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Background and problematics

Ø Brief summary of macroalgae classification and agar production process

Ø Outline of the notion of food industry waste stream management and valorization

Ø A short overview of pressurized hot water technology (subcritical water)

Ø The optimization method and results from Box-Behnken design and response surface methodology (RSM)
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Classification of macroalgae (Seaweeds)

Rhodophycae(Red algae)4000-6000 speciesPigment: PhycobiliproteinHydrocolloids: Agar / Carraghenan

Phaeophycae(Brown algae)≈ 1500 speciesPigment: fucoxanthinHydrocollid: Alginate

Chlorophycae(Green algae)≈ 1100 speciesPigment: Chlorophyll b

Algae: diverse group of photosynthetic and aquatic plant-like organisms that range from unicellular to large multicellular forms.
Macroalgae: Multicellular marine algae
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Fig. 1: Different ypes of macroalgae or seaweed



Gelidium spp. Gracilaria spp.Molecular structure of agarose backbone:D-Galactose and 3,6-anhydrogalactose

Agar
Ø Vegetable gelatin,
Ø Thermoreversible marine hydrocolloid.
Ø 40 – 45% of the dry red algae weigth
Ø 94% gross fiber

Agarose
Ø (1-4)-linked 3,6-anhydro-α-L-galactopyrannose(1–3)-linked-β-D-galactose unit.
Ø Coil structure at 85 ◦C, which pseudoequilibrates upon cooling
Ø Generates a 3D double helix structure or gel capable ofimmobilizing water molecules

Agaropectin
Ø Same backbone
Ø Heterogeneous anionic groups: sulfate, pyruvate,glucuronate.
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Fig. 2: Main seaweed source of agar



Industrial process flow diagram for extracting agar from red seaweed 5

McHugh, D. J. (2003). A guide to the seaweed industry.FAO fisheries technical paper, 441, 105.



Case study: Red algae industry(Gelidium sesquipedale)
Phenoliccompounds
Antioxidant

Protein
Dietary fibers
Vital minerals
Vitamins

Post-extraction algae wastestream 60 – 55%.2000 to 2400 kg/day of valuableextracted waste stream.Commercial food grade agar40 – 45%

Hydrocolloid-centric industrialextraction (Hispanagar)

Case study: Exploitation of the Food Industry Waste Stream via Sustainable Biorefining

Polysaccharides
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Management strategy of the generated industrial waste stream

v Emerging green technologies could play a substantial role in the green recovery of a range of bioproducts from the Agri-Food waste stream through the concept of biorefining.

Food Waste stream
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Fig. 3: Food indsutry waste management principles



Wide range of applications

FreshGelidium Sesquipedale

Hydrocolloid-centric industrialprocess
Commercialfood-grade agar

Algae process wastestream Pressurized Hot WaterExtractor[T˚C, P (Bar), t (min),ratio (%)]

Filtration

Extracted solidfraction
Cascade biorefining process

Gelified liquidfraction

Freeze-thawing

Clear liquid

Residualcrude agar
Fig. 4: Flow diagram process of the recovery of crude agar from Gelidium sesquipedaleindustry waste stream using pressurized hot water extraction (PHWE) 8

Residual agar extraction via pressurized hot water technology



Fig- 6: Discontinuous subcritical water extractor, capacity 500 mL.

Fig. 7: Laboratory scale semicontinuous subcritical fluid extractor available in the laboratories ofthe BIOIND research group. Maximum specifications: p = 50 Mpa and T = 300 C. A liquid pumpallows use of co-solvent. Several extracors with different capacities (50-100 mL).

Use of pressurized hot water (subcritical water) technology
What is subcritical water?Water is heated attemperature above its boiling point (100 C) butbelow its critical point (374 C) under highpressure to keep the water in its condensed phase.

Fig. 5: Water phase diagram and its properties in normal, high temperature under pressure

Severity factor



Process optimization: Box-Behnken design

Where 𝑦 is the specific experimental response and 𝑥𝑖 the experimental factors.1)

Where, x1, x2, x3,……..xk are the input factor that influence the response y, β0, βi,βii, βij, (𝑖 = 1, 2, 3,……….𝑘; and 𝑗= 1, 2, 3, ………𝑘) are the unknown parametersand ϵ being the randon error. The β coefficients, which should be determined in thesecond-order model, are acquired by the least square method.

2)
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Ø Array used to construct a response surface (RSM).
Ø For each factor, 3 levels are required.
Ø The levels of the factors are at the midpoints of the edges(Red dots) and in the center point (Blue dot).

Ø Economical detection of main effects.
Ø Rotatable
Ø No corner points of hypercube
Ø Three level multifactor experiments
Ø Avoid extreme combined factor, preventing potentialloss of data.

q 2nd order polynomial model
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Center points

Table 1: Experimental factors and associated levels

Table 2: Experimental patterns of the BBD reporting the different factors and responses

R2 P-ValueYield (%) 94.71 0.0008Gelling temperature 91.1 0.0001Meling temperature 88.76 0.0000Gel strength (g/cm2) 84.27 0.00013.6-Anhydrogalactose (%) 67.77 0.0094Sulfate content (%) 79.8 0.0005



12Fig. 8: Linear correlation between the severity factor of the PHWE process, and differentphysicochlemical properties of the recovered measured from gels containing 1.5% (w: v) agar.
Fig. 9: FT-IR spectra showing the bands below 1600 cm-1 of the algae wastestream, commercial agar and crude agar recovered via PHWE.

Ø Reduction of both melting and gelling temperatures with severity factor.
Ø Positive relationship between the strength of the crude agar gel and itsmelting and gelling temperatures

Ø 930, 872 and 770 cm-1 characteristic of 3,6-AGN

Results: physicochemical properties
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Fig. 10: 3D-response Surface (a, b, c) and contour plots (b) showing thevariation of the agar yield in function of the extraction parameters.

Fig. 11: 3D-response surface and contour plots showing the variation ofthe 3,6-anhydrogalactose content in function of the PHWE parameters.

Results: physicochemical properties
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Ø The higher the solid concentration lower the yield.
Ø Highest yield at temperatures above 110 ◦C and extendedextraction time (150 min), low algae concentration of 3% (w: v).

Ø High value of 41.016% of 3,6-anhydrogalactose.
Ø Optimal operating conditions: Temperature of 130˚C, Pressure ≈ 70bar, and reaction time of 149.84 min, and a solid concentration of7.65% (w: v).
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The 2nd order polynomial regression of the fitted quadratic model for each response was given in the following equations:

Results: physicochemical properties
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Optimizimg the texture profile of the PHWE recovered crude agar gel

Fig. 12: Diagram of the texture profile analysis set-up, and related double compression curves used todetermine the texture parameters of the PHWE recovered residual agar gel from the waste stream.

q A two factor interaction (2FI) model has been developed basedon the following simplified equation:

q Hardness (g)
q Springiness
q Cohesiveness
q Adhesiveness (g.s-1)
q Gumminess (g)

where Y is the predicted response surface function, β0 is the model constant, βi isthe slope or linear effect of the input factor xi, βii is the quadratic effect of inputfactor xi, and βij is the linear by a linear interaction effect between the input factorxi and factor xj
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Table 3: The experimental pattern of the Box-Behnken design reporting the different process factors and response values

Unsupported conditions Center points
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𝑮𝒆𝒍 𝒉𝒂𝒓𝒅𝒏𝒆𝒔𝒔 =385.024−69.846𝐴−9.513𝐵−66.12375𝐶−18.535𝐷−125.41275𝐴𝐶−154.39𝐴𝐷−67.3275𝐵𝐶
𝑮𝒆𝒍 𝒄𝒐𝒉𝒆𝒔𝒊𝒗𝒆𝒏𝒆𝒔𝑠 =0.62466667 + 0.02466667𝐴−0.03625𝐵−0.00625𝐶−0.0425𝐷+ 0.06375𝐴𝐵−0.07125𝐴𝐶−0.0875𝐴𝐷−0.0825𝐵𝐶−0.075𝐶𝐷
𝑮𝒆𝒍 𝒈𝒖𝒎𝒎𝒊𝒏𝒆𝒔𝒔 =242.608667−25.613𝐴−12.518𝐵−45.555𝐶−7.70875𝐷−80.2𝐴𝐶−108.11375𝐴𝐷−36.2275𝐵𝐶
𝑮𝒆𝒍 𝒂𝒅𝒉𝒆𝒔𝒊𝒗𝒆𝒏𝒆𝒔𝒔 =−12.248−1.93966667𝐴−0.648𝐵−2.456𝐶−3.669𝐷−2.8175𝐵𝐶−1.6775𝐶𝐷
𝑮𝒆𝒍 𝒔𝒑𝒓𝒊𝒏𝒈𝒊𝒏𝒆𝒔𝒔 =0.9278 + 0.00946667𝐴−0.015𝐵−0.011125𝐶−0.014𝐷−0.042625𝐴𝐶−0.037𝐴𝐷−0.0165𝐵𝐷

Table : Coded regression equations based on the polynomial two-factorinteraction model of the different textural responses of the pressurized hotwater extraction recovered agar gel from the algae industry waste stream.

Fig. 13: Correlations between the severity factor of the pressurized hot water extractiontreatment and (a) the agar yield (%) and hysteresis ( C), (b) the agar gel hardness (g) and gelstrength (g.cm-2), (c) the agar gel hardness (g) and gel strength (g.cm-2), and (d) the geladhesiveness and cohesiveness

Ø High severity factor (SF) lower hardness values
Ø Weak positive relationship between the SF and gel springiness
Ø Moderate negative impact of the SF on adhesiveness.

Results: texture profile
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Fig. 14: Response surface contour plots showing the combined influences of the pressurized hotwater extraction (PHWE) temperature (A) and solid content (D) on the hardness of the recoveredagar gel at fixed pressure (B) and the operating time (D). (a) B = 1 bar and C = 45 min. (b) B = 35.5 barand C = 45 min. (c) B = 70 bar and C = 45 min. (d) B = 70 bar and C = 45 min.

Fig. 15: Three-dimensional (3D) response surface contour plots showing thecombined effects of the (a) the pressurized hot water extraction (PHWE) temperatureand pressure, (b) the recovery time and temperature, (c) the recovery time andpressure, (d) the solid content and recovery time and (e) the solid content andtemperature on the recovered agar gel cohesiveness.

Ø Elevated temperatures and low algae-to-water ratios were required torecover harder agar gels.
Ø Increasing the pressure to 70 bar with a short operating time resulted ina visible expansion of the favorable experimental region

Ø High cohesive gel required elevated operating temperaturesassociated with short recovery times, depending on the pressure.
Ø High temperatures > 120 ◦C combined with an algaeconcentration < 8% (w:v), subsequent increase in pressure to 35.5bar seemed to improve the gel homogeneity.

Results: texture profile
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Fig. 16: Three-dimensional (3D) response surface contour plots showing the combined effects of (a)the operating time and temperature of the pressurized hot water extraction (PHWE), (b) the solidcontent and temperature and (c) time and pressure on the recovered agar gel.

Fig. 17: Response surface contour plots showing the combined influences of the pressurized hot water extraction(PHWE) temperature (A) and operating time (C), on the springiness of the recovered agar gels at fixed pressure (B)and solid content (D). (a) B = 1bar and D = 3% (w:v). (b) B = 70 bar and D = 3% (w:v), (c) B = 1 bar and D = 6.5%(w:v). (d) B = 35.5 bar and D = 6.5% (w:v), (e) B = 1 bar and D = 10% (w:v) and (f) B = 70 bar and D = 10% (w:v).

Results: texture profile

Ø Increasing the temperature resulted in high level ofgumminess when the algae-to-water ratios < 3% w:v.
Ø Gumminess was enhanced when high temperatures ≈ 130◦C combined with reaction times < 100 min.

ØHigher elastic gels at temperatures > 100 ◦C, regardless of time and pressure.
ØAt pressure = 70 bar, raising ratio to 10% (w:v) decreased the springiness.
ØTemperatures < 85 ◦C combined with time > 130 min = only conditions foracceptable elasticity.

Gel springiness Gel springiness

Gel springiness Gel springiness

Gel springiness Gel springiness

Pressure = 1barSolid content = 3% Pressure = 70 barSolid content = 3%

Pressure = 70 barSolid content = 6.5% Pressure = 35.5 barSolid content = 6.5%

Pressure = 1 barSolid content = 10% Pressure = 70 barSolid content = 10%
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where Pi is the weight of the response, normalized so that ∑𝑛𝑖 𝑃𝑖 = 1.

Fig. 18: (a) Ramp function graph of pressurized hot water extraction process parameters targeting aminimization of the temperature and recovery time while maximizing the algae-to-water percentratio. (b) Bar graph of desirability for combined optimization of the PHWE process.

Results: texture profile

Ø The proficiency of each response by comparing their proximity to 1.
Ø Therefore, the combined multiresponse desirability of 0.786 wasfound to be attractive

v The partial desirability function (di) for each response which runsfrom 0, the least desirable response, to 1, the optimal response.
v The global multiresponse desirability (D), which is defined asthe average weighted geometric of n individual desirabilityfunctions, was then obtained from the following equation.



Conclusion:

q Coupling a Box-Behnken design with a response surface methodology was a suitable statistical approach foroptimizing the pressurized hot water extraction (PHWE) technology.

q In the framework of circular economy and industrial symbiosis the selectivity of PHWE is an advantageousstrategy for adding-value to the agro-industry waste stream.

q The adjustability of the physicochemical properties and texture profiles of the recovered agar will expand thespectrum of applications.

q Using PHWE at mild conditions of temperature was the first step of a subsequent integral cascade biorefiningof the discarded food industry waste stream.



Thank you for your attention!
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