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Research workers from UAMI and ORSTOM have being working for the
last 15 years in an effort to study solid, liquid and gas fermentation
systems in order to try to understand their potential and limitations for

A comprehensive model of mycelial growth and metabolic activity, based
on experimental evidence taken at microscopic level by image analysis,
gasometric studies (on line barometric and gas analysis) and thermometry
(heat and mass balances). b) As a result, a new scale-up strategy for solid
and gas fermentation systems has been developed based on the
conservation of heat and water content of the fermentation mash. ¢) The
limitation of biomass activities in terms of surface and volume hindrances,
as a fundamental constraint for densely packed bioreactors has been
studied. d) Fundamental work has been done in relation to the
biochemical and microbiological mechanisms of film and particle
formation in anaerobic digesters. e) New strategies have been developed
for the production and selection of mutant microbial strains specially
adapted to solid fermentation systems. f) New approaches have been
developed for reusing spent biomass and solid residues in agriculture and

As examples of possible applications of these studies the following can be
mentioned: a) The use of Aspergillus niger grown on coffee pulp to
reduce its caffeine level, to produce pectinases and to generate a solid
residue with probiotic activity in the rumen; b) The use of bioscrubbers to
remove from the air various fouling sulfur compounds in a cellophane
factory; c) Removal of recalcitrant compounds in industrial waste water
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activities (aw = 0.96 or 0.99) and in a culture medium with pectin as a
sole carbon source, provide a way to distinguish fermentation phenotypes,
for example, different strains that produce pectinases in different yields
and adapted to different culture media (Antier e al. 1993a and b; Loera et
al., 1993). Thus the use of an adequate microscopic model of the
mycelial growth is very helpful in estimating a macroscopic parameter
(1obs) as a fundamental physiological response of different strains to be
considered for certain processes, such as enzyme production to break
down a contaminant.

Macroscopic Model of Microbial Growth.

Viniegra-Gonzlez et al. (1993) used the microscopic model (Egs. 1 to 4)
in order to propose a new macroscopic model of mycelial growth which is
reminiscent of the so called logistic equation.

Ry = dX/dt-= pobs[X + XcI[1 - (X/ Xm)P] - ®

Where, X¢ > 0 is the critical biomass concentration at which, a
synchronized mycelial culture starts branching for the first time; X is the
maximal value of the biomass concentration and p > 0 is a parameter
related to the strength of the self inhibitory interaction of biomass. If X
= 0and p = 1, Eq. 5 becomes the logistic equation. For X¢ = 0 and p
> 0, Eq. 5 becomes the growth equation proposed by von Bertalanffy
(1957) for plant growth and used by Mulchandani et al. (1988) to model
the kinetics of microbial cultures. For X¢ < 0, -it means that it is
necessary to have a minimal (critical) concentration, X, for the onset of
biomass autocatalytic reproduction.

Macroscopic Model of Microbial Metabolism.
Using the usual partitioning of metabolism for growth and maintenance,
the rate of substrate, S, consumption Rg can be described by Eq. 6

Rg = -dS/dt = Rx/ Yy + mX ©6)

where, Yy, is the maximum biomass yield and m is the maintenance
coefficient.

Heat and Mass Balance of a Microbial Packed Bed Reactor.
According to Saucedo-Castafieda et al. (1990) for a cylindrical packed bed
bioreactor having total length, L, incubation temperature, Tp, and reactor
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radius Ry, aerated with an air current having velocity u, and defining the
coordinates r (radial position), and z (axial position) and, also, assuming
cylindrical geometry, it is possible to define the following dimensionless

variables.
p=1/Ra 9 =T/Tp; ¢=12/L; 1= t/©; Q)

where, ® = L/u is the characteristic time of a column aerated at velocity,
u, and having length, L. The heat balance of a pseudohomogeneous
packed bed reactor can be written with the help of the dimensionless
numbers of Peclet (Pe) Biot (Bi) and Damkéhler (Dayqy) and the dry mass
fraction, Fdm, and with initial value Rg;j, as follows:

09/0n = [Ldp/Ra Pel[028/0 p% + (1/p)(09/0p)] - 08105 +
+ Fdm DanifRs/ Rs; ] ®)

The dimensionless boundary and initial conditions are

at p=1; -09/0p = Bi($-1) ©)

atp = 0; o8/0p = 0 (10)
and

at ¢ =0, 3§ =1 an

If the air convection is strong enough, as required to assure axial
homogeneity, the term 93/8¢ can be neglected and a simpler mathematical
equation is obtained (Saucedo-Castafieda er al., 1990)

08/or = [Ldp/RaZPell*9/0p> +  (Up)@SIop)]  +
+ Fdm DaIifRs/ Ri | (12)

Equation 12 can be solved using computational techniques, such as
orthogonal collocation or finite element integration, but for doing so it is
necessary to have a functional relation between pobg and temperature
which is often of the double Arrhenius type. That is, in a given lower
range, the growth process is activated by heat but beyond a certain
temperature, the microbial biomass is inactivated by further heating.
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AW96 phenotypes are related to different regulatory products because
reversion of dgr to the DGS phenotye is not accompanied by reversion to
catabolic repression and also because b) Parasexual crosses (dikaryons)
between two different strains (dgr AW96-4 x dgr AW99-iii) revert to DGS
phenotypes but enhance the AW99 phenotype, which is quite different
from the wild phenotype. Those results indicate that it is possible to
produce new strains of 4. niger which are specifically adapted to produce
and excrete enzymes by SSF technique and which are genetically and
physiological different to those specially adapted to SmF technique. This
supports the earlier suggestion of Shankaranand er al. (1992) that there is
“the need for an extensive screening program for the selection of a potent
culture most suited to SSF system”. Present work is now directed to the
use of genetic engineering techniques in order to clone the genes
responsible for the adaptation of A. niger to SSF, in order to use them as
part of an expression system of enzymes with possible industrial and
environmental applications.

GAS BIOTREATMENT IN PACKED BED REACTORS.

Basic Studies

Tubular reactors packed with biomass can be used as an effective way to
treat gas currents either by changing the oxidation level of the inorganic
compounds, i.e., transforming sulphides into sulphates or by transforming
organic toxic volatile organics into innocuous biological materials, In
order to characterize the SSF packed bed reactors, two on-line properties
ought to be measured: a) the amount of biomass present and b) the
diffusion coefficients of the gases, through the porous reactor. Auria et
al. (1990, 1992, 1993) and Auria and Revah (1994) have studied both
aspects of SSF fermentation and have proposed that pressure drop,
measured on-line, is approximately proportional to the biomass increase in
the interstitial space between the solid support particles. They have used
spherical Amberlite beads as a support, 4. niger No. 10 as a model mold
culture and aerated columns as tubular reactors. In order to model this
process they used Darcy’s equation

AP /L = U/K (13)

where, AP, is the pressure drop across the column of length L, aerated
with an air current having velocity U and having a fluid conductivity K.
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Auria et al. (1993) suggested that under their experimental conditions, K
would change mainly due to changes in porosity € which is, in turn
proportional to the bed void fraction

g = (1 -Vg)/Vi (14) -

where, Vg , is the volume occupied by solid material and, Vi, the total
reactor volume. They assumed that “the reactor bed porosity can only be
due to the increase in biomass which reduces the volume occupied by the
gas phase” (Auria er al., 1993). Their data showed that the evolution of
AP/L vs. time and biomass vs. time were parallel and that the relative fluid
conductivity, K/Kin, decreased linearly with increasing biomass X (“ =
0.981) supporting their initial hypothesis, as indicated in Eq. 15.

K/Kin = 0.976 - 0.044X (15)

The extrapolated value for K = 0, found by Auria et al. (1993) was Xm
= 22.2 mg/g support (dry basis) and agreed very well with the observed
value of Xm = 21.5 mg/g support (see Eq. 5) suggesting that saturation
of the interparticle space is one of the major limitations for biomass
production in a packed bed reactor of the type used for SSF systems. The
addition of different levels of glucose to the SSF system did not change
the value of Xm = 20.0 + 1.5 mg /g of the solid support, for initial
concentrations of glucose So = 90, 130 and 200 g/L. Auria et al., (1993)
estimated a maximum packing density of 0.07. This result is important
because it stresses one of the operational problems of packed bed reactors
for gas biotreatment, that is, the saturation of the interparticle space by
excessive biomass production. It also indicates the importance of on-line
measurements of pressure drop as a basic control variable for such types
of bioreactors.

Another important operational variable in packed bed bioreactors is the
diffusion coefficient for gasses such as oxygen and carbon dioxide, which
participate as major indications of the aerobic metabolism. Auria et al.
(1993) have measured such coefficients in small columns packed with
Amberlite, supplemented with glucose and mineral media and inoculated
with Aspergillus niger No. 10. They found that the relative diffusivity of
oxygen and carbon dioxide decreased following an inverse hyperbolic
function of biomass
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used successfully for the start-up of a pilot and a full scale anaerobic
digester (UASB type) in a brewery of the city of Toluca.

Other basic studies have been directed to the AnD of petrochemical
compounds. For example, the anaerobic treatment of wastewater polluted
by terephthalic acid (Noyola et al. 1990; Macarie et al., 1992).
Treatment efficiencies ranged from 44% to 74%, depending on the COD
load and the reactor configuration (UASB or tubular). Best results were
obtained by the tubular reactor, apparently due to its higher resistance to
the toxic effects of aromatic petrochemicals (Macarie er al., 1992). It was
proposed to use the following treatment sequence of terephthalic acid
effluents: primary settler — anaerobic digester — aerobic polishing.

Removal of inorganic pollutants from municipal and agricultural
wastewaters is also a matter of great concern for improving the
environmental standards of Mexico. Monroy and Sarquis (1990) have
studied the use of water hyacinth (Eichornia crassipes) as a convenient
way to remove large loads of nitrogen and phosphate. They found that
BOD and nutrient (N and P) removal was inversely related to the input
load to the water hyacinth pond. Analysis of their results and those
reported in the literature, lead Monroy and Sarquis (1990) to propose the
use of water hyacinth ponds as a polishing treatment after the secondary
conventional process. It was recommended to use the pond productivity
from 16 to 33 g of dry mass per day and per square meter (60 to 120
tons/Ha*year). Monroy et al. (1988) proposed the combined use of water
hyacinth ponds and anaerobic digesters as an integrated bioprocess for
heavy nutrient and heavy metal removal from wastewaters. llangovan et
al. (1990) have studied the fate of heavy metals during the AnD of water
hyacinth. They found that methanogenic sludge removed Pb, Cd, Zn and
Cu from the digested juice obtained by grounding the leaves and petioles.
Hangovan et al. (1990) proposed the use of the following procedure: to
remove water hyacinth from polishing ponds and ‘separate roots from the
rest because heavy metals are strongly accumulated in them; then, mill the
petioles and leaves and digest the juice in a UASB reactor to remove COD
as biogas and purge the sludge to remove heavy metals in the organic
solid phase.

Engineering Studies.
Alvarez et al., (1991) have proposed a mathematical model and a
computing algorithm to simulate and control a two stage AnD system.
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This model uses COD as input and CO2, CH4, and pH as outputs. They
proposed the use of an adaptive computing algorithm using a linearized
model around several pH steady states in order to control the reactor pH
by means of bicarbonate addition. It was found that the model was robust
but it needed gas rate measurements (CO2 and CHg) in order to be
efficient. Recent experimental work (Monroy, unpublished results) has
shown that the two stage AnD reactor should be controlled and designed
independently for each one of the stages (acidogenic and Boﬁmsomoaeu
This type of study can be scaled-up from a bench reactor to a 45 m

UASB pilot reactor now in operation at UAML
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