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SUMMARY
Chitin is an aminopolysaccharide of industrial interest commonly obtained from shrimp 

processing waste through chemical or biotechnological means. Current environmental 
concerns offer a stimulating perspective for chitin bioextraction with lactic acid bacteria 
since a considerable reduction in the use of corrosive and pollutant products is possible. 
Nevertheless, the efficiency of this bioprocess is still a matter of discussion. In this work, the 
experimental studies of chitin bioextraction from Pacific white shrimp (Litopenaeus vann-
amei) waste with a mixed culture of Lactobacillus plantarum, Lactobacillus bulgaricus and 
Streptococcus thermophilus are used in process simulation using Aspen Plus software for 
the analysis of the potential application of a bioprocess on plant scale. The experimental 
results of characterization in shake flasks and 1-litre bioreactor indicated that 50 h of fer-
mentation with the mixed culture of lactic acid bacteria was enough to extract more than 
90 % of minerals and proteins from the shrimp waste. The use of experimental parameters 
in the simulation allowed a reliable representation of the bioprocess yielding normalized 
root mean square values below 10 %. Simulation was used for the assessment of the im-
pact of the raw material variability on the production costs and gross margin. In this regard, 
the gross margin of the operation ranged from 42 to 52 % depending on the raw material 
composition and product yield. 
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INTRODUCTION
Chitin is an amino-polysaccharide composed of units of β-(1-4)-d-glucosamine. It is the 

second most abundant polysaccharide in nature after cellulose, appearing in the struc-
ture of arthropods, fungi and algae (1). It exhibits antibacterial, antifungal and chelating 
properties; it is often used in the manufacture of sponges and dressings for the treatment 
of wounds and burns, in water treatment as chelating agent and in agriculture to protect 
plants and crops (2). Due to the extensive processing of seafood products, the generation 
of waste derived from the industrial processing of shrimps has increased significantly and 
become an environmental problem (3,4). However, in the last years the use of shrimp and 
other shellfish debris to produce chitin and chitosan has emerged as an environmental and 
economic alternative to the final disposal of this waste (5).

Chitin is mostly produced by chemical extraction of seafood waste (6). Such chemical 
process involves a depigmentation stage with an organic solvent, followed by deprotein-
ization with alkaline solutions and demineralization with diluted acid (4,7). Alternatively, 
seafood waste can be bioprocessed using bacteria, fungi or enzymes for partial or com-
plete extraction of pigments, fat, minerals and proteins, avoiding the intensive use of ag-
gressive and chemical pollutants (4,8).

The integration of simulation tools in process development allows the analysis of differ-
ent aspects of the process feasibility. Such computational approach can contribute to the 
identification and overcoming of some of the process handicaps prior to scale-up and de-
sign (9). Process simulation is often used to analyse the economic feasibility of processing 
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scenarios, process performance and optimization, and param-
eter estimation; therefore, it facilitates equipment design, siz-
ing and cost evaluation (9–11). Nevertheless, in the field of bi-
oprocessing, process simulation with commercial software is a 
challenging task and it requires the implementation of alter-
native strategies to represent the chemical species and reac-
tions involved in microbial metabolism (12). Additionally, typ-
ical commercial process simulators do not include the basic 
equipment used in bioprocessing; besides, literature regard-
ing computer-aided simulation in bioprocesses and method-
ologies to overcome software limitations is still limited (12). 

In this work, a combined approach of experimental stud-
ies and simulation in Aspen Plus v. 8.8 (13) is used to analyse 
the process of chitin bioextraction with lactic acid bacteria. 
Aspen Plus is considered a versatile simulation software used 
to improve the performance and design of chemical plants. 
Despite the remarkable advantages of this software for the 
representation of petrochemical and chemical processes, its 
features are limited for simulation of bioprocesses. The aim of 
this contribution is to present a complete description of the 
experiment-based simulation approach implemented in As-
pen Plus for the technical and cost analyses of chitin bioex-
traction from shrimp waste.

MATERIALS AND METHODS

Material characterization

Pretreated and milled Pacific white shrimp (Litopenaeus 
vannamei) waste was supplied by a local shrimp processing 
plant from Medellín, Colombia (6°09'54.7"N 75°36'31.9"W). 
The samples of shrimp waste with particle size between 0.9 
and 1.5 mm were characterized and used as raw material for 
bioprocessing with lactic acid bacteria (LAB) (7,8). The ash 
content of the samples was quantified by mass difference 
before and after calcination in a furnace (ES 267; Industri-
as Terrígeno S.A., Medellín, Colombia) at 450–575 °C during 
3–4 h. Additionally, calcium, magnesium, sodium and potas-
sium were determined by flame atomic absorption spectro-
photometry (Avanta S; GBC Scientific Equipment, Melbourne, 
Australia) according to Rødde et al. (14). Astaxanthin was ex-
tracted with absolute ethanol (Carlo Erba, Chaussée du Vexin, 
France) in a solid to liquid ratio 1:5, at room temperature for 
35 min and then quantified with a spectrophotometer (Spec-
tronic Helios Alpha; Thermo Fisher Scientific, Waltham, MA, 
USA) at 476 nm (14). Deproteinization was carried out with 
0.9 M sodium hydroxide (Carlo Erba) in a solid to liquid ratio 
1:24 for 3.4 h at 70 °C. Demineralization was performed using 
1.5 M hydrochloric acid (J.T.Baker, Avantor, Radnor, PA, USA) 
in a solid to liquid ratio 1:10 for 70 min at room temperature. 
In all the extraction stages, constant stirring at 700 rpm oc-
curred on a stirring hotplate (PC420D; Corning Inc, Lowell, MA, 
USA). The percentage of total nitrogen (NT) in the crude and 
treated samples was also determined by the Kjeldahl meth-
od (15) as follows: samples of 1 g were digested with 20 mL of 
concentrated sulfuric acid (J.T.Baker, Avantor) containing two 

Kjeldahl copper catalyst tablets (Panreac Applichem, Darm-
stadt, Germany) at 420 °C for 2 h, followed by cooling, neu-
tralization with sodium hydroxide (50 %) (Carlo Erba) and ti-
tration with hydrochloric acid (0.25 M) (J.T.Baker, Avantor) in 
a Kjeldahl equipment (Bioasiel Laboratorios S.A.S., Medellín, 
Colombia). The NT measured in the crude samples included 
nitrogen present in proteins and chitin, while in the treated 
samples, it corresponded only to nitrogen present in the units 
of N-acetylglucosamine. Thus, the NT was used for calculation 
of chitin and protein contents in the samples according to 
Eqs. 1, 2 and 3 (16):

 w(NNC) = w(M) + w(L) + w(H2O) /1/

where w(NNC) is the mass fraction in % of all non-nitrogen 
compounds, i.e. the sum of mass fractions of minerals (M), lip-
ids (L) and water in the samples. Chitin and protein contents 
were calculated according to the following equations:
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where w(Q) and w(P) are the chitin and protein mass fractions 
and cfp and cfq are the conversion factors from total Kjeldahl 
nitrogen to protein and chitin, respectively. The reported val-
ue of cfp is 6.25 and of cfq is 14.5 (16). Additionally, protein was 
also quantified in the supernatants by the Lowry method af-
ter chemical deproteinization of the samples (15). Moreover, 
extraction with ether (J.T.Baker, Avantor) was carried out in a 
Soxhlet apparatus (Bioasiel Laboratorios S.A.S.) for lipid frac-
tion quantification (14).

Fermentation of shrimp processing waste

Separated cultures of native species of Lactobacillus plan-
tarum, Lactobacillus bulgaricus and Streptococcus thermoph-
ilus were used for the preparation of the inoculum and the 
shrimp fermentation in the bioreactor. The native LAB were 
kindly provided by the Research Group of Biotransformation 
and Research Group in Nutrition and Food Technology of the 
University of Antioquia (Medellín, Colombia). The activation 
of the strains was done in De Man, Rogosa and Sharpe (MRS) 
agar (Merck, Darmstadt, Germany). Mixed liquid inoculum 
was prepared by inoculating 1.1·106 CFU/mL of each strain 
in the MRS liquid medium (Merck) at pH=6.4 and then it was 
incubated for 48 h at 140 rpm and 30 °C in a benchtop shak-
er (Lab companion SI-300; GMI, Ramsey, MN, USA) under an-
aerobic conditions.

A design of experiments (DOE) of surface response type 
(2-squared plus 2-star points) with duplicates was performed 
for optimization of culture conditions. The DOE takes into ac-
count the temperature, carbon source concentration in the 
medium and solid to liquid ratio of solid waste for achieving 
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the highest mineral and protein extraction. The DOE and sta-
tistical analyses for 95 % confidence were performed in Stat-
graphics Centurion XVII (17).

Samples of 4.2 g of pretreated shrimp waste were used for 
the fermentation experiments in shake flasks at 178 rpm for 
48 h. Lactate in the supernatant was determined as titratable 
acidity (TTA) by potentiometric titration with 0.1 M NaOH (18) 
and glucose was quantified by the dinitrosalicylic acid meth-
od at 575 nm (19). After fermentation, the solids were filtered, 
dried and deproteinized chemically; the liquid fraction was 
then analysed with the Lowry method (15) for determination 
of the remaining proteins. The deproteinization (%) was cal-
culated by the difference between the initial and final protein 
content in the samples according to Eq. 4 (20): 
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where w(Pc) and w(Pf) are the protein mass fractions (%) in 
and mc and mf are the masses (g) of crude and fermented 
samples, respectively.

Similarly, ash content was determined by calcinating the 
deproteinized solids and the demineralization (%) was deter-
mined from the difference in the ash content before and after 
the fermentation according to Eq. 5 (20):
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where w(Mc) and w(Mf) are the mineral mass fractions (%) in 
crude and fermented samples, respectively. 

An additional set of experiments was performed to deter-
mine the kinetic parameters of demineralization and depro-
teinization at 37, 40 and 43 °C. Crude and deproteinized sam-
ples of shrimp waste were treated separately with lactic acid 
(10.3 % by mass). Supernatant was withdrawn at intervals 
of 10 h for TTA determination and astaxanthin quantifica-
tion. Since demineralization is caused by the reaction of car-
bonates and phosphates with lactic acid, the time course 
of the lactic acid molar concentration was used to calcu-
late the reaction rates at the given temperatures. The lactic 
acid consumed during deproteinization was calculated by 
the difference in the acid requirement for complete remov-
al of proteins in crude and fermented samples. Additional-
ly, for the kinetic calculations, the time courses of biomass 
growth and pigment dissolution were followed during fer-
mentation in shake flasks at 40 °C. Semi-log plots of con-
centration data were used for the calculation of the Arrhe-
nius kinetic parameters by linear regression using the least 
squares method.

The optimal statistical point of operation was identified 
and then used for validation on the bioreactor scale. Batch 
fermentations of shrimp waste were done in duplicate in 
1-litre stirred tank bioreactor (BIOSTAT® A, Sartorius, Göt-
tingen, Germany) under the previously determined optimal 

operating conditions. The bioreactor was inoculated with 10 
% (by volume) starter culture and operated at 500 rpm with 
filling volume of 0.7 L, with an initial pH=6.4. The fermenta-
tion medium contained the following (in g/L): magnesium 
sulphate 0.2, manganese sulphate 0.05, sodium acetate 5, di-
potassium hydrogen phosphate 2, and glucose 10.3 % (by 
mass) (all from Merck). Fermentations were monitored during 
4 days by sampling at regular intervals of 10 h for biomass, 
lactate, glucose, mineral, pigment and protein quantifica-
tions as previously described.

Simulation strategy

Fig. 1 summarizes the workflow followed in the simula-
tion of plant process using the sequential modular approach 
in Aspen Plus v. 8.8 (13). In this approach, the global results 
are reached after solving the individual models of the equip-
ment following a specific calculation order; thus, the numer-
ical results of the first model are used in the second and so 
on, until the global results are obtained.

Aspen Plus solver implements hypothetical holding tanks 
to reach the steady state solution of plant models consist-
ing of continuous and non-continuous equipment. Never-
theless, an under- or overestimation of mass and energy bal-
ance might occur due to the assumption of continuous flow 
to the holding tanks.

The bioprocess of chitin extraction was simulated as a 
combination of three independent units where the compo-
sition of the feed streams was defined according to the sim-
ulation results of the previous stage. Hence, the in-flow was 
calculated based on the cycle time defined for each unit. The 
simulation flowsheet of the process is presented in Fig. 2.

Component definition

Since the raw material used in the process is a natural 
product, the definition of MATERIAL stream (Fig. 2a) required 
the specification of some user-defined compounds and the 
rest of them were directly retrieved from the Aspen data-
bank. The component definition is a critical step in the sim-
ulation setup, because the components must have physical 
and chemical properties that allow the approximation of the 
real materials used in the process (10,21).

The MATERIAL stream (Fig. 2a) was specified as a conven-
tional solid stream with a defined particle size diameter (CIPSD) 
(data not shown) according to the experimental composition 
given in Table 1, assuming the processing of 248 kg of dried 
shrimp waste per batch. The mineral components, i.e. calcium, 
sodium and magnesium carbonate and calcium phosphate, 
were directly defined as conventional compounds, since they 
were available in the Aspen databank. On the other hand, the 
proteins were simulated as dipeptides formed by five repre-
sentative amino acids: methionine, phenylalanine, alanine, 
glutamic acid and lysine, which were selected under structur-
al criteria of composition according to the experimental char-
acterization reported in the literature (22). These dipeptides 
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Fig. 1. Simulation strategy workflow

Fig. 2. Aspen Plus (13) flowsheet for the simulation of the fermentative production of chitin: a) size reduction, b) bioreactor, and c) filtration and 
drying

must be user-defined compounds and their chemical struc-
tures were entered into the software. Chitin was assumed as 
its constitutive unit (N-acetyl-d-glucosamine), fat content was 

represented by the fatty ester methyl palmitate and astaxan-
thin was selected as the pigment component; all these com-
pounds were added to the software databank.
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outlet diameter was fixed at 6.0. The maximum particle size 
defined was 1.7 mm (7,30) and the grindability of the material 
was characterized by a Bond work index of 49.6 kJ/kg.

Bioreactor simulation

The fermentation was simulated using the built-in batch 
reactor model (R-Batch) shown in Fig. 2b. The stream GRIND-
ED (Figs. 2a and 2b) contained the raw material including chi-
tin, proteins, minerals, fat and pigments; the stream INOCULUM 
(Fig. 2b) was composed of the initial biomass and the stream 
MEDIUM (Fig. 2b) was composed of dextrose and water. The 
streams FEED and LIQUOR (Fig. 2b) represented the charge and 
discharge of the reactor. The fermentation was simulated as a 
batch isothermal process at 40 °C and 100 kPa with a total cy-
cle time of 150 h. The R-Batch model requires the specification 
of reaction kinetics and stoichiometry; in this case, a set of 13 
reactions (Table 2) was defined to simulate the growth, lactic 
acid production, and demineralization, deproteinization and 
depigmentation processes using empirical kinetic parameters. 
In the demineralization and deproteinization reactions, the ki-
netic factor for each reaction (ki) was calculated from the total 
kinetic factor (kT) given in Table 3 and the total number of re-
actions, according to Eqs. 6 and 7 as follows:
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where rA is the reaction rate of lactic acid (kmol/(m3·h)), cA lac-
tic acid concentration (kmol/m3), Em molar activation energy 
of the reaction (kJ/kmol), R molar gas constant (kJ/(K·kmol)) 
and T thermodynamic temperature (K).

Table 2. Reaction set defined for the simulation of fermentative pro-
duction of chitin

Reaction stoichiometry

Depigmentation

C40H52O4(s) →C40H52O4

Deproteinization

C6H12N2O3+C3H6O3+2H2O→2C3H7NO2+C3H5O3
–+H3O+

C10H16N2O7+C3H6O3+2H2O→2C5H9NO4+C3H5O3
–+H3O+

C18H20N2O3+C3H6O3+2H2O→2C9H11NO2+C3H5O3
–+H3O+

C10H20N2O3S2+C3H6O3+2H2O→2C5H11NO2S+C3H5O3
–+H3O+ 

C12H26N4O3+C3H6O3+2H2O→2C6H14N2O2+C3H5O3
–+H3O+

Demineralization

CaCO3+2C3H6O3+2H2O→ Ca2++2C3H5O3
–+3H2O+CO2 

Na2CO3+2C3H6O3+2H2O→2Na++2C3H5O3
–+3H2O+CO2

MgCO3+2C3H6O3+2H2O→Mg2++2C3H5O3
–+3H2O+CO2 

Ca3(PO4)2+6C3H6O3→3Ca2++6C3H5O3
–+2H3PO4 

Biological

C3H7NO2+H2O→C3H6O3+NH3

C6H12O6→2C3H6O3

7C6H12O6+8NH3→4C10H18O5N2+18H2O+2CO2 

Table 1. Mean composition of dried shrimp waste (248 kg per batch) 
and calculated feed used for the process simulation 

Component w/% m(feed)/kg

Protein 38.40±0.10 95.1

Chitin 31.40±0.10 77.9

Calcium phosphate 13.50±0.02 33.5

Fat 6.70±0.12 16.7

Calcium carbonate 5.40±0.02 13.3

Sodium carbonate 2.70±0.02 6.8

Magnesium carbonate 1.60±0.02 3.9

Astaxanthin 0.400±0.002 1.1

The streams other than MATERIAL were defined as a sub-
stream carrying the conventional non-solid elements (MIXED 
substream) and a substream carrying the solids with a speci-
fied particle size diameter (CIPSD substream). The fermenta-
tion medium was assumed to consist only of dextrose (10.3 % 
by mass) as carbon source and water; both substances includ-
ed in the software database. Other components of the medi-
um, e.g. salts and trace elements, were neglected due to the 
simplifications used in the reactions proposed to represent 
the bacterial growth. It was considered that LAB metabolism 
produced biomass and lactic acid as the main products. The 
lactic acid was available in Aspen databank and the biomass 
was a user-defined compound based on the elemental com-
position reported in the literature for LAB (23,24). The conven-
tional and the user-defined components used in the simula-
tion are given in Table S1.

The Electrolyte Non-Random Two-Liquid-Redlich-Kwong 
(ENRTL-RK) thermodynamic model was selected as the prop-
erty estimation method, since this model is suitable for model-
ling aqueous solutions of salts and organic weak electrolytes. 
The physical properties of the conventional components were 
calculated by the software from property models associated 
with the thermodynamic model. In the case of the user-de-
fined compounds, the molecular structure and the thermo-
chemical data were provided. The solid heat capacities of the 
dipeptides and chitin were taken from the literature (25,26), 
and the Gibbs free energy and the enthalpy of biomass for-
mation were estimated from the experimental data reported 
in the literature (24,27). Densities, molar volumes and other 
required data were taken from material data sheets and the 
NIST chemistry database (28).

Simulation of size reduction

The efficiency of the fermentative removal of minerals 
and proteins considerably depends on a good dispersion of 
the solids in the liquid medium, which can be achieved with 
particle sizes smaller than 2 mm (7). The size reduction re-
quirements imply the use of primary and secondary size re-
duction units, GRIND-1 and GRIND-2 in Fig. 2a, respectively; 
which were simulated as cage mill crushers. This kind of crush-
ers are highly recommended for size reduction operations of 
wet and sticky materials (29). Size reduction was simulated in 
the ‘equipment selection’ mode and the ratio of cut-off size to 
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Based on the experimental reaction kinetics, the mecha-
nism of acid hydrolysis was assumed as prevalent in the depro-
teinization of the solids. In the case of demineralization, the 
solid salts react with the lactic acid producing calcium, magne-
sium and sodium lactates. Depigmentation was simulated as a 
chemical reaction in which the pigment in the solid substream 
dissolves into the liquid phase. An additional set of biological 
reactions represented the hydrolysis of alanine producing am-
monium as nitrogen source, the lactic acid production and the 
biomass biosynthesis.

Solid-liquid separation

The filtration step (Fig. 2c) was simulated as standard rotary 
drum filters since this kind of filters are suitable for dewatering, 
washing and clarification operations. In the simulations, the fol-
lowing parameters were defined: maximum pressure drop of 
40 kPa, width to diameter ratio of 2.0, 0.25 rpm, 120° filtration 
angle, a filter medium resistance of 4.05·109 m–1, porosity of 0.4, 
average sphericity of 0.5 and specific cake resistance of 2.0·106 

m/kg (31). In the simulation of the drying stage, a moisture of 
19 % (by mass) after filtration was assumed, air with 10 % abso-
lute humidity was selected as drying medium (32) and the load 
of solids was projected to be dried after 0.5 h. The operation was 
specified at 140 kPa with 20 °C of superheating. Soave-Redlich- 
-Kwong (SRK) equation of state and steam tables were used as 
property methods.

RESULTS AND DISCUSSION

Bioextraction of chitin

The experimental mean composition of shrimp waste and 
the calculated feed for simulation of the plant process are giv-
en in Table 1. The protein, mineral, chitin and pigment con-
tents depend markedly on nutritional conditions; the results 
obtained in this study are in the range reported for this shrimp 
species (33). The astaxanthin content was slightly higher, pos-
sibly due to the supplementation of shrimp feed with carot-
enoids (34).

The optimal operating conditions according to the DOE 
were: isothermal operation at 40 °C, solid to liquid ratio 1:10 and 
carbon source mass fraction of 10.3 % (Table S2). Notice that 
the optimal temperature was in the range of the reported opti-
mal temperatures for Streptococcus (37–42 °C) and Lactobacillus 
(40–45 °C), indicating a possible synergistic effect of proteolyt-
ic enzymes of both strains. The response surface methodology 

used in DOE predicted deproteinization and demineralization 
values of 92.65 and 97.8 %, respectively. The validation experi-
ment on the bioreactor scale showed deproteinization and de-
mineralization levels of 91.45 and 98.4 %.

The lactic acid accumulation (Fig. 3a) coincided with the 
decrease in the protein content (Fig. 3b). Therefore, the rate of 
protein hydrolysis was linked to the lactic acid production, sug-
gesting a mechanism of acid hydrolysis possibly enhanced by 
the action of proteases. During the first 20 h only 7.8 % of the 
proteins were hydrolysed due to low acid accumulation (Fig. 
3b); however, during the exponential phase of LAB growth, al-
most all proteins were hydrolysed as a result of the increase of 
lactic acid production. As expected, the time course of demin-
eralization (Fig. 3c) was also coincident with the lactic acid ac-
cumulation. Initially, higher extraction levels of minerals and 
proteins were expected when increasing the substrate mass 
fraction; however, the experimental results (Table S2) showed 
that carbon source fractions higher than 10.3 % did not affect 
the extraction significantly, probably as a consequence of an 
inhibitory effect on the LAB.

The exponential biomass growth started around 20 h after 
inoculation and lasted up to 35–40 h (Fig. 3a). The prolonged 
lag phase (Fig. 3a) occurred because of the nutrient limitation 
due to the absence of amino acid supplementation in the me-
dium. Since it was a nitrogen-limited medium, a significant 
growth was only observed after 20 h, when the availability of 
nitrogen increased as a result of protein and amino acid hy-
drolysis (Fig. 3b).

The strain L. plantarum has been widely explored for fer-
mentation of chitinous waste, allowing to reach demineraliza-
tion and deproteinization values higher than 80 % (8,33,35,36). 
Additionally, the use of co-cultures of microorganisms has been 
reported as a feasible alternative to obtain demineralization 
and deproteinization values higher than 90 % in less time, in-
creasing the efficiency of the process. The reported fermenta-
tion times are in the range between 3 and 10 days when only 
one strain is used (4,8,33,35,37,38) and between 2 and 4 days 
when extraction with co-cultures is applied (18,20,36). In that 
case, the use of a mixed culture of L. plantarum, L. bulgaricus 
and S. thermophilus was an efficient alternative for biotreat-
ment of shrimp waste, since the extraction values attained in 
the bioreactor experiments were higher than 90 % and they 
were achieved in 50 h. The observed rates of deproteinization 
and demineralization followed second order kinetics with re-
spect to lactic acid molar concentration (Fig. S1). In deminer-
alization reactions, the stoichiometric coefficient for the acid 

Table 3. Arrhenius kinetic parameters for the bioextraction of chitin

Process r/(kmol/(m3·h)) kT Em/(kJ/kmol) r2

Depigmentation kT·cpigment,s
.1.61 0.0067 0.947

Deproteinization kT·e
-E

m
/RT·clactate

2 2.64 11890 0.991

Demineralization kT·e
 -E

m
/RT·clactate

 2 22.69 23046 0.988

Biomass synthesis kT·e
 -E

m
/RT·cbiomass 0.345 43.4 0.837

Glucose consumption kT·e
 -E

m
/RT·cglucose·cbiomass 0.492 2476.8 0.991

r=reaction rate, ci=concentration (kmol/m3), kT=total kinetic factor, Em=molar activation 
energy, R=gas constant, T=temperature (K), r2=regression correlation coefficient
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made it the controlling species. In deproteinization, the second 
order of reaction is probably a result of the multiple hydrolysis 
reactions occurring simultaneously on the peptide chains. In 
both cases, the high activation energy evidences the difficul-
ty of acid species to reach the reactive molecules in the solid 
matrix, leaving consequently a low reaction rate at low molar 
concentrations of lactic acid.

Lactate production was considered a pseudo-first order 
process depending on the substrate molar concentration, as-
suming a small change in biomass in the sampling interval. For 
biomass synthesis, the kinetic factor was calculated using the 
reported activation energy of 43.38 kJ/kmol (39). Similarly, the 
kinetic parameters regarding pigment extraction were calcu-
lated from semi-log plot of astaxanthin concentrations shown 

in Fig. S2 under the same pseudo-first order assumption. The 
kinetic parameters for glucose uptake, demineralization and 
deproteinization were calculated from their Arrhenius plot (Fig. 
S3). Table 3 gives the kinetic parameters and correlation coef-
ficients of regression.

Bioprocess simulation

The power requirement for the primary crusher was 243.3 
W, based on a one-hour cycle for the total grinding of solid 
load (248 kg). The 80th percentile of the particle size distribu-
tion of the solids (P80) was 70 mm at the inlet and 7.6 mm at the 
outlet with a mean size of 4.9 mm. The power required for the 
secondary size reduction was 348 W and the P80 at the outlet 
was 1.7 mm with a mean of 1 mm, which is appropriate for the 
dispersion of the solid in the liquid fermentation medium (7).

The simulated time courses of biomass concentration, lactic 
acid and glucose mass fractions are given in Fig 3a. Similarly, 
the time courses of proteins and minerals are shown in Figs. 3b 
and 3c, respectively. Deviation between simulated time courses 
and experimental results was assessed by calculating the nor-
malized root mean square (NRMS). The NRMS values for bio-
mass, total protein and mineral contents were 8.7, 6.8 and 5.4 %, 
respectively. NRMS of glucose was 3.4 and of lactic acid 6.2 %. 
The obtained NRMS values indicated an acceptable represen-
tation of the experimental data when using the proposed sim-
ulation methodology.

The total dry biomass represented 5.56 % of the total sub-
strate mass. The calculated yield of lactic acid from glucose (Yps) 
was –0.96 (m(glucose)/m(lactate)) and the predicted operation-
al yields of glucose (Ysx) and lactic acid (Ypx) from biomass were 
–0.033 (m(biomass)/m(glucose)) and 0.032 (m(biomass)/m(lac-
tate)), respectively. The predicted specific growth rate (µmax) was 
0.13 h–1 and the final biomass concentration 1.83 g/L, which co-
incided with the experimental data for LAB (40–43).

The simulation of the filtration stage resulted in a cake 
thickness of 0.052 m containing 98.4 % of solids after filtration 
with a drum length of 0.37 m. For drying, the calculated exhaust 
gas temperature was 117 °C with a dew point of 97 °C, and the 
required heat duty was 42.1 kW. Under these conditions, the 
total mass of chitin was completely dried. The simulated total 
mass balance per component for the complete process is de-
tailed in Table 4.

The simulation of this bioprocess in Aspen Plus (13) con-
firmed that one of the main disadvantages of the fermenta-
tion of chitin is the long cycle time to complete the extraction; 
however, this depends on the growth phase of the bacteria. 
In our experimental design the maximum mineral and protein 
extraction was achieved in about 50 h. In terms of plant op-
eration, the maximum efficiency of the process was obtained 
during the exponential phase of growth, coinciding with the 
higher metabolic activity of bacteria. In the stationary phase, 
the metabolic activity diminishes considerably; hence, it is not 
convenient to continue the process at this phase. An alterna-
tive might be a chemical post-treatment of the solids to achieve 
extraction values close to 100 %. Since the growth phase of the 
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Fig. 3. Simulated (dots) and experimental (diamonds) bioreactor 
component profiles: a) biomass (green), lactate (red) and glucose 
(blue) contents, b) total proteins (red), alanine (blue), glutamate 
(green), phenylalanine (orange) and methionine (dark blue) con-
tents, and c) total minerals (red), calcium carbonate (blue), sodium 
carbonate (orange), magnesium carbonate (dark blue) and calcium 
phosphate (green) contents
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microorganism is a scheduling bottleneck for the production, 
some authors suggest strategies to overcome this handicap. 
Possible strategies include re-inoculation of the microorganism 
every 24 h for achieving high availability of proteases (33), suc-
cessive processing with different microorganisms (18,36) or to 
increase the ratio of inoculum and substrate to reduce the time 
of processing (44). In terms of process operation and debot-
tlenecking for higher throughput, one alternative might be to 
consider the reduction of the lag phase by cultivating bacteria 
adapted to this substrate. In such a case, an initial pre-culture in 
identical medium, including the solids, must be performed, and 
once the exponential phase of growth has started, this pre-cul-
ture would be used as inoculum. The successive application of 
this strategy in other microorganisms helped to get evolved 
populations able to ferment media with high content of solids 
and reduced the lag phase (45).

Sensitivity of the process to material variability

Shrimp waste composition varies in protein, mineral and chi-
tin contents approx. ±6 % (by mass), depending on shrimp matu-
rity and nutritional conditions (14). Differences in chemical com-
position can lead to increments in processing time to achieve 
the required product quality. In this regard, three different com-
positions of raw material were tested to check the response of 
the model to the variability in shrimp waste composition. The 

original composition (Table 1) was taken as the base-case sce-
nario. The responses of the model regarding the extraction time 
were used for the determination of total cycle time, energy de-
mand of the process, production cost and gross margin. Simula-
tions demonstrated that the deproteinization was always com-
pleted before the demineralization, thus mineral composition 
is the main factor to consider in the cycle time definition of this 
batch process. Additionally, the chitin and mineral contents of 
the shrimp waste influenced the hardness of the material affect-
ing slightly the power input required for the size reduction. The 
thermal requirements, i.e. energy demand for the reactor, were 
also calculated as indicators of sensitivity of the model.

For the calculation of production costs, the product price 
was set to 4.5 USD/kg chitin, fermentation medium cost to 
139.5 USD/cycle, thermal and electric energy costs at 0.017 and 
0.059 USD/MJ respectively. As expected, the composition of 
the raw material influenced the economic performance when 
chitin was considered as the only valuable product of the pro-
cess. Nevertheless, the variability of raw material does not ham-
per significantly the feasibility of the process, whose gross mar-
gin ranges at 42–52 %. The compositions selected for the three 
production scenarios and simulation results are summarized 
in Table 5.

Table 4. Simulation of mass balance per component

Component m(feed)/kg m(product)/kg

Water 3176.5 3201.6

Dextrose 390 0

Methyl palmitate 16.7 16.7

Astaxanthin 1.1 1.1

Calcium carbonate 13.3 trace

Calcium phosphate 33.5 trace

Sodium carbonate 6.8 trace

Magnesium carbonate 3.9 trace

Alanine peptide 16.8 trace

Glutamate peptide 28.9 trace

Phenylalanine peptide 10.9 trace

Methionine peptide 9.8 trace

Lysine peptide 28.7 trace

Biomass 0.14 6.98

N-acetyl-d-glucosamine (chitin) 77.9 77.9

Calcium lactate 60.9

Sodium lactate 8.7

Magnesium lactate 9.3

Methionine 10.4

Phenylalanine 11.5

Alanine 1.8

Glutamate 30.6

Lysine 30.5

Lactic acid 309.5

Carbon dioxide 14.6

Phosphate 22.9

Ammonia trace

Total mass 3814.9 3814.9

Table 5. Results of production scenarios based on variability of ma-
terial composition

Component
w(component)/%

Base-case Scenario 1 Scenario 2 Scenario 3

Calcium carbonate 5.4 6.5 8.2 7.5

Calcium phosphate 13.5 16.3 20.6 19.0

Sodium carbonate 2.7 3.3 4.2 3.9

Magnesium carbonate 1.6 1.9 2.4 2.2

Astaxanthin 0.4 0.6 0.4 0.5

Methyl palmitate 6.7 6.7 6.7 6.7

Alanine peptide 6.8 5.6 4.9 5.8

Glutamate peptide 11.7 9.6 8.5 9.9

Phenylalanine peptide 4.4 3.6 3.2 3.7

Methionine peptide 3.9 3.3 2.9 3.4

Lysine peptide 11.6 9.6 8.4 9.9

Chitin 31.4 33.6 29.8 28.0

Results

t(demineralization)/h 46.2 49.5 53.6 51.3

t(deproteinization)/h 33.9 31.7 30.6 31.3

Energy demand/kW 182.0 170.2 162 174.8

Production cost/(USD/
cycle) 181.5 180 179 180.6

Income/(USD/cycle) 352.7 377.7 335.7 314.8

Gross margin/% 48.53 52.33 46.68 42.62

The economic performance of this process can be substan-
tially improved if the unreacted lactic acid produced during the 
fermentation is purified and commercialized as part of a biore-
finery concept based on lactic acid and associated products 
(46). Additionally, other valuable byproducts can be obtained 
during the production of chitin, such as carotenoids and pro-
tein hydrolysates (47).
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CONCLUSIONS
Lactic acid fermentation is a prospective alternative for ex-

traction of chitin with reduced environmental impact, since this 
kind of process can effectively replace the traditional chemical 
method of extraction employed currently by the manufactur-
ers. The surface response methodology allowed to identify op-
timal operating conditions for attaining high levels of demin-
eralization and deproteinization in less than 3 days. The chitin 
extraction with LAB co-cultures yields higher extraction values 
in less time than the processes using solely one strain; however, 
the operation conditions could be further optimized aiming to 
decrease the processing time. The integration of experimental 
data and simulation using Aspen Plus software allowed to rep-
resent the process of chitin bioextraction, providing reliable in-
formation for further economic and debottlenecking studies, 
as well as conceptual and detailed plant designs. In this regard, 
a convenient compound definition and property determina-
tions, along with simplified reaction stoichiometries and ex-
periment-based kinetics allowed to overcome the software lim-
itations for performing this kind of simulations. The presented 
simulation approach can also be implemented to model other 
batch bioprocesses taking advantage of the built-in models for 
reactors, separations and other equipment available in Aspen 
Plus. The simulations and economic studies showed that chi-
tin bioextraction from shrimp waste is profitable, as indicated 
by the gross margin between 42 and 52 %. In addition to wa-
ter minimization, equipment and process intensification, the 
commercialization of valuable sub-products such as pigments, 
protein hydrolysates and mineral salts must be considered. Ad-
ditionally, shrimp waste is stable raw material for chitin produc-
tion and its variability does not hamper significantly the eco-
nomic performance of the process.
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