, R.T; Evans, JW.; Glaser, JA.

CORPORATE SOURCE: US Dep. of AgricultureMadison WIUSA

ENVIRONMENTAL SCIENCE & TECHNOLOGY,Volume:27,issue:12, pp:2566-2571
ABSTRACT: Starting with a soil containing 672 microg of PCP/g of soil, and 4017 microg of
creosote, an inoculum of 10 per cent of Phanerochaete sordida resufted in an 89 per cent decrease in
PCP over 8 weeks. The PCP decreases with the other two lignin-degrading fungi used were 67-72
percent with P.chrysosporium, and 55 per cent with Trametes hirsuta. (To be continued).




A rapid and simple screening technique for potential crude oil degrading
microorganisms.

AUTHOR: Hanson, K.G_; Desai, J.D.; Desai, AJ. M_S. Univ. of BarodaBarodaindsa

BIOTECHNOLOGY TECHNIQUES, Volume: 7, Issue: 10, Page(s): 745-748
ABSTRACT: A technique for semi-quantitative screening of organisms for crude oil degrading
capabifity is decribed. The method uses the redox indicator 2,6-dichioropheno! indophenol in Bushnell
and Haas medium with crude ol in a microtitre plate. The medium is tumed colourless within 24 hours by
bacteria possessing crude oil degrading capability and the relative capabilities of different cultures
can be assessed according to the time taken for decolourisation.

Activation of an indigenous microbial consortium for bicaugmentation of
pentachlorophenol/creosote contaminated soils.

Otte, M.-P.; Gagnon, J.; Comeau, Y.; Matte, N.; Greer, C.; Samson, R., NRC, CanadaMontreal/PQCanada
Applied Microbiology and Biotechnology, Volume: 40, issue: 6, Page(s): 926-932
ABSTRACT: The paper describes the isolation from contaminated sod and characterization cf a
microbial consoftium able to degrade pentachlorophenol (PCP) and polycyclic aromatic
hydrocarbons (PAH). The presence of soil as a support or source of nutrients was essential in order to
obtain an active consortium in a fed-batch bioreactor. The consortium tolerated a PCP concentration of
400 mg/! in batch expesiments. Over a period of 35 days, production of a PCP-degrading consortium in a
fed-batch slunry bioreactor enhanced the activity of PCP biodegradation by a factor often. Over the same
period PAH biodegradation increased by a factor of 30 for phenanthrene and 81 for pyrene. Resuilts
indicate that the activated soil process could be useful for restoring contaminated soils.

Growth and enrichment of pentachlorophenol-degrading microorganisms in the
nutristat, a substrate concentration- controlled continuous culture.

Rutgers, M_; Bogte, J. J.; Breure, A. M.; Andel, J. G. van Natl. Inst. Public Health Environ. ProtectionlLab.
Waste Materials Emissions3720 BA BilthovenNetheriands

Applied and Environmental Microbiology, Volume: 59, Issue: 10, Page(s): 3373-3377
ABSTRACT: The nutrisiat, a substrate concentration-controlled continuous culture, was used to
grow pentachlorophenol (PCP)-degrading microorganisms. With PCP concentrations between 45 and
77 .mu.M, a stable situation was established in the nutristat, with an average diiution rate of 0.035 .+-.
0.003/h. Growth rates were higher than in fed-batch or chemostat cultures, and PCP accumulation to
inhibftory levels in the culture was prevented.

Strategy using bioreactors and specially selected microorganisms for bioremediation
of groundwater contaminated with creosote and pentachlorophenol.

Mueller, J.G.; Lantz, S.E_; Ross, D.; Colvin, R.J.; Middaugh, D.P; Pritchard, P.H..SBP TechnologiesGulf
Breeze FLUSA U.S. EPA Gulf Breeze FL USA

ENVIRONMENTAL SCIENCE & TECHNOLOGY, Volume: 27, Issue: 4, Page(s):691-698
ABSTRACT: Using two-stage cotinuous flow and batch mode sequential treatments bench-scale
and pilot-scale studies were conducted with groundwater from an abandoned wood-preservative
factory. Performance was monitored for 30-40 creosote constituents in influent and effluent as was the
toxicity.Pilot scale operation reduced the creosote constituents by more than 99 per cent but the
overall efficiency of the system appeared less than other treatment systems.However the study points
out the importance of the abiotic factors of partitioning to biomass and physical adsorption in accounting
for contaminant removal

Fungal degradation of pentachlorophenol by micromycetes.

Seigle-Murandi, F.; Steiman, R.; Benoit-Guyod, J.-L.; Guiraud, P., Univ. J. Fourier Groupe PEtude Devenir
Xenobiotiques TEnviron. (GEDEXE)38243 MeylanFrance

Journal of Biotechnology, Volume: 30, Issue: 1, Page(s): 27-35

ABSTRACT: A wide range of fungi was screened for their activities towards pentachlorophenol with
focus on the possible role of pher.oloxidases.




Degradation of 2,4,5-trichiorophenol by the lignin-degrading basidiomycete
Phanerochacte chrysosporium.

AUTHOR: Joshs, D. K_; Goid, M. H.

CORPORATE SOURCE: Oregon Graduate Inst. Sci. Technol Dep. Chem. Biol. Sci. Beaverton, OR
97006-1999USA

Applied and Environmenta! Microbiology, Volume: 59, Issue: 6, Pago(s): 1779-1785
ABSTRACT: Under secondary metabolic conditions the white rot Phanerochaete chrysosporium
rapidly mineralizes 2,4, 5-trichlorophenol. The pathway for degradation of 2.4, S-trichlorophenol was
elucidated by the characterization of fungal metabolites and oxidation products generated by purihed
bgnin peroxidase (LiP) and manganese peraxidase (MnP). The mullistep pathway involves cycles of
peroxidase-catalyzed oxidative dechlorination reactions tolowedbyqumredmnreacnorstoyleld
the key intermediate 1,24, 5-tetrahydroxybenzene, which is presumably ring cleaved. The quinone
intermediate is recycled by a reduction reaction to regenerate an intermediate which is again a substrate
for peroxidase-catalyzed oxidative dechlorination. This pathway apparently results in the removal of all
three chiorine atoms before ring cleavage occuss.

Chiorophenol toxicity removal and monitoring in aerobic treatment:recovery from
process upsets.

AUTHOR: Makinen, P.M.; Theno, T.J.; Ferguson, J.F.; Ongerth, J.E.; Puhakka,J A.

CORPORATE SOURCE: Univ. of Wa-hingtonSeattie, WAUSA

ENVIRONMENTAL SCIENCE & TECHNOLOGY, Volume:27.issue:7,Page(s):1434-1439
ABSTRACT: A laboratory study of the bioremediation of simulated groundwater by an enriched
biomass in a fluized-bed reactor using pure oxygen.Steady state operation at a chlorophenyl loading
rate cf 445 mg per litre per day,with a hydrauiic retention time of 5 hours achieved chiorophenol
removal at over 99.7 per cent. Intemupting the oxygen supplies for 1 or 2 days gave rise to recovery
times of 10-40 days and the Microtox assay employed (luminescent bacteria) was deemed a relable, rapid
and sensitive toxicity mdicator.

Use of a sequencing bastch reactor to study the biodegradatic.y of 4-chlorophenol in
soil.

AUTHOR: Kiilerich, O.; Buitron, G.; Capdeville, B.

CORPORATE SOURCE: institut National des Sciences AppliqueesToulouseFrance
BIOTECHNOLOGY TECHNIQUES, Volume: 7, Issue: 2, Page(s): 149-154

ABSTRACT: A sequencing batch reactor was used to study the biodegradation of 4-chiorophenol
(4CP) added to a soil slurty. The carbon dioxide evolution rate (CER) in the gas phase was a reliable
indicator of 4CP degradation, the CER reaching a maximum when the 4CP concentration was zero.
The biodegradation rate was increased from 3.2 to 67 mg. 4CP/Lh after 13 cycles. This method is
applicable to the study of other xenobiotics in soil.

Performance of anaerobic granuies for degradation of pentachlorophenol.

AUTHOR: Wu, Wei-Min; Bhatnagar. L.; Zekus, J. G.

CORPORATE SOURCE: Michigan Biotechnol. Inst.Lansing, MI 48309USA

Applied and Environmental Microbiology, Volume: 59, Issue: 2, Page(s): 389-397
ABSTRACT: Anaerobic granules degrading pentachlorophenol (PCP) with specific PCP removal
activity up to 14.6 mg/g of volatile suspended solids per d were developed in a laboratory-scale
anaerobic upflow sludge blanket. The reactor was able to treat synthetic wastewater containing 40-60 mg
of PCPAL at a volumetric loading rate of up to 90 mg/L of reactor volume per d, with a hydraulic retention
time of 10.8-15 h. PCP removal of more than 99% was achieved. Results of adsorption of PCP by
granular biomass indicated that the PCP removal by the granules was due to biodegradation rather
than adsorption. The PCP-degrading granules also exhibited a higher tolerance to the inhibition caused
by PCP for methane production and degradation of acetate, propionate, and butyrate, compareu with
anaerobic granules unadapted to PCP.




Degradation of 2,4,6-TCP and a mixture of isomeric chlorophenols by immobilized
Streptomyces rochei 303.

Golovieva, LA ; Zaborina, O.E.; Arinbasarova, AY. Russian Acad of SciencesPushchinoRussia

Applied Microbiology and Biotechnology, Volume: 38, Issue: 6, Page(s): 815819
ABSTRACT: The degradation of 2.4 6-trichlorophenol (2.4,6-TCP) and other chiorophenols (CPs)
by immobilized cells of Streptomyces rochei 303 was investigated. Among carriers tested,
polycaproamide (PCA) fbre was found to be optimal for cell immobilization. During continuous
fermentation in a column reactor with constant flow of the substrate solution, S. rochei cells
immobilized on PCA fibres could degrade high concentrations of individual mono- to
pentachlorophenols (CPs), including the most toxic and persistent derivauves, and their mixtures. At
2.4.6-TCP-concentrations of 1 g/l. the system was stable for 40 days, and at lower toxicant
concentration the system could be operated for 11 months without any loss of activity. S. rochei cells
immobitized on PCA fibres may be used for the bioremediation of waste-waters containing CPs.

Biodegradation of chliorophenol mixtures by Pseudomonas putida.

AUTHOR: Dapaah, SY..Hill, GA.

CORPORATE SOURCE: University of SaskatchewanSaskatoonCanada

BIOTECHNOLOGY AND BIOENGINEERING, Volume: 40, issue:11, Page(s):1353-1358
ABSTRACT: A new, simplified model of lag-phase behavior of Pseudomonas putida is developed
which is based on empirical observations on the death and growth characteristics of this microorganism
when growing on phenolics. The mode! involves continuous biomass death, inhbited lag-phase growth,
and a switch to log-phase metabolism. It accurately predicts the dynamic behavior of these cultures right
from inoculum until growth is fully completed.

Environmental factors influencing the biodegradation of pentachlorophenol in
contaminated soils by inoculated Rhodococcus chlorophenolicus PCP-1.

AUTHOR: Briglia, M.; Middeldorp, P.J.M.; Salkinoja-Salonen, M.S.

CORPORATE SOURCE: Univ.HelsinkiFinland Agric. Univ. Wageningen Netherlands
PUBLISHER: DECHEMA, Frankfurt, D, Page(s): 109-115

Soil Decontamination Using Biological Processes., 6-9 December 1992, Karisruhe, D
ABSTRACT: For laboratory testing forest soils are contaminated by 30 to 600 mg PCP and inoculated
with immobilized R. chiorophenolicus. Mineralization rate depends on soil type and less on moisture
content. A microbial density of 10{exp 8)/g soil is sufficient. R. chlorophenolicus proved effective with
strong poliuted soils.

The application of immobilized microorganisms in soil decontamination.

AUTHOR: Rehm, H.-J.

CORPORATE SOURCE: Univ.MuensterFed. Rep. Germany

PUBLISHER: DECHEMA, Frankfurt, D, Page(s): 69-78

Soil Decontamination Using Biological Processes., 6-9 December 1992 Karisruhe, D
ABSTRACT: Microorganisms for soil decontamination are immobilized by adsorption to various
supports or entrapment using preferably natural polymers. Biodegradation of 4-chloropheno! with
Alcaligenes on clay, dichloroacetic acid with Xanthobacter autotrophicus or lecaton, and diese! fuel with
a mxed culture on lava is investigated. The microorganisms proved effective to digest recakitrants and
xenobiotics and are resistant to the soil microflora.

Removal of chlorinated aromatics in presence of sophorose biosurfactants.

AUTHOR: Kosaric, N.; Lu, G. Univ. West. OntariolLondznCanada

PUBLISHER: DECHEMA, Frankfurt, D, Page(s): 44-51

Soii Decontamination Using Biological Processes., 6-9 Dacember 1992, Karlsruhe, D
ABSTRACT: Sophorose lipids are applied to farm land soil to investigate the decomposition of the
herbicide metolachlior and 2 4-dichlorophenol. A sharp decline in metolachlor is due to a metolachlor-
sophorose-microbial complex. Chlorophenol degradation is enhanced.




Degradations of xenobiotics by fungi.

Fritsche, W. Univ.jenaFed. Rep. Germany

PUBLISHER: DECHEMA, Franidurt, D, Page(s): 31-36

Soil Decontamination Using Biological Processes., 6-9 December 1992, Karisruhe, D
ABSTRACT: Soil fungi and white rot fungi and their enzyme systems are investigated for oxidation
processes of hydrocarboi.; and derivatives, PAH, pentachlorophenol, PCBs and TNT. Enzymes for
lignin degradation and phytoalexin detoxification are aciive in decontamination. Aromatic
compounds are incorporated in humus.

Photodegradation, biodegradation snd chemical fixation of pantachlorophenol (PCP).
Shukia, S. S.; Nguyen, A.: Shulda, A. Lamar Univ., Chem Dep.PO Box 10058, Beaumont, TX 777 10USA
JOURNAL OF HAZARDOUS MATERIALS, Volume: 28, Issue: 1-2, Page(s): 222
ABSTRACT: A number of methods were examined for the disposal and degradation of PCP and
other toxic compounds. PCP is degraded photochemically in homogeneous solution to give a
complex mixture of products, whereas in micrcheterogenous media degradation to carbon dioxide and
waier occurred. PCP was biodegraded tc lower chiorinated phenols by naturally occurring bactenia.
About 97% of PCP can be stabilized in a cement matrix.

Biodegradation of multiple substrates stripped from contaminated soils.

Ralph, A_; McCreary, E.. Autenrieth, R.; Bonner, J. Texas AZM Univ. Dep. of Civil Eng. College Station,
TX77843-3136USA

JOURNAL OF HAZARDOUS MATERIALS, Volume: 28, Issue: 1-2, Pagse(s): 195-196
ABSTRACT: The kinetics were examined of multiple substrate feeds with acclimatized
microorganisms in pulse-fed batch reactors and chemostats. The feasiility of air stripping of organic
hazardous substances from the solid and introducing them to bioreactors through the air stream was
also investigated. Synergistic and antagonistic interactions of multiple substrate degradation were
studied to determine if they could be combined to optimize the degradation of selected compounds.
Long-term studies on betch-fed reactors revealed preferential substrate degradation in the order giucose,
phenol, pentachlorophenol (PCP). The presence of glucose immproved the rate of phenol degradation.
Phenol enhanced PCP degradation, but glucose and PCP were degraded separately.

Characterization of a novel Pseudomonas species that mineralizes high concentrations
of pentachlorophenol.

AUTHOR: Radehaus, P.M.; Schmidt, S. K.

CORPORATE SOURCE: Univ. ColoradoDep. Environ_ Boulder, CO 80309-0334USA

Applied and Environmental Microbiology, Volums: 58, Issue: 9, Page(s): 2879-2885
ABSTRACT: A pentachlorophenol {PCP)-mineralizing bactenum was isolated from poliuted soil and
identified as Pseudomonas species strain RA2_ In batch cullures, Pseudomonas species strain RA2
used PCP as its sole source of carbon and energy and was capable of completely degrading this
compound. Pseudomonas species strain RA2 was able to mineralize a higher concentration of
PCP (160 mg/l) than any previously reported PCP-degrading pseudomonad. At a PCP concentration of
200 mg/l. cell growth was completely inhibted and PCP was not degraded, although an active
population of Pseudomonas species RA2 was still present in these cultures after 2 weeks. The inhibitory
effect of PCP was partially attributable to its effect on the growth rate of Pseudomonas species strain
RA2. The highest specific growth rate was reached at a PCP cuncentration of 40 mg/l but decreased at
higher or lower PCP concentrations, with the lowest mu.m (0.05 h-1) occurring at 150 mg/. Despite
this re juction in growth rate, total biomass production was proportional to PCP concentration at all PCP
concentrations degraded by Pseudomonas species RA2. In addition to its effect as an uncoupler of
oxidative phosphorylation. PCP may also inhibit cell division in Pseudomonas species strain RA2. PZP
and glucose were simultaneously mineralized by Pseudomonas species strain RA2, but glucose had no
effect on the rate of PCP mineralization. PCP, on the other hand, significantly enhanced the
metabolism of glucose by Pseudomonas species strain RA2.
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Degradation of mixtures of monochlorophenois and phenol as substrates for free and
immobilized cells of Alcaligenes sp. A7-2.

Menke, B_; Rehm, H.-J. Unv. MuensterFed. Rep. Germany

Applied Microbiology snd Biotechnology, Volume: 37, Issue: 5, Page(s): 655-661
ABSTRACT: The biodegradation of the monochiorophenol isomers 2- (2CP), 3- (3-CP) and 4-
chlorophenol (4-CP) and phenol by Alcaligenes sp. A7-7 was studied. Expenments were conducted
with free cells in batch culture and with cells immobilized by adsorption on lava granules in cortinuous
culture. Both free and immobilized cells expressed similar regul2‘ion of chiorophenol and phenol
degradation. In batch culture, 3-CP was only metabolized in comiination with 2-CP or phenol. in
substrate mixtures phenol accelerated the degradation of 2-CP in batch and continuous culture.
Degradation of phenol was incomplete in batch culture, as indicated by catechal accumudation in e
culture fluid. Biphasic growth cf free cells was observed with the mixture of 2-CP and 4-CP. immobilzed
cells bult up a biofilm on the lava, thereby establishing a high cell load in the reactor.

Metabolirm and kinstics of PCP transformation ir anaerobic granuiar sludge.
Hendriksen, H.V.. Ahring, B.K. Tech. Univ.LyngbyDenmark

Applied Microbiology and Biotechnology, Voiume: 37, Issue: 5, Page(s): 662-666
ABSTRACT: The metabolissn and kinetics of pentachiorophenol (PCP) dechlorination was
studied in a granular sludge originating from an glucose-amended upflow anaerobic sludge blanket
reactor. Under methanogenic condiions, PCP was dechlorinated to lower chlorinated phenols. The initial
dechlorination reaction and removal of the irtermediate 3,5-dichlorophenol seemed to be rate-Emiting.
Nitrate was strongly inhibitory for the transformation of PCP, whereas addition of sulphate was inhiitory
only in the presence of glucose. Among various carbon sources only glucose had a stimulating effect
on the dechlorination rate. Addttion of specific inhibitors to the consortium resulted in reduced
transformtion rates. A low number of dechlorinating organisms was found in disintegrated granular

sludge as compared to the number of glucose degraders and methanogens.

Biodegradation of phenol and chlorophenols by an immobilized mixed culture in soil
AUTHOR: Balfanz, J.; Rehm, H.-J.

PUBLISHER: DECHEMA, Frankfurt a.M., DVolume: 4, , Page(s): 319-324

World Congress of Chemlcal Engineering

ABSTRACT: Lecture Brnica inee 2

21.6.1991. The degradatuonofmanv problemhcchemncalswstam such as phenol and chlonnated
phenols by microorganisms in water and soil is becoming increasingly important. It is possible to isolate
specialized cultures whose ability for degradation of these substances is much better than that of
microorganism present in the natural environment. The used maternials and experimental methods were
described. The results showec a different efficiency for two used microorganisms and for different
phenols and chlorophenols. The results were discussed.

Biodegradation and -transformation of polychlorinated phenols in soil

AUTHOR: Middeldorp, P.: Briglia, M.; Kitunen, V.; Valo, R.; Salkkinoja-Salonen, M.

CORPORATE SOURCE: Univ. HelsinkiFinland Alko Biotechn. RajamaekiFinland

PUBLISHER: DECHEMA, FrankfurtVolume: 9, , Page(s): 360-363

JOURNAL: DECHEMA-Fachgesprasche Umweltschutz

ABSTRACT: Lab experiments showecd Rhodococcus chlorophenolicus immobilized on PUR foam to
enhance mineralization of pentachiorphenol in soil up to 260 mg/kg in 4 month. R. chlorophenolicus
counteracts the toxic pentachloroanisol formed by O-methyiating bacteria. The threshold amount of
inoculation cells depends on the type of soil and vanes from 500 to 10(exp 5) cells g/soil.




Pentachlorophenol as carbon and energy source for serobic enrichment cultures
AUTHOR: Rutgers, M.. Bogte, J.J.; Breure, AM_; Andel, J.G.van

CORPORATE SOURCE: RiVMBithovenNetheriands

PUBLISHER: DECHEMA, FrankfurtVolume: 9, , Page(s): 218-222

JOURNAL: DECHEMA-Fachgespraeche Umweltschutz

ABSTRACT: Dutch soil and suldge samples were inoculated with PCP degrading cultures. After 100
to 120 days the increase in Cl-ions indicated complete mineralization. Biomass and CO2 are main carbon
compounds. Degradation is inhibited by a puise of 10 microM PCP and ceases after 100 microM PCP. Tn-
and tetrachiorophenols are biodegraded as well.

Biodegradation of phenolic wastes.

AUTHOR: Autenrieth, R_L.; Bonner, J. S.; Akgerman, A.; Okaygun, M.; McCreary E. M.

CORPORATE SOURCE: Texas A&M Univ.Civil Eng. Dep.TX 77843-3136USA

JOURNAL OF HAZARDOUS MATERIALS , Volume: 28, Issue: 1-2, Page(s): 29-53
ABSTRACT: Phenolic biodegradation kinetics were determined in bioreactors with large solids
retention times. Long term kinetic experiments were conducted in puise-fed batch reactors for single
substrate (phenol) and muttiple substrates (combinations of glucose, phenol and pentachlorophenol).
Short term initial rate experiments were conducted on the singie and muitiple substrate reactors.
Results indicate that phenol is metabolized at a maximum rate of 0.55/h with a half saturation
coefficient of 10 mg/L. Phenol concentrations in excess of 50 mg/L inhibit the biodegradation rate.
Results also indicate that pentachiorophenol is cometabolized in the presence of phenol.
Biodegradation of phenolic waste is a viable treatment option because the organisms. through their
metabolic processes, reduce the waste concentrations below detection limits.

Effect of adsorbents on degradation of toxic organic compounds by coimmobilized
systems

AUTHOR: Siapush, A.R.; Jian-Er Lin; Wang, H.Y_, The University of MichiganAnn ArborUS "
BIOTECHNOLOGY AND BIOENGINEERING, Voilume: 39, Issue: 6, Page(s):619-628
ABSTRACT: The effects of adsorbent content, solution pH, and surfactant concentration on
adsorption and biodegradation pentachiorophenoi (PCP) by Arthrobacter ATCC 33790 coimmobilized
with powdered activated carbon within caicium alginate capsules are studied. Additionally, a mathematical
model is derived to describe the diffusion, adsorption, and degradation of PCP in batch a¢ _.eous
cultures. The results demonstrate that PCP biodegradation strongly depends on vanations in adsorbent
capacity and affintty.

Bacteria that degrade p-chlorophenol isolated from a continuous cuiture system.
AUTHOR: Kramer, C. M_; Kory, M. M., Univ. AkronDep. Biol.OH 44325-3308USA

Canadian Journal of Microbiology, Volume: 38, lIssue: 1, Page(s): 34-37
ABSTRACT: Two gram-positive coryneform bacteria that degraded p-chlorophenol isolated from a
continuous culture system are characterized. Isolate B (probably an Arthrobacter species) completely
removed the p-chlorophenol ffom a medium with a concomitant increase in cell density within 16 h.
isolate F similarly removed the p-chloropheno! within 28 h but without an increase in cell density. Isolates
B and F also removed the p-chlorophenol from a medium with p-chlorophenol as the sole carbon source
within 32 and 48 h, respectively. The optimal temperature for degradation by both organisms was 25-
30.degree.C and the optimal pH range was pH 7-9 for isolate B and pH 8-9 for isolate F.
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Isolation of Pseudomonas pickettii strains that degrade 2.4,6-trichlorophenol and their
dechlorination of chlorophenols.

Kiyohara, Hohzoh; Hatta, Takashi; Ogawa, Yuhzoh; Kakuda, Tetsuro; ETAL. Okayama Univ.
Sci.Biotechnol. Lab.Okayama 700Japan

Applied and Environmental Microbiclogy, Volume: 58, Issue: 4, Page(s): 1276-1283

ABSTRACT: Three strains of Pseudomonas picketlii that can grow with 2,4 6-trichlorophenol
(2.4.6-TCP) as the sole source of carbon and energy were isolated from different mixed cultures of soil
bacterial populations that had been acclimatized to 2,4,6-TCP. These strains released 3 mol of chioride
ion from 1 mol of 2,4,6-TCP during the complete degradation oi the TCP. Of these strains, P. pickettii
DTP0602 in high-cell-densty suspension cuftures dechlorinated various chlorophenols (CPs). Cells
that were preincubated with 2,4,6-TCP converted isomers of 4-CP to the comresponding chloro-p-
hydroquinones. The ability of DTP0602 to dechlonnate 2,4.6-TCP was induced by 2,6-dichlorophenol,
236- ard 24.6-TCP, and 2,34, 6-tetrachiorophenol and was regressed in the presence of
succinate or glucose.

EPA SITE demonstration of the BioTrol soil washing process

Stinson, M.K_; Skovronek, H.S.; Blks, W.D.

U.S. Environmental Protection AgencyEdisonUSA Science Applications ParamusUSA

JOURNAL OF THE AIR POLLUTION CONTROL ASSOC.\Vol:42,issue:1, pp:96-103
ABSTRACT: The BioTrol soil washing process was demonstrated on soil contaminated by wood
treating waste, primarily pentachlorophenol (PCP) and creosote-derived polynuclear aromatic
hydrocarbons (PAHs). Water was used to separate contaminated soil fractions from the bulk of the soil.
The washed soil retained 10% of the feed soll contamination, \ e 90% were contained in the within
the woody residues, the fine particles and process water. The soil washer achieved up to 89% removal for
PCP and 88% for PAHs. The BioTrol biological water treatment process degraded up to 94% of PCP in
the process water from soil washing. it appeared that both PCP and PAHs in the slurry of contaminated
fines from soil washing can be biodegraded by the BioTrol biological slurry treatment process once
steady-state operation of the bioreactor is achieved.

Degradation of pentachiorophenol by non-immobilized, immobilized and coimmobilized
Arthrobacter cells.

Lin, Jian-Er; Wang, H. Y. Univ. MichiganDep. Chem. Eng.Ann Arbor, Ml 48109USA

Journal of Fermentation and Bioengineering, Volume: 72, issue: 4, Page(s): 311-314
ABSTRACT: Non-immobilized, immobilized and coimmobilized Arthrobacter (ATCC 33790) cells
were examined for their ability to degrade pentachlorophenol (PCP) in a mineral medium. Non-
immobilized cells could completely remove PCP from the aqueous phase and mineralize 77% of the
added PCP within 135 h. Alginate-encapsulated cells mineralzec 86% oi the PCP with a similar profile as
free cells. Use of coimmobilized cells resulted in rapid removal of PCP from the aqueous phase and
extensive PCP mineralization.

A 7-2 in soil

AUTHOR: Balfanz, J.; Rehm, H.-J. Univ.MuensterFed. Rep. Germany

APPLIED MICROBIOLOGY AND BIOTECHNOLOGY (BERLIN), Volume: 35, Issue:5,
Page(s): 662-668

ABSTRACT: Alcaligenes sp. A 7-2 immobilized on granular clay was applied in a percolator to degrade
4-chiorophenol in sandy soil. Good adsorption rates were achieved using high cell concentrations and
media at pH 8.0. The influence of various parameters, such as aeration rate, pH,
icmperature,concentration of 4-chlorophenol and inoculum size, on the biodegradation rate was
investigated. All degradation kinetics for 4-chlorophenol could be divided into a lag phase and a
degradation phase. During fed-batch fermentations under optimal culture conditions, concentrations
up to 160 mg x l{exp -1) 4-chlorophenol could be degraded. Semi-continuous cuftivations dembnstrated
that the degradation potential in soil was enhanced by the addition of immobilized bacteria. Continuous
fermentations were performed with varying 4-chlorophenol concentrations in the feed.
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A 7-2 in soil

AUTHOR: Baffanz, J.; Rehm, H.J.

CORPORATE SOURCE: Universitaet MuensterFed. Rep. Germany

PUBLISHER: VCH, Weinheim; Deerfield BeachVolume: 4, , Page(s): 623-626
JOURNAL: DECHEMA Biotechnology Conferences

IABSTRACT: The biodegradation of this chlorinated compound (sandy oil) in a percolator by clay
immobilized Alcaligenes is reported. To this end the effects of aeration rate, pH, temperature, inoculum
size, and substrate concentration are studied. Fed-batch and continuous cultures are investigated.
The resuls show a maximum degradation rate of 1.64 gld.

Treating of bleaching effluents in aerobicanaerobic fluidized biofilm systems

AUTHOR: Fahmy, M_; Heinzle, E.; Kut, O.M.

CORPORATE SOURCE: Eidgenoessische Technische HochschuleZuerichSwitzerland

PUBLISHER: VCH, Weinheim; Deerfield BeachVolume: 4, , Page(s): 547-550
JOURNAL: DECHEMA Biotechnology Conferences

ABSTRACT: The possible biodegradation of the waste waters coming from chicrination and
extraction stages of the bleaching process of cellulose is examined with special attraction to the
degradation of chlorophenolic compounds. Adapted biofilms in fluidized sand bed reactors are used.
The results show an overall CODAOX removal between 20 and 30% in the effluents of an aerobic
fluidized bed, of anaerobic-aerobic reactors in series, and of an anaerobic-aerobic recycle reactor.

Use of coimmobilized biological systems to degrade toxic organic compounds

AUTHOR: Jian-Er Lin; Wang, H.Y; Hickey, R.F.

CORPORATE SOURCE: The University of MichiganAnn ArborUSA Michigan Biotechnology Institute
LansingUSA

BIOTECHNOLOGY AND BIOENGINEERING, Volume: 38, Issue: 3, Page(s):273-279
ABSTRACT: The coimmobilization of cells andor enzymes together with adsorbent, in a hydrogel
matrix for biodegradation of toxic organic compounds is introduced. The proposed technique is
evaluated using the biodegradation of pentachiorophenol (PCP) by a system of activated carbon and
Phanerochaete chrysosporium. Results are compared with those from nonimmobilized systems.
Architecture of the carbon-fungus capsules, PCP adsorption and removal, effects of retaining sofid
cosubstrates in capsules, effects of isolating degrading agents from interrupting microflora by the capsule
membrane, and model studies on simulated contaminated soil extract and sand are described. it can
be shown that the novel coimmobilized systems are supericr to nonimmobilized ones.

Bench-scale evaluation of alternative biological treatment processes for the
remediation of pentachicrophezul- and creosote-conatminated materials: slurry-phase
bioremediation

AUTHOR: Mueller, J.G.; Laiz, S.E.; Blattmann, B.O.; Chapman, P_J.

CORPORATE SOURCE: Southem Bio Productsinc., Technical Resources, Inc., U.S. EPA Res. Lab.,
Guif BreezeUSA

ENVIRONMENTAL SCIENCE & TECHNOLOGY,Volume:25, Issue:6,Page(s):1055-1061
ABSTRACT: Slurry-phase  bioremediation of pentachlorophenol- (PCP)- and creosote-
contaminated soils and sediments was investigated at a bench-scale level. Aqueous slurnes were
prepared from sediment and surface soil, and the extent and rate of biodegradation of PCP and 42
targeted creosote constituents were monitored. Microbial activity of contaminated surface soils was
rather slow and generally confined to the more readily biodegradable lower molecular weight
compounds. By contrast, slurry-phase bioremediation of contaminated sediments adjusted to pH 7.1
resulted in rapid and extensive biodegradation. Abiotic losses of monitored constituents were
significant, particularly of the higher molecular weight compounds. When compared to conventional solid-
phase bioremediation, slurry treatment offered significant advantages in terms of time and efficiency.




Bench-scale evziuation of alternative biclogical treatment processes for the
remsdiation of pentachiorophenol- and creosote-r.onatminated materials: solid-phase
bioremediation

AUTHOR: Mueller, J.G.; Lantz, S.E; Blattmann, B.O.; Chapman, P_J.

CORPORATE SOURCE: Southem Bio Productsinc., Technical Resources, Inc., U.S. EPA Res. Lab_,
Gulf BreezeUSA

ENVIRONMENTAL SCIENCE & TECHNOLOGY,Volume:25,Issue:6, Page(s):1045-1055
ABSTRACT. The biodegradation of pentachlorophenol (PCP)- and creosote from contaminated soils
and sediments by indigenous microorganisms was investigated. The effects of nutrient amendment
on the rate and extent of biodegradation of PCP and 42 targ=ted creosote constituents were monitored .
In general, sofid-phase bioremediation resuited in slow losses of targeted pollutants. Lower molecular
creosote constituents were more readily biodegradable than higher molecular weight contaminants,
and the more recalcitrant poliutants such as PCP tended to persist. Abiotic losses were greater with
sediment than with surface soil. During soil bioremediation, the number of phenathrene degraders
was significantly greater in nstrient-amended soils than in unamended soils. The performance data
suggested, that solid-phase bioremediation strategies are of kmited usefulness for full-scale site
bioremediation.

EPA site demonstration of BioTrol aqueous treatment system

AUTHOR: Stinson, M.K_; Skrovronek, H.S_; Chresand, T.J.

CORPORATE SOURCE: U.S. Environmental Protection AgencyEdison, USAUSA Science Applications
Int. Corp. Science Applications int. Corp., ParamusUSA

JOURNAL OF THE AIR POLLUTION CONTROL ASSOCIATION, Volume: 41, Issue: 2,
Page(s): 228-233

ABSTRACT: The mobile BioTrol fixed-film biological aqueous treatment system was evaluated for its
effectiveness in removing pentachlorophenol (PCP) from groundwater. The system employs indigenous
microorganisms amended with a PCP-degrading Flavobactenum species. Groundwater provided from a
well at a wood preserving site was fed to the system with minor pretreatment. At a fiowrate of 5 gpm the
system was capable of achieving about 96% removal of PCP. At lower flow rates (1 and 3 gpm)
removals were even higher. Biodegradation appeared to be the predominant mechanism for PCP
removal. A completeiy nontoxic effluent was obtained. The results were consistent with complete
mineralization of PCP. The process is assumed to be also effective on other hydrocarbons and appears
to be a cost-effective treatment for contaminated wastewaters requiring minimal operation attention
once acclimated.

Effect of glutamate on the degradation of pentachloropheno! by Flavobacterium sp.
AUTHOR: Gonzalez, J.F_; Hu, W.-S.

CORPORATE SOURCE: Univ.MinneapolisUSA

APPLIED MICROBIOLOGY AND BIOTECHNOLOGY (BERLIN), Volume: 35, Issue:1,
Page(s): 100-104

ABSTRACT: The effects of pentachiorophenol (PCP) concentration and the presence of
giutamate on viability and PCP-degrading activity of a Flavobacterium sp. were investigated by
inoculating induced cells into cultures containing either PCP alone or PCP and giutamate as carbon
sources. Supplying PCP alone. the degradation activity increased with PCP concentration. However, a
lag phase was observed,which was more pronounced at higher PCP concentrations. This lag in PCP
degradation was reduced in the presence of glutamate, and depletion of giutamate caused a lag in PCP
degradation. The PCP degradation rate increased with increasing glutamate concentration. The lag in
PCP degradation was suggested to be a result of viabilty loss in the presence of PCP and in the
absence of glutamate.
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Biodegradation of pentachlorophenol in soil: the response to physical, chemical, and
biological treatments.

AUTHOR: Seech, A. G.; Trevors, J. T.; Bulman, T. L.

CORPORATE SOURCE: Dearbom Environ. Consulting Group Ltd Mississauga, ON L5A 3T5Canada
Canadian Journal of Microbiology, Volume: 37, Issue: 6, Page(s): 440-444
ABSTRACT: The effects of physical, chemical, and biological treatments on biodegradation of
pentachiorophenol (PCP) were studied in a silt-loam soil contaminated with 175 mg PCPkg and
uniformly 14C-labelled PCP. Biodegradation of 14C-labelled PCP and technical-grade PCP were
monitored over 210 days incubation. Mineralization of labelled PCP was significantly (p = 0.05)
influenced by soil treatments. Negligble biodegradation occurred in either the sterile control sod or
the uninoculated controi soil, with less than 1% of added 14C recovered as 14CO2. Inoculation of
unamended soil with a strain of Flavobacterium (ATCC 39723) known to degrade PCP increased
biodegradation of PCP; approximately 60% of the {14C]PCP was recovered as 14CO2. increased soil
water content enhanced biodegradation, while increased chloride ion concentration and anoxic
conditions were inhibitory. Residual soil PCP concentrations were also influenced by various
treatments. In the sterile control soil and noninoculated control, after 210 days incubation,
concentrations of PCP were 143 and 123 mgkg, respectively, while the PCP concentration in the
inoculated soil was 21 mgkg. When soil organic matter was increased by adding finely ground red
clover leaf and stem material, the residual PCP concentration was reduced to 6 mgkg after 210 days.
Increased soil water content resulted in a residual PCP concentration of 5 mgkg. Biodegradation of PCP
in soil was significantly influenced by various soil amendments.

Potential for thermophilic (50.degree.C) anaerobic dechlorination of
pentachlorophenol in difierent ecosystems.

Larsen, S.; Hendriksen, H. V.; Ahring, B. K., Tech. Univ.Dep. Biotechnol.DK-2800 LyngbyDenmark
Applied and Environmental Microbiology, Volume: 57, Issue: 7, Page(s): 2085-2090
ABSTRACT: Thermophilic (50.degree.C) anaerobic biodegradation of pentachlorophenol (PCP)
was investigated by using different inocula from natura! ecosystems and anaerobic digesters. Inocula
tested were three freshwater sediments. four anaerobic sewage sludge sampies from digesters treating
sludge from wastewater plants with various industial inputs, and digestec manure from an anaerobic
reactor. Only one digested-sludge sample and the manure sampile were from thermophilic
environments. Initial PCP concentration was 7.5. or 37.5 .mu.M. After 8 months, PCP had disappeared
from the sediment samples and various, less chiorinated intermediates were present. Additions of extra
PCP were degraded within 4 weeks, and a maximal observed dechlorination rate of 1.61 .mu.molLday in
the vials with addition of 7.5 .mu.M PCP and 7.50 .mu.mollLday in the vials with addition of 37.5 .mu.M
PCP were measured for a freshwater sediment. In contrast, only 2.8 to 17.5% of the initial PCP added
had disappeared from the siudge samples after 8 months of incubation. The complex pattem of
itermediates formed indicated that the dechlonnation of PCP processed via different pathways, involved
at least two different populations in the dechlorination processes.

Biodegradation of trace concentrations of substituted phenols ingranular activated
carbon columns

AUTHOR: Spettel, G.E.jr.; Lu, C.-J.; Turakhia, M.; Zhu, X.-J. Univ. of HoustonUSA

ENVIRONMENTAL SCIENCE & TECHNOLOGY, Volume: 23, Issue: 1, Page(s):68-74
AEFSTRACT. P-nitrophenol and 2.4-dichlorophenol are readily biodegradable in GAC columns, even
at trace concentrations. Pentachliorophenol also is biodegradable but at a slower rate. Significant
biodegradation of sorbed substrate occured only with p-nitrophenol. A substantial fractior, of the 2.4-
dichlorophenol appears to be imeversibly sorbed and biodegradation of the sorbed chemical is limited by
slow desorption kinetics. Biodegradation of sorbed pentachlorophenol is limited by its slow microbial
degradation rate.
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Degradation ot 2.4.6-trichlorophenol by Azotobacter =pecies strain CP1.

Li, Deng-Yu; Eberspaecher, J.: Wagner. B.; Kuntzer, J.; Lingens, F. Univ. Hohenheiminst. Mikrobiol.D-
7000 Stuttgart 70Germany

JOURNAL: Applied and Environmental Microbiology,Volume:57,Issue:7,pp 1920-1928
ABSTRACT: A bacterium which utilizes 2.4,6-trichlorophenol (TCP) as a sole source of caibon and
energy was isolated from soill. The bacterium, designated strain CP1, was identified as an Azotobacter
species. TCP was the only chiorinated phenol which supported the growth of the bacterium. Resting
cells transformed monochlorophenols, 2,6-dichlorophenol, and 2,3,6-trichlorophenol. Phenol and a
number of phenolic compounds, including 4-methylphenol, all of the monohydroxybenzoates, and
several dihydroxybenzoates, were very good carbon sources fot Azotobacter species strain GP1. The
organism utilized up to 800 mg of TCP per L; the lag phase and time for degradation, !: >wever, were
severly prolonged at TCP concentrations above 500 mglL. Repeated additions of 200 mg of TCP per L
led to accelerated degradation, with an optimum value of 100 mg of TCP per L per hour. TCP
degradation was signfficantly faster in shaken than ir. nonshaken cultures. Optimum temperature for
degradation was 25-30.degree.C. Induction studies, including treatme: 4 of cells with chiorampheniccl
prior to TCP or phenol addition, revealed that TCP induced TCP degradation but noi phenol degradation
and that phenol induced only its own utilization. Pez mal of TCP, 3 mol of cl- was released. 2,6-Dichloro-
p-benzoquinone was detected in the resting-cell medium of Azotobacter species strain GP1. By
chemical mutagenesis, mutants blocked in either TCP degradation or phenol degradation were
obtained. No mutant defective in the degradation of both phenols was found, indicating separate
pathways for the dissimilation of the compounds. In some of the phenol-deficient mutants pyrocatechol
accumulated, and in sore of TCP-deficient mutants, 2 6-dichlorohydroquinone accumulated.

Biodegradation of 4-ch’orophenol by adsorptive immobilized Alcaligenes A7-2 in soil.
AUTHOR: Balfanz, J.; Rehm, H.-J.Univ. Muensterinst. Mikrobicl. W-4400 MuensterGermany

Applied Microbiology and Biotechnology, Vclume: 35, Issue: 5, Page(s): 662-668
ABSTRACT: Alcaligenes species A7-2 immobilized on granular clay was applied in a »ercolator to
degrade 4-chlorophenol in sandy soil. Good adsorption rates on granular clay were achieved using cell
suspensions with high titres and media at pH 8.0. The influence of various parameters such as aeration
rate, pH, femperature, concentration of 4-chlorophenol and size of inoculum on the degradatic.: rate
were investigated. During fed-batch fermentations under optimal culture conditions, concentrations of
4-chlorophenol up to 160 mgl could be degraded. The degradation potential in soil ~ould be well
established and enhanced by the addtion of immobilized bacteria. Continuous fermentation was
performed with varying 4-chlorophenol concentrations in the feed and different input levels. The
maximum degradation rate was 1.64 gl.day.

Characterization of chloropheno! and chloromethoxybenzene biodegradation during
anaerobic treatment

AUTHOR: Woods, S.L.; Ferguson, J.F.; Benjamin, M.M.

CORPORATE SOURCE: Oregon State Univ. CorvallisUSA Univ. of Washington SeattleUSA
ENVIRONMENTAL SCIENCE & TECHNOLOGY, Volume: 23, Issue: 1, Page(s): 62-68
ABSTRACT: The remova! of chlorinated phenols and chlorinated methoxybenzenes during continous
anaerobic treatment of a complex, concentrated wastewater is investigated. The chiorinated compounds
are converted fo lesser chlorinated compounds by biologically mediated dechlorination reactions.
Mineralization is not observed and no evidence is found for dechlorination of monochlorophenols.
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Treatment technologies for hazardous wastes: part | A review of treatment alternatives
for dioxin wastes

AUTHOR: Freeman, H.M.; Olexsey, RA. U.S. Environmental Protection AgencyCincinnatiUSA
JOURNAL OF THE AIR POLLUTION CONTROL ASSOC, Volume:36,Issue:1, pp: 67-75
ABSTRACT: Several treatment processes for dioxin wastes that have been proposed to be used
instead of land disposal for disposing of solid and liquid wastes containing dioxins are discussed. Dioxin
wastes cover wastes from the production of certain chlorophenols and chlorophenoxy pesticides,
manufacturing use of tetra-, penta- and hexachlorobenzene under 2lkaline conditions, as well as
discarded unused formulations containing tri-, tetra- and pentachlorophenols and their derivatives.
There are several thermal and nonthermal altemnative treatment technologies for dioxin wastes.
Processes which have been used to treat dioxin wastes, including a mobile rotary kiin incinerator, the
advanced Electric Reactor, the Shirco infrared system, liquid injection incinerators and dioxin photolysis,
are described. Processes which have potential to treat dioxin wastes include rotary kiln incinerators,
circulating bed combustion, chemical dechlorination, the use of supercritical fluids and biodegradation
by the white rot fungus. While many of these processes described may now appear to be expensive or
exotic, as EPA moves to implement landfill restrictions these processes may assume more
practically. Most certainly, the adaption of the advanced technologies descrnbed will improve the quality
of the environment.

Biodegradation of creosote and pentachlorophenol in contaminated groundwater:
chemical and biological assessment.

AUTHOR: Mueller, J. G.; Middaugh, D. P_; Lantz, S. E.; Chapmar, P. J.

CORPORATE SOURCE: Southemn Bio Products Inc.Gulf Breeze, FL 32561-3999USA

Applied and Environmental Microbiology, Volume: 57, Issue: 5, Page(s): 1277-1285
ABSTRACT:Shake flask studies examined the rate and extent of biodegradation of pentachlorophenol
(PCP) and 42 components of coal-tar creosote present in contaminated groundwater. The ability of
indigenous soil microorganisms to remove these contaminants from aqueous solutions was determined
by gas chromatographic analysis of organic extracts of biotreated groundwater. Changes in potential
environmental and human health hazards associated with the biodegradation of this material were
determined at intervals by Microtox assays and fish toxicity and teratogenicity tests. After 14 days of
incubation at 30 degC, indigenous microorganisms effectively removed 100, 99, 94, 88, and 87% of
measured phenolic and lower-molecular-weight polycyclic aromatic hydrocarbons (PAHs) and §&-
heterocyclic, N-heterocyclic,and O-heterocyclic constituents of creosote, respectively. However, only
53% of the higher-molecular-weight PAHs were degraded; PCP was not removed. Despite the removal
of a majority of the organic contaminants through biotreatment, only a slight decrease in the toxicity and
teratogenicity of biotreated groundwater was observed. Data suggest that toxicity and teratogenicity are
associated with compounds difficult to treat biologically and that one may not necessarily rely on
indigenous microorganisms to effectively remove these compounds in a reasonable time span; to this
end, alternative or supplemental approaches may be necessary. Similar measures of the toxicity and
teratogenicity of treated material may offer a simple, yet important, guide to bioremediation effectiveness.

Sequential degradation of chlorophenols by photolytic and microbial treatment
AUTHOR: Miller, R.M.; Singer, G.M.; Rosen, J.D.; Bartha, R.

CORPORATE SOURCE: Rutgers Univ.New BrunswickUSA

Environmental Science and Technology, Volume: 22, Issue: 10 , Page(s): 1215-1219
ABSTRACT: Disruption of carbon-halogen bonds by photolysis followed by traditional effluent
treatment may possibly offer an alternative to activated charcoal treatment. 2, 4-Dichlorophenol and
2.4,5-trichlorcphenol are photolyzed (300nm) with and without added H202. Biodegradation of intact
and photolyzed compounds to CO2 and to polar respective bound metabolites is compared.




Degradability of polychlorinated phenols by bacterial populations in soil.

AUTHOR: Kiyohara, H.; Takizawa, N.; Uchiyama, T_; lkarugi, H.; Nagao, K.

CORPORATE SOURCE: Okayama Univ. Sci.Biotechnol. Lab.1-1 Ridai-cho, Okayama 700 Japan

J. Fermn. Bioeng., Volume: 67, Issue: 05, Page(s): 339-344

ABSTRACT: The biodegradabilities of polychlorinated phenols including 5 isomers of
trichlorophenols, 3 isomers of tetrachlorophenols and pentachlorophenol, were tested with 170
samples of soil collected from various environments. After the samples were inoculated into a
succinate-comtaining mineral medium and incubated, the cultures were acclimatized to phenol
concentrations from 10 to 100 ppm. Twenty six samples (15%) were observed to degrade 2.4.6-
trichlorophenol and a mixed sample of soil degraded 2,3,4, 6-tetrachlorophenol, but no degradation was
seen with other chiorophenols. All of the mixed cultures acclimatized to and degrading 2.4.8-
trichlorophenol aiso degraded phenol. For the degradation of 24, 6-trichlorophenol nitrate, the
nitrate-ion was preferred to the ammonium +on as a nitrogen source. At concentrations below 500
ppm, 2,4,6-trichlorophenol was degraded completeiy within 8 days and the chloride on was detected
in the culture broth at an amount corresponding to that of the chlorinated phenol, akhough cell growth
was inhibited at a 2,4, 6-trichiorophenol concentration of 1,000 ppm. No possile intermediate
products were detected in the cultures.

Biodegradation of pentachlorophenol
AUTHOR: Crawford, R. L.
CORPORATE SOURCE: Minnesota, University ofUSA
PATENT NUMBER: US 4713340
PUBLICATION DATE: 15 Dec 1987 (871215) LANGUAGE: English
PRIORITY PATENT APPLICATION(S) & DATE(S): US 620231 (840613)
ABSTRACT: A method of detoxifying perttachlorophenol is provided. The method comprises culturing
a strain of bactenia in an aqueous medium containing dissolved pentachlorophenol. The bacterial strain
is of the genus Flavobacterium and is capable of sustained growth in medium concentrations of
pentachlorophenol between 250 mg/l and 400 mgA as its sole source of carbon and energy.

Biodegradation of toxic chemicals using commercial preparations

AUTHOR: Lewandowski, G.; Salemno, S.; u.a.

Environmental Progress, Volume: 5 Issue: 3, Page(s): 212-217

ABSTRACT: Three commercial microbial preparations were tested for their abilty to degrade
phenol, 2-chlorophenol, and 2, 4-dichlorophenoxyacetic acid (2,4-D), in an aerated biological batch
reactor at room temperature (about 26 Cel). A municipal mixed liquor was used as the control. The
municipal population performed better than any of the commercial preparations alone. However,
there was an improvement in performance (for the phenolic compounds only) when e commercial
preparation cultures were added to the municipal mixed liquor in a 1:20 ratio based on MLSS.
Nevertheless, such a high rate of addition would be economically prohibitive. Aqueous
concentrations of the individual substrates were determined by direct injection into a gas
chromatograph. Changes in the microbial populations were observed using standard plating techniques
and light microscopy.

Biodegradation of 4-chiorophenol by entrapped Alcaligenes sp. A 7-2.

AUTHOR: Westmeier, F.; Rehm, H. J. Univ. Muensterinst. Mikrobiol. D-4400 MuensterW. Germany

Appl. Microbiol. Biotechnol., Volume: 22, Issue: 5, Page(s):301-305

ABSTRACT: The degradation of 4-chlorophenol by free and by Ca-alginate-immobilized cells
of Alcaligenes sp. A 7-2 has been studied. Increasing concentrations of 4-chliorophenol (0.4-0.55mM)
were better tolerated and more quickly degraded by the immobilized organisms than by free cells. The
capabilty for haloarene-degradation is inducible. In semicontinuous fermentation at pH 7 a minimal
degradation time of 5 hours for degrading 0.2mM 4-chlorophenol was reached. Ferrhentation
temperature was important for inducing the degradation capability, but less important for the degradation
rate by induced organisms,
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ABSTRACT

Biodegradation of pentachlorophenol by the while rot fungus Phanerochaete
chrysosparium wis mvestigated in three bench scale biorcactors: mechanically mixed suspended
bioreactor, uplow fixed-film biorcactor, and fuidized bed bioreactor. PCP dissppearance was
enhanced by increased ligninase activity in a mechanically mixed suspended bioreactor after
initial adsorption onto the mycelium. Live fungal cultures were able 1o degrade PCP in the
sorbcd phase. PCP degradation data in the wpflow fixed-film biorcactor was rapid and
adequately explained with 8 quasi-fisst order steady state model with a rate constant of 0.071
L/g biomass-he.In the fluidized bed bioreactor, effluent PCP concentration vasied slightly et
hydraulic residence times of 5 to 90 minutes. The sicady state PCP degradation first order rate
constant was 0.1 L/g biomass-hs.  Effluent PCP concaurstion was relsted w0 its influent
concentration at 8 5 minute hydraulic retention time. The PCP removal efficiency was 37 to
7r/.udmpmvedbywmmghydnuhcmmumemddeaemngmﬂwum
concentration. The fluidized bed bioreactor using F. chrysasporium shows coasiderable promisc
for the degradation of PCP. Depuhhonmcﬂ'eaxvemdacondmmofﬁonbydrmlu
residence time and the process was stable in the face of large variations in influent cooditions.

INTRODUCTION

Peatachlorophenol (PCP) is the most heavily used wood prescrvative, fungicide, and
insecticide in the United States {1]. The most significant sousce of PCP containing wastewaters
and ground water is the wood preserving industry. Extensive use of PCP has led (o0 the
rantamination of amuatic ecosvstems world-wide. It is also possible that large numbers of



138

The literature contains few repnsts concerning the acrobic biodegradeuon of PCP, and
mast deal with its faic in s0il {3,4.5) Even though numcrous authors have fosnd that PCP
undergoes biodegradation it is often sk [1,2,6).

Much tesearch has tricd to direutly cffect biodegradation of toxic compounds in th
cnvironment. The white rot fungus Pharerochaete chuysusporium has been shown 10 degrade
a wide varicty of environmentslly persistent organopollutants, including PCEs, PCP, DDT, and
PAHs [1.89,1C,11}. Scveral rescarchers reported that the purificd ligninase or the crude
extracellular enzymes produced by the white-rot fungus Phanerochacte chrysasponiim cotvert
PCP into an axidation product, 2,3.5,6-tetrachioro-2,5-cyclohexadiene-1,4-dione (TCHD)[11,12).
This result provides evidence that the extracellular Ligninascs are able 10 catalyze the inétial
oxidation of the PCP degradation process.

Current interest in using the white-rot fungus P. cluysusporium in waste and ground water
reatment systems is based oa the fact that this microorganism is able to degrade compounds
that are ofien refractory 10 biodegradation in other biological wastewater treatment sysicms
such as the activated sludg: system.  Ahhough Lin et al [12] have studicd kinetics of
pentachiorophenol degradation by ligninase, they used crude enzyme at extremely high ligninase
activitics, which are never produced ia a natural Phanerochaete cluysosporium culiure. However,
they found that PCP was degraded by both extracellular enzymes and cell mass. It was not
clear that PCP degraded in a suspeaded bioreactor system with a natural Phanerochaese
chrysasporium culture.

Although there is much infurmation in the litcrature cuncerning the growth patterns and
biochemistry of P. cluysasporium, there is very littie information concerning xcnobiotic
degradation suitable for sn engincered reactor design. Among the important external factors
affecting the ligninasc activity of the microorganism are temperature, pH, dissolved oxygen
cuncentration and fixed nitrogen concentration [13,14,15]. The optimum temperature for
growth of the fungus has been cstablished as 39°C, and the optimum pH as 4.04.5. Under
these conditions, the ligninase activity rapidly peaks aftcr 5 days but drops rapidly afier reaching
maumum activity. Ligninase activily sormally is present for 2 total of 7 to 8 days. A imporiant
vhaticnge 13 10 apply the lignin degrading system under conditions considered non-uptimal for
the gtowth of P. churysosporium and Ligninase production, induding Jow tcmperature, and
dynamic influent concentrations and low growth substrate concentration as would likely be
found in a full scale application.

For development of & bioremediation process for the treatment of hazardous wastes,
PCP, a priority organopollutant, was chosen as a model compound for this study since it has
been reported 10 be minesalized by P. chiysasporium under ligninolytic conditions [11,12). The
objectives of this study were 10 investigate, using laboratory experiments, behavior of
degradation of PCP, removal rate of PCP, and ultimately 10 develop a fluidized bed bioreactos
12 degrade this environmentally persistent chemical.

MATERIALS AND METHODS
Experi L Desi

These experiments were carried out 1o investigate degradation of PCP by P.
cluysasporium in bench scale bioreactors at room temperatuse (25 £ 2°C). The bench scale
biorcactors used here are 1) mechanically mixed suspended growth bioreactor (MMSGB), 2)
wpllow fixed-film bioreacior (UFB) with nylon web media, and 3) fluidized bed bioreactos
(FBBR) with sitica sand. In this study, the nylon web and silica sand were used as support
media foc immobilizing the fungus. The silica sand support medium in FBBR was chosen due
to the very low adsosption capacity for PCP [161. These bioreactors were used in this study
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from the equeous phase and in £. chrysosporkon mycclia using the MMSGB. Since the most
of reports on degradation by P. cuysosporium are based on determination of ! release i
batch stationary system, it is difficult to distinguich the precise functions of mass and
cxtraceBular enzymes in the biodegradation process {7.8.9). Sccondly, kinctic parameters for
PCP degradation were determined using the UFB ia continuous mode at steady state since the
UFB climinaied adsorption of PCP into the mycelium and noaporous mylon web support.-
medium at steady state.  Fimally, fluidized bed bioreactors have beea successfully used for 20
years for treatment conventional and industrial wasiewaters using mixed cultures of bacteria.
Duc #t its large surfsce area for growth and immobilization of contaminants and, possibly,
extracellular enzymes (soch as ligninase), the fluidized bed was chosen for this rescarch.

M . 3 Culture Conditi

P. chrysasposium (BKM-F-1767) was obtained from the Biotechnology Center at Utak
State University, and was originally obtained from US. Depariment of Agriculture, Forest
Products Laboratosy, Madison, Wisconsin. The fungus was maintaincd on 2% mah agas slants
at 25 £ 2°C and was subcultured every 40 to 60 days.

Mycelium pellets of P. chrysasporiurs were grown on a shaker in a nitrogen-imited
culture medium similar to ...t used by Tien and Kirk [15]) except that 3 10 mM Na-acetate
buffer, pti 4.5, was used instead of a 2,2-dimethylsuccinate (DMS) buffer. The composition of
the nitrogen-limited culture medivm is shown in Table I.

Cultures were prepared foc growth by adding a sporc suspension of P. chrysasporium 0
250 mL of culture medium 3o that the optical density (ODyq, o) Was spprodimatcly 05 in a
1 mL disposable cuvette with s 1 cm path length. This suspemion was thena mixed with the 2.25

Table 1. The compusition of aitrogen-limited culiure medivm and continuous reacior
fced in 10 mM Na-acetate buffer (pll=4.5)
Composition (/1)
Chemical Fungal growth UFB and FBBR
and MMSGB
KH,PO, 20 20
MgSOH,0 as as
CaQ,+2H,0 0.1 0.1
Thiamine 0.001 0.001
Tween 80 0.05* 0.0
Ventryl alcohol 0.252 0252
Glucose 100 10
Ammonium taninate 0.221 0.0221

SMMSGB experiment only used
MMSGB: Mcchanically mixed suspended growth bloreactor
UFB: Upflow fixed-film bioreactor
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L ot culture medium. Onc hutidred 1.y s ot the dijutal spose suspension was inoculated in

3 500 ml. Erlenmeyer Rask, and grown for 8 days at 25°C on a shaker tabic st 160 rpm. The

cultures were harvested afi. 8 days agitation. The flasks were closed with cotion plugs to allow

sufbicient air ransfer while preventing contamination [16]). 'n\cmfacnm'!‘-mmmd; .
used ia the MMSGB whilc & was oot added in

the other sysicas (UFB and FBBR). Since

Tween 80 is belicved to provide protection for Vastable apasd mater

holds the cnzyme i the aqueous phase [16] It

was found that withowt Tween 80, Egninase Owypen

acuvity could ot be detected and it was assumed
that the enzyme sorbs onto the fungal hyphae.

Mechagically Mized S sed _Growh

R ]
The MMSGB was fabricated from a 3 L

wial volume of glass boitle with & propellcs

impelier at 20C rpm Sor mixing as shown in

Figure 1. The impeller diameter was S cm and

mounted 5 cm above the boltom in the total mo .

liter working volume bioreactor. Figure 1. Mechanically  mixed
An  acration system was  installed suspended _ growtk  biorcactor

comprising 65 cm of 0.64 cm ID siicon twbing ~ (MMSGB) diagram.

(Colc-Parmer Co, Niles, IL), which is oxygen

pcrmcabic at 2 rate of 0.003 mg/minkm at 133

kPa gagc pressuce. This system consilerably seduced the turbulence level in the MMSGB

cumpared 10 sparged aceation and allowed dissubud aryges kevels averaging 32 (1 3, standard

deviation, o) mg/L {16}

Tatle 2 Experimental conditions for the degradation of PCP in the MMSGB

Ruz  Volume Silicon Dry biomass {21) Initial

(L) tubing o UniLs
1 2 No 00 00 00F
2 - Yes 00 00 00
3 2 Yes 25 031 00
4 1 No 34 0.28 00
s 2 Yes 27 054 210
6 2 Yes s 0.61 216
Standard deviation
Ligninase activity

“No fungus or fungus killed by autocisving




For the MMSGB, the harvested cultures were pliced in the reactor and continuously
grown for 3 days before spiXing with 1 ml. stock PCP (10 mg PCP/mL in cthanol) in 2 L
working volume. The behavior of PCP degradation was assessed through the disappearapce of
PCPnlhcaqanuycdnplm:s-meMMSGBa{mspikdl’CP in order 0
distinguish the precise functions of the cell mass and extraccliular enzymes i the
biodegradation process using P. chrysasporisn. The experimental conditions are preseated in
Table 2 The sesidual aqueous phase PCP concentrations were measured over time for cach
rva. Three control runs (Runs 1, 2, and 4) were investigated to determine the influence of the
silcoa tubiag or killed (sutcclaved) mycelium as shown in Table 2. After each run was
terminated, the remaining PCP in the mycelium was analyzed.

In the UFB, mycelium pelicts were scparated using their culture medium using cheese
cloth after 8 days growth on a shaker for immobilization of the fungus on the support medivm.
The mycelia were thea homogenized in a bieader for 30 seconds (10 g of wet myceiium plus
100 mL of remaining culture supernatant). The bomogenate was added 10 the bioreactors as
mmmwwﬂmmuwmt«3mmaw

mode. PCP and the culture medivm were fed continuously after the fung) were
immobilized oo the support mediom. The feed stream consisted of approximately S mg/l. PCP
with other autricats ss shown ia Table 1. The conceatrauon of PCP was measured continuously
until the run was terminated: the samples were collected at periodic intesvals.

Upflow Fixed-film Bioreactor (UFB)

A schematic of the fmxed-film
bioceactor is shown in Figure 2. Thiee glass
cylinders (27 ID x 6 length) and onc glass
cylindes (7 ID x € kengih) were scaled by
8 mechanical coupling This systemm had
oxygea supphed by ak through the porous
dilfscr foc maintaining the dissolved cxygen
above S mg/l. The fungus was immobilized
on the nyloe web medium as described
above. Two reactors were installed for this
study. Reactor 1 was operated for 37 days
st five different hydraulic reteation times
while reactor 2 was operated for 22 days at
two different bydraulic retention times. The
net reactor volumes were 720 mbl for
reactor 1, and 730 ml for reactor 2. The
pet reactor volume was that accupied by the
aqueous phase only, subtracting air volume
and nyloo-web support medium volume.,

Air was supplicd st between 150 to
200 ml/min through & 02 gm air filter to
prevent contaminstion.  The reactors were
operated in baich mode for 3 days to
establish the fungus on the nylon web prioc Figure 2 Upflow fixed-film bioreactor
to the onset of continuous feed st various (UFB) diagram.
bydnaulic residence times.




Bluidized Bed Bi (FBBR)

The FBBR was fabricated from a 201 cm inicrnal diameter glass tube with 2 333 mlL
recycle. The reactor configurations for cach mode are shown in Figure 3.

In the flnidized bed experiments for PCP degradation, silica sand was used as a support
medium, since & provides s favorable eavironment for growth of microorganisms (17} Io
addition, the capacity of the sand 10 adsorb PCP was negligible, climinating adsuiption as a
competing process [16} Culture immobilization and feed composition were as described above
for the UFB.

Duting the experiments, the excess mycelium was frequently manually removed by
stirring with 8 stirring rod, resulting in few clogging peoblems and maintenance of a subl=
cxpanded bed depth. The sloughed mycelium floated to the water surface and washed out into
the sand scparator. This mycclium was removed manually.

Pentachlorophenol Assay

Reagent grade PCP was chisined from Sigma Chemical Co. (St Louvis, MO). The
amounts of PCP remaining in squcous and biomass phascs were assayed by HPLC[31]. At the
time of sampling, | M of sodium azide was added 1o the 10 mL cubture sample to inhibit
enzyme activity (11} Extraction of the aqueous samplk was performed two consecutive times,
cach time using fresh 50 ml aliquots of HPLC grade methylene chloride. The extracts were

Fluidized bed reactor

lnnmt sample

@,?L,TD

Pood tank Peed tank
(Pollutant) (Culture medium)

Figure 3.  Fluidized Bed Biorescior (FBBR) Contsining Silica Sand as Support
Medium with Recycle




EEE a columa of anhydrous sodium sulfatc, and concentrated to 210 3 ml
2 Kuderna-Danish (KD) concentraior. The sampic was thea placed into 2 12 ml. amber
g!&-.«aﬂ.iﬂ? %glﬂ%&g&g%

Fgw.igalﬁngagég&eiﬁ

chioride, which were ._.BE fi%ggﬁn%
sample was prepared s described above.

Ozxidation of venatryl alcohol to gglgoggnﬂnﬂ
ligninase activity [1 w!ﬂgaﬂa%.ﬂ# ngﬂﬂéé
0.5 ml. aqueous sample contained 0. !!%Egnl.-uus H,0,, and
15 mM verauyl akohol in the sotal § mL volume. The reaction is initiated by sdditon of
hydrogen peraxide. One unit of ligninase activity oxidizes 1 gM of verainyl aicohol per niinute
st 25°C. The change sbsorbance is recorded with UV 160U spectropbotometer (UV 160U,
s<§§§§§§?§v

Ligninase activity was only measured in the MMSGB, since Tween 80 was contained in

the culture medium.  Kang {16] found that without Tween 80, ligninase activity coukd not
detected.

Ouali 4 Quality Control (QAXOC)

The majority of analytical data collected during the studies were used to estimate the
equilibrium for the process and 10 charactesize the aflinity of P. cdvysasporium for PCP. The
ggeﬁagggﬁgiggﬁr In general,
analytical measurements must have had adequate precision fo produce & pooled coeflicient of
variation less than 10% in replicaic determinations. Accuracy criteria required that PCP
secovery from the sampic matrix should ot vasy more that 10% from the true value. Wica
agvociﬂ:naa oa.vn-aﬁﬁan.lno-i R_.E 4, extraction efficicacy was not

Using the extraction method described above (PCP assay), the extraction efficiency of
PCP in two 58 15-:.8’8&:!82»8!52-&8: ¢ medium at pH « 4.5, were 95.4
2 7.0and 915 £ 4.9%, respectively. Using @ probability Jevel of 0.05, percent recoverics of the  ~
8&5-8::!528?:8-&2:5«8&.533;8.83%:&% erent
than 100%. The overall sverage extraction recovery and pooled standard deviation were 96.7%,
and $.6%, respectively. Based on these results, extraction efficiency was not used (o correct
PCP concentrations determined by this extraction methad,
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The residual aqueous phase PCP cuncentrations for the suspended growth bioreacior ars
plotted versus tinac in Figure 4. The disappearance of initial and final are ploticd versus time
ia A, and B, respectively, by expanding the time aad concentration scales in Figure 4. The
culture medsum control (no-fung:s. and no sificon tubing) PCP corcentration decreased slightly
over the 60 hour period, from 4.6 mg. to 42 mg/l, likely duc 10 adsorption onto the
container walls (Figure 4a). The PCP concentration in the silicon tubing-oaly coatrol dropped
rapidly withia the Girst 10 be of the experiment to § (2 0.04 mg/l, o) (73% decrease) and ihea
mase siowly saiil 70 he. The remaining runs showed similar behavior, although the controls
(Runs 3 and 4) reached equiibsium afier 10 hours while the suns with active fungal cultures
(Runs S and 6) showed a significant, sthnugh st slow, deift downward in PCP concentration,
until hour 70 (Figure 4c).

In all treatments with fungus and/or silicon tubing PCP disappeared initially by
adsorption (Figure 4b). Ahhough in the controls without siticon tubing, the dissolved oxygen
was lower than in those with the tubing, since the fungal cullure was sutoclaved prioe to
addition, the impact of oxygen concentration is fclt 1o be negligible.

Table 3 shows that & major fraction of original PCP was degraded and not simply
accumulated in the biomass in kve fungus. In the killed (autoclaved) fungus without silicon
twbing coatrol, 85% of the initial mass of PCP was extracted from the mycelium, and for the
kifled fungus wiih silicon tubing, 78.2% of the initial mass of PCP was recovered (Sce dashed
box in Table 3). In runs with live fungus, with 210 and 216 UL of initial ligninase “ictivity, only
0.96 and 0.75% of the mitial mass of PCP was recovered from the mycelium.  Clearly, although
liatde difference is seen in the aqueous PCP disappearance behavior, properly maintain=d fungal

Tabic 3. Summary of percentage of PCP mass temaining in the MMSGB after 70 hr

Run® Rcmainia; PCP mass, %
Ligd | Totalced

1 913 NA®

? . 95 NA 4

3 ' 92 782 ‘

4 ' 120 B4

5 ' 49 096 |

6 H 39 05 &

*Run number for each experimental condition
1: Na-sceuate buffer only
2: Silicon tubing in buffer solution only
3: Killed fungus with silicon tubing
4: Killed fungus without silicon tubing
3: Initia) ligninase activity = 209 UL
6: Initial ligninas~ sctivity = 216 U/L
*Not available
“Non detected
%Dashed box: system operated with fungus
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Figure 4.  PCP disappearance st different experiment conditions in the MMSGB. ST
= silicon tubing, KF = killed fungus, LiP = initial ligninase activity.

cultures are clearly abie to degrade the PCP in the sorbed phase. This result shows that
biodegradation of PCP in s MMSGB ks possible since » difference between the PCP remaining
in 8 killed fungus va. live fungus was observed and PCP degradation by P. chrysasporium has
‘beea cooclusively demonstrated in the literature [11,12]. The high degree of dissppearance of
PCP suggests that cither the ligninase enzyme was present and active in the live fungus
treatmeat in the MMSGB, or the adsorbed PCP was transported across the cell membrane and
hroken down by intracelluiar enzymes.
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Upfiow Fixed-film Bioreacior
The upllow fixed-film bioreactors were operated at an influent PCP concentration of

approximately 4.5 mg/L. staning 3 days atier the nylon web medium was inoculated.  Steady
suie with regard 1o effivent PCP concentyation was rcached after 6 days (> 100 hydraulic
fesidence times) at several different HRTs. The steady state results are summarized in Table
4 and the residual PCP is plotted vs. hydraulic reteption time in Figure S.

A kinetic model was proposed for the upflow fixed-film bioreactor (UFB) under the
following assumptions: (1) elimination of adsorption of PCP into the mycelium since PCP
should be saturated with respect to the mycelium at steady state, (2) steady state,plug flow
reactor hydraulics, and (3) quasi-first-order disappearance of the PCP model compound
assuming the biomess is ligninolytic and produccs a constant amount of ligninase activity.
Under these assumptions, the plug flow model is shown in Equation 1.

vaC . . kxc m
dz

where %E = change in concentration of pollutant in reactor length, mg/L<m, ¥V = water
z .

velocity, L/T, X = dry biomass, g/l, and C = pollutant concentration, mg/l, and k is the
quasi-irst-order PCP degradation rate constant (L/g biomass-hr),, Equation 1 is intcgrated
from C, 10 C, and 0 to Z (reactor length) yicking
C, = C, e*¥* Q)

where C, and C, are the influent and cflluent organopolivtant concentrations (mg/ll), and ¢
1s the hydraulic residence tune (hr).

The data were correlated 10 estimate an “cverall” organo-pollutant degradation raie
coctficient. Using the steady state results in Tuble 4, the value of the quasi-first order rate

4
-— Model response
o Experiment data

=

PCP concentration. mg/L
N

0 3 6 9 12 15 50
Hydraulic retention time, hour
Fieure §S. PCP concentrstion vs. hvdraulic retention time in the fixed-film bioreactor.
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Table 4. Summary of operation zonditions and results for PCP degradation in the fluidized

bed bioreactor
Run Influent fiow HRT® Influent PCP  Effiuent PCP  Removal
(mYmin) (min) (mg/L) (mg/L) efficiency
mean SD* mess SD meaa SD (%)

1 L7 002 1959 477 032 217 004 55
2 607 003 549 460 011 29 007 3
3 608 002 S48 263 008 150 000 Q
4 037 001 9000 440 008 123 O n

3S1andard deviation

®Hydraulic retention iime based on the influent flow rate

constant was estimated by fitting Eq. 2 10 the sieady state data using non-lincar least squares
tegression. The predicted PCP conceatrations are compared with the experimental results in
Figure 5. The value of the ratc constant was estimaied 1o be 0.071 (1 0.015, 95% confidence
interval (CI)) L/g biomass-hr. These results suggest that these PCP degradation data can be
explained adequatcly with a quasi-first order model  Although th~ rate constant cannot be
compared with others reparted duc to the different temperature and sysiem type used, the vajue
of 0.071 Lig biomass-hr compares well with rate constant of 0.048 L/g biomass-hr a1 39°C using
varied crude extracellular enzyme and cell mass conceatrations in an agitated cultures scposted
by Linetal [12]. It is probable that the fui.gus is highly active in the fixed-film biwseactor, and
the production of ligninase may be protected from shearing effects found in mixed systems by
the presence of the support medivm.

Fluidized Bed Bi

The FBBR was opersicd under coatinuous mode with secycle for PCP degradation. Run
1 was carried out 10 steady state while the remaining Runs 2 through 4 were conducted under
dynamic conditions by changing influent flow raic andfor influent PCP concestration.
Operating conditions and experimental data sre shown in Table 5.

Figuse 6 shows the influent flow, and the iaflucat and effluent PCP
concentrations in the fluidized bed bioresctor for 4 runs over 27 days. At an iaflucot PCP
conceatration of 4.77 (¢ 032 mg/L, standard deviation, o based to replicate samples taken at
steady state), the effluent rose rapidly from C 10 4.0 mg/L st about 1 day before stabilizing at
217 (£ .04 mg/l, o) after 12 days of operation. The specific PCP degradation rate st steady
siate (Run 1) was 0.33 (£ 0.008, 95% CT) mg/g biomass-hy. This yields « quasi-first ordes rate
constant of 0.10 (2 0.0052, 95% CI) L/g biomass-hr based on the 24.1 /.. dry biomass at the
end of the run, and influent Sow rate,

The PCP degradation ratc in the FBBR was 1.4 times highe than that in the upllow
fixed-6lm bioreacior meation above. This is due, in part, 10 the fa-. thai fluidized bed reactors
typically provide an extremely large surface ares for biological growth, which usually results in
the development of large biomass concentrations greater than those typically attainable in fixed-
bed or most other treaiment systems. A lasge surface sres would promote thinnes biofilm and
redmmnu:mlamkumlodeptdluu In this system, the particle surface asea is
estimated 10 be 7.08 m*/L reactor volume.
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Figure‘6. Infiuent flow rate, and PCP concentration vs. time in the fluidized bed
bio: ;actor at 59 ml/mis secycle flow rate: Rl = Run 1, R2 = Run 2, R3
= un 3, and R¢ = Run 4.

After 18 days of sicady state operation, dynamic behavior was initiated by varying the
influent fow rate and concentration of PCP. The effluent PCP concentration varied only
slightly (2 0.73 mg/L, o) at hydraulic residence times from about § to 90 minutes. However,
decreasing the influcat PCP concentration from 4.60 (¢ 0.1, o) mg/L. 10263 (20.08, o) mg/L
at a 5.4 minute hydraulic reteation time resulted in 8 rapid drop in efflucat PCP.
PCP removal efficiency was enhanced st increased hydraulic setentlon time or decrease
influent flow rate, These results indicate that the PCP removal efficiency showed s significant .
dependence oa influent fow rate (Runs 1, 2, and 4) and the influent PCP concentration (Rua L b
3). EMuent PCP concentration is controlled by hydraulic retention time. In all of the




Lisninase E

The ligninase enzyme of P. chrysosporium has been implicated in the degradation of a
variety of contaminants in batch cultures. A number of standurd assays exist for determining
lignin peraxidase enzyme & -tivity, the mast common of which is to monitor the production of
veratryl gldehyde, an oxidation product of veratryl alcohol, which plays an important role in the
ligninase system. In batch cultures a common component of the culiure medium is the
surfactant Tween 80 which is believed to provide protection for the enzyme sgainst mechanical
deactivation and holds the enzyme in the aqueous phase [16]. It was found that without Tween
80, enzyme activity could not be detected and it was assumed that the enzyme sorbs onto the
fungal hyphae. Tween 80 was not a component of the FBBR feed for either contaminant and
ligninase activity was not monitored in the experiments reported. However, the high degree of
disappearance of PCP suggests that the ligninsse enzym: was present and active in the fixed-
film systems (UFB and FBBR) and was very likely sorbed onto the fungal biomass.

SUMMARY AND CONCLUSIONS

For the MMSGB using silicon tubing in batch mode, increasing initial ligninase activity
increased the rate and extent of PCP disappearance. PCP disappeared initiaily by adsorption
and did not accumulate in the blomass when operated with live fungus. Although little
difference was scen in the aqueous PCP disappearance behavior duc to adsorption, live properly
maintained fungal cultures were clearly able to degrade PCP in the sorbed phase. This result
is consistent with the expectation that PCP is degraded by P. chrysosporium via the ligninolytic
system.

The quasi-tirst order kinctic model can be used for degradation of PCP in the fixed-film
continuous system. The quasi-fissi order degradation rate constant was 0.071 L/g biomass-ir
for PCP. An understanding of the kinctics of PCP degradation provides a foundation for
process analysis and design for the optimum removal of the compound in treatment sysiems.
Results indicated that cfficient semoval of PCP could be obtained at shont hydnaulic relention
i'mes.

A fluidized bed bioreactor using silica sand for suppuort of attached fungal growth was
develuped for degradation of PCP for which the specific degradation rate st sicady siate was
0.33 mg/g biomass-hr (0.1 L/g biomass-hr based on ihe quasi-first order model) based on the
influem flow rawe. The disappearance of PCP can be disectly ascsibed 1w degradation by P.
chrysasporium. Under dynsmic conditions, PCP removal efficicncy was significantly dependent
on influent flow rate and influcnt PCP concentration.

On the basis of these experiments, the fluidized bed bioreactor with recycle mode using
the white rot fungus P. chrysasporium shows considcrable promise for degradation of PCP.
Dezgradation was effective under canditions of short hydraulic retention time and the process
was stable in the face of large variations in influent conditions.
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ABSTRACT

The effects of bicaugnientation of peatachiorophenol (PCP)-contaminated soil with the fungus
Phanerochaeir chrysosporium was evalusted using s chemical mass balance approach. While there
was no otscrved PCP ;emwoval f«xlhcnamdedsoal 93% of the initial mass of PCP was removed
withia 56 days in soil ancnded with P. chrysusporium-moculated comcubs. Witlun the same
mcubation pesiod, approximatcly S8% of the initial mass of PCP was remioved from soil anseadad with
wunuculated comcots. PCP removal followed first osder kinctics with rate constants of 0.04 £ 0.017

day-t, 0.06 £ 0.015 day', and 0.018 £ 6.006 day’ for PCP contaminsted soils amended with
Inngm—momluedmle %, fungus-noculated nonsterile comcobs, aad uninoculaled nonsicrile
comcobs, respectively. Comparison of the aonsierile sysicms indicated that the presence of the ungus
incscased the first order semovs! sate consiant by more than 200% compared 10 the wuinoculaicd
sysiem. The gxtent of PCP mincralization afier 56 days of incubation was 7%, 17%., and 8% for PCP
contaminaled soi! amended with fuagus-inoculated stenike corncobs, furgus-inoculsted nonsterile
coencobs, and uninoculated nonsterilc comcobs, respeciively. The exient of buund naiduc farmation
was 13%, 19%, and 27% for PCP contaminaled s0il aincaded with fuagus-inoculated sterile
comcobs, Mmmmmmwwmuhwdmmm respectively.
Mass balance analyses indicated that soil acration may enhance removal of PCP and/or iis chemical
intcrmediates through 2 process of facilitated tanspont and/oc volatilization.

INTRODUCTION

Pentachlorapheaol (PCP) is uscd primarily as 3 wood peeservative and pesiicide [1]. As PCP
is toxic to mos! life forms, its widcspread use and release 1o the environmeat bas caused concem (o the
USS. Enviroomental Protection Ageacy (US. EPA). Direct releases by accidental spillage from the
tumbes, encrgy, textile, and agricultural industries are, by far, the most important sousces of PCP ia the
cavironment. The majority of PCP released o the enviroament is associsied with soil (2).

Several treaument approaches have brea proposed for the remediation of PCP-contaminated
soil. One of the most promising is bioremedialion using the white rot fungus Phanerochaese

SPOrism. Thufuu‘mhsbuaumvdyuudwdmdnhsbemmkdlobccﬂemvcm

I’CPmbo(hllngudullym[34 S).
be mave easiy ml:l‘;udbym 200 i o PP it ‘c«utmmm”m
may be more geaous $0il microorganisms ,
m@mMWMuwuhmwmmm P(.!P




ot P. chrysosporium in a microbially active, i ta-contaminated soil was syRcrgistic wi . . B
muncralizalion.

The goal of the presciu study was to evaluate the effect of bivaugmentation in the senwdiation
of PCP-contaminaicd soil using the white rot fungus P. chrysosperim.

MATERIALS AND METHODS

Sotl

The soil used in this study was Kidman sandy loam. The soil characteristics ase repusted in
Table 1.
Chemycaly

Pcatachlorophenol (PCP, 99% purity), 2.4.6-uribromophenol (TBP, 99% purity). and

uniformly 14C-labeled peatachlorophenol (specific activity 5.8 mCi/mmol, radiochemical purnity >
98%) were purchased from Sigma Chemical Co. (St. Louis, MO).

Eungus .
Phanerochaete chrysosporium sirain BKM-F1767 was obtaincd from the Biotcchnology

Centes, Utah State University, Logan, UT. The fungus was grown and stored on 8 2% mali extract
agar slant at 4°C before use in this study.

TABLE |
Characienstics of Kidinan Saady Loam Sail®

. Characienstns
Classification Typic Haphustoll
Teanue Sandy Joam
Sand 2%
Sik 2%
Clay 16%
Physical
Bulk density 1.5 g/em?
Moisture (@ 173 bar) 12.44%
Chemical
. pH 1.9
Cation exchange capacity 10.1 meq/100g
Organic carbon 0.68%
Iron 9.0 ppm
Biologscal
Bacteria 6.7 x 10° celVgm
Puagi 1.9 x 10° cellgm

sAnalvzed v the Snil. Plant and Water Analueic | shrwwtnew ot Thioh Crote [ inisamevin. 16001




To prepare the fungal inoculum, fuagal spores were first harvested and mixed with double-
deionized water (DDW). The fuagal spores were thes added 1o growth media (fifty millitizers of 2%

. mah extract) which had been previously sutoclaved st 121°C for 15 minutes ia 125 m!
flasks. One milliliter of the squeous fungal solwtion was added 10 each flask and mixed with the liquid
medism. The flasks were shakes st 270 rotations per misutc (Lab-Linc, junior orbit shaker) at room

aseptically by autoclaving at 121°C for onc hour oves three successive days.

Experimental Design ad §

A description of each soil treatment is given in Table 2. Treatment | was used as a control w0
evaluale the ability of indigenous soil microorganisms o remove PCP. In Treaamcemt 2, PCP
contaminated s0il was amcnded with fungal imoculated sterilized com cos. In Trestment 3, PCP
coataminated soil was amended with fuagal inoculsted moasicrile corm cobs. In Treatment 4,
nonsterile uainoculated com cobs wese added 10 PCP contaminaicd soil. Finally, i Treatment S,
noasierile com cobs were added w0 cicas (1Le., acostaminated) soil

TABLE 2
Treatment Fuagus Comcob PCP (mg/g)

| NA® NA 100

2 P. chrysosporism s* 100

3 P. chrysasporium NS¢ 100

4 NA NS 100

L] NA NS NA
Not applicable
*Sicnic
‘Noastenle

Erlenmeyer flasks (125 ml) were used as microcosms in the experimenial program.
Microcosms were scaled with rubber stoppers equi with two Teflon® tubcs with iwo-way Lucr-
Lok® stopcocks which scrved as inlet and outlet valves. To cach microcosm, 10g of soil (dry weight)
were added. Except for blank microcosms (Treatment 5), 100 ui a of PCP stock solution were
10 each sucrocosm and thosoughly mixed with a glass siisriag rod. The initial PCP coacentration in
soil was 100 mg/kg. To moanitor PCP mimcralization and (0 conduct 3 mass balance evaluation, aa
initial radioactivity ('4C-PCP) loading of 40,000 disinicgration per minute (DPM) was added (o cach
microcosm (Treatments | through 4). The mass of radiolabeled PCP represcated less than 1% of the
tota) PCP added 1 the microcosma.

The water coatent of each microcosas was adj 10 60% of ficld i adding seerile
double-deionized water (DDW). For microcosms vuur:mb umd:mu‘.‘ﬁa\:‘m’by (dq‘wdgu)
of ground cormcobs were added 10 soil using 8 voriex mixer. Before being added to microcosms, the
moisture copteat of the com cobs was measurod. If the moisture content were less than 60%, the
comcob moisture was adjusied (o approximately 60% with sicrile DDW. The microcosms were
geo’rio)cﬁcdlywei;hed,wi moisture added, if necessary, 10 maistaia the proper water conlent (ie.,”

) Microcosms wers coanected by 8 Nalgeac™ twbe manifold sysicm which allowed the oxygea
gas (o cvenly evacuats 8 sumber of musocosms al the same time. T‘emicmmpw;edvilh
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To evaluaic PCP removal haunctie  _ ion ool SO ain s w0 PIOPEICS b i tcatnacids }
through 4. Eight microcosm replicates were prepared for Treument 5. Sach sot of mmncosms
wncluded triplicate samples for Treaumems | through 3 and duplncate samplas for Treatnwent 5. The
sacrificed microcosms were chosen randiunly wang a padom diexs Lble. Sail sampling occumed on
days 0, 7, 14, 28, and 56. Oa cach sanipling day. voc st of mictuanms was ranoved from the
ucubator and extracied for residual PCP and radsoactivity. All microvosis were incubated i the &>k
a28°C.

Prior results showed that duriag feagal ameaded scil reatment, iasignificant 4C-labeled
volatile organics were evolved. Therefore, oaly the volatile CO; rapping impingers were used in ihe
proacon saady. The CO, trappiag sohution was a mixture of mosocthanolamine, methanol, and Ready
Gei™ semtillation cocktail solution (1:4:5 by voluarx) [3]. Each impinger contained 15 mi of uapping
solutvon. Fresh trapping sobtion was used for cach oxypen gas purging event.  Alier purgiag. the
CO, trapping solucion was counted by biquid scimtillation (Becknan. mudel LS 6000SE).

Sovi Extation aod PCP Analyais

Soil samples were extracied for sotal PCP remaining in the avcrocusin accontisg W procedures
modsfied from Middeldorp, Briglia, and Salkinoja-Saloncn [9). At the appropriate sampling day. the
soil, with or without comcobs, was transferred to a 125 ml 1-Chem jar (1-Chem, New Cale, DE).
Approximately 0.3 ml of 2 50% analytical qualiy sulfuci: acid and 50 mi analytical quality accione
solution were added. The mizture was sonicated for S minuies (Heat Sysiems, model X1.2020™
ultsavonic liquil processor, cquipped with a standand prube) aftcr which it was mixed (Lab Linc,
jJumsar urbit shaker) at 275 rpm for 20 minuics. The mixture was thea centrifuged at 2000 rpm (480 x
) for 10 minuies (Beckumag, modcl §2-21 centnifuge). A portson of the supernatant was ramicrred 1o
2 10 m\l volumetsic flask for dilution. An istemal standasd (2.-1.6-tribromophenol) was added 10
scount for vaniations in instrunicat respoase.

PCP was quaniificd wing a Hewleu-Packard S830A gas chromaiograph cquipped with &
Restek RTX-1 fused silica capiliary column (30 m x 0 25 aun iniernal diameser, 0.25 pm Film) and 2
4IN; clectron capure detector. The average PCP exirction revovery efficiency was 98.701210.14%.
Suatnniscal analysis showed that this recovery efficrency s aat significanly below 100%.

M Balanex Analysis

Samples for mass balance evaluation were catiacied acvonding 10 the >0il exiraction proccdurcs
pevionnly described. Alter centrifugation of the xoil Murry. the supematant was decanied into a 100
mb solunccux flask. The eatraction pencedure was repeated uving an additional 30 mi of acctone as
cvitaation solvenl. The supcinatant frum this slury was alw decanted into the volumetsic k.
Avctonm: was thea added 1o bong dx volusie: 10 100 wl.

One mujliliter of the eatract was mixed with 1| mil ol awthaeol and 4 ol of Ready Gef™
wniillation cockiail solution. The radiuactivity of the auature wa~ counted using liguid scintillation.

The residual s0i) was air dricd overnight at room temperatuee (22°C) then homogenized wing a
ceramic pulvernizer. One grain of the pulvenzed matessal was comibustcd using a hiologwal vadizer
(R Harvey, model OX600). The HCO,; cvalved frmm the vadizer wan collectcd and counted by
Ixquad scintitlation.

The iotal radioactivity recovesy was calculated by sumniing the radioactivity in the acetone
extract, the radioactivity in the CO, trapping solution, the sadwaxctivity adsorbed by the flask and the
radioact; vity bound in the soil matnx.

Suatisucal .

Two-way analysis of vaniance for PCP removal and minenlizatios was conducted using the
SAS® GLM ptocedum [10]. The experiment was desigacd 1o have three observations for cach
treatment and lime combination. However, some of the combinations had only two observations
bccauscnmﬂdungowuwacu;eﬁedormmg. The effects model was established and the type
i1l sums of squares ses were lesied. The means analysis and coatrast analysis were a0




PCP Removal

PCP removal was detcrmincd by measusing PCP conceatrations ia solvent extracts over time.
Extraction of cican soil (Treatment 5) mdicaied 20 PCP in any of the samples snalyzed. Therefore,
oaly results from the first four reatmeats arc preseated (Figure 1).

&
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PCP Concentrutions (mg/kg)
g

a0 4
m-
o LR L L 2 v v ¥ v T VvV y g
0 7 14 21 28 35 42 49 56 63
Time (days)
—* . Soil caly
—&— 2 With fungus-inoculased sierile comcobs
—*— 3. With fungus-inoculated nunsicrile comcubs
—o= 4. With wminoculated nonsierile comcobs

FIGURE |
Removal of Pentachlorophenol in Soil with Various Treatments. Error Bars Denote
1xast Sigaificant Differences, LSD = 8.38 mg/kg.

‘The iwo-way analysis of vasiance with contrast for PCP porcent semoval was cunducted.
Tune, iscaiment, and the 1nicraction of time and treatmeni had a signi.icant effect on PCP remmoval (P
= 0.0001). The contrast analysis indicaied that PCP removal amongst the four trcatments was
significantly different from cach other (P = 0.0001).

For Treatment §, no PCP degradation was obscrved vver the ealire treatment period.  For
Treauncnt 2, 49.024.6% (s.d.) and 88.124.2% (5.4.) of PCP was removed afier 7 days and 30 days,
sespectively. However, only 4.8% of PCP was removed between days 30 and 56. This may have
been duc 10 nutrient Junitauons ar reduced bicavailsbility of PCP[II]. These data were similar w0
those published by Lamar, Glaser, and Kick [4] ja which it was reporied that the majority of PCP was
removed in the first week of treatment.

For Treatment 3, 37.1221.4% of PCP was removed afier 28 days of incubstion.
Approzimatcly 10% of initial PCP loading occusred is Uv: first week of treatment. The reasan for this
is unclear but it is possible that indigeaous noe-PCP degrading microorganisms may have
mmmmrmwam Previous wosk with P. chrysosporium amended

revealed the preseace of vanious indigenous fungi iacluding, Penicillum, Aspergillus,
Tmhdcm.wvmwuu Mlunpuﬂdhcrn&pmaxmbamy
have limited the growth of chrysogporium by far scarce mutsients io the
carly stages of incubstion. Thed:ﬁauaintuaudalatol removal can be altributed to
d competition. hTmmz,th:mmofMMchympmuma!hvu




grow quickly resuling in rapid removal of PCE o Trcaticut 3.t is sxsunwed that there were
siguifcant numbers of otier nucrobes associated with cuen wobs - These other miciobes limsted the
growth uf Phancrochacic chryosporium in the carly stages uf wcubation together with the rate and
e ul PCP remoral. Tlowewer, by day 56, Phancrochactc chuysusponium had becone predominant
whrh b reflecied in the eahamxed PCP removal.

For Treatmeni 4, 57.9113.2% of PCP was removed within 56 days. The PCP removal was
sigmficantly enhanccd by the introductioo of the aonsicrile corncobs. Since comcobs had not beea
autoclaved, microorgantsms associated with cors cobs may have coniributed 1o PCP removal.

; . PCP Half fife Esti

Except for Trealaxcnt 1, PCP removal data fit the first ocder reaction model. The estimated
hall hite of PCP suppurtcd the ohservation tat the addutiva of ground cumcobs, citicr with or withou
P chiysusporium woculabwn, cabanced PCP biodkegiadation. The PCP (it ooder seaction ralc
cunstanty were estimated wing the SAS® REG procadure [12]. Based on the estimated raic consiants,
PCP half-lives were cakculatcd. Table 3 summasizes the estimated reaction rate constants and PCP
hall-lives for each of the treatinenis.

TABLE 3
Furst Qs Reaction Kinetacs and Hall-Life fur Peatachiorophenod i Swi+
Ratc Constant & (day™t) Hali-life 1, (day)
Treamew®  Esimaes  95%CF  Estinis  95% Cl R? 4
H 0.000949 0.00329 726.24 1859.2 0.0504 0.5328
2 0.04084°* 001685 1697 1.24 0.7897 00006
3 0.05594° 0.01542 12.39 348 0.8644 0.0001
4 0.0:1809° 0.00629 38.32 13.67 0.3000 0.0001

*Significanily different from zero al the 95% confidence level.
3Based on the overall PCP removal data (8 weeks).
“Treatmen:

I:  Soil caly:

2. With fungus-inoculaied sterile comcobs;,

3. With fungus-inoculated noasterile cormcobs,

4:  Wiuh uninoculated noasterile comeobs.
95'% Confidence lntcsval.

Comparison of Trexments 3 and 4 (Table 3) provide an estimate of the effects of fungal
inoculation on the rate of contaminaied removal. The first order PCP removal rate constant estimated
for 3011 amended with nonstesile com cobs was 0.01809 day ! which was significantly lower than the
rate constant of 0.05594 day! recorded for soil ameaded with fungal inoculaied organic amendment.
These duta suggest that over Lhc 56 day treatment period, the fuagal inoculativn increased the removal
rate conman by over 200%. The enhanced removal rate constants ase also reflecied in the chemical
half ife cakeulations in which it was found that fungal inoculation reduced the PCP chemical half life
from 38.32 days (estimated with the addition of uninoculated organic amendment) to 12.39 days.

PCP Mincralizat
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time and trestment all had a significant cffect 0c PCP removal (£ = 0.0001). The least 53 nificant
differeace (LSD) was 1.14 %. The cootras! unl{:u indicacd that Trcatments 2. 3, 4 were
significantly different from Treatment | (P = 0.000 . 0.0001, and 0.0002, respectively). Treatment 3
was also significanly differeat from Treatments 2 and 4 (P = 0.0001). Howeves, Treatments 2 and
Treament 4 were aol significandy different (P = 0.1523) (Figure 2). o )

Throu, the 56 days of incubation, no significant PCP mincralization was detected in
Treatment 1. mincralization from Trestment 2 was observed ooly afier 7 days of incubaticn. The
average PCP mincralization was 4.354051% afier 28 days of incubation, but only 6.8041.53% afier
56 days of incubation. For Treatmeal 3, 8 2-week lag occurred after the extent of PCP
mincralization was 5.7342.05% oa day 28 snd 17.2533.64% on day 56. I Treaument 4, more than 3
mmeWWMJMan The average exiest o8
PCP minesalization was 1.3310.33% oa day 28 and 7.9413.43% oa day 56.

25

s - B
PV P |

% DPM Recovery As CO2
v

7 14 21 28 35 42 49 36 63
Tune (days)

-]

~—o— | Soil only

—&— 2. With fungus-inoculaied sicrile comcobs
——e— 3. With fungus-inoculated nonsterile comeobs
= r— 4. With uninoculated noasterile comcobs

FIGURE 2
Minenlization of Peatachlorophenol in Soil with Vasious Treatments. Esror Bars
Denote Least Significant Differences, LSD = 1.14%

Mass Balance Aaalysis
The radioactivity recoveries afier 56 days of incubation are summarized in Table 4. The toc:
mass balance afics the 56 days incubation was 91.28£1.65%, 54.38£3.32%, 75.7840.11%. a=.
$2.80:4.93% for Treatments 1. 2, 3, and 4, respectively. There was coacern over the poos mas
balance achieved for Treaiment 2. A possible explanation for this loss is the volatilization of PCP «-
its chemical intermediates. Before evaluating the exteal of organic compouad volatilization, ¢
of PCP derived intermediates was estimated.

- ison of both the PCP and radioactivity recovered in the acelooe extracts afics 56 dayy -
incubation is shown in Figure 3. From Figure 3, all of the radioactivity recovered in Treatment | »x
from the activity of 1C-PCP. For Treammeats 2, 3, and 4, the percent radioactivity recoverics we:
higher than the percent PCP recovesies. The differences betweea these two measuremcents, wha -
raged from 2% (0 30%, would be an estimate of the PCP chemical intermediaic cooceatrations. 7 -




TAHLE S
Mass Balance ol Penachicrophenol Aftes 56 Days of Incubation

Treament® Radroacuvity Ravovery (%)

Acctone Soil Flask Total

t 8371 Q2150 039 (0o 653 (1.28) 0.55 (0.33) 91.2%8 (1.6S)
2 31.19 (2.76) 6.80(1.53) 12.63 (2.75) 3.78 (1.5%) 54.38 (3.32)
k] 37.27Q221)  17.25(364) 1903 (1.6)) 2.23 (0.08) 75.78 (0.11)
4 46.74 (1.40) 794 (3.43) 2667 (1.72) 1.4511.37) 82.80 (4.93)
Treaunem:

i Soil only;

2 With fuugus-sunulated stenie comouobs;

3 With fusgus-imnulated momatcrile comoutn,

+ With usimwulaied municrile comcobs.
Values in parentixeses denote samnband deviations

Opans Compound Volatilznpp

To evaluate contanunaal 2 olattlszation, the PCP mnwi alization and mass balance experinxnts
were icpeated for Treatmenis 2 and V. The incubation period was 21 days. The expetimental set-up
and proceduscs used were the same as those described earlier. However, a piece of polyurethane foam
was placed a the outlet of the miwracosm (0 trap volatile organics. Al the end of the incubation period,

120

% Recovery in Solvent Extract

B % Radivactivity
B % PCP Concenuation

FIGURE 3




the polyurcthane foam was extracted with a mixture of acetone and mxcthyieoe chlonde (1:1 by volume)
using a Soxhlet extractor. Table 5 summacizes the radioactivity recovery.

The radioactivity recovery from the pol foam extract was 6.0132.55% for Treatment
2, and 4.2140. 4% fos Trestncnt 3. The sugges thet & purtion of the radivacievaty luat 1 the
mucrocosms of Treatments 2 and 3 of the previous experunent may have beean volatiized.

Facwors contributing 1o radicactivity loss during the initial soil reatment study may iaclude: 1)
inadvertent removal of particulate matter (e.g., fuagal spores, soil, eic.) to which PCP or is
intermediates may have been adsorbed dusing soul scration (ic.. (acilitated transpont), of 2) enhanced
radicactivity removal through PCP pantihoaing inlo the gas phase (it should be noted that the PCP
vapor pressurc increased (rom 1.7 x 104 envm Hg at room temperature 22°C to approximately 6.8 x
10-* mm Hg at the incubation tcmperature 28°C {13]).

- TABLE §
14C Recovery Aficr 21 Days of incubaiion with a Polyurethanc Foam Volatile Organic Trap

Treatmem® Radioactivity Recovery (%) ’

Acetone Foam Soil Flask Total

Extaci Exwvact  Mincralization Combustion  Adsorption Balance
2 6132(6.05) 6.01(2.55) 222(008; 1228(0.96) 4.81(0.23) 86.64(3.66)
3 53.00(2.20) 4.21(0.34) 2.18(0.35) 14.78(0.37) 4.40{(0.29) 78.57(2.01
Ticatnwnt:

2. Wuh fungus-inoculated sterile comcobs;
3. With fungus-inaculated nonsterile comcobs.
*Values in parentheses denote standand deviations.

DISCUSSION AND CONCLUSIONS

The present laboratory siudy demonstrated statistically that the bioremediarion of
pentachlorophenol (PCP) contaminated soils may be significantly enhanced by employing a
biow;m@“mnxh using the white rot fuagus Phanerochacte chrysosporium. PCP removal
rales were by more than an order of magnitude using biocaugmentation under suboptimal
fongal growth semperatures and without the addition of inorganic nutrients other than those contained
in the organic ameadment.

The contaminant half life was reduced from 730 days (o amendment) to 12 days with the
addition of fungal inoculated com cobs. Addition of uninoculated organic matier also ked 1o enhanced
PCP removal rales with an estimated contaminant half life of 38 days observed in soils amended with
nonstenile com cobs.

Mass balance asalyses revealed ihat the major mechanism for PCP removal from soil was
biological conversion to nonvolatile chemical intermediates. Approximately 50% of these chemical
intermediates were solvent (¢.g.. acetone) extractable while the remainder were nooextsactable (ie.
soil bound) residuc. Fungal mediated bound residuc formation has been previously obe=rved 10 be 3
major removal mechanism for organic contaminants in soils (14]). Although PCP adsorption on the
com cobs may account for some of the compound, st the pH of the soil (i.c., 7.9), over 9% of
the PCP would have beea in its jonized form.

Although transformation o chemical intermediales was the predominant removal mechanism.
mineralization (i.¢., conversion 10 CO7) was fouad so be significant in soils amended with fungos
inoculated noasterile com cobs. With the addition of fungal smended organic matier, over 17% of the
initial radioactivity could be accounted for as radicactive carbon dioxide. For ait other treatments, the
exient of PCP minesslization was significanily less than 10%.

PCP removal rates in 50il reported in the present study are in genenal agreement with work
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the puesent laboratory study. Museuver, hike the prosent study, poavolatile chemical mtermediate
prodiction was found o be the pedoaunant PCP ekl mechamism

Although toss a2 PCE thraugh volanlization was previously tound o e aeglaible, foss o
POP ug s ¢ enucal intcncdiates duemg the prescat sdy may have been cohuanced dunng the so
actaton process through the mechanian of “facilntaicd wanspont™  This micchanisin mvolves
adsorpuion of PCP or 1ts chentcal intenineduates to soil particles whch then may be ranowved in the gas
plse duning microcosm head space evalustion  This contanunant cemoval process would be a
concemmn valy under cairditions wiwie the st scgatient tate s seflcwnz o caee 2 borse mobilization
uf sl puticulaie autics.
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Adsorption and Biodegradation of Pentachiorophenol by
Polyurethane-Immobilized Flavobacterium

Zhong-Cheng Hu,' Roger A. Korus,™' Willlam E. Levinson,® and Ron L. Crawtord®

Department of Chemical Engineering and Department of Bacteriology and Biochemistry, The Center for Hazardous Waste
Remediation Ressarch, University of [daho, Moscow. ldaho 83843

Flavobacterium cells immobilized in polyurethane foam
were used to degrade pentachiorophenol (PCP). Adsorp-
tion of PCP by the polyurethane immobilization matrix
played an important role in reducing the toxicity of PCP.
The adsorption followed the Langmuir model with ga =
21.3 mg of PCP/g of dry foam and K4 = 28.7 mg/L for
cell-free foams. Cell growth contributed significantly to
PCP removal rates especially when the d2gradation
medium was supplemented with a utilizable carbon source.
A substrate inhibition growth model described PCP
consumption by Flavobacterium with model parameters
4= 0.005min-!, K, = 25 mg/L, K, = 1.5 mg/L, Yx;s = 0.12
gofcell/gof PCP,and kg =3.33 x 10> min-'. PCP removal
was enhanced by the presence of utilizabie compounds
such as sodium glutamete and glucose and was inhibited
by non-utilizable p-cresol. For process applications, a
dynamic bed reactor, which created convectise flow
through the immobilization matrix, was designed to
enhance the mass transfer rates of PCP into foam and
CO: elution from the foam.

Introduction

Many bacteria, including Rhodococcus, Mycobactenum,
Flavobacterium, Arthrobacter, and Alcaligenes, degrade
chlorophenols (I). Flavobacterium sp. ATCC 39723 is
especially efficient at the degradation of pentachlorophenol
(PCP). PCP is an EPA priority pollutant and has been
widely used as a wood preservative (2). PCP can be
completely mineralized into CO» and Cl- by Flavobac-
tertum sp. ATCC 39723 (3, 4). The maximum concen-
tration of PCP tolerated by free Flavobacterium sp. ATCC
39722 is 150~-200 mg/ L. In order toincrease cell viability
at high PCP concentrations and for the retention of
biomassin a continuous reactor, Flavobacterium sp. ATCC
39723 cells were immobilized in calcium alginate beads
and polyurethane foam (FUF) in our lab (5-7). PUF
strongly adsorbed PCP (7). The adsorption-biodegra-
dation with the PUF-immobilized cell system was superior
to traditional adsorption-regeneration by physical chem-
ical processes because regeneration of the PUF adsorbent
matrix was achieved by PCP degradation and mineral-
ization. However, adsorption data for the PUF-PCP
systemn and the effects of adsorption on PCP biodegrs-
dation havs not been reported other than limited data by
O'Reilly and Crawford (7).

Thiswork examined the adsorption and brodegradation
of PCP using PUF-immobilized Flavobacterium sp. ATCC
39723. PUF-immobilized cell reactorswere compared with
calcium alginate immobilized cell reactors. Both free-and
immobilized-cell degradation kinetics were modeled.
Strategies for PCP removal rate enhancement through
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physiological, mass-transfer, and toxicological consider-
ations were investigated.

Materiale and Methods

Chemicals. Pentachlorophenol (99+ % pure, chemical
grade) and [U-“C]pentachlorophencl were purchased
from Sigma Chemical Co., St. Louis, MO. Biosafe IT
scintillation coccktail was from Research Products Inter-
national Corp., Mount Prospect, IL.. Polyurethane pre-
polymer HYPOL FHP3000 was obtained from W.R. Grace
Co., Lexington, MA. HEPES [N-(2-hydroxyethyl)pip-
erazine-N’-2-ethanesulfonic acid] and all other chemicals
used were from Sigma Chemical Co., St. Louis, MO.

Microorganismand Cell Cultivation. The bacterium
used in this study was a PCP-degrading Flavobacterium
3p.ATCC 39723 (3). Thestrain was routinely subcultured
from frozen stocks (2 mL, containing 20%, vol/vol, DMSO
as a cryoprotectant} by addition to a 250-mL flask
containing 100 mL of defined minimal medium (3.6 mM
K;HPO,, 1.4 mM KH:PO,, 59 mM NaNO,, 0.4 mM
MgSO0,, 4 g/L sodium glutamate, pH 7.3). Jron in the
form of FeSO, was added to the sterilized medium to a
final concentration of 50 uM from a filter-sterilized 50
M FeSQO, aqueous solution. Cultures were grown at 200
rpm in flasks on an orbital shaker at 2530 *C. Growth
was monitored with a UV/visible spectrophotometer by
measuring absorbance at 560 nm. When absorbance at
560 om reached 0.5, the 100 mL cultures were transferred
into 1 L of sterilized culture medium in 2-L flasks.
Transferred Flacobacternumsp. ATCC 39723 cultures were
grown again on sodium L-glutamate and induced for PCP-
degrading activity at mid-log phase (absorbance about 0.5)
by the addition of 50 mg. L PCP from a 10 000 mg L stock
solution prepared in 0.25 N NaOH. Degradation of PCP
was monitored spectrophotometrically by measuning cul-
ture supernatant solution absorbance at 320 nm. When
approzimately 80-90% of the PCP was degraded and
absorbance at 560 nm reached 1.0-1.5, cultures were
centrifuged at 10 000 rpm and 4 °C for 153 min. Cellsiurries
thus obtained were mixed well with cold, sterile HEPES
immobilization buffer (HIB: 50 mM HEPES. 1| mM
MgSO0,, 0.5 g/L sodium glutamate, 20 uM Fe30O,, pH 7.3)
to give 10—-50% (cell wet weight/liquid volume) cell-HIB
suspensions and then stored at 4 °C.

Analytical Methods for PCP Degradation. When
the disappearance of PCP in liquid medium was due only
tobiodegradation by the Flavobacteriumsp. ATCC 39723,
degradation was monitored at 320 nm using a UV visible
spectrophotoroeter equipped with a thermoelectric flow
cell (Bausch & Lomb Spectronic 2000). In the presence
of adsorption, degradation was monitored based on the
release of either Ci- or '*CO1. An ion-selective electrode
(model 94-17; Orion Research, Inc., Cambridge. MA) was
used to measure the release of chloride ions. Theelectrode
was calibrated giving alinear relationship between ln{Cl-}




and mV using 0~1000 mg’'L. NaClin an experimental buffe, !

as standards. [U-'*C]PCP was used for some experiments
to determine the mineralization rate to "‘CQO;. Reactors
for radioactive experiments were 250-wL flasks. Each
flask was sealed with a rubber stopper from which & small
glass cup was suspended. The cup contained 0.75 mL of
1 N NaOH in which the released '*CO-. was trapped. When
sampling. the NaOH in the cup, including 1.5 mL rinsing
water, was transferred into a 20-ml scintillation vial. A
sum of 17 mL of Biosafe Il scintillation cocktaii was added.
After being shaken, vials were held overnight before
counting to allow the quenching of autofluorescence.
Counts per minute for the trapped '*CO: were measured
in a Beckman LS 7000 liquid scintillation counter.

Degradation Kinetics. Unless otherwise stated, 1 mL
of fresh cell-HIB suspensions was used for degrading PCP
in 100 mL of HIB medium with 0.5 g/L sodium glutamate.
Degradation media were contained in 250-mL flasks
shaken on a rotary shaker at 200 rpm at 25 *C. The
following models were used to fit PCP degradation data
for free cells:

dt  Yyx;s\K,+S+SUK,
S
& - kX @
a ~ueX (K, +S+ S’/K‘) !

These two coupled nonlinear first order differential
equations were solved by a fourth-order Runge—Kutta
routine with seif-adjusting step size using TK Solver
software (Universal Technical Systems, Inc., Rockfo d,
IL), and mod=l parameters were adjusted to fit the
experimental data. Normalized standard error (NSE %)
used to compare experimental data with model calculations

was defined as
i (s.\ﬁmu - sEnu)z e
[ =~ SE"‘" ]

n-1)

NSE% = x 100% ()

In other experiments, the effects of supplementary
carbon (0,0.5,3. 5 g/L sodium glutamate end 3 g, L glucose)
and a non-utilizable compound (50 mg 'L p-cresol) on PCP
degradation were investigated. All experiments were in
100 mL of HIB with 50 mg/L PCP plus 1 mL of fresh cell
suspension at 25 *C in 200 rpm shaking flasks.

Cell Immobilization in PUF and in Calcium Al-
ginate Beads. One gram of polyurethane prepolymer
was cooled on ice, and 1 mL of HIB was added. The
mixture was stirred well for 1 min. Then | mL of celi-
HIB suspension was added and mixing continued for 1
additional min. Cell-free foam was made for control or
adsorption studies by substituting HIB for the cell-HIB
suspensions. The cylindrical reaction vessel for polym-
erization was kept on ice overnight while the PUF
hardened. The foam with entrapped cells was rinsed with
buffer three times before use. To prepare saiginate-
entrapped cells, 5 mL of cell-HIB suspension containing
2.5 g of cells was mixed with 5 mL of cold (4 °C), sterile,
4. sodium alginate (Sigma type VII). Cold 2% sodium
alginate was acded to bring the mizture to a final volume
of 50 mL. The cell-alginate m:xture was added dropwise
1o co'd 50 mM CaCl; aqueous solution using s peristaltic
pump and sterile silicone tubing fitted with the endof s
standard 200-uL pipet tip. Each drop hardened into s
bead tappromimately 3 mm in dismeter) conlaining

.ntrapped cells. The beads were allowed tosolidify furthe:
in stirred 50 mM CaCl: for 30 min, and then they were
collected by filtration. Beads were stored at 4 *C in HIB
containing 1 mM CaCl,.

PCP Removsgl by PUF Adsorption and by Immo-
bilized Cells. Cell-free foam was cut into 0.5-cm cubes
for adsorption equilibrium and dynamic studies. The
effects of buffer medium (50 mM HIB and sodium
phosphate), pH, and surfactant (Tween 80) on PCP
adsorption were investigated. For all experiments 100 mL
of medis in 250-mL flasks were shaken at 25 *C and 200
rpm in a dark room for about 1 week until adsorption
equilibrium was reached. The Langmuir isotherm model
was used to fit the equilibrium data:

_ 9uS. \
q= Kd + S. @

For the comparison of PCP removal rates by sdsorption
and degradation, 100 mL of 50 mg/L PCP medium (with
3 g/L sodium glutamate) at 25 *C was used in five
reactors: free-cell stirred resctor, stirred reactor or fixed-
bed column (100 mL/min) with calcium alginated bead
entrapped cells, and stirred reactor or dynamic bed reactor
(DBR) with PUF-immobilized cells. PCP removal rates
from the liquid phase were monitored at 320 nm. A sum
of 2.5 mL of 50% (w/v) cell-HIB suspension was used for
free-cell degradation experiments or for cell immobiliza-
tion. Inthe DBR as previously described (8}, polyurethane
foams (with entrapped cells) were packed as the bed ina
cylindrical tube and squeezed periodically by a piston.
PCP medium was pumped through the dynamic bed and
recirculated into a batch reservior. The bed compression
ratio was 0.5, the residence time of PCP medium in the
bed was 5s,and the average recirculation flow rate through
the bed was approximately 100 mL/min.

To determine net degradation rates for the DBR and
for the stirred reactor with PUF-immobilized cell particles,
voltage changes due 1o Cl- release during PCP degradation
were measured for both reactors.

Modeling of PCP Adsorption-Degradstion with
PUF-Immobilized Cells. A model describing the effect
of adsorption, mass transfer, and cell properties on PCP
degradation was derived under the following assump-
tions: (i) Immobilized cell particles arespherical. (ii) Each
particle with radius R has a homogeneous pore structure,
and bacterial cells are uniformly distributed inside initially.
(iii) Most bacteria are present as suspended cells in the
entrapped pere liquid, and attachment as microcolonies
to the pore membrane surface are rare (6). (iv) Cells are
able to grow by consuming PCP. (v) Under aerobic
conditions, the oxygen level is not a limiting factor to cell
growth and degradation kinetics (5). (vi) Interfacial mass-
transfer resistance can be ignored when the external
solution is mixed. (vii) There is no convective 1" ow in the
liquid-filled poresof s particle. Intraparticle masstransfer
is assumed to occur only through liquid in the pores, and
the effective diffusion coefficient of PCP is independent
of concentration. (vii)) Adsorption reaches equilibrium
quickly relative tothe diffusion rate. (ix) The equilibrium
1sotherm follows the Langmuir model. (x) The growth
and PCP degradation kinetic properties of immobilized
cells are similar to that of free cells. (xi) The cell leakage
outof the particle can be ignored once cells are immobilized
and prepared for PCP degradation.

When immobilized cell PUF particles are placed in a
reservoir containing PCP contaminated water, the general




material balance for component ; in the pore liquid of a
sarticle is (9)

(2209 2
:’?*’%%. T ;3; ,2? +,”5,’6r *
©R, +oR, (5

This general expression (eq 5) can be simplified based on
:he above assumptions. By substitution of eqs 1 and 4
.nto eq 5, the material balance for PCP becomes

( + Q.K‘ )G_S =
\*" Ak, + 2/
IS . 2 as) . ( S )
I9,200) _—= x — ] ®
D'(ar2 rar] Yygs \K,+S+SUK,
The overall material balance on PCP in the reservoir is
as,
V= DA M

Equation 7 is a boundary condition for eq 6.
The initial and other boundary conditions are

t=0: S=0,X=X, (for0<r<R)
S, =Sy, (forr > R)
r=0 %‘0 (fort 2 )
r=R, S=8§, (fort > 0) (8)

The above partial differential squation (eq 6) was con-
verted into ordinary differential equations using the
method of lines and solved simultaneously with eqs 2, 7,
and 8 using the fourth-order Runge-Kutta routine in the
TK Solver software.

Effect of PCP Adsorption on Biodegradation. In
Jne experiment, different amounts of adsorbent (cell-free
PUF e1at in 0.5-cm cubes) were added to flasks containing
100 mg/L PCP in HIB with 0.5 g/L sodium glutamate.
After reaching equilibrium overnight, 1 mL of cell-HIB
suspension was added to each flask, and Cl- concentrations
in the supernatant of the degradation medium were
measured. Inanotherexperimen:, PUF-immobilized celis
were used for degrading 25 mL of radiolabeled PCP-
sontaminated water with high concentrations (>200 mg/
L) in 50-mL flasks shaken on rotary shaker at 200 rpm
and 25 °C, and *CO, elution from the mineralization of
PCP was monitored with time.

Results

Typical PCP concentration versus time data (Figure 1)
show complete PCP degradation in {lasks containing up
0 150 mg/L PCP and partiai degradation in flasks
sontaining higher PCP concentrations. Negligible deg-
radation was observed for PCP concentrations higher than
200 mg/L since cell death rate was higher than the growth
tate based on the viable cells count after PCP was added
to cell suspensions in buffered nutrient media. Increases
in the PCP degradation rate with time (i.e., the downward
survature of degradation curves in Figure 1) were due to
zell growth and reduction in PCP inhibition with the
consumption of PCP. Cel! growthduring degradation and
PCP inhibition to cell gro- **- were observed (data not
shown). The substrate ink .tion model of eqs 1 and 2
predicted the degradation kinzucs with normalized stan-
dard error NSE % from 5% to 10%. Model parameters
used for fitting the experimental data in Figure | were as

163

150 — Y =T T Y
o
125 b © .
)
100 | §

PCP concentrallon { mg/liter)

(o]

L L -

0 106 200 Jo0 <00 500 600

Reaction time [ min )

Figwe 1. Degradation kinetics of free colis at different inkia! PCP
concentrations. Curves were generated rom eqs 1 and 2.

Table . Langmuir Mode! Parameters fer PCP Adsorption
in PUF

pH buffer Tween80(%) ga(mg/p) Kitmg’'l) R?

*3 HIB ] 213 7 0.986
7.3 phosphate 0 % 47 0.993
8.5 phosphate 0 2 8% 0.992
73 pbosphste 0.5 65 345 0.939
7.3 pbosphate 1.0 20 370 0.805

follows: ua = 0.005 min~', K, = 25 mg/L, K, = 1.5 mg/L,
Yxc =0.12 g of cell’g of PCP. k¢ = 3.33 X 10~ min-'. Xo
was us, d as an edjustable parameter in fitting degradation
cwre . The values of X, corresponding to curves from
bottom to top were 0.055, 0.141, 0.263, and 0.395 mg/mL,
respectively. Asshown in Figure 1, with freshly prepared
cells, no lag times were observed preceeding PCP degra-
dation. However, for resting cellsstored in the refrigerator,
there was a lagup to 5 h.

The effects of several supplementary compounds (so-
dium glutamate, glucose. and p-cresol) on the PCP
degradation kinetics are shown in Figure 2. The presence
of the utilizable compounds, sodium glutamate and glucose,
always enhanced degradation rates. The optimum con-
centration used for sodium glutamate was 3g/L. However,
the non-utilizable tozic compound p-cresol inhibited PCP
degradation.

Table 1 shows Langmir adsorption parameters for the
PCP-PUF system using cell-free foams. Withdecreasing
pH or increasing surfactant (Tween 80) concentration,
adsorption decreased (i.e., g decreased and Ky increased).
Also, adsorption varied with buffer type. The adsorption
cspacity was lower with PUF than with activated carbon
powder (ga = 210 mg/g, K¢ = 8.3 mg/L), and theadsorption
was reversible. The adsorption and desorption dynemics
increased with decreasing pH or surfactant concentration
(data not shown). |

Calcium alginate immobilized cells were used for com-
pesison to PUF-immobilized cells for PCP removal from
the simulated contaminated water. Immobilizetion in
calcium alginate beads (3-4 mm in diameter) was mild,
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Figwe 2. Effects of supplementary substrates on degradation of PCP
by tree Colis. Supplementary substrate: (O) none; (@) 0.5 g/L sodium
ghutamats; (V) 3 gL sodum giutamate; (V) 5 g/L sotkumn ghanmats:
" {0) 3 gL ghucose; (8} 50 mgL p-cresol.

while more cells were inactivated or killed during immo-
bilization in PUF based on activity measurements with
similar size (3~4 mm) particies of PUF-immobilized cells.
Calcium alginate immobilized Flavobacterium cells were
unable to degrade PCP st higher than 250 mg/L although
some suthors have reported a protection effect of the
calcium alginate matrix from toxic compounds (10). PCP
was not adsorbed to calcium alginate but adsorbed strongly
to PUF. Also, calcium alginate beads were observed to be
easily swollen and broken during operation in stirred
reactors and fixed-bed columns.

Figure 3 shows PCP removal from external solutions in
five immobilized cell reactors in which the same amount
of cell biomass was used for immobilization or added as
free cells. The activity of cells immobilized in calcium
alginate was lower than that of free cells and showed no
difference between fixed-bed column and stirred reactor.

It is difficult to compare the PCP removal rates in PUF
reactors with the degradation rates by either free cells or
calcium alginate immobilized ceils. In addition to mi-
crobial degradation, the initial removal rates for PUF-
immobilized cells were enhanced by PCP adsorption to
PUF. The solid curves in Figure 3 were generated from
¢qs 2, 6,7, and 8 with the following model parzameters: ¢,
= 0.93,p = 0.07 g/cm?, g = 21.3 mg/g. Kg = 0.0287 mg/
em?, Xo = 0.0037 mg/cm?, up = 8.33 X 10-°s°!, Yy g # 0.12
/g, K, = 0.025 mg/cm?, K, = 1.5 X 10~ mg/cm?, kg = 5.56
X 10" -'. The fitting parameter D, was 5.0 X 10-* cmn?¥/s
and 1.0 x 10~ cm?s for foam particles operated in the
stirred reactor and in the DBR, respectively. For foam
particles in stirred solutions, the intraparticle ®CP con-
centration distribution from the model caiculstions in-
dicated that PCP was not transported very far into the
foam particle and was distributed near the cuter surface
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Figure 4. Enhancement of PCP degradation rate by forced-convective
flow within the PUF iImmobiization matrix. Degradation condiion: 1
mi of 50% cel-HIB suspensions were used for degrading 100 mi
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of the particle (data not showm). The DBR enhanced the
PCP removal raie relative to the stirred reactor.

Rsther than the disappearance of PCP, Cl- release was
monitored to determine the effect of convective flow in
the dynamic matriz bed on the PCP biodegradaticn rate
(Figure 4). The degradation rate based on the chloride
release measurment was enhanced inthe DBR as compared
to that in the stirred reactor but was still low relative to
the free-cell degradation rate. Apart from diffusional
effects, this low activity of PUF-immobilized cells may be
due to the inactivation of active cells during immobili-
zation.

Experiments with free cells incubated wjth cell-free PUF
(Figure 5) indicated that the addition of adsorbent lowered
PCP concentrstion (at equilibrium: 43.6, 58.3, 68.9, 73.0,
and 100 mg/L corresponding to curves from top to bottom)
and thusreduced the tozicity of PCP to cells. Calculations
based on the adsorption isotherms predicted that the PUF-
immobilized cells could degrade highly contaminated
waters (as high as 700 mg/L) if 150 me/L was chosen as
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Figwe 5. Effect of adeorption on PCP degradetion. Degradation
condiion: 100 mi. of 100 mg/AL PCP in HIB with 0.5 gA. sodum
ghstamate at 25 °C st 200 rpm; 1 mi of 20% cel-HIB suspenaion
was used.

the mazimum PCP concentration tolerated by free cells.
Experiments designed to test this possibility (Figure 6)
show that PUF-immobilized cells have much higher
degrading capacity and survivability than free cells and,
thus, have potential for treatment of highly contaminated
water.
Discussion

Although PCP degradation by PUF-immobilized Fla-
vobacterium b.as been reported (3. 7), detailed kineticdata
have not been. analyzed. The efficient operation of
biological treatment systems is largely dependent on the
kinetic properties of the microbial population, and the
determination of Kinetic parameters is essential to the
development of operational strategies for the effective
removal of pentachlorophenol during wastewater treat-
ment (11). Flavobacterium sp. ATCC 39723 showed
similar substrate metabolism and growth inhibition asthe
Arthrobacter sp. isolated by Edgehill and Finn (12) and
the continuously enriched culture of PCP-degrading
bacteria of Klecka and Maier (11). Cell growth during
PCP degradation, one of the factors responsible for the
downward curvature of the degradation curves in Figure
1, was considered in the kinetic analysis of this work.
Previous work (5, 7) showed similar curvature for free-cell
degradation kinetics which can be similarly modeled by
the substrate inhibition model of eqs 1 and 2. To get the
Sest fit, Klecka and Maier (11) used both um and Xo as
adjustable parameters. In our work, we only adjusted X,
to fit the data. In addition, the initial lag preceding PCP
degradation has not been considered in our model.

Parameters in the immobilized cell mcdel (¢;, qm, K¢,
sa. K. Ki, D,, R, and X;) may be varied to affect PCP
removal rates. The PCP degradation kinetics of free cells
(um, K, and K,) are affected by physiological factors such
asoxygen level, nutrients and energy source, temperature,
and pH (13). For Flavobacterium sp. ATCC 39723, oxygen
levei did not significantly affect PCP degradation as long
as aerobic conditions were mainuined (6). The addition
of utilizable compounds such as sodium glutamate and
glucose to the degradation medium enhanced the PCP
degradation rate by increasing cell growth rate, biomass

165

800 —
i Free cells
— 700% >-—o—o - —a - o
S ———
£ 600 = 4
e’ .y
2 soop \ . Immobilized 1
ri calls
>
€ o} 4
o
S
S 00 ]
-9
3]
4
200 + - d
100 - ~ L
c 100 200 300 400

Time [ hour ]
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adaptation to the toxic environment, and maintenance
ability (I4). The same optimum sodium glutamate
concentration (3.0 g/L) for stimulating the PCP degra-
dation rate was obtained in this work as was previously
reported by Topp et al. (I4). With concentrations of
sodium glutamats higher than 5 g/L, the PCP degradation
was significantly slowed. This may be explained by
competition between PCP consumption and sodium
glutamate utilizatior to support cell growth. For the
analysis of PCP degradation data when a suppiementary
compound was added. a modified form of eqs 1 and 2 may
be used as described previously (I15). Also, culture
conditions for cell production may affect cell viability and
PCP degradation kinetics. Topp and Hanson (16) reported
that cells grown under phosphate, giucose, and glucose +
PCPlimitation were more sensitive to PCP and degraded
PCP at lower rates than cells grown under ammoniwa,
sulfate, and PCP limitation.

Ina previous report (17), we concluded that the effective
mass-transfer coefficient D, for PCP diffusing through
the liquid-filled PUF matrix was enhanced at least 10 times
due to the adsorption of PCP molecules onto pore
membranes and the migration of the adsorbed molecules
on solid pore surfaces. With convectiive flow through the
pores of a foam particle matrix, the foarn was impregnated
uniformly with PCP medium, and thus the adsorption
capacity was enhanced. Furthermore, CO; produced
during PCP degradation may accumulate inside the PUF
matrix producing gas-filled pores and restricting liquid-
phase mass transport. This may be the major reason for
the lower degradation rate for the stirred reactor relative
to the DBR (Figure 4).

PCP removal by fresh PUF-immobilized cells can be
separated intotwo stages: First,adsorptionut alowactive
cell population after the immobilization and then degra-
dation of adsorbed PCP after a lag time for cell adaption
and growth. The degradation of adsorbed PCP in PUF
particles may be modeled in & manner similar to the
remediation process for & contaminated soil aggregste (9).
Our simulation results (data not shown) based on eqs 2,
6,7.and 8indicated thatif the initial active cell population




in the PUF matrix (X)) is sufficiently large. the adsorption
and the mineralization of adsorbed PCP may be coupled
over the same time range. uniike the two-stage case
described above. The coupled adsorpuon-5iocegradation
process can be more efficient than the biphasic process in
removing PCP from contaminated water. After immo-
bilization, PUF-immobilized cells should be incubated in
putrient media to allow the survived cells to grow to an
optimum level before they are used for degradation. Thus
the lag times shown in Figures 4 and 6 may be shortened
or avoided and the degradation rate enhanced.

As compared to free cells, alginate-immobilized cells
can degrade PCP at a slightly higher level (200-250 mg; L)
because of 8 protective diffusion barrier (10). However,
PUF-immobilized cells showed the ability to degrade PCP
at concentzations as high as 700 mg/L in this work. As
previously reported by O'Reilly and Crawford (7), the
adsorption of PCP to foams reduced the toxicity of PCP.
The PUF immobilization system shouid have all the
advantages of the co-immobilized biological systems
proposed by Lin et al. (18), who co-immobilized activated
carbon powder and Phanerachaete chrysosporium cells
in a hydrogel matrix for the degradation of PCP. Also,
the roles of activated carbon (19) and bark chips (20) have
been examined as detoxifying media for protecting mi-
croorganisms due to their adsorption properties.

Summary and Conclusions

A population of actively growing Flavobacterium sp.
ATCC 39723 cells was important in minimizing or avoiding
the lag before the initiation of PCP degradation. The
substrate inhibition model (eqs 1 and 2) predicted the
free-cell degradation kinetics well as cell growth was closely
coupled with PCP degradation. Supplemental addition
of utilizable compounds such as sodium glutamate and
glucose was an effective means of increasing overall PCP
degradation rates. PUF immobilization was simple and
produced e matrix with excellent strength. The Langmuir
model wasadequsz.e indescribing PCP adsorptionin PUF.
The DBR was shown tc be a good reactor design for
enhancing the degradation rate. Adsorption of PCP to
the PUF matrix reduced the toxicity of PCP and effectively
removed PCP from highiy contaminated water.
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Nomenclature

A external surface area of particles in the reservoir
C, concentration in the pore liguid
D, effective pore diffusivity, Dye, =
D, pore diffusivity

D, surf{ace diffusivity

hy endogenous cell decay coefficient
K dissociation constant

K, inhibition constant

K, Monod constant

n number of data points

q amount of PCP adsorbed in PUF matnx

Q. adsorbed concentration on the solid phase

Ga meximuro capacity of the adsorbent for PCP

R, reaction rate in the pore Liquid

R, reaction rate on the pore surface

S PCP concentration in the cell suspension

Sy PCP concentration in the bulk solution in the
reservoir

Sw initial PCP concentratior in the bulk solution

S, PCP concentration in the bulk solution at equi-
librium

Vv volume of bulk solution (excluding pore Liquid)

X active biomass concentration

Xa initial active cell concentration

Yus

ceil yield coefficient

Greek Letters

s maximum specific growth rate coefficient

4 volume fraction of liquid in the PUF particle
T wortuosity of the PUF matrix

I bulk density of the PUF particle
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Fig 3 Specdn NP deguodaioon tait of Fluvdacienuem 1p o
PP iencnmsnom of B@mg/l((3) Mmg 1101 0mg/1(O),
Wang 1 (B ond NOag-tial bt 1) 10 "

epeated capeniments In all thoae capenments, the
celhh were induced at 0 mg PCP/Y and sudwequently
capused 1o vanous U P concentrations in biodegrada.
toa 111 pustible that the longer tag phate observed
Ngh PUP Loncenttations was o - 1O the tow concentca-
ton of PUP used 1a the inducrion 1t hat been 1eported
that tertatence 10 tWnic suhattaics 1 alfciic $ By the con.
centtation vl 1haae subateaics 10 whinch there el hed
beea previowly eaposed {Wild and Hhinshelwood 19393,
Drvluinen and Hatder 1923, Vyplet and Finn 1974) 1t
w concenable that of ‘s hghet concentration of PCP
wat used sn the induction, the tag phase could be short.
encd ot chiminsied

Flavobacienum cells were eaposed o 130 mg PCP/I
duning induction. The induced cells were centnfuged,
washed and mavipended in 30 mm phosphate bulTer
befare thev were wmoculated into YOO mi erlenmeyer
ks conteiming MS medivm and X P at concentra-
vons of 30 ond 100 mg/t. The tenndual PC P concentra:
hoa wat measured daily and 1eplenished 10 the onginal
tevel af ncvertary The resuits fur the 1wo cultures weee
samilal 10 those obtained In the pievious eapenments:
M the Mgher PCP comemraton of 100 mgl the spe-
ofic WP degradsnon tare was higher, however, it sho
decicared with ume (big 3) The lag (ot the culture a1
100 mg '} was about twice What of 8 30 mg PUP/L cul
tare There teruite indicare that uader the eanzamental
condiions uked, 8 lwer level of PP conceniranion
duiing Inducnion was not the cause of the lag phase

We then speculated that the interruption of PCP en-
porvic duiing harvesting snd weshing of the cells
might slluw 2 tuim ovee of \he PO P degrading cnzymes,
s tenderning the oells vulneratile 1o PCP A similar
avggertion wen made by Tupp et of (1VRE) Vo teat thas
Pt IR depletioa wat gvanded by tismicming
the veits Jueatly fron ihe snduition culture inte the ea-
peumental crleameyes Nawks wihout the centnlugation
and warhirg steps The cells were induted by the addr-
o ol M mg BUPZE Yo mimimuze the cany-ovee of gl

s}

. -”

Abs 600 Am

S
;! . \"""v-
!_ ’
! ]

TIME (N}

Fig 3 Grewth binetics (8) and specilic PUP degradation naie (0)
of Nervbuciermm 1p induced 3t 150 mg/) of PCP. PCP concen:
Welwn @ the Culiuit was 0 mg’l (o) snd 1UOmg/i (O) BN,
(LI

wumate, the incubation time of ihe seed culiure in the
feimentor was prolonged. As ihe PCP concentration
decreased to approsimately (0mg/l, it was reple-
nisthed After iwo 10 thece teplenishments, PCP addi.
tion was coupled 10 pH control by feeding an alkaline
solution with a 3 10 | molar ratio of NaOH 10 PCP. As
™ P was degraded, the production of $1* resulted in g
decrease wa pH from 1.4, triggering the addition of
NaOW/PCP solution (Fig. 4).

Cells thus induced were then inoculuicd diredly inte
he erlenmeyer lasks for PCP degradstion eapenments.
Even though care was taken (0 mimimize the glutamate
concentration, some glutamate was till transferved lo-
gether with the cells. In vae set of such cultures, gluts-
mate was prerent 8t JOmg/l snd samples were 1aken
every 20 10 )0 min (01 mearurements of PCY and cell
concentrstion. tn all cares, no lzg in 1CP degradstion
way ohserved. Uning the initial IX'P degradaticn rate,
the apecific eate was calvuiated and is shown in Fig 3.
The specific PCP degradation rates were (itied o 8 in-
hbitilun equation by non-tincar cegression uiing Ihe
Levenberg- Maquatdy technique:

iy
K.+ +INVE, "

whete P is the PCP conormiration, K, ls the saturation
canstant, K, is the Inhibilion constant, and Q... is the
marimum specific degradation rats. The X, valus ob-
tained was J.09 mg PCP/N 0nd Qau, Wos 27910 "
my/cell per hour. Similar experiments wers performed
uing cells Induced ot lower PCP concentrations of 30,
50 and 80 mg/l. As with cals induced at 150 mg/L, no
lag in degradation was observed (data mot shown).
Since 3 small amount of glutamaie was present in
the experiment described above, it was not dlear if elim-
ination of the lug phase was dus (0 the comlinuous ¢x-
posure of cells to PCP or to the presencs of glutamate.
10 one of the fermenior runs to prepare inocutum, cell
induction was allowed 10 continue until glutamate was
depleted after a portion of 1he ceils was used for inocu-
lation. When (he specific RCP degradation rale was cal-
culated, it was ohserved that the specific sctivity in-
creased sieadily when gluamate was still present bul
decrease rapidly afer glutamaie deplistion (Fig. 4). This

q-

101 A [}
£ " e
: .2
g .

" Y 20 Yy

Time (0

' u o

4 " 3-
. i
| i
G 44 2 3

Time (M)

Fy. & Grewmh hinetics of Mlerebarioriom 1 in gutanats soa:
wining medium and induction of PCP degradaion sctiviy The
arvew ladi the inkistien of PCP (reding by weing pH change

’ [T
| .
!i 7]
L v Y M Y )
[ ] - - " L ]
iliet PCP (mpA)

Ng. 5. Effecs of PCP cancanirniion on sprcific PCP degradinion
1ste Cells were indword s 150 mg PUP/Y £1), 00

indicates that the presence of glulamate may play 8 role
in mainaining PCP degradation activity Ta caamine
that posubility, isduced cells from & seed culiure in
which glutamate was depleted were inocutated into e
teameyer Nasks ining MS medium supplemenied
with the same concentration of PCP bul varying
amounts of glutamaie ranging from 0 (0 200 mg /1 The
concentration profiles of PCP in those culturey are
shown in Fig 6, Without glutamaie, 2 lag phase of over
40 h was obscrved, while in the prevence of glutamare
the degradation occurred immedidiely alier 1noculs:
tian The PCP degradation rate ncicosed with incicss
ing glutamate concentratiun 1o snvure that such an ¢f
fecr of glutamats was not due 10 3n artifacy cauved by
the prolonged induction period in the seed culiure, an
other eaperiment was carvied out using cells induced
under normal coaditions. Again no lsg phase was ad:
served and the PCP degradation rate incicased wilh in:
creasing gl 1 {data not thown) The
results thus sugges? that the depletion of glutamaie in
the culiure eawsed a lag phase in PCP degradaucn

{n the experiment described above the turbiduy re:
mained relatively canstant throughaut the eapeniment
It has been suggested that supplementing carbon be-
tides PCP may prevent he vistlity 1os of Flovoberter:
ivm (Topp e o). 1788). We thue measured (he viabilny
of three of these cultures in the biodegradation eaperi-
ment. The concentration of viable celis vaned under
different condiions. The resulls are shown in Fig ¢ In
the PCP degradation culiure containing $Omg/l of
PCP, cell visbility remained high in the presence of
91 mg/) of glutamsie, whereas in the absence of gluta:
male, the viable cell conceniration decressed tapidly 1o
fess than (0% in 22 h. The visble cell concentration ev:
entudlly increased agsin; such an incresse in visbie cell
concentration appeated 10 caincide with 1he onset of
PCP degeadation. In the control witheut evther gluts:
mate or PCP, the visble cell concentration remained
high for ever 40 h before it began 10 decrease The e
sults thus suggest that the lag in PCP degradation it a
tesuli of viability loss in the presance of PCP ond 1n the

e Ve °‘ -l

00 00 ind N L 1 @, PCP concr 0,
.lw’:uu consnirntion; O, spenfic PCP degradossen rone. €11,
([N

We observed no vinhility lots during cell hantshing
and washing before inoculation inta the PCP degrade:

3




169

PRn v Lyrnpoysd pue ) 9| iv
e W 60 PN Msw (BEN) byt )0 1MNAD OIS SH1EN0N Was
A9 NN N (Y Spusegiay Sy WeRY MR WwIYg
Lol . 1D ) W) piwietrge sisa gy 9S4 Senie
e g photnIS PR ([ (] 0D {mpeurnase rpnise ) ) sope i
4 ) HAL 01 porey) 2w Lpam myt m posn un) |y wreedio

poym pes nepsly

Fuidind mydins wosy
PrrIp tuivlioi0p jo peilap pus voneTIW
+A10dap ‘woIpnpy (XQY) uslojey suedio squeqiope
'UoNETLO|00p Suipselas suiil sepeNtIM | 10) BOYIT
AW NIY) PUB SUONIPLDD BIRIIN3 BY) LOdI Bm Di3Y
(6361 19 12 13neqlasg) sopensism g Aq Suidind ayd
‘Ins wo)) wivBijasoy weid Yreaq jo uonepriBap s
2 1M 2y 10) PIQUIIIP am 13ded INOIANID | U]
16861 ‘19 13 YILIedyiry)
dind 1eiy poomprug waiyug o1 31q8 09w sy snBuny By
‘A 8ursasniu) ((ge1 18 B s3koy) 11330:d shonuuOd
SV pUe (ER61 "136] ‘19 19 2420WIAY) 8200103 YI18q 4|
walAw penijIqoww- 21 avilis- WAD|EI Yiim PIVIRIGO
SN SIUINIYD YINT WO RA0WA INCIOD JUIN)T ‘i0)
@1 1210w0/) 3| BULd|nd 2iryding wou) SIUIN(LS |IW
YOIY 21110]023p O) WMoY 18¥n) 102-B)Ym Y1 JO BUD
(5861 19 12 sa3y3ie4) Burdind ajeqdins wosy atoy)
UTY) 1W03)8384 Br0W 3q 0) Wade Burdind anydins woy
11020110 5§00l pus A5vaisy(> woliruojoIsp Jo)
wemodwt 01)e 81 10N 1uryd yara(q By 0 Wilpo ayy
1916) v 15 ®xndny) pain wiesy sy wodn papuadap
AjFuois wavodiordiy) ¢ Aq VUNRIUO|0IIP ‘10A02i0 W
$2102 (18 VI WONTPRIBIP 210000)3 10) 1ENUNY 8q O3
Pranid 3191190903 & Jo wONIPPY (SR6( (¢ 19 quingg)
P2112190 U23q 038 19y Spunpdwos IINEDiI0-0I0|Y) JO
VOHEUIIO|YIIP IWOP “VONFTIOIONP S3PISag (Z861 (¢
12 uniej) 150id Yo rkpy M) v LW panpIqowwy
A9 paeaiyre sem raowar 1N0j0) jo voneniwiko pue
{1gA1 (12 urvIpUNg ‘ORg| |® 12 UOIY) whisodrver.lrys
dseymivoyy Gitm papms Ajivinoed uaiq 1y vop
eprIBaC) (L{8) 1% 13 JwWnINYn | p9g) (8 12 UOLR)Y)

Manting W o Himbas 1eisdff)

901339 10I-2HYM SAOLEA WM POVIEIQO UIIG AprINe
TEY UONITZUOI00NP WIS Pus BIWINLYS tuepd Yirayq
YUY Y)m 2u0p uadg 84y P)a1) S1Y) V) SHPAIS 1sopy
‘wrodind sennued Ny so) swiiuelio Suisiword 10w
Y1 5q o) W jBua) ey Suipnalap poos ‘suiuty
101831504 10 VO ITPRIIPOIG BY) 40) AN 1YY a2
818 1u00BE) P2ILINE 20 1BPN)Y PREAIIE I8 Y208 U
*1932]1 23180104 )0 EPOYIMN {SUD|IVIAUOD SEIIIYM

;d NANS
$NOK2S W) N Lres FUBEOD PuE SWERLIS OIUY BIURRYYY
81341 Jo nunews slim; SuyBinya0p £q wonnjjod 3enbde
MAEIIQ |1013p 20w B PHPRIS 9q OF Sey Swaitks
093 U} TUIUTIIOIYD §INS o ais) sy (erel PupURY)
swiiuedio 1ende Uy NisjnwndIe Lrw pue ()ge) |¥ 1
PEisBupry 14161 'IW 19 vORIUT 1240 IV 1 apUY (L8t
s1380y) 31sadosd Hualnnuw pue Rre; ey Nusuod
WD 3|UeEI0 PITUNOIYD ‘4940310 ‘S3ANITALID viuly
ausawA|od ‘3poydowoiys JO U0 11341 O) NP UMDY
WP 210 13)npaoeid Buiydeaq wos) swanys (1w -d)ng

soppapene)

‘JQUPRIBIP SN} 1OV PUB BN PIN APWA)
*12 18 UOIIEPRITIP 1018 POUIRIQO 3npisas ayy ‘Indun)
BYD JO SHIAIDE 9134 (|0 10§ KIEsEI0oV Sem Bi0IIGNS. 0D
9 )0 22un2id sy| popriap 210w punodwod N RrWOIE
17101 JO Mg a8 Hiym pazuswitodsp L121dwo) sem
10312 241 W VORI WM -JunIROW. YTy ay) ‘Ayd
-nidoirwoiys 38 £q umoys sy ‘wip NOQe Kq pareIr
-3p sualojry Huelse 2qrqIotpe s prinsesw spunod
‘WO unlie-0i0)§3 JO BONENVINGI g1 ‘A)Inosw
[RHAUNS SAEDP [ WIIM PIAIIYIT SR O1INPIS INO|OD
%06 INOQE "rRNIQN-00 Tu 2103MT Yy ‘WIS 10w
I 2134 SUIBNS (s0pOLIM IMOLIDD) JojONIM K210
24 Yoym Swows Buny 101-3t1ym Jeidass £q papnil
-op viam Buidind anydins woi) wanpge wepd yiexg
PaVIqWoa 8 ¥} B3a1eALp WivH)) PAITVLOIY) ‘Lremey

1681 Araueg ¢ pardarsy /004) Loy 1L posrvar,)

Ausminny jo spjandsy (0s3pey *) /g DO 6L PIVITUH VRS B} W10 0001 O
VIR IPNAIART) DYIONNIL) ‘M) i 1epirans )iy pun WUTIOR Sunniiy ‘NEOINNG AR LNO)Y Pvi siwsyderg 20} MHIS]

81154002y SpunD) pov ‘LaED] Bipas)) ‘isneqliog rviyiingy

40; 20 52)2pJ] sn3unj 102-3)jgm 3Y) Aq juany)js jued
Yas3{ ® 0} spunodwod uud)| parsujIofyd Jo uopepridag

1681 0n0p 108updy O

Aoovyanong
oy

ON0001 606511410
60060156 (10410 100200009 porgeasi} pidy

[ U

Yeusgdororperay (p3) 3 ory ey o) wewrer svurey

(1mg) poer) >05 § 0y vant NG &) pos o »
L d & s VIRL 0 MRUN ¥ iee
e Sop 1o Wwawdoraarp ayy (£561) ) PesaIYYN M) P
11 601 61 11N VT OF POT 18s We1) PuNRY
Dupsadwensp joesydersiydrivad o weurmpen) ((eol) | sqveriog
M A0EL L) powyns)
g 100 punRi g W1 1an1|LT) Ferunid pesa punert e e
PUReIl Ut 101 W1 LIAIALIP Ny Ut yewigd Prwingy )
(5961) § Iupriny ‘St voueqeg towiyesg ‘A wamany g ooy
vo_..-. -»» mgen

.l« .‘l-!-.:—to.l’l‘l‘!i!‘cal

-dqderepgonmad po L1 re) I§(a1) IS PSS ‘M V\HEYUeg
1T %l we L AL ‘

TN LIoNE [usydeory) ¢ ‘1o rwnspdnmyy ' 10 w)

—peqy 19801) SN Vovems veaiyvg g veurdity N( nyT ey

080y

Ay iy pousyduieiyrip p't pue pire wdosmyrp
'L we pruswopand ¢ 10 12100 GLenID) (BE81) N B4 Y7 end)

4500 150 0t 10rqringy v

14y pMy @ wausragningg Puprilap wesgde myy veresd

8 £q WOt IIw RIydnIo| 0w DU BEQII HeTneee i te
Appess jo sousaye) (R141) Su vewwe)| M1y prejanr) ty dény

[TURTUIR N T

W weitang [y WAL Tpnitap 100 iydn ey o iw at
® o voyeny ®© pue 1981 (2081) WY Wog (1) 2vvjuing

QOURZCIR A o W LT Y]

1dy (ourdors>ernd speilap WY) NTLIN WRLs eqeer)
Lol 2 pur 1) (S084) 30 Propmei ) Y1 1wy

wey

Ay vy wasiy Bmexi mesmversss puy {bore>
Lol v N {8161) (92} 3 o0y vhury

"ot »io) »

PQenipy wniauy pdy YWPHIN DWaEIN) BINPLE Bt (ou

- 0qde 101201934 )0 Wi ingd pur veivpeilapag 1) et ) "w
PIJARL) iy WOIRL ) 1)) UNNG gy Py BOMIR it sparrely

BIIT CUIL S8 posgpampy wnnam | phiy

I waui eIy PIRIgruet JrgIsmiind g gy
OMeIud jo vereneilan) taget) V8 PEegumy | %ty O

PELY SLE (1 10N MM Menisy | BenepRslapreg syt
POIPINNS (COAID 1) PPIT) 1 ORENR T ARy gy ey

PI0 G5 § VOLURIOUILPOIR LA IR PY Pty

RMBNED e a1 0014 VIV R 16 U0V TR | Wiy}
100 (9901) 11 PIn)mPa ) T ) UASIN ) 0N LINS Ty BATmLeYy

11 184 wop g ‘ay wav

g ATeprner jrauni v pur dBngsovasegd iy

‘usgdorpyrenag (pr) 3 ory vieey B) Basdes o wpe
00 Bi sBEIn pouipto iy 1einad g8 Susswmy (00410 MY W Voeyg

w

161 G "INy TN 144V] 108) P2Nmpee ) jrmawenay

3 Ainnpuy 13deg d1ng j0 vorITTY [EeYs) Jwpssery

1O ME (UMUNIINWIS 1 201 DoY) Qe pue RN

[ L. ] ""..c Seileve e b‘ L2 11 PNy gty o vy
PYHRY (1841) ) 1 WHIES py BIvorrg slenypeg 'y Brunayey

0501 109( 9 Sawae ) wiy )

W) PVHO ) N ING 1101y iryde BoTrery) 13y veney
Ry PUn wssitueyIvonsoIg| (1:41) 2 W0IWp ¢ s irueye iy

)£ 1y Vegwraniry

wea mwewy Ll L 2 Pera ) pue depere

dq vornqigur yumort jo Lpan npmy e O SRBISETS | Ovow
CPRY B BSNIQINS MINARS ((141) M MBSy V] ey

O (19.¢ 1w oo

114 SIS wpasregeasy) 8 Tomwe ot mei) pewsgdereyn
‘03l )0 (VAT [93r5010v0 N (SB41) MM SHOpE STy Prejans)

01-() 6d “pop may 12y wramy [Teponer jvwsm

M pus Ldox W Armig Yousgdesspyereny

(po) % ory thery (8] ‘wnue B - WUIEY Jo g 1
1911 591 v} sl pousydesorg>nmed o musng (00410 9O NPR)

011 ¢ ‘pey may ‘g was

a4 LBerworses | 1500 pun Sloy - & w

Bry Jo 2qqndig sy po 1 AYReR )
Wl ¥ [TeeN #10ue ) )0 mons) rernTs Be e D¢ l(NIS
0 303 P E ] ) N P vt Ty vy
1904 1) QUer] TYKN Cwepy Ceyieg)) v e ey wene)
tivisd dq U Bt prueddm sa Gpars Wyl Uvsmsbpapacvyy

paelusiavi 3q 01 NV
PUR wmouy 10w 31 2lewenid T8 LIS EPWS B LIV
O8}¥ " 2001QO{133 PUT 210970 1Y ONS “d wau Iegeneyy
4q PININR 0T 21T Y 10008 VOQEI SINIC SIYIUM
Newnin® jo vornppe 1 £q prwaadd 3q ued Knpg
"81A JO FS0L § \IAS PUS ¢ )¢ o 2utdd 2y £q papaye
sem Anjrqeia 3o $301 ) 1r seadde 3 (9 Ng) 9N
JO 30UIMNQE >yt ¥ aw) TNOY @ 20) HGWIA UIEWI 3O
17Y) BONTAIIBQO SYI YHM JUIITITVOD §) S1y ] FIARRD VOH

o) 0w o poe
(@) 1/Sw 1) (1w (g (9] 1B gp (D) 1w g 1v ewm
MO Pus 1/d W P 0y PIPA I Lage Y Prewreald ov g W e
‘9 AIpaei pue weirpaitip ¢ 3 e Memningd pa w2y v Ny

o) sy
»e .. . (1] .
- a —~ -
(3
.
z
.
- m
.
/V“ m.m
o @
3
ey -
o) swny
.“ (1] . F ..l
-
2
.
- -
H
- 3
2]
ted




wuh st 3% The use of RO mud cvaparalivn weir rev:
omnmended 10 mect the spowss uhpative fut the denwa:
qini-on of innovative wasicwalcs Uestment techuulogy.
This technique weuld be applnd 0 the two remaining
mager + of chromi Ination (the gun line
rinse and the bright-dip rinse). Pilot-ecale RO tests indi-
coted that the gua Hae rinse walent would be swecesifully
wvated by RO wing s | 103 my prefilics. Pretrcatiment o
the bright—dip riase welst proved 1o be Inefoctive, how-
aver, cleaning the sembrane with s 1% solution of EDTA
resuned the permente Bus 10 90% of e tnitial value This
altowed the use of RO usatment of the Luight-dip riuse
by eversizing the AD uail to take Inte mxount the en-
yected bt in premeste Bus The full-scnle hestment
unit was built, purted W the industinal laibty, and
stered up wiing waslcwalel wwsed M the faciliry The e
Jectmn of vhimmum eacroded WIS, whidi war hpm al ol
the L husnntumt tegectons in the polut studies Dunng this

thaet-denn teit, the perneate Run drcreased with time
The decrease ia penneste Aus with 1i.ve was lees than the
deivesse oblained duriag the pilot aperation when the
pilut unit was started up on 8 mew membrane. The RO
tystem was not run long enough to campletely evaluate
the luss in permeate Bus with Ume. The lost permeals
Sus was restured by cleaning with & =l of phos-

phuric acid

UvLAATVAE T

) Walker,) .00 et ol . "A Plan fas Impiameistion of laneve-
vy Ul d Waate Mi e Tochaiques of an Eastera
US Neval Plating Shup,” Prc (WS Beh Aravel Water Pl
tuiewn Coaioud Podirwtsm Confrecacw, 129 140, (N €8,
WY, Chitadelplaa, FA

Biodegradation of Chlorinated
Hydrocarbons in an
Immobilized Bed Reactor

Gary P. Miller, Ralph J. Portier, and Darryl G. Hoover
Institute For Environmental Studies, Louisiana State University, Baton Rouge, LA 70803

David D. Friday
Environmental Remediation, Inc., Balon Rouge, LA

Jerry L. Sicard
Ethyl Corporation Research and Development, Baton Rouge, LA

A 78 liter immolrlizad microbe biological reactor with a bed relention lime

of 20.3 hours was used in @ continuous

mode to remediote

contaminated irumd«m containing athylens dichloride (F1C),

tedrachloroat
V) } ']

wene, and irichloroethylens, with EDC being the
taminant. The reactor wea Initially sesded with

X.:Mhoblcur sutolrophicus, @ demonsireted halogenated aliphatic
substrate uliliser. The reactor was opeveted fur forty-two daye. Material
belance determinations for primary volatile aliphatics of concern indicated
#n avarage of 90.3% minevalization of EDC, 81.7% of the iricKlorethylene
(TCE) and 64.0% of the tetrachlorethylens (TeCE). 1A addition 1o
Xanthobacter autoirophicus, four ind(genous bacterial species from the
groundwaier had successfully acclimated (0 the reactor bed.

MTRODUCTION

Biological rantrment using sn immoliilized microblal cun.
sortls has been studied liy severul rasearhers. Portior
ot ol (1) used an immobilized subtirste (0 enharce PCB
degradation, Chibata [3) studied Immubilizarion 10 en:
hamw o0 deactivation, and Welth ¢f al. [3) tesied
eight diffecumt immobilization suppuits fix effectiveness
10 biulugivs! treatmeid. Thece has alsa hewn on interest in
the shility of hacieria to degrale hatugenated hydroms.
bans (Vigel o0 al. [4) Livesey aiml Asbirs [3], Friday and
Penties {6]), mved the specios ethybeore du hilahle (o partle
wler {5kt ot ol {7 Bouwey aml Mo any 18], Relay sinl
Danicle (V) und Janssen ot al. [10]) The ase 1 Drodogtic ol
evators 10 o low maintename, coml ol tive metnd of o
nuaviog haratdims cvmpminents {iun miwater
warliwaled ne. A selvantage ool biologte al Grestone ot
wves physicat soparatbng b hwngnes o that the Rasardine

material is chemically aliered (0 noninnic matenal or men
erstized 1o €Oy and hivnwes. With phytical srperatien
the hatardous maberial I8 1evun ared, bt siil] requises des-

pueal.

In this study, s blulogicel reator was used 10 rvsmedhate
adwater contaminatid with chlarinaied hydrmas:
s, The majur contaniinants weer ethylene duhionde
(EOC), 120400, wehlonmthylene (TCEY, CHCH,
wnd tetra hlorsthyle e (TCCES, CCI, The retionsls of
these comtlinmous ow (eits was W idenhify operating po-
remeiers sud related nuateglals handling needs m ssvess
Tlly dbistgrs momd iqu70te s1edh o syslom +5 & prormane ol o
anstiothen  Gaaliey  Adiliilonally, the evalusimn of
vrhowrnlizat oo eutes for nibime haloge ruted sliphatn con-
tanishianile In the grmimd water wan of e rest {nath (1om o
aricridingl phiyshedimtis ab (ueisputive os well a1 s sroed
Yiw Dode: thos mer sl 100 1000 Do sl obggns aoned juim @ 0e w ale wp

ovmenl o
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ABSTRACT

Porous polvurcthane particles were prepared and used for the immobilization
ol whitc rot fungus Phancrochacte chrysosporium. The immobilized cclis
were emploved for the production of lignin peroxidase. Polyurcthanc
immobilized spores, or mycciial pellets of Phancrochaete chrysosporium ax
well as freely suspended mycchai pellets of fungus were used as biocatalvst for
the degradauon of l-chlorophenoi. The polyurethane carriers appear 10 b
supcrior .0 the ather carners already used for the immobilization of fungus.

INTRODUCTION

White rat fungus I'banerachaerte chrysosporium excretes a highly
effecuve extracellular oadatn e cnzyme, ligninase, which being nonspccific
can break down not only hienin and methoxylaied ignin but also 2 wid.
varicty of compounds, such as chlorocarbons and polveyclic aromaties
(Anmand and Sandermann, FIR3: Rumpus and Aust, 1987; Bumpus et al., 1985
Faton, 1985: Huynh ct al., 1943: Sanglard et al., 1986).

F'he production of lians peroxidase by fungus in shaken cultures using
veratryl alrohol for enhuncoment (leisola et al., 1983). as well as 1y
immaobilization on various carcicrs was oinvestgated in numerous papers
Some of them are: Konnarme and feffries, 1990; Chen et al., 1991: Kirkpatrick
and Palmer, 1987 Linko, 1988 Linko <t al., 1987; linko and Zhong, 1987 Link.,
and Zhong, 1991 Ay o all, ek 'olhvinen el al, 1991 Ruckenstein and Wan:.
1994, In this amicle o novel carrier for cclt immobilization, namely, parou-
polyurcthance parhcles, 1s sugessted  The immobilized cells have been used 1,
mvesnigte the dearadatins of J-chlorophenol. A similar CArricr wus
previoushy prepared by us lor the immobilization of lipase and used in the
hydralysiv of triaey Iglyeerides (Wang and Ruckenstein, 1993).  The carricr
was preparced as previousty deseribed (Wang and Ruckensicin, 1993), I he
porous polyurcthanc particles possess 3 specific surface arca of 418 mi/g and
exeellent mechamical propertics
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Phanerochacte chrysosporium ATCC 247235, maintained on 3% malt agar
slants, was grown aerobically on a carbon limited medium with the
compasition: 2 g/! glucose, 2 g/l KH2POy4, 0.5 g/L MgSQ4 . 7H0. 0.12 g/L NH (I,
O3 g/l CaCl, - 24,0, and 0.00! g/ thiamine. The medium was kept at pH 4.5 by
bulfernine with a 20 mM sodhium tartraie solution. Pellets have been gererated
by inouuianmg spores (Fomi, contasung about 1.5 x 107 spores/mlb) into 75 mL
of medium placed m 250 mi irlenmeyer flasks shaken at 100 rev/min, at 39°C,
for onc day (after which they were used for immobilization), or two days to
obtain {ree suspended pellets.

immobilization

Particles of porous polyurethane (2.5 g) of abeut 0.1 cm size were placed
in 250 ml. Erlenmever flasks containing either frece suspended spores or one
dayv old pellets of fungus cclls in 75 mL of medium. Then, the system was
shaken at 100 rev/min, at 39°C for two days.

After twao davs of growith period, the volume of the medium was reduced
to 25 ml. for freely suspended peliets and, for practical experimental reasons,
only to 40 ml. far immobilized {ungus. The enzvme production was enhanced
by adding veratryl alcohol to obtain a concentration of 1.5 mM, and carried out
under 1009 oxygen atmosphere, at 39°C, with shaking at 30 rev/min.

Lignin peroxidase activity

The act.vity of lignin peroxidase was measured at room temperature, by
determinming the instial exidavon rate of veratryl alcohol 1o veratraldehyde
{ien and Kirk, 1984} using a Beckman DU-70 UV spectrophotometer, at 310
nm. Yo 1.3 ml of supernatant containing 1.5 mM veratryl alcohol, 0.47 mb
sodium tartrate bulfer of pH 3.0 and .03 mL of 30 wt9% hydrogen peroxide were
added 1o obtain concentrations of 0.1 M and 0.3 mM, respectively. The
concentration of veratraldehyde was measured after one minute.  The
activiies are reporied in U/l where one unit of U is defined as one micromole
of veratny b aleahal exidized in one minute.

Spores aimmohilizved on 2.5 g of porous polyurethane carrier were
allowed 1o grow at 39°C. in 75 mi. of carbon limiied medium, containing 1 g/L
glucose, placed 1 250 m! [rlenmever flasks with shaking at 100 rev/mon
until the ennitre carson was consumed. To enhance the enzyme production, the
volume of the hgoid was redurad 9 30 ml ang verawryl alcohol was added 10
obtuiz a sancentretion of 20 mM. [he producuon of lignin peroxidase was
carrcd ui under 100% ovygen atmosphere, at 39°C, with shaking at 30
rev/mmn. Since the additton of trace element and vitamin solutions improves
the producuon of lignin peroxidase, 0.2 mbL of trace element solunion
(comtaning LG mgsl 7nS0y5 - TH20, 1.5 mg/l. Na-nitrilotriacetate, 1.0 mg/L
CoCly  GHO U mg/l MnSO4 120, 0.01 mg/l. CuSOs . SH20, 0.01 mg/L




—
~4
tn

ATK(SO4)2 . 12100, GO mg/l NapyMoOg and Q.G myg L HBO3), and 0.2 ml of
vitamin solution (vontammg HU0 me/i thianuae-Hict 20 mg/l pyridoxine-HCL
10 mg/L 4-aminobenzowe acid, 10 mest thiocne actd, 1) ma/l. riboflavin, 4
mg/l. folic acid, 4 mg/L hioun and 0.2 mg L. (yanocohalamin) were introduced
into cach batch of the repeated batch praducnon. The time interval for cach
batch was 48 h. At the end of a batch, the culiure supermatant was decanted ofl
and 40 ml of fresh carbon himited medium contaiming | g/l giucose, 2.0 mM
veratryl alcohol, 0.2 ml. of trace clement solution. and (1.2 ml. of vitamin
solution were added (o the Lrlenmeyer {lask. When the flasks were opened,
either for sampling or lor changing the moedium, they were flushed with 100%
oxygen for 10 minutes.

2 w .

Spores (1 mL. containing about 1.3 x 107 spores/ml) were inoculated
into 75 mL of medium placed in a 2530 mi. irlenmeyver task and shaken at 100
rev/min, at 39°C, for two davs. The culture eontuiming the formed suspended
mycelial pellets was  then introduced into the hioreactor, a 2-1. New
Brunswick Scientific Microferm ME 114 baich fermentor, containing 1330 mi.
of medium. The suspended pellets formed via the agglomeration of the spores
were allowed to grow at 39°C, with sticring at 1) rpm. and an acration raic of
(1.3 I/min. The cnzyme production was enhanced by adding veratryl aleohal 1o
the svstem 10 obtain a concentration of 1.0 mAL alier the glucose wus consumed
{ubout 2 davs). After five davs, (L6753 ;¢ ol 2-chlorophenol was introduced into
the fermentor along with 0.3 g/0 of the surlactant fween 8,

3 1op of 2-chlorophepol with | ohilized svstems

for the immobilization of mycehal inacula, suspended two dav old pellets
were introduced into the biareactor that cantained 2.5 g particles of porous
polvurcthane carriers (about L1 em om sizer and 1330 mil of medivm. The
immobhilization and the growth of the celiv an well o ather processes were
carricd _out as deseribed above, Experinoans Bave been also carnied oui by
imtroducing the polvurcthane carnier aind suspendad spores it 75 ml. of
m~dium from the begimnimng, the other rondiions remaming the same as
abme.

alvticai assay of 2-chlorophena!

The concentration of 2 hlorophen swas deicemined with a2 HPLC (1SCO-
2330 pump/ISCO Vg odetector at 234 ami 1300 S oo Hvpersi!R Green BNV

The stripping rate ol 2-chlorophena; dermng acranon was mcasurced an
the presence of dead lTunvus in the fermenior The olt-gas was passed through
three flasks in series, cach conamn: SO0 b o waier, in order to absorbh 2-
chlorophenol,  Samples from the fermentes cld pas traps were analvzed. A
matcrial batance was used o o atuate Che oameunt of hindegraded 2-
chlorophenol.
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RESULTS AND DISCUSSION
Enzyme production

The dependence of lignin peroxicase activity in barch procduction on
time, for free peilets, polyurethane immobilized spores and immobilized pellets
is prescnted in Figure 1. The lignin peroxidase activity is markedly improved
by immobilization, the immobilization of spores providing a higher activity
than the immobilizatior: of one day old pellets. Figure 1 shows that the higher
activity of immobilized spores is due to both the immobilization and the
physiologicai difference between spores and pellets. The im: sbilized spores
provide an activity of 357 U/L 2 days after the enhancement of enzyme
production by veratryl alcohol, and a maximum activity of 697 U/L after about
7 days. In contrast, the maximum activity of 322 1J/L is obtained after 14 days
with the free pellets. (Since the volume of the medium was reduced to 25 mj
for free peilets and 40 mL for the immobilized systems, a few experiments have
been carried out in which the volume was reduced to only 40 mL for free
pcllets.  The differences in mean activities have been negligible). The
volumetric productivities calculated on the basis of the maximum activities
obtained with free pellets and with immobilized spores are 0.96 and 4.15 U/L h,
respectively.  The highest prcductivity obtained belore was 3.4 with spores
immobilized on an agarose cartier (Linko and Zhong, 1987).
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z 400 1 o
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Fig, 1. Eig. 2,
Lignin peroxidase activity (U/0) Lignin neroxidase activity (U/1)
with free pellets (3), produced in 48 h by cach bartch,
immobilized pellets (2), and in repeated batch series with
immobilized spores (1). immobilized spores.

The time is measured from the
moment of addition of veratryl
alcohol.
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To investigate the stability of the immoaobilized biocatalyst, repcated
batch producuien of lignin peroxidase with polyurcthane immobilized spores
was carricd out. Figure 2 presents the lignin peroxidase activity produced in
20 successive batches lasting 48 h cach. One can note that the activity was
always higher than 500 U/L

Degradation of 2-chlorophenal by biocatal

The results for a feed concentration of 500 ppm (g/g) 2-chlorophenol
are presented in Figure 3, which shows, as expected, that, for the same »mount
of original spores, the immobilized spores provide much higher activities than
the immobilized pellets and free pellets in the degradation of 2-chlorophenal.
The degradation activity is cxpected to become much higher by increasing the
amount of immobilized spores and the aeration rate. Indeed, because of the
conditions employed, the production of lignin peroxidase in the bioreactor
have been much smalier (324 U/L for immobilized spores) than those in the
Mask experiments (448 U/i. for immohilized spores).

2-chlorophenol concentration
(ppm)

50

Lig. 3. Degradation of 2-chlorophenol
(1) by free pellers:
(2) by polyurcthane immobilized pellets;
(3) by polyurzthane immobilized spares.

The concentration of 2-chlorophenol is expressed in (g/g) x 100,




CONCLUSIONS

1. Porous polyurethane carriers have been prepared and used for the
immobilization of white roi fungus Phanerochaete chrysosporium.

2  Polyurethane immobilized Phanerochaete chrysosnorium exhibits a
very high lignin peroxidase productivity and stability in both batch
shake cultures and repeated batch shake cultures. Their productivity is
much higher than that of the free pellets, particularly when spores are

immobilized.

3. Polyurethane immobilized spores exhibit a higher activity in the
degradation of 2-chiorophenol than the immobilized and the free
pellets.
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