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1141 environmentally friendly, safe and cost-effective
alternative to the traditional approach
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Removal of minerals from crustacean shells during chitin extraction is traditionally achieved using hydro-
chloric acid. However, the environmental, health and safety concerns of hydrochloric acid have led to
investigation of potential alternatives for this application. In most previously reported studies using other
acids, the residual ash content in the demineralized shells could not be reduced to below 1%, which is
required for high-grade applications of chitin. In the present study, near-complete demineralization of
Pandalus Borealis shells was achieved using citric acid through one-step and two-step processes within
2 hours at room temperature. Fresh shrimp shells were pretreated by thorough grinding and washing. In
the one-step demineralization, a residual ash content of 0.59% was obtained by treating the shells with
twice the stoichiometric amount of citric acid for 2 h. The residual ash content was further reduced to
0.19% with implementation of a two-step process, in which the majority of minerals in the shells were first
dissolved within 35 min using 1.5 times the stoichiometric amount of citric acid, followed by the second
demineralization using 8 times the stoichiometric amount of citric acid for 60 min. The two-step process
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consumed a lower amount of citric acid in comparison to the one-step process (approx. 13.8% less 50%
citric acid for every 1000 kg of fresh shrimp shells processed). The low residual mineral content achieved
was comparable to the conventional process using hydrochloric acid, indicating the potential of using
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Introduction

Northern shrimp (Pandalus borealis) is an important species in
the fishery industry in Newfoundland and Labrador. In 2019,
the total landing volume of shrimp was 39 874 t (35.3% of the
total shellfish landing) with a landing value of $196 million."
Approximately one quarter of the harvested shrimp is exported
as cooked and peeled. During shrimp processing, a large quan-
tity of shells is produced as by-products, which are an abun-
dant source of chitin. Chitin is a natural polysaccharide that
largely exists in fungi and exoskeletons of arthropods (crus-
taceans and insects). Chitin and its deacetylated derivative,
chitosan, have been reported with an impressive range of
applications in medical, environmental, cosmetic, food and
nutrition industries.>”

Extraction of chitin from shrimp shells involves the removal
of minerals, fats, proteins and pigments. Traditionally, shrimp
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citric acid for demineralization of shrimp shells to produce premium-quality chitin.

shells are dried to prevent spoilage, and ground to homogen-
ize the raw materials and reduce its volume in preparation for
chitin extraction.® Minerals (mainly calcium carbonate) are
removed through reaction with inorganic or organic acids.”
Proteins are usually removed from the shells by incubation in
a sodium hydroxide solution at elevated temperatures, and the
denatured proteins are separated from chitin through centri-
fugation. Finally, depigmentation is performed for the chitin
obtained after demineralization and deproteination, which
is commonly achieved using alcohols, organic solvents or
peroxides.

The requirement of residual ash content in food-grade
chitin is <2.5%."* For higher-grade applications, such as pro-
duction of chitosan, the residual ash content should be <1%."*
Hydrochloric acid (HCI) is the most commonly used acid in de-
mineralization of shrimp shells due to its low cost, wide avail-
ability and high efficiency. However, there are many environ-
mental, health and safety concerns due to its extreme corro-
siveness and respiratory hazards, particularly when used in
remote areas with limited emergency response and water treat-
ment capabilities. Furthermore, the use of HCI for de-
mineralization has been reported to result in damaged mole-
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cular structure, reduced molecular weight and decreased
degree of acetylation that negatively affect the intrinsic pro-
perties of the purified chitin.'> A number of studies have been
performed to reduce the amount of hydrochloric acid required
to achieve <1% residual ash content.’®™ It was found that tra-
ditionally used concentrations of HCl (3-7%) are in a large
excess and much lower concentrations are sufficient.
Depending on the thickness of shells and particle size, as well
as whether deproteination is performed prior to de-
mineralization, the concentration of HCl may be further
reduced. For example, in our preliminary study (data not
shown) the HCI amount was reduced by >80% through pre-
treatment of shells, resulting in a significant reduction of
overall reaction volume in demineralization.

Organic acids, mainly including formic acid, citric acid,
lactic acid and acetic acid, have been investigated as alterna-
tives to HCI for demineralization of crustacean shells.®?%!
Formic acid is corrosive and has severe health concerns.
During the reaction of calcium carbonate with formic acid,
calcium formate is produced, which is widely used as a feed
additive to provide antifungal and antibacterial effects by acid-
ification.>> However, calcium formate is not approved for use
in human food in the EU and many other countries.>® This
renders formic acid unsuitable for production of food-grade
chitin and food-grade protein concentrates. Acetic acid is rela-
tively harmless in dilutions of <10% (e.g. household vinegar).
However, it is a category 2 flammable liquid at higher concen-
trations and requires dangerous goods transportation, temp-
erature and explosion-proof storage and ventilation, as well as
appropriate worker safety measures. Concentrated acetic acid
is corrosive to metals and tissues and poses a breathing
hazard. In addition, its pungent vinegar odor causes aggrava-
tion of airway, and is difficult to remove from chitin after de-
mineralization. Lactic acid has been widely applied in indus-
tries including food, pharmaceuticals and cosmetics. It can be
used as a descaling agent to remove hard water deposits
through reaction with the minerals such as calcium carbonate.
However, concentrated lactic acid is corrosive to metals and
can cause serious eye damage and skin irritation. Similar to
acetic acid, lactic acid also has an acrid odor. It is reported as
category 1 flammable, category 2 health hazardous and is toxic
to human at high concentrations.

In comparison to other acids commonly used in extraction
of chitin, citric acid is by far the least toxic. Citric acid is a
naturally occurring metabolic intermediate vital to the tricar-
boxylic acid cycle respiration pathway in all animal and plant
cells. It is non-flammable, non-explosive and safe without reac-
tivity hazards. Citric acid has few health hazards and does not
have any known sensitizing mutagenic carcinogenic or repro-
ductive effects. Ameh et al. performed demineralization of
shrimp powder (<250 pm particle size) using citric acid with
concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5 M at a shell : water
ratio of 1:13 and reported 3% of residual ash in the chitin
obtained from the use of the stoichiometric amount of citric
acid (0.2 M).® They also reported the reduction of residual ash
levels to around 2% after 15 min of reaction using the two

M42 | Green Chem., 2022, 24, 141-1151

View Article Online

Green Chemistry

highest concentrations (0.4 and 0.5 M). Zhao et al. subjected
dried shrimp shells (particle size 0.355 nm) to 10% citric acid
for demineralization and reported 1.85% of residual ash in the
chitin."? Guo et al. extracted chitin from minced shrimp heads
(Pandalus Borealis) and reported 2.1% of residual ash in the
chitin after treatment of shells with 10% citric acid for 2 hours
at a solid: liquid ratio of 1:6.25.'° Baron et al. treated dried
and ground shrimp cuticles from Litopenaeus vannamei with
formic, acetic, and citric acid.'’ The reaction dynamics were
investigated at 9, 15, and 360 min of reaction time at reaction
temperatures of 20 °C, 30 °C, and 40 °C. At the stoichiometric
ratio, the use of citric acid resulted in the lowest residual min-
erals of 1% in the demineralized shells.

So far, demineralization of shrimp shells has been per-
formed using moderate concentrations of citric acid within
10% (v/v).”'>2%** However, to our best knowledge, there have
been rare studies reported about demineralization of shells to
<1% of residual ash. To our best knowledge, demineralization
was performed in a one-step process in all previously reported
research on extraction of chitin from shrimp shells, and the
acid was in large excess in most studies. In the present study,
for the first time, a two-step demineralization process using
citric acid was developed to maximize the removal of minerals
and minimize the amount of acid required (Fig. 1). Different
from the traditional approach of drying and grinding the
shells prior to chitin extraction, fresh shrimp shells were used
in this study as they were received. The shells were intensively
pretreated to remove most loose proteins and reduce the par-
ticle size before demineralization. The aim of this study is to
achieve near-complete demineralization under non-hazardous
and environmentally benign conditions through combination
of a thorough pretreatment with a two-step demineralization
process. This process was compared to demineralization using
HCI with the stoichiometric amount to evaluate the potential
of citric acid as an alternative to HCI.

Materials and methods
Chemicals and materials

Fresh shrimp shells were collected from the local shrimp pro-
cessing plant in Newfoundland. The shells were chilled on ice
and transported to the bioprocessing pilot plant, Fisheries and
Marine Institute of Memorial University of Newfoundland, and
immediately processed once received.

Food-grade citric acid and hydrochloric acid (20° Be, indus-
trial grade) were purchased from Eastchem Inc., St John’s,
Canada. The chemicals used for proximate analysis were pur-
chased from VWR Canada and all in analytical grade.

Proximate analysis

The proximate composition of pretreated shrimp shells was
analyzed following the standard method of the Association of
Official Analytical Chemists International (AOAC).>® Ash and
moisture levels were determined according to standard dry
ashing and moisture procedures (AOAC 938.08 and 930.15).

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Experiment design of demineralization of shrimp shells using citric acid.

The content of lipids was determined using the Soxhlet
method (AOAC 948.15). The nitrogen content (Npo and
Nchitin) Was determined using the Kjeldahl method (AOAC
954.01). Npo was measured using the pretreated shells.
Nechitin Was measured using the pretreated shells after chemical
deproteination (incubation of the pretreated shells in 3.5%
NaOH solution at a 1:10 solid/solution ratio and 60 °C for
3 hours). For the calculation it was assumed that the chemical
deproteination efficiency was 100%, and the obtained chitin
was 100% acetylated. The nitrogen content derived from pro-
teins in the pretreated shells (Npyotein) Was calculated as Nepoga—
Nchitin- The protein content was calculated as Np;otein X 6.25.

Pretreatment of shrimp shells

The shrimp shells were pretreated on pilot-scale to remove
loose proteins and other impurities and achieve a homo-
geneous particle size. An amount of 253.65 kg of shrimp shells
was processed via thorough grinding, washing and pressing,
resulting in 82.3 kg of pretreated shells with a homogeneous
particle size of 1.4 mm. The grinding led to significant
reduction of the shell volume which needs to be handled in
further downstream processing and the resulting reduction of
tank size and chemical use. The weight of shells was reduced
by 67.6% (wet basis) after pretreatment. A large amount of
loose proteins and moisture were removed from the shells by
grinding, washing, and pressing. In addition, some minerals
and chitin were also lost into the wastewater. The solid in the
wastewater was recovered and freeze-dried, followed by the
composition analysis. The solid contained moisture, ash,
lipids, proteins, salt, chitin and astaxanthin (the detailed ana-
lysis results will be discussed in our future publication). The
main difference between a conventional process without shell
pretreatment and the process in the present study is that the

This journal is © The Royal Society of Chemistry 2022

native shrimp proteins and pigments can be recovered after
our pretreatment, which are denatured and lost in the tra-
ditional approach.

The pretreated shells were stored at —28 °C in 1.5 kg
sample size until further use. The same batch of pretreated
shells was used for all demineralization experiments.

Determination of the citric acid volume

The amount of citric acid used in demineralization of shrimp
shells was calculated using the stoichiometric reaction
equation (eqn (1)), based on the assumption that all mineral
deposits in the shrimp shells are calcium carbonate.
According to the moisture and ash content (Table 1), 200 g of
pretreated shells contained 30.94 g of calcium carbonate. The
demineralization reaction is an acid/base reaction between
calcium carbonate and citric acid, producing calcium citrate,
carbon dioxide (CO,) and water (H,0). The overall equation is:

3 CaCO; (S) + 2 H3CgH50- (aq)
- Cag(c6H507)2 (aq) + 3 H,O (l) + 3 CO, (g) (1)

By stoichiometric calculation, the theoretical amount
required to demineralize 200 g of pretreated shells is 39.578 g
pure citric acid or 79.16 ml of a 50% citric acid solution. In the
present study, this amount of citric acid was labelled as “1x”.
When using an excess of citric acid, the amount was labelled
based on the stoichiometric amount. For example, a 1.5x de-
mineralization would be 200 g shells treated with 118.74 ml of
50% citric acid.

Demineralization of shrimp shells using citric acid

One-step demineralization. An amount of 150-200 g of pre-
treated shells was mixed with distilled water at a ratio of 1:7

Green Chem., 2022, 24, 141-1151 | 1143
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Table 1 Proximate composition of pretreated shrimp shells (dry weight
basis)

Proximate composition (%) Pretreated shells”

Ash 43.61 + 0.10
Nrotal 4.85 + 0.06
Ncnitin 2.81 +0.03
NProte.in 2.04
Proteins 12.75
Lipids <1%”
Chitin 42.6-43.6°

“The moisture content of the pretreated shells (wet weight basis) was
64.53 + 0.35%. ”Undetectable by Soxhlet analysis. °Estimated as
(100% - ash - proteins - lipids). The lipid content was assumed as
0-1%.

in a 2.5 L beaker. The solution was stirred for a few minutes
until a homogeneous mixture was obtained. The pre-
determined volume of 50% citric acid was added stepwise to
avoid excessive foaming. The mixture was stirred at room
temperature (21 °C) for the predetermined reaction time using
a EUROSTAR 60 overhead stirrer (IKA Works Inc, Wilmington,
NC, USA) with R 1382 Propeller stirrer, 3-bladed (IKA Works
Inc, Wilmington, NC, USA). The pH of the mixture was moni-
tored using a HQ40D portable multi-meter (HACH, London,
ON, Canada). In-process samples were taken at various time
throughout the demineralization process and strained through
a 0.5 mm sieve, thoroughly washed and repeatedly hand-
pressed for 5 min under running water. The collected samples
were dried at 105 °C for 24 h, and analyzed for residual ash
content (dry weight basis).

The control experiment using HCl was performed by
mixing the pretreated shells with the stoichiometric amount of
HCI (20° Be) and following the same steps as described above.

Two-step demineralization. In step 1 of the two-step de-
mineralization process, the scale of the reaction was increased
by 15-20-fold of the size of one-step demineralization
(150-200 g of shells). An amount of 3 kg shells was mixed with
distilled water and 1781 mL of 50% citric acid (1.5x the stoi-
chiometric amount) to reach a total reaction volume of 21 L in
a 40 L stainless steel pot. Agitation of the mixture was carried
out using a EUROSTAR 60 overhead stirrer (IKA Works Inc,
Wilmington, NC, USA) with a custom-built, 3-bladed propeller
stirrer with 10 cm diameter. The pH of the mixture was moni-
tored using a HQ40D portable multi-meter (HACH, London,
ON, Canada). The reaction was stopped after 35 min and the
shells were strained through a 0.5 mm sieve, briefly washed,
hand-pressed, and frozen in 150 g sample size. The total
amount of shells recovered was approximately 1.8 kg, indicat-
ing a 40% weight reduction.

In step 2, the remaining mineral deposits in the deminera-
lized shells after 1st step were further removed using 50%
citric acid with a concentration ranging from 1x to 20x. A
portion of 150 g of shells was mixed with distilled water and
the predetermined volume of 50% citric acid to a total volume
of 1.5 L. The mixture was stirred constantly at room tempera-
ture. The samples were collected at 30 min and 60 min,
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Fig. 2 Structure of chitin.

strained through a 0.5 mm sieve, thoroughly washed and
repeatedly hand-pressed for 5 min under running water. The
collected samples were dried at 105 °C for 24 h, and analyzed
for residual ash content (dry weight basis).

Analysis of degree of acetylation of chitin

The degree of acetylation (DA) of chitin in the samples
obtained after two-step demineralization and enzymatic depro-
teination was determined using solid-state "H and "*C Nuclear
Magnetic Resonance (NMR) spectroscopy at Centre for
Chemical Analysis, Research and Training, Memorial
University of Newfoundland. The NMR spectra were obtained
at 298 K on a Bruker Avance II 600 spectrometer equipped with
a SB Bruker 3.2 mm MAS triple-tuned probe operating at
600.33 MHz for 'H and 150.97 MHz for **C spectroscopy. The
chemical shifts were referenced to tetramethylsilane (TMS)
using adamantane as an intermediate standard for '*C
spectra. The *C{'H} cross-polarization (CPMAS) spectra were
collected with a Hartmann-Hahn match at 62.5 kHz and 100
kHz 1H decoupling, with a contact time of 2 ms, a recycle
delay of 3 s and 1 k scans. The spectra were deconvoluted and
integrated using MestReNova.

The DA of chitin was calculated using the relative intensi-
ties of the resonances of the methyl carbon (Icy3) and other
carbons (Icy, Ic, Ics, Ica, Ics and Ige) in chitin (Fig. 2) following
the method developed by Ottay et al.:>®

DA (%) =1Icus/((Ici + 1o +1Ics +1Ica +1cs +1c6)/6)  (2)

Statistical analysis

Proximate analysis and one-step demineralization experiments
were performed in triplicates. Two-step demineralization
experiments were carried out in quadruplicates. The data were
analyzed with analysis of variance (ANOVA) at 95% confidence
level using Minitab 17.3.1.

Results and discussion
Proximate composition

The proximate composition of the pretreated shrimp shells is
shown in Table 1. Shahidi and Synowiecki reported that the
protein content of dried Pandalus borealis processing materials
was 41.90%.%” Kim et al. claimed 12.19% lipids and 44.50%
proteins in freeze-dried Pandalus borealis by-products.”® Dave
et al. reported that the cooked shells of Pandalus borealis con-

This journal is © The Royal Society of Chemistry 2022
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tained 8.12% lipids and 50.65% proteins (dry weight basis).>
The amount of lipids and proteins of the pretreated shells in
the present study (<1% and 12.75%, respectively) was signifi-
cantly lower in comparison to the previously reported research,
due tothe removal of loose proteins and lipids by thorough
grinding and washing during the pretreatment. The estimated
chitin content in the present study is 42.6-43.6%. In the study
by Shahidi and Synowiecki, the chitin content in dried
Pandalus borealis processing materials was 17.01%.>” Rodde
et al. reported 17-20% of chitin in dried Pandalus borealis
shells, which contained 33-40% of proteins and 32-38% of
ash.?® The level of chitin estimated in the present study is
higher compared to the previously reported results, mainly
resulting from the decrease of protein content in the pre-
treated shells.

One-step demineralization

One-step demineralization of shrimp shell was performed at
different citric acid concentrations ranging from 1x to 2x and
compared to a standard demineralization process using 1x
HCI. The reaction dynamics and residual ash content after
treatment were significantly affected by the citric acid concen-
tration. Table 2 shows the residual ash values in the deminera-
lized shells by using different acid concentrations after 2 h of
reaction.

During the demineralization reaction, formation of CO,
resulted in foaming, which needed to be controlled by step-

Table 2 Residual ash content in demineralized shrimp shells after one-
step demineralization

Amount of citric acid (multiples Residual ash

of the stoichiometric amount) (%)

1x 9.48 £ 0.07
1.25x% 6.15 + 0.82
1.5% 1.18 = 0.42
2x 0.59 £ 0.05

0.29 £ 0.05

1x HCI (control)
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wise addition of the acid as well as adjustment of stirring
speed and agitation pattern to break down the foam. Foam for-
mation was started once the pH was reduced to below 5 and
lasted for approximately 30 minutes. Afterwards, the foam sub-
sided, and minor bubbling was observed in the first hour. In
this laboratory-scale study, the entire amount of citric acid was
added within 2-5 minutes, and foaming could be easily con-
trolled by increasing stirring speed and manually disrupting
the foam using a spatula. However, when the reaction was per-
formed on pilot scale in a 600 L tank, the surface/volume ratio
of the tank was much smaller (7853 ¢cm?/600 L = 13.08) com-
pared to the beaker used on lab scale (176 cm?/2.5 L = 70.4),
and the space on the top of the tank was very limited to allow
for foam accumulation. Therefore, the demineralization had to
be carried out more slowly by stirring and adding the acid at
lower speeds to avoid much foaming. In an industrial tank, a
foam disruptor would therefore be an important installation to
accelerate acid addition and shorten processing time. Fig. 3
illustrates the dynamics of the demineralization process.
Before acid addition, the solution of pretreated shells exhibi-
ted a light brown color at 200 rpm (Fig. 3A). During the most
intense foam formation in the first 10 minutes of the reaction,
the foam layer was about 1/3 of the height of the solution
(Fig. 3B). The generation of calcium citrate during the reaction
leads to processing concerns as it will change shell quality and
flow characteristics if it is present in its precipitated form. Due
to the large amount of calcium citrate generated (approxi-
mately 39-51 g) in the present study and its relatively low solu-
bility in water (0.95 g L™ at 25 °C), calcium citrate precipitated
as the acid was used up during the demineralization process.
Precipitated calcium citrate thickened the reaction mixture
and thereby interfered draining of the shells. Furthermore,
calcium citrate stuck to the shells and could not be washed
off, even with thorough agitation and pressing. This residual
contamination was presumably reflected in elevated ash values
found in samples. Therefore, the high residual mineral
content was also prompted from calcium citrate contami-
nation in addition to residual calcium carbonate present in

Fig. 3 Different stages of one-step demineralization of shrimp shells using citric acid. (A) Before the addition of citric acid; (B) 5 min after the
addition of citric acid; (C) color change and minor precipitation of calcium citrate from the use of 2x citric acid; (D) color change and medium pre-
cipitation of calcium citrate from the use of 1.5x citric acid; (E) extensive precipitation of calcium citrate from the use of 1x citric acid.

This journal is © The Royal Society of Chemistry 2022
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the product. The precipitation was decreased with the use of
increased volume of citric acid. Fig. 3C is an example of minor
precipitation of calcium citrate in the reaction using 2x citric
acid. A color change was observed; however, thickness of the
mixture was not affected, and the precipitate could be
removed. Fig. 3D illustrates medium precipitation observed
using 1.5x citric acid. The color change was more pronounced,
and the shells retained a white hue after washing. Fig. 3E
shows the thickened mixture obtained using 1x citric acid,
which was difficult to drain. The white residues remained on
the shells even after thorough washing and pressing, and
could only be washed off with an acidic solution.

In the control experiment, demineralization of shrimp
shells was performed with 1x HCIl for 2 h. The treatment
resulted in consistent and near-complete demineralization
(0.29% of residual ash). Calcium chloride was formed during
the reaction, which is highly soluble in water and therefore did
not precipitate. In comparison to citric acid treatment, foam
formation occurred more quickly in the early phase of the
control experiment, and the speed of HCl addition was
adjusted accordingly to avoid overflowing of the reaction
vessel. The appearance of the reaction mixture was similar to
Fig. 3A. However, the stirring pattern was changed as the demi-
neralized shells were lighter and spongy, thereby requiring an
increase in stirring speed towards the end of the reaction.

The reaction processes using 1.25x and 1.5x citric acid were
further studied to investigate the demineralization dynamics
in relation to precipitation of calcium citrate and pH change
(Table 3 and Fig. 4). During the demineralization process,
samples were extracted at 15, 30, 45, 60, 90, 120, and 180 min.
At each sampling point, the pH was recorded and the ash
content of the sample was determined. In the de-
mineralization using 1.25x citric acid, the residual ash content
was reduced to 5.3% after 180 min. A color change from brown
to light pink/dilute milk was observed within the first 30 min,
and thickening of the mixture was observed from 60 to
90 min. In the demineralization using 1.5x citric acid, the
lowest residual ash level of 1.18% was obtained at 120 min.
However, the residual ash content was increased toward the
end of the reaction, possibly due to the accumulation of

Table 3 Residual ash content in demineralized shrimp shells after one-
step demineralization using 1.25% and 1.5x citric acid

Amount of citric acid (multiples of the stoichiometric amount)

1.25% 1.5%
t Residual ash Residual ash
(min)  pH (%) pH (%)
0 9.40 + 0.05 43.61 9.33 £0.12 43.61
15 3.85 13.12 £ 0.14 3.59 7.78 £ 0.07
30 3.89 + 0.05 8.87 £1.58 3.73+0.18 4.27 +1.60
45 3.91 £ 0.05 7.75 +1.92 3.76 £ 0.17 2.82 +0.69
60 3.90 + 0.02 7.24 £2.01 3.75+0.12 1.83 £ 0.57
90 3.72 £ 0.08 7.62 +1.79 3.67 £ 0.04 1.24 £ 0.33
120 3.60 + 0.05 6.15 + 0.82 3.64 +0.08 1.18 £ 0.41
180 3.50 £ 0.04 5.30 +1.44 3.53£0.13 3.45 + 2.62
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Fig. 4 Residual ash content in demineralized shrimp shells using (A)
1.25x and (B) 1.5x citric acid.

calcium citrate precipitate on the shells. A color change from
brown to light pink/dilute milk was observed between 90 and
120 min, and thickening of the mixture was observed after
120 min. As indicated in Fig. 4B, the majority of the minerals
in shrimp shells was removed in the first 30 minutes, with
only a small decrease observed between 30 and 180 min.

During the demineralization process, the initial pH was
drastically decreased upon acid addition. Afterwards, there was
a slight increase of pH due to the consumption of citric acid.
Citric acid is a polyprotic acid, and its first proton is released
much faster than the second and third ones (eqn (3)—(5), Ka1 =
7.4 x 107% Ky = 1.7 X 107°, Ky = 5.4 x 1077). Therefore,
calcium carbonate was mainly reacted with the first proton of
citric acid in the early stage of the reaction. Afterwards, the
slow and constant release of protons from the dihydrogen
citrate (C¢H,0,") and monohydrogen citrate (CsHgO,>~) domi-
nated the whole process, resulting in the steady decrease of
pH of the mixture (Fig. 4).

C¢H30; (aq) + H,0 (1) < CeH;0, (aq) + H;0" (aq) (3)

C5H7O77(aq) + H,0 (1) =4 C6H6O727 (aq) + Hg,()+ (aq) (4)
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C6H6O727(aq) + H,0 (I) 4 C6H50737(aq) +H30+ (aq) (5)

Alkhaldi et al. reported that the reaction between calcium
carbonate and citric acid is a complicated process composed
of multiple steps (eqn (6)-(8)).>" When a large excess of citric
acid is added (e.g. 2x citric acid), the dissociation of citric acid
to dihydrogen citrate (CcH,O, ") is significantly promoted due
to the high concentration of citric acid and the consumption
of protons by calcium carbonate. Consequently, a large quan-
tity of C¢H,O,  is generated, which abundantly reacts with
calcium ions (Ca*>*). Therefore, most Ca>" exist in the reaction
mixture in the form of Ca(C¢H,0,)" with little formation of
calcium citrate (Ca;(C¢H,05),).

CaCo; (s) +2H;0" (aq) < Ca’" (aq) + 3H,O (1) + CO; (g)
(6)
Ca*" (aq) + CH;0; (aq) < Ca(C¢H,0,)" (aq)  (7)

Ca*" (aq) 4 2Ca(C¢H,0;)" (aq)
& Caz(CeH50), (aq) +4H" (8)

As indicated in the present study, during the de-
mineralization using 1x citric acid, calcium citrate precipitated
quickly within the first 10 min. The shell solution became
milky, very thick and difficult to stir. Draining of the shells
was hampered by the precipitate that stuck to the shells and
clogged pores of the strainer sieve. The calcium citrate precipi-
tate could not be removed by rinsing the shells with water, and
resulted in an elevated residual ash level of 9.48% (Table 2).
Therefore, the concentration of 1x citric acid was unsuitable
for demineralization. The use of 1.25x citric acid was also not
suitable for effective demineralization due to fast precipitation
and high residual ash content (5.30%) in the demineralized
shells. Although the use of 1.5x citric acid resulted in a lower
residual ash content (1.18%) after 120 min of de-
mineralization, the onset and severity of precipitation during
the reaction was observed inconsistent among the replicates.
In order to obtain consistent results, the reaction would have
to be stopped prior to approximately 60 min. By that time, the
average residual ash content was 1.83%, which was above the
acceptable specification of 1% for high-grade applications of
chitin. Among the four concentrations of citric acid investi-
gated, only 2x citric acid resulted in residual ash content of
below 1% (0.59%, Table 2), which fulfilled the required specifi-
cation for high-grade applications of chitin and therefore suit-
able for the one-step demineralization process. However, the
use of such an excess of acid reduces the economic viability of
the process. With the aim to reduce the amount of citric acid
used and improve the demineralization efficiency, a two-step
demineralization process was designed and investigated.

Two-step demineralization

In the present study, the two-step demineralization was per-
formed to minimize both consumption of acid and contami-
nation of the demineralized shells with calcium citrate precipi-
tate. As indicated by the results from one-step de-
mineralization, the use of 1.5x citric acid reduced the mineral
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content in the shells by 90% (4.27 + 1.60% residual ash)
within 30 minutes, while the onset of precipitate formation
was observed at around 60 min. Therefore, the reaction con-
ditions of this process was used as the first step in the two-
step demineralization process to remove most of the minerals
in the shells. After step 1 of demineralization, the average
residual ash content in the demineralized shells (74.26% of
moisture) was 2.80 + 0.47%, corresponding to a reduction of
mineral content by 93.5% (original ash content of 43.61%).
The shells were further treated with citric acid with a concen-
tration ranging from 1x to 20x (Table 4 and Fig. 5). The lowest
residual ash content was achieved using 14x citric acid for
30 min (0.32%) and 8x citric acid for 60 min (0.19%) of de-
mineralization. However, it should be noted that the residual
ash content from 30 min of demineralization using 8x citric
acid (0.34%) was similar to the lowest value from using 14x
citric acid (0.32%), and the difference might be due to data
deviation or variation of ash content in the shrimp shell
samples. The demineralized shells were significantly softer in

Table 4 Residual ash content in demineralized shrimp shells after step
2 of two-step demineralization

Residual ash (%)

Pretreated shells 43.61 + 0.10
After step 1 2.80 £ 0.47
Amount of citric acid (multiples
of the stoichiometric amount) 30 min 60 min
1x 0.98 £0.16 0.78 £0.13
1.5% 0.88 +0.14 0.65 + 0.15
2% 0.84 £0.18 0.60 £ 0.15
4x 0.65 +0.12 0.42 £ 0.14
6x 0.51+£0.16 0.47 £0.15
8x 0.34 + 0.12 0.19+0.13
10x 0.46 + 0.09 0.24 £ 0.07
12x 0.47 £ 0.17 0.36 £ 0.14
14x 0.32 £0.12 0.35+0.13
16x% 0.38 +0.16 0.37 + 0.06
18x% 0.37 £0.18 0.31+£0.08
20x% 0.43 £ 0.07 0.35+0.15
35
#30min
3.0 4 ® 60 min
i\n, 2.5 4
<
©
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Fig. 5 Residual ash content of demineralized shrimp shells after step 2
of two-step demineralization.
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comparison to the shells obtained from one-step de-
mineralization, possibly due to the lower content of residual
ash or calcium citrate. The specific reason will be further
investigated in future studies, and this softer property of the
shells from two-step demineralization will be studied about its
influence on downstream processing steps (e.g. enzymatic
deproteination or deacetylation) towards production of high-
purity chitin and chitosan.

A one-way ANOVA was performed to analyze the influence of
citric acid concentration on step 2 of demineralization. As
shown in the interval plot (Fig. 6A), when the reaction was per-
formed for 30 min, the intervals of the first three groups (1x,
1.5x and 2x citric acid) do not overlap with the intervals of the
groups of 8x and higher citric acid. This indicates that the
average residual ash levels obtained using citric acid with low
concentrations (1%, 1.5x and 2x) was statistically different (p <
0.05) from the values obtained using the high concentrations
(8x and higher). Therefore, although the residual ash content
was effectively decreased from 2.8% to just below 1% in step 2
by using citric acid with a low concentration within 2x, a sig-
nificant further reduction in mineral content can be achieved
by increasing the acid concentration to 8x or higher. When the
reaction time was 60 min, this difference in residual ash
content between using the low and high concentrations of
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Fig. 6 Interval plot of residual ash content of demineralized shrimp
shells after (A) 30 min and (B) 60 min of step 2 of two-step
demineralization.
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citric acid was visible as a trend (Fig. 5), but not statistically
significant (p > 0.05, Fig. 6B). To investigate the effect of reac-
tion time, a 2-sample ¢-test was performed for the two groups
of 30 and 60 min reactions for each citric acid concentration.
No statistically significant difference was observed between 30
and 60 min incubation time for all citric acid concentrations.

As indicated in Table 4, with the increase of citric acid con-
centration to 10x and higher, the residual ash content showed
some fluctuations and was higher after some treatments in
comparison to the lowest value obtained from the use of 8x
citric acid. This was possibly due to the variation of ash
content in the shrimp shell samples. Since the residual ash
content was decreased to the lowest level when using 8x citric
acid, it was assumed that the majority of the minerals in the
samples has been reacted and the further increase of citric
acid concentration didn’t result in consumption of more min-
erals. In order to objectively determine the overall achievable
lowest residual ash content using the two-step citric acid
process, the average value from reactions using 8x and higher
concentrations of citric acid was calculated, which was 0.39 +
0.13 and 0.31 * 0.13% for reactions after 30 and 60 min,
respectively. Although the difference of 0.8% residual ash
between 30 and 60 min was slight, it can be important in the
production of high-quality chitin and chitosan using gentle
processes. Moreover, further downstream processing, such as
enzymatic deproteination, will be facilitated by the low content
of residual ash in the demineralized shells, since mineral
deposits may physically hinder the accessibility of the proteins
in the shell to the enzyme. Therefore, 60 min was selected to
use in step 2 of demineralization.

Based on the results from the present study, the following
2-step process was determined as the best alternative to the
traditional HCI demineralization of shrimp shells: in step 1,
the pretreated shrimp shells are mixed with 1.5x citric acid
and stirred for 35 min of incubation, followed by a brief wash;
in step 2, 8x citric acid was added to the collected shells and
the mixture was incubated for 60 min, followed by thorough
washing and pressing. This process will result in soft deminer-
alized shells with a residual ash content of approximately
0.31% (reduction by 99.3%), which is comparable to the result
from one-step demineralization using 1x HCI (0.29%, Table 2).

The degree of acetylation (DA) of chitin in the deminera-
lized shrimp shells was determined using solid-state "H and
13C NMR spectroscopy (Table 5). However, the proteins in the
demineralized shrimp shells interfered with the analysis and
resulted in a DA value significantly above 100%. Therefore, the
samples were deproteinated to remove the proteins. Since alka-
line deproteination will promote deacetylation of chitin, an
enzymatic deproteination process was adopted (the detailed

Table 5 Degree of acetylation of chitin in samples after treatment

Sample After After demineralization
treatment demineralization and deproteination
DA (%) 117.00 £ 9.09 104.67 £ 1.88
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method will be discussed in our future publication). As indi-
cated in Table 5, the chitin in the samples after de-
mineralization and deproteination had a DA of 104.67%, indi-
cating that no significant deacetylation of chitin occurred
during the whole process including pretreatment of shrimp
shells, demineralization and deproteination. The DA was
slightly higher than 100% possibly due to the small amount of
protein residue in the samples.

Techno-economic considerations of demineralization
processes

Although there is no significant difference in residual ash
content in demineralized shells obtained from two-step
process using citric acid and one-step process using HCI, the
use of citric acid would be far superior compared to HCI in
terms of production cost and requirements for environmental,
health and safety (EHS) provisions. The cost drivers for chitin
production mainly include costs for chemicals and other
reagents. Quotes for citric acid and HCI in intermediate quan-
tities (citric acid: 70 x 25 kg bags daily; HCl: 12 x 240 kg
drums daily) was obtained from a local chemical supplier, and
the cost for different demineralization processes was estimated
(Table 6). It should be noted that as prices for chemicals can
be significantly decreased with the increase of purchased
amount, this cost estimation is likely overpriced and thereby
may not represent the actual production cost. However, for
comparison purposes, it can be observed that for every 1000 kg
of shrimp shells, the amount of citric acid used is reduced by
35.49 L using the two-step process compared to the one-step
process. Considering the large processing volume of shrimp
shells on industrial scale, this decrease in citric acid consump-
tion is significant.

Although the cost from using citric acid is significantly
higher than using HCI, there are multiple cost drivers that
only apply to HCI and result in extra expense. HCI is extremely
corrosive and has sufficient volatility to constitute an inhala-
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tion danger due to its vapor pressure of >10 mmHg (1.33 kPa)
at 25 °C.*? It is considered as an environmental hazard and is
corrosive to aquatic life due to a pH < 2. According to
Transport Canada, the implementation of an Environmental
review and Emergency Response Assistance Plan is required
for HCI of above the threshold quantity (3 tons). Specialized
storage, ventilation and spill prevention system are required to
use HCL Since diluted HCI is very expensive when purchased
in large amounts, HCl concentrate is usually purchased for
large-scale production, which then requires specialized solu-
tion preparation system. As a reducing agent, HCI causes cor-
rosion even in high-grade stainless steel and acid fumes. Even
used after dilution, HCI can condense on cold metal surfaces
and gradually causes corrosion of plant systems, pumps, fit-
tings, monitoring systems and electrical controls. Therefore,
the significantly shorter life span of all equipment in the vicin-
ity of the demineralization system must be considered. In
addition, worker safety and training must be ensured, and
local storage and handling infrastructure must be developed.
In remote areas such as Newfoundland, it can be very costly to
implement appropriate systems.*>> The management of all the
above mentioned characteristics are significant cost drivers,
especially when considering production facilities in strictly
regulated countries.

In contrast, citric acid is a safe and environmental
friendly option to implement for the demineralization
process. As a common ingredient in many food products, it
underlies very few handling requirements. The only safety
concern is its mild corrosiveness, and requirement of dust
control when citric acid powder is used. It is not considered
as an environmental hazard and does not require specialized
shipping, handling or storage. The shipping cost is even less
when citric acid is purchased as a powder because the
product is light. There is no requirement for Environmental
review or Emergency Response Assistance Plan. Citric acid is
not corrosive to most common food-grade stainless steel

Table 6 Estimation of required amount and cost of HCl or citric acid for demineralization of 1000 kg shrimp shells

Traditional Optimized One-step Two-step
demineralization demineralization demineralization demineralization
Amount using HCI* using HCI? using citric acid using citric acid
Weight of shrimp shells (kg) 1000 1000 1000 1000
Weight of pretreated shrimp — 324.46 324.46 324.46
shells (kg)
Reaction volume (step 1) (L) 8000 2271 2271 2271
Volume of acid (step 1) (L) 747 (20°Be HCI) 115 (20°Be HCI) 256.82 (50% citric acid) 192.61 (50% citric acid)
Weight of shells after step 1 (kg)* — — — 194.68
Reaction volume (step 2) (L) — — — 1948¢

Volume of acid (step 2) (L) — —
Total amount of acid required 747 L (20°Be HCI)

Cost of acid ($ kg™") 1.29 1.29
Total cost of acid ($) 964.00 148.00
Residual ash (%) <1 0.29 +0.05

115 L (20°Be HCI)

— 28.72° (50% citric acid)
256.82 L (50% citric acid) 221.33 L (50% citric acid) or
or 128.41 kg (citric acid) 110.67 kg (citric acid)

3.20 3.20
410.91 354.14
0.59 + 0.05 0.31+£0.13

“The traditional process in which the shells are demineralized without pretreatment and using 3.5% HCI (v/v) (the typical range: 3-7%) at a shell/solution
ratio of 1: 8 (w/v) (the typical range: 1:15-1 : 20).*** ” Based on our preliminary study in which the stoichiometric amount of HCI was used at a shell/solu-
tion ratio of 1:7 (w/v). ¢ Estimated based on 40% reduction of weight as observed after step 1. ¢ Calculated based on a shell/solution ratio of 1:10 (w/v).

¢ Estimated based on residual ash content of 2.8% after step 1.
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equipment, so the life span of the production system can be
relatively long. Therefore, citric acid is a promising sustain-
able and economical alternative to HCIl for large-scale de-
mineralization of shrimp shells.

Conclusions

Although many studies have been reported about de-
mineralization of shrimp shells using citric acid, the present
study is the first one that used shells of Pandalus Borealis as
the raw materials. Pandalus Borealis is one of the largest
fishery species in the world, and plays an important role in
Newfoundland fishery. Therefore, valorization of its shell
waste is of great significance for the development of the blue
economy. The shrimp shells were pretreated by thorough
grinding and washing, during which the majority of loose pro-
teins were removed and the particle size was decreased. A de-
mineralization level of 98.6% was achieved through a one-step
process using 2x citric acid for 2 h of reaction. In order to
further decrease the mineral content and reduce the consump-
tion of citric acid, a two-step process was performed. The
shells were treated with 1.5x citric acid for 35 min first, and
then 8x citric acid for 60 min, resulting in a reduction of min-
erals by 99.6%. Although the low residual ash content in the
treated shells from both processes fulfilled specifications for
high-grade applications of chitin (residual ash content <1%),
the two-step process resulted in a lower residual ash content
without longer reaction time required compared to the one-
step process, and the demineralized shells obtained were
noticeably softer. Even though the general specification for
ash content in chitin and chitosan is <1% in the field of bio-
medical production, it is always desirable to achieve higher
purity of the product. In addition, the amount of citric acid
consumed can be reduced by approximately 35.49 L of 50%
citric acid for every 1000 kg of fresh shrimp shells using the
two-step process compared to the one-step process. Therefore,
the two-step process is of more interest, and will be further
investigated towards its influence on production of high-purity
chitin and chitosan.

The low levels of residual mineral content obtained from
both processes were comparable to the conventional de-
mineralization using HCIL. The economic viability of the de-
mineralization processes using citric acid and HCIl was com-
pared. Since citric acid is more environmentally friendly and
has fewer health and safety concerns, the overall cost of pro-
duction in a long term might be less by using citric acid.
Therefore, the two-step demineralization process using citric
acid is a promising alternative to the traditional HCI process
for demineralization of shrimp shells during production of
premium-quality chitin.

Besides shrimp shells, crab shells are also frequently used
for extraction of chitin. The developed process possibly can be
implemented to obtain the crab chitin. However, based on the
authors’ experience, a large quantity of shrimps is sold peeled,
so shrimp shells can be easily collected from farms or proces-
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sing plants. In comparison, most crabs are sold with the
shells, which makes the collection of shells difficult. As
shrimp shells are much softer and thinner compared to crab
shells, the initial grinding in the pretreatment step of the
present process will be much easier for shrimp shells. In
addition, the thinner shrimp shells result in larger surface
area when reacting with the acid, thus leading to faster and
more complete demineralization.
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