INVESTIGATION OF ENZYMATIC HYDROLYSIS PROCESS TO VALORIZE

WASTE MUSSEL SHELLS

by

© Thi-Hong-Xuan Nguyen, B. Eng.

A Thesis Submitted to the School of Graduate Studies

in partial fulfillment of the requirements of the degree of

Master of Engineering

Process Engineering

Faculty of Engineering & Applied Science

Memorial University of Newfoundland

October 2021

St. John’s, Newfoundland, Canada



Abstract

Blue mussels (Mytilus edulis) are the most common mussel harvested with high value
nutritional compounds including proteins, vitamins ( C, A, and B12), and minerals (iron and
calcium). Blue mussels are filter feeders eating plankton from the water. Mussel farming is
more sustainable form of aquaculture as fish meal, chemicals (antibiotics and additives) are
not required and the risk of pathogens escaping into the coastal ecosystems is minimal. The
worldwide aquaculture and processing of mussels is rapidly increasing and blue mussels
are Canada’s top shellfish aquaculture product produced in every province in Atlantic
Canada, as well as in Quebec and British Columbia. By-products from mussel aquaculture
and processing, such as processed mussel shells, unmarketable and broken mussels, make
up a significant waste stream from this industry and are currently difficult to valorize.
Waste mussel shells are a potential source of bio-calcium carbonate and proteins. Protein
enzymatic hydrolysis, a process where protein macromolecules are hydrolyzed to amino
acids and peptides of smaller size. The process is a simple, effective, and environmentally
friendly means of valorizing waste mussel shells, producing two product streams: mussel
shells without residual meat and non-toxic hydrolysate. This study includes a review of
literature on valorizations of waste mussel shells for the source of bio-calcium carbonate
and proteins. The review shows the lack of kinetic studies for enzymatic hydrolysis of
mussels, required for any scale up to a commercial process. In this study, mussel meat is
removed from whole mussels by using enzymatic hydrolysis technology. The process is
carried out using a food grade enzyme, Multifect PR 6L, and tap water at neutral pH, with

no pH control, and a temperature 50°C. To determine the rate of hydrolysis, the degree of


https://www.webmd.com/vitamins/ai/ingredientmono-1001/vitamin-c-ascorbic-acid

digested meat (DM) is used in this study instead of the degree of hydrolysis (DH). The
enzyme and substrate concentrations were varied to determine the impact of these factors
on the final digested meat and rate of reaction. The fraction of digested meat (or degree of
shell cleaning) varied from 0.57 g/gmeat t0 0.94 g/gmeat depending on the enzyme and
substrate (meat) concentrations. Soluble protein concentration of the obtained hydrolysates
was also analyzed. After evaluating a number of reaction rate mechanisms, the first-order
model is suggested as the best model to describe the enzymatic hydrolysis of whole raw
mussels. The soluble protein concentration in the resulting hydrolysate increases with the

increases in the amount of digested meat.
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CHAPTER 1 - INTRODUCTION & OVERVIEW

1.1 Background

Mussel contains an array of nutritional compounds such as long-chain fatty acids (EPA
(eicosapentaenoic acid) and DHA (docosahexaenoic acid)), vitamins (C and B12), and
essential minerals (zinc and iron) [1]. Like other bivalves, mussel farming has a minimal
ecological impact and reduces the pressure on wild-caught fishing [2]. The worldwide
production of mussels has grown steadily and reached 2.2 million tonnes in 2018 [3].
Mussel is one of the most important shellfish aquaculture products in Canada. Mussels are
farmed and produced mainly in Newfoundland and Labrador, Nova Scotia, Prince Edward

Island, and Quebec.

Approximately 27% of the harvest is considered to be reject materials [4]. The growth in
mussel aquaculture and processing has led to an increase in these rejects, including shells
with meat removed (processed), unmarketable mussels, mussels with broken shells, and
barnacle-fouled mussels [4]. Mussel shells are discarded with residual meat from both
mussel aquaculture and processing, especially from the pre-cooked and ready-to-eat mussel
production, such as frozen meat mussels, smoked mussels, and canned mussels. Waste
mussel shells are primarily disposed of in landfills, representing an environmental burden

and cost to the processor.

Mussel shell is a rich source of bio-CaCOgz, which can be used in several applications,
including nutritional supplements, agriculture, plastic and paper production, water and

wastewater treatment, catalyst industry, and hydroxyapatite production. The residual
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mussel meat is also a rich source of proteins which can be used for low-level products such
as fishmeal and animal supplement. Studies using enzymatic hydrolysis have shown the
potential to obtain meat-free shells and protein hydrolysate. Protein enzymatic hydrolysis
is an environment-friendly process due to mild reaction conditions and the potential for

Zero waste.

Previous research determined using a food-grade (and therefore relatively inexpensive)
enzyme, Multifect PR 6L, to hydrolyze mussel meat showed the process was feasible [4,6].
These studies have investigated the type of enzyme, impact of salinity, as well as the
reaction conditions (e.g., pH, temperature, etc.) [4],[5].[6]. In order to scale up, the rate and
extent of hydrolysis is required. A rate of reaction model can describe and predict the
impact reaction conditions (temperature, enzyme concentration, substrate concentration,
etc.) and be used in process design. In addition, the quality of obtained hydrolysate needs
to be analyzed to determine their potential in a further application and maximize the

products from the enzymatic process.

This research investigates the rate of enzymatic hydrolysis to solubilize/remove the meat
from the shell by varying the initial concentration of enzyme and substrate. Based on this
data, a kinetic model is developed for scaling up and studying the impact of process
parameters such as enzyme:substrate ratio. The obtained hydrolysate is analyzed for

soluble protein content to determine its value.

1.2 Research Objective and Scope



14

The disposal of waste mussel shells is not only a burden on the environment but also in the
loss of a valuable source of CaCOs and proteins. The utilization of waste mussel shells as
a value added by-product is attractive. The potential application of mussel shells and
mussel proteins was investigated in a number of studies. However, there is no work on the

kinetic model of the hydrolysis process and subsequent separation of product streams.

The main objectives of this research are to investigate and determine the kinetic model of

the meat removal process by using enzymatic hydrolysis, including:

- Examining factors affecting the enzymatic hydrolysis of whole raw mussel by
varying the initial enzyme and substrate concentration.

- Develop a kinetic model describing and predicting the degree of digested meat
during the hydrolysis period.

- Characterizations of mussel protein hydrolysate

1.3 Thesis Organization

The thesis is outlined in five chapters. Chapter one briefly introduces the background, the
objectives, and the basic contents of the research work. The literature is reviewed in chapter
two. In chapter three, the experimental works are described, including the characterization
of enzymes and mussel meat and experimental method. The results and discussion are
presented in chapter four. Chapter five contains a comprehensive conclusion and

recommendation.



[1]

[2]
[3]

[4]

[5]

[6]
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CHAPTER 2 - LITERATURE REVIEW

2.1 Introduction

World fish production has increased rapidly in the last ten years. In 2018, total world
fisheries production was estimated at 178.5 million tonnes, an increase of 25.4 % from
2008, and the world capture production was 96.4 million tonnes, an increase of 5.4 %.
World aquaculture production was 82.1 million tonnes in 2018, an increase of 37.3% from
2011 [1]. The aquaculture sector plays a key role in food production. However, the high
demand for fishmeal and other aquaculture operating factors puts pressure on wild feed
fish stocks, food resources, and the environment [2][3]. Harvesting mollusk, a filter-
feeding species, is an environmentally sustainable form of aquaculture. The product
provides high nutritional seafood for human consumption but with fewer environmental

impacts than other types of aquaculture [4].

The global production of mollusks has grown steadily and accounts for almost 13.3% of
total world fisheries production in 2018 [5]. By mass, oysters, clams, groups of squid,
cuttlefishes, and octopuses dominate the world production of mollusks, followed by

scallops and mussels, Figure 2 - 1 [1].
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Figure 2 - 1: The world production of Mollusks [1]

Mussels, which account for 9.2 % of total mollusks production in 2018, contain high levels
of nutritional compounds such as long-chain fatty acids EPA (eicosapentaenoic acid) and
DHA (docosahexaenoic acid). Mussels are a source of vitamins C and B12 and essential
minerals (zinc and iron) [6]. Mussel is an important shellfish aquaculture product in
Canada, and farmed and produced mainly in Newfoundland and Labrador, Nova Scotia,
Prince Edward Island, and Quebec [7]. Eastern Blue mussel (Mytilus edulis), Western Blue
mussel (Mytilus trossulus), Gallo/Mediterranean mussel (Mytilus galloprovincialis) are the
three main types of Canada’s farmed mussels [7]. In 2015, 25,800 tonnes of mussels were

produced in Canada, an annual average farm-gate value of $ 44.7 million [7].

Mussel processing can be as simple as harvesting, sorting, and cleaning for the fresh mussel
market or a more intensive process with additional steaming, meat removal, and freezing

for frozen and canned mussel markets. Regardless of the process there is associated by-
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product which is underutlizied. By-products of the mussel industry include byssus threads,
undersized mussels, damaged mussels, and processed mussel shells with residual meat [8].
Waste mussel shells (WMS) can account for up to 70-75 wt.% of the total harvested weight
and includes WMS with meat attached, unmarketable, and damaged mussels [9][10]. The
organic matter (meat) must be treated and disposed of properly which in turn adds to costs,
particulary for undersized or damaged mussel disposal. In addition, to the cost, WMS

represent a loss of valuable products in the form of the shell and residual meat.

Mussel shell (MS) is mainly composed of CaCOz (as calcite or aragonite in the protein
matrix) [8]. The source of the bulk of current commercial CaCO3 is mined in the form of
limestone [11]. Mined CaCOs has high costs related to its production, including energy
consumption, CO> emissions, and other environmental impacts [11]. Residual meat of
WMS is a promising source of protein that could be utilized for animal food or fishmeal.
The utilization of WMS as a source of bio-CaCOs and proteins not only reduces the burden
of WMS on the environment but also mitigates the impact of mining of CaCO3 [11]. This
would also decreases the costs associated with waste treatment and adds high-value by-

products.

2.2 Properties of waste mussel shells

MS roughly accounts for 31-33% of the total mussel weight [12]. MS is mainly composed
of minerals and a small amount of organic compound such as proteins, B-chitin, and
glycoproteins [8][10][13][14]. XRD analysis indicate that the chemical composition of MS

is predominantly CaCOz (95 wt.%), Table 2- 1 [15].



Table 2- 1: MS mineral composition (heat treated 135°C, 32 min) [15]

Components wt.%
CaCOs3 95.088
SiO» 1.112
Na.O 0.354
Al,O3 <0.01
SOs3 0.176
MgO 0.205
Fe203 <0.005
SrO 0.116
K20 <0.006
P20s 0.087
Cl <0.009
Br 0.009
ZnoO <0.004
CuO 0.01
ZrO; 0.005

19

MS is generally made up of three layers, including an outer organic periostracum (made

up of sclerotized proteins), a calcified prismatic layer, and an inner calcareous nacreous

layer [16][17]. Calcite crystals, with diameters on the order of 2 um and lengths of 50 pm,
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make up the outer prismatic layer [10]. These calcite crystals are allocated in a conchiolin
matrix [10][18]. The inner layer, nacreous, consists of aragonite platelets enveloped in
conchiolin (an insoluble protein) [17]. The platelets with a widths of 5-10 um, for a single
platelet, are highly ordered in parallel plates and with a small layer of an interlamellar
organic matrix on top of each plate [10][19]. SEM of a Mytilus edulis shell in cross-section,

in Figure 2 - 2, shows the morphologies and microstructure of MS [20].

Periostracum

Prismatic layer

Nacreous layer

(A)

Figure 2 - 2: Section through the margin of shell of a Mytilus edulis (A) and SEM image

of a Mytilus edulis shell in cross-section (B) [20]

The CaCOs in MS presents as two types of polymorphs: calcite and aragonite. These
polymorphs have different dissolution rates, unit cell parameters, and space groups, so they
would result in distinguishing powder XRD diffractograms [21]. The distribution of

aragonite and calcite in MS is outlined in Figure 2 - 3 [21].
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Figure 2 - 3: Powder XRD spectra for show the presence of calcite and aragonite in i)

whole MS treated at 220 °C for 48 h, ii) outer, and iii) inner layers [21].

Fourier Transform Infrared spectroscopy (FT-IR) can identify the polymorphs as each
polymorph has a unique IR spectrum [10]. Carbonate ions of CaCOs, CO3%, have four
fundamental modes of stretching: symmetric C-O stretch (vi, 1083 cm™), CO3 2~ out of
plane bending (v2, 873 cm™), C-O asymmetric stretch (vs, 1407 cm®), and O-C-O planar
bending (v4, 713 cm™). The v, vs, and v4 modes indicate calcite (D3 point group), and all
four modes indicate aragonite (Cs point group) [10]. Aragonite can be distinguished by the
positions of the v, vibrations at 855 cm™ or a pair of v4 peaks at 700 and 704 cm™ [22].

While Gerhard et al., (2017) said that aragonite transformed to calcite heating at 300-400
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°C, Murphy et al., (2019) showed calcite converts to aragonite if shells are heated to 220°C,

Figure 2 - 4 [10][19].

Transmittance

v V4 .
M V2 ——\,v| Aragonite
\ / v
o
WV V4
V2
i 7 V4
\v:
i Ve ]
Calcite
V2
90 850 800 750 700 650

Wavenumbers (cm')

Figure 2 - 4: FT-IR spectra of (i) untreated blue mussel shells (ii) shells heated to 160 °C

(iii) shells heated to 200 °C and iv) shells heated to 220 °C for 48 h [21]

CaCOs in MS can be converted to CaO via calcination process as following equation.

CaCOs(s) » CaO(s) + CO2(g)

2.1)

TGA can be used to calculate the amount of volatile compounds in MS during the

calcination period [21]. The thermal decomposition of MS is mainly accounted for CaCOs,

which converts to CaO and CO- via calcination. The calcination process of MS initiates at

approximately 650 °C in a nitrogen or oxygen environment [21]. The effect of calcination

temperature on the conversion to CaO of CaCOs in MS is outlined in Figure 2 - 5.

As noted above, the residual meat in the WMS is a potential source of protein. The amino

acid profile of mussel meat is outlined in Table 2- 2 [23].
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Figure 2 - 5: Powder XRD spectra of natural and CMS
(O: CaCOs3, m:Ca0) [51]

at different temperature

Table 2- 2: Amino acid profile (g/100 g protein) of mussel meat [23]

Compositions

o/kg

Crude protein
Crude fat
Ash

Amino acids
Alanine
Arginine
Aspartic acid
Cysteine

Phenylalanine

711

88

99

35.93

53.24

73.14

11.06

26.41
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Glutamic acid 97.07
Glycine 40.43
Histidine 145
Isoleucine 32.76
Leucine 50.22
Lysine 53.45
Methionine 17.73
Proline 27.25
Serine 353
Threonine 33.13
Tyrosine 28.31
Valine 34.61

Conclusively, both the waste shells and the residual meat can be exploited as the added-
value by-products. MS is a rich source of bio-CaCOs applied for industries. The
hydrolysate of residual meat has potential applications for low-value by-products such as

animal food or fishmeal [23].

2.3 Potential applications of waste mussel shells

WMS is a potential source of renewable CaCOs, which can be utilized in several industries.
Reviews of the applications of WMS are available in Morris et al. (2019); Naik and Hayes

(2019); and Hart (2020).
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2.3.1 Calcium supplement

MS can be directly used as a calcium supplement for livestock to improve bone health as
well as the quality and strength of eggshells. MS contains up to 34.2 wt.% calcium, which
could replace ground limestone as a calcium supplement in chicken feed, supplying
calcium for bone and eggshell formation [25]. McLaughlan et al. (2014) investigated whole
dried mussels as a supplement for poultry feed. Whole Zebra mussels were dried at 60 °C
for 24 h prior to being finely ground (<2 mm). The finely ground mussel powder was added
to the standard feed at two levels, 7.5 and 15 wt.%. The diet supplemented by mussel
powder was used to feed 16-week-old Hy-Line brown chickens for six weeks. The results
indicated that whole ground mussel powder was a promising supplement for chickens as it

supported eggshell formation [26].

2.3.2 Soil amendment

MS can be used directly or indirectly as a calcium source to improve specific properties of
soils. There are a number of studies on using MS as a soil amendment and its optimum
dose for different purposes. Alvarez et al., 2012 investigated ground MS as a soil
amendment and compared its performance to commercial lime derived from limestone in
improving soil cation exchange capacity and aluminum (Al) saturation [27]. The study was
carried out on four different types of ground MS, including coarsely ground dried MS (2-
4 mm), finely ground dried MS (0-2 mm), coarsely ground calcined MS (0-2 mm) (CMS),
and finely ground CMS (<63um). All four MS-amended soils showed an increase in pH

and exchangeable Ca, and a decrease in exchangeable Al and Al saturation [27]. Finely



26

ground CMS (calcined at 550°C) showed the “best” performance, similar to those of using
the commercial lime [27]. MS has been used to enhance the capacity of mine-impacted
soils in adsorbing heavy metals (Cd, Cu, Ni, Pb, and Zn) to reduce migration of these
metals to watersheds (Garrido-Rodriguez et al., 2014; Fernandez-Calvifio et al., 2016;
Nufiez-Delgado et al., 2017). Garrido-Rodriguez et al., (2014) studied the adsorption and
desorption of Cd, Cu, Ni and Zn in a mine soil amended by MS ground to a particle size
less than 1 mm. The adsorption capacity was a function of the initial concentration of the
metals, while desorption was a function of both the concentration of metal and the dose of
ground MS. As the MS dosage increased from 6 to 24 g kg™ the retention of Cd, Cu, Ni
and Zn increased, with almost 100% mass retention for all 4 metals in 32 h for 24 g kg
MS. Fernandez-Calvifio et al., (2016) used ground MS (<lmm) to treat Cu mining
impacted soil and studied the changes in Cd, Cu, Ni, Pb and Zn retention of soil. Two
different application doses of ground MS were investigated (12 and 48 Mg ha?). MS
amendment at higher doses enhanced the retention in soil. NUfiez-Delgado et al., (2017)
compared Cd and Pb sorption/desorption of soil amended by finely ground MS, oak ash,
pine bark, or hemp waste at 48 t ha. Finely ground MS and oak ash showed the highest
sorption ( >99%) and the lowest desorption (<0.26%). Quintans-Fondo et al., (2016)
investigated finely ground MS (<1mm) as a bio-amendment to treat fluoride pollution in
soils. The experiments used four different types of material: forest soil, a vineyard soil,
pyritic material, and granitic material. All were treated with 48 t ha™* ground MS. MS-based
amendment increased the fluoride sorption and decreased desorption. MS amended pyritic
material showed the highest sorption (up to 90%) and the lowest desorption (10%). Osorio-

Lopez et al., (2014) studied ground MS (<1mm) for As (V) adsorption and desorption
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capacity in forest and vineyard soils. The soil samples were amended with 24 t ha™* ground
MS. MS-amended soils increased the adsorption and decreased the desorption on As(V)
relative to non-amended soils. Seco-Reigosa et al., (2015) also studied As(V), as
(Na2HAsO4.7H20), adsorption/desorption capacity using granitic material amended with
finely ground MS (<1mm) at 12 and 24 t ha™!. The finely ground MS amendment enhanced

As(V) adsorption capacity of granitic material (99%) at pH near 8 [33].
2.3.3 Wastewater treatment

Commercial lime, CaO, is commonly used in wastewater treatment. MS, with the high
levels of CaCOs, could serve as a surrogate for the lime. Jones et al. (2011b) studied CMS
in phosphate removal from wastewater. The calcination process parameters were varied to
determine the impact of degree of calcination. Calcination temperature was varied from
600-800 °C, heating rate from 5-20 K min™, hold time over 1-5 h, and nitrogen flow of
0.5-2.0 L min't. The CaO formation increased with temperature. The conversion of CaCOs
to CaO increased with particle size decrease, and at any temperature, the highest conversion
was for particles ranging from 106 to 150 um. However, for very small particle sizes,
ground CMS would "sinter" together, decreasing the surface area. Slower heating rates and
higher flow rates of nitrogen resulted in higher conversion to CaO. Conversion increased
with the holding time of calcination. The maximum conversion (95%) occurred at 800 °C,
5 K min?, 0.5 L min* nitrogen, and 3 h. Batch experiments were then carried out to
determine the potential of raw and ground CMS in phosphate removal. The results showed
that both finely (53-106 mm) and coarsely (212-250 mm) ground MS could remove

approximately 20-30% of the phosphate, while the finer size range was more effective.
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Both coarsely and finely ground CMS resulted in over 90% removal of phosphates within
the first 5 min of the experiments. Adsorption on the surface of the particles was proposed
as the only mechanism of ground MS, while precipitation was considered as the dominant

mechanism for the ground CMS as outlined in reaction (2) and (3) [34].

Ca0 + H20 © Ca(OH), & Ca?* + 20H 2.2)

10Ca?* + 20H" + 6P0O4* - Ca1o(PO4)s(OH)2 (2.3)

Jietal. (2019) studied modified CMS powder (average 75 um) as a support to immobilize
microalgae (Chlorella-sp) by adsorption via electrostatic interactions for phosphorous
removal from contaminated water. MS was calcined at 700 °C for 2 h under vacuum. The
CMS powder was activated by KoCOz (K-CMS) via a hydrothermal process at 160 °C for
24 h to enhance the degree of dispersion of K and pore diameter [35]. The Zeta potential
of Chlorella-sp and K-CMS were negative at pH 7, and therefore the K-CMS was modified
with L-ARG to alter the surface to positive charge at pH 7. The K-CMS powder modified
with L-ARG increased the effectiveness of the immobilization of Chlorella-sp. The final

powder removed 95.0% of N and 88.63% of phosphorous at 25°C [35].

MS has been studied as wastewater treatment process for the textile and dye industry. El
Haddad et al. (2014) investigated CMS as bio-sorbent to remove textile dyes (Rhodamine
B, Alizarin Red S, and Orange I1) from aqueous solutions. MS was crushed and calcined

at 900 °C over 2 h. The residue was then ground into small particles of 100-250 um and
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calcined at a heating rate of 2 °C min™* to 400 °C and maintained at this temperature for 4
h. The dye removal was studied as a function of solution pH, CMS dose, dye concentration,
temperature, and contact time. The optimum pH for Rhodamine B sorption was 9, and
between 4 to 6 for Alizarin Red S and Orange I1. The adsorption increased with the increase
of CMS amount and the contact time (up to 60 min). The maximum biosorption capacity
was 45.67 mg g* for Rhodamine B, 39.65 mg g™* for Alizarin Red S, and 41.75 mg g™ for
Orange 11 [36]. Papadimitriou et al. (2017) used ground MS with several sizes (63, 125,
250, 350, and 500 pum) for the removal of dyes (methyl blue and methyl red) and heavy
metals (Cr (V1) as K.Cr207, Cd as CdSO4 and Cu as CuSO4*5H>0) from aqueous solutions.
Ground MS at the smallest size (63um) achieved near 100% methyl blue and methyl red
removal from prepared dye wastewater in 14 days [37]. The removal of Cr(VI1) and Cd (~
100 %), was higher than the removal of Cu [37]. Ennil Bektas (2017) investigated ground
MS and other natural based materials (limestone, pumice, sepiolite, bentonite) as flocculant
for a coagulation-flocculation process at paint and construction chemicals wastewater
treatment plant. The pH, color, and electrical conductivity of treated wastewater were
analyzed. Treated wastewater had a pH value in the range of 5-7, color value (Pt-Co) of 6
(similar to those of pure water clarity), and a low electrical conductivity of 1.1 mS cm™.

Using the MS decreased the plants operating costs by approximately 90% [38].

Dandil et al. (2019) prepared CaO from MS for crystal violet, a triphenylmethane dye,
removal from waste effluents of textile dyeing and paper printing industries. Crush MS
were calcined at 900 °C oevr 2 h at a heating rate of 5 °C min™. Treated MS were then

further treated at 400 °C over 2 h at a heating rate of 2 °C min. The adsorption capacities
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of the ground CMS (2 um) for crystal violet in aqueous solution were investigated as a
function of pH, adsorbent dosage, contact time, initial dye concentration, and temperature.
The highest crystal violet adsorption of 482.0 mg g* was at pH 6, 0.2 g L™ adsorbent

dosage, 220 min contact time, and 25 °C for an initial dye concentration of 100 mg L™ [39].

Photocatalytic degradation is a potential method to eliminate soluble organic dyes from
aqueous solutions [40]. MS has been studied as support for photocatalyst, due to high
surface area and chemical stability (Cai et al., 2019; McCauley et al., 2009). Echabbi et al.
(2019) synthesized a heterogeneous photo-catalyst using CMS doped with titanium (Ti2O)
for the photo-degradation of methylene blue dye. Crushed MS was calcined at 900 °C for
2 h, and further dried at 80 °C for 24 h prior to being finely ground in small particles of
100-200 pum. The MS powder was then post-calcined at a rate of 2°C min* to 400°C and
maintained at that temperature for 4 h. The obtained CMS powder was mixed with of TiO:
at diffefrent ratios (using a minimum amount of water) and heated at 100 °C for 12 h. The
obtained-dried material was ground to obtain a homogeneous mixture prior to the final
calcination at 400 °C for 4 h. Photo-degradation of methyl blue was carried out to determine
the capacity of the prepared catalyst of CMS/(10%-50%)TiO- [40]. Higher percentage of
TiO> resulted in higher rates of degradation of methyl blue. A 60% MS powder and
40%TiO2 mixture showed the highest discoloration yield at 80%; however, the rate of
degradation did not increase as TiO, was increased to 50% [40]. Cai et al., (2019) studied
MS as catalytic support for BizM0Oe. The Bi2M0Os/CMS photocatalyst was then used to
remove Rhodamine B dye in an aqueous solution under visible-light (I > 420 nm)

irradiation. MS was calcined at 900 °C for 3 h at a heating rate of 10 °C min™ and a nitrogen
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flow of 100 mL min?. Bi(NOs)3.5H.0, Na;M004.2H,O was used to synthesize the
Bi2M0Os/CMS photocatalyst (mass ratio of 7:4). Rhodamine B was degraded by 11% by

CMS, 69.2% by pure BizMoOs, and 94.4% by BizMoOs/CMS [41].

MS has also been used to treat acid mine drainage (AMD) in passive bioreactors.
Traditionally in these bioreactors, an alkalinity generating material (usually limestone) and
a mixture of organic materials (compost, wood chips, manure, etc.) are prepared as a
substrate for bacterial growth [43]. The bacteria, typically sulfate-reducing bacteria and
other decomposer microorganisms, convert the sulfate in the AMD into hydrogen sulfide
and neutralize the low pH through the bicarbonate. The hydrogen sulfide reacts with the
dissolved metals in AMD and precipitates as insoluble metal sulfides and hydroxy-sulfates
[43]. McCauley et al. (2009) studied MS to remove metals (mainly Fe and Al) and sulfate
from AMD in a passive bioreactor. MS was used as the alkaline generating source and
mixed with organic carbon materials (bark, post-peel, and compost) then added to the
bioreactor. The mixture of MS was more effective for metals and sulfate treatment
compared to mixtures of limestone [42]. Uster et al., (2014) investigated MS to treat AMD
(pH<3, Fe>100 mg/L, and AlI>40 mg/L), in a passive bioreactor system. In the first trial,
MS replaced limestone in a mixture with organic materials (compost, wood chips, manure).
MS performed better than limestone in alkalinity generation. In a second trial, MS was
used as a single substrate material, as the MS provides not only a source of alkalinity but
also the organic matter and a solid matrix. The results indicated the MS was effective as a

single substrate. [43].

2.3.4 Filler
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In addition to wastewater treatment, MS powder has been studied as a natural filler in the
plastic industry. Yerlesen (2016) prepared a low-density polyethylene (LDPE)-based
composite using mussel-oyster shell powder as a natural filler at 5, 10, and 15 wt.% shell
powder. The shells were washed, dried, ground, and sieved to less than 50 um. Increasing
mussel/oyster shells wt% resulted in an increase in hardness, elasticity modulus, Izod
impact strength, and density; and decrease of ductility and elongation of the LDPE-based
composite [44]. Hamester et al. (2012) investigated CMS as a bio-filler in polypropylene
(PP). The MS was heated in an oven at 200°C for 1 hour. The more brittle shells were
milled in a high-speed planetary mill for 15 min with water, and the powders heated again
to 500°C for 2 h. The powder was then re-milled to separate clusters. The CMS-derived
filler contained 95.7 wt.% of CaO, lower than the commercial CaCOs3 (99.1 wt.%) filler.
The CMS powder had a broader particle size distribution compared to commercial CaCO:s.
Compared to PP/commercial CaCOs, the PP/CMS composites showed similar thermal
stability, melting temperature, and percent of crystallinity, higher temperature of onset
decomposition (dO), and a maximum of decomposition (doff); and lower oxidation
induction time. The mechanical properties were not significantly different in terms of
Young’s modulus, yield strength, and impact strength between PP/commercial CaCOs and
PP/CMS. However, the elongation of the break of PP/CMS (26%) was lower than
PP/commercial CaCOs (61%), which could be due to particle size distribution differences
[45]. The structure, thermal and mechanical properties of the final plastic composites were
determined as a function of the filler content, filler particle size, and processing conditions.
Kochan (2019) investigated the mechanical properties of WMS-based filler reinforced

epoxy composites. The MS-based reinforced epoxy composites were prepared with a mix
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ratio of resin to ground MS of 25:8 by mass. The produced MS-based reinforced epoxy
composites had a micro-hardness level of 170 HV (the Vickers Pyramid Number), a tensile
strength of 24 MPa, a compression strength of 11.28 MPa, and 75 MPa flexural strength

[46].

2.3.5 Construction

Sand and gravel are key ingredients in cement, mortar, plaster, concrete, and blocks. Waste
shells have properties that could supplement/replace sand and gravel in construction
materials. Periwinkle shells are the most common mollusk's shells used in concrete,
followed by the oyster, scallop, and MS [47]. Different particle size distributions and
amount of fine and coarse MS in concrete were studied to determine the optimum ratio of
shells to traditional sand and gravel (Martinez-Garcia et al., 2019; Martinez-Garcia et al.,
2017; Rezaei et al., 2013). Martinez-Garcia et al. (2019) investigated changes in properties
of air lime coating mortar when MS sand was used as aggregate to replace limestone sand.
Two different air limes were used as binders; a non-aged hydrated commercial lime powder
and a 10-month slaked lime putty. MS was heated at 135 °C for 3 h then crushed to 4 mm
and 1 mm powder. Powdered MS were mixed to obtain mussel sand that had a similar
particle size distribution to the limestone sand and a fineness modulus of 3.71. The
limestone aggregate was replaced with MS sand at 25, 50, and 75 wt.%. The higher
percentages of MS-derived aggregate presented problems in properties of the MS-based
mortar, such as lower consistency, irregular pore size distribution (due to the organic matter
content), strength reduction, and higher carbonation degree [15]. Substitution at 25 wt.%

produced a lime-based mortar having suitable characteristics for use as a base-layer coating
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and as a surface-layer coating [15]. Pecefio et al. (2019) studied the substitution of coarse
aggregates with CMS in acoustic-absorbing concrete. The cleaned MS was dried at 190°C
for 18 min prior to being crushed and then calcined at 500 °C for 1 h. The CMS-based (2-
7mm) acoustic-absorbing concrete resulted in a 40% increase in the weighted acoustic
absorption coefficient compared to the traditional river grave concrete. The mechanical
properties analysis of CMS-based concrete was superior in all specimens over the
traditional concrete, especially in compression strength [50]. Martinez-Garcia et al. (2017)
evaluated MS as an aggregate in plain concrete. MS were treated at 135 °C for 32 min, then
ground to three different particle sizes: 0—-4 mm (natural sand), 4-16mm (fine MS
aggregates), and 10-20 mm (coarse MS aggregates). Treated MS was varied from 5, 12.5,
25, 50, 75, and 100 wt.%. In general, the CMS replacement should be limited to 25 wt.%
of fine or coarse aggregates or 12.5 wt.% for both fine and coarse aggregates [48]. Greater
than 25 wt.% CMS aggregates reduced mechanical properties (strength and modulus),
water absorption, and water permeability of the concrete. The organic fraction of the MS
(residual organic compounds and organic matrix of the shells) increased porosity, setting
time and paste viscosity and decreased the aggregate-paste bond, the liquidity of the mix,
and mechanical performance of the concrete [48]. This highlights the benefit of removing

the residual organics.

2.3.6 Catalyst

High purity CaO derived from WMS can be used as a catalyst in transesterification to
produce biodiesel. Buasri et al. (2013) investigated mussel, cockle, and scallop shells as

catalysts for the transesterification of palm oil to biodiesel. The dried waste shells were
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calcined at 1000 °C in an air atmosphere at a heating rate of 10°C min for 4 h. The obtained
shells were ground to size 38—75 um. Calcined cockle shells had the highest concentration
of Ca0 (99.17 wt.%) followed by MS (98.37 wt.%), while CMS showed the highest surface
area (89.91 m?/qg), pore volume (0.130 cm®/g), and mean pore diameter (34.55 A). The
reaction time, temperature, methanol:oil ratio, and catalyst loading were varied to
investigate the yield of biodiesel. The highest conversion (95%) obtained for all calcined
shells was at 65 °C, molar methanol:oil ratio of 9:1, catalyst loading 10 wt.%, and reaction
time of 3 h [51]. The study indicated that CMS, as well as other calcined shells are
promising alternatives for cost-effective and environmental-friendly catalysts for biodiesel
production [51]. Rezaei et al. (2013) investigated the optimization of biodiesel production
of soybean oil using a WMS-based catalyst. Ground MS (125-250 um) was calcined at
950, 1000, and 1050 °C for 2 h. For each type of MS-based catalyst, the transesterification
reaction was conducted at different catalyst concentrations (6, 9, and 12 wt.%) and molar
ratios of methanol:oil (12:1, 18:1, and 24:1) at 60 °C for 8 h. The maximum biodiesel
production occurred using a 12wt% MS-based catalyst (produced at 1050 °C) and the ratio
of methanol:oil of 24:1. The maximum yield was 94.1%, with 100% purity [49]. Mohadesi
et al. (2018) investigated the effects of stirrer speed (250 and 350 rpm), reaction
temperature (55, 60, and 65 °C), and reaction time (1, 3, 5, 7, and 8h) on the

transesterification of soybean oil using 12wt% MS-based catalyst (produced at 1050 °C).

2.3.7 Hydroxyapatite production

Hydroxyapatite (HA, Ca10(PO4)s(OH)2) is an essential component of bone and teeth [53].

The dominant application of HA is a bone filler and a coating material for implants [53].
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HA is typically produced from corals via two main processes; hydrothermal and wet
chemical precipitation [54]. Jones et al. (2011a) proposed a simple wet chemical process
for the formation of HA from WMS. The crushed MS were calcined at 800 °C in a nitrogen
environment. The conversion of CaCOs3 to CaO was greater than 95% for all sizes. Crushed
CMS was mixed with deionized water to produce a suspension of calcium hydroxide
(Ca(OH)2) and mixed with monopotassium phosphate (KH2PO4) solution to form
precipitation of HA. The HA contained impurities and had poor crystallinity compared to
the commercial HA. However, the post-washing and heating processing removed the
potassium impurity and improved the crystallinity of MS-based HA. The final MS-based
HA showed similar quality with commercial HA. The biocompatibility of MS-based HA
was also studied, and the MS-based HA stimulated cell growth and promoted
mineralization [53]. Ramli et al. (2012) prepared HA-nanoparticles biomaterials from MS
by wet precipitation assisted with microwave irradiation. Coarsely crushed MS were
treated with hydrochloric acid to remove organics and calcined at 900 °C over 2 h. The
CaO was converted into Ca(OH). by adding H2O. The pH was maintained at 9 using
NH4OH. Di-ammonium hydrogen phosphate [DAP, (NH4)2HPO4] solution was added to
the Ca(OH). suspension and irradiated using microwave 30, 45, 60, 75, 90, and 120 min.
The produced HA was filtered, oven-dried, and powdered. The obtained HA powders were
nano size, which increased from 10 nm at 30 min to 55 nm at 120 min of irradiation.
Ca(OH). is considered an impurity in the final nano HA, the content decreased with an
increase of the irradiation time, and almost disappeared at 120 min [54]. Shavandi et al.
(2015) proposed a rapid microwave irradiation method to prepare nano-crystalline HA

from MS using ethylenediaminetetraacetic acid (EDTA). MS was first dried overnight at
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80 °C, then calcined at 900 °C for 30 min. The obtained CMS was finely ground. The
solution of Ca-EDTA complex was mixed with disodium hydrogen phosphate (Na2HPOg).
The pH was maintained at 13. The mixture was heated in a microwave at 1100W until
dried. The obtained precipitated HA was washed to remove residual Na and EDTA and
dried in a vacuum oven at 80 °C for 6 h. The crystal phase composition, functional groups,
thermal stability, microscopic details of the surface, crystal size, and morphology were
determined. The HA product showed competitive properties (phase purity, crystal size and
shape, thermal stability, and porosity) to a commercial HA [55]. Kumar et al. (2017)
developed a single step, simple, and rapid method to synthesize HA from MS by using
microwave irradiation and EDTA. The cleaned MS were dried at 110 °C for 5 h in a hot air
oven prior to being crushed into powder and mixed with EDTA, and then NaHPO4
solution was added. The pH was maintained at 13 by using NaOH. The mixture was
subjected to microwave irradiation at 700W power for 15 min. The precipitated HA was
washed with distilled water and dried in the hot air oven at 110 °C for 5 h. The synthesized
HA powder was a B-type carbonate substituted HA having flower-like morphology, which
could be used as a biomaterial for orthopedic applications [56]. Sari and Yusuf (2018) used
the precipitation method to synthesize HA for implant applications from green MS. The
finely crushed MS were calcined in a furnace at a temperature of 950 °C for 2 h, and
(NH4)2HPO4 solution was added. The liquid mixture was stirred (at 300 rpm) for 15, 30,
and 45 min at 70 °C. The pH of the mixture was at 9 or greater by adding ammonium
hydroxide (NH4OH) (25%). The precipitated-filtered HA was dried at a temperature of 100
°C for 2 h. The post calcination of HA was carried out at 950 °C for 3 h in a furnace to

produce the pure HA. The synthesized HA under the stirring time of 15 min showed higher
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stability and transmittance value compared to longer stirring times. The crystallization of
HA depended on the stirring time, and no more HA was formed as the stirring time was
longer than 15 min. HA, with the stirring time of 15 min, also had a small agglomerate

shape and thick structures of particles [57].

MS-derived HA has been utilized in wastewater treatment. Meski et al. (2019) synthesized
HA powder from MS, using a wet precipitation process, for Cd (II) removal from aqueous
solutions. The ground MS was calcined at 900 °C for 30 min, and NH4H2PO4 is added to
react with calcined ground MS at room temperature without pH control. The produced HA
was dried at 80 °C for 24 h to obtain the final product. The mussel-derived HA was then
used in Cd as (Cd(NOs3)..4H>0) adsorption from aqueous solutions. The adsorption
followed a two-step mechanism with a rapid ion exchange with Ca?* followed by the
dissolution of HA and the precipitation of the CdHA. The adsorption process was
endothermic with a Langmuir isotherm with a maximum adsorption at 60 min [58]. El-
Bassyouni et al. (2019) synthesized HA nanoparticles from MS using a wet chemical
precipitation process. The synthesized HA was then used to remove cesium-137 (**'Cs)
and europium-152+154 (1°2*154 Ey) from radioactive liquid wastes. CaCO3 in MS powder
was converted to Ca(NOz). by reacting with HNOz and mixed with NH4H2PO4 to form HA
at a pH of 9. The precipitated HA was dehydrated in a dryer at 70 °C for three days prior
to crushing, and the powder was finally calcined in an oven at 900°C. The adsorption
capacity of the prepared HA for ¥'Cs and 5215 Eu was tested as a function of pH (2-12),
sorbent dose (0.025 — 0.25 mg), and contact time (5 — 210 min). The pH value had a greater

impact on 152*1%4Ey removal than 3'Cs removal. The removal of *¥’Cs increased 28 to 50%
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as the pH value changed from 2 to 7 then maintained, while the ****1Eu was increased
from 52 to 99% as the pH increased from 2 to 12. The increase of sorbent dose and
contacting time led to the increase of the removal for both metals, but was more significant
for 152*1%4Ey than ¥7Cs [59]. The maximum removal under optimum condition was up to
99 wt.% for both ¥’Cs and °2*15*Ey [59]. Shariffuddin et al. (2013) synthesized HA from
MS using a pyrolysis—wet slurry precipitation process. The received HA was then used as
a photocatalyst for wastewater remediation. MS was calcined at 800 °C for 5 h under
nitrogen flow to convert CaCOz to CaO. HA was precipitated using potassium dihydrogen
phosphate (KH2POg4 ), and the precipitated HA was separated from the solution and dried
in an oven at 110 °C overnight. Methylene blue was degraded using the MS-derived HA as
a photocatalyst under both oxygen-limited and oxygen-rich conditions. The oxygen-rich
conditions led to a greater decolorization (62% after 24 h) compared to the oxygen-limited

condition (39% after 6 h) [60].

As shown above, MS is a valuable source of bio-CaCOs, and could serve as an alternative
to commercial CaCOs. However, the bulk of the research is at lab-scale and on meat-free
MS, while in industry, WMS is discarded with a certain mass of residual meat. The residual
protein of WMS causes difficulties for the treatment of waste and hinders the utilization of
WMS as a source of renewable CaCOs. The decomposition of the residual protein of WMS
significantly impacts on the storage of WMS and the purity of the produced bio-CaCOs or
CaO. Overall, it is a significant challenge that the mussel processing industry must deal

with to approach sustainable development.
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2.4 Protein enzymatic hydrolysis in by-products of fish processing

Enzymatic hydrolysis is a process used to enhance value and diversify the types of products
from food processing [61]. Enzymatic hydrolysis has been used to hydrolyze fish protein
for applications in food modifiers (water-holding, emulsification, solubility, oil binding
capacity, and texture properties) [62] and production of bioactive peptides
(Karnjanapratum and Benjakul, 2017; Sinthusamran et al., 2019) among others. By-

products of fish processing are rich sources of proteins [65].

Sinthusamran et al., (2019) utilized Pacific white shrimp (Cephalothorax) processing by-
products to produce shrimp protein hydrolysate for biscuit fortifier using Alcalase from
Bacillus licheniformis. . The amount of added shrimp hydrolysate-based fortifier impacted
properties of the biscuit such as shape, hardness, fractur ability, surface, and color. Adding
5 wt.% of shrimp hydrolysate-based fortifier increased the protein content and decreased
the carbohydrate content in the biscuit. VVolatile compounds (aldehyde, ketone, alkane and
ether) in the shrimp hydrolysate-based fortifier contributed to odor and flavor of the
resulting biscuit [64]. Zhou et al., (2016) evaluated dry hydrolysate from squid processing
waste (heads, viscera, skin, fins, and small tubes) and scallop viscera (the remainder after
collecting adductor muscle) as specialty ingredients in plant-based (soybean, corn, and
whole wheat ) diets of Pacific white shrimp Litopenaeus vannamei. Squid and scallop
hydrolysate were determined to be nutrient sources and could be incorporated in the
shrimp feed formulations to enhance nutritional value [66]. Novriadi et al., (2017)
produced dried squid hydrolysate from squid processing by-products (heads, viscera, cut-

offs, fins, and small tubes) and investigated as a supplement in plant-based fishmeal for
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Florida pompano (Trachinotus carolinus) feed. Squid hydrolysate containing high protein
levels (72.19 wt. %) and a moderate level of lipid (9.03 wt.%) were added at 1, 2, and 4
wt.% to the plant-based diet for pompano over 56 d. The diet with 4% squid hydrolysate
showed better nutritional value and increased the percentage of higher quality fish product

[67]. By-products of fish processing industry have been an attractive source of protein.

In the mussel processing industry, enzymatic hydrolysis has been used to produce food
ingredients, supplements, stabilizers in beverages, natural flavors, antimicrobial agents,
and a cardio-protective nutrient [68]. Normah (2018) evaluated umami taste, one of the
five basic tastes that contribute to palatability and savory taste in food, of protein
hydrolysates derived from green mussel (Perna viridis) using a flavoenzyme. Amino acids
which contribute to umami taste include glutamic acid, glycine, and aspartic acid. The
mussel hydrolysates showed protein size range between 10 to 70 kDa and contained the
amino acids that contribute to umami taste. In the context of sensory evaluation, mussel
hydrolysate did not have the strong odor and flavor associated with fish, so it could be
used as a natural flavor [69]. Silva et al., (2010) investigated hydrolysis of mussel meat by
using Protamex, a mixture of serine and metalloendopeptidas obtained from Bacillus
licheniformis and Bacillus amyloliquefaciens. Degree of hydrolysis (DH) is defined as the
ratio of the number of peptide bonds cleaved (h) to the total number of bonds available for
proteolytic hydrolysis (ht). The degree of enzymatic hydrolysis (DH) was studied as a

function of enzyme:substrate ratio and pH, and a model developed:
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E
DH(%) = 17.6 + 5.07.2 = 2.07.pH + 1L.57pH’ (2. 4)

At pH 6.85, temperature 51 °C, and enzyme:substrate ratio of 9:2, the DH was 26.5%. The
protein recovery (PR), defined as the ratio between the protein in the hydrolysate and the
initial protein in the original substrate, was calculated as a function of enzyme:substrate

ratio and pH. The following model was developed:

2

E E
PR(%) = 55.53 + 9.23.5 - 132 (g) + 1.22pH + 1.44pH? (2.5)

The maximum PR was 65%. The hydrolysate had a lower fat content compared to the raw
material. The mussel protein hydrolysate showed the same amino acid profile/composition
as mussel meat (predominantly glutamic acid, aspartic acid and tryptophan). Protein bands
identified included light myosin chains 1 and 3 (25 and 15 kDa) and peptides of molecular
weight lower than 6.5 kDa [68]. The obtained mussel hydrolysate with a good nutritional

value was suitable to produce a flavoring agent [68].

Xu et al., (2019) determined the osteogenic activity of Mytilus edulis protein. Fresh blue
mussels (Mytilus edulis) were hydrolyzed using pepsin for 2 h followed by trypsin for 3
h. The water-soluble protein hydrolysate was isolated and analyzed for osteogenic activity.
The protein hydrolysate had bioactive functions which would be beneficial for bone
growth and health [70]. Dong et al., (2017) studied antioxidant activities of peptide

fractions derived from freshwater mussel protein. Mussel protein hydrolysates were
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prepared using ultrasound-assisted enzymatic hydrolysis with Neutrase 0.8 L. The
antioxidation activity was the highest for the protein fraction less than 3 kDa [71]. Kim et
al., (2012) prepared anticancer peptide from Mytilus couscous via enzymatic hydrolysis
using eight proteases including; papain, pepsin, a-chymotrypsin, and trypsin Flavourzyme,
Neutrase, Protamex, and Alcalase. The hydrolysate obtained from pepsin hydrolysis
consisted of Alanine, Phenylalanine, Asparagine, Isoleucine, Histidine, Arginine, and
Leucine and had the strongest cytotoxic activity on prostate, breast, and lung cancer cells
[72]. Qiao et al., (2018) investigated the antithrombotic activity of peptides produced from
Mytilus Edulis protein. Water-, salt- and acid-soluble mussel protein were extracted
according to solubility. The protein fractions were hydrolyzed by using trypsin (5000 U/g)
at 45 °C, pH 8.5 for 3 h. The obtained hydrolysates were analyzed to determine thrombin
inhibitory activity. The antithrombotic activity of mussel hydrolysate was 40.17%,
85.74%, 82.00% at 5 mg/mL for water-, salt- and acid-soluble mussel protein fractions,
respectively [73]. Beaulieu et al., (2013) determined the protein hydrolysates produced
from Mytilus Edulis processing by-products (whole raw mussels) have anti-proliferative
activities, which is the ability of a compound to stop the growth of cells. Enzymatic
hydrolysis using Protamex was conducted with whole mussels to generate the target
bioactive peptides. The hydrolysates fractions less than 50 kDa had the highest anti-

proliferative activity [74].

Naik and Hayes (2019) studied residual proteins in WMS as a source of high molecular
weight proteins, bioactive peptides, and low molecular weight proteins (enzymes). These

protein hydrolysates can find application in food, cosmetics, packaging, dyes, marine
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technology and so on [8]. Nagel et al. (2017) conducted feeding experiment to test the
potential of blue mussel hydrolysate as a replacer for fishmeal protein in diets of turbot.
Partially replacing fishmeal protein by mussel hydrolysate in diets of turbot was not
successful in stimulate the feed intake of turbot, but showed the same impact on turbot
growth compared to using commercial fishmeal protein [75]. This indicates the nutritional
and functional properties of mussel hydrolysate were comparable to fishmeal protein. Blue

mussel hydrolysate could be exploited in aquafeeds fish [75].

A review of the literature showed only three studies on WMS where both the residual
proteins and bio-CaCOs were evaluated. In a patent by Frude (2008) meat attached on
whole or crushed MS was digested by enzyme solutions of Alcalase (pH of 8-9), Pepsin
(pH of 3-4), or Papain at a specific pH (appropriate to the enzyme). The reaction required
up to 2 h at 40-75 °C. Poor digestion of meat was observed with the larger WMS particles,
some meat, especially tendrils and adductor, were undigested. If the shells were too finely
crushed (sand-like) these particles carried over into the hydrolysate, presenting separation
and purity issues. The optimal conditions for reactions and operation were not discussed,

and the process uses costly enzymes [76]. Control of pH is also an operational issue.

In work by Murphy et al., (2018), Protex 6L (6L) and Protex 7L (7L) (standard food-grade
enzymes by DuPont) were used to hydrolyze raw and cooked WMS with residual meat.
The whole raw mussels were estimated to contain 50 wt.% meat. Meat of whole raw
mussels was remove using 1.0-2.0 uL.g—! 6L in seawater or tap water at 55 °C for 4 h.
Cooked mussel meat (12g) was 97.2% digested using 6.0 pL.g~! 7L in seawater for 10 h at

25 °C. The proposed enzymatic hydrolysis process was environmental-friendly, cost-
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effective, and safe process due to low enzyme loading, seawater as media, mild
temperatures, and elimination of acids and bases to control pH. The generated protein
hydrolysate was proposed as a potential nutritional source for fishmeal [77]. However, the
intact shell halves used for experiments of this work are not the typical type of WMS in
industry and the impact of “mussel age” on the enzymatic meat removal process was not

studied.

In 2020, Naik et al. used Protamex® (the new name of Multifect enzyme) to hydrolyze
meat leftover on mussel by-products (undersized mussels, mussels with broken shells, and
barnacle-fouled mussels) with controlled temperatures and agitation, and enzyme:substrate
ratio of 1:50 (w:v). The degree of hydrolysis (DH) was determined using the Adler-Nissen
pH stat method. The authors analysed obtained hydrolysates for protein content, amino
acid composition, lipid content, fatty acid methyl ester composition, ash, and techno-
functional and bioactive activities [78]. All the obtained hydrolysate samples contained
essential compounds which have an anti-inflammatory property. The by-product mussel
hydrolysates contain up to 91% of peptides which are identified to have angiotensin-
converting enzyme | and dipeptidyl peptidase IV inhibitory activities. Results
demonstrated that hydrolysates of mussel by-products have potential for use as health-
promoting ingredients [78]. However, there was not study of the rate of reaction or

variation of key operating parameters such as enzyme to substrate concentrations.

2.5 Kinetic models of protein enzymatic hydrolysis in by-products of fish

processing
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Kinetic studies of protein enzymatic hydrolysis are used to develop a rate model to describe
and predict the enzymatic hydrolysis process. The Michaelis-Menten equations have been
used to predict the rate of enzymatic hydrolysis of proteins since 1913. Sampedro et al.,
(2019) studied the effect of lipids on enzymatic hydrolysis of red tilapia viscera
(Oreochromis Sp.) using Alcalase 2.4 L, a serine endopeptidase that consists primarily of
subtilisin Carlsberg produced via fermentation of Bacillus licheniformis. The protein
hydrolysis reaction was monitored through degree of hydrolysis (DH in %) by the pH-stat
method. The concentration of the lipid in raw materials was varied (1, 19 and 50 g/L) to
determine degree of inhibition on enzymatic hydrolysis. The rate of hydrolysis decreased
as lipids concentration increased. Lipid inhibition was modeled via a Michaelis-Menten
model. In the context of Michaelis-Menten model, it was assumed that enzyme was not
consumed or inactivated during the hydrolysis process. A mechanism was proposed as

following:

k1 /K_ k (k, + k_4)
E+Ss /I Es S piE Ky = ———— (2.6)
1
k
ks /k_ -3
E+1 <53 g K1=k—3 (2.7)

Where k; (1), k_; (mM/s), k, (MM/s), k5 (s1), k_3 (g/L.s™t) are rate constants, Ky (mM)
is the Michaelis-Menten constant, and K; (g/L) is the inhibition constant. The experimental
data were fitted with competitive (equation 2.8), uncompetitive (equation 2.9), and mixed
inhibition models (equation (2.100 to determine the type of inhibition, and the Kinetic

parameters.
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VmSO

V:so+1<lv[(1+ll<—01) (2.8)

VmSo

So (14 2) +Ku (1+32) (2.9

VvV =

VmSO

So (1+1%) + Ku

V= (2. 10)

Where v,,(mM/s) is the maximum reaction rate, S, (mM, g/L) is the initial concentrations
of substrate, I, (g/L) is the initial concentrations of inhibitor, and factor os. Lineweaver-
Burk graphs were used to identify the constant of inhibition. The results indicated that the
lipids strongly competed with protein or a competitive inhibition mechanism, (2. 8). The

obtained kinetic model fit the experimental date well, R> = 0.9936.

0.036S,

V= 2.11
So + 54.98 (1 + %) (2. 11)

Kinetic models have been developed based on changes of substrate or production
concentration. Novikov et al., (2018) studied the enzymatic hydrolysis of homogeneous-
ground Atlantic cod by-product (heads, fins, bones, and muscle tissue) using
hepatopancreatine. The proteolysis was evaluated on the degree of hydrolysis (DH, %).

The DH is calculated from the total nitrogen value (N, %), the amino nitrogen value (N,
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%) of non-hydrolyzed proteins, and the amino nitrogen value (N4, %) of the hydrolysate

[80].

Na —Np
Nt —Nj

DH:( )x1mw@ 2.12)

The model was divided into three potential phases; one where the easily hydrolyzed
substrate (S) was degraded, a second where the hydrolyzed substrate (C) was hydrolyzed,

and a third autolysis step. A mechanism was proposed as following.

k

S+E S P+E (2. 13)
ks

C+E > P+E (2. 14)
ks

E+E S P+E (2. 15)

Where k4, k,, ks (L/g.S) are rate constants. Based on the accumulation of the hydrolysis
product which is the accumulation of amino nitrogen in the hydrolysate, the following

equation was developed to describe the hydrolysis process:

%p(t) = kye(®)s(t) + kpe(t)c(t) + kze(t)? (2. 16)
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Where p(t) (g/L) is the total concentration of all products at t, e(t) (g/L) is a concentration
of enzyme at t, s(t) (g/L) is a concentration of more reactive substrate at t, and c(t) (g/L) is
concentration of a concentration of less reactive substrate at t, t is time (s). Simulation of
autolysis and optimisation of the reaction rate constant were carried out using Maple 2017.1
(Waterloo Maple, Inc., Canada). Using the initial conditions Cg—0) = Ceo, Cs(t—0) = Cso,

Cc—0) = Cco, and Cp(—0) = 0 (in g/L), the obtained equation was:

1 1
k kql (k t+—) ky kol (k t+—)
1 1\ K3trEs 2 2ini k3 0

1 —_— 1 - 1
p(t) = _SO (E_o)k3 e ks - CO (_)k3 e ks - t+i + CO + SO + EO + PO

Eo

(2.17)

Where S, (g/L), Cy (g/L), E, (g/L), and P, (g/L) are the initial concentrations of the
substrates, enzyme, and product. The equation fit the data well at all enzyme concentration,

with a R? > 0.98.

Table 2- 3: Rate constants (ki, k2, and ks) for the intermediate stages of the enzymatic
hydrolysis of the protein-containing raw materials (recycled waste product of cod)

calculated from the proposed kinetic model; correlation coefficient (R2)

Concentration of enzyme, g/L

Rate constant, L/g.s

0.025 0.038 0.05 0.076  0.088
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k1.10? 9.3 13.6 9.3 9 13
k2.103 1.4 1.9 1.7 2.1 1.6
k3.102 0.7 1.3 1.2 1.9 1.3
R? 0992 0988 0.986 0989  0.989

Novikov et al., (2018) investigated enzymatic hydrolysis of Atlantic cod by-product using
hepatopancreatine using first-order kinetics. This model assumes that hydrolysis is a first-

order reaction and the enzyme is not consumed during the reaction [80].

k
S+E—>P+E (2.18)

The hydrolysis curves, which describe the accumulated of amino nitrogen in hydrolysate,

were fitted with the equation.

Ca = Cpan(1 — 7k (2. 19)

Where C, is the value of C, (concentration of amino nitrogen in hydrolysate) for t—oo, k
is the rate constant, and t is the reaction time. However, results showed equation Error!

Reference source not found. could not describe the entire length of the hydrolysis period.
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Tan et al., (2019) investigated the hydrolysis of by-products (mostly heads and bone
frames) of channel catfish (Ictalurus punstatus) fillet processing using different enzymes
including papain, ficin, bromelain, neutrase, alcalase, protamex, novo-proD and
thermolysin. The DH (%) was determined using the trinitrobenzenesulfonic acid (TNBS)
method reported by Adler-Nissen [81]. The Kinetics of the protein enzymatic hydrolysis

was modeled based on Peleg's model at various temperatures.

t
DH(t) = ———— .
Where DH(t) (%) is the degree of hydrolysis at time (t), DH(0) (%) is the degree of
hydrolysis at time t =0, K; is Peleg's rate constant and K, is Peleg's capacity constant. The
hydrolysis results fit well with Peleg's model with high value of R?, higher than 0.91 for all
enzymes and different reaction conditions. The Ficin enzyme was the most efficient

enzyme with a DH of 71% at 30 °C for 120 min, K, = 1.80, K, = 0.44, R? = 0.93 [81].

Qi and He (2006) investigated the protein hydrolysis and single-substrate hydrolysis,
enzyme inactivation, substrate inhibition, or product inhibition [82]. An exponential

equation was used to model the DH [82].

d(DH) _

(2. 21)
TOR EXP[—b. DH]
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Where parameters a and b have different expressions based on if the process has no
inhibition, substrate inhibition, product inhibition, or both product and substrate inhibition,

Table 2- 4.

Table 2- 4: Expression of kinetic parameters a and b for exponential equation

Mechanism a b
k,e k-.K
No inhibition 20 S (2. 22)
So Kk,
Substrate- k,Kse, kK, K
— _ (2. 23)
inhibition SoKs + 55 kz(Ks +5o)
e . szPeo k3KmKPSo
Product-inhibition _ 2.24
SOKP + me kZ (SoKp + me) ( )
Substrate and k,KKpe, ks K, KsKps, .25
SoKSKP + KPSg + pKSKm kZ(SOKSKp + KPS(Z) + pKSKm) .

product-inhibition

BSA-trypsin was selected as a model system, in which BSA is hydrolyzed by trypsin, to
model the complex kinetic behaviour of enzymatic hydrolysis reaction [82]. Based on
experimental results, a mechanism of substrate inhibition was proposed for the BSA-
trypsin hydrolysis process. The final exponential kinetic equation was established, and the

average relative error of the model is 4.73%.
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d(DH)  1147.5545¢, 3.3677 (2. 26)
d(t)  12.8598s, + s2 12.8598 + s,)

Based on the results in study of Qi and He (2006), Zapata Montoya et al., (2018) modeled
protein enzymatic hydrolysis of viscera from red tilapia (Oreochromis Sp.) using
commercial Alcalase 2.4 L, a non-specific bacterial endopeptidase from Bacillus
licheniformis with Subtilisin Carlsberg. The hydrolysis process was observed via the DH

(%) or as the ratio of peptide cleaved bonds (h) to the total peptide bonds in the raw material

(h)

pH=YeNB11 oo
=M, iy (2.27)

Where Vj, is the volume of base consumed (L), N is the normality of the base (Eg-g/L),
M,, is the mass of the protein (kg), and « is the average dissociation grade of the released
groups a-NH2 in the reaction. DH was dependent on the initial concentration of substrate
(So), enzyme (e,) and the time (t). DH increased with an increase of initial enzyme loading
and decreased with initial protein loading. The authors proposed a substrate inhibition

mechanism for the hydrolysis.

Ky /K k k, + k_
E+s i ps S pyE KM=(2k—1) (2. 28)
1
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k3/k-3
ES+S «— SES Kg = — (2. 29)

Where k4, k_;, k,, K3, k_5 are rate constants, Ky; (mM) Michaelis-Menten constant, and
Ks (g/L) the dissociation constant of SES. An kinetic model was developed from a standard

exponential kinetic equation.

dOH) _  ExP[—b.DH] (2. 30)
d(t)
k,K

a= 250 2.31)
KsSy + S
k3KumKs

- _J3TMTS 2.32

k,[Ks + Sl ( )

To estimate constants, equation Error! Reference source not found. and Error!
Reference source not found. were linearized by using the double reciprocal approach of
Hannes-Woolf. Ky (= 1.8963), K (= 456.75 g/L), k, (= 1.2191 mint), k; (= 0.1173 min-

1) were estimated, and the final model was obtained as following.

d(DH) 101.59¢, 114.45
= ~EXP|-————DH
d(t)  456.75S, + S 456.75 + S,

(2. 33)
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The proposed exponential kinetic equation provided good predictions with the low average

relative-error value (ARE, 3.26%) [83].

Although there are kinetic studies of protein enzymatic hydrolysis in fish processing
industries there is little study in mussel processing. Studies have focused on determining
optimal reaction condition for enzymatic hydrolysis of mussel proteins. The reaction rate

is required to provide essential engineering information for design and scale up.

2.6 Conclusions

Landfill disposal of WMS represents a loss of value and environmental and economic
burden to mussel processors and harvesters. WMS is a rich source of bio-CaCOs and
proteins, which can be utilized for numerous applications. Applications include calcium
supplement for animal feed, soil amendment, wastewater treatment, filler in plastic
industry, construction, catalyst, and hydroxyapatite production. In above mentioned
studies, MS showed its ability to replace the mined calcium carbonate with equivalent or
better performance. The mussel meat is also a source of proteins which can be used for
food ingredients, supplements, stabilizers in beverages, natural flavors, antimicrobial
agents, and a cardio-protective nutrient. However, the review shows the bulk of studies in
WMS focus on the bio-CaCOg, ignoring the residual meat. This meat will be present in
discarded and unmarketable shells and will impact the feasibility of any shell applications.
Further there is added value in recovering the meat. Using enzymatic hydrolysis to recover
“clean” WMS is attractive due to the low energy requirements non-toxicity of the process,

and ability to recover all value-added products. The enzymatic meat removal process is
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impacted by many factors such as composition of substrates, enzymes used, reaction
conditions, and the required quality of protein hydrolysates (based on application). This
review shows that more work is needed in establishing these process parameters to both
optimize the “clenaing” process and determine the quality of the recovered protein. It is
needed to choose a suitable method to develop a kinetic equation to model the enzymatic

hydrolysis of mussel proteins.
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CHAPTER 3 - MATERIALS & EXPERIMENTS

3.1 Experimental

3.1.1 Materials

Blue mussels (Mytilus edulis) are the source of protein for the enzymatic hydrolysis in this
study. Three types of mussels are used in the study: (i) marketable size mussels, and
unmarketable size (ii) under sized, and (iii) oversized mussels. All market size mussels are
purchased from the same grocery store (Sobeys, Merrymeeting Road, St John’s, NL) and
were of Newfoundland origin. Marketable mussels are 15-19 g per mussel. Oversized and
undersized mussels were supplied by Sunrise Fish Farms Inc (Newfoundland and
Labrador). Oversized mussels are approximately 22-23 g/mussel. Undersized mussels are

in the range of 10-11g/mussel, Error! Reference source not found..

Figure 3 - 1: Mussels of different sizes

Mussels are pre-treated to eliminate organic compounds and visible outside beards on the

shells and then classified into four different groups according to their size: 10-11 g (G-1),
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15-16 g, (G-11), 18-19 g, (G-111), and 22-23g, (G-1V). Mussels are stored in Ziploc bags at

-30 °C. Note G-l and G-1V are the under and over sized mussels.

G-l G-Il G-l G-IV

Figure 3 - 2: Pre-treated mussels

Multifect PR 6L (6L) enzyme was supplied by DuPont (Industrial Bioscience Division)
and used to hydrolyze mussel meat in the study. 6L enzyme is a bacterial alkaline serine
endopeptidase, derived from a strain of Bacillus licheniformis, with molecular weight 22.5
kDa. 6L enzyme is a brown liquid product food grade enzyme with an activity of 2440
ELU mL ! and is effective in hydrolyzing most proteins to lower molecular weight peptides
[1]. The pH range for 6L enzyme activity is 7.0-10.0, with an optimum performance at pH
9.5. The temperature range for enzyme activity is from 25 °C - 70 °C, with an optimum
temperature of 60°C (140 °F). However, overall optimum activity depends on several
process Vvariables, including temperature, time, enzyme concentration, substrate
concentration, and substrate composition. The price of 6L enzyme on the market was 185

CAD / 250 mL when the study was carried out [1].



69

As mentioned above, 6L enzyme is active over a wide range of pH, from neutral to alkaline.
It also has a reasonable price for use on an industrial scale. In screening studies 6L
performed well in tap water in hydrolysis of the mussel shells [2]. As such, in this study,
experiments are carried out in tap water. The pH value of tap water is checked randomly
through a day for a week, Error! Reference source not found.. The results showed that

the pH of tap water is neutral and stable.

Table 3 - 1: pH of tap water (City water) in St. John’s, Newfoundland

8.00am 12.00pm 4.00pm  7.00 pm

Day 1 7.11 7.11 7.13 7.07
Day 2 7.14 7.01 7.03 7.08
Day 3 7.12 7.1 7.06 7.03
Day 4 7.05 7.12 7.12 7.04
Day 5 7.07 7.13 7.14 7.11
Day 6 7.18 7.1 7.08 7.09
Day 7 7.14 7.1 7.1 7.12

3.1.2 Equipment

Thermo Scientific™ MaxQ™ 4450 Benchtop Orbital Shakers was used to maintain

constant temperatures and tiring speed for the enzymatic hydrolysis reactions. A 4-digit
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analytical balance is used to weigh the samples. An Eppendorf™ Research plus™ Variable

Adjustable Volume Pipette is used to measure the amount of enzyme solution required.

3.1.3 Enzymatic hydrolysis of whole raw mussels using Multifect PR 6L enzyme

The enzymatic hydrolysis is conducted for whole raw mussels using Multifect PR 6L
enzyme. The optimum conditions for the hydrolysis of mussel meat using 6L enzyme were
determined in previous studies: tap water, temperature of 50 °C, neutral and non-adjusted
pH [2][3]. The initial enzyme and substrate concentration are varied to study the effect on
the hydrolysis rate and extent. The initial enzyme concentration (Eo, pL/L) is defined as
the volume of the enzyme (uL) divided by volume of tap water (L). The concentration of
substrate (So, g/L) is the mass of whole mussels (g) per L tap water. In the first set of
experiments, the initial enzyme concentration is varied from 62 pL/L to 250 pL/L on
marketable mussels (initial meat/substrate concentration of 125 g/L) or G-II. In the second
set, the impact of mussel size/meat is tested or G-I, 1ll, and IV. The initial enzyme
concentration is fixed at 125 pL/L for these experiments and initial substrate concentration
varies from 100 g/L to 175 g/L. All experiments were run in triplicate for a total of 21

experiments.

Table 3 - 2: Initial enzyme and substrate concentration for experiments

Varying E, Varying S, (Mussel size)

E, (uL/L) 62 125 188 250 125 125 125 125
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S, (g/mL) 125 125 125 125 |100 125 150 175

Musselsgroup [ G-Il G-Il G-l G-Il | G-I G-l G-Il G-IV

Whole raw frozen mussels were thawed over 2 h. Mussel shells then opened naturally. The

outside and inside beards are eliminated by hand, Error! Reference source not found. i).

Figure 3 - 3: Defrosted mussels i) and the flask containing mussels ii)
The hydrolysis experiments of whole raw mussels were conducted in a 250 mL wide-neck

Erlenmeyer flask. Pre-treated mussels are weighed (mo) and placed in the flask. A
measured amount of tap water is added into the flasks. The flasks containing mussels and
tap water were heated up in a Qmax 4500 incubator to 50 °C for 30 min (Error! Reference
source not found. ii). The enzyme is then added at time 0. At the specified sampling time,

mussel samples are taken out, gently rinsed under cold tap water for 2 min, and then placed
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in the fridge for 2 h to dry, Error! Reference source not found.. The hydrolysate solution

was put back in the incubator until the end of the experiment.

Figure 3 - 4: Mussel with leftover meat after hydrolysis i), and cleaned mussel shells after

reaction ii)

The mass of mussels sampled is weighted (m¢). Any meat left on the sampled shells is
removed manually and the mass of the meat free mussel shell (mshen) is measured. The
protein hydrolysate is heated to 80 °C to deactivate the enzyme. The protein hydrolysate is
centrifuged to remove large impurities before being stored in the freezer at -30 °C for

further analysis.

3.1.4 Degree of digested meat

Enzymatic hydrolysis is a process in which enzymes facilitate the cleavage of bonds

in protein molecules to reduce protein molecular weight (peptides). The performance of


https://en.wikipedia.org/wiki/Hydrolysis
https://en.wikipedia.org/wiki/Enzymes
https://en.wikipedia.org/wiki/Molecules
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the enzymatic hydrolysis is typically evaluated via the degree of hydrolysis (DH) which is

defined as the proportion of cleaved peptide bonds in a protein hydrolysate.

h
x 100 (3.1)

htot

DH (%) =

Where h is the number of hydrolyzed peptide bonds and h,,; is the total number of peptide
bonds present. The most common methods used to determine DH including the pH-stat,
trinitrobenzenesulfonic acid (TNBS), o-phthaldialdenyde (OPA), and formol titration
methods [4]. The pH-stat method is the simplest which bases on the number of protons
released during hydrolysis [4]. The TNBS, OPA, and formol titration methods are based
on the generation of amino groups during the hydrolysis [4]. The accuracy of these methods
is affected by the type of hydrolytic enzymes used, the size of the hydrolyzed peptides, and

the reaction condition [4].

In this study, the enzymatic hydrolysis of whole raw mussels is conducted without pH
control, so it is not possible to determine the DH by the pH-stat method. In addition, whole
raw mussels contain many impurities (organic compounds and mussel beards), so it is not

an ideal environment for titrating the concentration of the generated amino groups.

The concept of the degree of digested meat (DM) is developed in this study. The digestion
of mussel meat means that the insoluble protein in mussel meat is turned into soluble
protein in hydrolysate by the cleavage of peptide bonds. The degree of digested meat is

defined as the ratio of digested mussel meat to the total mussel meat. In effect the degree
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of digested meat is an estimation of DH, while it may not capture the protein cleavage to
the smallest peptide, it does reflect the cleavage of the meat from the shell. In this study,
the efficiency of the enzymatic cleaning of the shells will be evaluated via the DM instead

of the DH.

DM(t) — Arrlmeat — my — My (3 2)
Mpeat My — Mgheq .

Where DM(t) is the degree of digested meat at time t, Am,,,; IS the weight of digested
meat (g), mp,04 IS the total weight of meat (g), m, is the total weight of whole mussel (g),

m;, is the weight of the whole mussel at time t (g), mge IS the weight of mussel shells (g).

To calculate the DM, one needs to know m,, mgpep, and m,. To determine m,, seven
mussels, selected based on similarity in weight and size, are used to represent seven
different sampling points over the 150 min of the hydrolysis experiment, and labelled
sample one (S1) through to seven (S7). All samples 1-7 are placed in the incubator at the
same time, marking the start of the experiment. Sample S1 (m,, s;) is removed at 10 min.
and weighted (m; s,) following the procedure outlined above. All leftover meat on sample
S1 is removed manually to determine the mass of shells in S1 (mgpe) s1). This procedure
is repeated for S2, when the sample is removed at the next time interval, and this continues
until S7 (150 minutes for this set of experiments). The DM at certain time points is
calculated from the obtained information. Finally, the DM curves are plotted as a function

of time. This procedure was followed as taking samples from the same flask with time
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would complicate the measurement of the rate as the mass of meat would be changing with

each sampling interval.

Table 3 - 3: Arrange of prepared samples for one experiment

Sample

Initial
mass (g)

Time
(min)

Mass at
time t (g)

Mass of
shells (g)

DM

S1 S2 S3 S4 S5 S6 S7
Mo_s1 Mo _s2 Mo _s3 Mo _s4 Mo _s5 Mo _se Mg _s7
10 20 30 40 60 80 110
My 51 My s2 My s3 My g4 My g5 My g6 My g7

Mghell S1 Mshell S2 Mghell_S3 Mghell_S4 Mshell S5 Mshell_S6 Msghell_S7

DMg;  DMs; ~ DMgz;  DMg,  DMgs DMss DMg;

S8

mg sg

150

my¢ sg

Mghell_Ss

DMggq

3.2 Kinetic models for enzymatic hydrolysis of fish protein:

The hydrolysis is conducted on the entire mussel instead of ground mussel meat, so it could

be considered a heterogeneous reaction. Therefore, the rate of hydrolysis is affected by the

hydrolysis mechanism (e.g. inhibition, competition etc.), mixing efficiency, contact area of

enzyme and substrate, diffusion, and types of protein in mussel meat. This study aims to

develop a kinetic model to predict the DM as a function of time as a function of initial

substrate and enzyme concentration. As outlined in chapter 2, kinetic models developed to
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predict DH are modified to predict DM instead of DH. All three models reviewed in chapter

2 would be tested for experiment data in this study.

The Peleg model was investigated for predicting the DH of the hydrolysis of channel catfish

(Ictalurus punctatus) by-product using a range of enzymes at different reaction conditions

[5].

t
DH(t) = ——— .
© K; + K.t (3.3)
Where DH (t) (%) is the degree of hydrolysis at time t, t is the hydrolysis time (min), K is
Peleg’s rate constant relating to the degree of hydrolysis at the very beginning, and K> is
Peleg’s capacity constant relating to a maximum degree of hydrolysis. In this study, the
variable DM is substituted for DH and the Peleg equation predicting the DM of the

hydrolysis of mussel is indicated as followed.

t
DM(t) = —— ,
© Ki + K.t (3.4)
Marquez and Fernandez proposed an exponential model which was later modified by
Gonzalez-Tello and Camacho to describe the hydrolysis of vegetable and whey proteins in

a batch reactor [6].
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d(DH) _
TR EXP[—b.DH] (3.5)

The integrated form of equation Error! Reference source not found. is a logarithmic

equation as followed.

1
DH = =In (1 + abt) (3.6)
Where DH (t) (%) is the degree of hydrolysis at time t, ‘a’ and ‘b’ are kinetic parameters.
‘a’ and ‘b’ consist of a group of kinetic constants which depend on the kinetic mechanisms,
which was published by Qi and He [7]. For different mechanisms, it could be observed that
‘a’ depends on the initial enzyme and substrate concentration, while ‘b’ only depends on

the initial substrate concentration.
In this work, it is implied the substitution of the DM for the DH. The variable DM was

used instead of DH, as indicated in following equations.

d(DM) _
O EXP[—b.DM] (3.7)

1
DM = +In (1 +abt) (3.8)
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The final model is selected to fit experimental data is the first-order kinetic model. This
model was investigated for the enzymatic hydrolysis of waste products of Atlantic cod
(Gadus morhua) processing at different initial substrate and enzyme concentrations by
using an enzyme specimen hepatopancreatine [8]. Amino nitrogen is a product of
enzymatic hydrolysis. The enzymatic hydrolysis efficiency could be estimated by the
accumulation of amino nitrogen in the hydrolysate instead of the DH. An assumption of a
first-order reaction and no enzyme autolysis during the reaction, the equation Error!
Reference source not found. was used to predict the amino nitrogen accumulation with

time.

Ca = Cawo(1 — e70) 3.9)

Where C, is the amino nitrogen concentration at time t, C»., is the value of C, at t—oo, k
is the rate constant, and t is time (min). The model did not fit the experimental data for the
entire length of the experiment due to enzyme autolysis and the substrate inhibition.
However, it could be used to fit the experimental data of the enzymatic hydrolysis of
mussels because it is assumed that there is not enzyme autolysis or any inhibition in the
hydrolysis process of mussels. This assumption based on the composition of mussel meat
which mainly contains water and protein. The content of lipid which could be an inhibitor

of in mussel meat is very low, less than 2 wt.% [9].

DM = DM, (1 — ek (3. 10)
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3.3 Characterizations analysis - Solubilized protein concentration of hydrolysate

Solubility is the an important functional property of a protein hydrolysate as this parameter
relates to many different properties such as surface hydrophobic (protein—protein) or
hydrophilic (protein—solvent) interaction [10][11]. After hydrolysis, the hydrolysates of
mussel meat were more soluble than native proteins. The hydrolysates are a value-added

by-product which could be utilized in fishmeal industry.

Figure 3 - 5: Mussel proteins hydrolysate

As stated above, it was observed that most of protein in the obtained hydrolysates were
soluble, as such the Bio-Rad Protein Assay based on the method of Bradford method was
used to determine concentration of these solubilized proteins. The hydrolysate does not
contain any interfering agents which could potentially affect the results of the Bio-Rad
Protein Assay. The Bio-Rad Protein Assay is a dye-binding assay which measures various
concentrations of protein based on a differential color change of a dye. This analysis was

performed for all obtained hydrolysates at different reaction condition.
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CHAPTER 4 — RESULTS AND DISCUSSION

4.1 Effect of the initial enzyme and mussel age (or substrate concentration) on

hydrolysis of raw marketable mussel

In this section, the effect of the initial enzyme (Eo) and substrate (So) concentration on the
hydrolysis of whole raw mussels (marketable) is discussed. The extent of hydrolysis is

captured in measurement of the DM at a constant temperature of 50 °C and neutral pH.

To assess the significance of the effect of Eo, and S, on the DM an analysis of variance
(ANOVA) is used. At a constant S, of 125 g/L, Eo was varied from 62 to 250 pL/L and
ANOVA used to compare the DM over the hydrolysis period (Table 4 - 1). For the

experiments where S, was varied, the Eo was set at 125 puL/L (Table 4 - 2).

Table 4 - 1: ANOVA of the DM when hydrolyzing mussels at different Eo

Fraction of DM

Time (min) Mean square p-value
10 0.0078 3.9E-07
20 0.0596 4.5E-10
30 0.0751 6.1E-10
40 0.1088 3.9E-10

60 0.1037 2.2E-10
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80 0.0715 2.4E-10
110 0.0510 2.7E-09
150 0.0496 1.3E-10

Table 4 - 2: ANOVA of the DM when hydrolyzing mussels at different S,

Time (min) Fraction of DM p-value
Mean square
10 0.00425 7.6E-06
20 0.00561 1.9E-06
30 0.00561 1.9E-06
40 0.04711 6.5E-10
60 0.03560 1.6E-09
80 0.03126 4.0E-09
110 0.06667 5.5E-06
150 0.04711 6.5E-10

The p-values represent the probability that E; and S, impact the final DM. The p-values
indicate that both the initial enzyme and substrate concentration have a significant effect

on DM over the entire hydrolysis period as p-values are less than 0.05.
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Error! Reference source not found. summarizes the DM as a function of E, and time. As
Eo increases from 62 pL/L to 250 pL/L, or Eq:So increases from 0.5 pL/g to 2.0 uL/g, the
DM increases and reaches values close to 95%. The results imply that the DM during
enzymatic protein hydrolysis is proportional to Eo. This is not unexpected as enzymes
represents “sites” for reaction so as enzyme concentration increases there are more

available active reaction sites.
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Figure 4 - 1: The fraction of DM during the hydrolysis period under different initial

enzyme concentration (So = 125 g/L, T =50 °C, Neutral pH, 160rpm)
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Error! Reference source not found. outlines the DM as the function of S, and time.
Increases in S, reduces the DM or the DM is inversely proportional to So. Given the amount

of meat is increasing this is expected as the ratio of Eo:So governs the rate of reaction.
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Figure 4 - 2: The fraction of DM during the hydrolysis period under different initial

substrate concentration (Eo = 125 pL/L, T =50 °C, Neutral pH, 160rpm)

It should be noted at the low Eo:So ratios (e.g., Eo:So < 1.25 pL/g), the DM potentially could
continue increasing as demonstrated in the experiments carried out past 150 min, Figure 4
- 12. whereas Eo:So > 1.25 pL/g the DM appears to flatten out in 150 min. The impact of
this will be discussed in more detail later. In addition to the Eo:So ratio, there are other
factors that impact the rate and DM. For the above experiments, whole raw mussels (with

meat) were used, and first stage of hydrolysis the reaction occurs only on the surface of
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mussel meat. In addition, the adductors hold two parts of the mussel shells quite close
together, as the reaction proceeds the adductors are hydrolyzed. As such, initially the rates
of reaction and DM are less dependent on the Eo:So and as the adductors breakdown the

mussel opens, and the DM is driven by Eo:So.

These results are important as higher values of DM may be associated with the quality and
nutritional value of the hydrolysate in addition to the performance of the removal process
[1]. The higher DM reflects the hydrolysis of the larger insoluble proteins to more soluble
lower molecular weight peptides, which are required for food products, but does not reflect
the proportion of protein bonds cleaved relative to the total number of bonds that could be

cleaved or available for hydrolysis (defined as degree of hydrolysis).

In summary, both E; and S, have an effect on the final DM, and the rate of the hydrolysis.
DM is also related to the chemistry of the obtained hydrolysate and as well as an indicator

of rate of hydrolysis.

4.2 Model validation for the enzymatic hydrolysis of whole raw marketable size

mussels

In this section, the models outlined in chapter three are tested. The relation between kinetic
constants and the Eo:So ratio is also assessed. The model prediction and the results of
experiments are compared to determine the most suitable model. It should be noted the data
from very large oversize or aged mussels (So = 175 g/L) was not used as it was observed
in these experiments many large pieces of insoluble mussel meat were suspended in

hydrolysate which would skew the measured DM.
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4.2.1 The Peleg equation (1988)

The Peleg equation is outlined below and has been modified for DM (vs DH):

t

DM = ————

(4.1)

Where DM (t) is the DM at time t, t is the hydrolysis time (min), K1 is Peleg’s rate constant
relating to the DM at the initial stages of hydrolysis, and K> is Peleg’s capacity constant
relating to the maximum DM. A lower K translates to higher DM in the initial stage of the
hydrolysis. A lower K, translate to a higher final DM. So, the lower K; and K, would mean

higher hydrolysis rates. Again, in this study, we are using DM as a surrogate for DH.

t
t—0: DM~o— (4.2)

t—> ow: DM~— (4.3)

Peleg’s equation (4. 1) is used to fit hydrolysis curves under various conditions of E, and

So. The results are shown in Figure 4 - 4 and Figure 4 - 3.
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Eo =250 pL/L; Eo/So = 2.0 uL/g

Eo =188 pL/L; Eo/So = 1.5 pL/g

- Eo=125pL/L; EofSo = 1.0 pL/g
" Eo=62 uL/L; Eo/So = 0.5 uL/g

0 50

Time (min)
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Figure 4 - 4: Kinetic curves for the fraction of DM. Symbols represent for experimental

data; lines are the Peleg model predictions. The concentrations of the enzyme are indicated

in the curves. Sp = 125 g/L

Fraction of DM

g} So =100 g/L, Eo/So =1.25

So =125 g/mL; Eo/So = 1.00 pL/g

_--# So=0.175g/mL; Eo/So = 0.71puL/g
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Figure 4 - 3: Kinetic curves for the fraction of DM. Symbols represent for experimental

data; lines are the Peleg model predictions. The concentrations of the substrate are

indicated in the curves. Eq = 125 pL/L



89

The data fit the Peleg equation well, having all R? higher than 0.97. Peleg’s constants, K1

and Ko, are estimated and shown in

Table 4 - 3. The lowest K is obtained at E, of 250 pL/L and S, of 125 g/L at which it has
the highest rate of hydrolysis in the initial stage. The lowest Kz is at E, of 125 pL/L and So

of 100 g/L. These results correlate with the definitions of K1 and Ko.

Table 4 - 3: Kinetic constants of the Peleg model; correlation coefficient (R?), root mean

square error (RMSE) for assessing adequacy of the model

Se(gll) Eo(uLL) K, K, R? RMSE
125 62 1050  0.778 0.9822  0.0337
125 125 69.8 0.839 0.9915  0.0258
125 188 50.3 0.840 0.9828  0.041

125 250 26.2 0.837 09754  0.0568
100 125 53.7 0.745 0.9861  0.0387
125 125 6.7 0.839 0.9915  0.0258
150 125 82.9 0.893 0.9959  0.0158

It is observed that Ky is proportional with So and inversely proportional with Eo. K2 shows
the opposite behavior. If the relationship between Ky and Kz and Eq:S, can be established,

the Eo:So ratio can be used to predict the K values.
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Plotting K1 and Eo:So gives a good linear equation with a high R? of 0.97, Figure 4 - 5.

E
K, = —=50.7 x S—° +123.95 (4. 4)

(0]

120
100
80

40
20

0 0.5 1 15 2
E/JS,

Figure 4 - 5: Variation of K for different Eo/So values

However, there is not a similar fit, linear or otherwise, between K and E,:So. As defined
above, K> is Peleg’s capacity constant relating to the maximum DM, but as noted above
experiments with a low Eo:So were not run for a long enough to reach the maximum DM.

This will skew the values of Ko.

4.2.2 The exponential equation

In order to see if a better fit could be obtained, the exponential equation was used. As
discussed previously, this has been commonly used in the kinetic study of protein

enzymatic hydrolysis [2].
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1
DM = =In (1 + abt) (4.9)

The fit of the exponential equation with the experimental data in this study is shown in

Figure 4 - 7 and Figure 4 - 6.

Fraction of DM

P So =100 g/L; Eo/So = 1.25 pL/g

5 //i’/"/ " 8,=125g/L; E/So= 1.0 uL/g
s~ Se=1500/L; Eo/Se =0.83 pL/g
" e e So=175glL; EofSo = 0.71 pL/g
4t ; e F
0 SIU l(.)U i.;U
Time (min)

self-reference..

Figure 4 - 6: Kinetic curves for the fraction of DM. Symbols represent for experimental
data; lines are the exponential model predictions. The initial substrate concentrations are

indicated in the curves, Eo = 125 pL/L

The model fit the exponential model well, having all R? higher than 0.95, but the fit was
not as good as the Peleg model. The values of kinetic parameters ‘a’ and ‘b’ corresponding
to experiments conducted at different E, and S, are determined through non-linear

regression analysis in accordance with the equation (4. 5), Error! Not a valid bookmark
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Figure 4 - 7: Kinetic curves for the fraction of DM. Symbols represent for experimental

data; lines are the exponential model predictions. The initial enzyme concentrations are

indicated in the curves. So = 125 g/L

Table 4 - 4: Kinetic parameters ‘a’ and ‘b’ of the exponential model; correlation

coefficient (R?), root mean square error (RMSE) for assessing adequacy of the model.

So(g/L)  Eo(uL/L) a b R? RMSE
125 62 0.010 2.054 0.9787 0.0369
125 125 0.016 2.510 0.9875 0.0313
125 188 0.024 2.713 0.9756 0.0489
125 250 0.055 3.225 0.9546 0.0771
100 125 0.022 2.318 0.9819 0.0443
125 125 0.016 2.505 0.9876 0.0312
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150 125 0.014 2.643 0.9951 0.0174

As discussed, and outlined in Table 2- 4, the relationship ‘a’ and ‘b’ to reaction rate
constants (e.g., Km) depends on a proposed mechanism if there is substrate and/or product

inhibition.

In the case of parameter ‘a’, ‘a’ increases with decreasing So and increasing Eo. The good
fit of ‘a” with Eo:So is linear, R? > 0.85, indicated in Figure 4 - 8. It matches with the

behavior of ‘a’ in terms of a no inhibition mechanism [2].

E
a= 0.0286 x S—° — 0.0106 (4. 6)

o

0.06
0.05
0.04

a (min1)
o
o
w

0.02
0.01

0 0.5 1 15 2
E/S,

Figure 4 - 8: Variation of parameter ‘a’ for different Eo/S, values

In theory, ‘b’ should be constant for the no inhibition mechanism and proportional to So

for the other mechanisms outlined in Chapter 3 [2]. However, it is observed that “b”
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increases with So. The lack of agreement between the trend in ‘b’ is potentially a result of
our use of DM versus DH. DH reflects all peptide cleavages from peptide cleavages of
insoluble proteins and cleavages of soluble proteins in the hydrolysate. In our work, DM
considers only the initial peptide cleavages to insoluble proteins (mussel meat). As such,
any inhibition by-products may not be captured in the measurement of DM, thereby
impacting the determination of ‘b’. This impacts the accurate determination of the
constants used in scale-up. Although, the relation of parameter ‘b’ and Eo:So could not be
established, no inhibition mechanism is proposed because of the confident relation of

parameter ‘a’ and Eq:So.

4.2.3 First-order Kinetic equation
Again, given the limitations of the Peleg and exponential model, a first-order Kkinetic
equation discussed in chapter three is used. The following equation can describe the

increase in the DM:

DM = DM (1 — ekt 4.7)

Where DM, is the value of DM for t—oo, k is the rate constant, and t is the time (min). The
experimental data and the calculated data are compared in Figure 4 - 10 and Error!

Reference source not found..
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Figure 4 - 10: Kinetic curves for the fraction of DM. Symbols represent experimental
data; lines are the first-order kinetic model prediction. The concentrations of the enzyme

are indicated in the curves. So = 125g/L
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Figure 4 - 9: Kinetic curves for the fraction of DM. Symbols represent for experimental

data; lines are the first-order model predictions. The types of mussel are indicated in the

curves. Eo = 125 pL/L
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The first-order equation showed a good fit to all experimental data, with the R? higher than

the previous two models. DM, and kinetic constants k are estimated by non-linear

regression,

Table 4 - 5.

Table 4 - 5: Kinetic constant and parameter of the first-order model, correlation

coefficient (R?), root mean square error (RMSE) for assessing adequacy of the model.

So (@/mL)  Eo (uL/mL) DM, kx 1073 R-square RMSE

125 62 0.825 11.06 0.9857 0.03024
125 125 0.834 15.63 0.9944 0.02099
125 188 0.873 19.98 0.9873 0.03531
125 250 0.956 32.12 0.9877 0.04018
100 125 0.960 17.33 0.9889 0.03468
125 125 0.834 15.63 0.9944 0.02100
150 125 0.777 14.12 0.9956 0.01659
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As with the other models, correlating the k and DM., with Eo:S, is required for scale-up
and reactor design. The rate constant k is proportional with the initial enzyme concentration
and inversely proportional with substrate concentration. It matches with the definition of k
as well as the theory of protein enzymatic hydrolysis. The relation of k and Eo:So is

described by an exponential equation (4. 8) with a R?> > 0.97 and shown in Error!

E
k = 0.007389 * exp [0.7204 * (S—")] (4. 8)
o
0.035
n
.03 +
0.025
= (.02 - /:/l
/f
0.015 ,)/'
/’}/
(.01 //_,/) -
0.005 !
0 0.5 1 1.5 2
Eo/So

Figure 4 - 11: Variation of kinetic constant k for different Eo/S, values

Reference source not found..

DM, represents the maximum degree of digested meat. In this work, DM, is proportional
to the initial enzyme concentration and inversely proportional with substrate concentration.
This result is consistent with the theory of enzymatic hydrolysis of protein. However, the

relationship of DM, and Eo:So was inconsistent with respect to trend. This issue is similar
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with the determination of parameter ‘b’ of exponential model where at low Eo:So

experiments were not run long enough to determine the maximum DM. The constant K is

calculated where the rate is changing most significantly in the initial and mid point of

experiments and therefore is not impacted.

It should be noted these experiments could not re-run for extended periods due to the covid

pandemic but will be added for future work. However, in the initial screening studies early

in the experimental work where E, was varied, a run time of 210 min was used to optimize

the sampling procedure. These experiments were not done in duplicate as they were only
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used for screening purposes and not in model development. However, they are useful to
assess the model performance at longer times. The experimental results and models’

prediction in period of 210 min are shown in Figure 4 - 12.

The first-order model predicts the steady state (maximum DM) for different initial enzyme
concentration well, which trend to limit values, while the other models in this study

continue to increase overshooting the experimental values.

In summary, the first-order model fits the experimental data very well. Under the
experiment design of this study, the first-order model is suggested as the best model to
describe as well as to predict the enzymatic hydrolysis of whole raw mussels.

4.3 Protein concentration of hydrolysate obtained from mussel meat hydrolysis

As mentioned above, the obtained hydrolysate could be a potential source of proteins. The
soluble protein concentration quantitation is an integral part of any study involving protein
hydrolysate such as analysis, separation, isolation, and recovery. Bio-Rad protein assay
based on Bradford method is used to determine the concentration of soluble proteins of the

obtained hydrolysate samples, and the results are shown in Table 4 - 6.

Table 4 - 6: Protein concentration of the obtained hydrolysate

Sample No. E, So DM m, Am Protein
Concentration
(KL/L) (9/L) (9) (@) (mg/L)

(P-1) 250 125 0.943 14.93 14.082 518.2
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(P-2) 125 100 0.871 10.45 9.102 204.3
(P-3) 125 125 0.742 14.88 11.041 218.9
(P-4) 125 150 0.682 18.65 12.719 268.4
(P-5) 125 175 0.571 22.70 12.962 364.1

The soluble protein concentration is controlled by the initial enzyme concentration, the
initial substrate concentration, and the size of mussels. The soluble protein concentration
increases with the increase of the amount of digested meat. The hydrolysate with highest
soluble protein concentration is obtained for sample (P-1), 5182 mg/mL. The results are
consistent with the content of protein in mussel meat, approximately 14.5 wt% of protein

in mussel wet meat [3].

However, in this study, the soluble protein concentration in the obtained hydrolysate
solution cannot be directly compared to results in other studies In other studies, the
hydrolysis yield and the soluble protein content were based on freeze-dried hydrolysate [4]
However, it should be noted that freeze drying hydrolysate can impact the quality of the
proteins and therefore both methods should be studied to compare yields and assess impact

on protein profiles.
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CHAPTER 5 - CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions:

Development of green processes to valorize fisheries by-product is critical for the future
sustainability of the industry as a whole. Blue mussel farming is a sustainable fishery with
minimal impact on the environment. However, the mussel industry could further enhance
its sustainability by recovering value from the processing by-product and reject mussels.
Waste mussel shells are a rich source of bio-calcium carbonate and proteins. Enzymatic
hydrolysis of waste mussel shells to value added products offers a simple and
environmental-friendly process due to the mild operating conditions and zero waste
streams. In this thesis, we used Multifect PR 6L to hydrolyze mussel meat of raw mussels.
The literature review shows that waste mussel shells in general are underutilized and
kinetics of the meat removal process by using enzymatic hydrolysis is not well studied.
Mussel shells is primarily mineral rich, consisting largely of calcium carbonate (CaCQO3),
which has been demonstrated to have a potential for various applications. Mussel meat in
waste mussel shells is also a rich source of protein that could be exploited for fishmeal

production.

In this study, the enzymatic hydrolysis of raw mussel was carried out by using Multifect
PR 6L enzyme and ap water at temperature 50 °C and neutral pH. The initial concentration
of substrate and enzyme was varied to evaluate effects the rate and extent of hydrolysis.
The performance of hydrolysis process was measured using the degree of digested meat

(DM) instead of the degree of hydrolysis (DH). Increasing initial enzyme concentration led
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to an increasing rate and final DM while the increasing initial substrate concentration
resulted in decreasing rate and DM. The higher the enzyme concentration the more sites
for reaction, whereas higher initial substrate concentrations not only require more enzyme
but also can limit mass transfer thereby slowing the rate of hydrolysis. The highest DM
was obtained in these experiments at Eo; = 250 puL/L and So = 125 g/L or an Eq:So of 2. A
first-order kinetic model which assumed no inhibition and no autolysis of enzyme, was
proposed to describe and predict the DM of the hydrolysis process with R? > 0.98. The rate

constant can be predicted based on the Eo:So ratio:

—0.007389*exp[0.7204*(§—g)]t)

DM (t) = DMy, (1 —e

The concentration of soluble proteins in the obtained hydrolysate was measured by Bio-
Rad protein assay based on Bradford method. The highest soluble protein concentration of
518.2 mg/L was obtained at E, = 250 pL/L and S, = 125 g/L. With these results, it could
not be evaluated the potential of using the obtained hydrolysate for fishmeal production.
However, this is a preliminary assessment for further analysis as well as the protein

recovery.

5.2 Future Recommendations:

The actual mechanism of the hydrolysis of mussels would be useful to give a fuller picture

of the rate. Future recommendations for this work are summarized as follows:
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Extend the experimental time of the hydrolysis process for very low Eo:So to get a

better estimate of the maximum DM (DMw). This will allow an equation to be

developed to predict DM« as a function of Eq and Se.

Perform experiments based on the optimal reaction conditions on broken mussels
to confirm if the mass transfer and the adductor limit the reaction rate.

The hydrolysate quality is a function of protein content and protein distribution.
Many studies freeze dry the hydrolysate before analysis. This can impact the protein
quality. As such, both the freeze dried and “wet” hydrolysate should be compared

for protein distribution (amino acids).



