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SINGLE-CELL PROTEIN FROM WASTE CELLULOSE

INTRODUCTION

The recycle, reuse, or reclamation of materials contained in solid orf

liquid wastes has now become an economic imperative due to the added impact

of new legislation upon the already great demands of the environment.

Cellulose, in its heterogeneity of fdrms: comprises the bulk of both the

volume and weight of all municipal, industrial, and agricultural wastes.

Already the fledgllng refuse recycle 1ndustr1es are flndlng the flber frac-
tion of their segregated output hard to market and, indeed, hard to dispose
of.

Four years ago our group at Louisiana State University (LSU) proposed
to develop a process to convert waste celluiose to single-cell protein (SCP)
by feimentaition. we pianaed td give primaiy actention to agriculturél waste
fibers and to the optimization of the process for a critical economic ane'
techeical analysis.

This is the final report of our effort to define, operate, and evaluate
the SCP-from-cellulose process, Several ﬁapers, articles, and reports have
been generated during the course of tﬁe work and will be referred to in the
quy‘of this report.

This work has been generously supported over the past four yeare by’

grants from the Bureau of Solid Waste Management of EPA, the National Aeron-

autics and Space Administration and it's Mississippi Test Facility, the

Rockefeller Foundation, the American and Florida Sugar Cane Leagues, and the -

LSU Research Foundation. We are deebly appreciative to these foundations

and agencies for their interest.:



SUBSTRATES
All materials which contain some cellulose as a component may.be con-
sidered as possible substrates for the fe;mentation. Since this inciudes
a great variety of materials, some parameters have been chosen to evaluate
the technical and economic suitability of a cellulosic for use in the SCP

’

fermentation, The availabiiity of the material, the fraction of it that
is cellulose, the cost, and the biodegradability, along with other factors

_such as toxicity aqd,bthe;fgq§§iple uses, mus;@bg;ponsiQéredrbefore decid-

ing upon it as a suitable substrate,

‘AVAILABILITY

The availability of a cellulosic depends upon more than just the gfoss
tonnage of the material produced.  The distribution of the matérial,-whether
it is harvested and gathered as a by-product in an égricultural process,  or
collééfed as municipal refuse, or simply‘left where it is generated-iike
grass or leaves, is of great economic importance in determining its avail-
ability. Many suitable substrates are very seasonal in that they may bé
generated in oﬁly one or two ménths of the year and, to be used for year-
round SCP production, must be stored for the remainder of the year, Also,.
some Qery good substrates are produced in only small amounts, thus making
it unprofitable té design an SCP system to accomodate them.

The largest volume of useable ceiluloge»qccurs as agricultural waste
products., Some of these are already gathered énd in sufficient-amouﬁt to
support the operation of an SCP plant. Sugarcane bagasse, rice hulls and

straw, lumber and paper mill fibrous wastes, corn cobs, and bean vines are
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examples of suitable agricultural wastes. However, most of these materials
are seasonal--their generation occuring during the harvesting se;sbn——and
would have to be stored for the year-round supply of an SCP operation.

The cellulose'gathered with municipal refuse is.not seasonal; and since
it represents from 50% to 55% of the dry weight of tﬁe refuse, is in suffic-

ient amount to supply any number of SCP plants.

- ’
- /

CELLULOSE CONTENT /

i

~

All of the agricultural and municipal sources of cellulose are materials
that cqhtain'arlargerfraction—ofanoncellulosic,components.ﬁ;Lignin and hemi-
celluloses in agricultural products, and plastics; ink; protein; lipids; and'
inorganic minerals in municipal wastes. ‘The higher the cellulose content of
the material, of course, the more efficient’the fermentation wili(be.» Table

1 1lists the cellulose contents of several possible substrates [ 1].

TABLE 1. CELLULOSE CONTENT OF VARIQUS MATERIALS

Material Cellulése, % dry, wt.
Filter paper | _ 98+ |
Newsprint . 85
. Sugarcane Bagasse - 51
Rice straw - A 34
Corn cobs - ?7
Prairie grass ‘ s | 37
Cotton linters o 90
Cottonseed hulls 50

Paper, pulp - bagasse - 96t




wastes., If the material

It can be seen that the SCP Xield from a substréte like rice straw (34%
cellulose) would be less than half as much as for a material like bagasse
éaper pulp (96+% cellulose). Thus, for a giveﬁ production émount of SCP
over twice the amount of rice hulls must be procured, transported, stored,

and processed than paper pulp.

COST

Costs of the various materials suitable for use as SCP substrate are
difficult to define on a general basis since the materials are usually

is a salable item like bagasse, definite sale

prices are already fixed for it ($8 - $12 per ton dry weight); but they

often vary widely with location, demand, available fuel substitute, etc.

If the material has no fixed value, then the true cost will depend upon

such factors as gathering or harvesting coéts, transportation’costs, storage
An& nandilng costs, replacement fuel vaiue, and/or costs ot productiop.
Since theée costs vary from country té country and with lpcatidn within the
country, it becomes necessary to carefully compute the true delivered cost
for each material individually and reduce it to a basic'véluenéuch as dol-
lars per ton of dry cellulose, The example shown in Figure 1 illustrates -
how costs might be computed for excess bagasse in the United States., The
same format might be used for any agriéultural waste and for municipal

refuse (although a negative value could be assigned in the case of refuse

procurement) .

BIODEGRADABILITY

Since the successful use of any cellulosic as a substrate for fermen~ .
tation depends upon the ability of an organism(si to break down and me;abo-'

lize the cellulose fractidn, the bicdegradability of the material is of prime



Figure 1. Delivered Cost of Substrate-

4

. ’

Material: ; Sugarcane Bagasse
Cost of material at point of origin: . $3.00/ton
.Percent moisture _ 'V 50 percent
Percent cellulose on a dry basis: | 57 percent
Gathering costs: _ . - %0
Transportation costs: -/ . $0.16/ton V
Storage costs: . | -J/ $1.35/ton
Replacement fuel costs: | $0.90/ton

Cost of material in dollars/ton dry cellulose:

3.00 ., _0.10 ., 1.35 . 0.90 _
.50x.57  .50x.57  .50x.57  .50x.57

$10.53 + 0.35 + 4,74+3,16 = $18.78 per ton
dry cellulose at SCP plant,

importanée invthe.choice of a substraté. Since very few cellulosics can be
degraded by microorganisms at econqmically feasible rates without'sbﬁe type
of pretreatment, the response (in increased degradability) ofithe matérial
to treatment must be determined. Table 2 gives a brief liéting of the di-
gestibilities of a few materials before and after a standard alkali pre-
treatmenﬁ. Since»the treatment of substrates has been covered in defail
eléewhe;e [ 2-10] and will be discussed later in this report, no discussion ;
will be given hére e#cept to stress the importahce of this criteria in sub-

strate evaluation.

OTHER FACTORS.

SeVerél other features of a cellulosic must be.consideredain its eval- .

"uation. Some agricultural cellulosics may have high pesticide-and herbicide



TABLE 2. DIGESTIBILITIES OF TREATED
AND UNTREATED MATERIALS

. s

Percent of Solids Digested"-i

Material Untreated Sample  Treated Sample
Filter paper 75 o -
Bagasse pith | A 15-17 | 82
Bagasée, whole 7—10 - 80
Newsprint / | /;ZO o 79
Chipboard _ .5 ,‘ 81

f:::x¢=t:j:f:r~z:%~:Bagasserpaperrpuipg::f==:::f~:f-:;:ff::z:r::::=4790i—= -- —_—
Rice hulls ' 15 :_f . 64
Municipal refuse ‘ _ 53 | 65
(Black-Clawson fiber ' '
fraction)

2 gtandard Substrate Evaluation Test

- b Previously treated

residues; if‘these are persistant throﬁgh thé pretréatment, they wiil show‘

up in the culture media with possible hérmful consequences. Mﬁnicipal

refuse may contain high levels of heavy metals that could tend to 1imit cul-

ﬁure growth ana decreasé productivities necessitating shuﬁ?down of the pfo— )

cess and flushing of equipment. i
- Other possible uses of the material should also be evaluatedAsince it

would be a disadvantage to be dependént upon the procurement of.a material

- that either has, or will have, a high cost or high demand for a different

use,



TREATMENT OF CELLULOSICS
. : : .
Although;a considerable amount of discussion has been previously pre-
sented concerning the theory offéellulosic pretreatment to increase the
rate and extent of microbial digestion [ 2 to 10], it is important to review
several aspects of the process. Native cellulosics sﬁch as grasses; straw;
wood; etc. contain relatively large amounts of the heterocyclic polymer,

lignin, which acts as a binder to maintain physical strength in the mater-

ial as as a protective shield against microbial attack. Consequently, the

native, untreated fibers are slow to digest and act as Epgf<fermengapioni
substrates,

To facilitate the digestion of these materials, it is necessary to dis;
rupt the physical fine structure of the cellulose to allow more rapid and
complete ‘penetration of the material b& water and the hydroiysing enzymes
of thé ééllulasé~sy§tem; In our workswthe épplication of sodium hydroxidé

in a liquid solution followed by heat and pressure serves to de—polymerizé

aﬁd disrupt the lignin phyéical structure while swelling the cellulose to
increase water uptake and interstitial pore volume [11]. During Ehe course
of the treatment some of the lignin, hemi-~celluloses, ash, and cellulose of
the material is hydrolysed and solubilized. Also, some of the caustic
apparently forms weak acid salts with some of the components of the material
and cannot be titrated as free base at a neutral pH after the treatment,

The schematic of a general treatmént process using a typical cellulosic,
a caustic solution, and heat and pressure shows the various parameters used

for the material balance around the process.



SAMPLE

CELLULOSIC

Caustic
<«—, solution
addition

TREATMENT

<— Neutralization

[y

 WASHING

yod

: [SOLURLES'! fSOLIDS 1‘

i 4

<« Water

" Evaluation Parameters:

»YS=—f- =
Wy
v - YCe
Wiy
W
S/L =_1% =
W
wC
N=—
,_wi

TT— (e

]

]

Initial dry weight

Initial cellulose concentration

Weight of saluﬁion added

Caustic concentration

Temperature
Time
Pressure

= Final dry weight of solids

rinai celilulose concentracion

2

Yield of solids through the treatment

= Yield of cellulose through the treatment

Solids-to-liquid ratio used for treatment

= Caustic—-to-solids ratio used for treatment

and T, t, P, and N are always defined for a specific treatment.



EFFECTS OF TREATMENT ON SOLIDS

’

During ths treatment process, some of the initially solid (irfsoluble)
fractions of the cellulosic are solubilized by hydrolysis to soluble frag-
ments., The hydrolytic action of the treatment process varies with the time,
"ﬁemperature, pressure, ‘caustic cdncentration, and solids-to-liquid ratio.
The degradation of a holocellulose in an alkaline enviromment has been well,
defined in the literature [11,12] and has shown rapid hydrolysis of thé
hemi-celluléées and ligniﬁ;followed by éhe slower depolqurization\of cell—.
ulose, and finally, degradation of the glucose ring structure, It follows
’then;'th#t’for’h tréatﬁéﬁt of ‘given severity, materials with higher hemi-
cellulose and lignin fractions will lose respectively more of the initial
solids than méteriﬁls with lower hemicellulose and lignin levels. Values
for yield of solids from the treatment for several differeht cellulosics
suhiacted fn rreafmpnt nf identicél.severity,-as expected%~show that the -

" samples with higher hemicellulose and lignin levels fbagasse pith, bagasse,
rice'hulis) lose more solids than the materials with higher cellulosé frac-
tions (the papers and chipboard).

Variation of the severity of the treatment by varying the time, temper-
ature, pressure, caustic concentration, and soiids—to-liquid ratio of the

. process also changes the amount of solids lost, Since our work has been
primarily concerned with sugarcane bagasée, considerable definition of the
yield of solids and yield of cellulose over the alkaline treatment has been
obtained for this substrate.

Prior to any chemical treatment oflbagasse, the solids were passed
through a knife-cutter with a 1/8-in, screen. All treatment procedures were -
performed on this ground material. Yield tests for total insoluble solids'

and cellulose were run to define the effects of time of treatment (the time
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that the material was subjected to the\treatment temperature and pressuré),
temperature and pressure of treatment (these were not independent ‘since sat-
urated steam was used to generate bdth), caustic concentration, and the
amount of caustic solution used per unit weight of dry solids.

| The concentration of the caustic solution was varied in the range of
from 1%Z to 8% by weight sodium hydroxide. Pressure ranged from 15 psig to
30 psig and was generated by saturated steam; therefore, the temperature
ranged from 250°F to 275°Fl The fractidﬁ of dry solids in the treatment
slurry or sludge ranged frém 0.05 to 0.50. Data from the treatment tests
_is.shown in-Table 3. - —-— = - - - :i;:”: ceT T T

' The solids yield varied directly with-the-solids—to—liqﬁid ratio. Fig-

ure 2 shows a typical yield response in a 30~-psi, 4-hour treatment with
varying solids-to-liquid ratios and for different caustic concentrationé.‘

We then attempted to define whether the amount of liquid per unit solids
or the amount of caustic per unit solids (N) controlled'the yield. Figure 3
shows th%t for a treatment at 30 psi, 4 hours, the yield of solids can be
correlated very well with the amount of caustic used. The yield of cellulose
is also shown to be correlatéd to the amount 6f caustic.

Figures 4 and 5 show solids yield (Yé) as a function of amount of caus—
tic per unit of solids (N) for different treatment pressures and times. The
same Y4 and Y, response to changes in N are seen for the different treatment
severities., Figure 6 shows a compilation of the three Y, versus N curves at
different levels of treatment severity. Qualitatively, &s behaves as
expected-—becoming‘sméller as treatment severity is increased--but it is
apparent that N is the controlling independent variable.

To determine the effects of the other two iﬁdependent treatment vari-

ables--pressure (P) and time of treatment (t)--on solids yield, the yield was
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Figure 2. Effect of Treatment Variables on Yield of Solids

plotted versus time for two'diffefent pressures, Figure 7 shows thét after
about 30'minutes the yield is not effected by the time of treatment, and
there was no difference between the yields of sampleé run at 15 and 30 psig.
The caustic-to-solids ratio (N) was the same for all runs.

As stated previously, the kinetics of the alkaline hydrolysis of
bagasse favors the preferential removal of lignin and hemicellulose. This

shculd result in the effective concentration of the insoluble cellulose in

14
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the remaining solids.

solids remaining after
ulose in the remaining
gressively more of the

loss over the range of

A plot of Y versus the percent cellulose in the
treatment (Figure 8) shows that the f;action.of cell-
solids increases as Y  decreases; but also, that pro-
original celluiose is.iost. The magnitude of this

treatment tested is evidently quite small,

"Since the organisms metabolize cellulose, the fraction of the substrate

that is cellulose will have an effect on the yield of cells on substrate.

15
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The cell yield on pure cellulose is about 0.5 gm cells per grams of cellulose

16

metabolized. 1If the treated bagasse has a very high cellulose content (95% -

1007%), the cell yield on solids (Y) will be close to: 0.50; on the othér hand,
as the fraction of cellulose in the treated solids decreases (with higher
solids yields over the treatment process), the cell yield on solids should-.
decreaée. (i.e., at 75% cellglose in splids: Y f‘(0.75)(0.50) =

gm cells

0.375 gm solids used = ' ' _ : .o
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CAUSTIC NEUTRALIZATION

After bagasse has been subjected to an alkali treatment, only a fraction
of the sodium hydroxide that was initially added to the solids can be tifrated
with acid to neutrality. Different amounts of caustic were added to samples
of.bagagse, newsprint, and filter paper prio: to a 30-psi saturated steam
treatment for four hours, After the treatment, water was added to each sam-

ple and concentrated HCl used to titrate the sample back to pH 7.0 Figure §

17
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_Figure 6. Comparison of N vs Yg Curves for

Different Treatment Severities

shows that when all three of the materials were completely neutralized,

roughly 4% to 5% caustic based on the weight of dry solids was not titratable

at 7.0 pH., This was expected for the bagasse since the hydrolysis of lignin

and hemicelluloses would provide many weak acids for the production of sédium

—--weak acid salts that would be untitratable at pH 7.0, but could not be sat-

isfactorily expiained in this manner for the filter paper and newsprint,

Since filter papér'is almost pure cellulose and newsprint has a higher
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cellulose content than bagasse, it is probable that at the alkali concentra-

tions and temperatures used for the treatment, some of the cellulose is hydro-

lysed to glucose which, under these conditions, degrades to dihydroxyacetone,

glyceraldehyde, glycolic aldehyde, formaldehyde, and to various saccharinic

acids. These weak acids certainly would contribute to the formation of sod-

ium salts untitratable at a neutral pH.

No attempt has been made to see if

the amount of sodium hydroxide boUhd at pH 7.0 is effected by varying treat-

ment severity or caustic concentration.
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Titration of all samples was done automatically at 25°C. The time
necessary to neutralize the treated bagasse was almost 24 hours, while filter

paper and newsprint reached pH 7.0 within one hour,

EVALUATION OF THE DIGESTIBILITY

The purpcse of the treatment step is to increase the biodegradability
of the cellulose fraction of bagasse. The effect’ of the various treatment

variables on the digestibility of the bagasse solids were defined in shake
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flask cultures using the standard Substrate Test Procedure given in the
Appendix,

A substrate loading of 4.0 grams of solidé per liter was chosen to
assure-sub;trate limitation within 48 hours, and to minimize effects of pH
and media changes. The inoculum used was prepared according to the standard
procedure given in the section on organisms and inoculum preparation. The

amount of substrate lost after 48 hours was determined gravimetrically, and
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the amount of digestion was reported as substrate consumed per unit of sub-

-

strate initially added; i.e., : ' ‘ ‘
X = SO—Sf
S So ;
where: So = Initial substrate concentration
S¢ = Final substrate concentration (after 48 hours)
Xg = Fraction of substrate solubilized (consumed by the cells)

This data was reported in Table 3 with the data obtained for the treatment

process. Also reported in that table is X;; where: X

os = Xg¥g and reprg-

sents the fraction of the original substrate (prior to treatment) that was
digested after a treatment process had been applied.

To correlate the values for digestibility‘of solids (Xg) with fhe fhree
independent treatment variables P, N; and t, the generai partial differen-

tial equation for the process was defined as:
1

2X DX
dxg = S dP + S dt +
OP ¢ N ot py ON ¢ p

’

dN

The functions of the partial derivatives were then presented graphicall& in
Figures 10 (X, versus P at constant t and N), 11 (Xg versus t at constant P
and N), and 12 (Xg versus N at constént P and t).

Figure 10 shows that the digestibility is only a small function of'the
pressure (or temperature) of the treatment. AIt should be pointed out, how-
ever, that only two values of P were used; and these covered oﬁly a small
range of relatively low pressure,

Digestibility is a rather strong function of the time of treatment from

15 minutes to about one to two hours, but a very weak function thereafter
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(Figure 11). This plot suggests that any treatment should have a definite
maximum time beyond which no further increase in digestibility occurs; but
that up until that time is’ reached, digéstibility is time dependent.

Figure 12 shows that N is the strongest independent variable within the
ranges tested. Digestibility increases with N until some limit is reached
above which Xg remains constant. This 'saturation point" for bagasse seemed

.

to be about 0.3 gm NaOH ﬁer gram of solids. The shape of the curve shows a
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very strong initial effect of NaOH level followed by an incrementally

decreasing effect as N increases up to the ''saturation point”,

. Due to the similarities in the effects of the independent variables P,

N, and t on both Yg and Xg, a plot of X, versus Y, was prepared (Figure 13),

The graph shows an increase in Xg with decreasing yield of solids, The

yieid of solids from bagasse seemed to have a definite lower limit of from

45% to 50%. This value corresponds rather well with the value obtained for ‘
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the percentage of crysﬁalline cellulose present in a bagasse sémple by x-ray
diffraction studies~--42.5%Z [ 1]. This lower limit pfobably reflects the
alpha-cellulose content §f the sample which is not soiubilized by the treat-
ment process. Cellulose concentration data from Figure 8 show the same
relationship. The digestibility of tﬁis fraction continues to incréaée, how-
ever, as the tréatment increases in severity and the cellulose continues to

swell and free itself ffom lignin.
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An unexpected correlation of Xos (the fraction of original substrate

: ¢
prior to treatment that was digested after a treatment process had been

26

applied) versus Yo is seen in Figure 14. This plot shows that below-a solids -

yield of about 75%, the severity of the treatment as measured by the yield of
. s0lids has very little effect on the amount of the substrate (measured prior
to the treatment) that will be digestible, Also, between YS values of from

45% to 757%, the value of X,g remains in a relatively narrow band of 40% to
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45%, This indicates that after some minimum treatrent, a relatively constant
fraction of the original material is available for digestion and that this
fraction remains about the same irrespective cf tle amount of éther (undiges-
tible) material Ehaﬁ is removed from around it. THerefore, the severity of
the treatment process, above a certain minimum, szems only to effeét the rel-
atiQe amount of undigestible material that accompanies the digestible frac-

tion through the fermentation.
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It should be recognized that no measure of culture growth rate is made

in the shake-flask tests amd that this is an important parameter which may,

indeed, be effected by treatment severity.

FEED CONDITIONING -

After bagasse has been subjected to a treatment process, it is ready to
be prepared for inclusion into the fermentation media. Sometimes the treated
solids were washed prior to use, and sometimes they were simply neutralized

and used without washing. The washing procedure included repeated slurrying

with fresh water followed by dewatering by draining on a screen or by squeez-

. ing in a cloth bag. The washing resulted in removal of almost all of the

soluble fraction and the residual caustic. Most of the dark-brown lignin was
washed out, leaving a much brighter material than the original, untreated
fiber. Most of the fermentation tests and kinetic studies wefe performed on
this washed material. - -

{If tﬁe material was mixed into the media with no washing, the media had
to be neutralized with acid prior to use. The media retained a dérk—Brown
color throughout the run, and residual sodium hydroxide had ts béAneutralizedA_
by acid addition throughout the first 10 to 18 hours of the run. The éell'
product obtainéd from a run using unwashed bagasse also had a brown colora-
tion.,

The composition of the material that is solubilized in the treatment
process has not beenAquantitatively determined; however, the initial holo;
cellulose fractions of lignin (7% - 15%) and hemicellulose (20% - 302) are
preferentially removed from the materiél, and in the alkaline énvirdﬁment~
are pfobably depolymerized and degraded to some extent. Very little free

glucose can be found in the soluble fraction, but a positive test for
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carbohydrates can be obtained by a phenol-sulfuric acid procedure. Apparently
about 15 % of the soluble materials can be degraded and metabolized by the

cells.,

STERILIZATION

When the substrate fiber is mixed with the nutrient media, the entire
media is subjected to a steam sterilization at 15 psig for one hour (in the
500-liter vessel) or at 30 psig for oné’héur (in-the-7- and 1l4-liter vessels),

When continuous operation of the ﬁnit is desired, two different\methods
"of sterilization and feeding are used in the l4-liter and 500-liter fermenters. _ _
For the l4-liter vessel, a carboy with a liquid solution of all nutrients
except the solid substrate is autoclaved for one hour at 30 psig. This liquid
"media is then pumped into the vessel continuocusly at the desired dilution
rate, The solid substrate is divided into predetermined portions in separate
beakers which are covered with foil and autoclaved. The solids are cthen fed
manuglly into the culture at specific time intervals (thereby establishing an
effective S, value).

The liquid media and éolid substrate for the 500-liter vessel are slur;
ried in a ﬁre-mix tank where the feed stream is heated. A metering pump then

pumps a specific amount of material per unit time through a sterilizing heat

exchanger and a cooling heat exchanger prior to entering the fermenter.
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ORGANISMS AND INOCULUM PREPARATION

The classification and testing of cellulomonas sp. bacterium and alcali-

genes faecalis bacterium have been discussed in previous papers by Han and

Srinivasan [ 4,9 ]. Both are non-spore forming, short rod-shaped, gram-

negative bacteria., Cellulomonas sp. (ATCC #21399) gives a positive test for

/

Cyx cellulase activity, and is the bacterium responsible for cellulose depoly-

merization. Alcaligenes faecalis (ATCC #21400) gives a positive test for’

beta-glucosidase and is responsible_for the depolymerization of short-chain - -

oligosaccharides. Another organism used at times to replace alcaligenes fae-
calis in the'culture is a beta-glucosidase-positive yeast obtained from an -
LSU culture collection. This yeast is referred to as Ycl3,

Mixed cultures of cellulomonas sp. and alcaligenes faecalis or cellulo-

monas and Ycl3 were used for all fermentations. Methods wused for storing and
carrying-éultures are given in the Appendix.

- Inocula for all runs Qere prepared by standérd.tecﬁniques and ﬁéed 6nly
if they met sténdara criteria. The standard inoculum preparaéion methods for

all cultures are given.in the Appendix.

30



NUTRIENTS

Nutrients and growth'factors for all‘cultﬁres'were supplied by inorganic
salts and-yeast extract, Extensive studies of various'nutrients and nutrient
levels have been previously reported [ 3,9;10 1.

Media of different composition were used for shake—flask and fermentor
cultures because of the greater pH buffecring capacity needed in the fiasks.

The flask basal media contained 6.0 g/1 (NH,),S0,, 1.0 é/l NaCl, 4.45 g/1

: KZHPOL;; 3.40 g/1 KH2POy, 0.4 g/1 MgSO4+ TH20, 0.1 g/i’c’éc’lz,Tl.O"”g/l yeasi
" extract (Difco), and 1.0 ml/l trace minerals solution, The media was formu-
_ lated to buffer af a pH of about 6.8. |

The trace minerals solution was coﬁposed of 16.7 g/l FeCl3*6H70, 0.18
g/1 ZnS04+7H,0, 0.16 g/1 ChSO4-5H20, 0.18 g/l'C§C13-6H20, and 20,1 g/1 EDTA
(ethylenedinitrilotetraacetic>acid) dissolved in water.

.Media used for pH-controlled runs in the fermentors was identical to
the flask media except levels of the two phosphate buffers was 0.4 g/l
‘KoHPO,, and 0.4 g/l KH2P04. About 0.1 ml/1 to 0.3 ml/1 of polyglycél P-2000

(Dow Chemical Co.) was used in all media as antifcam,

CONTROL OF pH

As fermentation of the cellulose éﬁbstrate progressed, the pH of the
culture media became increasingly acid; and}if altowed to continué to fall,
would finally reach a pH of 5.0 or béiow and all cell growth would cease.

The buffer system used in shake-flask media.could maintain a pH above
6.2 - 6.4 (the lowest effective pH for gell growth). only if thg substrate

loading was 4.0 g/1 or below. If the substrate loading in the flask was
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higher than 4,0 g/1, the culture would become pH limited before becoming sub-
strate limited. (Thus, the 4.0 g}l substr;te loading for the standard sub-
strate test procedure). ‘

The pH was controlled in the fermenters at 6;g~by tﬂe addition of base
on demand. Anhydrous ammonia gas was used in the SOb;liter vessel, and 10 N .
NaOH used in the 14—1iter.fermenteré. Experimental data from sevéral runs,
Table 5, showed that the cuiture was uéing about 0.3 gm NaOH per gram of dry
cells produced; or about 0:15 gm NaOH,pé; grém cellulosé.metabolized. ~This
‘ unusualiy high base usage rate could not be attributed to formation of by-
éfbduéf é;ids beééuéz th; ééi;iyieidibﬁrsugserZéﬁZY)t;és;;lo;e tb thé 46%
to SO%_theoretical maximum, -gh;dés and Fletcher [13] had stated that the use
éf a nitroéen source like ammonium sulfate could cause excess acidity through
the preferential use of the inorganic ammonium, thus freeing fhe negafiﬁely
charged sulfate into the media. A theorétical material balance assuming that
this was indeed true and that the célls contained 10% nitrogen by weight gave
a NaOH démand of 0.283 gm NaOH per gm cells. Thg difference-betwgen this |
~Valué and the ;ctual 0.3 gm NaOH per gram cells could noﬁ be attributed ;o.by—
product acid production by the cells. Rhodes and Fletcher suggested‘that urea

would be a suitable '"neutral" nitrogen source [13]. Prior testing of urea with

cultures of cellulomonas and alcaligenes or Ycl3 h;d shown that urea as such.

was not used as a nitrogen source, but that if the urea Qere included in the _‘:
basal media prior to steam sterilization, the‘fesulting media after stefilizé—
»tioh could be used successfully. (Transamination-between urea and the other
inorganic salts and cellulose could have provided ammonia in other than urea
forms). |

Subsequent fermentation runs showed that the use of urea-as a nitrogen'

source caused a base demand of only 0.1 gm NaOH per gram cells and supported
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cell growth at approximately the same rate and to the same extent as ammon-
ium sulfate when both were ‘added to provide the same level of nitrogen in
the media. Figure 15 shows the cell growth and .caustic demand versus time

for cultures using ammonium sulfate and urea as nitrogen sources. The three-

fold difference in base demand can be seen,
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BATCH FERMENTATION

" Cultures of cellulomonas and alcaligenes or cellulomonas and Ycl3 were ’

grown in 7-, 14—, and SOb—liter fermenters under batch culture conditions

“on various cellulosics. All further discussion on these cultures will be

limited to those with bagasse as a substrate unless stated otherwise. The
nutrient media used was the same as given/in the section on nutrients for

fermenters,

- - The major purpose.-of the batch.cultures was to provide basic data on
cell growth conditions, fermentation kinetics, and ovérall culture dynamics.
It was planneq that the kinetic data obtained froe the batch cultures could
be used to effectively define cell-substrate interaction under controlled
conditions; and to predict, or at least define more completely, the kinetic
behavior of the culture under continuous fermentaticn conditions. (Contin-
uous fermentation is the continuous feeding of media and substrate to the

culture at equilibrium conditions and the continuous removal of culture

from the fermenter.)

TECHNIQUE AND CONDITIONS

Standard techniques were used to prepare, steriilize, inoculate, operate,
sample, and analyze all batch runs. These were the same for 7-, 1l4-, and
500-1liter vessels except whére size limitations exiisted (as in the steriliz-
ation procedures).

The whole media containing nutrient salté, grewth factors, antifoam, and
cellulose substrate was mixed in the fefmenter. Aeid was added if necessary
to adjust the pH to between 6 - 7. The fermenter was then subjected to

sterilization by heating to 275°F at 30 psig for mne: hour (for the 7- and
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l4-liter vessels) or to 256°F for’one hour (for the SOO—liter vessel). The
contents were then cooled to the operating temperature and brought’to a pH
of 6.6 by the addition of acid or base.

All cultures were maintained at a temperature of 33°C t 2° throughdut
the run. The pH was maintained at 6.6 by the addition of acid or base on
deﬁand.> Cultures were sambled by the withdrawal of a homogeneous sample of
the whole culture media. These samples were analyzed for cell concentration.

and undigested solids concentration by standard techniques given in the

pH, temperature, and amount of acid or base added,

Aeration was maintained aﬁ about 0,2 to 0.3 volumes of air»per_volume'
of culture per minute in all runs. AgitatiOn'was maintainéd at 300-rpm for
the dual-turbine aéitators in the 7- and l4-liter (New Brunswick Scientific
Co.) fermenters.

;The-type of culture being used and the type of treatment given the

cellulosic substrate were also recorded for each run,

EVALUATION OF BATCH CULTURES

The cell concentration, C (grams dry weight cells per liter of culture);
émount of caustic used to maintain pH at 6.6 (millimoles), and amount of
solids per liter that had been solubilized since the batch had been started,
EE:E (Sp = grams of solids per liter of culture at start of the runj S =
grams of solids per liter at time‘E),.were plotted on semi-logarithmic graph
paper versus time t (hours) for all rumns. The resulting ﬁlot as shown in
Figﬁre 16 represents-the basic kinetic data obtained from a batch run. All

further analysis of the run could then be taken from this plot.
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Figure 16. Theoretical Batch Run
Basic Kinetic Data

The slope of the S,-S versus t curve, <§%>, irdicates the activity of the

culture on the substrate. If g% is divided by C, the resulting %-(%%) defines
: - . . t

the specific activity of the culture per unit of cell mass at any time during

the batch,

The basic equation for the growth of cells in'a culture is

dcC
It =4C B 65




where « 1is the growth rate constant of a first-order autocatalytic reaction

with units of reciprocal hours (hrs.—l). If we then define:the cell yield

on substrate as

Y =77 _ [2]

where the yield, Y, is the grams of dry cells formed ﬁer gram of substrate

metabolized, we can combine [1] and [2] §o'get:

1 ds : i
,,:,T,A=_;:::, - ’ -
Y ' C dt 3]
since: dcC ds
-t Ya‘g [4]

o dac dsy\
Now, it is.apparent from Figure 16 that both <}_E> and <b;€ change

"with the state of the culture and itnat it is difficult to ageign 2 typical

logarithmic growth rate to the overall curve. 1If, then, we calculate values

for the fraction of substrate utilized, X, for all values of %é %%.(hence
So~S
So

’?&) as shown in Tabie 4, and plot’?& versus X [where X = ], Figure 17
resulﬁs.
Figure 17 gives a relationship between « and X which indicates that the
cell growth rate is some function of the extent of substrate utilization.
Two points of this curve are of major interest: Poipt A (the’7§ intercept at
' X = 0) indicates the maximum growth raﬁe of the culture and will be termed
_'“max/§; Point B (the X intercept) indicates the maximum extent of substrate
digestion and will be termed Xmax',. | |

In cultures obeying Monod-type kinetics--almost all cultures where cells

are grown on a soluble substrate under only substrate limitations-—the‘7§
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TABLE 4. CALCULATION OF SPECIFIC ACTIVITY
FROM BATCH RUN DATA

. ,

Time (t) ds c _ _S_o_:§ _ l/d_S_ _ A
(Hours) dt “(gms/1lit.) So ,'X Cae /;
18 - 0.59 3.0 0.20 - 0.196
20 10,74 3.66 1 0.24 0.202
22 1.0 4.5 0.30 0.222
24 1.5 5.58 _x/ 0.37 0.206

26 1.43 6.9 | 0.45 0.207 .
28 - 1.64 --8,55 - 056 - -0.191 -
30 1.15 10.05  0.67 1 0.114
33 0.58 11.25 0.75 0.051
36 0.23 11.7 0.78 0.019
40 0 12.0 0.80 "0

versus X curve would-be a straight line beginning at /“max/Y and extending at
that same vaiue to almost X = 1.0. In other wordé, the growth raﬁe‘/« is a
function of thé fraction of substrate used only when very low substrate con-
centrations are reached (the saﬁuration point, or Ks Value).

Hence, Figure 17 indicates that the growth of our cultures on solid cell;
ulose particles departs from classical Monod kinetics in that _« is é function
of X. This is certainly not unexpected since enzyme penetration and product’
diffusion must Obviougly play a major role in the kinetics of degradation of

the solid cellulose particles.

Substrate Limitation
The evaluation of a treatéd cellulosic substrate in shake-flask cultures

was carried out with low initial substrate loadings to insure that the
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Figure 17. Specific Activity as a Function of
Fraction of Substrate Digested

culture would be substrate limiﬁed. The maximum cell density that could be
achieved in the flask cultures was 2.0 grams/liter of dry cell mass. 1In agi-
tated and aerated fermenters, it was desirable to increase.tﬁe ceil density
to economically feasible operating levels of cver 10lgrams/liter. This addi—,
tional biomass production placed higher requirements on control of pH, temp-
eraturé, nutrient supply, and aeration for proper culture growth. The growth
limiting effects of several og theée variables were detefmined in order to

assure substrate limitation in those cultures with higher cell concentrations.




pH Limitation

.

As discussed previously, the pH of a growing culture tends tod drép as
more and more acidic products are formed. In several bACCh cultures the>pH
was allowed to ﬁall without control. Since the fé;mente; media was essen-
tially unbuffered, the pH dropped to about 5.0 after only two or three grams/

liter of cell growth., As the pH drépped below 6.0 the growth rate slowed,
‘and finally stopped altogether at a pH of 5.0 to 5.5. In several instances,

7

the pH was readjusted to 6.8 or 7.0. In some cases the culture would resume

growth after a lag time of arbitrary length, and other times the culture

— - - == — = = = = - = — = = = i

&éﬁl& nﬁﬁ;respond a£ éii..
In those batches where unwashed, treated bagasse was used as substrafe
(the soluble fractions generated during treatment were left in the material),
the pH would first rise to 7.5 or 8.0, and in some cases subsequently féll as
- cell growth on-cellulose started; in others, it would.simply remain at 8.0 or

above if no cellulose degradation began.'
"The pH set-point usualiy used was 6.6, and it was working practice to
maintain pH of the culture at any stage of growth bdetween 6.6 and 7.0, No

data was obtained for the quantitative effects of pH on growth rate dr cell

yield on substrate,.

Tehperature Limitation

The ﬁemperature of all cultures was maintained at 33°C +2°.. Althéugh
nb.studies were undertaken to quantify the effect ofAtemperature.on culture
dynamics, data from selected runs has shown a decrease in growth rate below
30°C or above 40°C, and cessation of growth above 45°C, The culture, there-
foré, seem to behave as true mesophiles with a growth: optimum between 32°C

aﬁd 36°C,
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Nutrient Limitation
The inorganic nutrient composition of the fermenter media was' designed

to make nitrogen the first limiting nutrient. Ammonium sulfate at 6.0 grams/

liter provides the only nitrogen source (other than the small amount provided

" by the yeast extract amino acids) at 1.27 grams nitrogen per liter of media.

Assuming the cells contain 10 percent nitrogen, the nitrogen provided in the
initial media should become limiting at about 12 grams/liter of cell mass,
Runs in which sufficient substrate was fed to assure growth higher than 12

grams/liter cell mass, and in which no additional nitrogen was added, have

shown a cessation of cell growth at about the 11 or 12 grams/litér level.

w

Aeration Limitation

Air is fed to the 7- and l4-liter New Brunswick fermenters and to the 500-
liter pilo; plant vessel at about 0.3 volumes of air per volume of culture per
minute, Agitator speeds on the 7- and l4-liter vessels are 306 rpm, énd about -
200 to 226 rpm.for the 500-liter vessel. Cell yield on oxygen for these aerobic
cultures should be about 1.0 gm oxygen per gram cell mass formed. Oxygen
demand is thérefore dependent on céll mass concentration and on growth rate.
No data have been obtained on oxygen transfer rates in any of.these vessels;
howéver, cultures have been grown to proéuctivity values of 1.4 gms. of cells
per liter per hour in batch cultures. This would create a theoretical oxygen
demand of 1.4 gms. 0y/liter-hour or about 45 m moles 02/1iter~hour; which is
well within the capabilities of the fermenter units being used. Since all
batch and continuous culture productivities have been under the 1.4 maximum
that was attained, it wés assumed that the oxygenitransfer rate was non-

limiting.
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Increasing S,

A definitive test of qubstraée limitation at high substrate Joadings was
carried out by operating three 7-liter fermenters under identical conditions
except for the level of the initial substrate concentration. It was felt that
iﬁ the ;hree vessels exhibited the ;ame /§§'versus X curves and had the same
.xmax values, then bafches with S, values within the range of the test could be
assured of meaningful X . values in a pH-controlled batch run,

Initi=1 S, values of 9.3, 16.7, and 23.3 grams of dry solids/li;er were

used in the three vessels., Figure 18 shows the basic C versus t data, and
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Figure 19 shows the 5,-S versus t plot. Data from both plots were used to

calculate values for /?§ and X for the three runs. The /?& versus X curves
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Figure 19. Solids Digestioh Rate Data
for Different S, Values

for Fhe three runs are'shown in Figure 20. It can be seen from these curves.

that all three /(max/Y and'Xmax values are within t 3 percent of each othe;

and that £he M= f{X] equation could be the same for the three cultu;es.
The conditions of the substrate treatment for this experiment were:

N = 0.0812 gm NaOH/gm solids, t = 17 hrs., and P = 30 psig. The‘Xs value for
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fraction of substrate degraded in the standard substrate test (from Figure 5)

is about 0.72. The range of X . values obtained in the three fermenters was

from 0.75 to 0.82 which compares favorably with the prediCted value obtained .

in the shake-flask test.

PERFORMANCE OF BATCH CULTURES

Data from all representative batch culture runs {cultures which were not

grossly contaminated and which were within the test design) were tabulated to
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present the substrate and treatment data in correlation with the kinetics and
material balances of the reésulting runs. Table 5 gives substrate,’ substrate

treatment conditions, and types of organisms used correlated with the frac-

tion of the substrate digested in the Standard Substrate Test (Xg). Values

_for initial substrate loading (S ), specific culture activity (/qmax/Y),

final cell concentration (CFinal)’ cell yield on substrate (Y), maximum frac-

dNaOH)’ and productivity

tion of substrate utilized (Xmax)’ caustic use rate (
calculated from the batch data (PC) are presented in Table 6 for the -sub-

strates_characterized in Table 5.

7The spééific culturé aeﬁivigy (/(max/Y = grams of substrate digested per
liter per hour per gram of dry cell mass) in the‘mixed cultures of cellulo—~
monas and Ycl3 yeast ranges from about 0.15 to 0,32 gfams substrate per lit-
hr., per gram cells. To make these values more meaningful, consider that an
averagé cell yiéld on substrate is 0.45; the unit productivitv of the,éulture,

then, is from 0.075 to 0.16 grams of cells generated per lit-hr. per gram

cells., 1If, for example, a continuous culture was being operated at an equi-

librium (C,q) cell density of 10 grams/liter_dry cell mass, the productivity

- of the cultures would be from 0;75 to 1.6 grams/liter per hour. The /“max/Q

values for mixed cultures of cellulomonas and alcaligenes fall into the same

general range as for cellulomonas and yeast cultures,

The values for ceil yield on substrate (Y = grams cells produced per
gram substrate solubilized) range from about 0.40 to 0.55. Figuré,Zl showé
the:aistribution ofvyield values obtained from 43 batch runs. It is obvious
from the plot that cell yield is distributed around 0.50 with more occurring
between 0.40 and 0.50 than above 0.50 or below 0.40. This is in accord with
the known cellulose qoncentraéions of the substrateé and with values for

classic cell growth on carbohydrates.



TABLE 5. BATCH CULTURE DATA - SUBSTRATES AND ORGANISMS

RUN NO. SUBSTRATE N2 tP S ORGANISMS x4
14-2-78 Bagasse, treated, .2 4 30 Cellulomonas 0.88
washed + Ycl3 '
14-1-78 "o " .2 4 30 " 0.88
14-2-77 " " .36 . 30 " 0.92
14-1-77% " " .36 4 30 " 0.92
14-2-76 Paper pulp - - - Tn 0.90%
~“14-1=76  Paper pulp ~ — ~—= - — " 0.90%
14-2-74 Bagasse, treated, .081 17 30 " 0.55
washed
14-1-74 Bagasse, treated, .36 1 ATM, . " ©0.90
aged 1 year . 160F '
14-2-73 Bagasse, treated, .081 17 30 " 0.70
o unwashed . '
14~2-72 Bagasse, treated, .081 17 30 o 0.70
' washed
14-2-71 " " . .081 17 30 " 0.70
14-2-708 " " .081 17 30 " © 0.70.
7-5-8 Paper pulp - - - " 0.90%
7-4-8 ' Bagasse, treated, .081 17 30 " 0.70
washed -
7-3-8 Bagasse, treated, .081 17 30 " 0.70 .
: unwashed ‘ : :
7-5-7 Bagasse, treated, .081 17 30 " - 0.70
washed : ' '
7-4-7 " " .081 17 30 " 0.70
7-3-7 " " ~.081 17 30 " 0.70
7-5-5 " " .081 17 30 " 0.70
7-4-5 "o " - .081 17 30 " 0.70
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TABLE 5., BATCH CULTURE DATA - SUBSTRATES AND ORGANISMS (Cont.)

’

Vi

mos. -
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RUN NO. 