Comprehensive recovery of shrimp shell waste (Litopenaeus vannamei) using ultra-fast
subcritical water technology: Towards a zero-waste biorefinery
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Introduction

The global shrimp market, valued at $74.7 billion in 2025, is projected to reach $106.1 billion by 2034
(IMARC, 2025). The market’s growth is driven by increasing seafood demand, health benefits, and expanded
aquaculture practices. Shrimp comes in two main types: wild-caught and farmed, with aquaculture playing a key
role in industry growth. Sustainable farming practices are being adopted to reduce environmental impact. In 2022,
Litopenaeus vannamei was the most produced species (FAO, 2024). Industrial processing generates a massive
volume of waste, as shells and heads represent approximately 50% of the total animal weight. Most of this waste
is dumped back into the ocean, disposed as landfill or subjected to incineration. The expansion of inland
aquaculture should also be considered, since it generates as residues the molts produced during the growth cycle
(misPeces, 2025). This biomass is a rich source of biological compounds, typically containing 20—40% proteins,
30-50% minerals (mainly calcium carbonate), and 20-30% chitin. Nowadays, this residue is underutilized and a
fraction used for chitin production by a conventional process that rely on aggressive chemical treatments using
strong inorganic acids (HCI) and bases (NaOH), which pose significant environmental risks, equipment corrosion,
and result in the degradation of the natural polymer. Moreover, the alkaline extraction of proteins limits their
applications. Despite, the great importance of chitin market worldwide, with an estimated value of $ 2.0 billion in
2025, and with an expected grow of 6.3% till 2036 (FMI, 2026), the increasing demand for alternative sources of
proteins (Jain et al., 2024) requires alternative and sustainable processes.

This proposal suggests an integrated zero-waste biorefinery approach. By combining ultrafast subcritical
water deproteinization with organic acid demineralization, the process enables the recovery of high-purity protein
hydrolysates and chitin, while also facilitating the production of CaCO;—chitin composite materials as
intermediates with potential applications in catalysis and adsorption. This model aligns with the Circular Economy
and SDG 12 by transforming a hazardous waste stream into high-value technological products.

Material and Methods

Pacific white leg shrimp (Litopenaeus vannamei) molts, kindly provided by the company Noray Seafood
S.A. (Medina del Campo, Valladolid, Spain), were washed, dried at 105 °C, and ball-milled to a particle size of
d50% of 226 + 4 pm. Chemical characterization confirmed a high mineral content (54.8 % = 0.1), a protein fraction
of 12.6 % + 0.5, and a chitin content (crude fiber) of 15.1% = 0.6.

Deproteinization was carried out in a continuous ultrafast hydrothermal facility using subcritical water
and a Sudden Expansion Micro Reactor (SEMR). A 5 wt.% feed suspension is continuously pumped and mixed
in-line with pressurized hot water immediately upstream of the ultrafast reactor, resulting in a solids concentration
of 1-2 wt.% at the reactor inlet. The reactor is operated over a temperature range of 190-270 °C, with residence
times between 1 and 30 s. The deproteinization efficiency was evaluated using the BCA method for proteins and
gravimetry for extraction yields. The molecular weight of extracted proteins was determined by HPLC-SEC using
AdvanceBio SEC 130 A Protein Standard for calibration.

Demineralization was performed at 30°C in a 1 L jacketed glass reactor equipped with mechanical
agitation (Heidolph RZR 2021 stirrer), operating at a controlled speed of 60 rpm. Organic acids (formic and lactic
acid) were investigated as alternative acids to replace mineral HCI, and time in the range 5-120 min and acid/solid
ratio were optimized as operational variables. Demineralization efficiency was determined by gravimetric
quantification of ash content in the solids according to the AOAC 938.08 method.

Final and intermediate solid characterization was completed by proximate composition, XRD and FT-IR
to confirm the structural integrity of the chitin allomorph and CaCOj preservation when required.

Results and Discussion

The protein extraction yield ranged from 23% to 90% under the evaluated operational conditions, while the
overall extraction yield was between 11% and 22%. The maximum percentage of protein solubilization was
reached at 250°C and 7s of residence time. Molecular weights of recovered proteins were in the range 1-45 kDa.
Furthermore, the Ultrafast Subcritical Water Deproteinization process minimized degradation, yielding less than
5% free amino acids. This intensification results in a significant reduction in residence time, boosting processing
capacity.



The results of the study demonstrated that green demineralization using formic and lactic acid was highly
effective, achieving demineralization degrees over 95% in all the tested times for an excess of acid above 20%
(molar ratio respect mineral content). Formic acid has been selected due to the highest solubility of calcium formate
compared to calcium lactate, facilitating separation of the demineralized solid from the acid solution.

The solid transformations occurring in shrimp molts after each process step can be easily identified by
FTIR-ATR spectroscopy (Fig. 1). After protein recovery in the 1% step, the calcium carbonate bands are intensified
(corresponding to the CaCOs-chitin composite). Upon demineralization in the 2" step, the main bands of a-chitin
become clearly visible.
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Figure 1. FTIR-ATR spectra of raw shrimp molt, after 1% process step (deproteinized molt) and after 2" step
(deproteinized and demineralized molt, chitin) compared with commercial chitin. Dashed lines correspond to main
bands of CaCOs spectrum.

The proposed biorefinery concept thus integrates two sequential processing stages: Step 1: Ultrafast
Subcritical Water Deproteinization using SEMR. Operating conditions were set at 250 °C and 20 MPa with a
residence time of only 7 seconds, utilizing hot compressed water as the sole green solvent. Step 2: Sustainable
Demineralization: Deproteinized shells were treated with 1 M Formic Acid at 30 °C for 10 minutes with an acid-
to-minerals ratio of 28 mL/g.

Conclusions
This integrated study demonstrates the feasibility of a zero-waste biorefinery for shrimp shells. The
highlights include:
1. Sustainable Fractionation: Organic acids and subcritical water successfully replaced HCIl and NaOH,
reaching over 98% demineralization and 90% deproteinization.
2. Process Intensification: Continuous SEMR technology reduces processing times from minutes/hours to
seconds, enhancing throughput and extract purity.
3. High-Value Output: The process allows for the simultaneous production of high-purity protein
hydrolysates and chitin as primary products and, if desired, a CaCOs-chitin composite material.
4. Environmental Alignment: The proposed plant design supports global sustainability goals by
minimizing hazardous waste and fostering the bio-based economy.
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