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Summary 

 

The white rot fungi produce different lignocellulolytic enzymes of industrial interest. 

Among these enzymes, the cellulases (endoglucanases, cellobiohydrolases, β-glucosidase), 

and ligninases (manganese peroxidase, laccase) may be highlighted. The cellulases have very 

important applications in the production of detergents, fruit juices and in the textile industry. 

In particular, these enzymes can breakdown the cellulose present in a profuse amount of agro-

industrial residues like sugarcane bagasse, hardwood and softwood sawdust, cereal straws, 

paper waste, municipal solid waste, etc. Along with the hemicellulases, the cellulolytic 

enzymes offer the possibility of obtaining fermentable sugars from the above-mentioned 

residues. From these sugars, a wide amount of valuable products can be obtained by 

fermentation. For instance, the production of second generation bioethanol requires the 

utilization of cellulases in order to release the glucose from the lignocellulosic matrix of agro-

industrial wastes. The ligninolytic enzymes, in turn, reduce the oxygen dissolved in the water 

and oxidize phenolic and non-phenolic substrates. These properties convert them in suitable 

bioagents for bioremediation processes, biopulping, and paper bleaching, among other 

applications. 

The objective of this work was to assess the production of an extract containing 

cellulases, hemicellulases and ligninases by fermentation of Colombian agro-industrial 

residues using white rot fungi in the case of G. frondosa that was grown on oak sawdust 

supplemented with corn bran in order to determine its capability to produce lignocellulolytic 

enzymes by solid-state fermentation. The obtained results were compared to the production of 

these enzymes by submerged fermentation using the information from the available literature 

and experimental data obtained. The performance of these two types of cultivation processes 

were studied as the starting point for process analysis from the viewpoint of process systems 

engineering. 

The preliminary conceptual design of a process for production of the lignocellulolytic 

enzymes was accomplished. Two fermentation options were studied: solid-state and 

submerged fermentation. The fermentation system was selected based on the enzymes titre 

and productivity. In a preliminary way, the downstream processes were defined and analyzed 

using commercial process simulators. For this, three separation and purification schemes were 

assessed. The energy costs of the process were determined. As the result of the process 

systems engineering study, the conceptual design of the overall process was obtained 

including the equipment requirements, the potential for the utilization of the effluents and by-

product generated in the process was demonstrated, and the production viability of the 

lignocellulolytic enzymes was shown. In addition, some main Colombian agro-industrial 

residues were analyzed. The outcomes obtained indicate that solid-state fermentation offers 
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some specific advantages related to the simplicity of the technology taking into account small 

production facilities located in the countryside. Furthermore, the schemes analyzed for the 

economic utilization of by-products show that the lignocellulolytic enzymes can be employed 

for delignification of agro-industrial wastes for ensilage and composting purposes. In this way, 

process simulation demonstrated to be a powerful tool for the analysis of these 

biotechnological processes. 

 

1. Introduction 

 

 The fungi are the lignocellulolytic bodies for excellence because of its hydrolytic 

ability and its distribution. Among them, there is a group of fungi exhibiting an enhanced 

lignin-degradative capability, the so-called “white rot” fungi, which can be used in different 

bioconversion processes. All these fungi are capable of degrading lignin, cellulose and 

hemicellulose of lignocellulosics, but the rate and extent of degradation of each component of 

the cell wall vary considerably (Joselau y Ruel, 1994; Carlile et al., 2001). 

 Grifola frondosa (Dicks.: Fr.) SF Gray, also known as maitake, is a white rot 

basidiomycete, found in temperate forests of Asia, Europe and eastern North America. G. 

frondosa has gained in popularity among consumers, not only because of its taste and flavor, 

but also because of its reported medicinal value (Boh y Berovič, 2007). Its active compounds 

primarily belong to the group of polysaccharides (especially 1,6-β-D-glucans and 1,3- β -D-

glucans), glycoproteins, and proteins. Medicinal effects of G. frondosa are numerous, 

including antitumoral activity, stimulation of the immune system, angiogenesis, reduction of 

benign prostatic hyperplasia, and antibacterial and antiviral activities, among others (Švagelj 

et al., 2008). As the demand for G. frondosa fruit bodies and mycelial biomass is constantly 

increasing, therefore its artificial cultivation has become essential. Solid-state fermentation 

(SSF) is one way of meeting the rising demand for fungal mycelium and its bioactive 

metabolites (Shih et al., 2008; Švagelj et al., 2008). 

 The submerged fermentation involves the fungal growth in a liquid medium rich in 

nutrients with high concentrations of dissolved oxygen (aerobic process). The industrial 

production of enzymes has been done mainly by submerged fermentation. However, the 

development of hyphae (especially in basidiomycetes) in submerged cultures is usually in the 

form of uncontrolled development of the mycelium (hyphae set). The extent of fungal biomass 

has profound effects on the mass transfer and metabolic secretion rate of products. The fungal 

mycelium may be rolled around the spheres (pellets) from the same biomass, causing 

blockages and spread throughout the culture medium, increasing the viscosity, which turns out 

to be a limiting mass transfer of oxygen in the reactor. All these drawbacks limit the operating 

time in the bioreactor (Rodriguez-Couto y Toca-Herrera, 2007). Solid-state culture involves 

the cultivation of microorganisms on moist solid substrates in situations where the continuous 

phase is a gas, with little or no liquid water in the inter-particle space. This cultivation 

technique has the potential to produce specific microbial products more efficiently than 

submerged liquid culture. For example, in the production of fungal spores for biopesticide 

production, higher spore yields are obtained in SSF and the spores produced are more robust 

and more virulent than those produced in submerged liquid culture (Dalsenter et al., 2005). 

 Since the fungus grows on wood in nature, mixtures of lignocellulosic materials have 

been utilized as substrates in the commercial production of the mushroom. A common 
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substrate used for its production is sawdust supplemented with rice bran or wheat bran in a 5:1 

ratio, respectively (Chang y Miles, 2004). G. frondosa is also capable of utilizing a variety of 

hardwood species on different substrate forms -e.g., stumps, logs, wood chips. Outdoor 

cultivation of G. frondosa in Japan commonly employs sterilized blocks of sawdust amended 

with corn and wheat bran (Royse, 1997a; Montoya et al., 2008). Nevertheless, considering the 

increasing popularity of this mushroom, there are limited reference texts available for 

cultivating maitake (Stott y Mohammed, 2004) and knowledge of the bioconversion of 

lignocellulosics by G. frondosa during cultivation is still very limited. More detailed 

information would be helpful to improve the cultivation conditions for efficient production of 

the mushroom (Švagelj et al., 2008). Recently, G. frondosa, was cultivated on substrates 

composed of olive oil press cakes (Gregori et al., 2009); coffee spent ground (Montoya et al., 

2008), and spent brewery grains (Švagelj et al., 2008), with different supplements. The 

experiments demonstrated that of G. frondosa could become an efficient biotechnological 

process for the production and isolation of lignocellulolityc enzymes (Tengerdy y Szakacs, 

2003; Švagelj et al., 2007). 

 The objective of this work was to assess the production of an extract containing 

cellulases, hemicellulases and ligninases by fermentation of Colombian agro-industrial 

residues using white rot fungi in the case of G. frondosa that was grown on oak sawdust 

supplemented with corn bran in order to determine its capability to produce lignocellulolytic 

enzymes by solid-state fermentation. The obtained results were compared to the production of 

these enzymes by submerged fermentation using the information from the available literature 

and experimental data obtained. The performance of these two types of cultivation processes 

were studied as the starting point for process analysis from the viewpoint of process systems 

engineering.  

 

2. Materials and Methods 

2.1.  Organism 

 

 Grifola frondosa (PSUMCC 922) was obtained from the Pennsylvania State University 

Mushroom Culture Collection, USA, and maintained on potato dextrose agar (PDA) at 4°C 

with periodic transfer. The mycelium was transferred from the stock culture to the center of a 

Petri dish containing PDA and incubated at 25°C for 21 days. The experiment was conducted 

under greenhouse conditions, in Manizales Colombia, located at 2,250 m above the sea level, 

where the average annual temperature is 17°C and the relative humidity (RH) 70%. 

2.2. Culture medium 

  

 The solid formulation consisted of (dry weight basis) 79% oak sawdust (26% 

moisture), 17% corn bran (13% moisture), 1% sucrose (2% moisture), 2% gypsum and 1% 

calcium carbonate. The substrates were packed in polypropylene bags and autoclaved at 

121°C for 1 h. The humidity was calculated in relation to the components dry weight. The 

substrates were inoculated with 4% (humidity basis) of spawn. The liquid formulation 

consisted of 77,28% oak sawdust (26% moisture) and 21,75% corn bran (13% moisture) for 

the first phase, which corresponding to pre-treatment with sulfuric acid 72%, next the pre-
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treatment material is formulate with 3% ammonia respect to pre-treatment material, 57,72% 

water and 4% biomass of total mass. 

2.3. Preparation of crude enzyme extracts 

 

 Soluble proteins were extracted by adding 20 ml of distilled water to 2.5 g of substrate. 

Thirty min ultrasound-disrupting extraction was followed by 1 h centrifugation at 4500 rpm 

and filtration. Crude extracts were used enzyme activities determination. All the steps for 

crude extraction were performed at room temperature. The supernatants were stored at -18°C 

until needed.  

 

2.1. Determination of enzyme activities 

 

 Cellulolytic enzyme activities were assayed at 50°C, while ligninases were determined 

at 30°C. Laccase (E.C.1.10.3.2) activity was determined by oxidation of 0.5 mM ABTS 

[2,2´azinobis(3-ethylbenzthiazoline-6-sulphonate)] in 0.1 M sodium acetate buffer pH 3.6 

(ε420=36/mM cm) (Bourbonnais et al., 1995). Mn-peroxidase (MnP) (E.C.1.11.1.13) activity 

was determined by oxidation of phenol red (0.01%). The reaction product was measured at 

610 nm (ε610 = 22/mM cm). The reaction mixture contained 0.05 M sodium succinate buffer 

pH 4.5, 0.1 mM MnSO4, 0.1 mM H2O2 (Glen y Gold, 1985). Lignin-peroxidase 

(E.C.1.11.1.14) (LiP) activity was assayed using Azure B as substrate (Archibald, 1992). 

Endo-β-D-1,4-glucanase (E.C.3.2.1.4), exo-β-D-1,4-glucanase (E.C.3.2.1.91) activity was 

determined measuring the reducing sugars produced after hydrolysis of the substrate by the 

Somogyi-Nelson method (Nelson, 1944). Measurements were made in 0.1 M sodium acetate 

buffer, pH 4.8, using the following substrates: carboxymethylcellulose 0.5% for 

endoglucanase; crystalline cellulose 1% for exoglucanase. β-glucosidase (E.C.3.2.1.21) 

activity was determined measuring the product released from hydrolysis of p-nitrophenyl- β-

D-glucopyranoside (0.02%) in sodium acetate buffer (pH 4.8). The reaction was stopped by 

adding Clark and Lubs buffer (pH 9.8), and absorbance was measured at 430 nm 

(ε430=18.5/mM cm) (Wood y Bhat, 1988). Standard curves with glucose (for endo and 

exoglucanase) was made to estimate enzyme activities. Enzyme activity is expressed in 

International Units (U), as the amount of enzyme needed to release 1µmol of product per min. 

Enzymatic activities in the extracts recovered from the solid-state cultures were reported in 

U/ml. In terms of production, the activity was defined as U per g dry residue (substrate plus 

mycelium) (U/g). The same unique non-specific enzymes and mechanisms that give WRF the 

ability to degrade lignin also allow them to degrade a wide range of pollutants, among them 

dyes rendering as a product a colorless substance. LiP activity is responsible for Azure B 

degradation; therefore plates containing this dye were used to assess this activity (Archibald, 

1992). For qualitative LiP determination G. frondosa was inoculated on agar plates containing 

malt extract (12.7 g/l), glucose (10 g/l) and agar (20 g/l) (MEA) supplemented with Azure B 

(50 µM). Inoculum consisted of a 25-mm
2
 surface agar plug from a 7-day-old culture grown 

on MEA. Uninoculated plates served as controls for abiotic decoloration. The plates were 

incubated at 28ºC for 28 days. A decolorized zone appeared when the fungus degraded the 

dye. 
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2.2. Quantification of the N-acetyl-D-glucosamine content and reducing sugars  

  

 Substrate samples were collected at different incubation periods (20, 30, 45, 60, 75 

(vegetative growth), 87 and 107 days (both cycles if fruiting). Entire solid cultures were dried 

at 90°C, until constant weight, ground in a mortar, and stored until they were used for chitin 

determination. The fungal biomass content of dried solid cultures was estimated by NAGA 

released from chitin after hydrolysis with 6 N HCl. Analytical grade NAGA served as 

reference (Plassard et al., 1982; Glen y Gold, 1985). Biomass content was indirectly 

determined by measuring glucosamine in the solid substrate and recalculated to dry biomass 

concentration (mg fungal biomass per g of dry substrate), taking into account glucosamine 

content of G. frondosa mycelium grown in 100 ml Erlenmeyer flasks with 25 ml of medium, 

containing glucose (30 g/l), yeast extract (6 g/l), SO4Mg.5H2O (0.5 g/l), K2HPO4 (0.5 g/l). The 

water-soluble compounds were extracted by hydrolysis with hot water for 3h (Nelson, 1944), 

the reducing sugars were determined in the filtrate by the Somogyi-Nelson method (Ohga y 

Royse, 2001).  

 

3. Model development 

3.1. Kinetic model 

 

 The model postulates that growth is controlled by the level within the cell of essentials 

components, which are excreted outside. These substances are lignocellulolytics enzymes and 

N-acetyl-D-glucosamine. The levels of these components in the cell are expressed in terms of 

enzyme activity (U/g ss or U/mL). The component not only plays a key role in determining the 

velocity of growth, but also is responsible for its own synthesis (Figure 1). The rate of auto-

synthesis of the component is controlled by the hyphae (cell), according to the power-law 

version of the logistic equation, which it’s showed in equation 1. 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 1. Schematic representation of the kinetic model showing the central role of the 

“essential component” produced development hyphal 
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 The disappearance of substrate such as reducing sugar is showed in eq. 2. 

 

 
 

 The equations systems for production enzymes during solid state fermentation and 

liquid fermentation be able to forming two groups. In solid state fermentation was perform 

monitoring to six activities enzymes (exoglucanase (EXG), endoglucanase (ENG), β-

glucosidase (BG), lignin peroxidase (LiP), laccase (LAC) and manganese peroxidasas (MnP)) 

and NAGA with biomass. Each of the activities enzymes was definite for the equations (3) to 

(8) according to behavior of the each activity in the solid state fermentation time. 

 

 
 

 

 
 

 

 
 

 
 

 
 

 
 
 

 In liquid fermentation only was followup to four activities enzymes (endoglucanase 

(ENGl), exoglucanase (EXGl), Laccase (LACl) and manganese peroxidasa (MnPl)), each 

related of equations (11) to (14), and the biomass growth were determinate for dry weight in 

the liquid fermentation time. For described the consumption of substrate and biomass 

production were used the equations (9) and (10). 
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 To solve models was used Software MATLAB R2008a® applied to experimental data 

adjustment to the selected kinetic models using the nlinfit routine. It uses the Gauss-Newton 

algorithm with Levenberg-Marquardt modifications for global convergence to find least-

squares parameter estimates for nonlinear models. In order to evaluate the least-squares 

function it was necessary to solve the system differential equations using the ode45 routine 

which is based on an explicit Runge-Kutta (4,5) formula, the Dormand-Prince pair. 

3.2. Preliminary desing of enzymes separation: Esquema preliminar para la separación 

de las enzimas 

  

 We propose a scheme of separation for each of the processes of obtaining 

lignocellulolytics enzymes obtained by solid state fermentation and liquid fermentation. The 

schemes are proposed using the process simulation tool SuperPro Designer v4.9 
®
.  

 

4. Results and discussion 

4.1. Growth characteristics and kinetics in solid state fermentation 

 

 The parameters that are necessary for the design and control of fermentation processes 

in solid form, such as the specific rate of development, rates of production and maintenance 

can be estimated using mathematical expressions that describe the development of biomass, 
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consumption substrate and the production of CO2 during the experiment (Ooijkaas et al., 

2000; Larelo et al., 2006). Commonly solid state fermentation involves the growth of 

filamentous fungi on natural substrates in which the carbon source is part of their structure. In 

most cases to track what happens in the processes of fermentation in solid empirical sub-

models must be used, resulting submodels anyway complex by the heterogeneity of the 

processes (Mitchell et al., 1999; Mitchell et al., 2002). 

 In this preliminary research, correlated the biomass production as the N-acetyl-D-

glucosamine (NAGA) production using reducing sugar such as substrate. Because the chitin 

synthesis pathway is presnted as glucose precursor (Carlile et al., 2001). 

 Figura 2 shows the changes of biomass as the amount of NAGA per mg of dry solid, 

the behavior of individual enzyme activities determined experimentally for the fungus G. 

frondosa growing on oak sawdust for 75 days of fermentation and the change in the substrate 

as reducing sugars in the culture medium. The model chosen to describe biomass production 

was the logistic model (equation (1)), which has a finite growth trend, and fits the 

experimental data, which show an increase to an upper limit represented NAGA concentration 

in the fungus (77.5 mg glucosamine / mg dry sample). An expression that complements this 

model is the variation of the concentration of substrate (reducing sugars) in time is represented 

by equation (2) (Weng y Sun, 2006). Equations (3) to (8) represent the fit of experimental data 

obtained for enzyme activities ENG, EXG, BG, LAC, MnP. And LiP 
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Figura 2. Changes in biomass (○), reducing sugars (+) and enzyme activity (□) concentrations 

during growth of Grifola frondosa in batch culture in a solid state fermentation. A: ENG, B: 

EXG, C: BG, D: LAC, E: MnP and F: LiP. 
  

 The results of the proposed system of equations result in an adjustment to the experimental 

data acceptable, since in the nonlinear regression of experimental data yields the parameters α, μ and 

Xm consistent with the proposed initial data. With particular reference to the parameter Xm (maximum 

content in the fruit body NAGA), the experimental data was 77.5 µg NAGA / mg dry solid and 

resulting in regression NAGA was 75.2170 µg /mg dry solid with 2,95% difference between the 

experimental data obtained by nonlinear regression. The kinetics coefficients obtained by nonlinear 

regression using equations (1) to (8) are listed in  

Table 1. 

 

4.1. Growth characteristics and kinetics in liquid fermentation 
 

 There are broad descriptions of mathematical models to describe the development of 

the fermentation liquid. For this preliminary study we selected a linear mathematical model of 

nature as the most appropriate for the experimental data of biomass as NAGA described by 

equation (9) and the substrate and reducing sugars using equation (10). Were determined 

experimentally four enzyme activities: Exoglucanase (EXG), endoglucanase (ENG), 

manganese peroxidase (MnP) and laccase (LAC), whose behavior is described by equations 

(11) to (14). Figure 3 shows the experimental data fit with the system of differential equations 
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as a mathematical model selected for this preliminary work. You can observe the changes of 

biomass as the amount of NAGA by milliliter culture medium, the behavior of individual 

enzyme activities determined experimentally for the fungus G. frondosa leafy substrate 

fermentation for 19 days and the variation of substrate and reducing sugars in the culture 

medium. The model chosen to describe biomass production was up a linear model, which best 

represents, the experimental data.  

  The results of the proposed system of equations result in an adjustment to the 

experimental data using nonlinear regression of experimental data. The rate constants obtained 

by nonlinear regression using equations (1) to (8) are listed in Table 2.  
 

Table 1. Kinetics coefficients of solid state fermentation 

Kinetics parameters of NAGA and 

AR 
Enzymes 

Kinetics coefficintes’ 

enzymes 

α = 1,1906 µg NAGA/mg dry solid 

µ = 0,0526 day
-1 

Xm= 75,2170 µg NAGA/mg dry solid 

ENG 

δ1 = 0,0203 day
-1

 

ϵ1 = 0,1347 µg RS/mg dry 

solid 

θ1 = 0,892  µg RS/mg dry 

solid 

EXG 

δ1 = 0,1469 day
-1 

ϵ1 = 0,5055 µg RS/mg dry 

solid 

θ1= 0,6123 µg RS/mg dry 

solid 

BG 

δ1 = 0,3617 day
-1 

ϵ1 = 0,4796 µg RS/mg dry 

solid 

θ1 = 0,3123µg RS/mg dry 

solid 

LAC 

δ1 = 0,3362 day
-1

 

ϵ1 = 0,1049 µg RS/mg dry 

solid 

MnP 

δ1 = 0,1142 day
-1 

ϵ1 = 0,7083 µg RS/mg dry 

solid 

LiP 

δ1 = 0,4463 day
-1

 

ϵ1 = 0,3610 µg RS/mg dry 

solid 
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4.1. Preliminary Outline for enzymes lignocellulolytics separation by solid state 

fermentation 

  

 Figure 4 proposes a model of production by solid state fermentation and separation 

scheme enzymes cellulases, ligninases and proteases. As well as value products, such as a dry 

solid colonized with the mycelium of the fungus and enzyme activity. 

 
 
 
 
 

Table 2. Kinetics coefficients of liquid fermentation 

Kinetics parameters of NAGA and 

AR 
Enzymes 

Kinetics coefficintes’ 

enzymes 

α = 107,74µg NAGA/mg dry biomass 

µ = 0,1523 day
-1 

 

ENG 
δ7 = 1,4477 day

-1
 

ϵ7 = 457,21 µg RS/mL 

EXG 
δ8 = 44,64 day

-1 

ϵ8 = 11,82 µg RS/mL 

MnP 
δ9 = 65,9323 day

-1
 

ϵ9 = 12,4053 µg RS/mL 

LAC 
δ10 = 11,1125 day

-1 

ϵ10 = 6,036 µg RS/mL 
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Figure 3. Changes in biomass (○), reducing sugars (+) and enzyme activity (□) concentrations 

during growth of Grifola frondosa in batch culture in a liquid fermentation. a) ENG b) EXG c) 

MnP d) LAC. 
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Figure 4. Scheme of production and separation of enzymes lignocellulolytics by solid state 

fermentation 
 
 In the proposed scheme starts with the formulation of the substrate, after sterilization at 

121°C for one hour. The fermentation process in solid state fermentation was carried out in a 

tray of 100 kg capacity, inoculating with 4% of the strain of G. frondosa (PSUMCC 922) on 

wet basis refers to the culture medium for 75 days under constant operating conditions: 
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environmental reactor temperature of 27°C, average bed temperature of 25°C, relative 

humidity of 95% of the bioreactor and substrate moisture of 60% with filtered air relay for two 

hours every 12 hours. The separation scheme that arises begins with a filtered high pressure 

(200-300 atm.) Which are separated solid lignocellulolytics rich in enzymes, mycelium of the 

fungus and the materials comprising the substrate and a concentrated liquor containing 

lignocellulolytics enzymes at 120 g liquor/kg of solids entering the filter. The solid loading 

with 35% humidity takes a tray dryer where air drying at 50°C for 12 hours to obtain a dry 

solid 2% humidity, obtaining the first product with value at 30 kg dry with lignocellulolytic 

enzyme activity per 100 kg of fresh substrate entering the system. The concentrated liquor 

containing enzymes lignocellulolytics is taken to a microfiltration system to remove solids and 

impurities remaining in the liquid. The micro-filter liquor is obtained without impurities and a 

solid residue (5kg waste/100kg fresh material entering), the purified liquor, also called crude 

extract enters the first column gel-filtration chromatography for the first separation with water 

acidified which is obtained a first fraction rich in ligninase at 2 kg per 100 kg of liquid that 

enters the column with a purity of 59%. The cellulase rich liquor is led to another gel-filtration 

column again adding acidic water which promotes the separation and get two streams, a 

stream rich in cellulose and the other rich stream other proteases. The flow of cellulases has a 

purity of 43%, while the flow of other proteases presented several enzymatic activities. Tabla 

3 summarizes the material balance of the proposed process and simulated with the program for 

the simulation SuperPro Designer. 

 Production costs in this proposed process for each kg of substrate entering the 

fermenter is $30, while gross income per kg of material entering the fermenter is $53. This 

would represent a gross profit of $23 per kg of substrate transformed. 

4.2. Preliminary Outline for enzymes lignocellulolytics separation by liquid state 

fermentation  
  

 Figure 5 proposes a model of production by fermentation liquid and a separation 

scheme cellulases and ligninases enzymes and a product with value for proteases. For this 

production process was conducted with a formulation based on lignocellulosic materials 

pretreated with 72% sulfuric acid for two hours at 121 ° C and at this stage efficiency of 75%, 

washed to neutralize and then be carried by liquid fermentation 19 days, inoculated with 4% of 

the strain of G. frondosa (PSUMCC 922) on wet basis refers to the culture medium. Operating 

conditions were 25°C of temperature, aeration with 25% excess air and 180 rpm of agitation. 

The total time of fermentation liquid biomass increase is achieved up to 1.4 times the initial 

content of it. 
 

The proposed separation scheme starts with a filter which separates the biomass of G. frodosa, 

which is an additional product to market, rich in protein and fermentation liquid containing 

enzymes lignocellulolytics. The biomass obtained is brought to a fluidized dryer, where it is 

air drying at 50°C for 8 hours to obtain a dry solid of 2% moisture. The liquid containing the 

enzymes lignocellulolytics is brought to an evaporator to remove a large portion of water that 

accompanies it, with a process efficiency of 85%. The evaporator is taken to a centrifuge 

where the action by adding a coagulant salt for ligninases, we obtain a precipitate containing 

the ligninases with 40% purity and a liquid containing cellulases and other proteases, which is 
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led to a column gel-filtration chromatography for further separation with acidified water which 

yields two fractions, a cellulases-rich fraction with 58% purity and the other rich stream other 

proteases. Tabla 3 summarizes the mass balance simulated for the complete process with the 

aid of SuperPro Designer. Production costs in this proposed process for each kg of substrate 

entering the fermenter is $40, while gross income per kg of material entering the fermenter is 

$47.56. This would represent a gross profit of $7.56 per kg of substrate transformed. 

  

 
Figure 5. Scheme of production and separation of enzymes by fermentation lignocelulolíticas 

liquid 

  

Tabla 3. Summary of material balance of the twice process 

Operation/unit Solid state fermentation Liquid fermentation 
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Fermentator for pre-treatment - 

Stream 1: Sulfuric acid 72% 

Stream 2: Oak sawdust 100 kg 

                 Corn bran        25 kg 

Fermentator for principal reaction 

Oak sawdust                  42,7 kg 

Corn bran                        7,81 kg 

CaSO4                             0,8 kg 

CaCO3                             0,4 kg 

Sucrosa                            0,408 kg 

Water                             47,88 kg 

Biomass (G. frondosa)    4 kg 

Pre-treatment material   93,75 kg 

(NH4)2SO4                        2,81 kg 

Water                               145 kg 

Biomass (G. frondosa)      9,66 kg 

Synthesis 1,4 initial biomass 

Pressure filter Yield 120 g liquid/kg solid - 

Filtration and micro-filtration Recovery 58,33% Recovery 9,22% of biomass 

Drier 
Recovery 30 kg dry solid with 2% 

moisture 

Recovery 18 kg biomass with 2% 

moisture 

Evaporation - 
Efficiency 60%, 56 kg concentrate 

liquid with 40% moisture 

Centrifugation - 
Recovery sediment 16,8 kg with 

40% purity respect ligninases 

Gel-filtration 

First column: recovery 2 kg with 

59% purity respect ligninasas 

Second column: recovery 2 kg 

with 43 purity respect cellulases. 

Recovery 9,8 kg with 58% purity 

respect cellulases. 

 

5. Final Considerations 

 

 SSF exhibits some advantages for fungal cultivation in comparison with liquid 

fermentation: lower production costs and higher yields. Filamentous fungi form a mycelium: 

e.g. a dense interconnected network of tubes called hyphae. Due to the complexity of its 

growth habit, the role of fungi in an environment exhibiting spatial and temporal heterogeneity 

is very difficult to investigate by experimental methods alone. Mathematical modeling is now 

proving to be a very powerful and successful complementary tool. 

 The mathematical expressions used for modeling the kinetics and the adjustment of 

experimental data may change the interpretation of experiments. However they are needed to 

recognize the alternative design parameters, scaling and production of a particular product 

with complex processes, for which there is a lot of mathematical models available. 
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