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Introduction

Chitosan is a
high valued commodity which can be manufactured from the chitin in
the exoskeletons of crustaceans and insects. Commercially available
chitosan products have diverse applications including
pharmaceutical ones. Deacetylation of chitin is the reaction which
produces chitosan. Chitosan is polymer with molecular weights (MW)
ranging from 3 800 to 20 000 Daltons with deacetylation values
ranging from 66 to 95% (Bansal et al., 2011). The solubility of
chitosan depends on the degree of deacetylation. With regard to
other specifications commercially available chitosan has the
following properties: colour – yellow or white; particle size –
less than 30 μm; viscosity – less than 5 cps; density – between
1.43 to 1.40 g/cm3; molecular weight – 50 000 to 2 000 000 Daltons;
pH – 6.5 to 7.5; moisture content – more than 10%; ash value – more
than 2%; degree of acetylation - 66 to 99.8%; protein content –
less than 0.3% (Bansal et al., 2011).


1. Process design, development, testing and
verification

It should be
noted that high temperatures and prolonged extraction times may
lead to the degradation of the chitin polysaccharides and also to a
decrease in pharmacological activity (Jia et al., 2013). High
temperatures and prolonged process times will also drive up
production costs. Other considerations include weighing up
alternative processing options for chitosan production
(Leke-Aladekoba, 2018). The process of chitosan production involves
chemical modification of substrates such as chitin and also
co-product separation and co-product purification. Separation of
co-productions such as proteins and lipids involves the physical
fractionation or isolation of these components from either
immiscible heterogeneous or miscible homogeneous mixtures. An
example of a homogenous mixture would be a mixture of oils and
proteins where the two solutes are no longer in immiscible phases.
This happens when lipids or oils are reduced as a consequence of
vigorous mixing into microscopic sized particles within an aqueous
solvent. Mechanical mixing of BSF larval homogenates during
processing can transform a previously heterogeneous immiscible
mixture of lipid and proteins into a homogenous mixture which in
turn can make the separation of proteins and lipids, which have
become ‘solubilized’ within the solvent phase, a technically
difficult exercise. As the size of the lipid droplets become
reduced to levels where the droplets suspended in the solvent have
microscopic diameters the previous heterogeneous mixture of protein
and lipids becomes transformed into what is called a homogeneous
mixture. Stirring, agitation and turbulent mixing transforms a
lipid-protein heterogeneous mixture into a homogenous lipid-protein
mixture. Integrating the isolation and recovery in pure form of all
by-products or co-products from the solvent phase during the
production of BSF chitosan involves the application of different
separation processes for each product stream.

Historically
chitosan production has been based on the conventional chemical
extraction (CE) process. The following process options which have
recently been researched include microwave-assisted extraction
(MAE), ultrasound-assisted extraction (UAE) and enzyme-assisted
extraction (EAE). Chitosan extraction procedures have been shown to
have a significant impact on the yield, quality and properties of
chitosan (Ale et al., 2011; Dong et al., 2016). In the study by
Wang et al. (2016), MAE extracts displayed the best antioxidant
activity while UAE extracts exhibited the least antioxidant
activity. Moreover, MAE was observed to have a higher yield (Dong
et al., 2016). The extraction method is therefore, a vital factor
that may determine the characteristic attributes such as the MW,
DDA, purity, crystallinity and biological activity of the final
purified chitin.

Chitosan
production involves a batch process. Process design and development
involves: 1) identifying all the actions and elements required for
each unit process such as: material conveyance or material
transportation, pressing, milling, washing, mixing, pumping,
piping, valves, chemical reactions, filtration, decanting,
separation, fractionation, purification, dewatering, storage tanks,
collection tanks, stirred tanks and drying, and the equipment
requirements for each unit process; 2) solving and quantifying the
material mass balances involved in each unit process; 3) providing
information on quantity or number of processing equipment items,
including their scaling and dimensions in terms of mass balances
for each unit process.

In order to
establish an empirical foundation for process design and
development it is necessary to provide empirically derived values
or parameters for the mass balance of all components (chitin,
proteins and lipids) and the solid and solvent ratios for each
component at each process step. This information, especially with
regard to solid: solvent ratios is crucial for process scaling and
process dimensioning for each step in the sequence of unit
processes from start to finish. This exercise will be referred to
as ‘parameterization’ of the entire process from fresh BSF larvae
(start) to proteins, lipids and chitosan as the three final end
products (finish). For each unit process step, the equipment
requirements for that process will be identified. Also for the
scaling-up of each unit process the parameters which are necessary
for calculating volumes or other process related dimensions such as
reaction times, reaction temperatures, solute concentrations and so
on will be provided. In addition, almost all the unit processes
involves filtration and separation operations. The value of this
exercise is that it provides a rational, evidential or empirical
basis for decision making with regard to: the appropriateness of
technologies, for concept testing and also for the verification of
the suitability of equipment for each unit process. The relevance
of this is also critical for successful equipment sourcing, pricing
and procurement. For example, the vendor specializing in the supply
and installation of processing equipment needs the kind of
information from the client which is contained in this document,
especially with regard to matching or marrying the process
operations for which the equipment has been designed with the
specific operational needs, requirements, aims and objectives for
each of the unit processes. This document provides an inventory of
technical specifications which a specific item of process equipment
needs to satisfy for the efficient and effective execution of a
given unit process. The client will ask the vendor: ‘Will your
technology perform the operations required in this specific unit
process?’ This kind of engagement between client and vendor also
provides the occasion or opportunity not only for learning or
gaining knowledge and know-how, but also for testing and
verification of the suitability of the vendor’s technology for the
given unit processes. The client needs to make his inquiry from a
position of knowledge and understanding. The document gives an
outline of the kinds of technology that would be required for a
specific duty associated with a given unit process.


2. Parameterization of BSF larval mass into its constituent
components

For
solid:solvent parameterization, where solids are defined as the
non-aqueous individual biochemical components (chitin, proteins and
lipids) of BSF biomass, knowledge of the composition of larval
fresh biomass is essential. To repeat, this knowledge is crucial
for process design, process development and process scaling. The
percentage fresh mass composition of the larvae of black soldier
fly (BSF, Hermetia illucens) expressed in terms of total moisture
or solvent content (H2O) and dry mass (proteins, lipids, minerals
and chitin) is, 66% and 33% respectively (Caligiani et al., 2018).
Expressed as a percentage of total larval dry mass the chemical
composition of BSF larvae consists of: 32% proteins, 37% lipids,
19% minerals, 9% chitin (Caligiani et al., 2018).


3. Parameterization of mass balance of input and output for
each unit process step

Chitin
extraction has traditionally been based on a chemical process (Kaya
et al., 2015). In the study of Khayrova et al (2019) 3 000 g of BSF
larvae were first blanched and then oil-pressed to remove water,
proteins, and lipids. If total moisture content was 66% then the
fluid volume recovered in the oil pressing would be 0.66 x 3 000 =
1 980 ml (1.98 L). Following lyophilisation of the solids which
remained behind following oil pressing, a dry mass of 250 g was
recovered which presumably consisted of larval skins and possibly
also organs. The recovered product contained approximately 6 %
lipid and 7% ash. The original total dry mass can assumed to be
0.33 x 3000 = 990 g. Following lipid removal 93% of the original
mass (250 g) was recovered (232.5 g) which would contain chitin,
proteins and minerals. This for every 100 g dry mass of larval
skins 93 g dry mass consisting of chitin, proteins and mineral were
recovered. Dry mass of product recovered after each of the
following steps – demineralization, deproteinization and
deacetylation were given as follows:

a. The 40 g dry
mass (S) were added to 1 000 ml of 2% HCl (L) After washing with
water and lyophilisation 23 g initial input was recovered which
gives a yield of 58%.

b.
Deproteinization: 250 mL of 5% (w/w) NaOH was added to 20 g of
demineralised biomass. After lyophilisation 9.2 g of deproteinized
product was obtained giving a yield of 46%.

c.
Deacetylation step was performed by using 250 mL of 50% (w/w) NaOH.
The alkaline solution was added to 7.5 g of chitin. After
lyophilisation 4 g of chitosan was recovered giving a yield of
53%.

Yield for each
of three reactor p4rocesses are thus: 58%, 46% and 43%.


4. Parameterization of mass to solvent ratios for the unit
process reactions


Parameterization of mass or solid to solvent ratios is an important
step towards scaling of process reactor and tank volumes. For the
purposed of scaling an indication of process reactor volumes for
demineralization, deproteinization and deacetylation of chitin can
be attained by studying the document produced by Khan et al., 2001.
Usually chemical engineering consultants will endeavour to use
software tools such as ASPEN to simulate objectives such as reactor
sizes with regard to process design and development. However all
simulations based on computational tools are dependent on
empirically determined parameters and variables. So the task at
hand was to establish from the literature the empirically derived
values for various process parameters which would be of essential
consideration for process design, process development and most
importantly the scaling and dimensioning of the components for each
unit process from start to finish. Of critical importance in this
exercise with regard to process scaling, would be reactor volume
estimations for a given duty, where duty would be set by the
initial larval input mass. Parameterization of process reactions
can be achieved from the knowledge of the mass or solid (S) to
solvent (L) ratios at process step and the initial concentration of
reactants for each process step (Vázquez et al., 2017; EL Knidri et
al., 2019). For each of the three process steps (demineralization,
deproteinization and deacetylation) the following mass (S) to
solvent (L) ratios for each unit process, as has been reported, can
be summarized as follows:


a. For
demineralization of chitin the mass to solvent (HCL) ratios which
have been applied are: 1:5 (Vázquez et al., 2017) or 1:6 (Bristow,
2012) or 1:10 (EL Knidri et al., 2019; Leke-Aladekoba, 2018) or
1:14 (Kandile et al., 2018) or 1:20 (Ibitoye et al., 2018) or 1:40
(Roberts, 2008).


b. For the
deproteinization of chitin step the mass to solvent (NaOH) ratios
which have been applied are: 1:5 (Vázquez et al., 2017) or 1:6
(Bristow, 2012) or 1:10 (El Knidri et al., 2019) or 1:12 (Kandile
et al., 2018) 0r 1:15 (Roberts, 2008) or 1:20 (Leke-Aladekoba,
2018; Ibitoye et al., 2018).


c. For the
deacetylation step the mass to solvent (NaOH) ratios which have
been applied are: 1:5 (Vázquez et al., 2017) or 1:6 (Bristow, 2012)
or 1:10 (Khan et al., 2001; Roberts, 2008) or 1:14 (Kandile et al.,
2018 Roberts, 2008) or 1:20 (El Knidri et al., 2019).


5. Parameterization of reaction for demineralization,
deproteinization and deacetylation with respect to: chemical
concentrations, temperatures and reaction times.


5.1
Demineralization of chitin.


Demineralization of chitin involves the use of an acid or
fermentation treatment to facilitate the removal of mineral calcium
carbonate (CaCO3) from arthropod derived chitin, such as crustacean
exoskeleton shells or insects such as BSF larvae skins. (Put
equation in). Chitin demineralization is generally performed by
acid treatment using HCl, HNO3, H2SO4, CH3COOH and HCOOH (Kaur
& Dhillon, 2015). Among these acids, HCl is the preferred
reagent for removing mineral constituents from chitin. Chiton
demineralization reaction concentration and reactions times with
HCl as the reagent vary considerably (Tokatlı & Demirdöven,
2018). Demineralization involves the decomposition of calcium
carbonate into the water-soluble calcium salts with the release of
carbon dioxide as shown in the following equation:

2 HCl + CaCO3 →
CaCl2 + H2O + CO2 ↑

Calcium
chloride is removed by filtration and washing. Optimization of the
demineralization treatments is usually involves an empirical or
experimental exercise. Factor influencing the efficiency of
demineralization include: the degree of mineralization the BSF
skin, extraction time, temperature, particle size, acid
concentration and acid solute/solvent ratio. Acid solute/ solvent
ratios depends on the acid concentration, since two molecules of
HCl to convert one molecule of calcium carbonate into calcium
chloride. In order to have a complete reaction, acid intake should
be equal to the stoichiometric amount of minerals, or even greater.
Demineralization can be followed by acidimetric titration: the
evolution of pH towards neutrality (Tolaimate et al., 2003).

In summary, for
the demineralization of shell fish chitin, reactions are usually
run at room temperature with HCl concentrations ranging from 0.5 to
2.0 M HCl over reaction time intervals ranging from 0.5 h – 1.5 h
or 1 – 3 h or 8 to 24 h (Younes & Rinaudo, 2015).

In the case for
demineralization of BSF chitin, reactions are run preferable at
room temperature with HCl concentrations ranging across 0.5, 0.9,
1.1 and 2.0 M HCl, over reaction time intervals ranging across 0.5,
0.75, 1.25 and 2 h (Bristow, 2015).

In the case for
the demineralization of BSF adult and pupae chitin, the reaction
was carried out with 1 M HCl for 1 hour (Waśko et al., 2016).

In the case of
Leke-Aladekoba (2018) chitin from the skins of BSF larvae was
demineralization by adding 1 M HCl to BSFM powder (1:10 w/v) with
constant stirring at 70°C for 2 h.


5.2. The
deproteinization of chitin

The
deproteinization of chitin is difficult mainly because it requires
the disruption of chemical bonds between chitin and proteins. The
following range of alkalinizing reagents have been used for the
chemical deproteinization chitin: NaOH, Na2CO3, NaHCO3, KOH, K2CO3,
Ca(OH)2, Na2SO3, NaHSO3, CaHSO3, Na3PO4 and Na2S (Younes &
Rinaudo, 2015). NaOH is the referred reagent for chitin
deproteinization. As a reactant it has been applied at range of
concentration ranging from 0.125 to 5.0 M (Younes
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