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The terms of reference oT this UNIDO mission called for a
consultant's advisorv assistance to the
National Cremical Laboratory (NCL) at Pune 1in its biotechnology
fermentation programs, ecspecially thcse dealing with bioconversions,
cellulose-to-microbial biomass (in particular), cellulose-to-glucose and
glucsze-co-ethanol. The mission covered a 16-day period in Pune and

associated in-transit rest-stops (January 7-22, 1984) with no briefing or

de-briefing stopover in Vienna.

The lack of material mailed from Pune to Waterloo are the malr causes

for delayv of submissicn of this report. Ia fact. at the time of writing.
the material has still not arrived anc cspects of the reporc rely heavilv on

Tenorv,

4

As part of the mission, the frst three davs (Januarv 9-11)

we e spent at the NClL-organized "Intermational Chemical Reaction
tngineering Conference ' (ICREC). An outline of the ICREC is gziven in
Appendix a. ICRFC afforded a uniqua opportunity to discuss and exchange
information with some of the world's foremost authorities on chemica:
reactors: hiochemical reactor design and onperation were of direct 1
relevance to the mission objectives. The remaining nine days were mainly
spent in NCL laonratcry visits and meetings with the two kCy research
Teaders and their staff who are involved with the project: Or. M.C. .
Srinivasan of the Bioctemistry Division and DOr. N.G. Karanth of the

Biochemical Engineering Group (within the Chemical Enaineering Division) at




-3 -

the NCL. Aan NCL-prepared outline of the structure and research activities,
including a 1list of facilities -nd publications of the Biochemical
Engineering Group, 1is given 1in Appendix B. A similar outline for
Biochemistry was not given to the writer; however, the relevant research
activities, publications and extent of collaboration with tha Biochemical
Engineering Group are summarized in the July 3, 1983 Technical Report of

Dr. V.R. Srinivasan, the Chief Technical Advisor to this project.

In addition to the individual and group meetirgs at NC.L referred to

above, the following seminars, lectures and external visits were made:

(a) ICREC lecture on "Biorectors for solid-substrate aerobic fermentation:
design options rfor the Waterloo SCP process'’; (b) Visit to the Pudumjee
Pulp and Paper Mills, Pune; (c) Visit to the Tata Research Development and
Design Centrc, Pune; (d) Seminar on "Process biotechnology'" at the
Hindistan Antibiotics Company, Pune; (e) Seminar on "Bioreactor design” at

the Indian Institute of Techmnology, Bombay.

It should oe pointed out that during the Pune visit, several meetings
wore also held with Dr. John Bu'lock, UK, Dr. K. Schligerl, FRG, and
Dr. Henry Bungay, III, USA, who are alsc consultants to this project and
were in Pune during this visit, In fact, most of the fallowing findings
and recommendations were derived from collective deiliterations. For

convenience, these results are itemizeu beiow moving from generalities to
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specifics and in no particular order of importance. Strictly intergreted,

some of the items fall outside the scope of this mission but are considered

to be sufficiently related or interesting to be included.

Findings and Recommendations

(8%
?
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The NCL has made a major commitment to biotechnology research, in
general, and fermentation technology, in particular, Within this
UNIDO project, the Tlatter aims at the utiiization of lignocellulosic
materials for the production of edible protein-rich microbial biomass,
glucose feedstock and fuel-grade ethanol. As such, the NCL is in
competition with many othe, research groups throughout the world which
hope to demonstrate that, by bioconversion processes, lignocellulosic
biomass can be used as a "renewable resource". Like many of the other
groups, the NCL does not seem to have made comparative locally-
relevant assessments of the economics of alternative raw materials
such as starch and molasses, which are more easily utilized in the
proposed processes, or of the commercial viability of alternative
product types such as soybean meal, vil-cakes, methane, methanol,
furfural, etc. produced by other biochemical and/or physicochemical
processes. In the various evaluations, the possibility of by-product
credits also need to be addressed, e.g., lignin from pretreatment, CO,

from EtOH production.

The research capability of the scientists and engineers involved in
the fermentation program 1is of world-class calibre, as refiected 1in

the quality and quantity of papers they have published in reputable
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journals (see Appendices C and D). However, there 1is need for
analyses of these research results to identify possible "bottlenecks"
in a process and to examine their possibie commercial usefulness for
the Indian marketplace or for their technology export value. In
addition, contacts with potential industrial users of the various

process developments should be established.

It is recognized that native Tlignocellulosic materials are
biochemically recalcitrant and some pretreatment is required before
further processing. For a proteinaceous microbial biomass product
(MBP), the NCL team has found a cellulolytic fingal organism,

Penicillium janthinellum, which grows well on rice straw after alkali

pretreatment. In addition, other cellulolytic organisms, Penicillium

funiculosum and Neurospora crassa, are found to be good producers of

extraceliular cellulase enzymes (see later) and it i5 proposed that
the residual MBP from these enzyme-production processes may be
suitable as animal feed. Two points should be made on these issues:
(a) Good extracellular cellulase enzyme-producers are not likely to be
good MBP-producars since, bioenergetically, these are Dpased on
opposing biasynthetic processes, (b) Preliminary in-vivo animal
feeding trials should be carried out as socn as an MBP process shows
promising signs of being economically viable (in terms of hoth growth
rate and yield) since product quality could become over-ridingly

important.

While there ~-ay be some merit to NCL's screening program to try to

find cheir "own" MBP organism isclates, they may be "re-inventing the
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wheel" in the sense that the Waterloo SCP process development (see
Appendix E ). has already carried out such a
screening. In any case, this process could be used as a base
reference for additional screening by NCL. One member of the NCL
research team, Mr. V. Jogdand, is now scheduled to undergo a 6-month
training program on this and related biomass conversion processes at
Waterloo, starting in the Spring of 1984. In addition, industrial
interest on the part of a local company, Pudumjee Pulp and Paper
Mills, should be followed up by NCL with the writer offering to act as

a coordinator.

Similarly, the search for other organisis with cellulase enzyme-
producing capability should focus on optimizing the applicatiun of the
current C30 mutant which already appears to compare favourably with
other publiciy-available strains. The relat‘vely good cellobiase-
component activity compared to the world reference, J. reseii, should
be exploited in the glucose-from-ceilulose process strategy. A fed-
batch culturing approach appears to be working well and more research
at optimization is encouraged. Cellulase is also being examined as a

product for de-skinning, e.q. tomatoes.

As a prerequisite to point 5 above, there is an urgent need to examine
the relative economics of various pretreatment techniques for the
lignocellulosic raw materials, e.g. via steam explosion, solvent
extraction, acid hydrolysis, with or without catalysts. These
techniques have already been extensively researched elsewhere and only

their economic implications here need be considered,
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It is the feeling of the author that it would be very uneconomical to
make glucose in commercial quantities from native cellulosic materials

in India at the present time.

2.7. ror the production of ethanol from sugar solutions, the NCL team is to
be commended for having developed a gel-entrapped immobilized-yeast
packed-bed bioreactor system which has been demonstrated at a pilot
scale using a column, =9" diameter and =2' high. It is claimed that
alcohol productivities of 60 g/L<h at 90% molasses-base conversions
over 6 to 8-week periods have been obtained, these performances being
comparable to other research claims elsewhere. However, it should be
noted that other known techniques using surface-attachment ¢f cells to
inexpensive packing materials such as wood chips as done in the
writer's laboratory (see Anpendix F) may be more economical than the
NCL gel preparation and entrapment strategy; in addition, the
possibility of intraparticle diffusion limitations is avoided. The
visitinrg scientist, V. Jogdand, will also study this technique during

his Waterloo visit.

3. Concluding Remarks

The present NCL team expertise has the essential multidisciplinary
characteristics to carry out the envisaged proiect activities. The existing
and expected research facilities appear to be adequate for achieving
the immediate exploratory goals. The writer would rate as "'satisfactory-to-

excellent” the present status of all the tbree inter-related projects,
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j.e., microbial biomass production, cellulose-to-glucose conversion,
glucose-to-ethanol conversion. However, if other recommended process
options are to be examined, further funding may be required. In addition,
sensitivity analyses of the technoeconomic feasibility of the various
processes for Tndian relevance should be initiated as soon as possible. In
the latter two aspects, this writer would be happy to contribute to the

exercises.

The Indian hosts are to be complimented on having arranged well-
organized, co-ordinated, useful meetings. In particular, the opportunity
of haviny concurrent discussions with other consultants involved with the
project (Bungay, Bu'lock, Schugerl) allowed debates leading to certain
degree of consensus. Finally, mention should be made on the warm
hospitality received from the hosts and the Tndian people, which allowed

efficient and enjoyable work.
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Post titie

Duration

Date required

Duty station

Purpose of project

Duties

UNIDO

JOB DESCRIPTION
DP/IND/80/003/11-56/32.1.C

Consultant on Biotechnology:
Conversion of Cellulose to Miciobial Biomass Product (MBP)

2 weeks
8-20 January 1984

Pune, India

The aim of the prcject is to strengthen the expertise and research
facilities at the National Chemical Laboratory (NCL) for the development
of biotechnologies for exploitation of ligno-cellulosic resources and

of technologies for controlled release pesticide formulation.

More specifically the project is aimed at development of fermentation
proces: for the production of Microbial Biomass Praduct (MBP)from
cellulose; development of enzymic process for hydrolysis of Cellulose
to Glucose (CTG); development of a process for conversion of Glucose
to Ethanol based on immobilized microblal whole cells (GTE).

The consultant will assist in an advisory capacity the scilentists from
the National Chemical Laboratory in their fermentation programme and
is required specifically to advise on:

- production of microbial biomass from ligno-cellulosic materials
through direct mizrobial conversion techniques;

- strategies for the improvement of protein yields;
- reactor design developments.,
He will be expected to attend the International Chemical Reaction

Engineering Conference 9-11 January 1984, Punce, organized by the NCL.
He will submit a brief report on his findings and recommendations.

S

Applications and communications regarding this Job Description shouid be sent to:

Project Personnel Recruitment Section, tndustrial Operations Division
P A PRI A IRITEOAMATIAMAL ACAITRE DN Rav WD VVionna Arictria

] P — oy - PO




Qualification:

Language

Background
Information

A Y

High level scientist/Engineer with vast experience

in research and application of microbial technologles
for conversion of ligno-cellulosic materials into
proteins.

English

The National Chemical Laboratory is a multidisciplinary
research institute which, among others, is carrying

out R+D work in biochemistry, microbiology and bio-~
chemical engineering. Under the UNDP/UNIDO project
DP/IND/80/003, Bioscience and Engineering, the
following activities are presently pursued:

- development of a fermentation process for the
production of Microbial Biomass Products from
cellulosic materials;

- development of an enzymatic process for hydrolysis
of Ceilulose to Glucose;

-~ development of a process for Glucose conversion to
Ethanol based on immobilized microbial whole cells;

-  techniques for pesticides immobilization for con-
trolled release of pesticides involving micro-
encapsulation and monolithic matrix.




The programme will include plenary lectures, coniribuled
ieclures and a panal discussion. The coniribuled lectures will
be run in parallel sesslons classilied as per the lollowing

theme:

® Blochemical Reaclors (BR)

¢ Dynamics and Stablilly {OYN)
e Fluid Bed Reaclors (FBR)
o Gas Solid Catalytic Reaclions {GSC)
® Gas-Solid Noncatalylic Reaclions {GSNC)
¢ General (GEN)
@ Muiliphase Reactois {MPR)
® Polymers Reaclors (PR)

Tentatlve Technical Programme . -

Monday: 9 January

0845 1000 Opening of the Conference
inaugural Lecture 'Early Davelopmenis In
Chemical Reuction Engineering’ by Prol.
N.R. Amundson (Howston)

1000-1015 Colies

Plenary Leclures

10151100 Arls (Minnesola) — Problems in the Dynamics
of Chemical Reaclors

— Progress in the Fundamenlal
Design of Fixed Bed Reaclors

Technlcal Sesslons (Parallel)

11001145 Fromant (Gent)

1145-1245 Session ) Session |
{OYN) (GSC)
Takoudis Gunn
{Purdue) (Swansea)
Takoudis McGreavy
{Purdue) {Leeds)
Chang Cresswaell
{Calitornia) {Zurich)

12451400 Lunch

Plenary Lectures
1400-1445 Holiman (Erlangan) — How to get Reliable
Laboratory Data lor the
Design of Chemical
Reaclors
Luss {(Houston) — Problems in the Dynamics
ol Chemicat Reactors

1530-1730 Session il Sesslon Il Session |} 1530-1730 Session IV (MPR) Session 1V (GSC)
(DYN) (MPR) (GSCIGSNC) Tavalrides (Syracuse)  Dogu tAnkara)
Kapila Speakers Zoulalin Deckwer (Oldenburg) Rajadhyaksha (Bombay)
{Rensselaer) (Camplegne) Gul (Zurich) Dadyburjor (Rensselaer)
Malros lo be Narsimhan Joshi (Bombay) Prasad (Hyderabad)
(Novosibirck) (Bangalore) Sohilo (Oulu) -
Dogu finallsed Foggler Chaudharl (Pune) _
{Ankara) {Michigan)
Kulkarni Hughes Weadnesday: 11 January
{Pune) {Sallord) Plenary Lecluras
George Bakshi 0830-0915 Shinnar {New York}) — Thermodynamic
{Alberta) (Saskalchawan) Constraints in Chemical
Sundaresan Mukhopadhyaya Reaclors
{Princelon) {Delbl) 0815-1000 Potter (Monash) — Recenl Advances In
Tuesovay: 10 January Fluidization Reaction
Plenary Lectures Engineering
0830-0915 Doralswamy (Puna) — Slale of the Ant of 1000-1015 Cotles
Theories ol Adsorption on 10151100 Ray (Wisconsin) — Polymerization Reaction
Helerogeneous Suw  es Enginearing

09151000 Astarita (Naples) —

1000-1015
10151100 Sharma (Bombay)

1100-1145 Boreskov (Novosibirsk)

¢ ¥ Technical Sesslons (Pau’!lel)?"f.} o

Gas Treating with
Chemicals Solvenis
Collee

— Some Novel Aspecls
of Liquid-Liquid
Reactions

— Reaclors lor Reaclions
on Solid Calalysis

1100-1145 Varma (Nolre Dame) — Oplimat Catalysl Activity
Prolies in Pellats

1145-1200 Cofles
1200-1245 Ramkrishna (Purdue) — Cybernetic Modelling of
Microbial Cell Population

1245 1400 Lunch

Plenary Leclures
1400-1445 Pstergaard (Lyngby) — Transport Phenomena
and Reaclion Kinelics

In Thiee Phase Reaclors

14451530 Davidson (Cambridge) — Fluidized Combustion
of Coal with Reaclion

Engineering
11451245 Sesslon il Sesston NI Sesslon Il
(MPR) (asc) (MPR) | Y e
Carra Larshmanan  Hammaor Technical Sesslons (Parallal) ;! 4l
(Mitan) {Bangalore) (Aachen)
Kaslanek - Carbarry* 1530-1730 Sesslon V Session V Sesslon V
{Prague) (Notre Dame) {(GENIFBR) (PR) (BR)
Baldi Acharya Choudhary Wakao Gandhi Blanch*
(Torino) {Bombay) (Pune) (Yokohama) (Kanpur) (California)
Plrard Anil Kumar Schugerl
1245-1400 Lunch {Liese) {(Kanpus) (Hannaver)
1400-1530 Panel Discussion Varma Fan Taguchi®
(Saskalchewan) (Kansas) (Osaka)
Cassano Ravindranath Bailay’
(Santa Fe) (Pune) (Caillornia)
Grace Balaraman _Moo-Young*
{(Bniish {Pune) Walerioo)
Columbia)
Mujumdar Karanth
{(Monlreal) (Pune)
Laguarie
(Toulouse)

* 10 be confirmed — under review




® Tne authors should send thelr manuscripls belore 301h
Jung 1983 and the revised versions before 318t August
1383 10
De. R A Mashelkar
Secretary, ICREC
National Chemical Laboratory
Pune 411 008, India
@ Dulalled Instruction sheets tor preparing camera ready
papers will shortly be sent 10 the contributing authars.
o The proceedings ot ICREC will be published by
Wiley Eastern and wilt be dgistributed internationally by
Wilay's inlernational netwoik

FACILITIES FOR LECTURE PRESENTATION

@ The following lacliitias will be avallable to assist the
speahers.
o 35 mm slide projeclor
o Overhead projector
® 16 mun cine projecior
® 35 mun cine projeciar

(v .. REPRESENTATIVES ABROAD _

g .rope — Prol. G. Froment
\Laboraterium ve - Pelcochemlsche Technik,
9000 Gent, Belgium)
Canada —- Prof. A. Mujumdar
{Chemi. Eng. Dept., McGHI Univ.,
3840 Unlv. Street, Montreal,
Canada H34 2A7)
USA — Piot A Varma
(Crem. Eng. Dept., Univ. ol Nolre Dame,
Indiana 46556, USA)

;TRANSPORTATION ...-

NCL Is sijuated aboul 8 ki rom Pune raliway station and
17 wm from the airport. Transportation will be provided for
deiegates airiving at the airport/railway station on Saturday
(January 1) and Sunday (January 8).

| AT 4 EXCURSIONS

It 13 proposed Lo arranga axcursion tours to the wotld famous
caves of Ajanta and Etllora and also 10 picturesque Goa.
Detalls regarding the tour arrangements will scon be
finallsaed and intimated 10 tha participants.

ACgOMPAN,YING PERSONS' PROGRAMME

A programme of sightseeing to pteces of Interest in the tocal
region is atso being organised. Detalls will be {urnished in
the naar future.

ACCOMMODATION

Accommodation Is available in hotels In Pune. Curren) rales
(subjact to change) are as lollows ($ = Rg.10):

Catagory Ad Single Bed Rs.500
Calagory A2 Double Bed Rs.600
Calegory B1 Single Bed Rs.150
Category B2 Double Bed R4.250

Category A1, A2 : 3-Star hate! with swimining pool
Category Bt, B2 : Near 3-star facllities but no swimming pool

Plecse Ll in the enclosed (urm and return |t to the Secrelary,
ICREC

brought wul by
e techniCat setvites division of acl

1esiznen & PrMeC 81 Navyul. pune

IN'I'EENAHONAL CHEMICAL REACTIO
ENGINEERING CONFERENCE
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1, z=ffact of Internal and xternal DifTusion on th
arcarant S:abilitj of Tmrmobllized Inzime uatalysts
3.3, Faix and N.G. Fgaur
J. apzl. Chez. and 3iotech.., 28 563 (1973]

2. CLiffu 181 Influences on the Parametric
ty of Injoblliznd Inzvme Catalysts

tn and J.Z, Bailer

3. afT=zct of Izmobilized ISnrrme Deactivetion in Pixed and Fluid.za2
Xaecters
A, SeCzra
2lotechnol, 3ioeng, 20 731 [1973]
L, Subtle ¥Ystiosn anéd Mass Transfer in ¥NonaVewtonian Tluids:
Sinsle Zubble in Power Law and Bingzam Fluids
S. Shavereinu, R, A Masheslxzar and E, Zlanch
aICh3 J., 2L 17263 [1973]
9. DSubtls “otion and Mass Trensfar in Yon-Tawtanlan Tluids: Swar-
of Bk L°S in a2 Powsr.lew Fluid
3. 2hzvareiu, R A. Mashzlzzr 2nd 7T, Slanch
ATCHIT, 9h 1570 71973]
6. ass Transfzr ‘n Aer:tic Fer-antors
Reae Mashnalzar
Proc. Rzcent Advances in Fermantation, ICva, 1973, P 25
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reviewed and recommendations for the immediate plan of investigatiocns

are set forth in tnis document. Of the immediate objectives as outlined
in the project document, the ethanol process has advanced to such a state
that one can foresee a tangible output by the erd of the project tenure.

In the area of enzymatic saccharification of cellulose, several interesting

experiments have been carried out and from thelr results valuable information
has lLeen accumulated. It is suggested that the efforts in the microbial
biomass program be better co-ordinated in order to standardize the methodology
for g.owing microbes on a large scale. UN inputs to the prograz have

been reasonably arnccrding to schedule except for cert:ia difficulties

in obtaining experts for consultation on time. Over-all out put of the

project has been fairly satisfactory, which is reflected in the aumber

ABSTRACT
The project Bioscience and Engineering DP/IND/80/003 has been

of publicacions in internatiomal scientific jourmals, generated during

the terure of the project.
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INTRODUCTION

Project Background: The project DP/IND/80/003 was requested by the

government of India with the over-all objective to strengthen the expertise
and research facilities available at the Natiomal Chemical Laboratories
(NCL) in biotechnoloéy of renewable resources for the production of food,
fuel and chemicals and in the technology of controlled release pesticide
formulation. The proposal was developed as a five year project with the
following immediate objectives:

(1) Development of a fermentation process for tne production

of microbial biomass prodnuct from cellulose.

(11) Development of a process for the enzymatic hydrolysis of

cellulose to glucose.
(11i) Development of a process for the conversion of glucose
to ethanol based upon immolbilized microbial cell reactors

(iv) Development of processes for the production of controlled
release pesticides by microencapsulation and monolithic and
matrix binding.

National Chemical Laboratories has devieloped a certain expertise on the
iotechnology of biomass utilization and ethanol fermentation even before
the implementation of this project. Initial support for these investigations
came mainly from NCL funds; however, a small project support was obtained
through FAO. . Preliminary investigations on the CR formulation project
vere entirely supported through NCL funds.

Qfficial Arrangements: The revised project document submitted as a

prozect of the government of India in June, 1981 was approved by UNIDO and
implemented in September, 1981. The duration of the project will be from

September, 1981 through August, 1986.




Contributions: UNDP inputs $ 1,272,500

Government of India: Rs. 7,542,200.

Purpose of the Present Visit: The purpose of the present mission was to

review the progress in the iavestigations on the biotechnoiogies of microbial
biomass production from cellulose, enzymatic saccharification of cellulose to
glucose and production of ethanol by immobilized cell reacters. Besides,
suggestions are to be made to time target the experimental studies in order
to accomplish the goals described in the project document.

Review of the present state of studies: Experimental stud.les carried

out during the period of August 1982 to July 1983 were discussed extensively
with individual investigators. A separate meeting was also held with the
group leaders of the project in the presence of the area leader in order to
discuss the‘program for the following year and to set target dates for the
various experiments. The following summarizes the results of the studies
with my comments:

I. Microbial Biomass Production:

(1) Studies of Penicillium janthipellum was carried out in

fermentations for ascertaining optimal nutrient requirements
with glucose as substrate. The doubling time was estimzated
to be 2.04 hrs.

(i1) Growth of Penicillium janthinellum was studied with rice

straw as substrate, Different pre-treatmeut-methods such as
alkali pre-treatment and steaming at differnt temperatures
were used and the experiments were done in shake flasks.
Alkali treatment was found to be superior to all other

methods.




(iii) Several other sources of cellulose materials were tried as
substrates for the organisms. All these experiments were
in shake flasks.

(iv) Substitution of ammonium sulfate and peptone or yeast extract
with zheaper and readily available complex nitrogen sources

were attempted.

Comments: The experiments carried out are too diverse and open ended.
Although these experiments generate some information, such experimentation
does not provide valuable results which can be directly applied to advance
towards the immediate objective of the project.

II. Enzymatic Saccﬁarification of Cellulose:

(v) Penicillium funiculosum was wutagenized and two strains

presumably producing increased cellulase activity were
isolated.

(vi) Studies on the release of absorbed enzymes on the substrate
vere successfully completed enabling re-use of the enzyme.

(vii) Simple methods of concentration of dilute enzyme solutions
were standardized.

(viii) Production of cellulose degrading enzymes in instrumented
fermenter was studied in several experiments. However, the
productivity obtained so far is far too low from the targert.

(ix) Protoplast fusion as a method of transferring cellulase genes
was investigated. Attempts to transfer the genes from Cellulomonas

to Bacillus subtilis were successful and a few hybrid strains

have been isolated.

(x) Rice straw pre-treated with ethylene diamine was used as a

substrate for saccharification and it has been shown to be

susceptible to enzymactic hydrolysis easily.
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Comments: Progress in this area has been satisfactory. Based upon the

results of these experiments, it should be possible to obtain enzymes with
sufficient activity to saccharify cellulose to obtain increased concentration
of glucose at a fairly rapid rate.
ITII. Conversion of Glucose/Cane Molasses to Ethanol:
(xi) Methodology for whole cell immobilization of yeast on
gelatin has been sfgndardized.
(xii) Studies on the growth of yeasts were carried out and
the present knowledge is adequate for growing yeast in
sufficient quantities required for the preparation of
immobilized reactor with a capacity of 50-100 l/day
production of alcohol.
(x114) - 10-20 1/day alcohol producing reactor has been
fabricated and is in place.
(xiv) Studies on optimization of the reactor are in progress.
(xv) 1Initial studies on the pre-treatment of molasses for

ethanol reactor have been completed.

Comments: This aspect of the program is the most straight forward and the

majority of the targets set forth im programming during the last tripartite
review have been attained. The progress has been so far satisfactory and

the program is advancing as scheduled.




RECOMMENDATIONS

(1) Studies or the growth of Penicillium on different nitrogen sources
may be postponed until the methodology for scaling up of the growth of the
organism on standardized substrates is established.

(11) It is recommended to set up experiments using one single
cellulosic substrate with cne pre—treatment process.

(411) The preferred substrate may be rice straw and the method of
pre-treatment be steaming to remove the hemicelluloses and delignification
by ethylene diamine.

(iv) The choice of ethylene diamine as a pre—tfeatment agent was arrived
at on the possibility of recovering approximately 80Z of the ethylene diamine
by solvent extraction. Furthermore as pointed out earlier, ethylene diamine
pre-treated cellulose was found susceptible to enzymatic saccharification.

(v) However, since growth of the organisms on ethylene diamine treated
cellulose has not been ascertained, growth on such a substrate may be compared
to that on alkali pre-treated cellulose.

(vi) Growth parameters may be measured by determination of total dry
weight and residual cellulose. Nitrogen determination of the end product
my give false information if a small residual amount of ethylene diamine
were present in the substrare. These experiments in shake flasks may be
completed by the middle of September 1983.

(vii) Optimize the growth conditions to obtain maximal biomass
production in 24 hrs. in instrumental fermenters through gradient feed
of all the nutrients.

(viii) 1Initial experiments may be carried out using glucose as substrate
at 0.2 and 0.4 and 1% level. Based upon the information obtained, subsequent

studies may be designed with pre-~treated rice straw as substrates.




(ix) The experiments referred to in vii and viii above may preferrably
be completed during the period July 1983 to October 1983. [Refer to the
published article from our laboratory. Production c¢f single-cell protein
from cellulose by Asp. terreus. Biotech. Bioceng. 25: 1509 (1983)]

(x) Studies on enzyme induction/isolation from cellulcse grown
mycelium may be completed till March 1984.

(x1) Methods for the isolation of absorbed enzymes and concentrations
of dilute enzymes may be standardized in 1-5 1 vessels.

(xii) Optimize biomass production in 100 1 Chemap instrumented
fermenter initially on glucose then on rice straw. From April 1984 onwards.

(xiii) Produce enzymes for saccharilication in 100 1 fermenter.

April 1984 - .,

(xiv) Studies on the growth of yeast to optimize the conditioms for
maximum productivity have to be continued.

(xv) Basic studies on tolerance of yeasts to high alcohol contact
may be profitably pursued.

(xvi) The investigations on immobilized yeast reactor producing
20 1/day alcohol to be directed to obtain parameters for optimal designms.
Present - December 1983,

(xvii) Based upon the result- of (xvi} preliminary design for 50~
100 1/day alcohol production reactor is to be initiated till December 1983.

(xviii) Procurement of equipment and chemicals for the larger reactor
to be completed by January 1984.

(xix) Comstruction of the reactor and auxilliary units are %o be
in place by July 1984,

(xx) Studies on the scaled~-up reactor and process optimization may

be carried out from July 1984,
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GENERAL COMMENTS

(i) Better communication among the different individuals involved in
the project coupled with more effective co-ordination may accelerate the
progran towards achieving immediate objectives.

(1) The techmology of utilization of ligno-cellulosics will be
economically viable only if viewed as a systems concept, namely if the
hemicelluloses and lignin are effectively used as bv-products. In this
context, it may be more attractive to develop the technology of utilization
of cellulose to glucose as a single project with optimization of eniyme
production as the main objective comnsfdering the biomass produced as a
valuable by-product of protein for animal feed.

(iii) The over-all objective of the ethamol program is to obtain
sufficient information to design a commercial plant producing 45,000 1l/day
alcohol. This will entail - at the last stage =¥ the program - construction
of a semicommercial plant producing 1000 1l/day alcohol at an industrial site.
The output of the project at NCL amy be a complete process design and
operation at 100 l/day capacity. The program director and the scientists-
in-charge are optimistic about the outcome of the project.

(iv) The second Tripartite Review of the project was held on June 30
and July 1, 1983. The status of the project, UN imput such as study Tour,
Training and equipment as well as the outputs of the project were discussed.
A preliminary draft of the discussions was handed over to the substantive
officer Mr. Maung during de-breifing.

Training

Discussed in Tripartite Review Report

Equipment

A complete list of publications generated during the tenure of the project

is attached herewith.
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APPENDIX E

The Waterloo Process for SCP
Production From Waste Biomass

M. Moo-Young, A. J. Daugulis, D. S. Chahal and D. G. Macdonald*

A novel fermentation procass has been developed for the bioconversion of agricultural and forestry wastes into proteinaceous
feed/food products. The process is based on the mass microbial cultivation of a new ceiluloiytic funqus, Chaetomium
cellulolyticum, in solid-substrate systems. Preliminary feeding trials indicate that the SCP products are suitably nutritious,
digestible, and non-toxic in animal feed protein rations. Economic analysas indicate that the process could be operated at a

profit for a range of realistic scenarios in both deveioped and developing countries.

Imtroduction
A growing giobsl need for protein products
hes led 10 sn imensive seerch for uncon-
wventionsl sgricultursl sources. One increas-
ingly stiractive source is cultured microbisl
biomess, genersily referrad to as SCP (singl
(single catl protein] which can be factory-
produced by fermenuation processes’™.
Several types of fermentstion processes
heve been proposed for the production of
SCP products'. Notabie smong thess ars
e British (IC), BP), American {Amoco),
Japenese (Ksnegsfugi!, Finnish (Pekiiol,
Swmdish (Symba), Russian, and Cuban pro-
e which have been commercially
reslized. A mejor disadvantags of sl’ These
procesmes is their relisnce on feso. ks
which sre now expensive, 1ome Orohibi-
tively 20 (methenci, ethenol, molsses,
wood hydrolysates, hydrocarbons), or are
rapidly becoming scavce (wests suiphite
liquor, DOWt0 wastes). [n sodition, the
ioveis of the pr wchnoiagies e
unattractively high wﬂv for many
developing Countries where protein s
meded most. The other processes which
hsve been proposed for SCP production
(09., GE, LSU) are not yer commercisily

sTICtive, primerily becsuse of
unfsvoursble process economics snd/or
unsatisfactory product Quality.

We heve deveioped s fermentstion pro-
coss which is capable of owvercoming the
sbove problems. The process utilizes raw
neterisls which oceur universsily in lerge
quantines a3 wasts Dy-products. These
maevterisls include sgricuitursl wastes such
o8 crop retidues (e.g., Straw, cOM stover,
bagesse) ard animai manures, snd forenry
residues such 88 wood wswdust and puip-
mill siudges. The procems concurrently
sileviates erwironmentsl poliution
frequently genersted Dy these wastes. By
omploying Iow-technoiogy ooerations, the
process couvid find aporoprists sopiications
on feediots where the products couid be
used 10 repisce the UTadiuonsl soymesi

*Prel Mas-Toung ' wem me C &

snd/or fishwmesl 8 snimsl feed protein
mppiemnents. This soplication couid leed
to lower consumer mest Drices and ™e
reiesse of soymest for cirect humcn con-
mmption., in sddition, lome & ]

three4tage Operstion which invoives: (a)
thermal and/or chemical pretrearment of s
ceituiosic meterisi, (b} serobic fermentation
of the pretrested muterisl with nutrient

countries could use the process to trans-
form their sbundent surpius carbohydrates
Mo much needed prote:n.

Seversl other processes, nowbiy the
Cansdian (Steke), Amencan (Jeiks) ang
Danish {Rexen) procesaes, heve been pro-
pased 10 enhance the digastibility of verious
lignocaiiuiosic materisls, such as crop and
wood residues, for use in ruminent feeds.
However, it shou'd be noted that these
procwimss merely producs fewd carbohy-
drate, which it not 8 scarces commodity
oven in developing countries, snd do not
convert any of the raw maeterisis imo
protein®'®

So fer, the Weteriov SCP procecs has
been sucoessfully tested in 8 2004ditre pilot
ferrentor; further technical improvements
using ¢ continuous-flow 1 000-itre demon-
sration unit sre now being ensiysed. Setis-
factory preliminary fesding trisis of the pro-
ducts have 8iso been conducted on nns’;
further tests on rats, chickens snd sheep
are in progress. AN Overview of the process
performence enc the product Quality s
given Below.

Procass outline and innovations

The Waterioo process is based on the mass
microbisl cuitivation of 8 new aeiluioiytic
fungus, Cheetomium zeliuiolyticum® . As
illustrated in the Figure, the process usm »

plements, (c} ssperation of the susbended
solids (the product) from wthe fermented
broth. The ceilui materisl provides the
main carbon source for the fermentation.
The mein noncerbon nutrient suppiements
(N, P, K, stc.) ore derived from commerci-
slly-gvailsbie fertilizer bilends or animasl
menure’ . If manure is used, it is pretreated
by asnassrcbic fermentstion to produce
methane fusl gas ss ¢ by-oroguct which
aupplies apersung energy’ *'2 .

The celiuiosic rew materisl is pretrestwed
with hot weter or dilute elksii (NeOM or
NH, ), depending on the fesdstock type, to
reduce the inherent recsicitrance of the
solids to fermentstion by sweiling end/or
pertisl delignification. The basic process s
carried out as a solidaubstrate fermentation
n siurry systems’ . Depending on the product
requirerment, s forsge grede csrbohydrate
coproduct of unfermented celluiose may
#iso be produced sdmixed with the mamn
SCP product. The coproduct s rendered
digestibie by the action of the extraceliuier
fungsl celiviesse enzymes which ore
genersted during the fermentetion* . Any
remdus! lignin serves ss inert diet roughsge
in the product. Because of the large mycelisi
growtn forms of the fungus, the SCP pro-
duct can | recoversd by reistively simple,
inexpensive filtrstion methods. The effiu.
ents of the process av ementislly carbon
dioxide end BOD-fres weter, Thus, an

ng Oepn  Uneersry of Warerma wn-n.
Omore. Constts Or Davguns & o Aeseercn
tngweer Or Chanal » s Reusercn Muyomesiops
008 Or ocaenew 18 8 viamng Assec e Profeuser

@

Cstiuiosic Thermaet/Chemical Asrobic
Residue Pretresument F ormenwtion
Fertihizer ? ]
f NPK
I CH,
snd/or )
Manure Angerobic ! scp
Fermentation

Figure: Genersiized outiine of the Waterioo bioconversion process for SCP production from

sgriculturel or forestry westes
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Tabie 1 Typicnl conditions snd performence of the serobic

fermentar (durry sysoom ) fermenter
Substrate : Comn stover Substrate : Cattie Menure
Solids Loading : 2% W/V Solids Losding : 8% W/V
Termpersture : 37°C Temoperature : 39°C
pH : 5.5 {controiled) pH : 7 to 8 (uncontrolied)
Growth Rete : 024 hr™" (continuous) Retention Time  : 12 days (ssmicontinuous)

Gas Production
Gas Compasition

Table 2 Typecal conditions and performancs of the anasrobie

: 12 1/1 mediumiday .
1 65% CH, . 35% CO,

Amino FAO Sovbeen
Acid Ref. Mesi
Isoleucing 42 42
Leucine 48 1.7
Lysine 42 84
e Cyeane 62 22
[Phenyisienine 28 4.7
[Threonine 28 38
[Tryptoohsn 14 12
[Tyrosine 28 r
[Valine 42 44

ScP
47
75
68

28

a8
6.1

NA.

33
S8

[Table 3 Profile of smentisl aming scids (% DM proten] in the
Waterioo fungsl SCP and other proten products

Waterioo  Fodder

Yeost

Table 4 Typical compositions (% DM) of the Waterioa fungsl SCP

and other protein products

:: Component WAT.SCP s_o!_m.l_ Yeast
6.7 Protein 5% 45% 45%
s Carbohydrate I5% 2% 2a%

Fot 10% 6% 6%
43 Nucleic Acids 11 tow 8%
55 Minerais, Ash 5% ™ %
12 Vimming High Low High
33
63

sdditions! benefit of the process is abate-
ment of the environmentsi pollution norm-
sily caused by the fesdstocks used.

Table 1 shows some typical opersting
conditions and performance of the serobic
fermantor for the utilization of cormn stover
and fertilizer mixtures, The specific growth
e of 024 hr' is one of the highest
known for cstiuiolytic fungi®. Typiesl
resuits for the snsmrobic fermenter Ltiliz-
ing cattie ranure sre givan in Tebie 2.

Verious sdditiongt wvertions heve been
deweioped to improve the Desic Wsterioo
procem. For sxsmpile, praductivity cen be
onhancad by using 8 polymer sdditive in
the fermenution maedium®, s tubuler
fermentar design’® , mmi-solid systems’’ , and
8 mined culture. All the inventions e
protected by petants »i'>ewed or pending;
permission for their commercisl uses must
be obwined from the University of Water-
100.

Product quality
The profile of the essentisl smino scids for
the Waterioo fungsl SCP is given in Tabile 3
which indicates thet its protein nutritions!
velue is compersbie with 8 well-known
fodder yesst, soymesi, end the FAOD
refersnce narderd (for proper human nutri-
tion}. Tabie 4 gives the oversil compositions
of the Waterico SCP, soymesi and the yeast.
Aithough SCP products sre often compared
with soymesl, it shouid De noted that they
sre more closely relsted to meat in terms of
not only protein but aiso the wpectrum of
other important Nutrient comMponents such
as fats and vitaming, which are oftan fow in
proceised commercisigrade soymesl. |t
shouid siso be noted thet the Waterioo SCP
is MOore stiractive than the vesst for direct
human use because of its iower content of
nucieic acids and higher content of suiphur-
containing smino scids.

Tabie S gives other typical progervies of
the Waterioo SCP product, which now
sopears t0 be sstisfacrory s sn enimal
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feed protein retion in terms of mfety,
digestibiiity end nutritive veive., The
physical properties of the dried product
#iso spoesr to be suitable for marketing pur-

_ poses.

Tabie § Typicsl properties of the dried mixed
fungsl SCP product oixsined from

STPW cTOp rusidues
Colour Grey
Texturs Granuiar
Odour Mushroomy
Moisture 8%
Digestibility 73% NFE (Rats)
8iomems Content 73% OM
Celluiom Content 4% DM
Lignin Content 12% OM
Ash Content 12% OM

Process economics

The process costs sre minimized Dy using
chesp raw materisis (sctuaily, waste resi-
dues), low-tachnology conditions (eg.,
rubberdined ditch fermenters; low tem-
perstures end pressures) end efficient mass
nd energy exchanges between processing
streams. The retumn on investment (ROI)
before texes, and the discounted cash flow
return (OCFR) sfter taxes, can be am.ily
derived for verious scanarios from coraputer
simyistion progrems which we have
develioped fur the process. For exampie,
Tabies 6 and 7 give the predicted minimum
esconomic plemt sizes for some low-isk
{OCFR < 20%) end hgh-isk (DCFR >
20%) assumptions. The tabies show thet the
process can be operated st g profit 10 up-
grade crop residues and forestry residues for
8 range of practical conditions. These
exampies of economic snalysas are based on
currant (April 1979) Canadwun figures for
the selling price of spent brewers’ yeasst
(used as 8 comoarison product) snd the cost
of straw (useG a3 8 typical crop residus), snd

for typical disposai charges for Kraft puip-
mill sudges (in Ontario). Plant amortiz-
stion is conservetively rated st 10 yeers.

For the bioconversion of agricultural
westes, the process is particulariy atiractive
for a fsrm co<perative wenture. For
example, since 8 typicai 300-ecre Onisrio
cop farm produces 8 yesrly aversge of
sbout 180 tonnes of weste straw and/or
com stover, only about three such farms
would bes required t0 operate # profitable
cantrsl processing co-operative, Tabies 6b
nd 6c show that the economics wouid
improve it fertilizer is replaced with srasro-
bically predigested snimasl menure 21 ™i
mwurce of the NPK suppiements, snc the
methene fuel gas which is concurrentiy pro-
duced is used in ™e process. in Table &b
just enough NPKX is produced by the
sngerobic digestor 10 meet the requirements
for the SCP product synthesis. In Tedie 6¢,
il of the fuel gas reGuirements are met by
the methsne from the sneerobic digestor
resulting in en excess supply of NPK
fermentstion  suppienents  which  ere
credi'ed, es soil fertilizer byroducts, 10
the pi~cess. As shown in Table 60, the
POtENtIAi Pracess economics shown in Tabie
6b e further improved for a feediot
scensrio of onsite matehed continuous
production end consumption of an undried
product, ss feed siocp, 5. ¢ the product
drying snd begging costs sre  svoideo

For the bioconversion of forestry
residuss, Tsbie 7 summarizes the profit
sbility of the process in the upgrading ot
8 pulpmill werte siudge. This aoclicatior
is very stiractive in Cansds and the US
since the process can be credited with the
ususl high charges for legallyenforcec
en ironmentaily scceptable methods o
disposing the weste siudge. It 15 seen that
MINIMUM SCONOMIC PisNT size would require
sbout 10 10 20 tonnes of siudge Saily whic?
is the range produced by typical Kra!t ouio
mills, Clarifier equipmen: made redundan
by the process 18 not credited in thew
caicuistions,
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fermenter design, polymer additives, and
solidstate systems.  Various mnstvity
snalyses of the sconomic predicnons from
Our COMPuUteEr Program are now beng used
to identity optimal conditions for 8 wide
range of reglistic scengrios. in addition,

- sical plent sizes for the bioconversion of sgricuitursl
wastes (8.4., cOm stover, strow, Mmenure) into WAT-SCP quantitias expresssd on dry
venigit besis in tonnes/day (t/d).
{s) NPK trom ferulizer. Oried product conmining 73% DM SCP

Tebia § Eoti d

DCFR ROl Praduct Strew Fertilizer Capital Operating P . .
‘ ™ M W )y ) ($/ye) . e
10 18 19 26 0.13 310.700 228200 bioconversion of agricultural and forestry
. 20 2 25 35 0.18 374320 268 900 WeSTES into two other types of products,
30 41 38 49 025 485,500 332,000 methane fuet ges and fuelgrade aicohais,

{b) NPK from manure snsarobic digester to mewt SCP praduct synthesis requirement. Dried - Oy sources.

product contsining 60% DM SCP

Table 8§ Breskdown of snvnusi costs for

DCFR ROi Product Straw  Manure Capital ¥ Sov s

%) %) wd)  (yd)  (ud) 1) 1$/yr) sconario in Table z::s "D!c'::"w

10 18 19 19 38 316300 194,100 el vieldios

20 29 25 25 48 379900 222,700 Row Materiais 14.5%

30 41 as 3s 68 469300 265,700 Utilities 11.3%
. X Labour 229%

() NPK from manure anserobic digaster to meet CH, process fuel gas requirement and Frings Benefits 9.7%
credit excess NPX. Dried product containing 60% OM SCP. Suoport Costs 16.1%
DCFR ROl Product Straw  Manure Capitsl Opersting Marketing Costs 11.6%

(%) %) va) (va) (t/d) (£ 3] ($/ye) Ceoprecigtion 14.4%
10 18 1.8 18 36 286,400 184 400

2 2 23 23 4.7 339,600 208,400

30 4@ 32 32 64 414 300 244 600 Ack od

{d) NPX from menure snserobic digester (scensrio in Table 6b). Undried, filtered product This study wes supportsd by the Canadien
conmining 60% DM SCP Nationsl Resserch Council, the Depart-
DCFR  ROI Product Straw  Manure Capital Opersting ment of Agricuiture, end CPAR (Commuttes
(%) (%) (t/d) (v/d) {vad) ($) ($ / yr} on Poilution Acsternent Research). Our

thanks are due o Dr. CW. Robinson and
10 18 1.7 1.7 32 266,600 178,900 Dr. JM. Scherer for wsatul discussions,
20 2 22 22 49 312,900 200,200 o Or. A Ling ,o"""m"mm’ mats g
30 41 3.0 3.0 55 378,500 232,000 .

Teble 7 Estimeted minimum swonomicel plent sizes for the Lioconversion of forestry
wastes (0.4., Kroft pulpmiill clerifier siudge) imto WAT-SCP. NPK supgiements fram
fertilizer. Product contsine S6% DM SCP.

energy belances, to P. Mryd for the
sngerobic digestion resuits, and to Dr. D.N.
Mowst and Dr. V.K. Seivasiave, Depart-
ment of Animal snd Poultry Science, Um-
versity of Gueiph, for the snimal feeding

OCFR RO} Product  Sludgs Fertilizer  Capitat Operating riais.

%) %) (v (t/a) (v/d) (s) ($/ yr)

10 17 11 43 0.12 639400 299900

20 28 48 68 0.18 837500 338,500

30 40 8.0 11.0 0.32 1,150,200 548000 REFERENCES

Tabies 8 end 7 sis0 give estimares of the
expenditures, both capitsl end operstionsd,
which sre required for the manufacture of
the WATSCP product from sgncuitural
westes, st various profitability leveis, For
8 farm cooperstive scenario, the profit-
ability shouid be higher since some of the
anticipatec! costs, ¢9., for marketing, wouid
be svoided (we Tabie 8). As uxpected, these
expenditures sre reiativity smail compered
to the range of expenditures required for
other SCP processss which use expensive
fesdstocks snd high-technoiogy operations.

Concluding remerks
It shouid be noted thet the governmants of
many countries ususily provide tax incen-

tives for new technologicsl dewvelopments
such ss the present one. These credits have
rot been inciuded in the sbove celculstions.
in sadition, spplicstion of the present pro-
coss iN OME countries wouid siow the
conservetion of their much-nesded foreign
currency ressrves by promoting the use of
indigenous raw materiais end labour, and
e reduction of cash outisys for protein

it shouid siso be noted thet the sbowe
ceiculations sre given for the basic generic
Waterioo process only. The potentisl pro-
CONE ECONOMICS Sre even mMore gtractive if
the oproductivity enhsncements we
considersd when using the other innovetrve
deveiopments, ¢.g., Mixes itures, tubuisr
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APPENDIX F

IMMOBILIZATION OF YEAST CELLS ON VARIOUS SUPPORIS FOR
ETHANOL PRODUCTION

M. Moo-Young*, J. Lamptey and C.W. Robinsoa

Biochemical and Food Engineering Group
Department of Chemical Engineering
University of Waterloo
Waterloo, Ontario, Canada N2L 3Gl

ABSTRACT

An immobilization technique has been developed for a packed bed fermenter which is
being considered as one stage of a process for the production of fuel-grade ethanol
from sugar solutions. Relatively inexpensive beech wood chips have been success-
fully used as the support material and relatively high cell loadings of 188 mg DW
cells/g DW support have been achieved for a test system of Saccharomyces cersvisiae
cultures.

No washout of adsorbed cells occurs below a superficial liquid velocity of

8.9 x 10-2 cm/s which can be increased to 9.7 x 10~2 cm/s by including up to 1Z
Hercofloc solution in the reactor medium during the immobilization procedure. The
immobilization procedure is practically unaffected by pH and :emperature in the
range 3.5 to 5.0 and 22°C to 37°C respectively.

Typical ethanol productivity of 21.8g/l-hr has been obcaihed with wood-chip-ad-
sorbed cells, which compares well with optimal values of 18 to 32g/l-hr obtained
using free-suspension cultures in stirred-tank fermenters with cell recycle.

KEYWORDS

Immobilized yeast cells; parxed—bed reactor; cell loading; critical flow velocity;
wood chips; ceramic.

INTRODUCTION

Over the past few years, the growing concern about the energy crisis, which was
caused by the shortage of petroleum and the resulting increase in the price of
gasoline, has created a surge of interest in alternative energy sources, especially
renewable ones (Sitton and colleagues, 1979; Wick and Popper, 1977; Chose and Tyagi,
1979; Cysewski and Wilke, 1976; Larsson and Mosbach, 1979). The production of
ethanol with improved biotechnology has been viewed with particular interest since it
can be used directly as fuel in existing motor vehicles. However, significant
improvements in ethanol production technology are necessary in order.to substantial-
ly reduce the overall base cost of production.

Continuous flow, stirred reactors which lose microorganisms in the effluent are
limited in throughput by cell growth rates. Immobilized cell reactors are not
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limited (to the same extent) by cell washout and relatively high cell densities
and throughput rates are possible. Consequently, this type of reactor is expected
to give a higher volumetric fermentation capacity with possibly superior pecform-
ance economics.

iittle quantitative information is available regarding the key factors (parcticle
size, pH, temperature and the critical flow velocity capable of creating hydro-
dynamic forces sufficient to detach the cells from the support) which influence

the immobilization procedure and, hence, the operation of an immobilized yeast cell
reactor for ethanol production. The purpose of this paper is to report the results
of a quantitative investigation of those factors which influence the degree of cell
loading (mg DW cell/g DW support) obtained during the immobilization step. Pri-
marily, we have studied the immobilization of S. cerevisiae by adsorption on beech
wood chips.

MATERIALS AND METHODS

Experimental Equipment

The packed-bed reactor used for the immobilization studies consisted of a jacketed
glass colum 0.8m in height and 4.7 x 10~2m i.d. Sample withdrawal ports were
located along the height of the columm at 11.5 x 10~2m intervals.

During immobilizatiom, a concentrated cell suspension (1N to 15 kg DW/m3) was
circulated from a surge tank through the packing in upflow. The surge tank was
equipped with a temperature indicator-controller by means of which the coatents
wvere maintained at the desired test temperature. The column reactor together with
the support material and connecting tubes was pre-sterilized in an autoclave at
121°C for 30 min. ’

Microorganism

Saccharomyces cerevisiae NRRL Y-132 was obtained from the NRRL, USDA (Peoria,
Illinois). The culture was maintained on malt extract-yeast extract-glucose-
peptone (MYGP) slants. Prior to experimental use, cells were grown aerobically for
24 hrs in a shaker incubator at 30°C in 250ml flasks containing 100ml of medium
containing 12 glucose, 0.5% peptone, 0.3% yeast extract and 0.3% malt extract (pH

'5.0). The concentration of cells was increased to 10 to 15g DW/1 by batch centri-

fugation.

Supports

(a)} Wood chips (beech) were obtained from Abitibi Paper Company Ltd., Sheridan
Park, Ontario.

(b) Ceramic (Diatomite) was obtained from Eagle Pitcher Industries Inc., Cincin-
nati, Ohio.

The beech wood was used in the form of chips of various sizes. The chips were
initially heat treated in boiling water for 4 hours followed by soaking in 10Z (v/v)
ethanol for 2 hours and in boiling water for another 1 hour to remove water-and
alcohol~soluble compounds from the wood.
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Analytical

The concentration of suspended cells was measured either by turbidimetry or by a
gravimetric method. The optical demsity of the cell suspension was measured at
600 nm in a spectrophotometer (Turner model 330). During fermentation, ethanol
concentration was determined by gas chromatography (Hewlett-Packard F&M Scientific
700). A 1.22m by 6.25 x 10-3m o0.d. column packed with Porapack Q (100-120 mesh)
was used with a flame ionization detector. Both the injector and the detector
were kept at 170°C and the column oven operated isothermally at 150°C. Helium was
used as the carrier gas at a flow rate of 30ml/min.

SEAN Bams SN Ly

Immobilization Procedure

During immobilization, the concentrated suspension of cells was recirculated
through the packed column for about 12 hours at a superficial velocity of about
1.7 x 10-2¢m/s. The column was then allowed to stand for 12 hours. In order to
determine the cell loading (wg DW cells/g DW support), the circuit and support
were washed by passiung 0.1% glucose solution through the column (once~through
mode) in order to remove the non-adsorbed cells. The liquid velocity was then
increased to 1.0cm/s in order to strip off the cells from the support. The dry
weight of cells stripped off the support was then measured. The above procedure
was repeated for various particle sizes and for different pH's and temperatures.
The time course required for the immobilization was determined by wonitoring the
optical density of the cell suspension in the feed tank with time during the
recirculation of the cell suspension through the column. Maximum cell loading was
considered to have been achieved when the optical density of the cell suspeasion
in the surge tank reached a constant minimum value for a period of at least 2
hours.

Critical Sloughing-off Velocity

Following cell immobilization by adsorption, cell-free medium was passed through
the column in a once-through, upflow mode at progressively increasing superficial
velocity. The optical density of the column effluent was monitored. The liquid
superficial velocity at which an appreciable rise in the effluent cell concentra--
tion was first observed was taken as being the minimal value capable of creating
hydrodynamic forces sufficient to detach the cells from the support, i.e., the
cricical sloughing-off velocity.

RESULTS AND DISCUSSION

Cell Loading

The effects of pH, temperature and particle size on cell loading onto wood chips
are shown in Table 1.

'-—-
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Effect of pH, Temperature and Particle Size
on Cell Loading (Wood Chips)

Equivalent Patticlel pH Temperature mg DW cells mg DW cells
Size, m x 103 °C Specific Surface g DW Support
area of Support
mg/m
2.12 4.5 28 2.06 65
4.5 37 2.10 66.7
1.28 4.0 30 4.17 163.2
5.0 30 4.07 161.0
5.0 22 3.98 157.9
1.22 4.0 30 4.25 188

It is evident that there is little effect of pH and temperature on the amount of
cells adsorbed in the ramge 4.0 to 5.0 and 22°C to 37°C, respectively. However,

as the size of the support 1 is decreased from 2.12 x 10~3m to 1.2 x 10~3m, the
cell loading increases significantly from about 70mg DW/g DW support to about

190mg DW/g DW support. This increase in cell loading is due to increased availabil-
ity of surface for immobilization as shown by the figures for the mg DW cells ad-
sorbed per unit specific surface area of support. The cell loading onto the
ceramic support is shown in Table 2.

TABLE 2 Effect of Temperature on Cell Loading
(Ceramic Support)

Particle Size pH Temperature mg DW cells

m x 103 g support
2 4.5 28 14.2
4.5 30 16.2
4.5 37 154.8

The equivalent particle size is defined as the diameter of a sphere with the
same surface area as the chip. It 1is given by dp = wld. L. + 0.5 dc2]°-5 (Satter-

field,l970), where w is the shape factor, dc is the diameter of the chip and lC
is the length of the chip.
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From Table 2, the data for cell loading show that there is little effect of
temperature in the range 28°C to 37°C. Comparing the results of Tables 1 and 2,
cell loading onto wood chips is seen to be significantly higher than for the cer-
amic support. This is in agreement with the findings of Durand and Navarro (1978)
who also found that the cell loading varies markedly for different supports.

Effect of Liquid Plow Rate

Figure 1 shows a typical time course of immobilizationm.

w»
Temp 22C

< 8} PH 49
o | Flow rate 0,424cm
x E)
g i
41
W
3]

2 b

o 5 10 15 20

“TIME, HR

Figure 1. Decrease in free-suspension cell concen-
tration in surge tank during immobilization proce-
dure.

As can be seen frow Fig. 1, the immobilization is time dependent. Generally, a
period of 10 to 12 hrs is required for the adsorption to become fully established.

Figure 2 shows that the adsorption of yeast cells onto wood chips is a reversible
process. As the superficial flow rate of the cell suspension is increased from
0.086 cm/s to 0.424 cm/s,all tha cells are practically stripped off the support in
a period of less taan 2 hours, mainly in this case because sufficient time was not
ailowed for the immobilization to become fully established. When the flow velocity
was then decreased to 0.086 cm/s, and maintained at this velocity for 1lOhrs, the
cells become readsorbed and only a smaller percentage of cells become stripped-off
the support when the flow velocity was once again increased to 0.424 cm/s.
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Figure 2. Effects of liquid flow velocity on cell
retention in packed bed. Free-suspension cell con-
centration measured in surge tank during recircula-
tion mode operation. Increase in velocity (at 5

and 23 hours) to above the critical sloughing-off
velocity strips cells from support. Cell desorption
is reversible; velocity reduction to normal operat-
ing rangs (at 13 hours) results in re-adsorptiom.

It 1is important to determine the critical sloughing=-off velocity in a packed
column of adsorbsd cells since liquid velocities greater than the critical veloci-
ty will result in a significant amount of cells being washed off the support.
Values of the critical sloughing=-off velocities are shown in Table 3.

TABLE 3 Critical Sloughing~off Velocities
Support pH Critical Liquid '
Superficial Velocity
" em/s x 102
: |
Wood chips 3.5 8.83 :
4.0 .
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It is to be noted that these velocities are significantly greater than the termin-
al setting velocity of the cells which is on the order of 1.0 x 10-6m/s. :

By recircling up to 1% HercoflozIM (a flocculant) solution through the packed
column after immobilizazion, the critical sloughing-off velocity was found to in-
crease, as shown in Table 4. .

TABLE 4 Effect of Hercofloc Recirculation
Through the Packed-Bed Reactor
(Wood Chips)

Herzofloc Concentration Critical Liquid
w/v)a Superficial Velocity
cm/s x 102
0.0 8.83
0.2 9.42
0.5 9.30
1.0 9.72

Ethanol Production

Preliminary tests have been conducted using the immobilized yeast cell, packed bed
reactor to producz fuel-grade ethanol from a glucose medium. A typical prelimin-

ary ethanol productivity of 21.8g/l.hr has been obtained with an effluent ethanol

concentration of 60.24g/). using wood chips as the support.

CONCLUSIONS

An immobilization technique has been developed for a packed bed fermenter which is
being considered as one stage of a process for the production of fuei-grade ethan-
ol from sugar solutions. Relatively inexpensive wood chips have been successfully
used as the support material and relatively high cell loadings have been achieved
for a test system of glucose/yeast cultures.

Typical preliminary ethanol productivity of 21.8 g/l-hr has been obtained which
compares favourably well with optimal values of 18 to 32 g/l-hr obtained for free-
suspension cultures in stirred~tank fermenters with cell recycle (Ghose and Tyagi,
1979; Cysewskl and Wilke, 1976). No washout of cells occurs below a superficial
liquid velocity of 8.9 x 10~2cm/s which can be increased to 9.7 x 10~2cm/s by re-
circulating up tolZ Hercofloc solution in the packed-bed reactor during the immo- ’
bilization procedure. The immobilization procedure is practically unaffected by

pH and temperature in the range 4 to 5 and 22°C to 37°C, respectively. '
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